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With the rising prevalence of autoimmune diseases, the role of the environment, specifically the gut microbiota, in disease development has grown to be a major area of study. Recent advances show a relationship and possible cause and effect between the gut microbiota and the initiation or exacerbation of autoimmune diseases. Furthermore, microbial dysbiosis and leaky gut are frequent phenomena in both human autoimmune diseases and the murine autoimmunity models. This review will focus on literature in recent years concerning the gut microbiota and leaky gut in relation to the autoimmune diseases, including systemic lupus erythematosus, type 1 diabetes, and multiple sclerosis.
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Introduction

While once believed to be driven predominantly by genetics, environmental factors and interactions between the environment and genetics are now considered to be major contributors to autoimmunity. It is imperative to obtain a better understanding of these factors to address the rising incidence of autoimmune diseases, develop appropriate therapies, and possibly suggest lifestyle changes. Previously, we discussed the ability of leaky gut to act as an environmental trigger of autoimmunity when genetic susceptibility exists (1). We also discussed the gut microbiota’s ability to modulate intestinal permeability, leading to perturbation or amelioration of disease depending on the bacteria’s pathogenicity. Hence, the microbiota was suggested as a controllable factor to alter the disease course. Here, we expand on these ideas by specifically focusing on recent advances in our understanding of the gut microbiota and leaky gut in three autoimmune diseases.



Systemic Lupus Erythematosus


Background

Systemic lupus erythematosus (SLE) is an autoimmune disease that involves production of autoantibodies leading to inflammation-mediated tissue damages of many organs (2). While affecting both men and women, it appears to have a strong female bias. Characteristics of the disease include kidney inflammation, or lupus nephritis, and inflammation of the brain, among others. Leaky gut is also common in SLE patients (1). Recent research has demonstrated the importance of the gut microbiota in the disease pathogenesis, but to fully elucidate the interactions and mechanisms, more investigation is needed.



Gut Microbiota

The composition of the gut microbiota has been shown to influence the diseased state. For example, the role of regulatory B (Breg) cells in SLE appears to be dependent on the disease stage, as prior to disease onset, B cells seem protective against induction, but later in the disease, B cells appear exacerbating (3). The latter finding is reasonable due to the cells’ ability to present autoantigens to T cells and produce autoantibodies (4, 5). The pre-disease protection by Breg cells is supported by vancomycin treatment resulting in a reduction in Breg cells and subsequent exacerbation of disease (3). Additionally, microbes appear to be involved in this protection, as oral supplementation with bacterial DNA can induce Breg cells and reduce autoimmunity (3).

Gavage studies again emphasize that the specific gut microbiota composition of lupus-prone mice contributes to disease. While female and male juvenile mouse gut microbiota is similar, distinctive differences arise in adulthood (6). Fecal transfer experiments suggest that the female microbiota promotes while the male microbiota slows the disease (6). There is an ongoing debate as to whether this altered gut microbiota composition is a cause or effect of SLE and whether it contributes to disease onset or worsens the active disease (3). While the aforementioned study relating bacterial DNA to disease suppression highlights the role of the microbiota in preventing disease initiation, C57BL/6 (B6) mice receiving fecal transfer from young lupus-prone B6.Sle123 mice do not generate lupus-like symptoms (7). This may support that the gut microbiota acts as a disease exacerbator rather than initiator. In this case, a potential disease pathway has been suggested of genetic susceptibility leading to both autoimmunity and an altered microbiota, which in turn acts to worsen the disease. Similarly, the genetic background of the BXD2 lupus mouse model appeared to be responsible for disease initiation, while commensal bacterial affected its progression (8). Of note, the complex genetics of these mice is specifically designed to better represent human SLE. For ZAP70 mutated mice, the gut microbiota was not essential for disease initiation, but rather gut dysbiosis was essential for full disease onset (9).

