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Commensal bacteria promote azathioprine therapy
failure in inflammatory bowel disease via decreasing
6-mercaptopurine bioavailability
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In brief

Identification of B. wexlerae by Yan et al.
provides potential biomarkers for
predicting response to azathioprine (AZA)
therapy in inflammatory bowel disease
(IBD). B. wexlerae inhibits
6-mercaptopurine biotransformation and
attenuates the inhibition of AZA on
inflammatory macrophages.
Supplementation of HPRT-enriched
probiotics shows potential in mitigating
the intestinal colitis of mice.
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SUMMARY

Azathioprine (AZA) therapy failure, though not the primary cause, contributes to disease relapse and progres-
sion in inflammatory bowel disease (IBD). However, the role of gut microbiota in AZA therapy failure remains
poorly understood. We found a high prevalence of Blautia wexlerae in patients with IBD with AZA therapy fail-
ure, associated with shorter disease flare survival time. Colonization of B. wexlerae increased inflammatory
macrophages and compromised AZA’s therapeutic efficacy in mice with intestinal colitis. B. wexlerae colo-
nization reduced 6-mercaptopurine (6-MP) bioavailability by enhancing selenium-dependent xanthine dehy-
drogenase (sd-XDH) activity. The enzyme sd-XDH converts 6-MP into its inactive metabolite, 6-thioxanthine
(6-TX), thereby impairing its ability to inhibit inflammation in mice. Supplementation with Bacillus (B.) subtilis
enriched in hypoxanthine phosphoribosyltransferase (HPRT) effectively mitigated B. wexlerae-induced AZA
treatment failure in mice with intestinal colitis. These findings emphasize the need for tailored management

strategies based on B. wexlerae levels in patients with IBD.

INTRODUCTION

Azathioprine (AZA) is one of many therapy options in adult
inflammatory bowel disease (IBD) and has been used as the
first line of therapy for other medical conditions including
autoimmune hepatitis and rheumatological and other disease
treatment.”? Meanwhile, AZA has its advantages, which are
that it is economical and sustainable.®* However, the overall
remission rates were only 45% in patients with Crohn’s
disease (CD) and 58% in patients with ulcerative colitis (UC)
after AZA treatment.® The genotypes of host metabolic en-
zymes, which include glutathione S-transferase (GST), thiopur-
ine S-methyltransferase (TPMT), and nucleoside diphosphate-
linked moiety X-type motif 15 (NUDT15), and the concentration
of 6-thioguanine nucleotide (6-TGN) metabolites were routinely
examined to evaluate the efficacy and pharmacokinetics of
AZA in patients with IBD.® However, the non-remission rate re-
mains highly in patients with IBD after screening of these
biomarkers.

The composition of the gut microbiota could affect different
physiological functions of the host, even the uptake and utiliza-

tion of drugs by the host.”® The interaction between microbiota
and non-antibiotic drugs is bidirectional, including drug-
induced alterations in microbiome composition and micro-
biota-mediated modulation of the pharmaceutical effect.®'®
The biochemical transformation of the oral drugs to more
or less active metabolites were identified and validated by
microbiome-encoded enzymes, with consequences for inter-
personal variation in drug efficacy and toxicity.'''® In addi-
tion, bacteria can bioaccumulate the therapeutic drug intracel-
lularly and modulate the availability and efficacy of it in the
gut."* As an oral immunosuppressant, whether gut microbes
affect the metabolism and the curative effect of AZA remains
elusive.

This study was performed to reveal the mechanism of
AZA therapy failure at the level of intestinal bacteria. We used
16S rDNA sequencing technology to screen out Blautia bacteria,
which were associated with ineffective AZA treatment, and
verified the bioinformatic data in another independent clinical
cohort. The molecular mechanism of Blautia wexlerae (B. wex-
lerae)-induced AZA therapeutic failure was further explored in
in vitro and in vivo models.
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RESULTS

Gut microbes were closely associated with therapeutic
failure of AZA in patients with IBD

To evaluate the impact of gut microbiota on the efficacy of AZA
treatment in patients with IBD, we collected the fecal samples of
49 patients with newly diagnosed IBD, containing 9 patients with
UC and 40 patients with CD, before receiving AZA treatment
(cohort 1). Patients in remission (R; n = 27) and non-remission
(NR; n = 22) were divided based on their endoscopic and imaging
evaluations after the initial administration of AZA for 6 months
(Figure 1A; Table S$1)."° Quantitative PCR analysis of fecal pellets
showed that antibiotic-treated mice had a significantly reduced
gut bacterial community'®'” (Figure S1A). To address the effect
of gut microbiota on AZA treatment in patients with IBD, we per-
formed fecal microbiota transplantation (FMT) experiments with
feces from patients in R or NR into C57BL6 mice recipients with
dextran sulfate sodium (DSS) treatment (Figure 1B). At sacrifice,
AZA treatment failure was observed in DSS-treated mice with
transplantation of NR-patient-derived fecal samples as indicated
by decreased body weight (Figure 1C), shortened colonic length
(Figures 1D and S1B), and increased inflammation pathological
score (Figures 1E and 1F) as compared with those mice with
transplantation of R-patient-derived fecal samples. These data
suggested that the fecal microbiota, which were from NR pa-
tients with IBD with AZA treatment, exerted a significant resistant
effect on AZA treatment in DSS-induced colitis in mice.

To further evaluate the effect of fecal microbiota-induced AZA
treatment failure on colitis, we used another mouse model of
2,4,6-trinitrobenzene sulfonic acid (TNBS)-induced colitis (Fig-
ure 1G). Phenotype data showed that transplantation of NR-pa-
tient-derived fecal microbiota, but not R-patient-derived fecal
microbiota, significantly reduced the therapeutic effect of AZA
in the TNBS-induced mice colitis model by decreasing the
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body weight (Figure 1H) and colon length (Figures 11 and S1C)
and exacerbating the inflammatory response (Figures 1J
and 1K).

We also investigated the AZA treatment effect on DSS-
induced colitis in germ-free mice after transplantation of fecal
microbiota derived from different patients with IBD. Transplan-
tation of NR-patient-derived microbiota dramatically weakened
the AZA treatment effect in DSS-treated germ-free mice as
characterized by body weight loss (Figure 1M), shortened
colonic length (Figures 1N and S1D), and increased inflamma-
tion score (Figures 10 and 1P). Together, these data demon-
strated that the fecal microbiota from NR patients with IBD
might participate in AZA treatment failure in different mice
with intestinal colitis.

Blautia bacteria could predict the effect of AZA therapy
in patients with IBD

To identify the differentially abundant taxa of microbiota, 16S
rDNA sequencing and Linear discriminant analysis Effect Size
(LefSe) analysis were then performed between the fecal samples
of R and NR patients with IBD in cohort 1 (Figure 2A). The abun-
dances of four bacterial taxa were increased in NR patient
groups (linear discriminant analysis [LDA] score > 2, P < 0.05),
including B. wexlerae/luti, Roseburia inulinivorans, Gemmiger
formicilis, and Clostridum clostridioforme (Figure 2B). Notice-
ably, the amount of B. wexlerae and B. luti was significantly en-
riched in the fecal samples (Figures 2C and S2A-S2C) and ileum
tissues (Figures S2D-S2F) of the NR patient group compared
with that of the R patient group in cohort 1. To validate the asso-
ciation between B. wexlerae and B. luti with the therapeutic effi-
cacy of AZA, we analyzed the intestinal mucosa microbiota and
AZA therapeutic efficacy in another independent cohort incorpo-
rating 91 patients with newly diagnosed IBD with AZA adminis-
tration (cohort 2; Table S2). Real-time PCR data showed that

Figure 1. Gut microbes were closely associated with therapeutic failure of azathioprine (AZA) in patients with inflammatory bowel disease
(A) Flow chart of fecal microbiota transplantation (FMT) experiments with feces from patients in remission (R) or patients in non-remission (NR).

