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The intestinal mucosa-associated microbiota in IBD-associated arthritis displays 
lower relative abundance of Roseburia intestinalis
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ABSTRACT
The most common extra-intestinal manifestation (EIM) of inflammatory bowel disease (IBD), IBD- 
associated arthritis (IAA), occurs in 25–40% of patients and can be debilitating. In IBD, mucosal and 
stool microbiota richness is decreased, and compositional changes can precede or accompany 
disease onset. Likewise, spondyloarthritides are associated with altered gut microbiota, with 
overlapping bacterial signatures observed in IBD, suggesting key shared microbial factors are 
involved in both conditions. Much has been learned about the role of the intestinal microbiome 
in IBD, but less is known regarding its role in IAA. To address this knowledge gap, we analyzed the 
mucosa-associated intestinal microbiota of participants enrolled in the LOCATION-IBD cohort. 
Microbiota composition was established using 16S rRNA gene amplicon sequencing of intestinal 
biopsy samples taken from participants with IBD, with or without arthropathy. Microbiota samples 
clustered predominantly by participant, and similar taxa were present across the colon. The 
mucosal intestinal microbiota of females with IAA displayed a lower relative abundance of 
R. intestinalis, while males with IAA had a higher relative abundance of Corynebacterium, even 
when controlling for IBD-type, whether samples were taken from a site of inflammation and 
intestinal location. These findings indicate the mucosa-associated intestinal microbiota is asso
ciated with IAA in a sex-specific manner.

ARTICLE HISTORY 
Received 7 February 2025  
Revised 26 March 2025  
Accepted 7 May 2025 

KEYWORDS 
Spondyloarthritis; mucosal 
gut microbiome; 
enteropathic arthritis; 
Crohn’s disease; ulcerative 
colitis; IBD-associated 
arthritis

Introduction

Inflammatory bowel disease (IBD), which includes 
Crohn’s disease (CD) and ulcerative colitis (UC), is 
increasingly common in the United States and 
worldwide.1,2 Extra-intestinal manifestations 
(EIMs) of IBD occur frequently in IBD patients, 
negatively impact quality of life, and are often chal
lenging to treat.3 The musculoskeletal, dermatologic, 
ocular, and hepatobiliary systems are most fre
quently affected;4 by far, the most common EIM is 
IBD-associated arthritis (IAA), a form of spondy
loarthritis (SpA).5 Known risk factors for both per
ipheral and axial IAA include female sex, CD, right- 

sided colon involvement, and other SpA-related risk 
factors such as human leukocyte antigen (HLA)-B27 
positivity, psoriasis, and presence of other EIMs 
(e.g., uveitis).4,6–8 Although anywhere from 25% to 
40% of individuals with IBD are affected by IAA,9 

much remains to be learned regarding its etiopatho
genesis. Part of the challenge lies in the fact that 
joint-related disease activity does not always corre
late with intestinal disease activity,10,11 suggesting 
that while these conditions are highly related, IBD- 
associated SpA is a distinct disease entity.

The intestinal microbiota has long been speculated 
to play a key role in the development and progression 
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of both IBD and SpA.3,12–16 Multiple bacteria are 
differentially abundant in both conditions compared 
to healthy controls, including the genera Dialister, 
Ruminococcus, Faecalibacterium, Roseburia, 
Akkermansia, Fusicatenibacter, and Enterococcus, 
among others.12,17–19 However, not all associations 
overlap, and some bacteria display discordant 
biosignatures.12 Studies looking at IAA in stool have 
found a decreased abundance of Bifidobacterium and 
lactobacilli20 and an increased abundance of 
Enterococcus,21 Staphylococcus, and Proteus.20 

However, most studies were performed using stool 
samples that approximate the bacterial composition 
and abundance of the entire intestinal lining, failing to 
accurately estimate the bacteria adherent to the gut 
mucosal tissue at specific intestinal locations. Mucosa- 
based studies may identify localized compositional 
changes associated with location-specific inflamma
tion and the resultant impact on barrier integrity22 

and can do so earlier in the disease than stool-based 
studies, thus making them more diagnostically 
valuable.23 Barrier disruption allows metabolites to 
circulate in the bloodstream, leading to systemic 
involvement observed in spondyloarthropathy. 
However, despite increasing interest in studying the 
mucosa-associated intestinal microbiota,24,25 few stu
dies have characterized the mucosal intestinal micro
biota in IBD,25–27 and even fewer in IAA, where the 
largest number of individuals sampled in a study has 
been five with axial IAA.28

To address these gaps in knowledge and better 
understand the relationship between the intestinal 
mucosal microbiota and IAA, we performed an 
analysis of the microbiota of intestinal biopsy sam
ples collected from multiple locations in the lower 
GI tract, including healthy tissue, sites of active 
inflammation, and healthy-appearing tissue adjacent 
to areas of inflammation, from participants in the 
LOCATION-IBD cohort.29 Incorporating clinical 
data and phenotyping, we assessed the composition 
and structure of the mucosa-associated intestinal 
microbiota in a location- and disease-specific man
ner in participants with and without IAA. Our find
ings lay the groundwork for novel hypotheses 
regarding the contribution of intestinal microbiota 
to disease, including that the presence of Roseburia 
intestinalis protects against IAA in females with IBD. 
In contrast, Corynebacterium presence contributes 
to the development of IAA in males.

Materials and methods

Participant, sample, and metadata collection

One hundred eighty-two adults with IBD, with or 
without IAA, were enrolled in the LOCATION-IBD 
cohort.29 The study protocol and the cohort were 
previously described,29 including enrollment proto
cols, inclusion and exclusion criteria, and patient 
stratification; notably, patients with antibiotic expo
sure in the prior 4 weeks were excluded. Briefly, par
ticipants were enrolled from the University of 
Maryland IBD clinic and our associated Baltimore 
Veterans Affairs Medical Center IBD clinic. 
Intestinal mucosal biopsies (approximately 8–10 mg 
each) were collected from the terminal ileum (TI), 
hepatic flexure (HF, i.e., proximal colon, PC), and 
distal descending colon (DDC) during clinically indi
cated colonoscopy.29 Sampling locations were chosen 
as follows. TI and DDC are most frequently involved 
in CD and UC, respectively. Ileal involvement is 
observed in up to 70–80% of individuals with CD.30 

Distal colon involvement just beyond the rectum is 
involved for 75–80+% of individuals with UC seen at 
our institution. HF was additionally sampled based 
on previous work from our lab7 which has shown 
right-sided colon involvement is more frequently 
associated with many EIMs, including IAA. Areas of 
inflammation as determined by the endoscopists 
included tissue with features of erythema, erosion, 
and/or ulceration; when present, these areas and 
adjacent healthy tissue were both biopsied. Biopsy 
samples were stored in 1 ml of DNA/RNA Shield 
(ZYMO Research) for microbiota analysis and kept 
at −80°C until DNA extraction. Clinical, demo
graphic, and patient-reported outcome (PRO) data 
were collected using a combination of chart review, 
participant interview, and REDCap survey.

DNA extraction and library preparation

Samples (1 ml) were homogenized using bead- 
beating (4.0 m/s, 20s, mpbio FastPrep-24), per
formed with 0.1 mm silicon beads (Lysing Matrix 
B 2 mL RNAse/DNAse free tubes, mpbio, San 
Diego, CA, USA); DNA was extracted from 350 µL 
of homogenized tissue using the NEB Monarch 
Genomic DNA Purification Kit (NEB, Ipswich, 
MA, USA), following the animal tissue protocol, 
per manufacturer’s instructions. Bacterial DNA 
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was enriched using the NEBNext Microbiome DNA 
Enrichment Kit (NEB, Ipswich, MA, USA), without 
modification of the manufacturer’s protocol. DNA 
was eluted into 50 µl of TE buffer and stored frozen 
at −80°C until use.

16S rRNA gene V3V4 amplicon sequencing

The composition of the mucosal intestinal micro
biota was determined using amplicon sequencing of 
the V3V4 region of the 16S rRNA gene, as described 
by Holm et al.,31 except that unique dual indices 
were used. Amplicon libraries were sequenced on 
an Illumina NextSeq 1000 instrument at a targeted 
depth of 50,000 paired-end reads per sample, using 
the PE300 protocol (600 cycle), at Maryland 
Genomics, Institute for Genome Sciences, 
University of Maryland School of Medicine. 
Negative (extraction and PCR, using the same pro
tocols described above) and positive control samples 
(ZymoBIOMICS Microbial Community DNA 
Standard, ZYMO Research) were included and 
sequenced using the same procedures.

Data processing, filtering, and normalization

Paired-end reads were processed using DADA232 to 
assemble amplicon sequences, remove chimeric 
sequences and sequencing errors, and identify 
amplicon sequence variants (ASVs). ASV taxo
nomic assignments were performed using the RDP 
classifier33 trained on the SILVA database34 (release 
138.1), and ASVs with similar taxonomic assign
ments were merged. Samples with fewer than 5,000 
sequences were removed from the dataset (n = 71 
removed, 490 remaining). Further processing 
involved removing all taxa and sequences assigned 
as “unknown”, “eukaryote”, and “chloroplast”, leav
ing a total of 2,238 bacterial taxa and a mean of 
78,405 sequences per sample (median 68,219, IQR  
= [31,320, 112, 770], range = [5,224, 264,473]). 
Bacterial taxa were filtered such that those with 
a study-wide mean relative abundance of less than 
5 × 10−5 were removed, leaving 384 taxa. The mini
mum count for any remaining sample following 
these preprocessing steps was 4,999 sequences per 
sample, with a mean of 78,828 sequences (median 
67,772, IQR = [31,021, 111,817], range = [4,999, 
260,520], n = 490, Supplemental Figure S1; 

representing a mean of 2.85 biopsies, a median of 
3 biopsies, IQR [2,3], range [1,6], per participant). 
Preprocessing resulted in the generation of a final 
table containing sequence counts for each bacterial 
taxon for each sample (Supplemental Table S1), 
used for all statistical analyses described below.

Demographic analysis of the cohort with samples 
used in the analyses

Differences in demographic variables between 
individuals with and without IAA and those with 
joint pain of unclear etiology were assessed using 
Fisher’s Exact test for categorical variables and 
ANOVA for quantitative variables.

Comparative analysis of the mucosal intestinal 
microbiota composition

Principal component analysis (PCA) of the taxa 
relative abundance data was performed, and the 1st 
and 2nd PCs were plotted and color-coded based on 
multiple clinical factors, including IBD type, sex, 
whether samples were taken from inflamed tissue, 
sample location origin, and joint EIMs. PCA plots 
were visualized using the “stats” and “ggbiplot” 
packages in R.35 Stacked bar plots displaying taxa 
relative abundance were generated for each intest
inal biopsy location (TI, HF, DDC), as well as for all 
490 samples in the cohort. Relative abundance of the 
20 most highly abundant taxa in each category and 
an “other” category comprised of the sum of relative 
abundances of all other taxa were plotted. Spearman 
test was used to assess differences in the relative 
abundance of all 384 taxa between each site due to 
the results of the Shapiro–Wilk test on relative abun
dance data, which provided a p-value of <2.2 ×  
10−16. Dendrograms displaying hierarchical cluster
ing of samples were produced based on Euclidean 
distances and Ward linkage. Zicoseq was used to 
assess differences in composition between intestinal 
locations (TI, HF, DDC) while controlling for 
participants.

