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The human microbiota has a fundamental role in host physiology and pathology. Gut microbial alteration, also known as dysbiosis, is a condition associated not only with gastrointestinal disorders but also with diseases affecting other distal organs. Recently it became evident that the intestinal bacteria can affect the central nervous system (CNS) physiology and inflammation. The nervous system and the gastrointestinal tract are communicating through a bidirectional network of signaling pathways called the gut-brain axis, which consists of multiple connections, including the vagus nerve, the immune system, and bacterial metabolites and products. During dysbiosis, these pathways are dysregulated and associated with altered permeability of the blood-brain barrier (BBB) and neuroinflammation. However, numerous mechanisms behind the impact of the gut microbiota in neuro-development and -pathogenesis remain poorly understood. There are several immune pathways involved in CNS homeostasis and inflammation. Among those, the inflammasome pathway has been linked to neuroinflammatory conditions such as multiple sclerosis, Alzheimer’s and Parkinson’s diseases, but also anxiety and depressive-like disorders. The inflammasome complex assembles upon cell activation due to exposure to microbes, danger signals, or stress and lead to the production of pro-inflammatory cytokines (interleukin-1β and interleukin-18) and to pyroptosis. Evidences suggest that there is a reciprocal influence of microbiota and inflammasome activation in the brain. However, how this influence is precisely working is yet to be discovered. Herein, we discuss the status of the knowledge and the open questions in the field focusing on the function of intestinal microbial metabolites or products on CNS cells during healthy and inflammatory conditions, such as multiple sclerosis, Alzheimer’s and Parkinson’s diseases, and also neuropsychiatric disorders. In particular, we focus on the innate inflammasome pathway as immune mechanism that can be involved in several of these conditions, upon exposure to certain microbes.
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Introduction

The mammalian intestinal microbiota comprises bacteria, viruses, fungi, yeasts, and bacteriophages. This community starts to develop at birth and continues for two–three years, in humans, until it reaches a stable composition (1). However, it continues to be influenced by different environmental and lifestyle factors throughout the lifetime. Therefore, the microbiota composition differs remarkably even between healthy individuals (2). Under healthy conditions, the microbiota influences numerous physiological processes within the host, such as protection against pathogens, nutrient digestion and absorption, development, and education of multiple host organs and the immune system (3–6).

In the last decade, different studies revealed strong associations between changes in the microbiota composition (a situation called “dysbiosis”) and various host diseases (4, 5, 7). Interestingly, among those, there are also diseases affecting host organs in physical distance from the gut (8, 9), like the central nervous system (CNS) (7, 10–22). Moreover, a relevant contribution of gut microbiota is not only restricted to neuroinflammatory and psychiatric disorders (23–32) but also to brain development (13).

The CNS has long been considered an immune-privileged organ. The blood vessels that vascularize the brain are formed by endothelial cells firmly held together with tight junctions building the blood-brain barrier (BBB). The BBB allows to strictly regulate the movements of molecules, ions, and cells between the periphery and the brain (33). Importantly, the BBB protects the brain from pathogens and unwanted immune reactions that could damage the neurons and their connections (34). However, the idea that the CNS is an immune privileged organ has been reconsidered, as the functional immune cells can enter the CNS through the BBB, the choroid plexus, and the lymphatic vessels and have been described beyond neuropathological conditions (26, 35–47). Among the molecules that can pass the BBB are also bacterial products and metabolites shaping not only the CNS development and functions (6, 15) but also the genesis of certain diseases (33–42).

The communication between the CNS, the intestine, and the microbiota happens through the so called Gut-Brain Axis (GBA), a complex bidirectional communication network between the intestine and the CNS (10, 48). This axis involves different pathways such as the autonomic and enteric nervous system, the endocrine system, the hypothalamic-pituitary-adrenal axis (HPA), the immune system, and the microbiota and its metabolites (8, 31, 32). Several neurotransmitters (11, 49) and metabolites such as essential vitamins, secondary bile acids, amino acids, and short-chain fatty acids (SCFAs) (43, 46–51), modulate many immune system pathways (50–56) that in turn influence behavior, memory, learning, locomotion, and neurodegenerative disorders (45, 52–55). Among those pathways, researchers showed that the inflammasome plays a role in depressive- and anxiety-like behaviors, and locomotor activity (57). A potential role of dysbiosis has been suggested as cause of these mood and behavioral defects (55), however, the exact mechanism behind these phenomena still needs to be understood.

Despite growing evidence, a significant gap of knowledge still exists in understanding the exact mechanisms involved in the communication between gut and brain during health and disease. In this review, we provide an overview of the current state of research about the effect of microbiota on the GBA in homeostasis and disease states, with a particular interest in the different bacterial metabolites involved. We further discuss the potential contribution of inflammasomes on the GBA, highlighting the critical open questions that remain in the field.



Host-Microbial Mutualism in The Gut-Brain Axis: Role of Bacterial Molecules and Metabolites in Development and Health

The microbiota is a community of commensal and symbiotic microorganisms that reach a density of more than 1012 cells/g of content in the human large intestine (16). 500 to 1,000 different bacterial species populate the mammalian gut, belonging to the four dominant bacterial phyla Firmicutes, Bacteroidetes, Actinobacteria, and Proteobacteria. A well-balanced beneficial interaction between the host and its microbiota is an essential requirement for intestinal health and the body as a whole. Under healthy conditions, the mucosal microbiota plays a vital role in food digestion, vitamin synthesis, angiogenesis, epithelial cell maturation, development, education of the host immune system, and protection against pathogens (58–66). Notably, the microbiota orchestrates the local immune system in the intestine (67), and shapes immune and non-immune cells located in distal sites and acting systemically (68, 69).

Colonization of the intestine with a unique microbial community starts at birth through the exposure of the infant to the microflora of the vaginal tract and the mother’s skin. The microbiota develops and gets stable by the age of 2 to 3 years in humans (65) and within 3 to 4 weeks of life in mice (70). This early life window corresponds to a period in which several organs of the body go through critical phases of development and growth (71). During this period, the infant’s immune system develops and the host microbiota matures and stabilizes. The microbiota first gets into contact with the immune system on the mucosal sites, shaping the immune tolerance to commensal microbes and establishing mucosal integrity at the same time. Together with these events, also distal organs get affected. The brain, in particular, undergoes dramatic changes within the early life period. Within the first three months of life in humans, its size increases more than 50% from the time of birth, reaching 90% of the size of the adult organ within the first five years of life (72). In this period, neuronal development takes place (73) and it is supported and shaped by maternal microbiota (74–79).

The influence of the intestinal microbiota in neurodevelopment was known since early 2000s. Early experiments using germ-free (GF) or specific pathogen-free (SPF) mice treated with antibiotics, to reduce the microbial diversity within the intestine, showed that several neurological problems occur in mice with reduced or lack of proper mature gut microbiota (7, 10, 14, 15, 34, 80, 81). In details, compared to colonized mice, GF mice showed exaggerated hypothalamic–pituitary–adrenal (HPA) restrain stress reaction (10), impared social behaviors (12, 15, 82), reduced anxiety-like behavior (7, 81–83) and increased motor and rearing activity (80, 84). Consistently, certain altered brain developments and behaviors observed in GF mice could be resolved/improved when new born animals were reconstituted with a diverse and intact flora (73, 82, 83). Antibiotic treatment results in reduced expression of the tight-junction forming proteins, occludin, and claudin-5, in the brain, increased BBB permeability, reduced anxiety-like behaviors, and elevated exploratory behavior and home-cage activity (35). The altered behavioral phenotype was associated with dysregulation of genes and metabolites known to be involved in motor control and anxiety-like behavior pathways, like adrenaline, dopamine, 5-hydroxytryptophan (5-HT), postsynaptic density protein 95 (PSD-95), and synaptophysin (80).

Lately, it is becoming more evident that microbes can produce neuroactive molecules that directly contribute to the communication between the gut and the brain (Figure 1). Neurotransmitters, such as acetylcholine, GABA, and serotonin, produced by bacteria belonging to Lactobacillus, Bifidobacteria, Enterococcus, and Streptococcus species, can influence brain cell physiology directly and indirectly (11, 85, 86). Strikingly, 90% of serotonin required for mood, behavior, sleep, and several other functions within the CNS and gastrointestinal (GI) tract is produced in the gut (87). Binding of serotonin to 5-HT receptors on microglia induces the release of cytokine-carrying exosomes, providing another mechanism for gut-induced modulation of neuroinflammation (88). Another microbial metabolite that influences microglia activity is tryptophan, a serotonin precursor (89). Bacterial metabolites derived from dietary tryptophan could control the CNS inflammation through an aryl hydrocarbon receptor (Ahr)-mediated mechanism acting on microglial activation and the transcriptional program of astrocytes (89). The importance of tryptophan metabolism in maintaining CNS homeostasis was already known a few years earlier, since male GF animals have significantly higher levels of 5-hydroxytryptamine and 5-hydroxyindoleacetic acid in the hippocampus and the serum, compared with conventionally colonized control animals (7). These findings suggest that the systemic circulation could be the route through which the microbiota influences CNS serotonergic neurotransmission. Interestingly, colonizing GF animals post-weaning was sufficient to restore the levels of tryptophan in the periphery and to reduce anxiety in GF animals, but was insufficient to reverse the CNS neurochemical consequences present in adult GF animals (7). This approach highlighted once more the importance of an intact and diverse microbiota from birth on. More recently, it has also been reported that metabolism of tryptophan by activated microglia produces the neurotoxin quinolinic acid, an N-methyl-d-aspartate agonist, implicated in several neurological conditions, including Huntington’s disease and depression (90). Recolonizing GF mice with particular bacteria belonging to the Clostridia family, such as Clostridium tyrobutyricum, known to colonize the intestinal mucus layer, regulates immune and gut barrier homeostasis through the production of anti-inflammatory metabolites (e.g. butyrate), induces elevation of occludin and claudin-5 levels in brains of GF mice and restores their BBB integrity to the level of SPF mice (91). Furthermore, probiotic supplementations, as Lactobacillus rhamnosus (JB-1), in already colonized mice, reduced anxiety- and depression-like behavior in steady-state conditions (92, 93). In 2019, Artis D.’s group showed that SPF mice treated with a cocktail of broad-spectrum antibiotics, GF mice, GF mice recolonized after weaning age with a simple microbiota or a complex microbiota, have defects in fear extinction learning, compared to SPF mice or GF mice colonized with SPF flora at the time of birth (29). Fear extinction learning is a reaction that happens after experiencing an environmental danger and has been implicated in multiple neuropsychiatric disorders, including anxiety disorders like post-traumatic stress disorder (29). The reasons for this altered behavioral response in the absence of a diverse and intact microbiota were reconducted to alterations in pathways involved in synapse formation and calcium signaling at the level of mainly neuronal and microglial cells (29). The researchers showed that the microbiota-mediated changes in synapse formation and fear extinction behavior were not the results of the hypothalamic-pituitary-adrenal axis but of the reduced level of potential neuroactive metabolites (phenyl sulfate, pyrocatechol sulfate, 3-(3-sulfooxyphenyl)propanoic acid, and indoxyl sulfate) in the cerebrospinal fluid, serum and in fecal samples of GF mice compared to SPF mice (29). However, the types of cells (host or bacterial) producing these metabolites are still undiscovered.




Figure 1 | Gut-brain axis mechanisms under physiological conditions highlighting microbial products and the inflammasome pathway.



From an immunological and metabolomic point of view, GF, SPF mice treated with antibiotics, or gnotobiotic mice with limited microbiome diversity (colonized with ASF for example) showed impaired microglia maturation and immune response upon bacterial stimuli, compared to SPF mice (94). Moreover, the treatment of mice with E. coli, isolated from colitic mice, caused colitis and brain memory impairment (95, 96). In contrast, the treatment with L. johnsonii restored a healthy gut microbiota composition and attenuated both colitis and E. coli-induced memory impairment (95, 96). In addition, bacterial fermentation of indigestible dietary fibers produces among the SCFAs, butyrate, propionate, and acetate in the colon (97). SCFAs maintain gut health by promoting intestinal barrier integrity, mucus production, and supporting a tolerogenic response over inflammation (49, 50, 98, 99). However, their activity is not restricted only to the intestine. A small fraction reaches the systemic circulation and can cross the tightly regulated BBB using their own transporters located on brain vascular epithelial cells (100, 101). SCFAs are, in fact, detectable in low amounts in the human brain under physiological conditions (102). Additionally, they also affect the BBB itself; the colonization of adult GF mice with a complex microbiota or only with SCFAs-producing bacterial strains restores the integrity of the BBB (91). Remarkably, treating GF mice with the oral application of a mixture of the three major SCFAs acetate, propionate, and butyrate, was also sufficient to restore the normal maturation process of the microglia (94). Moreover, SCFAs can modulate neurotransmitters, like glutamate, glutamine, GABA, and neurotrophic factors (103). Propionate and butyrate can influence the cell signaling system via modification of the intracellular potassium levels (104), and they regulate the expression levels of tryptophan 5-hydroxylase 1, involved in the synthesis of serotonin, and tyrosine hydroxylase, which is involved in the biosynthesis of dopamine, adrenaline, and noradrenaline (105).

Several other immune pathways have been shown to affect behavior, memory, learning, and locomotion (41, 57, 106–108). Among those, we will discuss the role of the inflammasome pathway in the GBA in more details later on.



Neurological Diseases: Microbial Effect on The Host Immune and Nervous System

Several poorly understood environmental factors, including dietary and habit factors, have been linked to susceptibility to neurological disorders and alterations in the gut microbiota (30, 109, 110). The microbiota composition differs significantly between healthy controls and patients affected by neurodegenerative disorders (such as multiple sclerosis (MS), Alzheimer’s (AD) and Parkinson’s (PD) diseases) (20, 22, 23, 32, 111–115), and neuropsychiatric disorders (NPS) (30), like major depressive and mood disorders. Of extreme relevance, the altered microbiota of patients could transfer the disease from a human host to a mouse host (113, 116–120). Here, we present the mechanisms driven by the bacteria that induce different neurological diseases (Figure 2). We are at the initial phases of this discovery path, and for the majority of the pathological conditions, we still do not know if the dysbiosis is the cause or rather the consequence of it. Here, we focus our attention on the works that suggested mechanisms of action by bacteria in the etiology of certain CNS disorders.




Figure 2 | Gut-brain axis mechanisms under pathological conditions highlighting microbial products and the inflammasome pathway.




Multiple Sclerosis

Multiple sclerosis (MS) is an autoimmune and neurodegenerative disease affecting more than two million people worldwide. This condition is characterized by neuroinflammation, infiltration of lymphocytes into the CNS, demyelination, and axonal loss. Clinical signs associated with MS include ataxia, loss of coordination, hyperreflexia, spasticity, visual and sensory impairment, fatigue and cognitive difficulties. Most of the patients have a relapsing-remitting form of the disease, characterized by a progressive relapse of the symptoms with increased severe neurological deterioration over time (121). The majority of the patients develop lesions in the brain or in both brain and spinal cord, although few develop lesions in the spinal cord only (121). MS is the cause of death in more than 50% of the affected patients (122). Factors involved in the pathogenesis are both environmental and genetic (123–131). Among the environmental factors, microbes (and their secreted products or toxins) play a critical role in the pathogenesis of MS (132, 133). Several relevant pioneer studies showed that external microbial infections and intestinal commensal bacteria can be involved in disease development.

First of all, the microbiota composition of MS patients is different from the one of healthy individuals (104). Interestingly, even MS patients with active disease have an altered microbiota compared to patients in the remission phase, which in turn have a microbiota more similar to healthy controls (25, 134–138). Bacteria belonging to the Clostridia family contribute to the suppression of pathological autoimmunity (134, 139–143). Higher abundance of Firmicutes and the absence of Fusobacteria were associated with a shorter time to relapse in pediatric MS patients (144). Additionally, MS patients that were treated with the antibiotic minocycline, a broad-spectrum tetracycline, have reduced rate of relapses and amelioration of several immunological parameters (such as IL-12p40, metalloproteinase-9, and soluble vascular cell adhesion molecule-1) (145, 146). However, the minocycline effect on the patient microbiota composition was not addressed. In an additional relevant study, three MS patients underwent multiple fecal microbiota transplantations (FMT) to treat severe constipation. This treatment reverted the intestinal illness and improved the MS symptoms (147), proving the existence of a gut-brain connection. Moreover, probiotics supplementations have a therapeutic potential to ameliorate MS, improving the disability status, the mental health, and some inflammatory and metabolic parameters, compared to the placebo group (148, 149). The seminal study by Berer K. and colleagues highlighted the strong immunological in vivo impact of the microbiota on MS pathogenesis (112). They recruited a cohort of monozygotic twin couples in which one individual was affected by MS and the other twin was healthy (112). They reported that MS-twins had a higher abundance of taxa like Akkermansia in their feces (112). However, the remarkable finding was that transplanting the MS-twins’ intestinal microbes into GF animals, genetically susceptible to developing experimental autoimmune encephalomyelitis (EAE) was enough to promote the disease in vivo with a significantly higher incidence than by transplanting the healthy twins’ microbes (112). Interestingly, the immune cells of murine recipients of MS-derived samples produced less IL-10 than cells from mice colonized with the microbiota derived from the healthy twins (112). IL-10 is one of the master regulatory cytokines, and its neutralization in mice colonized with healthy fecal samples increased disease incidence (112). This significant finding highlighted the potential of the human microbiota to induce specific immune system alterations that might be the cause or the effect of the development of MS. However, the exact mechanisms that suppress the production of regulatory cytokines in the hosts receiving certain microbes from MS patients are still unclear. Several investigations in animals started to elucidate these mechanisms. Kasper L.’s group showed that oral but not systemic treatment with a classical pool of broad-spectrum antibiotics (ampicillin, vancomycin, neomycin, and metronidazole) ameliorated the development of acute EAE, in two mouse models (on C57BL/6 and SJL backgrounds) (18). The better disease outcome upon oral antibiotic treatment was associated with a reduction of pro-inflammatory cytokines and an increase in regulatory cytokines like IL-10 (18). This effect suggested that the intestinal microbiota was responsible for the disease severity and the modulation of the adaptive immune response during disease development (18).

