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ABSTRACT

Objective Rheumatoid arthritis (RA) is a progressive
disease including four stages, where gut microbiome is
associated with pathogenesis. We aimed to investigate
stage-specific roles of microbial dysbiosis and metabolic
disorders in RA.

Methods We investigated stage-based profiles of
faecal metagenome and plasma metabolome of 76
individuals with RA grouped into four stages (stages
I-IV) according to 2010 RA classification criteria,

19 individuals with osteroarthritis and 27 healthy
individuals. To verify bacterial invasion of joint synovial
fluid, 165 rRNA gene sequencing, bacterial isolation
and scanning electron microscopy were conducted on
another validation cohort of 271 patients from four RA
stages.

Results First, depletion of Bacteroides uniformis and
Bacteroides plebeius weakened glycosaminoglycan
metabolism (p<0.001), continuously hurting articular
cartilage across four stages. Second, elevation of
Escherichia coli enhanced arginine succinyltransferase
pathway in the stage Il and stage Il (p<0.001), which
was correlated with the increase of the rheumatoid
factor (p=1.35x10") and could induce bone loss.
Third, abnormally high levels of methoxyacetic acid
(p=1.28x107%) and cysteine-S-sulfate (p=4.66x 10"
inhibited osteoblasts in the stage Il and enhanced
osteoclasts in the stage IlI, respectively, promoting bone
erosion. Fourth, continuous increase of gut permeability
may induce gut microbial invasion of the joint synovial
fluid in the stage IV.

Conclusions Clinical microbial intervention should
consider the RA stage, where microbial dysbiosis and
metabolic disorders present distinct patterns and played
stage-specific roles. Our work provides a new insight

in understanding gut—joint axis from a perspective of
stages, which opens up new avenues for RA prognosis
and therapy.

INTRODUCTION

Rheumatoid arthritis (RA) affects over tens of
millions of people worldwide." RA is recognised
clinically as a progressive, inflammatory and auto-
immune disease that primarily affects the joints and
typically has four stages”™: (1) In the first stage,
the synovium of the joints is inflamed and most
people have minor symptoms such as stiffness on
awakening; (2) In the second stage, the inflamed
synovium has caused damage to the joint carti-
lage and people begin to feel swelling, and have a

WHAT IS ALREADY KNOWN ON THIS TOPIC

= Rheumatoid arthritis (RA) is a progressive
disease, clinically including four stages.

= Intestinal microbiome is associated with the
pathogenesis of RA.

= Joint synovial fluid is generally considered as
sterile.

WHAT THIS STUDY ADDS

= This is the first study focusing on RA stages
to report microbial and metabolic profiles
and roles, particularly their enhancement of
inflammation, bone loss and bone erosion in
the stage Il and stage IIl.

= Joint synovial fluid is not sterile, where bacterial
invasion happened in the stage IV.

HOW THIS STUDY MIGHT AFFECT RESEARCH,
PRACTICE OR POLICY

= The study provides microbial and metabolic
targets for each stage of RA.

= Further experiments and intervention on
microbiota of joint synovial fluid are warranted
for patients in the stage IV.

restricted range of motion; (3) In the third stage,
RA has proceeded to a severe state when bone
erosion begins and the cartilage on the surface of
the bones has deteriorated, resulting in the bones
rubbing against one another and (4) In the fourth
stage, certain joints are severely deformed and lose
function. To inhibit RA progression, specific ther-
apeutic strategies are necessary for people across
different RA stages.