(B) Schematic overview of treatments in conventional DSS-induced colitis model. n = 6 for each group.

(C) The alteration of body weight in conventional DSS-induced colitis mouse. n = 6/group, non-parametric Wilcoxon rank-sum test. Data are represented as

mean + SEM.

(D) Gross morphology of the colon was shown in different treatment groups of conventional DSS-induced colitis mice.
(E) Mouse colonic sections were stained by hematoxylin and eosin in conventional DSS-induced colitis mice. Original magnification, x5 (top row) and x20

(bottom row).

(F) The histology scores of colonic sections in conventional DSS-induced colitis. n = 6/group, non-parametric Wilcoxon rank-sum test. Data are represented as

mean + SD.

(G) Schematic overview of treatments in conventional TNBS-induced colitis model. n = 6 for each group.
(H) The alteration of body weight in conventional TNBS-induced colitis mouse. n = 6/group, non-parametric Wilcoxon rank-sum test. Data are represented as

mean + SEM.

(I) Gross morphology of the colon was shown in different treatment group of conventional TNBS-induced colitis mice.
(J) Mouse colonic sections were stained by hematoxylin and eosin in conventional TNBS-induced colitis. Original magnification, x5 (top row) and x20

(bottom row).

(K) The histology scores of colonic sections in conventional TNBS-induced colitis. n = 6/group, non-parametric Wilcoxon rank-sum test. Data are represented as

mean + SD.

(L) Schematic overview of treatments in germ-free DSS-induced colitis model. n = 6 for each group.
(M) The alteration of body weight in germ-free DSS-induced colitis mouse. n = 6/group, non-parametric Wilcoxon rank-sum test. Data are represented as

mean = SEM.

(N) Gross morphology of the colon was shown in different treatment group of germ-free DSS-induced colitis mice.
(O) Mouse colonic sections were stained by hematoxylin and eosin in germ-free DSS-induced colitis mice. Original magnification, x5 (top row) and x20 (bottom

row).

(P) The histology scores of colonic sections in germ-free DSS-induced colitis. n = 6/group, non-parametric Wilcoxon rank-sum test. Data are represented as

mean = SD.
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Figure 2. Blautia bacteria could predict the effect of AZA therapy in patients with inflammatory bowel disease (IBD)

(A) Flow chart in cohort 1 of Renji hospital.

(B) LDA effect size analysis in the fecal samples of patients with IBD in NR (n = 22) and in R (n = 27) after performing 16S DNA sequencing.

(C) The amount of B. wexlerae/B. luti species in the feces of patients with IBD in cohort 1. Significance was determined using a non-parametric Wilcoxon rank-sum
test (R, n =27; NR, n = 22).

(D and E) The amount of B. wexlerae/B. luti species was significantly increased in the feces of NR group (D, R, n = 57; NR, n = 34), both in patients with ulcerative
colitis (UC; R, n = 21; NR, n = 11) and patients with Crohn’s disease (CD; R, n = 36; NR, n = 23) (E). Non-parametric Wilcoxon rank-sum test.

(F) Classification performance of multivariable logistic regression model using relative abundance of B. wexlerae/B. luti was assessed by area under the receiver
operating characteristic (ROC) in cohort 2 (R: n = 57, NR: n = 34, AUC: 77.22%, 95% confidence interval [Cl]: 67.32%-87.12%), respectively.

(G) Analysis of the flare-free survival in patients with high (n = 41) versus low (n = 50) B. wexlerae/B. luti abundance in cohort 2.

(H) Multivariable analysis was performed in cohort 2. The bars correspond to 95% Cls.

the amount of B. wexlerae and B. luti was significantly increased
in those patients with IBD (including 11 cases of UC and 23 cases
of CD) in NR compared with other patients with IBD in R
(Figures 2D, 2E, and S2G-S2J). These data indicated that high

levels of B. wexlerae and B. luti were closely associated with
the therapeutic failure of AZA in patients with IBD.

We next assessed the potential value of predicting AZA effi-
cacy using gut microbiota as biomarkers. We observed that
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the area under curve (AUC) value of B. wexlerae/B. luti-based
prediction was 77.22%. Youden index was used to determine
the optimal cut-off point, and —10.71 (—delta CT value) was
selected based on the abundance of B. wexlerae/B. luti that pro-
vided the best balance between the sensitivity and the specificity
to predict AZA treatment failure in patients with IBD (Figure 2F;
Table S3). To assess how the variability in the amount of
B. wexlerae and B. luti affected disease outcomes, we assessed
the clinical flare-free time of patients with IBD with AZA adminis-
tration categorized as high and low abundance of B. wexlerae/
B. luti in cohort 2. A remarkable decrease in flare-free time was
observed in patients with IBD with higher levels of B. wexlerae/
B. Iuti compared with those patients with lower levels of
B. wexlerae/B. luti (Figure 2G). In addition, univariate (Figure S2K)
and multivariable (Figure 2H) regression analyses demonstrated
that the amount of B. wexlerae/B. Iuti was an independent pre-
dictor of patients with IBD to predict the clinical outcome of
cohort 2. Thus, the data in cohort 2 not only confirmed our obser-
vation in cohort 1 but also defined the potential value of the
amount of B. wexlerae/B. luti to predict AZA therapy failure in pa-
tients with IBD.

B. wexlerae reduced the therapeutic effect of AZA in a
DSS-induced acute colitis model

To explore whether B. wexlerae or B. luti is responsible for AZA
therapy failure in patients with IBD, we used a DSS-induced
acute colitis mice model with AZA treatment for further valida-
tion. To exclude the possibility that B. wexlerae and B. luti would
aggravate colitis, mice were administrated B. wexlerae and
B. luti, respectively, in an acute DSS-treated mice model
(Figures S3A-S3C). No significant differences of weight loss (Fig-
ure S3D), disease activity index (DAI) score (Figure S3E), colon
length (Figure S3F and S3G), pathological score (Figures S3H
and S3l), inflammatory factors (Figures S3J-S3N), and immune
cells of intestinal mucosa (Figures S30-S3R) were detected
among DSS, (B. wexlerae+DSS), and (B. luti+DSS) treatment
mice groups, indicating that B. wexlerae and B. luti have no sig-
nificant effect on DSS-induced acute colitis in mice.

