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SUMMARY
Sulfasalazine is a prodrug known to be effective for the treatment of inflammatory bowel disease (IBD)-asso-
ciated peripheral spondyloarthritis (pSpA), but the mechanistic role for the gut microbiome in regulating its
clinical efficacy is not well understood. Here, treatment of 22 IBD-pSpA subjects with sulfasalazine identifies
clinical responders with a gut microbiome enriched in Faecalibacterium prausnitzii and the capacity for buty-
rate production. Sulfapyridine promotes butyrate production and transcription of the butyrate synthesis gene
but in F. prausnitzii in vitro, which is suppressed by excess folate. Sulfasalazine therapy enhances fecal
butyrate production and limits colitis in wild-type and gnotobiotic mice colonized with responder, but not
non-responder, microbiomes. F. prausnitzii is sufficient to restore sulfasalazine protection from colitis in
gnotobiotic mice colonized with non-responder microbiomes. These findings reveal a mechanistic link be-
tween the efficacy of sulfasalazine therapy and the gut microbiome with the potential to guide diagnostic
and therapeutic approaches for IBD-pSpA.
INTRODUCTION

Peripheral (pSpA) and axial spondyloarthritis (SpA) are the most

commonly reported extra-intestinal manifestations of inflamma-

tory bowel disease (IBD). Using diagnostic criteria established

by the Assessment of Spondyloarthritis International Society

(ASAS), population cohorts estimate an 8%and 12%prevalence

of concomitant axial SpA or pSpA, respectively, in patients with

IBD.1,2 Limitations in the characterization of SpA disease activity

in IBD cohorts has led to significant heterogeneity in the esti-

mates of disease prevalence.3–7 Furthermore, evidence support-

ing distinct genetic, cellular, and microbial factors that overlap

between IBD and SpA highlights the potential for IBD-associated

SpA as a separate clinicopathologic entity8; however, a better

understanding of this biology is needed to guide more targeted

and effective use of therapy.

Characteristic alterations in the intestinal microbiome associ-

ated with IBD are thought to be a contributor to SpA. Although

clinical studies did not validate early associations of SpA with

Klebsiella sero-reactivity, recent studies using advanced

sequencing technology to provide a more complete micro-
Cell Re
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biome analysis have identified potential microbial signatures

in subjects with IBD-SpA.9–11 Specifically, adherent-invasive

Escherichia coli isolates were found to be expanded in

Crohn’s-associated pSpA12 and have been shown to promote

T cell inflammation.13 Moreover, gut dysbiosis in primarily

HLA-B27-positive patients with SpA was characterized by

decreased microbial diversity, reduced Faecalibacterium

prausnitzii, and increased levels of Ruminococcus gnavus that

correlated with SpA disease activity in a subset of patients

with a history of IBD.11,14

Sufasalazine (SAS) is one of the earliest medications to

demonstrate efficacy for induction and maintenance therapy in

IBD.15–18 SAS was designed as a prodrug that consists of sulfa-

pyridine (SP) and 5-aminosalicylate (5-ASA) linked by a diazo

bond, which prevents absorption in the proximal intestine.19

Azoreductases produced by the colonic microbiota cleave the

diazo bond and release SP and 5-ASA into the large intestine.20

While SP can be absorbed and may lead to systemic side ef-

fects, 5-ASA remains in the intestine and promotes mucosal

healing21,22; however, SAS, and not 5-ASA alone, is effective

for the treatment of peripheral symptoms of SpA.23
ports Medicine 5, 101431, March 19, 2024 ª 2024 The Author(s). 1
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Figure 1. The gut microbiome stratifies sul-

fasalazine (SAS) BASDAI responders from

non-responders with IBD-pSpA

(A and B) Mean D BASDAI between baseline and

week 12 of controls compared to SAS treatment

(A) and SAS treatment stratified by IBD diagnosis

of Crohn’s disease (CD) or ulcerative colitis (UC).

(B) Red line represents the cutoff defining

clinical response. Error bars represent the SEM.

**p % 0.01, t test.

(C) Linear correlation between fecal abundance of

sulfapyridine (SP) and D BASDAI.

(D) Boxplots comparing alpha diversity, based on

Shannon index, between baseline and week 12.

Wilcoxon matched-pairs signed-rank test was not

significant (ns).

(E) Principal-coordinate analysis plot is shown

using Bray-Curtis and stratified by BASDAI clinical

response and time of sample collection. Monte

Carlo, permutational multivarate analysis of vari-

ance (PERMANOVA) p values are shown.

(F) Bar plot displays the differentially abun-

dant microbial species between responders and

non-responders identified by LEfSe at baseline

(p < 0.05, Mann-Whitney). Modules with a linear

discriminant analysis (LDA) score >2 are plotted.

(G) ROC curves demonstrating the ability of the

indicated bacterial taxa in discriminating re-

sponders from non-responders in a separate vali-

dation cohort (n = 16). AUC is indicated. *p% 0.05

and **p % 0.01.
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The antibacterial capability of SP to disrupt bacterial synthesis

of folate has led to the hypothesis that the microbiome may be

critical for understanding the efficacy of SAS. Early studies in pa-

tients with rheumatoid arthritis24 and mouse models25 highlight

the potential effects of SAS on the intestinal microbiome. Sulfa-

methoxazole, a drug with a similar mode of action to SP, was

recently found to modulate E. coli metabolic capacity via folate

stress, leading to the production of bacterial secondary metab-

olites with anti-inflammatory properties.26 However, the impact

of the microbiome on the efficacy of SAS therapy for IBD-

pSpA has not yet been explored.

In the current study, we prospectively assess the clinical and

microbiome characteristics associated with the efficacy of SAS

therapy in subjects with active IBD-associated pSpA (IBD-

pSpA). The Bath Ankylosing Spondylitis Disease Activity Index

(BASDAI), a patient-reported tool that has been clinically vali-

dated for the assessment of inflammatory activity and respon-

siveness to therapy in axial SpA12,27,28 and pSpA,29 reveals a

higher rate of clinical response and absolute score reduction

in SAS-treated subjects compared to controls. Fecal micro-

biome analysis reveals a baseline gut bacterial signature asso-

ciated with this clinical response in joint symptoms. Metabolic

and transcriptional profiling identifies the mechanistic regula-

tion of microbial butyrate production by SAS in F. prausnitzii,

the key taxa associated with clinical response. These results
2 Cell Reports Medicine 5, 101431, March 19, 2024
highlight the role for drug-microbiome

interactions in regulating the clinical effi-

cacy of SAS therapy for IBD-pSpA and
provide a clinical model for further investigation of the biology

of IBD-SpA as a distinct clinicopathologic entity.

