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The oral mucosa is a challenging environment from an immunological perspective, containing discrete niches with a unique architecture and function that requires precise adjustment of the immune system. Being the port of entry to the gastrointestinal and respiratory tracts, the oral cavity is also constantly challenged by antigens derived from air and food. Moreover, the oral cavity is the sole tissue of the body harboring a hard surface (i.e. the tooth) that is exposed to the hostile external environment, resulting in the formation of a complex biofilm that has local and systemic effects. To deal with such challenges, the oral immune system aims to prevent the invasion of pathogens/harmful antigens and to tolerate non-pathogenic counterparts in order to maintain homeostasis.

In recent years, numerous studies have addressed these fundamental issues, revealing sophisticated mechanisms engaged by the immune system to maintain oral mucosal homeostasis and to combat various immunological insults. Some of these studies have identified novel immunological mechanisms, emphasizing the uniqueness of the oral immune system and the necessity to further investigate its functions.
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Growth arrest-specific 6 (GAS6) expressed by oral epithelial cells and dendritic cells (DCs) was shown to play a critical role in the maintenance of oral mucosal homeostasis. In this study, we demonstrate that the induction of pathogen-specific oral adaptive immune responses is abrogated in Gas6−/− mice. Further analysis revealed that GAS6 induces simultaneously both pro- and anti-inflammatory regulatory pathways upon infection. On one hand, GAS6 upregulates expression of adhesion molecules on blood vessels, facilitating extravasation of innate inflammatory cells to the oral mucosa. GAS6 also elevates expression of CCL19 and CCL21 chemokines and enhances migration of oral DCs to the lymph nodes. On the other hand, expression of pro-inflammatory molecules in the oral mucosa are downregulated by GAS6. Moreover, GAS6 inhibits DC maturation and reduces antigen presentation to T cells by DCs. These data suggest that GAS6 facilitates bi-directional trans-endothelial migration of inflammatory cells and DCs, whereas inhibiting mucosal activation and T-cell stimulation. Thus, the orchestrated complex activity of GAS6 enables the development of a rapid and yet restrained mucosal immunity to oral pathogens.
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INTRODUCTION

The oral cavity is a unique anatomical structure composed of soft and hard tissues, which are continuously exposed to the microbiota. To ensure oral health, the immune system must maintain a symbiotic relationship with the microbiota while preventing invasion of pathogens. This task, however, is not trivial and oral pathogens such as Porphyromonas gingivalis can cause a disease by inducing microbial dysbiosis (1). Such an alteration in the composition of oral microbiota results in the development of destructive local immunity, which is associated with systemic adverse complications (2). This demonstrates the delicate equilibrium between the host immune system and microbiota, which likely requires sophisticated mechanisms to maintain a balanced homeostasis.

We recently reported the critical role of growth arrest-specific 6 (GAS6) protein in regulating oral mucosal homeostasis (3). GAS6 and Protein S (PROS1) are ligands of the TYRO3, AXL, and MERTK (TAM) receptor tyrosine kinases (4), which were found to play a role in various biological process including immunoregulation (5). In the oral mucosa, GAS6 and its predominant receptor AXL are expressed by the outermost layers of the epithelium. The expression of GAS6 is induced postnatally by the developing microbiota in a MYD88-dependent fashion (3). GAS6, in turn, downregulates the activation of epithelial cells, which is required for the establishment of oral mucosal homeostasis. Moreover, GAS6 expressed by dendritic cells (DCs) was found to restrain IL-6 production favoring the generation of T regulatory (Treg) over Th17 cells, further facilitating tolerogenic immune responses against the oral microbiota (3). Whereas these findings highlight a central role of GAS6/AXL signaling in regulating oral mucosal homeostasis, targeting the GAS6/AXL axis by pathogens might induce dysbiosis and subsequent oral pathology. Indeed, P. gingivalis is capable of degrading MYD88 in the oral epithelium resulting in a diminished expression of GAS6, AXL, and PROS1 (6). This leads to an oral microbial dysbiosis, elevated production of IFN-α by epithelial cells and temporal “immune paralysis” of the gingiva due to a lack of GAS6 and AXL expression in gingival blood vessels. Furthermore, the unrestrained IFN-α secretion due to the absence of negative regulation by GAS6 and AXL enables the development of excessive Th1-type inflammatory responses which enhance alveolar bone loss (6).

GAS6 thus emerges as a fundamental regulator of oral mucosal immunity at steady state, but also as a potential target for immune dysregulation by oral pathogens. Understanding the precise role of GAS6 during infection is therefore important in order to prevent or modulate local immunity for better protection. Nevertheless, GAS6 is widely expressed by many types of cells in the oral mucosa such as epithelial cells, DCs, and endothelial cells, making it difficult to precisely elucidate its function. This study is aimed at dissecting the mechanisms by which GAS6 engages distinct immunological phases in the oral mucosa upon infection with an oral pathogen.



RESULTS


Diminished Pathogen-Specific Adaptive Immune Responses in Gas6−/− Mice

To study the role of GAS6 under inflammatory conditions, we employed the widely used oral infection model causing murine periodontitis. In this model, mice pre-treated with antibiotics are infected three times via oral gavage, with the oral pathogen P. gingivalis in a carboxymethylcellulose (CMC) solution as a vehicle (Figure 1A). To this end, Gas6−/− mice and littermate Gas6+/+ control (WT) mice were infected with P. gingivalis or vehicle and analyzed 6 weeks after the last infection. First, we assessed the development of Th1-type immune response by quantifying IFN-γ levels in the supernatants of splenocytes purified from the infected mice and restimulated ex vivo with the P. gingivalis antigen RgpA. As demonstrated in Figure 1B, significant secretion of IFN-γ was detected only in splenocytes of P. gingivalis-infected WT mice. Interestingly, besides the inability of restimulated splenocytes of Gas6−/− mice to secrete IFN-γ, their baseline secretion of this cytokine was considerably lower in comparison to WT mice. Analyzing P. gingivalis-specific antibodies in the serum by ELISA revealed a similar phenomenon. P. gingivalis-infected WT mice contained a high circulating antibody titer whereas limited antibody titers were detected in infected and naïve Gas6−/− mice (Figure 1C). We next examined the induction of oral mucosal immune responses by analyzing the gingiva of the infected mice. Using flow cytometry, we found higher frequencies of CD45+ leukocytes in the oral mucosa of P. gingivalis-infected WT mice compared to vehicle-treated mice (Figure 1D). In Gas6−/− mice, on the other hand, no alteration in the percentages of these cells were detected. Further analysis identified an increase in CD4+ T cells in the gingiva of infected WT mice, while a fraction of these cells were Treg cells based on their ability to express the transcription factor FOXP3 (Figures 1E,F).
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FIGURE 1 | Diminished pathogen-specific adaptive immunity in Gas6−/− mice. (A) Schematic presentation of the murine periodontitis model used in this study. Antibiotic pre-treated mice were infected via oral gavage, three times at 2-day intervals, with 1 × 1010 CFU of Porphyromonas gingivalis strain 53977 (Pg). Six weeks after the last inoculation, the mice were analyzed. (B) IFN-γ production by restimulated splenocytes quantified by ELISA representing the mean value ± SEM (n = 8). (C) Pg-specific IgG titers measured by ELISA in the plasma of the mice, representing the mean of OD450 values ± SEM (n = 8). (D–F) Flow cytometry analysis of the percentages of CD45+ cells (D), CD4+ T cells (E), and FOXP3-expressing CD4+ T regulatory cells (F) in the gingival tissues of infected mice (n = 5). Representative data of one out of three independent experiments is shown.


The inflammatory responses induced in the gingiva following P. gingivalis infection are known to cause alveolar bone loss (7). We therefore quantified residual alveolar bone volume using μCT. Concurring with the above immunological data, a significant loss in the alveolar bone was observed only in P. gingivalis-infected WT mice, whereas no loss was found in Gas6−/− mice (Figures 2A,B). Of note, care should be taken with the interpretation of these results, as GAS6 was reported to play a role in osteoclast activation in vitro (8). Nevertheless, the bone loss results were further supported using RT-qPCR analysis of RANKL expression (receptor activator of nuclear factor κ-B ligand). This molecule is known to be involved in P. gingivalis-induced alveolar bone loss and its expression significantly increased in WT but not Gas6−/− mice due to the infection (Figure 2C). Taken together, these data demonstrate that GAS6 is essential to elicit P. gingivalis-specific adaptive immunity after oral infection.
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FIGURE 2 | Lack of inflammation-induced bone loss in Gas6−/− mice. (A) Representative μCT sections of the second upper molar demonstrating the residual bone volume measured from the cemento-enamel junction (CEJ) and alveolar bone crest (ABC). White arrows indicate lesions in the alveolar bone. (B) Three-dimensional quantification of the residual alveolar bone. Data are presented as the volume of alveolar bone in the buccal plate and represent the mean of eight mice per group ± SEM. (C) Quantification by RT-qPCR of the expression levels of RNAKL in the gingiva of infected mice, graphs represent the mean of five mice per group ± SEM. Representative data of one out of two independent experiments is shown.




Differential Regulation of Inflammatory Leukocytes Versus APCs in Infected Gas6−/− Mice

To further explore the lack of adaptive immunity in Gas6−/− mice, we analyzed early immunological events after infection. For this we infected Gas6−/− and WT mice once with P. gingivalis to induce an acute inflammation, and examined the development of gingival immune responses in the subsequent days (Figure 3A). First, we examined whether the expression of GAS6 and the second TAM ligand, PROS1, in the gingiva is affected by the infection. Using immunofluorescence staining on gingival histological sections and RT-qPCR analysis, we found that GAS6 and PROS1 were both upregulated in the oral epithelium (Figure 3B). Next, we examined by flow cytometry the content of innate myeloid leukocytes in the gingiva of the infected mice based on the gating strategy described in Figure S1 in Supplementary Material. Three days after the infection, infiltration of CD45+ leukocytes, particularly neutrophils and monocytes, into the infected gingiva was seen in WT mice but not in Gas6−/− mice (Figure 3C). Of note, with regards to monocytes, a significant reduction in this population was observed in the gingiva of infected Gas6−/− mice in comparison to the non-infected Gas6−/− control group. We then tested gingival MHCII+CD11c+ cells representing APCs such as macrophages and DCs, the latter are expected to migrate to the draining lymph node (LN) during the three first days after infection in order to prime T cells and initiate adaptive immunity (9). Surprisingly, unlike neutrophils and monocytes, the frequencies of APCs were not reduced in the gingiva of Gas6−/− mice after infection, and in fact, their level markedly increased in the tissue (Figures 3C,D). We thus conclude that the absence of GAS6 prevents the infiltration of myeloid leukocytes into the gingiva. In addition, the increase in the frequency of APCs together with the reduction in the monocyte population, suggests that monocytes might differentiate into APCs in Gas6−/− mice upon infection.
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FIGURE 3 | Lack of innate infiltrate in the gingiva of infected Gas6−/− mice. (A) Schematic presentation of an acute oral infection. Mice were infected once with Pg by oral gavage and analyzed either 1, 3, or 7 days after infection. (B) H&E and immunofluorescence stained histological section of the lower jaw and RT-qPCR analyses of GAS6 and PROS1 expression in the gingiva of WT mice prior to and 3 days after Pg infection. Bar graphs represent the mean of four mice per group ± SEM. Immunohistochemical staining is shown for GAS6 (green), PROS1 (red) and nuclei are stained with hoechst (blue). Enlarged images of the framed area are shown to the right. (C) Percentages of total CD45+ cells, neutrophils, monocytes, and APCs in the gingiva 24 h after infection. Bar graphs represent the mean of five mice per group ± SEM. (D) Representative FACS plot showing the frequencies of MHCII+CD11c+ cells (APCs) in the gingiva of WT and Gas6−/− mice 24 h after infection. Representative data of one out of three independent experiments is shown. Abbreviations: BE, buccal epithelium; GE, gingival epithelium; SE, sulcular epithelium; JE, junctional epithelium; LP, lamina propria; GAS6, growth arrest-specific 6.




The Absence of GAS6 Facilitates Secretion of Pro-Inflammatory Molecules in the Oral Mucosa

The absence of inflammatory cells in the gingiva of infected Gas6−/− mice might be due to a diminished production of inflammatory cytokines and chemokines, serving as chemoattractants for these cells. To examine this issue, we measured the gingival expression of the pro-inflammatory cytokines TNF-α and IL-1β as well as the chemokine CCL2. As depicted in Figure 4A, upon infection, both WT and Gas6−/− mice upregulated the expression of the noted molecules; nevertheless, in Gas6−/− mice the expression levels were significantly higher in comparison to WT mice. TNF-α in the serum of Gas6−/− infected mice were significantly higher than WT, indicating a systemic reaction to the infection (Figure 4B). Furthermore, the percentages of neutrophils in the blood of Gas6−/− mice were higher than those detected in infected WT mice or uninfected Gas6−/− mice (Figure 4C). Collectively, these suggest that GAS6 in the mucosal epithelium downregulates the induction of pro-inflammatory cytokines following infection, implying that its absence should actually facilitate leukocyte infiltration upon infection with P. gingivalis.
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FIGURE 4 | Elevated expression of pro-inflammatory cytokines in Gas6−/− mice following infection with Pg. (A) Expression levels of TNF-α, IL-1β, and CCL2 in the gingiva 24 h after a single infection with Pg. Data are presented as relative mRNA expression analyzed by RT-qPCR and represent the mean of five mice ± SEM. (B) Serum levels of TNF-α, on days 0, 1, and 3 days post-infection, measured by ELISA. Graphs represent the mean of five mice ± SEM. Representative data of one out of three independent experiments is shown. (C) Peripheral blood samples were collected from naive and infected mice 24 h after infection for flow cytometry analysis. Representative FCAS plots and bar graphs demonstrate the percentages of neutrophils in the blood. Bar graphs represent the mean of five mice per group ± SEM. Representative data of one out of three independent experiments is shown.




The Absence of GAS6 Prevents Leukocyte Extravasation Into the Gingiva

Another explanation to the lack of a local innate immune responses in infected Gas6−/− mice might be the inability of inflammatory leukocytes to enter the mucosa via blood vessels. In this regard, it has been shown that GAS6 is required for leukocytes infiltration in systemic inflammatory models (10). Our previous work also found that GAS6 and its receptor AXL are expressed in arteries of the gingival lamina propria, while repetitive infections with P. gingivalis down-modulate their expression and prevents innate inflammation (6). We thus examined whether in Gas6−/− mice the arrival of innate leukocytes to the oral mucosa is prevented after an acute infection by P. gingivalis. First, we analyzed by immunofluorescence analysis the expression of GAS6 and AXL in blood vessels, which were visualized using the CD31-specific antibody (Figure 5A). Whereas AXL was found in blood vessels of both naive and infected WT mice, GAS6 was only detected in infected ones. Moreover, the distribution pattern of GAS6 strikingly resembled that of AXL, suggesting that GAS6 might be bound to AXL. To further explore how GAS6 impacts the blood vessels in the oral mucosa under acute inflammatory conditions, we quantified in the gingiva the expression of endothelial adhesion molecules that are known to be upregulated upon infection. As depicted in Figure 5B, while expression of P-selectin, ICAM-1, and VCAM-1 were increased in infected WT mice, the expression of these molecules was unchanged by the infection in Gas6−/− mice. These findings indicate that GAS6 controls leukocyte infiltration to the gingiva via regulating the expression of endothelial adhesion molecules. Nevertheless, since we showed above that the absence of GAS6 resulted in increased production of pro-inflammatory molecules, we analyzed changes in circulating leukocytes at various times after infection. As shown in Figures 5C,D, neutrophils and Gr-1high monocytes but not DCs nor Gr-1low monocytes (data not shown) accumulated in the blood of Gas6−/− mice 1 and 3 days after infection but returned to normal levels 7 days post-infection. In WT mice, on the other hand, these cells accumulated only in the gingiva during the first 3 days post-infection, returning to basal levels by day 7. Taken together, it can be concluded that GAS6 has opposing roles during bacterial infection. Within the epithelium, upregulation of GAS6 down-modulates the secretion of pro-inflammatory cytokines and chemokines, which are required to induce egression of neutrophils and monocytes from the bone marrow (BM). However, at the same time GAS6 regulates the expression of adhesion molecules in endothelial cells and subsequently prevents leukocyte extravasation into the gingiva.
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FIGURE 5 | Infiltration of innate leukocytes to the gingiva is blocked in infected Gas6−/− mice. (A) Immunofluorescence staining of AXL or growth arrest-specific 6 (GAS6) (green), CD31 (red), and hoechst (blue) in gingival lamina propria cross sections of Pg-infected and naive WT and Gas6−/− mice. Representative images of at least three independent experiments. Scale bars represent 20 μm. (B) Expression of P-selectin, ICAM-1, and VCAM-1 in the gingiva of WT and Gas6−/− mice 24 h following infection with Pg. Relative mRNA expression levels are presented using RT-qPCR analysis representing the mean of five mice per group ± SEM. Representative data of one out of two independent experiments is shown. (C,D) Quantification of inflammatory cells in the blood and gingiva following a single infection of WT and Gas6−/− mice with Pg. (C) Gating strategy to identify neutrophils, APCs, Ly6Clow, and Ly6Chigh monocytes in the blood using flow cytometry analysis. (D) Time course analysis of the frequencies of CD45+ cells, neutrophils, and Ly6Chigh monocytes in the blood versus gingiva in WT and Gas6−/− mice, representing the mean of five mice per group ± SEM. Representative data of one out of two independent experiments is shown.




Migration of Oral DCs to the LNs Is Accelerated by GAS6

The aforementioned data demonstrated that following infection higher frequencies of APCs were found in the gingiva of Gas6−/− mice (Figure 3D). To examine whether migration of DCs to the LNs was impaired in these mice, we quantified the expression of CCL19 and CCL21, chemokines mediating DC migration to the LNs (11). Using RT-qPCR, we found a significant increase in the gingival expression of CCL19 and CCL21 of WT upon infection (Figure 6A). By contrast, a reduced expression of both chemokines was detected in Gas6−/− mice 1 and 3 days after infection (Figure 6A). We next examined whether AXL and GAS6 are expressed on lymphatic endothelial cells (LECs), and if the infection alters their expression pattern. As depicted in Figure 6B, at steady state conditions AXL but not GAS6 was expressed by WT LECs that were visualized using staining with anti-LYVE-1 antibody. Upon infection, GAS6 as well as AXL were detected in LECs, suggesting that GAS6 increases permeability similar to blood endothelial cells. These results suggest that DCs might not efficiently migrate to the LNs in infected Gas6−/− mice, due to a reduced chemokine production and impaired function of local lymphatic vessels. To address this issue directly, we painted the oral mucosa with an FITC/DBP solution, an approach allowing to track migration of oral DCs into the LNs (FITC-labeled DCs) due to local inflammation induced by the DBP (12). As demonstrated in Figure 6C, significantly less FITC-labeled DCs (gated population of CD11cintermediateMHCIIhigh in the LNs) were detected in Gas6−/− compared to WT mice (~50% reduction). No FITC-labeled DCs were found in the population of LN-resident DCs (RLN) or plasmacytoid DCs, confirming that only migratory DCs originating within the oral mucosa were labeled in this assay (Figure S2 in Supplementary Material). Interestingly, despite their reduced migratory levels, DCs of Gas6−/− mice, either migratory or RLN DCs, expressed higher levels of MHCII compared to their counterparts in WT mice (Figure 6C). Collectively, these data suggest that GAS6 facilitates DC migration to the LNs following infection, contributing to a rapid development of adaptive immunity. The augmentation in MHCII levels on DCs in Gas6−/− mice proposes a role for GAS6 also in DC maturation and activation, which led us to explore this possibility.
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FIGURE 6 | Growth arrest-specific 6 (GAS6) enhances migration of oral dendritic cells (DCs) to the draining lymph nodes (LNs). (A) Mice were infected once with Pg and the expression levels of CCL19 and CCL21 chemokines was analyzed in the gingiva using RT-qPCR 1 or 3 days later. Data represent the mean of five mice per group ± SEM. (B) Immunofluorescence staining of AXL or GAS6 (green) and LYVE1 (red), in gingival lamina propria cross sections of Pg-infected and naive WT and Gas6−/− mice. Representative images of two independent experiments. (C) The oral mucosa of WT and Gas6−/− mice were painted with FITC/DBP solution, 2 days later the draining cervical LNs were collected and processed for analysis by flow cytometry. Left plot—representative image demonstrating the segregation of CD45+CD11c+ cells into distinct DC subsets based on the expression of MHC class II and CD11c (RLN-DC—LN resident DCs; pDC—plasmacytoid DCs). Upper panel—representative FACS plots and bar graphs illustrating the percentages of FITC-positive cells among migratory DCs of Gas6−/− and WT mice, representing the mean of five mice per group ± SEM. Lower panel—representative FCAS histograms showing MHCII expression levels on total migratory DCs and RLN-DCs. Gray histograms represent MHC staining on T cells which do not express MHCII. Bar graphs present the mean florescence intensity (MFI) of MHCII expression on the noted DC populations and represent the mean of five mice per group ± SEM.




GAS6 Inhibits DC Maturation and Decreases T-Cell Activation

We previously reported that GAS6 is expressed in DCs and its expression colocalizes with intracellularly expressed MHCII (3). We also have shown that GAS6 had no impact on surface expression levels of MHCII in DCs at steady state. These observations, together with our present finding of elevated MHCII expression after infection, suggest that GAS6 influences DC functions under inflammatory conditions. To probe this issue directly, we generated DCs from bone marrow cells (BMDCs) purified from WT and Gas6−/− mice, and stimulated them with LPS. Using flow cytometry, we found that MHCII and CD86 expressions were upregulated upon LPS stimulation in both Gas6−/− and WT BMDCs; yet, considerably higher levels of these molecules were found in Gas6−/− BMDCs (Figure 7A). Similar results were obtained in DCs purified from the cervical LNs of WT and Gas6−/− mice following LPS stimulation (Figure 7B). Interestingly, unlike MHCII and CD86, expression of CCR7 which is required for migration to the LNs was not affected by the absence of GAS6 in LN-purified DCs (Figure 7B). Next, we analyzed the ability of DCs to stimulate naive T cells. DCs were enriched from gingiva-draining cervical LNs of Gas6−/− and WT mice, and pulsed with MHC class II-restricted OVA223–239 or MHC class I-restricted SIINFEKL peptides. The pulsed DCs were then co-cultured for 60 h with CFSE-labeled CD4+ OT-II T cells and CD8+ OT-I T cells, respectively. A considerable reduction in the CFSE levels was observed by all T cells indicating the capacity of the DCs to induce T-cell proliferation (Figure 7C). However, DCs lacking GAS6 had superior capacity to stimulate CD4+ T cells as compared to WT mice. Such an effect was not observed for CD8+ T cells, which upon stimulation present with proliferation levels equal to either DC population. Furthermore, we measured IFN-γ secretion in the culture supernatants by ELISA and found elevated secretion of this cytokine by CD4+ T cells and CD8+ T cells in Gas6−/− DC cultures in comparison to the WT controls (Figure 7D). Taken together, these results demonstrate contrasting roles for GAS6 on DC functions. On one hand, GAS6 expressed by DCs downregulates their maturation and their capability to stimulate T cells. On the other hand, GAS6 enhances the expression of CCL19 and CCL21 in the tissue while not reducing CCR7 expression on activated DCs, thus facilitating DC migration to the LNs and induction of adaptive immunity. This suggests that GAS6 accelerates the induction of adaptive immunity by but also restrains its magnitude.
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FIGURE 7 | Growth arrest-specific 6 (GAS6) inhibits dendritic cell (DC) maturation and limits T-cell activation by DCs. (A) BMDCs generated from WT and Gas6−/− mice were stimulated with LPS for 24 h. Representative FACS histograms and graphs demonstrating the expression and mean florescence intensity (MFI) of MHCII (top) and CD86 (bottom) on BMDCs, respectively. Gray histograms represent staining on MHC-negative cells in the culture. (B) DCs purified from cervical lymph nodes (LNs) of Gas6−/− and WT mice were stimulated with LPS for 24 h. Representative FACS plots demonstrating the expression of CD86, MHCII, and CCR7 are presented. (C,D) DCs enriched from cervical LNs of Gas6−/− and WT mice were stimulated with LPS and OVA peptides and then co-cultured with naive CFSE-labeled OT-II CD4+ T cells or OT-I CD8+ T cells. (C) Three days post-stimulation the dilution in CFSE levels on the T cells was analyzed by flow cytometry, representative FACS histograms are presented, numbers indicate the mean of three repeats per group ± SEM. (D) Bar graphs show the concentrations of IFN-γ secreted to the supernatant by activated CD8+ T cells and represent the mean of four repeats per group ± SEM. Representative data of one out of two independent experiments is shown.





DISCUSSION

In this study, we revealed the complex role of GAS6 in the oral mucosa under inflammatory conditions. Such multifaceted and apparently contrasting activities are likely attributed to the vast expression of GAS6 in various cell types within the oral mucosa. Nonetheless, it can be generalized that GAS6 positively regulates bi-directional trans-endothelial migration of leukocytes into (neutrophils and monocytes) and away (DCs) from the infected mucosa. Conversely, GAS6 negatively regulates the levels of innate and adaptive immune cells recruited to the infection site (Figure 8). Thus, integrating the overall roles of GAS6 upon infection lead us to conclude that GAS6 acts to mount a swift innate immune response and rapid initiation of adaptive immunity, while simultaneously restraining both types of responses.
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FIGURE 8 | Pro- and anti-inflammatory roles for growth arrest-specific 6 (GAS6) in the oral mucosa. Upon infection, GAS6 facilitates extravasation of neutrophils and Gr1high monocytes to the oral mucosa by upregulating expression of adhesion molecules on blood endothelial cells. GAS6 also enhances migration of mucosal dendritic cells (DCs) to the lymph node by upregulating CCL19/CCL21 expression, chemokines mediating this process via interaction with CCR7 on DCs. Both processes involve the GAS6-mediated trans-endothelial migration, indicating its pro-inflammatory function. On the other hand, GAS6 downregulates the production of pro-inflammatory cytokines and chemokines by epithelial cells. In the LN, GAS6 inhibits antigen presentation and T cell activation by DCs, via reducing expression of the maturation-associated molecules MHC and CD86. Interestingly, CCR7, an additional molecule associated with DC maturation, is not downregulated by GAS6, thus complementing the upregulation of CCR7 ligands by GAS6 in the mucosa to promote migration. Such apparently opposing roles of GAS6 during infection enable the induction of swift innate inflammatory responses, while facilitating the development of a restrained adaptive immune response.


Oral epithelial cells were shown to express various cytokines and chemokines such as TNF-α, IL-1β, and CCL2 that were upregulated upon infection in our study (13, 14). GAS6 is constitutively expressed in oral epithelial cells and as we recently showed it downregulates the activation of epithelial cells at steady state in order to maintain homeostasis (3). Here, we demonstrate that expression of GAS6 is increased rapidly under inflammatory conditions to inhibit excessive activation of the epithelium, which as we previously reported might have pathological consequences (6). Similar to epithelial cells, GAS6 is also constitutively expressed by macrophages and regulates their steady state function (15). However, upon TLR-mediated activation, expression of GAS6 is decreased enabling the macrophages to mount a potent secretion of pro-inflammatory cytokines and chemokines. These findings further emphasize the versatile functions of GAS6 in immunoregulation and highlight that GAS6 acts in a cell-specific fashion.

Our analysis reveals that GAS6 regulates CCL21 and CCL19 expression in the gingiva and in gingival lymphatic vessels under inflammatory conditions. In contrast to its inhibitory effect on MHCII and CD86 expression on stimulated DCs, GAS6 does not downregulate the expression of their receptor CCR7 on these cells. This demonstrates that the versatile functions of GAS6 in epithelial cells, LECs, and DCs are critically orchestrated to facilitate migration of mature DCs to the LNs via the afferent lymphatic vessels (16). To the best of our knowledge, this is the first observation linking GAS6 with activation of the lymphatic system. This lymphatic expression pattern of GAS6 resembles its expression in blood endothelial cells, leading to expression of adhesion molecules. Since LEC also express VCAM-1 and ICAM-1 (17), which were upregulated in the gingiva of infected Gas6−/− mice, it is likely that GAS6 also enhances DC migration by enabling endothelial attachment of mature DCs. With regards to chemokine expression, CCL21 is known to be expressed by LECs, and therefore it is likely that GAS6 activates LECs similar to its role on blood endothelial cells. CCL19, on the other hand, is not expressed by LEC but rather by activated DCs, and was proposed to induce their homing to the lymphatics (18). The possibility that in our study GAS6 upregulates CCL19 expression in oral DCs is in line with its incapability to reduce their CCR7 expression (in contrast to the other maturation markers MHCII and CD86), as both CCL19 and CCR7 are required for DC migration to the LNs. In a broader view, the impact of GAS6 on activated DCs suggests that migratory capability (represented by CCL19 and CCR7) and antigen-presentation function (represented by MHCII and CD86) of mature DCs are differentially regulated. In a recent study, PROS1 expressed by T cells was shown to reduce antigen presentation by DCs and to subsequently limit adaptive immunity (19). Here, we showed that DC maturation and antigen presentation is regulated by GAS6 expressed in DCs, thus TAM ligands appear to tightly control adaptive immunity by acting via both T cells and DCs.

In vitro stimulation of naive CD4+ T cells but not CD8+ T cells by Gas6−/− DCs resulted in a decreased proliferative capacity in comparison to WT DCs. This could be explained by the considerable downregulation of MHCII but not MHCI in Gas6−/− DCs upon activation. Nevertheless, in both T cell types, the capability of the cells to secrete IFN-γ was significantly reduced due to the absence of GAS6 in DCs. A recent study has shown that AXL signaling downregulates IL-12 production by DCs (20), a cytokine required for generation of IFN-γ producing T cells (21). In addition, the AXL/GAS6 pathway was shown to diminish IFN-γ expression in NK cells as well as the expression of its master regulator, T-BET (22). T-BET is a transcription factor that is crucial for the induction of Th1-type immune responses and also for cytotoxic CD8+ T cells (23). It is thus possible that GAS6 can regulate T-cell polarization during their priming by DCs.

In summary, this study demonstrates that GAS6 exerts both pro- and anti-inflammatory responses in the oral mucosa to ensure rapid but restrained pathogen-specific immunity. Together with the previously reported capability of GAS6 to control oral homeostasis (3), it can be concluded that GAS6 is a key regulator of the oral mucosal immune system.



MATERIALS AND METHODS


Mice

Gas6−/− (24) and Gas6+/+ littermate controls (WT) were prepared by crossing Gas6−/− mice and C57BL/6 (B6) purchased from Harlan (Rehovot, Israel). The identity of the mice used for experiments was confirmed by genotyping with the following PCR primers: forward-GAGTGCCGTGATTCTGGTC, middle-CCACTAAGGAAACAATAACTG, and reverse-ATCTCTCGTGGGATCATT. The mice were maintained under SPF conditions and analyzed between 8 and 12 weeks of age.



Antibodies and Reagents

The following fluorochrome-conjugated monoclonal antibodies and the corresponding isotype controls were purchased from BioLegend (San Diego, CA, USA): I-A/I-E (M5/114.15.2), CD45.2 (104), CD86 (PO3), Ly6G (1A8), Ly6C (HK1.4), CD3 (17A2), CD11b (M1/70), CD8α (53-6.7), CD4 (GK1.5), FOXP3 (MF-14), and CD11c (N418). CFSE was purchased from Molecular Probes. E. coli LPS were purchased from Sigma (Israel).



Isolation and Processing of Gingival Tissue

Gingival tissues were excised, minced, and treated with Collagenase type II (2 mg/ml; Worthington Biochemicals) and DNase I (1 mg/ml; Roche) solution in PBS plus 2% fetal calf serum (FCS) for 25 min at 37°C in a shaker bath. A total of 20 μl of 0.5 M EDTA per 2 ml sample was added to the digested tissues and incubated for an additional 10 min. The cells were washed, filtered with a 70 μm filter, and stained with antibodies as indicated in the text. In some experiments, FOXP3 staining was performed using the FOXP3 Fix/Perm Buffer Set (BioLegend) according to the manufacturer’s instructions. The stained samples were run in the LSR II (BD Biosciences) flow cytometer and analyzed using FlowJo software (Tree Star).



Immunofluorescence Staining

The maxilla was fixed overnight at 4°C in 4% paraformaldehyde/PBS solution, and then washed for 1 week in EDTA 0.5 M/PBS that was changed every other day. The tissue was cryopreserved in 30% sucrose (overnight at 4°C), embedded in OCT, and cryosectioned into 10 μm-thick sections. The cross sections, as well as the separated epithelium, were washed three times in PBS, blocked in a blocking buffer (5% FCS, 0.1% Triton X-100 in PBS) for 1 h at room temperature, and incubated with primary antibodies: goat anti-GAS6 (clone sc-1935, Santa Cruz Biotechnology), rabbit anti-PROS1 (clone 2428718, Millipore), rat anti-CD31 (clone 550274, BioLegend), goat anti-AXL (clone sc-1096, Santa Cruz Biotechnology), and rabbit-Anti-LYVE1 (clone-ab14917, Abcam) overnight at 4°C. Following three washing steps in PBS, the samples were incubated with a secondary antibody: donkey anti-goat IgG, donkey anti-rat IgG, or donkey anti-rabbit IgG (Jackson ImmunoResearch) diluted 1:100 in blocking buffer for 1 h at RT, washed three times, stained with hoechst, and mounted. As a negative staining control, primary antibody was omitted and replaced by blocking buffer. Signals were visualized and digital images were obtained using an Olympus BX51 fluorescent microscope mounted with a DP72 (Olympus) camera.



RNA Extraction and RT-qPCR

For RNA isolation, the maxilla was homogenized in 1 ml TRI reagent (Sigma) using electric homogenizer, and RNA was extracted according to the manufacturer’s instructions. cDNA synthesis was performed using the qScript™ cDNA Synthesis Kit (Quanta-BioSciences Inc™). Real-Time qPCR reactions (20 μl volume) were performed using Power SYBR Green PCR Master Mix (Quanta-BioSciences Inc™). The following reaction conditions were used: 10 min at 95°C, 40 cycles of 15 s at 95°C, and 60 s at 60°C. The samples were normalized to the TBP (TATA box binding protein) as control mRNA, by change in cycling threshold (ΔCT) method and calculated based on 2−ΔΔCT.



Inflammation-Induced Bone Loss Model

Mice were treated with 0.4% trimethoprim and sulfamethoxazole solution (Resprim; Teva) in the drinking water for 10 days, followed by 3 days without antibiotics. The mice were then infected via oral gavage, three times at 2-day intervals, with 1 × 1010 cfu of P. gingivalis 53977 in 400 μl of 2% (wt/vol) CMC solution (Sigma). Uninfected mice were treated with the CMC vehicle alone. Six weeks later, the mice were euthanized and the hemi-maxillae were harvested and scanned using μCT (Scanco Medical). 3D alveolar bone loss was quantified as we previously described (9).



Acute Infection With P. gingivalis

Mice were infected via oral gavage once with 1 × 1010 cfu of P. gingivalis 53977 in 400 μl of 2% (wt/vol) CMC solution. At days 1, 3, and 7 post-infection, the gingiva and blood samples were collected from the mice for analysis.



Serum Analysis

Six weeks after infection, blood was drawn from the mice and the sera were stored at −80°C. Ninety-six-well plates (Nunc) were coated overnight at 4°C with 1 μg of P. gingivalis 53977 lysate/well in 0.1 M bicarbonate buffer (pH 9). The plates were washed twice with PBS-0.02% Tween 20 and blocked with PBS 10% FCS (2 h at room temperature). Subsequently, mouse serum samples diluted serially in PBS were added to the wells for 3 h incubation at RT. This was followed by four washes in PBS-0.02% Tween 20 and the addition of anti-mouse peroxidases-conjugated IgG, IgG1, and IgG2c antibodies (Jackson ImmunoResearch). After incubation for 2 h at RT, the plates were washed five times and 100 μl/well of tetramethyl benzidine (TMB) solution (Southern Biotech) was added for 5 min, followed by the addition of 100 μl of TMB stop solution (Southern Biotech). Absorption was read at 450 nm using an iMARK microplate reader (Bio-Rad).



T-Cell Activation Assay Ex Vivo

Cervical LNs were collected from WT or Gas6−/− mice and treated with collagenase type II (1 mg/ml) and DNase I (1 mg/ml) solution in PBS plus 2% FCS for 20 min at 37°C in a shaker bath. 20 μl of 0.5 M EDTA per 2 ml sample was added to the digested LNs and incubated for an additional 10 min. The cells were then washed and filtered. CD11c+ cells were enriched from the digested LNs by positive isolation using MACS MicroBeads according to the manufacturer’s instructions (Miltenyi Biotec, Germany). OT-I CD8+ T cells or OT-II CD4+ T cells were purified by negative selection with the EasyStep mouse CD8+ or CD4+ T-cell enrichment kits, respectively, according to the manufacturer’s instructions (StemCell Technologies, Canada). The purified T cells were incubated with same volume of 5 mM CFSE in HBSS 10 min at 37°C at a final concentration of 2.5 mM. Labeling was quenched by adding an excess of ice-cold RPMI 1640 complete medium, and cells were washed twice with culture medium. CFSE-labeled OTI CD8+ or OT-II CD4+ T cells (5 × 104/well) were incubated with the enriched CD11c+ cells (1 × 104/well) in 96-well U-bottom plates (Nunc). The SIINFEKL (1 μg/ml) and OVA223–339 (1 μg/ml) peptides were added to cultures containing CD8+ or CD4+ T cells, respectively, in the presence of LPS (Sigma) (100 ng/ml). The cultures were then incubated for 60 h, the supernatants were collected and stored at −80°C immediately, and the dilution of CFSE fluorescence in the cell fraction was analyzed using an LSR II instrument.



Preparation and Stimulation of BMDCs

The femur was isolated from the mice, cleaned from soft tissues in RPMI 1640, and soaked in 70% ethanol for 1 min for sterilization. The femur was then washed with sterile PBS and the bone ends was removed by sterile scissors. BM cells eluted from the bone by flushing them several times using sterile syringe filled with RPMI 1640, and the cells were then washed, treated with ACK solution for 3 min on ice, washed again, and counted. BM cells (5 × 105 cells/well) in 24-well plates (Nunc) were cultured with complete RPMI media [450 ml RPMI 1640, 50 ml FCS, 5 ml L-glutamine, 50 μM β-mercaptoethanol, penicillin (100 U/ml), streptomycin (100 μg/ml), and gentamicin (50 μg/ml)] supplemented with GM-SCF (20 ng/ml) for 4 days to induce their differentiation into BMDCs (CD11C+MHCII+). The cultures were then exposed to LPS (Sigma) (100 ng/ml), washed, and stained with the noted antibodies for flow cytometry analysis.



Splenocytes Restimulation and Quantification of IFN-γ Secretion

Splenocytes were prepared from the various groups of mice, plated in a concentration of 1 × 106 cells/well and RgpA (1 μg/ml) was added for 3 days. Supernatants were then collected and the level of IFN-γ in the supernatants was measured using an ELISA MAX mouse IFN-γ kit (BioLegend) according to the manufacturer’s instructions. Cytokine levels were determined using standard curves of recombinant cytokines and are expressed as picogram per milliliter.



FITC Painting

FITC (Sigma) was dissolved as a 20% (w/v) solution in DMSO (Sigma-Aldrich) and then diluted to 2% (v/v) FITC solution prepared in acetone and dibutyl phthalate (DBP; 1:1). Mice were painted on both sides of the buccal mucosa 2 days before harvesting the draining LNs.



Statistical Analysis

Data were expressed as mean ± SEM. Statistical tests were performed using one-way analysis of variance and Student’s t test. P < 0.05 was considered significant. *P < 0.05, **P < 0.005.
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CCR2 Contributes to F4/80+ Cells Migration Along Intramembranous Bone Healing in Maxilla, but Its Deficiency Does Not Critically Affect the Healing Outcome
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Bone healing depends of a transient inflammatory response, involving selective migration of leukocytes under the control of chemokine system. CCR2 has been regarded as an essential receptor for macrophage recruitment to inflammation and healing sites, but its role in the intramembranous bone healing on craniofacial region remains unknown. Therefore, we investigated the role of CCR2 on F4/80+ cells migration and its consequences to the intramembranous healing outcome. C57BL/6 wild-type (WT) and CCR2KO mice were subjected to upper right incisor extraction, followed by micro-computed tomography, histological, immunological, and molecular analysis along experimental periods. CCR2 was associated with F4/80+ cells influx to the intramembranous bone healing in WT mice, and CCR2+ cells presented a kinetics similar to F4/80+ and CCR5+ cells. By contrast, F4/80+ and CCR5+ cells were significantly reduced in CCR2KO mice. The absence of CCR2 did not cause major microscopic changes in healing parameters, while molecular analysis demonstrated differential genes expression of several molecules between CCR2KO and WT mice. The mRNA expression of TGFB1, RUNX2, and mesenchymal stem cells markers (CXCL12, CD106, OCT4, NANOG, and CD146) was decreased in CCR2KO mice, while IL6, CXCR1, RANKL, and ECM markers (MMP1, 2, 9, and Col1a2) were significantly increased in different periods. Finally, immunofluorescence and FACS revealed that F4/80+ cells are positive for both CCR2 and CCR5, suggesting that CCR5 may account for the remaining migration of the F4/80+ cells in CCR2KO mice. In summary, these results indicate that CCR2+ cells play a primary role in F4/80+ cells migration along healing in intramembranous bones, but its deficiency does not critically impact healing outcome.
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INTRODUCTION

The recruitment of circulating blood monocytes and its transition into macrophages at injured tissues are essential steps of inflammatory immune response and healing processes (1–3). Indeed, macrophages comprise a heterogeneous myeloid cell lineage that participate directly or indirectly in tissue healing by playing a number of functions, such as removing debris and dead cells after injury, as well as producing a large range of growth factors, immunological molecules, and proteolytic enzymes (3–5). However, while these macrophages beneficial contributions to tissue healing are well defined in soft tissue healing (1), soft- and mineralized-tissues substantially differ in their healing processes and outcomes (3).

The bone healing process occurs throughout orchestrated and overlapping phases, starting with a transient inflammatory response that constructively influences subsequent events such as angiogenesis and fibrous connective tissue formation, osteogenic cellular differentiation, and bone formation (6–9). Along bone healing, macrophages are described to be present mainly in the inflammatory phase and are regarded as an important source of pro-inflammatory cytokines (3, 10), which theoretically amplify the recruitment of its own lineage and other immune cells. Indeed, activated macrophages can release multiple mediators, including pro-inflammatory and anti-inflammatory cytokines, and growth factors (11). In this context, the early release of cytokines and growth factors in bone injury sites is associated with a positive intramembranous and endochondral healing outcome (12–14). Moreover, studies suggest that macrophages contribution to bone healing extends beyond earlier inflammatory events and can include the production of growth factors that direct mesenchymal stem cells (MSCs) into osteogenic differentiation (11). Accordingly, macrophages depletion in mice significantly suppresses woven bone deposition and mineralization during bone fracture healing in endochondral bones (15).

It is mandatory to consider that in vivo studies concerning macrophages functions in bone healing are predominantly focused on endochondral bone healing following fractures (3, 6, 16). Importantly, endochondral and intramembranous bones have distinctive features, which include substantial differences on healing mechanisms (17). Indeed, while long bone heals via endochondral ossification, intramembranous bones (such maxillary alveolar dental socket) healing takes place without cartilage formation (3). Also, while bone fracture sites are usually a sterile milieu, oral tissues surrounding the alveolar bone are under a constant microbial challenge (18). Consequently, the scarce information about macrophage contributions on endochondral bone healing cannot be directly translated to intramembranous bone healing, where its role remains to be determined.

In this context, we previously characterized an alveolar bone healing model after tooth extraction in C57Bl/6 mice, allowing further investigations concerning the role of the immunological system components on intramembranous bone healing (7, 12). Interestingly, a series of macrophage-related growth factors and cytokines, and members of the chemokine family with a potential role in macrophage chemoattraction were found to be upregulated during alveolar bone healing process (7). Specifically, upregulation of the chemokine receptor CCR2, chemokine (C-C motif) receptor 2, and its cognate chemokine (C-C motif) ligand 2 (CCL2) suggests a role for CCR2/CCL2 axis in macrophages migration to bone injury sites (7). Indeed, the chemokine system recruits different leukocytes subsets into the specific microenvironments, where chemokines bind to their respective receptors selectively expressed by each leukocyte subset (19). Exemplifying, while resident macrophages are characterized by the expression of CX3CR1, chemokine receptors CCR2 and CCR5 are expressed by inflammatory monocytes/macrophages and mediate its traffic into injured tissues in response to chemokines such as CCL1, CCL2, and CCL5 (19). CCR2 has been regarded a key player regulating the macrophages influx into injured tissues throughout tissue healing (2, 10). Indeed, CCR2-deficient mice have an impaired recruitment of F4/80+ cells (suggested as macrophages) on different sites of injury (2, 20), including endochondral bones (3, 10), which consequently delays the evolution of the subsequent healing (2). In addition, previous studies demonstrate the F4/80 and CCR2 co-expression in murine macrophages (2), and the association of CCR2 with the migration of F4/80+ cells from blood into inflamed and healing sites (2, 3, 10, 20, 21). Indeed, the majority of F4/80+ cells recruited from blood into inflamed sites are monocytes/macrophages, which co-express CCR2 (2), being the CCR2 targeted disruption associated with decreased F4/80+ cells number of these in injuries sites (2, 3, 10, 20, 21). However, the molecular and cellular mechanisms triggered by CCR2+ cell migration and its impact in the intramembranous bone healing remain unaddressed.

Taking into consideration that bone healing depends of an initial and transient inflammatory response, and that macrophages are key regulators of this process (22), it is reasonable to hypothesize that CCR2 deficiency can reduce F4/80+ cells migration and negatively affect the intramembranous bone healing. Therefore, we investigated the role of CCR2 on F4/80+ cells migration to bone healing sites and its consequences to the subsequent intramembranous bone healing outcome, by means of the CCR2KO and C57Bl/6-wild-type (WT) mice strains comparative analysis using micro-computed tomography (μCT), histological, immunological, and molecular methods.



MATERIALS AND METHODS


Animals

The experimental groups were comprised of 8-week-old male WT C57BL/6 mice and mice with targeted disruption of the CCR2 (CCR2KO, C57BL/6 background), both WT and CCR2KO littermates bred in the animal facilities of USP. Mice were fed with sterile standard solid mice chow (Nuvital, Curitiba, PR, Brazil) and sterile water throughout the study period, except on the first 24 h after surgery, in which diet was crumbled. The experimental groups comprised nine mice (five animals for microscopic analysis and four animals for the PCR array analysis). This study was carried out in strict accordance with the recommendations in the Guide for the Care and Use of Laboratory Animals of the National Institutes of Health. The experimental protocol was approved by the local Institutional Committee for Animal Care and Use (Committee on Animal Research and Ethics CEEPA-FOB/USP, process #005/2012).



Mice Tooth Extraction Model

The surgical procedures for tooth extraction were performed as described (7). In brief, the animals received general anesthesia by intramuscular administration 80 mg/kg of ketamine chloride (Dopalen, Agribrans do Brasil LTDA) and 160 mg/kg of xylazine chloride (Anasedan, Agribrands do Brasil LTDA) in the proportion 1:1. The upper right incisor was extracted with a dental probe, as previously described (7). After 0 h, 7, 14, and 21 days post tooth extraction, mice were euthanazied and maxillae were harvested. Maxillae for the μCT and histological analyses were fixed in PBS-buffered formalin (10%) solution (pH 7.4) for 48 h at room temperature, subsequently washed overnight in running water and maintained temporarily in alcohol fixative (70% hydrous ethanol) until the conclusion of the μCT analysis, and then decalcified in 4.13% EDTA (pH 7.2) and submitted to histological processing. Samples from maxillae containing only the region of the alveolus were destined to molecular analysis were stored in RNAlater (Ambion, Austin, TX, USA) solutions (7).



μCT Analysis

The maxillae at 0 h, 7, 14, and 21 days post tooth extraction were scanned by the Skyscan 1174 System (Skyscan, Kontich, Belgium) at 50 kV, 800 μA, with a 0.5 mm aluminum filter and 15% beam hardening correction and 180 ° of rotation. Images were captured with a resolution of 14 μm pixel size and reconstructed using the NRecon software. Three-dimensional (3D) images were rendered using CTVox software, and quantitative parameters were assessed using CTAn software following recommended guidelines and a previously μCT characterization (7, 23, 24). Newly formed bone was segmented in a cylindrical region of interest (ROI) covering the entire length of the alveolus (3 mm) and a diameter of 1 mm. The following morphological parameters were assessed: bone volume fraction [Bone Volume/Tissue Volume (BV/TV), %], trabecular thickness (Tb.Th, mm), trabecular number (Tb.N, mm), and trabecular separation (Tb.Sp) (24).



Histology Sample Preparation and Histomorphometric Analysis

After μCT scanning, maxillae were immersed in buffered 4% EDTA for demineralization and processing for embedding in paraffin blocks. Transversal serial 5-μm slices from medial third were cut for histology with H&E staining, picrosirius red, immunohistochemistry, and immunofluorescence. A total of three histological sections from central region of the alveolar socket stained by H&E were used to quantify the following healing components: clot formation, inflammatory infiltrate, connective tissue (collagen fibers, fibroblasts, and blood vessels), bone matrix, osteoblasts, osteoclasts, and other components (empty spaces and bone marrow), as previously described (7). The identification and quantification of healing components was performed by a single calibrated investigator with a binocular light microscope (Olympus Optical Co., Tokyo, Japan) using a 100× immersion objective and a Zeiss kpl 8× eyepiece containing a Zeiss II integration grid (Carl Zeiss Jena GmbH, Jena, Germany) with 100 points in a quadrangular area. The grid image was successively superimposed on 13 histological regions per histological section, totaling 3 sections for each specimen. Only the points coincident with the histological components were considered, and the total number of points was obtained to calculate the area density for each healing component in each section.



Birefringence Analysis

Birefringence analysis was performed with picrosirius-polarization method, to identify and quantify collagen content, as well compare the quality of bone trabeculae matrix as previously described (7). Briefly, four histological from central region of the each alveolar socket were stained with Picrosirius Red Stain, and the images were captured by a polarizing lens coupled to a binocular inverted microscope (Leica DM IRB/E) using a 10× objective. Adobe Photoshop CS6 software was used to delimit the ROI, the socket area filled with new tissue, as well to exclude bony edges of the alveolar margins or residual old bone. The quantification of the intensity of birefringence brightness (pixels2) was performed using the AxioVision 4.8 software (CarlZeiss) to define total area of green, yellow, and red collagen fibers.



Immunohistochemistry and Immunofluorescence

Histological sections from 0, 7, 14, and 21 days were deparaffinized following standard procedures. For immunohistochemistry, the material was pre-incubated with 3% Hydrogen Peroxidase Block (Spring Bioscience Corporation, CA, USA) and subsequently incubated with 7% NFDM to block serum proteins. The histological sections from both, WT and CCR2 KO mice, were then incubated with anti-CCR2 polyclonal primary antibody (Santa Cruz, #sc-31564), anti-F4/80 (a pan macrophage marker for mice) polyclonal primary antibody (Santa Cruz, #sc-26642), anti-CD68 polyclonal primary antibody (Santa Cruz, #sc-7084), anti-CCR5 polyclonal (Santa Cruz, #sc-6129) at 1:100 concentrations, and with anti-Ly6g-Gr1 polyclonal antibody (Santa Cruz, #sc-168490) and anti-CD3 polyclonal antibody (Santa Cruz, #sc-1127) at 1:50 concentrations, anti-CCR5 polyclonal (Santa Cruz, #sc-6129) at 1:100 concentrations, for 1 h at room temperature. Universal immuno-enzyme polymer method was used, and sections were incubated in immunohistochemical staining reagent for 30 min at room temperature. The identification of antigen–antibody reaction was performed using 3,3′-diaminobenzidine and counterstaining with Mayer’s hematoxylin. For control staining of the antibodies, serial sections were treated only with the Universal immuno-enzyme polymer, in a separate preparation. For immunofluorescence, sections from WT at 7 days were rehydrated and retrieved the antigens by boiling the histological slides in 10 mM sodium citrate buffer pH 6 for 30 min at 300°C. Subsequently, the sections were permeabilized with 0.5% Triton X-100 in PBS and blocked with blocking solution (1% bovine serum albumin diluted in 1× PBS), for 1 h at room temperature. For immunolocalization of CCR2+ CCR5+ macrophages, the sections were incubated with both primary antibodies: anti-CCR2 rabbit monoclonal antimouse (Abcam, #ab203128) and anti-CCR5 goat polyclonal antimouse (Santa Cruz, #sc-6129). All primary antibodies were diluted at 1:100 in blocking solution and incubated over night at 4°C. After repeated washing steps with PBS (3 times, 10 min each wash), the sections were incubated with both secondary antibodies: Alexa Fluor555 goat anti-rabbit secondary antibody (Life Technologies, #A21428) and Alexa Fluor488 donkey anti-goat (Life Technologies, #A11055), diluted at 1:150 in blocking solution, incubated for 2 h at room temperature. Sections were nuclear stained with DAPI (Thermo Fisher Scientific, #D3571) diluted at 3 μM in ddH2O for 10 min, mounted in with ProLong Gold Antifade Reagent (Invitrogen, #P36930). Imaging was performed in a Nikon Eclipse Ni-U upright fluorescence microscope (Nikon instruments) equipped with a Zyla 5.5 sCMOS camera (Andor).


Quantification of Immunolabeled Cells

The analysis of immunolabeled cells was performed by a single calibrated investigator with a binocular light microscope (Olympus Optical Co., Tokyo, Japan) using a 100× immersion objective, following the similar criteria described previously for histomorphometric analysis in H&E (see Histology Sample Preparation and Histomorphometric Analysis). Briefly, five samples (biological replicate) for each experimental period and strains were used for quantitative analysis. A total of three sections of each sample (technical replicate) containing the central region of the alveolar socket was used to quantify immunolabeled cells for each mentioned target (F4/80, CCR2, CCR5, Ly6g-Gr1, CD3, and CD68). A total of 13 fields (100 points in a quadrangular area) were analyzed using Zeiss II integration grid (100 points) (Carl Zeiss Jena GmbH, Jena, Germany) for each section. Only the points coincident with the immunolabeled cells were considered in cell counting, and the mean for each section was obtained for statistical analysis.




Isolation of F4/80+ Cells From Alveolar Socket and Flow Cytometric Analysis

The isolation and characterization of monocytes/macrophages from the alveolar socket at day 7 post tooth extraction was performed as previously described (25). The alveolar socket tissues from five C57Bl/6 mice were collected at day 7 post tooth extraction, and subsequently were fragmented, weighed, and incubated for 1 h at 37°C, in RPMI-1640 supplemented with NaHCO3, penicillin/streptomycin/gentamycin and liberate blendzyme CI (Roche-F. Hoffmann-La Roche Ltd., Basel, Switzerland). The samples were processed in the presence of 0.05% DNase (Sigma-Aldrich, Steinhein, Germany) using Medimachine (BD Biosciences Pharmingen, San Diego, CA, USA), according to the manufacturer’s instructions. The cell viability was assessed by Trypan blue exclusion assay, and the cell count was performed in a hemocytometer, with these data depicted in the manuscript as the total monocyte/macrophage cell count. For flow cytometry analysis, after counting the cells were stained for 20 min at 4°C with the optimal dilution of each antibody; phycoerythrin- and fluorescein isothiocyanate-conjugated antibodies against CCR2, CCR5, and F4/80-anti mouse antibodies, as well with respective isotype controls (BD Biosciences Pharmingen, San Diego, CA, USA), and analyzed by FACScan and CellQuest software (BD Biosciences Pharmingen, San Diego, CA, USA). Results are presented as the number of F4/80+ CCR2+ cells and F4/80+ CCR5+ cells ± SD in the alveolar socket of each mouse.



RealTime PCR Array Reactions

RealTime PCR array reactions were performed as previously described (7). Only hemimaxillae containing the region of the alveolus socket were used as experimental samples, while the hemimaxillae without injury were used as tissue control. Samples were storage in RNA Stabilization Solution (RNAlater®, Thermo Fisher Scientific, Waltham, MA, USA) until RealTime PCR array reactions. The extraction of total RNA from remaining alveolus with 0 h, 7, 14, and 21 days post-extraction from WT and CCR2KO was performed with RNeasyFFPE kit (Qiagen Inc., Valencia, CA, USA) according to the manufacturers’ instructions. First, RealTime PCR array was performed from a pool of all experimental time points (0 h, 7, 14, and 21 days), providing targets in which expression variation presented a significant variation compared with the control side. Then, upregulated targets were analyzed regarding their kinetics of expression for specific time points of 0, 7, 14, and 21 days throughout the alveolar bone healing. The integrity of the RNA samples was verified by analyzing 1 μg of total RNA in a 2100Bioanalyzer (Agilent Technologies, Santa Clara, CA, USA) according to the manufacturers’ instructions, and the complementary DNA was synthesized using 3 μg of RNA through a reverse transcription reaction (Superscript III, Invitrogen Corporation, Carlsbad, CA, USA). RealTime PCR array was performed in a Viia7 instrument (Life Technologies, Carlsbad, CA, USA) using a custom panel containing targets “Wound Healing” (PAMM-121), “Inflammatory cytokines and receptors” (PAMM-011), and “Osteogenesis” (PAMM-026) (SABiosciences, Frederick, MD, USA) for gene expression profiling. RealTime PCR array data were analyzed by the RT2 profiler PCR Array Data Analysis online software (SABiosciences, Frederick, MD, USA) for normalizing the initial geometric mean of three constitutive genes (GAPDH, ACTB, and Hprt1) and subsequently normalized by the control group, and expressed as fold change relative to the control group, as previously described (26, 27). Data are expressed as heat map fold change relative to the control group.



Statistical Analysis

Differences among data sets were statistically analyzed by one-way analysis of variance followed by the Tukey multiple comparison post test or Student’s t-test where applicable. For data that did not fit in the distribution of normality, the Mann–Whitney and Kruskal–Wallis (followed by the Dunn’s test) tests were used. The statistical significance of the experiment involving the PCR Array was evaluated by the Mann–Whitney test, and the values tested for correction by the Benjamini–Hochberg procedure (28). Values of p < 0.05 were considered statistically significant. All statistical tests were performed using the GraphPad Prism 5.0 software (GraphPad Software Inc., San Diego, CA, USA).




