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ARTICLE INFO ABSTRACT

Keywords: Objectives: Periodontitis, commonly associated with Porphyromonas gingivalis (Pg), involves intricate alterations of
Pe_riOd"mal disease oral intercellular interactions, in which extracellular vesicles (EVs) play a pivotal role. The understanding of the
mlcrORﬁA miRNA profiles in the EVs derived from Pg-infected cells (Pg-EVs) remains incomplete despite acknowledging
Macrophage . their importance in intercellular communication during periodontitis. Therefore, our objective was to identify
Extracellular vesicle . . . .

R and characterize the miRNAs enriched in Pg-EVs.
Porphyromonas gingivalis

Methods: Microarray analysis was conducted to examine the miRNA profiles in the EVs derived from Pg-infected
THP-1 cells. We compared the identified miRNAs with those upregulated in the EVs after stimulation with LPS.
Additionally, we explored how inhibiting TLR signaling during Pg infection affects the transcription of specific
miRNAs. We investigated the unique sequence motifs specific to the miRNAs concentrated in Pg-EVs.

Results: The levels of eleven miRNAs, including miR-155, were increased in Pg-EVs compared with those elevated
after LPS stimulation. The Pg-induced miR-155 upregulation via TLR2 but not TLR4 signaling suggests the in-
fluence of TLR signaling on the miRNA composition of EVs. Furthermore, the miRNAs upregulated in Pg-EVs
contained AGAGGG and GRGGSGC sequence motifs.

Conclusions: Our findings demonstrate that Pg-induced alterations in EV-containing miRNA composition occur in
a TLR4-independent manner. Notably, the concentrated miRNAs in Pg-EVs harbor specific motifs with a high G
+ C content within their sequences. The upregulation of specific miRNAs in EVs under infectious conditions
suggests the influence of both innate immune receptor signals and miRNA sequence characteristics.

Exosomes secreted by infected stromal and immune cells have been
identified as modulators of innate immune responses [2]. Extracellular

1. Introduction

Periodontal disease is a chronic inflammatory condition commonly
associated with Porphyromonas gingivalis (Pg), a gram-negative anaer-
obic bacterium frequently found in the oral cavity, although other
bacteria such as Treponema denticola can also contribute to the disease.
Recent single-cell RNA-seq analyses have revealed alterations in the
interactions between stromal and immune cells within the gingival
mucosa of patients with periodontitis [1]. Recognition of bacterial
components by innate immune receptors expressed in both stromal and
immune cells may initiate intercellular interactions [1].

vesicles (EVs), including exosomes, are membrane-bound vesicles
released by cells into the extracellular environment. These EVs carry
diverse biomolecules, such as proteins, lipids, RNA, and DNA, facili-
tating their transfer to recipient cells and influencing intercellular
communication and various biological processes, including inflamma-
tion and immune responses. EVs derived from Pg-infected cells have
been linked to inflammation and disease pathogenesis [3]. The modu-
lation of the innate immune response by EVs is believed to contribute to
the intricate intercellular communication observed in periodontal

Abbreviations: Pg, Porphyromonas gingivalis; EVs, extracellular vesicles; miRNAs, microRNAs; LPS, lipopolysaccharide; FBS, fetal bovine serum; PMA, phorbol
myristate acetate; NMWL, nominal molecular weight limit; SD, standard deviation.
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diseases.

EVs encapsulate various components that can initiate inflammation,
such as bacterial elements and host-derived histones [4]. MicroRNAs
(miRNAs) among components of EVs play pivotal roles in regulating
gene expression in recipient cells. Ranging from 20 to 25 nucleotides in
length, miRNAs interact with multiple mRNA sequences, impede
translational responses, and suppress the expression of diverse genes
[5]. While miRNAs typically function within host cells, they are also
secreted by EVs [6]. Exosomal miRNAs originating from innate immune
cells, such as macrophages or dendritic cells, have been reported to
transfer to recipient cells and regulate inflammation by suppressing
target genes [7,8].

Several studies have suggested that the miRNA profile in EVs differs
significantly from that in host cells [9-11]. Recently, it has been
observed that specific sequences within the miRNA sequence determine
the sorting of miRNAs into EVs, while distinct sequences are associated
with cellular retention. These sorting sequences vary across cell types
but commonly exhibit a high G + C content of four to seven nucleotides
[9]. Additionally, it has been reported that fluctuations in intracellular
target sequences of miRNAs associated with cell activation influence
miRNA sorting into EVs [10]. Currently, efforts are underway to identify
miRNAs within EVs across various tissues and cell types, including
cancer cells. These investigations reveal fluctuations in the composition
of EV-containing miRNAs depending on the source of production [12].

