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Abstract

Objectives Microglial activation is critical for modulating the neuroinflammatory process and the pathological
progression of neurodegenerative diseases, such as Alzheimer’s disease (AD). Microglia are involved in forming barri-
ers around extracellular neuritic plaques and the phagocytosis of 3-amyloid peptide (AB). In this study, we tested the
hypothesis that periodontal disease (PD) as a source of infection alters inflammatory activation and A3 phagocytosis
by the microglial cells.

Methods Experimental PD was induced using ligatures in C57BL/6 mice for 1, 10, 20, and 30 days to assess the
progression of PD. Animals without ligatures were used as controls. Maxillary bone loss and local periodontal tissue
inflammation associated with the development of PD were confirmed by morphometric bone analysis and cytokine
expression, respectively. The frequency and the total number of activated microglia (CD45% CD11b™ MHCII™) in the
brain were analyzed by flow cytometry. Mouse microglial cells (1x 10°) were incubated with heat-inactivated bacte-
rial biofilm isolated from the ligatures retrieved from the teeth or with Klebsiella variicola, a relevant PD-associated
bacteria in mice. Expression of pro-inflammatory cytokines, toll-like receptors (TLR), and receptors for phagocytosis
was measured by quantitative PCR. The phagocytic capacity of microglia to uptake B-amyloid was analyzed by flow
cytometry.

Results Ligature placement caused progressive periodontal disease and bone resorption that was already significant
on day 1 post-ligation (p < 0.05) and continued to increase until day 30 (p <0.0001). The severity of periodontal disease
increased the frequency of activated microglia in the brains on day 30 by 36%. In parallel, heat-inactivated PD-asso-
ciated total bacteria and Klebsiella variicola increased the expression of TNFa, IL-18, IL-6, TLR2, and TLR9 in microglial
cells (1.6-, 83-,3.2-, 1.5-, 1.5-fold, respectively p <0.01). Incubation of microglia with Klebsiella variicola increased the
AB-phagocytosis by 394% and the expression of the phagocytic receptor MSR1 by 33-fold compared to the non-
activated cells (p <0.0001).

Conclusions We showed that inducing PD in mice results in microglia activation in vivo and that PD-associated bac-
teria directly promote a pro-inflammatory and phagocytic phenotype in microglia. These results support a direct role
of PD-associated pathogens in neuroinflammation.
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Introduction

Chronic neuroinflammation is crucial in the pathophysi-
ology of various neurodegenerative diseases, includ-
ing Alzheimer’s Disease (AD) [1, 2]. Microglia are the
resident mononuclear phagocyte population within
the central nervous system (CNS), sharing phenotypi-
cal and functional characteristics with macrophages,
and are essential to the brain’s immune and inflamma-
tory response [1, 3]. Microglia are rapidly activated upon
exogenous stimulation or microenvironment changes,
releasing cytokines with an upregulation of major histo-
compatibility complex II (MHC II) molecules [1]. Micro-
glia are also critical for phagocytosis of pathogens and
debris, including amyloid beta (AP) protein, through
class A scavenger receptor SR-A (macrophage scaven-
ger receptor 1 MSR1), Class B scavenger receptor CD36,
the receptor for advanced-glycosylation end products
(RAGE), and Formyl peptide receptors (FPRs) [4-6].
These functions are regulated by CD68, CD14, CX3CR1,
and toll-like receptors (TLRs) [3, 7, 8]. TLRs are associ-
ated with microglial recognition of patterns on bacterial
pathogens, where CD14 acts as a co-receptor for trans-
membrane TLR2 and TLR4, presenting antigens to them
[3, 9]. Downstream signaling in microglial cells is medi-
ated by Nuclear Factor kappa-light-chain-enhancer of
activated B cells (NF-«B) activation and the transcription
of pro-inflammatory genes (e.g., TNF-«, IL-1a, IL-6) [8].
Thus, microglia are the multi-tasking first line of defense
in the brain, orchestrating the inflammatory response
upon detecting any danger signals presented by infec-
tious stimuli or debris [3].

Periodontal disease (PD), or periodontitis, is an oral
inflammatory disease caused by the host’s immunologi-
cal response to periodontal pathogens [10]. PD is a sig-
nificant public health burden with a high prevalence
among adults. 42% of US adults aged 30 or older have
periodontitis, with 7.8% having severe forms of the dis-
ease. Periodontitis prevalence increases with age, affect-
ing more than 59% of adults over 65 [11, 12]. Chronic
PD is a slow, progressive, irreversible degradation of
the tooth-supporting apparatus (periodontium), lead-
ing to tooth loss. [13, 14]. PD is initiated by dysbiosis
of the microbiome of the oral cavity and results in local
inflammation, eventually contributing to chronic sys-
temic inflammation [10, 15]. Periodontitis is associated
with neurodegenerative diseases and neuroinflammatory
processes through circulating mediators or direct access
of the oral microbes to the CNS via systemic circulation
[16-18]. Different species of Treponema associated with

periodontitis were detected in the brains of AD cases
[19]. Lipopolysaccharide (LPS) and gingipains of Porphy-
romonas gingivalis, a prominent PD-associated bacte-
rial species in humans, were also detected in the brains
of AD patients [20, 21]. In mice, neuroinflammation
and amyloid plaque formation developed after repeated
oral application of P. gingivalis [22], suggesting that both
infectious and inflammatory mechanisms are plausible in
the link between PD and neurodegenerative processes.
However, whether PD-associated pathogens can directly
activate the microglial function is unclear. The ligature-
induced model of PD does not need human bacteria; it is
induced by commensal and native bacteria. In this study,
we tested the hypothesis that PD-associated pathogens
impact inflammatory activation and AP phagocytosis by
microglial cells.