Analysis of alpha and beta diversity

Alpha diversity was calculated using Shannon 
indices using the phyloseq package in R for each 
sample, and values were compared based on IBD 
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type, sex, whether samples were taken from 
inflamed tissue, whether inflammation was present 
on endoscopic exam, sample location, and joint 
EIMs. Beta diversity was calculated using Jensen 
Shannon Divergences (JSDs) via the phyloseq pack
age in R comparing locations, specifically between 
locations within participants and across locations 
in the cohort. Individual location–location com
parisons (n = 524) were averaged to generate 
a single composite mean value for JSD for each 
participant. Mean JSDs were compared based on 
whether inflammation was present on endoscopic 
exam, disease localization, IBD type (including CD, 
UC, and IBD-type undetermined, i.e., IC), joint 
EIMs, and biologic medication use. Statistical sig
nificances between univariate factors between 
groups were evaluated using Welch’s t-test for two- 
group comparisons, or one-way ANOVAs for 
multi-group comparisons with post-hoc Tukey 
analysis, using the stats package in R.35

Comparison of taxa in those with and without joint 
EIMs and across IBD types

ALDEx2 t-test function was employed to identify 
differences between those with and without joint 
EIMs, excluding those with joint pain of unclear 
etiology (n = 438 total remaining), and Benjamini– 
Hochberg (BH) corrected q-values were calculated. 
A cutoff significance level of 0.100 for calculated 
q-values of either Welch’s t-test or Wilcoxon Rank 
test was used to identify taxa with significant asso
ciations. A series of multiple logistic multivariate 
models using generalized linear models (GLMs) 
with a binomial distribution using the stats 
package35 in R were generated to describe the rela
tionships between central log ratio (CLR) trans
formed individual bacteria relative abundance and 
joint EIMs while controlling for IBD type, whether 
a sample was obtained from a site of inflammation, 
and sampling location, with a significance level of 
0.100. These models were validated using mixed 
GLMs with participant ID as a random effect to 
account for participant representation in multiple 
biopsies, using the lme4 package in R. The same 
modeling approach was employed to describe the 
relationship between joint EIMs, CLR-transformed 
bacterial taxa relative abundance, sex, IBD type, 
and the relationship between CLR-transformed 

bacterial taxa relative abundance and sex, and 
CLR-transformed bacterial taxa relative abundance 
and IBD type. A mixed GLM (with participant ID 
as a random effect) was used to model the relation
ship between joint EIMs and R. intestinalis pre
sence/absence, IBD-type, sex, and the interaction 
between bacterial presence/absence and sex. For 
those with joint EIMs, the relationship between 
active joint disease, sex, and CLR-transformed bac
terial taxa relative abundance was assessed using 
one-way ANOVA tests for multi-group compari
sons (males and females with and without IAA), 
with post-hoc Tukey analysis, due to sample size 
preventing more complex models. A similar 
mixed GLM (with participant ID as a random 
effect) was used to assess, as a categorical variable, 
R. intestinalis relative abundance being in the 4th 

quartile across all samples in place of R. intestinalis 
presence/absence. Finally, a mixed GLM (with par
ticipant ID as a random effect) was employed to 
describe the relationship between IBD type and 
bacterial taxa relative abundance, sex, age, presence 
or absence of joint EIMs, and the relationship 
between bacterial taxa relative abundance and sex. 
A Q-value correction was performed on all 
p-values generated via the GLMs developed using 
similar base equations via False Discovery Rates to 
account for multiple comparisons.

Software and figure generation

All analyses were performed with R version 4.3.1.35 

All figures were edited in Inkscape to adjust figure 
titles, text, fonts, and text size and add sub-labels 
where appropriate. The content of the figures was 
unaltered and can be recreated using the code 
provided in the data availability statement.

Results

Study subject demographics

Demographics of the sub-cohort with samples 
remaining in the dataset used for analyses (N = 172) 
were assessed in a sensitivity analysis and are 
described in Table 1. Similar to the main cohort,29 

those with joint EIMs were still more likely to be 
female (p-value = 0.015) and have CD (p-value =  
0.051), but were not different with regard to age, 
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race, IBD type/sex sub-stratification, CD location or 
behavior, or extent of disease of UC. Due to the low 
number of participants with imaging-confirmed axial 
IAA (n = 2 with isolated axial, n = 1 with axial and 
peripheral disease), participants with axial and per
ipheral IAA were condensed into one group (those 
with IAA). Because IBD type and sex are previously 
described to be associated with gut microbiota com
position, differences in both were assessed and, when 
applicable, controlled for in analyses.

The intestinal mucosal microbiota clusters 
predominantly by participant

In light of the known differences in the fecal micro
biota between CD vs UC, and the physiological 
differences in the mucosa of proximal and distal 
portions of the colon,36,37 we compared the relative 
abundance of the intestinal mucosa-associated 
microbiota using principal component analysis. 
We explored multiple potentially explanatory 

factors, including IBD type, history of joint EIMs, 
participant sex, sampling location (TI, HF, DDC), 
and whether they were obtained from inflamed 
tissue (Figure 1). Sample bacterial compositional 
profiles did not cluster based on any of the evalu
ated factors, with a nearly complete overlap of the 
95% confidence ellipsoid for each factor. Instead, 
samples clustered most closely based on the parti
cipant from whom they were obtained, with less 
variation observed within rather than across parti
cipants (Supplemental Figures S2 and S3).

Beta diversity was used to assess the similarity 
of the composition of the intestinal mucosal 
microbiota. Mean Jenson-Shannon divergence 
(JSD) across all samples was 0.4002 (median =  
0.3938, IQR = [0.3145, 0.4824], range = [0.0028, 
0.6888]; Supplemental Figure S4). We then com
pared the relative abundance of the 20 most 
abundant bacterial taxa in each location. These 
bacterial taxa accounted for 63.7% of the total 
abundance in TI samples, 61.9% of HF samples, 

Table 1. Demographics of the LOCATION-IBD cohort participants included in the microbiome analysis and sub-groups of participants 
with joint EIMs (JEIMs), no JEIMs, and joint pain of unclear etiology.

Factor
Sub-Cohort* 

(n = 172)
JEIMs 

(n = 51)
No JEIMs 
(n = 103)

Unclear etiology 
(n = 18) p-value#

Sex (female) 84 (48.8%) 32 (59.3%) 41 (39.8%) 11 (61.1%) 0.015
Age (mean, median, IQR, range) 41.6 

39.5 
[31,51] 
[19,77]

42.5 
42 

[42.5,50] 
[20,73]

40.6 
38 

[30,51.3] 
[19,71]

44.3 
46 

[30.5,52.8] 
[21,77]

0.475

Self-described race 
−White 
−Black 
−Asian 
−Mixed/Other

129 (75.0%) 
31 (18.0%) 

8 (4.7%) 
4 (2.3%)

36 (70.6%) 
11 (21.6%) 

1 (2.0%) 
3 (5.9%)

78 (75.7%) 
17 (16.5%) 

7 (6.8%) 
1 (1.0%)

15 (83.3%) 
3 (16.7%) 

0 (0%) 
0 (0%)

0.406

IBD type 
−CD 
−UC 
−IC

116 (67.4%) 
46 (26.7%) 
10 (5.8%)

39 (76.5%) 
7 (13.7%) 
5 (9.8%)

64 (62.1%) 
35 (34.0%) 

4 (3.9%)

13 (72.2%) 
4 (22.2%) 
1 (5.6%)

0.051

IBD type stratified by sex (female) 
−CD 
−UC 
−IC

60 (71.4%) 
19 (22.6%) 

5 (5.9%)

25 (78.1%) 
4 (12.5%) 
3 (9.4%)

27 (65.9%) 
13 (31.7%) 

1 (2.4%)

8 (72.7%) 
2 (18.2%) 
1 (9.1%)

0.219

Disease extent (UC) 
−Proctitis 
−Proctosigmoiditis/Left-sided 
−Extensive/Pancolitis 
−Unknown

7 (15.2%) 
11 (23.9%) 
27 (58.7%) 

1 (2.2%)

0 (0%) 
3 (42.9%) 
3 (42.9%) 
1 (14.3%)

7 (20.0%) 
6 (17.1%) 

22 (62.9%) 
0 (0%)

0 (0%) 
2 (50.0%) 
2 (50.0%) 

0 (0%)

0.1105

Disease location (CD) 
−Ileal 
−Colonic 
−Ileocolonic

45 (38.8%) 
16 (13.8%) 
55 (47.4%)

13 (33.3%) 
8 (20.5%) 

18 (46.2%)

29 (45.3%) 
6 (9.4%) 

29 (45.3%)

3 (23.1%) 
2 (15.4%) 
8 (61.5%)

0.311

Disease phenotype (CD) 
−Inflammatory 
−Stricturing 
−Penetrating 
−Stricturing & Penetrating

43 (37.1%) 
38 (32.8%) 
28 (24.1%) 

7 (6.0%)

15 (38.5%) 
13 (33.3%) 
9 (23.1%) 
2 (5.1%)

24 (37.5%) 
21 (32.8%) 
15 (23.4%) 

4 (6.3%)

4 (30.8%) 
4 (30.8%) 
4 (30.8%) 
1 (7.7%)

0.996

Inflammation present on endoscopic exam 78 (45.1%) 23 (45.1%) 47 (45.2%) 8 (44.4%) ≥0.999

*Subset of participants from the original cohort with biopsy samples (n = 490 samples) included in the final analysis. 
#p-value represents results of ANOVA for quantitative variables, Fisher’s exact test for qualitative variables, comparing the three subgroups.
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63.0% of DDC samples, and 62.6% of the total 
abundance across all samples. Bacteroides vulga
tus and Bacteroides were the first and second 
most prevalent bacteria, with Faecalibacterium 
prausnitzii and Lachnoclostridium third and 
fourth in TI and DDC samples, and third and 
fifth, respectively, in the HF samples (Figure 2). 
Nineteen of the 20 most abundant bacterial taxa 
overlapped between TI, HF, and DDC samples, 
and the Spearman correlation between bacterial 
taxa relative abundance in TI and HF samples, TI 
and DDC samples, and in HF and DDC samples 
was ≥0.9999 (p-values = <2.2 × 10−16 for all), indi
cating a high degree of congruence in both pre
valence and relative abundance of bacterial taxa 
present in TI, HF and DDC locations. 

Interestingly, even when comparing all the taxa 
in the dataset, no bacterial taxa were more highly 
associated with any one location (all FDR 
adjusted p-values ≥0.100).