We next investigated the causal relationship between
B. wexlerae and B. luti with AZA therapeutic effect on conven-
tional acute DSS-treated mice (Figure 3A). Phenotype data
showed that B. wexlerae, but not B. luti, administration signifi-
cantly reduced the therapeutic effect of AZA characterized by

Cell Reports Medicine

aggravated weight loss (Figure 3B), increased DAI (Figure 3C),
shortened colons (Figures 3D and S3S), and increased histology
scores (Figures 3E and 3F) in the DSS-induced intestinal colitis
mice model. Real-time PCR data showed that the expres-
sion levels of intestinal inflammatory factors, including tumor
necrosis factor o (TNF-«), interleukin-1p (IL-718), and IL-6, as
well as the markers of monocyte and granulocyte cells, were
significantly increased after AZA treatment in mice with
B. wexlerae inoculation (Figures 3G-3l and S3T) compared
with those in control mice. Flow cytometry validated that the
percentages of monocyte and granulocyte cells, but not
CD4*T and CD8'T cells, were significantly increased in the
intestinal mucosa of the (DSS+B. wexlerae+AZA) treatment
mice group (Figures 3J, 3K, and S3U). Further flow cytometry
analysis data showed that the proportions of macrophages
and neutrophils were also significantly increased in the (DSS+B
wexlerae+AZA) treatment mice group compared with the
(DSS+AZA) group (Figures 3L and 3M). These data indicated
that B. wexlerae might reduce the therapeutic effect of AZA
and might increase the amount of macrophage and neutrophil
cells in the DSS-induced acute colitis model. Since the
B. wexlerae-induced effect of AZA treatment failure is more sig-
nificant than B. luti in vivo validation, we next focused on
B. wexlerae for further validation.

B. wexlerae reduced the therapeutic effect of AZA and
elevated the amount IL1b*S100a8"* inflammatory
macrophages in a chronic mice colitis model

Next, we constructed a conventional chronic DSS-treated mice
model, which mimicked the chronic inflammatory progression of
patients with IBD more closely. Similarly, the role of B. wexlerae
in aggravating colitis was first excluded, and a chronic DSS
model was established after the mice were administrated
B. wexlerae by gavage as described before (Figures S4A-
S4G). B. wexlerae and heat-killed B. wexlerae were then respec-
tively fed to the conventional DSS-induced chronic colitis mice
with AZA treatment in different groups (Figure 4A). Phenotype
data showed that B. wexlerae, but not heat-killed B. wexlerae,
significantly reduced the therapeutic effect of AZA, character-
ized by aggravated weight loss (Figure 4B), increased DAI (Fig-
ure 4C), shortened colons (Figures 4D and S4H), and increased
histology scores (Figures 4E and 4F), in the chronic colitis mouse
model. These data indicated that B. wexlerae is responsible for

Figure 3. B. wexlerae reduced the therapeutic effect of AZA in a dextran sulfate sodium-induced acute colitis model

(A) Schematic diagram of the dextran sulfate sodium (DSS)-induced acute colitis model treated with B. wexlerae and B. luti in C57BL/6 mice with AZA treatment
including control group (n = 10), DSS group (n = 10), (DSS+AZA) group (n = 10), (DSS+E. coli+AZA) group (n = 10), (DSS+B. luti+AZA) group (n = 10), and
(DSS+B. wexlerae+AZA) group (n = 10).

(B and C) The alterations in mouse body weight (B) and DAI evaluation (C). n = 10/group, non-parametric Wilcoxon rank-sum test. Data are represented as
mean + SEM.

(D) Gross morphology of the colon was shown in different treatment mice group.

(E) Mouse colonic sections were stained by hematoxylin and eosin. Original magnification, x5 (top row) and x20 (bottom row).

(F) The histology scores of mice in different mice groups. n = 10/group, non-parametric Wilcoxon rank-sum test. Data are represented as mean + SD.

(G-1) Real-time PCR was performed to detect Tnf (G), /6 (H), and /I1b (I) in different treatment of mice groups. n = 10/group, non-parametric Wilcoxon rank-sum
test. Data are represented as mean + SD.

(J and K) The flow cytometry analysis of monocyte (J) and granulocyte (K) in different mice groups. n = 10/group, non-parametric Wilcoxon rank-sum test. Data are
represented as mean + SD.

(L and M) The flow cytometry analysis of macrophage (L) and neutrophil (M) in different mice groups. Representative images (left) and statistical proportion (right,
n = 10/group, non-parametric Wilcoxon rank-sum test). Data are represented as mean + SD.
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AZA therapy invalidation in the DSS-induced chronic colitis
mouse model as well.

In addition to the gut microbiome, immune system disorder
and the imbalance of immune cell proportions are regarded as
the main pathogenesis factors in IBD.'®'°To discriminate
which immune cells participated in B. wexlerae-induced AZA
therapy failure in IBD, we collected CD45" cells from intestinal
tissue of the chronic colitis mouse. The transcriptomes of indi-
vidual cells were obtained by single-cell RNA sequencing
(RNA-seq) (Figure 4G). After data pre-processing and quality
control, we obtained 16,204 transcriptomes of single cells.
These cells were partitioned into four groups using unsuper-
vised graph clustering (Figure 4H), visualized by uniform mani-
fold approximation and projection (UMAP) and labeled ac-
cording to the marker gene expression (Figure S4l).
Considering that the proportion of myeloid cells was the
most significantly increased after AZA treatment in acute coli-
tis mice with high B. wexlerae abundance, we firstly verified
the functions of myeloid cells in chronic colitis. Higher expres-
sion of the proinflammatory genes were observed in all
myeloid cell populations of the (DSS+B. wexlerae+AZA) treat-
ment mice groups compared with other groups (Figure 4l).
Then, these 3,114 myeloid cells were subgrouped into five
subsets (Figures 4J and S4J) to unveil the exact subgroup
that promoted intestinal colitis in mice. We found that the
amount of 111b*S100a8" macrophages, which were reported
to be associated with intestinal inflammation,”® was increased
in chronic colitis compared with control and that it was
rescued after AZA treatment in mice (Figure 4J). Moreover,
B. wexlerae treatment significantly increased the amount of
II1b*S100a8* macrophage cells in the (DSS+AZA)-treatment
mice compared with other groups (Figure 4J). Further gene
set-enriched score analysis revealed a strong enrichment of
inflammation-related pathways in [11b*S100a8* macrophage
cells of (DSS+AZA)-treatment mice with B. wexlera high abun-
dance compared with those mice with B. wexlerae low abun-
dance (Figure 4K), suggesting that B. wexlerae-induced AZA

Cell Reports Medicine

treatment failure might depend on increasing the proportion
of 111b*S100a8"* inflammatory macrophage cells in the DSS-
induced colitis mouse.

Meanwhile, we analyzed another cohort of patients with IBD
(n =7, cohort 3; Table S4) with standard AZA treatment and ob-
tained 28,611 single-cell profiles from their colon biopsies. Pa-
tients were divided into responders (n = 4) and non-responders
(n = 3) based on 6-month follow-up after the initial AZA adminis-
tration (Figure 4L). Four clusters of cells were identified accord-
ing to marker gene expression (Figures S4K-4M). Proportion
analysis showed that the percentage of IL1B*S100A8" macro-
phage cells was significantly increased in the non-responders
group (Figures 4M, S4N, and S40) compared with the responder
group in patients with IBD. Moreover, the expression of the
proinflammatory cytokine was higher in 111B*S100A8* macro-
phages of non-responders than in those of responders in pa-
tients with IBD (Figure 4N), which is consistent with the data in
the chronic colitis mouse model. Further Gene Ontology (GO)
analysis data showed that a strong enrichment of immune
response pathways was detected in I1B*S100A8" macrophage
cells of the NR group (Figure S4P). These data suggested that
the anti-inflammatory effect of AZA might rely on inhibiting the
proportion of IL1B*S100A8" inflammatory macrophages and
that B. wexlerae inoculation significantly impaired the AZA-medi-
ated inhibitory effect on IL1B*S100A8" macrophages in patients
with IBD.