Materials and methods

Animals and experimental groups

Thirty-six C57BL/6 wild-type, aged 10-12 weeks, were
used. The mice were maintained in a specific pathogen-
free environment, 12:12 h light/dark cycle at 24 +0.5 °C
and 40-70% relative humidity. The Institutional Ani-
mal Care and Use Committee of the Forsyth Institute
reviewed and approved the experimental protocols. Mice
were divided into five groups of 7 to 8 mice per group,
including mice with no ligature (baseline) and mice used
on day 1, 10, 20, and 30 post-ligature placements, as
shown in Fig. 1A. The ligatures were placed using a 7-0
silk suture subgingivally around the maxillary right and
left second molars with the knot positioned at the palatal
side, as previously reported [23]. Ligature placement was
performed under general anesthesia using a ketamine/
xylazine cocktail (87.5 mg of ketamine per kg of body
weight and 12.5 mg of xylazine per kg of body weight) via
intraperitoneal injection. The procedure was performed
using fine microsurgical instruments, a microscope, a
cold-light source system, and animal-holding support
to allow the maximum mouth opening without causing
mechanical damage to the oral mucosa of the anesthe-
tized animal.

Assessment of alveolar bone loss and periodontal
inflammatory process

To confirm the alveolar bone loss as a direct assessment
of experimental periodontal disease, we measured the
loss of bone in defleshed mouse jaws dissected immedi-
ately after the animals were euthanized. After removing
ligatures and gingival tissue from the sacrificed animals,
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Fig. 1 Alveolar bone resorption and mRNA expression levels of RANKL and OPG in periodontal tissues of mice with ligature-induced experimental
periodontal disease. A In vivo experimental design (n =36, 7-8 mice per group). The baseline group was left untreated, and four groups had
ligatures around maxillary right and left second molars for different timepoints corresponding to 1,10, 20, and 30 days and then sacrificed. Black
arrow: placement of ligatures. Red arrows: sacrifice. B Left: representative images of the left maxillae from each experimental group (buccal view).
Right: quantification of the area between the alveolar bone crest level and the cementoenamel junction of the three maxillary molars, using Fiji
software (ImageJ). C Levels of MRNA expression of proteins involved in periodontal tissue metabolism RANKL and OPG. The right and left gingival
tissue of each mouse were pooled together and represented one sample. Baseline: mice without ligature placement. Lig. D1, D10, D20, and D30:
mice with ligature placed for different timepoints corresponding to 1,10, 20, and 30 days, respectively. (n=36, 7-8/group, Mean + SEM, ANOVA,
*p<0.05, ****p<0.0001)
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the maxillae were defleshed by dermestid beetles for
4-5 days. Then, the samples were cleaned with 5% hydro-
gen peroxide for 8 h and washed thoroughly with water.
The samples were stained with methylene blue (1% in
water) for 10 s to clearly distinguish between the bone
and the teeth before the morphometric analysis of the
bone loss. Then, the samples were mounted and photo-
graphed atx 10 magnification using an inverted micro-
scope (Axiovert 200, Zeiss, Thornwood, NY, USA) and
AxioVision 4.8 software. The area between the alveolar
bone crest level and the cementoenamel junction of the
three maxillary molars was measured using Image] and
calculated in micrometers.

For further confirmation of bone metabolism and the
resorptive process, the gingival tissues were collected
around all maxillary molars and fixed in RNAlater (Life
Technologies, Carlsbad, CA, USA). Then, the samples
were homogenized, and total RNA was isolated through
the RNeasy® Mini kit (QIAGEN, Germantown, MD,
USA) according to the manufacturer’s instructions. The
purity was tested using a NanoDrop ND-1000 spectro-
photometer (absorbance ratio at 260 and 280 nm, Ther-
moFisher Scientific, Waltham, MA, USA). One pg of
RNA was reverse-transcribed to cDNA through High-
Capacity cDNA Reverse Transcription Kit (Applied Bio-
systems, ThermoFisher, Waltham, MA, USA) using RT
random primers, dNTP mix, RT buffer, nuclease-free
water, ribonuclease (RNase) inhibitor, and reverse tran-
scriptase for quantitative PCR (Q-PCR) analysis using
StepOnePlus Real-Time PCR system (Applied Biosys-
tems, ThermoFisher, Waltham, MA, USA). The detec-
tion assay was done using the TagMan'" Fast Advanced
Master Mix (ThermoFisher Scientific, Waltham, MA,
USA), 50 ng cDNA of gingival tissue, and TagMan Gene
Expression Assays of RANKL and OPG (Additional
file 1: Table S1). Data were analyzed using the 24T
method, and the expression of each target gene was then
calculated as a fold-change relative to the controls using
[-actin as an endogenous control.

Isolation of adult mouse brain cells

Isolation of cells from the adult mouse brain was done
according to a previously published protocol [24]. Briefly,
mice were euthanized and transcardially perfused with
cold PBS (10 mL/min). Then, each fresh brain was trans-
ferred into a 50 ml Falcon tube containing 10 mL cold
1xHBSS (R&D Systems, Inc., Canada) and minced with
a sterile No.15 scalpel blade on ice. The tissue samples
were spun for 5 min at 400X g at 4 °C, and the superna-
tant was aspirated. 10 mL of HBSS supplemented with
85 units dispase II (Sigma Aldrich, catalog number:
D4693-1G) +0.25 units DNasel (Zymo Research, cata-
log number: E1010) 4 2.5 units (CDU) collagenase Type I
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(Sigma Aldrich, catalog number: C0130) + 1 pg Na-Tosyl-
L-lysinechloromethyl ketone hydrochloride (Sigma
Aldrich, catalog number: T7254) was added to the
minced whole-brain tissue. The tubes were incubated in a
water bath at 37 °C for 1 h. Then, the digested brain tissue
with the enzyme cocktail was transferred into a 15 mL
Dounce homogenizer (Sigma-Aldrich) and dissociated
on ice using the large clearance pestle. The homogenized
brain cell suspension was transferred to a 50 mL tube
containing 5 mL 10% Fetal Bovine Serum (FBS) through
the 70 um cell strainer (Miltenyi Biotec). The cells were
filtered by repeatedly washing the cell strainer with 5 mL
10% EBS. The obtained cell suspension was centrifuged
for 5 min at 400xg at 4 °C; the supernatant was dis-
carded. Then, the cells were resuspended in 16 mL of 35%
Percoll (Sigma-Aldrich, St. Louis, MO, USA). The sample
was split equally into two 15 mL tubes, overlayed with
5 mL 1 xXHBSS, and rested on ice for 5 min. The samples
were spun at 45 min at 4 °C and 800 x g without a break
to get the different density gradient layers. Finally, the
supernatant, including the myelin layer, was discarded.
The pelleted mixed brain cells were resuspended and pre-
pared for flow cytometric analyses without further pas-
saging to prevent any phenotypic changes.