While miRNA within EVs has been extensively studied in the context
of various inflammatory diseases [13-15], limited research has been
conducted on EV-contained miRNAs associated with periodontal dis-
ease. Therefore, we comprehensively identified specific miRNAs within
EVs produced by macrophage-like cells infected with Pg. Upregulated
miRNAs within EVs following Pg infection are distinctly different from
those upregulated into EVs by lipopolysaccharide (LPS) stimulation,
arising from the recognition of each pathogen by distinct upstream re-
ceptors. Additionally, we investigated the sequence characteristics of
the miRNAs enriched in EVs due to Pg infection. This study provides a
new mechanistic perspective on the alternation of miRNA composition
within EVs during Pg infection and could aid in identifying novel bio-
markers for periodontal disease.

2. Materials and methods
2.1. Bacterial cultures

P. gingivalis ATCC33277 was cultivated in Brain Heart Infusion me-
dium (BD Bioscience, Franklin Lakes, New Jersey, USA), supplemented
with 0.5% yeast extract (BD Bioscience), 10 pg/mL hemin (FUJIFILM
Wako Pure Chemical Corporation, Osaka, Japan), and 1 pg/mL 2-
methyl-1,4-naphthoquinone (vitamin K3) (Tokyokasei, Tokyo, Japan)
in an anaerobic jar at 37 °C.

2.2. Cell culture

The human monocytic cell line THP-1 was seeded at a concentration
of 30,000 cells/mL and cultured in Roswell Park Memorial Institute
(RPMI) 1640 medium (Sigma-Aldrich, by Merck KGaA, Darmstadt,
Germany) with 10% fetal bovine serum (FBS) (Gibco by Thermo Fisher
Scientific, Waltham, Massachusetts, USA) at 37 °C under a humidified
atmosphere containing 5% COs.

2.3. Bacterial infection

THP-1 cells were seeded in 10% FBS/RPMI 1640 medium. After 24 h,
they underwent differentiation into macrophages through treatment
with 100 nM phorbol myristate acetate (PMA) (FUJIFILM Wako Pure
Chemical Corporation) for 48 h. Subsequently, the medium was replaced
with 2% FBS/RPMI 1640, and the cells were infected with Pg (MOI =
100).
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For EV extraction, following 4 h of Pg infection, any uninternalized
bacteria were washed away with PBS. Cells were then cultured in RPMI
1640 medium with a 2% Exo-FBSHI (Exosome-depleted and Inactivated
FBS) (System Biosciences, Palo Alto, California, USA) for 48 h. The EVs
released into the culture medium were collected. It has been reported
that both host cells and intracellular Pg remain viable for at least 48 h
post-infection [4]. Therefore, we selected the 48-h time point as the
most efficient for EV collection.

2.4. EV isolation

EVs were isolated from the culture medium using the polymer-based
precipitation method. The enrichment process involved employing
Amicon Ultra-15 Centrifugal Filter Device with a nominal molecular
weight limit (NMWL) of 100,000 Da (Sigma-Aldrich). For the polymer
method, we utilized the Total Exosome Isolation Reagent (Thermo
Fisher Scientific). It has been reported that the shape and size
(approximately 200 nm) of EVs obtained by this method remained un-
changed upon Pg infection [4].

2.5. Microarray analysis

EVs were extracted from both Pg-infected and non-infected cells,
following established protocols. The miRNAs within the EVs were sub-
sequently extracted using 3D-Gene RNA extraction reagent, and their
quality was assessed using a 2100 Bioanalyzer (Agilent Technologies,
Santa Clara, California, USA). The miRNA samples underwent labeling
with the 3D-Gene miRNA Labeling kit and were then subjected to hy-
bridization at 32 °C for 16 h. Microarray analysis was conducted using a
Human miRNA Oligo chip (TORAY, Tokyo, Japan) with chip ID
SHO6R24, along with the 3D-Gene Scanner 3000 (TORAY). To deter-
mine the expression level of each miRNA, background values were
subtracted from the obtained values. Further global normalization was
performed by adjusting the median signal intensity to 25. MicroRNAs
with a microarray expression score of less than 100 in non-infected cells,
were excluded from downstream analysis.

