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Porphyromonas gingivalis is implicated in adverse pregnancy outcome. We previously demonstrated that intrauterine infection with various strains of P. gingivalis impairs the physiologic remodeling of the uterine spiral arteries (IRSA) during pregnancy, which underlies the major obstetrical syndromes. Women diagnosed with IRSA also have a greater risk for premature cardiovascular disease in later life. The dysregulated plasticity of vascular smooth muscle cells (VSMCs) is present in both IRSA and premature cardiovascular events. We hypothesized that VSMCs could serve as a bait to identify P. gingivalis proteins associated with dysregulated VSMC plasticity as seen in IRSA. We first confirmed that dams with P. gingivalis A7UF-induced IRSA also show perturbed aortic smooth muscle cell (AoSMC) plasticity along with the P. gingivalis colonization of the tissue. The in vitro infection of AoSMCs with IRSA-inducing strain A7UF also perturbed AoSMC plasticity that did not occur with infection by non-IRSA-inducing strain W83. Far-Western blotting with strain W83 and strain A7UF showed a differential binding pattern to the rat aorta and primary rat AoSMCs. The affinity chromatography/pull-down assay combined with mass spectrometry was used to identify P. gingivalis/AoSMC protein interactions specific to IRSA. Membrane proteins with a high binding affinity to AoSMCs were identified in the A7UF pull-down but not in the W83 pull-down, most of which were the outer membrane components of the Type 9 secretion system (T9SS) and T9SS cargo proteins. Additional T9SS cargo proteins were detected in greater abundance in the A7UF pull-down eluate compared to W83. None of the proteins enriched in the W83 eluate were T9SS components nor T9SS cargo proteins despite their presence in the prey preparations used in the pull-down assay. In summary, differential affinity chromatography established that the components of IRSA-inducing P. gingivalis T9SS as well as its cargo directly interact with AoSMCs, which may play a role in the infection-induced dysregulation of VSMC plasticity. The possibility that the T9SS is involved in the microbial manipulation of host cell events important for cell differentiation and tissue remodeling would constitute a new virulence function for this system.
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Introduction

Porphyromonas gingivalis is implicated in a variety of obstetric complications including early pregnancy loss, early-onset preeclampsia with and without fetal growth restriction, preterm labor, and the preterm premature rupture of membranes (Barak et al., 2007; León et al., 2007; Swati et al., 2012; Chaparro et al., 2013; Ibrahim et al., 2015; Vanterpool et al., 2016). Using a rat model of chronic periodontitis, we previously demonstrated that intrauterine colonization by various strains of P. gingivalis impairs the physiologic remodeling of the uterine spiral arteries (IRSA) during pregnancy (Phillips et al., 2018; Tavarna et al., 2020; Tavarna et al., 2022). Since IRSA underlies the major obstetrical syndromes, this evidence provided a common mechanistic link whereby P. gingivalis could promote such a diverse array of pregnancy complications. However, the microbial virulence factors involved in this disorder remain unknown.

Women with a history of IRSA are also at greater risk for having a premature coronary event such as coronary arterial disease and restenosis after the affected pregnancy (Veerbeek et al., 2016; Brosens et al., 2017; Benagiano et al., 2021). A common link between these cardiovascular disorders and IRSA is the dysregulation of vascular smooth muscle cell (VSMC) plasticity (Whitley and Cartwright, 2010; Brosens et al., 2011; Low et al., 2019; Nankivell et al., 2020). In the systemic vasculature, inappropriate VSMC responses to transforming growth factor beta (TGF-β) signaling are implicated in both coronary arterial disease and restenosis (Suwanabol et al., 2011; Low et al., 2019). Within the placental bed, the physiologic dedifferentiation of spiral arterial VSMCs is driven by  transforming growth factor beta (TGF-β) signaling (Liu et al., 2019). It is unknown if perturbed TGF-β signaling plays a role in dysfunctional spiral arterial VSMC plasticity seen in IRSA, but there is an association between IRSA and perturbed signaling by members of the TGF-β superfamily in our rat model (Phillips et al., 2018).

Several reports show that the in vitro infection of aortic smooth muscle cells (AoSMCs) with P. gingivalis alters aortic VSMC phenotype switching to potentially pro-atherogenic responses (Zhang et al., 2013; Zhang et al., 2016; Park et al., 2020). Infection with P. gingivalis also enhances aortic intimal hyperplasia with experimental aortic injury (Hokamura et al., 2010), showing that P. gingivalis perturbs VSMC homeostatic responses in vivo. Moreover, P. gingivalis outer membrane vesicles and gingipains affect VSMC phenotype switching in vitro (Cao et al., 2015; Yang et al., 2016; Zhang et al., 2016). Among these studies is evidence that the perturbation of the TGF-β signaling axis plays a role in P. gingivalis-mediated dysfunction in VSMCs (Zhang et al., 2013; Yang et al., 2016; Zhang et al., 2016). Since host cell signaling events depend on receptor activation, we proposed that VSMCs could serve as a bait to identify P. gingivalis proteins that interact with the host cell and may be associated with abnormal VSMC phenotypes.

We first established the feasibility of using rat AoSMCs as a surrogate for spiral arterial smooth muscle that cannot be isolated as a purified cell population from the smooth muscle–rich uterus. To identify VSMC/P. gingivalis interactions specific to IRSA, we compared non-IRSA-inducing P. gingivalis strain W83 (Phillips et al., 2018) to IRSA-inducing P. gingivalis strain A7UF (Tavarna et al., 2020). Far-Western blotting demonstrated that IRSA-inducing A7UF proteins bound differently to the rat aorta and AoSMCs compared to nonIRSA-inducing W83. We then used affinity chromatography (pull-down assay) combined with mass spectrometry to identify P. gingivalis/AoSMC protein interactions specific to IRSA. We found a strong interaction between AoSMCs and components of the IRSA-inducing A7UF type 9 secretion system (T9SS) that was not evident with non-IRSA-inducing W83. Moreover, A7UF T9SS cargo proteins that are putative virulence factors such as CPG70, RgpB gingipains, and peptidylarginine deiminase showed enhanced binding to AoSMCs compared to W83. Overall, our results suggest that the P. gingivalis T9SS may play a role in VSMC dysfunction, perhaps by facilitating the entry of various microbial virulence factors into host cells.



Materials and methods


Rat tissue collection and processing

The rat aorta and primary AoSMCs used in this study were obtained from Sprague–Dawley (SD) rats (RRID : RGD_734476) used in a previous study (Phillips et al., 2018). All experimental protocols were approved by the University of Wisconsin Institutional Animal Care and Use Committee (protocol #V005576). After euthanasia, both the thoracic and abdominal portions of the aorta from uninfected control animals was isolated and rinsed in sterile phosphate-buffered saline (PBS). The adventitia was removed aseptically, flash-frozen in liquid nitrogen, and stored at 80°C until protein extraction.

