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Summary

Axial spondyloarthritis (axSpA) is characterized by type-17 immune-driven joint inflammation, and intestinal inflammation is present in around
70% of patients. In this study, we asked whether axSpA stool contained Th17-associated cytokines and whether this related to systemic Th17
activation. We measured stool cytokine and calprotectin levels by ELISA and found that patients with axSpA have increased stool IL-17A, [1:23,
GM-CSF, and calprotectin. We further identified increased levels of circulating Il-:17A+ and IL=17F+ T-helper cell lymphocytes in patients with
axSpA compared to healthy donors. We finally assessed stool metabolites by unbiased nuclear magnetic resonance spectroscopy and found
that multiple stool amino acids were negatively correlated with stool [l-:23 concentrations. These data provide evidence of type-17 immunity in

the intestinal lumen, and suggest its association with microbial metabolism in the intestine.
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Introduction

Axial spondyloarthritis (axSpA) is a common form of inflam-
matory arthritis typically characterized by inflammation of
the axial skeleton and large joints [1]. In addition to joint
inflammation, subclinical intestinal inflammation is present
in roughly 70% of patients [2]. The pathogenesis of axSpA
is unclear, however, HLA-B27 is the strongest genetic factor
and is present in ~90% of patients [3] Genome-wide associa-
tion studies (GWAS) have identified common genes associated
with inflammatory bowel disease (IBD) and axSpA, including
IL-23R and other type 17-associated genes, indicating a gut—
joint axis in axSpA [4]. The concordance rate for axSpA in
monozygotic twins is 63%, suggesting an additional role for
environmental factors in driving axSpA development [5]. For
instance, studies in animal models of axSpA demonstrate a
requirement for the intestinal microbiome to support joint
inflammation [6, 7]. Furthermore, patients with axSpA dis-
play altered intestinal microbiome composition compared to
healthy individuals [8-10]. Intestinal bacteria can modulate
the host immune system through the secretion of metabolites
[11]. Indeed, oral administration of the metabolite butyrate
can attenuate arthritis in mice, suggesting an important role
for intestinal metabolites in arthritis pathology [12]. We,
therefore, sought evidence of an altered metabolic landscape
in the stool of axSpA through unbiased NMR spectroscopy
and asked whether this was associated with a type-17 response
in axSpA stool by utilizing stool cytokine quantification [13].
Previous studies have demonstrated enrichment in periph-
eral IL-17A-producing lymphocytes in patients with axSpA,
and a question arises as to whether this peripheral Th17 re-
sponse is driven by the intestinal microenvironment [14]. To
answer this question, we additionally performed intracellular
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T cell cytokine flow cytometry on peripheral blood mononu-
clear cells (PBMCs) and ran correlation analyses with stool
proteins in patients with axSpA.

Methods and materials

Patient and control recruitment

A total of 53 axSpA patients meeting the Assessment of
Spondyloarthritis International Society (ASAS) classifica-
tion criteria [15] were recruited at the Oxford University
Hospitals National Health Service Foundation Trust, and
fresh-frozen (7 = 30) and 100% ethanol-fixed stool (1 = 53),
and peripheral blood (17 =46) samples were obtained.
Patients who were diagnosed with cancer, presenting with
active IBD, pregnant, or under the age of 18 at the time of
recruitment were excluded. Ninety-one sex and age-matched
healthy controls were recruited, and 83 of these (40 HLA-B27
positive and 39 HLA-B27 negative) were recruited through
the Oxford BioBank. Patient and control demographics are
outlined in Supplementary Table 1. Informed written con-
sent was obtained (Ethics 06/Q1606/139, National Health
Service, Health Research Authority, South Central—Oxford
C Research Ethics Committee).

Sample collection

Blood was collected from patients at clinical visits and from
healthy controls upon their visit to the Oxford BioBank. The
serum was extracted by centrifugation at 1400 x g (av) for
15 min and stored at —80°C.

Participants were provided with home stool-collection kits
and stool samples were collected using a FecesCatcher (Tag
Hemi) and a stool container (Starstedt). Ethanol-fixed stool
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samples were placed into 5 ml 100% ethanol (Sigma—Aldrich)
and posted to the Kennedy Institute of Rheumatology by
next-day Royal Mail delivery. Fresh stool samples were col-
lected and placed into ice packs within disposable Styrofoam
containers and returned in person on the day of stool col-
lection. Samples were frozen at —80°C within 30 min upon
arrival. A Biopulverizer (Stratech) was used to pulverize fresh-
frozen stool whilst cooled in liquid nitrogen. All assays were
performed on pulverized aliquots.

