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RESEARCH ARTICLE
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Abstract

Periodontal disease is driven by dysbiosis in the oral microbiome, resulting in over-repre-

sentation of species that induce the release of pro-inflammatory cytokines, chemokines,

and tissue-remodeling matrix metalloproteinases (MMPs) in the periodontium. These

chronic tissue-destructive inflammatory responses result in gradual loss of tooth-support-

ing alveolar bone. The oral spirochete Treponema denticola, is consistently found at sig-

nificantly elevated levels in periodontal lesions. Host-expressed Toll-Like Receptor 2

(TLR2) senses a variety of bacterial ligands, including acylated lipopolysaccharides and

lipoproteins. T. denticola dentilisin, a surface-expressed protease complex comprised of

three lipoproteins has been implicated as a virulence factor in periodontal disease, pri-

marily due to its proteolytic activity. While the role of acylated bacterial components in

induction of inflammation is well-studied, little attention has been given to the potential

role of the acylated nature of dentilisin. The purpose of this study was to test the hypothe-

sis that T. denticola dentilisin activates a TLR2-dependent mechanism, leading to upregu-

lation of tissue-destructive genes in periodontal tissue. RNA-sequencing of periodontal

ligament cells challenged with T. denticola bacteria revealed significant upregulation of

genes associated with extracellular matrix organization and degradation including poten-

tially tissue-specific inducible MMPs that may play novel roles in modulating host immune

responses that have yet to be characterized within the context of oral disease. The Gram-

negative oral commensal, Veillonella parvula, failed to upregulate these same MMPs.

Dentilisin-induced upregulation of MMPs was mediated via TLR2 and MyD88 activation,

since knockdown of expression of either abrogated these effects. Challenge with purified

dentilisin upregulated the same MMPs while a dentilisin-deficient T. denticola mutant had

no effect. Finally, T. denticola-mediated activation of TLR2/MyD88 lead to the nuclear

translocation of the transcription factor Sp1, which was shown to be a critical regulator of

all T. denticola-dependent MMP expression. Taken together, these data suggest that
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T. denticola dentilisin stimulates tissue-destructive cellular processes in a TLR2/MyD88/

Sp1-dependent fashion.

Author summary

Periodontal disease is driven by dysbiosis of the oral microbiome, which interacts with

host tissues and thereby induces the release of pro-inflammatory cytokines, chemokines,

and tissue-remodeling matrix metalloproteinases (MMPs), leading to destruction of the

periodontal tissues. Even after clinical intervention, patients with severe periodontal dis-

ease are left with a persistent pro-inflammatory transcriptional profile throughout the per-

iodontium. The oral spirochete, Treponema denticola is consistently found at elevated

levels in periodontal lesions and is associated with several pathophysiological effects driv-

ing periodontal disease progression. The T. denticola surface-expressed protease complex

(dentilisin) has cytopathic effects consistent with periodontal disease pathogenesis. To

date, few direct links have been reported between dentilisin and the cellular and tissue

processes that drive periodontal tissue destruction at the transcriptional and/or epigenetic

levels. Here, we utilize wild type and dentilisin-deficient T. denticola as well as purified

dentilisin to characterize dentilisin-dependent activation of intracellular pathways con-

trolling MMP expression and activity. Our results define a role for dentilisin in initiating

this signal cascade. Also, our study identified tissue-specific inducible MMPs that may

play novel roles in modulating as-yet uncharacterized host responses in periodontal dis-

ease. Lastly, T. denticola dentilisin stimulates tissue-destructive cellular processes in a

TLR2/MyD88/Sp1-dependent fashion. Taken together, our study provides new insights

into the molecular mechanisms underpinning periodontal disease progression which

could lead to the development of more efficacious therapeutic treatments.

Introduction

Periodontitis or Periodontal Disease is characterized as a chronic oral inflammatory disease

that compromises the integrity of the tooth-supporting tissues, which include the gingiva, peri-

odontal ligament and alveolar bone, and are collectively known as the periodontium. In its

severe form, which afflicts 8.5% of adults in the United States [1], periodontitis may cause

tooth loss, and also affect systemic health by increasing the patients’ risk for atherosclerosis,

adverse pregnancy outcomes, rheumatoid arthritis, aspiration pneumonia and cancer [2–5].

Additionally, patients with chronic forms of periodontal disease are left with a non-resolving

pro-inflammatory transcriptional profile throughout the periodontium, even after clinical

intervention, leading to tissue-destruction and tooth loss [6–8]. This suggests that previously

uncharacterized cellular and molecular mechanisms underlying periodontal disease patho-

physiology may explain why many patients do not respond to the conventional treatment

schema.

The periodontal ligament (PDL) has two primary functions: 1) to absorb and respond to

mechanical stresses, and 2) to provide vascular supply and nutrients to the cementum, alveolar

bone and the PDL itself. Osteoblasts, osteoclasts, cementoblasts and endothelial cells make up

the PDL and reside on the surface of the lamina dura and endosteal surfaces of the alveolar

bone and cementum [9,10]. The most prominent cell type are human periodontal ligament

fibroblasts (hPDL), which specialize in mechanosensing and tissue remodeling through robust

expression of various hydrolytic enzymes such as matrix metalloproteinases (MMPs)[10,11].
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They also function as immune-like cells demarcated by the production of inflammatory cyto-

kines, chemokines and expression of pattern recognition receptors (PRRs), such as toll-like

receptors (TLRs), which are responsible for monitoring the local environment for signs of dan-

ger in the form of highly conserved microbial molecules present during periodontal disease

[12–15]. When TLR signaling is left unchecked, downstream genes, such as MMPs can become

significantly upregulated and constitutively activated, thereby contributing to the overall

destruction of the periodontium by degrading extracellular matrix (ECM) proteins, such as

collagen and fibronectin [11,16–20]. Although the role of MMPs has been primarily ascribed

to turnover of the ECM, the great number of new substrates discovered for MMPs in the last

few years suggest they are capable of regulating many signaling pathways, cell behaviors and

diseases through novel mechanisms [21]. Therefore, PDL cells likely play a significant role in

initiating and exacerbating tissue degradation and suggest that pharmacological anti-inflam-

matory treatment of periodontal disease should target dysregulated MMP activity and levels in

the PDL tissues.

The pathogenic processes of periodontal disease are primarily due to the host response, which

propagates the destructive responses initiated by microbes [22–24]. While a large focus has been

placed on species such as Porphyromonas gingivalis, Fusbacterium nucleatum, and Aggrigatibacter
actinomycetemcomitans, recent metagenomic and metatranscriptomic studies have implicated the

Gram negative-oral spirochete, T. denticolawith advanced or aggressive forms of periodontal dis-

ease and recurrence of disease [25–40]. Interactions between bacteria, viruses and host cells have

been associated with shifts from health to disease in oral tissues as well [41–44].

Greatly increased numbers of T. denticola levels in periodontal disease vs health has been

well-documented in the literature for>40 years [45]. Our lab has readily demonstrated that T.

denticola was ~15-fold higher in the subgingival biofilm of periodontal lesions [46]. Addition-

ally, elevated T. denticola biofilm levels combined with elevated MMP levels in host tissues dis-

play robust combinatorial characteristics in predicting advanced periodontal disease severity

[46,47]. Further, Lee et al. and colleagues demonstrated that T. denticola infection was suffi-

cient to induce alveolar bone resorption in a mouse model of periodontal disease [48]. Thus,

clinical data regarding the increased presence of T. denticola in periodontal lesions, together

with basic and in vivo studies involving the role of T. denticola products suggest that it plays a

pivotal role in driving periodontal disease progression.