Species richness of intestinal mucosal microbiota is 
higher in UC than CD or IC

Alpha diversity of the intestinal mucosal micro
biota was compared between sampling location, 
IBD type, whether the sample was obtained 
from inflamed tissue, whether inflammation 
was present on an endoscopic exam, sex, history 
of joint EIMs, and whether the sample was 
obtained from a site of inflammation stratified 
by arthritis status (Figure 3). The mean Shannon 

Figure 1. PCA based clustering of relative abundance normalized intestinal mucosal microbiota compositional data. (a) sampling 
locations, (b) presence and absence of inflammation at sampling site, (c) sex, (d) IBD type, and (e) joint EIM status. DDC = distal 
descending colon, HF = hepatic flexure, TI = terminal ileum, CD = Crohn’s disease, IC = IBD-type undetermined, UC = ulcerative colitis.
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index across all the samples was 2.92 (median =  
2.94, IQR = [2.57,3.28], range = [1.53, 4.37]; 
Supplemental Figure S5). Alpha diversity was sig
nificantly different when IBD types were com
pared, with a higher mean Shannon index in UC 
compared to CD and IC (3.16 vs 2.83 and 2.75, 
respectively; ANOVA p-value = 1.33 × 10−11, 
Tukey post-hoc p-value ≤ 10−8 and 0.0002, 

respectively; Figure 3b). Additionally, differences 
in alpha diversity were observed based on whether 
a sample was obtained from a site of inflammation 
(3.04 in inflamed vs 2.90 in non-inflamed samples, 
p-value = 0.021; Figure 3c), and sex (2.87 in 
females vs 2.96 in males, p-value = 0.029; 
Figure 3e), but not based on sampling location 
(Figure 3a), presence of inflammation on 

Figure 2. Stacked bar plots of bacterial taxa relative abundance in the intestinal mucosal microbiota of the TI (a), HF (b), and DDC (c), 
as well in all samples collected (d).
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endoscopic examination (Figure 3d), arthritis sta
tus (Figure 3f), or arthritis/inflammation sub- 
stratification (Figure 3g).

Intestinal mucosa-associated microbiota 
composition does not vary more across the colon in 
those with IBD-associated arthritis

The high degree of similarity in the composition 
of the intestinal mucosal microbiota between var
ious locations in the colon led us to explore the 
level of inter-participant differences and whether 
clinical characteristics influenced this variation. 
We calculated the mean JSDs between each site 
for participants with more than one sample (n =  

157 participants, 46 with joint EIMs, 96 without 
joint EIMs, and 15 with joint pain of unclear 
etiology; Supplemental Figure S6). The mean 
JSD for each participant across multiple sampling 
locations was low, at 0.0526 (median = 0.0328, 
IQR = [0.0184, 0.0620], range = [0.0031, 0.3864]). 
There was no difference in mean JSD for parti
cipants based on the presence or absence of 
inflammation on an endoscopic exam (p-value =  
0.3276, Figure 4a), biologic drugs use (p-value =  
0.2682, Figure 4b), sex (p-value = 0.9094, 
Figure 4c), or disease location (p-value = 0.3580; 
Figure 4d). There was a trend toward increased 
variability across sites in those with IC compared 
to UC and CD (p-value = 0.0710, Figure 4e), and 

Figure 3. Intestinal mucosal microbiome alpha diversity comparison by sampling location (a), IBD type (b), whether or not a sample 
was taken from a site of inflammation (c), whether or not erythema/inflammation was present on endoscopic exam (d), sex (e), joint 
EIM status (f), and joint EIM status sub-stratified based on whether or not a sample was taken from a site of inflammation (g). DDC =  
distal descending colon, HF = Hepatic flexure, TI = Terminal ileum, CD = Crohn’s disease, IC = IBD-type undetermined, UC = Ulcerative 
colitis, F = Female, M = Male. Boxes represent the IQR. ***p ≤ 0.001.
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in those with joint pain of unclear etiology com
pared to those with or without arthritis (p-value  
= 0.0538, Figure 4f), however, these did not reach 
statistical significance. Altogether, these results 
suggest that large compositional differences in 

the mucosal-associated microbiota are not con
tributing to disease in those with or without joint 
EIMs of IBD, but rather, variations in the relative 
abundance of a small number of bacterial taxa 
may be involved.

Figure 4. Intestinal mucosal microbiota mean beta diversity (JSD) across samples for each individual, stratified by multiple clinical 
factors. JSDs were calculated between each site and averaged for a given individual to assess beta diversity across samples for each 
participant, and values were compared based on whether or not inflammation was present on endoscopic exam (a), biological drug 
use (b), sex (c), extent of disease (UC, IC) or disease location (CD) (d), IBD type (e), and joint EIM status (f). CD = Crohn’s disease, IC =  
IBD-type undetermined, UC = Ulcerative colitis, F = Female, M = Male. Boxes represent the IQR.
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Several bacterial taxa relative abundances are 
higher in those with IBD-associated arthritis, while 
that of R. intestinalis is lower

To identify which specific bacteria may be asso
ciated with IAA, we compared bacterial taxa rela
tive abundance in samples from those with or 
without IAA (Supplemental Table S2, Figure 5). 
Those with IAA were more likely to display higher 
relative abundance of Anaerococcus, Moraxella, 
Corynebacterium, Lawsonella spp., Sellimonas 
intestinalis and Corynebacterium accolens 
(Welch’s q-values = 0.1748, 0.0637, 0.0308, 0.0906, 
0.0547 and 0.0885 respectively). In contrast, those 
without IAA were more likely to have higher 
relative abundances of R. intestinalis, Dorea long
icatena, and Ruminococcus torques group spp. 
(Welch’s q-values = 0.0499, 0.0321, and 0.1729, 
respectively; Figure 5).

Given that multiple potential confounders could 
significantly alter bacterial relative abundances and 
thus skew the comparative analyses between 
groups, we generated a series of GLMs assessing 
joint EIM status as a function of central log ratio 
(CLR) transformed bacterial relative abundance 
while controlling for IBD type, sampling location, 
and whether a sample was from inflamed tissue 

(Supplemental Table S3). In agreement with pre
vious results, the higher R. intestinalis abundance 
corresponded to a decrease in the likelihood of 
joint EIMs (q-value = 0.0058). In contrast, higher 
Butyricicoccus, Frisinginococcus, and Roseburia 
hominis increased abundance corresponded to 
higher odds of having joint EIMs (q-values =  
0.0148, 0.0652, and 0.0472, respectively). 
Additionally, Laedolimicola ammoniilytica (identi
fied as GCA.900066575) relative abundance was 
found to be lower in those with IAA (q-value =  
0.0148), with each one-point increase in relative 
abundance corresponding to a 0.534 decreased 
likelihood of joint EIMs. A second set of mixed 
GLMs accounting for participant ID as random 
error produced almost identical values but were 
not used initially due to an incalculable confidence 
interval.

Because no association was observed between 
the CLR-transformed bacterial relative abundances 
and both sampling location and inflammation, and 
both those factors and joint EIMs, these were 
removed from the models. Models were generated 
to evaluate the association of joint EIMs with the 
bacterial taxa identified above (using both univari
ate and multivariate models), sex, IBD type, and 
the relationship between those bacterial taxa and 

Figure 5. Differences in bacterial taxa relative abundance in the intestinal mucosal microbiota in those with or without joint EIMs. 
Univariate assessment of differences in relative abundance between bacterial taxa in those with or without joint EIMs were performed 
using ALDEx2. Y = IAA present, N = IAA absent. Red points = Welch’s t-test q-value ≤0.10, gray points = Wilcoxon rank test q-value 
≤0.10 with Welch’s t-test q-value >0.10.
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sex, and those bacterial taxa and IBD type (Figure 6; 
Supplemental Table S4). Similar results between the 
mixed and original models were observed, indicat
ing that differences in individual bacterial taxa in 
those with and without joint EIMs do not vary 
significantly when accounting for participant varia
tion. In almost all models, UC and male sex were 
associated with a lower likelihood of joint EIMs, 
while the interaction between IBD type and bacterial 

taxa relative abundance showed no association with 
EIMs, with the exception of the model assessing 
Corynebacterium. The interactions between 
R. intestinalis, Corynebacterium, Moraxella, and 
Butyricicoccus relative abundances and sex display 
a significant association with joint EIMs; however, 
only relative abundances of R. intestinalis alone were 
also significantly associated with joint EIMs (i.e. 
associated regardless of sex).

Figure 6. Relative abundance of R. intestinalis and Corynebacterium by sex, joint EIM status, and joint EIM status sub-stratified by sex. 
CLR transformed relative abundance values were compared, and t-test was used for 2-group comparisons of R. intestinalis and sex (a), 
R. intestinalis and joint EIM status (b), Corynebacterium and sex (d), and Corynebacterium and joint EIM status (e), while one-way 
ANOVA was used for multi-group comparisons with R. intestinalis (c) and Corynebacterium (f). M = male, F = female, Y = arthritis, N =  
no arthritis. *p ≤ 0.05, ***p ≤ 0.001. Boxes represent the IQR.
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Specifically, R. intestinalis relative abundance 
maintained a significant individual association 
with joint EIMs and was lower in females with 
joint EIMs (p-value = 8.9 × 10−6; Figure 6c). On 
the other hand, Corynebacterium relative abun
dance was higher in males with joint EIMs 
(p-value = 0.016; Figure 6f), while Moraxella 
relative abundance was lower in males with 
joint EIMs. Butyricicoccus relative abundance 
was higher in males with joint EIMs but 
trended higher in females without joint EIMs, 
though this association was not statistically 
significant.

For those with joint EIMs, we performed 
a sub-analysis comparing those with vs without 
active joint disease. Interestingly, R. intestinalis 
abundance did not significantly differ between 
participants based on joint disease activity 
(Figure 7a). Corynebacterium relative abundance 
was significantly lower in females compared to 
males without active joint disease (Tukey post- 
hoc p-value = 0.0299; Figure 7b), while 
Moraxella relative abundance was significantly 
lower in males with active joint disease than 
females without and trended toward being 
lower than males without and females with 
active joint disease (Tukey post-hoc p-values =  
0.0097, 0.0750, and 0.0536, respectively; 
Figure 7c). Butyricicoccus relative abundance 
was lower in females with active joint disease 
than those without (Tukey post-hoc p-value =  
0.0057; Figure 7d).

A mixed GLM evaluating the association 
between joint EIMs and R. intestinalis relative 
abundance in the 4th quartile across all samples 
was generated to further characterize whether 
a threshold for bacterial abundance may be 
associated with a higher likelihood of joint 
EIMs. Again, UC and male sex were associated 
with a lower likelihood of joint EIMs 
(Supplemental Table S5). However, for females, 
being in the 4th quartile for R. intestinalis rela
tive abundance was found to be modestly pro
tective and associated with a lower likelihood of 
joint EIMs, further validating the results 
described above. Similar models were generated 
for Corynebacterium, but the taxa relative abun
dances and sex interaction were not statistically 
significant.

Relative abundance of bacterial taxa associated 
with IBD type are distinct from those associated 
with joint EIMs

Because CD is associated with joint EIMs, and 
IBD type is known to be associated with the 
differential relative abundance of various bacterial 
taxa, we queried which bacterial taxa relative 
abundance was associated with IBD types while 
controlling for potentially confounding factors. 
Multivariate GLMs were constructed to describe 
the relationship between IBD type (CD and UC 
only) and bacterial taxa relative abundance. The 
models controlled for joint EIMs (higher preva
lence in CD), sex (female skewed in CD, though 
not statistically significant), the interaction 
between sex and bacterial taxa relative abun
dance, and age (lower in CD) (Supplemental 
Table S6). Overall, the relative abundance of 43 
bacterial taxa were significantly associated (based 
on q-value) with IBD type, including 
Subdoligranulum, Dorea longicatena, Dorea for
micigenerans, Coprococcus catus, Alistipes finegol
dii, and Bacteroides ovatus, which were more 
likely (OR > 2) to have a higher relative abun
dance in those with CD, and L. ammoniilytica, 
Eisenbergiella tayi, Merdibacter, Hungatella, and 
Adlercreutzia equolifaciens, which were more 
likely to have a higher relative abundance (OR  
< 0.5, OR for CD relative to UC) in those with 
UC. Only Ruminococcus torques group and Dorea 
longicatena had relative abundances associated 
with both IBD types and joint EIMs, significantly 
more likely to be higher in those with CD. These 
results indicate that the relationships between 
specific bacterial taxa relative abundances and 
joint EIMs are not driven exclusively by IBD 
type.