Gut microbial dysbiosis has been implicated in the
pathogenesis of RA via a range of mechanisms such
as metabolic perturbation and immune response
regulation, which is known as the gut—joint axis,®’
for instance, increased abundance of Prevotella and
Collinsella in patients with RA are correlated with
the production of T,17 cell cytokines.® > More-
over, Gut microbes and their products were likely
to be transited to the joint due to the increased gut
permeability.® Metabolites have also been correlated
to immunity regulation in RA: administration
of Short-chain fatty acids to mice with collagen-
induced arthritis (CIA) can reduce the severity of
arthritis by modulation of IL-10.° '* Comprehen-
sive metagenomic and metabolomic analyses could
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Table 1  General characteristics at stool collection of multiomics cohort (122 participants)
Patients with RA from four stages
RAS1 n=15 RAS2 n=21 RAS3 n=18 RAS4 n=22 OA n=19 HC n=27
Age (years), median (IQR) 52 (50-60) 64 (59-67) 59 (50-66) 60 (54-66) 66 (64-71) 56 (50-60)
Female sex, n (%) 12 (80) 16 (76) 12 (67) 21 (95) 15 (79) 19 (70)
Classification score
A (IQR) 3(3-3) 3(3-3) 5 (5-5) 5 (5-5) 1(0-1) 0
B (IQR) 2 (2-2) 3(3-3) 3(3-3) 3(3-3) 0 0
C(IQR) 1(1-1) 1(1-1) 1(1-1) 1(1-1) 1(1-1) 0
D (IQR) 1(1-1) 1(1-1) 0 (0-0) 1(1-1) 1(1-1) 0
Sum score (IQR) 7(7-7) 8 (8 8) 9 (9-9) 10 (10-10) 3(2-3) 0
ACPA positivity, n (%) 5(33) 8 (86) 13(72) 17 (77) 0
ESR (IQR) 60.00 (30.50-87.00) 72.00 (45.00-116.00) 48.00 (29.50-60.00) 60.00 (40.50-80.00) 23.00 (15.75-41.50)
CRP (IQR) 29.10 (9.20-53.40) 43.00 (15.95-56.55) 38.60 (12.50-44.40) 27.15 (20.32-64.45) 17.45 (4.62-65.75)
RF (IQR) 52.00 (39.50-60.50) 421.00 (186.00-590.00) 34.00 (19.50-80.00) 279.50 (106.00-359.00) 26.00 (22.00-29.00)

ACPA positivity was defined as a concentration of greater than 5 pL/mL.

Classification scores were summarised according to 2010 RA classification criteria: A, joint involvement; B, serology; C, acute-phase reactants; D, duration of symptoms.
ACPA, anticitrullinated protein antibody; CRP, C reactive protein; ESR, erythrocyte sedimentation rate; HC, healthy controls; OA, osteoarthritis; RA, rheumatoid arthrititis; RAS1-4,

the first to fourth stage of RA; RF, rheumatoid factor.

therefore enhance our understanding about the gut—joint axis.
However, the role of the gut—joint axis across successive stages
of RA is understudied,® '! where more examinations may provide
an alternative approach to ameliorate RA progression.

Here, we aimed to investigate the stage-based profiles and
roles of the gut—joint axis in RA pathogenesis, and whether or
in which stage gut microbial invasion of the joint synovial fluid
happened.

MATERIALS AND METHODS

Study design and sample collection

Data collection for this multiomics study was conducted in The
First Affiliated Hospital of Shandong First Medical University
(Jinan, Shandong, China), which was a provincial-level large-scale
comprehensive tertiary first-class hospital and had tens of thou-
sands of outpatients with arthritis per year. A total of 122 faecal
and 122 plasma samples were collected from 122 outpatients
of the The First Affiliated Hospital of Shandong First Medical
University from 2017 to 2020.” These outpatients included 76
patients with RA, 19 patients with OA and 27 healthy individ-
uals (table 1). Patients with RA were grouped into four RA stages
including RAS1 (n=15), RAS2 (n=21), RAS3 (n=18) and RAS4
(n=22) according to the rheumatoid diagnostic score,” where
RAS1, RAS2, RAS3 and RAS4 has a score of 6-7, 8, 9 and 10,
respectively. The score was evaluated by the sum of four catego-
ries as summarised in the 2010 RA classification criteria.’ Faecal
samples were collected and sequenced and plasma samples were
used to test the plasma metabolites, anticitrullinated protein
antibody, erythrocyte sedimentation rate, C reactive protein,
rheumatoid factor, cytokines and plasma metabolites.