B. wexlerae was closely associated with the
biotransformation of 6-mercaptopurine

Mass spectrometry analysis and real-time PCR data showed
that AZA, the intermediated metabolites of AZA, and B. wex-
lerae were detectable in the upper, middle, and lower seg-
ments of the small intestine in B. wexlerae-enriched mice,
respectively (Figures S5A and S5B). Therefore, we considered
that B. wexlerae and AZA might meet in the small intestine of
mouse. To explore the mechanism of B. wexlerae-induced
therapeutic failure of AZA in the intestinal colitis of mouse,

Figure 4. B. wexlerae reduced the therapeutic effect of AZA and elevated the amount IL1B*S100A8* macrophages in chronic mice colitis

model

(A) Schematic diagram of the DSS-induced chronic colitis model treated with B. wexlerae and heat-killed B. wexlerae in C57BL/6 mice including control group (n =
9), DSS group (n = 10), (DSS+AZA) group (n = 10), (DSS+heat-killed B. wexlerae+AZA) group (n = 10), and (DSS+B. wexlerae+AZA) group (n = 10).

(B and C) The alterations in mouse body weight (B) and DAI evaluation (C) in the control group (n = 9), DSS group (n = 10), (DSS+AZA) group (n = 10), (DSS+heat-
killed B. wexlerae+AZA) group (n=10), and (DSS+B. wexlerae+AZA) group (n = 10). Non-parametric Wilcoxon rank-sum test. Data are represented as mean + SEM.

(D) Gross morphology of the colon.

(E) Mouse colonic sections were stained by hematoxylin and eosin. Original magnification, x5 (top row) and x20 (bottom row).

(F) The histology scores of mice in different mice groups: control group (n = 9), DSS group (n = 10), (DSS+AZA) group (n = 10), (DSS+heat-killed B. wexlerae+AZA)
group (n = 10), and (DSS+B. wexlerae+AZA) group (n = 10). Non-parametric Wilcoxon rank-sum test. Data are represented as mean + SD.

(G) Experimental design for scRNA-seq analysis of CD45* immune cells from different groups of mice.

(H) UMAP of major immune cell clusters in mice.

(I) Heatmap showing the expression of proinflammatory genes in myeloid cells of mice.

(J) UMAP plot displaying 3,672 myeloid cells separated into 5 subtypes in mice (left), and bar plots exhibiting the cellular sources for mice myeloid cell subtypes
(right). Blocks represent different subtypes and are color coded by their derived types. Block heights are proportional to the number of detected cells.

(K) Violin plots showing the activated pathways in macrophage (M)-111b*S100a8" in (DSS+AZA)-treated mice with high B. wexlerae abundance by gene set-

enriched score analysis. Non-parametric Wilcoxon rank-sum test.
(L) Flow chart in cohort 3.

(M) Bar plots exhibiting the myeloid cell subtypes in colon mucosa of patients with IBD. Blocks represent different subtypes and are color coded by their derived

types (R, n =4; NR, n = 3).

(N) Dot plot showing the expression of proinflammatory genes in IL1b*S100A8"* macrophages of patients with IBD with different responses to AZA (R, n = 4; NR,

n=3).
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we first evaluated whether this bacterium could directly
degrade or bioaccumulate AZA. Vanquish ultra-high-perfor-
mance liquid chromatography (UHPLC)/Q Exactive plus anal-
ysis showed that B. wexlerae did not alter the AZA level in
the bacterial culture tryptic soy broth (TSB) medium (Fig-
ure S5C), indicating that B. wexlerae could not degrade AZA.

Next, we examined whether B. wexlerae affected the drug
metabolism of AZA. AZA belongs to a prodrug, which is con-
verted to 6-mercaptopurine (6-MP).>"?? 6-MP is then further
metabolized by downstream enzymes and is ultimately metab-
olized to 6-TGNSs, consisting of 6-thioguanine-monophosphate
(6-TGMP), 6-diphosphate (6-TGDP), and 6-triphosphate
(6-TGTP), which are considered to contribute to the immuno-
suppressive effects in IBD treatment®'*?? (Figure 5A). We next
evaluated the amount of AZA and its downstream metabolites
in mice with or without B. wexlerae treatment. Antibiotic-treated
mice were firstly administered B. wexlerae, followed by oral
administration of AZA (Figure 5B). Vanquish UHPLC/Q Exactive
plus analysis showed that the intermediate metabolite 6-TX
(6-thioxanthine), which is the precursor of the non-active form
6-thiouric acid (6-TU), was significantly increased, and another
active intermediate, metabolite 6-thioinosine-monophosphate
(6-TIMP), which is the precursor of the pharmaceutical active
form of 6-TGN (6-TGMP, 6-TGDP, 6-TGTP), is significantly
decreased in mice after B. wexlerae inoculation in the luminal
contents (Figure 5C) and in the serum samples (Figure 5D).
Since xanthine dehydrogenase (XDH) is responsible for 6-MP
transforming into 6-TX and hypoxanthine phosphoribosyltrans-
ferase (HPRT) is responsible for 6-MP transforming into 6-TIMP
in AZA metabolism, we first detected the activity of these two
enzymes in mouse intestinal tissue. ELISA data showed that
the activity of XDH and HPRT has no significantly alteration in
mouse intestinal tissue after B. wexlerae administration
compared with control mice (Figure S5D), which suggested
that the B. wexlerae-induced therapeutic failure of AZA might
depend on decreasing the bioavailability of AZA by the bacteria
but not by the host.

We next verified this hypothesis in vitro. Fecal samples from
B. wexlerae-gavaged and control mice were cultured in AZA-
containing TSB medium under anaerobic conditions, following
by examination of the intermediate metabolites of AZA in the
medium (Figure 5E). We found that the production of 6-TIMP
and 6-TGN (Figures 5F and 5G) was significantly impaired in
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the medium exposed to fecal bacteria from B. wexlerae-gav-
aged mice compared with that from control mice, while the pro-
duction of 6-TX was significantly increased in the same treat-
ment mice groups (Figure 5H). These data collectively
supported that B. wexlerae-enriched feces promoted the con-
version of 6-MP into its non-active form, 6-TX, but not its active
form, 6-TGN.

Enzymatic modification of drugs by gut bacteria (biotrans-
formation or metabolization) is a well-known and widely recog-
nized interaction mode.® Further ELISA data showed that XDH
activity, but not HPRT activity, was significantly increased in
the medium exposed to fecal bacteria from B. wexlerae-
administrated, antibiotic-treated mice than that from control
mice under anaerobic culture conditions (Figures 51 and
S5E). Since experiments to knockout selenium-dependent
(sd)-XDH in B.wexlerae are not feasible currently, we next
used the inhibitors of XDH to explore the effect of B.wex-
lerae-induced AZA therapeutic failure in vitro. Allopurinol or fe-
buxostat (the inhibitors of XDH) treatment significantly
reduced the B. wexlerae-induced increase in XDH activity (Fig-
ure 51) and 6-TX levels (Figure S5F) in fecal bacteria from mice.
We next analyzed the DNA sequence of B. wexlerae on the
NCBI website. The bioinformatic analysis data showed that
B. wexlere might encode an sd-XDH (Figures 5J and S5G).
Further correlation analysis of the sd-XDH gene abundance
in different taxonomic groups across the (74 control and 185
IBD) metagenomes (PRJNA385949) showed that the number
of sd-XDH reads per metagenome (rho = 0.38, p < 0.0001)
was positively associated with the relative abundance of
B. wexlere (Figure 5K). Consistently, these data illustrated
that the sd-XDH gene harbored by B. wexlerae might mediate
the biotransformation of 6-MP.

