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Highlights 27 

 P. gingivalis (Pg)-infected macrophages release extracellular vesicles (EVs).  28 

 Histone H3 were existed in EVs derived from Pg-infected macrophages (Pg-inf EVs).  29 

 Pg-inf EVs were transferred to the lungs, liver, and kidneys of mice.  30 

 Pg-inf EVs induced inflammation and alveolar destruction in mice. 31 

 Pg-inf EVs or Histone H3 promoted inflammation via the NF- B pathway in A549 cells.32 

  33 



 

 

Abstract 34 
Periodontal diseases are common inflammatory diseases that are induced by infection with periodontal 35 

bacteria such as Porphyromonas gingivalis (Pg). The association between periodontal diseases and 36 

many types of systemic diseases has been demonstrated; the term “periodontal medicine” is used to 37 

describe how periodontal infection/inflammation may impact extraoral health. However, the molecular 38 

mechanisms by which the factors produced in the oral cavity reach multiple distant organs and impact 39 

general health have not been elucidated. Extracellular vesicles (EVs) are nano-sized spherical structures 40 

secreted by various types of cells into the tissue microenvironment, and influence pathophysiological 41 

conditions by delivering their cargo. However, a detailed understanding of the effect of EVs on 42 

periodontal medicine is lacking. In this study, we investigated whether EVs derived from Pg-infected 43 

macrophages reach distant organs in mice and influence the pathophysiological status. EVs were 44 

isolated from human macrophages, THP-1 cells, infected with Pg. We observed that EVs from Pg-45 

infected THP-1 cells (Pg-inf EVs) contained abundant core histone proteins such as histone H3 and 46 

translocated to the lungs, liver, and kidneys of mice. Pg-inf EVs also induced pulmonary injury, 47 

including edema, vascular congestion, inflammation, and collagen deposition causing alveoli 48 

destruction. The Pg-inf EVs or the recombinant histone H3 activated the NF-κB pathway, leading to 49 

increase in the levels of pro-inflammatory cytokines in human lung epithelial A549 cells. Our results 50 

suggest a possible mechanism by which EVs produced in periodontal diseases contribute to the 51 

progression of periodontal medicine.  52 

 53 

 54 
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1. Introduction 59 

Periodontal diseases are common inflammatory diseases induced by infection with periodontal bacteria, 60 

such as Porphyromonas gingivalis (Pg). The term “periodontal medicine” is used to describe how 61 

periodontal infection/inflammation may impact extraoral health. The association between periodontal 62 

diseases and many types of systemic diseases including diabetes mellitus [1, 2], rheumatoid arthritis [3], 63 

Alzheimer’s disease [4] has been well demonstrated. Cytokine production and immune responses 64 

induced by a bacterial infection in periodontal tissue are considered to affect the development of 65 

periodontal medicine [5]. However, the molecular mechanisms by which the factors produced in the 66 

oral cavity reach multiple distant organs and affect general health have not been elucidated in detail.   67 

Extracellular vesicles (EVs) are lipid bilayer-limited spherical structures with sizes ranging from 50 68 

nm to 1 m that are secreted from various types of cells into the environment [6]. EVs “cargo” contains 69 

components of donor cells such as proteins, nucleic acids, lipids, and metabolites [7]. The released EVs 70 

can pass through body fluids and transfer cargo to distant acceptor cells that regulate cell-to-cell and 71 

intercellular communications [8]. Therefore, EVs can influence various pathophysiological conditions 72 

such as cancer, immunity, metabolism, and neurodegeneration [9]. 73 

   EVs appear to be secreted into periodontal tissue because the amount of EVs in the gingival 74 

crevicular fluid is increased in patients with periodontitis [10]. The gingival epithelial cells exposed to 75 

oral bacteria secrete EVs; the event leads to inflammation and tissue destruction by modulating 76 

fibroblasts [11]. The periodontal ligament fibroblasts treated with Pg LPS also release EVs that are 77 

incorporated into osteoblasts and inhibit their differentiation [12]. These findings suggest that EVs 78 

released from periodontal tissues may play an important role in periodontal diseases. 79 

EVs are also known to deliver bacterial virulence factors from the primary infectious site to distant 80 

organs. Gastric epithelial cells infected with Helicobacter pylori release EVs that contain the bacterial 81 

virulence factor cytotoxin-associated gene A (CagA) [13]. CagA-rich EVs are taken up into the blood 82 

circulation and reach distant organs and affect the development of extra-gastric diseases such as diabetes 83 

mellitus and Alzheimer’s disease [14]. These findings suggest that EVs may provoke mechanisms by 84 



 

 

which bacterial infection affects systemic diseases. However, the role of EVs in periodontal medicine 85 

remains unclear.  86 

In this study, we tested the hypothesis that EVs released from periodontal bacteria-infected cells are 87 

implicated in the development of periodontal medicine. We focused on macrophages as donor cells that 88 

release EVs because macrophages play key roles in periodontal diseases by protecting the periodontal 89 

tissue from infection via phagocytosis [15] and by destroying it via pro-inflammatory cytokine release 90 

[16]. This study aimed to investigate whether EVs derived from Pg-infected (Pg-inf) macrophages 91 

reach distant organs in mice and could affect the pathophysiological status. 92 

93 



 

 

2. Materials and Methods 94 
2. 1. Bacterial cultures 95 

SNAP-Pg (S-Pg) was constructed by transforming the SNAP26b gene into P. gingivalis ATCC33277 96 

as described previously[1]. S-Pg or P. gingivalis ATCC33277 were cultured in Brain Heart Infusion 97 

medium (BD Bioscience, Franklin Lakes, NJ) containing 0.5% yeast extract (BD Bioscience), 10 98 

g/mL hemin (Wako Chemicals, Osaka, Japan), 1 g/mL 2-methyl-1,4-naphthoquinone (vitamin K3) 99 

