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Abstract
Periodontitis is an inflammatory disease induced by local infection in tooth-
supporting tissue. Periodontitis is associated with systemic bone diseases, but little
is known about the mechanism of the causal effect of periodontitis on systemic bone
resorption. Bacteria-derived extracellular vesicles (EVs) act as natural carriers of vir-
ulence factors that are responsible for systemic inflammation. In this study, we inves-
tigated the role of EVs derived from Filifactor alocis, a Gram-positive, anaerobic peri-
odontal pathogen, in systemic bone loss and osteoclast differentiation. F. alocis EVs
accumulated in the long bones of mice after intraperitoneal administration. These
EVs induced proinflammatory cytokines, osteoclastogenesis, and bone resorption
via Toll-like receptor 2 (TLR2). The phase separation of F. alocis EVs showed that
amphiphilic molecules were responsible for the induced bone resorption and osteo-
clastogenesis. The osteoclastogenic effects of F. alocisEVswere reduced by lipoprotein
lipase. Proteomic analysis of the amphiphilic molecules identified seven lipoproteins.
Our results indicate that lipoprotein-like molecules in F. alocis EVsmay contribute to
systemic bone loss via TLR2.
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 INTRODUCTION

Periodontitis is a chronic oral disease initiated by microbial complexes in the subgingival pocket and is characterized by gingival
tissue destruction and bone resorption, leading to tooth loss. Periodontitis is also associated with systemic diseases, includ-
ing cardiovascular diseases, Alzheimer’s disease, rheumatoid arthritis, oral and colorectal carcinoma, pregnancy complications,
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pneumonia, and diabetes (Hajishengallis &Chavakis, 2021). Clinical studies have suggested that periodontitis is closely associated
with osteoporosis and osteopenia, which are systemic skeletal diseases characterized by reduced bone mineral density (Passos
et al., 2013; Xu et al., 2021). Compared to healthy individuals, patients with osteoporosis showed a twofold higher risk of peri-
odontitis (Manjunath et al., 2019). Periodontitis and osteoporosis share risk factors, including aging, obesity, diabetes mellitus,
menopause, and deficiency of vitamin D and calcium. Inflammation is also an important factor that is common to both diseases,
indicating bidirectional relationships between the two diseases (Contaldo et al., 2020). Periodontitis may systemically activate
osteoclastogenic bone resorption by releasing proinflammatory cytokines from local periodontal tissue inflammation (Pan et al.,
2019). Proinflammatory cytokines such as IL-1, IL-6 and TNF-α are known to be involved in both alveolar and osteoclastogenic
bone resorption (Azuma et al., 2000; Ishimi et al., 1990; Jimi et al., 1999). In the infectious state, microbes or microbe-derived
bioactive molecules trigger proinflammatory responses to increase osteoclast activity and inhibit osteoblast activity, resulting in
bone loss (Hienz et al., 2015).
Extracellular vesicles (EVs) are nano-sized particles enclosed by lipid bilayers that are released by all living organisms, includ-

ing bacteria, archaea, and eukaryotes (Gho & Lee, 2017). Bacterial EVs contain various molecules, including microbe-associated
molecular patterns (MAMPs), enzymes, and toxins, that can act as virulence factors in the host (Bitto et al., 2021; Kim et al.,
2015). EVs are attracting great attention due to their ability to deliver their contents both locally and systematically by cell-free
intercellular communication (Yáñez-Mó et al., 2015). In a patient withNeisseria meningitidis infection, EVs were observed in the
patient’s blood sample (Namork & Brandtzaeg, 2002).Helicobacter pylori EVs were observed in gastric juices from patients with
gastric diseases, and orally administeredH. pylori EVs were distributed in the stomach in a mouse model (Choi et al., 2017). EVs
derived from Porphyromonas gingivalis, Tannerella forsythia, and Treponema denticola, which are so-called ‘red-complex’ peri-
odontal pathogens, harbour various MAMPs (Cecil et al., 2016) and exert immunomodulatory effects through proinflammatory
cytokine production (Cecil et al., 2017). EVs derived fromAggregatibacter actinomycetemcomitans, a periodontal pathogen, were
able to cross the blood–brain barrier and induce TNF-α production in the brain (Han et al., 2019). As EVs released from peri-
odontal pathogens in the oral cavity can easily disseminate to other parts of the body, it is very intriguing to determine the role
of EVs of periodontal pathogens in systemic bone metabolism.
Filifactor alocis is an asaccharolytic obligate anaerobe and aGram-positive periodontal pathogen. F. alocis has recently received

attention as an important periodontal pathogen based on oralmicrobiome analysis (Griffen et al., 2012). F. alocis is highly detected
in chronic and aggressive periodontitis, implantitis, and endodontic infections (Aruni et al., 2014). In patients with aggressive
periodontitis, the presence of F. alocis with A. actinomycetemcomitans and Streptococcus parasanguinis in subgingival tissue is
closely associated with bone loss (Fine et al., 2013). F. alociswas also found in extraoral sites such as brain abscesses (Hishiya et al.,
2020) and thoracic empyema (Gray and Vidwans, 2019). F. alocis infections are characterized by the dysfunctional modulation
of neutrophils (Edmisson et al., 2018), adhesion to and invasion of epithelial cells, resistance to oxidative stress (Aruni et al.,
2011), and inhibition of complement cascades (Jusko et al., 2016). Recently, we reported that F. alocis EVs harboured lipoproteins,
autolysins, and complement inhibitors, and induced as much immunostimulatory activity as whole bacterial cells (Kim, Lim,
et al., 2020). Although EVs from pathogenic bacteria have been reported to have pathogenic potential (Kuipers et al., 2018; Park
et al., 2010), no study has attempted to determine their roles in systemic bone resorption and osteoclastogenesis.

In this study, we investigated the role of F. alocis EVs in bone metabolism using a MAMP-induced inflammatory bone loss
model in mice to determine whether EVs derived from periodontal pathogens have the potential to cause osteoporosis. F. alocis
EVs induced systemic bone loss and osteoclastogenesis via Toll-like receptor (TLR) 2. Amphiphilic and lipoprotein lipase-
sensitive molecules are involved in this effect. This study provides new insights into the role of periodontal pathogen-derived
EVs in systemic bone resorption.

 MATERIALS ANDMETHODS

. Reagents and chemicals

Columbia broth, yeast extract and Bacto agar were purchased from BD Biosciences (San Jose, CA, USA). L-cysteine, L-arginine,
resazurin, hemin, and vitamin K were purchased from Sigma (St. Louis, MO, USA). A vacuum filter system (0.22 μm pore
size) was purchased from Corning (New York, NY, USA; cat#: 431098). A 100 kDa cut-off centrifugal filter (cat#: UFC710008)
and RIPA buffer were purchased from Merck (Darmstadt, Germany). RPMI 1640 medium and the phosphate-buffered saline
(PBS) were purchased from Welgene (Daegu, South Korea). Fetal bovine serum (FBS) and the penicillin/streptomycin solu-
tion were purchased from Gibco BRL (Paisley, UK). Pam2CSK4 (cat#: tlrl-pm2s-1), Pam3CSK4 (cat#: tlrl-pms), Escherichia coli
lipopolysaccharide (LPS) O111:B4 (cat#: tlrl-eblps), ultrapure LPS (cat#: tlrl-3pelps), G418 (cat#: ant-gn), and hygromycin B (cat#:
ant-hg) were purchased from InvivoGen (San Diego, CA, USA). Recombinant mouse macrophage colony-stimulating factor
(M-CSF; cat#: 315–02) and soluble mouse receptor activator of nuclear factor-κB ligand (RANKL; cat#: 315–11) were purchased
from PeproTech (Rocky Hill, NJ, USA). FITC anti-human CD25 mouse monoclonal antibodies (cat#: 555431) and anti-actin
antibodies (cat#: 612656) were purchased from BD Biosciences. Anti-NFATc1 mouse monoclonal antibodies (cat#: SC7294) were
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purchased fromSantaCruzBiotechnology (SantaCruz, CA,USA).Anti-c-Fos rabbit polyclonal (cat#: 2250S), anti-phospho-ERK
(Thr202/Tyr204; cat#: 9101S), anti-phospho-JNK (Thr182/Tyr185; cat#: 9251S), anti-phospho-p38 (Thr180/Tyr182; cat#: 9211S),
anti-phospho-NF-κB p65 antibodies (cat#: 3033S) and anti-ERK (cat#: 9102S), JNK (cat#: 9252S), p38 (cat#: 9212S), NF-κb p65
(cat#: 8242S) antibodies were purchased from Cell Signaling Technology (Beverly, MA, USA).

