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Sialidase facilitates
Porphyromonas gingivalis
iImmune evasion by reducing M1
polarization, antigen
presentation, and phagocytosis
of infected macrophages

Xiaomiao Fan'?, Shaowen Zheng®', Chen Chen’, Li Lin?,
Hongyan Wang®, Yugin Shen?, Yaping Pan™ and Chen Li™

‘Department of Periodontology, School and Hospital of Stomatology, China Medical University,
Liaoning Provincial Key Laboratory of Oral Disease, Shenyang, Liaoning, China, ?Department of
Periodontics, Affiliated Stomatology Hospital of Guangzhou Medical University, Guangdong
Engineering Research Center of Oral Restoration and Reconstruction, Guangzhou Key Laboratory of
Basic and Applied Research of Oral Regenerative Medicine, Guangzhou, Guangdong, China

Background: Porphyromonas gingivalis (P. gingivalis), a major pathogen of
periodontitis, can evade host immune defenses. Previously, we found that P.
gingivalis W83 sialidase gene mutant strain (APG0352) was more easily cleared
by macrophages. The aims of this study were to investigate the effects of
sialidase in P. gingivalis on the polarization, antigen presentation, and
phagocytosis of infected macrophages and to clarify the mechanism of P.
gingivalis immune evasion.

Methods: Human monocytes U937 were differentiated to macrophages and
infected with P. gingivalis W83, APG0352, comAPGO0352, and Escherichia coli (E.
coli). The phagocytosis of macrophages was observed by transmission electron
microscopy and flow cytometry. ELISA or Griess reaction were used to examine
the levels of interleukin-12 (IL-12), inducible nitric oxide synthase (iINOS) and
interleukin-10 (IL-10), and the expressions of CD68, CD80 and CD206 were
determined by flow cytometry. The expression of major histocompatibility
complex-Il (MHC-II) was detected by immunofluorescence. A rat periodontitis
model was established to determine the M1 and M2 polarization of
macrophages.

Results: Compare with P. gingivalis W83, APG0352 increased the levels of IL-12,
iNOS, CD80, and MHC-II and inhibited the levels of IL-10 and CD206.
Macrophages phagocytosed 75.4% of APG0352 and 59.5% of P. gingivalis W83.
In the rat periodontitis model, the levels of M1 and M2 macrophages in P.
gingivalis W83 group were both higher than those in APG0352 group, while
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the ratio of M1/M2 was higher in the APG0352 group. Alveolar bone absorption
was lower in APG0352 group.

Conclusion: Sialidase facilitates P. gingivalis immune evasion by reducing M1
polarization, antigen presentation, and phagocytosis of infected macrophages.
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Introduction

Periodontitis is a chronic inflammatory disease caused by
microorganisms, leading to the inflammation of the gums,
alveolar bone resorption, and tooth loss (Gheisary et al., 2022). It
is the sixth most prevalent disease in the world and has a significant
effect on public health (Kassebaum et al., 2014). Periodontitis not
only negatively affects chewing function and aesthetics but is also
associated with a range of systemic diseases including diabetes,
cardiovascular diseases, rheumatoid arthritis, and cancer (Lundberg
et al., 2010; Whitmore and Lamont, 2014; Sanz et al., 2018; Sanz
et al., 2020). The progression of periodontitis is mediated by the
interaction between host aberrant immune response and putative
periodontal pathogens (Jia et al., 2019). The gram-negative
anaerobic bacterium, Porphyromonas gingivalis (P. gingivalis) is
considered to be one of the most important periodontal pathogens
(Morandini et al., 2014).

Macrophages are recognized as critical immune cells involved
in the periodontal defense system and play crucial roles in the
progression of periodontitis (Sima and Glogauer, 2013).
Macrophages can be polarized into differential phenotypes,
including classical activation (M1) and alternative activation
(M2), responding to micro-environmental signals (Mosser, 2003).
M1 macrophages produce pro-inflammatory cytokines, such as
interleukin (IL)-12 and induced nitric oxide synthase (iNOS) and
express CD80 and CD86; they also have the biological functions of
scavenging pathogenic bacteria and exerting antigen-presenting
function (Wilson, 2014; Shapouri-Moghaddam et al., 2018). M2
macrophages mainly inhibit inflammation and secrete anti-
inflammatory factors, such as IL-10 and arginase-1 (Arg-1) and
express CD206 and CD163 (Liu et al, 2017). P. gingivalis has
showed multiple ways to evade the killing of macrophages (Zheng
etal, 2021). For example, P. gingivalis can modify lipid A to escape
Toll-like receptor 4 (TLR4) recognition (Slocum et al.,, 2014) and
activate complement-receptor-3 (CR3) on macrophages to facilitate
its intra-cellular survive (Hajishengallis et al., 2013).

