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Abstract

:

Rheumatoid arthritis (RA) is an autoimmune disease with an unknown etiology. While certain genes provide strong susceptibility factors, the role of environmental factors is becoming increasingly recognized. Among genetic factors, human leukocyte antigen (HLA) genes, encoded within the major histocompatibility complex (MHC), have been linked to predisposition to RA, while among environmental factors, smoking, infections and diet are the major contributors. Genetic and environmental factors impact microbial composition in the host. Based on the dysbiosis observed in the gut and lung microbiome, a mucosal origin of RA has been suggested. However, proving whether genes or microbes provide a stronger risk factor has been difficult. Studies from RA patients and various mouse models, specifically humanized mice expressing HLA class II genes, have been instrumental in defining the role of environmental factors such as smoking and endogenous small intestinal microbes in modulating arthritis severity. The consensus based on most studies support an interaction between host genetic and environmental factors in the onset and severity of disease. However, until now, no microbial markers for disease prognosis or treatment efficacy have been available. Here, the role of gut microbes as markers of disease severity, and the potential for using endogenous commensals for modulating immune responses to suppress inflammation in the context of genetic factors, are discussed.
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1. Introduction


Uncovering the role the microbiome plays in human health, along with technical advances in sequencing the microbiota, has led to an understanding that we live in symbiosis with our microbiome [1]. However, that symbiosis is dependent on many external factors including diet, environment, lifestyle, personal hygiene, and infections, among others [2,3,4]. Besides external factors, host genetics also might play a role in determining the microbial composition of an individual [5,6,7,8]. ‘You are what you eat’ is a common expression used to describe the healthy and non-healthy impact of our diets. While our environment influences many physiological functions directly or indirectly, the question of why only some individuals in the same environment are adversely afflicted by several of these factors is unclear. Also, individuals can suffer from dissimilar effects of the same environment. For example, smoking does not cause pathology for everyone exposed to it. The major reasons for these differences have been attributed to genetics and epigenetics, which can turn genes on or off. Indeed, epigenetic differences in sex chromosomes account for many autoimmune diseases and cancers, with autoimmunity observed more often in women and cancers in men [9]. Humans harbor many polymorphic genes that are involved in producing enzymes and molecules which impact epigenetics and various physiological functions. Post-translational modifications such as DNA methylation and histone modifications are common processes required to clear infections. Some of the enzymes required for these modifications are produced in the gut with the help of the microbes residing in the gut, which help in the biotransformation of various products for their use by the host. In addition, microbes can cause alterations in the gene expression of the host via epigenetics, thus connecting the environment with the immune system [10,11,12].



The human body is host to trillions of microbes on various mucosal surfaces. The intestine provides the biggest mucosal surface and carries the maximum number of microorganisms, including microbes as well as fungi, viruses and archaea, which support physiological functions locally and systemically. Colonization of the intestine begins in utero and continues throughout early childhood until the age of 3 years, after which it stabilizes based on exposure to external factors [13,14]. The gut microbial composition evolves in microbial diversity and richness in symbiosis with the host, dictated by an individual’s environment, and bacteria acquired during birth and in utero are no longer represented predominantly during adulthood, though some maternal microbial clades can be present, suggesting a core microbiome [14,15]. The microbiome of an individual is like a unique fingerprint which has enormous impact on various immune functions locally as well as systemically.



What is a healthy microbiome? Further, does environment define the microbial composition of an individual, or do genetic factors determine microbial composition and enrichment in the gut? The published literature does not provide a clear picture, as major work has been conducted in animal models. For humans, the most easily available sample for determining intestinal microbiome is stool. Sequencing for bacteria for defining microbial diversity and composition in the upper gut requires biopsy, which is not feasible in most conditions except for certain gastrointestinal diseases. However, stool microbiota provides an incomplete picture of the microbial diversity, function and role in various conditions, as microbes in the upper gut interact with the immune system and could play a crucial role in intestinal and extraintestinal diseases. Mouse models of diseases have highlighted the importance of small intestinal microbes in various conditions including arthritis, as discussed below [16,17,18]. Studies with germ-free mice are good models with which to study specific mechanisms but are not ideal as humans and animals do not live in germ-free conditions. Even though advances in technology have helped us understand the crosstalk between the gut microbiome and immune system, there is still limited information on its use as a marker of disease and treatment efficacy. This brief review focuses on the role of intestinal microbes in inflammatory diseases such as RA and the use of intestinal commensals for suppressing inflammation.