Among the various T. denticola effector molecules that have been described, its acylated

chymotrypsin-like protease complex (CTLP), more recently called dentilisin, is a major viru-

lence factor which facilitates numerous cytopathic effects that align with periodontal disease

pathophysiology [30,49,50]. A few examples including adhesion, degradation of endogenous

ECM-substrates [35], tissue penetration [51], complement evasion [52], ectopic activation of

host MMPs [39] and degradation of host chemokines and cytokines, such as IL-1β and IL-6,

primarily due to its potent proteolytic activity [38]. However, as in other spirochetes, con-

served lipid moieties of the protease complex recognized by host TLR2 receptor complexes

may contribute to activation of innate immune responses [53]. Because predominant host

responses to lipoproteins are believed to be to their lipid moieties, most studies have focused

on diacylated lipopeptide, Pam2CSK4, and triacylated lipopeptide, Pam3CSK4, which mimic

bacterial lipoproteins for their potent immunostimulatory and osteoclastogenic activities by

preferentially activating TLR2-dependent pathways [53–55]. Recent studies have demon-

strated that synthetic di- and tri-acylated lipopeptides which preferentially activate TLR2/6

and TLR2/1-dependent pathways respectively, are sufficient to induce alveolar bone loss in

mice [54,56], broadening the avenues of investigation into the role of lipoproteins underpin-

ning the pathogenesis of periodontal disease. However, studies which utilize endogenously

expressed bacterial lipopeptides are greatly lacking.
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While a clear role for dentilisin in the context of periodontal disease has been delineated at

the protein level, its ability to influence host ECM metabolism in a gene-centric context has yet

to be characterized. Thus, the aim of this study was to determine the extent to which T. denti-
cola and its highly expressed acylated dentilisin protease complex influence the transcriptional

regulation of MMPs through TLR2-dependent pathways in hPDL cells.

Results

T. denticola upregulates genes associated with ECM and degradation in

hPDL cells

To better understand the extent to which T. denticola influences host transcriptomes in an unbi-

ased and gene-centric context, we challenged three healthy patient replicates of hPDL cells with

wild-type Td-WT for 2 hours. The cells were then incubated for an additional 3 or 22 hours (5

and 24-hours, respectively) before extracting total RNA for sequencing. Unchallenged hPDL cells

were used as a negative control. The results are shown in Fig 1. In order to include moderately

up- or downregulated genes in the analysis, genes below our cutoff criterion with a significant dif-

ference (p< 0.05) were examined. Differential expression analysis revealed a large overlap in gene

expression between the control and 5-hour incubation groups (289 genes), whereas the control

and 24-hour incubation groups showed significantly less overlap (165 genes) (Fig 1A). Hierarchi-

cal clustering analysis was carried out with the log10 (FPKM+1) of union differential expression

genes of all comparison groups under different experimental conditions. Essentially, experimental

groups which have more unique clusters diverge further away from the control group. The

24-hour incubation group clustered away from the 5-hour incubation and control groups (Fig

1B). For the gene ontology analysis, we utilized the mean FPKM values for each gene across

experimental groups. Gene clusters at or above a 0.05 adjusted p-value were delineated as statically

significant increases. ECM (~6-fold change), collagen degradation (~2-fold change) and degrada-

tion of the ECM (~2-fold change) amongst the top 20 significantly enriched biological processes

(Fig 1C). Downregulated GO and KEGG Terms can be found in S1 Fig. KEGG pathway analysis

revealed ECM-Receptor (~4-fold change), Notch (~2-fold change), endocytosis (~2-fold change)

and protein digestion (~2-fold change) signaling amongst the top 20 enriched signaling pathways

upon T. denticola challenge (Fig 1D). Interestingly, Membrane-type matrix metalloproteinase 4

(MMP-17), Stromelysin-3 (MMP-11) and Epilysin (MMP-28) were consistently clustered with

various GO terms associated with ECM remodeling and catabolism and have not been associated

with periodontal disease to date. Although RNA-seq analysis revealed increases in MMP-2 and

MMP-14 read counts, they were not found to be statistically significant. Both genes, however,

have been found to be chronically upregulated in hPDL fibroblasts upon T. denticola challenge for

up to 12 days in vitro [46]. Additionally, while the primary functions of these enzymes have been

associated with tissue turnover, both MMP-2 and MMP-14 participate in the active degradation

of various cytokines [57], chemokines [57], ECM proteins [58] and various intracellular substrates

[21,59,60] expressed by hPDL cells expressed during periodontal disease infections, delineating

their potentially important role in driving periodontal induced tissue destruction. Next, we sought

to determine if this upregulation of tissue destructive genes is common among pathogens and

commensal bacteria.

MMPs are not upregulated by commensal oral Gram-negative Veillonella
parvula
To determine if the induction of these MMPs was specific to T. denticola, we utilized Veillo-
nella parvula, a Gram-negative anaerobic oral commensal that is prevalent in the gut and oral
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cavity and is not associated with oral diseases [61]. hPDL cells were challenged with wild-type

T. denticola or V. parvula bacteria for 2 hours at 50 MOI followed by a 22-hour incubation

period in α-MEM media free of antibiotics and supplemented with 10% FBS. V. parvula chal-

lenge did not induce the upregulation of MMPs 2, 11, 14, 17 or 28 (Fig 2). By contrast, T. den-
ticola elicited a ~2-fold upregulation or more of all target MMP genes (Fig 2).

T. denticola dentilisin mediates the upregulation of various MMPs in hPDL

cells

Among the various TLR2 stimulatory bacterial ligands, lipoproteins are considered a major

virulence factor because of their strong immunostimulating capacity [55,62,63]. Interestingly,

while differential innate immune responses have been reported depending on the acylation

status and tissue type [63–65], both di- and triacylated synthetic lipopeptides have

Fig 1. Differential expression analysis of T. denticola challenged hPDL cells. Total RNA was extracted from healthy

patient-derived hPDL cells challenged with Td-WT bacteria at a MOI of 50 for 2-hours in media free of supplements

followed by 3 and 22-hours in media supplemented with 10% FBS, 1% Pen Strep and 1% Amphotericin B. Mean

FPKM values were used for downstream analysis (n = 3 patient replicates). A) Overlapping and differentially expressed

genes between control, 5-hour and 24-hour incubation groups visualized using a Venn diagram. B) Hierarchical

clustering analysis was used to determine similarity of transcriptome profiles based on differential expression as a

heatmap. Red (Upregulation) to blue (Downregulation) color gradient of heatmap represents normalized gene

expression as row Z-scores. C) Top 20 enriched Gene Ontology terms of hPDL cells challenged for 2-hours followed by

a 22-hour incubation using the Reactome nomenclature. Statistical significance was assessed using a Kolmogorov-

Smirnov test followed by Benjamini-Hochberg correction (p<0.05). D) Top 20 enriched signaling pathways of hPDL

cells challenged for 2-hours followed by a 22-hour incubation using the Kyoto Encyclopedia of Genes and Genomes

(KEGG) database. Statistical significance was assessed using a Kolmogorov-Smirnov test followed Benjamini-

Hochberg correction (p<0.05).

https://doi.org/10.1371/journal.ppat.1009311.g001
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demonstrated the ability to sufficiently drive alveolar and long bone resorption in mice

through TLR2/MyD88 dependent mechanisms [54,56]. We investigated whether purified den-

tilisin can drive MMP gene regulation in hPDL cells and the results can be seen in Fig 3. hPDL

cells were challenged with dentilisin purified from T. denticola ATCC 35405 at a final concen-

tration of 1 μg/mL for 2-hours in MEM-media supplemented 1% P/S. Enzymatic activity of

dentilisin protein was verified by collecting conditioned media from dentilisin stimulated

hPDL cells as described above and analyzing samples using gelatin zymography (S2 Fig).

While, dentilisin enzymatic activity (98 kDa) increased in a dose dependent manner, MMP-2

enzymatic activity (72 kDa) concomitantly increased in a statistically significant manner

(~2.0-fold) across all 3 experimental conditions.

Total RNA from hPDL cells (unchallenged and challenged with T. denticola strains or puri-

fied dentilisin) was extracted, processed for cDNA synthesis and rendered to RT-qPCR. Cells

stimulated with purified dentilisin resulted in statistically significant increases in all MMP tar-

gets with MMP-17 being the most responsive (Fig 3). Similarly, hPDL cells challenged with T.

denticola 35405 (Td-WT) resulted in statistically significant increases across all MMP targets

(~2–2.5-fold) (Fig 3). By contrast, hPDL cells challenged with dentilisin-deficient T. denticola
(Td-CF522) resulted in no statistically significant upregulation across all MMP targets com-

pared to the control group (Fig 3).

