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Graft versus host disease (GVHD) is a post-transplant pathology in which donor-derived T cells present in the Peyer’s patches target the cell-surface alloantigens of the recipient, causing host tissue damages. Therefore, the GVHD has long been considered only a purely immunological process whose prevention requires an immunosuppressive treatment. However, since the early 2010s, the impact of gut microbiota on GVHD has received increased attention. Both a surprising fall in gut microbiota diversity and a shift toward Enterobacteriaceae were described in this disease. Recently, unexpected results were reported that further link GVHD with changes in bacterial composition in the gut and disruption of intestinal epithelial tight junctions leading to abnormal intestinal barrier permeability. Patients receiving allogenic hematopoietic stem cell transplant (allo-HCT) as treatment of hematologic malignancies showed a decrease of the overall diversity of the gut microbiota that affects Clostridia and Blautia spp. and a predominance of lactic acid bacteria (LAB) of the Enterococcus genus, in particular the lactose auxotroph Enterococcus faecium. The reduced microbiota diversity (likely including Actinobacteria, such as Bifidobacterium adolescentis that cross feed butyrogenic bacteria) deprives the butyrogenic bacteria (such as Roseburia intestinalis or Eubacterium) of their capacity to metabolize acetate to butyrate. Indeed, administration of butyrate protects against the GVHD. Here, we review the data highlighting the possible link between GVHD and lactase defect, accumulation of lactose in the gut lumen, reduction of Reg3 antimicrobial peptides, narrower enzyme equipment of bacteria that predominate post-transplant, proliferation of En. faecium that use lactose as metabolic fuels, induction of innate and adaptive immune response against these bacteria which maintains an inflammatory process, elevated expression of myosin light chain kinase 210 (MLCK210) and subsequent disruption of intestinal barrier, and translocation of microbial products (lactate) or transmigration of LAB within the liver. The analysis of data from the literature confirms that the gut microbiota plays a major role in the GVHD. Moreover, the most recent publications uncover that the LAB, butyrogenic bacteria and bacterial cross feeding were the missing pieces in the puzzle. This opens new bacteria-based strategies in the treatment of GVHD.
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THE GUT MICROBIOTA

About 100 trillion bacteria present in the intestinal lumen (especially the colon) compose the human gut microbiota. During the last two decades, the advanced methods of high throughput sequencing and culturomics (Lagier et al., 2016) have highlighted the enormous diversity of bacteria found in humans. With its considerable bacterial genetic diversity, over 1,000 species and 7,000 strains identified, the human gut microbiota is a quite complex ecosystem, in which the phyla Firmicutes (species such as Lactobacillus, Enterococcus, and Clostridium) and Bacteroidetes (species such as Bacteroides) account for the majority of species. Other phyla including Proteobacteria (Escherichia coli), Actinobacteria (Bifidobacteria), Cyanobacteria, Fusobacteria, and Verrucomicrobia are also present in lower abundance (Figure 1; Eckburg et al., 2005; Qin et al., 2010). Microorganism DNA represents about 90% of the total DNA found within human bodies (Human Microbiome Project Consortium, 2012). The capacity to rapidly identify a large number of bacterial species in human microbiota opened the way to compare the gut bacterial composition in cohorts of individuals with metabolic or infectious diseases to healthy controls in search of beneficial and non-beneficial bacteria (Million et al., 2016; Tidjani Alou et al., 2017; Elkrief et al., 2019).
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FIGURE 1. Schematic representation of oral intake including milk that contains water, vitamins, minerals, and biologically active molecules such as adipokines, leptin, adiponectin, and growth factors such as epidermal growth factor and fibroblast growth factor 21 (FGF21). The nutriments first meet the stomach microenvironment. The figure illustrates the variations in pH with marked changes from acidic in the stomach to almost neutral or slightly alkaline in the intestine. The diversity of microbiota increases from the stomach to duodenum, small intestine, and colon, where the concentration of bacteria is the highest. The abundance of microbes is about 101–103 colony forming unit (CFU) per gram in the stomach and duodenum, 104–107 CFU/g in the small intestine, and 1010–1011 CFU/g in the colon. The middle panel illustrates the microbiome and virome diversity in the intestinal microenvironment. The right panel illustrates the physiological organization of the intestinal epithelium during homeostasis. The epithelium (composed of epithelial cells) is protected by a mucus layer synthesized by goblet cells which secrete the mucins (e.g., MUC2 – mucin gel). The mucus layer allows nutrients to transport to epithelial cells but prevents bacteria attachment. The commensal intestinal microbiota is limited to the epithelium-distal mucus layer, while the epithelium-proximal mucus is largely devoid of bacteria. Intestinal bacteria such as Bacteroides and Clostridia ferment lactose into gases, hydrogen carbon dioxide, and methane when the microbiota contains an abundance of Archaea.


During the embryo development (between the first and third trimester of pregnancy), there are shifts in maternal microbiota composition, which likely provide advantages to the fetus survival (Koren et al., 2012). It is usually admitted that the microbial colonization occurs first in the amniotic fluid and placenta, and then in the maternal gut microbiota which supports the development of a prenatal microbiota in the fetus (Collado et al., 2016). When the in utero development is achieved, the fetus migration through the vagina favor a bacterial transfer between the microbiota colonizing the birth canal of the mother and the fetus. In favor of an early bacterial colonization of the fetus, it was observed that Es. coli, Enterococcus faecalis, and Staphylococcus epidermidis were isolated from the meconium of healthy neonates (Nicholson et al., 2012). The neonate survival and growth next depends on mother milk feeding that is his/her essential source of nutrients and that contributes to shape his/her gut microbiota. During the early period of breastfeeding, the infant’s gut is characterized by a low microbiota diversity and become colonized by beneficial bacteria such as Bifidobacterium, Lactobacillus, and Prevotella (Rautava et al., 2012; Arrieta et al., 2014). The mother milk contains about 70 g/L (7%) of lactose produced by the mammary gland (lactose synthesis requires the enzyme galactosyl transferase, which combines activated uridine di-phosphate galactose with glucose), as well as numerous biologically active factors including growth factors. The lactose is well digested by newborns whose small intestinal brush border enterocytes produce lactase in abundance. Dietary intake and bile acids (steroid acids produced in the liver and whose main function is to facilitate the absorption of fat-soluble vitamins and cholesterol) determine at least in part the microbiota assembled during the first few years of life and a shift is observed in favor of anaerobic bacteria that contribute to produce many metabolites of fermentation such as production of short-chain fatty acids (SCFAs; e.g., acetate, propionate, and butyrate; Shanahan et al., 2017). By a mechanism of cross feeding, the intestinal symbiotic microbiota contributes to maintain the production of butyrate by butyric acid bacteria; they also participate to the inhibition of pathogens growth by competing consumption of nutriments and allow to prevent toxin translocation by decomposing metabolic carbohydrates to obtain SCFAs. These SCFAs act on enteroendocrine cells of the gut through heterotrimeric guanine nucleoside-binding protein (G-protein)-coupled receptors that secrete a variety of bioactive compounds.

Lactase production decrease in the majority of the world population after weaning and most healthy adults (67–75%) produce less, sometimes very little lactase (about 10% of the concentration found of neonatal levels), whereas 25–33% retain the ability to digest lactose into adulthood (Troelsen et al., 1997). The study of ileostomy effluent samples from adult patients provided evidence that the small intestine metagenome is enriched in genes related to carbohydrate metabolism compared to the fecal metagenome (Zoetendal et al., 2012), suggesting that carbohydrate metabolism is a central function of the small intestine with lactase and propionate fermentation activities encoded by many taxa from the ileal effluent, in particular Streptococcus that help the growth of secondary fermenters (e.g., Veillonella and Clostridium). It is also admitted that the small intestine microbiota is phylogenetically less diverse but more dynamic than that of the colon (Booijink et al., 2010). Many bacteria living in the intestinal tract such as Lactobacillus sp., Bifidobacterium sp., Bacillus sp., and Es. coli produce lactase and play a major function in lactose absorption in the colon (Rhimi et al., 2009; Juajun et al., 2011). Dietary fibers (non starch polysaccharides) escape digestion in the human small intestine and are then broken down into simple sugars by anaerobic bacteria in the caecum and colon. The colon is more equipped to degrade complex carbohydrates and its main function is absorption of water and electrolytes and storage of fecal matter before expulsion (Turnbaugh et al., 2010). Diet degradation and absorption is under control of metabolic processes that largely depend on expression of bacterial enzymes, which are a direct reflection of the gut microbiota. The intestinal microbiota produces essential vitamins such as vitamin K, B1, B6, B9 (folic acid), and B12. Bacteria from the Firmicutes, Bacteroidetes, and Actinobacteria phyla play a role in bile acids metabolism through bile salt hydrolase activity, which catalyzes the deconjugation of conjugated bile acids (cholesterol derivatives synthesized in the liver) to liberate free primary bile acids, upregulates mucosal defenses, and controls the cholesterol homeostasis (Jones et al., 2008).

It is currently well established that homeostasis and dysbiosis are largely influenced by the composition of gut microbiota and the balance existing between different strains of bacteria (Hooper and Macpherson, 2010; Littman and Pamer, 2011). Environmental selection pressure (e.g., over‐ or under-nutrition, and antibiotics; World bank, 2017; Vieco-Saiz et al., 2019) and competitive exclusion between bacteria (e.g., probiotics and pathogenic bacteria) are expected to be the major driving forces that shape the bacterial composition of the human gut microbiota (Walter and Ley, 2011; Devaux and Raoult, 2018). Here, we provide evidence that the microbiome (the microbiota and the bacteria enzymatic equipment-driven metabolome) determine the outcome of graft versus host disease (GVHD).



IMPACT OF THE GUT MICROBIOTA ON GVHD

If, for certain human diseases, the pathological process linked to change in the composition of the gut microbiota begins to be understood, for others it remains to be elucidated. Hematopoietic stem cell (HSC) transplantation remains indispensable for the treatment of several malignant disorders (Korbling and Freireich, 2011). Before the graft infusion, most protocols require killing of malignant cells (by chemotherapeutic drugs and/or radiotherapy myelosuppressive treatment) that cause a cytotoxic burst of tumor and normal immune cells associated with a pro-inflammatory status (Blazar et al., 2012). Then, cellular reconstitution is achieved by transplantation of peripheral blood stem cells that is the preferred source of allogenic HSC in adults in order to replace the hematopoiesis of the recipient by that of the donor. Next, it is of major importance to avoid graft rejection (mediated by the recipient immune cells) using immunosuppressive drugs. The differentiated immune cells from donor origin colonize the body (including the gut) with a risk of GVHD. The immunosuppressive therapies practiced in these patients incompletely control GVHD and increase susceptibility to infections. GVHD is considered to be mediated by activated CD8+ cytotoxic T-cell (CTL) from the graft donor after these cells had met graft recipient alloantigens in the context of antigen presenting cells (APCs) in the subepithelial dome of gut Peyer’s patches, the major sites where immune response is set up against luminal antigens and microorganisms (Murai et al., 2003). About 40–50% patients experience severe gastrointestinal damages from acute GVHD that turn to be fatal in about 15% of allo-transplant recipients refractory to standard steroid therapy (Blazar et al., 2012; Köhler and Zeiser, 2019). The follow-up of chimerism in patients after allo-HCT allows quantification of the donor or recipient origin of cells obtained from blood or bone marrow samples, and the chimerism is considered complete when 95% of cells are phenotypically of donor origin.

Beside the immunological activation that has long been studied in allo-transplantation, the impact of gut microbiota on GVHD has received increasing attention over the recent years. Indeed, bacterial lipopolysaccharide (LPS) released from injured gut during the condition regiment taken by the patient was considered as responsible for initiating an innate immune response through activation of toll-like receptors (TLRs) and production of cytokines, serving as a breeding ground for the onset of GVHD (Hill et al., 2000). In humans, the treatment of hematologic malignancies by allo-HCT was characterized by a marked decrease of the overall diversity of the gut microbiota, Enterococcus domination, and the patients with the lowest gut microbiota diversity were those with the higher mortality outcomes (Taur et al., 2012, 2014; Andermann et al., 2018). Thus, the pathophysiological mechanisms implemented in the context of a post-transplant GVHD accompanied by a modification of the gut microbiota deserve further investigation. Early administration of large spectrum antibiotics depleting Blautia spp. (and at a lesser extend Clostridia) was associated with increased GVHD and higher mortality, whereas increased abundance in Blautia spp. improves survival (Jenq et al., 2015). It was next confirmed that the abundance of Clostridia decreased in the microbiota of allo-transplant patients that experienced GHVD and was accompanied by alteration in gastrointestinal microbiota-derived butyrate (Mathewson et al., 2016). Metabolites, such as 3-indoxyl sulfate that originates from the degradation of dietary protein-derived tryptophan to indole by the tryptophanase of intestinal commensal bacteria and that is known to enhance epithelial barrier integrity and to reduce inflammation (Bansal et al., 2010), may serve as a urine marker for monitoring GVHD since microbiota perturbation in patients with GVHD is associated with lower urine levels of 3-indoxyl sulfate (Weber et al., 2015, 2017). Although bacterial populations such as Streptococcus, Gemella, and Veillonella considered as genera defining the core oral microbiota were little affected by the allo-HCT, at the bacterial species level, it was reported that the oral microbiota was affected in patients who developed respiratory complication after allo-HCT (e.g., decrease in Streptococcus infantis and increase in Veillonella parvula; Ames et al., 2019). Since microbiota is connected and dysbiosis is likely to be generalized. The oral microbiota could therefore be considered as a new biomarker to monitor the allo-HCT evolution.

Recently, three independent research groups decipher the molecular mechanism linking GVHD to changes in the species composition of the gut microbiota (Golob et al., 2019; Nalle et al., 2019; Stein-Thoeringer et al., 2019). The analysis of the gut microbiota of a cohort of patients with allo-HCT revealed an increase in Enterococcus faecium, a lactose auxotroph bacteria (which requires lactose for its in vitro growth), in the patient’s gut microbiota along with inflammation and intestine damages (Stein-Thoeringer et al., 2019). A decrease in Clostridium spp. accompanied by a significant reduction of fecal butyrate was also reported in the allo-HCT patients. This corroborate the results from Golob et al. (2019) who reported that a decrease in butyrogenic bacteria (e.g., Blautia spp.) in allo-HCT patients favor the GVHD, whereas administration of butyrate provide protection against GVHD.

Stein-Thoeringer et al. (2019) found that the sugar metabolism of the allo-HCT patients was impaired with an over-expression of enzymes involved in the degradation of lactose and galactose and that patients bearing a genetic polymorphism which decreases lactase expression (an enzyme also named β-d-galactosidase that is synthesized by enterocytes of the small intestine that break down the disaccharide d-lactose into d-galactose and d-glucose monomers) suffer from lactose absorption failure. It was hypothesized that lactic acid bacteria (LAB) En. faecium may possibly mediate the pro-inflammatory process (Zitvogel and Kroemer, 2019). Although patients with GVHD have increased intestinal permeability, the distribution of zonula occludens-1 (ZO-1) and actin were found unaltered and, in most cases, epithelial damages are limited to apoptosis of crypt epithelial cells associated with an over-expression of myosin light chain kinase 210 (MLCK210) and increased myosin II regulatory light chain phosphorylation (Nalle et al., 2019). Non-muscle myosin II (NMII), notably NMIIA, a key Rho kinase target, plays a role in epithelial cell-cell adhesion by controlling the local E-cadherin accumulation at the cell-cell contact (Priya et al., 2015). Moreover, E-cadherin is known for being used as target receptor for several bacteria and cleavage of E-cadherin by sheddases followed by the release of soluble E-cadherin is a mechanism frequently involved in disruption of the intestinal epithelium and invasive bacteria transmigration (Devaux et al., 2019). A higher risk of blood stream infection caused either by vancomycin-resistant Enterococcus or Gram-negative bacteria (e.g., Es. coli or Klebsiella pneumoniae) was reported, and post-engraftment vancomycin-resistant Enterococcus colonization was associated with increased mortality (Ford et al., 2017; Tamburini et al., 2018; Zama et al., 2020).



THE BUTYRATE PATHWAY

Recently, Golob et al. (2019) reported that the butyrogenic bacteria Blautia spp. were less abundant in allo-HCT who experienced GVHD, whereas administration of butyrate provided protection against GVHD. A decrease of fecal butyrate was also reported by Stein-Thoeringer et al. (2019) in the allo-HCT patients who experienced GVHD (Figure 2).
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FIGURE 2. The butyrate pathway. Most of the dominant species of human colon microbiota produce acetate during the fermentation of carbohydrates. Acetate, propionate, and butyrate are the main short-chain fatty acids (SCFAs) found in humans. The main pathway for acetate formation is the oxidative decarboxylation of pyruvate leading to the synthesis of an ATP molecule. In the human colon, propionate is mainly produced by the succinate decarboxylation pathway. Propionate is mainly synthesized by the species of the genus Bacteroides, Propionibacterium, and Veillonella. However, the synthesis of propionate via lactate (not shown), could also be important, especially in the case of diets rich in non-digestible oligosides. Clostridium, Eubacterium, Faecalibacterium, Roseburia, and Butyrivibrio have been shown to be capable, in vitro, of producing butyrate by the condensation of two molecules of acetyl-CoA with synthesis of one molecule of ATP. Acetyl-CoA is also the precursor of the synthesis of ethanol, produced in vitro by many species such as those of the genera Bacteroides, Lactobacillus, or Bifidobacterium. Faecalibacterium prauznitzii was found able to use acetate as a source of butyrate. Butyrate is a major metabolite in colonic lumen arising from bacterial fermentation of dietary fiber and has been shown to be a critical mediator of the colonic inflammatory response. Butyrate is a source of energy and it plays a critical role in homeostasis through its ability to counteract inflammation-mediated ulcerative colitis. Patients receiving allo-HCT as treatment for hematologic malignancies and who have an abundance of butyrate-producing bacteria (left) have the highest probability to get reed of carbon-dioxide (GVHD), whereas those with low abundance of butyric acid bacteria (right) are more often faced to GVHD.


Butyrate, considered a protective molecule against inflammation is the end-product of anaerobic bacteria fermentation of non-digestible carbohydrates and also a component of dairy products (e.g., butter, milk, and cheese). The butyric acid bacteria are ubiquitously present in the gut microbiota of healthy humans. Oxidative stress sensitive bacteria include the butyrate producers, which mainly belong to the Firmicutes, Lachnospiraceae, Ruminococcaceae (e.g., F. prausnitzii, Roseburia intestinalis, Eubacterium spp., and Coprococcus spp.), and mucosa associated symbionts such as Lactobacillus spp. or B. adolescentis. These bacteria contribute to absorb dietary fats and lipid-soluble vitamins and facilitate lipid absorption and can digest polysaccharide dietary fiber and oxidize sugar to pyruvate. Different functionally distinct groups of butyrate-producing bacteria are present in the human large intestine: strains of R. intestinalis and F. prausnitzii possess butyryl CoA: acetate CoA transferase and acetate kinase activities but lack butyrate kinase, whereas the strain L2–50 of Coprococcus sp., possesses butyryl CoA: acetate CoA transferase, acetate kinase, and butyrate kinase (Duncan et al., 2002). This observation corroborates old studies performed on anaerobic butyric acid bacteria of cattle rumen that already demonstrated that among 48 strains, about 50% were able to hydrolyze starch and the number of strains that fermented certain carbohydrates was glucose, 48; esculin, 46; xylose, maltose, and cellobiose, 44; sucrose and salicin, 43; fructose, 42; lactose and inulin, 40; dextrin, 37; xylan, 34; trehalose, 16; and mannitol, 1, indicating major strain differences in genes coding for their enzyme equipment (Bryant and Small, 1956).

During the fermentation process, they produce SCFAs: acetate (C2), propionate (C3), and butyrate (C4). The SCFAs concentration is 10 times higher in the colon than in the ileum (Cummings et al., 1987). Acetate, propionate, and butyrate represent between 85 and 95% of total SCFAs found in the host and the molar ratio acetate/propionate/butyrate is about 60/20/20 (Cummings and Macfarlane, 1991; Topping and Clifton, 2001). About 95% of the SCFAs produced in the colon are absorbed from the colonic epithelium and 5–10% of the SCFAs are excreted by the feces (Hijova and Chmelarova, 2007). Acetate and propionate are transported through the blood to a variety of organs, where they are substrates for oxidation, lipid synthesis, and energy metabolism. Acetate is mainly metabolized by liver cells (50–70%), but also by the heart and skeletal muscles and the brain, making it an important source of energy. Propionate is also metabolized by the liver and used by hepatocytes for glucogenesis (Cummings et al., 1987; Nicholson et al., 2012). Butyrate is used by the cells of the colon and liver and targeted to their mitochondrial compartment for energy purposes (Clausen and Mortensen, 1994; Basson et al., 2000; Della Ragione et al., 2001).

Most of the dominant species of human colon microbiota produce acetate during the fermentation of carbohydrates. The main pathway for acetate formation is the oxidative decarboxylation of pyruvate leading to the synthesis of an ATP molecule. In the human colon, propionate is mainly produced by the succinate decarboxylation pathway (Miller and Wolin, 1979). Propionate is mainly synthesized by the species of the genus Bacteroides, Propionibacterium, and Veillonella. However, the synthesis of propionate via lactate could also be important, especially in the case of diets rich in non-digestible oligosides. Butyrate is mainly produced by distinct families within the Firmicutes, Ruminococcaceae, and Lachnospiraceae. But members of other phyla including Bacteroidetes, Actinobacteria, Fusobacteria, and Proteobacteria are potential butyrate producers (Vital et al., 2014; Zhang et al., 2019). Bacteria that belong to Clostridium, Eubacterium, Faecalibacterium, Roseburia, and Butyrivibrio have been shown to be capable, in vitro, of producing butyrate by the condensation of two molecules of acetyl-CoA with synthesis of one molecule of ATP. Most of the bacterial diversity in bacteria that produce butyrate by the acetyl-CoA pathway is associated with Ruminococcaceae and Lachnospiraceae, whereas other bacteria such as Bacteroidetes mainly use other (Glutarate, Lysine) pathways (Vital et al., 2014). Acetyl-CoA is also the precursor of the synthesis of ethanol, produced in vitro by many species such as those of the genera Bacteroides, Lactobacillus, or Bifidobacterium. Pyruvate is a central compound of the butyrate pathway and in turn can be oxidized to acetyl CoA with production of hydrogen, methane, and carbon dioxide gases (CO2 increases the pH) and energy, which the bacteria require for growth and production of many molecules. Part of acetyl CoA is converted into acetic acid with ATP production and butyryl CoA that is metabolized into butyrate with ATP production. In acetate-rich diet, where acetate was delivered by resistant starch directly into the gastrointestinal tract, butyric acid bacteria can convert both exogenous and gut microbiota-produced acetate into butyrate (a reaction that requires acetate CoA transferase and butyrate kinase). One of the rare known bacteria that can achieve this enzymatic reaction is F. prausnitzii (Duncan et al., 2002), thereby contributing to the protection of the intestinal mucosa barrier and to the promotion of Bifidobacterium and Lactobacillus improving intestinal function (Si et al., 2018). F. prausnitzii grows poorly in culturomic medium that does not contain acetate and this requirement likely explains its dependence on rumen fluid. SCFAs are able to bind and activate the G-protein coupled cell surface receptors (including FFA2/GPR43 and FFA3/GPR41) expressed by enteroendocrine I, K, and/or L epithelial cells that are known to play an important role in the regulation of glucose homeostasis and appetite (Jorsal et al., 2018; Priyadarshini et al., 2019). In a murine model, it was shown that FFA2/GPR43 is also strongly expressed in a large population of leukocytes in the lamina propria; that FFA3/GPR41 is expressed in subpopulations of ghrelin and gastrin cells in the stomach, in secretin cells of the proximal small intestine, in GLP-1, YY, and neurotensin cells of the distal small intestine and proximal colon; and that a gradient of FFA3/GPR41 expression exists among the somatostatin cells from less than 5% in the stomach to more than 95% in the rectum (Nohr et al., 2013). FFA2/GPR43 has similar affinity for acetate, propionate, and butyrate whereas FFA3/GPR41 has preferential affinity for propionate, although it also binds butyrate. In a murine model of GVHD, mice orally force-fed with GPR43 antagonist GLPG0974 (10 mg/kg/day) demonstrated significant higher GVHD than control, indicating a protective effect against GVHD when butyrate can bind FFA2/GPR43 (Fujiwara et al., 2018). Beside being a major source of energy for the intestinal epithelium (this allow energy-deprived cells to escape autophagy) and source of nutriment for microbes such as Desulfotomaculum spp. (Kuwahara, 2014), butyrate acts on the epigenetic regulation of genes by inhibiting an histone deacetylase (HDAC; Waldecker et al., 2008) and as an agonist for peroxisome proliferator-activated receptors (PPARs) that control both lipid metabolism and inflammation (Varga et al., 2011). Butyrate increases expression of proteins (such as junctional adhesion molecules/JAM/occludin) involved in the stability of tight junctions in colon epithelia; it regulates the neutrophil function and migration and inhibits inflammatory cytokine-induced expression of vascular cell adhesion molecule-1 (V-CAM1). It can pass through the enterocytes into the circulation. Butyrate and retinoic acid (RA) co-operate to regulate the innate immune response. Vitamin A is taken from food in the form of retinol, retinoic acid, or beta-carotene. In the gut, dendritic cells (DCs) metabolize vitamin A in RA, and RA co-operates with butyrate to induce mucosal-like CD103+DCs differentiation required to trigger the differentiation and intestinal recruitment of FoxP3+ T regulator (T reg) cells, IgA antibody secretion, and reduce inflammation (Qiang et al., 2017). The butyrate receptors, FFA2/GPR43 and FFA3/GPR41, are all found expressed on liver cells. At high concentration, butyrate is expected to promote anti-tumor effect by optimizing the effector function of CD8+ T cells that produce IFN-γ (Luu et al., 2018).



RADIOTHERAPY, ANTIBIOTICS/CHEMOTHERAPY, AND OXIDATIVE STRESS-INDUCED LOSS OF CROSS FEEDING BACTERIA

Radiotherapy and antibiotic/chemotherapy treatments that are practiced to kill fast dividing cancer cells and as treatment of complications of allo-HCT are known to induce oxidative stress, where high levels of reactive oxygen species (ROS) and reactive nitrogen species (NOS) are generated. The free oxygen radicals hydroxyl radical (OH), superoxide anion (O2−), hydrogen peroxide (H2O2) trigger the up-regulation of cyclooxygenases (COX), nitric oxide synthase, lipoxygenases, and nicotinamide adenine dinucleotide phosphate oxidase, leading to DNA damage, inflammation (radiation-induced enteritis/radiation-induced bowel injury), cell apoptosis, and also modify the microbiota homeostasis (Saha et al., 2017; Deleemans et al., 2019; Severyn et al., 2019). In a non-human primate model, ionizing radiations were also reported to induce up-regulation of tumor necrosis factor alpha (TNFα) and metalloprotease MMP7 (Zheng et al., 2015), likely affecting the intestinal epithelium barrier integrity and bacterial infiltration.

Radiation enteritis and dysbiosis were reported in patients who received a radiotherapy treatment. The dysbiosis was characterized by a relative higher abundance of Proteobacteria and Gammaproteobacteria and lower abundance of Bacteroides. A deeper analysis found an increase in oxidative stress resistant Enterobacteriaceae, Phyllobacteriaceae, and Beijerinckiaceae, whereas oxidative stress sensitive Bacteroidaceae and Ruminococcaceae were decreased (Figure 3; Wang et al., 2019). It confirms previous observation from radiation-induced intestinal chronic inflammation (Kumagai et al., 2018). Within the microbiota, some bacteria are resistant to oxidative stress (bacteria that synthesize the anti-oxidant enzyme superoxide dismutase, SOD, which neutralize O2−, and catalase, and CAT, which neutralize H2O2), whereas others are highly sensitive. Bifidobacterium that are essential to fermentation are not able to produce butyrate although they are associated to a butyrogenic effect due to cross-feeding between Bifidobacterium and butyrate producing colon bacteria (Falony et al., 2009; De Vuyst and Leroy, 2011). Bifidobacterium are preferentially stimulated to growth in the presence of fructose oligosaccharides (FOS), inulin-type fructans (ITF), and xylo-oligosaccahride (XOS; Tuohy et al., 2001; Roberfroid, 2007; Lecerf et al., 2012). Cross-feeding between starch-degrading Bifidobacteria and lactate-converting, butyrate‐ producing colon bacteria (e.g., Eubacterium hallii and Anaerostipes caccae) has been demonstrated (Duncan et al., 2004). Indeed, Eu. hallii L2-7 and A. caccae L1-92 failed to grow on starch in pure culture, but in co-culture with B. adolescentis L2-32, butyrate was formed, indicating cross-feeding of metabolites to the lactate user bacteria (Belenguer et al., 2006). Obligate cross-feeding was also reported between B. longum BB53 and A. caccae DSM 14662 and R. intestinalis DSM 14610, B. longum acting as acetate producer for the butyrogenic bacteria (Falony et al., 2006), and in co-cultures of B. adolescentis L2-32 with F. prausnitzii S3/L3 or F. prausnitzii A2-165 with FOS as carbon source, resulting in acetate decrease and butyrate increase (Rios-Covian et al., 2015). Metabolic cross-feeding can occur via intercellular nanotubes among bacteria (Pande et al., 2015).
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FIGURE 3. Cross-feeding that take place between Bifidobacterium spp. and species of butyrate-producing colon bacteria. Within the microbiota, the bacteria equipped with superoxide dismutase and catalase anti-oxidant enzymes can be resistant to the free radical produced after radiotherapy/chemotherapy, whereas bacteria that lack these enzymes are highly sensitive to oxidative stress. Bifidobacterium that are essential to fermentation are not able to produce butyrate but produce acetate to cross-feed the butyrate producing colon bacteria. Under oxidative stress, the Bifidobacterium are killed and no longer play their role as cross-feeding bacteria with direct consequences on the production of butyrate by the butyrogenic bacteria.


In the presence of carbohydrates, Bifidobacterium cross feed the butyrogenic bacteria that in turn produce butyrate (Rivière et al., 2016). However, Bifidobacterium strains such as B. adolescentis are highly sensitive to oxidative stress. It is therefore possible that during the chemotherapy that is practiced in patients with allo-HCT, such bacteria are lost. In methotrexate chemotherapy of lymphoblastic leukemia, a significant reduction of Bifidobacterium, Lactobacillus, and Es. coli was reported (Huang et al., 2012). Without cross-feeding, the production of butyrate will be drastically reduced. Treatment of patients with melatonin (N-acetyl-5-methoxytryptamine know to exhibit antioxidant activity) post-irradiation significantly increased both SOD and CAT, suggesting that the treatment restore the oxidative stress resistant bacteria (Musa et al., 2019).

Taken together, these results suggest that digestive bacteria sensitive to oxidative stress, capable of catabolizing lactose and increasing butyrate production are lost in GVHD. It was reported that the use of Lactobacillus rhamnosus (a butyric bacteria species) could prevent the occurrence of diarrhea in patients receiving radiotherapy (Delia et al., 2002). Other studies reported that use of Lactobacillus acidophilus and Bifidobacterium bifidum were beneficial to the patients, yet, the results remain controversial (Kumagai et al., 2018; Wei et al., 2018), likely because these bacteria display phenotypic variation on strain level and each clone is different in terms of enzymatic equipment. More recently, it was reported that fecal microbiota transplant (FMT) improves the outcomes of an allo-HCT with GVHD (Severyn et al., 2019).



THE LACTASE PATHWAY

Recently, Stein-Thoeringer et al. (2019) reported that patients with allo-HCT who experienced GVHD were characterized by an increase in the lactose auxotroph (which require lactose for their in vitro growth) bacteria En. faecium in their gut microbiota that was accompanied by inflammation and intestine damages. It was hypothesized that LAB En. faecium may possibly mediate the pro-inflammatory process (Figure 4; Zitvogel and Kroemer, 2019).
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FIGURE 4. The lactase pathway. The FGF21 was found to enhance MAPkinases (ERK1/2) phosphorylation in intestinal explants and to stimulate lactase production and glucose homeostasis. The lactic acid bacteria (LAB) of the intestinal microbiota are the main source of lactase in adult. Bacterial lactase genes in the intestinal microbiota derived from Actinobacteria, Proteobacteria, and Firmicutes. The bacterial species that transform the carbohydrates into lactate mainly belong to the genera Bifidobacterium and Lactobacillus, as well as Streptococcus and Enterococcus. Lactate is produced by reduction of pyruvate. LAB can be divided in two metabolic classes: first, the homofermentative bacteria that produce lactate includes some Lactobacilli and most species of Pediococcus, Vagococci, Streptococci, Tetragenococci, and Enterococci (including Enterococcus faecium), and the heterofermentative species include Leuconostocs, Oenococci, Weissella species, and some lactobacilli that produce lactate, carbon-dioxide (CO2), acetate, and/or ethanol. Patients receiving allo-HCT as treatment of hematologic malignancies and who have an abundance of lactase-producing bacteria (left) produce lactate from lactose and are less sensitive to GVHD. Patients with allo-HCT, who carry a microbiota that produces low lactase, accumulate lactose that increases the abundance of lactose auxotroph bacteria (En. faecium) with a concomitant decrease of the microbiota diversity (right), triggering pro-inflammatory responses, and serving as a breeding ground for GVHD.


The intestinal microbiota is the main source of lactase in adult. Bacterial lactase genes in the intestinal microbiota mainly derived from Actinobacteria, Proteobacteria, and Firmicutes (Long et al., 2018). It is excluded to draw general conclusions on a metabolism picture that would be common for all LAB. Each species and possibly each clone may behave differently depending on their/its enzymatic equipment. LAB are Gram-positive bacteria, acid-tolerant, low G+C content in the DNA, that belong to Lactobacillus, Enterococcus, Streptococcus, Pediococcus, Lactococcus, and Oenococcus genus have the capability to modify the environment in which they are delivered (Makarova et al., 2006). LAB genomes code between 1,700 and 2,500 proteins. The growth optimum for LAB is at pH 5.5–5.8, and these bacteria have complex nutritional requirements for carbohydrates and other compounds such as fatty acids, peptides, vitamins, amino acids, peptides, nucleotide bases, and minerals. LAB produce lactase, an enzyme that catalyze the cleavage of carbohydrates (lactose, glucose, sucrose, or galactose) into lactic acid (Rhimi et al., 2009; Russo et al., 2017). Lactase is an important enzyme associated with lactose absorption. Dysbacteriosis associated to inhibition of intestinal lactase activity cause body diarrhea by affecting body’s absorption of nutriments. A variety of diarrhea can be treated by supplementing oral intake with LAB or lactase (Luo et al., 2016).

Based on sugar fermentation patterns, LAB can be divided in two metabolic classes: first, the homofermentative bacteria that include some Lactobacilli (such as Lactobacillus casei, Lactococcus lactis, and Lactobacillus plantarum), most species of Pediococcus (such as Pediococcus pentasaceus and Pediococcus acidilactici), Enterococci (such as En. faecium), Streptococci, Tetragenococci, and Vagococci that ferment hexoses by the Embden-Meyerhof pathway. It was reported that Streptococcus faecalis, that produce glucose-6-phosphate dehydrogenase and 6-phosphogluconate dehydrogenase, regulate the metabolism of glucose by the specific inhibitory interaction of the Embden-Meyerhof intermediate fructose-1,6-diphosphate with 6-phosphogluconate dehydrogenase (Brown and Wittenberger, 1971). In the presence of homofermentative LAB, lactate is the primary product with a production of two moles of lactate from one mole of glucose (homofermentative LAB are bacteria common to the dairy industry); second, the heterofermentative species include Leuconostocs, Oenococci, Weissella species, and some Lactobacilli (such as Lactobacillus buchneri). The heterofermentative LAB species produce one mole of lactate from one mole of glucose, as well as CO2 and acetate and/or ethanol. High amount of ethanol was shown to be produced by Lactobacillus fermentum by glucose metabolism and Weissella confusa by fructose metabolism, whereas addition of pyruvate reduced their production of ethanol with a shift to acetate production (Elshaghabee et al., 2016). LAB can also synthesize different compounds such as bacteriocins (ribosomally synthesized anti-microbial peptides), H2O2, and enzymes capable to facilitate nutriment acquisition (such as protease, amylase,…), and other enzymes (such as β-galactosidase, galactose mutarotase, l-lactate dehydrogenase,…; Liao and Nyachoti, 2017). The apparent difference between the homofermentative and heterofermentative classes of LAB is the presence or absence of the fructose-1,6-diphosphate and/or phosphoketolases. Bacteria that produce xylose isomerase and xylulokinase can convert xylose, a pentose, to xylulose 5-phosphate. In many bacteria, such as Es. coli, xylulose 5-phosphate is further catabolized to form glyceraldehyde-3 phosphate by the transketolase and transaldolase enzyme of the pentose phosphate pathway. Another xylose catabolic pathway used by heterofermentative bacteria such as Clostridium acetobutylicum, involves phosphoketolases that cleave xylulose 5-phosphate into acetyl-phosphate and glyceraldehyde-3-phosphate (Liu et al., 2012). In Bifidobacteria, phosphoketolases are key enzymes to convert fructose-6-phosphate to acetyl-phosphate and erythrose-4-phosphate (Grill et al., 1995). Recently, a Collinsella aerofaciens subspecies that uses butyric acid kinase and phosphatase butyryltransferase enzyme to metabolize sugars was described (Qin et al., 2019).

When produced at high concentration, lactate may in turn inhibit proline oxidase, thereby regulating the bioavailability of proline (a markedly reduced rate of proline degradation) in the liver (Kowaloff et al., 1977). A pathologic hyperprolinemia could be related to the hyperlactacidemia found in acquired lactic acidosis and alcoholic cirrhosis, and there are evidence in the literature that in infants with plasma concentration of lactate 8–10-fold normal, their plasma proline was two to three-fold the normal concentration and that patients with lactic acidosis showed a plasma concentration of proline five to six-fold the normal level. Since, proline can be a source for gluconeogenesis (a metabolic pathway that results in the generation of glucose from glucogenic amino acids, triglycerides, glycerol, pyruvate, and lactate), increased lactate concentration in the liver may trigger acute hepatic gluconeogenesis that acts as metabolic fuels.

Several reports indicate that LAB induce adaptive immune responses (Kiczorowska et al., 2017; Han et al., 2018). Feeding piglets with L. rhamnosus prevented acute infectious diarrhea by triggering the lamina propria CD3+/CD4+ T cells activation (Zhu et al., 2014). L. plantarum was shown to stimulate anti-Salmonella immune response in pigs (Tran et al., 2016). In chickens, feed supplementation with L. acidophilus increases the production of CD3+/CD4+ and CD3+/CD8+ T cells in their gastrointestinal tract and peripheral blood (Asgari et al., 2016). LAB (mainly Lactobacillus) are currently considered as a possible probiotics and they are intensively studied to select the most valuable strains for commercial use (Aristimuño Ficoseco et al., 2018). Thus, Lactobacilli are mainly grouped in the growth promoter beneficial bacteria.



POSSIBLE RELATIONSHIP BETWEEN PATHOGENIC LACTIC ACID ENTEROCOCCUS GENUS AND GVHD

Although Enterococci are part of the normal intestinal microbiota, several species have a notable clinical implication, in particular En. faecalis and En. faecium. These Enterococci species cause a variety of diseases, including endocarditis, urinary tract infections, prostatitis, and cellulitis (Noris et al., 2010; Paganelli et al., 2016; Tien et al., 2017; Beganovic et al., 2018; Reissier et al., 2018). About 3% of the En. faecalis and En. faecium genomes encode enzymes involved in lactose and galactose metabolism (Figure 5; Stein-Thoeringer et al., 2019). En. faecium, is known for its ability to co-metabolize citrate and lactose and to produce high amounts of lactate (by conversion of pyruvate into lactate; Cabral et al., 2007). Risk factors for colonization and infection must be recognized, in particular prior treatment with antibiotics such as cephalosporins or quinolones. The veterinary use of vancomycin and avoparcin as growth factor in the feed supplementation of farm animals is likely one of the reasons for the selection of VanA strains that resist both vancomycin and avoparcin (a resistance that is uncommon except in Enterococci; Bortolaia et al., 2015). En. faecalis was reported as capable of producing extracellular superoxide and H2O2 that damage colonic epithelial cell DNA (Huycke et al., 2002). Unlike most commensal strains, the genome of multidrug-resistant (MDR) strains of En. faecalis clinical isolates are rich in mobile genetic elements and lack genome defense system composed by the clustered regularly interspaced short palindromic repeat (CRISP) and the CRISP-associated protein (CAS; Hullahalli et al., 2018). Moreover, En. faecalis incorporates to its membrane host-derived fatty acids found in human serum that protect the bacteria against membrane-damaging antibiotics (e.g., daptomycin; Saito et al., 2018). Another species of Enterococci, Enterococcus gallinarum was found to expand in mice treated with proton pump inhibitors (PPIs; Llorente et al., 2017). This strain is known to trigger pro-inflammatory pathways, to alter gut-barrier related molecules in the small intestine, and to translocate to the mesenteric lymph node, spleen and liver, inducing systemic autoimmunity both in mice and humans (Manfredo Vieira et al., 2018). En. gallinarum was also found to cause endocarditis (Angelos et al., 2018).
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FIGURE 5. Microbiome and virome in patients with allo-HCT. Many bacteria living in the intestinal tract (left panel) such as Lactobacillus sp., Bifidobacterium sp., Bacillus sp., and Escherichia coli produce lactase and play a major function in lactose absorption in the colon. Bacteria from the Firmicutes, Bacteroidetes, and Actinobacteria phyla play a role in bile acids metabolism and up-regulate mucosal defenses. Faecalibacterium prausnitzii is one of the rare bacteria that can convert acetate into butyrate, thereby contributing to the protection of the intestinal mucosa barrier and to the promotion of Bifidobacterium and Lactobacillus improving intestinal function. The presence of F. prausnitzii and Blautia spp. in the patient microbiota is a favorable prognosis mark for the patient. During GVHD (right panel), an increase in the lactose auxotroph bacteria En. faecium is observed along with inflammation and intestine damages. A decrease in Clostridium spp. and Blautia spp. (butyrogenic bacteria) is accompanied by a significant reduction of fecal butyrate in GVHD. Gram-positive Lactobacilli, Clostridia, Bifidobacteria, and Bacillus spp. were less abundant in GVHD. In contrast, the proportion of Gram-negative bacteria (Enterobacteriaceae, Enterococci, and Bacteroides/Prevotella spp.) increased, as well as release of lipopolysaccharide (LPS) that trigger toll-like receptor (TLR) induction and low-grade chronic inflammation. During GVHD reactivation of viruses [e.g., human herpes virus 6 (HHV-6) or EBV] is frequently observed.




MICROBIOTA AND THE INNATE IMMUNITY: RELATIONSHIP TO GVHD

Interactions between the gut microbiota and the host immune system begin at birth and these two systems are involved in a complex interplay. The crosstalk that takes place determines the host immune inflammation status. Several studies reported that innate immune cells (e.g., neutrophils and inflammatory monocytes) are recruited to the gut shortly after allo-HCT (Schwab et al., 2014).

The gut microbiota shapes the gut mucosal immune system and the intestinal immunoglobulin A (IgA) produced by B cells predominantly target the commensal bacteria that reside in the small intestine, yet more IgA-producing B cells are recruited during inflammatory processes (Million et al., 2018). Gut homeostasis does not just rely on IgA production following microbial immune priming. Vitamin A derived RA together with butyrate were shown to maintain gut immune homeostasis through the induction of CD103+ DC cells (in the mesenteric lymph nodes and colonic lamina propria) and recruitment of FoxP3+ T reg cells (Qiang et al., 2017). The butyric acid bacteria F. prausnitzii (one of the most abundant Firmicutes in the gut) that are enzymatically equipped for the conversion of acetate into butyrate (it express acetate CoA transferase and butyrate kinase; Duncan et al., 2002), were found to exhibit anti-inflammatory properties through the stimulation of anti-inflammatory cytokine IL-10 expression and reduction of the pro-inflammatory cytokine IL-8 expression (Tremorali and Backhed, 2012; Heinken et al., 2014). Butyrate was also found to suppress expression of proinflammatory cytokines interleukin 6 (IL-6) and tumor necrosis factor (TNF)-α to reduce IL-12 expression, and butyrate-treated DCs showed a decreased capability in priming CD4+ T cell proliferation. However, SFCAs at high concentration can also induce Th1 and Th17 cells upon immunological challenge and, therefore, also have the potential to induce inflammatory responses (production of IL-17 and IFNγ; Park et al., 2020). Moreover, the induction of the pro-inflammatory cytokine IL-23 in DCs by butyrate is linked to its role as a HDAC inhibitor for epigenetic modification of genes. Through binding to the retinoic acid-receptor -γt, IL-23 induces the production of the epithelial cell regenerative factor IL-22. Altogether, these observations indicate that CD103+ DC cells and FoxP3+ T reg cells, therefore, regulate the balance between gut tolerance and intestinal inflammation (Figure 6).
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FIGURE 6. Allo-HCT: from homeostasis to acute GVHD. Step 1: intestinal lumen microenvironment characteristic of homeostasis with high butyrate, presence of FoxP3 T reg cells, and anti-inflammatory interleukin 10 (IL-10). Butyrate controls the homeostasis through interaction with GPR43 expressed by enteroendocrine I, K, and/or L cells. The engagement of GPR43 triggers ERK signaling and subsequent NOD-LRR‐ and pyrin domain-containing protein 3 (NLRP3) inflammasome activation which promotes protection of intestinal epithelial cells and repairs by increasing IL-18 secretion. Butyrate also acts as a histone deacetylase inhibitor, thereby increasing expression of anti-apoptotic genes (e.g., BCL-B, a member of the BCL-2 family). The epithelial cells maintain a barrier through intercellular junctions that involve CAM, such as E-cadherin. Step 2: following allo-HCT, when the gut microbiota suffers quantitative and qualitative changes in bacteria composition (e.g., predominance of En. faecium), the release of bacterial LPS is considered as responsible for initiating an innate immune response through activation of TLRs at the surface of villous microfold cells (M cells). These cells deliver the luminal antigens to the underlying immune system to set up a whole arsenal of anti-bacterial innate immunity. Indole transitorily stimulates the production of IL-22 which protects the intestinal epithelial cells. Host DCs present recipient allo-antigens to donor CD4+ and CD8+ T cells that produce pro-inflammatory cytokines, serving as a breeding ground for GVHD. Through their MR1 molecules, dendritic cells (DCs) also activate host mucosal associated invariant T (MAIT) cells to secrete IL-17A, which enhances the intestinal barrier integrity. The Paneth cells produce antimicrobial proteins (e.g., C-type lectin REG3γ, β-defensins, cathelicidins, and lysozyme). Sheddases produced by bacteria or by eukaryotic cells through bacterial signaling initiate the cleavage of cell adhesion molecule (CAM; e.g., cleavage of E-cadherin), creating damages in the intestinal barrier. Step 3: the sequential detection of stress signals, tissue damages, and pathogen-associated molecular patterns (PAMPs; e.g., lipopolysaccharide, flagellin, peptidoglycan, lipoproteins, and unique bacterial nucleic acid structures) by the host antigen presenting cells activates the immune system. KLRG1+ dendritic cells and monocytes/macrophages, CD103+ T-cells, KLRG1+ T-cells, and other immune cell subpopulations, colonize the lamina propria. To challenge the dysbiosis, epithelial cell autophagic clearance and dead cells renewal accelerates but remains unsuccessful due to aggravation of the pro-inflammatory process that combine activation of anti-recipient host alloantigens donor CD8+ cytotoxic T cells (CTL) and proinflammatory cytokines (IL-6, IL-12, TNFα) production. Alloreactive T cells from the donor attack healthy tissues in the recipient allo-HCT patient. Step 4: the inflammatory process develop accompanied with transmigration of bacteria outside the intestinal lumen (Clostridium difficile has been frequently found associated with severe GVHD), reactivation of viruses, further tissue destruction and global aggravation (spread to other tissues) of the disease with characteristic symptoms including abdominal cramping and diarrhea, and biological markers of abnormal liver function (elevation of alkaline phosphatase and bilirubin). GVHD can be also monitored by skin, liver, and gut biopsis. GVHD is also associated with lower urine levels of 3-indoxyl sulfate.


A high fat diet is known to alter the composition of the intestinal microbiota, notably decreasing the number of the Gram-positive Bifidobacteria bacteria and increasing the proportion of Gram-negative bacteria in the gut, and, hence, increase the release and plasma concentration of LPS and trigger TLR induction that generates low-grade chronic inflammation (Wagnerberger et al., 2012). Indeed, the TLR+ villous microfold cells (M cells) present in the intestinal epithelium deliver luminal antigens to the underlying immune system either by transcytosis or microvesicle uptake, while alternatively M cell apoptosis and generation of transcellular pores through which DCs can gain access to the intestinal lumen may also allow capture of antigens and antigen presentation (Million et al., 2018). In mice model with deleted LPS receptors and CD14 mutants (CD14 is the co-receptor for the LPS-receptor TLR4), a hypersensitivity to insulin was reported, suggesting that high-fat diet-induced metabolic dysfunction occurs through the LPS/CD14 signaling pathway (Cani et al., 2007). LPS is a marker of Gram-negative bacteria death. High-fat diets have been shown to induce the passage of LPS from the intestine into the mesenteric lymphatic system (possibly through binding of chylomicrons, formed from dietary triglycerides, to LPS), leading to inflammation (Vreugdenhil et al., 2003). Production of chylomicrons was also reported capable to promote production the (TNF)-α proinflammatory cytokine. In mice models, cross linking of TLR9 by bacterial DNA stimulate GVHD whereas mutations in the TLR9 and TLR4 genes preventing bacterial LPS recognition were found to reduce GVHD (Calcaterra et al., 2008; Imado et al., 2010). Polymorphism of nucleotide-binding oligomerization domain 2 (NOD2) gene that encodes a receptor for the pathogen-associated molecular patterns (PAMPs) bacterial associated molecules is linked with a higher incidence of GVHD in HSC transplant recipients (Penack et al., 2010). The TLR5 agonist fagellin extracted from bacterial flagella was shown to reduce GVHD and preserve long post-transplant immune reconstitution characterized by more Fop-3+ T regulator (T reg) cells (Hossain et al., 2011). Studying the role for TLR9 and its downstream signaling adaptor MYD88 in an intestine GVHD model, Heimessat et al. (2010) observed a shift towards Enterobacteriaceae, Enterococci, and Bacteroides/Prevotella spp. being elevated in the colon lumen during GVHD, whereas Lactobacilli, Clostridia, Bifidobacteria and Bacillus spp. were less abundant. In fine, GVHD is mediated by CD8+ CTLs that express anti-host specificities. In a murine model, it was found that GVHD may be inhibited by preventing CD8+ CTL migration into the Peyer’s patch either by disrupting the gene encoding the CCR5 chemokine receptor or by blocking the integrin α4β7-mucosal vascular addressin (MAdCAM-1) interaction into the gut Peyer’s patches (Murai et al., 2003). Since mutants in the integrin α4β7 can also affect the integrin binding to E-cadherin (Higgins et al., 2000), it remains possible that such mutants might also affect the anti-bacterial CTL immune response through aberrant homing signals that involve E-cadherin, soluble E-cadherin, CD103, and KLRG1, as previously suggested (Devaux et al., 2019).



IS THERE ROOM FOR VIRUSES IN GVHD?

Immense populations of viruses, among which bacteriophages, are present in the human gut, and lysogenic or temperate phages are able to integrate their chromosome into the bacterial genome, sometimes altering the phenotype of host bacteria. A number of different eukaryotic viruses have also been found in the human gut virome with a predominance of the pepper mild mottle virus, a plant-infecting RNA virus derived from diet (Zhang et al., 2006). A very elegant study by Minot et al. (2011) reported the presence of Myoviridae, Siphoviridae, Podoviridae, Tectiviridae, Inoviridae, and Microviridae in human stools from healthy donors. Among double stranded DNA viruses found in the human gut, a predominance of Podoviridae followed by Siphoviridae and Myoviridae was reported in healthy humans while Microviridae dominated the single strand DNA viruses (Kim et al., 2011). Kim et al. (2011) also reported the rare presence of picornaviruses, herpesviruses, and poxviruses. Many viruses (e.g., rotaviruses, caliciviruses, astroviruses, enteric adenoviruses, toroviruses, and parechoviruses) are known to induce gastroenteritis in humans, the leading cause of diarrheal disease being rotaviruses, a Reoviridae (Clark and McKendrick, 2004). Therefore, it cannot be ignored that the virome could influence GVHD just as easily as the microbiome. Although eukaryotic cell-borne viruses are minor components of the human gut virome compared to the bacteriophages, latent viral infections can be reactivated in patients with allo-HCT who experience a phase of immunosuppression. Norovirus induced gastroenteritis was found to be a major threat to patients to allo-HCT (Schwartz et al., 2011). Reactivation of human herpes virus 6 (HHV-6) was reported to be a predictive factor for acute GVHD (Pichereau et al., 2012). The HHV-6 reactivation reported in 35% of patients who received an allo-HCT (sometimes associated with a subsequent cytomegalovirus reactivation) was found predictive of mortality after allo-HCT (Zerr et al., 2012). Feghoul et al. (2015) reported that human adenovirus infections constitute a major cause of morbidity in pediatric allo-HCT patients. The incidence rate at day 100 was 35.9% for the adenovirus digestive infections and 24.0% for the systemic infections. Infection with herpes simplex virus-1 and 2 is mostly seen during the pre-engraftment phase, whereas cytomegalovirus and HHV-6 are mainly found during the post-engraftment phase, and Epstein-Barr virus and varicella-zoster virus infections are often observed after the 100th day post-transplant (Sahin et al., 2016).

Yang et al. (2016) reported unexpected results indicating that mice treated with antiviral cocktail display more severe dextran sulfate sodium-induced colitis than untreated mice suggesting that gut resident viruses may insure maintenance of gut homeostasis. DCs isolated from colon of inflamed mice produced interferon-β in a TLR-dependent manner. When mice were reconstituted with toll-like receptors or rotavirus, colitis symptoms were significantly ameliorated, suggesting that enteric rotaviruses damped gut inflammation via toll-like receptors TLR-3 and TLR-7-mediated interferon β production. Consequently, it could not be excluded that human gut eukaryotic viruses can also be beneficial to patients in limiting GVHD. Legoff et al. (2017) reported that within a cohort of patients who received allo-HCT, patients who experienced enteric GVHD had both decreased richness of virome and higher abundance of Microviridae. Anelloviridae, Polyomaviridae, and Herpesviridae were found in immunocompromised allo-HCT patients likely related to viral reactivation. Recently, it was reported that myxoma virus, a Poxviridae that exhibits oncolytic activity against various hematologic malignancies like multiple myeloma or acute myeloid leukemia could be used, has a tool for ex-vivo treatment of allo-HCT with evidence of possible GVHD abrogation without impairing graft-versus-tumor effects against residual cancer cells (Villa and McFadden, 2018).



DISCUSSION

Allo-HCT is a potentially curative treatment of hematologic malignancies. However, the effectiveness of this treatment remains limited by the high incidence of acute GVHD, which is the principal cause of death in allo-HCT (Riwes and Reddy, 2018). Pioneers’ experimental studies carried out in the 1970s already indicated less acute GVHD in mice which received allo-HCT in germ-free conditions or experimental group receiving gut decontamination antibiotics (van Bekkum et al., 1974). The influence of intestinal bacteria on the development of acute GVHD was further confirmed in patients receiving allo-HCT as treatment of hematologic malignancies. More than 20 years ago, evidence was obtained that antimicrobial chemotherapy (metronidazole and ciprofloxacin) targeted to intestinal anaerobic bacteria in marrow transplant recipients significantly reduced the severity of acute GVHD (Beelen et al., 1999). Although it was hypothesized that allogenic GVHD is driven by initial interaction between APCs that encounter donor T lymphocytes that in turn release pro-inflammatory cytokines recruiting allo-reactive T cells, the molecular crosstalk that account for allo-HCT tolerance or GVHD was largely ignored (Magenau et al., 2016). Indeed, it is very likely that during the set up of post-transplant GVHD, the control of the innate immune response is dependent on both the bacteria which produce butyrate and those which produce lactase. The precise quantitative and qualitative adjustment of these bacterial populations is probably the key to the balance between immune tolerance and inflammatory process/GVHD.

A decrease in SCFAs (butyrate) was found to be associated with an increased mortality from GVHD following allo-HCT transplantation (Mathewson et al., 2016). Next, the same research group reported that the GVHD protective effect of SCFAs requires GPR43-mediated intracellular signaling that triggers ERK phosphorylation, ERK-dependent activation of IL-18, and activation of the NOD-LRR‐ and pyrin domain-containing protein 3 (NLRP3) inflammasome (Fujiwara et al., 2018). GPR43 is expressed by intestinal epithelial cells, as well as by antigen presenting cells (APCs, such as macrophages and DCs). Fujiwara et al. (2018), reported that macrophages and DCs isolated from ileum and colon of allo-HCT recipients show greater expression of GPR43 (whereas in vivo GPR43 expression on donor T cells is weak), but only the expression of GPR43 on non-hematopoietic cells (presumably intestinal epithelial cells) was involved in protective effect of SCFAs against GVHD. Moreover, a diet supplemented with butyrate mitigates GVHD. According to Golob et al. (2019), the beneficial response to butyrate would be biphasic with the first phase corresponding to the prevention of acute GVHD and the second phase dealing with the recovery, once colitis is durably established. It was also reported that the abundance of Clostridia decreased in the microbiota of allo-transplant patients that experienced GHVD and was accompanied by alteration in gastrointestinal microbiota-derived butyrate (Mathewson et al., 2016). The central role played by butyrate in the prevention of GVHD indicates that the presence of butyrogenic bacteria is essential for GVHD prevention. Butyrate is the main microbiota-derived regulator of gut mucosal immunity. Butyrogenic bacteria are considered oxidative stress sensitive. Most of these bacteria do not synthesize butyrate in the absence of cross-feeding bacteria that are oxidative stress sensitive. Under oxidative stress, the presence of butyrogenic bacteria in the microbiota decrease and oxidative stress-resistant strains (that encode enzymes such as catalase or superoxide dismutase required to deal with oxidative stress) are selected and trigger secretion of pro-inflammatory cytokines by immune response cells (Million et al., 2018).

In human, lactase persistence is associated with enhanced milk intake, higher waist circumference, and cardiometabolic abnormalities. Higher dairy intake was associated with higher body mass index supporting a causal link between lactose ingestion and body weight (Huang et al., 2018). When consuming dairy products, a person with lactase intolerance (the most common cause of the disease being a genetic mutation in the promoter of the gene that codes for lactase resulting in loss of intestinal lactase) may experience the symptoms of lactose intolerance which includes nausea, abdominal pain, gas, bloating, and diarrhea (Misselwitz et al., 2019; Kastl et al., 2020). Beside lactose, dairy products also provide numerous biologically active factors including growth factors, including the fibroblast growth factor FGF21 (mainly produced in the liver, brown and white adipocyte tissues, and pancreas) that was found to enhance MAPkinases (ERK1/2) phosphorylation in intestinal explants and to stimulate lactase production and lactose absorption (Gavaldà-Navarro et al., 2015). Gavaldà-Navarro et al. (2015) reported that mice feed with milk from FGF21 knockout mice showed decreased expression of lactase and maltase glucoamylase in the ileum. FGF21 binds to the FGFreceptor in complex with βKlotho to trigger cell signaling (Kurosu et al., 2007), yet the mode of FGF21 regulation of lactase expression by intestinal cells remains to be explored. This growth factor is known for stimulating the oxidation of fatty-acids, the production of ketone bodies, and inhibition of lipogenesis, thus regulating the glucose-lipid metabolism (Tezze et al., 2019). Recently, it was reported that feeding allo-transplanted mice with lactose free diet mitigated GVHD and reduced post-transplant Enterococcus proliferation (the optimal growth of which depends on lactose availability), whereas in mice feed with a dairy products diet, the lactase expression declined in the duodenum during the course of transplantation and induced a pathological state resembling lactose intolerance (Stein-Thoeringer et al., 2019).

Holler et al. (2014) reported a shift toward Enterococci after allo-HCT with a decrease in the obligate Firmicutes anaerobic bacteria that was much pronounced in the patients treated with antibiotics. Stein-Thoeringer et al. (2019) hypothesized that intestinal mucosal damages caused by irradiation or allo-reactive T cells may reduce the production of lactase from the small intestine enterocytes, that duodenal lactase progressively decline allowing undigested lactose to reach the lower intestinal tract where it serves as metabolic fuels for the growth of Enterococcus (e.g., En. faecium in human, En. faecalis in mice). Nalle et al. (2019) recently reported that MLCK210-deficient mice exhibited limited GVHD and were protected from epithelial barrier damages and CD8+ T cells proliferation. These authors discriminate the initiation of GVHD considered to be tight junction-independent from GVHD propagation that is MLCK210-dependent. Stein-Thoeringer et al. (2019) reported that En. faecium (only recently considered a human pathogen) dominate in patients with allo-HCT between 3-week and 3-month post-transplantation and that fecal domination by Enterococcus in the early post-transplant period (the first 3-week post-transplant) was associated with increased GVHD and overall mortality. They also found the VanA operon in a subset (37.4%) of patients. In an animal model, Stein-Thoeringer et al. (2019) reported a transient expansion of En. faecalis in GVHD mice and administration of En. faecalis aggravated the GVHD, thus demonstrating a direct link between the Enterococcus predominance and the GVHD. A major breakthrough came along with the attempt to demonstrate that the post-transplant defect of mucosal defense mechanisms facilitate the expansion of Enterococcus. They found that intestinal antimicrobial peptides of the Reg3 family, known to suppress the growth of vancomycin resistant Enterococci (VRE bacteria) that exploit innate immune deficits (Brandl et al., 2008), were reduced in the ileum of GVHD mice. Obviously, the primary strategy to prevent GVHD after allo-HCT is immunosuppression, but such treatment may increase the risk of enteropathogenic bacteria invasion. Stein-Thoeringer et al. (2019) also provided an elegant demonstration that En. faecium-dominated microbiota observed after HCT were enriched in bioactive compounds involved in lactose and galactose degradation pathway (with similar result in En. faecalis-dominated microbiota in mice). En. faecalis expresses the gelatinase (GelE) a matrix metalloprotease, so-called sheddase, that cleaves E-cadherin (Steck et al., 2011) and activates the protease-activated receptor 2 (PARP2), a transmembrane G-protein-coupled receptor (Maharshak et al., 2015). These molecules contribute to the disruption of intestinal barriers and inflammation. According to the UniProt database1, En. faecalis also encodes a predicted htrA protein serine protease, another candidate sheddase (Devaux et al., 2019).

In mice animal model, it was observed that PPIs (namely omeprazole) administered to mice cause reduced gastric secretion and favor the expansion of Enterococcus species including En. faecalis (Llorente et al., 2017). This favor bacterial translocation in mesenteric lymph nodes and the liver with subsequent inflammation, hepatocytes death, and non-alcoholic steatohepatosis. Mice that lack expression of the TLR2 (a cell membrane receptor that recognizes peptidoglycan from Gram-positive bacteria) or the myeloid differentiation primary response 88, MYD88 (intracellular adaptor molecule for TLRs), lack innate immune response and were protected from En. faecalis-induced inflammation, steatosis, and liver injury. En. faecalis was found capable of suppressing the innate immune response of macrophages through repression of NF-κB signaling (Tien et al., 2017). In a human cohort, administration of omeprazole for preclinical evaluation, the frequency of Enterococcus in the fecal samples was increased after 2-week of PPI treatment. This corroborates previous observation indicating that an omeprazole therapy in cirrhosis demonstrated a shift in fecal microbiota composition (Bajaj et al., 2014; Merli et al., 2015). Innate immune response that follows the engagement of TLRs is involved in the process of GVHD. The TLR5 agonist fagellin was shown to reduce GVHD and preserve long post-transplant immune reconstitution characterized by more Fop-3+ T regulator (T reg) cells (Hossain et al., 2011). Although it remains to be documented in humans suffering from ten-eleven translocation (TET) methylcytosine dioxygenase 2 (TET2)-deficiency, in an animal model it was reported that mutations in TET2, which encodes an epigenetic modifier enzyme that influence the activation of regulatory CD4+ T cells (T reg cells) via FoxP3 (Yue et al., 2016), can be associated with dysfunction of the small intestine barrier, bacterial translocation and IL-6 production known to be a critical activator of myelopoiesis in response to systemic bacterial dissemination (Meisel et al., 2018).

Clostridium difficile has also been implicated as a potential trigger of immune reaction that can contribute to the development of GVHD. Working with a cohort of 75 allo-HCT patients, Chakarbati et al. (2000), found that C. difficile was frequently associated with severe GVHD (grade 3–4) and the presence of the bacteria in stool worsened the pathophysiology of GVHD in 60% of patients. The relationship between the presence of C. difficile and GVHD was also reported by Dubberke et al. (2007) who reported that patients with C. difficile showed a higher propensity to develop new-onset GVHD and severe forms of GVHD. Similar observations were reported from the investigation of a cohort of 822 allo-HCT patients regarding the risk to develop severe GVHD at day 60 and day 100 after allo-HCT when C. difficile was present in the patients (Trifilio et al., 2012). The incidence was more than 20% in patients who were older than 60 years and carried a vancomycin-resistant (VRE) C. difficile. Indeed, C. difficile positive diagnosis was found to precede GVHD diagnosis in 85.7% of allo-HCT patients who developed gut GVHD while the overall 1-year incidence of C. difficile was 9.2% among a cohort of 999 allo-HCT patients (Alonso et al., 2012; Alonso and Marr, 2013). Although the presence of VRE C. difficile was not investigated in the main papers discussed in this review, it can be hypothesized that the decreased microbiota diversity (butyrogenic bacteria) facilitates the clonal expansion C. difficile strains in the gut of these patients (Hocquart et al., 2018), which in turn represents an aggravating factor regarding the risk of mortality by GVHD of allo-HCT patients.

CTLA-4, currently known as a target for immune checkpoint inhibitor antibodies, was originally described as a T cell surface molecule that negatively influence immune response by competing with CD28 for binding to ligands on APCs. In patients with severe alcoholic hepatitis, it was reported that PD-1 immune checkpoint-receptor inhibition restored the adaptive antibacterial T cell response which otherwise was defective (Markwick et al., 2015). The approval of immune checkpoint inhibitors (such as CTLA-4 or PD1/PD-L1 inhibitor antibodies) in the treatment of cancers has changed the outcome of several of such severe diseases and highlighted the strong molecular crosstalk between the microbiota and the immune system (Zitvogel et al., 2018; Gong et al., 2019). Defects in the microbiota can compromise the therapeutic efficacy or have secondary side effect on the gut. In melanoma therapy, anti-PD1 and anti-CTLA-4 antibodies have been approved. However, immune-mediated colitis in patients with melanoma after dual checkpoint inhibitors treatment was described (Thalambedu et al., 2019). A variety of genera can reduce the immune checkpoint inhibitor-induced colitis possibly by limiting the inflammation through expansion of CD4+/FoxP3+ T reg cells and/or production of anti-inflammatory cytokines (Dubin et al., 2016). In a murine model of melanoma, CD8+ T cell activation in response to PD-L1 inhibitor correlated with mice, which received fecal transplantations from patients abundant in bacteria from the Ruminococcaceae family and Faecalibacterium spp., whereas nonresponders were characterized by elevated presence of CD4+/FoxP3+ T reg cells and received stools which were abundant in Bacteroidales (Gopalakrishnan et al., 2018).

The experience accumulated in the field of cancer therapy with immune checkpoint inhibitors provides evidence that the microbiota govern the balance between CD8+ T cell activation and inflammation on one side and CD4+/FoxP3+ T reg cells and lack of inflammation on the other side. It can be extrapolated that high butyrate allows CD4+/FoxP3+ T reg cells expansion and prevents inflammation, and GHVD reaction whereas low lactase induces lactic acid bacteria expansion, CD8+ T cell activation, inflammation and GVHD. However, we are just beginning to understand what could be the role of the microbiota and the impact of cross feeding in GVHD. First, variation in the composition of the microbiota between allo-HCT patients that lack GVHD and those who unfortunately experience GVHD is currently well established. Second, the role played by butyrogenic and lactic acid bacteria begun to be understood. However, it is now necessary to enter more deeply into the characterization of the bacterial species that distinguish homeostasis from dysbiosis in non-GVHD versus GVHD patients and to study their enzymatic equipment which can vary both at the level of the bacterial strain and at the clone level. There is currently evidence that the adverse outcomes of irradiation and antibiotics/chemotherapy treatments (oxidative stress) on gut microbiota could be avoided by using probiotics and/or fecal microbiota transplant, opening new perspective for the prevention of GVHD in allo-HCT patients (Delia et al., 2002; Kaito et al., 2018; Severyn et al., 2019; Shouval et al., 2019). The next challenge is to offer transplant patients a beneficial combination of easy-to-consume probiotics, which should prevent the occurrence of GVHD. Strict anaerobic bacteria are not the easiest to cultivate and produce in large quantity for therapeutic application. We have recently reported that oxygen-sensitive bacteria can maintain butyrate production despite the presence of oxygen when treated with antioxidants (Million et al., 2020). Among lactic acid bacteria, the Bifidobacterium seem to be the best candidates as anti-GVHD probiotics. In contrast, the Enterococci which also metabolize lactose are suspected of being deleterious and responsible for the production of noxious substances. If this therapeutic cocktail must contain cross feeding bacteria and butyrogenic bacteria, it will be necessary to exclude those which are known for their deleterious side effects (i.e., Clostridium butyricum, associated with enterocolitis, or Mediterraneibacter gnavus, associated with obesity) and to investigate the beneficial cooperative effects of bacteria such as B. adolescentis, B. longum, Eu. hallii, R. intestinalis, and particularly F. prausnitzii.
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Background: Porphyromonas gingivalis and its inflammagens are associated with a number of systemic diseases, such as cardiovascular disease and type 2 diabetes (T2DM). The proteases, gingipains, have also recently been identified in the brains of Alzheimer's disease patients and in the blood of Parkinson's disease patients. Bacterial inflammagens, including lipopolysaccharides (LPSs) and various proteases in circulation, may drive systemic inflammation.

Methods: Here, we investigate the effects of the bacterial products LPS from Escherichia coli and Porphyromonas gingivalis, and also the P. gingivalis gingipain [recombinant P. gingivalis gingipain R1 (RgpA)], on clot architecture and clot formation in whole blood and plasma from healthy individuals, as well as in purified fibrinogen models. Structural analysis of clots was performed using confocal microscopy, scanning electron microscopy, and AFM-Raman imaging. We use thromboelastography® (TEG®) and rheometry to compare the static and dynamic mechanical properties of clots.

Results: We found that these inflammagens may interact with fibrin(ogen) and this interaction causes anomalous blood clotting.

Conclusions: These techniques, in combination, provide insight into the effects of these bacterial products on cardiovascular health, and particularly clot structure and mechanics.

Keywords: Gingipain R1, lipopolysaccharide, Porphyromonas gingivalis, thromboelastography, rheometry, confocal, scanning electron microscopy, Raman


BACKGROUND

Bacterial involvement in inflammatory conditions, via the occurrence of leaky gut (gut dysbiosis) and periodontitis and/or gingivitis, are accompanied by the shedding of cell wall components such as lipopolysaccharides (LPSs) and lipoteichoic acids (LTAs), and these molecules are known to be highly inflammagenic (1–7). The liberation of free iron is often an accompaniment to inflammatory conditions, and we have brought these ideas and data together as the Iron Dysregulation and Dormant Microbes (IDDM) hypothesis of chronic inflammatory and cardiovascular diseases. Many non-communicable diseases have been associated with the presence of periodontitis, gut dysbiosis, bacterial translocation via the gut and increased levels of the bacterial inflammagen, lipopolysaccharide (LPS); for an overview see (5).

Diseases where bacterial involvement has been implicated include Alzheimer's disease (AD) and Parkinson's disease (PD), and disease development and progression has also been linked to periodontitis (8–16). Entrance of bacteria into the body might occur via gut dysbiosis, and impaired gut health is also present in both AD (15, 17) and PD (18–21). Type diabetes (T2DM) is also associated with bacterial translocation via the gut (22–24). LPS presence has also been noted in the central nervous system of patients with AD (25–27) and in their blood (28). LPS has also been implicated in T2DM (29, 30), sepsis (31), rheumatoid arthritis (32), and psoriasis vulgaris (33).

Porphyromonas gingivalis is a well-known bacterium that causes periodontitis and gingivitis (34, 35), and its inflammagens have been associated with the development of various inflammatory conditions (36–40). P. gingivalis and its inflammagens are associated with cardiovascular disease and T2DM (41). Except for the presence of its cell wall inflammagen LPS, P. gingivalis also produces an unique class of cysteine proteinases termed gingipains. Live P. gingivalis, as well as its LPS, are powerful peripheral and intracerebral inflammatory signaling initiators (42). LPS from P. gingivalis also acts via the Toll-like Receptor (TLR) signaling pathway the authors studied the TLR4 signaling pathway in C57BL/6 mice (43). Recently, Dominy and co-workers provided clear evidence that P. gingivalis, and more specifically, it protease, gingipains, play a fundamental role in the development of AD (40). They discovered gingipains in the brain lesions of AD patients (40). Gingipains consist of Arg-gingipain (Rgp) (RgpA and RgpB), and Lys-gingipain (Kgp), and play a central role in the virulence of this organism (44). Gingipains cleave proteins toward the C-terminal after arginine or lysine residues and are classified accordingly: gingipain R is arginine-specific and gingipain K is lysine-specific. This proteolytic activity of gingipains play a crucial role in the physiology of the bacterium, where it is essential for obtaining nutrients via protein degradation, for adherence to host surfaces and for further colonization (45). Gingipains are also known to exert fibrin(ogen)olytic activity and when present in circulation, can interact and cleave plasma proteins (46–48).

By definition, inflammation is normally accompanied by the production of inflammatory cytokines, such as interleukins (ILs) IL1β, IL6, and TNF-α, some bacterial inflammagens such as LPS are well-characterized, and more recently implicated in inflammatory conditions, but overall, little is known on how bacterial inflammagens act as biomarkers in the various inflammatory conditions (2, 4, 5). Inflammation is also an almost inevitable accompaniment of cardiovascular disease, but a much less recognized feature of inflammation is coagulopathies (49–51). We recently discovered that, in part, these coagulopathies were represented by the clotting of blood into an anomalous form, and that this can be catalyzed by miniscule amounts of LPS (from E. coli) or LTA (10−8 mol/mol fibrinogen) (2, 52). Recently, it was also noted that LPS from P. gingivalis added to platelets cause significant morphological changes to platelets (53). Platelets exposed to this LPS showed spreading, with increased presence of actin-rich filopodia, by activation of Cdc42, the small GTPase responsible for filopodia formation. Exposure of whole blood samples to LPS from P. gingivalis also significantly reduced clotting times (53).

Because of the findings of Dominy et al. where they detected gingipains in AD brain lesions (40) and our interest on how bacterial inflammagens interact with clotting proteins, we searched for the presence of gingipains in the serum of patients with PD (54). We detected RgpA from P. gingivalis in PD plasma using fluorescent antibodies and found significantly increased levels of this protease compared to age-matched controls.

Because there are numerous reports that P.gingivalis and its inflammagens are important contributary agents in neuroinflammatory, as well as cardiovascular conditions, including T2DM, the question now arose as to how gingipains and LPS from P. gingivalis interact with circulating plasma proteins. Microbial translocation from inflamed periodontal pockets into coronary atheroma via systemic circulation is also one of the proposed pathways that links periodontitis and myocardial infarction (55). We therefore seek to get specific answers with regards to their effects on both morphology and mechanics of clots. Therefore, in the present study, we investigate the effects of the bacterial products LPS from E. coli and P. gingivalis, as well as the gingipain RgpA P. gingivalis [recombinant P. gingivalis Gingipain R1 (RgpA)], on clot architecture and clot formation in whole blood and plasma from healthy individuals, as well as in purified fibrinogen models. Structural analysis of clots was performed using confocal microscopy, scanning electron microscopy and AFM-Raman imaging. We use thromboelastography® (TEG®) and rheometry to compare the static and dynamic mechanical properties of clots.

To investigate our hypothesis, the various analyses were done in various laboratories. We therefore included a large variety of equipment and sample preparation methods and used optimized and well-established protocols from each laboratory. These various techniques in combination provide insight into the effects of these bacterial products on coagulation, and particularly clot structure and mechanics. We found that these inflammagens may interact with fibrin(ogen) and cause blood to clot abnormally (anomalous clotting). These results are in line with our previous findings of LPS from E. coli, and we further show here that LPS from E. coli influences the clot structure of purified fibrin(ogen) (2). Furthermore, understanding how bacterial inflammagens interact with plasma proteins, when in circulation, may result in a better understanding of clot and coagulation pathologies in inflammatory conditions. Ultimately, we may find solutions to treat pathological clotting, driven by bacterial inflammagens, as pathological clotting is an important co-morbidity to most inflammatory conditions.



MATERIALS AND METHODS


Study Design and Ethical Statement

The present study uses a cross-sectional study design. Ethical clearance was obtained from the Health Research Ethics Committee (HREC) of Stellenbosch University, South Africa (N19/03/043) and from the Ethics Committee of the Medical University Vienna, Austria (EK1371/2015). Written informed consent was obtained from all participants followed by whole blood sampling. Study participants received a unique number that was used to guarantee anonymity throughout this study, and researchers followed Good Clinical Practice and guidelines from the ethics committee.



LPS and Gingipain (RgpA)

The bacterial analytes that were added to plasma and fibrinogen were prepared in endotoxin-free water and they are:

• RgpA (Abcam. ab225982); purity is at >90% SDS-PAGE

• E. coli LPS (Sigma, L2630) and P. gingivalis LPS (Sigma SMB00610). Both the LPSs' purity is MQ300, which is stipulated for products used in applications requiring enhanced change control and quality agreement. However, it is noted that Jain et al. (56) reported that some LPS preparations might have lipoprotein contaminants present.



Purified Fibrin(Ogen) Clot Model

We used three purified fibrin(ogen) clot models: (1) fluorescent fibrinogen conjugated to Alexa Fluor™488 (ThermoFisher, F13191), (2) non-conjugated purified fibrinogen (Sigma, F3879) and (3) non-conjugated purified fibrinogen depleted of von Willebrand factor, plasminogen, and fibronectin (CoaChrom, HFG3). These products were also prepared in endotoxin-free water.



Participants and Blood Collection

Healthy volunteers [N = 39; 23 females, 16 males; median age (interquartile range): 42] were recruited for this study. The inclusion criteria for healthy volunteers were: non-smokers, absence of infection, no use of anti-inflammatory or chronic medication, and no previous history of thrombotic disease, neurological diseases like AD and PD, or T2DM. An exclusion criterion was the presence of both gingivitis and periodontitis. Blood was drawn in serum-separating, EDTA, and sodium citrate tubes by a phlebotomist. After the blood was drawn, whole blood samples were allowed to rest for 30 min at room temperature before further processing for experimentation. Two plasma derivatives were created. Platelet poor plasma (PPP) was created by centrifuging whole blood at 3,000 g for 15 min. The plasma fraction was collected and stored at −80°C until experimentation. For rheometry analysis, platelet-depleted plasma (PDP) was created by centrifuging whole blood at 325 g for 8 min. After removal of the surface layer, the top two-thirds of this plasma were collected and centrifuged a second time at 2,310 g for 30 min, and the top two-thirds ultimately used for experimentation.



Scanning Electron Microscopy
 
Platelet Poor Plasma With LPS

A scanning electron microscope was used to view the ultrastructural changes of clots. PPP was exposed to LPS from P. gingivalis (n = 10; 10 ng.L−1; 30 min) before creating a plasma clot on a 10 mm glass cover slip with the addition of thrombin (7 U·mL−1). South African National Blood Service. Matching naïve clots were prepared with addition of thrombin. The samples were then washed in PBS followed by a fixation step of 4% formaldehyde and secondary fixation in 1% osmium tetroxide (OsO4), with PBS wash steps in between. This was followed by serial dehydration in ethanol and hexamethyldisilazane (HMDS). The samples were coated with carbon and viewed with a Zeiss MERLIN FE-SEM with the InLens detector at 1 kV. All SEM images (3 images per clot) were analyzed using ImageJ where fibrin fiber width was assessed for each image using a grid overlay to accurately record these measurements. The central fibers in 12 squares on each image were measured.



Purified Fibrinogen With LPS and RgpA

Purified fibrinogen (CoaChrom) was incubated with the following substances and prepared in technical triplicate following the above protocol, with the exception of using 0.15 U·mL−1 alpha-thrombin (CoaChrom, HF2A) to create the clots. Samples were viewed as above.

• RgpA at 20 μg·L−1

• LPS from P. gingivalis at 5, 20, and 20 μg·L−1

• LPS from E. coli O111:B4 at 5, 20, and 20 μg·L−1

• Combination of RgpA (20 μg·L−1) and LPS P. gingivalis (20 μg·L−1)




Confocal Microscopy on PPP With LPS

Platelet poor plasma was exposed to LPS from P. gingivalis (n = 10; 10 ng·L−1; 30 min) and clotted with thrombin (7 U·mL−1) on a microscope slide to create a fibrin fiber clot. Exposed clots were compared to their matched naïve samples by visualizing intrinsic fluorescence on a Zeiss LSM 780 confocal microscope with a Plan-Apochromat 63x/1.4 oil DIC M27 objective. Clotted samples were excited by the 488 nm laser with emission detected between 508 and 570 nm and by the 561 nm laser with emission detected between 593 and 700 nm. These settings were chosen after scanning the samples with the hyperspectral mode of the confocal with each laser and determining the best emission range for autofluorescent signal in these samples. The area coverage of the autofluorescent signal in the confocal images was analyzed using ImageJ, with differences in the autofluorescent signal taken to reflect differences in the structure of the clot. Thresholding between 26 and 255 on the greyscale provided a consistent analysis of the images (3 images per clot). The percentage fluorescent area to total area of each image was compared between control and LPS-exposed groups.



Confocal Microscopy With Airyscan on Fluorescent Fibrinogen With LPS

Fluorescently labeled Alexa Fluor™ 488 purified fibrinogen (2 mg·mL−1) was used to evaluate anomalous clotting, upon the addition of P. gingivalis LPS to the fibrinogen (100 ng·L−1; 30 min). Samples were clotted with thrombin (7 U·mL−1) on a microscope slide and viewed with the Zeiss MP880 confocal microscope in Airyscan mode. Exposed clots were compared to their matched naïve samples by exciting the fibrin fibers with the 488 nm laser and collecting the emission with band pass filters 420–480 and 495–550 nm.



Confocal Microscopy on Fluorescent Fibrinogen With LPS

Fluorescently labeled Alexa Fluor™ 488 purified fibrinogen (2 mg·mL−1) was exposed to E. coli LPS (20 ng·L−1; 30 min) or P. gingivalis LPS (20 ng·L−1; 30 min). Naïve and LPS-exposed samples were clotted with thrombin (7 U·mL−1) on a microscope slide and viewed on a Zeiss LSM 780 confocal microscope with a Plan-Apochromat 63x/1.4 oil DIC M27 objective. Images were captured in lambda mode with the 488 nm laser and the GaAsP detector, which measures fluorescent emission between 410 and 695 nm across 32-channels, at 8.9 nm intervals. Multidimensional images were acquired as z-stacks and processed as maximum intensity projections in the ZEN software.



Correlative Atomic Force Microscopy and Raman Microspectroscopy on Fibrinogen With LPS

AFM-Raman was used to analyse the potential fiber structure changes in purified fibrinogen upon exposure to LPS from P. gingivalis (100 ng·L−1; 30 min). Purified fibrinogen was clotted on 10 mm gold-coated coverslips (HORIBA Scientific, France) with thrombin (7 U·mL−1). Naïve clots were prepared with the addition of thrombin. The glass coverslips were allowed to dry for about 2 min, before being submerged in PBS, followed by fixation in 4% formaldehyde and 1% osmium tetroxide, with PBS wash steps in between. Samples were dehydrated in increasing grades ethanol, before an ultimate HMDS drying step.

The characterization of the samples was performed with a LabRAM Nano. This multi-analysis platform consists of a Raman microspectrometer (LabRAM HR Evolution, HORIBA) combined with an AFM (SmartSPM, HORIBA Scientific) for chemical and physical analysis of the same samples area. The system is based on a reflection configuration capable of approaching the objective lens (Mitutoyo, 100× magnification, NA = 0.7, 20 mm working distance) from top illumination to the sample surface. Incident light is focused through the objective lens onto the apex of the AFM tip probe. In this study, micro-Raman images were measured with the 473 nm laser as the excitation source (3 mW maximum at the sample). Initially, three different wavelengths (473, 532, and 633 nm) were tested. It was determined that the 473 nm was the best choice, and the Raman spectrum was measured in one window. The LabRAM Nano is equipped with an Edge filter to cut the Rayleigh signal so that the Stokes signal could be measured. Raman images were collected from 10 μm2 regions with 0.3 μm pixel steps. Acquisition time of each Raman spectrum is 30 s (one spectrum/image pixel). Correlated AFM images were obtained in AC mode using an ACCESS-NC Silicon probe (k = 25–95 N/m, f = 200–400 kHz, AppNano, US). The shape of the probes allows a direct visualization of the tip apex, which permits correlation with the excitation Raman. AFM images were acquired from 20 × 10 μm areas (300 × 150 pts) for the control sample and 20 × 20 μm areas (300 × 300 pts) for the experimental sample.



Viscoelastic Analysis

The Thrombelastograph® (TEG®) 5000 Hemostasis Analyzer (Haemoscope Corp) was used to measure the viscoelastic properties of blood, with the measured parameters listed in Table 1. PPP samples were exposed to LPS from P. gingivalis (n = 10; 10 ng·L−1) or RgpA (n = 30; 500 ng·L−1) for 30 min, with exposed samples compared to their matched naïve samples. (Initially we also exposed samples for 1 h, however, a longer exposure time did not significantly change the TEG® results). Prepared PPP was placed in a TEG® cup, together with 0.01 M calcium chloride (CaCl2) to activate the coagulation process. The process was allowed to run until maximal amplitude (MA) was reached.


Table 1. TEG® parameters [modified from (57)].
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Rheometry of WB and PDP With LPS and RgpA

Whole blood (WB) (n = 2) and PDP (n = 2) were subjected to rheometry analysis on a Physica MCR 301 rheometer (Anton Paar, Austria) equipped with a Peltier controlled stainless steel sand-blasted cone-plate system (diameter 50 mm), mounted by a tempered hood and an evaporation blocker filled with silicon oil. The Rheocompass™ software (v1.22, Anton Paar, Austria) was used for data acquisition.

Samples were prepared by exposing blood from control donors for 1 h to either (1) LPS from E. coli (20 ng·L−1), (2) LPS from P. gingivalis (20 or 20 μg·L−1), or (3) RgpA (100 or 250 ng·L−1). Matching control runs were diluted with the same volume of vehicle as for the exposed samples. Experiments were run in technical triplicate.

Whole blood and plasma were clotted by addition of 0.01 M CaCl2 and clots were generated in the cone-plate geometry. A constant sinusoidal strain amplitude (0.1%, 1.5 Hz) was set to observe the process of clot formation with minimal interference. These time sweeps were conducted until a G' plateau was reached, at which point an amplitude sweep test was started. The amplitude sweep tests were stress-controlled with a logarithmic ramp from 1 to 5,000 Pa at constant angular frequency (ω = 1 rad s−1).

The rheometry parameters discussed in this paper are given in Table 2. During the amplitude sweep tests, we continuously monitored the resulting strain (γ(ω)) of the material, which is the response of the clot to the applied sinusoidal stress (τ(ω)). The shift of the phase angle (δ) allows the calculation of the storage modulus (G') by multiplying the stress-strain relationship (τ(ω)/γ(ω)) with cos(δ). G' serves as a measure of the reversibly stored and thus recoverable deformation energy and represents clot stiffness. As long as G' is maintained while the shear stress increases, the clot remains in its linear viscoelastic range (in its equilibrium) and experiences only elastic deformation. The clot can return into its initial form when the sinusoidal stress input crosses the 0-point. This can be also seen in the output waveform signal, which remains sinusoidal. With the continuous increase of shear force, a deviation from the initial G' value and a change in the output waveform signal occurs, which marks the onset of the non-linear response. From this shear stress onwards, the clot cannot return into its initial equilibrium state since the stronger deformation does not allow full recovery. The borderline between the linear and the non-linear behavior marks the elastic limit of the clot. As stresses become higher, non-linearity increases until the clot breaks. Since G' can be a misleading measure of the elastic modulus of plastically deforming clots, because other harmonic components may also store energy [see (58)], we applied the model of Ewoldt et al. (59), which is integrated in the Rheocompass software, to calculate clot compliance out of Bowditch-Lissajous plots using an approach that is geometrically motivated (60). The minimum-strain compliance shown here (J'M) reflects the tangent modulus at zero instantaneous stress, whereas the large-strain compliance (J'L) reflects the secant modulus at maximum stress (Figure 1). At equilibrium (linear clot behavior), both compliances merge, whereas out of equilibrium they diverge (non-linear behavior). Certain points on the curves indicate certain processes in the network, e.g., fiber bending and stretching out network inhomogeneities at intermediate shear stresses, stretching of the clot as a whole in shear direction at higher shear stresses, and weakening or even breaking of network points prior to complete breakup at highest-most shear stresses. Figure 1 shows these suggested regions. We propose that not only an upshift or downshift of the curves—indicating higher or lower compliances—must be considered to classify clots, but also changes in the shape of the compliance curves as they indicate specific clot behaviors. For example, the stress needed to fully stretch out the clot as a whole indicates the end of microscopic processes within the fiber network. Only if all branch points and inhomogeneities are aligned to the force lines, the clot stretches as a whole, which is referred to as macroscopic shear stiffening.


Table 2. Rheometry parameters.
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FIGURE 1. Example for the suggested regions during the strain response of a naïve PDP clot. The minimum-strain compliance shown here (J'M) reflects the tangent modulus at zero instantaneous stress, whereas the large-strain compliance (J'L) reflects the secant modulus at maximum stress. During the linear viscoelastic behavior (LVE) the clot is in its equilibrium and the compliances merge and remain constant. With increasing stress the compliances start to diverge, which marks the elastic limit and the onset of the non-linear behavior. Now, the network elongates depending on its individual architecture. This period is characterized by progressive alignment of singular structures in the clot to establish a new architecture in which all structures are stretched out (here the microscopical changes in the clot take place). As soon as both compliances decrease together, the phase of shear-stiffening starts. The stretched network elongates as a whole and stiffens when the loads increase. When the stress becomes too high, the clot breaks either abruptly or yields. Yielding includes breaking of branch points or singular fibers in the network.




Statistical Analysis

Statistical analyses were performed on GraphPad Prism 7.04 with values of significance stated at p < 0.05. All data were subjected to Shapiro-Wilks normality tests. A paired T-test was performed on parametric data with the data expressed as mean ± standard deviation, whereas the Mann-Whitney U-test was used on unpaired non-parametric data and the Wilcoxon matched-pairs signed rank test was used on non-parametric data that was paired with the data expressed as median [Q1–Q3] (all two-tailed).




RESULTS


Scanning Electron Microscopy of PPP Clots With LPS

The differences in PPP clot ultrastructure in naïve clots (Figures 2A–C) and in the presence of P. gingivalis LPS (Figures 2D–F) were evaluated. Statistical analysis of fibrin fiber thickness showed a significant (p < 0.0001) increase in fiber width between naïve [0.19 μm (0.14–0.25)] and LPS-exposed [0.27 μm (0.2–0.37)] samples.


[image: Figure 2]
FIGURE 2. Scanning electron micrographs of (A–C) representative naïve control plasma clots and (D–F) matched clots with added LPS from P. gingivalis (Scale bar: 1 μm).




Scanning Electron Microscopy of Purified Fibrinogen Clots With LPS and RgpA

The effect of LPS from P. gingivalis and E. coli as well as RgpA on the network structure of pure fibrin fiber networks was examined by SEM (Figure 3). Addition of either LPS from E. coli or P. gingivalis resulted in greater observations of fused and thicker fibers. Fiber width was statistically greater (p < 0.0001) in clots exposed to LPS from P. gingivalis [0.22 μm (0.17–0.33)] compared to naïve clots [0.18 μm (0.13–0.22)]. Previously, we reported the same changes in fiber thickness for LPS form E. coli (2). Exposure to RgpA led to various changes in the network architecture of fibrin clots. Most fibers were observed as looser networks of clumped fibers, sporadically distributed throughout the SEM preparation and with disruptions to the fiber structure. In the few areas of confluent fibers, some breaks and disruptions to the network could be noted. The combination of RgpA and LPS from P. gingivalis seemed to cause breaks and disruptions in the regular fiber networks.


[image: Figure 3]
FIGURE 3. Scanning electron micrographs of purified fibrinogen clots exposed to bacterial products at varying concentrations (white scale bars indicate identical scales).




Confocal Microscopy of PPP Clots With LPS

Figure 4 shows representative micrographs of the autofluorescence signal in control and LPS-exposed clots for the 488 and 561 nm lasers. The total autofluorescent area of the clots after LPS exposure [1.01% (0.8–1.4)] was significantly (p < 0.001) increased compare to the control [0.16% (0.067–0.31)]. Changes in the intrinsic optical properties of fibrinogen might reflect changes to fibri(ogen) (61).


[image: Figure 4]
FIGURE 4. Confocal micrographs of representative clots prepared from PPP of healthy individuals that were exposed to LPS from P. gingivalis. Autofluorescence signals were captured in two channels. Green fluorescence: 488 nm laser with a 508–570 nm detector; red fluorescence: 561 nm laser with 593–700 nm detector. (A–D) Representative naïve control clots. (E–H) Clots with added LPS from matched controls (Scale bar: 10 μm).




Confocal Microscopy on Fluorescent Fibrin(Ogen) Clots With LPS

We also investigated protein misfolding in fluorescent fibrinogen using Airyscan technology (Zeiss MP880), after addition of LPS from P. gingivalis. The control fibrin(ogen) clot (Figure 5A) showed typical netted fibrin fibers, whereas the LPS-exposed samples (Figures 5B,C) show areas of intense fluorescence and have a more densely formed fibrin network. Additionally, confocal z-stacks (Zeiss LSM 780) of fibrinogen exposed to E. coli and P. gingivalis also illustrated changes in the fibrinogen network structure. The control clots (Figure 5D) showed loose networks of fibers, whereas LPS-exposure (Figures 5E,F) show much denser fibers networks, a feature of hypercoagulation.


[image: Figure 5]
FIGURE 5. (A–C) Airyscan micrographs of fluorescent fibrinogen. (A) Naïve clot showing a normal distribution of fibrin fibers. (B,C) LPS-exposed (P. gingivalis) fluorescent fibrinogen, where plaque-type areas are present (white arrows) (Scale bar: 10 μm). (D–F) Confocal lambda maximal intensity projections of fluorescent fibrinogen. Each column shows four representative projections per exposure. (D) Naïve clot. (E) LPS-exposed (E. coli) clot. (F) LPS-exposed (P. gingivalis) clot.




Correlative Atomic Force Microscopy and Raman Microspectroscopy on Fibrinogen With LPS

Correlative AFM and Raman images were obtained from naïve and LPS-exposed samples (Figure 6). The amide I intensity Raman band monitoring (Figures 6B,D) showed a higher Raman signal intensity on the fibers and perfect correlation with the AFM topography. The comparison between the average spectra from the two samples (after C-H stretching band intensity normalization) highlights some slight differences as band broadening, band position shift, and intensity ratio changes, which could indicate a possible ß-sheet unfolding in the LPS-exposed samples (Figure 6E).


[image: Figure 6]
FIGURE 6. AFM, Raman, and AFM-Raman correlative images of the (A–C) control and (D–F) P. gingivalis LPS-exposed fibrinogen, as well as (G) the average Raman spectra of control sample (blue Raman spectrum) and LPS-exposed sample spectra (green Raman spectrum) The Raman images are the Amide I intensity maps of naïve clots vs. LPS-exposed clots. They are overlaid to the AFM images (B,D). Blue spectrum is average spectrum of a Raman map of the naïve sample. Green spectrum is average spectrum of a Raman map of LPS-exposed sample [Scale bars: (A,C,D,F): 5 μm; (B,E): 2 μm].




Thromboelastography® of PPP With LPS and RgpA

Table 3 shows the TEG® results for PPP exposed to LPS from P. gingivalis, compared to matched naïve samples. Significant changes are seen in the R-value, α angle and TMRTG values, indicating accelerated clot formation and fiber cross-linking. This suggests that LPS-exposed clots forms faster, which is a feature of hypercoagulability.


Table 3. TEG® results of naïve and P. gingivalis LPS-exposed control PPP.
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The effect exerted by the RgpA protease on viscoelastic parameters of clotting is shown in Table 4. All six parameters assessed exhibited significant changes. RgpA pre-treatment shifts the coagulability to a more hypocoaguable state in terms of clotting time, which is represented by the three time-dependent parameters R-value (**), MRTG (***), and TMRTG (**), which are all increased compared to controls. The lower α-angle (**) reflects that the fibrin build-up is slower in the exposed samples, resulting in a reduction of fibrin cross-linking. In addition, the resultant clot strength and stability measured by MA (*) was increased in the RgpA group, whereas strength measured by TTG (*) was decreased.


Table 4. TEG® results of naïve control and RgpA-exposed PPP.
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Rheometry of Whole Blood (WB) and Platelet Depleted Plasma (PDP) With LPS and RgpA

Rheometry results for exposed samples and their matched control runs are recorded in Table 5 and Figure 7, that shows minimum (J'M) and large (J'L) strain compliance graphs of naïve vs. exposed samples, which reflect the behavior of clots at cyclic stress loading of clots during amplitude sweep tests. In PDP, all the different treatments increased the median linear elastic shear modulus of the clot, and led the non-linear response to start at similar and lower stress when compared to matched controls. However, the overlapping confidence intervals suggest a very small influence of the exposures on the G' modulus. Only exposure with LPS from P. gingivalis could increase the breakup stress.


Table 5. Rheometry data.
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FIGURE 7. Compliance graphs of naïve vs. exposed samples, which reflect the intra-cycle behavior of clots during amplitude sweep tests. (A) RgpA-exposed PDP, (B) RgpA-exposed WB, (C) LPS-exposed PDP (E. coli and P. gingivalis). Graphs plot the sample runs in triplicate (PDP) and duplicate (WB).


Additional information can be gained from the compliances. LPS-exposure reduced both compliances (Figure 7C). They were also maintained over a larger shear stress range compared to their matched controls. Our model described in Figure 1 suggests that network alignment must be prolonged, which allows macroscopic shear-stiffening to start at higher stresses. The arrows in Figure 7C show this critical shear stress. Only after a shear stress of 380 Pa did the confidence intervals (CI) of the large-strain compliances (J'L) of LPS-clots and control clots overlap, indicating similar behavior of fully stretched clots after that. In RgpA-exposed PDP samples the compliances varied substantially at the start of the stress test (see also the high CI of the median G'LVE value in Table 5), indicating that different network architectures have formed. During the stress tests, the compliances of the exposed and non-exposed samples converge completely (Figure 7A) indicating similar behavior of fully stretched clots.

In WB, the moduli were much higher than in PDP, but the RBCs blunted many effects that were seen in PDP, e.g., there was almost no shear-stiffening. Rather, WB clots showed a pronounced phase of shear-softening prior to the onset of weak shear-stiffening. In other words, the compliances increased until higher shear stress before they dropped. Other microscopic and macroscopic processes will take place in a stressed clot when blood cells are present. WB clot exposure to both high and low concentrations of P. gingivalis LPS resulted in a decrease of clot stiffness (which was more pronounced with the higher concentration), however, breakup stress was unaffected in both exposures. RgpA-exposed WB samples appeared to be stiffer when in near-equilibrium condition (see the median G'LVE and also its high CI similar to PDP in Table 5) compared to their matched controls but they broke earlier while they were still in the phase of softening. It appears that RgpA exposure prevented shear-stiffening (Figure 7B).




DISCUSSION

Bacterial inflammagens in circulation can influence coagulation parameters that may result in abnormal clot formation and structure. Here we present the effects of gingipain R1 and LPS from P. gingivalis and E. coli on clot morphology and mechanics of clots produced from PPP, PDP, WB, as well as purified fibrinogen models. We point out that Jain et al. (56) reported that some LPS preparations might have lipoprotein contaminants present. Our LPS results on blood clots may therefore be due to LPS and/or the associated lipoprotein that might be present in the purchased LPS form Sigma. First looking at the morphology of LPS-exposed samples, SEM analysis in all our clot models showed that LPS from both P. gingivalis and E. coli caused the clot to become more dense and confluent in nature (Figures 2, 3). Individual, elongated fibers are visible in the controls, but in the exposures, the fibers are arranged to become dense and netlike (see Figure 2). This is in line with our previous analysis where LPS from E. coli caused fibers to become more netlike (in both PPP and fibrinogen models) (2). Our confocal and airyscan analyses on fluorescent fibrinogen (Figure 5) support the SEM observations. We also investigated the development of anomalous protein structures in PPP using autofluorescent signal when the LPS from P. gingivalis was added. Here, a significantly increased autofluorescent signal was assessed by the area analysis (Figure 4). These differences in fluorescent signal might reflect a structural change in the protein packaging in the presence of thrombin (61). Correlative AFM and Raman images from controls and P. gingivalis LPS-exposed samples (Figure 6), shows slight differences as band broadening, band position shift, and intensity ratio changes. Although the differences are small, they indicate a change in the local symmetry of the fibrinogen molecule in the C-H areas, localized on the fibers in the LPS-exposed samples (Figure 6E). This supports the altered morphological appearance of the clots as seen with SEM. This is the first report that shows LPS from P. gingivalis may chemically modify the structure of the fibrin(ogen) clot. These modifications may possibly be related to molecular changes of the fibrin(ogen) protein itself. Previously, we reported that LPS from E. coli added to fibrin(ogen) and plasma, can undergo structural changes that might be amyloid in nature. This was confirmed using the fluorescent amyloid stains, thioflavin T, and Amytrackers (52).

When RgpA is added to our different models, clots (viewed with SEM) were not confluent, but rather appeared mostly in sporadic clumps with masses of higher density surrounded by less dense areas. The fibers that did form showed a sparse and heterogeneous structure (see Figure 3). This was also previously established with confocal microscopy, where we added RgpA to fluorescent fibrin(ogen) and noted a decrease in formation of fibrin(ogen) networks (54). We propose that such heterogeneous clots will not be able to transmit hydrodynamic forces applied to them uniformly through the entire formed clot, but rather along their most elastic structures, while other parts of the clot remain mostly unstressed. This could pose excessive stress to existing structures, which could be a risk factor for clot pathologies. Our mechanical stress tests support this hypothesis (Figure 7B).

We further studied clot forming kinetics by 6 different parameters obtained from our TEG® tests and the mechanical response of our various clot models, before and after addition of LPS from E. coli and P. gingivalis as well as RgpA, by using rheometry. See Tables 1, 2 for the various parameters of TEG® and rheometry. After generating the WB and PDP clots in the cone-plate geometry of the rheometer we submitted them to increasing sinusoidal shear stresses and probed their strain responses. We also applied a model to differentiate the phase of network orientation at intermediate shear stresses from the subsequent phase of whole network stretch at higher shear forces.

RgpA-exposed clots seem to break abruptly at lower stresses in our WB model, whereas naïve clots showed a gradual yielding until the clot breaks at higher shear stresses (compare the encircled regions in Figure 7B). The same trend is seen in our PDP model, however, in this model breakup is not as abrupt as in the WB model. The heterogeneous structure seen in Figure 5 is also reflected by the high confidence interval of the linear elastic shear modulus and the compliances near equilibrium, however, the ability to shear-stiffen is unaffected (see Figure 7A). Our TEG® results showed that RgpA causes the PPP clot to form significantly slower (indicated by the R-value), and with a general alteration in clot strength (indicated by the MA and the TTG value). These results are consistent with the expectation that RgpA is a proteolytic enzyme. This is consistent with previous papers that looked at the proteolytic actions of RgpA on fibrinogen structure (48, 62). Our TEG® results also suggest that in the presence of LPS from P. gingivalis, the clot forms faster (R and TMRTG parameters), but the clot stiffness is not affected (MA and TTG). This is consistent with our previous results using LPS from E. coli (2, 52). These results are consistent with the finding of the rheometry by looking at the clot stiffness at its equilibrium (G'LVE). When we analyse our rheometry results further, in the PDP samples where we added the two LPSs the compliances were not only lower until 380 Pa applied shear stress, but shear-stiffening started also at higher stresses. This suggests that LPS-exposed clots will need more shear stress to stretch out all inhomogeneities before they can stretch like the control sample can (see Figure 7C, the arrows indicate this drop in the compliance, showing the shear stress where shear-stiffening begins). Such inhomogeneities are seen in our SEM samples as a denser and less uniform clot structure. Shear stiffening is a common property of biological fibers (63) and is per se not affected by LPS in our models. However, it is obvious that processes that soften the clot, such as fiber buckling and bending and network alignment, compete with processes that stretch the network and therefore shift the onset of macroscopic shear-stiffening to higher stresses.



CONCLUSIONS

In this paper we bring together evidence that bacterial LPSs and RgpA can affect both clot structure and mechanics. This has significant implications for clotting and clot formation when these inflammagens enter into circulation, via various routes. These routes may include the gut when dysbiosis is present (leaky gut), the urinary tract (during infections), as well as the mouth area, during gingivitis and periodontitis. It is well-known that these entry pathways are active in most inflammatory conditions. When in circulation, these inflammagens interacts with soluble fibrinogen, where they bring about all the effects we have described (mechanical and structural changes). In future, it would also be valuable to investigate the effects of Kgp, and RgpB, and combinations of the molecules with RgpA, as all of these molecules contribute significantly to the virulence of the bacterium (64, 65). Ultimately, these interactions are associated with systemic inflammation and coagulation pathologies. The magnitude of this effect differs in plasma and purified fibrinogen and most likely exists due to the presence of inhibitory and target molecules in plasma such as albumin and other proteins. The presence of these inflammagens in the circulation of individuals with various cardiovascular and systemic inflammation conditions, including T2DM, may have far-reaching healthy effects on blood clotting.
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Objective: This study focused on documenting characteristics of the gingival transcriptome during various stages of periodontitis targeting genes associated with apoptotic and autophagic pathways and changes that specifically associate with features of the oral microbiome.

Methods: Macaca mulatta (n = 18; 12–23 years) were examined at baseline and 0.5, 1, and 3 months of disease progression, as well as 5 months with clinical disease resolution. 16S sequencing and microarray analyses examined changes in the microbiome and gingival transcriptome, respectively, at each time point from every animal.

Results: Specific patterns of apoptotic and autophagic genes were identified related to the initiation and progression of disease. The analysis also provided insights on the principal bacteria within the complex microbiome whose abundance was significantly correlated with differences in apoptotic and autophagic gene expression. Bacteria were identified that formed associated complexes with similar effects on the host gene expression profiles. A complex of Leptotrichia_unclassifed, Capnocytophaga_unclassified, Prevotella sp. 317, and Veillonellaceae_[G-1] sp. 155 were significantly negatively correlated with both apoptosis and autophagy. Whereas, Veillonellaceae_[G-1], Porphyromonadaceae, and F. alocis 539 were significantly positively correlated with both pathways, albeit this relationship was primarily associated with pro-apoptotic genes.

Conclusions: The findings provide evidence for specific bacteria/bacterial complexes within the oral microbiome that appear to have a more substantive effect on regulating apoptotic and autophagic pathways in the gingival tissues with periodontitis.

Keywords: non-human primates, apoptosis, autophagy, microbiome, periodontitis

Apoptosis and autophagy are described as important regulators of cellular functions, particularly related to nutritional stress that could be induced by infection and inflammation. As such, recent results support an important role for each of these cell death or survival pathways in regulating inflammatory and immune responses. Periodontitis represents a complex chronic microbial challenge by a dysbiotic microbiome that results in a persistent inflammatory response and a tissue destructive immunoinflammatory lesion. Although there are clear clinical symptoms of this disease including soft and hard tissue destruction of the periodontium, the underlying biology of the host-bacterial interactions that lead to initiation, progression, and resolution of the disease remain less clear. We have used a non-human primate model of ligature-induced experimental periodontal disease to try to model these host-bacterial interactions.


INTRODUCTION

Mucosal surfaces of the body, including the oral cavity, are continually interacting with a complex microbiome (1). This challenge results in activation of an array of immune response pathways, and cells and biomolecules that maintain homeostasis. Moreover, the oral cavity presents a model of mucosal host-bacterial interactions whereby specific microorganisms colonize various niches (2) creating complex biofilms that change with local environmental cues and respond to disease processes of the periodontium (3–6).

Chronic periodontitis reflects an active breakdown of connective tissue and resorption of alveolar bone, with localized lesions attributed to a dysregulated host inflammatory and immune responses to dysbiotic microbial biofilms (7–12). Microbiome changes with disease have been shown to include alterations in specific members of the subgingival microbiome at disease sites (e.g., Porphyromonas gingivalis) with the capacity to alter the biologic activities of the overall microbiome, as well as regulating host responses that would contribute to the tissue breakdown as a hallmark of periodontitis (13, 14).

The gingival mucosal tissues are enriched in cellular turnover with many cells undergoing programmed cell death (i.e., apoptosis) (15). Apoptotic processes appear important for natural maintenance of an intact epithelial barrier that contributes anti-microbial resistance (16) and appears to be an important mechanism that regulates the immunoinflammatory response to microbial challenge (15, 17, 18). Moreover, autophagy is a well-described mechanism for host cells to engulf microbes or damaged cell material into autophagosomes for eventual degradation (19). Cells with defective autophagy pathways exhibit exaggerated inflammation and increased susceptibility to infections (20–23). Additionally, various microbial species appear to modulate autophagy as a virulence strategy to enable persistent survival inside host cells affecting both anti-microbial and anti-inflammatory responses (24, 25).

The characterization of both apoptosis and autophagy as having important roles in infection and inflammation is a relatively recent concept. The impact of these cellular functions on anti-microbial and anti-inflammatory properties suggests that alterations could contribute to the pathogenesis of periodontitis. Existing data indicates that specific bacteria within the oral ecology produce components that inhibit apoptotic pathways (26–28) and can modulate autophagic responses, including P. gingivalis (26, 29, 30). These functions have been described to enable evasion of responses and persistent infection of the oral epithelium, and even enhance survival inside endothelial cells (31). Knowledge of the role of apoptosis and autophagy in periodontitis remains rather limited and thus studies of these pathways in mucosal tissues related to gingival health and periodontitis are clearly needed.

