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with established rheumatoid arthritis and its
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Abstract

Background We aimed to investigate the gut microbiota of patients with established rheumatoid arthritis (RA) who
have been managed with disease-modifying anti-rheumatic drugs (DMARDs) for a long time. We focused on factors
that might affect composition of the gut microbiota. Furthermore, we investigated whether gut microbiota composi-
tion predicts future clinical responses to conventional synthetic DMARDs (csDMARDs) in patients with an insufficient
response to initial therapy.

Methods We recruited 94 patients with RA and 30 healthy participants. Fecal gut microbiome was analyzed by 165
rRNA amplificon sequencing; the resulting raw reads were processed based on QIIME2. Calypso online software was
used for data visualization and to compare microbial composition between groups. For RA patients with moderate-
to-high disease activity, treatment was changed after stool collection, and responses were observed 6 months later.

Results The composition of the gut microbiota in patients with established RA was different from that of healthy
participants. Young RA patients (<45 years) had reduced richness, evenness, and distinct gut microbial compositions
when compared with older RA patients and healthy individuals. Disease activity and rheumatoid factor levels were
not associated with microbiome composition. Overall, biological DMARDs and csDMARDs, except sulfasalazine and
TNF inhibitors, respectively, were not associated with the gut microbial composition in patients with established

RA. However, the combination of Subdoligranulum and Fusicatenibacter genera was associated with a future good
response to second-line csDMARDs in patients who showed an insufficient response to first-line csDMARDs.

Conclusion Gut microbial composition in patients with established RA is different from that in healthy individuals.
Thus, the gut microbiome has the potential to predict responses of some RA patients to csDMARDs.
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Introduction

Rheumatoid arthritis (RA), one of the most prevalent
chronic systemic autoimmune diseases, is character-
ized by inflammation of the synovium, as well as dam-
age to cartilage and bone [1]. The pathogenesis of RA
is attributed to complex interactions between genetic
and environmental factors [2, 3]. For example, allelic
variants of HLA-DRBI are the strongest genetic risk
factor for RA development, followed by multiple vari-
ants of immunoregulatory genes [4]. Moreover, ciga-
rette smoking, silicon, and exposure to textile dust are
classified as external environmental risk factors for RA,
while the microbiota is a representative internal envi-
ronmental factor [3].

Several studies show that patients in the early and
preclinical stages of RA display alterations in the gut
microbiota, such as enrichment of the genus Prevotella
[5-9]. Moreover, the importance of the gut microbiota
in the development of RA was confirmed in various ani-
mal experiments. For example, germ-free mice lack dif-
ferentiation of pro-inflammatory Thl7 cells, which are
implicated in autoimmune pathogenesis [10], and deple-
tion of the intestinal microbiota by antibiotics or germ-
free conditions prevent the development of RA in mice
[11, 12]. In particular, Prevotella copri, which is found in
new-onset patients, triggers arthritis in humanized SKG
mice by increasing the number of Th17 cells and Th17-
related cytokines [7]. Also, an oral pathogen, Porphy-
romonas gingivalis, is a possible etiological agent [13, 14].
The prevalence of periodontitis and P. gingivalis is higher
in anti-citrullinated protein antibody (ACPA)-positive
at-risk individuals without clinical arthritis [15]. P gin-
givalis increased the production of Th17 cells and aggra-
vated arthritic symptoms, including joint destruction, in
murine model [14, 16]. The peptidylarginine deiminase
(PPAD) enzyme of P, gingivalis is suggested as the under-
lying mechanism due to its citrullination activity and
subsequent induction of ACPA [14]. Moreover, the peri-
odontal microbiota is associated with the level of rheu-
matoid factor which affect humoral immune responses
[17]. Recently, a virulence toxin, Leukotoxin A, of Aggre-
gatibacter actinomycetemcomitans was shown to induce
dysregulation of human PAD enzymes, thereby increas-
ing endogenous citrullination [18]. Thus, as mentioned
above, the gut microbiota is a possible candidate respon-
sible for priming aberrant systemic immune responses in
RA.