(Tokyokasei, Tokyo, Japan) and g/mL tetracycline in an anaerobic jar at 37°C. F. nucleatum (Fn) 100 

was cultured in Brain Heart Infusion medium with 5 g/mL hemin and 1 g/mL vitamin K3 in an 101 

anaerobic jar at 37°C. 102 

 103 

2. 2. Cell culture  104 

The human monocytic cell line THP-1 was seeded at a concentration of 30,000 cells/mL and cultured 105 

in RPMI 1640 or DMEM medium supplemented with 10% FBS at 37°C under a humidified atmosphere 106 

of 5% CO2. 107 

Human alveolar epithelial-like type-II cells A549 were suspended in DMEM supplemented with 108 

10% FBS at a concentration of 10,000 cells/mL, and cultured for 3 days at 37°C under a humidified 109 

atmosphere of 5% CO2.  110 

 111 

2. 3. Bacterial infection  112 

At 24 h after seeding, THP-1 cells were differentiated into macrophages by treatment with 100 nM 113 

phorbor myristate acetate (PMA) for 48 h. THP-1 cells were treated with Pg (MOI = 100) for 4 h in 114 

RPMI 1640 medium with 2% FBS, and then the unincorporated Pg was washed away with PBS. The 115 

Pg-infected THP-1 cells were incubated for 48 h in RPMI 1640 medium with 2% exosome-free FBS, 116 

and EVs released into the culture medium were collected and isolated.  117 

 118 

2. 4. Detection of fluorescent-labeled Pg  119 



 

 

Pg was incubated with CytoTell UltraGreen (AAT Bioquest) for 10 min at 37 °C and then treated with 120 

host cells at a concentration of 100 MOI for the indicated periods. The cells were fixed with 4% formalin 121 

for 30 min and then permeabilized with 0.1% Triton X-100 in PBS for 2 min on ice, followed by 122 

Hoechst 33342 for 30 min. The samples were observed using a Nikon A1 laser fluorescence confocal 123 

microscope (A1 R HD25, Nikon). Images were acquired using NIS-Elements software (Nikon). 124 

 125 

2. 5. Colony-forming unit (CFU) determination 126 

THP-1 cells were treated with Pg for 4 h and then treated with antibiotics (200 g/mL metronidazole 127 

and 300 g/mL gentamicin) for 60 min to remove Pg from the cell surface. The cells were lysed by 128 

adding 200 L of H2O, and the extract was spread on blood agar using a spiral plater (EDDY-Jet, IUL 129 

Instruments). Blood agar was incubated for 5 days in an anaerobic jar at 37 °C. Colony counting and 130 

CFU determination were performed according to the manufacturer s instructions 131 

 132 

2. 6. EVs isolation 133 

EVs were isolated from the culture medium by polymer-based precipitation methods as previously 134 

described [17]. Briefly, the culture medium was centrifuged at 2,000 × g for 30 min at 4 °C to remove 135 

cell debris. The supernatant was centrifuged at 10,000 × g for 30 min at 4 °C, filtered with a 0.2-μm 136 

syringe filter, and concentrated using an Ultra-15 Centrifugal Filter Device for a nominal molecular 137 

weight limit (NMWL) of 100,000 (Amicon). The concentrate was mixed with Total Exosome Isolation 138 

Reagent (Thermo Fisher Scientific) and incubated for 16 h at 4 °C. The samples were then centrifuged 139 

at 10,000 × g for 60 min at 4 °C. The EV fractions were eluted with PBS. The diameter of the EVs was 140 

measured using a Zetasizer Nano ZSP (Malvern Panalytical). The morphology of the EVs was observed 141 

using transmission electron microscopy (TEM), as described previously [18].  142 

 143 

2. 7. Animals  144 



 

 

BALB/cAJc1 mice (female, 40 weeks old) were purchased from Japan CLEA (Tokyo, Japan) and fed 145 

a high-fat diet (Quick Fat, 15.3% fat, 424.5 kcal/100 g; Japan CLEA). Mice were randomly grouped to 146 

the control or experimental group, respectively, and housed under specific-pathogen free conditions. 147 

The mice were maintained and handled according to the Fundamental Guidelines for Proper Conduct 148 

of Animal Experiment and Related Activities in Academic Research Institutions (the Ministry of 149 

Education, Culture, Sports, Science and Technology, Japan, 2006). All animal experiments were 150 

approved by the Ethics Committee of Animal Care and Experimentation of Tokushima University 151 

(approval number T29-3) and conform to the ARRIVE (Animal Research: Reporting of In Vivo 152 

Experiments) guidelines. 153 

 154 

2. 8. In vivo imaging 155 

EVs (15 g of total protein) were incubated with 5 M Cy7 Mono NHS Ester (GE Healthcare) for 90 156 

min at 37 °C. The unincorporated dye was removed using exosome spin columns (Thermo Fisher 157 

Scientific). Cy7-labeled EVs were injected intraperitoneally into mice (n = 3 in each group). At 2 h 158 

post-injection, Cy7 fluorescence was analyzed in organs using an IVIS Spectrum imaging system 159 

(Caliper Life Sciences).  160 

To monitor inflammation by targeting MPO activity, the XenoLight RediJect Inflammation Probe 161 

(Perkin Elmer) was intraperitoneally injected into mice which were intraperitoneally injected with EVs 162 