RESULTS


Immunohistochemistry of Inflammatory Infiltrate Throughout Intramembranous Bone Healing in Mice

In the view of the primary role of CCR2 in the migration of monocytes/macrophages into sites of inflammation (29), we used immunohistochemistry to address the presence CCR2+ cells, F4/80+ and CD68+ cells (macrophages), Ly6g-Gr1+ cells (polymorphonuclear leukocyte/neutrophils), and CD3+ cells (lymphocytes) on the site of alveolar bone healing at different time points (0, 7, 14, and 21 days) post tooth extraction in C57Bl/6 WT mice an CCR2KO mice (Figures 1A–J). At 0 day time point, there was a peak of Ly6g-Gr1+ cells (Figure 1I) observed in the blood clot formed post-extraction in WT and CCR2KO mice, with a significant decrease from 7 to 21 days in C57Bl/6 mice, and with no differences observed among different time points in CCR2KO mice. During the early inflammatory phase (7 days), there was a peak of area density for CCR2+ (Figure 1F) and F4/80+ (Figure 1G) cells in the granulation tissue and inflammatory infiltrate in the socket of C57BL/6 mice. At 14 days, CCR2+, F4/80+, and CD68+ cells were found in permeating the connective tissue surrounding bone formation areas, while at 21 days, these cells were found predominantly in the bone marrow and surrounding blood vessels (Figures 1A–C). The influx of F4/80+ cells was significantly reduced at 7 and 14 days in CCR2KO compared with WT mice (p < 0.05) (Figures 1E,F). The number of both type of cells, CCR2+ and F4/80+ cells, was significantly decreased (p < 0.05) at 14 and 21 days compared with 7 days in C57Bl/6 WT mice (Figures 1B–D). No significant differences were observed for CD3+ cells in the WT vs CCR2KO comparisons (Figure 1). A different kinetics for Ly6g-Gr1+ and CD68+ cells infiltration was observed in CCR2KO mice compared with WT, with a slight higher number of Ly6g-Gr1+ and CD68+ cells in CCR2KO mice compared with WT at 21 days. However, no significant differences were found between WT vs CCR2KO comparisons in specific time points (Figures 1H,I).
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FIGURE 1 | Immunolabeling of inflammatory infiltrate in the intramembranous alveolar bone healing in mice. Representative sections from medial thirds of the socket at 0, 7, 14, and 21 days post tooth extraction with immunolabeling of CCR2+ cells (A), F4/80+ cells (B), CD68+ cells (C), Ly6g-Gr1+ cells (D), and CD3+ cells (E) in wild-type (WT) (A) and CCR2KO mice (B), as indicated with arrows (scale bar = 100 μm). Quantitative and comparative analysis of CCR2+ cells (F), F4/80+ cells (G), CD68+ cells (H), Ly6g-Gr1+ cells (I), and CD3+ cells (J) in WT vs CCR2KO mice at days 0, 7, 14, and 21 post-extraction. Different letters indicate significant differences in each time point (p < 0.05); symbol * indicate significant differences between WT vs CCR2KO at the same time point.




μCT Analyses of Intramembranous Bone Healing in WT vs CCR2KO

The sagittal 3D images of maxillae containing socket area (Figure 2A) and quantitative assessment of the bone morphological parameters from μCT analysis (Figure 2B) did not indicate major differences in the inorganic bone matrix between WT and CCR2KO mice. At the 0 day time point, both WT and CCR2KO mice presented sockets with an absence of hyperdense areas. At 7 days, negligible hyperdense areas were observed from the lateral and apical walls of the extraction sockets, while at 14 and 21 days, hyperdense structures compatible with new trabecular bone were observed filling the entire socket in both, WT and CCR2KO mice (Figure 2A). In general, the values of morphological parameters such as volume fraction (BV/TV), trabecular thickness (Tb.Th), and trabecular number (Tb.N) were progressively increased from 7 to 21 days (p < 0.05), while the trabecular separation (Tb.Sp) were inversely reduced (p < 0.05) in both, WT and CCR2KO mice. Specifically, at 7 days, the Tb.N parameter was significantly lower in the CCR2KO compared with WT mice (Figure 2B).
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FIGURE 2 | Micro-computed tomography (μCT) analysis along intramembranous bone healing in wild-type (WT) vs CCR2KO mice. Maxillae containing dental sockets post-extraction from WT and CCR2KO mice were scanned with the μCT System (Skyscan 1174; Skyscan, Kontich, Belgium). (A) Three-dimensional images obtained by CT-Vox software reveal the socket morphology at 0 h, 7, 14, and 21 days post tooth extraction. (B) Morphological parameters such as bone volume fraction (BV/TV, %), trabecular number (Tb.N, 1/mm), trabecular separation (Tb.Sp, mm), and trabecular thickness (Tb.Th, mm) were quantified at 7, 14, and 21 days post tooth extraction. Results are presented as mean and SD to different parameters. Different letters indicate significant differences in each time point (p < 0.05); symbol * indicate significant differences between WT vs CCR2KO at the same time point.




Histological and Birefringence Analysis of Healing Components in WT vs CCR2KO During the Alveolar Bone Healing

Histological analysis demonstrated that the intramembranous bone healing process followed suitable overlapping phases in both strains (WT and CCR2KO), although minor morphological and quantitative differences were observed between them at specific time points (Figures 3A,B). Overall, the socket of both (WT and CCR2KO mice) exhibited predominantly blood clot at day 0 (immediately after tooth extraction) with a negligible number of leukocytes. Subsequently, were observed an abundant amount of granulation tissue (blood vessels, fibers from connective tissue, and fibroblasts) with leukocytes infiltration at 7 days, as well as bone formation from remaining bone edges. At 14 days, an intense bone remodeling activity was evidenced by the presence of osteoclasts, while organized matrix surrounding blood vessels and bone marrow were present at 21 days (Figure 4A). Comparatively, the absence of CCR2 resulted in an increased area density (%) of fibroblasts at 7 days; blood vessels at 14 days; osteoclasts at 14 and 21 days, osteoblasts; fibers from connective tissue and inflammatory infiltrate at 21 days; in CCR2KO vs WT (p < 0.05). On the other hand, CCR2KO showed a reduced area density of osteoblasts at 7 days, fibroblasts, fibers from connective tissue at 14 days; and other components (especially bone marrow) at 21 days (p < 0.05; WT vs CCR2KO) (Figure 4B). In the birefringence analysis, the new organic matrix consisting predominantly of collagen fibers bundles were found from 7 to 21 days inside the socket in both WT and CCR2KO mice, as evidenced by images under polarized light (Figure 4A). The quantitative analysis showed a similar pattern in the matrix maturation dynamics during the time points in both WT and CCR2KO mice (Figure 4B). While the area of collagen fibers in green tones (thinner and immature fibers) significantly decreased from 7 to 21 days, collagen fibers emitting yellow and red color spectrum (thicker and mature collagen) increased at these same time points (p < 0.05). Of note, CCR2KO mice showed an increased quantity of green fibers (7 days) and yellow fibers (21 days) compared with WT mice (p < 0.05). Also, the total amount of collagen fibers bundles (sum of color spectrums) was significantly increased in CCR2KO mice at 21 days (p < 0.05 vs WT) (Figure 4C).
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FIGURE 3 | Histological and histomorfometric analysis of healing components during the intramembranous bone healing in wild-type (WT) vs CCR2KO mice. (A) Comparative morphology of the healing phases at 0 h, 7, 14, and 21 days post-extraction of upper right incisor, stained with H&E (0 h—10× magnification and bar = 200 μm; 7, 14, and 21 days—40× magnification and bar = 100 μm). (B) Results are presented as the mean of area density for each structure measured in each examined group. Different letters indicate significant differences in each time point (p < 0.05); symbol * indicates significant differences between WT vs CCR2KO at the same time point (arrowheads = osteoclasts; arrows = osteoblasts).
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FIGURE 4 | Birefringence analysis of collagen fiber bundles maturation along intramembranous bone healing in wild-type (WT) vs CCR2KO mice. (A) Representative sections from medial thirds of the socket stained with Picrosirius red upon polarized and conventional light at 0 h and 7, 14, and 21 days (20× magnification). Green birefringence color indicates thin fibers, while yellow and red colors indicate thick collagen fibers. (B) Intensity of birefringence performed using image-analysis software (AxioVision, v. 4.8, CarlZeiss) from each color (%) to quantify thin and thick collagen fibers, as well (C) total area of collagen fibers (pixels2) in WT vs CCR2KO mice. Results are presented as mean and SD of % (B) and pixels2 (C). Symbol * indicates a statistically significant difference (p < 0.05) between WT vs CCR2KO at the same time point.




Differential Gene Expression Between WT vs CCR2KO During the Alveolar Bone Healing

Differential gene expression of several molecules involved in bone healing (i.e., growth factors, bone formation markers, immunological markers, and putative MSC markers) was investigated in CCR2KO and WT strains. We performed an exploratory analysis by RealTime PCR array with a pool from samples of all time points in both WT and CCR2KO mice (Figure 5) followed by kinetics of expression analysis for selected targets (Figure 6). Of note, the mRNA expression of growth factor TGFB1 and putative MSC markers (CD106, OCT4, NANOG, and CD146) was upregulated in WT mice, with a peak of mRNA levels at 7 days, while those same targets were significantly decreased in CCR2KO at the same time point (p < 0.05). Among the bone markers evaluated, the mRNA expression of the early bone formation marker RUNX2 was also significantly reduced in CCR2KO compared with WT mice (p < 0.05) at 7 and 14 days, while RANKL was significantly increased in CCR2KO at 21 days (Figure 6). For ECM markers, the mRNA levels of Col1a2 and MMP1, MMP2, and MMP9 were increased in CCR2KO mice at 14 and 21 days. Considering immunological markers (cytokines, chemokines, and its receptors), while CCR5 and TNF mRNA levels were decreased in CCR2KO compared with WT, CXCR1 and IL6 were increased in the pooled samples analysis (Figure 5) and at 7 days (Figure 6). In the kinetics of expression, the TNF, CXCR1, and IL6 mRNA levels peaked at day 7, with a higher expression of TNF in WT mice and a higher expression of CXCR1 and IL6 in CCR2KO mice (p < 0.05).


[image: image1]
FIGURE 5 | Gene expression patterns in the intramembranous bone healing after tooth extraction in wild-type (WT) vs CCR2KO mice. Molecular analysis of the gene expression patterns in the bone healing was performed with a pool of samples from all the experimental time periods (0, 7, 14, and 21 days) for growth factors, cytokines, chemokines, and chemokine receptors, ECM/repair markers, mesenchymal stem cells, and bone markers. Gene expression was performed by using exploratory analysis by RealTime PCR array, with the VIA7 system (Applied Biosystems, Warrington, UK) and a customized qPCR array comprised of the major targets (Osteogenesis, Inflammatory Cytokines & Receptors, and Wound Healing panels) of the PCR array RT2 Profiler (SABiosciences/QIAGEN). RealTime PCR array analysis was performed with the VIA7 system (Applied Biosystems, Warrington, UK) using a customized qPCR array comprised of the major targets from the Osteogenesis, Inflammatory Cytokines & Receptors, and Wound Healing panels of the PCR array RT2 Profiler (SABiosciences/QIAGEN). Results are depicted as the fold increase change (and the SD) in mRNA expression from triplicate measurements in relation to the control samples and normalized by internal housekeeping genes (GAPDH, HPRT, and β-actin).
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FIGURE 6 | Kinetics of gene expression in the intramembranous bone healing after tooth extraction in wild-type (WT) vs CCR2KO mice. RealTime PCR array pooled from of all the experimental time periods for each strain (WT and CCR2KO mice) was used to identify targets with a significant expression variation for their subsequent analyses in different time points along bone healing post tooth extraction (7, 14, and 21 days). RealTime PCR array analysis was performed with the VIA7 system (Applied Biosystems, Warrington, UK) using a customized qPCR array comprised of the major targets from the Osteogenesis, Inflammatory Cytokines & Receptors, and Wound Healing panels of the PCR array RT2 Profiler (SABiosciences/QIAGEN). Results are depicted as the fold increase change (and the SD) in mRNA expression from triplicate measurements in relation to the control samples and normalized by internal housekeeping genes (GAPDH, HPRT, and β-actin).




Immunological Analysis of Macrophages Along Intramembranous Bone Healing in WT vs CCR2KO Mice

We used immunohistochemistry to identify and compare the number CCR5+ cells in WT and CCR2KO during alveolar bone healing at different time points (0, 7, 14, and 21 days), as well immunofluorescence and flow cytometry to identify CCR2+ CCR5+ cells in WT mice. CCR5+ cells are present throughout the alveolar bone healing in both, WT and CCR2KO mice (Figure 7A). However, there was a peak of CCR5+ cells at 7 days in WT mice, while CCR2KO demonstrated a significantly reduced number of these cells (p < 0.05) (Figure 7B). As evidenced by immunofluorescence at 7 days, CCR2 and CCR5 are co-localized in cell with a suggestive monocyte/macrophage morphology during the alveolar bone healing in C57Bl/6 mice (Figure 7C). FACS analyses of F4/80+ cells from alveolar bone healing at 7 days post-extraction in WT mice revealed that 70% of F4/80+ CCR2+ macrophages are also positive for CCR5 (Figures 7D,E).
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FIGURE 7 | Immunological analysis of CCR2 and CCR5 along intramembranous bone healing in wild-type (WT) vs CCR2KO mice. (A) Representative sections from medial thirds of the socket at days 7, 14, and 21 post tooth extraction with immunolabeling for CCR5+ cells in WT and CCR2KO mice (as indicated with arrows) (40× magnification; scale bar = 100 μm). (B) Quantitative analysis of CCR5+ cells in WT and CCR2KO mice at days 0, 7, 14, and 21 post-extraction. Different letters indicate significant differences in each time point (p < 0.05); symbol * indicate significant differences between WT vs CCR2KO at the same time point. (C) Immunocolocalization of CCR2 (TRITC) and CCR5 (fluorescein isothiocyanate) in inflammatory cells at day 7 post tooth extraction in WT mice (100× magnification). (D,E) The phenotype of F4/80+ cells from alveolar socket at day 7 post tooth extraction in WT mice, evaluated by flow cytometry, and depicted as the number. Results are presented as mean and SD.





DISCUSSION

Macrophages are among the first immune cells required to trigger and modulate the inflammatory response, and their initial recruitment from circulation into injured tissues is an essential initial event for a proper tissue healing (1–4, 28). In this context, inflammatory macrophages subpopulation is characterized by high levels of CCR2 expression (21, 28–30), and CCR2 and its ligand CCL2 are upregulated along alveolar bone healing (7), suggesting its involvement in macrophages migration throughout the healing events. At this point, contributions of CCR2 in mediating recruitment of blood/medullar monocytes to inflamed tissues has been demonstrated in different models of injury (2, 3, 10), but its specific function on craniofacial bone is repair still unclear (7). Therefore, in this study, we performed a comparative characterization of the alveolar bone healing process in CCR2KO and C57Bl/6-WT mice, to investigate the role of CCR2 in intramembranous bone healing post tooth extraction.

As previously demonstrated by other models of injury in mice, the majority of F4/80+ cells recruited from blood into inflamed sites are monocytes/macrophages, which also exhibit CD11b and CCR2 expression (2). Consequently, the targeted disruption of the CCR2 in CCR2KO mice significantly decreased the number of these F4/80+ cells in cutaneous wounds (2), muscle (20), and endochondral bone injuries (3, 10, 21). In this context, despite the complexity of macrophages phenotype, F4/80 has been considered as pan marker for murine macrophages in these specific models of injury. Accordingly, our results initially demonstrate the presence of CCR2+ and F4/80+ cells in the bone healing sites in C57Bl/6 mice, with a peak at inflammatory stage. Interestingly, while F4/80+ cells influx was significantly reduced in CCR2KO mice, suggesting in a cause-and-effect manner the contribution of CCR2 to macrophages migration.

We next investigate if the negative impact of CCR2 deficiency on F4/80+ cells migration was translated into modifications of the subsequent bone healing stages (Figures 2–4). The μCT analysis demonstrated that absence of CCR2 did not resulted in major changes in the mineralization pattern and bone microarchitecture along alveolar healing in CCR2KO strain (Figure 2). Bone mineralization was detected from 7 days in alveolar socket and was gradually increased until the endpoint period (21 days), with important changes on morphological parameters (Tb.Th, Th.Sp, and Th.N) (7), when the alveolar socket is filled whit a thick bone trabeculae and well-defined medullary canals, being such kinetics in accordance with other experimental models in rodents (7, 15, 31). In addition, the histological features of bone healing observed in this study are in accordance to previous description for intramembranous bone healing in mice (7) as well as in humans (32). As well, the birefringence analysis demonstrates a similar evolution in the maturation, organization, and arrangement of collagen fibers inside the alveolar socket in both CCR2KO and WT strains, in accordance with a previous description (7). Taking the μCT and microscopic data together, it is evident that CCR2 deficiency do not impair alveolar bone healing, which is in opposition to endochondral bone healing (6, 10), where CCR2KO mice show a delayed bone formation and maturation during healing. However, as previously mentioned, endochondral and intramembranous bones have fundamental embryological, anatomical, and functional differences (7, 17). Despite of no major microscopic differences were found between WT and CCR2KO, even by histological analysis, CCR2KO strain presents an impaired resolution of the inflammatory process, as demonstrated by the persistence of higher Ly6g-Gr1+ and CD68+ cells counts until late time points in CCR2KO. Accordingly, the recruitment of neutrophils to fracture sites is also increased in CCR2KO mice compared with WT mice, resulting in an altered composition of inflammatory infiltrate (10). Furthermore, it has been demonstrated that macrophages contribute to promote neutrophil clearance during early resolution phase post liver injury (33), which could explain the persistence of these cells in alveolar sockets of CCR2KO mice.

In the view of the contrasting data regarding CCR2 involvement in intramembranous and endochondral bone healing, we next performed a molecular analysis targeting multiple inflammation and healing related molecules to explore the possible impact of CCR2 lack with a highly sensitive and accurate method. From the molecular viewpoint, CCR2KO mice presented a significantly higher mRNA expression of ECM remodeling markers (Col1a2, Mmp1a, Mmp2, and Mmp9) and at 14 and 21 days, and RANKL at 21 days. On the other hand, mRNA expression of some growth factors (TGFb1) and osteoblast differentiation (Runx-2) markers was downregulated in CCR2KO mice when compared with WT mice (Figure 6). Interestingly, while the variation in healing and bone markers expression does not seems to follow a clear (upregulation or downregulation) pattern, the expression of MSC markers (CXCL12, CD106, OCT-4, NANOG, and CD146), presented a homogenous decrease in CCR2KO strain at 7 days (Figure 6). Accordingly, CCR2/CCL2 axis is essential for MSCs recruitment in a rib fracture-healing model (6).

However, despite of the molecular differences described between healing sites from CCR2KO and WT strains, it is possible to suggest that such variation was not sufficient to promote significant alteration of the healing phenotype. At this point, we must reinforce that, as previously mentioned, the bone healing is a multi-step process that involves numerous mediators and cell types playing beneficial functions along each healing step (7, 34). In this context, alterations in the migration pattern of a given cell type, suggested as macrophages in this specific case, may be compensate by other elements involved the healing process. Indeed, endothelial cells, MSCs, and other different leukocytes subsets can also release growth factors and immunological mediators involved in many steps of healing, such as angiogenesis, cell proliferation, and resolution of inflammation (35–40). A similar scenario is observed when molecules related to inflammatory cell migration (i.e., inflammatory cytokines and chemokines), where comparatively analyzed during alveolar bone healing in CCR2KO and WT strains. While the expression of some chemokines (CCL12, CCL20, and CCL25), CCR5, and the key inflammatory cytokine TNF expression was decreased in CCR2KO mice at 7 days, the expression of IL6 and CXCR1 (a receptor involved in PMN migration), where significantly higher in CCR2KO strain in the same experimental period, reinforcing that immune system compensatory mechanisms may operate in the absence of CCR2. Accordingly, macrophages are regarded as the major source of TNF during inflammation, where this cytokine plays a pivotal role regulating the pro-inflammatory response (41). However, it has been recognized that IL-6 has many pro-inflammatory functions, such as activation of the immune system, leukocyte chemoattraction (35), and also can contribute to healing processes (14, 37).

In the immunological compensation context, we also must consider that, despite a significant reduction in F4/80+ counts due the lack of CCR2, F4/80+ cells were still present in the bone healing sites in a number enough to support a proper healing outcome. In accordance, in a model of intramembranous bone healing using a model of fracture in tibia, the density of F4/80+ macrophages, as well the bone healing were not compromised by CCR2 deficiency (41). Despite the similar bone healing outcome, at this point, it is important to consider that the reduced F4/80+ cell migration may account for the impaired resolution of the inflammatory process in CCR2KO, which is accordance with the pro-resolutive role of macrophages, which include neutrophil clearance (33). However, when macrophages were aggressively depleted in the site of injury (either using the macrophage-Fas-induced apoptosis or clodronate liposome delivery mouse model), the intramembranous bone healings was drastically impaired in the same tibia fracture model (15). Despite of substantial differences between endochondral long bones and intramembranous craniofacial bones, these evidences suggest that macrophages are not only recruited via a CCR2-dependent mechanism.

In this way, the immunological system exhibit intrinsic features that may supply the absence of missing molecules or receptors along inflammatory/immune responses, as the redundancy developed by several cytokines and chemokine/chemokine receptor system (30, 42). Accordingly, immunofluorescence demonstrated a colocalization of CCR2 and CCR5 in macrophages in WT mice, suggesting that macrophages co-express such receptors. Indeed, the FACS analysis confirmed that 70% of F4/80+ CCR2+ cells are also CCR5+ (Figure 7) reinforcing the double-positive nature of such cells for CCR2 and CCR5 receptors; which is in line with a previous description that F4/80+ inflammatory macrophages extracted from periodontal tissues are double positive for CCR2 and CCR5 receptors (30). Interestingly, the dual CCR2/CCR5 inhibition with Cenicriviroc significantly inhibited the migration of macrophages in an acute liver injury model (43). Therefore, considering the potential co-expression of CCR2 and CCR5 in F4/80+ cells, the assumption that the dual CCR2/CCR5 inhibition could have a similar effect in bone healing process sounds plausible. In this way, the present results from CCR2KO mice draws the attention to the necessity of future studies with simultaneous inhibition of CCR2 and CCR5 along intramembranous bone healing in craniofacial bones. However, in the view of the potential involvement of other macrophage subsets (which remain to be determined by studies with specific focus in a broad phenotypic analysis of such cell in the healing sites) in intramembranous alveolar bone healing, as well of the other chemokine receptors, additional studies are required to determine the whole contribution of chemokine system to cell migration and its impact in bone healing outcome.



CONCLUSION

Our results indicate that CCR2 plays an active role on F4/80+ cells migration after alveolar bone injury, and consequently result in downregulation of MSC markers and growth factors at the healing sites (Figure 8). However, since CCR2 absence does not significantly impact the outcome of intramembranous bone healing at the endpoint, it is reasonable to suggest that, although reduced, the migration of the F4/80+ cells in CCR2KO mice it is enough to support the proper healing, in a scenario that can involve compensatory immunological mechanisms.


[image: image1]
FIGURE 8 | Graphical abstract of CCR2 contributions on F4/80+ cell migration along intramembranous bone healing in maxilla. CCR2 contributes to monocytes/macrophages into alveolar bone injury post tooth extraction, and consequently result in downregulation of mesenchymal stem cell (MSC) markers and growth factors at the healing sites. On the other hand, the migration of the F4/80+ cells in CCR2KO mice it is enough to support the proper healing, in a scenario that can involve compensatory immunological mechanisms.
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Impaired Differentiation of Langerhans Cells in the Murine Oral Epithelium Adjacent to Titanium Dental Implants
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Peri-implantitis is a destructive inflammatory process affecting tissues surrounding dental implants and it is considered a new global health concern. Human studies have suggested that the frequencies of Langerhans cells (LCs), the main antigen-presenting cells (APCs) of the oral epithelium, are dysregulated around the implants. Since LCs play a role in regulating oral mucosal homeostasis, we studied the impact of dental titanium implants on LC differentiation using a novel murine model. We demonstrate that whereas the percentage of LC precursors (CD11c+MHCII+) increased in the peri-implant epithelium, the frequencies of LCs (CD11c+MHCII+EpCAM+langerin+) were significantly reduced. Instead, a population of partially developed LCs expressing CD11c+MHCII+EpCAM+ but not langerin evolved in the peri-implant mucosa, which was also accompanied by a considerable leukocyte infiltrate. In line with the increased levels of LC precursors, expression of CCL2 and CCL20, chemokines mediating their translocation to the epithelium, was elevated in the peri-implant epithelium. However, expression of TGF-β1, the major cytokine driving final differentiation of LCs, was reduced in the epithelium. Further analysis revealed that while the expression of the TGF-β1 canonical receptor activing-like kinase (ALK)5 was upregulated, expression of its non-canonical receptor ALK3 was decreased. Since titanium ions releasing from implants were proposed to alter APC function, we next analyzed the impact of such ions on TGF-β1-induced LC differentiation cultures. Concurring with the in vivo studies, the presence of titanium ions resulted in the generation of partially developed LCs that express CD11c+MHCII+EpCAM+ but failed to upregulate langerin expression. Collectively, these findings suggest that titanium dental implants have the capacity to impair the development of oral LCs and might subsequently dysregulate immunity in the peri-implant mucosa.
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INTRODUCTION

Dental implants provide a successful solution in replacement of missing teeth, with more than two million dental implants are placed annually around the world (1). The use of dental implants brought upon a new disease, peri-implantitis, which became a major health concern worldwide (2–8). A recent epidemiologic review reported that every fifth dental implant eventually develops peri-implantitis during a mean functional loading time of 3.4–11 years (8). Titanium implants are mostly used for dental rehabilitation; nevertheless, titanium micro-particles were found to be released into peri-implant mucosa and their presence was proposed to alter local mucosal immunity (9–16). Moreover, titanium ions were shown to alter the maturation and migration capabilities of dendritic cells (DCs) differentiated from human monocytes (11). It is thus important to reveal how titanium implants alter oral mucosal immunity, as such knowledge will increase our understanding of the unknown pathogenesis of this new disease together with our capacity to develop therapeutic strategies to prevent dental implant-associated diseases and ultimately failure of the implants.

Langerhans cells (LCs) are a unique type of antigen-presenting cells (APCs) exclusively located in stratified epithelia such as the skin epidermis and the oral mucosa epithelium (17–20). Besides their distinctive anatomical location, LCs can be identified based on their capacity to express high levels of langerin (CD207) and epithelial cell adhesion molecule (EpCAM/CD326). Nevertheless, unlike epidermal LCs that originate from embryonic precursors (21, 22), oral LCs develop at steady state from adult bone marrow (BM) precursors: pre-DCs and monocytes (23). It has been shown recently that differentiation of these two precursors into LCs involves sequential signaling at two separate anatomical locations (24). Upon extravasation from the circulation, LC precursors acquire a CD11c+MHCII+ phenotype and later on exposed to bone morphogenetic protein 7 (BMP7), which its expression is restricted to the lamina propria (LP). Interaction of BMP7 with activing-like kinase 3 (ALK3), upregulates the expression of E-cadherin, CCR2, and CCR6 on LC precursors enabling their translocation to the epithelium. Within the epithelium, the precursors are exposed to TGF-β1 that finalizes their differentiation, resulting in an upregulation of EpCAM and later on langerin. This activity of TGF-β1 is considered to involve signaling via its canonical receptor ALK5; nevertheless, TGF-β1/ALK3 signaling is also likely to play a role in terminal LC differentiation. Oral LCs can be divided into at least two subsets, CD103+LCs and CD11b+LCs, which might represent two functionally diverse populations (23). On this regard, LCs were shown to play a regulatory function on oral mucosal immunity at both steady state and inflammatory conditions. Inducible ablation of LCs was shown to alter oral mucosal immunological functions and to induce microbial dysbiosis. Interestingly, oral microbiota also affects LCs development as the absence or decrease in the microbiota resulted in a reduced frequencies of oral LCs, particularly CD103+LCs (24). In a setting of infection with the oral pathogen Porphyromonas gingivalis, LCs were shown to have a protective function, inducing T regulatory (Treg) cells that inhibit the development of bone destructing Th1 immunity (25).

Given the important role of LCs on oral mucosal immunity, it is very likely that these cells might orchestrate the peri-implant immunological status. It is also possible that the presence of the implant will have some effects on the neighboring LCs. Nevertheless, there is a dispute in the literature regarding the impact of titanium dental implants on oral LCs. Various studies examined LCs in the tissue around dental implants have reported either a reduction or, alternatively, no alteration in the frequencies of these cells (26–30). Whereas such contradicting results could be explained by a variation in tissue sampling, technical approach, or the markers used to identify LCs, they highlight the necessity of an experimental model allowing meticulous analysis of this important topic. Using an experimental murine model, this study was initiated to explore whether and how oral mucosal LCs are regulated by titanium dental implants.



MATERIALS AND METHODS


Mice

BALB/c mice (4–5 week old) were purchased from Harlan (Jerusalem, Israel). All the animals were housed in ventilated cages at room temperature under a 16 h light and 8 h dark cycle and received distilled water and food ad libitum. All animal experimental procedures were reviewed and approved by the IACUC of the Hadassah—Hebrew University Medical Center.



Antibodies and Reagents

The following fluorochrome-conjugated monoclonal antibodies and the corresponding isotype controls were purchased from BioLegend (San Diego, CA, USA): CD45.2 (104), I-A/I-E (M5/114.15.2), EpCAM (G8.8), CD11b (M1/70), CD11c (N418), Langerin (4C7), CD205 (NLDC-145), CD103 (2E7), Ly6C (HK1.4), Ly6g (1A8), CD3 (17A2), CD4 (GK1.5), FOXP3 (MF-14), and B220 (RA36B2). Propidium iodide solution was also purchased from BioLegend.



Titanium Implants

Custom-made titanium implants (MIS Implants Technologies Ltd., Israel) were made from Ti6Al4V alloy and were acid etched. The implants length was 1.7 mm and the implant diameter was 0.7 mm at the coronal end and 0.2 mm at the apical end.



Extractions and Implantation

In each experiment, the mice were randomly divided into two groups, implanted and non-implanted. Animals in the first group were designated to receive two titanium implants following the extraction of the left upper molars whereas the mice in the control non-implanted group did not undergo the above-mentioned procedures. In order to ensure minimum interference with the implant osseointegration, the antagonist teeth of the lower jaw were extracted in both groups in order to reduce occlusal masticatory forces. All mice were anesthetized prior to the surgical procedure with an intra-peritoneal injection of ketamine (50 mg/kg) and Xylazine (10 mg/kg). In addition, analgesia was provided by sub-cutaneous injection (Carprofen, 5 mg/ml, 100 μl) and the mice were maintained with sterile soft diet for 1 week. To allow proper wound and bone healing the implants were inserted 4 weeks after teeth extraction, in the sites correlating to the original locations of the first and second molars. Under general anesthesia and analgesia, the osteotomy sites were prepared and the implants were inserted with custom-made driver (MIS Implants Technologies Ltd., Israel) until the implant’s threads were completely covered by bone and resistance and stability were achieved. Mice were given antibiotics (5% enrofoloxacin in drinking water) and soft diet for 7 days following implant insertion.



Isolation and Processing of Gingiva and Peri-Implant Mucosa Tissues

The mice were euthanized and a circumference of 1 mm of gingiva around teeth in non-implanted mice, or 1 mm of peri-implant mucosa in implanted mice was harvested and pooled from two to three mice so that a sufficient number of cells were obtained for flow cytometry analysis. These pooled tissues were considered as n = 1. Next, the samples were incubated with Dispase II solution (Godo Shusei, Japan) 2 mg/ml in PBS + 2% fetal calf serum (FCS), for 45 min at 37°C. The epithelium was separated by using forceps under a stereoscope, and later on was minced and treated with Collagenase type II (2 mg/ml; Worthington Biochemicals) and DNase I (1 mg/ml; Roche) solution in PBS + 2% FCS for 25 min at 37°C in a shaker bath. A total of 20 μl of 0.5 M EDTA per 2 ml sample was added to the digested tissues and incubated for an additional 10 min. The cells were washed, filtered with a 70-μM filter, and stained with antibodies as indicated in the text. The stained samples were run in the LSR II (BD Biosciences) flow cytometer and analyzed using FlowJo software (Tree Star).



Immunofluorescence Staining

The maxillae were fixed overnight at 4°C in 4% paraformaldehyde/PBS solution, and then washed for 1 week in EDTA 0.5 M/PBS that was changed every other day. Carefully, the implants were taken out in counterclockwise motion without damaging the surrounding tissue. Next, the tissue was cryopreserved in 30% sucrose (overnight at 4°C), embedded in OCT, and cryosectioned into 10-μm-thick sections. The cross sections, as well as the separated epithelium, were washed three times in PBS, blocked in a blocking buffer (5% FCS, 0.1% Triton X-100 in PBS) for 1 h at room temperature, and incubated with primary antibodies: goat anti-langerin (E-17, Santa Cruz Biotechnology), rat anti-MHCII (M5/114.15.2, BioLegend), rabbit anti-TGF-β1 (ab92486 Abcam), and mouse anti-BMP-7 (ab54904 Abcam) overnight at 4°C. Following three washing steps in PBS, the samples were incubated with a secondary antibody: donkey anti-goat IgG, donkey anti-rat IgG, or donkey anti-rabbit IgG (Jackson ImmunoResearch) diluted 1:100 in blocking buffer for 1 h at RT, washed three times, stained with Hoechst, and mounted. Signals were visualized and digital images were obtained using an Olympus BX51 fluorescent microscope mounted with a DP72 (Olympus) camera. The color intensity was calculated using Image J on 8-bit images by countering the specific area of interest. The average pixel intensity was calculated from a pixel histogram representing the color intensity of each pixel. Negative control was achieved by staining the tissue with the same primary antibody using non-compatible secondary antibody.



Picrosirius Red Staining

The cryo cross sections slides were washed once in PBS for 30 min, followed by staining with Weigert’s hematoxylin for 8 min. Immediately after, the slides were washed for 10 min in running tap water, followed by staining with Picrosirius red for 1 h in dark. The staining was washed in acidified water that was changed twice and dehydrated for 5 min each time in 100% ethanol that was replaced three times. The slides were then incubated with xylene for 5 min followed by mounting in resinous medium.



RNA Extraction and Quantitative Real-Time PCR (RT-qPCR)

For RNA isolation, the peri-implant mucosa and gingiva were separated into submucosa and epithelium layers via incubation with Dispase II solution. The different layers were then homogenized in 1 ml TRI reagent (Sigma) using electric homogenizer. After homogenization, the homogenates were centrifuged at 12,000 × g for 10 min at 5°C to remove the insoluble material. The clear supernatants were then transferred to fresh tubes and 0.2 ml of chloroform was added to each tube. The tubes were covered tightly, vortexed for 15 s, and left for 10 min at RT. The resulting mixture was centrifuged at 12,000 × g for 15 min at 5°C and the colorless upper aqueous phase (containing RNA) was transferred to a fresh tube and 0.5 ml of 2-propanol was added to the tube. The samples stand for 5 min at RT and then centrifuged at 12,000 × g for 10 min at 5°C. The RNA precipitate forms a pellet on the side and bottom of the tube. The supernatant was removed and RNA pellet was washed by adding of 1 ml of 75% ethanol per sample, and then centrifuged the samples at 7,500 × g for 5 min at 5°C. The RNA pellet was air dried for 5–10 min and an appropriate volume DEPC solution was added. To synthesize cDNA from the RNA pellet, the qScript™ cDNA Synthesis Kit, 95047-100 (Quanta-BioSciences Inc.) was employed. RT-qPCR reaction was performed in a 20-μl reaction mixture using Power SYBR Green PCR Master Mix (Quanta-BioSciences Inc.). The following reaction conditions were used: 10 min at 95°C, 40 cycles of 15 s at 95°C and 60 s at 60°C. The samples were normalized to the 18 s as control mRNA, by change in cycling threshold (ΔCT) method and calculated based on 2−ΔCT.



Differentiation Cultures of LC-Like Cells

The femur was isolated, cleaned from soft tissues in RPMI 1640 and soaked in 70% ethanol for 1 min for sterilization. The femur was then washed with sterile PBS and the bone ends was removed by sterile scissors. BM cells eluted from the bone by flushing them several times using sterile syringe filled with RPMI 1640, and the cells were then washed, treated with ACK solution for 3 min on ice, washed again and counted. BM cells (5 × 105 cells/well) in 24-well plates (Nunc) were cultured with complete RPMI media [450 ml RPMI 1640, 50 ml FCS, 5 ml L-glutamine, 50 μM β-mercaptoethanol, penicillin (100 U/ml), streptomycin (100 μg/ml), and gentamicin (50 μg/ml)] supplemented with GM-SCF (100 ng/ml), TGF-β1 (10 ng/ml) for 5 days to induce their differentiation into LC-like cells as previously described (31). To examine the impact of Ti ions on LC, we applied Ti standard solution (1,000 μg/ml Ti in H2O, Sigma), at day 0, in various dilutions to the cultures. The cultures were then washed and stained with the noted antibodies for flow cytometry analysis.



Statistical Analysis

Data were expressed as mean ± SEM. Statistical tests were performed using Student’s t-test. p < 0.05 was considered significant. *p < 0.05, **p < 0.01, ***p < 0.001.




RESULTS


Establishment of Experimental Dental Implant Model in Mice

To study basic immunological and microbial mechanisms involved in the placement of dental implants, a murine model is highly desirable since vast experimental tools and transgenic mice are available. We thus established a novel approach to orally place two titanium dental implants in mice (Figure 1A). In this model, the left upper molars were extracted and the mice left to heal for 4 weeks. A custom made titanium implants (MIS Implants Technologies, Israel) were then placed into two sites correlating with the first and second molar sites. As depicted in Figure 1B, the total average survival rate of 200 implants located at the posterior maxilla was over 80%. This rate is in accordance with the survival rate reported in human studies, emphasizing the efficacy and strength of our experimental model (32, 33). The implanted mice had no significant clinical signs and gained weight in a similar kinetics as the control sex- and aged-matched naïve mice (Figure 1C), indicating the mice were in a good health after the implantation. Time course histological analysis of the peri-implant region detected a newly formed bone 2 weeks post-implantation with high number of empty osteocytic lacunas that decreased over time (Figure 1D). We next used Picrosirius red staining to evaluate the collagen network in the peri-implant connective tissue. As opposed to the gingiva where the collagen fibers were distributed in a fan-shaped pattern forming a tight seal around teeth, the collagen bundles in the peri-implant tissue were located in parallel to the implant, as previously demonstrated for dental implants in human studies (34) with no remarkable changes later on (Figure 1D). Taken together, the described model results in a successful integration of the dental implants and similar histological characteristics as dental implants in humans, thus can be used for further studying how the implants impact local immunity.
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FIGURE 1 | Establishment of a murine model of titanium dental implants. (A) Schematic presentation of the experimental setting for insertion of titanium dental implant. Four weeks after tooth extraction two dental implants were inserted in the first and second molar regions of the alveolar bone. The mice were treated for 1 week with antibiotics in the drinking water and soft diet and analyzed 2, 4, and 10 weeks later. (B) Bar graph demonstrates the average cumulative survival rate of both implants in nine independent experiments (n = 3–25 implanted mice per experiment). The red line indicates the weighted average mean value. (C) Mouse weight in implanted and control mice during 10 weeks post implant insertion, presented as the mean ± SEM (n = 3–25 mice per group). Representative results of one out of four independent experiments are presented. (D) Images of H&E and Picrosirius red staining of the gingiva, peri-implant mucosa, and bone taken at 2, 4, and 10 weeks after implant insertion. The upper images visualize the orientation of the tissue with respect to the location of interest presented as squares. White asterisk marks the junctional epithelium (JE) around teeth and its equivalent the barrier epithelium (BE) around implants. Black arrows indicate empty osteocyte lacunae. White dotted arrows specify the collagen bundle orientation in the tissues. Representative results of one out of three independent experiments are presented. In each experiment, at least three mice per group were examined. Abbreviations: EPI, epithelium; Bm, basement membrane; LP, lamina propria; PDL, periodontal ligament; AB, alveolar bone.




Elevated LC Precursors but Reduced Levels of Fully Developed LCs in the Peri-Implant Epithelium

Since previous studies reported opposing results regarding the frequencies of LCs in the peri-implant epithelium, we addressed this issue in our murine system. Epithelial tissues of the peri-implant gingiva were collected 4 weeks after implantation and subjected to flow cytometry analysis (Figure S1 in Supplementary Material). Gingival epithelial tissues from sex- and age-matched naïve mice were used as a control. To identify LCs, the processed epithelial cells were stained with antibodies against CD45, CD11c, MHCII, EpCAM, and langerin, and analyzed based on the gating strategy described in Figure 2A. In some experiments, additional staining with CD11b and CD103 antibodies was performed to further separate the LCs to CD103+CD11blow (CD103+LCs) and CD11b+CD103neg (CD11b+LCs) subsets as previously reported (23). As demonstrated in Figure 2B, elevated percentages of CD45+ leukocytes were detected in the peri-implant epithelium compared to naïve gingiva. Moreover, the frequencies of LC precursors, identified as CD45+CD11c+MHCII+ cells, were also significantly increased in the tissue (Figure 2C). Nevertheless, despite the increment of their precursors, the frequencies of fully developed LCs in the peri-implant epithelium were considerably reduced (twofold to threefold reduction) in comparison to the control group (Figure 2D). Further examination revealed that a large fraction of the CD45+CD11c+MHCII+ cells expressed EpCAM but not langerin, and even the mean fluorescence intensity of langerin on the remaining LCs in the peri-implant was lower than control gingival LCs. The reduction in langerin expression was also confirmed using RT-qPCR (Figure 2E). Importantly, the LC population in the contralateral intact gingiva of the implanted mice was not altered, indicating the confined effect of the implants (Figure S2 in Supplementary Material). We then examined which LC subset is mostly affected by the implant. Since LC numbers in the peri-implant mucosa were too low for such analysis, we gated on CD45+CD11c+MHCII+EpCAM+ cells (i.e., the direct precursors of LCs), and found that CD103+ LCs were mostly affected by the implant (Figure 2F).
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FIGURE 2 | Decreased frequencies of terminally differentiated Langerhans cells (LCs) in the peri-implant epithelium. (A) Gating strategy to identify LCs and their precursors in the tissue using flow cytometry. (B,C) Frequencies of CD45+ leukocytes (B) and CD11c+MHCII+ LC precursors (C) in the peri-implant and gingival epithelium 4 weeks after implant insertion. Representative FACS plots and graphs indicates percentages of CD45+ and CD11c+MHCII+ cells from total cells, presented as the mean ± SEM (n = 5 per group, each n represents oral tissues pooled from three individual mice). Data are representative of one out of three independent experiments. (D) Expression of langerin and EpCAM on CD11c+MHCII+ cells in the peri-implant and gingival epithelium 4 weeks after implant insertion. Representative facs plots and graphs depicting the percentages of EpCAM+langerin+ (LCs) and EpCAM+langerinneg cells form total CD11c+MHCII+ cells are presented as the mean ± SEM (n = 5 per group). Representative graph illustrate the mean fluorescence intensity (MFI) of langerin expression pre-gated on LCs in peri-implant and gingival epithelium presented as the mean ± SEM (n = 5 per group). (E) Quantification of langerin mRNA in epithelial tissue prepared from peri-implant and gingival tissues using quantitative real-time PCR. Graph presents the fold change in gene expression normalized to non-implanted mice and presented as the mean ± SEM (n = 6 mice per group). Data are representative of one out of two independent experiments. (F) Expression of CD11b and CD103 in epithelial CD11c+MHCII+EpCAM+ cells 4 weeks after implant insertion. Representative FACS plots and graphs illustrating the percentages of the noted subsets presented as the mean ± SEM (n = 5 per group). **p < 0.01, ***p < 0.001.


To further visualize the LCs in the peri-implant epithelium, an immunofluorescence staining on gingival histological cross sections and on whole epithelial layers was executed. Four weeks after implantation, the tissues were prepared from individual mice and stained with antibodies against MHCII and langerin. Concurring with the flow cytometry data, MHCII-positive cells with a morphology of DCs were clearly visualized in the epithelium of both the peri-implant and naïve gingiva epithelium (Figures 3A,B). The number of MHCII+ cells was also significantly higher in the peri-implant epithelium in comparison to normal gingiva, and this trend last up at least to 10 weeks post-implantation (Figure 3C). On a contrary, langerin-positive cells were very scarce in the peri-implant epithelium, and langerin staining intensity of the residual LCs in this region was much weaker in comparison to control samples (Figures 3A,B). The reduction of langerin-positive cells was also detected for at least up to 10 weeks post-implantation (Figure 3C). To verify that the lack of langerin-positive cells was not resulting from the surgical procedure performed prior to implant placement, we stained epithelial tissue 4 weeks after tooth extraction just before the implantation. As shown in Figure 3D, langerin-positive cells were easily visualized in the epithelium, indicating that langerin-positive cells were normally present in the epithelium prior to the implantation. Collectively, these results suggest that terminal maturation of LCs is impaired in the peri-implant epithelium. The accumulation of CD45+CD11c+MHCII+EpCAM+ LC precursors, representing a transient stage in the development of oral mucosal LCs, proposes that LC differentiation might be dysregulated in the peri-implant epithelium.
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FIGURE 3 | Visualization of langerin and MHCII expression in the peri-implant mucosa. (A) Immunofluorescence imaging of the peri-implant and gingival cross sections tissues prepared 4 weeks after implantation stained against MHCII (red), langerin (green), and hoechst (blue) for nuclear visualization. Representative immunofluorescence images of two independent experiments are shown. In each experiment, at least three mice were examined. (B) Epithelial layers prepared from peri-implant and gingival tissues 4 weeks after implant insertion, stained for (red), langerin (green), and hoechst (blue). Whole mount immunofluorescence images from one out of two independent experiments are shown, at least three mice were examined in each experiment. Bar graphs represent the mean field staining intensity of langerin and MHCII in the epithelium, shown as the mean ± SEM. The average pixel intensity was calculated for each tissue using ImageJ software by 100 μm circumferential countering the epithelium around implant and teeth (n = 3 mice per group). Representative images of one out of two independent experiments are shown. (C) Graphs presents the total numbers of MHCII-positive or langerin-positive cells per a field of view, as well as the relative ratio of the noted cells in epithelial sheets taken 2, 4, and 10 weeks after implant insertion, presented as the mean ± SEM (n = 6 mice per time points). Data of one out of two independent experiments are presented. (D) Four weeks after tooth extraction, epithelial tissues were removed from the alveolar process and subjected to immunofluorescence staining as described above. Representative images of one out of two independent experiments are provided, three mice were analyzed in each experiment. *p < 0.05, **p < 0.01, ***p < 0.001.




Cytokines and Chemokines Mediating the Development of Oral LCs Are Differentially Dysregulated in the Peri-Implant Mucosa

As the aforementioned results suggest that the differentiation of LCs in the peri-implant mucosa is alerted, we next examined the expression of molecules which are known to mediate this process. Expression of TGF-β1 and BMP7, the predominant cytokines instructing LC differentiation, was first analyzed using immunofluorescences staining on gingival cross sections. TGF-β1 expression was detected in the suprabasal epithelia layers of the oral epithelium and also in the sulcular/junctional epithelium (JE) facing the tooth surface (Figure 4A). In the peri-implant mucosa, however, expression of TGF-β1 was reduced in the oral epithelium and nearly absent in the barrier epithelium facing the implant (the equivalent of the JE in normal gingiva). Quantification of TGF-β1 staining intensity in several fields of view (Figure 4B), or the levels of Tgf-β1 mRNA by RT-qPCR (Figure 4C), further confirmed the reduction in the expression of this cytokine in the epithelium. In contrast to TGF-β1, BMP7 expression which is restricted to the LP (24) was not affected in the peri-implant mucosa (Figures 4A–C). Of note, the reduction in TGF-β1 expression was not due to the tooth extraction procedure, since TGF-β1 was comparably expressed in the epithelium of both the tooth extraction site and the contralateral intact gingiva (Figure 4D). As TGF-β1 and BMP7 were proposed to impact LC development via both ALK5 and ALK3 receptors or ALK3 only, respectively (24, 35), the expression of these receptors was also quantified using RT-qPCR. As depicted in Figure 4E, whereas the mRNA levels of Alk5 were upregulated in the peri-implant epithelium compared to normal gingiva epithelium, the levels of Alk3 mRNA were significantly reduced. Next, mRNA expression of the chemokines Ccl2 and Ccl20 was quantified in the epithelium, since we previously reported that these chemokines are differentially expressed in the epithelium and mediate LC recruitment (24, 35). Expression of both cytokines was upregulated in the peri-implant epithelium compared to the control group (Figure 4E). Expression of Gm-csf, an additional cytokine required for APCs and LCs differentiation, was not modified in the peri-implant epithelium (Figure 4E). These results thus suggest that TGF-β1/ALK5 as well as TGF-β1/ALK3 signaling are dysregulated in peri-implant mucosa. As these singling pathways mediate the differentiation rather than recruitment of LC precursors to the epithelium (24), their dysregulation correlates well with the presence of CD45+CD11c+MHCII+EpCAM+ LC precursors in the epithelium.
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FIGURE 4 | Dysregulated expression of molecules mediating Langerhans cell differentiation in the peri-implant mucosa. (A) Immunofluorescence cross sections of peri-implant and gingival tissues stained 4 weeks after implantation against TGF-β1 (red), bone morphogenetic protein 7 (BMP7) (green), and hoechst (blue). Negative control represents staining with the secondary antibody only. Representative immunofluorescence images of two independent experiments are shown. In each experiment, at least three mice were examined. (B) Bar graphs represent the mean field staining intensity of TGF-β1 and BMP7 in the epithelium and submucosa, respectively, shown as the mean ± SEM. The average pixel intensity was calculated for each slide using ImageJ software by countering the epithelium or the submucosa from nine different slides for each group (n = 3 mice per group). Representative images of two independent experiments are shown. (C) Four weeks after implant insertion, TGF-β1 and BMP7 mRNA expressions were quantified in the epithelium and submucosa, respectively, by RT-qPCR. Graph presents the fold change in gene expression normalized to non-implanted mice and presented as the mean ± SEM (at least 10 mice per group were analyzed). Data are representative of two pooled independent experiments. (D) Four weeks after teeth extraction, immunofluorescence cross sections of the alveolar process at extraction sites were stained as described in (A). Representative images of one out of two independent experiments are provided, three mice were analyzed in each experiment. (E) Graph presents the fold change in gene expression of activing-like kinase 3 (ALK3), ALK5, CCL20, CCL2, and GM-CSF in the epithelium, normalized to non-implanted mice 4 weeks after implantation, presented as the mean ± SEM (n = 6 mice per group). Data are representative of one out of two independent experiments. *p < 0.05, **p < 0.01.




Titanium Ions Inhibit the Expression of Langerin on In Vitro Generated LC-Like Cells

It has been demonstrated that titanium ions are released from titanium implants (9, 13) and such ions are capable of altering DC function in vitro (11, 36). We thus asked whether titanium ions might also modify the differentiation of LC from BM cells, the direct precursors of oral mucosal LCs (23). To induce LC differentiation, BM cells were cultured for 5 days with serum-containing media supplemented with GM-CSF and TGF-β1. Titanium ions were also added to the cultures to examine their capacity to inhibit or modulate LC differentiation. First, we examined the toxicity of various concentrations of titanium ions by quantifying cellular viability in the cultures (Figure S3A in Supplementary Material). Among the various concentrations tested, 5 and 10 ppm of titanium ions resulted in high percentages of live cells >95 and 60%, respectively. In addition, the pH value of the serum-containing differentiation cultures was not affected by the presence of any titanium ions concentration tested (Figure S3B in Supplementary Material). Next, we quantified the generation of LCs by gating on EpCAM+DEC205+ cells among the CD11c+MHCII+ population, as these were previously proven to represent LC-like cells (37). Cultures containing GM-CSF + TGF-β1 were able to induce a large fraction of EpCAM+DEC205+ LC-like cells (Figure 5A). Moreover, an additional subset of the CD11c+MHCII+ cells acquired a phenotype of EpCAM+DEC205neg cells, a population with a potential to differentiate to LC-like cells (37). The addition of titanium ions to the cultures failed to generate EpCAM+DEC205+ LC-like cells and only the EpCAM+DEC205neg population was detected in these cultures. Further characterization revealed that only LC-like cells generated in the absence of titanium ions were able to upregulate langerin expression (Figure 5B; Figure S4 in Supplementary Material). The impact of titanium ions on langerin expression was also verified using immunofluorescences analysis by staining the cells with antibody against MHCII and langerin. As depicted in Figure 5C, expression of langerin, but not MHCII, on cells derived from titanium ions-containing cultures was greatly reduced compared to control group. To examine whether titanium ions are capable also to alter the activation of the MHCII+CD11c+EpCAM+ cells, we employed a different culturing strategy. BM cells were cultured for 3 days with GM-CSF and TGF-β1 and then exposed to titanium ions for 2 days. Higher expression of the co-stimulatory molecules CD86 and CD40 was detected on the surface of MHCII+CD11c+EpCAM+ cells, suggesting the titanium ions induce the maturation of these APCs (Figure S5 in Supplementary Material). Next, since titanium ions dysregulates the capacity of BM cells to evolve into LC-like cells, we asked whether titanium implants are capable to alter the differentiation capacity of BM cells systemically rather than locally. For this we isolated BM cells from implanted and naïve mice and cultured them with GM-CSF + TGF-β1. Analysis of the cultures indicated that BM cells from both groups of mice have comparable differentiation capability to LC-like cells (Figure 5D). Taken together, these results suggest that titanium ions dysregulate the development of LC-like cells in vitro, and preferentially induce cells that are not fully differentiated into LCs but are rather more activated. Moreover, this regulatory function appears to be a local effect rather than systemic, impacting the development of LCs only in areas adjacent to the implant.
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FIGURE 5 | Titanium ions altered in vitro differentiation of Langerhans cell (LC)-like cells from BM precursors. (A) Frequencies of CD11c+MHCII+ cells and LC-like cells (CD11c+MHCII+EpCAM+DEC205+) 5 days after incubation with GM-CSF or TGF-β1 + GM-CSF in the presence or absence of 5 and 10 ppm of Ti ions. Representative FACS plots and graphs indicates the fold change in the percentage of EpCAM+DEC205+ (LC-like cells) and EpCAM+DEC205neg cells from total CD11c+MHCII+ population (percentages were normalized to the GM-CSF group) presented as the mean ± SEM (n = 6 mice per group). Data are representative of one out of four independent experiments. (B) Representative histogram plots illustrate the frequencies of langerin expression on pre-gated EpCAM+ and EpCAM+DEC205+ cells after 5 days of culture. Bar graph specifies the mean fluorescence intensity (MFI) of langerin expression on pre-gated cells shown as the mean ± SEM (n = 6 mice per group). Data are representative of one out of two independent experiments. (C) Cells were collected from the LC differentiation cultures after 5 days and stained against langerin (green) and MHCII (red). Representative immunofluorescence images presenting the expression of langerin and MHCII in each culture condition. Data of one out two independent experiments are shown. (D) BM cells purified from implanted and non-implanted mice were cultured with GM-CSF or GM-CSF + TGF-β1 and 5 days later were analyzed by flow cytometry. Bar graph presents the frequencies of LCs-like cells based on the expression of EpCAM, DEC205 an langerin from the CD11c+MHCII+ cells representing the mean ± SEM (n = 3 mice per group). Data are representative of one out of two independent experiments *p < 0.05, ***p < 0.001.




High Leukocyte Content in the Peri-Implant Mucosa With No Evidence of an Acute Inflammation

We next analyzed the various leukocytes present in the peri-implant mucosa 4 weeks after implantation. Figure 6A demonstrates the gating strategy employed to identify innate and adaptive leukocytes in the peri-implant submucosa and normal gingiva as a control. Higher levels of neutrophils, Ly6Chigh and Ly6Clow monocytes were found in the peri-implant tissue compared to naïve gingiva (Figure 6B). Interestingly, the frequencies of CD11c+MHCII+ APCs in the peri-implant submucosa were significantly lower than those detected in the submucosa of normal gingiva. In correlation with the increased innate cell infiltrate in implanted mice, we also found an elevated expression of Il-17a, Il-1b, Ifna, Ifnb, and Nos2 (iNOS) in the peri-implant mucosa (Figure 6C). With regards to adaptive lymphocytes, the percentages of B and T cells were also elevated in the peri-implant mucosa, particularity the CD4+ T cell subset. A larger number of these CD4+ T cells in the peri-implant mucosa was stained positively to FOXP3, indicating that compared to normal gingiva this tissue contains more Treg cells (Figure 6D). Since mucosal homeostasis can be reflected by the ratio of Th17 and Treg cells, we next calculated the relative expression levels of Il-17a versus Foxp3 in the tissue. As shown in Figure 6E, the Il-17A/Foxp3 ratio was higher in the peri-implant mucosa in comparison to normal gingiva, indicating that the implant modified tissue homeostasis by increasing inflammatory milieu. We then asked whether such immunological state, recorded 4 weeks after implant placement, represents an acute inflammation in the peri-implant mucosa. To address this question we first quantified the expression of the proinflammatory cytokine Tnf-a and found comparable levels in the peri-implant mucosa and normal gingiva (Figure 6F). Moreover, expression levels of P-selectin, E-selectin, Icam-1, and Vcam-1, adhesion molecules that are upregulated on activated endothelium, were similar in both tissues (Figure 6F). We also examined the expression of Ccl21 and Ccl19, chemokines mediating migration of DCs to the draining LNs and found reduced levels of Ccl21 around implants but not Ccl19 (Figure 6F). These results suggest that 4 weeks after implant placement, the peri-implant mucosa contains an elevated leukocyte content, whereas there is no indication to the presence of acute inflammation in the tissue at this time point. With regards to the CD11c+MHCII+ APCs, it is possible that their reduced frequency in the peri-implant submucosa is due to increased translocation to the epithelium rather then accelerated migration to the LNs.
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FIGURE 6 | An increased leukocyte infiltrate in the peri-implant mucosa. (A) Gating strategy to identify by flow cytometry the noted leukocyte subsets in the tissue. (B) Flow cytometry plots illustrate the incidence of neutrophils (Ly6G+CD11b+), monocytes (CD11b+Ly6Chigh\low), antigen-presenting cells CD11c+MHCII+ in the submucosa of the peri-implant and gingiva 4 weeks after implant insertion. Correlating graphs demonstrates the frequencies of the noted immune subsets from the total cell count, presented as the mean ± SEM (n = 5 per group, each n represents tissues pooled from three individual mice). (C) mRNA expression levels of proinflammatory cytokines were calculated in the peri-implant epithelium 4 weeks after implant insertion, presented as the mean ± SEM (n = 6 per group, each n represents tissues pooled from three individual mice). (D) Frequencies of total lymphocytes (CD3+), B cells (B220+CD3−), T helper cells (CD3+CD4+), and T regulatory (Treg) cells (CD3+CD4+FOXP3+) from the whole peri-implant and gingiva tissues are presented in flow cytometry plots. Frequencies of CD4+ T cells and Treg cells from total cells are provided in brackets within the flow cytometry plots. Graphs indicate the frequency of each cells subset from the total cell population, presented as the mean ± SEM (n = 5 per group, each n represents tissues pooled from three individual mice). Data are representative of one out of two independent experiments. (E,F) Four weeks after implant insertion, the mRNA levels of the noted genes were quantified in the peri-implant and gingiva lamina propria using RT-qPCR. (E) Ratio of IL-17 and Foxp3 expression level. Data are representative of two independent experiments. (F) Graph presents the fold change in gene expression normalized to non-implanted mice and represent the mean ± SEM (n = at least five mice per group). Data are representative of one out of two independent experiments. *p < 0.05, **p < 0.01, ***p < 0.001.