Additionally, efforts continue to identify the most impactful species. In some studies, Lactobacillus has been shown to beneficially modulate disease, as gavage treatment of Lactobacillus spp. to the lupus-prone MRL/lpr mouse model improved symptoms and the intestinal barrier integrity (10). Interestingly, the benefit of Lactobacillus was only observed in female mice and when treatment was administered prior to disease onset. Hence, the gut microbiota may exert disease control in a sex- and time-dependent manner.

Further highlighting the gut microbiota, MRL/lpr mice treated with mixed antibiotics post-disease onset exhibited improved lupus-like symptoms along with an increase in Lactobacillus spp. but decrease in Lachnospiraceae (11). Some have thus considered Lactobacillus spp. to be “good” while Lachnospiraceae “bad”. Likewise, vancomycin treatment, which eliminates Gram-positive bacteria, but not Lactobacillus, replicated these results (11). These findings further the idea that Lactobacillus spp. may be an important part of the protective role that the gut microbiota could offer against SLE. However, the possibility that the decrease in harmful bacteria may instead be responsible for these results cannot be excluded.

Furthermore, it seems that gut dysbiosis can act as both a cause and an effect of autoimmunity. Genetic mutations in T cell receptor (TCR) signaling were shown to initiate autoimmunity, by promoting positive selection of self-reactive T cells and systemic T follicular helper (Tfh) cells as well as IgG production (9, 12, 13). Simultaneously, these mutations promoted gut dysbiosis through reduced positive selection for microbial-reactive T cells, leading to reduced gut Tfh cells and intestinal IgA (12). This altered gut microbiota then promotes Th17 cell development which furthers SLE development (12).



Bacterial Translocation

Translocation of whole bacteria, including Enterococcus gallinarum and Lactobacillus reuteri, has been reported in mouse models and patients of SLE (14, 15). Bacterial components, such as lipopolysaccharide (LPS), can also affect lupus progression. LPS interacts with its receptor, toll-like receptor 4 (TLR4) whose activation has been shown to exacerbate lupus (1, 16–18). Dysfunction of the inhibitory receptor, Fc gamma receptor IIb (FcγRIIb) is observed in SLE and has been noted as a disease-causing agent (19, 20). Indeed, in mice with FcγRIIb knockout, translocated LPS and (1→3)-β-D-glucan resulted in much more severe inflammatory response (19). Additionally, gut leakage appears TLR7 dependent, since co-housing with lupus mice only resulted in leaky gut when the TLR7 gene was expressed (15).



Bacterial Metabolites

The role of bacterial metabolites, such as short chain fatty acids (SCFAs) produced by colonic fermentation of resistant starch, in autoimmunity is another area of growing study. SCFAs are thought to have immunomodulatory effects after binding to their G-protein-coupled receptors, such as GPR43 (21–25). These metabolites can also affect gene transcription by inhibiting histone-deacetylase (HDAC) (22, 23). Some studies have shown SCFAs as inconsequential in protecting against or ameliorating lupus (3), while beneficial effects have been observed in the TLR7-dependent lupus model (15). Here, dietary supplementation of resistant starch produced SCFAs, ameliorated lupus and reduced Lactobacillus reuteri (15). More investigation is needed to determine whether SCFAs could be a dietary method to control lupus. Interestingly, while this study concluded that Lactobacillus reuteri alone contributed to lupus development for TLR7-dependent mice, others have found removal of Lactobacillus spp. harmful and supplementation beneficial for MRL/lpr and NZB/W F1 mice (3, 26). Thus, it is possible that effects of Lactobacillus, including amongst species and strains, vary between mouse models and may differ amongst subsets of SLE patients.

Gut microbes also contribute to tryptophan metabolism, which can produce immunomodulating molecules such as aryl hydrocarbon receptor ligands (27–29). Altered tryptophan metabolism has been observed for B6.Sle123 mice, and low tryptophan diets reduced disease severity by preventing anti-dsDNA, improving kidney pathology, shifting the balance from Tfh towards T follicular regulatory (Tfr) cells, and enhancing Treg cells (7). However, Lactobacillus spp. is thought to be involved in leaky gut restoration, but since B6.Sle123 mice do not exhibit leaky gut, probiotic treatment may not be beneficial. Indeed, high tryptophan diets worsened lupus symptoms and increased Prevotellaceae, Paraprevotella and Lactobacillus (7). Thus, it seems that dietary tryptophan and altered tryptophan metabolism is associated with gut microbiota dysbiosis, which can modulate lupus. Additionally, the effects of certain microbes again appear to rely heavily on the type of mouse model.