(5 g of total protein) or PBS for 12 weeks at 3-day intervals (3 mice in each group) at a dose of 200 163 

mg/kg. At 10 min post-injection, the organs were removed and luminescence signals were detected 164 

using an IVIS Spectrum imaging system.  165 

 166 



 

 

2. 9. Histological analysis and Immunohistochemistry 167 

The mice were intraperitoneally injected with EVs (5 g of total protein) or PBS for 4 h ( acute phase, 168 

4 mice in each group) or 12 weeks at 3-day intervals (for a prolonged effect, 5 mice in each group). 169 

After the indicated periods, mouse lung tissues were removed and fixed in 4% paraformaldehyde 170 

phosphate buffer solution (Nacalai Tesque) for 48 h at 4 °C and embedded in paraffin wax. Serial 171 

sections (4 μm thick) were prepared and stained with hematoxylin and eosin (H&E) or Masson 172 

trichrome staining.  173 

The antigens were retrieved by heating the sections in 0.1 M buffer. The sections were incubated in 174 

0.3% H2O2 in methanol for 30 min and then treated with 4% BSA in PBS for 60 min. After incubation 175 

with anti-fibrinogen antibody (1:500, GeneTex) or normal rabbit IgG for 16 h at 4 °C, immunoreactive 176 

sites were identified using the SignalStain Boost Detection reagent (Cell Signaling Technology). To 177 

detect neutrophils, the sections were incubated with an antibody against neutrophil elastase (1:200; 178 

BIOSS) or normal rabbit IgG for 16 h. The sections were incubated with Alexa Fluor 594-conjugated 179 

secondary antibody (1:500; Invitrogen) for 45 min at RT and then treated with Hoechst 33342 for 30 180 

min. The sections were observed using a BZ-X800 (Keyence) or an inverted fluorescence microscope 181 

(ECLIPSE Ti-U, Nikon).  182 

 183 

2. 10. Immunocytochemistry 184 

A549 cells were fixed with 4% formalin for 30 min and then permeabilized with 0.1% Triton X-100 in 185 

PBS for 2 min on ice. After blocking with 4% BSA in PBS for 45 min, the cells were incubated with 186 

anti-NF-κB  p65 antibody (F-6, Santa Cruz Biotechnology, sc-8008) or histone H3 (Medical & 187 

Biological Laboratories) normal mouse IgG overnight at 4°C, followed by Alexa Fluor 566-conjugated 188 

anti-rabbit IgG for 1 h. The cells were then treated with Hoechst 33342 for 30 min for nuclear staining. 189 

The samples were mounted and observed using a ECLIPSE Ti-U. 190 

 191 

2. 11. SDS-PAGE and western blot analysis 192 



 

 

The cells were scraped into lysis buffer, separated by SDS-PAGE, and transferred to PVDF membranes 193 

(Immobilon-P, Millipore). The primary antibodies used were SNAP-tag rabbit polyclonal antibody 194 

(1:1000, P9310S, New England Biolabs), histone H3 (1:1000, MABI0301, Medical & Biological 195 

Laboratories), CD11b/ITGAM (D6X1N) (1:1000, #49420, Cell Signaling), CD9 (D801A) (1:1000, 196 

#413174, Cell Signaling), and -actin (1:1000, 60008-1, Proteintech), I B-alpha (1:1000, #9242, Cell 197 

Signaling Technology), phospho p65 (Ser 536) (1:1000, #3033, Cell Signaling Technology) and p65 198 

(1:1000, sc-372, Santa Cruz Biotechnology). The membranes were washed with TBS-T for 30 min at 199 

RT and incubated with anti-mouse IgG and HRP-linked antibody (1:10000, #7076, Cell Signaling 200 

Technology) for 45 min at RT, and then the signals were detected using Western BLoT 201 

Chemiluminescence HRP Substrate (Takara).  202 

 203 

2. 12. Protein identification by mass spectrometry 204 

The digested protein fraction was subjected to mass spectrometric analysis, as described previously[18]. 205 

Briefly, the sample was injected into a nano-LC system (Waters, Milford, MA, USA) and separated 206 

with a gradient of 5–50% solvent B for 45 min at a flow rate of 200 nL/min. The peptides were 207 

continuously analyzed using a Q-Tof Ultima API (Waters), and the MS scan was performed. The MS 208 

and MS/MS data obtained were searched for human origin and analyzed using the Swiss-Prot database 209 

and the MASCOT server program (version 2.0.05; Matrix Science Ltd). Proteins were identified by 210 

using only one peptide with a score higher than 40. The search results showed a false discovery rate of 211 

< 5%.  212 

 213 

2. 13. RNA isolation and real-time PCR 214 

The mice were intraperitoneally injected with EVs (5 g of total protein) or PBS for 12 weeks at 3-day 215 

intervals (BALB/cAJc1 mice, female, 30 weeks old 4 mice in each group). After the indicated periods, 216 

mouse lung tissues were removed and homogenized in ISOGEN (Nippon Gene) and total RNA was 217 

isolated according to the manufacture’s protocol. The cDNA was synthesized by using Prime 218 



 

 

ScriptTM RT reagent kit (Takara Bio, Kyoto, Japan). Real-time PCR was performed with the 7300 Real-219 

Time PCR system (Applied Biosystems, Carlsbad, CA, USA) using SYBR Premix Ex TaqTM (Takara 220 

Bio). The sequences of primers were as follows: mouse GAPDH (NM_001001303): forward, 5'-221 