One year later, the same laboratory showed how a single bacterium could affect EAE pathogenesis. They used a similar approach in mice by depleting the intestinal bacteria via oral antibiotic treatment followed by the reconstitution only with B. fragilis, either wild-type (WT) or deficient for the production of the zwitterionic capsular polysaccharide A (ΔPSA) (116). Mice treated with antibiotics alone or recolonized with the PSA-wild-type strain of B. fragilis were protected against disease, whereas the mice recolonized with ΔPSA B. fragilis and as well the vehicle-treated control group developed the disease (116). The authors also understood that B. fragilis induced EAE protection through the generation of IL-10–producing T regulatory (Treg) cells in a PSA-dependent manner (20). They then concluded that oral treatment with PSA could cause protection from EAE in mice, when used as both prophylactic and therapeutic approach, via recruitment of CD103+ CD11chigh antigen-presenting cells and priming of IL-10–producing Treg cells in the cervical lymph-nodes (150). Thereafter, Lee Y. and colleagues showed for the first time that GF mice were almost completely protected from EAE compared to conventionally colonized mice (117). Again, the protection was associated with a decrease of pro-inflammatory cytokine levels, such as IFN-γ and IL-17A, and an increase in Treg cells in the peripheral organs, the gut and the spinal cord (117). Strikingly, GF mice colonized with only a single bacterium, the SFB, developed EAE, and a T helper (Th)-17 pathogenic immune response in the gut and in the CNS (117).

In the recent milestone study from the groups of Gommerman J. and Baranzini SE., IL-10- and IgA-producing plasma cells have been suggested to have a role in ameliorating EAE in mice and to correlate with relapse in MS patients (151). Microbial specific IgA-secreting cells were shown to be present in both the bone marrow and, in particular, in the brain of EAE-affected mice but not in healthy animals. Remarkably, MS patients during active relapse had less IgA specific for intestinal bacteria compared to patients in remission, suggesting the capacity of IgA-producing cells to migrate from the gut to the central nervous system during disease relapses, as in the mouse system (151). The authors also ruled out one of the potential mechanisms mediated by IgA-secreting plasma cells to suppress EAE. Briefly, commensal-reactive IgA-producing cells expressed IL-10, and the production of IL-10 (partially together with iNOS, but not IgA itself) was essential to ameliorate EAE (151). Lately, in the classical acute EAE model, ampicillin administration alone ameliorated the EAE development (152) with a reduction of proliferating CD4+ autoreactive T cells. Miyauchi E. and colleagues showed that the in vivo treatment with ampicillin induced the complete depletion of Allobaculum bacteria from the small bowel. Monocolonization with this bacterium induced the generation of Th17 cells in the small intestinal lamina propria and systemically, and increased severity of EAE, compared to GF mice (152). However, the disease development was less severe than under conventional hygiene conditions. The authors focused then their attention on bacteria homing to the small intestine that could favor the generation and proliferation of autoreactive T cells via presentation of cross-reactive antigens. Mice bearing a T cell-receptor (TCR) specific for myelin-oligodendrocyte glycoprotein (MOG) (2D2 mice) showed higher number of CD4+ T cells in the small intestinal lamina propria compared to their wild-type counterpart (152). Some candidate mimicry peptides, like UvrABC system protein A (UvrA), were expressed by L. reuteri, and aminopeptidase by strains of Allobaculum (152). Interestingly, L. reuteri monocolonization did not affect the severity of EAE. However, the bi-colonization with Allobaculum and L. reuteri together activated MOG-specific T cells toward a pathogenic Th17 phenotype and worsened EAE, with demyelination and cell infiltration in the spinal cord (152). This study highlighted the important synergistic potential of several intestinal bacteria, along the entire intestinal tract and perhaps residing even in close contact with the mucus layer, in mediating the disease development through molecular mimicry.

Altogether, these breakthrough murine studies prove that certain intestinal bacterial species profoundly affect EAE pathogenesis, altering the balance between pro- and anti-inflammatory immune responses via a direct effect of some bacterial products. Treating mice that spontaneously develop EAE with a cocktail of broad spectrum antibiotics resulted in dramatically different outcomes, depending on whether the antibiotics were given before or after the onset of the autoimmune disease. Prophylactic antibiotic treatment (at 1–3 weeks before the clinical onset of the disease, starting from 2–4 weeks of age) led to a significant reduction of susceptibility to spontaneous EAE, accompanied by altered intestinal microbial composition and a decrease in Th-17 cell development (153). In contrast, antibiotic treatment after the onset of the first signs of spontaneous EAE did not affect the ongoing disease and CNS inflammation (153). The supplementation of a cocktail of five probiotics (IRT5) before or after the EAE onset in rodents is associated with the delay of the disease onset or suppression of the disease progression, respectively (154). The amelioration of the disease upon probiotic treatment was associated with a higher abundance of Treg cells, higher production of IL-10 by CD4+ T cells, B cells, and CD11c+ cells, together with the suppression of the pro-inflammatory Th-1/Th-17 response (154). These results suggest that microbiota modulation in early life stages or prophylactic treatments in subjects that are genetically prone to develop certain autoimmune diseases, such as MS, could be efficient approaches to ameliorate the disease susceptibility and/or to delay the onset of the disease. Notably, only certain bacteria with specific metabolic or structural characteristics appear effective in preventing or postponing the onset of certain conditions. Such as, oral administration of SCFAs ameliorate EAE development and disease severity (155, 156). Mechanistically, SCFAs favor the enhancement of acetyl-CoA metabolism, histone acetylation, preservation of spinal cord lipid content, suppression of demyelination, oligodendrocyte maturation and differentiation (157, 158). As also mentioned earlier, in the last years, Quintana F.’s group provided an exceptional contribution to the field, revealing the role of dietary tryptophan (Trp) metabolism in MS pathogenesis (118). The gut microbiota metabolizes dietary tryptophan into AhR agonists (119). Firstly, they showed that treating mice with antibiotics or feeding them with a Trp-deficient diet during the recovery phase of the EAE model worsened the EAE scores (118). However, the disease was ameliorated by supplementation of Trp metabolites (like indole, indoxyl-3-sulfate (I3S), indole-3-propionic acid (IPA) and indole-3-aldehyde (IAld)) or feeding with Trp-enriched diet (118). They also found that in patients affected by MS, the circulating levels of AhR agonists are decreased. In conclusion, they suggested a mode of action of Ahr agonists, via a direct effect on astrocytes to limit CNS inflammation during EAE (118). A couple of years later, the same group discovered that the microglia has a crucial role in this mechanism of protection from EAE via the Trp-AhR pathway (89). Briefly, Trp or I3S treatment ameliorated EAE scores in control mice but not in mice lacking AhR expression on the microglia fed with Trp-deficient diet (89). This treatment was initiated 14 days after EAE induction and ameliorated the disease via AhR engagement on astrocytes and microglia (89). Moreover, using primary human microglia, they showed that the in vitro stimulation with I3S activated the AhR signaling pathway leading to the suppression of pro-inflammatory pathways (via TNF-α, IL-6, IL-12A, NOS2, VEGF-β expression), and the promotion of anti-inflammatory responses (such as IL-10 and TGF-α expression) (89). Finally, they detected AhR, TGF-α, and VEGF-β expression on myeloid CD14+ cells in the demyelinated active and chronic MS lesions of patients (89). These findings suggest that metabolites derived from the digestion of tryptophan by the gut flora activate AhR signaling in astrocytes and microglia and induce immune protection mechanisms in the host that are important to suppress CNS inflammation, in both animal models and perhaps also in human patients. Altogether, these works suggest the efficacy of different interventions aimed to modify the microbiota composition as prophylactic or therapeutic approaches. Therefore, the need of studies that help to understand the mechanism of action of different microbial methods in different patients, bearing a diverse microbiota, becomes a priority for future research in the field.



Alzheimer’s Disease

Alzheimer’s disease (AD) is the most common cause of progressive dementia that affects nearly 50 million people worldwide. Symptoms affecting memory and thinking become, with time, critically severe compromising even the simplest daily life tasks. Until today, neither a therapeutic nor a prophylactic strategy exists against this devastating neurodegenerative disorder (159). AD is caused by the formation of aggregates of polymerized forms of β-amyloid precursor protein (Aβ) in soluble multimeric and/or insoluble amyloid deposits in the brain, that trigger a cascade of pathological events leading to neurofibrillary tangles, aggregates of hyperphosphorylated tau proteins, formation of neurofibrillary lesions, and ultimately dementia (159). Several microbial factors have been linked to the AD pathogenesis (140, 141), and a few studies suggested alteration in the commensal microbiota and pathogenic infections as potential causes of AD (142).

Stool microbial profile of AD patients display decreased numbers of Firmicutes and Actinobacteria, and increased Bacteroidetes compared to controls. Within the Firmicutes, the families Ruminococcaceae, Turicibacteraceae, and Clostridiaceae were all less abundant in AD patient (160).

APP/PS1 double transgenic mice, which express special neurons in the CNS with a chimeric mouse/human amyloid precursor protein (APP) and a mutant human presenilin 1 (PS1), show a remarkable shift in the gut microbiota composition compared to healthy wild-type mice (161). Fewer Firmicutes (Akkermansia and Rikenellaceaea) but more Bacteroidetes (S24-7) were identified in conventionally-raised APP/PS1 mice compared to wild-type littermate controls (161). Importantly, GF-APP/PS1 transgenic mice have reduced Aβ levels in the brain and blood and reduced amyloid load compared to conventionally-raised APP/PS1 mice (161). Fecal transplantation from conventionally-raised APP/PS1 mice into GF APP/PS1 hosts dramatically increased cerebral Aβ pathology in the hosts (161). Altogether, these results strongly supported a microbiota involvement in the development of AD in AD-susceptible animal models (161). Additionally, 5xFAD mice (over-expressing in the brain the mutant human APP carrying Swedish, Florida, and London Familial Alzheimer’s Disease (FAD) mutations along with human PS1 harboring two FAD mutations) recapitulate significant AD and fecal microbial composition features that evolve with age (162, 163). At the age of two–three months, when Aβ plaque deposition in the cortex and hippocampus starts, Bacteroides, Firmicutes, and Verrucomicrobia were the most abundant bacterial phyla (163). At the age of seven months, when the signs of synaptic degeneration appear, Firmicutes became the predominant phylum, with a marked decrease in abundance of Bacteroidetes and Verrucomicrobia. These variations over time were absent in wild-type mice, which had a much more stable microbiota throughout the lifespan (163). These changes in microbiota composition were associated with neuroinflammatory markers. In fact, at 2 to 3 months of age, both pro-inflammatory and anti-inflammatory microglia expanded, while in the following months, only the first subset continued to grow, along with the recruitment of Th-1 CD4+ proinflammatory cells, reaching a peak at seven-nine months. On the other hand, the anti-inflammatory microglia declined from three to five months and maintained at low levels after that. Importantly, this was the first time that changes in the microbiota composition have been monitored during a neurological disease development suggesting that the bacterial changes could be happening together or before the immunological and neurological changes. The neuroinflammatory modifications were, in fact, strikingly dependent on the microbiota ones, and the depletion of intestinal microbes via antibiotic treatment ameliorated the recruitment and priming of anti-inflammatory microglia and Th-1 cells (163). Co-housing or FMT experiments showed that neuroinflammation and cognitive impairments could be transferred from 5xFAD mice to wild-type counterparts (163). The usage of a sodium oligomannate, with known cognition improvement effect in humans, suppressed neuroinflammation, Aβ plaque deposition, and cognition impairment (164). However, from the microbiota point of view, the most striking result of this therapeutic approach comes from the FMT experiments from oligomannate-treated 5xFAD mice into WT hosts that were pre-treated with Aβ aggregate injections to induce AD development (163). The feces isolated from oligomannate-treated 5xFAD mice transferred protection from neuroinflammatory events in recipient animals (163). Metabolomic analyses on the feces of these animals revealed significant changes in amino acid–related metabolism, in particular for the phenylalanine- and isoleucine-related pathways. Phenylalanine and isoleucine can be uptaken by adaptive immune cells, like Th-1 cells (163). In addition, the intestinal microbiota diversity was altered and the levels of SCFAs were reduced in AD mice compared to wild-type control mice. Therefore, modifications of the intestinal flora impact several metabolic pathways in AD mouse models, that could be leading to cognitive defects, amyloid deposition, and intestinal abnormalities (165). Similarly, a recent work showed that ADLPAPT mice present community level-alterations in the microbiota compared to wild-type animals (166). The ADLPAPT mice carry six human mutations affecting amyloid precursor protein, presenilin-1, and tau protein, and develop an AD-like pathology with amyloid and neurofibrillary tangles (167). Upon fecal microbial transplantations from WT animals into ADLPAPT mice, formation of amyloid β plaques and neurofibrillary tangles, glial reactivity and cognitive impairment were ameliorated in the recipients mice (166). Together, these findings highlight the role of gut microbes in the promotion of neuroinflammation in AD progression through alteration in metabolic and immunological pathways.

Probiotics supplementation has been taken into consideration also for AD (168, 169). The human isolate Bifidobacterium longum (NK46) was orally administered in 5xFAD mice and induced anti-inflammatory effects (decrease in lipopolysaccharide (LPS) levels, NF-κB activation, and TNF-α expression), changes in the intestinal microbiota composition of the recipients (increase in Bacteroides and reduction in Firmicutes and Proteobacteria phyla), and suppression of Aβ accumulation in the hippocampus (170).

To conclude, an intriguing and relevant role of the oral pathogen Porphyromonas gingivalis, the causing agent of chronic periodontitis, has been elucidated in the etiology of AD (120). We think that the mechanisms adopted by this bacterium could be relevant to study as also some commensals could have a similar mode of action. Dominy SS. and colleagues identified Porphyromonas gingivalis and the gingipains, the toxic proteases produced by this bacterium, in the brain of AD patients but not in the brain of control patients with no history of any neurological abnormality or condition (120). Gingipains co-localized with neurons and astrocytes and also tau tangles and intraneuronal Aβ in the tissue of AD patients (120). P. gingivalis 16S rRNA was detected in both the cerebrospinal fluid and in the cerebral cortex of AD patients (120). The oral P. gingivalis infection in mice that are not genetically susceptible to develop AD resulted in the detection of P. gingivalis DNA in the brain and remarkably increased production of Aβ deposits (120). On the other hand, mice that received gingipains-deficient P. gingivalis or synthetic gingipains inhibitors had significantly less P. gingivalis DNA detectable in the brain, less Aβ production, reduced neuroinflammation, and increased number of healthy neurons in the hippocampus (120). For the first time, some bacterial molecules, as gingipains, have been identified as neurotoxic and having a critical role in the generation of an Aβ response in vivo (120). These findings also suggest gingipain inhibitors as valuable instrument for treating P. gingivalis brain colonization and potentially even the neurodegeneration in AD (120). This breakthrough study also suggested that some bacteria could impact the physiology of the brain or other tissues by reaching them alive, if specific barriers are leaking or certain conditions will happen, or dead, or by releasing soluble factors. More studies are needed to address the exact mechanism through which this is happening and under which circumstances. It could be relevant to study if mechanisms adopted by this bacterium in the oral cavity are similar to the ones used by commensals in other sites.



Parkinson’s Disease

Parkinson’s disease (PD) is the second most common neurodegenerative disorder, affecting ten million people worldwide (171). It is a progressive nervous system disorder that affects movement. Symptoms start gradually, from a very mild and hardly recognized tremor in one hand, to reach stiffness or slowing of movements, difficulties in walking, accompanied by cognitive and behavior defects (172). PD affects predominantly dopaminergic neurons in the substantia nigra of the brain, leading to a loss in control and coordination of the movements (172). Both genetic and environmental factors have been linked to the etiology of the disease. Genetically, toxic protofibrils formation, consisting of soluble oligomers of α-synuclein, a presynaptic protein, has been involved in the disruption of synaptic functions and in neuronal death. Targeting α-synuclein (α-syn) has been taken into consideration to develop therapeutic strategies in PD and other synucleinopathies (173). However, still nowadays, there is no cure for this neurodegenerative disorder.

As with most of the diseases, PD patients have a different microbiota composition compared to healthy controls or patients affected by other neurological disorders (174–176). Remarkably, PD patients harbored an intestinal flora depleted in SCFAs (mainly butyrate)-producing bacteria, like taxa from Lachnospiraceae family (175, 177–179), and Faecalibacterium prausnitzii (175, 180), those with known anti-inflammatory properties. Those butyrate-producing bacteria are also associated with a decrease in the dopamine metabolite and lower quality of life and signs of depression (22). This finding suggests that a PD-typical microbiota composition could be associated with less dopamine production and PD. Another important characteristic of the disease is a disrupted intestinal barrier, which leads to the systemic dissemination of microbial products like LPS and an increase in expression of intestinal pro-inflammatory genes (181). An essential role of the microbiota in PD pathogenesis has been shown in animal models. GF mice colonized with microbiota from PD patients display physical impairments compared to GF mice colonized with microbiota from healthy human donors (111). Importantly, ASO (overexpressing a-synuclein under Thy1 promoter) mouse model of PD develops progressive deficits in motor function as well as in gut motility (182, 183). ASO GF mice show reduced signs of PD and diminished α-synuclein aggregates in the frontal cortex, but not in the cerebellum, compared to their SPF counterparts (103). Antibiotic treatment of SPF ASO mice induced very mild α-syn-dependent motor dysfunction, like in mice born under GF conditions (103). Moreover, colonization of ASO GF animals with SPF flora at five-six weeks of age recapitulated the significant motor dysfunction observed in ASO SPF mice (103). Importantly, the microglia phenotype and also the gastrointestinal function (measured as fecal output) were significantly improved in antibiotic-treated animals but diminished in GF mice recolonized with SPF flora (103). Remarkably, ASO-GF mice treated with SCFAs mixture showed again mature microglia, formation of α-syn-aggregates, GI deficits, and significantly impaired performance in several motor tasks, as ASO-SPF mice (103). Host exposure to dead bacteria was not sufficient to induce the pathogenesis in the ASO-GF mice (103). Moreover, the simple treatment with minocycline was adequate to reduce inflammation, α-syn-aggregates, and improve motor function (103). Altogether, this work suggests that only live bacteria, producing active metabolites, such as SCFAs, could promote inflammation and development of the disease in the ASO model. These findings highlight the fact that the same bacterial metabolite could have a protective effect on specific disease models and a devastating impact on different ones. Therefore, it is vital to understand how these substances work in different conditions. Transferring PD patient-derived feces to GF mice was of high relevance. The differences in the microbiome profile, in SCFAs amount, and motor dysfunctions (increase in propionate and butyrate) were transferred and maintained in vivo too (111). In a different PD animal model, the pesticide rotenone-induced mouse model, researchers reported significant changes in the composition of caecum mucosal-associated and luminal microbiota, with a decrease in abundance of Bifidobacterium genus. These differences were associated with alterations in the metabolic pathways expressed by the commensal bacteria (184). In the end, in a differently induced model of PD, the repeated oral administration of Proteus mirabilis or its derived LPS to 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine-treated or young mice was sufficient to induce a PD-like phenotype with motor deficit, loss of dopaminergic neurons in the nigra, brain and gut inflammation with disruption of the intestinal epithelial barrier, and formation of α-syn inclusions in the brain and in the colon (185).



