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Abstract
The gut microbiota represents a diverse and dynamic population of microorganisms
that can influence the health of the host. Increasing evidence supports the role of
the gut microbiota as a key player in the pathogenesis of neurodegenerative diseases,
includingAlzheimer’s disease (AD). Unfortunately, themechanisms behind the inter-
play between gut pathogens and AD are still elusive. It is known that bacteria-derived
outer membrane vesicles (OMVs) act as natural carriers of virulence factors that
are central players in the pathogenesis of the bacteria. Helicobacter pylori (H. pylori)
is a common gastric pathogen and H. pylori infection has been associated with an
increased risk to develop AD. Here, we are the first to shed light on the role of OMVs
derived from H. pylori on the brain in healthy conditions and on disease pathology
in the case of AD. Our results reveal that H. pylori OMVs can cross the biological
barriers, eventually reaching the brain. Once in the brain, these OMVs are taken
up by astrocytes, which induce activation of glial cells and neuronal dysfunction,
ultimately leading to exacerbated amyloid-β pathology and cognitive decline. Mech-
anistically, we identified a critical role for the complement component 3 (C3)-C3a
receptor (C3aR) signalling inmediating the interaction between astrocytes, microglia
and neurons upon the presence of gut H. pylori OMVs. Taken together, our study
reveals that H. pylori has a detrimental effect on brain functionality and accelerates
AD development via OMVs and C3-C3aR signalling.

KEYWORDS
Alzheimer’s disease, gut-brain axis, Helicobacter pylori, bacterial extracellular vesicles (bEVs), outer
membrane vesicles (OMVs), C3, complement

This is an open access article under the terms of the Creative Commons Attribution-NonCommercial License, which permits use, distribution and reproduction in any medium,
provided the original work is properly cited and is not used for commercial purposes.
© 2023 The Authors. Journal of Extracellular Vesicles published by Wiley Periodicals, LLC on behalf of the International Society for Extracellular Vesicles.

J Extracell Vesicles. 2023;12:12306. wileyonlinelibrary.com/journal/jev2  of 
https://doi.org/10.1002/jev2.12306

https://orcid.org/0000-0003-0684-8515
https://orcid.org/0000-0001-8934-6179
https://orcid.org/0000-0002-8784-9490
https://orcid.org/0000-0002-3329-3474
https://orcid.org/0000-0002-1709-933X
https://orcid.org/0000-0001-8602-4211
https://orcid.org/0000-0002-8327-620X
mailto:Roosmarijn.Vandenbroucke@irc.VIB-UGent.be
http://creativecommons.org/licenses/by-nc/4.0/
https://wileyonlinelibrary.com/journal/jev2
https://doi.org/10.1002/jev2.12306


 of  XIE et al.

 INTRODUCTION

Alzheimer’s disease (AD) is a devastating age-related neurodegenerative disorder with an alarming increasing prevalence
(Cummings et al., 2021). It is already well-known for decades that the deposition of amyloid-beta (Aβ) protein in senile plaques
outside neurons and the formation of neurofibrillary tangles (NFTs) composed of hyperphosphorylated Tau (p-Tau) protein
inside neurons result in the loss of synapses and neurodegeneration which ultimately leads to symptoms associated with AD
(DeTure and Dickson, 2019). More recently, it became increasingly clear that also inflammation, both peripheral and central,
are important (and often early) events in AD progression (Tejera et al., 2019; Xie et al., 2021). Except for the recently FDA-
approved Aducanumab of which the therapeutic effect is not yet conclusively established (Lalli et al., 2021), current Alzheimer’s
drugs address only disease symptoms (Cummings et al., 2021). The lack of effective treatments may be attributed by the inade-
quate understanding of the mechanism underlying AD pathology. Over the past few decades, the three most common proposed
hypotheses are the Aβ cascade, the Tau and the neuroinflammation hypothesis. However, the process inducing Aβ peptide
deposit, Tau protein degeneration, neuroinflammation and ultimately neuronal cell loss, remains to be elucidated (Du et al.,
2018). Due to the absence of disease-modifying therapeutics and the disturbing multiplying prevalence worldwide, more con-
troversial emerging hypotheses are gaining increased attention. For example, recent epidemiological and experimental evidence
provides support for an infectious hypothesis proposing that pathogens (bacteria, viruses, prions, etc.) may be a common under-
lying cause of AD (Dominy et al., 2019; Gorle et al., 2018; Seaks andWilcock, 2020). According to the infectious theory, pathogens
or pathogen-derived components are believed to trigger inflammation, which can lead to the accumulation of Aβ and NFTs and
neuronal dysfunction, resulting in AD (Seaks and Wilcock, 2020; Xie et al., 2022b).
Outermembrane vesicles (OMVs) are nano-sized particles surrounded by a proteolipid bilayer and are naturally released from

Gram-negative bacteria (Schwechheimer andKuehn, 2015). They carry various biological molecules from their parental bacteria,
includingmicrobe-associatedmolecular patterns (MAMPs), enzymes and toxins, that can act as virulence factors in the host (Xie
et al., 2022a). OMVs have gained tremendous interest in a wide range of biomedical fields due to their inherent ability to deliver
their cargo both locally and systematically to recipient cells (Xie et al., 2022a). This cell-free intercellular communication plays an
important role in the physiology and pathogenesis of the bacteria (Bielaszewska et al., 2017). For example, in mice colonized with
Escherichia coli (E. coli), the E. coliOMVswere reported to spread to a wide range of host tissues, including the heart, liver, kidney,
spleen, as well as the brain (Bittel et al., 2021). As OMVs contain various MAMPs, they can induce pro-inflammatory responses
in the periphery but also in the brain by crossing the blood-brain barrier (BBB) (Finethy et al., 2017; Ha et al., 2020; Han et al.,
2019). Moreover, OMVs from Porphyromonas gingivalis (P. gingivalis) and Paenalcaligenes hominis (P. hominis) cultures, isolated
via protein precipitation and sucrose gradient centrifugation, respectively, were shown to be involved in the pathogenesis of AD
in mice (Gong et al., 2022; Lee et al., 2020). Administration of these OMVs by oral gavage decreased the tight junctions (TJs)
expression (e.g., ZO-1, OCLN andCLDN-5) at the BBB and entered the brain parenchyma, thereby inducing neuroinflammation,
tau phosphorylation and memory dysfunction in mice (Gong et al., 2022; Lee et al., 2020). In addition, P. hominis OMVs have
also been shown to penetrate the brain via the vagus nerve and cause cognitive impairment (Lee et al., 2020). However, the OMV
isolationmethods used in these studiesmay also co-purify other components (e.g., proteins, lipids and protein aggregates), which
may interfere with the interpretation of these functional studies (Xie et al., 2022a). In addition, the organic dyes (DiO and FITC)
used to label OMVs may also label co-purified components, resulting in false positive signals in OMV tracking studies (Mondal
et al., 2019).
Helicobacter pylori (H. pylori) is a pathogen which infects more than half of the world’s population and is associated with the

development of gastroduodenal diseases. In addition, Numerous studies have shown that H. pylori infection may also increase
the risk of various extragastric diseases such as cardiovascular diseases (OR= 1.58, 95% CI: 1.34–1.87) (Tong et al., 2022), hyper-
tension (OR= 1.34, 95% CI: 1.10–1.63) (Fang et al., 2022), stroke (OR= 1.43, 95% CI:1.25–1.46) (Doheim et al., 2021) and diabetes
(OR= 1.27, 95% CI: 1.11–1.45) (Mansori et al., 2020), all of which are risk factors for AD (Doulberis et al., 2018; Xie et al., 2022b).
A recent meta-analysis also identified direct evidence of a significant positive association between H. pylori infection and AD
development (OR = 1.40, 95% CI: 1.12–1.76) (Fu et al., 2020). OMVs derived fromH. pylori exert immunomodulatory effects by
inducing the production of proinflammatory cytokines such as IL-6 and TNF, and by promoting apoptosis of gastric epithelial
cells and immune cells. These inflammatory responses may further accelerate the development of H. pylori infection (Chmiela
et al., 2018; Wang et al., 2021). In addition,H. pyloriOMVs are also found to induce apoptosis of human umbilical vein endothe-
lial cells, which may promote the formation of atherosclerotic plaques (Wang et al., 2021). However, no study has attempted to
determine their role in AD development and progression.
In this study, we investigated the impact of H. pylori-derived OMVs on brain functions and AD pathology using wild-type

(WT) mice and AppNL-G-F AD mice. The AppNL-G-F strain is a second-generation mouse model of AD in which the amyloid
precursor protein (APP) is not overexpressed like in most other existing transgenic mouse models. Instead, this model uses a
knock-in approach to express human mutated APP at WT. The combined effect of three mutations associated with familial AD
results in elevated levels of pathogenic Aβ (Sasaguri et al., 2017). To study the mechanism by which H. pylori OMVs affect brain
functions,WTmice were used as the elevated Aβ production inAppNL-G-F mice already impairs brain functions (Xie et al., 2021).