DISCUSSION

Using a murine model of titanium dental implants, this study shows the absence of fully differentiated LCs in the epithelium of the peri-implant mucosa. We provided both in vivo and in vitro evidence demonstrating that titanium implants and titanium ions, respectively, are capable of impairing local LC development. As a result, oral LCs expressed EpCAM but failed to upregulate langerin expression, suggesting a partial differentiation of these cells. Previous human studies employing various markers to identify human LCs such as MHCII, CD1a or S-100, reported contradicting results regarding the frequencies of LCs in the peri-implant mucosa (26–28, 30). While the expression kinetics of these markers on human LCs are not clear yet, they are likely to be expressed at different differentiation stages. Thus, it is expected that analysis based on only a single or two markers will provide diverse results.

It has been shown that the first differentiation step of oral LCs is mediated by BMP7/ALK3 signaling, which upregulate expression of E-cadherin, CCR2, and CCR20, enabling the translocation of LC precursors to the epithelium (24). The accumulation of CD11c+MHCII+EpCAM+ cells in the peri-implant epithelium suggests that this early differentiation step is intact or even accelerated in implanted mice. In line with this notion, BMP7 expression was not altered in the submucosa, whereas epithelial expression of CCL2 and CCL20 was upregulated. Therefore, titanium implants or titanium ions are considered to impact mainly the second differentiation step of oral LCs that is driven by TGF-β1 in the epithelium. Indeed, expression of TGF-β1 was significantly reduced in the epithelium of the peri-implant mucosa. It is currently unclear how titanium implants or ions regulate TGF-β1 expression, nevertheless, there are indications in human implants and in vitro cultures that titanium can modulate TGF-β1 expression (38, 39). Besides TGF-β1, titanium implants were also capable to upregulate expression of its canonical ALK5 receptor while reducing the non-canonical ALK3 receptor. Signaling via TGF-β1 and ALK5 was shown to be important for LC homeostasis as it prevents their spontaneous activation and migration to the LNs (40, 41). Concurring with this notion, the upregulation of ALK5 might compensate for the reduced TGF-β1 levels, resulting in the accumulation of the partly developed LCs in the peri-implant epithelium. Yet, TGF-β1/ALK5 signaling is also crucial for efficient differentiation of oral LCs, since differentiation of these cells was shown to be inhibited but not absent in mice lacking ALK5 in CD11c+ cells (24). Such ALK5-independent development of oral LCs is likely to be mediated by ALK3 as previously suggested (35). Nevertheless, since ALK3 expression was reduced in the peri-implant epithelium, TGF-β1/ALK5 signaling seems to play the major role in the partial development of the oral LCs. Interestingly, we recently proposed that TGF-β1/ALK3 signaling in the epithelium can mediate langerin expression on oral LCs (24). Accordingly, the reduced expression of both ALK3 and TGF-β1 in the peri-implant epithelium, might explain the lack of langerin expression by local LCs.

In comparison to normal gingiva around teeth, the peri-implant mucosa contains larger infiltrate of innate and adaptive leukocytes 4 weeks after implantation, with no indication to the existence of acute inflammation. An inflammatory infiltrate in the peri-implant mucosa was reported also in clinically healthy implants 6 months after implant insertion (42), which support our findings and also emphasizing the relevance of our model to the clinical situation. Nonetheless, such a phenomenon could simply represent a transitional immunological state of the peri-implant mucosa, which might eventually return to steady state level as in normal gingiva. The gradual reduction in the size of the peri-implant infiltrate that was reported in humans supports this assumption (43). However, it is not clear whether the peri-implant mucosa will indeed reach a “normal” steady state as in the gingiva. This highlights an alternative possibility for the development of an alerted steady state conditions in the peri-implant mucosa. This hypothesis may explain the increased susceptibility of the implant to infection, as based on the Th17/Treg balance, the immunological steady state of the peri-implant is more “inflamed” than normal gingiva. Such condition might eventually lead to a microbial dysbiosis, involving the accumulation of inflammophilic bacteria that will induce disease as we previously reported (44).

The extent of the dysregulation of LC development affects the immune response of the peri-implant mucosa is still unknown. LCs were shown to regulate immunological and microbial homeostasis of the oral mucosa (24), and to play a protective role during infection with an oral pathogen (25). In both cases, LC function was mediated, in part, by their capacity to induce Treg cells that resolve gingival inflammation. Since the Th17/Treg balance is augmented in the peri-implant mucosa compared to normal gingiva, it is likely that the partially differentiated LCs might have reduced capacity to generate Treg cells. The specific decrease in CD103+ LCs, a subset that is greatly affected by the microbiota (24), further suggest that the reduction in local LCs might affect the tissue. Nevertheless, further investigation will be required to assess this issue directly.

In summary, the present study provides novel insights into the impact of titanium implant on oral LCs, the major APC subset residing in the epithelium and regulating oral mucosal homeostasis. Besides increasing our understanding on immunological dysfunction associated with insertion of titanium dental implants, this study highlights the sequential differentiation process of oral mucosal LCs. Moreover, it suggests that environmental factors have the capacity to interfere with LC development and subsequently alter oral mucosal homeostasis.
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The N-glycosylation of immunoglobulin (Ig) G, the major antibody in the circulation of human adults, is well known for its influence on antibody effector functions and its alterations with various diseases. In contrast, knowledge on the role of glycans attached to IgA, which is a key immune defense agent in secretions, is very scarce. In this study we aimed to characterize the glycosylation of salivary (secretory) IgA, including the IgA joining chain (JC), and secretory component (SC) and to compare IgA and IgG glycosylation between human plasma and saliva samples to gain a first insight into oral cavity-specific antibody glycosylation. Plasma and whole saliva were collected from 19 healthy volunteers within a 2-h time window. IgG and IgA were affinity-purified from the two biofluids, followed by tryptic digestion and nanoLC-ESI-QTOF-MS(/MS) analysis. Saliva-derived IgG exhibited a slightly lower galactosylation and sialylation as compared to plasma-derived IgG. Glycosylation of IgA1, IgA2, and the JC showed substantial differences between the biofluids, with salivary proteins exhibiting a higher bisection, and lower galactosylation and sialylation as compared to plasma-derived IgA and JC. Additionally, all seven N-glycosylation sites, characterized on the SC of secretory IgA in saliva, carried highly fucosylated and fully galactosylated diantennary N-glycans. This study lays the basis for future research into the functional role of salivary Ig glycosylation as well as its biomarker potential.

Keywords: N-glycan, O-glycan, saliva, immunoglobulin G, immunoglobulin A, joining chain, secretory component


INTRODUCTION

Using saliva for diagnostic purposes has gained increasing popularity due to its various advantages over plasma or serum. First, saliva can be easily and painlessly collected from donors without the need for specialized equipment or training. Second, next to proteins derived from serum (ca. 27% of total salivary proteins), saliva also contains locally produced proteins which might reflect diseases that affect the oral cavity, such as Sjögren's syndrome, or oral cancer (1–3). Saliva assays are already available on the market, e.g., for the detection of antibodies against HIV (1). Moreover, numerous potential salivary protein-, DNA-, RNA-, and small-molecule-based biomarkers for various diseases have been proposed, as recently reviewed (4). Furthermore, two studies using global lectin-based profiling of glycans in saliva revealed associations with breast cancer and Sjögren's syndrome (5, 6).

Glycosylation is a prevalent posttranslational modification which heavily influences the structure and function of proteins, as is well known for plasma-derived immunoglobulin (Ig) G. The glycosylation of the fragment crystallizable (Fc) portion of IgG has been shown to influence binding to Fcγ receptors (FcγRs) and complement factors (7). Moreover, plasma IgG glycosylation has been associated with various diseases and could, therefore, be exploited for diagnostic and therapeutic approaches in the future (8–10). In contrast, for other Igs, such as IgA, less is known about the relationship between their glycosylation and effector functions. Although IgA N-glycosylation was shown to influence the IgA transport from circulation to mucosal tissue (11) and the O-glycosylation of IgA1 is considered a major factor in the pathogenesis of IgA nephropathy (12), the absence of the Fc N-glycosylation of IgA1 had no effect on FcαR binding (13). Site-specific investigation of antibody glycosylation in human samples other than plasma has been limited to cerebrospinal fluid and synovial fluid for IgG (14, 15) and colostrum for IgA (16, 17). The glycosylation of saliva-derived IgG and IgA has only been crudely examined using lectin binding assays, and without a direct comparison to blood (18, 19).

The lack of knowledge about salivary antibody glycosylation is mainly due to the fact that the antibody concentrations are much lower than in plasma, posing a major challenge for their in-depth characterization. Plasma contains approximately 12.5 mg/mL IgG and 2.2 mg/mL IgA, while the concentrations for unstimulated whole saliva are estimated at approximately 0.014 and 0.19 mg/mL for IgG and IgA, respectively (20, 21). Salivary IgG is thought to mainly be derived from circulation, while a minority (<20%) is produced by local plasma cells in gingival lesions or salivary glands (20, 22). In contrast, more than 95% of salivary IgA is produced locally by plasma cells in various glands, where it can form a dimeric complex via the associated joining chain (JC) (23). Secretion of dimeric IgA across the epithelial layer is enabled by the polymeric Ig receptor (pIgR), of which a part remains bound to the IgA and is known as the secretory component (SC). As a consequence, secretory (S)IgA as a complex of dimeric IgA covalently linked to the JC and SC (Figure 1), contributes to more than 80% of the salivary IgA pool, as opposed to plasma IgA which is predominantly (~90%) monomeric (20, 26). In addition, the ratio between IgA1 and IgA2 is dependent on the source of IgA: while saliva contains approximately 35% IgA2, around 20% IgA2 is found in serum (20, 26). In contrast to IgG, which only contains one glycosylation site, or two in case of some IgG3 variants (27), the constant domains of IgA1 and IgA2 contain two up to five potential N-glycosylation sites, respectively, and IgA1 carries up to six O-glycans in the hinge region (24, 28) (Figure 1). In addition, the JC has one and the SC seven N-glycosylation sites (Figure 1). This further complicates detailed (S)IgA glycosylation analysis. However, in recent years great progress has been made with respect to both measurement sensitivity and data analysis tools in the field of glycoproteomics, facilitating site-specific glycosylation analysis of minute amounts of Igs (29–32).


[image: image]

FIGURE 1. Schematic representation of IgG1, IgA1, and SIgA2 and their glycosylation sites. IgA2 is shown in its dimeric form, in a complex with a joining chain (JC; red) and a secretory component (SC; blue). The JC and SC are covalently linked to IgA by disulfide bonds (not shown). Each Ig monomer is composed of two heavy chains (dark gray) and two light chains (light gray), again connected by disulfide bonds. The chains are further subdivided as constant (C) and variable (V) domains. N-glycosylation sites on IgG are indicated by their amino acid number according to the nomenclature used by conventional literature, e.g., (24), while IgA, the JC and SC have UniProt numbering (25). N92 on IgA2 was previously reported to be glycosylated, however, N92 on the IgA2 allotype found in our samples [A2m(1)] was not incorporated in a N-glycosylation consensus sequence and was found to be non-glycosylated.



Here, we developed a method for the analysis of IgG and (S)IgA glycosylation in whole saliva using bead-based affinity chromatography purification, followed by tryptic digestion and analysis with nano liquid chromatography (nanoLC)-electrospray ionization (ESI)-quadrupole time-of-flight (QTOF)-mass spectrometry (MS). The method can be used in a 96-well plate format and was applied to characterize and compare the glycosylation of both IgG and (S)IgA in saliva and plasma of 19 healthy individuals. To the best of our knowledge we are the first to report site-specific glycoprofiling of antibodies in saliva.



MATERIALS AND METHODS


Collection of Biofluids and Preprocessing

Nineteen healthy donors (18 Caucasians and 1 of South Asian ancestry) were recruited to donate blood and saliva. The study population included 13 females and 6 males, with an average age of 28.4 years (range: 20–42). All donors gave informed consent, and the study was approved by the Medical Ethics Commission of the Leiden University Medical Center (P16.189). Both biofluids were collected between 10:30 a.m. and 12:30 p.m. on the same day. Donors were instructed to rinse their mouth with water an hour prior to collection of saliva and abstain from food and beverages until sample collection was finished. Saliva was collected by unstimulated drooling into a 5-mL Eppendorf tube for approximately 10 min, and immediately frozen at −20°C. Subsequently, 10 mL of venous blood was collected in an EDTA vial. The blood was centrifuged at 3184 × g for 5 min and the clear upper fraction, consisting of plasma, was collected and frozen at −20°C.

Saliva samples underwent a preprocessing step to reduce viscosity: After thawing, the samples were centrifuged at 3184 × g at 4°C for 30 min. Four hundred μL of supernatant was collected from each sample and dispersed over four aliquots of 100 μL (for IgG and IgA purification each in duplicate), which were added to a 96-well filter plate with a 10 μm pore frit (Orochem, Naperville, IL). The samples were centrifuged at 200 × g for 1 min, and flow-throughs were used for IgG and IgA affinity purification immediately after.



Purification and Digestion of Immunoglobulins From Donor Plasma and Saliva

IgG and IgA were each purified in duplicate on separate plates using affinity bead chromatography, based on a protocol described previously (33). For IgG purification, 15 μL of Protein G Sepharose 4 Fast Flow beads (GE Healthcare, Uppsala, Sweden) were added per well on an Orochem filter plate and washed three times with phosphate-buffered saline (PBS). For IgA purification, the same procedure was followed using 2 μL CaptureSelect IgA Affinity Matrix beads (Thermo Fisher Scientific, Breda, The Netherlands). For IgG purification, either 100 μL of saliva or 2 μL of plasma was added to each well, while 100 μL of saliva or 5 μL of plasma was used for IgA purification. Sample volumes were brought to a total of 200 μL by the addition of PBS. The plates were incubated for 1 h while shaking at 750 rpm with 1.5 mm orbit (Heidolph Titramax 100; Heidolph, Kelheim, Germany) to accommodate binding.

Using a vacuum manifold, the samples were washed three times by adding 400 μL PBS, followed by three times 400 μL of purified water (Purelab Ultra, maintained at 18.2 MΩ; Veolia Water Technologies Netherlands B.V., Ede, The Netherlands). The antibodies were eluted from the beads by adding 100 μL of 100 mM formic acid (Sigma-Aldrich, Zwijndrecht, The Netherlands), incubating for 5 min at 750 rpm, and centrifuging at 100 × g for 2 min. Samples were dried for 2 h at 60°C in a vacuum centrifuge.

The IgG samples were resolubilized in 20 μL 50 mM ammonium bicarbonate (Sigma-Aldrich) while shaking for 5 min at 750 rpm. Twenty μL of 0.05 μg/μL tosyl phenylalanyl chloromethyl ketone (TPCK)-treated trypsin (Sigma-Aldrich) in ice-cold purified water was added per well, and the samples were incubated at 37°C overnight.

In contrast to IgG, IgA molecules need to be reduced and alkylated prior to digestion to obtain peptides covering all glycosylation sites. IgA samples were resolubilized in 30 μL 30 mM ammonium bicarbonate, 12.5% acetonitrile (Biosolve, Valkenswaard, the Netherlands) while shaking for 5 min at 750 rpm. Subsequently, 5 μL of 35 mM dithiothreitol (Sigma-Aldrich) was added, followed by 5 min incubation at room temperature on a shaker (750 rpm) and 30 min incubation at 60°C in an oven. After cooling to room temperature, 5 μL of 125 mM iodoacetamide (Sigma-Aldrich) was added and the samples were incubated in the dark while shaking for 30 min. Two μL of 100 mM dithiothreitol was added to quench the iodoacetamide. Finally, 8 μL of 0.08 μg/μL TPCK-treated trypsin in ice-cold purified water was added per well, and the samples were incubated at 37°C overnight. Before LC-MS analysis, IgA and IgG samples derived from plasma were diluted twice and 20-times, respectively, with purified water, whereas saliva-derived samples were not diluted. Assuming no losses and prior concentrations of 12.5 mg/mL plasma IgG, 0.014 mg/mL saliva IgG, 2.2 mg/mL plasma IgA and 0.19 mg/mL saliva IgG (20, 21), the concentrations of the final digests were 0.031, 0.035, 0.110, and 0.380 mg/mL for plasma IgG, saliva IgG, plasma IgA, and saliva IgA, respectively.



Digestion and N-Glycan Release of IgA Samples for MS/MS Analysis

For the fragmentation analysis by MS/MS of the IgA glycopeptides, a separate purification and tryptic digestion of IgA was done in triplicate on two saliva samples from two donors from the study described above, a pooled-plasma standard from a minimum of 20 human donors (VisuCon-F Frozen Normal Control Plasma; Affinity Biologicals, Ancaster, Canada), 10 μg of a human plasma-derived IgA standard (Lee Biosolutions, Maryland Heights, MO), and a human colostrum-derived SIgA standard (Athens Research and Technology, Athens, GA). The procedure was similar to what is described above, except that 1 μg trypsin per sample was used instead of 0.64 μg. Twenty μL of trypsin-digested sample was collected and heated to 95°C to inactivate the trypsin. After cooling to room temperature, 1 μL of N-glycosidase F (Roche Diagnostics, Mannheim, Germany) was added and the samples were incubated at 37°C overnight. The samples obtained from the pooled-plasma standard were diluted twice and the (S)IgA standard samples thrice with purified water, whereas the saliva-derived samples were not diluted.



NanoLC-ESI-QTOF-MS(/MS) Analysis

IgG and IgA samples were present on separate plates and measured on different days. Each pair of plasma and saliva sample of the same donor was analyzed successively, but the duplicate pair of the same donor was measured at a later time point. Blanks consisting of purified water were run after every 20 samples. Two hundred nL of each sample was injected into an Ultimate 3000 RSLCnano system (Dionex/Thermo Scientific, Breda, the Netherlands) coupled to a quadrupole-TOF-MS (MaXis HD; Bruker Daltonics, Bremen, Germany). The LC system was equipped with an Acclaim PepMap 100 trap column (particle size 5 μm, pore size 100 Å, 100 μm × 20 mm, Dionex/Thermo Scientific) and an Acclaim PepMap C18 nano analytical column (particle size 2 μm, pore size 100 Å, 75 μm × 150 mm, Dionex/Thermo Scientific). A mixture of solvent A (0.1% formic acid in purified water) and solvent B (95% acetonitrile) was applied with a constant flow of 0.7 μL/min using a linear gradient: t(min) = 0, %B = 3; t = 5, %B = 3; t = 35, %B = 53; with washing and equilibration starting at t = 36, %B = 70; t = 38, %B = 70; t = 39, %B = 3; t = 58, %B = 3. The sample was ionized in positive-ion mode using a CaptiveSprayer (Bruker Daltonics) electrospray source at 1300 V. A nanoBooster (Bruker Daltonics) was used to enrich the nitrogen gas with acetonitrile to enhance ionization efficiency. Mass spectra were acquired with a frequency of 1 Hz and the MS ion detection window was set at mass-to-charge ratio (m/z) 550–1800. Fragmentation spectra were recorded with a detection window of m/z 50–2800.



Data Processing

LC-MS(/MS) data were first examined manually using DataAnalysis (Bruker Daltonics). Glycopeptides were identified based on their m/z and literature (Supplemental Table S1) (17, 33–40). In the following, glycosylation site numbering for IgG is based on conventions commonly used in literature, e.g., (24), and for IgA1, IgA2, the JC and the SC, UniProt numbering is used (25) (Figure 1). For each glycopeptide cluster, here defined as a group of glycopeptides sharing the same peptide portion, e.g., IgA2 N205, at least one glycopeptide was characterized by MS/MS fragmentation, elucidating the glycan composition and the identity of the peptide (Supplemental Figure S1). In order to provide information on the peptide sequence of the IgA glycopeptides, a proteomics analysis (MASCOT Deamon version 2.2.2; Matrix Science, London, UK) was run on the LC-MS/MS data of the N-glycosidase F-digested IgA samples, in which the N-glycans had been released. The following settings were used: database: SwissProt (2017_09); taxonomy: Homo sapiens; enzyme: trypsin; fixed modifications: carbamidomethyl (C); variable modifications: oxidation (M), deamidated (NQ) and Gln[image: yes]pyro-Glu (N-term Q); maximal number of missed cleavages: 2; peptide tolerance MS: 0.05 Da; peptide tolerance MS/MS: 0.07 Da (Supplemental Table S2). The peptides covering IgA2 N47 and N92 were not recognized by the software, but could still be manually identified (Supplemental Figure S2). The proteomics data are available via ProteomeXchange with identifier PXD011228.

For IgA1/2 N340/N327, two different peptide sequences were identified in N-glycosidase F-treated samples: the expected LAGKPTHVNVSVVMAEVDGTCY and the truncated LAGKPTHVNVSVVMAEVDGTC, lacking the C-terminal tyrosine, as described before by Bondt et al. (35). Both of these peptides eluted at two different retention times: a minor peak (<20%) first, and a higher peak eluting 1 min later. The same pattern could be seen in samples that were not treated with N-glycosidase F. For data analysis, only the higher, later-eluting peak was included, since the lower peak was often of too low signal quality.

LC-MS data were calibrated in DataAnalysis based on a list of the expected m/z values of either IgG1 N297 or IgA N205 glycopeptides. The data files were then converted to mzXML format using the MSconvert program from the ProteoWizard 3.0 suite. Alignment of the time axis of the data and extraction of glycopeptide signal intensities, based on sum spectra, was done using the in-house developed LacyTools software, with a list of manually compiled glycopeptides and their retention times as input (29). For signal extraction, area integration was performed within an m/z window of ±0.05 Th around each isotopic peak (with the minimum theoretical % of signal intensity covered by the sum of the integrated isotopic peaks at 85%) within an individually specified time window surrounding the retention time. This resulted in background-corrected signal areas for each glycopeptide per charge state {[M+2H]2+ to [M+7H]7+}. Whether an analyte was present in a sample, was determined based on the signal-to-noise ratio (S/N; > 9), the isotopic pattern quality score (IPQ; < 0.2) and the mass accuracy (<10 ppm deviation) of each signal per charge state. Data of specific glycopeptide clusters were excluded for further processing when either the total number of analytes detected was <50% of the maximum number detected for that cluster, or when the summed absolute intensity of the detected analytes was <5% of the maximum sum observed for that cluster. This assessment was performed separately for samples obtained from saliva or plasma. Subsequently, individual analytes were subjected to quality control criteria to determine which were of sufficient quality for relative quantification. Glycopeptides in specific charge states were included for relative quantification if their signal showed a S/N > 9, IPQ < 0.2 and an absolute mass error <10 ppm in at least 25% of either all plasma or all saliva samples. Finally, all included charge state signals for the same glycopeptide were summed and absolute abundances were corrected for the fraction of isotopes integrated. The glycopeptide signals were normalized on the total signal intensity per glycopeptide cluster, resulting in the relative quantification of each glycopeptide.

Based on the N-glycan monosaccharide compositions, glycoforms were categorized as bisected, high-mannose or hybrid, and, in addition, the number of fucoses, galactoses, and sialic acids was determined (Supplemental Table S1). This was used for the calculation of several glycosylation features per glycosylation site, based on total-area normalized data. Fucosylation represents the number of fucoses per complex-type N-glycan, i.e., sum [(complex-type species with n fucoses)*n]/sum(complex-type species). Bisection represents the fraction of bisected complex-type N-glycans, i.e., the sum of all structures presumed to carry a β1-4-linked N-acetylglucosamine (GlcNAc) on the innermost mannose, divided by the sum of all complex-type glycoforms. Galactosylation was calculated as the number of galactoses per complex-type N-glycan, i.e., sum [(complex-type species with n galactoses)*n]/sum(complex-type species). Sialylation was calculated as the number of sialic acids per complex-type N-glycan, i.e., sum [(complex-type species with n sialic acids)*n]/sum(complex-type species). Sialylation/Galactose represents the number of sialic acids per galactose on complex-type species, i.e., sialylation divided by galactosylation. High-mannose represents the fraction of high-mannose type N-glycans, i.e., sum of all structures where the core is elongated only by mannoses, while hybrid-type glycans represent the structures that are either hybrid-type or have only one antenna. In addition, for the O-glycosylation on IgA1, glycosylation features were defined as follows. #HexNAc represents the number of N-acetylhexosamines per O-glycopeptide, i.e., sum [(species with n N-acetylhexosamines)*n]. #Hex represents the number of hexoses per O-glycopeptide, i.e., sum [(species with n hexoses)*n]. #SA represents the number of sialic acids per O-glycopeptide, i.e., sum [(species with n sialic acids)*n]. Hex/HexNAc represents the number of hexoses per N-acetylhexosamine, i.e., #Hex divided by #HexNAc. Finally, SA/Hex represents the number of sialic acids per hexose, i.e., #SA divided by #Hex.



Statistical Analysis

From each duplicate pair of samples, the sample with the higher absolute signal intensity per glycopeptide cluster was used for statistical analyses (Supplemental Table S3). The IgG and IgA glycosylation features in plasma and saliva originating from the same donor were compared using the Wilcoxon signed rank test (wilcox.test function from the MASS package) in R [v3.1.2; R Foundation for Statistical Computing, Vienna, Austria (41)] and RStudio (v0.98.1091; RStudio, Inc.; Supplemental Table S4). Correlation analysis was performed between the saliva and plasma samples using the cor.test function from the R stats package (use = pairwise.complete.obs, method = spearman) to obtain the correlation coefficient (rho) and associated p-value (Table 1). The Wilcoxon signed rank test and correlation analysis were only performed when data from at least 11 paired (plasma and saliva from the same donor) samples were available, which was the case for IgG1 N297, IgG2/3 N297, IgG4 N297, IgA2 N205, and IgA2 N47. Bonferroni correction was performed to account for multiple testing, resulting in a p-value threshold for significance of 0.05/28 = 0.00179. Graphs were created either in Microsoft Excel 2010 or Graphpad Prism 7.



Table 1. Correlation of derived glycan traits between saliva and plasma samples as shown by the Spearman's correlation coefficient (rho) and associated p-values.
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RESULTS

Paired plasma and saliva samples were collected from 19 healthy donors. From these samples, IgG and IgA were separately purified in duplicate using bead-based affinity chromatography. Samples were trypsin-digested and analyzed by nanoLC-ESI-QTOF-MS. Glycopeptides were identified on the basis of the registered m/z, tandem mass spectrometric analyses as well as literature information on immunoglobulin glycosylation (Supplemental Table S1, Supplemental Figure S1, S3). Glycosylation features were calculated for each glycosylation site of IgG, IgA, JC, and SC (Supplemental Table S3).


IgG N-Glycosylation

For IgG1 and IgG2/3 N297, 27 different glycan compositions each were quantified in both the plasma and saliva samples, and 13 for IgG4 N297 (Supplemental Figure S3A, Supplemental Table S1A). IgG1 and IgG4 derived from saliva showed a slightly lower degree of galactosylation and sialylation as compared to plasma (for example, 1.1 and 1.3 times lower medians for IgG1 and IgG4 galactosylation, respectively). In contrast, high-mannose and hybrid-type glycans were more abundant in salivary IgG1 and IgG2/3, as compared to plasma (for example, 2.7 and 3.4 times higher medians for IgG1 and IgG2/3 high-mannose type glycans, respectively; Figure 2, Supplemental Table S4). For IgG1 and IgG2/3, a significant correlation was observed for the fucosylation, bisection, sialylation and sialylation/galactose between plasma and saliva (Table 1), showing the similarities in glycosylation features between the two biofluids to be conserved across the different donors. IgG4 showed similar behavior (Table 1).
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FIGURE 2. Glycosylation features for each of the glycosylation sites found in IgG, IgA, and the JC. The bar graphs represent the medians per glycosylation site (red for plasma and blue for saliva) and the black dots represent the individual data points for each donor. A Wilcoxon signed rank test was performed between paired samples from plasma and saliva when the total number of pairs was > 10 (Supplemental Table S4). Significant differences are denoted by ***, non-significant differences are denoted by ns. IgA1-N340t is the C-terminally-truncated version of IgA1-N340 and JC-N71m is the miscleavage variant of JC-N71. IgA1-N144 also represents IgA2-N131, and IgA1-N340 and -N340t also represent IgA2-N327 and -N327t.





IgA N-Glycosylation

For IgA2 N205 and N47, 15 and 10 different glycoforms were quantified, respectively, in both the saliva and the plasma samples (Supplemental Figure S3B, Supplemental Table S1B). The N-glycans were of the complex-type and mainly diantennary (>98% of total abundance). Two to five-fold differences were observed in the relative abundances of the different glycan types present on plasma- vs. saliva-derived IgA2: salivary N-glycans at both N205 and N47 showed a higher degree of bisection and a lower degree of galactosylation, sialylation, and sialylation/galactose (Figure 2, Supplemental Table S4). None of the tested glycosylation traits on IgA2 showed a significant correlation between plasma and saliva samples (Table 1). Of note, for IgA2 N-glycosylation site N47 a truncated glycopeptide, i.e., (W)SESGQN47VTAR(N), was registered. This peptide features a tryptic C-terminal cleavage while the N-terminus stems from a chymotryptic cleavage site. The predicted tryptic peptide (K)VFPLSLDSTPQDNVVVACLVQGFFPEPLSVTWSESGQN47VTAR(N) was not observed.

The glycopeptides with the peptide moieties LAGKPTHVNVSVVMAEVDGTCY and LAGKPTHVNVSVVMAEVDGTC (truncated; t) were assigned to both IgA1 and IgA2 covering the glycosylation sites N340 and N327, respectively, as these peptide portions are common to both IgA subclasses (Supplemental Table S2). The previously reported sequence variant of IgA2 N327, MAGKPTHIN327VSVVMAEADGTC(Y), was not observed in our samples, also not with the naturally occurring polymorphisms I326V and A335V (17, 42, 43). The absolute MS signals of the truncated variant were higher in plasma samples, while those relating to the sequence including the C-terminal tyrosine were higher in saliva (Supplemental Table S3). Twenty-one and eight different glycoforms could be quantified on the full-length and the truncated sequence, respectively (Supplemental Table S1B). Furthermore, trends of lower fucosylation (1.4 times lower), galactosylation (2 times lower) and sialylation (5 times lower) and higher bisection (1.7 times higher) in saliva as compared to plasma were observed for IgA1/2 N340/327, but not for IgA1/2 N340/327t (Figure 2, Supplemental Table S4).

IgA1 N144 and IgA2 N131 share the same tryptic glycopeptide sequence LSLHRPALEDLLLGSEAN144/131LTCTLTGLR. While nearly all samples failed to provide data of sufficient quality to derive a glycosylation profile, the three samples which did pass data curation (one from plasma and two from saliva, not paired) showed up to 20% high-mannose type glycans and up to 3% hybrid-type/mono-antennary glycans, in addition to the complex-type N-glycans (Figure 2). In contrast to other IgA N-glycosylation sites, glycans at N144/131 were almost entirely afucosylated (<1% fucosylation; Supplemental Tables S3, S4).

For IgA2 N92, in all samples only non-glycosylated peptides with the sequence HYTN92PSQDVTVPCPVPPPPPCCHPR [allotype A2m(1)] were observed. Moreover, samples treated with N-glycosidase F did not show deamidated forms of this peptide, indicating that no glycosylated variants of N92 were present prior to N-glycosidase F digestion (Supplemental Table S2).



IgA1 O-Glycosylation

The potential O-glycosylation sites located within the IgA1 hinge region were part of one large tryptic peptide: HYTNPSQDVTVPCPVPSTPPTPSPSTPPTPSPSCCHPR. Forty-two O-glycopeptides were quantified. The collective glycan composition consisted of two to five hexoses, three to six HexNAcs and zero to five N-acetylneuraminic acids, likely distributed over three to six O-glycans (Supplemental Table S1B). Only a minor trend of lower (1.4 times lower) salivary O-glycan sialylation was observed as compared to plasma (Figure 2).



Joining Chain (JC) N-Glycosylation

The single N-glycosylation site N71 at the JC was observed on two tryptic peptides: EN71ISDPTSPLR (JC N71) and the miscleaved IIVPLNNREN71ISDPTSPLR (JC N71m). In general, this glycosylation site contained a higher fraction of monoantennary and hybrid-type glycans than the IgA constant domain N-glycosylation sites (between 20 and 50%; Supplemental Table S1C). Furthermore, for this site similar differences between saliva and plasma were observed as for the IgA1 and IgA2 heavy chain N-glycosylation sites, namely a higher bisection (3.2 times higher) and lower galactosylation (1.1 times lower) and sialylation (1.7 times lower) in the saliva-derived samples (Figure 2, Supplemental Table S4). The miscleaved glycopeptides showed a higher abundance of fucosylation as compared to the expected tryptic glycopeptides (3.2 times higher in plasma and 2.9 times higher in saliva; Figure 2).



Secretory Component (SC) N-Glycosylation

All seven N-glycosylation sites of the SC were detected after tryptic digestion of salivary SIgA. Low-intensity signals of SC glycopeptides were also seen in a few plasma samples (Supplemental Table S3). N-glycans at N135, N186, N421, and N469 were determined to be complex-type and diantennary, furthermore the antennae were fully galactosylated and partially sialylated (Supplemental Table S1D, Supplemental Figure S4). In addition, on N499, mono-antennary species were identified. The observed glycoforms carried zero to five fucoses, and tandem mass spectrometry indicated the presence of both core and antennary fucosylation (Figure 3, Supplemental Figure S1). On N135, N469, and N499 between 1 and 4% bisection was observed (Supplemental Figure S4). The glycosylation sites N83 and N90 were present on the same tryptic peptide, and the joint glycan composition H10N8F2−8S0−3 indicated that the glycans at these two sites were similar to those on other SC sites.
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FIGURE 3. Fragmentation spectrum of SC N469 H5N4F5S0. The parent ions were detected at m/z 1250.895 at a retention time of 13.1 min and were assigned as the triply charged variant of [M] = 3749.664 Da, representing SC N469 H5N4F5S0. The structure carries both core and antenna fucosylation, as the former proven by [M+H]+ = 1746.942, representing the peptide sequence VPGN469VTAVLGETLK plus a GlcNAc and a fucose, and the latter by [M+H]+ = 512.195 and 658.256, representing the antenna oxonium ions with one or two fucoses, respectively. pep: VPGN469VTAVLGETLK, white circle: hexose, green circle: mannose, yellow circle: galactose, blue square: N-acetylglucosamine, red triangle: fucose.






DISCUSSION

Here we present the first site-specific glycosylation analysis of antibodies in human saliva. IgG and IgA were purified from the plasma and saliva of 19 healthy individuals, and analyzed by LC-MS(/MS). Similar to previous studies on human serum and colostrum IgG or IgA glycosylation which used a comparable analytical methodology (17, 34, 35, 39), we observed glycopeptides covering the N-glycosylation sites of IgG1, 2/3 and 4 at N297, IgA1 at N340 and N144, IgA2 at N327, N205 and N131, and of the IgA-associated JC at N71, and the O-glycosylation sites in the IgA1 hinge region. We report several non-sialylated glycoforms on the JC that have not been described previously. Moreover, in both plasma and saliva samples we characterized the glycosylation at IgA2 N-glycosylation site N47, which had not extensively been described in literature (17, 39). Finally, we provide an overview of the N-glycans at all 7 glycosylation sites of the SC in saliva including hitherto unreported molecular species, such as glycoforms with four or five fucoses.

The region surrounding IgA2 N92 is polymorphic and can produce two types of tryptic peptides, HYTN92PSQDVTVPCPVPPPPPCCHPR [allotype A2m(1)] and HYTN92SSQDVTVPCR [allotype A2m(2)] (44). Since we detected the tryptic IgA2 peptide HYTN92PSQDVTVPCPVPPPPPCCHPR in saliva and plasma samples from all individuals included in our study, we conclude that all carry at least one allele of IgA2 allotype A2m(1). This was expected, given that this allele has a frequency of 0.985 in the Caucasian population (44, 45). Allotype A2m(2) peptides were not observed in our samples. Two previous studies reported the NPS sequence on the A2m(1) allotype to be N-glycosylated (16, 46), even though the proline following the N92 in A2m(1) does not match the consensus sequence for N-glycosylation. Here, however, we found that IgA2 N92 was not glycosylated in either plasma or saliva, in accordance with a previous report on colostrum SIgA (17). In future research also donors expressing the A2m(2) allotype should be included to obtain a complete characterization of IgA glycosylation.

In the current study, we did not detect the (glyco)peptides covering IgA2 N327 when searching for the expected tryptic peptide sequence obtained from UniProt entry IGHA2_HUMAN (P01877) or its naturally occurring variants. However, instead of the methionine in position 319 on IgA2 (25), a leucine was previously reported in allotype A2m(1) (42, 43), resulting in identical peptide sequences for both IgA2 N327 and IgA1 N340. Our observation that all individuals studied expressed IgA2 allotype A2m(1), made us conclude that the glycopeptides that we detected with peptide sequences LAGKPTHVNVSVVMAEVDGTCY and LAGKPTHVNVSVVMAEVDGTC [truncated (35, 47)] represented a mixture of IgA1 N340 and IgA2 N327.

The two differentially cleaved peptide sequences covering N71 of the JC showed a large variation in their glycan fucosylation, with the miscleaved variant having about 3 times higher fucosylation than the expected peptide. This indicates that the core fucose might interfere with tryptic cleavage at R69. Similar differences in fucosylation were found previously (17).

Saliva collection has multiple advantages over the collection of plasma, for example, it is painless and does not require special instrumentation or trained personnel. Specialized devices for saliva collection making use of swabs or chewing on paraffin wax do exist (1, 20). However, we utilized the simplest method, i.e., unassisted, unstimulated drooling, and found that this was sufficient to obtain IgG and IgA for a thorough glycomic analysis. A limitation of the current method might be that only solubilized antibodies were obtained, while the fraction associated to, for example, mucins was precipitated during sample preparation. Furthermore, before saliva can be used as a sample for diagnostics, further research is necessary to evaluate robustness in terms of sample collection mode, time point and sample storage. Finally, although the current method can be performed in a 96-well plate format and has the potential to be automated, for its application in a routine laboratory or diagnostic setting further technological development is required that allows the specific quantification of glycoforms of interest, identified in the discovery phase. Despite the mentioned limitations, using saliva Ig glycosylation might have potential in medical research in two different contexts: (i) as a proxy for plasma Ig glycosylation reflecting systemic conditions, and (ii) as a biomarker (panel) or therapeutic target for local perturbations in the oral cavity.


Saliva Ig Glycosylation as Proxy For Plasma Ig Glycosylation

The glycosylation of, in particular, IgG as the most abundant Ig in plasma has been proposed as a biomarker for various physiological and pathological states in multiple large-scale studies (36, 48, 49). Similarly, IgA1 O-glycosylation associates with IgA nephropathy, and IgA1 N- and O-glycosylation showed to alter with pregnancy and rheumatoid arthritis (12, 35, 50). The vast majority of salivary IgG is thought to originate from plasma, and thus differences in glycosylation between plasma- and saliva-derived IgG likely originate from the minority (<20%) of locally produced IgG (20, 22). Here we found salivary IgG at N297 to exhibit a slightly lower galactosylation and sialylation, and a slightly higher abundance of high-mannose and hybrid-type glycans as compared to plasma. However, most IgG glycosylation features, except galactosylation, correlated well between plasma and saliva. This indicates that these features have potential as plasma IgG proxies and, thus, as biomarkers for the systemic health status. Low galactosylation and sialylation of plasma IgG are associated with inflammation and various autoimmune diseases (51, 52). Additionally, galactosylation and sialylation are known to influence the binding of IgG to FcγRs and the C1q protein (7, 53). This suggests that the slight IgG glycosylation differences we found between the two biofluids from healthy individuals may arise from the locally higher inflammatory state in the oral cavity, since it is constantly exposed to pathogens. This aspect should be taken into account when further exploring the use of salivary IgG glycosylation as biomarker for systemic diseases, with special attention regarding possible co-occurring oral inflammatory conditions, such as periodontitis (gum disease). In contrast to IgG, the N-glycosylation of IgA was not correlated between plasma and saliva in our study. This is likely due to either the different origin of plasma cells producing the two pools of IgA proteins or to a difference in processing, such as dimerization and J-chain binding, or their translocation through the epithelial cell layer. Our findings in healthy individuals aged between 20 and 42 years suggest that salivary IgA cannot be used as a proxy for plasma IgA N-glycosylation.



Saliva Ig Glycosylation as a Biomarker (Panel) or Therapeutic Target for Local Perturbations in the Oral Cavity

Differences of Ig glycosylation in locally produced biofluids can be exploited as biomarkers for local pathological processes. Accordingly, IgG glycosylation in cerebrospinal and synovial fluid from multiple sclerosis and rheumatoid arthritis patients, respectively, revealed biofluid-specific associations with disease (14, 15). In addition, patients with advanced periodontitis were reported to exhibit a lower salivary IgG galactosylation than healthy individuals (18). Our data suggest that salivary IgA N-glycosylation analysis also provides a promising tool to detect local glycosylation perturbations in the oral cavity which might reflect pathological processes. IgA is the most abundant antibody in human saliva, and SIgA is regarded as an important first line of defense against pathogens on mucosal surfaces (11, 20, 21). Interestingly, the N-glycosylation profile reported for colostrum-derived SIgA (17) is similar to our data on salivary SIgA, in terms of a high abundance of glycoforms carrying a bisecting GlcNAc, contrary to plasma-derived IgA. This suggests that in healthy individuals, SIgA shares a common N-glycosylation profile, whether it originates from the salivary or mammary glands, but differs from the IgA glycosylation profile in circulation. This might be related to the fact that both salivary and milk SIgA enter the gastrointestinal tract via the same route, and can exert similar functions while passing the oral cavity and the gastrointestinal tract.

Salivary IgA and JC showed a considerably higher bisection and lower galactosylation and sialylation at all observed sites of N-glycosylation, except for the truncated variants of IgA1 N340 and IgA2 N327 lacking the C-terminal tyrosine, which had a similar glycosylation profile in plasma and saliva. Moreover, the truncated version was low-abundant in saliva and highly abundant in plasma. Therefore we hypothesize that the truncated form originates from circulation and is present in saliva due to leakage or transport from circulation (22), while the full-length variant might mainly be produced and secreted locally in the oral cavity. The majority of salivary IgA and JC is produced locally in plasma B cells of the glandular stroma (20, 26). This suggests that changes in the glycosylation machinery of specifically these cells are the cause for the substantial glycosylation differences between plasma and saliva. For example, an upregulation of beta-1,4-N-acetylglucosaminyltransferase III (GnT-III/MGAT3) and a downregulation of beta-1,4-galactosyltransferase (B4GalT) and beta-galactoside-alpha-2,6-sialyltransferase (St6Gal) 1 in the glandular stroma B cells could be responsible for the observed differences in IgA N-glycosylation. Alternatively, the pIgR-enabled transport of IgA across the epithelium, the dimerization of IgA, and the binding of the J-chain might be selective for certain glycoforms of IgA. However, for the binding to the pIgR this appears unlikely taking into account a previous study which reported that the removal of either the N- or O-glycans of polymeric IgA had no influence on pIgR-mediated transcytosis (54). An additional explanation for the differences between plasma and salivary IgA glycosylation might be the presence of glycosidases from oral microbiota in saliva that can alter the glycosylation after SIgA secretion (55). Finally, it could be speculated that asialoglycoprotein receptors, which are located primarily in the liver, could alter the overall glycosylation of plasma IgA by specifically removing non-sialylated proteins from circulation (56), thus leading to a higher level of sialylation compared to saliva. However, this would not explain the differences in the levels of bisection between plasma and saliva. The functional consequences of differences in IgA N-glycosylation are at this point not well understood: The N-glycans on the constant region of IgA do not seem to be essential for FcR binding, in contrast to the ones on IgG (13). However, IgA sialylation has been shown to be required for dectin-1-mediated transport of SIgA across the epithelium of intestinal cells (11). Furthermore, in addition to the Fab-binding sites, SIgA fucosylation and sialylation enable the binding of the antibody to pathogenic bacteria, acting as a decoy to prevent bacterial adhesion to the epithelium and subsequent infection (57–59). Finally, the C-terminal N-glycan sialic acids have recently been reported to directly inhibit sialic acid-binding viruses like influenza (60).

The fact that we did not find differences between salivary and plasma IgA1 O-glycosylation, except for a slight trend of lower sialylation in saliva, is likely due to their inherently different biosynthetic pathways as compared to N-glycans, involving distinct glycosyltransferases (61). Additionally, we here evaluated all O-glycosylation sites simultaneously at the same glycopeptide, which provides less resolution than analysis on the single-structure level. Thus, it is difficult to judge on the usefulness of IgA O-glycosylation as a potential diagnostic biomarker based on our data. However, future investigations should further assess IgA O-glycosylation in a specific disease context, since in plasma it has been associated with pathologies, such as IgA nephropathy and Sjögren's syndrome (12, 62, 63).

A comparison of the salivary IgA SC with plasma was not possible, due to insufficient signal intensities of the plasma SC from most individuals in our study, most likely due to its low abundance in plasma. N-glycans on the SC have been shown to be crucial for various functional aspects of SIgA (59). For example, SC glycosylation enables the innate protection against mucosal pathogens (64). Furthermore, SC glycans are essential for a correct localization of IgA in the mucosal lining, resulting in protection from bacterial infection in the respiratory tract of mice (65). Because of the important and diverse role of SC glycosylation, future studies should examine whether salivary SC glycosylation is associated with, for example, periodontitis, to explore its potential as a diagnostic biomarker or therapeutic target.



Conclusions

Large differences were found between the glycosylation of plasma- and saliva-derived IgA and its JC, while this was not the case for IgG. This suggests that SIgA, locally produced by plasma B cells in the glandular stroma, differs in glycosylation from IgA of the circulation, that presumably is largely produced by circulating plasma cells, pointing toward distinct regulatory mechanisms. An alternative explanation is that SIgA dimerization or transport into the oral cavity might be glycoform-specific, or that certain IgA-producing B cells, expressing a specific glycosylation repertoire, may be relocated to the glandular stroma after activation. The observed differences between plasma and salivary IgA make biofluid-specific analysis of SIgA glycosylation (including the JC and SC) a promising tool for mucosal disease-related biomarker research. IgG glycosylation, on the other hand, showed a good correlation between plasma and saliva in healthy individuals, indicating that salivary IgG might be a proxy to study plasma IgG in situations where a healthy oral environment can be assumed.
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The worldwide number of dental implants and orthopedic prostheses is steadily increasing. Orthopedic implant loosening, in the absence of infection, is mostly attributable to the generation of wear debris. Dental peri-implantitis is characterized by a multifactorial etiology and is the main cause of implant failure. It consists of a peri-implant inflammatory lesion that often results in loss of supporting bone. Disease management includes cleaning the surrounding flora by hand instruments, ultrasonic tips, lasers, or chemical agents. We recently published a paper indicating that US scaling of titanium (Ti) implants releases particles that provoke an inflammatory response and osteolysis. Here we show that a strong inflammatory response occurs; however, very few of the titanium particles are phagocytosed by the macrophages. We then measured a dramatic Ti particle-induced stimulation of IL1β, IL6, and TNFα secretion by these macrophages using multiplex immunoassay. The particle-induced expression profile, examined by FACS, also indicated an M1 macrophage polarization. To assess how the secreted cytokines contributed to the paracrine exacerbation of the inflammatory response and to osteoclastogenesis, we treated macrophage/preosteoclast cultures with neutralizing antibodies against IL1β, IL6, or TNFα. We found that anti-TNFα antibodies attenuated the overall expression of both the inflammatory cytokines and osteoclastogenesis. On the other hand, anti-IL1β antibodies affected osteoclastogenesis but not the paracrine expression of inflammatory cytokines, whereas anti-IL6 antibodies did the opposite. We then tested these neutralizing antibodies in vivo using our mouse calvarial model of Ti particle-induced osteolysis and microCT analysis. Here, all neutralizing antibodies, administered by intraperitoneal injection, completely abrogated the particle-induced osteolysis. This suggests that blockage of paracrine inflammatory stimulation and osteoclastogenesis are similarly effective in preventing bone resorption induced by Ti particles. Blocking both the inflammation and osteoclastogenesis by anti-TNFα antibodies, incorporated locally into a slow-release membrane, also significantly prevented osteolysis. The osteolytic inflammatory response, fueled by ultrasonic scaling of Ti implants, results from an inflammatory positive feedback loop and osteoclastogenic stimulation. Our findings suggest that blocking IL1β, IL6, and/or TNFα systemically or locally around titanium implants is a promising therapeutic approach for the clinical management of peri-implant bone loss.
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INTRODUCTION

The prevalence of orthopedic and dental titanium (Ti) implants has increased steadily worldwide. Despite high success rates during the first 10 years (1, 2), orthopedic loosening and oral peri-implantitis remain a major problem for clinicians and constitute a major health problem for the profession. As mentioned, dental peri-implantitis is the main cause of implant failure. The risk of peri-prosthetic complications after 10 years ranges from 20 to 56% (3, 4); however, currently there are no acceptable, standardized protocols for treatment and consequently, recurrence rates remain high (5). Increasing the life expectancy of Ti prostheses is thus a major challenge in orthopedics and oral rehabilitation.

Oral peri-implantitis is believed to have a microbial etiology. However, a strong body of evidence links implant failure to aseptic inflammation around implants due to shedding of debris, Ti ions, and particles (1). Similarly, aseptic loosening of orthopedic implants has been attributed to Ti debris and particles (6). Although Ti prostheses are very biocompatible, these Ti byproducts are far from being bio-inert. Soft tissue biopsies around failing orthopedic (7, 8) and oral (9–11) implants revealed severe inflammatory reactions around aggregates of Ti particles.

We have previously shown that Ti particles released from ultrasonic (US) scaling around dental implants induce a marked inflammatory response in macrophages, with increased expression of pro-inflammatory cytokines, mainly IL1β, IL6, and TNFα. These Ti particles activate osteoclastogenesis in vitro and trigger inflammatory bone resorption in vivo (12).

Our previous results led us to further investigate the mechanism by which Ti particles entrain bone resorption and to investigate the therapeutic potential of neutralizing antibodies against IL1β, IL6, or TNFα in preventing Ti particle-induced osteolysis.



MATERIALS AND METHODS

All procedures involving animals were carried out in accordance with the guidelines of Tel Aviv University and were approved by the Institutional Animal Care and Use Committee (permit number M-015–047).


Cell Culture

Primary bone marrow-derived macrophages (BMDMs) were isolated from the femora and tibiae of adult C57BL/6J mice (Envigo, Israel), as previously described (13). Briefly, cells were cultured overnight in 6-well dishes at 37°C in a humidified atmosphere with 5% CO2 in our “standard medium” consisting of alpha-modified Eagle's medium (αMEM, Life Science Technology, NY, USA) and 10% fetal bovine serum (FBS, Rhenium, Ltd, Modi'in, Israel). After 24 h, the non-adherent fraction was cultured in 10-cm non-culture-treated dishes containing standard medium and 100 ng/ml macrophage colony stimulating factor (M-CSF), prepared as previously described (14). The resulting adherent BMDMs were collected after 3 days for the specific assays described below.



Particle Generation

To obtain Ti particles that correspond to the particles shedding from oral implants during routine scaling, we subjected Ti discs that were made from Ti6Al4V (AlphaBio Tec., Petah-Tikva, Israel) to ultrasonic scaling (Newtron Led, Satelec, Acteon, Marignac, France), adjusted to a frequency of 32 kHz. Particles were obtained from discs with a machined (M), sand-blasted and acid-etched (SLA) or sand-blasted (SB) surface topography as described previously (12). When not specified, SLA-derived particles were used. All particles were generated in a sterile environment. Each disc was subjected to US scaling for 60 s in distilled water (ddH2O), then cleaned twice with ethanol, and finally resuspended in distilled water. We previously showed that each 6 mm diameter disc generates ~2.54 million particles on average. In all our in vitro assays and for the preparation of the fibrinogen-thrombin membranes (see below) we used a particle density of 1,293 particles/mm2.



Environmental Scanning Electron Microscopy (E-SEM)

To examine the cellular response of macrophages to Ti particles, BMDM were seeded on glass slides in a 10-cm plate (106 cells per well) and cultured for 24 h in the presence of Ti particles released by the US scaling of SLA-treated discs. Cultures were then visualized by E-SEM. Each field was taken either in backscattered electrons mode (BSE) or secondary electrons (SE) mode to distinguish between extracellular vs. total Ti particles in the culture, respectively.



Protein and Nitric Oxide (NO) Measurements in Conditioned Medium, RNA Isolation, and RT-qPCR

Following a 24–48 h incubation with Ti particles (or LPS or vehicle only), the supernatant was collected and referred to as conditioned medium (CM). Secreted protein amounts of pro- and anti-inflammatory cytokines in CM were measured using a multiplex assay and expressed in MFI units (Multiplex Fluorescent Immunoassay, ProcartaPlex Multiplex Immunoassay, eBioscience, San Diego, CA, USA). NO content was measured using the Griess Reagent System kit (Promega, Madison, WI, USA). After collecting the supernatant, macrophages were washed with sterile PBS, and RNA was extracted using Tri-RNA Reagent (Favorgen Biotech Corp, Kaohsiung, Taiwan). The 260/280 absorbance ratio was measured to verify the RNA purity and concentration. cDNA was produced using a high-capacity cDNA reverse transcription kit (Invitrogen, Grand Island, NY, USA), and real-time PCR was performed using Kapa SYBR Fast qPCR (Kapa Biosystems, Wilmington, MA, USA) on a StepOne real-time PCR machine (Applied Biosystems, Grand Island, NY, USA). We examined the expression of IL1β, IL6, and TNFα, which are established markers of macrophage inflammation. The primer sets were as follows: F-GAA ATG CCA CCT TTT GAC AGTG and R-TGG ATG CTC TCA TCA GGA CAG for mouse IL1β; F-TAG TCC TTC CTA CCC CAA TTT CC and R-TTG GTC CTT AGC CAC TCC TTC for mouse IL6; and F-TCT TCT CAT TCC TGC TTG TGG and R-GGT CTG GGC CAT AGA ACT GA for mouse TNFα. The reaction was subjected to 40 cycles of amplification using the following program: 95°C for 20 s, 60°C for 20 s, and 72°C for 25 s. The relative mRNA expression levels of the selected genes were normalized to the level of GPDH, which was amplified using the following primers: F-ACC CAG AAG ACT GTG GATG G and R-CAC ATT GGG GGTA GG AACAC.



Osteoclastogenesis Assay

Preosteoclasts, prepared like the BMDMs, were plated in 96-well plates (7,000 cells per well) in standard medium supplemented with 20 ng/ml M-CSF and 50 ng/ml Receptor Activator of Nuclear Factor Kappa-B Ligand (RANKL) (R&D Systems, Minneapolis, MN, USA). On the 3rd day (after 48 h), the medium was replaced by the CM of BMDM, supplemented with RANKL and M-CSF. Where indicated, we also added 2 μg/ml of neutralizing antibodies (Ab) against IL1β (Kineret, anakinra, SOBI, Stockholm, Sweden), IL6-receptor (Actemra, tocilizumab, Roche, San Francisco, CA, USA), or TNFα (Humira, adalimumab, AbbVie Inc., Chicago, IL, USA). These neutralizing Ab, effective in both humans and mice (15–19), are referred to as anti-IL1β, IL6, and TNFα Ab, respectively. On the 4th day, cells were stained using a TRAP kit (Sigma-Aldrich, St. Louis, MO, USA), and multinucleated (>3 nuclei) TRAP-positive cells were defined as osteoclasts. Images were acquired at an original magnification of × 4 (Evos FLC, Life Technologies, MS, USA). The number of osteoclasts and the total osteoclast area were measured using ImageJ software (National Institutes of Health, Bethesda, MD, USA).



Animal Model and Micro-Computed Tomography (μCT)

We used our calvarial model, which was described before (12). Briefly, US-released Ti particles (from M/SLA/SB-treated discs) were incorporated into a fibrinogen-thrombin degradable membrane used as a scaffold to localize the Ti particles. Membranes with no particles or only LPS were prepared as positive and negative controls. As indicated, neutralizing antibodies against TNFα (or saline as control) were incorporated into the membrane together with the Ti particles.

After anesthesia, the skin of 10-week-old C57Bl/6J female mice was shaved and disinfected. The parietal bones of the mice were exposed via a 10-mm incision in the nape area, and the periosteum was removed using a periosteal elevator. The fibrinogen-thrombin membranes were inserted to cover both parietal bones. The surgical incision was then closed using nylon monofilament surgical sutures (5/0). In the sham controls, no membranes were inserted and the incisions were closed. Another control group consisted of inserting an empty fibrinogen-thrombin membrane (with no Ti particles).

To test the therapeutic potential of systemic administration of neutralizing antibodies, we injected antibodies against IL1β, IL6, or TNFα (or saline as control) intraperitoneally 1 day before and once a week (2 mg/kg IL6 and 10 mg/kg TNFα) or daily (10 mg/kg IL1β) after membrane insertion, in accordance with the established clinical procedures (20–23).

