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Marie Curie once said, “Nothing in life is to be feared, it is only
to be understood. Now is the time to understand more, so that we
may fear less.” And so it goes with the microbes that live in and on
us, i.e., the commensal microbiota. Historically, microbes were
feared by the public because much of microbiology focused on
the study of infectious pathogens. But we have since learned that
in the nooks and crannies of mucosal and skin surfaces of the
human body, a diverse collection of microbes contributes to nor-
mal host physiology. Indeed, we rely on our microbiome, which
refers to both the microbes and the genes they encode, to extend
the capabilities of our own genome. This knowledge comes from
studies of germ-free (GF) animals, which lack a commensal
microbiota. GF animals are abnormal in multiple respects—they
fail to gain weight as quickly, are more susceptible to infections,
and have multiple neurologic abnormalities relative to their colo-
nized counterparts. Thus, the commensal microbiota contributes
to diverse processes, including metabolism, immune system mat-
uration, and neurologic development.

But commensal microbes may contribute to disease as well.
Armed with new technologies, we are discovering the ways in
which commensal microbiota contribute to autoimmunity. Physi-
cians, scientists, and patients alike are asking: in genetically prone
individuals, do specific commensal microbes trigger disease? Or
do microbes exacerbate preexisting disease and, if so, can we
target the microbiome to modify disease progression? Can we
alleviate autoimmunity if we get rid of disease-aggravating
microbes? Or can we target specific bacterial proteins or metabo-
lites that contribute to disease?

Several lines of evidence suggest that the microbiome con-
tributes to rheumatic disease. First, antibiotics have efficacy in
the treatment of rheumatic diseases. Examples include the use
of minocycline in rheumatoid arthritis (1,2) and sulfasalazine in
rheumatoid arthritis and spondyloarthritis (3,4). Second, host-
targeted antirheumatic drugs, including methotrexate (5),
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azathioprine, and leflunomide (6), have off-target effects on gut
microbiota, raising the possibility that these drugs work by target-
ing both host cells and the microbiota to modulate inflammation.
Third, therapies specifically targeting the gut microbiota, such as
probiotics, have demonstrated success in alleviating autoimmu-
nity, albeit in small patient populations (7). Finally, patients fre-
quently report that dietary interventions alleviate disease, but
whether this is due to shifts in the microbiota or direct effects on
host immunity remains difficult to dissect in patients.

Animal models of autoimmunity are powerful tools for dis-
secting the microbial contributions to disease and enable scien-
tists to investigate questions that are impossible to evaluate in
patients. A key example is the study of GF animals, or
“gnotobiology,” in which animals are reared in isolators that
enable experimental manipulation of the commensal microbiome.
Whereas GF mice are devoid of all microorganisms, specific
pathogen—free (SPF) mice are free of a defined set of pathogens
that infect mice in the wild; most murine studies performed since
the 1960s have been conducted at SPF facilities. GF mice lacking
an intact microbiota enable researchers to learn whether specific
microbes trigger disease, whether they exacerbate established
disease, or whether microbial communities or microbial genes
are responsible for variable host phenotypes (e.g., lean versus
obese state).

Compelling evidence from animal models suggests that
commensal microbes can trigger rheumatic disease in genetically
prone animals. HLA-B27-transgenic rats reared in GF isolators
were protected against autoimmune arthritis and colitis, suggest-
ing that commensal microbes are required for these manifesta-
tions (8). In contrast, dermatitis and inflammatory genital lesions
persisted in the GF state, suggesting that microbiota are dispens-
able for development of these lesions. Similarly, interleukin-1
receptor—knockout mice fail to develop arthritis in the GF state (9).
Wu et al demonstrated that arthritis was highly attenuated in
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K/BxN mice (although autoantibody production persisted), and
that introduction of just a single bacterial species, segmented fila-
mentous bacteria (SFB), was sufficient to restore the arthritis phe-
notype in these mice (10). Interestingly, SFB is rarely found in
human gut microbial communities, but other human gut com-
mensals have since been shown to accelerate arthritis in K/BxN
mice (11), highlighting the importance of studying human-
associated species and strains. Finally, SKG mice, which have
impaired T cell receptor signaling due to a hypomorphic mutation
in ZAP-70, show attenuated arthritis and colitis in the GF state
(12), and colonization with RA patient microbiota leads to worse
disease than colonization with microbiota from healthy individuals
(13). These models suggest that both host genetic mutations and
the presence of specific microbes are necessary for the develop-
ment of disease.