2.6. mRNA isolation and real-time PCR

The cells were homogenized in ISOGEN (Nippon Gene, Tokyo,
Japan), and total RNA extraction was conducted following the manu-
facturer’s protocol. Subsequently, cDNA synthesis was performed using
the Prime ScriptTM RT reagent kit (Takara Bio, Kyoto, Japan). Real-time
PCR was carried out with SYBR Premix Ex Taq (Takara Bio) on a 7300
Real-Time PCR system (Applied Biosystems, Carlsbad, CA, USA). The

primer sequences used were as follows: human GAPDH
(NM_001289745.3):  forward, 5-GCACCGTCAAGGCTGAGAAC-3,
reverse, 5-TGGTGAAGACGCCAGTGGA-3’; human B-actin

(NM_001101.5): forward, 5-CATGTACGTTGCTATCCAGGC-3/, reverse,
5'-CTCCTTAATGTCACGCACGAT-3’; human TBP (NM_003194): for-
ward, 5-CCACTCACAGACTCTCACAAC-3', reverse, 5-CTGCGGTA-
CAATCCCAGAACT-3’; human MIR155HG (NR_001458): forward, 5'-
GCAGGTTTTGGCTTGTTCAT-3/, reverse, 5-AAAACGTTGCCAGA-
CAATCC-3’; human TNF-« (NM_000594): forward, 5-
CCTCTCTCTAATCAGCCCTCTG-3/, reverse, 5-GAGGACCTGGGAGTA-
GATGAG-3’; human IL-6 (NM_000600): forward, 5-AAGCCA-
GAGCTGTGCAGATGAGTA-3, reverse, 5-TGTCCTGCAGCCACTGGTTC-

3’; human IL-10 (NM_000572): forward, 5-GACTTTAAGGGT-
TACCTGGGTTG-3,  reverse, 5-TCACATGCGCCTTGATGTCTG-3’;
human CD206 (NM_002438.4): forward, 5-TTCGGA-

CACCCATCGGAATTT-3,, reverse, 5-CACAAGCGCTGCGTGGAT-3’.

The PCR was conducted for 40 cycles with two steps at 95 °C and
60 °C. Each gene’s expression was quantified using standard curves.
Internal reference genes (p-actin, TBP and GAPDH), which exhibit the
most stable expression under each experimental condition, were used
for normalization. All data were standardized based on the normalized
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expression values of the control samples.

2.7. miRNA isolation and real-time PCR

The cells and EVs were homogenized using ISOGEN II (Nippon
Gene), and small RNAs were isolated according to the manufacturer’s
protocol. Following this, cDNA synthesis and real-time PCR were per-
formed using the miRCURY LNA miRNA PCR Starter Kit (QIAGEN,
Hilden, Germany) and the 7300 Real-Time PCR system (Applied Bio-
systems). The PCR was conducted for 40 cycles with two steps at 95 °C
and 56 °C. Each gene’s expression was quantified using standard curves.
All data were standardized based on the normalized expression values of
the control samples.

2.8. Inhibitor treatment

Upon inducing differentiation of THP-1 cells into macrophages, a 30-
min pre-treatment was performed using 10 pM TLR2-IN-C29, 10 pM
TLR4-IN-C34, or 5 pM BAY 11-7085 (Enzo Life Sciences, Inc, USA) in
2% FBS/RPMI 1640 medium. Subsequently, THP-1 cells were infected
with Pg, and mRNA was collected 2 h post-infection.

2.9. Immunocytochemistry

THP-1 cells were fixed in 4% formalin for 30 min and permeabilized
with 100% methanol for 20 min on ice. Following a 45-min block with
4% BSA/PBS, the cells were incubated overnight at 4 °C with anti-
-NF—«B p65 antibody (F-6, Santa Cruz Biotechnology, sc-8008) (diluted
1:1000) or normal mouse IgG. Subsequently, Alexa Fluor 566-conju-
gated anti-rabbit IgG antibody (Thermo Fisher Scientific) (dilution not
required) was added for 1 h. Nuclear staining was performed using
Hoechst 33342 for 30 min. The samples were observed under a BZ-X800
microscope (Keyence, Osaka, Japan). The ImageJ Fiji software was
utilized to segment the nuclear staining images and calculated the
average intensity of p65 staining in each nucleus.

2.10. Transcription factor (TF)-miRNA regulation analysis

The regulation of miRNA expression by NF-kB members was
analyzed using the TransmiR v2.0 database (https://www.cuilab.cn
/transmir). In this database, the reliability of TF-miRNA regulation is
classified according to the definition of miRNA promoter regions in
ChIP-seq analysis. The presence of transcription factor binding sites was
depicted as variations in color in Supplementary Fig. 1, based on dif-
ferences in reliability.

2.11. Calculation of free energy for miRNAs

Free energy of the thermodynamic ensemble was calculated using
RNAfold program from each miRNA sequence (http://rna.tbi.univie.ac.
at//cgi-bin/RNAWebSuite/RNAfold.cgi). miRNA sequences were ob-
tained from the miRBase database (https://www.mirbase.org/).

