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Emerging oral Treponema
membrane proteins

disorder neutrophil
phosphoinositide signaling via
phosphatidylinositol-4-
phosphate 5-kinase

Natalie K. Anselmi, Stephen T. Vanyo and Michelle B. Visser®

Department of Oral Biology, The State University of New York at Buffalo, Buffalo, NY, United States

Background: Periodontitis (PD) is a group of inflammatory pathologies
characterized by destruction of the tooth-supporting tissues. During PD,
dysbiosis of the oral biofilm disrupts the host immune response and supports
growth of pathogenic bacteria including the spirochetes Treponema denticola
(Td), T. maltophilum (Tm), and T. lecithinolyticum (Tl). The outer membrane
protein of Td, Msp, perturbs the function of neutrophils by modulating
phosphoinositide (PIP) signaling. While Tm and Tl have similar outer
membrane proteins, MspA and MspTL respectively, little is known of how
these proteins affect neutrophil function.

Methods: This study examines putative mechanisms by which T. maltophilum
MspA and T. lecithinolyticum MspTL inhibit neutrophil chemotaxis. Murine bone
marrow neutrophils were treated with recombinant MspA or MspTL protein.
Protein phosphorylation was assessed via immunoblot, phosphate release by
malachite green assay, and PTEN and SHIP phosphatase activity through
immunoprecipitation, enzymatic assays, and chemical inhibition. PIP quantification
was assessed by immunofluorescence microscopy and Mass ELISAs, while small
GTPase activity was measured with G-Protein Activation Assays. Neutrophil F-actin
localization was determined through immunofluorescence.

Results: MspA and MspTL increase phosphate release in neutrophils, but unlike
Msp, they do not affect PTEN or SHIP activity, despite modulating cellular levels
of multiple PIP species [PI(3,4)P,, PI(4,5)P,, and PIPz]. Overall, MspA and MspTL
differentially affected the metabolism of individual PIP species, but both
increased PI(4,5)P, levels in a PIP5K-dependent manner. Downstream effects
of disrupted PIP signaling included inhibition of Akt and Racl activation and
increased cortical F-actin localization.

Conclusions: Understanding distinct mechanistic relationships between novel
Msp proteins and neutrophils provides important insight into how these
understudied bacteria promote periodontitis progression.
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Periodontal disease represents a spectrum of chronic
inflammatory pathologies affecting more than 40% of adults 30
years and older and 70% of adults 65 years and older in the
United States. Periodontal disease ranges from gingivitis, which is
characterized by reversible inflammation confined to the gum
tissue, to a range of categories of periodontitis (PD). PD is
characterized by progressive destruction of the periodontium,
manifested by irreversible loss of tooth-supporting soft tissue and
underlying alveolar bone, and is the leading cause of tooth loss
worldwide (1, 2). PD is initiated by disrupted homeostasis of the
complex oral microbiota and the immune system, driven by a
transition to an inflammogenic community (3-5).

Oral spirochetes proliferate to high abundance in the dysbiotic
subgingival biofilm during PD and preferentially colonize the
deepest part of diseased periodontal pockets (6-9), in close
association with immune cells at the tissue interface, including
neutrophils (10, 11). Treponema denticola is the most well-
characterized oral spirochete and classically colocalizes with
Porphyromonas gingivalis and Tannerella forsythia (classically
referred to as the “red complex”) during severe PD (12, 13).
There are ten named oral Treponema species, including
T. maltophilum and T. lecithinolyticum which are considered
important emerging “core periodontitis” pathogens (10, 11, 14,

), yet are comparatively understudied. Numerous studies have
demonstrated the abundance and prevalence of these species in
deep periodontal pockets during different forms of periodontitis

( ) s -

periodontitis or secondary failure (19-

) and infected root canals associated with apical
). T. maltophilum and
T. lecithinolyticum have been reported to be more prevalent in
treatment-resistant endodontic lesions (22) and less prevalent in
periodontitis “resistant” individuals (>65 years of age, 20 or more
teeth, no periodontitis history) (11). Despite their prevalence,
little remains known regarding the pathogenic potential of these
Treponema species and mechanistically how they interact with
immune cells. The study of oral spirochetes remains limited due
to their unique fastidious nutritional requirements, complex
growth media required for in vitro culture (23) and limited tools
available for genetic manipulation (24, 25). Currently, limited
T. maltophilum and T. lecithinolyticum isolates and complete
genomic information are readily available. While development of
tools for genetic mutagenesis and complementation studies in
T. denticola continue to advance (25-28), none are currently
available for T. maltophilum or T. lecithinolyticum.

The major outer sheath protein (Msp) of T. denticola is a
highly expressed and immunogenic virulence factor, eliciting
Msp
forms a trimeric pore complex with dual adhesin and porin

strong antibody responses in human subjects (29, 30).

functions in the outer membrane of T. denticola and secreted
T. denticola has a broad
pathogenic capacity toward host cells (reviewed in references (34,

outer membrane vesicles (30-33).

). Msp stimulates the expression of host proteases such as
matrix metalloproteinases, promoting tissue destruction and bone
reabsorption (35), has hemagglutination and hemolytic activity

towards erythrocytes (36, 37), and disrupts calcium-ion-mediated
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) and
). Furthermore, T. denticola

cell signaling and actin uncapping in fibroblasts (38,
chemotaxis in neutrophils (40,
lacking Msp increases neutrophil migration in vitro (40),
confirming the importance of this protein in intact treponemes
to impair neutrophil function.
Msp-like surface proteins have been identified in
T. maltophilum (MspA) and T. lecithinolyticum (MspTL) (42,
). T. maltophilum and T. lecithinolyticum are more closely
phylogenetically related to each other than either is to
T. denticola. Correspondingly, MspA and MspTL are most
similar to each other and distinct from Msp (14, 16, 17, 44).
Early research showed that MspTL is a major membrane-
associated component of the T. lecithinolyticum outer membrane
(43) and that MspA in T. maltophilum forms a heat-modifiable,
detergent and trypsin-stable high molecular-mass membrane-
associated protein complex (42), similar to Msp in T. denticola
(32, 45). We recently demonstrated computationally that MspA
and MspTL are predicted to form large B-barrel monomers
composed of 20 all-next-neighbor antiparallel B strands, likely to
adopt a homotrimer formation, and experimentally validated
amphiphilic integral membrane-association, oligomerization and
surface accessibility for both native protein complexes (46).
Limited functional analysis of MspA or MspTL biological activity
towards host cells has been performed. We have recently shown
in vitro that purified recombinant MspA or MspTL monomer
proteins can impair murine neutrophil chemotaxis and that
surface expression of MspA or MspTL in an E. coli surrogate
system delays chemotaxis in a murine air pouch model of
inflammation (46). MspTL and MspA can also induce the release
of pro-inflammatory interleukins such as IL-1, IL6, and IL-8
from human monocytes and fibroblasts (47) and expression of
ICAM-I (44), while MspTL has been found to increase human
monocyte adhesion to microvascular endothelial cells (47).
Neutrophils are a major innate immune cell in the oral cavity
crucial for maintaining gingival health. They comprise the
majority of innate immune cells recruited to the gingival tissue
and crevice and are positively correlated with PD severity
(48-

oral cavity, congenital defects in neutrophil development, or

). Furthermore, a lack of neutrophil infiltration into the

defects of neutrophil function lead to an increased severity of PD
(51—

biological functions including directed migration, extravasation

). Neutrophils are dynamic cells that perform diverse

into tissue sites, and antimicrobial actions. Effective neutrophil
functionality is tightly regulated by complex phosphoinositide-
associated signaling pathways (55-57).

Phosphoinositides (PIPs) are a class of signaling lipids, whose
inositol head group can be phosphorylated by lipid kinases on
the third, fourth, or fifth position to elicit different signaling
functions ( ) (55, 58). Among these
enzymes is phosphoinositide 3-kinase (PI3K), which generates
the second messenger phosphatidylinositol(3,4,5)trisphosphate
(PIP3) by phosphorylating the D3 position of the inositol ring of
[P1(4,5)P,], an
component of the inner leaflet of the plasma membrane (PM).

phosphatidylinositol(4,5)bisphosphate integral

PIP; recruits and activates numerous effectors at the PM to
regulate neutrophil function. Appropriate temporal and spatial
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localization of PIP; at the leading edge is an integral step to direct
neutrophil chemotaxis (59, 60). In opposition to PI3K are
phosphatases that hydrolyze PIP;: phosphatase and tensin
homolog (PTEN) and SH2 domain-containing inositol 5’-
phosphatase (SHIP). PTEN dephosphorylates PIP; to PI(4,5)P,
while the hematopoietic and osteolineage-restricted SHIP1 and
ubiquitously expressed SHIP2 dephosphorylate PIP; to form
phosphatidylinositol(3,4)bisphosphate [PI(3,4)P,], a lipid second
messenger that shares some effectors with PIP; (

) (61, 62). Downstream effectors of PIP; include Akt
and Racl, which play complex interconnected roles in regulating
neutrophil ~ behaviors including chemotaxis (63, ).
Mechanistically, Msp disrupts the balance of phosphoinositide
signaling by activating PTEN and inhibiting PI3K activity leading
to inhibition of downstream Racl and Akt signaling to impair
neutrophil function (33, 40, 41, 65-67).

T. maltophilum MspA and T. lecithinolyticum MspTL have
recently been shown to modulate neutrophil function (46), but
knowledge of their molecular processes remains limited. Here we
focus on examining how these virulence factors modulate the
production of PIP species and the activity of associated signaling
these

understudied bacteria manipulate to impact neutrophil function

pathways. Awareness of the novel mechanisms
is crucial for ongoing therapeutic development for PD to

improve oral health.

2.1 Expression and purification of
recombinant MspA and MspTL

T. maltophilum ATCC51939 mspA codon-optimized sequence
(lacking the 19 amino acid signal peptide sequence) for E. coli
expression was prepared by GeneScript, enzyme digested and
cloned in frame with the N-terminal His-tag at the Ndel/HindIII
enzyme sites of pET30a to form protein expression construct
pET30a-Msp. T. lecithinolyticum ATCC 700332 mspTL (lacking
the 19 amino acid signal peptide sequence) in pQE30 was used for
recombinant MspTL isolation (44). E. coli BL21 Star (DE3)
(ThermoFisher) Mi5
containing pQE30-MspTL were grown from an overnight culture

containing pET30a-MspA or E. coli

to an ODggy of ~0.6 in 500 ml LB medium containing appropriate
antibiotics (E. coli BL21-pET30 constructs were grown with
100 ug/ml ampicillin. E. coli M15 contains a pREP4 plasmid that
confers kanamycin resistance, and so E.coli M15-pQE30 constructs
were grown with 100 ug/ml ampicillin and 25 pg/ml kanamycin.)
in a 2L flask at 37°C with shaking (200 RPM). Isopropyl-B-d-
thiogalactopyranoside (IPTG, final concentration 1mM) was
added, and the culture was incubated for 4 h at 37°C with shaking
to induce protein expression. Bacteria were harvested by
centrifugation (2,000 x g for 40 min at 4°C).

