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Abstract

The immunological effect of extracellular
vesicles derived from macrophages and

periodontal pathogens

Younggap Lim

Program in Immunology and Molecular Microbiology
Department of Dental Science

The Graduate School

Seoul National University

Objectives

Extracellular vesicles (EVs) are nano-sized vesicles released from living
cells that carry various biological molecules. EVs are attracting attention
because of their physiological and pathological roles in intercellular
communication. So far, there is limited information on the characteristics of
EVs derived from host cells infected with periodontal pathogens and the
differentiation of helper T cells through EVs of periodontal pathogens.

The aim of this study was to evaluate the proteome and inflammatory
response of EVs released from host cells infected with a periodontal pathogen
and the mode of helper T cell differentiation induced by periodontal

pathogen-derived OMVs.

Methods
EVs derived from THP-1 macrophages infected with Tannerella forsythia
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were isolated by size exclusion chromatography combined with iodixanol
density gradient ultracentrifugation (DGUC). The size and concentration of
EVs were measured by nanoparticle tracking analysis (NTA). The
morphology of EVs was imaged by transmission electron microscopy (TEM).
Protein profiles of EVs were analyzed by sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE), and EVs were stained with
SYPRO Ruby protein gel solution. Eukaryotic EVs, non-vesicular aggregates,
and 7. forsythia proteins were analyzed by immunoblotting using host and
bacteria-specific antibodies. The total proteome of EVs was analyzed by in-
depth quantitative proteomics. To evaluate the immunostimulatory effects of
EVs on THP-1 macrophages, cells were treated with EVs. The level of pro-
inflammatory cytokines in the culture supernatants were measured by
enzyme-linked immunosorbent assay (ELISA).

The OMVs of three periodontal pathogens, Porphyromonas gingivalis,
Treponema denticola, and T. forsythia, were isolated by ultracentrifugation
combined with DGUC. The size and concentration of OMVss were measured
by NTA. The morphology of OMVs was imaged by TEM. To evaluate the
immunostimulatory effects of dendritic cells (DCs) and mode of helper T cell
differentiation by OMVs, murine bone marrow-derived DCs (BMDCs) were
differentiated from bone marrow cells, and naive CD4" T cells were isolated
from splenocytes of eight-week-old C57BL/6N mice. BMDCs were treated
with periodontal pathogen OMVs, and the expression level of surface MHC
class I, CD80, CD86, and CD40 molecules was measured by flow cytometry.
The expression level of pro-inflammatory cytokines, interleukin (IL)-12p70,
IL-1pB, IL-6, and IL-23, in the culture supernatant of BMDCs were measured
by ELISA, and that of //12a, 111b, 116, and 1/23a in OMV-stimulated BMDCs
was measured by quantitative real-time polymerase chain reaction (qRT-
PCR). To analyze the proteolytic activity of periodontal pathogen OMVs
against pro-inflammatory cytokines, recombinant murine IL-12p70, IL-1p,

IL-6, and IL-23 were treated with periodontal pathogen OMVs, and the level



of remaining cytokines was measured by ELISA. To evaluate the mode of
helper T cell differentiation, naive CD4" T cells were cocultured with OMV-
primed BMDCs for 4 days. Differentiation of naive CD4" T cells into Th1 or
Th17 cells was analyzed by measuring intracellular IFN-y and IL-17A in
CD4" T cells. To evaluate the effects of IL-6 and IL-12 secreted from BMDCs
on the differentiation of Thl or Thl7 cells, naive CD4" T cells were
cocultured with OMV-primed BMDCs for 4 days in the presence or absence
of neutralizing antibodies against IL-6 and 1L-12.

Results

EVs derived from THP-1 macrophages infected with 7. forsythia were
divided into macrophage- and 7. forsythia-derived EVs with different
densities. Macrophage- and 7. forsythia-derived EVs were in the low- and
mid-density fraction, respectively. The size and morphology of the two
distinct EVs were similar, but the protein profile was completely different.
Eukaryotic EV markers, including CD9, CD63, and Alix, were detected only
in macrophage-derived EVs, while T. forsythia proteins were highly enriched
in T forsythia-derived EVs. Compared with EVs from non-infected
macrophages, levels of TNF-o, CXCLS, IL-1p, CPNEI1, SPP1, PLSCRI,
P2RX4, MMP9, SARS, VARS, STXBP2, HVCNI1, CD82, RFTNI1, LCPI,
and ATP2BI1 were increased in EVs from T. forsythia-infected macrophages.
Meanwhile, macrophages-derived EVs induced TNF-a expression from
THP-1 macrophages. 7. forsythia-derived EVs were enriched with T
forsythia virulence factors, including nutrient-scavenging proteins,
peptidases, glycosyl hydrolases, bacterial lipoproteins, GroEL, and BspA.
Additionally, T. forsythia-derived EVs induced the expression of TNF-a, IL-
1B, IL-6, and IL-8 from THP-1 macrophages through the TLR2 signaling
pathway. Interestingly, soluble molecules secreted from THP-1 macrophages

promoted 7. forsythia to release EVs.



OMVs of P. gingivalis, T. denticola, and T. forsythia, also termed “red
complex” bacteria, induced maturation of BMDCs as indicated by the
expression of MHC class II, CD80, CD86, and CD40 molecules. OMVs of P
gingivalis and T forsythia induced the expression of pro-inflammatory
cytokines IL-1B, IL-6, IL-23, and IL-12p70 in BMDCs. However, in T.
denticola OMV-primed BMDCs, pro-inflammatory cytokines were poorly
detected in cell culture supernatants, which was attributed to posttranslational
degradation due to the highly proteolytic nature of 7. denticola OMVs. In
cocultures of naive CD4" T cells with OMV-primed BMDCs, OMVs of P,
gingivalis and T. denticola induced Th17 cell differentiation, whereas those
of T. forsythia preferentially induced Th1 cell differentiation. IL-6 and IL-12
released from OMV-primed BMDCs played pivotal roles in Th17 and Thl

polarization, respectively.

Conclusion

EVs derived from macrophages infected with 7. forsythia carried pro-
inflammatory cytokines and inflammatory mediators that may play a role in
the inflammatory response in periodontitis. 7. forsythia-derived EVs
contained various virulence factors that induced pro-inflammatory responses
through TLR2 activation. OMVs of P. gingivalis and T. denticola induced
differentiation of Th17 cells, while those of 7. forsythia favored Thl cell
polarization rather than Th17. These results demonstrate that in pathogen-
infected cells, EVs derived from host cells and pathogens can have a
synergistic effect on the inflammatory response, providing insight into the
characterization of EVs derived from cells infected with a periodontal
pathogen. OMVs derived from “red complex” bacteria induced maturation of
BMDCs and differentiation of naive CD4" T cells into Thl or Th17 cells.
Thus, EVs may be a useful tool for understanding pathogenic mechanisms of

periodontal pathogens.
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I. Introduction
1. Periodontitis

1.1. Microbiome and immune system

Microorganisms are living organisms that are too small to be seen with the
naked eye. Microorganisms live in various habitats on Earth and significantly
impact the surrounding environment [1]. The microbiome is the whole
genome of microorganisms in a habitat and their byproducts, including
nucleic acids, proteins, lipids, polysaccharides, and metabolites [2]. In
addition to microbiota, which is the assemblage of living microorganisms in
a habitat, phages, viruses, plasmids, prions, viroids, and free DNA are part of
the microbiome [2]. A recent study reported that over 150,000 microbial
genomes are identified from global body-wide human metagenomes [3]. The
microbiome affects various physiological conditions in our body, including
nutrient digestion, metabolism, immune system, and even mental health [4-
6]. Therefore, the microbiome is called “the second genome,” and its
importance is being highlighted [7]. The structural and functional
development of the human immune system in our body is closely related to
the microbiome as the immune system cannot properly develop in germ-free
conditions [8]. Immune systems are restored when non-pathogenic
conventional microbes are recolonized [9]. Eubiosis is the status of a
microbiome in a disease-free host [10]. In contrast, dysbiosis, which is the
abnormal status of a microbiome, induces chronic unregulated immune
responses that can cause inflammation and destroy nearby tissue [8]. One of

the representative examples of microbial dysbiosis diseases is periodontitis.

1.2. Periodontitis and periodontal pathogens

The oral cavity is the second largest habitat for the human microbiome after
the gut. Over 700 species of microbes reside in the human oral cavity [11].
Microbial dysbiosis in the subgingival biofilm induces uncontrolled chronic
<

-
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inflammatory responses in the periodontium, which finally develops into
periodontitis [11]. Periodontitis is characterized by gingival tissue destruction
and bone resorption that leads to tooth loss [12]. Periodontitis is a significant
concern for oral health and affects 20%—-50% of the world’s population [13].
The host responses against the periodontal pathogens in the subgingival
biofilm play an essential role in connective tissue destruction and alveolar
bone resorption due to increased pro-inflammatory cytokine production and
osteoclastogenesis [14]. Porphyromonas gingivalis, Tannerella forsythia, and
Treponema denticola, the so-called “red complex” bacteria, are major
causative pathogens of periodontitis [15]. Red complex bacteria can survive
within the host tissue due to their virulence factors that enable them to evade
immune surveillance systems as well as proteolytic enzymes that provide
amino acids for bacterial growth and disrupt the extracellular matrix of host
tissues [16-18]. Additionally, periodontitis is related to the pathogenesis of
various systemic diseases, including cardiovascular diseases, Alzheimer’s
disease, bone diseases, rheumatoid arthritis, oral and colorectal carcinoma,
pregnancy complications, pneumonia, and diabetes [19]. Periodontal
pathogens and their byproducts can enter the systemic circulation and affect

the progression of these systemic diseases [20].

T. forsythia is a fusiform gram-negative anaerobic bacterium isolated from
the human gingival pocket of patients with chronic periodontitis and is highly
associated with the pathogenesis of periodontitis [21, 22]. Animal model
experiments revealed that oral infection with 7. forsythia induces activation
of alveolar bone loss through the Toll-like receptor 2 (TLR2) signaling
pathway [23, 24]. Moreover, periodontal pathogens can migrate to distant
tissues and induce the development of systemic diseases [20]. For instance, 7.
forsythia was detected in atheromatous plaques of patients who underwent
coronary artery bypass graft surgery and carotid endarterectomy [25],
suggesting that 7. forsythia might be associated with the pathogenesis of

5 23 1



cardiovascular diseases.

For the growth of 7. forsythia, N-acetylmuramic acid (NAM), a component
of the peptidoglycan cell wall of eubacteria, is required since 7. forsythia
lacks a metabolic pathway for NAM synthesis [26]. T. forsythia virulence
factors, such as proteases, glycosidases, leucine-rich repeat family BspA,
surface lipoproteins, and surface-layer associated glycoproteins, allow the
bacterium to utilize available nutrients and survive within host tissue [18, 27].
Although T forsythia is an asaccharolytic bacterium, it has various
glycosidases. The nutrients that arise from the degradation of host
oligosaccharides and proteoglycan through the action of T forsythia
glycosidases could be used by other oral bacteria for growth. Additionally,
glycosidases of 7. forsythia play a role in the progression of periodontitis
since the integrity of host tissue is weakened by the degradation of
oligosaccharides and proteoglycans [18]. BspA and bacterial lipoproteins
induce the secretion of pro-inflammatory cytokines and chemokines from
innate immune cells and gingival epithelial cells through the TLR2 signaling
pathway [28-30]. Surface-layer (S-layer) is the distinct third layer outside the
outer membrane of 7. forsythia that plays a crucial role in evading
phagocytosis by dendritic cells (DCs) and macrophages and suppressing
Th17 responses [31].

P gingivalis is a black-pigmented, asaccharolytic, anaerobic, non-motile
gram-negative bacterium that is mostly associated with chronic periodontitis
[32]. There is a correlation between the prevalence of P. gingivalis and
periodontal pocket depth [33]. Animal model experiments revealed that oral
inoculation of P. gingivalis to specific pathogen-free (SPF) mice induced
inflammation in the periodontal region and resulted in alveolar bone loss,
which were not observed in germ-free mice [34]. P. gingivalis is a “keystone
pathogen;” it cannot induce inflammatory bone loss alone, but it impairs the
host’s defense mechanisms, causing oral microbial dysbiosis that leads to
<

-
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inflammatory bone loss [34, 35]. Hemin and vitamin K are essential for the
growth of P. gingivalis. When grown under heme-limited condition, the
virulence of P. gingivalis is reduced, and its morphology changes to that of
short rods with few fimbriae; it subsequently produces large number of outer
membrane vesicles (OMVs) [36].

Virulence factors of P. gingivalis include fimbriae, lipopolysaccharide (LPS),
capsule, and cysteine proteinases (gingipains) [37]. P. gingivalis enters the
gingival epithelial cells in a fimbriae-dependent manner [38]. Entering host
cells is an evasive strategy against host immune surveillance systems [37].
Additionally, by secreting gingipains, P gingivalis can degrade
immunoglobulin, complements, chemokines, and cytokines, thereby
impairing both innate and adaptive immunity [39]. Gingipains can also
destroy host extracellular matrix components and affect vascular permeability,
allowing P. gingivalis to enter the bloodstream, disseminate systemically, and
colonize other organs [40]. P. gingivalis LPS elicits less inflammatory
responses than other LPS due to its distinct structure compared to that of other
gram-negative bacteria [37]. The weak inflammatory response to P. gingivalis
LPS is considered a survival strategy against the host’s innate immune

surveillance system.

T denticola is a spirochete present in the oral cavity of humans and is
associated with chronic periodontitis [41]. Spirochetes have high motility due
to periplasmic flagella, which twist into long spiral-shaped cells [42].
Generally, spirochetes are classified as gram-negative bacteria. However,
phylogenetic studies have shown that the Spirochaetes phylum is distinct
from both gram-negative and gram-positive bacteria [43]. T denticola is
frequently isolated along with P. gingivalis and T. forsythia in patient with
periodontitis and is positively correlated with periodontal pocket depth and
age [44]. Oral inoculation of T. denticola to mice resulted in alveolar bone

resorption and the production of antibodies against 11 proteins. Among those
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proteins, major outer sheath protein (Msp) and dentilisin were
immunodominant [45]. Msp and dentilisin, which are in the outer sheath, are
responsible for the virulence of 7. denticola [41]. T. denticola can bind to
human fibronectin, laminin, collagen, keratin, and fibrinogen via the Msp
protein [46]. Dentilisin, which is a protease, contributes to the progression of
periodontitis since it can degrade various host proteins, including
extracellular matrix proteins, intercellular adhesion proteins, pro-
inflammatory cytokines, and complement C3 [41]. The binding affinity of
Msp and the proteolytic activity of dentilisin enable 7' denticola to invade and
colonize human gingival tissue. Furthermore, dentilisin activates the TLR2
signaling pathway, stimulating the production of matrix metalloproteinases
(MMPs) in human periodontal ligament cells [47]. T denticola has
lipooligosaccharide (LOS) instead of LPS because treponemes lack the genes
that encode LPS synthesis enzymes, but the function of LOS is similar to that
of LPS [43]. T denticola stimulates both the TLR2 and TLR4 signaling
pathways; low numbers activate only TLR2, but high numbers can activate
both TLR2 and TLR4. Msp and LOS are responsible for activation of the
TLR2 and TLR4 pathways, respectively [48].

2. Immune cells and periodontitis

Immune cells that reside in the connective tissue of the gingiva regulate
immune responses to various stimuli to maintain homeostasis. These immune
cells, which include neutrophils, macrophages, DCs, T cells, and B cells,
recognize bacteria and induce inflammatory responses to properly eliminate
pathogens. However, periodontal pathogens can subvert the immune system
and cause unregulated chronic inflammation, causing periodontitis. Therefore,
identifying the response of immune cells to periodontal pathogens will help

understand the pathogenesis of the periodontal diseases.



2.1. Helper T cell

Among the various immune cells, helper T cells play a central role in
orchestrating the shapes of the immune system in the tissues. Helper T cells,
including Thl, Th2, Th17, and Treg, are categorized by their functions.
Among them, Th17 plays a central role in the inflammatory response in
gingival tissue. In normal conditions, protective Th17 cells are induced by
masticatory damage to the epithelium and promote immune surveillance of
the gingival tissue environment [49]. However, pathogenic Th17 cells result
from oral microbiome dysbiosis and induce destructive immune responses,
including alveolar bone loss through IL-17A mediated mechanisms [50]. The
expression level of IL-17 is increased in the sera and gingival tissues of
patients with periodontitis [51, 52]. Additionally, the induction of pathogenic
Th17 cells is related to the pathogenesis of periodontitis and other systemic
diseases, including inflammatory bowel disease (IBD) [53]. Therefore, it is
necessary to understand the mechanisms of oral pathogen-induced Th17
differentiation. Generally, differentiation of naive CD4" T cells into effector

helper T cells requires stimulation from antigen-presenting cells.

2.2. Dendritic cell

DCs are professional antigen-presenting cells (APCs) that take up and
process antigens and present them to T cells to initiate adaptive immunity [54].
APCs express pattern-recognition receptors (PRRs), which recognize
microbe-associated molecular patterns (MAMPs) that trigger innate immune
responses. DCs mature through PRR signaling in tissues. They then migrate
to the draining lymph nodes to present antigens to naive T cells. Naive CD4"
T cells cannot recognize the antigen itself and only recognize the antigens
presented by DCs through MHC class II molecules [55]. The clone of naive
CD4" T cells, which can recognize antigen-MHC class II complex of DCs,
start to proliferate and differentiate into effector helper T cells. At that time,

according to the cytokines secreted by DCs, naive CD4" T cells differentiate
6 o I R |||
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into a distinct lineage of helper T cell subsets to modulate immune responses
in the appropriate direction [55]. Therefore, studies of DC activation by oral

pathogens may provide insights into the mode of helper T cell differentiation.

2.3. B cell

B cells are adaptive immune cells that play a role in humoral immunity by
secreting antibodies. B cells contribute to the protective immune response and
maintain periodontal tissue homeostasis by producing antibodies against
periodontal pathogens [56]. In a healthy state, memory B cells are the major
B cell population in gingival tissue, but the ratio of memory B cells is
decreased in periodontitis wherein antibody-secreting B cells are the
dominant population [57]. Additionally, B cells substantially contribute to
alveolar bone loss during inflammation since receptor activator of nuclear
factor kappa-B ligand (RANKL), which induces differentiation and activation
of osteoclasts, has greater expression in B cells in inflamed gingival tissues
than in those in healthy gingival tissue [58, 59]. Therefore, B cells contribute
to the immune response by not only secreting antibodies but also presenting

antigens and secreting cytokines [56].

2.4. Neutrophil

Neutrophils are myeloid-derived innate immune cells that eliminate
extracellular pathogens [60]. Neutrophils are the most abundant immune cells
in the gingival crevice and periodontal pocket. During inflammation, the
number of neutrophils in the gingival tissue and gingival crevice increases
due to endogenous chemoattractants, including IL-8, IL-1B, and C5a, and
exogenous bacteria chemotactic signals, including LPS and N-formyl-
methionyl-leucyl-phenylalanine (fMLP) [60, 61]. Approximately 30,000
neutrophils per minute flow from the circulation into gingival tissue and
migrate into the gingival crevice [62]. The extravasated neutrophils form a

wall between the junctional epithelium and the dental plaque to kill the
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microbes by phagocytosis, antimicrobial peptides, and reactive oxygen
species (ROS) [63]. Genetic neutrophil defects show that fully functional
neutrophils play a pivotal role in maintaining periodontal tissue health. For
example, leukocyte adhesion deficiency causes a low neutrophil recruitment
in periodontal tissue, resulting in aggressive periodontitis [60, 64]. Therefore,
understanding the role of neutrophils in inflammatory responses in

periodontal tissues is essential for treating periodontitis.

2.5. Macrophage

Macrophages are sentinels of various tissues and play a role in the
maintenance of homeostasis by eliminating dead cells, clearing pathogens,
and releasing danger-associated molecular patterns (DAMPs) [65].
Macrophages recognize invading pathogens through PRRs and release
various chemokines and pro-inflammatory cytokines associated with the
migration of immune cells and induction of inflammatory responses in nearby
tissues. Periodontal tissue of patients with chronic periodontitis has a higher
number of macrophages than that of healthy people [66]. P. gingivalis oral
infection in mice resulted in macrophage recruitment to the gingival tissue
and contributed to bone loss [67]. Additionally, in a mouse model of P
gingivalis oral inoculation and ligature, alveolar bone loss did not occur when
macrophages were removed [67, 68]. Therefore, control of inflammation in
the periodontium by macrophages is essential. In those processes,
microorganisms may directly interact with immune cells to induce immune
responses, but recent studies reported that extracellular vesicles released by

microorganisms can play such a role.