B. subtilis supplementation reversed B. wexlerae-
induced AZA therapeutic failure in an intestinal colitis
mouse model

The drug interaction between XDH inhibitors and AZA can result
in clinically significant adverse events.?®?* Thereby, we next
explored whether B. subtilis, which has been reported to encode
the HPRT gene before,” could rescue B. wexlerae-induced AZA
treatment failure. Real-time PCR data showed that the B. subtilis
capsule, which contained B. subtilis bacteria, could enhance
the abundance of B. subtilis in the fecal samples of mice

Figure 5. B. wexlerae was closely associated with the biotransformation of AZA

(A) Proposed thiopurine metabolism. AZA, azathioprine; 6-MP, 6-mercaptopurine; 6-TIMP, 6-thioinosine monophosphate; 6-TXMP, 6-thioxanthosine mono-
phosphate; 6-TGMP, 6-thioguanine monophosphate; 6-TGDP, 6-thioguanine diphosphate; 6-TGTP, 6-thioguanine triphosphate; 6-TGN, 6-thioguanine; GST,
glutathione S-transferase; HPRT, hypoxanthine phosphoribosyl transferase; IMPDH, inosine monophosphate dehydrogenase; GMPS, guanosine mono-
phosphate synthetase. In therapeutic drug monitoring, a 6-TGN level consists of the sum of 6-TGMP, 6-TGDP, and 6-TGTP levels.

(B) Schematic overview of experimental design for studying the effect of B. wexlerae and B. luti on AZA bioavailability in C57BL/6 mice. n = 6 for each group.
(C and D) Quantitative analysis of AZA and its metabolite levels in luminal contents (C) and plasma (D). n = 6/group, non-parametric Wilcoxon rank-sum test. Data

are represented as mean + SD.

(E) Schematic overview of experimental design for studying the impact of B. wexlerae on AZA in vitro. The green tube contains fecal bacterial suspension (OD =
0.3). The yellow tube contains fecal bacterial suspension (OD = 0.3) with AZA supplement. Control mice (blue block). B. wexlerae-gavaged mice (purple block).
(F-H) Quantitative levels of 6-TIMP (F), 6-TGN (G), and 6-TX (H) in AZA-containing culture medium post-anaerobic incubation with fecal samples. n = 3/group,

Student’s t test. Data are represented as mean + SD.

() XDH activity in the medium exposed to fecal samples under anaerobic conditions. n = 3/group, Student’s T test. Data are represented as mean + SD.
(J) Bioinformatic analysis showing B. wexlere might encode a selenium-dependent xanthine dehydrogenase (sd-XDH) gene.

(K) Correlation analysis of bacterial sd-XDH and B. wexlerae in PRINA385949.
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(Figure S6A). Functional validation data showed that B. subtilis
treatment significantly rescued B. wexlerae-mediated AZA ther-
apy failure (Figure 6A), characterized by alleviated weight loss
(Figure S6B), decreased DAI (Figure 6B), longer colons (Fig-
ures 6C and S6C), and decreased histology scores (Figures 6D
and 6E), in the intestinal colitis mouse model. In addition, supple-
mentation of B. subtilis significantly reduced the B. wexlerae-
induced increase in the percentage of monocytes (Figure S6D)
and macrophages (Figure S6E) in colitis mice with AZA treat-
ment. Multi-immunofluorescent staining showed that the signals
of lI1b and S100a8 were strongly enriched in macrophages in the
intestinal tissues of the B. wexlerae-enriched mice group
compared with control mice groups with DSS and AZA treatment
(Figures 6F and 6G). B. subtilis treatment dramatically decreased
this bacteria-induced upregulation of lI1b and S100a8 in macro-
phages in vivo (Figures 6F and 6G) and effectively blocked
B. wexlerae-induced biotransformation of 6-MP into 6-TX (Fig-
ure 6H). These data indicated that B. subtilis treatment effec-
tively reduced B. wexlerae-induced activation of inflammatory
macrophage cells in intestinal colitis mice with AZA treatment.
These data indicated that supplementation of B. subtilis might
effectively and specifically restore B. wexlerae-induced AZA
therapy failure in patients with IBD.

We also explored whether B. wexlere treatment could alter the
composition of gut microbiota in DSS-plus-AZA-treated mice.
Shotgun metagenomics analysis was performed in fecal sam-
ples of DSS-plus-AZA-treated mice with or without B. wexlere
inoculation. Principal-component analysis showed that the gut
microbiota composition of DSS-plus-AZA-treated mice was
significantly different in B. wexlere-inoculated and control mice
(Figure S6F). LDA with effect size revealed that the pathogenic
bacteria Oscillibacter sp. 57_20 and Oscillibacter sp. KLE
1728°° were enriched and that the amount of probiotic bacteria,
including Eubacterium sp. 3_1_31 [C] and Lactobacillus ani-
malis,>"*® were reduced in B. wexlere-treated mice compared
with control mice (Figure S6G). These data suggested that
B. wexlere-induced AZA treatment failure might depend on
increasing the amount of pathogenic bacteria in intestinal colitis
mice.

DISCUSSION

The gut microorganism is a recognized player in host fitness,?°
modulating numerous bioactive molecules, and may affect
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many drugs’ potency via different mechanisms.”'* We
currently bridged the knowledge gap between the gut microbes
and AZA efficacy by using different mouse models. Functional
assay showed that AZA-mediated immunosuppressive function
was weakened after transplantation of NR-patient-derived
feces, but not R-patient-derived feces, into antibiotic-treated
and germ-free intestinal colitis mice. We further demonstrated
that B. wexlerae was involved in AZA therapy failure in patients
with IBD via blocking the biotransformation of 6-MP and
increasing the amount of 1I1b*S100a8* inflammatory macro-
phages by using a combination of genomic, bioinformatics,
and biological approaches, in vivo models, and clinical studies
(Figure 6l).

The gut microbiota has been identified as an essential factor in
driving inflammation and the development of mucosal lesions in
IBD,***" so we first explored whether B. luti and B. wexlerae
could promote inflammation in DSS-treated mice. Flow cytome-
try data showed that both B. luti and B. wexlerae could not
aggravate colitis by decreasing the amount of CD8" T cells in
mice under DSS-treatment conditions. The data are consistent
that B. luti and B. wexlerae could exert an anti-inflammatory ef-
fect in peripheral blood mononuclear cell cultures in vitro® and
that oral administration of B. wexlerae to mice induced metabolic
changes and anti-inflammatory effects.>®> The mechanism of
B. wexlerae and B. luti inducing anti-inflammatory effects or
decreasing the amount of CD8" T cells still needs to be further
explored. Furthermore, our findings indicated that while
B. wexlerae did not promote DSS-induced colitis in mice, it
impaired the efficacy of AZA in treating intestinal inflammation.
In addition, Faecalibacterium prausnitzii was also reported to
product a 15-kDa protein with anti-inflammatory properties pre-
venting colitis.>* However, the acyl-CoA N-acyltransferases en-
coded by F. prausnitzii are involved in the metabolism of
5-aminosalicylic acid, diminishing its clinical efficacy in patients
with IBD.*® Therefore, the same bacteria may have different ef-
fects depending on the environmental conditions.