RESULTS

BASDAI identifies clinical response in joint symptoms to
SAS in IBD-pSpA
Thirty-three sequential patients with a clinical diagnosis of IBD

and ASAS-defined SpA were enrolled (Table S1; Crohn’s dis-

ease [CD] 78.0%, n = 25; ulcerative colitis [UC] 20.0%, n = 8).

Twenty-two of the enrolled patients were treated with SAS ther-

apy, while 11, who were either intolerant to or refused SAS ther-

apy, were followed as standard of care controls. No significant

differences were found between treatment groups in terms of

IBD diagnosis, age, disease duration, Montreal disease loca-

tions, HLA-B27 status, or history of surgery; however, the pro-

portion of females enrolled was higher in controls compared to

SAS-treated patients (p = 0.054, Table S1). Consistent with pre-

vious clinical data showing the efficacy of SAS for pSpA,23 a

significantly higher proportion of patients achieved clinical

response in joint symptoms (defined by a reduction in BASDAI

of >2) at week 12 in the SAS group compared to controls

(45.4% vs. 9.1%, p = 0.04, Table S1). Participants treated

with SAS also had a significant absolute score reduction in

BASDAI compared to controls (Figure 1A). Another SpA disease
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activity index, the Ankylosing Spondylitis Disease Activity Score

(ASDAS), includes patient-reported symptoms, a global activity

score, and an objective serum marker of inflammation such as

C-reactive protein (CRP) or erythrocyte sedimentations rate.30

A similar trend in clinical response was observed using ASDAS

(28.6% vs. 0%, p = 0.07, Table S1; Figure S1A), but no difference

in CRP alone was observed (Table S1; Figure S1A). Consistent

with concordance between intestinal and pSpA symptoms, a

higher proportion of patients receiving SAS had clinical response

by the Harvey-Bradshaw Index (HBI) compared to standard of

care controls (Table S1, 29.4% vs. 11.1%, p = 0.30; Figure S1A,

p = 0.08). The absolute reduction in BASDAI for subjects treated

with SAS was similar between CD and UC (Figure 1B). Of the 22

patients treated with SAS, 50% (n = 11) tolerated increase to

4 mg/day; however, participants taking 2 or 4 mg daily had

equivalent reductions in BASDAI (Figure S1B). Baseline biologic

or mesalamine therapy did not impact the change in disease ac-

tivity scores following SAS treatment (Figure S1C).

The gut microbiome stratifies IBD-pSpA subjects with
clinical response to SAS
Given the higher proportion of IBD-pSpA subjects treated with

SAS showing clinical response by BASDAI, we sought to define

potential biomarkers associated with this effect. No significant

differences were found between SAS responders and non-re-

sponders in terms of IBD diagnosis, age, disease duration, Mon-

treal disease locations, HLA-B27 status, or history of surgery

(Table S2). In addition to significant BASDAI and ASDAS reduc-

tion in responders, a concordant reduction was also seen in in-

testinal symptoms measured by HBI.

Since SAS is a prodrug, we performed fecal metabolomics to

assess intestinal drug conversion. SAS and its cleavage product

SP were detected in week 12 fecal samples (Figure S1D). SAS

and/or SPwere detected in all samples, but the variability in fecal

SP may reflect less efficient conversion of prodrug or clearance.

To evaluate whether SAS conversion to SP associates with pSpA

clinical response, we performed linear regression analysis. There

was no significant correlation between SP or 5-ASA fecal levels

and D BASDAI (Figures 1C and S1E).

With the potential role for SP in regulating the gut bacteria, we

next sought to evaluate the possibility that the clinical response

of pSpA symptoms to SAS depends on the diversity of the gut

microbiome using 16S rRNA sequencing. Although no significant

differences in alpha diversity, as measured by Shannon index,

were observed between baseline and week 12 (Figure 1D), an in-

crease in alpha diversity correlated with improvement in BASDAI

(Figure S1F, p = 0.037).

To determine the microbiome composition and its functional

potential, we performed metagenomic sequencing (average

reads/sample �4.0 3 106, SEM ± 3.7 3 105 at baseline and

4.63 106 ± 3.33 105 at week 12). Principal-coordinate analysis

(PCoA) based on the Bray-Curtis distance derived from the taxa

relative abundance was performed to evaluate whether the mi-

crobial community was affected by SAS treatment. Although

PCoA revealed no differences in the overall microbial structure

between baseline and week 12, significant differences were

found between the microbial composition of SAS responders

compared to non-responders (Figure 1E).
Wenext sought to determine the baseline taxa associatedwith

clinical response to SAS by using linear discriminant analysis

effect size (LEfSe).31 Six bacterial species, includingAlistipes on-

derdonkii, Bacteroides nordii, Collinsella aerofaciens, F. praus-

nitzii, Roseburia inulinivorans, and Ruminococcus callidus,

were found to be significantly enriched in clinical responders,

while Streptococcus salivarius was enriched in non-responders

(Figure 1F, Mann-Whitney <0.05; Figures S2A and S2B). Micro-

bial markers were stably enriched in responders at week 12

(Figure S2A).

To validate these bacterial taxa as potential markers of sulfa-

salazine response, we generated a validation cohort using a

separate biobank established at Weill Cornell Medicine. We

identified 16 subjects with a diagnosis of IBD and SpA that

were currently taking sulfasalazine (Table S2). Five subjects

had active SpA symptoms and were characterized as non-re-

sponders, while 11 subjects had inactive SpA symptoms and

were characterized as responders. We performed 16S rRNA

sequencing of fecal samples from these subjects. Like the pri-

mary cohort, the relative abundance of both F. prausnitzii and

the combined bacterial taxa were higher in responders

compared to non-responders (Figure S2C).We fit logistic regres-

sion models and generated receiver operating characteristic

(ROC) curves to determine the ability of the relative abundances

of our marker taxa (F. prausnitzii alone or F. prausnitzii + addi-

tional taxa) to discriminate responders vs. non-responders in

this separate cohort. F. prausnitzii had the highest area under

the curve (AUC 0.78) of all the taxa identified (Figure 1G).