. Bacteria and extracellular vesicles

F. alocis (ATCC 35896) was cultured at 37◦C in an anaerobic atmosphere (10% CO2, 10% H2, 80% N2). F. alocis was grown in
modified Columbia broth (5% yeast extract, 0.0025% resazurin, 5 μg/ml hemin, 1 μg/ml, vitamin K, 1 μg/ml L-cysteine, 2 μg/ml
L-arginine) for 48 h until the late mid-log phase was reached. Culture supernatants (2 L for one preparation) were harvested
at an optical density (OD600nm) of 1.0–1.3 (colony-forming units, ≥ 3.0 × 108 CFU/ml). EVs were purified and characterized as
previously described withminormodifications (Kim, Lim et al., 2020). The supernatants were filtered using a 0.22 μmmembrane
filter and concentrated using a 100 kDa cut-off centrifugal filter. The crude EVs were isolated by ultracentrifugation (160,000 ×
g, 4◦C, 2 h) using a Type 45 Ti rotor (Beckman Coulter, Brea, CA, USA). Then, the crude EVs were dissolved in PBS (1 ml) and
resuspended in 60%OptiPrep (2ml, Sigma; cat#: D1556) tomake 40%OptiPrep. The 40% crude EV/OptiPrep (3ml) was overlaid
with 35% OptiPrep (5 ml) and 10% OptiPrep (5 ml), and subjected to buoyant density gradient ultracentrifugation (100,000 ×
g, 4◦C, 18 h) using an SW 40 Ti rotor (Beckman Coulter). Each fraction (1.3 ml) was obtained from the top of the gradient
sample (fractions #1–10). Fractions 4 and 5 were pooled and EVs in Fractions 4 and 5 were harvested by ultracentrifugation
(160,000 × g, 4◦C, 2 h) using an SW 40 Ti rotor. Purified EVs were dissolved in 500 μL PBS. The number of EV particles per
ml was measured by nanoparticle tracking analysis (NTA) using a NanoSight LM10 system and NTA 2.3 nanoparticle tracking
and analysis software (Malvern Instruments Ltd, Worcestershire, UK). The absence of bacterial cells in the EV preparation was
confirmed by transmission electron microscopy (TEM). The EV protein concentrations were measured by bicinchoninic acid
(BCA) assays (Thermo Fisher Scientific Inc., Waltham, MA, USA; cat#: 23227). The yield of F. alocis EVs was approximately 150
μg of proteins or 1.8 × 1012 particles per 1 L of F. alocis culture supernatant. The EV particles per μg of protein was 1.2 × 1010,
which was regarded as pure EVs as previously described (Webber & Clayton, 2013). For this study, at least 60 EV preparations
were made. As a control, culture medium without bacteria was also subjected to EV isolation.

. Isolation of the amphiphilic phase of F. alocis EVs using Triton X-

Amphiphilic phases from F. alocis EVs were isolated using a method for bacterial lipoprotein isolation as previously described
withminormodifications (Armbruster &Meredith, 2018). Briefly, F. alocis EVs (2mg proteins) were disrupted by ultrasonication
(Vibra-cell VCX500, Sonics &Materials, Inc., Newtown, CT, USA) with a protease inhibitor cocktail (Roche Diagnostics GmbH,
Mannheim, Germany; cat#: 11836153001). The lysates were resuspended in 2%Triton X-114 (Sigma; cat#: X114) and rotated at 4◦C
for 3 h. Then, the lysates were mixed with TBS and incubated at 37◦C for 15 min. The amphiphilic phase and hydrophilic phase
were separated by centrifugation (10,000 × g) at 37◦C for 15 min. The amphiphilic phase was precipitated by methanol (Merck;
cat#: 1.06009.1011) to remove residual chemicals and then dissolved in 10 mM octyl β-D-glucopyranoside (Sigma; cat#: O8001).
The protein concentration of each phase was measured by BCA assays. Approximately 350 μg of amphiphilic phase proteins and
1.35 mg of hydrophilic phase proteins were obtained from 2 mg of F. alocis EV proteins with 300 μg of loss.

. Lipoprotein identification of the amphiphilic phase of F. alocis EVs using LC–MS/MS

Four independently isolated amphiphilic phases of F. alocis EVs were used for proteomic analysis. In-solution digestion and
peptide analysis using liquid chromatography-tandemmass spectrometry (LC–MS/MS) were performed as previously described
(Lee et al., 2010). The amphiphilic phase of F. alocis EVs (50 μg of protein) was denatured and reduced in 8 M urea/5 mM
dithiothreitol (Sigma), dissolved in 25 mM ammonium bicarbonate and incubated at 60◦C for 1 h. After cooling, the sample was
dissolved in 25mM iodoacetamide/25mMammoniumbicarbonate (Sigma) at room temperature for 1 h in the dark. The ureawas
diluted to a concentration of 1Mwith 25mMammonium bicarbonate (Sigma), to which the 8-fold diluted proteins were digested
with MS grade Pierce trypsin protease (enzyme to substrate ratio= 1:50, Thermo Scientific; cat#: 90057) at 37◦C overnight. The
resulting peptide sample was desalted byOasisHLB 1 cc extraction cartridges (Waters Corporation,MA,USA; cat#:WAT094225)
and lyophilized. LC–MS/MS analysis was performed using a nano HPLC system (Agilent, Wilmington, DE, USA). A nanochip
column (150 mm × 0.075 mm, Agilent; cat#: WK5065–9911) was used for peptide separation. Mobile phase A for LC separation
was 0.1% formic acid in deionized water, and mobile phase B was 0.1% formic acid in acetonitrile. The chromatography gradient
was designed for a linear increase from 3% B to 45% B in 70 min, 45% B to 95% B in 1 min, 95% B in 9 min, and 3% B in 10 min.
The flow rate was maintained at 300 nL/min. Product ion spectra were collected in the information-dependent acquisitionmode
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and were analysed by Agilent 6530 Accurate-Mass quadrupole time-of-flight (Q-TOF) using continuous cycles of one full scan
TOF MS from 300 to 2000m/z (1.0 s) plus three product ion scans from 150 to 2000m/z (1.5 s each). Precursorm/z values were
selected starting with the most intense ion using a quadrupole selection with a resolution of 3 Da. The rolling collision energy
feature was used, which determines collision energy based on the precursor value and charge state. The dynamic exclusion
time for precursor ion m/z values was 60 s. Database searching was performed as previously described (Kim, Lim et al., 2020).
Lipoproteins in the amphiphilic phase were identified using a database of bacterial lipoproteins (DOLOP, https://www.mrc-lmb.
cam.ac.uk/genomes/dolop/analysis.shtml) (Babu et al., 2006). Lipoprotein subcellular localization was predicted by PSORTb
version 3.0.3 (https://www.psort.org/psortb/).