Gut microbiota has been reported to be involved in the meta-
bolism of a range of drugs, especially orally administered, small-
molecule drugs.®*® In some individual mice, up to 70% of the
drug transformation can be ascribed to microbial metabolism,
further emphasizing that intestinal bacteria may be the second
largest reservoir of metabolic enzymes besides the liver. Bacte-
rial levodopa metabolism by tyrosine decarboxylases has been
identified, dominantly driven by Enterococcus and Lactobacillus

Figure 6. B. subtilis supplementation reversed B. wexlerae-induced AZA therapeutic failure in intestinal colitis mouse model

(A) Schematic diagram of the DSS-induced acute colitis model with different treatments including AZA, B. wexlerae, and B. subtilis capsules. Control group (n = 5),
AZA group (n = 5), (B. wexlerae+AZA) group (n = 5), and (B. wexlerae+AZA+B. subtilis capsule) group (n = 5) in DSS-induced colitis model.

(B) The alterations in mouse DAl score. n = 5/group, Student’s t test. Data are represented as mean + SEM.

(C) Gross morphology of the colon in different treatment groups of DSS-induced colitis mice.

(D) Mouse colonic sections were stained by hematoxylin and eosin. Original magnification, x5 (top row) and x20 (bottom row).

(E) The histology scores of colonic sections in C57BL/6 intestinal colitis mice. n = 5/group, Student’s t test. Data are represented as mean + SD.

(F) Representative images for each marker of 111b*S100a8" macrophages were shown in mice colon of different groups.

(G) Relative odds ratios (OR) across samples of inflammatory macrophage markers l11b and S100a8 co-staining with CD68 macrophage cells versus total cells
are shown. n = 5/group, Student’s t test. Data are represented as mean + SD.

(H) Relative abundance of 6-TX and 6-TIMP in feces of mice. n = 5/group, Student’s t test. Data are represented as mean + SD.

() Schematic diagram of the relationship among B. wexlerae, XDH, and AZA treatment failure in patients with IBD. AZA, azathioprine; 6-MP, 6-mercaptopurine;
6-TIMP, 6-thioinosine-monophosphate; 6-TX, 6-thioxanthine; 6-TGN, 6-thioguanine nucleotide; XDH, xanthine dehydrogenase; HPRT, hypoxanthine phos-
phoribosyltransferase.
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species, which is problematic because dopamine generated in
the periphery cannot cross the blood-brain barrier and causes
unwanted side effects.®”*® Lysinibacillus sphaericus showed
high arylesterase activity, which depicted aspirin degradation
and reduced the chemopreventive effects of aspirin in mice.*°
Microbiome-derived acarbose kinases from the human gut and
oral microbiome encode kinases that selectively phosphorylate
acarbose, resulting in its inactivation.“° In this case, our studies
demonstrated that B. wexlerae significantly reduced the 6-TIMP
level (the active form of AZA metabolism), increased the 6-TX
level (the non-active form of AZA metabolism), and further
compromised the IBD anti-inflammatory effect of AZA. The
B. wexlerae-induced increase in XDH activity and the 6-TX level
were significantly decreased by the XDH inhibitors in fecal bac-
teria of mice. Thus, we supposed that one of the reasons for AZA
therapy failure in patients with IBD with a high amount of
B. wexlerae might account for increasing this bacteria-derived
sd-XDH activity and decreasing the biotransformation efficiency
of 6-MP in intestinal lumen. Drug interaction between XDH inhib-
itors and AZA can result in clinically significant adverse events,?®
and combination therapy with low-dose AZA and allopurinol is
still under research.”* We hence used another probiotics
B. subtilis, which codes HPRT, for in vivo validation. Supplemen-
tation of B. subtilis effectively increased the amount of 6-TIMP
and successfully rescued B. wexlerae-induced AZA treatment
failure in vivo. These findings demonstrated the important role
of B. wexlerae in reducing AZA bioavailability and dampening
the treatment efficiency of AZA in IBD.

It has been shown that immune cells exposed to specific gut
microbes can infiltrate the tumor microenvironment and pro-
duce chemotactic factors affecting response to checkpoint in-
hibitors.'? Since B. wexlerae has been validated to slightly alle-
viate colitis, we hypothesized that B. wexlerae might affect the
composition of intestinal microbiota in colitis mice under AZA
treatment. Metagenomic sequencing analysis showed that
B. wexlerae treatment resulted in the accumulation of patho-
genic bacteria, including Oscillibacter. It is becoming evident
that an unbalanced gut microbial structure may trigger or
promote inflammation in intestine.*’ It is plausible that the
enhanced enrichment of pathogenic species by B. wexlerae
might contribute to the activation of intestinal inflammation,
including IL1B*S100A8" inflammatory macrophages in IBD
with AZA treatment failure. Besides the degrading effect of B.
wexlerae on AZA, additional explorations are needed to eval-
uate the impact of intestinal inflammation activation by B.
wexlerae in AZA treatment failure of patients with IBD in the
future.

In addition to its biological importance, our data raised an
important question: whether regular therapeutic regimens
including AZA treatment are suitable for patients with IBD
with a high amount of B. wexlerae. Since it is challenging to
obtain tissue samples from different parts of the small intestine
in clinical settings, this study had a limitation in investigating the
distribution of AZA and B. wexlerae in the mucosal tissue of
different segments of the human small intestine. Therefore,
the impact of B. wexlerae on the effectiveness of AZA in pa-
tients with IBD needs to be reevaluated. While B. wexlerae
may be considered a beneficial bacterium in other disease
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models, in our animal model, it was found to inhibit the thera-
peutic effects of AZA in mouse colitis. Further studies with a
larger number of clinical samples are necessary to explore
the role of B. wexlerae in inducing treatment failure of AZA in
patients with 1BD.

Limitations of the study

While this study discovered the impact of gut microbiota on
the efficacy of AZA in patients with IBD and identified the
key bacterium B. wexlerae, there are several limitations to
consider. Firstly, B. wexlerae was screened from the fecal
samples of patients with IBD, and although its presence was
also found in the terminal ileum tissue, the exact location of
B. wexlerae in the upper gastrointestinal tract of patients
with IBD and its role in disrupting AZA efficacy cannot be
determined due to limitations in sampling the proximal small
intestine of patients with IBD. Additionally, although extensive
animal and in vitro experiments validated the inhibitory effect
of B. wexlerae on AZA biotransformation, this study does not
provide sufficient evidence to lead to significant changes in
clinical practice, such as predicting the response to AZA in pa-
tients with IBD based on microbial composition in different
segments of the intestine. In conclusion, the limitations of
this study suggest the need for further research in patients
with IBD to elucidate the interaction between B. wexlerae
and AZA biotransformation.
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mouse Cd4, Cd8a, Ptprc, Cd19, Sdc1,
Tnfrsf17, Ly6c, Ly6g, ltgax, Ncam1, ltga2.
More details see Table S6.