Recombinant His-tagged Msp lacking the signal peptide from
T. denticola 35405 was isolated as previously described (40).
Recombinant His-tagged MspA and MspTL proteins were
purified by gravity flow. Cell pellets were suspended in binding/
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washing (B/W) buffer (20 mM NaH,PO,4; 500 mM NaCl; 20 mM
imidazole, pH 7.4) containing Protease Inhibitor Cocktail (1%
v/v; Sigma) and 0.5 ug/ml of Pierce TM Universal Nuclease for
Cell Lysis (Thermo Fisher Scientific), and lysed using an
EmulsiFlex®-C3 high-pressure homogenizer (1,000-1,500 psi at
4°C, three 30s pulses). Soluble and insoluble fractions were
separated by centrifugation (15,500 x g for 30 min at 4°C) and
the insoluble fraction was solubilized in 10 ml of urea binding
buffer (8 M Urea, 300 mM NaCl, 50 mM NaH,PO,, 10 mM
imidazole, 1 mM THP; pH 8.0) for 60 min at room temperature
and then centrifuged (10,000 x g for 30 min at 4°C) to remove
cellular debris. Poly-Prep Chromatography Columns (Bio-Rad)
were loaded with 2 ml of His-Bind Resin (Millipore) to yield a
1 ml resin bed volume. The resin bed was washed with 3 column
volumes of ultrapure diH,O, charged with 5 column volumes of
nickel buffer (100 mM NiSO, in diH,0), and equilibrated with
urea binding buffer before the supernatant was added. After
allowing the supernatant to flow through, the resin was washed
with 10 column volumes of urea binding buffer and the
recombinant proteins were eluted with 3 ml of urea elution
buffer (8 M urea, 500 mM NaCl, 250 mM imidazole, 20 mM
NaH,PO4 pH 8.0). Eluate was dialyzed sequentially against
Buffer A (4 M urea, 20 mM ethanolamine; pH 11.7), 1:1 Buffer
A, and Buffer B (2 M urea, 20 mM ethanolamine, 2 mM cystine;
pH 11.7), Buffer C (20 mM Tris Base, 2 mM cysteine, 0.2 mM
cystine; pH 10.7), and finally into PBS (pH 7.4). All buffers were
made in dH,O and dialysis steps were performed at 4°C for 8 h.
Protein concentrations were determined by BCA assay (Pierce)
and integrity and purity were assessed by SDS-PAGE. Proteins
were stored in PBS at —80°C.

2.2 Murine neutrophil isolation

Neutrophils were isolated from the bone marrow of mice using a
Percoll density gradient (68). Briefly, C57BL/6] wild-type mice (male
and female, 6 weeks old) were purchased from Jackson Laboratory
(Bar Harbor, ME). Following exposure to CO, and cervical
dislocation, femurs and tibias were removed, and cells were
isolated from bone marrow by fractionation into discontinuous
Percoll (Sigma) gradients (80%, 65%, 55%). Mature neutrophils
were isolated from the 80%-65% interface and red blood cells
were lysed with RBC Lysis Buffer (BioLegend). Cells were
manually counted using a hemacytometer and then used in assays.
The University at Buffalo Institutional Animal Care and Use
Committee approved all procedures.

2.3 Neutrophil coincubation treatment

(fMLP) is a
bacterial peptide product known to stimulate neutrophils and

N-formyl-methionine-leucine-phenylalanine

was used as an activation stimulus throughout this study.
Neutrophils (typically 1 x 10° cells per condition unless noted)
were incubated with either 100 nM rMsp, rMspA, or rMspTL

alone for 30 min at room temperature or recombinant proteins
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followed by a 1 min exposure to 1 uM fMLP, as indicated, in
HBSS++. Neutrophils exposed to HBSS++ were used as negative
controls while positive controls consisted of cells stimulated with
fMLP alone. Previous studies from our group support the use of
these protein concentrations and incubation times, as these
variables are within the range documented to produce observable
effects on host cells (40, 67, 69).

2.4 Assessment of protein phosphorylation
by immunoblotting

Neutrophils were treated with recombinant protein and fMLP as
described above, lysed with 30 pl 4X SDS sample buffer, and boiled
for 10 min. For immunoblot analysis, equal volumes of total protein
lysates were separated on 10% SDS-PAGE gels and then transferred
to nitrocellulose. Membranes were blocked in 5% milk/TBS/0.1%
Tween-20. Primary antibodies were incubated overnight at 4°C in
5% milk/TBS, followed by a one-hour incubation of (HRP)-
conjugated secondary antibody in TBS at room temperature. All
antibody dilutions are listed in Table 1. HRP was inactivated by a
30 min incubation in 0.2% sodium azide in TBST at room
temperature for reblotting. All blots were developed with
Protoglow ECL (National Diagnostics), and densitometry analysis
To quantify Akt
phosphorylation, the membrane was probed with the phospho-Akt
antibody and then reprobed with a 5% milk/TBS mixture
including both B-actin and Akt antibodies. Per condition, phospo-

was performed using Fiji software (70).

Akt levels were normalized against Akt, with B-actin included as a
loading control. To quantify PTEN phosphorylation, membranes
were probed with phospho-PTEN or PTEN antibodies and
Phospho-PTEN and PTEN were
normalized against B-actin prior to comparison.

reprobed with B-actin.

2.5 Phosphate release assay in whole cells
Cellular phosphate release was measured using a Malachite

Green assay as described (39). 1 x 10° neutrophils per condition
were suspended in phosphate-free HBSS without calcium or

TABLE 1 Antibodies used in this study.

10.3389/froh.2025.1568983

magnesium (1.26 mM CaCl,-2H,0, 0.69 mM MgSO,-7H,0,
537 mM KCl, 136.89 mM NaCl, 5.55 mM glucose, 4.17 mM
NaHCOs; pH 7) and were partially permeabilized for 30 s with
0.2% n-octyl-beta-D-glucopyranoside (OG) in PHEM buffer
(60 mM PIPES, 25 mM HEPES, 10 mM EGTA, 2 mM MgCl2;
pH 6) with Halt™ Protease Inhibitor Cocktail (Thermo
Scientific). After 30s, OG was diluted with phosphate-free
HBSS (dilution factor 2), cells were centrifuged at >10,000 x g
for 1 min, and the pellet was resuspended in phosphate-free
HBSS (equal to starting volume). Cells were divided into
microcentrifuge tubes and treated with MspA or Msp TL
proteins. Free phosphate release was measured using a
Malachite Green Assay Kit (#K-1500, Echelon Biosciences)
25ul of
phosphate standards or lysate were pipetted into the wells of a

according to manufacturer instructions. In short,

96-well microplate in duplicate and incubated with 100 pl of
Malachite Green Solution for 15min at room temperature.
Absorbance was read at 620 nm on a 96-well plate reader
(Molecular Devices FlexStation3).

2.6 SHIP1 and PTEN immunoprecipitation
and activity assays

SHIP1 and PTEN
immunoprecipitation assays as described (33, 67). Neutrophils

activity were determined using
(5x 10° per condition) were treated with recombinant MspA or
MspTL and fMLP as described, lysed with 500 ul lysis buffer
(25 mM Tris pH 8.0, 150 mM NaCl, 1% Triton, 1 mM EDTA,
5% Glycerol), and immunoprecipitated using an anti-PTEN
antibody (Cell Signaling, D4.3) or anti-SHIP1 antibody (Cell
Signaling, D1163) overnight at 4°C, followed by binding to
beads for 1h (Sigma). Beads with
immunoprecipitated protein were washed three times with TBS
with 10 mM dithiothreitol (DTT), followed by incubation with
3,000 pmol of soluble PtdInsP; (diC8-PIP3, #P3908, Echelon

Biosciences) substrate for 1h at 37°C. Samples were used in a

protein A agarose

malachite green assay to measure phosphate release as described
above. Absorbance was converted into pmol phosphate using a
phosphate standard curve.

[ Type Antibody Name, Source

Primary Phospho-Akt (Thr308), Rabbit 1:2,000 #9275, Cell Signaling Technology
Primary Akt, Rabbit 1:2,000 #9272, Cell Signaling Technology
Primary B-actin (8H10D10), Mouse 1:4,000 #3700, Cell Signaling Technology
Primary Phospho-PTEN (Ser380), Rabbit 1:2,000 #9551, Cell Signaling Technology
Primary anti-PTEN (1386G), Rabbit 1:2,000 #9559, Cell Signaling Technology
Secondary | Anti-rabbit IgG, HRP-linked 1:10,000 #7074, Cell Signaling Technology
Secondary | Anti-mouse IgG, HRP-linked 1:10,000 #7076, Cell Signaling Technology
Primary Purified Anti-PtdIns(3,4)P2 IgG, Mouse 5 ug/ml #7-P035, Echelon Biosciences
Primary Purified Anti-PtdIns(4,5)P2 IgM, Mouse 10 ug/ml #7-P045, Echelon Biosciences
Primary Purified Anti-PtdIns(3,4,5)P3 IgM, Mouse 20 ug/ml #7-P345, Echelon Biosciences
Secondary | anti-Mouse IgM (Heavy chain) Cross-Adsorbed Secondary Antibody, Alexa Alexa Fluor™ 488, Goat 1:500 #A-21042 ThermoFisher Scientific
Stain Acti-stain 555 Phalloidin 1:50 #PHDHI, Cytoskeleton

Stain DAPI 1:10,000 # EN62248, ThermoFisher Scientific
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2.7 PTEN and SHIP chemical inhibition
assays

Neutrophils were isolated using phosphate-free HBSS—/— and
prepared as described in “Phosphate release assay in whole cells”.
Immediately before treatment with rMspA or rMspTL, cells were
treated for 30 min at 37°C with or without PTEN inhibitor
[2 uM SF1670 (Medchem Express)], SHIP1 inhibitor [25 uM 30
Aminocholestane (3AC) (Millipore Sigma)], or SHIP2 inhibitor
[10 uM AS1949490 (Echelon Biosciences)]. Phosphate release was
then measured via Malachite Green Assay as described above.

2.8 Immunofluorescence

Neutrophils were isolated and treated with 100 nM of
recombinant protein (2x10° PMNs per condition in 200 ul
HBSS). 100ul of cells
(2 coverslips with 1x10° PMNs each per condition) and left for

were moved to sterile coverslips
30 min at room temperature to allow for attachment. The
supernatant was removed, and cells on coverslips were incubated
with 200 pl of 1 uM fMLP at room temperature for 5 min; then
fixed with 300 pl 4% paraformaldehyde for 20 min. Coverslips
were washed three times with 400 ul TBS, and cells permeabilized
with 300 ul 0.5% Saponin (Thermo Scientific Chemicals) for
15 min at room temperature. Coverslips were washed thrice with
TBS and then blocked with 400 ul of 10% Normal Goat Serum
(NGS) in TBS either overnight at 4°C or 30 min at 37°C. Cells
were then stained with an individual anti-PIP antibody diluted in
10% NGS at concentrations indicated in for 60 min at
37°C. Following incubation, coverslips were washed for 5 min with
300 ul TBS-NGS 1%, 3 times, and then stained with secondary
, in 10% NGS in TBS in
the dark for 45 min at room temperature. Coverslips were washed
thrice for 5 min with 300 ul TBS-NGS 1%, then mounted with
DAKO mounting media to a microscope slide. Slides were stored

antibodies and stains, as listed in

in the dark at 4°C until imaging. Cells were imaged using an
Andor Dragonfly spinning disk confocal microscope, with five
images taken per coverslip. The mean gray value (average pixel
intensity in a given area, in this case a cell) was calculated for
each whole cell to determine the florescence of each cell. This
analysis was performed using Fiji macros; a cell was defined as an
object with an area of at least 10 pixles* and a roundness of at
least 0.3 (

plugin (72).

). Figures were prepared with the QuickFigures Image]J

2.9 Quantification of Pi(4,5)P, from
neutrophils and PIP5K inhibition study

Neutrophils (5x10° cells per condition) were exposed to
recombinant 100 nM rMspA or MspTL for 30 min. In some
experiments, neutrophils were pre-treated with 30 uM ISA-2011B
(#50-202-9220, ThermoFisher Scientific) for 1 h at 37°C to inhibit
PIP5K activity, prior to treatment with rMspA or rMspTL.
Phosphoinositides NeoBeads PIP

were isolated using the

Frontiers in
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Purification System (#P-B999, Echelon Biosciences), following the
manufacturer’s instructions. 20 mg beads were reconstituted in
150 ul dH,0, and 1 mg of beads (7.5 pl slurry) was added to each
condition. Extractions were performed in disposable borosilicate
glass culture tubes. PI(4,5)P, was quantified using the PI(4,5)P,
Mass enzyme-linked immunosorbent assay (ELISA) Kit (#K4500,
Echelon Biosciences) according to the manufacturer’s instructions.
All samples and standards were run in duplicate. Plates were read
at 450nm on a 96-well plate reader (Molecular Devices
FlexStation3). PI(4,5)P, (diC16) was used to construct standard
curves using non-linear regression analysis with GraphPad Prism
software, and data was analyzed with a sigmoidal dose-response

with variable slope curve analysis (four-parameter, 4PL curve fit).