TGTGTCCGTCGTGGATCTGA-3', reverse, 5'-TTGCTGTTGAAGTCGCAGGAG-3'; mouse TNF-  222 

(NM_013693): forward, 5'-TATGGCCCAGACCCTCACA-3', reverse, 5'-223 

GGAGTAGACAAGGTACAACCCATC-3'; mouse IL-6 (NM_031168): forward, 5'-224 

CCACTTCACAAGTCCGAGGATTA-3', reverse, 5'-GCAAGTGCATCATCGTTGTTCATAC-3'. 225 

 226 

2. 14. Lactate dehydrogenase (LDH) release 227 

THP-1 cells were infected with Pg or Fn for 4 h, and removed unincorporated bacteria by 228 

washing with PBS. Then, THP-1 cells were cultured for further 48 h, and aliquots of culture 229 

medium were collected to measure extracellular LDH activity using LDH cytotoxity assay kits 230 

(cayman Chemical Company, cat no 10008882) according to the manufacture’s protocol. 231 

 232 

2. 15. Propidium iodide (PI) and Hoechst 33342 staining 233 

THP-1 cells were infected with PG or Fn and cultured for 48 h as descrived above. Then, the 234 

cells were incubated with 1 g/mL of PI and Hoechst 33342 for 15min, and examined under 235 

an ECLIPSE Ti-U microscope and NIS-Elements software (Nikon).  236 

 237 

2. 16. Statistical analysis 238 

Statistical analyses were performed using the Statcel2 software. The normal distribution of the data was 239 

first examined using the chi-squared test. The variables that had a normal distribution were analyzed 240 

using the Student’s t-test. In vitro experiments were performed independently at least 3 times and all 241 

data are expressed as the mean ± standard deviation (SD). In vivo studies (in vivo imaging, histological 242 



 

 

analysis and Immunohistochemistry) were performed independently 3 times and the typical results were 243 

shown. 244 

245 



 

 

3. Results  246 
3. 1. Pg-inf THP-1 cells released EVs 247 

The EVs isolation schedule is shown in Figure 1A. THP-1 cells were treated with SNAP26b tagged 248 

protein-expressing Pg (S-Pg) to trace Pg translocation inside the cells. SNAP26b protein was detected 249 

in S-Pg-treated THP-1 cells at 2 h and after (Fig. 1B). The fluorescent-labeled Pg ATCC33277 (Pg) 250 

was observed mostly in the cytoplasm of THP-1 cells at the end of the Pg treatment for 4 h and remained 251 

inside the THP-1 cells at 24 - 48 h post-treatment (Fig. 1C). At the end of Pg treatment for 4 h, Pg 252 

within THP-1 cells formed colonies on blood agar (Fig. 1D). At 24 and 48 h after Pg treatment, colony 253 

formation was still detected on blood agar, whereas its CFU decreased. We also confirmed that Pg-254 

treated THP-1 cells did not show typical cell death features such as cell shedding, propidium ioide (PI)-255 

positive cells, and lactate dehydrogenase (LDH) leakage (Supplementary Figure 1). These results 256 

suggested that Pg invaded THP-1 cells and survived for at least 48 h without inducing host cell death. 257 

Since infection is identified by bacterial invasion into the host cells and their survival in the intracellular 258 

location [19], THP-1 cells were considered to be infected with Pg in this study.  259 

Next, we purified EVs from a culture medium of THP-1 cells infected with or without Pg and 260 

analyzed them using TEM. Round-shaped EVs were found in the EV fraction isolated from the culture 261 

media of THP-1 cells. There were no differences in EV shape (Fig. 1E) and size (Supplementary Figure 262 

2) between the EVs derived from non-infected (No-inf EVs) and Pg-infected THP-1 cells (Pg-inf EVs). 263 

 264 

3. 2. EVs of Pg-inf THP-1 cells included histone proteins 265 

Pg-inf EVs or No-inf EVs were subjected to SDS-PAGE, and major EV protein bands on the silver-266 

stained gel were observed. We found that low-molecular-weight proteins were specifically present in 267 

Pg-inf EVs (Fig. 2A, lane 2). The bands corresponding to these low-molecular-weight proteins were 268 

identified as multiple core histones, including histone H2A, H2B, H3, and H4 by Nano-LC-MS/MS 269 

(Supplementary Table 1). In Pg-infected THP-1 cells, leaking of histone H3 proteins from the nucleus 270 

was observed (Fig. 2B). Western blotting revealed that histone H3 proteins were detected in the Pg-inf 271 



 

 

EVs, but not in the No-inf EVs (Fig. 2C). The significant increase in histone H3 proteins in the Pg-inf 272 

EVs was also confirmed using ELISA (Fig. 2D).  273 

Pg internalizes in cells via endocytosis, followed by the accumulation of actin fibers and 274 

microtubules [20]. To block Pg invasion, THP-1 cells were pretreated with cytochalasin D that inhibits 275 

actin polymerization. The colony formation of Pg decreased significantly in cytochalasin D-pretreated 276 

THP-1 cells at 4 h post-Pg infection, indicating that cytochalasin blocked Pg from invading THP-1 cells 277 

(Fig. 2E). The blocking of Pg invasion by cytochalasin D decreased the amount of histone H3 in Pg-278 

inf EVs at 48 h post-Pg infection (Fig. 2F, lane 3), suggesting that the internalization of Pg was 279 

important for the leakage and packaging of histone H3 into EVs.   280 

 281 

3. 3. EVs of THP-1 cells translocated to multiple organs in mice 282 

Pg-inf EVs and No-inf EVs were labeled using Cy7 fluorescent dye and injected intraperitoneally into 283 

mice. As a negative control, PBS was using the same procedure and injected into the abdominal cavity 284 

of the mice. At 2 h post-injection, organs were extracted, and the distribution of the Cy7-labeled EVs 285 

was analyzed using an IVIS Spectrum imaging system. In mice injected with Pg-inf EVs and No-inf 286 