2.12. miRNA motif analysis

The identification of four to seven-base sequence motifs within the
miRNAs concentrated in EVs during Pg infection was performed using
the default settings of the STREME software available at The MEME
Suite site (https://meme-suite.org/). Sequences generated by shuffling
the input sequences were used as controls. Additionally, motif enrich-
ment analysis was conducted using SEA software from the same site,
employing the sequences of miRNAs that were downregulated in EVs
during Pg infection as controls. The search for AGAGGG and GRGGSGC
motifs in miR-132 was conducted using the FIMO software from the
same site.
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2.13. Pathway analysis for target genes of miRNAs

The KEGG pathway for target genes of upregulated miRNAs in EVs
following Pg infection was analyzed in miRPathDB v2.0 website (htt
ps://mpd.bioinf.uni-sb.de/overview.html). We analyzed the pathways
enriched with experimentally validated miRNA target genes and pre-
dicted target genes. We created heatmaps for pathways shared by at
least three miRNAs.

2.14. EVs treatment

THP-1 cells were seeded in RPMI 1640 medium supplemented with
10% FBS at a density of 30 x 10* cells/mL. After 24 h, 100 nM PMA was
added, and the cells were treated for an additional 48 h to induce dif-
ferentiation into macrophages. EVs were added at various concentra-
tions, followed by a change in the medium.

2.15. Statistical analysis

Statistical analyses were performed using Statcel4, GraphPad
Prism10 software and R environment. The normal distribution of data
was initially assessed using the Goodness-of-fit test using the chi-square
statistic. Variables exhibiting normal distribution were assessed using
Student’s t-test for two-group comparison. For multiple-group compar-
isons, the Tukey-Kramer test was conducted. The significance level was
set at p or adjusted p < 0.05. To assess the adequacy of sample size for
the two-group comparison, we calculated Cohen’s d. In most cases, the
resulting values were above 2, indicating adequacy [16]. Each experi-
ment was independently conducted at least twice. All data are presented
as mean =+ standard deviation (SD).

3. Results

3.1. Identification of miRNAs within EVs derived from Pg-infected THP-1
cells

THP-1 macrophage-like cells were infected with Pg for 4 h. Subse-
quently, both Pg and EVs were removed from the medium. miRNAs
contained within EVs, released from infected cells into the medium
within 48 h, were identified using miRNA microarray analysis. In
comparison to non-infected cells, 11 miRNAs were upregulated, while
17 were downregulated in EVs from Pg-infected cells (Pg-EVs) (Table 1).
Notably, miR-146a/b and miR-155, recognized the biomarkers for
periodontitis [17,18], were significantly upregulated. To validate these
findings and address potential microarray bias, we confirmed the
increased expression of miR-146a-5p and miR-155-5p in EVs (Fig. 1A)
and intracellularly (Fig. 1B) using real-time PCR. Consistent Spike-In
expression between infected and non-infected cell-derived EVs vali-
dated the accuracy of the RT procedures (Fig. 1A). Considering the role
of LPS in innate immunity activation in gram-negative bacteria such as
Pg, we compared miRNAs increased in Pg-EVs with those increased by
LPS stimulation [19]. miRNAs affected by LPS stimulation did not
exhibit significant changes in Pg-EVs (Table 2). This suggests that the
alternation of miRNA profile induced by Pg infection may be indepen-
dent of Toll-like receptor 4 (TLR4) signaling.

3.2. Enhanced miR-155 expression via the TLR2/NF-xB pathway in
response to Pg infection

We hypothesized that, beyond TLR4, other innate immune receptors
activated by Pg infection might amplify the expression of identified
miRNAs. To explore this, we analyzed transcriptional regulation for
MIR155HG, the host gene of miR-155-5p. Notably, a significant increase
in MIR155HG expression in THP-1 cells was observed as early as 2 h
post-Pg infection (Fig. 2A). This elevation in intracellular miR-155 levels
persisted for up to 48 h post-infection (Fig. 1B). Given the established
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Table 1