Combining F. prausnitzii with R. callidus (also identified in the

initial cohort enriched in responders) yields ROC curves with

an AUC of 0.95 (Figure S2D).

Baseline differences in metabolic pathways and
butyrate synthesis stratify SAS responders
The significant differences in baseline microbiome composition

between responders and non-responders suggest a potential

functional role for the microbiome in response to SAS. To under-

stand the functional potential of the SAS-responsive micro-

biome, we performed microbial pathway analysis. PCoA based

on the Bray-Curtis distance derived from the abundance (counts

per million) of microbial pathways revealed significant differ-

ences between responders and non-responders (Figure 2A).

LEfSe analysis identified 30 microbial pathways differentially

abundant between clinical response groups at baseline, of which

22 were enriched in responders (Figure S3A, Mann-Whitney

<0.05). The pathways enriched in responders mainly reflected

sub-pathways related to basic cellular processes such as carbo-

hydrate degradation (Figures 2B and S3A: 11 pathways marked

in bold), which promotes short-chain fatty acid (SCFA) produc-

tion characteristic of a healthy microbiome.32 Most of these

differences mapped to the butyrate producer F. prausnitzii (Fig-

ure S3B). Specifically, the glutaryl-CoA degradation pathway

(identified by LEfSe as one of the main pathways enriched in re-

sponders; pathway 7, Figure 2B) is a main producer of butyryl-

CoA, leading to the production of butyrate (Figure 2C).33,34

To determine if butyrate production was associated with SAS

clinical response, we determined fecal SCFA concentrations for

acetate, butyrate, and propionate. Consistent with the
Cell Reports Medicine 5, 101431, March 19, 2024 3
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Figure 2. Baseline differences in butyrate

synthesis pathway stratify SAS clinical

response

(A) Principal-coordinate analysis plot is shown

using Bray-Curtis and stratified by BASDAI clinical

response and time of sample collection. Monte

Carlo, PERMANOVA p values are shown.

(B) Boxplots comparing median carbohydrate

degradation sub-pathway abundance (copies per

million) between responder and non-responder at

baseline (see Figure S3A, marked in bold). 1: dTDP

L-rhamnose biosynthesis I; 2: superpathway of

hexuronide and hexuronate degradation; 3:

D-galacturonate degradation I; 4: superpathway of

b-D-glucuronide and D-glucuronate degradation;

5: D-galactose degradation V (Leloir pathway); 6:

sucrose degradation III (sucrose invertase); 7: glu-

taryl-CoA degradation; 8: galactose degradation I

(Leloir pathway); 9: four-deoxy-L-threo-hex-4-

enopyranuronate degradation; 10: starch degra-

dation V; and 11: D-fructuronate degradation.

Boxplots present the median, 25th, and 75th per-

centiles, and Mann-Whitney p < 0.05 is shown.

(C) Schematic of butyrate synthesis pathway

from glutaryl-CoA degradation. ccr, crotonyl-CoA

reductase; gcd, glutaryl-CoA dehydrogenase; but,

butyryl-CoA:acetate CoA transferase; buk, buty-

rate kinase.

(D) Relative abundance of fecal short-chain fatty

acid was determined by mass spectrometry and

normalized per mg fecal sample used. t test,

*p < 0.05 and **p < 0.01 is shown.

(E) Baseline but and bukmean abundances (copies

per million) between responders and non-re-

sponders. Error bars represent SEM. *p < 0.05,

t test.
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metagenomic analysis, baseline responders had higher levels of

fecal butyrate and lower levels of acetate and propionate

compared to non-responders (Figure 2D). While both butyryl-

CoA:acetate transferase (but) and butyrate kinase (buk) can

catalyze this reaction, only but gene abundance was higher in re-

sponders compared to non-responders (Figure 2E). At 90% sim-

ilarity by UniRef, the but gene mapped to F. prausnitzii, Parabac-

teroides merdae, Parabacteroides distasonis, Eubacterium

rectale, and Alistipes shahii (Figure 3A), but only F. prausnitzii

was part of the taxa differentiating responders from non-

responders.

SP regulates butyrate synthesis and correlates with a
folate trap seen in SAS responders
We next tested if SAS was able to modulate this butyrate

synthesis pathway in bacteria. Using the lead bacterial taxa

F. prausnitzii associated with SAS response as a candidate

target, we performed bacterial RNA sequencing (RNA-seq) at a

sub-inhibitory SP dose of 1 mM, which is within the physiologic

range of sulfasalazine in bile excretion (35–1,032 mg/mL)35
4 Cell Reports Medicine 5, 101431, March 19, 2024
(Figures 3B and S4A). Differential expres-

sion analysis of vehicle control (NaOH)-

and SP-treated F. prausnitzii revealed

significant changes in F. prausnitzii’s
transcription profile upon SP exposure (Figure 3C). Themost sig-

nificant transcriptional targets of SP exposure included downre-

gulation of acetate kinase (ackA) and phosphate acetyltransfer-

ase (pta), along with a concomitant increase in but expression

(Figure 3D). To test the impact of SP on themetabolic production

of butyrate in complete media, mass spectrometry was per-

formed after 22 and 46 h of F. prausnitzii culture treated with

SP or vehicle control. At both time points, SP treatment robustly

increased butyrate production (Figure 3E). To evaluate the spec-

ificity of SP on F. prausnitzii, we tested the impact of SP on but

expression in E. rectale, the other major contributor to but

expression in the microbiome. In contrast to F. prausnitzii, SP

treatment at 1 mM did not change expression of but in

E. rectale (Figures 3F and S4B).

Given the ability of SP to inhibit dihydropteroate synthase

(folP), we suspected that folate-related stress contributes

to the transcriptional regulation by SP observed in the

F. prausnitzii in vitro assay. In our RNA-seq analysis, we detected

a significant downregulation of the folP-like enzyme MBL-fold

metallohydrolase.36 In addition, we also observed upregulation
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Figure 3. SP-induced folate stress regu-

lates Faecalibacterium prausnitzii expres-

sion of butyrate synthesis pathway genes

(A) Average percentage of but reads from the IBD-

pSpA cohort at baseline. Metagenomic se-

quences aligned by bacterial species based on

90% homology.