Flow cytometry and T-SNE analysis

Brain cells were washed with PBS and stained with the
zombie UV Fixable Viability Kit (Biolegend, San Diego,
CA, USA) for 30 min in the dark. The extracellular stain-
ing was performed in PBS containing 5% FBS, using the
following antibodies: anti-CD45 (30-F11, Biolegend),
anti-CD11b (M1/70, Biolegend), anti-CD68 (FA-11, Bio-
legend), anti-MHCII (M5/114.15.2, Biolegend), and anti-
CX3CR1(SAO011F11, Biolegend) for 30 min at 4oC in the
dark (Additional file 1: Table S2). Cells were analyzed on
Attune”™ NxT acoustic focusing cytometer (Invitrogen)
using a sequential gating strategy according to the FSC/
SSC and SSC/SSC parameters, live/dead staining, and
CD45/CD11b markers. The multiparametric flow cytom-
etry data analysis was performed using Flow]Jo software
(CA, USA). The data were analyzed using dimensional-
ity reduction with the t-Distributed Stochastic Neighbor
Embedding (tSNE) algorithm. The tSNE algorithm com-
putes two new derived parameters from a user-defined
selection of cytometric parameters. The following work-
flow was used to compare samples effectively: (1) data
clean up by applying manual gates to exclude doublets,
debris, and dead cells from each sample. (2) Use the
down-sample algorithm on the CD11b* CD45"°" gated
populations of each sample to 20,000 events to signifi-
cantly reduce calculation time. (3) Concatenate all sam-
ples (3 samples per experimental group) to generate a
single two-dimensional data space created by tSNE. (4)
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Dimensionally reduce (create tSNE parameters) on the
concatenated file using default settings in Flow]Jo, itera-
tions 1000, perplexity 30, and learning rate (eta) 521. (5)
Analysis of differential expression of microglial cell mark-
ers in different mice groups.

Isolation and heat-inactivation of mouse microbiome
associated with experimental periodontal disease

We isolated and collected the microbial species from the
ligatures around the maxillary molars to characterize the
direct impact of the mouse microbiome associated with
PD on mouse microglial cells. To standardize the multi-
plicity of infection (MOI) of bacteria within and between
individual experiments and avoid the live organisms
exhibiting a rapid doubling time, which can quickly lead
to culture overgrowth, medium exhaustion, and subse-
quent microglial death, we used heat-inactivated bacteria
to activate microglial cells [25]. The ligatures were recov-
ered from euthanized animals and were gently washed
with PBS to remove food residue and other debris. Sub-
sequently, the ligatures were placed in Eppendorf tubes
containing Roswell Park Memorial Institute (RPMI) 1640
medium (Gibco, Billings, MT, USA) without any sup-
plements. The bacteria were dispersed by vortexing for
2 min at 3000 rpm, followed by removing ligatures from
the tubes as previously described [26]. Then, the num-
ber of bacteria in the suspension was determined spec-
trophotometrically. Finally, heat-inactivation of the total
microbiome was prepared by heating the culture media
for 30 min at 65 °C in a shaking water bath. The prepara-
tion was checked for sterility by plating on agar media.
Heat-inactivated bacteria were stored at — 80 °C until use.

Identification and culture of Klebsiella variicola

In separate experiments, using 16S rRNA gene sequenc-
ing, we identified the microbial composition of the liga-
tures and the brains of 5xFAD mice, a transgenic mouse
model of AD, after 4 weeks of ligature-induced experi-
mental periodontitis. We identified individual species
that grew in the live cultures. Klebsiella variicola was
the major species detected in direct cultures of both liga-
tures and brain specimens in 5xFAD mice, confirmed
by direct brain cultures and 16S rRNA sequencing. We
used K. variicola in subsequent studies to explore its
impact on microglial cells as a periodontal bacteria in
an AD-like mouse model. To prepare K. variicola for
co-culture experiments with microglial cells, K. vari-
icola was plated on Trypticase  Soy Agar (TSAII"") with
sheep blood plates aerobically at 37 °C. After 2-3 days
of incubation, colonies were picked with a sterile
metal loop and were grown in liquid Tryptic Soy Broth
medium (TSB) aerobically at 37 °C for 1 day. Then, the
number of bacteria in the suspension was determined
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spectrophotometrically. Finally, heat-inactivation of cells
was prepared by heating bacteria-containing culture
media for 30 min at 65 °C in a shaking water bath. The
preparation was checked for sterility by plating. Heat-
inactivated K. variicola was stored at— 80 °C until use.

Microglial cell culture

The mouse microglial cell line BV2 (generated from pri-
mary mouse microglia transfected with a v-raf/v-myc
oncogene carrying retrovirus (J2)) [27] was purchased
from Biological Bank and Cell Factory (BBCEF, Italy, www.
iclc.it). BV2 cells were cultured in RPMI 1640 medium
(Gibco), supplemented with 1% penicillin—streptomycin
(Gibco) and 10% fetal bovine serum (FBS, ATLANTA
biologicals). Cells were maintained at 37 °C in a 5%
CO, humidified atmosphere. Every 2 days, microglial
cells were washed and dislodged from the surface of
the flask by gentle pipetting with phosphate-buffered
solution twice and transferred into a 50 mL tube. After
spinning the culture medium containing cells, the super-
natant was discarded, and the cell pellet was resuspended
in 5 mL of culture medium. Then, 2 X 10° cells were plated
into new 75 cm? flasks containing 15 mL prewarmed
culture medium and placed in the incubator. Cells were
passaged 2-3 times. All experiments were typically done
on passage number 7. When cells reached 60-70% con-
fluency, they were transferred into 24-well plates (1 x 10°
cells/well). q-PCR and flow cytometry were used to
measure the expression level of specific genes involved in
microglial activation and the phagocytic capacity of Ap
by microglial cells, respectively.

