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Juvenile idiopathic arthritis

• Arthritis of unknown etiology starting 
in a child under age 16, lasting ≥ 6 
weeks

• Prevalence of 1:1000

• Considered to be the leading acquired 
cause of childhood disability
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Spondyloarthritis

• Type of pediatric and adult arthritis
– Constitutes about 15% of JIA

• Distinctive demographic & clinical features

• High prevalence of gut inflammation
– Inflammatory bowel disease (IBD): 5 – 10%

– Subclinical intestinal inflammation: 67%

Diseases falling within 
spondyloarthritis

Adults
• IBD-associated arthritis
• Reactive arthritis
• Ankylosing spondylitis (AS)
• Psoriatic arthritis
• Undifferentiated SpA

And in children
• Enthesitis-related arthritis (ERA)
• +/- Juvenile psoriatic arthritis
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Why study the microbiota in 
spondyloarthritis?

• Reactive arthritis: triggered by microbes

• Lessons from inflammatory bowel disease
– Clinical and genetic overlap with SpA

– Altered microbial populations

– Response to microbiota-altering therapies

• Clues from SpA animal models

IBD and spondyloarthritis

• Clinical links
– Arthritis in 25% of IBD patients
– 2/3 of SpA have intestinal inflammation
– Gut inflammation and arthritis track together

• Genetic links
– IL23R
– TNFSF15
– STAT3

Lees, Gut 2011;60:1739
Fantini, World Jrnl Gastroenter 2009;15:2472
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Microbiota in IBD

• Altered microbiota in multiple studies

• Response to microbiota manipulation
– Probiotics (ulcerative colitis)

– Antibiotics (Crohn’s Disease >> colitis)

– Fecal transplant

• Key flagellin targets identified in CD
– Antibodies unique to CD

– Diagnostic and prognostic information

Young, The microbiota in inflammatory bowel disease, in The Microbiome in Rheumatic Diseases and Infection (1st ed), Springer Publishing, 2018.

Microbiota in IBD

• Depletion of Faecalibacterium
prausnitzii and other butyrate-
producing organisms

• Depletion of Bacteroides
– Consistent finding in adults only

• Enrichment for Enterobacteriaceae
– Especially Shigella / Enteroinvasive E. coli
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Decreased F. praunitzii in IBD

Cao, Gastro Enterol Res and Prac 2014;2014:872725

F. prausnitzii is an anti-
inflammatory organism

• Decreased fecal abundance in IBD1

• Increased IL-10 production by PBMCs2,3

• Reduces inflammation in colitis model2

• Major butyrate producer4

– Beneficial effects on enterocytes5

– Increases colonic regulatory T cells6

1Cao,Gastroenterol Res Practice 2014:872725 (review)
2Sokol, PNAS 2008;105:16731
3Rossi, Sci Rep 2016;6:18507
4Hold, Appl Environ Microbiol 2003;69:4320

5Hamer, Aliment Pharmacol Ther 2008;27:104
6Smith, Science 2013;341:569
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Decreased Bacteroides in IBD

Zhou, Biomed Res Int 2016;2016:5828959

Metaanalysis of early (adult) studies

Abundance of Bacteroides in patients with IBD

Polysaccharide A on B. fragilis
inhibits development of Th17 cells

Round, Science 2011;332:974

Colonic LP lymphocytes
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Enteroinvasive E. coli and IBD

• Translocates across the intestinal barrier 
(Chassaing, J Clin Invest 2011;121:966)

• α-hemolysins damage intestinal barrier 
(Bucker, Gut 2014;63:1893)

• Maturation of Th17 cells

Adhesive bacteria induce Th17 cells
• Ampicillin-treated microbiota from UC 

patients induced Th17 cells in GF mice

• 20 species were cultured and 
collectively inoculated into GF mice

• Results
– Induced Th17 cells

– Upregulated Nos2 (marker of adhesion)

– Adhesion directly observed

Atarashi, Cell 2015;163:367
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Fecal metabolomics in IBD

ControlsCD
ControlsUC

Marchesi, J Proteome Res 2007;6:546

Decreased fecal butyrate in IBD

Control
UC
IBS

Le Gall, J Proteome Res 2011;10:4208
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Gut microbes in animal models of SpA
Feature Rat model1 Mouse model2

Background 33-3 line B10.BR

Transgene HLA-B27, β2m HLA-B27, β2m

Clinical features Colitis, arthritis, 
spondylitis

Enthesitis, ankylosis of ankles 
and tarsal joints

Germ free state Decreased colitis, 
arthritis

No disease

Germ free with 
defined bacteria

DESEP – No
DESEP-B – Yes

Lactobacillus – no
Mixture of 10 anaerobes – Yes  

1Rath, Jrnl Clin Invest 1996;98:945
2Sinkorova, Human Immunol 2008;69:845

DESEP
Streptococcus faecum
Escherichia coli
Streptococcus avium
Eubacterium contortum
Peptostreptococcus productus

DESEP-B: DESEP + Bacteroides vulgatus

Metabolome of HLA-B27-tg rats

Asquith, Arth Rheum 2017;69:1984
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Fecal metabolome in AS
Analysis limited to 84 (out of 2342) identifiable features