To confirm the bacterial invasion of the joint synovial fluid,
another cohort of 271 with RA of four distinct stages were
recruited, including 52 patients in RAS1, 66 in RAS2, 67 in RAS3
and 86 in RAS4. Synovial fluid samples were collected asepti-
cally from knee joints during therapeutic aspiration. The entire
experiment was conducted in a completely sterile atmosphere.
For each patient, a total of 7mL synovial fluid was collected, of
which § mL was used for 16S rRNA gene sequencing, 1 mL was
used for bacteria isolation and 1 mL synovial fluid was prepared
for scanning electron microscopy.

All of the participants were at fasting status during the sample
collection in the morning. Only participants who met the stan-
dard were recruited in this study: Recruited individuals had not
received treatment in the recent month and were in the active
period, and had no malignant tumour, no other rheumatic
diseases such as ankylosing spondylitis, psoriasis, gout, no gastro-
intestinal diseases such as diarrhoea, constipation and haemato-
chezia in the recent month, no infections, no other comorbidity
such as diabetes and hepatitis B.

Metagenomic sequencing and processing to analyse the
faecal microbiome

Whole-genome shotgun sequencing and processing of faecal
samples, non-redundant gene catalogue construction, identi-
fication of metagenomic species (MGS), functional annotation
to Kyoto Encyclopaedia of Genes and Genomes (KEGG) were
performed (details in online supplemental text). Two parallel
processes were used for gut metagenomic data analysis: One was
based on 4million non-redundant genes and investigated the
functional composition across RA stages and OA, as well as the
MGS that most drove the correlation of these microbial func-
tions with RA or OA and (2) The other reported the 232 clas-
sified microbial species composition across RA stages and OA,
profiled by MetaPhlAn2'? (V.2.7.8).

UHPLC-QTOF-mass spectrometry analysis of plasma
metabolites

Untargeted plasma metabolome was examined by ultra-
performance liquid chromatography-quadrupole time-of-flight
(UHPLC-QTOF) mass spectrometry: liquid chromatography
with tandem mass spectrometry on an UHPLC system (1290,
Agilent Technologies) with a UPLC BEH Amide column (1.7 pm
2.1x100 mm, Waters) coupled to TripleTOF 6600 (Q-TOF, AB
Sciex) and QTOF 6550 (Agilent) (details in online supplemental
text).

16S rRNA gene sequencing and processing to analyse the
synovial fluid microbiota

Bacterial DNA was extracted from 271 SmL synovial fluid
samples. The tube containing PBS serves as environmental
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control. Only a total of 86 synovial fluid samples from patients
in RAS4 had enough bacteria DNA content (=10ng) (Bacte-
rial DNA Kit, TIANGEN) for bacteria 16S rRNA gene high-
throughput sequencing. The V1/V2 hypervariable regions of
the 16S ribosomal RNA gene were sequenced using the Illu-
mina HiSeq platform. The 16S sequence paired-end data set
was joined and quality filtered using the FLASH as previously
described.” Taxonomic annotation was then performed (details
in online supplemental text).

Bacterial isolation and scanning electron microscopy

Six synovial fluid samples (1 mL) per RA stage were used for
bacteria isolation, and the obtained isolated colonies were
identified using 16S rRNA gene sequencing (details in online
supplemental text). For the samples from which bacterial can be
isolated, synovial fluid samples (1 mL) of the same individuals
were then filtered and imaged with scanning electron micro-
scope (ZEISS Sigma 300, details in online supplemental text).

Statistical analysis

Samples were divided into three groups including the healthy
group, the OA group and the RA group. Samples of the RA
group were further divided into four subgroups including RAS1,
RAS2, RAS3, RAS4. For comparisons of vectors across groups or
subgroups, such as microbial species abundance, KO abundance,
metabolite intensity. Mann-Whitney-Wilcoxon test (p values)
with Benjamini and Hochberg correction (q values) was used to
test the significance. A threshold for statistical significance was
p<0.05, and for multiple testing the threshold was p<0.05 and
q<0.1.