Discussion

In this study, we report on the composition of 
the intestinal mucosal microbiota in patients 
with IBD, with and without IAA. We found 
that the overall bacterial composition was indi
vidualized and that no specific structures of the 
microbiota or bacteria were associated with the 
mucosal locations sampled (TI, HF, and DDC), 
even when evaluating all taxa in the dataset. 
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This finding agrees with previously reported 
findings from Torres et al., who reported that 
regardless of disease status, the structure of the 
intestinal mucosal microbiota is relatively simi
lar between the terminal ileum, right colon, and 
left colon when comparing IBD, IBD with 

concomitant primary sclerosing cholangitis 
(PSC), and healthy controls.27 This finding was 
corroborated by Vaga et al., who only observed 
subtle differences in the compositional structure of 
the microbiota across the colon within healthy 
individuals.36

Figure 7. Relative abundance of R. intestinalis and Corynebacterium by sex and joint disease activity status. CLR-transformed relative 
abundance values were compared, and one-way ANOVA was used for comparisons of R. intestinalis (a), Corynebacterium (b), Moraxella 
(c), and Butyricicoccus (d), in participants sub-stratified by sex and joint disease activity (active vs inactive) for those with joint EIMs (n  
= 51 total, 6 males without (M/N), 9 males with (M/Y), 15 females without (F/Y), and 14 females with (F/Y) active joint disease). M =  
male, F = female, Y = active joint EIMs, N = inactive joint EIMs. *p ≤ 0.05, **p ≤ 0.01. Boxes represent the IQR.
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Interestingly, stratifying based on overall com
position by IBD type, sites of inflammation, or IAA 
status did not reveal further associations. The 
inability to cluster samples using IBD type was 
intriguing given that stool microbiota composition 
can be used to differentiate between IBD type and 
disease location.23,38 The intestinal mucosa- 
associated microbiota is enriched for several taxa 
and depleted of others, and this difference in com
position likely contributes to differences in the 
power to predict IBD type.39,40 Olaisen et al. 
found that the microbiota associated with inflamed 
and proximal uninflamed ileal biopsies collected 
during the same endoscopic examination were 
undifferentiable based on compositional patterns 
and that IBD type could not be differentiated based 
on ileal mucosal microbiota composition.26 This 
raises the question of why the composition of the 
mucosal-associated microbiota cannot differentiate 
between disease presentations that can be clearly 
identified using the stool microbiota. In a study by 
Vaga et al.,36 individual intestinal mucosal biopsies 
were associated with a microbiota decrease in bac
terial richness relative to fecal microbiota. When 
microbiota profiles from multiple colonic mucosal 
samples were pooled for each individual, they 
observed a significantly higher bacterial richness, 
but differences between pooled intestinal mucosal 
and stool microbiota persisted.36 This may be 
explained by the high bacterial concentration in 
the stool, making subtle differences easier to detect.

Alpha diversity measures were not significantly 
different between groups for multiple factors 
evaluated but differed significantly based on IBD 
type, whether a sample was obtained from 
inflamed tissue and sex. Similarly to our findings, 
it was previously reported that samples taken 
from healthy tissue in those with CD have lower 
alpha diversity than those taken from UC 
counterparts.41 In the LOCATION cohort, alpha 
diversity was significantly lower in those with CD 
and IC relative to UC. Given that the overall 
composition does not vary significantly between 
locations, variation in a small subset of species is 
likely responsible for differences in beta diversity. 
IC patients are rarely included in studies, and we 
found they display similar patterns in alpha and 
beta diversity to individuals with CD as opposed 
to UC. Further, IC patients had an increased 

prevalence of IAA, similar to CD patients, indi
cating that the overall IC phenotype aligns more 
closely with CD. Overall, these results suggest 
that higher variation in a small number of species 
in the microbiota might be more informative 
than global structural patterns, and small differ
ences in beta diversity across the colon may be 
a signature of intestinal dysbiosis.

Multiple taxa were associated with the IAA. 
D. longicatena, L. ammoniilytica, and R. torques 
groups were found to be lower in those with IAA. 
D. longicatena, in particular, was also lower in those 
with CD specifically, which is interesting given the 
higher rate of IAA in CD. Relative to healthy con
trols, lower Dorea spp. relative abundance has been 
observed in fecal samples from CD patients42 and 
mucosal samples from UC patients,41 with higher 
relative abundance in the mucosa following treat
ment and disease remission.43 However, higher 
Dorea relative abundance at the genus level is asso
ciated with relatively higher levels of mucosal pro- 
inflammatory cytokines,44 indicating D. longicatena 
may harbor unique features compared to other 
Dorea that confer a protective benefit. Similarly, 
lower abundances of D. longicatena are observed in 
ankylosing spondylitis (AS),45 a form of SpA that 
occurs more frequently in IBD, leading us to spec
ulate that suppression of mucosal inflammation by 
D. longicatena may have systemic effects. This 
association might be potentiated by the known pro
duction of indole-3-acetate by D. longicatena, 
a tryptophan metabolite that reduces inflammation 
via aryl hydrocarbon receptor activation.46

In a sex-specific manner, R. intestinalis and 
Corynebacterium were uniquely differentially 
abundant in those with versus without IAA. In 
several studies, R. intestinalis, which was higher in 
females without IAA, was observed to have a lower 
relative abundance in IBD, particularly during 
active disease.23,47 R. intestinalis is also observed 
in lower abundance in AS, particularly in the con
text of active disease and inflammation,48 and simi
lar metabolic functional pathways were found to be 
enriched as previously observed in IBD.49 

R. intestinalis has been associated with ameliora
tion of colitis, lower disease activity indices, and 
reduced expression of oncostatin M (which 
downregulates tight junction protein expression) 
and the pro-inflammatory cytokine TNF-α in 
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2,4,6-trinitrobenzene-sulfonic-acid (TNBS) – and 
dextran sodium sulfate (DSS) – induced colitis 
models.50,51 Along with Faecalibacterium prausnit
zii, Clostridium leptum, and Eubacterium rectale,52 

Roseburia produces large amounts of short-chain 
fatty acids (SCFAs) in the gut, particularly 
butyrate.53 Butyrate harbors anti-inflammatory 
effects, ameliorating colitis and modulating tight 
junction integrity,54,55 and lower levels of butyrate 
producers are associated with decreased response 
to sulfasalazine for IAA.56 Given the altered barrier 
integrity observed in IBD and SpA,57,58 protection 
of barrier integrity via modulation of butyrate 
levels is a hypothesized mechanism by which 
R. intestinalis could be protective.

In a TNBS-induced colitis murine model, 
administration of R. intestinalis via intragastric 
gavage ameliorated colonic disease-associated 
increases in IL-17 expression and histopathologic 
inflammation.59 Butyrate, which R. intestinalis pro
duces, can dampen IL-17 production, which has 
been demonstrated to ameliorate colitis in rat 
models.55 IL-17 expression plays a role in mucosal 
pathogen response, and while IL-17 is needed 
for appropriate tight junction formation,60,61 it is 
over-expressed in IBD, psoriasis, and SpA;62,63 

aberrant IL-17 expression (either over- or under- 
expression) is associated with altered 
permeability,64,65 and while IL-17 blockade via 
therapies like secukinumab are commonly used 
for non-IBD SpA, it can paradoxically initiate or 
worsen preexisting IBD.66 In several systemic, non- 
GI diseases, IL-17 has been shown to be elevated in 
the context of LPS-induced inflammation,67,68 sug
gesting butyrate production by R. intestinalis may 
be involved in modulating mucosal IL-17 levels. 
R. intestinalis also plays direct roles in modulating 
other mechanisms of immune response; for 
instance, in a TNBS murine model pretreated 
with R. intestinalis, macrophage mucosal infiltra
tion is decreased, as are IL-6 and STAT3 produc
tion, in association with a decrease in SCFAs.69 

R. intestinalis also mediates TLR5 stimulation of 
intestinal epithelial cells, increasing IL-10 
production.70 Thus, R. intestinalis plays roles in 
upregulating anti-inflammatory and downregulat
ing pro-inflammatory pathways. R. intestinalis 
butyrate production and associated improvements 
in mucosal barrier integrity may contribute to 

decreased systemic symptoms in those with 
a higher abundance of R. intestinalis. However, 
additional multiple metabolites and immune 
mechanisms are also likely involved.

However, the question of sex-specific effects 
remains. In our cohort, R. intestinalis levels were 
the same in males and females when participants 
were not sub-stratified by joint EIM status. 
Although AS and axial involvement in SpA are 
exceptions,71 females are generally more likely to 
have IBD-associated7 and other forms of inflamma
tory arthritis.72,73 Interestingly, IL-17-related 
inflammation is thought to be differentially regu
lated in males and females, not only in inflammatory 
arthritis71 but also in other related autoimmune 
diseases such as multiple sclerosis.74 Estrogen defi
ciency has been shown to stimulate Th17 differen
tiation and IL-17 as well as STAT3 production.75 In 
contrast, dydrogesterone, a synthetic progestin, has 
been shown to suppress IL-17 production,76 sug
gesting potential steroid hormone-mediated differ
ential regulation. If R. intestinalis is differentially 
regulating or contributing to altered IL-17 expres
sion in females, this could explain the sex-specific 
differences observed.

Corynebacterium also showed sex-specific differ
ences, though in an opposing pattern, with males 
with IAA showing a higher relative abundance than 
their male counterparts without joint EIMs. Higher 
relative abundances of Corynebacterium were pre
viously associated with IBD and SpA,12 as well as 
more complicated IBD.77,78 Corynebacterium is sig
nificantly enriched in scrapings from anorectal 
fistulas,77 and in stool samples from those with 
PSC and IBD compared to IBD alone.78 Numerous 
cases of Corynebacterium-associated with septic 
arthritis are reported.79,80 Furthermore, in a rat 
model, the intrathermal introduction of the purified 
cell wall of Corynebacterium rubrum has been 
shown to induce severe, progressive arthritis.81 

Thus, Corynebacterium spp. appear to be highly 
pro-inflammatory, and higher relative abun
dance could contribute to arthritis by inducing 
mucosal inflammation, leading to a leakier 
mucosal barrier and/or production of metabo
lites mediating joint inflammation. With regard 
to sex, Corynebacterium has been shown to 
increase testosterone and IL-6 production in 
animal models82and can metabolize testosterone 
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into multiple byproducts.83 Thus, steroid hor
mone differences may drive some underlying 
sex-specific differences observed in participants 
with EIMs.