We have described gene expression profiles in gingival tissues from young to aged non-human primates, Macaca mulatta, and demonstrated altered patterns of apoptotic (32, 33) and autophagic (34) pathway genes affected by aging and periodontitis. Imbalances in these processes would be consistent with the capacity to respond to the microbial challenge, as well as a disruption related to the disease process (35–37). This study focused on the analysis of the expression of targeted gene sets related to the pathways of apoptosis and various phases of autophagy pathways using the non-human primate model of progressing periodontitis. The gingival transcriptome expression was specifically integrated into a model exploring the relationship between characteristics of the oral microbiome matched to gingival sites in health and progressing disease.



MATERIALS AND METHODS


Animals and Diet

Rhesus monkeys (Macaca mulatta) (n = 18; 12–23 years of age) housed at the Caribbean Primate Research Center at Sabana Seca, Puerto Rico were examined for periodontal health or naturally-occurring periodontitis (32, 33, 38). The non-human primates were fed a 20% protein, 5% fat, and 10% fiber commercial monkey diet (diet 8773, Teklad NIB primate diet modified: Harlan Teklad, Madison, WI). The diet was supplemented with fruits and vegetables, and water was provided ad libitum in an enclosed corral setting.

As we have reported previously the protocol was approved by the Institutional Animal Care and Use Committee (IACUC) of the University of Puerto Rico and a ligature disease model was utilized (39). The clinical examination included probing pocket depth (PPD) and bleeding on probing (BOP; 0–5 scale) (40). Periodontal health was defined by mean Pocket Depth (PD) ≤ 3.0 mm and mean Bleeding on Probing (BOP) ≤ 1 (0–5 scale) in a full mouth examination excluding 3rd molars and canines (39). Ligature-induced periodontal disease was initiated as we have previously reported and clinical changes were compared to baseline measures of all maxillary and mandibular premolars and 1st and 2nd molars that were then ligated. The ligature-induced periodontitis model was implemented as we have described previously, by tying 3-0 silk sutures around the necks of maxillary and mandibular premolar and 1st and 2nd molar teeth in each animal (41, 42). As noted previously, removal of ligatures leads to a decrease in inflammation and BOP to normal levels and stabilization of any pocket probing depths in the non-human primates (42). Gingiva tissue biopsies and subgingival plaque samples taken at 0.5, 1, and 3 months (Initiation/Progression), and 2 months after removal of ligatures and local factors (Resolution). Determination of periodontal disease at the sampled site was documented by assessment of the presence of BOP and probing pocket depth of > 4 mm, as we have described previously (33). Figure 1 presents the clinical findings for both bleeding on probing and probing pocket depth for the 18 animals. As shown previously, these clinical measures of periodontal inflammation and tissue changes occur as early as 0.5 months post-ligature (Baseline), and progress through the 3 months of disease progression.


[image: Figure 1]
FIGURE 1. Boxplot of clinical measures of ligated teeth in the 18 animals at each time point for bleeding on probing (BOP) index and probing pocket depth (PPD).




Microbiome Analysis

Subgingival bacterial samples were obtained from the 18 animals by a curette and analyzed using a MiSeq instrument (43, 44) for the total composition of the microbiome from each sample (45, 46). Sequences were clustered into phylotypes based on their sequence similarity and these binned phylotypes were assigned to their respective taxonomic classification using the Human Oral Microbiome Database (HOMD V13) (http://www.homd.org/index.php?name=seqDownload&file&type$=$R) as we have described previously (43). Raw data were deposited at the NIH NCBI (BioProject ID PRJNA516659). Statistical differences of bacterial OTUs were determined with a t-test (p < 0.05). Correlations of OTUs within the oral microbiome were determined using a Pearson correlation coefficient analysis (p < 0.05). Correlations between the microbiome components and the gingival gene expression were determined only for matching samples derived from the same tooth in each of the animals. Matching samples with sufficient microbiome signals were compared for 58 samples obtained throughout the ligature model.



Gingival Tissue Sample Collection and mRNA Analysis

Gingival tissue samples of healthy and disease sites were surgically collected and total RNA extracted for microarray analysis via hybridization to the GeneChip® Rhesus Gene 1.0 ST Array (Affymetrix, Santa Clara, CA, USA) similar to methods we have described previously (32, 33, 47–49).



Data Analysis

Pro- and anti-apoptosis pathway genes (n = 27) and 33 genes involved in the autophagy pathway (Table 1) that we had previously identified in non-human primates as being affected by age or periodontitis were targeted. The expression intensities across the samples were estimated using the Robust Multi-array Average (RMA) algorithm with probe-level quintile normalization, as implemented in the Partek Genomics Suite software version 6.6 (Partek, St. Louis, MO). The different groups were initially compared using one way ANOVA. For genes that had significant mean differences, two sample t-tests were used to investigate differences. Statistical significance was considered by a p ≤ 0.05. Correlation analyses between the microbiome Otus and the gingival gene expression were performed using a Spearman rank-order correlation analysis. The data has been uploaded into the ArrayExpress data base (www.ebi.ac.uk) under accession number: E-MTAB-1977.


Table 1. Listing of host genes examined for apoptosis and autophagy processes in the gingival tissues.
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RESULTS


Longitudinal Changes in Apoptosis Gene Expression Profiles

Few changes from baseline healthy tissues were observed in the anti-apoptosis genes across the disease process or with resolution (Figure 2A). In contrast, Figure 2B summarizes that 8/18 of the pro-apoptosis genes were significantly altered through the disease process. The majority of these changes were increases occurring at initiation of disease.


[image: Figure 2]
FIGURE 2. Expression levels of (A) anti-apoptotic and (B) pro-apoptotic genes in gingival samples at baseline (BL) and 0.5, 1, and 3 months following ligation. Five month samples represent 60 days following removal of the ligatures with resolution of the clinical features of the disease. The bars denote the means of 18 animal samples and the vertical bracket signifies one SD. The asterisk (*) denotes significantly different from baseline levels at p < 0.05.




Longitudinal Changes in Autophagy Gene Expression Profiles

The autophagy gene expression profiles were organized into 6 phases of the process including initial interactions through the Mechanistic Target Of Rapamycin Kinase (mTOR) and Unc-51 Like Autophagy Activating Kinase 1 (ULK) complexes, signaling activities via genes in the PI3K (Phosphatidylinositol-4,5-Bisphosphate 3-Kinase) complex, expansion of the phagophore via Autophagy Related 12 (ATG12)-related genes, and finally linked to lysosome formation and vesicle degradation (LF/VD) processes (Figure 3). Generally in the early stages of the process (mTOR, ULK, PI3K), gene expression alterations were increased from baseline health to initiation and progression of disease. A larger number of gene expression level changes were identified in the ATG12 portion of the autophagy pathway with most demonstrating elevated levels compared to health (baseline). Only ATG4D and GABA Type A Receptor Associated Protein Like 2 (GABARAPL2; ATG8C) levels were decreased with disease. Finally, LF/VD gene expression appeared to be decreased during disease.


[image: Figure 3]
FIGURE 3. Expression levels of autophagy genes in gingival samples at baseline (BL) and 0.5, 1, and 3 months following ligation. Five month samples represent 60 days following removal of the ligatures with resolution of the clinical features of the disease. The genes are grouped into various categories representing steps in the autophagy pathway. The bars denote the means of 18 animal samples and the vertical bracket signifies one SD. The asterisk (*) denotes significantly different from baseline levels or baseline levels being different from all other time points at p < 0.05.




Microbiome Members Associated With Altered Apoptosis and Autophagy Gene Expression

Figure 4A summarizes the correlation patterns of the 22 apoptosis genes with specific bacteria among the 58 OTUs that account for 88% of the total microbial reads across the adult samples (43). Specific OTUs were significantly correlated with a high number of host genes, and displayed as ones with a majority of positive or negative correlations (Supplementary Table 1). The data also show that most of these OTUs had a predilection for either positive or negative correlations with the array of apoptotic genes. Also of note was that in all comparisons the correlations of these bacteria predominated with expression of pro-apoptotic genes either positively (Veillonellaceae_[G1], Porphyromonadaceae, F. alocis 539) or negatively (Prevotella sp. 317, Leptotrichia unclassified, Capnocytophaga unclassified). Figure 4B presents the relationship of the OTUs to the autophagy genes. While the bacteria (e.g., OTUs) generally showed both positive and negative correlations to genes within the complex of the autophagy pathway, as with apoptosis the individual OTUs were skewed toward a higher frequency of positive or negative correlations (Supplementary Table 2). Of interest was a considerable overlap in the specific OTUs of autophagy and apoptosis gene correlations, with ~2/3 of the OTUs overlapping.


[image: Figure 4]
FIGURE 4. Correlations (p < 0.05) between individual bacterial abundance within the microbiome to gene expression levels from the same sites. (A) Frequency of correlations for all the apoptosis genes for each bacterial OTU and stratified based upon significant correlations specifically with anti-apoptosis or pro-apoptosis genes. (B) Frequency of correlations for all autophagy genes for each bacterial OTU.


Transposing these data provided insight into the primary genes within the apoptosis or autophagy pathways demonstrating preferential correlations with the microbiome members across all the samples (Figure 5). These included both anti- and pro-apoptotic genes with most showing a similar number of bacteria exhibiting positive or negative correlations. A more limited number of autophagy genes across the pathway phases showed significant correlations with a larger number of individual bacteria, and as with apoptosis, there was a similar distribution of positively, and negatively correlated bacteria.


[image: Figure 5]
FIGURE 5. Individual gene expression levels correlated with bacterial abundance levels in the microbiome samples. The stacked bars depict the frequency of microbial correlations of a particular apoptotic or autophagy gene separated into significant (p < 0.05) positive or negative correlations. Each gene is organized into apoptosis processes or steps in the autophagy pathway. The genes presented had > 7 total bacterial correlations except for CFLAR and IL1R1 that showed a unique pattern of only positive correlations.




Bacterial Complexes Related to Altered Apoptosis and Autophagy Gene Expression Profiles

Based upon the observation that there were multiple bacterial-host gene correlations for both apoptosis and autophagy, we explored the potential that complexes of certain bacteria demonstrated similar patterns of interaction with host responses across the disease model. Table 2 shows 3 bacterial complexes (AP-1 to AP-3) that were related in their frequency of correlations with a specific portfolio of anti- or pro-apoptotic genes. As noted, the same complex could show both significantly positive and negative correlations to these panels of different host genes. Table 3 provides a similar summary where 5 complexes (AU-1 to AU-5) that were identified to show significant correlations with multiple host genes across the autophagy pathway. Interestingly, there was not only considerable overlap in the complex members identified related to apoptosis and autophagy gene expression, but there were similarities in the specific complex groupings correlated with the gene expression levels. This was demonstrated by representatives in the AP-1/AU-2 complexes, AP-2/AU-1 complexes, and AP-3/AU-5 complexes.


Table 2. Complexes of bacteria with related significant correlations to apoptosis genes.
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Table 3. Complexes of bacteria with related significant correlations to autophagy genes.
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Bacterial Complexes Affecting Apoptosis and Autophagy Pathways

Figure 6 presents a KEGG pathway schematic for apoptosis. The three bacterial complexes are included and genes correlated (positively or negatively) are highlighted in the pathway. As can be seen, the complexes not only appear to impact multiple points in the pathway, but these complexes overlap with certain pathway points and generally affect the genes in a similar direction. In particular, these correlated bacterial complexes are generally associated with positive relaionships (i.e., higher bacteria/higher mRNA; lower bacteria/lower mRNA) including both upstream signaling of the cellular pathway, as well as alterations in downstream molecules required to completing apoptosis outcomes. Figure 7 provides a similar schematic for the KEGG autophagy pathway. In this case the pathway steps that appear targeted by these bacterial complexes appear more limited with a predominance of bacterial complexes affecting the ULK initiation complex and three complexes negatively correlated with these genes two complexes negatively correlated with this initiation complex. Also, noted was that these bacterial complexes were also related to mTOR, ATG12, and LF/VD pathway steps with significant positive or negative correlations for gene regulation in the autophagy pathway.


[image: Figure 6]
FIGURE 6. KEGG pathway graphic for apoptosis. The bacterial complexes are identified with effects on apoptosis genes with the red colored symbols denoting a negative correlation and the purple colored symbols denoting a positive correlation with genes at various points in the pathway.



[image: Figure 7]
FIGURE 7. KEGG pathway graphic for autophagy. The bacterial complexes are identified with a relationship to autophagy genes at various points in the pathway with the red colored symbols denoting a negative correlation, the purple colored symbols denoting a positive correlation, and and the yellow colored symbol denotes a bacterial complex that is correlated both positively and negatively with genes in the ATG12 portions of the autophagy pathway.





DISCUSSION

Periodontal lesions develop from interactions of a dysbiotic oral microbiome and a juxtaposed dysregulated host response at sites of disease. There is clear evidence that the microbiome changes substantially from health to disease, with increases in overall burden, altered diversity, and emergence of various genera and species that are associated with and potentially causative of the host response dysregulation (50). However, the underlying mechanisms contributing to the breadth of host response changes including effects on resident cell functions, as well as alterations in infiltrating inflammatory and immune cells requires systems biology approaches and multi-omics analytics. These approaches are required to discern the earliest molecular stages of the disease process and transformations that occur for exacerbation or resolution of the lesion. As apoptosis and autophagy have been shown to be directly involved in the integrity of mucosal surfaces and regulation of localized inflammatory and immune responses, as well as likely contributing to the resolution of chronic inflammation, we sought to determine disease effects on these pathways and their relationship to microbiome conversion using a non-human primate model of ligature-induced periodontitis.

The results demonstrated specific alterations in the gingival transcriptome for both pro- and anti-apoptosis genes; however, the dominant changes with disease were increases in pro-apoptotic gene expression that generally occurred during disease initiation within 2 weeks of ligature placement and rapidly returned to baseline levels. Examination of changes in the autophagy-associated transcriptome, showed rather limited changes in the early events of the mTOR and ULK complexes. Interestingly, in the ULK complex both DRAM1 and DRAM2 were increased throughout disease, with both of these gene products important factors in regulating autophagy, and with increased combined levels also inducing apoptosis (51, 52). Some gene alterations in the PI3K complex were noted with increases during disease initiation. However, the most apparent alterations occurred in genes related to the ATG12 and lysosome fusion/vesicle degradation portions of the autophagy pathway. In this case, the ATG12 genes were generally increased with disease, while the LF/VD genes were decreased with disease initiation and progression. Thus, based upon this profile, it appears that a complete functional autophagy pathway to aid in host protection, would be predicted to be less effective in supporting recovery from cellular stress during periodontitis.

Beyond the clear differences in the host gingival response, changes in the oral microbiome also occur during ligature-induced periodontitis, in many ways similar to the differences that have been reported with human disease (43, 53). This study identified unique features of the microbiome in disease that significantly correlated with these changes in the gingival transcriptome. Specifically among the entirety of the 396 OTUs that were identified across the non-human primate samples (43), we identified a rather focused set of microorganisms that related to the differential expression of both apoptosis and autophagy genes. The identified microbial complexes included some members of the oral microbiome historically considered as pathogens (e.g., Porphyromonadaceae, P. gingivalis, F. alocis), while some of the complexes that appear to robustly correlate with these host pathways, are generally considered members of the commensal microbiota. The data from complexes AP-1 and AP-2 are striking, as one complex predominantly showed positive correlations with both anti- and pro- apoptotic genes and the other skewed toward negative correlations. Thus, the AP-1 complex could be stimulating signals that block apoptosis, whereas the AP-2 complex could be enhancing it. As importantly, it would be considered peculiar to have host-bacterial interactions that activate both pro- and anti-apoptotic signals simultaneously with potential pathologic consequences. With pro-apoptotic pathways up-regulated the final outcome would be expected to be increases in cell death competing with survival pathways that are also activated. These counteracting functions could be occurring in the same cells, which could lead to a substantial metabolic cost and loss of normal functions, or may reflect members of these bacterial complexes demonstrating differential signaling of pro- or anti-apoptotic processes in different cell types within the periodontium. The details of these options do present a limitation of the study design. That is, these gene expression patterns represent a holistic evaluation of the complex tissues, including epithelial cells, fibroblasts/connective tissue, vascular, and inflammatory/immune cells within the mucosal tissues in health and disease. While an argument can be made regarding the usefulness of determining individual cell type gene expression profiles in the periodontium, there nevertheless is inherent value in fundamentally detailing the alterations in these pathways comparing healthy to disease tissues. The findings describe altered apoptosis and autophagy gene expression in these tissues that is specifically associated with the disease process and generally return to a pattern reflecting healthy tissues with disease resolution. Importantly, the study presents seminal data regarding the relationship between specific microbes or microbial complexes in the oral microbiome and altered gene expression for these pathways. Also of interest was that there were clear similarities of members of the complexes that appear to impact both apoptosis and autophagy and show comparable correlation directions in these relationships. In particular, a complex comprised of Leptotrichia, Veillonella, Capnocytophaga, Prevotella, T. socranskii, and Desulfobulbus appeared very active in the relationship with both pathways. Moreover, the correlation of this complex with the host responses appeared to reflect multiple factors within the pathways and effects on genes whose products would be expected to disrupt a needed balance to maintain homeostasis. This outcome could reflect fundamental capabilities of these bacteria and their components to stimulate host cellular changes in the gingival environment and be related most directly to increases in their relative abundance in the disease microbiome and potentially organized into synergistic interactions within the biofilms.

Alternatively, these findings might reveal features related to the concept of dysbiosis and disease. More specifically, these outcomes could result from changes in metabolism and transcriptome of these normal commensal bacteria toward expression of genes that would be more deleterious to host cells and tissues, whereby they would actually contribute to the disease environment and clinical outcomes (14, 50, 54). As noted, simultaneous activation of pro-apoptotic pathways/genes and survival pathways might be considered pathologic at the individual cell level. This scenario could reflect an impaired cell death response that would contribute to persistent intracellular infection that can occur in periodontal tissues. Thus, some pathogens (e.g., P. gingivalis, F. alocis) and even commensals (e.g., Veillonella) could be involved in these impaired cell death responses by showing significant correlations with both pro- and anti-apoptotic gene expression. Additionally, the negative correlations with an increase in anti-apoptotic gene expression with decreased abundance of (OTUs) for specific bacteria, such as complex AP-2, could support a role for these particular bacterial species in inhibiting necessary apoptotic responses to maintain homeostasis. Further studies will be required to sort out these options, as well as determining the kinetics of changes occurring in the bacterial abundance that could contribute to a local environment that enhances tissue destructive events.
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There is mounting evidence that members of the human microbiome are highly associated with a wide variety of cancer types. Among oral cancers, oral squamous cell carcinoma (OSCC) is the most prevalent and most commonly studied, and it is the most common malignancy of the head and neck worldwide. However, there is a void regarding the role that the oral microbiome may play in OSCC. Previous studies have not consistently found a characteristic oral microbiome composition associated with OSCC. Although a direct causality has not been proven, individual members of the oral microbiome are capable of promoting various tumorigenic functions related to cancer development. Two prominent oral pathogens, Porphyromonas gingivalis, and Fusobacterium nucleatum can promote tumor progression in mice. P. gingivalis infection has been associated with oro-digestive cancer, increased oral cancer invasion, and proliferation of oral cancer stem cells. The microbiome can influence the evolution of the disease by directly interacting with the human body and significantly altering the response and toxicity to various forms of cancer therapy. Recent studies have shown an association of certain phylogenetic groups with the immunotherapy treatment outcomes of certain tumors. On the other side of the coin, recently it has been a resurgence in interest on the potential use of bacteria to cure cancer. These kinds of treatments were used in the late nineteenth and early twentieth centuries as the first line of defense against cancer in some hospitals but later displaced by other types of treatments such as radiotherapy. Currently, organisms such as Salmonella typhimurium and Clostridium spp. have been used for targeted strategies as potential vectors to treat cancer. In this review, we briefly summarize our current knowledge of the role of the oral microbiome, focusing on its bacterial fraction, in cancer in general and in OSCC more precisely, and a brief description of the potential use of bacteria to target tumors.
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The Human Microbiome and Cancer. An Overview

About 30 trillion bacterial cells are living in or on every human. That is around one bacterium for each cell in the human body (1). These microorganisms are on the whole known as the microbiome. Since the completion of the Human Microbiome Project (2), we have witnessed an increased interest in the role that the human microbiome plays in human health, many studies have linked changes in microbial communities to systemic conditions such as allergies, diabetes, inflammatory bowel disease, and atherosclerosis (3–7). Among the systemic conditions influenced by the microbiome, cancer has not been an exception. We have learned that chronic infections contribute to carcinogenesis, with approximately 13% of the global cancer burden being directly attributable to infectious agents (8).

Many viruses promote cancer through well-described genetic mechanisms. Around 10–15% of human cancers worldwide are caused by seven human viruses, which include Epstein-Bar Virus (EBV), Hepatitis B Virus (HBV), Human T-lymphotropic virus-I (HTLV-I), Human papillomaviruses (HPV), Hepatitis C virus (HCV), Kaposi’s sarcoma herpesvirus (KSHV) and Merkel cell polyomavirus (MCV) (9). However, the first evidence that bacteria were directly involved in cancer development did not come until the 1980s with the work of Marshall and Warren (10). When they presented their results, entrenched was the belief that lifestyle caused ulcers that it was difficult for them to convince the scientific world of Helicobacter pylori’s role in gastric cancer (Figure 1). To provide even more conclusive evidence, in 1985, Marshall deliberately infected himself with the bacterium and established his stomach illness. Since then, it has been firmly proven by many researchers worldwide that H. pylori cause more than 90% of duodenal ulcers and up to 80% of gastric ulcers, and has been classified as a class I carcinogen by the World Health Organization due to its ability to promote stomach cancer after chronic infection (11–13). Disease-promoting and cancer-promoting effects of pathogens often depend on virulence factors. In H. pylori, strains expressing the virulence factors cytotoxin associated gene A (CagA) or vacuolating cytotoxin A (VacA), exemplify the role of virulence factors by increasing inflammation, and cancer rates (14).




Figure 1 | Timeline: Some significant discoveries and events in cancer microbiome research.



An emerging concept in cancer biology implicates the microbiome as an influential environmental factor modulating the carcinogenic process. The idea that inflammation promotes carcinogenesis was first postulated more than 150 years ago by the German pathologist Virchow (15). The link between chronic inflammation and cancer is now well established (16–18). This association has recently experienced a renewed interest with the recognition that members of the human microbiome can be responsible for the chronic inflammation observed in a wide variety of cancers (19). Increasing evidence shows the association of changes in the human microbiome with certain types of cancer (20–22). Studies in germ-free animals have revealed evidence for tumor-promoting effects of the microbiome in spontaneous, genetically-induced, and carcinogen-induced cancers in various organs (23).

There is strong epidemiological evidence that other bacterial species are associated with cancer development, most likely induced by creating a pro-inflammatory micro-environment (24) or suppressing the immune response (25). Among the species of bacteria that have been directly linked to the development of cancer is Salmonella enterica subsp. enterica sv. Typhi (S. Typhi) and gallbladder cancer (26–28), Streptococcus bovis and colon cancer (29–31), and Chlamydia pneumoniae with lung cancer (32–36). The most persuasive epidemiological evidence of bacterial oncogenic potential, aside from H. pylori, concerns S. Typhi. However, the evidence for S. bovis and C. pneumoniae and Fusobacterium nucleatum is less conclusive, a meta-analysis on the association of those organisms with increased risk of cancer have shown either different or weak associations (33, 37–42).

Although gallbladder carcinoma (GBC) is rare in western countries, there is a high incidence in countries with endemic S. Typhi infections such as South America and parts of Africa and Asia, particularly India and Pakistan (43). The first epidemiological association was found by Welton et al. in 1979. In that paper, they analyzed 471 deceased typhoid carriers, registered by the New York City Health Department between 1922 and 1975, and matched with 942 controls for sex, age at death, year of death, the borough the carrier died, and where they were born. The results show that chronic typhoid carriers die of hepatobiliary cancer six times more often than the matched controls (44). Two more recent meta-analyses confirmed these initial results. In the first study by Koshiol et al., they performed a case-control and a meta-analysis of more than 1,000 GBC cases, and in both cases, they found a positive association between S. Typhi and GBC (45). In the second meta-analysis by Nagaraja and Eslick, they selected 17 studies for their analysis, most of them from India and China. The highest incidence of gallbladder cancer (GBC) occurs in India, contributing to about 10% of the global GBC cases (46). When Nagaraja and Eslick performed a subgroup analysis according to region, they found a significant association between S. Typhi carrier state and carcinoma of the gallbladder based on detection methods of S. Typhi antibody levels and culture (47). A possible mechanism has been proposed that explains the link between gallbladder carcinoma and infection by S. Typhi. In predispose mice, organoids and tissue culture with mutations in TP53 (tumor suppressor gene), and enhanced c-MYC (oncogenes) expression translocated bacterial effector molecules SopE, SopE2, SopB (Salmonella outer proteins), and SptP (Salmonella protein tyrosine phosphatase), from the Salmonella pathogenicity island 2 (SPI-2), activate the protein kinase B (Akt), or MAPK inhibitors, prevented mouse embryonic fibroblast transformation (48).

The previous examples refer to the link between specific organisms and carcinogenesis; however, microbes that trigger transformation events in host cells are rare. It has been demonstrated that in some cases, the tumorigenic process is not the result of the activities of a specific organism but rather the result of an instability in the composition of the bacterial communities or dysbiosis, often associated with inflammatory disorders such as colitis or periodontal disease. In mouse models, it has been shown that a dysbiotic community can lead to the development of colorectal cancer (49, 50).

The shift from a eubiotic community, with low cancer risk, to a dysbiotic community, with increased cancer risk, is the result of changes in environmental conditions and associated with metabolic responses in the host that modulate the progression of cancer (51). Dysbiosis of the oral microbiome could influence cancer outcomes by different mechanisms. Two common mechanisms that could have severe implications in the development of the disease are chronic inflammation and the synthesis of metabolites that could induce mutations (52).


The Oral Microbiome and Cancer

There were reports of a correlation between periodontitis and leukemia as early as the late 1940s early 1950s (53, 54). Since those pioneer studies, there is mounting evidence of the correlation between periodontal disease and various cancers. Several meta-analyses have confirmed the suspicion that periodontal disease should be considered as a risk factor in several types of cancers. In fact in a meta-analysis by Corbella et al., they found that a statistically significant association was found for all cancers studied, both combined and individually (digestive tract, pancreatic, prostate, breast, corpus uteri, lung, hematological, esophageal/oropharyngeal and Non-Hodgkin lymphoma) (55). Never smokers population with periodontal disease has a higher risk of developing hematopoietic and lymphatic cancers (55, 56). Pancreatic, lung, and colorectal cancers also show a positive correlation with periodontal disease (55, 57–60). In the case of breast cancer, the evidence shows a more modest positive association between periodontal disease and breast cancer (61). Finally, the most expected correlation would be with oral cancers, and indeed there is a clear positive correlation between periodontal disease and oral cancers (55, 59, 60). Edentulism has been positively correlated with pancreatic cancer (58) but not within colorectal cancer (62). Interestingly, in the study where authors did not find associations of edentulism and colorectal cancer (CRC), they also found no correlation between edentulism and periodontitis (62). One of these meta-analyses looked at not only a correlation between periodontal disease and cancer but also correlations with particular organisms (60). The results of that meta-analysis indicated that periodontal bacterial infection increased cancer incidence and was associated with poor overall survival, disease-free survival, and cancer-specific survival. Subgroup analysis indicated that the risk of cancer was associated with Porphyromonas gingivalis and Prevotella intermedia infection but not Tannerella forsythia, Treponema denticola, Aggregatibacter actinomycetemcomitans, and F. nucleatum infection (60).

In the case of pancreatic cancer, a potential mechanism has been proposed (57). The innate immune response to pathogenic bacteria that results in inflammation also has been linked with pancreatic carcinogenesis. Lipopolysaccharide, a component in the outer membrane of Gram-negative bacteria, such as, P. gingivalis, triggers an innate immune response that involves recognition by Toll-like receptor 4 (TLR4), which stimulates both myeloid differentiation primary response 88 (MyD88) dependent and MyD88-independent pathways that then activate the nuclear factor κB pathway and results in the release of pro-inflammatory cytokines. Interestingly, TLRs seem to have a role in pancreatic cancer development, and TLR4 is explicitly highly expressed in human pancreatic cancer but not a healthy pancreas. In the murine models, the TLR4/MyD88 pathway can trigger protection from pancreatic cancer development or acting to promote inflammation and pancreatic cancer development (63). LPS was shown to drive pancreatic carcinogenesis, as was the blockade of the MyD88-dependent pathway (via a dendritic cell-mediated deviation to TH2), whereas blockade of TLR4 (via TRIF, TIR-domain-containing adapter-inducing interferon-β) and blockade of the MyD88 independent (via TRIF) were protective against pancreatic cancer (63). Although more empirical evidence is needed, similar mechanisms implicating inflammatory response of the innate immune system may be implicated in other types of cancer.



Oral Microorganisms and Cancers Outside the Oral Cavity

One characteristic of the oral microbiome that distinguishes from other body sites is that many oral microorganisms that are considered commensals in the oral cavity are commonly associated with various cancers in distant organs (Table 1). The associations of oral organisms and distant cancers occur in two categories. The first appears in certain types of cancer where no oral microbes are directly involved in the tumor’s pathogenesis, but there is a consistent change in the composition of the oral microbiome associated with cancer, thus with the potential use of those changes as biomarkers of cancer (71, 86). The second kind of association is the association of organisms involved in tumorigenesis, such as F. nucleatum association with CRC (88, 89, 100).


Table 1 | Oral organisms associated with distant tumors.



Dysbiosis of the oral microbiome has been associated with a wide variety of cancers (Table 1). There are three types of associations between microbiome and disease that have been described as potential biomarkers in cancer: increase or decrease in numbers of individual organisms, use of models of several organisms as predictors and assessing their performance, and finally changes in diversity indexes that give an overall picture of the behavior of the community.

As examples of specific organisms as biomarkers, an increase in F. nucleatum has been linked to CRC (88), and P. gingivalis (69) and Fusobacterium spp. (70) have been linked to pancreatic cancer. Additional examples of links of specific bacteria and oral organisms are presented in Table 1. Another approach in the search for biomarkers of cancer is the use of complex models of several organisms that maximize the area under the Receiver Operating Characteristics (ROC) curve or Area Under Curve (AUC). ROC shows how well a model can discriminate or separate the cases and controls, and AUC has a value between 0.50 and 1.0, indicating no discrimination and perfect discrimination, respectively (101). Thus, and AUC of 0.9 would indicate that the probability of discriminating a case vs. control is 90%. In Table 1, we show three examples of combined taxons to distinguish controls vs. cancer samples: a three taxon model of Lautropia, Streptococcus and an unspecified genus of the order Bacteroidales, with AUC =0.94, has been associated with esophageal cancer (66), a two taxon model, Streptococcus mitis and Neisseria elongata with an AUC of 0.90, associated with pancreatic cancer (71) and a bacterial cluster associated with gastric cancer with AUC of 0.76 (96). Finally, another approach to the use of biomarkers in differentiating case vs. control samples is using changes in biodiversity indicators as a proxy of changes in the microbiome that could be linked to the status of the sample, independently of what organisms are present or absent. We have also presented examples of this approach in Table 1. For instance, Chen et al. observed an overall decrease of microbial diversity in the saliva of esophageal cancer patients (67), while an overall increase in diversity in saliva and plaque from gastric cancer patients was observed by Sun et al. (95).

Except for CRC, where Fusobacterium spp. are ubiquitous, in general, there is little overlapping in the biomarkers identified in the different studies (Table 1), probably due to the different type of samples and methods of analysis used to identify the composition of the community.

Pancreatic cancer has been one of the most widely studied types of cancer in seeking association between changes in the oral microbiome and disease (68–76). Although the communities vary depending on the study, Porphyromonas and Fusobacterium genera were associated with cancer in most studies (Table 1). Likewise, in the case of lung cancer, the genus Veillonella appeared associated with the majority of studies (Table 1).

CRC has been an exception in that Fusobacterium spp. have been consistently associated with this type of cancer, both as a biomarker in the oral cavity (91) and more importantly, in stool and biopsies from tumors samples (21, 84, 87–90, 92, 93), indicating a possible direct effect on the progression of the disease. A more direct indication of the clinical relevance of F. nucleatum in CRC has been presented in a recent paper where the authors show that in mice with colorectal tumors, oral or intravenous administration of dextran nanoparticles covalently linked to azide-modified phages that inhibit the growth of F. nucleatum significantly augments the efficiency of first-line chemotherapy treatments of CRC (102). For all these reasons, most focus has been placed on studying the role of F. nucleatum in CRC. Using arbitrarily primed PCR (AP-PCR) to identify isolates at the strain level, Komiya et al. demonstrated that the strains present in CRC samples were identical to strains isolated from the saliva of CRC patients, supporting the oral origin of F. nucleatum in the intestine of CRC patients (103).

In 2012 Kostic et al., using genomic analysis, identified Fusobacterium sequences as enriched in colon carcinomas; they did not prove a causal relationship between Fusobacterium and colorectal cancer was the first indication of its potential importance in CRC (21). One year later, Kostic et al., using the mouse model of intestinal tumorigenesis Apc(Min/+), showed that F. nucleatum was capable of increasing tumor multiplicity and selectively recruit tumor-infiltrating myeloid cells, which can promote tumor progression. Tumors from Apc(Min/+) mice exposed to F. nucleatum exhibit a pro-inflammatory expression signature shared with human fusobacteria-positive colorectal carcinomas. F. nucleatum generates a pro-inflammatory microenvironment conducive to colorectal neoplasia progression by recruiting tumor-infiltrating immune cells (87). This same year Rubinstein et al. proposed a possible mechanism by which F. nucleatum induces tumorigenesis (104). F. nucleatum encodes several adhesins for interspecies interactions, but so far, only one, FadA (adhesion protein FadA), has been identified as binding to host cells (105). FadA is not only an adhesin but also an invasin required for binding and invasion of both healthy and cancerous host cells and binds to cell-junction molecules, the cadherins (105). In Rubinstein et al. model, FadA binds to E-cadherin activating β-catenin signaling (104). The activation of β-catenin signaling in colorectal cancer is mediated via a TLR4/P-PAK1 (p21-activated kinases) cascade (106). Loss of E-cadherin-mediated-adhesion characterizes benign lesions’ transition to invasive, metastatic cancer (107, 108).

In a more recent article, Rubinstein et al. expanded their model to include Annexin A1, a previously unrecognized modulator of Wnt/β-catenin signaling, which is a crucial component through which F. nucleatum exerts its stimulatory effect. Annexin A1 is expressed explicitly in proliferating colorectal cancer cells and involved in the activation of Cyclin D1 (109). Over-expression of cyclin D1 has been linked to the development and progression of cancer (110). Based on their results, Rubinstein et al. proposed a “two-hit” model to explain how F. nucleatum acts in CRC. Somatic mutations cause the first “hit”, and the second “hit” is caused by F. nucleatum, exacerbating cancer progression on those cells that suffered the initial mutations (109).



The Microbiome and Oral Cancer

Head and neck cancer was the seventh most common cancer worldwide in 2018 (890,000 new cases and 450,000 deaths) (111). Oral squamous cell carcinomas (OSCC), the most frequent malignancies in the oral cavity, represented 2% of all cancers worldwide (354,864 cases and 177,384 deaths) (111). In the United States alone, it is expected that a total of 52,260 new cases of oral and pharynx cancer will occur in the year 2020 (112). The financial cost of treating oral and oropharyngeal cancer may be the highest of all cancers in the United States (113). Additionally, an essential factor in OSCC mortality is the high level of recurrence after treatment. Several studies, with many cases, have shown that the overall recurrence rate was approximately 30% (114–116). Recurrence rate in OSCC is high. In the first 36 months, the recurrence rates range from 70 to 92% of cases (114, 117–119). Interestingly the observed 5-year survival after recurrence varies depending on the moment in which recurrence occurs. If recurrence occurs within the 18 months after treatment, the rate of survival ranges between 20.5 to 27.55%, but if recurrence occurs afterward, the rate of survival increases to 38.1% to 42.3% (114, 120).

Despite advances in our knowledge of the causes and risk factors associated with OSCC, survival rates for oral cancers, including OSCC have not improved substantially in the last forty years, emphasizing that new means of early detection and treatment are urgently needed.

Viruses have long been associated with the risk of developing OSCC. The etiological role of human papillomavirus (HPV) in OSCC has been widely researched for more than three decades. Several meta-analyses have demonstrated that infection by HPV increments the risk of OSCC by up to 3-fold (121, 122). The prevalence of HPV among OSCC patients is around 25% (121, 123, 124); however, there is a geographical component with the highest HPV prevalence in Africa and Asia, notably among Chinese studies from provinces with high OSCC incidence rates (123). Other viruses have been identified in OSCC samples, as individual infections or in co-infection with HPV. Still, their role in the disease is unclear (124–127). Despite its importance, HPV-unrelated OSCC cases account for the vast majority of oral cancer cases. Other environmental factors should play an essential role in OSCC development and progression; among them, the microbiome’s role has just begun to be considered a risk factor.

As mentioned previously, periodontitis has been linked to various types of cancers, including esophagus/oropharyngeal cancers. Table 2 presents some of the studies that linked bacteria’s presence to cancer of the oral cavity and pharynx. Several studies have found that the risk of developing OSCC may increase with periodontal disease (55, 142, 143), signaling a possible role of inflammation caused by the microbiome with oral cancer. Periodontitis is a typical example of an infectious disease causing chronic inflammation in the oral cavity (144, 145). Thus several systematic reviews of the literature showed that periodontal disease increases the risk of oral cancer even after adjusting for significant risk factors (146, 147).


Table 2 | Oral organisms in oropharyngeal cancers.



Moreover, expression of pro-inflammatory cytokines in periodontal disease such as IL-1 and TNF-α has been linked to microbial triggered carcinogenesis (19). In a study comparing the microbiome of gingival squamous cell carcinoma (GSCC) with periodontitis microbiome, members of the genera Fusobacterium, Peptostreptococcus, and Prevotella were more abundant in cancerous, periodontal tissues. In contrast, saliva or soft mucosa harbored more periodontal health-related bacteria (148).

Most studies on the role of the human microbiome on cancer have focused on describing microbial communities present in specific samples or the immunological response of the host to the bacterial challenge. The oral microbiome has been proposed as a diagnostic indicator of oral cancer; however, as in other types of cancer, the search for possible biomarkers of oral cancer and, most specifically, OSCC has not produced conclusive results (52). Different organisms have been shown to increase in OSCC samples, as a few examples: Capnocytophaga gingivalis, Prevotella melaninogenica, and S. mitis (131); F. nucleatum (149); Pseudomonas aeruginosa (150); Campylobacter concisus, Prevotella salivae, Prevotella loeschii, and Fusobacterium oral taxon 204 (151); genera Fusobacterium, Dialister, Peptostreptococcus, Filifactor, Peptococcus, Catonella, and Parvimonas (136); and Prevotella oris, Neisseria flava, Neisseria flavescens/subflava, F. nucleatum ss polymorphum, Aggregatibacter segnis, and Fusobacterium periodonticum (152).

Yang et al. studied the progression of the microbiome during cancer’s progression from the early to the late stage and found a significant increase of Fusobacteria. At the species level, they found that F. periodonticum, Parvimonas micra, Streptococcus constellatus, Haemophilus influenza, and Filifactor alocis were associated with OSCC, and they progressively increased in abundance from stage 1 to 4 (80).

Direct evidence of the role of the microbiome in OSCC was presented by Stashenko et al. were using a germ-free mouse model a 4-nitroquinoline-1 oxide (4NQO)-induced carcinogenesis the authors observed a significant increase on the number of tumors and their size when the mice were inoculated with two different microbiomes vs. inoculated controls. The microbiomes used came from the tongue of a healthy mouse and the other from the tumor lesion of a diseased mouse, and Pasteurella was the dominant genus in both groups (153).

The carcinogenic potential of periodontal pathogens has also been described in several studies. P. gingivalis, one of the essential periodontal pathogens, increase the invasiveness of oral cancer cells and resistance to chemotherapeutic agents (154–156). Using a 4NQO-induced mouse model of oral cancer, the inoculation of P. gingivalis promoted tumor progression by invading precancerous lesions and recruiting the myeloid-derived suppressor cells by expressing chemokines such as C-C motif ligand 2 (CCL2) and chemokine (C-X-C motif) ligand 2 (CXCL2), and cytokines such as IL-6 and IL-8 (157). P. gingivalis also induces expression of the ZEB1 transcription factor, which controls the epithelial-mesenchymal transition. Interestingly, the up-regulation of ZEB1 appears to be controlled by FimA, a major virulence factor involved in adhesion and cellular invasion (158). The infection of P. gingivalis increases the expression of mesenchymal markers, including vimentin and matrix metalloproteinase MMP-9 (132, 158, 159).

Utilizing a murine model of periodontitis-associated oral tumorigenesis, Binder Gallimidi et al. showed that chronic bacterial co-infection of P. gingivalis and F. nucleatum promotes OSCC via direct interaction with oral epithelial cells through Toll-like receptors, with an increase in expression of TLR2 in OSCC cells and IL-6 in both cells and the mouse model (160). A detailed review of all the studies where P. gingivalis has been associated with the development of OSCC has been recently published by Lafuente Ibáñez de Mendoza et al. (161).

F. nucleatum in esophageal cancer tissues has been associated with shorter survival, suggesting a prognostic biomarker’s potential role. F. nucleatum might also contribute to aggressive tumor behavior through the activation of chemokines, such as chemokine (C-C motif) ligand 20 (CCL20) (162). Epithelial-mesenchymal transition (EMT) is the process by which epithelial cells acquire a mesenchymal-like phenotype. It has been proposed that EMT is responsible for compromising epithelial barrier function in the pathogenesis of several diseases, including OSCC. F. nucleatum infection of oral cell lines triggers EMT (163, 164). F. nucleatum triggers EMT via lncRNA/MIR4435-2HG/miR-296-5p/Akt2/SNAI1 signaling pathway and up-regulates mesenchymal markers, including N-cadherin, Vimentin, and snail family transcription repressor 1 (SNAI1) (164). The fact that infection by periodontal pathogens generates EMT features introduces the possibility that this process may be involved in the loss of epithelial integrity during periodontitis and may promote predisposition to malignant transformation through the EMT.

The metatranscriptome has recently begun to be used to analyze community-wide gene expression in the human microbiome (165–168). Measuring bacterial gene expression in the wild has been challenging. The half-life of mRNA is short, and mRNA in bacteria and archaea usually comprises only a small fraction of total RNA. Therefore large samples are needed to study expression, but obtaining such samples is not always possible. Additionally, working with non-model organisms presents the challenge of lacking most of the bioinformatic tools readily available for model organisms.

Using a metatranscriptome analysis of OSCC samples, Yost et al. found that Fusobacteria showed a statistically significantly higher number of transcripts at tumor sites, indicating a higher activity of this group of organisms in cancer. Moreover, when looking at tumor signatures of the oral microbiome, metabolic activities such as iron ion transport, tryptophanase activity, peptidase activities, and superoxide dismutase were over-represented in tumor samples when compared to the healthy controls (169).



Effect of the Microbiome in the Outcomes of Cancer Therapy

Despite its clinical importance, the human microbiome’s effect on malignancy treatment is merely starting to be investigated. While organisms assume significant activities in keeping up human well-being, they are likewise engaged with the turn of events that lead to tumor development. There is now proof indicating that the microbiome can impact patient reactions to cancer treatment. The microbiome has been implicated in modulating cancer therapy’s efficacy and toxicity, including chemotherapy and immunotherapy (170, 171). Moreover, preclinical data suggest that the microbiome modulation could become a novel strategy for improving the efficacy of immune-based therapies for cancer (172).

The gut microbiota has the potential to affect the ability of cancer therapy. The microbiota, when affected by dysbiosis, can profoundly influence both cancer pathogenesis and its therapeutic outcome. In particular, the regulation of such a therapeutic outcome is firmly linked with the gut microbiota’s capacity to process anti-cancer compounds and modify the host’s immune response. These two effects combined may clarify the patient’s microbiome composition’s substantial participation in affecting the efficiency of both immunotherapy and chemotherapy.

The oral microbiome’s role in the outcome of cancer treatments has not yet been evaluated. Only in two studies, oral organisms were identified as influencing the outcome of immunotherapies. The first of these studies showed that F. nucleatum, along with Bacteroides fragilis and Escherichia coli improved the survival of adoptive cell therapy (ACT) treated patients, probably by increasing cytokine production and T cell infiltration (173). The second study found that Lactobacillus fermentum attenuated the immune response in patients treated with CpG-oligonucleotides, which are short synthetic single-stranded DNA molecules containing unmethylated CpG dinucleotides, acting as agonists of Toll-like receptor 9 (TLR9), and leading to strong immunostimulatory effects (174).




Effects On Cancer Chemotherapy

A recent survey of in situ bacterial effects on frequently used chemotherapeutics suggests the profound influence of distinct bacteria species on the anti-tumor effect. Heshiki et al. examined the influence of the intestinal microbiome on treatment effects (175) in a heterogeneous cohort that comprised eight diverse malignancy types to recognize organisms with a collective effect on the immune response. It is revealed through human gut metagenomic examination that responder patients had inherently higher microbial diversity arrangements than non-responders. Moreover, by assessing the gut microbiome’s job without precedent for a heterogeneous patient cohort with different kinds of malignant growth and anti-cancer medicines, Heshiki et al. found a worldwide microbiome signature that is autonomous of disease type and heterogeneity (175). Explicit species, Bacteroides xylanisolvens, and Bacteroides ovatus were decidedly connected with treatment results. Oral gavage of these responder microbes fundamentally expanded the adequacy of chemotherapy (erlotinib) and actuated the declaration of CXCL9 and IFN-γ in a murine lung cancer model. Also, oral gavage of explicit gut microbiome substantially expanded the impact of chemotherapy in mice, decreasing the tumor volume by 46% contrasted with the control.

This information recommends an anticipated effect of the microbiome’s explicit constituents on tumor development and disease treatment results with suggestions for both visualization and treatment. Curiously, the microbiome can bolster the resistant framework in the battle against malignancy. For instance, cyclophosphamide (a medication used to treat leukemia and lymphomas) was found to impact the organisms living in the gut. These gut organisms reacted by advancing the production of resistant cells, which appears to improve cyclophosphamide adequacy (176). Among patients with hematologic malignancies, specific bacterial taxa are connected with the effectiveness of allogeneic hematopoietic stem cell transplantation (allo-HSCT) and reduced hazard for graft-versus-host disease (GVHD) succeeding treatment (177, 178). Besides, holding expanded measures of microorganisms having a place with the variety of Blautia was related to diminished GVHD lethality in this cohort and was affirmed in another independent cohort of 51 patients from a similar organization (177).



Effects On Cancer Radiotherapy

Ionizing radiation therapy (RTX) was received by cancer patients that are genotoxic for tumor cells and might be curative for restricted cancers. The great worldview in radiation biology accepted that the cellular nucleus was the main objective of radiation and DNA harm was incited by direct testimony of vitality or creation of reactive oxygen species (ROS) through a radiation-induced separation of intracellular water molecules. Ionizing radiation, however, additionally incites non-targeted impact on non-irradiated cells, such as genomic unpredictability, systemic radio-adaptive retorts, inflammatory and immune reactivity, and bystander effect on nearby cells. Observer and foundational impacts are auxiliary to DNA harm and are intervened by the interruption of gap intersection proteins engaged with cell-cell interactions and by the arrival of extracellular intermediaries, together with cytokines, exosomes, ROS and nitric oxide (NO). Along these lines, comparably to the tissue harm related to contamination by microorganisms, radiations initiate the arrival of damage-associated molecular pattern (DAMP) pressure signals (179). The impacts of radiation are perplexing. It initiates both immunostimulant and immunosuppressive reactions and might be deficient in enacting a defensive anti-cancer invulnerable reaction (180). It very well may be speculated that the gut microbiome likewise satisfies a job in the immunostimulatory impacts of RTX. The viewed fluctuations in microbiome arrangement at epithelial surfaces in patients and mice rewarded with RTX have been proposed to contribute to the pathogenesis of bone marrow failure, colitis, looseness of the bowels, oral mucositis and enteritis (181). RTX persuades apoptosis in the breach of the intestinal barrier, intestinal crypts, and modifications in the microbiome conformation (182).

Studies have shown that the intestinal microbiome has a significant effect on total body irradiation. Fewer endothelial cells of the intestinal mucosa are derived through irradiation into apoptosis and prompt less lymphocyte invasion in germ-free mice than in conventional mice (183). This finding shows that gut commensals can assume a harmful role in protecting the enteric harmfulness of total body irradiation (TBI) in germ-free mice.



Effects On Cancer Immunotherapy

Ongoing examinations have featured the significance and possible effect of organisms on ailment recuperation of immunotherapy. Strikingly, the microbiome can bolster the safe framework in the battle against malignant growth (176). Microorganisms have been appeared to advance cancer growth improvement by instigating inflammation. This provocative reaction can, likewise, beneficially affect malignancy treatment. A few treatments, such as CpG-oligonucleotide immunotherapy, rely on inflammation (174).

In an examination performed by Iida et al., it was seen that mice treated with anti-toxins did not react to platinum chemotherapy or CpG-oligonucleotide insusceptible treatment contrasted with mice with flawless gut microorganisms of subcutaneous tumors. These outcomes recommend that gut microbiome improves the impacts of treatments that are subject to aggravation. Desirable reactions to cancer therapy require an unblemished commensal microbiome that intervenes in its belongings by regulating myeloid-inferred cell capacities in the tumor microenvironment. These discoveries underscore the significance of the microbiome in the outcomes of sickness treatment (174).

In most patients treated with traditional cancer therapies, tumors become resistant to therapy, and the chances of tumor recurrence are high (184). Immunotherapy approaches have shown potential in treating hematopoietic (185, 186) and solid cancers (187–189). However, the efficacy of immunotherapy is still limited by the variability of the immune response in different patients and the different susceptibility of tumor types (190, 191). The emerging knowledge of the ability of the gut microbiome to modulate the response to immunotherapy offers new possibilities to improve its efficacy by targeting the microbiome.

Utilization of Check Point Inhibitors (ICIs) has revolutionized cancer treatment across multiple cancer types and has gotten the first since forever FDA endorsement of a tumor agonistic agent in tumors with microsatellite instability (MSI) (192). The most generally utilized ICIs are monoclonal antibodies that focus on the customized cell demise protein (PD-1), its ligand (PD-L1), or the cytotoxic T-lymphocyte antigen 4 protein (CTLA-4). Table 3 shows the microbiome in malignant growth patients dealt with immune checkpoint inhibitors (ICIs). It was proposed by Sivan (197) that Bifidobacterium, a particular taxon of microbial commensals, armed anti-tumor resistance and raised the viability of PD-L1 blocking treatment. They additionally recommended that microbiome could modify the anti-tumor invulnerability as well as the reaction to PD-L1 inhibitors. Routy et al. investigated the relationship of dysbiosis with epithelial tumors to comprehend whether synchronous utilization of anti-infection agents creates essential protection from ICIs in mice and patients. Their outcomes indicated that the anti-tumor impact was undermined in antibiotic (ATB) treatment group, with progression-free survival (PFS) and overall survival (OS), being fundamentally shorter contrasted with that of the control group, showing that ATB could be utilized as a prescient marker for estimating ICIs obstruction. Additionally, utilizing the shotgun sequencing for quantitative metagenomics of the fecal example, Enterococcus hirae and Akkermansia muciniphila were demonstrated to be altogether plentiful in patients with best clinical reaction to ICIs (PFS > 3 months) (196).


Table 3 | Characteristics of the microbiome in cancer patients treated with immune check point inhibitors (ICIs).



Naidoo et al. established a connection between the gut microbiome and remedial results after the clinical examination of Chinese patients with cutting edge non-little cell lung carcinoma treated with PD-1 ICIs treatments. As indicated by their outcomes, reacting patients held greater assorted variety and stable arrangement of the natural gut microbiome during treatment and had drawn-out PFS altogether. In detail, Prevotella copri, Bifidobacterium longum, and Alistipes putredinis were improved in responders, though Ruminococcus spp. was found mainly in non-reacting patients. As expected, in the periphery blood of responding patients, a more noteworthy recurrence of natural killer cell and memory CD8+ T cell subgroups was seen (198).

A consortium of 11 bacterial strains was isolated by Tanoue et al. from healthy human donor feces that can thrive in the intestine, increasing interferon-γ-producing CD8 T cells. The colonization of mice improved immune checkpoint inhibitors’ therapeutic effectiveness with these 11-strain mixtures in syngeneic tumor models. All these strains act together in a way that is subject to significant histocompatibility (MHC) class Ia molecules and CD103+ dendritic cells. Primarily the 11 strains represent rare, low-abundance components of the human microbiome, and subsequently, have incredible potential as extensively powerful biotherapeutics (199).

Then again, immunotherapy viability has all the earmarks of being intensely impacted by gut microbiome confirmation. Oral organization of probiotics, for example, A. muciniphila (196) and Bifidobacterium species (197) or fecal microbiota transplantation (FMT) (200) from treatment-responsive patients, considerably upgraded the PD1-based immunotherapy and canceled tumor outgrowth, robotically through the enlarged dendritic cell and T cell reaction (197). Even though these examinations are not utilizing colorectal cancer (CRC) models, seeing how gut microbiome adjusts strong reaction might be necessary to encourage positive remedial results in CRC patients getting immunotherapy, or even to conquer opposition-held by non-responders. To our best information, no clinical preliminaries assessing gut microbiome control and treatment viability are distributed right now (201). A couple of clinical preliminaries are started and now at the selecting stage (Table 4) in light of Fong et al. (201). It stays dark whether these preclinical discoveries can be effectively meant clinical application.


Table 4 | Ongoing clinical trials of gut microbiota modulation in potentiating efficacy of anticancer therapies.



The microbiome, aside from the balance of adequacy, may likewise foresee the susceptibility to immunotherapy-associated unfavorable events. While ICIs have given way to overawed immunological resilience to tumors, the danger of auto insusceptibility in healthy tissues is a critical restriction in their utilization. In patients on anti-CTLA-4, the immune-related adverse events (irAEs) happen all the more generally contrasted with those taking anti-PD-1/PD-L1, and when these mediators are used in amalgamation, the frequency of irAEs appears to upsurge consequently (198). The microbiome has been related to the danger of creating immune-related noxiousness. The abundance of species according to study by Dubin et al. (202) among Bacteroidetes phylum, explicitly Barnesiellaceae, Bacteroidaceae, and Rikenellaceae, was related with resistance to colitis in patients with metastatic melanoma dealt with ipilimumab (n=34), though reduced recognition of hereditary pathways engaged with polyamine transport and vitamin B amalgamation in the gut related with an expanded danger of colitis (202).

Moreover, Chaput et al. showed that baseline gut microbiota is a good predictor of clinical response and colitis in metastatic melanoma patients treated with ipilimumab. Twenty-six patients with metastatic melanoma treated with ipilimumab were enrolled in the study. Fecal microbiota composition was assessed at baseline and before each ipilimumab infusion. In their results, baseline gut microbiota enriched with Faecalibacterium and other Firmicutes was associated with beneficial clinical response compared with patients whose baseline microbiota was driven by Bacteroides (194).

The significant reason for repeat and poor prognosis is the treatment failure in colorectal cancer patients, resistance to malignancy medicines has been connected to the nearness of explicit sorts of microbes in the gut. In colorectal cancer patients, scientists observed that resistance to drugs correlated with an expansion in F. nucleatum in the gut. The bacterium appeared to square passing (apoptosis) of the malignant growth cells and trigger autophagy, an endurance device for the disease cells. Yu et al. explored the commitment of gut microbiome to chemoresistance in patients with colorectal malignant growth (203). In colorectal cancer tissues in patients with relapse post-chemotherapy, the F. nucleatum was found in abundance and was related to patient clinicopathological qualities. They additionally showed that F. nucleatum elevated colorectal malignant growth protection from chemotherapy. F. nucleatum, mechanistically, targets TLR4 and MYD88 inborn immune signaling and specific microRNAs to enact the autophagy pathway and modify colorectal malignant growth chemotherapeutic reaction. To control colorectal cancer chemoresistance mechanistically, clinically, and biologically, the F. nucleatum arranges an atomic system of the Toll-like receptor, autophagy, and micro-RNAs. Estimating and focusing on F. nucleatum and its related pathway will yield critical understanding into clinical administration and may enhance colorectal malignant patient outcomes (203).

Albeit a progression of examinations has confirmed the effect of the microbiome on disease treatment, there still lies a lot of vagueness and deficiency in these investigations. The initial test experienced is the inadequate comprehension of the rare microbial species engaged with a better strong reaction.


The Potential of Microbiome in Cancer Therapy

The worldwide malignant growth trouble has risen drastically, making it a critical need to create novel treatments and anticipate which treatment will offer the most advantage to a disease quiet. The use of microorganisms to treat tumors is nothing new. German physician W Busch probably treated the first patient with cancer to be purposefully infected with bacteria in 1868 (204). He induced a bacterial infection in a woman with an inoperable sarcoma by first cauterizing the tumor and then placing her into bedding previously occupied by a patient with “erysipelas” (Streptococcus pyogenes). Busch reported that within a week, the primary tumor and the lymph nodes in the neck had shrunk in size. Unfortunately, the patient died a few days after the infection had begun. Later, in 1883 Friedrich Fehleisen, a German surgeon had identified S. pyogenes as the cause of “erysipelas” and had begun treating patients with cancer with the living cultures of the bacteria with success (205). Almost simultaneously in the USA, William B. Coley was performing similar experiments. In 1981 he injected Streptococcus into a patient with inoperable cancer (206). The infection caused by the bacterium has the side effect of shrinking the malignant tumor, and this was one of the first examples of immunotherapy. Given the risks of using live organisms, Coley developed a mixture of dead bacteria to treat his patients. They were known as Coley’s toxins. He then devoted most of his life as head of the Bone Tumor Service at Memorial Hospital in New York, treating more than 1000 cancer patients with bacteria or bacterial products (207). However, his studies, the first using immunotherapy, were forgotten for several reasons. First, the use of microorganism(s) to treat human cancers provided a short term benefit, but eventually, tumors recurred; second, the discovery of radioactivity and its use to treat tumors in the early 1930s and second the advent of chemotherapy in the 1940s relegated the use of immunotherapies on a second plane.

In recent years, there has been a renewed interest in using bacteria-mediated tumor therapy (204, 208, 209). Although widely used for treating many tumors, chemotherapy causes many off-target effects, such as significant damage to healthy tissues. In contrast, biological generally exert target-specific effects and are relatively safer for human use. Moreover, bacterial-based immunotherapies can penetrate solid tumors and inexpensive. Upon systemic administration, various types of non-pathogenic obligate anaerobes and facultative anaerobes have been shown to infiltrate and selectively replicate within solid tumors (204, 209).

A significant step in the development of bacterial therapeutics is identifying potential species and strains with minimal pathogenicity to the host, and that can replicate precisely in the tumor hypoxic microenvironment. Several genera of bacteria, including Clostridium, Bifidobacterium, E. coli, and attenuated Salmonella, have been used in bacteria-mediated tumor therapy (204, 208–210).

The genera Clostridium and Salmonella are probable the best-studied as vectors in bacteria-mediated tumor therapy. In 1947, it was first shown that direct injection of spores of Clostridium histolyticus into a transplantable mouse sarcoma caused oncolysis and tumor regression; however, mice died soon after (211). In 1964 Moese and Moese injected a non-pathogenic isolate of Clostridium butyricum intravenously and observed the tumor’s disappearance, but again the survival of the mice was non-permanent (212). The ability of Clostridium to grow in hypoxic areas with necrosis gives them an advantage to target tumors. With the development of genetic systems to work with Clostridium, this bacterium has attracted renewed interest as a potential vector to treat solid tumors. Thus, a genetically engineered C. acetobutylicum expressing and secreting the E. coli cytosine deaminase (CDase) has been used against rhabdomyosarcoma-bearing WAG/Rij rats and show that the enzyme was produced in tumors in vivo (213).

Numerous S. typhimurium mutant strains have been studied from the perspective of cancer treatment. One of the significant advantages of using S. typhimurium is that there is a well-developed genetic system that allows for all kinds of genetic manipulations of this organism. Many different immunomodulators have been cloned into S. typhimurium to be expressed at the tumor site. These include cytotoxic proteins, to kill tumor cells directly, and tumor-associated antigens to increase the immune response in the site of the tumor, and prodrug enzymes that modify a substrate to convert it into a toxic product (214, 215).

So far, the only strain of S. typhimurium going through a phase I clinical trial is strain VNP20009, which contains deletions in the msbB and purl genes, to attenuate virulence and avoid septic shock (216).

A more recent approach has been combining bacteria-mediated cancer therapies with other kinds of therapies. For example, a photo-thermal agent, such as melanin-like poly-dopamine (pDA), was coated with VNP20009 targeted to hypoxic and necrotic tumor areas. A mouse model of the tumor was irradiated with a near-infrared laser, which achieved tumor targeting and tumor elimination without relapse or metastasis (217).

Although no reports on the treatment of OSCC have been published, the potential of these techniques to treat oral tumors is enormous. OSCC are solid tumors, and they are easily accessible to be treated at the site, which makes the ideal type of cancer treated with bacterial-mediated tumor therapies.




The Future of Microbiome in Cancer Therapy

We anticipate that the human microbiome will bit by bit play an undeniably conspicuous role in cancer treatment. As of now, the system of the microbiome’s impacts in cancer treatment is not surely known; be that as it may, some clinical pilot studies will assist with uncovering the capability of the microbiome in tumor advancement and malignancy treatment. The advancement of these clinical preliminaries will expel impediments for utilizing the microbiome to improve and help treatment utilizing ICIs. The microbiome, at first, can lessen complexities during malignant growth treatment. Right now, the most widely recognized noxious reaction when utilizing ICIs is related to colitis. The reason for the ailment is uncertain. Curiously, the lactic acid bacterium Lactobacillus reuteri can wipe out ICIs related to colitis and improve weight reduction and irritation (218). Second, the intestinal microbiome upgrades the nourishing assimilation limit of patients with cancer and improves their anti-tumor capacity. The rise of tumor micro-ecological immune nutrition has additionally prepared for the improvement of the microbiome as implement in disease immunotherapy. Third, microbiome research is relied upon to prompt the structure of immunization against tumors. An ongoing microbial-based malignancy immunization has demonstrated its utility. This malignant growth antibody forestalls the development of squamous cell carcinoma communicating epidermal growth factor receptor (EGFR) vIII and instigates EGFR vIII-explicit cell insusceptibility (219).

Current research is thrilling for investigation against tumor resistance and signifies a discovery in the structure of the microbiome. For cancer immunotherapy, FMT is predictable to be the most critical immediate bio optimization tool. FMT is a mainstream innovation that has been utilized clinically to treat repetitive Clostridium difficile contaminations (220).

Finally, recent studies support the hypothesis that periodontal inflammation exacerbates gut inflammation in vivo by translocation of oral pathobionts to the gut, activating the inflammasome in colonic mononuclear phagocytes resulting in inflammation (221, 222). Additionally, periodontitis results in the generation of reactive Th17 cells against oral bacteria. These reactive Th17 cells are exhibit gut tropism and migrate to the inflamed gut. When in the gut, Th17 cells of oral origin can be activated by translocated oral pathobionts and cause the development of colitis, but gut-resident microbes do not activate them. We do not know if gut inflammation could have a similar effect on the oral cavity’s inflammatory environment, as a result of which the severity of head and neck cancer could increase. Studies of the gut microbiome’s effect on the immune response to head and neck cancer are lacking but maybe worth pursuing.
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Aggregatibacter actinomycetemcomitans is a Gram-negative oral bacterium with high immunostimulatory and pathogenic potential involved in the onset and progression of periodontitis, a chronic disease characterized by aberrant immune responses followed by tooth-supporting bone resorption, which eventually leads to tooth loss. While several studies have provided evidence related to the virulence factors of A. actinomycetemcomitans involved in the host cell death and immune evasion, such as its most studied primate-specific virulence factor, leukotoxin, the role of specific lipopolysaccharide (LPS) domains remain poorly understood. Here, we analyzed the role of the immunodominant domain of the LPS of A. actinomycetemcomitans termed O-polysaccharide (O-PS), which differentiates the distinct bacterial serotypes based on its antigenicity. To determine the role of the O-PS in the immunogenicity and virulence of A. actinomycetemcomitans during periodontitis, we analyzed the in vivo and in vitro effect of an O-PS-defective transposon mutant serotype b strain, characterized by the deletion of the rmlC gene encoding the α-L-rhamnose sugar biosynthetic enzyme. Induction of experimental periodontitis using the O-PS-defective rmlC mutant strain resulted in lower tooth-supporting bone resorption, infiltration of Th1, Th17, and Th22 lymphocytes, and expression of Ahr, Il1b, Il17, Il23, Tlr4, and RANKL (Tnfsf11) in the periodontal lesions as compared with the wild-type A. actinomycetemcomitans strain. In addition, the O-PS-defective rmlC mutant strain led to impaired activation of antigen-presenting cells, with less expression of the co-stimulatory molecules CD40 and CD80 in B lymphocytes and dendritic cells, and downregulated expression of Tnfa and Il1b in splenocytes. In conclusion, these data demonstrate that the O-PS from the serotype b of A. actinomycetemcomitans plays a key role in the capacity of the bacterium to prime oral innate and adaptive immune responses, by triggering the Th1 and Th17-driven tooth-supporting bone resorption during periodontitis.
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Introduction

Aggregatibacter actinomycetemcomitans is a small, non-motile, Gram-negative coccobacillus, resident in the oral cavity of humans and non-human primates, that preferentially colonizes the tissues that surround teeth (1). A. actinomycetemcomitans is strongly implicated in the pathogenesis of periodontitis, an inflammatory disease characterized by the disruption of the equilibrium among the periodontal microbiota and the host’s immune response, that subsequently leads to an increased local Th1 and Th17-type of response. Indeed, A. actinomycetemcomitans is considered a key player of the pathogenic consortium related to severe periodontitis, which causes accelerated periodontal tissue breakdown, in particular, the Th17-driven tooth-supporting bone resorption, the major pathological sign related with tooth loss (2, 3).

Alveolar bone resorption is the hallmark of periodontitis. During homeostatic conditions, the bone remodeling process is continuously maintained by the coupled action of bone-resorptive osteoclasts and bone-forming osteoblasts in a fine-tuned equilibrium regulated by a triad of molecules: the receptor activator of nuclear-factor κB ligand (RANKL), also known as tumor necrosis factor ligand superfamily member 11 (Tnfsf11), its specific receptor (RANK), and its soluble decoy osteoprotegerin (OPG) (4, 5). Indeed, RANKL is a key molecule involved in osteoclastogenesis and osteoclast-mediated bone resorption by stimulating the osteoclast progenitor differentiation and mature osteoclast activity (5). Otherwise, the immune response triggered against the dysbiotic subgingival microbiota during periodontitis disturbs the osteoblast/osteoclast equilibrium by dramatically increasing the RANKL local production and cellular sources, leading to pathological alveolar bone resorption (6, 7). Initial subversion of the host’s immunity by periodontal keystone pathogens and other oral bacteria promotes the accumulation of immunostimulatory pathobionts, such as A. actinomycetemcomitans, that finally contribute to immune-mediated alveolar bone loss (6–8).

Clinical evidence suggests a variable virulence potential among the distinct serotypes of A. actinomycetemcomitans (2, 9–11). Currently, seven A. actinomycetemcomitans serotypes are recognized based on the antigenicity of the O-polysaccharide (O-PS) immunodominant component of their lipopolysaccharide (LPS), being the serotypes a, b, and c the most frequently detected in humans (12–14). A. actinomycetemcomitans strains belonging to the serotype b are frequently isolated from subjects with severe periodontitis, while serotypes a and c are mostly isolated from milder periodontitis-affected patients and healthy individuals (2, 15–17). This variable pathological association has been related to the increased virulence of the serotype b, as we recently reported using an animal model of periodontitis, in which a higher lymphocyte Th1 and Th17-driven alveolar bone resorption was observed when the serotype b was used for periodontitis induction, as compared with the serotypes a or c of A. actinomycetemcomitans (18). Besides, in vitro studies have ratified the higher immunostimulatory potential of serotype b of A. actinomycetemcomitans on human antigen-presenting cells and T lymphocytes, as compared with the other serotypes (19–21), as well as its increased leukotoxin production (22). Indeed, most of the studies that analyze the higher virulence of serotype b of A. actinomycetemcomitans have focused on the production of leukotoxin, an exotoxin that selectively induces cell death in hematopoietic cells of human and non-human primate origin (23); however, the role of its O-PS has been scarcely studied.

The O-PS from A. actinomycetemcomitans serotype b is structurally distinct from the O-PS from the other serotypes. The O-PS from serotype b is composed of a disaccharide backbone of α-D-fucose (D-Fuc) and α-L-rhamnose (L-Rha), linked by a non-reducing β-D-N-acetyl-galactosamine (D-GalNAc) residue, and the O-PS from serotypes a and c consists of 6-deoxy- α-D-talose (α-D-Tal) and 6-deoxy-α-L-talose (α-L-Tal), respectively (24, 25). In the case of serotype b, the enzyme TDP-4-keto-6-deoxy-D-glucose 3,5-epimerase (RmlC) is required for the L-Rha synthesis and its assembling to the O-PS structure, and the genetic deletion of the rmlC gene encoding this enzyme completely abolish the production of the O-PS moiety, leading to a generation of an O-PS-defective A. actinomycetemcomitans strain (26). The A. actinomycetemcomitans strain lacking O-PS has shown altered bacterial adhesion and decreased leukotoxin secretion (26, 27); however, its pathogenic and immunostimulatory potential has not been analyzed yet.

In this study, we analyzed the role of the O-PS in the immunogenicity and virulence of A. actinomycetemcomitans. We took advantage of a murine model of periodontitis infected with the rmlC mutant strain, belonging to the serotype b. The deletion of the rmlC gene generated an O-PS-defective strain with reduced virulence, as demonstrated by the decreased tooth-supporting bone resorption in infected mice. This decreased alveolar bone loss was associated with downregulated levels of Th1 and Th17-related cytokines and less infiltration of Th1 and Th17 lymphocytes within the periodontal lesions. Besides, this O-PS-defective A. actinomycetemcomitans strain triggered a downregulated expression of Tnfa and Il1b in splenocytes and co-stimulatory molecules CD40 and CD80 in B lymphocytes and dendritic cells, in comparison to the wild-type and complemented strains. Collectively, these results demonstrate that the O-PS moiety from the serotype b of A. actinomycetemcomitans plays a key role in its immunostimulatory and virulent potential, affecting the maturation of antigen-presenting cells and the Th1 and Th17-driven alveolar bone resorption during periodontitis.



Materials and Methods


A. actinomycetemcomitans Strains

The A. actinomycetemcomitans mutant strains used in the current study are based on the nonfimbriated VT1169 strain belonging to the serotype b (all of them kindly provided by Dr. Keith Mintz, Department of Microbiology and Molecular Genetics, University of Vermont). In order to analyze the role of O-PS of A. actinomycetemcomitans, two mutant strains were used: the rmlC mutant strain, characterized by the absence of detectable O-PS, and the waaL mutant strain, characterized by impaired production of O-PS compared with the VT1169 wild-type strain, which was used for comparison (26). The transposon-generated rmlC mutant strain and the waaL mutant strain, generated by site-directed insertional mutagenesis, have been previously characterized (26). The rmlC/rmlC+ and waaL/waaL+ complemented strains, characterized by the restoration of the production of O-PS in a similar profile to the VT1169 wild-type strain, were used as controls (26). The A. actinomycetemcomitans strains were grown in 3% trypticase soy broth 0.6% yeast extract (TBSYE; Oxoid Ltd., England), supplemented with or without specific antibiotics, at 37˚C and under capnophilic conditions. The rmlC and waaL mutant strains were grown in the presence of 50 µg/ml spectinomycin, and the rmlC/rmlC+ and waaL/waaL+ complemented strains were grown in the presence of 1 µg/ml chloramphenicol. To obtain a reliable number of live bacteria with their whole antigenic potentiality for the periodontitis induction and cell stimulation, growth curves were made and bacteria were obtained at the exponential growth phase as previously described (28, 29). All the mutant and complemented A. actinomycetemcomitans strains used in the present study kept similar growth characteristics and colony morphology to the wild-type VT1169 strain.



Lipopolysaccharide (LPS) Purification and Analysis

The LPS of the studied A. actinomycetemcomitans strains was purified using a modified hot phenol extraction protocol, based on a previously described protocol (30). LPS was visualized by Tricine-SDS-PAGE gel with 14% acrylamide/bis-acrylamide 46.5:3 solution, stained with a silver solution, as previously described (31). The gel was revealed in a solution containing 12.5 mg citric acid and 125 μL formaldehyde 37% in 250 mL of deionized water, photo-documented on a transilluminator, and analyzed using the Molecular Imaging Software “MI” 7.2 win (Bruker, Belgium).



Animals

For periodontitis induction, eight-week-old wild-type BALB/c female mice were obtained at the estrus stage of the estrous cycle, to avoid the potential influence of sex hormones on bone metabolism. For in vitro assays, spleen cells were obtained from eight to sixteen-weeks-old C57BL/6 background mice. Animals were housed in separate cages and maintained under standard conditions: a 12:12 h light/dark cycle, lights on at 07:00 am, at 24°C ± 0.5°C, and 40% to 70% of relative humidity, with an air exchange rate of 15-room volumes/hour. Throughout the period of the study, animals had free access to sterile standard solid mice chow and water. Animals were handled according to the protocol approved by the Institutional Committee for Animal Care and Use from Universidad de Chile (Ethical permit #061601) and the Stockholm Regional Ethics Committee.



Periodontal Infection

Periodontal infections were induced following a previously described protocol (18). Under ketamine/xylazine anesthesia, 2 μl of phosphate-buffered saline (PBS) cell suspension containing 1x109 CFU/ml of each A. actinomycetemcomitans strain were microinjected using a 26s-gauge syringe (Hamilton, USA). A total of three microinjections were performed every 48 h into the palatal interproximal gingiva between the first and second molar of the right and left side of the maxilla (Figure 1A). Animals were randomly allocated in seven groups with three to four mice in each group: (a) VT1169 strain-infected group, (b) rmlC mutant strain-infected group, (c) rmlC/rmlC+ complemented strain-infected group, (d) waaL mutant strain-infected group, (e) waaL/waaL+ complemented strain-infected group, (f) sham-infected mice, which received PBS without bacteria, and (g) untreated animals. The mice were euthanized after 30 days by a single overdose of ketamine/xylazine anesthesia, and samples of maxillae, palatal periodontal tissues, and cervical lymph nodes were collected for further analysis. No changes were detected in the body-weight of mice throughout the study (Supplementary Figure S1).




Figure 1 | Lipopolysaccharide (LPS) analysis and alveolar bone loss triggered by the different strains of A. actinomycetemcomitans. (A) Diagram illustrating the protocol for the bacteria-induced periodontitis model. (B) LPS profiles obtained by SDS-PAGE analysis of the VT1169 wild-type strain and the rmlC and waaL mutant strains, as well as the rmlC/rmlC+ and waaL/waaL+ complemented strains. (C) Schematic view of the A. actinomycetemcomitans serotype b O-polysaccharide (O-PS) biosynthetic pathway, highlighting the modified enzymes and the O-PS profile obtained by Tang et al. (26) and used in the present study. (D) The 2% agarose gel of the amplification products obtained with specific primers for the strain VT1169, from PCR analysis of the V3-V6 variable region of the 16S rDNA. (E) Sagittal slices of the 2D-reconstruction by μCT showing the alveolar bone loss determined as the CEJ-ABC linear distance in the interdental area between the first and second molar (white-red lines) in mice infected with the A. actinomycetemcomitans VT1169, rmlC, or rmlC/rmlC+ strains and the sham-infected and untreated controls. (F) Vestibular view of the 3D-reconstruction by μCT showing the alveolar bone loss, determined as the CEJ-ABC linear distance in the distal surface of the distal root of the first molar in the same experimental conditions described in (E). Yellow double-arrow lines represent the CEJ-ABC linear distance (CEJ marked as a dashed white line and ABC marked as a dashed red line). (G) Quantification of the alveolar bone loss determined as the CEJ-ABC linear distance in the distal surface of the distal root of the first molar in mice infected with the A. actinomycetemcomitans VT1169, rmlC, or rmlC/rmlC+ strains and the sham-infected and untreated controls (UT). (H) Quantification of the alveolar bone loss determined as the percentage of remnant alveolar bone in mice infected with the A. actinomycetemcomitans VT1169, rmlC, or rmlC/rmlC+ strains and the sham-infected and UT controls, considering the average of remnant alveolar bone in UT mice as 100%. (I) Sagittal slices of the 2D-reconstruction by μCT showing the alveolar bone loss determined as the CEJ-ABC linear distance in the interdental area between the first and second molar (white-red lines) in mice infected with the A. actinomycetemcomitans VT1169 and ATCC 23718 strains. (J) Vestibular view of the 3D-reconstruction by μCT showing the alveolar bone loss, determined as the CEJ-ABC linear distance in the distal surface of the distal root of the first molar in the same experimental conditions described in (I). Yellow double-arrow lines represent the CEJ-ABC linear distance (CEJ marked as a dashed white line and ABC marked as a dashed red line). (K) Quantification of the alveolar bone loss determined as the CEJ-ABC linear distance in the distal surface of the distal root of the first molar in mice infected with the A. actinomycetemcomitans VT1169 and ATCC 23718 strains and UT controls. (L) Quantification of the alveolar bone loss determined as the percentage of remnant alveolar bone in mice infected with the A. actinomycetemcomitans VT1169 and ATCC 23718 strains and UT controls, considering the average of remnant alveolar bone in UT mice as 100%. Mean ± SD, one-way ANOVA and Tukey post-hoc test, **p < 0.01, ****p < 0.0001. Error bars represent SEM in all panels. ABC, alveolar bone crest; CEJ, cement-enamel junction; CFU, colony-forming units; cLNs, cervical lymph nodes; FC, flow cytometry; ns, no significant; LPS, lipopolysaccharide; O-PS, O-polysaccharide; OS, oligosaccharide; PPTs, palatal periodontal tissues.





Quantification of Alveolar Bone Resorption

To quantify the extent of alveolar bone loss, the maxillae were scanned using a micro-computed tomography (μCT) equipment (SkyScan 1272; Bruker, Belgium), as previously described (18, 32). 3D-digitized images were generated using a modified cone-beam algorithm in a reconstruction software (Nrecon software, Bruker, Belgium). Alveolar bone loss was quantified using two methods: (a) by measuring the linear distance from the cement-enamel junction (CEJ) to the alveolar bone crest (ABC) and (b) by quantifying the percentage of remnant alveolar bone, by considering the average of untreated mice bone levels as 100%, as previously described (33, 34). In turn, the CEJ-ABC linear distance was quantified in (a) the interdental area comprised between the first and second molar and (b) the distal surface of the distal root of the first molar. All data were collected by a single observer (F.C.), who was masked to the conditions of the maxillae specimens.



qRT-PCR From Palatal Periodontal Tissues

From the palatal periodontal tissues, total cytoplasmic RNA was purified, as previously described (18). After its quantification in a spectrophotometer (Synergy HT; Bio-Tek Instrument Inc., USA), the first-strand of cDNA was synthesized from 1 µg of total RNA using the SuperScript III kit (Invitrogen, USA), according to the manufacturer’s instructions. In order to quantify the mRNA expression levels for Ahr, Ifng, Il6, Il10, Il17, Il22, Il23, Il1b, Tlr2, Tlr4, and RANKL (Tnfsf11), 10 ng of cDNA were amplified using the appropriate primers (Supplementary Table S1) and the KAPA SYBR Fast qPCR reagent (KAPA Biosystems, USA), in a qPCR apparatus (StepOnePlus; Applied Biosystems, Singapore). Amplification reactions were conducted as follows: a first denaturation step of 95°C for 3 min, followed by 40 cycles of 95°C for 3 s and 60°C for 30 s. For detection of non-specific product formation and false-positive amplification, a final melting curve of 95°C for 15 s, 60°C for 1 min, and 95°C for 15 s was performed. Fold change of mRNA expression was calculated relative to the undisturbed 18S rRNA expression levels, using the 2-ΔΔCt method followed by a log2-transformation.



Single-Cell Suspension From Palatal Periodontal Tissues and Cervical Lymph Nodes

In order to obtain cells to perform the flow cytometric analysis, the palatal periodontal tissues and cervical lymph nodes that drain the periodontal tissues were processed, as previously described (32). For the recovery of palatal periodontal tissues, after accessing the oral cavity, whole maxillary blocks separated from the nasal cavity were dissected and immediately processed for enzymatic digestion. For this, specimens were immersed in 5 ml collagenase D/DNase (Sigma, USA) and incubated under constant agitation at 37°C for 1 hr. During the last 5 min of enzymatic digestion, specimens were incubated with 50 µl of 0.5 M EDTA (Sigma, USA) to stop the reaction. Then, in the presence of cold DNase media, the palatal periodontal tissues were removed from the maxillary bone, minced into 1 mm3 pieces, and mechanically mashed using a 70-μm cell-strainer, to obtain a single-cell suspension. After washing twice with cold DNase media, live cells were counted using an automated cell counter (Luna II; Logos Biosystems, South Korea). For the draining cervical lymph nodes, the cell suspensions were obtained through mechanic disruption of the three bilateral cervical lymph nodes that drain the periodontal tissues (mandibular, accessory mandibular, and superficial parotid), using a 70-μm cell-strainer in the presence of cold PBS.



Flow Cytometry of Cells Obtained From Palatal Periodontal Tissues and Cervical Lymph Nodes

The presence of Tbet+ (Th1), RORγt+ (Th17), and AhR+ (Th22) lymphocytes within the periodontal lesions and cervical lymph nodes were analyzed by identifying the expression of their specific transcription factors using flow cytometry, as previously described (18, 32). The identified transcription factors were T-bet for Th1 cells, RORγt for Th17 cells, and AhR for Th22 cells. For this, the obtained cells were incubated for 15 min at 4°C with a Fc-blocking (CD16/32) antibody (eBioscience, Thermo Fisher Scientific, USA) prior to staining with fluorochrome-conjugated antibodies. For extracellular staining, the following lineage cocktail was used: CD45 (30-f11), CD4 (GK1.5), and CD3 (17A2). For intracellular staining, cells were incubated with a Fixation and Permeabilization buffer (Fix/Perm kit, eBioscience, Thermo Fisher Scientific, USA) for 30 min at 4°C followed by staining overnight at 4°C with the following antibodies: T-bet (4B10), RORγt (4G419), or AhR (4MEJJ). In addition, to analyze the immune cell compartment, the following cocktail was used: CD45.2 (104), CD19 (6D5), MHC-II (M5/114.15.1), CD3 (145-2c11), CD90 (53-2.1), CD11c (N418), CD11b (M1/70), Ly6C (HK1.4), Ly6G (1A8), and CD64 (54-5/7.1) (eBioscience, Thermo Fisher Scientific, USA; Biolegend, USA; and Abcam, England). Live/Dead Fixable viability dyes (eBioscience, Thermo Fisher Scientific, USA) were used to exclude dead cells. All the experiments were acquired using a FACS LSR Fortessa (BD Biosciences, USA) and analyzed with the FlowJo software (BD Biosciences, USA).



Flow Cytometric Data Analysis by tSNE

T-distributed stochastic neighbor embedding (tSNE) analysis of 11-parameter flow cytometry data obtained from untreated mice was performed using the FlowJo software (BD Biosciences, USA). Samples were randomly downsampled to 10,000 events per sample, and analysis was run on equivalent numbers of events per sample. Following downsampling, 11-parameter samples were concatenated and visualized with tSNE (Barnes-Hut implementation) in FlowJo. The following parameters were tuned in preliminary experiments and then used as default values: iterations, 550; perplexity, 40; eta, 200; theta, 0.5. All parameters, except for lineage marker CD45 and DAPI live/dead marker, were included in the analysis.



Total Splenocytes In Vitro Assays

Splenocytes were harvested from C57BL/6 background mice and maintained in IMDM medium (Gibco), supplemented with heat-inactivated 10% fetal calf serum (Sigma, USA), 100 U/ml penicillin, 100 μg/ml streptomycin, and 2% beta-mercaptoethanol (Gibco, Thermo Fisher Scientific, USA). Splenocytes (3x106 cells/well) in 24-well plates were challenged with the rmlC or waaL mutant strains, the rmlC/rmlC+ or waaL/waaL+ complemented strains, or the VT1169 wild-type strain of A. actinomycetemcomitans, at a multiplicity of infection (MOI) 3 for 20 h for flow cytometric assays, or 8 h for qRT-PCR assays. Untreated cells or cells treated with 1 μg/ml of commercial Escherichia coli-derived LPS (Sigma, USA) were used as controls. The selected MOI was based on dose-response assays (Supplementary Figure S2).



qRT-PCR From Induced Splenocytes

After 8 h of cell stimulation, splenocytes were washed and preserved in RNAlater at -80°C. Then, after cells were homogenized using a syringe, the total cytoplasmic RNA was isolated using the RNAeasy Mini Kit (Qiagen, Germany), and the first-strand cDNA was synthesized using the iScript RT Supermix (BioRad, USA), according to the manufacturer’s instructions. In order to quantify the mRNA expression levels for Il1b, Il17, Il23, and Tnfa, for the qRT-PCR analysis, the appropriate primers (Supplementary Table S1) and the iTaq Universal SYBR Green Supermix reagent (BioRad, USA) were used. Amplification reactions were conducted as follows: a first denaturation step of 95°C for 30 s, followed by 40 cycles of 95°C for 10 s, 60°C for 10 s, and 72˚C for 20 s. Fold change of mRNA expression was calculated relative to the Hprt expression levels, using the 2-ΔΔCt method followed by a log2-transformation.



Flow Cytometry of Stimulated Splenocytes

In order to analyze the surface expression of co-stimulatory molecules CD40 and CD80 in B lymphocytes, dendritic cells, and macrophages obtained from total splenocytes, the following antibodies were used: CD19 (6D5), MHC-II (M5/114.15.1), CD11c (N418), CD11b (M1/70), Ly6C (HK1.4), CD80 (16-10A1), and CD40 (HM40-3) (eBioscience, Thermo Fisher Scientific, USA; Biolegend, USA; and Abcam, England). Live/Dead Fixable viability dyes (eBioscience, USA) were used to exclude dead cells. All the experiments were acquired using a FACS LSR Fortessa X20 flow cytometer (BD Biosciences, USA) and analyzed with FlowJo software (BD Biosciences, USA).



Statistical Analysis

Statistical analysis was performed using the GraphPad Prism v.4.01 software (GraphPad Software, Inc., USA). Heatmaps from qRT-PCR fold-change data were done in Excel v.16.39 software (Microsoft, USA). The normality of data distribution was established using the Kolmogorov-Smirnov test. When a parametric analysis was carried out, the statistical differences were determined using the ANOVA and the Tukey or Holm-Sidak post-hoc tests. When a nonparametric analysis was carried out, the statistical differences were determined using the Kruskal-Wallis and Dunn tests. A difference was considered significant when p < 0.05.




Results


Analysis of the LPS Purified From the Studied A. actinomycetemcomitans Mutant Strains

To confirm that the A. actinomycetemcomitans mutant strains used in this study were characterized by changes in the O-PS expression, we carried out the electrophoretic assays of their purified LPS. The silver-stained profile of the LPS obtained from both the rmlC and waaL mutant strains revealed the absence of the O-PS domain (Figure 1B), in accordance with the previously reported profiles (26) (Figure 1C). The rmlC/rmlC+ and waaL/waaL+ complemented strains displayed a restored LPS profile with the presence of a complete O-PS moiety (Figure 1B). All the bacterial strains used for periodontitis induction and cell challenge were positive for the A. actinomycetemcomitans serotype b, as demonstrated by the PCR analysis of the V3-V6 variable region of the 16S rDNA (Figure 1D).



The O-PS-Defective A. actinomycetemcomitans Serotype b Mutant Strain Induces Less Alveolar Bone Resorption Than the Wild-Type Strain

To elucidate the pathogenic role of the O-PS moiety from the A. actinomycetemcomitans serotype b, we used a previously described experimental animal model of periodontitis (18), and the extent of the alveolar bone resorption was determined using μCT (Figures 1E, F). Mice infected with the VT1169 wild-type strain of A. actinomycetemcomitans exhibited greater alveolar bone loss as compared with both the untreated mice and sham-infected mice (Figures 1E–H). This higher alveolar bone loss was demonstrated by the increased CEJ-ABC linear distance in the interdental area between the first and second molar (Figure 1E), the enhanced CEJ-ABC linear distance in the distal surface of the distal root of the first molar (Figures 1F, G), and the decreased percentage of remnant alveolar bone (Figure 1H) at both sides of the maxilla. To corroborate that this higher pathogenic potential was attributed to the A. actinomycetemcomitans serotype b instead of only one strain belonging to this serotype, the alveolar bone resorption was also analyzed in mice infected with another serotype b strain, the reference strain A. actinomycetemcomitans ATCC 23718. Similar levels of alveolar bone loss were detected in mice infected with the ATCC 23718 or VT1169 strains, determined as the CEJ-ABC linear distance in the interdental area (Figure 1I), CEJ-ABC linear distance in the distal root of the first molar (Figures 1J, K), and percentage of remnant alveolar bone (Figure 1L). When the A. actinomycetemcomitans rmlC mutant strain was used to generate the periodontal infections, significantly lower alveolar bone resorption was observed as compared with the periodontal infections induced with the A. actinomycetemcomitans VT1169 wild-type strain (Figures 1E, F). In mice infected with the rmlC mutant strain, the quantitative analysis of the CEJ-ABC linear distance shown in Figure 1F revealed a significant reduction in the alveolar bone loss as compared with mice infected with the VT1169 strain, with an average ranging between 0.213 and 0.161 mm (Figure 1G). Besides, this reduction represented an average increase of 7.27% in the remnant alveolar bone in rmlC mutant strain-infected mice, as compared with the VT1169 strain-infected mice (Figure 1H). The recovering of the rmlC gene in the rmlC/rmlC+ complemented strain of A. actinomycetemcomitans led to an increase in the alveolar bone loss in infected mice, reaching similar levels than those detected in the VT1169 strain-infected mice (Figures 1E–H). Collectively, these results demonstrated that the O-PS moiety component of the LPS is involved in the virulence of A. actinomycetemcomitans and particularly, in the tooth-supporting alveolar bone loss induced during experimental periodontitis.



The O-PS-Defective A. actinomycetemcomitans Serotype b Mutant Strain Induces Decreased Th1, Th17, and Th22-Related Immune Responses Than the Wild-Type Strain

The immunogenic potential of the O-PS was assessed by analyzing the pattern of cytokines expressed in the periodontal lesions. For this, we determined the gene expression of the proinflammatory cytokines related with Th1 (Ifng and Il1b), Th17 (Il6, Il23, and Il17), Th22 (Il22), and T regulatory (Il10) lymphocyte responses in the palatal periodontal tissues by qRT-PCR (Figure 2A). Significantly, lower expression levels for Ifng and Il1b were detected in the periodontal lesions of mice infected with the A. actinomycetemcomitans rmlC mutant strain, as compared with those infected with the VT1169 wild-type strain (Figure 2B). Furthermore, when the rmlC mutant strain was used to induce the periodontal lesions, significantly lower expression levels of the Th17-related cytokines, Il17 and Il23, were detected as compared with periodontal lesions induced with the VT1169 wild-type strain (Figure 2C). The Il6 expression levels were also lower in the rmlC mutant strain-induced periodontal lesions as compared with the VT1169 strain-induced lesions; however, these differences were not statistically significant (Figure 2C). Similarly, the detected differences in the expression of the Th22-related cytokine Il22 were not statistically significant (Figure 2D). As a complement of the analysis of the Th22-related immune response, the expression levels of Ahr, transcription factor master-switch gene associated with the Th22 lymphocyte differentiation and function, were also quantified. In mice infected with the rmlC mutant strain, the expression levels for Ahr were significantly lower than those detected in mice infected with the VT1169 wild-type strain (Figure 2D). No significant differences were detected in the transcript levels of the immunoregulatory cytokine Il10 among the studied groups; however, there was a slight overexpression in the rmlC-induced periodontal lesions (Figure 2E). When the rmlC/rmlC+ complemented strain was used to induce periodontal lesions, the expression levels for Ifng, Il1b, Il6, Il10, Il22, Il23, and Ahr reached similar levels to those detected in periodontal lesions induced with the VT1169 wild-type strain, except for Il17, whose expression levels remained lower (Figures 2B–E). Overall, these data demonstrated that the O-PS moiety of the LPS is implied in the immunogenicity of A. actinomycetemcomitans. In particular, the O-PS-defective mutant strain induced lesser Th1, Th17, and Th22-patterns of immune response in periodontal lesions than the A. actinomycetemcomitans wild-type strain, and these reduced levels are likely to be involved in the decreased alveolar bone resorption observed during the induced periodontitis.




Figure 2 | Th1/Th17/Th22-related cytokines, RANKL, and TLR expression within the periodontal tissues induced by the different strains of A. actinomycetemcomitans. (A) Heatmap of mRNA expression levels for Th1, Th17, Th22, and T regulatory-related cytokines and RANKL quantified by qRT-PCR. Bar plots showing relative expression of (B) Th1-related Ifng and Il1b, (C) Th17-related Il6, Il17, and Il23, (D) Th22-related Il22 and Ahr, (E) T regulatory-related Il10, (F) RANKL (Tnfsf11), and (G) Tlr2 and Tlr4 mRNAs analyses in periodontal lesions infected with the A. actinomycetemcomitans VT1169, rmlC, or rmlC/rmlC+ strains (n=4). The data were pooled from three independent experiments. For relative expression, the mRNA expression in untreated (UT) mice was considered as 0, as a reference for fold-change in expression. Mean ± SD, one-way ANOVA and Tukey post-hoc test, *p < 0.05, **p < 0.01, ****p < 0.0001, ns, non-significant. Error bars represent SEM in all panels. Ahr, aryl hydrocarbon receptor; Il, interleukin; Ifng, interferon-gamma; Tlr, toll-like receptor; RANKL (Tnfsf11), receptor activator of nuclear-factor κB ligand.





The O-PS-Defective A. actinomycetemcomitans Serotype b Mutant Strain Induces Less Expression of RANKL and TLR-4 Than the Wild-Type Strain

To confirm the association between the periodontal immune response and the observed changes in alveolar bone loss induced by the O-PS-defective A. actinomycetemcomitans mutant strain, we also determined the gene expression of the pro-osteolytic factor RANKL (Tnfsf11), the key factor involved the osteoclast differentiation and activation. In periodontal lesions induced with the A. actinomycetemcomitans rmlC mutant strain, the expression levels for RANKL (Tnfsf11) were significantly lower as compared with those induced with the VT1169 wild-type strain (Figure 2F). When the rmlC/rmlC+ complemented strain was used for the periodontitis induction, the transcript levels of Tnfsf11 did not reach the levels expressed in the VT1169 wild-type strain-induced periodontal lesions; however, these differences were not statistically significant (Figure 2F). In order to get insights into the potential pathways involved in the O-PS recognition, we also quantified the expression levels of two Toll-like receptors related to LPS signaling, TLR-2 and TLR-4. In the periodontal lesions induced with the A. actinomycetemcomitans rmlC mutant strain, significantly lower transcript levels of Tlr4 were detected, as compared with those induced with the VT1169 wild-type strain (Figure 2G). No differences were detected for the Tlr2 transcript levels. When the rmlC/rmlC+ complemented strain was used for the periodontitis induction, the expression of Tlr4 reached similar levels to the ones detected in the VT1169 wild-type strain-induced periodontitis lesions (Figure 2G). This result suggests that the effect in the Tlr4 expression could be attributed to the absence of O-PS, due to deletion in rmlC gene.



The O-PS-Defective A. actinomycetemcomitans Serotype b Mutant Strain Induces Less Detection of T-bet+, RORγt+, and AhR+ T Lymphocytes Than the Wild-Type Strain in the Periodontal Lesions

Since our data showed the decreased expression levels of the Th1, Th17, and Th22-related cytokines in the periodontal lesions induced with the A. actinomycetemcomitans serotype b strain lacking the O-PS domain, we proceeded to determine the frequency and absolute number of the T helper lymphocytes infiltrating these periodontal lesions (Figure 3A). Flow cytometry analysis revealed a higher frequency and absolute number of Th1 (CD45+CD3+CD4+T-bet+) (Figures 3B, C), Th17 (CD45+CD3+CD4+RORγt+) (Figures 3D, E), and Th22 (CD45+CD3+CD4+AhR+) (Figures 3F, G) lymphocytes in periodontal lesions of mice infected with the VT1169 wild-type strain compared with the periodontal tissues of untreated control mice. No differences were found in T-cell viability among the different experimental conditions, with an average of 95.81% viability of cells obtained from infected periodontal lesions (Supplementary Figure S3). Within periodontal lesions induced with the rmlC mutant strain, the T-bet+ T lymphocyte detection was significantly lower in frequency and absolute number, as compared with the VT1169 wild-type strain-induced periodontal lesions (Figures 3B–C). When the periodontal lesions were induced with the rmlC/rmlC+ complemented strain, the frequency and absolute number of T-bet+ T lymphocytes increased, reaching levels similar to those detected in the periodontal lesions induced with the VT1169 wild-type strain (Figures 3B–C). Similarly, the absolute number of infiltrating RORγt+ T lymphocytes was significantly decreased by almost half, within the rmlC mutant strain-induced periodontal lesions as compared with the VT1169 wild-type strain-induced periodontal lesions (Figures 3D–E). No differences were detected in the frequency of RORγt+ T lymphocytes between the periodontal lesions induced with the rmlC mutant strain and rmlC/rmlC+ complemented strain; however, when the absolute cell number was analyzed, a no-significant increment in the RORγt+ T lymphocyte detection was observed in the rmlC/rmlC+ complemented strain-induced periodontal lesions (Figure 3E). Since it was recently suggested that Th22 lymphocytes could be associated with the RANKL-mediated alveolar bone loss in a mice model of A. actinomycetemcomitans-induced experimental periodontitis (32), we also compared the infiltration of AhR+ T lymphocytes within the periodontal lesions. No significant differences were detected in the frequency of AhR+ T lymphocytes between the rmlC mutant strain-induced and VT1169 wild-type strain-induced periodontal lesions (Figures 3F, G); however, a significantly lower AhR+ T lymphocyte number was quantified in periodontal lesions induced with the rmlC mutant strain as compared with those induced with the VT1169 wild-type strain (Figures 3F, G). When the rmlC/rmlC+ complemented strain was used to induce periodontal lesions, the frequency and absolute number of Th22 reached similar levels to the ones detected in periodontal lesions induced with the VT1169 wild-type strain (Figures 3F, G). Taken together, these results allow us to suggest that the absence of the O-PS domain in the LPS from A. actinomycetemcomitans serotype b significantly affects its capacity to induce Th1, Th17, and Th22 lymphocyte infiltration in experimental periodontal lesions.




Figure 3 | T-bet+, RORγt+, and AhR+ T lymphocytes detection within the periodontal tissues induced by the different strains of A. actinomycetemcomitans. Cells obtained from periodontal tissues were analyzed by flow cytometry. (A) Gating strategy used for lineage determination of single/live/CD45+CD3+CD4+ T lymphocytes. Flow cytometric quantification of (B, C) CD45+CD3+CD4+T-bet+ Th1 lymphocytes, (D, E) CD45+CD3+CD4+RORγt+ Th17 lymphocytes, and (F, G) CD45+CD3+CD4+AhR+ Th22 lymphocytes in periodontal lesions upon infection with the A. actinomycetemcomitans VT1169, rmlC, or rmlC/rmlC+ strains, or the untreated (UT) controls. Plots are representative of three independent experiments (n=3). Mean ± SD, one-way ANOVA and Holm-Sidak post-hoc test, *p < 0.05, **p < 0.01, ***p < 0.001, ns, non-significant. Error bars represent SEM in all panels.



We next assessed whether the variations observed in the periodontal lesions are reflected in the frequency and absolute number of Th1, Th17, and Th22 lymphocytes within the oral-draining lymph nodes. We observed discrepancies in the absolute number of total T helper cells between the periodontal lesions and cervical lymph nodes (Figure 4A). To further determine whether the specific T helper subsets showed similar variations to those found in periodontal lesions, the frequency and absolute number of T-bet+, RORγt+, and AhR+ T lymphocytes were determined in the cervical lymph nodes. Similarly, neither the frequency nor the absolute cell number of T-bet+, RORγt+, or AhR+ T lymphocytes significantly varied among the different experimental conditions (Figures 4B–G). Therefore, the decreased Th1, Th17, and Th22 lymphocyte detection in the periodontal lesions induced with the A. actinomycetemcomitans rmlC mutant strain was not reflected in changes in T helper lymphocyte detection in the cervical lymph nodes that drain these periodontal lesions.




Figure 4 | T-bet+, RORγt+, and AhR+ T lymphocytes detection within the cervical lymph nodes induced by the different strains of A. actinomycetemcomitans. Cells obtained from cervical lymph nodes were analyzed by flow cytometry. (A) Comparison of the number of single/live/CD45+CD3+CD4+ T lymphocytes between periodontal tissues and cervical lymph nodes. Flow cytometric quantification of (B,  C) CD45+CD3+CD4+T-bet+ Th1 lymphocytes, (D, E) CD45+CD3+CD4+RORγt+ Th17 lymphocytes, and (F, G) CD45+CD3+CD4+AhR+ Th22 lymphocytes in periodontal lesions upon infection with the A. actinomycetemcomitans VT1169, rmlC, or rmlC/rmlC+ strains, or the untreated (UT) controls. Data were pooled from three independent experiments (n=3). Mean ± SD, one-way ANOVA and Holm-Sidak post-hoc test, *p < 0.05. Error bars represent SEM in all panels.





The O-PS-Defective A. actinomycetemcomitans Serotype b Mutant Strain Induces Less Expression of CD40 and CD80 in Dendritic Cells and B Lymphocytes Than the Wild-Type Strain

Since T helper cell polarization and expansion requires not only the presence of bacterial antigen and cytokines, but also co-stimulatory molecules expressed by pathogen-experienced antigen-presenting cells (APCs), including dendritic cells (DCs), macrophages, and B lymphocytes (35), we examined the surface expression of the co-stimulatory molecules CD40 and CD80 in mice APCs. First, to determine the frequency of APCs present in the mice periodontal tissues at steady state, a flow cytometry characterization of the immune cell network followed by a dimensionality reduction with the T-distributed stochastic neighbor embedding (tSNE) algorithm was carried out (Figure 5A). Using a panel that allowed us to detect B lymphocytes (CD45+CD19+MHC-IIhi), T lymphocytes (CD45+CD3+CD90+), innate lymphoid cells (CD45+CD90+CD3-), macrophages (CD45+CD64+CD11b+), DCs (CD45+CD11c+MHC-IIhi), neutrophils (CD45+Ly6G+Ly6Cmid), and monocytes (CD45+Ly6C+Ly6G-) (Supplementary Figure S4), we determined that the main APCs present in the periodontal tissues were B lymphocytes (75.0%), DCs (2.56%), and macrophages (1.6%) (Figure 5B). These results were crucial to design a proper experimental set up to analyze the changes in APCs in periodontal lesions, while trying to emulate, as much as possible, the mice gingival barrier context in vitro.




Figure 5 | B-lymphocyte, dendritic cell, and splenocyte responses against the different strains of A. actinomycetemcomitans. (A) tSNE map of 11-parameter flow cytometry data from untreated (UT) mice, color-coded as follows: B-cells in red, T-cells in cyan, innate lymphoid cells (ILCs) in orange, macrophages in light green, dendritic cells in dark green, monocytes in brown, and neutrophils in purple. (B) Percentage of each cell population described in (A). Data pooled from two independent experiments (n=4). The MFI levels of the co-stimulatory molecules CD40 and CD80 are shown in (C) for B lymphocytes, (D) for dendritic cells, and (E) macrophages stimulated 20 h with the A. actinomycetemcomitans VT1169, rmlC, rmlC/rmlC+, waaL, or waaL/waaL+ strains, and the E. coli-derived LPS-stimulated and UT cells, used as controls. The histograms representing the MFI levels of the co-stimulatory molecules CD40 and CD80 are shown in (F) for B lymphocytes and (G) for dendritic cells, under the same conditions experimental described in (C-E). Data pooled from three different experiments (n=7). (H) Heatmap and (I) bar plots of qRT-PCR analysis of Tnfa, Il1b, Il17, and Il23 transcripts in total splenocytes stimulated 8 h with the A. actinomycetemcomitans VT1169, rmlC, rmlC/rmlC+, waaL, or waaL/waaL+ strains, and the E. coli-derived LPS-stimulated and UT cells, used as controls (n=3). Data pooled from two independent experiments. Mean ± SD, one-way ANOVA and Tukey post-hoc test, *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. Error bars represent SEM in all panels. Il, interleukin; LPS, E. coli-derived lipopolysaccharide; Tlr, toll-like receptor; Tnfa, tumor necrosis factor-alpha.



Among the co-stimulatory molecules, CD40 and CD80 are critical signals expressed by APCs for optimal activation of T lymphocytes (36). Since we determined that B lymphocytes, DCs, and macrophages are the main APCs present in the mice periodontal tissues, we evaluated whether the lack of O-PS in the A. actinomycetemcomitans serotype b strain alters the CD40 and CD80 surface expression on bacteria-challenged splenocytes-derived APCs. Splenocytes were used based on the similarities in APC proportions between the spleen and periodontal tissues in mice (37) (Supplementary Figure S5). When B lymphocytes were challenged with the VT1169 wild-type strain, the expression levels of CD40 and CD80 augmented significantly, reaching similar levels to those expressed in B lymphocytes stimulated with E. coli-derived LPS, used as positive control (Figures 5C, F). The exposure of B lymphocytes to the rmlC or waaL mutant strains led to lower CD40 and CD80 expression levels to those detected in the VT1169 wild-type strain-challenged cells (Figures 5C, F). When the B lymphocytes were challenged with the rmlC/rmlC+ or waaL/waaL+ complemented strains, the expression levels of CD40 and CD80 augmented, reaching similar levels to those detected in B lymphocytes challenged with the VT1169 wild-type strain (Figures 5C, F). Similarly, the VT1169 wild-type strain-challenged DCs significantly increased the expression of CD40 and CD80, reaching similar levels to those expressed in DC stimulated with E. coli-derived LPS (Figures 5D, G). When the DCs were challenged with the rmlC mutant strain, only the expression of CD80 was significantly decreased as compared with VT1169 wild-type strain-challenged DCs (Figures 5D, G). In the DCs stimulated with the waaL mutant strain, the expression of CD80 was lower as compared with the DCs stimulated with the VT1169 wild-type strain; however, these differences were not statistically significant (Figures 5D, G). The stimulation of DCs with the rmlC/rmlC+ or waaL/waaL+ complemented strains significantly increased the expression of CD80, reaching similar levels to those detected in VT1169 wild-type strain-challenged DCs (Figure 5D). Although macrophages increased the surface expression of CD40 and CD80 after E. coli-derived LPS or A. actinomycetemcomitans strains exposure, no significant differences on CD40 and CD80 expression were found among the different bacteria-stimulated conditions (Figure 5E). Importantly, no significant differences in cell viability were detected in splenocytes challenged with the aforementioned strains (Supplementary Figure S6).



The O-PS-Defective A. actinomycetemcomitans Serotype b Mutant Strain Induces Less Expression of Tnfa and Il1b in Splenocytes Than the Wild-Type Strain

Besides, the expression levels of the NF-κB target genes Tnfa and Il1b, as well as Il17 and Il23, were measured in total splenocytes stimulated with the aforementioned A. actinomycetemcomitans strains after 8 h, showing that the absence of the O-PS domain impaired the transcript levels of those proinflammatory cytokines (Figure 5H). In particular, when splenocytes were exposed to the rmlC mutant strain, the expression levels of Tnfa, Il1b, and Il17 were lower to those detected on the VT1169 wild-type strain-challenged splenocytes; however, the compared levels of Il17 showed no statistically significant differences (Figure 5I). When the splenocytes were challenged with the rmlC/rmlC+ complemented strain, the expression levels of Tnfa, Il1b, and Il17 augmented, reaching similar levels to those detected in splenocytes challenged with the VT1169 wild-type strain (Figure 5I). Collectively, these results demonstrate that the A. actinomycetemcomitans serotype b O-PS domain is key to trigger the gene expression of the proinflammatory cytokines Tnfa and Il1b on immune cells, and it is highly involved in the upregulation of the surface co-stimulatory molecules CD40 and CD80 on B lymphocytes and DCs.




Discussion

A. actinomycetemcomitans strains belonging to the serotype b show higher in vitro and in vivo immunogenicity and are more frequently isolated from the periodontal lesions of periodontitis-affected patients when compared with the other serotypes. Within this serotype b cluster, most studies have focused on the pathogenic mechanisms associated with the leukotoxin, while the virulence and immunogenic potential of the conserved O-PS component of its LPS have been largely understudied. In the current study, we investigated the virulence and immunogenicity of a transposon-derived A. actinomycetemcomitans serotype b mutant strain, characterized by the deletion of the rmlC gene and the impaired expression of its O-PS. This O-PS-defective A. actinomycetemcomitans strain provoked lower alveolar bone resorption, decreased infiltration of Th1, Th17, and Th22 lymphocytes, and downregulated expression of Ahr, Il1b, Il17, Il23, Tlr4, and RANKL (Tnfsf11) in experimental periodontal lesions, as compared with the wild-type strain. These variations were focalized in the periodontal tissues, without significant disturbance in the T helper subsets within the cervical lymph nodes. During the characterization of the gingival immune compartment, we also determined that the most frequent periodontal APCs were B lymphocytes and DCs. In these cells, O-PS-defective A. actinomycetemcomitans strain challenge triggered a lower expression of the co-stimulatory molecules CD40 and CD80, as well as lower expression of Tnfa and Il1b, as compared with the wild-type strain, suggesting that the lack of this bacterial moiety could affect their capacity to prime T lymphocytes towards the pro-osteolytic phenotypes.

Consistent with previous reports (18, 32, 38, 39), our results demonstrated that the oral inoculation of the serotype b VT1169 wild-type strain was capable of inducing bone loss. Conversely, when the periodontal lesions were induced with the rmlC mutant strain lacking the O-PS moiety, the mice developed less severe alveolar bone loss. Based on this observation, we propose that the O-PS domain exerts a critical role in the virulence of the serotype b cluster. This may be due to changes in the periodontal immune cell network mediating the activation of tooth-supporting bone resorption in response to structural variations in bacterial LPS, as it was previously reported with the purified LPS of A. actinomycetemcomitans serotype b (40–42).