2.10 Small GTPase-protein activation assays

The activity of small GTPases (Racl, RhoA, Cdc42) in response
to treatment with recombinant Msp, MspA, and MspTL were
measured with commercially available G-LISA assays following the
manufacturer’s instructions (Racl #BK126, RhoA #BK121, Cdc42
#BK127, Cytoskeleton Inc.). 5 x 10° neutrophils per condition were
treated with recombinant protein prior to fMLP exposure for
I min. Cells were lysed in 140 ul of the provided lysis buffer
following the manufacturer’s instructions. 100 pl of lysate was
snap-frozen in liquid nitrogen and stored at —80°C until further
use, and 40 pl of lysate was used immediately to measure protein
concentrations as described in the assay protocol. Cell lysates
containing equal amounts of protein were used between
conditions of all assays. Assay endpoints were measured using a

96-well plate reader (Molecular Devices FlexStation3).

2.11 Statistical analysis

Comparisons between two groups were performed by paired or
unpaired f-tests, as appropriate. Following normality tests (Shapiro-
Wilk, significance 0.05), comparisons between more than two groups
were performed by ANOVA with post-hoc Tukey HSD or Dunn’s
multicomparison tests, as appropriate. For immunofluorescence
data, outliers were identified by the ROUT method, Q=0.5%. All
statistical analyses were performed using GraphPad Prism software
(GraphPad, San Diego, CA). Results are based on at least 3
independent experiments, as indicated by the n-value in each
figure legend, and are shown as individual points on graphs.
Statistical significance was defined as a p value of <0.05. Error bars
represent the standard errors of the means (SEM).

3.1 MspA and MspTL disorder
phosphoinositide production in neutrophils

Intracellular phosphoinositide levels are tightly regulated by lipid
kinases and phosphatases. T. denticola Msp has been shown to
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disrupt this balance by increasing activity of the phosphatase PTEN,
which dephosphorylates PIP; to form PI(4,5)P,, and inhibiting
activity of PI3-Kinase, which phosphorylates PI(4,5)P, to form
PIP; (67). Thus, we first assessed total phosphatase activity in
partially permeabilized neutrophils using a malachite green assay
and found that both MspA and MspTL significantly increased free
phosphate release in neutrophils (Figure 1A). Knowing that Msp
impacts PTEN regulation by altering phosphorylation (33, 67), we
PTEN 380 by
immunoblotting. Surprisingly, unlike Msp, neither MspA nor
MspTL significantly affected PTEN phosphorylation at S380
1B). Using specific PTEN (Figure 1C) and SHIP1
(Figure 1D) immunoprecipitation assays, PTEN and SHIP1 were
immunoprecipitated from MspA- and MspTL-treated neutrophils,

examined phosphorylation at  Serine

(Figure

and the amount of PIP; converted to PIP, was measured using a
malachite green phosphatase assay. However, there was no
significant difference in PIP, production by either PTEN or
SHIP1. To verify this result, partially permeabilized neutrophils
were pretreated with specific chemical inhibitors for PTEN

10.3389/froh.2025.1568983

(SF1670; Figure 1E), SHIP1 (3AC, Figure 1F), or SHIP2 (AS490,
Figure 1G) before exposure to Msp proteins and phosphate release
was again measured via malachite green assay. Inhibition of either
of these three phosphatases did not prevent MspA or MspTL from
increasing free phosphate levels. Overall, this data implies that
MspA- or MspTL-mediated increase in free phosphate is not due
to modulation of PTEN or SHIP activity.

Next, we examined the effects of MspA and MspTL on
individual phosphoinositide levels in neutrophils. Initially, we used
immunofluorescence analysis with antibodies against specific PIP
species as a relative quantitative measure. MspTL exposure
significantly decreased PI(3,4)P, fluorescence in comparison to
both untreated cells and MspA-treated cells (Figures 2A,B),
though both MspA and MspTL increased PI(4,5)P, (Figures 2C,D)
and PIP; fluorescence (Figures 2E,F). In response to fMLP
stimulation, MspTL pre-treatment enhanced PI(3,4)P, production
(Figures 2A,B), yet inhibited PI(4,5)P, production (Figures 2C,D).
In contrast, both MspA and MspTL pre-treatment inhibited PIP;
production (Figures 2E,I) downstream of fMLP stimulation.

(A) Phosphatase Activity (B)

*

PTEN S380 Phosphorylation

2.0

2000
k%k

-
.
1

1500

-
=
1

1000

e
2]
1

500

Normalized Densitometry

0.0-

Free phosphate (pmol)

(D)

Immunoprecipitated SHIP1 Activity

(E)

I
o
1

6000

-
o
1

4000

o —ole
°

-
o
1

2000

I
12}

Normalized Absorbance

Free Phosphate (pmol)

0-

S FAaL

& X Qo
& T«
e°«

¥ <
&E
*® hl

FIGURE 1
MspA and MspTL increase phosphatase activity, but not via PTEN or SHIP a
100 nM of recombinant MspA or MspTL for 30 min, then stimulated with

treated with 100 nM of recombinant MspA or MspTL for 30 min. Total ph

***p < 0.001, ****p <0.0001 by ANOVA, (A) Fs 1, =8.969; (B-D) nss,;

+ SF1670

measured in neutrophil whole cell lysates by malachite green assay. (B) PTEN phosphorylation (Ser380) was assessed by immunoblot as a measure
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loading control. Right shows the mean + SEM of 6 independent experiments, left shows a representative blot. (C) PTEN and (D) SHIP1 were
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3.2 MspA and MspTL increase PI(4,5)P, via
PIP5K

Considering that MspA and MspTL treatment increased PI
(4,5)P, intensity by microscopy ( ), PI(4,5)P, is found at
a higher density than other phosphoinositide species in the PM
(55), and that it is affected by T. denticola Msp (67), we wanted

10.3389/froh.2025.1568983

purification NeoBeads together with a PI(4,5)P, Mass ELISA, we
noted a significant increase in PI(4,5)P, levels in neutrophils
treated with MspA (7.6 fold) or MspTL (4.8 fold) compared to
untreated neutrophils ( ) (55). As our data suggests that
MspA and MspTL do not increase PTEN activity (
assessed additional pathways of PI(4,5)P, metabolism. PIP5K can

synthesize PI(4,5)P, through PI(4)P phosphorylation. Thus, we

), we

to more accurately quantify PI(4,5)P, levels. Using PIP  examined PI(4,5)P, production in the presence or absence of the
PI(3,4)P,
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MspA and MspTL proteins alter phosphoinositide levels. Murine bone marrow neutrophils were isolated, exposed to 100 nM of rMspA or rMspTL for
30 min or exposed to proteins then stimulated with 1 uM fMLP for 1 min. Cells were fixed to coverslips and stained for DAPI (blue) or individual
phosphoinositide isoforms (green). Representative images showing antibody staining for (A) PI(3,4)P2 (B) PI(4,5P2 or (C) PIP3. Graphs show
average mean gray value (MGV) of 3 independent experiments next to representative images. MGV was calculated for each whole cell. Dotted
lines indicate quartiles and dashed lines indicate medians. **p <0.01, ***p <0.001, ****p <0.0001 by ANOVA, (A) H(5) =86.58, (B) H(5) =76.79,
(C) H(5) = 1611
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PIP5K chemical inhibitor ISA-2011B (73). There are three isoforms
of PIP5K in mammals: PIP5Ko, PIP5Kf, and PIP5Ky. Mouse (74)
and human (75) PIP5K isozymes were cloned by independent
laboratories in parallel resulting in differing nomenclature:
human PIP5Ko and PIP5Kp, respectively, correspond to mouse
PIP5KB and PIP5Ko. As such, ISA-2011B inhibits PIP5Ko in
humans and PIP5KB in mice. Pretreatment with ISA-2011B
completely prevented MspA and MspTL from increasing PI(4,5)
P, levels (Figure 3), suggesting the MspA and MspTL-mediated
increase in neutrophil PI(4,5)P, is PIP5K dependent.

3.3 MspA and MspTL inhibit neutrophil
intracellular signaling downstream of PIP3

Appropriate recruitment of PIP; binding effectors at the
plasma membrane pathway regulates neutrophil
directionality (76, 77).
Downstream of PI3K activation, Akt is allosterically activated by

numerous
functions, including chemotactic
the binding of PIP; to its PH domain leading to phosphorylation
(78). Akt phosphorylation is considered an indirect measure of
PIP; generation, thus Threonine 308 phosphorylation was
assessed by immunoblotting. While fMLP stimulation increased
Akt phosphorylation as expected, neither MspA nor MspTL
significant Akt
However, in line with our immunofluorescence data (Figures 2E,

I) both MspA and MspTL significantly prevented fMLP-induced

exposure alone induced phosphorylation.

pmol PI(4,5)P,
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Inhibiting PIP5K prevents MspA and MspTL from increasing PI(4,5)P2
levels. Murine bone marrow neutrophils were treated with or without
30 uM of the PIP5K inhibitor ISA-2011B for 1 h at 37C followed by
exposure to 100 nM of rMspA or rMspTL for 30 min. PIPs were
isolated using NeoBeads PIP purification system and quantified
with PI(4,5P2 Mass ELISA. Graph shows mean+SEM of 3
independent experiments, each point represents a biological
replicate. *p < 0.05, ***p < 0.001 by ANOVA, F5 1, =13.62.
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Akt phosphorylation, with MspTL having a greater inhibitory
effect than MspA (Figure 4).

The small Rho family of GTPases are molecular switches
controlling essential cellular functions and processes including
migration and actin remodeling (79). Racl is crucial for
lamellipodia formation, requiring PIP; for activation (80), and is
selectively inhibited by Msp (66). Small G-protein Activation
Assays (G-LISAs) were used to measure the activity of the Rho
family GTPases Racl, RhoA, and Cdc42. Both MspA and MspTL
significantly prevented Racl activation in response to fMLP, to
an even greater extent than Msp (Figure 5A). MspTL did not
significantly prevent Cdc42 (Figure 5B) or RhoA (Figure 5C)
activation. There was a minor yet non-significant trend of MspA
to impair Cdc42 activation downstream of fMLP stimulation
(Figure 5B) while RhoA was not affected (Figure 5C).

3.4 MspA and MspTL modify actin
localization in neutrophils

Appropriate PIP recruitment and cell signaling drive the
that
functionality (81, 82). F-actin polymerization and localization

dynamic actin rearrangements underlie  neutrophil
were assessed by immunofluorescent microscopy of phalloidin in
MspA and MspTL-treated neutrophils. Exposure to either MspA
or MspTL alone or pretreatment of fMLP-stimulated neutrophils
with MspA or MspTL significantly enhanced the intensity of
F-actin as measured by immunofluorescence (Figure 6A). Plot
profile analysis reveals that actin is localized predominately at the
cell periphery (Figure 6B), indicating a thickening of the actin
cell cortex. PI(4,5)P, regulates actin filament rearrangement by
sequestering free G-actin monomers, promoting F-actin
assembly, and binding numerous actin regulatory proteins (83).
Since our data indicates MspA and MspTL increase PI(4,5)P,
levels (Figure 3) in a PIP5K-dependent manner, we next assessed
F-actin phalloidin staining following exposure to the PIP5K
inhibitor ISA-2011b. In these experiments, MspA or MspTL
alone increased F-actin intensity and cortical distribution yet
pre-treatment with ISA-2011b prevented MspA or MspTL-

mediated increase in F-actin levels (Figures 6C,D).

4 Discussion

Periodontitis is driven by complex interactions between
bacteria and periodontal tissues, including immune cells, where
bacterial surface proteins directly interact with host cells.
Numerous Treponema species are prevalent in the subgingival
microbial community during severe periodontitis and remain
present both in individuals with persistent aggressive disease and
at non-responsive treatment sites (84, 85). The impact of
T. denticola and its virulence factor Msp on multiple host cell
38, 39, 41, 66, 86-89).
Despite their persistence during periodontitis, T. maltophilum
and T.
understood. Previous research has found that T. maltophilum

types has been well-documented (29, 33,

lecithinolyticum  virulence factors remain poorly

frontiersin.org


https://doi.org/10.3389/froh.2025.1568983
https://www.frontiersin.org/journals/oral-health
https://www.frontiersin.org/

Anselmi et al.