2. Interaction Between Environmental Factors and Genes in Autoimmunity


Dominant mutations in genes contribute to the overexpression or deletion of proteins, which can result in associated conditions; for example, mutations in protein tyrosine phosphatase non-receptor type 22 (PTPN22) have been linked to autoimmunity [19,20]. Although the direct impact of genetic abnormalities associated with diseases is understandable, epigenetic changes that cause such conditions are difficult to prove. Recent technologies like whole-genome sequencing is providing a leap forward for such conditions. Various gene therapies are being developed for inherited conditions, where genes for the correct proteins/molecules are delivered using vectors, stem cells or liposomes to direct them to make proteins/molecules that can correct the body’s response [21,22].



The question is whether all genes are amenable to alterations for generating correct responses? Genes within the major histocompatibility complex (MHC) encoding for human leukocyte antigens (HLA) are the most polymorphic region in the human genome. HLA molecules present extracellular pathogen-derived peptides to generate an immune response to clear infections. Recent studies on the severity of viral infections such as SARS-Cov-2 and its resistance and clearance have shown a correlation with HLA polymorphism [23,24], and, though not yet confirmed, long-term side effects may also be linked to genetic factors including the HLA genes. One of the reasons for this could include a bystander effect of a robust response or a molecular mimicry of pathogenic epitopes with a self-epitope ensuing an autoreactive response when presented with HLA molecules. Indeed, patients with various autoimmune diseases harbor certain HLA genes more often than healthy populations [25,26]. However, not all individuals with disease-susceptible HLA genes develop diseases. HLA-DR occurs in linkage with HLA-DQ genes, and while certain combinations provide a higher risk of developing pathologic conditions, they may be crucial for pathogen clearance. One such HLA gene is DQ8, which is common in various populations but has been linked to many inflammatory diseases, including rheumatoid arthritis, celiac disease, multiple sclerosis, diabetes, etc. [25]. HLA-DQ8 provides a unique perspective on the role of genetic factors in health and disease. It occurs in linkage with DR4 genes and, based on the DR4 subtype, it forms a susceptible haplotype present in many conditions including RA. DQ8 is a promiscuous molecule and evolutionarily might have an advantage of presenting various pathogenic epitopes, as well as being able to present post-translationally modified epitopes [27]. However, altering such genes is not a feasible approach for treating inflammatory conditions. For most conditions, only the downstream events of inflammatory immune responses are blocked by treatments using biologics, NSAIDs and immunosuppressives.




3. Rheumatoid Arthritis—A Consequence of Interactions Between Environment and Genetic Factors


Rheumatoid arthritis is a multifactorial autoimmune disease with an unknown etiology which can cause joint damage and disability [28,29]. A familial aggregation of the disease underscores the role of genetic factors [30,31]. The genetic underpinnings of RA have been explained by an increased occurrence of certain HLA class II genes and other non-MHC genes in patients [32,33,34]. Among HLA class II genes, HLA-DRB1*0401 has been linked to RA in multiple studies. However, ethnic variability in the HLA genes has led to variable associations with RA based on the ethnic population. This led to the proposition of the “shared hypothesis” (SE), according to which HLA alleles sharing the third hypervariable region with the DRB1*0401 were associated with RA in most populations. Patients carrying ‘SE’ demonstrated stronger links with seropositive RA [35]. This hypothesis assumed that HLA molecules in SE present an arthritogenic antigen. However, due to a lack of a specific arthritis-causing antigen, it has been difficult to prove the causative impact of the associated HLA-alleles. Since HLA-DR and DQ occur in linkage, later studies determined the role of HLA-DQ3 (DQ7 and DQ8), known to be in linkage with DR4. These studies linked severe disease with the presence of DQ7 and DQ8 in two different populations [36,37]. The observations were tested using humanized mice expressing HLA-DQ8 and the haplotype DRB1*0401/DQ8, which implicated the role of HLA-DQ in arthritis. Using mice carrying the RA-resistant allele HLA-DRB1*0402 and the haplotype *0402/DQ8 in an arthritis model demonstrated that the DQ loci could be prominent in disease predisposition, while DR4 subtypes acted as modulators of inflammatory response and sex-specificity [9,38,39,40].