Fig 2. T. denticola upregulates MMPs in hPDL cells while V. parvula does not. (A-E) RT-qPCR forMMP-2,MMP-11,MMP-
14,MMP-17 and MMP-28mRNA expression of healthy hPDL cells challenged with V. parvula (ATCC 10790) and Td-WT

bacteria at a MOI of 50 for 2-hours, followed by a 22-hour incubation in media supplemented with 10% FBS and 1% Pen/Strep

and 1% Amphotericin B. Expression of each gene was normalized to that of GAPDH. Statistical significance was determined

using a One-Way ANOVA followed by Post-Hoc Tukey’s multiple comparisons. Bars represent mean ± SEM (n = 5). �p< .05

versus control. ��p< .01 versus control. ���p< .001 versus control.

https://doi.org/10.1371/journal.ppat.1009311.g002

PLOS PATHOGENS Treponema denticola dentilisin-dependent upregulation of MMPs in oral cells

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1009311 July 13, 2021 6 / 29

https://doi.org/10.1371/journal.ppat.1009311.g002
https://doi.org/10.1371/journal.ppat.1009311


shRNA knockdown of TLR2 inhibits T. denticola-induced upregulation of

MMPs 2, 14 17 and 28 in hPDL cells while synergistically increasing MMP

11 expression

Thus, after determining dentilisin plays an important role as a regulator of MMP expression in

host hPDL cells, we sought to establish a direct link between TLR2 activation and MMP gene

regulation. TLRs, particularly TLR2, and to a much lesser extent TLR4, regulate important

immune responses to periodontal bacteria in vivo and in vitro [34,66–72]. TLR2 has been iden-

tified as a receptor for an array of ligands comprising T. denticola bacteria, including lipotei-

choic acid, beta barrel proteins, and acylated lipopeptides, such as dentilisin [73,74]. Thus, to

examine the role of TLR2 and MMP transcriptional regulation in hPDL cells, we generated a

primary hPDL TLR2 knockdown cell line using shRNA targeted against the TLR2 gene and

transduced using lentiviral particles. Basal TLR2 expression was reduced ~60% across 3 clonal

replicates as validated using RT-qPCR; reduction was found to be statistically significant using

an unpaired t-test (Fig 4A). Next, TLR2 knockdown cells were challenged with either purified

dentilisin or wild-type T. denticola bacteria.MMP 2, 11, 14, 17 and 28 expression increased

upon stimulation with both purified dentilisin and Td-WT in the shRNA control group (Fig

4B–4F). Compared with hPDL cells transfected with the scrambled shRNA control, induction

of expression of MMPs 2, 14, 17 and 28 was suppressed in TLR2-deficient hPDL cells

Fig 3. T. denticola surface-expressed dentilisin mediates the upregulation of MMP 2, 11, 14, 17 and 28 mRNA levels in hPDL cells.

(A-E) RT-qPCR forMMP-2,MMP-11,MMP-14,MMP-17 and MMP-28mRNA expression of healthy hPDL cells challenged with isogenic

Td-CF522 bacteria, Td-WT bacteria and purified dentilisin. Cells were stimulated at an MOI of 50 and a final concentration of of 1 μg/mL.

Cells were challenged for 2-hours in alpha-MEM media supplemented with 10% FBS followed by a 22-hour incubation in alpha-MEM

media with 10% FBS, 1% PenStrep and 1% Amphotericin B. The expression of each gene was normalized to that of GAPDH. Statistical

significance was determined using a One-Way ANOVA followed by Tukey’s Post-Hoc multiple comparisons. Bars represent mean ± SEM

(n = 4). ��p< .01 versus control. ���p< .001 versus control.

https://doi.org/10.1371/journal.ppat.1009311.g003
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challenged with T. denticola or dentilisin, while MMP 11 was significantly upregulated in T.

denticola-challenged TLR2-deficient hPDL cells. After determining TLR2 activation plays an

integral role in the regulation of MMP expression, we next sought out to determine which

downstream mediator is required to propagate this signal.

shRNA knockdown of MyD88 inhibits T. denticola-stimulated

upregulation of MMPs 2, 11, 14, 17 and 28 in hPDL cells

All TLRs signal through MyD88 with the exception of TLR3 and TLR4 which utilize TIRAP

[75]. However, numerous recent reports suggest that MyD88-independent TLR2 pathways

may also contribute to periodontal disease progression [76]. Thus, to determine if T. denticola-
induced TLR2 activation requires MyD88 to regulate targeted MMPs, we generated an hPDL

MyD88 knockdown cell line, achieving approximately ~60% reduction inMyD88 basal expres-

sion across 3 validated clonal replicates (Fig 5A).MyD88-deficient hPDL cells were stimulated

with either Td-WT or purified dentilisin as described above. In the negative shRNA control

group, all MMP targets showed increased mRNA levels following challenge with both Td-WT

and dentilisin (Fig 5B–5F). By contrast,MyD88-deficient cells challenged with Td-WT bacte-

ria and purified dentilisin revealed unanimous depression of all MMP targets as compared to

the respective scrambled shRNA control samples (Fig 5B–5F).

Fig 4. Suppression of TLR2 inhibits T. denticola-stimulated upregulation of MMPs 2, 14, 17 and 28 while exacerbating MMP 11 expression in hPDL

cells. A) RT-qPCR validation of stable gene suppression using shRNA vectors targeted against TLR2 in healthy hPDL cells. Cells transduced with

scrambled shRNA vectors were used as a control. Statistical significance was determined using an unpaired t-test. Bars represent ± SEM of mean value

(n = 3 clones). �p< .05 versus control. B-F) RT-qPCR forMMP-2,MMP-11,MMP-14,MMP-17 and MMP-28mRNA expression of scrambled shRNA

control and TLR2 shRNA hPDL cells challenged or stimulated with Td-CF522, purified dentilisin or Td-WT at an MOI of 50 and concentration of

1 μg/mL for 2-hours in alpha-MEM media with no supplementation followed by a 22-hour incubation in alpha-MEM media supplemented with 10%

FBS, 1% Pen/Strep and 1% Amphotericin B. The expression of each gene was normalized to that of GAPDH. Statistical significance was determined using

a Two-Way ANOVA followed by post-hoc Tukey’s multiple comparisons. Bars represent mean ± SEM (n = 3). #p< .05 versus scramble control group.

##p< .01 versus scramble control group. ###p< .001 versus scramble control group. �p< .05 versus TLR2 shRNA equivalent group. ���p< .001 versus

TLR2 equivalent shRNA group.

https://doi.org/10.1371/journal.ppat.1009311.g004
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shRNA knockdown of TLR2/MyD88-dependent signaling inhibits nuclear

translocation of transcription factor Sp1 in hPDL cells stimulated with T.

denticola or dentilisin
One of the many downstream targets of TLR/MyD88 signaling is the transcription factor Spec-

ificity Protein 1 (Sp1). Sp1 regulates a variety of genes associated with cell cycle, pro-inflamma-

tion and tissue-destruction, includingMMPs 2, 11, 14 17 and 28. Interestingly, Larsson and

colleagues have readily demonstrated that mRNA levels of Sp1 are consistently upregulated at

periodontally involved sites in humans [77]. Thus, to determine if T. denticola influences Sp1

expression in the PDL, hPDL cells were challenged with Td-WT and Td-CF522 bacteria at a

multiplicity of infection of 50 for 2-hours followed by a 22-hour incubation period in media.

Cells were collected and used for western blot analysis utilizing a monoclonal antibody against

total Sp1 protein. Total Sp1 protein expression levels increased in the groups challenged with

Td-WT at 50 MOI compared to controls and were statistically significant (Fig 6). By contrast,

challenge with Td-CF522 failed to recapitulate this effect (Fig 6).