This study has many strengths. First, using intest
inal biopsy samples affords an assessment of the 
mucosa-associated microbiota, which is most likely 
to affect the intestinal barrier. Further, the deep 
phenotyping of the cohort, particularly the classifica
tions of joint manifestations, allows for group sub- 
stratification and in-depth analyses. We adminis
tered comprehensive questionnaires to participants 
regarding joint manifestations and worked with 
a board-certified rheumatologist to classify joint 
findings, assuring participants were accurately classi
fied. The cohort size, particularly the sub-population 
with IAA, is relatively large and more racially diverse 
than most equivalently sized IBD cohorts; given the 
high number of patients on biologics in both groups, 
its potential to confound results is limited.

Nonetheless, our work has limitations. Our study 
was not adequately powered to deeply assess differ
ences in participants with IAA with active joint 
involvement, nor to compare peripheral vs axial 
involvement. Sub-stratification by sex and IAA 
resulted in smaller sample subgroup sizes (n = 19 
and 62 for men with or without IAA, and 32 and 
41 for women with or without IAA, respectively). 
For most participants, we could not obtain complete 
data on locations of historic colon involvement (i.e., 
right colon, transverse, left colon, rectum), limiting 
our ability to assess the involvement of specific dis
ease locations within the colon on EIMs. We also 
acknowledge that colonoscopy bowel cleansing may 
alter mucosal microbiota composition; however, it 
would be challenging to distinguish how bowel pre
paration may impact intestinal mucosa-associated 
microbiome composition. 16S rRNA gene amplicon 
sequencing was used to characterize the composi
tion of the intestinal mucosal microbiota, which has 
lower taxonomic resolution than shotgun metage
nomic sequencing (albeit affording deeper taxo
nomic sampling), and cannot be used to assess 
strain-level differences or functional capabilities of 
the microbiome (based on gene presence). 
Additionally, data on factors that may influence sex- 
specific results, such as menopausal status and hor
mone levels or use of hormonal medications, were 
not collected and could not be evaluated.

Altogether, we found differences in the intestinal 
mucosa-associated microbiota between those with 
and without IAA, many of which were sex-specific. 
In particular, we identified changes at the mucosal 
level, which are paramount for developing targeted 
microbiome-based therapeutics, as mucosal and fecal 
sample beta diversity is high for individuals with 
IBD,40,84,85 and potential targets may be over- or 
under-represented in stool studies.38,86 Whereas our 
findings are correlative, longitudinal follow-up of 
this cohort will provide additional strength to these 
observations. At the same time, multi-omic 
approaches (immunological, transcriptomics, and 
metabolomics) could offer a mechanistic under
standing of the impact of the mucosa-associated 
microbiome on the gut epithelium and in the devel
opment and progression of EIMs. Specifically, tan
dem samples were collected for metabolomic analysis 
at the same time as samples used for microbiota 
analysis to characterize potential metabolite targets 
associated with identified microbiota. In vitro valida
tion studies using 3D-organotypic models could vali
date these proposed mechanisms, including how the 
microbiota disrupts intestinal permeability (IP). 
Introducing previously identified metabolites or pro
biotic therapies (e.g., containing R. intestinalis) to an 
organ-on-chip model system and studying effects on 
IP is a necessary first step before testing these treat
ments on animal and, eventually, human models. 
Incorporating hormone treatment into experiments 
can help shed light on the causal effects of sex- 
specific hormonal differences on modulation of the 
microbiome and subsequent impact to IP. 
Understanding the effect of IP is key to developing 
targeted biotherapeutic products tailored to supple
ment missing microbes, producing specific metabo
lites that could help restore IP and intestinal 
homeostasis in patients suffering from IAA.

Disclosure statement

RKC has received income from consulting and participation 
in advisory boards for Abbvie, BMS Genentech, Gilead, 
Janssen, Magellan Health, Option Care, Pharmacosmos, 
Pfizer, Sandoz, and Samsung Bioepis, is a member of the 
Executive Committee for the IBD Education Group, has 
research grants from Janssen and Takeda, and is Scientific 
Co-Director of the CorEvitas Registry. JR is cofounder of 
LUCA Biologics and has received income from consulting 
for Biocodex.

16 M. ALIZADEH ET AL.



Funding

MA was supported by the National Institutes of Health, 
National Institute of Diabetes and Digestive and Kidney 
Diseases award T32DK067872. This work was supported by 
startup funds from the University of Maryland School of 
Medicine to JR. The content is solely the responsibility of 
the authors and does not necessarily represent the official 
views of the NIH. The contents do not represent the views 
of the U.S. Department of Veterans Affairs or the United 
States Government.

ORCID

Madeline Alizadeh http://orcid.org/0000-0001-5650-3393
Uni Wong http://orcid.org/0000-0002-2404-4740
Bernadette C. Siaton http://orcid.org/0000-0002-2170- 
8919
Michael T. France http://orcid.org/0000-0002-6029-0201
Jean-Pierre Raufman http://orcid.org/0000-0002-6340- 
4382
Erik C. von Rosenvinge http://orcid.org/0000-0002-1862- 
7288
Raymond K. Cross http://orcid.org/0000-0001-9766-5196
Jacques Ravel http://orcid.org/0000-0002-0851-2233

Acknowledgments

We acknowledge and thank the participants in the 
LOCATION-IBD cohort, who generously chose to partici
pate in and contribute to this study. We would also like to 
acknowledge and thank Abigail Noyes, Danielle Brown, 
and Samia Siddiqui for their help in study enrollment 
and sample collection.

Author contributions

MA, UW, BCS, SAP, LG, EVR, RKC, and JR participated in 
the conceptualization of the project. MA, UW, BCS, MTF, 
EVR, RKC, and JR participated in data curation. MA led, and 
MTF and JR contributed to formal analyses. MA, UW, BCS, 
MTF, SAP, LG, EVR, RKC, and JR were involved in protocol 
and methodology development. MA, UW, BCS, SAP, LG, DH, 
KM, WHS, JPR, EVR, RKC, and JR were involved in project 
administration. All authors contributed to drafting the final 
manuscript.

Data availability statement

Deidentified metadata for the study is provided in the supple
mental materials. Taxonomic data used for analysis are pro
vided as a supplemental table and supporting sequence data is 
available under SRA accession number PRJNA1128669. 
R code used to analyze data and generate figures can be 

accessed at the laboratory GitHub (https://github.com/ravel- 
lab/LOCATION-IBD).

References

1. Dahlhamer JM, Zammitti EP, Ward BW, Wheaton AG, 
Croft JB. Prevalence of inflammatory bowel disease 
among adults aged ≥18 years — United States, 
2015. MMWR Morb Mortal Wkly Rep. 2016;65 
(42):1166–1169. doi: 10.15585/mmwr.mm6542a3  .

2. Xu F, Liu Y, Wheaton AG, Rabarison KM, Croft JB. 
Trends and factors associated with hospitalization costs 
for inflammatory bowel disease in the United States. 
Appl Health Econ Health Policy. 2019;17(1):77–91. doi:  
10.1007/s40258-018-0432-4  .

3. Ashrafi M, Kuhn KA, Weisman MH. The arthritis 
connection to inflammatory bowel disease (IBD): 
why has it taken so long to understand it? RMD 
Open. 2021;7(1):e001558. doi: 10.1136/rmdopen-2020- 
001558  .

4. Vavricka SR, Schoepfer A, Scharl M, Lakatos PL, 
Navarini A, Rogler G. Extraintestinal manifestations 
of inflammatory bowel disease. Inflamm Bowel Dis. 
2015;21(8):1982–1992. doi: 10.1097/MIB.0000000000 
000392  .

5. Gionchetti P, Rizzello F. IBD and spondyloarthritis: 
joint management. Nat Rev Gastroenterol Hepatol. 
2016;13(1):9–10. doi: 10.1038/nrgastro.2015.208  .

6. Alizadeh M, Ali O, Cross RK. Extraintestinal manifes
tations of inflammatory bowel disease are associated 
with increased biologic cycling. Crohn’s & Colitis 360. 
2023;5(4):otad058. doi: 10.1093/crocol/otad058  .

7. Alizadeh M, Motwani K, Siaton BC, Abutaleb A, Ravel J, 
Cross RK, Russ K, Bewtra M, Lewis J, Cross R, et al. 
Factors associated with extraintestinal manifestations of 
inflammatory bowel disease in SPARC-IBD. Inflamm 
Bowel Dis. 2023;30(11):2027–2036. doi: 10.1093/ibd/ 
izad280  .

8. Vavricka SR, Brun L, Ballabeni P, Pittet V, 
Vavricka BMP, Zeitz J, Rogler G, Schoepfer AM. 
Frequency and risk factors for extraintestinal manifes
tations in the Swiss inflammatory bowel disease cohort. 
Am J Gastroenterol. 2011;106(1):110–119. doi: 10.1038/ 
ajg.2010.343  .

9. Levine JS, Burakoff R. Extraintestinal manifestations of 
inflammatory bowel disease. Gastroenterol Hepatol 
(New York). 2011;7(4):235–241.

10. Rogler G, Singh A, Kavanaugh A, Rubin DT. 
Extraintestinal manifestations of inflammatory bowel 
disease: current concepts, treatment, and implications 
for disease management. Gastroenterol. 2021;161 
(4):1118–1132. doi: 10.1053/j.gastro.2021.07.042  .

11. Greuter T, Rieder F, Kucharzik T, Peyrin-Biroulet L, 
Schoepfer AM, Rubin DT, Vavricka SR. Emerging 
treatment options for extraintestinal manifestations in 

GUT MICROBES 17

https://github.com/ravel-lab/LOCATION-IBD
https://github.com/ravel-lab/LOCATION-IBD
https://doi.org/10.15585/mmwr.mm6542a3
https://doi.org/10.1007/s40258-018-0432-4
https://doi.org/10.1007/s40258-018-0432-4
https://doi.org/10.1136/rmdopen-2020-001558
https://doi.org/10.1136/rmdopen-2020-001558
https://doi.org/10.1097/MIB.0000000000000392
https://doi.org/10.1097/MIB.0000000000000392
https://doi.org/10.1038/nrgastro.2015.208
https://doi.org/10.1093/crocol/otad058
https://doi.org/10.1093/ibd/izad280
https://doi.org/10.1093/ibd/izad280
https://doi.org/10.1038/ajg.2010.343
https://doi.org/10.1038/ajg.2010.343
https://doi.org/10.1053/j.gastro.2021.07.042


IBD. Gut. 2021;70(4):796–802. doi: 10.1136/gutjnl- 
2020-322129  .

12. Salem F, Kindt N, Marchesi JR, Netter P, Lopez A, 
Kokten T, Danese S, Jouzeau J-Y, Peyrin-Biroulet L, 
Moulin D, et al. Gut microbiome in chronic rheumatic 
and inflammatory bowel diseases: similarities and 
differences. United European Gastroenterol J. 2019;7 
(8):1008–1032. doi: 10.1177/2050640619867555  .

13. Leibovitzh H, Lee SH, Xue M, Raygoza Garay JA, 
Hernandez-Rocha C, Madsen KL, Meddings JB, 
Guttman DS, Espin-Garcia O, Smith MI, et al. Altered 
gut microbiome composition and function are asso
ciated with gut barrier dysfunction in healthy relatives 
of patients with Crohn’s disease. Gastroenterology. 
2022;163(5):1364–1376.e10. doi: 10.1053/j.gastro.2022. 
07.004  .