ELISA

One hundred milligrams of fresh-frozen stool was added to
1 ml of cOmplete ULTRA tablets EDTA-free (Roche) using
screw cap microcentrifuge tubes (ThermoFisher Scientific)
and a TissueLyser II (Qiagen) was used for homogenization at
30 Hz for 10 min, followed by centrifugation (10 000 x g (av)
for 3 min at 4°C). 70 um cell strainers (Fisher Scientific) were
used to filter supernatants which were then stored at —80°C
until ELISA. Levels of proteins (Supplementary Table 2)
were assessed in the stool supernatant by ELISA according
to the manufacturer’s instructions, incubating samples and
standards at 4°C overnight. Levels of serum LBP, s-CD14,
and iFABP were quantified by ELISA according to the
manufacturer’s instructions (R&D Systems).

NMR metabolomics

Ethanol-fixed stool samples were dried using a vacuum
(18-24 h Speedivac) to remove ethanol until the weight be-
came constant. Tubes were weighed and two 7 mm stainless
steel balls (Qiagen) and water (2 ml/g solid material) were
added. Tubes were then vigorously shaken in a bead mill
(low-setting Qiagen Tissuelyzer II) for 5 min to homoge-
nize the dried stool. Samples were centrifuged (13 000 x g
(av) 15 min 4°C) and supernatants recentrifuged (13 000 x
g (av) for 30 min at 4°C). The supernatant was then diluted
in a 1:3 ratio with NMR buffer containing 1.6 mM difluoro
trimethylsilylmethylphosphonic acid (DFTMP) (Manchester
Organics), 400 mm phosphate, 40% D20, 0.4% azide and 2
mm 3-(trimethylsilyl)-1-propanesulfonic acid-dé sodium salt
(DSS-d6) (Merck). Sixty microlitres were then added to glass
champagne vials (Cole-Parmer) and stored at —80°C until
analysis. Upon thawing, samples were transferred to 1.7 mm
NMR tubes (Bruker Biospin) using an Anachem Autosampler.
Tubes were capped and wiped with dust-free paper, and
one-dimensional 1H spectra were acquired at 300 K using
a standard 1D-1H-Nuclear Overhauser Effect spectroscopy
(NOESY) pulse sequence with water saturation using pre-sat
in a Bruker AVANCE II 600 MHz NMR spectrometer (Bruker
Corp) equipped with a 1.7 mm cryoprobe. A 12 ppm spectral
width was set and scans were repeated 128 times. Samples
were loaded into racks and kept at 6°C in the Sample]et
sample handling device until processed. Unbiased NMR spec-
troscopy was completed by using Chenomx NMR Suite v8.6
to read the spectra and each was manually compared with the
Chenomx 600 Mhz library v11 of NMR spectra containing
336 compounds to annotate metabolites.

Associations of NMR spectroscopy with the patient’s
immunophenotypes were analysed in R version 4.1.2 [16],
using R Studio. Due to our stool collection methods, which
used ethanol to fix the microbial DNA in the samples, we
decided to remove ethanol from our metabolomics anal-
ysis. Processed NMR data was median normalized using the

limma:normalizeMedianValues function [17]. Per-feature
models were then constructed using defaults in MaAsLin 2
v1.8.0 [18]. Data was log-transformed and a linear model
for each metabolite was constructed adjusting for the exper-
imental NMR batch using the formula: metabolite ~ 1L-23
(stool) + MBX batch.

Intracellular flow cytometry staining

PBMCs were isolated and stimulated as previously described
[14]. Cells were stained for surface markers (Supplementary
Table 3) for 20 min on ice, and permeabilized using Cytofix/
Cytoperm fixation and permeabilization solution (BD
Biosciences). Intracellular cytokines were then stained for
30 min at room temperature. Flow cytometry was performed
on a BD LSR II flow cytometer calibrated with calibration
and tracking beads (BD Biosciences). Data was analysed
using Flow]Jo™ v10 software (BD Biosciences) and the batch
effect was analysed and ruled out. iMFI was calculated by
multiplying the frequency of CD4+ T cells positive for cyto-
kine with MFI of the cytokine production from CD4 + T cells.

General data analysis

ELISA and flow cytometry data were processed in R ver-
sion 4.2.1 [19] or GraphPad Prism version 9.2. Benjamini—
Hochberg approach was used to correct for multiple
comparisons.