XIE et al.  of 

We reveal that H. pylori OMVs exacerbate Aβ pathology and induce cognitive impairment via regulation of glial cell activation
and neuronal dysfunction.Moreover, we identify a critical role for complement component 3 (C3)-C3a receptor (C3aR) signalling
in mediating the interactions of astrocyte-microglia-neuron in the context of theH. pyloriOMVs challenge. This study provides
new crucial insights into the role of H. pylori-derived OMVs in brain function and AD development.

 METHODS

. Key resources

Key resources were provided in Table S1.

. Bacteria culture and outer membrane vesicles isolation

H. pylori 26695 (ATCC 700392) was cultured at 37◦C in a microaerobic atmosphere (85% N2, 10% CO2, 5% O2).H. pylori 26695
was grown in Brucella broth (10 g meat peptone, 10 g casein peptone, 2 g yeast extract, 5 g sodium chloride, 1 g glucose, 0.1 g
sodium bisulphite in 1 L) supplemented with 10% exosome-depleted foetal bovine serum (FBS) (Characterized in Figure S1a-d)
for 72 h until the late -log phase was reached. Culture supernatant (2 L per batch) was harvested at an optical density at 600 nm
(OD600nm) of 1.0–1.4 in an UV-VIS spectrophotometer (Thermo Fisher Scientific, Waltham, MA, USA). An OD600nm of 0.05
corresponds to an inoculum of ∼6 × 106 CFU/ml as determined by viable count in horse blood agar incubated at 37◦C in the
microaerophilic atmosphere for 72 h. To isolate and purify OMVs, the bacterial debris and large contaminants were removed
by two centrifugation steps of (8000 × g, 4◦C, 15 min). The supernatants were filtered sequentially using 0.45 and 0.22 μm
membrane filters and concentrated using a 10 kDa cut-off centrifugal filter to a volume of ∼30 ml. The purified OMVs were
subsequently isolated by SEC using commercially available qEVoriginal/35 nm columns. Fractions #1-30 of 0.5 ml were collected.
Finally, fractions 7–11 were pooled and OMVs in these fractions were concentrated again using a 10 kDa cut-off centrifugal filter
until a volume of 1 ml. The number of OMV particles was measured by nanoparticle tracking analysis (NTA) using a Zetaview
system (ParticleMetrix, Germany). Examination of 30 μl OMV and control samples by transmission electronmicroscopy (TEM)
did not indicate the presence of contaminating bacterial cells. The OMV protein concentrations were measured by a nanodrop
spectrophotometer (Thermo Fisher Scientific, Waltham, MA, USA). The yield of H. pylori 26695 OMVs was ∼1 mg protein
(∼2 × 1012 particles) per 1 L culture supernatant. OMV samples were pooled per batch (2 L per batch) and a total of three batches
were collected for this study. Each batch was characterized as shown in Figure S2(a-d). OMV samples were aliquoted and stored
in PBS at−80◦C for less than 6months. As shown in Figure S1(a-d) and Figure S2(a-d), there were still some residual particles in
exosome-depleted the FBS. To exclude that the observed effect was due to non-H. pylori derived particles present in the bacterial
culture medium, the OMV isolation protocol was in parallel also applied to culture medium. Briefly, same volume (i.e., 2 L
per batch) of 10% exosome-depleted FBS containing culture mediumwas filtered sequentially using 0.45 and 0.22 μmmembrane
filters. Next, a 10 kDa cut-off centrifugal filter was used to concentrate the samples to a volume of∼30ml. The same SEC fractions
7–11 were then collected and concentrated again by using a 10 kDa cut-off centrifugal filter to a volume of 1 ml. These samples
were used as control in all our experiments.

. TLR activation analysis

Lipopolysaccharide (LPS) activity levels were measured using the HEK-Blue mTLR4 assay (InvivoGen) according to the manu-
facturer’s protocol. Briefly, HEK-Blue mTLR4 cells were seeded at 25,000 cells per well in a 96-well plate in detection medium.
The fractions (#1–30) from SEC were added to the reporter cell line and incubated with HEK-Blue detection medium for 12 h,
followed by absorption measurement of the culture medium at 655 nm by iMark Microplate Absorbance Reader (Bio-Rad) and
relative TLR4 activation was calculated.

. Electron microscopy

PurifiedOMVswere visualized by negative staining TEMas described previously (Vandendriessche et al., 2021). In short, samples
were spotted on a parafilm sheet. Next, formvar/C-coated hexagonal copper grids (EMSG200H-Cu), whichwere glowdischarged
for 10 s, were placed on top of the droplet for 1 min with the coated side of the grid down. The grids were washed five times in
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droplets of Milli-Q water, stained with 1% (w/v) uranyl acetate for 10 s and air dried for 24 h before imaging. Visualization of the
samples was done using a JEM 1400plus TEM (JEOL, Tokyo, Japan) operating at 80 kV.

. Animals and manipulations

Wild-type C57BL/6J, AppNL-G-F (carrying Arctic, Swedish, and Beyreuther/Iberian mutations) (Saito et al., 2014) and B6.Cg-
Gt(ROSA)Sortm(CAG-tdTomato)Hze/J (Rosa.tdTomato) reportermicewere bred at a conventional animal facility.Micewere kept
in individually ventilated cages under a 14-h dark/10-h light cycle and received food and water ad libitum. Both male and female
mice were used. The AppNL-G-F mice, C57BL/6J and Rosa.tdTomato mice were 24–28 weeks, 12–16 weeks and 10–12 weeks of
age, respectively, at the start of the experiment. The animals were randomly allocated to experimental groups. For short-term
experiments, mice were orally gavaged withH. pyloriOMVs (20 μg protein, 4× 1010 particles) or an equivalent volume of control
sample alone or simultaneously i.p. injected with 0.5% DMSO/C3aRA (1 mg/kg) once per day for 5 days and sacrificed at day 7.
For long-term experiments, mice were orally gavaged with H. pylori OMVs (20 μg protein, 4 × 1010 particles) or an equivalent
volume of control sample alone or simultaneously i.p. injectedwith 0.5%DMSO/C3aRA (1mg/kg) three times perweek (Monday,
Wednesday and Friday) for 3 weeks. These mice were sacrificed at the end of treatment or cognition tests.
All animal studies were conducted in compliance with governmental and EU guidelines for the care and use of laboratory

animals and were approved by the ethical committee of the Faculty of Sciences, Ghent University, Belgium (EC2021-025 and
EC2022-109).

. Cre-recombinase loading and in vivo biodistribution analysis ofH. pyloriOMVs

ForCre-recombinase loading,H. pyloriOMVs andCre-recombinasewere incubatedwith 0.1mg/ml saponin at room temperature
with shaking (400 rpm) for 2 h. To exclude residual Cre-recombinase, the Cre-recombinase-loadedH. pyloriOMVsolutionswere
subjected to qEV isolation. The loading efficiency was validated via Cre western blot analysis (Figure S3a and b). The fractions
containing OMVs were collected and concentrated using a 10-kDa centrifugal filter. Rosa.tdTomatomice were intragastrically
administered Cre-recombinase-loadedH. pyloriOMVs (4× 1010 particles) once per day for 5 days. At day 7, mice were sacrificed,
and the brains were collected and analysed by performing immunostaining as described in Section 2.1. The unloaded H. pylori
OMVs were used as control in this experiment.

. Quantification of the gastrointestinal barrier, BBB and blood-CSF barrier permeability

Gastrointestinal barrier permeability was determined as previously described (Vandenbroucke et al., 2014). Briefly, 4 kDa FITC-
dextran was intragastrically administered 4 h before collection of blood. Plasma was isolated and gastrointestinal leakage was
determined by measuring fluorescence using the FLUOstar Omega reader (BMG LABTECH) at λex/λem = 485/520 nm.

