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Abstract

Purpose of Review—This review will summarize recent data defining the relationship between
rheumatoid arthritis (RA) and the microbiome at mucosal sites throughout the body. It will
highlight what is known, what is speculated, and current knowledge gaps regarding the
microbiome in RA.

Recent Findings—An extensive relationship between the microbiome and immune cell function
can influence RA-related inflammation and T cell and B cell biology. Studies are beginning to
characterize microbial changes in individuals who are at risk for RA, which is a critical element
needed to understand the influence of the microbiome on RA pathogenesis.

Summary—Expanding our understanding of the microbiome in RA beyond the bacteria at the
gut and oral mucosae into the lung and urogenital surfaces, including viral and fungal components,
and establishing the relationship across mucosal sites will be critical in future work. Importantly,
approaches to manipulate the microbiome could lead to novel therapeutic and preventive
strategies.
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Introduction

The human microbiome includes the extensive communities of microbes living
symbiotically throughout the skin and mucosal sites of each individual. Advances in
technologies over the past several decades have advanced our ability to better understand the
beneficial as well as deleterious effects of the microbiome on human health and disease. It is
now well established that the microbiome can directly and indirectly influence an
individual’s immune system development and function. Microbes can directly influence
proper development of the innate and adaptive immune system, the balance of Th17+and T
regulatory cells, and the development of secondary lymphoid structures [1-3]. In addition,
metabolites generated by microbiota can affect mucosal immune cell function and epithelial
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barrier integrity [4]. Certain alterations of the human microbiome can also lead to the
development of inflammation, activation of autoreactive T and B cells, and molecular
mimicry (i.e., cross-reactivity of a microbial and human protein) [5]. As such, effects of the
microbiome have been implicated in the pathogenesis of several autoimmune diseases,
including rheumatoid arthritis (RA).

An important feature in the development of RA is that it develops in multiple phases,
including a pre-clinical phase of systemic autoimmunity that precedes the onset of joint
symptoms and inflammatory arthritis by several years [6]. Because of these multiple phases,
microbiota could have an effect on RA development at one or multiple time points along the
way (Fig. 1). For example, microbiota could contribute to or prevent the expansion of
autoimmunity and inflammation during the pre-clinical or clinically classified phases of RA,
or microbiota could influence transitions between these different phases. In addition, there
are different mechanisms by which the microbiome could influence the development of RA
at these different time points (Fig. 1). There are also multiple sites with distinct microbiomes
that have each been associated with RA pathogenesis. This review will focus the
microbiomes of the gut, lung, oral, and urogenital mucosal sites and data demonstrating their
associations with RA.

Gastrointestinal (Gl) Microbiome

The link between GI dysbiosis (alterations in microbial ecology) and RA pathogenesis has
been a topic of investigation for over 25 years [7]. The gut microbiome makes up the largest
proportion of microbiota in the body, and localized changes in the gut microbiome can affect
systemic inflammation and autoimmunity [8]. As such, understanding changes in the gut
microbiome can be informative to understanding the overall pathogenesis of RA.

Bacterial Changes Associated with Established RA

Cohort studies have identified gut dysbiosis in patients with RA compared with controls,
including a depletion of gram-negative bacteria and an expansion of gram-positive bacteria
in RA patients. In particular, the gram-positive bacterial species Clostridium asparagiforme,
Gordonibacter pamelaeae, Eggerthella lenta, and Lachnospiraceae bacterium were enriched
in RA patients. Interestingly, these bacterial differences seemed to normalize when RA was
treated [9]. Others have observed decreased overall bacterial diversity in the gut microbiome
that is associated with disease duration and the presence of rheumatoid factor (RF) [10]. One
gut microbe that has emerged to be of particular interest in RA pathogenesis is Prevotella
copri (P copri). In 2013, a study by Scher and colleagues demonstrated a significant
expansion of £ copriin the stool of RA patients with untreated new-onset RA compared
with chronic RA, healthy controls, and patients with psoriatic arthritis [11]. A subsequent
study found that £ copri epitopes are presented in the synovial tissue and circulation of RA
patients and could elicit Th1 and antibody responses in various subgroups of RA patients
and not in healthy controls [12¢]. In addition, Maeda and colleagues confirmed the
increased abundance of £ copriin fecal samples of a subgroup of early RA [5]. Interestingly,
transfer of these fecal samples from RA patients to SKG germ-free mice resulted in robust
arthritis after mice were treated with zymosan [5]. Altogether, these data provide a strong
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link between gut dysbiosis and the pathophysiology of RA, although many questions
remain: How does dyshiosis change during the different phases of RA development? Are the
microbial changes causative or an effect of RA-related inflammation? and What is the
specific mechanistic contribution of the microbiome to the development of RA in these
stages?