All groups comprised a minimum of 6 animals. Animals were euthanized at the indicated post-operative time, and the skull of each mouse was removed, fixed for 24 h in 4% phosphate-buffered formalin, followed by 70% ethanol. All specimens were scanned and analyzed using a μCT system (μCT 50, Scanco Medical AG, Switzerland). Scans were performed at a 10-μm resolution in all three spatial dimensions, with 90 kV energy, 88 μA intensity, and 1,000 projections at a 1,000 m s integration time. The region of interest (ROI) was defined as two 3.7-mm circles in the center of the parietal bones. A custom-made algorithm, based on Image-Processing Language (IPL, Scanco Medical), was developed to isolate the resorption pits, defined as unmineralized pits that were 10 to 40-μm deep on the bone surface (12). Morphometric parameters were determined at the 3D level and included the total volume of bone pits (Pit Resorption Volume, PRV, mm3) and the bone tissue volume inside ROI (TV, mm3), which was used to determine the PRV/TV (%).



FACS Analyses

Using our calvarial model, we also determined the effect of Ti particles on macrophage polarization, in vivo. The mice received either control membranes (fibrinogen-thrombin only) or membranes including LPS/Ti particles. Mice were euthanized 3 weeks post-op. This time point was chosen to be after the acute inflammatory response induced by the surgery but before the potential resolution of the inflammatory response to the Ti particles. The soft tissue covering the parietal bones was collected and processed using collagenase. Cells were labeled using specific markers (CD11b, Ly6-C, Ly6-G, F4/80, and MHC-II). This panel was used to define macrophages and to differentiate between M1 (CD11b+, Ly6C+, Ly6G+, F4/80+, MHC-II+) and M2 (CD11b+, Ly6C-, Ly6G+, F4/80+, and MHC-II+) polarization (24, 25). Cells were fixed with 1% paraformaldehyde and analyzed on a Gallios flow cytometer (Beckman Coulter, Brea, CA, USA).




RESULTS


Environmental Scanning Electron Microscopy (E-SEM)

To determine whether particles are internalized by the cells, a culture of BMDM and Ti particles was examined by E-SEM (Figure 1). Each field was taken either in BSE or SE mode. BSE provides a topographic view of the upper-most layer, which means that the Ti particles seen in this mode were not internalized by the cells but rather, were laid on top of the cell membrane (Figures 1A,B). The SE mode is a deep penetrating mode, able to detect all metals in the sample, within or outside the cells (Figures 1C,D). Based on the similarity between the two scanning modes (the total number of Ti particles and particles in the upper-most layer), it can be concluded that BMDM failed to internalize most of the US-released Ti particles.
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FIGURE 1. BMDM in the presence of Ti particles, visualized using E-SEM. BMDM were cultured for 24 h in the presence of SLA-derived Ti particles. Each field was taken either in backscattered electrons (BSE) mode or secondary electrons (SE) mode. Dark patches represent macrophages; light-bright dots (A,C) are Ti particles. (B,D) Color representation of the Ti particles (red in BSE mode, green in SE mode). Note that most particles are outside the cells, as indicated by the similarity between the BSE and SE modes.





Effect of Ti Particles on Macrophage Polarization

The effect of Ti particles on macrophage polarization was examined in vivo, using a mouse calvarial model (12). Either Ti particles (from M/SLA/SB-treated discs) or LPS was incorporated into a fibrinogen-thrombin degradable membrane. Mice were euthanized 3 weeks post-op to examine the macrophages inside the soft tissue covering the parietal bones. Our FACS analysis first gated a CD11b+/F480+/MHC-II+ monocyte/macrophage population, which was further divided into Ly6G-/Ly6C-(Gr1-) non-inflammatory monocytes/macrophages (26), Ly6G+/Ly6C+ M1 and Ly6G+/Ly6C- M2 macrophages (24, 25). Our results show no appreciable difference in the M2 population in either group (Figure 2). However, the M1 population was significantly higher in animals exposed to either machined or SLA surface-derived Ti particles. Surprisingly, milder differences were recorded for the SB particles. LPS alone also did not cause an appreciable increase in the M1 macrophage population (Figure 2). It is reasonable to assume that the fibrinogen membrane by itself caused some inflammatory changes that masked the differences between LPS and the empty membrane (control).
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FIGURE 2. Ti particles induce macrophage polarization in vivo: Control fibrin membranes or membranes with either LPS or Ti particles were implanted onto mice calvaria (n = 5). Ti particles were obtained from machine (M), SLA or sand-blasted (SB) discs. Mice were euthanized after 3 weeks for soft tissue FACS analysis of macrophage polarization, using specific markers. Results show (A) the percentage of gated cells in the macrophages' sub-types, presented as mean ± SD; *p < 0.05 vs. control, 1-way ANOVA. (B) Representative FACS plot (K: monocytes, J: M2 and D: M1 macrophages).





Cytokine Secretion Profile of Macrophages Exposed to Ti Particles

To further reveal the mechanism underlying the particle-induced inflammatory response, the proteomic profile of macrophages exposed to Ti particles was assessed using the multiplex cytokine kit, after 24 h exposure to either LPS or SLA-derived particles. For most cytokines, the presence of Ti particles induced a 2- to 10-fold elevation in the proinflammatory cytokine levels (Figure 3). A modest (~2-fold) elevation in the anti-inflammatory IL1α and IL10 levels was also found, as well as in IFNγ. With respect to IL1β, IL6, and TNFα, our multiplex analysis showed a marked increase in their levels in the supernatant of macrophages cultured with Ti particles, in line with our previously published RT-qPCR analysis (12). Overall, this cytokine profile is characteristic of an M1 polarization, supporting our findings in vivo (Figure 2). We also observed a significant increase in NO secretion, which is a hallmark of M1 macrophage polarization (27).


[image: image]

FIGURE 3. Secreted protein and NO levels in the supernatant of macrophages exposed to LPS/Ti particles. BMDM were cultured in the presence of either LPS or SLA-derived Ti particles. After 24 h, the supernatant was collected and analyzed using multiplex cytokine assay for secreted protein levels, and Griess Reagent System kit for NO. Results are presented as mean Melt Flow Index (MFI) units ±SD, and μM (for NO). n = 4. Experiment was repeated once with similar results. *p < 0.05 vs. control; non-parametric ANOVA.





Anti-inflammatory and Anti-osteoclastogenic Effects of Neutralizing Antibodies in BMDM and Preosteoclast Cultures

The concomitant increase in all inflammatory cytokines (Figure 3) raised a question regarding a positive paracrine feedback loop that fuels the inflammatory response of the macrophages. To determine whether blocking the paracrine effect of the cytokines secreted in response to Ti particles attenuates the overall inflammatory response of the macrophages, BMDM were cultured in the presence of Ti particles and treated with neutralizing antibodies for IL1β, IL6, or TNFα. Cells were collected after 24 h and changes in the levels of pro-inflammatory cytokines were measured using RT-qPCR. The secretion of IL1β was not affected by either of the neutralizing antibodies in the culture (Figure 4). On the other hand, IL6 expression in macrophages reduced significantly in the presence of each of the neutralizing antibodies. In contrast, TNFα expression in the culture was only affected by anti-TNFα antibodies. These findings suggest that the overall inflammatory response to Ti particles not only results from direct contacts between macrophages and Ti particles, but also results from positive feedback induced by paracrine signals.


[image: image]

FIGURE 4. The effect of neutralizing Ab on Ti particle-induced inflammatory response: BMDM were cultured for 24 h in the presence of SLA-derived Ti particles released by US with neutralizing Ab for IL1β, IL6, or TNFα. IL1β, IL6, and TNFα expression levels were measured using RT-qPCR, normalized to GAPDH, and expressed as a fold change relative to the control (no particles). Data are shown as the mean ± SD. *p < 0.05 vs. Ti, non-parametric ANOVA, n = 3.



Next, we tested the potential antagonizing effect of the same neutralizing antibodies on the osteoclastogenic signals emitted by macrophages in the presence of Ti particles. To this end, preosteoclasts cultured under osteoclastogenic conditions for 48 h were supplemented with the CM of BMDM cultured with or without Ti particles. Concomitantly, neutralizing antibodies against IL1β, IL6, or TNFα were added as indicated (Figure 5). Cultures were stopped on the 4th day, and the total area covered by multinucleated (>3 nuclei) TRAP-positive osteoclasts was calculated. Treatment with anti-IL6 antibodies did not affect osteoclastogenesis in our culture of isolated preosteoclasts. However, neutralizing antibodies against either IL1β or TNFα suppressed osteoclastogenesis in the presence of CM from BMDM exposed to Ti particles (Figure 5).
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FIGURE 5. The effect of neutralizing Ab on Ti-particle-induced osteoclastogenesis: Preosteoclast cultures under osteoclastogenic conditions for 48 h were supplemented with condition medium (CM, supernatant) of BMDM cultured with or without SLA-derived Ti particles. At the same time, neutralizing antibodies against IL1β, IL6, or TNFα were added as indicated. Cultures were stopped after 36 h. (A) Average osteoclast area expressed as mean ± SD, n = 8. *p < 0.05 vs. Ti, 1-way ANOVA. (B) Representative images of TRAP-stained osteoclasts for each condition. Original magnification × 4.





Dynamics of Ti Particle-Induced Osteolysis

To account for the dynamics of the inflammatory response, we first established the time course of particle-induced osteolysis in our calvarial model. Ti particles released by the US scaling of SLA-treated discs were incorporated into the inserted membranes. A sham group consisted of mice undergoing the same surgical procedure without membrane insertion, which were euthanized after 4 weeks. Mice carrying a Ti particle-loaded membrane were euthanized every 2 weeks to monitor the extent of calvarial resorption using μCT. The results indicate that a dramatic resorption occurred during the first 5 weeks, along with a recovery from the 6th week onward. Of note, the membrane was totally degraded within 4 to 5 weeks; however, the presence of Ti particles was still detected even after 10 weeks (Figure 6C). This suggests that the osteolytic response is self-contained and somewhat recovers within 8 weeks after the last insult of Ti particles. Importantly, despite this recovery, the PR volume after 8 and 10 weeks remained significantly higher in the Ti than in the sham group.
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FIGURE 6. Time-lapse development of particle-induced bone resorption in vivo: Fibrin membranes loaded with SLA-derived Ti particles, were implanted onto mouse calvaria. Mice were euthanized every 2 weeks for μCT analysis to evaluate the dynamic progression of particle-induced osteolysis. (A) Pit Resorption Volume (PRV, mm3); data are expressed as mean ± SD, n = 5, *p < 0.05 vs. sham (no membrane), non-parametric ANOVA. (B) Representative μCT images of the calvaria are shown. The region of interest (ROI) is denoted in dark gray, and the resorption pits are denoted in red. (C) High magnification of a sample from the 10-week group indicating the residual Ti particles (green) despite the complete resorption of the membrane.



Based on these results, further treatments were given for 4 weeks. After 4 weeks, the calvariae were collected and processed for μCT.



Therapeutic Potential of Neutralizing Antibodies on Ti Particle-Induced Osteolysis

We repeated the same calvaria model with membranes loaded with SLA-derived Ti-particles. Neutralizing antibodies for IL1β, IL6, or TNFα (or saline as control) were injected intraperitoneally 1 day before, once a week (IL6 and TNFα), or daily (IL1β) after the membrane insertion. As shown in Figure 7, each of the 3 neutralizing antibodies had a dramatic, statistically significant effect in preventing particle-induced osteolysis.
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FIGURE 7. The effect of systemically administering anti-inflammatory neutralizing antibodies on particle-induced osteolysis in vivo: Fibrin membranes including SLA-derived Ti particles were implanted onto mouse calvaria. Neutralizing antibodies (Ab) against IL1β, IL6, or TNFα (or saline as control) were injected intraperitoneally (IP) 1 day before, once a week (IL6 and TNFα), or daily (IL1β) after membrane insertion. Mice were euthanized 4 weeks post-op for μCT analysis. (A) Pit Resorption Volume (PRV, mm3), data are expressed as mean ± SD, n = 6; *p < 0.05 vs. Ti, 1-way ANOVA. (B) Representative μCT images of the calvaria, color-coded as above.



Next, we tested the therapeutic potential of topically administered neutralizing antibodies. As a proof-of-concept, we elected to test anti-TNFα neutralizing antibodies incorporated into the membrane together with the Ti particles (Figure 8). Importantly, we found that topically-administered neutralizing antibodies significantly suppressed the particle-induced osteolysis (Figure 8).
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FIGURE 8. The effect of topically-administered anti-inflammatory neutralizing antibodies on particle-induced osteolysis in vivo: Fibrin membranes including Ti particles, together with neutralizing antibodies against TNFα (or saline as control), were implanted onto mouse calvaria. Mice were euthanized 4 weeks post-op for μCT analysis. (A) Pit Resorption Volume (PRV, mm3), data are expressed as mean ± SD, n = 6; *p = 0.029 vs. Ti, t-test. (B) Representative μCT images of the calvaria color-coded as above.






DISCUSSION

In this study, we examined the mechanism by which Ti particles lead to inflammation and bone resorption and tested the therapeutic potential of using specific neutralizing antibodies in preventing particle-induced osteolysis.

Our multiplex analysis revealed an interesting secretion profile of macrophages cultured in the presence of Ti particles. There was a dramatic elevation in the levels of most pro-inflammatory cytokines relative to the modest rise in the anti-inflammatory IL1α and IL10 levels, which may be a compensatory restraining response (28, 29). IFNγ also displayed a significant rise; however, its contribution to the inflammatory response remains unclear, since both pro- and anti-inflammatory actions have been reported for this cytokine (30–32). MIP1α and MCP1 are chemokine proteins (CCL3 and CCL2, respectively). MIP1α is involved in the acute inflammatory state and is responsible for recruitment of polymorphonuclear cells, whereas MCP1 was found in the vicinity of bone resorption sites (33). The latter chemokine may drive osteoclast differentiation in the absence of RANKL (34). With respect to IL1β, IL6, and TNFα, our multiplex analysis revealed a trend very similar to our RT-qPCR analysis reported recently (12), with significantly elevated levels in the supernatant of macrophages cultured with Ti particles. In general, Ti particles induce in macrophages a response similar to that of LPS. The resulting inflammatory response drives the bone tissue damage mediated by osteoclasts. Together with the FACS, gene expression and secretome profiling on macrophages in vitro and in vivo, these changes indicate that macrophages undergo an “M1-like” polarization in response to Ti particles. It should be noted however that all our assays were conducted at the early stages of the inflammatory response. The resolving inflammation manifested in the partial tissue repair observed in vivo after 6–8 weeks (Figure 6), suggests a more dynamic and complex spatio-temporal distribution of M1 and M2 macrophages (27).

Next, we examined how neutralizing antibodies against IL1β, IL6, and TNFα affected Ti particle-induced inflammatory response in macrophages. Importantly, we found that (i) the secretion of IL1β was not affected by either of the neutralizing antibodies, (ii) IL6 expression was significantly decreased by the presence of each of the neutralizing antibodies, and (iii) TNFα expression in culture was only affected by anti-TNFα antibodies. This is in accordance with the notion that both TNFα and IL1β are upstream factors in the inflammatory cascade (35). Indeed, our findings suggest that IL1β expression is independent of the secretion of IL1β, IL6, and TNFα by neighboring macrophages. In contrast, most IL6 expression by macrophages depends on paracrine signals, including IL1β, IL6, and TNFα. TNFα expression is only partly dependent on these signals, since only blockade of TNFα partly suppressed its own expression. Importantly, we also observed that in vivo, blocking any of these 3 cytokines significantly attenuated bone resorption. Based on these observations we propose a model to describe this additive and synergistic interrelationship between these 3 cytokines and the resulting stimulation of osteoclasts, thus inducing bone resorption (Figure 9). In this model, blocking IL1β does not affect TNFα expression and vice versa, and blocking IL6 does not affect either IL1β or TNFα expression. Moreover, both IL1β and TNFα directly stimulate osteoclasts while IL6 does so indirectly via the osteoblasts. The latter is suggested by the significant blockade of osteolysis by anti-IL6 antibodies administered in vivo, but not in vitro in the absence of stromal cells in the cultures. This conclusion is also in line with another study demonstrating that IL6 stimulates osteoclastogenesis via osteoblasts (36). Overall, our model suggests that Ti particles stimulate osteoclastogenesis via 3 pathways, the predominant one being the synergistically increased expression of IL6 by IL1β and TNFα, which in turn stimulates osteoblast-mediated osteoclastogenesis. It is reasonable to assume that both in vitro and in vivo, not all macrophages are in direct contact with Ti particles. The paracrine effect, depicted here, portrays a chain reaction that could provide the inflammatory signals with an extended range.
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FIGURE 9. Putative model of the hierarchical roles of IL1β, IL6, and TNFα in particle-induced osteoclastogenesis. This model describes the paracrine and autocrine induction of cytokine secretion by macrophages exposed to SLA-derived Ti particles. The thickness of the green arrows reflects the importance of one pathway over the others.



We conducted here a time-lapse experiment and evaluated the long-term effects of Ti particles on bone resorption in vivo (Figure 6). Our data show that the osteolytic response is self-contained and somewhat recovers, although not entirely. After 8 and 10 weeks, the extent of bone residual defects remained significantly higher than in the sham group. Moreover, in clinical settings, a Ti prosthesis is likely to continuously release ions, debris, and particles, thus fueling the inflammatory response, and further aggravating osteolysis.

Previous articles studied different approaches to block the progression of bone resorption. These approaches included promoting apoptosis of osteoclasts, genetic intervention (37, 38) or using bisphosphonates, which caused pathological fractures (39).

In our previous publication, we characterized the size, number, physical and chemical properties of the titanium particles shedding from the surface of rough titanium implant commonly used in contemporary dentistry following ultrasonic scaling (12). Regarding the size, we used an automated cell counter to measure the number and size of the particles shedding from one 6-mm diameter titanium disc with an SLA surface. We found that ultrasonic scaling of each SLA disc generates 2.54 million titanium particles of an average size of 6 to 12 μm. A previous study established that the range of wear debris generated from orthopedic prostheses is between 1 and 30 μm (40). It is thus likely to assume that the cellular and inflammatory responses described in the current study with ultrasonic-generated particles are similar to those observed with wear debris surrounding orthopedic prostheses.

Three main biological strategies were tested to block the chronic inflammatory reaction to orthopedic wear particles, including (i) interference with systemic macrophage trafficking to the local implant site, (ii) modulation of macrophages from an M1 to an M2 phenotype in periprosthetic tissues, and (iii) local inhibition of the transcription factor nuclear factor-kappa B, thereby interfering with the production of pro-inflammatory mediators (38). All three approaches showed promising results in preclinical studies but have not yet been evaluated clinically.

Here we tested three clinically-approved neutralizing antibodies that are prescribed for the management of auto-immune and inflammatory diseases. Anti-IL1β antibodies (Anakinra) are prescribed to rheumatoid arthritis and neonatal-onset multisystem inflammatory disease, anti-IL6 receptor antibodies (Tocilizumab) are administered to treat arthritis and anti-TNFα antibodies (Adalimumab) are effective against rheumatoid arthritis, psoriasis and Crohn's disease (41–43). Our in vivo and in vitro results showed a clear association between each of these cytokines and the macrophage response to Ti particles. Using our mouse calvarial model, we demonstrated that blocking each of these cytokines prevents Ti particle-induced osteolysis. We further showed that both systemic and local administration are conceptually possible approaches. This preclinical study therefore advocates that neutralizing antibodies be further tested against IL1β, IL6, or TNFα in clinical settings for managing the aseptic loosening of orthopedic prostheses and oral peri-implantitis.
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Cellular Phenotype and Apoptosis: The function of epithelial tissues is the protection of the organism from chemical, microbial, and physical challenges which is indispensable for viability. To fulfill this task, oral epithelial cells follow a strongly regulated scheme of differentiation that results in the formation of structural proteins that manage the integrity of epithelial tissues and operate as a barrier. Oral epithelial cells are connected by various transmembrane proteins with specialized structures and functions. Keratin filaments adhere to the plasma membrane by desmosomes building a three-dimensional matrix.

Cell-Cell Contacts and Bacterial Influence: It is known that pathogenic oral bacteria are able to affect the expression and configuration of cell-cell junctions. Human keratinocytes up-regulate immune-modulatory receptors upon stimulation with bacterial components. Periodontal pathogens including P. gingivalis are able to inhibit oral epithelial innate immune responses through various mechanisms and to escape from host immune reaction, which supports the persistence of periodontitis and furthermore is able to affect the epithelial barrier function by altering expression and distribution of cell-cell interactions including tight junctions (TJs) and adherens junctions (AJs).

In the pathogenesis of periodontitis a highly organized biofilm community shifts from symbiosis to dysbiosis which results in destructive local inflammatory reactions.

Cellular Receptors: Cell-surface located toll like receptors (TLRs) and cytoplasmatic nucleotide-binding oligomerization domain (NOD)-like receptors (NLRs) belong to the pattern recognition receptors (PRRs). PRRs recognize microbial parts that represent pathogen-associated molecular patterns (PAMPs).

A multimeric complex of proteins known as inflammasome, which is a subset of NLRs, assembles after activation and proceeds to pro-inflammatory cytokine release.

Cytokine Production and Release: Cytokines and bacterial products may lead to host cell mediated tissue destruction. Keratinocytes are able to produce diverse pro-inflammatory cytokines and chemokines, including interleukin (IL)-1, IL-6, IL-8 and tumor necrosis factor (TNF)-α. Infection by pathogenic bacteria such as Porphyromonas gingivalis (P. gingivalis) and Aggregatibacter actinomycetemcomitans (A. actinomycetemcomitans) can induce a differentiated production of these cytokines.

Immuno-modulation, Bacterial Infection, and Cancer Cells: There is a known association between bacterial infection and cancer. Bacterial components are able to up-regulate immune-modulatory receptors on cancer cells. Interactions of bacteria with tumor cells could support malignant transformation an environment with deficient immune regulation.

The aim of this review is to present a set of molecular mechanisms of oral epithelial cells and their reactions to a number of toxic influences.
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INTRODUCTION

The oral mucosal epithelium is a barrier that separates the underlying tissues from their environment. It consists of two layers, the surface stratified squamous epithelium and the deeper lamina propria. In keratinized oral mucosa, the epithelium is composed of the four layers stratum basale, stratum spinosum, stratum granulosum, and stratum corneum. In nonkeratinised epithelium, the stratum basale is followed by the stratum filamentosum and the stratum distendum. In the oral mucosa distinct phenotypes are differentiated, lining mucosa, masticatory mucosa, and specialized mucosa (1). Lining mucosa is localized over mobile structures such as soft palate, cheeks, lips, alveolar mucosa, vestibular fornix and floor of the mouth and is extensible and loosely bound to adjacent structures by an elastin rich connective tissue and has a non-keratinizing squamous epithelium. Masticatory mucosa is the rigid and tough protecting cover of the gingiva and the hard palate, tightly bound by dense connective tissue to the underlying bone. This epithelium is keratinized. Specialized mucosa is located on the dorsum of the tongue, shows a keratinized epithelium and includes lingual papillae and taste buds as specialized structures (2).

Junctional epithelium (JE) maintains the direct attachment to the tooth surface. The basal cells of the JE are attached to the connective tissue by the external basal lamina while the suprabasal cells are anchored to the tooth surface by an internal basal lamina that is produced by the JE. JE contains fewer cell-junctions as the oral gingival epithelium, but well developed gap junctions and some small adherens junctions can be detected (2). The JE has wide intercellular spaces, is highly permeable for water-soluble substances and serves as the primary pathway for the transmigration of polymorph nuclear leukocytes (3, 4). JE does not exhibit phenotypic stratification, but the outermost cells appear elongated and align with their long axis parallel to tooth surface (3).

The oral epithelial barrier is the outcome of numerous structural and functional protein interactions resulting in the ability to respond to a various exogenous, possibly toxic, influences. Squamous epithelia possess structural properties like stratification and cornification of the keratinocytes and specific cell-to-cell interactions to maintain its barrier function. It is now recognized that epithelial cells are not passive bystanders, but rather are metabolically active and capable of reacting to external stimuli by synthesizing a number of cytokines, adhesion molecules, growth factors, chemokines, and matrix-metalloproteases (5). Gingival tissues provide defense to resist frictional forces of mastication as well as to defend the soft tissues against chemical or microbial challenge (3).



CELLULAR PHENOTYPE AND APOPTOSIS OF ORAL EPITHELIAL CELLS

The stratified epithelium of the oral mucosa belongs, together with the epithelium of the skin, to the most protective and resistant epithelia. It is composed of two layers, first epithelial cells with a basement membrane and second an underlying connective tissue, the lamina propria (4). The gingiva is combined of epithelial and connective tissues forming a collar of masticatory mucosa attached to the teeth and the alveolar bone. Gingival epithelium constitutes of a stratified squamous keratinized epithelium while the oral sulcular epithelium appears to be stratified and non-keratinized (Figure 1).
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FIGURE 1. Cytokeratin distribution patterns. Cytokeratin (CK) distribution patterns in oral epithelia. Modified according to Pöllänen et al. (6).



The non-keratinized JE shows no true phenotypic stratification (3). In contrast to the ortho-keratinized epidermis of the skin, oral epithelia normally express all three major differentiation patterns of keratinocytes. As an anatomical and functional unit, the gingival keratinization pattern shows variations that origin partly from adaptive processes of the tissue to the special site around fully erupted teeth. A keratinized epithelium similar to the epidermis is exhibited in regions that encounter masticatory and other mechanical forces. The muco-gingival junction designates the boundary of the gingiva from the movable alveolar mucosa and the mucosa of the floor of the mouth. The floor of the mouth and the buccal part need to be flexible for speech, swallowing or chewing and are covered with a lining mucosa that doesn't keratinize. The specialized mucosa on the dorsum of the tongue includes a number of papillae and is covered by an epithelium, which may be either keratinized or non-keratinized. Under physiological conditions, the barrier of polarized epithelia allows regulated paracellular fluxes of solutes and nutrients as well as the collection of antigens and surveillance by mucosal immune cells. During inflammation, this protective mechanism may be compromised by different stimuli originating from both sides of the epithelial barrier.


Cytokeratins

Keratins are one major component of the epithelial cytoskeleton. They belong to the intermediate filament group of cytoskeletal proteins. A gene family of approximately 30 members encode keratins. They have a common structure composed of about 310-amino-acid central o-helical rod domain flanked by non-helical end-domains which are highly variable in sequence and structure (7). Based on the amino acid sequence and charge the keratin proteins are divided into two groups, acidic type I keratins including keratins K9-K20 and the basic or neutral type II keratins including K1–K8. Two keratin proteins, one type I and one type II, are always co-expressed and build heteropolymers to form the 10-nm keratin intermediate filaments (Ifs) that are part of the cytoskeleton. In the basal proliferative layer the keratin pair K5/K14 is expressed in stratified epithelia. Keratin 19 is detectable in simple epithelia and basal cells of non-keratinizing epithelia (8, 9). The keratin pair that is expressed in the post-mitotic layers of differentiating suprabasal cells differs depending on the localization. Cytokeratin distribution is highly specific and varies with type of epithelium, site, differentiation grade, so keratin expression is a sensitive and specific marker of differentiation in epithelial cells (10). Gingival and epidermal tissues as examples for cornifying epithelia, the keratins K1 and K10 are present while epithelia of buccal mucosa or esophagus K4 and K13 are the mainly expressed keratins (11). Suprabasal epithelial cells of the hard palate and gingiva furthermore express K2, designated as K2p in contrast to the epidermal K2e. The genes of K2p and K2e are related but separate (12). Other than the keratin pattern expressed from the attached gingiva some specialized epithelial cells within the gingiva show a distinct keratin pattern. The sulcular epithelium and cells of the gingival margin express K4 and K13. In contrast, the junctional epithelium adjacent to the tooth surface synthesizes K8, K13, K16, K18, and K19 (11, 13). Figure 1 shows the regional cytokeratin distribution pattern of the gingiva. Oral epithelia can exhibit one of 2 patterns of epithelial maturation, (1) they keratinize thus the mucosa matures by formation of a surface layer of keratin. This includes orthokeratinization which refers to the absence of nuclei in the superficial layer of scales on maturation and parakeratinization which designates the retention of pyknotic nuclei in the surface layer of squames during maturation (14). Nonkeratinization is the second possibility which means maturation with absence of a keratin layer which denotes that the nuclei remain, with scarce keratin filaments, in the cytoplasm of the most superficial cells (15). Depending on the functional demands, different types of keratinization are present in the gingival tissue. Oral gingival epithelium is keratinized while the sulcular and junctional epithelia (JE) as well as the lining mucosa are not keratinized (14).

Keratin filament assembly starts by parallel association. One type I chain form a paired dimer with its type II counterpart, two dimers associate in an antiparallel fashion to a tetramer. Two tetramers connect laterally resulting in a protofilament, from which eight are twisted into a rope building the keratin filament. Each keratin filament therefore possesses a cross section of 32 individual α helical coils. The polypeptide chains are further stabilized by strong lateral hydrophobic interactions. Bundled keratin filaments are associated to macromolecular networks that are oriented radial in the cytoplasm (2, 16). The regional specificity of keratin expression may be attributed to intrinsic specialization of regional keratinocyte stem cells. Disorders in keratin may be genetic or acquired. Numerous keratin mutations were identified as cause of several skin and mucosal disorders. Abnormal keratinization is part of several oral diseases. This topic is reviewed by Rao et al. (17).



The Gingival Epithelial Barrier

Biofilms differentially modulate the epithelial cellular immune response based on their properties and composition. The bacterial biofilm located on the tooth surface and in the gingival crevice is considered as the primary causative agent involved in the pathogenesis of gingivitis and periodontitis and involves polymicrobial synergy and dysbiosis (18). Dysbiosis is based on the relative abundance of different bacterial species compared to their low presence in health, causing a modification of host–microbe interactions that can mediate destructive inflammation and bone loss (19, 20).

Keystone pathogens, such as Porphyromonas gingivalis (P. gingivalis), are able to subvert host response and promote breakdown of the homeostatic state, while further bacterial species show properties of pathobionts that can trigger destructive inflammation including both innate and adaptive immune response (21, 22). In addition the onset of gingivitis and periodontitis requires a susceptible host governing the complex inflammatory interactions.

Keratinocytes of the gingival epithelium form a barrier against bacterial infection and invasion (23). They are interconnected by a number of specialized transmembrane molecular complexes, among them cell-cell junctions comprising tight junctions adherens junctions, and gap junctions (Figure 2).
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FIGURE 2. Structure of epithelial cell-cell contacts. Model of cellular junctions, modified according to Metha and Malik (24). Arrangement of junctions comprising tight junctions, adherens junctions, gap junctions, and integrin. Occludin, claudins, and junctional adhesion molecules (JAMs) required for tight junctions, whereas vascular endothelial (VE)-cadherin forms adherens junctions. Connexins are part of gap junctions. The extracellular domains of occludin, claudins, and VE-cadherin maintain cell-cell contacts. Intracellular domains provide junctional stability linking to the actin cytoskeleton via catenins (β,β-catenin, α,α-catenin; γ,γ-catenin; p120, p120-catenin) or zonula occludens-1 protein (ZO-1). Gap junctions are responsible for fast exchange of information by low-molecular-mass second messengers such as Ca2+ and IP3 between contiguous cells. Integrin receptors link endothelial cells with the extracellular matrix (ECM) through matrix proteins like fibronectin (FN) or vitronectin (VN). The cytosolic domains of integrins are linked to the actin cytoskeleton through the proteins talin and vinculin (Vin), involved in integrin-mediated signaling.



Normal expression of these molecular complexes in the gingival tissues is essential for maintaining epithelial integrity. Once integrity is disturbed by biofilm-derived noxious influences, the associated bacteria may invade into the deeper periodontal tissues, triggering an inflammatory response. Thus these cell-cell connections are a crucial part of the innate immune response to resist microbial and toxic challenge.



Structure and Function of Tight Junctions (TJ)

Tight junctions are complex protein structures, forming a belt like pattern among neighboring cells, encircling cells at the apical side of the lateral membrane (25). One of the major functions of the TJ complex is to form a barrier to regulate the passage through the paracellular pathway of water, ions, solutes and other small molecules (26–28). The structure of TJs appears as a string of continuous particles inlaid into the membrane, forming TJ strands. The strand is a fibril-like structure built by the assembly of claudin and tight junction–associated MARVEL proteins (TAMPs). TAMPS are composed of the tight junction-associated MAL = myelin and lymphocyte domain and the MARVEL = related proteins for vesicle trafficking and membrane link domain. The assembled structure represents the functional unit of TJs, formed by adjacent plasma membranes (29, 30).

A number of different signaling and trafficking molecules, that regulate cell differentiation, proliferation and polarity, are coordinated by TJs (31, 32). TJ topology consists of three protein domains, a helical transmembrane domain, a cytosolic scaffolding domain and cytosolic tail featuring cellular signaling. TJ strands are formed by the transmembrane proteins, a class that consists of multiple integral membrane proteins, including the groups of tissue- and cell-specific claudins, (29, 33) the TAMP family and the junction adhesion molecules (JAMs). The structure of claudin includes four transmembrane domains, two extracellular domains forming two loops, in which the N-terminus and C-terminus are located intracellularly. Claudins fulfill barrier properties (30, 34, 35) and are able to regulate the gate function as paracellular tight junction channels (PTJC). Their biological and physical properties are comparable to traditional ion channels (36). They also include occludin into the junctions (29). In adjacent mouse liver cells it was shown that various members of the claudin family form homophilic or heterophilic polymers. Furthermore, claudins may form paired strands to the membrane of adjacent cells (37). Differences in barrier properties between cell types are probably caused by different combinations of claudins (38).

The TAMP family includes MARVEL D1, also called occludin, MARVEL D2 (tricellulin) and MARVEL D3 protein. These molecules possess four transmembrane domains and two extracellular loops, similar to claudin (39, 40). It is not clear whether occludin composed strands have the same functions as strands formed by claudins but in vitro and in vivo studies demonstrated that occludin is of importance in TJ barrier function and intercellular adhesive interactions (39, 41–43). Claudin 1 and occludin were detected in the gingival but not in the sulcular and junctional epithelium. Furthermore, it was found that the adherens junction proteins P-cadherin and α-catenin are detectable in all three epithelia while E-cadherin was not present in junctional epithelium (44). The expression of claudin-4 was detected in the human oral squamous cell carcinoma epithelial cell line H413 (45) and in immortalized human gingival keratinocytes (46). Genetic investigations of adhesion proteins in stratified multi-layered gingival epithelial cell cultures showed strong expression of claudin-4, claudin-1, JAM-1, claudin-25, claudin-17, occludin and claudin-12 (47). Occludin is able to associate with different signaling molecules such as the non-receptor tyrosine kinase c-Yes, atypical protein kinase C (aPKC) and phosphoinositide 3-kinase (PI3K), as well as protein phosphatases 2A and 1 and appears to have signal transmitter functions (48, 49).

MARVEL D2 (also called tricellulin) is detectable at the tricellular contact sites. It is assembled to strands that form a tubular structure vertical to the bicellular TJ belt (50). It probably controls the flow of macromolecules but it is also needed for TJ organization. In the mouse mammalian epithelial cell line Eph4 tricellulin knock-out led to impairment of the structure of bicellular and tricellular contacts (51). The third TAMP, MARVEL D3, is expressed in many epithelial cells and its function was found not to be essential for TJ formation (52).

The members of the junctional adhesion molecule family (JAM), JAM-A, JAM-B, JAM-4, JAM-L and coxsackie and adenovirus receptor (CAR) belong to the immunoglobulin superfamily. JAMs seem to be less important for the regulation of the junctional structure, but rather contribute to adhesion and signaling. Studies mostly focused on the junctional role of JAM-A, that was shown to be localized to claudin-based tight junction fibrils in epithelial cells (53). JAM-A protein contains two extracellular immunoglobulin-like loops, a single transmembrane and a cytoplasmic domain ending in a PDZ binding motif that has been reported to interact with AF-6/afadin and zonula occludens protein (ZO)-1 (54) and ZO-2 (55). CAR appears to be a cell adhesion molecule that contributes to the formation of cell–cell contacts. In cultured epithelial cells, CAR molecules on adjacent cells form homotypic interactions (56). CAR is locally concentrated in TJs at the most apical regions of the lateral surfaces of polarized epithelial cells and its overexpression in cultured polarized cells increased TER (57), while soluble CAR and anti-CAR antibodies were shown to disrupt TJs, (56) suggesting that CAR is involved in the barrier function of TJs.

All members of the cytosolic scaffolding proteins have one or multiple post synaptic density proteins (PSD95), drosophila disc large tumor suppressor (Dlg1) domains, and zonula occludens-1 protein (PDZ) domains. They are able to bind to various integral membrane proteins like claudins, occludin or JAMs and also can bind to actin filaments. In this manner they connect TJ to the actin filaments and stabilize the protein complexes. An increasing number of PDZ containing proteins is known including membrane associated guanylate kinase (MAGUK)-like proteins, protein associated with Lin7 (Pals1), AF-6/afadin, atypical protein kinase C (aPKC), isotype-specific interacting protein (ASIP), partitioning-defective protein 3 (PAR-3), multi-PDZ protein 1 (MUPP1) and protein associated with tight junctions (PATJ) (58). These scaffolding proteins seem to be important for the organization and localization of TJs because blockade of PDZ domains results in poorly organized TJs that in consequence are distributed to other areas (59). Zonula occludens (ZO) proteins belong to the MAGUK family and include the three members ZO-1 (60), ZO-2 (61), and ZO-3 (62). Through their three PDZ domains ZO proteins interact with several proteins such as claudins, MARVEL D1 or JAMs and F-actin. This association with multiple proteins makes the formation of large complexes possible which are linking the cytoskeleton to the TJ strands (58).

The barrier function and structure of TJs is regulated by intracellular signaling proteins which include protein kinase A, protein kinase C, Rho kinase, myosin light chain kinase, GTPase Rab13, tyrosin kinase and mitogen activated protein kinase. All these proteins are not specific for TJs but essential for their establishment and function. The signal transduction of TJs is reviewed in Takano et al. (63). Further reviews are available addressing TJ physiology and function (64), regulation (65) and the specific components such as tricellular tight junctions (66). In gingival tissue, TJs were observed only in the granular and cornified layer, were they did not form complex strands, in contrast to cultured gingival keratinocytes in vitro that showed a largely extended framework of TJ strands (67).

Measurement of the transepithelial electrical resistance (TER) is a method for investigations of the permeability of mucosal barriers in vitro and alterations of TER values are directly related to the integrity and function of the paracellular occluding barrier (68, 69). TER measurements are a useful tool to assess integrity of tight junctions. The strength of the transmucosal resistance is closely related to the number of junctional strands and junctional tightness (70). This correlation was demonstrated in primary human gingival keratinocytes (Figure 3) (67). The development of TER depends on the intracellular Ca2+ concentration (72).
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FIGURE 3. Tight junction proteins of primary keratinocytes after infection with P. gingivalis. Immunostaining of the tight junction proteins in primary human gingival keratinocytes, claudin 1 (a,d) claudin 2 (b,e) and occludin (c,f); (a–c) cells in culture medium; (d–f) cells infected apically plus basolaterally with Pophyromonas gingivalis (P. gingivalis) W83 (MOI 104) for 4 h. Arrows (e,f) show curved occludin strains in the walls of non-infected cells, in infected cells the arrows point to occludin aggregations, scale bar = 20 μm (71).



Immortalized human gingival keratinocytes (IHGK) (73, 74) used in a 3D culture model, were infected with gingipain-producing P. gingivalis strains and a RGP/KGP defect mutant (75). This caused a significant decrease of TER after 24 h by the gingipain producing strains, but not by the defect mutant. Investigations of tight junction proteins in the same experimental setting using immunostaining revealed infection-induced alterations in claudin-1, claudin-2 and in occludin expressions. After infection the typical chicken wire pattern of claudin-1 and claudin-2 (Figures 3a,b) disappeared and the proteins formed conglomerates (Figures 3d,e). The curved strands of occludin present in the control assays (Figure 3c) were degraded as well (Figure 3f). Soluble virulence factors such as gingipains disrupt the epithelial barrier in vitro, which is correlated with the disintegration of junctional cell-cell complexes. Invasion and damage of the epithelial layer by infective agents is an important step and may result in bacterial invasion and destruction of the underlying connective tissue.

The results of this study give some insights into the initial stages of oral bacterial infections leading to gingivitis and periodontitis.

A further mechanism besides damage may be active internalization of epithelial adhesion complexes. In intestinal epithelial cells (T84 cells), IFN-γ induces a process of TJ protein internalization (claudin-1, occludin, JAM-A) by micropinocytosis, which results in leakage of the epithelial layer (76). Guo et al. (77) determined the impact of P. gingivalis, P. gingivalis LPS and eATP on TJ proteins in an oral epithelial cell culture model. Quantified real time polymerase chain reaction (RT-PCR), immunostaining and immunoblots of gene and protein expression in TJs revealed that P. gingivalis infection led to temporary upregulation of the genes encoding occludin, claudin- 1, and claudin-4 but not JAM-A, claudin-15, or ZO-1, while P. gingivalis LPS increased claudin-1, claudin-15, and ZO-1 and decreased occludin, JAM-A, and claudin-4. Significant upregulation of tight junction proteins was demonstrated when cells were pretreated with eATP. These results indicate that P. gingivalis induced early defense mechanisms of the host. P. gingivalis LPS stimulates the destruction of the epithelial barrier more potently than P. gingivalis. ATP stimulation further increased the effect on TJ proteins after P. gingivalis infection and LPS-induced disruption of epithelial integrity (77).



Structure and Function of Adherens Junctions (AJ)

The adherens junctions (AJs) or zonula adherens, intermediate junction, or “belt desmosome,” are a defining feature of all epithelia, forming apical localized structures of adhesion closely aligned to the membranes of neighboring epithelial cells, that play an essential role in the regulation of the junctional complex. AJs are protein complexes that appear at cell–cell junctions in epithelial and endothelial tissues. Their localization is more basal than tight junctions. AJs are like bands that encircle the cell (zonula adherens) or appear as attachment spots to the extracellular matrix (adhesion plaques). The cell-to-cell adhesion sites are composed of cadherins which are connected to the actin cytoskeleton by catenins and other constituents like actinin and vinculin (78). AJs are formed by homophilic binding of the extracellular cadherin domains in a calcium-dependent manner. The cell-to cell apposition is maintained and reinforced by the homophilic interactions of single-pass transmembrane E-Cadherin (E-Cad) molecules. This process is stabilized by accumulating a tight network of actin filaments and by linking molecules that fix E-Cad clusters on the inner cytoskeleton (79). The E-Cad cytoplasmic domain consists of the β-catenin (β-Cat) interacting with p120-catenin (p120-Ctn). β-Cat associates with α-Catenin (α-Cad), maintaining the link to the actin cytoskeleton. Cadherin directly binds to β-catenin or plakoglobin, followed by binding to α-catenin that afterwards binds to vinculin, α-actinin, ZO-1 and actin (80). Also α-Cat is able to interact with further actin-binding proteins such as formin, AF6/afadin, or EPLIN (81). Nectin and its associated AF6/afadin protein L-afadin occurs concentrated at AJs (82). The transmembrane protein vezatin is localized at sites of cadherin-based cell-to-cell adhesion in cultured cells and anchors myosin VIIa to the cadherin-catenin complex (83). Due to their dynamic structure, adherens junctions physically connect adjacent epithelial cells, bridge intercellular adhesive contacts to the cytoskeleton, and are involved in the definition of each cell's apical–basal axis. E-Cads as well as catenins are substrates of phosphatases and kinases that are key regulators of AJs and modify the interactions between the proteins enabling them to regulate the interaction grade between E-Cad and the catenin complex and their concentrations in the membrane, which is essential for the modulation of adhesive strength and AJ remodeling [reviewed in (84)].

As a result of proteolytic disruption by putative periodontal pathogens such as P. gingivalis E-Cads are affected in periodontitis (85, 86). P. gingivalis is able to produce a variety of proteolytic enzymes, including eight endopeptidases and numerous exopeptidases (87). Gingipains are extracellular cysteine proteinases, which can impair endothelial cell adhesion (88, 89). Gingipains are also able to enhance collagenolysis by inducing matrix metalloproteinases of the host. Sheets et al. (90) also demonstrated cleavage of cellular receptors. The cleavage of adherence junction proteins (shown in HOK-16 cells) affects N-cadherin, VE-cadherin, β-integrin and reduces the adhesion of the cells to the extracellular matrix proteins (91). This may result in the detachment of the endothelial cells.



Bacterial Adhesion and Invasion Into Epithelial Cells Are Pathological Processes Which Are Also Able to Disrupt the Epithelial Barrier in Periodontitis

It was shown that P. gingivalis fimbriae bind to cellular α5β1-integrin, which mediates bacterial adherence to host cells (92–94). Cellular integrins are heterodimeric receptors for extracellular matrix proteins and are essentially involved in cellular physiological processes that are related to metabolism, activation, differentiation, motility, and proliferation (95). These functions depend on the α5β1-integrin binding to its ligand fibronectin (96).

P. gingivalis can degrade cellular signaling molecules and inactivate a variety of cellular functions, which are important for healing and regeneration as well as homeostatic properties of periodontal tissues (91, 97–99).

Invasion of epithelial cells disrupts the epithelial barrier and the intracellular pathogens affect cellular functions by the usage of dynamin, actin fibers, microtubules, PI3K, and lipid rafts of the host cells.

Intracellular localization enables pathogens to penetrate deep into tissues by spreading from cell to cell, a process that seems to be mediated by membrane protrusions based on actin polymerization. This avoids the need of bacterial release into the extracellular space, i.e., periodontal pathogens like P. gingivalis spread in between cells without entering the extracellular space which may allow colonization of oral tissues avoiding revelation to the humoral immune response (86).

The importance of junctional proteins in the immune response to bacterial biofilms has been demonstrated by Belibasakis et al. (47). The group investigated the effects of a 10-species subgingival biofilm model on gene expression of all known cellular contacts (tight junctions, desmosomes, gap junctions and adherens junctions), and evaluated the involvement of the 3 “red-complex” species [P. gingivalis, Treponema denticola (T. denticola), and Tannerella forsythia (T. forsythia)] in a multi-layered gingival epithelial cell culture. The results of this study showed different effects on the junctional expression of the 2 biofilm (BF) models (one with and one without the “red complex”). It was found that BF including the “red complex” did not affect the expression of any of the studied tight junction genes. Absence of the “red complex” (RC) from the biofilm resulted in significantly higher Claudin-4 expression compared to the control after 3 and 24 h. Assessment of gene expression of desmosomes, adherens junctions, and gap junction proteins in response to biofilms without the “red complex” resulted in up-regulated desmocollin-2 expression after 3 h while the “red complex” including biofilm did not induce this effect. After 24 h, this expression was significantly downregulated by both biofilm variants. After 3 h of biofilm challenge, the gene expression of none of the investigated junctional adapter proteins was regulated while after 24 h, the expression of desmoplakin and plakoglobin were down-regulated in response to both biofilms (47).




CELLULAR RECEPTORS


Toll-Like Receptors (TLRs)

Toll-like receptors (TLRs) (Figures 4, 5) belong to the best characterized family of cellular effectors for the detection of pathogens (101). TLRs are widely expressed in eukaryotic cells. They are trans-membrane proteins that recognize molecular structures classified as “pathogen associated molecular patterns” (PAMPs) and thus belong to the pattern recognition receptors (PRRs). These patterns are present in nearly all types of microorganisms (102). Toll-like receptors contain a horseshoe-shaped extracellular leucine-rich repeat (LRR) and an intra-cytoplasmic toll/IL-1R (TIR) domain that are connected by a single trans-membrane domain. The LRR domain is responsible for ligand recognition and intracellular signal transfer is maintained by the TIR domain. TLRs represent not only the most important but also one of the first mechanisms in immune-defense against fungal, bacterial and viral pathogens. After binding the TLR downstream signaling pathway is activated playing an important role in innate and adaptive immune responses. In the oral cavity a great number of microorganisms is constantly present, therefore expression and function of TLRs is essential for the maintenance of oral tissue homeostasis. In humans, currently 10 TLRs have been identified, including extracellular as well as intracellular receptors. All exhibit a number of specific ligands, except for the orphan receptor TLR10, where the specific ligand has yet not been discovered (101, 103). TLR1, TLR2, TLR4, TLR5, TLR6, and TLR10 are expressed on the cell surface for recognition of extracellular microorganisms and ligands. TLR3, TLR7, TLR8, and TLR9 are intracellularly localized in the cytosolic endosomal compartment, binding microorganisms and ligands which passed the membrane of the host cell (104). Figure 4 shows the location of TLRs and the identity of their ligands/agonists. TLR11 has been identified in the human genome but does not translate into a protein, because its open reading frame contains a stop codon (105). TLR2 forms heterodimers with TLR1 or TLR6 and recognizes peptidoglycan, lipopeptide and lipoproteins while lipopolysaccharide of Gram-negative bacteria is the specific ligand of TLR4 (106, 107). TLR3 recognizes double-stranded RNA (dsRNA), TLR 5 can detect bacterial flagellin, TLR7 and TLR8 were shown to recognize imidazoquinilins and single-stranded RNA and TLR9 detects bacterial and viral DNA over their cytosine and guanine basepairing (108–113). LRR binding by ligands induces conformational changes of TIR resulting in interactions between TIR domains of adjacent TLRs and binding of additional adaptor proteins that are needed for the initiation of the intracellular signaling cascade. The most important adaptor molecules are the myeloid differentiation factor 88 (MyD88), the MyD88 adaptor-like (Mal) (TIR domain-containing adaptor protein, TIRAP), the TIR domain-containing adaptor protein inducing interferon-β (TRIF) (TIR-containing adaptor molecule, TICAM as synonym) and the TRIF-related adaptor molecule (TRAM) (114–119). TLR signaling can be negatively regulated by a variety of inhibitory molecules, including the toll-interacting protein (Tollip), interleukin-1 receptor (IL-1R) associated protein kinase (IRAK)-M, the sterile a- and HEAT-Armadillo- motif-containing protein (SARM), and the B cell adaptor or PI3K (BCAP), which inhibit downstream phases in the TLR- dependent signaling cascades. IL-1R associated protein kinases (IRAKs) IRAK4, IRAK1, and IRAK2 are activated by MyD88 followed by activation of tumor necrosis factor receptor-associated factor 6 (TRAF6) and RIP, that proceed by activation of transforming growth factor (TGF)-β-activated kinase 1 (TAK1) and TAK1-binding protein (TAB1, TAB2, and TAB3) complex (120–123). Subsequently, gene expression regulatory factors of the mitogen activated protein kinases (MAPK) family (ERK, JNK, p38) and NF-kB are activated, regulating cell survival and proliferation, and induce immune cell activation, production of pro-/anti-inflammatory mediators (cytokines and chemokines), interferons, and anti-microbial products. Activation of the intracellularly located TLR7, TLR8, and TLR9 is forwarded through MyD88 as well, but can also initiate TRAF6, IRAK4, and TRAF3-dependent activation of IRF7, which translocates to the nucleus and induces the production of type-I interferon (114, 124).
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FIGURE 4. Cellular location of toll like receptors (TLRs) and the identity of their ligands/agonists. The stimulation of surface TLRs (TLR-2, TLR-4, and TLR-5) with appropriate ligands results in the activation of nuclear factor (NF)-κB. The ensuing increase in levels of pro-inflammatory cytokines and the influx of inflammatory cells then provides an environment, which protects against both virus and bacterial challenge. Activation of intracellular TLRs (TLR-3, TLR-7, TLR-8, and TLR-9) leads to interferon regulating factor (IRF) activation and the production of Type 1 interferons (IFNs) and pro-inflammatory cytokines, again providing an environment not conducive for pathogens (100).
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FIGURE 5. Toll like receptor (TLR)-signaling pathways. TLR-4, TLR-5, and the heterodimers TLR-1/TLR-2 and TLR-2/TLR-6 are located on the cell surface where they are activated by the appropriate ligand. Conversely, TLR-3, TLR-7, TLR-8, and TLR-9 are located within endosomal compartments of the cell and recognize microbial and viral nucleic acids. Stimulation of TLR-1/TLR-2, TLR-2/TLR-6, TLR-4, and TLR-5 leads to the engagement of myeloid differentiation primary response protein (MyD88) and MYD88-adapter-like protein (MAL) with the toll/interleukin-1 receptor (TIR) domain-containing adapter proteins. This stimulates downstream signaling pathways that involve the interactions between IL-1R-associated kinases (IRAKs) and the adapter molecules tumor necrosis factor (TNF) receptor-associated factors (TRAFs) and activates mitogen-activated protein kinases (MAPKs) JUN N-terminal kinases (JNK) and p38. Activation of these kinases leads to the activation of transcriptional factors such as nuclear factor-κB (NF-κB), cyclic adenosine mono phosphate (AMP)-responsive element binding protein (CREB), and activator protein-1 (AP-1). A major consequence of activation of surface TLRs is the induction of pro-inflammatory cytokines. Activation of TLR-7, TLR-8, and TLR-9 also leads to the engagement of MyD88, MAL, IRAKs, and NF-κB inhibitor kinase (IKK)α, however, interferon-regulatory factors (IRFs) are activated, which leads to the production of type 1 interferons (IFN). Stimulation of TLR-3 results in the association of TIR domain-containing adapter protein inducing IFNβ (TRIF). This leads to the downstream signaling of TNF receptor-associated factors (TRAFs) and IKK leading to the activation of IRF3 and the production of type 1 IFNs (100).



Figure 5 shows the signaling pathways of TLRs. mRNA of all 10 TLRs was detected in oral epithelial cells, but the actual expression and cellular localization of TLR proteins varies and is inducible. TLR2 is highly expressed in the basal layer of the gingival epithelium, levels are lower in the superficial layers that are more exposed to microorganisms and environmental influences. Apart from the detection of colonizing microorganisms in the superficial part of the epithelium, this may be regarded as a mechanism that facilitates TLR-depending inflammatory response only when pathogens are recognized in the basal layer. For TLR1, TLR3, TLR4, TLR5, and TLR9 a similar expression pattern was demonstrated (125, 126). The expression of TLR7 and TLR8 shows the same pattern in healthy and inflamed tissue. TLR2 and TLR4 expression is increased in acute and persistent gingival inflammation, though stimulation with TLR agonists did not induce production of pro-inflammatory cytokines, but β-defensin-2 generation in epithelial cells, and thus favored local downstream immune response (127).

Under chronic inflammatory conditions such as periodontitis in contrast to the TLR2 upregulation expression of TLR4 decreased, which may prevent from inflammatory exacerbation, i.e., tissue and bone destruction through containment of the inflammatory response (128). It was demonstrated that human healthy and inflamed oral tissues express TLR2, TLR4, NOD1 and NOD2 molecules, where cell-surface localizations of TLR2 and TLR4 could be more clearly detected in the inflamed than in healthy gingiva. It was furthermore demonstrated that human oral epithelial cell lines HSC-2, HO-1-u-1, and KB cells as well as primary cultured oral epithelial cells constitutively express TLR2, TLR4, NOD1, and NOD2. Stimulation of these cells with TLR and NOD agonists caused up-regulation of the antimicrobial peptide β-defensin (129). Oral epithelial cells, in contrast to colonic epithelial cells, did not secrete cytokines such as IL-8, monocyte chemoattractant protein-1 (MCP-1), granulocyte colony stimulating factor (G-CSF), granulocyte macrophage colony-stimulating factor (GM-CSF), and vascular endothelial growth factor (VEGF) after stimulation with bacterial components but upregulated expression of peptidoglycan recognition proteins (PGRPs), a further family of pattern recognition molecules (130, 131). These results suggest that part of the cells are desensitized to prevent tissue destruction over excessive innate immune responses to bacterial stimuli, because cells and bacteria interact constitutively (130, 131).

In periodontitis an abnormal immune response known as a “hyper-responsive” phenotype was demonstrated by investigations of peripheral blood leukocytes that were stimulated with TLR2 and TLR4 agonists. The stimulation resulted in elevated levels of pro-inflammatory cytokines produced by leukocytes that were derived from patients with localized aggressive periodontitis. This altered immune response may result in rapid loss of connective tissue and periodontal attachment as well as alveolar bone, which could result in early tooth loss already in young individuals (132). A cross-sectional study examined the role of epigenetic regulation, specifically DNA methylation status, of genes in the TLR pathway in patients with localized aggressive periodontitis (LAP). Peripheral blood stimulated with Escherichia coli (E. coli) LPS was analyzed for DNA methylation of seven TLR signaling genes. At specific CpG positions in LAP patients compared to healthy controls, differences in the methylation status were observed, as well as between severe and moderate LAP. Individuals with moderate LAP presented hypermethylation of both the upregulating and downregulating genes, while severe LAP presented hypomethylation of these genes. The methylation status correlated with an increased pro-inflammatory cytokine profile in LAP patients suggesting that epigenetic modifications in TLR signaling may modulate disease progression and tissue destruction (133).

A meta-analysis assessing the association between TLR4 polymorphisms and chronic periodontitis (CP) detected an association between TLR4C > G (rs7873784) allele and CP in Asians (134). The association between TLR4 polymorphisms and gastric cancer was investigated in the meta-analysis by Jin et al. (134). This group detected an increased gastric cancer risk in TLR4 + 896A/G and TLR4 + 1196C/T polymorphism in a Caucasian population (135).