EVs, but not in PBS-injected mice, Cy7-fluorescent signals were detected in the liver, lungs, and 287 

kidneys, revealing that EVs derived from THP-1 cells could translocate to distant organs independent 288 

of Pg infection (Fig. 3A). 289 

Since Pg can invade a variety of host cells and remain viable [21, 22], we confirmed whether other 290 

non-phagocytic cells infected with Pg release EVs that have the same properties as THP-1 cells. Pg 291 

resided in non-phagocytic cells, such as mouse osteoblastic MC3T3-E1 cells, human gingival epithelial 292 

TR146 cells, and human hepatocyte HepG2 at 4 h post-infection (Supplementary Figure 3A). These 293 

Pg-treated non-phagocytic cells released EVs of different sizes 48 h after treatment (Supplementary 294 

Figure 3B). These EVs were labeled with Cy7 and injected into the abdominal cavity of the mice. 295 

Fluorescence was detected only in the livers of mice injected with EVs from Pg-infected non-296 



 

 

phagocytic cells (Fig. 3B), suggesting that EVs of THP-1 cells may have special characteristics to 297 

translocate to multiple organs.  298 

 299 

3. 4. Pg-inf EVs induced pulmonary injury in mice 300 

Pg-inf EVs or No-inf EVs were intraperitoneally injected, and the lungs were prepared for 301 

histochemical examination 4 h after injection. Mice injected with Pg-inf EVs showed widespread edema 302 

(Fig. 4A; b, and d). In these mice, pulmonary interstitial tissue was thickened, and many erythrocytes 303 

(Fig 4A; d) and fibrinogen deposition (Fig 4A; e) and infiltration of neutrophils were observed (Fig 4B). 304 

These pathological changes were not detected in the lungs of PBS-injected control mice or No-inf EV-305 

injected mice, suggesting that the injection of Pg-inf EVs immediately leads to the acute phase of lung 306 

injury, including edema, vascular congestion, and neutrophil infiltration.   307 

Furthermore, we analyzed whether prolonged administration of EVs for 12 weeks induced 308 

pathological changes in the lungs. Inflammation in organs was monitored using the XenoLight RediJect 309 

Inflammation Probe. In mice administered Pg-inf EVs, but not No-inf EVs or PBS, luminescence 310 

signals were detected in the lungs and spleen (Fig. 4C). The mRNA expression of inflammatory 311 

mediators significantly increased in mice administered Pg-inf EVs (Fig. 4D). Collagen deposition 312 

around small vessels markedly increased in Pg-inf EV-injected mice (Fig. 4E). In Pg-inf EV-injected 313 

mice, collagen deposition reached the pulmonary interstitial tissue, and the alveolus structures were 314 

compromised (Fig. 4E; b, d). These results showed that prolonged administration of Pg-inf EVs induced 315 

pulmonary inflammation, resulting in collagen deposition in the interstitial tissue and alveolar 316 

destruction. 317 

 318 

3. 5. Histone H3 in Pg-inf EVs increased inflammatory cytokines via the NF- B pathway in A549 cells 319 

We further investigated the mechanisms by which Pg-inf EVs regulate inflammation by using alveolar 320 

epithelial A549 cells. Pg-inf EVs increased the mRNA expression of IL-6 and TNF-  in a dose-321 

dependent manner (Fig. 5A). These cytokine-induced effects were not observed in the No-inf EV-322 



 

 

treated A549 cells. Pretreatment with BAY, an inhibitor of nuclear factor B (NF-B), attenuated the 323 

mRNA expression of IL-6 and TNF-  increased by Pg-inf EVs (Fig. 5B). The Pg-inf EVs induced the 324 

degradation of IκB, leading to phosphorylation of p65 in A549 cells (Fig. 5C). The phosphorylated p65 325 

translocated to the nucleus 60 min after Pg-inf EV treatment (Fig. 5D). These observations suggested 326 

that Pg-inf EVs, but not No-inf EVs, induce inflammation via the NF-κB pathway. 327 

Furthermore, recombinant histone H3 increased IL-6 and TNF-  mRNA expression 328 

(Supplementary Figure 4A), and inhibition of the NF-κB pathway by BAY attenuated the effects of 329 

recombinant histone H3 on the expression of these cytokines (Supplementary Figure 4B). The digestion 330 

of histone H3 in Pg-inf EVs using trypsin did not induce phosphorylation of p65 (Fig. 5E), resulting in 331 

failed IL-6 and TNF-  mRNA induction (Fig. 5F). These findings suggest that histone H3 in Pg-inf 332 

EVs may contribute to lung inflammation by activating the NF-κB pathway.   333 

334 



 

 

4. Discussion 335 
The prevalence of periodontal medicine is also dependent on various factors other than periodontitis 336 

caused by periodontal bacteria. Among these factors, aging and a high-fat diet are considered important. 337 

For example, in a mouse model of Alzheimer’s disease, Pg or Pg lipopolysaccharide (LPS) caused 338 

cognitive impairment via an increase in neuroinflammation in middle-aged mice, but not in young adult 339 

mice [23, 24]. Oral administration of Pg or Pg LPS accelerated the development of periodontal medicine 340 

such as atherosclerosis [25] and diabetes mellitus [26] in mice fed a high-fat diet. Therefore, in this 341 

study, we used middle-aged mice (40 weeks old), and fed them a high-fat diet to investigate the effect 342 

of EVs on their pathophysiological status.    343 

THP-1 constantly secreted EVs that translocate to the lungs, liver, and kidneys, independent of Pg-344 

infection. The Cy7-labeled EVs of THP-1 cells administrated to mice tail vein or orbital venous plexus 345 

accumulated in the lungs (data not shown), suggesting that EVs of THP-1 cells can be stabilized in the 346 

body fluids and reach the lungs through the systemic circulation. Since EVs from non-phagocytic cells 347 

did not enter the lungs and kidneys (Fig. 3B), macrophages seemed to have the potential to produce 348 