10.3389/froh.2025.1568983

(A) Akt T308 Phosphorylation

Fokakok

H
]

Kokxkok

w
1

N
1

-
1

pAkt/Akt Densitometry

o
L

(B) &

pAkt (T308)

FIGURE 4

ANOVA, Fs, 35 = 71.53.

Akt D Gy Wy  —— IR D R e

octin S Py e e D WD WD —

MspA and MspTL inhibit Akt phosphorylation. Murine bone marrow neutrophils were treated with 100 nM purified recombinant MspA or MspTL for
30 min at RT then stimulated with 1 um fMLP for 1 min. Akt phosphorylation at Thr308 was assessed by immunoblot as a measure of activation.
Neutrophils untreated or stimulated with fMLP served as negative and positive (+fMLP) controls, with B-actin included as an additional loading
control. (A) Densitometry graph of Akt phosphorylation at T308 with a (B) representative immunoblot. **p <0.01, ****p <0.0001 by one-way

MspA and T. lecithinolyticum MspTL proteins induce the release of
pro-inflammatory cytokines from monocytes and fibroblasts (44,
47), while MspTL also ICAM1
monocyte adhesion to microvascular endothelial cells (47). We
have recently shown that MspA and MspTL inhibit neutrophil

increases expression and

chemotaxis (46). In this study, we characterize the molecular
effects of the Treponema outer membrane proteins MspA and
MspTL on neutrophil PIP-associated intracellular signaling.
Appropriate neutrophil responses are required to maintain
periodontal health and are in part driven by complex regulatory
signaling pathways regulated by phosphoinositide metabolism
(55, 90-92). Our previous work, demonstrating that Msp
activity of the PI3K/PTEN
downstream mediators to impair chemotaxis, led us to target this

disorders signaling axis and
pathway (33, 40, 67). Interestingly, our results herein indicate
that despite increasing cellular phosphate release neither MspA
nor MspTL appear to modulate activity of the phosphoinositide
phosphatases PTEN or SHIP. Our imaging analysis revealed that
both MspA and MspTL modulate the intensity of distinct PIP
species at the plasma membrane, including PI(4,5)P,, supported

Frontiers in Oral Health

by our quantitative measurements. However, there are limitations
in the interpretation of our current quantification data. While the
visualization of transfected PIP-binding domains as molecular
biosensor probes for cellular lipid localization are often used,
they are not without weaknesses. Antibody-mediated PIP staining
remains a valid measure for estimation of subcellular localization
and relative quantification particularly when well-characterized
antibodies are used with appropriate fixation methods to retain
plasma membrane and lipid integrity (93, 94). Quantification of
cellular PIPs by techniques such as mass spectrometry has
advanced, yet remains technically specialized, and there are
limitations in comprehensively measuring all variants and
detecting small changes in low abundance species (95, 96). Thus,
biochemical approaches such as enrichment of total PIPs from
neutrophils using neomycin beads [NeoBeads (97)] together with
a specific PIP detector protein in a competitive ELISA-based
format (as utilized here), provide robust data. Overall, our
microscopic observations together with quantitative biochemical
analysis give confidence that PI(4,5)P, production is increased by
these Treponema proteins. However, further study is needed to
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FIGURE 5
MspA and MspTL inhibit Racl activity. Total activity of (A) Racl (B) Cdc42 and (C) RhoA were measured in neutrophils treated with or without 200 nm
recombination Msp proteins for 30 min. and with or without 1 um fMLP for 1 min by G-LISA. All graphs show mean + SEM of 3 independent
experiments, with each point representing a biological replicate. **p <0.01, ****p <0.0001 by ANOVA, (A) F4, 10 =12,791, (B, C) n.s

more accurately quantify and define temporal and spatial dynamics
of PIPs including PI(3,4)P, and PIP; following MspA and
MspTL exposure.
PI1(4,5)P, the
phosphatidylinositol

is most abundant plasma membrane

and a crucial intracellular signaling
molecule. It serves as a precursor for phospholipase C (PLC)-
generated and PI3K-generated messengers, directly regulates the
activity of many integral membrane ion channels and
transporters, acts as an anchor point for other proteins at the
membrane, and contributes to membrane and cytoskeleton
). While PI(4,5)P, can be produced from PIP;
through PTEN activation, PI(4,5)P, is predominately synthesized
by PI4P  5-kinases (PIP5K)
4-phosphate (PI4P) (98) or in lesser amounts by PI5P 4-kinases
(PIP4K) from phosphatidylinositol 5-phosphate (PI5P) (99).
PIP5Ko,
PIP5KB, and PIP5Ky, each with many splice variants (98).

Conflicting PIP5K nomenclature exists, where mouse PIP5Kp is

remodeling (

from  phosphatidylinositol

There are three isoforms of PIP5K in mammals:

equivalent to human PIP5Ko and vice versa, and as this study
used murine neutrophils, we use the isoform nomenclature for
the mouse protein (74, 75, ). PIPI5K isoforms demonstrate
unique subcellular localization in different cell and tissue types,
mediating temporal pools of PIP, to orchestrate distinct cellular
functions. For example, mouse PIP5Ko (human PIP5Kp) has
), mouse PIP5KB (human
), and

PIP5Ky can localize to intracellular membrane compartments,

been observed at nuclear vesicles (
PIP5Ka) localizes primarily to the plasma membrane (

focal adhesion complexes, and intracellular connections (103).
Our experiments using the chemical PIPK5K inhibitor ISA-
2011B (which inhibits mouse PIP5KB) (73) to prevent MspA and
MspTL-mediated PI(4,5)P, production indicates that the PIP5Kf
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isoform is required for the activity of these proteins in
neutrophils. Additional research is needed to further delineate
how MspA and MspTL affect individual PIP5K isoforms, if they
directly manipulate PI(4,5)P2-associated protein activity or
transcription, or if the observed effects are solely due to altered
phosphoinositide production or other changes at the plasma
While T. denticola Msp does not affect the
transcription of PIP phosphate kinases we have examined to date
(33), our work herein indicates that MspA and MspTL differ
from Msp in their upstream effect on cellular pathways, therefore

membrane.

we cannot exclude effects on transcription. Differences between
Msp-like protein functionality could occur, as we have noted
differences in their protein topological features (46).
Phosphoinositide-associated signaling regulates the dynamic
actin cytoskeletal remodeling that is required for neutrophil
functions including chemotaxis. Bacterial pathogens can disrupt
phosphoinositide signaling and actin dynamics at the host’s
plasma membrane to promote cell infection and modulate

function ( ). T. denticola Msp modulates actin remodeling

dynamics in a PIP,-dependent manner (33, 67), and we extend
these findings by demonstrating that MspA and MspTL increase
the
Furthermore, our chemical inhibition studies reveal that MspA
and MspTL-mediated F-actin changes are PIP5K-dependent. In
neutrophil-like HL60 cells, human PIP5Ko (mouse PIP5KB) and
) while human PIP5Kf

(mouse PIP5Ka) localizes to the uropod and interacts with actin-

overall intensity of cortical F-actin in neutrophils.

vy accumulate at the leading edge (

membrane linking ERMs (ezrin, moesin, radixin) proteins, which
in turn inhibit RhoGDI and lead to RhoA activation (110-112).
PIP5Ky also localizes to the uropod in mouse neutrophils where

its kinase activity is necessary for chemotaxis (113) and the
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MspA and MspTL increase cortical actin in neutrophils via PIP5K. Murine bone marrow neutrophils were isolated, (A,B) treated with 100 nM of MspA or
MspTL for 30 min, then stimulated with 1 uM fMLP for 1 min at RT or (C,D) Treated with 30 uM ISA-2011B for 1 h at 37C followed by 100 nM MspA or
MspTL. Cells were fixed to coverslips and stained for f-actin. Shows (A,C) mean gray values (MGV) of (A) 6 or (C) 3 independent experiments, dotted
lines indicate quartiles and dashed lines indicate medians. MGV was calculated for each cell. (B,D) show representative single cell images (top) and
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PIP5KIY90 variant is polarized by interaction with neutrophil
integrins (114). Both PIP5Ko (human PIP5KP) and vy isoforms
are recruited to the neutrophil uropod (trailing end) during
polarization to contribute to cell retraction yet have distinct
functions within this process (110, ). While much focus is on
impairment of the leading-edge formation (“frontness”) required
for neutrophil polarization as a prerequisite to chemotaxis;
including following exposure to Msp through disruption of PIP;
), improper
molecular recruitment and signaling at the uropod (“backness”)
through disrupting PIP5K interactions could impair migration

accumulation and Racl activation (40, )
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and neutrophil function. Local synthesis of PI(4,5)P, by the
PIP5KIY90 isoform supports S. aureus invasion of human cells
(115) and this same PI5K isoform is involved in integrin-induced
neutrophil polarization and migration in vivo (114). To our
knowledge, no reports define a role for bacterial-mediated
manipulation of PIP5Kp signaling, so this may represent a novel
molecular process by these proteins.

Effective signaling and regulatory pathways downstream of
receptor engagement through PIP-binding effectors are crucial
actin-mediated functions. Rho family small

for cellular

GTPases are master regulators of the actin cytoskeleton and
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neutrophil function with PIP3 mediating their recruitment and
function at the plasma membrane (79). Like T denticola Msp,
MspA and MspTL prevent Racl activation while allowing
activation of RhoA and Cdc42 downstream of fMLP
stimulation, showing the neutrophils can still detect the
This Msp-like
Treponema selectively modify distinct
of Racl and/or the
yet this molecularly
unsolved. Polarized localization of Racl requires membrane

chemoattractant. from
different

regulators

suggests
species

proteins

localization at plasma

membrane, how remains

happens

translocation dependent on specific plasma membrane
phospholipid nanocluster spatial localization and charge-
mediated electrostatic interactions preceding nucleotide
exchange (116, 117). Activation of small GTPases requires
nucleotide exchange factors (GEF), of which Racl-specific
GEFs have been identified.

In this work, we show via phalloidin immunostaining that
MspA and MspTL increase the overall intensity of neutrophil
F-actin at the PM dependent on PIP5K activity. Many
proteins responsible for actin cytoskeleton remodeling at the
regulated by PI(4,5)P,-binding

molecules (118). Msp modifies actin filament formation and

cell cortex are effector
uncapping through release of gelsolin and CapZ protein in
neutrophils (67).

While we have not defined specific mechanisms for actin
reorganization in this work, future studies will elucidate MspA/
MspTL-mediated actin-associated pathways regulated by the
PIP5K-PI (4,5)P, axis in neutrophils. For example, in addition to
filament uncapping proteins, actin branching networks such as
the WASP/ARP2/3 complex important for actin remodeling at
the leading edge could be impacted (119). Actin-binding proteins
such as ezrin are required for cortical actin cytoskeleton and
plasma membrane cross-linked organization  (120).
neutrophils, ERM proteins are regulated by PIP5K and RhoA
interaction at the uropod to control cell retraction and

In

interaction with the substratum (110), thus disruptions to these
signaling networks could cause changes in physiological cortical
actin remodeling.

A question remaining is what the source(s) of the observed
increased free phosphate from neutrophils is. The malachite
green assay we utilized is based on the principle of formation of
a complex in the presence of malachite green, molybdate, and
free orthophosphate (121). This assay is commonly used to
measure phospholipid phosphatase activity (122) and we
presumed our results would demonstrate PTEN/SHP activity
releasing free inorganic phosphate during PI (4,5)P, production.
However, in principle the free phosphate detected could
represent activity of other cellular lipid phosphatases, protein
phosphatases, enzymes or nucleoside triphosphatases. Protein
phosphorylation is one of the most common cellular post-
translational modifications regulating cellular processes (123). It
is possible that MspA/MspTL could affect the phosphorylation
state of numerous signaling pathways to impact neutrophil
behavior and this is an area to examine. In terms of PIP5K,
Msp proteins may modify phosphorylation events to change
kinase activity or interactions.  For

protein example,
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phosphorylation of PIP5Kp at Ser214 reduces its activity (124)
while PIP5KIy phosphorylation regulates its polarization and
(125). PIP5K
autophosphorylate its Ser/Thr residues, inhibiting its own

interaction with FAK proteins can also
activity in vitro (126). We hope to, in our future studies,
identify the unknown source behind the observed increases in
free phosphate and eludicate the effects of MspA and MspTL
on PIP5K isoforms.