On the other hand, several mouse models of rheumatic dis-
ease show that commensal microbes are dispensable for disease
onset. GF MRL-Jor mice, which harbor a null mutation in the Fas
gene required for apoptosis, continue to have lupus-like manifes-
tations in a GF environment, including autoantibody production,
splenomegaly, lymphadenopathy, and glomerulonephritis (14). In
a mouse model of psoriatic arthritis, in which mice have targeted
mutations in a negative regulator of NF-kB, GF animals develop
arthritis with the same severity as their SPF counterparts (15).
Thus, in some models of rheumatic disease driven by single-gene
mutations in proteins that are critical for limiting the immune

response, host genetics dominates over the commensal micro-
biota in triggering autoimmunity.

In this issue of Arthritis & Rheumatology, Hong et al (16) add
to our knowledge of the role of the commmensal microbiota in con-
tributing to autoimmunity in a genetically complex model of lupus.
BXD2 mice spontaneously develop autoantibodies, splenomeg-
aly, glomerulonephritis, and erosive inflammatory arthritis (17).
Disease primarily starts in older mice, with 50% of mice experi-
encing arthritis and proteinuria by 8 months. Multiple genetic loci
contribute to this phenotype. Like humans, BXD2 mice undergo
a “preclinical phase” and develop autoantibodies prior to the
onset of overt organ manifestations.

To determine the contribution of commensal microbiota to
disease onset and progression, Hong et al derived BXD2 mice in
GF isolators and studied phenotypes at 6 and 12 months of age
(Figure 1). The authors compared GF BXD2 mice to their SPF
counterparts as well as to SPF C57BL/6 (B6) mice, which lack
manifestations of autoimmunity. At 6 months, GF BXD2 mice
and SPF BXD2 mice both developed splenomegaly and had ele-
vated levels of total IgG, IgG anti-DNA, and IgG anti-macrophage
receptor with collagenous structure (anti-MARCO). MARCO is a
receptor on macrophages needed to clear apoptotic debris, and
elevated levels of anti-MARCO are seen in murine models of lupus
and in patients (18), suggesting that the commensal microbiota is
dispensable for these early manifestations. SPF BXD2 mice, GF
BXD2 mice, and B6 mice all showed similar levels of activated
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Figure 1.

Schematic illustration of the role of the microbiota in a mouse model of lupus in the study by Hong et al (16). Germ-free (GF) BXD2 mice

(top) and specific pathogen—free (SPF) BXD2 mice (bottom) were compared during the preclinical phase (at 6 months of age) and clinical phase
(at 12 months of age). Both groups had splenomegaly and elevated levels of autoantibodies at 6 months of age. At 12 months of age, GF BXD2
mice had a smaller spleen size, lower autoantibody levels, and lower percentages of activated B cells (blue) and Th17-expressing CD4+ T cells
(green) compared to SPF BXD2 mice, suggesting that microbes enable persistence of genetically driven autoimmunity. By 12 months of age, both
groups of mice developed glomerulonephritis and inflammatory arthritis of similar severity.



EDITORIAL

551

splenic B cell populations, including germinal center and age-
associated B cells, and activated splenic T cell populations at
6 months.

In contrast, the commensal microbiota contributed to the
persistence and progression of cellular and molecular markers of
autoimmunity in older mice. At 12 months, GF mice had less
splenomegaly and lower levels of IgG autoantibodies compared
to their SPF counterparts, suggesting that the commensal
microbiota are needed to enable autoimmunity to persist or prog-
ress in BXD2 mice. Additionally, compared to SPF BXD2 mice,
GF BXD2 mice showed lower levels of activated B cells and
Th17-expressing CD4+ T cells.