The Gut Microbiome in Pre-clinical RA

Few studies have investigated the gut microbiome in the pre-clinical phase of RA, but a
recent study by Nguyen and colleagues found that a history of chronic diarrhea was
associated with an increased risk of developing RA [13]. Alpizar-Rodriguez and colleagues
also investigated the stool microbiome of first-degree relatives (FDRs) of RA patients, and
while they did not find differences in bacterial diversity between FDRs with and without
systemic RA-related autoantibodies including RF and anti-citrullinated protein antibodies
(ACPA), they observed an increased abundance in the family Prevotellaceace in FDRs with
systemic RA-related autoimmunity who are representative of the pre-clinical phase of RA
[14ee].

It remains clear that additional studies of individuals at risk for RA are needed to better
understand the role of the microbiome in disease development, but it is also important to
consider what is known about gut dysbiosis and risk factors for RA. For example, HLA-
DRBL risk alleles, which are associated with increased RA risk, are also associated with a
distinct gut microbiome [15], potentially suggesting that genetic modulation of immune
responses to gut microbes could be a mediating factor in the genetic risk associated with
RA. In addition, age, smoking, and diet are risk factors for RA development [16, 17], and
each can have direct effects on the makeup of the gut microbiome [18, 19]. Importantly,
understanding how gut microbes play a role in the breach of immune tolerance and lead to a
systemic autoimmune response can lead researchers to develop novel targeted strategies for
RA management and prevention.

Potential Mechanisms by Which the Gut Microbiome Affects RA

There are several challenges in human microbiome studies that limit the ability to
thoroughly understand the mechanisms by which gut dysbiosis in RA could contribute to
disease pathogenesis. Despite known differences between human RA and murine arthritis
models, murine models are often needed to provide such mechanistic insight. Experiments
in murine models dating back 10+ years have established important connections between
murine GI microbiome composition and arthritis development. Mouse models of
inflammatory arthritis, including the K/BxN and interleukin(IL)-1 receptor antagonist
knockout (ILRn™") models, have significantly reduced disease when in germ-free
environments [20, 21]. In the germ-free K/BxN mouse model, the reduction in arthritis
correlated with reduced autoantibodies, and both disease and autoantibodies increased when
the mice were mono-colonized with segmented filamentous bacteria (SFB) [20], which were
directed by T follicular helper cell (Tfh) differentiation in Peyer’s patches (PPs) that then
migrated to the spleen [22]. Similarly, mono-colonization of germ-free ILRn~/~ mice with
Lactobacillus bifidus induced rapid arthritis development. Conventionally housed ILRn™~
mice develop intestinal dysbiosis characterized by a significant expansion of Helicobacter
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and a reduction in Prevotella as they develop arthritis [21], which is associated with
increased Th1 and Th17 immune responses compared with germ-free ILRn™~ mice [21].
Finally, work by our lab and others demonstrated that microbial depletion with broad-
spectrum antibiotics ameliorates arthritis in the collagen-induced arthritis (CIA) model [23,
24]. We also found that early antibiotic treatment led to reduced autoantibody production,
while later treatment resulted alterations in autoantibody glycosylation, supporting the
hypothesis that the microbiome may influence arthritis development differently during the
different phases of disease [24]. Further supporting our observations that changes in
microbiota lead to changes in B cell activity, recent reports have shown that specific
microbiota-derived metabolites can activate the aryl hydrocarbon receptor on regulatory B
cell populations, significantly attenuating murine arthritis [25¢]. Together, findings from
these models are highly suggestive that bacterial changes in the gut during the stages of RA
development have the potential for modulation of systemic immunity relevant to RA.