AoSMCs were isolated by the double-collagenase method (Villa-Bellosta and Hamczyk, 2015). The entire thoracic and abdominal aorta was aseptically removed. Collagenase type 2 (Worthington Biochemical Corp. catalog # LS004174) was used for tissue dissociation. AoSMCs were cultured in Dulbecco's Modified Eagle Medium/Nutrient Mixture F-12 (DMEM/F-12) (catalog # 12-719F, Lonza, Walkersville, MD, USA) with 10% fetal calf serum (FBS) (catalog #FB-12, Omega Scientific) and gentamicin sulfate with amphotericin-B (catalog #CC-4083, Lonza, Walkersville, MD, USA). AoSMC purity was ≥90% verified by positive staining for α-smooth muscle actin (RRID: AB_2223019). For all experiments, AoSMCs were used at passage 7.



P. gingivalis culture and protein extraction

P. gingivalis W83 and A7UF were provided by Dr. Ann Progulske-Fox (University of Florida, USA). All experiments, including previous in vivo infection studies (Phillips et al., 2018; Tavarna et al., 2020) were performed using the same bacterial working stocks. For these studies, both strains were cultured at the same time under the same conditions on tryptic soy agar supplemented with hemin (5 mg/L), yeast extract (5 g/L), L-cysteine (0.5 g/L), and vitamin K3 (1 mg/L), passaged once. Bacteria for in vitro infection and for proteomics were prepared from cultures that were 48 h old. Bacterial colonies from agar were chosen to approximate bacterial conditions in tissue biofilms that we have observed in placental bed specimens from infected animals (Tavarna et al., 2020; Tavarna et al., 2022).

For in vitro infection experiments, bacterial colonies were suspended in sterile PBS and their concentration was estimated by optical density readings taken at 550 nm. Inoculates were then prepared by dilution in sterile DMEM/F-12 media. Bacterial concentrations in inoculates were confirmed by culture as previously described (Tavarna et al., 2020).

For proteome and affinity chromatography experiments, bacterial colonies were suspended in sterile PBS with protease inhibitors (Halt™ Protease Inhibitor Cocktail, catalog #87785, Thermo Fisher Scientific), pelleted by centrifugation (3,000 x g for 5 min) and processed immediately. Bacterial proteins were extracted with B-PER™ Bacterial Protein Extraction Reagent (catalog #90079, Thermo Fisher Scientific) with a Halt™ protease inhibitor cocktail and a Lysonase Bioprocessing Reagent (catalog #71230, Millipore Sigma) according to the manufacturer’s instructions. Bacterial protein extracts were dialyzed overnight (6–8 MW cut-off) in a 0.1 M sodium phosphate buffer, 0.1 M NaCl pH 7.4 at 4°C before use. The detergent-free preparations of total soluble bacterial protein were used to cast the widest net for the de novo capture of on-column protein–protein interactions and facilitate the subsequent LC/MS/MS identification of eluted P. gingivalis proteins.

For the far-Western blot, bacterial protein extracts were labeled with EZ-link™-NHS-SS-PEG4-Biotin (catalog #21442, Thermo Fisher Scientific). During biotin labeling, bacterial proteins were incubated on ice for 2 h on a rotating shaker and then dialyzed overnight with Spectra/Por® 1 Dialysis Membranes, MWCO 6000 to 8000 (Spectrum laboratories) in a 0.1 M sodium phosphate buffer, 0.1M NaCl pH 7.4 at 4°C. The biotin labeling of both P. gingivalis strains was confirmed by Western blot.



Gene expression analysis

Total RNA from aortic tissue and AoSMCs was extracted with a TRIzol™ Reagent (Life Technologies, Cat# 15596-018) according to the manufacturer’s instructions. RNA quality and quantity were assessed by capillary electrophoresis (Agilent RNA 6000, Agilent Technologies, Inc., Santa Clara, CA, USA). A select panel of genes was evaluated using the following Quantitect primers from Qiagen Inc. (Germantown, MD, USA): β-actin, Actb as the reference gene (catalog# QT00193473), interleukin-1β, Il1b (Qiagen catalog# QT00181657), the tumor necrosis factor, Tnf (Qiagen catalog# QT00178717), chemokine monocyte chemotactic protein (Mcp1/Ccl2) [forward:5’-ATGAGTCGGCTGGAGAACTA-3’, reverse: 5’ACTTCTGGACCCATTCCTTATTG-3’], Tgfb1 (Qiagen catalog# QT00187796), endoglin, Eng [forward: 5’-GCGTCCTTGTTCCAAACATTC-3’, reverse 5’-ACAGCAAGAAGAGGCAAGAG-3’], e-Selectin (Sele) [forward:5’-GTATCCATCCATCCCACAGAAG-3’, reverse: 5’-CAGTTGTGTCCACTCGATAGTT-3’], Icam-1, Icam1 [forward: 5’-GTATCCATCCATCCCACAGAA-3’, reverse: 5’-CAGTTGTGTCCACTCGATAGTT-3’, matrix metalloproteinase 2, Mmp2 [forward: 5’-TGGACTGGAGAAGGACAA-3’, reverse: 5’-CTGCTGTATTCCCGACCATTA-3’], matrix metalloproteinase 9, Mmp9 [forward: 5’-CCCAACCTTTACCAGCTACTC-3’, reverse: 5’-GTCAGAACCGACCCTACAAAG-3”], and the tissue inhibitor of metalloproteinase-1, Timp1[forward:5’-TGGCATCCTCTTGTTGCTATC-3’, reverse: 5’-CCTTATAACCAGGTCCGAGTTG-3’]. Real-time qPCR was performed with the Light Cycler® 96 real-time PCR System (Roche Applied Science, Indianapolis, IN, USA) as previously described (Tavarna et al., 2022).

Gene expression data were either analyzed by Student’s t-test for two groups or by one-way analysis of variance (ANOVA) for three groups followed by the Tukey multiple comparison test if ANOVA indicated a significant difference among group means. Raw data measurements were transformed prior to ANOVA testing if the Bartlett test showed that variances were significantly different among groups. Testing was performed with Prism 9.4.0 Software (GraphPad). For all testing, P < 0.05 was considered significantly different.