Neuropsychiatric Disorders

Neuropsychiatric disorders consist of cognitive, mental, and behavior disorders, such as schizophrenia, depression, anxiety, stress and bipolar disorders, autism, eating disorders, and epilepsy. In the last decades, the incidence of these conditions increased dramatically, reaching a percentage close to 40% of affected people worldwide. These patients have impaired health and ability to conduct a healthy life, to learn and work, which implies enormous health and economic effort from society. The etiology of these conditions includes genetic predisposition, injuries, infections, and environmental factors, such as the microbiota.

Patients suffering from major depressive disorder (MDD) had increased fecal α-diversity (increased levels of Enterobacteriaceae and Alistipes but reduced levels of Faecalibacterium) compared to drug-responders-MDD patients and healthy controls. The authors, therefore, reported a negative correlation between Faecalibacterium and the severity of depressive symptoms (186). An additional study suggested that the administration of probiotics (Lactobacillus acidophilus, Lactobacillus casei, and Bifidobacterium bifidum) to MDD patients significantly reduced depressive symptoms compared to placebo (187). From a large microbiome study on a Flemish population cohort, some bacteria have been associated with high quality of life, such as butyrate-producing Faecalibacterium, Coprococcus bacteria, and others with low quality of life and signs of depression, such as Bacteroides enterotype 2 (22). From fecal metagenomic data, the bacterial capacity to synthesize 3,4-dihydroxyphenylacetic acid, a dopamine metabolite, correlates positively with mental quality of life and suggests a potential role of microbes to produce different neuroactive molecules during depression than during healthy conditions (22).

Patients affected by schizophrenia have also an altered and less rich gut microbiota composition with 77 differently expressed operational taxonomy units (OTUs) compared to healthy individuals (23). The fecal samples derived from these patients were transplanted into GF rodents and could transfer schizophrenic-associated behaviors, such as locomotor hyperactivity and decreased anxiety- and depressive-like behaviors, in the recipients (23). The mice that received fecal samples from schizophrenic patients showed several differentially regulated metabolic pathways in the feces, serum, and hippocampus (23). In particular, glutamine and GABA were elevated in the hippocampus (23). Glutamate was decreased in the stool and hippocampus of these mice, compared to mice transplanted with healthy patient’s feces (23).

Regarding human autism spectrum disorder (ASD), studies showing the importance of the microbiota in the pathogenesis are few and mostly inconsistent, with some exceptions concerning the differences observed for bacteria, such as Prevotella, Firmicutes, Clostridiales, like Clostridium perfringens, and Bifidobacterium species (188), between the ASD patients and the controls. Colonizing GF mice with fecal microbiota from patients affected by ASD was sufficient to promote ASD-like behaviors in the animals (113). This approach seemed to be due to a deficit in the production of two bacterial metabolites, 5-aminovaleric acid (5-AV) and taurine, both being weak GABAA agonists, in ASD individuals compared to controls (113). Maternal immune activation (MIA) is a situation in which the maternal immune system gets activated by infections or infections-like stimuli, like LPS, and it features ASD in the offspring. In MIA animal models, scientists highlighted the importance of specific commensal bacteria in ASD protection. Interestingly, offspring coming from MIA dams showed intestinal microbial dysbiosis with 67 different OTUs compared to the control group, dysregulation of the intestinal barrier integrity with increased permeability, as reported already in children affected by ASD (189), and alteration in their metabolomic profile (20). The pure administration of two bacterial strains as probiotic treatment, such as Bacteroides fragilis (and Bacteroides thetaiotaomicron but not Enterococcus faecalis), could improve the gut dysbiosis, intestinal barrier integrity, the metabolic profile of the animals, and the communicative, repetitive, anxiety-like, and sensorimotor behaviors in the MIA model (20). Concerning the metabolites that could be induced by the intestinal bacteria under certain pathological conditions, in the MIA model, 4-ethylphenylsulfate (4EPS), indole pyruvate, serotonin, glycolate, imidazole propionate, and N-acetylserine were enormously increased in the serum of MIA offspring and entirely restored by the single B. fragilis treatment (20). Remarkably, the injection of the only 4EPS metabolite in the naïve healthy animals was sufficient to induce anxiety-like behaviors similar to the ones showed by the MIA offspring (20).




Role of Inflammasomes in The Gut-Brain Axis: Under Physiological Conditions

As mentioned earlier, in mice, the genetic deficiency of caspase-1, the effector molecule of the inflammasome, is associated with a decrease of innate and stress-induced depressive- and anxiety-like behaviors and affects chronic restraint stress response with a possible involvement of the intestinal microbiota (190).

The inflammasome is an innate immune signaling complex that is activated and assembled in response to the presence of pathogens or danger signals. Once activated, it leads to the production of active pro-inflammatory cytokines, such as IL-18 and IL-1β. There are several different inflammasomes. All consist of a “receptor” protein (such as pattern-recognition receptors (PRRs), like NLRs (NOD-like receptors) or TLR (Toll-like receptors), an adaptor molecule called apoptosis-associated speck-like protein (ASC or Pycard), and of the effector molecule pro-caspase-1. Additionally, inflammasome activation can initiate pyroptosis, a fast and pro-inflammatory form of cell death (106, 190, 191). In general, two signals initiate a successful inflammasome activation. The first signal comes from pathogen- or danger-associated molecular patterns (PAMPS/DAMPS) from outside of the cell and induces the transcription of genes encoding for inflammasome components and products. The second signal comes from intracellular danger signals, such as adenosine triphosphate, uric acid, fatty substances that can induce lysosomal damage, or nicotinamide adenine dinucleotide phosphate oxidase- or mitochondria-driven reactive oxygen species production. These processes result in the assembly and activation of inflammasomes (191–193).

In the CNS, inflammasome activation has been mainly linked to neuroinflammatory conditions. As example, it has an essential role in the progression of several neurological disorders like MS, AD, PPD, and NPS (132, 193–197). However, in the work of Wong ML et al., caspase-1–deficient mice were subjected to different behavioral tests, such as forced swim test, elevated plus maze, novelty suppressed feeding test, marble burying test, and open field test (190). Caspase-1–deficient mice, compared to wild-type mice, showed decreased floating time in the forced swim test, decreased anxiety-like behavior as measured by the unaltered open/closed arms time ratio in the elevated plus-maze (190). Latency to feed decreased after 16 hsec of fasting in the novelty suppressed feeding test (190). Caspase-1–deficient mice buried fewer marbles in the marble-burying test (190). In the open field test, the knock-out mice produced less fecal pellets, showed increased locomotion, and performed faster at the rotarod test (190). Upon treating the mice with either the minocycline antibiotic, which suppresses inflammasome activation and alters the microbiota composition, or after chronic restraint stress experiment for 21 consecutive days, the gut microbiota composition of these mice changed, compared with mice which do not undergo these procedures (190). The differences in microbiota composition resemble the ones reported in caspase-1–deficient mice, such as an increase in the relative abundance of Lachnospiraceae (198).

However, we would like to emphasize the fact that the influence of the host inflammasome pathways on the intestinal microbiota composition has been extensively discussed by colleagues and us (194, 199, 200). In fact, in different facilities, mice lacking ASC, NLRP6 (199), or NLRP3 (200) fail to show any detectable differences in the composition of their fecal flora compared to wild-type controlled littermates (199), either co-housed or individually housed, contrary to what has been described in other facilities (194). Instead, the maternal-microbiota inheritance or the cage effect had a much more substantial impact on the intestinal bacteria composition than the host inflammasome expression in our conditions (58). In conclusion, additional analyses are needed to understand in which particular hygiene conditions, mice lacking a functional inflammasome show remarkable microbiota alteration that could affect the health of the host. Moreover, IL-1β and IL-18 also have essential roles for physiological functions in the CNS, as they participate in processes of cognition, learning, and memory (201). Especially in the hippocampus and hypothalamus, high abundance of IL-1β has been described in steady-state in rats already in 1990, in regions of the brain conducting essential and conserved brain functions as memory and learning processes (202). In 1998, Schneider H. et al. could show that expression of IL-1β increases during long-term potentiation in neurons, which consists in a synaptic strengthening process implicated in learning and memory (203). However, in a study from 2004, IL-1β administration into the hippocampus induced memory impairments in a conditioning learning task in rats (204). This discrepancy underlies the complex role of inflammasomes and IL-1β in the CNS. Recently, AIM2 inflammasome has been shown to have a role in the normal brain development. It gets activated in presence of DNA damage that occurs at high levels during infections, trauma, but also neurodevelopment upon massive cell death (205). Under physiological conditions, AIM2 inflammasome is activated during neurodevelopment and contributes to CNS physiology acting through gasdermin-D regulation, and not through IL-1β and IL-18 production (205).

We could then speculate that in presence of certain infectious agents, or intestinal bacteria, the dysregulation of these physiological pathways could cause an overactivation of the inflammasome also in the brain and therefore an alteration of the homeostatic mechanisms. The disruption of these immune sensors could then lead to CNS abnormalities and disease conditions. Inflammasome signaling in the CNS has also been reported in the microglia, the brain’s critical innate immune cells (206), in astrocytes (207), perivascular brain-resident macrophages (208), oligodendrocytes (209), endothelial cells (210), as well as in neurons (211). In the intestine, under physiological conditions, constant stimulation of inflammasomes is happening due to the resident trillions of microbes. It has been shown that released IL-18 importantly contributes to maintaining homeostasis in the gut (193). Several microbial factors can activate the intestinal inflammasome, which might have a distal effect on the brain. However, we still need to link all the events together. An evidence for intestinal inflammasome activation and its effects on the brain comes from the discovery that Salmonella leucine-rich repeat protein (SlrP) inhibits Salmonella virulence and the typical host anorexic response induced by the infection (212). SlrP inhibits the inflammasome activation and IL-1β production in the small intestine, preventing the flux of IL-1β to the hypothalamus via the vagus nerve and therefore the influence on the anorexic-feeding program in the CNS (212). It also promotes survival of the host, and from the microbial point of view microbial transmission to other hosts (212). Several microbial metabolites, such as taurine, spermine, and histamine, can affect the NLRP6 inflammasome activation in the gut and play an important role, if properly balanced, in host-microbial mutualism at the level of the intestine (213). Also, bile acids could be sensed by the inflammasome complex and induce their activation. Bile acids are produced in the liver conjugated with taurine or glycine and released in the upper small intestine during the digestion process. Once in the intestine, they can be converted by gut microbiota and affect the host metabolism and immune response. Researchers have identified that an analogue of oxo-12S-hydroxylithocholic acid methyl ester (BAA473), a microbiota-derived bile acid metabolite, the 11-12-oxo-lithocholic acid (BAA485) can induce the production of IL-18, in a pyrin-inflammasome-dependent manner (214). The group of MacKay C. showed that consumption of high-fiber diet, that inevitably has an effect on the host microbiota, or acetate-treatment, induced increased levels of IL-18 (and not IL-1β) in the serum of the animals via GPR43 and GPR109A receptors, that are expressed on colonic epithelial cells and activate the K+ efflux and hyperpolarization of the cells and the Ca2+ mobilization, in an NLRP3- but not NLRP6-dependent manner, under both steady-state and inflammatory conditions (193).

These data show that intestinal inflammasome activation by the microbiota might lead to the production of effector molecules which have an effect in the CNS via the vagus nerve (212). This could be one of the innate immune pathway activated by the intestinal microbes with important distal effects also on the CNS, potentially during both healthy and inflammatory conditions.



Role of Inflammasomes in The Gut-Brain Axis: Under Pathological Conditions

An exact and overall understanding of the functions of inflammasome activation in physiologic and diseased states is of very high importance, as its effects are guiding to both situations and are tightly regulated. Following, we aim to summarize the state of research on the role of inflammasome activation in different CNS pathologies and what is known so far in terms of bacterial influence on the inflammasome pathways during CNS inflammation (Table 1).


Table 1 | Inflammasome-dependent mechanisms in different neurological disorders.







Multiple Sclerosis

Inflammasome components and products have been shown to have a relevant role in MS pathogenesis. Indeed, Caspase-1 and ASC have recently been proposed as candidate biomarkers for MS onset (215). IL-1β and IL-18 seem to contribute to the pathophysiology of MS, as they are upregulated together with caspase-1 in peripheral blood mononuclear cells (PBMCs) and the cerebrospinal fluid (CSF) of MS patients (216, 217).

Evidences in animal models also revealed the importance of the inflammasome signaling in microglia and border-associated macrophages during EAE (219). Essential bacterial influence on the release of IL-1β in the classical animal model of active induced EAE was shown by others and us a few years ago (132, 218, 220). In fact, the importance of the usage of pertussis toxin (PTX) to induce the disease development in an mouse model for MS started to be elucidated. PTX is the major virulence factor of Bordetella pertussis and needs to be used in conjugation together with the antigen and the adjuvant during immunization. Dumas A. and colleagues reported the effects of PTX-induced IL-β in the recruitment of inflammatory leukocytes into the brain upon upregulation of adhesion molecules on blood–brain capillaries (220). Briefly, PTX, with its ADP-ribosyltransferase active subunit, induced the activation of TLR4 signaling in peritoneal myeloid cells (macrophages and neutrophils), pro-IL-1β expression, and therefore the formation of a pyrin-dependent inflammasome that releases active IL-1β (220). Subsequently, IL-1β stimulated the stromal cells to secrete IL-6, which is known to induce vascular changes required for leukocyte adhesion. In caspase-1-, ASC-, or pyrin-deficient hosts, PTX did not induce neutrophil adhesion to cerebral capillaries and therefore leads to a less severe EAE phenotype (220). In addition, we showed that expression and production of IL-1β (and not IL-18, IL-1α, IL-6, or IL-23) was transiently and shortly increased post-PTX (and not PBS) injections, in the draining lymph-nodes, during the priming phases of the disease model (132). This happened earlier than the appearance of any clinical symptom (132). The toxin induced the recruitment of inflammatory monocytes and neutrophils in the draining lymph-nodes which were responsible of the production of IL-1β in the tissue (132). IL-1β–producing lymphoid myeloid cells were needed for the priming of multifunctional encephalitogenic T cells, characterized by the production of IL-17A, IFN-γ, GM-CSF, and IL-22 (132). The priming of this pathogenic subset of T helper CD4+ T cells was dependent on ASC-dependent IL-1β production, and not on IL-12p35 or IL-12p40 (132). Interestingly we have also shown that the signaling of IL-1β both at the level of T and non-T cells was necessary to generate the immune reactions involved in the disease development (132). We therefore suggested that environmental (bacterial) factors can also affect the priming of autoreactive pathogenic T cells providing new insights into the pathogenic mechanisms of MS and other immune-mediated diseases, including neurological disorders.

In summary, the infectious agent products could be crucial in the activation of the inflammasome pathway in MS pathogenesis. Hence, it would be intriguing to study if similar events could be driven by mucosal commensal microbes in order to better manipulate the microbiota and the immune mediated disease pathogenesis.



Alzheimer’s Disease

Inflammasome and its products have been implicated in AD pathogenesis since a higher expression of IL-1β and IL-18 has been reported in the microglia, astrocytes, and neurons that surround Aβ plaques or in the plasma of AD patients (221–225). The higher expression of NLRP3, ASC, caspase-1, caspase-5, IL-1β, and IL-18 was additionally found in the PBMCs of AD patients (224, 226, 227). In general, patients affected by tauopathies showed elevated levels of cleaved caspase-1 and ASC and mature IL-1β in the cortex (197). NLRP3 inflammasome-mediated neuroinflammation has been importantly implicated in pathogenesis and progression of AD. Fibrillar Aβ amyloids can induce the secretion of IL-1β from microglia, via the NLRP3 inflammasome (228, 249). In turn, NLRP3 inflammasome activity leads to the extracellular release of ASC particles that may function as danger signals (246). They were shown to physically bind to Aβ, seed, and then spread Aβ pathology in a prion-like manner by promoting misfolded proteins to aggregate and form plaques (229).

Animal studies confirmed this significant involvement of NLRP activation, as APP/PS1 mice, lacking the expression of ASC, caspase-1, or NLRP3 had significantly reduced hippocampal and cortical amyloid plaque deposition and ameliorated disease outcome (229, 230). Also, Tau22 mice, another model of AD and other tauopathies, had increased levels of cleaved caspase-1 and ASC in their brain at the age of 11 months compared to their 3-month-old counterparts. Consistent with this, Tau22 mice lacking ASC or NLRP3 expression had lower levels of aggregated and hyperphosphorylated tau in the hippocampus, and their typical spatial memory deficits were rescued (197). Injecting brain homogenates from APP/PS1 or wild-type mice into the hippocampus of Tau22 mice, induced tau hyperphosphorylation in the hippocampus of Tau22 wild-type but not Tau22/Pycard−/− or Tau22/Nlrp3−/− deficient mice, suggesting that NLRP3 activation is upstream the Aβ-tau cascade and tau pathology (197). Moreover, NLRP3 activation induces tau hyperphosphorylation and aggregation in an IL-1β–dependent manner. Importantly, researchers also found that ASC-, caspase-1-, IL-1 receptor-, and MyD88-deficient mice had less recruitment of microglia and mononuclear phagocytes to Aβ in the brain as compared to the wild type control after the injection of Aβ into the striatum (228).

In addition, the pharmacological inhibition of the NLRP3 inflammasome reduced Aβ deposition, neuroinflammation, and cognitive impairment in the APP/PS1 AD mouse model (231). Aβ accumulation activates the microglia and promotes pro-inflammatory mediators’ production and impairment of their phagocytic function (232, 233). IL-1β injection into the cerebral hemisphere increases Aβ-APP proteins in wild-type rats (234). All these evidences suggest that the inflammasome activation in AD pathogenesis could be downstream the Aβ deposits formation, and it could then amplify the neuroinflammation linked to the disease. However, IL-1β seems to have an intricate role, since a sustained overexpression in the hippocampus in APP/PS1 mice was shown to reduce plaque pathology (235). A very recent study highlighted the casuality of Herpes simplex virus type 1 (HSV-1) in the AD development (236). The authors showed that infecting human-induced neural stem cell (hiNSC) lines with HSV-1 in vitro induced gliosis and inflammation, including the production of pro-inflammatory cytokines such as IL-1β, IL-6, and IFN-γ. This work, furthermore, showed that low-grade HSV-1 infection induced an AD-like phenotype in brain organoids derived from hiNSCs (236).



Parkinson’s Disease

Increased IL-1β and caspase-1 have been measured in the serum and the striatum of PD patients (237). The fibrillar, but not monomeric, form of α-synuclein induced NLRP3- and caspase-1–mediated IL-1β secretion in human monocytes and BV2 microglial cell line (238), or via TLR-2 signaling pathway in rodents microglial cells (250). Additionally, early-onset PD patients with mutations in two genes encoding for parkins (PARK2 and PARK2), or mice lacking a mitochondrial serine/threonine protein kinase (PINK1) showed an exacerbated NLRP3 inflammasome response in their microglia and macrophages (239).

