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Abstract

Increases of neutrophils and osteoclasts are pathological changes of periodontitis. RANKL is an osteoclast
differentiation factor. The effect of periodontopathogen LPS on RANKL-expressing neutrophils has not been clarified
yet. We evaluated numerical changes of RANKL-expressing neutrophils in air pouches of mice injected with LPSs of
Fusobacterium nucleatum and Porphyromonas gingivalis. Mice with air pouches were assigned into saline (O)-, E. coli
LPS- (Ec LPS)-, F. nucleatum LPS (Fn LPS)-, P. gingivalis LPS (Pg LPS)-, and Fn LPS and Pg LPS (Fn + Pg LPS)-injected

groups. CD11b*Ly6G" neutrophils and CD11b*Ly6G*RANKL* neutrophils in blood and air pouch exudates were
determined by flow cytometry. In blood, compared to the C group, the Fn LPS group showed increases of
CD11b"Ly6G* neutrophils and CD11b*Ly6G "RANKL™ neutrophils whereas the Pg LPS group showed no significant
differences. These increases in the Fn LPS group were not different to those in the Ec LPS group. In exudates, Fn
LPS and Pg LPS groups showed increases of CD11b"Ly6G" neutrophils and CD11b*Ly6G "RANKL™ neutrophils
compared to the C group. Increased levels in the Fn LPS group were not different to those in the Ec LPS group,
but Pg LPS group was lower than those in the Ec LPS group. In blood and exudates, the Fn + Pg LPS group
showed no difference in levels of these neutrophils compared to the Ec LPS group. LPSs of £. nucleatum and P.
gingivalis increased RANKL-expressing neutrophils although the degrees of increases were different. These suggest
that periodontopathogen LPS can act as a stimulant to increase RANKL-expressing neutrophils.
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Introduction

Periodontitis is an inflammatory disease caused by several
bacteria. Bacteria in subgingival biofilm was grouped into
five complexes (red, orange, green, yellow, and purple
complexes) by cluster analysis and community ordination
technique [1]. Green, yellow, and purple complexes are
initial colonizers of the biofilm [2]. Fusobacterium nuclea-
tum is one member of the orange complex. F. nucleatum
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bridges initial and later bacterial colonizers in biofilm for-
mation [3-5]. It has virulence factors that can damage
host tissue or adhere to host tissue or other bacteria [5].
Porphyromonas gingivalis is one member of the red com-
plex that shows close relation with pocket depth and
bleeding on probing [1]. P. gingivalis is considered to be a
keystone pathogen that causes abnormalities in immune
response [5, 6].

Lipopolysaccharide (LPS), endotoxin of Gram-negative
bacteria, is composed of lipid A, core oligosaccharide,
and O-specific polysaccharide. Detailed structures of LPS
vary depending on bacterial species and, in some bacterial
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species, the structures depend on the environment [7-9].
The structural variations of LPS can affect its activ-
ities [10]. Both F. nucleatum and P. gingivalis have LPS as
a virulence factor. F. nucleatum LPS (Fn LPS) is a stronger
stimulator for the secretion of IL-1f and TNF-« than P.
gingivalis LPS (Pg LPS) in neutrophils, suggesting that
secretion levels of cytokines induced by LPSs from various
periodontopathogens might play important roles in the
onset and progression of periodontal disease [11]. Recep-
tor activator of NF-kB ligand (RANKL) is an osteoclast
formation-inducing cytokine associated with alveolar bone
resorption in periodontal diseases [12, 13]. It has been
reported that RANKL expression is upregulated in
osteoblasts after Pg LPS treatment [14]. In addition, it has
been suggested that RANKL-expressing neutrophils are
involved in osteoclast formation in chronic obstructive
pulmonary disease and rheumatoid arthritis [15, 16].
However, the effect of periodontopathogen LPS on RANK
L-expressing neutrophils has not been determined yet.

Neutrophils are representative inflammatory cells that
express cytokines. Neutrophils derived from stem cells
of bone marrow can infiltrate into infection site through
circulation [17, 18]. A previous in vivo study has shown
that RANKL-expressing neutrophils are increased in air
pouches of mice injected with Escherichia coli LPS (Ec
LPS) [19]. Air pouch generated on the back of a mouse
has been used as an in vivo model to estimate infiltra-
tion of neutrophils into stimulant-injected air pouch [20].
To determine whether periodontopathogen LPS could
act as a stimulant to increase of RANKL-expressing neu-
trophils, RANKL-expressing neutrophils in Pg LPS and
Fn LPS-injected air pouches of mice were estimated in
the present study.