Results

Stool calprotectin andTh17 cytokines are elevated
in AXSpA

We first studied fresh stool samples from 40 axSpA patients
and 85 age and sex-matched healthy donors (Fig. 1A). We
quantified cytokine levels in stool supernatant using ELISA
and found that stool IL-17A, IL-23, and GM-CSF were signif-
icantly increased in axSpA compared to healthy donors (Fig.
1B-D). No significant difference was identified in stool IL-10
between axSpA patients and healthy donors (Fig. 1E). To de-
termine whether neutrophil-associated molecules indicative
of subclinical intestinal inflammation are altered in axSpA,
we measured calprotectin (S100A8/9) levels in stool samples.
Stool calprotectin was significantly increased in axSpA
patients compared to healthy donors (Fig. 1F).

We sought to identify whether patients with high levels of
stool cytokines were consistent across the various cytokines
tested. Indeed, IL-17A, GM-CSE, and IL-23 all strongly
correlated with one another in axSpA and healthy con-
trol stool (Supplementary Fig. 1A-C). We found that stool
IL-10 did not significantly correlate with stool IL-17A or
stool GM-CSF in patients with AxSpA, though did weakly
correlate with stool GM-CSF when healthy controls were
added (Supplementary Fig. 1D and E). Stool IL-10 signifi-
cantly correlated with stool IL-23 in both axSpA patients and
healthy controls (Supplementary Fig. 1F). Overall, patients
with high levels of stool type 17-associated cytokines IL-17A,
IL-23, and GM-CSF are consistent across these cytokines but
not strongly with IL-10.

Patients with active IBD were excluded from this study,
however, patients with inactive IBD were not. Therefore,
we sought to identify whether elevated stool cytokine and
calprotectin levels were associated with IBD and found that
axSpA stool cytokine levels were not significantly associated
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Figure 1: stool calprotectin and Th17 cytokines are elevated in AxSpA. ELISA was completed on fresh stool obtained from 40 patients with axSpA and
85 healthy controls to quantify cytokine levels. (A) Sample collection flow chart, (B) stool Il-17A, (C) stool I1-23, (D) Stool GM-CSF, (E) Stool IL-10, (F)
Stool calprotectin (ng/g of stool). Cytokine levels are denoted as pg/g of stool. ***P < 0.001, *P < 0.05. Unpaired student’s t-test with Welch's correction
and Benjamini-Hochberg correction for multiple testing. Boxplots denote the median + interquartile range and individual data points are shown.

with IBD status (Supplementary Fig. 2C-E). Furthermore, we
found that several axSpA patients with IBD had high levels of
calprotectin, though stool calprotectin was not significantly
elevated in patients with IBD compared to those without an
IBD diagnosis (Supplementary Fig. 2B). Stool calprotectin
was still significantly elevated in axSpA patients without IBD,
compared to healthy controls (Supplementary Fig. 2A).

Stool calprotectin positively correlated with stool IL-23
in the entire study cohort of axSpA patients and healthy
donors, but not if axSpA patients were studied alone
(Supplementary Fig. 3). Measures of disease activity and dis-
ease duration were not significantly associated with stool
cytokine levels or any other immune parameters studied
(Supplementary Fig. 4). Non-steroidal anti-inflammatory
drug (NSAID) usage has been associated with elevated stool
calprotectin [20], however, neither NSAID nor biologic

usage significantly impacted stool calprotectin or stool cyto-
kine levels (Supplementary Fig. 5).

We also quantified serum levels of soluble (s)-CD14, a
molecule released by innate immune cells following bacte-
rial LPS activation, LPS binding protein (LBP), and intestinal
fatty acid binding protein (I-FABP), in serum. We found no
significant differences in these markers of intestinal perme-
ability between patients with axSpA and healthy controls
(Supplementary Fig. 6).

Stool amino acid levels negatively correlate with
stool 123

To identify stool metabolites associated with axSpA, we
completed unbiased metabolomics on stool samples from 62
axSpA patients and 27 sex and age-matched healthy donors.
Association analysis across all annotated metabolites identified
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Figure 2: stool amino acid levels negatively correlate with stool [-:23. NMR spectroscopy was completed on ethanol-fixed stool samples from patients
with axSpA and healthy controls. Association analyses were performed to identify stool metabolites that are associated with immune parameters.
Stool 11:23 was negatively associated with several amino acids. (A) Isoleucine, (B) leucine, (C) valine, (D) threonine, (E) aspartate, (F) tyrosine. Linear
modelling was completed using the formula: metabolite ~ [L-:23 (stool) + MBX batch. Individual points are shown.

multiple essential and non-essential amino acids negatively
correlating with stool IL-23 concentration. Indeed, isoleucine,
leucine, valine, threonine, aspartate, and tyrosine concentrations
were all negatively correlated with stool IL-23 levels (Fig. 2).