In animal models, active caspase-1 was shown to directly cleave α-synuclein, which further promoted the aggregation and neuronal toxicity for neurons of this newly-aggregated α-synuclein (240). Moreover, the chronic expression of IL-1β in substantia nigra of rats induced progressive death of dopaminergic neurons and resulted in motor impairments (241). Injection of the caspase-1 inhibitor Ac-YVAD-CMK was shown to reduce the expression of NLRP inflammasome signaling proteins and improve the number of dopaminergic neurons in LPS- and 6-hydroxydopamine-induced PD in rats (242). In the α-synuclein A53T transgenic mouse model of PD (which overexpress the mutant human A53/α-synuclein), elevated levels of IL-1β in midbrain were measured, but when the mice lack the endogenous expression of caspase-1, this significantly reduced the activation of microglia (243). Moreover, NLRP3−/− mice were resistant to the loss of nigral dopaminergic neurons induced by treatment with the neurotoxin 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP), and this was associated with a reduction in caspase-1 activation and IL-1β and IL-18 secretion (244). However, also for PD, it is very unclear if any microbial insult could be the trigger of the deposit formation that induce the inflammasome activation or vice versa (251, 252).



Neuropsychiatric Disorders

Increased expression and activity of the NLRP3 inflammasome machinery in circulating immune cells of patients affected by depression (245), bipolar disorder (246), and ASD (226), have been reported. However, works aimed to study how the host system changes in these types of psychiatric disorders are still lacking. A study involving a relatively small cohort of MDD patients and healthy volunteers reported that NLRP3 mRNA and protein levels are increased in peripheral blood mononuclear cells in MDD patients, as caspase-1 and IL-1β, and normalized to healthy levels upon antidepressant treatment (245). In a recent work, involving 40 psychiatric patients affected by schizophrenia spectrum disorders (SSD) (including psychotic disorder, schizophrenia, and schizoaffective disorder), ASD, obsessive-compulsive disorder (OCD), or non-suicidal self-injury disorder (NSSID), expression of genes encoding for NLRP3, caspase-1, ASC, IL-1β, IL-1RN, and TNF are significantly increased in peripheral whole blood of psychiatric patients compared to matched healthy controls (248). Also, at the protein level, the amount of plasma IL-1β, IL-18, IL-1Ra, TNF-α, and IL-6 were more elevated in the psychiatric patients compared to the healthy controls (248). In details, patients with SSD had higher levels in IL-18, IL-1Ra, TNF, and IL-6; whereas OCD patients had higher levels of IL-18, IL-1Ra, and TNF, compared to the healthy controls (248). Importantly, these effects were not caused by the presence of functional mutations of inflammasome components or products, which could lead to increased inflammasome activity and cytokine release, neither by the body mass index (BMI), age at disease onset, depression, or treatment with psychotropic drugs (248). Antidepressant drugs can have an inhibitory effect on inflammasome activation, especially on NLRP3 inflammasome, as they reduce serum levels of IL-1β and IL-18 and protein levels of NLRP3 and IL-1β (247). Host metabolites have an inhibitory effect on NLRP3 inflammasome followed by anti-inflammatory cascade and beneficial effect on the brain, with antidepressant action as example. Specifically, the β-hydroxybutyrate (BHB), a physiological ketone body produced by the liver in condition of fasting, low blood sugar, or carbohydrate-free (like ketogenic) diet consumption had an inhibitory effect on NLRP3-inflammasome (253). In rats, repeated subcutaneous injections of BHB attenuated stress-induced IL-1β and TNF-α expression in the hippocampus. The release of IL-1β and TNF-α caused by stress is tightly regulated by NLRP3 inflammasome (254). These findings suggest that BHB exerts antidepressant-like effects, possibly by anti-inflammatory mechanisms that inhibits or are led by NLRP3-induced neuro-inflammation in the hippocampus (255). This study could also suggest a possible future therapeutic usage of metabolites like BHB to treat neuropsychiatric disorders such as stress-related mood disorders.




Summary and Open Questions

Emerging data about the influence of intestinal inflammation on the nervous system is extremely critical to connect the missing dots between the two organs for better understanding the synergistic communication within the GBA. This review aimed to present how certain bacterial species could shape the host GBA during healthy and disease conditions. Then, it centralized the attention on the known mechanisms of action of bacteria through the production of molecules that can influence the host’s immune and nervous functions. However, in many cases, in both patients and disease animal models, the exact mechanisms of action and signaling pathways activated by the bacteria and their products or metabolites are yet to be discovered. We also presented how the innate immune inflammasome pathway could act, in some cases, as communication tool between the microbes and the CNS, however still many questions are unanswered. Future studies aiming to dissect the exact mechanisms of microbial action are of critical urgency in the field. Translational approaches and more significant clinical trials are utterly needed to understand the temporal and causal relationships between gut microbiota and specific disease development, to evaluate the suitability of the microbiome as a biomarker of disease, and the efficacy of microbial interventions, such as probiotics and FMT protocols, in the patients. Clinical studies, coupled with animal experiments, are needed to precisely dissect the molecular pathways behind the pathogenesis of several disease conditions. This approach would be necessary for examining the mechanisms behind a specific immunological or neurological effect observed in the presence or absence of particular bacterial species in certain pathogenic conditions. In this case, this review highlights the necessity of studies aimed to discover if and how individual bacterial molecules (products or metabolites) are involved in disease progression or protection. We believe that future research in the field must aim to reveal the precise mechanisms behind the pro- and anti-inflammatory responses induced by the microbes. Of crucial relevance will also be to understand what specific bacterial molecules and metabolites exactly do at the CNS level and how they reach the CNS. It is vital to study on which cells they act, which signaling pathways they activate or suppress, in which organ these mechanisms are affected, and whether they affect both the enteric and central nervous systems. Additionally, it will be essential to address how alterations of the host immune or nervous system will affect also the functions of the microbiota, via inflammatory mediators and defensive molecules.

The inflammasome is a signaling pathway that might be activated in the presence of certain bacteria and bacterial molecules. As shown, it is involved in several neurological and intestinal homeostatic and inflammatory conditions. Inflammasome products are targets of several therapies used to treat some of the disorders that we have presented here (256). In some cases, it is involved in the pathogenesis of neurodegenerative diseases, such as EAE, upon bacterial exposure (132). However, it is still obscure if and how intestinal microbial alterations, which are associated with every neurological disease, are upstream or downstream of the immunological (like inflammasomes) and neurological dysfunctions. It is necessary to dissect in which microbial conditions specific mechanisms are activated and how. This approach will allow to design more efficient therapies aimed to modulate the microbiota or the host immune responses to ameliorate or cure specific neurological pathologies.

Overall, we think that the exciting and important discoveries here summarized suggest that bacteria, both pathogens and commensals, have the capacity to stimulate the host intestinal tissue and signal to the brain to promote several aspects of the behaviors of the host and the neurological disease pathogenesis. It is now historically the stage in which all the tools and instruments to identify single bacteria and their products are available. It is possible to then follow them in the various host tissues to understand where they go, which cells they can affect, and which pathways they can activate. This mechanistic approach is, at the moment, utterly needed to better understand how the nervous system is influenced by the intestine. We believe that this knowledge will also lead to the understanding of how to develop better interventions and more efficient and personalized therapeutic strategies for patients affected not only by the neurological disorders treated in this review.



Author Contributions

AR and FR wrote the manuscript and generated figures and tables. JK generated figures. All authors contributed to the article and approved the submitted version.



Funding

FR is supported by the following funding systems: Helmut Horten Fundation Grant on project “The role of intestinal microbiota in the generation of encephalitogenic T cells”; Biostime Institute Nutrition & Care (BINC)-Geneva grant on the project “The role of microbiota in brain homeostasis during adulthood and early life”; Novartis Foundation for medical-biological Research Grant no. 19C163 on project “Impact of bacterial-derived metabolites on gut-microbiota-brain axis”.



Acknowledgments

The authors acknowledge Dr. Silvia Preite (Bioscience In Vivo, Research and Early Development, Respiratory and Immunology, BioPharmaceuticals R&D, AstraZeneca, 43150 Gothenburg, Sweden) and Dr. Bahtiyar Yilmaz (Department of Biomedical Research, Universitätsklinik für Viszerale Chirurgie und Medizin Inselspital, University of Berne, Berne, Switzerland) for critically reading the manuscript and for helpful discussions. Figures 1 and 2 have been created with BioRender.com.



Abbreviations

CNS, Central nervous system; BBB, Blood-brain barrier; GBA, Gut-Brain Axis; HPA, Hypothalamic-pituitary-adrenal axis; SCFAs, Short-chain fatty acids; SPF, Specific pathogen-free; GF, Germ-free; 5-HT, 5-hydroxytryptophan; PSD-95, Postsynaptic density protein 95; GI, Gastro-intestinal; Ahr, Aryl hydrocarbon receptor; SFB, Segmented Filamentous Bacterium; ASF, Altered Schaedler Flora; MS, Multiple sclerosis; AD, Alzheimer’s disease; PD, Parkinson’s disease; NPS, Neuropsychiatric disorders; FMT, Fecal microbiota transplantations; EAE, Experimental autoimmune encephalomyelitis; PSA, Polysaccharide A; Treg, T regulatory; Th, T helper; Trp, Tryptophan; I3S, Indoxyl-3-sulfate; IPA, Indole-3-propionic acid; IAld, Indole-3- aldehyde; Aβ, Beta-amyloid protein; APP, Amyloid precursor protein; FAD, Familial Alzheimer’s Disease; ASO, Overexpressing α-synuclein under Thy1 promoter; α-syn, α-synuclein; MDD, Major depressive disorder; ASD, Autism spectrum disorder; OTUs, Operational taxonomy units; 5-AV, 5-aminovaleric acid; MIA, Maternal immune activation; 4EPS, 4-ethylphenylsulfate; PRRs, Pattern-recognition receptors; NLRs, NOD-like receptors; TLR, Toll-like receptors; ASC, Apoptosis-associated speck-like protein; PAMPS/DAMPS, Pathogen- or danger-associated molecular patterns; SlrP, Salmonella leucine-rich repeat protein; PBMCs, Peripheral blood mononuclear cells; CSF, Cerebrospinal fluid; PTX, Pertussis toxin; HSV-1, Herpes simplex virus type 1; hiNSC, Human-induced neural stem cell; PINK1, Mitochondrial serine/threonine protein kinase; MPTP, 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine; SSD, Schizophrenia spectrum disorders; OCD, Obsessive-compulsive disorder; NSSID, Non-suicidal self-injury disorder; BMI, Body mass index; BHB, Beta-hydroxybutyrate; TCR, T cell-receptor; MOG, Myelin-oligodendrocyte glycoprotein.



References

1. Mueller, NT, Bakacs, E, Combellick, J, Grigoryan, Z, and Dominguez-Bello, MG. The infant microbiome development: Mom matters. Trends Mol Med (2015) 21:109–17. doi: 10.1016/j.molmed.2014.12.002

2. Huttenhower, C, Gevers, D, Knight, R, Abubucker, S, Badger, JH, Chinwalla, AT, et al. Structure, function and diversity of the healthy human microbiome. Nature (2012) 486:207–14. doi: 10.1038/nature11234

3. Lloyd-Price, J, Abu-Ali, G, and Huttenhower, C. The healthy human microbiome. Genome Med (2016) 8:1–11. doi: 10.1186/s13073-016-0307-y

4. Bäckhed, F, Ley, RE, Sonnenburg, JL, Peterson, DA, and Gordon, JI. Host-bacterial mutualism in the human intestine. Science (80-) (2005) 307:1915–20. doi: 10.1126/science.1104816

5. Sommer, F, and Bäckhed, F. The gut microbiota-masters of host development and physiology. Nat Rev Microbiol (2013) 11:227–38. doi: 10.1038/nrmicro2974

6. Uchimura, Y, Fuhrer, T, Li, H, Lawson, MA, Zimmermann, M, Yilmaz, B, et al. Antibodies Set Boundaries Limiting Microbial Metabolite Penetration and the Resultant Mammalian Host Response. Immunity (2018) 49:545–59.e5. doi: 10.1016/j.immuni.2018.08.004

7. Clarke, G, Grenham, S, Scully, P, Fitzgerald, P, Moloney, RD, Shanahan, F, et al. The microbiome-gut-brain axis during early life regulates the hippocampal serotonergic system in a sex-dependent manner. Mol Psychiatry (2013) 18:666–73. doi: 10.1038/mp.2012.77

8. Duvallet, C, Gibbons, SM, Gurry, T, Irizarry, RA, and Alm, EJ. Meta-analysis of gut microbiome studies identifies disease-specific and shared responses. Nat Commun (2017) 8:1784. doi: 10.1038/s41467-017-01973-8

9. Gil-Cruz, C, Perez-Shibayama, C, de Martin, A, Ronchi, F, van der Borght, K, Niederer, R, et al. Microbiota-derived peptide mimics drive lethal inflammatory cardiomyopathy. Science (80- ) (2019) 366:881–6. doi: 10.1126/science.aav3487

10. Sudo, N, Chida, Y, Aiba, Y, Sonoda, J, Oyama, N, Yu, X-N, et al. Postnatal microbial colonization programs the hypothalamic-pituitary-adrenal system for stress response in mice. J Physiol (2004) 558:263–75. doi: 10.1113/jphysiol.2004.063388

11. Yano, JM, Yu, K, Donaldson, GP, Shastri, GG, Ann, P, Ma, L, et al. Indigenous bacteria from the gut microbiota regulate host serotonin biosynthesis. Cell (2015) 161:264–76. doi: 10.1016/j.cell.2015.02.047

12. Desbonnet, L, Clarke, G, Shanahan, F, Dinan, TG, and Cryan, JF. Microbiota is essential for social development in the mouse. Mol Psychiatry (2014) 19:146–8. doi: 10.1038/mp.2013.65

13. Olson, CA, Vuong, HE, Yano, JM, Liang, QY, Nusbaum, DJ, and Hsiao, EY. The Gut Microbiota Mediates the Anti-Seizure Effects of the Ketogenic Diet. Cell (2018) 173:1728–1741.e13. doi: 10.1016/j.cell.2018.04.027

14. De Vadder, F, Kovatcheva-Datchary, P, Goncalves, D, Vinera, J, Zitoun, C, Duchampt, A, et al. Microbiota-generated metabolites promote metabolic benefits via gut-brain neural circuits. Cell (2014) 156:84–96. doi: 10.1016/j.cell.2013.12.016

15. Buffington, SA, Di Prisco, GV, Auchtung, TA, Ajami, NJ, Petrosino, JF, and Costa-Mattioli, M. Microbial Reconstitution Reverses Maternal Diet-Induced Social and Synaptic Deficits in Offspring. Cell (2016) 165:1762–75. doi: 10.1016/j.cell.2016.06.001

16. Kim, S, Kim, H, Yim, YS, Ha, S, Atarashi, K, Tan, TG, et al. Maternal gut bacteria promote neurodevelopmental abnormalities in mouse offspring. Nature (2017) 549:528–32. doi: 10.1038/nature23910

17. Schretter, CE, Vielmetter, J, Bartos, I, Marka, Z, Marka, S, Argade, S, et al. A gut microbial factor modulates locomotor behaviour in Drosophila. Nature (2018) 563:402–6. doi: 10.1038/s41586-018-0634-9

18. Ochoa-Repáraz, J, Mielcarz, DW, Ditrio, LE, Burroughs, AR, Foureau, DM, Haque-Begum, S, et al. Role of Gut Commensal Microflora in the Development of Experimental Autoimmune Encephalomyelitis. J Immunol (2009) 183:6041–50. doi: 10.4049/jimmunol.0900747

19. Singh, V, Roth, S, Llovera, G, Sadler, R, Garzetti, D, Stecher, B, et al. Microbiota dysbiosis controls the neuroinflammatory response after stroke. J Neurosci (2016) 36:7428–40. doi: 10.1523/JNEUROSCI.1114-16.2016

20. Hsiao, EY, McBride, SW, Hsien, S, Sharon, G, Hyde, ER, McCue, T, et al. Microbiota modulate behavioral and physiological abnormalities associated with neurodevelopmental disorders. Cell (2013) 155:1451–63. doi: 10.1016/j.cell.2013.11.024

21. Sharon, G, Sampson, TR, Geschwind, DH, and Mazmanian, SK. The Central Nervous System and the Gut Microbiome. Cell (2016) 167:915–32. doi: 10.1016/j.cell.2016.10.027

22. Valles-Colomer, M, Falony, G, Darzi, Y, Tigchelaar, EF, Wang, J, Tito, RY, et al. The neuroactive potential of the human gut microbiota in quality of life and depression. Nat Microbiol (2019) 4:623–32. doi: 10.1038/s41564-018-0337-x

23. Zheng, P, Zeng, B, Liu, M, Chen, J, Pan, J, Han, Y, et al. The gut microbiome from patients with schizophrenia modulates the glutamate-glutamine-GABA cycle and schizophrenia-relevant behaviors in mice. Sci Adv (2019) 5:1–12. doi: 10.1126/sciadv.aau8317

24. Haran, JP, Bhattarai, SK, Foley, SE, Dutta, P, Ward, DV, Bucci, V, et al. crossm Alzheimer‘s Disease Microbiome Is Associated with. mBio (2019) 10:1–14. doi: 10.1128/mBio.00632-19

25. Chen, J, Chia, N, Kalari, KR, Yao, JZ, Novotna, M, Soldan, MMP, et al. Multiple sclerosis patients have a distinct gut microbiota compared to healthy controls. Sci Rep (2016) 6:1–10. doi: 10.1038/srep28484

26. Inserra, A, Rogers, GB, Licinio, J, and Wong, ML. The Microbiota-Inflammasome Hypothesis of Major Depression. BioEssays (2018) 40:1–11. doi: 10.1002/bies.201800027

27. Adams, JB, Johansen, LJ, Powell, LD, Quig, D, and Rubin, RA. Gastrointestinal flora and gastrointestinal status in children with autism - comparisons to typical children and correlation with autism severity. BMC Gastroenterol (2011)  11(22):1–13. doi: 10.1186/1471-230X-11-22

28. Das, B, Modi, G, and Dutta, A. Dopamine D3 agonists in the treatment of Parkinson’s disease. Curr Top Med Chem (2015) 15:908–26. doi: 10.1016/j.cell.2016.11.018.Gut

29. Chu, C, Murdock, MH, Jing, D, Won, TH, Chung, H, Kressel, AM, et al. The microbiota regulate neuronal function and fear extinction learning. Nature (2019) 574:543–8. doi: 10.1038/s41586-019-1644-y

30. Iannone, LF, Preda, A, Blottière, HM, Clarke, G, Albani, D, Belcastro, V, et al. Microbiota-gut brain axis involvement in neuropsychiatric disorders. Expert Rev Neurother (2019) 19:1037–50. doi: 10.1080/14737175.2019.1638763