EVs that translocate to multiple organs. In the present study, we injected EVs into the abdomen of mice 349 

because intraperitoneal injection appeared to facilitate EV uptake in the systemic circulation [27]. To 350 

verify whether periodontal infection affects systemic diseases, it might be more useful to inject EVs 351 

into the oral cavity. However, experimental models directly uptake EVs into the circulation via 352 

periodontal tissue or orally in mice. Therefore, the factors generated during periodontal infection, such 353 

as outer membrane vesicles (OMVs), EVs, and bacterial components, are often injected via routes other 354 

than oral administration. For example, intracardiac injection of Aggregatibacter 355 

actinomycetemcomitans OMVs in mice led to increased TNF-  expression in the brain, showing that 356 

the infection was delievred to the brain [28]. The injection of Pg OMV into the common cardinal vein 357 

induced vascular diseases in zebrafish [29], and lipopolysaccharides of Pg injected into the abdominal 358 

cavity impaired spatial learning and memory with neuroinflammation in mice [30].To gain further 359 



 

 

understanding of the pathogenesis of periodontal medicines, it is necessary to establish experimental 360 

models that directly uptake EVs into the circulation via periodontal tissue or oral cavity in mice.  361 

The mechanisms by which EVs derived from THP1 cells translocate to multiple organs have not 362 

been clarified in this study. EVs display different integrin proteins on their surface that promote 363 

adhesion to cells at specific target sites in organs [31]. For example, EVs displaying integrin 6 4 fuse 364 

preferentially with laminin-expressing fibroblasts and epithelial cells in the lung [32]. Therefore, it is 365 

worth analyzing the differences in the integrin profiles of EVs between macrophages and non-366 

macrophages in the future.  367 

The translocation of Pg-inf EVs to the lungs immediately induced pulmonary edema, hemorrhage, 368 

thrombosis, and neutrophil infiltration (Fig. 4A, B). Prolonged administration of Pg-inf EVs resulted in 369 

inflammation (Fig. 4C, D) and alveolar destruction (Fig. 4E). The pathological changes induced by Pg-370 

inf EVs are consistent with those of lung injury commonly observed in many types of pulmonary 371 

diseases, such as fibrosis [33] and chronic obstructive pulmonary disease (COPD) [34]. A recent study 372 

showed that periodontitis severity is positively associated with the risk of COPD [35], and the alteration 373 

of neutrophil functions caused by periodontitis may result in tissue damage in COPD [36]. Our results 374 

also raised the possibility that EVs produced by Pg-infected macrophages might be implicated in the 375 

progression of pulmonary injury.  376 

We speculated that histones were responsible for Pg-inf EV-induced pulmonary injury because 377 

histone proteins were specifically sorted into EVs by Pg infection (Fig. 2A, Supplementary Table 1). 378 

Indeed, both Pg-inf Evs and recombinant histone H3 could induce inflammation by activating NF-κB 379 

signaling in A549 cells, and digestion of histone H3 in Pg-inf Evs using trypsin prevented NF-κB 380 

activation following Pg-inf EV treatment. Histones are intra-nuclear proteins present in eukaryotic cells 381 

that are highly conserved across species and provide normal chromatin structures. Histones are also 382 

released into the extracellular space under pathological conditions and elicit pro-inflammatory and 383 

cytotoxic effects on host cells [37]. Reports on extracellular histones contributing to lung injury [38, 384 

39] and COPD [40] support our results. However, it should be mentioned that the role of histone H3 in 385 



 

 

EVs is only based on in vitro studies conducted using A549 cells (Fig. 5); this role was not explored in 386 

vivo. Trypsin, which is a serine protease that indiscriminately digests any protein, was used to digest 387 

histone H3 in EVs in this study. It is possible that EVs contain various types of cargo that promote lung 388 

injury other than histones. To clarify the roles of histone H3 in EVs, a neutralizing antibody for Histone 389 

H3 should be used to show that EVs promote NF-κB activation in a histone H3 dependent manner in 390 

mice. 391 

Extracellular histones are released from dying cells during necrosis or neutrophil NET, a type of 392 

cell death dependent on the formation of extracellular traps (NETs) [41]. It has been reported that 393 

macrophages also produce similar extracellular traps in response to various microorganisms [42]. 394 

However, infection with Pg caused less host cell death, and no morphological changes indicating NET 395 

formation were observed in the Pg-infected macrophages (Supplementary Figure 1). In contrast, the 396 

inhibition of actin polymerization by cytochalasin D resulted in the attenuation of Pg-induced histone 397 

H3 packaging into EVs (Fig. 2F). These observations suggest that the internalization of Pg into 398 

macrophages may play an important role in the release of histones from the nucleus in macrophages. 399 

However, the possibility that cytochalasin D reduces phagocytosis of Pg or EV production should be 400 

clarified. Based on the fact that Pg can survive inside macrophages during EV production (Fig. 1D), 401 

further studies are needed to investigate whether live Pg inside the cells could approach the nucleus and 402 

affect the release of histones.  403 

Our results suggest that EVs released by Pg-infected macrophages may translocate to the lungs and 404 

modulate pulmonary injury. Moreover, we cannot rule out the possibility that administering EVs from 405 

human THP-1 cells into mice may result in an MHC-II-mediated immune response. Because EVs of 406 

uninfected THP-1 cells also localize to multiple organs (Fig. 3A), it is possible that the observations are 407 

a consequence of the immune response. To verify this possibility, these findings should be further 408 

confirmed using mouse primary monocytes or bone marrow cell-derived macrophages. 409 