3. Extracellular vesicles
Extracellular vesicles (EVs) are nano-sized vesicles released from living
cells and carry various biological cargoes of donor cells such as proteins,

lipids, nucleic acids, and metabolites [69]. EVs represent the physiological
8 1l O 1]
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status of donor cells and affect the physiology of recipient cells [70, 71].
Eukaryotic EVs are divided into exosomes, microvesicles, apoptotic bodies,
and others according to their origin. Exosomes originate from the inner
luminal vesicles (ILV) of the multivesicular body (MVB), microvesicles bud
off from the plasma membrane, and apoptotic bodies are shed from apoptotic
cells [70]. Since EVs have similar functions to their parent cells, studies on
EVs have increased. It was confirmed that EVs of DCs primed with antigens
of cancer cells could stimulate tumor antigen-specific T cells similar to DCs
or transfer those antigens to other DCs for priming of naive T cells [70, 72].
EVs derived from macrophages infected with pathogens carry
immunostimulatory molecules that induce inflammatory responses in
recipient cells [73]. Meanwhile microorganisms also release EVs. Gram-
negative bacteria release outer membrane vesicles (OMVs), while gram-
positive bacteria release membrane vesicles (MVs) [74]. Bacterial EVs can
induce local and systemic inflammatory responses as they easily spread to the
host tissues through the bloodstream and carry bacterial virulence factors [75,
76]. There is growing evidence that EVs derived from periodontal pathogens
are associated with arteriosclerosis, Alzheimer’s disease, rheumatoid arthritis,

diabetes, and systemic bone loss [77-79].

4. Aims of the study

EVs may play a central role in the pathogenesis of periodontitis. This study
aimed to evaluate the proteome and inflammatory response of EVs released
from host cells infected with a periodontal pathogen and the mode of helper
T cell differentiation induced by periodontal pathogen-derived OMVs.

First, it was hypothesized that EVs derived from 7. forsythia-infected
macrophages carry inflammatory mediators of macrophages and virulence
factors of 7. forsythia, which affect the pathogenesis of periodontitis and
periodontitis-related systemic disease. To prove this hypothesis, the
proteomic profiles and inflammatory responses of EVs derived from THP-1

9 2] ,



macrophages infected with 7. forsythia were analyzed.

Second, it was hypothesized that OMVs from “red complex™ bacteria, P,
gingivalis, T. denticola, and T. forsythia, could affect DC maturation and
CD4" T cell differentiation. To prove this hypothesis, the maturation of DCs
and mode of helper T cell differentiation induced by OMVs derived from red
complex bacteria were analyzed using mouse bone marrow-derived DCs

(BMDCs) and splenic naive CD4" T cells.
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I1. Materials and Methods

1. THP-1 cell culture

THP-1 cells (ATCC TIB-202), a human monocytic cell line, were cultured
in RPMI 1640 medium (Welgene, Daegu, South Korea) supplemented with
10% heat-inactivated fetal bovine serum (FBS; HyClone Laboratories, Inc.,
Logan, UT, USA), 100 U/ml penicillin and 100 pg/ml streptomycin (Gibco,
Waltham, MA, USA) in a humidified 5% CO atmosphere at 37°C. THP-1
macrophages were prepared as previously described [80]. THP-1 cells were
differentiated into macrophages by treatment with 500 nM phorbol 12-
Mpyristate 13-Acetate (PMA; Sigma-Aldrich, St. Louis, MO, USA) for 3
hours and washed with sterile phosphate-buffered saline (PBS; Welgene)
followed by overnight incubation without PMA. To analyze TLR2-mediated
cytokine secretion, THP1-Dual™ and THP1-Dual™ KO-TLR2 cells
(InvivoGen, San Diego, CA, USA) were used. To maintain cells, 100 pg/ml
Normocin™ (InvivoGen), 10 pg/ml blasticidin (InvivoGen), and 100 pg/ml
Zeocin™ (InvivoGen) were added according to the manufacturer’s
instruction. THP-1 cells were routinely confirmed that free of mycoplasma
contamination using e-Myco™ plus> Mycoplasma PCR Kit (iNtRON

Biotechnology, Seongnam, South Korea).

2. Bacteria culture
P. gingivalis ATCC 33277 was cultured in brain heart infusion (BHI; BD
Biosciences, San Jose, CA, USA) broth supplemented with 5 pg/ml hemin
(Sigma-Aldrich) and 1 pg/ml vitamin K3 (menadione; Sigma-Aldrich) under
anaerobic conditions (10% CO-, 10% Ha, and 80% N») at 37°C for 48 hours.
T’ denticola ATCC 33521 and T. forsythia ATCC 43037 were cultured in new
oral spirochete broth (NOS; ATCC medium 1494) under anaerobic conditions
at 37°C for 60 and 48 hours, respectively. For T. forsythia, 5 pg/ml hemin, 1
pug/ml vitamin Ks3, and 10 pg/ml N-acetylmuramic acid (NAM; Sigma-
<
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Aldrich) were added.

3. Isolation and characterization of EVs
3.1. Isolation of EVs derived from THP-1 macrophages
infected with 7. forsythia

THP-1 macrophages were washed three times with sterile PBS and then
incubated in RPMI 1640 without FBS and antibiotics supplementation. The
multiplicity of infection (MOI) 50 of T. forsythia infected to the THP-1
macrophages. The conditioned medium (CM) of 7. forsythia-infected THP-1
macrophages was harvested at 48 hours post infection. Dead cells, cell debris,
and large particles in the CM were removed by differential centrifugation at
300 x g for 10 minutes at 4°C, 2,000 x g for 10 minutes at 4°C, and 10,000 x
g for 30 minutes at 4°C, respectively. Then, the centrifuged CM was filtered
through a 0.22 pm pore polyethersulfone (PES) membrane filter system
(Corning, New York, NY, USA). The clarified CM was concentrated by a 100
kDa molecular weight cut-off (MWCO) centrifugal filter (Centricon®; Merck
Millipore, Burlington, MA, USA). The crude EVs were isolated from the
concentrated CM by qEV® size exclusion chromatography (Izon Science,
Christchurch, New Zealand) according to the manufacturer’s instructions.
Briefly, 0.5 ml of concentrated CM was loaded to the gEV® column, and then
0.5 ml of each fraction was harvested. The concentration of nanoparticles in
each fraction was analyzed by nanoparticle tracking analysis (NTA). The
nanoparticle enriched fractions (routinely fraction #7 to #11) were combined
and named “crude EVs”. For further experiments, the crude EVs were
concentrated using a 10 kDa MWCO centrifugal filter (Amicon®; Merck
Millipore). For density gradient ultracentrifugation (DGUC), the crude EVs
were mixed with 60% iodixanol solution (OptiPrep™; Sigma-Aldrich) to
make a 40% iodixanol solution (3.5 ml), then set at the bottom of an

ultracentrifuge tube. Sterile PBS was mixed with 60% iodixanol solution to

2
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make 35% (1.3 ml), 30% (2.4 ml), 25% (1.5 ml), 20% (2.8 ml) and 5% (1.5
ml) iodixanol solutions. The diluted iodixanol solution was carefully overlaid
at the top of the 40% iodixanol-crude EVs to make a discontinuous density
gradient. The gradient samples were centrifuged at 100,000 x g for 18 hours
at 4°C using an Optima XE-100 (Beckman Coulter) with an SW 40 Ti
(Beckman Coulter) swing bucket rotor. After ultracentrifugation, an equal
volume (1.3 ml) of each fraction was harvested from the top of the gradient
samples. NTA analyzed the nanoparticle concentration of each fraction. To
remove iodixanol, nanoparticle enriched fractions were mixed with sterile
PBS, ultracentrifuged at 120,000 x g for 2 hours at 4°C using Optima XE-100
with an SW 40 Ti swing bucket rotor, and discarded supernatant. The pellet

was resuspended with sterile PBS and stored at —80°C until use.

3.2. Isolation of OMYVs derived from periodontal pathogens

Each bacterial culture supernatant (400 ml) was collected and centrifuged at
10,000 x g for 10 minutes at 4°C. Then, cell-free culture supernatants were
filtered using a 0.22 pm PES membrane filter system. The filtered culture
supernatants were subjected to ultracentrifugation at 120,000 x g for 3 hours
at 4°C using Optima XE-100 with a Type 45 Ti rotor (Beckman Coulter). The
supernatants were discarded, and the pellets were resuspended in sterile PBS
followed by ultracentrifugation at 120,000 x g for 2 hours at 4°C using an SW
40 Ti swing bucket rotor. The pellets were resuspended in PBS and mixed
with 60% iodixanol solution to obtain a 40% solution (3.5 ml). The iodixanol-
diluted pellets were laid on the bottom of an ultracentrifuge tube, and 35%
(1.3 ml), 30% (2.4 ml), 25% (1.5 ml), 20% (2.8 ml) and 5% (1.5 ml) iodixanol
solution diluted with PBS was overlaid. The discontinuous density gradient
layers were ultracentrifuged at 100,000 % g for 18 hours at 4°C using an SW
40 Ti swing bucket rotor. The same volume (1.3 ml) of each fraction was
harvested from top to bottom. The nanoparticle concentrations in each
fraction were analyzed by NTA. The nanoparticle-enriched fractions were
1]
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mixed with PBS (10 ml) and ultracentrifuged at 120,000 x g for 2 hours at
4°C using an SW 40 Ti swing bucket rotor. After removal of the supernatant,
the OMV pellets were resuspended with sterile PBS. The protein
concentration of the OMVs were analyzed by Pierce™ BCA Protein Assay
Kit (Thermo Fisher Scientific, Waltham, MA, USA) according to the
manufacturer’s instructions. The isolated OMVss were aliquoted and stored at

—80°C until use.

3.3. Nanoparticle tracking analysis (NTA)

NanoSight LM10 (Malvern Instruments Ltd., Worcestershire, UK) was used
to analyze the size and concentration of nanoparticles in samples. Each
sample was diluted in nanoparticle-free PBS to adjust the proper
concentration range. NTA software (Ver. 2.5, Malvern Instruments Ltd.) was
used for data analysis, and the acquisition settings used in this experiment

were as follows: screen gain, 12; camera level, 15; and detection threshold, 3.

3.4. Transmission Electron Microscopy (TEM)

Each EV sample (5 pl) was loaded to glow-discharged formvar/carbon-
coated copper grid (Electron Microscopy Sciences, Hatfield, PA, USA) for 1
minute and was washed twice with distilled water, then was stained with 2%

uranyl acetate for 1 minute. Negative stained EV samples were imaged by

TEM (LIBRA 120; Carl Zeiss, Jena, Germany) at 120 kV.

3.5. Immunoblotting

EV samples were directly mixed with 5X sample buffer (1 M Tris-HCI, pH
6.8, 50% glycerol, 10% SDS, 5% 2-mercaptoethanol, and 0.1% bromophenol
blue) and then were boiled at 95°C for 10 minutes. The samples were

subjected to sodium dodecyl sulfate-polyacrylamide gel electrophoresis

(SDS-PAGE) and transferred to polyvinylidene difluoride (PVDF)

2
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membranes (Merck Millipore) followed by blocking with 5% non-fat dry
milk (Cell Signaling Technology, Danvers, MA, USA) in Tris-Buffered
Saline with 0.1% Tween® 20 Detergent (TBST) for 1 hour at room
temperature (RT). The blocked membranes were incubated with primary
antibodies overnight at 4°C. The membranes were washed with TBST three
times each for 10 minutes followed by incubation with horseradish
peroxidase-conjugated secondary antibodies (R&D Systems, Minneapolis,
MN, USA) for 1 hour at RT. After washing with TBST three times each for
10 minutes, the membranes were soaked in ECL solution (Dyne Bio,
Seongnam, South Korea) and were detected using ChemiDOC (Bio-Rad,
Hercules, CA, USA). The primary antibodies used in this study were as
follows: anti-CD63 (ab134045, Abcam, Cambridge, UK), anti-CD9 (ab92726,
Abcam), anti-Alix (#2171, Cell Signaling Technology), anti--actin (#612656,
BD Biosciences), anti-fibronectin (F3648, Sigma-Aldrich), anti-Histone H3
(#9715, Cell Signaling Technology), and anti-7. forsythia (D377-3, MBL,
Nagoya, Japan).

3.6. SYPRO Ruby protein gel staining

The EV samples were directly mixed with 5X sample buffer and boiled at
95°C for 10 minutes. The samples were subjected to SDS-PAGE, and a gel
was stained with SYPRO Ruby protein gel staining solution (Invitrogen,
Waltham, MA, USA) according to the manufacturer’s instructions. Briefly, a
gel was fixed in 100 ml fixation solution (50% methanol, 7% acetic acid, and
43% deionized water) two times each for 30 minutes at RT. The fixed gel was
stained overnight in 60 ml SYPRO Ruby protein gel staining solution at RT.
The stained gel was washed once with 100 ml washing buffer (10% methanol,
7% acetic acid, and 83% deionized water) for 30 minutes and washed twice
with 100 ml deionized water for 5 minutes. The gel was imaged by

ChemiDOC.
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4. Proteomics

4.1. EV sample preparation for proteome analysis

The EVs in each DGUC fraction were precipitated by 10% trichloroacetic
acid (TCA). For EV protein digestion, a pellet of EV was reconstituted in 50
ul of SDT buffer [2% SDS, 0.1 M dithiothreitol (DTT) in 0.1 M Tris HCI, pH
8.0]. After being heated at 95°C, the denatured proteins were digested by a
filter-aided sample preparation (FASP) method as previously described [81]
with some modifications. Briefly, protein samples were loaded onto a 30 kDa
MWCO centrifugal filter (Amicon®), and buffer was exchanged with UA
solution (8 M UREA in 0.1 M Tris-HCI, pH 8.5) via centrifugation. After
three buffer exchange with UA solution, the reduced cysteines were alkylated
with 0.05 M iodoacetamide (IAA) in UA solution for 30 minutes at RT in the
dark. Thereafter, UA buffer was twice exchanged for 40 mM ammonium
bicarbonate (ABC). The protein samples were digested with trypsin/LysC
(enzyme to substrate ratio of 1:100) at 37°C for 16 hours. The resulting
peptides were collected in new tubes via centrifugation, and an additional
elution step was performed using 40 mM ABC and 0.5 M NaCl. All resulting
peptides were acidified with 10% trifluoroacetic acid and desalted using
homemade C18-StageTips as described [81]. Desalted peptides were
completely dried with a vacuum dryer and stored at —80°C.

4.2. LC-MS/MS analysis
LC-MS/MS analysis methods was performed using Quadrupole Orbitrap

mass spectrometers, Q-exactive plus (Thermo Fisher Scientific) coupled to
an Ultimate 3000 RSLC systems (Dionex, Sunnyvale, CA, USA) with a nano
electrospray source as previously described with some modifications [81].
Peptide samples were separated on the 2-column setup with a trap column (75
pum I.D. x 2 cm, C18 3 pm, 100 A) and analytical column (75 pm LD. x 50
cm, C18 1.9 um, 100 A). Prior to sample injection, the dried peptide samples

were redissolved in solvent A (2% acetonitrile and 0.1% formic egcild). After _
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the samples were loaded onto the nano LC, a 180-min gradient from 8% to
30% solvent B (100% acetonitrile and 0.1% formic acid) was applied to all
samples. The spray voltage was 2.0 kV in positive ion mode and the
temperature of the heated capillary was set to 320°C. Mass spectra were
acquired in data-dependent mode using a top 15 method on a Q Exactive. The
Orbitrap analyzer scanned precursor ions with a mass range of 350-1800 m/z
and resolution of 70,000 at m/z 200. Higher-energy collisional dissociation
(HCD) scans were acquired on the Q Exactive at a resolution of 35,000. HCD
peptide fragments were acquired at a normalized collision energy of 28. The
maximum ion injection times for the survey and MS/MS scans were 20 and

80 ms, respectively.

4.3. Data processing for label-free quantification

Mass spectra were processed with MaxQuant (version 1.6.1.0) [82]. MS/MS
spectra were searched against the Human Uniprot protein sequence database
(December 2014, 88,657 entries) and NCBI XXXX protein sequence
database (GCF_006385365.1 ASM638536v1 protein.fasta) using the
Andromeda search engine [83]. Primary searches were performed using a 6-
ppm precursor ion tolerance for total protein level analysis. The MS/MS ion
tolerance was set to 20 ppm. Cysteine carbamido-methylation was set as a
fixed modification. N-acetylation of proteins and oxidation of methionine
were set as variable modifications. Enzyme specificity was set to full tryptic
digestion. Peptides with a minimum length of six amino acids and up to two
missed cleavages were considered. The required false discovery rate (FDR)
was set to 1% at the peptide, protein, and modification levels. To maximize
the number of quantification events across samples, matching between runs

was performed.

4.4. Statistical analysis of the proteomic data

Statistical analyses for the proteomic data were performed using Perseus
17 H = TH
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software [84]. Initially, proteins identified as only identified by site, reverse,
and contaminants were removed. The expression level of proteins in each
fraction was estimated by determining their Intensity Based Absolute
Quantification (iBAQ) values calculated using MaxQuant software. Because
of the skewed distribution of the data, log2 transformation was conducted for
these values. Valid values were filtered with proteins with a minimum of 70%
quantified values in at least one diagnostic group. Missing values were
imputed based on a normal distribution (width = 0.3, down-shift = 1.8) to
simulate signals of low-abundance proteins. Two-sided t-tests were
performed for pairwise comparison of proteomes to detect differentially
expressed proteins (DEPs). The protein abundances were subjected to z-
normalization followed by hierarchical clustering with Pearson’s correlation

distance.

4.5. Bioinformatics analysis

Gene ontology (GO) enrichment analysis in the Biological Process, Cellular
Component, and Molecular Function category was performed using ShinyGO
(V0.76.1) bioinformatics tool [85]. For visualization of the predicted
associations for significantly expressed proteins, the STRING database (ver.
11.5) was used [86]. Subcellular localization of 7. forsythia proteins was
analyzed by CELLO v2.5 (http://cello.life.nctu.edu.tw/) from the Molecular
Bioinformatics Center of National Chiao Tung University [87]. The lipid
attachment site of each 7. forsythia protein was predicted by the ExPASy-
PROSITE protein domain database (https://prosite.expasy.org/). 1. forsythia
proteins were categorized into their functions and domains as described in the

GenBank database of National Center for Biotechnology Information (NCBI).
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5. T. forsythia culture in the EV-free conditioned medium of

THP-1 macrophages

THP-1 macrophages infected with 7. forsythia were cultured in RPMI 1640
without FBS and antibiotics supplementation for 24 hours in a humidified 5%
CO; atmosphere at 37°C. The CM was harvested and clarified by differential
centrifugation at 300 x g for 10 minutes at 4°C, 2,000 x g for 10 minutes at
4°C, and 10,000 x g for 30 minutes at 4°C. Biomolecules over 100 kDa, non-
vesicular aggregates, and EVs in the clarified CM were eliminated by 100
kDa MWCO ultrafiltration. The filtrate was confirmed free of nanoparticles
by NTA. The filtrate was treated with live 7. forsythia in 150 mm cell culture
dishes for 24 hours under humidified 5% CO; atmosphere at 37°C. The T.
forsythia CM was harvested and centrifuged at 10,000 X g for 10 minutes at
4°C, then the pellet was discarded. As described above, the EVs in T. forsythia
CM were isolated by size exclusion chromatography combined with DGUC.

6. CHO/CD14/TLR2 and CHO/CD14/TLR4 reporter cell

assay

CHO/CD14/TLR2 and CHO/CD14/TLR4 reporter cells were obtained from
Douglas Golenbock (Boston Medical Center, Boston, MA, USA).
CHO/CD14/TLR2 or CHO/CDI14/TLR4 cells (3 x 10° cells/well) were
seeded to 48-well culture plates in the presence of G418 (1 mg/ml) and
hygromycin B (0.4 mg/ml) for 20 hours. Then, the cells were stimulated with
the indicated EVs for 16 hours. Pam3CSK4 (100 ng/ml, Invitrogen) and
ultrapure LPS (100 ng/ml, Invitrogen) were used as a positive control for
TLR2 and TLR4, respectively. Thereafter, the cells were stained with FITC
anti-human CD25 antibody (BD Biosciences). The expression of CD25 was
analyzed by measuring FITC fluorescence intensity of the cells using a FACS
LSRFortessa X-20 (BD Biosciences). The FCS data files were analyzed using

FlowJo software version 10.1 (BD Biosciences).
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7. Mice
Eight-week-old C57BL/6N mice were purchased from Orient Bio

(Seongnam, South Korea). All mouse experiments were approved by the

Institutional Animal Care and Use Committee of Seoul National University

(SNU-210602-1).