Immunofluorescent staining of rat aortic tissue

Aortic sections from sham-inoculated controls and P. gingivalis A7UF- infected dams were performed as previously described [10,11]. For antigen retrieval, specimens were incubated with a citrate buffer pH 6 [10 mM sodium citrate with 0.05% Tween 20] at 95°C for 5–10 min. The primary antibodies used in this study were mouse anti-smooth muscle actin (Abcam Cat# ab76549, RRID: AB_2223019) to detect VSMCs, rabbit anti-TGF-β1 (Abcam Cat# ab25121, RRID: AB_2271652), and rabbit-anti endoglin (MyBiosource.com cat#MBS2001783, RRID: AB_29223167). All antibodies were used at a dilution of 1:200. P. gingivalis was detected with a rabbit polyclonal antibody used at a dilution of 1:1,000, which was previously validated for specificity and its ability to detect multiple P. gingivalis strains (Vanterpool et al., 2016; Phillips et al., 2018). Mouse IgG isotype control (Thermo Fisher Scientific Cat# 31903) and normal rabbit serum (Thermo Fisher Scientific Cat# 31883) were used at a dilution of 1:200. The secondary antibodies used for detection were goat anti-rabbit ALEXA 647 (catalog # A-21244) and goat anti-mouse ALEXA 594 (catalog # A-11005) (Thermo Fisher Scientific, Waltham, MA, USA); both were used at a concentration of 2 µg/ml. Stained tissue sections were visualized and imaged using an EVOS AutoFL microscope system (Life Technologies, Grand Island, NY, USA). Camera settings for the imaging of fluorescent stains were optimized using the tissue section with the highest positive fluorescent signal. Once optimized, the settings were then kept the same while imaging all other tissue sections for a specific staining experiment.



Aortic smooth muscle cell migration and proliferation assays

Migration assays were performed as previously described (Brown et al., 1994) with the following modifications. First, AoSMCs were serum-depleted for 24 h in 1% fetal calf serum (FBS) in DMEM/F12 media) before inoculation with a sterile medium or P. gingivalis A7UF or W83 at a multiplicity of infection (MOI) = 10 in 1% FBS in DMEM/F12 media. The MOI of each inoculate was confirmed by culture as previously described (Tavarna et al., 2020). Cells were maintained under serum depletion for another 24 h before they were transferred to 8 mm Transwell inserts (Falcon® Cell Culture Inserts by Corning, catalog # 353097). Briefly, adherent cells from all treatment groups were removed by trypsin treatment, washed once with sterile PBS, counted, pelleted by centrifugation (800 x g), and resuspended in 5% FBS in DMEM/F12 to a cell density of 1 × 105 cells/ml (104 cells/well). Bottom wells received 5% FBS in DMEM/F-12 media (negative) or vitronectin (3 µg/ml, catalog # 5051, Advanced Biomatrix.com) in DMEM/F-12 + 5% FBS and incubated at 37°C and 5% CO2. After 6 h, the remaining cells within the Transwell insert were removed, the cells attached to the bottom membrane were fixed and stained (Diff-Quik Stain Set, Siemens Medical System). The calibrated images of the entire membrane were captured with an EVOS AutoFL imaging system, and cell numbers were normalized by the surface area (mm2).

For proliferation experiments, AoSMCs were seeded unto chamber slides (NUNC™ Lab-Tek™ II Chamber Slide system) (Thermo Fisher Scientific, catalog # 154534). After 24 h, cells were maintained for 24 h in 1% FBS in DMEM/F12 before inoculation with a sterile medium (control) or 10 MOI of A7UF or W83 suspended in 1% FBS in DMEM/F12. AoSMCs were incubated at 37°C in 5% CO2 for an additional 72 h with daily media changes (1% FBS in DMEM/F12). At the end of the incubation period, cells were fixed with 4% buffered formalin for 10 min, washed with PBS, permeabilized with 0.5% Triton-X for 10 min, and incubated with a blocking solution (2% goat serum, 1% bovine serum albumin, 0.1% Triton X-100, 0.05% Tween 20, and 0.05% sodium azide in 0.01 M PBS) for 30 min at room temperature. Proliferating cells were detected with a rabbit anti-proliferating cell nuclear antigen (PCNA) antibody (Thermo Fisher Scientific, catalog # PA5-27214, RRID: AB_2544690) diluted 1:200 in a blocking buffer. Isotype controls were stained with normal rabbit serum (Thermo Fisher Scientific Cat# 31883). Goat anti-rabbit ALEXA 647 (catalog # A-21244) was used for detection, and nuclei were counterstained with 4',6-diamidino-2-phenylindole (DAPI) (Thermo Fisher Scientific, ProLong™ Gold Antifade Mountant with DAPI). For each biological replicate, 10 calibrated images that spanned the entire well area were captured with an EVOS Auto FL imaging system. The percentage of proliferating cells was determined by dividing the number of cells in which the entire nucleus was PCNA positive by the total number of nuclei per well.



Far-western blot

Proteins from the whole rat aorta were extracted with a T-PER™ Tissue Protein Extraction Reagent (catalog # 78510, Thermo Fisher Scientific) containing a Halt™ protease inhibitor cocktail (catalog #87785, Thermo Fisher Scientific). Membrane proteins were extracted from AoSMCs with the Subcellular Protein Fractionation Kit for Cultured Cells (catalog #78840, Thermo Fisher Scientific).

Equal amounts of protein from the rat aorta and AoSMCs were loaded in duplicate onto a 12.5% SDS gel (Supplementary Figure S1 for gel layout). After electrophoresis, separated proteins were transferred to an Immobilon®-FL PVDF membrane (catalog # IPFL07810, Millipore-Sigma). The membrane was incubated in a blocking buffer [3% BSA/1% goat serum in TBS buffer] overnight at 4°C. The membrane was then cut in half so that one-half was incubated overnight at 4°C with biotin labeled P. gingivalis A7UF while the other was incubated with biotin labeled P. gingivalis W83, each at a concentration of 130 µg in 5 ml of a blocking buffer. The next morning, both membranes were washed three times in TBS-T before a 30-min incubation with IRDYE® 800CW streptavidin (catalog # 926-32230, LI-COR) at a concentration of 1µl/5 ml of a blocking buffer. After incubation, membranes were washed three times, 15 min per wash with TBS-T. Both A7UF and W83 labeled membranes were imaged at the same time with an AzureC600 imaging system (Azure Biosystems, CA, USA).