(B and C) F. prausnitzii grown anaerobically with

sub-inhibitory dose of SP (1 mM) or sodium hy-

droxide vehicle (control [C]) over 46 h.

(C) Principal-component plot from RNA-seq anal-

ysis performed at h 46 depicted in (B). On average,

four million reads mapped to F. prausnitzii (�103

genome coverage).

(D) Schematic highlights pathway and enzymes

regulating butyrate synthesis. Normalized counts

(log2 copies per millions) of genes related to the

F. prausnitzii butyrate synthesis pathway genes.

Error bars represent the SEM. *p < 0.05 and

****p < 0.0001, DESeq (p adjusted, false discovery

rate [FDR]).

(E) Butyrate abundance measured by mass spec-

trometry following in vitro culture of for 22 or 46 h

with either vehicle C or SP treatment as indicated.

Technical replicates are shown, **p < 0.01, t test.

(F) Fold change of but transcription in either

F. prausnitzii or E. rectale at 22 h with either vehicle

C or SP treatment as indicated. Technical repli-

cates are shown, *p < 0.05, t test.

(G) In vitro F. prausnitzii but expression was

measured at 30 h post-bacteria exposure to SP,

folate, and/or sodium hydroxide vehicle (C) by

qPCR. Scatterplot error bars represent the SEM.

****p < 0.0001, ANOVA, Tukey’s multiple compar-

ison test.

(H) Boxplot comparing the median deoxyuridine

and thymine fecal abundance within BASDAI clin-

ical response groups (R, responders; NR, non-re-

sponders). Boxplots present themedian, 25th, and

75th percentiles; *p < 0.05; Wilcoxon matched-

pairs signed-rank test.
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in folC (dihydrofolate reductase) and folT (folate ECF transporter

S component) genes consistent with folP inhibition (Figure S4C).

During reduced availability of folate,37 thymine is consumed by

the salvage pathway, and deoxyuridine subsequently accumu-

lates in bacterial cells (i.e., ‘‘folate trap’’; Figure S4D). Consistent

with this physiology, bacterial cultures showed a significant in-

crease in thymidine kinase expression and a corresponding

decrease in thymine metabolites (Figures S4E and S4F).

To directly test the regulation of the but gene by folate defi-

ciency, F. prausnitzii was cultured with SP or NaOH vehicle con-

trol in the absence or presence of supplemental folate, using a

dose previously reported to rescue bacteria from antifolate drug

treatment38 (Figure S4G). Consistent with a mechanistic role for

folate deficiency, the induction of but in response to SPwas abro-

gated by supplementation with folate (Figure 3G). Finally, to test if
Cell Repo
metabolic evidence of a folate trap corre-

lated with clinical response to SAS, we

performed metabolomics analysis on

fecal samples from our original cohort.
Although all subjects in this study received folate supplementa-

tion, dietary folate is primarily absorbed in the small intestine,

while SAS prodrug cleavage by microbial azoreductases occurs

locally in the colon,39 enabling the potential for local folate deple-

tion by SP in the colon. Consistent with this possibility and the

folate trap effect in the F. prausnitzii in vitro model, thymine fecal

abundance significantly reduced after SAS treatment in re-

sponders (p = 0.016) but not in non-responders (Figure 3H). A

concomitant increase in fecal deoxyuridine levels was also

observed in responders (p = 0.05) but not in non-responders.

SAS-induced butyrate reduces colitis severity
To determine the functional impact on butyrate synthesis in vivo,

we treated wild-type (WT)micewith SAS.WTmice received from

The Jackson Laboratory were confirmed to have but gene
rts Medicine 5, 101431, March 19, 2024 5
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Figure 4. SAS promotes butyrate produc-

tion and limits colitis

(A) Fecal acetate, butyrate, and propionate levels

of germ-free (GF) or Jackson specific-pathogen-

free (SPF) mice at day 14 post-treatment initiation

with SAS, balsalazide (BSD), or water (H2O) C.

Graphs show data from 2 independent experi-

ments. Error bars represent SEM. **p < 0.01;

ANOVA with Tukey’s multiple comparison test.

(B and C) Jackson SPF mice were treated with

SAS or H2O vehicle for 7 days and then exposed

to 2%DSS ad libitum for 7 days. Treatments were

maintained throughout the experiment. Percent-

age of survival (B) and lipocalin (C) are shown.

Graph shows data from 2 independent experi-

ments (H2O, n = 9; SAS, n = 8; BSD, n = 9).

(D and E) SPFGpr109a�/� and heterozygous (Het)

littermate controls were treated with SAS or H2O

vehicle for 7 days and then exposed to 2% DSS

ad libitum for 7 days. SAS treatment was main-

tained throughout the experiment. Percentage of

survival (D) and cecal lipocalin (E) are shown.

Graph shows data from 2 independent experi-

ments (Het-H2O, n = 7; Het-SAS, n = 6;

Gpr109a�/�-H2O, n = 10;Gpr109a�/�-SAS, n = 9).

Survival analysis; *p < 0.05 and **p < 0.01; log-

rank (Mantel-Cox) test. Boxplots present the

median, 25th, and 75th percentiles; ANOVA with

Kruskal-Wallis multiple comparison test; p values

are shown.
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containing microbiota (Figure S5A). Although no significant

change in acetate or propionate was noted upon SAS treatment,

SAS-treated mice had a significant increase in fecal butyrate

levels compared to that observed in H2O vehicle controls (Fig-

ure 4A). This effect was dependent on the microbiota, as

germ-free mice revealed no changes in fecal butyrate levels

post-treatment. Further, to test the role for SP in mediating this

effect of SAS, specific-pathogen-free mice were also treated

with a related 5-ASA without SP called balsalazide (BSD). Both

SAS and BSD prodrugs were efficiently converted by the mouse

gut microbiome, as demonstrated by equal 5-ASA detection in

fecal samples (Figure S5B). Despite a numerically higher amount

of fecal butyrate following BSD, only SAS-treated mice had

significantly higher fecal butyrate levels compared to controls.