BBB and blood-CSF barrier leakage was analysed as described previously (Vandenbroucke et al., 2012). In brief, 4 kDa FITC-
dextran was i.v. injected 15 min before CSF isolation by cisterna magna puncture. For blood-CSF barrier analysis, 1 μl of CSF was
diluted in 99 μl PBS and fluorescence was measured using the FLUOstar Omega reader (λex/λem = 485/520 nm). For the analysis
of BBB integrity, mice were transcardially perfused with PBS/heparin and brain was isolated. Next, perfused brain samples were
incubated in formamide overnight, samples were centrifuged for 15 min at 20,000 g in 4◦C, and 100 μl supernatant was used for
fluorescence measurement using the FLUOstar Omega reader (λex/λem = 485/520 nm).

. Western blotting

Hippocampus and bacterial extractswere prepared in 0.5%CHAPSbuffer containing complete protease inhibitor and centrifuged
for 15 min at 20,000 g and 4◦C, and protein concentration was determined using a Pierce BCA Protein Assay Kit (Thermo Fisher
Scientific). Hippocampus and bacterial extraction supernatants, OMV and FBS samples were denatured in 6×Laemmli buffer,
separated by SDS-PAGE gel electrophoresis, and transferred to a nitrocellulose membrane. Following blocking with Odyssey
blocking buffer (LI-COR Biosciences), the membrane was incubated with primary antibodies, washed with PBS containing 0.1%
Tween 20 and subsequently incubated with fluorophore- or HRP-conjugated secondary antibodies. Protein bands were visual-
ized by Odyssey Fc Imaging System (LI-COR Biosciences) or WesternBright Quantum HRP substrate (advansta) in Amersham
Imager 600 (GE Healthcare), and quantification was done in Image Studio (LI-COR Biosciences) and Amersham Imager 600
integrated analysis software (GE Healthcare), respectively.
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. Cytokine measurements

Hippocampus and stomach lysates were prepared as described in Section 2.8 and IL-1β, and TNF levels of plasma and tissue
lysates were measured using the Bio-Plex cytokine assay (Bio-Rad) according to the manufacturer’s instructions.

. RNA extraction and RT-qPCR analysis

Total RNAwas isolated from the tissue using TRIzol reagent. After homogenizing the tissue in a tube containing zirconium oxide
beads on a TissueLyser (QIAGEN), chloroformwas added and the homogenate was separated into three phases by centrifugation
at 20,000 g in amicrocentrifuge at 4◦C for 15min. Total RNAwas extracted from the upper aqueous phase usingAurum total RNA
kit (Bio-Rad) according to the manufacturer’s instructions. The concentration of total RNA was determined by the Nanodrop
and total RNA was reverse-transcribed into cDNA with SensiFAST™ cDNA Synthesis Kit (Bioline). qPCR was performed on
the Roche LightCycler 480 System (Applied Biosystems) using SensiFAST™ SYBR® No-ROX Kit (Bioline). Results are given as
relative expression values normalized to the geometric mean of reference genes, determined using GeNorm. The sequences of
the primers are depicted in Table S2.

. Aβ ELISA

Aβ was extracted and measured using a standard protocol as described previously (Steeland et al., 2018). Specifically, hippocam-
pus tissue was homogenized in Tissue Protein Extraction Buffer containing complete protease and phosphatase inhibitors using
a Precellys (Bertin Technologies) and subsequently centrifuged at 5000 g for 5 min at 4◦C. Supernatant was collected and cen-
trifuged at 4◦C for 1 h at 100,000 g (TLA-100 Rotor; Beckman Coulter). Supernatant containing soluble Aβ was collected and
the pellet was further processed in GuHCl solution containing complete protease inhibitor, sonicated, vortexed, incubated for
60 min at 25◦C and centrifuged at 70,000 g for 20 min at 4◦C. Supernatant containing insoluble Aβ was 12 times diluted with
GuHCl diluent. The levels of Aβ1-42 and Aβ1-40 in hippocampus lysates were determined using a sandwich ELISA assay. Briefly,
the sample-detection mixtures were added to the ELISA plate coated with anti-Aβ1-42 (1.5 μg/ml; JRF/cAb42/26) or anti-Aβ1-40
antibody (1.5 μg/ml; JRF/cAb40/28) and incubated overnight at 4◦C with slow shaking. Absorption at 450 nm was measured
after adding substrate solution (BD Biosciences OptEIA™) followed by stopping buffer (1 M H2SO4). The amount of Aβ was
determined with GraphPad Prism 8.0 using a nonlinear regression model.

. Histology

To evaluate gastric inflammation, 5 μm paraffin sections of the stomach were stained with haematoxylin (Merck) and eosin
(VWR) (H&E). Scoring of immune cell infiltration in H&E-stained stomach was done blinded. Images (20× magnification)
were acquired with a BX51 discussion microscope (Olympus) using an objective lens with 3 N.A. 1.0. The images were analysed
in Image J software.

. Immunohistochemistry

For immunostainings on the mouse brain, the sections (one section per mouse for each staining) were cut depending on the
used processing method, namely, 5 μm for paraffin, 20 μm for cryo, and 50 μm for vibratome sections. Paraffin sections were
de-paraffinized in xylene and ethanol, boiled in citrate buffer for 20 min, and followed by blocking with 5% goat serum in
PBS-T (PBS containing 0.3% Triton X-100) solution for 1 h at room temperature. The sections were then stained with primary
antibodies (anti-GFAP, anti-IBA1, anti-Ki-67, anti-C3, anti-C3aR, anti-DCX, anti-PSD-95, anti-SYP, anti-NeuN, anti-OCLN,
anti-E-cadherin (CDH1), and anti-RFP) in blocking buffer at 4◦C overnight. After washing with PBS, sections were stained with
appropriate fluorophore-conjugated secondary antibodies in PBS or PBS containing 0.1% Triton X-100 for 1–2 h before washing
and mounting. Cryosections for anti-ZO-1 staining were boiled directly in citrate buffer and followed the same steps as above
for paraffin staining. Vibratome sections for anti-GFAP, anti-IBA1, anti-C3, anti-CD68, anti-PSD-95 and anti-SYP were treated
with blocking buffer directly and followed the same steps as above for paraffin staining. A Zeiss LSM780 confocal microscope
or Zeiss Axioscan Z.1 was used for imaging. Images were processed using Image J and the intensity of overlapping signals were
quantified with Colocalization analysis for Image J.
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. Glial cell morphology quantification

To quantify the glial cell morphology, IBA1-positive microglia and GFAP-positive astrocytes were imaged with a 40×/63× oil
objective using the confocal microscope with the z-stack model. Images were analysed using filament tracing algorithm from
Imaris software (Bitplane).

. Synaptic imaging and quantification

For synaptic puncta colocalization analysis, brain paraffin sections were co-immunostained with the anti-SYP and anti-PSD-95
antibodies and imaged with the 63× oil objective with the 3× zoom using confocal microscopy. Images were processed using
Image J and the number of colocalized puncta was quantified with the Synapse Counter plugin for Image J (Dzyubenko et al.,
2016).

For quantification of PSD-95 and SYP inside CD68-positive phagosomes and IBA-positivemicroglia, brain vibratome sections
were co-immunostained with anti-IBA1, anti-CD68, and anti-SYP or anti-PSD-95 antibodies. Sections were imaged with the
40×/63× oil objective using confocal microscope with the z-stack model. Images were analysed using the surface function from
Imaris software.

. Electrophysiological field recordings on acute mouse hippocampal slices

Electrophysiology was performed at the VIB-KU Leuven Center for Brain and Disease Research Electrophysiology Expertise
Unit as described previously (Largo-Barrientos et al., 2021). Specifically, mice were anesthetized with isoflurane and brains were
isolated into ice-cold cutting solution (87mMNaCl, 2.5 mMKCl, 1.25 mMNaH2PO4, 10 mM glucose, 25 mMNaHCO3, 0.5 mM
CaCl2, 7 mM MgCl2, 75 mM sucrose, 1 mM kynurenic acid, 5 mM ascorbic acid and 3 mM pyruvic acid) at pH 7.4 and 5%
CO2/95% O2. 300 μm-thick parasagittal hippocampal sections were cut in cold cutting solution using a vibratome (VT1200
Leica), incubated at 34◦C for 35 min to recover and then stored in cutting solution at room temperature. For recordings, slices
were placed onto a multielectrode array (MEA 2100, Multichannel Systems) and continuously perfused with artificial cere-
brospinal fluid (aCSF) solution (119 mM NaCl, 2.5 mM KCl, 1 mM NaH2PO4, 11 mM glucose, 26 mM NaHCO3, 4 mM MgCl2
and 4 mM CaCl2) at pH 7.4 and 5% CO2/95% O2. Field excitatory post-synaptic potentials (fEPSPs) were recorded from mossy
fiber-CA3 synapses or Schaffer collateral-CA1 synapses by stimulating and recording from the appropriate electrodes. First, input-
output curves were established for each individual slice by applying single-stimuli ranging from 500 to 2750 mV with 250 mV
increments. Stimulus strength that corresponds to 35% of maximal response in the input-output curve was used for the consec-
utive recordings. For long-term potentiation (LTP) experiments, stable fEPSPs were recorded for 30 min to establish a baseline.
Afterwards, three trains of high-frequency stimulation (100 stimuli at 100 Hz) with 5 min intervals were applied to induce LTP
and fEPSPs were recorded for 65 additional minutes. Post-LTP fEPSPs were measured every 5 min (average of three consecutive
stimulations (15 s apart)). Recordings were analysed and processed using Multi Channel Experimenter software (Multichannel
Systems).