While initial studies used serological means to define the link between HLA-DRB1/DQB1 and RA, later studies mapped single nucleotide polymorphisms (SNPs) [41,42]. Using large cohorts and SNPs, the association between the HLA region and RA were observed to be independent of the shared epitope [43]. Genome-wide association studies (GWASs) have associated 106 genes with susceptibility to RA [44] and a difference in genetic associations between seropositive and seronegative patients, suggesting it is a polygenic condition. The fact that genetic variability can differentiate seropositive and seronegative disease suggests that it can be used to characterize disease heterogeneity. The fine mapping of the GWAS identified variants of some causal loci, such as PTPN22 and Tyk2 [45]. Further studies have defined epigenetic marks in specific cell types to distinguish causal versus non-causal variants associations with RA [46]. With the advent of profiling gene expression and the functional aspects of a single cell, it is possible to define the causal cell-specific phenotypes in the synovium and periphery. Since many environmental factors can cause epigenetic changes, an implicated interaction between genetic and environmental factors is integral to the onset and progression of the disease. Among the environmental factors, smoking has been studied extensively and has been linked to seropositive RA [47]. The consequence of smoking is the increased presence of citrullinated peptides that can be presented by HLA-DRB1*04 as well as HLA-DQ8 [48,49,50], generating a cellular and humoral immune response to self-antigens. Smoking has been linked to higher levels of anti-citrullinated antibodies and with severe seropositive disease, specially in DRB1*0401-positive patients and SE positive individuals. However, not all smokers develop RA, and healthy individuals can also be positive for ACPA [47,51].



The interaction between the genetically susceptible HLA molecules and smoking in exacerbation of RA was elucidated in mouse models where humanized mice expressing HLA-DQ8 and DRB1*0401 were exposed to cigarette smoke and induced collagen-induced arthritis (CIA). HLA-DQ8 mice exposed to cigarette smoke developed severe CIA with antibodies to citrullinated proteins and rheumatoid factor (RF) along with lung pathology [48,52]. On the other hand, DRB1*0401 mice did not develop severe disease, but showed sex-specific bias in arthritis [38,39,40]. The exposure of *0401 mice, as well as mice carrying the RA-resistant gene, DRB1*0402, to cigarette smoke generated a similar response to native and citrullinated self-peptides [50], even though *0402 mice did not develop arthritis, suggesting an interaction between the impact of HLA genes and environmental factors on RA onset [53].



Besides smoking, an infectious etiology has also been proposed for RA onset. An increased presence of certain pathogens, such as Proteus mirabilis and Porphyromonas gingivalis, as well as antibodies to certain viruses such as parvovirus and Epstein–Barr virus (EBV), are present in patients with RA [54,55,56,57], linking infections to RA onset. Some oral microbes such as P. gingivalis and P. butyrica carry the enzyme peptidyl arginine deiminase (PAD) required for citrullination and can contribute via the citrullination of self-proteins [58,59,60]. One can speculate that in individuals with genetic susceptibility, exposure to infections might help break tolerance to self-proteins in case of molecular mimicry with pathogen-derived products. However, the limitation of this hypothesis has been a lack of a specific pathogen in various ethnic groups that could explain the onset of RA. Importantly, environmental factors such as smoking alter the lung microbiome as well as the intestinal microbial composition [61]. RA patients display dysbiosis in the lung lacking Prevotella and Porphyromonas. [62]. In addition to intestinal and lung dysbiosis, alterations to the oral microbiome [60,63] and subgingival microbiome, and the presence of oral microbes such as P. gingivalis in the synovial fluid of RA patients [64], suggest that RA-linked microbes can cause leaky gut and travel to the joints.



These observations led to the concept of a mucosal origin of RA. However, the contribution of various mucosal sites is still unknown. Indeed, mucosal sites share microbes and, dependent on the origin of the break of tolerance, resident microbes of specific mucosal sites may be involved. Since the intestinal microbiota is the most abundant and diverse and is involved in controlling immune response locally and systemically, it has garnered the most attention for a link between the microbiome and diseases.