Treatment with disease-modifying anti-rheumatic
drugs (DMARDs) such as methotrexate (MTX) affects
the composition of the gut microbiota in both mice and
humans, resulting in partial restoration of a healthy gut
microbiome [19-21]. In addition, the gut microbiota,
which includes orthologs related to purine and MTX
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metabolism, is associated with future clinical responses
to MTX in patients with new-onset RA [22].

Most existing human microbiome studies have iden-
tified microbial alterations between treatment-naive
new-onset or preclinical RA patients and healthy people
[6, 8, 23—25]. These studies are useful in that they dem-
onstrate a relationship between the microbiota and RA
onset. Because there are complex interactions between
long-term administration of DMARDSs and gut microbial
composition, gut microbiome studies in patients with
established RA, who have been treated with DMARDs
for a long time, are rare. Moreover, no studies have exam-
ined whether the composition of the gut microbiota pre-
dicts responses to second-line conventional synthetic
DMARDs (csDMARDs: MTX, leflunomide, sulfasalazine,
and hydroxychloroquine) after an insufficient response
to initial csDMARD treatment in patients with estab-
lished RA. In addition, the effect of biological DM ARDs
(bDMARDs: tumor necrosis factor inhibitors, interleu-
kin (IL)-6 receptor antagonist, and T cell costimulatory
inhibitor), bringing a paradigm shift in the management
of RA, on the gut microbiota is understudied [1].

Herein, we characterized the gut microbiota profile of
patients with established RA who had received DMARDs
for a long time and investigated the correlation between
gut microbial composition and clinical parameters. In
particular, we examined whether bDMARDs adminis-
tered via the parenteral route were associated with gut
microbiota composition, and whether gut microbes
predict clinical response to DMARD treatment in RA
patients with an insufficient response to initial therapy.

Methods

Participants’information and stool collection

Two groups of participants were recruited: (1) patients
with RA and (2) a control group without known comor-
bidities, including autoimmune diseases. Patients with
RA who fulfilled the 2010 ACR/EULAR classifica-
tion criteria [26] were recruited from Seoul St. Mary’s
Hospital, Seoul, Republic of Korea. Patients treated
with DMARD:s for at least a year were enrolled in this
study. As a control, healthy participants were recruited
from the Wonju Severance Christian Hospital, Wonju,
Gangwon-do. All participants were aged > 20 years. A
tofacitinib user and 4 patients who had ever been diag-
nosed with malignancy were excluded. Tofacitinib is a
per-oral medication classified as a targeted synthetic
DMARD, a class of drugs different from csDMARDs
or biological DMARDs. In addition, malignancy can
affect the gut microbiome regardless of RA. Partici-
pants taking antibiotics, having sporadic colitis within
the previous 3 months, or with a known history of
inflammatory bowel disease or systemic autoimmune
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disease (other than RA), were excluded. All patients
with RA were investigated with respect to disease activ-
ity and concomitant medication(s) at the time of stool
collection (Table 1). RA disease activity was catego-
rized according to the DAS28 as follows: DAS28 <2.6
(remission); 2.6<DAS28<3.2 (low disease activity);
3.2<DAS28<5.1 (moderate disease activity); and
DAS28>5.1 (high disease activity) [27].

Patients with moderate-to-high disease activity
received modified treatment strategies at the discretion
of the attending rheumatologist, and in agreement with
the patient’s wishes. Changes in medication after stool
collection and follow-up disease activity after 6 months
were recorded to investigate whether the intesti-
nal microbiota was associated with future treatment
responses (Fig. 1). Treatment response was categorized
as responder (DAS28 at 6 months’ follow-up <3.2) or
non-responder (DAS28 at 6 months’ follow-up >3.2)
[27]. Stools were collected using disposable speci-
men containers (SPL Life Sciences, Pocheon, Korea)
in accordance with a thorough step-by-step protocol.
Samples were frozen immediately at — 20 °C and stored
at — 80 °C until DNA extraction.

Table 1 Participants'characteristics
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Ethical approval

This study was approved by the institutional review
board of Seoul St. Mary’s Hospital, the Catholic Univer-
sity of Korea (KC14TIMI0248), and Wonju Severance
Christian Hospital (19-008). All study participants pro-
vided written informed consent. The study was following
the principles of the Declaration of Helsinki. Informed
consent was obtained from recruited patients before they
participated in the study.