8. Bone marrow-derived dendritic cells (BMDCs)

Bone marrow cells were isolated from the femur and tibia of eight-week-old
C57BL/6N mice. The isolated bone marrow cells were cultured in RPMI 1640
supplemented with 10% heat-inactivated FBS, 100 U/ml penicillin, 100
ng/ml streptomycin, 20 ng/ml recombinant murine granulocyte-macrophage
colony-stimulating factor (rmGM-CSF; Peprotech, Rocky Hill, NJ, USA),
and 55 pM B-mercaptoethanol (Gibco) for 7 days (37°C, 5% COz2). On day 3,
fresh medium was added. On day 7, floating cells were harvested and labeled
with biotin anti-CD11c antibody (BioLegend, San Diego, CA, USA) and
subsequently incubated with anti-biotin microbeads (Miltenyi Biotec,
Bergisch Gladbach, Germany). The CD11c¢" cells were isolated using an MS
column (Miltenyi Biotec) according to the manufacturer’s instructions. The
isolated CDI11c¢* BMDCs were stimulated with 10 pg/ml periodontal
pathogen OMVs in RPMI 1640 complete medium (10% heat-inactivated FBS,
100 U/ml penicillin, and 100 pg/ml streptomycin) for 24 hours. The
expression of cell surface markers and cytokines was analyzed via flow

cytometry and ELISA, respectively.

9. Coculture of naive CD4" T cells with BMDCs

Naive CD4" T cells were isolated from the spleen of eight-week-old
C57BL/6N mice using a naive CD4" T cell isolation kit (STEMCELL
Technologies, Vancouver, BC, Canada). CD11¢" BMDCs were stimulated

with 10 pg/ml OMVs of periodontal pathogens in RPMI 164(2 complete
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medium for 5 hours and then washed with sterile PBS. OMV-primed BMDCs
were cocultured with naive CD4" T cells (DCs:T cells = 1:5) in the presence
of 55 uM B-mercaptoethanol and 0.3 ng/ml anti-CD3¢ antibody (clone 145-
2C11; Bio X Cell, West Lebanon, NH, USA) in RPMI 1640 complete medium
for 4 days (37°C, 5% COz). For neutralization of cytokines, 10 pg/ml anti-
mouse-IL-6 antibody (clone MP5-20F3; Bio X Cell) and anti-mouse-IL-
12p40 antibody (clone C17.8; Bio X Cell) were used.

10. Enzyme-linked immunosorbent assay (ELISA)

The expression levels of human TNF-a, IL-1p, IL-6, and IL-8 in the culture
supernatant of THP-1 macrophages treated with EVs derived from THP-1
macrophages infected with 7. forsythia were measured using an ELISA kit
(R&D systems) according to the manufacturer’s instructions. The expression
levels of murine IL-1PB, IL-4, IL-6, IL-23, and IL-12p70 in the culture
supernatants of BMDCs stimulated with OMVs of periodontal pathogens
were measured using an ELISA kit (BioLegend and R&D Systems). The
optical density of each well was measured with an Epoch2 microplate reader
(BioTek Instruments Inc., Winooski, VT, USA) at wavelengths of 450 nm and
540 nm.

11. Degradation of pro-inflammatory cytokines by periodontal

pathogen OMVs

In 96-well cell culture plates, 1 ng/ml of recombinant murine IL-18 (R&D
Systems), IL-6 (Peprotech), IL-23 (R&D Systems), and IL-12p70 (Peprotech)
were incubated with OMVs (1 and 10 pg/ml) in 200 pl/well RPMI 1640
complete medium for 24 hours at 37°C in humidified aerobic conditions (5%
CO»). BMDCs were stimulated with 100 ng/ml Pam3CSK4 for 24 hours at
37°C. Culture supernatants of Pam3CSK4-treated BMDCs were incubated
with T denticola OMVs in the presence or absence of 2 mM

phenylmethylsulfonyl fluoride (PMSF, Thermo Fisher Scientific), a serine
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protease inhibitor, for 1 hour. Additionally, 7 denticola OMVs were heated
at 95°C for 10 minutes and incubated with culture supernatants of
Pam3CSK4-treated BMDC:s for 1 hour. The levels of the remaining cytokines

in the medium or culture supernatants were measured by ELISA.

12. Quantitative real-time polymerase chain reaction (qRT-

PCR)

RNA of CD11¢" BMDCs was isolated using an easy-BLUE™ total RNA
extraction kit (iNtRON Biotechnology) according to the manufacturer’s
instructions. The concentration of total RNA was quantified using a
NanoDrop spectrophotometer (Thermo Fisher Scientific). To eliminate
genomic DNA contamination, DNase I (Amplification Grade; Thermo Fisher
Scientific) was treated to the total RNA samples according to the
manufacturer’s instructions. Complementary DNA (cDNA) was synthesized
in a 30 pl reaction volume using 1 pg of DNase-treated RNA, oligo dT primer
(Cosmo Genetech, Seoul, South Korea), and an M-MLYV reverse transcriptase
kit (Promega, Madison, WI, USA) according to the manufacturer’s
instructions. For qRT-PCR, cDNA (2 pl) was mixed with primer pairs (200
nM each) and 10 ul of Power SYBR® Green Master mix (Applied Biosystem:s,
Waltham, MA, USA) in a 20 pl reaction volume. After an initial denaturation
at 95°C for 5 minutes, cDNA was amplified for 40 cycles of denaturation
(95°C, 15 second) and annealing (60°C, 1 minute) using a StepOne™ Plus
real-time PCR system (Applied Biosystems). Gene expression levels as
determined by RT-PCR were normalized against glyceraldehyde-3-
phosphate dehydrogenase (GAPDH) levels and calculated according to the
2744CT method. The primers used in this experiment were as follows: Gapdh,
forward 5'-AAT GGT GAA GGT CGG TGT GAA-3' and reverse 5'-CAA
TCT CCA CTT TGC CAC TGC-3'; 1l12a, forward 5'-GAA GAC ATC ACA
CGG GAC CAA-3" and reverse 5'-CCA GGC AAC TCT CGT TCT TGT-3';

1123a, forward 5'-CCA GCG GGA CAT ATG AAT CTA C-3' and reverse 5'-
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TGT CCT TGA GTC CTT GTG GG-3'. I11b and 1/6 were used as previously
described [88].

13. Flow cytometry

The Fc receptors on CD11¢” BMDCs were blocked with TruStain FcX™
PLUS (anti-mouse CD16/32; BioLegend). The surface molecules of BMDCs
were stained with FITC anti-mouse I-A/I-E antibody (MHC class II; clone
MS5/114.15.2; BioLegend), BB700 anti-mouse CD40 antibody (clone 3/23;
BD Biosciences), APC anti-mouse CDS80 antibody (clone 16-10A1;
BioLegend), and PE anti-mouse CD86 antibody (clone GL-1; BioLegend).

For intracellular staining of CD4" T cells, the cells were incubated with 50
ng/ml PMA, 1 uM ionomycin (Sigma-Aldrich), and GolgiPlug™ (BD
Biosciences) for 5 hours. The cells were stained with Ghost Dye™ Violet 510
(Tonbo Bioscience, San Diego, CA, USA) and fixed with Cyto-Fast™
Fix/Perm buffer (BioLegend) followed by washing with Cyto-Fast™
Perm/Wash buffer (BioLegend). The intracellular cytokines were stained with
PE anti-mouse IFN-y antibody (clone XMG1.2; BioLegend), Brilliant Violet
421™ anti-mouse IL-4 antibody (clone 11BI11; BioLegend), and Alexa
Fluor® 647 anti-mouse IL-17A antibody (clone TC11-18H10; BD
Biosciences). Surface CD4 was stained with BB700 anti-mouse CD4
antibody (clone RM4-5; BD Biosciences). The fluorescence intensity of the
cells was measured with a FACS LSRFortessa X-20. The FCS data files were

analyzed using FlowJo software.

14. Statistics

The mean value + standard deviation (SD) was determined for each group.
Student’s #-test was used to determine the significance of differences between
two groups. One-way analysis of variance (ANOVA) with Dunnett’s or
Tukey’s post-hoc test was used to determine the significance of differences

between more than two groups. Two-way ANOVA with Sidak’s post-hoc test
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was used to examine the difference between two categorical independent
variables. A p-value less than 0.05 was considered statistically significant. All
statistical analyses were performed using GraphPad Prism software

(GraphPad Software Inc., San Diego, CA, USA).
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I11. Results

1. Identification of proteome profile and immune responses of
EVs derived from macrophages infected with 7. forsythia

1.1 Two distinct types of EVs were identified from
macrophages infected with 7. forsythia.

EVs were isolated from the CM of T. forsythia-infected macrophages by size
exclusion chromatography combined with DGUC. As a control, EVs from the
CM of non-infected macrophages were isolated and analyzed simultaneously
(Figure 1). The density gradient fractions were divided into 10 fractions (NI-
F1 to NI-F10 for non-infected cells, and TF-F1 to TF-F10 for T. forsythia-

infected cells).
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Figure 1. Schematic diagram of the isolation procedure of EVs derived

from non-infected and 7. forsythia-infected THP-1 macrophages. THP-1

macrophages were infected with MOI 50 of live T. forsythia for 48 hours. As

a control, non-infected macrophages were simultaneously cultured for 48

hours simultaneously. CM of non-infected and 7. forsythia-infected THP-1

macrophages were harvested. Dead cells and large debris in the CM were

eliminated by differential centrifugation. The clarified CM was concentrated

by 100 kDa MWCO ultrafiltration. The crude EVs were isolated from the

concentrated CM by size exclusion chromatography and subjected to DGUC.

Ten fractions were collected from top to bottom of a density gradient sample.
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Regarding EVs from non-infected macrophages, the nanoparticles were
enriched in NI-F2 and NI-F3, while few nanoparticles were observed in NI-
F4 to NI-F10 (Figure 2a). The protein profiles of NI-F2 and NI-F3 were
completely different from those of NI-F4 to NI-F10 (Figure 2b). TEM images
showed that EVs were detected in NI-F2 (Figure 2c), whereas there were only
small non-vesicular aggregates in NI-F5 and NI-F7. The markers of
mammalian EVs, such as CD9 and CD63, were enriched in NI-F2 and NI-F3
(Figure 2d). However, host proteins, such as fibronectin and histone H3 that
are known as non-vesicular aggregates proteins [89], were enriched in NI-F5
to NI-F8. B-Actin was detected in all the fractions except NI-F1. These results
indicate that pure EVs were successfully separated from non-vesicular protein
aggregates by DGUC.

Unlike EVs from non-infected macrophages, crude EVs derived from T
forsythia-infected macrophages were divided into three by DGUC (Figure 2a
and 2b). TEM images showed that EVs were detected in not only TF-F2 but
also in TF-F5, while non-vesicular aggregates, which are similar in size to
EVs, were observed in TF-F7 (Figure 2c¢). The expression patterns of
mammalian EV markers (CD9 and CD63) and non-vesicular proteins
(fibronectin and histone H3) were similar to those of non-infected crude EVs
(Figure 2d). Furthermore, 7. forsythia proteins were highly enriched in TF-F4
to TF-F6 (Figure 2d).
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Figure 2. Characterization of EVs derived from THP-1 macrophages

infected with 7. forsythia. (a) Nanoparticle concentration of each density

gradient fraction was analyzed by NTA. (b) Each density gradient fraction

was subjected to SDS-PAGE and stained with SYPRO Ruby protein gel

staining solution. The fluorescence of protein bands was imaged by

ChemiDOC. (c) The indicated fractions were negatively stained and imaged

by TEM. Scale bar: 50 nm. (d) Density gradient fractions were analyzed by

immunoblotting using indicated antibodies. The experiments were performed

at least three times independently. The data are presented as the mean = SD

of triplicate assays and were analyzed by two-way ANOVA. NI, non-infection;

TF, T. forsythia-infection. * p < 0.05.
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Next, to analyze whether mammalian EV markers and 7. forsythia proteins
are real vesicular proteins, crude EVs derived from 7. forsythia-infected
macrophages were treated with trypsin and subjected to DGUC (Figure 3). In
F8-F10, the distinct bands around 16 and 20 kDa were soybean trypsin
inhibitor, and 25-30 kDa bands were trypsin (Figure 4b). Trypsinization
barely affected the particle concentration, protein profile, and morphology of
EVs in TF-F2 and TF-F5 when analyzed by NTA, SDS-PAGE, and TEM
(Figure 4a to 4c). Mammalian EV markers (Alix and CD63) in TF-F2 were
not affected by trypsin treatment (Figure 4d). However, the particle
concentration and protein profile in TF-F7 were remarkably reduced by
trypsin treatment (Figure 4a and 4b). Interestingly, human proteins
(fibronectin, histone H3, and B-actin) in TF-F5 and TF-F7 were eliminated,
but 7. forsythia proteins in F5 were negligibly eliminated by trypsin treatment
(Figure 4d), suggesting that these human proteins were located to the outside
of bacterial EVs. These results demonstrate that macrophage- and T.

forsythia-derived EVs coexist at different densities in 7. forsythia infections.
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Figure 3. Schematic diagram of EV trypsinization. The crude EVs were

isolated by size exclusion chromatography from CM of THP-1 macrophages

infected with MOI 50 of live T. forsythia. Trypsin was applied to the crude

EVs for 30 minutes at 37°C, and soybean trypsin inhibitor was added to

terminate trypsinization. Trypsinized crude EVs were subjected to DGUC.

Ten fractions were collected from top to bottom of a density gradient sample.
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Figure 4. Elimination of non-vesicular proteins by trypsinization. (a) The
nanoparticle concentration of each density gradient fraction of EVs after
trypsinization was analyzed by NTA. (b) Each density gradient fraction was
subjected to SDS-PAGE and was stained with SYPRO Ruby protein gel
staining solution. The fluorescence of protein bands was imaged by
ChemiDOC. (c) The indicated fractions were negatively stained and were
imaged by TEM. Scale bar: 100 nm. (d) Indicated density gradient fractions
were analyzed by immunoblotting using indicated antibodies. The
experiments were performed at least three times independently. The data are
presented as the mean = SD of triplicate assays and were analyzed by two-

way ANOVA. TF, T. forsythia-infection. * p < 0.05.

. PR



1.2 Macrophage-derived EVs of non-infected and T
forsythia-infected macrophages were analyzed by in-depth

quantitative proteomics.

The proteomes of the two distinct EVs were analyzed by in-depth
quantitative proteomics (Figure 5). The EVs of TF-F2 and TF-F5 from T.
forsythia-infected macrophages were used for proteomic analysis, while those
of NI-F2 from non-infected macrophages were used as controls.

Overall, 1,596 proteins were identified. There were 1,247 human proteins
and 349 T forsythia proteins. Principal component analysis (PCA) showed
that the proteome compositions were completely different from each other

(Figure 6).
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Figure 5. Schematic diagram of the procedure for proteomic analysis of

EVs. Nanoparticle concentration of six independently performed DGUC

samples were analyzed by NTA. NI-F2, TF-F2, and TF-F5 were pelleted by

TCA precipitation methods and analyzed by LC-MS/MS. Human proteins in

NI-F2 and TF-F2 were compared. 7. forsythia proteins in TF-F5 were

predicted for their subcellular localization, functions, and virulence factors.

NI, non-infection; TF, T forsythia-infection.
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experiments. NI, non-infection; TF, 7. forsythia-infection.
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The differentially expressed proteins of NI-F2 and TF-F2 were represented
by a volcano plot (Figure 7a and Table 1). Among them, higher expression of
proteins in TF-F2 than in NI-F2 was detected for pro-inflammatory cytokines
(TNF, CXCLS8, and IL-1B), copine-1 (CPNEI), osteopontin (SPP1),
phospholipid scramblase 1 (PLSCR1), P2X purinoceptor 4 (P2RX4), matrix
metalloproteinase-9 (MMP9), serine and valine tRNA ligases (SARS and
VARS), syntaxin-binding protein 2 (STXBP2), voltage-gated hydrogen
channel 1 (HVCN1), CD82, raftlin (RFTN1), plastin-2 (LCP1), and plasma
membrane calcium-transporting ATPase 1 (ATP2B1), which are related with
pathogenesis of periodontitis and other inflammatory diseases (Table 1). In
contrast, complements (C3 and C4B), 14-3-3 proteins (SFN, YWHAQ,
YWHAG, YWHAE, and YWHAB), and integrins ITGAM, ITGAX, ITGA®6,
ITGAS, ITGAL, and ITGBI1) were highly expressed in NI-F2 compared to
TF-F2 (Table 1). Gene ontology (GO) was also analyzed (Figure 7b). GO
Biological Process (GOBP) showed that proteins related to neutrophil
activation (GO:0042119), granulocyte activation (GO:0036230), regulated
exocytosis (GO:0045055), and leukocyte mediated immunity (GO:0002443)
related proteins were enriched in TF-F2, whereas proteins associated with
integrin-mediated signaling pathway (GO:0007229) and regulation of protein
localization to membrane (GO:1905475) associated proteins were enriched in
NI-F2 (Figure 7b). GO Cellular Component (GOCC) showed that
chaperonin-containing T-complex (GO:0005832) was highly enriched in TF-
F2, whereas integrin complex (GO:0008305) and protein complex involved
in cell adhesion (GO:0098636) were enriched in NI-F2 (Figure 7b). GO
Molecular Function (GOMF) showed that cadherin binding (GO:0045296)
and cell adhesion molecule binding (GO:0050839) were enriched in TF-F2,
whereas Rho GDP-dissociation inhibitor activity (GO:0005094) and protein
kinase C inhibitor activity (GO:0008426) were highly enriched in NI-F2
(Figure 7b). The protein—protein interaction network of differentially
expressed human proteins in NI-F2 and TF-F2 were plotted using the
1| ]
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STRING database (Figure 8). The proteins were clustered into immune
system process, regulation of localization, RNA binding, integral component
of membrane, acetylation, actin binding, and multivesicular body assembly.
The results indicate that in 7. forsythia-infection, macrophage-derived EVs
carried various proteins that were associated with pro-inflammatory

responses and immune cell activation.
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Figure 7. Analysis of differentially expressed human proteins in NI-F2 vs.

TF-F2. (a) Volcano plot depicts differentially expressed proteins between NI-

F2 and TF-F2. FDR is less than 0.05. (b) GO was analyzed for Biological

Process, Cellular Component, and Molecular Function by ShinyGO V0.76.