Sialic acids (SA) occupy the terminals of oligosaccharide chains
involved in a wide range of biological processes, including cellular
interactions and microbial attachment (Varki, 2007). P. gingivalis
obtains free SA by exogenous decomposition, instead of
synthesizing sialic acids endogenously. Sialidases are a critical
glycosyl hydrolase that cleave terminal sialic acids from
glycoconjugates (Von Itzstein et al., 1993), which are virulence
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factor of P. gingivalis that involved in the pathogenesis of
periodontitis. Sialidases interrupt the interaction between
pathogens and host cells, leading to the host mistakenly
recognizing the pathogens as host cells, which facilitates the
invasion to the host and the immune response evasion (Muller,
1974; Amano et al., 2014; Smutova et al., 2014).

PGO0352 is the sole gene that encodes sialidases in P. gingivalis
W83. We have constructed a mutant strain (APG0352) of P.
gingivalis W83 lacking sialidase gene and its complement strain
(comAPG0352) and found that sialidase deficiency did not affect the
growth of P. gingivalis W83, while the pathogenicity of APG0352
was lower than that of P. gingivalis W83 (Li et al, 2012). Our
previous study also showed that, compared with P. gingivalis W83,
APG0352 promoted higher expression level of IL-12 in Ml
macrophages and was more easily cleared by macrophages (Yang
et al, 2018). In this study, in order to explore the effects of sialidase
in P. gingivalis, we infected macrophages with P. gingivalis W83,
APG0352, comAPGO0352, and Escherichia coli (E. coli). Macrophage
were measured, and a rat periodontitis model was established to
determine the M1 and M2 polarization of macrophages in vivo.

Methods
Bacterial culture

The construction of both APG0352 and comAPG0352 has been
described previously (Li et al., 2017). P. gingivalis W83, APG0352,
and comAPG0352 were cultured in trypticase soy broth (TSB)
including vitamin K (1 ug/ml), hemin (5 pg/ml), and 5%
defibrinated sheep blood at 37°C in anaerobic environment. E.
coli DH5 o was purchased from Beyotime Biotechnology
(Beyotime, Shanghai, China) and subsequently cultured in Luria-
Bertani (LB) broth at 37°C. Bacteria were resuspended in RPMI
1640 media before incubation with macrophages.

Cell culture and differentiation
Human monocytes U937 (ATCC CRL-1593.2) were purchased
from the American Type Culture Collection (Manassas, VA, USA)

and then cultured as previously described (Yang et al., 2018).
Phorbol myristic acid (PMA, Sigma-Aldrich, Taufkirchen,
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Germany) 100 ng/ml was used to induce the differentiation of U937
into macrophages. After 48h, the PMA was removed, and the cells
were fed with fresh medium without PMA. The cells were then
cultured for 24h and used in subsequent studies.

Transmission electron microscopy

Macrophages were infected with P. gingivalis W83, APG0352,
comAPG0352 (MOI = 100), or E. coli (MOI = 1) (Chen et al., 2018)
for 6h. Subsequently, the cells were collected and fixed in
glutaraldehyde with 2.5% sodium dimethylarsenate for 1h. One
hour later, the cells were washed with sterilized water and
suspended in osmium solution (EM Sciences, Hatfield, PA, USA)
for 1.5h, and then dehydrated in ethanol (30, 50, and 70%) and
acetone solutions (80, 90, and 100%) for 30 min. Subsequently, they
were embedded in Epox 812 resin (E.F. Fullam Inc., Latham, NY,
USA). Ultrathin sections were cut with uranyl acetate and stained
with lead citrate and were viewed using a transmission electron
microscope (H-7650, HITACHI, Japan).