We initially hypothesized that MspA and MspTL disrupt
phosphoinositide signaling through modulation of PTEN activity
to dysregulate downstream neutrophil function. However, we
show that MspA and MspTL increase phosphate release in
neutrophils, but that unlike Msp, this is not a result of PTEN (or
SHIP) activity. Instead, while MspA and MspTL differently
modulate phosphoinositide species, both increase PI (4,5)P, in a
PIP5K-dependent manner, inhibit Akt phosphorylation, decrease
Racl activity, and modify cortical actin distribution. Awareness
of the mechanisms by which these understudied bacteria
manipulate neutrophil signaling and function are crucial for the
development of therapies to halt the progress of periodontal
disease and improve oral health outcomes.

Data availability statement

The raw data supporting the conclusions of this article will be
made available by the authors, without undue reservation.

Ethics statement

The animal study was approved by University at Buffalo
Institutional Animal Use and Care Committee. The study was
conducted in accordance with the local legislation and

institutional requirements.

Author contributions

NA: Conceptualization, Data curation, Formal analysis,
Writing - original draft, Writing - review & editing. SV:
Conceptualization, Data curation, Formal analysis, Writing -
original draft. MV: Conceptualization, Formal analysis, Funding
acquisition, Supervision, Writing - review & editing.

Funding

The author(s) declare that financial support was received for
the research and/or publication of this article. This work was
supported by operating funds from NIH NIDCR (MBV:
ROIDE027073, RO01DE027023-05S1). Training support was
provided from NIH NIDCR (NA: T32DE023526, F31DE030705).
The spinning disk confocal microscope was supported by an
instrumentation grant from The Office of the Director, NIH
(S100D025204) to the University at Buffalo.

frontiersin.org


https://doi.org/10.3389/froh.2025.1568983
https://www.frontiersin.org/journals/oral-health
https://www.frontiersin.org/

Anselmi et al.

Conflict of interest

The authors declare that the research was conducted
the of
relationships that could be construed as a potential conflict

in absence any commercial or financial

of interest.

The author(s) declared that they were an editorial board
member of Frontiers, at the time of submission. This had
no impact on the peer review process and the final decision.

Generative Al statement

The author(s) declare that no Generative Al was used in the
creation of this manuscript.

References

1. Eke PI, Dye BA, Wei L, Slade GD, Thornton-Evans GO, Borgnakke WS, et al.
Update on prevalence of periodontitis in adults in the United States: NHANES
2009 to 2012. J Periodontol. (2015) 86(5):611-22. doi: 10.1902/jop.2015.140520

2. Petersen PE, Ogawa H. The global burden of periodontal disease: towards
integration with chronic disease prevention and control. Periodontol 2000. (2012)
60(1):15-39. doi: 10.1111/j.1600-0757.2011.00425.x

3. Dabdoub SM, Ganesan SM, Kumar PS. Comparative metagenomics reveals
taxonomically  idiosyncratic yet functionally congruent communities in
periodontitis. Sci Rep. (2016) 6:38993. doi: 10.1038/srep38993

4. Kirst ME, Li EC, Alfant B, Chi YY, Walker C, Magnusson I, et al. Dysbiosis and
alterations in predicted functions of the subgingival microbiome in chronic
periodontitis. Appl Environ Microbiol. (2015) 81(2):783-93. doi: 10.1128/AEM.
02712-14

5. Hajishengallis G, Lamont R]. Beyond the red complex and into more
complexity: the polymicrobial synergy and dysbiosis (PSD) model of periodontal
disease etiology. Mol Oral Microbiol. (2012) 27(6):409-19. doi: 10.1111/j.2041-
1014.2012.00663.x

6. Perez-Chaparro PJ, McCulloch JA, Mamizuka EM, Moraes A, Faveri M,
Figueiredo LC, et al. Do different probing depths exhibit striking differences in
microbial profiles? ] Clin Periodontol. (2018) 45(1):26-37. doi: 10.1111/jcpe.12811

7. Lafaurie GI, Castillo DM, Iniesta M, Sanz M, Gomez LA, Castillo Y, et al.
Differential ~analysis of culturable and unculturable subgingival target
microorganisms according to the stages of periodontitis. Clin Oral Investig. (2023)
27(6):3029-43. doi: 10.1007/s00784-023-04907-5

8. Noiri Y, Li L, Ebisu S. The localization of periodontal-disease-associated bacteria
in human periodontal pockets. /| Dent Res. (2001) 80(10):1930-4. doi: 10.1177/
00220345010800101301

9. Armitage GC, Dickinson WR, Jenderseck RS, Levine SM, Chambers DW.
Relationship between the percentage of subgingival spirochetes and the severity of
periodontal disease. J Periodontol. (1982) 53(9):550-6. doi: 10.1902/j0p.1982.53.9.550

10. Ellen RP, Galimanas VB. Spirochetes at the forefront of periodontal infections.
Periodontol 2000. (2005) 38:13-32. doi: 10.1111/§.1600-0757.2005.00108.x

11. Moter A, Riep B, Haban V, Heuner K, Siebert G, Berning M, et al. Molecular
epidemiology of oral treponemes in patients with periodontitis and in periodontitis-
resistant subjects. J Clin Microbiol. (2006) 44(9):3078-85. doi: 10.1128/JCM.00322-06

12. Sela MN. Role of Treponema denticola in periodontal diseases. Crit Rev Oral
Biol Med. (2001) 12(5):399-413. doi: 10.1177/10454411010120050301

13. Darveau RP. Periodontitis: a polymicrobial disruption of host homeostasis. Nat
Rev Microbiol. (2010) 8(7):481-90. doi: 10.1038/nrmicro2337

14. You M, Mo S, Leung WK, Watt RM. Comparative analysis of oral treponemes
associated with periodontal health and disease. BMC Infect Dis. (2013) 13:174. doi: 10.
1186/1471-2334-13-174

15. Abusleme L, Dupuy AK, Dutzan N, Silva N, Burleson JA, Strausbaugh LD, et al.
The subgingival microbiome in health and periodontitis and its relationship with
community biomass and inflammation. ISME J. (2013) 7(5):1016-25. doi: 10.1038/
ismej.2012.174

16. Chan EC, McLaughlin R. Taxonomy and virulence of oral spirochetes. Oral
Microbiol Immunol. (2000) 15(1):1-9. doi: 10.1034/j.1399-302x.2000.150101.x

Frontiers in Oral Health

13

10.3389/froh.2025.1568983

Publisher’s note

All claims expressed in this article are solely those of the
authors and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed
or endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/froh.2025.

1568983/full#supplementary-material

17. Dewhirst FE, Tamer MA, Ericson RE, Lau CN, Levanos VA, Boches SK, et al.
The diversity of periodontal spirochetes by 16S rRNA analysis. Oral Microbiol
Immunol. (2000) 15(3):196-202. doi: 10.1034/j.1399-302x.2000.150308 x

18. Moter A, Hoenig C, Choi BK, Riep B, Gobel UB. Molecular epidemiology of oral
treponemes associated with periodontal disease. ] Clin Microbiol. (1998)
36(5):1399-403. doi: 10.1128/JCM.36.5.1399-1403.1998

19. Siqueira JF J, Rocas IN. PCR-based identification of Treponema maltophilum,
T amylovorum, T medium, and T lecithinolyticum in primary root canal infections.
Arch Oral Biol. (2003) 48(7):495-502. doi: 10.1016/S0003-9969(03)00092-X

20. Jung IY, Choi BK, Kum KY, Yoo YJ, Yoon TC, Lee S, et al. Identification of oral
spirochetes at the species level and their association with other bacteria in endodontic
infections. Oral Surg Oral Med O. (2001) 92(3):329-34. doi: 10.1067/mo0e.2001.117263

21. Nobrega LM, Delboni MG, Martinho FC, Zaia AA, Ferraz CC, Gomes BP.
Treponema diversity in root canals with endodontic failure. Eur ] Dent. (2013)
7(1):61-8. doi: 10.1055/s-0039-1698997

22. Rosa TP, Signoretti FG, Montagner F, Gomes BP, Jacinto RC. Prevalence of
Treponema spp. in endodontic retreatment-resistant periapical lesions. Braz Oral Res.
(2015) 29:51806-8324201500010022. doi: 10.1590/1807-3107BOR-2015.v0129.0031

23. Fenno JC. Laboratory maintenance of Treponema denticola. Curr Protoc
Microbiol. (2005) Chapter 12:Unit 12B.1. doi: 10.1002/9780471729259.mc12b01s00

24. Li H, Ruby J, Charon N, Kuramitsu H. Gene inactivation in the oral spirochete
Treponema denticola: construction of an fIgE mutant. ] Bacteriol. (1996)
178(12):3664-7. doi: 10.1128/jb.178.12.3664-3667.1996

25. Seshadri R, Myers GS, Tettelin H, Eisen JA, Heidelberg JF, Dodson RJ, et al.
Comparison of the genome of the oral pathogen Treponema denticola with other
spirochete genomes. Proc Natl Acad Sci U S A. (2004) 101(15):5646-51. doi: 10.
1073/pnas.0307639101

26. Bian J, Li C. Disruption of a type II endonuclease (TDE0911) enables
Treponema denticola ATCC 35405 to accept an unmethylated shuttle vector. Appl
Environ Microbiol. (2011) 77(13):4573-8. doi: 10.1128/AEM.00417-11

27. Johnston CD, Goetting-Minesky MP, Kennedy K, Godovikova V, Zayed SM,
Roberts RJ, et al. Enhanced transformation efficiency in Treponema denticola
enabled by SyngenicDNA-based plasmids lacking restriction-modification target
motifs. Mol Oral Microbiol. (2023) 38(6):455-70. doi: 10.1111/0omi.12441

28. Godovikova V, Goetting-Minesky MP, Shin JM, Kapila YL, Rickard AH, Fenno
JC. A modified shuttle plasmid facilitates expression of a flavin mononucleotide-based
fluorescent protein in Treponema denticola ATCC 35405. Appl Environ Microbiol.
(2015) 81(18):6496-504. doi: 10.1128/AEM.01541-15

29. Capone R, Wang HT, Ning Y, Sweier DG, Lopatin DE, Fenno JC. Human serum
antibodies recognize Treponema denticola Msp and PrtP protease complex proteins.
Oral Microbiol Immunol. (2008) 23(2):165-9. doi: 10.1111/j.1399-302X.2007.00404.x

30. Puthenveetil R, Kumar S, Caimano MJ, Dey A, Anand A, Vinogradova O, et al.
The major outer sheath protein forms distinct conformers and multimeric complexes
in the outer membrane and periplasm of Treponema denticola. Sci Rep. (2017)
7(1):13260. doi: 10.1038/541598-017-13550-6