Lung Microbiome

It is well established that there is a strong relationship between the lung and RA. Lung
disease is one of the most common extra-articular manifestations of RA and is clinically
apparent in up to 70% of patients [26—-28]. The cornerstone of the mucosal origins
hypothesis is that RA begins with inflammation and autoantibody production at mucosal
sites [6], and studies of the lung mucosa have most strongly supported this hypothesis [29—
33]. While the factors that lead to inflammation and RA-related autoantibody generation in
the lung are likely multifactorial, effects of the lung microbiome could play a key role.

Associations of the Lung Microbiome and RA

Despite strong links between RA and the lung, few studies have characterized the lung
microbiome in RA. In established RA, Scher and colleagues compared the lung microbiome
using bronchoalveolar lavage (BAL) fluid between treatment naive RA patients, patients
with sarcoidosis, and healthy controls [34]. The lung microbiome in RA had less diversity
compared with healthy controls, but the microbial lung dysbiosis in RA was similar to
sarcoidosis despite the absence of self-reported or clinically apparent lung disease in the RA
patients. With no published studies in pre-clinical RA, it remains unknown how the lung
microbiome might influence the early stages of RA pathogenesis.

As mentioned above, smoking is a strong risk factor for RA. It can also induce major
changes to the lung microbiome [35-37]. However, studies have not yet addressed smoking-
related changes to the lung microbiome in established RA or individuals with systemic RA-
related autoimmunity. It is of interest that aberrant neutrophil extracellular traps (NETS)
have been linked to RA pathogenesis. NET formation is a process during which neutrophils
release their chromatin in complex with nuclear and cytoplasmic proteins [38]. Enhanced
NET formation has been demonstrated in the peripheral blood and synovial fluid of patients
with established RA [39], and NETSs can express RA-related citrullinated proteins that have
been associated with ACPA generation in RA [40]. Our group has previously reported that
subjects at risk for RA have increased levels of NET remnants in the lung, measured in
induced sputum [30, 41]. Because microbes are a common trigger of NET formation [38],
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microbial-induced NET formation could provide a potential mechanistic link between the
lung and RA. However, further studies are needed to better elucidate the lung microbiome’s
role in RA pathogenesis.

In addition, the lung microbiome could influence the pathogenesis of RA-associated
interstitial lung disease (RA-ILD). Established and emerging data have found that increased
bacterial burden and perturbations within the lung microbiome are associated with
development, progression, and mortality in various ILDs [42, 43], including idiopathic
pulmonary fibrosis (IPF) that shares clinical and genetic features with RA-ILD [44-47]. One
of the strongest genetic risk factors for IPF—a gain of function promoter variant in the
MUCS5B gene—is also highly associated with the development of RA-ILD [48, 49]. Of
interest, MUC5B overexpression in the distal airway epithelium results in mucin
overproduction, ciliary dysfunction, and a compromised host defense—all of which have the
potential to alter the microbial community within the lung [50].

Oral Microbiome

In addition to the lung and gut, the oral microbiome has also been linked to RA
pathogenesis. In particular, specific bacteria within the oral mucosa, Porphyromonas
gingivalis (Pg) and Aggregatibacter actinomycetemcomitans (Aa), have been associated with
RA pathogenesis via mechanisms of citrullinated protein production. The following section
will further discuss data linking the oral microbiome and RA.

Periodontitis and RA

Periodontitis (PD), one of the most common oral diseases in the adult population, develops
in response to bacterial biofilms that form on the surface of tooth enamel. Supporting
evidence in multiple epidemiologic studies suggest an association between PD and RA [51-
54]. PD has been associated with increased systemic autoantibody production and disease
activity in RA [55, 56], and treatment of PD has been shown to improve markers of systemic
inflammation and RA disease activity [57, 58]. Despite these correlations, the high incidence
of PD in the general population and its poorly defined diagnostic criteria have made it
difficult to fully understand its relationship with RA.