Enzyme-linked immunosorbent assay and
Griess reaction

Macrophages were infected with P. gingivalis W83, APGO0352,
comAPG0352 (MOI = 100), or E. coli (MOI = 1) for 24h. The levels
of IL-12 and IL-10 in infected macrophages were measured using
Enzyme-linked immunosorbent assay (ELISA) kits (CLOUD-CLONE,
Wuhan, China) according to the manufacturer’s instructions.
Additionally, NO production was measured using a Griess reaction
(Beyotime, Shanghai, China), and optical density was measured using a
microplate reader at 450 nm (InfiniteM200, TACON, Japan).

Flow cytometry

Macrophages were infected with P. gingivalis W83, APG0352,
comAPG0352 (MOI = 100), or E. coli (MOI = 1) for 24h. A Zombie
AquaTM Fixable Viability Kit (BioLegend, San Diego, California, USA)
was used to determine cell viability. The viability of infected
macrophages was over 88% for flow cytometry. Infected macrophages
were suspended in cell staining buffer and were pre-incubated with
Human TruStain FcX (BioLegend, San Diego, California, USA) for
5 min. Then, cells were incubated with CD68-APC (BioLegend, San
Diego, California, USA), CD206-PE (BioLegend, San Diego, California,
USA), CD80-FITC (BioLegend, San Diego, California, USA) or
corresponding human IgG served as isotype control on ice for
20 min in the dark. The cells were run through a FACSCalibur flow
cytometer (Becton Dickinson, Franklin Lakes, NJ, USA).

Immunofluorescence
Infected macrophages were fixed with 4% paraformaldehyde for

20 min and treated with 0.5% Triton X-100 for 10 min. The
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macrophages were then blocked with 1% bovine serum albumin
(Sigma-Aldrich, Taufkirchen, Germany) for 1h. Subsequently, they
were incubated with a primary antibody against MHC-II (Abcam,
Cambridge, MA, USA) at 4°C overnight, followed by a secondary
antibody [1:50 dilution in phosphate buffered saline (PBS) solution]
(Abcam, Cambridge, MA, USA) at 37°C for 1h. Cell membranes were
visualized by staining with DiIC18 for 30 min. Finally, cell nuclei were
counterstained with 4,6-diamidino-phenylindole (DAPI) for 5 min to
observe cell nucleus. The cells were observed under a fluorescence
microscope and fluorescence intensity was analyzed using National
Institutes of Health (NIH) IMAGE] analysis software.

Phagocytosis assay

Macrophages were infected with P. gingivalis W83, APG0352,
comAPG0352 (MOI = 100), or E. coli (MOI = 1) for 4h, which had
been labeled with 0.1 mg/ml FITC (Sigma-Aldrich, Taufkirchen,
Germany). Cells were washed in PBS to remove bacteria, which had
not been phagocytosed. Then, the cells were run through a
FACSCalibur flow cytometer (Becton Dickinson, Franklin Lakes,
NJ, USA) to measure phagocytosis. The results were expressed as
the percentage of macrophages containing bacteria (FITC" cells)
over total macrophages.

Animals

Twenty-five adult Sprague Dawley rats (provided from Beijing
Vital River Laboratory Animal Technology Co., Ltd., Beijing, China)
with initial body weights of 220-250 g were used (Zhang et al., 2020).
The sample size was determined based on “resource equation” method
(Charan and Kantharia, 2013) (E = Total number of animals - Total
number of groups, the adequate value of E between 10 and 20). All rats
were acclimatized under specific pathogen-free conditions and were
provided with regular chow and sterile water throughout the
experiment. All experiments were approved by the experimental
animal welfare and ethics committee of China medical university
(Approval No. 2018105) and conducted according to the guidelines
of National Institute of Health (NIH) in the USA regarding the care
and use of animals for experimental procedures.