31. Egli C, Leung WK, Muller KH, Hancock RE, McBride BC. Pore-forming
properties of the major 53-kilodalton surface antigen from the outer sheath of
Treponema denticola. Infect Immun. (1993) 61(5):1694-9. doi: 10.1128/iai.61.5.
1694-1699.1993

frontiersin.org


https://www.frontiersin.org/articles/10.3389/froh.2025.1568983/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/froh.2025.1568983/full#supplementary-material
https://doi.org/10.1902/jop.2015.140520
https://doi.org/10.1111/j.1600-0757.2011.00425.x
https://doi.org/10.1038/srep38993
https://doi.org/10.1128/AEM.02712-14
https://doi.org/10.1128/AEM.02712-14
https://doi.org/10.1111/j.2041-1014.2012.00663.x
https://doi.org/10.1111/j.2041-1014.2012.00663.x
https://doi.org/10.1111/jcpe.12811
https://doi.org/10.1007/s00784-023-04907-5
https://doi.org/10.1177/00220345010800101301
https://doi.org/10.1177/00220345010800101301
https://doi.org/10.1902/jop.1982.53.9.550
https://doi.org/10.1111/j.1600-0757.2005.00108.x
https://doi.org/10.1128/JCM.00322-06
https://doi.org/10.1177/10454411010120050301
https://doi.org/10.1038/nrmicro2337
https://doi.org/10.1186/1471-2334-13-174
https://doi.org/10.1186/1471-2334-13-174
https://doi.org/10.1038/ismej.2012.174
https://doi.org/10.1038/ismej.2012.174
https://doi.org/10.1034/j.1399-302x.2000.150101.x
https://doi.org/10.1034/j.1399-302x.2000.150308.x
https://doi.org/10.1128/JCM.36.5.1399-1403.1998
https://doi.org/10.1016/S0003-9969(03)00092-X
https://doi.org/10.1067/moe.2001.117263
https://doi.org/10.1055/s-0039-1698997
https://doi.org/10.1590/1807-3107BOR-2015.vol29.0031
https://doi.org/10.1002/9780471729259.mc12b01s00
https://doi.org/10.1128/jb.178.12.3664-3667.1996
https://doi.org/10.1073/pnas.0307639101
https://doi.org/10.1073/pnas.0307639101
https://doi.org/10.1128/AEM.00417-11
https://doi.org/10.1111/omi.12441
https://doi.org/10.1128/AEM.01541-15
https://doi.org/10.1111/j.1399-302X.2007.00404.x
https://doi.org/10.1038/s41598-017-13550-6
https://doi.org/10.1128/iai.61.5.1694-1699.1993
https://doi.org/10.1128/iai.61.5.1694-1699.1993
https://doi.org/10.3389/froh.2025.1568983
https://www.frontiersin.org/journals/oral-health
https://www.frontiersin.org/

Anselmi et al.

32. Fenno JC, Wong GW, Hannam PM, Muller KH, Leung WK, McBride BC.
Conservation of msp, the gene encoding the major outer membrane protein of oral
Treponema spp. ] Bacteriol. (1997) 179(4):1082-9. doi: 10.1128/jb.179.4.1082-1089.1997

33. Jones MM, Vanyo ST, Visser MB. The Msp protein of Treponema denticola
interrupts activity of phosphoinositide processing in neutrophils. Infect Immun.
(2019) 87(11):00553-19. doi: 10.1128/IAL.00553-19

34. Visser MB, Ellen RP. New insights into the emerging role of oral spirochaetes in
periodontal disease. Clin Microbiol Infect. (2011) 17(4):502-12. doi: 10.1111/j.1469-
0691.2011.03460.x

35. Fenno JC. Treponema denticola interactions with host proteins. ] Oral Microbiol.
(2012) 4. doi: 10.3402/jom.v4i0.9929

36. Mikx FH, Keulers RA. Hemagglutination activity of Treponema denticola grown
in serum-free medium in continuous culture. Infect Immun. (1992) 60(5):1761-6.
doi: 10.1128/iai.60.5.1761-1766.1992

37. Chu L, Kennell W, Holt SC. Characterization of hemolysis and hemoxidation
activities by Treponema denticola. Microb Pathog. (1994) 16(3):183-95. doi: 10.
1006/mpat.1994.1019

38. Wang Q, Ko KS, Kapus A, McCulloch CA, Ellen RP. A spirochete surface
protein uncouples store-operated calcium channels in fibroblasts: a novel cytotoxic
mechanism. J Biol Chem. (2001) 276(25):23056-64. doi: 10.1074/jbc.M011735200

39. Visser MB, Koh A, Glogauer M, Ellen RP. Treponema denticola major outer sheath
protein induces actin assembly at free barbed ends by a PIP2-dependent uncapping
mechanism in fibroblasts. PLoS One. (2011) 6(8):€23736. doi: 10.1371/journal.pone.0023736

40. Jones MM, Vanyo ST, Visser MB. The C-terminal region of the major outer
sheath protein of Treponema denticola inhibits neutrophil chemotaxis. Mol Oral
Microbiol. (2017) 32(5):375-89. doi: 10.1111/0omi.12180

41. Puthengady Thomas B, Sun CX, Bajenova E, Ellen RP, Glogauer M. Modulation
of human neutrophil functions in vitro by Treponema denticola major outer sheath
protein. Infect Immun. (2006) 74(3):1954-7. doi: 10.1128/1A1.74.3.1954-1957.2006

42. Heuner K, Choi BK, Schade R, Moter A, Otto A, Gobel UB. Cloning and
characterization of a gene (mspA) encoding the major sheath protein of Treponema
maltophilum ATCC 51939(T). ] Bacteriol. (1999) 181(3):1025-9. doi: 10.1128/JB.
181.3.1025-1029.1999

43. Park KK, Heuner K, Gobel UB, Yoo YJ, Kim CK, Choi BK. Cloning and
characterization of a major surface protein (MspTL) of Treponema lecithinolyticum
associated with rapidly progressive periodontitis. FEMS Microbiol Lett. (2002)
207(2):185-92. doi: 10.1111/j.1574-6968.2002.tb11049.x

44. Lee SH, Kim KK, Choi BK. Upregulation of intercellular adhesion molecule 1
and proinflammatory cytokines by the major surface proteins of Treponema
maltophilum and Treponema lecithinolyticum, the phylogenetic group IV oral
spirochetes associated with periodontitis and endodontic infections. Infect Immun.
(2005) 73(1):268-76. doi: 10.1128/IAL.73.1.268-276.2005

45. Haapasalo M, Muller KH, Uitto V], Leung WK, McBride BC. Characterization,
cloning, and binding properties of the major 53-kilodalton Treponema denticola surface
antigen. Infect Immun. (1992) 60(5):2058-65. doi: 10.1128/iai.60.5.2058-2065.1992

46. Anselmi NK, Vanyo ST, Clark ND, Rodriguez DML, Jones MM, Rosenthal S,
et al. Topology and functional characterization of major outer membrane proteins
of Treponema maltophilum and Treponema lecithinolyticum. Mol Oral Microbiol.
(2024) 40(1):17-36. doi: 10.1111/0mi.12484

47. Jun HK, Lee HR, Lee SH, Choi BK. Mapping of the proinflammatory domains of
MspTL of Treponema lecithinolyticum. Microbiology. (2007) 153(Pt 8):2386-92.
doi: 10.1099/mic.0.2007/006650-0

48. Ryder MI. Comparison of neutrophil functions in aggressive and chronic
periodontitis. Periodontol 2000. (2010) 53:124-37. doi: 10.1111/j.1600-0757.2009.
00327.x

49. Bender JS, Thang H, Glogauer M. Novel rinse assay for the quantification of oral
neutrophils and the monitoring of chronic periodontal disease. ] Periodontal Res.
(2006) 41(3):214-20. doi: 10.1111/j.1600-0765.2005.00861.x

50. Landzberg M, Doering H, Aboodi GM, Tenenbaum HC, Glogauer M.
Quantifying oral inflammatory load: oral neutrophil counts in periodontal health
and disease. ] Periodontal Res. (2015) 50(3):330-6. doi: 10.1111/jre.12211

51. Deas DE, Mackey SA, McDonnell HT. Systemic disease and periodontitis:
manifestations of neutrophil dysfunction. Periodontol 2000. (2003) 32:82-104.
doi: 10.1046/j.0906-6713.2003.03207.x

52. Hajishengallis E, Hajishengallis G. Neutrophil homeostasis and periodontal
health in children and adults. J Dent Res. (2014) 93(3):231-7. doi: 10.1177/
0022034513507956

53. Silva LM, Brenchley L, Moutsopoulos NM. Primary immunodeficiencies reveal
the essential role of tissue neutrophils in periodontitis. Immunol Rev. (2019)
287(1):226-35. doi: 10.1111/imr.12724

54. Harris ES, Weyrich AS, Zimmerman GA. Lessons from rare maladies: leukocyte
adhesion deficiency syndromes. Curr Opin Hematol. (2013) 20(1):16-25. doi: 10.1097/
MOH.0b013e32835a0091

55. Balla T. Phosphoinositides: tiny lipids with giant impact on cell regulation.
Physiol Rev. (2013) 93(3):1019-137. doi: 10.1152/physrev.00028.2012

Frontiers in Oral Health

14

10.3389/froh.2025.1568983

56. Di Paolo G, De Camilli P. Phosphoinositides in cell regulation and membrane
dynamics. Nature. (2006) 443(7112):651-7. doi: 10.1038/nature05185

57. Sayegh TY E, Arora PD, Ling K, Laschinger C, Janmey PA, Anderson RA, et al.
Phosphatidylinositol-4,5 bisphosphate produced by PIP5KIgamma regulates gelsolin,
actin assembly, and adhesion strength of N-cadherin junctions. Mol Biol Cell. (2007)
18(8):3026-38. doi: 10.1091/mbc.e06-12-1159

58. Sasaki T, Takasuga S, Sasaki ], Kofuji S, Eguchi S, Yamazaki M, et al. Mammalian
phosphoinositide kinases and phosphatases. Prog Lipid Res. (2009) 48(6):307-43.
doi: 10.1016/j.plipres.2009.06.001

59. Gambardella L, Vermeren S. Molecular players in neutrophil chemotaxis-focus
on PI3K and small GTPases. J Leukoc Biol. (2013) 94(4):603-12. doi: 10.1189/jlb.
1112564

60. Krugmann S, Anderson KE, Ridley SH, Risso N, McGregor A, Coadwell J, et al.
Identification of ARAP3, a novel PI3K effector regulating both Arf and Rho GTPases,
by selective capture on phosphoinositide affinity matrices. Mol Cell. (2002)
9(1):95-108. doi: 10.1016/S1097-2765(02)00434-3

61. Hawkins PT, Stephens LR. Emerging evidence of signalling roles for PI(3,4)P2 in
Class I and II PI3K-regulated pathways. Biochem Soc Trans. (2016) 44(1):307-14.
doi: 10.1042/BST20150248

62. Rohrschneider LR, Fuller JF, Wolf I, Liu Y, Lucas DM. Structure, function, and
biology of SHIP proteins. Genes Dev. (2000) 14(5):505-20. doi: 10.1101/gad.14.5.505

63. Chen Q, Powell DW, Rane M]J, Singh S, Butt W, Klein JB, et al. Akt
phosphorylates p47phox and mediates respiratory burst activity in human
neutrophils. J Immunol. (2003) 170(10):5302-8. doi: 10.4049/jimmunol.170.10.5302

64. Zhang H, Sun C, Glogauer M, Bokoch GM. Human neutrophils coordinate
chemotaxis by differential activation of Racl and Rac2. ] Immunol. (2009)
183(4):2718-28. doi: 10.4049/jimmunol.0900849

65. Amin M, Ho AC, Lin JY, Batista da Silva AP, Glogauer M, Ellen RP. Induction of
de novo subcortical actin filament assembly by Treponema denticola major outer
sheath protein. Infect Immun. (2004) 72(6):3650-4. doi: 10.1128/IAL.72.6.3650-3654.
2004

66. Magalhaes MA, Sun CX, Glogauer M, Ellen RP. The major outer sheath protein
of Treponema denticola selectively inhibits Racl activation in murine neutrophils. Cell
Microbiol. (2008) 10(2):344-54. doi: 10.1111/j.1462-5822.2007.01045.x

67. Visser MB, Sun CX, Koh A, Ellen RP, Glogauer M. Treponema denticola major
outer sheath protein impairs the cellular phosphoinositide balance that regulates
neutrophil chemotaxis. PLoS One. (2013) 8(6):¢66209. doi: 10.1371/journal.pone.
0066209

68. Anselmi NK, Bynum K, Kay JG, Visser MB. Analysis of neutrophil responses to
biological exposures. Curr Protoc. (2023) 3(6):¢827. doi: 10.1002/cpz1.827

69. Jones MM, Vanyo ST, Ibraheem W, Maddi A, Visser MB. Treponema denticola
stimulates Oncostatin M cytokine release and de novo synthesis in neutrophils and
macrophages. J Leukoc Biol. (2020) 108(5):1527-41. doi: 10.1002/JLB.4MA0620-072RR

70. Schindelin J, Arganda-Carreras I, Frise E, Kaynig V, Longair M, Pietzsch T, et al.
Fiji: an open-source platform for biological-image analysis. Nat Methods. (2012)
9(7):676-82. doi: 10.1038/nmeth.2019

71. Anselmi N. Fiji mean gray value analysis macro code GitHub. (2024). Available at:
https://github.com/NatalieAnselmi/Fiji-Macro-MGV/releases/tag/Fiji (Accessed August
11, 2022).