The dot plot showing the top 10 GO terms ranked by fold enrichment. In-

depth quantitative proteomic analysis was performed using EV samples from

six independent experiments. NI, non-infection; TF, 7. forsythia-infection;

FDR, false discovery rate.
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Table 1. List of differentially expressed human proteins in TF-F2 vs NI-

F2.
Umpr'ot Protein name Gene name ~Logu(p- Difference®
Accession value)

I. Differentially expressed human proteins in TF-F2

P01375
P10145
PO1584

QINUQ9Y
P01889

Q8NA29
P29966
Q99829

QYBSA4

QYNP72
Q16772
QYH3Z4
QYY3LS5
P23526
P17987
P10451
015162

QYUHL4
P11766
P12931

QYNPH3
Q99571

QYY5K6
075558
P40227
P30679
QSIVF7
P14780
P49591

QYUBVS
P50897
P60174

QIY6W3
P09972
P45880
Q15833
P18077
095197
Q02543
P14384
P26640

QYUBQO
P49327

QYUIQ6
QINZMI
P13010
Q96D96
P20073
Q969P0
000571
000754
BOIIT2
095477
P11586
P26196
P08133
060884
P54709

QYUN37

P27701

Tumor necrosis factor
Interleukin-8
Interleukin-1 beta
Protein FAM49B

HLA class I histocompatibility antigen, B-7 alpha chain
Sodium-dependent lysophosphatidylcholine symporter 1

Mpyristoylated alanine-rich C-kinase substrate
Copine-1

Protein tweety homolog 2

Ras-related protein Rab-18

Glutathione S-transferase A3

DnaJ homolog subfamily C member 5
Ras-related protein Rap-2¢
Adenosylhomocysteinase

T-complex protein 1 subunit alpha
Osteopontin

Phospholipid scramblase 1

Dipeptidyl peptidase 2

Alcohol dehydrogenase class-3
Proto-oncogene tyrosine-protein kinase Src
Interleukin-1 receptor accessory protein

P2X purinoceptor 4

CD2-associated protein

Syntaxin-11

T-complex protein 1 subunit zeta

Guanine nucleotide-binding protein subunit alpha-15
Formin-like protein 3

Matrix metalloproteinase-9

Serine--tRNA ligase, cytoplasmic

Peflin

Palmitoyl-protein thioesterase 1
Triosephosphate isomerase

Calpain-7

Fructose-bisphosphate aldolase C
Voltage-dependent anion-selective channel protein 2
Syntaxin-binding protein 2

60S ribosomal protein L35a

Reticulon-3

60S ribosomal protein L18a
Carboxypeptidase M

Valine--tRNA ligase

Vacuolar protein sorting-associated protein 29
Fatty acid synthase

Leucyl-cystinyl aminopeptidase

Myoferlin

X-ray repair cross-complementing protein 5
Voltage-gated hydrogen channel 1

Annexin A7

Immunoglobulin superfamily member 8
ATP-dependent RNA helicase DDX3X
Lysosomal alpha-mannosidase
Unconventional myosin-Ig

ATP-binding cassette sub-family A member 1
C-1-tetrahydrofolate synthase, cytoplasmic
Probable ATP-dependent RNA helicase DDX6
Annexin A6

Dnal homolog subfamily A member 2
Sodium/potassium-transporting ATPase subunit beta-3
Vacuolar protein sorting-associated protein 4A
CD82 antigen
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TNF
CXCL8
IL1B
FAM49B
HLA-B
MFSD2A
MARCKS
CPNE1
TTYH2
RABI18
GSTA3
DNAIJCS
RAP2C
AHCY
TCP1
SPP1
PLSCR1
DPP7
ADHS
SRC
ILIRAP
P2RX4
CD2AP
STX11
CCToA
GNA15
FMNL3
MMP9
SARS
PEF1
PPT1
TPI1
CAPN7
ALDOC
VDAC2
STXBP2
RPL35A
RTN3
RPL18A
CPM
VARS
VPS29
FASN
LNPEP
MYOF
XRCCS
HVCNI1
ANXA7
IGSF8
DDX3X
MAN2B1
MYOIG
ABCAl
MTHFD1
DDX6
ANXA6
DNAJA2
ATPIB3
VPS4A
CD82

-1.5
-6.8
-5.6
-5.5
-5.3
-5.2
-5.1
-4.9
-4.9
-4.8
-4.8
-4.8
-4.6
-4.5
-4.4
-4.4
-4.2
-4.2
-4.0
-3.9
-3.8
-3.7
-3.5
-3.5
-3.5
-3.4
-3.3
-3.3
-3.2
-3.2
-3.1
-3.1
-3.0
-2.9
-2.9
-2.8
-2.7
-2.7
-2.7
-2.7
-2.7
-2.6
-2.4
-2.4
-2.4
-2.3
-23
-2.2
-2.2
-2.2
-2.2
-2.1
-2.0
-2.0
-1.9
-1.9
-1.8
-1.8
-1.7
-1.7
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Umpr.ot Protein name Gene name ~Logu(p- Difference®
Accession value)
Q14699  Raftlin RFTNI 3.0 -1.5
P13796  Plastin-2 LCP1 22 -1.3
P50990  T-complex protein 1 subunit theta CCT8 24 -1.2
P05106  Integrin beta-3 ITGB3 2.6 -1.2
P07737  Profilin-1 PFN1 3.6 -1.1
P20020  Plasma membrane calcium-transporting ATPase 1 ATP2B1 4.6 -1.0
Q09666  Neuroblast differentiation-associated protein AHNAK AHNAK 2.8 -0.9
PODMV9 Heat shock 70 kDa protein 1B HSPAIB 2.9 -0.9
Q99961  Endophilin-A2 SH3GL1 2.1 -0.8
II. Differentially expressed human proteins in NI-F2
Q8NBI5  Solute carrier family 43 member 3 SLC43A3 3.1 6.1
P52272  Heterogeneous nuclear ribonucleoprotein M HNRNPM 35 5.4
P01859  Ig gamma-2 chain C region IGHG2 2.8 4.8
P01009  Alpha-1-antitrypsin SERPINA1 2.9 4.5
043914  TYRO protein tyrosine kinase-binding protein TYROBP 3.7 43
P15309  Prostatic acid phosphatase ACPP 43 42
P02647  Apolipoprotein A-I APOALI 3.0 42
P01024  Complement C3 C3 33 3.7
P00738  Haptoglobin HP 3.1 3.6
POCOL5  Complement C4-B C4B 5.4 35
Q9POVS8  SLAM family member 8 SLAMEF8 2.0 3.5
P02787  Serotransferrin TF 2.7 34
QOUI08  Ena/VASP-like protein EVL 2.6 34
P15260 Interferon gamma receptor 1 IFNGR1 2.9 33
Q9Y287  Integral membrane protein 2B ITM2B 2.2 3.1
PODOXS5 Ig gamma-1 chain C region IGHG1 2.6 3.1
QY9H223  EH domain-containing protein 4 EHD4 5.6 3.0
P01876  Ig alpha-1 chain C region IGHA1 2.2 3.0
P21580  Tumor necrosis factor alpha-induced protein 3 TNFAIP3 3.8 3.0
060506  Heterogeneous nuclear ribonucleoprotein Q SYNCRIP 24 2.8
P52566  Rho GDP-dissociation inhibitor 2 ARHGDIB 4.8 2.6
P55899  IgG receptor FcRn large subunit pS1 FCGRT 2.3 2.5
P31947  14-3-3 protein sigma SFN 2.4 2.5
P01860  Ig gamma-3 chain C region IGHG3 2.3 2.5
Q01469  Fatty acid-binding protein, epidermal FABPS 3.0 2.5
P81605  Dermcidin;Survival-promoting peptide DCD 2.6 2.5
Q96L08  Sushi domain-containing protein 3 SUSD3 33 24
P40121  Macrophage-capping protein CAPG 2.1 23
043760  Synaptogyrin-2 SYNGR2 2.6 2.3
P00450  Ceruloplasmin CP 2.1 22
000468  Agrin AGRN 2.1 22
P34741  Syndecan-2 SDC2 3.5 2.2
Q8IV08  Phospholipase D3 PLD3 2.6 2.2
014745  Na(+)/H(+) exchange regulatory cofactor NHE-RF1 SLCY9A3R1 5.0 2.2
P27348  14-3-3 protein theta YWHAQ 2.8 2.1
014672 Disin'tegrin and metalloproteinase domain-containing ADAMIO 41 21
protein 10
Q71DI3  Histone H3.2 HIST2H3A 2.6 2.1
P61981  14-3-3 protein gamma YWHAG 2.1 2.0
Q7Z2W4  Zinc finger CCCH-type antiviral protein 1 ZC3HAV1 2.8 1.9
Q9P2B2  Prostaglandin F2 receptor negative regulator PTGFRN 2.6 1.9
Q96BY6 Dedicator of cytokinesis protein 10 DOCKI10 39 1.8
043399  Tumor protein D54 TPD52L2 2.1 1.8
P16150  Leukosialin SPN 3.8 1.8
P02671  Fibrinogen alpha chain FGA 2.1 1.7
Q13571  Lysosomal-associated transmembrane protein 5 LAPTMS 2.1 1.7
P62258  14-3-3 protein epsilon YWHAE 35 1.6
Q96C86 m7GpppX diphosphatase DCPS 2.2 1.6
P11215  Integrin alpha-M ITGAM 2.7 1.6
Q99828  Calcium and integrin-binding protein 1 CIB1 3.1 1.6
P20702  Integrin alpha-X ITGAX 2.9 1.6
P23229  Integrin alpha-6 ITGA6 2.2 1.6
Q86YQ8 Copine-8 CPNE8 4.8 1.6
P05556  Integrin beta-1 ITGBI1 2.8 1.5
P19623  Spermidine synthase SRM 23 1.5
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Umpr.ot Protein name Gene name ~Logu(p- Difference®
Accession value)
P31946  14-3-3 protein beta/alpha YWHAB 2.3 1.5
P06753  Tropomyosin alpha-3 chain TPM3 39 14
P50281  Matrix metalloproteinase-14 MMP14 23 1.4
Q96TA1  Niban-like protein 1 FAM129B 5.0 1.3
000232 268 proteasome non-ATPase regulatory subunit 12 PSMDI12 2.5 1.3
075044  SLIT-ROBO Rho GTPase-activating protein 2 SRGAP2 3.0 1.3
Q7L576  Cytoplasmic FMR1-interacting protein 1 CYFIP1 32 1.3
P08648  Integrin alpha-5 ITGAS 2.6 1.1
095819  Mitogen-activated protein kinase kinase kinase kinase 4 MAP4K4 2.8 1.1
P53990  IST1 homolog IST1 2.3 1.1
Q5TZA2 Rootletin CROCC 3.5 1.1
043633  Charged multivesicular body protein 2a CHMP2A 22 1.1
P42356  Phosphatidylinositol 4-kinase alpha PI4KA 2.6 1.1
P00338  L-lactate dehydrogenase A chain LDHA 2.7 1.0
P62834  Ras-related protein Rap-1A RAPIA 23 1.0
P20701  Integrin alpha-L ITGAL 2.5 1.0
P52565  Rho GDP-dissociation inhibitor 1 ARHGDIA 2.1 0.9
P22732 Solute carrier family 2, facilitated glucose transporter SLC2AS 23 08
member 5 ' ’
P62993  Growth factor receptor-bound protein 2 GRB2 2.3 0.8
P08582  Melanotransferrin MFI2 2.4 0.7
Q9ULI3  Protein HEG homolog 1 HEGI1 2.6 0.6
a Difference: Log(Fold-change NI-F2 vs. TF-F2)
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Figure 8. Analysis of differentially expressed human proteins in NI-F2 vs.
TF-F2. Differentially expressed human proteins in NI-F2 and TF-F2 were
combined, and their interactions were analyzed by Cytoscape based on the
STRING database. The size of node represents the significance [—Logio(p-
value)]. Green nodes represent upregulated proteins in TF-F2, and blue nodes
represent upregulated proteins in NI-F2. The thickness of the gray line
represents confidence scores of protein—protein interactions derived from the

STRING database. NI, non-infection; TF, 7. forsythia-infection.

. 2 2] $-1) &)

ITU



1.3 T. forsythia proteins in T. forsythia-derived EVs were

analyzed by in-depth quantitative proteomics.

Proteomic analysis identified 349 T. forsythia proteins in TF-F5; 170 have
been identified in previous reports on 7. forsythia OMVs [90, 91], and 179
were identified in this study (Table 2). According to Yoo et al., 12 proteins
were upregulated by in vivo-induced antigen technology (IVIAT) using serum
from patients with periodontitis [92]. Among these proteins, seven were in
TF-F5, including TonB-dependent receptor plug domain-containing protein
(WP_046825933.1), RagB/SusD family nutrient uptake outer membrane
protein (WP_046825921.1), two S9 family peptidases (WP_046825437.1 and
WP _046824629.1), leucine-rich-repeat family virulence factor BspA
(WP_052449061.1), OmpA family protein (WP _046824554.1), and beta-
glucosidase BglX (WP _080948511.1). Subcellular localization of 7. forsythia
proteins was analyzed by CELLO database: outer membrane proteins account
for the majority (138 proteins, 39.5%), followed by cytoplasmic (88 proteins,
25.2%), periplasmic (86 proteins, 24.6%), extracellular (32 proteins, 9.2%),
and inner membrane (5 proteins, 1.4%) proteins (Table 2). This composition
was similar to a previously reported proteome of 7. forsythia OMVs [90].
Overall, 95 bacterial lipoproteins (27.2%) were predicted by the ExPASy-
PROSITE protein domain database (Table 2). All 7. forsythia proteins were
categorized into their functions according to the domains described in the
GenBank database. TonB-dependent receptors and its associated proteins
occupied the largest portion of them (96 proteins, 27.5%). Twenty-one
proteins (6.0%) were components of type IX secretion system (T9SS) and its
substrates. Thirty-two proteins (9.2%) were peptidases, and twelve proteins
(3.4%) were glycosyl hydrolases. Ten proteins (2.9%) were proteins with
tetratricopeptide repeat domains. Four proteins (1.1%) were TolC family
proteins. Three proteins (0.9%) were chaperonin, and two proteins (0.6%)

were peroxidases. Twenty-two proteins (6.3%) had domains of unknown
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function. Fifty-one proteins (14.6%) did not have any reported domains.
Detailed information of TF-F5 T. forsythia proteins is listed on Table 2.
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Table 2. List of 7. forsythia proteins identified in TF-F5.

Amino M.W. Previously Predicted .
Accession Definition acid  (kDa) iBAQ reported proteins  Subsellular  Lipoprotein
of Tf OMVs Location®
|. TonB-dependent receptors and its associated proteins (96/349)
i. TonB-dependent receptors (55/349)
WP_046824810.1 TonB-dependent receptor 670 76.2 94140000 Outer Membrane
WP_046825933.1 | OnB-dependent receptor plug domain- 709 813 71073167 Outer Membrane
- containing protein
WP_046824469.1 TonB-dependent receptor 770 87.2 54803500 a,b Outer Membrane
WP_087879765.1 TonB-dependent receptor 780 88.3 40526550 Outer Membrane
WP_161794935.1 TonB-dependent receptor 767 874 35777250 Outer Membrane
WP_046825715.1 TonB-dependent receptor 748 84.9 32609000 Outer Membrane
WP_070098097.1 TonB-dependent receptor 852 95.2 27993667 Outer Membrane
WP_046825711.1 TonB-dependent receptor 744 835 14834817 Outer Membrane
WP_046826211.1 TonB-dependent receptor 928 104.2 13375917 a Outer Membrane
WP_046826221.1 TonB-dependent receptor 786 89.2 9320383 Outer Membrane
WP_052449006.1 DUF5686 and carboxypeptidase regulatory-  gq7 1093 9148317 Outer Membrane
- like domain-containing protein
WP_046824884.1 TonB-dependent receptor 952 106.7 8590233 Outer Membrane
WP_046824887.1 TonB-dependent receptor 780 875 8294233 Outer Membrane
WP_052449124.1 TonB-dependent receptor 983 1102 7792183 Outer Membrane
WP_014226387.1 TonB-dependent receptor 818 92.2 6380600 a Outer Membrane
carboxypeptidase regulatory-like domain-
WP_046824590.1 containing protein 1085 121.0 6245667 ab Outer Membrane
WP_004585028.1 MULTISPECIES: carboxypeptidase 891 1004 5730183 Outer Membrane
- regulatory-like domain-containing protein
WP_052449117.1 TonB-dependent receptor 1154  129.0 5536433 ab Outer Membrane
WP_046824978.1 TonB-dependent receptor 1179 1327 4487350 a Outer Membrane
WP_052449113.1 TonB-dependent receptor 1148 1283 4306783 Outer Membrane
SusC/RagA family TonB-linked outer
WP_161794958.1 membrane protein 1121 125.2 4070500 Outer Membrane
WP_052449077.1 TonB-dependent receptor 1134 1283 2995100 Outer Membrane
WP_052449042.1 SUSC/RagA family TonB-linked outer 1072 1194 2654435 Outer Membrane
- membrane protein
WP_080948581.1 TonB-dependent receptor 1154 1288 2237838 Outer Membrane
WP_046825765.1 TonB-dependent receptor 1156 130.3 2234495 a Outer Membrane
WP_080948590.1 TonB-dependent receptor 1131 1254 1920207 Outer Membrane
WP_046825251.1 TonB-dependent receptor 1100 1224 1670988 Outer Membrane
WP_080948655.1 TonB-dependent receptor 1127 1246 1556477 Outer Membrane
WP_046825525.1 SUSC/RagA family TonB-linked outer 1032 1136 1479112 ab Outer Membrane
- membrane protein
WP_046825920.1 TonB-dependent receptor 1091 1213 1451193 ab Outer Membrane
WP_046824947.1 TonB-dependent receptor 1194 133.0 1236392 ab Outer Membrane
WP_046825750.1 SUSC/RagA family TonB-linked outer 1055 1162 1091712 ab Outer Membrane
- membrane protein
SusC/RagA family TonB-linked outer
WP_052448943.1 membrane protein 984 1114 1028220 Outer Membrane
WP_046825522.1 SUSC/RagA family TonB-linked outer 1064 1173 961290 ab Outer Membrane
- membrane protein
WP_041590774.1 TonB-dependent receptor 1096 123.0 934603 a Outer Membrane
WP_140230659.1 TonB-dependent receptor 1021 1131 726948 Outer Membrane
WP_080948647.1 TonB-dependent receptor 1049 1178 681305 Outer Membrane
WP_052449079.1 TonB-dependent receptor 1062 1184 569730 a,b Outer Membrane
WP_046826204.1 TonB-dependent receptor 1014 1122 396201 ab Outer Membrane
WP_052449046.1 TonB-dependent receptor 1013 114.0 284142 Outer Membrane
WP_046824487.1 TonB-dependent receptor 1009 1123 283865 Outer Membrane

SusC/RagA family TonB-linked outer

WP_201774571.1 membrane protein 1022 1118 209296 Outer Membrane
SusC/RagA family TonB-linked outer
WP_046825289.1 membrane protein 1006 110.8 185714 a,b Outer Membrane
WP_046825240.1 TonB-dependent receptor 1139 1261 156004 Outer Membrane
WP_046825949.1 TonB-dependent receptor 1036 115.3 115218 Outer Membrane
WP_080948648.1 TonB-dependent receptor 1038 1174 64500 a Outer Membrane
WP_052448976.1 TonB-dependent receptor 1067 1175 44569 a,b Outer Membrane
WP_046825332.1 TonB-dependent receptor 1002 1115 30100 a Outer Membrane
WP_052449101.1 TonB-dependent receptor 1062 1195 24943 Outer Membrane
WP_052449125.1 TonB-dependent receptor 1041 115.0 22715 a Outer Membrane
WP_052449008.1 TonB-dependent receptor 1144 1283 19954 Outer Membrane
WP_052449020.1 TonB-dependent receptor 1103 1217 19052 Outer Membrane
SusC/RagA family TonB-linked outer
WP_046824757.1 membrane protein 1111 1247 14148 Outer Membrane
WP_046825693.1 TonB-dependent receptor 1005 111.8 12991 Outer Membrane
WP_052449072.1 TonB-dependent receptor 1045 1178 2405 Outer Membrane
ii. SusD/RagB homologous proteins (36/349)
RagB/SusD family nutrient uptake outer
WP_046826242.1 membrane protein 522  59.4 186027333 a, b Outer Membrane (0]
SusD/RagB family nutrient-binding outer . .
WP_046825760.1 membrane lipoprotein 517 58.0 123207333 a,b Periplasmic o}
RagB/SusD family nutrient uptake outer . .
WP_046824472.1 membrane protein 562 64.4 59171167 a,b Periplasmic o
RagB/SusD family nutrient uptake outer .
WP_080948543.1 membrane protein 495 56.7 54833617 Cytoplasmic (o]
SusD/RagB family nutrient-binding outer
WP_014223517.1 membrane lipoprotein 600 67.3 54486167 ab Extracellular
WP_046825524.1 SUSD/RagB family nutrient-binding outer 626 711 48233833 Periplasmic o