AxSpA patients have increased frequencies of
circulatingTh17 cells which do not correlate with
stool cytokine levels

We next sought to determine whether the elevation of
cytokines in the axSpA stool was associated with the pro-
duction of type-17 cytokines from circulating T-helper cells,
which have previously been shown to be increased in axSpA
[14]. We performed intracellular cytokine staining on ex
vivo PBMCs from 46 patients with axSpA and 74 age and
sex-matched healthy donors (Supplementary Table 1). We
identified a range of cytokines produced by different subsets
of T cells, including IL-17A, IL17F, and GM-CSF production
by Th17 cells, IFNy production by Th1 cells, IL-5 produc-
tion from Th2 cells, and IL-10 production from T-regulatory
cells [14, 21]. As described in previous studies [14], IL-17A+
CD4+ (Th17) cells were significantly increased in axSpA
patients compared to healthy donors (Fig. 3A and B). IL-17F+
CD4+ cells were also significantly increased in patients with
axSpA (Fig. 3A and C). We did not observe any significant
differences in CD4+ producing GM-CSFE, I[FNy, IL-5, or IL-10
cells between axSpA patients and healthy donors in this co-
hort (Fig. 3D-G).

To determine whether type-17 cytokines in the stool were
associated with their production by circulating lymphocytes,
we correlated stool cytokines and cytokine production by
CD4+ T cells. We did not observe a correlation between circu-
lating IL-17A- or GM-CSF-producing lymphocytes, and stool
IL-17A or GM-CSF levels, respectively (Supplementary Fig.
7A and C). We aimed to validate this finding using surface
markers CCR6 and CD161 found on Th17 cells. We found
that CCR6+ CD161+ T helper cells correlated with IL-17A
but not IL-17F production from circulating CD4+ cells, and

not with stool IL-17A levels (Supplementary Fig. 7E-G). We
calculated the integrated mean fluorescence intensity (iMFI)
of each cytokine as it is a more accurate readout for cytokine
production compared to the frequency of cytokine-producing
cells [22]. However, the iMFI also did not correlate with stool
cytokine levels (Supplementary Fig. 7B and D).

HLA-B27 is strongly associated with axSpA, and HLA-
B27-transgenic rats display an expansion in IL-17A-
producing CD4+ T cells [23]. Therefore, we stratified axSpA
patients and healthy controls based on HLA-B27 status to
determine whether HLA-B27 presence was associated with
blood T-cell production of type-17 cytokines and their levels
in the stool. However, we found that HLA-B27 was not as-
sociated with stool protein levels or cytokine-producing T
cells, though a larger cohort study is needed to validate this
(Supplementary Fig. 8A-K). We also found that the exclusion
of axSpA patients with negative or unknown HLA-B27 status
did not alter the correlation of stool proteins and circulating
production of cytokines (Supplementary Fig. 8L-N).

Discussion

We here describe for the first time the elevation of three type-
17 cytokines (IL-17A, IL-23, and GM-CSF) in axSpA stool.
Stool cytokine detection has been previously studied in the
context of COVID-19, cirrhosis, and IBD; identifying ele-
vated stool TNFa in IBD, but not inflammatory arthritis [13,
24-26]. The ability to use non-invasive stool cytokine detec-
tion in axSpA may allow for the characterization of the intes-
tinal immune response without the need for intestinal biopsies.
Indeed, the IL-23/IL-17 pathway has been strongly associated
with axSpA, indicated by the clinical efficacy of IL-17 inhibi-
tion treatment, and prophylactic blockade of IL-23 inhibiting
disease development in animal models of axSpA [14, 27, 28].
Our data suggest heightened local type-17 intestinal immu-
nity in axSpA, in line with previous studies demonstrating el-
evated intestinal expression of IL-23 in axSpA and expansion
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Figure 3: axSpA patients have increased frequencies of circulating I-17A- and Il-17Fproducing cells. PBMCs were isolated from 46 axSpA patients and
74 healthy controls and intracellular cytokine staining was completed on them. (A) Representative flow cytometry plots showing intracellular staining of
Il-17A and IL-17F in axSpA and healthy donor PBMCs (gated on CD3+ CD4+ lymphocytes, detailed gating strategy is shown in Supplementary Fig. 9).
(B-G) Frequencies of (B) Il-17A+, (C) Il-17F+, (D) GM-CSF+, (E) IFNy+, (F) I-5+, (G) Il-10 + T helper cells. **P < 0.01, *P < 0.05. Unpaired student’s t-test
with Welch's correction. Boxplots denote the median + interquartile range and individual data points are shown