Specific Periodontal Microbes and RA

Specific periodontal microorganisms, namely, Pgand Aa, have been closely investigated in
an attempt to better understand the interplay between RA and PD. Pgis a gram-negative
anaerobic bacteria often termed the keystone microorganism in the development of PD [59].
Pg is unique in that is uses an intrinsic bacterial-peptidylarginine deiminase (PAD) that can
citrullinate both host and bacterial proteins, creating potential citrullinated antigen targets for
ACPA. Various animal models have described a link between Pgand the development of
arthritis [60-63]. Oral inoculation of Pgin rats lead to sero-positive (anti-CCP2+) erosive
arthritis [61], and using a CIA model, treatment of Pg after oral inoculation resulted in
reduced severity and incidence of arthritis [62]. In epidemiologic human studies, antibody
levels to Pg positively correlate with serum ACPA levels, markers of systemic inflammation,
and RA disease activity [64—66]. However, variability is seen across studies, and this may be
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reflective of the heterogeneous antibody testing against several different Pgantigens [67]. In
addition to serological profiling, detection of Pgwithin gingival samples using PCR and
high throughput sequencing provides another means of assessment. Unfortunately, results
have been inconsistent with studies having found both an increased and decreased
abundance of Pg within the oral microbiome in RA [9, 68-70].

It has also been suggested that increased Pg could be independent of RA and instead
explained by other variables such as more advanced PD and smoking [68, 70]. In addition, a
recent study by Tong and colleagues compared the salivary microbiome of individuals with
pre-clinical RA-related auto-immunity (i.e., serum ACPA+ without arthritis) to those with
established RA and healthy controls. While the overall microbial composition was similar in
the RA and control groups, the ACPA+ individuals exhibited decreased overall microbial
diversity with significantly decreased Pg abundance [71¢]. These findings do not preclude an
association of Pgwith the pathogenesis of RA but do suggest that the mechanisms involved
are complex and multifactorial.

Similar to Pg, Aais also a gram-negative bacteria. It is primarily associated with a form of
PD known as aggressive PD, and its expression of leukotoxin-A, a pore-forming protein,
plays the most significant role in pathogenesis of PD. Relevant to RA, Konig and colleagues
found that Aa-associated leukotoxin-A activates endogenous PAD within neutrophils leading
to hypercitrullination within periodontal tissues ultimately forming a citrullinome of similar
makeup to that seen in the synovium of RA [72]. Antibodies to leukotoxin-A were also
prevalent in RA and associated with ACPA and RF [72]. While these data are intriguing,
further studies are needed to better characterize this relationship as these findings in RA
patients have not yet been reproduced by other groups [73].

Urogenital Microbiome

The urogenital microbiome, primarily consisting of microbes in the lower genital tract, is
generally less well studied than microbiomes of the gut, lung, and oral mucosae. In women,
the female genital tract microbiome is uniquely characterized by low diversity and is
predominated by a community of Lactobacillus species [74]. Microbes of the urogenital tract
have the potential to influence autoimmunity and RA in similar manners as those described
for the gut, lung, and oral mucosae, but the unique characteristics of the female genital tract
microbiome raise the possibility that they could also play a potential role in sex differences
in RA.

Urogenital Microbiome in RA

There is limited data exploring the urogenital microbiome in RA. Older literature suggested
a link between RA and Proteus mirabilis (Pm) [75-77]. These data included the
identification of higher anti-Pm antibody levels in RA patients compared with controls,
higher rates of Pmisolation from the urine of RA patients, and sequence homology between
amino acid motifs that bind the shared epitope and Pm. However, these studies were only
performed in individuals with established RA and do not include individuals in the pre-
clinical phase of RA, making it difficult to distinguish whether this association is related to
the development of RA or a consequence of RA. Sandberg and colleagues found that

Curr Rheumatol Rep. Author manuscript; available in PMC 2021 October 06.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Wilson et al.