The immunodominant epitope of the LPS from the A. actinomycetemcomitans serotype b resides in its O-PS domain (33, 34). We have previously reported that serotype b induces higher alveolar bone resorption than the other serotypes, and this increased bone loss was associated with the Th1 and Th17-lymphocyte activity in periodontal lesions (18). Besides, the serotype b has demonstrated increased immunogenicity in vitro, as it exerts a key role in phagocytosis resistance by human neutrophils (43), promotes the formation of osteoclast-like cells from bone marrow cells (44), induces the release of monocyte and T lymphocyte chemotactic factors, such as CCL2 and IL-8, and the secretion of IL-1 in challenged murine macrophages (45), triggers the expression of proinflammatory cytokines in stimulated monocytes (46) and dendritic cells (21), and induces the production of RANKL in T lymphocytes (47). All of these capacities of A. actinomycetemcomitans serotype b have been attributed to the O-PS structure of its LPS. In the present study, when periodontal lesions were induced with A. actinomycetemcomitans lacking the O-PS domain, we observed a significant reduction in the transcript levels of the cytokines IL-1β, IL-17, and IL-23, the Th22-associated transcription factor AhR, and the osteoclastogenic mediator RANKL. In line with the data obtained from the in vivo experiments, splenocytes challenged with the rmlC mutant strain expressed significantly less transcript levels of TNFα and IL1β, ratifying the importance of the O-PS fraction in A. actinomycetemcomitans immunogenicity.

The decreased transcript levels of IL-1β induced by the rmlC mutant could be involved in its diminished virulence, as previous works have shown that IL-1β inhibition reduced bone loss in experimental periodontitis (48, 49). Nonetheless, alveolar bone resorption during periodontitis is mainly mediated by the Th17-type of immune response, which is central in the periodontal osteo-immune network crosstalk (50). In infected mice, the absence of O-PS also diminished the expression levels of the Th17-related cytokines IL-23 and IL-17. IL-23 is directly involved in the Th17 osteolytic phenotype maintenance and Th22 lymphocyte differentiation and could be secreted by APCs, contributing to the polarization of naïve T cells and the perpetuity of lymphocytic pathogenic activity. Further, IL-17, the signature Th17-type cytokine, is precisely involved in immune-mediated alveolar bone resorption by directly promoting osteoclastogenesis and inducing RANKL expression on periodontal osteoblasts and fibroblasts (51). In this context, we also found that the inoculation of the rmlC mutant strain ameliorated the expression of RANKL in periodontal lesions. Potentially, this perturbation in the cytokine milieu could be due to changes in a plethora of cells that have the ability to recognize the O-PS, including immune and tissue-resident cells. However, it is well known that the key players in the response against immunostimulatory oral pathogens mostly belong to the immune cell compartment. Herein, based on the significant perturbations observed in the periodontal Th1, Th17, and Th22-associated proinflammatory and pro-osteolytic cytokine milieu in the periodontal tissues, we can conclude that the O-PS from the A. actinomycetemcomitans serotype b is key in the occurrence of inflammatory events that lead to alveolar bone destruction. Whether these perturbations are mainly mediated by immune cells is a matter of future research.

To dissect the influence of the O-PS in the gingival immune cell compartment, we analyzed the changes in the frequency and absolute number of T helper subsets in the periodontal tissues, focusing on the Th1 and Th17 proinflammatory and osteoclastogenic subsets. Our previous works have revealed that A. actinomycetemcomitans serotype b induces greater infiltration of Th1 and Th17 cells within experimental periodontal lesions, as compared with serotypes a or c (18). Besides, the serotype b-induced alveolar bone loss was also associated with increased infiltration of IL22+AhR+ Th22 lymphocytes within periodontal lesions (32). Indeed, IL-22 levels correlated with RANKL expression in periodontal lesions, suggesting a role of Th22 lymphocytes in the RANKL-mediated bone loss (32). In the present study, we found that the lack of O-PS in the rmlC serotype b mutant strain caused less infiltration of Th1, Th17, and Th22 lymphocytes in periodontal lesions as compared with the wild-type strain. In this context, Th1 lymphocytes are the main producers of the proinflammatory cytokines IL-1β, IL-12, IFN-γ, and TNF-α, with a transcriptional program controlled by the transcription factor T-bet. In fact, A. actinomycetemcomitans-induced periodontitis in IFN-γ-knockout mice resulted in decreased alveolar bone resorption accompanied by an impaired host defense against microbial dissemination followed by mice death, showing the key role of the Th1-related type-I IFN signaling in the local immune-mediated pathological bone loss and host protective response against A. actinomycetemcomitans (52). Thus, the diminished bone loss observed in our experimental approach could be in part due to impaired Th1 differentiation and/or infiltration into periodontal lesions. Accordingly, the ablation of CCL3/CCR1/CCR5 Th1-associated chemotactic axis in mice challenged with A. actinomycetemcomitans protected them from alveolar bone loss due to decreased Th1 lymphocyte infiltration (53). Even so, Th17 lymphocytes are considered the main bridge between immune response and bone metabolism due to their ability to directly express RANKL and induce RANKL expression in periodontal fibroblasts through IL-17 production (51). In turn, Th22 lymphocytes have also been described as an osteoclastogenic T helper subset (54). Similar to IL-17, IL-22 can directly promote osteoclast differentiation (54) and induce RANKL expression in periodontal ligament fibroblasts (55). Our results showed that components of the periodontal immune cell compartment are able to detect changes in the structure of O-PS from the A. actinomycetemcomitans LPS, which resulted in the modification of the local immune response mediated by the Th1, Th17, and Th22 lymphocytes. We cannot totally discard that other immune players could exert a role in mediating alveolar bone loss in response to variations in the presence of O-PS, including other T lymphocyte subsets such as Th2, T regulatory, or γδ-T cells, among others. Despite the fact that, to date, the knowledge of the oral immune landscape is still limited, most of the studies point to the protagonism of these three T helper subsets, particularly to the Th1 and Th17 lymphocytes, during the immuno-mediated alveolar bone resorption. In this regard, future studies are needed to dissect in deep all the mechanisms and immune cells participating in the variability of bone loss observed when the O-PS moiety of A. actinomycetemcomitans was absent.

Interestingly, the variation pattern observed at the periodontal level was not mirrored at the cervical lymph nodes, as could be expected. Whether these differences are an effect of variations in the leukocyte trafficking, tissular disturbances in chemotactic signals, or due to local changes in the orchestration of T helper cell differentiation at tertiary lymphoid structures is something that, unfortunately, was not addressed in this study and it needs to be further investigated. Overall, together with the fact that the rmlC mutant strain causes a reduced proinflammatory and osteoclastogenic cytokine network in the periodontal lesions, our data suggest that the lack of O-PS domain may interfere with the local mechanisms of inflammation and alveolar bone resorption mediated by Th1, Th17, and Th22 lymphocytes. These results, however, should be interpreted with caution, as the approach used here to detect T helper subsets was based only on their master transcription factors. It is known that Foxp3+ regulatory T cells could co-express RORγt and maintain or even enhance their suppressive capacity (56). Based on that, we cannot rule out the possibility that RORγt+ T cells are also displaying regulatory functions in our system. To solve this, future studies dissecting the heterogeneity and functional plasticity of the analyzed T helper subsets in our model of experimental periodontitis are needed.

The activation of the adaptive immunity depends on co-stimulatory surface molecules expressed by APCs that regulate the magnitude and quality of the T helper cell response, including CD40, CD80, and CD86. Indeed, the aforementioned Th1, Th17, and Th22 lymphocytes require these signals to orchestrate an appropriate adaptive immune response. The recognition of peptide/MHC II complexes on DCs by CD4+ T lymphocytes upregulates the CD40 ligand (CD40L), and the CD40/CD40L interactions, in turn, ‘license’ DCs for T-cell priming by overexpressing CD80 and CD86 (57). We found that the absence of O-PS affected the surface expression of the co-stimulatory molecules CD40 and CD80 in B lymphocytes and DCs, thus potentially disturbing the priming capacity of these APCs. This could explain, at least in part, the variation in frequency and number of the different T helper subsets that we detected in the periodontal tissues. Additionally, our results revealed that DCs exert higher surface expression of CD40 and CD80, as compared with B lymphocytes, emphasizing their role as professional APCs. Similar results were found when human DCs were exposed to mutant variants of Neisseria meningitidis LPS lacking O-PS, which exhibited a decreased surface expression of CD80 and CD86 (58). Otherwise, DCs that lack CD40 and CD80 have enhanced ability to induce T regulatory cells, while weakly direct other T helper cell subsets differentiation (59). Furthermore, the higher expression of CD40 on licensed DCs may favor the Th1 differentiation (60). Based on our results, we could establish that APCs, and particularly DCs and B lymphocytes, may be able to sense the presence of O-PS in the A. actinomycetemcomitans LPS structure, affecting their priming capacity and the quality of the T-cell mediated immune response. Further studies are needed with a focus on the pattern recognition receptor (PRR) signaling to determine the pathways involved in the recognition of O-PS by periodontal APCs. In this context, the immune response against P. gingivalis LPS is unusual due to its unique and heterogenous lipid A structure, being considered an agonist for TLR-2 as well as an agonist or antagonist for TLR-4 (61, 62). In fact, P. gingivalis LPS or its purified lipid A moiety were able to activate TLR4-deficient macrophages obtained from C3H/HeJ mice, demonstrating their signaling via TLR-2 (63, 64). However, the lipid A moiety is highly conserved in A. actinomycetemcomitans and taxonomically close species, such as Aggregatibacter aphrophilus (65, 66), highlighting the potential role of the O-PS in the variability of A. actinomycetemcomitans immunogenicity. Thus, the understanding of the variability in the A. actinomycetemcomitans O-PS/PRR signaling could provide evidence to further elucidate potential mechanisms underlying our findings.

The rmlC gene has also been involved in the mediation of leukotoxin secretion via the TolC-dependent type I secretion system (T1SS) (27), and in the collagen adhesion, through glycosylation of the extracellular matrix protein adhesin A (EmaA) (26). Hence, we cannot rule out that our results are, at least in part, also associated with changes in these virulence mechanisms potentially affected by the deletion of the rmlC gene in A. actinomycetemcomitans. However, the leukotoxin is an exotoxin associated with immune evasion through the induction of lymphocytes apoptosis (67); thus, increased T-cell survival and consequently, enhanced local T-cell mediated immune response would be expected with a reduction in the leukotoxin production, instead of the immune response ablation observed in our findings. Besides, no differences were found in periodontal T helper cell survival when challenged with the wild-type, mutant, and complemented strains of A. actinomycetemcomitans (Supplementary Figure S3). Since leukotoxin is a primate-specific exotoxin (23) and we used a murine model of periodontitis and mouse-derived splenocytes, we could speculate that the effects on leukotoxin secretion related to the rmlC gene must be exiguous in the immune perturbations observed in our experimental approaches. On the other hand, since the periodontal lesions were induced by direct bacterial microinjections into periodontal tissues, avoiding interactions with commensal microbiota and gingival keratinocytes, the role of adhesins needed for bacterial colonization should not be playing a major role in the observed periodontal immune changes.

In the current study, A. actinomycetemcomitans strains belonging to the serotype b were used in all experiments due to their higher immunogenic potential as compared with the other serotypes. Indeed, A. actinomycetemcomitans strains belonging to the serotype b have demonstrated a higher capacity to trigger Ifng, Tnfa, Il1b, Il6, Il12, and Il23 expression in human monocyte-derived DCs as compared with A. actinomycetemcomitans strains belonging to the other serotypes (21). Besides, different in vitro and in vivo studies have ratified the higher immunogenicity and virulence of serotype b ATCC 43718 strain as compared with serotypes a or c (18–21, 29, 47). Interestingly, the A. actinomycetemcomitans strains ATCC 29522, ATCC 43718, and ATCC 29524, all of them belonging to serotype b, induced similar overexpression of Ifng, Tnfa, Il1b, Il6, Il12, and Il23, demonstrating that the higher immunogenic potential attributed to the serotype b is conserved (21). Even so, considering the genetic diversity of A. actinomycetemcomitans, more studies are needed to ratify the role of the O-PS from A. actinomycetemcomitans serotype b, for example, by using different strains belonging to this serotype. Overall, our findings contribute to a better understanding of a virulence factor that could be involved in the higher immunogenicity and virulence of A. actinomycetemcomitans serotype b strains. Accordingly, previous in vitro data already suggested higher immunogenicity of serotype b O-PS as compared with serotypes a or c O-PS. Indeed, murine macrophages challenged with O-PS purified from serotype b produced higher levels of IL-1 than the same cells challenged with O-PS purified serotypes a or c strains (45). Despite this, to gain a deep understanding of how the O-PS from serotypes a, b, and c contribute to the distinct immunogenicity and virulence of A. actinomycetemcomitans, future studies addressing their effects in vivo are needed, ideally using clinical isolates.

From a translational view, our findings contribute to a better understanding of the virulence factors involved in the immunostimulatory and pathogenic potential of A. actinomycetemcomitans. In particular, herein, we demonstrated the role of A. actinomycetemcomitans O-PS in the triggering of critical pathological mechanisms involved in the clinical presentation of periodontitis. Several epidemiological studies have clearly reported the direct association between A. actinomycetemcomitans strains belonging to the serotype b and severe forms of periodontitis (2, 15–17). Thus, the gained insights on the virulence mechanisms of this group of strains could help to increase the accuracy of diagnosis, treatment, and prognosis of periodontitis. Similarly, the better comprehension of the pathogenic mechanisms of A. actinomycetemcomitans involved in the pathogenesis of other systemic conditions, including rheumatoid arthritis (68) and atherosclerosis (69), could contribute to understanding how oral conditions could affect the systemic health, particularly due to the systemic dissemination of oral bacteria, such as A. actinomycetemcomitans. In this regard, special emphasis should be put on the development of precise microbiological diagnostic tools that could allow identifying the presence of highly virulent A. actinomycetemcomitans strains, thus better-determining risk profiles and personalized treatments of oral and oral-related systemic diseases.

Recent epidemiological studies have revealed that the prevalence of periodontitis is higher in males than females; thus, potential sex-related periodontitis susceptibility needs to be considered (70). Indeed, some evidence points to sex dimorphism related to sex steroids effects on the host’s immune responses and the control of subgingival microbiota, being estrogen associated with a decreased susceptibility to periodontitis (71, 72). However, mice models of periodontitis have revealed an opposite trend, with higher susceptibility to alveolar bone loss and periodontal inflammation in female mice as compared with male mice (73). In the present study, only female mice were used, due to the higher increased periodontitis susceptibility could allow detecting small differences between the mice periodontal status. Nonetheless, more studies are needed to elucidate the potential role of sex-specific determinants on the capacity of A. actinomycetemcomitans O-PS to induce periodontitis.

To our knowledge, this is the first study reporting the role of O-Polysaccharide in the immunogenicity and virulence of A. actinomycetemcomitans serotype b in an in vivo model of periodontitis. Our results confirm that this bacterial moiety affects the maturation of APCs, the Th1, Th17, and Th22-pattern of the periodontal immune response, and the alveolar bone resorption during experimental periodontitis, playing a significant role in the virulence and immunogenicity of this highly virulent periodontal bacteria.
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Background

Among different types of sphingolipids produced by human cells, the possible engagement of ceramide species in the pathogenesis of Alzheimer’s disease (AD) has attracted recent attention. While ceramides are primarily generated by de novo synthesis in mammalian cells, only a limited number of bacterial species, produce ceramides, including phosphoglycerol dihydroceramide (PGDHC) that is produced by the key periodontal pathogen Porphyromonas gingivalis. Emerging evidence indicates that virulence factors produced by P. gingivalis, such as lipopolysaccharide and gingipain, may be engaged in the initiation and/or progression of AD. However, the potential role of PGDHC in the pathogenesis of AD remains unknown. Therefore, the aim of this study was to evaluate the influence of PGDHC on hallmark findings in AD.



Material and Methods

CHO-7WD10 and SH-SY-5Y cells were exposed to PGDHC and lipopolysaccharide (LPS) isolated from P. gingivalis. Soluble Aβ42 peptide, amyloid precursor protein (APP), phosphorylated tau and senescence-associated secretory phenotype (SASP) factors were quantified using ELISA and Western blot assays. 



Results

Our results indicate that P. gingivalis (Pg)-derived PGDHC, but not Pg-LPS, upregulated secretion of soluble Aβ42 peptide and expression of APP in CHO-7WD10 cells. Furthermore, hyperphosphorylation of tau protein was observed in SH-SY-5Y cells in response to PGDHC lipid. In contrast, Pg-LPS had little, or no significant effect on the tau phosphorylation induced in SH-SY-5Y cells. However, both PGDHC and Pg-LPS contributed to the senescence of SH-SY5Y cells as indicated by the production of senescence-associated secretory phenotype (SASP) markers, including beta-galactosidase, cathepsin B (CtsB), and pro-inflammatory cytokines TNF-α, and IL-6. Additionally, PGDHC diminished expression of the senescence-protection marker sirtuin-1 in SH-SY-5Y cells.



Conclusions

Altogether, our results indicate that P. gingivalis-derived PGDHC ceramide promotes amyloidogenesis and hyperphosphorylation, as well as the production of SASP factors. Thus, PGDHC may represent a novel class of bacterial-derived virulence factors for AD associated with periodontitis.
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Introduction

Alzheimer’s disease (AD) is a multifactorial, highly heterogeneous, and complex neurodegenerative disorder that affects memory and cognitive functions leading to total dependence on nursing care at an advanced stage. Approximately 35.6 million patients are affected by AD worldwide and about 4.6 million new cases are added each year, causing enormous societal and economic burden (1, 2). It is commonly accepted that elevated amounts of aggregated Aβ peptides and hyperphosphorylated tau protein lead to deposition of extracellular amyloid plaques and intracellular neurofibrillary tangles in the brain of AD patients, making them hallmark features of AD neuropathology (3). The growing evidence suggests that age is the most prevalent risk factor for AD (4, 5). Although the age-associated gut bacterial dysbiosis is significantly correlated with the pathogenesis of AD (6), there is limited knowledge about the impact of oral bacteria on aging-associated AD.

The oral Gram-negative anaerobe, Porphyromonas gingivalis, is considered to be a keystone pathogen in chronic periodontitis (7–10). It is also well-documented that P. gingivalis is a contributory factor for various systemic diseases associated with aging, including type-II diabetes, and cardiovascular diseases (11). Furthermore, presence of P. gingivalis in AD brains (12, 13), as well as detection of elevated levels of IgG against P. gingivalis in periodontitis patients with AD, implicates a potential contributory role of this periodontal bacteria in the pathogenesis of AD (14).

P. gingivalis produces a wide variety of virulence factors of lipid origin, including lipopolysaccharide (LPS) and novel sphingolipids termed phosphoglycerol dihydroceramide (PGDHC) and phosphoethanolamine dihydroceramide (PEDHC) (15). Although ligation of Pg-LPS and PEDHC with Toll-Like Receptor (TLR) 2 and TLR4 elicits a strong inflammatory signaling induced in young mice, various published studies indicated that TLR function may be impaired in the context of aging (16–18). Furthermore, it was also recently demonstrated that P.g-LPS had little, or no, effect on the promotion of periodontitis inflammation induced in aged mice (19). We, however, reported that PGDHC ceramide promotes inflammation in a manner independent of TLRs (20), indicating that PGDHC may also represent a novel virulence risk factor that contributes to various age-related disorders, including periodontitis and AD.

Emerging evidence has indicated that among different sphingolipids, the levels of mammalian ceramide species were significantly elevated in brains of patients with more than one neuropathologic abnormality compared to the age-matched neurologically normal group of people (21). Although bacterial dihydroceramides, including those derived by P. gingivalis, share basic structural characteristics with mammalian ceramides, sphingolipid production by bacteria was thought to be a rare occurrence because only a limited number of gut and oral bacterial species can synthesize ceramides de novo (22–24). Nonetheless, because no studies have yet examined the role of ceramides produced by oral bacterial in the pathogenesis of AD, it remains unclear whether P. gingivalis-derived PGDHC contributes to the onset or progression of AD. Therefore, this study aimed to evaluate the potential involvement of PGDHC in the amyloidogenic processing of amyloid precursor protein (APP), hyperphosphorylation of tau, and cellular senescence, as key features of AD pathogenesis.



Material and Methods


Cell Cultures

Chinese hamster ovary-7WD10 (CHO-7WD10) cells stably expressing human wild-type amyloid precursor protein 751 (APP751WT) were cultured in DMEM media (Corning) supplemented with 10% fetal bovine serum (FBS), 1% penicillin/streptomycin, and 2mM L-glutamine. SH-SY5Y human neuroblastoma cells were cultured in 1:1 mixture of DMEM: F12 media with the same supplements as that of CHO-7WD10 cells.



PGDHC and LPS From Porphyromonas gingivalis

PGDHC was isolated from Porphyromonas gingivalis (ATTC strain #33277) as previously described (20). For biological experiments, PGDHC was sonicated (2 min, 3 W) in phosphate-buffered saline (PBS) to achieve a concentration of 100 μg/ml. Ultrapure Pg-LPS was purchased from InvivoGen and prepared according to the manufacturer’s recommendation.



Cytotoxicity Assays

CHO-7WD10 and SH-SY-5Y cells were seeded in a 96‐well plate at a density of 1 × 104 cells/well and exposed to several concentrations of Pg-LPS and PGDHC (0, 1, 5, 8, 10 µg/ml). After 24 h of incubation, WST-1 metabolic activity assay (Sigma Aldrich) was employed according to the manufacturer’s instructions.



Quantification of Soluble Aβ42

CHO-7WD10 cells were seeded in a 6‐well plate at a density of 1 × 106 cells/well and cultured in the presence or absence of Pg-LPS or PGDHC for 48 h. Culture supernatants were collected and the amount of soluble Aβ42 was quantified using a commercial sandwich ELISA kit from Thermofisher.



Quantification of β-Galactosidase Activity in SH-SY-5Y Cells

β-galactosidase activity was evaluated using a commercial senescence β-galactosidase staining kit (Cell Signalling Technology) according to the manufacturer’s recommendation. Staining-patterns of cells in the culture well were acquired by a 20x objective lens using an EVOS cell imaging system under bright-ﬁeld illumination.



Western Blot Analysis

CHO-7WD10 and SH-SY-5Y cells were seeded at 1 × 106 cells/well in a six-well plates and stimulated with various concentrations of PGDHC and Pg-LPS as listed for the cytotoxicity assay. After 48 h of stimulation, cells were lysed in the lysis buffer (Thermofisher) and protein concentration was measured using the BCA kit (Pierce). Next, proteins were separated using SDS/PAGE (Bolt 12% gel) electrophoresis, transferred onto a nitrocellulose (NC) membrane and blocked using iBlot2 (Thermofisher). The anti-mouse CT15 polyclonal antibody (1:500) (Calbiochem) was used for detection of full-length APP in CHO-7WD10.

To detect phosphorylated-Tau (p-Tau), sirtuin-1, and cathepsin B in SH-SY5Y cells, rabbit anti-p-Tau (Ser396), and -mouse AT1000 (Thr212/Ser214), - Sirt-1 and -cathepsin B polyclonal antibodies (1:1,000; Thermofisher) were used, respectively. The anti-human β-actin antibody (cat # 1:2,000; CST) was used to detect the levels of β-actin as a loading control. Finally, the membranes were washed with tris‐buffered saline (TBS) containing 0.05% Tween 20 and then processed using horseradish peroxidase (HRP)‐conjugated anti‐rabbit or anti‐mouse secondary antibodies (Amersham Pharmacia Biotech) followed by enhanced chemiluminescence detection (ThermoFisher). The signal intensity of Western blots was quantified using Image J.



Real-Time PCR Analysis of Gene Expression

RNA was isolated using the PureLink™ RNA Mini Kit (Ambion, Life Technologies, USA) according to manufacturer’s instructions. Altogether, 1 μg of RNA was reverse transcribed with the Verso cDNA Synthesis Kit (Thermo Scientific). Gene expression was quantified using PowerUp™ Sybr™ Green Master Mix (Applied Biosystems Diagnostics) in the AriaMx Real-time PCR System (Agilent). Data were analyzed by the ΔΔCt method normalized to β-actin as the internal reference gene. Primer sequences are available upon request.



Statistical Analysis

Significant differences in quantitative data were determined by one-way analysis of variance (ANOVA) followed by Tukey’s posthoc test using the paleontological statistics software (PAST) version 4.02 and p values ≤ 0.05 were considered significant. The data are displayed as means ± standard deviation (SD).




Results


PGDHC Enhances Secretion of Amyloid-Beta (Aβ) in CHO-7WD10 Cells

Since genetic, biochemical, and pathological evidence has strongly implicated that Aβ plays an early and crucial role in AD pathogenesis (25), we first tested whether PGDHC in comparison to Pg-LPS, exacerbate amyloidogenic processing of APP, using CHO cells stably expressing human APP751WT protein (CHO-7WD10) in vitro. When the concentrations of both Pg-LPS and PGDHC were greater than 5 µg/ml, our results showed that the viability of CHO-7WD10 cells was significantly reduced. Thus, CHO-7WD10 cells exposed to 8 and 10 µg/ml of PGDHC and Pg-LPS were excluded from the further examinations.

According to our results, exposure of CHO-7WD10 cells to PGDHC, but not to Pg-LPS, significantly elevated the release of Aβ42 peptide in a dose-dependent manner (Figures 1A, B). Next, to detect the level of APP using a Western blot assay, lysates were prepared from the same cells that were used for Aβ42 quantitation after treatment with different concentrations of Pg-LPS and PGDHC. Pg-LPS had no or little effects on the APP levels in CHO-7WD10 cells (Figures 2A, B). By contrast, PGDHC significantly elevated the levels of APP in CHO-7WD10 cells when compared to the control, non-treated cells (Figures 2C, D). These observations suggested that PGDHC, but not Pg-LPS, enhances secretion of Aβ from CHO-7WD10 cells in vitro.




Figure 1 | Porphyromonas gingivalis-derived phosphoglycerol dihydroceramide (PGDHC) promotes Aβ-42 secretion from Chinese hamster ovary (CHO) cells stably expressing human wild-type amyloid precursor protein 751 protein (CHO-7WD10). CHO-7WD10 cells were exposed to different concentrations of Pg-LPS (A) or PGDHC (B) for 48 h. Then, the conditioned media were collected and analyzed by ELISA. N = 4 samples/condition. **p < 0.01, ***p < 0.001.






Figure 2 | Phosphoglycerol dihydroceramide (PGDHC) amplifies the level of amyloid precursor protein (APP) in lysates of CHO-7WD10 cells. CHO-7WD10 cells were stimulated with various concentrations of Pg-LPS (A, B) or PGDHC (C, D) for 48 h and lysates were then prepared and analyzed by Western blot. The signal quantification was carried out using Image J. ANOVA with Tukey’s post-hoc test was used to evaluate the statistical significance. N = 4 samples/condition. **p < 0.01, ***p < 0.001.





PGDHC Induces the Site-Specific Phosphorylation of Tau (p-Tau) in SH-SY-5Y Cells

Because published evidence demonstrated that the hyperphosphorylation of Tau protein was significantly upregulated in the hippocampi of AD patients (26), we next wanted to assess the p-Tau status in SH-SY-5Y cells exposed to various concentrations of Pg-LPS and PGDHC using two antibodies that recognize hyperphosphorylated tau at Ser396 and Thr212/Ser214 sites by Western blot assay. We observed that p-Tau at Ser396 was significantly increased after treatment with PGDHC when compared to control cells (Figures 3A, B). Furthermore, PGDHC also significantly upregulated p-Tau at Thr212/Ser214 in a dose-dependent manner compared to the control cells (Figures 3C, D). However, Pg-LPS did not induce p-Tau at either Ser396 or Thr212/Ser214 loci in SH-SY-5Y cells (Figures 3A–D). These results indicate that PGDHC may play an important role in the hyperphosphorylation of Tau protein, in addition to enhancing the secretion of Aβ.




Figure 3 | The effects of phosphoglycerol dihydroceramide (PGDHC) and lipopolysaccharide (LPS) isolated from Porphyromonas gingivalis on hyperphosphorylation of tau protein in SH-SY-5Y cells in vitro. Representative images and quantification of tau phosphorylation at Ser396 (A, B) and Thr212/Ser214 (C, D) loci in SH-SY-5Y cells after exposure to P. gingivalis-LPS (Pg-LPS) and PGDHC for 48 h. Cell lysates were prepared and analyzed by Western blot. Western blot signal quantification was done using Image J. ANOVA with Tukey’s post-hoc test was used to evaluate the statistical significance. n=4 samples/condition. ***p < 0.001.





PGDHC Promotes the Development of Senescence-Associated Secretory Phenotype in SH-SY-5Y Cells

Since the cellular senescence of neurons is tightly connected with AD pathogenesis as well as other neurodegenerative diseases (27, 28), we next examined whether PGDHC or Pg-LPS elevated expression of some senescence-associated secretory phenotype (SASP) factors, including β-galactosidase, cathepsin B (CtsB) cysteine, and TNF-α and IL-6 pro-inflammatory cytokines in SH-SY5Y cells in vitro. We observed that exposure of SH-SY-5Y cells to Pg-LPS and PGDHC, both significantly elevated activity of senescence-associated β-galactosidase (Figures 4A, B) and CtsB (Figures 4B, C) compared with control cells. Further, expression patterns of pro-inflammatory TNF-α and IL-6 mRNAs were also significantly elevated in response to Pg-LPS and PGDHC (Figures 4D, E). On the other hand, expression of a senescence protection marker, sirtuin-1 (Sirt-1) was significantly diminished in SH-SY-5Y cells in response to P. gingivalis-derived PGDHC and Pg-LPS (Figures 5A, B). Therefore, these results indicate that persistent exposure of neurons to either PGDHC or Pg-LPS may induce phenotypes reminiscent of cellular senescence.




Figure 4 | Quantification of senescence-associated secretory phenotype (SASP) factors on P. gingivalis-LPS (Pg-LPS) and phosphoglycerol dihydroceramide (PGDHC)-stimulated SH-SY-5Y cells in vitro. Representative images (A) and quantification (B) of β‐galactosidase activity. The number of blue β‐galactosidase positive senescent cells was quantified microscopically. Scale bar is 50 µm. Representative signals (C) and quantification (D) of cathepsin B. Expression patterns of TNF-a (E) and IL-6 (F) mRNAs in SH-SY-5Y cells exposed to Pg-LPS and PGDHC. ANOVA with Tukey’s post-hoc test was used to evaluate the statistical significance. N = 4 samples/condition. *p < 0.05, **p < 0.01, ***p < 0.001.






Figure 5 | Porphyromonas gingivalis-derived phosphoglycerol dihydroceramide (PGDHC) abrogates expression of the senesce-protection sirtuin-1 (Sirt-1) in SH-SY-5Y cells in vitro. SH-SY-5Y cells were exposed either to Pg-LPS or PGDHC for 48 h and then the levels of Sirt-1 were evaluated by Western blot (A, B). ANOVA with Tukey’s posthoc test was used to evaluate the statistical significance. N = 4 samples/condition. *p < 0.05, ***p < 0.001.






Discussion

In this study, we aimed to examine the potential impact of phosphoglycerol dihydroceramide (PGDHC) isolated from the periodontal pathogen Porphyromonas gingivalis on the key features of AD pathogenesis, including amyloidogenesis, phosphorylation of tau protein, and cellular senescence, using in vitro models of AD. To the best of our knowledge, this is the first study reporting that PGDHC significantly upregulates amyloidogenesis in CHO-7WD10 cells. Our results also indicate that PGDHC elevates tau phosphorylation and expression of senescence-associated phenotype (SASP) factors in SH-SY-5Y neuronal cells in vitro.

Accumulating lines of evidence support the conclusion that ceramide sphingolipids are important structural and bioactive signaling molecules in mammalian cells, with significant roles in the regulation of cell apoptosis, senescence, and autophagy, leading to the development of AD pathogenesis as well as other age-related neurodegenerative disorders (29, 30). On the other hand, it was reported that a limited number of human gut and oral bacteria belonging to Bacteroidetes phylum are also able to produce dihydroceramides that upregulate intracellular host ceramide levels (23, 31). Further, bacterial-derived sphingolipids have been shown to signal via inflammation-related pathways in colon and gingival tissues (23, 24, 32). Important to this study, the gut Bacteroidetes species were detected at higher levels in AD patients compared to healthy controls (33). However, the role of dihydroceramides produced by oral Bacteroides spp. bacteria in the pathogenesis of AD has not been evaluated.

To date, unique dihydroceramides with non-mammalian structure, termed PGDHC and PEDHC, have been detected in three oral Gram-negative bacterial species associated with chronic periodontal disease, including Porphyromonas gingivalis, Tannerella forsythia, and Prevotella intermedia (24). These periodontal pathogens also produce several virulence factors, including LPS, gingipain, and lipids, which promote tissue inflammation, loss of connective tissue attachment, and bone loss (34, 35). It is important to mention that a recently published observation suggested that P. gingivalis-derived dihydroceramides are critical to the long-term persistence and presentation of other virulence factors, such as gingipains and polysaccharides (36).

Among periodontal bacteria species, P. gingivalis and its virulence factors were identified as significant risk factors for developing AD hallmarks (15, 37, 38). Increasing genetic, biochemical, and pathological evidence strongly implies that both amyloidogenesis and tauopathy play a crucial pathological role in brains of AD patients (25). It is commonly accepted that amyloidogenesis is associated with the production of Aβ peptides from its precursor protein APP by the consecutive actions of β- and γ-secretases, while tauopathy shows hyper-phosphorylation of tau protein in the brain of AD patients (39). A previous study reported that enhanced levels of intracellular mammalian ceramides directly affect the accumulation of Aβ peptides and p-Tau in vitro as well as in vivo (30). Here, we demonstrated that P. gingivalis-derived PGDHC increased the expression of APP protein and production of soluble Aβ42 peptide in CHO7W10 cells (Figure 1) as well as hyperphosphorylation of tau protein in SH-5Y-SY cells in vitro (Figure 2), indicating a potential contribution of oral bacterial-derived dihydroceramides in amyloidogenesis and tauopathy. By contrast, we observed no or minimal effects of ultrapure Pg-LPS on the release of soluble Aβ, and tau phosphorylation. These data contradict with earlier reports indicating that Pg-LPS promoted accumulation of Aβ and p-Tau in vitro as well as in the brains of young and mid-age APP-transgenic mice and their wild type (37, 40–42).

Besides the role of Aβ and p-Tau in the AD pathogenesis, a relationship between cellular senescence and AD may represent an additional hallmark in the context of aging (27, 43). More specifically, several groups have highlighted the potential beneficial effects of eliminating senescent cells on the AD-associated neurodegeneration (44–46). It was also demonstrated that elevated activities of lysosomal β-galactosidase and neurodegenerative cathepsin B (CtsB) as well as secretion of various pro-inflammatory cytokines, including tumor necrosis factor-α (TNF-α), interleukin-6 (IL-6), collectively termed as senescence-associated secretory phenotype (SASP) factors, directly correlate with cellular senescence and aging (47). Findings from our study also confirmed that both PGDHC and Pg-LPS exacerbate the activity of senescence-associated β-galactosidase as well as the levels of CtsB protein in SH-SY-5Y cells in vitro (Figure 4). In addition, we also demonstrated that PGDHC and Pg-LPS upregulated the expression of pro-inflammatory TNF-α and IL-6, suggesting the possible impact of P. gingivalis-derived virulence factors on the promotion of neuronal senescence (Figure 4). These data agree with earlier published observations indicating that LPS isolated from P. gingvalis induces premature cellular senescence (48) as well as promotes development of AD-like phenotypes in mice via a CtsB-dependent manner (42). Also, the pathological role of mammalian ceramides in the promotion of cellular senescence and aging has been well documented (49).

While earlier studies reported that elevated production of SASPs contributes to the AD pathology, it was suggested that the age-protection NAD+-dependent sirtuin enzymes display beneficial effects in aging-related disorders, including AD (50). A positive correlation between Sirt1 activity and reduction of Aβ plaques and tauopathies was established in various animal models of AD (51–54). Here, we also confirmed that PGDHC as well as Pg-LPS both diminished the amount of Sirt-1 protein in SH-SY-5Y cells (Figure 5), indicating that P. gingivalis may downregulate the expression of aging protection markers in the human brain. Since elevated expression of Sirt-1 reduces cellular senescence, the potential effect of sirtuin agonists to abrogate the negative effects of PGDHC in the pathology of AD warrants further examination.



Conclusion

Collectively, the findings from this study indicate that PGDHC sphingolipid, isolated from the periodontal pathogen P. gingivalis, upregulated secretion of soluble Aβ42 peptide and expression of APP in CHO-7WD10 cells. Moreover, elevated hyperphosphorylation of tau protein (p-Tau) was observed in human neuronal SH-SY-5Y cells in response to PGDHC. Furthermore, we found that PGDHC contributed to the cellular senescence of SH-SY-5Y cells via 1) production of SASP markers, including beta-galactosidase, cathepsin B (CtsB), and pro-inflammatory cytokines TNF-α and IL-6, and 2) downregulation of the senescence-protection marker sirtuin-1 (Sirt-1). Altogether, these data indicate that PGDHC may be a novel class of bacterial-derived virulence factor for AD, finding which lay the groundwork for future studies, evaluating the molecular mechanisms of AD pathology associated with periodontitis.
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The microbiome modulates inflammation at the fetal maternal interface on both term and preterm labor. Inflammophilic oral bacteria, such as Porphyromonas gingivalis, as well as urogenital microorganisms (UGM) could translocate to the placenta and activate immune mechanisms in decidual tissue that is associated with adverse pregnancy outcomes (APO). This study establishes the associations between the presence of microbes in the placenta and placental cytokine patterns in women who presented APO, e.g., low birth weight (LBW), preterm premature rupture of membranes (PPROM), preterm birth (PTB) and other clinical signs related to Chorioamnionitis (CA). A total of 40 pregnant women were included in the study and divided into five groups according to placental infection (PI) and APO, as follows: (1) women without PI and without APO (n = 17), (2) women with P. gingivalis-related PI and APO (n = 5), (3) women with P. gingivalis-related PI and without APO (n = 4), (4) women with PI related to UGM and APO (n = 5) and (5) women without PI with APO (n = 9). Obstetric, clinical periodontal status evaluation, and subgingival plaque sampling were performed at the time of delivery. Placental levels of interleukin IL-1β, IL-6, IL-10, IL-15, IL-17A, IL-17F, IL-21, IL-12p70, tumor necrosis factor-α (TNF-α), monocyte chemoattractant protein-1 α (MCP-1α), granzyme B, and interferon-γ (IFN-γ) were determined using a multiplex flow cytometry assay. All patients showed a predominant Th-1 cytokine profile related to labor, characterized by IFN-γ overexpression. The analysis by groups suggests that Th-1 profile was trending to maintain cytotoxic cell activity by the expression of IL-15 and granzyme B, except for the group with P. gingivalis-related PI and APO, which exhibited a reduction of IL-10 and IL-17F cytokines (p < 0.05) and a Th-1 profile favoring macrophage activation by MCP-1 production (p < 0.05). This study confirms a pro-inflammatory pattern associated with labor, characterized by a Th-1 profile and the activity of cytotoxic cells, which is enhanced by PI with UGM. However, PI associated with P. gingivalis suggests a switch where the Th-1 profile favors an inflammatory response mediated by MCP-1 and macrophage activity as a mechanistic explanation of its possible relationship with adverse outcomes in pregnancy.

Keywords: pregnancy outcome, cytokines, periodontitis, dysbiosis, Porphyromonas gingivalis, macrophage, inflammation, placenta


INTRODUCTION

Given the concept that the uterus is a sterile microenvironment, the description of the presence of a healthy microbiome, typical of the placenta, has been widely debated since 2014 by different studies, both in favor (Aagaard et al., 2014; Doyle et al., 2014; Parnell et al., 2017; Seferovic et al., 2019) and against the hypothesis (Leiby et al., 2018; Theis et al., 2019). In fact, those who mentioned the presence of a placental microbiome, characterized its composition as being very similar to the human oral microbiome, i.e., composed of non-pathogenic commensals, such as Firmicutes, Tenericutes, Proteobacteria, Bacteroidetes, and Fusobacteria phyla (Aagaard et al., 2014). However, the role of the microbiome in host response have been explained by the release of metabolic products in adverse pregnancy outcomes (APO), like preterm birth (PTB), low birth weight (LBW), and preterm premature rupture of membranes (PPROM; Parris et al., 2020). It has even been determined that bacterial DNA and short-chain fatty acids produced by commensals in utero have the potential to influence the development of the fetal immune system (Stinson et al., 2019), just as uterine quiescence during pregnancy is mediated by anti-inflammatory mechanisms (Mendelson, 2009).

Nowadays, there is a lack of consensus regarding the definition of the terms chorioamnionitis (CA) or intra-amniotic infection, and a of specific clinical signs and symptoms of intra-amniotic infection even if diagnosed with the gold standard of culture/PCR in amniotic fluid (Morgan, 2016). Nevertheless, statistical analyses of APO associated with intra-amniotic infection by certain microorganisms, have established that intra-amniotic infection may be, not only one of the main risk factors for PTB, but also a direct cause by the force, temporality and the gradient with which the DNA of microorganisms is associated with PTB (DiGiulio et al., 2008).

The abundance of certain species with clinical relevance differs between placentas after spontaneous PTB, non-spontaneous PTB, and term birth and supports the fact that a significant percentage of placentas prone to spontaneous PTB has a component of intrauterine infection (Leon et al., 2018). The frequencies of microorganisms in the intrauterine microenvironment are highly variable, which could be related to the type of samples taken, their processing and the techniques used to detect them or their DNA; these frequencies are also related to the gestation stage at which the APO is presented. The numbers can reach up to 60% in the early stages and fluctuate between 10–25% in the third quarter (DiGiulio et al., 2008; Combs et al., 2014; Morgan, 2016). Specifically, in the placenta, microorganisms can invade the amnion and chorion as well as the villous tree, which is frequently associated with APO including congenital infections (Theis et al., 2019).

The intrauterine microbiome can come from different sites and get there by different routes: it may arrive (1) ascending from the vagina through small channels in the cervical mucus; (2) by the hematogenous route; (3) by transmembrane filtration from the intestine to the peritoneal cavity with retrograde ascension via the fallopian tubes; (4) from the intestine or from the blood; or (5) from leukocytes and dendritic cells carrying bacteria and spreading them to other locations such as the uterus (Bardos et al., 2020). The hematogenous route can also be used by microorganisms of urinary and respiratory infections, and from the oral cavity (Cao et al., 2014; Prince et al., 2016).

Periodontitis is an inflammatory non-communicable disease that develops in susceptible subjects from the actions of dysbiotic microbial communities and pathobionts that exhibit synergistic virulence that potentiates the host response, while promoting their own survival by cross feeding from the products of inflammation related to tissue destruction. Periodontitis may eventually lead to tooth loss and systemic complications (Hajishengallis, 2014), including pregnancy complications (Hajishengallis, 2015).


P. gingivalis is considered a keystone pathogen in the pathogenesis of periodontitis. This type of pathogens supports and stabilizes microbiota associated with disease states and has the capacity to cause inflammation even if present in insignificant quantities (Hajishengallis et al., 2012). These bacteria are the most frequent microorganisms present during bacteremia in patients with periodontitis (Lafaurie et al., 2007; Horliana et al., 2014) and they are the most common microorganisms in the amniotic fluid and placental tissue (León et al., 2007; Hasegawa-Nakamura et al., 2011; Vanterpool et al., 2016). This translocation of microorganisms to blood or other tissues has also been described as dysbiosis, so the term atopobiosis has been coined to describe the translocation of microorganisms in order to avoid confusion. Thus, atopobiosis describes the appearance of bacteria at sites other than its usual location and is associated with multiple chronic, non-communicable, and inflammatory diseases (Potgieter et al., 2015).

Whether commensals participate or not in the onset of birth, there is always an inflammatory response that leads to delivery, which includes innate and acquired immune responses; in fact, inflammatory responses are part of pregnancy itself. During pregnancy estrogen and progesterone favor the humoral immune response; estrogens stimulate the production of antibodies and the activation of natural killer (NK) cells and macrophages and they decrease the production of proinflammatory cytokines such as interleukin (IL)-1β and tumor necrosis factor-α (TNF-α). Progesterone may inhibit lymphocyte activation and reduce Th-1 profile cytokines [IL-1β, IL-2, IL-12, IL-15, IL-18, interferon-γ (IFN)-γ, and TNF-α], so an increase in the levels of these hormones may be involved in maternal-fetal nonrejection (Piccinni et al., 2000). However, at the end of the third trimester, a pattern of Th-1-type cytokines predominates since an inflammatory environment is necessary for the onset of labor (Saito et al., 2010).

The presence of several cytokines in the amniotic fluid has been reported as an inflammatory marker to predict the risk of preterm delivery (Liu et al., 2017a). Th-1-type cytokines (IFN-γ, IL-12p70, IL-15, and IL-18) can be over-regulated by infection and proinflammatory cytokines such as TNF-α, IL-1β, IL-6, and IL-21 may participate in the adverse outcomes of pregnancy (Erlebacher, 2013). Another less studied mechanism is related to the abnormal regulation of NK cells by natural cytotoxicity receptors, which regulate NK cell cytotoxicity and cytokine production or the activation of decidual macrophages by MCP-1 and other profiles of cytokines such as the Th-17 profile, which have been implicated in APO such as PTB and PPROM (Fukui et al., 2009; Bardou et al., 2014; Liu et al., 2017b).

A complex interaction between infection and inflammation on both the systemic and intrauterine environments and various biological processes between pathogen and host seem to be crucially involved in the pregnancy outcomes. However, the mechanisms of the immune activation pathways and the triggers of the immune response at the molecular level, associated with induction of preterm labor are not clear. Causal infectious agents, the role of polymicrobial infections, critical sites of infection, as well as the participation of cells and activation pathways of the immune response have barely been identified (Cappelletti et al., 2016).


Chopra et al. (2020) based on the evidence, suggest the atopobiosis of P. gingivalis to the amniotic fluid and placenta of women with APO; however, the molecular mechanisms by which P. gingivalis relates to the occurrence of complications during pregnancy and in the newborn are not clear in the literature (Chopra et al., 2020). Some of the potential pathogenic mechanisms which might link P. gingivalis and APO include: (1) Direct invasion, translocation, and injury to the foetal-placental unit/interface and maternal tissues, (2) Persistence and survival within the foetal and maternal tissues and immune response evasion, (3) Increased production of proinflammatory cytokines and shift in maternal-foetal immune response from Th2 to Th1 with the onset of Th17/T regulatory cell imbalance, (4) Activation of the acute-phase response, (5) Onset of Polymicrobial dysbiosis and development of pathobiont species, (6) Increased oxidative stress in the foetal and maternal tissue, and (7) Increased foetal adrenal cortisone production and the onset of foetal stress (Chopra et al., 2020).

Based on the occurrence of APO and the presence or absence of placental infection (PI), this study seeks to establish a possible relationship between the presence of PI by P. gingivalis and urogenital microorganisms (UGM) and the pattern of cytokine expression in the placenta (IFN-γ, IL-12p70, IL-17A, IL-17F, IL-23, IL-21, IL-10, IL-15, granzyme B, MCP-1, TNF-α, IL-1β, and IL-6) which may be related to the occurrence of APOs (e.g., LBW, PPROM, and PTB) and other clinical signs related to CA.



MATERIALS AND METHODS

This study involved a group of subjects from a larger previously published case control study (Montenegro et al., 2019) whose objective was to stablish the association between oral and UGM in the placenta and PTB, PPROM, and clinical signs of intraamniotic infection. All participants agreed to participate in the study and signed an informed consent approved by the Institutional Ethics Committee of Universidad El Bosque, PCI-2014-18.


Study Population

A total of 224 pregnant women aged ≥18 years that were admitted for delivery at the Service of Gynecology and Obstetrics of Hospital Simon Bolivar in Bogotá, Colombia from August 2014 to August 2016 were initially enrolled in the case control study of oral and urogenital intra-amniotic infection in women with preterm delivery (Montenegro et al., 2019), in which women included should have been monitored in the hospital during their pregnancy and have a detailed record of prenatal care, especially records for the presence or absence of associated infection, vaginosis, and CA. The diagnosis of clinical CA was based on the Gibbs and Duff antepartum criteria and on the clinical criteria of the abnormal appearance of post-delivery membranes postpartum. All of the patients that received attention at the emergency department of Simon Bolivar Hospital provided their relevant medical history, where symptoms of a potential PTB or intra-amniotic infection were identified (i.e., uterine activity, uterine hypersensitivity, expulsion of mucus plug and/or poor genital bleeding, maternal or fetal tachycardia, and fever). Women with antibiotic intake 1 month before delivery, uterine abnormalities, fetal malformations, twin pregnancy, heavy vaginal bleeding, fetal distress, infectious or systemic diseases such as HIV, tuberculosis, candidiasis or diabetes, smokers or users of alcohol or psychoactive substances, and women with premature termination of pregnancy for medical reasons were excluded. If the placental sample was contaminated in the operating room during delivery or the sample could not be analyzed due to its quantity, the woman was not included; six women were excluded for these reasons.

For cytokine analysis, a second phase was carried out and the patients were selected based on the results of first phase specially the presence of infection and perinatal condition. In order to control the influence of age and other reasons of inflammation, all women older than 40 years and patients with pre-eclampsia were excluded.


Figure 1 shows a flowchart describing the reference population, selection and exclusion of participants to establish the cytokine analysis groups according to APO and placental UGM/P. gingivalis infection. The groups were distributed as follows:

Group 1 – Control group for APO and PI. All women without APO, with a suitable pregnancy control (≥ 6 prenatal controls) and periodontal health with very low rates of inflammation evidence (<15% of gingival bleeding) n = 17.

Group 2 – P. gingivalis-related PI with APO. All women with PI associated with P. gingivalis with APO (one aged >40 years was excluded) n = 5.

Group 3 – P. gingivalis-related PI without APO. All women with PI associated with P. gingivalis without APO (two samples could not be analyzed due to its quantity) n = 4.

Group 4 – UGM-related PI with APO. All women with PI associated with UGM with APO (three participants were excluded due to preeclampsia or >40 years old) n = 5.

Group 5 – No PI with APO. nine women with APO without PI paired by age with nine women with APO/PI including infection by P. gingivalis and by UGM only. n = 9 (control group for APO with placental infection).
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FIGURE 1. Flow chart of sample selection.




Adverse Pregnancy Outcome Assessment

PTB was established for those births that occurred before 37 weeks of gestation, and LBW was established for infants weighing <2,500 g. PPROM was established for those patients who had >12 h from rupture to delivery. Clinical signs of PI were identified as fever, maternal tachycardia, fetal tachycardia, and fetid fluid (Gibbs and Duff, 1991).



Periodontal Clinical Examination and Subgingival Plaque Sampling

Two calibrated periodontists (properly trained before the beginning of the study), who were blinded regarding the group category at the time of the evaluation, performed the periodontal assessment of all patients before or up to 8 h after delivery. A full-mouth examination was performed at six sites on each permanent tooth using a North Carolina® probe (PCPUNC-15; Hu-Friedy, Chicago, IL, United States). The indices employed for the diagnosis were: probing depth (PD), clinical attachment level (CAL), bleeding on probing (BOP), plaque index, and gingival index (GI). The presence of periodontitis was determined according to the criteria established by the Centers for Disease Control and Prevention/American Academy of Periodontology (≥ 2 interproximal sites with CAL ≥ 3 mm and ≥ 2 interproximal sites with PD ≥ 4 mm; not on the same tooth; Eke et al., 2010).

The supragingival plaque was removed, and absorbent paper points were inserted for 20 s into the six deepest periodontal sites of each subject for polymerase chain reaction (PCR) detection of P. gingivalis, Tannerella forsythia, Treponema denticola, Eubacterium nodatum, Aggregatibacter actinomycetemcomitans, and Fusobacterium nucleatum in the subgingival plaque.



Placental Tissues Sample Collection

After delivery, two samples of amniotic membrane (1.5 cm2) were taken: one at the umbilical cord insertion base and the second at the free edge of the contralateral cotyledon of the first sample, which were transferred to an empty sterile microcentrifuge tube and refrigerated at −20°C until processing. One sample was used for extraction and amplification of bacterial DNA in the placenta and the other one for tissue cytokine profile detection in patients with PI.



Extraction and Amplification of Bacterial DNA in the Placenta

The disintegration of the placenta samples was performed until total tissue trituration was achieved; each sample was weighed in triplicate under sterile conditions and deposited in a 1.5 ml microcentrifuge tube and 80 μl phosphate-buffered saline (PBS) was added to homogenize in vortex. All tubes with the samples were submerged in liquid nitrogen for 5 min to achieve a complete lysis of the tissue. After thawing, 100 μl buffer ATL, 3 μl proteinase K, and 16 μl lysozyme were added and mixed in vortex until complete homogenization was achieved. The samples were incubated with shaking at a temperature of 56°C for 24 h until complete lysis was achieved and vortexed again.

To extract DNA, the QIAamp DNA Mini Kit (Qiagen, Hilden, Germany) was used. Before DNA amplification, the purity and amount of DNA were obtained using NanoDrop 2000 (Thermo Scientific, Rockford, IL, United States). Bacterial DNA amplification was performed by nested PCR using a universal primer for Eubacteria for the first amplification EUB27F: 5'-GAG TTT GAT CCT GGC TCA G-3' and EUB1544R: 5'-AGA AAG GAG GTG ATC CAG CC-3', directed to the amplification of a fragment of the 16S rRNA gene, common among the bacteria. The amplification was evidenced by the presence of the amplification product (1407 bp) in agarose gel (2%) with 0.5 μg/ml ethidium bromide. The amplification of the specified DNA for each microorganism was done using the PCR product obtained from the amplification as the template for the universal primer of oral bacteria such as P. gingivalis, T. forsythia, T. denticola, A. actinomycetemcomitans, Campylobacter rectus, and Prevotella intermedia (Ashimoto et al., 1996), Parvimonas micra, and F. nucleatum (Kuriyama et al., 2000), and the microorganisms associated with urogenital infection such as Gardnerella vaginalis (Fredricks et al., 2007), Ureaplasma urealyticum (Teng et al., 1994), Mycoplasma hominis (Blanchard et al., 1993), and Candida albicans (Mahmoundi-Rad et al., 2012). Those included in the DNA of reference strains of the American Type Culture Collection (Manassas, VA, United States) were used as positive controls and sterile water was used as negative control. The identification of each microorganism was confirmed by the presence of amplification products using agarose gel electrophoresis (1.5%) and 0.5 μg/ml ethidium bromide staining.



Cytokine Profile Analysis


Dissection of Placenta and Tissue Cytokine Profiles Detection

The placental samples were homogenized by mechanical disaggregation of tissues using the Medimachine System (120V; BD™, San Jose, CA, United States). The samples were cut in small pieces, which were inserted into a Medicon of 35 μm (BD™ Medimachine Medicon, Sterile) by adding 10 μl protease-free PBS (Sigma, St. Louis, MO, United States) for 3 cycles at 80 rpm. The homogenized samples were passed through Filcons of 20 μm (BD™ Medimachine Filcon, Sterile, Cup-Type), a washing cycle at 1800 rpm for 5 min was done, and the supernatants were recovered to measure the soluble cytokine levels using a multiplex bead-based LEGENDplex™ assay by flow cytometry. A Human Th Cytokine mix and match 13 plex Panel (San Diego, CA, United States) was customized, in which 13 capture beads of two different sizes were used, each one conjugated with antibodies against IFN-γ, IL-12p70, IL-17A, IL-17F, IL-23, IL-21, IL-10, IL-15, granzyme B, MCP-1, TNF-α, IL-1ß, or IL-6. The samples were processed according to manufacture instructions in a sandwich immunoassay. The flow cytometry acquisition was carried out in a BD FACS Accuri™ C6 Plus using the BD Accuri™ C6 Plus software; the analysis was performed based on a standard curve into a logistic regression model (five points; BioLegend’s LEGENDplex™ Software, 2016). The results were expressed in pg/ml units.




Statistical Analysis

In order to find correlations among cytokine profile groups and APO, a Factorial analysis of mixed data (FAMD) was performed that combined Principal Component Analysis (PCA) for continuous variables and Multiple Correspondence Analysis (MCA) for categorical variables (Audigier et al., 2016). Kruskal-Wallis/Mann-Whitney U test was used to compare the cytokines between the different groups. One-way ANOVA with Dunnett’s post-hoc test was performed to compare the relationship between cytokine/IFN-γ among groups. Spearman rank based pairwise correlation analysis was performed to analyze cytokine abundances in all the groups. R statistical software and IBM-SPSS version 23 were used for all analyses. Heatmaps were made using Morpheus, https://software.broadinstitute.org/morpheus.




RESULTS


Sociodemographic Characteristics of the Study Population

In total 40 patients were included to assess the cytokine response and the association with atopobiosis of P. gingivalis to placental tissue (Figure 1). The sociodemographic analysis shows homogeneity among groups (Table 1). There were no significant differences in age, marital status, and schooling between groups (p > 0.05).



TABLE 1. Socio-demographic characteristics and periodontal condition according to the presence of placental infection (PI) and adverse pregnancy outcomes (APO).
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Periodontal Clinical Characteristics and Identification of Microorganisms in Subgingival Plaque

Oral clinical assessment showed periodontitis presence in group 2 (P. gingivalis-related PI with APO), group 3 (P. gingivalis-related PI without APO) and group 4 (UGM-related PI with APO; Table 1), all of them associated with P. gingivalis presence in subgingival plaque (60, 75, and 40% respectively; Supplementary Table 1). In Patients with subgingival presence of P. gingivalis higher indices were more frequent and the highest median was observed in the P. gingivalis-related PI without APO (group 3) which presented a higher frequency of periodontitis (p < 0.05). No significant differences were observed for plaque index, PD, or CAL among groups (p > 0.05). Distribution of microorganisms in subgingival plaque is presented in Supplementary Table 1.



Factorial Analysis of Mixed Data for Cytokine and Adverse Outcomes


Figure 2 shows the correlation between both quantitative and qualitative variables, and their contributions in two dimensions: 1 (without APO) and 2 (with APO). The contribution of the variables for delivery without APO show a pattern of cytokine expression predominantly inclined toward higher correlation among IFN-γ and NK related cytokines and secondary cytokines of Th17 profile, in contrast to the adverse outcomes dimension in which the correlations reveal that inflammatory cytokines associated with macrophage activation such as MCP-1, IL-6, and IL-1β are strongly correlated with the group variables (Figures 2A,B). To establish which group contributed to this correlation in Dim-2 with MCP-1, IL-6, and IL-1β, the FAMD allowed us to make an extraction by categories together with their contributions and correlations, showing that macrophage cytokines were mainly related to the P. gingivalis-related PI with APO (group 2), which was the group with the greatest contribution to the model representing a differential pattern associated to an activation of inflammatory response (Figure 2C).
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FIGURE 2. Factorial analysis of mixed data (FAMD) for cytokine and adverse outcomes. FAMD combines Principal Component Analysis (PCA) for continuous variables and Multiple Correspondence Analysis (MCA) for categorical variables in at least two dimensions. In this case Dim-1 represents those deliveries without APO and Dim-2 represents deliveries associated with APO. (A) shows a variables vector map as a geometric representation of variables presented by arrows where the length expresses the SD of each variable, and the angles among variables show their correlations (acute angles represent stronger correlations, right angles no correlations and straight/obtuse angles show inverse correlations). Note how cytokines from Th-1 [polarized to natural killer (NK) cell activation], Th-17 and T-reg are grouped in a network of acute angles showing a common behavior on Dim-1. However, cytokines associated with macrophage activation are leaning next to Dim-2 and near group variable. (B) shows a bar chart with the contribution of each cytokine to each dimension; the percentage could be understood as the weight of this variable in the dimension. In this way Dim-1 is dominated by Th-1 (polarized to NK cell activation) and Th-17 cytokines, while Dim-2 is polarized toward macrophage activation cytokines and group variable. The graphical representation of the components and the heat chart in (C) represent the final step in FAMD, showing an extraction to distinguish which group determines the principal contribution to each dimension. The results show a remarkable contribution of P. gingivalis placental infection and APO group to Dim-2.




Analysis of Cytokine Profiles Between the Groups With or Without PI

Based on the previous results in which all profiles showed a similar behavior among the groups, except for the P. gingivalis-related PI with APO group, cytokine levels were analyzed according to Th-1, Treg and Th-17 profiles and compared by groups. As Figure 3 shows, this analysis allowed us to observe a generalized significant decrease in levels of the Th-1 (IFN-γ, IL-12p70, IL-15, Granzyme-B, TNF-α, and IL-1ß), Th-17 (IL-17F, IL-17A, IL-21, and IL-23), and Treg (IL-10) profile cytokines in the P. gingivalis-related PI with APO group when compared with the controls (p < 0.05). Meanwhile, macrophage activation cytokines (MCP-1 and IL6) in Th-1 profiling were maintained in both groups (P. gingivalis-related PI with APO and the controls), suggesting an important role for these cells in APO related to P. gingivalis placental infection. UGM infections did not show significant differences with the control group for any cytokine profile (Figure 3). Figure 4 shows an analysis of correlations between host cytokine levels in control, P. gingivalis-related PI with APO (Pg + APO+), P. gingivalis-related PI without APO (Pg-APO+), UGM-related PI with APO (UGM + APO+), and No PI with APO (PI-APO+) groups by Spearman’s rank-based correlations (Figures 4A–E). All groups showed high positive correlations (>0.6) between IFN-γ with IL-1β, IL-15, IL-17F, IL-21, IL-12p70, TNF-α IL-10, granzyme-B, and IL-17A but low correlations with MCP-1 and IL6. However, a high but negative correlation (> − 0.6) was observed in Pg + APO+ group between IFN-γ and MCP-1, IL-1β, and IL-6 levels. P. gingivalis-related PI with APO group showed also a negative correlation between IL-21, IL-17F with MCP-1, IL-1β, and IL6. High and negative correlations were found between all cytokines with IL6 in P. gingivalis-related infection with APO group but low correlations between all cytokines with MCP-1 and IL-1β.
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FIGURE 3. Cytokine profiles among groups analysis. The heat map shows the soluble cytokine concentrations in the controls and their variations among groups at time of delivery. Observe how the behavior in the profiling expression is similar in all groups except in the P. gingivalis PI with APO group which reflects a switch in two ways: (1) A significative decrease in the levels of cytokines associated with Th-1 (polarized to NK cell activation), Th-17 and T-reg, and (2) A maintenance of macrophage cytokine levels in contrast with the control group. It should be noted that in all cases the cytokine with higher levels of expression was IFN-γ which suggests the predominance of Th1 profile. Comparisons among groups were made by Kruskal-Wallis and Mann-Whitney U test with a confidence level of 95%. https://software.broadinstitute.org/morpheus.
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FIGURE 4. Correlation analysis between cytokines. Spearman rank based pairwise correlation analysis among cytokines (IL-1β, IL-6, IL-10, IL-15, IL-17A, IL-17F, IL-21, IL-12p70, TNF-α, MCP-1, granzyme-B, and IFN-γ) in (A) control, (B), Pg + APO + (C) Pg + APO ‐ (D) UGM + APO+ (E) PI-APO+. The size of the spheres represents p-value. While strong correlations are shown by large circles, weak correlations are shown by small circles. The color of the circle denotes the strength of the correlation. Perfect positive correlation (with correlation coefficient 1) is indicated in dark blue, whereas perfect inverse correlation (with correlation coefficient 1) are colored in dark red.




Cytokine/IFN-γ Ratio in Placental Tissue

Results showed that at the time of delivery the predominant profile was Th-1 in all of the groups. To identify the cell line in which that profile was polarized, the expression ratios for each cytokine were determined relative to the concentration of IFN-γ and were compared between groups, showing a common behavior of the activation of NK cells as the main target of Th-1 response in childbirth. P. gingivalis-related PI with APO group showed a variation in the response pattern, where MCP-1/IFN-γ, TNF-α/IFN-γ, and IL-21/IFN-γ showed differences with significantly higher concentrations (MCP-1/IFN-γ, p = 0.022; TNF-α/IFN-γ, p = 0.004; and IL-21/IFN-γ, p = 0.0001; Figure 5).
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FIGURE 5. Relationship of MCP-1, TNF-α and IL-21 with IFN‐ γ. To identify the cell line polarized by Th-1 profile, the expression ratios for each cytokine were determined relative to the concentration of IFN-γ and were then compared between groups. As the heat map shows the P. gingivalis PI with APO group presents a particular profiling characterized by macrophage activation mediated via MCP-1/IFN-γ (p = 0.022), TNF-α/IFN-γ (p = 0.004), and IL-21/IFN-γ (p = 0.0001). Comparisons were done by one-way ANOVA with Dunnett’s post-hoc test with a confidence level of 95%. https://software.broadinstitute.org/morpheus.


These results for P. gingivalis-related PI with APO group reflects high levels of IFN-γ with a significative decreasing of NK-related cytokines (p < 0.05) and the maintenance of those which are associated to macrophage activation when it was compared with the control group. In contrast, the other groups evaluated in this study presented a very similar pattern of cytokine expression characterized by high levels of IFN-γ and NK-related cytokines.




DISCUSSION

It is well known that during pregnancy there are multiple factors (hormonal, metabolic and immunological) that impact and influence the oral microflora; nevertheless, the role of oral atopobiosis in modulating inflammation in conditions like pregnancy is not yet clear since the oral microflora during gestation is still poorly characterized. This is even more relevant if the similarities of the placenta microbiome and that of the oral cavity are considered, which highlights the importance of atopobiosis of oral microorganisms in APOs (Balan et al., 2018).

The amniotic cavity of women with PTB has a much higher DNA content (more than previously believed) with a great diversity of microorganisms, including many that have not yet been characterized; The strength of these findings, due to the amount and timing in which they occur, could be useful in formulating a hypothesis to establish a causal association with APOs (DiGiulio et al., 2008); In the study from which our samples came from (Montenegro et al., 2019), the percentage of intrauterine infection was 9.47% (20/211), similar to that reported by previous studies, in which percentages varied between 10 and 25% in the third trimester of pregnancy (DiGiulio et al., 2008; Combs et al., 2014; Morgan, 2016).


P. gingivalis was the most prevalent identified oral microorganism in PI (12/211, 5.68%); however, in most cases it was not associated with the presence of clinical signs of intrauterine infection, although its frequency was higher in cases with APO (Montenegro et al., 2019). In the P. gingivalis PI cases, the presence of periodontitis linked to the subgingival presence of P. gingivalis was greater (60% for group 2 and 75% for group 3) and independent of the presence of APO. In group 4, where there was no PI due to P. gingivalis, the prevalence of periodontitis was lower and in the group with aseptic APOs, there was no periodontitis. Thus, not only the presence of the bacteria determines the occurrence of conditions or diseases linked to it. This would explain why not all the subjects with subgingival P. gingivalis have periodontitis or why not all the patients with PI with P. gingivalis show signs of clinical intrauterine infection or APO. Other factors, such as the amount of inoculum, virulence of the isolated microorganism, and individual immune response to the microorganism, could be associated with perinatal complications (Montenegro et al., 2019). P. gingivalis itself is not a proinflammatory pathogen, but by using different mechanisms it evades and alters components of the host’s immune response (disrupts innate immunity: TLRs and complement), which alters the development of the entire biofilm; then P. gingivalis exerts its role of “keystone pathogen” modulating the host response in susceptible individuals (Hajishengallis et al., 2012), which could explain why findings of P. gingivalis PI may not be always linked to the occurrence of APO (Supplementary Table 2).

Some studies suggest that intrauterine tissues in women with PTB or TB may have bacteria present without overt infection (Stout et al., 2013), but commensal bacteria can convert macrophages from the decidua to a proinflammatory state triggering labor. In other words, commensals present in the decidua trigger protease amplification of the inflammatory response by activating the resident macrophages (autocrine action) as well as other leukocytes, which would lead to signaling pathways being activated, resulting in the expression of genes from inflammation that starts labor. This raises the question of whether vaginal bacteria could be the initiators of term and preterm labor. Effaces of the cervix and its dilation can lead to the fetal membranes being exposed to the vaginal microbiome, which provides an entry route to the intrauterine microenvironment where they can initiate an inflammatory response that starts labor (Walsh et al., 2020).

The group with P. gingivalis-related PI with APO (group 2) showed clinical signs of intrauterine infection, which could indicate alterations in the mechanisms of inflammation in subjects susceptible to both infection and inflammation. There are multiple mechanisms described by which P. gingivalis could be related to the above. In the murine model, changes in gestational tissues have been observed after translocation of P. gingivalis, including areas of focused necrosis and increased inflammatory infiltrate. An increase in the expression of Fas, Fas-L and TLR2 at the placental level related to PTB is also observed in rats (Liang et al., 2018). On the other hand, the virulence of microorganisms in the placenta seems to depend on other factors, including genotype, bacterial load, host physiology, and environmental factors (Katz et al., 2009; Gomez-Arango et al., 2017; Fischer et al., 2019). Changes in the microbiome that are accompanied by significant variations in the microbial metabolic pathways as determined in integrative metagenomics analyses, can also contribute to the risk of PTB with or without severe CA (Prince et al., 2016).

Other bacterial species have also been identified in adverse pregnancy events. In this study, we identified PI by bacterial species of urogenital origin, such M. hominis and C. albicans in women with APO. Mycoplasma hominis and Candida albicans have been closely associated with APO such as PPROM, PTB, and LBW (Allen-Daniels et al., 2015; Farr et al., 2015). Infections by these microorganisms induced an immune response characterized by a significant increase in Th-1 proinflammatory profiles and NK cell activation. The inflammatory response mediated by IL-1β, TNF-α, PAF, IFN-γ, IL-6, PGE2, MMP-1, and MMP-9 causes the rupture of fetal membrane, increasing uterine contractions (Helmo et al., 2018). Meanwhile, women with P. gingivalis PI and APO showed a differential immune response characterized by macrophage activation that could explain the behavior of this infection in preterm delivery.

Although infection is a major risk factor for APO, it is possible that some outcomes occur in the absence of bacteria. In this study, in group 5 where the APO was aseptic, there was also no presence of periodontitis or presence in the subgingival plaque of the studied microorganisms. Actually, it has been reported that intra amniotic inflammation per se is associated with APO even in the absence of microorganisms; intrauterine colonization in the absence of inflammation appears to be relatively benign, but the presence of infection also seems to be related to the presence of inflammation, especially to increased levels of IL-6 that are related to increasing numbers of bacteria (Combs et al., 2014). On the other hand, most of these infections are subclinical and their diagnosis and treatment are difficult during the clinical course of the pregnancy (McCormick, 1985).

The analysis of the role of microorganisms in the host response at the uterine level in PTB, it has been stated that microorganisms in the uterus could increase the synthesis and release of proinflammatory cytokines, prostaglandins, and metalloproteinase, leading to cervical maturation, PPROM, uterine contractions, and finally PTB (Lannon et al., 2014). Normal pregnancy is marked by a state of increased inflammation throughout the gestation period that ends with the inflammatory cascade that begins labor. At conception, maternal immunity changes from a Th-1 dominated-proinflammatory state to a Th-2 immuno-tolerant response that allows fetal implantation and growth (Piccinni et al., 2000). A dysregulation of maternal immunity can lead to a placental invasion and a restriction of fetal growth leading to PTB, preeclampsia, and LBW. Although acute gestational stimuli such as infections are risk factors for PTB and LBW (Park et al., 2018), recent studies have shown that endogenous immune processes such as the presence of chronic inflammation can influence APO in the absence of infection (Ragsdale et al., 2019). At the end of the third trimester, a Th-1 pattern predominates, and some authors have considered that this change to an inflammatory environment is necessary to start delivery (Saito et al., 2010), as is corroborated by the results of this research. Thus, the present results support the cascade of events described in the literature for the occurrence of labor and we think that it can be precipitated by trigger events (e.g., infection, inflammation caused or not caused by microorganisms, stress, etc.); They are: (1) Activation of innate and adaptive immune cells with increased migratory activity, (2) Recruitment to the fetal maternal interface of activated cells mediated by the release of chemokines; and (3) Amplification of the inflammatory response by infiltrating leukocytes (Gomez‐ Lopez et al., 2014).

Additionally, in this study, IL-10 showed the lowest concentration in P. gingivalis PI groups. The decrease of IL-10 concentration is an important factor in the control of local inflammatory states associated with premature labor and CA because the reduction of this cytokine during the final stages of pregnancy with the presence of a pro‐ inflammatory state can induce PTB (Hanna et al., 2006; Azizieh and Raghupathy, 2017). However, other authors have established that the overregulation of this cytokine in the presence of infection, as another mechanism, can induce the suppression of NK and LT, thus determining the outcome of pregnancy (Arenas-Hernandez et al., 2015).

After analyzing the profiles of the different cell populations, the response identified in this study supports a macrophage activation pattern promoting an inflammatory activation with a failed regulatory mechanism which could explain the adverse outcomes identified in it. Lipopolysaccharides of Gram-negative bacteria induce the expression of MCP-1, wherein high levels are important in the development of PRM, PTB, and LBW with the presence of PI (Esplin et al., 2005). Different studies suggested that IFN-γ is primordial in the activation of macrophages by the induction of MCP-1 during labor and in the presence of APO in pregnancy (Jacobsson et al., 2003; Esplin et al., 2005). Studies in animal placenta have established that P. gingivalis infection also increases macrophages in placental tissue with increased local expression of mediators such as TNF-α and COX-2 (Arce et al., 2012).

The role of macrophages in childbirth is well documented; Their participation occurs in multiple ways that include: Participation in the remodeling of the cervix at delivery due to MMP secretion (such as MMP9) both in PPT and at term birth, related to an increase in macrophages residing in the decidua at the moment of delivery (Gomez-Lopez et al., 2014); It could be supposed that the presence of microorganisms (e.g., P. gingivalis) is related to a dysregulation of the system by activation of the previously described proinflammatory mechanisms, which could trigger labor prematurely.

Furthermore, the lipopolysaccharides of P. gingivalis induced a significant increase in the expression of COX-2, IL-8, and TNF-α in the trophoblast HTR-8 through the TLR-2/TLR-4-NF-κB signaling pathway, supporting the potential of P. gingivalis to induce proinflammatory effects in the placenta (Arce et al., 2012; Ao et al., 2015). The increase in MCP-1, TNF-α, and IL-21 and the decrease of IFN-γ for the P. gingivalis PI and with APO group suggest that P. gingivalis would directly activate the production of MCP-1 without having to be induced by high concentrations of IFN-γ. Likewise, IL-21 as an independent worker of Th-17 profile might be directly induced by bacteria lipopolysaccharides to modulate the activity of macrophages (Li et al., 2013). On the other hand, enhanced innate cell responses to P. gingivalis lipopolysaccharides with a decreased peripheral NK cell function in patients showing a relative NK cell energy have been described, which may be implicated in the pathogenesis of systemic illnesses that are linked to periodontitis (Gaudilliere et al., 2019).

Another immunological mechanism that has been proposed to explain preterm delivery corresponds to detectable levels of cytokines associated with the Th-17 profile that has been reported to be related to the degradation of the decidua and that increase in cases of PTB with CA (Saito et al., 2010). However, in the present study, these cytokines showed a reduction in the P. gingivalis PI with adverse event group (group 2), which could indicate that the cytokines of the Th-17 profile do not seem to be increased or related to the adverse event with PI associated with P. gingivalis. In contrast, it was observed that IL-17F regulating IL-17A in this same group presented a significant reduction, which may indicate that the problem is not the overproduction of proinflammatory cytokines but an alteration in the regulation of this cytokine profile.



CONCLUSION

Periodontitis could be associated with clinical signs of placental infection and APO. Periodontal infection by P. gingivalis can induce atopobiosis (translocation) to the placenta and trigger inflammation, although a direct relationship with the occurrence of APO cannot be proven.

There is a pro-inflammatory pattern associated with labor, characterized by Th-1 profile and the activity of cytotoxic cells, which is enhanced by placental infection with UGM. However, PI associated with P. gingivalis suggests a switch where the balance of Th-1 profile favors an inflammatory response mediated by MCP-1 and macrophage activity as a mechanistic explanation of its possible relationship with adverse outcomes during pregnancy.


Strengths and Limitations

One of the major limitations of this study was the size of the groups. Despite the number of patients included in the initial phase, the prevalence of PI was low and low concentrations of bacterial DNA were obtained. Although 12 species of microorganisms associated with PI were evaluated in this study, more could be accomplished using nested PCR-species-specific, sequencing and metagenomic techniques which could provide more information on the placental microbiome; the use of these techniques is suggested for future studies that evaluate immune response in the placenta in the presence of infection. Although the size of the groups was small, the results of this study are the first to be published on a differential pattern associated with human placental infection by P. gingivalis associated with APO or CA.
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The current paradigm of onset and progression of periodontitis includes oral dysbiosis directed by inflammophilic bacteria, leading to altered resolution of inflammation and lack of regulation of the inflammatory responses. In the construction of explanatory models of the etiopathogenesis of periodontal disease, autoimmune mechanisms were among the first to be explored and historically, for more than five decades, they have been described in an isolated manner as part of the tissue damage process observed in periodontitis, however direct participation of these mechanisms in the tissue damage is still controversial. Autoimmunity is affected by genetic and environmental factors, leading to an imbalance between the effector and regulatory responses, mostly associated with failed resolution mechanisms. However, dysbiosis/infection and chronic inflammation could trigger autoimmunity by several mechanisms including bystander activation, dysregulation of toll-like receptors, amplification of autoimmunity by cytokines, epitope spreading, autoantigens complementarity, autoantigens overproduction, microbial translocation, molecular mimicry, superantigens, and activation or inhibition of receptors related to autoimmunity by microorganisms. Even though autoreactivity in periodontitis is biologically plausible, the associated mechanisms could be related to non-pathologic responses which could even explain non-recognized physiological functions. In this review we shall discuss from a descriptive point of view, the autoimmune mechanisms related to periodontitis physio-pathogenesis and the participation of oral dysbiosis on local periodontal autoimmune responses as well as on different systemic inflammatory diseases.
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Introduction

The immune system has an uneasy relationship with the environment (1), being a mobile network of cells with emergent properties derived from dynamic cellular interactions that have evolved to guard the body against attack (2). Under normal conditions, the immune system exhibits tolerance, and must be able to distinguish self from non-self and harmless non-self from dangerous non-self (1). When self-tolerance is disrupted, autoimmunity will arise (3). The alteration in the activation of almost any immune process in a susceptible host could trigger immune dysregulation and autoimmunity. This fact is more clearly understood from the analysis of primary immunodeficiency disorders, initially described in patients who had severe or recurrent infections from which the contradiction arises that individuals who were unable to respond against foreign antigens, did so against their own antigens. Immunodeficiencies in which the flaws are not in the effector response but in the immune regulatory mechanisms, have been called immune dysregulation disorders (4, 5). Autoimmunity and immunodeficiencies are today considered two sides of the same coin, being conditions that are not mutually exclusive and that are both linked to alterations in signaling mechanisms and immune regulation; genetic defects have been described not only as the cause of primary immunodeficiency syndromes, but also as factors that predispose to infections and lead to dysregulation and autoimmunity (6).

The host-microbiome relationship must be understood today far beyond the concept of disease. The microbiome is related to multiple functions in the host, including the control of vascularization at the intestinal level (7) and the functioning of the central nervous system affecting the production of soluble mediators (8); but without a doubt, the most recognized role of the commensal microbiome in maintaining healthy homeostasis is its immunostimulatory effect. This includes the recruitment of mucosal immune cells, the generation and maturation of organized lymphoid tissues (9), and the stimulation of protective functions of epithelial cells such as mucus formation and production of antimicrobial peptides (10).

Given the recognition of the role of commensal microbiota in the development of immunity and the regulation of the immune response against pathogens, it is not unreasonable to think that this microbiota is also capable of regulating/controlling autoimmune responses. The participation of microorganisms in the occurrence of autoimmunity is being widely supported, as key actors in the loss of microbiome-host homeostasis.

Periodontal disease was recognized for decades as an infectious disease, but more than half a century ago, relationships began to be established with the host’s response to infecting microorganisms, as a determining part of its pathogenesis. In 1965, Brandtzaeg and Kraus (11) made an approach to the immunological mechanisms in periodontal disease, describing for the first time the autoimmune basis in the pathogenesis of periodontitis. They described the presence of anti-collagen antibodies produced by plasma cells in the periodontal tissue of patients with periodontitis. From this, the possible development of an autoimmune process was considered, based on the destructive consequences of this disease in the alveolar bone, conceived at that time as a localized hypersensitivity reaction that involved the formation of immune complexes in the affected periodontal tissues (12).

As described not even a decade ago, today we understand periodontitis as the result of dysbiosis of the oral microbiota guided by inflammophilic bacteria, leading to an altered resolution of inflammation and lack of regulation of the inflammatory responses (13). The damage is directly related to the activation of inflammatory mechanisms by the host, however not fully elucidated (e.g. the role of autoimmunity in periodontitis pathogenesis) (Figure 1).




Figure 1 | Autoimmune mechanisms in periodontal disease. Periodontitis is today described as the result of dysbiosis of the oral microbiota guided by inflammophilic bacteria, leading to an altered resolution of inflammation and a lack of regulation of the inflammatory response. The tissue damage in periodontitis is directly related to the activation of inflammatory mechanisms by the host that are in a bidirectional imbalance with the microbiome. The dysregulation leads to the appearance of local and systemic autoimmune responses mediated by different mechanisms including (A) Autoantigens overproduction, (B) Microbial translocation, (C) Molecular mimicry, (D) Superantigens, (E) Dysregulation of checkpoints, (F) Bystander activation, (G) TLRs dysregulation, (H) Cytokines hyperproduction, (I) Epitope spreading and (J) Autoantigens complementarity. The evidence of the activation of the diverse autoimmune mechanisms in the periodontal tissues does not necessarily indicate that they are related to local tissue damage, although they may be related to the development of autoimmune responses at the systemic level associated with the occurrence of multiple diseases.



This review aims to summarize the host and oral microbiome changes involved in the physio-pathogenesis of periodontitis that have been described as contributing factors in local and systemic auto-immune responses leading to disease, as well as to analyze them beyond tissue damage from the physiological activation of the immune system.


Microbiome-Host Relationship in Autoimmune Responses

Autoimmune processes are the result of a failure in the immune mechanisms of self-tolerance towards components of different nature (proteins, receptors, tissue, etc.) where the microbiota has frequently been involved. The mechanisms by which microorganisms participate in the control of autoimmunity are still unclear, but several approaches have been described. One of the most important, starts from the development of tolerance to infection (14), where resident microorganisms play a very important role by hindering, and even avoiding colonization of their habitat by exercising colonization resistance (15).

It has been observed in animals and humans with genetic predisposition, that the microbiota provides signals that induce antimicrobial effectors that are neutralized by inhibitory microbial signals, establishing as a result, a homeostatic relationship with the host (14). If a specific microorganism’s line expands, this blocks the development of autoimmunity and improves their own chances of staying in that expanded state suppressing the host’s adaptive and inflammatory responses (16). This hypothesis is known as the “specific lineage hypothesis”, in which autoimmunity is “turned off” as a side effect. It could also happen that there is a “signal balance” where, while the host response is balanced against commensals, their effort to reduce it does not affect the development of the disease but the host’s inability to control the microbiota correctly, resulting in the dominance of negative signals provided by microorganisms and the concomitant reduction of autoimmunity (17).

Although the microbiome is strongly involved in the maintenance of health and apparently in the control of autoimmunity, on the other hand, there is sufficient evidence in both humans (18, 19) and animals (20, 21) that supports the role of microorganisms in the occurrence of autoimmune responses. An expansion of pathobionts has recently been found in patients with autoimmune diseases and in animal models of autoimmunity (22).


Microbiome and Oral Dysbiosis

The human microbiome is made up of all the microorganisms that live in the human body occupying multiple systems. As the name implies, they are communities -biomes- of microorganisms with very complex interactions with each other and with the host (23). The composition of the human microbiome is highly influenced by changes in the microenvironment. The microflora can be transitory, permanent, pathogenic or non-pathogenic, which has been evolvingly adapted to humans, these being the true commensal microorganisms. Of the latter, some have the ability to modulate the immune response without producing changes in homeostasis known as autobionts, while others are transient pathogens or pathobionts (24) which are not normally pathogenic per se, but can trigger immune-inflammatory processes, including autoimmunity in genetically susceptible individuals (22).

The change in the characteristic microorganism communities of a particular microenvironment is known as dysbiosis, also called dysbacteriosis. Bacterial translocation, related to the pathogenesis of multiple diseases, could be better described as atopobiosis, which is the appearance of microorganisms that are characteristic of a certain microenvironment in the “wrong” place. Atopobiosis can occur by multiple ways (25, 26), and is perhaps one of the most relevant mechanisms in the participation of the oral microbiota in multiple conditions and diseases.

It has been demonstrated that microorganisms that are in low numbers in the metagenome can be critical in the community for carrying out essential metabolic activities (18). The mouth of a healthy individual may be colonized by about 100-200 species of the more than 700 oral bacteria identified (27), with inter-individual variations resulting from the environment, genetics, age, and lifestyles (28, 29). The presence of certain mechanisms could prevent dysbiotic changes in the community even in the presence of disease triggers (e.g. greater production of nitric oxide) (30) and their interrelation with the host is then a determining factor in the health-disease process. In fact, homeostasis is triggered by health maintenance mechanisms contributing to resilience especially in tolerant individuals. These mechanisms may be dependent on the microorganisms but also on the host marked by genetic and epigenetic differences, and their identification could lead to the development of new therapeutic strategies aimed at promoting health rather than reducing disease (31).

In the oral cavity and other systems exposed to the external environment, the immune system is constantly exposed to signals that go beyond the commensal-epithelial interaction, including constant damage to tissues resulting from chewing, and antigens from both food and airborne particles. This phenomenon participates in the training of the system by mechanisms that are not entirely clear (32); but what is clear is that the breakdown of the balance of these local responses is related to susceptibility to certain tissue-specific diseases, periodontitis being the prototype, and whose pathogenesis reflects the activation of local and systemic inflammatory processes (including manifestations of autoimmunity), indicating the occurrence of dysregulation of the immune system at this level (33).

Thus, the conception of periodontal disease has changed, relating it now less to a specific bacteria, but more to heterotypic (polymicrobial) groups of microorganisms resulting in dysbiotic communities that alter tissue homeostasis and normal immune responses (34, 35). It has been described that there are community members, specifically P. gingivalis (a suggested keystone pathogen in animal models), that even in low numbers (<1%), can increase the virulence of the entire community (36); communication between it and normally commensal microorganisms (accessory pathogens) facilitate synergy and the transition to pathogenicity, allowing the continued development of the dysbiotic community and stimulating the inflammatory response, in which misdirected responses that contribute to tissue destruction are mixed and shape a modified microbiota with “inflammophilic” characteristics, that uses nutrients derived from tissue damage for its survival. The virulence of the community rises as a consequence of the subversion of specific components of the immune response, and thus, this dysbiotic community increases causing additional damage and greater alteration to the homeostasis of the system, mediated mainly by pathobionts (Filifactor alocis, Peptostreptococcus stomatis, species of the genus Prevotella, Megasphaera, Selenomonas, and Desulfobulbus), usually underestimated in periodontitis, but with an apparent better correlation with the disease (37, 38).

The virulence of P. gingivalis becomes important when a synergistic microbial community is formed in a susceptible host, indicating that both are necessary for the expression of the microorganism pathogenicity (39). However, other species might be equally or even more active in the process that leads from periodontal health to disease and should be investigated. Besides, it should be noted that the “keystone pathogenesis” itself has yet to be demonstrated in humans (34).

The dysbiosis is closely related to periodontitis, and the relationship between the subgingival microbiome and the immune and inflammatory response seems to be important in the pathogenesis of the disease. The evidence has allowed to hypothesize that microbiome and inflammation in periodontal health are in a bidirectional balance and in periodontitis in a bidirectional imbalance, which seems to be common in other diseases such as sepsis, inflammatory bowel disease, etc (22) (Figure 1).

The autoimmunity mechanisms linked to dysbiosis are being actively studied, always having as a basis conditions where the end point is the destruction of the cells of the target tissues by self-reactive cells or autoantibodies, and that involve the participation of microorganisms’ dependent mechanisms of the immune system, both innate and adaptive. Understanding that the microbiome-host interrelation is responsible for the occurrence of tissue damage in dysbiosis related infectious diseases, we grouped the autoimmunity mechanisms into those led by the microorganisms and those where the baton is carried by the immune system, and from the evidence will be related with the autoimmune responses observed in tissue damage/regulation in periodontitis and periodontitis linked systemic diseases.




Microbial-Dependent Mechanisms of Autoimmunity


Autoantigens Overproduction

The overproduction of autoantigens may well occur because the microorganisms produce enzymes that can break the extracellular matrix (i.e. fibrinogen, fibronectin, and type I collagen), creating “remnant epitopes” that act as autoantigens or because of an enzymatic modification of antigens (e.g. citrullination) that ends in the generation of autoantibodies (40). In health, the matrix metalloproteinases (MMPs) produced by the host have a role in tissue development, homeostasis and remodeling, cell migration and tissue healing, activation of immune cells and defense against pathogens, in a highly regulated form. When regulation is lost, high levels of these proteases lead to cellular destruction described in diseases of various kinds, from periodontitis to cancer (41), and why not autoimmunity (Figure 2A).




Figure 2 | Mechanisms of autoimmunity triggered by dysbiotic changes and dysregulation of the immune system mediated by altered microbiome-host relationships. The host-microbiome interaction may be influenced by several ecological changes (eating habits, aging, infection, among others) that may generate dysbiosis with the consequent activation of different local or systemic autoimmune mechanisms. (A) Autoantigens overproduction: the result of the breakdown of the extracellular matrix creating “remnant epitopes” that act as autoantigens or because of enzymatic modification of antigens (citrullination). (B) Microbial translocation: bacteria, their products or even products of immune activation against them, can migrate through the bloodstream to different organs leading to an alteration of the local inflammatory response and the production of autoantibodies. (C) Molecular mimicry: cross immune response against self-antigens induced by microbial epitopes similar in composition or structure. (D) Superantigens: Self or non-self-superantigens interact with the Vβ variable region of the TCR activating and causing T cell expansion. This is a low specificity recognition, which generates low-affinity antibodies that easily end up activating autoimmune mechanisms. (E) Dysregulation of checkpoints: alteration of the CTLA4 and PD-1 autoreactivity checkpoints in T cells, resulting in the loss of physiological modulation or regulation of the autoimmune response.



Microorganisms also produce MMPs causing direct tissue damage (close to 1%), but more importantly they activate circulating immune cells to produce MMPs which are responsible for the greatest amount of tissue rupture (42); then, chronic inflammatory processes lead to the production of cytokines and chemokines secreted by phagocytes, that recruit and stimulate leukocytes to release proteinases that act together with the MMPs (43). These events result in the proteolysis of matrix molecules and degradation of intact proteins into remnant fragments (2). These Remnant Epitopes Generated Autoimmunity (REGA model) explain the generation of autoantigens and their interaction with the T-cell receptor complex. In this model, cytokine and chemokine regulated proteases play a central role in the generation of autoantigens (44). Initially, evidence was documented for this model in multiple sclerosis (MS), however, it has been applied to other autoimmune diseases like rheumatoid arthritis (RA) and type I diabetes (45).

Recently the model was revised and reaffirms that it is an example of how remnant epitopes generate, maintain and regulate autoimmunity, in which the cells of innate immunity and not lymphocytes or their molecules initiate autoimmune reactions by cytokine-mediated proteolysis which consequently leaves remnant epitopes (46). Although REGA is not fully described in periodontitis, the high degree of destruction observed in periodontal tissues mediated by different proteinases makes it quite plausible.

On the other hand, the post-translational modification of proteins by the enzymatic deamination of arginine residues converts positively charged peptidyl arginine to neutral peptidyl citrulline (47). This process is called citrullination and is catalyzed by the enzyme peptidylarginine deiminase (PAD) (48). Various protein candidates for citrullination, such as keratin, fibrinogen, vimentin, fibronectin, and α-enolase have been identified (49).

Apart from being involved in many physiological processes (skin keratinization, brain development and in gene regulation via chromatin remodeling), citrullination can occur under pathologic inflammatory conditions associated with apoptosis, necrosis of neutrophils and NETosis (50). During the latter process, hypercitrullination of proteins is needed for the formation of neutrophil extracellular traps (NETs) (47) which are extracellular fibers generated by activated polymorphonuclear neutrophils, composed of nuclear constituents that extracellularly immobilize, disarm and kill microbial pathogens (48), meaning that under normal conditions NETs have antimicrobial function. However, uncontrolled NETs formation might contribute to tissue damage and provide a source of autoantigens; the citrullination of proteins and peptides has been linked to RA, primary open-angle glaucoma, nephropathy, MS, Alzheimer’s disease, and psoriasis (47).

The breakdown of immune tolerance in genetically susceptible individuals initiates the generation of anti-citrullinated protein antibodies in the synovia and contributes to the subsequent development of RA (49). These autoantibodies are known as ACPA and occur in ~ 70% of patients with RA. ACPA are known to be a sensitive and specific marker that can be detected in the circulation years before the clinical onset of the disease (47). During the clinical course of RA they strongly correlate with disease severity (50).

Five different PAD have been characterized in humans, each one with a different tissue distribution (50). P. gingivalis is the only known periodontal pathogen to produce PAD (40). The unique ability of P. gingivalis to produce PAD provides an association link between periodontal infection and RA (50). In a recent systematic review evaluating serum antibody levels against P. gingivalis in patients with or without RA, it is indicated that RA is often accompanied by the presence of an immune response against P. gingivalis (51). Thus, the formation of citrullinated proteins in the periodontium in a similar way to those formed in RA, may lead to think that the citrullination induced by periodontitis may play a role in the etiology of RA (52). Additionally, the finding of extra-articular citrullination and the production of ACPAS in periodontal tissues has been repeatedly reported. The presence of mRNAs for PAD-2 and PAD-4 has been found in gingival tissues in the presence and absence of inflammation, while anti-cyclic citrullinated protein antibodies are more frequent in the crevicular fluid of patients with periodontitis. Citrullination processes in the periodontal stroma is dependent on inflammation whereas citrullination in the gingival epithelium has been described as a physiological process (52–54) (Figure 1A).



Microbial Translocation

Body circulation is a closed system, actually, blood in healthy organisms was thought to be a “sterile” microenvironment (e.g. in the sense of absence of cultivable microorganisms) and bacteremia could be potentially life-threatening. However, the presence of a blood microbiome has been associated with diseases classified as non-infectious and it has been described that a large number of bacteria could use some alternatives as dissemination mechanisms including intracellular persistence (Listeria monocytogenes, Salmonella typhimurium, and Yersinia pestis), or using circulating neutrophils as Trojan horses (Staphylococcus aureus) (26).

Bacteremia leading to microbial translocation is a viable mechanism in all those systems in contact with the external environment, such as upper and lower respiratory tract, skin, digestive tract, and the oral cavity, from where not only the microorganisms can pass into the blood but also reach the intestine and induce multiple immune responses. Increased intestinal permeability, from where microorganisms or their metabolites could also reach the circulation, has been confirmed as a crucial mechanism in multiple autoimmune diseases (55) (Figure 2B).

RA is one of the clearest examples to explain bacterial translocation through different routes associated with alterations in the microbiome (both oral and intestinal) and the occurrence of autoimmunity (56) The intestinal microbiome has been proposed as an indispensable factor in the progression of RA (57). Citrullinated peptides have even been found in the colon, the lungs and synovial fluid of rheumatoid arthritis’ patients, supporting the idea that the mucosa of the colon can be one of the breaking sites of immune tolerance to citrullinated proteins (58). The role of the microbiota in the appearance or exacerbation of arthritis has been demonstrated in murine models (59) in which by inducing alterations in the intestinal microflora, production of proinflammatory cytokine-producing cells can be assessed at the intestinal and extraintestinal levels (60). From there they migrate to peripheral lymphoid tissues activating inflammatory processes that in turn result in systemic differentiation of B cells and the production of antibodies, which could trigger the disease via recognition of molecular patterns of the intestinal microflora (61).

Beyond RA and diabetes, increased intestinal permeability has been confirmed in inflammatory bowel disease (62) and other autoimmune diseases such as MS. Helicobacter pylori (a gastric microorganism) was found in kidney biopsies of patients with lupus nephritis (63), and antibodies against it react with extra-gastric tissues as glomerular capillary walls, ductal, renal tubular cells and glomerular basement membrane (64) for what they have been involved in the pathogenesis of different kinds of nephropathies considered immune complexes mediated diseases. This shows that in some way there is translocation of microorganisms, their components, their metabolites or immune products against them to local tissues, supporting their participation in the occurrence of autoimmunity, although the exact mechanisms of this relationship must be identified.

A recent experiment in which P. gingivalis was administered orally to C57BL/6 mice showed changes in the intestinal microflora, the barrier function and the immune system, which is reflected in an increased risk of systemic diseases characterized by, among others, low-magnitude systemic inflammation (65). Translocation is part of these mechanisms since bacterial periodontopathic deoxyribonucleic acid (DNA) has been found in various organs and tissues (66) as well as an increase in interleukin 6 (IL-6) in the bloodstream (67). The oral-intestinal connection has been also proposed as one more hypothesis to establish the link between periodontitis and systemic disease. In animal models, it has been shown that oral administration of P. gingivalis can induce intestinal dysbiosis (68) and result in endotoxemia and inflammation of the liver and adipose tissue, as well as an increase in the severity of collagen-induced arthritis mediated by an increase in T helper 17 cells (Th17) function at the intestinal level (65) (Figure 1B).

It has also been described in animal models of type 1 diabetes, that oral administration of P. gingivalis alters the intestinal microflora, inducing dysbiosis manifested in increased genera Brevibacterium, Corynebacterium, and Facklamia, aggravating glycemic control. In addition to the presence of microorganisms in the feces, an alteration of intestinal permeability was observed (due to action on tight intercellular junctions), as well as a dysregulation of the inflammatory response and glucose-fatty acid metabolism in the ileum and the liver (69). Thus, the translocation of oral microorganisms (including periodontopathogens) (69) and their products including citrullinated peptides in the case of P. gingivalis (48) is a recurrently cited mechanism in the interrelation between periodontal diseases, autoimmunity and other inflammatory diseases.



Molecular Mimicry

Molecular mimicry occurs when a self-antigen is so similar to an antigen from a microorganisms or other source in the environment that antibodies raised against that epitope will also bind to the autoantigen. It has long been clear that pathogenic microorganisms can potentially provide ligands that activate cross-reactivity with host-specific antigens (70, 71), which today is established as one of the most accurate links with the generation of autoimmune processes mediated by infections (72), but has also being recognized for a long time as a mechanism of evasion of microorganisms to the direct immune response (73, 74) (Figure 2C).

For homologous or even identical peptides to activate that T cell response, they must be available to be presented by antigen presenting cells (APCs) and must be properly processed by proteases and the machinery that performs this function. It is not unthinkable that the reduction of microbial diversity associated with inflammation and autoimmune diseases (75, 76) creates conditions under which microorganisms or their products can, with greater efficiency, traverse the epithelial barrier and be seen by APCs. Strong evidence is needed to demonstrate the role of commensals as antigen providers for these cross-reactions, to determine whether or not the role of molecular mimicry by commensal bacteria is related to the occurrence of autoimmunity (77).

There are multiple examples that prove the existence of molecular mimicry in the generation of autoimmunity related to different microorganisms, like: heart disease related to a chlamydia infection (78), MS due to infection with a virus in early stages of life that shares antigenic structures with tissues of the central nervous system such as myelin basic protein, inducing demyelination (79); patients with type 1 diabetes mellitus due to the homology in the sequence between the enzyme glutamate decarboxylase (GAD65) of the β cells of the pancreas with the enzyme P2-C related to the replication of the coxsackie B virus (80); rheumatic fever due to cross reaction between bacterial molecules: protein M (higher virulence factor of group A for Streptococci) and N-acetylglucosamine with myosin present in the myocardium (81); autoimmune uveitis (82), ankylosing spondylitis (83), Sjogren’s syndrome (84), systemic lupus erythematosus (SLE) (40), etc.

The oral cavity, especially in the presence of periodontal diseases, has proven to be a source of antigens both locally and systemically and molecular mimicry is undoubtedly one of the mechanisms by which it participates as a chronic infection in local and remote autoimmunity. The heat shock proteins (HSP) belong to a family of proteins conserved in prokaryotic and eukaryotic organisms during the evolutionary process, whose homology gives them a strong immunogenicity. In a chronic infection the immune response generated by human HSP60 and its bacterial equivalent, activates human vascular endothelial cells for the expression of E-selectin, intercellular adhesion molecule-1, and the vascular cell adhesion molecule-1. This generates the activation of endothelial cells, smooth muscle cells, and monocytes/macrophages for the production of IL-6 and tumor necrosis factor-α (TNF-α) (85).

High levels of human HSP can have a “toxic” effect on the immune system by stimulating pathological forms of activation as in the case of chlamydia infections and this has been defined as “immunovirulence.” The periodontopathogenic bacteria of the red complex have HSP homologous to GroEL from Escherichia coli. In other bacteria apart from them, such as Agregatibacter acinomycetemcomitans, the production of these HSP have been reported. Two subfamilies of proteins, GroEL and Dnak, are present in these bacteria in different amounts and molecular weights (86). The GroEL homologs are known as key molecules for autoimmune type reactions because of their similarity in sequence with human proteins, specifically with the human HSP60 protein present not only in periodontal cells but also in endothelial and muscle (87).

Multiple peptides from GroEL show more than 60% identity with human HSP60 (88) (Figure 1C). Antibodies anti-P. gingivalis GroEL HSP60 and to human HSP60 (indicating cross-reactivity) are detected in all samples of gingival tissue extracts from periodontitis and periodontally healthy subjects, but a higher frequency of seropositivity and a stronger reactivity is found in the periodontitis patients (64). Also, the existence of accumulated HSP60-specific T cells has been demonstrated in the gingival lesions of patients with periodontitis, with a strong proliferative T-cell response to human HSP60 in periodontitis patients compared with periodontally healthy control subjects. On the other hand, the proliferative response to P. gingivalis GroEL was much lower than that to human HSP60, which may indicate that P. gingivalis GroEL stimulates regulatory T cells (Tr cells), which play a critical role in the generation and maintenance of tolerance (89). The fact that even healthy patients were seropositive could indicate that these antibodies could act as a beneficial protective immunity to microbial HSP60 acquired by infection.

IgA-HSP60 levels are lower in periodontitis patients, but immunoglobulin G (IgG) class antibodies have been linked to antibody levels for A. actinomycetemcomitans and P. gingivalis (90). On the other hand, the levels of antibodies against human HSP60 and P. gingivalis GroEL in patients with atherosclerosis are significantly higher due to the presence of cross-immunological reactions, which would possibly facilitate endothelial pathology. This indicates that anti-P. gingivalis GroEL antibody can react against HSP60 expressed on injured endothelial cells. Antibodies elevated against HSP60 due to periodontal disease, may eventually become a risk factor for developing atherosclerosis in susceptible patients (91). Then, at the systemic level, the possibility of relating coronary and cerebrovascular diseases associated with this autoimmune mechanism has also been described, since elevated serum levels of antibodies against human HSP60, during the course of periodontal disease, may have a cross-reaction with gingival tissue, vascular endothelium and smooth muscle or the possibility of deteriorating pre-existing lesions (92) (Figure 1C).

Among other examples of molecular mimicry is the I-β2 glycoprotein which is important in the suppression of coagulation; some antibodies against the protein fraction TLRVYK of this molecule are related to thrombotic episodes. Leukotoxin C of A. actinomycetemcomitans has protein sequences (SIRVYK) homologous to those of glycoprotein I-β2. In patients with periodontal disease positive for A. actinomycetemcomitans, an antibody response was evidenced for the protein fractions SIRVYK of A. actinomycetemcomitans and TLRVYK of glycoprotein I-β2, being relatively equivalent values ​​and these two markers, in turn, higher in patients with periodontal disease regarding healthy patients (93). Under this concept, it was hypothesized that a chronic A. actinomycetemcomitans infection can increase thrombogenic antibodies against the I-β2 glycoprotein antibody by molecular mimicry, especially the IgG2 anti-SYRVYK response (94). In addition to the above, P. gingivalis also has a protein sequence (TLRIYT), as well as T. denticola (TLALYK), that have high homology to the I-β2 glycoprotein peptide, which may be another mechanism of molecular mimicry (95) (Figure 1C).

It has also been observed that anti-cardiolipin antibodies (aCL) from patients with periodontitis can be proinflammatory, promoting the activation of cell TLR4 pathways. These antibodies appear to be produced by molecular mimicry given their similarity to antigens of oral bacteria P. gingivalis, A. actinomycetemcomitans, and T. denticola, since all 3 bacteria have antigens with peptide sequences with significant homology to a cryptic binding site. Antibodies in serum to β2GPI protein, the target antigen of aCL, could indicate that circulating aCLs can induce or influence inflammatory responses at sites distant from the oral cavity (96).

Gingipains from P. gingivalis have been reported to be recognized by natural IgM and by being molecularly identical to the epitopes of anti-oxidized LDL (oxLDL) in malondialdehyde-modified LDL. Therefore, it may be that periodontal pathogens stimulate atherogenesis by activating autoimmune responses due to similar antigenic structures in the host, such as HSP or OxLDL, by molecular mimicry (97). After an immunological analysis to show the systemic levels of antibodies against A. actinomycetemcomitans, P. gingivalis, HSP 60, 65 and 70 and the OxLDL in plasma, it was found that the levels were higher in patients with periodontitis, however none of these markers of molecular mimicry decreased after periodontal treatment, even six months later. Thus, it can be thought that the increased risk of cardiovascular disease in periodontitis patients is associated with a complex and persistent immune response that may become resistant to periodontal therapy (98).

There are other related HSPs. Anti-HSP65 antibody levels have been reported in carotid atherosclerosis and coronary heart disease. Hypertension has also been associated with B cell activation and autoantibody production (anti-Hsp70, anti-Hsp65, anti-Hsp60, anti-AT1R, anti-α1AR, and anti-β1AR) (99).

Thus, molecular mimicry goes beyond the similarity of structures between the host proteome and the microbiome and includes genetic, environmental factors and alterations that are related to the selection processes of T cells in the thymus that allow the filtration of self-reactive cells (100), which makes this mechanism an interesting therapeutic target that is already being explored (101).



Superantigens

Microbial superantigens (SAg) induce the activation and expansion of a large number of T and B cells, which can result in the production of great amounts of regulatory and effector cytokines, modifying the host’s immune functions (102). They are mainly secreted by gram-positive bacteria and are capable of inducing pathological symptoms (103). This SAg binding mechanism activates a large proportion of T cells (up to 25% of all T cells) in comparison to conventional antigens (0.0001% of all T cells) (6, 7). SAg differs from regular antigens because interacts with the variable region of TCR-Vb chain and CMH-II in the antigen-presenting cell in a segment outside the antigen-binding site and induce the cell activation by cross linking of receptors (104). Therefore, SAg recognition by T cells has a significantly lower degree of specificity, as compared with their interaction with conventional antigens (105) (Figure 2D).

Findings from the late 1990s showed that T cells in periodontitis have a limited repertoire of expression of T cell receptor (TCR) variable region (V) gene products compared to those found in autologous blood which suggested that gingival T cells are not randomly mobilized from peripheral blood and that local events influence the T cell recruitment and expansion repertoire (106). In the gingival tissue of patients with periodontitis but not in healthy tissue, about 50% of all T cells express one or a few families of TCR Vb, leading to the hypothesis that the expansion of T cells in inflamed gums may occur through superantigens present in periodontopathic bacteria (107) (Figure 1D).

However, the results seeking to confirm the role of superantigens in associated bacteria and periodontal disease in the inflammatory response were controversial. Mathur’s study in 1995 showed that co-culture of peripheral blood mononuclear cells with Prevotella intermedia induces expansion of peripheral blood T cells expressing Vab2, Vb5, and Vb6, in patients with periodontitis and healthy individuals, a result that was not found for A. actinomycetemcomitans and P. gingivalis (108). These findings were confirmed by the expansion of Vb8, Vb12, and Vb17 cells in response to a strain of Prevotella intermedia (109). On the contrary, a study carried out in a murine model in which the proliferation of T cells in response to extracts of A. actinomycetemcomitans, P. gingivalis, Prevotella intermedia and Prevotella nigrescens showed that the extracts of these bacteria are not capable of activating T cells by means of superantigens (110). The role of T cell activation by superantigens has not been demonstrated for P. gingivalis that induces expansion of CD4 and CD8 Vb5.2 T cell clones but this activation appears to be antigen specific rather than by superantigen activity (111). In 2005 a review on the aspects of adaptive host response in periodontitis emphasizes that even though autoimmune reactions are evident in periodontitis lesions, the role of superantigens in periodontitis is unclear (112).

Even when in periodontitis the hypothesis of activation by superantigens and their ability to alter the response could not be demonstrated and was abandoned, the mechanism is still relevant to explain the pathogenesis of diseases where the host microbiome interaction is crucial, such as the autoimmune sequelae of streptococcal diseases, toxic shock syndrome with its characteristic dysregulated cytokine storm, allergic inflammation, and tonsillar hyperplasia, among others where bacterial infections can mimic autoimmunity (113–116).



Activation and Inhibition of Receptors Related to Autoimmunity

Overregulation of inhibitory receptors (IR) such as CTL4 (cytotoxic T lymphocyte–associated protein 4) and PD-1 (programmed cell death protein 1) represents an essential mechanism by which immune responses are controlled to maintain immune homeostasis and prevent autoimmunity. The involvement of these checkpoint mechanisms has also been described in evading anti-tumor immunity, they are recognized as one of the signs of cancer (117) and its blockers are widely studied in antitumor therapy (118). Chronic infections, also induce a variety of immunoregulatory mechanisms such as the production of anti-inflammatory cytokines, activation of regulatory T cells (Treg), and the expression of these checkpoint immune molecules (119).

CTLA4 is expressed on T cells and interacts with CD80/CD86 on APCs limiting T activation and leading to anergy. PD-1 is also expressed in T cells and interacts with PD-L1 and PD-L2 expressed in APCs and tumors by sending a negative message to the T cell that leads it to T cell-exhaustion. Check point inhibitors have been shown to increase ex-vivo effector T cell responses on patients with bacterial, viral, and parasitic infections, including human immunodeficiency virus, tuberculosis, and malaria, making their study an open door for the development of therapeutics for infection control (120). Check points bind immunity regulatory mechanisms such as Tregs, myeloid derived suppressor cells (MDSCs), M2 macrophages, regulatory cytokines such as IL-10 and transforming growth factor beta (TGF-β) to prevent tissue damage, thus their failure is related to infectious and inflammatory diseases (121) (Figure 2E).