Methods/experimental

Air pouch induction in mouse dorsum

Eight weeks male C57BL/6 mice (Orient Bio) were kept
in polypropylene cages under specific pathogen-free con-
ditions with temperature of 22 °C, humidity of 60%, and
a 12 h/12 h of light/dark cycle. The mice were fed stand-
ard chow and provided with water ad libitum. Protocols
for animal experiment were approved by the Institutional
Animal Care and Use Committee of Yonsei University
(Approval Number: 2017-0109 and 2018-0147).

To generate air pouch, 5 ml of sterilized air were injected
subcutaneously into the dorsum of each mouse on day 0
and then 3 ml of additional sterile air was reinjected on day
3 (Fig. 1la) [20]. Air injections were performed under
anesthesia with a mixture of Zoletil 50 (30 mg/kg; Virbac,
Carros, France) and Rompun (10 mg/kg; Bayer Korea).

LPS injection into air pouch
Ec LPS (Sigma-Aldrich, St Louis, Mo, USA) was used as a
positive control. Fn LPS (Korean Collection for Oral
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Microbiology, Gwangju, Korea) and Pg LPS (Invivogen,
San Diego, CA, USA) were used as periodontopathogen
LPS. Three individual experiments with 3 different groups
were conducted. First experiment was conducted to saline-
administered control group (C, n=7), Ec LPS-
administered alone group (Ec LPS, n=5), and Fn LPS-
administered alone group (Fn LPS, n=8). Second experi-
ment was conducted to C group (n=6), Ec LPS group
(n=5), and Pg LPS-administered alone group (Pg LPS, n =
8). Third experiment was conducted to C group (n =5), Ec
LPS group (n=38), and Fn LPS and Pg LPS-administered
combination group (Fn + Pg LPS, n=7). In the LPS alone
experiment, the concentration of LPS in Ec LPS, Fn LPS or
Pg LPS group was 2 pg/ml. In the combination experi-
ment, the concentration of LPS was 2 pg/ml per bacterium
in the Fn + Pg LPS group and 4 pg/ml in the Ec LPS group.
Mice were administered LPS or saline at 6 days after the
initial air injection and then were sacrificed 6 h later.

Flow cytometry

Immediately after sacrifice, blood sampled through car-
diac perforation was transferred into ethylene diamine
tetra acetic acid (EDTA) tubes. Agranulocytes and gran-
ulocytes were separated from blood using two density
gradients of Histopaque-1083 and -1119 (Sigma-Al-
drich) [21]. Briefly, 2 ml of Histopaque-1083 was care-
fully placed on 3 ml of Histopaque-1119. PBS and blood
in the same volume were mixed, placed on Histopaque-
1083, and centrifuged at 750 x ¢ for 30 min at room
temperature. The upper layer and the lower layer of
Histopaque-1083 were mixed with PBS and centrifuged
at 700 x g for 5 min at 4 °C.

To collect exudates from air pouches, 2 ml of 2 mM
EDTA was injected into air pouch of each mouse. After
collected exudates were centrifuged at 300 x g for 5 min
at 4 °C, cells were fixed with 2% paraformaldehyde and
counted with a hemocytometer. Collected cells were in-
cubated with anti-CD16/32 antibody (Ab) for 30 min at
4 °C to block non-specific reactions in which anti-Ly6G
and anti-RANKL Abs bind to the Fc receptor on the cell
membrane. CD11b is an adhesion molecule of neutro-
phils that can bind to ligands on endothelial cells [22].
Ly6G, a glycosylphosphatidylinositol-linked protein, is a
specific marker that distinguish neutrophils from other
leukocytes [23]. The cells were incubated with FITC-
labeled anti-CD11b Ab, APC-labeled anti-Ly6G Ab, and
PE-labeled anti-RANKL Ab (1:100 dilutions per 10°
cells; BioLegend, San Diego, CA, USA) for 1 h at 4 °C.
CD11b"Ly6G" neutrophils and CD11b*Ly6G " RANKL"
neutrophils were analyzed by flow cytometry (BD For-
tessa, Becton & Dickinson, Franklin Lakes, NJ, USA).
Gating was performed using BD FACSDiva™ software
(Becton & Dickinson, Franklin Lakes, NJ, USA) (Fig. 1b).
First, live cells were gated based on scale scatter (SSC,
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Fig. 1 Schematic diagram showing the experiment with air pouches of mice. a Air pouch generation. Sterilized air was injected subcutaneously
into the dorsum of each mouse on day 0 and day 3. At six days after the initial air injection, mice received either LPS (Ec LPS, Fn LPS or Pg LPS)
or saline injection into air pouches, and sacrificed after 6 h. b Gating pictures for CD11b*Ly6G* neutrophils and CD11b*Ly6G"RANKL" neutrophils
in exudates of air pouches of mice. CD11b"Ly6G" neutrophils were analyzed in live cells gated based on SSC (granularity) and FSC (relative size).
Numbers of CD11b*Ly6G"RANKL" neutrophils were then analyzed. The red dot or region represents unstained sample of Ec LPS group and the
blue dot or region represents stained sample of Ec LPS group. LPS, lipopolysaccharide

granularity) and forward scatter (FSC, relative size).
Then CD11b*Ly6G™ neutrophils were analyzed. Finally,
CD11b"Ly6G"RANKL" neutrophils were analyzed. Un-
stained cells were used for gating of negative control.