. Y-maze test

The Y-maze test was performed with a slight modification as previously described (Saito et al., 2014). All the experiments were
conducted in the light phase (9:00–18:00). Y maze apparatus (O’Hara & Co), made of grey plastic, consisted of three compart-
ments (3 cm (W) bottom and 10 cm (W) top, 40 cm (L) and 12 cm (H)) radiating out from the centre platform (3 × 3 × 3 cm
triangle), and positioned 60 cm above the floor. In this test, each mouse was placed in the centre of the maze facing toward one
of the arms and then allowed to explore freely for 5 min. We recorded and analysed the spontaneous behavioural alternations
of the mice using EthoVision tracking system (Noldus). A reduction in the behavioural alternations corresponds to memory
impairment (Sarnyai et al., 2000).

. Novel object recognition test

The NOR test was performed with a minor modification as previously described (Vandendriessche et al., 2021). All the exper-
iments were conducted in the light phase (9:00–18:00). The mice were placed in a clear, acrylic box (40× 40 × 40 cm). During
the training trial, mice were given two sessions of 5 min; during the first session, mice were allowed to explore the arena without
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F IGURE  Characterization of Helicobacter pylori OMVs. (a) Graphical illustration of H. pylori OMV isolation from bacterial cultures. (b) Particle and
protein concentration in the different SEC fractions (0.5 ml per fraction) were determined using nanoparticle tracking analysis (NTA; red) and Nanodrop
(brown), respectively. Data show all 30 fractions. (c) Limulus amebocyte lysate (LAL) assay quantified LPS activity levels in the different SEC fractions. (d)
Representative negative staining TEM images of purifiedH. pylori OMVs from SEC fractions #7–11. Scale bars: 1 μm (left) and 0.5 μm (right). (e) Size
distributions of purified H. pylori OMVs from SEC fractions #7-11 analysed by NTA. (f) Western blot analysis of FlaA in bacterial cell lysate and purified H.
pylori OMVs from SEC fractions #7–11 (left; 10 μg total protein was loaded) and all fractions separately (right; 20 μl per fraction was loaded). The graphs are
shown as mean ± SEM. Data in b, c and d are shown for at least three biological replicates.

objects (habituation), and in the second session, two identical objects were placed at two opposite positions within the box at
the same distance from the nearest corner. The mice were returned to their home cage for 15 min (short-termmemory) after the
training phase.Micewere placed back in the same box for 5min after replacing one of the familiar objects with a novel one. Explo-
ration of the objects by themicewas defined as touching the object with their nose ormouth. All trials were videotaped and scored
manually using EthoVision tracking system (Noldus). The percentage preference for the novel object was calculated using the fol-
lowing formula: percentage novel object preference = (novel object exploration time/(novel object exploration time+ familiar
object exploration time))× 100%. A value >50% indicates preference for the novel object. To exclude the existence of olfactory
cues, the box and the objects were thoroughly cleaned with 20% ethanol after each trial.

 STATISTICAL ANALYSIS

Graphical data were analysed with GraphPad Prism 8.0 and presented as mean ± SEM. Unpaired, two-tailed Student’s t-tests
were used to determine statistical significance between two independent groups. One-way analysis of variance (ANOVA) with
Bonferroni’smultiple comparison test was used to determine statistical significance amongmultiple groupswith one independent
variable. Two-way ANOVA with Bonferroni’s multiple comparison test was used to determine statistical significance among
multiple groups with two independent variables. A p value of <0.05 was considered statistically significant.

 RESULTS

. Isolation and characterization ofH. pyloriOMVs

H. pylori OMVs were purified from bacterial cultures by a combination of ultrafiltration and size exclusion chromatography
(SEC) (Figure 1a). After SEC isolation, the particle number and protein concentration of each fraction was determined by NTA
and spectrophotometric analysis, respectively (Figure 1b). LPS is themajor outer membrane component of Gram-negative bacte-
ria and one of the most abundant components of OMVs (Vanaja et al., 2016). TLR4 activation analysis demonstrated a noticeable
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increased LPS activity in the particle enriched fractions (Figure 1c). Next, the particle-enriched fractions were pooled and sub-
jected to OMV preparation by ultrafiltration using 10 kDa centrifugal filters (Figure 1a). The resulting purified H. pylori OMVs
were physically intact when observed under TEM using negative staining, with an average size of 176.1 ± 4.7 nm (two peaks
centred at 135 and 225 nm) in diameter as determined by NTA (Figure 1d,e). H. pyloriOMV purification was further confirmed
by enrichment of flagellin A (FlaA), the major component of flagellar filaments that is also present in OMVs (Zavan et al., 2019),
in the purified OMV preparation and the OMV fractions #7-11 (Figure 1f).

. Biodistribution ofH. pyloriOMVs

To examine whether gastric H. pylori-derived OMVs can reach and deliver their content to the periphery, we loaded H. pylori
OMVs with Cre-recombinase (Figure 2a), which were consequently administered to Rosa.tdTomato mice by oral gavage, as
depicted treatment in the schedule in (Figure 2b). In this mouse model, a loxP-flanked STOP cassette followed by a down-
stream red fluorescent protein variant (tdTomato) is inserted in the ROSA locus. The loxP-flanked STOP cassette prevents
transcription of the tdTomato. However, the Cre-recombinase enzyme can delete the STOP cassette, leading to robust tdTomato
expression (Madisen et al., 2010). By loading the OMVs with Cre-recombinase enzyme, the cells to which the OMV delivered
their cargo, namely, the Cre-recombinase, will turn red due to the removal of the STOP cassette and the subsequent expression
of the tdTomato fluorescent protein. Next,H. pyloriOMV biodistribution and Cre-recombinase delivery were tracked by detec-
tion of the tdTomato expression in the stomach, colon, lung, heart, liver, kidney, spleen, and brain. A clear TdTomato signal was
observed in the stomach, while absent in colon sections at the end of the gastrointestinal tract. Also, spleen, lung and heart did
not show a pronounced increase in TdTomato+ cells. In contrast, we did observe Cre-mediated recombination in the liver, kidney
and brain (e.g., hippocampus and cortex) (Figure 2c and Figure S4a-f). Co-stainings revealed that the majority of tdTomato+
cells in the brain are astrocytes as visualized using the astrocyte specific marker GFAP but also a small amount of tdTomato+
NeuN+ double-positive neurons could be observed (Figure 2d,e and Figure S4b). In the stomach, tdTomato signal was detected
in CD45+ cells (Figure S4e). These data implicate thatH. pyloriOMVs can travel across various biological barriers and eventually
even migrate to the brain.
To investigate if the H. pylori OMV translocation to the brain is caused by OMV-induced disruption of the gastrointestinal

barrier and central nervous system (CNS) barriers, WT mice were followed the same treatment schedule and the integrity of
gastrointestinal barrier, BBB and blood-CSF barrier was analysed using a 4 kDa FITC-conjugated dextran tracer (Figure 2f,g).
The comparable FITC signal indicated that theH. pyloriOMVs treatment had no apparent effect on the integrity of these barriers
(Figure 2g and Figure S5a). In agreement with this, we did not observe differences in mRNA levels of the TJs Zo and Ocln in
hippocampus and choroid plexus upon H. pylori OMV treatment (Figure 2h). Also, the protein localization of ZO-1 and OCLN
in hippocampal endothelial and choroid plexus epithelial cells showed comparable near-continuous staining at the apical cell
border upon H. pylori OMV oral gavage as seen in the control conditions (Figure 2i and j). In the stomach, we even detected
higher mRNA expression Ocln and Cdh, and increased protein expression of CDH1 in H. pyloriOMVs-treated mice compared
to the control mice (Figure S5b-d). Collectively, these results indicate that H. pylori OMVs do not disrupt the gastrointestinal
and blood-brain interfaces but may actively cross brain barriers through transcellular pathways.