These studies highlight significant variations in microbiota-mediated disease mechanisms from one mouse model to another. The inconsistency among different mouse models may suggest diverse effects of gut microbiota on human SLE, where disease manifestations vary from patient to patient. A personalized approach toward treating SLE should be taken, with emphasis on acquiring a greater understanding of the pathogenesis for each disease manifestation.




Type 1 Diabetes


Background

Type 1 diabetes (T1D) is an autoimmune disease characterized by the destruction of insulin-producing β-cells in the pancreatic islets of Langerhans by self-reactive T cells (30, 31). While genetic components surely are involved, the growing incidence of T1D suggests a significant contribution from the environment (21). Appropriately, numerous intestinal changes have been linked to T1D, including changes to the gut microbiota, intestinal permeability, and intestinal inflammation (32, 33). Furthermore, the pancreas and intestines are likely lymphatically connected since the duodenal lymph node is synonymous with the pancreatic lymph node (PLN) (34). Since these lymph nodes drain both the pancreas and the duodenum, intestinal homeostatic changes can directly impact the pancreas and possibly contribute to the activation of islet-reactive T cells (35, 36). Of note, non-obese diabetic (NOD) mice are often used to model human T1D since they develop disease similarly with autoantibodies and elevated circulating T cells before T1D onset (37, 38).



Gut Microbiota

Of the two major intestinal barriers, the intestinal epithelial barrier and the mucus layer, the permeability of the intestinal epithelial barrier, often involving reduced or dysfunctional tight junction proteins, has primarily been associated with T1D (39). However, mucus layer alterations, including thinning, breakage, reduced goblet cells and mucus production, and shift toward proinflammatory mucin expression, have been observed in NOD mice (39). As such, these mice were observed to have increased intestinal permeability; but interestingly, no change in structural proteins. Intestinal permeability could act as a T1D trigger by facilitating bacterial component leakage, activating mucosal T cells which subsequently migrate to the PLNs and islets. However, to induce islet-reactive T cells, the presence of gut commensal bacteria appears to be required (39). The specific composition of commensal bacteria appears critical, as maternal NOR microbiota transmission, used as a control for NOD mice, to newborn NOD mice altered their commensal bacteria and prevented T1D (34). Further, cross-fostering successfully restored the mucus barrier and normalized goblet cell levels (34). The reduction in secretory IgA (SIgA) in NOD mice could be a reason for their altered bacterial composition, since SIgA contributes to commensal bacteria shaping (40). Thus, altered commensal bacteria and intestinal barrier dysfunction, could together act as T1D triggers. This is supported by these features and additional proinflammatory intestinal alterations manifesting at an age well before disease onset (34).

Treg cells in the intestine that produce IL-10 can migrate and regulate effector T cells, offering protection against T1D (41). As observed after probiotic supplementation, the gut microbiota also appears to be capable of inducing IL-10 producing cells in the gut-associated lymphoid tissue and prevent T1D (41). Furthermore, a probiotic treatment of Lactobacillus acidophilus, Lactobacillus casei, Lactobacillus reuteri, Bifidobacterium bifidium, and Streptococcus thermophiles (called Immune Regulation and Tolerance 5, IRT5) has shown to at least offer partial protection against T1D (42). This appeared to operate through enhancing Treg homing in the gut, by expressing the gut-homing receptor CCR9, reducing IFN-γ producing T helper (Th1) cells, and reducing intestinal permeability (42).