of intestinal IL-17-producing innate lymphoid cells [29, 30]. methodology. Furthermore, future normalization of stool cy-
However, in vivo, animal studies validating the use of stool tokine assays to stool protein levels rather than total stool
cytokine detection in predicting intestinal immune responses weight may allow for more detection accuracy due to the con-
and inflammation should be completed to strengthen this  sideration of fibre and water content.
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We demonstrated a negative correlation of stool IL-23 with
multiple stool amino acid levels, potentially linking the function
of the gut microbiome with local type-17 responses, although
this does not indicate causality. Our cohort of axSpA patients
also demonstrated increased levels of stool calprotectin, despite
additional exclusion of diagnosed IBD (present in 7/53 of the
axSpA patients studied). This finding was expected and con-
sistent with the known association of axSpA with IBD and the
presence of subclinical intestinal inflammation in up to 70%
of patients [2]. We observed a positive correlation of stool
calprotectin with stool IL-23 levels, though only when both
patients and controls were included. This finding must there-
fore be regarded as requiring replication in a larger independent
cohort of patients and controls. Our data are consistent with
previous studies that have demonstrated a level of low-grade
intestinal inflammation in axSpA, but now link this specifi-
cally to local gut type-17 inflammation. These findings further
strengthen the gut—joint connection in axSpA, provide support
for the concept that local intestinal type-17 responses may be
pathogenic in SpA, and reinforce the efficacy of IL-17 inhibi-
tion in axSpA [28, 31]. We found that stool cytokine levels did
not correlate with circulating production of cytokines, or sur-
face markers for Th17 cells. This may be due to the production
of type-17 cytokines by other immune cell subsets such as ILCs
or maybe that intestinal and peripheral production of cytokines
are regulated independently of one another [29]. Therefore, fu-
ture mechanistic studies should interrogate the regulation of
intestinal and peripheral cytokine production in axSpA.

Detection of cytokines in the stool raises the question as
to whether these translocate directly through the intestinal
epithelial layer or accompany the shedding of host type-17
cytokine-producing cells into the intestinal lumen. In order
to address this question, we measured three markers of in-
testinal permeability in the serum. We were unable to de-
tect changes in these markers, unlike a previous study [32].
Further larger studies of axSpA patients and controls, in-
cluding functional measures of intestinal permeability such as
the lactulose:mannose test are required to definitively deter-
mine the nature of intestinal permeability changes in axSpA.

We found that concentrations of several essential and
nonessential amino acids in axSpA stool were negatively
correlated with stool IL-23. One possible hypothesis is that
bacterial metabolism of intestinal amino acids is associated
with enhanced local intestinal type-17 responses. Previously
published data has shown that leucine metabolism plays a
critical role in T-cell activation, and that aspartate can dic-
tate macrophage polarization [33, 34]. [L-23 production may
also shape the intestinal microbiome and influence bacterial
metabolism by promoting an inflammatory environment.
For instance, IL-23 drives antimicrobial peptide production
from intestinal epithelial cells, which can influence the in-
testinal microbiome [35]. In this regard, depletion of nones-
sential amino acids is also associated with intestinal barrier
breakdown [36]. Overall, the potential association of stool
cytokines with microbial metabolic function identified in our
study support the use of stool cytokine detection alongside
treatments modulating the microbiome including antibiotics
and probiotics. This would allow for a noninvasive measure
of the impact of manipulating the microbiome on the host
immune response. However, our study design cannot show
causation and further functional studies are required in order
to mechanistically dissect the role of intestinal microbiome
and metabolites in axSpA.

In summary, our study shows evidence of increased type-17
cytokines within the gut lumen in axSpA. These support a
model in which gastrointestinal-generated type-17 immunity
may contribute to pathogenesis, though a larger cohort study
should be completed to replicate these findings. Our data sug-
gest the potential use of stool biomarkers in axSpA diagnosis
and the potential for treating axSpA by using gut-directed
therapy to restore type-17 homeostasis. In this regard, future
longitudinal studies measuring stool cytokine levels in axSpA
patients alongside biologic treatment would allow for the as-
sessment of stool cytokines as a biomarker for disease activity
or for predicting response to treatment.

Supplementary data

Supplementary data is available at Clinical and Experimental
Immunology online.

Acknowledgements

We acknowledge the assistance of Paula Colmenero and
Matthew Neville, of patients, and of research nurses Jane
Cheeseman and Alison Hudak. We thank the volunteers
from the Oxford Biobank (www.oxfordbiobank.org.uk)
for their participation and the NIHR Oxford Biomedical
Research Centre which supported the recalling process of the
volunteers. The views expressed are those of the author(s)
and not necessarily those of the NHS, the NIHR, or the
Department of Health. The editor-in-chief, Simon Milling,
and handling editor, Philip Ahern, would like to thank the
following reviewers, Simon Kollnberger, Robert Colbert, and
Kristine Kuhn for their contribution to the publication of this
article.