Page 7

urogenital tract infections were associated with a decreased risk of developing RA in a
Swedish population-based case-control study [78], but the contribution of urogenital
microbial dysbiosis in the absence of overt infection has not been studied related to risk of
developing RA.

When considering the potential role of the urogenital microbiome in RA, it is important to
consider that women develop RA approximately 3 times more often than men [79]. Yet, the
etiology of this sex difference is unknown. Hypotheses include immunologic effects of sex
hormones and pregnancy as well as genetic or environmental risk factors disproportionately
effecting women. However, an additional area that should be explored in more detail is the
effect of the vaginal microbiome on inflammation and autoimmunity in the development of
RA, particularly given that dysbiosis in the vaginal microbiome can trigger RA-associated
inflammatory cytokines (e.g., IL-1p, IL-6, IL-8, and TNFa) as well as Th1 induction of
naive CD4+ T cells [80, 81].

Future Directions

Over the past several years, data continue to strengthen the support that the microbiome
plays a role in RA pathogenesis. However, it continues to be a challenge to understand if this
is a direct or indirect relationship, is the relationship causal or simply the result of a change
induced by RA-related inflammation, and is microbial dysbiosis necessary or sufficient for
RA development. More research in this area is clearly needed, in large part because of the
tremendous opportunity for treatments and prevention if we can fully understand the
microbiome’s role in RA.

There are many important future areas of research needed in this area. Foremost is
understanding the mechanisms of disease development associated with microbiota in RA
and where in the timeline of RA development they have an effect (Fig. 1). Such discoveries
can be challenging when studying human subjects and will likely require large longitudinal
cohorts. As highlighted in this review, multiple mucosal sites are suggested to play a role in
RA, and some studies have begun to simultaneously study more than one mucosal site in
RA. However, this approach will be imperative going forward not only to understand
whether it is a microbial-driven process at a single site or an additive effect at multiple
mucosal sites that contributes to RA but also to elucidate the contribution of immune cross-
talk between different mucosal sites and how mucosal sites could ultimately influence joint
inflammation. There has also been identification of a circulating microbiome in RA and
other autoimmune diseases [82], and understanding whether it is a marker of mucosal
dysbiosis, a marker of mucosal epithelial integrity, or if it has its own unique contribution to
RA pathogenesis will be important. Moreover, microbiome studies to date in RA have
largely focused on bacteria. As technologies advance, it will be critical to also understand
the effects of viral and fungal microorganisms on inflammation and autoimmunity in RA.
Lastly, in addition to understanding the role of microbes on the development of RA, it is
becoming clear that a patient’s microbiome can also have an effect on metabolism and
effectiveness of the medications used to treat their RA (Reviewed in [83]), and
understanding this in more detail could change our approach to RA management.
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Conclusions

In summary, the human microbiome is a key factor in developing and maintaining the host
immune response. Various disturbances in the microbiome at multiple mucosal sites have
been associated with distinct effects on the immune system that have been associated with
RA. Future studies are needed to better define microbial changes in the pathogenesis of RA,
including exactly how and when they influence the development of RA. Importantly, such
findings can better inform whether targeting the microbiome could have a beneficial effect
on RA treatment and even prevention of joint disease in RA.
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Potential mechanisms by which the microbiome influences different stages of RA
development. a There are multiple genetic risk factors for RA, which could select for a
disease-associated baseline microbiome. b There are multiple environmental risk factors

associated with RA, which could each uniquely alter an individual’s baseline microbiome

into a disease-associated microbiome. ¢ Mucosal site inflammation and autoimmunity is

demonstrated in individual’s at risk for RA during a pre-clinical period of RA. During this

time, the microbiome can have multiple effects on the immune system, both directly and
indirectly. d Systemic RA-related autoantibodies are present years prior the development of

inflammatory arthritis. During this time, the microbiome can have effects to propagate RA-

related autoimmunity
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