Detection of P. gingivalis/aortic smooth muscle cell protein interaction by pull-down assay

AoSMC surface proteins were used as “bait” to capture, detect, and compare total soluble P. gingivalis “prey” proteins from IRSA-inducing strain A7UF and nonIRSA-inducing strain W83. To prepare the bait, intact AoSMCs were first labeled with EZ-link™-NHS-SS-PEG4-Biotin (catalog #21442, Thermo Fisher Scientific) using the Pierce™ Cell Surface Protein Biotinylation and Isolation kit (catalog #A44390, Thermo Fisher Scientific) according to the manufacturer’s instructions. After biotin labeling, AoSMC membrane proteins were extracted with the Subcellular Protein Fractionation Kit for Cultured Cells (catalog #78840, Thermo Fisher Scientific) and dialyzed overnight with PBS before use. AoSMC protein extract quality and biotin labeling were checked by Western blot analysis (Supplement File 1, Figure S2). P. gingivalis/AoSMC protein interactions were determined with the Pierce™ Biotinylated Protein Interaction Pull-Down Kit (catalog # 21115, Thermo Fisher Scientific) as per the manufacturer’s instructions. The detergent-free preparations of total soluble bacterial proteins were used to cast the widest net for the de novo capture of on-column, strong protein–protein interactions and facilitate the subsequent LC/MS/MS identification of eluted P. gingivalis proteins. The optimization of pull-down assay conditions was confirmed by the silver staining of agarose gels that contained the samples of the serial eluates of bait control and bacterial samples (Supplement File 1, Figure S3). A ratio of one part AoSMCs (bait) to two parts P. gingivalis total soluble protein lysate (prey) was found to produce the greatest number of protein bands in the eluates. Briefly, immobilized streptavidin columns were loaded with the same concentration of the biotin-labeled AoSMC lysate (bait) while the negative (no bait) control columns received an equal volume of buffer. After incubation, streptavidin-available sites were blocked with a biotin-blocking solution. Then, an equal concentration of P. gingivalis A7UF or W83 total (prey) protein extracts, prepared as described above, were added to the AoSMC (bait)-loaded columns. The negative-bait control column received the same concentration of P. gingivalis A7UF or W83 (to detect non-specific binding), and the bait-only control column was loaded with the same volume of diluent buffer. All affinity columns were then incubated at 4°C for 48 h before washing (pH 5 buffer) and eluting with acidic buffer (pH 2.8). An aliquot of each eluate was screened for the presence of protein by gel electrophoresis and silver staining before samples were analyzed by NanoLc/MS/MS. The protein concentrations of each eluate was determined with a Nanodrop 1000 spectrophotometer (Thermo Fisher Scientific). The two series-matched eluate fractions that contained the most protein per group were selected and pooled for NanoLC/MS/MS analysis.



P. gingivalis proteome analysis

Both P. gingivalis strains A7UF and W83 were cultured at the same time, and total soluble protein was extracted as described above. Two hundred micrograms of protein extracts from each strain were processed by “in liquid” digestion and bacterial proteins were identified by nano scale liquid chromatography-coupled to tandem mass spectrometry (NanoLC-MS/MS) as described below.



Enzymatic “in liquid” digestion

P. gingivalis–soluble protein extracts for proteome analysis or captured protein eluates from the pull-down assay underwent TCA/acetone incubation for 30 min on ice to precipitate proteins (10% TCA in 50% acetone final vol:vol). The samples were spun for 10 min at room temperature at 16,000 x g, and pellets were washed twice with cold acetone. Generated protein extracts were resolubilized and denatured in 10 μl of 8 M urea in 50 mM NH4HCO3 (pH 8.5) and then subsequently diluted to 30 μl for the reduction step with 1.25 μl of 25 mM 1,4-Dithiothreitol (DTT) and 21.25 μl of 25 mM NH4HCO3 (pH 8.5). The samples were incubated at 56°C for 15 min and cooled on ice to room temperature, and then, 1.5 μl of 55 mM CAA (chloroacetaminde) was added for alkylation and incubated in darkness at room temperature for 15 min. The reactions were quenched by adding 4 μl of 25 mM DTT. Finally, 1.2 μl of a trypsin/LysC solution [100 ng/μl 1:1 trypsin (Promega) and LysC (FujiFilm) mix in 25 mM NH4HCO3] and 13.3 μl of 25 mM NH4HCO3 (pH8.5) was added to the 50 µl final volume. Digestion was conducted for 2 h at 42°C, and then, an additional 0.6 µl of the trypsin/LysC mix was added and digestion proceeded overnight at 37°C. The reactions were terminated by acidification with 2.5% TFA [trifluoroacetic acid] to a 0.3% final concentration.



NanoLC-MS/MS

P. gingivalis protein “in liquid” digests were desalted using Agilent Bond Elut OMIX C18 solid phase extraction (SPE) pipette tips per the manufacturer’s protocol, and the peptides were eluted in 10 µl of 60%/40%/0.1% ACN/H2O/TFA. Dried to completion in the speed-vac and finally reconstituted in 12 µl of 0.1% formic acid, the peptides were analyzed by nanoLC-MS/MS using the Agilent 1100 nanoflow system (Agilent) connected to a hybrid linear ion trap-orbitrap mass spectrometer (LTQ-Orbitrap Elite™, Thermo Fisher Scientific) equipped with an EASY-Spray™ electrospray source (held at constant 35°C). The chromatography of peptides prior to mass spectral analysis was accomplished using a capillary emitter column (PepMap® C18, 3 µM, 100 Å, 150 × 0.075 mm, Thermo Fisher Scientific) onto which 3 µl of extracted peptides were automatically loaded. The NanoHPLC system delivered solvents A: 0.1% (v/v) formic acid and B: 99.9% (v/v) acetonitrile, 0.1% (v/v) formic acid at 0.50 µl/min to load the peptides (over a 30-min period) and 0.3 µl/min to elute peptides directly into the nanoelectrospray with a gradual gradient from 0% (v/v) B to 30% (v/v) B over 80 min and concluded with a 5-min fast gradient from 30% (v/v) B to 50% (v/v) B, at which time a 5-min flash-out from 50%–95% (v/v) B took place. As peptides eluted from the HPLC-column/electrospray source survey MS scans were acquired in the Orbitrap with a resolution of 120,000 followed by the CID-type MS/MS fragmentation of 30 most intense peptides detected in the MS1 scan from 350 to 1,800 m/z; redundancy was limited by dynamic exclusion.



Data analysis of LC/MS/MS data

Elite acquired MS/MS data files were converted to the mgf file format using MSConvert (ProteoWizard: Open Source Software for Rapid Proteomics Tools Development). The resulting mgf files were used to search against concatenated Uniprot Rattus norvegicus and P. gingivalis proteome databases (UP000002494 and UP00000588, respectively, 04/05/2021 download, 33,543 total entries) along with a cRAP common lab contaminant database (116 total entries) using in-house Mascot search engine 2.7.0 [Matrix Science] with fixed cysteine carbamidomethylation and variable methionine oxidation plus asparagine or glutamine deamidation. Peptide mass tolerance was set at 10 ppm and fragment mass at 0.6 Da. Protein identification, the significance of identification, and spectral-based quantification were done with Scaffold software (version 4.11.0, Proteome Software Inc., Portland, OR, USA). Peptide identifications were accepted if they could be established at greater than 88.0% probability to achieve an false discovery rate (FDR) less than 1.0% by the Scaffold Local FDR algorithm. Protein identifications were accepted if they could be established at greater than 8.0% probability to achieve an FDR less than 1.0% and contained at least two identified peptides. Protein probabilities were assigned by the Protein Prophet algorithm (Nesvizhskii et al., 2003). Proteins that contained similar peptides and could not be differentiated based on MS/MS analysis alone were grouped to satisfy the principles of parsimony. Proteins sharing significant peptide evidence were grouped into clusters.