Experimental periodontitis and groups

Before the experiment, kanamycin (1 mg/ml) was added to the
drinking water for 7 days to inhibit endogenous bacteria that were not
conducive to the colonization of P. gingivalis. They were randomly
assigned to the following five groups: (A) Healthy Control: treated
with PBS; (B) Ligation Control: treated with ligation and PBS; (C) P.
gingivalis W83: treated with ligation and P. gingivalis W83; (D)
APGO0352: treated with ligation and APGO0352; and (E)
comAPGO0352: treated with ligation and comAPG0352. To construct
the periodontitis model, the rats were anesthetized with 30 mg/kg
pentobarbital sodium, and the necks of both maxillary first molars
were ligated with 0.2-mm diameter wires. Bacteria, including P.
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gingivalis W83, APG0352, and comAPGO0352, were collected in the
logarithmic growth stage (600 nm OD value of 0.8-1.0) and
resuspended in 100 pl of PBS containing 2% carboxymethyl
cellulose to 1x10° CFU/ml, and inoculated in three experimental
groups every 2 days. The control groups were inoculated with PBS
containing 2% carboxymethyl cellulose (Sulijaya et al., 2019). After 8
weeks, these rats were sacrificed using an overdose of anesthetic. The
left and right hemimaxillas were collected.

Immunohistochemistry
and immunofluorescence

The left hemimaxillas were decalcified in 10%
ethylenediaminetetraacetic acid (EDTA) for 2 months. The
samples were embedded in paraffin and were sliced into serial
paraffin sections (5 um) in the mesiodistal direction on the
mandibular first molars. The sections were sealed at room
temperature in 10% serum and 1% BSA for 2h. Subsequently,
they were incubated with CD163 antibody (1:200) (Abcam,
Cambridge, MA, USA) or iNOS antibody (1:100) (Abcam,
Cambridge, MA, USA) at 4°C overnight, and then incubated with
secondary antibody (1:20,000) (Abcam, Cambridge, MA, USA) at
room temperature for lh. After the DAB reaction, nuclei were
counterstained with hematoxylin for 5 min. Finally, images were
captured by microscope camera at 400x magnification. The positive
cell counting was conducted by two examiners.

For the immunofluorescence assay, sections were incubated with
(1:100) F4/80 (Affinity, Jiangsu, China) and iNOS (1:100) (Proteintech,
Wubhan, China) or F4/80 (1:100) (Santa Cruz, Santa Cruz, California,
USA) and CD206 (1:200) (Proteintech, Wuhan, China) at 4°C
overnight, and then incubated with secondary antibody (1:20,000)
(Abcam, Cambridge, MA, USA) for 1h. Cell nuclei were counterstained
with DAPI. Samples were observed under a fluorescence microscope
and analyzed using NIH IMAGEJ analysis software.

Quantification of alveolar bone loss

The right was used to measure alveolar bone loss. Samples were
stained with 1% methylene blue clearly to delineate the cemento-
enamel junction (CEJ). In a blinded manner, two examiners (ZSW

10.3389/fcimb.2023.1173899

and CC) measured the distance from the alveolar bone crest (ABC)
to the CEJ of the maxillary first molar on the mesial, central and
distal of buccal and palatal sides. The mean value of six sites was
calculated as the absorption of the alveolar bone of each tooth
(Matsuda et al., 2016; Sulijaya et al., 2019). The amount of alveolar
bone loss was measured from images using a stereoscopic
microscope (DP2- BSW; Olympus, Tokyo, Japan).

Statistical analysis

GraphPad Prism 9.0 was used for statistical analysis. The
normality of data was analyzed by the Shapiro-Wilk test.
Statistical differences between two groups were compared by the
two-tailed Student’s test. Analysis of variance (ANOVA) was used
to compare differences among multiple comparisons. Quantitative
data was expressed as mean + standard deviation, and P < 0.05
indicated a statistical difference.

Results

Macrophage morphology after
bacterial infection

The results of transmission electron microscopy showed that all
four strains induced macrophage phagocytosis. In the control
group, macrophage membranes were intact, and macrophages
were morphologically normal (Figure 1A). By contrast, on the
surface of macrophages infected by the four strains, there were
microvilli, cytoplasmic protrusions, and coated pits, and the
membranes were discontinuous. Intra-cellular bacteria were
enclosed in endocytic vacuoles. Macrophages extended
pseudopodia to capture bacteria (Figures 1B-E).