Ethical approval

Informed written consent was obtained (Ethics 06/Q1606/139,
National Health Service, Health Research Authority, South
Central—Oxford C Research Ethics Committee).

Funding

This work was funded by Versus Arthritis grant 21226,
which funded the collaborative work of the Inflammatory
Arthritis Microbiome Consortium (IAMC). P.B. is funded by
the National Institute for Health Research (NIHR) Oxford
Biomedical Research Centre (BRC). P.B. has received research
funding from Regeneron, Benevolent Al, GSK, and Novartis.

Data availability

The data underlying this article will be shared on reasonable
request to the corresponding author.

References

1. Hamilton L, MacGregor A, Toms A, Warmington V, Pinch E,
Gaftney K. The prevalence of axial spondyloarthritis in the UK: a
cross-sectional cohort study. BMC Musculoskelet Disord 20135, 16,
392.doi:10.1186/5s12891-015-0853-2

2. Simenon G, Van Gossum A, Adler M, Rickaert F, Appelboom
T. Macroscopic and microscopic gut lesions in seronegative
spondyloarthropathies. ] Rheumatol 1990, 17, 1491-4.


www.oxfordbiobank.org.uk
https://doi.org/10.1186/s12891-015-0853-2

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

Brewerton DA, Hart FD, Nicholls A, Caffrey M, James DCO,
Sturrock RD. Ankylosing spondylitis and HL-A 27. The Lancet
1973, 301, 904-7. doi:10.1016/s0140-6736(73)91360-3

Burton PR, Clayton DG, Cardon LR, Craddock N, Deloukas P,
Duncanson A, et al.; Wellcome Trust Case Control Consortium.
Association scan of 14,500 nonsynonymous SNPs in four diseases
identifies autoimmunity variants. Nat Genet 2007, 39, 1329-37.
doi:10.1038/ng.2007.17

Hohler T, Hug R, Schneider PM, Krummenauer F, Gripenberg-
Lerche C, Granfors K, et al. Ankylosing spondylitis in monozy-
gotic twins: studies on immunological parameters. Ann Rheum Dis
1999, 58, 435-40. doi:10.1136/ard.58.7.435

Rath HC, Wilson KH, Sartor RB. Differential induction of colitis
and gastritis in HLA-B27 transgenic rats selectively colonized with
Bacteroides vulgatus or Escherichia coli. Infect Immun 1999, 67,
2969-74. doi:10.1128/I1AL.67.6.2969-2974.1999

Rehaume LM, Mondot S, Aguirre De Cércer D, Velasco J, Benham
H, Hasnain SZ, et al. ZAP-70 genotype disrupts the relation-
ship between microbiota and host, leading to spondyloarthritis
and ileitis in SKG mice. Arthritis Rheumatol 2014, 66, 2780-92.
doi:10.1002/art.38773

Zhou C, Zhao H, Xiao X, Chen B-di, Guo R-jin, Wang Q, 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

Breban M, Tap J, Leboime A, Said-Nahal R, Langella P, Chiocchia
G, et al. Faecal microbiota study reveals specific dysbiosis in
spondyloarthritis. Ann Rheum Dis 2017,76,1614-22. doi:10.1136/
annrheumdis-2016-211064

Wen C, Zheng Z, Shao T, Liu L, Xie Z, Le Chatelier E, et al. Quanti-
tative metagenomics reveals unique gut microbiome biomarkers in
ankylosing spondylitis. Genome Biol 2017, 18, article number 142.
doi:10.1186/s13059-017-1271-6

Schulthess J, Pandey S, Capitani M, Rue-Albrecht KC, Arnold I,
Franchini F, et al. The short chain fatty acid butyrate imprints an
antimicrobial program in macrophages. Immunity 2019, 50, 432—
45.e7. d0i:10.1016/j.immuni.2018.12.018

Rosser EC, Piper CJM, Matei DE, Blair PA, Rendeiro AF, Or-
ford M, et al. Microbiota-derived metabolites suppress arthritis
by amplifying Aryl-hydrocarbon receptor activation in regula-
tory B cells. Cell Metab 2020, 31, 837-51.e10. doi:10.1016/j.
cmet.2020.03.003

Saiki T, Mitsuyama K, Toyonaga A, Ishida H, Tanikawa K. Detec-
tion of pro- and anti-inflammatory cytokines in stools of patients
with inflammatory bowel disease. Scand J Gastroenterol 1998, 33,
616-22. doi:10.1080/00365529850171891

Al-Mossawi MH, Chen L, Fang H, Ridley A, de Wit J, Yager N,
et al. Unique transcriptome signatures and GM-CSF expression in
lymphocytes from patients with spondyloarthritis. Nat Commun
2017, 8,1510. doi:10.1038/s41467-017-01771-2

Rudwaleit M, van der Heijde D, Landewe R, Listing ],
Akkoc N, Brandt J, et al. The development of Assessment of
SpondyloArthritis International Society classification criteria for
axial spondyloarthritis (part II): validation and final selection. Ann
Rheum Dis 2009, 68, 777-83. doi:10.1136/ard.2009.108233

R Core Team. R: A Language and Environment For Statistical
Computing. Vienna, Austria: R Foundation for Statistical Com-
puting, 2020.