31. Burberry, A, Limone, F, Wells, MF, Couto, A, Smith, KS, Keaney, J, et al. C9orf72 suppresses systemic and neural inflammation induced by gut microbes. Nature (2020) 582:89–94. doi: 10.1038/s41586-020-2288-7

32. Blacher, E, Bashiardes, S, Shapiro, H, Rothschild, D, Mor, U, Dori-Bachash, M, et al. Potential roles of gut microbiome and metabolites in modulating ALS in mice. Nature (2019) 572:474–80. doi: 10.1038/s41586-019-1443-5

33. Engelhardt, B, and Liebner, S. Novel insights into the development and maintenance of the blood-brain barrier. Cell Tissue Res (2014) 355:687–99. doi: 10.1007/s00441-014-1811-2

34. Daneman, R, and Prat, A. The blood-brain barrier. Cold Spring Harb Perspect Biol (2015) 7:a020412–a020412. doi: 10.1101/cshperspect.a020412

35. Suter, T, Biollaz, G, Gatto, D, Bernasconi, L, Herren, T, Reith, W, et al. The brain as an immune privileged site: Dendritic cells of the central nervous system inhibit T cell activation. Eur J Immunol (2003) 33:2998–3006. doi: 10.1002/eji.200323611

36. Aspelund, A, Antila, S, Proulx, ST, Karlsen, TV, Karaman, S, Detmar, M, et al. A dural lymphatic vascular system that drains brain interstitial fluid and macromolecules. J Exp Med (2015) 212:991–9. doi: 10.1084/jem.20142290

37. Biragyn, A, Aliseychik, M, and Rogaev, E. Potential importance of B cells in aging and aging-associated neurodegenerative diseases. Semin Immunopathol (2017) 39:283–94. doi: 10.1007/s00281-016-0615-8

38. Ankeny, DP, and Popovich, PG. B cells and autoantibodies: Complex roles in CNS injury. Trends Immunol (2010) 31:332–8. doi: 10.1016/j.it.2010.06.006

39. Alter, A, Duddy, M, Hebert, S, Biernacki, K, Prat, A, Antel, JP, et al. Determinants of Human B Cell Migration Across Brain Endothelial Cells. J Immunol (2003) 170:4497–505. doi: 10.4049/jimmunol.170.9.4497

40. Negi, N, and Das, BK. CNS: Not an immunoprivilaged site anymore but a virtual secondary lymphoid organ. Int Rev Immunol (2018) 37:57–68. doi: 10.1080/08830185.2017.1357719

41. Ribeiro, M, Brigas, HC, Temido-Ferreira, M, Pousinha, PA, Regen, T, Santa, C, et al. Meningeal γδ T cell-derived IL-17 controls synaptic plasticity and short-term memory. Sci Immunol (2019) 4:1–13. doi: 10.1126/sciimmunol.aay5199

42. Kipnis, J, Gadani, S, and Derecki, N. Pro-cognitive properties of T cells. Nat Rev Immunol (2012) 12(9):663–9. doi: 10.1038/nri3280

43. Ellwardt, E, Walsh, JT, Kipnis, J, and Zipp, F. Understanding the Role of T Cells in CNS Homeostasis. Trends Immunol (2016) 37:154–65. doi: 10.1016/j.it.2015.12.008

44. Alves de Lima, K, Rustenhoven, J, and Kipnis, J. Meningeal Immunity and Its Function in Maintenance of the Central Nervous System in Health and Disease. Annu Rev Immunol (2020) 38:597–620. doi: 10.1146/annurev-immunol-102319-103410

45. Feng, Y, Zhou, Z, Zheng, C, Feng, F, and Xie, F. Interleukin 17-Producing γδ T Cell Induced Demyelination of the Brain in Angiostrongylus Cantonensis Infection, J Neurol (2020) 1–23. doi: 10.21203/rs.3.rs-30989/v1

46. Kipnis, J. Multifaceted interactions between adaptive immunity and the central nervous system. Science (80-) (2016) 353:766–71. doi: 10.1126/science.aag2638

47. Engelhardt, B, Carare, RO, Bechmann, I, Flügel, A, Laman, JD, and Weller, RO. Vascular, glial, and lymphatic immune gateways of the central nervous system. Acta Neuropathol (2016) 132:317–38. doi: 10.1007/s00401-016-1606-5

48. Skonieczna-Żydecka, K, Marlicz, W, Misera, A, Koulaouzidis, A, and Łoniewski, I. Microbiome—The Missing Link in the Gut-Brain Axis: Focus on Its Role in Gastrointestinal and Mental Health. J Clin Med (2018) 7:521. doi: 10.3390/jcm7120521

49. O’Keefe, SJD. Diet, microorganisms and their metabolites, and colon cancer. Nat Rev Gastroenterol Hepatol (2016) 13:691–706. doi: 10.1038/nrgastro.2016.165

50. Peng, L, Li, Z-R, Green, RS, Holzman, IR, and Lin, J. Butyrate enhances the intestinal barrier by facilitating tight junction assembly via activation of AMP-activated protein kinase in Caco-2 cell monolayers. J Nutr (2009) 139:1619–25. doi: 10.3945/jn.109.104638

51. Mittal, R, Debs, LH, Patel, AP, Nguyen, D, Patel, K, O’Connor, G, et al. Neurotransmitters: The Critical Modulators Regulating Gut–Brain Axis. J Cell Physiol (2017) 232:2359–72. doi: 10.1002/jcp.25518

52. Dalile, B, Van Oudenhove, L, Vervliet, B, and Verbeke, K. The role of short-chain fatty acids in microbiota–gut–brain communication. Nat Rev Gastroenterol Hepatol (2019) 16:461–78. doi: 10.1038/s41575-019-0157-3

53. Kennedy, PJ, Cryan, JF, Dinan, TG, and Clarke, G. Kynurenine pathway metabolism and the microbiota-gut-brain axis. Neuropharmacology (2017) 112:399–412. doi: 10.1016/j.neuropharm.2016.07.002

54. Baj, A, Moro, E, Bistoletti, M, Orlandi, V, Crema, F, and Giaroni, C. Glutamatergic signaling along the microbiota-gut-brain axis. Int J Mol Sci (2019) 20:1–37. doi: 10.3390/ijms20061482

55. Jenkins, TA, Nguyen, JCD, Polglaze, KE, and Bertrand, PP. Influence of tryptophan and serotonin on mood and cognition with a possible role of the gut-brain axis. Nutrients (2016) 8:1–15. doi: 10.3390/nu8010056

56. Mertens, KL, Kalsbeek, A, Soeters, MR, and Eggink, HM. Bile acid signaling pathways from the enterohepatic circulation to the central nervous system. Front Neurosci (2017) 11:1–16. doi: 10.3389/fnins.2017.00617

57. Singhal, G, Jaehne, EJ, Corrigan, F, and Baune, BT. Cellular and molecular mechanisms of immunomodulation in the brain through environmental enrichment. Front Cell Neurosci (2014) 8:97. doi: 10.3389/fncel.2014.00097

58. Hansen, NW, and Sams, A. The microbiotic highway to health—New perspective on food structure, gut microbiota, and host inflammation. Nutrients (2018) 10:1–18. doi: 10.3390/nu10111590

59. LeBlanc, JG, Chain, F, Martín, R, Bermúdez-Humarán, LG, Courau, S, and Langella, P. Beneficial effects on host energy metabolism of short-chain fatty acids and vitamins produced by commensal and probiotic bacteria. Microb Cell Fact (2017) 16:1–10. doi: 10.1186/s12934-017-0691-z

60. Belkaid, Y, and Hand, TW. Role of the Microbiota in Immunity and Inflammation. Cell (2014) 157:121–41. doi: 10.1016/j.cell.2014.03.011

61. Schirbel, A, Kessler, S, Rieder, F, West, G, Rebert, N, Asosingh, K, et al. Pro-angiogenic activity of TLRs and NLRs: A novel link between gut microbiota and intestinal angiogenesis. Gastroenterology (2013) 144:613–23.e9. doi: 10.1053/j.gastro.2012.11.005

62. Rautava, S, and Walker, WA. Commensal Bacteria and Epithelial Cross Talk in the Developing Intestine. Curr Gastroenterol Rep (2007) 9:385–92. doi: 10.1038/jid.2014.371

63. Chung, H, Pamp, SJ, Hill, JA, Surana, NK, Edelman, SM, Troy, EB, et al. Gut immune maturation depends on colonization with a host-specific microbiota. Cell (2012) 149:1578–93. doi: 10.1016/j.cell.2012.04.037

64. Sassone-Corsi, M, and Raffatellu, M. No Vacancy: How Beneficial Microbes Cooperate with Immunity To Provide Colonization Resistance to Pathogens. J Immunol (2015) 194:4081–7. doi: 10.4049/jimmunol.1403169

65. Stecher, B. Chapter 14: The Roles of Inflammation, Nutrient Availability and the Commensal Microbiota in Enteric Pathogen Infection. In: Metabolism and Bacterial Pathogenesis. American Society for Microbiology (2015) p. 14:297–320. doi: 10.1128/microbiolspec.mbp-0008-2014

66. Stecher, B, and Hardt, WD. Mechanisms controlling pathogen colonization of the gut. Curr Opin Microbiol (2011) 14:82–91. doi: 10.1016/j.mib.2010.10.003

67. Grigg, JB, and Sonnenberg, GF. Host-Microbiota Interactions Shape Local and Systemic Inflammatory Diseases. J Immunol (2017) 198:564–71. doi: 10.4049/jimmunol.1601621

68. Kieper, WC, Troy, A, Burghardt, JT, Ramsey, C, Lee, JY, Jiang, H-Q, et al. Cutting Edge: Recent Immune Status Determines the Source of Antigens That Drive Homeostatic T Cell Expansion. J Immunol (2005) 174:3158–63. doi: 10.4049/jimmunol.174.6.3158

69. McCoy, KD, Ronchi, F, and Geuking, MB. Host-microbiota interactions and adaptive immunity. Immunol Rev (2017) 279:63–9. doi: 10.1111/imr.12575

70. Schloss, PD, Schubert, AM, Zackular, JP, Iverson, KD, Young, VB, and Petrosino, JF. Stabilization of the murine gut microbiome following weaning © 2012 Landes Bioscience. Gut Microbes (2012) 3:1–11. doi: 10.4161/gmic.21008

71. Arrieta, MC, Stiemsma, LT, Amenyogbe, N, Brown, E, and Finlay, B. The intestinal microbiome in early life: Health and disease. Front Immunol (2014) 5:427. doi: 10.3389/fimmu.2014.00427

72. Tierney, AL, and Nelson III, CA. Brain Development and the Role of Experience in the Early Years. J NIH (2009) 30(2):9–13.

73. O’Mahony, SM, Clarke, G, Dinan, TG, and Cryan, JF. Early-life adversity and brain development: Is the microbiome a missing piece of the puzzle? Neuroscience (2017) 342:37–54. doi: 10.1016/j.neuroscience.2015.09.068

74. De Palma, G, Blennerhassett, P, Lu, J, Deng, Y, Park, AJ, Green, W, et al. Microbiota and host determinants of behavioural phenotype in maternally separated mice. Nat Commun (2015) 6:1–13. doi: 10.1038/ncomms8735

75. De Agüero, MG, Ganal-Vonarburg, SC, Fuhrer, T, Rupp, S, Uchimura, Y, Li, H, et al. The maternal microbiota drives early postnatal innate immune development. Science (80-) (2016) 351:1296–302. doi: 10.1126/science.aad2571

76. Sarker, G, and Peleg-Raibstein, D. Maternal overnutrition induces long-term cognitive deficits across several generations. Nutrients (2019) 11:1–19. doi: 10.3390/nu11010007

77. Fleshner, M, Frank, M, and Maier, SF. Danger Signals and Inflammasomes: Stress-Evoked Sterile Inflammation in Mood Disorders. Neuropsychopharmacology (2017) 42:36–45. doi: 10.1038/npp.2016.125

78. Pasciuto, E, Burton, OT, Roca, CP, Lagou, V, Rajan, WD, Theys, T, et al. Microglia Require CD4 T Cells to Complete the Fetal-to-Adult Transition. Cell (2020) 182:625–40. doi: 10.1016/j.cell.2020.06.026

79. Vuong, HE, Pronovost, GN, Williams, DW, Coley, EJL, Siegler, EL, Qiu, A, et al. The maternal microbiome modulates fetal neurodevelopment in mice. Nature (2020) 586:281–6. doi: 10.1038/s41586-020-2745-3

80. Heijtz, RD, Wang, S, Anuar, F, Qian, Y, Björkholm, B, Samuelsson, A, et al. Normal gut microbiota modulates brain development and behavior. Proc Natl Acad Sci U S A (2011) 108:3047–52. doi: 10.1073/pnas.1010529108

81. Neufeld, KM, Kang, N, Bienenstock, J, and Foster, JA. Reduced anxiety-like behavior and central neurochemical change in germ-free mice. Neurogastroenterol Motil (2011) 23:255–65. doi: 10.1111/j.1365-2982.2010.01620.x

82. Cryan, JF, and Dinan, TG. Mind-altering microorganisms: The impact of the gut microbiota on brain and behaviour. Nat Rev Neurosci (2012) 13:701–12. doi: 10.1038/nrn3346

83. Cryan, JF, O’riordan, KJ, Cowan, CSM, Sandhu, KV, Bastiaanssen, TFS, Boehme, M, et al. The microbiota-gut-brain axis. Physiol Rev (2019) 99:1877–2013. doi: 10.1152/physrev.00018.2018

84. Arentsen, T, Raith, H, Quian, Y, Forssberg, H, and Heijtz, RD. Host microbiota modulates development of social preference in mice. Microb Ecol Health Dis (2015) 1:1–8. doi: 10.3402/mehd.v26.29719

85. Pokusaeva, K, Johnson, C, Luk, B, Uribe, G, Fu, Y, Oezguen, N, et al. GABA-producing Bifidobacterium dentium modulates visceral sensitivity in the intestine. Neurogastroenterol Motil (2017) 29:1–14. doi: 10.1111/nmo.12904

86. Komatsuzaki, Y, Murakami, G, Tsurugizawa, T, Mukai, H, Tanabe, N, Mitsuhashi, K, et al. Rapid spinogenesis of pyramidal neurons induced by activation of glucocorticoid receptors in adult male rat hippocampus. Biochem Biophys Res Commun (2005) 335:1002–7. doi: 10.1016/j.bbrc.2005.07.173

87. Gershon, MD. 5-Hydroxytryptamine (serotonin) in the gastrointestinal tract. Curr Opin Endocrinol Diabetes Obes (2013) 20:14–21. doi: 10.1097/MED

88. Glebov, K, Löchner, M, Jabs, R, Lau, T, Merkel, O, Schloss, P, et al. Serotonin stimulates secretion of exosomes from microglia cells. Glia (2015) 63:626–34. doi: 10.1002/glia.22772

89. Rothhammer, V, Borucki, DM, Tjon, EC, Takenaka, MC, Chao, C, Ardura-fabregat, A, et al. Microglial control of astrocytes in response to microbial metabolites. Nature (2018) 557:724–8. doi: 10.1038/s41586-018-0119-x

90. Feng, W, Wang, Y, Liu, ZQ, Zhang, X, Han, R, Miao, YZ, et al. Microglia activation contributes to quinolinic acid-induced neuronal excitotoxicity through TNF-α. Apoptosis (2017) 22:696–709. doi: 10.1007/s10495-017-1363-5

91. Braniste, V, Al-Asmakh, M, Kowal, C, Anuar, F, Abbaspour, A, Tóth, M, et al. The gut microbiota influences blood-brain barrier permeability in mice. Sci Transl Med (2014) 6:263ra158–263ra158. doi: 10.1126/scitranslmed.3009759

92. Reis, DJ, Ilardi, SS, and Punt, SEW. The anxiolytic effect of probiotics: A systematic review and meta-analysis of the clinical and preclinical literature. PloS One (2018) 13:e0199041. doi: 10.1371/journal.pone.0199041

93. McVey Neufeld, K-A, Kay, S, and Bienenstock, J. Mouse Strain Affects Behavioral and Neuroendocrine Stress Responses Following Administration of Probiotic Lactobacillus rhamnosus JB-1 or Traditional Antidepressant Fluoxetine. Front Neurosci (2018) 12:294. doi: 10.3389/fnins.2018.00294

94. Erny, D, Lena Hrab de Angelis, A, Jaitin, D, Wieghofer, P, David, E, Keren-Shaul, H, et al. Host microbiota constantly control maturation and function of microglia in the CNS. Nat Neurosci (2017) 18:965–77. doi: 10.1038/nn.4030.Host

95. Jang, SE, Lim, SM, Jeong, JJ, Jang, HM, Lee, HJ, Han, MJ, et al. Gastrointestinal inflammation by gut microbiota disturbance induces memory impairment in mice. Mucosal Immunol (2018) 11:369–79. doi: 10.1038/mi.2017.49

96. Lee, H-J, Lim, S-M, and Kim, D-H. Lactobacillus johnsonii CJLJ103 Attenuates Scopolamine-Induced Memory Impairment in Mice by Increasing BDNF Expression and Inhibiting NF-κB Activation. J Microbiol Biotechnol (2018) 28:1443–6. doi: 10.4014/jmb.1805.05025

97. Cummings, JH, and Englyst, HN. Fermentation in the human large intestine and the available substrates. Am J Clin Nutr (1987) 45:1243–55. doi: 10.1093/ajcn/45.5.1243

98. Gaudier, E, Rival, M, Buisine, M-P, Robineau, I, and Hoebler, C. Butyrate enemas upregulate Muc genes expression but decrease adherent mucus thickness in mice colon. Physiol Res (2009) 58:111–9.