Finally, consistent with markers of autoimmunity seen at
6 months, the authors found that commensal microbiota were
dispensable for the onset of both glomerulonephritis and inflam-
matory arthritis in BXD2 mice at 12 months. Histopathologic fea-
tures of disease were similar between SPF and GF mice.

Overall, in this genetically complex mouse model of lupus,
the host genetic program drives the initial manifestation of
autoimmune disease. While the BXD2 mouse model has fea-
tures that are not characteristic of human disease (e.g., lupus
patients typically have nonerosive arthritis), and studying other
models will be important, the findings of Hong et al suggest
that the BXD2 model might be useful for studying pathogene-
sis and therapy in the absence of an intact commensal micro-
biota. For example, studies of GF BXD2 mice may reveal
whether specific diets and drugs directly impact the host (and
not the microbiota) to alleviate disease or whether an intact
gut microbiome mediates the beneficial effects of these and
other interventions. Furthermore, these findings suggest that
in some models of autoimmunity, modifying the microbiome
may not be sufficient to prevent disease, which patients often
inquire about.

However, these findings leave open the possibility that the
microbiome can add fuel to the fire of autoimmunity over the
course of a lifetime. As Hong and colleagues note, while they were
not able to detect differences in the onset of renal and joint dis-
ease, this finding does not preclude the possibility that the micro-
biota aggravates preexisting disease. Indeed, it is possible that
differences in disease severity or mortality might have been
detected in older mice. The penetrance of disease seemed to be
low at 12 months, with many SPF and GF mice exhibiting low
overall renal and arthritis scores. Would allowing more time for
the development of full-blown arthritis or glomerulonephritis
enable us to discern differences in disease severity between GF
BXD2 mice and SPF BXD2 mice? And would transfer of defined
microbes from SPF mice to GF mice cause worse disease, sug-
gesting that microbes exacerbate existing disease?

These questions are of clinical relevance because while mod-
ifying the human genome is challenging, altering the human
microbiome via diet, supplements, probiotics, and medications
is more feasible. And while prevention or cure are the ultimate

goals, altering modifiable factors in patients with disease could
reduce suffering. Knowledge of how microbes fan the flames of
autoimmunity could enable the development of microbiome-
targeted therapies to alleviate autoimmunity.

In summary, the findings of Hong et al suggest that in BXD2
mice, commensal microbiota are not needed for the onset of
autoimmunity, but they do contribute to the persistence and pro-
gression of autoimmunity. While it remains a formidable challenge
to decipher the multiple mechanisms by which the microbiota
modulate host immunity, given the complexity of both the micro-
biome and the host immune system, it is a worthwhile task for
our patients and our field. With advances in science and medi-
cine, now is the time to understand more about microbiota—host
interactions in rheumatology.

AUTHOR CONTRIBUTIONS

Dr. Nayak drafted the article, revised it critically for important intel-
lectual content, and approved the final version to be published.

REFERENCES

1. O’Dell JR, Haire CE, Palmer W, Drymalski W, Wees S, Blakely K, et al.
Treatment of early rheumatoid arthritis with minocycline or placebo:
results of a randomized, double-blind, placebo-controlled trial. Arthri-
tis Rheum 1997;40:842-8.

2. Tiley BC, Alarcon GS, Heyse SP, Trentham DE, Neuner R, Kaplan DA,
et al, and the MIRA Trial Group. Minocycline in rheumatoid arthritis. A
48-week, double-blind, placebo-controlled trial. Ann Intern Med
1995;122:81-9.

3. Hannonen P, Mottonen T, Hakola M, Oka M. Sulfasalazine in early
rheumatoid arthritis: a 48-week double-blind, prospective, placebo-
controlled study. Arthritis Rheum 1993;36:1501-9.

4. Clegg DO, Reda DJ, Abdellatif M. Comparison of sulfasalazine and
placebo for the treatment of axial and peripheral articular manifesta-
tions of the seronegative spondylarthropathies: a Department of Vet-
erans Affairs cooperative study. Arthritis Rheum 1999;42:2325-9.