The functional analysis of identified P. gingivalis proteins was expanded using Uniprot, InterPro, and EggNOG databases and tools. Proteins were initially sorted by clusters of orthologous gene (COG) classifications and keyed by identified functional domains and a putative subcellular location. Select Pfam functional domains in P. gingivalis W83 (pgi) were cross-referenced using the Kyoto Encyclopedia of Genes and Genomes (KEGG) database (e.g., Por_Secre_tail/PF18962) for record completeness. The analyses of each identified protein were cross-referenced against P. gingivalis 33277 in all databases because of its broad use as the P. gingivalis reference strain. The corresponding W83 and 33277 genes of each identified protein were assessed for associated genes and functional pathways using STRING and cross-referenced to PubMed-indexed reports to further expand on annotations with experimentally supported functional data to facilitate classifications and data sorting. Identified and annotated proteins were grouped into one or more functional classification groups and sorted by total and relative expression (spectral count) in W83 and A7UF.




Results


IRSA-affected dams have evidence of aortic smooth muscle injury

Presently, there are no methods that can isolate the enriched or purified populations of spiral arterial VSMCs because there are no established biomarkers that can distinguish spiral arterial VSMCs from the dominant population of uterine smooth muscle cells. Therefore, we sought to determine if AoSMCs could serve as a biologically relevant surrogate for spiral arterial VSMCs since women diagnosed with IRSA exhibit systemic arterial dysfunction during pregnancy that persists after giving birth (Hermes et al., 2013; Veerbeek et al., 2015; Harris et al., 2019). Moreover, our rat model of P. gingivalis–induced IRSA is created by a chronic oral infection of 3 months duration before breeding (Tavarna et al., 2020; Tavarna et al., 2022), which could promote systemic maternal vascular injury. The aorta from sham-inoculated controls and P. gingivalis A7UF-induced IRSA-affected dams were evaluated for vascular injury. The thoracic and abdominal aorta were first analyzed for the expression of genes involved in inflammation (MCP-1/Ccl2, interleukin-1β, and TNF), endothelial injury/activation (e-selectin and Icam-1), and remodeling (TGF-β1 and endoglin) (Tang et al., 2011; Tian et al., 2017). There was no difference in the expression of inflammatory cytokines (Ccl2, Il1b, and Tnf) nor endothelial injury (e-selectin and Icam-1) between the groups. However, both endoglin and TGF-β1 expression were increased in IRSA-affected animals (Figure 1A).




Figure 1 | The aorta of IRSA affected dams has enhanced expression of TGF-β1 and endoglin signaling. (A) The descending aorta from pregnant sham (controls) and dams infected with IRSA-inducing P. gingivalis A7UF (n = 6) was examined for the expression of Ccl2, Il1b, Tnf, Sele (e-selectin), Icam1, Tgfb1, and Eng (endoglin). Gene expression was determined by quantitative real-time PCR (qRT-PCR) using β-actin as the reference gene. Values are the mean ± SD of 2-ΔCt (n=5). *Indicates values statistically different by Student’s t-test. (B) In situ detection of TGF-β1(red) and Eng (red) protein in rat aortic arch sections from sham controls and dams infected with P. gingivalis A7UF. Aortic smooth muscle was identified by positive staining for α-actin (ACTA, green). Nuclei were stained with DAPI. Scale bar = 50 µm. White arrows point to Eng-positive endothelium. White arrowheads point to Eng-positive vascular smooth muscle cells (VSMCs) migrating into aortic intima. Dashed line demarcates the endothelial edge from the arterial lumen that contains autofluorescent red blood cells.



Aortic arch and valve specimens from sham-inoculated controls and IRSA-affected dams infected with P. gingivalis A7UF were immunostained for endoglin and TGF-β1. Both control and IRSA-affected dams showed endoglin staining in the aortic endothelium, but only IRSA-affected dams showed endoglin-positive VSMCs, some of which were seen migrating into the aortic intima (Figure 1B). The aortic endothelium and smooth muscle from IRSA-affected dams also showed increased staining for TGF-β1 compared to controls (Figure 1B). In summary, aortic smooth muscle tissue from dams with P. gingivalis A7UF-induced IRSA showed an enhanced expression of TGF-β1 and endoglin that are implicated in vascular dysfunction (Ma et al., 2000; Tang et al., 2011; Tian et al., 2017).

Since our IRSA model depends on a chronic infection with P. gingivalis A7UF, rat aortic arch and valve specimens from the same animals examined in Figure 1 were also examined for colonization by P. gingivalis (Figure 2). P. gingivalis protein was detected by immunofluorescent histology. To identify AoSMCs, tissues were counterstained with an antibody to smooth muscle actin (ACTA). P. gingivalis A7UF was identified in aortic valve sections from three of six infected dams. P. gingivalis protein was detected in AoSMCs adjacent to the intima (Figure 2A), and the aggregates of P. gingivalis were found most often in the aortic intima in association with endothelium and ACTA-negative cells (Figures 2A-C). P. gingivalis A7UF was not detected in any aortic specimens from sham-inoculated controls (Figure 2D).




Figure 2 | In situ detection of P. gingivalis in rat aortic specimens. White arrows indicate regions positive for P. gingivalis (red). VSMCs (green) were counterstained with an antibody to smooth muscle actin. Nuclei were stained with DAPI. (A-C) are magnified insets of regions positive for P. gingivalis. (D) Sham-inoculated control RBCs = red blood cells. (E) Isotype control. Transillumination (gray) was used to delineate tissue architecture. Scale bar = 50 µm.