. H. pyloriOMVs promote AD pathology in AppNL-G-F mice

To examine the effect of H. pylori OMVs on AD pathology, the OMVs were administered to AppNL-G-F mice by oral gavage
following the treatment scheme shown in (Figure 3a). While OMV treatment for 1 week did not induce significant changes in
Aβ pathology between H. pylori OMV-treated and control AppNL-G-F mice based on the Aβ immunostaining (Figure S6a-c),
3 weeks of H. pylori OMV treatment did have pronounced effects (Figure 3a-c). More specifically, we observed that the amount
of Aβ plaques significantly increased in the hippocampus ofAppNL-G-F mice uponH. pyloriOMV treatment compared to control
treatedmice (Figure 3b,c). Aβ plaque load wasmostly increased in the CA1 and CA2/3 regions, but not in the dentate gyrus (DG)
(Figure 3d,e). In agreement with the Aβ plaque analysis, Aβ ELISA also showed a significant increase in both soluble and insol-
uble Aβ1-40 and Aβ1-42 in the hippocampus of H. pylori OMV-treated AppNL-G-F mice (Figure 3f). Additionally, morphometric
analysis of Aβ stained brain sections revealed an increase in both medium (<250–600 μm2) and large (>600 μm2) plaques in
the hippocampus of H. pylori OMV-treated AppNL-G-F mice compared to control treated mice. In contrast, no difference in the
number of small plaques (<250 μm2) could be observed (Figure 3g).
Microglia are brain resident macrophages that play an important role in mediating Aβ degradation and clearance (Tejera

et al., 2019). We observed a decrease in microglial internalized Aβ and a lower number of microglia, labelled via the microglial
marker IBA1 adjacent to the large plaques in AppNL-G-F mice upon OMV oral gavage (Figure 3h-j). Consistent with our Aβ
size distribution analysis (Figure 3g), we observed that Aβ plaques were diffuse in AppNL-G-F control mice, whereas they were
centrally localized in H. pylori OMV-treated AppNL-G-F mice (Figure 3h). Taken together, these findings suggest that H. pylori
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F IGURE  Helicobacter pylori OMVs migrate to the brain and are taken up by astrocytes. (a) Graphical illustration of saponin-assisted Cre-recombinase
loading into H. pylori OMVs and repurification with SEC. (b) Treatment schedule of Rosa.tdTomatomice treated with unmodified (OMVctrl) or
Cre-recombinase-loaded (OMVcre) H. pylori OMVs. (c) Representative images of tdTomato staining in the hippocampus of Rosa.tdTomato orally gavaged
with OMVctrl and OMVCre. Scale bars, 50 μm. (d) Representative images of tdTomato and GFAP co-staining in the hippocampus. Scale bars, 20 μm (left) and
10 μm (right). (e) Quantification of tdTomato+GFAP+ astrocytes. (f) Treatment schedule of WT mice treated with control orH. pylori OMVs. (g) Relative
permeability of BBB and blood-CSF barrier in control and OMV-treated mice. (h) Relative gene expression of tight junctions Zo and Ocln in the hippocampus
(left) and choroid plexus (right) in control and OMV-treated mice. (i) Representative images of ZO-1/CD31and OCLN/CD31 staining in the hippocampus
control and OMV-treated mice. Scale bars, 50 and 10 μm (insert). (j) Representative images of ZO-1 and OCLN staining in choroid plexus control and
OMV-treated mice. Scale bars, 20 μm. The graphs are shown as the mean ± SEM and the datapoints are biological replicates. Images are representative for 3 (c
and d) or 5 (h) biological replicates. Statistical significance was determined by two-tailed Student’s t-test. **p < 0.01.
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F IGURE  Helicobacter pylori OMVs promote AD pathology in AppNL-G-F mice. (a) Treatment schedule of AppNL-G-F mice treated with control or H.
pylori OMVs. (b) Representative images of 6E10 staining in the hippocampus. Scale bars, 200 μm. (c) Quantification of Aβ plaque area (left) and number
(right) in the hippocampus. (d) Corresponding masks used to quantify plaque load in subregions of the hippocampus. (e) Quantification of the plaque load in
hippocampal subregions. (f) Soluble and insoluble Aβ1-40 and Aβ1-42 levels in the hippocampus. (g) Quantification of Aβ plaque size distribution in the
hippocampus. (h) Representative images of IBA1+ microglia and 6E10 staining in the hippocampus and proposed Aβ conformations in the different plaque
types. Scale bars, 20 μm. (i) Quantification of the percentage of overlay area of IBA1+ microglia and Aβ plaque. 3–5 plaques are analysed per mouse and 5 mice
per group. (j) Plaques were divided into small (< 250 μm2), medium (250-600 μm2), and large (> 600 μm2) plaques, and the number of microglia per plaque
was quantified. 3–5 plaques are analysed per mouse and 5 mice per group. The graphs are shown as the mean ± SEM and the datapoints are biological
replicates. Images are representative for 5 (b and h) biological replicates. Statistical significance was determined by two-tailed Student’s t-test. *p < 0.05,
**p < 0.01, ***p < 0.001.
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OMV treatment accelerated the typical hallmark of AD pathology, namely, Aβ plaque formation, whichmight be due to impaired
microglial Aβ clearance.

. H. pyloriOMVs activate C-CaR signalling inWT and AppNL-G-F mice

As OMVs contain a certain amount of LPS (Vanaja et al., 2016) and as our previous study showed that LPS-induced systemic
inflammation affects brain inflammation and AD pathology (Xie et al., 2021), we next evaluated the impact of orally gavaged
H. pylori OMVs on peripheral and central inflammation in WT mice (Figure S7a-f). We observed an increased infiltration
of mononuclear and polymorphonuclear cells in the stomach submucosa of H. pylori OMV-treated mice (Figure S6a) and a
significant increased gastric inflammation score based on the Updated Sydney System (Figure S7b). On the contrary, the pro-
inflammatory cytokines interleukin (IL-)1β and tumour necrosis factor (TNF) showed no differences neither onmRNA level nor
on protein level (Figure S7c and d) in the stomach. Plasma levels of IL-1β, but not of TNF, were elevated (Figure S7e), while Ilβ
and Tnf gene expression in the hippocampus was not increased inH. pyloriOMV-treatedmice compared to control mice (Figure
S7f). These results show thatH. pylori OMVs do not induce severe peripheral and central inflammation in WT mice.

H. pylori is complement sensitive and activates mainly the classic complement pathway (Berstad et al., 2001). Indeed, we found
that genes involved in the classical pathway activation (C1q through C3) are significantly upregulated in WT mice treated with
H. pylori OMVs while genes more specific to the lectin, alternative, or terminal pathways of the complement are not affected
(Figure 4b,c and Figure S8). This was accompanied by an enhanced C3 protein expression and a higher degree of colocalization
of C3 with GFAP positive cells in the hippocampus of H. pylori OMV-treated mice compared to WT controls (Figure 4d,e).
Also, western blot analysis showed an increased trend of C3 expression in the hippocampus ofH. pyloriOMV-treated WTmice
(Figure 4f,g).
In contrast, C3aR expression was unaltered on protein and mRNA levels in hippocampus tissues of WT mice (Figure S9a-c).

In addition, co-staining documented a high degree of colocalization of C3aR and IBA1 in these mice (Figure S9d,e). Next, we
studied C3-C3aR signalling in AppNL-G-F mice after 3 weeks of H. pylori OMVs treatment. In contrast to the WT mice, both
the mRNA and protein levels of C3 showed a significant increase in the hippocampus ofH. pyloriOMV-treated AppNL-G-F mice
compared to controls as shown by qPCR and immunostaining (Figure S10a-e), while only the protein expression level of C3aR
showed a trend towards upregulation after H. pylori OMV treatment in AppNL-G-F mice (Figure S10f-j). Co-immunostaining of
C3, Aβ and GFAP also showed a high degree of colocalization of C3 and Aβ/GFAP (Figure S10d). In addition, a quantitative
increase of C3 intensity in this immunostaining was consistently detected in H. pylori OMV-treated AppNL-G-F mice (Figure
S10e). Although the H. pylori OMV treatment did not affect the C3aR expression in WT mice (Figure 4f-j), its protein level was
upregulated inH. pyloriOMV-treatedAppNL-G-F mice (Figure S10g,h). Similarly, co-staining C3aR and IBA1 in the hippocampus
showed colocalization and an increased trend of C3aR expression in H. pylori OMV-treated mice compared to controls (Figure
S10i,j). Altogether, these results indicate H. pylori OMV treatment can induce or promote C3 activation.