. Enzyme treatment of F. alocis EVs

Enzyme treatment was performed as previously described with minor modifications (Hashimoto et al., 2006b; Seo & Nahm,
2009). F. alocis EVs (200 μg/200 μl PBS) were treated with lipoprotein lipase from the Pseudomonas species (0.5–50 μg/ml,
Sigma; cat#: 62309), proteinase K (50 μg/ml, Roche; cat#: 3115879001), or platelet-activating factor acetylhydrolase (PAF-AH,
50 μg/ml, PeproTech; cat#: 140–10) at 37◦C for 16 h. For the control, F. alocis EVs (200 μg/200 μl PBS) without enzyme were
incubated under the same conditions. After the incubation period, F. alocis EVs were obtained by ultracentrifugation (160,000
× g, 4◦C, 1 h) and resuspended in 200 μl PBS.

. Animals

All animal experiments were approved by the Institutional Animal Care and Use Committee of Seoul National University (SNU-
190721–2–2). C57BL/6mice were purchased fromOrient Bio (Gyeonggi-do, Korea). TLR2–/- mice (C57BL/6) were obtained from
The Jackson Laboratory (Bar Harbour, ME, USA), and TLR4–/– mice (C57BL/6) were kindly provided by Dr Seung Hyun Han
(Seoul National University, Seoul, Korea). All mouse experiments were performed using eight-week-old C57BL/6 male mice.
Before experiments, mice were weighed, and all mice showed similar body weights.

. In vivo tracking of F. alocis EVs

F. alocis EVs (500 μg of protein/1 ml PBS) were stained with Vybrant DiO dye (5 μl of 1 mMDiO dye, Invitrogen; cat#: V22886) at
37◦C for 30min. To exclude residual DiO dye, theDiO dye-labeled F. alocis EV solutions were filtered using a 100-kDa centrifugal
filter. The retentate containing EVs were resuspended in PBS and concentrated using ultracentrifugation (160,000 × g) at 4◦C
for 1 h. Then, DiO dye-labeled F. alocis EVs were resuspended in 1 ml of PBS. No pellets were visible when the same protocol was
applied to the DiO dye solution without F. alocis EV. Eight-week-oldmalemice were intraperitoneally administered 50 μg of DiO
dye-labeled F. alocis EVs. At 3 or 12 h, the mice were euthanized, and the organs were collected and analysed within 5 min. The
fluorescence intensity in the organs was visualized by a Fusion-FX6 imaging system (Vilber Lourmat, Marne-la-Vallée, France).

. In vivo bone loss model and micro-computed tomography (µCT)

F. alocis EV-induced bone loss experiments were performed as previously described (Chang et al., 2008) with minor modifica-
tions. Eight-week-old male mice were intraperitoneally administered the indicated stimuli (as protein, 50 μg) on Days 0 and 3.
At Day 7, femurs were obtained from the mice and analysed with SkyScan 1172 (SkyScan, Aartselaar, Belgium; X-ray output of
70 kV and 139 μA, 0.5 mm aluminium filter, 590 ms exposure, 6.94 μm-pixel size resolution), and the data were reconstructed
with NRecon software (SkyScan, version 1.7.4.2; beam hardening correction = 40%, ring artifact correction = 7). Trabecular
bones were measured in the 1-mm-thick region of the distal femur starting 1 mm below the growth plate at a minimum threshold
of 69 and a maximum of 255. Bone parameters were calculated by a CT-analyser program (version 1.7; SkyScan) according to
American Society for Bone andMineral Research standard [Trabecular bone volume/total volume (Tb.BV/TV), trabecular num-
ber (Tb.N), trabecular separation (Tb.Sp), and trabecular thickness (Tb.Th)] (Dempster et al., 2013). Three-dimensional images
were reconstructed by CT-volume software (version 2.2.3.0; SkyScan).

. Histology

Histological measurements were performed as previously described (Chang et al., 2008). Briefly, femurs were fixed in 4%
paraformaldehyde and decalcified with 12% ethylenediaminetetraacetic acid (EDTA) for 4 weeks. The decalcified femurs were
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dehydrated and embedded in paraffin. Five-micrometre-thick serial sections of the paraffin blocks were stained for TRAP
(tartrate-resistant acid phosphatase) using a TRAP staining kit (Sigma; cat#: 387A-1KT) and haematoxylin (Sigma; cat#: H3136).
The images were captured by bright field microscopy, and histomorphometric analysis was carried out with OsteoMeasure soft-
ware (Osteometrics, Decatur, CA,USA). To determine the osteoclast parameters, the trabecular bone area and surface perimeters
and the number of TRAP-positive cells on the bone surfaces were measured in the same region below the growth plate.

. Osteoclast differentiation

WT, TLR2–/–, or TLR4–/– bonemarrow-derivedmacrophages (BMMs) were prepared as previously described (Song et al., 2018).
The osteoclastogenic effects of F. alocisEVs on committed osteoclast precursors (COCs) were determined as previously described
(Zou & Bar-Shavit, 2002) with minor modifications. To obtain COCs, BMMs (2 × 104/well) were plated on 48-well culture plates
withM-CSF (30 ng/ml) for 1 day and cultured withM-CSF (30 ng/ml) and RANKL (60 ng/ml) for 3 days. COCs were stimulated
with F. alocis EVs (1, 3, or 10 μg/ml of protein; 0.6×, 1.8×, or 6× 106 of EV particles/cell) in the presence ofM-CSF (30 ng/ml) for
2 days. COCs were also treated with lipoprotein lipase-, proteinase K- and PAF-AH-treated F. alocis EVs (10 μg/ml of protein).
For the TRAP staining, the cells were fixed and stained with a commercial TRAP staining kit according to the manufacturer’s
instructions. Representative images of TRAP-positive MNCs (multinucleated cells) from triplicate samples were obtained by
digital inverted microscopy (DS-Ri2, Nikon, Tokyo, Japan). TRAP-positive MNCs containing three or more nuclei in whole
wells were counted from triplicate samples.

. Resorption assay using calcium phosphate-coated plates

Resorption assays were performed as previously described (Song et al., 2015). To obtain COCs, BMMs (2 × 104/well) were plated
on calcium phosphate-coated 48-well plates and cultured with M-CSF (30 ng/ml) and RANKL (60 ng/ml) for 3 days. Then,
the COCs were stimulated with F. alocis EVs (1, 3, or 10 μg/ml of protein; 0.6 ×, 1.8 ×, or 6 × 106 of EV particles/cell) in the
presence of M-CSF (30 ng/ml) for 10 days. The plates were washed with distilled water to remove cells and subjected to von
Kossa staining. For the staining, the plates were incubated with 5% silver nitrate solution for 30–60 min in the dark. The plates
were then washed with distilled water and incubated in carbonate-formaldehyde solution (5%Na2CO3, 9.25% formaldehyde) for
2 min before washing and drying. Representative images of the resorption area from triplicate samples were obtained by digital
inverted microscopy (DS-Ri2). The resorption area was measured by ImageJ software (National Institutes of Health, Bethesda,
MD, USA) from representative images of triplicate samples.