P. gingivalis A7UF and W83 induce different in vitro responses in rat aortic smooth muscle cells

We next determined whether in vitro infection with IRSA-inducing strain A7UF and/or nonIRSA-inducing strain W83 recapitulates VSMC dysfunction observed with IRSA in vivo. AoSMCs were infected in vitro with A7UF or W83 and assessed for phenotype switching (Figure 3). Infection with A7UF induced an increased expression of Ccl2, Icam1, Tgfb1, Eng, and matrix metalloproteinase (Mmp) 2 and 9 with no change in the expression of the tissue inhibitor of metalloproteinase (Timp) (Figure 3A). In contrast, infection with W83 only increased the AoSMC expression of Ccl2, Icam1, and Eng (Figure 3A). When comparing gene expression profiles between A7UF and W83, only Tgfb1 expression was significantly increased in the A7UF group (Figure 2A). Infection with A7UF also enhanced AoSMC migration before and after the addition of the agonist vitronectin (Figure 3B). Infection with W83 had no significant effect on AoSMC migration compared to control cells (Figure 2B). The infection of AoSMCs with either A7UF or W83 had no significant effect on AoSMC proliferation (Figure 3C). In summary, A7UF induced phenotypic changes in AoSMCs that can impact vascular remodeling (i.e., increased migration and expression of Tgfb1, Mmp2, and Mmp9), which were not observed in W83-infected cells.




Figure 3 | Impact of the in vitro infection of AoSMCs with P. gingivalis. (A) Aortic smooth muscle (AoSMC) gene expression following infection with A7UF or W83. Values represent the mean ± SD (n = 5) from two independent experiments. Bars labeled with α indicate values are significantly different from sham control (P < 0.05). The A7UF bar labeled with β indicates that this value is also significantly different from W83 (P < 0.05). (B) AoSMC migration assessed by the Transwell assay. Values represent the mean ± SD of (n = 4) from two independent experiments. α, β, γ, and δ indicate that the value is significantly different from all other groups (P < 0.05). (C) AoSMC proliferation assessed by proportion of PCNA-positive nuclei. Values represent the mean ± SD of (n = 6).





P. gingivalis A7UF and W83 bind differently to rat aortic proteins

After establishing that A7UF and W83 have different effects on AoSMC phenotype switching in vitro, we next determined if proteins from P. gingivalis A7UF and W83 bound differently to rat aortic tissue and AoSMCs by far-Western blot. Both A7UF and W83 proteins bound to rat aortic proteins with some similarity. However, more A7UF proteins bound to rat proteins in the 20–40 kDa size than W83. In contrast, more W83 proteins bound to rat proteins in the 50–250 kDa size than A7UF (Figure 4).




Figure 4 | Far-Western blot showing the differential binding pattern of P. gingivalis A7UF and W83 to rat aortic tissue and AoSMCs. Far-western image is representative of two independent experiments. Numbers indicate marker reference sizes in kDa.





P. gingivalis/aortic smooth muscle cell protein interactions by pull-down assay

Since our objective was to identify bacterial proteins that are most likely to affect cell signaling events in VSMCs (i.e., membrane receptors), we used AoSMC membrane proteins as the bait in our pull-down assays. However, prey protein extracts included all soluble bacterial compartments (cytosol and membrane associated). LC/MS/MS identified 490 proteins in the A7UF eluate; of these, 232 proteins were also found in the W83 eluate (Supplement File 2). Based on their database annotation and cross-referenced against experimentally supported reports, these captured prey proteins localize to the cytosol, inner membrane, periplasmic space, outer membrane, and outer surface or are secreted. Since our interest was in bacterial proteins that would directly interact with the host cell during natural infections, the presumptive cytosolic proteins identified in this assay were excluded from further consideration in our initial screening.

Spectral counting was used to quantify and compare each protein in each sample. To reduce the risk of considering artifactual interactions, we set our threshold level for the screening and identification of strain-specific non-cytosolic proteins captured in the pull-down assay eluates to a minimum of 10 or more spectral counts. Based on these criteria, we identified eight membrane-associated or secreted proteins in the A7UF-only eluate (Table 1). None of the proteins present in the W83 eluate met our criteria (i.e., 10 or more spectral counts). Only two proteins were identified as unique to the W83 eluate, annotated as uncharacterized proteins (PG1507 and PG0987); however, their spectral counts were 4 and 6, respectively.


Table 1 | Proteins only detected in the A7UF-eluted fraction with 10 or more spectral counts.



In Table 1, dipeptidyl-peptidase 5 (PG0724), a periplasmic enzyme involved in amino acid metabolism, had the highest spectral counts (41) in the A7UF eluate that were undetected in the W83 eluate. The STRING analysis of PG0724 set at high confidence (≥0.700) showed an association of this protein with two other dipeptidyl-peptidases, dpp11(PG1283) and dpp7 (PG0491), both of which were detected in higher concentrations in the A7UF eluate (Figure 5). An uncharacterized protein, PG0723, was not detected in the pull-down eluates.




Figure 5 | PG_0724 interaction network using STRING database.org. Network nodes represent all proteins produced by a single, protein-coding P. gingivalis W83 gene locus. Bold text in nodes indicates the spectral counts of the protein found in the A7UF eluate. Italicized numbers within nodes indicate the fold greater number of spectral counts in the A7UF eluate compared to W83. Nodes without numbers indicate proteins that were not identified in the pull-down eluates. Protein interactions include neighborhood (bright green), text-mining (pale green), coexpression (black), and gene co-occurrence (blue).



PG0809, also known as Sov, which is a component of the type 9 secretion system (T9SS), had the next highest number of spectral counts in the A7UF eluate. The STRING protein interaction analysis of PG0809, which was set at high confidence (≥0.700), listed several proteins that are the components of the T9SS, its cargo, or others (Figure 6) (Heath et al., 2016; Lasica et al., 2017). Of these, PG0026, and PG0534 are listed in Table 1. The other known T9SS component proteins identified by STRING (Figure 6) and detected in the pull-down assay included PG1058 (A7UF eluate alone) and others that were in higher concentration in the A7UF eluate including PG0027, PG0236, PG0288, PG0290, PG0291, PG0602, PG1850, PG2092 and PG2172 (Table 2). Proteins identified by STRING (Figure 6) but not detected in the pull-down eluates included PorT (T9SS outer membrane component); PG0052 (PorY, T9SS sensor histidine kinase); PG0189 (PorG, T9SS outer membrane component), PG0287 (PorP, T9SS outer membrane component), PG0289 (PorL, T9SS inner membrane component); PG0810 (uncharacterized protein); PG0928 (PorX, T9SS response regulator); PG1947 (PorW, T9SS periplasmic component); and ruvA (Holliday junction ATP-dependent DNA helicase). PG1786 is another T9SS component (Heath et al., 2016) that was not detected by STRING analysis but was present in the pull-down eluates (Tables 2, S1).