Nucleotide-Binding Oligomerization Domain Receptors (NODs)

Nucleotide-binding oligomerization domain receptors (NODs) (Figure 6) are cytosolic pattern recognition molecules that bind to peptidoglycan (PGN), a component of bacterial cell walls. They belong to the NOD-like receptor (NLRs) family including also NACHT-LRR (leucine-rich repeat) and pyrin-domain-containing proteins (NALPs), neuronal apoptosis inhibitor factors (NAIPs), and ICE-protease activating factor (IPAF) (137–139). The NOD1 ligand is PGN-derived γ-D-glutamylmesodiaminopimelicacid (iE-DAP) while muramyl dipeptide (MDP) is a NOD2 ligand (140, 141). MDP is detectable in Gram-negative and also in Gram-positive bacterial PGN, while iE-DAP is present in Gram-negative bacterial PGN and in PGN of particular Gram-positive bacteria such as Bacillus subtilis and Listeria monocytogenes (142). Hence, NOD1 is particularly involved in recognizing components from Gram-negative bacterial cell walls, while NOD2 can sense both (143, 144). A number of different cell types including oral epithelial cells express NOD1 that plays an essential role in innate immune responses (127, 129, 145). NOD1 binding and downstream signaling elicits an inflammatory reaction, inducing the production of cytokines, chemokines and antimicrobial peptides. Among these products, some are pro-inflammatory, such as interleukin (IL)-6, IL-8, tumor necrosis factor (TNF)-α and human beta defensin (hBD)-2, while others have immuno-regulatory or antimicrobial properties, such as interferon (IFN)-γ and human β-defensin-1 (hBD-1).The effects of iE-DAP on cytokine production have also been investigated with conflicting results: while it was reported that iE-DAP stimulated various human epithelial cells to produce anti-microbial peptides, but not pro-inflammatory cytokines like IL-6 and IL-8 (127, 129, 131, 145), it was also shown in human intestinal epithelial cells and dental pulp fibroblasts that NOD1 activation induces the production of pro-inflammatory cytokines (127, 142, 146–148).
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FIGURE 6. Model of Nucleotide-binding oligomerization domain-containing protein (NOD)1 and NOD2 signaling cascades. NOD1 and NOD2 recognize bacterial peptidoglycans (PGNs), (iE-DAP), and muramyl dipeptide (MDP), respectively. Following ligand sensing the NODs recruit their common adaptor receptor-interacting serine/threonine-protein kinase (RIP)2 by caspase activation and recruitment domains (CARD)–CARD interactions and induce RIP2 to undergo phosphorylation. The members of the tumor necrosis factor receptor-associated factor (TRAF) family (TRAF2, TRAF5, and TRAF6), the inhibitor of apoptosis (IAP) family (XIAP, cIAP1, and cIAP2), and the B-cell lymphoma (BCL)2 family (BID) bind to RIP2 and facilitate its ubiquitination allowing the recruitment of transforming growth factor-β-activated kinase (TAK)1 and ubiquitinated nuclear factor (NF-κB) essential modulator (NEMO) to the nodosome. On one hand, NEMO instigates activation of the canonical NF-κB pathway by phosphorylating NF-κB inhibitor kinase (IKK)α and IKKβ, by inducing nuclear factor of kappa light polypeptide gene enhancer in B-cells inhibitor alpha (IκBα) phosphorylation and proteasomal degradation, and by freeing p50 and p65 NF-κB subunits. On the other hand, transforming growth factor-β-activated kinase 1 (TAK1) recruits, transforming growth factor-β-activated kinase binding protein (TAB)1 and TAB2/3 inducing both (p38, extracellular-signal Regulated Kinases = ERK, and JUN N-terminal kinases = JNK) mitogen activated protein kinases (MAPK) and NF-κB activation. Stimulation of both arms culminates in the induction of anti-microbial peptides (AMPs), cytokines, and chemokines. The formation of the nodosome promotes autophagy and conversely, a fully functional autophagy machinery helps in signal transduction through the nodosome. Autophagy-related protein (ATG)16L1 along with ATG5 and ATG12 is required for autophagosome formation, however, independently of its autophagy functions, ATG16L1 negatively regulates NOD/RIP2 signaling (136).



In a human oral mucosal epithelial cell line (Leuk-1) upon stimulation activation of NOD1, receptor-interacting serine/threonine-protein kinase 2 (RIP2) and P-NF-κB was demonstrated, which was significantly inhibited by pretreatment of the cells with cigarette smoke extract (CSE). The suppressive effect of CSE on NOD1 expression was reversed following iE-DAP treatment. Combination of CSE stimulation with iE-DAP treatment prevented the further enhancement of RIP2 and P-NF-κB levels, i.e., iE-DAP reversed the inhibitory effect of CSE on NOD1 expression and prevented the over-activation of RIP2 and P-NF-κB due to CSE exposure. CSE furthermore upregulated levels of IL-6, IL-8, and TNF-α and downregulated IFN-γ level while iE-DAP enhanced the levels of IL-6, TNF-α, and IFN-γ, indicating that iE-DAP augmented gene expression and release of IL-6, TNF-α, and IFN-γ in Leuk-1 cells but diminished the mRNA level of IL-8 without affecting the production of IL-8 at protein level. These results indicate that iE-DAP is able to antagonize CSE-mediated effects on NOD1 expression and downstream signaling to a certain extent (149). In Figure 6 a model of NOD1 and NOD2 signaling cascades is depicted.



Protease-Activated Receptors (PARs)

Protease-activated receptors (PARs) are a family of G-protein-coupled receptors (GPCRs) that include four members, PAR-1, PAR-2, PAR-3, and PAR-4, that play an important role in wound healing, inflammation, hemostasis, thrombosis, cancer progression, and embryonic development (150). PARs are activated by proteolytic cleavage of the N-terminal extracellular sequence of the receptors by a proteinase. This cleavage exposes a new N-terminal sequence, operating as a tethered ligand which, after binding to the receptor, initiates multiple signaling cascades (151–153). Although all PARs show the same mechanism of function, it has been demonstrated that different PARs can be activated by different proteinases and show diverse distributions and biological activities (154). One main activator of PAR-1, PAR-2, and PAR-3 is thrombin, further essential activators of PAR-1 comprise activated protein C (APC) and matrix metalloproteinase-1 (MMP-1). Trypsin and human mast cell tryptase activate PAR-2 while trypsin and cathepsin G activate PAR-4. Analysis of the downstream signaling responses after activation of PARs revealed that PAR-1, PAR-2, and PAR-4 may signal autonomously, while PAR-3 rather seem to be a co-receptor for PAR-1 and PAR-4 (155–158). PARs are expressed in a number of different cell types and it has been suggested that they influence physiological processes, such as growth, development, inflammation, tissue repair, and pain. In gingival epithelial cells (GEC) the presence of PAR-1,-2 and 3 mRNA and protein expression could be demonstrated while PAR-4 was not detected. Pre-incubation of the cells with P. gingivalis supernatant containing proteolytic activity, induced PAR-2 mRNA up-regulation. In contrast, PAR-1 and -3 were down-regulated. The authors concluded from these results that GECs recognize P. gingivalis by PARs and mediate innate immunity cell responses (159). PARs, NODs, and TLR were found to exhibit a complex interplay. In silencing experiments it was shown that knock-out of one receptor type may affect the others. GEC with silenced PAR-1 and -2 reacted with up-regulated NOD1 and NOD2 expression upon stimulation with P. gingivalis or Fusobacterium nucleatum (F. nucleatum). Expression of TLR2 decreased after infection with P. gingivalis when PAR2 was knocked down but was not affected after stimulation with F. nucleatum, while TLR4 expression was increased after PAR2 silencing and subsequent stimulation with F. nucleatum. F. nucleatum activates TLR4, while P. gingivalis, due to its unique LPS structure, is able to utilize TLR2 and shut down TLR4. These data suggest that if PAR receptors are absent, expression of TLRs is modified in response to bacteria following their activation level. PRRs can function as substitute in epithelial immune-response to bacterial challenge. These responses show variations depending on the properties of the bacterial stimuli (160).



Inflammasomes

One further mechanism of the immune system to initialize a pro-inflammatory response is the so called inflammasome (Figures 7, 8), a protein complex composed as multimer which develops in the cytoplasm participating in the immune response to pathogenic microbes or danger signals. The inflammasome induces the production and secretion of mature pro-inflammatory cytokines, IL-1β and IL-18 eventually leading to pyroptosis, a special kind of cell death (162–165). Inflammasomes can be grouped into canonical and noncanonical pathways (162, 164–167). Typically, a functional canonical inflammasome complex consists of a nucleotide-binding domain leucine-rich repeat (NLR) protein, an adaptor molecule apoptosis-associated speck-like protein containing a CARD (ASC) domain, and caspase-1 (167). The composition of the upstream regulators and specific molecules of the inflammasome depends on the type of the danger signals and the microbial inducers (164). The best characterized NLR, the pyrin domain containing 3 (NLRP3) inflammasome (Figure 8) for example is activated by extracellular adenosine triphosphate (eATP) danger signaling by the purinic receptor 2X7 (P2X7) and reactive oxygen species (ROS). Infection with bacterial pathogens can induce the NLRP3 inflammasome. Specific activation of the absent in melanoma (AIM)2 inflammasome is triggered by sensing double-stranded DNA in the cytosol while the IL-1β-converting enzyme (ICE) protease-activating factor (IPAF) inflammasome is activated by Gram-negative bacteria (e.g., Salmonella typhimurium, Shigella flexneri, Legionella pneumophila, and Pseudomonas aeruginosa) which have type III or IV secretion systems (164). In gingival epithelial cells F. nucleatum also activates the NLRP3 inflammasome, which in turn activates caspase-1 and stimulates secretion of mature IL-1β (168).
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FIGURE 7. Microbial activation of the inflammasomes. Pathogenic microorganisms activate the inflammasomes through multiple agonists and pathways. Salmonells typhimurium (S. typhimurium), Legionells pneumophila (L. pneumophila), and Mycobacterium tuberculosis (M. tuberculosis) reside within the host cell phagosome and are capable of activating inflammasomes through secreted flagellin, effectors, or undefined NACHT, LRR, and PYD domains-containing protein (NLRP)3 agonists. NACHT = NAIP, neuronal apoptosis inhibitor protein; C2TA, class 2 transcription activator, of the MHC; HET-E, heterokaryon incompatibility; TP1, telomerase-associated protein 1; LRR, leucine-rich repeat; PYD, PYRIN domain. Francisella tularensis (F. tularensis) and Listeria monocytogenes (L. monocytogenes), which escape the phagosome activate absent in melanoma (AIM)2 that senses cytosolic deoxyribonucleic acid (DNA). Bacillus anthracis (B. anthracis) lethal toxin activates the NLRP1 inflammasome. Candida. albicans (C. albicans) and hemozoin activate NLRP3 through Spleen tyrosine kinase (SYK) signaling. Viral-mediated inflammasome activation is heavily dependent on the detection of nucleic acids by NLRP3, AIM2, and retinoic acid-inducible gene (RIG)-I. Dotted lines indicate signaling through an unknown mechanism (161).
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FIGURE 8. Mechanism for canonical NACHT, LRR and PYD domains-containing protein (NLRP)3- inflammasome activation. NACHT = NAIP, neuronal apoptosis inhibitor protein; C2TA, class 2 transcription activator, of the MHC; HET-E, heterokaryon incompatibility; TP1, telomerase-associated protein 1; LRR, leucine-rich repeat; PYD, PYRIN domain. Various pathogen associated molecular patterns (PAMPs) and damage associated molecular patterns (DAMPs) provide the signal 2 required to assemble and activate the NLRP3 inflammasome comprised of NLRP3, apoptosis-associated speck-like protein (ASC), and caspase-1. Although the precise mechanism leading to NLRP3 activation is still controversial, it is speculated that potassium ion K+ efflux may be the common cellular response that triggers inflammasome activation. However, this notion has not been fully verified and it is possible that an unidentified or intermediate adaptor may be required for transmitting signals between K+ efflux and the NLRP3 inflammasome. Crystals and particulate DAMPs enter the cell via endocytosis directly inducing K+ efflux and NLRP3-inflammasome formation. In addition, the endo- lysosomes carrying these DAMPs undergo lysosomal rupture and release cathepsin B, which acts as an intracellular DAMP and can induce K+ efflux. However, contradicting studies indicate that lysosomal rupture may cause K+ efflux and inflammasome activation even in the absence of cathepsin B. Adenosin triphosphate (ATP) binds to the P2X purinoceptor 7 (P2X7) receptor on the cell membrane and causes opening of the annexin 1 (PANX1) channels allowing K+ efflux and influx of any PAMPs and DAMPs present in the extracellular space. PAMPs such as pore-forming toxins activate the NLRP3 inflammasome and facilitate K+ efflux. Liposomes instigate Ca2+ influx through opening of (TRPM2) channels. Accumulation of excessive Ca2+ in the cytosol causes mitochondrial dysfunction and release of mitochondrial reactive oxygen species (mtROS) and oxidized mitochondrial deoxyribonucleic acid (mtDNA), which may activate the NLRP3 inflammasome either directly or by inducing K+ efflux. Clearance of distressed mitochondria by mitophagy serves to evade such inflammasome activation. Mitochondrial cardiolipin binds to NLRP3 and is required for the NLRP3-inflammasome activation. Following NLRP3-inflammasome assembly, caspase-1 undergoes proximity driven proteolytic cleavage and further processes pro-interleukin (IL)-18 and pro-IL-1β into their mature active forms. Activation of the NLRP3-caspase-1 axis results in inflammation and pyroptotic cell death (136).



P. gingivalis is able to inhibit the innate immune response using a nucleoside-diphosphate kinase (NDK) after stimulation with extracellular (e)ATP. The danger signal eATP binds to P2X7 receptors leading to activation of the inflammasome and caspase-1. Thus, exposure of gingival epithelial cells (GECs) to wild-type P. gingivalis was demonstrated to result in blockade of ATP-induced caspase-1 activation while NDK-deficient P. gingivalis showed fewer effects.

P. gingivalis NDK was shown to modify release of high-mobility group protein B1 (HMGB1), another pro-inflammatory danger signal, which, in non-infected cells, remains linked to chromatin. Infection with wild-type or NDK-deficient P. gingivalis induced release of HMGB1 from the nucleus to the cytosol. HMGB1 was delivered to the extracellular space when non-infected GECs were stimulated with ATP. HMGB1 was released in higher extend, when ATP-treated cells were infected with NDK-deficient mutants instead of wild-type P. gingivalis. These results suggest that NDKs are significantly involved in inhibiting P2X7-dependent inflammasome activation and HMGB1 release from bacterially infected GECs (169).

A multitude of inflammasomes exists, which can be activated by varying mechanisms resulting in the maturation and secretion of pro-inflammatory cytokines (170, 171). Extracellular ATP, one of the first activators that was discovered to induce NLRP3 inflammasome formation, is considered to belong to the group of endogenous damage-associated molecular patterns (DAMPs) released by dying or injured cells (172, 173). It exhibits minor presence in healthy tissues, but may increase to high micromolar concentrations at inflamed sites following tissue damage (174). Studies demonstrated that eATP caused caspase-1 activation that was followed by IL-1β release (175, 176). Yilmaz et al. (177) revealed that LPS-treated or infected gingival epithelial cells (GECs) did not secrete IL-1β unless they were stimulated with eATP and that eATP did not alter NLRP3 or apoptosis-associated speck like protein (ASC) expression in P. gingivalis infected gingival epithelial cells. NLRP10 is the smallest human NLR protein. It is different from the other NLR proteins because of its lack of the leucine-rich repeat domain, which is involved in ligand sensing or binding. Upon infection with two periodontal pathogens, T. forsythia and F. nucleatum the human oral epithelial cell line HOK-16B reacted with up-regulated mRNA and protein expression of NLRP10 while infection with Streptococcus oralis (S. oralis) did not induce this effect. These results demonstrate that NLRP10 up-regulation in HOK-16B cells is pathogen-specific (178). Figure 7 demonstrates microbial activation of the inflammasomes.




CYTOKINE PRODUCTION AND RELEASE

Interleukin (IL)-8 response of gingival epithelial cells after exposure to different multispecies biofilms was differentially regulated (179). Characterization of the whole secretome after biofilm challenge with species of the red complex demonstrated that more proteins were downregulated than up-regulated (180).

Keratinocytes are able to produce a variety of cytokines such as IL-1, IL-6, IL-8, and tumor necrosis factor (TNF)-α. They maintain normal homeostatic mechanisms and can induce proliferative effects upon injury. Mucosal cytokines may have pro-inflammatory as well as anti-inflammatory functions. An imbalance in the cytokine levels can support inflammatory diseases. Cytokines provide a paracrine (between adjacent cells), an endocrine (cells at distant sites) and an autocrine (intercellular) cell-to-cell communication system. Cytokines, based on different functions, origins, and chemical structures, are classified into the following groups: ILs, TNFs, chemokines, colony-stimulating factors (CSF), interferons (IFNs), and growth factors (GF). Cytokines share a multitude of activities and functions (pleiotropic and redundant), thus they could be classified in more than one group. IL-3 for example may also be classified in the CSF group (181). The IL-1 cytokines (IL-1α, IL-1β, and IL-1Ra) are important in regulation of immune response and inflammation because they induce the expression of many effector proteins, e.g., cytokines/chemokines, nitric oxide synthetase, and MMPs (182).

The immortalized human oral epithelial cell line OKF6-TERT2 responds to co-incubation with in vitro cultured biofilms of single- and mixed-bacterial species consisting of P. gingivalis, F. nucleatum, Aggregatibacter actinomycetemcomitans (A. actinomycetemcomitans) and Streptococcus mitis (S. mitis) with increased expression of mRNA for IL-8, C-X-C motif chemokine ligand 3 (CXCL3), CXCL1, IL-1, IL-6, CSF-2, and TNF-α. The response was biggest after stimulation with mixed-species biofilms (183).

The chemokine IL-8 shows crucial importance in oral health because it supports the transition of activated immune cells into and through gingival tissues, and promotes immune cell adhesion, tissue remodeling, and angiogenesis (184). IL-8 is increased in the saliva of patients with oral carcinomas. It could probably be a biomarker for the detection of oral and oropharyngeal squamous cell carcinomas (185). In patients with severe periodontitis, IL-8 was also detected in high levels in crevicular fluid at healthy sites (186). Schueller et al. investigated the basal release levels of IL-8, and linked it to the bacterial community, personal oral hygiene and nutrition in persons with a healthy gingival situation (187). It was shown that the basal IL-8 release was between 9.9 and 98.2 pg/ml, and bacterial biofilms were distinctive for healthy oral microbiota. An association between basal IL-8 levels and the oral microbiota was detected, suggesting a link between oral bacteria and the inflammatory state. A link between nutrition, personal oral hygiene, oral microbiota and IL-8 levels was also reported. The identification of indicator bacteria in healthy subjects with high levels of IL-8 release was regarded as important as they possibly are promising indicators for the onset of oral diseases (187). Fujimura et al. (188), reported that the hemophoric hemoglobin receptor (HbR), that binds hemoglobin and captures porphyrin and heme (P. gingivalis needs iron to grow), in interaction with host cells, affected cellular signal transduction of these cells, followed by inhibited differentiation of osteoclasts from bone marrow macrophages (188). The IL-8 inducing function of HbR from host epithelial cells was demonstrated to be maintained by activation of cellular signal transduction. Increased expression of IL-8 by gingival epithelial cells was induced by HbR in a dose dependent manner. This process is associated with activation of p38 MAPK and Erk1/2 using silencing (si)RNAs and inhibitors (189).

IL-33 belongs to the IL-1 cytokine family and is constitutively expressed in the nuclei of epithelial and endothelial cells (190). Epithelial cell-derived IL-33 augments T helper cell (Th)2 cytokine-mediated inflammatory immune response upon bacterial challenge (191). IL-33 was detected in inflamed gingival epithelium from chronic periodontitis patients. Enhanced IL-33 expression induced by P. gingivalis was detected in the cytoplasm of human gingival epithelial cells in vitro. In contrast, P. gingivalis fimbriae, lipopolysaccharide or lipopeptide did not induce this effect. Inhibition of P. gingivalis proteases (gingipains) blocked IL-33 mRNA induction. Also the P. gingivalis gingipain-null mutant KDP136 did not up-regulate IL-33 expression. Silencing of PAR-2 and inhibition of phospholipase C, p38 and NF-κB restrained the P. gingivalis induced IL-33 expression. These results indicate activation of the PAR-2/IL-33 axis in human gingival epithelial cells by P. gingivalis via a gingipain-dependent mechanism (192).

The angiopoietin-like protein (ANGPTL), belongs to a family of eight secreted glycoproteins, but doesn't bind to the tyrosine kinase with immunoglobulin-like and EGF-like domains (Tie)2 angiopoietin receptor or to the related protein Tie1, and, classified as orphan ligand, appears to exhibit biological functions different from angiopoietins (193–195). ANGPTL2 manages tissue homeostasis by induction of inflammation and angiogenesis (194, 196). Elevated ANGPTL2 concentrations are present in gingival crevicular fluid (GCF) from chronic periodontitis patients and stimulation with P. gingivalis LPS up-regulated ANGPTL2 mRNA and protein levels in gingival squamous cell carcinoma Ca9-22 cells. Recombinant human ANGPTL2 caused augmented IL-1β, IL-8, TNF-α mRNA and protein levels in Ca9-22 cells. Silencing of ANGPTL2 and blocking antibodies against the ANGPTL receptor integrin α5β1 inhibited the IL-1β, IL-8, and TNF-α mRNA and protein up-regulation, which suggests that ANGPTL secretion induces inflammatory cytokines in gingival epithelial cells through an autocrine loop. Thus, a new inflammatory cytokine induction cascade featuring sequential P. gingivalis LPS- ANGPTL2-integrin α5β1 activation was detected which might be responsible for periodontal destructive processes induced by gingival epithelial cells. Thus ANGPTL2 participates in the pathogenesis of periodontitis and may promote continuous chronic inflammation (197).

An immortalized human gingival cell line reacted with enhanced IL-8 and IL-6 mRNA concentrations and supported phosphorylation of ERK and p38 MAP kinase upon infection with A. actinomycetemcomitans (198).

A. actinomycetemcomitans, a member of the taxonomic family Pasteurellaceae, has been related to the development of aggressive periodontitis and may also promote chronic periodontitis (199–201). Amongst other pathogenic members of the periodontal biofilm, A. actinomycetemcomitans produces various substances that are able to damage cells and tissues in a direct or indirect manner. As a member of the oral biofilm this bacterium is known to express complex operons for two cytotoxins, leukotoxin (Lkt) and cytolethal distending toxin (Cdt) (202, 203). These toxins are able to impair the host's immune response and thus may promote the pathogenesis of periodontitis (204). Human gingival epithelial cells (HGECs) were stimulated with 50 clinical strains and 7 reference strains of A. actinomycetemcomitans, including various serotypes and non-serotypeable strains, strains from deep or shallow pockets, and reference serotype strains, and investigated for the expression of IL-1β, IL-6, IL-8, and TNF-α mRNAs. Results showed that IL-8 mRNA was strongly up-regulated after stimulation with clinically obtained A. actinomycetemcomitans and also with reference strains. Serotype f induced the highest expression in comparison to the other serotypes. The JP2-like leukotoxin promoter gene and non-serotypeable (NS) 1 and NS2 caused lesser IL-8 induction compared to serotypeable strains, and IL-8 up-regulation after stimulation with clinical strains from deep pockets showed also significantly lower levels than those isolated from shallow pockets. These results indicate that JP2-like leukotoxin NS1 and NS2 from clinical isolates of A. actinomycetemcomitans, obtained from deep pockets, are able to affect neutrophil function by lowering the IL-8 responses, which results in immunosuppression that may support virulence and survival of these bacteria (205).


Influence of Treponema denticola

T. denticola is a Gram-negative anaerobic oral spirochete that is known as a member of periodontal pathogens and is associated with chronic periodontitis (206, 207). It possesses a variety of virulence factors including dentilisin, an active cell-surface-located protease that cleaves at phenylalanyl/alanyl and prolyl/alanyl bonds, trypsin-like protease activity and the capability for motility and chemotaxis via periplasmic flagella [for Review see Dashper et al. (208)].

On primary gingival epithelial cells it has been demonstrated that T. denticola fails to induce IL-8 production that can't be explained by IL-8 degradation, as a protease mutant that does not degrade IL-8 also didn't induce IL-8 production. T. denticola furthermore failed to promote transcription of IL-8 and hβD-2 mRNA. This impaired epithelial cell response to T. denticola suggests contribution to the pathogenesis of periodontitis by deficient chemotaxis initiation of neutrophils into the periodontal pocket (209). The mechanism of IL-8 suppression by T. denticola was investigated using immortalized human gingival epithelial (HOK-16B) cells. Dentisilin degraded TNF-α, an IL-8-inducing cytokine, suggesting modulation of IL-8 (210). In monocytes derived from human peripheral blood mononuclear cells the role of T. denticola periplasmic flagella (PF) was investigated. Stimulation of the innate immune response via PAMPs revealed, that flagella-exhibiting wild type T. denticola induced the production of the cytokines TNF-α, IL-1, IL-6, IL-10, and IL-12 over activation of nuclear factor (NF)-κB through toll like receptor (TLR)2. These results suggest that T. denticola activates the innate immune response in a TLR2-dependent way and that flagella are involved as key bacterial components (211).

The IL-17 family, consisting of IL-17A–IL-17F, plays an important role in host defense against microbial challenge and has also been demonstrated to be crucial in pathogenesis of periodontitis (212). Initially IL-17A was regarded as a cytokine exclusively expressed by Th17 cells (213) but subsequent studies revealed that other cellular sources are capable to express IL-17A, including γδ T cells, natural killer cells, neutrophils, eosinophils, mast cells and macrophages (212). In gingival tissues of periodontitis patients (214–217) presence of IL-17 producing cells correlates with severity of inflammation in periodontitis lesions (218). Furthermore, elevated IL-17A levels were detected in GCF of patients with periodontitis. The IL-17A levels are reduced after non-surgical therapy (219, 220). Awang et al. (221) analyzed clinical linkage between cytokines of the IL-17 family and periodontitis and the biological effect of IL-17A and IL-17E using in vitro model systems. According to their studies serum, saliva and GCF IL-17A levels are increased in periodontitis patients and correlate with the clinical parameters attachment loss, pocket depth and bleeding on probing. Periodontitis patients exhibit lower IL-17E serum levels and the IL-17A-IL-17E ratio in serum also correlates positively with clinical parameters. In vitro, IL-17E suppressed IL-17A and P. gingivalis induced chemokine-expression by inhibiting phosphorylation of the NF-kB p65 subunit, which indicated that in the pathogenesis of periodontitis the serum IL-17A-IL-17E ratio might be a marker of disease severity while IL-17E is opposing IL-17A. IL-17E produced by oral keratinocytes may down-regulate IL-17A in the periodontium (221).




IMMUNO-MODULATION, BACTERIAL INFECTION AND CANCER CELLS


Role of Growth Arrest-Specific 6 (GAS6)

The growth arrest-specific 6 (GAS6) and Protein S (PROS1) are ligands of the tyrosin-protein kinase receptor (TYRO)3, AXL, and proto-oncogene (MERTK or TAM) receptor tyrosine kinases (222), which are involved in a number of biological processes including immune regulation (223). GAS6 is constitutively expressed in oral epithelial cells and was shown to downregulate epithelial activation at equilibrium state in order to sustain homeostasis (224). In the oral mucosa, the superficial layers of the epithelium express GAS6 together with its predominant receptor AXL. After birth GAS6 expression is induced in a MYD88-dependent way by the developing microbiota. GAS6 expressed by dendritic cells (DCs) was shown to inhibit IL-6 production by supporting development of T regulatory (Treg) cells and diminishing Th17 cell generation. This provides a more tolerogenic immunological environment for the oral microbiota (224). GAS6/AXL signaling seems to play a crucial role in the regulation of homeostasis in the oral mucosa. Thus, pathogens affecting the GAS6/AXL axis might generate a dysbiotic state and subsequent oral pathology. The induction of oral adaptive immune responses by specific pathogens is abolished in Gas6–/– mice and GAS6 is able to induce simultaneously pro- and anti-inflammatory regulatory pathways after mice were infected with P. gingivalis. GAS6 not only upregulates the expression of adhesion molecules in blood vessels which supports extravasation of immune cells belonging to the innate immune response, it also increases the expression of CCL19 and CCL21 chemokines and thus supports oral DCs to migrate to the lymph nodes. In addition the expression of the pro-inflammatory molecules P-selectin, intercellular adhesion molecule 1 (ICAM-1), and vascular cell adhesion molecule 1 (VCAM-1) in the oral mucosa is downregulated by GAS6. Furthermore, GAS6 blocks DC maturation and decreases antigen presentation by DCs to T cells. The authors concluded that GAS6 facilitates migration of inflammatory cells and DCs through the endothelium in both directions, while T-cell stimulation and activation of the mucosa is inhibited. This highly regulated activity of GAS6 supports a rapid but still moderate mucosal immunity to oral pathogens (225).



Bacterial Infection and Cancer Cells

Evidence suggests an increased risk for cancer in chronic infections and inflammation. Bacterial infections and carcinogenesis seem to be connected (226). Periodontitis, one of the most common chronic human inflammatory diseases, is caused by microorganisms in the oral biofilm that trigger local inflammation. Periodontitis induces epithelial proliferation and apical migration along the root surface of the tooth and leads to a constant release of inflammatory cytokines, growth factors, prostaglandins, and enzymes, which all of them are closely associated with the development of cancer (226). In previous studies by Tezal et al. (226, 227) it was reported that the assumed association between periodontitis and oral neoplasms is significant. High PD-L1 expression has been linked to different types of human malignancies like lung cancer, pancreatic cancer, oral cancer, kidney cancer, breast and gastric cancer (228, 229). Head and neck cancer belongs to the 10 most frequent cancers worldwide (230). About 95% of the cases are of the squamous cell carcinoma (SCC) type. Tumors can only grow if their tissue environment provides them with a milieu that sustains their growth and spread. Alterations of tissue homeostasis by infection or inflammation can compromise stromal structural integrity and support tumorigenesis (231).

Programmed death ligand 1 (PD-L1, also called B7-H1) belongs to the B7 family and plays an important role in the regulation of cell-mediated immune response (232, 233). PD-L1 mediated signals are essential in co-signaling of T cell activation and tolerance (234). PD-L1 signals are also able to downregulate T cell functions and survival (228, 235). Modification of immune responses in cancer sites is a crucial mechanism that is linked to immune evasion of tumors. In the tumor microenvironment PD-L1 and programmed death receptor 1 (PD-1) may interact and induce tumor-protective mechanisms by activation of multiple specific pathways including ligation of PD-1 by PD-L1 on antigen specific T cells. This in turn may lead to functional anergy and/or apoptosis of these effector T cells. Ligation of PD-1 by PD-L1 possibly promotes tolerance and directly protects the tumor from apoptosis by reverse signaling through PD-L1 (228, 236, 237). It was demonstrated that P. gingivalis W83 up-regulates PD-L1 in oral cancer cells and in primary as well as in immortalized human gingival keratinocytes (238). High levels of PD-L1 were demonstrated in invasive oral squamous carcinoma cells (239). Also, positive PD-L1 expression was detected in tissue samples of oral squamous cell carcinomas ex vivo (240). Membrane proteins of P. gingivalis are responsible for the up-regulation while cytosolic proteins failed to induce PD-L1 (241). Primary human gingival keratinocytes (PHGK) and oral squamous cell carcinoma (SCC-25) cells up-regulated a number of inflammation-related genes upon infection with P. gingivalis membranes, amongst them members of the downstream NF-κB signaling pathway, TLR signaling and MAPK pathways. These data not only suggest that P. gingivalis membrane induces a pro-inflammatory response in malignant and non-malignant oral epithelial cells, but also indicates a possible link between infection and oral carcinomas, since p38 MAPK and MEK4-JNK1 signaling pathways were shown to be involved in context of tumor microenvironment and the control of cancer growth (242).

In a Chinese population an increased risk for head and neck carcinomas in individuals with oral submucous fibrosis, oral leukoplakia and repetitive dental ulcers was demonstrated suggesting a strong association between these diseases and cancer (243). Also patients with colorectal cancer carry strains of F. nucleatum in the cancerous lesions. F. nucleatum is one of the most densely colonized bacterial species in the oral cavity and known to be associated with periodontitis (244). The effect of oral pathogens on the development of oral tumors was investigated by Hoppe et al. (245). Stimulation of oral tumor cells with P. gingivalis led to increased cell proliferation while in contrast, A. actinomycetemcomitans promoted cell death. Bacteria as well as anti-microbial peptides induced diverse effects on the transcription levels of the oncogenic defensin genes and epidermal growth factor receptor (EGFR) signaling. The primary impact of the two oral pathogens were opposite on the proliferation behavior of oral tumor cells. In contrast, both induced similar secondary effects on the proliferation rate by modulating the extend of oncogenic important α-defensin gene expression. Human defensins differently modify epidermal growth factor receptor signaling, supporting the assumption that these anti-microbial peptides are possible ligands of EGFR. Interaction of these two molecules may cause the modification of the proliferative behavior of oral tumor cells (245). A newly established model of long term infection by stimulating human immortalized oral epithelial cells (HIOECs) with P. gingivalis at a low multiplicity of infection (MOI) for 5–23 weeks was used to investigate possible alterations in tumors. Persistent infection with P. gingivalis induced changes in cell morphology, enhanced proliferative capability and promoted cell migratory and invasive properties. Furthermore, tumor-related genes including GAS6 and PD-L1 that possibly act as key regulators in transformation from non-cancerous to tumor cells were upregulated as a reaction to long-term exposure of P. gingivalis. The authors concluded that P. gingivalis is able to support tumorigenic characteristics of HIOECs, suggesting that chronic P. gingivalis infection possibly represents a risk factor for oral cancers (246). Using a newly-established murine oral tumorigenesis model that is associated with periodontitis, it was reported that chronic bacterial infection supports development of OSCC, inducing enhanced signaling of the IL-6- signal transducer and activator of transcription 3 (STAT3) pathway. The results indicate that periodontal pathogens like P. gingivalis and F. nucleatum promote tumorigenesis by interacting directly with oral epithelial cells through TLR2. Furthermore, these pathogens stimulate the proliferation of human OSCC and induce expression of molecular key factors that take part in tumorigenesis, such as STAT3, that becomes activated in response to interferons, EGF, IL-5, IL-6, and cyclin D1, which is required for progression through the G1 phase of the cell cycle and induces cell migration. These findings represent a function of oral bacteria in the mechanism of chemically induced OSCC tumorigenesis (247).

The epithelial–mesenchymal transition (EMT) is critical in the conversion of normal epithelial cells into carcinoma cells during carcinogenesis. Downregulation of E-cadherin and up-regulation of N-cadherin and the transcription factors zinc finger protein SNAI1 (= Snail), SNAI2 (= Slug) and zinc finger e-box-binding homeobox (Zeb)1 are typical markers for this conversion (248). In a newly established long term infection in vitro model Lee et al. (249) demonstrated that primary oral epithelial cells after 120 h of infection with P. gingivalis develop an EMT phenotype including decrease of E-cadherin and increase of Slug, Snail, and Zeb1 expression. Infection of primary rat epithelial cell cultures with periodontal pathogens for 8 days caused an enhanced percentage of vimentin-positive cells, 20% after stimulation with P. gingivalis and 30% after infection with F. nucleatum. Furthermore, the periodontal pathogens induced augmented activation of Snail and the electrical impedance in comparison with unexposed controls of the cultures was reduced. The capability of the cells to migrate was extended as reaction to bacterial stimulation, demonstrated by the number of migrating cells and scratch-wound closure rates. In conclusion, persistent stimulation of primary rat oral keratinocyte cultures to periodontal pathogens elicited EMT-like properties, which indicates that this process may promote loss of epithelial integrity (250).




CONCLUSIONS

The composition of the gingival epithelial barrier is quite complex since its structure composes of a huge number of different molecules. Keratins are the major component of the keratinizing stratified epithelial cytoskeleton. Depending on localization and function different epithelia express a distinct cytokeratin pattern. In order to sustain their function, stratified epithelia, including the oral mucosa, have to sustain tight cell-cell adhesion in the viable cells that involves intercellular tight and adherens junctions which connect to the actin cytoskeleton. Oral tissue immune response is able to recognize microbial infection and colonization and is able to manage it. The epithelial cells express a number of pattern recognition receptors, including TLRs, NOD1, NOD2 and PARs and are able to assemble different kinds of inflammasomes and express a variety of pro-inflammatory cytokines and chemokines. Resident oral bacteria permanently influence epithelial host cells. Depending on their composition biofilms differentially modify cellular immune responses of the epithelium. Major periodontal pathogens like P. gingivalis possess a number of different strategies to escape from innate immunity and survive in the tissues, which affects the epithelial barrier by modifying the expression and integrity of the different cell-cell junctions.

The balanced immune-inflammatory state of the host with its biofilm in health may be disturbed by distinct species, such as P. gingivalis and F. nucleatum that are able to destroy this equilibrium, causing a dysbiotic microbiota (251). Chronic infections and persistent inflammation are associated with an increased risk of cancer. Persisting bacterial agents may induce up-regulation of immune-inhibitory receptors which in turn facilitate the ability of cancer cells to evade from anti-tumor immune responses of the host. Furthermore, long term infection possibly supports carcinogenesis by regulating gene expressions of the infected epithelial cells in a way that leads to development into a phenotype indicating cellular transformation from normal to cancerous.
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Controlled immune activation in response to commensal microbes is critical for the maintenance of stable colonization and prevention of microbial overgrowth on epithelial surfaces. Our understanding of the host mechanisms that regulate bacterial commensalism has increased substantially, however, much less data exist regarding host responses to members of the fungal microbiota on colonized surfaces. Using a murine model of oropharyngeal candidiasis, we have recently shown that differences in immune activation in response to diverse natural isolates of Candida albicans are associated with different outcomes of the host-fungal interaction. Here we applied a genome-wide transcriptomic approach to show that rapid induction of a strong inflammatory response characterized by neutrophil-associated genes upon C. albicans colonization inversely correlated with the ability of the fungus to persist in the oral mucosa. Surprisingly, persistent fungal isolates showed no signs of a compensatory regulatory immune response. By combining RNA-seq data, genetic mouse models, and co-infection experiments, we show that attenuation of the inflammatory response at the onset of infection with a persistent isolate is not a consequence of enhanced immunosuppression. Importantly, depletion of regulatory T cells or deletion of the immunoregulatory cytokine IL-10 did not alter host-protective type 17 immunity nor did it impair fungal survival in the oral mucosa, indicating that persistence of C. albicans in the oral mucosa is not a consequence of suppressed antifungal immunity.

Keywords: Candida albicans, oropharyngeal candidiasis, immune regulation, persistence, IL-17, IL-10, regulatory T cells


INTRODUCTION

Opportunistic infections with fungi are an increasing cause of morbidity and mortality worldwide. C. albicans is one of the most important disease-causing fungi in humans. It is found as a commensal in the human gastrointestinal and genital tracts with a large proportion of healthy individuals being carriers, but it may become pathogenic under certain conditions. Disease symptoms range from mild to severe superficial infections of the oral and vaginal mucosae, the skin and the nails, affecting millions of people worldwide (1–5). More rarely, C. albicans causes systemic diseases associated with high mortality rates (6). The development of C. albicans mucosal infections is mainly attributed either to defects in host cellular immunity, including those resulting from primary or secondary immunodeficiency, or to changes in the normal microbiota that may be caused by antibiotic treatment (3, 5). Defects in epithelial barrier integrity are also associated with infections, highlighting the importance of intact epithelial function for preventing fungal entry into the tissue (7). In addition to host factors, C. albicans infections may be favored by increased expression of virulence attributes of the fungus. Genetic variations within the species of C. albicans that result in phenotypic diversity within the fungus have been found to modulate its pathogenicity at epithelial surfaces and systemically (8–12). The decision between C. albicans commensalism and disease is thus the result of a fine balance between fungal virulence and host defense mechanisms.

The experimental model of oropharyngeal candidiasis (OPC) in mice has been widely used to study the interaction of C. albicans with the host at mucosal surfaces in vivo (13). It allowed unraveling antifungal immune mechanisms against C. albicans, such as the interleukin 17 (IL-17)-pathway (14), and to explore the pathogenicity of C. albicans mutants at the mucosal surface (15, 16).

Using the common laboratory strain SC5314 for infection in this model only partially reflects the situation of OPC in humans (where C. albicans is a commensal). In wild type mice, this highly virulent C. albicans isolate is rapidly cleared from the oral mucosa (17). However, we have recently shown that depending on the fungal isolate, the murine oral mucosa can be colonized with C. albicans for a prolonged period of time without immunosuppression of the host (12), thus mimicking the situation in humans.

Our initial investigations of the differences between acute and persistent OPC in mice have revealed major differences in the host response that was induced by different isolates of C. albicans (12). Most strikingly, the differential degree of inflammation that was triggered by virulent strains (such as strain SC5314) compared to persistent strains (such as strain 101) correlated with the differential outcome of infection (12). However, the basis of the differential host response triggered by different strains remains unclear.

Here, we applied an unbiased genome-wide approach to obtain a comprehensive view on the host response to two functionally divergent fungal strains and to assess differences in the host response that might modulate the balance between fungal persistence and rapid clearance. Moreover, we addressed whether persistent C. albicans had a propensity to trigger an immunosuppressive response in the host that might be responsible for the curbed immune activation and in turn allow prolonged colonization in the host.



MATERIALS AND METHODS


Mice

Foxp3-GFP.KI x Il10-Thy1.1 reporter mice (18, 19), DEREG mice (20) and Il10−/− mice (21) were obtained from Vijay Kuchroo (Brigham and Women's Hospital, Harvard Medical School, Boston, MA, USA), Manfred Kopf (ETH Zurich, Switzerland), and the Swiss Immunological Mouse Repository, respectively and bred at the Laboratory Animal Service Center (University of Zürich, Switzerland). Wildtype (WT) C57BL/6J mice were purchased from Janvier Elevage. All mice were kept in specific pathogen-free conditions and used in sex- and age-matched groups at 6–15 weeks of age. DEREG mice were treated with 1 μg diphtheria toxin i.p. on day 11 and 13 post-infection. Where indicated, 0.125 mg anti-CD25 antibody (clone PC-61.5.3, BioXCell) or the corresponding isotype control were administered i.p. per mouse 7 days prior to infection.



Fungal Strains and OPC Infection Model

C. albicans strains SC5314 (22) and 101 (12) were grown in YPD medium at 30°C and 180 rpm for 15–18 h. Mice were infected sublingually with 2.5 × 106 C. albicans yeast cells as described (23), without immunosuppression. In co-infection experiments, mice were infected with 1.25 × 106 yeast cells of each strain, i.e., with a total of 2.5 × 106 yeast cells. For determination of the fungal burden, the tongue of euthanized animals was removed, homogenized in sterile 0.05% NP40 in H2O for 3 min at 25 Hz using a Tissue Lyzer (Qiagen) and serial dilutions were plated on YPD agar containing 100 μg/ml Ampicillin. Infection of mice with strain 101 resulted in detectable fungal loads in the tongue and in the feces for >60 days, in some mice >1 year.



Preparation of Tongue Epithelial Sheets and RNA Isolation

The tongue was cut in half to obtain the dorsal part, which was then freed from muscle tissue with a scalpel and floated on PBS containing 2.86 mg/ml dispase II (Roche) for 60 min with the epithelial side facing upwards to separate the epithelial tissue from the lamina propria. Epithelial sheets were incubated in RNAlater (Sigma-Aldrich) for 1 min immediately after isolation and then grinded in liquid N2. Three epithelial sheets were pooled for the generation of each RNA-seq replicate and two replicates were generated.

RNA isolation from epithelial sheets was done by combining two phase separations and DirectZol™ RNA MiniPrep kit (Zymo Research) as described (24). DNase treatment was performed off-column using the DNA-free™ Kit (Life Technologies). RNA integrity was determined using a 2100 Bioanalyzer system (Agilent Technologies) according to the manufacturer's instructions. Samples were only included in the study if the RNA integrity value (RIN) was above 7.5 and no obvious degradation was observed.



Preparation of cDNA Libraries and Sequencing

cDNA libraries were generated using the SureSelect multiplexed sequencing kit with strand-specific RNA library preparation for Illumina (Agilent Technologies) according to the manufacturer's instructions. In brief, mRNA was purified using poly(A) beads, fragmented and double-stranded cDNA with ligated adapters was generated. The library was amplified using primers that match the adapters. During this step, RNA-seq indexes were inserted into the libraries for multiplexing. The collected double-strand cDNA was then amplified and indexed in a separate PCR. RNA quality, fragment size, and cDNA concentration were determined using a fragment analyzer automated CE system (Advanced Analytical) and a Qubit fluorometer (Invitrogen).

cDNA libraries were subjected to cluster generation using the Illumina TruSeq PE cluster kit v3 reagents and sequenced on the Illumina HiSeq 2500 system with TruSeq SBS kit v3 reagents at the Lausanne Genomic Technologies Facility (LGTF).



RNA-Seq Data Analysis

RNA-seq purity-filtered reads were adapter- and quality-trimmed with cutadapt (v1.2.1) (25) and filtered for low complexity with seq_crumbs (v0.1.8) (https://bioinf.comav.upv.es/seq_crumbs). After alignment against the mouse genome GRCm38.p4 using STAR (v2.4.2a), htseq-count (v0.5.4p3) (26) was used to summarize the number of read counts per gene locus. Genes with counts fewer than one per million in all samples were removed from the statistical analysis, yielding 13,855 remaining genes. Data normalization and differential expression analysis were performed in R (v3.2.2) as follows. Normalization of read count data was performed with the edgeR package using the TMM (trimmed mean of M-values) method (27). Normalized read count data was transformed to log2-counts with the voom transformation (28). A linear model was applied to the transformed data using the limma package (29) on all conditions, all in duplicates. The contrasts representing the difference between the infected and naïve conditions were studied, including conditions at 9 h, 1 day, 3 days, 7 days post-infection with strains SC5314 and 101, respectively. P-values produced from the differential analysis were adjusted using Benjamini & Hochberg correction (30). Genes were considered to be differentially regulated if their expression was altered by a factor of at least 2-fold with adjusted p-values < 0.05 (false discovery rate, FDR). Gene Ontology (GO) enrichment analysis was done with the topGO package (version 2.32.0) using the fisher statistic and weight01 algorithm. This analysis was restricted to all GO terms that are offspring of GO:0002376 (immune system processes) and to genes that are differentially regulated in at least one contrast. An additional enrichment analysis was performed with the MetaCoreTM software (Thomson Reuters, https://clarivate.com/products/metacore) on all GO terms belonging to biological process. Heat maps and hierarchical clustering were generated with the Morpheus software (Broad Institute, https://software.broadinstitute.org/morpheus) using the distance of one minus Pearson correlation and the average linkage mode. The data analyzed here are accessible under the NCBI BioProject accession number PRJNA491801.



RNA Isolation From Total Tongue and Quantitative RT-PCR

Isolation of total RNA from bulk tongues was carried out according to standard protocols using TRI Reagent® (Sigma Aldrich). cDNA was generated by RevertAid reverse transcriptase (Thermo Fisher). Quantitative PCR was performed using SYBR Green (Roche) and a QuantStudio 7 Flex (Life Technologies) instrument. The primers used for qPCR are listed in Table S1. All qRT-PCR assays were performed in duplicate and the relative expression (rel. expr.) of each gene was determined after normalization to β-actin transcript levels.



Preparation of Lymph Node Cells for T Cell and Treg Analysis by Flow Cytometry

Cervical lymph nodes were removed and single cell suspensions were prepared by digestion with DNase I (2.4 mg/ml, Roche) and Collagenase I (2.4 mg/ml, Invitrogen) in PBS for 15 min at 37°C. For inducing cytokine production by primed T cells, 106 cervical lymph node cells were re-stimulated for 6 h with 1 × 105 MutuDC1940 cells (31) pulsed with 2.5 × 105/ml heat-killed C. albicans or left unpulsed. Brefeldin A (10 μg/ml, AppliChem) was added for the last 5 h to inhibit the secretory pathway. Intracellular IL-17 and IFN-γ production was then analyzed by flow cytometry.



Preparation of Tongue Cells for Flow Cytometry

For quantification of neutrophils, tongues were removed and digested with DNase I (2.4 mg/ml, Roche), and Collagenase IV (4.8 mg/ml) in PBS for 45 min at 37°C. For analysis of Tregs, mice were anesthetized with a sublethal dose of Ketamin (100 mg/kg), Xylazin (20 mg/kg), and Acepromazin (2.9 mg/kg) and perfused by injection of PBS into the right heart ventricle prior to removing the tongue. Tongues were cut in half and the underlying muscle tissue was carefully removed using a scalpel. The remaining tongue tissue was cut into small pieces and digested with DNase I (2.4 mg/ml, Roche), Collagenase IV (2.4 mg/ml) and in some case Trypsin (1 mg/ml) in PBS for 45 min at 37°C. Single cell suspensions were obtained by passing the digested tissue through a 70 μm strainer using icecold PBS supplemented with 1% FCS and 2 mM EDTA and then stained for flow cytometry.



Flow Cytometry

Single cell suspensions of tongue and lymph nodes were stained in PBS supplemented with 1% FSC, 5 mM EDTA, and 0.02% NaN3. LIVE/DEAD Near IR stain (Life Technologies) was used for exclusion of dead cells. The antibodies for surface and intracellular cytokine staining are listed in Table S2. For intracellular cytokine staining, cells were fixed and permeabilized using BD Cytofix/Cytoperm reagent (BD Biosciences) and subsequently incubated in Perm/Wash buffer (BD Biosciences). All extracellular and intracellular staining steps were carried out on ice.

For intranuclear Foxp3 staining, cells were fixed/permeabilized for 40 min at RT using the Foxp3 Staining Buffer Set (eBioscience) and subsequently stained for 40 min at RT in BD Perm/Wash buffer (BD Biosciences), Cells were acquired on a FACS Gallios (Beckman Coulter), a SP6800 Spectral Analyzer (Sony) or a BD LSRFortessa (BD Biosciences). The data were analyzed with FlowJo software (FlowJo LLC). The gating of the flow cytometric data was performed according to the guidelines for the use of flow cytometry and cell sorting in immunological studies (32), including pre-gating on viable and single cells for analysis. Absolute cell numbers of lymphoid cell populations were calculated based on a defined number of counting beads (BD Biosciences, Calibrite Beads), which were added to the samples before flow cytometric acquisition.



Histology

For histology, tissue was fixed in 4% PBS-buffered paraformaldehyde overnight and embedded in paraffin. Sagittal sections (9 μm) were stained with Periodic-acidic Schiff (PAS) reagent and counterstained with Haematoxilin and mounted with Pertex (Biosystem, Switzerland) according to standard protocols. Images were acquired with a digital slide scanner (NanoZoomer 2.0-HT, Hamamatsu) and analyzed with NDP.view2.




RESULTS


The Host Response to C. albicans Strain 101 Is Delayed Compared to Strain SC5314

To obtain genome-wide information about the host response to C. albicans in the oral mucosa, we performed a transcriptomic analysis. We used the two functionally distinct C. albicans strains SC5314 and 101 to assess strain-specific differences between acute and persistent infection in mice at 9 h, 1 day, 3 days and 7 days post-infection. To enrich for host tissue in direct contact with the fungus, we isolated epithelial sheets from the tongue by dispase II-mediated digestion of the basal membrane. Epithelial sheets were strongly enriched for epithelial cells compared to the proportion found in the bulk tongue, but they also contained tissue-resident and infiltrated immune cells as evidenced by histology and flow cytometry (Figure S1).

Epithelial sheets were subjected to RNA isolation, cDNA library generation and sequencing. Analysis of the number of differentially expressed genes over time in comparison to uninfected conditions revealed a rapid onset of the transcriptional response to the virulent strain SC5314 between 9 and 24 h post-infection, whereas a slower kinetic was observed after infection with the persistent strain 101, which started rising after day 1 post-infection and increased continuously until day 7 post-infection (Figures 1A–C). Interestingly, in case of strain SC5314, the number of differentially expressed genes increased until day 3 post-infection (Figures 1A–C), even though the fungal burden is known to decline rapidly at this time point for this specific isolate (33). The genes differentially expressed on day 3 post-infection largely differed from those regulated earlier (Figure S2). Finally, by day 7, only very few genes were changed in comparison to uninfected controls (Figures 1A–C, Figure S2) indicating that homeostasis was rapidly restored after clearance of strain SC5314.
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FIGURE 1. The host response to C. albicans strain 101 is delayed compared to strain SC5314. Epithelial sheet from C. albicans strain SC5314- and strain 101-infected WT mice were subjected to RNA-seq analysis. (A) Graph showing the total number of differentially expressed (DE) genes at the indicated time points compared to naïve controls. (B) Separate display of the up- and down-regulated genes at the indicated time points. (C) Volcano plots displaying the fold changes and the FDR of all genes detected in each condition separately. Genes with FDR < 0.05 and fold change < −2 or > 2 are marked in red.





Quantitative and Qualitative Differences in the Host Response to Virulent and Persistent OPC

Given the delayed response observed to the persistent strain 101 compared to the virulent strain SC5314, we were interested whether the two responses were qualitatively comparable, regardless of kinetics of the observed changes. While a large number of genes were selectively regulated by SC5314, there was also a considerable overlap between the two responses, whereby most co-regulated genes were delayed by one to two time points in case of strain 101 (Figure S2). Likewise, at the level of the regulated biological processes, as defined at the level of gene ontology, there was a good concordance of the response to the two fungal strains, again with slower kinetics and lower FDR in case of strain 101 (Figure S3). The processes that were most strongly induced early after infection comprised those linked to antimicrobial response and immunity, while on day 3 post-infection with strain SC5314, metabolic processes dominated. The processes that were most strongly repressed by both strains comprised those linked to development and negative regulation of signaling (Figure S3).

Among the immune system processes that were most significantly regulated by strain SC5314, some were found to have a comparably high FDR in the response to strain 101, including GO terms linked to chemotaxis and cell migration. This strain-specific difference was also reflected at the level of the genes that were annotated to these processes: genes encoding for the neutrophil chemokines CXCL1, CXCL2, and CXCL5 as well as IL-1β were strongly induced in response to SC5314 on day 1 post-infection, but very poorly in response to 101 at any time point analyzed (Figure 2). Even after 60 days of infection, when mice were still highly colonized with strain 101, expression of these factors remained as low as in uninfected controls (Figures S4A–B). This was consistent with the curbed recruitment of neutrophils to the tongue infected with strain 101 in comparison to strain SC5314 (12). In some mice, strain 101 persisted for over 1 year without causing inflammation or triggering neutrophil recruitment (Figures S4C–E).
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FIGURE 2. Co-regulated and differentially regulated genes in the mucosal response to strains 101 and SC5314. The GO term enrichment analysis on genes that are differentially regulated in at least one contrast for the 62 GO terms that are offspring of GO: 0002376 (immune system processes) with p < 0.05 yielded 182 genes. Genes were ordered by hierarchical clustering of their log2 fold changes, which are displayed in a heat map with a row-scaling color scheme.



Among the genes annotated to immune system processes that were significantly regulated (FDR < 0.05), we observed many that were regulated to a comparable degree by both fungal strains, including genes associated with the IL-17 pathway (Figure 2). Conserved induction of the IL-17 pathway by both fungal strains was also confirmed at the level of IL-17 target genes, including those coding for S100a8, S100a9, Lipocalin 2, β-defensin-3, and β-defensin-1. They reached highest expression levels on day 1–3 post-infection in case of strain SC5314, and on day 3–7 in case of strain 101, respectively (Figure 2). Defb3 and Defb1 genes were an exception to this pattern as their expression did not rise before day 3 in either condition (Figure 2). Overall, this confirmed what we previously observed in response to these two fungal strains (Figure S4F) (12).



C. albicans Strain 101 Does Not Actively Suppress the Host Response at the Onset of Infection

In search of an explanation for the delayed and more limited host response to strain 101 in comparison to strain SC5314, we examined whether expression of immune regulatory and immunosuppressive genes that might curb the inflammatory response predominated during infection with strain 101. Surprisingly, such genes were not found to be significantly induced in the RNA-seq data set by any of the two strains. Moreover, in a GO process enrichment analysis, processes associated with immune regulation such as “negative regulation of immune response” or “negative regulation of immune system processes” were not altered significantly. This was also consistent with the absence of an increase in IL-10 or TGF-β transcript levels by RT-qPCR in epithelial sheets (Figure 3A). This analysis may not have captured the full spectrum of the antifungal response, as the epithelial sheets used for RNA isolation and sequencing/RT-qPCR do not represent the full complexity of the mucosal immune system and some cells may have been lost during preparation of the epithelial sheets (and others might act at a distance). We therefore quantified IL-10 and TGF-β expression levels in the bulk tongue of 101-infected compared to naïve mice (Figure 3B).
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FIGURE 3. The persistent strain 101 does not suppress the antifungal host response. (A,B) Relative expression of Il10 (left) and Tgfb1 transcripts (right) in epithelial sheets (A) or in bulk tongue tissue (B) of mice that were infected with strain 101 or SC5314 for the indicated period of time. Each symbol represents a pool of epithelial sheets from three animals each (A) or a single mouse (B). The geomean of each group is indicated. Data are pooled from two independent experiments each. (C,D) % Foxp3+ Tregs within the viable CD45+CD3+CD4+ population in the tongue of mice that were infected with strain 101 or SC5314 for the indicated period of time. Representative FACS plots and the gating strategy are shown in C, summary plots showing the mean + SD of data pooled from two independent experiments with 3–4 animals per group are shown in D. (E,F) Mice were treated with anti-CD25 or isotype control antibody prior to infection with strain 101. Relative expression of Il17a (left), S100a8 (middle), and Cxcl1 (right) (E) and tongue fungal loads (F) in the bulk tongue tissue at the indicated time point after infection are shown. In (E), each symbol represents a single animal, The geomean of each group is indicated. The dotted line represents transcript levels in naïve animals (mean of 8 animals). In (F), each bar is the geomean + SD of 4 animals per group. (G,H) WT mice were infected sublingually with a 1:1 mixture of strain 101 and strain SC5314 or with each strain alone. Tongues were harvested on day 1 post-infection and analyzed for the infiltration of Ly6G+Ly6CloCD11b+ neutrophils by flow cytometry (G) and for the expression of S100a9 and Il17f (H) transcript by RT-qPCR. Data are the mean + SD of 3–4 mice per group. Graphs display data representative of one out of two independent experiments. The dotted line represents the detection limit. Statistics were calculated using one-way ANOVA. In (E), statistics compare infected to naïve groups. ***p < 0.001, ****p < 0.0001.



We further looked at regulatory T cells (Tregs) and whether they contribute to suppression of the early host response to strain 101. Immune suppression might be undetectable at the RNA level as transcriptional changes may occur in rare cell populations that are lost in resolution in the whole tissue. Tregs are more abundant in the oral mucosa compared to other organs (34). Detection of lymphocytes in the tongue is challenging due to the small number of cells and the high degree of autofluorescence of this tissue (37, 38). Using a refined protocol of tissue preparation and flow cytometry we were able to detect a small number of Foxp3+ T cells in the tongue which were present at comparable frequencies in naïve and infected animals (Figures 3C–D). Moreover, depletion of Tregs prior to infection (Figure S5) did not alter the kinetics of the epithelial response to strain 101 or allow expression of inflammatory genes such as those regulating the neutrophil response (Figure 3E), nor did it affect the fungal load (Figure 3F). This indicates that Tregs are not responsible for the limited and delayed host response at the onset of persistent OPC.

Finally, we tested the capacity of strain 101 to suppress the host response in the oral mucosa with an unbiased approach using a co-infection experiment for which we infected mice with a 1:1 mix of strain 101 and strain SC5314. We questioned whether the presence of strain 101 would lead to a reduced overall host response in the tongue due to a dominant regulatory response. This was however not the case: the induction of a rapid inflammatory response was as efficient after co-infection as after infection with strain SC5314 alone. The recruitment of neutrophils to the site of infection as well as the induction of Il17f and S100a9, two of the most strongly induced genes by SC5314 on day 1 post-infection, was comparable in both conditions (Figures 3G–H). These data show that strain 101 is not actively repressing the antifungal host-response and that fungal persistence is not a consequence of suppressed immune activation.