Given the impact of SAS on microbiota-dependent butyrate

production in vivo, we next tested the impact of SAS induction

of butyrate in an acute model of chemical-induced colitis us-

ing dextran sodium sulfate (DSS). SAS treatment significantly

reduced mortality (Figure 4B), attenuated weight loss (Fig-

ure S5C), and reduced cecal lipocalin (Figure 4C) compared

to control-treated mice following DSS-induced colitis. To

assess if this effect was dependent on butyrate production,

mice deficient for the butyrate receptor Gpr109a and hetero-
6 Cell Reports Medicine 5, 101431, March 19, 2024
zygous controls were used. SAS treat-

ment of mice heterozygous for

Gpr109a showed significantly improved

survival (Figure 4D), reduced weight

loss (Figure S5D), and decreased intes-

tinal inflammation, as measured by
cecal lipocalin (Figure 4E), compared to control mice not

treated with SAS following exposure to DSS. The effect of

SAS was dependent on the butyrate receptor, as mice defi-

cient for Gpr109a showed no effect of SAS on survival (Fig-

ure 4D), weight loss (Figure S5D), or inflammation measured

by lipocalin (Figure 4E).

F. prausnitzii enhances SAS protection from colitis in
non-responder colonized mice
To determine if the IBD-pSpA responder and non-responder

microbiomes were sufficient to determine differential

response to SAS in vivo, gnotobiotic mice were separately

colonized with 6 individual donor microbiomes 3 weeks prior

to metabolomic analysis (Figure 5A). Consistent with a

donor-dependent approach outlined previously,40 three

responder and three non-responder donors were assessed

independently with 2–5/mice per donor. Efficient engraftment

was determined by beta diversity analysis (Figure S5E). Mice

colonized with responder microbiomes showed higher abun-

dance of fecal butyrate following SAS treatment (Figure 5B),

while the abundance of butyrate in mice colonized with non-

responder microbiome was not changed by treatment with

SAS (Figure 5C).
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Figure 5. SAS reduces colitis in gnotobi-

otic mice colonized with responder micro-

biomes or non-responder microbiomes

with F. prausnitzii

(A) Schematic of gnotobiotic mouse colonization.

(B and C) Fecal butyrate per mg feces at 7 days

after colonization prior to initiation of DSS. One

representative of three responders (B) or non-

responders (C) is shown as indicated. Error bars

represent SEM; *p < 0.05, t test.

(D–F) GF mice received fecal microbial trans-

plants (FMTs) from three responders (D) or three

non-responder subjects (E and F). F. prausnitzii

group was orally gavaged with F. prausniztii prior

to DSS (E and F). SAS treatment was initiated

14 days post-FMT and maintained throughout

the experiment. Mice were exposed to 2% DSS

ad libitum for 7 days starting 7 days post-SAS

initiation. Weight loss and levels of lipocalin in

cecal contents are shown (E and F). Graphs

show average data (thick line) of three individual

donors (thin line). Each thin line is average of n =

3–5 mice/donor. Dark lines are the average and

SEM of pooled data from all three donors. Total

responder-H2O, n = 12; responder-SAS, n = 14;

non-responder-H2O, n = 10; non-responder-

SAS, n = 13; non-responder + F. prausnitzii, n = 9;

non-responder-SAS + F. prausnitzii, n = 9).

Mixed-effects model (weight loss) or Kruskal-

Wallis test with multiple comparison (lipocalin).

p values are shown. Error bars represent SEM;

*p < 0.05, **p < 0.01, and ****p < 0.0001.
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To assess the microbiome impact on the SAS response in a

colitis model, gnotobiotic mice separately colonized with these

6 individual donor microbiomes were exposed to DSS. Gnotobi-

otic mice colonized with responder microbiomes from three in-

dependent experiments developed weight loss and intestinal

inflammation measured by lipocalin, which was reduced by

SAS treatment (Figures 5D and S5F). In contrast, gnotobiotic

mice colonized with non-responder microbiomes from three in-

dependent experiments developed weight loss, which was not

responsive to SAS treatment (Figure 5E). To test if F. prausnitzii

could enhance the response of non-responder microbiome-

colonized mice to SAS, we exposed non-responder micro-

biome-colonized mice to F. prausnitzii by oral gavage prior to

DSS-colitis induction. Gnotobiotic mice colonized with non-

responder microbiomes and exposed to F. prausnitzii were

responsive to SAS therapy, as demonstrated by reduced weight

loss and cecal lipocalin (Figures 5E and 5F). Although

F. prausnitzii alone reduced the weight loss in non-responder mi-

crobiome-colonized mice, F. prausnitzii + SAS limited weight
Cell Repo
loss more dramatically and reduced

inflammation measured by lipocalin.

DISCUSSION

Although SpA is the most common extra-

intestinal manifestation in IBD, limitations

in both diagnostic and therapeutic strate-

gies for IBD-pSpA frequently delay treat-
ment and response rates. Consistent with previously reported

studies,23 we found that SAS therapy leads to improvement in

pSpA symptoms of patients with IBD as measured by BASDAI

and ASDAS. Even though pSpA can be concordant with intestinal

disease activity, SpA symptom improvement did not track with

HBI or CRP alone, highlighting the importance of independent

evaluation of joint symptoms. Previous studies identified differ-

ences in the fecal microbiome of subjects with IBD-SpA

compared toSpAalone including the expansion of adherent-inva-

sive E. coli12 and R. gnavus.11 Here, we provide evidence that the

baseline microbiome can discriminate responders and non-re-

sponders toSAS therapy.Metagenomic analysis revealeddistinct

baseline genemarkers that correlate with SAS response including

sub-pathways related to the basic cellular processes of carbohy-

drate degradation and SCFA synthesis characteristic of a healthy

microbiome.32 The enrichment of the butyrate producers

F. prausnitzii, A. onderdonkii, and R. inulinivorans in SAS re-

sponders may identify a cohort with higher anti-inflammatory po-

tential for the induction of interleukin-10 or regulatory T cells.41–43
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F. prausnitzii is the most robust taxa discriminating SAS re-

sponders from non-responders in our validation cohort. Consis-

tent with this finding, F. prausnitzii has been reported to be

reduced in patients with SpA with a history of IBD14 and may pro-

vide a key link between disease biology and SAS response.