Transcription factors are activated post-translationally by TLR signaling, often at the step of

nuclear translocation leading to the induction of the primary response genes [78]. After find-

ing that T. denticola increases total Sp1 protein expression, we investigated whether T. denti-
cola or dentilisin are able to induce nuclear translocation of Total Sp1 via TLR2 and MyD88

Fig 5. Suppression of MyD88 inhibits T. denticola-stimulated upregulation of MMP 2, 11, 14, 17 and 28 in hPDL cells. A) RT-qPCR

validation of stable gene suppression using shRNA vectors targeted againstMyD88 in healthy hPDL cells. Cells transduced with scrambled

shRNA vectors were used as a control. Statistical significance was determined using an unpaired t-test. Bars represent ± SEM of mean values

(n = 3 clones). �p< .05 versus control. B-F) RT-qPCR forMMP-2,MMP-11,MMP-14,MMP-17 and MMP-28mRNA expression of scrambled

shRNA control andMyD88 shRNA hPDL cells challenged or stimulated with Td-CF522, purified dentilisin or Td-WT at an MOI of 50 and

concentration of 1 μg/mL for 2-hours in alpha-MEM media with no supplementation followed by a 22-hour incubation in alpha-MEM media

supplemented with 10% FBS, 1% Pen/Strep and 1% Amphotericin B. The expression of each gene was normalized to that of GAPDH.

Statistical significance was determined using a Two-Way ANOVA followed by post-hoc Tukey’s multiple comparisons. Bars represent mean ±
SEM (n = 3). #p< .05 versus scramble control group. ###p< .001 versus scramble control group �p< .05 versusMyD88 shRNA equivalent

group. ��p< .01 versusMyD88 shRNA equivalent group. ���p< .001 versusMyD88 shRNA equivalent group.

https://doi.org/10.1371/journal.ppat.1009311.g005
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activation in hPDL cells and the results can be seen on Figs 7 and 8. TLR2,MyD88-deficient

and shRNA control cells were stimulated with purified dentilisin, Td-WT or Td-CF522 as pre-

viously described. Protein localization was assessed using primary antibodies against Sp1 and a

secondary antibody conjugated to an Alexa 488 fluorophore and subjected to confocal micros-

copy. shRNA control hPDL cells challenged with Td-CF522 resulted in an increased Sp1 pro-

tein signal compared to the control group but remained localized to the cytoplasm (Fig 7A).

In contrast, shRNA control hPDL cells stimulated with purified dentilisin and Td-WT bacteria

resulted in an increased Sp1 signal and translocation to the nucleus (Fig 7A). hPDL cells defi-

cient in TLR2 andMyD88 and challenged with the Td-CF522 resulted in similar results as the

shRNA control group (Figs 7 and 8). However, when challenged or stimulated with purified

dentilisin and Td-WT bacteria, both TLR2 andMyD88 deficient cells inhibited the transloca-

tion of Sp1 into the nucleus (Figs 7 and 8A). Thus, after determining both TLR2 and MyD88

play an integral role in the translocation of Sp1 in our system, we sought out to determine if

Sp1 is required or sufficient to regulate target MMPs.

Knockdown of transcription factor Sp1 inhibits T. denticola/dentilisin-

stimulated upregulation of MMPs 2, 11, 14, 17 and 28 in hPDL cells

Promoter characterization and luciferase promoter activity assays have identified Sp1 as a reg-

ulator of most MMPs and TLRs, through interactions with other transcription factors and cis-

regulatory elements such as distal enhancers [79–84]. Thus, it is possible that Sp1 may function

as a critical regulator in response to T. denticola challenge. To answer this question, shRNA

vectors against the Sp1 gene were used to transduce healthy patient-derived hPDL cells using

lentiviral particles as previously described. Cells transfected with scrambled shRNA were used

as a negative control. Average basal Sp1 mRNA levels were decreased ~40% across three clones

as assessed using RT-qPCR (Fig 9A). These shRNA control and Sp1 deficient hPDL cells were

Fig 6. Healthy hPDL cells were challenged with A) Td-WT and B) isogenic Td-CF522 bacteria at an MOI of 50 as previously described. Whole

cell lysates were generated and used for Western Blot analysis utilizing total anti-Sp1 antibodies. Total Sp1 protein expression was normalized

against GAPDH protein expression as a loading control. Statistical significance was determined using a paired t-test. Bars represent mean ± SD

(n = 3). ��p< .01 versus control.

https://doi.org/10.1371/journal.ppat.1009311.g006
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then challenged with purified dentilisin at 1 μg/mL concentration or Td-WT bacteria at an

MOI of 50 followed by RNA isolation and RT-qPCR as previously described. Control shRNA

hPDL cells stimulated or challenged with purified dentilisin and Td-WT bacteria resulted in

the statistically significant upregulation of MMPs 2, 11, 14, 17 and 28 (Fig 9B–9F). By contrast,

Sp1 deficient hPDL cells under the same conditions suppressed the upregulation of all MMP

targets (Fig 9B–9F).

Discussion

Data from this study extends our earlier reports that short term exposure to dentilisin leads to

sustained upregulation of tissue destructive processes at both the transcriptional and transla-

tional levels. Specifically, we demonstrated that T. denticola surface-expressed dentilisin plays

a direct role in activating TLR2/MyD88-dependent pathways resulting in the subsequent upre-

gulation of MMPs in hPDL cells. Additionally, we have identified the transcription factor Sp1

as an important downstream target that is activated as a result of TLR2/MyD88 activation,

Fig 7. Knockdown of TLR2-dependent signaling inhibits translocation of transcription factor Sp1 in both T. denticola-

and dentilisin-stimulated hPDL cells. A-B) Healthy hPDL cells were challenged with Td-WT and isogenic Td-CF522

bacteria at an MOI of 50 as previously described. Whole cell lysates were generated and used for Western blot analysis

utilizing total Sp1-specific antibodies. Total Sp1 protein expression was normalized using GAPDH as a loading control.

Statistical significance was determined using a paired t-test. Bars represent mean ± SD (n = 3). ��p< .01 versus control. C)

Scrambled shRNA control and TLR2 shRNA hPDL cells were challenged or stimulated with Td-CF522, purified dentilisin or

Td-WT at an MOI of 50 and concentration of 1 μg/mL for 2-hours in alpha-MEM media with no supplementation followed

by a 22-hour incubation in alpha-MEM media supplemented with 10% FBS, 1% Pen/Strep and 1% Amphotericin B. Cells

were stained with Hoescht 33342 (Blue) and total Sp1-specific antibodies (Green), and subjected to confocal microscopy.

Scale bar represents 10 μm.

https://doi.org/10.1371/journal.ppat.1009311.g007
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leading to its translocation into the nucleus and mediating the upregulation of various MMPs

(Fig 10). Our RNA-Seq analysis revealed specific gene expression patterns that are associated

with distinct pathologic features presented clinically [16], reported in in vivo studies [85] and

previous studies from our lab [39,46]. Additionally, our present data expands on this finding

demonstrating T. denticola’s ability to drive a tissue-destructive gene profile after a brief expo-

sure. While the 5-hour incubation group clustered with the control group, the 24-hour incuba-

tion group clustered away from the control group illustrating T. denticola’s ability to mediate

large-scale transcriptional changes within 24-hours after infection (Fig 1B).

PDLs insert into the cementum of the tooth root through Sharpey’s fibers which are pri-

marily comprised of fibrillar collagen [86,87]. While most collagen is degraded by collagenases

such as MMP-1, MMP-8 and MMP-13, MMP-2 (gelatinase B) and MMP-14 are the predomi-

nately expressed species in human PDLs and they are able to actively degrade fibrillar collagen

[88,89]. MMP proteolytic cascades can also lead to widespread periodontal tissue destruction

due to cooperative MMP activation [90]. A myriad of MMP-14 substrates have been identified

including complement components [91] and fibrinogens [92] as well as being a potent activa-

tor of other MMPs such as pro-enzymatic MMP-2[90]. Additionally, both MMP-2 and MMP-

14 participate in the active degradation of various cytokine and chemokine substrates

Fig 8. Knockdown of MyD88-dependent signaling inhibits translocation of transcription factor Sp1 in both T. denticola-

and dentilisin-stimulated hPDL cells. A) Scrambled shRNA control andMyD88 shRNA hPDL cells were challenged or

stimulated with Td-CF522, purified dentilisin or Td-WT at an MOI of 50 and concentration of 1 μg/mL for 2-hours in alpha-

MEM media with no supplementation followed by a 22-hour incubation in alpha-MEM media supplemented with 10% FBS,

1% Pen/Strep and 1% Amphotericin B. Cells were stained with Hoescht 33342 (Blue) and total Sp1-specific antibodies (Green)

and subjected to confocal microscopy. Scale bar represents 10 μm. Scale bar represents 10 μm.

https://doi.org/10.1371/journal.ppat.1009311.g008
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expressed by hPDL including IL-1β, IL-6, TNF-α, CXCL12, IL-8 and MCP protein family

members [57]. Lastly, although MMPs are classically viewed as extracellular and localized to

the cell surface, they have also been found in every cellular compartment [21]. Compelling evi-

dence has revealed MMP-14 moonlighting as a transcription factor independent of its catalytic

activity, regulating >100 genes associated with inflammation and bacterial clearance [21,93].