In conclusion, our findings raise the possibility that periodontal pathogen-infected macrophages 410 

may produce cytotoxic EVs that induce pulmonary injury, and suggest a potential mechanism by which 411 



 

 

periodontal diseases contribute to the progression of periodontal medicine. At present, professional oral 412 

health care aimed at reducing oral bacteria is limited to elderly persons and patients with swallowing 413 

difficulties because aspiration of bacteria into the respiratory tract has been considered to cause 414 

pneumonia. However, the present results suggest that oral hygiene may affect lung inflammation via 415 

EVs without bacterial aspiration and that professional oral care may be important for maintaining 416 

general health in a wider population. 417 
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Figure legends  578 
Figure 1. Porphyromonas gingivalis-infected (Pg-inf) THP-1 cells released EVs.  579 

(A) Schedule of cell culture and EV isolation. (B) S-Pg internalization in THP-1 cells detected via 580 

western blotting using an antibody against SNAP26b. The extract of S-Pg bacterial cells was also 581 

applied as a positive control (S-Pg). (C) The presence of green fluorescence-labeled Pg in the cells was 582 

detected by confocal microscopy. The actin filaments and nuclei were stained with Phalloidin (red) and 583 

Hoechst 33342 (blue), respectively. (D) The viability of Pg within THP-1 cells was determined with 584 

blood agar (upper panel) and the quantification of colony-forming units. The data are given as the mean 585 

± standard error of the mean. (n = 4). ** p < 0.01 compared with CFU at 4 h (lower panel). (E) The 586 

shape of the EVs isolated from the cultured media of THP-1 infected with (Pg-inf EVs) or without Pg 587 

(No-inf EVs). The scale bars indicate 200 nm.    588 

 589 

Figure 2. EVs of Porphyromonas gingivalis-infected (Pg-inf) THP-1 cells included histone proteins. 590 

(A) Silver-stained SDS-PAGE gel showing cargo proteins of EVs. EVs derived from noninfected THP-591 

1 cells (No-inf EVs, lane 1), Pg infected THP-1 cells (Pg-inf EVs, lane 2), and bacterial cells of Pg (Pg, 592 

lane 3) are shown. M means molecular marker. The arrows (a-c) indicate low molecular proteins in Pg-593 

inf EVs. (B) Immunofluorescence microscopy images of THP1 cells stained with histone H3 antibody 594 

(green). The arrowheads indicate histone H3 leaking. The scale bars indicate 10 m. (C) The levels of 595 

histone H3 protein were analyzed using western blotting. The cell lysate and EVs from THP1 cells 596 

infected with (Pg-inf) or without Pg (No-inf) are shown. The bacterial cells of Pg are also shown as Pg. 597 

The levels of -actin and CD9 are shown as a loading control and marker of EVs, respectively. (D) The 598 

concentration of histone H3 in EVs. The data are given as the mean ± standard error of the mean. (n = 599 

4). * p < 0.05 compared with No-inf EVs. (E) The cell lysates from Pg-infected THP1 cells pretreated 600 

with (Pg + CytD) or without cytochalasin D (Pg) were spread on blood agar (upper panel). The colonies 601 

on blood agar were quantified as colony forming units (lower panel). The data are given as the mean ± 602 

standard error of the mean. (n = 4). * p < 0.05 compared with Pg infected THP1 cells without 603 



 

 

cytochalasin D. (G) The levels of histone H3 protein in EVs from THP-1 cells infected with Pg in the 604 

presence of cytochalasin D.  605 

 606 

Figure 3. EVs of THP-1 cells translocated to multiple organs in mice.  607 

(A) EV protein (15 g) derived from Pg (Pg-inf EVs) or noninfected (No-inf EVs) THP-1 cells or PBS 608 

were labeled with Cy7 and injected into mice intraperitoneally. At 2 h post-injection, various organs 609 

were dissected and Cy7 fluorescence was detected using the IVIS Spectrum imaging system. The color 610 

scale indicates radiant efficiency (Min = 4.26  107 and Max = 1.51  108). (B) Pg-infected EVs derived 611 

from THP-1 cells (THP-1), mouse osteoblasts (MC3T3), human gingival epithelial cells (TR146), 612 

human hepatocyte (HepG2), and PBS were labeled with Cy7 and injected into the mice 613 

intraperitoneally; Cy7 fluorescence was detected using the same procedure as shown in A. The color 614 

scale indicates radiant efficiency (Min = 2.89  107 and Max = 1.63  108).  615 

 616 

Figure 4. Porphyromonas gingivalis-infected (Pg-inf) EVs induced pulmonary injury in mice.  617 

The mice were intraperitoneally injected with EVs derived from Pg (Pg-inf EVs) or non-infected (No-618 

inf EVs) THP-1 cells or PBS (negative control), and then the lungs were removed at 4 h post-injection. 619 

(A) H&E staining of the lungs from mice injected with PBS (a), Pg-inf EVs (b, d, e, f), or No-inf EVs 620 

(c). The asterisks indicate edema and arrowheads indicate blood congestion (d). Photomicrographs of 621 

fibrinogen (e) or rabbit IgG (f) stained lung tissue sections from Pg-inf EV-treated mice; scale bars 622 

indicate 100 m (a-c), 20 m (d), or 50 m (e, f). (B) Immunofluorescence microscopy of the lungs 623 

stained with neutrophil elastase (red) (a, b) or normal rabbit IgG (c) from mice injected with PBS (a) or 624 