Statistical analysis

The statistical significance of data was determined with
the Kruskal-Wallis test (p <0.05), a nonparametric test.
If the differences were significant, Man-Whitney U test
(p <0.017) was additionally performed. Data are expressed
as mean + standard error (SE). All statistical analyses were
performed using SPSS (IBM SPSS Statistics version 25,
Armonk, NY, USA).

Results

Effects of Fn LPS on RANKL-expressing neutrophils in
blood and exudates of air pouches

In order to evaluate the effect of Fn LPS on numbers of
RANKL-expressing neutrophils in blood and exudates of

air pouches of mice, numbers of CD11b*Ly6G" neutro-
phils and CD11b*Ly6G*RANKL" neutrophils were mea-
sured by flow cytometry (Fig. 2a and b). In blood and
exudates, numbers of neutrophils and RANKL-expressing
neutrophils in the Ec LPS group were higher than these in
the C group. In the Fn LPS group, numbers of neutrophils
and RANKL-expressing neutrophils were not significantly
different to the Ec LPS group. These suggest that Fn LPS
can increase neutrophils and RANKL-expressing neutro-
phils in blood and exudates of air pouches.

Effects of Pg LPS on RANKL-expressing neutrophils in
blood and exudates of air pouches

In order to evaluate the effect of Pg LPS on numbers of
RANKL-expressing neutrophils in blood and exudates of
air pouches, numbers of neutrophils and RANKL"
neutrophils were measured by flow cytometry (Fig. 3a
and b). In blood of the Pg LPS group, numbers of
neutrophils and RANKL-expressing neutrophils were
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Fig. 2 Neutrophils and RANKL-expressing neutrophils in mice with Fn LPS-injected air pouches. a Numbers of CD11b*Ly6G" neutrophils and
CD11b*"Ly6G"RANKL* neutrophils in blood. b Numbers of CD11b*Ly6G" neutrophils and CD11b*Ly6G"RANKL" neutrophils in exudates. Data are
presented as mean + SE. *p < 0.017 vs C. C, control; Ec, Escherichia coli; Fn, Fusobacterium nucleatum; LPS, lipopolysaccharide; N, number

significantly lower than those in the Ec LPS group, but
were not significantly different to the C group (Fig. 3a).
In exudates of the Pg LPS group, numbers of neutrophils
and RANKL-expressing neutrophils were higher than
those in the C group, but significantly lower than those
in the Ec LPS group (Fig. 3b). These suggest that Pg LPS
can increase neutrophils and RANKL-expressing neutro-
phils in exudates of air pouches, but not in blood.

Effects of Fn LPS and Pg LPS combination on RANKL-
expressing neutrophils in blood and exudates of air
pouches

To evaluate the effect of co-administration of Fn LPS
and Pg LPS on numbers of neutrophils and RANKL-ex-
pressing neutrophils, Fn LPS and Pg LPS in combination
were injected into air pouches of mice (Fig. 4a and b). In
both blood and exudates, numbers of neutrophils and
RANKL-expressing neutrophils in the Fn + Pg LPS group
were increased, were not significantly different to those
in the Ec LPS group. These suggest that co-
administration of Fn LPS and Pg LPS can increase

neutrophils and RANKL-expressing neutrophils in blood
and exudates of air pouches similar to Ec LPS.

Discussion

Identification of neutrophil response to periodonto-
pathogens is necessary to understand the pathogenesis
of periodontitis. This study showed that LPSs from F.
nucleatum and P. gingivalis could increase RANKL-ex-
pressing neutrophils in air pouches of mice.

Lipid A of LPS is composed of disaccharide and acyl
chains and its compositions are known to differ accord-
ing to bacteria [7]. After Ec LPS injection, blood and air
pouch exudates showed increased levels of RANKL-ex-
pressing neutrophils, similar to results of other air pouch
study using neutrophil maker Ly6B [19]. These findings
indicate that Ec LPS can increase RANKL-expressing
neutrophils. Fn LPS has been reported to have a hexa-
acylated lipid A structure similar to Ec LPS [5, 10]. In
the present study, increases of RANKL-expressing neu-
trophils in blood and exudates after Fn LPS injection
were not different to those after Ec LPS injection. This