Therefore, it is possible that MMP-14 regulates other MMPs or initiates a forward feed-back

loop to regulate itself. Taken together, these data suggest that dysregulation of MMP-2 and

MMP-14 play a key role in modulating numerous host responses during periodontal

infections.

While MMPs 2 and 14 have been linked to periodontal disease progression, MMPs 11, 17

and 28 have yet to be described in this disease context [17]. Our gene ontology analysis places

all within the various collagen and ECM catabolic processes (Fig 1C). Similar to many other

MMPs, clear roles for MMP-17 (also called MT4-MMP) have been described within the con-

text of cancer [94]. However, identifying a specific role in tissue homeostasis and in other dis-

eases has been challenging. The GPI- anchored MMP-17 has minimal catalytic activity against

ECM substrates only showing affinity for fibrin/fibrinogen, gelatin and pro-TNF-alpha ligands

Fig 9. Stable Suppression of Sp1 inhibits T. denticola-stimulated upregulation of MMP 2, 11, 14, 17 and 28 in hPDL cells. A) RT-qPCR validation of

stable gene suppression using shRNA vectors targeted against Sp1 in healthy hPDL cells. Cells transduced with scrambled shRNA vectors were used as a

control. Statistical significance was determined using an unpaired t-test. Bars represent ± SEM of mean values (n = 3 clones). ��p< .01 versus control.

B-F) RT-qPCR forMMP-2,MMP-11,MMP-14,MMP-17 and MMP-28mRNA expression of scrambled shRNA control and Sp1 shRNA hPDL cells

challenged or stimulated with purified dentilisin at a concentration of 1 μg/mL or Td-WT at an MOI of 50 for 2-hours in alpha-MEM media

supplemented with 10% FBS and no antibiotics followed by a 22-hour incubation in alpha-MEM media supplemented with 10% FBS, 1% Pen/Strep and

1% Amphotericin B. The expression of each gene was normalized to that of GAPDH. Statistical significance was determined using a Two-Way ANOVA

followed by post-hoc Tukey’s multiple comparisons. Bars represent mean ± SEM (n = 3). #p< .05 versus scramble control group. ##p< .01 versus

scramble control group. ###p< .001 versus scramble control group. �p< .05 versus Sp1 shRNA equivalent group. ��p< .01 versus Sp1 shRNA equivalent

group. ���p< .001 versus Sp1 shRNA equivalent group.

https://doi.org/10.1371/journal.ppat.1009311.g009
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[94,95]. To date, analysis of MMP-17 null mice has revealed a weak phenotype associated with

water retention that is regulated by processes in the hypothalmus [96]. Additionally, MMP-17

mediates C-terminal processing of ADAMTS4, one of the aggrecanases that are thought to

play a role in arthritis [97]. Pro-MMP-11 (also called Stromelysin-3) contains a unique pro-

peptide motif for intracellular calcium activation by furin and has also demonstrated rather

Fig 10. Model of proposed mechanism. T. denticola activates host expressed TLR2 receptors via surface-expressed dentilisin.

Subsequent downstream activation of MyD88 and translocation of the transcription factor Sp1 lead to the upregulation of MMPs 2,

11, 14, 17 and 28 in human periodontal ligament cells. Grey colored icons represent genes that were identified through RNA-

sequencing and analysis but were not directly validated.

https://doi.org/10.1371/journal.ppat.1009311.g010
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restricted substrate specificity [98,99]. Identified MMP-11 ECM substrates include the laminin

receptor, fibronectin, elastin and the native alpha3 chain of collagen [100]. All of these are con-

stituent ECM proteins found to be upregulated by T. denticola challenge (Fig 1C), highlighting

MMP-11 as a potentially unique response regulator underpinning periodontal disease

progression.

MMP-28 overexpression in vitro lead to increasedMMP-2 andMMP-14mRNA levels, con-

stitutive MMP-2 activation, and revealed e-cadherin as a high-affinity substrate for proteaso-

mal degradation in lung carcinoma cells [101,102]. Our data aligned with these findings as

MMP-28 was the most upregulated MMP (~2-fold change) within the proteinaceous ECM

gene ontology term and was not expressed in control groups, suggesting that MMP-28 may

play a multifaceted role in exacerbatingMMP-2 andMMP-14mRNA upregulation while

directly contributing to their constitutive activation. Taken together, the multi-dimensionality

of MMPs and their varied localizations highlight their role as integral host factors that, in addi-

tion to modulating homeostatic tissue turnover, also respond to bacterial challenge through a

web of complex interactions.

Spirochetes express a wide range of novel and structurally diverse lipoproteins that help

define how these unique microbes interact with their environments [103,104]. All lipoproteins

are acylated on the N-terminal cysteine residue, and many spirochete lipoproteins are localized

to the outer membrane [55]. Compelling reports have demonstrated the importance of specific

lipoprotein acyl groups as drivers of both pro and anti-inflammatory cytokine responses in

various experimental infection models over the last few decades [65,103]. However, thorough

characterization of acylation of T. denticola lipoproteins including dentilisin has yet to be

done. Therefore, due to the availability and access to numerous other T. denticola dentilisin

isogenic mutants, we decided to investigate the role of dentilisin proteolyitic activity in the

context of host gene regulation, an area which has yet to be explored in oral tissues. Of the vari-

ous available dentilisin mutants, we chose to utilize CF522 which expresses PrcA (one of the

three lipoproteins of the dentilisin complex), but lacks PrtP, the actual protease. Planned future

studies will include an otherwise native “catalytically dead” isogenic T. denticola dentilisin

mutant strain carrying single base changes in each of the triad of PrtP catalytic residues

(Asp203, His258, and Ser447).

In our study, stimulation with purified dentilisin lead to the upregulation ofMMPs 2, 11,
14, 17 and 28. By contrast, challenging hPDL cells with isogenic Td-CF522 (which lacks the

proteolytic PrtP subunit)[105] had no effect (Fig 4). Thus, while we originally hypothesized

dentilisin lipid moieties to be the causative drivers of TLR2 activation, our data suggest dentili-

sin protease activity may be an integral factor responsible for the induction of various MMPs

in oral tissues. However, the exact mechanism of action remains to be determined. We plan to

pursue the issue of relative contributions of dentilisin acylation and proteolytic activity in

future studies.

Although both TLR2 and TLR4 have been implicated in periodontal disease progression,

various studies utilizing knockout mice and in vitro systems suggest that TLR2 plays the most

direct role is in sensing various components produced by periodontal pathogens that drive

alveolar bone destruction [32,34,85,106]. However, the precise roles, whether protective or

destructive, played by TLR2 in periodontal inflammation and disease are poorly understood,

particularly in the context of T. denticola infection. Once a bacterial ligand binds, a conforma-

tional change is thought to occur that brings the two Toll/interleukin-1 (IL-1) receptor (TIR)

domains on the cytosolic face of each receptor into closer proximity, creating a new platform

on which to build a signaling complex through various adaptor molecules [107]. Thus, avail-

ability of intracellular adaptors can accommodate rather distinct signaling patterns as a result

of TLR activation [74]. Because MyD88 is the predominant mediator for almost all TLRs with
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the exception of TLR3 and TLR4, we sought out to determine its role in regulating MMP

expression in PDL tissues first.