. Western blotting

BMMs (1 × 105/well) were plated on 12-well culture plates with M-CSF (30 ng/ml) for 1 day and then cultured with M-CSF
(30 ng/ml) and RANKL (60 ng/ml) for 3 days. Then, COCs were stimulated with F. alocis EVs for the indicated times. Then, cell
lysates were prepared using RIPA buffer (10mMTris-HCl, pH 7.5, 150mMNaCl, 1%TritonX-100) containing a protease inhibitor
cocktail. The lysates (20μg)were separated by sodiumdodecyl sulphate-polyacrylamide gel electrophoresis (12%) and transferred
to polyvinylidene difluoridemembranes (Millipore, Bedford,MA,USA). After themembraneswere incubatedwith 5% skimmilk
in TBST (Tris-buffered saline containing 0.1% Tween 20), they were incubated with specific antibodies against nuclear factor-
activated T cells c1 (NFATc1), c-fos, p-ERK, ERK, p-p38, p38, p-JNK, JNK, p-NF-κB p65, NF-κB p65, or β-actin at 4◦C overnight.
The membranes were washed with TBST 4 times and incubated with horseradish peroxidase-conjugated secondary antibodies
at room temperature for 1 h. The protein bands were visualized with SUPEX ECL solution (Neuronex, Pohang, Korea) using
ChemiDoc MP (Bio–Rad, Hercules, CA, USA).
LTA in F. alocis EVs, amphiphilic phase, hydrophilic phase, and F. alocis cell lysates was detected using monoclonal antibody

to Gram-positive bacteria lipoteichoic acid (LTA, Invitrogen, Grand Island, NY, USA; cat#: MA1–7402). F. alocis cell lysates were
prepared by ultrasonication of F. alocis cells. F. alocis EVs treated with lipoprotein lipase, proteinase K, or PAF-AHwere subjected
to Western blotting with LTA antibody. Purified lipoteichoic acid (LTA) from Staphylococcus aureus (InvivoGen; cat#: tlrl-pslta)
was used as a positive control.

. Real-time reverse transcription-polymerase chain reaction

BMMs (2 × 104/well) were plated on 48-well culture plates with M-CSF (30 ng/ml) for 1 day and then cultured with M-CSF
(30 ng/ml) andRANKL (60ng/ml) for 3 days. Then,COCswere stimulatedwithF. alocisEVs in the presence ofM-CSF (30 ng/ml)
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for 12 h. Total RNA was isolated from the cells using TRIzol reagent (Invitrogen; cat#: 15596018). The RNA concentrations and
purity were measured by 260/280 nm absorbance using a NanoDrop 2000 (Thermo Fisher Scientific Inc.). The 260/280 nm
absorbance of the used RNA sample ranged 1.82–1.99. ComplementaryDNAwas synthesized using anM-MLV reverse transcrip-
tase kit (Promega, Madison, WI, USA; cat#: M1701). Real-time RT–PCR analysis of NFATc, c-fos, TRAP, Cathepsin K, dendritic
cell-specific transmembrane protein (DC-STAMP), ATPase H+ transporting v subunit d (atpvd), and glyceraldehyde dehy-
drogenase (GAPDH) was performed using Power SYBR Green master mix (Applied Biosystem, Warrington, UK; cat#: 4367659).
Gene expression was calculated using the 2−ΔΔCt method. Average threshold cycles (Ct) for the gene of interest were obtained
from triplicate samples and normalized by the Ct of GAPDH as a housekeeping gene. Then, the gene expression was calculated
relative to the nontreated group. All experiments for real-time RT–PCR were performed at least three times independently. The
sequences of the primers used were as follows: NFATc, forward 5′-CCA GTA TAC CAG CTC TGC CA-3′ and reverse 5′-GTG
GGA AGT CAG AAG TGG GT-3′; c-Fos, forward 5′-GGG GAC AGC CTT TCC TAC TA-3′ and reverse 5′-CTG TCA CCG
TGG GGA TAA AG-3′; TRAP, forward 5′-GCT CAC ATG ACC AAG GGG AG-3′ and reverse 5′-CCT CGC TCC TCT GAC
ACT TAC-3′; Cathepsin K, forward 5′-GTA GCC ACG CTT CCT ATC CG-3′ and reverse 5′-GCC GAG AGA TTT CAT CCA
CCT-3′;DC-STAMP, forward 5′-CTG TTG CTT TGT GGC CTT CC-3′ and reverse 5′-AAG CGT TCC TAC CTT CACGG-3′;
Atpvod, forward 5′-CAG CCT GAG CAG TAT GCT TGA-3′ and reverse 5′-AGC CAG GAA GTT GCC ATA GTC-3′; and
GAPDH, forward 5′-GTC GCC AGC CGA GCC-3′ and reverse 5′-TGA AGG GGT CAT TGA TGG CA-3′.

. Enzyme-linked immunosorbent assay

For the in vitro experiments, BMMs (5 × 104/well) were plated on 96-well culture plates with M-CSF (30 ng/ml) for 1 day and
then cultured with M-CSF (30 ng/ml) and RANKL (60 ng/ml) for 3 days. Then, COCs were stimulated with F. alocis EVs in the
presence of M-CSF (30 ng/ml) for 24 h. Proinflammatory cytokines (TNF-α, IL-6 and IL-1β) in the supernatants were analysed
by an R&D ELISA kit (Minneapolis, MN, USA; TNF-α, cat#: DY410; IL-6, cat#: DY406; IL-1β, cat#: DY401) according to the
manufacturer’s instructions. For the in vivo experiments, mice were systemically administered F. alocis EVs. At the indicated
times, proinflammatory cytokines (TNF-α, IL-6 and IL-1β) in the serum were analysed by R&D ELISA kits, and clinical markers
of bone metabolism (C-terminal telopeptide of type I collagen; CTX-1 and N-terminal propeptide of type I procollagen, P1NP)
were analysed by RatLaps EIA kits (Immunodiagnostic Systems, Boldon, U.K.; CTX-1, cat#: AC-06F1, P1NP, cat#: AC-33F1)
according to the manufacturer’s instructions.

. Measurement of TLR and TLR activations

CHO/CD14/TLR2 and CHO/CD14/TLR4 cells were obtained from Douglas Golenbock (Boston Medical Centre, Boston, MA,
USA). To measure TLR2 or TLR4 activation, CHO/CD14/TLR2 or CHO/CD14/TLR4 cells (3 ×105/well) were plated on 48-well
culture plates in the presence of G418 (1 mg/ml) and hygromycin B (0.4 mg/ml) for 20 h. Then, the cells were stimulated with the
indicated conditions for 24 h and stained with specific antibodies against human CD25. The expression of CD25 was analysed by
flow cytometry using a FACSCalibur (BD Biosciences) and FlowJo software (TreeStar, San Carlos, CA, USA). The gating strategy
for flow cytometry is shown in Figure S1.

 STATISTICAL ANALYSIS

All experiments were performed at least three times independently. The data were analysed using GraphPad Prism software.
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’s multiple comparison test was used to determine statistical significance
among multiple groups with 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. The data are shown as the mean
values ± standard deviations. A p value of < 0.05 was considered statistically significant.