. H. pyloriOMVs increase glial reactivity via C-CaR signalling inWTmice

Astrocytes and microglia are the major glial cells in the CNS that maintain and support homeostasis of the neuronal functions
(Vainchtein and Molofsky, 2020). C3-C3aR signalling plays a prominent role in immune regulation in the CNS by mediating
glial reactivity (Litvinchuk et al., 2018). Next, we assessed the effect of H. pylori OMV treatment on glial reactivity and the role
of the increased C3-C3aR signalling in this process. The WT mice were simultaneously treated with H. pylori OMVs and/or
C3aRA via oral gavage and intraperitoneal injection, respectively (Figure 5a). Although no significant astrogliosis was observed
in the whole hippocampus of WTmice afterH. pyloriOMV treatment (Figure S11a,b), a significant increase in GFAP signal was
observed specifically in the hippocampal CA3 region (Figure 5b,c). Increased expression of GFAP represents astroglial activation
and/or astrogliosis (Brahmachari et al., 2006).Moreover, quantitativemorphometric 3D analysis of GFAP+ astrocytes in the CA3
region showed thatH. pyloriOMV-treatedWTmice have reactive astrocytes, characterized by significantly longer processes and
increased number of segments, branching, and terminal points relative to astrocytes from control treatedWTmice (Figure 5d,e).
Indeed, blocking C3 signalling using C3aRA treatment did not block the H. pylori OMV effects on astrogliosis and astrocytic
reactivity (Figure 5b-e and Figure S11a,b). In parallel, we observed a significant decrease in the number of IBA+ microglia in
the CA3 hippocampal region and the whole hippocampus of H. pyloriOMV-treated WT mice compared to control treated WT
mice (Figure 5f,g and Figure S11c,d). However, no differences were visible in these mice on mRNA expression of microgliosis
marker Aif or total Ki-67+/Ki-67+GFAP+/Ki-67+IBA1+ cells (Figure S11e-k). Quantitative analysis of microglial morphology
showed decreased segments, branching, and terminal points in H. pylori OMV-treated WT mice, and these phenotypic effects
were blocked by C3aRA treatment (Figure 5h-i). To further characterize the microglial activation, we performed IBA1 and CD68
co-staining to identify CD68+ phagocyticmicroglia (Figure 5j). Quantification of CD68 immunoreactivity revealed thatH. pylori
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F IGURE  Helicobacter pylori OMVs promote C3 activation in WT mice. (a) Treatment schedule of AppNL-G-F mice treated with control or H. pylori
OMVs. (b) Simplified schematic of the complement pathway illustrating selected proteins. Proteins involved in the classical complement pathway and
upregulated by H. pylori OMVs treatment are highlighted in orange. (c) Gene expression of complement components in the hippocampus. (d) Representative
images of GFAP and C3 staining in CA3 region of hippocampus. Scale bars, 20 μm. (e) Quantification of the percentage of overlay area of C3 in astrocytes. (f)
Western blot analysis of C3 expression in the hippocampus. Individual lanes are biological duplicates (n = 4 or 5). (g) Quantification of the relative C3 levels in
the hippocampus. The graphs are shown as the mean ± SEM and the datapoints are biological replicates. Images are representative for 5 (d) biological
replicates. Statistical significance was determined by two-tailed Student’s t-test. *p < 0.05, **p < 0.01

OMV treatment in WT mice significantly increased CD68 expression in microglia and that C3aRA treatment prevented the H.
pylori OMV-induced increase (Figure 5k).
Given the specific expression of C3 and C3aR in astrocytes and microglia, respectively (Litvinchuk et al., 2018), we investi-

gated whether there is an astrocyte-microglia interaction via C3-C3aR signalling afterH. pyloriOMV administration.We show a
remarkable increase in IBA1+ microglial cells that overlap with GFAP+ astrocytes in the hippocampus ofH. pyloriOMV-treated
WTmice compared to the control treated mice and C3aRA/H. pyloriOMV-treated WTmice (Figure 5l and m). 3D reconstruc-
tion reveals a close spatial interaction of astrocytes, microglia and C3, suggesting the involvement of C3-C3aR signalling in this
glial cell interaction (Figure 5n).

. H. pyloriOMVs induce neuronal dysfunction via C-CaR signalling inWTmice

We further analysed the effects of H. pylori OMV treatment on synaptic and neuronal properties and the role of C3-C3aR sig-
nalling in this process (Figure 6a). Indeed, a reduced immunostaining intensity of presynaptic protein synaptophysin (SYP) and
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F IGURE  Helicobacter pylori OMVs increase glial reactivity via C3-C3aR signalling in WT mice. (a) Treatment schedule of WT mice treated with
control/H. pylori OMVs and 0.5%DMSO/C3aRA. (b) Representative images of GFAP staining in CA3 region of hippocampus. Scale bars, 20 μm. (c)
Quantification of the relative GFAP intensity in CA3 region of hippocampus. (d) Imaris-based 3D morphometric reconstruction analysis of GFAP+ astrocytes
in CA3 region of hippocampus. Scale bars, 10 μm. (e) Imaris-based quantification of cell morphology of GFAP+ astrocytes in CA3 region of hippocampus. (f)
Representative images of IBA1 staining in CA3 region of hippocampus. Scale bars, 20 μm. (g) Quantification the number of IBA1+ microglia in CA3 region of
hippocampus. (h) Imaris-based 3D morphometric reconstruction analysis of IBA1+ microglia in CA3 region of hippocampus. (i) Imaris-based quantification
of cell morphology of IBA1+ microglia in CA3 region of hippocampus. Scale bars, 10 μm. (j) Representative images of IBA1 and CD68 staining in CA3 region of
hippocampus. Scale bars, 20 μm. (k) Quantification of the percentage of CD68 intensity in IBA1+ microglia in CA3 region of hippocampus. (l) Representative
images of GFAP and IBA1 staining in the hippocampus. Scale bars, 200 and 50 μm (insert). (m) Quantification of the percentage of astrocyte colocalized
microglia. (n) Imaris-based 3D reconstruction of the interaction between astrocytes and microglia via C3. Scale bars, 5 μm (left) and 10 μm (right). The graphs
are shown as the mean ± SEM and the datapoints are biological replicates. Images are representative for 4 or 5 (b, f, j and l) biological replicates. Statistical
significance was determined by two-way ANOVA Bonferroni’s multiple comparisons. *p < 0.05, **p < 0.01, ***p < 0.001.
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F IGURE  Helicobacter pylori OMVs induce synaptic deficits via C3-C3aR signalling in WT mice. (a) Treatment schedule of WT mice treated with
control/H. pylori OMVs and 0.5%DMSO/C3aRA. (b) Representative SYP and PSD-95 co-immunostaining in CA3 region of hippocampus. Scale bars, 50 μm.
(c) Quantification of the relative intensity of SYP (upper) and PSD-95 (lower). (d) Representative high magnification confocal images of SYP and PSD-95
coimmunostaining in CA3 region of hippocampus of WT. Scale bars, 5 μm. (e) Quantification of the number of colocalized puncta of SYP and PSD-95. (f)
Western blot analysis of SYP and PSD-95 in the hippocampus. Individual lanes are biological replicates (n= 3–4). (g) Quantification of relative SYP and PSD-95
expression in the hippocampus. (h) Imaris-based 3D reconstruction analysis of IBA1/CD68/PSD-95 staining in CA3 region of hippocampus. Scale bars, 10 μm.
(i) Quantification of the percentage of PSD-95+ volume inside CD68+ phagosome (upper) and IBA1+microglia (lower). (j) Schematic diagram indicating the
general experimental set-up of LTP measurement. (k-l) fEPSP amplitude recordings over time (k) and the average of the fEPSP amplitude recordings (l) after
LTP induction in CA3 mossy fiber synapses. The graphs are shown as the mean ± SEM and the datapoints are biological replicates. Images are representative
for 4 or 5 (b and d) biological replicates. Statistical significance was determined by two-way ANOVA Bonferroni’s multiple comparisons. *p < 0.05, **p < 0.01
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postsynaptic density protein 95 (PSD-95) was observed in the CA3 area of the hippocampus ofH. pyloriOMV-treatedWTmice
compared to WT controls (Figure 6b,c). Moreover, C3aRA treatment on H. pylori OMV-treated WT mice resulted in a signif-
icant elevation of PSD-95 immunoreactivity (Figure 6b,c). Similarly, high-resolution images of co-immunostaining of SYP and
PSD-95 revealed reduced pre-, post-, and double-positive synaptic puncta in H. pylori OMV-treated WT mice, while C3aRA
treatment did prevent to a certain level (not significant trend) synapse loss (Figure 6d,e). These results were further confirmed
by immunoblot analysis in the hippocampus using anti-SYP and anti-PSD-95 antibodies (Figure 6f,g). These findings suggest
that H. pylori OMVs are potent inducers of synaptic deficits and C3-C3aR signalling plays a crucial role in this process.