The Treg Compartment Is Normal During Persistent C. albicans Infection

Albeit with delay and more restricted in comparison to strain SC5314, C. albicans strain 101 does induce a pronounced immune response in the host, characterized by a prominent IL-17 signature. While induction of the type 17 response does not lead to clearance of strain 101 from the oral mucosa, IL-17 signaling is essential for controlling persistence and preventing fungal overgrowth (12). Importantly, unlike infection with strain SC5314, the type 17 response to strain 101 infection is maintained over a prolonged period of time (Figures 4A,B). Given the potential of type 17 immunity to cause immunopathology and provoke tissue damage (35), tight regulation by mechanisms such as those mediated by Tregs might be necessary.
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FIGURE 4. The Treg response during persistent colonization of the oral mucosa with C. albicans. (A–F) WT mice were sublingually infected with strain 101 or SC5314 and cervical lymph node cells were analyzed on day 7 or day 18–21 as indicated. (A,B) Lymph node cells were re-stimulated with MutuDC1940 cells that were pulsed with heat-killed C. albicans or left unpulsed for 5 h in the presence of Brefeldin A. IL-17A production by CD3+CD4+ cells was analyzed by intracellular cytokine staining and flow cytometry. (C,D) The frequency of Foxp3-expressing cells within the CD4+ lymphocyte compartment was assessed by flow cytometry. (E,F) PD-1, TIGIT, and Tim-3 expression by CD4+Foxp3+ Treg cells was analyzed by flow cytometry. (G–J) Il10-Thy1.1 reporter mice were sublingually infected with strain 101 or SC5314 or left naive. IL-10 expression by Foxp3+ Tregs and Foxp3− effector T cells was assessed in the cervical lymph nodes (G,H) and in the tongue (I,J) on day 21 post-infection by flow cytometry. Cells were pregated on CD90+CD4+ (G,H) or on CD45.2+CD3+ (I,J), respectively. Representative FACS plots are shown in (A, C, G, I); summary plots with data pooled from at least 2 experiments with 6–9 animals per infected group and 3–4 animals per naive group are shown in (B, D–F, H, J), with the exception of the right plot in (D), where data are from a single experiment with 3 animals per group. In B, Statistics were calculated using t-test. In (D–F, H, J), statistics were calculated using one-way ANOVA. *p < 0.05.



We thus turned to the analysis of Tregs at later time points of infection to assess their role during persistent colonization of the oral mucosa with C. albicans. Treg numbers did not change significantly over the course of 3 weeks of infection and there was also no difference in Treg frequencies between strain 101 and strain SC5314-infected mice (Figures 4C,D). Treg frequencies remained unchanged even after 100 days of C. albicans colonization with strain 101 (data not shown). We also examined possible functional differences in Tregs in the different settings. Tregs are characterized by the expression of co-inhibitory receptors. We have shown previously that Tim-3 expression is induced on Tregs in a type 17-polarized environment (36) and this was also observed here (Figure 4E). Differences in Tim-3 expression by Tregs were detected on day 7 post-infection, but were lost at later time points (Figures 4E,F). The expression of other co-inhibitory receptors remained unchanged during the course of OPC with either strain of C. albicans (Figures 4E,F).

Next we assessed IL-10 expression by Tregs, a key effector molecule of these cells with a central role in preventing inflammation-mediated tissue damage. IL-10 is very difficult to track by intracellular staining and flow cytometry. Therefore, we made use of Il10-Thy1.1 reporter mice (18). These mice also contain a GFP-reporter for Foxp3 (19), making the need for intranuclear staining of Foxp3 dispensable. Infecting these mice with C. albicans revealed a strong expression of IL-10 by Foxp3+ cells and to a lesser degree by Foxp3− cells (Figures 4G,H). However, again no significant differences in IL-10 production were observed between Tregs from naïve and infected animals, if anything, there was a trend toward higher IL-10 in SC5314 infected mice (Figures 4G,H).

Next, we analyzed IL-10 production by Tregs in the tongue. A prominent fraction of those also expressed IL-10, as assessed by the Thy1.1 reporter (Figures 4I,J). In addition, we detected some IL-10 expression by Foxp3-negative T cells. Albeit with some variation, these populations were detected in all samples analyzed, including the naïve tongue and that of animals infected with either strain of C. albicans (Figures 4I,J).



Tregs and IL-10 Are Not Required for C. albicans Persistence in the Murine Oral Mucosa

Although we did not observe significant changes in the Treg compartment during C. albicans colonization of the oral mucosa, the Tregs present might still modulate the antifungal host response to C. albicans and thereby contribute to fungal persistence in the oral mucosa. We therefore examined DEREG mice (20) in which Tregs can be ablated by means of diphtheria toxin injection. We chose to initiate Treg depletion at a time point when stable fungal colonization and burden-regulating IL-17 immunity was already established (Figure 5A). To our surprise, we did not observe any significant changes in the degree and the quality of the effector T cell response to C. albicans (Figure 5B) or in the growth of the fungus on the mucosa (Figure 5C) upon Treg depletion.
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FIGURE 5. The absence of Tregs or IL-10 does not compromise persistence of strain 101 in the oral epithelium. (A–C) DEREG mice and control littermates were sublingually infected with C. albicans strain 101 and treated with diphtheria toxin on day 11 and 13 after the antifungal response was fully established. One day after the last treatment, the mice were sacrificed for analysis. (A) Treg depletion efficiency was analyzed in the cervical lymph nodes by flow cytometry. Data are the % of Foxp3+ cells within the population of CD4+ viable cells. (B) Lymph node cells were re-stimulated with MutuDC1940 cells that were pulsed with heat-killed C. albicans or left unpulsed for 5 h in the presence of Brefeldin A. IL-17A (left) and IFN-γ (right) production by CD3+CD4+ cells was analyzed by intracellular cytokine staining and flow cytometry. (C) The fungal burden was determined by plating tongue homogenates on YPD agar. Each bar represents the mean + SD of 3 to 4 mice per group. Data are from one out of two independent experiments. (D,E) IL-10-deficient mice and WT controls were sublingually infected with C. albicans strain 101 and analyzed on day 9 post-infection. (D) Lymph node cells were re-stimulated and analyzed for IL-17 (left) and IFN-γ (right) production as in B. (E) Tongue fungal burdens were analyzed as in C. Each bar represents the mean + SD of 8–9 mice per group pooled from two independent experiments. Statistics were calculated using unpaired t-Test. ***p < 0.001.



Because IL-10 production was not limited to the Treg compartment, we also assessed the impact of IL-10 itself on the antifungal response and on C. albicans colonization levels separately by means of IL-10-deficient mice (21). Similarly to what we observed under Treg-depleting conditions, IL-10 deficiency did not affect the extent or the quality of the C. albicans-specific Th17 response in animals infected with strain 101 (Figure 5D). Consistent with this, fungal loads in the tongue were also unchanged in IL-10 knockout mice compared to WT controls (Figure 5E). Together, these findings indicate that immune regulation by Tregs and IL-10 is dispensable for persistent C. albicans colonization of the oral mucosa.




DISCUSSION

Immunoregulatory mechanisms such as those mediated by Tregs and IL-10 are essential for maintaining tolerance and preventing excessive immune responses to commensal microbes. In this study we analyzed the role of immune regulation during C. albicans colonization. Our data indicate that fungal persistence in the oral mucosa is not associated with immunosuppression that would blunt a strong host response and prevent rapid fungal elimination at the onset of infection, as it is observed during OPC with the highly virulent strain SC5314. Rather, the failure of strain 101 to induce an early inflammatory response appears to result from intrinsic properties of the strain and how it interacts with the host and in particular with the epithelium.

The epithelial response to C. albicans in turn instructs the extent of neutrophil trafficking to the site of infection (39). The fungal determinants that are responsible for the strain-specific differences at the interface with the epithelium and that underlie the differential behavior in contact with the host may comprise differences in filamentation (40), tissue invasion (12), and the production of virulence factors such as the recently identified peptide toxin candidalysin (15). Candidalysin has been linked to mucosal immune activation and neutrophil recruitment (15, 41) with an important contribution of IL-1 family cytokine-dependent chemokine induction (39, 42, 43). Our previous work has shown reduced expression of the ECE1 gene (which encodes for candidalysin) by strain 101 in contact with epithelial cells (12), and this difference to strain SC5314 may at least in part be responsible for the observed interspecies differences. The identification of relevant fungal factors underlying the differential host response is subject of ongoing research.

Induction of an inflammatory response by the highly virulent C. albicans strain SC5314 in epithelial cells and tissues has been observed in previous transcriptomic studies (44–47). However, our study is the first, to our knowledge, that assesses the kinetics of the transcriptional response to two functionally distinct C. albicans isolates in the murine oral mucosa in vivo. While host genes associated with the neutrophil response are differentially regulated during infection with strains SC5314 and 101, many other immune genes including those linked to the IL-17 pathway, are expressed to comparable levels in response to the two C. albicans strains under investigation, albeit with delay in case of strain 101. By day 3, IL-17 and related cytokines are expressed at comparable levels in both SC5314- and 101-infected tongues. Similarly, Th17 differentiation was indistinguishable after day 7 post-infection. The differential activation of the epithelial-inflammatory response and the IL-17 pathway by strain 101 underlines the notion that the two host pathways constitute two distinct modules of the antifungal response in the oral mucosa that are regulated largely independently. It also supports our earlier observation that the recruitment of neutrophils to the infected epithelium is not compromised in absence of IL-17 signaling (33), and strong IL-17 induction in response to strain 101 on the other hand is not sufficient for bringing neutrophils to the site of infection (12).

The uncoupling of the IL-17 pathway from the epithelial/neutrophil response is also consistent with our recent finding that induction of IL-17 is instructed by dendritic cells and in particular by the Langerin+ subset of dendritic cells that have the unique property in the C. albicans-infected oral mucosa to co-produce the three major IL-17-instructing cytokines IL-23, IL-1, and IL-6 (37). The IL-17 response may be further modulated via epithelial sensing of C. albicans and IL-1 family cytokines that are released from the epithelium in response to candidalysin in case of infection with strain SC5314 (42, 43).

β-defensin-3 is a prominent target gene of IL-17 and it was proposed to act as the major antifungal effector molecule during OPC (48). Strong induction in response to both strains SC5314 and 101 was confirmed in our RNA-seq analysis. However, surprisingly, β-defensin-3 expression was delayed when compared to the kinetics of IL-17 induction in case of SC5314. It reached its maximum levels only by day 3 post-infection when the fungus was already nearly cleared from the oral mucosa. Together with the observation that the lack of β-defensin-3 resulted in a slightly less severe loss of fungal control than IL-17 signaling deficiency (48), this suggests that additional IL-17-dependent antimicrobial effector molecules are likely involved.

Based on the observation that the IL-17 pathway is crucial for regulating fungal growth independently of the fungal isolate (12), it is surprising that strain 101 is able to resist the continuously activated IL-17-mediated immunity and to persist in the oral mucosa. Its predominant localization to the stratum corneum may limit its exposure to host immune effectors. Further, it is surprising that the prolonged IL-17 response does not trigger signs of tissue damage despite the strong pro-inflammatory potential of the cytokine. The IL-17 pathway can drive severe immunopathology in barrier tissues under certain conditions, as seen for instance in the skin of psoriatic patients and in murine models of psoriasis (49, 50). Th17 cells have been divided in different subtypes that differ in their pathogenic potential (51). Here, we show that a small proportion of all T helper cells in the lymph nodes and in the tongue of mice infected with strain SC5314 or 101 do express IL-10. However, a comprehensive analysis of the cytokine profile of C. albicans-specific Th17 cells during persistent and acute OPC remains to be determined in the future.

The generation of Th17 cells was proposed to be supported by Tregs. This might be through the provision of TGF-β (19, 52, 53), but also through the consumption of IL-2, which negatively regulates Th17 differentiation (54). As such, Pandiyan et al. showed in an adoptive transfer system that co-transfer of Tregs with effector T cells enhances Th17 differentiation in response to C. albicans (55). In our study, depletion of Tregs in wild type mice did not affect the induction of C. albicans-specific Th17 cells, nor did it affect already established type 17 immunity when Tregs were depleted at a later time point of persistent colonization. Similar results were also obtained in mice lacking IL-10, one of the key regulatory cytokines and a potent suppressor of Th17 cells (56). Together, our data thus indicate that immune regulation does not make an essential contribution to the balance of a protective non-pathological Th17 response and fungal persistence in our model.

In conclusion, our study indicates that the attenuated host response to C. albicans strain 101 is well-tared to allow fungal persistence in the oral mucosa by preventing elimination of the fungus but also uncontrolled fungal overgrowth as well as avoiding the development of immunopathology.
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Figure S1. Characterization of tongue epithelial sheets. Epithelial sheets were isolated from infected tongues as described in the Methods and analyzed by microscopy after periodic acid-Schiff staining (A) or digested with trypsin to obtain single cell suspensions and analyzed by flow cytometry (B) for their composition. In (A), the black arrow indicates epithelial cells; the white arrow indicates cellular infiltrates; the white arrow head indicates C. albicans hyphae. The numbers indicate the % of cells in each gate. The representative data shown are from strain SC5314-infected animals.

Figure S2. Overlap of differentially expressed genes at different time points and by the different strains of C. albicans. Venn diagrams showing the number of differentially expressed genes in tongue epithelial sheets at each time point after infection with C. albicans strain SC5314 (A) or strain 101 (B). (C) Venn diagram showing the differentially expressed genes on day 1 and 3 after infection with strain SC5314 and on day 3 and 7 after infection with strain 101, respectively, i.e., the conditions with the highest number of gene expression activity. The numbers in the overlapping areas refer to the number of genes that were co-regulated in the respective conditions.

Figure S3. The host response to C. albicans in the tongue is dominated by changes in the immune response and metabolic processes. The heat maps show the upregulated (A) and downregulated (B) GO processes with the smallest FDR. The heat map was arranged by hierarchical clustering using the distance of one minus Pearson correlation and the average linkage mode.

Figure S4. Transcriptional response to C. albicans strain 101 during persistent oral infection. (A,B) Mice were infected with strain 101 for 60 days. Relative expression of Cxcl1 (left), Cxcl2 (middle), and Cxcl5 transcripts (right) in the bulk tongue tissue (A) and cfu in the feces (B) are shown. Each symbol represents one animal. The geomean of each group is indicated. (C–E) Mice were infected with strain 101 for 12–14 months. The fungal load in the feces (C) and in the tongue (D) are shown. (E) shows representative tongue histology stained with PAS from one of the still highly colonized mice. (F) Relative expression of S100a8 (left), Lcn2 (middle), and Defb1 transcripts (right) in the tongue of mice were infected with strains 101 or SC5314 for the indicated period of time. Each symbol represents one animal. The geomean of each group is indicated. Dotted line: geomean of a naive control group. Data are pooled from two independent experiments each, except for fecal cfu in (C), which are from one experiment only. Statistics were calculated using one-way ANOVA (comparison of infected to naïve groups). *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.

Figure S5. Treg Depletion. % Foxp3+ cells within the splenic CD4+CD3+ population of mice treated with anti-CD25 antibody or isotype control as indicated.

Table S1. Oligonucleotides used in this study.

Table S2. Antibodies used in this study.
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Aggregatibacter actinomycetemcomitans (Aa) is a low-abundance Gram-negative oral pathobiont that is highly associated with a silent but aggressive orphan disease that results in periodontitis and tooth loss in adolescents of African heritage. For the most part Aa conducts its business by utilizing strategies allowing it to conceal itself below the radar of the host mucosal immune defense system. A great deal of misinformation has been conveyed with respect to Aa biology in health and disease. The purpose of this review is to present misconceptions about Aa and the strategies that it uses to colonize, survive, and evade the host. In the process Aa manages to undermine host mucosal defenses and contribute to disease initiation. This review will present clinical observational, molecular, and interventional studies that illustrate genetic, phenotypic, and biogeographical tactics that have been recently clarified and demonstrate how Aa survives and suppresses host mucosal defenses to take part in disease pathogenesis. At one point in time Aa was considered to be the causative agent of Localized Aggressive Periodontitis. Currently, it is most accurate to look at Aa as a community activist and necessary partner of a pathogenic consortium that suppresses the initial host response so as to encourage overgrowth of its partners. The data for Aa's activist role stems from molecular genetic studies complemented by experimental animal investigations that demonstrate how Aa establishes a habitat (housing), nutritional sustenance in that habitat (food), and biogeographical mobilization and/or relocation from its initial habitat (transportation). In this manner Aa can transfer to a protected but vulnerable domain (pocket or sulcus) where its community activism is most useful. Aa's “strategy” includes obtaining housing, food, and transportation at no cost to its partners challenging the economic theory that “there ain't no such thing as a free lunch.” This “strategy” illustrates how co-evolution can promote Aa's survival, on one hand, and overgrowth of community members, on the other, which can result in local host dysbiosis and susceptibility to infection.

Keywords: A. actinomycetemcomitans, leukotoxin, habitat, nutritional sustenance, biogeographical mobilization, aggressive periodontitis


INTRODUCTION

Ever since 1976 when it was discovered that Aggregatibacter actinomycetemcomitans (ne Actinobacillus) was associated with Aggressive Periodontitis in adolescents there have been many attempts to understand its relationship to disease (1, 2). A. actinomycetemcomitans (Aa) was first reported by Klinger in 1912 where he described a previously unknown Gram-negative microorganism that was found in actinomycotic lesions associated with Actinomyces, hence the latin word “comitans” in common with Actinomyces (3). In addition to its association with aggressive periodontitis, Aa has been implicated as an organism associated with a variety of systemic diseases including but not limited to; infectious endocarditis, brain abscesses, and chest wall abscesses (4). While initially it was thought that Aa was the cause of localized aggressive periodontitis (LAgP) (5) current research suggests that Aa is implicated as an important and perhaps necessary constituent of a consortium of microorganisms related to disease (6). What follows is a review that focuses on major trends that have supported, and in some cases misrepresented the role of Aa in the LAgP disease process. The review will divide Aa's role in the disease process into several steps that are required for this specific microorganism to participate in an infection that attacks the periodontal attachment apparatus and bone. In this review the disease provoking process has been divided into four steps as follows; Step 1: colonization above the gum-line, Step 2: integration and survival in the biofilm milieu, Step 3: migration to a new setting below the gumline, and Step 4: suppression of the mucosal host defenses below the gum-line. Many of these steps have been clarified in recent years by harmonizing; (a) clinical observational studies in humans (7), (b) studies using molecular approaches (8), and (c) interventional/experimental studies in animal models (9). As a result it is now possible to put forward a narrative that illustrates how Aa can actively participate in the disease process.



MISCONCEPTION 1: AA IS A LATE COLONIZER


Clinical

In seminal experiments in the mid-1960's it became clear that dental plaque/biofilm formation is due to synchronized events that begin with deposition of salivary proteins above the gumline on the native tooth surface, followed by accumulation of Streptococcal species onto the glycoprotein layer set down on the enamel (10). In the first 2-days following plaque deposition on the tooth surface streptococcal species can amount to up to 90% of the tooth related microbiota followed by actinomyces species. These pioneer colonizers form parallel arrays, perpendicular to the tooth surface interspersed by lactate utilizing Veillonella (11). Over a 3-week period the composition of plaque changes from a predominantly Gram-positive aerobic Streptococcal microbiota to a mixed Gram positive and Gram negative facultatively anaerobic flora containing streptococci, Actinomyces sp, Veillonella sp, Fusobacteria sp, vibrios, spirochetes, and others (12).

Early on there were controversies related to Aa's attachment properties (8). These disputes were due to the fact that ATCC laboratory strains were used in early studies that focused on Aa attachment (13). When these lab strains were investigated they failed to demonstrate the natural aggregative tendency of Aa, and thus Aa was shown to adhere poorly (13). This concept was re-inforced by Kolenbrander and associates who studied co-aggregation and suggested that Aa was a poor colonizer since, the ATCC strain Y4 only coaggregated with Fusobacteria nucleatum, the universal coaggregator (14, 15). These coaggregation/microbial interactions have, with the exception of Aa, been shown, for the most part, to play a critical role in plaque chronology (15). Thus, it was suggested that Aa was a late colonizer incapable of participation in early plaque formation (16).



Molecular

The first evidence to strengthen support for Aa's adherence properties were shown by comparing attachment of laboratory strains to clinical isolates derived from the same parental strain (17). Lessons learned from these comparisons led to an understanding of how to maintain the clinical adherent phenotype in the laboratory, which led to the discovery of the Widespread Colonization Island (WCI) (13, 18). The WCI discovered in 2001 consists of a 14 gene operon and was shown to contain the flp, tad, and rcp genes that are intimately related to attachment to abiotic surfaces, aggregation, and tight adherence (18–20). This genomic island was present in many pathogenic strains including; Yersinia pestis, Haemophilus ducreyi, Psuedomonas aeroginosa, Bordetella pertussis, Caulobacter crescentus, Salmonella enterica, Eschericia coli, and all Archea sequenced to date (19). The discovery of the WCI undoubtedly influenced the change in the genus name from Actinobacillus to Aggregatibacter and demonstrated how important attachment was for survival of even the most primitive species (21). The fact that so many pathobionts contain the functional portion of this island attest to the importance of adherence in their persistence (Figure 1).


[image: image]

FIGURE 1. Illustration of the widespread colonization island (WCI). WCI consists of a 14 gene operon seen in its complete genetic composition in (Aa) Aggregatibacter actinomycetemcomitans, (Pm)Pasteurella multocida, (Hd) Haemophilus ducreyi. Remainder of microbes have a portion of the WCI: (Yp)Yersinia pestis. (Cc) Caulobacter crescentus, (Ct) Chlorobium tepidum, (Cl) Chlorobium limicola, (Af) Acidithiobacillus ferooxidans, (Pa) Pseudomonas aeruginosa, (Ps) P. syringae, (Bp) Bordetella pertussis [two clusters], (MI) Mesorhizobium loti [three clusters], (Mb) Mycobacterium bovis, (Mt) M. tuberculosis, (Cd) Corynebacterium diphtheriae, (Sc) Streptomyces coelicolor [three custers]. This island is responsible for binding to abiotic surfaces and is present in many pathobionts and in all Archae sequenced to date (22).



The specificity of Aa's binding was illustrated by the fact that Aa obtained from pre-dentate children showed a high degree of tissue and species specificity (23, 24). In addition, Aa strains from parent and child often showed the same genotype demonstrating patterns of vertical transmission (25).

The studies described above were further supported by the discovery of an outer membrane adhesin, Aae, which showed specificity for oral epithelium (26). Unlike the WCI, Aae bound to its receptor on buccal epithelial cells (BECs) in a highly specific, dose dependent manner, that was saturable and thus achieved a plateau where no further binding was attainable (27). This data coupled with the finding that the Aae adhesin showed selective binding to BECs obtained from humans and old world primates but did not bind to BECs obtained from dogs, cats, pigs, goats etc., demonstrated a high level of species and tissue specificity (28). Further, subsequent reports revealed that Aa moved from tissue to teeth after teeth erupted depicting the direction of movement within specific oral domains (28, 29).

In a clear contrast to the non-specificity of the binding to abiotic surfaces via the WCI, binding of Aa via outer membrane adhesins were shown to be highly specific. Aa therefore has the capacity for both specific and non-specific mechanisms of adherence in the oral cavity.



Experimental

The difficulty in changing the initial perception that Aa was a poor colonizer was due to the fact that it was hard to demonstrate that Aa was seen in the early stages of plaque formation. Clinical proof that Aa was a hardy colonizer was elusive because; (1) Aa was rarely found in plaque isolated from healthy individuals (5, 7), and (2) when Aa was isolated from periodontally diseased individuals it aggregated (13, 20). After isolation from clinical sites, Aa had a characteristic rough colonial texture that clumped on subculture and was highly adherent to abiotic surfaces. However, after repeated passage in the laboratory Aa reverted to a smooth colonial morphology that did not clump and was minimally adherent (13) (see Figure 1) This rough to smooth conversion fit the description of phase variation demonstrated by several pathogens that change from rough to smooth (Neisseria) enhancing their pathogenic strategy (30). However, in studies of Aa, this shift was seen in-vitro (12) but was not seen in-vivo in animal models and thus has been proposed to be a laboratory artifact (31).

To characterize Aa in humans it was necessary to survey over 100 adolescents in order to select 5 individuals who had Aa on buccal epithelial cells (BECs) and on tooth surfaces, and 5 individuals who had Aa only on tooth surfaces, as compared to 3 individuals who did not have Aa in their oral cavity (32). Stents were fabricated for these subjects and hydroxyapatite (HA) squares or discs were inserted into the stent. The stents were placed into the mouths of these subjects and HA squares were removed 5 min, 1, 4, 6, and 7 h after placement. Following HA square removal the square was sonicated, and the bacteria removed from the HA square after sonication were plated for determination of total bacteria, streptococcal spp., Actinomyces spp and Aa colonies (Figure 2). In these experiments subjects who had Aa on their BECs, were found to have Aa on HA squares within 6 h after the start of the in-vivo experiment, however none of those with Aa on teeth alone showed Aa on the HA squares (32). In a parallel series of in-vitro experiments, pre-treatment of BECs with Aa where shown to have been colonized by Aa. Reaction of these Aa colonized BECs with sterile/untreated HA squares in a test tube showed that Aa migrated and attached to the HA squares in-vitro. In contrast, HA squares pre-treated with Aa showed that Aa attached avidly to HA squares in-vitro. However, when these HA treated squares were reacted with untreated/uncontaminated BECs in a test tube, Aa attached to HA did not migrate to BECs. Results showed that while Aa was incapable of moving from HA to BECs, Aa was quite capable of moving from BECs to HA. These in-vivo and in-vitro experiments clearly demonstrated the difference in the kinetics of Aa attached to BECs via specific adhesin/receptor interactions that are reversible, as compared to linear and irreversible, non-specific aggregative adherence mediated by flp, tad, and rcp genes that facilitate Aa's attachment to HA (32).
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FIGURE 2. Diagram of plaque biofilm topography and chronology contrasted to in-vivo studies illustrating Aa colonization. Diagram shows pioneer colonizers closest to tooth surface and late colonizers on outer border of plaque geography [Adpated from Kolenbrander et al. (16)]. Note that Aa #16 in this figure is depicted as a late colonizer attached to Fusobacterium nucleatum (A). Picture of stent fabricated for human volunteers containing Hydroxyapatite (HA) squares used for the capture of oral microorganisms that show early binding in subjects who harbor Aa (B). Bar graph showing three panels 5 min to 7 h. First panel on left represents bacteria found over the 7 h period in subjects who had no Aa (controls). Middle panel shows subjects who had Aa on tooth surface only where no Aa is found on HA squares. Panel on right shows subjects with Aa on buccal cells and teeth, where Aa has migrated from buccal cells to HA squares and is detected on square at 6 and 7 h time-point (C) [Adapted from Fine et al. (32)].



Confirmation of the early plaque formation of Aa came from a little known experiment conducted in 1976 by Kilian and Rolla where these investigators set out to study the dietary impact of sucrose on Streptococcus mutans colonization in a Rhesus monkey model (33). In these experiments it was clearly shown that sucrose influenced early colonization of S. mutans, but unintentionally it was also demonstrated that Aa, a member of the commensal flora in these monkeys, was found on teeth within 3 h following thorough oral debridement of these Rh monkeys.



Conclusions

Current data indicates that Aa can colonize tooth surfaces above the gum-line and that this is an early event. In the section below we will describe how Aa can compete for nutritional elements with a multitude of rival bacteria in order to survive.




MISCONCEPTION 2: NUTRITIONAL FASTIDIOUS NATURE OF AA


Clinical

Aa has been characterized as a fastidious microbe that requires CO2, serum, and specific carbohydrates such as glucose for its growth (34). It has been reported that Aa has a mandatory requirement for 5% CO2 for primary isolation, and that its growth is purported to be boosted by addition of serum (34). The difficult recovery of the microbe from potentially diseased sites throughout the body has been attributed to Aa's fastidious nature and its slow and inconsistent growth after initial isolation. These characteristics have suggested that the organism is difficult to isolate from human sites and difficult to grow in the laboratory. These features coupled with the aggregative nature of the microbe when grown in the laboratory has made quantitative assessment of the microbe problematic. Further, these features have discouraged a more intense investigation of the genetic traits of Aa (13). More recently genetic methodologies have made it easier to do quantitative assessment of the microbe from individual periodontal sites of interest.



Molecular

In 2007, Brown and Whiteley demonstrated that Aa preferentially metabolizes lactate over other more readily available carbon sources such as glucose and fructose due to novel exclusion methods controlled by phosphoenol pyruvate-dependent phosphtranferase systems (35). Reduced levels of lactate appeared to limit Aa's ability to grow and in the presence of high glucose consuming competitors such as Streptococci, Aa was shown to thrive. It was proposed that Aa's survival was due to reduced competition with fast-growing and abundant members of the pioneer plaque flora such as Streptococci that utilized glucose as their carbon source. Further proof was obtained by creation of a lactic acid dehydrogenase deficient strain of Aa that fully ablated Aa growth (36). Results were also supported by the fact that lactate added to chemically defined media and/or the addition of lactate producing Streptococci caused increased growth of Aa in multi-community co-culture biofilms.

Moreover, Stacy et al. (37) showed that the toxic elements (H2O2) produced by co-culture with S. gordonii were overcome by the up-regulation katA, apiA, and dspB genes that protect Aa from the destructive effects of H2O2. These in-vitro reductionist models (and in-vivo dual species mouse studies) have been substantiated in human and primate models that examined both supra and sub gingival plaque (38).



Experimental

Supragingival plaque communities were examined in an interventional/experimental Rhesus (Rh) primate model (9). With respect to Aa, Rh primates are unique in that the overwhelming majority of healthy primates harbor Aa in their supragingival plaque (9). This consistent presence of Aa in supragingival plaque allows for examination of Aa's role in early plaque formation (9). By using a modification of a specific correlation analysis (39) we were able to substantiate and extend the observations of the Whiteley group (38). This network analysis allowed us to select the top 50 microbes by means of operational taxonomic units via 16S RNA identification. Selecting Aa as the node in the analysis of the 16 Rh monkeys with fully formed plaque biofilms, we were able to show that several key lactate producing species including streptococci, Leptotrichia, and Abiotrophia as well as Veillonella (a microbe with a strict lactate requirement) were highly associated with the hyper-leukotoxin producing strain of Aa (Table 1). This was true at baseline and 4-weeks after plaque reformed after thorough debridement (40). Calculation of lactate availability favored the growth and survival of Aa in a real-world environment [(39); Figure 3].



Table 1. Estimation of lactate availability comparing Veillonella to lactate producers.
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FIGURE 3. Diagram illustrating how growth of Aa can be influenced from associations of lactate producers (LP) as compared to lactate utilizers(LU) in Rh primate plaque studies. Panel on top (A) illustrates the scenario describing relative Aa growth when there is a low level of lactate utilization by Veillonella. Panel on bottom (B) illustrates the scenario describing relative Aa growth when there is a high level of lactate utilization by Veillonella leaving a low level of lactate available for Aa consumption.





Conclusion

Molecular and experimental Rh primate models support the concept that Aa preferentially associates with lactate producing species which enables Aa to survive by limiting its competition for glucose as a carbon source used by other pioneer colonizers. The Rh primate model support and extend the findings of the Whiteley group in a real world competitive natural model.




MISCONCEPTION 3: A HIGHLY AGGREGATIVE NON-MOTILE MICROBE CANNOT ESCAPE FROM ITS BIOFILM HABITAT


Clinical

After a great deal of research it became obvious that Aa aggregates avidly in its “native” state. This dramatic phenotype led to the question as to how Aa could be trapped in one location and migrate to another. Without this capability to migrate, Aa would have to be designated as a pathobiont with biogeographically limited capabilities (13).

The importance of the transfer of Aa from a position above the gum-line to the cul de sac shaped sulcus below the gum-line is critical for transition from health to disease. The subgingival habitat differs significantly from the domain seen above the gum-line. The subgingival domain is anaerobic, filled with a serum transudate derived from vessels contained in the subjacent connective tissue. The junctional epithelium (JE) forms the base of the sulcus and borders the tooth surface. The “V” shaped structure of the sulcus surrounds the tooth. The left side of the V is the junctional epithelium (JE) derived from reduced enamel epithelium, remnants of the enamel organ (41), while the right side of the V is sulcular epithelium derived from oral epithelial tissue precursors.

These JE cells are one to two layers thick and are extremely permeable to outward flow of serum and cells. Directly beneath the basement membrane of the JE is a dense vascular network (42). Within 3–4 days after abstaining from brushing, microbial plaque lines the outer portion of the JE. Cells within the JE (Langerhan-type antigen presenting cells) sample members of dense multispecies indigenous flora that are pressed up against its periphery and move these components into subjacent lymphatic vessels. The broad ability of cells associated with innate immunity that display pattern recognition receptors (PRRs) are designed to identify pathogen associated molecular patterns (PAMPs) present on the surface of persistent microbial contaminants of the JE. This local subgingival biofilm results in intracellular signaling pathways causing gene transcription and responsiveness in the tissue underlying the JE (43). These antigen presenting cells then migrate to the regional lymph vessels. After presenting these antigens to lymphocytes in the regional lymph nodes, the lymphocytes become sensitized and ultimately make their way back from the node to the locus of infection, the sulcus, where they confront the marauding plaque bacteria. This movement to and fro is guided by cytokines and particularly by ICAM and VCAM receptors. Repopulation of sensitized cells can take anywhere from 7 to 14 days after bacterial contact with the JE (44).

These highly orchestrated events represent a skeletal description of the interaction of the innate and acquired immune responsiveness. However, prior to this series of events a more primitive response occurs. Here almost immediately after the microbial assault the bacterial components make their way to the underlying vasculature initiating the complement cascade and migration of polymorphonuclear leukocytes (PMNs) to the sulcus to protect against the bacterial onslaught. Thus, within 2–3 days after abstinence from oral hygiene, marauding bacteria are confronted by a wall of complement and PMNs that line the outer border of the sulcus (45).



Molecular

Aggregation is a double-edged sword, on one hand it forms a shield and protects the biofilm mass from antimicrobial agents and other environmental challenges. However, on the other hand, aggregation limits the ability of the microbe to mobilize and move away from danger. Dispersin B (dspB) is a hexosaminidase that attacks hexosamine containing matrix polysaccharides that consist of a N-acetyl –D- glucosamine residues (46). dsp B was first discovered in Aa in 2003 by Kaplan et al. (47). Kaplan developed two dramatic experiments that exemplified how an organism whose main phenotype is aggregation could migrate and escape from its captivity (48). In the first experiment in an enlarged tissue culture dish, a single mother colony of Aa was carefully inoculated at one side of the plate and then 3 days later the daughter colonies had migrated away from the mother colony at what was calculated as a distance of over 2,500 human miles (47). The migration was due to the rupture of the biofilm membrane and the explosive projection of Aa to a distant site (48).

In a second series of experiments Aa was allowed to grow on capillary pipettes immersed into a broth containing Aa (48). Aa colonized the pipette leaving the surrounding broth clear of cells. Three days later satellite colonies derived from those cells adhering to the pipette were found in the surrounding broth. Using transposon mutagenesis, the gene responsible for producing the satellite colonies was interrupted and identified as an enzyme called dispersin B (Figure 4). The fact that the enzymes had specificity for a polysaccharide substrate, PGA substantiated the finding. The 3 dimensional structure of the enzyme and the substrate it disrupted illustrated the process, its function, and how its discovery provided a new model of transportation and mobilization for Aa (48).
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FIGURE 4. Biofilm dispersion by Aa. Illustration of dispersal of daughter colonies (top of panel A) derived from initial mother colony (bottom area of panel A). Distance covered by calculation of the 1 micron size of Aa is estimated at 2,500 human miles calculating the distance from location of Aa at bottom to location of Aa on top of panel (A) [Modified from Kaplan et al. (47)]. Depiction of colonies adhering to capillary pipette immersed in broth containing Aa after 1, 2, and 3 days of Aa incubation. Note the satellite colonies of Aa seen in broth surrounding capillary pipette after 3 days of growth (B). Panel C depicting the wild type parental strain containing dspB as compared to the transposon mutant. Note that the mutation has affected the presence of satellite colonies as seen in right panel. Left panel shows wild type Aa expressing dispersen (B) and showing satellite colonies (C) [Modified from Kaplan et al. (49)].





Experimental

In a series of elegant experiments Stacy et al. illustrated the biological relevance of dspB. Using a dual species biofilm model consisting of Aa and S. gordonii it was demonstrated that lactate, the preferred carbon source for Aa, was provided by S. gordonii (50). Further S. gordonii was also responsible for producing H2O2 that could be toxic to Aa. Stacy et al. showed that in the presence of excessive levels of H2O2 Aa up-regulated genes such as; katA, responsible for catalase, which can neutralize H2O2 (50). However, in times when H2O2 was produced in excessive levels, Aa up-regulated dspB permitting Aa to move away (likely subgingivally) to avoid the toxic effects of H2O2. Thus, dspB provides a survival mechanism for Aa when it confronts environment stress (the Stacy experiments) or when it lives in an environment where nutritional stress occurs such as seen in the Kaplan experiments (48, 50).



Conclusion

The discovery of dspB has provided a mechanism for mobility leading to protection. Aa has figured out how to have the best of both worlds; nutritional convenience by virtue of its close association with lactate producing species and locomotion away from products such as H2O2 formed by these same lactate producing species in order to avoid the hazardous conditions created by these species (Figure 4).




MISCONCEPTION 4: AA IS THE CAUSATIVE AGENT IN LAGP: OVERCOMING HOST RESTRICTIONS (SUPPRESSING HOST DEFENSES)


Clinical

Several early studies suggested that Aa was the causative agent responsible for LAgP. The association of Aa with disease was re-inforced by the fact that Aa possessed leukotoxin that killed white blood cells as well as other virulence attributes that gave biological plausibility to Aa as a causative agent. Several recent studies have been performed examining microbes related to the development and progression of LAgP (6, 51, 52). These studies attest to the relevance of Aa in this disease, however, its role with respect to causation is challenged (6) and although Aa is necessary for disease it needs partners. In the case where the more virulent higher leukotoxic Aa strain was found, the association of Aa with causation may be more relevant (51, 52). To the greatest extent early studies isolated plaque from previously diseased sites and therefore the cause and effect relationship was open to question (5). The first major study to examine subjects going from health to disease was a study showing that African American adolescents who carry Aa show a greater relationship to disease as it progresses (7). These findings were extended in studies by Haubek et al. who in another longitudinal study showed an increased relative risk for the JP2 strain (the hyper-leukotoxin –producing strain of Aa) although there was a much reduced relative risk shown for the non-JP2 strain (the moderate leukotoxic strain of Aa). These studies suffered from the fact that only Aa and no other microbe was examined in the plaque matrix.

The first longitudinal study to examine Aa relative to the overall commensal flora going from relative health to disease was done in 2013. This study was an observational longitudinal human study that was designed to detect progression from health to disease in African American or Hispanic adolescents (6). Of over one-thousand subjects screened, 63 Aa-positive and 72 Aa-negative students, who were initially periodontally healthy, were selected to follow for a 2–3 years observational period. Out of the 135 students enrolled in the longitudinal study 16 students and 18 sites developed bone loss over 2–3 years (6). Using the HOMIM technology 5 microbes were highly associated with disease prior to detection of bone loss. Of the 700 taxa followed, Aa, S. parasanguinis and Filifactor alocis were most highly related to sites that developed disease as compared to sites in the same individuals that had Aa and remained healthy. The association of this consortium occurred 6 months prior to bone loss with a sensitivity of 89% and a specificity of 99% (6). Cross-sectional studies examining subjects with LAgP, healthy housemates, and healthy others, also from African American backgrounds found similar constellations of microbes (53). Other cross-sectional studies from other ethnicities have found distinctly different combinations of microorganisms (54). The association of Aa with S. parasanguinis is consistent with the findings of the Whiteley group and supports the concept of nutritional interdependency since S. gordonii and S. parasanguinis provide lactate and have similar physiological properties (35). The 2013 study is the first report of such an association in the subgingival region of a site that was healthy and developed aggressive periodontitis.



Molecular

Leukotoxin (Ltx) was discovered in 1977 by Taichman and was first biochemically characterized by Baehni et al. (55) and Tsai et al. (56) as a toxin that kills leukocytes and lymphocytes (55–57). The genetics of Ltx was determined almost simultaneously by Lally et al. and Kolodrubetz et al. in (58, 59) and the difference between the minimally toxic and highly toxic strains were illustrated in clinical studies by Haubek et al. (51). The fact that the toxin was both secreted and membrane bound was first determined by Kachlany et al. in (60). The importance of the promoter region in elevated toxin production is still ongoing (61). Thus far, all bacteria that show this toxin have been implicated in disease, particularly infectious disease caused by a multispecies consortium (27). It is our belief that the toxin neutralizes the local mucosal immune response to enable other bacteria to overgrow.

ApiA was first discovered in 1999 as one of six Outer Membrane Proteins [OMPs] (44) thought to play some role in the pathogenesis of Aggressive Periodontitis. Initially ApiA was called OMP 29 and then Omp 34 when heat treated (62). However, it appears as if this 100 mw OMP autotransporter exists as a trimer that has multiple functions. The phenotypic characteristics of ApiA include; adhesion, invasion, and complement resistance. As for complement resistance, based on the work of Asakawa et al. it appears as if factor H binding occurs somewhere between 100 and 200 amino acids in the 295 ApiA amino acid protein (63). While invasion and adhesion appear to occur in separate regions of the protein this trimeric autotransporter/multifunctional protein plays a significant role in Aa's survival and immune resistance as demonstrated by its upregulation during environmental stress and turbulence (as described below).



Experimental

While all studies do not support the role of Aa in LAgP almost all studies of adolescents of African or Middle Eastern descent do support this observation (64). Moreover, studies that do claim a role for Aa suggest that the JP2 type hyper-leukotoxin producing strain is more virulent (65). The most likely explanation for these discrepancies can be placed on geographic, ethnic, and genetic differences in susceptibility and in exposure to bacteria. However, relative to populations exposed and sensitive to Aa, we are much closer to understanding how the microbe affects the disease process as follows.

Shortly after plaque development changes occur in the JE. These changes make the JE more vulnerable to penetration by microbial antigens that border the basement membrane creating a standing osmotic gradient that causes changes in the connective tissue vasculature subjacent to the bacterial/epithelial barrier. Sampling of these antigens by antigen presenting cells causes stagnation of blood flow in these vessels, leukocyte margination, pavementing of leukocytes, and then diapedesis due to chemotactic signals guiding PMNs to mobilize in the direction of the overwhelming microbial burden bordering the epithelial barrier (45).

The first element that confronts this microbial burden is a serum exudate that consists of complement and PMNs that can kill bacteria either directly or indirectly. Complement appears to act directly on the cell wall of bacteria, punching holes in the membrane resulting in cell lysis (66). PMNs can engulf and degrade microbes at a rapid rate. Aa is equipped with strategies to neutralize these two potent host innate defense systems. Not only does Aa possess ApiA, a complement effector molecule, and leukotoxin, a toxin that kills PMNs, but it has been shown that, under stress, these genes are up-regulated as a defense against these host elements (67).

In the experimental model described below the association of the up-regulation of Ltx expression when Aa is under stress was shown in a model that examined an erythromycin resistant strain of Aa challenged by high doses of erythromycin [Er] (67). The Er challenged cells showed increased biofilm formation and up-regulation of 4 genes; flp, pga, ltx, and tfox, in the Er resistant Aa strain. This up-regulation showed an unexpected but previously demonstrated linkage between ltx, pga and flp expression when Aa was under stress (67).

Two host innate elements that appear to be related to disease susceptibility in studies of limited but well-defined subjects with LAgP are lactoferrin and PMN functionality (68, 69). Thus, both lactoferrin (Lf) and PMN differences have been observed in African American adolescents (69, 70). In the case of Lf, a single nucleotide polymorphism in the N-terminal- antimicrobial region of Lf appears to have an impact on oral microbial constituents aside from Aa in these populations (71). This Lf activity could potentially increase vulnerability to LAgP by altering microbial growth and survival although susceptibility appears to vary based on ethnicity (71). Further, these adolescents appear to have Lf containing minimal iron that permits Aa to colonize with greater efficiency as compared to controls who have Lf with high iron content (72). With respect to PMNs, reduced chemotaxis appears to be due to primed PMNs resulting in hyperactive PMN responsiveness, impaired phagocytosis, and overproduction of superoxide (73). In combination these alterations in innate immunity could potentiate disease susceptibility.



Conclusion

Early in the disease process Aa is confronted with potent host defense systems consisting of a wall of PMNs and a high concentration of complement, both of these host defense elements can destroy Aa and other potential pathobionts. Alteration of these host defense systems could permit Aa to survive. Nevertheless, these defense systems while altered still exist and put stress on Aa and other members of the flora. Responding to the stress Aa produces agents that can neutralize host defenses to enable other microbes in the region to survive and as such acts as a useful participant in local host dysbiosis (Figure 5). In this respect Aa could be designated as a keystone pathogen (74).
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FIGURE 5. Diagram Illustrating steps by which Aa is activated to subvert host defense. Streptococci supplies Aa with lactate in early steps in colonization process. This helps Aa attach to the native tooth surface (Step 1; A). Streptococci and Aa partner. Streptococci provide Aa with lactate that helps Aa survive after binding to tooth surface (Step 2; B). Excessive amounts of peroxide produced by streptococci causes stress for Aa which results in upregulation of dispB which causes Aa to migrate away from peroxide to subgingival area (Step 3; C). Stress also causes upregulation of Leukotoxin (Ltx) and ApiA. Ltx blunts the initial PMN response and ApiA causes complement resistance. These two factors subvert the local host response and allow other microbes to overgrow due to dysbiosis of the host local environment. (Step 4; D).






OVERALL CONCLUSIONS

Molecular and experimental models conclusively demonstrate that Aa is an early colonizer, co-colonizing with other early colonizers who produce lactate. Aa can then migrate away from stressful challenges to a more protected subgingival domain by up-regulation of dspB. Facing the challenge of an innate subgingival response, Aa can up-regulate complement resistance genes and leukotoxin production to modulate the local host immune response in order to allow for an overgrowth of a consortium of pathobionts. Working together the consortium can overwhelm the natural resistance of the local host innate defense response and produce inflammatory cytokines that can result in connective tissue and bone loss and derangement of the attachment apparatus. It is still to be proven whether this scenario is unique to the non-JP2 strain of Aa or if this is a general strategy used to provoke local disease. This working hypothesis can be applied to other combinations of microbes that can operate under differing circumstances in populations distinct from the African American adolescents studied in Localized Aggressive Periodontitis.
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BET Bromodomain Inhibitors Suppress Inflammatory Activation of Gingival Fibroblasts and Epithelial Cells From Periodontitis Patients
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BET bromodomain proteins are important epigenetic regulators of gene expression that bind acetylated histone tails and regulate the formation of acetylation-dependent chromatin complexes. BET inhibitors suppress inflammatory responses in multiple cell types and animal models, and protect against bone loss in experimental periodontitis in mice. Here, we analyzed the role of BET proteins in inflammatory activation of gingival fibroblasts (GFs) and gingival epithelial cells (GECs). We show that the BET inhibitors I-BET151 and JQ1 significantly reduced expression and/or production of distinct, but overlapping, profiles of cytokine-inducible mediators of inflammation and bone resorption in GFs from healthy donors (IL6, IL8, IL1B, CCL2, CCL5, COX2, and MMP3) and the GEC line TIGK (IL6, IL8, IL1B, CXCL10, MMP9) without affecting cell viability. Activation of mitogen-activated protein kinase and nuclear factor-κB pathways was unaffected by I-BET151, as was the histone acetylation status, and new protein synthesis was not required for the anti-inflammatory effects of BET inhibition. I-BET151 and JQ1 also suppressed expression of inflammatory cytokines, chemokines, and osteoclastogenic mediators in GFs and TIGKs infected with the key periodontal pathogen Porphyromonas gingivalis. Notably, P. gingivalis internalization and intracellular survival in GFs and TIGKs remained unaffected by BET inhibitors. Finally, inhibition of BET proteins significantly reduced P. gingivalis-induced inflammatory mediator expression in GECs and GFs from patients with periodontitis. Our results demonstrate that BET inhibitors may block the excessive inflammatory mediator production by resident cells of the gingival tissue and identify the BET family of epigenetic reader proteins as a potential therapeutic target in the treatment of periodontal disease.

Keywords: periodonditis, BET bromodomain, gingival fibroblast, gingival epithelial cell, porphyromonas gingivalis, I-BET151, chronic inflammation


INTRODUCTION

Periodontitis is an inflammatory disease of the periodontium caused by microbial imbalance (dysbiosis) and the anaerobic bacterium Porphyromonas gingivalis plays a central role in driving the chronic inflammation (1). Oral pathogen interaction with gingival cells and infiltrating immune cells leads to a local immune response which fails to eradicate the invading bacteria which are equipped with sophisticated mechanisms of immune evasion. If unresolved, ongoing inflammation leads to periodontal ligament degradation, bone resorption and eventual tooth loss (2). Resident cells of the gingival tissue, including gingival epithelial cells (GECs) and gingival fibroblasts (GFs), represent the first line of defense against oral pathogens and are considered an important component of the innate immune system (3, 4). However, their chronic activation due to persistent interaction with oral bacteria, which involves the secretion of large quantities of cytokines, chemokines, matrix-degrading enzymes, and prostaglandins, significantly contributes to periodontitis pathogenesis (5).

Expression of inflammatory mediators is tightly regulated by epigenetic mechanisms, among which reversible acetylation of histone proteins plays a critical role. Importantly, pathological changes in histone acetylation and in expression of histone-modifying enzymes, histone acetyltransferases (HATs) and histone deacetylases (HDACs), have been identified in periodontitis patients and in a mouse model of periodontal disease (6, 7). Bromodomain proteins, 46 of which have been identified in the human genome, recognize ε-N-lysine acetylation motifs on histone tails and regulate the formation of acetylation-dependent chromatin complexes that are required for transcription (8). In particular, the ubiquitously expressed proteins BRD2, BRD3, BRD4, which belong to the bromodomain and extraterminal domain (BET) family, play distinct roles in coupling histone acetylation to gene transcription (9), including transcriptional activation of inflammatory genes (10). BET proteins are critical regulators of transcriptional elongation and cell division, and dysregulation of BET protein function, such as pathogenic chromosomal BRD4 translocations, has been identified in oncological conditions (11). BET proteins have thus emerged as potential therapeutic targets, and compounds targeting their tandem bromodomains are currently being evaluated in clinical trials (12).

The discovery of specific BET inhibitors acting as acetylated histone mimetics, I-BET151, and JQ1 (13, 14), has not only allowed for therapeutic targeting of BET proteins in cancer, but also provided insight into contributions of bromodomain-containing proteins to the pathogenesis of inflammatory disorders that are associated with an altered epigenetic landscape (15). BET inhibitors suppress lipopolysaccharide (LPS)- and cytokine-induced expression of inflammatory cytokines and chemokines in monocytes and macrophages in vitro and in vivo, and protect mice from lethal endotoxic shock and sepsis (16, 17). Inhibition of BET proteins also ameliorates inflammation and resulting pathology in animal models of several inflammatory diseases, including rheumatoid arthritis (RA), graft-vs. host disease and multiple sclerosis (18–20). Surprisingly, despite extensive efforts toward understanding bromodomain protein function in health and disease, little is still known about the role of BET proteins in the pathogenesis of periodontitis. The only study available to date demonstrated that the BET inhibitor JQ1 ameliorates gingival inflammation and alveolar bone destruction in P. gingivalis-induced experimental periodontitis in mice (21). In this model, the therapeutic effects of BET inhibition were attributed to diminished inflammatory cytokine production by macrophages and reduced osteoclast formation (21). However, the influence of JQ1 on other cell types involved in periodontitis pathogenesis has not been tested. In the present study, we investigated the effects of the BET bromodomain inhibitors I-BET151 and JQ1 on inflammatory and antimicrobial responses of resident cells of the gingival tissue, GFs and GECs, in the context of infection with the periodontal pathogen P. gingivalis.



MATERIALS AND METHODS


Subjects, Cell Isolation, and Culture

Gingival tissue specimens for primary cell isolation were collected from healthy individuals undergoing orthodontic treatment (n = 9) and from patients with chronic periodontitis (n = 5) at the Department of Periodontology and Oral Medicine, Faculty of Medicine, Jagiellonian University Medical College in Kraków, Poland. This study was approved by and carried out in accordance with the recommendations of the Bioethical Committee of the Jagiellonian University in Kraków, Poland (permit numbers 122.6120.337.2016 and KBET/310/B/2012). All subjects gave written informed consent in accordance with the Declaration of Helsinki. Clinical characteristics of patients included in the study are shown in Supplementary Table 1.

The epithelial layer was separated enzymatically by treatment with dispase at 4°C overnight (o/n) and subjected to three rounds of digestion with trypsin (BioWest) for 10 min at 37°C. After centrifugation, the obtained GECs were suspended in keratinocyte growth medium (KGM-Gold, Lonza) and cultured in 6-well plates until confluence. GFs were isolated from the remaining connective tissue by digestion with 0.1% collagenase I (Invitrogen) at 37°C o/n. Cells were then vigorously pipetted, washed in PBS, suspended in Dulbecco's modified Eagle's medium (DMEM, Lonza) supplemented with 10% fetal bovine serum (FBS, EuroClone), 50 U/ml penicillin/streptomycin and 50 U/ml gentamicin, and cultured in T75 flasks. Cells were cultured in the presence of 10 μg/ml nystatin until passage 2 to prevent fungal contamination. The isolation procedure and the homogeneity of GF cultures have been standardized and described previously (22). GECs were used for experiments at passage 2 and GFs were used between passages 4 and 9. Telomerase-immortalized gingival keratinocytes (TIGKs, RRID:CVCL_M095) were kindly provided by Prof. Richard J Lamont (University of Louisville School of Dentistry) (23) and were cultured in KGM-Gold. One day prior to and during experiments, GFs were cultured in antibiotic-free DMEM containing 2% FBS, whereas TIGKs and primary GECs were cultured in antibiotic-free KGM-Gold.



Bacterial Culture and Cell Infection

Porphyromonas gingivalis wild-type strain ATCC 33277 was grown on blood agar plates as described elsewhere (24). After anaerobic culture for 5–7 days at 37°C, bacteria were inoculated into brain–heart infusion (BHI) broth (Becton Dickinson) supplemented with 0.5 mg/ml L-cysteine, 10 μg/ml hemin and 0.5 μg/ml vitamin K, and cultured o/n in an anaerobic chamber (85% N2, 10% CO2, and 5% H2). Bacteria were then washed in PBS, resuspended in fresh BHI broth at optical density (OD)600nm = 0.1 and cultured for ~20 h. A bacterial suspension at OD600nm = 1 [corresponding to 109 colony-forming units (CFU)/ml] in PBS was prepared and used for experiments. In some experiments, bacteria were heat-inactivated by 30 min incubation at 60°C or were treated with specific gingipain inhibitors KYT-1 and KYT-36 (Peptide Institute Inc.). 1μM KYT-1 and KYT-36 were incubated with bacteria for 20 min at 37°C prior to infection and were added to culture media for the duration of infection.



RNA Isolation and Quantitative (q)PCR

GFs and TIGKs were seeded at 2.5 × 105 cells per well in 12-well plates and after o/n culture were treated with DMSO [0.005% (V/V)] (BioShop), 1 μM I-BET151 (TargetMol) or 1 μM JQ1 (Abcam) for 30 min followed by stimulation with TNF, IL-1β (10 ng/ml, both from BioLegend) or infection with P. gingivalis at a multiplicity of infection (MOI) of 100 for 4 h. In some experiments, protein synthesis was blocked with 10 μg/ml cycloheximide (CHX, TargetMol). Total RNA was isolated using an EZ-10 Spin Column Total RNA Minipreps Super Kit (Bio-Basic), quantified using a Nanodrop spectrophotometer (Thermo Scientific) and equivalent amounts of RNA (500–1,000 ng) were converted to cDNA using a High-Capacity cDNA Reverse Transcription Kit (Applied Biosystems). qPCR reactions were performed on a CFX96 Touch™ Real-Time PCR Detection System (BIO-RAD) using PowerUp SybrGreen PCR mix (Applied Biosystems) and primers (Genomed S.A.) listed in Supplementary Table 2. The data were analyzed using the CFX Manager (BIO-RAD) and changes in mRNA expression were calculated relative to RPLP0 (ribosomal protein lateral stalk subunit P0) expression using the ΔΔCT method unless otherwise indicated.



ELISA

GFs and TIGKs were seeded at 5.0 × 104 cells per well in 48-well plates and after o/n culture were treated with DMSO [0.005% (V/V)], I-BET151 or JQ1 (both at 100 nM−1 μM) for 30 min before stimulation with TNF or IL-1β (10 ng/ml), or infection with heat-inactivated or KYT-treated P. gingivalis for 24 h. Alternatively, after treatment with inhibitors, GFs were infected with P. gingivalis at an MOI of 100 for 1 h. Cells were then washed 3 times with PBS and cultured in fresh medium containing DMSO, I-BET151, or JQ1 for another 24 h prior to collection of supernatants. Cell-free culture supernatants were collected and concentrations of IL-6, IL-8, CCL2, and CCL20 were determined using ELISA MAX kits (BioLegend) according to the manufacturer's instructions. Absorbance was measured using an Infinite M200 microplate reader (Tecan).



Measurement of Cell Viability

Cell viability was assessed using the MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide, Sigma-Aldrich) reduction assay as described previously (25).



Immunoblotting

Cell lysates were prepared in 1x Laemmli's buffer (2% SDS, 10% glycerol, 125 mM Tris-HCl, pH 6.8) and protein content was quantitated using the Bradford assay (BioShop). In some experiments, cells treated with the HDAC inhibitor suberoylanilide hydroxamic acid (SAHA, 5 μM) (Abcam) were used as a positive control. Equivalent amounts of protein were resolved by electrophoresis on 10 or 15% polyacrylamide gels and transferred to the Immobilon-PSQ PVDF membranes (Millipore). Membranes were then blocked in 2% milk (BioShop) in TBS containing 0.1% Tween-20 (BioShop) (TBS/T), and incubated at 4°C o/n with primary antibodies recognizing acetylated lysine, acetyl-histone 3 (Ac-H3), H3, IκBα, phospho (p)-p38, p-ERK, p-p65 (all from Cell Signaling Technology), or tubulin (clone DM1A, Sigma-Aldrich). After washing in TBS/T, membranes were incubated with horseradish peroxidase (HRP)–conjugated anti-mouse or anti-rabbit Ig secondary antibodies (Dako) and developed with a Clarity Western ECL Substrate (BIO-RAD). Visualization was performed using a ChemiDocMP Imaging System and the ImageLab software (BIO-RAD).