Humans with CTLA4 mutations develop widespread immune dysregulation. Antibodies that block checkpoints, also bring adverse effects such as the breakdown of self-tolerance, which highlights its role in the physiological modulation of immune responses and therefore has been used as a target of agonist agents to restore tolerance in the context of autoimmunity (122). In periodontitis, an increase in the expression of CTLA4 on CD4+ T-cells has been found related to the presence of periodontitis and, more recently, the study of these IR has specifically focused on the context of the relationship of possible polymorphisms of the gene that encodes it with susceptibility to specific forms of periodontitis in different populations (123–125) (Figure 1E).

Polymorphisms in PD-1 have been linked to susceptibility to autoimmune diseases including SLE, atopy, RA, and progression of MS (126). PD-1 expression in periodontitis has been evaluated to explain the presence of immunosuppression (127) and to be used as a therapeutic target (128). No evidence of their analysis was found in periodontitis in relation to autoimmunity, but the results of the studies open an interesting window. In an ex-vivo murine model, the expression of PD-1/PD-L1 in primed T cells with P. gingivalis showed an increase in PD-1 expression in CD4+ T-cells in the presence of P. gingivalis activation when compared to controls, but these differences were not found in CD8+ T-cells. This overexpression was higher in competent IL-10 cells (capable of producing IL-10), suggesting increased suppressive activity of the interferon gamma (IFN-γ) response in these cells. The study concluded that in addition to IL-10 production, up-regulation of the PD-L1/PD-1 inhibitory signal may be another mechanism used by P. gingivalis to suppress CD4+ T-cell response, possibly contributing to the persistence of the bacteria in the body (129) (Figure 1E).




Mechanism of Autoimmunity Dependent on The Host Response


Bystander Activation

An adaptation mechanism of innate immunity has been described as bystander activation. This occurs as a consequence of infected cells which alert and give instructions to neighboring uninfected cells to produce inflammatory mediators either by direct cell to cell contact (mediated by GAP junctions by modulation of connexin) or by paracrine action (soluble signals). This mechanism may allow the immune system to overcome the pathogen’s ability to disarm the immune signaling pathways in infected cells. The mechanism has been described in viral and bacterial infections. In addition to communication through microorganisms, cytokines or pathogen-associated molecular patterns, macrophages have been described in vitro as releasing active inflammasomes to establish contact (130).

Recent evidence could indicate that there is an underestimation of the role of innate pathogen-associated receptors in T cells (131), since they have been shown to have non-classical activation patterns. That goes beyond the exclusive reliance on antigenic recognition through TCR. Both the γδ T lymphocytes and the mucosal associated invariant T (MAIT) cells, and the conventional αβ CD4+ and CD8+ T-cells in mice and humans express TLRs, demonstrating that the cells of adaptive immunity also use these innate signaling pathways leading to the promotion of T helper cell-dependent inflammation through TLRs (132); this makes us think of these receptors as important regulators of the disease during infection.

This process of activation independent of TCR antigen presentation, also occurs by bystander activation, and was described more than 2 decades ago (133) based on the T cell expansion observed in viral infections. It is a heterologous activation of specific non-antigenic lymphocytes, mediated by indirect signals that favors the inflammatory microenvironment such as costimulatory receptor ligands, cytokines, chemokines, pathogen-associated molecular patterns, extracellular vesicles and microbial particles. Bystander activation occurs in both T cells and B cells, in which the stimulation is independent of the BCR. Cells infected by bacteria or viruses can induce activation of uninfected cells through soluble signals such as cytokines, co-receptor expression (example TLR, CD122, and NKG2D), and intercellular communication mediated by GAP junctions (100).

Lipopolysaccharides (LPS) can activate T lymphocytes non-antigen specific. Furthermore, they can activate dendritic cells by up-regulation of CD86 and IFN-γ production. Innate immunity mediators such as DC and natural killer cells (NK), induce bystander activation of T cells in response to TLRs agonists through the production of IFN-α/β/γ (134) (Figure 3A).




Figure 3 | Dysregulation of the activation of inflammatory processes mediated by a dysbiotic microbiota. These mechanisms alone or together lead to the loss of immunological tolerance to self-antigens. (A) Bystander activation: an “infected” cell can activate neighboring uninfected cells by cytokine release, the generation of soluble inflammasomes by macrophages, or by cell-cell contact via GAP junctions. Bystander activation can induce non-classical activation patterns such as T helper cell-dependent inflammation through TLRs. (B) Dysregulation of TLR: these receptors have evolved to sense nucleic acids which comes with the risk of self-recognition and autoimmunity. At the same time different LPS could promote or inhibit autoimmunity by signaling through different receptors. (C) Cytokine hyperproduction: proinflammation activated by commensal microorganisms can increase the response of T cells to self-antigen. Also, the differentiation of self-reactive Th17 cells has been related to apoptosis of intestinal epithelial cells induced by microbial stimulation. (D) Epitope spreading: it is related to autoimmunity by 2 mechanisms, first inflammation allows T cells to recognize cryptic epitopes and activate B cell complementarity (independent of the antigenic presentation) and second antigen processing and presentation to activate T cell which reciprocally activate B cell (no tissue damage present). (E) Autoantigens complementarity: the activation of the autoimmune response does not occur by the autoantigen but its complementary protein-peptide initiating the production of antibodies which activate an anti-antibody response (anti-idiotypic response). ANCAs is an example of autoantibodies generated by these mechanisms and activation of PMNn produces enzymatic and proinflammatory products that result in dysregulation and tissue damage.



Multiple autoimmune diseases are associated with bystander activation: RA, SLE, type 1 diabetes, MS, autoimmune hepatitis, and autoimmune thyroid disease, among others (100). Specifically, for direct activation of T cell signaling through TLRs, there is evidence indicating that recognition of T cells by TLR3, TLR4, TLR7, and TLR9 is related to disease aggravation in models of infection, cancer, and autoimmunity (135).

All the mechanisms described above converge in the bystander activation mechanisms of T cells, since it involves the participation not only of innate receptors but of other factors such as superantigens by polyclonal activation of T cells, which in turn triggers a storm of cytokines. Additionally, molecular mimicry, dual TCR signaling, and virtual memory T cells (136) (which has been observed in experimental animals) are other none classical T cell activation pathways (135). Thus, this mechanism, although without a demonstrated specific involvement in periodontal disease, hypothetically could participate in the pathogenesis of periodontitis from the activation of host responses to dysbiotic changes, which involve innate immunity, as in the case of dysregulation of TLRs and all the branches of immunity as in the hyperproduction of cytokines (Figure 1F).



Dysregulation of TLRs

Deficiencies in pattern recognition receptor (PRR) signaling that controls homeostasis at the level of composition of the microflora, lead to increased susceptibility to certain diseases (24). When there is inappropriate activation of nucleic acid-sensing, TLRs can cause pathogenic inflammation and autoimmunity (137, 138). TLRs that have evolved to sense nucleic acids and the recognition of microbial DNA or RNA, clearly represents a key strategy by which the innate immune system detects infection; however, the detection of nucleic acids comes with the risk of self-recognition and autoimmunity (139).

For TLR4, a contribution has been suggested in the improvement of autoimmune diabetes in NOD mice, since the deletion of signaling genes as well as the knockout of TLR4 itself have been seen to cause an increase in the incidence of autoimmune diabetes in these animals (140). On the other hand, the deletion of the TLR2 gene reduces the incidence of autoimmune diabetes, suggesting that differences in LPS derived from the microflora between individuals, may prevent the education of their immune tolerance, which would trigger autoimmunity (141). Therefore, the microbiota could promote (through TLR2) or inhibit (through TLR4) the autoimmune responses signaling by different receptors (22) (Figure 3B).

The activation of oral epithelial cells, cells of the innate and acquired immune response through CD14, TLR2, and TLR4, are considered a relevant event in the generation of the inflammatory response by the production of proinflammatory cytokines by binding with LPS of periodontopathic microorganisms in periodontal disease. The altered expression of these receptors has been reported in periodontitis (142, 143). TLR 1, 2, 3, 4, 5, 6, and 9 are differentially expressed in connective tissue and epithelium in periodontitis and in greater numbers in periodontitis patients compared to healthy tissue (143) (Figure 1G).

Despite these findings, a direct role of TLRs activation as inducers of periodontal damage has not been consistently demonstrated. Just as TLRs expression is found in the inflamed tissue, negative regulatory mechanisms have also been found including the production of soluble forms of these receptors, which inhibit signaling pathways by blocking their ligands (144) (Figure 1G). Soluble CD14 levels were significantly higher in gingivitis and periodontitis compared to oral health (145). TLR2 soluble in saliva shows an inverse correlation and TLR4 soluble directly with clinical parameters in periodontitis (146). Additionally, tolerance to the action of endotoxins has been demonstrated by repeated stimulation with periodontopathic bacteria (147). LPS-stimulated cells of the human periodontal ligament have decrease expression of TLR2, TLR4, IL-6, and IL-8 (148).

It has recently been described in a mouse model of periodontitis with RA, that the modulation of cathepsin K-mediated TLR9-related autophagy, can decrease bone destruction in periodontitis promoted by RA, by modulating the infiltration of macrophages, TLR9, autophagy proteins (TFEB and LC3) and inflammatory cytokines (149) (Figure 1G).

Collectively these findings show that TLRs in the periodontium and their regulatory mechanisms can be activated or inhibited by specific ligands derived from periodontal bacteria (150). Therefore, a specific role between bacteria or its genetic material and the innate host response by TLRs that leads to the occurrence of autoimmune responses has not been established but cannot be ruled out.



Amplification of Immunity by Hyperproduction of Cytokines

The amplification of immunity by hyperproduction of cytokines was related to the appearance of autoimmune responses after discovering that the production of proinflammatory cytokines activated by commensal microorganisms (specifically IL-12 at the level of gut-associated lymphoid tissues) can increase the response of T cells to self-antigens (22). IL-12 is attributed a dual role in periodontal disease; in gingival fluid (151, 152), gingival tissue and serum (153), it has been associated with the severity of periodontal destruction. Additionally, the polymorphism of the IL-12 gene is associated with susceptibility to the development of chronic periodontitis (154) and studies in IL-12 deficient mice with P. gingivalis-induced periodontitis show less bone resorption which supports the participation of this cytokine in the development of bone destruction in the disease (155). On the other hand, IL-12 induces the expression of immunosuppressive molecules, such as human leucocyte antigen (156) and indoleamine-pyrrole 2,3-dioxygenase (157) through an IFN-γ–dependent pathway. IL-12-induced immunomodulation may be an important mechanism that helps regulate the host’s immune response and maintain tissue homeostasis during periodontal inflammation. These findings suggest positive and negative influence of IL-12 on periodontal disease (158). However, it is not known how dysbiosis of the periodontal microbiota can guide IL-12 function towards a protective role or proinflammatory function. Understanding the role of the microbiota in this mechanism could be used to regulate or control the evolution of periodontal disease.

Despite the regulatory processes in which cytokines participate, microorganisms are generally related to autoimmune responses by indirect generation of a proinflammatory microenvironment where this expression of cytokines would favor the presentation of self-antigens leading to autoimmunity (17). Apoptosis of intestinal epithelial cells in response to microbial stimulation has been shown to increase the presentation of self-antigens resulting in differentiation of self-reactive Th17 cells (159). Although this mechanism has not been specifically described for periodontopathogens, the tropism of the pathogen could determine the specific location of the inflammatory disease (Figure 3C).

It has been studied in various germ-free animal models how the production of cytokines by cells of the innate response such as DC, macrophages, neutrophils and NK after their activation by microorganisms, are necessary for the development of autoimmunity. For example, macrophages isolated from germ-free mice release lower levels of TNF-α and higher levels of IL-10 when stimulated with bacterial LPS (160). NK function is also altered under these conditions, possibly due to the inability of monocyte-derived cells to produce type I interferons in response to microbial stimuli (77). Additionally, the decrease in the number of Th17 cells in the intestine in germ-free mice improves autoimmune glomerulonephritis (22).

IL-17 is of particular interest in the pathogenesis of periodontitis because it is involved in both the inflammatory response and protective immunity against microorganisms (161, 162). Constant signaling through the IL-17 receptor can transform a protective acute inflammatory response into a chronic immunopathological response (163).

In periodontal disease, both IL-17 and IL-17F activate cells of innate immunity as neutrophils and cells from surrounding non-immune tissues (fibroblasts and epithelial cells), by activating the transcription factor NF-κB. IL-17 can activate both fibroblasts and endothelial cells to increase secretion of IL-6 in the presence of TNF-α (Figure 1H). IL-6 and RANTES are recognized factors for the progression of gingivitis to periodontitis. RANTES is produced by gingival fibroblasts after challenge with IL-1β and TNF-α, inducing recruitment of monocytes in the tissue; it is also a chemo-attraction factor of Th1 profile cells. The concentration of IL-6 and RANTES is high in deep (≥6 mm) periodontal pockets (164).

Although the mechanisms are not clear, there is evidence to suggest that P. gingivalis promotes an IL-17 rich environment, as a mechanism for obtaining nutrients that come from the degradation of oral tissues caused by inflammation (165). The Th17/Treg ratio in autoimmunity and Th17-mediated immunity is important for maintaining hematopoietic and mucosal homeostasis. Altered homeostasis between Th17 and Treg has been implicated in several autoimmune diseases, so the relationship between Th17 effector cells and Treg must remain in balance to preserve functional immunity and host health (166). Additionally, the trans-differentiation of Treg cells into cells that produce IFN-γ similar to Th1, and from Th17 cells that produce IL-17 to IFN-γ, has been implicated in the pathogenesis of several autoimmune diseases (167–169) (Figure 1H). Such trans-differentiation process has been demonstrated in a mouse model inoculated orally with P. gingivalis at 4-day intervals to simulate persistent dysbiosis. Results showed that in this environment of persistent dysbiosis as occurs in periodontitis, the CD4+ T lymphocyte-mediated immune response evolves from one initially dominated by IL-17A to one that is predominantly IFN-γ-producing, in a response generated de novo by Th1 cells. A small proportion of Treg cells expressing IL-17A on day 28 disappear on day 48. This evolution of dysbiosis and the inflammatory environment on day 48 by P. gingivalis, induces a transdifferentiation of Th17 and IFN-γ expression. The components of the microbial biofilm or host cells under the influence of such a microbial environment responsible for driving Treg or Th17 transdifferentiation in the oral environment are not known (170). Changes in microbial communities from the initiation of an accumulation and conformation of non-specific oral biofilm to subsequent dysbiotic changes, rather than a simple increase in microbial load, are necessary for the activation of disease-causing Th17 cells in mice and in humans (171). Therefore, transdifferentiation mechanisms may contribute to the transition from active inflammation to a resolution phase at sites with periodontitis.



Epitope Spreading

In many immune responses the initial antigens and epitopes of those antigens that are recognized by adaptive immunity are limited. Over time, the responses of T and B cells can grow to include many other epitopes and additional antigenic molecules, this process is known as epitope spreading. Under normal conditions, by expanding the antigenic epitopes recognized by the immune system, the response to these foreign antigens is optimized, allowing neutralization via antibodies, recognition by various immune cells, and clearance of the pathogen (172). The epitope spreading is essential for the development of normal adaptive immune responses, but in turn contributes to the immunopathological processes of infection-induced autoimmunity.

There are 2 mechanisms for the epitope spreading to occur in autoimmunity, one independent of the antigenic presentation, in which inflammation and cytokine activation are sufficient to allow T cells to recognize cryptic epitopes and activate B cell complementarity (173), and the other dependent on binding to an APCs that occurs when there is no tissue destruction, and relies on processing and presentation to activate T cell which in turn reciprocally activate B cell (174). Molecular mimicry and cross reactivity B cell epitope spreading after mimicry, is a mechanism by which the body initiates the breakdown of self-tolerance, leading to the development of autoimmune diseases. More is known about T cell spreading epitope than B cell epitope in disease (172). Therefore, it all begins with molecular mimicry against the dominant epitope, resulting in an auto-response directed against a neo-epitope. Intra-intermolecular epitope spreading is one of the four mechanisms on how antigens of infectious organisms may propagate into various human autoantigens to trigger adaptive autoimmune responses. Substantial evidence supports the hypothesis that tissue damage can lead to epitope spreading, which can then contribute to ongoing disease (175) (Figure 3D).

The peptide 19 from P. gingivalis HSP60 (Pep19) has been studied as one of the dominant peptides, from which, the epitope-specific immune response to subdominant epitopes could be sequentially diversified towards autoimmune responses directed against human neoepitope in periodontal disease induced by P. gingivalis and in autoimmunity (91). The mechanism as Pep19 directs the epitope spreading towards the formation of autoantigens in chronic periodontitis or in experimental periodontitis induced by P. gingivalis is not clear. Animal and human model research has described that in both young, systemically healthy humans and mice, there is a unique dominant immune response against Pep19, which persists in the presence of chronic periodontitis and autoimmunity, without subsequent replacement by response to subdominant epitopes (87, 174). Pep 19 generates sequential spreading epitope to Pep19 subdominant autoantigens of human HSP60 (Hu19) in healthy subjects and mice, to P9 autoantigens of human HSP60 (Hu9) and to oxidized low-density lipoprotein (ox-LDL) (neoantigen) in the Periodontitis induced by P. gingivalis as well as in autoimmunity. The proliferative activity of T cells to the autoantigens Hu19, Hu9 and ox-LDL, and the cross reactivity of Pep19 monoclonal antibodies to these epitopes are proposed as the responsible cellular and molecular mechanisms (175) (Figure 1I).

Pep19 has also been the object of study for immunotherapy as a target of Treg cell subsets in search of generating tolerance. Naive cells CD4+CD25+CD45RA+ Tregs and the epitope spreader Pep19 were proposed as cell and molecular targets for a scheme of antigen-specific Tregs-based vaccination in collagen-induced arthritis (177).



Autoantigens Complementarity

The theory of autoantigen complementarity (described in the 1990s) is based on the fact that the autoantigen is not the one that triggers the events that lead to autoimmunity, and that what activates it is its complementary protein-peptide (178). This initiates the production of antibodies which in turn activate an anti-antibody response or anti-idiotypic response. The anti-idiotypic antibody reacts with the autoantigen which has a sequence complementary to that of the initiator antigen. This mechanism was described from the study of cytoplasmic anti-neutrophil antibodies (ANCAs) directed against proteinase 3 (PR3) of neutrophil granules (179). It was discovered that patients not only had antibodies against PR3 but antibodies against peptides encoded by the noncoding band of genes encoding the PR3 autoantigen (178). This means that the initiator of the autoimmune response is not the autoantigen but rather the complementary protein in the microorganism that induces the idiotypic antibody response (Figure 3E).

ANCAs are defined as autoantibodies of the IgG type mainly directed against granular components of the neutrophil, specifically on proteolytic enzymes located within the azurophil or primary granules. Initially, their production was attributed to the polyclonal activation of autoreactive B lymphocytes but now they are considered as antibodies generated by autoantigens complementarity (180). When the binding between the ANCAs and target antigens occurs, an activation signal is emitted to the neutrophil for the release of enzymatic products (collagenases, elastases), oxygen free radicals, hydrogen peroxide, hypochlorous acid, hydroxyl radicals and nitrous oxide; cytokines and pro-inflammatory substances such as: IL-1β, TNF-α, platelet activation factor, thromboxane E2, and leukotrienes. This activates autocrine and paracrine responses to other cell types without regulation, added to the inactivation of enzymatic inhibitors, resulting in evident cell damage (181).

The apoptosis of neutrophils and their subsequent tissue removal is a vital function that must be fulfilled in order to not break the balance as apoptosis of neutrophils is essential for controlling the duration of early inflammatory response and thus limiting the local tissue damage that can result from prolonged activation of neutrophils. Defects in apoptosis or in the process of removal of apoptotic cells could lead to exposure of these cellular fragments to immune system and activating a humoral immune response (182). Thus, another mechanism by which the ANCAs exert their function is by preventing apoptosis and the removal of apoptotic neutrophils, generating a sustained immune response (183). This is a topic that has recently gained strength to explain the pathogenesis of autoimmune diseases characterized by a defect in apoptotic cell clearance and in the resolution of inflammation (i.e. granulomatosis with polyangiitis, an autoimmune necrotizing vasculitis associated with ANCAs), where PR3 that acts as an autoantigen impaired C1q enhancement of apoptotic cell uptake by altering the elimination of apoptotic bodies (184).

Initially described in systemic pathologies such as RA (185–188) and SLE (189–191), towards the end of the 1990s ANCAs were related to periodontal disease, due to the relationship established between these diseases and periodontitis. Novo et al. would be the pioneers in mentioning this mechanism in periodontal disease visualizing p-ANCA immunofluorescence patterns (191).

In the periodontal environment, ANCAs also seems to interfere directly with the apoptosis of neutrophils present in the lesion (192) (Figure 1J). When the oxidation of α-1-trypsin (inhibitor) occurs, this leaves free Proteinase 3 to be targeted by the enzyme attack. As a result, there will be high levels of substances and protein products mediating periodontal damage in the environment, such as: collagenase, gelatinase, cathepsin B and D, elastase, β-glucuronidase, myeloperoxidase, and lysozyme (Figure 1J). In addition, a greater number of molecules will be found, such as adhesins, selectins, and integrins that will allow greater adhesion to the vascular endothelium. Even so, it has been described that in early stages of periodontal disease when there is no polyclonal activation of B cells there is no presence of ANCAs (193).

In 2006, 15 years after the beginning of the study of ANCAs in periodontitis, a model was proposed to explain the pathogenesis of periodontal disease from the concept of ANCA associated autoimmunity. Based on multiple studies, the authors founded their model on the following points: 1. Genetic factors similar for periodontal diseases and other ANCA-associated diseases like Wegener’s granulomatosis, RA and, to a lesser extent, LES; 2. The activation of the cells bearing the ANCA antigens (neutrophils and monocytes) leading to an inflammatory response and eventually resulting in immense bystander damage; 3. The damage to other cells bearing the target antigens such as endothelial cells; 4. A loss of function by the direct inactivation of the antigen to which the ANCA bind; 5. The induction of the respiratory burst and the degranulation of neutrophils mediated by ANCA with the consequent release of enzymes and various metabolites capable of producing damage to the periodontal connective tissue; and finally 6. The local or systemic presence of superantigens that could ensue from periodontal pathogens and that may stimulate monocytes/macrophages to secrete proinflammatory cytokines and elevated levels of TNF-a reported in ANCA+ patients. The publication concludes that even though the evidence supporting the model puts periodontitis in the spectrum of diseases where autoimmunity mediates damage, further long-term prospective controlled studies were required to validate the ANCA-mediated periodontal destruction model; such studies were never done (183). Despite this type of approach, there is no direct evidence to support the participation of ANCAs in the tissue damage observed in periodontitis.




Relevance of Auto-Antibodies in The Autoimmune Damage

Autoimmune responses are part of multiple inflammatory processes including primary immunodeficiencies, in which the classic sign is the presence of autoantibodies. Autoreactive cells are found in healthy individuals and do not normally cause pathology, this could be due to low precursor frequency or regulatory controls that exceed them; but, in genetically susceptible individuals, regulation of activated autoreactive lymphocytes during tissue damage can be faulty and the pathogen can lead to disease via epitope spreading (175). Thus, 2 scenarios can arise: 1. An immune response to a persistent antigen with direct lysis that could cause damage to the own tissues (175); or 2. That healthy individuals having constitutive autoreactive cells indicates that they have a protective role. In fact, B cells produce antibodies that recognize their own epitopes, that have been described as beneficial for their participation in the cleaning of apoptotic bodies and the development and homeostasis of B cells (100) (Figure 4).




Figure 4 | Autoimmunity in periodontitis: tissue damage related or homeostasis mechanisms? There is an evident relationship between the dysbiotic microbiota, the activation of inflammatory mechanisms, and the tissue damage observed in periodontitis, which leads to prolonged antigenic stimulation due to tissue breakdown with the release of matrix proteins. In turn, microorganisms use these products of tissue damage as a nutritional source. This persistence of both self and exogenous (microbial) antigens leads to the occurrence of autoimmunity, which can be understood as a mechanism by which debris generated by tissue damage are removed through the generation of autoantibodies (including ANCAs as a mechanism for the cleaning of apoptotic bodies after the activation of phagocytic cells) or as a damage machinery, although the evidence for the participation of autoimmune mechanisms in the tissue damage observed in periodontitis is poor and lacking analysis. Additionally, microorganisms and their products can alter the activity of epigenetic enzymes at the same time that these epigenetic changes can induce dysbiosis, thus epigenetics being a determining factor in the occurrence of autoimmunity due to a direct relationship with the breakdown of immunological homeostasis.



The study of self-responsiveness in the occurrence of tissue damage linked to the presence of microorganisms is complicated. It has been described that the participation of B-cells in the microbiome host interaction at the intestinal level, goes beyond the promotion of Breg cell differentiation and its production of IL-10 through the activation of IL-1β and IL-6; commensals seem to play a key role in the removal of autoreactive B-cells from the gut associated lymphoid tissue, a process that is defective in SLE and RA, so a lack of regulatory promoting bacteria that compromises synthesis or secretion of immunoglobulins could be hypothesized (40).

Amyloid fibers (curli fibers), a major extracellular matrix protein produced by bacteria and a component of bacterial biofilms, are capable of binding to extracellular DNA and forming curli/DNA complexes that lead to immune activation and the production of autoantibodies (40), establishing an important relationship of bacteria in biofilms with the possible immune dysregulation characteristic of autoimmunity responses.

In periodontal disease, antibodies have been found against almost all types of collagen (I to IV), desmosomal epitopes, aggregates of IgG, host DNA, antigens of the neutrophil cytoplasm, proteins of the extracellular matrix (vimentin, spectrin, filaminin, actin, laminin, keratin, and tubulin) and phospholipids (93, 191, 194, 195). It is possible that due to the prolonged antigenic stimulation caused by the rupture of the tissue and the release of the proteins of the extracellular matrix (a secondary event to the inflammatory process induced by microbial dysbiosis), these antibodies that can be considered as part of tissue homeostasis, suffer a change in isotype from IgM to IgG or IgA, while increasing concentration at the site of local inflammation (196, 197). However, IgG anti-collagen type I antibodies are present in gingival fluid during the inflammatory healing process (198), what is opposed to their participation in the damage and supports a possible role for instance in the regulation through what we could call immune removal of debris. Anti-desmosomal antibodies then appear to be a normal part of the immune repertoire (194) (Figure 4).

On the other hand, the levels of anti-desmosome antibodies are higher in sites with active periodontitis compared to unaffected sites in patients with periodontitis (194). Similarly, levels of anti-type I collagen antibodies are higher in gingival tissue than in peripheral blood (199), and IgG and IgA isotypes are found in higher concentrations in extracts of gingival tissue than in autologous serum while there are no differences in IgM levels (200). Anti-collagen antibody-producing B cells are found primarily in gingival tissue and in very low amounts in peripheral blood from patients with periodontitis (201). Additionally, serum levels of anti-CD24 IgG antibodies, a surface glycoprotein involved in cell-cell signaling and adhesion in epithelial tissue, have been reported to correlate with a more favorable clinical status in patients with periodontal disease (202).

Finally, one of the immune system functions, related to damage in autoimmunity by the formation of immune complexes, is the complement activation. The relationship between the complement system and autoimmunity appears paradoxical as both the deficiency and the activation, contribute to induce autoimmune diseases (203). The role of the complement system in enhancing infective diseases in secondary complement deficiencies, was mainly demonstrated in patients affected by autoimmune diseases. It has been suggested that the early part of the classical pathway, activated by the immune complex, plays a protective role against the development of SLE, whereas central and terminal component can contribute to disease development (204, 205). Recently, complement also emerged as a critical player in adaptive immunity via its ability to instruct both B and T cell responses, it has an impact on T cell responses that now permits to see this system functions also within cells and it´s involvement in regulating basic processes, predominantly those of metabolic nature (206). The presence of complement deposition in affected tissues, decreased levels of complement proteins (207) and high levels of complement activation fragments in the blood and vessels (208) have been documented related to autoimmunity.

Although complement activation has been described as an important mechanism in tissue damage in periodontal and peri-implant disease (209, 210), the most accepted interpretation of its activation is the capacity of the periodontopathogens that use it as a mechanism for tissue degradation in favor of the release of nutritional components, and thus the maintenance of biofilms (211, 212) and not directly as a mechanism of tissue damage.



Epigenetics and Autoimmune Responses

Epigenetics refers to heritable genomic expression without alterations in the original DNA sequence (3) leading to remodeling of the chromatin and activation or inactivation of a gene (213). There have been described three epigenetics modifications: DNA methylation, histone modifications, mainly by short-chain fatty acids and microRNA (miRNA) regulations (3). These processes are potentially reversible and transient. It can be induced or altered by environmental factors that modulate and affect the gene expression and functions (213). Epigenetic regulations could break the immunological homeostasis and result in the development of autoimmune diseases (40) such as SLE, RA (214), Systemic sclerosis (215), Sjogren syndrome (216), etc, among others due to the inflammatory responses mediated by an increase in the number of iNKT, less reactivity of the NK, and alteration of production IFN type I, IL-6, IL-12, IL-18 and TNF-α (22).

SLE is the most studied autoimmune disease correlated with epigenetic modifications, a pattern of robust demethylation of interferon signature supporting a pathogenic role for neutrophils in lupus has been suggested, as well as a model whereby DNA from lupus neutrophils externalized by NETosis enhance type-I IFN production via TLR-9 stimulation by hypomethylated DNA (217). Other epigenetic modification described for the SLE are DNA methylation and histone modifications which regulate gene expression in mature T cells for different genes such as CD11a, perforin, CD70, and CD40LG are described in the literature (218), as well as overexpression of IL10 in T cells from SLE patients leading to an increase of specific autoantibody production and tissue damage (219).

Microbial metabolites can affect the activity of epigenetic enzymes or act as necessary substrates for epigenetic modifications. ncRNAs or epigenetic enzymes of the microbiome, can translocate to host cells influencing their gene expression. These epigenetic changes can also induce dysbiosis (40). This leads to the conclusion that the microflora is epigenetically regulated by the expression of genes that buffer autoimmune inflammation but increases the ability to respond to external challenges (22). All exposed responses could be microorganism-specific, depending on host susceptibility and lifestyle factors, as well as varying from animal to human models (Figure 4).

It has been established that both genetic and epigenetic factors play indispensable roles in the pathogenesis of periodontal disease (220, 221). Genetic background is necessary for disease onset, but it is insufficient for disease development. Epigenetic modifications also participate in the pathogenesis of periodontitis in genetically predisposed individuals (3) (Figure 2).

The post-translational modification of histone proteins in chromatin and the methylation of DNA are the two primary epigenetic mechanisms in periodontitis (3, 213). In addition, many environmental factors may have profound effects on the epigenetic changes and induces susceptibility to disease (3).




Discussion

The recognition of the microbiota role in autoimmune responses has led to greater clarity in patterns of common mechanisms between autoimmunity and primary immunodeficiencies in humans (222). After consolidating the information, the question is: Are autoimmune responses in periodontitis a harmful machinery leading to tissue damage or the dysregulation of the immune mechanisms generated in a dysbiosis-induced inflammatory response, or normal physiological responses to the local presence of microorganisms?

To analyze the occurrence of the autoimmune mechanisms in periodontal disease, it is necessary to start from several facts at the level of periodontal tissues which establish the relationship between periodontitis and autoimmune responses: 1. Presence of microorganisms (commensal or pathogenic) that leads to constant antigenic stimulation by microbe-associated molecular patterns (MAMPs) (223); 2. Prolonged presence of immune activation by damage-associated molecular patterns (DAMPs) (224), given the persistent production of “damage” with a large generation of residues; 3. Constant activation of the innate and acquired immune response, including regulatory mechanisms; and 4. Continuous change in the characteristics of the environment influenced by external factors, including constant passage of microorganisms through the mouth and lifestyles, that trigger the need for uninterrupted epigenetic adaptation (225).

On the other hand, the relatively low prevalence of severe periodontal damage in the population highlight the importance of genetics, mediating not only susceptibility to infection (226), but differences in host response (227) and even susceptibility to the occurrence of inflammatory diseases (228). The 2009-2012 NHANES identified severe periodontitis in 8.9% of US adults (229) and an average worldwide prevalence of severe periodontitis has been estimated to be 11%, including countries with relatively little emphasis on periodontal health care (230). Despite the low prevalence of severe disease, the need to control dental biofilm as the main risk factor in the occurrence of periodontitis should be emphasized, as it has been found that fair to poor oral hygiene increases the risk of periodontitis by two‐ to five‐fold and that the effect of oral hygiene on periodontitis is stronger than those of other risk factors, such as diabetes, smoking or obesity (231).

Autoimmune responses have been described in both periodontally healthy and diseased individuals; but is in susceptible individuals where it is observed that the inflammatory process ultimately results in damage, with a constant altered regulation of the local response. From the data collected, the following assumptions were made based on the analysis of the autoimmune mechanisms occurrence in periodontitis:

Neither the autoimmune mechanisms dependent on the microorganism or those caused by activation and local dysregulation of immune responses by dysbiosis, can explain the occurrence of tissue damage in periodontitis; the studies as presented just support their activation. Superantigens and inhibitory receptors inactivation could not be shown to be related to the occurrence of tissue damage due to autoimmunity in periodontitis; others such as bystander activation that ends in the possible alteration of cytokine production are not clear, as it could eventually be linked to intracellular invasion by periodontopathic bacteria that presents more as an evasion mechanism to generate nutrients for its survival, than to an autoimmune response (232).

Similarly, the role of oral dysbiosis in the induction of the inflammatory response mediated by cytokine hyperproduction is not yet clear, especially since the mechanisms have been proposed from autoimmune diseases as an explanation for the damage caused by the inflammatory response itself (15). However, this does not seem to be the case in periodontitis, since the few studies that use P. gingivalis for disease modeling show dual functions for the main cytokines with inflammatory functions in autoimmunity, eg. the hyperproduction of IL-17 of great interest in the pathogenesis of periodontitis due to its involvement both in the inflammatory response and in the protective immunity against microorganisms (233). However, this makes it a double-edged sword in a disease like periodontitis that is initiated by the bacteria, and in which tissue damage is done and controlled by the host’s response induced by the microorganism and not by autoantigens since the autoimmune mechanisms in periodontitis seem to be part of the physiological repair process.

In relation to the above and under the exposed premise that autoimmune mechanisms overlap, the role of TLRs dysregulation in autoimmune responses in periodontal disease is controversial and complicated, since there appears to be potential heterogeneity of responses through TLRs mediated by different commensals (150, 234). Thus, the activation of certain TLRs leads to the activation and that of others to the inhibition of the differentiation of cell populations related to autoimmune responses, especially Th17 (235).

The mechanism by which spreaders, such as Pep19, direct the epitope spreading toward autoantigen formation in chronic periodontitis or in experimental periodontitis induced by P. gingivalis (175) is unclear. What is deduced from the studies, both in animal model and in humans, is that the response to the spreader is found in healthy individuals and is maintained without being replaced by responses to other epitopes, in chronic periodontitis and even in autoimmunity (87, 176).

Regarding the role of autoantigen complementarity and the increased auto-antibody response found in periodontitis, they have traditionally been proposed as autoimmune responses involved in tissue damage; but in light of new concepts on host-microorganism interactions and microbial dysbiosis in this disease (236), the tissue damage associated with its presence in inflamed tissues occurs more due to the dysregulation of physiological mechanisms guided by a dysbiotic inflammophilic microbiota, and is needed to cover the removal requirements of apoptotic bodies and tissue degradation proteins. The presence of some autoantibodies, in gingival fluid and serum show similar specificity in healthy individuals and periodontitis patients (194), suggesting that autoantibodies are a normal part of the immune repertoire. Therefore, the presence of autoantibodies in periodontitis does not support their causal role in the occurrence of local tissue damage (Figure 4).

In conclusion, in periodontitis, additional consideration should be given not only to the presence or absence of cells with autoimmune functions but to whether or not they are activated and directly related to tissue damage. Despite the lack of evidence to support some autoimmunity mechanisms in periodontitis (which does not mean that they do not participate in the pathogenesis), and after analyzing the physiological functions of such mechanisms in other inflammatory and autoimmune diseases, we hypothesize that the presence of autoreactive cells in periodontal tissues do not explain their direct relationship with tissue loss and may represent the activation of damage “control” mechanisms, as supported by the evidence of activation of the same mechanisms in periodontally healthy patients.

However, the translocation of oral microorganisms, its components or its metabolites from periodontal tissues could be involved in the occurrence of autoimmune responses at a systemic level, in which the different mechanisms mentioned are represented, even if the dynamics exact of this relationship have not yet been clarified. Thus, at systemic level, the link of autoimmunity and periodontopathogens needs to be interpreted from the role of dysbiosis in the occurrence of systemic autoimmune responses, related to the possibility of periodontopathic bacteria ability to generate an alteration of the microflora in other organs with the consequent activation of autoimmunity mechanisms. The processes by which the presence of oral pathogens in remote sites generate dysbiosis in different organs, which in turn dysregulate the systemic immune response in individuals susceptible to autoimmunity, are just being clarified.
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Blood microbiome is important to investigate microbial-host interactions and the effects on systemic immune perturbations. However, this effort has met with major challenges due to low microbial biomass and background artifacts. In the current study, microbial 16S DNA sequencing was applied to analyze plasma microbiome. We have developed a quality-filtering strategy to evaluate and exclude low levels of microbial sequences, potential contaminations, and artifacts from plasma microbial 16S DNA sequencing analyses. Furthermore, we have applied our technique in three cohorts, including tobacco-smokers, HIV-infected individuals, and individuals with systemic lupus erythematosus (SLE), as well as corresponding controls. More than 97% of total sequence data was removed using stringent quality-filtering strategy analyses; those removed amplicon sequence variants (ASVs) were low levels of microbial sequences, contaminations, and artifacts. The specifically enriched pathobiont bacterial ASVs have been identified in plasmas from tobacco-smokers, HIV-infected individuals, and individuals with SLE but not from control subjects. The associations between these ASVs and disease pathogenesis were demonstrated. The pathologic activities of some identified bacteria were further verified in vitro. We present a quality-filtering strategy to identify pathogenesis-associated plasma microbiome. Our approach provides a method for studying the diagnosis of subclinical microbial infection as well as for understanding the roles of microbiome-host interaction in disease pathogenesis.

Keywords: plasma microbiome, quality-filtering strategies, contaminations and artifacts, pathogenic bacteria, microbiome-host interaction


INTRODUCTION

Blood and tissues were originally presumed to be sterile, and microbes were thought to occur only in cases of sepsis and live bacterial infections. However, recent research evidence has shown live bacteria in the blood and tissues which may play a role in the disease pathogenesis. Poore’s group found cancer-specific microbial sequences in the tissues and the blood from different types of cancer in humans (Poore et al., 2020). In addition, another study led by Nejman’s group found that distinct microbiome composition in seven cancer types and that the bacteria localized within both tumors and immune cells (Nejman et al., 2020). Microbe or microbial components were found in the blood from individuals with chronic inflammatory diseases (Potgieter et al., 2015; Lelouvier et al., 2016; Luo et al., 2019). Using bacterial 16S rRNA sequencing, Massier’s group showed bacteria in the blood and adipose tissue samples, which were associated with increased tissue inflammation in obesity and type 2 diabetes (Massier et al., 2020). Moreover, the translocated microbial products were shown to induce immune perturbations and may contribute to some disease immunopathogenesis such as autoimmune diseases and central nervous system diseases (Niebauer et al., 1999; Brenchley et al., 2006; Klatt et al., 2010; Yoshimoto et al., 2013; Costa et al., 2016; Vieira et al., 2018). Our recent study showed that translocation of Staphylococcus promotes germinal center B cell activation and autoantibody production in mice and HIV+ individuals (Luo et al., 2019). All of these studies indicated that plasma or tissue microbiome might contribute to immune perturbations and disease pathogenesis.

However, investigation of plasma or tissue microbiome is highly challenging because of extremely low levels of bacterial biomass in the blood or tissues under a physiological condition, which leads to a high risk of contamination during procedures from plasma microbial cell-free DNA (cfDNA) isolation, amplification, to sequencing. Using whole-genome and whole-transcriptome sequencing, up to 92.3% of plasma microbiome sequence data was discarded after stringent decontamination to ensure valid results (Poore et al., 2020). Therefore, removing the background and artifacts from sequencing data is critical to obtain accurate results from the plasma microbiome analysis.

In this study, we applied a quality-filtering strategy to plasma microbiome to efficiently exclude amplicon sequence variants (ASVs) of contaminations and artifacts. After strict controls of contamination during plasma microbial DNA isolation, we found more than 97% of plasma microbial 16S DNA sequencing data resulted from low abundance and low prevalence of microbial sequences, contaminations, and artifacts, which was removed using stringent quality-filtering strategy analyses. Furthermore, we analyzed plasma microbiome in three cohorts, including tobacco-smoking individuals, individuals with HIV infection, or systemic lupus erythematosus (SLE), as well as corresponding control individuals.



MATERIALS AND METHODS


Subjects

Volunteers with SLE, HIV-infected individuals, and healthy individuals were recruited from the Medical University of South Carolina (MUSC) Lupus Clinic, Clinic of Infectious Diseases, and MUSC campus. The clinical characteristics are shown in Supplementary Table S1. All individuals with SLE met at least four American College of Rheumatology criteria for the classification of lupus as determined by the rheumatologist (Hochberg, 1997). The SLE clinical characteristics, disease manifestations, and medications being used are shown in Supplementary Table S2. HIV-infected individuals have been treated with antiretroviral therapy (ART) and have plasma HIV RNA below the limit of detection for at least 24 weeks (a single blip to ≤500 copies/ml was allowed). Tobacco-smoking and non-smoking control individuals were recruited from the Fifth Medical Center of Chinese PLA General Hospital in China. All tobacco-smokers were smoking for at least 5 years. This study was approved by each of the participating institutional review boards. All participants provided written informed consent. The tobacco-smoking cohort included 20 tobacco smokers and 21 non-smokers; the HIV cohort included 40 aviremic ART-treated HIV-infected individuals and 51 healthy controls; the SLE cohort included 19 women with SLE and 30 healthy control women. Venous blood was drawn into EDTA tubes and unstimulated saliva was collected after rinsing the mouth following a standard protocol (Topkas et al., 2012).



Plasma Microbial 16S rDNA Isolation

Fresh blood samples or endotoxin-free water (negative control, Catalog number: W50-640, LONZA, Walkersville, MD, United States) in EDTA-containing tubes (BD, San Jose, CA, United States) were centrifuged at 800 g for 15min, which was followed by transferring the samples to new centrifuge tubes (Catalog number: 352098, BD). Plasma and water controls were placed in aliquots and stored at −80°C. DNA low-binding centrifuge tubes (Catalog number: 022431021, Eppendorf, Hamburg, Germany) were used to store the plasma samples. We avoided repeated freezing and thawing before microbial 16S rDNA isolation. Circulating bacterial DNA was extracted from 400 μl of plasma or the water control using the QIAamp UCP Pathogen Mini Kit (Catalog number: 50214, Qiagen, United States) according to the manufacturer’s instructions.



16S rDNA Sequencing

Bacteria 16S rDNA was isolated from plasma and amplified using primers 515/806 with the barcode on the forward primer using a 35-cycle PCR. The HotStarTaq Plus Master Mix Kit (Catalog number: 203645, Qiagen) was used, and the 16S V4 variable region was amplified. To prevent batch-to-batch variation, all samples in each cohort were run concurrently. The PCR was performed under the following conditions: 94°C for 3 min, followed by 35 cycles at 94°C for 30 s, 53°C for 40 s and 72°C for 1 min, and a final elongation step at 72°C for 5 min. The PCR products were checked on a 2% agarose gel to assess the amplification. Multiple samples were pooled together in equal concentrations and purified using Agencourt AMPure XP beads (Catalog number: A63880, Beckman Coulter, Brea, CA, United States). The pooled and purified PCR products were used to prepare the DNA library according to the Illumina TruSeq DNA library preparation protocol. Sequencing was performed at MR DNA (www.mrdnalab.com, Shallowater, TX, United States) on a MiSeq platform following the manufacturer’s guidelines.



Microbial 16S rDNA Data Processing

QIIME21 was applied to demultiplex the data generated by Illumina MiSeq sequencing into paired forward and reverse FASTQ. For each sample, barcodes and primers were depleted at paired sequences. Demultiplexed sequences were processed using the DADA2 (version 1.8; Callahan et al., 2016a) analysis pipeline in the R (https://www.r-project.org/, version 3.5.0) environment. Briefly, paired reads likely contain low quality throughout and pathological errors were truncated, and more than two expected errors per read were removed by paired reads (Edgar and Flyvbjerg, 2015). Unsupervised learning in DADA2 was performed to distinguish sequencing errors from real biological variation, while replacement and insertion of errors from the data were removed at the inference step. After merging the paired sequences, the chimera sequences were removed. ASVs were defined as clustering at 1% divergence (99% similarity), and the naive Bayesian classifier method was applied to assign taxonomy using the RDP v16 training set (Callahan et al., 2016b).



Plasma 16S Microbiome Analysis

ASV tables and different levels of taxonomic tables were imported into a phyloseq R package (version 3.7; McMurdie and Holmes, 2013) for statistical analysis. A 0.005% minimum abundance threshold was applied to exclude ASVs with a low abundance. Next, a prevalence filter was applied to ASVs, and the ASVs were retained only if the prevalence of specific ASV was more than 1/3 in any study group samples. A user-defined control filtering factor was applied to remove the potential contaminants and artifacts from the plasma microbiome. If the abundance of taxa from blank controls multiplied by the filtering factor was more than the abundance of taxa from plasma samples, the taxa were removed from samples. α-diversity of richness and evenness was calculated by the Simpson index of diversity in each sample. The Unifrac coefficient was calculated to evaluate β-diversity and compositional dissimilarity among the microbial community. The Multivariate Welch t-test was used to test the statistical significance of variances in microbiome composition between groups (Alekseyenko, 2016). Differential abundance testing between groups was compared by nonparametric Mann-Whitney’s U tests at the OTU level. Values of p were adjusted for multiple comparisons by the Benjamin-Hochberg false discovery rate (FDR). The comparison analysis was performed using R.



Autoantigen Microarray

Plasma levels of IgG autoantibodies were analyzed using 125-plex autoantigen arrays at the Genomics and Microarray Core, University of Texas Southwestern Medical Center. Plasma samples were treated with DNase I, diluted 1:50, and incubated with the autoantigen arrays. Cy3-labeled anti-human IgG was used to detect IgG autoantibodies. Mean fluorescence intensities (MFI) represent the signal intensity of each autoantibody.



Pro-inflammatory Cytokine Induction Stimulated by Disease-Enriched Bacteria in vitro

Peripheral blood mononuclear cells (PBMCs) from healthy individuals were isolated over a Ficoll-Hypaque cushion (GE, Pittsburgh, PA). After the bacteria were heat-inactivated at 60°C for 30 min, Massilia timonae, Haemophilus parainfluenzae, and Anaerococcus prevotii were added to cell culture at a final concentration of 5 × 106/ml; LPS from Escherichia coli 055:B5 was used as a positive control with a final concentration of 2 μg/ml. PBMCs were cultured with brefeldin A (5 μg/ml, BD) and incubated at 37°C for 6 h. Cells were then collected and washed with PBS, followed by a 20-min incubation with 50 μl aqua blue (Life Technologies, Carlsbad, CA, United States) at 4°C to exclude dead cells. Next, 50 μl of an antibody cocktail containing anti-human CD3 (OKT3), anti-human CD14 (M5E2), and anti-human CD16 (3G8) were used for surface staining. After washing and permeabilization, cells were intracellularly stained with anti-human TNF-α (MAb11), anti-human IL-1β (AS10), and anti-human IL-6 (MQ2-6A3). Fluorescence-labeled antibodies were purchased from BD or Biolegend (San Diego, CA). After washing, cells were collected and analyzed using a BD FACSVerse flow cytometer (BD). Data were analyzed using the FlowJo software (version 10.0.8).




RESULTS


16S rDNA Plasma Microbiome Analysis

Unlike saliva or feces, plasma has extremely low levels of bacterial DNA under a physiological condition but not a live infection. The external introduction of microbes or microbial DNAs through reagents and experimental procedures may cause artifacts in the plasma microbiome analyses. To study the source of potential artifacts, we investigated possible contaminations through the procedures of drawing blood, cfDNA isolation, and sequencing. Several controls were established to evaluate contaminations (Supplementary Figure S1A), as follows: (1) control i was the water control sequenced directly without cfDNA isolation; (2) control ii was the water control sequenced in isolated cfDNA; (3) control iii was the water control obtained through mimicking the whole procedure of drawing blood and plasma collection, cfDNA isolation, and sequencing. For this control, the skin of the antecubital fossa was wiped with 75% ethanol, and the sterile blood collection needle was used to puncture the skin but not into blood vessel. Next, the needle was withdrawn from the skin and, instead of drawing blood, the water in the eppendrof tubes will be drawn into blood collection tubes; and (4) control iv was the water control used to assess possible contamination from the skin microbiota, for which the skin in the cubital fossa was wiped with 75% ethanol over areas of 3–4 cm2 and allowed to dry. We added water to the “clean” skin, collected the water, and isolated and sequenced microbial cfDNA.

We first isolated microbial cfDNA from plasma of 25 healthy individuals. After 16 s rDNA sequencing, we performed the following steps: filtering and trimming of low-quality sequences, dereplication, merging of paired reads, and removal of chimeras. To determine whether the overall microbiome composition differed according to 16S isolation and sequencing, as well as within sample diversity (β-diversity), we conducted principal coordinate analysis (PCoA) based on unweighted UniFrac phylogenetic distances. There was no difference in the β-diversity of water control i, ii, and iii. However, the 16S rDNA isolated from control iv, obtained from the skin surface, showed differences in diversity when compared with the water controls i, ii, and iii (p < 0.001, Multivariate Welch t-test; Supplementary Figure S1B). Notably, the β-diversity of plasma microbial 16S rDNA was significantly different from those of the water controls (p < 0.001; Supplementary Figure S1B). This finding indicates that most artifacts occurred from the PCR and sequencing process. Although microbial 16S sequences in the water controls had backgrounds or contaminants, they were different from the 16S sequences of the plasma microbiome.



Removing Potential Artifacts and Contaminants From Plasma Microbiome

To exclude possible contaminant sequences and artifacts in the analysis, we performed a user-defined quality-filtering strategy (Figure 1A). We chose control iii as the blank control because it reflected the entire specimen handling process. A challenge for plasma microbiome analysis is the presence of heavy tail distribution and low prevalence of ASVs across samples. Therefore, before the removal of artifacts observed in plasma microbiome, a 0.005% minimum abundance threshold was applied to exclude ASVs with low abundance (Bokulich et al., 2013). In this case, ASVs with an abundance of less than 5 in each sample were removed; thus, 547 ASVs were excluded and 568 ASVs were retained after filtration. The prevalence of ASVs in plasma microbiome of each donor may vary dramatically due to factors such as donor differences in the local microbiota communities and translocation from mucosal sites (e.g., oral cavity, gut, or vagina). Thus, to study the function of plasma microbiome in disease etiology or pathogenesis, it is essential to remove the interference from ASVs, which may exhibit a high abundance in some samples but a low prevalence across samples. To study the associations between enriched blood microbiome and disease pathogenesis, we excluded the ASVs shown in less than 1/3 individuals in either control or studied disease group (prevalence less than 1/3). After removing the low prevalence of ASVs, 527 ASVs were excluded and 41 remained.

Excluding all ASVs that appear in the controls may result in the loss of meaningful data, a filtering factor was applied to help ascertain whether the ASVs found in the control were due to cross-contamination from a real sample or from contaminations or artifacts by reagents during microbial DNA isolation and sequencing. If the taxa abundance in the water controls multiplied by the filtering factor was more than the taxa abundance in the plasma samples, the taxa present in the water control were considered contaminations from reagents or overamplification; thus, they were removed from the sample analyses. Otherwise, the taxa in the water control were considered cross-contamination from the plasma sample, and the taxa were retained. Figure 1B shows the number of removed ASVs when different filtering factors were applied. To exclude potential contaminants without loss of authentic information, we chose the filtering factor of six which showed the lowest number of the plateau effect (Figure 1B). A total of 16 ASVs were considered artifacts and removed from the samples, and 25 ASVs were accepted after filtration. The filtered-out ASVs from plasma microbiome varied from low to high abundance across the samples (Figure 1C).
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FIGURE 1. Strategies for removing background and potential artifacts from plasma microbiome. (A) A workflow diagram of user-defined quality-filtering strategy to exclude the background and artifacts. (B) The number of removed amplicon sequence variants (ASVs) with different filtering factors; we chose the filtering factor of 6 which showed the lowest number of the plateau effect. (C) The abundance and prevalence of ASVs in each step of filtration. The “exclude 1” step is removing low abundance of ASVs across samples, in which a 0.005% minimum abundance threshold was applied. The “exclude 2” step is removing low prevalence of ASVs in each sample; we retained ASVs only if its prevalence was more than 1/3 across study groups. The “exclude 3” step is removing potential contaminants and artifacts using filtering factors.




Comparisons Between Plasma and Saliva Microbiome in Tobacco Smokers

Various disease states or altered microbiota composition may lead to a compromised mucosal epithelial barrier and translocation of microbial products into circulation. The use of tobacco is associated with the changes of oral microbiota and leads to a higher rate of periodontal diseases (Thomson et al., 2008). Translocation of oral bacteria into the blood has been implicated in the development of myocarditis, endocarditis, and cerebral infarction (Koren et al., 2011; Seringec et al., 2015). To investigate whether plasma microbiome is changed along with the mucosal microbiota, we have analyzed and compared the plasma and saliva microbiome from tobacco smokers and non-smoker controls. Blood and saliva samples were collected simultaneously for microbial 16S sequencing in 21 non-smokers and 20 tobacco smokers. In the saliva microbiome, we obtained 695 ASVs from 16S sequencing; after removing the ASVs with low abundance, 119 ASVs were retained from a total of 41 participants. In the plasma samples, as described above, after removing the ASVs with extremely low abundance and low prevalence, we removed potential contaminants using a filtering factor of 11 which was the lowest number of the plateau effect (Figure 2A); 42 ASVs were retained from 1,989 ASVs (2.1%) in 41 participants (Figures 2B,C).
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FIGURE 2. Plasma and oral microbiome analyses in tobacco smokers compared with non-smokers. (A) The number of removed ASVs from plasma microbiome with different filtering factors; we chose the filtering factor of 11 which showed the lowest number of the plateau effect. (B) The abundance and prevalence of ASVs in each step of plasma microbiome filtration. The significantly different taxa in smokers compared with those in non-smokers are labeled in black (enriched in smokers). (C) Venn diagram showing the number and overlap of low abundance, low prevalence, and contaminations/artifacts in plasma microbiome. (D) The Gini Simpson diversity index (α-diversity) was used to compare the diversity of oral and plasma microbiome between smokers and non-smokers after filtration. (E) Principal coordinate analysis (PCoA) was conducted based on the unweighted UniFrac distance to determine the beta diversity of plasma microbiome before and after filtration. (F) Streptococcus was enriched in plasma microbiome of smokers compared to non-smokers. (G) Representative Streptococcus species in the oral microbiome of smokers and non-smokers. Mann-Whitney U (unpaired) and Spearman’s rank tests. *p < 0.05, **p < 0.01, ***p < 0.001.


There was no difference in the species diversity within each sample in the saliva from smokers and non-smokers based on the Gini Simpson (α-diversity) index (Figure 2D). However, the alpha-diversity of plasma microbiome in smokers was significantly higher compared with that of non-smokers (Figure 2D), suggesting that smoking may alter the oral microenvironment directly or indirectly through host immune responses to microbiota. In addition, unweighted UniFrac phylogenetic distances showed that tobacco smoking significantly altered the overall circulating microbiome composition (Figure 2E). In plasma samples, before removing the contaminants and ASVs with low prevalence, Axis 1 and Axis 2 of the PCoA interpreted 13.6 and 11% of the difference within samples, respectively; after filtering, Axis 1 and Axis 2 of the PCoA interpreted 35 and 13.4% of the difference within samples, respectively (Figure 2E).

To analyze the components of ASVs in the smoking and non-smoking groups, Benjamini and Hochberg FDR corrections were employed to adjust for multiple comparisons after performing nonparametric Mann-Whitney’s U tests. In saliva samples, 25 ASVs were significantly different in smokers compared to non-smokers before adjusting for multiple comparisons, including 18 ASVs increased and 7 ASVs decreased in smokers compared to non-smokers (Supplementary Table S3). In plasma samples, 20 ASVs were different in smokers compared to healthy controls after adjusting with the FDR, and all taxa identified were enriched in the smokers (Supplementary Table S4). Among the taxa that were increased in the saliva of tobacco smokers, eight belonged to the Streptococcus family (Supplementary Table S3), which was also significantly enriched in the plasma microbiome of tobacco smokers (Figures 2F,G). Streptococcus was shown enrichment in both plasma and saliva from smokers and non-smokers, implying that some oral bacteria or bacterial products may translocate to the circulation. The shared microbiome in plasma and saliva could be a result of increased absolute numbers of specific microbiome or a preferential migration ability of certain taxa from altered oral or periodontal environment to the circulation in smokers.



Plasma Microbiome in HIV Disease

Previous studies from colleagues and our team have shown that HIV-infected individuals experience increased systemic microbial translocation even after long-term viral-suppressive ART (Brenchley et al., 2006; Jiang et al., 2009). To study the role of plasma microbiome in HIV disease pathogenesis, we performed microbial 16S sequencing in 40 aviremic ART-treated HIV+ individuals and 51 healthy controls. After removing ASVs with a low abundance and low prevalence from plasma microbiome, we used a filtering factor of 6 to remove potential contaminants and artifacts (Figure 3A); 24 ASVs were retained from 2,997 ASVs (0.80%) in ART-treated HIV+ subjects and healthy controls (Figure 3B). The overall circulating plasma microbial composition was different between HIV-infected individuals and healthy controls (Supplementary Figure S2A; p < 0.01). Before filtering, Axis 1 and Axis 2 of the PCoA plot explained 9.2 and 7.2% of the differences within samples, respectively, compared to 37.7 and 15.2%, respectively, after filtering (Supplementary Figure S2A). Next, to analyze the components of the accepted 24 ASVs after filtering, 16 ASVs were significantly different between the two groups using FDR-adjusted values of p (Supplementary Table S5). After removing taxa that were not classified at the genus level, HIV-associated enrichment of plasma microbiome included Veillonella, Massilia, Haemophilus, Arthrobacter, and Fusobacterium genera (Supplementary Figure S2B), the top 3 enriched taxa in HIV+ individuals are shown in Figure 3C. In contrast, HIV-decreased plasma microbiome included Altererythrobacter, Cryobacterium, and Anaerococcus genera (Supplementary Figures S2B,C).
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FIGURE 3. Plasma microbiome in aviremic antiretroviral therapy (ART)-treated HIV+ individuals and healthy controls. (A) The number of removed ASVs with different filtering factors; we chose the filtering factor of 6 which showed the lowest number of the plateau effect. (B) The abundance and prevalence of ASVs in each step of plasma microbiome filtration are shown, and the significantly different taxa in HIV+ individuals compared with healthy controls are labeled in black (enriched in HIV+ individuals) or gray (decreased in HIV+ individuals). (C) The detected copies of the top three most increased taxa were shown in HIV+ individuals compared with healthy controls. (D) The percentages of TNF-α, IL-1β, and IL-6-producing monocytes in total monocytes were shown after peripheral blood mononuclear cells (PBMCs) were stimulated with heat-inactivated bacteria (5 × 106 units/ml) or 2 μg/ml of LPS (n = 15, healthy individuals). Cytokines were measured in monocytes using flow cytometry after 6 h of stimulation. Box and whisker plots (Min. to Max.) show the responses of monocytes to each bacterium or LPS. Nonparametric Mann-Whitney’s U tests and one-way ANOVA test. *p < 0.05, **p < 0.01, ***p < 0.001, ***p < 0.0001.


HIV-associated monocyte activation and chronic inflammation, defined by high levels of pro-inflammatory cytokines, such as IL-1β, IL-6, and TNF-α, play a critical role in disease pathogenesis (Deeks, 2011). To evaluate whether the taxa enriched in plasmas of HIV+ individuals contribute to persistent inflammation in HIV disease, we tested the ability of heat-inactivated bacteria M. timonae and H. parainfluenzae to induce pro-inflammatory cytokines. Notably, we observed a decrease in Anaerococcus sp. in the plasma microbiome of HIV+ individuals compared to controls. Anaerococcus prevotii is the commercial for available commensal bacterium within Anaerococcus genus which is a commonly isolated flora found on the skin and in the oral cavity (Murphy and Frick, 2013). Therefore, A. prevotii was chosen as a negative control bacterium. LPS from E. coli 055:B5 was chosen as a positive control. Human PBMCs from 15 healthy individuals were stimulated with M. timonae, H. parainfluenzae, A. prevotti, or LPS for 6 h, and TNF-α, IL-1β, and IL-6 production in monocytes were evaluated using flow cytometry. Treatment of both M. timonae and H. parainfluenzae but not A. prevotii increased the percentages of TNF-α, IL-1β, and IL-6-producing monocytes compared to monocytes in medium controls (p < 0.05; Figure 3D). This result suggests that M. timonae and H. parainfluenzae enriched in the plasmas of HIV+ individuals may play a role in the persistent inflammation in aviremic ART-treated HIV disease.



Plasma Microbiome in Systemic Lupus Erythematosus

Increasing evidence has revealed a link between increased levels of microbial translocation and autoimmune disease pathogenesis (Fasano, 2012; Mu et al., 2017). To study the association of plasma microbiome and autoimmune disease pathogenesis, 30 healthy women and 19 women with SLE were assessed for the plasma microbiome analysis. All 49 plasma samples were from premenopausal women. After removing low abundance and low prevalence ASVs, a filtering factor of 3 was used to remove potential contaminants (Figure 4A); 21 ASVs were retained from 2,189 ASVs (0.95%) in the healthy controls and SLE patients (Figure 4B). Ten out of the 21 ASVs showed significant differences in SLE patients compared with healthy controls after FDR adjustment, which were enriched in SLE patients (Supplementary Table S6). After removing taxa that were not classified at the genus level, the retained taxa enriched in SLE patients are presented (Figure 4C).
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FIGURE 4. Plasma microbiome in female systemic lupus erythematosus (SLE) patients and healthy female controls. (A) The number of removed ASVs with different filtering factors; we chose the filtering factor of 3 which showed the lowest number of the plateau effect. (B) The abundance and prevalence of ASVs in each step of plasma microbiome filtration are shown, and the significantly different taxa in SLE patients compared with healthy controls are labeled in black (enriched in SLE patients). (C) The significantly different taxa in SLE patients compared with healthy controls. (D) Correlations between plasma levels of autoantibodies and differential plasma taxa levels in the two study groups. Correlation coefficient r values are indicated by color from red (directly correlations) to blue (inversely correlations); p-value significance is shown in the heatmap. (E) The percentages of TNF-α, IL-1β, and IL-6-producing monocytes in total monocytes were shown after PBMCs were stimulated with heat-inactivated bacteria (5 × 106 units/ml) or 2 μg/ml of LPS (n = 7, healthy individuals). Cytokines were measured in monocytes using flow cytometry after 6 h of stimulation. Box and whisker plots (Min to Max) show the responses of monocytes to each bacterium or LPS. Nonparametric Mann-Whitney’s U and Spearman’s rank tests and one-way ANOVA test. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001.


Systemic lupus erythematosus is characterized by loss of tolerance to self-antigens and autoantibody production (Tsokos et al., 2016). To determine the link between plasma microbiome and SLE disease pathogenesis, we examined the association of plasma microbiome with plasma autoantibody reactivities to a panel of 125 autoantigens in SLE patients and healthy controls. Notably, enriched genera of Desulfoconvexum, Desulfofrigus, Desulfovibrio, Draconibacterium, Planococcus, and Psychrilyobacter in SLE patients were directly correlated with increased plasma levels of various autoantibodies (Figure 4D and Supplementary Table S7), including representative SLE-related IgG autoantibodies, such as anti-double-stranded DNA (anti-dsDNA), anti-nucleosome, anti-histone, and anti-collagen antibodies (Figure 4D; Schett et al., 2002; Reveille, 2004). Most of these microbiome-associated autoantibodies target nuclear and cell-matrix antigens, which are common host self-antigens previously identified in SLE and other autoimmune diseases. These results suggest that alterations of plasma microbiome are associated with autoantibody production in SLE disease. We also tested the ability of heat-inactivated bacteria Planococcus to induce pro-inflammatory cytokines. Treatment of Planococcus citreus increased the percentages of TNF-α, IL-1β, and IL-6-producing monocytes compared to monocytes in medium controls (p < 0.05; Figure 4E). This result suggests that Planococcus, related to autoantibody production in SLE, may play a role in the inflammation in SLE disease.




DISCUSSION

The microbial translocation, including microbiota or microbial fragments, may directly interact with immune cells to remodel immune responses. The blood microbiome has been reported to associate with pathogenesis in a variety of infectious and noninfectious diseases (Clement et al., 2005; Nielsen et al., 2012; Sato et al., 2014; Puri et al., 2018; Poore et al., 2020). However, due to the extremely low levels of microbial biomass in the plasma under physiologic conditions and artifacts during microbial DNA isolation and the sequencing, analysis of blood microbiome is challenging. Although cautions should be taken during the isolation of plasma microbial DNAs to avoid potential contaminations, artifacts from microbial 16S sequencing are still observed and should be controlled in the analysis. In this study, we provided a guideline for filtering out potential contaminations and artifacts in a plasma microbiome analysis and applied to study pathogenesis of various diseases as examples.

Before removing the artifacts from plasma microbiome, we filtered out the ASVs with a low abundance and low prevalence. Extremely low levels of ASVs likely have a minor or nonexistent effect on the immune system. Thus, a 0.005% minimum abundance threshold has been applied in the current study, suggested from a previous study (Bokulich et al., 2013). A larger amount of ASVs with a low abundance across the samples may be a result of microbial or microbial product translocation across a permeable mucosa (e.g., gut). ASVs with a low abundance and low prevalence were removed, and only ASVs with a prevalence of more than 1/3 in any study group were retained. However, the distinct species and taxa may play similar functions in the individual microbiome. Therefore, taxa unique to individuals may play similar roles in disease pathogenesis. Removing any sequence that is not in at least 1/3 of the cohort may also filter out some meaningful taxa related to the disease. To exclude the potential artifacts, controls are critical because they reflect contaminations during the process of blood collection until 16S sequencing, the taxa detected in the water controls should be removed from the experimental samples at the ASV levels. However, the removal of ASVs should be performed with cautions, because some ASVs present in the controls may originate from cross-contamination with the experimental samples during DNA isolation, PCR, or sequencing. Due to the lack of plasma 16S templates available to compete for amplification reagents in the PCR and sequencing stages, the background or contaminant ASVs in each control likely will have a similar or higher copy number than those in the plasma samples. In this case, a filtering factor was applied to remove potential contaminants from plasma microbiome, whereby we only remove ASVs with abundance in experimental samples with less than a factor of times of the corresponding abundance in the water controls. The choice of this filtering factor is a processing choice for which we suggest as a rule of thumb to examine the filtering plateau effect and to make a determination regarding which ASVs may be retained. Using this filtering strategy, we observed that 97–99% of the ASVs in the plasma microbiome data were accounting for extremely low abundance, low prevalence, contamination, or artifacts and should be excluded in analyses.

Next, we performed plasma microbiome analyses in tobacco-smoking individuals as an example. Smoking has been associated with an altered oral microbiota and periodontal diseases (Mason et al., 2015; Yu et al., 2017), which may facilitate the translocation of some oral microbiota into the blood. Consistent with a previous study (Wu et al., 2016), we discovered an enrichment of Streptococcus in the saliva microbiota from smokers compared to non-smokers (Figure 2G). Importantly, Streptococcus was also found enriched in the plasma microbiome from smokers compared to non-smokers (Figure 2F). Although many other taxa were enriched in the saliva of smokers, they were not enriched in the paired plasma samples, suggesting that Streptococcus may have a stronger migration ability from smoking-associated oral mucosa to the circulation. Streptococcus in the blood has been found to play a role in atherosclerosis and cardiovascular diseases (Dos Reis et al., 1982; Brown et al., 2014; Jackson et al., 2016).

We also analyzed plasma microbiome in HIV and SLE as well as the link between plasma microbiome and disease pathogenesis. After the implementation of our filtration guidelines to remove the potential contaminants and ASVs with a low abundance, we noted significant differences in the β-diversity and composition of plasma microbiome between HIV+ subjects and healthy controls. Most of the taxa enriched in HIV+ individuals in this study are well-known pathogenic bacteria. Arthrobacter spp. and M. timonae have been isolated from blood, cerebrospinal fluid, and bone of clinical patients with infectious diseases or end-organ diseases (Lindquist et al., 2003; Mages et al., 2008). Moreover, H. parainfluenzae is an opportunistic pathogen (Smith et al., 1976); we found that in vitro treatment with HIV-enriched heat-inactivated M. timonae and H. parainfluenzae induced robust inflammatory responses in human monocytes (Figure 3D). SLE is a systemic autoimmune disease, and autoantibodies play a key role in disease pathogenesis. However, the underlying etiology and mechanisms of autoantibody production in SLE are not fully understood (Graham and Utz, 2005). Persistent immune activation induced by the translocation of microbial components from the gastrointestinal tract or other mucosal sites into the circulation has been considered one of the predisposing factors in SLE (Brenchley et al., 2006; Brenchley and Douek, 2012; Ogunrinde et al., 2019). In this study, we found that some SLE-enriched taxa had a direct correlation with plasma autoantibody levels (Figure 4D). The functional evaluation of these SLE-enriched taxa in lupus disease merits further investigation.



CONCLUSION

In summary, we provide a strategy for filtering potential contaminants and backgrounds to analyze plasma microbiome, which provides a promising method to study translocated bacteria or bacteria in tissues in various diseases and their roles in modulating systemic immune responses and disease pathogenesis.



DATA AVAILABILITY STATEMENT

The full plasma microbiome sequencing data sets can be available at https://www.ncbi.nlm.nih.gov/sra/PRJNA551477.



ETHICS STATEMENT

The studies involving human participants were reviewed and approved by Volunteers with SLE, HIV-infected individuals and healthy individuals were recruited from the Medical University of South Carolina (MUSC) Lupus Clinic, Clinic of Infectious Diseases, and MUSC campus. This study was approved by each participating institutional review boards. All participants provided written informed consent. The patients/participants provided their written informed consent to participate in this study.



AUTHOR CONTRIBUTIONS

ZLu and WJ designed the project. ZLu analyzed plasma microbiome next-generation sequencing data and wrote the manuscript. ZLu, AA, and ML contributed to data interpretation and discussion. ZLu, EO, Q-ZL, ML, LH, DK, and JO performed experiments. WJ, AA, EO, Q-ZL, BT, ZLi, and GG contributed to the study design and revised the manuscript. All authors contributed to the article and approved the submitted version.



FUNDING

This work was supported by grants from the National Institutes of Health: R01 AI128864 and supplemental grant (Jiang), R01 CA213290 (Li), R01 AR071410 and R01 AR071947 (Tsao), P60 AR062755 (Gilkeson, Kamen and Oates), UL1 RR029882, the Medical Research Service at the Ralph H. Johnson VA Medical Center Merit grant VA CSRD MERIT (CX001211, Gilkeson), the Biorepository & Tissue Analysis Shared Resource, and Hollings Cancer Center, Medical University of South Carolina (P30 CA138313), R01LM012517 (Alekseyenko), R21TR002513 (Alekseyenko), P30AR072582 (Gilkeson, Kamen, and Oates), AR067459 (Kamen), AR068406 (Kamen), RR001070 (Kamen), UL1 TR001450, R01CA164964, U54CA210962, P50AR070591, the National Natural Science Foundation of China (81772185, Huang), and the Lupus Research Alliance and Scleroderma Foundation (Tsao).


SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fmicb.2020.613268/full#supplementary-material



FOOTNOTES

1https://qiime2.org/


REFERENCES

 Alekseyenko, A. V. (2016). Multivariate Welch t-test on distances. Bioinformatics 32, 3552–3558. doi: 10.1093/bioinformatics/btw524 

 Bokulich, N. A., Subramanian, S., Faith, J. J., Gevers, D., Gordon, J. I., Knight, R., et al. (2013). Quality-filtering vastly improves diversity estimates from Illumina amplicon sequencing. Nat. Methods 10, 57–59. doi: 10.1038/nmeth.2276 

 Brenchley, J. M., and Douek, D. C. (2012). Microbial translocation across the GI tract. Annu. Rev. Immunol. 30, 149–173. doi: 10.1146/annurev-immunol-020711-075001 

 Brenchley, J. M., Price, D. A., Schacker, T. W., Asher, T. E., Silvestri, G., Rao, S., et al. (2006). Microbial translocation is a cause of systemic immune activation in chronic HIV infection. Nat. Med. 12, 1365–1371. doi: 10.1038/nm1511 

 Brown, A. O., Mann, B., Gao, G., Hankins, J. S., Humann, J., Giardina, J., et al. (2014). Streptococcus pneumoniae translocates into the myocardium and forms unique microlesions that disrupt cardiac function. PLoS Pathog. 10:e1004383. doi: 10.1371/journal.ppat.1004383 

 Callahan, B. J., McMurdie, P. J., Rosen, M. J., Han, A. W., Johnson, A. J. A., and Holmes, S. P. (2016a). DADA2: high-resolution sample inference from Illumina amplicon data. Nat. Methods 13, 581–583. doi: 10.1038/nmeth.3869 

 Callahan, B. J., Sankaran, K., Fukuyama, J. A., McMurdie, P. J., and Holmes, S. P. (2016b). Bioconductor workflow for microbiome data analysis: from raw reads to community analyses. F1000Res. 5:1492. doi: 10.12688/f1000research.8986.2 

 Clement, S., Vaudaux, P., Francois, P., Schrenzel, J., Huggler, E., Kampf, S., et al. (2005). Evidence of an intracellular reservoir in the nasal mucosa of patients with recurrent Staphylococcus aureus rhinosinusitis. J. Infect. Dis. 192, 1023–1028. doi: 10.1086/432735 

 Costa, F. R., Françozo, M. C., De Oliveira, G. G., Ignacio, A., Castoldi, A., Zamboni, D. S., et al. (2016). Gut microbiota translocation to the pancreatic lymph nodes triggers NOD2 activation and contributes to T1D onset. J. Exp. Med. 213, 1223–1239. doi: 10.1084/jem.20150744 

 Deeks, S. G. (2011). HIV infection, inflammation, immunosenescence, and aging. Annu. Rev. Med. 62, 141–155. doi: 10.1146/annurev-med-042909-093756 

 Dos Reis, G., Gaspar, M., and Barcinski, M. (1982). Immune recognition in the streptococcal carditis of mice: the role of macrophages in the generation of heart-reactive lymphocytes. J. Immunol. 128, 1514–1521.

 Edgar, R. C., and Flyvbjerg, H. (2015). Error filtering, pair assembly and error correction for next-generation sequencing reads. Bioinformatics 31, 3476–3482. doi: 10.1093/bioinformatics/btv401 

 Fasano, A. (2012). Leaky gut and autoimmune diseases. Clin. Rev. Allergy Immunol. 42, 71–78. doi: 10.1007/s12016-011-8291-x 

 Graham, K. L., and Utz, P. J. (2005). Sources of autoantigens in systemic lupus erythematosus. Curr. Opin. Rheumatol. 17, 513–517. doi: 10.1097/01.bor.0000171215.87993.6b 

 Hochberg, M. C. (1997). Updating the American College of Rheumatology revised criteria for the classification of systemic lupus erythematosus. Arthritis Rheum. 40:1725. doi: 10.1002/art.1780400928 

 Jackson, M. A., Goodrich, J. K., Maxan, M.-E., Freedberg, D. E., Abrams, J. A., Poole, A. C., et al. (2016). Proton pump inhibitors alter the composition of the gut microbiota. Gut 65, 749–756. doi: 10.1136/gutjnl-2015-310861 

 Jiang, W., Lederman, M. M., Hunt, P., Sieg, S. F., Haley, K., Rodriguez, B., et al. (2009). Plasma levels of bacterial DNA correlate with immune activation and the magnitude of immune restoration in persons with antiretroviral-treated HIV infection. J. Infect. Dis. 199, 1177–1185. doi: 10.1086/597476 

 Klatt, N. R., Harris, L. D., Vinton, C. L., Sung, H., Briant, J. A., Tabb, B., et al. (2010). Compromised gastrointestinal integrity in pigtail macaques is associated with increased microbial translocation, immune activation, and IL-17 production in the absence of SIV infection. Mucosal Immunol. 3, 387–398. doi: 10.1038/mi.2010.14 

 Koren, O., Spor, A., Felin, J., Fåk, F., Stombaugh, J., Tremaroli, V., et al. (2011). Human oral, gut, and plaque microbiota in patients with atherosclerosis. Proc. Natl. Acad. Sci. 108 (Suppl. 1), 4592–4598. doi: 10.1073/pnas.1011383107 

 Lelouvier, B., Servant, F., Paisse, S., Brunet, A. C., Benyahya, S., Serino, M., et al. (2016). Changes in blood microbiota profiles associated with liver fibrosis in obese patients: a pilot analysis. Hepatology 64, 2015–2027. doi: 10.1002/hep.28829 

 Lindquist, D., Murrill, D., Burran, W. P., Winans, G., Janda, J. M., and Probert, W. (2003). Characteristics of Massilia timonae and Massilia timonae-like isolates from human patients, with an emended description of the species. J. Clin. Microbiol. 41, 192–196. doi: 10.1128/JCM.41.1.192-196.2003 

 Luo, Z., Li, M., Wu, Y., Meng, Z., Martin, L., Zhang, L., et al. (2019). Systemic translocation of Staphylococcus drives autoantibody production in HIV disease. Microbiome 7:25. doi: 10.1186/s40168-019-0646-1 

 Mages, I. S., Frodl, R., Bernard, K. A., and Funke, G. (2008). Identities of Arthrobacter spp. and Arthrobacter-like bacteria encountered in human clinical specimens. J. Clin. Microbiol. 46, 2980–2986. doi: 10.1128/JCM.00658-08 

 Mason, M. R., Preshaw, P. M., Nagaraja, H. N., Dabdoub, S. M., Rahman, A., and Kumar, P. S. (2015). The subgingival microbiome of clinically healthy current and never smokers. ISME J. 9, 268–272. doi: 10.1038/ismej.2014.114 

 Massier, L., Chakaroun, R., Tabei, S., Crane, A., Didt, K. D., Fallmann, J., et al. (2020). Adipose tissue derived bacteria are associated with inflammation in obesity and type 2 diabetes. Gut 69, 1796–1806. doi: 10.1136/gutjnl-2019-320118 

 McMurdie, P. J., and Holmes, S. (2013). Phyloseq: an R package for reproducible interactive analysis and graphics of microbiome census data. PLoS One 8:e61217. doi: 10.1371/journal.pone.0061217 

 Mu, Q., Kirby, J., Reilly, C. M., and Luo, X. M. (2017). Leaky gut as a danger signal for autoimmune diseases. Front. Immunol. 8:598. doi: 10.3389/fimmu.2017.00598

 Murphy, E. C., and Frick, I. -M. (2013). Gram-positive anaerobic cocci–commensals and opportunistic pathogens. FEMS Microbiol. Rev. 37, 520–553. doi: 10.1111/1574-6976.12005 

 Nejman, D., Livyatan, I., Fuks, G., Gavert, N., Zwang, Y., Geller, L. T., et al. (2020). The human tumor microbiome is composed of tumor type–specific intracellular bacteria. Science 368, 973–980. doi: 10.1126/science.aay9189 

 Niebauer, J., Volk, H. -D., Kemp, M., Dominguez, M., Schumann, R. R., Rauchhaus, M., et al. (1999). Endotoxin and immune activation in chronic heart failure: a prospective cohort study. Lancet 353, 1838–1842. doi: 10.1016/S0140-6736(98)09286-1 

 Nielsen, H. H., Qiu, J., Friis, S., Wermuth, L., and Ritz, B. (2012). Treatment for helicobacter pylori infection and risk of Parkinson’s disease in Denmark. Eur. J. Neurol. 19, 864–869. doi: 10.1111/j.1468-1331.2011.03643.x 

 Ogunrinde, E., Zhou, Z., Luo, Z., Alekseyenko, A., Li, Q. Z., Macedo, D., et al. (2019). A link between plasma microbial translocation, microbiome, and autoantibody development in first-degree relatives of systemic lupus erythematosus patients. Arthritis Rheum. 71, 1858–1868. doi: 10.1002/art.40935 

 Poore, G. D., Kopylova, E., Zhu, Q., Carpenter, C., Fraraccio, S., Wandro, S., et al. (2020). Microbiome analyses of blood and tissues suggest cancer diagnostic approach. Nature 579, 567–574. doi: 10.1038/s41586-020-2095-1 

 Potgieter, M., Bester, J., Kell, D. B., and Pretorius, E. (2015). The dormant blood microbiome in chronic, inflammatory diseases. FEMS Microbiol. Rev. 39, 567–591. doi: 10.1093/femsre/fuv013 

 Puri, P., Liangpunsakul, S., Christensen, J. E., Shah, V. H., Kamath, P. S., Gores, G. J., et al. (2018). The circulating microbiome signature and inferred functional metagenomics in alcoholic hepatitis. Hepatology 67, 1284–1302. doi: 10.1002/hep.29623 

 Reveille, J. D. (2004). Predictive value of autoantibodies for activity of systemic lupus erythematosus. Lupus 13, 290–297. doi: 10.1191/0961203303lu1015oa 

 Sato, J., Kanazawa, A., Ikeda, F., Yoshihara, T., Goto, H., Abe, H., et al. (2014). Gut dysbiosis and detection of “live gut bacteria” in blood of Japanese patients with type 2 diabetes. Diabetes Care 37, 2343–2350. doi: 10.2337/dc13-2817 

 Schett, G., Smole, J., Zimmermann, C., Hiesberger, H., Hoefler, E., Fournel, S., et al. (2002). The autoimmune response to chromatin antigens in systemic lupus erythematosus: autoantibodies against histone H1 are a highly specific marker for SLE associated with increased disease activity. Lupus 11, 704–715. doi: 10.1191/0961203302lu247oa 

 Seringec, N., Guncu, G., Arihan, O., Avcu, N., and Dikmenoglu, N. (2015). Investigation of hemorheological parameters in periodontal diseases. Clin. Hemorheol. Microcirc. 61, 47–58. doi: 10.3233/CH-141892 

 Smith, C., Kanner, R., Golden, C., and Renzetti, A. (1976). Haemophilus influenzae and Haemophilus parainfluenzae in chronic obstructive pulmonary disease. Lancet 307, 1253–1255. doi: 10.1016/S0140-6736(76)91733-5 

 Thomson, W. M., Poulton, R., Broadbent, J. M., Moffitt, T. E., Caspi, A., Beck, J. D., et al. (2008). Cannabis smoking and periodontal disease among young adults. JAMA 299, 525–531. doi: 10.1001/jama.299.5.525 

 Topkas, E., Keith, P., Dimeski, G., Cooper-White, J., and Punyadeera, C. (2012). Evaluation of saliva collection devices for the analysis of proteins. Clin. Chim. Acta 413, 1066–1070. doi: 10.1016/j.cca.2012.02.020 

 Tsokos, G. C., Lo, M. S., Costa Reis, P., and Sullivan, K. E. (2016). New insights into the immunopathogenesis of systemic lupus erythematosus. Nat. Rev. Rheumatol. 12, 716–730. doi: 10.1038/nrrheum.2016.186 

 Vieira, S. M., Hiltensperger, M., Kumar, V., Zegarra-Ruiz, D., Dehner, C., Khan, N., et al. (2018). Translocation of a gut pathobiont drives autoimmunity in mice and humans. Science 359, 1156–1161. doi: 10.1126/science.aar7201 

 Wu, J., Peters, B. A., Dominianni, C., Zhang, Y., Pei, Z., Yang, L., et al. (2016). Cigarette smoking and the oral microbiome in a large study of American adults. ISME J. 10, 2435–2446. doi: 10.1038/ismej.2016.37 

 Yoshimoto, S., Loo, T. M., Atarashi, K., Kanda, H., Sato, S., Oyadomari, S., et al. (2013). Obesity-induced gut microbial metabolite promotes liver cancer through senescence secretome. Nature 499, 97–101. doi: 10.1038/nature12347 

 Yu, G., Phillips, S., Gail, M. H., Goedert, J. J., Humphrys, M. S., Ravel, J., et al. (2017). The effect of cigarette smoking on the oral and nasal microbiota. Microbiome 5:3. doi: 10.1186/s40168-016-0226-6 


Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Copyright © 2021 Luo, Alekseyenko, Ogunrinde, Li, Li, Huang, Tsao, Kamen, Oates, Li, Gilkeson and Jiang. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.



REVIEW

published: 10 February 2021

doi: 10.3389/fimmu.2020.620170

[image: image2]


Intestinal Bacteria Encapsulated by Biomaterials Enhance Immunotherapy


Yilun Liu 1, Zhongmin Li 1, Yuanyu Wu 1, Xiabin Jing 2, Lin Li 1 and Xuedong Fang 1*


1 Department of Gastrointestinal Colorectal and Anal Surgery, China-Japan Union Hospital of Jilin University, Changchun, China, 2 Changchun Institute of Applied Chemistry, Chinese Academy of Sciences, Changchun, China




Edited by: 
Gregg Joshua Silverman, New York University, United States

Reviewed by: 
Xu Wang, First Affiliated Hospital of Jilin University, China

Roberta Gaziano, University of Rome Tor Vergata, Italy

*Correspondence: 
Xuedong Fang
 fangxd@jlu.edu.cn

Specialty section: 
 This article was submitted to Microbial Immunology, a section of the journal Frontiers in Immunology


Received: 22 October 2020

Accepted: 31 December 2020

Published: 10 February 2021

Citation:
Liu Y, Li Z, Wu Y, Jing X, Li L and Fang X (2021) Intestinal Bacteria Encapsulated by Biomaterials Enhance Immunotherapy. Front. Immunol. 11:620170. doi: 10.3389/fimmu.2020.620170



The human intestine contains thousands of bacterial species essential for optimal health. Aside from their pathogenic effects, these bacteria have been associated with the efficacy of various treatments of diseases. Due to their impact on many human diseases, intestinal bacteria are receiving increasing research attention, and recent studies on intestinal bacteria and their effects on treatments has yielded valuable results. Particularly, intestinal bacteria can affect responses to numerous forms of immunotherapy, especially cancer therapy. With the development of precision medicine, understanding the factors that influence intestinal bacteria and how they can be regulated to enhance immunotherapy effects will improve the application prospects of intestinal bacteria therapy. Further, biomaterials employed for the convenient and efficient delivery of intestinal bacteria to the body have also become a research hotspot. In this review, we discuss the recent findings on the regulatory role of intestinal bacteria in immunotherapy, focusing on immune cells they regulate. We also summarize biomaterials used for their delivery.
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Introduction

In the human intestine, there are more than 100 trillion bacterial cells that mainly exhibit commensalism with the host (1, 2) and play a role in the maintenance of host health (3). In this commensalistic relationship, intestinal bacteria not only participate in the regulation of the host immune system and the promotion of bone marrow hematopoiesis but also regulate the maturation and function of hematopoietic cells originating from the yolk sac (4, 5). Moreover, intestinal bacteria can regulate the barrier function via interaction with epithelial cells and stromal cells (6–8). The functions of intestinal bacteria widely range from local to systemic levels, including metabolism regulation, hematopoiesis, inflammation, immunity, and other physiological functions (8–11). However, changes in intestinal ecology can disrupt this commensalistic relationship. For instance, some symbiotic bacteria called pathobionts might cause, or even worsen, a number of diseases (10, 12, 13). Increasing evidence has demonstrated that dysbiosis has been connected to various diseases, including tumors, viral infection, inflammatory bowel disease (IBD), diabetes, and liver cirrhosis (10, 14, 15).

Owing to their impact on various human diseases, intestinal bacteria have been recently receiving increasing attention. Aside from their pathogenic effects, intestinal bacteria also exert beneficial effects in reducing gastrointestinal inflammation, preventing colorectal cancer, and treating some diseases (16–19). The mechanisms by which intestinal bacteria affect inflammation, immunity, and local therapeutic response have also been elucidated (8, 20, 21). Currently, intestinal bacteria, including Escherichia coli (22, 23), Bifidobacterium (24, 25), Filamentous fungus (10), Lactobacillus (26), Bacillus subtilis (27), and Bacteroides fragilis (28, 29), have been applied in the therapy of diseases such as diabetes (30), gastrointestinal diseases (31, 32), and allergic diseases (33, 34). Interestingly, intestinal bacteria can also potentiate antitumor therapies (35–37). With the advancements in precision medicine, intestinal bacteria have thus become increasingly important in the treatment of various diseases. Thus, studies aiming to understand the factors influencing intestinal bacteria and the strategies for their manipulation to enhance therapeutic efficacy are increasing (36).

Traditional tumor therapies, such as chemotherapy, surgery, radiation therapy, and molecular targeted therapy, are the primary methods used to treat tumors at different stages (31). However, they have some drawbacks, such as toxic side effects and recurrence after treatment. With the advancement in tumor research, immunotherapy has emerged as a promising therapeutic modality (38). Compared with chemotherapy, immunotherapy of tumors has fewer side effects. In cases wherein immunotherapy is effective in patients suffering from tumors, it could prolong their survival period and even cure tumors clinically. Although immunotherapy has shown promising potential in the treatment of hematological and solid tumors, its efficacy remains limited due to the variability in immune responses and susceptibilities to tumor types among patients (39). Therefore, only some patients benefit from immunotherapy. Recent studies have shown that the regulation of intestinal bacteria can influence the effects of immunotherapy (35, 40, 41). Moreover, intestinal bacteria have been applied to the immunotherapy of many diseases, such as type 1 diabetes and IBD, and yielded remarkable outcomes (42, 43). This treatment approach that uses intestinal bacteria is called bacterial therapy.

To delineate the factors that affect intestinal bacteria and improve their immunotherapeutic effects, many studies have attempted to regulate intestinal bacteria using antibiotic treatment or fecal microbiota transplantation (FMT) (14, 44, 45). However, both methods can cause large-scale and holistic changes in abundance and diversity of intestinal bacteria. Therefore, to regulate the population of a certain bacterium or transfer some type of probiotics into the host for bacterial therapy, an efficient way of delivering intestinal bacteria is necessary. Compared with intravenous (i.v.) injection, the oral administration of bacteria can improve patient compliance and avoid the risk of systemic infections that might be caused by the i.v. injection. However, because the oral administration route involves the passage of bacteria through the stomach and gut, various bacterial activities may be compromised due to the presence of gastric acid and bile salts in the gastrointestinal system. Therefore, the design and selection of biomaterials for the encapsulation and delivery of intestinal bacteria are essential. Many biomaterials, including Eudragit (46), chitosan (47), and alginate (48), have been widely used to encapsulate and protect intestinal bacteria against acid, bile, and other harsh components. Moreover, the properties of these biomaterials, including permeability, mechanical stability, and pH sensitivity, have been specially designed to improve the survival of intestinal bacteria in the acidic environment of the stomach and ensure their complete release in the intestine (49, 50).

In this review, we focused on the immunotherapeutic effects of intestinal bacteria mainly exerted by regulating various immune cells, as well as the biomaterials used to encapsulate and deliver the bacteria possessing these regulatory functions. We first discuss various immune cells, which are classified according to their types, regulated by intestinal bacteria. Then, we summarize the recent progress on biomaterial encapsulation methods in various intestinal bacterial species. Figure 1 schematically shows the oral administration of intestinal bacteria and their immunoregulatory function in various diseases.




Figure 1 | Overview of the oral administration of intestinal bacteria for immunotherapy in various diseases. Common intestinal bacterial delivery methods include oral delivery (gavage) and intravenous injection. Gavage is more widely used because of its safety profile. Compared with free bacteria and FMT, bacteria encapsulated by biomaterials can resist the acidic environment of the stomach, and their contents can be released in the intestine. The released bacteria exert immune regulation functions beneficial to the treatment of various diseases.





Regulating Immunotherapy by Affecting Immune Cells

The immune system of the human body has a crucial impact on the development of various diseases. Diseases, such as inflammation and tumors, can alter the microenvironment of the body. For example, tumor cells in the tumor microenvironment (TME) have been reported to closely interact with the extracellular matrix (ECM) and stromal cells (51). A variety of immune and nonimmune cells that secrete cytokines and chemokines and express various surface receptors have been found in the TME. These cells have been shown to drive chronic inflammation and immunosuppression and promote the development of proangiogenic tumor environment (52). Immune cells, such as lymphocytes, dendritic cells (DCs), macrophages, and natural killer (NK) cells, are important in tumor development or suppression (53). A spatiotemporal dynamic analysis of 28 different kinds of immune cells that infiltrated tumors found that the composition of infiltrating immune cells changes at each tumor stage, with particular cells having a major impact on survival (54). Therefore, regulating these immune cells may improve the immunotherapy of tumors and other diseases.

Owing to some limitations in the application of immunotherapy (39, 55) and the regulation of the intestinal bacterial function (56, 57), many studies have combined the use of intestinal bacteria with immunotherapy, revealing their key role in regulating the response of immunotherapy, especially in tumors, by affecting immune cells (58–61). The findings of recent studies on bacteria used for immunotherapy and the immune cells they influenced are summarized in Table 1.


Table 1 | Intestinal bacteria used for the immunotherapy of diseases.




Regulation of T-Cells by Intestinal Bacteria

T-lymphocytes, also called T-cells, are derived from the bone marrow. Following their differentiation and development in the thymus, they are distributed to immune organs and tissues through the blood circulatory and lymphatic systems, thus exerting their immune function. T-cells are critical in many diseases, including tumors (75). According to their function and surface markers, T-cells can be classified as helper T-cells, regulatory T-cells, cytotoxic T-cells, suppressor T-cells, and memory T-cells. In this section, we summarized the recent findings on the regulation of these T-cells by intestinal bacteria.


Helper T-Cells

Helper T-cells, whose major surface marker is CD4, play a role in intermediate immune response. They can proliferate and spread to activate other types of immune cells involved in direct immune response. Helper T-cells can be activated through an antigenic reaction with a polypeptide presented by the major histocompatibility complex II (MHC II). Once activated, they can secrete cytokines, regulate, or assist in the immune response.

Intestinal bacteria regulate immunotherapy for type 1 diabetes (T1D) via helper T-cells. A study analyzing the fecal samples of biobreeding diabetes-prone (BB-DP) and biobreeding diabetes-resistant (BB-DR) mice (56) found that the fecal matter of BB-DR mice is enriched in both Lactobacillus and Bifidobacterium species, whereas that of BB-DP mice is abundant in Bacteroides. The prevalence of Bacteroides in mice with T1D suggests that intestinal bacteria are involved in the occurrence and development of diseases. Furthermore, intestinal bacteria can regulate T-helper 17 (Th17) cells. Among non-obese diabetic (NOD) mice, female mice without segmented filamentous bacteria (SFB) showed a higher prevalence of diabetes, whereas those with SFB were resistant to diabetes (62). However, in male mice, there was no significant difference in the onset of diabetes between the two groups. To explore the relationship between SFB and diabetes, flow cytometry was performed on tissue derived from the small intestinal lamina and associated lymph nodes in SFB+ and SFB- female mice. The results showed an evident induction of Th17 cells in the small intestinal lamina propria of SFB+ females. Another study has demonstrated that the oral administration of the Lactobacillus johnsonii strain N6.2 (LjN6.2) from BB-DR rats conferred T1D resistance to BB-DP rats, but that of Lactobacillus reuteri strains did not (76). This resistance of LjN6.2-fed BB-DP mice was due to a change in Th17 cells within the mesenteric lymph nodes (63), which was not observed in non-gut–draining axillary lymph nodes, indicating that the change in Th17 cells was caused by LjN6.2 interactions within the mesenteric lymph node. Overall, these studies indicate that the induction of T1D could be circumvented by the intestinal bacterial-mediated differentiation of Th17 cells.

Most importantly, by affecting helper T cells, the intestinal bacteria can regulate immunotherapy for tumors. To investigate the potential mechanism underlying the inhibition of tumor progression and control of hepatocellular carcinoma (HCC) by intestinal bacteria feeding, Li and coworkers used Prohep to design their experiments (16). Prohep is a new mixture of intestinal bacteria comprising heat-inactivated VSL#3, viable Escherichia coli Nissle 1917 (EcN), and Lactobacillus rhamnosus GG (LGG) (1:1:1). Prohep not only significantly reduced tumor size and weight by 40% but also retarded tumor growth compared with the control (Figures 2A, B). In addition, after treatment with Prohep, the hypoxic region of the tumor was obviously increased, indicating that the reduction in tumor size might have been associated with cell death caused by hypoxia (Figure 2C). In Figure 2D, the confocal Z-stacks of 3D models show that compared with the control group, the number of vessel sprouts and the region of blood vessels in each tumor section were obviously decreased. The tumor group treated with intestinal bacteria had decreased number of Th17 cells. Moreover, metagenome sequencing revealed the association between intestinal bacteria and HCC development. Therefore, treatment with Prohep may promote the growth of beneficial bacterial colonies, including Oscillibacter and Prevotella, which are known producers of anti-inflammatory metabolites. Subsequently, these bacteria led to the reduction in the number of Th17 cells and promoted the differentiation of regulatory T-cells (Tregs; introduced in next section) in the intestine. In summary, tumor reduction induced by probiotic feeding relies on the downregulation of IL-17 and its major producer, Th17 cells.




Figure 2 | The Prohep intestinal bacterial mixture improves hypoxia in tumor tissues and reduces tumor volume. (A) Changes in tumor size during 38 d. (B) Tumor weight of each group after the experiment. (C) Immunostaining of representative tumor sections using the CD31 angiogenesis (red) and GLUT-1 hypoxia (blue) markers. (D) Images of a 3D model acquired after superimposing multiple confocal planes by confocal Z-stack imaging (section thickness of 25 μm). *0.01 < P value < 0.05; **0.001 < P value < 0.01; ***P value < 0.001. Adapted from ref. (16).



Intestinal bacteria have also been found to prevent infections and suppress allergies. Chilba et al. demonstrated that a co-culture with Lactobacillus casei in vitro promoted the development of Th1 cells, resulting in an increased production of interferon γ (IFN-γ), and also stimulated CD11b+ cells to produce interleukin 12 (IL-12) in mouse spleen cells (77). Intestinal bacteria that increase the production of IL-12, such as L. casei, can effectively prevent infections. By controlling the balance of Th1/Th2 cells, L. casei has also been reported to suppress allergic diseases. This immunomodulation is partly due to the regulation of indoleamine 2,3-dioxygenase (IDO). IDO is widely distributed in the body and participates in tryptophan metabolism to produce 3-hydroxyanthranilic, quinolinic acid, and kynurenine (78). These three tryptophan degradation products have excellent blood–brain barrier penetration ability, which is a key obstacle to the application of many drugs to treat brain diseases (79). Moreover, 3-hydroxyanthranilic acid and quinolinic acid can selectively drive the apoptosis of Th1 cells, whereas kynurenines can promote the development of Tregs, suggesting that these metabolites may possess immunoregulatory effects (80). By expressing IDO and activating subsequent biological processes, the use of specific intestinal bacteria could also enhance the efficacy of immunotherapy for brain diseases.



Tregs

Tregs exhibit immunosuppressive functions, and their deficiency contributes to the development of allergies and autoimmune diseases; thus, they are T-cells that regulate autoimmune activity in vivo. In addition, Tregs expressing specific tumor-associated antigens have been found in patients with tumor and aggregate in several kinds of solid tumors, where they may play a role in protecting tumors from cytotoxic immune responses (81). In fact, there is a negative correlation between the survival rate of patients with tumors and Treg infiltration. Therefore, the regulation of Tregs could be a promising treatment strategy in many diseases.

Bacterial metabolites affect the occurrence and progression of inflammation via mediating the communication between intestinal bacteria and the immune system. For example, butyrate, a short-chain fatty acid (SCFA) secreted by intestinal bacteria, promotes the extrathymic production of Tregs (21), indicating that intestinal bacteria exhibit a regulatory function in the immunotherapy of inflammatory diseases, such as IBD. In a prospective study of patients suffering from metastatic melanoma treated with ipilimumab, Dubin et al. compared the composition of preinflammation fecal microbiota before and after the development of colitis (65). Increased Bacteriodes were found in the stools of participants resistant to colitis, whereas enriched Faecalibacterium and other Firmicutes were detected in those with high incidence of checkpoint-block-induced colitis (57). Moreover, enrichment in the genus Bacteroides was observed in patients with resistant colitis. As one of the primary bacterial species in the human gut, Bacteroides can suppress inflammation via stimulating the differentiation of Tregs (82). This immunomodulatory effect was consistent with the results obtained by Dubin et al. and Chaput et al. (57, 65).

In addition, immunotherapy can also be regulated by specialized bacterial molecules, such as the polysaccharide A (PSA) of Bacteroides fragilis. Round et al. demonstrated that the Toll-like receptor (TLR) pathway could be activated in T-cells by the human commensal bacterium Bacteroides fragilis to establish an interaction between the host and intestinal bacteria (28). Deficiency in TLR2, which is located on CD4+ T-cells, can promote antimicrobial immune responses, resulting in reduced colonization of the mucosa by B. fragilis. However, this can be recovered by the PSA of B. fragilis that directly activates TLR2 on Foxp3+ regulatory T-cells, leading to the production of mucosal tolerance. Meanwhile, B. fragilis not expressing PSA could not suppress the host immune response. Another study confirmed the regulatory function of the PSA of B. fragilis and showed that B. fragilis induced the development of Foxp3+ Tregs with unique inducible hereditary characteristics (43). Unlike naturally produced Tregs, these inducible Tregs were found in peripheral tissues, such as the intestine, rather than in thymic tissues and can secrete cytokines, such as interleukin 10 (IL-10) (83). Round et al. found that germ-free animals colonized with B. fragilis had increased inhibitory capacity of Tregs and produced only anti-inflammatory cytokines from Foxp3+ T-cells in the intestine (43). In addition, they showed that as an immunomodulatory molecule, the PSA of B. fragilis induced CD4+ T-cells into inducible Foxp3+ Tregs. These processes required TLR2 signaling to induce Tregs and express IL-10. More importantly, the PSA of B. fragilis was demonstrated to not only prevent but also cure experimental colitis in animals, supporting that intestinal bacterial molecules not only mediate the balance between health and disease but also regulate the efficacy of immunotherapy for many diseases.

After recognizing that changes in the composition of intestinal bacteria can influence inflammation, the potential mechanisms of intestinal dysfunction following HIV-1 infection became clearer. Early in 1990, researchers found that most patients with acquired immunodeficiency syndrome (AIDS) exhibited gastrointestinal disorders of variable severity (84); thus, they assumed that maintaining the integrity of intestinal ecology could improve the clinical outcomes of patients suffering from AIDS. Consequently, increasing evidence showed that probiotic treatment can protect the intestinal surface, delay the progression of HIV-1 infection to AIDS, and provide specific benefits in patients with HIV-1 infection (64, 85). The balance between Th17 cells and Tregs is an important immunoregulatory mechanism that influences the production of functional host immune responses to infection (86, 87). This balance is mediated by tryptophan catabolites, tryptamine, indole-3-aldehyde (IAld), indoleacetic acid, and indolelactic acid (ILA), which act as aryl hydrocarbon receptor (AHR) ligands and promote the differentiation of naive CD4+ helper T-cells into Tregs (88). Intestinal bacteria, such as Lactobacilli (89) and Clostridium sporogenes, can metabolize and convert tryptophan into the above-mentioned AHR ligands, thereby affecting the Th17/Tregs balance and exerting a beneficial effect on autoimmune diseases and inflammation. More specifically, intestinal bacteria inducing the differentiation of Th17 cells or upregulating Tregs can suppress the progression of inflammation and provide benefits in patients with viral infection. In addition, by expressing IDO and producing tryptophan metabolites, intestinal bacteria can activate the AHR signaling pathway and induce IL-22 production (90). IL-22 mainly fulfills intestinal barrier function and maintains the intestinal homeostasis by mediating mucosal host defense, thereby helping the body resist the invasion of intestinal pathogenic bacteria (91, 92). Overall, intestinal bacteria can indirectly up-regulate IL-22 to counter pathogenic bacterial infections and diarrhea caused by gut dysbiosis.

Kwon et al. identified a mixture of probiotics, designated as IRT5, comprising L. casei, L. acidophilus, Bifidobacterium bifidium, L. reuteri, and Streptococcus thermophilus (67). After its oral administration for 20 days, IRT5 upregulated CD4+ Foxp3+ Tregs and induced the hypo-responsiveness of T-cells. In addition, the transformation of T-cells into Foxp3+ Tregs was shown to be directly mediated by DCs (discussed in Section of DCs) specialized to express IDO as well as suppressor cytokines such as TGF-β and IL-10.

By regulating Tregs, intestinal bacteria can also affect the immunotherapy of allergic diseases, such as allergic asthma. Russelle et al. showed that changes in the intestinal bacteria due to antibiotics increase the susceptibility of neonatal mice to allergic asthma (93). Compared with streptomycin, vancomycin reduced intestinal bacterial diversity, especially that of Bacteroides and Clostridiales, and the reduced Bacteroides were replaced by abundant Lactobacilli. As previously discussed, species under the genus Bacteroides, such as B. fragilis, are associated with T-cell differentiation. Additionally, treatment with vancomycin decreased the number of Foxp3+ Tregs in the colon, but not in the lungs, following the destruction of Clostridiales population. Atarashi et al. reached the same conclusion and identified the Clostridium species as potent inducers of Tregs (94). However, the role of Lactobacilli remains controversial as the said study showed its negative correlation with Tregs, whereas another study showed that it induces Tregs (95). Therefore, there might be other unknown factors participating in the regulation of immunotherapy by intestinal bacteria or an unknown interaction between other Lactobacilli species or strains. The specific mechanisms, however, remain unexplored. As there are thousands of intestinal bacteria in the body, maintaining commensalism with the host, all intestinal bacteria in each organ should be seen as a whole when we regulate intestinal bacteria in order to influence immunotherapy. Based on this view, FMT has been applied at the microbial level to alter immune responses in the body and has shown good results in the regulation of immunotherapy.



Cytotoxic T-Cells

Cytotoxic T-cells are specific T-cells that secrete various cytokines and participate in immune function. They exert a killing effect on certain viruses, tumor cells, and other antigenic substances. In particular, cytotoxic T-cells and NK cells play an important role in defense against viruses and tumors. Recently, cytotoxic T-cells regulated by intestinal bacteria has been associated with the efficacy of the immune checkpoint inhibitors (ICIs).

ICI therapy leads to the activating of T-lymphocyte-mediated immune responses by inhibiting the interaction between T-cell inhibitory receptors and their homologous ligands on stromal cells or tumors (96). Currently, ICIs are mainly monoclonal antibodies targeting the programmed cell death protein 1 (PD-1)/PD ligand 1 (PD-L1) axis and cytotoxic T-lymphocyte antigen 4 (CTLA-4), and ICIs have achieved great success in the immunotherapy of tumors. However, ICIs cannot suppress tumor progression in most patients; thus, they often result in immune-related adverse events (irAEs) (97). The use of antibiotics could reduce the efficacy of ICIs in tumor immunotherapy, with ICIs showing excellent efficacy in the presence of specific intestinal bacterial species (98). For example, the immunostimulatory and antitumor effects of the CTLA-4 blockade was demonstrated to depend on the presence of various Bacteroides gut species (99). In patients suffering from renal cell carcinoma (RCC), advanced-stage non–small cell lung cancer (NSCLC), or bladder tumor treated with PD-1/PD-L1 blockade, the use of broad-spectrum antibiotics shortly before or after treatment was associated with adverse clinical outcomes (45).

Increasing evidences have demonstrated that intestinal bacteria can influence the effect of immune checkpoint blockade (ICB) treatment by regulating cytotoxic T-cells. Gopalakrishnan et al. observed notable differences in the composition and diversity of intestinal bacteria between responsive and non-responsive (NR) patients with melanoma receiving anti-PD-1 immunotherapy as shown in Figure 3A (68). Responsive patients had increased abundance of the Ruminococcaceae family (including Faecalibacterium spp.) compared to NR, and enrichment in Faecalibacterium spp. positively correlated with progression-free survival (PFS) and cytotoxic T-cell infiltration in the TME. To study the mechanism, FMT results confirmed the transferability of this phenotype. The detailed experimental design is presented in Figure 3B. Slower tumor growth and better immunotherapy efficacy were observed in mice subjected to FMT with stool samples from the responsive patients than in those from NR (Figures 3C, D). In a separate study, Matson and coworkers verified these findings using pretreated fecal samples from 42 patients with metastatic melanoma (24). Enterococcus faecium, Collinsella aerofaciens, and Bifidobacterium longum were found to be more enriched in responders. In addition, transferring fecal samples from the responders to germ-free mice has been shown to improve tumor control, enhance T-cell responses, and increase anti-PD-1 therapeutic effect. These effects are due to the regulation of cytotoxic T-cells by these intestinal bacteria.




Figure 3 | Differences in the composition of intestinal bacteria related to the effects of anti-PD-1 immunotherapy and antitumor immunity. (A) Taxonomic cladogram from LEfSe showing differences in stool taxa. The size of dot is positively correlated with the abundance of the taxon. Letters a–r represent the following taxa respectively: (a) Gardnerella vaginalis, (b) Gardnerella, (c) Rothia, (d) Micrococcaceae, (e) Collinsella stercoris, (f) Bacteroides mediterraneensis, (g) Porphyromonas pasteri, (h) Prevotella histicola, (i) Faecalibacterium prausnitzii, (j) Faecalibacterium, (k) Clostridium hungatei, (l) Ruminococcus bromii, (m) Ruminococcaceae, (n) Phascolarctobacterium faecium, (o) Phascolarctobacterium, (p) Veilonellaceae, (q) Peptoniphilus, (r) Desulfovbrio alaskensis. (B) Experiment designed to study the GF mice. Relative to days (indicated as D) of tumor injection (2.5 - 8 × 105 tumor cells). (C) Tumor growth curves for each GF mouse from anti-PD-L1-treated R-FMT (blue, n = 2; median tumor volume = 403.7 mm3), NR-FMT (red, n = 3; median tumor volume = 2301 mm3), and Control (black, n = 2; median tumor volume = 771.35 mm3) mice. Statistics are as follows: p = 0.20 (R-FMT vs NR-FMT), p = 0.33 (NR-FMT vs Control) by the MW test. The black dotted line indicates the size limit of the tumor when treated with anti-PD-L1 (500 mm3). (D) Using the MW test, on the 14th day of implantation in NR-FMT mice (red) and R-FMT (blue), difference in tumor size expressed as fold change (FC) relative to the average tumor volume of Control GF mice. Data from 2 independent FMT experiments (R-FMT, n = 5, median FC = 0.18; NR-FMT, n = 6, median FC = 1.52). **P value < 0.01. Adapted from ref. (68).