72. Mazo G. Quickfigures: a toolkit and Image] Plugln to quickly transform
microscope images into scientific figures. PLoS Ome. (2021) 16(11):¢0240280.
doi: 10.1371/journal.pone.0240280

73. Semenas ], Hedblom A, Miftakhova RR, Sarwar M, Larsson R, Shcherbina L,
et al. The role of PI3K/AKT-related PIP5K1alpha and the discovery of its selective
inhibitor for treatment of advanced prostate cancer. Proc Natl Acad Sci U S A.
(2014) 111(35):E3689-98. doi: 10.1073/pnas.1405801111

74. Ishihara H, Shibasaki Y, Kizuki N, Katagiri H, Yazaki Y, Asano T, et al. Cloning
of cDNAs encoding two isoforms of 68-kDa type I phosphatidylinositol-4-phosphate
5-kinase. ] Biol Chem. (1996) 271(39):23611-4. doi: 10.1074/jbc.271.39.23611

75. Loijens JC, Anderson RA. Type I phosphatidylinositol-4-phosphate 5-kinases
are distinct members of this novel lipid kinase family. J Biol Chem. (1996)
271(51):32937-43. doi: 10.1074/jbc.271.51.32937

76. Hannigan MO, Huang CK, Wu DQ. Roles of PI3K in neutrophil function. Curr
Top Microbiol Immunol. (2004) 282:165-75. doi: 10.1007/978-3-642-18805-3_6

77. Anderson KE, Coadwell J, Stephens LR, Hawkins PT. Translocation of PDK-1 to
the plasma membrane is important in allowing PDK-1 to activate protein kinase B.
Curr Biol. (1998) 8(12):684-91. doi: 10.1016/50960-9822(98)70274-X

78. Ebner M, Lucic I, Leonard TA, Yudushkin I. PI(3,4,5)P(3) engagement restricts
akt activity to cellular membranes. Mol Cell. (2017) 65(3):416-31.¢6. doi: 10.1016/j.
molcel.2016.12.028

79. Ridley AJ. Rho GTPases and actin dynamics in membrane protrusions and
vesicle trafficking. Trends Cell Biol. (2006) 16(10):522-9. doi: 10.1016/j.tcb.2006.08.006

80. Kurokawa K, Itoh RE, Yoshizaki H, Nakamura YO, Matsuda M. Coactivation of
Racl and Cdc42 at lamellipodia and membrane ruffles induced by epidermal growth
factor. Mol Biol Cell. (2004) 15(3):1003-10. doi: 10.1091/mbc.e03-08-0609

frontiersin.org


https://doi.org/10.1128/jb.179.4.1082-1089.1997
https://doi.org/10.1128/IAI.00553-19
https://doi.org/10.1111/j.1469-0691.2011.03460.x
https://doi.org/10.1111/j.1469-0691.2011.03460.x
https://doi.org/10.3402/jom.v4i0.9929
https://doi.org/10.1128/iai.60.5.1761-1766.1992
https://doi.org/10.1006/mpat.1994.1019
https://doi.org/10.1006/mpat.1994.1019
https://doi.org/10.1074/jbc.M011735200
https://doi.org/10.1371/journal.pone.0023736
https://doi.org/10.1111/omi.12180
https://doi.org/10.1128/IAI.74.3.1954-1957.2006
https://doi.org/10.1128/JB.181.3.1025-1029.1999
https://doi.org/10.1128/JB.181.3.1025-1029.1999
https://doi.org/10.1111/j.1574-6968.2002.tb11049.x
https://doi.org/10.1128/IAI.73.1.268-276.2005
https://doi.org/10.1128/iai.60.5.2058-2065.1992
https://doi.org/10.1111/omi.12484
https://doi.org/10.1099/mic.0.2007/006650-0
https://doi.org/10.1111/j.1600-0757.2009.00327.x
https://doi.org/10.1111/j.1600-0757.2009.00327.x
https://doi.org/10.1111/j.1600-0765.2005.00861.x
https://doi.org/10.1111/jre.12211
https://doi.org/10.1046/j.0906-6713.2003.03207.x
https://doi.org/10.1177/0022034513507956
https://doi.org/10.1177/0022034513507956
https://doi.org/10.1111/imr.12724
https://doi.org/10.1097/MOH.0b013e32835a0091
https://doi.org/10.1097/MOH.0b013e32835a0091
https://doi.org/10.1152/physrev.00028.2012
https://doi.org/10.1038/nature05185
https://doi.org/10.1091/mbc.e06-12-1159
https://doi.org/10.1016/j.plipres.2009.06.001
https://doi.org/10.1189/jlb.1112564
https://doi.org/10.1189/jlb.1112564
https://doi.org/10.1016/S1097-2765(02)00434-3
https://doi.org/10.1042/BST20150248
https://doi.org/10.1101/gad.14.5.505
https://doi.org/10.4049/jimmunol.170.10.5302
https://doi.org/10.4049/jimmunol.0900849
https://doi.org/10.1128/IAI.72.6.3650-3654.2004
https://doi.org/10.1128/IAI.72.6.3650-3654.2004
https://doi.org/10.1111/j.1462-5822.2007.01045.x
https://doi.org/10.1371/journal.pone.0066209
https://doi.org/10.1371/journal.pone.0066209
https://doi.org/10.1002/cpz1.827
https://doi.org/10.1002/JLB.4MA0620-072RR
https://doi.org/10.1038/nmeth.2019
https://github.com/NatalieAnselmi/Fiji-Macro-MGV/releases/tag/Fiji
https://doi.org/10.1371/journal.pone.0240280
https://doi.org/10.1073/pnas.1405801111
https://doi.org/10.1074/jbc.271.39.23611
https://doi.org/10.1074/jbc.271.51.32937
https://doi.org/10.1007/978-3-642-18805-3_6
https://doi.org/10.1016/S0960-9822(98)70274-X
https://doi.org/10.1016/j.molcel.2016.12.028
https://doi.org/10.1016/j.molcel.2016.12.028
https://doi.org/10.1016/j.tcb.2006.08.006
https://doi.org/10.1091/mbc.e03-08-0609
https://doi.org/10.3389/froh.2025.1568983
https://www.frontiersin.org/journals/oral-health
https://www.frontiersin.org/

Anselmi et al.

81. Fenteany G, Glogauer M. Cytoskeletal remodeling in leukocyte function. Curr
Opin Hematol. (2004) 11(1):15-24. doi: 10.1097/00062752-200401000-00004

82. Lee SH, Dominguez R. Regulation of actin cytoskeleton dynamics in cells. Mol
Cells. (2010) 29(4):311-25. doi: 10.1007/510059-010-0053-8

83. Janmey PA, Bucki R, Radhakrishnan R. Regulation of actin assembly by PI(4,5)
P2 and other inositol phospholipids: an update on possible mechanisms. Biochem
Biophys Res Commun. (2018) 506(2):307-14. doi: 10.1016/j.bbrc.2018.07.155

84. Byrne SJ, Chang D, Adams GG, Butler CA, Reynolds EC, Darby IB, et al.
Microbiome profiles of non-responding and responding paired periodontitis sites
within the same participants following non-surgical treatment. J Oral Microbiol.
(2022) 14(1):2043595. doi: 10.1080/20002297.2022.2043595

85. Nibali L, Sousa V, Davrandi M, Spratt D, Alyahya Q, Dopico J, et al. Differences
in the periodontal microbiome of successfully treated and persistent aggressive
periodontitis. J Clin Periodontol. (2020) 47(8):980-90. doi: 10.1111/jcpe.13330

86. Bamford CV, Fenno JC, Jenkinson HF, Dymock D. The chymotrypsin-like
protease complex of Treponema denticola ATCC 35405 mediates fibrinogen
adherence and degradation. Infect Immun. (2007) 75:4364-72. doi: 10.1128/IAL
00258-07

87. Batista da Silva AP, Lee W, Bajenova E, McCulloch CA, Ellen RP. The major
outer sheath protein of Treponema denticola inhibits the binding step of collagen
phagocytosis in fibroblasts. Cell Microbiol. (2004) 6(5):485-98. doi: 10.1111/j.1462-
5822.2004.00377.x

88. Edwards AM, Jenkinson HF, Woodward M]J, Dymock D. Binding properties and
adhesion-mediating regions of the major sheath protein of Treponema denticola
ATCC 35405. Infect Immun. (2005) 73(5):2891-8. doi: 10.1128/IAL.73.5.2891-2898.
2005

89. Gaibani P, Caroli F, Nucci C, Sambri V. Major surface protein complex of
Treponema denticola induces the production of tumor necrosis factor alpha,
interleukin-1 beta, interleukin-6 and matrix metalloproteinase 9 by primary human
peripheral blood monocytes. ] Periodontal Res. (2010) 45(3):361-6. doi: 10.1111/j.
1600-0765.2009.01246.x

90. Balla T, Varnai P. Visualizing cellular phosphoinositide pools with GFP-fused
protein-modules. Sci STKE. (2002) 2002(125):13. doi: 10.1126/stke.2002.125.pl3

91. Chen J, Tang H, Hay N, Xu J, Ye RD. Akt isoforms differentially regulate
neutrophil functions. Blood. (2010) 115(21):4237-46. doi: 10.1182/blood-2009-11-
255323

92. Cunningham CC, Vegners R, Bucki R, Funaki M, Korde N, Hartwig JH, et al.
Cell permeant polyphosphoinositide-binding peptides that block cell motility and
actin assembly. ] Biol Chem. (2001) 276(46):43390-9. doi: 10.1074/jbc.M105289200

93. Maekawa M, Fairn GD. Molecular probes to visualize the location, organization
and dynamics of lipids. J Cell Sci. (2014) 127(Pt 22):4801-12. doi: 10.1242/jcs.150524

94. Hammond GR, Schiavo G, Irvine RF. Immunocytochemical techniques reveal
multiple, distinct cellular pools of PtdIns4P and PtdIns(4,5)P(2). Biochem J. (2009)
422(1):23-35. doi: 10.1042/BJ20090428

95. Clark J, Anderson KE, Juvin V, Smith TS, Karpe F, Wakelam M], et al.
Quantification of PtdInsP3 molecular species in cells and tissues by mass
spectrometry. Nat Methods. (2011) 8(3):267-72. doi: 10.1038/nmeth.1564

96. Kielkowska A, Niewczas I, Anderson KE, Durrant TN, Clark J, Stephens LR,
et al. A new approach to measuring phosphoinositides in cells by mass
spectrometry. Adv Biol Regul. (2014) 54:131-41. doi: 10.1016/j.jbior.2013.09.001

97. Schacht J. Purification of polyphosphoinositides by chromatography on
immobilized neomycin. J Lipid Res. (1978) 19(8):1063-7. doi: 10.1016/50022-2275
(20)40692-3

98. van den Bout I, Divecha N. PIP5K-driven Ptdins(4,5)P2 synthesis: regulation
and cellular functions. J Cell Sci. (2009) 122(Pt 21):3837-50. doi: 10.1242/jcs.056127

99. Clarke JH, Irvine RF. The activity, evolution and association of
phosphatidylinositol 5-phosphate 4-kinases. Adv Biol Regul. (2012) 52(1):40-5.
doi: 10.1016/j.advenzreg.2011.09.002