Gene expression by microglial cells using q-PCR

To assess the effect of the whole PD-associated micro-
biome or K. variicola on the expression level of specific
genes involved in microglial activation, microglial cells
were seeded into 24-well plates and incubated in RPMI
supplemented with 2% FBS and 1% penicillin—strep-
tomycin for 24 h. The bacterial suspension (whole PD-
associated microbiome from the ligature or K. variicola)
was added to the microglial cells at different multiplici-
ties of infection (MOI). After 24 h of co-incubation, total
cellular RNA was isolated using the RNeasy® Mini kit
(QIAGEN, Germantown, MD, USA) according to the
manufacturer’s instructions. The purity of RNA was
tested using a NanoDrop ND-1000 spectrophotometer
(ratio of absorbance at 260 and 280 nm, Thermo Scien-
tific, Waltham, MA, USA). The detection assay was done
using the TagMan™" Fast Advanced Master Mix (Ther-
moFisher Scientific, Waltham, MA, USA), 5 ng cDNA
of microglial cells, and TagMan Gene Expression Assays
(Additional file 1: Table S1). Data were analyzed using the
2782CT method, and the expression of each target gene
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was then calculated as a fold-change relative to the con-
trols using -actin as an endogenous control.

Amyloid B phagocytosis by microglial cells

We used flow cytometry to assess the effect of the whole
PD-associated microbiome or K. variicola on the phago-
cytosis of AP by microglial cells. Microglial cells were
seeded into 24-well plates and incubated in RPMI sup-
plemented with 2% FBS and 1% penicillin—streptomycin
for 24 h. Bacteria were added at different multiplicities
of infection (MOI). After 24 h of co-incubation, 1 pg/
mL HiLyte Fluor 488-conjugated Ap42 (Anaspec, Fre-
mont, USA) was added to the cultures for 2 h. Micro-
glial cells were harvested and washed three times with
PBS containing 5% fetal bovine serum (FBS). The final
cell suspension was spun down at 200X g for 5 min; the
supernatant was eliminated, and the cells were resus-
pended in 200 pL of PBS 4+ 5% FBS. Phagocytosis of Ap42
was measured as the percentage of f-amyloid ™ microglial
cells and analyzed on an Attune” NxT acoustic focusing
cytometer (Invitrogen). Data analysis was done using the
Flow]Jo software.

TLR-mediated activation of microglial cells

We used two strategies to test the role of TLRs in micro-
glial response to K. variicola. After cells were seeded into
24-well plates and incubated in RPMI supplemented with
2% FBS and 1% penicillin—streptomycin for 24 h, first, we
targeted TLR2. Microglial cells were pre-treated for 1 h
with either TLR2 antagonist (T2.5) at a concentration of
10 pg/mL (InvivoGen) or TLR2 agonist, lipoteichoic acid
(LTA-SA) at a concentration of 10 pg/mL (InvivoGen).
Then, we targeted TLRY, which is downstream of TLR2.
We pre-treated the microglial for 1 h with TLR9 antago-
nist (ODN2088) at a concentration of 1 uM (InvivoGen)
before introducing K. variicola. In parallel, we used the
TLR9 agonist, CpG oligonucleotide (ODN1826), at a
concentration of 1 uM (InvivoGen). These conditions are
shown in Additional file 1: Table S3.

Statistical analysis

All statistical analyses for bone morphometry, relative
gene expression, and flow cytometry were performed
using GraphPad Prism Software version 9.2.0 (Graph-
Pad Software, La Jolla, California, USA). The normality
of data distribution was determined using the Shapiro—
Wilk test. Outliers were determined using the ROUT
method with Q=1% and were excluded. An unpaired ¢
test was used to compare two experimental groups. Anal-
ysis of variance (ANOVA) followed by multiple compari-
son Tukey post-hoc tests was applied for three or more
groups. Values are expressed as mean +standard error of

Page 6 of 17

the mean. P values of <0.05 were considered statistically
significant.

Results

Alveolar bone loss and RANKL and OPG expression

in ligature-induced periodontal disease

The morphometric analysis confirmed that ligature
placement induced progressive PD and bone resorp-
tion (Fig. 1B). Bone loss was significantly increased by
25% at day 1 post-ligation compared to baseline (mice
without ligatures) (p<0.05). Bone resorption continued
to increase over 30 days (p<0.0001). To measure bone
turnover, we assessed mRNA expression levels of recep-
tor activators of nuclear factor-kappa B ligand (RANKL)
and osteoprotegerin (OPG) in the periodontal tissues.
RANKL was significantly upregulated on day 1 and day
10 after ligature placement. While OPG was signifi-
cantly downregulated on day 1 after ligature placement,
its expression showed no difference at the later time-
points compared to the non-ligated baseline. The ratio
of RANKL/OPG was increased 1 day after periodontal
disease induction (p<0.0001) (Fig. 1C). These data sug-
gested that ligature placement induced progressive peri-
odontal disease and alveolar bone resorption, confirming
this preclinical model’s acute and chronic inflammatory
phases [28].