99. Smith, P, Howitt, M, Panikov, N, and Garrett, W. The microbial metabolites, short chain fatty acids, regulate colonic Treg cell homeostasis. Bone (2013) 23:1–7. doi: 10.1038/jid.2014.371

100. Oldendorf, WH. Carrier-mediated blood-brain barrier transport of short-chain monocarboxylic organic acids. Am J Physiol (1973) 224:1450–3. doi: 10.1152/ajplegacy.1973.224.6.1450

101. Silva, YP, Bernardi, A, and Frozza, RL. The Role of Short-Chain Fatty Acids From Gut Microbiota in Gut-Brain Communication. Front Endocrinol (Lausanne) (2020) 11:25. doi: 10.3389/fendo.2020.00025

102. Wishart, DS, Feunang, YD, Marcu, A, Guo, AC, Liang, K, Vazquez-Fresno, R, et al. HMDB 4.0: the human metabolome database for 2018. Nucleic Acids Res (2018) 46:D608–17. doi: 10.1093/nar/gkx1089

103. Frost, G, Sleeth, ML, Sahuri-arisoylu, M, Lizarbe, B, Cerdan, S, Brody, L, et al. The short-chain fatty acid acetate reduces appetite via a central homeostatic mechanism. Nat Commun (2014) 5:1–11. doi: 10.1038/ncomms4611

104. Oleskin, AV, and Shenderov, BA. Neuromodulatory effects and targets of the SCFAs and gasotransmitters produced by the human symbiotic microbiota. Microb Ecol Health Dis (2016) 2235:1–12. doi: 10.3402/mehd.v27.30971

105. Nankova, BB, Agarwal, R, MacFabe, DF, and La Gamma, EF. Enteric Bacterial Metabolites Propionic and Butyric Acid Modulate Gene Expression, Including CREB-Dependent Catecholaminergic Neurotransmission, in PC12 Cells - Possible Relevance to Autism Spectrum Disorders. PloS One (2014) 9:e103740. doi: 10.1371/journal.pone.0103740

106. Derecki, NC, Cardani, AN, Yang, CH, Quinnies, KM, Crihfield, A, Lynch, KR, et al. Regulation of learning and memory by meningeal immunity: A key role for IL-4. J Exp Med (2010) 207:1067–80. doi: 10.1084/jem.20091419

107. Bilbo, SD, and Schwarz, JM. Early-life programming of later-life brain and behavior: A critical role for the immune system. Front Behav Neurosci (2009) 3:14. doi: 10.3389/neuro.08.014.2009

108. Marin, I, and Kipnis, J. Learning and memory… and the immune system. Learn Mem (2013) 20:601–6. doi: 10.1101/lm.028357.112

109. Moos, WH, Faller, DV, Harpp, DN, Kanara, I, Pernokas, J, Powers, WR, et al. Microbiota and Neurological Disorders: A Gut Feeling. Biores Open Access (2016) 5:137–45. doi: 10.1089/biores.2016.0010

110. Grochowska, M, Laskus, T, and Radkowski, M. Gut Microbiota in Neurological Disorders. Arch Immunol Ther Exp (Warsz) (2019) 67:375–83. doi: 10.1007/s00005-019-00561-6

111. Sampson, TR, Debelius, JW, Thron, T, Janssen, S, Shastri, GG, Ilhan, ZE, et al. Gut Microbiota Regulate Motor Deficits and Neuroinflammation in a Model of Parkinson’s Disease. Cell (2016) 167:1469–80.e12. doi: 10.1016/j.cell.2016.11.018

112. Berer, K, Gerdes, LA, Cekanaviciute, E, Jia, X, Xiao, L, Xia, Z, et al. Gut microbiota from multiple sclerosis patients enables spontaneous autoimmune encephalomyelitis in mice. Proc Natl Acad Sci USA (2017) 114:10719–24. doi: 10.1073/pnas.1711233114

113. Sharon, G, Cruz, NJ, Kang, DW, Gandal, MJ, Wang, B, Kim, YM, et al. Human Gut Microbiota from Autism Spectrum Disorder Promote Behavioral Symptoms in Mice. Cell (2019) 177:1600–18.e17. doi: 10.1016/j.cell.2019.05.004

114. Cenit, MC, Nuevo, IC, Codoñer-Franch, P, Dinan, TG, and Sanz, Y. Gut microbiota and attention deficit hyperactivity disorder: new perspectives for a challenging condition. Eur Child Adolesc Psychiatry (2017) 26:1081–92. doi: 10.1007/s00787-017-0969-z

115. Hughes, HK, Rose, D, and Ashwood, P. The Gut Microbiota and Dysbiosis in Autism Spectrum Disorders. Curr Neurol Neurosci Rep (2018) 18:81. doi: 10.1007/s11910-018-0887-6

116. Ochoa-Repáraz, J, Mielcarz, DW, Ditrio, LE, Burroughs, AR, Begum-Haque, S, Dasgupta, S, et al. Central Nervous System Demyelinating Disease Protection by the Human Commensal Bacteroides fragilis Depends on Polysaccharide A Expression. J Immunol (2010) 185:4101–8. doi: 10.4049/jimmunol.1001443

117. Kyung, Y, Menezes, JS, Umesaki, Y, and Mazmanian, SK. Proinflammatory T-cell responses to gut microbiota promote experimental autoimmune encephalomyelitis. PNAS (2011) 108:4615–22. doi: 10.1073/pnas.1000082107

118. Rothhammer, V, Mascanfroni, ID, Bunse, L, Takenaka, MC, Jessica, E, Mayo, L, et al. Type I interferons and microbial metabolites of tryptophan modulate astrocyte activity and CNS inflammation via the hydrocarbon receptor. Nat Med (2016) 22:586–97. doi: 10.1038/nm.4106

119. Agus, A, Planchais, J, and Sokol, H. Gut Microbiota Regulation of Tryptophan Metabolism in Health and Disease. Cell Host Microbe (2018) 23:716–24. doi: 10.1016/j.chom.2018.05.003

120. Dominy, SS, Lynch, C, Ermini, F, Benedyk, M, Marczyk, A, Konradi, A, et al. Porphyromonas gingivalis in Alzheimer’s disease brains: Evidence for disease causation and treatment with small-molecule inhibitors. Sci Adv (2019) 5:1–21. doi: 10.1126/sciadv.aau3333

121. McFarland, HF, and Martin, R. Multiple sclerosis: A complicated picture of autoimmunity. Nat Immunol (2007) 8:913–9. doi: 10.1038/ni1507

122. Scalfari, A, Knappertz, V, Cutter, G, Goodin, DS, Ashton, R, and Ebers, GC. Mortality in patients with multiple sclerosis. Neurology (2013) 81:184–92. doi: 10.1212/WNL.0b013e31829a3388

123. Olsson, T, Barcellos, LF, and Alfredsson, L. Interactions between genetic, lifestyle and environmental risk factors for multiple sclerosis. Nat Rev Neurol (2017) 13:25–36. doi: 10.1038/nrneurol.2016.187

124. Beecham, AH, Patsopoulos, NA, Xifara, DK, Davis, MF, Kemppinen, A, Cotsapas, C, et al. Analysis of immune-related loci identifies 48 new susceptibility variants for multiple sclerosis. Nat Genet (2013) 45:1353–60. doi: 10.1038/ng.2770

125. Hilven, K, Vandebergh, M, Smets, I, Mallants, K, Goris, A, and Dubois, B. Genetic basis for relapse rate in multiple sclerosis: Association with LRP2 genetic variation. Mult Scler (2018) 24:1773–5. doi: 10.1177/1352458517749894

126. Krizova, L, Kollar, B, Jezova, D, and Turcani, P. Genetic aspects of vitamin D receptor and metabolism in relation to the risk of multiple sclerosis. Gen Physiol Biophys (2013) 32:459–66. doi: 10.4149/gpb_2013067

127. Hojati, Z. Molecular Genetic and Epigenetic Basis of Multiple Sclerosis. In:  AAA Asea, F Geraci, and P Kaur, editors. Multiple Sclerosis: Bench to Bedside: Global Perspectives on a Silent Killer. Cham: Springer International Publishing (2017). p. 65–90. doi: 10.1007/978-3-319-47861-6_6

128. Zhang, Y, Zhang, J, Liu, H, He, F, Chen, A, Yang, H, et al. Meta-analysis of FOXP3 gene rs3761548 and rs2232365 polymorphism and multiple sclerosis susceptibility. Med (Baltimore) (2019) 98:e17224. doi: 10.1097/MD.0000000000017224

129. Xia, Z-L, Qin, Q-M, and Zhao, Q-Y. A genetic link between CXCR5 and IL2RA gene polymorphisms and susceptibility to multiple sclerosis. Neurol Res (2018) 40:1040–7. doi: 10.1080/01616412.2018.1517110

130. da Silva Bernardes, M, Antão Paiva, CL, Ribeiro Paradela, E, Papais Alvarenga, M, Ferreira Pereira, F, Vasconcelos, CC, et al. Familial multiple sclerosis in a Brazilian sample: Is HLA-DR15 involved in susceptibility to the disease? J Neurol (2019) 330:74–80. doi: 10.1016/j.jneuroim.2019.02.004

131. Harding, KE, and Robertson, NP. New rare genetic variants in multiple sclerosis. J Neurol (2019) 266:278–80. doi: 10.1007/s00415-018-9128-9

132. Ronchi, F, Basso, C, Preite, S, Reboldi, A, Baumjohann, D, Perlini, L, et al. Experimental priming of encephalitogenic Th1/Th17 cells requires pertussis toxin-driven IL-1β production by myeloid cells. Nat Commun (2016) 7:1–11. doi: 10.1038/ncomms11541

133. Lünemann, JD, and Münz, C. Epstein-Barr Virus and Multiple Sclerosis. Curr Neurol Neurosci Rep (2007) 7:253–8. doi: 10.1007/s11910-007-0038-y

134. Miyake, S, Kim, S, Suda, W, and Oshima, K. Dysbiosis in the Gut Microbiota of Patients with Multiple Sclerosis, with a Striking Depletion of Species Belonging to Clostridia XIVa and IV Clusters. PLos One (2015)  10(9):1–16. doi: 10.1371/journal.pone.0137429

135. Cantarel, BL, Waubant, E, Chehoud, C, Kuczynski, J, DeSantis, TZ, Warrington, J, et al. Gut microbiota in multiple sclerosis: possible influence of immunomodulators. J Investig Med (2015) 63:729–34. doi: 10.1097/JIM.0000000000000192

136. Bhargava, P, and Mowry, EM. Gut Microbiome and Multiple Sclerosis. Curr Neurol Neurosci Rep (2014) 14(492):1–8. doi: 10.1007/s11910-014-0492-2

137. Jangi, S, Gandhi, R, Cox, LM, Li, N, Von, GF, Yan, R, et al. Alterations of the human gu microbiome in multiple sclerosis. Nat Comm (2016) 7(12015):1–11. doi: 10.1038/ncomms12015

138. Pröbstel, A, and Baranzini, SE. The Role of the Gut Microbiome in Multiple Sclerosis Risk and Progression : Towards Characterization of the “MS Microbiome.” Neurotherapeutics (2017) 15:126–34. doi: 10.1007/s13311-017-0587-y

139. Atarashi, K, Tanoue, T, Oshima, K, Suda, W, Nagano, Y, Nishikawa, H, et al. Treg induction by a rationally selected mixture of Clostridia strains from the human microbiota. Nature (2013) 500:232–6. doi: 10.1038/nature12331

140. Geuking, MB, Cahenzli, J, Lawson, MAE, Ng, DCK, Slack, E, Hapfelmeier, S, et al. Intestinal Bacterial Colonization Induces Mutualistic Regulatory T Cell Responses. Immunity (2011) 34:794–806. doi: 10.1016/j.immuni.2011.03.021

141. Atarashi, K, Tanoue, T, Shima, T, Imaoka, A, Kuwahara, T, Momose, Y, et al. Induction of Colonic Regulatory T Cells by Indigenous Clostridium Species. Science (80-) (2011) 331:337–41. doi: 10.1038/jid.2014.371

142. Jia, L, Li, D, Feng, N, Shamoon, M, Sun, Z, Ding, L, et al. Anti-diabetic Effects of Clostridium butyricum CGMCC0313.1 through Promoting the Growth of Gut Butyrate-producing Bacteria in Type 2 Diabetic Mice. Sci Rep (2017) 7:7046. doi: 10.1038/s41598-017-07335-0

143. Chen, H, Ma, X, Liu, Y, Ma, L, Chen, Z, Lin, X, et al. Gut Microbiota Interventions With Clostridium butyricum and Norfloxacin Modulate Immune Response in Experimental Autoimmune Encephalomyelitis Mice. Front Immunol (2019) 10:1662. doi: 10.3389/fimmu.2019.01662

144. Tremlett, H, Bauer, KC, Appel-Cresswell, S, Finlay, BB, and Waubant, E. The gut microbiome in human neurological disease: A review. Ann Neurol (2017) 81:369–82. doi: 10.1002/ana.24901

145. Zabad, RK, Metz, LM, Todoruk, TR, Zhang, Y, Mitchell, JR, Yeung, M, et al. The clinical response to minocycline in multiple sclerosis is accompanied by beneficial immune changes: a pilot study. Mult Scler J (2007) 13:517–26. doi: 10.1177/1352458506070319

146. Popovic, N, Schubart, A, Goetz, BD, Zhang, SC, Linington, C, and Duncan, D. Inhibition of autoimmune encephalomyelitis by a tetracycline. Ann Neurol (2002) 51:215–23. doi: 10.1002/ana.10092

147. Borody, T, Leis, S, Campbell, J, Torres, M, and Nowak, A. Fecal Microbiota Transplantation (FMT) in Multiple Sclerosis (MS): 942. Off J Am Coll Gastroenterol | ACG (2011) 106:1. doi: 10.14309/00000434-201110002-00942

148. Kouchaki, E, Tamtaji, OR, Salami, M, Bahmani, F, Daneshvar Kakhaki, R, Akbari, E, et al. Clinical and metabolic response to probiotic supplementation in patients with multiple sclerosis: A randomized, double-blind, placebo-controlled trial. Clin Nutr (2017) 36:1245–9. doi: 10.1016/j.clnu.2016.08.015

149. Tankou, SK, Regev, K, Healy, BC, Cox, LM, Tjon, E, Kivisakk, P, et al. Investigation of probiotics in multiple sclerosis. Mult Scler (2018) 24:58–63. doi: 10.1177/1352458517737390

150. Ochoa-Repáraz, J, Mielcarz, DW, Wang, Y, Begum-Haque, S, Dasgupta, S, Kasper, DL, et al. A polysaccharide from the human commensal Bacteroides fragilis protects against CNS demyelinating disease. Mucosal Immunol (2010) 3:487–95. doi: 10.1038/mi.2010.29

151. Rojas, OL, Pröbstel, AK, Porfilio, EA, Wang, AA, Charabati, M, Sun, T, et al. Recirculating Intestinal IgA-Producing Cells Regulate Neuroinflammation via IL-10. Cell (2019) 176:610–624.e18. doi: 10.1016/j.cell.2018.11.035

152. Miyauchi, E, Kim, SW, Suda, W, Kawasumi, M, Onawa, S, Taguchi-Atarashi, N, et al. Gut microorganisms act together to exacerbate inflammation in spinal cords. Nature (2020) 585:102–6. doi: 10.1038/s41586-020-2634-9

153. Gödel, C, Kunkel, B, Kashani, A, Lassmann, H, and Arumugam, M. Perturbation of gut microbiota decreases susceptibility but does not modulate ongoing autoimmune neurological disease. J Neuroinflammation (2020) 9:1–6. doi: 10.1186/s12974-020-01766-9

154. Kwon, H-K, Kim, G-C, Kim, Y, Hwang, W, Jash, A, Sahoo, A, et al. Amelioration of experimental autoimmune encephalomyelitis by probiotic mixture is mediated by a shift in T helper cell immune response. Clin Immunol (2013) 146:217–27. doi: 10.1016/j.clim.2013.01.001

155. Haghikia, A, Jo, S, Duscha, A, Mu, DN, Gold, R, Linker, RA, et al. System Autoimmunity via the Small Intestine Dietary Fatty Acids Directly Impact Central Nervous System Autoimmunity via the Small Intestine. Immunity (2015) 43(4):817–29. doi: 10.1016/j.immuni.2015.09.007

156. Mizuno, M, Noto, D, Kaga, N, Chiba, A, and Miyake, S. The dual role of short fatty acid chains in the pathogenesis of autoimmune disease models. PLOS One (2017) 12(2):1–15. doi: 10.1371/journal.pone.0173032

157. Chevalier, AC, and Rosenberg, TA. Increasing acetyl-CoA metabolism attenuates injury and alters spinal cord lipid content in mice subjected to experimental autoimmune encephalomyelitis. J Neurochemistry (2017) 141(5):721–37. doi: 10.1111/jnc.14032

158. Chen, T, Noto, D, Hoshino, Y, Mizuno, M, and Miyake, S. Butyrate suppresses demyelination and enhances remyelination. J Neurol (2019) 16:1–13. doi: 10.1186/s12974-019-1552-y

159. Scheltens, P, Blennow, K, Breteler, MMB, de Strooper, B, Frisoni, GB, Salloway, S, et al. Alzheimer’s disease. Lancet (2016) 388:505–17. doi: 10.1016/S0140-6736(15)01124-1

160. Vogt, NM, Kerby, RL, Dill-mcfarland, KA, Harding, SJ, Merluzzi, AP, Johnson, SC, et al. Gut microbiome alterations in Alzheimer‘s disease. Sci Rep (2017) 7:1–11. doi: 10.1038/s41598-017-13601-y

161. Harach, T, Marungru, N, Duthilleul, N, Cheatham, V, Coy, KDM, and Frisoni, G. Reduction of Abeta amyloid pathology in APPPS1 transgenic mice in the absence of gut microbiota. Sci Rep (2017) 7(41802):1–15. doi: 10.1038/srep41802

162. Brandscheid, C, Schuck, F, Reinhardt, S, Schäfer, K-H, Pietrzik, CU, Grimm, M, et al. Altered Gut Microbiome Composition and Tryptic Activity of the 5xFAD Alzheimer’s Mouse Model. J Alzheimers Dis (2017) 56:775–88. doi: 10.3233/JAD-160926

163. Wang, X, Sun, G, Feng, T, Zhang, J, Huang, X, Wang, T, et al. Sodium oligomannate therapeutically remodels gut microbiota and suppresses gut bacterial amino acids-shaped neuroinflammation to inhibit Alzheimer’s disease progression. Cell Res (2019) 29:787–803. doi: 10.1038/s41422-019-0216-x

164. Dong, Y, Li, X, Cheng, J, and Hou, L. Drug development for alzheimer’s disease: Microglia induced neuroinflammation as a target? Int J Mol Sci (2019) 20:1–24. doi: 10.3390/ijms20030558

165. Zhang, L, Wang, Y, Xiayu, X, Shi, C, Chen, W, Song, N, et al. Altered Gut Microbiota in a Mouse Model of Alzheimer’s Disease. J Alzheimers Dis (2017) 60:1241–57. doi: 10.3233/JAD-170020

166. Kim, M-S, Kim, Y, Choi, H, Kim, W, Park, S, Lee, D, et al. Transfer of a healthy microbiota reduces amyloid and tau pathology in an Alzheimer’s disease animal model. Gut (2020) 69:283 LP – 294. doi: 10.1136/gutjnl-2018-317431

167. Kim, DK, Park, J, Han, D, Yang, J, Kim, A, Woo, J, et al. Molecular and functional signatures in a novel Alzheimer’s disease mouse model assessed by quantitative proteomics. Mol Neurodegener (2018) 13:2. doi: 10.1186/s13024-017-0234-4