100. Hasegawa H, Noguchi ], Yamashita M, Okada R, Sugimoto R, Furuya M, et al.
Phosphatidylinositol ~ 4-phosphate  5-kinase is indispensable for mouse
spermatogenesis. Biol Reprod. (2012) 86(5):136; 1-12. doi: 10.1095/biolreprod.110.
089896

101. Llorente A, Arora GK, Grenier SF, Emerling BM. PIP Kinases: a versatile family
that demands further therapeutic attention. Adv Biol Regul. (2023) 87:100939. doi: 10.
1016/j.jbior.2022.100939

102. Doughman RL, Firestone AJ, Wojtasiak ML, Bunce MW, Anderson RA.
Membrane ruffling requires coordination between type Ialpha phosphatidylinositol
phosphate kinase and Rac signaling. J Biol Chem. (2003) 278(25):23036-45. doi: 10.
1074/jbc.M211397200

103. Ling K, Bairstow SF, Carbonara C, Turbin DA, Huntsman DG, Anderson RA.
Type I gamma phosphatidylinositol phosphate kinase modulates adherens junction

Frontiers in Oral Health

15

10.3389/froh.2025.1568983

and E-cadherin trafficking via a direct interaction with mu 1B adaptin. J Cell Biol.
(2007) 176(3):343-53. doi: 10.1083/jcb.200606023

104. Hilbi H. Modulation of phosphoinositide metabolism by pathogenic bacteria.
Cell Microbiol. (2006) 8(11):1697-706. doi: 10.1111/j.1462-5822.2006.00793.x

105. Gruenheid S, Finlay BB. Microbial pathogenesis and cytoskeletal function.
Nature. (2003) 422(6933):775-81. doi: 10.1038/nature01603

106. Rottner K, Stradal TE, Wehland J. Bacteria-host-cell interactions at the plasma
membrane: stories on actin cytoskeleton subversion. Dev Cell. (2005) 9(1):3-17.
doi: 10.1016/j.devcel.2005.06.002

107. Stebbins CE. Structural insights into bacterial modulation of the host
cytoskeleton. Curr Opin Struct Biol. (2004) 14(6):731-40. doi: 10.1016/j.sbi.2004.09.
011

108. Ellen RP. Perturbation and exploitation of host cell cytoskeleton by periodontal
pathogens. Microbes Infect. (1999) 1(8):621-32. doi: 10.1016/S1286-4579(99)80062-8

109. Sharma VP, DesMarais V, Sumners C, Shaw G, Narang A. Immunostaining
evidence for PI(4,5)P2 localization at the leading edge of chemoattractant-
stimulated HL-60 cells. J Leukoc Biol. (2008) 84(2):440-7. doi: 10.1189/j1b.0907636

110. Lacalle RA, Peregil RM, Albar JP, Merino E, Martinez AC, Merida I, et al. Type
I phosphatidylinositol 4-phosphate 5-kinase controls neutrophil polarity and
directional movement. J Cell Biol. (2007) 179(7):1539-53. doi: 10.1083/jcb.200705044

111. Niggli V. Regulation of protein activities by phosphoinositide phosphates.
Annu Rev Cell Dev Biol. (2005) 21:57-79. doi: 10.1146/annurev.cellbio.21.021704.
102317

112. Takahashi K, Sasaki T, Mammoto A, Takaishi K, Kameyama T, Tsukita S, et al.
Direct interaction of the Rho GDP dissociation inhibitor with ezrin/radixin/moesin
initiates the activation of the Rho small G protein. J Biol Chem. (1997)
272(37):23371-5. doi: 10.1074/jbc.272.37.23371

113. Lokuta MA, Senetar MA, Bennin DA, Nuzzi PA, Chan KT, Ott VL, et al. Type
Igamma PIP kinase is a novel uropod component that regulates rear retraction during
neutrophil chemotaxis. Mol Biol Cell. (2007) 18(12):5069-80. doi: 10.1091/mbc.e07-
05-0428

114. Xu W, Wang P, Petri B, Zhang Y, Tang W, Sun L, et al. Integrin-induced
PIP5K1C kinase polarization regulates neutrophil polarization, directionality, and in
vivo infiltration. Immunity. (2010) 33(3):340-50. doi: 10.1016/j.immuni.2010.08.015

115. Shi Y, Berking A, Baade T, Legate KR, Fassler R, Hauck CR.
PIP5KIgamma90-generated ~phosphatidylinositol-4,5-bisphosphate  promotes the
uptake of Staphylococcus aureus by host cells. Mol Microbiol. (2021)
116(5):1249-67. doi: 10.1111/mmi.14807

116. Maxwell KN, Zhou Y, Hancock JF. Racl nanoscale organization on the plasma
membrane is driven by lipid binding specificity encoded in the membrane anchor. Mol
Cell Biol. (2018) 38(18):e00186-18. doi: 10.1128/MCB.00186-18

117. Das S, Yin T, Yang Q, Zhang J, Wu YL, Yu J. Single-molecule tracking of small
GTPase Racl uncovers spatial regulation of membrane translocation and mechanism
for polarized signaling. Proc Natl Acad Sci U S A. (2015) 112(3):E267-76. doi: 10.1073/
pnas.1409667112

118. Lemmon MA. Phosphoinositide recognition domains. Traffic. (2003)
4(4):201-13. doi: 10.1034/j.1600-0854.2004.00071.x

119. Mao YS, Yin HL. Regulation of the actin cytoskeleton by phosphatidylinositol
4-phosphate 5 kinases. Pflugers Arch. (2007) 455(1):5-18. doi: 10.1007/s00424-007-
0286-3

120. Pearson MA, Reczek D, Bretscher A, Karplus PA. Structure of the ERM protein
moesin reveals the FERM domain fold masked by an extended actin binding tail
domain. Cell. (2000) 101(3):259-70. doi: 10.1016/S0092-8674(00)80836-3

121. Baykov AA, Evtushenko OA, Avaeva SM. A malachite green procedure for
orthophosphate determination and its use in alkaline phosphatase-based enzyme
immunoassay. Anal Biochem. (1988) 171(2):266-70. doi: 10.1016/0003-2697(88)
90484-8

122. Taylor GS, Dixon JE. Assaying phosphoinositide phosphatases. Methods Mol
Biol. (2004) 284:217-27. doi: 10.1385/1-59259-816-1:217

123. Ochoa D, Jarnuczak AF, Vieitez C, Gehre M, Soucheray M, Mateus A, et al. The
functional landscape of the human phosphoproteome. Nat Biotechnol. (2020)
38(3):365-73. doi: 10.1038/s41587-019-0344-3

124. Park §J, Itoh T, Takenawa T. Phosphatidylinositol 4-phosphate 5-kinase type
I is regulated through phosphorylation response by extracellular stimuli. J Biol
Chem. (2001) 276(7):4781-7. doi: 10.1074/jbc.M010177200

125. Lee SY, Voronov S, Letinic K, Nairn AC, Di Paolo G, De Camilli P. Regulation
of the interaction between PIPKI gamma and talin by proline-directed protein kinases.
J Cell Biol. (2005) 168(5):789-99. doi: 10.1083/jcb.200409028

126. Itoh T, Ishihara H, Shibasaki Y, Oka Y, Takenawa T. Autophosphorylation of
type I phosphatidylinositol phosphate kinase regulates its lipid kinase activity. J Biol
Chem. (2000) 275(25):19389-94. doi: 10.1074/jbc.M000426200

frontiersin.org


https://doi.org/10.1097/00062752-200401000-00004
https://doi.org/10.1007/s10059-010-0053-8
https://doi.org/10.1016/j.bbrc.2018.07.155
https://doi.org/10.1080/20002297.2022.2043595
https://doi.org/10.1111/jcpe.13330
https://doi.org/10.1128/IAI.00258-07
https://doi.org/10.1128/IAI.00258-07
https://doi.org/10.1111/j.1462-5822.2004.00377.x
https://doi.org/10.1111/j.1462-5822.2004.00377.x
https://doi.org/10.1128/IAI.73.5.2891-2898.2005
https://doi.org/10.1128/IAI.73.5.2891-2898.2005
https://doi.org/10.1111/j.1600-0765.2009.01246.x
https://doi.org/10.1111/j.1600-0765.2009.01246.x
https://doi.org/10.1126/stke.2002.125.pl3
https://doi.org/10.1182/blood-2009-11-255323
https://doi.org/10.1182/blood-2009-11-255323
https://doi.org/10.1074/jbc.M105289200
https://doi.org/10.1242/jcs.150524
https://doi.org/10.1042/BJ20090428
https://doi.org/10.1038/nmeth.1564
https://doi.org/10.1016/j.jbior.2013.09.001
https://doi.org/10.1016/S0022-2275(20)40692-3
https://doi.org/10.1016/S0022-2275(20)40692-3
https://doi.org/10.1242/jcs.056127
https://doi.org/10.1016/j.advenzreg.2011.09.002
https://doi.org/10.1095/biolreprod.110.089896
https://doi.org/10.1095/biolreprod.110.089896
https://doi.org/10.1016/j.jbior.2022.100939
https://doi.org/10.1016/j.jbior.2022.100939
https://doi.org/10.1074/jbc.M211397200
https://doi.org/10.1074/jbc.M211397200
https://doi.org/10.1083/jcb.200606023
https://doi.org/10.1111/j.1462-5822.2006.00793.x
https://doi.org/10.1038/nature01603
https://doi.org/10.1016/j.devcel.2005.06.002
https://doi.org/10.1016/j.sbi.2004.09.011
https://doi.org/10.1016/j.sbi.2004.09.011
https://doi.org/10.1016/S1286-4579(99)80062-8
https://doi.org/10.1189/jlb.0907636
https://doi.org/10.1083/jcb.200705044
https://doi.org/10.1146/annurev.cellbio.21.021704.102317
https://doi.org/10.1146/annurev.cellbio.21.021704.102317
https://doi.org/10.1074/jbc.272.37.23371
https://doi.org/10.1091/mbc.e07-05-0428
https://doi.org/10.1091/mbc.e07-05-0428
https://doi.org/10.1016/j.immuni.2010.08.015
https://doi.org/10.1111/mmi.14807
https://doi.org/10.1128/MCB.00186-18
https://doi.org/10.1073/pnas.1409667112
https://doi.org/10.1073/pnas.1409667112
https://doi.org/10.1034/j.1600-0854.2004.00071.x
https://doi.org/10.1007/s00424-007-0286-3
https://doi.org/10.1007/s00424-007-0286-3
https://doi.org/10.1016/S0092-8674(00)80836-3
https://doi.org/10.1016/0003-2697(88)90484-8
https://doi.org/10.1016/0003-2697(88)90484-8
https://doi.org/10.1385/1-59259-816-1:217
https://doi.org/10.1038/s41587-019-0344-3
https://doi.org/10.1074/jbc.M010177200
https://doi.org/10.1083/jcb.200409028
https://doi.org/10.1074/jbc.M000426200
https://doi.org/10.3389/froh.2025.1568983
https://www.frontiersin.org/journals/oral-health
https://www.frontiersin.org/

	Emerging oral Treponema membrane proteins disorder neutrophil phosphoinositide signaling via phosphatidylinositol-4-phosphate 5-kinase
	Introduction
	Materials and methods
	Expression and purification of recombinant MspA and MspTL
	Murine neutrophil isolation
	Neutrophil coincubation treatment
	Assessment of protein phosphorylation by immunoblotting
	Phosphate release assay in whole cells
	SHIP1 and PTEN immunoprecipitation and activity assays
	PTEN and SHIP chemical inhibition assays
	Immunofluorescence
	Quantification of Pi(4,5)P2 from neutrophils and PIP5K inhibition study
	Small GTPase-protein activation assays
	Statistical analysis

	Results
	MspA and MspTL disorder phosphoinositide production in neutrophils
	MspA and MspTL increase PI(4,5)P2 via PIP5K
	MspA and MspTL inhibit neutrophil intracellular signaling downstream of PIP3
	MspA and MspTL modify actin localization in neutrophils

	Discussion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Conflict of interest
	Generative AI statement
	Publisher's note
	Supplementary material
	References