14. Khan I, Ullah N, Zha L, Bai Y, Khan A, Zhao T, Che T, 
Zhang C. Alteration of gut microbiota in inflammatory 
bowel disease (IBD): cause or consequence? IBD treat
ment targeting the gut microbiome. Pathog (Basel, 
Switz). 2019;8(3):126. doi: 10.3390/pathogens8030126  .

15. Alizadeh M, Sampaio Moura N, Schledwitz A, Patil SA, 
Ravel J, Raufman J-P. Big data in gastroenterology 
research. Int J Mol Sci. 2023;24(3):24. doi: 10.3390/ 
ijms24032458  .

16. Viladomiu M, Kivolowitz C, Abdulhamid A, Dogan B, 
Victorio D, Castellanos JG, Woo V, Teng F, Tran NL, 
Sczesnak A, et al. IgA-coated E. coli enriched in Crohn’s 
disease spondyloarthritis promote TH17-dependent 
inflammation. Sci Transl Med. 2017;9(376):eaaf9655. 
doi: 10.1126/scitranslmed.aaf9655  .

17. Tito RY, Cypers H, Joossens M, Varkas G, Van Praet L, 
Glorieus E, Van den Bosch F, De Vos M, Raes J, 
Elewaut D, et al. Brief report: dialister as a microbial 
marker of disease activity in spondyloarthritis. Arthritis 
Rheumatol. 2017;69(1):114–121. doi: 10.1002/art.39802  .

18. Joossens M, Huys G, Cnockaert M, De Preter V, 
Verbeke K, Rutgeerts P, Vandamme P, Vermeire S. 
Dysbiosis of the faecal microbiota in patients with 
Crohn’s disease and their unaffected relatives. Gut. 
2011;60:631. doi: 10.1136/gut.2010.223263  .

19. Essex M, Rios Rodriguez V, Rademacher J, Proft F, 
Löber U, Markó L, Pleyer U, Strowig T, Marchand J, 
Kirwan JA. Shared and distinct gut microbiota in spon
dyloarthritis, acute anterior uveitis, and Crohn’s dis
ease. Arthritis & Rheumatol. 2024;76:48–58. doi: 10. 
1002/art.42658  .

20. Dorofeyev AE, Vasilenko IV, Rassokhina OA. Joint 
extraintestinal manifestations in ulcerative colitis. 
Digestive Dis. 2009;27(4):502–510. doi: 10.1159/ 
000233289  .

21. Balekuduru AB, Kabeerdoss J, Ramakrishna BS, 
Pugazhendhi S, Devaraj P, Goel R, Dutta AK, Danda 
D Alterations in fecal microbiota in patients with 
inflammatory bowel disease and Enteropathic 
Arthropathy. Gastroenterol, Hepatol and Endoscopy 
PracticeGastroenterology, Hepatol and Endoscopy 

PractGastroenterol, Hepatol and Endoscopy 
PracticeGastroenterology, Hepatol and Endoscopy 
Pract. Gastroenterol, Hepatol and Endoscopy 
PracticeGastroenterology, Hepatol and Endoscopy 
PractGastroenterol, Hepatol and Endoscopy 
PracticeGastroenterology, Hepatol and Endoscopy 
Pract. 2021 Jul–Sep. 1(3):103–110. doi: 10.4103/ghep. 
ghep_30_20  .

22. Zhang Z, Geng J, Tang X, Fan H, Xu J, Wen X, Ma Z(, 
Shi P. Spatial heterogeneity and co-occurrence patterns 
of human mucosal-associated intestinal microbiota. 
ISME J. 2014;8(4):881–893. doi: 10.1038/ismej.2013. 
185  .

23. Gevers D, Kugathasan S, Denson Lee L, Vázquez-Baeza 
Y, Van Treuren W, Ren B, Schwager E, Knights D, 
Song S, Yassour M, et al. The treatment-naive micro
biome in new-onset Crohn’s disease. Cell Host & 
Microbe. 2014;15(3):382–392. doi: 10.1016/j.chom. 
2014.02.005  .

24. Fair K, Dunlap DG, Fitch A, Bogdanovich T, Methé B, 
Morris A, McVerry BJ, Kitsios GD. Rectal swabs from 
critically ill patients provide discordant representations 
of the gut microbiome compared to stool samples. 
mSphere. 2019;4(4):e00358–19. doi: 10.1128/mSphere. 
00358-19  .

25. Lloyd-Price J, Arze C, Ananthakrishnan AN, 
Schirmer M, Avila-Pacheco J, Poon TW, Andrews E, 
Ajami NJ, Bonham KS, Brislawn CJ, et al. Multi-omics 
of the gut microbial ecosystem in inflammatory bowel 
diseases. Nature. 2019;569(7758):655–662. doi: 10. 
1038/s41586-019-1237-9  .

26. Olaisen M, Flatberg A, Granlund A, Røyset ES, 
Martinsen TC, Sandvik AK, Fossmark R. Bacterial 
mucosa-associated microbiome in inflamed and prox
imal noninflamed ileum of patients with Crohn’s dis
ease. Inflammatory Bowel Dis. 2020;27(1):12–24. doi:  
10.1093/ibd/izaa107  .

27. Torres J, Bao X, Goel A, Colombel J-F, Pekow J, Jabri B, 
Williams KM, Castillo A, Odin JA, Meckel K, et al. The 
features of mucosa-associated microbiota in primary 
sclerosing cholangitis. Alimentary Pharmacol & Ther. 
2016;43(7):790–801. doi: 10.1111/apt.13552  .

28. Sternes PR, Brett L, Phipps J, Ciccia F, Kenna T, de 
Guzman E, Zimmermann K, Morrison M, 
Holtmann G, Klingberg E, et al. Distinctive gut micro
biomes of ankylosing spondylitis and inflammatory 
bowel disease patients suggest differing roles in patho
genesis and correlate with disease activity. Arthritis Res 
Ther. 2022;24(1):163. doi: 10.1186/s13075-022-02853-3  .

29. Alizadeh MW, Uni S, Siaton C, Patil SAG, George L, 
Raufman J-P, Scott H, von Rosenvinge, Ravel J, 
Cross RK, et al. ExpLOring the role of the intestinal 
MiCrobiome in InflammATory bowel disease- 
AssocIated SpONdylarthritis (LOCATION-IBD). 
Heliyon. 2024;10(4):e26571. doi: 10.1016/j.heliyon.2024. 
e26571  .

18 M. ALIZADEH ET AL.

https://doi.org/10.1136/gutjnl-2020-322129
https://doi.org/10.1136/gutjnl-2020-322129
https://doi.org/10.1177/2050640619867555
https://doi.org/10.1053/j.gastro.2022.07.004
https://doi.org/10.1053/j.gastro.2022.07.004
https://doi.org/10.3390/pathogens8030126
https://doi.org/10.3390/ijms24032458
https://doi.org/10.3390/ijms24032458
https://doi.org/10.1126/scitranslmed.aaf9655
https://doi.org/10.1002/art.39802
https://doi.org/10.1136/gut.2010.223263
https://doi.org/10.1002/art.42658
https://doi.org/10.1002/art.42658
https://doi.org/10.1159/000233289
https://doi.org/10.1159/000233289
https://doi.org/10.4103/ghep.ghep_30_20
https://doi.org/10.4103/ghep.ghep_30_20
https://doi.org/10.1038/ismej.2013.185
https://doi.org/10.1038/ismej.2013.185
https://doi.org/10.1016/j.chom.2014.02.005
https://doi.org/10.1016/j.chom.2014.02.005
https://doi.org/10.1128/mSphere.00358-19
https://doi.org/10.1128/mSphere.00358-19
https://doi.org/10.1038/s41586-019-1237-9
https://doi.org/10.1038/s41586-019-1237-9
https://doi.org/10.1093/ibd/izaa107
https://doi.org/10.1093/ibd/izaa107
https://doi.org/10.1111/apt.13552
https://doi.org/10.1186/s13075-022-02853-3
https://doi.org/10.1016/j.heliyon.2024.e26571
https://doi.org/10.1016/j.heliyon.2024.e26571


30. Dulai PS, Singh S, Vande Casteele N, Boland BS, 
Rivera-Nieves J, Ernst PB, Eckmann L, Barrett KE, 
Chang JT, Sandborn WJ, et al. Should we divide 
Crohn’s disease into ileum-dominant and isolated colo
nic diseases? Clin Gastroenterol Hepatol. 2019;17 
(13):2634–2643. doi: 10.1016/j.cgh.2019.04.040  .

31. Holm JB, Humphrys MS, Robinson CK, Settles ML, 
Ott S, Fu L, Yang H, Gajer P, He X, McComb E, et al. 
Ultrahigh-throughput multiplexing and sequencing of 
>500-base-pair amplicon regions on the illumina HiSeq 
2500 platform. mSystems. 2019;4(1):4. doi: 10.1128/ 
msystems.00029-19  .

32. Callahan BJ, McMurdie PJ, Rosen MJ, Han AW, 
Johnson AJA, Holmes SP. DADA2: high-resolution 
sample inference from illumina amplicon data. Nat 
Methods. 2016;13(7):581–583. doi: 10.1038/nmeth. 
3869  .

33. Wang Q, Garrity GM, Tiedje JM, Cole JR. Naïve baye
sian classifier for rapid assignment of rRNA sequences 
into the new bacterial taxonomy. Appl Environ 
Microbiol. 2007;73(16):5261–5267. doi: 10.1128/AEM. 
00062-07  .

34. Quast C, Pruesse E, Yilmaz P, Gerken J, Schweer T, 
Yarza P, Peplies J, Glöckner FO. The SILVA ribosomal 
RNA gene database project: improved data processing 
and web-based tools. Nucleic Acids Res. 2012;41(D1): 
D590–D596. doi: 10.1093/nar/gks1219  .

35. R Core Team. R: a language and environment for sta
tistical computing. In: Computing RFfS. Vienna, 
Austria. 2021.

36. Vaga S, Lee S, Ji B, Andreasson A, Talley NJ, Agréus L, 
Bidkhori G, Kovatcheva-Datchary P, Park J, Lee D, 
et al. Compositional and functional differences of the 
mucosal microbiota along the intestine of healthy 
individuals. Sci Rep. 2020;10(1):14977. doi: 10.1038/ 
s41598-020-71939-2  .

37. Akiyama S, Nishijima S, Kojima Y, Kimura M, 
Ohsugi M, Ueki K, Mizokami M, Hattori M, 
Tsuchiya K, Uemura N, et al. Multi-biome analysis 
identifies distinct gut microbial signatures and their 
crosstalk in ulcerative colitis and Crohn’s disease. Nat 
Commun. 2024;15(1):10291. doi: 10.1038/s41467-024- 
54797-8  .

38. Morgan XC, Tickle TL, Sokol H, Gevers D, 
Devaney KL, Ward DV, Reyes JA, Shah SA, 
LeLeiko N, Snapper SB, et al. Dysfunction of the intest
inal microbiome in inflammatory bowel disease and 
treatment. Genome Biol. 2012;13(9):R79. doi: 10.1186/ 
gb-2012-13-9-r79  .