Themicrobiome has long been considered a target of SAS ther-

apy, but the specific taxa and mechanisms involved in drug effi-

cacy have not been defined. Previous studies have suggested

that SAS acts as a direct antimicrobial on gut bacteria.24,25 Recent

work also demonstrated an antifolate/antimicrobial effect ofmeth-

otrexate on gut bacteria.38 Another possible mechanism is drug

metabolism by the microbiome, highlighted by a recent report

revealing that microbiome metabolism of 5-ASA stratifies mesal-

amine responders from non-responders.44 Here, we do not

observe a direct antimicrobial effect of SAS or a differential role

for microbiome metabolism of SAS accounting for clinical

response. Instead, our study now reveals a mechanism by which

SAS acts as a xenobiotic on F. prausnitzii to modulate transcrip-

tion of genes associated with butyrate production and boost pro-

duction of butyrate in vivo. Enhanced production of butyrate is

required for SAS-induced, microbe-dependent protection from

experimental colitis inmice. Furthermore, SAS-enhanced produc-

tion of butyrate was also seen in gnotobiotic mice colonized with

responder microbiomes, and not non-responder microbiomes,

suggesting the sufficiency of the microbiome to imprint this

response. Additional colonization of non-responder microbiome-

colonized mice with lead responder-marker taxa F. prausnitzii

was sufficient to recover SAS protection against experimental co-

litis. Although our results do not exclude additional contributions

of anti-inflammatory effectors produced by F. prausnitzii,45 they

do highlight the ability of SAS to promote the production of

SCFA in an SP-dependent fashion and to promote protection

against experimental colitis. Previous reports have defined

a role for gut-derived butyrate in reducing inflammatory

arthritis,46,47 but the cellular effectors mediating systemic inflam-

mation in IBD-pSpA still need to be defined. Collectively, these

data highlight a functional interaction of SAS with specific bacte-

rial taxa that offer the potential to not only stratify patients likely to

respond to SAS therapy but also guide interventional microbial

therapies to enhance the efficacy of SAS for IBD-SpA.

Folate plays a critical role in one carbonmetabolism inmultiple

cellular reactions that are required to produce amino acids,

thymidine, and purines.48,49 The inhibition of bacterial de novo

folate biosynthesis by SP moiety of SAS can therefore activate

folate stress pathways.26,37 F. prausnitzii encodes a folP-like

enzymecalledMBL-foldmetallohydrolase,which is likely a target

of SP.36 Consistent with cellular sensing of folP inhibition, we

observed upregulation in folC and folT following SP treatment

of F. prausnitzii. Similarly highlighting the role for folate stress

pathways, SP induction of butyrate synthesis genes was sup-

pressed by excess folate. Other commensals, such as E. rectale,

which doproduce butyrate and encodebut, do not regulate buty-

rate synthesis in response to SP. E. rectale does not encode folP,

which may confer specificity of the SP effect on butyrate synthe-

sis. Even though all patients in this study received folate supple-

mentation, oral supplementationwith folate is primarily absorbed

in the small intestine, while SAS prodrug cleavage by microbial

azoreductases to release SP and 5-ASA occurs distally in the co-
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lon.39 Consistent with a functional antifolate effect of SP, evi-

dence of a folate trap in the fecal metabolome of responders

(but not non-responders) highlight thepotential role for themicro-

biome in the clinical efficacy of SAS for pSpA. Recent work in

E. coli revealed the ability of sub-inhibitory levels of the antifolate

sulfamethoxazole in triggering antioxidant immunomodulatory

metabolites called colipterins, further highlighting a potentially

broader impact of folate regulation in host-microbe immunity.26

Studies of drug-host-microbe interactions are just beginning

to elucidate how xenobiotics regulate microbial metabolic func-

tion and subsequently impact host immunity.26,38 Our results

highlight the potential role for microbial biomarkers in stratifying

therapeutic responses to SAS, as well as the potential for micro-

bial-based therapies in optimizing and enhancing medication ef-

ficacy. Management of IBD-pSpA remains an unmet need, and

these findings have the potential to shape precision medicine

to enhance therapeutic strategies.

Limitations of the study
The robust ability of F. prausnitzii and R. callidus combined to

discriminate responders in a validation cohort highlights the po-

tential clinical impact of these findings, but the limited sample

size and the observational nature of our trial will require addi-

tional studies for prospective evaluation and assessment of de-

mographic features including gender as a contributing factor.

Additionally, the specificity and sensitivity of these markers in

predicting SAS response compared to treatment with other bio-

logic or small-molecule therapies for the treatment of IBD and

pSpA still need to be investigated.
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50 CCGYCAATTYMTTTRAGTTT 30
Walters et al.51 N/A

F. prausnitzii but gene F: 50 GTGGATGCCTTTGTGGATATTG 30, R:
50 CCGGGTTATCGTTCAGGTAATC 30

This work N/A

E. rectale but gene F: 50 CTCAGCAGATGAGGCAGTAAAG 30, R:
50 GGAAGCTCTGAGTAACGGATTG 30

This work N/A

Software and algorithms

R R Core Team N/A

GraphPad Prism 7 GraphPad Software N/A

JMP 14 SAS Institute Inc., Cary, NC N/A
RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by lead contact, Randy Long-

man (ral2006@med.cornell.edu).
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Materials availability
This study did not generate new unique reagents.

Data and code availability
(1) Fastq files from human, mouse and bacterial in vitro experiments are available in NCBI’s Sequence Read Archive, BioProject

ID PRJNA929558, PRJNA930470, and PRJNA930465, respectively.