miRNAs with substantial variation in EVs derived from Pg-infected THP-1 cells.
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Name sequence ID fold change category
hsa-miR-146a-5p UGAGAACUGAAUUCCAUGGGUU MIMAT0000449 3.13 Pg-up
hsa-miR-3197 GGAGGCGCAGGCUCGGAAAGGCG MIMAT0015082 2.70 Pg-up
hsa-miR-155-5p UUAAUGCUAAUCGUGAUAGGGGU MIMAT0000646 2.70 Pg-up
hsa-miR-146b-5p UGAGAACUGAAUUCCAUAGGCU MIMAT0002809 2.63 Pg-up
hsa-miR-550a-5p AGUGCCUGAGGGAGUAAGAGCCC MIMAT0004800 2.56 Pg-up
hsa-miR-3178 GGGGCGCGGCCGGAUCG MIMATO0015055 2.27 Pg-up
hsa-miR-3616-3p CGAGGGCAUUUCAUGAUGCAGGC MIMAT0017996 2.27 Pg-up
hsa-miR-4276 CUCAGUGACUCAUGUGC MIMAT0016904 217 Pg-up
hsa-miR-6807-5p GUGAGCCAGUGGAAUGGAGAGG MIMAT0027514 2.08 Pg-up
hsa-miR-671-5p AGGAAGCCCUGGAGGGGCUGGAG MIMAT0003880 2.08 Pg-up
hsa-miR-642a-3p AGACACAUUUGGAGAGGGAACC MIMAT0020924 2.00 Pg-up
hsa-miR-20a-5p UAAAGUGCUUAUAGUGCAGGUAG MIMAT0000075 0.50 Pg-down
hsa-miR-3156-5p AAAGAUCUGGAAGUGGGAGACA MIMAT0015030 0.48 Pg-down
hsa-miR-4793-5p ACAUCCUGCUCCACAGGGCAGAGG MIMAT0019965 0.47 Pg-down
hsa-miR-5006-5p UUGCCAGGGCAGGAGGUGGAA MIMAT0021033 0.47 Pg-down
hsa-miR-3135b GGCUGGAGCGAGUGCAGUGGUG MIMAT0018985 0.46 Pg-down
hsa-miR-7151-3p CUACAGGCUGGAAUGGGCUCA MIMAT0028213 0.44 Pg-down
hsa-miR-4486 GCUGGGCGAGGCUGGCA MIMAT0019020 0.44 Pg-down
hsa-miR-6865-5p UAGGUGGCAGAGGAGGGACUUCA MIMAT0027630 0.43 Pg-down
hsa-miR-6895-5p CAGGGCCAGGCACAGAGUAAG MIMAT0027690 0.40 Pg-down
hsa-miR-6778-5p AGUGGGAGGACAGGAGGCAGGU MIMAT0027456 0.36 Pg-down
hsa-miR-5008-3p CCUGUGCUCCCAGGGCCUCGC MIMAT0021040 0.33 Pg-down
hsa-miR-4648 UGUGGGACUGCAAAUGGGAG MIMAT0019710 0.31 Pg-down
hsa-miR-6131 GGCUGGUCAGAUGGGAGUG MIMAT0024615 0.30 Pg-down
hsa-miR-3937 ACAGGCGGCUGUAGCAAUGGGGG MIMAT0018352 0.29 Pg-down
hsa-miR-670-5p GUCCCUGAGUGUAUGUGGUG MIMAT0010357 0.26 Pg-down
hsa-miR-6834-5p GUGAGGGACUGGGAUUUGUGG MIMAT0027568 0.25 Pg-down
hsa-miR-6073 GGUAGUGAGUUAUCAGCUAC MIMAT0023698 0.18 Pg-down
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Fig. 1. Upregulated expression levels of miR-146a-5p and miR-155-5p in EVs and intracellularly due to Pg infection (A) The expression levels of miR-146a-5p and
miR-155-5p were assessed in EVs derived from the Pg-infected (Pg) and non-infected (Non) THP-1 cells using real-time PCR. EVs released into the medium for 48 h
after infection were collected. Spike-In serves as a control for RNA samples and RT reactions, allowing for a direct readout of assay success and identification of poor-
quality samples. Data are shown as mean =+ standard error of the mean from four biological replicates (n = 4). *p < 0.05, **p < 0.01. The values of d for miR-146 and
miR-155 are 2.218 and 7.5876, respectively. (B) The expression levels of intracellular miR-146a-5p and miR-155-5p 48 h after Pg infection from four biological
replicates (n = 4). miR-103 levels were used to normalize miRNA expression levels. *p < 0.05, **p < 0.01. The values of d for miR-146 and miR-155 are 4.0576 and
1.991, respectively.