Microglial cell response to ligature-induced periodontal
disease

To assess the impact of ligature placement on microglial
cell activation in the brain, we performed a multipara-
metric analysis using flow cytometry for different acti-
vation markers of microglial cells (CD45°% CD11b")
that included fractalkine receptor (CX3CR1), major
histocompatibility complex II (MHCII) molecules, and
the cluster of differentiation 68 (CD68) (Fig. 2). We
observed a time-dependent increase in the percentages
of CX3CRl+and MHCII+cells within the CD45"°"
CD11b" compartment starting at day 10 after ligature
placement. The CD68™ cells within the CD45'° CD11b*
population were significantly increased at day 1 post-
ligation compared to the baseline group; then, they
were significantly reduced at day 30 compared to day 1
and day 20 post-ligation. We also detected a significant
increase in mean fluorescent intensity (MFI) of MHCII
within MHCII+ microglial cells when the experimental
periodontal disease was induced for 30 days compared to
1-day post-ligation (p <0.05), collectively suggesting that
the periodontal disease led to a significant and early acti-
vation of the microglial cells in the brain.
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Fig. 2 Impact of ligature-induced periodontal disease on microglial cell activation in vivo. A Multiparametric analysis of microglia (CD45°°" CD11b%)
by flow cytometry, T-SNE plots indicate CX3CR1, MHCII, and CD68 expression on concatenated data (n =3 per group). B Differential expression of
microglial markers in healthy animals (baseline) and animals with experimental periodontal disease for 1, 10, 20, or 30 days. Red and purple arrows
highlight increased expression of CX3CR1 and MHCII, respectively. C Percentage of CD68 + (high) D MHCII 4+ and E CX3CR1 +in microglia. F Mean
fluorescence intensity (MFI) of MHCII within MHCII + microglial cells. (Mean + SEM, ANOVA, *p <0.05, **p < 0.01)

Inflammatory cytokine production by PD-associated
microbiome-stimulated microglial cells

We then examined the impact of the heat-inactivated
periodontal disease microbiome obtained from the liga-
tures on the expression of inflammatory cytokines in
microglial cells. The PD-associated microbiome col-
lected at different timepoints from ligatures (day 1, day
10, day 20, and day 30) were added to microglial cells.
TNF-a, IL-1f, and IL-6, mRNA expression levels, were
significantly up-regulated in stimulated microglial cells
by 10-day-old PD-associated microbiome compared to
unstimulated cells (p<0.0001) (Fig. 3A). Statistically sig-
nificant increases in TNF-a and IL-1p expression were
also observed in 30-day-old PD-associated microbiome
compared to unstimulated cells (p<0.0001), suggesting
that the PD-associated microbiome directly activated

microglial cell function. Then, to determine the optimal
level of activation by the microbiome, we treated micro-
glial cells with different MOIs of the 10-day-old PD-
associated microbiome (MOI=1, 5, 10, and 20). MOI of
10 and 20 were at which the PD-associated microbiome
activated the microglial function (Fig. 3B). Thus, we used
MOI=20 in our subsequent experiments.

Toll-like receptor (TLR) and CD14 expression

in PD-associated microbiome-stimulated microglial cells

In parallel, we measured mRNA expression levels of
TLR2, TLR4, and TLR9. These TLRs are directly involved
in bacterial pathogen recognition. TLR4 expression did
not show any change in response to PD-associated micro-
biome. TLR2 and TLR9 expressions were significantly
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increased in microglial cells stimulated with PD-asso-
ciated microbiome (Fig. 3C). In parallel, CD14 expres-
sion was significantly up-regulated (Fig. 3D), suggesting
that TLR2 and TLRY, but not TLR4, were the microglial
cell receptors to the mouse PD-associated microbiome,
where co-receptor CD14 presented the microbial anti-
gens to the transmembrane TLR2.

Impact of K. variicola on microglial cells

We identified Klebsiella variicola in the ligatures and
brains of 5xFAD transgenic mice, a mouse model of AD,
after a 4-week ligature-induced experimental periodon-
titis through both direct cultures of the brains and 16S
rRNA sequencing. Thus, we sought to understand the
impact of this specific bacterium detected in the mouse
PD model on mouse microglial cell activation. Cells were
stimulated with different MOIs of K. variicola (1, 5, 10,
20, and 50). IL-1B, IL-6, and NF-kB mRNA expression
were significantly and dose-dependently increased after
stimulation with K. variicola (Fig. 4A). We also meas-
ured mRNA expression levels of TLR2, TLR4, and TLRO.
While TLR4 expression did not show any difference after
stimulation with K. variicola, TLR2 and TLR9 mRNA
expression were significantly increased in microglial cells
(Fig. 4B), suggesting that TLR2 and TLR9, but not TLR4,
are the microglial cell receptors that bound to K. vari-
icola upon stimulation in line with the impact of whole
PD-associated microbiome shown above.

Impact of TLR2 and TLR9 antagonists on toll-like

receptors and inflammatory cytokines mRNA expression

in microglial cells

Since we detected an increased expression for TLR2,
TLRY, and pro-inflammatory cytokines in K. variicola-
activated microglial cells, we used two strategies to test
the impact of each TLR agonist and antagonist. First, we
targeted TLR2 and used its specific antagonistic anti-
body T2.5 to block and its specific agonist lipoteichoic
acid (LTA) to stimulate TLR2 expressed by microglial
cells. LTA-activated microglial cells showed a significant

(See figure on next page.)
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upregulation in TLR2 and TLR9 mRNA expression. This
upregulation was lesser than that of K. variicola-activated
microglial cells (Fig. 5A). When TLR2 antagonist T2.5
was added to microglial cells, it significantly inhibited K.
variicola-induced expression of TLR2, TLRY, IL-1p, and
NF-kB.

Second, we targeted TLR9 and used its specific antag-
onist (ODN2088) to block and its specific agonist, CpG
oligonucleotide (ODN1826), to stimulate TLR9 expressed
by microglial cells. ODN1826-activated microglial cells
showed a significant upregulation in TLR2, TLRY, IL-14,
and NF-kB expression (Fig. 5B). When TLR9 antago-
nist ODN2088 was added to microglial cells before their
stimulation, it significantly inhibited ODN1826-induced
TLR2, TLRY, IL-1B, and NF-kB, while only significantly
inhibited K. variicola-induced TLR9 (p<0.0001). TLR2
and IL-1p in K. variicola-induced microglial cells did not
show change with TLR9 antagonist ODN2088 compared
to that of K. variicola.