membrane lipoprotein
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Amino  M.W. Previously Predicted
Accession Definition acid (ki)a; iBAQ reported proteins  Subsellular  Lipoprotein®
of Tf OMVs Location®
RagB/SusD family nutrient uptake outer . .
WP_046825921.1 membrane protein 586 65.2 35447500 a,b Periplasmic o
WP_046824539.1 :agB/SusD family nutrient uptake outer 306 452 31821167 ab Cytoplasmic o
membrane protein
RagB/SusD family nutrient uptake outer . .
WP_046824486.1 membrane protein 544 61.5 23265450 a,b Periplasmic o
WP_041590723.1 :agB/SusD family nutrient uptake outer 508 582 21876000 a Cytoplasmic
membrane protein
RagB/SusD family nutrient uptake outer .
WP_052299298.1 membrane protein 486 55.4 21096333 Cytoplasmic o
WP_046825004,1 29B/SusD family nutrient uptake outer 574 652 20940067 ab Outer Membrane O
- membrane protein
RagB/SusD family nutrient uptake outer
WP_014225566.1 membrane protein 527 58.5 18339733 a,b Outer Membrane (o]
WP_014224710.1  SUSD/RagB family nutrient-binding outer 550 615 10070000 ab Periplasmic o
membrane lipoprotein
RagB/SusD family nutrient uptake outer . .
WP_046825454.1 membrane protein 483 54.1 7308650 a,b Periplasmic o
WP_052449116.1 :20B/SusD family nutrient uptake outer 511 581 6149600 Periplasmic o
membrane protein
RagB/SusD family nutrient uptake outer . .
WP_014224393.1 membrane protein 629 71.2 5875962 Periplasmic o
RagB/SusD family nutrient uptake outer
WP_014225706.1 membrane protein 669 75.7 4128398 a Outer Membrane o
RagB/SusD family nutrient uptake outer . .
WP_014225583.1 membrane protein 568 65.1 3349985 a Periplasmic (o]
RagB/SusD family nutrient uptake outer . .
WP_046825367.1 membrane protein 548 62.2 3324750 a Periplasmic o
RagB/SusD family nutrient uptake outer . .
WP_046824979.1 membrane protein 631 73.0 3166467 a Periplasmic (o]
RagB/SusD family nutrient uptake outer
WP_014223948.1 membrane protein 537 60.4 2572162 ab Outer Membrane o
RagB/SusD family nutrient uptake outer .
WP_014226385.1 membrane protein 546 63.4 1883928 ab Cytoplasmic [e]
RagB/SusD family nutrient uptake outer
WP_041590902.1 membrane protein 581 67.1 1768398 b Outer Membrane o
RagB/SusD family nutrient uptake outer
WP_046825333.1 membrane protein 519 58.4 1731037 a Extracellular (0]
RagB/SusD family nutrient uptake outer .
WP_046825867.1 membrane protein 503 57.6 1542047 a Cytoplasmic o
SusD/RagB family nutrient-binding outer
WP_161794928.1 membrane lipoprotein 523 59.3 1528415 Outer Membrane
SusD/RagB family nutrient-binding outer . .
WP_161794959.1 membrane lipoprotein 510 58.6 1128786 Periplasmic (o]
RagB/SusD family nutrient uptake outer . .
WP_014226096.1 membrane protein 627 713 876353 a Periplasmic
RagB/SusD family nutrient uptake outer .
WP_046824781.1 membrane protein 449 51.0 647263 Cytoplasmic o
RagB/SusD family nutrient uptake outer . .
WP_201774589.1 membrane protein 496 55.0 519212 Periplasmic
RagB/SusD family nutrient uptake outer
WP_014224757.1 membrane protein 521 58.7 483617 a Outer Membrane
RagB/SusD family nutrient uptake outer
WP_046825741.1 membrane protein 513 58.5 317818 Extracellular o
WP_046825068.1 <agB/SusD family nutrient uptake outer 500 677 316638 Cytoplasmic
membrane protein
RagB/SusD family nutrient uptake outer
WP_046825184.1 membrane protein 496 56.3 130706 Outer Membrane
WP_046825687.1 R2gB/SusD family nutrient uptake outer 672 760 7809 ab Outer Membrane O
~ membrane protein
iii. SusF/SusE homologous proteins (2/349)
WP_080948653.1 SusF/SusE family outer membrane protein 461 49.8 7272283 Periplasmic (0]
WP_161794973.1 SusF/SusE family outer membrane protein 379 41.8 6725433 Extracellular [¢]
iv. TonB and ExbB/ExbD (3/349)
WP_014224380.1 ;"rg:’:ig"'@ ExbB proton channel family 247 262 2854920 a Inner Membrane
WP_014224377.1 energy transducer TonB 232 255 1014317 a Cytoplasmic
WP_046826075.1 biopolymer transporter ExbD 197 22.4 125343 Periplasmic
11. T9SS and its substrates (21/349)
WP_087879716.1 PorT family protein 200 219 31880167 Periplasmic
WP_161794962.1 PorT family protein 225 239 10765883 Outer Membrane
WP_052449061.1 E:;/Te'”m’repea‘ family virulence factor 1080 1937 goguses Extracellular
type IX secretion system outer membrane
WP_041590792.1 channel protein PorV 392 435 3015000 a,b Outer Membrane
WP_046825062.1 leucine-rich repeat protein 1156  123.1 2980878 a,b Periplasmic
WP_161794970.1 ;ist;r:ype A sorting domain-containing 303 343 2665795 Periplasmic
WP_046825257.1 hypothetical protein 1252 131.0 2418532 ab Extracellular
WP_080948566.1 ;i“:‘;r:ype A sorting domain-containing 556 601 1851483 Extracellular
WP_046825727.1 membrane protein 412 468 1237307 a, b Outer Membrane
WP_046825848.1 ;i?;;ype A sorting domain-containing 366 417 745872 ab Periplasmic
WP_041590664.1 type IX secretion system protein PorQ 337 371 640450 a, b Outer Membrane
WP_046824827.1 type IX secretion system sortase PorU 1143 1275 541728 a, b Outer Membrane (0]
WP_087879720.1 PorT family protein 220 25.0 411849 Outer Membrane |
i -
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Amino M.W.

Previously

Predicted

Accession Definition . iBAQ reported proteins  Subsellular  Lipoprotein®
acid  (kDa) of Tf OMVs Location®
WP_046824969.1 PorT family protein 258 29.0 389717 Cytoplasmic
WP_080948534.1 ;rg()stesi;ype A sorting domain-containing 948 1051 279466 Outer Membrane
WP_080948639.1 PorT family protein 241 27.0 255083 Outer Membrane
WP_211346868.1 hypothetical protein 485 54.1 238797 Outer Membrane
WP_080948584.1 Ig-like domain-containing protein 1102 119.6 148972 Extracellular
WP_046826144.1 gz)stesir:ype A sorting domain-containing 439 511 56241 a Outer Membrane
WP_046825620.1 InIB B-repeat-containing protein, partial 764 44.4 51042 a Outer Membrane
WP_052449111.1 hypothetical protein 769 84.6 41195 a, b Extracellular
111. Peptidases (32/349)
WP_046824802.1 S41 family peptidase 1080 121.7 15396883 a,b Periplasmic
WP_046825904.1 S46 family peptidase 716 81.3 9029117 ab Cytoplasmic
WP_041590581.1 Do family serine endopeptidase 502 54.1 8160883 a,b Outer Membrane
WP_046824956.1 insulinase family protein 942 1074 8140800 a,b Cytoplasmic
WP_046825514.1 M13 family metallopeptidase 677 77.2 3343550 a,b Periplasmic e}
WP_201774585.1  S9 family peptidase 717 815 2372042 Outer Membrane [¢]
WP_046826209.1 aminopeptidase 398 44.9 2118135 ab Extracellular
WP_014225756.1 C69 family dipeptidase 546 61.7 1735003 a,b Periplasmic
WP_080948606.1 S41 family peptidase 424 487 1342086 a,b Outer Membrane
WP_046824727.1 M48 family metallopeptidase 264 28.9 1190647 a Periplasmic [¢]
WP_052449065.1 M56 family metallopeptidase 480 53.9 1106950 Inner Membrane
WP_046825797.1 dihydrofolate reductase 686 78.3 908190 ab Cytoplasmic (0]
WP_046826048.1 prolyl oligopeptidase family serine peptidase 923 1056 869057 a Periplasmic
WP_046825072.1 S41 family peptidase 477 54.1 598978 Outer Membrane o
WP_140230634.1 prolyl oligopeptidase family serine peptidase 689 78.1 517940 Periplasmic
WP_046826150.1 S41 family peptidase 567 63.6 512090 a Cytoplasmic
WP_046824846.1 S41 family peptidase 432 493 456233 a Outer Membrane
WP_014224179.1 S41 family peptidase 338 39.0 414159 ab Cytoplasmic o
carboxypeptidase-like regulatory domain-
WP_046826215.1 containing protein 764 88.2 305915 a Outer Membrane
WP_014224429.1 C40 family peptidase 360 39.9 225154 Periplasmic
WP_052449090.1 S9 family peptidase 846 95.7 209929 Outer Membrane
WP_087879727.1 M28 family peptidase 333 37.1 159647 Cytoplasmic o
WP_046825437.1  S9 family peptidase 696 78.1 151529 a Periplasmic (o]
WP_046824550,1 Carooxypeptidase-like regulatory domain- 875 977 139590 Outer Membrane
- containing protein
WP_046824629.1 S9 family peptidase 725 81.7 123663 Periplasmic
WP_052449094.1 M56 family metallopeptidase 621 70.7 123307 Outer Membrane
WP_046824595.1 S41 family peptidase 532 60.2 74304 Cytoplasmic
WP_052448955.1  transglutaminase 919  104.0 63324 Cytoplasmic o
WP_046825299.1 outer membrane beta-barrel protein 773 86.9 58430 Outer Membrane
WP_046824921.1 S9 family peptidase 722 81.7 55747 a Outer Membrane
WP_046825792.1 tail fiber domain-containing protein 362 39.5 39841 a Outer Membrane
eptidoglycan DD-metalloendopeptidase
WP_046825809.1 ?arfmy grgl ol pep 408 47.0 8483 Outer Membrane
1V. Glycosyl hydrolases (12/349)
WP_046825029.1 family 20 glycosylhydrolase 777 86.5 5176950 ab Cytoplasmic
WP_046826229.1 exo-alpha-sialidase 539  59.6 4718150 a,b Outer Membrane
WP_014224118.1 glycoside hydrolase family 125 protein 489 559 1129365 a,b Cytoplasmic
WP_080948511.1 beta-glucosidase BglX 757 825 931922 Cytoplasmic
WP_046826129.1 DUF4982 domain-containing protein 836 94.8 206253 Cytoplasmic
WP_046826203.1 glycoside hydrolase family 97 protein 708  81.0 175357 Periplasmic
WP_046825875.1 GH92 family glycosyl hydrolase 753 831 116603 Periplasmic (0]
WP_046824466.1 family 10 glycosylhydrolase 514 60.2 97406 Cytoplasmic
WP_087879742.1 glycoside hydrolase family 95 protein 837 93.7 81971 Cytoplasmic
WP_014226077.1 glucosylceramidase 486 54.8 49757 Outer Membrane (e}
WP_087879739.1 family 10 glycosylhydrolase 471 53.0 34877 Periplasmic
WP_046826115.1 GH92 family glycosyl hydrolase 766 87.7 30214 a Extracellular
V. Tetratricopeptide repeat proteins (10/349)
WP_041590917.1 tetratricopeptide repeat protein 405 46.4 66361333 ab Periplasmic
WP_046826085.1 tetratricopeptide repeat protein 563 61.9 53037333 ab Periplasmic (e}
WP_046825261.1 tetratricopeptide repeat protein 999 1144 3755017 ab Outer Membrane
WP_014226146.1 hypothetical protein 455 51.1 1664478 ab Periplasmic
WP_046824990.1 tetratricopeptide repeat protein 573 63.5 1209542 a Periplasmic
WP_087879751.1 CDC27 family protein 490 56.0 652993 Cytoplasmic
WP_080948616.1 tetratricopeptide repeat protein 594 68.2 160673 Cytoplasmic
WP_046824917.1 tetratricopeptide repeat protein 353 39.7 49909 Cytoplasmic (0]
WP_046825730.1 tetratricopeptide repeat protein 695 80.5 30143 a Cytoplasmic
WP_046824455.1 _tetratricopeptide repeat protein 1160  134.7 7256 Cytoplasmic e}
VI. TolC family proteins (4/349)
WP_052448970.1 TolC family protein 452 51.4 6720788 Outer Membrane
WP_052449039.1 TolC family protein 493 55.5 323811 Outer Membrane
WP_046825448.1 TolC family protein 463 52.0 195726 a,b Cytoplasmic
WP_046825612.1 TolC family protein 504 58.3 72056 Outer Membrane
VI1. Chaperonin (3/349)
WP_070098079.1 °‘;terAmembra"e protein assembly factor 892 1014 5748350 Outer Membrane
WP_041500804.1  Outer membrane protein assembly factor 268 3L7 2664600 ab Outer Membrane
WP_046825748.1 chaperonin GroEL 544 57.8 12160 Cytoplasmic
VII1I. Peroxidases (2/349)
WP_014224706.1 glutathione peroxidase 199 225 10287100 a, b Periplasmic
WP_014225258.1 superoxide dismutase 194 22.0 1589670 ab Cytoplasmic
IX. Proteins with domain of unknown function (22/349)
WP_046824980.1 DUF1080 domain-containing protein 292 325 9225133 a, b Periplasmic (0]
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Amino M.W. Previously Predicted
Accession Definition acid  (kDa) iBAQ reported proteins  Subsellular  Lipoprotein®
of Tf OMVs Location®
WP_046825761.1 DUF5012 domain-containing protein 229 25.2 23340833 a,b Outer Membrane [¢]
WP_014225104.1 DUF4139 domain-containing protein 537 60.4 19909833 a Cytoplasmic
WP_046825355.1 DUF4831 family protein 356 39.7 10058367 a,b Cytoplasmic
WP_157755325.1 DUF4827 domain-containing protein 190 22.2 6351583 Cytoplasmic
WP_014223783.1 DUF4270 domain-containing protein 472 54.4 5723692 a,b Outer Membrane [¢]
WP_080561855.1 DUF1080 domain-containing protein 421 48.3 4449033 Cytoplasmic e}
WP_161794927.1 DUF1573 domain-containing protein 482 52.8 2455607 Cytoplasmic
WP_046826222.1 hypothetical protein 424 47.5 1967215 a,b Periplasmic [¢]
WP_046825969.1 DUF3078 domain-containing protein 293 32.8 1751598 a Outer Membrane
WP_046825940.1 DUF3858 domain-containing protein 544 614 1271043 a Cytoplasmic
WP_041590593.1 DUF4625 domain-containing protein 162 18.1 1233500 a,b Periplasmic e}
WP_161794945.1 DUF5018 domain-containing protein 543 58.6 1229953 Outer Membrane [¢]
WP_014224865.1 DUF4292 domain-containing protein 276 315 707153 a Cytoplasmic
WP_046825529.1 DUF1343 domain-containing protein 412 46.6 528335 Cytoplasmic
WP_014225879.1 DUF3078 domain-containing protein 514 61.0 475055 Outer Membrane
WP_046825192.1 DUF1460 domain-containing protein 283 32.2 97464 ab Cytoplasmic
WP_014225897.1 DUF5020 family protein 230 26.2 71250 a Outer Membrane
WP_041591118.1 DUF1573 domain-containing protein 133 14.0 67737 a Extracellular
WP_046824883.1 DUF4876 domain-containing protein 411 45.9 60406 Periplasmic e}
WP_080948614.1 DUF4832 domain-containing protein 472 53.4 56351 Cytoplasmic
WP_087879763.1 DUF5103 domain-containing protein 417 48.9 30676 Outer Membrane
X. Proteins without any reported domain (51/349)
WP_140230695.1 hypothetical protein 227 25.0 95171833 Periplasmic (0]
WP_046825523.1 hypothetical protein 284 325 76273333 ab Periplasmic (o]
WP_152652238.1 hypothetical protein, partial 1533 222 31717500 Extracellular
WP_041590592.1 hypothetical protein 126 133 24590500 b Periplasmic o
WP_046825842.1 hypothetical protein, partial 307 54.7 23300383 b Cytoplasmic
WP_140230593.1 hypothetical protein 1931 210.8 15707733 Extracellular
WP_041590934.1 hypothetical protein 263 29.4 8019633 ab Periplasmic o
WP_211346869.1 IgGFc-binding protein, partial 550 111.8 5419650 Extracellular
WP_046826079.1 DUF4959 domain-containing protein 304 343 4912207 Periplasmic
WP_046824517.1 hypothetical protein 1933 2125 4634700 ab Extracellular
WP_014225605.1 hypothetical protein 192 21.6 3883600 ab Cytoplasmic
WP_140230685.1 hypothetical protein 259 29.2 3855750 Cytoplasmic o
WP_046472582.1 DUF6242 domain-containing protein 452 50.5 3419483 Outer Membrane (o]
WP_140230599.1 hypothetical protein 373 425 3022180 Outer Membrane
WP_140230595.1 hypothetical protein 409 44.1 2817545 Cytoplasmic
WP_075589073.1 hypothetical protein 287 33.6 2414268 Cytoplasmic
WP_046825310.1 hypothetical protein 118 13.1 2231025 ab Cytoplasmic (o]
WP_140230631.1 hypothetical protein 174 20.0 2197548 Periplasmic
WP_046825699.1 hypothetical protein 141 15.8 1876625 ab Periplasmic o
WP_046824888.1 hypothetical protein 404 445 1708545 Periplasmic (0]
WP_140230681.1 hypothetical protein 1887 206.4 1694548 Extracellular
WP_046826055.1 hypothetical protein 227 25.0 1196263 ab Inner Membrane
WP_046826124.1 hypothetical protein 494 547 1027338 a,b Outer Membrane
WP_046824882.1 hypothetical protein 518 58.9 808682 ab Outer Membrane
WP_080948579.1 hypothetical protein 148 16.1 764434 Extracellular
WP_046825277.1 hypothetical protein 601 68.3 713168 Outer Membrane
WP_046825307.1 hypothetical protein 202 229 698692 a,b Extracellular (0]
WP_140230660.1 hypothetical protein 366 421 687475 Outer Membrane
WP_046825081.1 hypothetical protein 288 33.0 672997 Cytoplasmic
WP_140230643.1 hypothetical protein 192 220 672995 Cytoplasmic
WP_052448988.1 hypothetical protein 244 2717 616285 Cytoplasmic
WP_046825937.1 hypothetical protein 450 49.4 415118 Outer Membrane
WP_052449086.1 hypothetical protein 105 11.7 364795 Periplasmic (0]
WP_014225797.1 hypothetical protein 125 143 277245 Cytoplasmic (0]
WP_080948556.1 hypothetical protein 414 478 274272 Outer Membrane
WP_046824861.1 hypothetical protein 156 17.6 228668 ab Cytoplasmic (0]
WP_046826127.1 hypothetical protein 245 27.3 195270 ab Periplasmic (0]
WP_140230692.1 hypothetical protein 365 415 176510 Cytoplasmic
WP_014224149.1 hypothetical protein 794 92.8 169842 Outer Membrane
WP_014225414.1 hypothetical protein 181 20.5 146538 a Cytoplasmic (0]
WP_046825935.1 hypothetical protein 210 234 87275 ab Outer Membrane
WP_046825562.1 hypothetical protein 336  39.2 84082 Cytoplasmic
WP_052449091.1 hypothetical protein 290 331 70875 a Cytoplasmic
WP_140230609.1 hypothetical protein 215 255 58469 Outer Membrane
WP_014223749.1 hypothetical protein 197 225 54328 Cytoplasmic
WP_046825757.1 DUF6345 domain-containing protein 536  60.4 43685 Outer Membrane
WP_014225170.1 hypothetical protein 228 258 38368 Cytoplasmic
WP_004584866.1 MULTISPECIES: hypothetical protein 220 25.3 34967 Outer Membrane (0]
WP_046825649.1 spondin domain-containing protein 411 44.4 31659 Periplasmic (o]
WP_087879764.1 hypothetical protein 308 355 24845 Outer Membrane
WP_046826164.1 hypothetical protein 540 61.2 20040 Outer Membrane [¢)
XI. Others (96/349)
WP_046825762.1 hypothetical protein 230 26.0 227381667 ab Periplasmic (o]
WP_046825712.1 HmuY family protein 216 244 196977500 a,b Periplasmic o
WP_041590550.1 OmpA family protein 389 443 183211500 a,b Periplasmic
WP_014225890.1 TRL-like family protein 99 9.9 160931000 a Extracellular
WP_140230713.1 TIpA family protein disulfide reductase 363 42.0 70692333 Cytoplasmic
WP_046824579.1 dfthanded parallel beta-helix repeat- 574 1210 33376767 b Extracellular
- containing protein, partial
WP_046825066.1 g’;lleglﬁﬁ family outer membrane beta-barrel 516 554 39572633 ab Outer Membrane
WP_046825745.1 OmpH family outer membrane protein 172 197 29373550 a Periplasmic
WP_041590627.1 SPOR domain-containing protein 156  17.6 28663500 a, b Periplasmic
WP_014224806.1 OmpH family outer membrane protein 164 18.9 26762333 a,b Periplasmic
WP_080948622.1 InIB B-repeat-containing protein 370 40.7 21761450 Periplasmic .0
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WP_046825961.1 sugar phosphate isomerase/epimerase 297 33.7 17385633 a,b Cytoplasmic
WP_014226123.1 DUF4876 domain-containing protein 443 48.7 16323617 a,b Extracellular
WP_201774565.1 FKBP-type peptidyl-prolyl cis-trans isomerase ~ 213 232 13956783 Periplasmic
WP_046825546,1 Carooxypeptidase-like regulatory domain- 418 485 13791583 a Outer Membrane