DNA extraction, library preparation, and next-generation
sequencing

DNA was extracted from fecal samples using the
QIAamp PowerFecal Pro DNA Kit (Qiagen, Hilden, Ger-
many). DNA was eluted with 50 pl of the elution buffer,
and the concentration and purity were analyzed by aga-
rose gel electrophoresis and Nanodrop 1000 spectro-
photometry (Thermo Fisher Scientific, Wilmington, DE,
USA), respectively. A 16S rRNA gene library was gener-
ated by PCR targeting the V3 to V4 regions [28]. Next-
generation sequencing was conducted on the MiSeq
system using a paired-end 2x 250 bp platform (Illu-
mina, San Diego, CA, USA). Generated raw data were

RA (n=94) Healthy control (n=30) P

Age, years 5744102 479+£35 <0.001
Female, n (%) 87(92.6) 30 (100) 0.194
BMI, kg/m2 227+£27 239430 0.064
Smoking, n (%) 22.) 3(10.0) 0.091
Disease duration, years 87+79 - -
ACPA-positive, n (%) 75/89" (84.3) - -
RF-positive, n (%) 71/93" (76.3) - -
Medications
csDMARDs, n (%)

Methotrexate 53 (56.4) -

Leflunomide 39 (41.5) -

Sulfasalazine 14 (14.9) -

Hydroxychloroquine 39 (41.5) -

csDMARD combination 29(30.9)
Biological DMARDs, n (%) 39 (41.5) -
Oral glucocorticoids, n (%) 64 (68.1) -
NSAIDs, n (%) 51(54.3)
Disease activity
DAS28 30£15
Remission (DAS28 < 2.6), n (%) 46 (48.9)
Low disease activity (2.6 <DAS28 <3.2),n (%) 7(7.5)
Moderate disease activity (3.2 <DAS28 <5.1), n (%) 31(33.0)
High disease activity (DAS28>5.1), n (%) 10 (10.6)

T Among all RA participants, information about ACPA and RF was available for 89 and 93 patients, respectively

ACPA, Anti-citrullinated protein antibody; BMI, body mass index; csDMARDs, conventional synthetic disease-modifying anti-rheumatic drugs; DAS28, Disease Activity
Score in 28 Joints; NSAID, non-steroidal anti-inflammatory drugs; RF, rheumatoid factor
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Healthy participants Rheumatoid arthritis
(n =30) (n=99)
Excluded Cancer 4
> Tofacitinib 1
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]
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Fig. 1 Flow chart showing the participants undergoing microbiome analysis. Overall, 99 patients with RA (who had been treated for at least a year)
and 30 healthy participants were enrolled in the study. A tofacitinib user and 4 patients with malignancy were excluded from the final analysis.
Patients with RA were divided according to the use of biological DMARDs, as well as disease activity (remission: DAS28 < 2.6, low disease activity:
2.6 <DAS28 < 3.2, moderate disease activity: 3.2 <DAS28 < 5.1, high disease activity: DAS28 > 5.1), at the time of stool collection. In patients with
moderate-to-high disease activity, therapeutic changes were recorded, and the response after 6 months was followed-up. bDMARDs, biological
disease-modifying anti-rheumatic drugs; csDMARDs, conventional synthetic DMARDs; F/U, follow-up

deposited in the Short Read Archive database of NCBI
(accession number PRJNA791216; https://www.ncbi.nlm.
nih.gov/bioproject/PRINA791216/).