Ritchie ME, Phipson B, Wu D, Hu Y, Law CW, Shi W, et al. Limma
powers differential expression analyses for RNA-sequencing
and microarray studies. Nucleic Acids Res 2015, 43, e47-e47.
doi:10.1093/nar/gkv007

Mallick H, Rahnavard A, Mclver L], Ma S, Zhang Y, Nguyen
LH, et al. Multivariable association discovery in population-
scale meta-omics studies. PLoS Comput Biol 2021, 17, €1009442.
doi:10.1371/journal.pcbi. 1009442

Team RC. R Core Team 2023 R: A Language and Environment
for Statistical Computing. R Foundation For Statistical Computing.
https://www.R-project.org/. R Foundation for Statistical Com-
puting, 2023.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

Brough et al.

Tibble JA, Sigthorsson G, Foster R, Scott D, Fagerhol MK, Roseth
A, et al. High prevalence of NSAID enteropathy as shown by a
simple faecal test. Gut 1999, 45, 362-6. d0i:10.1136/gut.45.3.362
Dong C. Cytokine regulation and function in T cells. Annu
Rev  Immunol 2021, 39, 51-76. doi:10.1146/annurev-
immunol-061020-053702

Darrah PA, Patel DT, De Luca PM, Lindsay RWB, Davey DF, Flynn
BJ, et al. Multifunctional TH1 cells define a correlate of vaccine-
mediated protection against Leishmania major. Nat Med 2007, 13,
843-50. d0i:10.1038/nm1592

Glatigny S, Fert I, Blaton MA, Lories R], Araujo LM, Chiocchia
G, et al. Proinflammatory Th17 cells are expanded and induced by
dendritic cells in spondylarthritis-prone HLA-B27-transgenic rats.
Arthritis Rheum 2012, 64, 110-20. doi:10.1002/art.33321

Britton GJ, Chen-Liaw A, Cossarini F, Livanos AE, Spindler MP,
Plitt T, et al. Limited intestinal inflammation despite diarrhea, fecal
viral RNA and SARS-CoV-2-specific IgA in patients with acute
COVID-19. Sci Rep 2021, 11, 13308. doi:10.1038/s41598-021-
92740-9

Riva A, Gray EH, Azarian S, Zamalloa A, McPhail MJW, Vincent
RP, et al. Faecal cytokine profiling as a marker of intestinal inflam-
mation in acutely decompensated cirrhosis. JHEP Reports 2020, 2,
100151. doi:10.1016/j.jhepr.2020.100151

Braegger CP, Nicholls S, Murch SH, MacDonald TT, Stephens S.
Tumour necrosis factor alpha in stool as a marker of intestinal
inflammation. The Lancet 1992, 339, 89-91. d0i:10.1016/0140-
6736(92)90999-j

Benham H, Rehaume LM, Hasnain SZ, et al. Interleukin-23
mediates the intestinal response to microbial 3-1,3-glucan and the
development of spondyloarthritis pathology in SKG mice. Arthritis
Rheumatol 2014, 66, 1760-7. d0i:10.1002/art.38638

Baeten D, Sieper J, Braun J, Baraliakos X, Dougados M, Emery P,
et al.; MEASURE 1 Study Group. Secukinumab, an interleukin-
17A inhibitor, in ankylosing spondylitis. N Engl ] Med 2015, 373,
2534-48. d0i:10.1056/NEJMo0a1505066

Ciccia E Guggino G, Rizzo A, Saieva L, Peralta S, Giardina AR, et
al. Type 3 innate lymphoid cells producing IL-17 and IL-22 are ex-
panded in the gut, in the peripheral blood, synovial fluid and bone
marrow of patients with ankylosing spondylitis. Ann Rheum Dis
2015, 74, 1739-47. doi:10.1136/annrheumdis-2014-206323
Ciccia F, Bombardieri M, Principato A, Giardina A, Tripodo
C, Porcasi R, et al. Overexpression of interleukin-23, but Not
interleukin-17, as an immunologic signature of Subclinical in-
testinal inflammation in ankylosing spondylitis. Arthritis Rheum
2009, 60, 955-65. doi:10.1002/art.24389