Pg-inf EVs (b, c). Nuclei were stained with Hoechst 33342 (blue). Scale bars indicate 10 μm.  625 

The mice were intraperitoneally injected with Pg-inf EVs, No-inf EVs, or PBS (negative control) 626 

for 12 weeks. (C) Mice were injected with XenoLight RediJect Inflammation Probe, and luminescence 627 

in the organs was monitored using the IVIS spectrum imaging system at 10 min post-injection. The 628 

color scale indicates radiant efficiency (Min = 4.41  107 and Max = 9.14  107). (D) The mRNA levels 629 



 

 

of inflammation-related genes in the lung tissue were analyzed using qPCR. * p < 0.05, ** p < 0.01 630 

compared with PBS-treated mice (n = 5). (E) H&E staining (a, b) or Masson’s trichrome staining (c, d) 631 

of the lungs of mice injected with PBS or Pg-inf EVs. “br” means bronchiole and “v” means small 632 

blood vessels. Arrows indicate collagen accumulation, and arrowheads indicate broken alveoli (b, d). 633 

Scale bars indicate 50 μm.  634 

 635 

Figure 5. Histone H3 in Porphyromonas gingivalis-infected (Pg-inf) EVs increased inflammatory 636 

cytokines via the NF- B pathway in A549 cells. 637 

 (A) A549 cells were treated with Pg-inf EVs or No-inf EVs for 4 h. The mRNA expressions were 638 

analyzed using real-time PCR. (B) The mRNA expressions were analyzed using real-time PCR in Pg-639 

inf EVs-treated A549 cells in the presence of NF- B inhibitor, BAY. (C) Western blot analysis of the 640 

proteins that regulate NF- B signaling in Pg-inf EVs-treated A549 cells. (D) The p65 subunit was 641 

stained with p65 antibody (a, b, and g) or normal rabbit IgG (c). Nuclei were stained with Hoechst 642 

33342 and then microscopic images were merged (d, e, f, and h). (E) Pg-inf EVs were treated with or 643 

without trypsin. The levels of histone H3 were detected using western blot analysis (upper panels, EVs). 644 

A549 cells were treated with Pg-inf EVs or trypsin-digested Pg-inf EVs for 60 min, then p65 645 

phosphorylation was detected (lower panels, A549). (F) A549 cells were treated with Pg-inf EVs or 646 

trypsin-digested Pg-inf EVs for 4 h, and the mRNA expression was measured using real-time PCR. The 647 

data are given as the mean ± standard error of the mean (n = 4). ** p < 0.01 compared with each control 648 

group.   649 

 650 

Supplementary Figure legends 651 

Supplementary Figure 1. Pg treatment did not induce host cell death in THP-1 cells. 652 

(A) The morphology of Pg-treated THP-1 cells. (B). The PI-positive cells were observed using 653 

microscopy in THP-1 cells at 48 h post Pg or F. nucleatum treatment (upper panel). The ratio of PI-654 

positive cells in all Hoechst stained cells is shown in the lower panel. The data are given as the mean ± 655 



 

 

standard error of the mean. (n = 4). (C) Lactate dehydrogenase (LDH) release was measured in the same 656 

cells in B. The data are given as the mean ± standard error of the mean. (n = 4). 657 

 658 

Supplementary Figure 2. Measurement of particle size of EVs. 659 

The diameter of EVs from the Pg infected THP-1 cells (Pg-inf EVs) or noninfected THP-1 cells (No-660 

inf EVs) were measured using a Zetasizer. The means of the particle diameter of the No-inf EVs and 661 

Pg-inf EVs were 198.2 nm and 199.8 nm, respectively  662 

  663 

Supplementary Table 1. EVs proteins are identified by mass spectrometry. 664 

Three bands corresponding to the low-molecular-weight proteins shown in figure 2A (a–c) were 665 

identified as multiple core histones including histone H2A, H2B, H3, and H4 using Nano-LC-MS/MS. 666 

  667 

Supplementary Figure 3. Analysis of EVs released from Pg-infected non-phagocytic cells.   668 

Mouse osteoblasts (MC3T3), human gingival epithelial cells (TR146), and human hepatocytes (HepG2) 669 

were infected with green fluorescent-labeled Pg for 4 h. (A). The invaded Pg inside the cells was 670 

observed using confocal microscopy. (B). The non-phagocytic cells shown as A were infected with Pg, 671 

and then EVs were isolated from the cultured media at 48 h post-infection. The diameter of the EVs 672 

was measured using a Zetasizer. The mean particle diameter was 40.92 nm in MC3T3-E1 cells; 64.84 673 

nm in TR cells; 83.89 nm in HepG2 cells. 674 

  675 

Supplementary Figure 4. Recombinant histone H3 increased inflammatory cytokines via the NF-676 

B pathway in A549 cells.  677 

(A). A549 cells were treated with recombinant human histone H3 for 4 h, and then mRNA expressions 678 

were analyzed using real-time PCR. (B). The mRNA expressions were analyzed using real-time PCR 679 

in recombinant histone H3-treated A549 cells in the presence of NF- B inhibitor, BAY. The data are 680 



 

 

given as the mean ± standard error of the mean (n = 4). * p < 0.05, ** p < 0.01 compared with each 681 

control group.   682 

 683 

Supplementary Figure 5. Our proposal model. 684 

In periodontitis, macrophages are infected with Pg, periodontal bacteria (A), and released extracellular 685 

vesicles (EVs) which included histone H3 (B). These EVs translocated to the lungs through blood 686 

circulation, and there histone H3 induced cytokines by NF-kB pathways (C), resulting in pulmonary 687 

injury such as edema, vascular congestion and collagen deposition (D). 688 

  689 
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