Microbiome bioinformatic analyses

The resulting raw reads were analyzed using QIIME2
(Release 2020.8) [29, 30]. Trimming and joining of
paired-end reads were done using default parameters.
Denoising to derive amplicon sequence variants (ASV)
was carried out by DADA2. Taxonomic assignment to
each ASV was conducted based on the SILVA database
(Release 138). Data visualization and statistical analysis
were performed using Calypso software (version 8.84)
[31]. As a-Diversity, Chaol, Simpson, and Shannon indi-
ces were represented: Chaol index estimates the num-
bers of observed species (richness), and Simpson and
Shannon indices are an estimator for both species rich-
ness and evenness. PCoA plot is a B-diversity represent-
ing the distances between the microbiome of samples in
a low-dimensional space. RDA and CCA aim to find rela-
tionships between microbial composition and multiple
explanatory variables. Differences between groups were
assessed using the default method for p-value correction
using the web-application Calypso (FDR<0.05). Differ-
ences in the abundance of microbes between responders
and non-responders were identified using LEfSe (linear

discriminant analysis (LDA) effect size) analysis (https://
huttenhower.sph.harvard.edu/galaxy/).

Additional statistical analyses

Differences in descriptive and outcome variables between
groups were tested using a ¢-test (for continuous varia-
bles with a normal distribution) and a chi-square test (for
categorical variables). The area under the receiver-oper-
ator curves (AUC) for relative abundance was calculated
and used to differentiate responders from non-respond-
ers. Statistical analyses were conducted using SAS ver-
sion 9.4 (SAS Institute, Cary, NC, USA), and graphs were
drawn using GraphPad Prism 8 (GraphPad Software, San
Diego, CA, USA).

Results

Clinical characteristics of the patients

Fecal samples were collected from 99 patients with
RA and from 30 healthy controls. Among the RA par-
ticipants, four diagnosed with cancer after stool col-
lection and one treated with tofacitinib were excluded
from further analysis (this is because cancer can affect
the gut microbiome regardless of RA, and tofacitinib is
classified as a targeted synthetic DMARD). Thus, 94 RA
patients and 30 healthy participants were enrolled in the
microbiome study (Fig. 1). Patients with RA (mean age,
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57.4+10.2; female, 93%) were older than healthy partici-
pants (mean age, 47.9+3.5; all female) (Table 1). There
were no statistical differences between the groups regard-
ing smoking rates and body mass index (BMI) (Table 1).
RA patients were classified as follows: remission (48.9%),
low disease activity (7.5%), moderate disease activ-
ity (33.0%), and high disease activity (10.6%) (Fig. 1 and
Table 1). ACPA and RF, the most used serological mark-
ers for RA diagnosis [32], were detected in 84.3% and
76.3% of RA patients, respectively (Table 1). Because the
median duration of RA was 7 years (interquartile range
(IQR), 3—-12.5 years), the RA patients in this study had
been treated with DMARDs for several years (Table 1).
Of those with RA, 41.5% were treated with a bDMARDs,
and 84.6% of bDMARD users were in combination with
csDMARDs (Table 1). The remaining 58.5% of patients
had received csDMARDs, but were bDMARD-naive.

Comparison of gut microbiota between RA patients
and healthy controls
The MiSeq system provided 3,136,924 qualified
sequences (median 23,913 reads per sample, range:
9020-67,198) of 16S rRNA amplicons from fecal sam-
ples of RA patients and healthy subjects. First, we com-
pared gut microbial composition between RA patients
and healthy subjects. The bacterial richness and diversity
of RA patients were not different from those of healthy
participants (Fig. 2A). However, principal coordinates
analysis (PCoA) suggested a dissimilarity between RA
patients and healthy controls (p=0.00133, Adonis),
although distinct clusters were not clearly observed in
the plots (Fig. 2B). In line with B-diversity, redundancy
analysis (RDA; p=0.01) and canonical correspond-
ence analysis (CCA; p=0.042) suggested that RA had
an impact on the gut microbiota (Fig. 2B). Additionally,
we performed LEfSe analysis, which determines the fea-
tures (the operational taxonomic units (OTU) level in
this study) most likely to explain differences between
groups. Genera Streptococcus, Lachnospiraceae, and
Weisselia were relatively more abundant in patients with
RA, whereas genera Romboutsia, Collinsella, Bifidobacte-
rium, Clostridium sensu stricto 1, and Lactobacillus were
enriched in healthy participants (Fig. 2C). These results
indicate that, similar to previous studies of established
RA patients [33, 34], the gut microbial composition of
RA patients differs from that of healthy individuals.
When the gut microbiome was compared on the basis
of participants’ characteristics, we found that young
RA patients showed obvious discrepancies. The Chaol,
Simpson, and Shannon indices showed that young RA
patients (<45 years) have significantly reduced microbial
richness and diversity than older RA patients (> 45 years)
(Fig. 3A). By contrast, such differences were not found
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in healthy participants (Fig. 3A). In addition, Bray—Cur-
tis dissimilarity analysis revealed significant separa-
tions in the microbial community of young RA patients
(Fig. 3B), which is supported by supervised RDA and
CCA (Fig. 3B). In particular, young RA patients had an
abundance of Ruminococcus gnavus and the genus Intes-
tinibacter (Fig. 3C). By comparison, species Streptococcus
salivarius, Streptococcus parasanguinis, genus Weissella,
and the Eubacterium coprostanoligenes, Lachnospiraceae
ND3007 group, and genus Lactococcus were enriched in
older RA patients (Fig. 3C). These data suggest that the
gut microbial composition plays an important role in RA
pathogenesis, at least in young people.