Polymorphisms of the major histocompatibility (MHC) locus are a genetic feature of both human and murine T1D (31, 43). While NOD mice inherently lack the Eα complex of the MHC-II protein, genetic modifications leading to its expression prevent T1D (44–47). The microbiota may be involved in this protection as microbiota differences of Eα-expressing and NOD mice appears at an early age, approximately when the intestines gain lymphatic connection to the pancreas, and self-antigens are seen in the PLN (31). Maternal expression of the Eα complex seems important, as their progeny experienced reduced T1D incidence and insulitis (31). Notably, this expression only seems protective when the maternal microbiota is intact, as some progeny developed insulitis after maternal antibiotic treatment (31). Furthermore, germ-free Eα-expressing NOD mice developed insulitis to similar extents and severity as NOD mice and germ-free NOD mice (31). On a translational level, this may suggest that antibiotics to mothers and infants could be detrimental by preventing the gut microbiota from offering protection against autoimmunity.



Bacterial Metabolites

In further support of the involvement of the gut bacterial composition in T1D is that mice deficient in the signaling molecule MyD88 are protected from T1D only when housed in non-germ-free conditions (21, 48). Knockout of MyD88 results in the over-representation of Bacteroidetes, which could exert protection from T1D due to their production of SCFAs (22). Direct dietary supplementation suggests benefits of high levels the SCFAs acetone and butyrate (21). While independently, these diets offered only partial protection from T1D, in combination they offered complete protection and reduced leaky gut in NOD mice (21). Therefore, either supporting the bacteria that supply these SCFAs or supplementing directly with SCFAs could potentially mitigating T1D. However, the possibility that other bacterial metabolites may worsen or contribute to T1D onset still should be considered.




Multiple Sclerosis


Background

Multiple sclerosis (MS) is an inflammatory autoimmune disease of the central nervous system (CNS). T cells become reactive against myelin self-antigens, creating a pro-inflammatory environment, and facilitating demyelination and neurodegeneration (49, 50). This appears to involve the differentiation of T cells into Th1 and Th17 cells, and their subsequent excessive production and release of pro-inflammatory cytokines IFNγ and IL-17, as they roam about the CNS (51, 52). While genetics contribute to the disease, the importance of the environment and interactions between genetic factors and the environment should not be undervalued (53–55).



Gut Microbiota

The gut microbiota has been noted as involved in MS pathogenesis (55–57). Indeed, both MS patients and mouse models induced with experimental autoimmune encephalomyelitis (EAE), commonly used to study MS, experience gut dysbiosis (58–62). For instance, in EAE induced B6 mice, the relative abundance of certain bacteria appears to be upregulated (such as Proteobacteria and Deferribacteres) while others downregulated (such as Bacteroidetes) (62). However, probiotic treatment with Lactobacillus reuteri reshaped the microbiota back towards that of the control, and reduced CNS immune cell abundance, infiltration, and abundance of inflammatory cytokines (62). Overall, it seems that interactions between gut microbes may be more impactful in dictating EAE severity rather than individual microbial species (55).

Interestingly, both probiotic Clostridium butyricum treatment and antibiotic norfloxacin fluoroquinolone treatment have been successful in ameliorating EAE in B6 mice despite their contradictory roles (63). While both treatment groups resulted in the expected change in bacterial load and distinct microbiota clustering, they also both resulted in a similar ratio of high Bacteroidetes to low Firmicutes (63). These microbial changes were also observed to alter T cell differentiation away from Th17 cells and towards Treg cells, possibly by reducing the activity of p38 mitogen activated protein kinase (MAPK) and c-Jun N-terminal Kinase (JNK) pathways (63).

Furthermore, while IL-17 is often associated with having a pro-inflammatory role, it appears to be more directly involved in shaping the gut microbiota which in turn affects the disease state. IL–17A and IL-17F double knockout mice exhibited a gut microbiota significantly different from wild type B6 mice and were protected from developing EAE (64). Reintroducing IL-17A expression specifically in the gut epithelium using Cre recombinase expression by the Villin1 promoter, altered the microbiota and promoted EAE susceptibility (64).