As our earlier analysis showed a higher intensity of CD68+ phagocytic microglia in H. pylori OMV-treated WT mice
(Figure 5j,k), the reduced synaptic puncta were seen in H. pylori OMV-treated WT mice may be due to increased microglial
engulfment. We found that the volume of PSD-95-positive (Figure 6h,i) or SYP-positive (Figure S9a,b) puncta within IBA1+
microglia are increased in H. pylori OMV-treated WT mice and this effect was largely prevented by simultaneous C3aRA treat-
ment. As the excessive synaptic pruningmay result in imbalanced synaptic transmission and subsequent synaptic dysfunction, we
evaluated the contribution ofH. pyloriOMVs to the synaptic function of mossy fiber-CA3 synapses by assessing the electrophys-
iological properties of these synapses in acute hippocampal slices of WT mice (Figure 6j). The LTP induction was significantly
decreased in H. pylori OMV-treated WT mice compared to control treated WT mice, and this phenotype was substantially
improved when combined with C3aRA treatment (Figure 6k,l and Figure S12f,g). Furthermore, we tested whether this effect
could also be observed in other neuronal networks, and recorded LTP of Schaffer collateral-CA1 synapses (Figure S12c). The LTP
recordings also showed Schaffer collateral-CA1 synapses were affected by H. pylori OMV treatment, but not as pronounced as
mossy fiber-CA3 synapses (Figure S12d-g). When comparing the efficacy of C3aRA treatment in CA1- and CA3-pathways, sim-
ilar protective effects against H. pylori OMV-induced synaptic defects could be observed (Figure 6k,l and Figure S12d-g). These
findings suggest that the detrimental effect of H. pylori OMV on synaptic plasticity is at least in part due to increased synapse
elimination by activated microglia.
The abnormal activation of microglia also actively participates in the phagocytosis of live neurons (Fricker et al., 2012). In

this context, we performed NeuN staining and the quantification showed reduced neuronal numbers in the CA3 region of the
hippocampus inH. pyloriOMV-treatedWTmice (Figure S13a,b). C3aRA treatment inH. pyloriOMV-treatedWTmice resulted
in a powerful blockade of neurodegeneration (Figure S13a,b). The reduced neuronal density in the hippocampus by H. pylori
OMV treatment may at least partly be due to reduced proliferation of neuronal progenitor cells as demonstrated by DCX and
Ki-67 immunostaining (Figure S13c,d). In addition, incorrect microglia-neuron interactions are known to lead to microglial
phagocytosis of live neurons and excessive neuronal loss(Brown and Neher, 2014). We then quantified the CD68+ phagosome
in the CA3 stratum pyramidale and revealed an increased CD68 immunoreactivity in H. pylori OMV-treated WT mice. Again,
C3aRA treatment prevented this OMV-induced increase (Figure S13e,f).
Combined, these data demonstrate thatH. pyloriOMVcan induce synaptic deficits and neurodegeneration, and that enhanced

microglial activation phagocytosis may contribute to this process through C3-C3aR signalling.

. Blocking C-CaR signalling attenuates AD pathology and memory loss induced byH. pylori
OMVs in AppNL-G-F mice

Finally, we investigated the effect ofH. pyloriOMVs onmemory functions and the potential of blockage of C3-C3aR signalling in
preventing memory impairments. Therefore, AppNL-G-F mice were simultaneously treated with H. pylori OMVs and/or C3aRA
via oral gavage and intraperitoneal injection, respectively (Figure 7a). After 3 weeks of treatment, we examined the effects on
cognitive function using Y-maze and novel object recognition (NOR) tests. TheH. pyloriOMV-treated AppNL-G-F mice showed
cognitive impairment based on significant decreased spontaneous alternation in the Y-maze task and performance to the new
object in theNOR test (Figure 7b-d). Interestingly, C3aRA treatment prevented the occurrence of cognitive impairment caused by
H. pyloriOMVs in AppNL-G-F, as shown in the NOR test, while this was less pronounced in the Y-maze (Figure 7b-d). Consistent
with the cognitive results, H. pylori OMV treatment worsen Aβ pathology and again this effect was largely blocked by C3aRA
treatment (Figure 7e-h). In line with this, C3aRA treatment protected the microglial Aβ clearance from the influence ofH. pylori
OMVs, and showed the same levels of microglia internalized Aβ as AppNL-G-F controls (Figure 7i,j). Lastly, quantification of
microglia around Aβ plaques also demonstrated that C3aRA treatment inhibitedH. pyloriOMV-induced clustering decrease in
AppNL-G-Fmice comparedwith controlAppNL-G-Fmice (Figure 7i,k). In addition, LTP recordings revealed that Schaffer collateral-
CA1 synapses inAppNL-G-F mice were significantly impaired upon oralH. pyloriOMV administration and this effect was blocked
by C3aRA treatment (Figure S7l-n and Figure S14a,b). Together, these findings suggest that H. pylori OMVs cause cognitive
impairment in AppNL-G-F mice and that by blocking the C3-C3aR signalling AD pathology and memory loss induced by H.
pylori OMV can be attenuated.
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F IGURE  C3aR antagonist treatment blocks the effects of Helicobacter pylori OMVs on AD pathology and memory function in AppNL-G-F mice. (a)
Treatment schedule of AppNL-G-F mice treated with control/H. pylori OMVs and 0.5%DMSO/C3aRA. (b) Quantification of Y-maze spontaneous alternation.
(c) Representative heat maps of tracks in NOR test. (d) The percentage of NOR discrimination. (e) Representative images of 6E10 staining in the hippocampus.
Scale bars, 200 μm. (f) Quantification of the plaque area (left) and number (right) in the hippocampus. (g) Quantification of Aβ plaque size distribution in the
hippocampus. (h) Soluble and insoluble Aβ1-40 and Aβ1-42 levels in the hippocampus. (i) Representative images of IBA1 and 6E10 staining in the hippocampus.
Scale bars, 20 μm. (j) Quantification of the percentage of overlay area of microglia and Aβ plaque. (k) Plaques were divided into small (< 250 μm2), medium
(250-600 μm2), and large (> 600 μm2), the number of microglia per plaque was quantified. (l) Schematic diagram indicating the general experimental set-up
of LTP measurement in AppNL-G-F mice. (m-n) fEPSP amplitude recordings over time (m) and the average of the fEPSP amplitude recordings (n) after LTP
induction in CA1 Schaffer collateral synapses. The graphs are shown as the mean ± SEM and the datapoints are biological replicates. Images are representative
for 5 (c, e and i) or 3–4 (m and n) biological replicates. Statistical significance was determined by two-way ANOVA Bonferroni’s multiple comparisons.
*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.
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 DISCUSSION

The gut microbiota is a complex community of microorganisms that resides in our gastrointestinal ecosystem and of which a
disbalance not only implies various gut disorders but also CNS disorders. Growing evidence supports the concept that the gut
microbiota affects host brain function including cognitive behaviour and that a microbiota dysbiosis may mediate or affect AD
pathogenesis (Hu et al., 2016). However, the mechanisms of this microbiota-gut-brain axis are not yet fully understood.