Duran A, Kobak S, Sen N, Aktakka S, Atabay T, Orman M. Fecal
calprotectin is associated with disease activity in patients with
ankylosing spondylitis. Bosn ] Basic Med Sci 2016, 16, 71-4.
doi:10.17305/bjbms.2016.752

Ciccia F, Guggino G, Rizzo A, Alessandro R, Luchetti MM,
Milling S, et al. Dysbiosis and zonulin upregulation alter gut
epithelial and vascular barriers in patients with ankylosing
spondylitis. Ann Rheum Dis 2017, 76, 1123-32. doi:10.1136/
annrheumdis-2016-210000

Hidayat S, Yoshino KI, Tokunaga C, Hara K, Matsuo M, Yonezawa
K. Inhibition of amino acid-mTOR signaling by a leucine derivative
induces G1 arrest in Jurkat cells. Biochem Biophys Res Commun
2003, 301, 417-23. doi:10.1016/s0006-291x(02)03052-8

Wang H, Zheng X, Liu B, Xia Y, Xin Z, Deng B, et al. Aspar-
tate metabolism facilitates IL-1f production in inflammatory
macrophages. Front Immunol 2021, 12, article number 753092.
d0i:10.3389/fimmu.2021.753092

Lukasik Z, Gracey E, Venken K, Ritchlin C, Elewaut D. Crossing
the boundaries: IL-23 and its role in linking inflammation of the
skin, gut and joints. Rheumatology (Bulgaria) 2021, 60, iv16-27.
doi:10.1093/rheumatology/keab385

Yang Y, Li W, Sun Y, Han E Hu CA, Wu Z. Amino acid depriva-
tion disrupts barrier function and induces protective autophagy in
intestinal porcine epithelial cells. Amino Acids 2015, 47, 2177-84.
doi:10.1007/s00726-014-1844-6


https://doi.org/10.1016/s0140-6736(73)91360-3
https://doi.org/10.1038/ng.2007.17
https://doi.org/10.1136/ard.58.7.435
https://doi.org/10.1128/IAI.67.6.2969-2974.1999
https://doi.org/10.1002/art.38773
https://doi.org/10.1016/j.jaut.2019.102360
https://doi.org/10.1136/annrheumdis-2016-211064
https://doi.org/10.1136/annrheumdis-2016-211064
https://doi.org/10.1186/s13059-017-1271-6
https://doi.org/10.1016/j.immuni.2018.12.018
https://doi.org/10.1016/j.cmet.2020.03.003
https://doi.org/10.1016/j.cmet.2020.03.003
https://doi.org/10.1080/00365529850171891
https://doi.org/10.1038/s41467-017-01771-2
https://doi.org/10.1136/ard.2009.108233
https://doi.org/10.1093/nar/gkv007
https://doi.org/10.1371/journal.pcbi.1009442
https://www.R-project.org/
https://doi.org/10.1136/gut.45.3.362
https://doi.org/10.1146/annurev-immunol-061020-053702
https://doi.org/10.1146/annurev-immunol-061020-053702
https://doi.org/10.1038/nm1592
https://doi.org/10.1002/art.33321
https://doi.org/10.1038/s41598-021-92740-9
https://doi.org/10.1038/s41598-021-92740-9
https://doi.org/10.1016/j.jhepr.2020.100151
https://doi.org/10.1016/0140-6736(92)90999-j
https://doi.org/10.1016/0140-6736(92)90999-j
https://doi.org/10.1002/art.38638
https://doi.org/10.1056/NEJMoa1505066
https://doi.org/10.1136/annrheumdis-2014-206323
https://doi.org/10.1002/art.24389
https://doi.org/10.17305/bjbms.2016.752
https://doi.org/10.1136/annrheumdis-2016-210000
https://doi.org/10.1136/annrheumdis-2016-210000
https://doi.org/10.1016/s0006-291x(02)03052-8
https://doi.org/10.3389/fimmu.2021.753092
https://doi.org/10.1093/rheumatology/keab385
https://doi.org/10.1007/s00726-014-1844-6

	Elevated type-17 cytokines are present in axial spondyloarthritis stool
	Introduction
	Methods and materials
	Patient and control recruitment
	Sample collection
	ELISA
	NMR metabolomics
	Intracellular flow cytometry staining
	General data analysis

	Results
	Stool calprotectin and Th17 cytokines are elevated in AxSpA
	Stool amino acid levels negatively correlate with stool IL-23
	AxSpA patients have increased frequencies of circulating Th17 cells which do not correlate with stool cytokine levels

	Discussion
	Supplementary data
	Acknowledgements
	References