Measurement of Bacterial Internalization and Survival—Colony-Forming Assay

Cells were treated with 0.005% (V/V) DMSO or 1 μM I-BET151 in triplicate wells for 20 h prior to infection with P. gingivalis at an MOI of 100 for 1 h. Cells were then washed 3 times with PBS and were either lysed immediately in sterile distilled water for 20 min or cultured in fresh medium containing DMSO or I-BET151 for another 24 h before lysis. Cell lysates were serially diluted and 10μl of each dilution was plated in duplicate on blood agar plates and cultured for 5–7 d anaerobically at 37°C. Bacterial colonies were counted and the data were expressed as CFU per cell.



Statistical Analyses

Data are presented as the mean +SEM. In studies of primary GFs and GECs, n's represent cell lines from individual donors/patients, while in TIGK studies n's refer to independent experiments. Parametric tests were used for comparisons between groups (ratio paired t-test or one-way ANOVA followed by Bonferroni multiple comparison test, where appropriate). p < 0.05 were considered statistically significant.




RESULTS


BET Inhibitors Suppress Cytokine-Induced Inflammatory Activation of GFs and TIGKs

We initiated this study by investigating whether BET bromodomain proteins are involved in GF inflammatory activation in response to cytokines that are present in the inflamed gingival tissue. Primary GFs from healthy individuals were stimulated with TNF or IL-1β in the presence of the BET inhibitor I-BET151. BET inhibition significantly suppressed cytokine-induced mRNA expression of a broad range of inflammatory mediators involved in the pathogenesis of periodontitis, including IL8, IL1B, CCL2, CCL5, MMP3, and COX2 (Figure 1A). Interestingly, some selectivity of I-BET151 effects on GF gene expression was noted, as I-BET151 suppressed IL-1β-, but not TNF-induced IL6 expression, and, surprisingly, promoted expression of the antimicrobial chemokine CCL20 in response to TNF stimulation. In the absence of inflammatory stimulation, I-BET151 significantly reduced mRNA levels of IL1B and CCL2, whereas expression of other mediators included in our analyses remained unaffected (Figure 1A). Next, to test if effects of BET inhibition on mRNA expression translate into changes in protein levels, we treated GFs with I-BET151 or a chemically unrelated BET inhibitor, JQ1, prior to 24 h cytokine stimulation. Both compounds dose-dependently suppressed TNF- and IL-1β-induced IL-8 and CCL2 production, reaching up to 70% inhibition at 1 μM. JQ1 displayed more potent inhibitory activity, significantly suppressing IL-8 and CCL2 secretion already at 100 nM (Figure 1B). In contrast, BET inhibition had no significant effects on agonist-induced CCL20 production, though a trend toward increased CCL20 secretion in the presence of TNF stimulation was noted (Figure 1B), consistent with mRNA data. To exclude the possibility that the observed effects of BET inhibitors on GF activation could be attributed to compound cytotoxicity, GFs were exposed to I-BET151 or JQ1 in the presence of cytokine stimulation for 24 h. Both compounds had negligible effects on cell viability as determined using the MTT reduction assay (Figure 1C).
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FIGURE 1. BET inhibitors suppress cytokine-induced gingival fibroblast (GF) inflammatory activation without affecting cell viability. (A) Relative mRNA expression of IL8, IL6, IL1B, CCL2, CCL5, MMP3, COX2, and CCL20 in GFs treated with DMSO or 1 μM I-BET151 for 30 min prior to simulation with TNF or IL-1β (both at 10 ng/ml) for 4 h analyzed by qPCR (mean + SEM; n = 4–5). *P < 0.05, **P < 0.01, ***P < 0.001; ratio paired t-test. (B) IL-8, CCL2, and CCL20 production by GFs treated with DMSO or I-BET151 or JQ1 at two different concentrations (100 nM and 1 μM) for 30 min prior to simulation with TNF or IL-1β (both 10 ng/ml) for 24 h determined by ELISA (mean concentration + SEM; n = 5). (C) Viability of GFs (n = 3) treated with DMSO, I-BET151, or JQ1 (both at 1 μM) for 30 min prior to simulation with 10 ng/ml TNF or IL-1β for 24 h assessed using MTT assay and presented as % of control + SEM.



To verify whether BET inhibitors similarly modulate inflammatory responses of GECs, we utilized TIGKs, an immortalized cell line derived from healthy donor GECs that closely mimics primary cell responses (23). TNF and IL-1β stimulation upregulated a cluster of inflammatory mediators in TIGKs that was distinct from, but partly overlapping with that observed in GFs. I-BET151 treatment significantly suppressed cytokine-induced mRNA expression of IL8, IL6, IL1B, CXCL10, and MMP9 (Figure 2A). Interestingly, BET inhibition reduced not only inducible, but also basal levels of these transcripts. Similar to observations in GFs, BET inhibition had limited effect on CCL20 expression. Interestingly, the sensitivity of individual genes to transcriptional suppression by I-BET151 differed between the two analyzed cell types: while I-BET151 reduced cytokine-induced IL6 mRNA accumulation by >90% in TIGKs (Figure 2A), it had modest effects on IL6 expression in GFs (Figure 1A), indicating differential requirements for BET proteins in transcriptional induction of the same gene in two different cell types. The observed effects of BET inhibition were next confirmed at the protein level. I-BET151 and JQ1 dose-dependently reduced IL-6 and IL-8 accumulation in cell culture supernatants, whereas CCL20 production was moderately induced (Figure 2B). Maximum suppression of IL-6 and IL-8 production by BET inhibitors was achieved at 100-500 nM, suggesting that TIGKs might be more sensitive to low concentrations of BET inhibitors compared to GFs. In line with previous observations in GFs, I-BET151, and JQ1 had no effect on TIGK viability (Figure 2C).
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FIGURE 2. BET inhibitors reduce cytokine-induced inflammatory mediator production by telomerase-immortalized gingival keratinocytes (TIGKs) without affecting cell viability. (A) Relative mRNA expression of IL8, IL6, IL1B, CXCL10, MMP9, and CCL20 in TIGKs treated with DMSO or 1 μM I-BET151 for 30 min prior to simulation with TNF or IL-1β (both at 10 ng/ml) for 4 h determined by qPCR (mean + SEM; n = 4–5). *P < 0.05, **P < 0.01, ***P < 0.001; ratio paired t-test. (B) IL-6, IL-8, and CCL20 production by TIGKs treated with DMSO or increasing concentrations (100 nM, 500 nM, and 1 μM) of I-BET151 or JQ1 for 30 min followed by simulation with 10 ng/ml TNF (left panel) or 10 ng/ml IL-1β (right panel) for 24 h measured by ELISA (mean concentration + SEM; n = 5). (C) Viability of TIGKs (n = 3) treated with DMSO or 1 μM I-BET151 for 30 min prior to simulation with TNF or IL-1β (both 10 ng/ml) for 24 h analyzed using MTT assay and shown as % of control + SEM.





BET Inhibitors Have No Effect on Inflammatory Signaling Pathway Activation in GFs and Do Not Require New Protein Synthesis for Gene Suppression

Inhibition or silencing of BET proteins regulates gene expression not only through disruption of interactions between bromodomains and acetylated histones at individual gene promoters, but also by affecting acetylation-dependent signaling pathways, including mitogen-activated protein kinase (MAPK) and NF-κB signaling (26, 27). We therefore analyzed the effects of BET inhibition on TNF-induced activation of signaling pathways critical for inflammatory cell activation and on protein acetylation status. Treatment of primary GFs from healthy donors with I-BET151 had no effect on p38 and extracellular signal-regulated kinase (ERK) MAPK activation, degradation of IκBα and phosphorylation of p65 NFκB subunit (Figure 3A). I-BET151 also failed to affect histone H3 and H4 acetylation, as well as the levels of total acetylated lysine detected in cellular lysates (Figure 3B), excluding the possibility that BET inhibitors could affect GF activation through off-target effects on HATs or HDACs. Finally, we tested whether BET inhibitors could affect gene expression indirectly by induction of gene repressors in GFs. I-BET151 suppressed IL1B, CCL2, and COX2 expression both in the absence or presence of the protein synthesis inhibitor CHX (Figure 3C). Suppression of IL6 and IL8 by I-BET151 in TNF-stimulated TIGKs was also unaffected by CHX (Supplementary Figure 1), indicating that de novo synthesis of repressor proteins is not necessary for suppression of inflammatory mediators by BET inhibitors in both cell types.
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FIGURE 3. I-BET151 has no effect on MAPK and NFκB activation in gingival fibroblasts (GFs) and new protein synthesis is not required for inflammatory gene suppression by I-BET151. (A) Western blot analysis of phospho (p)-ERK, p-p38, IκBα, p-p65(Ser536), and tubulin (Tub) in total cell lysates of GFs after 30 min treatment with DMSO or 1 μM I-BET151 followed by stimulation with 10 ng/ml TNF for 5, 20, or 60 min. (B) Western blot analysis of total acetylated lysine (AcLys), acetyl-histone H3(Lys18) (AcH3), acetyl-H4(Lys8) (AcH4), and total H3 in cell lysates of GFs treated with DMSO or 1 μM I-BET151 for 30 min prior to TNF (10 ng/ml) stimulation for 4 or 24 h. Cells treated with SAHA for 4 h were used as a positive control for lysine hyperacetylation. Data representative of 2–3 independent experiments are shown in (A,B). (C) Relative mRNA expression of IL1B, CCL2, and COX2 in GFs treated with DMSO or 1 μM I-BET151 in the presence or absence of cycloheximide (CHX) for 30 min prior to simulation with 10 ng/ml TNF for 4 h analyzed by qPCR (mean + SEM; n = 4; % of suppression compared to DMSO control are depicted in each graph).





BET Inhibitors Suppress Inflammatory Mediator Production by GFs and TIGKs Infected With P. gingivalis

In periodontal disease, P. gingivalis directly interacts with and invades resident cells of the gingival tissue, which not only contributes to the chronicity of inflammation, but also facilitates bacterial spreading to deeper tissues. To analyze the role of BET proteins in GF and TIGK activation and antimicrobial responses, cells were treated with I-BET151 or JQ1 prior to infection with P. gingivalis. In primary GFs from healthy donors, induction of inflammatory mediator expression by P. gingivalis was comparable to, or even higher than that observed following cytokine stimulation, and BET inhibition significantly suppressed bacteria-induced upregulation of IL8, IL1B, CCL2, CCL5, MMP3, and COX2, but not CCL20 (Figure 4A). In line with previous observations, JQ1 was more potent in blocking gene induction than I-BET151. Although the kinetics of mRNA induction by P. gingivalis differed between individual genes, I-BET151 uniformly reduced IL8, IL1B, CCL2, and CCL5 expression at 4 and 24 h post-infection (Supplementary Figure 2). Production of IL-8 and CCL2 protein by P. gingivalis-infected GFs was also dose-dependently reduced by both BET inhibitors, whereas suppression of IL-6 production was less pronounced (Figure 4B). Next, to test whether BET inhibitors affect cellular response to P. gingivalis infection, GFs were treated with I-BET151 for 20h prior to infection with P. gingivalis for 1 h, and the presence of live bacteria in cell lysates was determined using the colony-forming assay. I-BET151 had no effect on the numbers of bacteria detected in GFs immediately and 24 h post-infection (Figure 4C), indicating that BET proteins are not involved in internalization and elimination of intracellular P. gingivalis by GFs.
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FIGURE 4. BET inhibitors suppress production of inflammatory mediators by gingival fibroblasts (GFs) infected with P. gingivalis. (A) qPCR analysis of relative mRNA expression of IL8, IL6, IL1B, CCL2, CCL5, MMP3, COX2, and CCL20 in GFs treated with DMSO, I-BET151 or JQ1 (both at 1 μM) for 30 min prior to infection with P. gingivalis (MOI = 100) for 4 h (mean + SEM; n = 5–6). (B) Production of IL-8, IL-6 and CCL2 by GFs exposed to DMSO or I-BET151 or JQ1 at two different concentrations (100 nM and 1 μM) for 30 min before P. gingivalis infection (MOI = 100) for 1 h, followed by washing and 24 h culture in fresh medium containing DMSO or BET inhibitors (mean concentration + SEM; n = 5–6). (A,B) *P < 0.05, **P < 0.01, ***P < 0.001; one-way ANOVA followed by Bonferroni multiple comparison test. (C) Intracellular survival of P. gingivalis in GFs treated with DMSO or 1 μM I-BET151 for 20 h prior to infection with P. gingivalis (MOI = 100) for 1 h determined by colony-forming assay immediately (1 h) or 24 h post-infection. Data are presented as mean colony-forming units (CFU)/cell + SEM of 4 independent experiments.



Infection of TIGKs with P. gingivalis also led to transcriptional upregulation of a set of inflammatory genes largely overlapping with that induced by cytokines (Figure 5A). I-BET151 treatment significantly reduced mRNA levels of IL8, IL6, IL1B, COX2, and CXCL10, while leaving CCL20 expression unaffected (Figure 5A). I-BET151 and JQ1 also significantly reduced TIGK IL-6 and IL-8 production induced by exposure to heat-inactivated P. gingivalis. Both compounds inhibited IL-6 and IL-8 secretion by ~85 and 40%, respectively, already at 100 nM (Figure 5B). A similar degree of IL-6 and IL-8 inhibition by BET inhibitors was observed in TIGKs infected with live P. gingivalis in the presence of gingipain inhibitors that were used to eliminate the potential confounding factor of cytokine degradation by bacterial proteases (data not shown). Importantly, BET inhibitor effects were restricted to inflammatory gene transcription as treatment with I-BET151 for 20h prior to infection failed to affect P. gingivalis internalization by TIGKs (Figure 5C), consistent with previous observations in GFs. Collectively, these results demonstrate that BET inhibitors suppress production of a broad range inflammatory mediators by GFs and GECs without affecting P. gingivalis internalization and survival within the infected cells.
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FIGURE 5. BET inhibitors block inflammatory activation of telomerase-immortalized gingival keratinocytes (TIGKs) infected with P. gingivalis. (A) Relative mRNA expression of IL8, IL6, IL1B, COX2, CXCL10, and CCL20 in TIGKs cultured for 30 min with DMSO or I-BET151 (1 μM) followed by 4 h infection with P. gingivalis (MOI = 100) determined by qPCR (mean + SEM; n = 4–5). *P < 0.05, **P < 0.01, ***P < 0.001; ratio paired t-test. (B) Production of IL-6 and IL-8 by TIGKs treated with DMSO or I-BET151 or JQ1 at two different concentrations (100 nM and 1 μM) for 30 min prior to infection with heat-inactivated P. gingivalis (MOI = 100) for 24 h (mean concentration + SEM; n = 4). *P < 0.05, **P < 0.01; one-way ANOVA followed by followed by Bonferroni multiple comparison test. (C) Intracellular survival of P. gingivalis in TIGKs treated with DMSO or 1 μM I-BET151 for 20 h before infection with P. gingivalis (MOI = 100) for 1 h determined by colony-forming assay immediately after infection. Results are presented as mean colony-forming units (CFU)/cell + SEM of 4 independent experiments.





BET Inhibitors Reduce Inflammatory Gene Expression in GFs and GECs From Patients With Periodontitis

GFs present in the inflamed gingival tissue in periodontitis patients display an activated phenotype and hyperresponsiveness to P. gingivalis infection in vitro (28, 29). We therefore examined whether GFs isolated from patients with periodontitis were resistant to the anti-inflammatory effects of BET inhibitors. The degree of suppression of IL8, IL1B, CCL2, CCL5, MMP3, and COX2 caused by I-BET151 or JQ1 in P. gingivalis-infected GFs from periodontitis patients was comparable to that observed in healthy donor GFs (Figure 6A). JQ1, but not I-BET151, moderately reduced IL6 mRNA levels, consistent with observations in GFs from healthy individuals, while CCL20 expression was upregulated by both BET inhibitors (Figure 6A). Next, to assess the sensitivity of GECs from periodontitis patients to BET inhibitors, we first compared the inflammatory gene expression profile induced by P. gingivalis in TIGKs and primary GECs. While a shared cluster of genes that included IL6, IL8, IL1B, COX2, CXCL10, CCL20, and CCL2 was upregulated by P. gingivalis in both types of cells, we also noted some differential responses. The chemokines CCL3 and CCL5 were selectively induced in GECs, but not in TIGKs, whereas expression of the metalloproteinases MMP3 and MMP9 was upregulated upon P. gingivalis infection only in TIGKs (Figure 6B). Treatment of primary GECs from periodontitis patients with I-BET151 prior to P. gingivalis infection resulted in significant suppression of IL6, IL1B, CCL2, and COX2. However, in contrast to TIGKs, IL8, and CXCL10 mRNA levels were not affected by BET inhibition, whereas CCL20 expression was consistently induced (Figure 6C). Together, these observations suggest that BET proteins play a key role in regulating inflammatory mediator expression in GFs and GECs in response to an oral pathogen.
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FIGURE 6. Gingival fibroblasts (GFs) and gingival epithelial cells (GECs) from periodontitis patients are sensitive to the anti-inflammatory activity of BET inhibitors. (A) Primary GFs from patients with periodontitis were treated with DMSO, I-BET151 or JQ1 (both at 1 μM) for 30 min prior to infection with P. gingivalis (MOI = 100) for 4 h and mRNA levels of inflammatory mediators were determined by qPCR. Data for individual patients (PD1–PD4) are presented on a heat map as row Z-scores calculated from ΔCt values relative to a housekeeping gene (RPLP0). (B) Comparison of inflammatory mediator induction in TIGKs and primary GECs from periodontitis patients after 4 h infection with P. gingivalis (MOI = 100) (mean fold induction compared to uninfected cells + SEM; n = 3 for TIGKs vs. n = 3 GEC lines from individual patients (PD1, PD2, PD5). (C) qPCR analysis of mRNA levels of inflammatory mediators in primary GECs from patients with periodontitis (PD1, PD2, PD3, PD5) treated with DMSO or 1 μM I-BET151 for 30 min followed by infection with P. gingivalis (MOI = 100) for 4 h. Symbols represent relative expression values from individual patients (n = 4). **P < 0.01, ***P < 0.001; ratio paired t-test.






DISCUSSION

A severe form of periodontitis affects approximately 10% of the human population, leading to inevitable tooth loss if left untreated, and is strongly associated with increased risk of developing systemic diseases, including RA, atherosclerosis and cancer (1, 30). Non-surgical treatment strategies conventionally used to treat periodontitis, scaling and root planing, or root surface debridement, focus solely on reducing bacterial challenge, but in many patients are insufficient to fully resolve chronic inflammation. Because of that, there is a growing need for identifying novel therapeutic strategies ameliorating the host inflammatory response that could be used as an adjunct to conventional treatment (31). The identification of anti-inflammatory properties of HDAC and BET inhibitors has generated great interest in the therapeutic potential of targeting epigenetic mechanisms in many inflammatory and infectious disorders, including periodontitis (32–34). Indeed, pharmacological modulators of histone acetylation protected against pathology in animal models of periodontal disease (21, 35). In particular, the BET inhibitor JQ1 has shown potent anti-inflammatory and bone-protective activity (21). Here, we show for the first time that BET bromodomain proteins are important regulators of resident gingival cell activation in response to P. gingivalis and inflammatory cytokines, and that small molecule BET inhibitors suppress production of cytokines, chemokines, and other mediators of inflammation by GFs and GECs from periodontitis patients.

Destruction of the gingival connective tissue, periodontal ligament, and alveolar bone in periodontitis is a consequence of a futile attempt by the host immune response to eradicate microbial pathogens (2). Resident gingival cells contribute to this vicious circle of chronic inflammation by secreting a plethora of inflammatory mediators, including cytokines (IL-6, IL-1β), chemokines (IL-8, CCL2, CCL5, CXCL10, CCL20), matrix-degrading enzymes (MMP1, MMP3, MMP9), and prostaglandins (5). Elevated levels of these mediators are present in gingival tissue and/or gingival crevicular fluid from periodontitis patients, correlating with disease severity (5, 36, 37), and studies in animal models show that genetic ablation or pharmacological targeting of IL-6 or IL-1β ameliorates pathology in experimental periodontitis (38). Our data provide evidence that BET proteins are required for transcriptional induction of key inflammatory molecules in GFs and GECs infected with P. gingivalis and thus represent a potential therapeutic target for modulation of the host immune response. Although quantitative differences in the sensitivity of individual genes to BET inhibition were noted, our observations are consistent with the broad anti-inflammatory activity of BET inhibitors reported in synovial fibroblasts and in airway epithelial cells (39, 40). While our data suggest that suppression of GF and GEC inflammatory activation by BET inhibitors is stimulus-independent, future studies should analyze the role of BET proteins in gingival cell response to a complex dental biofilm containing other oral pathogens, such as Fusobacterium nucleatum, Tanerella forsythia, and Treponema denticola. In this regard it is noteworthy that JQ1 attenuated gastric inflammation and immune cell infiltration in mice infected with Helicobacter pylori (41), indicating its immunosuppressive potential in chronic infections caused by Gram-negative pathogenic bacteria.

BET proteins regulate cellular activation not only at the gene promoter level, but also through chromatin-independent mechanisms. BRD4 binds acetylated lysine-310 of the p65 NF-κB subunit, enhancing its transcriptional activity and thus acting as a coactivator of NF-κB-dependent genes (26). In macrophages, BRD4 also modulates NF-κB signaling through translational control of IκBα resynthesis (42), whereas in endothelial cells BET inhibition blocks early events in NF-κB activation as well as p38 and JNK MAPK phosphorylation (27). These mechanisms are, however, cell type-specific and apparently not operational in GFs based on our analyses of MAPK, IκBα, and NF-κB p65 activation. While it remains to be determined if BET inhibition also fails to affect NF-κB transcriptional activity and binding to specific gene promoters in GFs, our findings are consistent with studies of synovial fibroblasts from RA patients demonstrating the lack of effect of I-BET151 on NF-κB and MAPK signaling pathways (40). We also show that de novo synthesis of repressor proteins is not required for suppression of inflammatory genes by I-BET151 in GFs and GECs, in line with observations in human macrophages (17). Collectively, these results argue against indirect or signaling pathway-dependent effects of BET inhibition in gingival cells and suggest that interference with direct interaction of BET proteins with acetylated histones at gene promoters is most likely responsible for the observed suppression of inflammatory mediator transcriptional induction. Although potential off-target effects of BET inhibitors cannot be ruled out based on our studies, extensive screening of these compounds failed to identify any significant effects on non-BET protein targets (13, 43).

Among the analyzed inflammatory genes, expression of CCL20 was selectively upregulated by I-BET151 and JQ1 in some experimental conditions, particularly in GECs. CCL20 may play a dual role in periodontitis. As a chemoattractant for immature dendritic cells and Th17 cells, CCL20 may contribute to the chronicity of inflammation by facilitating immune cell recruitment and accumulation (37). On the other hand, CCL20 displays direct microbicidal activity against Gram-positive and Gram-negative bacteria through its antimicrobial regions structurally related to human β-defensin-2 (44). CCL20 induction by BET inhibitors could therefore facilitate bacterial elimination by innate immune mechanisms. It remains to be verified if CCL20 exerts antimicrobial activity against P. gingivalis or other oral pathogens, and whether this mechanism is operational in the inflamed gingival tissue during periodontitis. While the exact role of bromodomain proteins in CCL20 regulation has yet to be investigated, HDAC inhibitors have also been shown to promote CCL20 production by GECs and intestinal epithelial cells (45, 46), suggesting a critical role for histone acetylation in CCL20 transcriptional regulation that requires detailed studies at the gene promoter level.

The idea that BET inhibitors may display clinical activity in periodontal disease is also supported by recent evidence that N-methyl-2-pyrrolidone (NMP), a component of dental barrier membranes used in dental procedures, displays bromodomain inhibitory activity (47). While initially thought to lack biological activity, it was later discovered that NMP displays anti-inflammatory and anti-osteoclastogenic activity similar to the effects of BET inhibitors (48, 49). The efficacy of NMP-based dental barrier membranes in periodontal tissue regeneration could therefore be partly attributed to their ability to inhibit BET bromodomains (50), a possibility that should be addressed in future studies directly comparing NMP and BET inhibitor activity in periodontitis models. These observations, together with the results of our study and the initial proof of principle obtained in an animal model (21), indicate that specific targeting of epigenetic reader proteins from the BET family may block the excessive inflammatory mediator production by multiple cell types important in the pathogenesis of periodontitis and reduce the significant morbidity associated with periodontal disease.
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Periodontitis is an incredibly prevalent chronic inflammatory disease, which results in the destruction of tooth supporting structures. However, in addition to causing tooth and alveolar bone loss, this oral inflammatory disease has been shown to contribute to disease states and inflammatory pathology at sites distant from the oral cavity. Epidemiological and experimental studies have linked periodontitis to the development and/or exacerbation of a plethora of other chronic diseases ranging from rheumatoid arthritis to Alzheimer's disease. Such studies highlight how the inflammatory status of the oral cavity can have a profound impact on systemic health. In this review we discuss the disease states impacted by periodontitis and explore potential mechanisms whereby oral inflammation could promote loss of homeostasis at distant sites.
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Barrier sites such as the mouth, gut and skin are interfaces between our inside bodies and the outside world. Maintaining their integrity is crucial to survival. Each barrier has unique requirements and must perform its physiological function whilst maintaining control of commensal microbes and responding to environmental insults and pathogen invasion. The immune system critically promotes barrier integrity in the face of these challenges and is carefully tailored to barrier environments, creating highly-specialized immuno-surveillance networks that police these sites. One area of intense research focus is to understand how tissue-specific signals balance immunity and regulation at barrier sites (1, 2). Elucidating these mechanisms is essential to develop tissue-specific therapies for disease. One barrier at which appropriate immune control frequently fails is the oral barrier. Breakdown of balanced immune responses at the gingiva, a key oral barrier, leads to periodontitis, the most common chronic inflammatory disease of humans, affecting ~50% of the UK population (3). This prevalent disease undermines the tooth-supporting tissues, the periodontium, resulting in impaired dentition and tooth loss.

Specific bacteria have long been thought to drive development of periodontitis (4), however, more recent data indicates that diverse microbial communities are associated with disease (5). Although, triggered in response to the local microbiota, key to the development of periodontitis pathology are defects in the well-balanced inflammatory reactions occurring at the oral barrier. For example alterations in neutrophil recruitment and function as well as increases in T-helper 17 (Th17) cells have been shown to be key in periodontitis development (6–8). Detailed insight and understanding the pathogenesis of periodontitis is vital, as not only does this chronic disease affect a substantial proportion of the global population, but periodontitis has been associated with the initiation, exacerbation, and pathogenesis of a plethora of other inflammatory diseases.

Indeed, recurring inflammation at the oral barrier has been shown to adversely affect systemic health, which may be especially important in individuals with pre-existing conditions. Periodontitis has been routinely associated with a multitude of diseases, ranging from inflammatory to infectious, as well as developmental, cardiovascular, and neurodegenerative conditions. Although aberrant immune responses, heightened inflammation, and oral bacteria are frequently proposed to explain these associations, the exact contribution of periodontitis to the etiology and/or progression of systemic disease is unclear in most instances. What is clear, however, is that pathology in the oral cavity can lead to potentially deleterious consequences for the rest of the body. In this review we will briefly discuss the diseases that have been associated with periodontitis as well as outlining the possible mechanisms by which periodontal inflammation could mediate its deleterious effects at distal body sites. We aim to cover the key mechanisms that have already been suggested but will additionally highlight novel mechanisms by which periodontitis could affect distal inflammatory diseases; taking lessons from inflammation occurring at extra-oral sites.


FROM HEARTS AND MINDS TO JOINTS; THE REACHES OF PERIODONTITIS

To date, perhaps the condition most strongly linked with periodontitis is cardiovascular disease (CVD). An association between periodontitis and CVD was first reported 20 years ago (9). Since, periodontitis has been consistently reported in both epidemiological and experimental studies to have a role in the development and progression of atherosclerotic cardiovascular disease (10–12). Periodontal treatment may also reduce the prevelance of CVD (13), or, at the very least, mitigate some of the risk factors, by improving endothelial function (14), or lowering inflammatory markers (15, 16). Most frequently it is periodontal bacteria that have been proposed to drive CVD, as bacterial species isolated from atherosclerotic plaques are thought to be derived from the oral cavity (17). In particular, viable periodontal bacteria such as Porphyromonas gingivalis, Streptococcus sanguis, Aggregatibacter actinomycetemcomitans, and Tannerella forsythia have been isolated from atheromas (18–20). These oral microbes are proposed to exert atherogenic effects by accumulating at sites of plaque development and modulating local vascular inflammation (21), with P. gingivalis specifically reported to exacerbate atherosclerosis in animal models (22).

As periodontitis is causally linked to CVD, periodontitis is also by association often linked with cerebrovascular disease (23–26), a link that remains uncertain from recent evidence in experimental studies (27). Some epidemiological studies propose that dental infections, including periodontitis, increase the risk of stroke (28–30), although not all indicate an increased risk (31). Periodontal bacteria and their products are associated with systemic inflammation and platelet aggregation, which are known contributors of increased brain damage post-stroke (32).

In addition to CVD, substantial epidemiological and pre-clinical evidence indicates a role for periodontitis in the pathogenesis of rheumatoid arthritis (RA) (33–35). For decades, a link between periodontitis and RA has been proposed, with evidence suggesting that periodontitis can exacerbate or initiate RA, and vice versa. Current models for RA induction include the “two-hit” model; “one” where tolerance is broken and “two” where pathology is established/amplified; periodontitis could contribute to either and/or both of these steps. Recent evidence lends credence to the suggestion that periodontitis could represent the second hit, promoting inflammation and specifically driving RA pathology. Indeed, individuals with chronic RA have a higher incidence of periodontitis, and similarly, the prevalence of RA is higher in periodontitis patients (34). Moreover, RA patients with persistent periodontitis are less responsive to conventional therapeutic interventions (36) and periodontitis treatment can reduce the severity of RA (37). Animal models have also clearly indicated that RA is exacerbated by periodontitis (35, 38). Most research to date has focused on the roles of periodontal bacteria in driving the inflammatory consequences of periodontitis in RA; in fact, DNA from periodontal microbes have been detected in human synovial fluid during RA (33). In particular, P. gingivalis has been isolated from joints and is thought to drive RA pathology through molecular mimicry which promotes pathogenic self-reactive T cells that exacerbate disease (discussed further in the next section) (39). Given the pathogenic potential of anaerobic bacteria such as P. gingivalis, it is unsurprising therefore that antibacterial treatments (such as ornidazole, ievofloxacin, and clarithromycin) also lessen the severity of RA (40–42), implying oral bacteria could be an important driver of rheumatoid pathology.

More recent evidence has also implicated periodontitis with an increase in cognitive decline in Alzheimer's disease (AD) (43–45). In particular, periodontitis contributed to a six-fold increase in cognitive decline in AD patients which was independent of baseline cognitive state, again possibly driven by modulation of the patients' inflammatory state (46). Pre-clinical findings support this association, highlighting that periodontal bacteria can gain access to the brain in genetically-susceptible mice, contribute directly to pathology by promoting neuroinflammation (47–49), and kill neurons through the activity of extracellular proteases (45).

Given that periodontitis represents an inflammatory disease of the oral mucosa, it is perhaps not surprising that periodontitis is associated with driving pathology at other mucosal surfaces, most notably the gut (50) and the lung (51). Considering that the oral cavity is the access point to both respiratory and gastrointestinal (GI) tracts, it is conceivable that oral inflammation could affect the lung or GI environments. In particular, periodontitis has been proposed to exacerbate inflammatory bowel disease and colorectal cancer. Elevated levels of periodontal bacteria increase the risk of developing pre-cancerous gastric lesions (52), and the oral-derived Fusobacterium nucleatum has been shown to directly promote colorectal cancer (53, 54). In addition to potential oncogenic effects, oral bacteria are proposed to contribute to the inflammatory pathology in inflammatory bowel disease (IBD) (50). Patients with IBD are reported to have higher prevalence and extent of periodontitis compared to healthy individuals (55, 56). However, despite some preclinical evidence indicating a possible role for periodontal bacteria in the gut (57, 58), as with the other diseases already discussed, a direct causal association between periodontitis and IBD has not been established. With regard to periodontitis and lung pathologies, while the current evidence is perhaps circumstantial, some clinical and pre-clinical studies have found that periodontal bacteria are capable of directly contributing to lung pathology; A. actinomycetemcomitans can cause pulmonary infections of humans either alone or in tandem with Actinomyces species (59). Furthermore, P. gingivalis has also been isolated with the opportunistic pathogen, Pseudomonas aeruginosa in tracheal aspirates from patients with chronic obstructive pulmonary disease (60), and in mice, P. gingivalis and Treponema denticola have been reported to exacerbate lung pathology (61).

In addition to the aforementioned associations between periodontitis and systemic diseases, there is also some evidence linking periodontitis with obesity (62), diabetes (63), non-alcoholic steatohepatitis (64, 65), and pregnancy complications (66, 67). Periodontitis is more prevalent in diabetics and obese individuals (62, 63) and may contribute to metabolic dysregulation (68, 69). In relation to pregnancy, periodontal bacteria have been implicated in low birth weight, premature birth, and miscarriage (66, 67). Indeed, both F. nucleatum and P. gingivalis have been shown to colonize the placenta and thought to drive inflammation which is associated with fetal loss in both human and mouse studies (66, 70).

Despite a wealth of information associating periodontitis with adverse impacts on systemic health, evidence causally tying periodontitis to disease development and/or progression is lacking. This is due to a number of issues. In particular presence of oral disease is typically under-reported in individuals with severe health conditions. Unless oral parameters are explicit readouts of an otherwise non-oral disease, then they are likely not considered, and therefore frequently not examined; limiting useful evidence. Nevertheless, multiple animal studies have identified a number of mechanisms by which periodontal inflammation mediates potentially deleterious consequences at body sites away from the oral cavity.



MECHANISMS IDENTIFIED; HOW PERIODONTITIS COMPLICATES DISEASE PROCESSES AT DISTAL SITES

Most of the evidence linking periodontitis and systemic disease centers around the physical dissemination of periodontal bacteria and/or immunogenic factors via the circulation (71, 72). Chronic inflammation coupled with a richly vascularized periodontium leads to ulceration of the oral epithelial barrier, and consequently, greater access for pathogenic microbes and their products to the bloodstream. Generally, the chronic systemic distribution of oral bacteria-derived products converges at the point of an altered state of immunity, achieved either through subversion of host defenses, or prolonged and/or enhanced inflammatory responses. These changes are thought to amplify the overall threat that periodontitis poses to the host (Figure 1).
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FIGURE 1. Reported associations between periodontitis and systemic diseases. Periodontitis is initiated by ulceration of the gingival epithelium, bacterial invasion and influx of immune cells, leading to inflammatory damage to the periodontal tissues and destruction of the supporting alveolar bone. This chronic inflammatory reaction leads to leakage of bacterial products, host inflammatory factors and pathogenic oral bacteria into the bloodstream where they are transported to distal tissue sites. Once in the systemic circulation, periodontially-derived products have the potential to adversely affect a multitude of systemic diseases, either directly in situ or indirectly via amplification of the systemic inflammatory response. LPS, lipopolysaccharide; IL, interleukin; TNF-α tumor necrosis factor-alpha.




The Virulence of Periodontal Bacteria; Contributions to Systemic Disease

The ability of oral bacteria to invade and thrive in non-oral sites could unbalance homeostatic tissue responses in their new home and potentially contribute to disease. Since oral pathogens thrive within anaerobic periodontal pockets (73), the virulence factors that enable successful oral colonization may also render them capable of thriving at other sites. Indeed, prominent oral pathogenic bacteria including F. nucleatum, P. gingivalis, and A. actinomycetemcomitans have been detected in a multitude of extra-oral tissue sites, including the lung, heart, gut, placenta, and inflamed joints (33, 47, 49, 51, 66, 74, 75). Furthermore, all aforementioned species are capable of invading epithelial and endothelial cells (76), and specifically, A. actinomycetemcomitans can spread to neighboring cells, disseminating via membrane-bound vacuoles endocytosed by adjacent host cells (74). Indeed, even a site like the brain, with a restrictive blood-brain barrier, is not protected from invasion by oral bacteria; oral Treponema spirochetes have been found in human AD brains and in branches of the trigeminal nerves, indicating a potential route of access to the demented brain (77). In addition to a remarkable invasiveness potential, periodontal bacteria possess an extensive suite of virulence factors which facilitate colonization at extra-oral sites; fimbriae, adhesion molecules, and capsules are just some components of an arsenal that equip oral bacteria with the capability to persist outside the periodontium (78).

Periodontal bacteria also utilize sophisticated immune subversion mechanisms which can undermine the host response and thereby enable persistence at extra-oral sites, and include evasion of complement-mediated killing (79, 80), disarming leukocyte responses (81, 82), inhibition of lymphocyte activity (83), and modulation of toll-like receptor (TLR) signaling (81). The details of the immune evasion strategies employed by oral bacteria are beyond the scope of the current review, but have been well-outlined previously (78). While most evidence to date has been carried out in the context of the oral cavity, some studies have endeavored to address whether these subversive strategies can be employed at extra-oral sites, mostly in the context of atherosclerosis (84–86). In a similar regard, recent evidence from both pre-clinical models and human patients, suggest that oral bacteria can “hijack” immune cells (87, 88), enabling systemic dissemination from oral foci while simultaneously evading killing.

Independently of employing direct immune evasion strategies, periodontal bacteria also disrupt homeostatic processes, which has the potential to adversely impact systemic health. In this regard, P. gingivalis and S. sanguis can induce platelet aggregation (89, 90), which may contribute to an increased risk of infarction. P. gingivalis is also capable of modifying low-density lipoprotein which promotes foam cell formation (91, 92), a pathogenic feature of atherosclerotic disease. Extracellular proteases from P. gingivalis can kill neurons in vitro, thereby aggravating cognitive dysfunction in mouse models of AD (45), and in the context of metabolic disease, P. gingivalis can promote glucose intolerance and insulin resistance in mice fed a diabetogenic diet (57). In the gut environment, F. nucleatum can bind to oncogenic cells via its Fap2 protein, promoting colorectal cancer (53). In addition, oral Klebsiella species have been shown to promote T-helper 1 inflammatory responses in the gut, contributing to GI inflammation in mice (50). In all these cases tissue homeostasis is disrupted potentially laying the foundation for disease initiation and/or further amplification.

Well-documented within the oral cavity (78), inter-species microbial synergy could support oral bacteria survival at sites outside the oral cavity. Although further research is needed, studies have postulated a role for extra-oral microbial synergy by periodontal bacteria; for example P. gingivalis promotes the ability of P. aeruginosa to invade and persist in respiratory epithelial cells in vitro (93, 94), and the temporal dynamics of F. nucleatum and P. gingivalis colonization which mutually benefits survival in the oral cavity are also posited to do the same in the gut and contribute to colorectal tumorigenesis (95).

It is important to note, that while the aforementioned strategies relate to viable bacteria promoting their own persistence at extra-oral sites, chronic presence of oral bacteria in the systemic compartment will provoke an immune response, regardless of viability. This undoubtedly escalates the burden that host defenses are tasked with as large numbers of oral commensals are transported into the bloodstream during periodontitis. This may explain why chronic bacteremia as a result of periodontitis poses an important threat, especially when periodontal pathogens themselves are usually found in low numbers (73).



Leakage of Microbial and Host Factors

While destruction of the oral basement membrane facilitates increased leakage of microbes from the periodontium, so too are locally-produced host and microbial factors flushed into the systemic circulation. Furthermore, dental procedures (scaling, extractions, root planning etc.) as well as habitual brushing, flossing, and mastication all increase the rate of blood contamination (96) and in turn, aggravate the systemic inflammatory response. In this regard, lipopolysaccharide (LPS) from Gram negative bacteria such as P. gingivalis has been given the most attention. Although more weakly immunogenic than it's E. coli counterpart, blood-borne LPS from P. gingivalis can induce inflammation in vivo (97–99) and can also directly contribute to the pathogenesis of atherosclerosis in pre-clinical models (100–102). In patients with severe periodontitis, even gentle mastication can lead to elevated LPS in the circulation (71), and, when taken together, suggests that systemic leakage of oral-derived LPS is an important determinant of further complications outside the periodontium.

In addition to microbial factors, chronic oral inflammation can also result in sustained and increased levels of host inflammatory mediators in the circulation, which is a trigger for the acute-phase response. Indeed, the acute-phase reactants, interleukin (IL)-6, C-reactive protein (CRP), haptoglobin, fibrinogen, serum amyloid A, and serum amyloid P are elevated in periodontitis patients (103–107). Prolonged or excessive activation of the acute-phase response is associated with systemic pathology such as sepsis and ischaemia-reperfusion injury (108–110), as well as cardiovascular disease (111). As such, one way in which periodontitis could contribute to systemic disease may be via modulation of the acute phase response.

Moreover, there are reports of serum increases in levels of the pro-inflammatory cytokines IL-6 (105), IFN-γ (112), as well as TNF-α and IL-17 in patients with generalized aggressive periodontitis (113, 114); findings from animal models of periodontitis also support a heightened systemic inflammatory profile (58, 115, 116). Sustained elevation of inflammatory cytokines in the serum is a well-documented driver of cerebrovascular and cardiovascular disease in humans and in animal models (105, 117, 118). Although evidence directly tying periodontitis to systemic disease via increased circulating cytokines is lacking, some studies, both clinical and pre-clinical, have reported that periodontitis-induced increases in serum IL-6 and CRP levels can lead to endothelial dysfunction (115, 119). Thus, transit of immunomodulatory factors from an inherently leaky oral focus of inflammation into the circulation could potentially alter the course of systemic disease progression and represents a potential avenue by which periodontitis could contribute to pathology at distal sites.



Antigen Mimicry

In general, periodontal bacteria can actively modulate the innate immune response and their products can provoke the inflammatory response, whether this is at oral or extra-oral sites. Aberrant immunity represents a general explanation for the adverse effects of periodontitis on systemic diseases, but perhaps the most robust evidence for a direct role of periodontal bacteria in a specific disease setting is the ability of P. gingivalis to promote RA pathology via molecular mimicry (39, 120, 121). Citrullination of peptides, and consequent autoantibody generation, is a pathogenic hallmark of RA, and importantly occurs prior to disease onset as well as correlating strongly with disease severity (122). P. gingivalis is unique in that it can citrullinate proteins via its own enzyme, peptidylarginine-deiminase (PAD), and therefore is a direct contributor to the production of pathogenic antibodies, driving auto-reactive T cells to promote inflammatory synovial destruction (39, 120, 121). In this regard, PAD-deficient P. gingivalis strains fail to exacerbate RA severity in mice (39). More recently, A. actinomycetemcomitans has also been shown to promote citrullination of peptides. Here, rather than possessing enzymatic capacity themselves, A. actinomycetemcomitans has been shown to trigger dysregulated activation of citrullinating enzymes in neutrophils (123).

P. gingivalis has also been reported to elicit antigen mimicry in the context of CVD and pregnancy complications. Cross-reactive bacterial epitopes mimic host cardiolipin and induce specific autoantibodies that have been associated with atherosclerotic thrombosis and adverse pregnancy outcomes (70, 124). Moreover, elevated levels of cardiolipin-specific antibodies are found in the gingival crevicular fluid and serum of periodontitis patients (124, 125). Antigen mimicry is further suggested to link oral and atherosclerotic disease through the cross-reactivity of heat-shock proteins (HSPs) with oral bacterial components (126). HSPs are associated with enhanced atherosclerotic development (127) and P. gingivalis GroEL proteins are highly homologous to HSP60 (126, 128) and thus capable of contributing to disease pathology.



Aberrant Immune Responses

In addition to chronic systemic elevation of host inflammatory mediators, specific changes in host immunity have been reported to link periodontitis and distal diseases. This point is nicely illustrated in studies where genetic alterations in host immunity confer an increased risk to RA in the presence of a periodontitis-dependent stimulus. Specifically, in human-leukocyte antigen (HLA)-DRβ1 humanized mice, which are susceptible to RA, exposure to oral P. gingivalis results in the generation of anti-citrullinated protein antibodies; something which does not occur in wild-type mice (129). This suggests that changes in the host immune response can underpin the systemic impact of periodontitis.

In a similar sense, changes in inflammatory genes can not only confer susceptibility to periodontitis, but can also account for the increased risk of adverse systemic effects due to periodontitis. IL-17 is a major driver of disease in periodontitis (130), RA (131), as well as type I diabetes mellitus (132). Indeed, genetic polymorphisms in IL-17A have been suggested to enhance the impact of periodontitis on type I diabetes (133), indicating that a failure of adequate host immunity during periodontitis can lead to worsening of other non-oral diseases.

IL-17 is also implicated in mediating the crosstalk between periodontitis and RA. P. gingivalis induced periodontitis enhances the severity of articular injury during experimental arthritis; this aggravation of arthritis did not occur in IL-17RA-deficient mice (134). Additionally, the levels of IL-17 produced in response to P. gingivalis and Prevotella nigrescens correlates with the intensity of arthritic bone destruction (135). Furthermore, IL-17 can promote even more distant effects outside gingiva and joint, as mice with experimental RA orally-infected with P. gingivalis have raised serum IL-17 levels, increased Th17 cells in mesenteric lymph nodes, and exhibit shifts in the composition of the gut microbiome (136). Together, these studies indicate that IL-17 may be a mediator of the deleterious effects of periodontitis at distant sites, aggravating pathology in a number of disease contexts. Nevertheless, it is important to remember that during periodontitis, elevated production of IL-17 is due to Th17 cells, cells which produce IL-17 in direct response to the dysbiotic microbiota (130). Thus, even if aberrant host immunity is ultimately the driver of local and systemic pathology, this only occurs because of microbial signals. For example, in the absence of TLR2 in antigen-presenting cells, Th17-dependent IL-17 production is impeded, highlighting that initial microbial sensing is an important initiator of dysregulated host immunity in periodontitis (135).

Altered innate immune responses during periodontitis have also been suggested to mediate some dangerous crosstalk between oral and extra-oral sites. Neutrophils play key roles in local periodontitis pathology (137), and also in multiple disease states in which periodontitis is associated (134, 138). Neutrophil responses during periodontitis could promote systemic exacerbations, especially in the context of RA, since neutrophils release PADs and neutrophil extracellular traps (which contain chromatin and granular contents to bind and kill pathogens) which citrullinate proteins in the joints (138). Furthermore, the neutrophil-recruiting complement component C5a is produced during periodontitis and has been shown to exacerbate RA progression (139). In addition to altered neutrophil responses, there is also evidence to suggest that aberrant monocyte responses can promote systemic dysfunction. Specifically, ligature-induced periodontitis in rats alters circulating monocytes, rendering them more adherent to aortic vascular endothelial cells via VCAM-1 binding, and thereby increasing the risk of atherosclerosis (140). Periodontitis-activated monocytes could also prime Th17 cells for enhanced IL-17 production (141), suggesting that a dysregulated interplay between innate and adaptive immune networks may contribute to the risk of complications at distant sites.

Ultimately, systemic complications due to periodontitis are the product of crosstalk from the host as well as microbes. Untangling the exact contribution of each component has so far been extremely difficult and complicated by recent evidence suggesting that periodontitis can drive changes in the composition of the gut microbiome (58, 142). Gut dysbiosis in itself is well-known to cause profound changes in host immunity, and consequently is a contributor to a range of diseases (143). Thus, not only can periodontitis directly lead to dysregulated host immunity, but it can alter microbial communities locally as well as distally and indirectly impact immune responses. This emphasizes the complex nature of how periodontitis can affect systemic diseases. It is important to reiterate that even though we have described specific instances whereby altered host immunity or microbial activities clearly predispose to detrimental systemic effects, they are only one part of the overall picture. Adverse distal effects of periodontitis are most likely the result of a dynamic interplay between microbial signals and aberrant host responses.




INTER-ORGAN IMMUNITY; LONG RANGE CONTROL OF IMMUNE RESPONSES

As outlined above, in the setting of periodontitis, oral microbes themselves, their products, or indeed, host immune mediators are all capable of eliciting changes to systemic immunity, by amplifying inflammation, subverting innate immune defenses, and promoting autoimmunity; all of which have the net effect of promoting systemic complications and disease development. Despite this, the idea that inflammation at one site can lead to alterations in immune responsiveness at another is not new, and indeed has been demonstrated in a number of settings away from the oral cavity. In particular, in 1978 the idea of the common mucosal immunologic system was proposed (144), suggesting mucosal sites communicate to protect the body from pathogenic challenge. Subsequently, increasing evidence has emerged suggesting that immune activation at one mucosal compartment directly impacts immunity at a distal mucosal site (145–148). The oral mucosal barriers of the mouth would certainly form a constituent of these collective mucosae, and thus immunological cross-talk between the oral barrier and distant mucosal sites has perhaps long been proposed in healthy if not in pathological settings. In addition to this mucosa-to-mucosa cross-talk, inflammation at non-oral barrier sites has also been associated with rheumatoid arthritis and joint pain, skin inflammation, as well as pathologies of the central nervous system (CNS). Thus, that inflammation at one site can effect inflammatory processes at another is not unexpected, but periodontitis is unique in the plethora of pathologies it has been reported to impact; perhaps a result of the inherent leakiness of the oral barrier.

Thus, far we have discussed possible mechanisms of cross-talk which have already been shown to contribute to how oral inflammation promotes a plethora of systemic diseases. Taking our cues from data that does not examine the oral barrier; we will now discuss immunological mechanisms that have been described whereby inflammation at one site affects immune control at another. We will outline possible mechanisms that periodontitis could hijack to exacerbate inflammation at distal sites such as the CNS and bone marrow, discussing studies that do not focus on periodontitis but other settings of acute, chronic or mucosal barrier inflammation. Exploring established and emerging concepts we will consider the relevance of these long-range signals to the distal inflammatory effects mediated by periodontitis (Figure 2).
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FIGURE 2. Possible mechanisms by which periodontitis contributes to inflammation at distal tissue locations. During oral inflammation both host- and microbial-derived factors could contribute to inflammatory pathology at extra-oral sites. Passage into the blood stream would give these immune-modulators access to a plethora of body compartments and therefore mediate effects on many body systems. Periodontitis could therefore contribute to the pathophysiology of other diseases in the following ways; (i) lead to endothelial dysfunction; (ii) drive changes to haematopoiesis; (iii) promote activation of T cells capable of trafficking to other mucosal barriers; (iv) result in changes to circulating immuno-modulatory microbial-derived metabolites; and (v) cause innate immune cell training. IL, interleukin; TNF-α, tumor necrosis factor α; PGE2, prostaglandin E2; SCFA, short chain fatty acids; [image: image] nitrite.





POSSIBLE MECHANISMS BY WHICH PERIODONTITIS COULD CONTRIBUTE TO DISTAL DISEASES


Cytokine Communication

As already discussed, the levels of certain cytokines have been shown to increase in the serum of periodontitis patients. Some of these elevated inflammatory cytokines could be mediating distal effects in the bone marrow. A number of studies have implicated cytokines such as IL-12, granulocyte-macrophage colony-stimulating factor (GM-CSF), thymic stromal lymphopoietin (TSLP), and IL-17 as candidates that can mediate long-range signals that influence the fundamental process of haematopoiesis (149–155). For example, produced in the gastrointestinal tract during inflammation, IL-12 is also detected within the blood and can be sensed in the bone marrow, modulating immune cell output. Monocytes primed for regulatory functions are generated upon instruction by natural killer (NK) cells in the bone marrow which sense inflammation-driven systemic IL-12 and release interferon (IFN)-γ (150). In line with this cytokines such as GM-CSF and TSLP have also been shown to mediate effects distal from their site of generation during settings of auto-inflammation. In another example, Siracusa et al. (155) reported that systemic TSLP can elicit extramedullary haematopoiesis in the spleen. This resulted in the expansion of progenitors with an intrinsic preference to differentiate into granulocytes; these immune cells promoted the development of allergic airway inflammation. Such studies demonstrate that localized inflammation results in the systemic elevation of cytokines that feed-back to the bone-marrow, subsequently altering the quality and/or quantity of the immune cells generated.

In conjunction with relaying signals to the bone marrow, systemic cytokines could directly modulate other distal tissues such as the CNS. It has been recently demonstrated that a gut-initiated Th17 response is capable of inducing cognitive decline through the effects of systemic IL-17 on the cerebrovasculature, inducing endothelial dysfunction (152). As cytokine levels are altered systemically in periodontitis, impacts of these on bone marrow output, as well as the CNS, could be easily envisaged and future work should examine changes to these compartments in patients and in pre-clinical models of periodontitis. With specific relation to changes to the bone marrow compartment, such fundamental alterations in immune cells could explain why periodontitis can impact the pathogenesis of such a variety of other diseases.



Neuronal Signals

As well as cytokines, neuronal signals, particularly those of the autonomic nervous system have also emerged as critical regulators that can relay long-range signals to the haematopoietic compartment during homeostasis and inflammation (156–160). As a result, it becomes essential to consider the role of these neuronal pathways during periodontal inflammation as their activation could well-contribute to the systemic inflammatory effects of this disease.

The concept of neuro-immune cross-talk has emerged from elegant demonstrations of the dynamic interactions between the nervous and immune systems in both homeostasis and non-periodontal disease that has reformed our understanding of these seemingly disparate systems (161–170). A number of studies have demonstrated that the bone marrow haematopoietic compartment receives rich sympathetic innervation (156, 171, 172) and that adrenergic signaling is critical in modulating haematopoietic output (156, 173), its circadian oscillations (171), aging (157) and ability to regenerate in contexts of injury (158). For example, the interaction of noradrenaline with the β2 adrenergic receptor have been shown to be indispensable for Granulocyte colony-stimulating factor (G-CSF)-mediated mobilization of haematopoietic stem and progenitor cells (HSPC), through the downregulation of the bone marrow anchor, CXCL12 (156). The ability of the sympathetic nervous system to exert diverse effects on the bone marrow haematopoietic niche stems from the transduction of signals via distinct β-adrenergic receptor sub-types (157, 171, 173). Intriguingly, the capacity of the autonomic nervous system to tune the bone marrow HSPC compartment is not restricted to neuronal signals. Non-myelinating schwann cells in the bone marrow are thought to play an integral role in maintaining HSPCs and their quiescence through their ability to contact HSPCs and activate latent transforming growth factor (TGF-β) (174). These networks are also thought to be important in disease as inflammation could disrupt the neuro-immune crosstalk. Indeed, there is a large body of evidence that has implicated sympathetic over-activation following ischaemic stroke in driving alterations in systemic immunity (175–177), in part, mediated through alterations in haematopoiesis in the bone marrow (159).

The ability of the nervous system to shape immune function is not limited to effects on haematopoiesis as neuropeptides derived from the enteric nervous system have also emerged as key players that shape immune function in health and disease (170, 178–183). Critical in driving group 2 innate lymphoid cell (ILC2)-mediated type 2 inflammation, the neuropeptide, neuromedin U has been shown to augment type-2 responses and therefore amplify allergic inflammation (182, 183). Recently, cytokines have emerged as candidates that are capable of directing immune function through effects on the nervous system (184). In this context it can be postulated that inflammation could modulate immune functions through alterations in neuronal signaling mediated by cytokines. As a result, it can be envisaged that the systemic leakage of cytokines during periodontal disease could engage autonomic and enteric neuronal circuits in the gut or bone marrow that could exacerbate systemic inflammation.



Trained Innate Immunity

Thus, far, we have considered how cytokine and neuronal signals altered in periodontal disease may mediate immune changes that could contribute to altered inflammatory responses at non-oral sites. Here, we shall delve into a more fundamental concept, how the sequence of signals experienced by innate cells are critical in directing their effector function, a concept historically confined to the realms of adaptive immunity. Although this has yet to be explored in settings of periodontitis, we shall discuss how through its myriad of effects, periodontal disease could subvert evolutionarily conserved pathways that serve to enhance and diversify the repertoire of innate responses to pathogenic challenges.

Traditionally it is considered that innate immune cells, such as monocytes, acquire effector functions upon recruitment to inflammatory sites, experiencing local signals that drive functional adaptation and local differentiation. However, it has now emerged that the terminal effector function of mononuclear phagocytes can be imprinted by infection, injury-driven cytokines or microbe-derived metabolites in distal tissues such as the bone marrow, altering the monocyte compartment as a whole (150, 185, 186). These studies add to the growing body of evidence (187) that illustrates the concept of trained innate immunity, a primitive means to tune the monocyte network to protect against pathogenic challenges.

Recent studies have illustrated that innate immunity can be trained to protect against subsequent challenges through the emergence of short-lived distinct myeloid populations that have a modulated, usually enhanced capacity to respond to pathogenic challenges. For example, monocytes, whilst one of the first responders to infection or injury possess an intrinsic inability to initiate pathogenic-specific responses like T cells or take on sub-specializations like tissue-specific macrophages (188, 189). In order to facilitate an expeditious and effective immune response during infection, it is thought that the host replaces the monocyte compartment as a whole through targeted alterations in haematopoiesis involving epigenetic rewiring (150, 186, 190, 191). Critically, it is distinct from emergency haematopoiesis which occurs in response to infection (192) as it tunes immunity by altering the functional responsiveness of the innate cells, specifically monocytes, generated.

Although trained immunity can have a positive effect in settings of infection, alterations in innate cell function could well mediate disastrous consequences in settings of auto-inflammation and specifically, contribute to the distal effects of periodontitis. Diverse stimuli have been shown to be capable of imparting monocyte training, including metabolites such as short chain fatty acids (SCFAs) (185) and mevalonate (193), and infection-driven cytokines such as IFN-γ (150). Whilst it is thought that this immune “memory” is maintained through distinct alterations in haematopoiesis (190), intriguingly, innate immune cells are capable of being trained at multiple stages, from the point of genesis (150, 185, 190) to the point of maturity (194). For example, studies (150, 185, 190) have shown that microbial products such as β-glucan or SCFAs and cytokines such as IFN-γ can modulate myelopoiesis resulting in the production of altered myeloid precursors as a means to imprint immunity against pathogens or in response to inflammation at mucosal sites such as the lung or gut. Whilst mature monocytes can also be trained by similar stimuli such as β-glucan, the training is thought to be epigenetically imprinted and consequently confers an enhanced capacity to respond to subsequent pathogenic challenges (194, 195). Unlike alterations in haematopoiesis, epigenetic signatures serve to impart immune “memory” to mature cells that have exited the haematopoietic developmental programme. It can thus be inferred that these mechanisms act in synergy, modulating developing as well as mature monocytes, replacing the monocyte compartment of the host.