Figure 6 | PG_0809 interaction network using STRING database.org. Network nodes represent all proteins produced by a single, protein-coding P. gingivalis W83 gene locus. Bold text in nodes indicate the spectral counts of the protein found in the A7UF eluate. Italicized numbers within nodes indicate the fold-greater number of spectral counts in the A7UF eluate compared to W83. Nodes without numbers indicate proteins that were not identified in the pull-down eluates. Protein interactions include experimentally determined (pink), gene fusions (red), neighborhood interactions (bright green), text-mining (pale green), and gene co-occurrence (blue).




Table 2 | T9SS components detected in the A7UF-only eluate or both.



Other P. gingivalis proteins that were only detected in the A7UF eluate (Table 1) included two T9SS substrate uncharacterized outer membrane proteins: PG2216 and PG2102 (known as an immunoreactive 61 kDa antigen) (Veith et al., 2014). The other proteins listed in Table 1 were PG1430, an uncharacterized membrane protein that contains a TPR domain putatively involved in protein complex assembly, and PG2155, an uncharacterized membrane protein that contains a metalloprotease domain. The STRING interaction maps for these proteins can be found in the Supplement File 1.

We next screened proteins present in both A7UF and W83 eluates. Because our interest was in membrane proteins that were enriched in the A7UF sample, we normalized spectral counts by dividing the A7UF counts by W83 and set the cut-off value as positive for enrichment at threefold or greater in the A7UF eluate. Based on this criteria, additional 16 T9SS components or cargo proteins were identified (Table 3). Known virulence factors, RgpB gingipains (4.2-fold greater in A7UF), HagE/RgpA gingipains (3.2-fold greater in A7UF), CPG70 zinc carboxypeptidase (3.2-fold greater in A7UF), and mfa5 minor fimbrial subunit (4-fold greater in A7UF), were included in this group. Other proteins that fit this criteria but were not T9SS substrates included HmuR, (PG1552, Ton-B dependent hemoglobin receptor, 6.4-fold greater in A7UF), PG2008 (Ton-B dependent receptor, 3.3-fold greater in A7UF), and PG1835 (surface lipoprotein, 3-fold greater in A7UF) (Table S1).


Table 3 | T9SS cargo proteins detected in the A7UF-only eluate or both.





P. gingivalis A7UF and W83 proteome profiles

To determine if results of the pull-down assay were caused by differences in the A7UF and W83 proteome, we profiled the proteins present in the protein extracts that were used for the pull-down assay (Supplement File 2, Table S2). Overall, most proteins detected in the pull-down assay were present in both A7UF and W83 proteomes. We first screened the A7UF and W83 proteomes for the proteins that were only detected in the A7UF pull-down eluate (Table 1). The spectral counts from PG0724 (Dpp5), PG0809 (T9SS component Sov), PG0026 (T9SS component PorU), PG2216 (T9SS cargo), and PG1430 (TPR domain protein) were enriched in the W83 proteome compared to A7UF (Supplement File 2, Table S3); these proteins had the highest spectral counts in the A7UF pull-down eluate (Table 1). In contrast, PG0534 (PorF) and PG2155 were more abundant in the A7UF proteome than W83 (7.7 spectral counts vs. 2.9). Thus, despite these proteins not being captured and detected in the W83 pull-down assay, Sov, PorU, and PorF were present in the W83 protein lysate that was used as bait.

We then screened the proteome profiles of A7UF and W83 for all T9SS components (Supplement File 2, Table S3). PG0182 (mfa5) was not detected in either the A7UF or W83 proteome. In total, 16 of the T9SS cargo proteins detected in the pull-down assay were enriched in the W83 proteome. These were PG0232, PG0410, PG0411, PG0506, PG0611, PG0626, PG0654, PG1030, PG1035, PG1424, PG1604, PG1798, PG1837, PG2172, and PG2216. The T9SS cargo proteins that were enriched in the A7UF proteome included PG0183, PG0350, PG0495, PG0553, PG0614, PG0616, PG1374, PG1795, PG2003, and PG2102. PorX (PG0928), which is the cytoplasmic response regulator of T9SS expression detected in both proteomes, was not detected in the pull-down eluates. However, PorA (PG2172), the putative outer membrane relay protein of the PorXY-SigP signaling pathway (Yukitake et al., 2020, Gorasia et al., 2022) was detected in the pull-down eluate. PorX was enriched in the A7UF proteome, but PorA was enriched in the W83 proteome. Neither the inner membrane sensor kinase PorY (PG0052) nor the cytoplasmic SigP (PG0162) sigma factor components of the PorXY-SigP regulatory system for T9SS expression were detected in either the proteome or eluate.




Discussion

Our objective was to discover P. gingivalis virulence factors operating at the bacterial/host interface that could be responsible for VSMC dysfunction. To increase the likelihood that we identified VSMC/P. gingivalis protein interactions specific to IRSA, nonIRSA-inducing W83 was used as a VSMC phenotype negative control. Because of the technical challenges that prevent isolating purified VSMCs from the placental bed, it was necessary to determine if rat AoSMCs could serve as a surrogate for spiral arterial smooth muscle. We first established that dams with P. gingivalis A7UF-induced IRSA also show AoSMC changes along with the P. gingivalis colonization of the tissue. Moreover, the in vitro infection of AoSMCs with IRSA-inducing strain A7UF showed similar changes in AoSMC responses to infection that were distinct from infection by non-IRSA-inducing strain W83. After validating that our approach was sound, the pull-down assay detected various membrane-associated proteins unique to or enriched in the IRSA-inducing A7UF fraction.

The most prominent and biologically compelling group of proteins that were enriched in the A7UF pull-down eluate are the components of the T9SS and its cargo. It has already been established that the T9SS plays an essential role in the processing and export of major virulence factors including gingipains and peptidylarginine deiminase (Glew et al., 2012; Sato et al., 2013) where they can interact with the host cell during bacterial attachment or through outer membrane vesicles (Veith et al., 2014). Among the 33 T9SS substate proteins (cargo) reported by Health et al. (Heath et al., 2016), 25 of them were detected as interacting with AoSMCs and were enriched for in the IRSA-inducing strain A7UF relative to W83, supporting the hypothesis that they play a leading role in host–pathogen interactions. Given that other bacterial secretion systems such as T3SS, T4SS, and T6SS transport bacterial proteins across cell membranes (Green and Mecsas, 2016), the high affinity of T9SS components for host cells implies that the P. gingivalis T9SS may serve a similar function during in vivo infection.