168. Akbari, E, Asemi, Z, Kakhaki, RD, Bahmani, F, Kouchaki, E, Tamtaji, OR, et al. Effect of probiotic supplementation on cognitive function and metabolic status in Alzheimer’s disease: A randomized, double-blind and controlled trial. Front Aging Neurosci (2016) 8:1–8. doi: 10.3389/fnagi.2016.00256

169. Leblhuber, F, Steiner, K, Schuetz, B, Fuchs, D, and Gostner, JM. Probiotic Supplementation in Patients with Alzheimer’s Dementia - An Explorative Intervention Study. Curr Alzheimer Res (2018) 15:1106–13. doi: 10.2174/1389200219666180813144834

170. Lee, HJ, Lee, KE, Kim, JK, and Kim, DH. Suppression of gut dysbiosis by Bifidobacterium longum alleviates cognitive decline in 5XFAD transgenic and aged mice. Sci Rep (2019) 9:1–12. doi: 10.1038/s41598-019-48342-7

171. Tysnes, OB, and Storstein, A. Epidemiology of Parkinson’s disease. J Neural Transm (2017) 124:901–5. doi: 10.1007/s00702-017-1686-y

172. Samii, A, Nutt, JG, and Ransom, BR. Parkinson‘s disease. Lancet (2004) 363:1783–93. doi: 10.1016/S0140-6736(04)16305-8

173. Dehay, B, Bourdenx, M, Gorry, P, Przedborski, S, Vila, M, Hunot, S, et al. Targeting α-synuclein for treating Parkinson’s disease: mechanistic and therapeutic considerations. Lancet Neurol (2015) 14:855–66. doi: 10.1016/S1474-4422(15)00006-X.Targeting

174. Hasegawa, S, Goto, S, Tsuji, H, Okuno, T, Asahara, T, Nomoto, K, et al. Intestinal dysbiosis and lowered serum lipopolysaccharide-binding protein in Parkinson’s disease. PloS One (2015) 10:1–15. doi: 10.1371/journal.pone.0142164

175. Keshavarzian, A, Green, SJ, Engen, PA, Voigt, RM, Naqib, A, Forsyth, CB, et al. Colonic bacterial composition in Parkinson’s disease. Mov Disord (2015) 30:1351–60. doi: 10.1002/mds.26307

176. Scheperjans, F, Aho, V, Pereira, PAB, Koskinen, K, Paulin, L, Pekkonen, E, et al. Gut microbiota are related to Parkinson’s disease and clinical phenotype. Mov Disord (2015) 30:350–8. doi: 10.1002/mds.26069

177. Hill-Burns, EM, Debelius, JW, Morton, JT, Wissemann, WT, Lewis, MR, Wallen, ZD, et al. Parkinson’s disease and Parkinson’s disease medications have distinct signatures of the gut microbiome. Mov Disord (2017) 32:739–49. doi: 10.1002/mds.26942

178. Barichella, M, Severgnini, M, Cilia, R, Cassani, E, Bolliri, C, Caronni, S, et al. Unraveling gut microbiota in Parkinson’s disease and atypical parkinsonism. Mov Disord (2019) 34:396–405. doi: 10.1002/mds.27581

179. Petrov, VA, Saltykova, IV, Zhukova, IA, Alifirova, VM, Zhukova, NG, Dorofeeva, YB, et al. Analysis of Gut Microbiota in Patients with Parkinson’s Disease. Bull Exp Biol Med (2017) 162:734–7. doi: 10.1007/s10517-017-3700-7

180. Unger, MM, Spiegel, J, Dillmann, K-U, Grundmann, D, Philippeit, H, Bürmann, J, et al. Short chain fatty acids and gut microbiota differ between patients with Parkinson’s disease and age-matched controls. Parkinsonism Relat Disord (2016) 32:66–72. doi: 10.1016/j.parkreldis.2016.08.019

181. Perez-Pardo, P, Dodiya, HB, Engen, PA, Forsyth, CB, Huschens, AM, Shaikh, M, et al. Role of TLR4 in the gut-brain axis in Parkinson’s disease: A translational study from men to mice. Gut (2018) 68:829–43. doi: 10.1136/gutjnl-2018-316844

182. Chesselet, MF, Richter, F, Zhu, C, Magen, I, Watson, MB, and Subramaniam, SR. A Progressive Mouse Model of Parkinson’s Disease: The Thy1-aSyn (“Line 61”) Mice. Neurotherapeutics (2012) 9:297–314. doi: 10.1007/s13311-012-0104-2

183. Rockenstein, E, Mallory, M, Hashimoto, M, Song, D, Shults, CW, Lang, I, et al. Differential neuropathological alterations in transgenic mice expressing alpha-synuclein from the platelet-derived growth factor and Thy-1 promoters. J Neurosci Res (2002) 68:568–78. doi: 10.1002/jnr.10231

184. Perez-Pardo, P, Dodiya, HB, Engen, PA, Naqib, A, Forsyth, CB, Green, SJ, et al. Gut bacterial composition in a mouse model of Parkinson’s disease. Benef Microbes (2018) 9:799–814. doi: 10.3920/BM2017.0202

185. Choi, JG, Kim, N, Ju, IG, Eo, H, Lim, S-M, Jang, S-E, et al. Oral administration of Proteus mirabilis damages dopaminergic neurons and motor functions in mice. Sci Rep (2018) 8:1275. doi: 10.1038/s41598-018-19646-x

186. Jiang, H, Ling, Z, Zhang, Y, Mao, H, Ma, Z, Yin, Y, et al. Altered fecal microbiota composition in patients with major depressive disorder. Brain Behav Immun (2015) 48:186–94. doi: 10.1016/j.bbi.2015.03.016

187. Akkasheh, G, Kashani-Poor, Z, Tajabadi-Ebrahimi, M, Jafari, P, Akbari, H, Taghizadeh, M, et al. Clinical and metabolic response to probiotic administration in patients with major depressive disorder: A randomized, double-blind, placebo-controlled trial. Nutrition (2016) 32:315–20. doi: 10.1016/j.nut.2015.09.003

188. Ho, LKH, Tong, VJW, Syn, N, Nagarajan, N, Tham, EH, Tay, SK, et al. Gut microbiota changes in children with autism spectrum disorder: a systematic review. Gut Pathog (2020) 12:1–18. doi: 10.1186/s13099-020-0346-1

189. Lefter, R, Ciobica, A, Timofte, D, Stanciu, C, and Trifan, A. A descriptive review on the prevalence of gastrointestinal disturbances and their multiple associations in autism spectrum disorder. Med (2020) 56:1–17. doi: 10.3390/medicina56010011

190. Wong, ML, Inserra, A, Lewis, MD, Mastronardi, CA, Leong, L, Choo, J, et al. Inflammasome signaling affects anxiety- and depressive-like behavior and gut microbiome composition. Mol Psychiatry (2016) 21:797–805. doi: 10.1038/mp.2016.46

191. Ma, Q, Xing, C, Long, W, Wang, HY, Liu, Q, and Wang, R-F. Impact of microbiota on central nervous system and neurological diseases: the gut-brain axis. J Neuroinflammation (2019) 16:53. doi: 10.1186/s12974-019-1434-3

192. Akira, S, Uematsu, S, and Takeuchi, O. Pathogen recognition and innate immunity. Cell (2006) 124:783–801. doi: 10.1016/j.cell.2006.02.015

193. Macia, L, Tan, J, Vieira, AT, Leach, K, Stanley, D, Luong, S, et al. Metabolite-sensing receptors GPR43 and GPR109A facilitate dietary fibre-induced gut homeostasis through regulation of the inflammasome. Nat Commun (2015) 6:1–15. doi: 10.1038/ncomms7734

194. Elinav, E, Strowig, T, Kau, AL, Henao-Mejia, J, Thaiss, CA, Booth, CJ, et al. NLRP6 inflammasome regulates colonic microbial ecology and risk for colitis. Cell (2011) 145:745–57. doi: 10.1016/j.cell.2011.04.022

195. Gris, D, Ye, Z, Iocca, H, Wen, H, Chamberland, R, Gris, P, et al. NLRP3 Plays a Critical Role in the Development of Experimental Autoimmune Encephalomyelitis by Mediating Th1 and Th17 Responses. J Immunol (2010) 185:974–81. doi: 10.4049/jimmunol.0904145

196. Kajitani, N, Iwata, M, Miura, A, Tsunetomi, K, Yamanashi, T, Matsuo, R, et al. Prefrontal cortex infusion of beta-hydroxybutyrate, an endogenous NLRP3 inflammasome inhibitor, produces antidepressant-like effects in a rodent model of depression. Neuropsychopharmacol Rep (2020) 40(2):1–9. doi: 10.1002/npr2.12099

197. Ising, C, Venegas, C, Zhang, S, Scheiblich, H, Schmidt, SV, Vieira-Saecker, A, et al. NLRP3 inflammasome activation drives tau pathology. Nature (2019) 575:669–73. doi: 10.1038/s41586-019-1769-z

198. Brinkman, BM, Hildebrand, F, Kubica, M, Goosens, D, Del Favero, J, Declercq, W, et al. Caspase deficiency alters the murine gut microbiome. Cell Death Dis (2011) 2:1–6. doi: 10.1038/cddis.2011.101

199. Mamantopoulos, M, Ronchi, F, Van Hauwermeiren, F, Vieira-Silva, S, Yilmaz, B, Martens, L, et al. Nlrp6- and ASC-Dependent Inflammasomes Do Not Shape the Commensal Gut Microbiota Composition. Immunity (2017) 47:339–48. doi: 10.1016/j.immuni.2017.07.011

200. Lemire, P, Robertson, SJ, Maughan, H, Tattoli, I, Streutker, CJ, Platnich, JM, et al. The NLR Protein NLRP6 Does Not Impact Gut Microbiota Composition. Cell Rep (2017) 21:3653–61. doi: 10.1016/j.celrep.2017.12.026

201. Tsai, SJ. Effects of interleukin-1beta polymorphisms on brain function and behavior in healthy and psychiatric disease conditions. Cytokine Growth Factor Rev (2017) 37:89–97. doi: 10.1016/j.cytogfr.2017.06.001

202. Lechan, RM, Toni, R, Clark, BD, Cannon, JG, Shaw, AR, Dinarello, CA, et al. Immunoreactive interleukin-1β localization in the rat forebrain. Brain Res (1990) 514:135–40. doi: 10.1016/0006-8993(90)90445-H

203. Schneider, H, Pitossi, F, Balschun, D, Wagner, A, del Rey, A, and Besedovsky, HO. A neuromodulatory role of interleukin-1beta in the hippocampus. Proc Natl Acad Sci U S A (1998) 95:7778–83. doi: 10.1073/pnas.95.13.7778

204. Barrientos, RM, Sprunger, DB, Campeau, S, Watkins, LR, Rudy, JW, and Maier, SF. BDNF mRNA expression in rat hippocampus following contextual learning is blocked by intrahippocampal IL-1β administration. J Neuroimmunol (2004) 155:119–26. doi: 10.1016/j.jneuroim.2004.06.009

205. Lammert, CR, Frost, EL, Bellinger, CE, Bolte, AC, McKee, CA, Hurt, ME, et al. AIM2 inflammasome surveillance of DNA damage shapes neurodevelopment. Nature (2020) 580:647–52. doi: 10.1038/s41586-020-2174-3

206. Gustin, A, Kirchmeyer, M, Koncina, E, Felten, P, Losciuto, S, Heurtaux, T, et al. NLRP3 inflammasome is expressed and functional in mouse brain microglia but not in astrocytes. PloS One (2015) 10:1–19. doi: 10.1371/journal.pone.0130624

207. Freeman, L, Guo, H, David, CN, Brickey, WJ, Jha, S, and Ting, JP-Y. NLR members NLRC4 and NLRP3 mediate sterile inflammasome activation in microglia and astrocytes. J Exp Med (2017) 214:1351–70. doi: 10.1084/jem.20150237

208. Kawana, N, Yamamoto, Y, Ishida, T, Saito, Y, Konno, H, Arima, K, et al. Reactive astrocytes and perivascular macrophages express NLRP3 inflammasome in active demyelinating lesions of multiple sclerosis and necrotic lesions of neuromyelitis optica and cerebral infarction. Clin Exp Neuroimmunol (2013) 4:296–304. doi: 10.1111/cen3.12068

209. Mckenzie, BA, Mamik, MK, Saito, LB, Boghozian, R, and Chiara, M. Caspase-1 inhibition prevents glial inflammasome activation and pyroptosis in models of multiple sclerosis. PNAS (2018) 115:6065–74. doi: 10.1073/pnas.1722041115

210. Gong, Z, Pan, J, Shen, Q, Li, M, and Peng, Y. Mitochondrial dysfunction induces NLRP3 inflammasome activation during cerebral ischemia/reperfusion injury. J Neuroinflammation (2018) 15(242):1–17. doi: 10.1186/s12974-018-1282-6

211. Kaushal, V, Dye, R, Pakavathkumar, P, Foveau, B, Flores, J, Hyman, B, et al. Neuronal NLRP1 inflammasome activation of Caspase-1 coordinately regulates inflammatory interleukin-1-beta production and axonal degeneration-associated Caspase-6 activation. Cell Death Diff (2015) 22:1676–86. doi: 10.1038/cdd.2015.16

212. Rao, S, Schieber, AMP, O’Connor, CP, Leblanc, M, Michel, D, and Ayres, JS. Pathogen-Mediated Inhibition of Anorexia Promotes Host Survival and Transmission. Cell (2017) 168:503–16. doi: 10.1016/j.cell.2017.01.006

213. Blacher, E, Levy, M, Tatirovsky, E, and Elinav, E. Microbiome-Modulated Metabolites at the Interface of Host Immunity. J Immunol (2017) 198:572–80. doi: 10.4049/jimmunol.1601247

214. Alimov, I, Menon, S, Cochran, N, Maher, R, Wang, Q, Alford, J, et al. Bile acid analogues are activators of pyrin inflammasome. J Biol Chem (2019) 294:3359–66. doi: 10.1074/jbc.RA118.005103

215. Keane, RW, Dietrich, WD, and de Rivero Vaccari, JP. Inflammasome proteins as biomarkers of multiple sclerosis. Front Neurol (2018) 9:1–9. doi: 10.3389/fneur.2018.00135

216. Inoue, M, and Shinohara, ML. The role of interferon-β in the treatment of multiple sclerosis and experimental autoimmune encephalomyelitis - in the perspective of inflammasomes. Immunology (2013) 139:11–8. doi: 10.1111/imm.12081

217. Mamik, MK, and Power, C. Inflammasomes in neurological diseases: Emerging pathogenic and therapeutic concepts. Brain (2017) 140:2273–85. doi: 10.1093/brain/awx133

218. Sutton, C, Brereton, C, Keogh, B, Mills, KHG, and Lavelle, EC. A crucial role for interleukin (IL)-1 in the induction of IL-17-producing T cells that mediate autoimmune encephalomyelitis. J Exp Med (2006) 203:1685–91. doi: 10.1084/jem.20060285

219. Voet, S, Mc Guire, C, Hagemeyer, N, Martens, A, Schroeder, A, Wieghofer, P, et al. A20 critically controls microglia activation and inhibits inflammasome-dependent neuroinflammation. Nat Commun (2018) 9:2036. doi: 10.1038/s41467-018-04376-5

220. Dumas, A, Amiable, N, de Rivero Vaccari, JP, Chae, JJ, Keane, RW, Lacroix, S, et al. The inflammasome pyrin contributes to pertussis toxin-induced IL-1β synthesis, neutrophil intravascular crawling and autoimmune encephalomyelitis. PloS Pathog (2014) 10:e1004150. doi: 10.1371/journal.ppat.1004150

221. Griffin, WS, Stanley, LC, Ling, C, White, L, MacLeod, V, Perrot, LJ, et al. Brain interleukin 1 and S-100 immunoreactivity are elevated in Down syndrome and Alzheimer disease. Proc Natl Acad Sci USA (1989) 86:7611–5. doi: 10.1073/pnas.86.19.7611

222. Simard, AR, Soulet, D, Gowing, G, Julien, J-P, and Rivest, S. Bone marrow-derived microglia play a critical role in restricting senile plaque formation in Alzheimer’s disease. Neuron (2006) 49:489–502. doi: 10.1016/j.neuron.2006.01.022

223. Ojala, J, Alafuzoff, I, Herukka, SK, van Groen, T, Tanila, H, and Pirttilä, T. Expression of interleukin-18 is increased in the brains of Alzheimer’s disease patients. Neurobiol Aging (2009) 30:198–209. doi: 10.1016/j.neurobiolaging.2007.06.006

224. Malaguarnera, L, Motta, M, Di Rosa, M, Anzaldi, M, and Malaguarnera, M. Interleukin-18 and transforming growth factor-beta 1 plasma levels in Alzheimer’s disease and vascular dementia. Neuropathology (2006) 26:307–12. doi: 10.1111/j.1440-1789.2006.00701.x

225. Öztürk, C, Özge, A, Yalin, OÖ, Yilmaz, IA, Delialioglu, N, Yildiz, Ç, et al. The diagnostic role of serum inflammatory and soluble proteins on dementia subtypes: Correlation with cognitive and functional decline. Behav Neurol (2007) 18:207–15. doi: 10.1155/2007/432190

226. Saresella, M, La Rosa, F, Piancone, F, Zoppis, M, Marventano, I, Calabrese, E, et al. The NLRP3 and NLRP1 inflammasomes are activated in Alzheimer’s disease. Mol Neurodegener (2016) 11:1–14. doi: 10.1186/s13024-016-0088-1

227. Bossù, P, Ciaramella, A, Salani, F, Bizzoni, F, Varsi, E, Di Iulio, F, et al. Interleukin-18 produced by peripheral blood cells is increased in Alzheimer’s disease and correlates with cognitive impairment. Brain Behav Immun (2008) 22:487–92. doi: 10.1016/j.bbi.2007.10.001

228. Halle, A, Hornung, V, Petzold, GC, Stewart, CR, Monks, BG, Reinheckel, T, et al. The NALP3 inflammasome is involved in the innate immune response to amyloid-β. Nat Immunol (2008) 9:857–65. doi: 10.1038/ni.1636

229. Venegas, C, Kumar, S, Franklin, BS, Dierkes, T, Brinkschulte, R, Tejera, D, et al. Microglia-derived ASC specks crossseed amyloid-β in Alzheimer’s disease. Nature (2017) 552:355–61. doi: 10.1038/nature25158

230. Heneka, MT, Kummer, MP, Stutz, A, Delekate, A, Schwartz, S, Vieira-Saecker, A, et al. NLRP3 is activated in Alzheimer’s disease and contributes to pathology in APP/PS1 mice. Nature (2013) 493:674–8. doi: 10.1038/nature11729

231. Dempsey, C, Rubio Araiz, A, Bryson, KJ, Finucane, O, Larkin, C, Mills, EL, et al. Inhibiting the NLRP3 inflammasome with MCC950 promotes non-phlogistic clearance of amyloid-β and cognitive function in APP/PS1 mice. Brain Behav Immun (2017) 61:306–16. doi: 10.1016/j.bbi.2016.12.014