39. Jones RB, Zhu X, Moan E, Murff HJ, Ness RM, 
Seidner DL, Sun S, Yu C, Dai Q, Fodor AA, et al. Inter- 
niche and inter-individual variation in gut microbial 
community assessment using stool, rectal swab, and 
mucosal samples. Sci Rep. 2018;8(1):4139. doi: 10. 
1038/s41598-018-22408-4  .

40. Lo Presti A, Zorzi F, Del Chierico F, Altomare A, 
Cocca S, Avola A, De Biasio F, Russo A, Cella E, 

Reddel S, et al. Fecal and mucosal microbiota profiling 
in irritable bowel syndrome and inflammatory bowel 
disease. Front Microbiol. 2019;10:10. doi: 10.3389/ 
fmicb.2019.01655  .

41. Forbes JD, Van Domselaar G, Bernstein CN. 
Microbiome survey of the inflamed and noninflamed 
gut at different compartments within the gastrointest
inal tract of inflammatory bowel disease patients. 
Inflamm Bowel Dis. 2016;22(4):817–825. doi: 10.1097/ 
MIB.0000000000000684  .

42. Gupta A, Kang S, Wagner J, Kirkwood CD, 
Morrison M, McSweeney C, Finlay M. Analysis of 
mucosal microbiota in inflammatory bowel disease 
using a custom phylogenetic microarray. Austin 
J Gastroenterol. 2014;1:1020.

43. Mondot S, Lepage P, Seksik P, Allez M, Tréton X, 
Bouhnik Y, Colombel JF, Leclerc M, Pochart P, 
Doré J. Structural robustness of the gut mucosal micro
biota is associated with Crohn’s disease remission after 
surgery. Gut. 2015; gutjnl-2015–309184. doi: 10.1136/ 
gutjnl-2015-309184  .

44. Li F, Han Y, Cai X, Gu M, Sun J, Qi C, Goulette T, 
Song M, Li Z, Xiao H, et al. Dietary resveratrol attenu
ated colitis and modulated gut microbiota in dextran 
sulfate sodium-treated mice. Food Funct. 2020;11 
(1):1063–1073. doi: 10.1039/C9FO01519A  .

45. Zhou C, Zhao H, Xiao X-Y, Chen B-D, Guo R-J, Wang Q, 
Chen H, Zhao L-D, Zhang C-C, Jiao Y-H, et al. 
Metagenomic profiling of the pro-inflammatory gut 
microbiota in ankylosing spondylitis. J Autoimmun. 
2020;107:102360. doi: 10.1016/j.jaut.2019.102360  .

46. Dong F, Perdew GH. The aryl hydrocarbon receptor as 
a mediator of host-microbiota interplay. Gut Microbes. 
2020;12(1):1859812. doi: 10.1080/19490976.2020. 
1859812  .

47. Shen Z, Zhu C, Quan Y, Yang J, Yuan W, Yang Z, Wu S, 
Luo W, Tan B, Wang X, et al. Insights into roseburia 
intestinalis which alleviates experimental colitis pathol
ogy by inducing anti-inflammatory responses. 
J Gastroen Hepatol. 2018;33(10):1751–1760. doi: 10. 
1111/jgh.14144  .

48. Song Z-Y, Zhang S-X, Qiao J, Zhao R, Wang YF, 
Song S, Wang CH, Gao C, Li XF. Alterations in gut 
microbiota associated with lymphocyte subsets, cyto
kines, and disease activity in ankylosing spondylitis. 
2022.

49. Thompson KN, Bonham KS, Ilott NE, Britton GJ, 
Colmenero P, Bullers SJ, McIver LJ, Ma S, 
Nguyen LH, Filer A, et al. Alterations in the gut micro
biome implicate key taxa and metabolic pathways 
across inflammatory arthritis phenotypes. Sci Transl 
Med. 2023;15(706):eabn4722. doi: 10.1126/scitranslmed. 
abn4722  .

50. Mohebali N, Weigel M, Hain T, Sütel M, Bull J, 
Kreikemeyer B, Breitrück A. Faecalibacterium praus
nitzii, bacteroides faecis and roseburia intestinalis 

GUT MICROBES 19

https://doi.org/10.1016/j.cgh.2019.04.040
https://doi.org/10.1128/msystems.00029-19
https://doi.org/10.1128/msystems.00029-19
https://doi.org/10.1038/nmeth.3869
https://doi.org/10.1038/nmeth.3869
https://doi.org/10.1128/AEM.00062-07
https://doi.org/10.1128/AEM.00062-07
https://doi.org/10.1093/nar/gks1219
https://doi.org/10.1038/s41598-020-71939-2
https://doi.org/10.1038/s41598-020-71939-2
https://doi.org/10.1038/s41467-024-54797-8
https://doi.org/10.1038/s41467-024-54797-8
https://doi.org/10.1186/gb-2012-13-9-r79
https://doi.org/10.1186/gb-2012-13-9-r79
https://doi.org/10.1038/s41598-018-22408-4
https://doi.org/10.1038/s41598-018-22408-4
https://doi.org/10.3389/fmicb.2019.01655
https://doi.org/10.3389/fmicb.2019.01655
https://doi.org/10.1097/MIB.0000000000000684
https://doi.org/10.1097/MIB.0000000000000684
https://doi.org/10.1136/gutjnl-2015-309184
https://doi.org/10.1136/gutjnl-2015-309184
https://doi.org/10.1039/C9FO01519A
https://doi.org/10.1016/j.jaut.2019.102360
https://doi.org/10.1080/19490976.2020.1859812
https://doi.org/10.1080/19490976.2020.1859812
https://doi.org/10.1111/jgh.14144
https://doi.org/10.1111/jgh.14144
https://doi.org/10.1126/scitranslmed.abn4722
https://doi.org/10.1126/scitranslmed.abn4722


attenuate clinical symptoms of experimental colitis by 
regulating Treg/Th17 cell balance and intestinal barrier 
integrity. Biomed & Pharmacother. 2023;167:115568.

51. Tan B, Luo W, Shen Z, Xiao M, Wu S, Meng X, Wu X, 
Yang Z, Tian L, Wang X, et al. Roseburia intestinalis 
inhibits oncostatin M and maintains tight junction 
integrity in a murine model of acute experimental 
colitis. Scand J Gastro. 2019;54(4):432–440. doi: 10. 
1080/00365521.2019.1595708  .

52. Parada Venegas D, De la Fuente MK, Landskron G, 
González MJ, Quera R, Dijkstra G, Harmsen HJM, 
Faber KN, Hermoso MA. Corrigendum: short chain 
fatty acids (SCFAs)-mediated gut epithelial and 
immune regulation and its relevance for inflammatory 
bowel diseases. Front Immunol. 2019;10:10. doi: 10. 
3389/fimmu.2019.01486  .

53. Singh V, Lee G, Son H, Koh H, Kim ES, Unno T, 
Shin J-H. Butyrate producers,“the sentinel of gut”: 
their intestinal significance with and beyond butyrate, 
and prospective use as microbial therapeutics. Front 
Microbiol. 2023;13:1103836. doi: 10.3389/fmicb.2022. 
1103836  .

54. Zhang M, Zhou Q, Dorfman RG, Huang X, Fan T, 
Zhang H, Zhang J, Yu C. Butyrate inhibits 
interleukin-17 and generates tregs to ameliorate color
ectal colitis in rats. BMC Gastroenterol. 2016;16(1):84. 
doi: 10.1186/s12876-016-0500-x  .

55. Peng L, He Z, Chen W, Holzman IR, Lin J. Effects of 
butyrate on intestinal barrier function in a caco-2 cell 
monolayer model of intestinal barrier. Pediatr Res. 
2007;61(1):37–41. doi: 10.1203/01.pdr.0000250014. 
92242.f3  .

56. Lima SF, Pires S, Rupert A, Oguntunmibi S, Jin W-B, 
Marderstein A, Funez-DePagnier G, Maldarelli G, 
Viladomiu M, Putzel G, et al. The gut microbiome 
regulates the clinical efficacy of sulfasalazine therapy 
for IBD-associated spondyloarthritis. Cell Reports 
Med. 2024;5(3):101431. doi: 10.1016/j.xcrm.2024. 
101431  .

57. Bischoff SC, Barbara G, Buurman W, Ockhuizen T, 
Schulzke J-D, Serino M, Tilg H, Watson A, Wells JM. 
Intestinal permeability–a new target for disease preven
tion and therapy. BMC Gastroenterol. 2014;14 
(1):189–189. doi: 10.1186/s12876-014-0189-7  .

58. Reveille JD, Arnett FC. Spondyloarthritis: update on 
pathogenesis and management. Am J Med. 2005;118 
(6):592–603. doi: 10.1016/j.amjmed.2005. 
01.001  .

59. Zhu C, Song K, Shen Z, Quan Y, Tan B, Luo W, Wu S, 
Tang K, Yang Z, Wang X, et al. Roseburia intestinalis 
inhibits interleukin‑17 excretion and promotes regula
tory T cells differentiation in colitis. Mol Med Report. 
2018;17:7567–7574. doi: 10.3892/mmr.2018.8833  .

60. Blaschitz C, Raffatellu M. Th17 cytokines and the gut 
mucosal barrier. J Clin Immunol. 2010;30(2):196–203. 
doi: 10.1007/s10875-010-9368-7  .

61. Lee Jacob J, Tato Cristina C, Joyce-Shaikh B, Gulen M, 
Cayatte C, Chen Y, Blumenschein W, Judo M, 
Ayanoglu G, McClanahan T, et al. Interleukin-23- 
independent IL-17 production regulates intestinal 
epithelial permeability. Immunity. 2015;43(4):727–738. 
doi: 10.1016/j.immuni.2015.09.003  .

62. Huangfu L, Li R, Huang Y, Wang S. The IL-17 family in 
diseases: from bench to bedside. Signal Transduct 
Targeted Ther. 2023;8(1):402. doi: 10.1038/s41392- 
023-01620-3  .

63. Brembilla NC, Senra L, Boehncke W-H. The IL-17 
family of cytokines in psoriasis: IL-17A and beyond. 
Front Immunol. 2018;9. doi: 10.3389/fimmu.2018. 
01682  .

64. Vega-Magaña N, Delgado-Rizo V, García-Benavides L, 
Toro-Arreola SD, Segura-Ortega J, Morales ASMZ, 
Zepeda-Nuño JS, Escarra-Senmarti M, Gutiérrez- 
Franco J, Haramati J, et al. Bacterial translocation is 
linked to increased intestinal IFN-γ, IL-4, IL-17, and 
mucin-2 in cholestatic rats. Ann Hepatol. 2018;17 
(2):318–329. doi: 10.5604/01.3001.0010.8663  .

65. Meyer F, Wendling D, Demougeot C, Prati C, 
Verhoeven F. Cytokines and intestinal epithelial per
meability: a systematic review. Autoimmun Rev. 
2023;22(6):103331. doi: 10.1016/j.autrev.2023.103331  .

66. Truong SL, Chin J, Liew DF, Zahir SF, Ryan EG, 
Rubel D, Radford-Smith G, Robinson PC. Systematic 
review and meta-analysis of inflammatory bowel dis
ease adverse events with anti-interleukin 17A agents 
and tumor necrosis factor inhibitors in rheumatic dis
ease and skin psoriasis. Rheumatol Ther. 2021;8 
(4):1603–1616. doi: 10.1007/s40744-021-00360-6  .