MyD88 deficient hPDL cells stimulated with Td-WT or purified dentilisin resulted in uni-

versal suppression of all MMP targets compared to the shRNA control group (Fig 5). Interest-

ingly, while shRNA knockdown of MyD88 resulted in a statistically significant

downregulation of MMP-2 in the negative control group (Fig 5B), this was not observed for

any other MMP targets as well as in any TLR2 knockdown groups. Similarly, TLR2 deficiency

(in hPDL cells under the same experimental conditions) was sufficient to suppress all MMP

targets with the exception of MMP-11 (Fig 4). Thus, our data suggests that T. denticola utilizes

a TLR2/MyD88-dependent pathway to regulate MMPs 2, 14, 17 and 28 in PDL tissues. A pos-

sible explanation for this differential response is that MMP-11 may be more highly regulated

by an alternative pathway that is indirectly activated as a result of T. denticola infection or

treatment with dentilisin.

ECM degradation is a key event in the early stages of periodontal disease, generating frag-

ments that can act as danger-associated molecular patterns (DAMPs) such as fragmented

aggrecan, fibronectin, biglycan, decorin and low molecular weight hyaluronic acid [108]. Our

lab has readily demonstrated that dentilisin mediates MMP-2-dependent degradation of

Fibronectin in patient derived hPDL cell cultures [35], with specific fragments (i.e. 29, 40, 68

and 120 kDa) capable of modulating various cellular processes including apoptosis, prolifera-

tion and proteinase expression through integrin signaling [109–113]. Dongsheng and col-

leagues reported that fibronectin was able to activate TLR2/4 to stimulate an innate immune

response in macrophages through cross-talk between TLR2, TLR4 and integrin signaling, lead-

ing to upregulation of pro-inflammatory genes [114]. Interestingly, while the upregulation of

integrins α10 and β4 associated with collagen and laminin interactions were detected, integrins

responsible for sensing full-length or fragmented fibronectin did not change. These data sug-

gest that T. denticola dentilisin-induced fibronectin fragmentation may play a role in activating

and amplifying TLR2-dependent signaling resulting in the differential expression of MMPs.

Several other pathways modulate TLR-signaling, fostering tissue-specific outcomes. Syner-

gistic cooperation between the Notch pathway and acute TLR-induced signals in the activation

of canonical and non-canonical Notch target genes has been characterized as an integral path-

way governing the regulation of innate and adaptive immunity [115–118]. Consistent with

this, our KEGG pathway analysis revealed Notch signaling (~2-fold change) as the second

most enriched pathway resulting from T. denticola challenge in hPDL cells 22-hours post-chal-

lenge (Fig 1D). However, mechanisms by which TLRs induce Notch ligand expression and

indirectly activate Notch signaling are not well understood and are in many cases, contradic-

tory [119–121].

Although inflammatory pathways include a core set of genes that are activated in response

to inflammatory stimuli, they differ extensively depending on the cell and tissue type and on

the intensity of the trigger [78]. Examples include nuclear factor-κB (NF-κB)[78,122], inter-

feron-regulatory factor (IRF) proteins [123] and Kruppel-Like family transcription factors

such as Sp1[124,125]. While increased Sp1 levels have been implicated as a factor in periodon-

tal disease progression in previous studies, a thorough characterization of its role in PDL tis-

sues has not been reported. Many MMPs, including MMPs 2, 11, 14, 17 and 28, have multiple

GC boxes in their proximal promoters that bind Sp1 and potentially other GC-binding pro-

teins [83]. For example, the Sp1 binding site in the human MMP-14 promoter is crucial in

maintaining expression of this gene, since introducing mutations reduces promoter activity by

approximately 90%[126]. Sp1 has also demonstrated the capacity to affect cis-regulatory ele-

ments that are highly susceptible to cell stimulation [127], potentially explaining how constitu-

tively expressed MMPs (such as MMP-2 and MMP-14) are still subject to upregulation upon

PLOS PATHOGENS Treponema denticola dentilisin-dependent upregulation of MMPs in oral cells

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1009311 July 13, 2021 16 / 29

https://doi.org/10.1371/journal.ppat.1009311


T. denticola stimulation. Swingler et al. 2010 reported that Sp1 transcription factors are acety-

lated in response to HDAC inhibitors, bind to the conserved GT-box of the MMP28 promoter,

potentially working in conjunction with p300/CREB to upregulate mRNA expression [80].

When healthy hPDL cells were challenged with wild-type T. denticola, total Sp1 protein

expression increased compared to the control group (Fig 6A). In contrast, this effect was

inhibited in hPDL cells challenged with isogenic mutant Td-CF522 (Fig 6B). This led us to

determine if this increase in Sp1 protein expression was combined with increased Sp1 translo-

cation to the nucleus. To answer this question, TLR2- and MyD88-knockdown patient-derived

hPDL cells lines were generated and challenged with wild-type T. denticola, Td-CF522 and

purified dentilisin. shRNA-control cells stimulated with dentilisin and challenged with Td-

WT resulted in Sp1 protein localizing to the nucleus, while TLR2 and MyD88 suppression

under the same conditions inhibited this effect (Figs 7 and 8). Interestingly, a slight increase

in cytoplasmic Sp1 was noted in shRNA control, TLR2 andMyD88 knockdown groups when

challenged with the Td-CF522 isogenic mutant, suggesting that other factors expressed by T.

denticolamay influence Sp1 expression, whereas dentilisin preferentially regulates its post-

translational activation. While shRNA-control hPDL cells stimulated with Td-WT and dentili-

sin resulted in the upregulation of MMPs 2, 11, 14, 17 and 28, this effect was suppressed in

Sp1-deficient hPDL cells under the same conditions (Fig 9). Taken together, these data suggest

that the transcription factor Sp1 is an important downstream early response gene that is post-

translationally activated as a consequence of TLR2/MyD88 activation, mediating T. denticola-
induced upregulation of several MMPs in hPDL cells.

This study has potential limitations, most of which we intend to address in future studies.

Because our samples are generated from a small number of human patient tissues, genetic varia-

tion may lead to heavily variegated responses. Due to a low sample size, our RNA-Seq in partic-

ular may be subject to read count bias and confounding that may have influenced our results.

The Pearson’s correlation reflects the linear relationship between two variables accounting for

differences in their mean and SD. The more similar the expression profiles for all transcripts are

between two samples, the higher the correlation coefficient will be. As shown in S3 Fig, our

samples clustered well, suggesting that dispersion effects are low across the 3 biological repli-

cates. In addition, comprehensive analyses have shown that data sets with very low dispersions,

a power of 0.8 is easily reached with very low sample size and sequencing depth [128]. While

our results provide a strong support for mechanisms of action underpinning periodontal dis-

ease, other systemic factors could potentially modulate true phenotypic effects. As such, simula-

tion of similar experimental conditions in an animal model is planned in future studies.

Studies that focus on the effects of unchecked TLR signaling and its contributions to dysre-

gulation of tissue destructive genes in periodontal ligament connective tissues are lacking.

Considering the limitations of the study, to the best of our knowledge this study is the first

associating dentilisin with TLR2 activation using an in vivo isogenic mutant bacteria in con-

junction with purified product from its parent strain. Additionally, we also identified poten-

tially tissue-specific inducible MMPs that that may play novel roles in modulating host

immune responses that have yet to be characterized in the context of periodontal disease.

Materials and methods

Ethics statement

Approval to conduct human subjects’ research, including protocols for the collection and use

of human teeth and PDL tissue was obtained from the University of California San Francisco

Institutional Review Board (#16–20204; reference #227030). Consent was not obtained due to

anonymity of the samples.
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Human PDL cell cultures

As described previously, the primary culture of PDL cells was conducted via the direct cell out-

growth method by isolating cells from the PDL tissue around the middle third of extracted

healthy human teeth [129,130]. Cells were maintained in Minimum Eagle Medium-α
(MEM-α) (Gibco, USA) augmented with 10% fetal bovine serum (FBS) (Gibco, USA), 1% pen-

icillin/streptomycin (P/S), and 1% amphotericin B (Gibco, USA) in a Steri Cycle 370 incubator

(Thermo-Fisher Scientific, USA) with a humid atmosphere containing 95% air and 5% CO2 at

37˚C. Cell outgrowths were passaged before reaching confluency. Only cells passaged three to

seven were used for experimentation. Cells were validated by morphological assessment and

gene expression of confident biomarkers such as Periostin.