For correlations between KEGG modules and clinical pheno-
types including arthritis (healthy=0, OA=1, RA=2), cytokine
levels and rheumatic factor level, owing to that a KEGG module
contained multiple KOs, Spearman correlation coefficients
(SCC) between abundances of KOs and clinical phenotypes were
first calculated. Subsequently, Mann-Whitney-Wilcoxon test (p
values) with Benjamini and Hochberg correction (q values) was
used to test if SCC between the KOs in a given KEGG module
and phenotypes were different from that between all the other
KOs out of the KEGG module and phenotypes. In this process,
the KEGG module with statistical significance was viewed as
significantly correlated with the clinical phenotypes. A threshold
for statistical significance was p<0.05and q<0.1. Considering
that sex and age might have potential effects on gut micro-
biome,'* partial SCCs with age and gender adjusted were also
calculated and compared, and a threshold for statistical signifi-
cance wasp_ ., <0.05andq_ ., <0.1.

Leave-one-out analysis was used to test which MGS was
driving the observed correlations between KEGG modules and
arthritis. Owing to that one MGS contained multiple genes that
were mapped to KOs, if one MGS was excluded in the dataset,
the overall profiles of the KO abundance would change, resulting
in the change of the correlations between KEGG modules and
arthritis. Therefore, to determine the driving effects of each
of MGS, the calculation of the KO abundance was iterated
excluding the genes from a different MGS in each iteration, and
the correlations between each KEGG module and arthritis were
recalculated. Finally, the driving effects of a given MGS on a
specified correlation was defined as the change in median SCC
between KOs and arthritis when genes from the respective MGS
were left out.

To determine the diagnostic potential of RA stages using
multiomics features, random forest algorithm was performed on

6,224 KOs, 232 microbial species and 277 plasma metabolites,
using the R package ‘randomForest’. Function ‘trainControl’
in R package ‘caret’ was used to perform 10 repeats of 10-fold
cross-validation for each data set. Function ‘train’ in R package
‘caret” was used to fit models over different tuning parameters
to determine the ‘mtry’ for random forest algorithm. Gini coef-
ficients were used to measure how each variable contributed to
the homogeneity of the nodes and leaves in the resulting random
forest.

RESULTS

Stage-specific microbial taxonomic profiles

We obtained a total of 231 classified microbial species from
metagenomic data, and tested their alterations in each stage of
RA, as compared with healthy controls (see online supplemental
figure S1, table S1-S5). The elevated species in RA progression
were mostly from the phyla Firmicutes and Actinobacteria,
while the depleted species were predominantly from the phylum
Bacteroides (q<0.1). We found certain microbes did not remain
altered across RA stages, as compared with healthy controls.
Bifidobacterium dentium, for instance, was reported to be asso-
ciated with the development of dental caries and periodontal
disease, both of which were particularly prevalent in patients
with RA." '® Compared with healthy controls, it remained
elevated across RA stages except for RAST (RAS2: p=7.16x10"
3, RAS3: p=3.70x107, RAS4: p=9.15x107*). Moreover,
we noticed that 29 species that were altered exclusively in a
specific stage (see online supplemental table S1-S5). We found
that Collinsella aerofaciens was elevated exclusively in RAS1
(p=0.043). C. aerofaciens was previously reported to generate
severe arthritis when inoculated into CIA-susceptible mice, and
an in vitro experiment showed that C. aerofaciens could increase
gut permeability and induce IL-17A expression, a key cytokine
involved in RA pathogenesis.” The elevation of C. aerofaciens
in RAS1 might contribute to the early breach in gut barrier
integrity, through which the translocation of microbial products
would then trigger the subsequent clinical arthritis.® Moreover,
Veillonella parvula, whose infection could cause osteomyelitis,'”
was found elevated exclusively in RAS3 (p=0.027). Eggerthella
lenta (p=0.018) and Bifidobacterium longum (p=0.022) were
found elevated exclusively in RAS4. The gavage of E. lenta were
reported to increase gut permeability and produce proinflam-
matory cytokines."® We also recognised species altered exclu-
sively in OA, such as elevated Dialister invisus (p=0.041) that
was positively correlated with spondyloarthritis severity."” These
stage-specific altered species had the potential to serve as the
targets for intervention in a given RA stage.