Composition of the gut microbiota according to RA disease
activity

Next, we examined whether the gut microbial composi-
tion is associated with RA disease activity. When com-
paring the gut microbiome between groups classified
according to disease activity, we found no differences
in the a- and B-diversities (Fig. 4A, B). Additionally, we
analyzed the gut microbial composition according to
the presence or absence of ACPA and RF. Although the
Simpson index in ACPA-positive RA patients was higher
than that in ACPA-negative RA patients, there were no
statistical differences in the Chaol and Shannon indi-
ces or the B-diversity PCoA plot (Fig. 4C, D). Likewise,
RF had no effect on the gut microbial community of RA
patients (data not shown). These results indicate that
there is no relationship between the gut microbial com-
munity and disease activity in established RA patients.

Effect of medications on the gut microbiota

The gut microbiome is affected by external factors, such
as dietary habits and per oral medications [35]. Because
the RA patients in this study were diagnosed and treated
with DMARDs for 1 year or more, their medications
might influence the gut microbial community. When
comparing the gut microbiome between patients treated
with and without bDMARDs, we found no meaning-
ful discrimination (Fig. 5A, B). Moreover, combined
treatment with bDMARDs and c¢csDMARDs had no
meaningful impact on the gut microbial community
(Supplementary Fig. 1A and 1B).

By extension, the gut microbiome was analyzed
according to each kind of csDMARD and bDMARD.
MTX was the most commonly prescribed csDMARD
(62% of non-bDMARD users and 49% of bDMARD
users), followed by leflunomide (47% of non-bDMARD
users and 33% of bDMARD users), hydroxychloroquine
(56% of non-bDMARD users and 21% of bDMARD
users), and sulfasalazine (24% of non-bDMARD users
and 3% of bDMARD users). MTX, leflunomide, and
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Fig. 2 Comparison of the fecal microbiome between RA patients and healthy participants. A a-Diversity (shown as the Shannon index, Simpson'’s
index, and Chao1) based on Bray—Curtis operational taxonomic units (OTUs) data from healthy participants and RA patients. Bars show the
mean = SD. Each symbol represents individual participants. B Principal coordinate analysis (PCoA, left), redundancy analysis (RDA, middle), and
canonical correspondence analysis (CCA, right) plots of the gut microbiota from RA patients and healthy participants at the OTU level. PC, principal
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hydroxychloroquine had no significant influence on gut  bacterial composition (Fig. 5C, D). Additionally, LEfSe
microbial composition (Supplementary Fig. 2A and 2B, analysis revealed that sulfasalazine increased Lactoba-
and data not shown). By contrast, sulfasalazine reduced  cillus sakei species and Christensenellaceae R7 group
gut bacterial richness and evenness and altered the and Coprococcus genera, while reducing Clostridium
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Fig. 3 Correlation between age and gut microbiome composition in RA patients and healthy participants. Participants were divided into young
(<45 years) and senior (> 45 years). A a-Diversity (shown as Chao1, Shannon index, and Simpson’s index) based on Bray—Curtis OTUs data. B PCoA
(left), RDA (middle), and CCA (right) plots at the OTU level. C LEfSe revealed specific microbes at the OTU level

sensu stricto 1, Roseburia, and Turicibacters genera
(Fig. 5E).