HD

AS
Male

Female

AS patients only

He, Scientific Rep 2019;9:3872

Fecal metabolome in AS

He, Scientific Rep 2019;9:3872

AS vs Controls Pathways
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Fecal metabolome in AS

He, Scientific Rep 2019;9:3872

Male vs female

Microbiota in JSpA (ERA); 2014

Stoll, Arth Res Ther 2014;16:486

ERA Controls

Blue: patients
Red: controls
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Principal coordinates analysisFecal abundance of F. prausnitzii
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Clusters are defined by 
Bacteroides and Akkermansia

• The two clusters had similar abundance of 
F. Prausnitzii

• The subjects who clustered with the 
controls tended to have high abundance of 
Akkermansia (> 1% in 7/17 vs 0/8)

• The subjects forming their own cluster had 
high Bacteroides abundance (32% vs 13%)

Stoll, Arth Res Ther 2014;16:486

What about the impacts of 
treatment?

Studied a multi-center cohort of newly diagnosed patients
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Collaborators are not all created equal

All others combined: 6
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Clustering by diagnosis

Blue: ERA
Red: Control

Stoll, Arth Res Ther 2018;20:14

But not by geography
Limited to ERA patients

Blue: Northeast
Red: UAB
Green: Others
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Increased B. fragilis in ERA

Stoll, Arth Res Ther 2018;20:14

No overall differences in F. praunitzii

Stoll, Arth Res Ther 2018;20:14
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There are differences within 
strains of F. prausnitzii

IL-10 production from hDC
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Rossi, Sci Rep 2016;6:18507

Song, JACI 2016;137:852

Decreased regulatory strain of 
F. prausnitzii in ERA

Regulatory strain Control strain

Stoll, Arth Res Ther 2018;20:14
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Lower coverage of the butanoate 
pathway in ERA

Stoll, Arth Res Ther 2018;20:14

Are these taxonomic and genetic 
alterations associated with 

different metabolic products?

To be addressed with nanoLC-MS
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First question: Does -80oC 
storage impact findings?

O’Sullivan, ACS Omega 2018;3:16585

Looks like it does not much

O’Sullivan, ACS Omega 2018;3:16585
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Nor does the collection technique

Except that RNALater and metabolomics do not agree with one another

Wang, Front Cell Infec Microbiol 2018;8:301

What about the bowel prep?

Nagata, Scientific Rep 2019;9:4042
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Next questions

• How to prepare the fecal specimen?

• Will the glycerol impact the findings?
– Will it destroy the machine? (Bad outcome)

Sample collection

• Samples collected in Cary-Blair media and 
stored at -80oC in glycerol

• ddH20 added 1:1 to thawed suspension
• Addition of

– Acid: 1 μL / ml of 98% formic acid
– Alkaline: 90 μL of 0.15M NaOH
– Neutral: Nothing added

• Ultracentrifuge (14,000g x 15min at 4oC)
• Extraction with ethyl acetate
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Trial run on healthy adult
Sample extraction

Acid extraction
Base extraction
Neutral extraction
Glycerol only
Water only

Metabolomics in ERA

• Obtained fecal water specimens from two 
cohorts of children with ERA

• Excluded use of antibiotics within 3 months

• Subjected to nanoLC-MS

• Acid extraction
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Feature Derivation set Validation set

ERA Control ERA Control

N 14 9 10 10

Age (yrs)* 14; 7-17 10; 7-18 14; 8-16 12; 9-17

Male : female 5 : 9 2 : 7 7 : 3 5 : 5

BMI* 26; 17-35 19; 14-24 20; 15-27 19; 15-32

HLA-B27+ 2 / 13 ND 4 / 10 ND

Duration of therapy (months) 0; 0-2 NA 4; 0-27 NA

Meds

None

MTX alone

MTX, anti-TNF

Anti-TNF alone

5

6

2

1

11

0

0

0

0

3

4

3

11

0

0

0

Total Ion Chromatogram
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Output

Initial data processing

• Pairwise comparisons for each ion
– Comparing patients to controls

• Created two lists of ions with fold 
differences of ≥ 1.5, p-values ≤ 0.05
– One list: ions higher in patients

– Other list: ions higher in controls
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Fewer unique metabolites in ERA

Negatively charged ions Positively charged ions

Stoll Genes Immunity 2016;17:400

Identifying the ions: the 
challenge

Compound 1 Compound 2 Compound 3

One ion (identified by m/z) can represent multiple different compounds
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Identifying the ions: mummichog

Pathway 1 Pathway 2

Pathway 3

Pathway 4Pathway 5Pathway 6

Pathway 7

Pathway 8

All Significant

Li, PLoS Comput Biol 2013;9:e1003123
http://mummichog.org/index.html

Using mummichog

• Download mummichog, dependencies

• Need 2 input files (.txt files, no column 
headings, cols are m:z,RT,p-value,t-stat)
– Reference file: full list of ions

– Input file: partial list

• mummichog/main.py -r REFERENCE -i 
INPUT -o OUTPUT -m positive [negative] 

http://mummichog.org/
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Mummichog output