Table 2

miRNAs, reported as LPS sensitive miRNAs, in EVs derived from Pg-infected cells.
Name sequence ID fold change category
hsa-miR-103a-3p AGCAGCAUUGUACAGGGCUAUGA MIMATO0000101 1.39 LPS-up
hsa-miR-4479 CGCGCGGCCGUGCUCGGAGCAG MIMAT0019011 1.18 LPS-up
hsa-miR-1307-5p UCGACCGGACCUCGACCGGCU MIMAT0022727 1.14 LPS-up
hsa-miR-423-5p UGAGGGGCAGAGAGCGAGACUUU MIMAT0004748 1.10 LPS-up
hsa-miR-3605-3p CCUCCGUGUUACCUGUCCUCUAG MIMAT0017982 0.85 LPS-up
hsa-miR-590-5p GAGCUUAUUCAUAAAAGUGCAG MIMAT0003258 1.27 LPS-down
hsa-miR-629-5p UGGGUUUACGUUGGGAGAACU MIMAT0004810 1.18 LPS-down
hsa-miR-103b UCAUAGCCCUGUACAAUGCUGCU MIMAT0007402 1.14 LPS-down
hsa-miR-6774-3p UCGUGUCCCUCUUGUCCACAG MIMAT0027449 1.11 LPS-down
hsa-miR-210-3p CUGUGCGUGUGACAGCGGCUGA MIMAT0000267 0.92 LPS-down
hsa-miR-589-3p UCAGAACAAAUGCCGGUUCCCAGA MIMAT0003256 0.77 LPS-down

368



K. Yoshida et al. Journal of Oral Biosciences 66 (2024) 365-372

= = =~
A % 8- *k B % 8- e C Ke) 2.5+ ** Xk
M\:’ .—-O t *% *x g—
) 0] i
I 6 ** o 6 o % 2.0 o
Y9 L) %)
Te) o 0 0
~ ~ ~
x < &
S 47 S 47 s
s ks S 1.04
5 o S 2- k5
? @ @ 0.5+
o 2 o
S o o
X 0 x 0= < 0.0-
w
= 0052 4 =

Time (hours)

D Omin

E 250

* %

* %

200 ns

150

p65 intensity
5

)]
o

20 um
T

(caption on next page)

369



K. Yoshida et al. Journal of Oral Biosciences 66 (2024) 365-372

Fig. 2. TLR2/NF-kB dependent upregulation of MIR155HG expression levels in THP-1 cells due to Pg infection (A) MIR155HG expression levels in THP-1 cells were
assessed at various time points (0, 0.5, 2, 4 h) after Pg infection using real-time PCR. The data represent the mean + standard error of the mean from four biological
replicates (n = 4). p-actin levels were used to normalize mRNA expression levels. ** adjusted p < 0.01, compared to THP-1 cells with Pg added at 0 h. (B) THP-1 cells,
pretreated with TLR2/4 inhibitors, were infected with Pg, and MIR155HG expression levels were assessed 2 h after infection using real-time PCR. Data are presented
as mean =+ standard error of the mean from four biological replicates (n = 4). TBP levels were used to normalize mRNA expression levels. ** adjusted p < 0.01. (C)
THP-1 cells, pretreated with the NF-xB inhibitor BAY, were infected with Pg and MIR155HG expression levels were assessed 2 h after infection using real-time PCR.
Data are presented as mean =+ standard error of the mean from four biological replicates (n = 4). TBP levels were used to normalize mRNA expression levels. **
adjusted p < 0.01. (D) The translocation of the p65 subunit to the nucleus in THP-1 cells was assessed at different time points after Pg infection. The staining for the
p65 subunit was performed using a p65 antibody (a, b, ¢) or normal rabbit IgG (j). Nuclei were counterstained with Hoechst 33342 (d, e, f), and then the resulting
microscopic images (g, h, i) were merged. Imaging was conducted using the Keyence BZ-X800 all-in-one microscope. (E) The boxplot depicts the brightness of p65
s‘taining per unit area in the nucleus of each cell determined by Hoechst staining. ** adjusted p < 0.01.

role of TLR2 in Pg recognition [20-22], we examined the impact of TLR2

signaling on MIR155HG transcription. Pre-treatment with a TLR2 in- % Enretent
‘hi : : Motif P value EVs- miRNA e
hibitor (TLR2-IN-C29) attenuated Pg-induced MIR155HG expression, miRNA Ratio
while a TLR4 inhibitor (TLR4-IN-C34) showed no effect (Fig. 2B).
TLR2 ligands typically activate NF-kB. Correspondingly, NF-kxB p50/ A - :sa-m?r—ggfg-gp o
65 directly binds to and activates the human MIR155HG proximal pro- A A ' ’ ::a_fm;_ﬁs_—spp ’