APGO0352 induced macrophages to release
more M1-type inflammatory cytokines than
P. gingivalis W83

To clarify the effect of the four strains on macrophage
polarization, we measured the levels of IL-12, iNOS and IL-10.

FIGURE 1

Morphological observation of macrophages infected with P. gingivalis W83, APG0352, comAPG0352, and E. coli. (A) Uninfected macrophages.
Macrophages were infected with (B) P. gingivalis W83, (C) APG0352, (D) comAPG0352, and (E) E. coli. Black arrow: bacterial strains phagocytosed by
macrophage; white arrows: pseudopods on the surface of macrophages; 25,000x magnification.
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Compared with the P. gingivalis W83 and comAPG0352 groups,
there were higher levels of IL-12 and iNOS expression in the
APGO0352 and E. coli groups (P < 0.05), and the levels in the E.
coli group were higher than those of the APG0352 group (P < 0.05).
The level of IL-10 was lower in the APG0352 and E. coli groups than
those in the P. gingivalis W83 and comAPG0352 groups (P < 0.05),
and the level in the E. coli group was lower than that of the
APG0352 group (P < 0.05). There were no significant differences
between the P. gingivalis W83 and comAPGO0352 groups (P >
0.05) (Figure 2A).

Compared with P. gingivalis W83,
macrophages infected with APG0352
express more M1 polarization
surface markers

First, the level of macrophage surface markers CD68 was
measured in order to detect MO macrophages after PMA
stimulation. We found that the expression level of CD68 on
macrophages induced by PMA were 95.4%, while there was no
CD68 expression on U937 cells without PMA stimulation
(Figures 2B, C), suggesting that U937 differentiated into MO
macrophages after PMA inducing.

Next, we determined the polarization levels of infected
macrophages by detecting M1 macrophages surface costimulatory
molecule CD80 and M2 macrophages surface costimulatory
molecule CD206. The results demonstrated that the levels of
CD80 and CD206 in P. gingivalis W83, APG0352, comAPG0352,
or E. coli groups were higher than those of the uninfected
macrophages. Compared with macrophages infected by P.
gingivalis W83, APG0352-infected macrophages expressed higher

NO Production (uM)

CD80* MFI

rrrrrr

FIGURE 2
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level of CD80 and lower level of CD206, suggesting that APG0352
promoted M1 polarization in macrophages more furtherly than P.
gingivalis W83. E. coli-infected macrophages showed highest CD80
level and lowest CD206 level in all the infected ones (P < 0.05).
There were no significant differences between the macrophages
infected by P. gingivalis W83 and comAPG0352 (P > 0.05)
(Figures 2D-G).

Macrophages infected with APG0352
showed higher MHC-II expression
and phagocytosis abilities

To determine the influence of sialidase deficiency on the MHC-II
expression and phagocytosis in macrophages, immunofluorescence
was performed to measure MHC-II expression level and flow
cytometry was used to analyze phagocytosis of infected
macrophages. Cell membranes and cell nucleus were stained to
located the cells in the immunofluorescence assay. The fluorescence
intensity of MHC-II in P. gingivalis W83, APG0352, comAPG0352, or
E. coli groups were significantly higher than that in the control group.
The fluorescence intensity of MHC-II in APGO0352-infected
macrophages was higher than that in P. gingivalis W83-infected
macrophages (P < 0.05). The fluorescence intensity of MHC-II was
higher in the E. coli-infected macrophages than those in P. gingivalis
W83, APG0352, comAPG0352-infected ones (P < 0.05). There were
no significant differences between the P. gingivalis W83 and
comAPG0352 groups (P > 0.05) (Figures 3A, B). The results
suggested that APG0352 promoted the expression of MHC-IL

Flow cytometry results showed that the positive rate that
macrophages phagocytosed P. gingivalis W83 was 59.5%. The

APG0352 promoted M1 polarization of macrophage. (A) The levels of IL-12, iINOS, and IL-10. (B, C) The expression of MO macrophages marker
CD68. (D, E) The expression of M1 macrophage marker CD80. (F, G) The expression of M2 macrophage marker CD206. (D, F) Y-axis: number of
cells; X-axis: relative intensity of fluorescence signal. Data are expressed as mean + SD (n = 3), *P < 0.05, **P < 0.01, and ***P < 0.001.
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FIGURE 3