- containing protein
WP_014224982.1  Ig-like domain-containing protein 540 584 13197050 Outer Membrane
WP_052449115.1 sugar phosphate isomerase/epimerase 328 36.7 12245267 Periplasmic
WP_014223879.1 outer membrane protein transport protein 536 60.2 11065600 a,b Outer Membrane
WP_046825843.1 PDZ domain-containing protein 473 54.7 9209083 ab Outer Membrane
WP_046826169.1 peptidylprolyl isomerase 453 524 8070333 Cytoplasmic
WP_014223614.1 copper resistance protein NIpE 144 15.7 7889900 a,b Cytoplasmic e}
WP_046824745.1 FKBP-type peptidyl-prolyl cis-trans isomerase 196 21.4 7822617 ab Periplasmic [¢]
WP_014224852.1 peptidylprolyl isomerase 532 61.5 7764483 a,b Cytoplasmic
WP_014225065.1 thioredoxin 151 16.9 6322092 a Periplasmic
WP_014225134.1 Gfo/ldh/MocA family oxidoreductase 493 54.6 5504667 a,b Periplasmic
WP_046825424.1 DUF1080 domain-containing protein 1158 126.5 4902217 ab Periplasmic
WP_046824717.1 ;l:gt(;ri\xclease/ exonuclease/phosphatase family  o7q 514 4778542 ab Cytoplasmic
WP_014225136.1 NigD-like protein 249 284 4543683 Periplasmic
WP_046824488.1 alkaline phosphatase 562 62.5 4349833 ab Periplasmic
WP_046824809.1 hypothetical protein 366 40.3 4050568 a,b Extracellular [¢]
WP_046824516.1  AhpC/TSA family protein 371 40.9 3964183 Cytoplasmic e}
WP_046824554.1 OmpA family protein 228 238 3590417 ab Periplasmic (o]
WP_046825948.1 SGNH/GDSL hydrolase family protein 256 28.6 3299150 ab Periplasmic
WP_046825312.1 discoidin domain-containing protein 1209 136.7 3146430 a Extracellular o
WP_014225524.1 metallophosphoesterase family protein 335 375 3112372 ab Cytoplasmic
WP_046825011.1 peptidylprolyl isomerase 224 25.2 2741710 Cytoplasmic
WP_046824476.1 TIM barrel protein 296 329 2718233 ab Cytoplasmic
WP_014223776.1 hypothetical protein 116 134 2367673 Cytoplasmic o
WP_014224736.1 glucosaminidase domain-containing protein 323 375 2316012 a Outer Membrane
WP_140230687.1 hypothetical protein 370 40.1 2134147 Periplasmic
WP_046825560.1 Gfo/ldh/MocA family oxidoreductase 468 51.8 1821627 a Periplasmic
WP_046825320.1 Omp28-related outer membrane protein 519 57.4 1774808 a Extracellular o
WP_046825205.1 Ef('){:;“ha”de biosynthesis/export family 269 302 1643552 Inner Membrane o
WP_046826099.1 alpha/beta hydrolase 294 325 1601658 Cytoplasmic
WP_014225403.1 GLPGLI family protein 284 32.3 1590168 Periplasmic
WP_046825728.1 alkaline phosphatase family protein 528 59.9 1567102 a Cytoplasmic
WP_014225175.1 hypothetical protein 289 328 1414502 a Outer Membrane [e]
WP_046825563.1 VIT domain-containing protein 974 1113 1365832 a Cytoplasmic
WP_014225844.1 alginate export family protein 429 49.5 1325832 a Outer Membrane
WP_046825513.1 SGNH/GDSL hydrolase family protein 571 64.7 1305759 a Cytoplasmic
WP_014225762.1 FKBP-type peptidyl-prolyl cis-trans isomerase 238 253 1298790 a Periplasmic (o]
WP_046826220.1 flavodoxin 188 21.0 1296548 ab Periplasmic
WP_046825170.1 MG2 domain-containing protein 1864 207.5 1096802 Outer Membrane o
WP_014223958.1 AhpC/TSA family protein 203 224 1090317 ab Periplasmic
WP_014224160.1 Gfo/ldh/MocA family oxidoreductase 418 47.1 996650 ab Periplasmic
WP_046826137.1 hypothetical protein 717 788 987103 a, b Outer Membrane (0]
WP_046824479.1 outer membrane beta-barrel protein 155 17.1 969000 a Outer Membrane
WP_052448969.1 DUF4981 domain-containing protein 1129 1283 869488 Extracellular
WP_046826224.1 sirohydrochlorin cobaltochelatase 311 35.2 820347 ab Cytoplasmic
WP_052449099.1 DUF3857 domain-containing protein 648 72.8 727815 Periplasmic
WP_004585095.1 MULTISPECIES: GLPGLI family protein 238 27.0 691407 Cytoplasmic
WP_178387126.1 InIB B-repeat-containing protein, partial 386 23.2 675220 Periplasmic
WP_014225615.1 patatin-like phospholipase family protein 767 87.7 657152 Outer Membrane
WP_046825606.1 porin 381 42.6 642137 a Outer Membrane
WP_087879733.1  Ig-like domain-containing protein 356  36.8 592833 Extracellular
WP_046826227.1 GDSL-type esterase/lipase family protein 692 785 562303 Cytoplasmic
WP_046825543.1 hypothetical protein 507 57.6 510352 Outer Membrane
WP_087879745.1 xanthan lyase 1001 1121 425337 Outer Membrane
WP_046824688.1 TraB/GumN family protein 319 36.6 349438 a Cytoplasmic (e}
WP_014224694.1 gliding motility protein GIdN 370 426 315555 a Periplasmic
WP_046825182.1 glycosyl hydrolase family 28 protein 493 54.9 310960 a Cytoplasmic
WP_041590639.1 galactose mutarotase 376 412 295625 a, b Extracellular (0]
WP_161794960.1 LamG domain-containing protein 263 28.7 244461 Periplasmic (e}
WP_080948644.1 Ig-like domain-containing protein 634 65.9 214638 Outer Membrane
WP_052448042.1 9liding motility-associated C-terminal domain- 1, 496 184677 Extracellular

- containing protein
WP_041591331.1 glycerophosphodiester phosphodiesterase 260 29.6 161748 a Cytoplasmic
WP_080948640.1 hypothetical protein 446 51.2 157509 Cytoplasmic
WP_201774570.1 FAD-dependent oxidoreductase 528 59.0 149364 Cytoplasmic
WP_014226380.1 YtxH domain-containing protein 111 122 135322 Periplasmic
WP_046825839.1 hypothetical protein 467 539 127972 a, b Cytoplasmic (0]
WP_046824878.1 alpha-L-rhamnosidase 911 1029 86377 Extracellular (o]
WP_046824501.1 Difunctional metallophosphatase/5™- 478 538 62178 Cytoplasmic

nucleotidase

WP_046824784.1 Sri')‘,";e“ EgtB/PvdO family nonheme iron 479 549 53363 Extracellular o
WP_014223652.1 preprotein translocase subunit YajC 112 12.1 51502 Inner Membrane
WP_046824463,1 -YSM peptidoglycan-binding domain- 596 684 47889 Outer Membrane

- containing protein
WP_046825315.1 membrane protein 214 239 41528 a Outer Membrane
WP_080948611.1 alpha/beta fold hydrolase 455 49.8 39991 Cytoplasmic
WP_080948582.1 fibronectin type 11l domain-containing protein 606 ~ 66.5 37536 Periplasmic
WP_046824940.1 erythromycin esterase family protein 610 705 28957 Cytoplasmic
WP_046825018.1 cell surface protein SprA 2482  282.0 25632 Outer Membrane
WP_014225032.1 alpha/beta hydrolase-fold protein 565 66.6 25597 a Periplasmic -
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Amino M.W. Previously Predicted .
Accession Definition acid  (kDa) iBAQ reported proteins  Subsellular  Lipoprotein
of Tf OMVs Location®
WP_046825480.1 nitroreductase 228 25.1 24553 Periplasmic [¢]
WP_052449031.1 lamin tail domain-containing protein 473 52.2 15418 Extracellular
WP_014225269.1 elongation factor Tu 395 43.3 10343 Cytoplasmic
WP_046824756.1  zinc-dependent metalloprotease 876 99.3 7514 Cytoplasmic
WP_052449025.1 TANFOR domain-containing protein 3078  343.6 4576 Periplasmic

a The T. forsythia OMVs protein previously reported by Veith et al. 2015.

b The T. forsythia OMVs protein previously reported by Friedrich et al. 2015.

¢ The subcellular location of each protein was predicted by CELLO v.2.5 (Molecular Bioinformatics Center of National Chiao Tung University).
d The lipid attachment site of each protein was predicted by EXPASy - PROSITE database.
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1.4 T. forsythia cultured in EV-free conditioned medium of

macrophages released EVs.

To verify whether the EVs in TF-F5 were directly released from live T.
forsythia, EVs derived from macrophages treated with heat-killed 7. forsythia
were isolated and characterized (Figure 9). NTA showed that nanoparticles
were not enriched in F5 (Figure 9a). TEM image also showed that vesicular
structures were detected in F2 but not in F5 (Figure 9b). These results
suggested that only live 7. forsythia release EVs.

Bacteria regulate the release of EVs to adapt to their surroundings [93].
Encounters with macrophages can be a stressful condition for 7. forsythia
since macrophages are sentinels against microbial infection and nutrients
available in the CM are not sufficient for the growth of 7. forsythia. To
identify whether the CM of THP-1 macrophages promotes the release of EVs
from 7. forsythia, live T. forsythia were incubated in EV-free CM of
macrophages, and EVs were isolated (Figure 10a). The EVs in the CM of
non-infected and T forsythia-infected macrophages were eliminated by 100
kDa MWCO ultrafiltration. The EV-free CM from non-infected macrophages
and 7. forsythia-infected macrophages were designated NI-100K and TF-
100K, respectively. NTA confirmed that NI-100K and TF-100K were free of
nanoparticles (data not shown). Interestingly, 7. forsythia released EVs in
both NI-100K and TF-100K but not in RPMI 1640 medium without cell
contact (Figure 10b). T. forsythia cultured in TF-100K released EVs more
than that cultured in NI-100K (Figure 10b). TEM imaging and
immunoblotting showed that F5 was enriched with vesicles and 7. forsythia
proteins (Figure 10c and 10d). These results suggest that 1) the CM of THP-
1 macrophages was stressful condition for 7. forsythia, 2) EVs in TF-F5 were
directly released from 7. forsythia and not from macrophages, and 3)
unknown soluble molecules under 100 kDa in the CM of macrophages

promoted 7. forsythia to release EVs.
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Figure 9. Characterization of EVs derived from THP-1 macrophages
treated with heat-killed 7. forsythia. (a) Nanoparticle concentration of each
density gradient fraction was analyzed by NTA. (b) The indicated fractions
were negatively stained and imaged by TEM. Scale bar: 100 nm. The
experiments were performed at least two times independently. HKTF, heat-

killed 7. forsythia treatment.

3 2 A2



Concentrated CM

@g @ - | — — F|Ilrate NI-100K 5% NI-100K F1
D y % - —— 20%| NI-100K F2
THP-1 CcM g ., 25%
macrophages - e
T forsythia 35%| NI-100K F9
in NI-100K Q@ 40% NI-100K F10

\ \T forsythia

\' E
P \
E y% — Flltrale TF-100K ] TF-100K F1
U E @ 20% — TF-100K F2

THP-1
o
L U~ D~y% — =il
T. forsythia 35%] TF-100K F9

Macrol?hages Di:f('-:frent:_al in TF-100K Differential ¢) 40% TF-100K F10

cu 8‘ure centrif ;ga ion centrifugation

B T. forsythia culture in & Size excluslon Density gradient
T. forsythia 100 kDa 100 kDa filtrate 100 kDa  chr phy ull ifugati
infection ultrafiltration

ultrafiltration

b Size exclusion chromatoaraph d NI-100K density gradient fraction #
grapny 123456789102"(3’%
20 - a
o f— mrem ‘|- v
915 R Il NI-100K » 180
< B TF-100K L 140
% 10 T. forsythia+ 100
5 L75
g 5 - 60
a L 45
0
Crude EVs 35
TF-100K density gradient fraction #
Density gradient ultracentrifugation TF-100K F5 1 2 3 45 6 78 910 mg\/)
§ 3 = a
& 8 = RPMI - - 245
26 - NI-100K - - L 180
X -+ TF-100K ! - 140
% 4 T. forsythia - 100
o] - ~75
zEs N el 60
& 45
0 I35
12345678910

Fraction #

Figure 10. Identification of EVs released from live 7. forsythia cultured
in EV-free CM of macrophages. (a) Schematic diagram of 7. forsythia
incubation in EV-free macrophage CM. (b) The nanoparticle concentration of
crude EVs and density gradient fractions was analyzed by NTA. (c) The
indicated fractions were negatively stained and imaged by TEM. Scale bar:
50 nm. (d) Immunoblotting of density gradient fractions using 7. forsythia-
specific antibody. The experiments were performed at least three times
independently. Data are presented as the mean + SD of triplicate assays and
were analyzed by one-way and two-way ANOVA, respectively. * p < 0.05
compared between NI-100K and RPMI, # p < 0.05 compared between TF-
100K and RPMI, and § p < 0.05 compared between NI-100K and TF-100K.
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1.5 Macrophage-derived EVs and 7. forsythia-derived EVs

induced pro-inflammatory responses.

Bacterial and host EVs can transfer their biological molecules to the host
recipient cells [94, 95]. Therefore, it is investigated that the inflammatory
responses of EVs in TF-F2 and TF-F5 by measuring the expression of pro-
inflammatory cytokines using THP-1 macrophages.

When THP-1 macrophages were treated with TF-F2, TNF-a expression was
significantly higher than in cells treated with NI-F2 (Figure 11). There was
no significant difference in the expression level of IL-1p and IL-8 between
NI-F2- and TF-F2-treated macrophages. IL-6 was not detected in cells treated
with TF-F2 or NI-F2. The levels of cytokines in TF-F2 without cell treatment
were also measured since TF-F2 itself had significant amounts of TNF-a, IL-
B, and IL-8 (Table 1 and Figure 7a). Cytokines were not detected in cell-free
NI-F2 and TF-F2 by ELISA (Figure 11).

To investigate the immunostimulatory effects of 7. forsythia virulence
factors in TF-F5, TF-F5 were treated to CHO/CDI14/TLR2 and
CHO/CD14/TLR4 reporter cells. TF-F5 activated TLR2 but did not activate
TLR4 (Figure 12a and 12b). To determine whether TF-F5 could stimulate host
cells through TLR2, TF-F5 was treated to WT and TLR27/~ THP-1
macrophages, and the expression level of pro-inflammatory cytokines was
measured by ELISA. TF-F5 significantly induced TNF-a, IL-1pB, IL-6, and
IL-8 in WT THP-1 macrophages but not in TLR2™~ macrophages (Figure 13).
These results indicate that TF-F5 could stimulate host cells to release pro-

inflammatory cytokines through the TLR2 signaling pathway.
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Figure 11. Pro-inflammatory cytokines induced by macrophage-derived
EVs. THP-1 macrophages were treated with EVs of NI-F2 and TF-F2 (1 x
10° particles/ml) for 4 hours. The expression level of TNF-o, IL-1p, IL-6, and
IL-8 in the culture supernatants was measured by ELISA. The cell-free
medium treated with NI-F2 and TF-F2 (1 x 10° particles/ml) were also

measured. The experiments were performed at least three times independently.

Data are presented as the mean + SD of triplicate assays and were analyzed
by two-way ANOVA. NT, non-treatment. N.D., not detected. N.S., not
significant. * p <0.05.
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Figure 12. Analysis of TLR signaling pathway activation by 7. forsythia-
derived EVs. CHO/CD14/TLR2 (a) and CHO/CD14/TLR4 (b) reporter cells
were stimulated with TF-F5 (1 x 10° particles/ml) for 20 hours. The level of
CD25 on the cell surface induced by TLRs activation was measured by flow
cytometry. The experiments were performed three times independently, and
representative data are shown in the histograms (left panel) and by the ratio
of CD25" cells (right panel). Data are presented as the mean + SD of triplicate
assays and were analyzed by one-way ANOVA. NT, non-treatment; Pam3,

Pam3CSK4; LPS, ultrapure LPS. * p <0.05.
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Figure 13. TLR2 mediated pro-inflammatory cytokine secretion by 7.
forsythia-derived EVs. THP-1 macrophages were treated with TF-F5 (1 x
10° particles/ml) and Pam3CSK4 (10 ng/ml) for 24 hours. The expression
level of TNF-a, IL-1B, IL-6, and IL-8 in the culture supernatants were
measured by ELISA. The experiments were performed at least three times
independently. Data are presented as the mean + SD of triplicate assays and
were analyzed by two-way ANOVA. NT, non-treatment. N.D., not detected;
Pam3, Pam3CSK4. * p <0.05.
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2. Identification of the role in BMDCs maturation and helper
T cell differentiation by periodontal pathogen OMYVs
2.1 Periodontal pathogen OMYVs were isolated and

characterized.

OMVs of P. gingivalis, T. denticola, and T. forsythia were isolated from
bacterial culture supernatants by ultracentrifugation combined with DGUC
(Figure 14a). The OMVs showed a round and cup-shaped morphology in the
negatively stained TEM images, and their sizes ranged from 50 nm to 400 nm
(Figure 14b). Approximately 750 ug protein (1.1 x 10'? particles) of P,
gingivalis OMVs, 210 ug protein (8.0 x 10! particles) of T. denticola OMVs,
and 1200 pg protein (1.7 x 10'? particles) of T. forsythia OMVs were
harvested from 400 ml of each bacterial culture supernatants. The number of
particles in 10 ug OMYV protein of P, gingivalis OMVs and T. forsythia OMVs
is similar, but 7. denticola OMVs is about three times higher than others

(Figure 15).

57



Bacteria culture P. gingivalis OMVs
supernatant Mean; 172.7 + 1.3nm
i X 10,000 x g 2 % Mode; 135.5 + 2.7 nm
Centrifugation 10 min, 4°C ol

> Pellet (= bacteria)

Cell free supernatant

Concentration (particles / mi)

Filtration | 0.22 um filter

O 100 200 300 400 500 600 700 800 900 1000
Size (nm)

Clarified supernatant
T. denticola OMVs

=3

120,000 x g

Ultracentrifugation 3h, 4°C

Mean; 105.4 + 1.4nm

» Supernatant Mode; 103.1 + 3.4 nm

Crude OMVs

120,000 x g

Ultracentrifugation 2h, 4°C

Supernatant

Concentration (particles / m)

Crude OMVs

0 100 200 300 400 SO0 600 700 800 900 1000

Density gradient | 100,000 x g . Size (nm)
ultracentrifugation | 18 h, 4°C T. forsythia OMVs

v E6 9.0

Mean; 154.4 + 3.4 nm
Mode; 136.9 + 11.8 nm

Nanoparticles enriched fractions

120,000 x g
2h,4°C

v

Purified OMVs

Ultracentrifugation

Concentration (particles / ml)

0 100 200 300 40 50 G0 700 800 90 1000
Size (nm)

Figure 14. Isolation and characterization of periodontal pathogen OMVs.
(a) Schematic diagram of OMYV isolation procedures. (b) The OMVs were
negatively stained with uranyl acetate and observed via TEM at 120 kV (left
panel) with a magnification of 40,000x. Scale bars represent 50 nm. The size

and concentration of the indicated OMVs were measured by NTA (right
panel).
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Figure 15. The amount of OMVs in 10 pg OMY protein. The particles and
protein concentration of each OMV were analyzed by NTA and BCA assays,
respectively. The number of OMVs in 10 pg OMYV protein was analyzed. PG,
P. gingivalis OMVs; TD, T. denticola OMVs; TF, T. forsythia OMVs.
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2.2 Periodontal pathogen OMYVs induced maturation of
BMDCs.