Kim et al. Laboratory Animal Research (2021) 37:5 Page 5 of 7
* %
* %
a —
0 S A *
» 16x10 #g Z 6x105-
N = ¥ o *
o
o 5 Z3
5~ 12x105 | S
=4 X o 5
2= {p © 4x10%1
C T .—
+ O 8x105 - o
0o E
= 2c
. = O 2x1054
+ 7 4x105 A pgi~]
= s
- O o
o p =
(&) 0 - 0 -
C Ec Pg C Ec Pg
LPS LPS LPS LPS
b ® * % e *%*
= 5 Z
= ol . = 2.0x105 -
o - 2
oz * v 2 *
N 5 S 1.6x105
S % 6x105 Z 5 16x
[T ] X =
c R ol
+ - 0] O 1,2x105
g 3 4x10° - Q£
"2}
Jo = = 0.8x10° -
+ C o <
27 2x105 - = =
- * - O 5 *
- a5 0.4x10°
o O S
(6] o
0 - c 0 -
C Ec Pg C Ec Pg
LPS LPS LPS LPS
Fig. 3 Neutrophils and RANKL-expressing neutrophils in mice with Pg LPS-injected air pouches. a Numbers of CD11b*Ly6G"™ neutrophils
and CD11b"Ly6G "RANKL" neutrophils in blood. b Numbers of CD11b*Ly6G" neutrophils and CD11b*Ly6G"RANKL* neutrophils in
exudates. Data are presented as mean +SE. *p < 0.017 vs C. **p <0.017. C, control; Ec, Escherichia coli; Pg, Porphyromonas gingivalis; LPS,
lipopolysaccharide; N, number

might be related to the structural similarity between Fn
LPS and Ec LPS.

In the case of P. gingivalis, lipid A exhibits heteroge-
neous acylation patterns (penta-acylated and tetra-
acylated lipid A) depending on environmental condi-
tions [9]. P. gingivalis exposed to low hemin conditions
forms penta-acylated lipid A. On the other hand, its ex-
posure to high hemin conditions forms tetra-acylated
lipid A. Pg LPS with tetra-acylated lipid A different from
the lipid A structure of Ec LPS was used in this study. In
gingival epithelial cells, Ec LPS up-regulates expression
of B-defensin, an antimicrobial molecule, but Pg tetra-
acylated LPS down-regulates its expression, suggesting
that different lipid A structure could differentially modu-
late host immune response [24]. In another study, the
level of TNF-a induced by Pg LPS in neutrophils was
less than that induced by Ec LPS [25]. In the present
study, Pg LPS increased RANKL-expressing neutrophils

less than Ec LPS. Thus, effects of Pg LPS and Ec LPS on
RANKL-expressing neutrophils were different. A previ-
ous study has shown that Fn LPS can stimulate more IL-
1B secretion in neutrophils than Pg LPS [11]. These
suggest that neutrophil responses to Fn LPS injection
and Pg LPS injection might be different. Taken together,
LPS from FE. nucleatum and P. gingivalis can act as
stimulants to increase RANKL-expressing neutrophils,
although their abilities might be different.

Periodontitis is a polymicrobial infectious dis-
ease [1, 26]. Thus, we administered Fn LPS and Pg
LPS simultaneously to air pouches of mice. Num-
bers of RANKL-expressing neutrophils in blood and
exudates were increased in the group treated with a
combination of Fn LPS and Pg LPS, similar to those
in the group treated with Ec LPS. Our results confirmed
that RANKL-expressing neutrophils were increased in the
presence of two bacterial LPSs, suggesting that RANKL-
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Fig. 4 Neutrophils and RANKL-expressing neutrophils in mice with Fn LPS and Pg LPS-injected air pouches. a Numbers of CD11b*Ly6G*
neutrophils and CD11b*Ly6G RANKL" neutrophils in blood. b Numbers of CD11b*Ly6G" neutrophils and CD11b"Ly6G"RANKL" neutrophils in
exudates. Data are presented as mean + SE. *p < 0.017 vs C. C, control; Ec, Escherichia coli; Fn, Fusobacterium nucleatum; Pg, Porphyromonas

expressing neutrophils could affect the progression of
periodontitis. RANKL is an essential factor of osteoclast
differentiation [13]. Increases of RANKL-expressing neu-
trophils under inflammatory conditions such as presence
of periodontopathogen LPS in air porches suggest that
RANKL-expressing neutrophils might be associated with
osteoclast formation during periodontitis. An in vivo study
is needed in the future to confirm the relationship be-
tween osteoclast formation and RANKL-expressing neu-
trophils during periodontitis.

Conclusions

These findings propose that periodontopathogen LPS act as
a stimulant to increase RANKL-expressing neutrophils.
This study is meaningful in that it reports the effect of peri-
odontopathogen LPS on RANKL-expressing neutrophils.
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