Memory T-Cells

Memory and effector T-cells are formed following the division and differentiation of T-cells, respectively. Memory T-cells are of vital importance in recurrent immune responses. When the host immune system is invaded by the same antigen, memory T-cells remobilize the mechanisms used to kill the antigen previously. The identity of memory T-cells can be determined via the expression of CD45RA, CD27, and CD62L (100). Currently, memory T-cells are used in vaccines for infectious diseases (101) and have recently been found to exert an anti-tumor function.

Routy et al. found a relationship among Akkermansia muciniphila, Enterococcus hirae 13144 (E. hirae), and memory T-cells (45). As shown in Figure 4A, patients with NSCLC and RCC responding to the PD-1/PD-L1 blockade had increased abundance of A. muciniphila in their feces than non-responders. They next investigated the responses of memory T-cells in the peripheral blood to the microbiota after initiating PD-1 blockade. Figure 4B presents the response of circulating memory CD4+ and CD8+ T-cells collected from 27 patients with NSCLC and 28 with RCC subjected to anti-PD-1 treatment. Due to the function of A. muciniphila and E. hirae, the responses of memory Th1 and Tc1 cells were enhanced in the responders, resulting in increased production of IFN-γ (Figure 4C). Figure 4D shows that based on 32 fecal samples, E. hirae was more abundant in responders with NSCLC than in non-responders. This further supports the relevance of probiotics, such as E. hirae and A. muciniphila, in predicting efficacious treatment.




Figure 4 | The composition of intestinal bacterial from stool samples determines the efficacy of PD-1 mAb therapy in cancer patients after 3 months. (A) Shotgun sequencing of stool samples at the time of diagnosis, using responders (R) (partial response or stable disease) determined according to the best clinical response relative to the non-responder (NR) (progress or death) of each MGS according to RECIST1.1 standard. P value of the entire cohort of n = 100 (60 patients with NSCLC and 40 with RCC). (B, C) Immune responses of circulating memory T-cells detected during PD-1 blockade and evaluation of the time to progression. (B) Heat map of the P values for each intestinal bacterium and each cytokine, classifying the PFS of patients with NSCLC RCC based on the median value of the production of cytokines in the entire cohort. Significant P values (<0.05, Student’s t test) are marked by asterisks as relevant intestinal bacteria. (C) Kaplan-Meier curves and Univariate analysis showing immune responses of PBS against peripheral blood memory Th1 and Tc1 directed against A. muciniphila and E. hirae 13144, respectively. (D) Stool samples of 16 R and 16 NR patients with NSCLC (defined as the best clinical outcome) analyzed based on culturomic before treatment; each intestinal bacterium having been identified by mass spectrometry. Colored bars show relative frequencies of each commensal in all stool cultures in R over NR patients, and the right graph shows P values with difference. *P value < 0.05. Adapted from ref. (45).



In addition, Vetizou and coworkers demonstrate the modulatory function of intestinal bacteria in responses to anti-CTLA-4 therapy by regulating of memory T-cells (44). In both mice and humans, T-cell specific response to B. fragilis or B. thetaiotaomicron was related to the effect of the CTLA-4 blockade. Tumors in germ-free (GF) or antibiotic-treated mice did not respond to CTLA-4 blockade. However, after the adoptive transfer of B. fragilis-specific T-cells or gavage with B. fragilis, the presence of Bacteroides species determined the antitumor effect of the CTLA-4 blockade. Subsequently, the dynamics of the response of memory T-cells in humans and mice during CTLA-4 blockade was analyzed and revealed that T-cell response to anti-CTLA-4 therapy was due to the production of Th1 cells induced by specific memory T-cells. Moreover, the adoptive transfer of this specific type of memory T-cells into GF or patients with antibiotic-treated tumors could partially restore the efficacy of the immune checkpoint blocker.




Regulation of Antigen Presenting Cells by Intestinal Bacteria

Antigen presenting cells (APCs) can absorb, process, and present antigens; hence, they constitute a key part of innate immunity. The major histocompatibility complex (MHC) class II molecule expressed on the surface of APCs can absorb pathogen proteins and help process them into short peptide segments, which are presented to T-cells. Thus, APCs are also known as the initiators of acquired immunity. The thymus-dependent antigen (TD-Ag) stimulated B-lymphocytes to produce antibodies, with the participation of not only T- and B-lymphocytes but also accessory cells. In general, APCs include macrophages, DCs, B–lymphocytes, and other cells that can express MHC class II molecules, the so-called full-time APCs. Other cells, such as the fibroblasts, endothelial cells, and various epithelial and mesothelial cells, also exhibit certain antigen presenting functions and are thus called non-full-time APCs. The expression of PD-L1 on DCs or macrophages might affect the efficacy of immunologic checkpoint inhibitors and therefore, in theory, could have the potential to predict the efficacy of drugs (102). We then speculate that intestinal bacteria could influence the efficacy of immunotherapy by regulating APCs.


DCs

Discovered by the Canadian scholar Steinman in 1973, DCs are the most powerful antigen-presenting cells at present. They were named for their dendritic or pseudopodal protrusions at their mature state. DCs can absorb, handle, and present antigens efficiently. Immature DCs show a strong ability to migrate, whereas mature DCs can effectively activate primary T-cells, which are essential for initiating, regulating, and maintaining immune responses. DCs have been closely linked with the occurrence and development of tumors. For instance, in the majority of solid tumors, higher DC infiltration correlates with better tumor prognosis. Effective antitumor immune responses mainly relies on the production of cellular immune responses based on CD8+ T-cells, which is also the basis of DCs in immunotherapy.

A previous study showed that C57BL/6 mice raised in Taconic Farms (TAC) or Jackson Laboratory (JAX) animal facilities showed differential colonization by segmented filamentous bacteria (SFB) (103). The difference in growth environment leads to the different composition of intestinal bacteria. Compared with JAX mice, an obvious enrichment of Th17 cells in TAC mice was observed. After 10 days of colonization of JAX-derived GF mice with SFB, the SFB-colonized lamina propria of both the small and large intestines were populated with increased Th17 cells. This suggests that intestinal bacteria, such as SFB, can stimulate immune response via direct contact with body tissues. However, further research found that SFB induced the production of serum amyloid A (SAA) by the terminal ileum, with SAA promoting the differentiation of Th17 cells under the action of DCs in vitro. The colonization of SFB led to the secretion of SAA, which further stimulated DCs in the intestine to induce the differentiation of Th17 cells, thus demonstrating that intestinal bacteria regulate host immunity through their secretory function.

In addition, substances with immunomodulatory functions, such as IDO, are not only regulated by intestinal bacteria (104, 105) but also expressed in immune cells, which makes the relationship between intestinal bacteria and immune cells more intricate. In fact, there are a series of human APCs that express IDO co-expressing cell surface markers CD123 and CCR6, by which they can be identified from other immune cells (106). In the family of DCs, IDO-expressing DCs can suppress inhibitory effector T cells and promote the differentiation of Tregs, proving to be beneficial in patients with autoimmune diseases like IgA nephropathy (IgAN) (107).

Sivan et al. studied the growth of melanoma in TAC and JAX mice with different commensal intestinal bacteria and observed differences in spontaneous antitumor immunity (15). Particularly, they found that as the most distinct intestinal bacterial species between the two groups, Bifidobacterium (Figure 5A) unexpectedly enhanced antitumor immunity in vivo. Bifidobacterium alone or combined with anti-PD-L1 treatment effectively inhibited tumor growth (Figure 5B). Additionally, after its oral administration, the antitumor activity of CD8+ T-cells was improved, and it was attributed to DC-induced accumulation of enhanced CD8+ T-cells in the TME. Figure 5C displays that the key genes related to antitumor immunity in DCs that are significantly enhanced by the administration of Bifidobacterium. Notably, only live Bifidobacterium produced this effect, suggesting that Bifidobacterium colonized intestinal niches that enabled them to interact with host cells that regulate DCs or to systemically release soluble factors that enhanced the function of DCs. In addition, Bifidobacterium was eliminated in CD8+ T-cell-depleted mice, indicating that the regulatory function of Bifidobacterium relied on the activity of cytotoxic T-cells. Therefore, the regulation between intestinal bacteria and immune cells is mutual. Furthermore, Bifidobacterium can activate other immune regulatory pathways. For instance, Bifidobacterium LMG 13195 or their membrane vesicles promoted the differentiation of immature T-cells into CD25+ Foxp3+ Treg cells by acting on DCs and inducing the production of IL-10 in vitro (69). Bifidobacterium has been extensively studied and can be detected in the intestines after the first meal. It is also a typical probiotic due to its health promoting functions. As a member of the Bifidobacterium family, Bifidobacterium LMG 13195 is safe for human consumption. Therefore, Bifidobacterium LMG 13195 has the potential as a safe and effective adjuvant for immunotherapy in clinical practice.




Figure 5 | Tumor patients can benefit from direct administration of Bifidobacterium, which was shown to improve the DC cell-related tumor-specific immunity and effect of anti-PD-L1 monoclonal antibody treatment. (A) In newly obtained TAC and JAX mice, the phylogenetic analysis of taxa with obviously different abundance FDR < 0.05 (nonparametric t test); bars represent log-transformed fold changes, inner circle, log10(10); middle circle, log10(100); outer circle, log10(1000). (B) 7 and 14 d after the implantation of B16.SIY tumor, the tumor growth kinetics in TAC mice, untreated or treated with Bifidobacterium, anti-PD-L1 mAb 7, 10, 13, and 16 d after tumor implantation, or both regimens. (C) Heat map of key antitumor immunity genes in DCs isolated from untreated TAC, Bifidobacterium-treated TAC, and JAX mice. Mean fold change for each gene transcript is shown on the right. ****P value < 0.0001. Adapted from ref. (15).



Intestinal bacteria were also found to affect the immunotherapy of IBD by regulating DCs. As one of the most potent anti-inflammatory cytokines, IL-10 is required for protection during inflammation. In an experimental colitis model, researchers found that the PSA of B. fragilis protected subjects from inflammatory disease via promoting the proliferation of IL-10-producing CD4+ T-cells (70). Unlike other polysaccharides, PSA can be internalized by APCs and subsequently presented to T-cells, along with MHC class II molecules. Furthermore, the PSA of B. fragilis executed this process by regulating bone-marrow-derived DCs (BMDCs). Therefore, PSA may play a protective role during inflammation. The immunomodulatory capacity of symbiotic factors, such as PSA, may thus provide new treatment approaches for human inflammatory diseases.

In summary, the immunoregulatory role of DCs is multifaceted: DCs can inhibit immunity and exert a beneficial effect on autoimmune diseases such as IgAN, while they can also activate immune responses for immunotherapy of other diseases including tumors. Therefore, intestinal bacterial species that can regulate DCs may have diverse therapeutic applications. However, increasing attention must be paid to the changes in DCs mediated by pathogenic intestinal bacteria.



Macrophages

Macrophages have many functions and are important targets in the study of cell phagocytosis, cellular immunity, and molecular immunology. In vertebrate animals, macrophages are known to be involved in specific (cellular immunity) and nonspecific (innate immunity) defense. Their main function is to engulf pathogens and cellular debris. In addition, macrophages can activate multiple immune cells to release a variety of cytokines (108) and also regulate the differentiation and mobilization of neutrophils via secretion of granulocyte-colony stimulating factor (G-CSF) (109). Through these cytokines, macrophages can modulate the activity of other immune cells, such as neutrophils.

As we mentioned before, the PSA of B. fragilis provided protection against inflammatory disease via the production of the IL-10 cytokine. The relationship between macrophages and IL-10 was further demonstrated by Denning et al. In the lamina propria, some macrophages expressed several anti-inflammatory molecules, including IL-10; however, even after stimulation by Toll-like receptor ligands, the macrophages expressed only low levels of proinflammatory cytokines (110). The differentiation of Foxp3+ Tregs could be induced by these macrophages via a mechanism relying on the exogenous transforming growth factor-β, retinoic acid, and IL-10. Although this study did not use intestinal bacteria to regulate the immune process, the regulation of IL-10 by B. fragilis or the PSA they produce has been mentioned before. For example, Round and coworkers showed that the transformation of CD4+ T-cells into Foxp3+ Tregs that produce interleukin 10 (IL-10) is mediated by the PSA of B. fragilis (43). Therefore, we speculate that the PSA of B. fragilis synergizes with macrophage activity to enhance their immunomodulatory functions. In another study, the nucleoprotein fraction (NPF) of Bacillus subtilis 7025 cultural medium filtrate stimulated immune responses and exhibited antitumor effects (27). As NPF is mainly composed of histone and protamine, the NPF of Bacillus subtilis 7025 cultural medium filtrate has sufficient biological safety and can potentially be used in antitumor immunotherapy as it displays significant immunostimulatory effects through enhanced IFN-γ activity. Moreover, as one of the major cytokines involved in antitumor protection, IFN-γ can activate macrophages.

Remarkably, special macrophages called the microglia have also been reported to be regulated by intestinal bacteria. Microglia, which are found in the brain, are macrophages of the central nervous system (CNS) mainly involved in CNS diseases. Following the stimulation of inflammation, the antigenicity of microglia is enhanced. Host intestinal bacteria have been found to be vital in microglial homeostasis as microglia in GF mice exhibited obvious defects, changes in cell ratio, and immature phenotypes, resulting in impaired innate immune responses (71). In addition, less complex intestinal bacteria can lead to microglia defects, whereas the reconstitution of their complexity can partially restore the characteristics of microglia. Studies on SCFAs, which are bacterial fermentation products, found that SCFA influences microglial homeostasis and can be pathogenic to the CNS (111).



B-Cells

Progenitor cells of B lymphocytes (B-cells) are found in the island of hematopoietic cells in fetal liver. During development, B-cells are produced and differentiate in the bone marrow. B-cells can differentiate into plasma cells under antigenic stimulation, which can then synthesize and secrete antibodies, mainly involved in humoral immunity.

Intestinal bacterial DNA has been reported to have immunostimulatory effects on B-cells, thereby inducing the production of various cytokines critical in anti-tumor immunity (112). In 1991, researchers found that bacterial DNA could induce significant antibody responses in mice (72). When highly purified ssDNA collected from E. coli was used to stimulate lymphocytes, a dose-dependent response was observed, indicating lymphocyte proliferation. As the consumption of T-cells was not observed to reduce the proliferation of lymphocytes, bacterial DNA may have directly triggered the proliferation of B-cells. Another study showed that in bacterial DNA, unmethylated CpG dinucleotides rapidly activate B-cells to secrete IL-6 and IgM (73).



Other Immune Cells

The DNA of intestinal bacteria can activate NK cells and thus enhance antitumor immunity (74, 113). The administration of mycobacterial DNA can induce the secretion of interferon and enhance the activity of NK cells, resulting in tumor regression (114). An in vitro experiment showed that the nucleic acid-rich component from Bacille Calmette-Guerinvaccine (BCG) enhanced the activity of NK cells in mouse spleen, induced antiviral activity, and induced macrophages to produce cytotoxic factors against tumor cells.

Group 3 innate lymphoid cells (ILC3) are tissue-resident lymphocytes abundant in mammalian intestine and play an important regulatory role in intestinal inflammation and homeostasis (115). ILC3 proliferation has been associated with L. paracasei abundance (116). This phenomenon was also observed in the lungs after viral infection, subsequently suppressing the inflammatory response to achieve a therapeutic effect via mediating the proliferation of Th2 cells (117).





Biomaterials for the Delivery of Intestinal Bacteria

In the previous section, we have introduced the effects of intestinal bacteria on the function of various types of immune cells, which ultimately enhanced immunotherapeutic effect in many diseases. For example, FMT is usually the preferred method to study of intestinal bacteria as a whole. When intestinal bacteria are regulated using FMT, their integrity can be maintained, and the influence of different bacteria on the regulation of the immune function does not need to be considered. In addition, the transfer of fecal samples from experimental mice to GF mice can not only reconstruct the composition of the intestinal bacteria but also facilitate the study of its effect on disease treatment.

However, FMT experiments cannot reveal the mechanisms and the role of certain intestinal bacteria in the regulation of immunotherapy. Therefore, to study the functions of several specific strains, single bacteria or combinations of several probiotics are delivered by oral administration (gavage) (26, 44) or intravenous injection (118). Intestinal bacteria can be delivered directly to the host through intravenous injection, gavage, and even anal perfusion (119, 120); however, these methods have certain disadvantages. Intravenous injection might lead to a variety of infectious diseases, such as bacteremia and septicemia. Especially in bacterial infectious diseases, there is a high risk of bacteria contaminating the blood. Thus, intravenous injection is rarely used in the studies we have discussed here. Anal infusion is more inconvenient than gavage and reduces patient compliance. Besides, intestinal bacteria are widely distributed in the colon. Therefore, the proper delivery of the target bacteria to various parts of the colon to simulate the situation of bacterial distribution in the human body is essential. However, anal perfusion can only deliver the target intestinal bacteria to areas near the descending colon and rectum and not the whole intestine. Thus, oral administration is the most widely used method for the delivery of intestinal bacteria.

Direct oral administration allows the passage of intestinal bacteria through the esophagus, stomach, small intestine, and colon in the proper order. However, this process involves the serious loss in bacterial activity due to the strong acidic environment in the stomach (pH = 2) and bile salts in the intestine (121, 122). This limitation might thus restrict the recognized roles of intestinal bacteria in promoting immunotherapy. Therefore, encapsulating intestinal bacteria with suitable materials conferring them protection and allowing their targeted release in the colon would be an effective method to address this issue.

Due to the strong acidic environment in the stomach, the materials used for bacterial encapsulation should be acid-resistant to maintain the integrity of the microcapsules during their travel to the colon. In addition, these materials should be biocompatible and automatically degraded in the colon to ensure host safety. For these purposes, various biomaterials, including alginate (123), enteric polymer (124), chitosan (125), and pectin (126), have been designed for the encapsulation and effective delivery of intestinal bacteria (122). Table 2 summarizes these biomaterials.


Table 2 | Biomaterials used for the oral delivery of intestinal bacteria.





Biomaterials for the Delivery of Bifidobacterium

Bifidobacterium is the most abundant bacterial genus in the intestines of breastfed infants (148) and is one of the main components of the gut microbiome associated with the maintenance of human health. The abundance and diversity of Bifidobacterium species, including B. longum, B. breve, and B. adolescentis, change throughout life. In the human intestine, Bifidobacterium levels decrease with age. In the body of infants and children less than 3 years old, the primary Bifidobacterial species is B. breve; in breastfed infants and young adults, the proportion of B. adolescentis gradually increases and becomes the main species; in the elderly, B. longum becomes the representative species (149, 150). In addition, these Bifidobacterium subpopulations exhibit specific health-promoting functions. For example, both B. infantis and B. breve in the intestine of infants prolonged the immune memory of vaccines (151). B. longum in adult intestines promoted immunotherapy response to tumors (24). Because of their excellent health promoting effects and wide applicability, many studies on the microencapsulation of Bifidobacterium have been conducted.

Yeung et al. designed a core–shell microgel consisting of an alginate core and a chitosan shell to encapsulate B. longum (125). Under aerobic storage and simulated gastric fluid (SGF), the viability and resistance of encapsulated B. longum were significantly improved. In 2015, Varankovich et al. developed protein–polysaccharide capsules for B. adolescentis (145). Compared with free bacteria, the established capsules provided significant protection to bacterial cells at 37°C in SGF. Moreover, when alginate or iota-carrageenan was used as polysaccharide, the capsules were easily dissolved, releasing 70–79% of bacterial cells into the simulated intestinal fluid (SIF) within 3 h. Moreover, when the capsules were freeze-dried, the number of live bacterial cells released was increased. Another study employed an alginate matrix for B. breve followed by alternate encapsulation using alginate and chitosan to coat bacteria using layer-by-layer (LbL) method (146). These multilayer-coated alginate matrices enhanced the viability of Bifidobacterium breve in a low-pH environment and delivered bacterial cells into the intestine, wherein their load was gradually released. Moreover, D’Orazio et al. developed chitosan-coated alginate microcapsules for B. animalis subsp. lactis PBS075, L. rhamnosus PBS070, and L. plantarum PBS067 (147). They found that in SGF and other adverse conditions, the encapsulated probiotics showed significantly higher resistance.



Biomaterials for the Delivery of Lactobacillus rhamnosus

L. rhamnosus has been extensively studied since the 1980s. This species has a certain tolerance to gastric acid and bile. By adhering to intestinal cells, it can colonize the human body and has been shown to exert a variety of effects, such as reducing cholesterol levels, inhibiting α-glucosidase activity, and antioxidant and anti-inflammatory effects (152). LGG, a strain of L. rhamnosus, can reduce the expression of some inflammation markers and increase the levels of tumor necrosis factor-α, IL-10, and IL-12 in the macrophages to promote a type 1 immune response (153).

Its encapsulation and delivery improved immune regulation. Huq and coworkers developed alginate-cellulose nanocrystals (CNC)-lecithin microbeads for Lactobacillus rhamnosus ATCC 9595 (135) and found that CNC-lecithin microbeads had higher compression strength than alginate microbeads alone. Additionally, lecithin reduced the damage to bacterial membranes caused by bile salts in the intestine, thereby protecting probiotics. Another study prepared core-shell alginate–silica microcapsules for LGG (154). After the ionogels were formed using LGG and alginate, a silica coat was applied via a mild reaction process. In addition to enhancing the viability of the encapsulated LGG, the mesopores in the silica shell prevented bacterial leakage and allowed the diffusion of nutrient metabolites, thus ensuring bacterial growth within the microcapsules.

Because of considerably low pH levels in the gastrointestinal tract, the development of pH-responsive carriers for the protection and controlled release of bacteria in the stomach and intestine is necessary. Based on this view, an ethylenediaminetetraacetic–calcium–alginate (EDTA–Ca–Alg) system for L. rhamnosus ATCC 53103 was prepared using emulsification (137). In the acidic environment of the stomach, the structure of hydrogels remained intact and provided protection for the encapsulated bacteria. However, in neutral pH, as the EDTA completely chelates Ca2+, Ca2+ was released from the hydrogel structure, leading to its gradual disintegration, which was kept in a soluble state, thus allowing the release of bacteria.



Biomaterials for the Delivery of Escherichia coli

Escherichia coli is a gram-negative facultative anaerobe and is one of the most characterized model organisms (155). E. coli is not only an extensive intestinal symbiont of vertebrates, but also a multifunctional pathogen. Therefore, using the excellent symbiotic characteristics of E. coli and technology, such as genetic engineering or plasmid transfection, E. coli can serve as a vector to carry target gene for the stable and efficient expression of specific metabolites, such as monoclonal antibodies (156) and enzymes (118), in vivo.

Chowdhuri et al. encapsulated E. coli using the inverse-emulsion technique to generate unilamellar vesicles (GUV) and verified the protective effect of liposomes on bacterial viability and activity (138). They demonstrated that E. coli encapsulated in liposomes could be protected from degradation by proteases in the stomach by prolonging their dissolution under acidic conditions. In addition, alginate–chitosan–alginate (ACA) microcapsules, which showed strong resistance against enzymatic digestion, were developed for the oral delivery of live bacterial cells for therapy (139). In this study, E. coli DH5 were encapsulated in ACA microcapsules and exhibited normal survival and growth during its passage through the stomach and intestine. This is due to the stability of ACA microcapsules in SGF.



Biomaterials for the Delivery of Lactobacillus plantarum

Lactobacillus plantarum is a lactic acid bacteria with numerous strains, such as L. plantarum 80, L. plantarum NCIMB 1193, and L. plantarum Hu (157). L. plantarum can secrete SCFAs, especially butyric acid and acetic acid, and strengthen the intestinal barrier by enhancing epithelial defense (158). In addition, due to its ability to produce various effective bacteriocins (antimicrobial peptides), L. plantarum has been extensively used as a food preservative and antibiotic supplement (159).

Li and co-workers used cellulose microgels (CMs) to encapsulate L. plantarum (140). The CMs with their porous structure were shown to have an improved ability of carrying bacteria. Conjugation with alginate contributed to better resistance to acidic conditions and enhancement of the survival of bacteria. In 2017, Dafe et al. synthesized pectin-starch hydrogels to encapsulate L. plantarum ATCC:13643 cells using the extrusion method (126). By mixing different concentrations of pectin (2, 1.5, 1, and 0.5% wt) and starch (0, 0.5, 1, and 1.5% wt), hydrogels were divided into 4 groups, named Pectin, Pectin/starch1, Pectin/starch2, and Pectin/starch3, respectively. Compared with unencapsulated bacterial cells, those encapsulated in all ratios of pectin–starch hydrogels were found to be highly resistant to SGF solutions and showed higher survival rate. Chen et al. prepared alginate–poly-L-lysine–alginate (APA) microcapsules for L. plantarum 80 (LP80) (160). However, APA microcapsules only provided short protection in SGF. Upon exposure to an acidic environment (pH = 2) for 5 min, 80.0% of the embedded bacterial cells remained viable. However, after 15 min and 1 h, bacterial viability significantly decreased to 8.3% and 0.2%, respectively. These results represent the limitations of APA microcapsules for the oral delivery of live bacteria. To address these, Nualkaekul et al. designed alginate beads coated with chitosan for L. plantarum. Their approach enhanced bacterial resistance to both SGF and highly acidic pomegranate juice and increased bacterial survival (142). Furthermore, the multilayer chitosan coating of alginate beads improved their protective function, which increased with the number of coatings.

To prepare sodium alginate/cellulose nanofiber gel macrospheres (ACMs), Zhang et al. extruded a mixture of TEMPO-oxidized cellulose nanofibers (CNF) and sodium alginate (SA) within a CaCl2 solution (Figure 6A) (161). To further study the influence of the ratio of SA and CNF on the macrospheres, microspheres were prepared with the ratios of SA and CNF as 1:0, 3:1, 1:1, 1:3, and 0:1, and named them ACM-1, ACM-2, ACM-3, ACM-4, and ACM-5, respectively. After encapsulating the probiotics, L. plantarum, ACMs were placed in SGF to simulate the acidic environment in the stomach. After 2 h in SGF, these macrospheres were found to shrink and provide protection for L. plantarum, which might be because of the decrease of electrostatic repulsion causing by the protonation of carboxylic chains in CNF and SA (Figure 6B). When placed in SIF, via deprotonation of carboxylic chains and eliminating intermolecular hydrogen bonds, the ACMs swelled and finally ruptured to release L. plantarum, which targeted delivery of probiotics in the intestine (Figure 6B). Moreover, among the five different proportions of ACMs, with the proportion of increased CNF, the shrinkage of ACMs decreased in SGF and their rupture delayed in SIF, which demonstrated that CNF improved the stability of ACMs and SA was used for supplying pH-responsive function. Figure 6C shows the SEM images of ACM1 to ACM5 after freeze-drying.




Figure 6 | PH-responsive ACMs designed for delivery and release of L. plantarum. Overview of (A) the process of ACMs embeding L. plantarum and (B) ACMs designed for protecting L. plantarum against SGF and releasing in SIF. (C) SEM images of the freeze-dried ACMs. Adapted from ref. (161).



In addition to these synthetic materials, some natural substances have also exhibited good loading capacity of bacteria. For instance, naturally occurring cavities and channels can be found in corn starch. After being expanded by enzymatic hydrolysis, natural corn starch can accommodate probiotics. Based on this property, Li and co-workers used fungal α-amylase (FA), pancreatin (P), and pancreatic α-amylase (PA) to partially hydrolyze corn starch and encapsulate L. plantarum 299v (141). Furthermore in using different enzymes, corn starch was treated with each enzyme for different times (30 and 120 min), with the materials after treatment being referred to as FA30, FA120, P30, P120, PA30, and PA120, respectively. These differently treated bacteria-containing corn starch samples showed a better acidic resistance, bile salt resistance, and survival rate, as well as exhibited an elevated delivering efficiency compared with free bacteria.



Biomaterials for the Delivery of Lactobacillus casei

Lactobacillus casei, a gram-positive stain, is one of the most widely studied strains applied as fermentation starter in cultures (162) and probiotics (163). Due to its health-promoting properties, L. casei has been extensively researched. It was reported to effectively lower blood pressure and cholesterol, enhance human immunity, and inhibit or even prevent tumor growth (164, 165).

To efficiently deliver L. casei, Li et al. designed a novel intestinal targeting carrier for the anti-acid protection of L. casei and its controlled releasing in the gastrointestinal tract (Figure 7A) (127). First, calcium alginate (CA) beads were manufactured using a coextrusion mini-fluidic method of combining pure Ca-alginate solution and Na-alginate solution containing L. casei. Then, by employing an adsorption method, the prepared CA beads were adsorbed by protamine molecules to form calcium alginate/protamine (CAP) beads. In addition, sodium caseinate (SC) and lately developed SGF-resistant fat SC (FSC) capsules were also reported to significantly increase the survival of L. casei when passing through the upper gastrointestinal tract (129). Although in vivo experiments revealed that both SC and FSC capsules were eventually digested in the stomach 3 or 24 h after oral delivery, a high buffer capacity and good emulsification properties were still showed, making them a very suitable encapsulating materials with good research potential. Moreover, de Barro and co-workers produced dried live probiotic spheres (DLPS) of L. casei and mixed them with microcrystalline cellulose (MCC), calcium cross-linked alginate, and lactose followed by granulation (128). Subsequently, a Eudragit coating was added using an extrusion method to protect bacteria from acid and maintain the integrity of the entire structure in the acidic environment of the stomach. When reaching the intestine, increase in the pH led to the change of the Eudragit coating from hydrophobic to hydrophilic and the concomitant release of the bacterial cells.




Figure 7 | CAP beads and dual-core microcapsules prepared for encapsulating Lactobacillus casei, Bacillus subtilis, and Lactobacillus (NO. 21790). (A) Schematic illustration of the preparation process and the design concept of the proposed intestinal-targeted CAP carrier for the pH-responsive protection and release of L. casei. (a, c) CA beads prepared by a coextrusion method. “A” is Na-alginate solution containing L. casei, whereas “B” is pure Na-alginate solution. (b, d) CAP beads prepared by adsorption of protamine molecules. (e) Ingestion of CAP beads. (f) CAP beads offer improved protection to Lactobacillus in the stomach. (g) CAP beads rapidly release L. casei in the small intestine. (B) Characterization of microcapsules. optical microscope images of (a) the Lactobacillus microcapsules, (b) the Bacillus Subtilis microcapsules, and (c) dual-core microcapsules. (d) SEM images of dual-core microcapsules. Scale bars are 100 μm. (C) Alginate neutralizes HCL through metathesis reaction. (D) Detection of the activity of bacteria embeded in microspheres and dual-core microcapsules in SGF via fluorescent staining. The scale bar is 100 μm. Adapted from ref. (127, 166).





Biomaterials for the Delivery of Other Bacteria

In addition to the intestinal bacteria mentioned above, there are also many other bacteria in the intestine that are known to have the function of promoting the health of the human body. To make the oral delivery of these intestinal bacteria more efficient, many suitable biomaterial schemes have been designed for their encapsulation.

Based on the yin–yang concept, microcapsules with independent internal compartments, which can encapsulate and deliver a variety of substances, such as drugs and microbes, to promote their functions without interference, have been designed (167, 168). Zhao and coworkers designed a dual-core microcapsule to encapsulate and deliver B. subtilis and Lactobacillus (NO. 21790) in separated microcompartments (166). First, each intestinal bacterium was mixed in a solution containing CNC, carboxymethyl cellulose (CMC), and sodium alginate. Then, it was electrosprayed to prepare the microspheres (containing only one kind of intestinal bacteria). In this technique, CMC had the function of neutralizing HCl to protect bacteria in an acidic environment, while CNC could restrict these bacteria to a certain range via depletion flocculation. Aluminum chloride (AlCl3) was the chosen crosslinking agent as it caused the microspheres that encapsulated the intestinal bacteria to form quickly. Subsequently, the outer phase fluid could be wrapped around the inner core by hydrodynamic focusing, and the alginate could be quickly solidified after the solution containing the dual cores was placed in the presence of electric field in a gel bath with 2% CaCl2, thereby forming the dual-core microcapsules. Figure 7B shows the optical microscope and SEM images of dual-core microcapsules. To further study the protective effect of dual-core microcapsules on bacteria in an acidic environment, dual-core microcapsules and microspheres without alginate shells were placed in simulated gastric juice (SGF) for 60 min to observe the bacterial activity. Theoretically, the dual-core microcapsules could provide protection to the encapsulated bacteria in an acidic environment because of the sodium alginate shell, which could neutralize HCL through a metathesis reaction (Figure 7C). As shown in Figure 7D, compared with dual-core microcapsules, intestinal bacteria encapsulated in microspheres without alginate shells lost most of their activity in the first 15 min. However even after 60 min, more than 70% of the probiotics encapsulated in dual-core microcapsules retained their activity in SGF.

Anselmo et al. combined chitosan (CHI) with alginate (ALG) as one CHI/ALG bilayer and then encapsulated intestinal bacteria using LbL method (Figure 8A) (143). In their study, Bacillus coagulans was used as a model strain. Several different LbL formulations and numbers of layer were designed to research their protecting function. An enteric polymer, L 100, was chosen to encapsulate probiotics in combination with chitosan. Compared with B. coagulans encapsulated using chitosan only, L100 combined with chitosan (denoted as CHI/L100) was able to protect the probiotic in SGF but failed against bile (Figure 8B). B. coagulans encapsulated by 2 CHI/ALG bilayers, expressed as (CHI/ALG)2, was reported to be well protected against both SGF and bile (Figure 8B). Figure 8C shows that bacteria encapsulated by (CHI/ALG)2 presented higher adhesion to the intestine in slices of freshly isolated small intestine. Additionally, the (CHI/ALG)2 coating was shown to improve the survival of probiotics in the intestine. Ouyang and co-workers improved the APA microcapsules and designed multilayer alginate/poly-L-lysine/pectin/poly-L-lysine/alginate (APPPA) microcapsules to encapsulate L. reuteri cells (144). Stability of APPPA microcapsules were tested as well as the activity of encapsulated bacterial cells at 37.2°C under various pH conditions. When microcapsules were placed into SGF and SIF, respectively, for a total of 24 h (12 h in SGF and 12 h in SIF) at 250 rpm mechanical shaking at 37.2°C, no obvious damage to bacterial cells was reported. After 24 h in GSF and SIF, respectively, more than 90% of APPPA microcapsules remained intact, exhibiting a good resistance to mechanical shocks. Compared with APA microcapsules, APPPA microcapsules showed an excellent stability. The reason behind this was the use of poly (amino acid), which is a material that has been widely used for encapsulating bacteria. It was therefore assumed that using more poly-L-lysine to encapsulate bacteria would have a better protection and delivery effect. Besides, when designing biomaterial for encapsulating bacteria, the number of layers is also considered to be an important factor affecting delivery efficiency. Accordingly, the effect of this protection was proportional to the number of layers in a certain range, rather than with the increasing in the number of layers (146).




Figure 8 | Layer-by-layer encapsulation of probiotics employed to enhance their survival rate against acidic and bile conditions, and their physical retention in the intestine. (A) Schematic LbL encapsulation of chitosan and alginate on probiotic. (B) LbL formulated (CHI/ALG)2 (black bars) BC were protected against both acidic and bile salt conditions at 37°C for up to 2 h. LbL coatings of chitosan (dark gray bars), (CHI/L100)1 (white bars), (CHI/L100)2 (light gray bars), and (CHI/ALG)1 (cross-hatched bars) were less effective at protecting BC against both acidic and bile conditions. Error bars represent standard deviation (n = 3). *denotes statistical difference (P < 0.05) using Student’s t-test between plain and LbL groups. **denotes statistical difference (P < 0.05) using individual Student’s t-test between the designated and any other group. (C) IVIS images of porcine intestine with plain- and (CHI/ALG)2-probiotics. Adapted from ref. (143).





Biomaterials for Delivering Bacterial DNA

Many intestinal bacteria can regulate the immune function and promote host health mainly via their DNA (169). Therefore, the encapsulation and delivery of bacterial DNA has great potential. As a positively charged natural polymer, chitosan can entrap nucleic acids (NA) (both RNA and DNA) and protect them from degradation by nuclease (170). However, chitosan is rarely used as NA carrier because of its poor water solubility and low transfection efficiency. To overcome these limitations, various modifications and formulations have been proposed (171, 172). For instance, Zhang et al. developed the PEGylation of chitosan nanoparticles for the delivery of DNA. These chitosan–DNA–PEG complexes increased the dose of DNA delivered and have been indicated to exhibit a liver tumor targeting (173). In another study, chitosan salts, such as chitosan glutamate, chitosan aspartate, chitosan acetate, chitosan lactate, and chitosan hydrochloride, were used to form chitosan–DNA complexes (174). Compared with standard chitosan, these complexes showed better transfection efficiency and lower cytotoxicity.



Conclusion and Prospects

The regulation of intestinal bacteria to enrich target probiotics might be an effective strategy to improve the immunotherapeutic response. However, the best way to achieve this goal remains to be determined. When intestinal bacteria are transplanted as a whole (such as in FMT), thousands of bacterial species are simultaneously introduced. As such, this approach is not conducive to the in-depth study of the functions of each bacterial species. In addition, although the combination of intestinal bacteria in FMT has been shown to be of vital importance in this treatment, FMT can affect the abundance of main bacteria, while other bacteria do not exhibit any effect or even reduce the function of the main probiotic. Even if we could isolate the main bacteria, the immunomodulatory effects of the same strain would not appear to be completely consistent in different diseases and different studies. As we mentioned earlier, Lactobacilli populations showed diametrically opposite regulatory functions for Tregs in different studies. Therefore, we considered that the regulation of immunotherapy by intestinal bacteria could be affected by other factors.

Early in 2006, Hara et al. considered intestinal bacteria as a whole and proposed them as a potential organ of the human body (175). When artificially enriching or eliminating the number of intestinal bacterial species, this is generally accompanied by the reestablishment of a new multibacterial environment. This significant change in the composition of intestinal bacteria might explain the significant differences observed in the role of certain bacteria and might explain the positive effects of regulating intestinal bacteria on the efficacy of disease immunotherapy. In addition, intestinal bacteria are also known to be interdependent with the immune cells that they regulate. For example, Bifidobacterium was reported to improve the effect of PD-L1 inhibitor in antitumor treatment by regulating cytotoxic T-cells (15). However, Bifidobacterium could not exhibit this immunomodulatory effect in cytotoxic T-cell-depleted mice, suggesting that its effect was depended on the activity of cytotoxic T-cells. More specifically, it was assumed that intestinal bacteria serve more as aggregators or amplifiers of immune cells, which can in turn enhance the efficacy of immunotherapy. However, this regulatory function was demonstrated to rely on the adequacy of immune cells and the integrity of the immune system. Besides their interaction with immune cells, intestinal bacteria have also been shown to avoid or alleviate pathological conditions in various diseases, such as nonspecific inflammation. For example, Foxp3+ Tregs were found to be widely involved in the immunotherapy of various diseases. This was attributed to the role of Foxp3+ Tregs in affecting immune responses and suppressing the progress of inflammation. Based on this feature, several probiotics and the PSA of B. fragilis have been used to inhibit the progression of inflammation through the upregulation of Foxp3+ Tregs and to promote the immunotherapy of IBD (70) or the HIV-1 infection (67). Therefore, focusing on these common beneficial effects of intestinal bacteria and trying to combine them in treatment applications against various diseases or clinical problems might greatly expand the application prospects of intestinal bacteria.

The regulation of immune cells by intestinal bacteria is known to be accompanied by other substances in the microenvironment, cytokines, which can recruit and activate different kinds of immune cells. Many of the studies mentioned above have shown that the levels of interleukins change following the administration of intestinal bacteria. Independent of being upregulated or downregulated, the correlation between intestinal bacteria and interleukins has revealed the mechanism of the immune regulation by intestinal bacterial to a certain extent, and has also shown the feasibility of the combined use of these 2 factors for the immunotherapy of various diseases. Apart from interleukins, the levels of chemokines (75) and interferons (15) in the body have also been shown to be affected by intestinal bacteria. In particular, upregulation of IFN-γ by intestinal bacteria (such as Bifidobacterium) has also revealed to a certain extent the reason behind the ability of intestinal bacteria to promote the effect of ICB therapy in tumor immunotherapy. Recent studies have found that IFN-γ could upregulate the production of PD-L1 and establish the IFN-γ/PD-L1 axis based on the relationship between them (176–178). Furthermore, IFN-γ was found to exhibit the same effect on the expression of CTLA-4 (179, 180). Respectively, administration of intestinal bacteria to increase the expression of PD-L1 and CTLA-4, would undoubtedly greatly improve the effect of anti-CTLA-4 and anti-PD-1/PD-L1 therapies. Therefore, selecting the appropriate cytokines to synergize with intestinal bacteria could greatly enhance the effect of immunotherapy and the regulatory function of intestinal bacteria. Not only limited to cytokines, this synergy with intestinal bacteria established by immune cells could lead to more research ideas.

Regarding the intestinal bacteria used to regulate immunotherapy, there are also some problems that need in-depth study. One concern is the duration of their regulation of the immune system. As we know, intestinal bacteria are specific to people living in different areas or enjoying different diet habits, similar to our physical characteristics, and this specificity is known to determine the sensitivity of everybody to diseases and immunotherapy. As mentioned earlier, because of the differences in the composition of intestinal bacteria, patients who suffered from melanoma and were treated with PD-1 inhibitor were divided into responders (R) and non-responders (NR). This phenomenon implied that as long as the composition of intestinal bacteria remains stable in the body, their regulatory function might be long-term. Based on this view, intestinal bacteria could not only be used to regulate immunotherapy but might also be a major factor to prevent the diseases. Unlike conventional vaccines or vaccines based on genetically engineered bacteria, this kind of disease prevention via the direct use of intestinal bacteria might exhibit better compliance and longer-term preventive effects. Moreover, with deeper studies on their ability for immune regulation, it might be entirely possible to select the most suitable multi-bacterial environment and reconstruct it in unaffected or affected hosts by introducing various probiotics in order to achieve the prevention of many diseases and the maintenance of health status.

However, we would also need to consider how this multi-bacterial commensalism can be established and made stable in the body. First of all, in order to improve compliance and avoid infections caused by bacteria entering the blood, oral delivery of intestinal bacteria should be routinely selected. Second, in order to ensure the vitality of extraneous intestinal bacteria, these should be delivered in the form of microcapsules, that is, bacteria should be encapsulated into microspheres. Therefore, related encapsulation materials and technologies have to be developed to ensure the protection of bacteria from the acidic environment in the stomach and their complete release in the intestine. Furthermore, following the introduction of encapsulated bacteria in the body and the establishment of a new multi-bacterial environment, it would be necessary to maintain this multi-bacterial environment in the long term. As we all know, diet is an important factor in the composition of the intestinal bacteria. Therefore, providing an appropriate diet is an important method to this end. However, its precondition is the knowledge of the relationship between diet and intestinal bacteria. Hence, immunotherapy for many diseases, including tumors, is expected to open a new chapter through the dietary regulation of intestinal bacteria to achieve the prevention of diseases, promotion of immunotherapy during diseases, and maintenance of the curative effect after the resolution of diseases.

In this review, we have outlined the potential use of intestinal bacteria for the regulation of immunotherapy of diseases and the useful biomaterials employed for encapsulating these bacteria. Future studies should focus on developing efficient encapsulation and delivery methods and accurate targeting ability and establishing stable multi-bacterial environments to expand the clinical applicability of intestinal bacteria in disease treatment. In addition, dietary factors and genetic engineering can provide more methods and possibilities for their clinical application. We believe that with the continuous in-depth studies of intestinal bacteria and exploration of their synergistic strategies, better, safer, and more effective intestinal bacterial therapies will be used in clinical practice with more people benefiting from them.
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In modern medicine, the oral cavity has often been viewed as a passive conduit to the upper airways and gastrointestinal tract; however, its connection to the rest of the body has been increasingly explored over the last 40 years. For several diseases, the periodontium and gingiva are at the center of this oral-systemic link. Over 50 systemic conditions have been specifically associated with gingival and periodontal inflammation, including inflammatory bowel diseases (IBD), which have recently been elevated from simple “associations” to elegant, mechanistic investigations. IBD and periodontitis have been reported to impact each other’s progression via a bidirectional relationship whereby chronic oral or intestinal inflammation can impact the other; however, the precise mechanisms for how this occurs remain unclear. Classically, the etiology of gingival inflammation (gingivitis) is oral microbial dysbiosis in the subgingival crevice that can lead to destructive periodontal disease (periodontitis); however, the current understanding of gingival involvement in IBD is that it may represent a separate disease entity from classical gingivitis, arising from mechanisms related to systemic inflammatory activation of niche-resident immune cells. Synthesizing available evidence, we hypothesize that once established, IBD can be driven by microbiomial and inflammatory changes originating specifically from the gingival niche through saliva, thereby worsening IBD outcomes and thus perpetuating a vicious cycle. In this review, we introduce the concept of the “gum–gut axis” as a framework for examining this reciprocal relationship between the periodontium and the gastrointestinal tract. To support and explore this gum–gut axis, we 1) provide a narrative review of historical studies reporting gingival and periodontal manifestations in IBD, 2) describe the current understanding and advances for the gum–gut axis, and 3) underscore the importance of collaborative treatment and research plans between oral and GI practitioners to benefit this patient population.
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Introduction


A Bidirectional Influence of Oral and Systemic Health

The oral cavity serves as the entry point to the gastrointestinal tract and is also continuous with the nasal cavity and the skin of the face (1). While it certainly functions as a conduit for the movement of food, fluids, and air, this space has been revealed to be a diverse collection of tissues that are harmoniously integrated into the vital functions of communication, defense, feeding, breathing, and early digestion (2–4). Diseases of these tissues range from innocuous, seriously disabling, or even lethal. Indeed, they were recognized as such by Hippocrates, who cataloged oral diseases as part of—not separate from—the whole body (5, 6). Despite this ancient perspective and recent efforts by healthcare leaders to breakdown longstanding barriers, the concept of oral medicine existing separate from general medicine persists (7–9).

While many pathologies are confined to the oral cavity itself, there has been increasing exploration of the links between oral diseases and systemic health. We and others hypothesize that this is a bidirectional link, centered around the generalized influence of chronic inflammation. Specifically, there exist several oral-systemic axes in which inflammatory diseases of the oral cavity can lead to dysbiosis, which then influences the systemic disease course—and vice versa. For example, numerous systemic diseases demonstrate manifestations in the oral cavity (Figure 1A). In particular, several nutritional deficiencies and systemic diseases involving the skin, hematopoietic system, immune system, endocrine system, connective tissues, lungs, liver, kidneys, and the gastrointestinal tract are known to demonstrate a diverse array of bony, glandular, connective tissue, and mucosal manifestations in the oral cavity (10, 11). While the purpose of this review is not to catalog all known or suspected oral-systemic axes, it is evident that these links are likely underappreciated in both oral health care and in medicine.




Figure 1 | A Bidirectional Influence of oral and systemic health. (A) Emerging associations between systemic disease on oral health include diseases of the skin, lungs, gastrointestinal tract as well as endocrine and hematopoietic systems. (B) The number of systemic diseases impacted by oral inflammatory diseases of the periodontium (gingivitis and periodontitis) continues to increase as more studies are conducted. Many of the same systems that influence oral health are influenced by periodontal health.



The mechanistic underpinnings for each of these oral-systemic axes are limited. The reasons for this are numerous, but one important consideration is that they can present unpredictably and are known to present in specific oral niches. The soft tissues of the oral cavity are heterogeneous, comprised of transitions between masticatory and lining mucosal tissues, taste and tactile papillae on the dorsal tongue, major and minor salivary glands, palatine and lingual tonsillar tissues, and the tooth and its supporting periodontium—comprised of the periodontal ligament, cementum, alveolar bone, and the gingiva (12). When considering the involvement of systemic disease in the oral cavity, the uniqueness of these oral tissues inadvertently predilects some sites to be more or less likely to display the influence of systemic effects. One of the best examples of this is in inflammatory bowel diseases (IBD), which can present in nearly every niche, including the lymph nodes, buccal mucosa (cheek lining), tongue, lips, teeth, and periodontium (13). The most common oral manifestations of IBD involve the buccal mucosa and the gingiva, both of which can display severe, chronic inflammatory lesions. This is not surprising, as the anatomy of the periodontium makes this a susceptible site for frequent dysbiosis and chronic inflammation.

Among all oral niches, the periodontium has been the most often explored as key to the oral-systemic link (14, 15), and the influence of chronic inflammatory diseases of the periodontium (gingivitis and periodontitis) on systemic healthy was formalized as the term “periodontal medicine” to describe these gum-systemic links in the 1990s (16–20). To date, over 50 diseases have been associated with gingivitis/periodontitis (21), including atherosclerotic disease (22), adverse pregnancy outcomes (23), type I and type II diabetes (24, 25), metabolic syndrome (26), and inflammatory bowel diseases (Figure 1B) (27). The directionality and causality of these associations remain to be elucidated, but recent mechanistic investigations into the oral-systemic link in IBD have recently provide clues into the interworking of this axis (28, 29). This review will focus on the periodontium as a specialized tissue niche that not only displays involvement in IBD but may also be able to seed those local changes to the distant gut to exacerbate the course of IBD. Throughout this review, we will synthesize what is known across many fields to provide support for an emerging oral–gut link in IBD. However, we will emphasize the idea of this phenomenon likely being uniquely associated with gingival and periodontal inflammation and thus, we introduce the concept of the “gum–gut axis” for the first time as a framework for examining the reciprocal relationship between the periodontium and the gastrointestinal tract (i.e., gut-to-gum influences and gum-to-gut influences). To support and explore this emerging gum–gut axis, we 1) provide a narrative review of historical studies reporting gingival and periodontal manifestations in IBD, 2) describe the current understanding and advances for the gum–gut axis, and 3) underscore the importance of collaborative treatment and research plans between oral and GI scientists to benefit this patient population.




Background


Periodontitis and Periodontal Disease as a Manifestation of IBD

Currently, about 40% of all US adults older than 30 have some form of periodontal disease (30), and ~11% of the world’s population is currently diagnosed with a severe form of the disease (31). Periodontal diseases are immune-mediated, chronic disorders of the periodontium. Based on the 2017 World Workshop on the Classification of Periodontal and Peri-Implant Diseases and Conditions, diseases of these tooth-supporting tissues are now classified into gingivitis, as well as three major periodontal disease categories: (a) periodontitis, (b) necrotizing periodontal diseases, and (c) periodontitis as a manifestation of systemic disease (32). Periodontal diseases typically originate in the gingiva as inflammation before causing progressive alveolar bone destruction (33, 34). Over many years of work, it is known that gingivitis and periodontitis are caused by a shift from a healthy to a dysbiotic biofilm in the subgingival crevice or “pocket” (35, 36). Once established, periodontal diseases display extensive disease heterogeneity but are commonly defined by chronic and destructive periodontal inflammation that can lead to loss of tooth-supporting tissues and a lower quality of life (37). These diseases are often diagnosed after 30 years old (38); however, it is also important to note that severe gingivitis can occur at any age, even in children.

Similarly, IBD represents a group of immune-mediated, chronic inflammatory disorders of the gastrointestinal tract. They are typically characterized into two primary disease types: Crohn’s disease (CD) and ulcerative colitis (UC). Among these diseases, there is signifcant heterogeneity within these subtypes, and many more IBD phenotypes likely exist than have been defined. The incidence of IBD in the US and Europe has recently stabilized (39, 40), yet the US still has about 25% of the world’s cases when age-standardized metrics are utilized (40). Pediatric IBD comprises about 25% of all cases, and these patients typically have more aggressive disease, with up to 34% requiring surgery within 10 years of diagnosis (41, 42). Modern twin studies suggest the heritability of both CD and periodontitis is around 0.3, though slightly less for UC (43, 44). Both IBD and periodontitis are actively being investigated for perturbations of host genetics, the microbiome, environment, diet, and inflammatory/immune cell subtypes as potentially explaining disease progression (45, 46).



Gingival and Periodontal Manifestations of IBD

While the extraintestinal manifestations of IBD may involve the skin, eyes, and joints (47, 48), oral involvement can occur in up to 50% of all cases. For pediatric IBD, oral manifestations— often in the gingiva—may be present as high as 80%, with higher prevalence in males and CD (49–52). Though reports vary, it has been suggested that up to 25% of IBD cases present with oral symptoms before any intestinal involvement (48, 53); that said, the most frequently reported oral manifestations are the appearance of “cobblestoning” and ulceration of the oral mucosa (13) as well as chronic, severe inflammation of the gingiva/periodontium (54). It is noteworthy that while IBD patients commonly display severe gingival inflammation and hypertrophy, lesions of the gingiva can also be subtle. For example, mild inflammation of the gingival margin may present as a subclinical lesion (marginal gingivitis) (55); moreover, there is significant heterogeneity of gingival lesions generally, despite controlling for similar patient demographics (56). Even among trained providers, diagnosing gingival disease can be challenging and time-consuming (49, 57, 58); thus, it is likely that the prevalence of gingival manifestations of IBD at a “person-level” is likely underreported. To explore the gum–gut axis in IBD, it is imperative that we first explore the pathogenesis of gingivitis and compare it to what is known about gingivitis in IBD.



Classical Gingivitis vs IBD-Induced Gingivitis

In health, gingivae appear pink in color, firm to palpation, and occasionally stippled with no obvious pathology (i.e., bone resorption; Figure 2) (59). Diseases of the gingiva are often associated with inflammation of the gums/gingiva, and by definition, involve only the soft tissues of the periodontal attachment (60). Like periodontitis, it has been shown that gingivitis is caused by local dysbiosis of the subgingival crevice (i.e., in the subgingival microbiome) (61, 62); however, the gingival inflammation observed in IBD patients does not appear to follow this well-known pathogenesis in all cases. Extracting from recent reports, it appears that gingival and periodontal inflammation in IBD may not be biofilm-induced, but rather, biofilm-exacerbated (27). This would establish a paradigm for the gum–gut axis whereby the treatment modalities and understanding of the disease cascade may not necessarily follow these classic studies and raises the possibility that IBD-induced gingivitis could be a different disease entity altogether. This requires further exploration.




Figure 2 | Evidence for IBD-induced gingivitis as a separate disease entity. (Left) “Classically” defined gingivitis involves well-defined increases to pro-inflammatory cytokines secondary to defined shifts in the microbiome. The inflammation clinically documented in IBD often discordant with biofilm deposits on the tooth surface, suggesting a role for the systemic inflammation of IBD to cause oral inflammation in parallel with or independent of biofilm deposits. This inflammation may itself shift the oral microbiome which then may cause further gingival inflammation. A sampling of the gingival crevicular fluid (GCF) and saliva (biofluids), gingival tissues (full-thickness biopsies), and subgingival microbes (microbiome) allows for a detailed understanding of the inflammatory and microbiomial shifts shared and unique to these possibly unique diseases.



In classical gingivitis (or simply “gingivitis” for this review), inflammation of the gingival margin presents with erythema as well as increases in the inflammatory infiltrate (63). Understanding the differences between gingivitis and IBD-induced gingivitis pathogenesis will be important but also challenging. This is because gingivitis is simultaneously reversible and increasingly prevalent as we age; ~1/3 of all 3-year-olds, ~2/3 of 5-year-olds, and >90% of young adults have gingivitis (64). Gingival and periodontal diseases can present from to mild to severe, often historically classified as initial, early, established, and advanced lesions (62). The “initial” lesion of gingivitis is not detectable clinically but has been shown to occur within 2–4 days after biofilm accumulation. This results in an increase in gingival crevicular fluid flow, vasoactive compound release, neutrophil migration into the gingival crevice, and finally the release of effector cytokines to induce more inflammation (59). Through progressive changes, the classical “early” lesion is established within a week of biofilm accumulation and is defined by an increased relative abundance of lymphocytes and macrophages (65). While the response of the host tissues is increasingly heterogeneous when examining individuals (66), the more mature established gingival lesion is defined by a significant increase in B and plasma cells (59).

In gingivitis, the subgingival microbiome undergoes a measurable shift in taxa that elicit an immune response [see list in Figure 2; (67)]. While these species are found in the subgingival microbiome, the host inflammatory response in gingivitis is now thought to be a result of alterations to microbiomial abundance, richness, and interspecies interaction (67). While there is important person-to-person variation, the result of sustained gingivitis in susceptible individuals is periodontitis, often defined by an increased presence of Porphyromonas gingivalis, Tannerella forsythia, Treponema denticola, and Aggregatibacter actinomycetemcomitans (68). While these concepts of microbiomial “ecology” are still being explored in gingivitis, the similarities and differences for IBD-induced gingivitis are only now emerging after years of case reports and association studies.




The History of the “Gum–Gut” Axis in IBD


Classical Case Reports

Like periodontal diseases, the signs and symptoms of IBD have been alluded to throughout human history. UC was first described in case series from the late 19th century, and separately, CD in 1932 (69, 70). Periodontal disease classifications have been dynamically revised over the years and multiple classifications have been proposed, starting as early as the late 19th century; however, it was not until 1942 that a classification paradigm was based on the principles of pathology detailed “gingivitis” or “periodontitis” (7, 71). As early classifications of these diseases became better understood and more widely disseminated, only then were studies of gingival and periodontal manifestations in IBD even possible to conduct (Figure 3).




Figure 3 | The History of the gum–gut axis in IBD. Over many centuries, the chronic inflammatory diseases of the gut and periodontium were noted but not classified into defined disease entities until the late 1800s and early 1900s. First with case reports, then association studies, and finally clinical trials using biosampling primarily of the oral cavity, the evidence for the bidirectional relationship became better understood. More studies are required, including longitudinal cohorts, to understand the temporal associations and to further test causality.



Oral manifestations of IBD were first reported in the 1950s and initially focused on aphthous ulceration (72), though many reviews reference a description of oral granulomatous inflammation from Dudeney and Todd in 1969 as the first report of oral involvement in IBD (73). Over the following decades, detailed case reports were published that highlighted the diversity of oral manifestations in IBD, generally highlighting the most severe lesions (74–77). For example, one early case description detailed an account of a pediatric CD patient who developed unilateral granulomatous inflammation in the buccal mucosa 6 years after the initial diagnosis (73). Over the next few years, similar case reports were published expanding these observations of oral manifestations in IBD patients to soon detail other sites such as the lips and the hard palate (75, 78, 79).

Among these studies, gingival and periodontal manifestations of IBD were also reported in the literature, often including patients presenting with severe gingivitis (73, 80, 81). In these studies, similarities were noted between the pathogenesis of periodontitis and IBD. The connection between IBD and specific manifestations in the gingiva was documented around the same time as other manifestations. For example, a case report from 1972 detailed findings from a pediatric CD patient who presented with gingival hyperplasia on the entire maxillary anterior teeth (80). The tissues were described as 5–6 mm “pseudopockets”, suggestive of a severe hyperplastic phenotype that worsened periodically. While there was no bony involvement—and therefore not truly periodontitis—this was a unique manifestation of IBD and suggested that chronic, severe gingivitis in IBD patients may itself undergo temporal exacerbation and remission. As early as 1978, the first studies suggesting severe periodontitis might be associated with IBD, which were published (82–84). These reports provided some of the earliest evidence for a “gum–gut” axis in IBD and highlighted gaps in knowledge related to the long-term impact of this chronic periodontal inflammation over the life span.



Association Studies

Building on these early case reports, cross-sectional studies were subsequently designed to search for positive associations among IBD and periodontal afflicted individuals. Some of the earliest studies on these gum–gut associations focused on the gingiva of children. A later study specifically assessed gingival inflammation in children and adolescents (aged 4–18 years old) (85). Interestingly, this report focused on a remission cohort of patients receiving treatment with immune-modulating medications (i.e., anti-TNF; others). Even though the matched healthy controls and IBD subjects displayed similar oral health habits, IBD patients self-reported a significantly higher incidence of bleeding gums when brushing and had higher gingival inflammation scores upon clinical examination. Based on the Community Periodontal Index of Treatment Needs (CPITN) index, none of the IBD patients were determined to have healthy periodontal tissues (0/55 subjects), and about 2/3 had a high need for periodontal treatment (scores >1). This highlights that the use of clinical indices of periodontal disease severity can better define the strength of the gum–gut axis.

Studies like these presented substantial support for a gum–gut axis in which gingival inflammation was a primary manifestation of IBD, even in children. Ultimately, longitudinal studies will be required to truly understand the impact of early gum inflammation on the gut in the long-term. Because such prospective cohort studies are yet to be conducted, most association studies have focused on adult cross-sectional populations. However, few of these studies have documented critical variables such as the length of time since IBD diagnosis or measures such as the severity over time, which does lead to some difficulty in interpreting results. For example, a 1991 study showed that IBD patients display a higher prevalence—but a decreased severity—of periodontitis (86). A 2006 report assessed periodontitis in patients diagnosed with IBD using a case-control study design and again showed a trend toward lower severity, but higher periodontal disease prevalence, in IBD patients (87). These unexpected findings support the idea that that gingivitis and IBD-induced gingivitis are unique and underscore that while IBD-induced gingival inflammation is often documented to be more clinically severe, this mechanism of inflammation may be less likely to lead to the tissue destruction seen in periodontitis (88, 89). This is at odds with what is known for the classical dysbiotic-driven disease course and suggests more is left to learn for both IBD and healthy individuals.

Other studies have also found consistent positive associations between periodontitis and IBD compared to healthy controls, using standard indices of periodontal inflammation in adults (88, 89). For example, a 2013 article detailed 113 patients with IBD compared to healthy controls and found all clinical markers of periodontitis such as bleeding on probing, loss of clinical attachment, and pocket depth were each increased in both UC and CD patients (90). Additional case-control studies have demonstrated that IBD is positively associated with common clinical indices of gingivitis and periodontitis and that moderate-to-severe CD activity correlates with clinical indices of periodontal disease (90). A recent meta-analysis has aggregated these cohorts and summarized the results of six studies (total: 599 IBD patients and 448 control subjects), revealing significant positive risk associations for periodontitis in CD (3.64; 95% CI: 2.33–5.67) and UC (5.37; 95% CI: 3.30–8.74) (91). Another meta-analysis of 9 cross-sectional studies similarly found risk ratios of 4.55 for having periodontitis in IBD patients (92). These documented associations of periodontitis and IBD may be established long before periodontitis manifests, and when considering the mechanisms that drive the gum–gut axis, there is an unmet need to understand how IBD-induced periodontal manifestations are compared to classically understood concepts in IBD, including tissue barrier, inflammation, and microbiomial dysbiosis.




Factors that Drive the Gum–Gut Axis


Gingival Barrier

The gingiva, which is comprised of oral epithelium, connective tissue, blood and lymphatic vessels, smooth muscle, and fibroblasts, forms around each tooth as it erupts. The overlying oral epithelia fuse with the specialized, tooth-associated reduced enamel epithelium, the latter which establishes the soft tissue attachments to the non-shedding surfaces of the tooth via hemidesmosomes. This developmental process transforms the stratified squamous epithelia into both a sulcular epithelium and tooth-associated junctional epithelia over 4 years to form the gingival sulcus—and physical barrier—circumferentially around each primary and permanent tooth (59, 93, 94). It is at this critical niche where a dynamic host structural, host immune, and microbial relationship influences disease initiation and progression. Despite its innate and acquired immune defense, it remains incredibly susceptible to disease. These host tissues, however, are also increasingly considered an immune organ, performing functions necessary to withstand assaults from the mechanical forces associated with mastication and from frequent microbiomial shifts (95, 96). Even in health, more inflammatory cells are detected at the gingival barrier compared to other oral sites, suggesting this site may be able to readily attract immune cells to mount a defense against a shifting subgingival microbiome (97, 98).

This barrier site displays an underappreciated and poorly understood epithelial and mesenchymal cell heterogeneity (99, 100) but has an incredible ability to tolerate the stress of the oral environment, to regenerate after periodontal surgeries (94), and has an emerging role in immune cell recruitment and “crosstalk” (101, 102). This makes this niche one of the most dynamic in the oral cavity. These vulnerable cells are held together by cell-cell adhesions such as cadherins (CH1, CDH3), desmogleins (DSG1, DSG2, DSG3), desmocollins (DSC1, DSC2, DSC3), and tight junctions (TJP1, OCLN, CLDN1, CLDN7, CLDN10, CLDN12) (103, 104). The expression of these adhesion genes is heterogeneous by gingival epithelial cell type, which is of interest considering recent work that suggests the fine-tuning of immunity occurs from the structural cells present in various body niches (38). Also of relevance is the impact of diet on the host barriers in the oral cavity and intestine, which suggest vitamins C primarily from fruits may play a potential protective effect across the gastrointestinal tract (105–108). There is much still to be learned about the impact of the environment, diet, and niche-specific immune interactions in periodontal diseases. A broader and deeper understanding of these modifiers will help us understand how gingival inflammation in IBD is related to gingivitis. However, studies to date have only focused on host inflammation and oral microbiome in IBD.



Systemic Inflammation

Some of the earliest studies that considered the mechanisms of the gum–gut axis include reports in the late 1970s/1980s from Lamster et al. and Engel et al. which suggested functional changes to the immune system may play a common and important role in patients with CD and periodontitis pathogenesis (83, 84, 109). These studies provide a framework on how this nascent field would approach studies of the gum–gut axis in IBD: through profiling the inflammatory milieu, sampling the oral microbiome, or both; however, this association is not causality, even considering more sensitive methods of sampling and profiling.

For convenience, saliva has often been collected as a surrogate for localized tissue inflammation, though profiling of the gingival crevicular fluid around the inflamed gingiva would be assumed to provide a clearer signal. Despite this, salivary sampling in CD patients found elevated effector cytokines (IL-1β, IL-6, IL-8, and MCP-1; IL-1β and TNF-α) compared to healthy controls (110). IL-6, IL-1β, and TNF-α are elevated in salivary sampling comparing active/exacerbated to inactive/remission CD patients, whereas active UC patients demonstrated increased IL-4, IL-10, and IL-21 (111, 112). Buccal mucosal sampling of pediatric CD patients revealed higher chemokines (CXCL-8, -9, -10) compared to healthy children and even adults with CD, suggesting possibly unique signatures of oral manifestations of pediatric IBD even when compared to adults (113). For one of the few studies that sampled the site of proposed inflammation, a study of gingival biopsies in adults with IBD and periodontitis revealed no differences between UC and CD but did show that across all sites, gingiva express IL-17A, IL-17F, IL-22, IL-25, IL-33, IL-10, and IFN-γ compared to the intestinal biopsies. These findings suggest that there may be unique inflammatory profiles in the oral niches compared to the intestine even at baseline, which establishes a challenging framework for studies interested in defining the local inflammatory profile of distant sites in the same subject (114).



Microbial Dysbiosis

The first study to explore oral microbiomial shifts in IBD patients was by Van Dyke et al. who tied periodontal disease to oral dysbiosis. In this classic study, the oral microbiota was characterized in the periodontal pockets of two groups: 1) those with IBD and periodontitis and 2) those with IBD and only IBD-associated oral manifestations of soft tissues (115). The investigators found that the microbiota of IBD-associated periodontal pockets was unique compared to patients with IBD but no oral involvement., enriched with a unique microbiota of mostly small, gram-negative rods that were thought to be Wolinella (now: Campylobacter—a genus that is also associated with periodontal and other gastrointestinal diseases) (116, 117). Engel et al. focused on a case of severe, generalized periodontitis in a recent diagnosis of CD and also found a host of well-known periodontal pathogens in their patient, including Porphyromonas gingivalis, Tannerella forsythia, and Campylobacter rectus (84).

Since gingival inflammation in IBD does not appear consistent with plaque accumulation, an interesting question is whether the systemic inflammation caused by IBD leads to changes of the subgingival microbiome, thus leading to dysbiosis that exacerbates oral inflammation. There is precedent for chronic inflammatory diseases like diabetes, systemic lupus erythematosus, or rheumatoid arthritis to influence the oral microbiome (118). Moreover, while mechanistically unclear, disturbances of salivary and oral mucosal microbiomes have been reported in two unique mouse models of colitis (DSS and Citrobacter rodentium infection) and this has been validated in humans (27, 119). The ability of IBD to induce inflammation due to the recognition of shared epitopes across the body has been suggested as a possible mechanism for extraintestinal manifestations of IBD (120, 121). Arguably, extraintestinal manifestations may be induced by local gut dysbiosis that causes a broad adaptive immune response that leading to the recognition of these epitopes in sites like the gingiva (121).

Building off of what had been thought of as dysbiosis in adult IBD and periodontitis patients, a 2012 study assessed the oral microbiome of the tongue and buccal mucosa in 114 healthy, pediatric IBD subjects using 16S rRNA profiling (122). This study found less overall oral microbiome diversity in CD compared to healthy controls—but not in UC. Tongue microbiomes revealed increased Spirochetes, Bacteroides, and Synergistes as well as decreased Firmicutes and Fusobacterium in IBD subjects compared to healthy controls. Another pediatric study sampled the subgingival microbial niche in 46 healthy and 35 CD patients (ages between 6 and 17 years old) before and after 8 weeks of pharmacotherapy (123). A majority of these cases displayed resolution of intestinal inflammation, but in treatment naïve CD patients, this study found increased Capnocytophaga, Rothia, and Saccharibacteria in the gingiva of IBD patients compared to healthy controls. When CD patients who had received antibiotic therapy were compared to a CD treatment-naïve cohort, the treatment cohort was shown to have decreased periopathogenic genera such as Fusobacterium and Porphyromonas, suggesting that some IBD treatments may have on reducing inflammation through changes to the oral microbiome.

Other IBD studies have found increased Bacteroides, Prevotella, and Veillonella and decreased Proteobacteria, Neisseria, Gemella, and Haemophilus when comparing the salivary microbiomes of IBD patients to healthy controls (110). A sampling of the subgingival microbiome in young and old patients have also shown unique oral dysbiotic signatures in IBD patients with gingivitis (increased Prevotella, Peptostreptococcus, Streptococcus species) or periodontitis (increased Bacteroides, Campylobacter, and Porphyromonas species) (124). A recent study of the salivary microbiome of UC and CD found increased diversity and enrichment of Streptococcus and Enterobacteria in UC and Veillonella in CD when either was compared to healthy controls (125). This group was able to identify distinct “oral ecotypes” for UC and CD; each was not defined by clinical characteristics or disease severity (125). The “indicator species” of these ecotypes varied over time but included Corynebacterium and Acinetobacter for UC and Lactobacillus, Bifidobacterium, Scardovia, Streptococcus, and Pseudomonas for CD. Ecotype 1 (CD) showed a specific enrichment of Neisseria and Fusobacterium. Furthermore, a recent study of the buccal mucosa in irritable bowel syndrome also revealed a decrease in Bacteroides and Bacillus, suggesting that gastrointestinal diseases other than IBD may influence the oral microbiome (126). Based on these studies, it appears that between pediatric and adult subjects, commonly increased taxa in untreated CD appear to include Bacteroides, Campylobacter, Fusobacterium, Porphyromonas, Prevotella, and Veillonella, which may provide important targets to better understand this gum–gut axis in future studies; however, the question of whether IBD-induced periodontal manifestations follow the same dysbiotic-immune paradigm as gingivitis and periodontitis remains unresolved.




Defining the Gum–Gut Axis


A Framework for the Understanding the Gum–Gut Axis

The decreasing cost and increasing sensitivity of high throughput assays to ask questions about host immunity across the life span make this an especially ripe time to understand the gum–gut axis in IBD. There is still a great deal to learn, but we believe that elucidating this axis may have important long-term ramifications for improving the health of oral and gastrointestinal tissues and decreasing disease incidence by guiding and training our host immune systems for a more balanced immune response later in life.

These immune-microbiomial concepts are not new. For example, while preterm birth has been associated with dysregulated neonatal immunity, immune system “priming” in health is thought to occur through the birth canal from exposure to Escherichia and Enterococcus genera, as well as obligate/facultative anaerobes, including members of the Firmicutes and Bacteroidetes phyla and the Bifidobacterium genus. This narrow window for establishing long-term health is important for other mucosal tissues to help educate our mammalian immune systems (127). While immune priming has been recently shown to be important for the intestine through breastmilk (i.e., non-genetic inheritance of IgA), oral immune priming throughout neonatal oral microbiomial exposures remains to be fully explored (128). This will be even more important if early disturbances to oral immune priming are found to negatively affect gut immune priming (i.e., neonatal gum-to-gut influence; Figure 4).




Figure 4 | Linking the gum–gut axis from birth to adulthood. Due to the uniqueness of each site, neonatal and adult oral and gut microbiomes do not resemble one another. However, a common feature is that both sites and their distinct niches are established with a nascent microbiome that diversifies during development. The oral microbiome stabilize at a later development timeframe when compared to the gut microbiome due to the shedding of primary teeth until about 12 years old and the subsequent eruption of permanent teeth. This provides a narrower window of gut microbiome vulnerability compared to the oral cavity. Both oral and gut microbiome diversification and stabilization are reportedly driven by environmental influences. The influence of the oral cavity to the lower gastrointestinal tract can occur via saliva and also via vasculature (local inflammation seeding to distant sites) whereas the primary mode of gut to oral influence is via the mechanisms of local-to-systemic inflammation such as the delivery of effector cytokines or activation of oral tissue-resident immune cells.



We hypothesize that the uniqueness of the gingiva—from baseline immune profiles to the dynamic shifts of the microbiome—provides the possibility of connection to the gastrointestinal tract through the seeding of these products via gingival crevicular fluid and then via saliva. While a nascent field, the gum–gut axis also draws on a broad body of evidence. In the following sections, we will outline the interconnectedness of oral and gut microbiomial development and theorize how disturbances to these systems may influence disease. We will also emphasize saliva as a transmission vehicle for oral microbes and inflammatory cells/meditators to the lower gastrointestinal (Figure 4).



The Interconnectedness of Oral and Gut Microbiomial Establishment

The human microbiome consists of a dynamic relationship between the microbiota—namely, viruses, protozoa, fungi, archaea, and bacteria—and their human niches; these niches can be found on the skin, the reproductive organs, as well as the interconnected gastrointestinal and upper aerodigestive tracts (including the lungs, intestines, and oral cavity) (129, 130). We are just now beginning to understand how this “forgotten organ” is established and matures along with the development of its host (131). The gut microbiome has been well-studied; however, historically, the oral cavity was one of the first sites used in the discovery of human microbes by Van Leeuwenhoek over three centuries ago (132).

Currently, it is unknown exactly how many microbial species exist in the pediatric or adult human oral cavity, but the Human Oral Microbiome Database (http://homd.org/) lists over >150 genera, 700 species, and 1,300 strains, including an incredibly diverse mycobiome of almost 100 fungi genera, and nearly 5,000 biosynthetic gene clusters which produce small molecules to allow for microbial communication (133–136). The vast majority of oral microbiota are commensals—but also include symbiotes and pathogens—and as more strains are discovered, the more it is recognized how microbial diversity and, importantly, their interdependence is dynamic (137). Unsurprisingly, comparing adult oral and gut microbiomes reveals that they are more dissimilar than similar; however, there are some common taxa between the two, including Streptococcus, Bacteroides, and Prevotella. The relative abundance of Streptococcus and Bacteroides differ significantly, though Prevotella was found to be closely matched when considering a grouping of buccal mucosa and hard palate versus a stool sample (~3% abundance in both groups) (138, 139). Considering another grouping of the tongue, salivary, and oropharyngeal samples resulted in 4× fold relative detection of Prevotella compared to other oral and GI microbiomes; consistently, however, there is substantial heterogeneity of oral microbiomes when comparing niches core species.

Relevant to the gum–gut axis is how the oral and gut microbiomes develop and how these unique microbiomes evolve as we age (140). It is now thought that oral and gut colonization between living partners and between those partners’ children is the direct influence of both horizontal and vertical transmission mechanisms, respectively (141–144). Oral microbiomes cluster more clearly when age and niche are considered; this is an important point to consider moving forward when thinking about oral–gut association studies (145). While the stable establishment of the host microbiomes has been shown to influence the health of the individual later in their life (146–148), whether this establishment occurs in utero remains controversial (149, 150). Currently, it is thought that, while in utero colonization may be possible, it is also restricted. Recent 16S studies of meconium have detected only 18 total taxa assumed to be from the gut, dominated by Micrococcus and Lactobacillus (151). How this relates to future oral and gut mucosal immunity remains to be discovered.

Though ecologically distinct and with their characteristic species, the oral and gut microbiomes both become more diverse after birth; however, the gut microbiome stabilizes earlier than the oral microbiome. This is likely due to the longer period of growth, development, and tooth eruption in the oral cavity in the first two decades of life (152, 153). This trend also follows for the intestinal immune system compared to the oral cavity (154). When considering the gum–gut axis, we do not currently know if and when “perturbation windows” to either microbiome may more effectively compromise the health of the oral and the intestinal microenvironment (Figure 4).

The establishment of stable oral microbiomes may also be critical for overall health in children; for example, Bifidobacteria are known to be an important component of a healthy gut microbiome—especially during lactation and breastfeeding—and have been shown to influence immune responses in the gut (155). Interestingly, recent work has shown that Bifidobacteria may predominantly seed the gut via neonatal oral fluid (156, 157). Another important question is how breastfeeding, which is filtered through the mouth, may simultaneously influence the development of both oral and gut microbiomes. For example, the neonatal gut virome has been shown to develop sequentially through breastfeeding (158), and it is known that the oral cavity can host several unique viromes that likely benefit from this mode of neonatal feeding (159).



Oral Microbiomial Development: Oral Mucosa, Subgingiva, and Saliva

To connect the gum to the gut, the goal of this section is to establish a logical link between predentate mucosal microbiomes, the subsequent emergence of teeth to establish the first subgingival microbiomes, and then to connect this site to the lower gastrointestinal tract through the oral biofluids around the tooth (via gingival crevicular fluid) and then the whole oral cavity (via saliva). We hypothesize that chronic disruption of the oral immune repertoire sets up a gum–gut axis whereby the gingival microbiota shift towards dysbiosis, establishing a positive feedback loop for a chronic lesion of effector immune cells that can travel and occasionally survive the journey in saliva to the rest of the body, including the lower gastrointestinal tract (Figure 4).

While the oral microbiome is often referred to as an individual entity, it is important to emphasize that there are several ways to think about the microbiomial niches within the oral cavity. For example, it is known that there is a 1) biogeographical (i.e., spatial) diversity of species within polymicrobial communities (160), 2) biofluidic diversity comparing salivary to the gingival crevicular fluid, 3) niche-by-niche diversity between oral mucosal sites (161), and even 4) anteroposterior diversity proposed to be caused by retrograde salivary flow during swallowing (162). Despite this vast heterogeneity, most single niches only contain about 5% of the total known species (137). Some species are common to multiple sites, each with a preference for various “landscape ecologies” of the oral cavity that support this niche heterogeneity over time (163). Recent work considering the site-specificity of adult oral microbiomes has documented these unique species for the dorsal tongue mucosa, gingiva, and the enamel surfaces of teeth (161).

There is also the question of temporal heterogeneity. Our oral and gut microbiomes continually change throughout our life, but even the most primitive microbiomes in neonates are now thought to play an active role in our oral and gut development (164). While host genetics may contribute to microbiomial development in a niche, a recent twin study of oral microbiomial variation of the supragingival niche over 12 months suggests that environmental exposure may be the primary influence on microbes found in each niche (165). This has also been shown for salivary microbiomes in a cohort of children between 2 days and 5 years old (166). The development of microbiomes in the oral cavity is highly unique compared to the rest of the body; this is because, in children and adolescence, these microbiomes are often defined by the dentition “state”. In neonates, this is often staged as a mouth with no teeth present (neonatal/predentate mucosa); toddlers display primary dentition; children display a mixed dentition, and teenagers display a permanent dentition with only adult teeth (Figure 4).

Temporally, predentate neonates display the most rudimentary oral mucosal microbiomes, but even at this timepoint, 50 genera have been identified, the majority of which appear to be facultative anaerobes and anaerobes (167). Primary colonizers (0–3 months old) include Lactobacillus, Fusobacterium, Staphylococcus, Streptococcus, and Veillonella; secondary colonizers include Gemella, Granulicatella, Haemophilus, and Rothia. Neonatal microbiomes also appear to vary at the species-level with only ~30 “core species” identified (167). At 3 months old, which is still before the first teeth erupt for most infants, predominant oral microbiomial phyla include Saccharibacteria (formerly TM7), Fusobacteria, and Actinobacteria—but not in all children, again supporting the importance of environmental influence on microbiome development (168). Oral mucosal microbiomes have been shown to increase in diversity and richness along with the developmental progression of predentate to permanent (145). It has been reported that the neonatal oral mucosa displays a high microbiomial diversity but low richness (169). Predentate microbiomes are populated with Bacteroides, Firmicutes, Eikenella, Eubacterium, Gemella, Granulicatella, Oribacterium, Proteobacteria, Selenomonas, Streptococcus, and Veillonella.

It is on the foundation of this predentate mucosal microbiome that the subgingival microbiome is established, and there is a correlation between maternal and neonatal predentate core species. This is critical and sensitive. When mothers who were also smokers were studied (passive maternal smoking), an increase in periodontal pathogens such as Campylobacter and Fusobacterium were uniquely noted in the predentate microbiomes of their offspring. These are important to emphasize because they are also known IBD pathobionts, and a recent multicenter study found that passive maternal smoking had a dose-dependent association with the development of pediatric IBD (170). Additionally, maternal smoking habits in the perinatal period have been associated with developing IBD in their offspring (odds ratios of 5.32 for CD; 3.02 for UC) when matched to unexposed controls, and we hypothesize that these oral microbial alterations may play an active role in the exacerbation or acceleration of IBD.

Once the predentate microbiome is established, the subgingival microbiome forms as teeth erupt through that oral mucosa to form the subgingival crevice. This niche is unique in the mouth, protecting from oxygen and low redox potential for Gram-negative anaerobes (96, 171). Studies focused solely on the gingival pocket have detected nearly 500 different species in the subgingival biofilms attached to the tooth and with few species dominating in adults (172). This unique anatomy results in a complex microbiota even in children, with only about 1/3 of genera shared with the predentate microbiomes (167). In this niche, several taxa are common to primary, mixed, and permanent dentition states, including Actinomyces, Capnocytophaga, Campylobacter, Corynebacterium, Fusobacterium, Gemella, Granulicatella, Haemophilus. Kingella, Porphyromonas, Prevotella, Streptococcus, Terrahaemophilus, and Veillonella (167).

As permanent teeth erupt, the richness of species increases as does oral microbiomial “personalization”. This is the site of microbiomial dysbiosis in gingivitis that can occur in children and adults. In both classical and IBD-associated gingivitis, the gingival crevicular fluid flows outward through the junctional epithelial attachment into the subgingival crevice and eventually the saliva. It is thought that this crevicular fluid may also serve as nutrition for the oral microbiome. As more species colonize the subgingival space, gingival crevicular flow rates and pH have been shown to increase (173, 174). A few recent studies on adults have assessed this fluid for its microbiome; however, because it flows into saliva and likely contains free-floating microbes from the developing subgingival biofilms, its signature appears more as an intermediate between these two niches (175–177).

Changes to the salivary microbiome during oral development have also been examined (167). Saliva is not solely a microbiome source but also contains factors that support commensal microbiomial development and maintenance (178). Like other oral microbiomes, the salivary microbiomial composition is also defined by ecological succession (168). The salivary microbiome has very few “core species” shared between these developmental stages (167); however, the concept of “early colonizers” has been explored and suggests that Streptococcus and Veillonella appear first, followed by Neisseria. What appears most consistent is that salivary microbiomes are closely aligned with the dentition state; thus, the salivary microbiome clusters with the predentate microbiome in neonates and clusters more with the primary teeth stage microbiomes in toddlers, etc. This results in salivary microbiomes that increase in diversity as primary teeth first erupt, are shed, and permanent teeth again erupt. For example, neonatal salivary taxa are dominated by Streptococcus, Veillonella, and Gemella—much like the neonatal microbiome. When the primary dentition erupts, similarities to the maternal oral microbiomes become less apparent, which accompanies the detection of Actinomyces, Corynebacterium, Granulicatella, Fusobacterium, Haemophilus, Neisseria, and Rothia (167). This reflects the ability of saliva to be sampled as a gestalt—but not as a specific— readout.



Linking the Oral Microenvironment to the Gut Through Saliva

Currently, there are several proposed mechanisms for how periodontal diseases may influence distant sites like the intestines. These links include dissemination of periopathogens and inflammatory mediators like TNF, IL-1β, and IL-6 systemically through the bloodstream (179) Though many studies have suggested a potential for chronic periodontal inflammation and local oral dysbiosis to influence other body sites, few studies have determined causality (i.e., whether this is occurring via the distant effects of inflammation from chronic gingivitis/periodontitis or transmission of oral pathogens to distant sites). The latter considers a role for translocation of the subgingival microbiome; however, one group recently examined the gut microbiomes of patients with health, gingivitis, and periodontitis. They found that chronic oral inflammation was associated with less alpha-diversity in the gut microbiome, and though some oral taxa could be detected from the stool of each patient cohort, no clear trends for oral taxa enrichment emerged in this pilot—thus pointing to the possible influence of gut microbiome composition through oral inflammation (180).

From the recent literature, the gum–gut axis appears to be inherently linked through saliva, which can deliver enzymes, effector cytokines, free-floating and keratinocyte-bound bacteria, and subpopulations of viable inflammatory cells such as neutrophils, lymphocytes, and macrophages to distant sites. Saliva also contains mucus (comprised of water, lipids, and proteins such as mucins) which can protect these contents from the acidic contents of the stomach for survival along the gastrointestinal tract (181). About ~1 to 1.5 L of saliva is produced daily per person, and this contains millions of bacteria that are traditionally not known to colonize distant intestinal sites in health (182). While there is an interest in whether and how dysbiotic subgingival microbiomes could lead to the subsequent release of pro-inflammatory cytokines, this is a burgeoning field of study. Recent studies in mice showed a role for known periopathogen Porphyromonas gingivalis in perpetuating systemic inflammation after oral administration in mice; this led to endotoxemia, altered the gut microbiome, decreased insulin resistance, and altered tight junction expression in the ileum (183). Other studies have linked Atopobium parvulum, Campylobacter concisus, Fusobacterium nucleatum, Fusobacterium varium, and Staphylococcus aureus to gastrointestinal disease, but whether these species are colonizing the intestine or indirectly eliciting chronic immune responses remains to be seen (184).

Several interesting studies have put forth the first evidence of transmission and colonization of oral microbes to the upper aerodigestive tract and also to the intestine (gum to gut influence). In health, there is evidence for oral microbiomial contribution to the oropharyngeal, esophagus, and gastric microbiomes (185). For example, an early study of the distal esophagus found 13 genera common to all samples, including Streptococcus, Prevotella, and Veillonella; most species-level OTUs were determined to be similar or identical to those of the oral cavity (186). This distant transmission is not specific to the GI tract as colonization and succession of the lung microbiome are associated with cystic fibrosis progression in infants and children (187). This work showed colonization of the lungs by oral microbes was possible even in 2-year-old children, with a significant abundance of Streptococcus, Prevotella, and Veillonella—identical to those found in the distal esophagus. Periopathogen taxa such as Fusobacterium and Porphyromonas were detected as well in some progressing groups, supporting the potential role for known periopathogens transmission in disease progression in a distant site.

This transmission phenomenon is also observed in the lower gastrointestinal tract (188, 189). Given these findings, what was once thought to be a rare event—the colonizing of distant microbiomial niches by oral microbes—appears to be more commonplace than once appreciated. For example, recent work assessing both salivary and stool samples primarily from healthy adults estimated that >10% of oral species may transmit via an oral-fecal route throughout the entire GI tract (190). This demonstrates a previously underappreciated niche-to-niche colonization pipeline. Other studies have reported many oral microbes found in the intestinal tissues of adult patients suffering from IBD, such as Aggregatibacter, Campylobacter, Enterobacteria, Fusobacterium, Gemella, Neisseria, Pasteurella, Peptostreptococcus, and Streptococcus. Many of these are associated with gingivitis (184). These findings are supported by well-designed studies in mice that have demonstrated competition for the GI niche by oral and traditional gut microbes (191), as well as other recent work that has demonstrated the establishment of oral microbes in the gastrointestinal tracts of patients afflicted with colorectal cancers and adult IBD (185, 188, 192, 193). A recent study of IBD found colon biopsies were abundantly colonized by periopathogens such as Fusobacterium, Peptostreptococcus, Staphylococcus, and Streptococcus (194).

Mechanistic studies using gnotobiotic mice have also shown a role for resident Klebsiella spp. in the saliva of IBD patients to colonize an already dysbiotic colon, leading to a significant inflammatory response through Type 1 T helper (TH1) cells in the local gut microenvironment (28). Whether Klebsiella spp. are truly a pathogenic link between the oral cavity and the gut or merely a demonstration of pathogenic colonization and immune-mediated exacerbation of IBD in mice remains to be elucidated. However, there is an exciting future ahead, especially when considering a recent study that utilized a ligature model in mice to induce periodontal inflammation. This led to subgingival dysbiosis with increased Bacteroides, Enterobacteriaceae, and Staphylococcus. Enterobacteriaceae were also found in the gut microbiome, again suggesting that oral microbes were able to colonize the intestine, and also exacerbate, established colitis. This study found that this was dived via oral niche primed Th17 cells with tropism for the gut (29). While these studies have not yet answered how these systems are explicitly linked, there is increasingly strong evidence for oral dysbiosis and localized gingival/periodontal inflammation eliciting and exacerbating and immune responses in the gut. While much of this review has focused on the oral gingival niche as one half of the axis (gut to gut inflammation and subsequent gut to gum influence), this reflects the state of the field. The local gut niche in IBD with and without chronic oral inflammation is a nascent field with many more mechanistic and clinical studies needed.




Discussion

There remain several challenges to formally establishing our proposed gum–gut axis. In particular, the heterogeneity of IBD and periodontal disease—as well as the temporal nature of each to exhibiting periods of activation and remission—make this association difficult to establish until better subtyping and disease activity for each disease can be more clearly ascribed (Figure 5). It remains critical that we continue to learn more about the pathogenesis of both oral and GI diseases so that we can also better understand how they influence each other. This will allow for the development of future tools to improve both our oral and gastrointestinal health throughout life. Additionally, while oral manifestations are not often the primary concern for treatment in many systemic diseases like IBD, their oral manifestations may provide a “window to the rest of the body”, serving as an easily accessible site to aid in the diagnosis or to serve as a functional readout of disease activity (195). This could include frequent oral sampling through treatment naïve IBD patients to predict disease activity or to determine the efficacy of IBD biologics/biosimilars chairside before and during the critical first months after deciding on a particular IBD pharmacotherapeutic.




Figure 5 | Future directions to better elucidate the gum–gut axis. Due to the uniquely active and remittent inflammatory states of periodontal disease and inflammatory bowel disease, there is an exciting future for collaborative efforts between GI and oral health care providers to answer these questions. This will require biosampling both oral and intestinal sites to correlate dysbiosis and inflammatory changes across niches and across time, better modeling using ex vivo models, and better phenotyping of both diseases. In the future, predictive modeling and precision medical approaches are possible to treat both oral and GI diseases.



In parallel with a non-invasive sampling of the oral cavity in longitudinal studies, it is clear that model organisms such as mice are proving vital to provide supporting evidence for the gum–gut axis. This type of work is supported by a recent resource of oral microbiomial development that has cataloged predentate, eruption, and post-eruption stages in mice. This provides a framework for studies about niche establishment, dysbiosis, and the long-term consequences and resistance to gum–gut disease. Additionally, ileitis models (such as SAMP1/YitFc mice) and DSS models of colitis are reported to show oral mucosal inflammation and inflammatory bone loss that mimics periodontitis in mice and could be useful for these investigations (196, 197). While it is interesting to postulate about which oral taxa could take residence and cause, reactivate, or exacerbate IBD, further studies are required to understand how gut microbial growth rates, antibiotic resistance (i.e., resistomes), microbial gene expression, and metabolomics all come together to influence IBD development and perpetuate IBD (198–201).

While much work remains to be done, there is an exciting future for collaborative efforts between GI and oral health care providers to answer these questions. This will require biosampling both oral and intestinal sites to correlate dysbiosis and inflammatory changes across niches. It is encouraging to see the progress of the NIH Human Microbiome Project over the last decade that originally collected nasal, oral, gut, skin, and vaginal microbiomes from a healthy cohort and provided valuable resources such as the Human Microbiome Project Data Coordination Center (202). As we begin to understand both the window of stable microbiomial establishment for the oral and gut microbiomes, we may be able to intervene to impact the health of these two sites for improved health later in life. For example, there are already several active clinical trials related to reestablishing a healthy neonatal gut microbiome (131). To justify the clinical implementation of this type of intervention will require in vitro 3D modeling (203), pre-clinical animal studies of host-microbiome interactions (204–207), interdisciplinary clinical research projects focused on longitudinal biobanking (208) for multiomics-informed approaches (199, 209, 210), biomarker discovery and validation, and improved risk modeling (211, 212). Ultimately, such work will lead to personalized therapeutics to target the gum–gut axis (213), sensitive and specific tools for early diagnosis of diseases in each site, and the exciting possibility of new biomarkers for risk stratifying a spectrum of oral and gastrointestinal diseases (214, 215).
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The Impact of Oral-Gut Inflammation in Cerebral Palsy
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Background: Oral-gut inflammation has an impact on overall health, placing subjects at risk to acquire chronic conditions and infections. Due to neuromotor disturbances, and medication intake, cerebral palsy (CP) subjects present intestinal constipation, impacting their quality of life (QOL). We aimed to investigate how oral inflammatory levels predicted gut phenotypes and response to therapy.

Methods: A total of 93 subjects aging from 5 to 17 years were included in the study, and assigned into one of the 4 groups: CP with constipation (G1, n = 30), CP without constipation (G2, n = 33), and controls without CP with constipation (G3, n = 07) and without CP and without constipation (G4, n = 23). In addition to characterizing subjects' clinical demographics, medication intake, disease severity levels, salivary cytokine levels [TNF-α, interleukin (IL)-1β, IL-6, IL-8, IL-10], and Caregiver Priorities and Child Health Index of Life with Disabilities (CPCHILD). Statistical significance was evaluated by Shapiro-Wilks, Student's T-Test, ANOVA, and ANCOVA analysis.

Results: Salivary proinflammatory cytokines were highly correlated with the severe form of gut constipation in G1 (P < 0.001), and out of all cytokines IL-1β levels demonstrated highest correlation with all gut constipation (P < 0.05). A significant relationship was found between the type of medication, in which subjects taking Gamma-Aminobutyric Acid (GABA) and GABA+ (GABA in association with other medication) were more likely to be constipated than the other groups (P < 0.01). Cleary salivary inflammatory levels and gut constipation were correlated, and impacted QOL of CP subjects. G1 presented a lower QOL mean score of CPCHILD (49.0 ± 13.1) compared to G2 (71.5 ± 16.7), when compared to G3 (88.9 ± 7.5), and G4 (95.5 ± 5.0) (P < 0.01). We accounted for gingival bleeding as a cofounder of oral inflammation, and here were no differences among groups regarding gender (P = 0.332) and age (P = 0.292).

Conclusions: Collectively, the results suggest that saliva inflammatory levels were linked to gut constipation, and that the clinical impact of medications that controlled gut was reliably monitored via oral cytokine levels, providing reliable and non-invasive information in precision diagnostics.

Keywords: cerebral palsy, inflammation, cytokines, quality of life, caregiver priorities and child health index of life with disabilities, constipation, antiepileptic drug


INTRODUCTION

Cerebral palsy (CP) is a life-limiting and costly disability characterized by a permanent neuromotor disorder affecting movement and by non-progressive degeneration of the brain (1, 2). As the major etiological factor for severe disability, the estimated prevalence of CP ranges from 2.3 to 2.9 per 1,000 live births observed in the United States (2011–2012 National Survey of Children's Health and the 2011–2013 National Health Interview Survey) (3). Children with CP experience limitations to everyday activities, adversely influencing their quality of life (QOL). CP can be accompanied by difficulties related to perception, sensation, behavior, cognition, communication, as well as epilepsy. Furthermore, CP subjects' QOL can be impacted by the development and progression of musculoskeletal disturbances such as oral-gut motor impairment through muscle spasticity (1).

Due to an abnormal increase in muscle tone and injury to neural pathways, spasticity acts as a negative factor in the lives of 85–90% of subjects with CP (1, 4, 5), impacting understanding subjects overall quality of life. The progression and severity of movement disability is classified by the Gross Motor Function Classification System (GMFCS) (6). GMFCS is stratified into five levels of body mobility: Level I (walking without limitations), Level II (walking with limitations), Level III (walking using a hand-held mobility device), Level IV (self-mobility with limitations), and Level V (transported in a wheelchair) (6). Our previous studies demonstrated that out of 254 subjects, 50 (19.7%) had GMFCS I, II, or III while 204 (80.3%) presented GMFCS IV or V (7–9). Notably, epilepsy prevalence increases in spastic CP subjects at the highest GMFCS classifications (IV and V) (10). Thus, there is an imminent need to discover non-invasive and precise diagnostics to predict these phenotypes seen in CP.

Gut constipation and lack of gastrointestinal control is highly prevalent in CP subjects, varying from 25 to 74% (3). Constipation is caused by multiple factors including: (1) reduced intake of fiber and liquids (responsible for the digestive system functioning) (11), (2) central nervous system damage (12), (3) mobility reduction (13), (4) and/or the use of antiepileptic drugs (AEDs) (11, 14). In subjects using AEDs the incidence of gut constipation is elevated (7). Other side effects co-occurring with gastrointestinal complications include oral dysbiosis, gingival bleeding (GB), and an increase of systemic inflammation (15). GB is found at a high frequency that may be due to the same factors that predispose to tooth decay and lead to the accumulation of biofilm (16). Difficulties in performing daily oral hygiene, intraoral sensitivity and orofacial motor dysfunction are the main contributing factors (17). Because epilepsy affects 77% of the subjects with CP, and standard clinical treatment for epileptic CP subjects is based on therapy with antiepileptic drugs (AEDs) (18). As the principal inhibitory neurotransmitter of the central nervous system and also a regulatory signal for muscle tone, Gamma-Aminobutyric Acid (GABA) is used for neuronal excitability control (e.g.,: benzodiazepines, phenobarbital, topiramate, vigabatrin, gabapentin enacarbil, and ezogabine). Side effects of AEDs can range from subjective reports of mild drowsiness to life-threatening neurologic and gastrointestinal consequences (19).

In addition to motor disturbances, CP subjects present impairment in inflammatory pathways. Epidemiological studies on premature births correlate the presence of high inflammatory levels in the umbilical cord, amniotic fluid, and fetal blood with white matter injury. In fact, premature babies are born in a state of severe inflammation (20–22). While CP and developmental impairment have diverse etiology, at the center of disease development, impaired inflammation regulates CP clinical phenotypes. Recently, attributed to dysregulated cytokine production, CP inflammation is modulated mainly by diet restrictions, gut dysfunction, medication intake. In epileptic subjects, seizures alone are shown to stimulate the synthesis of pro-inflammatory and pro-convulsive cytokines (23). IL-1β is a mediator of inflammatory response, cell death by apoptosis and regulator of bone resorption. This is a central cytokine modulated by master gene, such as inflammasome regulates how the host response is shaped in chronic conditions, including gut and oral dysbiosis, such as inflammatory bowel disease and periodontitis (24). In addition, other factors such as TNF-α correlate have shown synergistic actions with IL-1β, especially when in exacerbation response (25). While IL-6 levels have also been found in the crevicular gingival fluid in disease subjects (26), a chemokine interleukin-8 (IL-8 or CXCL8) is key migrating agent for myeloid-derived cells, such as neutrophils (27). In contrast, to potent activators of inflammation, several molecules counteract their actions. Central to IL-1β, feedback look is the production of interleukin-10 (IL-10) in a timely manner to spatially regulate tissues to return to homeostasis by potent actions (28). Inflammatory levels are the target of direct actions of drugs, and as side effects. AEDs can influence the immune system by modifying interleukin and chemokine concentrations in blood; these changes seem to be independent of the serum concentrations of these drugs (29, 30). In CP investigations, cytokine levels have been less investigated, especially in the context to their comprehensive clinical phenotypes, and in the context of response to essential therapeutics, which is important to their survival.

Here we investigated how oral inflammatory signatures correlated with gut constipation and impacted the QOL of each subjects. Our findings indicated significant correlations between proinflammatory cytokine compositional changes detected in saliva of CP patients and gut constipation, and medication intake. The specific correlation of severe forms of gut constipation with IL-1β cytokine was specific and did not include other inflammatory factors significantly, was confirmed by cofounder evaluations. While we did not include dental plaque, we accounted for gingival bleeding as a cofounder of oral inflammation, and there were no differences among groups regarding gender, and age. In addition, we assayed all clinical factors that impacted the patient's QOL and each cytokine level. Clearly, medication intake was a clinical factor with direct impact to gut constipation and consequently QOL. While our investigation cannot determine causation of clinical phenomic factors that were impacted by AEDs, including dental plaque or medication biochemical actions, positive correlation by host salivary inflammatory levels was specific for certain types of cytokines and not all the molecules assays, demonstrating the direction of future research. We propose that this data reveals a much greater importance of salivary cytokines for evaluation of systemic health and their gut response to various clinical challenges. Here, we aimed to investigate how salivary inflammatory levels predicted intestinal phenotypes. Because inflammation impacts the overall subject, we further investigated how drug intake and clinical factors control overall QOL of subjects with CP. Altogether, the results suggest that saliva inflammatory levels were linked to gut constipation, an innovative and non-invasive method to monitor QOL, improving precision medicine and dentistry.



MATERIALS AND METHODS


Study Design

This study was reviewed and approved by the Research Ethics Committee of the Cruzeiro do Sul University-Brazil Platform, São Paulo, Brazil (IRB #2,452,626). Written informed consent was obtained from the guardian of each child or adolescent after they were informed about the study. A cross-sectional study was performed with subjects with spastic CP diagnosis, who received a physical rehabilitation treatment at a referral center in São Paulo, Brazil, at the time of data collection.



Participants

Seventy subjects with a medical diagnosis of CP were invited to participate in this study at Disabled Child Care Association (AACD) in São Paulo, Brazil. Inclusion criteria were a medical diagnosis of spastic CP ranging from 5 to 17 years, both male and female, and the presence or absence of constipation. Subjects who presented progressive or neurodegenerative lesions or uncooperative behavior were excluded during clinical oral examinations. Seven subjects with CP were excluded from the research because they did not collaborate during the oral exams. The control group consisted of 30 normotypic subjects who attended the Pediatric Dentistry Clinic of the Faculty of Dentistry of the Cruzeiro do Sul University, residing in the same health district as the study group (that is, with the same health practices developed in health services), at the time of data collection. The final sample of the study was composed of subjects assigned into one of the 4 groups (G1-4) based on the prevalence of (1) CP and (2) Constipation. Subjects were assigned as CP with constipation (G1, n = 30), CP without constipation (G2, n = 33), and controls without CP with constipation (G3, n = 07) and without CP and without constipation (G4, n = 23). Both demographic and clinical data were collected for each subject from the year 2018 until 2019. Data regarding gender, age, race (white, black and others), caregiver occupation and education, family income, the medical diagnosis of CP according to the type of movement disorder (spastic), clinical pattern: tetraplegia (a system-wide decay of neuromotor function, represented by increased muscle tone in all four limbs and trunk involvement); diplegia (increased muscle tone in lower limbs, but may affect upper limbs but to a lesser extent), and hemiplegia (or increased muscle tone in a hemibody), furthermore GMFCS (levels I–V) (6) and use of AEDs were collected from their medical records. Caregivers answered the Caregiver Priorities and Child Health Index of Life with Disabilities (CPCHILD) (31) that consists of 36 items rated in six sections that are scaled from 0 (worst) to 100 (best) and were averaged to determine overall QOL. CPCHILD is represented by the following domains: (1) Personal Care (eight items); (2) Positioning, Transfer, and Mobility (eight items); (3) Communication and Social Interaction (seven items); (4) Comfort, Emotions, and Behavior (nine items); (5) Health (three items); and (6) Overall Quality Of Life (one item).



Gastrointestinal Constipation

This study adopted the clinical constipation definition proposed by the Bristol Stool Scale (BSS) for constipation (32). The translation and adaptation of the BSS into Brazilian Portuguese showed high reliability, indicating its usefulness in the practical clinic for the purpose for which it was planned, both for use in children (33) and adults (34).



Saliva Collection

Unstimulated whole saliva samples were collected in dental assessment sessions. Subjects were asked to refrain from eating, drinking liquids, or brushing their teeth for at least 1 h prior to saliva collection. The collection was performed with the subjects sitting comfortably in a bright and ventilated room. Whole saliva was collected by passive flow for 5 min. After collection, the Salivette® was centrifuged at 5,000 rpm for 5 min at 4°C (Hettich Centrifuge, model Universal 320R, Tuttlingen, Germany) and frozen in a freezer at −80°C.



Biomarker Sub-analysis

For a subset of 37 participants, all of whom were CP subjects, we analyzed the salivary cytokines IL-1β, IL-6, IL-8, IL-10, and TNF-α. The analysis of cytokines in saliva was performed using a CBA Cytokine Inflammatory Kit (Becton Dickinson, CA, USA) for the detection of TNF-α, IL-1β, IL-6, IL-8, IL-10. All analyses were performed in duplicate. Briefly, 25μL of fluorescent particles conjugated to antibodies specific for each cytokine were added to 25 μL of the saliva and incubated for 1 h at room temperature away from light. Subsequently, 25 μL of the secondary antibody conjugated to a fluorochrome was added to the mixture and incubated for 2 h at room temperature. The results were compared to a standard curve with serially diluted cytokines. The particles were washed to remove unbound antibodies, resuspended in the wash buffer, and analyzed using a BD Accuri (BD Biosciences). Data acquisition was performed using BD-Accuri C6 Software, and concentrations were determined using FCAP software v.3.0 (BD Biosciences).



Gingival Index

The evaluation of oral dysbiosis was assayed through the GI (35) by using a millimeter plastic periodontal probe (HuFriedy's Colorvue PerioScreen Kit probe, Chicago, IL, USA), which was gently passed in the gingival margin of all teeth, in reference to the distobuccal papilla, the buccal margin, the mesiobuccal papilla, and the lingual/palatine margin. Partially erupted teeth and residual roots were excluded without replacement. The index was calculated by the percentage of the sum of the subjects values of each tooth divided by the number of faces examined. Classified as positive for gingivitis were the subjects that presented gingival marginal bleeding more than 10% of the total sites evaluated (36). Gingival index was included as a surrogate for oral hygiene.



Statistical Analyses

Analyses of descriptive statistics were performed to characterize the sample, calculate measures of central tendency and variability for the quantitative variables. The normality assumption of the quantitative variables was evaluated using the Shapiro-Wilks test. When normal distribution was observed, parametric tests were performed. Otherwise, non-parametric tests were selected to determine the significance of intergroups differences. Student's T-Test was used for any comparison of two groups (including intergender groups and comparisons of constipated and non-constipated subjects), while two-tailed ANOVA (comparison without covariance correction) and ANCOVA (comparison with covariance correction) were used in comparisons of experimental group, age, cytokine measures, and gingival index. IBM SPSS Statistics (SPSS for Windows, Version 20.0, Armonk, NY: IBM Corp.) and RStudio were used for analyses, with significance thresholds at P < 0.05, P < 0.01, P < 0.001, and P < 0.0001. Data was visualized using RStudio with the ggplot2 package and assisted by the dplyr and tidyr packages.




RESULTS


Demographics

The sample power was calculated using means and standard deviations of overall domains among G1 (51.0 ± 13.1), G2 (28.5 ± 16.7), G3 (11.1 ± 7.5) and G4 (4.5 ± 5.0) (37). The results showed that the G*Power at the 95% confidence interval was 96.88%.

To predict salivary cytokine levels with gut phenotype, we first investigated how overall clinical factors impacted both oral and gut phenotypes in CP subjects. We collected subjects detailed information including demographics, clinical factors, and AEDs as potential influencers of a subject's inflammation, wellbeing, and QOL (Table 1). In our population, 47 of our 93 subjects were female and 46 were male, accurately representing the relatively equal ratio of female to male.


Table 1. Population-wide demographics table.
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G1 was composed of 30 non-ambulatory subjects (GMFCS levels IV and V) and G2 of 14 ambulatory subjects (GMFCS levels I, II, and III) (P < 0.0001). Lower QOL was observed for constipated subjects presenting the clinical pattern tetraplegia when compared to non-constipated CP (P < 0.001) (Table 1). Interestingly, gender was significantly associated with constipation (P < 0.05) with females appearing more likely to be constipated in our population. There were no significant differences among groups regarding gender (P = 0.332), age (P = 0.291), race (P = 0.08), and education (P = 0.5628); however, significant differences were found on the basis of caregiver occupation (P < 0.01) presenting the caregivers CP group a higher number of unemployed, and lower family income (P < 0.05).

Distribution of age in our population shows a peak at approximately 6 years of age, with a slight steady dropoff in population representation until approximately age 14, with a steep dropoff in population representation from ages 14–19 (Figure 1A). It is important to note once more that the GMFCS levels are dependent on CP diagnosis, as tetraplegia, diplegia, and hemiplegia insinuate a certain level of mobility reduction (Pearson R = 0.787). We found this correlation to be pertinent in further analyses of GB, salivary cytokines, and QOL.


[image: Figure 1]
FIGURE 1. Distribution patterns of the CP study population. (A) Individuals from the cohort aged from 3 to 19, with a mean age of 9.57 ± 4.20 years (n = 93). (B) The study population was composed of healthy individuals (controls, 32.26%), tetraplegics (32.26%), diplegics (26.88%), and hemiplegics (9.68%). (C) Distribution is measured along the GMFCS scale from I-V for only G1 and G2. Stages I-III are considered ambulatory, while stages IV and V require significant assistance (typically a wheelchair or mobility scooter). Stages I, II, and III are less represented (7.94%, 4.76%, and 9.52%, respectively), while stages IV (42.86%) and V (34.92%) make up the vast majority of G1 and G2 (n = 93). For each of these histograms, an LM regression is overlaid to make visual trend observation more convenient.