Activation of APCs by microbial components is essential for initiating naive
CD4" T cell differentiation [96]. Activated DCs are mature and express high
levels of major histocompatibility complex (MHC) class II and costimulatory
molecules, including CD80, CD86, and CD40, on the cell surface to signal to
naive CD4" T cells [96]. To analyze the maturation of BMDCs, they were
stimulated with OMVs of periodontal pathogens for 24 hours, and the
expression levels of MHC class II and costimulatory molecules on the cell
surface were analyzed via flow cytometry. All OMVs significantly induced
the expression of MHC class II, CD80, CD86, and CD40 (Figure 16). These
results suggest that OMVs of periodontal pathogens induced the maturation
of BMDCs.
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Figure 16. Maturation of BMDCs induced by periodontal pathogen
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OMVs. BMDCs were stimulated with 10 pg/ml of the indicated OMVs for
24 hours. The expression of MHC class II (I-A/I-E), CD80, CD86, and CD40

on BMDCs was analyzed via flow cytometry. The experiments were

performed three times independently, and representative data are shown in the

histograms (a) and by the mean fluorescence intensity (MFI) (b). The empty

solid lines represent the isotype control. Data are presented as the mean = SD

of triplicate assays and were analyzed by one-way ANOVA. * p < 0.05
compared to the control (NT). NT, non-treatment; PG, P. gingivalis; TD, T.

denticola; TF, T. forsythia.
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2.3 OMV-primed BMDCs secreted pro-inflammatory

cytokines

Since the polarization of naive CD4" T cells is regulated by cytokine milieu
[96], the levels of cytokines released from BMDCs upon stimulation with
OMVs of periodontal pathogens were quantified using ELISA. IL-12p70 was
measured for Th1 cell polarization, and IL-4 for Th2 cell polarization. IL-1p,
IL-6, and IL-23 were measured for Th17 cell polarization. P. gingivalis
OMVs and T forsythia OMV's significantly induced the secretion of IL-12p70,
IL-1B, IL-6, and IL-23 from BMDCs (Figure 17a). T. denticola OMVs
induced small amount of IL-6 but did not induce IL-12p70, IL-1B, or IL-23
secretion. No OMVs induced IL-4 secretion. As T. denticola OMVs
stimulated BMDC:s as efficiently as other OM Vs, as judged by the expression
of costimulatory molecules (Figure 16), it was speculated that 7. denticola
OMVs might have the ability to degrade cytokines secreted from BMDCs. As
expected, T. denticola OMVs significantly induced 1/12a, Il1b, 116, and 1/23a,
similar to or less than P. gingivalis OMVs and T. forsythia OMVs (Figure
17b). To examine the proteolytic activity of the OMVs of periodontal
pathogens, recombinant murine pro-inflammatory cytokines were incubated
with the OMVs, and the remaining cytokines were measured via ELISA. T.
denticola OMVs degraded IL-1, IL-6, and IL-23 but not IL-12p70 in a dose-
dependent manner (Figure 17c). To determine whether 7. denticola OMVs
were able to degrade cytokines secreted from BMDM stimulated with
Pam3CSK4, a synthetic lipopeptide known to mimic bacterial lipoproteins,
the culture supernatants of BMDCs were harvested and then incubated with
T denticola OMVs. T. denticola OMVs significantly degraded IL-1p, IL-6,
and IL-23 in BMDM culture supernatants (Figure 18a). Heat- or PMSF-
treated 7. denticola OMVs lost their proteolytic activity against IL-1p, IL-6,
and IL-23 (Figure 18a). In addition, heat-treated 7. denticola OMVs induced
more IL-1B, IL-6, and IL-23 than ice-treated 7. denticola OMVs from

BMDCs (Figure 18b). These results suggest that 7. denticola OMVs induced
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the production of IL-1p, IL-6, and IL-23, which were subsequently degraded.
P, gingivalis OMVs also degraded IL-1f and IL-23 but to a lesser extent than
T’ denticola OMVs. T. forsythia OMVs degraded IL-1p. Therefore, the OMVs
of periodontal pathogens are likely to induce Thl or Th17 polarization and
that 7. denticola OMVs possess strong proteolytic activity against pro-

inflammatory cytokines compared to other OMVs.
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Figure 17. Effects of periodontal pathogen OMYVs on pro-inflammatory
cytokine secretion in BMDCs and cytokine degradation. (a) BMDCs were
stimulated with 10 pg/ml of the indicated OMVs for 24 hours. The expression
levels of IL-12p70, IL-4, IL-1p, IL-6, and IL-23 in the culture supernatants
were measured with ELISA. (b) BMDCs were stimulated with 10 pg/ml of
the indicated OMVs for 3 hours. The relative mRNA levels of the indicated
genes were analyzed via qRT-PCR. (c) One nanogram per ml of recombinant
murine IL-12p70, IL-1p, IL-6, and IL-23 were coincubated with the indicated
OMVs at 37°C for 24 hours in RPMI 1640 complete medium. The level of
the cytokines remaining in the medium was analyzed using ELISA. The
experiments were performed three times independently. Data are presented as
the mean =+ SD of triplicate assays and were analyzed by one-way ANOVA. *
p <0.05 compared to the control (NT). NT, non-treatment; N.D., not detected.
PG, P. gingivalis; TD, T. denticola; TF, T. forsythia.
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Figure 18. Proteolytic activity of 7. denticola OMVs against pro-
inflammatory cytokines secreted from BMDCs. (a) BMDCs were treated
with Pam3CSK4 (100 ng/ml) for 24 hours. The culture supernatants of
BMDCs were harvested and then incubated with heat- or PMSF-treated T.
denticola OMVs for 1 hour. The level of the cytokines that remained in the
culture supernatants was analyzed using ELISA. (b) BMDCs were treated
with ice-incubated and heat-treated 7. denticola OMVs for 24 hours. The level
of the cytokines in the culture supernatants was analyzed using ELISA. Data
are presented as means = SD of triplicate assays and were analyzed by one-
way ANOVA. * p < 0.05 compared to the control (NT) and # p < 0.05

compared to the indicated groups. NT, non-treatment; TD, 7. denticola.
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2.4 Naive CD4" T cells were differentiated by OMV-primed

BMDCs

Naive CD4" T cells were cocultured with OMV-primed BMDCs to analyze
the effect of OMVs on T cell polarization. To exclude the possibility that
OMYVs of periodontal pathogens can degrade cytokines from OMV-primed
BMDCs, OMV-primed BMDCs were vigorously washed at 5 hours post
treatment and then were cocultured with naive CD4" T cells. BMDCs
stimulated with OMVs of P. gingivalis and T. denticola induced IL-17A" cells,
while T. forsythia OMV-primed BMDCs mainly induced IFN-y" cells along
with some IL-17A" cells (Figure 19a and 19b). IL-4" cells were not detected
in any coculture. In addition, the expression of transcription factors t-bet and
RORyt, which are essential for Thl and Th17 differentiation, were also
analyzed (Figure 20). As expected, BMDCs primed with OMVs of P
gingivalis and T. denticola induced RORyt" cells, whereas 7. forsythia OMV-
primed BMDCs induced t-bet” cells.

It was also analyzed that whether BMDCs infected with live periodontal
pathogens showed similar mode of CD4" T cells differentiation to OMVs.
Similar to the OMVs, live P. gingivalis- and live T. denticola-infected
BMDCs induced IL-17A" cells, while live 7. forsythia-infected BMDCs
induced IFN-y" cells (Figure 21).

These results indicate that OMVs and live whole cell of P. gingivalis and T.
denticola induced Th17 polarization, whereas OMVs and live whole cell of

T forsythia tavored Thl polarization rather than Th17.
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Figure 19. Differentiation of CD4" T cells by OMV-primed BMDCs.
BMDCs were stimulated with 10 pg/ml of the indicated OMVs for 5 hours.
After three times of washing with PBS, the BMDCs were cocultured with
naive CD4" T cells for 4 days in the presence of soluble anti-CD3¢ antibody
and analyzed via flow cytometry. The experiments were performed four times
independently, and representative data are shown as dot plots (a) and the
proportions of intracellular IFN-y, IL-17A, and IL-4 in CD4" T cells (b). Data
are presented as the mean &+ SD of triplicate assays and were analyzed by one-
way ANOVA. * p <0.05 compared to the control (NT). N.S., not significant;
NT, non-treatment; PG, P. gingivalis; TD, T. denticola; TF, T. forsythia.
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Figure 20. Analysis of transcription factors of CD4" T cells differentiated
by OMV-primed BMDCs. BMDCs were stimulated with 10 nug/ml of the
indicated OMVs for 5 hours. After three times of washing with PBS, the
BMDCs were cocultured with naive CD4" T cells for 4 days in the presence
of soluble anti-CD3e¢ antibody and analyzed via flow cytometry. The
experimental data are shown as dot plots (a) and the proportions of
intranuclear t-bet and RORyt in CD4" T cells (b). Data are presented as the
mean £ SD of triplicate assays and were analyzed by one-way ANOVA. * p
< 0.05 compared to the control (NT). N.S., not significant; NT, non-treatment;

PG, P. gingivalis; TD, T. denticola; TF, T. forsythia.
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Figure 21. Differentiation of CD4" T cells by live oral pathogen- or OMV-
primed BMDCs. BMDCs were treated with indicated live oral pathogens
(MOI 100) or OMVs (10 pg/ml) for 5 hours. After three times of washing
with PBS, the BMDCs were cocultured with naive CD4" T cells for 4 days in
the presence of soluble anti-CD3¢ antibody and analyzed via flow cytometry.
The representative data are shown as dot plots (a to ¢) and the proportions of
intracellular IFN-y and IL-17A in CD4" T cells (d to f). Data are presented as
the mean + SD of triplicate assays and were analyzed by one-way ANOVA
with Tukey’s post-hoc test. * p < 0.05 compared to the control (NT), # p <
0.05 compared to the indicated groups. N.S., not significant; NT, non-
treatment; PG, P. gingivalis; TD, T. denticola; TF, T. forsythia.
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2.5 IL-6 and IL-12 play a key role in the differentiation of
naive CD4" T cells by OMV-primed BMDCs into Th17 and

Th1 cells, respectively.

To evaluate which cytokine contributes to the differentiation of Th1 or Th17
cells induced by OMV-primed BMDCs, neutralizing antibodies against IL-12
and IL-6 were treated to OMV-primed BMDCs during coculture and then
analyzed CD4" T cell differentiation. Neutralization of IL-6 significantly
increased IFN-y" cells but reduced IL-17A" cells in the coculture of each
periodontal pathogen derived OMV-primed BMDC with naive CD4" T cells
(Figure 22a—c). Neutralization of IL-12p40 decreased IFN-y" cells but
increased IL-17A" cells in the coculture of 7. forsythia OMV-primed BMDCs
with naive CD4" T cells (Figure 23c). However, IFN-y" and IL-17A" cells
were not affected in the coculture of P. gingivalis OMV- and T. denticola
OMV-primed BMDCs with naive CD4" T cells (Figure 23a and 23b). These
results suggest that IL-6 is a major cytokine in Th17 differentiation by OMVs
of P gingivalis and T. denticola, whereas IL-12 is responsible for Thl
differentiation by 7. forsythia OMVs.
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Figure 22. Analysis of the role of IL-6 for Th17 differentiation by OMV-
primed BMDCs. BMDCs were stimulated with 10 pg/ml P. gingivalis OMV's
(a), T. denticola OMVs (b), and T. forsythia OMVs (c) for 5 hours. After three
times of washing with PBS, the BMDCs were cocultured with naive CD4" T
cells for 4 days in the presence of soluble anti-CD3¢ antibody and 10 pg/ml
anti-IL-6 antibody and then analyzed via flow cytometry. Representative data
are shown as dot plots (left panel) and the proportion of cells (right panel)
expressing intracellular IFN-y and IL-17A among CD4" T cells. The
experiments were performed three times independently. Data are presented as
the mean + SD of triplicate assays and were analyzed by Student’s #-test. * p
< 0.05 compared to the control (isotype). PG, P. gingivalis; TD, T. denticola;
TF, T. forsythia.
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Figure 23. Analysis of the role of IL-12 for Th1 differentiation by OMV-
primed BMDCs. BMDCs were stimulated with 10 pg/ml P. gingivalis OMV's
(a), T denticola OMVs (b), and T. forsythia OMVs (c) for 5 hours. After three
times of washing with PBS, the BMDCs were cocultured with naive CD4" T
cells for 4 days in the presence of soluble anti-CD3¢ antibody and 10 pg/ml
anti-IL-12p40 antibody and then analyzed via flow cytometry. Representative
data are shown as dot plots (left panel) and the proportion of cells (right panel)
expressing intracellular IFN-y and IL-17A among CD4" T cells. The
experiments were performed three times independently. Data are presented as
the mean + SD of triplicate assays and were analyzed by Student’s #-test. * p
< 0.05 compared to the control (isotype). N.S., not significant. PG, P,
gingivalis; TD, T. denticola; TF, T. forsythia.
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IV. Discussion

1. Identification of proteome and immune responses of EVs

derived from macrophages infected with 7. forsythia

Periodontal pathogens release virulence factors that induce inflammatory
responses. In this study, the proteome profile of EVs released from T
forsythia-infected macrophages was analyzed to identify the virulence factors
contained in EVs that are responsible for the induction of inflammatory
responses. During infection, 7. forsythia as well as macrophages released EVs.
Macrophage-derived EVs carried pro-inflammatory cytokines and
inflammatory mediators, while 7. forsythia-derived EVs carried bacterial
virulence factors that activated the TLR2 signaling pathway and increased
pro-inflammatory responses in host cells. This is the first report on the
interaction of periodontal pathogens with innate immune cells, revealing that
periodontal pathogens directly release EVs that induce inflammatory
responses and immune cells to also release EVs, which can further upregulate
the immune responses.

According to the GOBP results, TF-F2 is enriched with proteins associated
with neutrophil/granulocyte activation, secretion by exocytosis, and
leukocyte-mediated immunity compared with NI-F2. Additionally, TF-F2
induced TNF-a secretion from macrophages. TF-F2 contains various proteins
that play a role in the activation of immune cells and pathogenesis of
periodontitis. Among the proteins increased in TF-F2, the expression level of
TNF-0, IL-8, and IL-1p was remarkably high. These are pro-inflammatory
cytokines that are highly detected in the saliva or gingival crevicular fluids of
patients with chronic periodontitis [97, 98]. TNF-a and IL-1p are associated
with several inflammatory events including the induction of adhesion
molecules and other mediators, that facilitate and amplify the inflammatory
response, stimulate MMPs, and cause bone resorption [99]. IL-8 is a

chemoattractant cytokine that recruits neutrophils, which are the major

2
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immigrant cells in periodontitis and are responsible for the destruction of
periodontal tissues [100]. Levels of inflammatory mediators, including
CPNEI1, SPP1, PLSCRI1, P2RX4, MMP9, SARS, VARS, STXBP2, HVCNI,
CD82, RFTNI1, LCPI1, and ATP2BI, are also increased in EVs from 7.
forsythia-infected macrophages. CPNEI] is related with the TNF-a receptor
signaling pathway [101], and is highly expressed in the osteosarcoma [102].
SPP1 enhances the production of IL-12 from DCs and IFN-y from T cells
[103]. PLSCRI1 enhances IFN response, which potentiates antiviral activity
[104]. P2RX4 promotes activation of Thl7 cells and modulates ROS
production and inflammasome activation in gingival epithelial cells [105,
106]. MMP9 plays a major role in bone resorption and is one of the major
biomarkers of periodontitis [107]. SARS and VARS are aminoacyl tRNA
synthases (ARSs) that are associated with not only protein translation but also
various physiological and pathological processes [108]. ARSs play a role in
the pathogenesis of inflammatory diseases. According to the salivary
metabolite analysis, valine is upregulated in patients with periodontitis, and
aminoacyl-tRNA biosynthesis is a significantly upregulated pathway by
based on pathway enrichment analysis [109]. STXBP2 is necessary for
cytotoxic function of natural killer (NK) cells [110]. HVCN1 maintains high
level of ROS production in the phagosomes of neutrophils to effectively
eliminate bacteria [111]. CD82 is involved in T cell activation through the
formation of immune synapses [112]. RFTN1 mediates LPS-induced
internalization of TLR4 in DCs and macrophages [113]. LCP1 plays a crucial
role in surface expression of co-stimulatory receptors, including CD2 and
CD28, on T cells [114]. ATP2B1 is crucial for the regulation of bone
homeostasis by modulating Ca2" signaling in osteoclasts [115]. Therefore, it
is possible that when macrophages are infected with 7. forsythia, they release
EVs with various pro-inflammatory cytokines and inflammatory mediators
that upregulate inflammatory responses associated with periodontal disease
caused by various immune cells, including, macrophages, DCs, T cells, NK
1]
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cells, and neutrophils. Neutrophils, macrophages, and T cells play a pivotal
role in the pathogenesis of periodontitis [50, 60, 68]. Neutrophils are
particularly abundant in the gingival crevice and periodontal pocket, and their
numbers increase during inflammation [61]. Individuals with leukocyte
adhesion deficiency, a genetic defect that impairs neutrophil migration, have
a low number of neutrophils in periodontal tissue, resulting in aggressive
periodontitis [60, 64]. Therefore, macrophage-derived EVs, which are
enriched with proteins that activate neutrophils/granulocytes, enhance
neutrophil function against periodontal pathogen infection.

Environmental factors, such as temperature changes, oxidative stress, iron
deficiency, and malnutrition, act as stressors to bacteria; in response, they
release EVs [116]. Releasing EVs is one of the survival strategies of bacteria
in terms of nutrient utilization [117, 118]. For oral bacteria, the
microenvironment of the host periodontal tissue makes it difficult to survive.
Numerous 7. forsythia proteins play a role in nutrient uptake and utilization
in T forsythia-derived EVs and include TonB-dependent receptors,
RagB/SusD family nutrient uptake outer membrane proteins, and HmuY
family protein (WP_046825712.1). RagB/SusD homologous proteins
combine with their counterpart TonB-dependent receptors to capture specific
nutrients in the environment and transport them into cells [119]. The HmuY
family protein, also known as Tfo, is a heme-binding protein that is
upregulated under low-iron/heme conditions in both 7. forsythia whole cells
and OMVs [120]. Heme is required for the optimal growth of 7. forsythia and
other periodontal pathogens [121]. To enhance nutrient utilization under
nutrient-deficient conditions, such as in host tissues, 7. forsythia releases EVs
to capture nutrients in the microenvironment. Uptake of EVs by T. forsythia
or nearby periodontal pathogens could utilize EV-captured nutrients for their
survival. Therefore, releasing EVs might be a useful strategy for 7. forsythia

to survive in periodontal tissues by enhancing nutrient utilization.

75 2] ,



Bacterial EVs are enriched with various virulence factors, which can initiate
inflammatory responses. In the present study, 7. forsythia-derived EVs (TF-
F5) induced pro-inflammatory responses and activated the TLR2 signaling
pathway. Diverse MAMPs of T. forsythia-derived EVs might be responsible
for the pro-inflammatory responses through the TLR2 signaling pathway.
Through in-depth quantitative proteomic analysis, several TLR2 agonists
were identified in 7. forsythia-derived EVs, including 95 bacterial
lipoproteins and leucine-rich-repeat family virulence factor BspA
(WP_052449061.1). Bacterial lipoproteins are produced by all bacteria and
are known as major TLR2 ligands [122]. BspA, one of the virulence factors
of T. forsythia, activates TLR2 and induces the release of pro-inflammatory
cytokines from macrophages [28]. Additionally, Exo-alpha-sialidase
(WP_046826229.1), beta-glucosidase BglX (WP _080948511.1), family 20
glycosyl hydrolase (HexA; WP _046825029.1), Chaperonin GroEL
(WP_046825748.1), and two S9 family peptidases (WP_046825437.1 and
WP_046824629.1), which are non-TLR2 agonist virulence factors related to
the pathogenesis of periodontal disease, were also identified in 7. forsythia-
derived EVs. Glycosyl hydrolases, including, exo-alpha-sialidase, BglX, and
family 20 glycosyl hydrolase, might play a role in disrupting of periodontal
tissue and supporting the growth of nearby oral bacteria since it hydrolyzes
oligosaccharides and proteoglycans in periodontal tissue, gingival crevicular
fluid, or saliva [18]. Chaperonin GroEL (WP _046825748.1) induces the pro-
inflammatory response and synergizes with IL-17 for inflammatory bone
resorption [123]. S9 family peptidases, also known as dipeptidyl peptidase IV
(DpplV), are serine proteases that degrade collagens of the periodontium in
periodontitis [124]. Our results are consistent with a study on EVs derived
from macrophages infected with Mycobacterium tuberculosis, the causative
agent of tuberculosis [125]. EVs released from M. tuberculosis can induce
inflammatory responses because they contain MAMPs, such as lipoproteins
and lipoglycans, of M. tuberculosis. In the present study, bacterial lipoproteins
r-3
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as well as non-TLR2 agonist virulence factors were found in the pathogen-
derived EVs. Therefore, when periodontal pathogens encounter innate
immune cells, they will release EVs that contain virulence factors, which can
induce both local and systemic inflammatory responses without cell-to-cell
interactions.

To survive within host tissue, 7. forsythia may release EVs, which is
detrimental to the host. 7. forsythia-derived EVs contain MAMPs that can
induce innate immune responses through TLR2 stimulation. Periodontal
pathogen OMVs can also induce innate immune responses [126, 127];
however, the mode of the adaptive immune response against periodontal
pathogen OMVs has not been studied yet. Therefore, the maturation of
BMDCs induced by periodontal pathogen OMVs and the type of helper T
cells induced by periodontal pathogen OMV-primed BMDCs were analyzed
in Part 2.
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Figure 24. Graphical summary of the proteome and inflammatory
responses of EVs derived from THP-1 macrophages infected with 7.
forsythia. EVs derived from THP-1 macrophages infected with 7. forsythia
were purified by DGUC. Proteome of macrophage-derived EVs and T
forsythia-derived EVs was analyzed by label-free in-depth quantitative
proteomics. Macrophage-derived EVs induced TNF-o in THP-1
macrophages. T. forsythia-derived EVs induced TNF-a, IL-1p, IL-6, and IL-
8 in THP-1 macrophages via TLR2 activation.
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2. Identification of the role in BMDCs maturation and helper

T cell differentiation by periodontal pathogen OMYVs

The responses of T lymphocytes to dysbiotic oral bacteria play an essential
role in the immunopathogenesis of periodontal disease [128]. As OMVs
harbor various immunostimulatory molecules [70], the present study
determined the role of the OMVs of periodontal pathogens in helper T cell
polarization through DC maturation. The OMVs of periodontal pathogens
activated DCs to secrete effector cytokines of Thl and Th17 cells but not Th2
cells. P. gingivalis OMV- and T. denticola OMV-primed BMDCs induced
the differentiation of natve CD4* T cells into Th17 cells. In contrast, T.
forsythia OMV-primed BMDCs favored the polarization of Th1l cells rather
than Th17 cells.