It is conceivable that the systemic dissemination of cytokines, microbial products, and metabolites that occurs during periodontitis, could drive innate immune cell training. Unlike the changes to global haematopoiesis discussed in the previous sections, periodontitis could drive fundamental changes to monocyte function, resulting in the specification of immunogenic phenotypes in monocytes generated in the bone marrow. This could have catastrophic consequences as the generation of trained innate immune cells with altered immunogenic potential could well be a key driver of aberrant inflammation at extra-oral sites. Indeed alterations in peripheral blood monocytes have been noted in periodontitis patients (196–199), potentially suggesting innate immune cell training occurs in this disease. Whether trained epigenetic changes underpin these altered functions remains to be determined. Such fundamental changes to immune cell function, if they do occur in periodontitis, would likely impact subsequent and on-going immune processes, irrespective of their anatomical location.



Trafficking of Activated T Cells

Usually a consequence of alterations in the cytokine milieu, altering immune cell trafficking is also an effective means to modulate immunity at a distal site. This concept also contributes to the idea of a common mucosal immune system, extending immune responses beyond compartmentalized tissues (200, 201). For example, it has emerged that infection-driven inflammation in the lung is capable of instructing CCR9+CD4+ T cell recruitment from the lungs to the gut (145). This recruitment of activated T cells to the gut resulted in intestinal injury and dysbiosis, driven by production of IFN-γ and IL-17A. Thus, T cells primed at one mucosal site could drive pathology when found at another. Moreover, intra-nasal delivery of antigens is capable of inducing protective immunity against an enteric Salmonella challenge by activating lung dendritic cells (DCs) that promote the homing of CD4+ T cells to the gastrointestinal tract through the up-regulation of the integrin α4β7 and CCR9 (146), again highlighting lymphocyte trafficking between mucosal barriers.

In fact, when considering the cross-talk between the oral barrier and distal tissues, it is particularly salient to probe mucosal sites, after all it is well-established that oral vaccination induces protective immunity at distal mucosal barriers (147, 202, 203), indicating responses primed orally are effectively recalled at other barriers. Indeed many antigens encountered in the oral cavity, including those of both food- and bacterial-origin, are subsequently seen in the gastrointestinal tract or lung. As exposure to these antigens will change during oral inflammation, it raises the possibility that altered T cell priming and trafficking could link periodontitis with diseases of the gut and lung.



Commensal Bacterial Metabolites

It is now well-established that commensal-derived signals play crucial roles in shaping both local immune networks at barrier surfaces, as well as distal tissue sites like the brain (1). This is a relationship that is fraught with peril as a nuanced system of checks and balances are required to limit invasive flora whilst restraining overtly inflammatory responses and allowing the host to reap the benefits of housing a commensal community. As a consequence of this intimate host-microbe relationship, it is unsurprising that shifts in the microbial communities inhabiting barrier surfaces are associated with disease states during inflammation, injury and aging (204–207). In this context, metabolites generated by the gastrointestinal microbial community have been demonstrated to calibrate homeostatic and anti-microbial immune networks in situ (208–211). Importantly, not only are these metabolites important for shaping local gastrointestinal intestinal immunity but studies have illustrated that microbe-derived metabolites are capable of being deployed as long-range signals, modulating inflammation at distal sites such as the CNS (212–214) and lung (185, 215, 216). These commensal-derived keystone metabolites thus calibrate immune responsiveness and alteration in the systemic levels of these products has been shown to contribute to immune dysfunction. A number of studies have shown that microbial metabolites from the gut such as the SCFA butyrate play an important role in limiting pathology and promoting the resolution of pulmonary infections through diverse effects on innate and adaptive immunity (185, 217–219). Although not studied to anywhere near the same extent, shifts in the oral commensal community could also contribute to systemic inflammation through the alteration of key metabolites. Focusing on SCFA, the oral commensal community has been shown to shift toward a more butyrate producing community during inflammation (220–223). Whether this leads to subsequent changes in systemic SCFA has yet to be explored, but if so would likely impact peripheral immunity. In addition a key metabolite generated by oral commensals is nitrite, as the oral community reduces nitrates (224–226), generating this metabolite which has vasoactive effects (227–229). Thus, changes in the oral bacterial community during periodontitis could impact systemic levels of nitrite which would have profound effects on systemic vascular tone (229). These concepts await exploration in the context of periodontal disease but again could contribute to the systemic pathologies that are associated with periodontitis.




CONCLUDING REMARKS

Data from pre-clinical animal models and epidemiological studies indicate strong associations between the presence of periodontitis and amplification of plethora of diseased states ranging from joint inflammation to cognitive decline. Despite this, only a few detailed mechanisms have emerged outlining how periodontitis mediates these deleterious effects. As discussed in this review, it is not difficult to envisage possible periodontitis-induced mediators that could be driving distal inflammatory consequences; what remains now is to better delineate these mechanisms and definitively establish cause-and-effect relationships during periodontitis. This can be achieved through well-designed animal experiments utilizing cutting-edge technologies to establish systemic and tissue-specific changes during periodontitis. Moreover, large scale, well-powered, human studies should be undertaken to assess the impact of periodontitis treatment on extra-oral disease pathology. This should be done alongside the careful clinical evaluation of oral parameters in patients with diseases associated with periodontitis, to generate detailed insight into the oral health of these patients. Better understanding of the cross-talk between the oral barrier and distal sites could support a step-change in the clinical treatment of many diseases. Not only could oral health parameters be employed to stratify patients and/or monitor disease progression but in some cases it may emerge that aggressive intervention to improve oral health could mediate dramatic improvements in a plethora of life-limiting diseases.
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FOXO1 transcription factors affect a number of cell types that are important in the host response. Cell types whose functions are modulated by FOXO1 include keratinocytes in the skin and mucosal dermis, neutrophils and macrophages, dendritic cells, Tregs and B-cells. FOXO1 is activated by bacterial or cytokine stimulation. Its translocation to the nucleus and binding to promoter regions of genes that have FOXO response elements is stimulated by the MAP kinase pathway and inhibited by the PI3 kinase/AKT pathway. Downstream gene targets of FOXO1 include pro-inflammatory signaling molecules (TLR2, TLR4, IL-1β, and TNF-α), wound healing factors (TGF-β, VEGF, and CTGF) adhesion molecules (integrins-β1, -β3, -β6, αvβ3, CD11b, CD18, and ICAM-1), chemokine receptors (CCR7 and CXCR2), B cell regulators (APRIL and BLYS), T-regulatory modulators (Foxp3 and CTLA-4), antioxidants (GPX-2 and cytoglobin), and DNA repair enzymes (GADD45α). Each of the above cell types are found in oral mucosa and modulated by bacteria or an inflammatory microenvironment. FOXO1 contributes to the regulation of these cells, which collectively maintain and repair the epithelial barrier, formation and activation of Tregs that are needed to resolve inflammation, mobilization, infiltration, and activation of anti-bacterial defenses in neutrophils, and the homing of dendritic cells to lymph nodes to induce T-cell and B-cell responses. The goal of the manuscript is to review how the transcription factor, FOXO1, contributes to the activation and regulation of key leukocytes needed to maintain homeostasis and respond to bacterial challenge in oral mucosal tissues. Examples are given with an emphasis on lineage specific deletion of Foxo1 to explore the impact of FOXO1 on cell behavior, inflammation and susceptibility to infection.

Keywords: bacteria, bone loss, forkhead, gingiva, immune, mucosa, periodontal disease, periodontitis

Forkhead box-O (FOXO) transcription factors were first identified in Drosophila melanogaster (1). There are four members of this family in mammals, three of which (FOXO1, FOXO3, and FOXO4) have conserved sequence homologies while FOXO6 is more distantly related (2). FOXO proteins regulate cell survival and apoptosis, proliferation, energy metabolism, oxidative stress responses, and its mutations are closely linked to cancer formation (1, 3). FOXO1, FOXO3, and FOXO4 often have common target genes and function. However, there are differences that are related to interaction with different co-activators and co-repressors. For example, global Foxo1 deletion in mice is embryonically lethal in contrast to global ablation of Foxo3 or Foxo4, which is not. The biological functions of FOXOs can overlap but are not necessarily redundant. FOXOs act primarily as transcription factors following translocation to the nucleus but can sometimes have “off target” effects as co-regulators in the nucleus or by binding to other proteins in the cytoplasm (4).

FOXOs are controlled at several levels including expression, nuclear translocation, DNA binding and interaction with other proteins. FOXOs have four primary domains with the following functions: (a) DNA binding, (b) nuclear localization, (c) nuclear export, and (d) transactivation. FOXOs recognize two consensus response elements: a Daf-16 binding site (5′-GTAAA (T/C)AA) and an insulin-response element (5′-(C/A)(A/C)AAA(C/T)AA) (1). The core DNA sequence 5′-(A/C)AA(C/T)A is recognized by all FOXO-family members. FOXO post-translational modification involves acetylation, phosphorylation, ubiquitination, methylation, and glycosylation (1). The modifications affect nuclear translocation or exit from the nucleus, DNA binding, and interaction with co-repressors and co-activators (5). Kinases/phosphatases and acetylases/deacetylases modulate shuttling of FOXOs to and from the nucleus. FOXO1 nuclear localization and resulting transcriptional activity is downregulated by phosphorylation from insulin stimulation via the phosphoinositide-3-kinase/AKT pathway or conversely, up-regulated by phosphorylation at different aminoacids through RAS/mitogen-activated protein kinase activity (1). Deacetylation of FOXO1 typically enhances nuclear localization and activity while they are reduced by acetylation (6). Generally, the level of FOXO1 nuclear localization is proportional to its activity. However, we have found that high glucose increases FOXO1 nuclear localization but reduces induction of specific genes (TGF-β and VEGF) by reducing its binding to the promoter regions despite increased nuclear localization (7–10). In fact, FOXO1 can bind to specific molecules to act as part of a co-repressor or co-activator complex (11). In this regard it is not always simple to predict the impact of FOXO1 on a given activity since its function his highly modified by post-translational modification and interaction with other partners.

FOXOs play a key role in maintaining homeostasis and in adapting to environmental changes (2). Since FOXO1 is the best studied of the FOXO family it is the focus of this review. FOXO1 may have an important role in regulating several aspects of mucosal immunity by affecting dendritic cells (12), macrophage and neutrophil recruitment and activation (13–15), as well as T-helper cell and B-lymphocyte development and function (16–18). FoxO1 also affects immune responses by controlling cytokine production (19) and protecting hematopoietic stems cells from oxidative stress (20). In addition, FOXO1 regulates important aspects of keratinocyte function and potentially has a role in maintaining or repairing epithelial barrier function (21, 22). Surprisingly FOXO1 can have a specific effect under normal conditions and opposite effect in other conditions such those in diabetes and can have cell specific responses (21, 23). Thus, it is often difficult to predict the impact of FOXO1 and its role under various conditions. These studies demonstrate the complex nature of FOXO1 and its responsiveness to the cellular microenvironment, suggesting that it is highly regulated by epigenetic factors such as high glucose or those where oxidative stress is high. This is likely to be a fruitful area of future research.


PERIODONTAL DISEASE PATHOGENESIS

Periodontal disease is an inflammatory disease that is initiated by bacteria that forms a biofilm on the tooth surface and includes gingivitis consisting of gingival inflammation but not bone loss and periodontitis that leads to a net loss of bone (24–26). Periodontitis is recognized as the most prevalent lytic bone disorder in humans and the most common cause of tooth loss in adults in developed countries. In addition, periodontal disease, particularly periodontitis is linked to other chronic diseases such as rheumatoid arthritis, cardiovascular disease, and insulin resistance associated with type 2 diabetes (26). When bacteria or their products encounter leukocytes the host response is activated. Although periodontal disease is considered a destructive process it should be kept in mind that it represents corollary damage resulting from an effective host response that limits spread of bacteria (27–29). This concept is supported by findings that a combined TLR2/TLR4 deletion that impairs the host response reduces periodontal bone resorption but increases systemic dissemination of oral bacteria (27). Another line of evidence that supports this conclusion is the limited colonization of gingival tissues by bacteria, indicative of the effectiveness of the host response in clearing bacteria despite the continual presence of bacteria in the gingival sulcus (28). However, when the host response is sufficiently compromised bacteria can invade the gingival tissues effectively (28). Further support comes from studies which demonstrate that there is very little damage caused directly by periodontal pathogens in vivo and that most of the damage occurs indirectly from the host response (29, 30). Thus, under typical conditions the bacteria are not sufficiently robust compared to the host defense and are prevented from colonizing gingival connective tissues and directly causing damage (27–29). A key component of the transition from gingivitis to periodontitis is the movement of inflammation from a sub-epithelial compartment toward bone (31). The proximity of inflammatory mediators to osteocytes/osteoblasts and PDL cells leads to the induction of RANKL by these cells as well as inhibition of coupled bone formation and periodontal bone loss (32, 33). Several mechanisms may facilitate this transition including a bacterial dysbiosis, bacterial penetration to connective tissue, ineffective removal of bacteria or their products, inadequate function of several cell types including neutrophils and dendritic cells, lack of adequate stimulation of Th2 and T-regulatory lymphocyte responses, hyper-activation of a Th1 and Th17 responses and failure to down regulate inflammation through various mechanisms (34–41). The importance of an adequate host response to bacterial challenge has been shown by increased susceptibility to periodontitis in mice with genetic deletion of specific genes that regulate leukocyte recruitment such as Icam-1, P-selectin, Beta2-integrin/CD18; recognition of bacteria by TLR2, TLR4, Lamp-2; immune modulation by Cxcr2, Ccr4, IL-10, OPG, IL1RA, TNF-α receptor, IL-17 receptor, Socs3, Foxo1; and deletion of genes that encode proteolytic enzymes including Mmp8 and Plasmin (42). The adaptive immune response produces inflammatory mediators that stimulate apoptosis in osteoblasts through a mechanism involving activation of FOXO1 in osteoblasts and suppression of coupled bone formation, an important component of periodontal bone loss (19, 39).



KERATINOCYTES AND FOXO1

An epithelial barrier separates the gingival connective tissue from the external environment and protects it from bacterial colonization (43). It consists primarily of keratinocytes, which are separated from the connective tissue by a basement membrane. Epithelial cells produce cell to cell junctions, inflammatory cytokines, and elaborate anti-microbial peptides that limit bacterial invasion (44). In vitro, oral bacteria are able to pass the epithelial barrier via different paths: Porphyromonas gingivalis (Pg) can invade by intracellular spread from epithelial cell to epithelial cell, Aggregatibacter actinomycetemcomitans (Aa), and Fusobacterium nucleatum (Fn) move between epithelial cells. In contrast, Streptococcus gordonii (Sg) is predominantly associated with the superficial cell layer (45). Transcription factors such as FOXO1 play important roles the response of keratinocytes to perturbation by bacteria or wounding (22, 46–48). Porphyromonas gingivalis stimulates an increase in FoxO1 expression and has multiple effects on gingival epithelium including a loss of barrier function (47). FOXO1 is needed for keratinocytes to maintain expression of integrins beta-1, beta-3, and beta-6, which may be critical to maintaining barrier function (47). FOXO1 has also been shown to mediate keratinocyte responses to bacteria. For example, FOXO1 mediates Porphyromonas gingivalis-stimulated expression of antioxidants (catalase, superoxide dismutase, and peroxiredoxin 3) (48). Porphyromonas gingivalis activates FOXO1 by inducing the production of ROS, which in turn stimulates JNK activation and presumably stimulates FOXO1 nuclear localization (48). Surprisingly, knockdown of FOXO1 under basal conditions increases IL-1β production suggesting that FOXO1 in the absence of an inflammatory stimulus acts to restrain inflammation (48). Short-term exposure of keratinocytes to Porphyromonas gingivalis reduces apoptosis, while long-term exposure increases keratinocyte cell death. Porphyromonas gingivalis-stimulated apoptosis under the latter conditions is FOXO1 dependent (47).

Several classes of genes expressed by keratinocytes are FOXO1 dependent including keratin-1, -10, -14, and involucrin, which are expressed in differentiated keratinocytes (47). Similarly, genes that maintain barrier function such as integrin beta-1, -3, and -6 are FOXO1 regulated (47). Thus, FOXO1 affects several genes that affect keratinocyte behavior that potentially modulate barrier function and are needed for cell to cell adhesion or adhesion to matrix proteins.

Upon wounding keratinocytes respond quickly to re-epithelialize the wounded surface. Wound healing increases FoxO1 nuclear-localization in keratinocytes to promote re-epithelialization (49). TGF- β is quickly released upon wounding. FoxO1 mediates the effect of TGF-β on keratinocytes (50) and FoxO1 is needed to upregulate TGF-β expression in keratinocytes during wound healing suggesting a reciprocal relationship (49). TGF-β promotes epithelial migration to cover the wound surface and without adequate TGF-β signaling re-epithelialization is compromised. Other components in epithelial cell migration are induced by FoxO1 during wounding including integrin-β3 and -β6 and MMP-3 and -9. Furthermore, FOXO1 promotes re-epithelialization by increasing resistance to oxidative stress through the induction genes with anti-oxidant activity [e.g., glutathione peroxidase 2 (GPX-2) and cytoglobin] and which repair damaged DNA (e.g., growth arrest and DNA damage inducible 45α, GADD45α) (49). This is significant since high levels of ROS interfere with keratinocyte function and compromise re-epithelialization (49). In the absence of FOXO1 keratinocyte apoptosis is also increased during healing and associated with increased oxidative stress (49). Figure 1 presents a summary of FOXO1 downstream gene targets and their potential effect on keratinocyte function.
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FIGURE 1. FOXO1 is activated in keratinocytes to induce gene expression that modulates keratinocyte behavior. FoxO1 induces the expression of genes that affect keratinocyte function such as TGF-ß, VEGF, CTGF, integrins beta-1, -3, -6, Keratin-1, -10, -14, antioxidants GPX-2, cytoglobin, catalase and superoxide dismutase, and a DNA repair enzyme, Gadd45α. Bacteria through pattern recognition receptors or cytokine stimulation induces formation of reactive oxygen species that activate components of the MAP kinase pathway such as JNK, which stimulate FoxO1 nuclear localization where FoxO1 modulates gene transcription.


The above functions of FOXO1 have been shown to occur in re-epithelialization of the wounded skin. Studies have also demonstrated that FoxO1 is required for mucosal re-epithelialization. FOXO1 expression in keratinocytes is needed for repair of injured mucosa under normal conditions. In a diabetic environment FOXO1 has the opposite effect as shown by improved migration of mucosal keratinocytes and improved re-epithelialization in diabetic mice with keratinocyte specific Foxo1 ablation (7). A potential mechanism involves the altered expression of FOXO1 downstream target genes based on glycemic levels. For example, hyperglycemia in vivo and in high glucose in vitro increase FOXO1 interactions response elements in chemokine CCL20 and interleukin-36γ promoters that increase transcription in a FOXO1-dependent manner. High levels of CCL20 and IL-36γ stimulated by high glucose interfere with keratinocyte migration. Thus, in high glucose FOXO1 fails to induce TGF-β, which can enhance keratinocyte migration and instead causes excessive production of CCl20 and IFNγ, which inhibit migration (7). Thus, the glucose environment changes the activity of FOXO1 so that it promotes mucosal epithelialization under normal conditions but causes a shift in its induction of downstream targets that at to inhibit re-epithelialization.

FoxO1 activity in keratinocytes may also affect the underlying connective tissue. It has been shown that expression of VEGF in keratinocytes is dependent on Foxo1 (9) since its deletion reduces VEGF expression and keratinocyte-stimulated angiogenesis in the underlying connective tissue in vivo. Furthermore, FOXO1 induces TGF-β and CTGF in keratinocytes and Foxo1 ablation in keratinocytes reduces the number of mesenchymal stem cells and fibroblasts in vivo (51). These results suggest that FOXO1 is an important transcription factor in epithelium that participates in connective healing by the production of growth factors such as VEGF, TGF-β, and CTGF. In contrast, the role of FOXO1 in organizing the mucosal keratinocyte response to microbial challenge is not as well understood although it is evident that FOXO1 is induced by bacterial challenge (44, 48). Future research may provide insight into the potential regulation of barrier function by FOXO1 as well as clarify its regulation of the inflammatory response of keratinocytes to microbes in vivo and potential anti-microbial functions.



DENDRITIC CELLS AND FOXO1

Dendritic cells (DCs) are antigen-presenting cells, which capture, process and present antigens to lymphocytes to initiate and regulate the adaptive immune response (38). Microbial products can stimulate dendritic cells (DC) through toll-like receptors (TLRs) to enhance T-cell activation (52, 53). Trafficking of DC through lymphatic vessels is an essential aspect of protection by clearing bacteria and promoting protective immune responses (54). There is increased DC trafficking to lymph nodes and to the gingiva in response to the accumulation of dental plaque (55) and a decrease following periodontal treatment (56). In one of the few cause and effect studies, ablation of Langerhans cells and Langerhans+ dendritic cells resulted in reduced numbers of Tregs, elevated production of RANKL, and enhanced alveolar bone loss during experimental periodontitis (57). In contrast, a more specific deletion of mucosal Langerhans cells had no effect on Porphyromonas gingivalis induced periodontitis but did enhance the production of Th17 cells (58). The authors in the latter report suggest that neither Langerhans cells nor Th17 cells play a major role in Porphyromonas gingivalis induced periodontal bone loss in the mouse model.

Bacteria activate FOXO1 in DC by inducing its nuclear localization through the MAPK pathway (12). FOXO1 affects several aspects of DC function. FOXO1 directly or indirectly participates in several aspects of DC stimulation of T- and B-lymphocytes through its effect on bacterial phagocytosis, lymphocyte migration, and homing as well as DC-lymphocyte binding. It is needed for DC phagocytosis of bacteria as FOXO1 specific deletion in DCs inhibits bacterial phagocytosis (12). In addition, it affects DC migration and DC binding to lymphocytes (12). DC homing to lymph nodes is a key early aspect of the adaptive immune response. After engaging bacteria, DCs in the mucosa move to regional lymph nodes where they interact with lymphocytes. FOXO1 plays a key role in DC homing to lymph nodes through upregulation of CCR7. CCR7 is a chemokine receptor that responds to ligands expressed in lymph nodes to direct DC-lymph node homing. In addition, FOXO1 upregulates expression of ICAM-1. ICAM-1 is needed for DC binding to lymphocytes and formation of an immune synapse that activates lymphocytes. FOXO1 is able to bind to response elements in the promoters of ICAM-1 and CCR7 consistent with direct transcriptional regulation (12). Transfection with ICAM-1 and CCR7 expression vectors rescues impaired DC function in vivo and in vitro in Foxo1 deleted DCs demonstrating their functional significance. FOXO1 downstream gene targets and their impact on DC function are summarized in Figure 2A. The linkage between FOXO1, DC and the capacity of DC to stimulate adaptive immunity is reinforced by evidence that bacteria-specific antibody production in vivo is impaired by lineage specific Foxo1 ablation in DC (12). When FOXO1 is over-expressed in vitro, DCs produce high levels of IL-12, IL-6, and TNF-α and when Foxo1 is deleted DCs have reduced capacity to produce inflammatory cytokines (59). Thus, FOXO1 regulates expression of inflammatory cytokines in DCs as does AKT1, which inhibits FOXO1 activity (58–64).
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FIGURE 2. FOXO1 regulates activation and function of dendritic cells. (A) FoxO1 nuclear localization is stimulated by activation of the MAP kinase pathway (JNK, p38, and ERK). In the nucleus FOXO1 affects DC function by increasing expression of genes such as ICAM1, CCR7, APRIL, BLYS, IL-1-β, IL-6, IL12, IFN-γ, TNF-α, and αvβ3. The change in gene expression promotes DC homing to the lymph nodes, antigen presentation, DC activation of T-and B- cells, and inflammation. (B) Cytokine receptors and pattern recognition receptors such as toll-like receptors (TLRs) stimulate activation of FOXO1 through the MAP kinase pathway. Activated FOXO1 can bind to the promoter region of target genes and regulate transcription. AKT is a major downstream target of PI3K that functions as a negative regulator of FOXO1. Stimulation of mTOR activates AKT to inhibit FoxO1 activity, which has been proposed to prevent a hyperinflammatory response.


Bacteria and their products increase FOXO1 expression and activation in DCs by signaling through TLRs (59–61). Oral infection stimulates DC migration to cervical lymph nodes and induces antibody production in vivo (59). Recent experiments have demonstrated that periodontitis lesions are characterized by neutrophils and T-helper cells (36, 65). Deletion of Foxo1 specifically in DCs reduces DC homing to lymph nodes induced by periodontal pathogens and reduces the production of specific antibody in response to their oral inoculation (59). The up-regulation of adaptive immunity is in part dependent upon FOXO1 regulation of APRIL and BLYS (see Figure 2A). This is significant since APRIL and BLYS are needed for stimulation of B-cells to form plasma cells (59). In addition, oral infection stimulates DC migration to mucosal epithelium. This migration is reduced by DC-specific Foxo1 ablation (59). Interestingly, reduced DC homing to lymph nodes and periodontal tissues caused by lineage specific Foxo1 deletion in DCs increases periodontal inflammation and susceptibility to periodontitis (59). The enhanced susceptibility is most likely through reduced humoral immunity, suggesting an important protective role for adaptive immunity in protecting periodontal tissues from microbial dysbiosis. The decreased antibody protection against bacteria in turn, may lead to an increased innate immune response that mediates periodontal tissue destruction. The latter is supported by findings that specific ablation of Foxo1 in DC is linked to increased IL-1β and IL-17 levels, greater RANKL expression and osteoclast formation and more bone loss (59). In addition, DC-specific ablation of Foxo1 in aged mice reduces anti-Porphyromonas gingivalis IgG1 and is associated with greater periodontal bone loss (62).

Stimulation of DC with bacteria such as Porphyromonas gingivalis or LPS induces a significant increase in FOXO1 activation as reflected by increased nuclear localization. Moreover, bacteria-induced FOXO1 nuclear localization is blocked by inhibitors of p38, JNK, and ERK. The inhibition of all three MAP kinase components is more effective than any one of them alone. However, the regulation of FOXO1 activity is more complex. In addition to stimulating FOXO1, TLR4 signaling can indirectly inhibit FoxO1 activation (63). In this scenario, LPS stimulation in DC activates mTOR and subsequently stimulates AKT, which inhibits FOXO1 activity. The activation of AKT in dendritic cells may prevent a hyperinflammatory response by deactivating FOXO1 (60). In addition, AKT has been reported to induce dendritic cell proliferation and survival (64). The activation of FOXO1 through the MAP kinase pathway and inhibition of FOXO1 through mTOR induced AKT signaling is shown in Figure 2B. These studies suggest that FOXO1 and AKT1 interact to modulate inflammatory responses in DC in vivo. It remains to be proven whether this occurs in vivo and whether AKT1 functions in DC to down-regulate FOXO1 or whether it primarily modulates DC function through phosphorylation of other downstream targets such as mTor or GSK-3.



LYMPHOCYTES AND FOXO1

Lymphocytes play important protective and destructive roles in periodontitis (25). B-lymphocytes are the predominant leukocyte in chronic inflammatory periodontal lesions and differentiate to plasma cells that produce antibody (36). There is no consensus on whether the development of antibodies in periodontitis is protective, although some studies have shown that a deficient Th2 response is associated with increased susceptibility to periodontitis (25). Similarly, the deletion of B-cells in mice have led to inconsistent results (36). Increased Th2 and Treg lymphocyte production is generally associated with resistance to periodontitis or resolution of periodontal inflammation (66). Th2 lymphocytes produce anti-inflammatory cytokines such as IL-4 and IL-10 and antibodies that may be protective (25). T-regulatory lymphocytes suppress inflammation by production of cytokines such TGF-β and IL-10. In experimental periodontitis adoptive transfer of Tregs inhibits periodontal disease susceptibility (67). Development of chronic periodontitis is linked to Th1 lymphocytes that produce IFNγ and IL-1-β and Th17 lymphocytes that produce IL-17A (68). Inflammation is problematic because it inhibits coupled bone formation that occurs after an episode of periodontal bone loss (39). In addition, RANKL, which plays an essential role in periodontal bone resorption has other properties besides stimulating osteoclastogenesis and is needed to form germinal centers in lymph nodes and may be important in enhancing formation of Tregs in inflamed bone (69).

FOXO1 plays an important role in adaptive immunity. FOXO1 affects lymphocyte development, homing, cytokine expression, and gene recombination (70). It modulates the formation of Tregs B-lymphocytes and is instrumental in maintaining hematopoietic stem cells (71, 72). Antibody class-switch by B-cells is also FOXO1 dependent (73). It exerts these effects through transcriptionally inducing key downstream target genes including L-selectin and sphingosine-1-phosphate receptor 1 (S1pr1) for homing and IL-7 receptor-α that promotes survival of naive T-cells. FOXO1 promotes the formation of T-regulatory cells and B-lymphocytes (71, 72). The formation and function of Tregs is negatively affected by Foxo1 ablation as mice with lineage specific Foxo1 deletion have substantially reduced Tregs and those that are formed have diminished viability and function (70, 74). Furthermore, in the absence of FOXO1 TGF-β stimulated Tregs formation is reduced and Th1 cells increased (75). FOXO1 binds to the Foxp3 and cytotoxic T-lymphocyte antigen 4 (Ctla4) promoters to induce their transcription (70). AKT inhibits FOXO1 and reduced AKT activity is needed for FOXO1 to induce Treg formation. Moreover, inflammatory conditions may stimulate the PI3K/AKT pathway and inhibit formation of Tregs (76). A summary of FOXO1 and its role in Tregs is shown in Figure 3. Studies of FOXO1 function in dendritic cells demonstrate that FOXO1 protects against bacteria induced periodontitis through upregulation of dendritic cell activity. However, they have not yet addressed whether FOXO1 induces formation and activity of specific CD4+ T-helper cell phenotypes or the formation and activity of CD8+ lymphocytes that may affect resistance or susceptibility to periodontal disease.
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FIGURE 3. FOXO1 regulates formation of T-regulatory cells. FoxO1 induces Foxp3, CTLA-4, IL-10, and TGF-β to enhance Treg formation and function. Activation of AKT phosphatase blocks AKT activation, which functions to increase FOXO1 nuclear localization to maintain Treg function.




MONOCYTES/MACROPHAGES AND FOXO1

Monocytes are mobilized to the peripheral tissue by infection. Macrophages exist in different forms, classically pro-inflammatory M1 macrophages and anti-inflammatory/pro-healing M2 macrophages (77). M1 macrophages are generated when exposed to IFNγ, TNF–α, IL-1, and IL-6 while M2 macrophages are induced by IL-4, IL-10, and IL-13 (77). It is thought that there is a continuum between M1 and M2 macrophages, that most are not purely M1 or M2 and that they can be programmed to change M1 and M2 phenotypes. A third M3 macrophage phenotype has been proposed that results from incomplete macrophage reprogramming (77). These intermediate M3 polarization states may prevent an excessive response resulting from macrophage polarization. FOXO1 and its function in macrophages is summarized in Figure 4.
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FIGURE 4. FOXO1 increases production of inflammatory mediators by monocytes/macrophages. Pattern recognition receptors and cytokine receptor stimulation induces FOXO1 activity. FoxO1 increases expression of TLRs, IL-1β, CXCL10, MIP-1α, TNF-α, IL-6, and IFN-γ and can also reduce IL-10, which combined, increase inflammation. Pattern recognition receptors such as TLR4 can induce CaMKKβ that leads to increased FOXO1 nuclear localization and activation, which has been linked to increased bacterial killing. In addition, FOXO1 can act to increase phagocytosis and reduce apoptosis. There is conflicting data on FOXO1 and macrophage polarization. In tumor-associated macrophages FOXO1 is reported to increase the M1 phenotype but in asthma to increase the M2 phenotype.


When exposed to bacteria, M1 macrophages secrete inflammatory cytokines that directly or indirectly stimulate osteoclast formation as well as proteases that degrade connective tissue matrix. IL-1β and TNF-α produced by monocytes/macrophages are highly expressed during induction of periodontal disease (78). The conversion from the gingivitis to periodontitis and recruitment of inflammatory cells in close proximity to bone is blocked by IL-1 and TNF-α blockers demonstrating the importance of these macrophage products in the destructive process (31). However, at later stages macrophage also contribute to the resolution of inflammation through the removal of apoptotic neutrophils and stimulate repair (37). This reflects the conversion from the M1 to the M2 phenotype. FOXO1 and its function in macrophages is summarized in Figure 4.

TLRs stimulate FOXO1 activity in macrophages (79). FoxO1 activation in macrophages is pro-inflammatory as it increases IL-1β production (80). FOXO1 binds to response elements in the IL-1β promoter to increase transcriptional activity (80). FOXO1 also binds to DNA response elements of a number of genes in the TLR signaling pathway including TLR4 itself to enhance inflammation (14). Thus, FOXO1 can enhance TLR4 stimulated expression of IL-1β, Cxcl10, and MIP1α through upregulation of molecules in the TLR4 pathway as well as induce their transcription directly. FOXO1 may also protect macrophages from apoptosis to increase their survival in an inflammatory environment and enhance inflammation (81). Hyperglycemia may further increase the macrophage inflammatory phenotype by reducing the capacity of FoxO1 to stimulate IL-10 expression (13).

The effect of FOXO1 on macrophage polarization has been controversial and may depend upon specific conditions. Foxo1 deletion in myeloid cells has been shown to reduce M1 and increases M2 polarization in macrophages (79). As a result, these experiments suggest that FOXO1 in macrophages promotes M1 polarization in concert with its pro-inflammatory function. Consistent with this hypothesis, tumor associated macrophages that have reduced FOXO1 expression exhibit increased M2 polarization, which is thought to enhance tumor growth (82). However, it has also been reported that in response to LPS, M2 macrophages exhibit increased FOXO1 expression and FOXO1 binds to the IL-10 promoter in M2 macrophages more efficiently than it does in M1 macrophages (13). Thus, under these experimental conditions FOXO1 promotes M2 macrophage formation by inducing IL-10, Arg1, Fizz1, and interleukin-13 receptor alpha 1 (IL-13Ra1) (13).

FOXO1 activity may affect macrophage function by modulating autophagy (83). Autophagy has been proposed as a mechanism by which macrophages deal with intracellular pathogens to enhance their killing (84). When macrophages are challenged with E. coli there is an increase in cellular calcium levels that promotes autophagy and anti-bactericidal activity that is stimulated by calcium/calmodulin dependent protein kinase β (CaMKKβ). CaMKKβ leads to increased FOXO1 nuclear localization (83). When Foxo1 is knocked down there is a significant reduction in autophagy.

Although FOXO1 is pro-inflammatory in macrophages it may also limit a hyper-inflammatory response by inducing AKT that in turn inactivates FOXO1 (14). It has been proposed that TLR4 activation stimulates PI3 kinase activity, which in turn phosphorylates AKT to induce FOXO1 phosphorylation and its transit from the nucleus to the cytoplasm to deactivate it. A similar mechanism has been proposed in dendritic cells as described above and in Brown et al. (60). Taken together, it is possible that insulin has an anti-inflammatory effect by inducing AKT activity and inhibiting FOXO1. FOXO1 may also augment the innate immune response by affecting myeloid cells. Genetic ablation of Foxo1, Foxo3, and Foxo4 in myeloid cells results in an expansion of granulocyte/monocyte progenitors (81). The increased formation of these progenitors is likely due to an inhibitory effect of FOXOs on cell-cycle progression that is lost when the FOXOs are deleted. The precise role of FOXO1 in macrophages has not been settled and it may depend on the conditions tested. The interpretation of these studies is also limited by a lack of in vivo studies with more specific deletion of Foxo1 in monocytes/macrophages. The role of FOXO1 in macrophage function is summarized in Figure 4.



NEUTROPHILS AND FOXO1

Neutrophils are the predominant leukocyte recruited to the gingiva by bacteria or their products that have crossed the epithelial barrier and entered the connective tissue. One hypothesis for the development of periodontal disease is an inadequate neutrophil defense that that leads to greater inflammation and periodontal destruction (85). Neutrophil polymorphonuclear leukocytes (PMNs) phagocytose and kill microbes and remove subcellular particles (85). Following an acute inflammatory response the removal of apoptotic neutrophils is needed to resolve inflammation; a failure to remove apoptotic neutrophils interferes with resolution and leads to prolonged inflammation (86). Neutrophils and their products are responsible for much of the destruction of periodontal connective tissue and may also contribute to loss of epithelial barrier by inducing micro-ulceration.

Bacteria induce FOXO1 activation in neutrophils through TLR2 and TLR4, which is linked to FOXO1 deacetylation and stimulation by reactive oxygen species (15). TLR2 and TLR4 signaling stimulate FOXO1 nuclear localization. The nuclear localization is dependent on formation of ROS since inhibitors that block formation of ROS or NOS reduce FOXO1 activation. Moreover, bacteria-induced FOXO1 nuclear localization is also dependent on deacetylation since Sirt1 and histone deacetylase inhibitors reduce FOXO1 nuclear localization. The latter is consistent with findings that acetylation and phosphorylation of FOXO1 at specific sites block its translocation to the nucleus (6). In addition to responding to TLR2/TLR4 signaling, FOXO1 may act as a feed forward loop to enhance inflammation. This is based on findings that over-expression of FOXO1 increases upregulation of TLR2/4 and enhances neutrophil mediated inflammation by increasing inflammatory cytokine expression (e.g., TNF and IL-1) (15). An important component in the response of neutrophils to infection is the mobilization of neutrophils from bone marrow to the vasculature and migration to infected sites (87). Foxo1 ablation in neutrophils interferes with neutrophil mobilization, which is mechanistically linked to FOXO1 induction of the chemokine CXCR2 (15). When Foxo1 is ablated in neutrophils there is a significant reduction in neutrophil mobilization that coincides with reduced bacterial clearance and a reduced capacity of neutrophils to phagocytose and kill bacteria in vitro (15). The impact of FOXO1 on phagocytosis is tied to its regulation of CD11b, which along with CD18 captures bacteria to facilitate phagocytosis (15). A summary of FOXO1 downstream target genes and their impact on neutrophil function is shown in Figure 5.
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FIGURE 5. FOXO1 increases neutrophil mobilization and function. The formation of ROS and NOS induced by pattern recognition and cytokine receptors increase FOXO1 nuclear localization and activity. FOXO1 nuclear localization is also stimulated by deacetylation due to deacetylase activity. FOXO1 increases expression of TLR2, TLR4, TNF, and IL-1β to increase inflammation. CXCL2 and CXCR2 are induced by FOXO1 and are associated with enhanced neutrophil mobilization resulting from infection. CD11b and CD18 are integrins that are induced by FOXO1 and facilitate migration, phagocytosis, and bacterial killing.


In summary, FOXO1 is activated by bacteria or their products in several sub-classes of myeloid cells and lymphocytes as well as keratinocytes. These cell types are important in mucosal immunity. FOXO1 has the potential to play an important role in maintaining homeostasis in periodontal tissues and in the response to bacterial challenge. Alterations in FOXO1 function have a significant effect of periodontal disease susceptibility and due to FOXO1 regulation of leukocyte function. These studies indicate that FOXO1 plays an important role in the host defense and suggest potential mechanisms through up regulation of cellular activity. A limitation of many of the above studies is lack of lineage-specific demonstration of Foxo1 deletion in each cell type or sub-set to better define its activities.
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Neutrophils are amongst the most abundant immune cells within the periodontal tissues and oral cavity. As innate immune cells, they are first line defenders at the tooth-mucosa interface, and can perform an array of different functions. With regard to these, it has been observed over many years that neutrophils are highly heterogeneous in their behavior. Therefore, it has been speculated that neutrophils, similarly to other leukocytes, exist in distinct subsets. Several studies have investigated different markers of neutrophils in oral health and disease in recent years in order to define potential cell subsets and their specific tasks. This research was inspired by recent advancements in other fields of medicine in this field. The aim of this review is to give an overview of the current evidence regarding the existence and presence of neutrophil subsets and their possible functions, specifically in the context of periodontitis, gingivitis, and periodontal health.
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INTRODUCTION

Neutrophils are found in high abundance within the periodontal tissues and oral cavity. They typically migrate from local capillaries within the periodontal tissues toward the gingival crevice, following the highest concentration of a chemotactic gradient (1). The permanent presence of microbial and biofilm-derived chemotactic and pro-inflammatory factors attract neutrophils from the circulation into the tissues, where they become activated. Once in the gingival crevice, neutrophils are washed into the oral cavity. Even under healthy conditions, neutrophils constantly infiltrate the periodontium, although in lower numbers than during inflammation. Activated neutrophils have the aim to eliminate or reduce the microbial/antigenic load. The mechanisms by which they contribute to homeostasis and defense are (a) phagocytosis, the ingestion, and intracellular decomposition of antigens, (b) degranulation, the intra- or extracellular release of granule contents such as enzymes and antimicrobial peptides, (c) intra- or extracellular release of reactive oxygen species (ROS), which are directly cytotoxic to microbes but also to host cells, and (d) the formation of neutrophil extracellular traps (NETs), by which neutrophils release decondensed chromatin decorated with histones and granule contents into the extracellular space where they trap microorganisms. All of these processes are closely related, as effective internal degradation of microbes requires intracellular ROS release and degranulation, and as NET formation is usually preceded by ROS formation and accompanied by degranulation (2–5).

Neutrophils are well-researched cells of the innate immune system and yet, new discoveries have been constantly made. Neutrophils are widely believed to be the key cell that mediates tissue destruction and have been described as double-edged swords of immunity. In the periodontium, whilst absence of proper neutrophil function, as seen in some hereditary diseases, like Papillon-Lefèvre syndrome, leads to deleterious periodontal inflammation with severe tissue damage and tooth loss (6), neutrophil hyperactivity is equally associated with tissue damage (7). It has been long noted that neutrophils are heterogeneous in their behavior and perform vastly different functions. For example, only a proportion of neutrophils forms NETs, where the size of that proportion depends upon the stimulus and its concentration (8, 9). Therefore, the question has been raised whether distinct neutrophil subsets may exist and more attention has been given to the research of this possibility.

Potential pro- and anti-inflammatory roles of neutrophil subsets have been demonstrated in recent models of ischaemia-related injury, trauma, cancer, sepsis, and inflammatory diseases (10, 11). Within the oral cavity, different neutrophil subsets and pro-inflammatory neutrophil phenotypes in periodontitis have also been proposed. This mini review aims at summarizing and discussing the current evidence regarding the presence of potential neutrophil subsets and phenotypes in the context of oral health and disease. Those studies are highlighted which have carried out biomarker analysis along with functional assays (Table 1).


Table 1. Overview of papers, which have described neutrophil subsets both by their marker expressions and their specific cell functions in the context of oral health and inflammation.
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IDENTIFICATION OF NEUTROPHILS AND NEUTROPHIL SUBSETS

Traditionally, neutrophils can be readily identified by their typical nuclear shape, in combination with histological hematoxylin and eosin staining (23). Furthermore, on human neutrophils isolated from different sites and in different states of health and activation, 141 cluster of differentiation (CD) markers have been described (24). Mostly, CD11b (integrin subunit alpha M adhesion molecule), CD14 (pattern recognition co-receptor), CD15 (a molecule expressed in the granulocytic series past the myeloblast stage), CD16 (Fc gamma receptor (FcγR) IIIb, low-affinity immunoglobulin (Ig) G receptor), and CD62L (L-selectin, a cell adhesion molecule) (25, 26) have been used individually or in combination to identify pure human neutrophil populations (24). Moreover, several receptors on the neutrophil surface initiate the phagocytic signaling pathway. Phagocytosis is significantly enhanced by the presence of opsonins such as antibodies or complement factors on the microbial surface. Receptors specific for the Fc-region of antibodies include CD64 (FcγRI), CD32 (FcγRIIa), CD16, and CD89 (FcαR, IgA receptor) (27). Furthermore, neutrophils recognize complement-opsonized microorganisms using the complement receptors (CRs) CD35 (CR1), CD11b/CD18 (CR3), and CD11c/CD18 (CR4) (27).

Leliefeld et al. showed that during acute inflammation, a subset of CD16bright/CD62Ldim hyper-segmented human neutrophils displayed normal phagocytosis, associated with a remarkably poor capacity to contain bacteria intracellularly (28). Conversely, CD16dim-banded neutrophils were the only neutrophil subset that adequately contained bacteria. The authors concluded that these results were indicative of a clear neutrophil heterogeneity in their antimicrobial capacity. Several markers of neutrophil degranulation have also been reported. The surface markers are CD63 (primary/azurophilic granules), CD15 and CD66b (secondary/specific granules) as well as CD11b (tertiary/gelatinase granules) and CD13, CD14, CD18, CD45 (quaternary/secretory granules) (29). Another glycoprotein detected within specific granules is Olfactomedin-4 (OLFM4). OLFM4 mRNA has been detected in progenitor neutrophils. However, the protein is only detected in 20–25% of peripheral blood neutrophils (30), suggesting that its expression is regulated by translation mechanisms that lead to functional heterogeneity (31).

The markers described above are not exclusive to neutrophils and have been reported on other cells also, such as macrophages, B- and T-lymphocytes (32). A marker specific to neutrophils is CD177, a glycoprotein expressed on the neutrophil plasma membrane as well as on the membrane of their specific granules (33). However, the proportion of CD177+ neutrophils varies amongst individuals, some displaying bimodal (high and no CD177) or trimodal (high, intermediate, and no CD177) expression. Approximately 1–10% of humans show a complete absence of CD177+ cells. This has been attributed to the allelic frequency of a mutation in the CD177 gene (31). Due to its heterogeneity, this marker may not be reliable for quantification purposes, but it delineates PMN populations reliably in those individuals who express it. Neutrophil granules have also been used to describe distinct phenotypes: during acute and chronic inflammation a population of neutrophils, which co-sediments with peripheral blood mononuclear cells (PBMCs), has been reported. Typically, circulating neutrophils are separated from PBMCs by gradient centrifugation, as neutrophils have a higher density than PBMCs. Therefore, this neutrophil population has been termed low-density neutrophils (LDNs) (34).

Neutrophils are classically implicated in inflammation, but have some pro-resolving properties also. Firstly, their role as apoptotic cells in the macrophage-mediated resolution of inflammation is believed to be crucial (35). In this process, apoptotic neutrophils induce a suppression of nuclear factor kappa B signaling in macrophages, and therefore a reduction in the release of pro- but not anti-inflammatory cytokines from these cells (36). Secondly, neutrophils are co-producers of the pro-resolving lipid mediators lipoxins and maresin-1 (37, 38).

Thirdly, an immunosuppressive and pro-tumorigenic neutrophil type (N2) has been described previously (39). It features a reduction in Fas-ligand expression, down-regulation of the pathways associated with antigen processing, and a dependency on tissue growth factor beta (TGF-β) signaling (40, 41). Earlier, a similar neutrophil subset with T cell-suppressive properties had been described by Pillay et al. which was mainly based on CD16 and CD62L expression patterns along with nuclear morphology and suppression of T cell proliferation after stimulation with lipopolysaccharide (42). Interestingly, these populations also displayed differences in their survival time and ROS release. Lastly, neutrophils contribute to tissue repair and remodeling, as they produce not only matrix metalloproteinases (MMPs) removing tissue debris at the site of injury, but also tissue inhibitors of MMPs (TIMPs), preventing tissue damage by MMPs, as well as growth factors and pro-angiogenic factors (43). Indeed, a pro-angiogenic neutrophil subset has been observed in human healing wounds. It is characterized by the markers CXCR4, vascular endothelial growth factor receptor 1 (VEGFR1), and integrin alpha subunit CD49d. This subset represented ~3% of total circulating neutrophils (44). These neutrophils produced significantly higher amounts of MMP-9 than pro-inflammatory neutrophils, which was thought to contribute extracellular matrix remodeling at these healing sites, rather than to the extracellular matrix damage mediated by activated inflammatory neutrophils (45).



POSSIBLE NEUTROPHIL SUBSETS IN PERIODONTAL HEALTH AND INFLAMMATION

Neutrophils have been identified by means of surface marker detection in high numbers in periodontal tissues (46), gingival crevicular fluid (GCF) (47) and in the oral cavity (24, 27). The presence of oral neutrophils in edentulous subjects has also been demonstrated, suggesting that neutrophils can transmigrate the oral mucosa directly (20). Neutrophils have also been identified within supragingival dental biofilms by means of their CD177 marker (48), indicating that oral PMNs are incorporated into oral biofilms. The functions of those neutrophil surface markers described in the context of periodontal diseases and lined out in Table 1 are explained in Table 2.


Table 2. Overview of the physiological functions of the neutrophil surface proteins and markers described in Table 1.
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Since the 1970s, neutrophil markers in relation to cell function have been investigated in the context of oral health and disease. In 1977, Wilton et al. discovered that only half of the GCF-derived neutrophils isolated from healthy donors expressed the complement receptor C3bR (CD35) and that this led to impaired phagocytosis compared to blood neutrophils (12). However, this assay was based on the assumption that zymosan particles had adsorbed complement factor C3b from serum rather than on identification of CD35. They also reported that the “Fc receptor system” was unimpeded. Later on, in 2000, Kobayashi et al. reported impaired phagocytosis and ROS release in response to IgG-opsonized Porphyromonas gingivalis and that these peripheral blood neutrophils from patients with periodontitis displayed a specific FcγRIIIb allotype (NA2) (16). They further reported that GCF-derived neutrophils from these patients had increased FcαRI and FcγRI levels and lower FcγRIIa and FcγRIIIb levels than blood neutrophils, leading to the same impairment of phagocytosis (15, 17).

A neutrophil subset with defective chemotaxis in aggressive periodontitis (Grade 3 periodontitis, according to the 2017 classification scheme (49) was described by Van Dyke et al. (13, 50). The marker, which was diminished on blood-derived neutrophils in these studies, was CD11b (formerly glycoprotein 110), a molecule associated with neutrophil adhesion. Interestingly, the same group reported a diminished capacity of the labeled chemotactic factor N-formylmethionyl-leucyl-phenylalanine (fMLP) to bind to neutrophils in individuals with periodontitis, although the receptors themselves appeared to be functional (51, 52). In line with this finding, a 1997 study by Nemoto et al. demonstrated that blood-derived neutrophils from a similar patient cohort had low CD16, but higher CD11b and CD11b expression levels, and also showed impaired chemotactic capabilities (14). An inability of blood neutrophils from periodontitis patients to migrate in a directional manner and an unresponsiveness to fMLP has also been described elsewhere (53). Furthermore, a hyperactive and hyper-reactive neutrophil phenotype has been reported previously by different groups (7, 54, 55), particularly with regard to ROS release. Although this phenotype has been attributed to higher levels of circulating bacterial products and pro-inflammatory cytokines originating from the periodontium, there is a possibility that these neutrophils may belong to a distinct subset as indicated by later studies, which are described below.

Technological developments over the past decades, particularly with regard to immunofluorescence and flow cytometry methods, have facilitated research of neutrophil markers and subsets, and have led to new insights in recent years. Much attention has been given to oral neutrophils isolated by means of mouth rinsing protocols. A large body of this work has been accomplished by Glogauer and co-workers, who compared neutrophil surface markers in oral and blood neutrophils, as well as in different health and disease states. In 2012, this group identified an oral neutrophil subset in healthy patients that expresses CD3, usually known as a T-cell receptor (56). Although specific interactions between neutrophils and T cells were not investigated in this paper, the finding corroborates the notion that neutrophils act as a bridge between the innate and adaptive immune systems. In 2016, they identified CD11b, CD16, and CD66b as markers that are consistently expressed on neutrophils independent of the cell location, level of activation and periodontal disease state (24), using high-throughput flow cytometry against a panel of 374 known CD antibodies. Furthermore, they newly identified neutrophil surface markers, which had not previously been described. These were CDw198 (C-C chemokine receptor 8), CDw199 (C-C chemokine receptor 9), CD322 (junctional adhesion molecule B, usually known to be localized at tight junctions of endothelial and epithelial cells and to be involved in adhesion and leukocyte transendothelial migration [(25) as well as CD328 sialic acid-binding Ig-like lectin 7, an adhesion molecule (25)].

In the same year, this group reported a CD marker signature indicative of cell activation, which was expressed at much higher levels on oral neutrophils in periodontitis than on healthy oral neutrophils, therefore allowing the distinction between para- and pro-inflammatory neutrophil subsets (18). The para-inflammatory phenotype was defined as neutrophils in an intermediary state that allows them to interact with the oral microflora without eliciting a marked inflammatory response, thus contributing to homeostasis. The markers that were up-regulated on oral neutrophils of periodontitis patients were placed into three categories: markers of activation and degranulation (CD10, CD63, CD64, and CD66a), adhesion receptors (CD11b and CD18) and complement inhibitors (CD55).

The pro-inflammatory phenotype of periodontitis oral neutrophils was confirmed by elevated degranulation, phagocytosis, ROS production, and NET formation. In oral health, the authors observed two different populations of oral neutrophils. These differed in their size and granularity profile, in their expression of specific CD markers, production of ROS, and NET formation. The oral neutrophil phenotype present only in health had a forward scatter and side scatter profile similar to naïve blood neutrophils, and these cells were in a lower state of activation. At the same time, the other, more activated population showed higher expression of CD55 and CD63, whilst having decreased levels of inhibitory receptor CD170 and CD16. The authors concluded that a drop in CD16 in this population is likely a consequence of phagocytosis, and therefore is consistent with elevated phagocytic activity of this activated cell population.

Recently, in 2018, the same group reported that the surface expression of CD63, CD11b, CD16, and CD14 indicates an activation state in oral neutrophils (57), as the presence of these markers implies degranulation, adhesion and antigen recognition processes. They found that oral neutrophil activation was reduced in experimental gingivitis despite higher cell numbers, compared to those seen in health and during the resolution phase. Circulatory neutrophils, on the other hand, were shown to be activated during gingivitis onset as shown by the markers CD55, CD63, CD11b, and CD66a. Also in 2018, this group further characterized the morphology of the para-inflammatory health-associated phenotype described in 2016, and compared it to the naïve morphology of blood neutrophils as well as to the pro-inflammatory phenotype of oral neutrophils in periodontitis (58). They revealed that pro-inflammatory neutrophils in periodontitis showed less granulation, lighter cytoplasms and higher amounts of nuclear euchromatin, as assessed by electron microscopy, compared to the para-inflammatory oral health neutrophils. The periodontitis oral neutrophils also contained more phagosomes with and without undigested bacteria. Neutrophils in gingival tissues displayed naïve morphology when viewed in the blood vessels and gradually showed pro-inflammatory morphological changes as they traveled toward the epithelium.

Another group of researchers led by Nicu and Loos, have also been investigating oral neutrophils by their surface markers (19). They described that in oral neutrophils from healthy donors without additional stimulation, these cells were more activated than circulatory neutrophils, as indicated by higher expression of CD11b, CD63, and CD66b, and elevated constitutive ROS release. The authors concluded that oral neutrophils are in a more mature stage of their life cycle compared with peripheral blood neutrophils, but that they are still responsive to stimulation. Two years later, they published data regarding oral neutrophils from periodontitis patients, and reported that CD11b was elevated in these neutrophils compared to those from healthy controls (59), confirming results from the Glogauer group. Interestingly, this group also investigated oral neutrophils in edentulous patients and found that they expressed low levels of all three activation markers and low constitutive ROS release (20). In a recent publication, these researchers characterized oral neutrophils as terminally migrated cells and reported that oral neutrophils had lost their ability to migrate in a coordinated directional manner (21). They showed that the fMLP receptor, crucial for fMLP-mediated chemotaxis, was detectable in only half of the neutrophils, compared to blood neutrophils. They reasoned that the fMLP receptor was saturated with fMLP from the oral environment and that therefore neutrophils were desensitized to fMLP. In future studies, it would be interesting to investigate whether these receptors are indeed saturated or expressed to a lesser level, as this would give further hints toward a possible novel phenotype of oral neutrophils.



CONCLUSION

There is a multitude of reports confirming that blood, tissue, and oral neutrophils act in heterogeneous manners, and that different neutrophil populations and phenotypes exist. It is currently not clear, however, whether neutrophils of the periodontium and oral cavity express or lack certain surface markers in response to stimuli and activation, or whether true subsets exist that shape the specific response of these cells. For example, during the process of transmigration, neutrophils substantially alter their surface marker expression pattern toward higher expression of integrins, chemokines and proteases, and also show delayed apoptosis (10). In this context, the changes in these measurable markers is likely due to their momentary activity rather than reflecting a specific cell subset. At the same time, certain markers such as CD177 appear to be more influenced by the genetic background than by stimuli and cell function. It is also important to consider that oral neutrophils are terminally migrated cells, are under high osmotic stress conditions in saliva compared to blood (60) and are exposed to a high load of microbes, antigens and toxins. These conditions are likely to influence measurable neutrophil parameters, such as granularity, size, release of substances, and possibly the expression of surface markers.

On the other hand, in several systemic diseases, more evidence has been gathered with regard to the existence of true subsets. Studies in the context of oral health and inflammation need to be undertaken bringing together observations of distinct neutrophil populations, markers and behaviors. For example, future studies may be aimed at co-localizing specific CD markers and indicators of neutrophil activity, such as hyper-citrullinated histone for NET formation, or at investigating the influence of different stimuli that activate neutrophils upon the CD marker profile. In many previous studies, flow cytometry has been employed as the main method of neutrophil marker detection, which is a highly suitable tool for this type of research. However, few studies have reported these data in accordance with the MIFlowCyt guidelines proposed by Lee et al. (61). A lack of information regarding gating strategies, instrument settings, and color compensation methods, makes it difficult to critically appraise these data and to reproduce experiments. Therefore, in future studies, these guidelines for reporting flow cytometry data should be adhered to by researchers, which can also help to make data from different research groups more comparable. This seminal field of research has the potential to identify neutrophil populations in the future, which could be utilized as targets in translational research and raise new therapeutic possibilities.
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The numbers of included pairs are listed under “Nog." p-values significant after Bonferroni correction are shown in bold (e = 1.7910-3). The comelation for IgA1/2 N144/131 and
N340/327, JC N71, the SC N-glycosylation and the IgAT O-glycosylation was not assessed because this data was present in less than 11 paired samples (plasma and saliva from the
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