Primer for pycA. More details see Table S6. Lee et al.** N/A

Software and algorithms

Prism V9.0 Graph Pad https://www.graphpad.com/scientific-
software/prism/

FlowJo FlowJo LLChttps https://www.flowjo.com/

Rv4.1.2 R https://www.r-project.org/

VSEARCH v2.15.0 Rognes et al.*® https://github.com/torognes/vsearch

Scanpy Package v1.8.1 Wolf et al.*® https://github.com/theislab/Scanpy

fastp 0.23.2 Chen et al.*” https://github.com/OpenGene/fastp

curatedMetagenomicData v3.6.2 Pasolli et al.*® https://github.com/waldronlab/

curatedMetagenomicData
mOTUs v2.0.1 Milanese et al.*’ https://github.com/motu-tool/mOTUs

RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Jie Hong,
PhD (jiehong97@sjtu.edu.cn).

Materials availability
All reagents generated in this study are available from the lead contact with a completed Materials Transfer Agreement.

Data and code availability

o Data: 16S rDNA sequencing and scRNA sequencing data generated during this study are available at the China National Center
for Bioinformation/Beijing Institute of Genomics, Chinese Academy of Sciences (https://ngdc.cncb.ac.cn): PRJICA015633,
PRJCA018136. The metagenome sequencing raw data of longitudinal stool study of patients with IBD and controls are avail-
able at the NCBI Sequence Read Archive (SRA) database: PRUNA385949.

@ Code: This study does not report original code.

o General Statement: Any additional information required to reanalyze the data reported in this work paper is available from the
lead contact upon request.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS
Study design and clinical specimen collection

A total of 227 IBD patients receiving AZA treatment were divided into 4 cohorts. Their basic information was collected before AZA
treatment (Tables S1, S3 and S4). In Cohort 1 (n = 49), fecal samples from all the enrolled patients were obtained before standard
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AZA treatment and 16S rDNA sequencing was conducted on their feces samples for the identification of AZA-treatment-response-
related microbe. In Cohort 2 (n = 91), colonoscopy paraffin-embedded mucosa was collected from newly diagnosed patients with
IBD before AZA treatment. The 72-month follow-up results in Cohort 2 were acquired for external validation and cutoff value deter-
mination. Single-cell RNA sequencing was performed in 7 IBD patients in Cohort 3 in order to illuminate the relationship between
immune microenvironment and the response to AZA treatment. The origins of Cohort 1-3 were identified in a summary table
(Table S5).

Bacterial strain and culture conditions

Blautia wexlerae (ATCC 14507) and Blautia luti (DSM 14534) were cultured at 37°C under anaerobic conditions (DG 250, Don Whitley
Scientific, West Yorkshire, UK) in Tryptic Soy Broth supplemented with Yeast Extract, L-cysteine hydrochloride, Hemin Stock, and
Vitamin K1 Stock.

Animal experiments and treatments

Male C57BL/6 mice were purchased from Shanghai Jihui Laboratory Animal Care Co.Ltd. All mice were housed and reared at the
animal center of Renji Hospital Affiliated to Shanghai Jiao Tong University School of Medicine in specific pathogen free (SPF)
conditions.

To enhance B. wexlerae and B. luti species colonization, 5-week-old mice were administered with a cocktail of vancomycin
(0.5 g/L, MB1260, Meilunbio, Dalian, China), ampicillin (1 g/L, MB1507, Meilunbio, Dalian, China), neomycin (1 g/L, MB1716, Meilun-
bio, Dalian, China), and metronidazole (1 g/L, MB2200, Meilunbio, Dalian, China) 7 days before peroral bacterial inoculations. After-
ward, the mice were gavaged with bacterial inoculations twice a week for 2 weeks. B. wexlerae and B. luti colonization in fecal were
examined regularly. Heat-killed B. wexlerae was sterilized by high pressure steam (120°C at 30MPa, maintained for 30 min). B. subtilis
capsule was administered intragastrically according to the instruction (60 mg/kg or 6 x 108 CFU/kg). Two weeks after inoculation,
mice were randomly divided into indicated groups for sets of experiments. The mice were then treated differently according to the
purpose.

Additional methods are provided in online supplemental information.

METHOD DETAILS

Clinical assessment
Every participant has received standard therapy including 7-day induction therapy and the subsequent maintenance therapy in
accordance with Chinese expert consensus.®® During the induction therapy, patients were treated with 40 mg/day methylprednis-
olone intravenously. Patients diagnosed with UC or CD followed our inclusion and exclusion criteria were recruited in Renji Hospital
affiliated to the School of Medicine, Shanghai Jiao Tong University from 2012 to 2022. The patient cohorts were approved by the
ethics committee of Renji Hospital affiliated to the School of Medicine, Shanghai Jiao Tong University, and the protocol was approved
by the Ethics Committee of 2021-skt-004.
Inclusion criteria

(1) Participants who have been newly diagnosed with IBD

(2) Participants who have received standard therapy including steroid induction remission and AZA maintenance therapy.

(3) Participants who have given written informed consent and willingly cooperate with the collection of biological samples as well

as basic and clinical information.

Exclusion criteria

(1) Participants with cancer history.

(2) Participants with TPMT or NUDT mutation.

(8) Participants who could not tolerate AZA due to side effects.

(4) Participants who have taken antibiotics or probiotics within 3 months before clinical sample collection.

Patients were assessed for outcomes based on histologic findings, clinical and endoscopic examination 6 months after the initial
AZA administration.'® Clinical response of UC was defined as a decrease in Mayo score of at least 3 points and at least 30 percent,
with an accompanying decrease in the subscore for rectal bleeding of at least 1 point or an absolute subscore for rectal bleeding of
0 or 1.°" Clinical response of CD was defined as a decrease in Crohn’s Disease Activity Index (CDAI) > 100 points.>”

Animal experiments and treatments
For Dextran sodium sulfate (DSS)-induced acute colitis model, mice were administrated with 3.5% DSS (molecular weight (MW),
36,000-50,000 Da; MP Biomedicals, LLC, Solon, OH) in drinking water for 6 days and DSS-free water for the next 2 days. Mice
were intragastrically gavaged daily with either vehicle control or AZA (1.5 mg/kg, MW, 277.26 Da; MB1758, Meilunbio, Dalian, China)
drugs for periods between 21 and 30 days.**** The clinical signs of disease activity index (DAI) were scored daily, including of body
weight, diarrhea, and bloody stools.>*°
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For 2,4,6-trinitrobenzene sulfonic acid (TNBS)-induced acute colitis model, mice were treated by a previous protocol.>” Acetone

and olive oil was mixed in a 4:1 volume ratio by rigorous vertexing, and 1 volume of 5% (w/v) TNBS (p2297, Sigma, USA) solution was
mixed with these 4 volumes of acetone/olive oil by vertexing rigorously to make TNBS pre-sensitization solution. Mice were immu-
nized with 150 uL of the TNBS presensitization solution on the shaved abdominal skin of mice. After one week, 100 pL of 2.5% (w/v)
TNBS (diluted in 50% ethanol) was administered intrarectally through a catheter inserted into the colon 4 cm proximal to the anus. The
clinical signs were monitored daily. Colon histology were examined until day 4 after TNBS treatment.