B-Amyloid phagocytosis by microglial cells
We then assessed the effect of the PD-associated micro-
biome on the phagocytic capacity of microglial cells
of amyloid B-peptide 42 (AP42). Microglial cells were
activated with different MOIs of a 10-day-old PD-asso-
ciated microbiome for 24 h and then incubated with
HiLyte Fluor 488-conjugated AP42 for 2 h. The percent-
age of B-Amyloid 488 Fluort microglial cells was dose-
dependently increased with increasing microbiome MOI
(Fig. 6A). We then measured the expression of receptors
involved in AP42 uptake by activated microglial cells.
Murine formylpeptide receptor (mFPR2) and Class B
scavenger receptor CD36 were not significantly affected
by the periodontal disease microbiome. In contrast, class
A scavenger receptor (Macrophage scavenger receptor 1
MSR1) expression was significantly increased after stim-
ulation (Fig. 6B).

K. wvariicola also significantly upregulated MSR1
expression (Fig. 7A). TLR2 antagonistic antibody T2.5
significantly inhibited K. variicola-induced MSRI.

Fig. 3 Effect of ligature-induced periodontal disease microbiome on inflammatory cytokines and toll-like receptors (TLRs) expression of microglial
cells. A Levels of mRNA expression of pro-inflammatory cytokines TNF-a, IL-1(3, and IL-6 in microglial cells stimulated with microbiome associated
with experimental periodontal disease. Lig. D1, D10, D20, and D30: microglial cells incubated with heat-inactivated PD-associated microbiome
harvested from ligatures for different timepoints corresponding to 1,10, 20, and 30 days, respectively, at MOl = 20 for 24 h. (Two different
experiments in triplicates, mean + SEM, ANOVA, *p < 0.05, ****p < 0.0001, all comparisons were made to unstimulated microglial cells represented
by the dashed line). B Levels of mMRNA expression of pro-inflammatory cytokines TNF-a, IL-13, and IL-6 in microglial cells stimulated with different
MOls of 10-day-old ligature-induced PD-associated microbiome for 24 h. (Three different experiments in duplicates, mean + SEM, ANOVA, *p < 0.05,
**p<0.01, ***p <0.001, ****p <0.0001 all comparisons were made to unstimulated microglial cells represented by the dashed line). C Levels of
mMRNA expression of toll-like receptors TLR2, TLR4, and TLR9 in microglial cells stimulated with different MOIs of 10-day-old ligature-induced
PD-associated microbiome for 24 h. (Three different experiments in duplicate, mean + SEM, ANOVA, *p <0.05, **p < 0.01, all comparisons were made
to unstimulated microglial cells represented by the dashed line). D Levels of MRNA expression of co-receptor CD14 in microglial cells stimulated
with MOI=20 of 10-day-old ligature-induced PD-associated microbiome for 24 h (three different experiments in triplicate, mean + SEM, unpaired t

test, ***p <0.001)
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MSR1 did not show any difference with TLR9 antagonist
ODNZ2088.

K. variicola increased the phagocytosis of Ap42 by the
microglial cells (Fig. 7B). TLR2 antagonistic antibody
T2.5 and TLR9 antagonist (ODN2088) were added either
alone or in combination before the K. variicola stimula-
tion. TLR2 and TLR9Y inhibition significantly reduced the
percentage of B-Amyloid 488 Fluor™ cells. There was a
significant reduction of AB42 uptake in K. variicola-stim-
ulated microglial cells with TLR2 antagonistic antibody
T2.5 compared to TLRY inhibition (p<0.0001). Com-
bined inhibition of both TL2 and TLRY showed a further
decrease of AB42 phagocytosis in K. variicola-stimulated
cells compared to each inhibition alone (Fig. 7B).

Discussion

Microglial cells are critical for the neuroinflammatory
process within the brain [1, 2, 29]. In neurodegenerative
diseases, where neuroinflammation is a part of the patho-
genesis, such as AD, microglial cells become chronically
activated, releasing pro-inflammatory cytokines and dis-
playing abnormal phagocytic capacity of proteins, such
as AP peptides, resulting in further microglial activation
[1, 2, 30]. Microbial components can trigger microglial
activation and initiate the neuroinflammatory process.
Recent studies have suggested that oral microbes and/
or their virulence factors may participate in this process
[22, 23, 31], thus mechanistically linking oral health sta-
tus with neuroinflammation risk. Periodontitis-asso-
ciated microorganisms have been found in the brains
of AD patients; however, a direct interaction between
putative periodontal pathogens, their virulence factors,
and microglia remains unknown. In the present study,
we described the mechanistic link between periodontal
disease and associated pathogens and microglial activa-
tion. We used a preclinical model of ligature-induced
periodontal disease, which initiates the inflammatory
response by generating microbial dysbiosis due to plaque
accumulation around the maxillary molars, mimick-
ing the etiopathogenesis of the disease in humans. We
observed alveolar bone loss and an enhanced microglial
activation phenotype in the brains of wild-type mice
that become more prominent as the days with ligatures
increase. We corroborated these in vivo findings using an
in vitro approach to evaluate the direct impact of the lig-
ature-induced PD-associated microbiome on the activa-
tion and phagocytic capacity of microglial cells, a mouse

(See figure on next page.)

Page 10 of 17

microglial cell line. Microglial cells were stimulated with
a mouse PD-associated microbiome; we found that they
were activated and able to mount a pro-inflammatory
immune response through TLR2 and TLR9 activation
upon microbial stimulation. We also detected enhanced
phagocytosis of AP in activated microglia through MSR1
overexpression, which was reduced using TLR2 and
TLR9 inhibitors. The data from this study demonstrated
a direct and specific receptor-mediated impact of the PD-
associated microbiome on microglial cell activation.

Neuroinflammation is a vital and early component
of neurodegenerative diseases. In AD pathogenesis, for
instance, increased microglial activation is detected
before detecting AP plaques and neurofibrillary tau
tangles, the specific hallmarks of the disease [30].
Our data showed that microglial cells within the adult
brain, defined as CD11b" and CD45'°" [32], showed an
increase in the expression of different activation mark-
ers, such as fractalkine receptor (CX3CR1) and major
histocompatibility complex II (MHCII), that started on
day 10 after ligature placement. Our data also demon-
strated that the mean fluorescent intensity of the acti-
vation marker MHCII within the MHCII+ microglial
cells compartment was significantly higher at day 30
than on day 1 post-ligature placement. A previous study
showed an increase in MHCII+ microglial cells accom-
panied by neuron loss, neuroinflammation, and infiltra-
tion of other immune cells in a rat model of Parkinson’s
disease [33]. The fluctuation of CD68" cell percentage
within the CD45'°% CD11b* population after periodon-
tal disease induction could be attributed to the fact that
the CD68 receptor level is strongly up-regulated dur-
ing inflammation and can internalize from the cell sur-
face to endosomes immediately after stimulation [3].
Subsequently, these chronically activated microglia may
strongly drive neuroinflammation initiation.