A further support of the biological relevance of our data was the identification of known immunoreactive proteins. Among the enriched T9SS components and substrates identified, six (PG0232, PG1058, PG1374, PG1604, PG1798, and PG2102) have been previously reported as immunoreactive in vivo and confirmed using a murine subcutaneous abscess model (Ross et al., 2009). The additional reportedly immunoreactive proteins that interacted with AoSMCs in our pull-down assays include four outer membrane proteins (Table S1): PG0668 (putative TonB-dependent ligand-gated receptor), PG2054 (Porin F-like periplasmic lipoprotein), PG2167 (TPR domain PgmA paralog that complexes with PG2168), and PG2173 (Omp28 lipoprotein) (Veith et al., 2021). The only T9SS substrate previously reported as immunoreactive that was not detected in either the proteome or the pull-down assay was PG2100 (TapC), an outer membrane protein of unknown function found in W83 but not P. gingivalis reference strain 33277.

Our study does not establish causality between the T9SS/AoSMC interaction and VSMC dysfunction. However, RgpB gingipains, which is a T9SS cargo protein that was enriched in the A7UF eluate, affects several host cell pathways that regulate VSMC plasticity such as the focal adhesion pathway (involved in cell migration), NOD-like receptor signaling pathway, MAPK signaling pathway modulates the downstream effectors of TGF-β signaling), and TGF-beta signaling pathway (Zhang et al., 2016). The Mfa5 minor fimbrial subunit that was also enriched in the A7UF eluate may also affect VSMCs since it is proposed to act as a ligand for host cell receptors whereby P. gingivalis could subvert host cell signaling (Hasegawa and Nagano, 2021).

The potential impact of the other proteins that were only detected in the A7UF pull-down eluate (Table 1) deserve mention. Very little is known about the potential virulence of P. gingivalis dipeptidyl-peptidase 4. Dipeptidyl-peptidase plays a role in nutrient acquisition and, in that sense, may facilitate bacterial survival and long-term colonization within the host (Nemoto and Ohara Nemoto, 2021).

Our method of using P. gingivalis whole cell lysates as prey in our pull-down assay resulted in numerous AoSMC/P. gingivalis interactions that seem biologically irrelevant during active colonization. Such examples include bacterial proteins that are normally confined to the cytosol and inner membrane that were present in both A7UF and W83 eluates. Our pull-down assay also captured periplasmic proteins that were not expected to interact with AoSMCs based on the same reasoning. However, in the case of periplasmic T9SS components such as PorK, PorN, and PorM, we wondered if their presence in the A7UF eluate was due to their binding to T9SS-interacting partners rather than a direct interaction with AoSMCs.

Comparing the proteome profiles of the “prey” protein extracts to the pull-down eluates provided additional insights. First, it clarified that negative results in the W83 pull-down eluate was not due to the lack of protein expression in W83. On the contrary, several proteins that were unique to or enriched in the A7UF pull-down were in higher abundance in the W83 prey protein preparation (proteome). Therefore, other factors such as post-translational modifications of P. gingivalis proteins that could affect the stability of the bacterial protein to the host protein bond need to be considered. This phenomenon is particularly relevant to the T9SS cargo proteins including PorU that undergoes extensive glycosylation after the c-terminus is removed by the T9SS (Shoji et al., 2011; Gorasia et al., 2015). Protein glycosylation affects protein folding, targeted transport, cellular localization, and protein activity (Lin et al., 2020). Alternatively, there may be stability issues regarding the anchoring of the T9SS outer membrane complex to P. gingivalis LPS in W83. For example, the W83 clone that we used in our study is K-antigen capsule negative (Kim et al., 2021). This may explain why components that form the attachment complex, PorU/PorV/PorQ/PorZ (Gorasia et al.), were missing or decreased in the W83 pull-down eluate despite PorU, PorV, and PorZ being in greater abundance in the W83 prey preparation. It is unlikely that the results of the pull-down assay were caused by variability in our methodology since both P. gingivalis strains were cultured at the same time, in the same medium, and processed the same way. Further, the same concentration of W83 and A7UF protein lysates were loaded onto the affinity columns that contained the same AoSMC bait preparations within the same pull-down experiment. Finally, to avoid false-positive results, we optimized our assay to detect the strongest, most stable host/bacterial protein interactions.

It is not unusual that we observed a difference in the relative abundance of T9SS components in the A7UF and W83 protein extracts. Using proteomics, others have reported that the stoichiometric profiles of T9SS components differ between wildtype P. gingivalis W50 and 33277 strains (Gorasia et al., 2020). However, unlike Gorasia et al. (2020), who detected all the components of the T9SS in their preparations, we did not. Compared to conventional LC-MS/MS coupled to the UHPLC of the in-gel digests of whole cells as used by Gorasia et al. (2020), our proteome profiles were generated using NanoLC-MS/MS coupled to a NanoHPLC of liquid protein digests at high-resolution gradient length, which typically results in low-abundance peptides dropping below the limit of detection. Thus, the lack of detection of certain proteins in the proteome assay (e.g., those captured in the pull-down assay for both W83 and A7UF indicating that they were present in the protein preparations) was a result of the relatively low abundance of identifiable peptides. Further, our methodology required physiologic buffer conditions for optimal protein–protein interactions, which would result in the inevitable loss of insoluble P. gingivalis proteins in our preparation. This is a limitation of this approach, and, as such, there is a risk that we have not captured all P. gingivalis proteins capable of binding to AoSMCs. Another limitation of our study is that we used one set of bacterial culture conditions that would not reflect the full repertoire of P. gingivalis proteomes that change with the composition of the growth medium (Veith et al., 2018). However, an important caveat of our approach was that it was designed to mimic conditions that we have observed in our in vivo model of infection (Phillips et al., 2018; Tavarna et al., 2020; Tavarna et al., 2022). Despite the limitations of our proteome study, we identified several P. gingivalis proteins in IRSA-inducing A7UF that had strong, stable interactions with AoSMC proteins that did not occur with non-IRSA-inducing W83. In addition, there is circumstantial evidence that proteins enriched in the A7UF pull-down eluate, such as T9SS cargo proteins RgpB and Mfa5 that affect host cell functions may affect vascular dynamics (Zhang et al., 2016; Hasegawa and Nagano, 2021), merit further study.

During the past decade, numerous studies have identified the components of the T9SS as well as its contribution to virulence in the form of processing and regulating the secretion of putative virulence factors (Sato et al., 2005; Sato et al., 2010; Shoji et al., 2011; Sato et al., 2013; Gorasia et al., 2015; Heath et al., 2016; Lasica et al., 2016; Taguchi et al., 2016; Glew et al., 2017; Madej et al., 2021). It was recently demonstrated that the T9SS modulates cytokine responses in macrophages and gingival fibroblasts (Braun et al., 2022). This study shows an association between the binding of the outer components of the P. gingivalis T9SS to VSMCs and their perturbed plasticity. The possibility that the T9SS is involved in the microbial manipulation of host cell signaling events important for cell differentiation and tissue remodeling would constitute a new virulence function for this system.
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