 RESULTS

. F. alocis EVs induce bone loss in vivo

F. alocis EVs were purified by the combination of ultracentrifugation and buoyant density gradient ultracentrifugation using
OptiPrep reagent. After the buoyant density gradient ultracentrifugation, the particle numbers of each fraction were measured
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F IGURE  Bone loss in long bones in response to F. alocis EVs. (a) Representative image of F. alocis EV purification by buoyant density gradient
ultracentrifugation using the OptiPrep reagent. The number of particles from each gradient fraction (#1–10) was analysed by NTA using nanoparticle tracking
analysis software/instrument. Data are shown as the mean values ± standard deviations of three biological replicates. Fractions #4 and #5 were pooled and
subjected to the isolation of F. alocis EVs. (b) F. alocis EVs were examined under TEM at both 10,000×magnification (left panel, scale bar: 100 nm) and 25,000×
magnification (right panel, scale bar: 100 nm). (c) Size distributions of F. alocis EVs (1:1000 diluted sample) were analysed by NTA using nanoparticle tracking
analysis software/instrument. For the TEM and NTA analysis, representative data from at least three biological replicates are shown. (d) Eight-week-old male
mice were administered DiO-labeled F. alocis EVs (50 μg of protein) for the indicated time periods. The brain, lung, heart, liver, kidney, spleen, femur and
tibiae were isolated, and the distributions of DiO-labeled F. alocis EVs were determined by an in vivo imaging system. (e-g) Eight-week-old male mice were
administered F. alocis EVs (50 μg of protein) on Days 0 and 3. On Day 7, the femurs were isolated, and trabecular bone was analysed by μCT (PBS, and F. alocis
EVs: n = 6). Representative 3D reconstruction images of femurs from PBS-treated or F. alocis EV-treated mice (f). Trabecular bone volume/total volume
(Tb.BV/TV), trabecular number (Tb.N), trabecular separation (Tb.Sp), and trabecular thickness (Tb.Th) were calculated with the μCT analysis program (g,
n = 6). The graphs are shown as the mean values ± standard deviations. Statistical significance was determined by two-tailed Student’s t-test. Representative
data are shown for at least three biological replicates. *P < 0.05 compared to PBS group

by NTA. As shown in Figure 1a, a distinct band was visible between fractions #4 and #5. Then, these fractions were pooled and
subjected to EV preparation. Approximately, 150 μg protein (1.8 × 1012 particles) of F. alocis EVs was obtained from 1 L of F. alocis
culture supernatant. The TEM images showed that F. alocis EVs had round vesicular structures without intact F. alocis cells, and
the size was approximately 30–100 nm (Figure 1b). NTA data showed that the mean size and mode size of F. alocis EVs were
133.4± 5.5 nm and 113.0± 3.7, respectively (Figure 1c). NTA tends to measure biological EVs larger than that of TEM (Bachurski
et al., 2019). The size of F. alocis EVs was similar to that of EVs derived from other Gram-positive bacteria (Bitto et al., 2021;
Kim, Lee et al., 2020b). No colonies were observed after plating F. alocis EVs on Columbia agar (data not shown). To examine the
distribution of F. alocis EVs in vivo, F. alocis EVs were labelled with DiO dye and injected intraperitoneally into mice. Then, F.
alocis EVs were tracked by measuring the fluorescence intensity in the brain, lung, heart, liver, kidney, spleen, tibiae, and femur.
The fluorescence intensity of F. alocis EVs was strong in the liver, kidney, tibiae, and femur but weak in the brain, lung, heart
and spleen at 1 h after - administration (Figure 1d). The intensity was diminished after 12 h. Next, to investigate the effect of F.
alocis EVs on long bones, F. alocis EVs were intraperitoneally administered to mice on Days 0 and 3 for 7 days according to a
MAMP-induced inflammatory bone loss model (Figure 1e, Chang et al., 2008). Micro-CT images showed that the trabecular
bone density was reduced by F. alocis EVs compared to that in the control group (Figure 1f). Quantitative μCT analysis showed
that F. alocis EVs significantly reduced Tb.BV/TV and Tb.N, and increased Tb.Sp in the mouse femur (Figure 1g). There was no
difference in Tb.Th. These results suggest that intraperitoneally administered F. alocis EVs accumulate in long bones and cause
bone loss in vivo.

. F. alocis EVs induce osteoclast differentiation in vitro

Osteoclasts are multinucleated cells that originate from bone marrow-derived hematopoietic precursor cells. Osteoclasts play
an important role in the regulation of bone homeostasis by resorbing bone (Teitelbaum, 2000), and their differentiation and
activation are mainly regulated by RANKL andM-CSF (Khosla, 2001; Tanaka et al., 2005). To determine the role of F. alocis EVs
in osteoclastogenesis in vitro, we prepared COCs from BMMs using RANKL and M-CSF, as shown in Figure 2a. Since RANKL
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F IGURE  Osteoclast differentiation and activation by F. alocis EVs. (a) Schematic overview of the preparation of COCs from BM cells. (b) COCs were
stimulated with F. alocis EVs (1, 3, or 10 μg/ml of protein; 0.6 ×, 1.8 ×, or 6 × 106 of EV particles/cell) in the presence of M-CSF (30 ng/ml) for 2 days. Then, the
cells were stained for TRAP activity, and the representative images of TRAP-positive MNCs from triplicate samples are shown (left panel, scale bar: 200 μm).
The number of TRAP-positive MNCs was counted with triplicate samples (right panel). (c) COCs were stimulated with F. alocis EVs (1, 3, or 10 μg/ml of
protein; 0.6 ×, 1.8 ×, or 6 × 106 of EV particles/cell) in the presence of M-CSF (30 ng/ml) for 24 h. TNF-α, IL-6, and IL-1β in the culture supernatants from
triplicate samples were analysed using ELISA. (d) COCs were cultured in calcium phosphate-coated plates and stimulated with F. alocis EVs (1, 3, or 10 μg/ml of
protein; 0.6 ×, 1.8 ×, or 6 × 106 of EV particles/cell) in the presence of M-CSF (30 ng/ml) for 10 days. Then, calcium phosphate was stained with Von Kossa
reagents, and the representative images from triplicate samples are shown (left panel, Scale bar: 200 μm). The resorption area was measured from triplicate
samples by ImageJ software (right panel). The graphs are shown as the mean values ± standard deviations. Representative data from three biological replicates
are shown. Statistical significance was determined by one-way ANOVA with Bonferroni’s multiple comparison test. *P < 0.05 compared to the nontreatment
group. (-) denotes the nontreatment group

can activate COCs tomature osteoclasts (Boyle et al., 2003), COCs were stimulated with F. alocis EVs (1, 3, or 10 μg/ml of protein;
0.6 ×, 1.8 ×, or 6 × 106 of EV particles/ cell) for 2 days in the presence of M-CSF without RANKL. After stimulation for 2 days,
TRAP staining was performed, and TRAP-positive multinucleated cells (MNCs) containing three or more nuclei were counted.
As shown in Figure 2b, F. alocis EVs dose-dependently increased the number of TRAP-positive MNCs. Consistent with the
TRAP staining results, F. alocis EVs dose-dependently induced the osteoclastogenic cytokines TNF-α, IL-6, and IL-1β in COCs
(Figure 2c). Next, to determine the bone-resorption activity of osteoclasts differentiated by F. alocis EVs, BMMs were seeded on
calcium phosphate-coated plates that mimic bone material (Dorozhkin & Epple, 2002) and cultured with M-CSF and RANKL
for 3 days to prepare COCs. Then, the cells were stimulated with F. alocis EVs in the presence of M-CSF for 10 days. F. alocis
EVs dose-dependently increased the bone resorption areas in calcium phosphate-coated plates (Figure 2d). To confirm that the
osteoclastogenic activity was not due to a component derived from the bacterial culture medium used for EV isolation, the same
protocol was used to perform EV isolation from bacterial culturemedia that was free of bacteria. The fraction isolated showed no
activity (data not shown). These results suggest that F. alocis EVs are potent inducers of osteoclast differentiation and activation.