To explore the possible pathways involved in micro-
glial activation during the progression of PD, we used an
innovative approach in our in vitro experiments, where
we co-cultured a mouse microglial cell line with the
mouse PD-associated microbiome and its virulence fac-
tors harvested from the ligatures. Previous studies used
microorganisms in the human periodontitis microbiome
and specific bacterial cell components to infect mouse
microglial cells and achieve microglial activation or
induce experimental periodontitis in mice [34—37]. For
example, a previous in vitro study demonstrated that rat

Fig. 4 Effect of K. variicola on inflammatory cytokines and toll-like receptors (TLRs) expression of microglial cells. A Levels of mRNA expression

of pro-inflammatory cytokines TNF-g, IL-18, IL-6, and transcription factor NF-kB in microglial cells stimulated with different MOls of K. variicola for
24 h. B Levels of mRNA expression of toll-like receptors TLR2, TLR4, and TLR9 in microglial cells stimulated with different MOlIs of K. variicola for 24 h.
(Three different experiments in duplicate, mean + SEM, ANOVA, *p <0.05, ** p<0.01, ***p < 0.001, all comparisons were made to unstimulated

microglial cells represented by the dashed line)
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microglial cells stimulated with Aggregatibacter actino-
mycetemcomitans LPS highly expressed the same inflam-
matory cytokines and toll-like receptors TLR2 and TLR4
that we found in the present study [34]. Those studies,
while providing useful data for understanding the poten-
tial impact of human bacteria in the neuroinflammatory
processes, could be more extensive in their translational
value as they represent interspecies findings between
mice and humans. To overcome this limitation, we used a
murine model of experimental periodontal disease, iden-
tified the periodontal microbiome associated with dis-
ease in mice, and used these specific bacterial species to
activate the murine microglial cells. Until this study, this
model has not yet been reported. The data showed that
the PD-associated microbiome directly activated micro-
glial cells and increased the expression of pro-inflamma-
tory cytokines TNF-a, IL-1B, and IL-6. Furthermore, we
identified that TLR2, TLRY, and co-receptor CD14 were
highly expressed during this activation showing the spe-
cific TLR-mediated pathway of microglial activation in
response to PD-associated microorganisms in the same
mammalian species.

Our data suggested that the interaction of microglia
with the PD-associated microbiome had a significant role
in shaping microglial functions. While the binding of PD-
associated microorganisms to TLR2 and TLR9 on micro-
glia increased their inflammatory cytokine expression, it
also increased the phagocytosis of Ap42. This finding was
in line with previous studies, where activation of TLR2
on microglia by its corresponding ligand peptidogly-
can from Staphylococcus aureus led to NF-kB activa-
tion and enhanced microglial chemotactic response and
phagocytic capacity of AB42 [35]. Another in vitro study
demonstrated that the activation of TLR9 expressed on
microglia by CpG-containing ODN increased their abil-
ity to endocytose APB42 [37]. It is critical to note that our
in vitro microglial activation with PD-associated micro-
biomes was done for 24 h, considered an acute model of
microglial activation as previously suggested [38], and
may not fully represent the chronic or evolving microglial
activation that happens in AD [39]. Nevertheless, the
TLR2/TLR9-mediated pathway underlines the microglial
response to microorganisms in this context, PD-associ-
ated microbiome.

(See figure on next page.)
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In a parallel experiment, we identified bacteria of the
genus Klebsiella to be prominent in the microbiome of
mice after experimental PD-associated microbial coloni-
zation of both ligatures and brain specimens. The direct
brain cultures and 16S rRNA sequencing showed that
the species was K. variicola, in line with a recent study,
which also detected this bacterial species in the oral cav-
ity of mice after experimental periodontitis induction
[40]. Therefore, we used this specific species to explore
its impact on microglial cell activation and function.
Our data confirmed that K. variicola was able to activate
microglial cells directly and up-regulate the expression of
pro-inflammatory cytokines TNF-a, IL-1f, and IL-6, sim-
ilar to the ligature microbiome-induced microglial activa-
tion but with higher immunogenic reactivity, suggesting
that this PD-associated microorganism may have unique
virulence factors and could promote more neuroinflam-
mation. Furthermore, our data identified that TLR2 and
TLR9 were highly expressed in microglia during this acti-
vation. We also detected increased AB42 phagocytosis by
the activated microglia mediated by MSR1 overexpres-
sion. Since we identified that TLR2 and TLRY expres-
sions were upregulated upon microglial stimulation with
K variicola, we aimed to explore the impact of their inhi-
bition using TLR2 antagonistic antibody T2.5 and TLR9
antagonist (ODN2088) before microglial activation with
K. variicola. Our data showed that inhibition of TLR2
caused downregulation in the expression of TLR2, TLR9,
and IL-1B. However, the inhibition of TLR9 caused
downregulation in the face of TLR9. Thus, K. variicola
was still able to mount pro-inflammatory microglial acti-
vation through TLR2. A possible explanation for this
finding is that TLR2 is found on the cell surface and is
required for optimal microorganism-induced phagocyto-
sis by innate immune cells; consequently, phagocytosis is
a necessary pre-requisite for TLR9 identification of bac-
terial genomic DNA in late endosomal compartments.
Our data also suggested that the inhibition of TLR2 and
TLR9 abrogated AP42 internalization by activated micro-
glia. These data collectively suggested the imperative role
of TLR2 and TLR9 in microglial activation and their sub-
sequent AB42 phagocytic function mediated by the PD-
associated microbiome.