APG0352 enhanced the expression of MHC-II and phagocytosis ability of macrophages. (A) The expression of MHC-Il was determined by
immunofluorescence. Green: MHC-II; red: cell membrane; blue: cell nucleus (400x). (B) The mean fluorescence intensity of MHC-Il was calculated
(C) The phagocytosis ability of macrophages to P. gingivalis W83, APG0352, comAPGO0352, and E. coli was assessed by flow cytometry. (D) FITC®
percentage of macrophages following P. gingivalis W83, APG0352, comAPG0352, and E. coli. Data are expressed as mean + SD (n = 3), *P < 0.05

and **P < 0.01.

positive rate in the APG0352 group was 75.4%, and the E. coli group
was 85.7%. There were no significant differences between the P.
gingivalis W83 and comAPG0352 groups (P > 0.05) ( , D).
These results suggested that more APG0352 were phagocytosed by
macrophages at the same time.

Expression levels of INOS and CD163
were higher in gingival tissues in the
rat periodontitis model induced by
P. gingivalis W83

Immunohistochemical results were shown in . The
positive expression densities of iNOS and CD163 in the gingival
tissues were shown in , D. The levels of iNOS and CD163
in P. gingivalis W83, APG0352, and comAPG0352 groups were
higher than those in health control and ligation control groups. The
levels of iNOS and CD163 in P. gingivalis W83 and comAPG0352
groups were higher than those in APG0352 group (P < 0.05). These
findings suggest that the expression levels of iNOS and CD163 were
greater in gingival tissues in the P. gingivalis W83 group.

Frontiers in

The ratio of macrophage polarization
M1 to M2 in periodontal tissues

To differentiate the phenotype of macrophages, we double-
labeled macrophages with F4/80 and iNOS or F4/80 and CD206.
The levels of INOS™ F4/80" and CD206" F4/80" in P. gingivalis W83
and comAPGO0352 groups were higher than those in APG0352
group, and the expression levels of iINOS™ F4/80" were higher
than those of CD206" F4/80" in P. gingivalis W83, APG0352, and
comAPG0352 groups (P < 0.05). However, compared with P.
gingivalis W83 and comAPG0352 groups, the ratio of iNOS" F4/
80" to CD206" F4/80" (M1/M2) was 1.5-fold higher in APG0352
group (P < 0.05) ( -E). These findings suggest that,
although levels of both iINOS™ F4/80" and CD206" F4/80" were
higher in the P. gingivalis W83 group, the ratio of iNOS™ F4/80" to
CD206" F4/80" (M1/M2) was higher in the APG0352 group.

Alveolar bone resorption

We observed alveolar bone resorption in rats using stereoscopic

microscopy ( ). Health control group shows the position of
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FIGURE 4

Expressions of iNOS and CD163 in the rat periodontitis model. (A) The expression of iINOS in gingival tissues from maxillary was assessed by
immunohistochemistry at 400 X magnification. (B) The expression of CD163 in gingival tissues from maxillary was assessed by
immunohistochemistry at 400 X magnification. (C) The positive cells percentage of iINOS (%). (D) The positive cells percentage of CD163 (%). " No
statistical significance, *P < 0.05
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The ratio of M1 to M2 macrophages in the rat periodontitis model. (A) The expression of INOS*F4/80™ in gingival tissues of rats. Red: macrophage;
green: iNOS; blue: cell nucleus (400x). (B) The expression of CD206*F4/80™ in gingival tissues of rats. Green: macrophage; red: CD206; blue: cell
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Arrows indicate INOS*F4/80* or CD206"F4/80" macrophages. Data are expressed as mean + SD (n = 3), ™ No statistical significance, *P < 0.05,
**P < 0.01, and ***P < 0.001.
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Alveolar bone resorption in the rat periodontitis model assessed by stereoscopic microscope. (A) Health control. (B) Ligation control. (C) P. gingivalis
W83. (D) APGO0352. (E) comAPGO0352. (F) CEJ-ABC distance. Data are expressed as mean + SD (n = 3), ™ No statistical significance, ***P < 0.001
compared with the control and ligation control groups, *P < 0.05, and 100x magnification.

the alveolar crest without alveolar bone resorption. Ligation control
group shows mild alveolar bone resorption, while the alveolar bone
in P. gingivalis W83, APG0352, and comAPG0352 groups showed
obvious alveolar bone resorption. The absorption degree of alveolar
bone in P. gingivalis W83 and comAPG0352 groups was 1680.40 +
121.37 wm and 1694.20 + 86.46 um, respectively and significantly
higher than that in APG0352 group (P < 0.05). These results suggest
that APG0352 induced lower alveolar bone resorption in the rat
periodontitis model.