4. Microbiome in RA


Humans are host to trillions of microbes that form an ecosystem which is required for the homeostasis of the immune system. Disruption to that ecosystem can cause dysbiosis with abnormal immune system function. Since the gut contains the maximum number of microorganisms, alteration in microbial composition due to environmental factors can disrupt the homeostatic milieu in the gut. It can also provide an opportunity for the expansion of a pathogenic microbe. Subsequently, this could lead to becoming involved in continuous low-grade inflammation, which can easily break tolerance in the event of insult to the immune system. Indeed, preclinical autoreactivity can be present in patients with RA for up to 10 years prior to transitioning from asymptomatic to clinical onset of disease. Smoking has been suggested as one of the factors that can cause preclinical autoreactivity; one can speculate that endogenous factors such as the gut microbiota might play a role in preclinical autoreactivity.



While diet, lifestyle age and hygiene show a strong impact on intestinal microbial composition, immunogenetic control of the microbiome has been established [5], suggesting that genetic factors and immunity might determine the genus and strains that can survive and live in harmony with an individual’s immune system. Thus, an individual carrying a genetically susceptible RA-associated HLA allele might harbor opportunist pathogens which can expand under certain circumstances. This concept was confirmed in RA patients where established seropositive RA patients with severe disease showed an expansion of Eggerthella lenta and an altered metabolic profile [63,65]. Whether E. lenta is causative or contributes to RA pathogenesis is unknown. A mouse model was utilized to investigate whether E. lenta is causative for arthritis. Humanized mouse models confirmed the contribution of E. lenta in preclinical autoreactivity as naïve DQ8 mice colonized with E. lenta produced rheumatoid factor (RF) and generated responses to peptides derived from type II collagen (CII). DQ8 mice with CIA gavaged with or without E. lenta generated responses to E. lenta, suggesting a cross-reactive response to endogenous protein as a causative factor. A comparative analysis showed that certain E. lenta proteins share homology with sequences in CII [66]. Further, arthritic mice gavaged with E. lenta developed CIA with an earlier onset and higher antibody levels similar to observations in RA patients. In addition, E. lenta expansion caused dysbiosis with reduced diversity and metabolic alterations which resembled that of aged individuals. However, E. lenta in naïve mice, without an activated immune response, did not cause arthritis, suggesting a second insult to the immune system can result in pathogenesis in genetically susceptible individuals with preclinical autoreactivity.



It is difficult to test the metabolic profile of RA patients before they become symptomatic, and since autoreactivity can occur much before actual transition to joint involvement, mouse models are necessary to determine when and which metabolic changes are important for pathogenicity. For this, DQ8 mice were tested for alterations in the metabolic profile specific to E. lenta expansion by comparing the untargeted metabolic profile before and after E. lenta gavage in arthritic mice. E. lenta expansion caused a significant increase in secondary bile acids and their receptor, sphingosine 1 phosphate receptor 1 (S1PR1), which has been linked to gut inflammation and the regulation of lipid metabolism, as well as the senescence of fibroblasts [67,68,69,70]. On the other hand, there was a significant decrease in amino acids, including citrulline and tryptophan, required for protein synthesis, while tryptophan-derived indoles were increased [66]. Reduced tryptophan led to a reduced de novo production of Nicotinamide Adenine Dinucleotide (NAD), known for its anti-inflammatory effects and promotion of arginine biosynthesis, thereby reducing Th17 differentiation and inflammation [71,72,73,74]. Reduced NAD levels in E. lenta gavaged mice were associated with an increase in IL-17-producing T and B cells [66]. Indeed, microbiota-derived indoles have been linked to CIA in mice [75]. Besides augmenting disease severity by altering microbial composition and function, E. lenta also skewed the autoreactive response in a sex-specific manner, with more antibodies in female mice and seropositive female RA patients. These data clearly implicate that in endogenous opportunist bacteria, which are otherwise involved in metabolism, E. lenta metabolizes arginine, which can become pathogenic under some circumstances. Further, it is possible that gut commensals contribute to the sex-specificity of autoimmune diseases.



The other examples of the contribution of pathogenic endogenous bacteria include Prevotella copri, which was observed in new-onset RA patients (NORA) [76], and Subdoligranulum didolesgii isolated from at-risk individuals, which was shown to trigger joint swelling, as well as autoantibodies to CII in germ-free mice [77]. The dysbiosis and expansion of pathogenic microbes can increase intestinal permeability, leading to an egress of bacterial products. RA patients harbor antibodies to peptides derived from P. copri [78]. However, the enrichment of genes in P. copri and its function was dependent on the diet, suggesting an impact of diet on microbial composition and functional status [79], which can contribute to the local milieu.