It is important to note that we did not use any non-K.
variicola control, because our line of thought was to (1)

Fig. 5 Impact of TLR2 and TLR9 inhibitors on inflammatory cytokines and toll-like receptors (TLRs) expression of microglial cells. A Levels of mRNA
expression of TLR2, TLR9, IL-1(3, and NF-kB in microglial cells stimulated with MOI= 20 of K. variicola or Lipoteichoic acid (LTA)-TLR2 agonist at a
concentration of 10 pg/mL for 24 h, with or without the addition of TLR2 antagonistic antibody T2.5 at a concentration of 10 pg/mL for 1 h before
the K. variicola or LTA stimulation. B Levels of mRNA expression of TLR2, TLR9, IL-13, and NF-kB in microglial cells stimulated with MOI= 20 of K.
variicola or CpG oligonucleotides (ODN1826)-TLR9 ligand at a concentration of 1 uM for 24 h, with or without the addition of TLR9 antagonist
(ODN2088) at a concentration of 1 uM for 1 h before the K. variicola or ODN1826 stimulation (Mean + SEM, ANOVA, **p <0.01, **p <0.01, ***p <0.001,

#exep < 0.0001).
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Fig. 6 Impact of ligature-induced periodontal disease microbiome
on B-amyloid phagocytic capacity of microglial cells. A Percentage
of B-Amyloid 488 Fluor™ microglial cells stimulated with different
MOls of 10-day-old ligature-induced PD-associated microbiome

for 24 h. (Experiments in triplicates, mean + SEM, ANOVA, *p <0.05,
**p<0.01, ***p<0.0001 all comparisons were made to unstimulated
microglial cells represented by the grey bar). B Levels of mRNA
expression of mFPR2, class A scavenger receptor MSR1, and Class B
scavenger receptor CD36 in microglial cells stimulated with MOl =20
of 10-day-old ligature-induced PD-associated microbiome for 24 h.
(Experiments in duplicate, mean + SEM, Unpaired t test, *p <0.05)

induce periodontal disease by placing ligatures around
maxillary molars at different timepoints, (2) retrieve the
ligatures, (3) collect the total PD-associated microbiome
from the ligatures, (4) identify the live bacteria by culture
and sequencing, (5) use the entire microbiome to stimu-
late microglial cells, and (6) use K. variicola that was the
dominant bacterial species in the microbiome to stimu-
late microglial cells. Therefore, we did not randomly
choose K. variicola as a pathogen; we identified K. varii-
cola as a part of the total murine periodontal microbiome
and compared its effects to the entire microbiome.

One limitation of the current study is that we could not
have microbiomes associated with healthy periodontal
tissues to use as controls, since the collection method
was the ligature placed around the teeth, where the oral
microbiome colonized as a part of the PD process. Since
placing the ligatures required at least 1 day to colonize
bacteria and subsequently induce PD and inflamma-
tion, it was impossible to obtain a true baseline. Chang-
ing the sampling methodology, such as using oral swabs,
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Fig. 7 Impact of TLR2 and TLR9 inhibitors on microglial phagocytic
capacity of B-amyloid in vitro. A Left: level of mRNA expression of
MSR1 in microglial cells stimulated with MOI= 20 of K. variicola or
Lipoteichoic acid (LTA)-TLR2 agonist at a concentration of 10 pg/
mL for 24 h, with or without the addition of TLR2 antagonistic
antibody T2.5 at a concentration of 10 pg/mL for 1 h before the K.
variicola or LTA stimulation. Right: level of mRNA expression of MSR1
in microglial cells stimulated with MOI'= 20 of K. variicola or CpG
oligonucleotides (ODN1826)-TLR9 ligand at a concentration of 1 uM
for 24 h, with or without the addition of TLR9 antagonist (ODN2088)
at a concentration of 1 uM for 1 h before the K. variicola or ODN1826
stimulation (Mean + SEM, ANOVA, ***p <0.001, ****p <0.0001). B
Percentage of B-Amyloid 488 Fluor™ microglial cells stimulated with
MOI=20 of K. variicola for 24 h with or without the addition of TLR2
antagonistic antibody T2.5 and TLR9 antagonist (ODN2088) either
alone or in combination for 1 h before the K. variicola stimulation.

(a representative experiment in triplicate from three different
experiments, mean + SEM, ANOVA, **p <0.01, ****p <0.0001)

will reflect a different microbial population than these
would be from everywhere in the mouth of a mouse [41].
Thus, the ligature-associated PD microbiome reflected
the actual periodontal microbiome gathering around the
teeth and was responsible for periodontal disease and
inflammation.

This study established a clear relationship between
the PD induced by ligature placement and microglial
cell functions and markers of neuroinflammation. Our
findings may be relevant to neurodegenerative disor-
ders, where neuroinflammation plays a role. In conclu-
sion, the data demonstrated that periodontal disease
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activated microglial cell activation at multiple levels,
as shown in the model (Fig. 8). The microbiome asso-
ciated with PD directly stimulated the microglial cell
through TLR2 and TLRY, further activating NF-«B.
The subsequent activation of NF-kB increased the
transcription of the pro-inflammatory cytokines and
MSRI. In addition, the MSR1 expressed by activated
microglia-mediated cell phagocytosis of AP42 demon-
strates the impact of periodontal infection on the brain
microglial cells, which may contribute to the initiation
and progression of the neuroinflammation in neurode-
generative processes. Clinical implications and transla-
tion of these findings to humans are high. In humans,
LPS and gingipains of P. gingivalis (a major periodon-
topathogen linked to several systemic diseases) were
already demonstrated in the brains of AD patients [20,
21]. Our work demonstrates a clear mechanistic role
of oral pathogenic bacteria activating the microglial
cells in the same mammalian species and mimicking
the etiopathogenesis of the disease in humans. Because

bacteria colonizing the brain as a result of PD would
further increase the recruitment of peripheral phago-
cytes and chemokines across an impaired and “leaky”
blood—brain barrier due to AD, identifying the impact
of oral bacteria on the brain cells and neuroinflamma-
tion is critical for developing targeted therapies and
preventing infecto-inflammatory processes that exacer-
bate AD-associated pathologies in humans, which need
to be tested in clinical trials.
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