Discussion

The occurrence and progression of periodontitis result from the
interaction between periodontal pathogens and the host immune
systems. P. gingivalis is one of the major etiologic agents of
periodontitis. Macrophages involve in the resistance of exogenous
microorganisms by polarization, antigen presentation, and
phagocytosis. The results of transmission electron microscopy
showed that all P. gingivalis W83, APG0352, comAPG0352, and
E. coli induced macrophage phagocytosis. Microvilli formed on the
surface of macrophages infected by bacteria. Macrophages
phagocytosed these four strains and enclosed them in endocytic
vacuoles within the cytoplasm. In addition, pseudopodia were
observed in macrophages infected with P. gingivalis W83,
APGO0352, E. coli, and comAPG0352 in immunofluorescence
assay. This indicated that P. gingivalis W83, APG0352, and E. coli
can activate macrophages. Activated macrophages usually show
cells enlarged in size and increased lysosomal enzyme content and
more active metabolism, and greater ability to kill intra-cellular
pathogens (Franca et al, 2019). Such changes occur in Ml
macrophages (Franca et al., 2019), the primary effector cells for
killing microorganisms.
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Many previous studies focused on the study of P. gingivalis or E.
coli lipopolysaccharide (LPS) infection of macrophages. In this
study, living bacteria was used because P. gingivalis expressed
many virulence factors and some of these macro-molecules were
modified by sialylation on the surface. Our results suggested that,
compared with P. gingivalis W83, APG0352 promoted M1
polarization more strongly. The reason may be that sialylation on
the surface of bacteria affected the interaction between bacteria and
cells, and host immune cells mistakenly recognized the bacteria as
host cells, which inhibited the activation of immune cells, such as
macrophage polarization. Sialidase deficiency in P. gingivalis W83
made it challenging to acquire sialic acid; thus, APG0352 was
recognized by macrophages more easily. In addition, lack of
sialidase could reduce the activity of P. gingivalis fimbria and
gingipain and reduce the layer of capsule that are often beneficial
for P. gingivalis to evade immune clearance (Li et al., 2012).
Gingipain could degrade chemotaxis and immunomodulation
activity of some critical immune mediators such as interleukin-18
(IL-18) and tumor necrosis factor- o (TNF- o), thereby avoiding
the killing by macrophages (Imamura, 2003). Encapsulated P.
gingivalis could exhibit greater virulence than non-encapsulated
P. gingivalis and evade host immune responses (Singh et al., 2011).
Our previous study showed that the activity of gingipain of
APGO0352 was lower than that of P. gingivalis W83 and APG0352
failed to produce an intact capsule (Li et al.,, 2012). We also found
that APG0352 induced less expression of macrophage surface
complement receptor 3 (CR3) than P. gingivalis W83 (Yang et al,,
2018). The high expression of CR3 receptor could promote the
activation of extracellular signal-regulated kinases ERK (1/2), and
then reduce the expression of IL-12 and inhibit IL-12-mediated
bacterial clearance (Trinchieri, 2003). Taken together, compared
with P. gingivalis W83, the study suggested that APG0352 promoted
more macrophages M1 polarization.
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Once inflammatory response in periodontal tissues was not be
early controlled, antigen-presenting cells will process pathogens and
present them to T cells and finally stimulate adaptive immune
responses. We found that, compared with P. gingivalis W83 group,
the expression levels of MHC-II and CD80 were higher, while the
levels of CD206 was lower in the APG0352 group. P. gingivalis can
inhibit the surface expression of MHC-II on macrophages; thus,
macrophages showed lower antigen presentation capacity. MHC-II
downregulation on macrophages diminished CD4" T cell responses
(Milillo et al., 2019), contributing to immune escape of P. gingivalis.
Our study suggested that, unlike P. gingivalis W83, APG0352
abrogates the downregulation of MHC-II. Extracellular antigens
are presented by macrophage through internalizing, processing, and
loading the peptides onto MHC-II molecules, which are exposed on
the cell membrane to activate CD4" T cells with the assistance of the
costimulatory molecules CD80 and CD86. In this study, the
expression levels of both MHC-II and CD80 were higher on the
APGO0352 group. We supposed that sialidase deficiency can abrogate
the inhibition of P. gingivalis W83 on macrophages antigen
presenting ability. In addition, the immune environment
influences the response of macrophages on P. gingivalis
(Papadopoulos et al., 2017). The inflammatory cytokine IL-12
could promote the expression of MHC-II and CD80 (Choi et al.,
2019), while IL-10 inhibit the expression of MHC-II (Wu et al,
2018). In this study, comparing with P. gingivalis W83, APG0352
promoted the expression of IL-12 and inhibited the expression of
IL-10, which may be beneficial to promote the expression of MHC-
II and CD80. Furthermore, P. gingivalis releases outer membrane
vesicles into the surrounding environment (Srisatjaluk et al., 2002;
Volgers et al., 2018). Outer membrane vesicles generally retain the
complete outer membrane components of the bacterial cell wall,
including protein, capsule, and fimbria (Srisatjaluk et al,, 2002;
Singhrao and Olsen, 2018). Outer membrane vesicles could inhibit
MHC-II expression (Srisatjaluk et al, 2002). According to our
previous study, lack of sialidase weakened the virulence of P.
gingivalis W83 and reduced the activity of P. gingivalis W83
fimbria and capsule (Li et al., 2012), leading to changes in the
composition or structure of the outer membrane vesicles (Helander
et al., 1998; Ernst et al., 2001; Kong et al., 2011). As a result, there
was a modulation of the activity of outer membrane vesicles on
APGO0352 and the reversal of the inhibition of the outer membrane
vesicles on MHC-II expression. In this study, we showed that
APG0352 was easier to be phagocytosed by macrophages. Certain
virulence factors of P. gingivalis W83 such as capsule and gingipain,
can help it escape phagocytosis by macrophages (Singh et al., 2011;
Castro et al., 2017). The activities of capsule and gingipain on
APG0352 were reduced, leading to promotion of phagocytosis.