The bDMARDs used in this study were catego-
rized according to their mechanism of action: tumor
necrosis factor a (TNF-«) inhibitors (TNFi), IL-6
receptor inhibitors (tocilizumab), and cytotoxic T

lymphocyte-associated protein 4 (CTLA-4) fusion pro-
tein (abatacept). None of these bDMARDs led to a sig-
nificant alteration in the gut microbiome (Fig. 5F, G).
However, TNFi treatment increased bacterial diversity
and changed the microbial composition when compared
with abatacept- or tocilizumab-treated subjects, albeit
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Fig. 4 Effect of disease activity and ACPA on the gut microbiome in patients with RA. A, B Comparison of gut microbiome composition according
to disease activity at the time of stool collection. Remission (DAS28 < 2.6), low disease activity (LDA: 2.6 < DAS28 < 3.2), moderate disease activity
(MDA: 3.2<DAS28 <5.1), and high disease activity (HDA: DAS28 > 5.1). a-Diversity (shown as the Chao1, Shannon index, and Simpson’s index) (A)
and PCoA plot at the OTU level (B). C, D Comparison of gut microbiome composition between ACPA-positive and ACPA-negative RA patients.
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(See figure on next page.)

Fig. 5 Comparison of gut microbiome composition according to the use of DMARDs. A, B Composition of the gut microbiome from RA patients
treated with or without bDMARDs. a-Diversity (shown as Chao1, Shannon index, and Simpson’s index) (A). PCoA plot at the OTU level (B). C-E
Comparison of gut microbiome according to the administration of sulfasalazine (SSZ). a-Diversity (shown as Chao1, Shannon index, and Simpson'’s
index) based on Bray—Curtis OTUs data (C). PCoA (left), RDA (middle), and CCA (right) plots at the OTU level (D). CA, correspondence analysis; PC,
principal component analysis. LEfSe revealed the altered microbes at the OTU level (E). F-H Comparison of the gut microbiome according to
bDMARD use (tumor necrosis factor inhibitors, (TNFi), abatacept, and tocilizumab). a-Diversity (shown as Chao1, Shannon index, and Simpson's
index) based on Bray—Curtis OTUs data (F). PCoA (left), RDA (middle), and CCA (right) plots at the OTU level (G). LEfSe revealed the altered microbes

at the OTU level (H)

not significantly (Fig. 5F, G). The abundance of genera
Bifidobacterium, Anaerostipes, Bacteroides, Blautia,
Subdoligranulum, the Lachnospiraceae ND3007 group,
and species Bacteroides plebeius were enriched in TNFi-
treated patients (Fig. 5H). These results indicate that
some drugs can affect the gut microbiota in established
RA patients, regardless of administration route.

The gut microbiota as a predictor of response to DMARDs

To identify gut bacteria that can predict treatment out-
comes, we classified patients with active disease status
(DAS28 > 3.2 at the time of stool collection) as respond-
ers (DAS28<3.2 at 6-month follow-up) or non-respond-
ers (DAS28>3.2) (Fig. 1). When comparing changes in
the gut microbiome of responders and non-responders to
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all modified treatment strategies, the two groups showed
no significant differences with respect to diversity and
dissimilarity (Supplementary Fig. 3A and 3B). Non-
responders had more genera Lachnospiraceae NK4A136
group and Adelercreutzia than responders, whereas no
bacteria were significantly predominant in responders
(Supplementary Fig. 3C). When the AUC values for gen-
era Lachnospiraceae NK4A136 group and Adelercreutzia
were calculated, these two genera showed modest pre-
dictive capacity for differentiating good responders from
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non-responders to second-line therapy (AUC=0.669 and
0.665, respectively) (Supplementary Fig. 3D).