Overall, the recent literature advances our understanding of how the gut microbiota regulates CNS inflammation and vice versa, revealing mechanisms to support the efficacy of new treatment strategies, such as fecal microbiota transplantation (65), which is currently being tested for the treatment of MS in clinical trials.

Despite the inclination to associate certain bacteria with predetermined disease effects, the impact of the genetic background makes this association not so straightforward. For mice genetically susceptible to EAE, Lactobacillus reuteri independently exacerbated the disease, but interestingly this strain was in high abundance for the disease-resistant wild-derived inbred strain, PWD/PhJ (PWD) (55). Correspondingly, microbiota transplant from PWD mice worsened disease in EAE prone mice (55). Also of note, Lactobacillus reuteri ameliorated disease in EAE induced B6 mice (62). These results suggest that microbial species can have differential effects depending on the host’s genetic background, which will be a crucial consideration when investigating probiotic therapies for autoimmune diseases.

Additionally, in MS, certain human leukocyte antigen (HLA) class II haplotypes have been observed to be especially prominent, which is important since HLA class II molecules are involved in CD4 T cell selection processes (66, 67). Hence, it is valuable to mention that disease-susceptible transgenic mice expressing human HLA-DR3 and DQ8 genes have disease suppression or reduced severity after treatment with Prevotella histicola (68). Not only was this treatment shown to restore the gut barrier, but also the blood brain barrier, coupled with reduced migration of inflammatory T cells to the CNS. Additionally, this treatment induced Treg cells and enhanced their suppressive function, while downregulating Th1 and Th17 cells and their respective cytokines (68). This again supports the view that bacterial treatment could be a therapeutic option for autoimmune disease, pending appropriate genetic background consideration.



Intestinal Permeability

For EAE induced B6 mice, increased intestinal permeability before clinical disease onset has been observed, along with downregulated expression of antimicrobial peptides and tight junction proteins, which are crucial for the mucus layer and intestinal epithelial layer, respectively (69). These deleterious features were reduced after probiotic treatment using E. coli Nissle 1917, supporting the notion that microbial composition can directly impact gut leakiness and subsequently promote or inhibit disease.




Discussion

Overall, the gut microbiota appears closely involved in autoimmune pathogenesis, likely due to its ability to alter the intestinal barrier. In the modern world, this realization is critical since microbial dysbiosis is very obtainable via the Western diet, antibiotic usage, and excessive sanitation. As demonstrated in Figure 1, this gut dysbiosis could trigger autoimmune disease through two potential pathways. After promoting a leaky gut, bacterial antigens could stimulate intestinal immune cells, generating autoreactive cells that subsequently migrate systemically to their target peripheral organs and initiate attack. However, bacterial antigens themselves could migrate systemically and generate autoreactive immune cells within the lymphatic connections of the peripheral organs. Although the environmental ties to autoimmunity are concerning, these findings offer many routes for studying prospective therapies. It is important to acknowledge that it may be impetuous to classify bacteria as solely “good” or “bad” because of the important interactions between and dependence on the host’s genetics and pre-established microbiota. Hence, both probiotics and antibiotics could be potential treatments. Much more investigation is needed to identify the specific mechanisms and interactions between the microbiota and genetic background to properly design host-specific therapies. Furthermore, dietary interventions, such as a high fiber diet facilitating SCFAs may be promising due to research suggesting their ability to affect immune cell differentiation. Overall, the findings presented here on the contributions of the gut microbiota to SLE, T1D, and MS represent the great strides taken towards advancing the understanding of the role of the environment in autoimmunity. While much still needs to be discovered, current research is paving the way for novel clinical interventions to better manage or prevent these life-altering conditions.




Figure 1 | Microbial Dysbiosis & Leaky Gut Initiated Pathways to Autoimmunity. Both activated autoreactive intestinal immune cell translocation (35) and bacterial antigen translocation (14–19, 70) to peripheral sites can lead to autoimmunity.
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