Anaerobic bacterial cultures

T. denticola ATCC 35405 (Td-WT) and its isogenic Td-CF522 dentilisin-deficient mutant Td-

CF522 were grow in in Oral Treponeme Enrichment Broth (OTEB; Anaerobe Systems, USA)

at 37˚C) grown in tanks filled with an anaerobic gas mixture [131]. Veilonella parvula ATCC

10790 was grown under the same anaerobic conditions as T. denticola in brain heart infusion

(BHI) media supplemented with 0.075% sodium thioglycolate, 0.1% Tween 80 and 1% of 85%

lactic acid and pH adjusted to 6.5–6.6 using 1 M NaOH.

Purification of T. denticola dentilisin

The dentilisin protease complex was purified from the detergent phase of Triton X-114

extracts of an isogenic T. denticolamutant that lacks Msp,the dominant outer membrane pro-

tein, as described previously. Briefly, following overnight Triton X-114 treatment, cells were

pelleted, the supernatants were phase-separated, the detergent phase was re-extracted twice,

precipitated in acetone, then subjected to preparative SDS-PAGE electrophoresis. Fractions of

interest, eluted in detergent-free buffer, were concentrated by ultrafiltration, subjected to

buffer exchange into PBS containing 0.1% CHAPS {3-[(-[(3-cholamidopropyl)-dimethylam-

monio]-1-propanesulfonate} and concentrated again [35]. Aliquots of purified dentilisin were

stored at -80˚C. Activity of purified dentilisin samples was monitored periodically, using the

chromogenic substrate succinyl-L-alanyl-L-alanyl-L-prolyl-L-phenylalanine-p-nitroanilide

(SAAPFNA) as described previously [50].

Bacterial challenging of hPDL cells

~9x105 healthy hPDL cells were seeded on 6 cm plates. On the next day, these cells were chal-

lenged with either T. denticola, Td-CF522 or V. parvula, as previously described by Ateia et al.

[46]. Briefly, the bacteria were centrifuged at 4000 RPM for 15 minutes and the supernatant

was removed. The pelleted bacterial cells were then resuspended in antibiotic-free MEM-α
(without phenol red) at an optical density (OD) of 0.1 at 600 nm using a Spectramax M2

microplate spectrophotometer (Molecular Devices, USA). It has been previously established

that an OD of 0.1 at 600nm is equivalent to 2.4x108 CFU/ml for T. denticola [131] and 2x108

CFU/mL for V. parvula strains [132]. Next, hPDL cells were challenged with the bacteria at 50

multiplicity of infection (MOI), whereas the control group was challenged with antibiotic-free

MEM-α. Next, the cells were incubated for 2h at 37˚C and 5% CO2, washed twice with Phos-

phate Buffer Saline (PBS) (Gibco, USA) and incubated again at 37˚C and 5% CO2 overnight in

antibiotic-free MEM-α. On the next day, cells were either harvested for RNA isolation, or gen-

eration of cell lysates and stored at -80˚C for further investigations.
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RNA-Seq

RNA was extracted from ~9.5x105 hPDL cells challenged with wild-type T. denticola (as

described above using a RNeasy Mini Kit and following the manufacturers protocol (Qiagen,

Germany). The quality of the extracted RNA was assessed using a Nanodrop UV-Vis Spectro-

photometer (Thermo-Fisher Scientific, USA) and by calculating the percentage of RNA frag-

ments with size > 200 bp (DV200) using an Agilent 2100 Bioanalyzer. The RNA was used for

first and second strand synthesis, polyA tail bead capture, and sequencing adapter ligation

using a TruSeq RNA Library Prep Kit v2 (Illumina, USA). Libraries were sent to Novogene

Genomic Services (Davis, USA) for paired-end sequencing on a HiSeq 4000 instrument (150

bp paired-end reads) (Illumina, USA) and analysis. The mean gene expression across all repli-

cates were used for data visualization. Analysis was conducted using the opensource statistical

software called R [133] and figures were produced using the Grammar of Graphics Plot 2

(GGplot2) [134] software package.

Quantitative reverse transcriptase polymerase chain reaction (qRT-PCR)

Total hPDL RNA was extracted and purified using the RNeasy mini kit (Cat# 74134, Qiagen,

Germany) according to the manufacturer’s instructions and quantified using a NanoDrop

UV-Vis Spectrophotometer (Thermo Scientific, USA). Reverse transcription of the RNA into

cDNA was then performed using the SuperScript III cDNA synthesis kit (Cat #11754050, Invi-

trogen, USA). Samples were analyzed on a Bio-Rad MyCycler Thermal Cycler according to

manufacturers protocol. All cDNA samples were diluted to 5 ng/mL working concentrations

and stored at -20˚C. cDNA samples were probed for target gene expression via RT-qPCR

using PowerUp SYBR Green Master Mix (Applied Biosystems, USA) and primer sequences

(Table 1) on a QuantStudio 3 platform (Applied Biosystems, USA). The relative expression lev-

els of target genes were plotted as fold change compared with untreated or negative controls.

The 2-ΔΔCT method was used to determine relative change in target gene expression, and gene

expression was normalized against GAPDH expression.

Stimulation of hPDL cells using purified dentilisin

A BCA protein assay kit (CAT # 23227 Thermo Scientific, USA) was used to determine puri-

fied dentilisin sample concentrations as described above. Assessment of enzymatic activity was

determined using gelatin zymography as described below. ~9.5x105 cells were seeded on 6 cm

plates. Purified dentilisin was added to MEM-αmedia with no serum and 1% P/S at a final

concentration of 1 μg/mL and added to healthy hPDL cell cultures for 2-hours. The treated

Table 1. RT-qPCR forward and revers primer pairs.

Gene Forward Primer Reverse Primer

GAPDH 5’-TTGAGGTCAATGAAGGGGTC-3’ 5’-GAAGGTGAAGGTCGGAGTCA-3’

MMP-2 5’-TTTCCATTCCGCTTCCAGGGCAC-3’ 5’- TCGCACACCACATCTTTCCGTCACT-3’

MMP-11 5’ CGATGCTGCTGCTGCTGCTCCAG-3’ 5’-TGGCGTCACATCGCTCCATACCTTTAG-3’

MMP-14 5’ TGAGGATCTGAATGGAAATGAC-3’ 5’-CATAAAGTTGCTGGATGCCC-3’

MMP-17 5-CACCAAGTGGAACAAGAGGAACCT-3’ 5-TGGTAGTACGGCCGCATGATGGAGTGTGCA-3’

MMP-28 5’-CACCTCCACTCGATTCAGCG-3’ 5’-AAAGCGTTTCTTACGCCTCA-3’

MyD88 5’-TCTCTGTTCTT GAACGTGCGGACA-3’ 5’-TTTGGCAATCCTCCTCA ATGCTGG-3’

Periostin 50-CCAGCAGACACACCTGTTGG-30 50-CCTTGAACTTTTTTGTTGGC-30

Sp1 50-TAATGGTGGTGGTGCCTTT-30 50-GAGATGATCTGCCAGCCATT-30

TLR2 5’-ATCCTCCAATCAGGCTTCTCT-3’ 5’-ACACCTCTGTAGGTCACTGTTG-3’

https://doi.org/10.1371/journal.ppat.1009311.t001
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cells were washed with PBS and incubated overnight in MEM-αmedia free of FBS and supple-

mented with 1% P/S. Next, the Supernatant (conditioned media) was collected and total RNA

was extracted using an RNeasy Mini kit (Cat# 74134, Qiagen, Germany). The resulting samples

were stored at −80˚C until analyzed further in downstream applications.