It is well established that microbiota-derivedmolecules such as LPS, peptidoglycan, and short-chain fatty acids directly modu-
late neuroinflammation and Aβ accumulation (Colombo et al., 2021; Krstic et al., 2012; Xie et al., 2021). Several of these bioactive
molecules are also present in microbiota-derived OMVs, that is, nano-sized spherical buds of the outer membrane produced by
both pathogenic and non-pathogenic Gram-negative bacteria (Xie et al., 2022a). OMVs can transport their cargo to proximal
and distal cells to exert physiological and pathological effects (Finethy et al., 2017; Ha et al., 2020; Han et al., 2019). Recently,
microbial-derived OMVs have also been demonstrated to be involved in several pathologies such as mitochondrial dysfunction
(Deo et al., 2020, 2018), systemic bone loss (Kim et al., 2021), pulmonary fibrosis(Yang et al., 2019) and cognitive impairment
(Durant et al., 2020; Wei et al., 2020).
H. pylori is a major human pathogen that induces inflammation of the stomach and is etiologically related to various gastric

and extragastric diseases, like AD (Doulberis et al., 2018). Next to the induction of inflammation, H. pylori infection can also
increase the production of AD risks, such as reactive oxygen species, lipid peroxides and homocysteine (Doulberis et al., 2018).
Here, we investigated whether ofH. pylori-derived OMVsmight be key players in the previously reportedH. pylori effects on AD
pathology. Our results indicate that OMVs can travel from the gut to the brain and eventually affect brain functions. Notably, we
observed that both the gastrointestinal and brain barriers remained intact after H. pylori OMV administration, suggesting that
H. pylori OMVs may enter the brain via a transcellular pathway crossing the barriers or indirectly via the vagus nerve, as was
shown for P. hominisOMVs (Lee et al., 2020). In addition, we could not rule out the possibility that cargo released from disrupted
OMVs might somehow reach brain barriers and eventually enter the brain. The intact barriers may limit the entry of the OMVs
into the bloodstream and the brain, which may explain the lack of very pronounced peripheral and central inflammation that we
observed in our study. In addition, a recent study reported thatH. pyloriOMVs induced approximately 5-fold higher production
of pro-inflammatory cytokines in the spleen upon intraperitoneal injection compared to oral administration (Choi et al., 2017),
indicating a positive correlation between peripheral inflammation levels and OMV amount in peripheral tissues. Taken together,
peripheral inflammation is probably not the underlying mechanism by whichH. pylori OMVs potentially affect brain function.

Our study reveals that H. pylori OMVs promote Aβ plaque formation in AppNL-G-F mice. Interestingly, the effects on Aβ
pathology can only be detected after 3 weeks of oral gavage with H. pylori OMVs, suggesting that a chronic more robust H.
pylori infection of the gut is needed, while a transient, acute infection does not affect the brain (Albaret et al., 2020). Of note,
the Aβ plaques are most enriched in the CA1 and especially in the CA2/3 regions of the hippocampus upon H. pylori OMV
administration. This difference in Aβ plaque distribution is probably due to the distribution of APP-expressing interneurons in
the different hippocampal regions as demonstrated by Rice et al. (2020). In addition to the amount of Aβ aggregation, the H.
pylori OMV treatment also increased the compactness and surface area of Aβ plaques, important pathological features of AD
(Yuan et al., 2016).

Astrocytes andmicroglia are resident cells of the CNS, and they contribute not only to the formation of the BBB but also to the
homeostasis and immune functions of the CNS (Alvarez et al., 2013; Vainchtein andMolofsky, 2020). Recent evidence has shown
that both cell types can take up and internalizemicrobial-derivedOMVs and induce an inflammatory response (Bittel et al., 2021;
Wei et al., 2020). In line with this observation, we detectedH. pyloriOMVuptake by astrocytes and induction of activation of glial
cells, reflected by the increase (astrocytes) and reduction (microglia) in dendrite length, the number of segments, branch points
and terminal points, respectively. In H. pylori OMV-treated mice, we also observed increased interaction between astrocyte-
microglia and microglia-neuron, and ultimately the accumulation of Aβ and cognitive impairment. As the principal immune
effector and phagocytic cells in CNS, microglia play an important role in Aβ clearance by a variety of phagocytic and digestive
mechanisms (Tejera et al., 2019; Zuroff et al., 2017).We found thatH. pyloriOMVtreatment resulted in a decrease in the number of
Aβ phagocytosingmicroglia. In addition, we found thatH. pyloriOMV administration induced neurodegeneration and synaptic
deficits, which were at least partially modulated by phagocytosis of reactive microglia. Indeed, a recent study has also shown
that reactive microglia are involved in neurodegeneration and excessive synaptic pruning (Litvinchuk et al., 2018). However, we
cannot exclude the additional effects of signals released by neuronal activity to instruct phagocytosis of microglia (Bartels et al.,
2020). In addition, the abnormal neuronal activity can directly contribute to the Aβ aggregation as we observed in our previous
study (Xie et al., 2021) and aggregation of Aβ into compact plaques in turn affects local neuronal dysregulation such as disruption
of synaptic integration (Stern et al., 2004). In addition to Aβ accumulation, synapse loss is also closely associated with cognitive
decline (Colom-Cadena et al., 2020). In this respect, we speculate that theH. pyloriOMV-exacerbated Aβ pathology and synaptic
dysfunction are the main contributors to the observed memory defects.
Mechanistically, we identified theC3-C3aR signalling pathway as an important regulator in theH. pyloriOMV-mediated detri-

mental effects on the brain. The complement pathway is a critical regulator of innate immunity and the complement pathway
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molecules are expressed in the CNS where they have been implicated in AD processes (Chen et al., 2020; Hong et al., 2016). H.
pylori is complement sensitive and activates mainly the classic pathway (Berstad et al., 2001). The classical complement acti-
vation requires the cleavage of the central complement factor C3 to C3a and C3b, which elicit downstream events through
binding to their receptors C3aR and CR3, respectively (Stephan et al., 2012). Combining the predominant expression of astroglial
C3 and microglial C3aR observed in our study and a previous study (Liddelow et al., 2017), we speculate that H. pylori OMV
increases astrocyte-microglia crosstalk via C3-C3aR and microglia activation trigger the neuronal dysfunction, Aβ deposition
and ultimately cognitive impairment. Our results are in line with previously reported that C3-C3aR signalling is important in
the astrocyte-microglia and neuron-immune crosstalk and that it influences network function and Aβ pathology (Lian et al.,
2016, 2015). Blocking this pathway with pharmacological inhibition of C3aR curtailed H. pylori OMV induced dysfunction of
glial cells (proliferation, activation and phagocytosis) and neurons (neurodegeneration and synaptic deficits), and almost com-
pletely rescued the Aβ pathology andmemory loss, suggesting C3aR inhibitionmay represent a novel therapeutic target that may
ameliorate AD pathology induced byH. pylori infection. Importantly, we observed neither the beneficial effects of C3aRA treat-
ment alone on Aβ pathology nor cognitive functions in AppNL-G-F mice despite previously reported that C3aR has a detrimental
effect in promoting viral-induced synapse loss and cognitive decline (Vasek et al., 2016) and that C3aRA treatment relieves Aβ
pathology (Lian et al., 2016). Whether the varied outcomes are due to the difference in mouse models, the time of treatment
administration or other effects remains to be seen.
It is important to note that in addition to H. pylori, other pathogens such as periodontal bacteria (e.g., P. gingivalis and

Fusobacterium nucleatum), Borrelia burgdorferi and Chlamydia pneumoniae have also been reported to be associated with the
pathogenesis of AD (Vigasova et al., 2021). In addition, a recent study showed that non-pathogenic E. coliOMVs are also able to
deliver their cargo from the gut to the brain (Bittel et al., 2021), suggesting potential effects on brain functions. Our analysis was
restricted to the effects of H. pylori-derived OMV on the CNS, so it is uncertain whether these effects are specific to H. pylori
OMVs or more broadly to OMVs in general. Therefore, further studies comparing OMVs from different bacteria are needed to
decipher whether the observed effects are specific to H. pylori-derived OMVs.
Taken together, we are the first to describe a novel aspect of the gut-brain interplay, namely, that H. pylori-derived OMVs

modulate physiological functions of glial cells and neurons, and can worsen AD pathology. We further identified C3-C3aR sig-
nalling as an essential regulator in the impact of H. pylori OMVs on brain functionality. Indeed, pharmacological inhibition
of C3aR prevents H. pylori OMV induced activation of glial cells, synaptic impairment and neuronal loss, thereby rescuing Aβ
pathology andmemory functions. These findings not only provide new insights supporting the infectious hypothesis behind AD
pathogenesis, but also identify OMVs as important players in the gut-brain axis.
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