Next, we compared the gut microbiome of respond-
ers and non-responders treated with c¢sDMARDs
(Fig. 1). The number of patients who had glucocorticoid
after the fecal collection was not different significantly
between responders and non-responders in csDMARDs
users (88% vs. 100%, respectively, P=0.499). Although
the a- and P-diversity were not significantly different
(Fig. 6A, B), we found a relative expansion of genera
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Fig.6 Comparison of the gut microbiome according to response to csDMARDs, and the potential of the gut microbiota to predict prognosis
after the change. The baseline gut microbial diversity and taxa in RA patients with moderate-to-high disease activity according to the response to
csDMARDs (after 6 months). Responders were defined as patients with < 3.2 DAS28 at 6 months, and non-responders as those with > 3.2 DAS28 at
6 months. A a-Diversity (shown as Chao1, Shannon index, and Simpson’s index) based on Bray—Curtis OTUs data. B PCoA plot at the OTU level. C
LEfSe revealed the altered microbes at the genus level. D The predictive potential of genera Subdoligranulum, Fusicatenibacter, and Clostridia, and a
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Fusicatenibacter, Subdoligranulum, and Clostridia uncul-
tured genera 014 in good responders, along with a
contraction of Faecalitalea (Fig. 6C). Notably, the com-
bination of Fusicatenibacter and Subdoligranulum dis-
tinguished good responders from non-responders well
(AUC=0.807) (Fig. 6D).

Discussion

Since the beginning of this century, it has been known
that the gut microbial composition of RA patients differs
from that of healthy individuals [6, 7, 19, 34]. Here, analy-
sis of B-diversity (PCoA) revealed perturbation of the
microbial community in RA patients. However, some of
our other results were inconsistent with previous reports
[6, 7, 19, 34, 36]. For example, we observed no reduc-
tion in the richness and evenness of the RA-associated
gut microbiome, nor any microbial alterations associ-
ated with RA disease activity. Most previous reports
compared the gut microbiota of preclinical RA or new-
onset RA patients with that of healthy individuals [6, 7,
19, 22, 34]. By contrast, we examined the gut microbiome
of 94 RA patients treated with DMARDs for more than
1 year (established RA patients). Because RA is a chronic
inflammatory disorder, our study of the gut microbiome
in established RA patients has discriminative impor-
tance. However, microbiome analysis in established RA
patients is more complex because drugs can alter gut
microbial composition [20, 35, 37]. DMARD treatment
partly restores a healthy gut microbiome in RA patients
[19]. In other words, after treatment with DM ARDs, the
gut microbial composition of RA patients becomes more
similar to that of healthy people. In addition, patients
with RA have altered gut barrier integrity, and effective
treatment restores gut permeability [38]. Considering
the tight association between gut microbiota and gut
epithelial integrity, restoring gut permeability may con-
tribute to restoring gut microbiota. Thus, established
RA patients may well have different gut microbiota from
preclinical RA and new-onset RA patients, and the differ-
ences in the microbial community between RA patients
and healthy participants may become less marked after
RA treatment.

Consistent with a previous report, we found that
some drug use alters the gut microbiota. Sulfasalazine
is a prodrug that is converted to an active form by the
intestinal microbiota via azoreductase [35]. The major
anaerobic bacteria that produce azoreductase is the
Clostridium and Eubacterium genera [39]. Some probiot-
ics like Lactobacillus acidophilus, Bifidobacterium lactis,
and Streptococcus salivarius are also capable of reduc-
ing azo compounds [40]. In the present study, Lactoba-
cillus sakei, a probiotic, was increased in patients taking
sulfasalazine, while the other azoreductase-producing
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microbe, Clostridium sensu stricto I, was reduced. While
sulfasalazine treatment regulated the abundance of
microbes producing azo reductase, microbial alterations
would affect the efficacy of sulfasalazine. Although the
number of patients treated with TNFi was low, they had a
distinct microbiota composition when compared to those
treated with abatacept or tocilizumab. Patients treated
with TNFi had a higher fecal abundance of the putative
short-chain fatty acid (SCFA)-producing genera Lach-
nospiraceae ND3007 group, Anaerostipes, and Subdol-
igranulum [41-43). Because SCFAs such as butyrate have
beneficial effects on RA [44], microbial alterations might
contribute to the therapeutic effects of TNFi.