Gelatin zymography

Supernatant collected from dentilisin stimulated hPDL cells were quantified and normalized

to an albumin standard using the Pierce BCA protein assay kit (Cat# 23225, Thermo Scientific,

USA) according to the manufacturers protocol. Equivalent protein concentrations from sam-

ples were mixed with nonreducing sample buffer (0.25 M tris-base, 40% glycerol, 0.8% sodium

dodecyl sulfate (SDS), and 0.05% bromophenol blue stain in distilled deionized water/ddH2O

at pH 6.8) and loaded into 8% polyacrylamide gels that were co-polymerized with 0.4% SDS

and 0.2% gelatin. Samples were electrophoretically resolved on gelatin-containing gels at 125

V for 110 min at 4˚C using a Power Pack supply (Bio-Rad, USA) Next, gels were washed in a

series of buffers to facilitate re-constitution of endogenous protein and stained with Coomassie

Blue as previously described [46]. Briefly, Gels were then washed twice for 15 min under con-

tinuous agitation using renaturation/washing buffer (2.5% v/v Triton-X100 and 0.05 M Tris-

base in ddH2O at pH 7.5) to eliminate SDS and promote the renaturation of MMP enzymes.

Subsequently, gels were incubated in developing/incubation buffer (0.05MTris-base, 0.15Mso-

dium chloride, 0.01Mcalcium chloride, and 0.02% sodium azide in ddH2O at pH 7.5) for 30

min under agitation, and then the buffer was replaced and gels incubated for 16–20 hr at 37˚C.

After that, gels were stained using filtered Coomassie Brilliant blue stain for 1 or 2 hr under

agitation. Destaining of the gels was performed using a methanol/acetic acid destaining buffer

(40% methanol and 10% acetic acid in ddH2O) until the bands on the gel appeared clear.

Zymograms were scanned using an Hp Officejet 6700, and the densitometry of gelatinolytic

activity represented by the clear bands was analyzed using Fiji software [135]. Brightness and

contrast levels of zymogram images were slightly adjusted for publication only.

Lentiviral shRNA knockdown

~6x104 hPDL cells were seeded on 96-well plates. 48 hours later, these cells were infected with

either TLR2, MyD88, or Sp1 targeted short hairpin RNA (shRNA) constructs via lentiviral par-

ticles according to the kits instructions (Cat# sc-40256-V, Cat# sc-44313-V and Cat# sc-

29487-V, Santa Cruz Biotechnology, USA,). Control samples were transduced using nonspe-

cific scrambled shRNA control constructs (Cat# sc-108060, Santa Cruz Biotechnology, USA).

hPDL cells were concomitantly permeabilized using Polybrene reagent at a final concentration

of 5 μg/mL (EMD Millipore, USA). Approximately 10 hours after infection, cells were washed

and incubated overnight in complete MEM-α media supplemented with 10% FBS, 1% Pen-

Strep and 1% Amphotericin B. A pol III promoter drives expression of a silencing cassette con-

taining a puromycin resistance gene used for selection [136]. As a result, a short hairpin RNA

complex is exported into the cytoplasm, processed by Dicer and assembled into the RISC com-

plex [136]. Degradation of targeted mRNA transcripts is mediated by unwinding the siRNA

duplex leading to a stable reduction in gene expression. Selection of clones with successfully

integrated knockdown constructs was accomplished by treating infected hPDL cells with puro-

mycin (Calbiochem, USA) at a final concentration of 5 μg/mL for 24-hours in supplemented

MEM- α media. This media was then exchanged for supplemented MEM-α media containing

1 μg/mL puromycin until single cell colonies were isolated. Finally, cell colonies were

expanded and validated via RT-qPCR and/or Western Blot.
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Western blot analyses

Cell lysates generated from shRNA lentiviral infection were normalized to an albumin stan-

dard as described above. These samples were then subjected to SDS-PAGE 4–12% polyacryl-

amide gels (Invitrogen, USA) and transferred to polyvinylidene difluoride (PVDF)

membranes (EMD Millipore, USA) using a Turbo Blot transfer system and PowerPac Basic

power supply (Bio-Rad, USA). The membranes were exposed to a rabbit polyclonal anti-Sp1

(Cat# PA5-29165, Invitrogen, Carlsbad, CA, USA) primary antibody diluted 1:500 in Tris-

buffered saline, 0.1% Tween 20 (TBST) solution overnight at 4˚C followed by a horseradish

peroxidase-conjugated mouse anti-rabbit IgG secondary antibody (Cat# sc-235, Santa Cruz,

Dallas, TX, USA) diluted 1:3000 in TBST for 1 hour at room temperature with agitation. West-

ern blots using anti-GAPDH antibodies (Cat# sc-32233, Santa Cruz Biotechnology, USA) were

used to confirm equal protein loading. Blots were developed using the Super Signal West Pico

kit (ThermoFischer Scientific, USA), scanned for digitization using an Officejet 6700 scanner

(Hewlett-Packard, USA) and analyzed using Fiji software [135].

Confocal microscopy

Approximately 8x104 hPDL cells were seeded into 4-well glass bottom wells. Cells were chal-

lenged with purified dentilisin, wild-type T. denticola or isogenic Td-CF522 mutant bacteria as

described above. Cells were washed with PBS before being fixed using 4% paraformaldehyde

for 10 minutes at room temperature. Next, cells were incubated for 20 minutes with 0.1 M gly-

cine in PBS, washed with PBS and permeabilized with 0.2% Triton X-100 in PBS for 2 minutes

at room temperature. Cells were incubated in a 10% serum/PBS blocking buffer for 5 minutes

at room temperature followed by a 60-minute incubation in a rabbit sourced polyclonal anti-

Sp1primary antibody diluted 1:500 in 10% serum/PBS solution. Next, cells were washed 3

times with PBS followed by incubation in 10% serum/PBS blocking buffer for 1 minute at

room temperature followed by incubation in anti-rabbit, mouse secondary antibody conju-

gated to Alexa 488 fluorophore for 30 minutes at 37˚C (1:3000 dilution) and Hoescht 33342

nuclear staining (1:2000 Dilution) in 10% serum/PBS solution. Finally, cells were washed 3

times with PBS, imaged using an SP8 confocal microscope (Leica, Germany) and analyzed

using Fiji [135].

Statistical analysis

Statistical analysis of differentially expressed genes in RNA-Seq data was assessed using a Kol-

mogorov-Smirnov test followed by Benjamini-Hochberg correction (p<0.05) using R open

source software [133]. All other data was analyzed using GraphPad Prism Version 8 software

(San Diego, USA). Results were evaluated by a one-way ANOVA when comparing more than

two groups with a single independent variable while a two-way ANOVA was used to compare

more than two groups with 2 independent variables. Western blot and gelatin zymography

data was analyzed using a paired or unpaired t-test, respectively.

Supporting information

S1 Fig. A) Top 20 downregulated Gene Ontology terms of hPDL cells challenged for 2-hours

followed by a 22-hour incubation using the Reactome nomenclature. Statistical significance

was assessed using a Kolmogorov-Smirnov test followed by Benjamini-Hochberg correction

(p<0.05). B) Top 20 downregulated signaling pathways of hPDL cells challenged for 2-hours

followed by a 22-hour incubation using the Kyoto Encyclopedia of Genes and Genomes

(KEGG) database. Statistical significance was assessed using a Kolmogorov-Smirnov test
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followed Benjamini-Hochberg correction (p<0.05).

(TIF)

S2 Fig. Assessment of purified dentilisin enzymatic activity after stimulation with purified

dentilisin. Healthy hPDL cells were challenged with purified dentilisin at increasing concen-

trations (1, 3 and 5 μg/mL) for 2-hours followed by a 22-hour incubation in MEM-αmedia

free of FBS and supplemented with 1% P/S. Conditioned media from these cells were used to

assess the enzymatic activity of Active MMP-2 (64-kDa) and Dentilisin (98 kDa) using gelatin

zymography followed by densitometry analysis using Fiji. Statistical significance was deter-

mined using a One-Way ANOVA. Bars represent ± SD of mean values (n = 3). ���p< .001

versus control.

(TIF)

S3 Fig. Assessing inter- and intragroup gene expression variability across sample repli-

cates. The figure displays a Pearson’s plot visualizing the correlation between samples. Scale

bar represents the range of the correlation coefficients (R) displayed.

(TIF)
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