Stage-specific microbial functional profiles

Next, we sought to detect the microbial dysfunction across stages
of RA. We grouped 4047645 metagenomic genes into 6,224
KOs and 404 KEGG modules. We identified 12 KEGG modules
that were significantly correlated with RA or OA (q<0.lor q,
s <0.1, see online supplemental figure 52) and presented their
variation across stages (figure 1A). We then used leave-one-out
analysis to identify the MGS that most drove the correlations of
these KEGG modules with RA or OA (figure 1B, online supple-
mental figure S3).

We found an evident decrease in glycosaminoglycan (CAG)
metabolism across four RA stages and OA. It was mainly
reflected by the significant decrease in K01197 (hyaluronoglu-
cosaminidase) of dermatan sulfate (DS) degradation and the
significant decrease in K10532 (heparan-alpha-glucosaminide
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KO genes in the KEGG modules that were significantly correlated with arthritis (q<0.10r q ., <0.1, see online supplemental figure S1). KO genes
with a prevalence of 5% or higher are shown. (B) KO genes involved in specific KEGG pathway modules in (A) are shown in the KEGG pathway
maps. Each box in a pathway represents a KO gene and is marked in red for elevation or in blue for depletion at any of the stages compared with
healthy individuals. Bar plots show relative gene abundances averaged over samples within each of the five groups (healthy (H), RAS1 (S1), RAS2
(S2), RAS3 (S3), RAS4 (S4) and 0A) and are coloured according to the values. Each KO gene is composed of MGS genes represented by circles. The
sizes and colours of the circles are proportional to the relative abundances of the MGS genes. MGS genes are grouped into one row and indicated
by the taxonomic name. The three MGS that most drove the correlation of the KEGG modules with arthritis types are shown. In all panels, significant
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ortholog; MGS, metagenomic species; OA, osteoarthritis.

N-acetyltransferase) of heparan sulfate (HS) degradation
(p<0.05, figure 1A). Chondroitin 4-sulfate is a major compo-
nent of the extracellular matrix of many connective tissues,
such as cartilage, bone and skin.'” We found that the signif-
icant depletion of DS degradation would inhibit the produc-
tion of chondroitin 4-sulfate (figure 1B), which might hurt the
mechanical properties of the articular cartilage.'” Moreover,
the significant depletion of HS degradation might be a potential
cause of the higher plasma level of HS observed in RA and OA

patients,?’?! which could promote arthritis progression by regu-

lating protease activity.”* The most driving species of DS degra-
dation and HS degradation were MGS Bacteroides uniformis
and MGS Bacteroides plebeius, respectively. The genes of MGS
B. uniformis related to K01197 were found most depleted in
RAS2, while the genes of MGS B. plebeius related to K10532
were found most depleted in RAS3 and RAS4 (figure 1B). These
results indicated that the depleted microbial function in DS
degradation and HS degradation driven by B. uniformis and B.

1672
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plebeius, respectively, could promote RA and OA in a way of
hurting articular cartilage.

We also identified elevated microbial functions that were
related to inflammation such as the previously reported ascor-
bate degradation.” Here, we found most of the KOs related to
ascorbate degradation retained a higher level across RA stages
and OA, especially in RAS2 and RAS3 (p<0.05, figure 1A).
Genes of K02821 (phosphotransferase system) in RAS1, K03475
(phosphotransferase system), K03476 (L-ascorbate 6-phosphate
lactonase), and K03479 (L-ribulose-5-phosphate 3-epimerase)
were mostly driven by MGS Escherichia coli (figure 1B). The
enhanced ascorbate degradation might contribute to the defi-
ciency of the ascorbate reported in patients with RA* and
were found positively correlated with multiple plasma cyto-
kines (q<0.1or q ., <0.1, see online supplemental table S6),
such as IL-1B (p=5.44x107*), TNF-a. (p=6.59%x107") and IL-6
(p=1.12x107%). Moreover, to confirm the effects of ascorbate
on RA progression, we examined the plasma TNF-o level and
IL-6 level, bone CT scans, and bone density of (1) normal DBA/1
mice, (2) DBA/1 mice with CIA and (3) DBA/1 mice with CIA
and gavage of ascorbate. We found that the 3-month gavage of
ascorbate to CIA mice can prevent the increase of TNF-o. and
IL-6 levels by half, inhibit bone destruction, and maintain bone
density (1.58+0.0034 g/cm®), as compared with the CIA mice
without ascorbate (1.53%0.013 g/cm®), and the normal group
(1.61+0.021 g/em®, see online supplemental figure S4).