. F. alocis EVs induce osteoclastogenesis via TLR

TLRs are involved in the recognition of various MAMPs and the intracellular signalling and are expressed by osteoclast pro-
genitors (Souza & Lerner, 2019). TLR2 is one of the major pattern recognition receptors that protects against infection by
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F IGURE  TLR2 signalling in osteoclasts induced by F. alocis EVs. (a) CHO/CD14/TLR2 or CHO/CD14/TLR4 cells were stimulated with the indicated
treatments for 24 h. The expression of the TLR activation marker CD25 was measured by flow cytometry. Pam2CSK4 (100 ng/ml) and ultrapure LPS
(100 ng/ml) were used as positive controls for TLR2 and TLR4 activation, respectively. Data are shown as the mean values ± standard deviations of triplicate
samples. (b) WT, TLR2–/–, and TLR4–/– COCs were stimulated with F. alocis EVs (1, 3, or 10 μg/ml of protein; 0.6 ×, 1.8 ×, or 6 × 106 of EV particles/cell) in the
presence of M-CSF (30 ng/ml) for 2 days. Then, the cells were stained for TRAP activity, and the representative images of TRAP-positive MNCs from triplicate
samples are shown (upper panel, scale bar: 200 μm). The number of TRAP-positive MNCs was counted with triplicate samples (lower panel). (c) WT and
TLR2–/– COCs were stimulated with F. alocis EVs (1, 3, or 10 μg/ml of protein; 0.6 ×, 1.8 ×, or 6 × 106 of EV particles/cell) in the presence of M-CSF (30 ng/ml)
for 12 h and subjected to real-time RT-PCR to determine the mRNA expression levels of osteoclastogenic markers (TRAP, Cathepsin K, DC-STAMP, and
Atpvd). The expression of osteoclastogenic markers was normalized to the expression of GAPDH. Relative expression of the genes was quantified between
the nontreatment and treatment groups from the mean value of triplicate samples. The graphs are shown as the mean values ± standard deviations.
Representative data from three biological replicates are shown. Statistical significance was determined by two-way ANOVA with Bonferroni’s multiple
comparison test. *P < 0.05 compared to nontreatment group. #P < 0.05 compared to the indicated group. (-) denotes the nontreatment group

Gram-positive pathogens (Takeuchi et al., 1999; Takeuchi et al., 2000). F. alocis activated p38 mitogen-activated protein kinase
(MAPK) in neutrophils through TLR2 signalling (Armstrong et al., 2016). We therefore analysed the involvement of TLR2 by
stimulating the NF-κB reporter cell lines CHO/CD14/TLR2 and CHO/CD14/TLR4 with F. alocis EVs. F. alocis EVs and F. alocis
whole cells dose-dependently activated TLR2 but not TLR4 (Figure 3a). To test whether TLR2 activation by F. alocis EVs is
required for osteoclastogenesis, we prepared COCs from WT, TLR2–/– or TLR4–/– mice. As shown in Figure 3b, F. alocis EVs
dose-dependently induced TRAP-positive MNCs in WT and TLR4–/– COCs but not in TLR2–/– COCs. As a control, E. coli
LPS (a TLR4 ligand) and Pam2CSK4 (a TLR2 ligand) were used. In addition, F. alocis EVs dose-dependently induced the mRNA
expression of osteoclastogenicmarkers (TRAP,Cathepsin K,DC-STAMP, andAtpvd) in theWTCOCs but not in the TLR2–/–
COCs (Figure 3c). These results suggest that TLR2 is an essential receptor for F. alocis EV-induced osteoclastogenesis In vitro.

. F. alocis EVs activate transcription factors in committed osteoclast precursors via TLR

TLR2 activation induces the expression of NFATc1 and c-Fos (Kassem et al., 2016; Kim et al., 2013), which are master tran-
scription factors for osteoclastogenesis in COCs (Lee & Kim, 2003). To confirm the involvement of TLR2 in the activation of
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F IGURE  Activation of transcription factors by F. alocis EVs in COCs. (a, b) WT and TLR2–/– COCs were stimulated with F. alocis EVs (1, 3, or 10 μg/ml
of protein; 0.12 ×, 0.36 ×, or 1.2 × 106 of EV particles/cell) in the presence of M-CSF (30 ng/ml) for 12 h. The protein and mRNA expression levels of
transcription factors (NFATc1 and c-Fos) were measured by Western blotting (a) and real-time RT-PCR (b), respectively. (c) WT and TLR2–/– COCs were
stimulated with F. alocis EVs (10 μg/ml of protein; 1.2 × 106 of EV particles/cell) for the indicated times and subjected to Western blotting to determine the
phosphorylation levels of NF-κB, ERK, p38 and JNK. (d, e) COCs were pre-treated with U0126, SB203580, SP600125 or Bay-117082 for 1 h. Then, the cells were
stimulated with F. alocis EVs (10 μg/ml of protein; 1.2 × 106 of EV particles/cell) for 2 days. The protein expression levels of NFATc1 and c-Fos were measured by
Western blotting (d). The representative images of TRAP-positive MNCs from triplicate samples are shown (e, left panel, scale bar: 200 μm). The number of
TRAP-positive MNCs was counted with triplicate samples (e, right panel). The graphs are shown as the mean values ± standard deviations. Representative data
from the three biological replicates are shown. Statistical significances were determined by two-way ANOVA with Bonferroni’s multiple comparison test (b) or
by one-way ANOVA with Bonferroni’s multiple comparison test (e). *P < 0.05 compared to the nontreatment group. #P < 0.05 compared to the indicated
group. (-) denotes the nontreatment group

osteoclastogenesis transcription factors by F. alocis EVs,WT or TLR2–/– COCs were stimulated with F. alocis EVs. InWTCOCs,
F. alocis EVs dose-dependently induced the expression of NFATc1 and c-Fos at both the protein and mRNA levels (Figure 4a
and b). However, in TLR2–/– COCs, F. alocis EVs did not induce NFATc1 or c-Fos. Likewise, F. alocis EVs markedly induced the
phosphorylation of NF-κB, ERK, JNK, and p38 in WT COCs but not in TLR2–/– COCs (Figure 4c). Inhibitors of ERK (U0126),
JNK (SP600125), p38 (SB203580), or NF-κB (Bay-117082) reduced the expression of NFATc1 and c-Fos in response to F. alocis
EVs in COCs (Figure 4d). Furthermore, the inhibitors significantly reduced the number of TRAP-positive MNCs induced by
F. alocis EVs (Figure 4e). These results suggest that F. alocis EVs efficiently activate osteoclastogenesis transcription factors in
COCs through the TLR2-MAPKs/NF-κB signalling pathway.