CP Diagnosis

When diagnosing CP, there are three widely accepted presentations: (1) hemiplegic; (2) diplegic; and (3) tetraplegic. In our population, the distribution of subjects is made up of these three groups as well as healthy subjects (control). In our population 9.68% of subjects were hemiplegic, 26.88% diplegic, 31.18% tetraplegic, and 32.26% normotypic (Figure 1B). CP diagnosis was found to be significant in our population (P < 0.001) in determining QOL (Table 1). Another datapoint we used to determine the severity of a patient's condition was motor function ability as classified by the GMFCS scale, which rates a child's movement from I (walking without limitations) to V (total motor dependence). The GMFCS on our population, levels IV (29.03%) and V (34.92%) make up the majority of our population and are reserved for subjects with clinically advanced CP, namely diplegic and tetraplegic CP (Figure 1C). We found that a subject's GMFCS level was statistically significant in determining their QOL (P < 0.001). This significance reflects the impact the severity of cortex injury on functional motor independence; diplegic and quadriplegic subjects are limited exclusively to GMFCS IV and V and have a significant motor impairment that requires powered mobility assistance and/or a physically able caretaker.



Constipation

Indirect symptoms of CP are not limited to the oral cavity: of our 63 subjects who presented CP, 30 were constipated at the time of examination, representing a much higher prevalence of constipation (47.62%) compared to the estimated prevalence of 16% in the global population (38).

According to CPCHILD, the groups differed significantly (P < 0.05). G1 presented lower values for all sections of the questionnaire when compared to G2, G3, and G4. In our cohort, we found constipated subjects to have significantly (P < 0.0001) lower QOL (56.09 ± 21.86) than those who were non-constipated (82.40 ± 19.35). In Figure 2, this difference is visualized, showing continuity in this hypothesis when stratified by gender. While future studies are required to investigate the full extent of this association, it can be concluded that constipated subjects in our cohort were statistically more likely to present a lower mean quality of life. In Supplementary Figures 1A–E, we plotted each subscore against overall QOL and we observed that higher intensity of discomfort hurt the physical and psychological quality of life.
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FIGURE 2. Quality of life in individuals with and without constipation according to sex. G1 presented lower values for all sections of the questionnaire when compared to G2, G3, and G4. In our cohort, we found constipated subjects to have significantly (p < 0.0001) lower QOL (56.09 ± 21.86) than those who were non-constipated (82.40 ± 19.35) (n = 93, significance was evaluated by two-tailed ANOVA, p-value < 0.05). Welch's t-tests were employed with Bonferroni corrections for (1) intersex intragroup comparisons and (2) intergroup intrasex comparisons (Key: ns - p ≥ 0.05, **p < 0.01, ****p < 0.0001).


The primary factor affecting constipation and QOL in our population was revealed to be the type of medication a patient was prescribed. Here we found that the choice of AED used to combat spasticity was significantly correlated with the QOL (P < 0.0001) of our cohort. In Figure 3, AED use is plotted against QOL. We noticed that, in particular, GABA and GABA+ subjects presented lower mean QOL (43.89 ± 12.61) than other groups (78.20 ± 21.39). Meanwhile, sodium inhibitors presented a much higher mean QOL (51.26 ± 12.29). This finding is exceedingly promising, but future investigation is necessary to further explore sodium inhibitors and their effect on QOL.
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FIGURE 3. Correlation of clinical factors in CP patients. Constipated subjects are in orange, non-constipated in blue. Colored boxes show interquartile range, black line marks the median, and whiskers show the largest outliers within 150% the interquartile range above the 75th percentile and below the 25th percentile. Remaining outliers are marked with points. Standard box plot comparing AED used and Quality of Life. AED used is significantly correlated with QOL (P < 0.0001), n = 63, and significance was evaluated by two-tailed ANOVA, p-value < 0.05. Where possible (>1 subject), Welch's t-tests were employed for each medication on the basis of constipation (Key: ns - p ≥ 0.05, **p < 0.01).


However, we found that while both AED prescription and intestinal constipation are significant in determining a subject's QOL, ANCOVA revealed that the interaction between these two variables is insignificant (P = 0.787). Future studies are required to determine if QOL can be determined solely by the medication or gut health of a patient.



Salivary Cytokines

In many subjects, the lack of an ability to care for oneself leads to the development of oral and gum disease. If a large number of teeth have bleeding gingiva, there is a high chance of oral disease manifesting itself as gingival inflammation and periodontitis.

For a subset of our population, we collected salivary cytokine measures to get a deeper understanding of systemic inflammation and its relationship with constipation and medication. For all cytokines for which data were collected (IL-1β, IL-6, IL-8, IL-10, and TNF-α), mean levels were increased in constipated subjects (Figure 4). Of these cytokines, only IL-8, IL-10, and IL-1β levels were significantly different on the basis of intestinal constipation (P < 0.05).
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FIGURE 4. Constipation actions on Inflammatory Cytokine Levels. Distributions of each measured cytokine—(A) IL-1β, (B) TNF-α, (C) IL-6, (D) IL-8, and (E) IL-10— in constipated subjects (orange) and non-constipated subjects (blue) were mapped. Colored boxes show interquartile range, black line marks the median, and whiskers show the largest outliers within 150% the interquartile range above the 75th percentile and below the 25th percentile (n = 63). For each boxplot, Welch's t-tests were employed to determine associations between each cytokine and constipation (Key: ns - p ≥ 0.05, *p < 0.05).



Salivary Cytokines as a Predictor of Intestinal Constipation

We first quantified salivary cytokines to predict intestinal constipation yields promising statistical correlations (Figure 4). Of the cytokines measured, IL-1β, IL-8, and IL-10 measures were statistically significant (P < 0.05) in determining the presence of intestinal constipation. However, remaining cytokine levels were insignificant in classifying the presence of constipation. Therefore, there exists a specific but significant associative pathway between constipation and cytokine levels.



Establishing Oral-Gut Axis for Diagnosis

We found in our cohort that AEDs and intestinal constipation are significantly associated with both GB and one another (P < 0.0001). We noticed that, in particular, GABA and GABA+ subjects presented higher GB (39.39 ± 22.86%) than other groups (5.84 ± 9.32%) (Supplementary Figure 2F). In this case, co-measuring AED use and intestinal constipation would prove a more statistically fortified marker for GB than either in isolation.

In the case of gender, we found females to have a mean GB (15.82 ± 22.16%) almost double that of males (8.05 ± 12.04%, Supplementary Figure 3A). Overall mean GB was 12.08 ± 18.27%. In our population, we found gender (P < 0.05), CP diagnosis (P < 0.0001) and GMFCS classification (P < 0.0001) were found to be significantly correlated with GB, while age showed no such significance (Supplementary Figure 3B). Normotypic subjects (those who do not suffer from CP) have markedly lower mean GB 0.6% than any other group, with 2.79% mean hemiplegic GB, 12.19% mean diplegic GB, and 27.11% mean tetraplegic GB (Supplementary Figure 3C).

Our results demonstrated that IL-1β (P < 0.0001), IL-6 (P < 0.05), IL-8 (P < 0.01), and IL-10 were significantly associated with GB percentage. In Supplementary Figure 2, each cytokine was plotted against GB (%) in an effort to reveal trends that could be fortified by more rigorous statistical methods. In Supplementary Figures 2A,C–E, there is a clear trend indicating that GB was positively correlated (Pearson Correlation) with IL-1β (R = 0.720), IL-6 (R = 0.343), IL-8 (R = 0.425), and IL-10 (R = 0.505). In particular, it is important to consider IL-1β, IL-8, and IL-10 in our population, as their levels were significantly correlated with both systemic and oral clinical factors. Interestingly, we found in our population that QOL is more specific, as only IL-1β levels were significant in determining QOL (P < 0.05). Furthermore, the AED used by an individual was correlated with IL-1β (P < 0.0001) and IL-6 (P < 0.05) levels in our salivary cytokine subcohort (Figure 5). While remaining cytokines were not significantly correlated with AEDs, it is important to note that IL-1β was the sole cytokine correlated with QOL. In Figure 6, we plotted each cytokine against QOL. A visual trend connecting IL-1β levels to QOL (Figure 6A) corroborated our statistical findings. IL-10 levels were not significantly correlated with QOL (P = 0.076) showing in Figure 6E.
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FIGURE 5. Correlation of clinical factors in CP patients. Correlogram of Pearson's correlation of a subset of clinical factors influencing CP patients. Specificity of our dataset drove subset selection criteria: many factors were removed from this figure but included elsewhere to improve readability. Each axis is labeled by relevant factors to form a lower-triangle correlogram. Each box represents a correlation coefficient of two factors assigned, where size and saturation represents the magnitude of the correlation. Pearson score is represented from −1 (red) to +1 (blue), measuring the magnitude of correlation between the two variables. Boxes overlaid by an X represent associations that are not statistically significant (P ≥ 0.05) regardless of the strength of correlation (n = 63, significance was evaluated by Pearson's correlation and student's t-test, p-value < 0.05).
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FIGURE 6. Quality of Life association with specific cytokines. Scatterplots of collected cytokine levels —(A) IL-1β, (B) TNF-α, (C) IL-6, (D) IL-8, and (E) IL-10—and Quality of Life. Blue line marks the linearly regressed trendline (lm) and the shaded region corresponds to the 95% confidence interval. P-values from ANOVA are: IL-1β, P < 0.05—TNF-α, P = 0.589—IL-6, P = 0.156—IL-8, P = 0.325—IL-10, P = 0.0762 (n = 63, significance was evaluated by ANCOVA, p-value < 0.05).






DISCUSSION

The results provided novel information related to the severity of CP, the presence of inflammation of these subjects, and the consequences of treatment on constipation, oral health, and quality of life. To the best of our knowledge, this is the first study to evaluate the association among salivary inflammation, intestinal constipation, and QOL of CP using the CPCHILD. According to the motor type disorder, subjects with CP are classified as at least one of spastic, dyskinetic (dystonic, choreic, and athetosic), or ataxic. The subjects presented spastic CP, the most prevalent type of motor disorder, with tetraplegia the clinical pattern most prevalent (32.26%) (Figure 1B). Consistent with our results, tetraplegia was also observed in 3,294 children studied in 18 states in the USA (32.9%) (39). Early brain damage triggers complex adaptive neuroplasticity processes involving multiple functional systems. Different factors interact with brain plasticity potentials, influencing the natural history of cerebral palsy in the early years of childhood (40). The later the interdisciplinary intervention, the smaller the gain during brain plasticity, reducing the potential for improvement in the individual's condition.

Here, we observed a shortage of national instruments, which appears to reflect the difficulty of the scientific community to develop tools for assessing the quality of life that apply to the socio-cultural diversity of the country. For all questionnaires revised, only CPCHILD (31) and Cerebral Palsy Quality of Life Questionnaire for Children Child report (CPQol-Child) (41) are specific to CP subjects. CPQoL-Child is the individual's own report since it was mostly used in children with GMFCS level I or II and excluded the individual with any intellectual deficits and lack of an efficient communication system. In this study, the largest number of individuals belonged to GMFCS level IV and V (Figure 1C) and due to the difficulty of communication, their caregivers answered the questionnaire as their proxy. The Cronbach's alpha value estimated for the CPCHILD was 0.879. It was observed that G1 presented a lowest mean score of CPCHILD (51.0 ± 13.1) compared to G2 (71.5 ± 16.7), G3 (88.9 ± 7.5), and G4 (95.5 ± 5.0) (P < 0.05) (Table 1). Seventy percent of caregivers of CP subjects in this study had <8 years of study (Table 1). Intellectual capital, represented by education, increases the likelihood of access to information, health-related issues (42) facilitating understanding and recognizing the importance of self-care. A low level of caregiver education influences the child's overall health, represented by self-care of general and oral health (43).

The possible explanation for the lower education level of caregivers for individuals with CP is the “caregiver martyr syndrome” wherein a caregiver neglects their own health, studies, and finances to provide more frequent and consistent care (44). With a lower educational level and fewer paid employment opportunities, there is a direct logical connection linking significantly lower income to caregivers of individuals with CP (Table 1). Caregivers' potentially lower standard of education prevents them from entering the skilled labor market. Thus, they dedicate themselves exclusively to household chores and taking care of the subject with CP (45).

We noticed that great discomfort has been associated with increased motor impairment and other comorbidities, particularly constipation and spasticity (Figure 2). In subjects with minor GMFCS (I, II, and III), the pain was observed during voluntary movements, whereas in subjects with higher GMFCS (IV and V), the pain was directly related to movement performed by the caregiver or therapist (46). Higher intensity of pain and discomfort had a negative effect on the physical and psychological quality of life (Supplementary Figures 1A–E). Communication and social interactions in subjects with CP in GMFCS level V present lower favorably and show large variation (47) (Supplementary Figure 1C). Fairhurst et al. concluded in 2018 that increasing awareness of CP pain and comorbidities, particularly overall health and constipation, can help prevent and treat the disorder more effectively, increasing patients' overall quality of life.

Medication such as AEDs are frequently used for the control of epileptic seizures (48). These drugs can be administered in monotherapy or polytherapy, depending on the response to seizure control (49). Results demonstrated that subjects with a lower quality of life were positively correlated to those who use polytherapeutic GABA treatments (GABA+), while those who use monotherapy, especially sodium channel inhibitors, have a better quality of life when compared with GABA and GABA+ (Figure 3). AEDs have an effect on voltage-dependent modulation of sodium, calcium, and potassium channels, and the GABA is considered the primary inhibitory neurotransmitter not only in the central nervous system but also on enteric nerves (49). However, AEDs aimed to achieve seizure control are usually limited by toxicity and adverse effects that impair an individual's QOL (50) (Figure 3). The subjects taking GABA or GABA association presented a negative correlation with the quality of life and also present intestinal constipation not only for the inhibitory GABA action (51), but may also be related to dysbiosis.

The use of GABA antiepileptic medication and associations to control seizures reduced salivary flow, increased salivary viscosity and gingival bleeding (Supplementary Figure 2F). Thus, the use of medication causes not only constipation but also gingival bleeding and increases the cytokines levels (Supplementary Figures 2A–E) (51). G1 presented significantly higher percentages of subjects with gingivitis compared to all other groups (P < 0.001). Additionally, CP subjects using GABA or GABA+ who were constipated had higher levels of GB than those who did not (P = 0.006, Table 1).

Accumulation of biofilm acts as a risk factor in the development of the main oral diseases, such as dental caries and periodontal disease. Subjects diagnosed with CP are more susceptible to poor oral hygiene due to neurological impairment and the presence of primitive oral pathological reflexes, facilitating the progression of periodontal disease (52, 53). While a limitation of the study was the lack of evaluation of the oral hygiene index, gingival bleeding index was used as a surrogate of oral inflammation.

Current literature indicates that intestinal disorders play a prominent role in inflammatory responses to neurological conditions (54). This line of evidence is fundamental to identifying the effects of dysbiosis on mucosal inflammation throughout the digestive tract. Significantly higher levels of IL-1β, IL-6, IL-8, and IL-10 were found in constipated subjects with GB from this study (Figure 4), indicating an ongoing inflammatory process and the progression of periodontal disease (55–59). Since the use of these medications cause CP subjects to present a reduced salivary flow rate, an increased value of salivary osmolality, dry mouth, and gingivitis, which is represented by higher levels of inflammatory cytokines in quadriplegics (15). Sodium inhibitors, however, have a less severe correlation with GB (R2 = 0.684) (Supplementary Figure 2F) but have markedly lower effects on a patient's QOL and they are associated with lower levels of constipation, it can be assumed that sodium inhibitors carry less of a systemic reaction in our study population (Figure 3).

Constipation is common comorbidity described in CP subjects (11), and current literature agrees that constipation is the causal factor of gut dysbiosis (60, 61). Constipation prevalence observed in this study was higher (47.62%). Constipation and intestinal dysbiosis leads to increased mucosal permeability (leaky-gut) (61) of the gut-brain axis (62) increasing serum endotoxin concentration. These endotoxins activate the immune system and promote IL-1β production as observed in our study (Figure 4A) and in individuals with Autism Syndrome Disorder (63). To date, no research has been published that evaluated the effect of dysbiosis on the development of gingivitis in individuals with cerebral palsy.

In addition to GI and oral inflammation, we have observed gender to be an important variable in regard to inflammation. Females presented higher pro-inflammatory cytokine expression when compared to males (Supplementary Figure 3). This gender bias has not been addressed in the literature and will require further studies. The possible explanation for these findings may be related to the phenomenon that CP occurs more frequently in males (64) categorized as GMFCS V (65). Due to this limitation, these subjects require more advanced care, notably oral care and hygiene performed by the caregiver. Perhaps the females were able to perform oral hygiene on their own due to fewer neuromotor limitations, which in turn may have resulted in greater GB. Additionally, hormonal changes in puberty should be examined as a factor for this observed gender dichotomy (66).

Inflammatory biomarkers can be evaluated both in serum (67) or in saliva (8). Blood collection in subjects with CP is a hard task, because these subjects present sympathetic nervous system predominance (68), resulting in vasoconstriction, and consequently making peripheral venous access more difficult. On the other hand, saliva is readily available, and its components are easy to be collected, and that has been used to evaluate salivary parameters in subjects with CP (15), ideal for future longitudinal monitoring.

The comparison between the constipated and non-constipated subjects in this study showed that there was approximately a doubled average production of cytokines favoring the potentiation of inflammation in these individuals (Figures 4A–E). In the presence of dysbiosis, virulence factors are released from pathogenic microorganisms present in the oral cavity, activating host's immune-inflammatory responses (69–71). IL-1β is an inflammatory cytokine associated with innate immune response, inflammation, pathogenesis, and progression of periodontal disease (72, 73). Higher levels of IL-1β (P < 0.05) were found in this study's subjects, who were constipated and presented higher values of GB (Figure 4A, Supplementary Figure 2A). Previous studies showed higher levels of IL-1β, IL-6, IL-8 in spastic CP subjects presenting GMCFS level V (15). Significantly higher levels of IL-6, IL-8, and IL-10 were found in constipated subjects with GB (Figures 4C–E; Supplementary Figures 2C–E). These cytokines represent the action of pro-inflammatory and anti-inflammatory cytokines (73), critical biomarkers of periodontal inflammation corresponding to the clinical severity of the disease (56). IL-6 and IL-8 were also described as potential predictors for oral diseases, reinforcing the importance of evaluating the salivary levels of these biomarkers (74). The presence of the chemokine IL-8 induces the secretion of lymphocytes, monocytes, epithelial cells, fibroblasts, tumor cells, bone resorption, and IL-1β, indicating an ongoing inflammatory process and the progression of periodontal disease (57, 58). IL-10 acts as an anti-inflammatory cytokine, inhibiting pro-inflammatory cytokines IL-1 and IL-6 associated with improvements in periodontal clinical parameters (28). However, the degree of mucosal inflammation of constipated CP subjects represented by GB was so high that IL-10 action did not reduce the inflammatory process of dysbiosis (59). Only one study reported the effect of mechanical treatment on gingivitis control measures by cytokines levels, and the results showed that, although reduction of inflammatory process occurs, the levels of IL-1β, IL-6, and IL-8 remain high compared to subjects without CP (8).

These results highlight that prediction of systemic health in CP patients by salivary cytokine monitoring is a reliable approach, yet this field is in its infancy. Novel methodological assays to control for time, type of salivary collection and flow on a longitudinal basis would provide more reliable findings, especially accounting for inter- and intra-individual variations. We were able to demonstrate that not only were there significant differences between gut constipation and oral inflammation with specificity for the type of cytokines, we also demonstrated that specific cytokines significantly correlated with the type of medication. CP inaccessibility and vulnerability to oral care, and consequent development of caries and gum diseases may also impact gut phenotypically via microbiome oral-gut axis. These data does not per se indicate microbiome changes, but indicates that gingival bleeding index suggests dysbiosis in host-microbial interactions at the oral mucosal interface, which can, in turn, influence an individual's systemic inflammatory profile. New studies should be developed addressing inflammatory salivary cytokines, oral pathogens correlated with intestinal constipation. While our investigations demonstrated how salivary inflammatory cytokines specifically correlated with gut constipation and quality of life, and it was well-controlled for gender statistical power, limitations were also noted. Dental plaque levels were not recorded. This is an important focus of future studies, specifically dissecting to oral microbes that are modulated by CP environment and medication. We have included gingival bleeding as surrogate to oral host responses to the presence of the biofilm. In future examinations, we aim to look into the multimodal relationship of salivary cytokines, gut constipation as well as gingival bleeding with oral hygiene and dental plaque levels.

In conclusion, the results suggest that the higher levels of inflammatory markers, present in saliva, directly correlated with reduced quality of life, due to excessive gut constipation. Thus, increase of inflammation and gut constipation were directly correlated, impacting quality of life. These are novel relationships in investigating oral-gut-brain axis in investigating the clinical impact of inflammation throughout the human body, and providing reliable information through non-invasive salivary diagnostics.
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Supplementary Figure 1. Effects of CPCHILD Subscores on Overall QOL. Distributions of each individual CPCHILD subscore (A) Personal Care; (B) Positioning, Transferring, and Mobility; (C) Communication and Social Interaction; (D) Comfort, Emotions, and Behaviors; (E) and Health is measured on the x-axes, while the y-axis marks the average of the remaining subscores. Lines show a trendline of data sets with shaded regions marking the 95% confidence interval (n = 93).

Supplementary Figure 2. Gingival Bleeding association with specific cytokines. Scatterplots of collected cytokine levels —(A) IL-1β, (B) TNF-α, C) IL-6, (D) IL-8, and (E) IL-10—and Gingival Bleeding percentage. Blue line marks the linearly regressed trendline (lm) and the shaded region corresponds to the 95% confidence interval. P-values from ANOVA are: IL-1β, P < 0.0001—TNF-α, P = 0.237—IL-6, P < 0.05—IL-8, P < 0.01—IL-10, P < 0.01. (F) Standard box plot comparing AED used and Gingival Bleeding Percentage. AED used is significantly correlated with GB (P < 0.0001), n = 63, significance was evaluated by ANCOVA, p-value < 0.05. Furthermore, both intramedication t-tests were employed in addition to Bonferroni-corrected intermedication Welch's t-tests (only constipated subjects) for each medication as compared to control (Key: ns - p ≥ 0.05, *p < 0.05, **p < 0.01, ***p < 0.001).

Supplementary Figure 3. Factors impacting gingival bleeding. (A) Violin plots depicting gingival bleeding patterns stratified by gender. Box plot within the violin represent the interquartile range, and whiskers show the largest outliers within 150% the interquartile range above the 75th percentile and below the 25th percentile. (B) Scatter plot demonstrating gingival bleeding in relation to age distribution. Blue line marks trendline, where the shaded region marks the 95% confidence interval. (C) Gingival bleeding plotted by Cerebral Palsy Diagnosis. Boxes represent interquartile range, center line represents the median, while whiskers represent 95% confidence interval. The box's color notates the gender, with female being orange and male being blue (n = 93). For (A,C), Welch's t-tests were employed along gender lines (Key: ns – p ≥ 0.05, *p < 0.05).
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Medication-related osteonecrosis of the jaw (MRONJ) is a rare but serious adverse drug effect. There are multiple hypotheses to explain the development of MRONJ. Reduced bone remodeling and infection or inflammation are considered central to the pathogenesis of MRONJ. In recent years, increasing evidence has shown that bisphosphonates (BPs)-mediated immunity dysfunction is associated with the pathophysiology of MRONJ. In a healthy state, mucosal immunity provides the first line of protection against pathogens and oral mucosal immune cells defense against potentially invading pathogens by mediating the generation of protective immunoinflammatory responses. In addition, the immune system takes part in the process of bone remodeling and tissue repair. However, the treatment of BPs disturbs the mucosal and osteo immune homeostasis and thus impairs the body's ability to resist infection and repair from injury, thereby adding to the development of MRONJ. Here, we present the current knowledge about immunity dysfunction to shed light on the role of local immune disorder in the development of MRONJ.
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INTRODUCTION

Medication-related osteonecrosis of the jaw (MRONJ) is a severe medication-induced necrotic bone disease (1). According to the definition by the American Association of Oral and Maxillofacial Surgeons (AAOMS) in 2014, MRONJ is characterized by the following: “(1) exposed bone in the maxillofacial region that does not heal within 8 weeks after identification; (2) exposure to an anti-resorptive agent; and (3) no history of radiation therapy to the craniofacial region” (2). However, based on newest recommendations (2020) on MRONJ, MRONJ is defined as an “adverse drug reaction described as the progressive destruction and death of bone that affects the mandible and maxilla of patients exposed to the treatment with medications known to increase the risk of disease, in the absence of a previous radiation treatment” (3). Additionally, the workshop of the European task force on MRONJ in 2019 suggested that it may no longer be necessary to require an 8-week observation of potential MRONJ manifestation to fit the case definition (4).

MRONJ was first found in patients receiving anti-resorptive therapy (bisphosphonates) and has not only affected the patients' quality of life but also interfered with the decision-making process of most dentists. Exposure to anti-resorptive medication was identified as a main risk factor of MRONJ. Although dosage and duration of administration were considered to be related to the occurrence of MRONJ (5, 6), recent clinical data from a 14-year retrospective survey showed that the number of patients treated with low-dose anti-resorptive medication accounted for over half of the MRONJ cases (7). In addition, some potential risk factors, including periodontal diseases, tooth extraction or dental implantation, and chemotherapy were reported to be associated with the occurrence of MRONJ (8–11). With aging, the number of people with skeletal-related events (SREs) who need anti-resorptive treatment increases. To balance the risks and benefits of these medications, it is imperative to explore the pathophysiology of MRONJ.

Now, there has been an increase in new kinds of medication that have been reported to induce the occurrence of MRONJ, such as another anti-resorptive medication, a monoclonal antibody against the receptor activator of nuclear factor-κB (RANK) ligand (RANKL): denosumab and vascular endothelial growth factor inhibitors (12): bevacizumab, Sunitinib. The mechanisms of MRONJ differ from medication to medication. The long-term administration of bisphosphonates and denosumab will cause disturbed remodeling due to their effect on osteoclast differentiation. Whereas, bevacizumab and Sunitinib- induced MRONJ may be associated with inhibition of angiogenesis. Currently, findings regarding MRONJ pathogenesis were categorized into several hypotheses, including disturbed bone remodeling, inflammation or infection, altered immunity, soft tissue toxicity, and inhibition of angiogenesis (13). Although accumulating evidence has shown that immunity dysfunction is highly involved in the development of MRONJ (14), there are few reports to systematically demonstrate the role of altered immunity in the development of MRONJ. This review highlights the current knowledge regarding the role of immunity dysfunction in the development of MRONJ, including mucosal and osteo immune responses.



THE MUCOSAL IMMUNE RESPONSE AND MRONJ

The mucosal immune system defenses against a variety of microbes and maintains the immune homeostasis in the oral cavity under healthy conditions (15). It has a sophisticated anatomical structure, several indigenous microorganisms, and immune cells. A tightly interlaced cell-to-cell network of epithelial cells acts as a physical barrier, thereby defending external stimuli and balancing the intricate interaction between the host and exterior environment (16). Furthermore, several indigenous microorganisms act as a biological barrier to prevent pathogen colonization (17). Moreover, various immune cells and secreted inflammatory cytokines play an important role in immune surveillance and homeostasis (18, 19). Unfortunately, BPs and risk factors that impact the mucosal immune system, coupled with bacterial infection contribute to the development of MRONJ.


The Destruction of Mucosal Barrier Protection

There are hundreds of thousands of bacterial species in the oral cavity (20). An imbalanced bacterial flora can contribute to multiple mucosal diseases (21). Colonization of unique bacterial communities, coupled with a dysfunctional innate immunity, has been shown to affect the pathogenesis of ONJ (22). Indigenous microbiota, as biological barriers, are antagonistic bacteria, which suppress the invasion and colonization of harmful microorganisms. Several protective mechanisms of indigenous microbiota have been reported, including competition for nutrients, direct killing, and enhancement of immune responses (23). In a previous report, it was demonstrated that BPs exerted inhibitory effects on the growth of select bacterial species (24). Recently, Williams et al. demonstrated increased local bacterial infiltration in MRONJ mice (25). Moreover, after extracting healthy teeth from mice, and following with zoledronate infusions, no differences were observed in the formation of osteonecrosis between mice receiving broad-spectrum antibiotic treatment and negative controls. Interestingly, antibiotic-mediated oral dysbiosis causes increased bone necrosis when extracting teeth with ligature-induced periodontitis. Moreover, they showed that broad-spectrum antibiotic treatment suppressed the normal flora to protect against inflammation-induced osteonecrosis by dampening the formation of osteonecrosis and by activating osteoclasts (25). The results showed that the imbalance in oral flora may be a prerequisite for MRONJ and biological barriers are of great necessity to prevent the occurrence of MRONJ (Figure 1). Clinical data also supported the view by the evidence that about half of individuals diagnosed with MRONJ are multiple myeloma (MM) patients, who mostly underwent antibiotics treatment for a long time (26). Although antibiotic treatment has been shown to be effective for MRONJ, increased attention should be paid to patients receiving long-term antibiotics treatment.
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FIGURE 1. The destruction of mucosal barrier protection. In a healthy state, indigenous microbiota and epithelial cells suppressed the invasion of pathogens. However, the long-time administration of antibiotics disturbs the oral normal flora, leading to a loss of biological barriers. Additionally, treatment with BPs and some bone-invasion dental measurements destroy the physical barrier composed by epithelial cells. The destruction of mucosal barrier protection facilitates bacterial invasion and colonization.


Different from the intestinal mucosal barrier, the specific structure of the dento-gingival junction makes the oral mucosal barrier more fragile. The bone-invasion dental measurement and mechanical trauma disrupt the integrity of the oral mucosal epithelial barrier and thus facilitate bacterial invasion and colonization, resulting in jawbone infection. Additionally, mucosal ulceration and periodontal diseases can have a destructive effect on the oral mucosal barrier, and mucosal ulceration is believed to be the initial pathologic event of ONJ (27). BPs have a direct toxic effect on soft tissue (28, 29). Keratinocytes and fibroblasts are two of the most important compartments in the mucosal barrier. Previous reports have shown that BPs can induce senescence of human oral keratinocytes (30) and suppress the cell viability and migration of keratinocytes and fibroblasts (31). Furthermore, high levels of bisphosphonates can cause apoptosis and necrosis (32). Therefore, disruption of the oral mucosal barrier is not only induced by potential risk factors but also by the toxic effect of BPs on soft tissue (Figure 1).



BPs-Mediated Dysfunction of Immune Cells and Unbalanced Inflammatory Cytokines

Once bacteria break down the mucosal barrier and invade, the hosts' innate immune response is triggered following inflammation to restrict pathogens and sustain homeostasis (33). Inflammation, a manifestation of the body against infection, is characterized by persistent infiltration of immune cells and enhanced levels of multiple pro-inflammatory cytokines and chemokines (34). Inflammation has been confirmed to be a pathological characteristic of MRONJ (35). In several mouse models of MRONJ and clinical ONJ cases, previous studies have shown increased bacterial infiltration and inflammation at the necrotic site (36). BPs, on the one hand, can induce an immunosuppressive condition by suppressing immune cell activation, on the other hand, it can render an imbalance between anti-inflammatory and pro-inflammatory cytokines, thereby resulting in intense inflammation and tissue damage.


Dendritic Cells

Dendritic cells (DCs), a type of antigen-presenting cell, play a vital role in initiating and regulating the immune response. Although a limited number of DCs (Langerhans cells) are present in the mucosal immune system, they can contact the external environment and regulate homeostasis of the oral immunity (37). Differentiated from hematopoietic stem cells, DCs are activated by antigens or other factors and present antigens to T cells. Moreover, DCs, as an essential link between innate and adaptive immune responses, are pivotal to maintain mucosal homeostasis (38). Dysfunctional DCs were found to induce an immunosuppressive condition in different diseases (39, 40). In a previous study, it was indicated that BPs exert inhibitory effects on DC activation, leading to immunosuppression or infectious complications (41). Orsini et al. demonstrated that BPs modulate the maturation of DCs but have no effect on the differentiation of DCs (42). Recently, it was shown that zoledronate (nitrogen-containing BPs) treatment decreased the number of infiltrated DCs in soft tissues and impaired the phagocytosis of DCs, thereby leading to an increased bacterial load and the occurrence of MRONJ (43). There are few reports on the underlying mechanism of BPs-mediated dysfunction of DCs, however, the immune suppression and inflammation in the oral cavity caused by dysfunctional DCs may provide new insights into the pathogenesis of MRONJ.



Macrophages

Macrophages are a type of heterogeneous mononuclear phagocytes positioned in different tissues, broadly including tissue-resident macrophages and infiltrating inflammatory macrophages (44). Macrophages play key roles in immune surveillance and maintenance of the mucosal microenvironment homeostasis (45). In a clinical experimental study, a lower ratio of CD68/CD14 (CD14 and CD68 are markers of monocytes/macrophages) was observed in MRONJ lesions compared with other jaw infections, thereby indicating that macrophage immunosuppression induced by BPs may be linked to the development of MRONJ (46). Previously, tissue-resident macrophages were viewed as differentiated monocytes that migrated to tissues, however recently, the new view suggested that tissue-resident macrophages are locally being self-renewed (47). Due to the poor self-proliferative capability and short survival time, intestinal macrophages in mucosal immunity were believed to be derived from the constant recruitment of peripheral monocytes (48, 49). Therefore, macrophage migration is crucial for their role in mucosal immunity. However, macrophage migration and morphology were found to be altered by BPs in a dose-dependent manner (50). Lymphatic vessels and blood are required for the migration of immune cells. In a recent report, it was shown that BPs decreased the number of the larger-size F4/80+LYVE-1+ tube-like-structured cells (a type of macrophage) in impaired socket lesions with inhibition of lymphangiogenesis, which presented new immunopathological features in the MRONJ lesion (51). BPs were reported to suppress the viability of monocytic THP-1 cells after macrophage differentiation (52). The impaired migration and viability of macrophages may be associated with the development of MRONJ; however, there is little direct evidence about affecting the incidence of MRONJ.

The macrophage phenotype has been shown to play an important role in mediating inflammatory changes in tissues (53). Macrophages can be divided into two phenotypes (M1 and M2 macrophages) (54). Upon the stimulation of T-helper (TH) 1 cytokines, such as IFN-γ and lipopolysccharide (LPS), macrophages are converted into M1 macrophages (55). M1 macrophages can produce pro-inflammatory cytokines, nitric oxide (NO), reactive oxygen species (ROS), interleukin (IL)-12, and tumor necrosis factor (TNF)-α, thereby playing an important role in host defense against pathogens. In addition, M2 macrophages are anti-inflammatory and serve an important role in eliminating inflammation and tissue modeling by secretion of IL-10 and TNF-β. M2 macrophages are polarized by stimulation of TH2 cytokines, such as IL-4 or IL-13 (55). The balance of M1/M2 macrophage polarization maintains the immune homeostasis and governs the fate of organs. If the infection is serious enough to impair an organ, the M1 phenotype is exhibited to release pro-inflammatory cytokines against the stimulus. However, if the M1 phase persists, the tissue will be destroyed. Therefore, M2 macrophages release anti-inflammatory cytokines to suppress the inflammation and retain homeostasis (54). In recent studies, it was reported that imbalanced polarization of macrophages was associated with the pathogenesis of MRONJ (56). BPs were believed to enhance LPS-induced M1 macrophages through NLRP3 inflammasome activation, thereby amplifying inflammation by secreting pro-inflammatory cytokines (Table 1). Interestingly, it was further demonstrated that zoledronate did not have an effect on the differentiation of M2 macrophages in IL-4-treated human macrophages (THP-1 cells), and zoledronate did not pose an anti-inflammatory role via the polarization of M2 macrophages (65). Zhang et al. found that enhanced T-helper (TH)17 cells coupled with IL-17 cytokines correlated with an elevated M1/M2 macrophages ratio at the local mucosal site of MRONJ lesion and that the inhibition of IL-17 activity reduced the elevated M1/M2 macrophages ratio as well as the incidence of MRONJ-like lesions in mice with multiple myeloma. Mechanistically, it was found that IL-17 can promote the polarization of M1 macrophages by activation of the STAT-1 signal pathway but inhibit M2 macrophage polarization by affecting IL-4-mediated activation of the STAT-6 signal pathway (61). In addition, Toll-like receptor family (TLRs)-mediated polarization of macrophages was reported to take part in the development of MRONJ. TLRs belong to pattern recognition receptors (PRRs). There are 12 TLR members. Some TLRs, including TLR-1,−2,−4,−5,−6, and−10, are cell membrane receptors, while others (TLR-3,−7,−8,−9,−11, and−13) are located within intracellular compartments (66). TLR-4 stands out in the polarization of macrophages (57). By inhibiting the mevalonate signaling pathway, zoledronate was reported to activate the TLR-4 signaling pathway and its downstream NF-κB signaling, which then enhanced M1 but inhibited M2 macrophage polarization. Furthermore, blocking the TLR-4 signaling pathway significantly inhibited the effect of zoledronate-mediated polarization of macrophages and decreased the number of M1 macrophages in the extraction socket tissues and the incidence of MRONJ (57). Therefore, TLR-4-mediated macrophage polarization and TLR-4 signaling might present novel therapeutic strategies for the treatment of patients with MRONJ (Figure 2). Taken together, the BPs-mediated alteration in M1/M2 macrophages in the mucosal immune system contributed to the pathogenesis of MRONJ.


Table 1. The role of various cell cytokines in the development of MRONJ.

[image: Table 1]


[image: Figure 2]
FIGURE 2. The role of BPs in the macrophage polarization. BPs increase M1 macrophages polarization by activating the TLR-4 signaling pathway and its downstream NF-κB signaling pathway. The polarization of M2 macrophages was suppressed due to the activation of the TLR-4 signaling pathway. BPs enhance LPS-induced M1 macrophages through NLRP3 inflammasome activation but have no effect on the differentiation of M2 macrophages in IL-4-treated human macrophages. The enhanced IL-17 can promote the polarization of M1 macrophages by activation of the STAT-1 signal pathway but inhibit M2 macrophages polarization by affecting IL-4-mediated activation of the STAT-6 signal pathway.




γδT Cells

T cell receptors (TCRs) are unique antigen receptors of T cells (67). There are about 10∧5 TCRs on the surface of a T cell. According to the different types of TCRs, T cells can be divided into αβT cells and γδT cells (68). It is well-known that αβT cells mainly participate in adaptive immunity, while γδT cells are involved in innate immunity. Moreover, γδT cells exist in the basal layer of oral mucosa and participate in protecting the integrity of the mucosal immune system. They also play a significant role in immunosurveillance, tissue repair, and homeostasis (69). Although BPs were believed to stimulate the expansion and cytotoxic activity of human γδT cells and play a role in cancer immunotherapy (70), in a previous study, it was shown that patients with MRONJ have a deficiency in circulating γδT cells in peripheral blood (71). Human γδ T cells are innate lymphocytes and are mainly composed of Vγ9Vδ2 T cells (71). BPs inhibit osteoclastic bone resorption by suppression of a key enzyme, farnesyl pyrophosphate synthase (FPPS), via the mevalonate pathway isoprenoid synthesis. As the natural substrate of FPPS, isopentenylpyrophosphate (IPP) is an endogenous antigen, which is recognized by a Vγ9Vδ2 T cell. The consequence of BPs-mediated inhibition of FPPS is the accumulation of cellular IPP, which results in Vγ9Vδ2 T cell stimulation in individuals receiving BPs therapy. The repeated activation of Vγ9Vδ2 T cells eventually causes γδ T cell deficiency (72). The loss of Vγ9Vδ2 T cells induced by BPs is defined as activation-induced cell death (73), which is a relatively common regulatory mechanism induced by the immune system to maintain homeostasis (74). Recently, Kalyan et al. found that BPs-treated neutrophils inhibited Vγ9Vδ2 T cell proliferation and that neutrophil-mediated inhibition of γδ T cell expansion could be rescued by suppressing neutrophil-derived hydrogen peroxide, serine proteases, and arginase I activity (75). These findings showed that treatment with BPs has an inhibitory effect on γδ T cells by affecting the function of neutrophils. These results can present reasons for BP-induced γδT cell deficiency, an underlying susceptibility to the development of MRONJ. However, in a recent report, Alexandru, et al. found increased infiltration of γδT cells and elevated expression of soluble semaphorin 4D (sSema4D) in MRONJ lesions whereas γδT cells only accounted for 2–5% of lymphocytes in the blood. SSema4D produced by γδT cells is involved in eliciting inflammation by promoting macrophages to produce pro-inflammatory cytokines, such as TNF-α, IL-1β, and IFN-γ. Consistently, the ablation of γδT cells in mice or neutralization of Sema4D by anti-Sema4D-mAb significantly decreased the incidence of MRONJ (64). Thus, γδT cells may likely be the source of Th1 cytokines, which provides insight into the pathogenesis of MRONJ. However, some researchers observed the incidence of ONJ-like lesions was lower in BPs-treated γδT null cells compared to wild mice. Human-γδT cells were injected to BPs-treated immunodeficient mice, and resulted in oral epithelial hyperplasia, but not osteonecrosis (73). These results illustrated that γδT cells are unlikely to affect the core osteonecrosis mechanism but may serve as an important modifier contributing to the occurrence of ONJ.



Neutrophil Granulocytes

Neutrophil granulocytes mainly exist in peripheral blood and take part in the early stage of immune responses (76). Neutrophil granulocytes, lymphocytes, and macrophages arise from hematopoietic stem cells and can differentiate into osteoclasts. Neutrophils are innate immune cells possessing phagocytotic ability and exert immune effects via activation of multiple effector responses and the generation of large amounts of reactive oxygen species (ROS) (77). These cells are also the targets of BPs. Hence, these cells might be of utmost importance in the etiology of MRONJ. Indeed, BPs have been shown to have a pro-inflammatory effect by affecting neutrophil function (78). Additionally, in a study regarding the immune cellular profile, it was shown that the number of polymorphonuclear neutrophils was increased in rats treated with BPs as well as several pro-inflammatory cytokines such as TNF-α and IL-1β, inducible nitric oxide synthase (iNOS), nuclear factor-kappa B (NF-kβ), and IL-18 binding protein (IL-18 bp) (79). These results indicated that BPs-altered neutrophils could exacerbate local inflammatory responses. However, Kuiper et al. suggested that exposure to BPs inhibited neutrophil chemotaxis, neutrophil NADPH oxidase activity, and decreased circulating neutrophils. The recruitment of neutrophils was also confirmed to be suppressed in vivo. Although the in vitro differentiation of neutrophils was not affected, their life span was shortened by BPs. Together, these results suggested that BPs have the potential to suppress the innate immune system, which possibly contributed to the pathogenesis of MRONJ (80). Moreover, a compromise in neutrophil function induced by BPs may be a potential biomarker for MRONJ susceptibility (81). The BPs-altered neutrophil functional defects may shed light on the role of local immunity in the development of MRONJ.




The Mucosal Immune Response and the Impaired Wound Healing

MRONJ is characterized by the delayed epithelial wound healing and exposed necrotic bone (1). The mucosal immune system exerts an important effect on controlling infection, as well as wound healing. Keratinocytes and fibroblasts are two of the most important components in the mucosal barrier. High viability of keratinocytes and fibroblasts is essential for epithelial wound healing. BPs have been reported to have a direct toxic effect on soft tissue (82). In addition to the direct toxic effect, BPs also exert an inhibitory effect on wound healing by altering immune cytokines (83). In a previous report, it was demonstrated that higher concentrations of anti-resorptives impaired wound healing accompanied by increased levels of inflammatory cytokines (84). IL-36α, a pro-inflammatory cytokine, is released by epithelial cells or innate immune cells and inhibits TGFβ-mediated collagen expression by activating the extracellular signal-regulated kinase (ERK) signal pathway in mouse gingival mesenchymal stem cells (62). A notably enhanced level of IL-36α and decreased level of collagen were observed in MRONJ lesions. Inhibition of the IL-36α pathway in mice alleviated the development of MRONJ lesions by rescuing the expression of collagen (62). Zhang et al. demonstrated that BPs-mediated activation of pyrin domain-containing protein 3 (NLRP3) in macrophages delayed oral wound healing and contributed to MRONJ-like lesions by the secretion of IL-1β in diabetic mice. Mechanistically, it was found that supplementation with intermediate metabolites of the mevalonate pathway robustly abolished the promotion of BPs on the release of IL-1β from macrophages in response to NLRP3 activation. Together, these results suggested that BP-mediated immune-inflammatory responses impaired socket wound healing and made oral wound susceptible to the development of MRONJ (58). In addition, dynamic polarization shifting from M1 to M2 macrophages plays an important role in wound healing (85). Recently, epidermal growth factor (EGF) was reported to partially rescue the effects of BPs on human oral keratinocytes (HOKs) and human umbilical vein endothelial cells (HUVECs) via the EGFR/AKT/PI3K signaling pathway in vitro (86). Additionally, exposure to BPs and bacterial infection at tooth extraction sites decreases the expression of keratinocyte growth factor (KGF), an epithelial cell-specific growth and differentiation factor, and, in turn, the reduction of KGF delays the epithelial wound-healing process, thereby contributing to the development of MRONJ (87). Impaired recruitment of endothelial progenitor cells (EPCs) by BPs was also considered an etiological factor of delayed wound healing. Local injection of EPCs stimulated the healing of MRONJ-like lesions by increasing vascularization and improving epithelial and fibroblast functions (88). However, Yamashita et al. suggested that BPs have an effect on impaired osseous wound healing by decreasing the expression of VEGF-C and MMP-13 but was not associated with angiogenic markers (CD31 and VEGF-A) in the bone marrow or soft tissue wound healing (89). In other words, zoledronate selectively suppressed bone healing but did not influence soft tissue healing in the oral cavity. Osseous wound healing and soft tissue wound healing are two important stages of bone necrosis healing that need further exploration.




THE OSTEO IMMUNE RESPONSE AND MRONJ

Bone is dynamic tissue undergoing continuous remodeling and repair to maintain bone homeostasis (90). Bone remodeling is a process, which is related to osteoblasts-mediated osteogenesis and osteoclasts-mediated osteoclastogenesis. During the healthy state, bone resorption and bone formation take place at equal rates to ensure an adequate quantity of bone mass and a healthy functional status (91). However, inflammatory diseases are always accompanied by bone loss in the oral cavity, such as periodontitis (92). Under the inflammatory condition, the immune system not only protects against the invasive pathogens and reduces inflammation, but also maintains the bone homeostasis by removing the damaged and apoptotic tissue and stimulating the bone tissue repair and regeneration, which fostered a novel interdisciplinary field, “osteoimmunology” (93). Moreover, many regulatory molecules are shared by the immune and skeletal system, including cytokines, receptors, signaling molecules, and transcription factors. Additionally, decades of reports have identified that immune cells participate and mediate skeletal homeostasis by releasing multiple types of cytokines (94). Elsayed et al. found that DCs play a significant role in post-extraction homeostasis in alveolar bone (43). Osteal macrophages were reported to locate adjacent to osteoblasts and regulate bone formation, playing diverse roles in skeletal homeostasis (95). However, BPs affect the process of immune and bone interaction, thereby leading to the imbalance of bone homeostasis (96, 97) and low bone turnover. The low bone turnover promotes the accumulation of microdamage in the jaw bone and the opportunity of bacterial colonization, being suggested as a contributor to the development of MRONJ (98). Therefore, understanding the role of BPs-altered osteo response in the process of bone remodeling is critical to our exploration of the pathogenesis of MRONJ.


RANK/RANKL/OPG Signaling Pathway and Osteoclastogenesis

RANKL, as one of the important molecules, links bone metabolism and immune response. Initially, RANKL was considered an activator of DCs released by activated T cells (99). Recently, in several reports, it was shown that RANKL could induce the differentiation of osteoclast precursors by binding to RANK, a type I membrane protein (100). Osteoprotegerin (OPG) has an inhibitory effect on the function of RANKL by binding to RANKL and preventing its binding to RANK (100). The relative ratio between RANKL and OPG plays an important role in initiating and maintaining osteoclastogenesis, thereby, resulting in bone resorption by osteoclasts, which is central to the remodeling of the jawbone (101). However, Nisio et al. found the increased expression of RANK, RANKL in BPs induced necrotic bone lesions, suggesting that colonizing bacteria that produced lipopolysaccharide could trigger the RANK/RANKL/OPG signaling pathway and enhance osteoclast differentiation and activation (102). It was suggested that osteoclast activation was a protective strategy from the host bone tissue to eliminate the necrotic area and infection.

In a previous report, it was illustrated that BPs modulate the expression of RANK, RANKL, and OPG, thus decreasing osteoclast activity (103). Moreover, BPs were confirmed to inhibit RANKL-induced osteoclast differentiation by the suppression of the nuclear factor of activated T-cells c1 (NFATc1) (104). As a transcription factor of the nuclear factor in the activated T cell (NFAT) family (105), NFATc1 is a vital downstream target of RANK. When RANKL binds to RANK, TNF receptor-associated factor 6 (Traf6) is recruited and activated, thereby causing signal pathway activation of NF-κB, MAPK, and c-Fos (106). These signal pathways trigger the activation of NFATc1 as well as the process of osteoclast differentiation. These results demonstrated that BPs impaired bone homeostasis by affecting the RANKL/OPG/RANK signaling pathway (Figure 3).
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FIGURE 3. The effects of BPs on bone remodeling. (1) The increased secretion of IL-6 from BPs-treated osteocyte enhances the expression of RANKL, thereby, promoting the osteoclast differentiation. (2) However, BPs inhibit osteoclast differentiation by suppressing the RANKL/OPG/RANK signaling pathway. (3) BPs have an inhibitory effect on the osteoclast differentiation by suppressing the osteoclastogenic cytokines (IL-6, IL-17, IL-23, and IFN-γ) and increasing anti-osteoclastogenic cytokines (IL-4, IL-10, and TGF-β). (4) Osteogenic differentiation is inhibited by the reduced release of PDGF-BB from preosteoclasts. (5) Moreover, BPs affect osteoblastogenesis by altering the release of the pro-inflammatory mediators, including TNFα, IL-1β, DKK-1, sclerostin, and TGF-β1.




Cytokines and Osteoclastogenesis

Immune cells not only have the capacity to eliminate inflammation but also affect osteoclast differentiation by the release of multiple cytokines, including osteoclastogenic and anti-osteoclastogenic cytokines (107). Osteoclastogenic cytokines, such as TNF-α, IL-1, IL-6, IL-7, IL-8, IL-11, IL-15, IL-17, IL-23, and IL-34, promote osteoclast differentiation, while anti-osteoclastogenic cytokines have an inhibitory effect on osteoclast differentiation, including IFN-α, IFN-β, IFN-γ, IL-3, IL-4, IL-10, IL-12, IL-27, and IL-33. Clinical data showed that BPs-treated osteoporotic patients have significantly decreased levels of IL-6, IL-17, IL-23, and IFN-γ and a significant increase in IL-4, IL-10, and TGF-β compared to osteoporotic patients who did not receive BPs treatment. These results demonstrated that BPs have an inhibitory effect on osteoclast differentiation by reducing osteoclastogenic cytokines and increasing anti-osteoclastogenic cytokines (59). Recently, it was demonstrated that osteocytes play an important role in inflammatory bone resorption mediated by inflammatory cytokines (108). However, BPs were reported to increase the expression of IL-6 and subsequently trigger elevated RANKL expression in osteocyte-Like MLO-Y4 cells, which potentiates osteoclast formation (109) (Figure 3). Thus, it is necessary to further explore the relationship between the alterations induced by BPs and the development of MRONJ.



Cytokines and Osteogenesis

Bone remodeling not only requires osteoclasts to eliminate damaged bone tissue but also requires osteogenesis and angiogenesis to form new bone. In a recent study, it was shown that the occurrence of MRONJ was associated with a deficiency in a subset of γδT cells in human peripheral blood. In addition, it was shown that circulating γδT cells played a pivotal role in bone regeneration rather than just inducing an inflammatory response (110). Furthermore, it was demonstrated that γδT cells can stimulate the release of IL-17A to promote bone formation and the healing of fractures (111).

Platelet-derived growth factor-BB (PDGF-BB), secreted by preosteoclasts, was reported to promote angiogenesis and osteogenesis (63). Gao, et al. reported that zoledronate can inhibit the secretion of PDGF-BB from preosteoclasts, and decreased PDGF-BB suppressed the angiogenic function of endothelial progenitor cells and osteoblastic differentiation of mesenchymal stem cells (112). Moreover, it was found that the number of preosteoclasts and PDGF-BB secretions were significantly reduced in BPs-treated rats coupled with decreased numbers of microvessels and osteoblasts in the early stage of bone healing. Recombinant PDGF-BB rescued the proliferative, migration, and osteogenic functions of impaired mandible-derived bone mesenchymal stem cells in MRONJ-like rats. Finally, PDGF-BB has been confirmed to exhibit therapeutic effects on MRONJ-like rats (113). Together, these results illustrated the important role of PDGF-BB in the development of MRONJ (Figure 3).

Experimental data showed that a low dose of BPs significantly increased the expression of genes essential for osteogenic differentiation possibly by upregulating the TGF-β1 production. These findings provided a new view on the development of MRONJ (114). However, Giannasi et al. found that low doses of BPs could inhibit osteoblastogenesis by enhancing the release of the pro-inflammatory mediators, including TNFα, IL-1β, DKK-1, and Sclerostin (115) (Figure 3). Therefore, the role of BPs-mediated osteogenesis in the development of MRONJ is yet not completely understood.




CONCLUSIONS AND FUTURE DIRECTIONS

In this review, we focused on the role of the immune response in the pathogenesis of MRONJ. Treatment with BPs disturbs mucosal immune homeostasis, thereby leading to prolonged oral inflammation and delayed tissue repair. In addition, BPs have an inhibitory effect on the process of bone remodeling in an osteoimmune manner. These results suggested that altered immunity plays an important role in the development of MRONJ. Unfortunately, there are few reports on synergistic or antagonistic effects among various immune cells on the pathogenesis of MRONJ. To better understand the role of the immune response in the development of MRONJ, we should pay more attention to the immune regulation network and the interaction between immune cells and necrosis. Furthermore, current experimental research is predominantly from ex vivo studies or animal models and there is a lack of relevant reports on the clinical treatment of MRONJ by immune intervention. It is well-known that there is no significantly effective therapy to cure MRONJ. Recently, there are increasing reports about the application of mucosal vaccination to treat several diseases, such as AIDs (116) and Pertussis (117). Further investigations are required to focus on the treatment of MRONJ using immunotherapy strategies. In addition, it is of great significance to seek excellent biomarkers for early diagnosis and prevention of MRONJ. Several reports have identified that some cytokines are associated with the development of MRONJ. However, the clinical effectiveness and sensitivity of these biomarkers are required to be explored in future studies.
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The significance of microbiology and immunology with regard to caries and periodontal disease gained substantial clinical or research consideration in the mid 1960's. This enhanced emphasis related to several simple but elegant experiments illustrating the relevance of bacteria to oral infections. Since that point, the understanding of oral diseases has become increasingly sophisticated and many of the original hypotheses related to disease causality have either been abandoned or amplified. The COVID pandemic has reminded us of the importance of history relative to infectious diseases and in the words of Churchill “those who fail to learn from history are condemned to repeat it.” This review is designed to present an overview of broad general directions of research over the last 60 years in oral microbiology and immunology, reviewing significant contributions, indicating emerging foci of interest, and proposing future directions based on technical advances and new understandings. Our goal is to review this rich history (standard microbiology and immunology) and point to potential directions in the future (omics) that can lead to a better understanding of disease. Over the years, research scientists have moved from a position of downplaying the role of bacteria in oral disease to one implicating bacteria as true pathogens that cause disease. More recently it has been proposed that bacteria form the ecological first line of defense against “foreign” invaders and also serve to train the immune system as an acquired host defensive stimulus. While early immunological research was focused on immunological exposure as a modulator of disease, the “hygiene hypothesis,” and now the “old friends hypothesis” suggest that the immune response could be trained by bacteria for long-term health. Advanced “omics” technologies are currently being used to address changes that occur in the host and the microbiome in oral disease. The “omics” methodologies have shaped the detection of quantifiable biomarkers to define human physiology and pathologies. In summary, this review will emphasize the role that commensals and pathobionts play in their interaction with the immune status of the host, with a prediction that current “omic” technologies will allow researchers to better understand disease in the future.
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THE ROLE OF MICROORGANISMS IN DISEASE


Introduction

In the context of homeostatic balance between the host and its microbial content, it has been proposed that the commensal microbiota plays a critical role in maintaining health (Lloyd-Price et al., 2016). Disruption of this homeostatic balance, is known as dysbiosis, defined as perturbations in the composition of commensal communities relative to that found in health (Petersen and Round, 2014; Lloyd-Price et al., 2016; Hooks and O'Malley, 2017). Dysbiosis can occur as a result of a change in the microbiota or the host's ability to respond to its microbiota. This delicate balance between homeostasis and dysbiosis is in part now seen as the early training of local and systemic immune regulation (both innate and acquired regulators) (Alm et al., 2002; Rook et al., 2013; Cox et al., 2014). Conceptually, this concept can be illustrated in germ-free animals where a lack of exposure to a typical commensal microbiota leads to an immature/untrained immune system (Falk et al., 1998; Macpherson and Harris, 2004; Round and Mazmanian, 2009; Sommer and Backhed, 2013; Kennedy et al., 2018). In contrast, early exposure and immune training as seen in immune competent humans, has been termed the “old friends” hypothesis, which describes the manner by which the host responds to microbial challenges (Rook, 2010; Cox et al., 2014; Rook et al., 2014). The disturbance of training of the immune system, also seen in humans, has been illustrated by challenging the infant commensal microbiota with antibiotics, which can disrupt this homeostatic balance (Dominguez-Bello et al., 2019). Moreover, antibiotics given to infant mice can change their gut (and likely oral) microbiota, suppress the normal (eubiotic) commensal microbiota, and add weight (obesity) and height to these antibiotic-treated mice (Cox et al., 2014; Lamont et al., 2018).

Further substantiation of this need for training and balance has been shown by removal of intestinal microbial contents from non-antibiotic treated mice followed by transplantation of the intestinal microbiota from antibiotic treated infant mice as compared to non-antibiotic treated mice (Cox et al., 2014; Ellekilde et al., 2014). When challenged, these two transplanted populations were shown to produce distinctive responses in the mice receiving the transplants. The newborn mice receiving the transplants from antibiotic treated mice produce heavier and larger mice as compared to those mice receiving the “normal” non-antibiotic manipulated microbiota (Cox et al., 2014). In experiments by Ellekilde et al. (2014) the ultimate goal was to develop a system designed to circumvent the need for germ free mice in order to document microbiome development and its effect on the host. Colonization of transplanted mice was assessed comparing donors from either lean or obese mice. The transplantation effect, in these experiments, although stable for only 6 weeks, was sufficient to train the immune system and allow for the study of pathogenesis in murine models of disease.

The importance of this “early” commensal gut microbiota in brain development has also been described in both studies with mice and humans (Lu et al., 2018; Lu and Claud, 2019). Proper neurological development appears to be intimately tied to maintenance of a healthy microbiome, and alternations or dysbiosis appear to be linked to schizophrenia, autism spectrum disorders, and hyperactivity disorders (Hsiao et al., 2013; Kong et al., 2019; Lu and Claud, 2019). Gnotobiotic mice humanized with transplanted early fecal microbiota from preterm infants with either good or poor growth, and mouse brain, liver, fecal, and serum samples were obtained to analyze histology, protein, fatty acid, and RNA expression levels in these transplanted mice (Lu et al., 2018). Mice that were colonized by poor-growth microbes showed decreased levels of markers of early development in the brain, and delayed oligodendrocyte development and myelination, indicating a delay in neuronal development. Furthermore, in the poor-growth mice, neurotransmitter levels were altered and animals developed neuroinflammation. There was a subsequent change in the short chain fatty acids from the gut microbiota. This study demonstrated the profound effect the colonizing microbiome had on early brain development, validating many of the theories and prior data linking the gut-brain axis in neuronal development (Lu et al., 2018).



Are Microbes Alone Responsible for Health or Disease?

This “old friends” mechanism coupled with the important work of Casadevall and Pirofski clearly point out that it is inadequate and misleading to define disease based solely the virulence capability of specific microbes and the so-called “pathogenic microbiota” (Casadevall and Pirofski, 2015, 2018). Concomitantly, health should be defined in terms of the influence of the commensal microbiota (“old friends”) on its host response capabilities. Therefore, the host as well as the microbiota should be included when assessing health or disease (Dominguez-Bello et al., 2019). From the perspective of disease, this is best explained in the Damage/Response Framework that demands that we define disease in the context of the host (Casadevall and Pirofski, 2003; Pirofski and Casadevall, 2008). Thus, typically harmless bacteria can become opportunistic or pathogenic, and are capable of inducing disease when introduced into an organ system that is not its normal ecological niche especially in immunologically compromised individuals (Casadevall and Pirofski, 1999). From the perspective of health, one should consider the importance of the commensal microbiota and how its absence or alteration can undermine immune surveillance and influence growth, development, and resistance to disease (Dominguez-Bello et al., 2019). As mentioned in the Damage/Response Framework a defective immune system can have severe clinical implications in disease. This was illustrated initially in the case of HIV/AIDS (Casadevall and Pirofski, 1999). In the Framework proposed in this conceptualization of disease, microbes such as the opportunistic pathogen Cryptococcus sp., or commensals like Candida sp. or Staphylococcus sp., that are ordinarily controlled by immune competence, now become the cause of morbidity and mortality. Thus, in the Damage/Response Framework generally “harmless” bacteria, fungi, and viruses now run rampant and cause fulminating infections that cannot be controlled at either the local of systemic level (Casadevall and Pirofski, 1999).



How Does the Commensal Microbiota Evolve?

Higher order organisms acquire their microbiomes from their immediate environment upon birth initially through oral feeding. Mammals are known to be colonized initially by organisms present in the birth canal and passively from primary caregivers during rearing (Berkowitz and Jones, 1985; Lamell et al., 2000; Mueller et al., 2015). Barring any disruption from outside influences (i.e., antibiotics while in utero or early in the colonization process) or imbalances in the maternal microbiome, offspring will acquire their healthy commensal microbiome early in their development (Cho and Blaser, 2012). Commensals, our “old friends,” play an important role in homeostasis, disease control through competition (i.e., for nutrients) and exclusion (i.e., inhibitory compound production) of pathogens, maintaining health at local sites through adequate colonization rates, metabolic activity, and immune training (Relman, 2012; Abt and Pamer, 2014). The importance of the commensal microbiota in the protection from potentially pathogenic species is well-illustrated in the case of commensal Neisseria species of the oro-nasopharynx (Dorey et al., 2019). Neisseria, which are regarded as benign common colonizers of the mouth and nasal cavities are generally able to manage pathogenic or pathobiotic Neisseria species. For instance, indigenous Neisseria can kill the potential pathogenic Neisseria gonorrhoeae, or likely outcompete the pathobiont Neisseria meningitidis (Pandey et al., 2018; Dorey et al., 2019; Kim et al., 2019).

It has now become clear that there is a selective process that determines the colonizing order and distribution of microorganisms that gather on epithelial and hard surfaces forming the microbiome of humans and other mammals (Shafquat et al., 2014; Lloyd-Price et al., 2016). Previous theories suggested that microorganisms were ubiquitous, completely surrounding and inhabiting us based on selection preferences that were poorly defined. Concisely put, the prevailing theory was that “everything is everywhere” (O'Malley, 2007). Overtime this concept has evolved into a more precise definition of ecological selection (Costello et al., 2012; Foster et al., 2017). Currently, the local environment still forms a key element in the selection process. However, contemporary concepts now indicate that both the niche microbiota and the host response to that microbiota serve as a filter for microbial selection and the successional development of specific habitats (Human Microbiome Project, 2012; Foster et al., 2017).




STUDIES POINTING TO THE IMPORTANCE OF MICROBIAL AND HOST INVOLVEMENT IN INFECTIOUS DISEASES


Interest in the Prominence of Dysbiotic Microbial Communities

In a natural state, most niches are filled by a climax community that has unique physiological and/or metabolic demands that therefore can restrict invasion or colonization of non-niche or transient species. However, successful disruption of this community (“patch or domain”) will permit shifts in the established inhabitants that can lead to dysbiotic behavior and potentially pathogenic communities (Relman, 2012). Microbial species that are original occupants of a specific niche are functionally fit for that ecological niche (Polechová and Storch, 2019). Interconnecting food chains allow for a multitude of physiological functions that permit microbial diversity in a “climax community” (Jorth et al., 2014). Dispersal, local diversification, environmental selection, or, ecological drift can allow for subtle or not so subtle shifts in the climax community (Costello et al., 2012).


Chemical and/or Physical Causes of Ecological Disruption

To illustrate this more specifically either chemical or physical disruptions can lead to microbial community imbalances or dysbiosis. Chemically induced environmental dysbiosis can be seen in the overuse of antibiotics, which creates an ecological catastrophe, particular within the gastrointestinal (GI) microbiota (Relman, 2012; Dominguez-Bello et al., 2019; Cullen et al., 2020).

In the past, Clindamycin had the highest association with GI disturbance and serious consequences among antibiotics studied (Sullivan et al., 2001; Brown et al., 2013). In addition, older patients appeared to be more susceptible to the effect of Clindamycin in its ability to disrupt intestinal equilibrium (Loo et al., 2011). The overall consequence was the overgrowth of Clostridium difficile, and suppression of microbes that could counter its effect and thus disrupt homeostasis. In a mouse model a single dose of clindamycin was able to render the animals susceptible to C. difficile-induced colitis (Buffie et al., 2012). This is just one example of chemically induced environmentally initiated dysbiosis resulting from the misuse of antibiotics, which creates an ecological catastrophe.

Recent work addressing the impact of orally administered prophylactic antibiotics on the gut microbiota of hematology patients was observed (Willmann et al., 2019). Patients were immunocompromised due to their malignancies and were administered either ciprofloxacin or co-trimoxazole daily depending on the study site. Baseline laboratory tests were performed to assess liver function and markers of infection. Study participants gave stool samples prior to antibiotic treatment, days 1 and 3 post-initiation of treatment, and in the final antibiotic dosage period, which had a 6-day median time period. The samples were evaluated by shotgun sequencing, whereby in addition to speciation, the resistome and plasmidome could be analyzed. In both groups there was an observed decline in the Shannon diversity at a phylum level over the course of the treatment, which showed specific microbial species depending on the antibiotic. Antibiotic resistance genes increased over the course of the study, but the specific genes were dependent on the antibiotic. Interestingly, the patient's laboratory findings also correlated with alternations in the microbiota, pointing to the role the host has in shaping the gut microbiome.

Another example of the importance of the normal commensal microbiota and a consequence of its disruption can be shown by the homeostatic microbial imbalance and immune disruption caused by overuse of antibiotics (Dethlefsen et al., 2008; Willing et al., 2011). Recent studies observed the change in the microbiota and an alteration of cytokine release in 3-week-old female C57BL/6 mice (Sun et al., 2019). Mice were given sterile water, enrofloxacin, vancomycin, or polymyxin B for 3 weeks. Their colons were removed and analyzed for histology, cytokine gene expression profiles, 16S rRNA sequencing, and metabolome analyses. Histology was largely unremarkable between samples. However, all three antibiotic treatments significantly up-regulated the gene expression of pro-inflammatory (IFN-γ, TNF-α, IL-1β, and IL-6) and anti-inflammatory cytokines (IL-4, IL-17, IL-23, and IL-10), but varied in fold-change depending on the treatment. Both vancomycin and enrofloxacin decreased the species richness and diversity indices of the colon microbiota. Further changes in fatty acid and amino acid metabolites were seen, which correlated with the presence of select microbial taxa.

In light of these illustrations we suggest that the oral cavity is no different from other ecological systems in the sense that it will build its microbial climax community based on its environmental components.




The Oral Cavity and Microbiome Analysis

Our oral microbiota is acquired at birth and over time from our primary care givers (Berkowitz and Jones, 1985; Lamell et al., 2000). The microbiome of the oral cavity has been studied since the 1960 where researchers began to appreciate that the supra and subgingival microbiota was composed of a complex consortium (Socransky et al., 1987; Fine, 2006). From the 1990s on there was a push to define all microorganisms present, and one could argue that the oral cavity was one of the original human-associated microbiomes to be characterized (Socransky and Manganiello, 1971; Socransky and Haffajee, 1991, 1994; Socransky et al., 1998). There was an appreciation for the fact that the oral cavity consisted of a consortium that is associated with disease, complicating the way in which infections were described. This new appreciation pushed for a revision of Koch's postulates, reformulated by oral microbiologists as Socransky revision of Koch's postulates (Socransky, 1979; Socransky and Haffajee, 1991).

Distinctive oral sites appear to be packed with commensals and these commensal can change from birth to senescence based on environmental changes in salivary flow and content, tissue rigor, hormonal conditions, diet, etc. Immediately after tooth brushing a succession of events occur on a tooth surface (Socransky and Manganiello, 1971). Pioneer colonizers, consisting mostly of Gram-positive bacteria, collect on the enamel surface in parallel arrays extending from the tooth surface (Kolenbrander, 2000; Kolenbrander et al., 2002, 2006; Li et al., 2004; Hojo et al., 2009; Esberg et al., 2020). These pioneers are succeeded by secondary and tertiary species all of which are commensal members of the oral microbiota (“normal” inhabitants of the oral cavity). The pioneer species, the hardiest of the oral microbial species, attach avidly to salivary-coated enamel surfaces (salivary pellicle) and form a resistant/adherent band of microbes. Astonishingly, these microbes were first identified in 1678 by Antonie van Leeuwenhoek as tiny “animalcules” (James, 1994; Lane, 2015). The pioneer primary colonizers followed by secondary and tertiary colonizers to a large extent make up our protective commensal microbiota, while also harboring potential pathobionts. Pathobionts are natural members of the human microbiota that have pathogenic potential under certain conditions (Mazmanian et al., 2008; Cugini et al., 2013).

Overall, there have been over 1,000 species identified that have the potential to make up the oral microbiome and we suspect that 70–100 species are present in any one individual (Dewhirst et al., 2010; Park et al., 2015; Xu et al., 2015). These numbers consist of the high abundance commensals as well as the lower abundance pathobionts and microbes of unknown function or role in disease. For disease either a physical assault or chemical biofilm induced-irritation, can result in a pathogenic biofilm that is characterized by out-growth of select species, which can give rise to many of the infections that arise in the oral cavity.



The Oral Microbiome: A Brief Historical Overview

Given that the oral microbes have been studied since the times of von Leuwenhoek, many of the early microbiologists were keen to study these bacteria and devised ways to study them ex vivo. One of the first intensive studies of oral microbes involved in disease was performed in the laboratories of Dr. Robert Koch by W. D. Miller, a visiting dentist from the United States. Miller, in a series of detailed experiments, clearly demonstrated the preference of oral microbes for carbohydrates and their relationship to acid production and caries (Miller, 1890). However, the main caries-culprit was first identified as Streptococcus mutans by Clarke, an English microbiologist in 1924. His description went largely un-noticed and therefore the relationship between these acid-loving, acid-producing oral microbes and caries was not totally accepted until the elegant experiments of Paul Keyes in 1964 (Clarke, 1924; Englander and Keyes, 1964). Keyes who was working on the effect of diet on caries made the serendipitous discovery that golden hamsters had caries while albino hamsters had none (Fitzgerald and Keyes, 1963; Englander and Keyes, 1964). After isolation of the microbes from the mouth of golden hamsters, inoculating pure cultures into the caries-free albino hamster, he showed how caries evolved. Keyes then did a series of experiments to show this microbe/host relationship in many well-designed experiments of experiment of which one in particular is worth highlighting. In this experiment, Keyes took albino pups delivered by Cesarean section in a germ-free chamber and housed these pups with golden hamster surrogate mothers, demonstrating that the caries-producing microbes could be passed from golden hamster mom to the albino pups and that the pups now showed carious lesions (Fitzgerald and Keyes, 1960; Keyes and Fitzgerald, 1962). In contrast, he took golden hamster pups and placed them in the cage with the albino mom. He showed that the golden hamster pups did not get caries and that the caries-producing organism could not be recovered from either the mom or the pups. These elegant experiments focused attention on Streptococcus mutans and led to many experiments attempting to show that caries was an infection caused by a specific microbes.

The microbiota associated with periodontal disease also served as an area of research. In the earlier studies, Rosebury and colleagues in the 1930's and others (e.g., Kritchevsky and Seguin) made efforts to isolate microbes from periodontal pockets and showed how they provoked infections in a guinea pig groin model (Kritchevsky and Seguin, 1918; Rosebury et al., 1929, 1934). They concluded that a mixture of microbes was required and no single bacteria could provoke infection, but that a pathogenic quartet of microbes appeared to result in disease. These studies were challenged by Rosebury's graduate student J. B. MacDonald who pointed to Bacteroides melaninogenicus as the prominent pathogen related to the cause of periodontal disease (Macdonald et al., 1956). These controversies led to a series of alternative hypotheses developed by Dr. Walter Loesche, a former student of the MacDonald group (Table 1; Loesche, 1976), He introduced two hypotheses: (1) The Non-Specific Plaque Hypothesis (NSPH), and (2) Specific Plaque Hypothesis (SPH). The NSPH stated that disease was unrelated to specific microbes but rather was related to an accumulation of products derived from masses of microbes. In contrast, the SPH stated that a particular microbe provoked disease. These alternative hypotheses provided a window into the way in which infectious periodontal diseases could evolve. In time, these hypotheses evolved into the Ecological Plaque Hypothesis which states that the environment dictates the microbiota and must therefore be considered in terms of disease (Marsh, 1994). This theory is closest to how we understand microbial induced dental diseases today and in many ways illustrates a hypothesis that parallels the Damage/Response Framework (Casadevall and Pirofski, 1999).


Table 1. Criteria for defining disease causation.
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EXAMPLES OF COMMENSALS AND PATHOBIONTS IN ORAL DISEASE

For dental disease to occur we propose that either a physical assault, chemical biofilm induced-irritation, and/or biological induced changes can result in a “pathogenic or disease promoting biofilm” (Figure 1). This putative “pathogenic” biofilm is characterized by outgrowth of select species, which we suggest can give rise to the most prevalent infections (periodontitis and caries) that arise in the oral cavity.


[image: Figure 1]
FIGURE 1. Illustration of a shift in the homeostatic balance that favors dysbiosis in favor of disease. Influences on the right side that favor disease can include; physical, chemical, or biological influences that can disrupt the balance. Factors such as iatrogenic dentistry, nutrition (excess carbohydrates; type of diet), lack of salivary flow, changes in local pH, defects in enamel mineralization, inadequate immune responsiveness, leukocyte adhesion defects, etc. all can have a profound influence on dental disease at the local level.



Periodontal Disease

In a microbiome at homeostasis there are delicate interspecies interactions driven by the maintenance of intricate physical and metabolic associations. These associations exert control over the host innate immune defenses in their effort to detoxify the environment. In periodontal disease there is a breakdown of this homeostasis that is characterized by the formation of a dysbiotic biofilm, plaque, and outgrowth of key pathobionts in the microbiome, which leads to host tissue destruction and ultimately, formation of periodontal pockets and bone loss. These chronic inflammatory diseases begin as reversible gingival inflammation (gingivitis), and if not managed, leads to advanced periodontal disease (Moore and Moore, 1994). Periodontitis results in increased bone resorption around the tooth and root area, which leads to eventual tooth loss. In chronic periodontal disease the host's oral microbiome shifts from a predominately Gram-positive healthy plaque biofilm to a pathogenic and primarily anaerobic dysbiotic consortium (Marsh and Zaura, 2017). The initiating events are poorly understood but it is likely a physical irritation that causes initial changes in the local environment, which allows for nutrient sources and an alteration in the local innate immune response. The Gram-negative pathobionts, while previously existing as low-abundance species begin to proliferate (Haffajee et al., 2008; Dewhirst et al., 2010; Uzel et al., 2011; Chen et al., 2018; Lamont et al., 2018; Curtis et al., 2020).


Physical Assaults That Can Result in Dysbiosis

Periodontal wounds can be caused by overhanging restorations, which can result in ulcerations of soft tissue leading to inflammatory changes in the underlying tissues. Early studies by Waerhaug (1956) clearly showed that roughly surfaced dental restorations placed below the gingival margin created histological changes in the underlying gingival tissue. In a dramatic illustration of this iatrogenic effect, one study took 9 dental students who needed mesio-distal inlay restorations (Lang et al., 1983). The restorations were place in the student's mouths and they were followed for tissue changes, inflammation, and microbiology over time (Figure 2). In one group, the restoration was perfectly fitted so that no tissue irritation would occur below the gum margin. The other group had a restoration that was designed to have a poorly constructed restoration with an “overhanging” metal margin that served to irritate the underlying tissue. The restoration was kept in place for 19–23 weeks, during which time the clinical condition was recorded as was bleeding on palpation every 2–3 weeks. The area below the gum was also sampled for predominant types of bacteria, which were determined by culture analysis of anaerobic bacteria. The restoration was then removed and redesigned such that the side that was perfectly fitted now had the “overhang” while the other side now had a well-fitted restoration, and the clinical and microbiological observations were continued as described. Bleeding on probing always was preceded by the presence of black-pigmented “Bacteroides” types of microbes, now known as Porphyromonads, microbes associated with gingivitis and periodontitis. These microbes were also associated with the overhanging margins, which were directly related to a change in the clinical condition, which led to the emergence of the Bacteroides type microbes. These changes document the potential for iatrogenic factors (poor dentistry) as an initiator of gingivitis and periodontitis causing a periodontal wound. Clinically this can be seen as an altered gingival sulcus now called a periodontal pocket.
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FIGURE 2. Illustration of experiment showing how an overhanging dental restoration can influence homeostatic balance by influences on tissue integrity, inflammatory responsiveness etc. As such a physical change in the local environment that can produce a local inflammatory response that can lead to increased presence of red blood cells and cause an ecological shift in the microbial balance influencing the overgrowth of an anaerobic, heme dependent subgingival microbiota. Adapted from Lang et al. (1983).


This physical change can result in an alteration in microbial succession as compared to what typically takes place in an unadulterated environment. These changes can lead to bleeding and a change in the nutritional contents of the wound environment. Inflammation provides a specific set of nutritional factors, while bleeding provides red blood cells, hemin, and fibrin, factors that are useful nutritional and signaling metabolites for Bacteroidetes, Spirochetes, and Porphyromonads (Page and Schroeder, 1976). In the transition from health to disease the pocket deepens, anaerobiosis increases, available carbon sources decrease, and inflammation and pH changes occur which induce temperature changes. These changes contribute to a fluctuating ecology in the context of the semi-delineated periodontal pocket environment (Loesche, 1993). When the intact delineated epithelial barrier is broached or ulcerated, oral bacteria can escape from the pocket and enter the blood stream (Fine et al., 1996). Here colonies from the subgingival biofilm invade the circulation. The first bacteria to appear in the circulation can aptly be termed pathobionts (or amphibionts), which now can invade a foreign territory, by moving through the blood stream, where they can settle on an irregular vascular niche. Now either single or multiple species that move away from their natural habitat course through the bloodstream and settle on damaged vessels or tissues (i.e., streptococci, Fusobacteria, Aggregatibacter, Bacteroidetes, porphyromonads, etc.).



Chemical Assaults That Can Result in Dysbiosis

A good example of the influence of antibiotics on the interference with natural microbiome homeostasis is illustrated by an experiment where specific classes of antibiotics were applied to tooth surfaces after thorough debridement (Loe et al., 1967). Since the sequence of events in early tooth related biofilm development was known it was possible to select antibiotics that would interfere with that progression. It was shown that streptococci in the oral cavity were known to be the first to interact with salivary-coated enamel surface immediately after debridement. After forming parallel arrays perpendicular to enamel the interstices between these parallel arrays was colonized by Veillonella, a Gram-negative facultative anaerobe. This was followed by a mixture of both Gram-positive and negative bacteria that formed a complex biofilm community in a 10-day period after abstinence from tooth brushing. Application of vancomycin, which inhibited Gram-positive bacteria, resulted in a thinner less dense biofilm; while application of polymyxin B, which inhibited Gram-negative bacteria, showed less of an overall effect, but the specific composition of the biofilm was significantly altered. The most dramatic effect was seen when tetracycline (a broad spectrum antibiotic) was painted onto cleaned tooth surfaces whereby an overall reduction in plaque biofilm was seen over this 5-day period of brushing abstention. This elegant but simple experiment demonstrated the potent effect of antibiotics on a change in the homeostatic balance in natural biofilm formation on tooth surfaces.

In clinical settings it has become apparent that a better understanding of antibiotics is imperative in the balance between health and disease (Sharma et al., 2019). Antibiotic sensitivity and resistance have to be taken into consideration (Marcinkiewicz et al., 2013). Effects of short-term antibiotic therapy have been questioned because the long-term clinical effect is not significantly superior to non-antibiotic therapy in efforts to reduce the pathogenic or dysbiotic microbiota (Hagenfeld et al., 2018).



Biological Assaults That Can Result in Dysbiosis

This example is seen mostly in what is thought to be genetically modified host response diseases, one example of which is Leukocyte Adhesion Deficiency (LAD). In LAD patients have a defect in leukocyte adhesion to endothelial cells resulting in defective transmigration of leukocytes into tissues (Hanna and Etzioni, 2012; Silva et al., 2019). Defects in CD18 expression result in a lowered B2 integrin expression on endothelial cells and leukocytes fail to migrate into the adjacent connective tissue. As a result, tissues are challenged by microbes that do not get removed, become infiltrated with these microbes, and patients succumb to progressive periodontal disease and tooth loss (Moutsopoulos et al., 2015). Recent evidence suggests that a dysregulated host response results in upregulation of IL-17 a bone modulating cytokine (Hajishengallis and Moutsopoulos, 2014, 2016). A less dramatic case of a biological assault can be seen in Localized Aggressive Periodontitis whereby a leukotoxin produced by Aggregatibacter actinomycetemcomitans can result in limited success for polymorphonuclear leukocytes (PMNs), lymphocytes and macrophages in the modulation of bacteria resulting in overgrowth of bacteria that could ordinarily remain under control. Thus host protective lymphocytes and leukocytes are affected at the local level producing an aggressive form of disease (Fine et al., 2013).




Caries

A second example of the prominent influence of the host on local oral disease can be seen in a description of caries. Caries (commonly called cavities) occur as a result of demineralization of enamel due to acid end-products generated by sugar consumption of oral bacteria that reside in dental plaque biofilm that collects on the enamel surface (Takahashi and Nyvad, 2011; Mira et al., 2017). Ultimately, there are key low-level acidogenic and aciduric pathobionts that reside in the cavity and due to a combination of tenacious biofilm formation, insufficient host innate response (i.e., saliva is not sufficient), and environmental factors (i.e., diet) these key organisms are allowed to survive in an otherwise inhospitable environment to other commensals. As the previously described chemically initiated environmental dysbiosis, these acidogenic and aciduric bacteria cause a dysbiosis of the local microbiome where only the most acid tolerant survive (Takahashi and Nyvad, 2011). In a healthy microbiome, the pioneer colonizers, in large part streptococci, form one's protective commensal microbiota and attachment sites for subsequent colonizers. Moreover, these organisms, in concert with other species create mutually beneficial environments for the colonizers (Kreth et al., 2005; Kolenbrander et al., 2006; Jakubovics et al., 2008a,b; Treerat et al., 2020). In rare instances these Streptococci species are responsible for extra-oral second site infections, such as endocarditis or abscess, hearkening back to Casadevall and Pirofski and the need to understand both the nature of the microbe and the host.

Here again we wish to stress the importance of homeostasis or more specifically the disruption of microbial and host homeostasis, which we term dysbiosis. As in the case of periodontitis we will divide these dysbiotic mechanisms into three categories; Physical, chemical, and biological factors that can influence a shift away from homeostasis to dysbiosis.


Physical Changes That Can Result in Dysbiosis

A physical constraint that encourages dysbiosis in the oral cavity occurs during tooth formation. The biting surfaces of molar teeth, called the occlusal surfaces, consist of pits and fissures, which are grooves and depressions in the top surface of teeth. The depth and tortuous anatomy of these surfaces play a role in how they contribute to the caries process. A deep pit or fissure in an occlusal surface can contribute to the accumulation of bacteria and forceful the packing of bacteria into these deep crevasses. As a result of this impaction, the bacteria residing in the depth of these recesses can rest in a protected domain and metabolize carbohydrates to produce acid and demineralize these surfaces (Fine, 1995). This process is different than what happens in smooth surface decay of enamel where the microbes attach by means of protein adhesins found on the surface of the pioneer bacteria or to glycan receptors due to salivary binding to enamel surfaces. For occlusal decay bacteria such as Lactobacillus sp. that do not attach on their own, can establish a home in the occlusal pit without a need for adhesins. Here the bacteria can metabolize carbohydrates to reduce the biofilm pH to below 5.5 and thus produce decay (Fine et al., 1996). To counter-act this issue researchers have developed sealants made of thin plastic that fill in the occlusal pits and fissures to prevent the penetration of bacteria into these deep crevasses.

Another example of a physical change that can contribute to dysbiosis is in tooth root induced by exposure to bacteria due to gingival recession. The root is composed of a less mineralized cementum containing more irregular surfaces that becomes exposed due to a receding gum-line resulting from periodontal disease or trauma to the gingiva. Here we find an exposed cemental surface that has anomalies providing opportunities for colonization by bacteria, in particular those that would otherwise not colonize as they lack adhesive properties, to lodge in these areas and produce root surface decay (Takahashi and Nyvad, 2016). These conditions allow for bacteria to remove organic and inorganic material from root surfaces leading to physical changes that make the root more vulnerable to decay.



Chemical Changes That Result in Dysbiosis

Stephan showed that acid formation resulting from ingestion of carbohydrates resulted in a sharp drop in the biofilm pH immediately adjacent to the enamel surface (Stephan and Miller, 1943). It was shown that with repeated exposure to carbohydrates, members of the commensal microbiota that thrive at a low pH overgrew and these reputed causative microbes thrived at a low pH, which caused environmental selection that reduced diversification and changed microbial homeostasis (Marsh, 1994). Thus low pH favors the growth and survival of acid tolerant and acid producing microorganisms that thrive at a low pH, in this manner limiting diversification in this local patch or domain (Kianoush et al., 2014). Thus, carbohydrate-consuming species multiplied became profligate and produced lactic and formic acid as an end product of their metabolism (van der Hoeven and Franken, 1984; Duguid, 1985; Dashper and Reynolds, 1996). The patch or landscape in which the now low pH-favoring microbiota lives is typically influenced by salivary flow. By virtue of the buffering capacity of bicarbonate and other elements, the saliva buffers this sugar-induced pH decline returning the area to a neutral pH (Vila et al., 2019). However, in keeping with the Damage/Response Framework we now recognize that even in the case of infusion of sugar, that creates dramatic ecological changes favoring the outgrowth of acid tolerant/acid producing microbes, the microbiota is constrained by its environment, which is partially controlled overtime by salivary influences.



Biological Changes That Result in Dysbiosis

In caries as mentioned above, a critical element in the carious process is pH, and once the pH in a biofilm drops below 5.5 enamel demineralization begins (Dawes, 2003). The influence of saliva (a local Damage/Response regulator) on this process is critical due to its buffering capacity (Local Response), which if lacking can be catastrophic. This has been illustrated in several ways. In one case, in the absence of salivary flow, it is clearly shown that the pH drop will continue unaltered and disease or tissue damage will occur. An example of this occurs in patients who have had irradiated salivary glands that gives rise to reduced function and limited salivary flow resulting in excessive and uncontrollable caries on the side of the irradiated gland (Pinna et al., 2015). Without the buffering capacity of saliva a selective group of low pH acidophilic commensal microbes (microbial diversification has been reduced) have free reign. In addition to buffering, salivary antimicrobials that include but are not limited to lactoferrin, lactoperoxidase, lysozyme, IgA, as well as salivary flow itself, are severely reduced and therefore this landscape (the enamel surface) is much more vulnerable to the activity of low pH adaptive members of the commensal microbiota.

In a second simple demonstration of the importance of saliva, subjects who abstained from brushing for a short period in order to accumulate tooth associated plaque, were asked to rinse with a 10% sucrose solution (Abelson and Mandel, 1981). An antimony electrode was placed on tooth-surface-associated-plaque-biofilm in order to measure the pH of the biofilm in real time. A dramatic rapid decline in the pH was seen immediately after the sucrose rinse. Thus, the plaque/biofilm pH dropped from a neutral pH of 7.0 to <6.0; however, shortly thereafter salivary buffering forced the pH to rise again, protecting the enamel surface of the tooth from demineralization due to acid production. To demonstrate the prominence of host related saliva on this plaque pH effect, the salivary ducts of the subjects were blocked prior to the sucrose rinse, which prevented saliva from contacting the tooth associated biofilm. This interference with salivary flow allowed for the immediate pH drop but prevented salivary buffering and as such the subsequent pH rise failed to occur. As a consequence, the pH of the plaque/biofilm dipped below the 5.5 critical pH such that demineralization could take place. This simple experiment is another clear example of the prominence of the host in Damage/Response Framework determination of oral disease.




Summary of Causes of Dysbiosis and Dental Diseases

In summary, we have shown how classical common dental disease occur in the event of dysbiosis of the commensal microbiota initiated by an environmental stimulus that can cause a shift in the landscape ecology to the detriment of the host. In these examples there is no need for the addition of an exogenous pathogenic microbial species to cause disease. Rather classical dental “diseases” are more than likely to occur as a result of a shift in the activity and/or proportion of members of the commensal microbiota as a consequence of environmental changes. Thus, as in the case of most current infections, microbial interactions that have a damaging effect on the host are associated with the way in which the host manages the damage that can occur.




MICROBIAL AND IMMUNE INTERACTIONS IN HEALTH, INFLAMMATION, AND AUTOIMMUNE DISEASES


Brief Historical Prospective: General Immunology

Interest in immunology began in the late 1700's when small pox was raging as an epidemic in Europe. In 1796, Edward Jenner inoculated James Phipps with a scraping he obtained from a small pox lesion he removed from the arm of a dairy maiden who was infected by working with cows who had cowpox. This idea was derived from Benjamin Jesty who took scrapings from a cow (vacca) with a similar virus and inoculated his wife (Riedel, 2005). In 1875, Robert Koch inoculated the ear of a rabbit with blood of an animal that had anthrax. Shortly thereafter, Koch learned how to grow bacteria, validated the germ theory of disease, and began to establish the most advanced microbiology laboratory in the world (Williams et al., 2008).

Completely independently, Pasteur in 1879 began studying chicken cholera. In a serendipitous accident, Pasteur left nutrient broth intended to grow cholera toxin unattended in his laboratory over the summer. He then used the unattended broth, but left in his flask as an attenuated inoculum for chickens and found that they failed to get sick with cholera. In honor of Jenner, he called the process vaccination, but it was not until 1893 that Ehrlich identified the biological attributes as an anti-toxin material. In a contentious collaboration with von Behring and Shibasaburō, Ehrlich recognized that the anti-toxin for diphtheria was due to a soluble serum factor (Kaufmann, 2017).

In 1882, Eli Metchnikoff opened the door for research into white blood cells, phagocytosis, and innate immunity sparking the interest in cellular immunology (Gordon, 2008, 2016). Skipping ahead to 1939, Elvin Kabat, then at Columbia University, discovered that antibodies were gamma globulins (Kabat, 1983). In the 1960s, antibody structure was elucidated by Porter and Edelman, while Miller and Mitchell discovered B and T cell collaboration in functional antibody production in 1968 (Miller and Mitchell, 1968; Mitchell and Miller, 1968a,b; Raju, 1999; Sprent, 2017). A significant discovery of the activation of the innate immunity was made in the early 2000s by Beutler, Hoffman, and Steinman Beutler (2013).



Brief Historical Prospective: Immunology Related to Oral Disease

The work describing immunology in oral diseases paralleled the work done in medicine. The pathogenesis of dental infections received a great deal of attention when the emphasis shifted from pyorrhea as a local disease to a disease directly related to causes of systemic diseases of unknown etiology (Hunter, 1900). A link between oral infections and arthritis, colitis, heart disease, and cancer of unknown etiology was made and received a great deal of attention (Colyer, 1902). This theory was known as the “focal theory of infection” and was supported by several prominent dental and medical researchers and academicians, one of which was R. L. Cecil, author of the well-known Cecil and Loeb “Textbook of Medicine,” first published in 1927 (Hunter, 1900, 1911; Billings, 1912; Cecil, 1929; Cecil and Angevine, 1938). During that period Rosenow, a prominent microbiologist, performed scientific experiments using animal models in efforts to show how microbes from the oral cavity provoked systemic infections (Rosenow, 1919, 1930). After several instances related to “extreme treatment” of human “dental infections,” whereby treatment resulted in extraction of all teeth, it was determined that the extreme treatment failed to result in any changes in overall systemic health. This approach put an end to the belief in this theory and the practice of “extreme treatment” was fortunately abandoned.

As for vaccinations related to pyorrhea, Beckwith et al. (1929) made efforts to inoculate animals with organisms isolated from pyorrheatic pockets (Beckwith et al., 1925, 1929). He compared reactions to heat attenuated plaque derived from humans to boiled plaque samples then inoculated into humans and rabbits. Several of the animals died in the heat-attenuated samples as opposed to the boiled samples suggesting some semi-viable toxic material (Beckwith et al., 1929). A series of studies were also initiated by Rosebury to develop caries vaccines although the investigators focused on lactobacillus as opposed to streptococci (Rosebury et al., 1929, 1934).

Major contributions to the study of oral immunology were made by the Alabama dental research group consisting of Drs. J. McGhee, Mestecky, and Michalek, also involving Dr. Per Brandtzaeg and Frederick Kraus. As prominent contributors to our understanding of the common immune mucosal system (CIMS), the group clearly illustrated the unification of IgA pathways when antigens were provided via vaccines to mucosal surfaces as compared to intramuscular inoculations (Mestecky et al., 1972, 1978, 2008; McGhee et al., 1987; Moldoveanu et al., 1995). Studies from this group revolved around development of a caries vaccine against S. mutans, which provided a unique understanding of mucosal immunity and ultimately showed differences in IgG, IgM, and IgA responses. Kiyono, also part of this group, provided a new method for separating dendritic cells and macrophages as antigen presenting cells in Peyer's patches and showed that oral delivery of antigens produced Ig isotype subset of Th2 type helper cells that induced IgA responsiveness (Kiyono and Fukuyama, 2004; Kiyono and Azegami, 2015).



Recognition of Pathogens by the Innate Immune System

The vital observation that the induction of a strong immune response against purified proteins was dependent on the presence of microbial constituents, such as killed bacteria or bacterial extracts, famously called “the immunologist's dirty little secret” by Janeway (1989), gave birth to the term adjuvant (which in Latin means adjuvare, for “to help”). In the absence of infection, it is clear that adjuvants are partially required to activate innate receptors on sensor cells to aid T cells (lymphocytes). Sensor cells that detect infection and drive the production of inflammatory mediators include macrophages, neutrophils, and dendritic cells. Such cells express a number of innate recognition receptors that enable them to detect pathogens or the damage caused by them. These receptors are known as pattern recognition receptors (PRRs) and recognize simple molecular structures termed pathogen-associated molecular patterns (PAMPs), also called microbe-associated molecular patterns (MAMPs), which are components of many microorganisms, but not of the body's own cells (Yu et al., 2017; Negi et al., 2019). PAMPs come in various flavors and are expressed by different classes of bacteria, which engage several pattern recognition receptors (PRRs) (Table 2).


Table 2. Pattern recognition receptors (PRRs) and the associated pathogen-associated molecular patterns (PAMPs).
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While the first line of innate immune defense involves detection of PAMPs or MAMPs, danger-associated molecular patterns (DAMPs) are endogenous factors released upon cellular damage or tissue disruption (Kay et al., 2019). DAMPs released from oral and salivary tissue play an important role in progression of inflammatory and autoimmune disease. The signaling pathways of PAMPs and DAMPs intersect in the manifestation of diseases of the oral cavity, particularly in periodontal disease, oropharyngeal candidiasis, and Sjögren's Syndrome (De Lorenzo et al., 2018; Kay et al., 2019).



Immunologic Signals Induced by Pathogen Recognition

Chemokines are chemotactic cytokines whose function is critical for the positioning of immune cells in tissues. They control release of innate immune cells from the bone marrow, as part of normal homeostasis, and as a result of infection and inflammation. They play a critical role in guiding innate immune effectors out of the circulation and into sites of injury or inflammation. In doing so, chemokines promote, and coordinate interactions between the innate and adaptive immune systems, thus ensuring optimal adaptive immune responses (Hao et al., 2010; Sokol and Luster, 2015). Neutrophils are the first cells to arrive at sites of infection, and they provide a front line of defense against bacterial infection. While most bacteria are readily killed by neutrophils, some bacterial pathogens have the capacity to circumvent destruction by these host leukocytes (Teng et al., 2017; Kobayashi et al., 2018). There is an elaborate cellular and cytokine presence at the gingival tissue interface and supporting oral mucosa, where an increased amount of neutrophils are recruited to the gingival crevice during inflammation, such as conditions found in gingivitis or periodontitis (Dutzan et al., 2016; Moutsopoulos and Konkel, 2018). Under normal conditions these neutrophils play an important role in microbial surveillance as well as in coordinating the overall immune response, in order to maintain oral health.

Evidence suggests that bacteria in biofilms, including those found in the supra- and subgingival plaque biofilm, are more resistant to the phagocytic activities of neutrophils and macrophages than non-biofilm bacteria (Ebersole et al., 2017; Liu et al., 2017). As a result, the sentinel cells that mediate the first line of the adaptive immune response, comprising dendritic cells, macrophages and mast cells, are called in for battle, scanning for the foreign invaders. The initial response is to destroy the invaders, followed by distress signals that are sent via cytokines and chemokines that recruit reinforcement of other effector cells to eliminate the remaining threat.

The adaptive immune system of the gastrointestinal tract has unique features that distinguish it from those of other organ systems. The most important adaptive immunity in the gut is humoral and is geared toward keeping the microbes of the lumen under control. This property is mediated by dimeric IgA antibodies, which are secreted into the lumen of the gut or found in the colostrum of mother's milk ingested by infants (Macpherson et al., 2018; Bryant and Thistle, 2020). IgA in the gut is critical in preventing commensals and pathogens from invading via the epithelial barrier of the mucosa. The preponderance of IgA in mucosal secretions is due to the fact that activated B cells in the gut undergo class switching to IgA producing B cells, which home to the gut. Cell mediated immunity against gut microbes are mediated by helper T cells, of which Th17 cells are the most abundant, even though Th1 and Th2 cells are also found. Regulatory T cells (Tregs) are most committed to maintaining tolerance to food antigens (Tordesillas and Berin, 2018), and to commensal microbial antigens (Nutsch and Hsieh, 2012).

Resident macrophages and dendritic cells are normally present in the gingiva and are important in defending the tissue barrier against bacterial insult. In response to microbial dysbiosis, the numbers of these cells increase (Delima and Van Dyke, 2003). In health, lymphocytes in the gingiva comprise few B cells and more prominent T cells. During disease, various B-cell and T-cell subsets increase significantly, where Th17 cells may promote pathogenesis. While little is known about specialization of Treg cells in the gingiva, it is clear that Tregs play critical roles in maintaining periodontal homeostasis (Glowacki et al., 2013; Moutsopoulos and Konkel, 2018). Unlike homeostatic oral Th17 cell accumulation, in a commensal-independent and IL-6-dependent manner, periodontitis-associated expansion of Th17 cells was dependent upon the local dysbiotic microbiome and required both IL-6 and IL-23 (Silva et al., 2015; Dutzan et al., 2018). Th17 cells secrete the IL-17 cytokines, which have pro-inflammatory activities in common with IL-1β, TNFα, and IL-22, and are important for immunity against extracellular bacteria (Miossec, 2009). Th17 cells are involved in the pathogenesis of several autoimmune and inflammatory disorders; in fact three IL-17 inhibitors have been approved for the treatment of psoriasis, psoriatic arthritis, and ankylosing spondylitis (Beringer and Miossec, 2019). As it relates to the oral cavity, IL-17A has been shown to stimulate the development of osteoclasts (osteoclastogenesis) in the presence of osteoblasts (Zhang et al., 2011), and expression of IL-17 has been observed in gingiva from patients with periodontitis (Cardoso et al., 2009). In an A. actinomycetemcomitans-induced rat model for periodontal disease prior to onset of bone resorption, upregulation of IL-17 in CD4+ T cells (2.8-fold) and B cells (2-fold) in lymph nodes from A. actinomycetemcomitans-infected rats was observed, as compared to control rats (Li et al., 2010; Tsiagbe and Fine, 2012).

The Th17/IL-17 response has been investigated as a therapeutic target. Resolvin E1 (RvE1), a product of the ω-3 polyunsaturated fatty acid eicosapentaenoic acid is known to be a potent pro-resolving lipid mediator that prevents chronic inflammation, osteoclastogenesis, and bone resorption by inhibiting IL-17-induced RANKL expression in osteoblasts and RANKL-induced osteoclast differentiation (Funaki et al., 2018). Its activities have made RvE1 a new therapeutic target of rheumatoid arthritis. Additionally, resolvins hold promise for treatment of periodontal disease and other inflammatory diseases, including type 2 diabetes and cardiovascular disease (Van Dyke, 2017).

Mucosal tissues, which are colonized by a dense and diverse microbiota of commensal bacteria, are often the initial sites of interaction with pathogenic microorganism (D'Aiuto et al., 2004; Ebersole et al., 2017). Macrophages efficiently recognize unique classes of microorganism-associated molecular patterns (MAMPs), which facilitate the avid uptake of the microbes by pattern recognition receptors (PRRs) (Lauvau and Glaichenhaus, 2004; Ebersole et al., 2017). In the “classical activation” (M1), the macrophages display an inflammatory function that leads to cytotoxicity, tissue injury, and fibrosis (Locati et al., 2013). The differentiation into M1 macrophage phenotype relates to host-derived IFN-γ, as an autocrine or paracrine factor, and lipopolysaccharide (Labonte et al., 2017). The “alternative activation” (M2a,b) process is driven by IL-4 and IL-13, which can be autocrine or paracrine, and is immunomodulatory in its control of tissue repair and cellular regeneration (Mantovani et al., 2013). Macrophage activation plays a large role in periodontal diseases. The outcome of antigen recognition is dependent on which functional subpopulations of macrophages are engaged. The oral pathogens P. gingivalis and A. actinomycetemcomitans were observed to induce M1-type cells, whereas oral commensal bacteria primarily elicited macrophage functions consistent with an M2 phenotype (Huang et al., 2016). The presence of relatively more M1 macrophages, compared to M2 macrophages in gingival tissue may be responsible for the development and progression of inflammation-induced tissue destruction, and modulating macrophage function may be a potential strategy for periodontal disease management (Zhou et al., 2019).

Immature dendritic cells (i.e., Langerhans's cells), which are endowed with the ability to capture antigen, are normally located in the gingival epithelium, while mature dendritic cells, which specialize in antigen presentation, tend to infiltrate specifically the lamina propria of the gingiva, an area enriched for CD4+ T cells (Jotwani et al., 2001). While much work is still needed to elucidate the role of dendritic cell subsets in periodontal disease, it is established that immature dendritic cells were more prevalent in aggressive periodontitis than chronic periodontitis (da Motta et al., 2016).



Molecular Mimicry and Its Pathologic Consequences

The process of aging is characterized by quantitative modifications of the immune system, described as “immunosenescence,” which leads to increased susceptibility to infections, neoplasias, and autoimmune manifestations, primarily due to persistent antigenic stimulation and/or stress responses across the life span (Weng, 2006; McElhaney et al., 2012; Ebersole et al., 2016; Mancuso et al., 2018). This diminution in the ability to withstand antigenic stimuli or stressors is often accompanied by enhanced proinflammatory state, known as “inflammaging” (Ebersole et al., 2016; Fulop et al., 2018). This enhanced proinflammatory state is shared by the elderly who age with minimal morbidities (i.e., no comorbidities) and those who do not (Mari et al., 1995; Ebersole et al., 2016). This observation led to the hypothesis that a threshold exists beyond which an individual is driven toward unsuccessful aging (Shanley et al., 2009). The mechanisms that underlie inflammaging are not well-elucidated. One explanation put forward is that it is driven by changes in the numbers and frequencies of innate immune cells, or alteration in the expression of or signaling via PRRs (Baggio et al., 1998). A generalized age-associated decreased in toll-like receptor (TLR)-induced cytokine production has been observed (Canaday et al., 2010). With respect to periodontal disease, age-related decline in IL-6 induction in macrophages by P. gingivalis has been observed (Liang et al., 2009). In some individuals, age-related decline in TLR-dependent expression of costimulatory molecules CD80 and CD86 has been observed in monocytes, myeloid dendritic cells, and plasmacytoid dendritic cells (Qian et al., 2011; Sridharan et al., 2011; Ebersole et al., 2016).

Knowledge about age-related changes in the composition and phenotype of cells in the periodontium, which lead to alveolar bone resorption, gave birth to the concept of “osteoimmunology” (Feng and McDonald, 2011; Schett, 2016; Terashima and Takayanagi, 2018; Okamoto and Takayanagi, 2019). Age-related increases in RANK expression on osteoblast progenitors and RANKL expression in supporting mesenchymal stromal cells has been noted to result in a pro-osteoclastic environment, which potentially promotes bone resorption (Chung et al., 2014; Ebersole et al., 2016). While age-related enhancements in proinflammatory cytokines, such as prostaglandin E2, TNF-α, IL-1β, IL-6, and IL-17 are suggested to play significant roles in in enhancing osteoclastogenesis (Boyle et al., 2003; Ebersole et al., 2016), other molecules such as IFN-β, IL-4, IL-10 and chemokine axis of CCR4 and CCL22 dampen bone loss by a molecular feedback mechanism (Araujo-Pires et al., 2015; Ebersole et al., 2016).

Molecular mimicry of host proteins is an established strategy adopted by bacterial pathogens to interfere with and exploit host processes. Mimics within pathogens arise via two evolutionary mechanisms: (1) pathogen genomes can obtain host genes directly through lateral transfer or (2) through convergent or parallel evolution of a pathogenic protein toward resemblance of a host protein (Koonin et al., 2001; Stebbins and Galán, 2001; Elde and Malik, 2009; Doxey and McConkey, 2013). The Gram-negative bacterium Helicobacter pylori is a common bacterial pathogen that is responsible for widespread gastrointestinal morbidity worldwide and employs of a number of mechanisms of molecular mimicry (Kamboj et al., 2017). H. pylori colonizes the gastric mucosa in humans, and increases the risk of serious diseases such as gastric and duodenal ulcers, stomach cancers, and mucosa-associated lymphoid tissue lymphoma. H. pylori employs antigenic mimicry and possible deleterious effects due to the induction of immune response to the components common to these bacteria and the host (Chmiela and Gonciarz, 2017). H. pylori-related growth retardation in children is a noted phenomenon, however, it is poorly understood. Gastrointestinal microbiota, including H. pylori may produce antigens that mimic appetite-regulating peptides, resulting in the production of auto-antibodies, which modify the actions of key appetite-regulating peptides, such as alpha-melanocyte-stimulating hormone (α-MSH) (Fetissov et al., 2008). Polymorphisms of the host interleukins, including IL-1β, TNF-α, and cyclooxygenase-2 (COX2) have been suggested to increase the risk of infection and its severe consequences (Machado et al., 2003).

There is increasing support to the idea that gut dysbiosis, with an imbalanced state of microbiota, might be associated with the pathogenesis of autoimmune diseases, including rheumatoid arthritis (RA), systemic lupus erythematosus (SLE), ankylosing spondylitis (AS), and inflammatory bowel disease (IBD) (Kim et al., 2016). Tetracycline derivatives, such as doxycycline and minocycline, are safe and moderately effective disease modifying anti-rheumatic drugs in the treatment of early RA patients (Smith et al., 2011; Kim et al., 2016). Probiotics, which are live microorganisms that confer health benefits to the host and which have the potential to maintain a healthy microbial balance in the gut, have been tested. Clostridium consortium, F. prausnitzii, and Bifidobacterium have been tested to ameliorate IBD in the colitis model by inducing Treg cells and anti-inflammatory effects (Atarashi et al., 2011; Kim et al., 2016).




CURRENT AND FUTURE METHODOLOGIES FOR THE EVALUATION OF HEALTHY AND DYSBIOTIC COMMUNITIES

The imbalance in the composition of oral microbiome can be directly linked to disease conditions. However, because of the overlap in the microbial communities, the difference between the healthy and disease states cannot be solely explained by the differences in the microbial composition. Thus, additional elements such as the functional activities of the microbiomes are needed to fully characterize and define the dysbiotic process. In this regard, recent omics studies have analyzed gene expression changes to analyze the functional activities and will be discussed below in detail.


Omics Technologies

The omics approach encompasses various technologies applied to fields of research including genomics (and epigenomics), transcriptomics, proteomics, and metabolomics. The ultimate goal of these approaches is to design diagnostics to predict an individual's risk to develop disease and/or to determine whether or not specific treatments are suitable for the individual patient. A genomics approach has been widely used, especially in cancer diagnoses. Recently, genome-wide association studies (GWAS), and next generation exome and genome sequencing data have amassed a large set of DNA sequence variants that can be associated with diseases in humans (Olivier et al., 2019).



Genome-Wide Association Studies and Periodontitis

Although GWAS have had modest success, (Offenbacher et al., 2016) supplemented the clinical data with biological intermediates of microbial burden and the local inflammatory response [gingival crevicular fluid (GCF) IL-1β] to derive periodontal complex traits (PCTs) for chronic periodontitis. Six PCTs were derived. PCT1 (loci CLEC19A, TRA, GGTA2P, TM9SF2, IFI16, and RBMS3) was characterized by a uniformly high pathogen load; PCT3 genetic variants of diacylglycerol kinase and inositol polyphosphate phosphatase, which are critically involved with regulating neutrophil function; and PCT5 (loci SLC15A4, PKP2, and SNRPN) were dominated by Aggregatibacter actinomycetemcomitans and Porphyromonas gingivalis. Several studies aiming to explore the distinct gene expression profiles and pathways unique to periodontitis have indeed confirmed the anticipatory differential expression involved in inflammation or bone resorption (Zhang et al., 2020). For example, pathways involved in cytokine and chemokine activities, B-cell receptor signaling, and defense and immunity proteins in both innate and adaptive immune responses, were reported to be among those most upregulated in periodontic gingival tissues when assessed using RNA sequencing.