For other elevated microbial functions, the trans-cinnamate
degradation driven by MGS E. coli, where most KOs were
notably elevated in RAS2, was also correlated with multiple
cytokines (q<0.1or q ., <0.1, see online supplemental table
S6), such as IL-13 (p=1.63x107), IL-1p (p=2.87%10") and
IL10 (p=4.10x107). Moreover, the arginine succinyltrans-
ferase pathway driven by MGS E. coli was found significantly
elevated mainly in RAS2 and RAS3 (figure 1). L-arginine is able
to prevent bone loss induced by zinc oxide nanoparticles or by
ciclosporin A, through anti-inflammatory mechanism?* or nitric
oxide production, respectively.”” Both arginine succinyltrans-
ferase pathway and trans-cinnamate degradation was positively
correlated with the elevation of rheumatoid factor (p=1.35x10"
%). Taken together, these results suggested that microbial
dysfunction could promote RA progression mainly by hurting
bone tissue and strengthening inflammation. The inflammation-
related microbial dysfunction was extremely active in RAS2 and
RAS3 and largely driven by E. coli.

Microbial invasion of the joint synovial fluid

Next, we investigated whether or in which stage microbial inva-
sion of the joint synovial fluid happened. Enhanced gut perme-
ability may render it possible for microbes and their products to
translocate, triggering an immune response.® ** We thus spec-
ulated that gut microbes might invade the joint synovial fluid
of patients with RA through the gut—joint axis. To test this, we
performed 16S rRNA gene sequencing on the synovial fluid
samples from another cohort of 271 patients in four RA stages,
including RAS1 (n=52), RAS2 (n=66), RAS3 (n=67) and RAS4
(n=86). Notably, we were not able to obtain enough bacte-
rial DNA for sequencing in samples of RAS1, RAS2 or RAS3,
however, we could identify many microbes in samples of RAS4
(see online supplemental figure S5). We found that most of the
microbes in joint synovial fluid were from phyla Proteobacteria
and Firmicutes, and a total of 98 genera could also be detected
in faecal metagenomic data (see online supplemental table S7).
Moreover, we could recognise E. lenta and B. longum in most

Figure 2 Scanning electron microscopy of the joint synovial fluid.

of the synovial fluid samples, both of which were observed to
be exclusively elevated in faecal metagenome of patients in
RAS4 from the multiomics cohort (see online supplemental table
S4). In addition, Prevotella copri that has been reported highly
correlated with RA®*#” was also found abundant in most synovial
fluid samples of patients in RAS4. We then randomly selected
six synovial fluid samples per RA stage for bacteria isolation.
Only from three synovial fluid samples of RAS4 can we separate
bacteria. We then picked and sequenced three single colonies
per synovial fluid sample. Five of the nine colonies were iden-
tified as Clostridium sporogenes strain, and three were identi-
fied as Enterococcus gallinarum strain, and one was identified
as Citrobacter freundii strain (see online supplemental table S8).
Interestingly, Enterococcus gallinarum and Citrobacter freundii
could also be detected in faecal metagenomic data of 18% of
patients with RA. We subsequently observed the corresponding
synovial fluid samples using scanning electron microscopy, and
found substances shaped like bacteria in rod-like or spherical
forms (figure 2). Taken together, this multifaceted investigation
has provided unprecedented evidence to support the existence
of microbial invasion of the joints in the fourth stage of RA.