(2) This paper does not report original code.

(3) Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Human samples
Sequential subjectswith clinical diagnosesof both IBD andASAS-definedpSpAand an indication for treatmentwithSASwereprospec-

tively evaluated and longitudinally followed at the Jill Roberts Center for Inflammatory Bowel Disease at Weill Cornell Medicine (WCM,

Supplementary Table S1) between December 2015 and March 2020. Eligible patients of any gender were between the ages of 18–80

with ulcerative colitis (UC) orCrohn’s disease (CD) andASAScriteria of pSpAdefinedas the presence of peripheral arthritis, enthesitis or

dactylitis.52 Patients with active SpA, defined as ASDAS >1.3 and/or BASDAIR4, were eligible to participate.53,54 Health status exclu-

sion criteria included antibiotic use within 8 weeks prior enrollment, SAS use within 8 months prior enrollment, current pregnancy or

lactation, an existing rheumatic disease to which the inflammatory-type joint symptoms were attributed (i.e., systemic lupus erythema-

tosus, rheumatoid arthritis), or anostomy. Participantswho declined therapy orwere intolerant of SASwere followedas standardof care

controls. SAS subjects were prescribed 2g increasing to 4g of SAS daily as tolerated, and 1mg/day of folic acid. All patients provided

voluntary informed consent and the study ethics was approved by the Weill Cornell institutional review board (IRB 1504016115).

A validation cohort of IBD SpA patients was selected from an ongoing biobank study of adult patients with IBD (IRB 1806019340).

Exclusion criteria included antibiotic use, an existing rheumatic disease to which the inflammatory-type joint symptoms were attrib-

uted (i.e., systemic lupus erythematosus, rheumatoid arthritis), or an ostomy. From a total 442 subjects, we identified 16 subjects with

IBD and SpA with sulfasalazine listed as a current medication. 5 subjects had active SpA symptoms and were characterized as non-

responders, while 11 subjects had inactive SpA symptoms and characterized as responders. Fecal samples were analyzed by 16S

rRNA analysis as described below.

Mouse models
Gnotobiotic C57BL/6 wild-type (WT) mice were bred and maintained at WCM Gnotobiotic Mouse facility. Specific pathogen free

(SPF) C57BL/6 WT mice were ordered from Jackson Laboratory. C57BL/6 Gpr109a�/� mice were obtained from Marcel van den

Brink laboratory and were bred and maintained under SPF conditions at WCM.

For induction of chemical colitis, 2% dextran sodium sulfate (DSS) (w/v) (M.W. 40,000–50,000; Affymetrix, Santa Clara, CA) was

added to drinking water and administered ad libitum for 7 days. Mice were then monitored daily for weight loss and survival. Mouse

Lipocalin-2 was measured in the cecal content supernatant using sandwich enzyme-linked immunosorbent assay (R&D Systems,

Minneapolis, MN). Mice were treated with 300 mg/kg/day of SAS (Sigma-Aldrich, St. Louis, MO), balsalazide (BSD; TCI, America)

or water vehicle control, as previously described.25

For gnotobiotic experiments, germ-free (GF) mice were gavaged with 1g of homogenized patient fecal samples diluted in 10mL of

reduced PBS under anaerobic conditions, as previously described.55 Mice gavaged with ATCC 27768 F prausnitzii received 1x109

colony forming units (CFU) grown under anaerobic conditions at log-phase in Yeast Casitone Fatty Acids Broth with Carbohydrate

media (YCFAC, Anaerobe Systems, Morgan Hill, CA).

All animal experiments were performed with 6-8-week-old WT, Gpr109a�/� and heterozygous littermate mice. Both female and

male mice were used with random and equal assignment to each experimental group. All animal studies were carried out in accor-

dance with protocols approved by the Institutional Animal Care and Use Committee at WCM.

METHOD DETAILS

Endpoint analysis
The primary endpoint of our analysis was clinical response in BASDAI, defined conservatively as a reduction in BASDAI of >2. Sec-

ondary endpoints were clinical response in ASDAS and Harvey-Bradshaw Index (HBI) for CD defined as reduction in ASDAS ofR1.1

at week 12 post-study initiation53 or a decrease in HBI of R3,56 respectively. Exploratory analysis included absolute reduction in

BASDAI, ASDAS, CRP, and HBI.

Fecal DNA extraction
Upon collection, stool samples were promptly divided into 2 mL aliquots and stored at �80�C. For microbiome analysis, DNA was

isolated from approximately 250 mg of stool samples using the DNeasy PowerLyzer PowerSoil Kit (Qiagen, Hilden, Germany),

following manufacturer’s instructions.
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Metagenomic analysis
To evaluate the impact of SAS on the fecal microbiome composition and its functional potential, we performed metagenomic

sequencing. Metagenomic library was constructed with Illumina barcodes from the Nextera XT kit (Illumina, San Diego, CA) and

then loaded into Illumina Hiseq 4000 platform using 2 x 150 nucleotide pair-ending sequencing protocol at Weill Cornell Microbiome

Core. Sequencing data analysis is detailed in supplemental methods. Raw data was processed by KneadData (https://bitbucket.org/

biobakery/kneaddata) to remove human contaminant reads. To filter out low quality sequence reads, sequences shorter than 50 bp

and Illumina adapters reads, Trimmomatic57 was used. Samples from three patients failed metagenomic library processing (BASDAI

responders n = 2, BASDAI non-responders n = 1). After quality control, samples averaged 4 million reads (mean = 4,286,719.1, stan-

dard error of the mean - SEM ±251,131.1). Taxonomic profiling was determined by MetaPhlAn2 pipeline.58 Microbial abundances

were calculatedwithMetaPhlAn2, following Bowtie259 alignment to theMetaPhlAn2 database. Microbial functional potential profiling

was determined by HUMAnN2.60 For gene profiling, DIAMOND61 was used tomapmetagenome reads against UniRef90.62 Hits were

counted for each gene family and normalized for length and alignment quality. For pathway profiling, gene family abundances were

combined into structured pathways from MetaCyc63 and then sum-normalized to copies per million (CPM).