One intriguing finding was that the gut microbial com-
position of young RA patients is clearly different from
that of older patients and healthy controls with respect
to a- and PB-diversity. In addition, an abundance of R.
gnavus was observed in the microbiota of young RA
patients. R. gnavus, a strict anaerobic Gram-positive coc-
cus, is a prevalent commensal found in the intestines of
nearly 90% of people [44, 45]. Because R. gnavus uses
sialic acid from mucin glycan layers as a carbon source,
it resides mainly on the gut mucosal surface [45]. R. gna-
vus also produces an inflammatory polysaccharide and
toxic metabolites that might contribute to local inflam-
mation [46]. This result suggests that the gut microbiota
may have a more important role in RA pathogenesis in
particular age groups. Whether the abundance of R. gna-
vus contributes to RA prevalence in the young requires
further study.

It is always challenging to modify treatment of RA
patients who show an insufficient response to initial csD-
MARDs therapy because csDMARDs are relatively cheap
and convenient (per oral medicine); however, bDMARDs
often appear to be more effective (but are relatively more
expensive) [47]. So far, there are no biomarkers that pre-
dict the effectiveness of second-line csDMARDs therapy.
In this study, we asked whether particular gut microbe(s)
could be used as a prognostic marker for predicting ther-
apeutic responses. Among csDMARD-treated patients,
those with an abundance of genera Fusicatenibacter and
Subdoligranulum, and the order Clostridia UCG-014,
showed favorable responses to csDMARDs therapy,
whereas those harboring genus Faecalitalea were not.
Fusicatenibacter and Subdoligranulum were depleted in
RA patients but more abundant in healthy individuals
[48, 49]. Fusicatenibacter saccharivorans levels correlate
positively with the production of SCFAs, which effec-
tively inhibit progression to arthritis [50, 51]. Also, Fusi-
catenibacter saccharivorans induce anti-inflammatory
cytokine production by lamina propria mononuclear
cells [52]. Subdoligranulum are negatively associated
with inflammatory cytokines and acute phase reactants
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[41]. Moreover, our results indicate that the combina-
tion of Fusicatenibacter and Subdoligranulum predicts a
favorable response to csDMARD treatment in patients
who showed an insufficient response to initial DM ARDs
therapy. In other words, patients with a low abundance
of Fusicatenibacter and Subdoligranulum may be bet-
ter off switching to bDMARDs rather than continuing
c¢sDMARDs therapy (i.e., escalating the dose, changing,
or adding on new csDMARDs). This suggests that gut
microbes can predict whether csDMARDs therapy will
still be effective in patients who did not respond to ini-
tial csDMARDs. Further studies are needed to confirm
whether Fusicatenibacter and Subdoligranulum can be
used as a prognostic biomarker for csDMARD treatment
responses.

This study has several limitations. First, some microbes,
which showed different abundance between groups, may
be related to diet; however, we did not survey dietary
habits. Second, this study did not analyze time-series
samples from each patient; therefore, actual changes
in microbiota cannot be tracked. Third, the number of
patients treated with TNFi was not high enough to show
statistical differences. Fourth, as we aimed to analyze the
gut microbiome in established RA patients who were
commonly encountered in clinical practice, we cannot
completely exclude the confounding factors from various
combinations of multiple drugs, including csDMARD
combination. Therefore, it may not be suitable for exam-
ining the effect of a specific drug on microbial composi-
tions. Nevertheless, the strength of this study is that it
reveals correlations between gut microbiota composition
and variables related to real-world patients with estab-
lished RA. In addition, we show that microbial compo-
sition is a candidate biomarker for predicting treatment
responses in patients treated with csDMARDs. Rheu-
matologists encounter a decision making to switch bio-
logical DMARDs or add or switch another csDMARDs
when the treatment response to the current csDMARDs
therapy is insufficient. Since there are no factors that can
predict the treatment response to the next csDMARDs or
biological DM ARDs, this study suggested the potential of
gut microbes as a predictor for treatment response.

Taken together, the current study shows that patients
with established RA have a gut microbial composition
distinct from that of healthy controls. Furthermore, gut
microbes are potential biomarker candidates for pre-
dicting treatment responses in patients with established
RA. The clinical significance and applicability of the gut
microbiota in this context warrant further research and
development.
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