To further investigate the effect of P. gingivalis sialidase on
macrophages in vivo, we established a rat periodontitis model and
found that the expression level of iNOS"F4/80" (M1 macrophage)
was higher than those of CD206"F4/80" (M2 macrophage) in each
group. Compared with P. gingivalis W83, the expression levels of
iNOS'F4/80" and CD206'F4/80" were lower in the APG0352
group. It is noteworthy that the ratio of iNOS'F4/80" to
CD206F4/80" (M1/M2) was higher in APGO0352. It is possible
that P. gingivalis W83 induced a more serious inflammatory
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response, and APG0352 induced a relatively slight inflammatory
response but promoted more macrophages to M1 polarization. We
showed that the resorption of alveolar bone in the APG0352 group
was lower than that of the P. gingivalis W83 group. The result in
vitro showed that, compared with P. gingivalis W83, APG0352 was
easier to be phagocytosed by macrophages. APG0352 increased
higher MHC-II expression levels, which enhanced macrophage
antigen presentation ability and activated the host adaptive
immune response, while P. gingivalis W83 tended to evade
immune clearance. Consequently, it continuously colonized
periodontal tissues and aggravated the inflammation of the
periodontal tissues. In addition, compared with APG0352, P.
gingivalis W83 induced higher expression of iNOS"F4/80"
macrophages. iNOS could stimulate alveolar bone loss and plays
an important role in the pathogenesis of periodontitis (Herrera
et al,, 2011).

This study suggested that, compared with P. gingivalis W83,
DPGO0352 promoted the polarization, enhanced antigen
presentation, and was easier to be phagocytosed by macrophages.
Lower resorption of alveolar bone was showed in the APG0352
group in the rat periodontitis model. In summary, we demonstrated
the importance of inhibiting the activity of sialidase in preventing
progression of periodontitis.
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