moter in certain cells [23]. The NF-kB inhibitor, BAY, reversed the
enhanced MIR155HG expression induced by Pg infection (Fig. 2C). hsa-mir-642a-3p
Immunohistochemistry revealed nuclear translocation of phosphory- C AU 0.11 273 hsa-mir-3178 9.00
lated p65 in THP-1 cells after 60 min post-Pg infection, preceding the SIS i dhRep
upregulation of MIR155HG expression (Fig. 2A and D). hsa-mir-3178
We investigated whether the expression of miRNAs altered in Pg-EVs ‘ C 0.11 27.3 hsa-mir-3197 7.50
is regulated by NF-xB signaling through in silico analysis. Among the ALC hsa-mir-671-5p
upregulated miRNAs, seven miRNAs including miR-155 contain p65 hsa-mir-550a-5p
binding sequences in their promoters, while seven out of the down- ‘ 0.11 273 hsa-mir-4276 6.75
regulated miRNAs also harbor p65 binding sequences in their promoters Aﬁ A AC hsa-mir-6807-5p
(Supplemental Fig. 1).

Fig. 3. Putative sorting motif within the upregulated miRNAs in EVs from Pg-

3.3. Selective enrichment of miRNAs with specific motifs in EVs during Pg infected cells
infection The four motif sequences detected within the sequences of 11 upregulated
miRNAs in EVs derived from Pg-infected cell were shown. P-values were
During Pg infection, certain miRNAs, such as miR-146 and miR-155, calculated using control sequences, which consisted of randomly shuffled se-

quences generated from the input sequences. The enrichment ratio was calcu-
lated by comparing the 11 upregulated miRNAs in EVs from Pg-infected cells
with the 17 miRNAs that decreased in EVs derived from Pg-infected cells.

exhibit increased intracellular expression, potentially influencing their
amounts into EVs (Figs. 1B and 2A). Previous studies have reported a
>10-fold increase in the intracellular expression of miR-132 and miR-
146 in THP-1 macrophage-like cells shortly after Pg infection [24].
The enhanced expression of miR-132 was suppressed by simultaneous 3.4. Inferred functions of upregulated miRNAs within EVs from Pg-
inhibition of TLR2/TLR4 [24], corroborating our observations (Fig. 2B). infected cells

However, our microarray data did not reveal a significant increase in

miR-132 expression within Pg-EVs (miR-132-3p: 1.59-fold increase;
miR-132-5p: 1.05-fold increase). The composition of miRNAs in EVs is functional associations. Pathway analysis was conducted for the target

presumed to be influenced by factors such as the sequence characteris- genes of miRNAs upregulated within Pg-EVs. While target genes of miR-

tics of miRNAs and the activation status of host cells [9-11]. We 146/155, supported by experimental evidence, were found to be
enriched in pathways related to inflammation and immune response,

such as TNF, TLR, BCR, TCR signaling pathway, and others, no enrich-
ment in pathways was observed for the target genes of the remaining
miRNAs (Supplemental Fig. 3A). Pg-EVs reduced the expression of IL-10
in non-infected recipient cells (Supplemental Fig. 4). Analysis using
miRNet (https://www.mirnet.ca/) revealed that among the upregulated
miRNAs, miR-155-5p and miR-671-5p, which possess the high G + C

miRNAs sharing common sequence motif may be considered to have

postulate that, among the miRNAs demonstrating cellular-level in-
creases due to Pg infection, those harboring specific molecular charac-
teristics based on the sequence that contribute to miRNA stability
and/or sorting might be selectively enriched within EVs. To investigate
this, we first investigated the GC contents and free energy, which
associate with miRNA stability and/or sorting [9,25]. There were no
differences in GC content or free energy between the mature miRNAs . "
that increased and decreased in Pg-EVs (Supplemental Fig. 2). Addi- motif, were predicted to target IL-10 (data not shown).

tionally, we explored common sequence motifs among the miRNAs Pathway analysis was also conducted on predicted target genes of
concentrated in Pg-EVs using STREME software (Fig. 3). All four miRNAs. The analysis revealed enrichment in pathways related to ErbB

detected motifs were present in 27.3% of the miRNAs, particularly the signaling and endocytosis, among others (Supplemental Fig. 3B). The

AGAGGG and GRGGSGC motifs, which exhibited high G + C content ErbB signaling pathway is considered crucial in mucosal immune re-
within five-seven nucleotides, resembling reported miRNA sorting se- ~ SPonses to infection [26]. This suggests that miRNAs such as miR-642a
quences [9]. Due to the limited number of input sequences, accurate ~ and miR-3616 which possess the AGAGGG motif may potentially regu-
p-value calculations could not be performed. Furthermore, in compari- late oral mucosal immunity. Overall, these results suggest that miRNAs
son to the miRNAs that were downregulated in Pg-EVs, the concentrated involved in inflammation and mucosal immunity may harbor functional
miRNAs demonstrated notably higher motif enrichment. Importantly, motifs that facilitate their secretion.