There are many studies that have described dysbiosis in RA and the presence of specific taxa. How this expansion of a taxa contributes to the onset of RA is still unclear, though mouse models have provided information on their contribution to the dysregulation of immune system and preclinical autoreactivity (Figure 1). However, what causes the break in tolerance from preclinical reactivity resulting in symptomatic disease is still being investigated.




5. Gut Commensals as Predictors and Probiotics


Since intestinal microbes had been indicated in pathogenesis, the question arose whether commensals can also be used to predict treatment efficiency or disease progression. Measures of clinical disease activity are used regularly to assess patients’ disease status; however, there are no available biomarkers that predict disease progression or treatment efficacy. Recent studies have demonstrated an increase in microbes of Actinobacteria phylum, specially genus Collinsella and Eggerthella [63,65], which correlated with severe disease. In an effort to ascertain microbiota as predictors of treatment efficacy, RA patients treated with Methotrexate (MTX) were followed for alterations in microbial composition and response to treatment [80,81]. Observations demonstrated that MTX responders had diverse microbiota, which were partially normalized and differential compared to non-responders. Clinical response was associated with an increase in Prevotellaceae family presence in established RA patients and OTUs of Prevotella species in new-onset RA patients [80,81]. Clinical improvement was linked to sugar metabolism, fatty acid and beta-oxidation and biotin biosynthesis, all of which are functions that require intestinal microbes [80]. These studies point to microbial and metabolic markers as predictors of treatment; however, studies in bigger cohorts and ethnic groups need to be conducted.



The major function of gut commensals is to harvest energy from the diet and contribute to the immune system by producing short chain fatty acids (SCFA); it is possible to define the genus that can be used as a probiotic for treating RA. Faecalibacterium is a predominant butyrate, SCFA and producer in healthy humans which is reduced in RA patients. A low abundance of F. prausnitzii causes a decrease in butyrate production [65,82] and production of IL-10, an anti-inflammatory cytokine [83]. F. prausnitzii modulates the immune response by suppressing NFkB [83,84,85]. Patients with RA harbor higher levels of bacteria that consume butyrate, which has been linked to disease severity [86]. Systemic autoimmunity has been associated with low levels of butyrate-producing bacteria [87]. Butyrate is used by colonocytes for epithelial layer repair, thus it might contribute to improving intestinal epithelial permeability. Indeed, supplementation with butyrate has shown potential therapeutic effects on suppressing inflammation [87]. However, since Faecalibacterium is present in abundance in humans, its supplementation may have limited benefits.



Besides Faecalibacterium, other common genera like lactobacilli have been studied for treating RA. In a randomized controlled clinical trial (RCT), a mixture of lactobacillus species, Lactobacillus rhamnosus and Lactobacillus reuteri, or probiotic Lactobacillus casei, were used to treat RA patients, which led to a reduction in proinflammatory cytokines IL-1α, IL-6, IL-12 and TNF-α [88], as well as a decrease in swollen joints [89]. The administration of Lactobacillus casei in a mouse model of arthritis also demonstrated reduced antibodies, leading to a decrease in arthritis incidence [90]. There are many potential mechanisms by which probiotics can provide health benefits to the host [91]. Probiotics can compete with pathogens, produce SCFAs for epithelial cell repair to reduce gut permeability, reduce inflammatory cytokines, generate T regulatory cells, leading to the production of IL-10 and dampening inflammation, suppress proliferation and alter microbial composition, which supports good health. However, not all mechanisms have been explored, and, due to individual and spatial microbial variability, no probiotic has yet not shown benefits in all patients.