Stage-specific metabolomic profiles

We then introduced metabolomic data, and performed a random
forest algorithm on 232 microbiome species, 6224 KOs and 277
metabolites to test their diagnostic potential for each stage of
RA and OA (figure 3A-E). Metabolites exhibited the best area
under the receiver operating characteristic curve (AUROC) in
discriminating samples of four RA stages or OA from healthy
samples, with AUROC ranging from 0.974 to 0.998. Other char-
acteristics at the species and KO levels exhibited weaker discrim-
inant ability, with AUROC ranging from 0.760 to 0.838 and
from 0.799 to 0.852, respectively. The most prominent changes
in metabolites were the significant increase of DL-lactate and
gly-glu in RAS1 (p=2.15x10", p=4.70x107*), the decrease of
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Figure 3  Multiomics diagnostic potential for the RA stage. A random forest algorithm was performed on 6224 KOs, 232 microbial species and

277 plasma metabolites in RAS1 (A), RAS2 (B), RAS3 (C), RAS4 (D) and OA (E). The Gini importance of the top five most discriminant metabolites

are displayed. Boxes represent the IQR between the first and third quartiles and the line inside represents the median. Whiskers denote the lowest
and highest values within the 1.5xIQR from the first and third quartiles, respectively. Boxes are marked in a specific colour to show the significant
elevation (p<0.05, red, Mann-Whitney-Wilcoxon test) or depletion (p<0.05, blue, Mann-Whitney-Wilcoxon test) of the features in each of the arthritis
stages compared with the healthy group. The ROC curves of the random forest model using microbial species, KOs, or metabolites were plotted, with
AUC calculated by 10 randomised 10-fold cross-validation. The colour of the curve represents the category of the used features. (F) The dot plots show
stage-specific abundance or concentration (mean=SE) of plasma metabolites, which are specified in (A—E). Four RA stages are connected to display
the variance. Dots are coloured differently if the features are significantly elevated (red) or significantly depleted (blue), as compared with those of
the healthy group. *p<0.05, **p<0.01, ***p<0.005; Mann-Whitney-Wilcoxon test. AUC, area under curve; KEGG, Kyoto Encyclopaedia of Genes and
Genomes; KO, KEGG ortholog; OA, osteoarthritis; RA, rheumatoid arthritis; ROC, receiver operating characteristic.

N,N-dimethylaniline and the increase of methoxyacetic acid in
RAS2 (p=4.60x107, p=1.28x107"), the increase of cysteine-
S-sulfate (p=4.66x107'%) in RAS3, the increase of galactinol
and 3o-mannobiose in RAS4 (p=5.71x107, p=5.68x107",
and the decrease of N,N-dimethylaniline and increase of gly-
glu (p=2.00x107, p=1.74x107) in OA, as compared with a
healthy state. The predominant metabolic disorders implicated
a critical involvement in pathogenesis and a great diagnostic
potential for RA stages.

Moreover, metabolic disorders could distinguish a given RA
stage from not just healthy controls but also other RA stages or
OA (figure 3F): Methoxyacetic acid in RAS2 (p=1.68x107
or cysteine-S-sulfate in RAS3 (p=2.42x107* or Galactinol
and 3o-mannobiose in RAS4 (p=9.37x107, p=4.89x107),
respectively, was higher than that in all the other RA stages
and OA. Methoxyacetic acid was reported to have inhibi-
tory effects on osteoblasts and could cause reductions in bone
marrow cellularity.®=° Additionally, cysteine-S-sulfate was
a structural analogue of glutamate, acting as an agonist of

N-methyl-D-aspartate receptor (NMDA-R) whose expression
and function in osteoclasts engaged in bone resorption.’! There-
fore, notable elevations of methoxyacetic acid in RAS2 might
hinder osteoblasts, whereas notable elevations of cysteine-
S-sulfate in RAS3 might encourage osteoclasts. The imbal-
ance between osteoblasts and osteoclasts would promote the
bone erosion that occurred clinically in the third stage of RA.
Moreover, DL-lactate in OA was less than that in all RA stages
(p=0.037), which might improve clinical differentiation of early
RA from OA.