67. Sun J, Zhang S, Zhang X, Zhang X, Dong H, Qian Y. IL- 
17A is implicated in lipopolysaccharide-induced neu
roinflammation and cognitive impairment in aged rats 
via microglial activation. J Neuroinflammat. 2015;12 
(1):165. doi: 10.1186/s12974-015-0394-5  .

68. Ferretti S, Bonneau O, Dubois GR, Jones CE, 
Trifilieff A. IL-17, produced by lymphocytes and neu
trophils, is necessary for lipopolysaccharide-induced 
airway neutrophilia: IL-15 as a possible trigger. 
J Immunol. 2003;170(4):2106–2112. doi: 10.4049/jim 
munol.170.4.2106  .

69. Luo W, Shen Z, Deng M, Li X, Tan B, Xiao M, Wu S, 
Yang Z, Zhu C, Tian L, et al. Roseburia intestinalis 
supernatant ameliorates colitis induced in mice by reg
ulating the immune response. Mol Med Report. 
2019;20:1007–1016. doi: 10.3892/mmr.2019.10327  .

70. Shen Z, Luo W, Tan B, Nie K, Deng M, Wu S, Xiao M, 
Wu X, Meng X, Tong T, et al. Roseburia intestinalis 
stimulates TLR5-dependent intestinal immunity 
against Crohn’s disease. eBiomedicine. 2022;85. doi:  
10.1016/j.ebiom.2022.104285  .

71. Paine A, Ritchlin CT. Targeting the interleukin-23/17 
axis in axial spondyloarthritis. Curr Opin Rheumatol. 
2016;28(4):359–367. doi: 10.1097/BOR. 
0000000000000301  .

20 M. ALIZADEH ET AL.

https://doi.org/10.1080/00365521.2019.1595708
https://doi.org/10.1080/00365521.2019.1595708
https://doi.org/10.3389/fimmu.2019.01486
https://doi.org/10.3389/fimmu.2019.01486
https://doi.org/10.3389/fmicb.2022.1103836
https://doi.org/10.3389/fmicb.2022.1103836
https://doi.org/10.1186/s12876-016-0500-x
https://doi.org/10.1203/01.pdr.0000250014.92242.f3
https://doi.org/10.1203/01.pdr.0000250014.92242.f3
https://doi.org/10.1016/j.xcrm.2024.101431
https://doi.org/10.1016/j.xcrm.2024.101431
https://doi.org/10.1186/s12876-014-0189-7
https://doi.org/10.1016/j.amjmed.2005.01.001
https://doi.org/10.1016/j.amjmed.2005.01.001
https://doi.org/10.3892/mmr.2018.8833
https://doi.org/10.1007/s10875-010-9368-7
https://doi.org/10.1016/j.immuni.2015.09.003
https://doi.org/10.1038/s41392-023-01620-3
https://doi.org/10.1038/s41392-023-01620-3
https://doi.org/10.3389/fimmu.2018.01682
https://doi.org/10.3389/fimmu.2018.01682
https://doi.org/10.5604/01.3001.0010.8663
https://doi.org/10.1016/j.autrev.2023.103331
https://doi.org/10.1007/s40744-021-00360-6
https://doi.org/10.1186/s12974-015-0394-5
https://doi.org/10.4049/jimmunol.170.4.2106
https://doi.org/10.4049/jimmunol.170.4.2106
https://doi.org/10.3892/mmr.2019.10327
https://doi.org/10.1016/j.ebiom.2022.104285
https://doi.org/10.1016/j.ebiom.2022.104285
https://doi.org/10.1097/BOR.0000000000000301
https://doi.org/10.1097/BOR.0000000000000301


72. Ucar-Comlekoglu D, Fox A, Sen HN. Gender differences 
in Behçet’s disease associated uveitis. J Ophthalmol. 
2014;2014:1–8. doi: 10.1155/2014/820710  .

73. Tarannum S, Leung Y-Y, Johnson SR, Widdifield J, 
Strand V, Rochon P, Eder L. Sex- and 
gender-related differences in psoriatic arthritis. 
Nat Rev Rheumatol. 2022;18(9):513–526. doi: 10. 
1038/s41584-022-00810-7  .

74. Ghaffari SA, Nemati M, Hajghani H, Ebrahimi H, 
Sheikhi A, Jafarzadeh A. Circulating concentrations of 
interleukin (IL)-17 in patients with multiple sclerosis: 
evaluation of the effects of gender, treatment, disease 
patterns and IL-23 receptor gene polymorphisms. Iran 
J Neurol. 2017;16(1):15–25.

75. Tyagi AM, Srivastava K, Mansoori MN, Trivedi R, 
Chattopadhyay N, Singh D. Estrogen deficiency 
induces the differentiation of IL-17 secreting Th17 
cells: a new candidate in the pathogenesis of 
osteoporosis. PLOS ONE. 2012;7(9):e44552. doi: 10. 
1371/journal.pone.0044552  .

76. Piccinni M-P, Raghupathy R, Saito S, Szekeres-Bartho J. 
Cytokines, hormones and cellular regulatory mechan
isms favoring successful reproduction. Front Immunol. 
2021;12:717808. doi: 10.3389/fimmu.2021.717808  .

77. Haac BE, Palmateer NC, Seaton ME, VanYperen R, 
Fraser CM, Bafford AC. A distinct gut microbiota exists 
within Crohn’s disease–related perianal fistulae. J Surgical 
Res. 2019;242:118–128. doi: 10.1016/j.jss.2019.04.032  .

78. Bajer L, Kverka M, Kostovcik M, Macinga P, Dvorak J, 
Stehlikova Z, Brezina J, Wohl P, Spicak J, Drastich P, 
et al. Distinct gut microbiota profiles in patients with 
primary sclerosing cholangitis and ulcerative colitis. 
World J Gastroenterol. 2017;23(25):4548–4558. doi:  
10.3748/wjg.v23.i25.4548  .

79. Umemoto D, Hara S, Nishioka H. Infective endocarditis 
and septic arthritis caused by Corynebacterium striatum. 
J Infect And Chemother. 2023;30(7):655–658. doi: 10. 
1016/j.jiac.2023.12.009  .

80. Hollnagel K, Willen J, Ellis M, Soleimanifard Y, 
Booth R, Nandi S. Chronic Corynebacterium striatum 

septic arthritis in a patient referred for total knee 
arthroplasty. Case Rep Orthop. 2020;2020:1–5. doi: 10. 
1155/2020/1392182  .

81. Paronetto F. Studies on experimental arthritis induced by 
Corynebacterium rubrum. 1. Localization of the arthrito
genic factor in the cell walls. Arthritis & Rheumatism. 
1972;15(1):36–40. doi: 10.1002/art.1780150106  .

82. Faeza NMN, Jesse FFA, Hambali IU, Odhah MN, 
Umer M, Wessam MMS, Mohd-Azmi ML, Wahid AH. 
Responses of testosterone hormone concentration, 
semen quality, and its related pro-inflammatory cyto
kines in bucks following Corynebacterium pseudotuber
culosis and its mycolic acid infection. Trop Anim Health 
Prod. 2019;51(7):1855–1866. doi: 10.1007/s11250-019- 
01878-2  .

83. Nixon A, Mallet AI, Jackman PJH, Gower DB. 
Testosterone metabolism by isolated human axillary 
Corynebacterium spp.: a gaschromatographic mass- 
spectrometric study. J Steroid Biochem. 1986;24 
(4):887–892. doi: 10.1016/0022-4731(86)90450-4  .

84. Prast-Nielsen S, Tobin AM, Adamzik K, Powles A, 
Hugerth LW, Sweeney C, Kirby B, Engstrand L, Fry L. 
Investigation of the skin microbiome: swabs vs. 
biopsies. Br J Dermatol. 2019;181(3):572–579. doi: 10. 
1111/bjd.17691  .

85. Shobar RM, Velineni S, Keshavarzian A, Swanson G, 
DeMeo MT, Melson JE, Losurdo J, Engen PA, 
Sun Y, Koenig L, et al. The effects of bowel prepara
tion on microbiota-related metrics differ in health 
and in inflammatory bowel disease and for the 
mucosal and luminal microbiota compartments. 
Clin Transl Gastroenterol. 2016;7(2):e143. doi: 10. 
1038/ctg.2015.54  .

86. Altomare A, Putignani L, Del Chierico F, Cocca S, 
Angeletti S, Ciccozzi M, Tripiciano C, Dalla Piccola B, 
Cicala M, Guarino MPL, et al. Gut mucosal-associated 
microbiota better discloses inflammatory bowel disease 
differential patterns than faecal microbiota. Digestive 
Liver Dis. 2019;51(5):648–656. doi: 10.1016/j.dld.2018. 
11.021.

GUT MICROBES 21

https://doi.org/10.1155/2014/820710
https://doi.org/10.1038/s41584-022-00810-7
https://doi.org/10.1038/s41584-022-00810-7
https://doi.org/10.1371/journal.pone.0044552
https://doi.org/10.1371/journal.pone.0044552
https://doi.org/10.3389/fimmu.2021.717808
https://doi.org/10.1016/j.jss.2019.04.032
https://doi.org/10.3748/wjg.v23.i25.4548
https://doi.org/10.3748/wjg.v23.i25.4548
https://doi.org/10.1016/j.jiac.2023.12.009
https://doi.org/10.1016/j.jiac.2023.12.009
https://doi.org/10.1155/2020/1392182
https://doi.org/10.1155/2020/1392182
https://doi.org/10.1002/art.1780150106
https://doi.org/10.1007/s11250-019-01878-2
https://doi.org/10.1007/s11250-019-01878-2
https://doi.org/10.1016/0022-4731(86)90450-4
https://doi.org/10.1111/bjd.17691
https://doi.org/10.1111/bjd.17691
https://doi.org/10.1038/ctg.2015.54
https://doi.org/10.1038/ctg.2015.54
https://doi.org/10.1016/j.dld.2018.11.021
https://doi.org/10.1016/j.dld.2018.11.021

	Abstract
	Introduction
	Materials and methods
	Participant, sample, and metadata collection
	DNA extraction and library preparation
	16S rRNA gene V3V4 amplicon sequencing
	Data processing, filtering, and normalization
	Demographic analysis of the cohort with samples used in the analyses
	Comparative analysis of the mucosal intestinal microbiota composition
	Analysis of alpha and beta diversity
	Comparison of taxa in those with and without joint EIMs and across IBD types
	Software and figure generation

	Results
	Study subject demographics
	The intestinal mucosal microbiota clusters predominantly by participant
	Species richness of intestinal mucosal microbiota is higher in UC than CD or IC
	Intestinal mucosa-associated microbiota composition does not vary more across the colon in those with IBD-associated arthritis
	<italic>Several bacterial taxa relative abundances are higher in those with IBD-associated arthritis, while that of</italic> R. intestinalis <italic>is lower</italic>
	Relative abundance of bacterial taxa associated with IBD type are distinct from those associated with joint EIMs

	Discussion
	Disclosure statement
	Funding
	ORCID
	Acknowledgments
	Author contributions
	Data availability statement
	References