In humans, most studies are conducted with fecal samples as upper-gut bacteria are difficult to access and require biopsy. Microbes can have niche-specific impact, as microbial diversity and functions along the intestine are based on nutritional requirements. For example, Prevotella is a predominant genus in humans; however, based on the niche, variable properties have been observed. Fecal P. copri has been linked to NORA patients [76], while duodenal Prevotella has been associated with immunomodulatory and probiotic properties in arthritis [17,82,92]. A novel Prevotella histicola isolated from duodenal biopsy when administered to arthritis-induced DQ8 mice in prophylactic and therapeutic protocols showed significant reduction in arthritis incidence and disease severity [17,82,92]. The suppression of arthritis severity was accompanied by alterations in intestinal and fecal microbial composition, with an increase in butyrate producers and tight junction proteins, thus improving gut epithelial integrity [93]. Since upper-gut bacteria are more likely to interact with the immune system, the study also analyzed alterations in immune cells caused by P. histicola in arthritic DQ8 mice. An increase in T regulatory cells and myeloid suppressors leading to an increase in IL-10 production with reduced autoantibodies was observed in P. histicola-treated arthritic mice as compared to non-treated arthritic DQ8 mice. The novel P. histicola colonized the duodenum of mice and augmented the production of butyrate, and also has genes involved in biotin and folate synthesis and metabolizes sugars, factors observed to be associated with treatment efficiency [80,92]. Recent data have shown that duodenal P. histicola suppresses arthritis severity in DQ8 mice, mimicking the efficacy of the TNF inhibitor (TNFi) that is a commonly used biologic for treating RA [94]. Additionally, P. histicola could prevent the flare of disease activity caused by the discontinuation of TNFi.



These observations suggest that intestinal commensals and their function can be used as markers for predicting disease progression and for preventing disease severity. It might be possible to use commensals such as P. histicola to lower drug doses to prevent side effects. Since P. histicola is reduced in autoimmune diseases and is present in healthy humans, treatments might not cause serious side effects. Whether it is the genetic profile of an individual which leads to a deficiency of P. histicola in patients, or the impact of environmental factors is unknown.



In a vegetarian diet specifically, fiber is known to increase the abundance of the Prevotella genus [95]. Is it possible to increase potential beneficial commensals by changing diet to help suppress inflammation? Indeed, a high-fiber diet has been demonstrated to alleviate type 2 diabetes by altering the gut microbiome [96]. While the mediterranean diet, which is known to include fiber and healthy fatty acids, has shown beneficial effects in arthritis [97,98], there is no diet that has been shown to prevent RA, though it can reduce inflammation [99]. Since dietary requirements can differ based on sex and have sex-specific effects, this needs to be evaluated in patients.




6. Genes and Microbes Are Drivers of Health


What is the connection between inflammatory diseases, infectious diseases, autoimmunity and cancer, and is there a common strategy for their treatment? If we presume that our genes control the immune response, microbiome, metabolome, epigenome and proteome, we can attempt to modify the products, but not the genes, or at least not all genes. We can control gene products; for example, if our food habits are healthy, even though an individual harbors susceptibility genes, the microbiome can be altered, albeit transiently, modifying the resultant immune response and related functions. The senescence of the immune system is considered a hallmark of RA. The impact of microbial diversity based on age and its interaction with the immune system in health and disease have been reviewed, with most studies being in agreement regarding the impact of microbes on systemic immunity during aging and in extraintestinal diseases [3,59,100].



Microbes can have niche-specific effects, and based on the diet, their gene enrichment may define the impact on the immune system, as indicated by the Prevotella genus in RA, where one Prevotella species is associated with RA onset while another is linked to treatment efficacy, as well as suppressing inflammation [17,59,76,81]. Since P. histicola simulates the action of a biologic drug, the use of commensals as probiotics or prebiotics for reducing inflammation is a possibility, as shown by [18,94]. The role of the diet in healthy aging by modulating the diet and the microbiota has been explored in a comprehensive review [2]. An epigenome–microbiome axis will show that genetic factors and microbial diversity interact. An individual with disease-susceptible genes might harbor certain opportunist commensals which in healthy conditions behave normally, but under certain circumstances such as stress or infections, can expand, resulting in microbial/metabolic dysbiosis.




7. Conclusions and Future Perspectives


This review is focused on the role of the gut microbiome and genetic factors in inflammatory RA in patients and mouse models of arthritis. The studies presented here indicate the role of genetic factors, specifically HLA genes and altered microbial diversity in RA pathogenesis. Dysbiosis with the involvement of specific pathogens may be different in various populations, and studies have shown the role of endogenous microbes in preclinical autoreactivity, as well as markers of treatment efficacy [3,6,59,101]. Microbial modulation using endogenous commensals can suppress inflammation in a similar way to biologics. There is an exponential growth of studies describing microbial associations with RA in various populations; 255 original research and 204 reviews, as per a bibliometric analysis performed last year [101]. This review is focused on the impact of microbiota in RA and limits the discussion on the role of hormones, sex and other factors, including diet, race and senescence, that are known to impact RA pathogenesis.