. F. alocis EVs induce bone resorption through TLR in vivo

Next, to examine the role of TLR2 in F. alocis EV-induced bone resorption in vivo, we injected WT or TLR2–/– mice intraperi-
toneally with F. alocis EVs on Days 0 and 3 for seven days. As shown in Figure 5a and 5b, F. alocis EVs induced trabecular bone
resorption in the femurs of WT mice but not TLR2–/– mice. Similarly, the histological analysis of femurs showed that F. alocis
EVs significantly increased osteoclast surface/bone surface (Oc.S/BS) in WT mice but not in TLR2–/- mice (Figure 5c and d).
The number of osteoclast/bone perimeter (N.Oc/B.Pm) showed a tendency to increase with F. alocis EVs treatment in WTmice
(Figure 5d, p value = 0.0839), but not in TLR2–/- mice. We also measured serum levels of CTX-1, a clinical marker of bone
resorption, and P1NP, a clinical marker of bone formation (Kuo & Chen, 2017). F. alocis EVs increased serum levels of CTX-1 in
WT mice but not in TLR2–/- mice. P1NP expression was not affected by F. alocis EVs in either WT or TLR2–/- mice (Figure 5e).
To further examine the role of TLR2 in F. alocis EV-induced proinflammatory cytokine expression, we administered F. alocis
EVs intraperitoneally to WT or TLR2–/– mice for 3 h. F. alocis EVs induced TNF-α, IL-6, and IL-1β expression in the serum of
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F IGURE  TLR2-dependent bone resorption induced by F. alocis EVs. (a-e) Eight-week-old male WT or TLR2–/– mice were intraperitoneally
administered F. alocis EVs (50 μg of protein) on Days 0 and 3. On Day 7, the femurs were isolated, and trabecular bone was analysed by μCT. Representative 3D
reconstruction images of femurs from PBS-treated or F. alocis EV-treated WT or TLR2–/– mice were obtained by μCT analysis (a). Tb.BV/TV, Tb.N, Tb.Sp, and
Tb.Th were calculated by μCT analysis (b, n = 7 for WT-PBS, WT-F. alocis EVs, and TLR2–/–-F. alocis EVs; n = 6 for TLR2–/–-PBS). Decalcified femurs were
embedded in paraffin, sectioned, and stained with haematoxylin and for TRAP (c). The number of osteoclast/bone parameter (N.Oc/B.Pm) and osteoclast
surface/bone surface (Oc.S/BS) were measured in femoral sections (d, n = 7 for WT-PBS and WT-F. alocis EVs; n = 6 for TLR2–/–-PBS and TLR2–/–-F. alocis
EVs). CTX-1 and P1NP levels in mouse serum were analysed using ELISA (e). (f) Eight-week-old male mice (n = 3) were administered F. alocis EVs (50 μg of
protein) for 3 h. TNF-α, IL-6, and IL-1β in the serum were analysed using ELISA. The graphs are shown as the mean values ± standard deviations.
Representative data from three biological replicates are shown. Statistical significance was determined by two-way ANOVA with Bonferroni’s multiple
comparison test. *P < 0.05 compared to the PBS group. #P < 0.05 compared to the indicated group

WTmice but not TLR2–/- mice (Figure 5f). These results suggest that TLR2 stimulation by F. alocis EVs is a major cause of bone
resorption, osteoclast differentiation, and bone-resorptive cytokine expression in vivo.

. Amphiphilic molecules in F. alocis EVs induce bone resorption

Various amphiphilic molecules from bacteria are known to be potent immune stimulators in the host environment (Chandler &
Ernst, 2017). Among them, bacterial lipoproteins in Gram-positive bacteria are known to be potent TLR2 stimulators (Oliveira-
Nascimento et al., 2012). To identify the active molecules in F. alocis EVs that induce TLR2 activation and bone resorption, F.
alocis EVs were separated into amphiphilic and hydrophilic phases using Triton X-114, a nonionic detergent that is used to enrich
bacterial lipoproteins (Figure S2a). The molecular profiles of each fraction were analysed by silver staining (Figure S2b). As
expected, the amphiphilic phase potently induced TLR2 activation in CHO/CD14/TLR2 reporter cells, whereas the hydrophilic
phase did not (Figure S2c). Next, to evaluate the osteoclastogenic effects of the amphiphilic phase, COCs were stimulated with
the amphiphilic phase or the hydrophilic phase. As shown in Figure 6a, only the amphiphilic phase dose-dependently increased
the number of TRAP-positive MNCs, and the osteoclastogenic activity of the amphiphilic phase was dependent on TLR2. To
further examine whether the amphiphilic phase of F. alocis EVs induced bone resorption in vivo, mice were intraperitoneally
administered the F. alocis EV-derived amphiphilic phase or hydrophilic phase on Days 0 and 3 for 7 days. Only the amphiphilic
phase significantly induced trabecular bone resorption in vivo (Figure 6b). The amphiphilic phase significantly reduced the
Tb.BV/TV and Tb.N in the mouse femurs. Interestingly, the hydrophilic phase significantly reduced Tb.Sp in the mouse femurs,
but it did not affect Tb.BV/TV, Tb.N, or Tb.Th (Figure 6c). Next, to inactivate the bacterial lipoproteins in F. alocis EVs, F. alocis
EVs were treated with lipoprotein lipase (0, 0.5, 5, or 50 μg/ml) at 37◦C for 16 h. As shown in Figure 6d, F. alocis EVs treated with
lipoprotein lipase exhibited significantly decreased osteoclastogenic potency. Pam3CSK4, a synthetic lipopeptide, treated with
lipoprotein lipase also exhibited decreased osteoclastogenic potency.
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F IGURE  Bone resorption and osteoclastogenesis mediated by amphiphilic molecules in F. alocis EVs. (a) The WT and TLR2–/– COCs were stimulated
with the indicated treatments in the presence of M-CSF (30 ng/ml) for 2 days. Then, the cells were stained for TRAP activity, and representative images of
TRAP-positive MNCs from triplicate samples are shown (left panel, scale bar: 200 μm). The number of TRAP-positive MNCs was counted with triplicate
samples (right panel). (b, c) Eight-week-old male mice were administered the amphiphilic phase or hydrophilic phase (50 μg of protein) on Days 0 and 3. On
Day 7, femurs were isolated, and trabecular bone was analysed by μCT. Representative 3D reconstruction images of femurs from PBS-treated, amphiphilic
phase-treated or hydrophilic phase-treated mice were analysed by μCT (b). Tb.BV/TV, Tb.N, Tb.Sp, and Tb.Th were calculated by μCT analysis (c, n = 9). (d)
F. alocis EVs or Pam3CSK4 were incubated in the presence or absence of the indicated concentration of lipoprotein lipase at 37◦C for 16 h. Then, COCs were
stimulated with the indicated treatments in the presence of M-CSF (30 ng/ml) for 2 days. Then, the cells were stained for TRAP activity, and representative
images of TRAP-positive MNCs from triplicate samples are shown (left panel, scale bar: 200 μm). The number of TRAP-positive MNCs was counted with
triplicate samples (right panel). The graphs are shown as the mean values ± standard deviations. Representative data from three biological replicates are shown.
Statistical significance was determined by two-way ANOVA with Bonferroni’s multiple comparison test (a) or by one-way ANOVA with Bonferroni’s multiple
comparison test (c, d). *P < 0.05 compared to the nontreatment group. #P < 0.05 compared to the indicated group. (-) denotes the nontreatment group

LTA is also a TLR2 ligand with amphiphilic structure (Percy & Grundling, 2014). To determine the presence of LTA in F. alocis
EVs, F. alocis EVs, hydrophilic phase, amphiphilic phase, and F. alocis cell lysates were analysed by Western blotting using anti-
Gram-positive bacteria LTA antibody. F. alocis EVs and the amphiphilic phase harboured LTA (Figure S3a). Next, to identify
the possible involvement of LTA in the osteoclastogenic effects of F. alocis EVs, we used PAF-AH, which can specifically inacti-
vate LTA by removing the acyl chain in the sn-2 (nucleophilic substitution-2) position of LTA without inactivation of bacterial
lipoproteins (Seo & Nahm, 2009). We also used proteinase K and lipoprotein lipase, which can decrease the immunostimulatory
potency of bacterial lipoproteins. As shown in Figure S3b, Western blotting showed that LTA disappeared from F. alocis EVs by
PAF-AH treatment. Lipoprotein lipase treatment also reduced the LTA amount, but proteinase K did not affect. Treatment with
proteinase K significantly reduced the osteoclastogenic potency of F. alocis EVs to the same extent as treatment with lipoprotein
lipase, whereas PAF-AH treatment did not reduce the osteoclastogenic potency of F. alocis EVs (Figure S3c). Furthermore, we
found seven lipoproteins in the amphiphilic phase of F. alocis EVs by LC–MS/MS (Table S1). The lipoproteins contain putative
signal sequences composed of positively charged amino acid residues at the N-terminus (n-region), hydrophobic region (h-
region) and lipobox containing cysteine residue (c-region; Babu et al., 2006). These results suggest that lipoproteins of F. alocis
EVs may be the major TLR2 stimulators responsible for osteoclastogenesis and bone resorption.