5. Nayak RR, Alexander M, Deshpande |, Stapleton-Gray K, Rimal B,
Patterson AD, et al. Methotrexate impacts conserved pathways in
diverse human gut bacteria leading to decreased host immune activa-
tion. Cell Host Microbe 2021;29:362-77 e11.

6. Maier L, Pruteanu M, Kuhn M, Zeller G, Telzerow A, Anderson EE,
et al. Extensive impact of non-antibiotic drugs on human gut bacteria.
Nature 2018;555:623-8.

7. Ferro M, Charneca S, Dourado E, Guerreiro CS, Fonseca JE. Probi-
otic supplementation for rheumatoid arthritis: a promising adjuvant
therapy in the gut microbiome era. Front Pharmacol 2021;12:711788.

8. Taurog JD, Richardson JA, Croft JT, Simmons WA, Zhou M,
Fernandez-Sueiro JL, et al. The germfree state prevents development
of gut and joint inflammatory disease in HLA-B27 transgenic rats.
J Exp Med 1994;180:2359-64.

9. Abdollahi-Roodsaz S, Joosten LA, Koenders MI, Devesa |,
Roelofs MF, Radstake TR, et al. Stimulation of TLR2 and TLR4 differ-
entially skews the balance of T cells in a mouse model of arthritis.
J Clin Invest 2008;118:205-16.

10. Wu HJ, Ivanov I, Darce J, Hattori K, Shima T, Umesaki Y, et al. Gut-
residing segmented filamentous bacteria drive autoimmune arthritis
via T helper 17 cells. Immunity 2010;32:815-27.

11. Tan TG, Sefik E, Geva-Zatorsky N, Kua L, Naskar D, Teng F, et al.
Identifying species of symbiont bacteria from the human gut that,



552

NAYAK

12.

13.

14.

15.

alone, can induce intestinal Th17 cells in mice. Proc Natl Acad SciU S
A 2016;113:E8141-50.

Rehaume LM, Mondot S, Aguirre de Carcer D, Velasco J, Benham H,
Hasnain SZ, et al. ZAP-70 genotype disrupts the relationship between
microbiota and host, leading to spondyloarthritis and ileitis in SKG
mice. Arthritis Rheumatol 2014;66:2780-92.

Maeda Y, Kurakawa T, Umemoto E, Motooka D, Ito Y, Gotoh K| et al.
Dysbiosis contributes to arthritis development via activation of autore-
active T cells in the intestine. Arthritis Rheumatol 2016;68:2646-61.
Maldonado MA, Kakkanaiah V, MacDonald GC, Chen F, Reap EA,
Balish E, et al. The role of environmental antigens in the spontaneous
development of autoimmunity in MRL-lpr mice. J Immunol 1999;
162:6322-30.

Razani B, Whang MI, Kim FS, Nakamura MC, Sun X, Advincula R,
et al. Non-catalytic ubiquitin binding by A20 prevents psoriatic

16.

17.

18.

arthritis-like disease and inflammation. Nat Immunol 2020;21:
422-383.

Hong H, Alduraibi F, Ponder D, Duck WL, Morrow CD, Foote JB, et al.
Host genetics but not commensal microbiota determines the initial
development of systemic autoimmune disease in BXD2 mice. Arthritis
Rheumatol 2022;74:634-40.

Mountz JD, Yang P, Wu Q, Zhou J, Tousson A, Fitzgerald A, et al.
Genetic segregation of spontaneous erosive arthritis and generalized
autoimmune disease in the BXD2 recombinant inbred strain of mice.
Scand J Immunol 2005;61:128-38.

Wermeling F, Chen Y, Pikkarainen T, Scheynius A, Wingyvist O, Izui S,
et al. Class A scavenger receptors regulate tolerance against apopto-
tic cells, and autoantibodies against these receptors are predictive of
systemic lupus. J Exp Med 2007;204:2259-65.



	Fanning the Flames of Autoimmunity: The Microbiome in Rheumatic Disease
	AUTHOR CONTRIBUTIONS
	REFERENCES