Humans are like a colorful crayon box, with different colors and unique genetic makeup. Women are having children at a later age, does this trend make them more vulnerable to immune disorders? Social evolution may be faster to recognize than genetic evolution. Climate change, zoonotic transmission of diseases, advances in technology and artificial intelligence could be related to social evolution. Over a period of time, it might be possible to find subtle genetic changes that can explain social evolution. Generally, investigative research is very focused, thus interactions among various genes and their functions in various organs are bound to be missed. Though genome sequencing can provide genetic associations with diseases, the question is about how we find safer treatments with lower side effects for all conditions. One method could be to achieve eubiosis via modulation of the gut microbiota. This can be accomplished by various means, including the use of selective probiotics, prebiotic supplementation, dietary changes and fecal transplants [82]. One such commensal is P. histicola, which reduces inflammation in a way similar to TNFi, without causing any pathology [17,92,94]. Since the commensal is a resident of various mucosal surfaces in healthy humans, it is less likely to cause significant side effects. However, for using endogenous commensals as probiotics, viability and delivery need to be optimized. The use of genetically modified commensals expressing anti-inflammatory molecules can be another strategy. Another option could be the use of metabolites, microbe-derived SCFAs and the byproducts generated by the metabolization of dietary factors, as well as those generated by modifications of host proteins such as secondary bile acids. However, one therapy may not work for all patients due to the multifactorial nature of disease. The answer may lie in combining the power of new technologies such as genome sequencing with spatial transcriptomics, epigenomics, metabolomics and metagenomics to identify specific markers and develop strategies to target them in various conditions. These technologies can be revolutionary in providing specific cells and pathways for developing treatment strategies to suppress inflammation. Considering the heterogeneity of diseases and the variability of genetic and geographic factors in various ethnic populations, future studies will need to be conducted in large cohorts from all over the world. Adapting microbial and microbial-derived factors as markers of disease and for treatment efficacy in the clinic will require a uniform strategy.
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Figure 1. Mucosal origin of preclinical autoreactivity and the role of microbes in the pathogenesis of rheumatoid arthritis (RA). Intestinal microbial diversity is shaped by genetic factors encoded within the major histocompatibility complex (MHC-II) and environmental factors including lifestyle (smoking, diet, exercising), infections and geographic location, among others. Besides these factors, epigenetics, sex hormones, and an aging immune system also contribute to microbial composition, thereby establishing a unique microbiome for each individual. Intestinal microbial composition is based on the requirement and function of the region generating spatial microbial diversity. Individuals with RA-susceptible genes may harbor opportunistic pathogens which, under certain circumstances, cause the dysbiosis and expansion of those endogenous pathogens accompanied with reduced diversity. This can alter the metabolic profile with an increase in certain metabolites and a decrease in short chain fatty acids (SCFA) required for a healthy gut. Microbial/metabolic dysbiosis impacts the immune cell profile, causing inflammatory milieu in the gut, thereby increasing gut permeability. If the endogenous pathogen has molecular memory with a self-peptide, it can break tolerance and generate preclinical autoreactivity. Activated immune cells and luminal products can extravasate and cause systemic inflammation. In the joints, these activated cells can trigger the local immune system, causing inflammation and epitope spreading, resulting in a transition from asymptomatic to symptomatic arthritis and pathology. Knowledge of the endogenous pathogen can help define biomarkers of disease onset and progression. In healthy individuals, symbiosis between the immune system and gut microbes producing SCFAs helps with epithelial cell repair and the generation of T regulatory cells, keeping pathogens and inflammation in check. Besides the gut microbiome, other mucosal surfaces such as the oral cavity and lungs may also be involved suggesting a mucosal origin of preclinical asymptomatic autoreactivity. Treatments and diets can alter the gut microbiome and partially restore the microbiome, thus suppressing inflammation. The use of endogenous commensals with probiotic-like properties, such as Prevotella histicola, can generate eubiosis and help maintain T regulatory cells in the gut, which can reverse the inflammatory response and help with reducing symptoms associated with arthritis. Endogenous commensals that imitate the effect of biologics can further aid in reducing the dose of immunosuppressive drugs used for treating patients, thus helping to reduce side effects. 
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