 DISCUSSION

Bacterial EVs have an advantage over the whole bacteria or soluble bacterial components released from bacteria in exerting
physiological and pathological effects. EV components are protected by a lipid bilayer and can be transported for a long distance.
Bacterial EVs can transfer bioactive molecules, includingMAMPs and virulence factors, to distant host tissues or organs, leading
to systemic proinflammatory responses. In the present study, we first demonstrated the role of periodontal pathogen-derived
EVs in systemic bone loss. F. alocis EVs increased osteoclastogenesis and bone resorption in vivo and in vitro. Bone integrity
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is maintained by continuous remodelling by bone-forming osteoblasts and bone-resorbing osteoclasts. In our previous study, F.
alocis EVs exhibited immunostimulatory effects on human monocytes and oral keratinocytes similar to whole bacteria (Kim,
Lim et al., 2020). We also reported that F. alocis EVs inhibited osteogenesis through TLR2 signalling in mouse bone-derived
mesenchymal stromal cells (Song et al., 2020). Taken together, these findings suggest that F. alocis EVs can accelerate bone loss
by inhibiting bone formation and increasing bone resorption.
TLR2 signalling was common in reduction in osteogenesis and increase in osteoclastogenesis mediated by F. alocis EVs. F.

alocis EVs accumulated in long bones after intraperitoneal administration in mice and increased serum levels of the osteoclast-
activating cytokines TNF-α, IL-6, and IL-1β in vivo via TLR2 signalling. Lipoprotein lipase-sensitive amphiphilic molecules
in F. alocis EVs were responsible for osteoclastogenesis and bone resorption via TLR2. In this study, we identified seven
lipoproteins in the amphiphilic phase of F. alocis EVs, of which four (TRAP transporter solute receptor, hypothetical protein
HMPREF0389_01610, basic membrane protein, lipoprotein YaeC family) were also identified with whole F. alocis EVs in our pre-
vious study (Kim, Lim et al., 2020). Lipoproteins and LTA are amphiphilic molecules known to be representative TLR2 ligands
in Gram-positive bacteria. However, recent studies have shown that lipoproteins but not LTA are predominant TLR2 ligands that
are responsible for immunostimulatory activity (Hashimoto et al., 2006b; Hashimoto et al., 2006a; Kim et al., 2018). Lipoprotein-
deficient S. aureus did not induce bone resorption, while the synthetic bacterial lipopeptides Pam2CSK4 and Pam3CSK4 effi-
ciently induced bone resorption and osteoclast differentiation (Kim et al., 2013). EVs isolated from lipoprotein-deficient S. aureus
abrogated TLR2 signalling in humanmacrophages, resulting in reduction in IL-1β, IL-18, and IL-6 expression levels (Wang et al.,
2020). The EVs released fromMycobacterium tuberculosiswere enriched in lipoproteins, and intratracheal injection of these EVs
in mice evoked inflammatory responses in the lung in a TLR2-dependent manner (Prados-Rosales et al., 2011). Intratracheal
injection of M. tuberculosis EVs before bacterial infection resulted in larger and more numerous granulomas than those in the
controls not pre-treated with EVs.We also observed that lipoprotein lipase and proteinase K treatment decreased the osteoclasto-
genic potency of F. alocis EVs, but PAF-AH, an LTA inhibitor, did not. Based on these results, we hypothesize that lipoproteins in
bacterial EVs are TLR2-activating molecules primarily responsible for the induction of osteoclastogenesis and bone resorption.
The microbiota is closely associated with the homeostasis of host tissues, including bone (Sommer & Bäckhed, 2013).

Microbiota-derivedmolecules such as LPS, peptidoglycan, and short-chain fatty acids (SCFAs) have been shown to directlymod-
ulate bone metabolism (Li et al., 2019). LPS, a representative TLR4 ligand derived from Gram-negative bacteria, induced bone
resorption and osteoclast differentiation (Mian et al., 2008). Peptidoglycan plays an important role in gut microbiota-mediated
TNF-α and RANKL expression and bone resorption via nucleotide-binding oligomerization domain 1 or 2 (Ohlsson et al., 2017).
SCFAs, themainmetabolites in the colon generated from bacterial fermentation of dietary fibres, increased bonemineral density
by inhibiting osteoclast differentiation and bone resorption (Lucas et al., 2018). A recent study showed that EVs derived from gut
microbiota enriched in Akkermansia muciniphila from healthy children showed suppressive effects on osteoclastogenesis and
protective effects against osteoporosis in ovariectomized mice (Liu et al., 2021). A. muciniphila is a promising probiotic that also
suppresses P. gingivalis-induced osteoclast activation and bone resorption (Huck et al., 2020).

Periodontal pathogens include multiple species, and most of the species are Gram-negative bacteria that release EVs called
outer membrane vesicles (OMVs) through outer membrane blebbing. Recently, the immunostimulatory activities of periodontal
pathogen-derived EVs were demonstrated. ‘Red complex’ periodontal pathogens, which are known to be highly pathogenic and
include P. gingivalis, T. denticola, and T. forsythia, release OMVs that efficiently activate TLRs (Cecil et al., 2016) and induce
TNF-α and IL-1β in monocytes and macrophages (Cecil et al., 2017). A. actinomycetemcomitans OMVs contain proteases and
leukotoxin (Nice et al., 2018), and intracardiac injection of OMVs showed penetration of the blood–brain barrier and induction
of TNF-α in the brains ofmice (Han et al., 2019). Compared to Gram-negative periodontal pathogens, Gram-positive F. alocis has
been relatively recently identified as an important periodontal pathogen. F. alocis showed increased invasion of HeLa cells and
enhanced biofilm formation in the presence of P. gingivalis, a key pathogen (Aruni et al., 2011). In periodontitis, EVs derived from
various oral bacteriamay enter the bloodstream and have synergistic effects on systemic bone resorption. In the present study, we
administered F. alocis EVs intraperitoneally to mice to mimic the systemic circulation of oral bacteria-derived EVs. Therefore,
further studies are needed to analyse the effects of EVs isolated frommultiple bacteria, including pathogens and/or commensals,
on systemic bone metabolism through various routes of administration, such as oral and intravenous administration, and to
establish the causal relationship between periodontitis and systemic bone diseases such as osteoporosis.
In summary, we demonstrated that EVs derived from the Gram-positive periodontal pathogen F. alocis significantly induced

osteoclast differentiation and bone resorption in vivo and in vitro via TLR2. Amphiphilicmolecules sensitive to lipoprotein lipase
were primarily responsible for these activities via TLR2. Seven lipoproteins were identified in the amphiphilic phase from F. alocis
EVs. For the first time, our results suggest that periodontal pathogens may affect systemic bone metabolism through circulating
EVs in body fluids.
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