DISCUSSION

Our findings reveal dynamic shifts in gut microbiome and plasma
metabolome, and their continuous roles in pathogenesis of RA
across four successive stages (figure 4). Moreover, we demon-
strate that microbial invasion of the joint synovial fluid happens
in the fourth stage of RA.
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The samples used for this study can fairly represent gut micro-
biome of each RA stage. Our hospital had tens of thousands of
outpatients with arthritis per year and we have kept collecting
samples from patients diagnosed with each stage of RA from
2017 to 2020. Considering the potential effects of clinical inter-
vention on gut microbiome,** in this study, we only recruited
samples of those patients who had not received treatment within
1 month and were in the active period. Therefore, the microbial
dysbiosis and metabolic disorders depicted here could serve as a
profound reference for future studies in each stage of RA.

Clinical microbial intervention should take into account the
stage of RA. We found each RA stage had its special elevated
or depleted microbes that played a role in RA pathogenesis
(figure 4A). Hence, it may not be adequate for clinical guidance
to generally report microbial alterations in RA without informa-
tion of the stage, as many studies have done.®'" For instance,
early inhibition of C. aerofaciens that was elevated exclusively
in the first stage could help prevent increasing of gut permea-
bility.” Additionally, inhibition of E. coli in the second and third
stage could help maintain the content of L-arginine that acted
as an inhibitor of bone lose,* ** as well as the content of anti-
inflammatory ascorbate.*> Moreover, certain species may need
intervention across stages owing to its depletion during the

whole RA progression. A cross-stages restoration of B. uniformis
could help maintain the content of chondroitin 4-sulfate to keep
mechanical properties of the articular cartilage.'>

Moreover, metabolic alterations kept considerable throughout
RA progression, in spite of which we found that certain of these
metabolites need a higher priority of intervention in a specific
stage. In the second stage of RA, the aberrant elevation of
methoxyacetic acid might have inhibitory effects on osteoblasts
and cause reductions in bone marrow cellularity”>° (figure 4B).
The inhibited osteoblasts then drew the foreshadowing for the
bone erosion that happened in the next stage. In the third stage,
the considerable elevation of cysteine-S-sulfate might enhance
the osteoclasts by NMDA-R interaction.’’ The imbalance
between osteoblasts and osteoclasts would then promote bone
erosion that happened in the third stage and persisted in the late
RA stages. Thus, methoxyacetic acid may be a targeted metabo-
lite for treatment to patients in the second stage of RA and serve
as a precaution against the upcoming third stage.

Our findings suggested that bacterial invasion of joint syno-
vial fluid happened in the fourth stage of RA (figure 4B). Joint
synovial fluid was generally considered sterile, and indeed, we
failed to either extract enough DNA or isolate bacteria from
the synovial fluid in the first three stages. However, in the
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fourth stage, we succeeded to obtain bacterial 16S reads, isolate
bacteria and observe substances shaped like bacteria in rod-like
or spherical forms under scanning electron microscopy. More-
over, in the multiomics cohort, we found two faecal microbes
elevated exclusively in the fourth stage of RA, E. lenta and B.
longum, and their existence in the joint synovial fluid was vali-
dated by the other cohort. It might due to the buildup of the
continuous damages in gut barrier and microbes and microbial
metabolites would then be transferred to the joints via blood.®
Hence, for patients in the fourth stage of RA, in addition to
routine medical therapies, specific treatments to the microbes
in the joint synovial fluid may ameliorate the joint micro-
environment to decrease synovial inflammation and inhibit
potential bacterial effects.

This study also has limitations and prospects. First, a long-
term follow-up investigation on a single individual throughout
his/her RA development may reinforce the conclusions of this
study. Second, it remains unclear how bacterial genetic materials
are transferred from intestine to joint. It might be realised by
bacteria transmission through blood or by means of extracellular
vesicles or both. Third, the proposed links between microbial
dysbiosis/metabolic disorders and RA can serve as a guidance
for future experiments on RA pathogenesis. Lastly, additional
researches into the synovial fluid microbiome and metabolome
have the potential to reveal more sophisticated mechanisms
underlying RA pathogenesis.

In conclusion, this study demonstrates microbial and meta-
bolic roles in RA pathogenesis across four successive stages. A
stage-specific intervention of microbial dysbiosis and metabolic
disorders is warranted for prognosis and prevention of RA.
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