Metabolomic analysis
To determine drug fecal levels and its impact on fecal metabolites, fecal samples were treated with cold 80%methanol for 4 h at 4�C.
Samples were then centrifuged at 14,000 g for 20 min at 4�C. Supernatants were transferred to a sterile 1.5 mL tube and stored at

�80�C. Bacterial supernatants were treated with 4X volume of the 80%methanol. Polar metabolomic analysis was performed by the

WCMProteomics andMetabolomics Core for target polar metabolomics analysis by LC-MS.Metabolites were identified using an in-

house library established using chemical standards. Identification required exact mass (within 5ppm) and standard retention times.

To determine short chain fatty acids (SCFAs) fecal levels, target metabolomics were performed using liquid chromatography–

quadruple–time of flight mass spectrometry as previously described.64 Relative metabolite quantitation was performed based on

peak area for each metabolite evaluated and normalized by sample weight.

16S rRNA sequencing
To evaluate if the fecal microbiome of patients were efficiently transplanted into germ-free mice, both patient-donors and mice fecal

samples were subjected to 16S rRNA sequencing at WCMMicrobiome Core Facility. Briefly, after DNA isolation, the 16S V4 and V5

regions were amplified as previously described (https://earthmicrobiome.org). Amplicons were then sequenced in an Illumina MiSeq

platform using the 23 250 bp paired-end protocol. Read pairs were processed using DADA265 with forward truncation length of 240,

reverse truncation length of 160, and otherwise default parameters, VSEARCH,66 and the SILVA Database67 (version 138) for taxo-

nomic assignment. This produced a rarefied amplicon sequence variant (ASV) tables and phylogenetic tree (sequence depth of

12000 reads for human data and 10146 reads for mouse data) for downstream microbiome analysis. 16S rRNA seq analyses

were performed in R studio (Boston, MA). Beta diversity was calculated using R package ‘phyloseq’68 based on unweighted uniFrac,

while plots were constructed in ‘ggplot2’ or GraphPad (San Diego, CA).

In vitro assays and bacterial RNA-seq
F. prausnitzii ATCC 27768 or E. rectale DSM 17629 was grown at 37�C, anaerobically in YCFAC media (for transcriptomics) or RCM

media (for metabolomics) with sodium hydroxide (NaOH) vehicle control (0.5M; Sigma-Aldrich, St. Louis, MO), sulfapyridine (500,

1000, 2000mM; Sigma-Aldrich, St. Louis, MO) and/or folate (566mM; Sigma-Aldrich, St. Louis, MO), adapted from Nayak et al.,

2021.38 CFU from F. prausnitzii cultures were assessed anaerobically in YCFA agar. Growth was measured by absorbance,

OD600, on SpectraMax Plus (Molecular Devices, San Jose, CA). RNA isolation was performed using RNeasy PowerMicrobiome kit

(Qiagen, Hilden, Germany) following the manufacture instructions. RNA was then quantified by Nanodrop prior to reverse transcrip-

tion with qScript cDNA SuperMix kit (Quantabio, Beverly, MA) or RNAseq library preparation.

RNA-seq library preparation and sequencing were performed by WCM Genomics Core. For library preparation, the Illumina

Stranded Total RNA Prep kit was used. High-throughput sequencing was performed using the PE 2x50 cycles protocol in the

NovaSeq 6000 Illumina platform targeting 10 million reads/sample. Bioinformatics and statistical analysis were then performed by

the WCM Bioinformatics Core. Samples were aligned with STAR69 to NCBI reference genome GCF_000154385.1 (F. prausnitzii

M21/2). Quality control was performed with QoRTs70 on aligned BAM files. Counts per gene were then calculated using feature-

Counts.71 BioCyc72 analyses were performed with clusterProfiler to identify pathways/gene sets that are overrepresented among

the differentially expressed genes.

Quantitative RT-PCR
qPCR was performed on an Applied BioSciences Quant Studio 6 Flex Real-time PCR (Applied Biosystems, Waltham, MA) using

PerfeCTa SYBR Green Fast mix, Low ROX (Quantabio, Beverly, MA). The following primers were used: for 16S rRNA gene �515F

50 GTGYCAGCMGCCGCGGTAA 30, �926R 50 CCGYCAATTYMTTTRAGTTT 3051; F. prausnitzii but gene F: 50 GTGGATGCCTTTGT

GGATATTG 30, R: 50 CCGGGTTATCGTTCAGGTAATC 30 and E. rectale but gene F: 50 CTCAGCAGATGAGGCAGTAAAG 30, R: 50

GGAAGCTCTGAGTAACGGATTG 3’ (designed on the PrimerQuest Tool from IDT, Coralville, IA). The thermocycler program was as
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follows: initial cycle of 95�C for 60 s, followed by 40 PCR cycles at 95�C for 5 s, 60�C for 15 s, 72�C for 15 s. Relative levels of the but

target gene was determined by calculating the D Ct to the conserved 16S rRNA gene expression.

QUANTIFICATION AND STATISTICAL ANALYSIS

For endpoint analysis, Fisher’s exact test implemented in JMP 14 (SAS Institute Inc., Cary, NC) was used when proportions were

compared between binary variables. To determine significance of categorical variables, Student’s t test was applied if two groups

were compared, otherwise two-way ANOVA test was used. For non-parametric data, Wilcoxon matched-pairs signed-rank test

was calculated when paired analyses were carried, otherwise Mann-Whitney test was applied. If required, Bonferroni or Tukey tests

were applied for multiple comparison correction. Metagenomic and transcriptomic analyses were performed in R studio (Boston,MA)

using R package ‘phyloseq’68 and plots were constructed in ‘ggplot2’ or GraphPad (San Diego, CA). Differential gene expression

analysis was performed with DESeq2.73 Differential taxa or pathway abundance was assessed using linear discriminant analysis

(LDA) effect size (LEfSe).31 Correlation between two continuous variables (e.g., fecal drug levels, D BASDAI, alpha diversity) was

determined with linear regression models. For discriminating responders from non-responders, we fit linear regression models on

the relative abundances of select taxa and constructed corresponding ROC curves. Area under the curve (AUC) and p values

were computed using R.
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