It is unclear at present, despite much thought in to the subject of “Infectogenomics,” as to how host genetics helps to shape the healthy or dysbiotic microbiome in periodontitis (Kellam and Weiss, 2006). Recently, groups have been exploring how host genetic variants affect the colonization of bacteria, which affects the genetics-associated dysbiosis (Nibali et al., 2014, 2016). In a model proposed to explain this dysbiosis, it has been suggested that single-nucleotide polymorphism (SNP) variants may compromise genes that are associated with host pathways of bacterial sensing and recognition (Zhang et al., 2020). The advent of 16S ribosomal RNA gene sequencing has allowed the evaluation of phylogenetic relatedness of bacterial species. If the bacterial sensing and recognition pathways are affected and result in a dysbiotic biofilm, could this lead to a shift in the microbial taxa wherein the health-associated species are suppressed and periodontitis-associated bacteria dominate subgingival communities (Diaz et al., 2016)? Using 16S pyrosequencing of the microbiome of periodontitis patients and healthy controls, Griffen et al. (2012) reported the enrichment of 123 species abundant in periodontitis compared to only 53 species in the healthy state. This microbial shift in the proportion of existing species might result in a succession process of emergence of disease bacteria without replacing the health-associated species. As described below, it is possible that the shift in microbiota may also result in a metabolic shift in periodontitis patients.



Metatranscriptomics

This omics method is a technology designed for the functional characterization of microbiomes using microarray or RNA sequencing technologies that reveals the taxonomic composition and active functions of a complex microbial community. It is unlike metagenomics, which shows the microbial DNA composition, and with an added bonus over previous methods since there is no PCR or primer/probe bias (Socransky et al., 1994; Kumar and Gupta, 2003; Colombo et al., 2009). With the well-characterized human microbiome, metatranscriptomics has facilitated many studies about the dysbiosis and disease. Discussed below are some such studies, which have helped us to understand the functional characterization of the microbiome.


Metatranscriptome and Caries

In an earlier study, focusing on the metatranscriptome during biofilm formation and before and after meal ingestion, the authors set out to identify the transcriptionally active portion of the supragingival microbial community in relation to the metagenome (Benitez-Paez et al., 2014). Clearly, from one individual the three most abundant genera from the metatranscriptome analysis of 24-hr plaque corresponded to Actinomyces, Corynebacterium, and Neisseria, whereas the most abundant genera from the metagenome were Veillonella, Streptococcus, and Leptotrichia. In the same study, the authors also analyzed the gene expression during plaque development and compared the genera during early (6–12 h) and mature biofilm (24–48 h) formation times. Interestingly, there was significantly (p < 0.0118) fewer genera in the early compared to the mature biofilm. Both Streptococcus and Actinomyces, known partners of coaggregation were found predominantly in the early time point (Kolenbrander et al., 1983). The bacterial activity during biofilm formation in healthy subjects was found to be person-specific. While in the early plaque samples, up regulation of genes involved in the carbohydrate metabolism, energy, vitamins, and amino acids were observed, in the mature biofilm the functional categories included ABC transporters, chemotaxis, and pilus assembly. One aspect of the study suggested that at least in some individuals there was no difference in the microbiota before or after a meal thus maintaining homeostasis and promoting dental health (Benitez-Paez et al., 2014).



Metatranscriptome and Periodontitis

The microbiota associated with periodontitis, a disease resulting in part from polymicrobial synergy and dysbiosis, has been classified into color coded complexes depending upon their accumulation in the periodontal pocket (Socransky et al., 1998; Lamont and Hajishengallis, 2015). Although the mean species (beta) diversity changes drastically between the disease and healthy states, higher alpha (average species) diversity and biomass appear to be associated with the disease community when the subgingival plaque was analyzed from chronic periodontitis patients and healthy subjects (Abusleme et al., 2013). In spite of the emergence of dominant taxa, the original health-associated community did not get replaced. Subsequent statistical analysis of two existing data sets, however, revealed a reduced alpha diversity associated with disease (Duran-Pinedo et al., 2014b; Yost et al., 2015; Ai et al., 2017). In a recent metatranscriptomic analysis, notably, the functional comparisons between healthy and generalized aggressive periodontitis sites revealed that upregulation of lysine fermentation, histidine degradation, and pyruvate metabolism is common among diseased individuals (Jorth et al., 2014). However, three metatranscriptomic surveys into the metabolic activity of chronic periodontal disease progression provided further insight that the conservation of the community functionality rather than the specific microbial effecters of disease exists (Duran-Pinedo et al., 2014a,b; Yost et al., 2015). A very recent work, examining the existing metatranscriptome datasets (Duran-Pinedo et al., 2014b; Jorth et al., 2014; Yost et al., 2015) to identify the commonly differentially expressed transcripts from both chronic and aggressive periodontitis patients and potential underlying RNA regulatory mechanisms behind the metabolic shifts, has revealed that many ncRNAs (both known and putative) may facilitate the metabolic shifts associated with periodontitis (Ram-Mohan and Meyer, 2020). Some of the notable highlights of this new analysis are: (1) Only a fraction of the differentially expressed transcripts originate from red/orange complex; (2) The differentially expressed transcripts from these Red/Orange complexes show the greatest magnitude of change; (3) Enrichment of genes generally grouped into the biological process of localization could be important in the establishment of red complex pathogens in the periodontal pocket to drive pathogenesis; (4) Most metabolic pathways enriched in disease state have multiple contributing species fulfilling the metabolic niche; and (5) By applying de novo pipelines on the differentially expressed genes, the authors identified several putative sense and anti-sense regulators of bacterial ribosomal proteins that could be associated with periodontitis. Additionally, seven novel antisense ncRNAs targeting ribosomal proteins may be involved in maintaining ribosomal protein stoichiometry during the disease associated metabolic shift (Ram-Mohan and Meyer, 2020). In summary, metatranscriptomics analyses suggest a common shift in metabolic signatures in disease vs. healthy communities with up-regulated processes including pyruvate fermentation, histidine degradation, amino acid metabolism, and TonB-dependent receptors.




Proteomics

Simply put, proteomics is the methodology wherein proteins are identified in a sample. The key technology in proteome analysis is mass spectral analysis, although classical approaches have also utilized gel electrophoresis, liquid chromatography, and microarray. Mass spectrometry (MS)-based proteomics is a large-scale, high-throughput, systematic study, allowing for the comprehensive characterization of total protein in a sample, even with a limited sample volume or mass. Recent advances in the mass spectrometry platform utilize selective, multiple, and reaction monitoring to quantify precisely and reproducibly even low abundance proteins, which makes the technology even suitable for clinical use (Uzozie and Aebersold, 2018). Many of the current analyses also include protein-network analysis for enhancing the analytical outcome.


Proteomics and Caries

For caries research, the proteome of early pellicle (3 min) samples isolated from 12 caries-free and 12 caries-active patients was analyzed (Trautmann et al., 2019). Among the 1,188 proteins identified, there were 68 that were ubiquitous regardless of disease state. Quantitative analysis suggested that 23 proteins are potential caries-specific biomarkers. A higher extent of protein identifications might facilitate the future large-scale analyses to identify discrimination factors for the development of caries susceptibility tests (Trautmann et al., 2019).

In another study involving children with and without caries, using multiple reaction monitoring, unstimulated saliva from three groups of 10 children each with no, low, and high caries were analyzed (Wang et al., 2018). Among the 244 differentially expressed proteins, the authors selected 53 proteins, including mucins, histatin 1, cystatins, and basic salivary proline-rich protein 2, for further verification using multiple reaction monitoring assays. An interesting conclusion from this study is that there might be synergistic action among the proteins for caries resistance and for carcinogenicity. Unlike other proteome studies, this type of analysis might be used in the development of biomimetic, therapeutic peptides with preventive benefits for childhood caries (Wang et al., 2018).



Proteomics and Periodontitis

Recently, proteomics approaches have been applied to the diagnosis of periodontitis through the identification of protein biomarkers by comparing complete protein profiles in health vs. disease conditions using tandem mass spectrometry (Antezack et al., 2020). This study was designed to evaluate the protein profiles exclusive of the potential risk factors such as age, gender, hypertension, smoking habits, or diabetes by using a principal component analysis of top-ranking peaks and epidemiological data from a medical questionnaire from 141 subjects (67 periodontal and 74 control subjects). Samples from saliva, GCF, and plaque were used in the analysis, which showed that the composition in these samples reflected important differences in correlation with disease population (Papapanou et al., 2018). Although GCF showed a strong ability to distinguish periodontal patients with a sensitivity of 79.6 (0.188) and a specificity equal to 75.7 (0.195), saliva can be used as a simple diagnostic fluid for screening potential periodontal patients [sensitivity = 70.3% (0.211) and specificity = 77.8% (0.165)]. While other studies based on bacterial composition 16S rRNA analysis have shown Prevotella to be overabundant in healthy subjects, salivary microbiota such as Porphyromonas, Tannerella, Desulfobulbus, Eubacterium, Phocaeicola, and Mogibacterium were associated with periodontitis patients (Chen et al., 2018). One of the major outcomes of this mass spectral study is that periodontal diagnosis does not depend on a unique biomarker and that patients who are symptom-free can be screened at the early stage of disease without the need of clinical measurements such as pocket depth, plaque index and radiography (Papapanou et al., 2018). Thus, the mass spectroscopy analysis could be used as a simple, non-invasive, and rapid screening method on a large population within a short period of time to results (24–48 h).

In another study, Hartenbach et al., using a hybrid mass spectrometer LTQ Orbitrap Velos for proteomic analysis to obtain greater resolution, mass accuracy and sensitivity, were able to improve the qualitative and quantitative analyses of the salivary proteome (Hartenbach et al., 2020). The authors showed that a large range of salivary proteins with protective functions and associated with oral homeostasis were down-regulated in chronic periodontitis patients compared to individuals presenting periodontal health. In contrast, very few specific proteins such as salivary acidic proline-rich phosphoprotein, a submaxillary gland androgen-regulated protein, histatin-1, fatty acid binding protein, thioredoxin, and cystatin-SA were increased in chronic periodontitis or related to periodontal tissue destruction and inflammation. It is possible that a decrease of several proteins related to innate immune response and tissue integrity may determine the disease profile. These differences in salivary proteome profiles between periodontal health and periodontitis may contribute to the identification of disease indicators, and to the improvement of periodontal diagnosis and treatment.

What is the clinical relevance of these studies? While it could be argued that routine MS analysis might be useful, this technique also requires specialists for the analysis and might be time consuming. However, identifying a small subset of reliable changed proteins from these proteomic studies could lead to consistent identification of salivary proteins that could then be used in a chair-side test. In this regard, some recent studies have shown that S100A8 and S100A9 in GCF and saliva could be candidate biomarkers for periodontitis (Preiano et al., 2016; Shin et al., 2019). Fine et al., has shown that MIP1-α levels were 50-fold higher in aggressive periodontal patients' in saliva and can be used as a predictive marker for site-specific disease progression (Fine et al., 2009, 2014). MIP1-α has also been shown to be predictive in chronic periodontitis patient's GCF or saliva, as well as being one of a set of cytokines that influence the bacterial composition at the periodontal pocket, indicating a potential relationship to dysbiosis (Al-Sabbagh et al., 2012; Syndergaard et al., 2014; Zhou et al., 2017). Interestingly, this potential biomarker is elevated in many inflammatory and disease conditions that exhibit bone resorption, such as periodontitis, multiple myeloma, Sjögren syndrome, and rheumatoid arthritis (Bhavsar et al., 2015). Thus, a rapid, point-of-care test-kit using salivary MIP1-α, S100A8, and/or S100A9 could be a practical tool for diagnosis and reducing the risk of periodontitis and promotion of periodontal health (Buzalaf et al., 2020).

These studies provide a small sample of the potential of proteomics in diagnosing periodontal patients early on and to continue to follow the progress of the disease with minimal intervention and could become part of the routine dental visits. It should be noted, however, that the samples collected during a routine visit should be tested immediately after collection since storage of samples at −20°C for 2–3 months has been shown to alter the protein profiles (Preiano et al., 2016).




Metabolomics

The high throughput analysis and biological understanding of how metabolites contribute to disease processes through metabolomics is an emerging field. We can appreciate the value of sequencing technologies in study of health and disease, however if one was interested in developing a bed or chair side point of care diagnostic device or test, metabolites would be a desirable analyte for detection.


Are There Bacterial Contributions to the Salivary Metabolome?

The salivary metabolomic studies are rapidly advancing and in this regard, it is prudent to understand the host-bacterial contributions when saliva is used as the diagnostic fluid. NMR has been utilized specifically for this purpose. For example, saliva is a diagnostic fluid that has been used in the metabolic profiling of various oral diseases such as caries. In this regard Gardner et al., have shown that there is significant contribution from the oral microbiota in unstimulated whole mouth saliva (Gardner et al., 2019). Specifically, when saliva samples of healthy volunteers were analyzed, using 1H-NMR, CFU enumeration, and principal component analysis, it was shown that whole saliva metabolites were positively correlated with bacterial load suggesting that the metabolite composition of whole saliva is more reflective of the oral microbiota than the underlying host metabolism, which was determined from plasma levels and parotid saliva. The whole saliva contained abundant short-chain fatty acids (acetate, propionate, butyrate, and formate) compared to parotic saliva or plasma. The authors conclude that whole saliva might be particularly useful in conjunction with NMR analysis to diagnose conditions reflective of dysbiosis. A comparative study of subjects with dental diseases might be useful for future dysbiosis studies (Gardner et al., 2019).



Metabolomics and Periodontitis

Like mass spectrometry, 1H-NMR has increasingly becoming a tool to study the metabolites associated with disease conditions. In a study that analyzed the NMR profiles of healthy control (n = 52) and post-treatment chronic periodontitis patients (n = 62) using un-stimulated saliva, 100 metabolites were characterized (Singh et al., 2019). Distinctive differences in the spectral data were subjected to multivariate analysis, which showed that there is an elevation in the concentration of statistically discriminant metabolites between control and diseased patient profiles. Among the 100 metabolites studied, 20 new metabolites indicate a bacterial population shift along with change in homeostasis, which might disturb the biofilm composition. Decreasing levels of N-acetylglucosamine along with pyruvate, glutamate, and ethane sulfonate support a shift from homeostatic to anaerobic conditions, a defining characteristic of the severity of chronic periodontitis (Aimetti et al., 2012). The Singh and Aimetti studies suggest that decreased levels of pyruvate and N-acetylglucosamine may be a signature in chronic periodontitis (Aimetti et al., 2012; Singh et al., 2019).





CONCLUSION

Here in this review, we have presented how dysbiosis that occurs within host domains, and in particular the oral cavity, can affect disease. We have also outlined the current “omic” technologies that will allow researchers to examine the system as a whole in the future. Our particular emphasis has been on the role that commensals and pathobionts play in their interaction with the immune status of the host. It is apparent when considering the progress made in characterizing the oral microbiome and the oral immune environment that we are poised to begin to synthesize accurate models of the relative contributions of these components to disease.

While we have presented historical and new/advanced technologies that have been and will continue to be used to diagnose and assess the two most common dental diseases, caries and periodontal diseases we feel compelled to provide several cautionary notes worthy of comment. First, no technology can advance our understanding of disease until we have a unified, accepted, and clearly defined definition of health and disease. No matter how sophisticated the technology, poor and inconsistent definitions of disease will continue to lead to confusion rather than clarity. This is especially true since both microbial and host dysbiosis is so critical to shifts from health to disease in the oral cavity. Second, whatever technology we choose to utilize, we should make every effort to include data that is coordinated, comprehensive, and includes microbiology, host responsiveness, and disease progression or resolution. Since it is becoming clearer that oral disease has a relationship to overall health and well-being we need to extend our concerns related to how local oral diseases can effect overall general well-being. Third, since the diseases we study go through spurts of activity that vary from time to time, longitudinal rather than cross-sectional studies are preferred.

In this age of advanced technology there are several issues that need to be addressed if we are to advance the field of infectious diseases. In our field key issues relate to sampling, sample storage, analyte extraction and processing, data analysis, presentation and interpretation of results. As reports are published, the methods section has to be explicit in the description of the processes if we are to compare data and make meaningful conclusions among these large data sets. As an example to consider the level of detail needed the following must be addressed: when samples are taken is there a separation of supragingival and subgingival plaque, is the plaque collected by curette or paper point or some other device, are samples pooled or kept in independent vials, is there mention of the time of plaque collection, is it before, during or after disease has occurred? For analyte extraction what are the methods, has bead beating, sonication, biochemical methods been performed and for what time period, has the cell wall has been breached? Has the volume of analyte been standardized? With what technology platform are the samples analyzed? What pre and post-data analysis programs are used? Is data generated compared to a standardized database and if so which? What data analysis and statistical analysis is being conducted? Is Principal Component Analysis used as an initial determinant? How much is data tied to alpha and beta diversity, Shannon Diversity? Network Analysis of what kind? Linear Discriminant Analysis? These are a cross-section of questions that need to be described in each publication to reassure standardization of methodologies such that comparison of data is possible.

Finally, while we recognize that these criteria are demanding and difficult to accomplish our hope is that this review and the technologies presented herewith will inspire new ways of tackling persistent uncertainties. These obstinate questions have left us with huge gaps in our knowledge base in our efforts to both diagnose and treat oral diseases. While oral biologists do not stand alone in this dilemma perhaps this overview will be of some assistance in efforts to advance our understanding in the future.
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Inhibition of allergic airway diseases (AAD) by immunomodulation of the adaptive immune system through restoration of the enteric dysbiosis is an emerging therapeutic strategy. Patients with allergic rhinitis (n = 6) and healthy controls (n = 6) were enrolled, and gut microbiome composition analysis was performed by 16S rDNA sequencing. We also established an ovalbumin (OVA)-induced allergic airway inflammation murine model. Dysbiosis of the gut flora was observed in both AAD patients and the mice, with the decrease of the biodiversity and the quantity of the Bacteroidetes phylum. Oral application of Bacteroides (B.) thetaiotaomicron ameliorated the symptoms of OVA-induced airway hyperresponsiveness (AHR) and attenuated the airway inflammation in mice. In addition, nasal lavage fluid (NALF) and bronchoalveolar lavage fluid (BALF) from AAD mice orally administered with B. thetaiotaomicron showed reduced numbers of immune cells, and diminished secretion of T helper (Th)-2 cytokines (IL-4, IL-5, and IL-13) compared with the corresponding control mice, whereas the levels of Th1 cytokineIFN-γ was not changed in both the groups. When B. thetaiotaomicron was co-administered with metronidazole in AAD mice, the immunomodulatory effect was weakened and the allergic inflammatory response was aggravated. The ratios of CD4+Foxp3+ cells, CD4+ICOS+ T cells, CD4+ICOS+ Foxp3+ regulatory T cells, and IL-10-expressing CD4+Foxp3+ cells were increased in lymphocytes of spleen, mesenteric, and cervical lymph nodes of AAD mice administrated with B. thetaiotaomicron. Therefore, our data indicate that oral administration of B. thetaiotaomicron effectively inhibited the development of AAD in murine model; inhibition was mediated by the activation of Tregs and inhibition of Th2 response without promoting a Th1 response.




Keywords: allergic airway diseases, 16s rRNA gene, dysbiosis, Bacteroides thetaiotaomicron, regulatory T cells



Introduction

Allergic rhinitis and asthma are different manifestations of allergic airway disease (AAD) in upper and lower respiratory tracts, having similar pathogenesis and clinical characteristics (1). As per epidemiological investigations, in recent years the incidence of respiratory allergic inflammatory diseases has significantly increased with the change in living environment in many regions or countries including China. At present, there are at least 300 million asthma patients in the world, and the incidence of allergic rhinitis is as high as 20% (2, 3). However, specific underlying causes of this disease are still unknown.

AAD is immunologically dominated by the T-helper type 2 (Th2) cells in the respiratory tract (1). A re-exposure to specific antigens such as pollen and dust mites, stimulates IgE production by the plasma cells and activates the sensitized mast cells degranulation. This results in the release of inflammatory mediators, such as leukotrienes, histamine, and prostaglandins, inducing T-helper type 1 (Th1)/Th2 immune-imbalance. Th2 cells assemble and release a large amount of IL-4, IL-5, IL-13, and other inflammatory cytokines, causing the infiltration of eosinophils in the respiratory tract mucosa to evoke the clinical symptoms of allergy (1, 4).

Th2 polarization and abnormal levels of IgE mirror the dysfunctional immune regulatory system in AAD patients. The regulatory T cells (Tregs), regulatory B cells (Bregs), tolerogenic dendritic cells (DCs), and immuneregulatory cytokines such as transforming growth factor (TGF)-β and interleukin (IL)-10 comprise the immune regulatory system (5–7). Inducible co-stimulatory molecule (ICOS) (CD278), a type of co-stimulatory molecule, is expressed by activated T cells and Tregs (8). ICOS enhances the proliferation, function, and survival of Tregs and plays an important role in a variety of autoimmune diseases and allergic diseases especially asthma (9, 10).

Adequate microbial stimuli from commensal microbiota are indispensable for the maintenance of immunefunctions in the body. Dysbiosis disturbs the immune system, potentially leading to inflammation. Studies have associated early dysbiosis of the gut microbiome with allergies (11, 12). A pivotal study reported by Noverr et al. demonstrated that allergies can develop as a consequence of an altered gut microbiota, suggesting that alterations in the gut microbiota can facilitate an immunological state that is predisposed to respiratory allergies (13). In addition, Vital et al. found that a locally induced pulmonary allergic response is affecting the composition of the intestinal microbiome, indicating bidirectional gut-lung communications (14). One of the important strategies of AAD inhibition is immunomodulation of the adaptive immune system through restoration of enteric dysbiosis (15). In the present study, we investigated the fecal microbiome of AAD based on 16S rDNA sequencing and found a significantly lower abundance of the Bacteroidetes phylum in both AAD patients and mice. B. thetaiotaomicron is one of the most abundant bacteria in gut flora, which belongs to the genus Bacteroides. We were specifically interested in exploring the potential immunomodulatory effect of orally administered B. thetaiotaomicron on treating AAD.



Materials and Methods


Patients and Sample Collection

The study guidelines were approved by the Affiliated Hospital of Qingdao University Review Board and the Affiliated Eye, Ear, Nose, and Throat Hospital of Fudan University Review Board (IRB No. QYFYWZLL26053). Patients aged from 18 to 65 years were recruited from February 2013 to April 2014 and categorized into allergic rhinitis (n = 6) or healthy control (n = 6) groups. Fresh stools were collected and immediately stored at −80°C until further use. Prior to sampling none of the patients received antibiotics for at least 1 month. Pregnant and lactating women and patients with organic heart disease, asthma, or abnormal liver or kidney functions were excluded.



Animals

Female BALB/c (5 to 6 weeks) were purchased from Beijing Vital River Laboratory Animal Technologies Co. Ltd (Beijing, China) and maintained under specific-pathogen-free (SPF) conditions. The animal experiment procedures were approved by the Animal Care Committee of Qingdao University and Fudan University (IACUC No. AHQU20170831).



OVA Sensitization and Challenge

Mice were intraperitoneally (i.p.) injected with 200 μl PBS or 40 μg OVA (Sigma) in 2 mg/100 μl Al(OH)3 gel (Thermo) suspended in PBS on days 1, 3, 5, 7, 9, 11, and 13 (sensitization). This was followed by topical application of 20 μl PBS or 5% OVA solution once daily via nasal drops from day 21 to 27 (challenge). Mouse feces were collected 24h after challenge.



16S rRNA Gene Amplification and Sequencing

Extraction of bacterial DNA from 0.5g of human or mouse feces was performed by a FastDNA Spin Kit (OMEGA) following the manufacturer’s instructions. The variable region V3–V4 was amplified by polymerase chain reaction (PCR) using bacteria/archaeal primers 341F/805R with barcodes. The amplified DNA was quantified using a Qubit 2.0 DNA detection kit (Thermo Scientific). 10 ng of DNA was taken from each sample, and the final sequencing concentration was 20 pmol. Microbial metagenomic 16S rDNA sequencing was performed.



B. thetaiotaomicron Treatment

The B. thetaiotaomicron strain 29148 was obtained from ATCC (USA). Prior to oral administration of bacteria in mice, the concentration of the bacteria was adjusted to 106 or 108 colony forming units (CFUs)/ml with PBS. After OVA sensitizing, PBS, B. thetaiotaomicron (106 CFU/ml, 108 CFU/ml), or B. thetaiotaomicron (108 CFU/ml) combined with 0.5 mg metronidazole was administered by oral gavage from day 14 to 20 once per day, respectively (Figure 1).




Figure 1 | The experimental protocol (A) and different groups (B). Mice were given B. thetaiotaomicron daily from Day 14–20, with OVA-sensitization on Day 1, 3, 5, 7, 9, 11, and 13, and nasal challenge with 5% OVA from Day 21–27. Then mice were sacrificed on Day 28 to collect tissues or samples for experimental analysis. Mice were divided into six different groups in this work. Each experimental group consisted of six mice.





Observation of Nasal Symptoms

Sneeze numbers were counted by reviewing the videos of daily activities of the animals in an observation cage. Counting was immediately performed for a period of 10 min after the final intranasal challenge.



Cell Assays for NALF and BALF

After partial tracheal resection, the nasal and lungs were perfused three times with 0.5 ml PBS, and NALF and BALF samples were collected 24 h after the last OVA challenge. The samples were centrifuged at 3,000 rpm for 5 min, and the lavage supernatant was collected for enzyme-linked immunosorbent assay (ELISA). The cell pellets were re-suspended in 0.1 ml PBS, and the cells were counted using a hemocytometer. Cytospin preparations and Wright-Giemsa staining were then performed for different cell counts followed by counting the absolute numbers of each cell type under a light microscope (Leica).



ELISA

Mouse serum samples were prepared 24 h after the last OVA challenge, and OVA-specific IgE and IgG1 levels were measured using commercially available ELISA kits (Chondrex). Concentrations of cytokines IFN-γ, IL-4, IL-5, IL-10, and IL-13 in both NALF and BALF samples were assessed by ELISA as per the manufacturer’s instructions (Merck Millipore).



Histopathological Analysis

The nasal and lung were excised 24 h after the final challenge and fixed in 10% formalin. The fixed nasal was further decalcified with 10% EDTA for 7 days. The samples were embedded in paraffin, and 4-μm sections were cut and fixed on the glass slides. The slides were deparaffinized and stained with HE or toluidine blue. For inflammation scoring of the lungs, a reproducible scoring system was used as previously described (16). Five fields per sample were carefully examined for calculating number of eosinophils or mast cells in the nasal mucosa and lungs.



Fluorescence-Activated Cell Sorting (FACS) Analysis

Mesenteric lymph nodes (LNs), cervical LNs and spleen cells were collected 24 h after the final challenge. These cells were then washed with 1 × PBS and incubated with anti-CD16/CD32 mAb (eBioscience) for 15 min to block nonspecific Ab binding. Cells were subsequently stained with PercpCy5.5–anti-CD25 (eBioscience), FITC–anti-CD4 (eBioscience), and PE-anti-ICOS (eBioscience) at 4°C for 30 min. The cells were fixed and permeabilized for 30 min after washing. APC-anti-Foxp3 mAb (eBioscience) was added to the cells, and the cells incubated for another 30 min at 4°C. Data were recorded by a FACS Calibur flow cytometer (BD Biosciences) and analyzed using FlowJo software. For intracellular cytokine staining of IL-10, cells isolated from mesenteric LNs, cervical LNs and spleens were stimulated for 4h with ionomycin (250 ng/ml) and PMA (10 ng/ml) in RPMI 1640 medium containing 10% FBS, 1% streptomycin and penicillin, 2mM L-glutamine and 10mM HEPEs in 5% CO2 at 37°C. Then the cells were stained with PercpCy5.5–anti-CD25 (eBioscience), FITC–anti-CD4 (eBioscience), APC-anti-Foxp3 (eBioscience), and PE-anti-IL-10 (eBioscience).



Statistical Analysis

Data were presented as mean ± SD. All data analyses were performed with SPSS20.0 and GraphPad Prism 6.0. For multiple comparisons of data between more than two groups, we used one-way analysis of variance (ANOVA) followed by Tukey’s post-hoc test. A p-value < 0.05 was considered statistically significant.




Results


Bacteroides Are Reduced in Allergic Rhinitis Patients and Mice

Stool specimens collected from patients with allergic rhinitis and healthy controls. 16S rDNA technology was used to detect the diversity and abundance of intestinal microflora in patients with allergic rhinitis. We found that the Simpson rarefaction in allergic rhinitis patients significantly increased as compared with that in healthy controls, indicating an expected decrease of biodiversity in allergic rhinitis patients (Figure 2A). The bacterial composition and abundance at the phylum and genus levels are shown in Figures 2B and C respectively. In healthy controls, taxonomic classification suggested a high abundance of phylum Firmicutes followed by phylum Bacteroidetes, while an expected lower abundance of Bacteroidetes was found in allergic rhinitis patients at phylum level (Figure 2B). At the genus level, abundance of Bacteroides in patients with rhinitis was significantly less as compared with that in healthy controls (Figure 2C). We obtained similar results including decreased biodiversity (Figure 3A), lower abundance of phylum Bacteroidetes (Figure 3B) and Bacteroides (Figure 3C) in the gut microflora of a murine model of OVA-induced allergic airway inflammation. Taken together, enteric dysbiosis with the decrease of abundance of Bacteroides existed in allergic rhinitis patients and mice.




Figure 2 | The diversity and abundance of intestinal microflora in patients with allergic rhinitis. (A) The Simpson rarefaction in allergic rhinitis patients increased compared with that in healthy controls. (B) Bacterial composition and abundance at the phylum level. Red arrow: Bacteroidetes. (C) Bacterial composition and abundance at the genus level. Red arrow: Bacteroides. Bar graphs represent mean ± SD (n = 6). **P < 0.01.






Figure 3 | The diversity and abundance of intestinal microflora in murine model of OVA-induced allergic airway inflammation. (A) The Simpson rarefaction in AAD mice increased. (B) Bacterial composition and abundance at the phylum level. Red arrow: Bacteroidetes. (C) Bacterial composition and abundance at the genus level. Red arrow: Bacteroides. Bar graphs represent mean ± SD (n = 6). **P < 0.01.





B. thetaiotaomicron Ameliorates AHR

B. thetaiotaomicron is one of the most abundant bacteria in gut flora, which belongs to the genus Bacteroides. We further tested B. thetaiotaomicron in OVA-induced allergic airway inflammation murine model system to explore the potential role of this bacteria in treating allergic airway inflammation (Figure 1). Firstly we measured the frequency of allergic symptoms. AHR was induced in mice of OVA group, resulting in an increased frequency of nasal rubbing (Figure 4A) and sneezing (Figure 4B). Interestingly, in the OVA/106BT and OVA/108BT groups the occurrences of nasal rubbing and sneezing were lower as compared with the occurrences in the OVA group; in the OVA/108BT+Met group metronidazole inhibited the effect in ameliorating allergic symptoms. The allergic symptoms between control and 108BT groups had no noteworthy differences (Figure 4).




Figure 4 | The changes of allergic symptoms. OVA induced an obvious AHR in mice with increased frequency of nasal rubbing (A) and sneezing (B). The occurrences of nasal rubbing and sneezing were noticeably reduced in OVA/BT group, while OVA/BT+Met inhibited the effect in ameliorating allergic symptoms. **P < 0.01.





B. thetaiotaomicron Attenuates OVA–Induced Airway Inflammation in Mice

We further examined the inflammatory cells from NALF and BALF samples (Figure 5). More inflammatory cells—eosinophils, neutrophils, monocytes, and lymphocytes—were detected in OVA group than the control group. Oral B. thetaiotaomicron administration before challenge in the OVA/106BT and OVA/108BT groups significantly reduced total cells and eosinophils in NALF and BALF. We also evaluated the mast cell and eosinophil infiltration in the nasal and lung by histological analysis to investigate the effect of oral B. thetaiotaomicron before challenge. There were no changes between the control and 108BT groups, while OVA group had mast cell (Figure S1) and eosinophil infiltration (Figure S2) in the nasal and lung. In the OVA/106BT and OVA/108BT groups, we found a significant suppression of mast cell and eosinophil infiltration by oral B. thetaiotaomicron. When metronidazole was co-administered with B. thetaiotaomicron, the suppression effect was weakened, and the airway inflammation was aggravated in OVA/108BT + Met group. These findings suggest that oral administration of B. thetaiotaomicron attenuates OVA-induced airway inflammation.




Figure 5 | OVA/BT inhibited OVA-induced airway inflammation. (A) Wright-Giemsa staining of inflammation cells in NALF and BALF at 24 h after final challenge. (B) Total inflammation cells and eosinophils in NALF and BALF. Bar graphs represent mean ± SD.*P < 0.05, **P < 0.01. ns, no significance.





B. thetaiotaomicron Inhibits OVA-Induced Airway Th2 Cytokines and Serum OVA-Specific IgE

Levels of Th2 cytokines (IL-4, IL-5, and IL-13) in NALF and BALF samples of OVA group were significantly higher as compared with that of control group; OVA/106BT and OVA/108BT groups showed relatively lower Th2 cytokine levels as compared with OVA group (Figure 6A). When B. thetaiotaomicron was co-administered with metronidazole (OVA/108BT + Met group), the inhibitory effect of B. thetaiotaomicron on Th2 cytokine levels was weakened. However in BALF samples, levels of IL-10, the main cytokine secreted by regulatory T cells to mediate immune suppression, were significantly higher in OVA/106BT and OVA/108BT groups than OVA model group (Figure 6B). Also, levels of Th1 cytokine IFN-γ, were not significantly changed among the OVA, OVA/106BT, OVA/108BT, and OVA/108BT + Met groups in the lavage liquid (Figure 6C). Furthermore, oral administration of B. thetaiotaomicron in the OVA/106BT and OVA/108BT groups significantly reduced the production of OVA-induced serum IgE but not that of IgG1 (Figure 6D). The co-administration of metronidazole in OVA/108BT+Met group impaired the inhibition of IgE induced by B. thetaiotaomicron, similar to the findings of Th2 cytokines.




Figure 6 | The changes of cytokines IL-4, IL-5, IL-13 (A), IL-10 (B) and IFN-γ (C) in NALF and BALF and serum OVA-specific IgE and IgG1 levels (D). Oral B. thetaiotaomicron application inhibited secretion of Th2 cytokines IL-4, IL-5 and IL-13 and increased levels of IL-10 in BALF. Levels of Th1 cytokine IFN-γ in the lavage liquid were not significantly changed. Oral B. thetaiotaomicron application also reduced serum OVA-specific IgE production induced by OVA challenge significantly, but not IgG1 production.**P < 0.01. ns, no significance.





B. thetaiotaomicron Increases ICOS and IL-10 Expression in Treg Cells in the Mesenteric and Cervical Lymph Nodes (LNs) and Spleen

ICOS enhances the proliferation, survival, and function of Treg cells and has critical immunoregulatory implications (9). We investigated the effects of oral administration of B. thetaiotaomicron on the regulation of ICOS and Tregs in spleen, mesenteric LNs and cervical LNs that drains the nasal mucosa and further examined the frequency of CD4+ T cells expressing either CD25 or ICOS, and Foxp3, as well as intracellular cytokine staining for IL-10 at specific time intervals. Ratios of CD4+Foxp3+ cells and CD4+ICOS+ cells were slightly increased in lymphocytes of the OVA model group as compared with that of the control group. When B. thetaiotaomicron was administered, ratios of CD4+Foxp3+ cells, CD4+ICOS+T cells, and CD4+ICOS+Foxp3+ regulatory T cells were obviously upregulated in the lymphocytes of the spleen (Figure S3), mesenteric LNs (Figure S4) and cervical LNs (Figure 7) of OVA/108BT group as compared with that of the OVA model group. In addition, B. thetaiotaomicron increased ratio of IL-10-expressing CD4+Foxp3+ cells in the spleen (Figure S3D), mesenteric LNs (Figure S4D) and cervical LNs (Figure 7D) relative to OVA model group. These data indicated that application of B. thetaiotaomicron before allergen challenge was capable of establishing adequate Tregs to regulate immune system for preventing AHR via secretion of IL-10.




Figure 7 | B. thetaiotaomicron induced ICOS expression on Tregs and amplification of IL-10-expressing CD4+Foxp3+Tregs in draining cervical LNs. Representative scatter plots and ration of the fraction of CD4+Foxp3+ cells (A), CD4+ICOS+T cells (B) and CD4+ICOS+Foxp3+ regulatory T cells (C). Representative histogram showing expression of IL-10 in CD4+Foxp3+ Tregs (D). Bar graphs represent mean ± SD. n = 6, *P < 0.05, **P < 0.01. ns, no significance.






Discussion

The healthy gut microbiota is a stable, diverse, resilient, and resistant microbial ecosystem. Firmicutes and Bacteroidetes are two major phyla, together representing ∼90% of the gut microbiota. Gut microbiota have a significant effect on systemic immunity and metabolism, which are involved in the occurrence and development of AAD (17–19). In children with allergic rhinitis and asthma, the abundance of phylum Firmicutes was lower as compared with that in healthy controls (20). However, we observed enteric dysbiosis with the decrease in biodiversity and lower abundance of phylum Bacteroidetes in both allergic rhinitis adult patients and mice. A plausible explanation for this variation can be that the gut microbiota coexists with the human body and changes with age. In the first 2–3 years of life, the gut microbiota varies extensively in composition and metabolic functions. After this period, the gut microbiota demonstrates adult-like more stable and diverse microbial species. However, in old age, the gut microbiota alters drastically and shows less diversity compared to younger age, which promotes various gut-related diseases. The number of gram negative bacteria increases during aging, which secretes lipopolysaccharide and causes inflammation in human gut (21, 22). A decrease of the Bacteroidetes to Firmicutes ratio was also observed in old compared to young mice (14).

B. thetaiotaomicron is one of the most efficient polysaccharide-degrading bacteria and contains exclusive polysaccharide-degrading enzymes not found in humans. B. thetaiotaomicron can produce up to 260 kinds of enzymes that can decompose starch, glycogen and cellulose into small molecules of glucose, thus helping the human body to effectively extract nutrients from wheat germ, vegetables, fruits and other foods. B. thetaiotaomicron can quickly adjust more than 25% of its genes to the active state according to the changes of food sources, so as to digest new nutrients and maintain the health of the whole intestinal flora (23–25). The B. thetaiotaomicron ATCC 29148 strain is a standard strain originally purified from the feces of healthy adults (25). In the present study, we performed intervention assays using B. thetaiotaomicron ATCC 29148 (106CFUs and 108CFUs) and OVA-induced allergic airway inflammation murine model. The oral administration of ATCC 29148 in mice ameliorated the allergic symptoms of nose and reduced the frequency of scratching and sneezing. It also inhibited eosinophilic inflammation of nasal mucosa and bronchoalveolar tissues and the mast cell infiltration. The exudation of inflammatory cells, especially eosinophils, in the nasal cavity and alveolar lavage solution was also reduced. In addition, the expression levels of Th2 cytokines (IL-4, IL-5, and IL-13) and OVA-specific IgE were down-regulated. IL-4, IL-5, and IL-13 are known to regulate the growth and differentiation of eosinophils (26). Oral probiotics can alter the respiratory microbiota and have been advocated as a novel therapeutic strategy for AAD (27). Our findings are consistent with other reports demonstrating improvement in allergic rhinitis and asthma inflammation through oral administration of Bifidobacterium breve (28) and Lactobacillus plantarum (29). However, levels of the main cytokine secreted by Tregs to mediate immune suppression, IL-10, were significantly higher in ATCC 29148 intervention group as compared with the levels in control group. In addition, the level of Th1 cytokine, IFN-γ, was not influenced by B. thetaiotaomicron ATCC 29148, suggesting that ATCC 29148 influences Th1/Th2 equilibrium mainly through the inhibition of Th2 response without promoting a Th1 response. These observations can be explained by the characteristic differences between B. thetaiotaomicron and other probiotics. There are characteristic differences in growth, carbohydrate consumption or metabolite production among various species of bacteria. The immune responses induced by various species of bacteria are different. It has been shown that Bifidobacterium adolescentis did not challenge any production of bacteria specific serum antibodies in comparison to germ-free rat, while B. thetaiotaomicron alone can induce a humoral response characterized by IgA and IgG production (30).

Interestingly, immunomodulatory effect of B. thetaiotaomicron ATCC 29148 was weakened and the allergic inflammatory response was aggravated, when ATCC 29148 was orally administered in mice in combination with metronidazole. These findings suggest that metronidazole can block the immunomodulatory effect of B. thetaiotaomicron. The overuse of antibiotics may result in strong selection pressure and influence the inherent flora of human intestinal tract, which is one of the reasons for the rapid increase of AAD incidence in recent years (31). McKeever et al. confirmed that the incidence of AAD is closely related with the use of antibiotics in infants (32). Therefore, antibiotics should only be used when needed, and their use should be regulated.

Tregs play an indispensable role in maintaining immune homeostasis and contribute to allergic disease management by suppressing Th2-type immune responses. The balance between Th2 and Tregs is crucial for the development or suppression of allergic airway inflammation (33). ICOS is expressed on antigen-primed T cells—activated effector T cells, Th2 cells, memory T cells, and Tregs—and plays a key role in T cell activation and differentiation (8, 9). Here, we analyzed the expression of ICOS on CD4+ T cells and Foxp3+ Tregs to investigate the immunomodulatory effect of B. thetaiotaomicron on allergic airway inflammation in mice. After oral administration of B. thetaiotaomicron, ratios of CD4+Foxp3+ cells, CD4+ICOS+ T cells, and CD4+ICOS+Foxp3+ regulatory T cells were higher in the lymphocytes of spleen, mesenteric and cervical LNs of OVA/108BT groups compared with that of the OVA model group. B. thetaiotaomicron also increased ratio of IL-10-expressing CD4+Foxp3+ cells in the spleen, mesenteric LNs, and cervical LNs relative to OVA model group. These observations suggest that B. thetaiotaomicron intervention can induce the expansion of CD4+ICOS+Foxp3+ and IL-10+CD4+Foxp3+regulatory T cells, exerting an immunosuppressive effect on Th2 type response.

Collectively, our study demonstrated that enteric dysbiosis with the decrease of abundance of Bacteroides existed in AAD; oral administration of B. thetaiotaomicron significantly attenuates allergic airway inflammation in OVA-induced AAD model. B. thetaiotaomicron may open up novel possibilities in terms of therapeutic interventions for AAD. Alteration of the ratio of Firmicutes to Bacteroidetes can directly affect the fiber metabolism by gut microbiota, consequently changing the concentration of circulating short-chain fatty acids (SCFAs). Production of various SCFAs meditated by gut microbiota has been shown to be important for host systemic immunity. SCFAs, especially butyrate, have exerted broad anti- inflammatory activities (34–36). It will be very interesting to explore the changes of metabolite production after alteration of the ratio of Firmicutes to Bacteroidetes in further studies on AAD.
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Supplementary Figure 1 | Mast cell infiltration assessed on Toluidine Bluestained nasal mucosa and lung. (A) Mast cells were round or oval, with dark blue nucleus and purplish red or dark purple cytoplasm. Original magnification was ×200. (B) Number of mast cells in the nasal mucosa and lung. Bar graphs represent mean ± SD. *P < 0.05, **P < 0.01.

Supplementary Figure 2 | Eosinophil inflammation assessed on hematoxylin and eosin (HE) stained nasal mucosa and lung. (A) The eosinophils were round and the eosinophilic granules in cytoplasm were brick red or bright red. Original magnification was ×200. (B) Number of eosinophils in the nasal mucosa and inflammation score of lung. Bar graphs represent mean ± SD. **P < 0.01.

Supplementary Figure 3 | B. thetaiotaomicron induced ICOS expression on Tregs and amplification of IL-10-expressing CD4+Foxp3+ Tregs in spleen. Representative scatter plots and ration of the fraction of CD4+Foxp3+ cells (A), CD4+ICOS+T cells (B), and CD4+ICOS+Foxp3+ regulatory T cells (C). Representative histogram showing expression of IL-10 in CD4+Foxp3+ Tregs (D). Bar graphs represent mean ± SD. n = 6, *P < 0.05, **P < 0.01.

Supplementary Figure 4 | B. thetaiotaomicron induced ICOS expression on Tregs and amplification of IL-10-expressing CD4+Foxp3+ Tregs in mesenteric LNs. Representative scatter plots and ration of the fraction of CD4+Foxp3+ cells (A), CD4+ICOS+T cells (B) and CD4+ICOS+Foxp3+ regulatory T cells (C). Representative histogram showing expression of IL-10 in CD4+Foxp3+ Tregs (D). Bar graphs represent mean ± SD. n = 6, *P < 0.05, **P < 0.01.
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Systemic lupus erythematosus (SLE) is a complex chronic autoimmune disease characterized by tissue damage and widespread inflammation in response to environmental challenges. Deposition of immune complexes in kidneys glomeruli are associated with lupus nephritis, determining SLE diagnosis. Periodontitis is a chronic inflammatory disease characterized by clinical attachment and bone loss, caused by a microbial challenge – host response interaction. Deposition of immune complex at gingival tissues is a common finding in the course of the disease. Considering that, the primary aim of this study is to investigate the deposition of immune complexes at gingival tissues of SLE patients compared to systemically healthy ones, correlating it to periodontal and systemic parameters. Twenty-five women diagnosed with SLE (SLE+) and 25 age-matched systemically healthy (SLE–) women were included in the study. Detailed information on overall patient's health were obtained from file records. Participants were screened for probing depth (PD), clinical attachment loss (CAL), gingival recession (REC), full-mouth bleeding score (FMBS) and plaque scores (FMPS). Bone loss was determined at panoramic X-ray images as the distance from cementenamel junction to alveolar crest (CEJ-AC). Gingival biopsies were obtained from the first 15 patients submitted to surgical periodontal therapy of each group, and were analyzed by optical microscopy and direct immunofluorescence to investigate the deposition of antigen-antibody complexes. Eleven (44%) patients were diagnosed with active SLE (SLE-A) and 14 (56%) with inactive SLE (LES-I). Mean PD, CAL and FMBS were significantly lower in SLE+ than SLE–(p < 0.05; Mann Whitney). The chronic use of low doses of immunosuppressants was associated with lower prevalence of CAL >3 mm. Immunofluorescence staining of markers of lupus nephritis and/or proteinuria was significantly increased in SLE+ compared to SLE–, even in the presence of periodontitis. These findings suggest that immunomodulatory drugs in SLE improves periodontal parameters. The greater deposition of antigen-antibody complexes in the gingival tissues of patients diagnosed with SLE may be a marker of disease activity, possibly complementing their diagnosis.

Keywords: systemic lupus erythematosus, periodontitis, immune complex, inflammation, diagnosis


INTRODUCTION

Systemic lupus erythematosus (SLE) is a chronic, autoimmune disease caused by a combination of genetic, environmental and immunologic factors. It is characterized by varying clinical manifestations and by the presence of several autoantibodies, including anti-DNA, anti-nuclear (ANA) or anti-phospholipids antibodies. It affects mostly women at 15–45 years, in a proportion of 10:1 (1, 2). Its incidence is relatively rare, affecting 56 out of 100,000 Americans (3) and 87 out of 100,000 in Brazil (4). Approximately, 1.5 million Americans and 5 million people around the world have lupus (5).

The diagnosis of SLE is complex, since it presents periods of flare and quiescence and a wide range of clinical manifestations, such as malar rash, pain, fatigue, hair loss, physical impairment, seizures or psychosis, anemia, leukopenia or lymphopenia. The American College of Rheumatology (6, 7) and the Systemic Lupus International Collaborating Clinics (SLICC) (8) have defined that ≥4 criteria must be present to determine SLE diagnosis. SLICC classification criteria requires that one clinical and one laboratory criteria must be present or biopsy-proven lupus nephritis with positive ANA or anti-dsDNA antibodies. Diagnosis cannot be made at the onset of symptoms, and long periods of observation are necessary up to new clinical manifestations determine SLE. Immunological findings include depression of complement (low C3 and/or C4 or CH50) and high titers of varying circulating autoantibodies and deposition of immune complexes capable of activating complement and inflammation, resulting in multiorgan damage (9). Recently, a scoring system based on positive history of ANA through Hep-2 immunofluorescence was proposed (10). The production of anti-dsDNA is also considered as a cardinal sign of lupus, as its levels are correlated with disease activity (11).

Lupus nephritis (LN) is characterized by immune aggregates at sites of injury in glomeruli and in the tubules in ~ 2/3 of renal biopsies. These immune complexes may be derived from circulating complexes or from in situ combination of antigen and antibody. Usually, patients with lupus nephritis show antibodies against dsDNA, Sm and C1q (12). In clinical practice, it is essential to evaluate patients' kidney status. A renal biopsy is a standard diagnostic tool for the evaluation of kidney lesions in SLE, but due to its invasive nature, a kidney biopsy has potential risks and as a rule, it is not routinely performed (13).

Not all SLE patients develop LN. It is significantly more prevalent especially in blacks, associated to genetic risk factors. LN occurs when the expression of neutrophil-associated genes increases, preceded by upregulation of proinflammatory transcripts. Even after death, neutrophils may contribute to tissue damage through the formation of neutrophils extracellular traps (NETS) that may facilitate inflammation and cause endothelial damage, amplifying autoimmunity (14).

Periodontitis is a chronic infectious and inflammatory disease caused by microbial dysbiosis, characterized by loss of attachment and alveolar bone around natural teeth. Secondary features include pocket formation, bleeding on probing, tooth mobility and suppuration, among others. Histopathological findings of advanced periodontal lesions depicts plasma cells and lymphocytes occupying a vast area of gingival connective tissues and elevated serum titers of IgG against periodontal pathogens, resulting in the formation of immune complex that deposit on gingival tissues (15–20), activating complement and neutrophils, and triggering inflammatory responses (21). Worse severity of periodontitis is associated to an exacerbated inflammatory response to microbial challenge.

The pathogenic mechanisms of periodontitis and SLE presents some similarities, as with other autoimmune diseases (22, 23). Deregulation of immune system, with a key role exerted by neutrophils, phagocytic cells and pro-inflammatory cytokines contribute to tissue destruction in both conditions (24). Recently, our research group showed significant upregulation of serum proinflammatory cytokines in individuals with SLE compared to controls. Anti-inflammatory IL4 and IL-10 were upregulated only in inactive SLE sera, controlling clinical phenotypes. Out of 24 oral microbial abundances, 14 unique subgingival bacteria profiles were elevated at SLE, especially T. denticola and T. forsythia in active SLE compared to inactive SLE and healthy controls. These findings suggested that low-grade systemic inflammation that influence SLE activity and severity are correlated to dysbiotic changes of the oral microbiota in periodontitis patients (25).

The prevalence, incidence and severity of periodontitis in SLE patients are controversial. Some studies show similar or better conditions in SLE compared to systemically healthy patients (26–28), while others suggested worst periodontal conditions in SLE (29–32). These conflicting results indicate that further research is necessary to better investigate the association between SLE and periodontitis.

The relevance and innovation of this study is that it investigates the presence of autoantibodies related to SLE in gingival tissue, which could contribute to the diagnosis of SLE. As a secondary goal, we aimed at investigating the prevalence, extension and severity of periodontitis in SLE patients compared to systemically healthy ones.



MATERIALS AND METHODS


Subjects

SLE subjects were recruited at Lauro de Souza Lima Hospital and Bauru State Hospital from November 2017 to July 2019. It were included in the test group (SLE+) 25 female 20–65 years diagnosed with SLE according to ACR 1982/1997 revised classification criteria by a rheumatologist specialist. All patients were, at the moment of inclusion, in monitoring and/or treatment of SLE at one of the two Hospitals where the study was carried on. Control group (SLE–) was composed by 25 systemically healthy age-matched women, recruited at the Clinics of Periodontics at School of Dentistry at Bauru-USP during the same time period. It were excluded from the study patients with other autoimmune and/or rheumatological disorders (e.g., rheumatoid arthritis, Sjögren syndrome, pemphigoid, lichen planus), diabetics, pregnant women, presence of fixed orthodontic appliances, use of antibiotics in the 6-month period previous to inclusion, previous periodontal treatment (<12 mo.), edentulous, <8 teeth remaining, chronic renal failure requiring dialysis or diagnosis of malignant neoplasms <5 years.



SLE Status

SLE diagnosis followed the guidelines defined by revised American College of Rheumatology criteria (6, 7). SLE activity was investigated by Systemic Lupus Erythemathosus Disease Activity Index (SLEDAI) (33). SLE inactivity was defined by SLEDAI ≤2 or by stable medications dose for at least 3 months and/or by daily prednisone dose <10 mg (8, 34). SLE activity was defined by SLEDAI >2 or daily prednisone doses >10 mg (8, 35). Disease severity was measured according to SLICC/ACR-DI (Systemic Lupus International Collaborating Clinics of American College of Rheumatology Damage Index) (35) to further characterize the studied population. SLE patients were subdivided into two groups based on the disease activity: active (SLE-A) or inactive (SLE-I). Antibodies anti-dsDNA were detected by immunofluorescence by the use of Crithida luciliae as substrate.



Clinical Examinations

All participants have answered a health questionnaire to investigate medical and dental history. A visual examination of oral cavity was performed with the aid of disposable spatulas to investigate lesions at internal and external portions of lower and upper lips, cheek mucosa, retromolar area, tongue, oral floor, hard and soft palate, isthmus of the faces and upper and lower gingival mucosas.

Clinical periodontal examination was performed by a single trained examiner (JRP) by using a UNC-15 millimeter periodontal probe at six sites/tooth according to: pocket probing depth (PD), clinical attachment loss (CAL) and full-mouth bleeding scores (FMBS). Gingival recession (REC) was also determined at six sites/tooth as the distance from cementum-enamel junction (CEJ) to gingival margin. Full mouth plaque scores (FMPS) were assayed in four sites/tooth after visual inspection. Bone loss was determined in extra-oral digital panoramic X-ray images (1:1) as the distance from CEJ to alveolar bone crest (CEJ-AC) at mesial and distal sites of the tooth with the worst clinical periodontal condition (36).

All participants underwent non-surgical periodontal therapy before biopsy collection. Treatment consisted of supra and subgingival scaling and root planing, dental prophylaxis, oral hygiene instruction, elimination of plaque retention factors (open cavities, overhanging restorations, hopeless teeth), control of traumatogenic forces and splinting of mobile teeth.



Histopathological and Direct Immunofluorescence Analysis

Incisional biopsies were obtained from gingival margin of 15 LES+ and 15 LES– patients requiring surgical periodontal treatment or for differential diagnosis of desquamative gingivitis lesions. All surgeries were performed by a single trained operator (JRP) under local anesthesia at Lauro de Souza Lima Hospital Dental Clinics (LES+) or at the Clinics of Periodontics, School of Dentistry at Bauru (LES–Samples were kept in cold saline solution for transfer to the laboratory, included in freezing medium, wrapped in aluminum foil and stored at −80°C until processing, which was performed at the Pathology Laboratory of Lauro de Souza Lima Hospital (Bauru, Brazil) by two pathologists (AJFN and MRSN).

Fragments were unfreeze and included in in glycolic resin embedding medium for cryotomy (Tissue-Tek, Sakura Finetek Europe BV, Netherland). Sections 5 μm-thick were obtained by using a cryostate (Leica CM1850, Leica Biosystems, Buffalo Grove, USA) at −22°C. Seven slides were obtained from each sample, each one containing two sections.

One section was stained by hematoxilin-eosin for descriptive histopathological analysis. The other section was prepared for direct immunofluorescence assay. Sections were delimited with a thin trace of varnish. After that, 100 μL of rabbit polyclonal FITC-conjugated antibodies (BioSB, Santa Barbara, CA, USA) against IgM, IgG, IgA, C1q, C3c diluted at 1:20 and F1b diluted at 1:80 were pipetted on the sections. Samples were incubated in humid and dark chamber for 30 min at 37°C, followed by washing in PBS and mounted in glass coverslips with 0.1% Evans Blue glycerin solution. Slides were wrapped in aluminum fail and kept at −20°C until the beginning of immunofluorescence reaction. After that, slides were kept in refrigerator at 4°C until analysis by fluorescence microscope (Zeiss Axioplan 2, Carl Zeis Microscopy, São Paulo, Brazil). The immunofluorescence reaction was classified semiquantitatively according to the intensity, varying from 1 to 3 (+, ++, +++).



Statistical Analysis

Statistical analysis was performed at GraphPad Prism 8.0 for Mac software, at a 5% significance level for all analysis. Comparisons between groups were performed by Mann Whitney since a non-normal distribution was observed by Kolmogorov-Smirnov test. The association between systemic and oral conditions was investigated by Chi-square test. Histopathological findings were qualitatively described. The results from direct immunofluorescence were analyzed by Mann Whitney and Fischer exact test.




RESULTS

A total of 104 medical records of women diagnosed with SLE at the Medical and Statistical Archive Service of Lauro de Souza Lima Hospital were screened for inclusion in this study. From that, 13 women showing SLE only were included. The remaining 12 women included in test group were recruited at Bauru State Hospital, according to the same inclusion/exclusion criteria. Participants of the control group gender- and age-matched were recruited at School of Dentistry at Bauru and consecutively included in the study (Figure 1). The overall characteristics of SLE+ and SLE– groups are described in Table 1.


[image: Figure 1]
FIGURE 1. Epidemiological diagram of flux (LES+).



Table 1. Overall characteristicas of the sample.
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Characteristics of Active and Inactive SLE

Eleven patients (44%) had active (SLE-A) and 14 inactive (SLE-I) lupus. Characteristics of the groups are described in Table 2. No respiratory disorders were observed at SLE-A, which maximum daily dose of prednisone was higher than SLE-I to control flare. SLE-A showed greater circulating titers of anti-dsDNA and lower C4. The frequency of disease active descriptors in both groups is presented as Supplementary Table 1.


Table 2. Overall characteristics of LES-A and LES-I.
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Periodontal Parameters

Mean PD, CAL and FMBS were significantly greater in SLE– women than in SLE+, with no significant differences observed in FMPS, CEJ-AC and tooth loss. Additionally, a greater percentage of sites with PD ≥5 mm was observed in SLE– (Table 3). Periodontitis was diagnosed in 22 (88%) of SLE+ and in 20 (80%) of SLE– participants, with no differences between groups. There was a prevalence of Stage III periodontitis, affecting 17 (68%) and 18 (72%) of SLE+ and SLE–, respectively. Most patients were assigned as Grade B, with no differences between SLE+ (52%) and SLE– (44%). Additionally, extension of periodontitis lesion was <30% (localized) in 86.36% of SLE-A and in 60% of SLE– participants. More detail in Supplementary Table 2.


Table 3. Periodontal parameters observed in SLE+ and SLE– women.
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The association between periodontal parameters and systemic conditions was investigate by Chi-squared bivariate analysis. CAL was significantly lower in patients using low daily doses of prednisone (≤10 mg/day), suggesting a beneficial effect of the chronic use of immunosuppressants in periodontal attachment loss (Table 4). Details on the characteristics of drug therapy for SLE+ are presented in Supplementary Table 3.


Table 4. Association between daily doses of prednisone and periodontal parameters.
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Histopathological Analysis

Gingival biopsies were obtained from 13 SLE+ diagnosed with periodontitis, 2 SLE+ with no periodontitis, and 15 SLE– with periodontitis. Histopatologic findings from SLE+ showed minimal mononuclear inflammatory infiltrate in the chorion, predominantly perivascular, with no significant morphological changes in the epithelium and intact basement membrane (Figures 2A–D). Histologic characteristics of LES- showed a dense inflammatory infiltrate predominantly composed by lymphocytes and plasma cells, occupying a vast area of gingival connective tissue (Figures 2E–H).


[image: Figure 2]
FIGURE 2. Histopathological findings of gingival biopsies obtained from SLE+ and SLE– women. Microscopic section of the region between the free and attached gingiva of a patient with periodontitis and SLE (A–D; SLE+) and a systemically healthy, periodontitis patient (E–H; SLE–) (A,B). Note that the gingival mucosa remains healthy, even in the presence of epithelial hiperplasia (C,D); no dysplastic or structural changes in the layers of the epithelium (yellow circle) or in the lamina propria (black circle) were noticed (E,F). In SLE–, periodontitis patient, it is noticed the onset of exocytosis (F; blue arrow), and areas of epithelial ulceration (G). A dense inflammatory infiltrate composed mainly by lymphocytes and plasma cells occupying >50% of gingival connective tissue area is noticed (H; arrowhead) (A,B and E,F: 100μm magnification; C,D and G,H: 50μm magnification).




Direct Immunofluorescence

Direct immunofluorescence was performed on all biopsies (n = 15/group) with anti-IgG, anti-IgM, anti-IgA, anti-C1q, anti-C3c (LN markers) and anti-fibrinogen (F1b) FITC-conjugated antibodies. SLE + patients demonstrated immunopositivity for IgG (Figures 3A–D) and IgM (Figures 3E–H) antibodies, mainly in the loose connective tissue regions permeating the epithelial ridges. Fibrinogen was homogeneously expressed in the connective tissue of SLE+ patients (Figures 3I–L). Additionally, SLE+ showed immunopositivity for IgA and C3c. The anti-C1q antibody was not reactive to immunofluorescence in any patient of both groups. In SLE, immune complexes IgG, IgM, IgA, and C3c were directed against basement membrane.
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FIGURE 3. Direct immunofluorescence at LES+ (A,E,I). Hematoxylin and eosin sections obtained from three different SLE+ patients to confirm histopathological diagnosis (100x magnification); Direct immunofluorescence to analyze the presence of IgG (B 100x; C 200x; D 400x magnification of gingival biopsy shown in A); IgM (F 100x; G 200 x; H 400 x magnification of gingival biopsy shown in E) and fibrinogen (J 100x; K 200x; L 400x magnification of section shown in I). The immunoglobulin immunostaining was granular in appearance, focusing mainly on areas of loose connective tissue near the basement membrane. However, the detection of fibrinogen has also been found in epithelial cells (L).


Quantitative analysis of direct immunofluorescence is shown in Table 5. Only 1 SLE– patient showed the presence of LN markers in gingival biopsies, while 9 SLE+ showed LN markers (p = 0.005; OR = 21; 2.46; 242.9; Fischer Exact Test). Comparisons between groups showed significant more labeling of IgM in SLE+ than SLE–. Both groups showed antibodies anti-F1q in the connective tissue. Detailed information is presented in Supplementary Table 4.


Table 5. Quantitative analysis of direct immunofluorescence.
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DISCUSSION

The diagnosis of SLE is complex and relies on the presence of four signs and symptoms, necessarily including one clinical and one laboratorial finding or the biopsy-proven lupus nephritis (LN) (1). We have used antibodies against IgM, IgG, IgA, C1q and C3c, frequently used for the diagnosis of LN by direct immunofluorescence, to investigate the deposition of immune complexes in the gingival connective tissue in SLE patients compared to systemically healthy ones, both with periodontitis. Our results showed the presence of immune complexes in gingiva of nine out of 15 SLE+ patients and in one out of 15 SLE– patients, with significant differences between groups (p = 0.005; Fischer Exact test). From the panel of antibodies investigated, IgM was detected in seven SLE+, with weak (+) to strong (+++) scores, IgG and IgA were detected in one patient each and C3c was detected in 3 patients, compared to only one patient presenting immunostaining against IgM and C3c in only one SLE– patient (Supplementary Table 4).

This finding might aid in the diagnosis of lupus, which is quite difficult to achieve due to the variability and complexity of clinical signs and symptoms, which may also manifest in diseases or conditions others than lupus (1).

The formation of immune complexes is a typical finding in autoimmune diseases. It may arise from circulating antibodies or be formed by the reaction of immunoglobulins with cell or tissue antigens or to bacteria temporarily adsorbed to cells, in a type III hypersensitivity reaction (37). In autoimmune diseases, such as SLE, these reactions typically occur in a granular pattern at the basement membrane (Figure 3), as observed in our study. Besides immunoglobulins and complement components, we have also investigated F1b, which was observed in 100% of SLE– and in 93.3% of SLE+ (Supplementary Table 4). This marker is associated with revascularization, wound healing and tissue repair and may also be expressed in different disorders, such as chronic kidney disease or amyloidosis.

Deposition of immune complexes in lupus are usually higher at the diagnosis. The presence of lupus-associated autoantibodies may exist in apparently healthy individuals (38), some of which in the pre-clinical phase (1). Antibodies titers and types vary depending on the stage of development of the disease. In the pre-clinical phase, 25% of the population is ANA positive in titers >1:40, 5% in titers ≥1:160 and 2% in titers considered as pathological (39). On the other hand, more than 99% of SLE patients are ANA-positive at some point during the course of the disease, besides the presence of other circulating autoantibodies, such as anti-Ro, anti-La, anti-phospholipids, anti-RNP and anti-dsDNA years before the clinical manifestation of SLE (1). The number of specific antibodies gradually increases in SLE up to the moment of diagnosis, and its accumulation decreases thereafter (40). Three phases are observed in disease development: (1) normal phase in asymptomatic individuals without SLE antibodies; (2) benign immunity, under the influence of genetic and environmental factors, characterized by the presence of autoantibodies (ANA, anti-Ro, anti-La or anti-aPL) in peripheral blood vessels in the absence of clinical manifestations; (3) pathogenic autoimmunity, characterized by the presence of anti-dsDNA, anti-Sm and anti-RNP and the development of clinical signs and symptoms (1).

Our study included women with established diagnosis and in treatment of SLE. Therefore, in these patients, deposition of autoantibodies in organs and tissues had already taken place. Even so, the presence of higher levels of immunoglobulins and complement in the basement membrane of SLE+ periodontitis patients, especially IgM, provides evidence of the disease, and might be helpful for the diagnosis of SLE or its flare. Higher titers of circulating antibodies, low C3, C4 and CH50 and increased deposition of immune complexes in tissues are seen during lupus activity, especially on those who develop LN, tending to normalize with clinical improvement (9, 41, 42).

Patients with active kidney disease tended to have lower levels of CH50 and C3 and higher levels of immune complexes detected by C1qBA than those with extra-renal manifestations only. Patients with renal and extrarenal manifestations have lower levels of CH50, C4 and C3, but the deposition of immune complexes in such cases is lower than those observed in LN. These findings highlight the concept that SLE and LN are two autoimmune conditions characterized by isotype specificity of auto-antibodies (42). In our sample, 5 patients had renal or extra-renal diseases and, from that, 2 presented IgM immunostaining and 1 C3. No patient showed positive staining for C1q in neither groups (Supplementary Table 4). Low levels of complement without high levels of C1q suggest unlikely kidney disease (9). Additionally, it could be observed that SLE-A patients showed significantly higher titers of anti-dsDNA and lower C4 levels than SLE-I (Table 2), corroborating these findings.

Different studies showed increased serum IgG titers against periodontal pathogens in chronic periodontitis (16, 18–20) and even higher titers in gingival crevicular fluid (43). Immune complexes and IgG deposits with active complement factors were noticed in periodontitis patients (15, 17), associated with increased number of osteoclasts in alveolar bone crest, suggesting their involvement in the acute phase of periodontal destruction (21).

Histopathological findings of gingival biopsies obtained from SLE+ patients showed minimal amount of inflammatory infiltrate at gingival connective tissue in periodontitis patients (Figure 2), contrasting with the findings of SLE– periodontitis patients, who showed a dense infiltrate predominantly composed of lymphocytes and plasma cells (44). This can be explained by the use of immunosuppressants or immunomodulators for lupus control. Only one SLE-I did not use any of these drugs (Supplementary Table 3). A positive association between low daily doses of prednisone (<10 mg) and CAL ≤ 3 mm was observed (Table 4). This finding emphasizes the role of immune inflammatory host responses in the pathogenesis of periodontitis.

The suppression or modulation of immune inflammatory host response correlates with clinical periodontal parameters. Worse periodontal conditions, especially PD, CAL, FMBS and percentage of sites with PD ≥5 mm, were observed in SLE– than in SLE+ women (Table 3), in spite of similar overall characteristics of SLE+ and SLE– (Table 1). These findings differ from other studies which showed worse periodontal conditions in SLE patients compared to healthy ones (31, 45, 46). Gofur et al. (47) showed that worst periodontal conditions were associated with higher SLEDAI scores. However, the maximum SLEDAI in our sample was 28 (data not shown), which may account for differences observed between our and other studies. Other reports, however, did not find differences in periodontal parameters of SLE patients (27, 45, 48).

No differences in the prevalence of healthy/periodontitis patients were observed in SLE+ and SLE- (Supplementary Table 2). In SLE+, 2 patients (8%) and 1 (4%) were classified as periodontally healthy or with gingivitis, respectively, according to 2018 AAP/EFP classification of periodontal and peri-implant diseases and conditions (36). In SLE–, five patients (20%) were classified as healthy, with no significant differences between groups. A recent systematic review and meta-analysis (49) including eight case-control studies with 487 cases of SLE and 1383 participants in total, found that the risk of periodontitis in cases of SLE was significantly higher than in systemically healthy controls, with RR of 1.76 (95% CI 1.29–2.41; p = 0.0004). However, no significant differences were observed between groups in relation to periodontal measures, such as probing depth and loss of clinical insertion, as also observed in our study.

Pessoa et al. (25) evaluated the reciprocal impact of the subgingival microbiota on systemic inflammation in patients with SLE. Ninety-one women were recruited, 31 of whom were systemically healthy, 29 with inactive SLE and 31 with active SLE. There was a high expression of pro-inflammatory cytokines in patients with SLE compared to healthy controls. In SLE-I, low-intensity inflammation was observed, while a potent anti-inflammatory cytokine, IL-10, attenuated clinical phenotypes. Of 24 significant oral microbial abundances found in patients with SLE, 14 unique subgingival bacterial profiles were elevated in SLE, with a particular increase in the levels of T. denticola and T. forsythia in patients with SLE-A compared to control. The cytokine-bacteria correlations The correlation between cytokines and bacteria showed that periodontal pathogens dominating the environment increased systemic levels of cytokines. Deeper bags and greater loss of insertion were observed in SLE patients, especially SLE-I, possibly due to chronic, long-lasting, low-intensity inflammation. Thus, taking into account the results of another study (45), it can be hypothesized that, although there is dysbiosis in patients with SLE, the clinical manifestation of periodontitis in these patients is masked by the use of corticosteroids and immunosuppressants.

As far as we know, no study has investigated lupus-related deposition of antibodies in gingival tissues. Additionally, to date, no serum or urine biomarker is sufficiently accurate in the diagnosis of incipient or recurrent LN so that renal biopsies could be replaced (50, 51). Our findings, although interesting, should be further investigated, since all patients were diagnosed and in long-term treatment for active or inactive lupus, which might contribute not only to decreased deposition of immune complexes at gingival tissues as well as to better clinical parameters in test group. Considering so, further studies are necessary to confirm or discard our hypothesis that lupus-associated immune complexes deposit in gingival tissues and may aid in the diagnosis of the disease or its flare.

The findings of this study suggest that lupus-associated immune complexes can be detected by direct immunofluorescence in biopsies of gingiva, which could aid in diagnosis of the disease. Besides that, the use of immunosuppressants and immunomodulators limits density and extension of the inflammatory infiltrate at gingival tissues, contributing to a better clinical periodontal condition.
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Recent studies have identified a clinical isolate of the commensal Streptococcus mitis that expresses Streptococcus pneumoniae serotype 5 capsule (S. mitis serotype 5) and shows serospecificity toward pneumococcal serotype 5. However, it remains unknown whether S. mitis serotype 5 induces protective immunity against pneumococcal serotype 5. In this study, we evaluated the ability of S. mitis serotype 5 to generate protective immunity in a mouse model of lung infection with pneumococcal serotype 5. Upon challenge infection with S. pneumoniae serotype 5, mice intranasally immunized with S. mitis serotype 5 exhibited reduced pneumococcal loads in the lungs, nasal wash, and bronchoalveolar lavage fluid compared with those receiving PBS (control). The immunized mice displayed significantly higher levels of IgG and IgA antibodies reactive to S. mitis serotype 5, S. pneumoniae serotype 5 or S. pneumoniae serotype 4 than the antibody levels in control mice. In vaccinated mice, the IgG/IgA antibody levels reactive to S. mitis serotype 5 or S. pneumoniae serotype 5 were higher than the levels reactive to S. pneumoniae serotype 4. Furthermore, in-vitro restimulation of the lung-draining mediastinal lymph node cells and splenocytes from immunized mice with killed S. mitis serotype 5, S. pneumoniae serotype 5 or S. pneumoniae serotype 4 showed enhanced Th17, but not Th1 and Th2, responses. Overall, our findings show that mucosal immunization with S. mitis serotype 5 protects against S. pneumoniae serotype 5 infection and induces Th17 and predominant serotype-specific IgG/IgA antibody responses against pneumococcal infection.
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Introduction

Streptococcus pneumoniae is an important human pathogen that causes a range of diseases, including sepsis, meningitis, and pneumonia, and poses a threat to public health worldwide (1, 2). According to the World Health Organization, S. pneumoniae is responsible for approximately 1.6 million deaths per annum, particularly among young children  (1, 3). S. pneumoniae’s capsular polysaccharides are considered to be the most important virulence factor by protecting pneumococci from immune cell-mediated phagocytosis. A pneumococcal serotype is characterized by serological reactivity to and molecular structure of its capsular polysaccharides. The immunity ensued against the capsular serotype is protective and has crucial implications for vaccine development (4–6). More than 90 serotypes have thus far been reported (4). Out of these pneumococcal serotypes, serotype 5 is strongly associated with invasive pneumococcal disease (IPD), with an invasiveness index that is 60 times higher than those of some of the least invasive serotypes (7, 8). And so, this serotype is contained in pneumococcal conjugate vaccine (PCV) and pneumococcal polysaccharide vaccine (PPSV) formulations.

Streptococcus mitis, a commensal bacterium, colonizes the mucosal surfaces of the human oral cavity and upper respiratory tract, and shares a major proportion of its genome with S. pneumoniae (9, 10). Our previous studies using humans and animal models have reported that antibody (IgG/IgA) and T helper cell (Th) 17 (Th17) responses specific for S. mitis show cross-reactivity with pneumococcal serotypes (11–13). Intranasal immunization of mice with live S. mitis triggered serotype-independent immunity against pneumococcal lung infection (13). Upon vaccination with genetically engineered S. mitis that expresses pneumococcal serotype 4 capsule (S. mitis TIGR4cps), mice generated enhanced protection against S. pneumoniae serotype 4 in a serotype-dependent fashion (13). Recently, Pimenta et al. have recovered commensal isolates of mitis streptococci from the upper respiratory tract of adult individuals that were PCR-positive for the pneumococcal serotype 5 specific gene (wzy5) (14). The S. mitis (hereinafter called as S. mitis serotype 5) shared the highest similar capsular polysaccharide biosynthetic gene cluster (cps5) with the same order in pneumococcal serotype 5 (14). Furthermore, antisera specific for S. mitis serotype 5 showed reactivity with pneumococcal serotype 5, indicating a positive Quellung reaction, and induced serotype 5-specific opsonophagocytosis (14).

In the present study, we specifically aimed to investigate whether S. mitis serotype 5 confers protective immunity against S. pneumoniae using a mouse model of pneumococcal lung infection. We also assessed the associated adaptive immune (IgG/IgA and Th) responses ensued due to immunization with S. mitis serotype 5. Our findings from this study provide important insights into how the naturally occurring commensal S. mitis that expresses pneumococcal serotype 5 can be used to generate protective immunity against infections with S. pneumoniae, which may have implications for the development of vaccines that contain serotypes that are prevalent in a particular geographical area.



Materials and Methods


Bacterial Strains and Media

S. mitis serotype 5 (KE67013) was kindly provided by the CDC, Atlanta, USA (14). S. pneumoniae serotypes included were S. pneumoniae serotype 5 (ATCC 6305; CCUG 33774) and S. pneumoniae serotype 4 (TIGR4). The bacterial strains were suspended in trypticase soy broth (Becton Dickinson, Franklin Lakes, NJ, USA) and 15% glycerol and stored in −80°C freezer. For the use of bacteria, stock cultures were diluted and grown at 37°C to an optical density (OD) of 0.5 at 600 nm in a 5% CO2 incubator. The bacterial cells were harvested by centrifugation at 5,000 g for 10 min at 4°C and washed in endotoxin free Dulbecco’s-PBS (Sigma-Aldrich, St. Louis, MO, USA).



Mice

Swiss mice used in this study were females of 6-8 weeks age. These mice were specific pathogen free (SPF) and bought from the JANVIER LABS, France, and quarantined and housed in a Minimal Disease Unit at the animal facility at Oslo University Hospital, Rikshospitalet, Oslo, Norway. The mice were kept in isocages that are environmentally enriched with impellers and paper nest building, and given standard feed and water ad libitum. All mouse experiments were approved by the Norwegian Food Safety Authority, Oslo, Norway (Project license number FOTS – 22302) and performed in accordance with the guidelines of the Norwegian Animal Welfare Act (10 June 2009 no. 97), the Norwegian Regulation on Animal Experimentation (REG 2015-06-18-761) and the European Directive 2010/63/EU on the Protection of Animals used for Scientific Purposes. Mice were allowed a one week acclimatization period before experiments were started.



Immunization and Challenge Infection

To perform immunization, mice were anesthetized with isoflurane (4%), followed by intranasal administration of 5 x 107 colony forming units (CFU) of S. mitis serotype 5 in 20 µl of PBS or 20 µl of PBS (control) for each mouse at days 0, 14, and 21. The immunized mice were anesthetized with isoflurane (4%) at 24 hours after the last immunization, followed by intranasal instillation with 8 x 106 CFU of S. pneumoniae serotype 5 suspended in 50 µl of PBS, as described previously (13). Of note, we performed our experiment with 4 mice in immunized and 4 mice in control group, and the experiment was repeated to confirm the findings. The data represented in figures are pooled from the results of these two independent experiments.



Sample Collection

Mice were euthanized at 24 hours after pneumococcal challenge, and the nasal wash, bronchoalveolar lavage fluid (BALF), spleen, blood, lungs, and lung-draining mediastinal lymph nodes were collected and stored in ice for further processing. For euthanasia, mice were anesthetized with isoflurane (4%) and then inoculated with an intraperitoneal injection of pentobarbital (0.5 ml per mouse). To obtain antisera, the freshly isolated blood was kept at 4°C for 1 hour and then centrifuged at 1000g for 5 minutes. The supernatant antisera were collected and preserved at -80°C freezer for analysis. The nasal wash, BALF, and lungs were collected from the euthanized mice, as described previously (15). To recover the BALF and nasal wash, a small cut in the trachea was made with a scissor and 1 ml of sterile cold PBS was inoculated with a syringe (19 gauge needle) and recovered for plating as well as antibody measurements. The lungs were mashed on a 70 µm cell strainer (ThermoFisher Scientific, Rockford, IL, USA) with the plunger of a 3 ml syringe and washed with 1 ml PBS for CFU counting and cytokine analysis. The nasal wash, BALF, and lung samples were plated onto blood agar plates containing gentamicin (5 µg·ml−1) for differentiation from other species and CFU calculation (13, 15).



Measurement of Antibody Responses

To determine antibody levels in mouse samples, a whole cell ELISA was used as described previously (12, 13). In brief, each well of a 96-well plate (Maxisorb, Nunc, Thermo Scientific) was coated overnight with 100 µl of bacterial suspension (OD600 0.5), which was washed and then fixed with 10% formalin. The plate was washed and blocked with a blocking buffer (PBS + 0.05% Tween + 1% BSA) and incubation for 1 h at 37°C. Sera (1:1000), BALF (1:10) and nasal wash (1:10) were diluted, and added to wells in duplicate, incubated for 2 hours at room temperature before addition of the anti-IgG/HRP or anti-IgA/HRP secondary antibody (1:10000) followed by incubation for 2 h at room temperature. The plates were washed and 100 µl of TMB substrate (ThermoFisher Scientific, Rockford, IL, USA) was added to each well. The plates were incubated in the dark at room temperature for 15 min, after which stop solution (ThermoFisher Scientific, Rockford, IL, USA) was added to each well to terminate the reaction. Absorbance was measured by reading the plates at 450 nm using a Multi-Mode reader (BioTek™ Cytation™ 3; ThermoFischer Scientific).



Cell Isolation From the Lymph Nodes and Spleen

The mediastinal lymph nodes and spleen were removed from the euthanized mice and processed into single‐cell suspensions. The mediastinal lymph nodes and spleen were mashed on a 70 µm cell strainer (ThermoFisher Scientific, Rockford, IL, USA) with the plunger of a 3 ml syringe and washed with the washing buffer (PBS, 0.5% BSA and 5 mM EDTA). The cell suspension was lysed with RBC lysis buffer and washed twice. Hemocytometer and trypan blue were used to count viable cells.



In Vitro Restimulation of the Lymph Node Cells and Splenocytes

5 x 106 splenocytes in one ml or 1 x 106 lymph node cells in 200μl of complete RPMI medium (10% heat‐inactivated FBS, 25 μg/mL gentamicin, L‐glutamine, and sodium bicarbonate; Sigma-Aldrich, UK) were cultured at 37°C, and restimulated with UV-killed S. mitis serotype 5, S. pneumoniae serotype 5 or S. pneumoniae serotype 4 (105 CFU/ml) for 72 hours. The culture supernatants were frozen at -800C for further cytokine analysis by commercial ELISA kits. The concentrations of IFN-γ, IL-4, and IL-17A were measured by Ready-SET-Go ELISA kits (eBioscience, San Diego, CA, USA), whereas the concentration of IL-4 was measured with an ELISA kit from Invitrogen (Vienna, Austria), in accordance with the instructions of respective manufacturers. The cytokine detection limit of the ELISA kits for IL-17, IL-4, and IFN-γ were 4, 3.9, and 15 pg/ml, respectively. Similarly, the cytokine levels in the lung homogenates, nasal wash and BALF were analyzed.



Statistics

Unpaired Student’s t test was used for comparing two groups (GraphPad Prism Software, version 7, Graph Pad, San Diego, CA, USA). A p value less than 0.05 was considered significant.




Results


Intranasal Immunization of Mice With S. mitis Serotype 5 Protects Against Challenge Infection With S. pneumoniae Serotype 5

Accumulating evidence has shown that S. mitis serotype 5 exhibits antigenic relatedness to pneumococcal serotype 5 (14). To assess the protective efficacy of S. mitis serotype 5, we intranasally immunized mice with live S. mitis serotype 5 thrice followed by lung infection with S. pneumoniae serotype 5. The immunized mice exhibited significantly reduced pneumococcal loads in the nasal wash, BALF, and lungs compared to the control mice receiving PBS (Figure 1). Of note, S. mitis serotype 5 immunization completely eliminated pneumococcal burden from the BALF of 50% of all the mice immunized, whereas none of the control mice was able to totally clear pneumococcal loads from any of the samples collected. Thus, S. mitis serotype 5 confers strong protection against lung infection with S. pneumoniae serotype 5. Of note, a table showing CFU counts from each mouse used in this study has been included (Supplementary Table 1).




Figure 1 | Protective efficacy of S. mitis serotype 5 against lung infection with pneumococcal serotype 5. Mice were intranasally immunized with S. mitis serotype 5 or PBS (control) at days 0, 14, and 21, and then subjected to lung infection with S. pneumoniae serotype 5. They were sacrificed at 24 hours following the challenge infection, and nasal wash, BALF, and lungs were collected for the analysis of pneumococcal load (CFU). Data are shown as mean ± SD and pooled from the results of two independent experiments with 4 mice in each group. Each symbol represents data from an individual mouse, and the horizontal bars are mean values of the groups. **p<0.01; ***p<0.001. Unpaired Student’s t test.





S. mitis Serotype 5 Induces Predominant Serotype-Specific IgG and IgA Antibody Responses

Our recent findings demonstrate that IgG and IgA antibodies from mice immunized with the S. mitis type strain, which has a capsule locus not found in S. pneumoniae, reveal reactivity with S. pneumoniae serotypes 2 and 4, suggesting an antibody-mediated response that is independent of the pneumococcal serotype (13). It is further shown that antisera raised against S. mitis serotype 5 show serotype-specific reactivity with S. pneumoniae serotype 5 (14). To have detailed knowledge on how IgG and IgA antibodies specific for S. mitis serotype 5 react with different pneumococcal serotypes, we immunized mice with S. mitis serotype 5, which was followed by lung infection with S. pneumoniae serotype 5, and examined IgG and IgA responses in the nasal wash, BALF, and sera using a whole cell ELISA. The mice immunized with S. mitis serotype 5 displayed significantly higher levels of IgG antibodies binding to S. mitis serotype 5, S. pneumoniae 4 or S. pneumoniae 5 compared with IgG levels in control mice (Figure 2A). However, IgG levels in immunized mice reactive to S. pneumoniae 4 were much lower than the IgG levels binding to S. mitis serotype 5 or S. pneumoniae 5 (Figure 2A). In accordance with these findings, the immunized mice exhibited increased binding of IgA antibodies to S. pneumoniae 5 or S. pneumoniae 4 compared with control mice (Figure 2B). And, IgA levels binding to S. mitis serotype 5 or S. pneumoniae 5 were significantly higher than the levels reactive to S. pneumoniae 4 (Figure 2B). Cumulatively, intranasal immunization with S. mitis serotype 5 induces mucosal and systemic IgG and IgA antibody responses to pneumococcal serotype 5 and 4, although the response in case of serotype 5 is stronger than serotype 4, suggesting a predominant serotype-specific bias.




Figure 2 | IgG and IgA responses to S. pneumoniae following immunization with S. mitis serotype 5. Mice were immunized with S. mitis, which was followed by pneumococcal lung infection, and the nasal wash, BALF and sera samples were collected to analyze (A) IgG and (B) IgA responses. Levels of IgG and IgA antibodies reactive to pneumococcal serotypes in the sera were measured by whole cell ELISA. The sera were diluted 1:1000, and the nasal wash and BALF 1:10. Data are shown as mean ± SD and pooled from the results of two independent experiments with 4 mice in each group. *p<0.05; **p<0.01; ***p<0.001. Unpaired student’s t test. ns, not significant.





S. mitis Serotype 5 Generates Enhanced Th17 Responses to Pneumococcal Infection

Th, particularly Th1 and Th17, responses play a crucial role in protective immunity to pneumococcal lung infections (16, 17). We have previously reported that mucosal vaccination with S. mitis triggers local IL-17A/Th17 immunity in the respiratory tract of mice (13). In the present study, we used S. mitis serotype 5 to assess its ability to generate major T helper cell responses – Th1, Th2, and Th17 – at the mucosal and peripheral tissues. First, we examined the cytokine profile of local tissues following immunization of mice with S. mitis serotype 5 followed by lung infection with pneumococcal serotype 5. The immunized mice produced large quantities of IL-17A (Th17) in the nasal wash, BALF, and lungs compared with mice receiving PBS (Figure 3). However, IFN-γ (Th1) and IL-4 (Th2) cytokine levels were not statistically different between the immunized and control groups (Figure 3). In order to acquire knowledge on antigen-specific T cell responses, we restimulated the mediastinal lymph node cells from the immunized mice with killed S. mitis serotype 5, S. pneumoniae 5 or S. pneumoniae 4 and measured the cytokine responses. The lymph nodes from immunized mice produced higher levels of Th17, but not Th1 and Th2, cytokines compared with control mice (Figure 4A). In immunized mice, the lymph nodes cells restimulated with S. mitis serotype 5, S. pneumoniae 5 or S. pneumoniae 4 secreted similar levels of Th17 cytokines, which were higher than in the control mice (Figure 4A). Then, we investigated the antigen-specific cytokine production pattern at the peripheral tissues (spleen) in response to restimulation with S. mitis serotype 5, S. pneumoniae 5 or S. pneumoniae 4. In line with the findings from the lymph node cell restimulation (Figure 4A), we found that Th17, but not Th1 and Th2, cytokine levels produced by the splenocytes restimulated with S. mitis serotype 5, S. pneumoniae 5 or S. pneumoniae 4 were significantly increased compared with the cytokine levels in control mice (Figure 4B). Thus, these findings indicate that mucosal vaccination with S. mitis serotype 5 induces Th17 immunity both at the local and peripheral levels.




Figure 3 | Cytokine responses in the respiratory tract after immunization. Nasal wash, BALF, and lungs were collected from the immunized mice subjected to pneumococcal challenge infection, and the cytokine levels were measured using ELISA. Data are shown as mean ± SD and pooled from the results of two independent experiments with 4 mice in each group. ***p<0.001. Unpaired student’s t test. ns, not significant.






Figure 4 | Antigen-specific cytokine production by the lymph node cells and splenocytes following immunization. The mediastinal lymph node cells and splenocytes from the S. mitis serotype 5-immunized or control mice subjected to pneumococcal challenge were restimulated with killed S. mitis serotype 5, S. pneumoniae 5 or S. pneumoniae 4 for 72 hours, and the cytokine levels (IL-17A, IFN-γ, and IL-4) in the culture of (A) lymph node cells and (B) splenocytes were measured by ELISA. Data are shown as mean ± SD and pooled from the results of two independent experiments with 4 mice in each group. *p<0.05; **p<0.01; ***p<0.001. Unpaired student’s t test. ns, not significant.






Discussion

The rare occurrence of serotype 5 invasive disease in the United States and Kenya has led to the hypothesis that the expression of serotype 5 capsule by non-pneumococcal Mitis group streptococci, including S. mitis, may confer cross-species immunity (18–20). Our present study supports this hypothesis because intranasal immunization of mice with S. mitis serotype 5 triggered protective immunity against nasal colonization by and lung infection with S. pneumoniae serotype 5. Our data show that the mice immunized with S. mitis serotype 5 exhibited significantly lower pneumococcal loads in the nasal wash, BALF, and lungs following challenge with S. pneumoniae 5. Of note, the pneumococcal loads in the immunized mice were around 2-3 times lower in the BALF and lungs, and 50% of the immunized ones had nil pneumococcal CFU in the BALF. This protective efficacy is higher than what has been demonstrated in similar mouse models where mice intranasally inoculated with S. pneumoniae serotype 6 (BHN418 6B) received a challenge with homologous pneumococci (21). Furthermore, S. mitis serotype 5 elicited robust IgG and IgA immune responses locally and systemically, which were predominantly directed against the serotype 5 capsule. It is however important to mention that S. mitis serotype 5 also elicited IgG/IgA antibody levels that were reactive to S. pneumoniae serotype 4, suggesting a serotype-independent immune response. Recently, we showed that intranasal immunization of mice with live S. mitis induces serotype-independent protection against infections with pneumococcal serotypes 2 and 4, which was associated with enhanced IgG and IgA responses (13). Likewise, vaccination with attenuated S. pneumoniae serotype 4 provided serotype-independent protection against invasive pneumococcal infections (22). The reason behind this serotype-independent immune response could be explained by the similarity between the nature of capsular and protein antigens of S. mitis and S. pneumoniae. In addition to immunogenic capsular antigens, S. pneumoniae possesses certain protein antigens, such as choline-binding protein D (CbpD), which are highly conserved between S. mitis and S. pneumoniae (12). Thus, the antibody responses ensued due to S. mitis serotype 5 in this study may be generated against capsular and protein antigens of S. pneumoniae serotype 5, and protein antigens of S. pneumoniae serotype 4.

Our current study shows that S. mitis serotype 5 vaccination exerts an increased antigen-specific IL-17A/Th17 immune response at the mucosal (respiratory tract) and peripheral (spleen) tissues, which is critical for protective immunity to pneumococcal lung infections (15). However, the IL-17A/Th17 responses against S. pneumoniae serotype 5 and S. pneumoniae 4 were similar, suggesting that these responses are induced against shared protein antigens between S. mitis serotype 5 and S. pneumoniae serotypes 4 and 5. This is in accordance with our previous studies where S. mitis-specific human Th17 cells showed cross-reactivity with S. pneumoniae (11), and that mice immunized with S. mitis promoted Th17 immunity (13). However, it remains to be ascertained whether S. mitis serotype 5-induced IL-17A/Th17 immunity plays a direct role in protection against pneumococcal infection, which will be addressed in our future studies by using IL-17 knockout mice. It is notable here that although Th responses, especially Th1, contribute to host defense against pneumococcal lung infection (16, 17), we failed to see any difference in Th1 (IFN-γ) and Th2 (IL-4) cytokine levels between the immunized and control groups at 24 hours after the last S. mitis serotype 5 immunization. Similar observations were found in our previous study where the Th response was assessed at day 7 after immunization with the S. mitis type strain (13). Moreover, a previous study showed that prior nasopharyngeal colonization of mice by S. pneumoniae resulted in significant increases in the BALF levels of Th1 cytokine (TNF-α) at 4 hours, but not at 18 hours, following pneumococcal challenge (23). Therefore, in the present study, the reason as to why we did not find difference in Th1/Th2 cytokine levels could be attributed to the time point (24 hours post-immunization) chosen to analyze the cytokines. Future studies need to assess the cytokine levels at various time points following immunization.

It is also important to discuss how relevant our findings from a mouse model are for evaluation of human-commensal effects as many gut commensals induce tolerance in the natural host (24). Previous studies in humans have shown that there exists a humoral cross-reactivity between S. pneumoniae and S. mitis (12, 25, 26), and that intranasal inoculation of adult humans with the oral streptococcal commensals induce protective immunity against otitis media caused by bacterial pathogens, including S. pneumoniae (27). Furthermore, inoculation with the nasopharyngeal commensal Neisseria lactamica in healthy individuals intranasally elicits cross-reactive systemic opsonophagocytic antibodies to the pathogen Neisseria meningitidis (28). Thus, these human studies indicate an important role for the oral/nasopharyngeal commensals in inducing protective immunity against respiratory pathogens. In the times to come, we plan to perform a study to investigate the impact of S. mitis colonization/immunization on incidence of pneumococcal carriage/infection.

In conclusion, our present study demonstrates that mucosal vaccination with live S. mitis serotype 5 protects against infection by S. pneumoniae serotype 5, and induces strong IgG/IgA and Th17 responses against pneumococcal infection at the local and systemic/peripheral tissues. Moreover, the IgG/IgA antibody levels reactive to S. mitis serotype 5 or S. pneumoniae serotype 5 were higher than the levels reactive to S. pneumoniae serotype 4, indicating a serotype-specific response. These findings provide significant insights into how naturally occurring commensal streptococci that express pneumococcal serotype capsule can be exploited to generate protective immunity against pneumococcal infections.
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Periodontal disease (PD) is a chronic, progressive polymicrobial disease that induces a strong host immune response. Culture-independent methods, such as next-generation sequencing (NGS) of bacteria 16S amplicon and shotgun metagenomic libraries, have greatly expanded our understanding of PD biodiversity, identified novel PD microbial associations, and shown that PD biodiversity increases with pocket depth. NGS studies have also found PD communities to be highly host-specific in terms of both biodiversity and the response of microbial communities to periodontal treatment. As with most microbiome work, the majority of PD microbiome studies use standard data normalization procedures that do not account for the compositional nature of NGS microbiome data. Here, we apply recently developed compositional data analysis (CoDA) approaches and software tools to reanalyze multiomics (16S, metagenomics, and metabolomics) data generated from previously published periodontal disease studies. CoDA methods, such as centered log-ratio (clr) transformation, compensate for the compositional nature of these data, which can not only remove spurious correlations but also allows for the identification of novel associations between microbial features and disease conditions. We validated many of the studies’ original findings, but also identified new features associated with periodontal disease, including the genera Schwartzia and Aerococcus and the cytokine C-reactive protein (CRP). Furthermore, our network analysis revealed a lower connectivity among taxa in deeper periodontal pockets, potentially indicative of a more “random” microbiome. Our findings illustrate the utility of CoDA techniques in multiomics compositional data analysis of the oral microbiome.
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INTRODUCTION

Periodontal disease (PD) manifests as bacterial biofilms (plaque) that lead to gum inflammation, recession, and, in later stages, degradation of the bone and tooth loss. Despite the prevalence of the disease, which affects over 45% of United States adults, the precise role of the oral microbiome in the progression of PD remains elusive (Eke et al., 2012). Prior to the development of next-generation sequencing (NGS) technologies, a cluster of three species deemed the “red complex,” consisting of Porphyromonas gingivalis, Treponema denticola, and Tannerella forsythia, was found to be associated with the PD clinical factors gum pocket depth and bleeding (Socransky et al., 1998). While some individual species of the oral microbiome contributing to PD, such as the members of the red complex, have been studied extensively (Lamont and Jenkinson, 1998), the presence of these specific species is not enough to explain the occurrence of PD (Ximénez-Fyvie et al., 2000). NGS technologies have revealed greater diversity of the oral microbiome and a complex relationship between microbiome composition and periodontal disease states, including an association between increasing microbial diversity and pocket depth (Kroes et al., 1999; Paster et al., 2001; Faveri et al., 2008; Griffen et al., 2012). Analysis of periodontal disease metagenomes has also revealed a novel bacterium strongly associated with the red complex and periodontal disease (Torres et al., 2019). Furthermore, high inter-patient diversity of the oral microbiome complicates deciphering the relationship between periodontal treatments or changes in disease state on the associated microbiome (Kumar et al., 2006; Schwarzberg et al., 2014; Califf et al., 2017).

While NGS technologies illuminate a great deal of information about the oral microbiome, most microbiome analyses ignore the compositional structure of NGS microbiome data, which presents problems in statistical and biological interpretation. Microbiome data are compositional for two main reasons. First, sequencing only captures a proportion of the microbes in a sample, so the counts of taxa in each sample are relative rather than absolute. As the measurement of one taxon increases, the measurement of another taxon must decrease regardless of whether its absolute abundance is actually lower. Second, as the count total obtained in a run of NGS sequencing is capped by sequencing depth limitations, each sample size is different, rendering the counts of taxa between samples incomparable. Common normalization methods for microbiome data, such as rarefaction, transcripts per million, and library size normalizations, attempt to make samples with different library sizes comparable, but generate proportional data still constrained by its relative nature (Gloor et al., 2017). Metabolomics, another data type that is commonly used in conjunction with microbiome analysis, is also relative in nature and therefore compositional. Furthermore, the integration of multiomics data, or different “omics” datasets like proteomics, metabolomics, and metagenomics, from the same sample is challenging due to the different scales with which these data are measured.

Most statistical tests assume that the sample data exist in real space, where Euclidian geometry and distance formulas can be used to describe the distance between points. However, compositional data exist in a space known as the simplex where dimensions are arbitrary and values are subject to spurious correlations (Aitchison, 1982; Gloor et al., 2017). Compositional data analysis (CoDA) approaches have been developed to deal with these constraints of compositional data. One method gaining traction is the centered log-ratio (clr) transformation, which recasts relative count data with respect to the sample’s geometric mean and creates scale-invariant data in Euclidian space where the use of multivariate statistical methods is valid (Gloor et al., 2017; Quinn et al., 2018). We recently showed that analyzing clr-transformed compositional datasets can reveal novel relationships, allow better discrimination between variables, and facilitate the integration of multiomics 16S, internal transcribed spacer (ITS), and metabolomic datasets (Sisk-Hackworth and Kelley, 2020).

In this work, we applied CoDA approaches, namely, clr transformation prior to standard methods such as non-metric multidimensional scaling (NMDS) ordination, Spearman’s correlation, multiomics structure correlation, beta dispersion, random forest, and network analysis, as well as the log-ratio balance method used in the R package selbal (Rivera-Pinto et al., 2018), to 16S, metagenomic, cytokine, and metabolomic datasets from prior studies of patients with periodontal disease before and after treatments. By reanalyzing these data with a CoDA approach, we integrated these multiomics datasets to reveal patterns and correlations between the disease state, microbes, metabolites, and cytokines, in addition to the relationships between community structure and disease state not identified with standard normalization methods.



MATERIALS AND METHODS


Study Descriptions

This study incorporated data from two separate studies. The standard periodontal treatment (PT) study consisted of patients with periodontal disease and investigated the biofilms of periodontal pockets through 16S sequences, metagenomic sequences, and serum cytokine levels before and after standard periodontal treatments (Schwarzberg et al., 2014; Delange et al., 2018; Vijay Kumar et al., 2018). A total of 21 males and 38 females with an average age of 29 years were recruited from an American Indian/Alaska Native population in Southern California for the PT study. Eight patients had mild periodontitis (pocket depth less than 3 mm), 40 had moderate periodontitis (3–6 mm), and 11 had severe periodontitis (pocket depth over 6 mm). The second study measured pocket metabolites, 16S sequences, metagenomic sequences, and the serum cytokine levels of patients before and after treatments with 0.25% sodium hypochlorite (SHT) (Califf et al., 2017). For this study, 19 males and 15 females with an average age of 41 years were recruited among patients of the Ostrow School of Dentistry at the University of Southern California. In the SHT study, periodontal pocket depths ranged from 3 to 12 mm, while pocket depths in the PT ranged from 1.3 to 3.8 mm. The disease classes for the SHT study were separated into class “A” (pocket depth up to 6 mm), class “B” (pocket depth between 6 and 8 mm), and class “C” (pocket depth over 8 mm). Further details on the patient populations can be found in Schwarzberg et al. (2014) and Delange et al. (2018) for the PT study and in Califf et al. (2017) for the SHT study.



PT Study Data

The original PT data contained 76 samples of 247 16S operational taxonomic units (OTUs), 144 samples of six cytokine inflammatory markers, and 23 samples of 3,830 bacterial metagenomic OTUs. The 16S ribosomal RNA (rRNA) sequences and the mapping file from in this study are accessible at: http://dx.doi.org/10.6084/m9.figshare.855613 and http://dx.doi.org/10.6084/m9.figshare.855612.

The serum cytokine data, raw reads from the 16S rRNA sequences, and metagenomic OTUs, classified by Kraken, were published previously (Delange et al., 2018; Vijay Kumar et al., 2018; Torres et al., 2019). Details on the study population, sampling, disease classification, and cytokine identification can be found in previously published papers (Schwarzberg et al., 2014; Delange et al., 2018; Vijay Kumar et al., 2018; Torres et al., 2019).



SHT Study Data

The SHT study contained 286 samples of 773 16S OTUs, 215 samples of 914 tandem mass spectrometry (MS/MS) features, and 24 samples of 3,770 bacterial metagenomic features. The 16S rRNA sequences used in this study were accessed through the European Nucleotide Archive under project PRJEB19122 (Califf et al., 2017). Metabolite data from tandem mass spectrometry were downloaded from the online MassIVE repository of the GNPS database under MassIVE ID number MSV000078894. Metagenomic sequence libraries, generated from 24 subgingival samples from the SHT study patients and classified via Kraken, were obtained from Dr. Pedro Torres (Torres et al., 2019).



16S Sequence Analysis

16S sequencing data were analyzed using QIIME 2020.2 (Bolyen et al., 2019). Sequences were clustered into 100% identity using v-search OTU clustering (Rognes et al., 2016). Taxonomy was assigned to sequences using the RDP Classifier (Wang et al., 2007) retrained on Greengenes 13_5 (McDonald et al., 2012) via QIIME 2.



Data Reduction and Transformation

Due to computational constraints, the numbers of features in the original sequencing and metabolomic datasets were reduced for selbal analysis (see below). The same reduced datasets were then used for the rest of the analyses. Genera of the 16S bacterial taxa present in greater than 10% of the samples, the 181 most abundant metagenomic taxa counts, and the 65 most abundant metabolites were selected for correlation analysis. For both PT and SHT studies, samples with a NA value for pocket depth in the mapping file were removed from all analyses. For the PT data, only samples with an overall response of improved or worsened were kept for all the analyses, determined by whether pocket depth decreased or increased, respectively (Schwarzberg et al., 2014). For the SHT data, only subgingival samples with disease class “A” or “C” were used on all analyses, as class “B” contained too few samples. Disease status was classified by maximum pocket depth (“A” = up to 6 mm, “B” = 6–8 mm, and “C” = over 8 mm) (Califf et al., 2017). For both the PT and SHT studies, OTUs were summed by genus for each sample in each of the 16S and metagenomic datasets. Zero replacement was performed with the pseudo-counts method from the R package zCompositions (Palarea-Albaladejo and Martín-Fernández, 2015) version 1.3.3. clr transformation was performed separately on all datasets (not on combined “multiomics” datasets). The clr transformation was computed for each sample j: each feature in that sample was divided by the geometric mean of all the feature counts in the sample, then the natural log of that ratio was taken (Aitchison, 1982).
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where Xj is the list of features in a sample, g(Xj) is the geometric mean of the features in sample Xj, X1j is the first feature in a sample, and XDj is the last feature in a sample of D values. To guide the reader, we have provided a diagram of the various datasets and analyses used in this study (Figure 1).
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FIGURE 1. Schematic of the analyses performed on the centered log-ratio (clr)-transformed periodontal treatment (PT) and sodium hypochlorite (SHT) data. Only untransformed data were inputted into selbal, and clr-transformed data were used to calculate Spearman’s correlations, non-metric multidimensional scaling (NMDS), and DIABLO analyses.




NMDS Ordination Plots

clr-transformed values were used to generate the NMDS ordination plots with the R package vegan version 2.5.6 using Euclidean distances (Oksanen et al., 2019). The NMDS plots were created in R using ggplot2 version 3.2.1c (Wickham, 2016) and the samples were colored and shaped by periodontal treatment, overall response, and disease class. Permutational multivariate analysis of variance (PERMANOVA) was performed for each condition (periodontal treatment, overall response, and disease class) in every dataset (16S bacteria, cytokine, metabolites, and bacterial metagenomics) using the R package vegan with 9,999 permutations, with the p values corrected for multiple comparisons using the Benjamini–Hochberg method. The multivariate PERMANOVA test determines whether the centroid of a sample set is equal among the specified categories (e.g., periodontal treatment and disease class). The centroid was estimated using the between-sample Euclidean distances.



Beta Dispersion

Beta dispersion, which measures the distance of each sample in a category from the centroid of that category, was estimated with the R package vegan using between-sample Euclidian distances. The beta dispersion test is a multivariate test used to determine whether the dispersion of samples is equivalent among categories. The p values were adjusted using the Benjamini–Hochberg method.



Spearman’s Correlations

Spearman’s correlations were computed using the R package psych v1.0.67 (Revelle, 2020). For each periodontal treatment, overall response, and disease class, we computed the correlations between genera from four different combined multiomics datasets: (1) 16S bacteria and cytokine (PT); (2) 16S bacteria, cytokine, and bacterial metagenomics (PT); (3) bacteria and metabolite (SHT); and (4) bacteria, metabolite, and bacterial metagenomics (SHT). The p values were adjusted with the Bonferroni correction.



Multiomics Integration

We integrated the same datasets as in the Spearman’s correlations using the DIABLO framework, a method for multiomics classification and integration, in the mixOmics R package version 6.10.8c (Rohart et al., 2017). We assessed the correlation structure at the component level for each of the three conditions on their respective dataset: periodontal treatment, overall response, and disease class.



Microbial Balances

We identified differentially abundant taxa, metabolites, and cytokines using the R package selbal version 0.1, a compositional data analysis method that detects microbial signatures between different sample types by identifying the smallest number of differentially abundant taxa that is predictive of sample condition. Raw measurements of cytokines, metabolites, 16S, and metagenomic taxa summed by genus were inputted to selbal, as it performs zero handling and transformation within the package. Although selbal was designed with microbial balances in mind, the method is valid for finding balances of other data types, such as metabolite and cytokine data. Furthermore, selbal only finds balances for dichotomous and continuous response variables, so we performed this analysis only for the variables periodontal treatment (dichotomous), disease class (dichotomous), and pocket depth (continuous).



Random Forest

A random forest classifier was implemented in Python using the scikit-learn package (Pedregosa et al., 2012) to identify cytokines, metabolites, and 16S genera that discriminate between pocket depth (PT) and disease class (SHT). The metrics used to analyze the random forest classifier include accuracy, out-of-bag (OOB) score, mean accuracy, and area under the curve of the receiver of components (AUC-ROC). For the PT data, the pocket depth boundary used to distinguish high and low pocket depths was 2.6 mm. For the SHT study, only disease classes “A” and “C” were used as disease class “B” had few samples.



Network Analysis

Using the R package psych, we calculated Pearson’s correlations for each of the following datasets: 16S OTU, combined 16S OTU–cytokine for the PT study, and 16S for the SHT study. Correlations with a magnitude of | 0.55| or greater were kept; all other values were changed to zero. Using the psych package, p values were calculated for each pairwise Pearson’s correlation. The correlation matrix and the p value matrix were then filtered to contain only significant correlations (those with a Bonferroni-corrected p value below 0.05). The resulting adjacency matrix was transformed into an igraph object using a function from the SpiecEasi library (Kurtz et al., 2015). Using igraph v.1.2.5 package (Csardi and Nepusz, 2006), a network was constructed from the adjacency matrix using the OTUs as nodes and the Pearson’s correlation values as edge weights. Networks were constructed with nodes scaled according to the eigen centrality.

For each network, we calculated the number of nodes, edges, as well as the diameter and transitivity. Nodes represent individual genera or cytokines and edges are lines representing relationships between genera or cytokines. The diameter of a network is the shortest distance between the furthest apart nodes in a network. Transitivity, ranging from 0 to 1, measures the average connectedness of a network, with higher values signifying that a high proportion of nodes are connected to surrounding nodes, which indicates the presence of tightly connected clusters of nodes. To identify taxa that occupy important structures of the network, the R package igraph was used to calculate the eigenvector centrality (eigen centrality) and betweenness centrality. Eigen centrality identifies which highly connected nodes are connected to other highly connected nodes; these highly connected nodes therefore form most of the architecture that orders the network. Betweenness centrality represents the frequency that a node is traversed when the shortest paths in a network are calculated; high betweenness centrality indicates nodes that facilitate correlations between other nodes.



RESULTS


Beta Diversity

We used NMDS ordination to determine the clustering of samples by condition (periodontal treatment, overall response, disease class, and pocket depth) for microbes, cytokines, and metabolites for the PT and SHT study datasets. For the 16S, cytokine, and metagenomic datasets from the PT study, we did not observe clustering of samples by periodontal treatment or overall response (Figure 2) or pocket depth (Supplementary Figure 1). The most distinct separation was seen in the metabolites for disease class in the SHT study, where most of the samples in disease class “A” clustered together and the samples in class “C” split into two groups (Figure 2H); a similar pattern was observed in the metabolites for pocket depth (Supplementary Figure 2). PERMANOVA indicated a difference between periodontal treatment groups for the 16S and cytokine datasets in the PT study (p −adj = 0.0234 for both comparisons; Table 1) and for the 16S and metabolite datasets in the SHT study (p −adj = 0.0.0012 and 0.006, respectively; Table 1). Analysis of beta dispersion showed no differences between the periodontal treatment or overall response groups in the PT study or by disease class in the SHT class (Supplementary Figure 3).
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FIGURE 2. Non-metric multidimensional scaling (NMDS) ordination plots showing clustering of the samples. For the periodontal treatment (PT) study (A–F), columns correspond to dataset type: 16S, cytokines, and metagenomics are columns 1, 2, and 3, respectively (n = 60, 104, and 22). The top row (A–C) is colored by periodontal treatment and the second row (D–F) colored by overall response. For the sodium hypochlorite (SHT) study (G–I), columns correspond to dataset type: 16S, metabolomics, and metagenomics are columns 1, 2, and 3, respectively (n = 209, 153, and 24). Plots are colored by disease class.