• Folder with three sub-folders, txt file, 
and html file

• HTML file shows top pathways from the 
input file

• TXT file is a log file

• TSV folder contains useful datafiles

Tentative feature match
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Pathways represented in controls
Pathway Overlap size Pathway size Corrected p-value

NEGATIVELY CHARGED IONS (top 5)

Glycosphingolipid biosynthesis - ganglioseries 5 7 0.00091

Tryptophan metabolism 13 46 0.00106

Glycosphingolipid biosynthesis - globoseries 3 3 0.00122

Glycosphingolipid metabolism 6 15 0.00125

N-Glycan biosynthesis 3 6 0.00328

POSITIVELY CHARGED IONS (top 5)

Tryptophan metabolism 9 37 0.0038

Xenobiotics metabolism 8 36 0.00544

Selenoamino acid metabolism 3 12 0.02442

Vitamin B6 (pyridoxine) metabolism 2 6 0.04015

Purine metabolism 4 24 0.05128

Stoll Genes Immunity 2016;17:400

More data from the negative mode

Pathway Overlap size Pathway size Corrected p-value

Glycosphingolipid biosynthesis - ganglioseries 5 7 0.00091

Tryptophan metabolism 13 46 0.00106

Glycosphingolipid biosynthesis - globoseries 3 3 0.00122

Glycosphingolipid metabolism 6 15 0.00125

N-Glycan biosynthesis 3 6 0.00328

Tyrosine metabolism 14 68 0.00349

Glycolysis and gluconeogenesis 6 23 0.00425

Butanoate pathway 4 12 0.00431

Biopterin metabolism 4 13 0.00431

Fructose and mannose metabolism 4 16 0.01275

Stoll Genes Immunity 2016;17:400
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Validation run

Negatively charged ions Positively charged ions

Stoll Genes Immunity 2016;17:400

Pathways represented in controls

Pathway Overlap size Pathway size Corrected p-value

NEGATIVELY CHARGED IONS

Urea cycle/amino group metabolism 3 21 0.0106

Biopterin metabolism 2 7 0.01162

Tryptophan metabolism 3 37 0.03769

Glycerophospholipid metabolism 2 16 0.03784

Stoll Genes Immunity 2016;17:400
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Tryptophan and SpA

• TRP is an essential amino acid

• Only about 1% of Trp is used for 
protein synthesis; rest is metabolized

• Most of the metabolites can impact 
systemic immunity
– Th17 / regulatory T cell balance

– Chemokines / cytokines

• Most, not all, are anti-inflammatory

Trp metabolic pathways
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TRP and inflammatory disease

• Reduced plasma TRP in adults with 
ankylosing spondylitis (Gao, Analyst 2008; 133:1214)

• Reduced serum TRP in adults with IBD
– Negative association with disease activity 

(Nikolaus, Gastroenterology 2017;153:1504)

Validation with targeted 
metabolomics

• Worked with metabolomics group to develop 
assays for:
– TRP and relevant metabolites
– SCFA

• Selected TRP metabolites with literature to 
suggest a role in arthritis or immune activation

• Newly diagnosed treatment naïve patients
– To the extent possible, used patients from prior run

• Serum and stool
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Selected metabolites

Tryptophan pathway

Tryptophan

Tryptamine

Nicotinic acid

Serotonin

2-picolinic acid

5-OH tryptophan

Indole-3 acetate

Indole-3 lactate

Kynurenine

SCFA

Butyric acid

Acetic acid

Propionic acid

Valeric acid

Subjects

Characteristics Stool Serum

n 38 50

ERA : healthy control 19 : 19 25 : 25

Included in prior publication 11 13
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Similar fecal TRP metabolites

Some metabolites were inversely 
associated with disease activity 

among patients
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Decreased Serum TRP in ERA

Slightly decreased serum 
butyrate in ERA
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Contamination issues with other SCFAs

Contaminant
acetate Other 

contaminants
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Signal does not follow expected 
[concentration] to [signal] curve

This region can be reported

Summary: TRP in ERA

• Lower diversity of fecal ions in ERA

• Decreased fecal water TRP seen x 2

• Unable to validate with targeted studies

• However, two fecal water TRP metabolites 
correlated with index of disease activity

• Serum TRP was lower in ERA

• Taken together, data may support role for 
TRP in ERA
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Summary: SCFA in ERA

• Diminished abundance of butyrate-producing 
F. prausnitzii in ERA

• Diminished genetic potential to make 
butyrate in ERA

• Unsupervised metabolomics show decreased 
fecal water SCFA

• Slightly decreased serum butyric acid in ERA
– Other SCFA are work in progress

• Taken together, data seem to support role for 
SCFA in ERA

Limitations

• Inability to validate TRP findings

• Low numbers of patients

• Effect of inflammatory process / therapies
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Current and future directions

• Continue targeted metabolomics of SCFA

• Direct assessment of inflammatory 
potential of fecal water

• Consider re-submission of grant that 
proposed to compare TRP metabolism in 
ERA patients vs controls
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