these high G 4 C motifs were not detected in the miR-132 sequence. X .
4. Discussion

The study represents the first comprehensive identification of
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miRNAs present in Pg-EVs. Among the 11 miRNAs upregulated in Pg-
EVs, miR-146a/b and miR-155 are well-documented as miRNAs asso-
ciated with periodontitis [17,18,27] and known to play a role in
inflammation [8]. The expression of miR-146 and miR-155 has been
reported to be enhanced by innate immune receptor signaling [28,29],
supporting our observations. While some studies have conducted tran-
scriptome analyses of miRNAs related to periodontitis [30,31], few have
extensively analyzed EV-contained miRNAs. Although miRNAs enriched
in EVs from LPS-stimulated THP-1 macrophage-like cells have been
analyzed using RNA-seq [19], they differed significantly from the
identified miRNAs. Notably, the transcription of miR155-5p during Pg
infection was dependent on TLR2/NF-kB signaling and independent of
TLR4. Furthermore, seven out of the miRNAs upregulated within Pg-EVs
might be regulated NF-kB signaling because of harboring p65 binding
sequences in their promoters. This suggests a potential dependence of
miRNA composition into EVs on upstream innate immune signals.
Single-cell RNA-seq analysis has reported increased expression of innate
immune receptors across various cell types during periodontitis [1],
indicating the potential secretion of distinct miRNAs during disease
states compared to healthy conditions.

While the enhancement of miRNA transcription via innate immune
signaling might contribute to altering the miRNA composition in EVs,
this raises the question: Do all upregulated miRNAs undergo the
enrichment within EVs? It has been reported that the composition of
miRNAs within EVs differs significantly from that within cells, and the
molecular characteristics of miRNAs (such as GC content, free energy,
sequence motifs, and the activation state of host cells) may influence the
miRNA composition within EVs [9-11]. The AGAGGG and GRGGSGC
motifs that we identified exhibited similarity to previously reported
sorting motifs [9], characterized by sequences of five to seven nucleo-
tides with high G + C content. Additionally, it has been reported that the
miRNA repertoire increased in EVs from K562 myelogenous leukemia
cells contains the AGAGGG motif [11]. Since our study did not directly
compare intracellular and EV miRNA profiles, we cannot conclude
whether miRNA repertoires with AGAGGG motifs are preferentially
sorted into Pg-EVs. However, considering the common detection of
AGAGGG motif in miRNAs within EVs from leukemia cells like K562 and
THP-1, it is plausible that miRNA repertoires with AGAGGG motif may
have a propensity to be enriched within EVs from leukemia cells.

Certain miRNAs involved in intercellular crosstalk during infection
may preferentially undergo enrichment within EVs, potentially
contributing to the control of inflammation. The severity of periodontitis
has been reported to correlate with the expression of IL-10 and IL-17
[32], suggesting that EV-containing miRNAs may regulate IL-10
expression. In this perspective, it is intriguing that miR-155, known as
an inflammation-regulating factor, harbors the AGAGGG motif. Addi-
tionally, there is limited literature regarding the association of other
miRNAs (hsa-mir-642a-3p, hsa-mir-671-5p, hsa-mir-3178,
hsa-mir-3197, and hsa-mir-3616-3p) possessing AGAGGG and
GRGGSGC motifs with Pg infection or periodontitis. The ErbB signaling
pathway has been implicated in mucosal immunity, and disruption of
EGF-EGFR interaction has been reported during Pg infection [33,34].
miR-642a and miR-3616, which harbor the AGAGGG motif, may be
associated with ErbB signaling, potentially influencing mucosal immu-
nity during Pg infection. These miRNAs may serve as novel biomarkers
for periodontitis.

In conclusion, our study revealed that miRNAs profile concentrated
within Pg-EVs and associated sequence motifs. Moreover, we indicated
that the compositional alternation of miRNAs in Pg-EVs does not rely on
TLR4 signaling but might be dependent on TLR2. These findings high-
light the importance of innate immune receptor signaling in miRNA
secretion during Pg infection. While we demonstrated that the enhanced
transcription of miR-155 during Pg infection depends on TLR2 and NF-
kB, we did not explore how the composition of miRNAs in EVs changes
upon inhibiting TLR2 or NF-kB during Pg infection or by stimulating
with TLR2 ligands. Additionally, future experimental investigations are
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warranted to ascertain whether the AGAGGG and GRGGSGC motifs are
involved in miRNA sorting or inflammation control. Such studies are
expected to reveal the intricate pathogenesis of periodontitis.

Data availability
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