TABLE 1. PERMANOVA results (9,999 permutations) for centered log-ratio (clr)-transformed periodontal treatment (PT) 16S, cytokine, and metagenomic datasets and sodium hypochlorite (SHT) 16S, metabolite, and metagenomic datasets.
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Spearman’s Correlations

clr transformation reduces spurious correlations in compositional data, such as microbiome and metabolome data, and allows the application of statistical methods such as Spearman’s correlation (Quinn and Erb, 2019). We applied Spearman’s correlation to analyze the relationships between the multiomics datasets from both the PT and SHT studies. Most correlations between the combined multiomics datasets were within the same datasets (e.g., bacteria to bacteria), while few between-omics correlations (e.g., bacteria to cytokines) were detected. For the PT datasets, no significant (p < 0.05) bacteria–cytokine correlations were observed, except in the posttreatment samples that had worsened. In these samples, Prevotella was strongly correlated (R2 = 0.808) with interleukin (IL)-1 (Supplementary Figure 4).

In the SHT study, we observed many significant correlations among bacteria and metabolites when the datasets for samples of disease classes “A” and “C” were combined; Acinetobacter, Rubrivivax, and Treponema were positively correlated with six metabolites, while Desulfovibrio, Paludibacter, Peptococcus, TG5, and Treponema were negatively correlated with six different metabolites (Supplementary Figure 5A). In samples that were only disease class “A,” Olsenella and Atopobium were positively correlated with two metabolites, while Treponema was negatively correlated with one metabolite (Supplementary Figure 5B). No bacterial–metabolite correlations were observed in samples that were only disease class “C.”



Multiomics Integration

Using DIABLO, we found that the correlation structure between the 16S and cytokine datasets in the PT study was better when the overall response (improved or worsened) variable was included than when the time (pre vs. post) variable was incorporated (Figures 3A,C). When metagenomic data were included in the multiomics correlation (excluding samples that did not get the metagenome sequenced), the correlation structure did not change dramatically, but there was greater discrimination of samples by overall response (Figures 3B,D). For the SHT study, the metabolite and 16S combined datasets strongly distinguished between disease class, but the correlation structure was low (Figure 3E). When metagenomic data were included in the multiomics correlation (excluding samples that did not get the metagenome sequenced), the correlation structure greatly increased, but this may be an artifact of the severely reduced sample size (Figure 3F).
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FIGURE 3. Correlation structure between datasets as determined by the mixOmics DIABLO framework colored by pre- vs. posttreatment for the periodontal treatment (PT) study (A) bacterial 16S and cytokine datasets and (B) bacterial 16S, cytokine, and metagenomic datasets and also colored by whether the disease improved or worsened for (C) the bacterial 16S and cytokine datasets and (D) the bacterial 16S, cytokine, and metagenomic datasets. For the sodium hypochlorite (SHT) study, samples were colored by disease class for (E) the bacterial 16S and metabolic datasets and (F) the bacterial 16S, metabolites, and metagenomic datasets. Values indicate the between-dataset correlation structure. Ellipses indicate discrimination by the multiomics components between samples by condition.


We generated Circos plots showing the correlations between the “omics” datasets using the DIABLO correlation structure. In the PT study, IL-6/IL-10 were strongly negatively correlated with Treponema and Schwartzia (Figure 4A). In the SHT study, TG5 and Treponema were strongly correlated with many unidentified metabolites (Figure 4B).
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FIGURE 4. Circos plots show 16S and other features with inter-omics links indicating positive or negative correlations with an R2 greater than 0.5 between (A) the periodontal treatment (PT) study for the improved and worsened samples with the strongest correlation (0.6) for IL-6/IL-10 positively correlated with Schwartzia and Treponema and (B) the sodium hypochlorite (SHT) study for correlations with an R2 greater than 0.7 for disease classes “A” and “C.” Bold labels were the strongest correlations.




Microbial Balances

Using selbal, we analyzed the differentially abundant genera, cytokines, and metabolites between different conditions. In the PT study, selbal identified many bacterial genera predictive of pretreatment samples, Desulfobulbus, Bulleidia, and Hylemonella, while Abiotrophia and Haemophilus were more predictive of posttreatment samples (Table 2 and Supplementary Figure 6A). For cytokines, selbal identified IL-6 as the most predictive of pretreatment samples and IL-6/IL-10 as the most predictive of posttreatment samples (Table 2 and Supplementary Figure 5B). From the metagenomic dataset, selbal identified that Prevotella predicted pretreatment and Haemophilus predicted posttreatment samples (Table 2 and Supplementary Figure 5C). In distinguishing overall response among the datasets, selbal identified Desulfobulbus, IL-6, and Burkholderia as more predictive in samples that improved and Peptococcus, C-reactive protein (CRP), and Coryebacterium as more predictive in samples that worsened (Table 2 and Supplementary Figures 6D–F). We then analyzed pre- and posttreatment balances for samples that improved and samples that worsened. In pretreatment samples that ended up improving, Campylobacter, Bulleidia, Treponema, IL-10, and Actinomyces were more relatively abundant, while in improved samples posttreatment Peptococcus, IL-1I(^2), and Rothia were relatively abundant (Table 2 and Supplementary Figures 7A–C). In pretreatment samples that later worsened, TG5, CRP, and Veillonella were more relatively abundant, while in posttreatment samples that had worsened, Fusobacterium, IL-6/IL-10, and Haemophilus were more relatively abundant (Table 2 and Supplementary Figures 7D–F).


TABLE 2. Summary of the microbial and metabolic balances generated from the periodontal treatment (PT) datasets.
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We also used selbal to explore which features’ relative abundance changed with the sum of all pocket depths. Within the improved samples, selbal identified Selenomonas and IL-10 as more associated with shallow pocket depths and Filifactor, IL-1I(^2), and Porphyromonas as more associated with deeper pocket depths (Table 2 and Supplementary Figures 8A–C). Within the worsened samples, Filifactor, CRP, and Veillonella were associated with shallow pocket depths, while Paludibacter, IL-6/IL-10, and Bacillus were associated with deeper pocket depths (Table 2 and Supplementary Figures 8D–F).

We also used selbal to determine the metabolite and microbial balances in the SHT study 16S and metagenomic datasets for disease class and pocket depth. Both 16S and metagenomic microbial balances identified the genus Tanerella as more predictive for disease class “A” and Fusobacterium as more predictive of disease class “C” (Table 3 and Supplementary Figures 9A,C). Metabolite balances were clearly identified, but the specific metabolites in the balance remain unknown (Table 3 and Supplementary Figures 8B,E,H). In disease class “A” samples, selbal identified Desulfobulbus and Rothia as more predictive of shallower pocket depths and SHD-231 and Fusobacterium as more predictive of deeper pocket depth (Table 3 and Supplementary Figures 9D,F). For the samples in disease class “C,” shallow pocket depth was more associated with Lactobacillus and Parabacteroides, while deeper pocket depth was more associated with Desulfovibrio and Bacteroides (Table 3 and Supplementary Figures 9G,I).


TABLE 3. Summary of the microbial and metabolic balances generated from the sodium hypochlorite (SHT) datasets.
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Random Forest

The random forest machine learning classifier was trained to determine how accurately pocket depth class and disease class could be predicted from 16S bacteria OTUs and cytokines for the PT study or from 16S bacteria and metabolites for the SHT study. The most important cytokines were IL-10 and CRP (Figure 5B). The 16S features in the SHT study most predictive of disease class changed dramatically when metabolite data were included in the random forest analysis; the only feature recognized as highly important in both classifiers was Abiotrophia (Figures 5A–C). The addition of metabolite data to the 16S data increased the AUC-ROC scores compared with the 16S by itself in the SHT study (Table 4). However, the inclusion of the cytokine features did not improve the AUC-ROC scores in the PT study (Table 4).
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FIGURE 5. Results of random forest Gini importance bar plots. Periodontal treatment (PT) dataset high/low periodontal disease (PD) using (A) 16S and (B) 16S and cytokines. Sodium hypochlorite (SHT) dataset A/C disease classes (C) 16S and (D) 16S and metabolites. Larger Gini importance indicates that features can resolve more nodes in decision trees with more confidence.



TABLE 4. Results of random forest analysis with single and combined multiomics.

[image: Table 4]


Network Analysis

In the samples with moderate disease conditions, the Pearson’s correlation networks had approximately twice as many edges as those with gingivitis and a small diameter (Table 5 and Figures 6A,B). Transitivity was not different between disease conditions, implying that both networks have similar levels of inter-nodal interactions. In the gingivitis network, seven taxa formed correlations, of which four had eigen centralities that were greater than 0.1: Pelomonas, Thermoanaerobacterium, Aeribacillus, and Ralstonia (Figure 6A and Supplementary Table 1). The degree distribution of the gingivitis network did not strictly follow the characteristic shape of a power law distribution, but it did reveal high amounts of “low connectivity” and low amounts of “high connectivity,” while the moderate network had a degree distribution that followed the power law trend much more closely (Supplementary Figures 10A,B).


TABLE 5. Summary statistics of the networks generated from the periodontal treatment (PT) datasets comparing 16S and cytokines based on disease severity and pocket depth and the sodium hypochlorite (SHT) 16S datasets comparing oral microbiomes with different disease classes.
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FIGURE 6. Network visualizations. Network plots derived from the periodontal treatment (PT) study patients whose oral status was designated as (A) gingivitis, (B) moderate, (C) shallow, or (D) deep. For the sodium hypochlorite (SHT) study, network plots for biofilms from patients with (E) class “A” or (F) class “C.” Node size corresponds to eigen centrality. Dashed lines represent negative correlations and solid lines represent positive correlations.


Networks were also constructed for samples that had either shallow or deep pocket depths. Networks from the samples with shallow pockets had approximately three times as many edges as those with deep pockets (Table 5 and Figures 6C,D). The networks from the samples with shallower pockets had greater transitivity than those with deep pockets. No cytokines were highly connected (high eigen centralities) within any of the networks we constructed (Supplementary Tables 1–4), suggesting that cytokines were not strongly correlated with many taxa. The degree distribution for these networks followed the typical shape of a power law distribution (Supplementary Figures 10C,D).

For the SHT study, networks were constructed with 16S data for the samples from class A and class C disease status. The network structure characteristics were similar between the two networks describing the microbiomes of patients diagnosed with different disease classes (Table 4 and Figures 6E,F). The taxa with the highest eigen centralities in disease class “A” were Streptobacillus, Aerococcus, and Arthrobacter, while Aerococcus, Massilia, and Gemella had the highest eigen centralities in class “C” (Supplementary Tables 6,7). The degree distribution for these networks followed the typical shape of a power law distribution (Supplementary Figures 10E,F).



DISCUSSION

Our reanalysis, and expanded analysis, of previously published data from periodontal disease studies using CoDA techniques improved our ability to detect patterns and correlations in these data and provided new insights into the relationships of organisms, cytokines, and metabolites to the disease process. Analysis of beta-diversity using the clr-transformed datasets detected distinct clustering not observed in the original studies. In the SHT study, unlike the original PCoA analysis that saw no separation of samples by disease class for any “omics” dataset (Califf et al., 2017), we identified clustering of clr-transformed data by both disease class and pocket depth in the NMDS ordination plots, with disease class C and deeper pocket depth in the left cluster and disease class A and shallower pocket depth in the right cluster (Figure 2H and Supplementary Figure 2B). In the PT study, we did not see clustering of the samples by 16S, cytokine, or metagenomic datasets for any of the classifications (periodontal treatment, overall response, or pocket depth) in the NMDS ordination (Figure 2), which concurs with the findings from the original study (Schwarzberg et al., 2014). However, PERMANOVA showed differences between the pre-and posttreatment samples and disease class in the PT and SHT studies’ 16S data, findings not determined in the original studies due to the high level of individual variability (Tables 1–3).

The original PT study reported significant relationships between the combined abundance of P. gingivalis, Fusobacterium nucleatum, T. forsythia, and T. denticola, which are periodontal pathogens, and IL-1β (Vijay Kumar et al., 2018). However, the only significant correlation we observed in the PT study dataset was between IL-1 and Prevotella. IL-1 has been associated with periodontal disease severity (Offenbacher et al., 2007), and Prevotella includes species in the orange complex associated with periodontal disease (Socransky et al., 1998). For the SHT study, we observed significant bacterial–metabolite correlations among the diseased samples, which the original study did not investigate (Supplementary Figures 5A,B). Among the samples in all disease classes, Paludibacter, a bacterial genus associated with plaque in healthy patients (Chen et al., 2018), was negatively correlated with two metabolites (Supplementary Figure 5A). However, selbal identified this genus as more predictive of worsened samples with high pocket depth (Table 3 and Supplementary Figure 8D), so this genus may not be “health-associated” as previously thought. Other genera negatively correlated with metabolites in the samples of all disease classes were Desulfovibrio, Peptococcus, and TG5 (Supplementary Figure 4A). Desulfovibrio species may stimulate the immune response (Dzierżewicz et al., 2010) and have been observed in periodontal pockets (Loubinoux et al., 2002). Peptococcus and TG5 have been found in the oral microbiomes of periodontitis patients (Kumar et al., 2005; Apatzidou et al., 2017). Acinetobacter, which has been previously associated with periodontitis samples (Souto et al., 2014), and Rubrivivax were positively correlated with metabolites (Supplementary Figure 5A). As Rubrivivax is not commonly associated with periodontal disease, this genus may be a new route of study. Treponema, a “red complex” species, was correlated with most metabolites in the samples from all disease classes (Supplementary Figure 5A) and was correlated with one metabolite among the samples that were only within disease class “A” (Supplementary Figure 4B). Also significantly correlated with metabolites in disease class “A” samples were Olsenella and Atopobium (Supplementary Figure 5B). In periodontitis patients, Olsenella species have been detected in abundance (Chávez de Paz et al., 2004) and Atopobium species have been associated with periodontal disease (Kumar et al., 2005; Apatzidou et al., 2017).

The DIABLO multiomics integration uncovered an additional negative relationship between IL-6/IL-10 and Treponema and Schwartzia in the PT study and many correlations between Treponema and TG5 with many metabolites in the SHT study (Figures 3A,B). Schwartzia, Treponema, and TG5 have been associated with the biofilms of periodontal disease patients (Socransky et al., 1998; Camelo-Castillo et al., 2015; Apatzidou et al., 2017). Additionally, T. denticola has been shown to degrade IL-1β and IL-6 (Miyamoto et al., 2006), and infection of both P. gingivalis and T. denticola synergistically stimulated the production of IL-6 by macrophage-like cells (Tamai et al., 2009). Little is known about the association between Schwartzia, periodontal disease, and the immune response, so this genus is a potential new target for investigation. For the SHT study multiomics integration, disease class was able to distinguish integrated 16S and metabolomic samples (Figure 3E); disease class was also the only variable that distinguished between samples in our NMDS analysis, indicating that this discrimination may be largely due to metabolite differences.

The orange complex described by Socransky et al. (1998) as highly intercorrelated and associated with PD includes species from the genera Prevotella and Fusobacterium, which were both identified in our selbal analysis of microbial balances for the PT and SHT datasets. Prevotella relative abundance predicted pretreatment samples in the PT dataset and Fusobacterium relative abundance predicted high pocket depth and posttreatment samples that had worsened (Table 2 and Supplementary Figures 6C, 7D). Fusobacterium was also predictive of disease class “C” in the SHT study (Table 3 and Supplementary Figure 9C). This aligns well with the original PT studies, where Fusobacterium was significantly correlated with pocket depth and a decrease in Prevotella after treatment was associated with improvement (Schwarzberg et al., 2014; Califf et al., 2017). Some Desulfobulbus species likely play a role in the development of periodontal disease (Camelo-Castillo et al., 2015; Cross et al., 2018), and selbal identified this genus as predictive of pretreatment samples, samples that improved, and shallow pocket depth (Table 2 and Supplementary Figures 6A,D, 9D). Selbal indicated that Porphyromonas, the genus that includes a red complex species, was more predictive of deeper pockets in the PT study and disease class “C” in the SHT study (Tables 2 and 3 and Supplementary Figures 8C, 9A) and was found in the original study as correlating with high pocket depth (Califf et al., 2017). The most commonly identified cytokine by selbal, IL-6, was found in the original study to be significantly associated with severe periodontitis (Delange et al., 2018), while we found that IL-6 levels were predictive of pretreatment samples and samples that improved (Table 2 and Supplementary Figures 6B,E). Additionally, selbal identified CRP as predictive of samples that worsened (Table 2 and Supplementary Figure 6E), which is in contrast to the previous study which did not find a strong association between CRP and periodontal disease status (Delange et al., 2018). CRP was also identified by random forest as one of the two top important cytokines for predicting pocket depth (Figure 5B). Random forest also identified Abiotrophia, species of which have been isolated from dental plaques (Mikkelsen et al., 2000), as the most stable genus in predicting disease class in the SHT study 16S data, while in the PT study data, Peptococcus and Porphyromonas were the most important genera in predicting pocket depth (Figure 5).

Analysis of correlation networks can provide insights into the complexity, stability, and function of a microbial community (Barberán et al., 2012). The most striking disparity in overall network connectivity occurred in the PT study. The network analysis found that, for the PT study, networks of 16S and cytokines for the samples with deep pockets had fewer edges and lower transitivity (Table 5). Fewer inter-nodal connections and a lower overall network connectedness indicate a lack of interdependence of taxa in deeper pockets. Multiple studies have shown that pocket depth is correlated with greater alpha diversity and more pathogenic taxa (Christersson et al., 1992; Stoltenberg et al., 1993; Takeshita et al., 2016). The early stages of periodontal development involve well-known interactions between bacterial species (Nyvad and Kilian, 1987; Diaz et al., 2006; Chalmers et al., 2008), but as biofilms develop and become increasingly anaerobic, more pathogenic species establish within the biofilm (Van Winkelhoff et al., 2002; Vieira Colombo et al., 2016). The fewer connections that we observed in deep pockets could reflect a more random, or less stable, biofilm in the later stages of disease. Additionally, the networks constructed from the samples with shallow pockets had greater transitivity (Table 5), which implies the presence of more inter-nodal interactions within the shallow pocket networks and may be indicative of niche filtering, where similarities rather than differences between species allow the persistence of species in an environment (Röttjers and Faust, 2018). Network analysis also revealed that Aerococcus had a high eigen centrality value in the networks for disease classes “A” and “C” (Supplementary Tables 5,6). Higher eigen centralities indicate that nodes are critical for network stability and may point toward keystone species (Bauer et al., 2010; Mandakovic et al., 2018). While Aerococcus species have been found in the biofilms of periodontitis patients (Voropaeva et al., 2008), but as little is known about the association between Aerococcus and periodontal disease, this may be an interesting future avenue of study.

We should note potential effects of the study population demographics on our data. Most participants from the PT study had an overweight or obese body mass index, and 37% were smokers, both of which could affect the microbiome composition and inflammation levels measured in this study. Additionally, the PT study participants were American Indian/Alaskan Native, on average over a decade younger, and had a higher prevalence of females (66 vs. 44%) than the SHT study participants, so the differences in the results between the two studies could be due to effects of ethnicity, aging, or sex on the oral microbiome and inflammation. Our use of CoDA techniques, which confirmed many of the prior studies’ results and uncovered new findings, shows how this approach is a valuable addition to the current methods of microbiome data analysis for investigating oral disease. We have shown how CoDA approaches are especially useful when integrating multiomics due to the scale-invariance that the clr transformation confers on datasets. The identification of CRP as predictive of pocket depth and samples that worsened is a new finding and an important area of further study. We also identified understudied genera potentially important in periodontal disease (Schwartzia, Rubrivivax, and Aerococcus). Furthermore, the ability of unknown metabolites to discriminate between samples in selbal analyses, and the associations we determined between metabolites and particular taxa, highlights the need to study these compounds in the context of periodontal disease.
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Supplementary Figure 1 | NMDS ordination plots showing clustering of PT samples by pocket depth. Columns correspond to dataset type; 16S, Cytokine, and Metagenomic datasets are columns one, two, and three, respectively (n = 60, 104, and 22).

Supplementary Figure 2 | NMDS ordination plots showing clustering of SHT samples by pocket depth. Columns correspond to dataset type; 16S, Metabolites, and Metagenomic datasets are columns one, two, and three, respectively (n = 209, 153, and 24).

Supplementary Figure 3 | Beta dispersion analysis by periodontal treatment, response to treatment, and disease class. For the PT study, distance from the centroid of beta dispersion is shown for samples pre- and post-treatment for (A) 16S bacterial, (B) metabolite, and (C) metagenomic datasets and for response to treatment for (D) 16S bacterial, (E) metabolite, and (F) metagenomic datasets. Larger distances indicate samples which are far from the group centroid, small distances indicate samples which are close to the group centroid. For the SHT study, distance from the centroid is shown for samples by disease class for (G) 16S bacterial, (H) metabolite, and (I) metagenomic datasets.

Supplementary Figure 4 | Bacterial-cytokine correlation matrix for post-treatment, worsened samples. All spaces with color are p-adj <0.05. Blue indicates a positive correlation; Dark orange indicates a negative correlation.

Supplementary Figure 5 | Correlation matrices between comparisons of different SHT datasets (bacterial 16S-metabolite and bacterial 16S-metagenomic). (A) Bacterial-metabolite correlations on a combined dataset from all disease classes; (B) Bacterial-metabolite correlations on disease class “A.” All spaces with color are p-adj <0.05. Blue indicates a positive correlation, Dark orange indicates a negative correlation.

Supplementary Figure 6 | Microbial and cytokine balances for PT dataset at different conditions computed with selbal, where numerator genera are more relatively abundant than denominator genera for higher balance values. Balances are shown for samples before and after periodontal treatment for (A) bacterial 16S data, (B) cytokine, and (C) metagenomic data. Balances are shown for improved and worsened samples of (D) bacteria 16S data, (E) cytokine, and (F) metagenomic data.

Supplementary Figure 7 | Microbial and cytokine balances for PT dataset for improved (A–C) and worsened (D–F) samples computed with selbal. Balances before and after treatment are shown for samples that improved for (A) bacterial 16S data (B) cytokine, and (C) metagenomic data. Balances before and after treatment are shown for samples that worsened for (D) bacterial 16S data, (E) cytokine, and (F) metagenomic data.

Supplementary Figure 8 | Selbal-computed microbial and cytokine balances for PT dataset associated with the sum of all pocket depths. Balances for improved samples by pocket depth (response variable) are shown for (A) 16S bacterial, (B) cytokine, and (C) metagenomic datasets. Balances for worsened samples by pocket depth are shown for (D) 16S bacterial, (E) cytokine, and (F) metagenomic datasets.

Supplementary Figure 9 | Selbal-computed balances for SHT dataset for microbial and metabolite balances by different characteristics. For samples with disease class either “A” or “C,” balances shown are for (A) 16S bacterial, (B) metabolite, and (C) metagenomic data. Balances for samples with disease class “A” associated with pocket depth sum are shown for (D) 16S bacterial, (E) metabolite, and (F) metagenomic datasets. Balances for disease class “C” samples associated with pocket depth sum are shown for (G) 16S bacterial, (H) metabolite, and (I) metagenomic datasets.

Supplementary Figure 10 | Network degree distributions. For the PT study for networks with OTUs and cytokines, degree distribution of inferred network from patients who had (A) gingivitis or (B) moderate disease, (C), shallow or (D) deep pockets. For the SHT study, degree distribution of inferred network from patients who had class (E) “A” or (F) “C” disease.
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Cellular responses to implanted biomaterials are key to understanding osseointegration. The aim of this investigation was to determine the in vitro priming and activation of the respiratory burst activity of monocytes in response to surface-modified titanium. Human peripheral blood monocytes of healthy blood donors were separated, then incubated with surface-modified grade 2 commercially pure titanium (CPT) disks with a range of known surface energies and surface roughness for 30- or 60-min. Secondary stimulation by phorbol 12-myrisate 13-acetate (PMA) following the priming phase, and luminol-enhanced-chemiluminescence (LCL) was used to monitor oxygen-dependent activity. Comparison among groups was made by incubation time using one-way ANOVA. One sample from each group for each phase of the experiment was viewed under scanning electron microscopy (SEM) and qualitative comparisons made. The results indicate that titanium is capable of priming peripheral blood monocytes following 60-min incubation. In contrast, 30 min incubation time lead to reduced LCL on secondary stimulation as compared to cells alone. At both time intervals, the disk with the lowest surface energy produced significantly less LCL compared to other samples. SEM examination revealed differences in surface morphology at different time points but not between differently surface-modified disks. These results are consistent with the hypothesis that the titanium surface characteristics influenced the monocyte activity, which may be important in regulating the healing response to these materials.
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Introduction

The use of endosseous dental implants to support restorations replacing missing teeth has become well established since the introduction of titanium dental implants (1, 2). The successful incorporation and rigid fixation of an implant within the surrounding bone was defined as osseointegration (3). While implants with surface characteristics that allow osseointegration have been available for many years, the exact surface characteristics necessary for optimal osseointegration remain to be completely elucidated, although it is known that a key feature is the highly stable passivating layer of titanium oxide that covers the titanium surface (4). It is also thought that the combined effects of surface energy, chemistry, and topography may play a major role during the initial phases of the biological response to the implant (5–7).

The effect of surface roughness, in particular, has been evaluated in multiple investigations. In vivo studies have demonstrated that increasing surface roughness of an implant results in an increase in bone to implant contact (8, 9). The vascular nature of bone and the inevitable surgical trauma created by the implant site preparation, ensures that the first tissue to come into contact with an endosseous implant is blood with its complement of inflammatory cells (10–12). While these early interactions between the inflammatory cells and the implant surface are thought to be important, much still needs to be determined about the nature of these interactions.

The cells of the mononuclear phagocyte system play a crucial role in the regulation of chronic inflammation and wound healing. Monocytes are also thought to have a significant role in the regulation of osseous metabolism, both in bone resorption and bone formation (13). Monocyte migration and spreading is influenced by the surface energy and roughness of the material on which the cells are attached (14, 15). It has been shown that macrophage attachment to surfaces increases with increasing surface roughness (16). More recently, it was found that the number of monocytes attached to blasted titanium surfaces was significantly greater than to machined titanium surfaces (17). These observations suggest that macrophage adherence may provide signals that induce specific macrophage functions (18). There is concern, however, that attachment of monocytes/macrophages to implant surfaces in vivo may jeopardize successful osseointegration since these cells are capable of inducing bone resorption and chronic inflammation.

Initially, the monocyte is primed by a low-grade stimulus, which elevates the cell to a heightened but subthreshold level of activation. Once activated, primed monocytes undergo respiratory burst activity and generate enhanced levels of reactive oxygen species and have higher levels of degranulation and greater phagocytic activity when compared to resting state monocytes. The respiratory burst, through the generation of reactive oxygen species, produces chemiluminescence (CL). The level of activity can be measured in a chemiluminometer. It is possible that the level of monocyte priming, and activation may be directly linked to the rate of healing following implant placement and long-term stability of the rigid bone-implant interface, although this has not been verified. Since the attachment of cells to a titanium surface is an important phenomenon in the area of clinical implant dentistry, a major consideration in designing implants has been to produce surfaces that promote desirable responses in the cells and tissues. Following machining, the surface roughness of an implant may be altered by mechanical methods such as mechanical polishing and sandblasting or by chemical methods, which include anodizing, etching and coating. These processes can change the surface properties of the commercially pure titanium (CPT). In particular, surface roughness and surface energy or wettability, measured as contact angle, have been shown to be affected by various surface conditioning treatments of grade 2 CPT (19). These fine features are significant in promoting osteoblast adherence, bone formation and attachment to the implant surface (20, 21).

The purpose of this in vitro study was to determine the priming and activation levels of the respiratory burst activity of human peripheral blood monocytes in response to surface-modified grade 2 CPT disks with a range of surface energies and surface roughness. Secondly, to envisage by scanning electron microscopy (SEM), the surface characteristics of these human peripheral blood monocytes adherent to the surface-modified CPT. It was hypothesized that human peripheral blood monocytes have a greater priming and respiratory burst activation response to CPT of higher surface energy than to those of lower surface energy; and secondly, that human peripheral blood monocytes have a greater priming and respiratory burst activation response to CPT of greater roughness than to those of lesser roughness. We postulate that the level of monocyte priming, and activation may be linked to the rate and type of healing following implant placement and the long-term stability of the rigid bone-implant interface. It is thought that a specific range of monocyte priming and activation levels may be conducive to a healing rate that allows the bone to be properly organized and mineralized allowing the development of a rigid bone-implant interface that will be stable under loading for a long period of time and further, that surface energy and surface roughness of the biomaterial will determine the level of priming and respiratory burst activity of the adherent monocytes.



Material and Methods


Isolation of Human Blood Monocytes

Whole blood was collected from healthy adult donors at the Central Indiana Regional Blood Center in Indianapolis (CIRBC), Indiana, and purchased under an IRB-approved contract. No distinctions were made between race, age or sex. Health is routinely determined retrospectively by testing for standard infectious diseases according to a standard CRIBC protocol. Blood (1 unit or 470 ml/experiment) was collected in citrate phosphate dextrose solution anticoagulant bags and centrifuged at 2000x g at 4°C for 4 min. Buffy coat layers were drawn off by the blood center and were used as the source of monocytes. Once in the laboratory, the buffy coat was diluted in a 1:1 ratio with RPMI (Sigma Chemicals; St. Louis, MO) to maximize efficiency of separation. Subsequently the monocytes were isolated from the buffy layer by a variation of the double dextran method (22–25). This involved placing 3 ml of HISTOPAQUE-1119 (Sigma Chemicals), a density gradient cell separation medium, in 15 ml conical test tubes at room temperature. Next, 3 ml of HISTOPAQUE-1077 (Sigma Chemicals) was carefully layered on with a pipette, and 6 ml of buffy coat/RPMI mixture was layered on top very carefully, so as to not disrupt the histopaque layers. The buffy coats and separation medium were then centrifuged at 1700 rpm for 35 min at room temperature (18-26°C). Following centrifugation, the plasma was on top of the mononuclear layer that was above a cloudy layer containing clumped cells and separating medium, which was above the granulocyte layer. The layer containing granulocytes sits directly on top of the heavy Red Blood Cell (RBC) layer. This lower layer is a pellet of RBC. Following centrifugation, the monocyte layer was drawn off with a bulb pipette and washed twice with 10 ml of Phosphate Buffered Saline (PBS), then centrifuged at 950 rpm for 10 min, and the supernatant discarded. This wash was then repeated with 10 ml RPMI. The cells were then resuspended in 10 ml RPMI. The cell suspension was placed in a polystyrene culture dish, covered and incubated at 37°C for at least 1 h. The culture dish was then gently shaken and the non-adherent cells (lymphocytes) were removed by pipetting and rinsing with warm (37°C) RPMI medium. The monocytes were then rinsed with a Calcium and Magnesium-free Hanks Balanced Salt solution (Sigma Chemicals) and detached by scrapping the cells off the petri dish with a sterile cell-lifter instrument (Fisher Scientific; Itasca IL). The cells were then pelletized by centrifugation at 950 rpm for 10 min at 4°C, and resuspended in 10 ml RPMI, stained with Trypan blue (Sigma Chemicals) and counted with a hemocytometer to determine the number of monocytes and their viability. The cells were then resuspended to a final concentration of 1.0 X 106 cells/ml.



Preparation of Specimens

Rods of CPT ASTM grade 2 were cut into 120 (5 x 5 x 1 mm) disks and prepared in similar fashion to the methods described by Lim (19). The specimens were polished using #800-grit SiC metallographic papers on all sides until a visually uniform surface was obtained. All specimens were washed in distilled water and cleaned in an ultrasonic bath and dried at room temperature. Each disk was then randomly assigned to one of six treatment groups, including the control, until there were 20 specimens in each group (Table 1). The particular surface modifications were chosen to reflect a range of surface roughness and wettability (Table 2). The six processes were divided into four treatment types: mechanical (control) to stimulate a machined surface, chemical (groups 4 and 5), mechano-chemical (group 2) and oxidation (groups 3 and 6). Following preparation, the samples were sterilized by gamma radiation (Wright Medical Technology; Arlington, TN) prior to incubation with the monocytes.


Table 1 | List of surface modification conditions of commercially pure titanium disks.




Table 2 | Relationship between surface roughness and contact angle on grade 2 commercially pure titanium using distilled water.





Development of Methodology

After a series of pilot experiments, it was found that PMA 1 x 10-5 M with luminol 1 x 10-6 M provided the optimal conditions for a maximal cell response in our system (Figure 1).




Figure 1 | Concentration curves for PMA and FMLP in the luminescence system, as indicated by the total chemiluminescence response of monocytes activated with PMA 10-4 M, PMA 10-5 M, or FMLP 10-6 M with luminol 10-6 M or lucigenin 10-4 M. (n=3) (Error bars=% covariance).





Chemiluminescence Assay 60-Minutes Incubation

The monocytes obtained from the buffy coat separation were stored at 4°C until used. 500 µl of monocyte suspension (1 x 106 monocytes), 100 μl luminol 10-6 M and 300 µl of phosphate buffered saline (PBS) were dispensed into each reaction cuvette. One experimental or control disk was placed into each reaction cuvette with the exception of the monocyte control cuvettes and the blank control cuvette. The monocytes were incubated with the disks for 60-min at 37°C. Four repeats of each treated disk were used in each of two experimental runs giving an n of 8. There was also one cell only control in each run. The reaction was followed in a Model 1251 BioOrbit Luminometer (Turku, Finland) for 1 h representing the priming phase. After 1 h the luminometer was programmed to dispense PMA 10-5 M to activate the cells as a secondary stimulant. The reaction was followed for an additional 1 h representing the activation phase. Chemiluminescent output was measured in millivolts (mV) and data captured using the Multiuse Data Handling Program (BioOrbit, Turku, Finland). The integral or total mV output versus time of the monocytes was calculated and reported in mV*min.



Chemiluminescence Assay 30-Minutes Incubation

The cuvettes containing the CPT disks were prepared in a similar manner to the first assay but in triplicates, with two runs giving an n of 6. This allowed space for a triplicate of cell only controls and one control cuvette containing only the reagents in each run. In this experiment the monocytes were incubated with the disks for 30-min at 37°C. After 30-min, the luminometer was programmed to dispense PMA 10-5 M to activate the cells as a secondary stimulant. The reaction was followed for an additional 90-min representing the activation phase (Table 3).


Table 3 | Protocol design for chemiluminescence assay with 30-minutes priming.





Evaluation by Scanning Electron Microscopy

One sample for each of the conditioned CPT groups with the incubated monocytes was fixed in 3% gluteraldehyde after 30-min and 60-min incubation; immediately after activation with PMA 10-5 M following 60-min incubation; and 60-min following activation with PMA 10-5 M following 30-min incubation. They were then post-fixed in osmium tetroxide, dehydrated through a graded series of ethanol, chemically dried in HMSD, attached to aluminium with epoxy resin, sputter coated with 60/40 gold/palladium alloy, and examined at 25 kV by SEM. A representative scanning electron photomicrograph was taken at a magnification of 1250x and 5000x.



Statistical Methods

The data was summarized based on different categories of titanium disks and incubation time. Group mean and standard deviation within each of the categories was calculated. Before making the comparison between the different titanium groups, a regression model was fit to test for the significant effects of titanium group, incubation time and their potential interaction. The interaction between treatment group and incubation time was significant based on the regression model (p <0.0001), so multiple comparisons between groups by incubation time were performed. These comparisons among the groups were made using one-way ANOVA models by incubation time, with Tukey’s multiple range test, adjusted for the control level.




Results

The monocyte LCL following 60-min incubation with the titanium samples and following 60-min activation with PMA are given in Table 4 and for 30-min incubation and 90-min activation in Table 5. LCL above background levels was not detected until stimulation by PMA had occurred, indicating that the titanium surface alone did not stimulate the cells. Thus, the priming and activation phase were considered together in determining the total LCL produced. In order to adjust for the control level and reduce the change in variance between each treatment group, a proportional change from control was calculated by subtracting control value from observed value and divided by the control value. All analyses were based on these ‘adjusted’ LCL values. Further, two potential outlier samples were excluded from the analysis of the data presented.


Table 4 | Monocyte CL for run 1 and run 2. PMA 10-5 M, luminol 10-6 M, 60-minutes priming and 60-minutes post-activation.




Table 5 | Monocyte CL for run 3 and run 4. PMA 10-5 M, luminol 10-6 M, 30-minutes priming and 90-minutes post-activation.



Table 6 provides a summary of the proportional change of monocyte LCL value, categorized by six different treatment groups for each of the incubation times. The patterns of the percentage change of monocyte LCL values among treatment groups were similar in each of the combined experimental runs except for the changing direction. The negative value for the 30-min incubation time indicates that the mean of the monocyte LCL was smaller than the mean of the control, while the positive value for 60-min incubation indicates that the mean of the monocyte LCL was larger than the mean of the control. The means of monocyte CL for 60-min incubation was significantly higher than zero (p-value was 0.0010, 0.0011, 0.0020, 0.0027, 0.0184 and 0.0035 for treatment groups 1, 2, 3, 4, 5, and 6, respectively), which means that the mean of LCL value in each treatment group was significantly higher than the cell only control group. However, at 30-min incubation the means of monocyte LCL values was significantly lower than zero (p <0.0001 for each group), which means the mean of LCL value in each treatment group was significantly lower than the cell only control group.


Table 6 | Summaries of proportional change of monocyte chemiluminescence by CPT groups, under 60- or 30-minutes incubation.



The proportional change of monocyte LCL value always had the least response in group 5, regardless of experimental run or incubation time. Figure 2 reveals that priming of monocytes incubated with group 5 at both incubation times was significantly less than the other groups (p <0.001). No significant differences between other groups were detected.




Figure 2 | Total chemiluminescence. Figure demonstrates the proportional change of mean monocyte chemiluminescence from cells only for 30-min or 60-min priming phase. Monocyte activation was with PMA stimulation at 10-5 M with luminol 10-6 M. CPT group 5 was significantly different to the other groups (P <0.001).




Scanning Electron Microscopy

SEM evaluation of the surface-modified CPT disks revealed differences in surface topography between treatment groups and evidence of monocyte attachment (Figure 3). The control disk (group 1) showed parallel scratches arising from the mechanical preparation of the titanium surface as expected. This gave the titanium surface the appearance of grooves in a regular pattern and a relatively smooth appearance. Monocytes were observed on the 30-min incubation samples, but the cells were sparsely distributed on all samples at this point. The monocytes attached to the surface in group 1 were rounded and showed some early minimal signs of membrane ruffling. The sandblasting in group 2 appeared to remove the grooved appearance created by the mechanical polishing of the control samples. Craters and pits of varying dimensions were interspersed on a surface smoothed by boiling in HCl/H2SO4/H2O for 3 h. Cells at various stages of attachment were observed from rounded cells, to cells with more marked membrane ruffling, to cells with pseudopodial extension, to cells that exhibited marked flattening and spreading of the cell membrane. The cells appeared to be more numerous on the areas of the surface with the most marked surface features as seen with SEM. Extension of pseudopodia outwards from the cells in several of these early time samples indicated normal function. The edges of the surface scratches were softened by the surface modification in group 3 and group 4 that produced a similar surface appearance. Pits were interspersed between an even distribution of peaks and valleys following the acid etching of group 5. For group 6, the grooved pattern was greatly reduced, and a textured surface produced by treatment with HCl/HNO3/H2O for 10 seconds followed by treatment with 70°C 5 M NaOH for 24 h, followed by in-air oxidation at 600°C for 1 h.




Figure 3 | Monocyte priming. SEM photomicrographs of monocytes incubated with surface-modified titanium prior to secondary stimulation with PMA. (A) 1250x Group 1 30-min incubation. (B) 5000x Group 1 60-min incubation. (C) 1250x Group 2 30-min incubation. (D) 5000x Group 2 60-min incubation. (E) 1250x Group 3 30-min incubation. (F) 5000x Group 3 60-min incubation. (G) 1250x Group 4 30-min incubation. (H) 1250x Group 5 30-min incubation. (I) 5000x Group 5 60-min incubation. (J) 1250x Group 6 30-min incubation. (K) 5000x Group 6 60-min incubation.



At 60 min incubation time and prior to activation, clumps of cells were observed attached to the group 1 surface. Extensive ruffling of the monocyte membrane and pseudopodial extension were also observed. Monocytes in group 3 exhibited a range of morphology from rounded with few pseudopodia to extensive flattening. Less ruffling of the cell membrane was noted on monocytes incubated for 60-min with group 5 than group 6 (Figure 3).

Immediately following secondary stimulation with PMA, a marked flattening of cells and spreading of the cell membrane was observed for the group 1, group 4, and group 5 (Figure 4). A reduced level of cell membrane ruffling was observed in specimens from all other groups following PMA stimulation. At 1 h following secondary stimulation with PMA, the continued loss of surface features compared to earlier time periods was noted in all groups. This was thought to indicate the onset of apoptosis (Figure 5).




Figure 4 | Monocyte activation. SEM photomicrographs following 60-minutes incubation and immediately following stimulation with PMA. (A) 1250X magnification of Group 1. Marked flattening of cells and cell membrane spreading were observed. (B) 5000x magnification of Group 4. Marked ruffling of the monocyte cell membrane and pseudopodial extension was demonstrated. (C) 1250x magnification of Group 5.






Figure 5 | Monocyte apoptosis. SEM photomicrographs 60-min following secondary stimulation with PMA 10-5 M. (A) 5000x magnification of Group 1. The continued loss of surface features compared to earlier time periods is noted. (B) 1250x magnification of Group 4. Monocytes have lost the ruffled border with many cells showing signs of apoptosis. (C) 5000x magnification of Group 5. Loss of surface features and onset of apoptosis is evident.






Discussion

Surgical placement of any foreign biomaterial in the body elicits an acute inflammatory response, which is a vital biological response, which is regulated during early wound healing. that impacts later wound healing events such as osseointegration and guided bone regeneration (1). The impact of the early inflammatory phase on osseointegration of endosteal implants is potentially critical to wound healing and yet is still poorly understood. One of the factors possibly contributing to improved success rates of microrough implant surfaces is the reaction of the initial inflammatory cells populating the implant surface immediately after being placed in the surgically prepared osteotomy site. This primary cellular response in inflammation comes from neutrophils and monocytes. Monocytes constitute 5-10% of leukocytes and are responsible for releasing cytotoxic products that are essential for killing bacterial invaders, but these same molecules also destroy host tissues. Within These include singlet oxygen, superoxide, hydrogen peroxide and hydroxyl radicals. LCL is an exquisitely sensitive method for detecting the production of reactive oxygen species. A drawback of the method is that light emission cannot be correlated with the production of a single type of oxygen metabolite, although in monocytes LCL has been shown to be dependent on extracellular myeloperoxidase release (26). As a light emission enhancer, 100 μl of luminol at a final concentration of 1 x 10-6 M was used based on the preliminary concentration curve experiments that determined the optimum concentration for our system. This compares to 750 μl of luminol at a final concentration of 1 x 10-5 M used by McNally and Bell (27) for a similar purpose in a reaction vessel containing 1 x 106 human monocytes. They also found a greater LCL response, following PMA activation, with luminol than lucigenin as was found in the present study. In our preliminary studies comparing LCL output with either PMA or FMLP as secondary stimulants, we found the highest CL output with PMA, which is similar to the findings of several other studies (28, 29).

The results of this study demonstrate that incubating human peripheral blood monocytes with surface-modified CPT results in priming or inhibition of priming in a time dependent manner. Normally, primed monocytes demonstrate higher CL output when compared to unprimed cells when subsequently challenged by a standard stimulus. The 60-min incubation lead to priming of the monocytes with the highest mean proportional change of monocyte LCL in group 1, with a mean value 4.22 times cells alone, while the lowest mean change of monocyte LCL was in group 5, with value 2.98 times cells alone. Thus, all the titanium disks had a priming effect on the monocytes at 60-minutes, increasing respiratory burst activity following stimulation by PMA as compared to cells alone. The order of the mean of percentage change of monocyte CL among CPT groups from highest to lowest was CPT1, CPT2, CPT3, CPT6, CPT4, and CPT5. This pattern was not easily interpreted in terms of surface energy and surface roughness. However, the mean percentage change of monocyte CL in group 5 was significantly lower than the other groups, indicating that the surface characteristics of group 5 lead to significantly less priming of monocytes with 60-min incubation than the other groups. CPT group 5 had the lowest surface energy of all the groups, possibly suggesting that surface energy below a certain threshold level may have an effect on monocyte priming. This finding lends support to the first hypothesis. In contrast, 30-min incubation time lead to reduced LCL on secondary stimulation as compared to cells alone for all groups. In this experiment, the highest absolute mean of proportional change of monocyte LCL was in group 5, with an absolute value of 0.43, while the lowest absolute mean of proportional change of monocyte LCL was in group 4, with an absolute value of 0.15. The order of the absolute mean change of monocyte LCL among CPT groups from highest to lowest was CPT5, CPT3, CPT2, CPT1, CPT6, and CPT4. This pattern was also not easily interpreted in terms of surface energy and surface roughness. The absolute mean change of monocyte LCL in CPT group 5 was significantly higher than the other CPT groups in both analyses. This suggests that the surface characteristics of CPT group 5 lead to a reduced CL response of monocytes with 30-min incubation time. We evaluated the relationship between surface roughness and contact angle measurement to the priming effect on human monocytes because wide differences in surface morphology of CPT are known to be the result of the various surface treatments. It may be significant that the surface modification of CPT group 5 produced the surface with the greatest contact angle; that is, the lowest surface energy of all treatments and one of the highest surface roughness levels.

Wettability on the surfaces of biomaterials has been reported to affect cell attachment considerably. It is believed that microvilli and filopodia, which work advantageously at the early stage of cell attachment, are needed for cells to pass through the energy barrier between the materials and the cells themselves (29). Many reports do not give clear definitions of wettability or adequately control other relevant factors and so make comparison difficult. As for monocytes and macrophages, it has been recognized that, in general, hydrophobic particles are better taken up by macrophages than those more hydrophilic than the phagocyte’s surface (30). Macrophages also attach more readily to hydrophobic surfaces, which contrasts with fibroblasts, which prefer hydrophilic surfaces (16). Within the range of surface roughness tested in the present investigation, no significant difference in LCL response of monocytes could be detected between rough or smooth titanium. With regards to surface roughness, CPT group 5 (high roughness) showed significant differences to CPT groups 1 and 4 (low roughness). However, CPT group 6 (high roughness) did not. The direct comparison of CPT groups with similar surface energies but different surface roughness, CPT group 2 versus CPT groups 1 and 4 showed no significant differences. Hence again while the overall pattern is not easy to interpret with regards to the effect of surface roughness on LCL response, these results would not support hypothesis 2 that human peripheral blood monocytes have a greater respiratory burst activation response to CPT of greater roughness than to those of lesser roughness. It may be that the ranges of surface roughness examined in the present investigation, from a minimum of 0.57 μm to a maximum of 2.38 μm, were not sufficiently diverse to show a difference. The range of roughness used in the present investigation was limited by the surface conditioning techniques used to prepare the samples, which may all be considered relatively smooth. Furthermore, the variation of the roughness within a particular group of CPT disks, shown by the standard deviation (Table 2), suggests the possibility of some overlap of roughness between groups. In fact, it has been proposed that the use of standard values, such as the mean roughness parameter Ra, may be inadequate to describe complex topographies such as may be produced by some of the conditioning processes used in the present study (31).

SEM examination of samples at various stages of incubation time and post secondary activation revealed a wide variation in cellular response. Cells that had spread pseudopodia and had become flattened during the priming phase were observed on the surfaces of the modified titanium disks. These characteristics, which are signs of monocyte priming, were more frequently observed at 60-min than at 30-min. However, no qualitative difference in the behavior of the monocytes to different surfaces could be detected. While many studies have demonstrated that implant surface microtopography can affect cellular response for many cell types, it is also known that implant surface composition and surface energy also affect the response (32). Thus, directly correlating surface microroughness to a cellular response is a difficult task. Lincks et al. (1998) (33) determined the effect of chemical composition and surface roughness of CPT grade 2 and titanium alloy on MG63 osteoblast-like cells in vitro. They found that cell proliferation, differentiation, protein synthesis and local factor production were affected by surface roughness and composition. Enhanced differentiation of cells grown on rough surfaces (Ra 3.20-4.24 μm) compared to smooth surfaces (Ra 0.22-0.23 μm) was noted. Differences between CPT and titanium alloy of similar roughness were also noted indicating that factors other than roughness alone influence the cellular response.

Recently, Hayakawa et al. (2002) (32) placed CPT implants of either 1.3 μm or 14.1 μm surface roughness and with or without a calcium-phosphate coating in the femoral condyle of rabbits. They observed histologically the bone to implant contact up to 12 weeks and demonstrated similar bone to implant contact for rough or smooth CPT implants, but greater bone to implant contact was observed for the roughened and coated surfaces. This reinforces the rationale for continued research into surface treatments of implants that may alter the cellular response in a favorable manner. It is important to keep in mind that early events in a biologic response may explain effects seen much later in the healing process. Future studies concerned with the response of monocytes to roughened surfaces, may attempt to utilize surface treatments that produce a greater range of surface roughness while attempting to standardize other surface characteristics. This may assist in revealing any effect of surface roughness on monocyte CL response. Of course, it is likely that a minimum time is required before the effect of surface properties can be detected on cells and that this time is probably surface dependent and different for various cell types. Rich and Harris (1981) (16) found that it took between 1- and 7-days incubation for mouse peritoneal macrophages to show a preference to accumulate on rough surfaces, even though the macrophages were seen to move extensively over the surfaces during this time. This time requirement was shown to be an intrinsic property of the cells. Further, priming of the macrophages only slightly reduced the response time. This was in contrast to fibroblasts, which showed a preference for smooth surfaces within one day’s incubation.

Eriksson and Nygren (2001) (34) exposed CPT sheets with a water contact angle of 11° to whole blood. They found that monocytes were present on the surface in low and rather constant amounts over the 30-min to 24-h incubation time as compared to the other cell types. The monocytes covered less than 1% of the surface in this model. Furthermore, the maximal CL response was seen at 30-min incubation, which contrasts with findings of the present investigation. However, as in the present study, a CL response different to cells alone was not noted until the secondary stimulus was added.

The SEM observation of samples at the two incubation times and following activation showed cells on the surfaces of the conditioned CPT disks that had spread pseudopodia and had become flattened during the priming phase. These characteristics, which are signs of monocyte priming, were more frequently observed at 60-min than at 30-min. However, no qualitative difference in the behavior of the monocytes to different surfaces could be detected. Leake et al. (1981) (14) observed the adhesion of alveolar and peritoneal macrophages to various surfaces within 24 h. It may be that the rounded cells seen in several of the SEM in the present study were unable to locate suitable attachments sites on the CPT surface.

SEM examination also revealed higher numbers of monocytes that appeared to be undergoing apoptosis at 60-min following secondary stimulation. This may have resulted from toxic effects of the PMA or reactive oxygen species produced during the respiratory burst. Thirdly, the surface of the CPT disks themselves may have caused this effect following prolonged incubation.

Even though these experiments were of an in vitro and preliminary nature, they do suggest some clinical significance. The finding that incubation of human peripheral blood monocytes with variously treated CPT surfaces can induce a time-dependent variation in the LCL response and that this response may be surface dependent, suggests that the effect of CPT surfaces on monocyte response will need to be considered in the development of dental implant surfaces. It is well documented that dental implants with rough surfaces tend to show higher bone to implant contact and greater predictability where bone quality is poor (Cochran 1999) (35). It has also been shown that rough and/or hydrophilic surfaces lead to greater macrophage induced bone resorption (15). These results seem consistent with the present investigation, which has shown that CPT surfaces can prime monocytes but that the oxidative burst of these monocytes following secondary stimulation was least on the most hydrophobic surface. This leads to the possibility that there is likely to be a range of surface roughness and surface energy values that cause an appropriate level of monocyte activation, consistent with a cellular response that results in osseointegration (36). It can be speculated that the activation of monocytes outside this range is likely to result in chronic inflammation and the formation of a fibrous capsule around the implant.

It is important to note that individual variations between blood donors could significantly impact the monocyte response. The blood samples were tested for infectious diseases but not for other chronic conditions. This could be a limitation to the current investigation, however the authors tried to control for individual variation by standardizing the use of each blood sample for each experimental run involving all of the groups. Another potential limitation of the study is the lack of characterization of the purification or polarization level of monocytes. This could have helped further clarified a source of variation of cellular reactions.

Several conclusions can be made from the present study. The data clearly show that CPT is capable of priming peripheral blood monocytes following 60-min incubation. This priming of human monocytes is time dependent, with 30-min incubation leading to an inhibition of the oxidative response compared to cells alone. Secondly, the priming effect is not dependent of surface roughness within the range of roughness and incubation periods tested in this study. This suggests that CPT surfaces with roughness between 0.57 μm and 2.38 μm can prime human monocytes following 60-min incubation. Thirdly, CPT group 5 with a water contact angle of 72.99 degrees, lead to significantly reduced priming of human monocytes compared to the other groups tested. This suggests that the priming of human peripheral blood monocytes by CPT may be dependent on a critical threshold surface energy level.
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Even with sustained use of antiretroviral therapy (ART), HIV-infected individuals have an increased risk of systemic comorbid conditions and oral pathologies, including opportunistic infections, oral mucosal inflammation, and gingival and periodontal diseases. The immune-mediated mechanisms that drive this increased risk, in the context of sustained viral suppression, are unclear. HIV infection, even when controlled, alters microbial communities contributing to a chronic low-grade inflammatory state that underlies these non-HIV co-morbidities. The higher prevalence of dental caries, and mucosal and periodontal inflammation reported in HIV-infected individuals on ART is often associated with differentially abundant oral microbial communities, possibly leading to a heightened susceptibility to inflammation. This mini-review highlights current gaps in knowledge regarding the microbe-mediated oral mucosal immunity with HIV infection while discussing opportunities for future research investigations and implementation of novel approaches to elucidate these gaps. Interventions targeting both inflammation and microbial diversity are needed to mitigate oral inflammation-related comorbidities, particularly in HIV-infected individuals. More broadly, additional research is needed to bolster general models of microbiome-mediated chronic immune activation and aid the development of precise microbiota-targeted interventions to reverse or mitigate adverse outcomes.
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Introduction

The impact of HIV infection on the immune system results in a high incidence of opportunistic infections, cancers, and various end-organ manifestations (1), in ways that go well beyond the direct effects of infection on target cells. Rapid loss of CD4+ T cells in the gut mucosa results in loss of barrier integrity, with translocation of microbial products, including lipopolysaccharides (LPS) (2), to the systemic circulation. Such products induce high levels of inflammation, which fuels further HIV replication, and infers damage on end organs (2–6). While this vicious circle has been documented in great detail in the gut mucosa both in humans and in pathogenic models of SIV infections in macaques (2), much less is known about the oral mucosa, despite the occurrence of oral opportunistic infections, cancers, and other oral manifestations of HIV infection. While antiretroviral therapy (ART) partially restores CD4+ T-cell counts, and can suppress HIV viremia at undetectable levels, residual inflammation and disease manifestations continue to be observed in persons living with HIV (PLWH), including oral symptoms. The complex interplay between HIV and the immune system has also important effects on the microbiome, in the gut and orally, which itself may contribute to pathogenesis. Here, we review what is known about this interplay, what knowledge is lacking, and potential interventions and amelioration strategies.

Key interactions between microbiota and immune system have been reported in infectious diseases, autoimmune conditions, and cancer (7). Most of the existing research has, however, been focused on the gut, providing evidence of an altered gut microbiome in association with several diseases. In contrast, little is known about oral mucosal immunity and microbiota, particularly in PLWH. The prevalence of non-communicable diseases, including caries (8–17), mucosal inflammation (18), gingivitis (18–20), periodontal disease (21–23), and oral mucosal inflammation in general (24, 25), is higher in PLWH than in uninfected individuals, suggesting a heightened susceptibility to multifactorial chronic inflammation that would compromise the integrity of tooth-supporting tissues. The disruption of host–microbe homeostasis in oral epithelial tissues contributes to disease progression of gingival and periodontal diseases. This disruption is marked by a shift in the composition of the polymicrobial oral community to a dysbiotic and often pathogenic community, which fuels hyperactivation of the immune system and inflammatory conditions. The oral mucosa directly links oral bacteria to the bone through the teeth. The oral microbiome is complex involving several niches in the oral cavity including the saliva, tongue, supragingival and subgingival plaque, gingiva-crevicular fluid, buccal cavity, and soft (mucosal) and hard tissues. Bacteria colonizing these distinct niches are known to play a role in systemic inflammation and periodontitis, but the process by which this occurs is not known (26). The increased risk of periodontal disease in HIV-infected adults (22) and growing evidence of increased gingival inflammation in HIV-infected children (9, 19, 27–30) are likely driven by an altered or weakened immune response to oral commensals and pathogens.



Impact of HIV Infection on the Intestinal Mucosa

HIV infection is characterized by disruption of the intestinal immune barrier and microbial translocation of microbial products leading to immune hyperactivation (31). When HIV is transmitted via the gut mucosa, CD4+ T cells are lost in a short time span (2, 32). Among them, the IL-17 producing subset that is known as Th17 is selectively infected and depleted (2–6). IL-17 exerts its activity on epithelial cells, which express its receptor, eliciting several effects: 1) expression antimicrobial peptides (AMPs), including ß-defensins, S100A8/9, and lipocalin; 2) expression of cytokines and chemokines (to IL-6, G- and GM-CSF, and IL-8), which induce inflammation and activate neutrophils; and 3) tissue repair (33–35). Thus, IL-17 production, often in concomitance with IL-22, is a key contributor to tissue homeostasis and response to infection (36). If produced excessively, it can drive inflammation (37), but defects in production (or blockade with antibodies in therapy) lead to loss of mucosal integrity (34, 38). Loss of mucosal integrity results in microbial translocation, with bacterial products inducing a strong inflammatory response. Parallel observations have been made in non-human primate models infected with pathogenic SIV, while non-pathogenic SIV does not cause loss of Th17 cells and associated events (2–4, 39–41).

Besides Th17 cells, other subsets of resident lymphocytes are required for the maintenance of mucosal homeostasis (42, 43). Among them, mucosal associated invariant T (MAIT) cells are significantly decreased or dysfunctional in PLWH, and ART only enables partial recovery of these subsets (44–51).

MAIT cells are a subset of innate-like T cells known to have broad and potent antimicrobial activity in response to microbial metabolites of vitamin B2 (52–54) and innate cytokines (IL-12 and IL-18) (55). Since these stimuli are reportedly elevated following microbial translocation (56), microbial translocation is hypothesized to directly contribute to the loss of circulating MAIT cells by causing hyperactivation and exhaustion (57, 58). Increased proliferation of MAIT cells (measured by Ki67) was reported in macaques after infection with SIV or SHIV (51, 59). While no MAIT depletion was observed in infected pigtail macaques (59), decreased MAIT frequencies in peripheral blood, mesenteric lymph nodes, and BAL of SIV-infected rhesus macaques appeared to be caused by increased cell turnover and were not the result of caspase 3-mediated apoptosis (51). Factors impairing the maintenance of IL-17 secretion are also thought to contribute to the depletion of MAIT cells and other IL-17-producing subsets in HIV chronic infection (51).

Therefore, even early in HIV infection, mucosal immunity is dramatically upended. Both physical and chemical barriers (such as AMPs) are decreased. This upheaval is reflected also in the composition of the microbiome, with dysbiosis, which itself becomes a factor that might contribute to driving high levels of inflammation. Inflammation, besides damaging organs and systems, also drives HIV replication, establishing a vicious circle of inflammation/damage/HIV replication (2–6, 39–41). While early adoption of ART preserves to some degree mucosal integrity, residual inflammation is observed even in PLWH undergoing therapy (60–62).

While the rapid disappearance of gut Th17 cells in PLWH is not clearly attributed to preferential HIV infection (2, 63, 64), it is very likely that microbial dysbiosis contributes significantly to Th17 and MAIT cell perturbation. In fact, several components of the intestinal microbiota influence cell-mediated immune response and gut dysbiosis is known to alter the homeostasis of intestinal MAIT and Th17 cells (43, 65–67). In HIV-infected macaques, gut dysbiosis resulted in an altered Th17 profile even in peripheral blood (68). Several studies suggest that PLWH have a dysbiotic gut microbiome with enrichment of Proteobacteria, Prevotella, Erysipelotrichaceae, and several pathobionts, and depletion of bacteria such as Lactobacillales, Bacteriodes, and short chain fatty acid (SCFA) producers, particularly in viremic subjects (69, 70). However, the composition of the microbiome of some ART-treated subjects was relatively similar to HIV uninfected controls in some other studies (71–76). The dysbiosis correlated with plasma levels of the inflammatory cytokine IL-6, and with activation of the kynurenine pathway, a known marker of disease progression (75). In particular, a study of a group of subjects with long-term ART controlled HIV infection showed gut microbiome dysbiosis with decreased levels of beneficial butyrate-producing taxa; the dysbiosis was associated with high levels of inflammation. Further, the gut microbiome of the PLWH was enriched in Fusobacteria, Lactobacillus, and Bifidobacteriales, which are typically associated with oral microbiome, possibly suggesting a loss of compartmentalization. Levels of Prevotella, although not differentially present in PLWH, negatively correlated with CD4+ T-cell counts (77). Dysbiosis could also be an outcome of Th17 cell depletion in the context of HIV infection. AMPs, which are produced when IL-17 binds to receptors on epithelial cells, are a key component of innate immunity on mucosa. They contribute to mucosal integrity, having co-evolved with mucosal microbiome, protecting the host against pathogenic infections (78, 79). Therefore, decreased production of IL-17 due to HIV infection is predicted to result in impaired production of AMP, loss of mucosal integrity, and dysbiosis.



Oral Microbiome in HIV

While growing evidence suggests that in the ART era, PLWH continue to experience oral inflammation-associated and/or immunodeficiency-related infections (80), few studies in comparison to the gut studies have comprehensively characterized the oral microbiota in the context of HIV exposure, infection, and treatment (26, 81–91). PLWH have increased levels of oral mucosal inflammatory markers (92, 93), as compared to HIV-uninfected subjects, suggesting likely changes in the oral bacterial composition. Similar to the gut, evidence suggests HIV infection impacts the composition of the oral microbiome with differentially abundant taxa when compared to uninfected populations; however, findings to date are varied and inconsistent. Some studies found no significant taxonomic differences (94–96), while others have reported differentially abundant taxa (81, 83–85, 87, 89, 91, 97). For the lingual microbiome, potentially pathogenic Veillonella, Prevotella, Megasphaera, and Campylobacter were enriched, while Streptococcus sp. were depleted (82). Streptococcus mutans, Lactobacillus, Candida, Haemophilus parahaemolyticus, Actinomyces, Neisseria subflava (91), and Corynebacterium diphtheriae (91) species were reported to be more abundant in saliva of PLWH individuals (82, 95, 98, 99). Several studies have observed a lower proportion of Streptococcus mitis in saliva of PLWH compared to the uninfected (91, 95, 98). A study on HIV-infected women found that in the infected group, the microbiome had higher representation of Prevotella melaninogenica and Rothia mucilaginosa (88). When compared to the perinatally exposed but uninfected, subgingival plaque of HIV-infected youth differed in abundance of disease-associated taxa (85). While some studies showed differences in microbiome compositions based on CD4 counts, the impact on other immune status markers was not evaluated (86, 88, 89).

Although ART has been implicated as the driver of these observed differences in the oral microbiome (87, 100), it is increasingly hard to isolate the direct impact of HIV with widespread availability of highly active ART. While data from a number of studies suggest a bidirectional relationship between pre-exposure prophylaxis (PrEP) and ART-specific regimens, and the vaginal and intestinal microbiota (101–103), little information is available with respect to the oral microbiome. A recent study (103) suggests that ART, especially non-reverse transcriptase inhibitors (NRTIs), have considerably more impact on microbiota composition and diversity in the gut, leading to dysbiosis, than in the oral cavity.

Patients with oral co-infections displayed lower abundance of Veilonella parvula (81, 82), while ART was associated with higher levels of Neisseria and Haemophilus. Recent 16S analyses a strong relationship between salivary microbiota and CD4 T cells in HIV-infected children, specifically a distinct oral microbial community with HIV infection and low CD4 counts (91). The abundance of Streptococcus and Lactobacillus correlated positively with CD4 counts, and negatively with viremia, suggesting an underlying protective effect of these taxa (88). However, a study of alpha microbial diversity that compared salivary and fecal microbiome in PLWH reported microbiome changes associated with ART only in the fecal microbiome (103). These inconsistencies highlight the need to standardize sample collection protocols, sample type (i.e., mucosal swab, saliva, supra- or subgingival plaque) or other experimental variables that may have biased the results (103). Aging is another important factor that was associated with increased intra-sample microbiome diversity regardless of HIV status (94). Several host factors including genetics and immune status play important roles in the colonization of pathogenic bacteria and consequently contribute to disease outcomes (86), and need to be considered when addressing this question. Further, the impact of several other confounding factors (including age, sex, dentition, oral hygiene, periodontal disease, sex, salivary flow, body mass index, diet, cigarette smoking, antibiotic use, and the type and site of specimen collection) is an important point of consideration for future studies.

While phylogenetic approaches such as 16S sequencing are able to identify taxa that are unculturable within an ecological framework, species/strain resolution is often poor and their functional roles can only be inferred. Similarly, 16S studies do not assess the composition of the mycobiome, that may interact with, and influence, the microbiome (104). Results of a study that assessed mycobiome and microbiome in smokers and non-smokers. The study reported lower alpha diversity of the mycobiome in HIV-infected smokers than HIV-infected non-smokers, while richness of the microbiome in HIV-infected smokers was less than that of uninfected smokers, suggesting complex interactions between mycobiome and microbiome in different health conditions (83). Whole genome metagenomics allow for detailed investigations into oral microbial community diversity (both intra- and inter-sample), composition and function, yet there are few available studies regarding the relationship between the function of the oral microbiota and HIV. Therefore, additional studies are needed to clarify this complexity. The synergistic impact of fungal involvement, including Candidiasis, on the mucosa plays an important role in mucosal immunity. This is particularly important as candidiasis was one of the most common HIV-associated oral lesions prior to HAART initiation and was often pathognomonic for disease progression. Colonization of C. albicans and C. dubliniensis are the most prominent taxa observed in high abundance in saliva of HIV infected individuals. While incidence of oral candidiasis typically declines after HAART initiation, recent evidence suggests that the impact of HIV/HAART on the mycobiome is modest but not more considerable than other factors such as sex (105).

There is a dearth of studies focused on the gene expression and metabolic function of the oral bacterial communities with HIV infection. This is critical as recent evidence suggests significant functional redundancy such that even if communities differ in abundance, there is an inherent stability in ecologic function. Bacteria of the oral microbiome release metabolites—lipids, nucleic acids, polyuronic acids, proteins, and extracellular polymeric substances and microbial production that serve several functions. Worthy of note is the production of SCFA and tryptophan. SCFA are immunomodulatory products that have several effects on the oral epithelial barrier, and could represent the link between the bacterial communities and the immune system. Butyrate is a SCFA notorious in the oral environment for its deleterious impact on the gingiva and periodontium. Some potential mechanisms by which butyrate elicits their effects include cell apoptosis and upregulation of proinflammatory cytokines and modulation of the proteins in intercellular junctions (106, 107). The activation of the tryptophan metabolism pathway by the enzyme indoleamine 2,3 dioxygenase (IDO), which is expressed in macrophages and dendritic cells, produces kynurenine and other metabolites, which have immunomodulatory effects. The kynurenine/tryptophan ratio (KTR) is considered a surrogate marker of IDO activity, and is associated with immune activation (75, 108–114). Increased KTR have been consistently reported in PLWH (75, 108–114).



Impact of HIV on Oral Mucosal Immunity

A predominant portion (~80%) of the oral cavity consists of oral mucosal surfaces, therefore presenting an extensive area for microbial attachment (115). Several research studies have reported mucosal immune cell dysfunction and its interaction with the oral microbiome, in the context of various chronic inflammatory diseases (116, 117). However, to our knowledge, none has comprehensively evaluated the contribution of the oral microbiota to mucosal immune perturbation in PLWH. Our understanding of the impact of HIV on the distribution and function of immune cells in the oral mucosa, the mechanism(s) for chronic oral inflammation and its role in increasing the risk for oral diseases, is limited. While there is growing evidence of a higher prevalence of oral disease in PLWH (24, 25), it is unclear how HIV, even in the context of suppressed viral replication, heightens susceptibility to oral mucosal inflammation.

Secretory immunoglobulin A (SIgA) antibodies in saliva are considered the first line of defense against pathogens present in the oral cavity. SIgA and other salivary antimicrobial systems also act against periodontopathic and cariogenic consortia by limiting adherence of pathogens and pathobionts to the mucosa (118, 119). These oral pathogens include the main cariogenic agent—Streptococcus mutans. SIgA plays an important role in the homeostasis of the oral microbiota as focus of much research in the last two decades has been on the development of a caries vaccine to stimulate induction of IgA responses in saliva (120, 121). In HIV+ individuals, dysregulation of CD4 T-follicular helper cell function greatly limits/impairs Ig class switching in subepithelial B cells, which results in a significant reduction of IgG and SIgA in mucosal fluids (122, 123). This decline may contribute to a perturbed composition of mucosal microbiome and to the compromise of mucosal barrier integrity.

As mentioned above, HIV infection disproportionately affects Th17 cells (2, 6, 124) (Figure 1). Human β defensin 2 (hBD2) is not detectable in the oral mucosa of PLWH but is robustly expressed in HIV-uninfected controls (125). This defensin is of particular interest because it binds to CCR6, a shared chemokine receptor expressed on Th17 and MAIT cells (126). We also reported that hBD2 selectively protects CCR6+ CD4 T cells from infection (127, 128). Therefore, AMP could be at the center of the mechanism underlying the effects of HIV infection on Th17 cells resulting in loss of mucosal integrity and dysbiosis. Oral epithelial barrier function and mucosal immunity clearly depends on interactions between commensal microbiota and pathogens with toll-like receptors on epithelial cells (129).




Figure 1 | Potential immune perturbation affecting the oral mucosa in HIV-infected individuals/ PLWH. In healthy, uninfected individuals (left panel), Th17 cells, MAIT cells, and neutrophils contribute to mucosal homeostasis by producing various soluble factors involved in mucosal integrity. Th17 and MAIT cells secrete IL-17, a cytokine with antifungal and antibacterial function, which also acts on epithelial cells to induce secretion of antimicrobial peptides called human β defensins 1–3 (HBDs). Among them, HBD2 binds the receptor CCR6, expressed by Th17 and MAIT cells, with potential cytoprotective effects. Th17 cells also produce IL-22, important for tissue repair, while neutrophils are responsible for the secretion of another class of antimicrobial peptides, the human α defensins or human neutrophil peptides (HNPs). The antimicrobial peptides contribute to the homeostasis of the mucosal microbiome, promoting oral colonization of advantageous bacterial species. In PLWH (right panel), a large number of Th17 cells in the gut mucosa are lost due to active infection. The number of MAIT cells also declines in peripheral blood, possibly due to activation induced cell death. A decline in Th17 and MAIT cells may occur to some extent in the oral mucosa, leading to decreased levels of IL-17, IL-22, and HBDs. This imbalance may contribute to increased inflammation and perturbed microbiome in the oral mucosa (dysbiosis), increasing the risk of oral disease. The effects of antiretroviral therapy (cART) on oral inflammation and dysbiosis are unclear.



As observed in the gut, the expression of AMPs is lower in oral mucosa of HIV-infected individuals undergoing ART, as compared to HIV-seronegative controls (125). AMPs have been shown to promote targeted killing of specific pathogenic taxa (130), so with decreased levels, the immune system is further compromised. This state of impaired innate immunity could increase the risk of oral mucosal pathologies such as gingival and periodontal inflammation. Microbial changes observed after ART administration include decrease in salivary Aggregatibacter, Prevotella, and Haemophilus which could in turn drive pathogenesis or facilitate colonization of taxa that have been implicated in periodontal disease (Porphyromonas, Prevotella melaninogenica, Rothia mucilaginosa and Fusobacterium in saliva, and Rothia dentocariosa, Fusobacterium, Streptococcus, and Prevotella in plaque) (87, 103). As a keystone pathogen, P. gingivalis impairs host immune responses and represents a necessary but not sufficient microbe for development of periodontitis. These taxa should be considered in the pursuit of developing treatments to minimize HIV-associated periodontal disease.

Studies focused on identifying early immunology and microbiota differences that could lead PLWH to an increased susceptibility to chronic inflammatory conditions are needed. This data is highly relevant to human health, addressing the role of the oral microbiota on immune cell response. By targeting AMPs and specific immune cells, which are known drivers of immunomodulation with established relevance and therapeutic potential, there would be an improved understanding of how the oral microbiota influences immune pathology, informing novel interventions for a wide range of oral diseases including mucosal infections and cancer.



Future Investigations and Therapeutic Approaches

Our understanding of the interaction between oral microbiota and oral mucosal immune cells is still evolving. Significant gaps remain with respect to mechanisms of influence by microbiota on immune homoeostasis, and vice versa. Given the bidirectional relationship between oral microbiota and mucosal immunity (97), understanding the functions of microbes involved in influencing immune compartments, their physio-pathologic consequences, and contribution to oral disease pathology is essential to inform preventive and therapeutic approaches. This complex relationship demonstrates a clear need for continued investigation in both animal and human studies. Investigating the interplay between immune cell subsets and bacterial communities would inform strategies to improve and facilitate mucosal homeostasis.

Studies aimed at identifying early immunological and microbial features with the potential to increase the risk of chronic inflammatory conditions in PLWH are needed. In particular, understanding the interplay between oral microbiota and mucosal immunity may identify targets with therapeutic potential, thus informing novel interventions for a wide range of oral diseases, including mucosal infections and cancer. While there is evidence of SIgA in the oral mucosa with HIV, its unique molecular properties and interactions with pathogens and microbial metabolites should be incorporated in further investigations of the oral mucosal immunity (131). The specific impact of HIV on oral mucosal immunity has significant implications for specific sub-groups and risk populations such at sero-discordant couples, men who have sex with men (MSM), the aging, and growing children and adolescents.

Given the gaps in knowledge, characterizing features and functions of the oral microbiota associated with HIV infection would bring us closer to understanding the interplay between the oral microbiota and oral mucosal immunity. Multi-dimensional and multi-parametric approaches are needed to investigate microbe-mediated interactions as well as identify the microbial properties and immune parameters key for oral mucosal homeostasis. Such approaches will provide insight into how the oral microbiota could be used to mitigate immune perturbation in HIV.

Probiotic approaches to prevent oral diseases have been in previously spotlighted. An example in caries disease treatment is the displacement of native S. mutans strains with S. mutans strains engineered to have low pathogenicity (132, 133). While the results support the efficacy of these strains as anti-caries probiotics, further studies in humans are required. Future high-quality randomized controlled clinical trials that demonstrate the efficacy of probiotics (134, 135), antimicrobial agents and procedures on oral immune functions, will expand the current paradigm focused on intestinal bacteria by comprehensively studying microbe-mediated immune cell responses relative to oral bacteria. Understanding how the interaction between immune system and microbiota contributes to co-morbidities would provide additional targets for intervention and drive the success of future clinical trials. Research focused on bolstering general models of microbiome-mediated chronic immune activation and aiding the development of precise microbiota-targeted interventions to reverse chronic inflammation are needed. Cytological experiments and metagenome and transcriptome analyses will further characterize the biological processes and the molecular changes of specific oral bacteria. Results from future research studies are likely to inform preventive and therapeutic interventions. Interventions targeting both inflammation and microbial diversity are needed to reduce the risk of oral inflammation-related comorbidities, particularly in PLWH (84), high-risk populations such as MSM, and even more critical in developmental phases in children where appropriate immune training and maturation has far-reaching complications (136).



Conclusion and Perspectives

In this review, we have discussed the current status of research on gut microbiome and HIV and reviewed recent advances in our understanding of the interaction between the oral microbiota and mucosal immune system in PLWH. Many studies of the oral microbiota suggest that individual or singular pathogens are not observed as differentially abundant in classic oral diseases such as caries or periodontitis. Perturbations among relatively less-abundant microbes appear to drive dysbiosis. Review of studies highlight an altered pathological status of the microbial communities and the immune systems even with ART. However, much work is required for a clearer understanding of the mechanisms of interaction between oral bacteria and specific T-cell subsets and their function. Therefore, in the future, it is important to focus our attention on the how to approach therapeutically dysbiosis, and/or its metabolic/inflammatory consequences, to ameliorate oral symptoms and standard of living of PLWH.
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G1 - constipated CP*  G2-No constipated CP*

DEMOGRAPHICS
Total Subjects 30 (32.25%)
Gender
Female 19 (66.3%)
Male 11 (36.7%)
Age (mean=:SD) 85+ 4.1
Race
White 19 (63.4%)
Others 9(30%)
Black 2 (6.4%)
Occupation (Caregiver)
Employed 11(36.66%)
Education
<8 years 21 (70%)
>8 years 9(30%)
Family (income)
>3MW 4(13.34%)
<aMw 26 (86.66%)
ORAL HEALTH- PERIODONTAL PARAMETERS
Gingival bleeding 324+ 198
23(76.7%)
Absence 7 (23.3%)
SYSTEMIC HEALTH- CEREBRAL PALSY
Clinical pattern
Tetraplegia 20 (66.66%)
Diplegia 10 (33.33%)
Hemiplegia 0(0%)
GMFCS
[T 0(0%)
V-V 30 (100%)
Medication
GABA 5(16.7%)
GABA+ 9(30%)
Sodium 5(16.7%)
Calcium 1(3.3%)
No medication 10 (33.3%)
Quality of life
Personal care 2024 21.6A
Positioning, transfer and mobility 293 £26.1A
Communication and social interaction 55,64 28.3A
Comfort, emotions and behavior 55.6 % 22.7A
Health 736+ 18.2A
Overall quality of lfe 55.7 4+ 24.3A
Dormains means 490+ 13.1A

33(35.48%)

14 (42.4%)
19 (57.6%)
103+8.7

15 (45.5%)
16 (48.5%)
2(6%)

13 (39.39%)

23 (69.69%)
10 (30.31%)

9(27.28%)
24 (72.72%)

41+35

2(6.1%)
31(93.9%)

9(27.27%)
15 (46.45%)
9(27.27%)

14 (42.4%)
19 (57.6%)

1(3%)
2(6.1%)
4(12.1%)
1(3%)
25(75.8)

53.6 + 37.5B
57.9+34.4B
82.1 £ 19.38
81.2 +16.00B
838+ 12.9B
70.3+ 15.2B
71.5 £16.78

G3- constipated control®

7(7.52%)

4(67.4%)
3(42.9%)
88x45

6(85.7%)
0(0%)
1(14.3%)

6 (71.42%)

4(57.15%)
3 (42.85%)

3 (42.86%)
4(57.14%)

06+1.4

0(0%)
7(100%)

0(0%)
0(0%)
0(0%)

not applicable
not applicable

0(0%)
0(0%)
0(0%)
0(0%)

7(100%)

80.0 £23.8C
100.0 +0.0C
100.0 +£0.0C
91.3+12.8C
90.3+£10.2C
71.4 £19.5C
88.9 £7.5C

Gd- no constipated control®

23 (24.73%)

10 (43.5%)
13 (56.5%)
102443

18 (78.3%)
5(21.7%)
0(0%)

19 (82.60)

14(60.86%)
9(39.14%)

11 (47.829%)
12 (52.17%)

0.1+06

0(0%)
23 (100%)

0(0%)
0(0%)
0(0%)

not applicable
not applicable

0(0%)
0(0%)
0(0%)
0(0%)

23 (100%)

96.2 +8.4C
99.9 +0.5C
100.0 +£0.0C
96.1 4+ 4.9C
96.5+5.7C
81.7+£20.8C
95.5 £5.0C

p-value*

0.332

0201

0.08

0.0017*

0.5628

0.018"

<0.001*

<0.001*

0.0009"

<0.0001*

0.0083"

<0.05*
<0.05"
<0.05*
<0.05*
<0.058*
<0.05*
<0.058*

*alues represent mean  SD or percentage (%); “p-values for group comparisons were significant at 0.05; Chi-square, ANOVA, One-Wey, Kruskal-Wals tests. Different letters denote
statistically significant differences (p < 0.05). Uppercase letters compare values horizontaly (intragroup evaluation). SD, stenderd deviation; BOR, Bleeding on probing; MW, minimum

wage, unit for measuring income in Brazi, broadly corresponding to $251 U.S. during the study period,

Numbers and relevant statistics for study groups. Groups are defined as G1 (CP with constipation), G2 (CP without constipation), G3 (control with constipation), and G4 (control without

gut constipation).
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Chi-squere test; significant if p < 0.05. Bold values - significant differences
between groups.
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SLE+ SLE-

REC
mean (sd) 0.15 0.19) 022 (0.39)
median (95% Cl) 0.11(0.07; 0.28) 0.05 (0.08; 0.39)
PD

mean (sd) 2.18(0.65) 2.87 (1.06)
median (95% Cl) 206 (1.95; 2.41) 267 (2.44; 331)
cAL

mean (sd) 2.34(0.59) 307 (1.14)
median (95% Cl) 219 (2.12; 256) 279 (2.60; 354)
FMBS

mean (sd) 2686 (16.14) 4953 (33.78)

median (95% C))  23.89(20.19;8352) 50 (35.59; 63.48)
FMPS

mean (sd) 4953 (22.16) 053 (0.35)
median (95% C))  50(40.39;58.68)  61.46 (39.35; 68.59)
CEJ-AC

mean (sd) 1.87 (0.68) 1.23(052)
median (95% Cl) 1.24(1.08; 1.64) 1.14(1.02; 1.45)
Missing teeth

mean (sd) 7.68 (5.44) 8.28(5.18)
median (95% Cl) 6(5.43;9.92) 6(6.14; 10.42)
% sites PD =5 mm

median (95%C)) 1.23(1.51; 6.35) 6.94 (6.97; 19.95)
% sites CAL =4 mm

median (95%Ci) 744(7.99,16.74) 2222 (17.36;35.69)

p-value

0.41*

0.01*

0.005*

0.01*

0.46*

0.26*

0.69*

0.002*

0.06*

“Mann Whitney; significante se p < 0.05. Bold values - significant differences

between groups.
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LES-A LES-I Valor do p

Age (mean  sd) 3818+ 1226 4382+1236 031"
Gender: female (1 %) 11(100%) 14 (100%) -
Ethnicity [0 (%)) 023+
White 5 (45.45) 11(78.58)

Mixed 4(36.36) 2(28.58)

Black 2(18.19) 1(7.14)

Central nervous system 2/8 (25) 05 (0) 0.15*
disease (n %)

Kidney disease (1 %) 5/8 (62.5) 3/7 (42.86) 0.44%
Respiratory disorders (n %) 08(0) 3/7 (42.86) 0,08+
Cardiovascular diseases 4/8(50) 3/7 (42.86) 0.78%
(0 %)

Gastoenteric disease (1 %) 1/8 (12.50) 177 (14.29) 091+
Comorbiditis (n %) 4/11(3636) 10714 (71.43) 0.07+
Overweight or obesity (IMC

226)

Hipertension 4/8 (50) 3/7 (42.86) 078+
Smoking (smokers and 211 (18.18) /14 (35.71) 033+
former smokers)

Medications in use 1864+ 1776 357 £363 0049
Predhisone dosage

(mg/day) [mean = sd]

Hidroxicloroquine (1 %) 1111 (100) 11714 (7857) 0.10*
Antihypertensive (1 %) 211 (18.18)  6/14 (42.86) o.18*
Antidepressants, anxyolitics 1/119.09) 414 2857) 022+
(%)

Imunossupressants (1 %) 1/119.09) 414 (2857) 0.22+
Chemotherapy (1 %) 211 (18.18) 1/14(7.14) 039+
Immuno-inflammatory 5/8 (62.5) 05 (0) 0.02+
response

High anti-dsDNA titers (n %)

Low C4 (0 %) 5/8 (62.5) 075 (0) 0.02+
Low C8 (n %) 3/8(37.5) 1/5 (20) 050*
SLEDAI (mean  sd) 110+842 04089 0,005

Medical history and laboratory tests are not available for the entire sample; avaiable data
(number of positive cases / total cases (%); "t-test; *Chi-Square Test; significant if p <
0.05; sd, standard deviation. Bold values - significant differences between groups.
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SLE+ (n = 25)

Age

Age [mean (sd)] 41,34 (12.39)
Body mass index

BMI [mean (sd)] 27.46 (6.95)
Race

Caucasians [n (%)) 16 (64)
Brown [ (%)) 6(24)
Black [n (%)) 3(12)
Smoking

Smoker (1 %) 3(12)
Former smoker (n %) 4(16)
Non-smoker (n %) 18 (72)
Medications

Oral contraceptives (1 %) 4(16)
Antihypertensive® (n %) 2®

SLE- (n = 25)

43.73 (14.04)

26,60 (5.32)

22(88)
3(12)
00

00
5(20)
20(80)

624
4(16)

p-value

0.53*

0.58*

0.08*

0.20+

0.47%
0.38*

“T-test; significant ifp < 0.05; *Chi-squere; significant fp < 0.05; ®Hydrochiorothiazide;
sd- standard deviation; n-absolute number; %-percentage.
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Rheometry
parameter

GV finear viscostastic range)

Elastic limit

Breakup stress

Description

Stability of the clot at rest—this means at
equilbrium conditions. Elastic behavior
(reversible deformation) of the clot

Start of non-linear deformation. The clot cannot
relax into its original state beyond this critical
shear stress.

Shear stress needed to either break the clot
apart or break it from the rheometer plate to
which it adheres
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Parameter Control LPS p-value

R 13.80 £2.73 10.04 £ 2.73 0.02 ()
a angle 56.61 +5.33 60.28 + 3.16 0.04 ()
MA 22.75 £ 3.36 21.05 + 4.94 03
MRTG 273+084 328+ 0.76 0.09
TMRTG 16.74 £ 3.26 10.77 £ 2.16 0.007 (™)
TG 148.61 + 28.36 136.22 4 40.48 03

Data are represented as mean + standard deviation. Statistical significance was
established at p<0.05 ("p < 0.05; *'p < 0.01).
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Parameter

R
aangle
MA
MRTG
TMRTG
MG

Control

9.15 [7.8-11.8)
66 [59.73-68.95)
2457 £6.21
42£172
10.42 [8.9-18.38]
167.7 £ 56.79

RgpA

11.6 [8.13-13.53)
59,63+ 889
23.45 [18.5-25.15)
3.07 [2.17-4.56]
13.75 [8.96-17.19)
149.8 + 43.28

p-value

00011 (%)
00014 (*)
0021 ()
00001 (**)
00032 ()
0022 ()

Data are represented as either mean + standard deviation or median [Q1-Q3]. Statistical

significance was established at p < 0.05 ('p < 0.05; **p < 0.01;

“p < 0.001).
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Thromboplastic parameters

R: Reaction time (minutes)

« angle: (slope between the traces
represented by R-time at 2mm and
K-time at 20mm) (degrees)

MA: Maximal amplitude (mm)

MRTG: Maximum rate of thrombus
generation (Dyncm™2.5~")

TMRTG: Time to maximum rate of
thrombus generation (minutes)
TTG: Total thrombus generation
(Dyn-om™2)

Description

Time of latency from start of test to initial
fibrin formation (amplitude of 2mmy; i.e.,
initiation time

The angle measures the speed at which
fibrin build up and cross inking takes
place, hence assesses the rate of clot
formation; ie., thrombin burst

Maximurn strength/stiffness of ciot.
Reflects the ultimate strength of the fibrin
clot; ., overallstabilty of the clot

The maximum velocity of clot growth
observed or maximum rate of thrombus
generation using G, where G is the elastic
modulus strength of the thrombus in
dynes.cm=2

The time interval observed before the
maximum speed of the clot growth

The clot strength: the amount of total
resistance (to movement of the cup and
pin) generated during clot formation. This
is the total area under the velocity curve
during clot growth, representing the
amount of clot strength generated during
clot growth
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Representative naive control platelet poor plasma clots from three healthy individuals.
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CPT Group

60-minutes Incubation
Mean (Std. Dev)

30-minutes Incubation
Mean (Std. Dev)

o O s =

4.29 (1.30)
4.26 (1.36)
4.01(1.34)
3.70 (1.44)
2.98 (1.00)"
3.76 (1.47)

-0.16 (0.05
-0.17 (0.04)
-0.17 (0.0
-0.15 (0.04
-0.43 (0.05)"
-0.15 (0.01)

)
)
)
)

*significant at P <0.05.
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CPT Run 3 Run 4
Group

Mean monocyte % Mean monocyte %
CL Covariance CL Covariance
(mV.min x 10%) (mV.min x 10°%)
Blank 0.044 0.042
Control
Cells Only 2.84 0.382 1.061
| 243 6.53 0.326 25.874
2 2.29 3.85 0.326 1.998
3 2.34 4.68 0.322 2.234
4 2.45 3.47 0.321 5.220
5 1.51 6.21 0.229 4.770
6 2.41 0.90 0.329 1514
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CPT Run 1 Run 2
Group

Mean monocyte % Mean monocyte %
CL Covariance CL Covariance
(mV.min x 10%) (mV.min x 10%)

Cells Only 0.38 0.17

1 1.68 7.93 1.09 3.78
2 1.63 2.59 1.10 4.45
3 1.45 3.60 1.06 5.46
a 1.36 2.99 0.97 14.19
5 1.18 9.71 0.82 5.34
6 1.30 1.10 1.03 3.32
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Variables Priming Phase Activation Phase Total CL

Measurement Measurement Measurement
Period Period Period
0-30 min 30-120 min 0-120 min

1 10°® Luminol 110° PMA

Blank 1 cuvette/replicate —

Cells Only 3 reps —

CPT group  3reps —

1

CPT group  3reps —

2

CPT group  3reps —

3

CPT group  3reps —

4

CPT group  3reps —

5

CPT group  3reps —

6 22 cuvettes/

experiment
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Titanium Group Ra (Um) Rmax (HmM) Contact angle Water (°)

(StdDev)  (Std Dev) (Std Dev)
1 0.57 3.41 60.19
(+0.25) (£2.05) (+5.06)
2 1.69 9.73 58.98
(+0.99) (£5.85) (+1.69)
3 152 752 16.88
(£1.21) (£6.39) (+1.67)
4 0.61 373 58.48
(£0.28) (£1.19) (+1.61)
5 2.15 14.14 72.99
(£0.75) (£5.94) (+2.40)
6 2.38 14.53 10.51
(£0.12) (£0.98) (+1.25)

*All data from Lim (Lim YJ 2000).
R., Average roughness.
Rmax, Maximum roughness.
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Titanium Group Surface modification

(1) Mechanical
treatment group
(control)
1 As-polished with #800 grit SiC metallographic paper.
(2) Mechano-chemical
group
2 Sand-blasting (50 um alumina particles) at 120 psi for 1 minute with a fixed distance (1 cm) between the sample of the surface and blasting
tip, followed by chemical treatment in boiling HClI/H2SO4/H,0O (20ml/20ml/260m) for 3 hours.
(3) Oxidation treatment

group
3 In 70°C 5 M NaOH for 24 hours, followed by in-air oxidation at 600°C for 1 hour.
6 HF/HNO3/H20 (1/1/2 by fraction) for 10 seconds, followed by process (3).
(4) Chemical treatment
group
4 Immersed in boiling 3% H,O, for 6 hours.
5 Boiling in 5% H,SO, for 15 hours.

All samples (all sides) prior to the treatments were mechanically polished under the same condition as control samples (group 1).
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Comparisons Accuracy OOB score Mean AUC-ROC

accuracy
PT study
High vs. low (16S) 0.63 0.65 0.59 0.59
High vs. low 0.63 0.57 0.59 0.59
(16S + cytokine)
SHT study
Avs. C(169) 0.72 0.69 0.73 0.6
Avs.C 0.76 0.71 0.74 0.7

(16S + metabolite)

OOB score, out-of-bag score; AUC-ROC, area under the curve of the
receiver of components.
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AUC-ROC, area under the curve of the receiver of components.
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Dataset Variable

PT study

16S Periodontal treatment
Overall response

Cytokine Periodontal treatment
Overall response

Metagenomic Periodontal treatment
Overall response

SHT study

16S Disease class

Metabolite Disease class

Metagenomic Disease class

R2

0.0343
0.0129
0.0343
0.0175
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0.0972

0.032
0.028
0.044

0.0053
0.7848
0.0078
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0.1403
0.0293

0.0004
0.0040
0.5482

p —adj®

0.0234
0.7848
0.0234
0.1683
0.1683
0.0586

0.001
0.006
0.548

aBenjamini-Hochberg corrected for multiple comparisons.
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Control Pg + APO+ Pg + APO- UGM + APO+ PI- APO+

n=17 n=5 n=4 n=5 n=9
Age mean + SD 21.20+3.4 24.60 + 4.6 19.75 £ 1.7 22203 19.33+ 12
Single 5(29.4) 0 2(50) 1(20) 2(222)
Married 169 0 0 0 1(11.1)
Civil union 11(64.7) 5(100) 2(50) 4(80) 6(66.7)
Elementary 0 0 0 [ 2(222)
High school 15(88.2) 4(80) 4(100) 5(100) 6(66.7)
Technical 2(118) 1(200) 0 0 1 (11.1)

Yes™ 0(0.0) 3(600) 3(75.0) 2(40.0) 0(00)

Yes 0(0.0) 2(400) 0(0.0) 0(0.0) 0(00)

“'p < 0.05 statisticall significant difference among groups by Chi square test. Clinical signs of infection included uterine hypersensitiity, fever, maternal tachycardia, fetal tachycardia,
and fetid flow. APO, adverse pregnancy outcome; UGM, urogenital microorganisms; SD, standard deviation; IR, Interquartie range; Pg+ APO%, P2 gingivalis (+) adverse pregnancy
outcome (+); Pg+ APO-, P. gingivalis (+) adverse pregnancy outcome ~; UGN+ APO+, urogenital microorganisms (+) averse pregnancy outcome +; Pi- APO+, Placentalinfection
(~) adverse pregnancy outcome (+); Control, acverse pregnancy outcome (=) without placental infection.
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Gene ID
Apoptosis

AKT3
BIRC3

CD2
CFLAR
CSF2RB

NOL3
PIK3CD

PIK3CG

PRKACB

APAF1

ATM

BID
CASP1
CASP3
CASP7
CASP8
CASP10
DAPK1
ENDOD1
FAS
IL1A

IL1B

IL1R1

IL1RAP
IRAK3
PRKAR2B

TNFRS11B
TRAF3

Functions denote: anti-apoptosis (A), pro-apoptosis (F), mTORCT complex (mTOR), ULK complex (ULK), PI3K complex (PI3K), ATG12 interactions (ATG12), and lysosome fusion/vesicle

degradation (LF/VD).

Gene name

AKT Serine/Threonine Kinase 3
Baculoviral IAP Repeat Containing 3

CD2 Molecule
CASP8 and FADD Like Apoptosis Regulator

Colony Stimulating Factor 2 Receptor
Subunt Beta

Nucleolar Protein 3

Phosphatidylinositol-4,5-Bisphosphate
3-Kinase Catalytic Subunit Defta
Phosphatidylinositol-4,5-Bisphosphate
3-Kinase Catalytic Subunit Gamma

Protein Kinase CAMP-Activated Catalytic
Subunit Beta

Apoptotic Peptidase Activating Factor 1

'ATM Serine/Threonine Kinase

BHS3 Interacting Domain Death Agonist
Caspase 1

Caspase 3

Caspase 7

Caspase 8

Caspase 10

Death Associated Protein Kinase 1
Endonuclease Domain Containing 1
Fas Cell Surface Death Receptor
Interleukin-1 Alpha

Interleukin-1 Beta
Interleukin 1 Receptor Type 1

Interleukin 1 Receptor Accessory Protein
Interleukin 1 Receptor Associated Kinase 3

Protein Kinase CAMP-Dependent Type Il
Regulatory Subunit Beta

TNF Receptor Superfamily Member 11b
TNF Receptor Associated Factor 3

Fxn

o

TTTVTTVTTVTOVDTVTTOTITT

Gene ID

Autophagy

EIF4G1

MAPKSP1/
LAMTOR3

ATG101
DRAM1
DRAM2

SNX4
ATG14/Barkor

DAPK1

IGF1

PIK3CG

RB1
SHIP2/INPPL1
ATG3

ATG4C
ATG4D

ATGS

ATGT
ATG16L2
CALCOCO2
CXCR4
EIF2AK3/PERK

EIF2AK4/GCN2

‘GABARAPL2/
ATG8c

PLIN2
BAD
BAK1

CASP8
CTSL2/CTSV
EPAS1

FAS

LAMP2
PRKCQ
VAMP8

Gene name

Eukaryotic Translation Initiation Factor 4 Gamma 1

Late Endosomal/Lysosomal Adaptor, MAPK and,
MTOR Activator 3

Autophagy Related 101
DNA Damage Regulated Autophagy Modulator 1
DNA Darmage Regulated Autophagy Moduator 2

Sorting Nexin 4
Autophagy Related 14

Death Associated Protein Kinase 1
Insulin Like Growth Factor 1

Phosphatidyinositol-4,5-Bisphosphate 3-Kinase
Catalytic Subunit Gamma

RB Transcriptional Corepressor 1
Inositol Polyphosphate Phosphatase Like 1
Autophagy Related 3

Autophagy Related 4C

Autophagy Related 4D

Autophagy Related 5

Autophagy Related 7

Autophagy Related Like 2

Calcium Binding and Coiled-Coil Domain 2
C-X-C Motif Chemokine Receptor 4

Eukaryotic Translation Initiation Factor 2 Alpha
Kinase 3

Eukaryotic Transiation Initiation Factor 2 Alpha
Kinase 4

GABA Type A Receptor Associated Protein Like 2

Perilipin 2
BCL2 Associated Agonist Of Cell Death
BCL2 Antagonist/Killer 1

Caspase 8

Cathepsin V

Endothelial PAS Domain Protein 1

Fas Cell Surface Death Receptor
Lysosomal Associated Membrane Protein 2
Protein Kinase C Theta

Vesicle Associated Membrane Protein 8

Fxn

MTOR
MTOR

ULK
ULK
ULK

ULK
PI3K

PIBK

PI3K

PI3K

PI3K

PI3K

ATG12
ATG12
ATG12
ATG12
ATG12
ATG12
ATG12
ATG12
ATG12

ATG12

ATG12

ATG12
LFAD
LFAD

LFAD
LFAD
LFAD
LFAD
LFAVD
LFAD
LFAD
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sample

Whole blood (WB)

Control 1

Control 1+ RgpA (100 ng-L™")
Control 2

Control 2 + PG LPS (20 ng.L™")
Control 2 + PG LPS (20 pg-L™")
Platelet depleted plasma (PDP)
Control 1

Control 1 + RgpA (250 ng-L~")
Control 3

Control 3 + EC LPS (20 ng-L™")
Control 3 + PG LPS (20 ng.L~")

G'we [Pa]

174.1(156.2-192.0)
201.9[118.7-222.2)
324.0 [291,5-332.1)
297.3 (261.7-314.1)
265.6[211.8-284.6]

40.36 (38.58-42.71)
4552 [87.75-52.75)
47.26[44.56-54.78)
72.30 (61.77-76.84]
68.05 (67.60-77.92)

Elastic limit [Pa]

4.4[4.4-4.4)
45(1.9-55)
12[1.2-1.2)
12[1.2-1.)
12[1.2-19)

292929
23[23-29
29(1.9-5.4)
29[29-36)
36[29-36)

Data presented as median [lower and upper confidence interval] of the triplicate runs. EC, E. coli; PG, P. gingivalis.

Breakup stress [Pa]

442 [305-578]
341 (247467
1,877 [1,372-1,708)
1,880 [1,376-1,702)
1,376 [1,374-1,377)

1,113 [1,109-1,370)
1,110 (896-1,112)
1,112 (684-1,113]
1,113 [898-1,116)

1,878 [1,112-1,379)
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Cancer

Head and neck
squamous cel
carcinoma (HNSCO)
HNSCC.

HNSCC.

Oral squamous o
carcinoma (0SCC)

osco

osco

osco

oscc
=3

Gingival squamos cel
carcinoma

Oral mucosal cancer

Kecatizing squamous.
cdll carcinoma.
Potentially masgnant
oral leukoplakia

Organisms.

‘Strptococcus sp. and Lactobachs sp.

‘Staptocoocus angiosus
Fusobacterm sp.
‘Staptococcus anginosus

‘Capnocytophaga gingals, Prvotela melaninogenica, Streplococcus mits
‘Baciks, Enterococcus, Panvmons,Peptosireptococcus, Sackia

‘Stroptococcus sp. 056, . savars, S. gordons, S. parasanguis, Peplostieptocoocus stomats,
‘Gemells haemaysans, G.morbionum, Johnsonela gnava

Parvimonas increased in OSOG, Acthomyces reduced i OSCC.

Fusobacterum perocbntcum, Parvinonas mica, Siepiocoocus constelats, Haemophius
infuenza, and Filactor doois

Fusobacterm nuckatun, Prevoleta ntemed, AQgregatbacterssgnis, Capnocytophaga
lacbstter, Campyfobacter roctus Calonala mort, Conebacterium matuuchot, Gemeta
moron, Granufcatel acfacans, Granucateta sogans, Peplococaus sp. PepoSIIEDIococous:
‘stomatis, Porptyromonas catonia and Streptocoocus oraks

Fusobacierm, Dakster, Poplosireptococous, Filactor, Poptococcus, Catoneta and Parimonas,
Micrococous kteus, Provtota melaninogenica, Exguobacterum oxdotorars, Fusobacterium
naviorme, Staphylococcus aurus, Vedonela parwia, Prevotea sp.(oal cono BEO73 phylotypa).
Rothia muciaginosa, Sreptococcus savarus, Actnomyces odonloyius, Moraxsla osioenss,
Pravotota verorak, Propionbacterem acnes, Atopobium parvlum, SiopIo0oCCuS parBSanguis,
Vedonota dspar, Streptococcus mitsorals

P-gnghals

‘Staptocoocus ntemedus, S constelatus, S, oras, S, s, S, sangus, S saharis,
Peptosirepioc0cous sp.

Vedonsla sp. Fusobacterum sp, Prevotela sp. POTpyromonas sp. ACHNomyoes sp.
‘Clostridum s, Haemophis sp, Sireptococcus sp., and Enferobocteriacede.
Fusobacterum, Leploticha, Campylobacter and R

Sample type
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Meta-anasis
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Cancer Microbes related with response to ICl treatment References

Metastaic metanoma  B. fragis anclo B. thetaotaomicron, Burkholderiaes spoces (199

Metastaic meianoma  Faecatbactarium genus and other Fimicutes. (199

Metastaic melanoma  Enterococcus faec, Colinsea aerofacens, Bifdobacterkum adolescents, Kebsiela poeumonae, Vedonela panv, (195
Parabacteroides merdse, Lactobacils speces, and Bikdobacterum rgum

Non-smal ol kg Ruminococcacsee, Faecalbacterm, speciicaly Ruminocoocae, Alstoes, and Eubacterum speces (199

Renal cell carcinoma  Ruminococcaceas, Fascalbacterium, specificaly Ruminococcas, Alstipes, and Eubacternum species (198)
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Patient /Cancer

Chomotherapy
patents with
metastaic CRC

Patints it
metastaic: CRC

Number of
subjects

10

160

w2

Intervention

Chematherapy + Weleshu
Lactobocits sabarks AP-32,
Lactobacilss johnsons MH65)

chemotherapy aone
Chematherapy + argeted
therapy +

oo (Lactobacits ackophius

Bidovacterium) vs
chematherapy +
tageed therapy
VSL#3 Vs picebo

Sig-am FMT
rom ants D1 responders.
ough coonoscopy + PD-1

Sigloam: MRA0518 +
Pombroizumab

Primary
outcomes.

oRR

Impact of proicts
ncraase tumor

gace (TRG) 12

Adversa events

‘Secondary outcome

Aot bowd oty
Pathoogeal compite
response.

Sphincer saving surgery
Disease-f0 survival
Lato toxiy at 12:36
months)

Tost compostion
et uncion
nmune profle

Toemor biomarkers
Gincal benafts

(ORR, DOR, DGR, PFS)
Microbiome compositon

Location

Znejang.

Rome, tay

Unted States

Texas, Unied

status

Notyet
recniting

Notyet
racnting

Recnitng

Recruing

Recnitng

Glinical rial
registration
umber

NCTO4021589

NCTO4131803

NCTo1579501

NOTO3341143

NCTO637803
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AU-I

AU-2

AU-3

AU-4

AU-5

Bacterial complex mTOR
Leptotrichia unclassified EIF4G1
Capnocytophaga unclassified

Prevotelia sp. 317
Veilonellaceae_{G-1] sp. 155
Treponema socranski 769
Desulfobulbus sp. 041
Veilonellaceae_[G-1]
Fusobacterium unclassified
Fifactor alocis 539

Provotelia fusca 782

Prevotelia sp. 304

SR1_[G-1] sp. 345

Prevotella unclassified
Pyramidobacter piscolens 357
Bacteria_unclassified
Fretibacterium fastidiosum 363
Bacteroidetes_unclassified
Chioroflexi_{G-1] sp. 439
Fretibacterium sp. 361
Porphyromonadaceae EIF4G1
Prevotella intermedia 643
Prevotelia sp. 313

Veilonella dispar 160

ULK

DRAM2

DRAM1

SNX4

ATG101

ATG101

PI3K

IGF1
PIK3CG
DAPK1
PIK3CG
INPPL1

ATGO

ATG12 LFND

ATG4D LAMP2

CXCR4

EIF2AK3

GABARAPI2

PIN2

GABARAPL2

EIF2AK4 EPAS1
FAS

The genes in Green are positiy

rely correlated and in Red are negatively correlated with the bacterial complexes.
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ancer

Esophageal cancer
Esophageal cancer
Esophageal cancer

Esophageal cancer
Pascreato cancor
Pascreatc cancor
Pancrealic cancor

Pancralic cancor
Pancrealic cancor
Pancealic cancer
Pascreatc cancor
Pascreatc cancor

Pascreatc cancor

Hepatc cancer
Lung cancer
Lung cancer
Lung cancer
Lung cancer
Cobrectal cancer
Cobrecta cancor
Cowrecta cancor
Coborecta cancor
Caborecta cancer

Cobrecta cancer
Cobrectal cancer
Cobrectal cancer
Cobrectal cancer
Coborecta cancor
Digesto tract

Cabrecta cancer
Cobrectal cancer
Gastrc cancr
Gastic cancar
Gastrc cancar

Broast cancor
Broast cancor
Breast cancer

Organisms.

Increaso of 7. forsythia and P. goghals
Steptococcus anginasus, S. mits, Teponama denticols

3 taxon modet Lautropa, Streptococcus, and an unspeciiod genus of the orcer
Bacteroidabs. (ALC = 094)

Overal docroased microbial dversty in cancor patonts

‘Pomtyromonas gingvals. Aggregalecteractnomycetemcomiens.
Pophyromonas gogvais

Fusobacterum 5pp.

2 taion mode: Streptococcus mis and Neisseia songata. (AUC =0.90)
‘Sinicativ Hgher rato of Leptotichato Porhromonas was found in cancer patents.
‘Assacation vith B-dversty and Haemophs

Fusobacterum spp.

‘Steptosoccus themophis igher i cance, and Haemophius parainflenzas and
Noissei flavescens ower in cancor

Hoamophis, Porphyromonas, Loptotrchia and Fusobacterum ooud dstingish cancor
patents from heathy subjcts

Fusobacterum and Oracterm. ncrease in dersty.
Capnocytophaga sp. Vedonela .

Steptococcus and Vedoneta

‘Sptingomonas and Bastomonas.

Steptococcus and Velonata

T. denticoa and Prevotela sp. oral weon 313

Fusobacterum sp., Porhyromonas sp.

Fusobacterum sp.

Lactobacius and Rothia

Streptococcus and Prevoteta spp.

Fusobacterm sp.

Fusobacterum nuceatum

Fusobacterum sp.

Fusobacterum sp.

Fusobacterum sp, Lactococcus sp.

Actinomyces odontoiicus, Steptococaus parasinguin, Connebacterum 59, Neisseria
500..TM7(G-1) 5p., Porphyromonas gingials, Fusobacterm nuckatum, Nessera dongata
and Streptococcus sanguinis

Fusobacterom nuceatum, Panvimonas micr, and Peptostreplococeus stomats
Paptostreptococcus stomats, Fusobacterumnucieatu, Parvimonds spp.

Overal dversiy of tongus Coating microtiota was reducsd

Overal incroased microbal diversity i cancr patients

6 bactaal custers wers denifed to istiguish cancer patens fom conios. (custer &
hag AUC = 076)

Conmebacterum, Staphylococeus, Actinomyoes, and Propionbactenacede.
Fusobacterum, Atopobium, Gluconacetobacte, Hyckogenophaga and Lactobacius
Conobacterisceae

‘Sample type

Oralrnse.

Oalswab.

Ol rnse
Elood (antbodies)

Tssus rom pancreaic
ducta adenocarcnoma

Tissue sampes, swabs, stoot

Tonguo coating microbiota
Tongue coat

Aeviay brshiogs

Oralrnsa.
Stool

‘Colorectal cancer tssuos:
Oralrnso.

Oral swabcoloric mucosse
and sto0s, colorectal poips:

Tssus and stool samples
Colorectal ssue biopsies
‘Colorectal ssue biopsies
Colorectal issue biopsies
‘Colorectal ssve biopsies

Colon tssve
Neta-analyssiecal samples
Tongue coating
‘Saiva and plaque samples
Tongue coating

Urno
Broast tssuo
Oral inse.
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D Bacterial complex Anti Pro

APl Veilonellaceae_(G-1] PIBKCG IL18
Porphyromonadaceae CSF2RB TNFRS118
Filfactor alocis 539 AKT3 APAFI
Porphyromonas gingivalis 619 PIK3CD ILIRAP
Prevotella intermedia 643 CFLAR CASP7
Fusobacterium unclassified NOL3 DAPKI
Prevotella sp. 304 IRAK3
8D
IL1R1
TRAFS
ENDOD1
AP-2 Desulfobulbus sp. 041 PIBKCG CASP3
“Treponema socranskii 769 CSF2RB APAF1
Fusobacterium sp. 203 AKT3 CASP10
Leptotrichia sp. 223 PIK3CD IRAK3
Selenomonas unclassiied BID
Prevotelia sp. 317 TRAFS
Leptotrichia uncla ssified ENDOD1

Capnocytophaga unclassified
Veilonellaceae_{G-] sp. 155

AP-3 Porphyromonadaceae FAS
Prevotella intermedia 643
Prevotela sp. 313
Veilonela dispar 160

The genes in Green are positively correlated andin Red are negetively correlated with the
bacterial complexes.