The maturation of DCs is essential for linking innate immunity to adaptive
immunity [96]. There is some evidence that DC maturation by the OMVs of
periodontal pathogens might occur through TLR signaling pathways. First,
the “red complex” bacteria induce immune responses mainly through TLR2
and TLR4 [24, 48, 129]. Second, the OMVs of periodontal pathogens harbor
various MAMPs, such as LPS/LOS, lipoproteins, peptidoglycan, DNA, and
RNA, which are the ligands of TLRs [126]. Several studies have reported that
other bacterial OMVs can induce DC maturation through TLR signaling
pathways [130-132]. Furthermore, since OMVs are potent immune
stimulators and deliver bacteria-specific antigens without the bacteria being
present, OMVs are receiving attention as an ideal vaccine against infectious
diseases [133]. Therefore, further studies are needed to identify the molecular
mechanisms of TLR signaling that are responsible for DC maturation induced
by MAMPs in the periodontal pathogen OMVs.

For normalization of OMV treatment, one must choose either a biomolecule
or a number of OMVs. According to Cecil et al. (2016), the amounts of
protein, LPS, lipoprotein, peptidoglycan, DNA, and RNA were too different

in the same number of OMVs of P. gingivalis, T. denticola, and T. forsythia
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[126]. In the report, the degree of TLR2 and TLR4 activation by the same
amount of OMV proteins was similar to each other, but the degree of TLR2
and TLR4 activation by the same number of OMVs was very different,
especially in the case of T. denticola OMVs. Although the particle number in
10 ug proteins of P. gingivalis OMVs and T. forsythia OMVs was similar,
their ability to induce Th1l or Th17 differentiation was different. The particle
number in 10 pg proteins of T. denticola OMVs was higher than that in 10 ug
proteins of P. gingivalis OMVs and T. forsythia OMVs, but showed similar
BMDC-activating abilities to P. gingivalis OMVs and T. forsythia OMVs.
Therefore, protein quantification of OMVs is a reliable criterion for assessing
host response to OMVs and that different T cell polarization by each OMVs
might be due to their different qualitative rather than quantitative nature.
The present study demonstrated that P. gingivalis OMVs induced DC-
mediated Th17 polarization. In addition, the ability of P. gingivalis OMVs to
induce Th17 polarization is similar to that of P. gingivalis whole cells. P.
gingivalis induces Th17 responses in vivo and in vitro by activating DCs and
monocytes [134-137]. P. gingivalis LPS has been found to upregulate Th17
cell differentiation from activated human naive CD4™ T cells in the presence
of Th17-driven cytokines [138]. Th17 cells induced by P. gingivalis affect
the pathogenesis of periodontitis and systemic diseases, such as rheumatoid
arthritis [139]. P. gingivalis oral infection induces alveolar bone resorption
and aggravates the severity of arthritis, which may be associated with
increased systemic Th17 responses [140, 141]. Since P. gingivalis OMVs can
spread to host tissues through the bloodstream [77], P. gingivalis OMVs may
induce Th17 differentiation, leading to periodontitis and other systemic
diseases. Since only the P. gingivalis ATCC 33277 strain was used in this
study, it is necessary to analyze various P. gingivalis strains, including W50
and gingipain mutant strains, for DC maturation and T cell differentiation.
Unlike P. gingivalis, the role of T. denticola in CD4" T cell responses has
not been well studied yet. The present study demonstrated for the first time
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that T. denticola whole cells and T. denticola OMVs induced DC-mediated
Th17 polarization but not Thl. IL-6 released from both P. gingivalis OMV-
and T. denticola OMV-primed BMDCs was found to play a pivotal role in
Th17 polarization. Among various cytokines from mature DCs, IL-6 is an
essential cytokine for the commitment of Th17 cells [142, 143]. IL-6 activates
the STAT3 signaling pathway through gp130 on naive CD4" T cells [142],
and STAT3 is a crucial transcription factor for Th17 cell differentiation [143].
In addition, IL-6 inhibits the differentiation of Th1 cells by inhibiting SOCS1
function [144].

In contrast to P. gingivalis OMV- and T. denticola OMV-primed BMDCs,
T. forsythia OMV-primed BMDCs preferentially induced the differentiation
of Th1l cells rather than Th17 cells. IL-12 was found to play a pivotal role in
Th1 differentiation by T. forsythia OMV-primed BMDCs. IL-12 is known as
an inducer of naive CD4" T cell differentiation into Thl cells [145]. T.
forsythia OMVs significantly induced IL-12p70 expression in BMDCs
compared to OMVs of P. gingivalis and T. denticola. Indeed, the
neutralization of IL-12 reduced Th1l cells but increased Thl7 cells in the
coculture of T. forsythia OMV-primed BMDCs with naive CD4" T cells.
Furthermore, the S-layer glycan of T. forsythia was previously reported to
restrain Th17 cell responses in a mouse model and human peripheral blood
mononuclear cell study [31, 146]. The S-layer glycan is a typical structure of
T. forsythia and protects the bacterium from recognition by DCs [31]. Further
studies are needed to identify the detailed molecular mechanisms underlying
the ability of OMVs from different bacterial species to differentially regulate
T cell polarization.

Among the three periodontal pathogen OMVs, T. denticola OMVs showed
the highest proteolytic activity against pro-inflammatory cytokines.
Dentilisin is a chymotrypsin-like protease located in the outer membrane of
T. denticola [147]. Veith et al. showed that dentilisin is one of the abundant
proteins in T. denticola OMVs, and its topology on T. denticola OMVs faces
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the extracellular space [148]. It has been shown that dentilisin can degrade
several host proteins, including pro-inflammatory cytokines, such as TNF-a,
IL-1B, IL-6, and IL-8 [149]. Ginginpains are well-characterized proteolytic
enzymes and virulence factors of P. gingivalis [150]. There are three types of
gingipains. RgpA and RgpB are arginine-specific cysteine proteases, and Kgp
is a lysine-specific cysteine protease [151]. Gingipains are abundant on P.
gingivalis OMVs [152] and contribute to evasion of the host immune
surveillance system by degrading cytokines such as IL-1p, IL-6, and IFN-y
[39]. In this study, P. gingivalis OMVs degraded recombinant murine IL-1p
and 1L-23 but not IL-6 and 1L-12p70. Therefore, OMV secretion is a useful
tool of T. denticola and P. gingivalis for evading host immune systems.

Periodontal pathogen OMVs induced helper T cell differentiation via
BMDCs similar to live bacteria. Periodontal pathogen OMVs might play a
key role in induction of DC maturation and Th1/Th17 cell differentiation
which are associated with pathogenesis of periodontitis and other systemic
diseases since OMVs are easily spread to the various tissues [75]. Therefore,
further in vivo studies are needed to clarify the role of periodontal pathogen
OMVs in pathogenesis of periodontitis and periodontitis-associated systemic
diseases.
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Figure 25. Graphical summary of naive CD4" T cell differentiation by
periodontal pathogen OMV-primed BMDCs. OMVs of periodontal
pathogens, P. gingivalis, T. denticola, and T. forsythia, induced the expression
of MHC class IT and CD80, CD86, and CD40 on BMDC:s. P. gingivalis OMV-
and 7. denticola OMV-primed BMDCs induced differentiation of naive CD4+
T cells into Th17 cells by release through IL-6. However, 7. forsythia OMV-
primed BMDCs preferentially induced Th1 cell differentiation via IL-12.
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V. Conclusion

EVs derived from macrophages infected with 7. forsythia carried pro-
inflammatory cytokines and inflammatory mediators that play a role in the
inflammatory responses in periodontitis. 7. forsythia-derived EVs contained
various virulence factors and induced pro-inflammatory responses through
TLR2 activation. OMVs of P gingivalis and T denticola induced
differentiation of Th17 cells, while 7. forsythia OMVs favored Thl cell
polarization rather than Thl7 cells. These results demonstrate that in
pathogen-infected cells, EVs derived from host cells and a pathogen can have
a synergistic effect on the inflammatory response. OMVs derived from the
“red complex” bacteria induced BMDCs maturation and differentiation of
naive CD4" T cells into Th1 or Th17 cells.

This study revealed that EVs derived from both host cells and periodontal
pathogens induced innate and adaptive immune responses that may contribute
to the pathogenesis of periodontitis. Taken together, EVs may be a useful tool
for understanding the pathogenic mechanisms of periodontal pathogens.

Further in vivo animal model studies are needed to clarify the roles of
periodontal pathogen OMVs in the pathogenesis of periodontal diseases.
Additionally, clinical studies using EVs isolated from the blood or saliva of
patients with periodontitis may help for identifying biological markers of

periodontitis.
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Porphyromonas gingivalis, Treponema denticola, T. forsythia
Al 7HA A5 B ot A¥Ae 2ddEY " 2R %
AR E Sl e 2 AA sielth ew Az AL AV]|ek

O
1l

—_

&3l
shlvt. vy AxEA o] o3 FAAY ML Hel g4 W ={ T
ol 3k gRlstr] 98, vhvA =5 il FAY AEE 8
% C57BL/6N I AEZYFE H3A7|1, &Q3 ofx whi}
A okS ulE3} CD4" T AIXE 853 C57BL/6N w9 w4+
ol sttt =5 Fd FAY AEE
o A¥A R At ME XS 28 F 2 AT EH3HA|

— A=
(MHC class II), CD80, CD86, % CD40 #x}9] @3 =35



E TA7IE SAsA. H5 fll FAGAEY wiF S el

—
[18_12

A AdZEA AYolEFFeICl 1L—12p70, IL—14,1L—6,1L.—23¢] #

=
JEE5 ELISAR SAslvh A4 AAZF S8as A4 1

olo

(QRT-PCR)= F&qst] T #dl FAGAELAN 1112a, 111b,
116, 1123a%) Hds wA A gBIAL(mRNA) Tl skl
. AS5A AlolEFRle] dist X5 WAyt FE 9w AxAl
g R A4S A fE AR AAF IL-12p70,
IL-14, IL-6, IL-23& A5 ¥dd Fd 2 2242 A3t
3 @ AlolEFFe1e] okS ELISAR A&t =& T AlFx9
B2 gelsly] ga, nE3s CD4YT T AlxE o9 2342 =

=27 G FAGAEY 49 B T etk CD4T T
AZ Thl X Thl7 AEES E3E= CD4T T Az
INF-7y % IL-17A2 3 =& FAX B47|2 S48t &
Astdth. =5 FHl FASAEA | EE= IL-6 9 IL-127}
Thl T+ Thl7 Ao #3lel wx= JFs F7ketr] flsl, #
B3} CD4" T H*

)

iR
l-ﬂ

(i

)
_

o
l

% F CD4" T A= INF-y 9 IL-17A° od AEE

SERTEFEREET

23

T. forsythia®l 749 ¥ THP—-1 A AXE 3 AX ¥ 2XA+=
1 U whel oAl A A AE vt AXA} T forsythia +F
A AxE 9 AxAZ EEAY. A AE fFd AE 9 AEA
= AYUE B3|, T forsythia 3 AX ¥ A¥XA = S Y%
B3lo] At F e AE o3 AEZ v 2xA 9 378

=

=
g usBAw dud Ee gds] gac, Aagse Az
106 -":l*-_!'l.'lll



v A A 241 CDY9, CD63, W Alixye & A2 3 Az vt
XA AEHQT, T, forsythia WAL T, forsythia
g EVelM w22 AER HEIHANG FAEHA &2 diAAl
Zo Ax ¥t A¥Ae vlwstd TNF-«e, CXCL8, IL-145,
CPNE1, SPP1, PLSCR1, P2RX4, MMP9, SARS, VARS, STXBP2,
HVCNI1, CD82, RFTNI1, LCP1 ¥ ATP2B1-& 7. forsythia®ll %+
A thAE FH AE 8 XA NN SIMES T A

2 Sa Bk DAAE e AE W REAE THP-1 oy

P
f
_‘
a
=
Z,
q—;
4z L
i
r-g{-'t
o
Jo
kr
3%
v
i
1z
)
-_>'i‘1
gh
2
o
oft
%
~

forsythia 3 A3 ¥
Ll aa, ©skE TR ad, utEelol A A, GroEL
9 BspAE XSt 7. forsythia®] <l ol
forsythia 3 AXE ¥ A2XZAE TLR2 A3 A9 HARE E3
THP—1 )& M3xEe|A TNF—«a, IL-18, IL-6 % IL-8% F%
sttt SvlEAL, THP—1 thaAxeA Eh] 5= A
2 T forsythiaoll Al A3 vt AX A9 =8 =733t
= FEY 2 (red complex) 2tk =2 37HA A5 W<l
P. gingivalis, T. denticola % T. forsythia®l 2% A3XA7F =2
d I gl FAGAEAA 298 F 24 A HEAl, CD8O,
CD86 9 CD40 &2k &&o] F7bslitt. P. gingivalis 3 T.
forsythia® 99 AXA|= =7 Fd FAGAEAA 54 A
o]E7FQIQl IL-14,1L—6,1L-23 ¥ IL-12p709] TdS F=3}
At 2elv, 7. denticola Q)2 AZA O & AFEE FAA
o] BF, AIE vieF ATl dFA AlolETIRIel Ao HEH
2] Qkoktt. ol T, denticola )% AXA|Q ¥ whild R =
dell o) EallE Aol mlaEst CD4T T Mgt 9ur Ay
2 AFH 5 Il FAREAELFL] FHjekel A, P gl]]gllVéZ/]S
107 1 =

ko

P>
~

\,IOL E
rO
oo
32
o

~

ofj

abi

|_‘ﬁ



T. denticola®) 2|9+
T. forsythia 9% &

(2

[e)
=

TE

M

Thl A% &3}

T
L

A

hyA
-

i

el

sk
=

e}
o

2l

Z}7F Th17 2 Thl &3} =37

IL-12+

jad|
=

R
2

T. forsythia®l

Afo] &7}l 7}

o

A]
T. forsythia 3] A3

L =
J= dE5

i
oy

0

<
o

ol A

A Al

f

gingivalis®} T. denticola 2%} A3EA)

S

i

3}

Thl7 AMx=E]

| -
L.

wag

=9

hyA
fhn

Thl A

=
L

I

A

hyA

,/JIY\__V_]A

A 7. forsythia 2%

fEsth

N
A

ol

B

b A= A

o] 3T

A7t 4

Ay
e Y

>

A

>
)}

23!

ol

Y

=13
T

Ay
e Y

s} CD4™ T HXEZ9

j LN

=]

Ick. weba Al

PN

]_O

o

9] 443} 7
108

AL
i

FofeE A

Thl %=+ Thl7 A
H:2018-32257

1.

°
9

F7b 8 & gl
F9,T Ax



	Ⅰ. Introduction
	1. Periodontitis
	1.1. Microbiome and immune system
	1.2. Periodontitis and periodontal pathogens

	2. Immune cells and periodontitis
	2.1. Helper T cell
	2.2. Dendritic cell
	2.3. B cell
	2.4. Neutrophil
	2.5. Macrophage

	3. Extracellular vesicles
	4. Aims of this study

	Ⅱ. Material and Methods
	1. THP-1 cell culture
	2. Bacteria culture
	3. Isolation and characterization of EVs
	3.1. Isolation of EVs derived from THP-1 macrophages infected with T. forsythia
	3.2. Isolation of OMVs derived from periodontal pathogens
	3.3. Nanoparticle tracking analysis (NTA)
	3.4. Transmission electron microscopy (TEM)
	3.5. Immunoblotting
	3.6. SYPRO Ruby protein gel staining

	4. Proteomics
	4.1. EV sample preparation for proteome analysis
	4.2. LC-MS/MS analysis
	4.3. Data processing for label-free quantification
	4.4. Statistical analysis of the proteomic data
	4.5. Bioinformatics analysis

	5. T. forsythia culture in the EV-free conditioned medium of THP-1 macrophages
	6. CHO/CD14/TLR2 and CHO/CD14/TLR4 reporter cell assay
	7. Mice
	8. Bone marrow-derived dendritic cells (BMDCs)
	9. Coculture of naïve CD4+ T cells with BMDCs
	10. Enzyme-linked immunosorbent assay (ELISA)
	11. Degradation of pro-inflammatory cytokines by periodontal pathogen OMVs
	12. Quantitative real-time polymerase chain reaction (qRT-PCR)
	13. Flow cytometry
	14. Statistics

	Ⅲ. Results
	1. Identification of proteome profile and immune responses of EVs derived from macrophages infected with T. forsythia.
	1.1. Two distinct types of EVs were identified from macrophages infected with T. forsythia.
	1.2. Macrophage-derived EVs of non-infected and T. forsythia-infected macrophages were analyzed by in-depth quantitative proteomics.
	1.3. T. forsythia proteins in T. forsythia-derived EVs were analyzed by in-depth quantitative proteomics.
	1.4. T. forsythia cultured in EV-free conditioned medium of macrophages relased EVs.
	1.5. Macrophage-derived EVs and T. forsythia-derived EVs induced pro-inflammatory responses.

	2. Identification of the role in BMDCs maturation and helper T cell differentiation by periodontal pathogen OMVs.
	2.1. Periodontal pathogen OMVs were isolated and characterized.
	2.2. Periodontal pathogen OMVs induced maturation of BMDCs.
	2.3. OMV-primed BMDCs secreted pro-inflammatory cytokines.
	2.4. Naïve CD4+ T cells were differentiated by OMV-primed BMDCs.
	2.5. IL-6 and IL-12 play a key role in the differentiation of naïve CD4+ T cells by OMV-primed BMDCs into Th17 and Th1 cells, respectively.


	Ⅳ. Discussion
	1. Identification of proteome and immune responses of EVs derived from macrophages infected with T. forsythia
	2. Identification of the role in BMDCs maturation and helper T cell differentiation by periodontal pathogen OMVs

	Ⅴ. Conclusion
	Ⅵ. References
	List of Publications
	국문초록


<startpage>16
Ⅰ. Introduction 1
 1. Periodontitis 1
  1.1. Microbiome and immune system 1
  1.2. Periodontitis and periodontal pathogens 1
 2. Immune cells and periodontitis 5
  2.1. Helper T cell 6
  2.2. Dendritic cell 6
  2.3. B cell 7
  2.4. Neutrophil 7
  2.5. Macrophage 8
 3. Extracellular vesicles 8
 4. Aims of this study 9
Ⅱ. Material and Methods 11
 1. THP-1 cell culture 11
 2. Bacteria culture 11
 3. Isolation and characterization of EVs 12
  3.1. Isolation of EVs derived from THP-1 macrophages infected with T. forsythia 12
  3.2. Isolation of OMVs derived from periodontal pathogens 13
  3.3. Nanoparticle tracking analysis (NTA) 14
  3.4. Transmission electron microscopy (TEM) 14
  3.5. Immunoblotting 14
  3.6. SYPRO Ruby protein gel staining 15
 4. Proteomics 16
  4.1. EV sample preparation for proteome analysis 16
  4.2. LC-MS/MS analysis 16
  4.3. Data processing for label-free quantification 17
  4.4. Statistical analysis of the proteomic data 17
  4.5. Bioinformatics analysis 18
 5. T. forsythia culture in the EV-free conditioned medium of THP-1 macrophages 19
 6. CHO/CD14/TLR2 and CHO/CD14/TLR4 reporter cell assay 19
 7. Mice 20
 8. Bone marrow-derived dendritic cells (BMDCs) 20
 9. Coculture of naïve CD4+ T cells with BMDCs 20
 10. Enzyme-linked immunosorbent assay (ELISA) 21
 11. Degradation of pro-inflammatory cytokines by periodontal pathogen OMVs 21
 12. Quantitative real-time polymerase chain reaction (qRT-PCR) 22
 13. Flow cytometry 23
 14. Statistics 23
Ⅲ. Results 25
 1. Identification of proteome profile and immune responses of EVs derived from macrophages infected with T. forsythia. 25
  1.1. Two distinct types of EVs were identified from macrophages infected with T. forsythia. 25
  1.2. Macrophage-derived EVs of non-infected and T. forsythia-infected macrophages were analyzed by in-depth quantitative proteomics. 32
  1.3. T. forsythia proteins in T. forsythia-derived EVs were analyzed by in-depth quantitative proteomics. 42
  1.4. T. forsythia cultured in EV-free conditioned medium of macrophages relased EVs. 50
  1.5. Macrophage-derived EVs and T. forsythia-derived EVs induced pro-inflammatory responses. 53
 2. Identification of the role in BMDCs maturation and helper T cell differentiation by periodontal pathogen OMVs. 57
  2.1. Periodontal pathogen OMVs were isolated and characterized. 57
  2.2. Periodontal pathogen OMVs induced maturation of BMDCs. 60
  2.3. OMV-primed BMDCs secreted pro-inflammatory cytokines. 62
  2.4. Naïve CD4+ T cells were differentiated by OMV-primed BMDCs. 66
  2.5. IL-6 and IL-12 play a key role in the differentiation of naïve CD4+ T cells by OMV-primed BMDCs into Th17 and Th1 cells, respectively. 70
Ⅳ. Discussion 73
 1. Identification of proteome and immune responses of EVs derived from macrophages infected with T. forsythia 73
 2. Identification of the role in BMDCs maturation and helper T cell differentiation by periodontal pathogen OMVs 79
Ⅴ. Conclusion 84
Ⅵ. References 85
List of Publications 103
국문초록 104
</body>