232. Sarlus, H, and Heneka, MT. Microglia in Alzheimer’s disease. J Clin Invest (2017) 127:3240–9. doi: 10.1172/JCI90606

233. Shi, Y, and Holtzman, DM. Interplay between innate immunity and Alzheimer disease: APOE and TREM2 in the spotlight. Nat Rev Immunol (2018) 18:759–72. doi: 10.1038/s41577-018-0051-1

234. Sheng, JG, Ito, K, Skinner, RD, Mrak, RE, Rovnaghi, CR, Van Eldik, LJ, et al. In vivo and in vitro evidence supporting a role for the inflammatory cytokine interleukin-1 as a driving force in Alzheimer pathogenesis. Neurobiol Aging (1996) 17:761–6. doi: 10.1016/0197-4580(96)00104-2

235. Shaftel, SS, Johnson, RE, Kerry, M, Banion, O, Shaftel, SS, Kyrkanides, S, et al. Sustained hippocampal IL-1 b overexpression mediates chronic neuroinflammation and ameliorates Alzheimer plaque pathology Find the latest version : Sustained hippocampal IL-1 β overexpression mediates chronic neuroinflammation and ameliorates Alzheimer pl. J Clin Invest (2007) 117:1594–604. doi: 10.1172/JCI31450.hypothesized

236. Cairns, DM, Rouleau, N, Parker, RN, Walsh, KG, Gehrke, L, and Kaplan, DL. A 3D human brain–like tissue model of herpes-induced Alzheimer’s disease. Sci Adv (2020) 6:eaay8828. doi: 10.1126/sciadv.aay8828

237. Mogi, M, Harada, M, Kondo, T, Riederer, P, Inagaki, H, Minami, M, et al. Interleukin-1 beta, interleukin-6, epidermal growth factor and transforming growth factor-alpha are elevated in the brain from parkinsonian patients. Neurosci Lett (1994) 180:147–50. doi: 10.1016/0304-3940(94)90508-8

238. Codolo, G, Plotegher, N, Pozzobon, T, Brucale, M, Tessari, I, Bubacco, L, et al. Triggering of inflammasome by aggregated α-synuclein, an inflammatory response in synucleinopathies. PloS One (2013) 8:e55375. doi: 10.1371/journal.pone.0055375

239. Mouton-Liger, F, Rosazza, T, Sepulveda-Diaz, J, Ieang, A, Hassoun, S-M, Claire, E, et al. Parkin deficiency modulates NLRP3 inflammasome activation by attenuating an A20-dependent negative feedback loop. Glia (2018) 66:1736–51. doi: 10.1002/glia.23337

240. Wang, HX, and Wang, YP. Gut microbiota-brain axis. Chin Med J (Engl) (2016) 129:2373–80. doi: 10.4103/0366-6999.190667

241. Ferrari, CC, Pott Godoy, MC, Tarelli, R, Chertoff, M, Depino, AM, and Pitossi, FJ. Progressive neurodegeneration and motor disabilities induced by chronic expression of IL-1β in the substantia nigra. Neurobiol Dis (2006) 24:183–93. doi: 10.1016/j.nbd.2006.06.013

242. Mao, Z, Liu, C, Ji, S, Yang, Q, Ye, H, Han, H, et al. The NLRP3 Inflammasome is Involved in the Pathogenesis of Parkinson’s Disease in Rats. Neurochem Res (2017) 42:1104–15. doi: 10.1007/s11064-017-2185-0

243. Fan, Z, Lu, M, Qiao, C, Zhou, Y, Ding, J-H, and Hu, G. MicroRNA-7 Enhances Subventricular Zone Neurogenesis by Inhibiting NLRP3/Caspase-1 Axis in Adult Neural Stem Cells. Mol Neurobiol (2016) 53:7057–69. doi: 10.1007/s12035-015-9620-5

244. Yan, Y, Jiang, W, Liu, L, Wang, X, Ding, C, Tian, Z, et al. Dopamine controls systemic inflammation through inhibition of NLRP3 inflammasome. Cell (2015) 160:62–73. doi: 10.1016/j.cell.2014.11.047

245. Alcocer-Gómez, E, Ulecia-Morón, C, Marín-Aguilar, F, Rybkina, T, Casas-Barquero, N, Ruiz-Cabello, J, et al. Stress-Induced Depressive Behaviors Require a Functional NLRP3 Inflammasome. Mol Neurobiol (2016) 53:4874–82. doi: 10.1007/s12035-015-9408-7

246. Baroja-Mazo, A, Martín-Sánchez, F, Gomez, AI, Martínez, CM, Amores-Iniesta, J, Compan, V, et al. The NLRP3 inflammasome is released as a particulate danger signal that amplifies the inflammatory response. Nat Immunol (2014) 15:738–48. doi: 10.1038/ni.2919

247. Alcocer-Gómez, E, Casas-Barquero, N, Williams, MR, Romero-Guillena, SL, Cañadas-Lozano, D, Bullón, P, et al. Antidepressants induce autophagy dependent-NLRP3-inflammasome inhibition in Major depressive disorder. Pharmacol Res (2017) 121:114–21. doi: 10.1016/j.phrs.2017.04.028

248. Hylén, U, Eklund, D, Humble, M, Bartoszek, J, Särndahl, E, and Bejerot, S. Increased inflammasome activity in markedly ill psychiatric patients: An explorative study. J Neuroimmunol (2020) 339. doi: 10.1016/j.jneuroim.2019.577119

249. Voet, S, Srinivasan, S, Lamkanfi, M, and Loo, G. Inflammasomes in neuroinflammatory and neurodegenerative diseases. EMBO Mol Med (2019) 11:1–16. doi: 10.15252/emmm.201810248

250. Kim, C, Ho, D-H, Suk, J-E, You, S, Michael, S, Kang, J, et al. Neuron-released oligomeric α-synuclein is an endogenous agonist of TLR2 for paracrine activation of microglia. Nat Commun (2013) 4:1562. doi: 10.1038/ncomms2534

251. Caggiu, E, Paulus, K, Arru, G, Piredda, R, Pietro, SG, and Sechi, LA. Humoral cross reactivity between α-synuclein and herpes simplex-1 epitope in Parkinson’s disease, a triggering role in the disease? J Neuroimmunol (2016) 291:110–4. doi: 10.1016/j.jneuroim.2016.01.007

252. Woulfe, JM, Gray, MT, Gray, DA, Munoz, DG, and Middeldorp, JM. Hypothesis: A role for EBV-induced molecular mimicry in Parkinson’s disease. Parkinsonism Relat Disord (2014) 20:685–94. doi: 10.1016/j.parkreldis.2014.02.031

253. Youm, Y-H, Nguyen, KY, Grant, RW, Goldberg, EL, Bodogai, M, Kim, D, et al. The ketone metabolite β-hydroxybutyrate blocks NLRP3 inflammasome–mediated inflammatory disease. Nat Med (2015) 21:263–9. doi: 10.1038/nm.3804

254. Iwata, M, Ota, KT, Li, XY, Sakaue, F, Li, N, Dutheil, S, et al. Psychological stress activates the inflammasome via release of adenosine triphosphate and stimulation of the purinergic type 2X7 receptor. Biol Psychiatry (2016) 80:12–22. doi: 10.1016/j.biopsych.2015.11.026

255. Yamanashi, T, Iwata, M, Kamiya, N, Tsunetomi, K, Kajitani, N, Wada, N, et al. Beta-hydroxybutyrate, an endogenic NLRP3 inflammasome inhibitor, attenuates stress-induced behavioral and inflammatory responses. Sci Rep (2017) 7:7677. doi: 10.1038/s41598-017-08055-1

256. Song, L, Pei, L, Yao, S, Wu, Y, and Shang, Y. NLRP3 inflammasome in neurological diseases, from functions to therapies. Front Cell Neurosci (2017) 11:63. doi: 10.3389/fncel.2017.00063



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 © 2020 Rutsch, Kantsjö and Ronchi. 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.


OEBPS/Images/fimmu-11-604179-g001.jpg





OEBPS/Images/table1d.jpg
PRECIPRPCITD | MR

SXW——-,

SN FONS NI SRIOTON:
NP3 infarmmasame acthation,
reductoninsenm e of L-15.
and 18 and protenieves of
NP3 gL 1p

b hrsliaiicon:
etal @47)






OEBPS/Images/table1b.jpg
i g R e # VSRR TV AR OO 0. SKVIOIRI IR0 0F Fiol RIS (WL Sy - VonRpe e
Discase microgia pathoiogy n a pron-ike manner _from microgha cels functon as danger sgnas. They  (229)
promoting missfoded protens  bind {0 AB seeds which leads to furher aggregation
1o aggregate and form plaques.  and spreading of Ap paques. ASC specks can also be.
inte- nazed by macrophages where they nduce
actiation of caspase-1 and releass of L-15.

Aghemers  Mouso APPPSImoe  Altesemice hadreduced  ASCrinduced seeding eads to AP plaques aggregation Venegas et a.

Disease deficent for hippocampal and corical and spreading. Theso ASC spacks aroreeased after (229), Henla
Caspase-1, ASC or  amylod plaques doposiion with immune acthation of microgia. etal 30)
NP amolorated disease outcom.

hemars  Mouso APPPSI moe. A acoumuatonl, Dempsay et al.

Discase Pramacologcal  infarnmasame and microgia @31
nhbiton of NLAP3. aciivaton, neuronfammatonl
inflmmasome with  cogntve impainments1,

Moo ‘phagooyatc fucton of
micogia.

pheimor's 4B accumuaton actates Satus and

Disease microgia and promotes Hedeka (232),

producion ofpranflammatory Sniand
medators by them, and aso. Hotamam
impais therphagooytc ucton. [C)

Aphemers  Rat L1 injcioninto  AB-APP proteins overexpression Srengetal,

Discase cerebral hemisphere  and dysivoptic neurie ormaton 30

inthe brain,

Aghemers  Mouso Plaques pathoiogyl Shatel 235)

Discaso

Ahemecs  inviro NSC- Induces gfosis and nfarimation, Cams atal.

Discaso corted ol procuction of IL6, L1, FN-y vy

nes —low-grato HSV-1 nfocion
an AD e phenciype

Taopatry  Mouso Tou 22 mice. ‘Cloaved Caspase-1, ASC n the isgetal
Frocton of b branat the aga of 22 manth )
Pomogenates of wt  compared 1o 3 months o
o APPPSTmCD  Tau22 wtmice.
othe
hippocampus of
Tau22 mice.

Taopatry  Mouse Tau 22 mioe Tau hyperphosphonaton in sng etal
dofcentfor ASCor  GAT region n Tau 22 wd mice. )
NURP3. jocton of  but ot n the NLAPG™and
bran homogenates  ASC” counterparts. — NLRPS
of wtor APPIPST  actvaton s upsiream of A tau
mico o tho. ‘cascado and pathology. ma L
Popocampus of  1f-dependent manner.

Tou22 mice.

Taopatry  Mouse ASC-, Caspase-1-,  NALP3 nfarmasome and e |Recautment and acthation of microgia and Halo et al
IR MydB8-  IL-1B pathway i essentel for the  phagooyes t the AB njecton ste n bran of these(226)
defcent mica. microgia acthation upon A mice compared to wt mca.
octon offorlar  depositon n the bai.

Ao the

srtum.






OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        The Gut-Brain Axis: How Microbiota and Host Inflammasome Influence Brain Physiology and Pathology

      

        		

          Introduction

        



        		

          Host-Microbial Mutualism in The Gut-Brain Axis: Role of Bacterial Molecules and Metabolites in Development and Health

        



        		

          Neurological Diseases: Microbial Effect on The Host Immune and Nervous System

        

          		

            Multiple Sclerosis

          



          		

            Alzheimer’s Disease

          



          		

            Parkinson’s Disease

          



          		

            Neuropsychiatric Disorders

          



        



        



        		

          Role of Inflammasomes in The Gut-Brain Axis: Under Physiological Conditions

        



        		

          Role of Inflammasomes in The Gut-Brain Axis: Under Pathological Conditions

        

          		

            Multiple Sclerosis

          



          		

            Alzheimer’s Disease

          



          		

            Parkinson’s Disease

          



          		

            Neuropsychiatric Disorders

          



        



        



        		

          Summary and Open Questions

        



        		

          Author Contributions

        



        		

          Funding

        



        		

          Acknowledgments

        



        		

          Abbreviations

        



        		

          References

        



      



      



    



  



OEBPS/Images/fimmu-11-604179-g002.jpg
Disturbed Gut-Brain Axis






OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/table1c.jpg
Loy | STepee oo Lpupae- 11 In:Yie senn- S0 Lo

Dscase andstiatum ean
Painson's PO patints Foior form o - syucn Cosdocta.
Dseaso and odenis induoed NLRPS. ond casaso- @)
Tmedated 19 secaionn
monocytes and BY2 microga,
orvi TLRZ:snaing in microgia
Paknsons  POpaieals  Paioniswiha  Bacubation ofNURPS Mouton Lger
Oiseaso admco  PARK muaon,  inammasomo octaton i otal (29)
PARKZ:, PN/ microgiaand macrophages
meo PARKZ./- a0 PNKT-/- .
i was. conined i bood
e macrophages of patents
wilh PARKR mutaton.
painsor's Human acive caspase-1 ceaves a- Wang ot
Discase dopamnagic ‘Synucion which then nowly e
nourobiasioma foms acsynucen aggrgates.
ks Neurond touichyt .
Painsor's Fat il ioton of - Gvoni exrosson f L-1h Foran ot .
Dscaso L1pwin substanta ngra nkced e
adroviuses  actvaton of astocyls and
mictogia and progressive death
of dopamergc nourons —
) imotormpaitents. .
Painsor's Fat LPS induced 106 Inton ofcaspase-1 — NURP Moo atal. 242
Dscase oy dopamine-  infammasome Sgnaing
incuood POats.  prteins} and imgroment i the
ccion of caspaso-  umber of dopaminage
intibor A WAD-  nourons.
Y3
Painson's  Mowse. wsynucen ASST  IL-1plovls nhemirain. Fanetal 249)
Dseaso wansgenic PO -
dotint for
caspase:t
Patinson's Moo MPTPniuond PO Dystoquation of NLAZS NLRPG./- mica ar rsistant to o oss of Yaneta. @44
Dsease mco defcentfor lamasoma conrutes o ha  copaminargc nurons incuced by MPTP. This vas
NAPS owlopment of MPTP-duced  assonated i caspase- 1+ L1 and L-181
Jossof gl dogeminergo
nouons.Cicuating dopamnd s
aNLARS ntammasome
i,
Nouopsycnatio  Doprossed. Toprosson and aciy of Acocor Gomez
dsordes Bipokar, and NLRPS nfammasmo otal i)
5D patnts Suesetactal.
220
BacaMazo
et i)
Noopeychiaic MDD patans L1p AoocsGomez
dsorders oo ot @i7)
Neuopsyctiatic SSD, ASD, 1 NLRPS, caspaso1, ASC, L- Hybnetal
dsordes 000, NsSD. 101N, TN mANA ein
patents PBNC, fptasmitc vl of 11,

1L18,L-1R, TNFa, and 16





OEBPS/Images/logo.jpg
’ frontiers
in Immunology





OEBPS/Images/fimmu.2020.604179_cover.jpg
, frontiers
in Immunology

The Gut-Brain Axis: How Microbiota
and Host Inflammasome Influence
Brain Physiology and Pathology





OEBPS/Images/table1.jpg
Disorder/  Model Treatment/ Findings. Mechanism References

Deficiency Method/
Genotically
modifiod animals
Mutigl scerosis MSpaients  Anayss ofsenum  ASC and caspase-t ASC and caspaso-1 were ound 10 bo devated nthe  Keano et a.
samples (ntammasome proteins) e serum of MS patients compared 10 the contrl goup. (215)
potenta biomarkers for IL-1§ was found 10 be decreased. ASC evels were
precicon of Gsoase onsst ASC  igher n MS patinis wih modeate disease onset
is a potenta bomatker for  compared [0 he mid group.
‘sowrity of tho iseaso.
Mutle sceross MS patits L1, 118, Caspase-11 n Inous and
PBMOs and the CSF. ‘Shinorara
(216 Mamk
and Powor
2017017
A Mowse MOG-CFA L1 isimportanty invoed in the Sutonetal.
immunizaton with  pathology of EAE by promotng @18
pertusss toxn (PTX.  paihogeni autcantigenspeciic
AR mico THLA7 cals, s IL-1R1/- mice
showed alower ncidence of
EAE compared to wt mice aftr
immurizaton.
A Moo MOG-CFA Inflammasomo activaton Vosteta. (219)

immunization with  miciog and border-associated
portusss oxn (PTX)  macrophages has a man

responsvity for the
‘devolopment of EAE. Essentil
bacterl inflenco on tha roeaso.
oA,

A Mowse MOG-CFA Iflammasoms acthatonis  PTX actvates TL4 sgnaing i pertonea myeod  Dumas et al.
immunizaton i needed for PTXinduced oals, s eads to pro L1/ expression and the 20
enymaticaty actve  adhosion of neurophison  formation of apyrn-dependent infarmasoo, and
adinactve. ‘cerobral caplries and tigger  activ IL-1P. IL-1 stimated iromal cols 0 Secreto
pertusss toxn (PTX)  encophaomyeitis i mice. IL-6, hich alows levkoope adhesion on ceedral

capitaris, Caspase- -, ASC- orpyrin-cofcent mice
developed less severe EAE pathogenesis.

AE. Moo MOGCFA Priming of encophaltogenic T PTX induood ecrutment of monocytes and neutrophis. Ronchiota
immunizaton with  holpor CDAs T col subsat was 10 hmph nodes, wherd they poduco IL1p. s (113)
perussistoxn  dependent on ASC-dependent  prmes encephaltogenc T heper DA+ cels which are
PO Pycad” mice IL-1B producton. responsilofo tho mmune reacton and diseaso

Gevelopmen. Priring of these T cols happens i an
ASC-dependent production of 1.
uhoimors  AD pasents IL18, 1L-181 in oceons, Grtfneta.
Discaso micogia and astioytes 21), Smard
surounding AP plaqes. otal @22,
Olaetal.
29,
Malaguamera
etal (220),
Otk et o,
22
Auneimers  AD patents NLRP3, ASC, Caspase-1, 5, IL- Melaguamera
Discaso 19,181 in PBCs. otal @224),
Sacsetactal,
226) Bossis
otal (227)
Auheimers  Primarymouse Inviro stimdation  Firlar AB amyoids induoed L Hatootal
Disease odlsandool  wihABamyods 1 secreion from mirogia v @28
s for NLRPS nflmmasomes.