For DSS-induced chronic colitis model, DSS was administered in the drinking water chronically for three cycles (2.5% DSS for
7 days on, followed by 14 days off; 3% DSS for 7 days on, followed by 14 days off; 3.5% DSS for 7 days on, followed by 7 days
off). Meanwhile, we intragastrically gavaged mice daily with either vehicle control or AZA (1.5 mg/kg) for periods between 42 and
77 days.*%°? The clinical signs of DAl were scored as described above.

Fecal microbiota transplantation (FMT) was performed according to a reported protocol.®®°° Briefly, feces containing bacteria was
mixed and centrifuged at 3200g. We resuspended the pellet containing bacteria in Columbia broth (BD Difco, USA) 25% glycerol pre-
incubated in anaerobic atmosphere. Bacterial suspensions were aliquoted and frozen at —80°C in cryo-vials (Cat.430488, Corning,
USA). For human FMT administration, frozen aliquots were thawed on ice, centrifuged at 3200g, and resuspended in sterile PBS pre-
incubated in anaerobic atmosphere.

For the plasma level of AZA and its downstream metabolites examination model, Mice were intragastrically gavaged daily with
either vehicle control or AZA drugs (1.5 mg/kg) and the plasma and cecal contents were collected at 1 h.

The animal experiments were approved by the ethics committee of Renji Hospital affiliated to the School of Medicine, Shanghai
Jiao Tong University, and the protocol was approved by the Ethics Committee of 21-E—05.

Histology and immunohistochemical analysis

Mouse colon tissues were fixed in 10% formalin, embedded in paraffin, and cut into 4-um sections. Hematoxylin and eosin staining
was performed according to the standard protocol. Then histological assessment was performed blinded to the mouse genotypes
based on inflammatory cell infiltrate and intestinal architecture, as previously described.®’

For immunohistochemical staining, endogenous peroxidase of the paraffin-embedded tissue sections was blocked by all-purpose
antigen retrieval solution and non-specific binding was blocked by 10% goat serum albumin blocking buffer. The slides were incu-
bated with primary antibodies for 1h, followed by incubation with the secondary antibodies. The color development was performed
using a Four-color multiple fluorescent immunohistochemical staining kit (Absin, Shanghai, China) in accordance with the manufac-
turer’s instructions. Slides were washed in phosphate-buffered saline (PBS), stained with 2-(4- amidinophenyl)-1H-indole-6-carbox-
amidine (DAPI) and immunofluorescence images were obtained using Olympus Fluorescence Microscopy.

All histological scorings and quantifications were performed in a blinded fashion.

DNA extraction and target microbiota quantification

Genomic DNAs from fecal were extracted using QlAamp PowerFecal DNA Kit (Qiagen, GmbH, Hilden, Germany). Genomic DNAs
from formalin-fixed paraffin-embedded tissue were extracted using QlAamp DNA FFPE Tissue Kit (Qiagen, GmbH, Hilden, Germany).
Real-time PCR was performed to detect B.wexlerae/B.luti, B.wexlerae, B.luti and B.subtilis species using StepOnePlus real-time
PCR system (Applied Biosystems, Foster City, CA). Results are represented as 2722, normalized to 16S rDNA and to NR group.®":2
Each reaction contained 500 ng of DNA and was assayed in triplicate.

Semiquantitative RT-PCR and real-time PCR assays

Total RNA from cells and colon tissues was isolated with Trizol reagent (Invitrogen, Carlsbad, CA, USA). NanoVue spectrophotometer
(GE Healthcare) was used to assess the quantity and quality. mRNA was subjected to reverse transcription with 5’All-In-One RT
MasterMix kit (TaKaRa). For quantitative analysis of mRNA expression, real-time PCR was performed using StepOnePIusA rgal—
time PCR system (Applied Biosystems, Foster City, CA). B-actin was used as an internal control for mRNA expression. 2° ct
method was used to quantify the relative expression levels. The primers used for the real-time PCR analysis were summarized in
Table S6.

Flow cytometric analysis

Single cells were isolated from colon mucosa and cell suspensions were stained. Fixable viability dye and surface markers was
stained using fluorescently labeled antibodies for 30 min at 4°C. Flow cytometer data were acquired on FACS Celesta (BD Biosci-
ences, Schwechat, Austria) and analyzed with FlowJo software (FlowdJo, LLC, Ashland, OR).

AZA, 6-MP, 6-TX, 6-MMP, 6-TIMP and 6-TGN detection

The bacterial culture supernatant was deposited with 50% methanol and the supernatant was sucked out and tested after centrifu-
gation. The plasma was prepared by methanol and acetonitrile (1:1). After centrifugation, the supernatant was concentrated and
centrifuged, and redissolved in 10% methanol to be tested. The levels of AZA, 6-MP, 6-TX, 6-MMP, 6-TIMP and 6-TGN from bacterial
culture supernatant, plasma and gut luminal contents were determined by Vanquish ultra-high-performance liquid chromatography-
quadrupole (UHPLC/Q) Exactive plus.
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Xanthine dehydrogenase and hypoxanthine phosphoribosyltransferase 1 activity assay

Xanthine Dehydrogenase (XDH) and hypoxanthine phosphoribosyltransferase 1 (HPRT1), depicting the metabolism of AZA, in bac-
terial culture medium was determined by a commercial XDH activity assay kit (SEC608Mu, Cloud-Clone, Wuhan, China) and HPRT1
ELISA kit (SEA717Hu, Cloud-Clone, Wuhan, China). Briefly, the bacterial culture medium was centrifugated (12, 000 r/min) for 2min,
and the supernation was detected as described in the kit instruction.

QUANTIFICATION AND STATISTICAL ANALYSIS

16S rDNA gene sequencing and analysis

Total microbial genomic DNA was extracted from fecal samples using the E.Z.N.A. soil DNA Kit (Omega Bio-tek, Norcross, GA, U.S.)
according to manufacturer’s instructions. The DNA were then determined by 1.0% agarose gel electrophoresis and a NanoDrop ND-
2000 spectrophotometer (Thermo Scientific Inc., USA) for quality and concentration. Prior to further use, the DNA were kept
at —80°C. The hypervariable region V3-V4 of the bacterial 16S rDNA gene were amplified with primer pairs 338F (5'-ACTCCTACGG
GAGGCAGCAG-3') and 806R(5'-GGACTACHVGGGTWTCTAAT-3') by an ABI GeneAmp 9700 PCR thermocycler (ABI, CA, USA).
PCR ampilification cycling conditions were performed according to manufacturer’s instructions. All samples were amplified in tripli-
cate. The PCR product was extracted from 2% agarose gel and purified using the AxyPrep DNA Gel Extraction Kit (Axygen Biosci-
ences, Union City, CA, USA) according to manufacturer’s instructions and quantified using Quantus Fluorometer (Promega, USA).
Purified amplicons were pooled in equimolar amounts and paired-end sequenced on an lllumina MiSeq PE300 platform/NovaSeq
PE250 platform (lllumina, San Diego,USA) according to the standard protocols by NEO-bio Bio-technology Co.Ltd.

The open-source software VSEARCH v2.15.0 was used for initial bioinformatic analysis of the sequencing data.*® Sequences were
trimmed and those with ambiguous bases were discarded. Suspected chimeric sequences were identified using VSEARCH and
removed. Phylogenetic identification of each OTU was achieved by aligning sequences to the alignment database rdp_16s_v16_sp
(https://www.drive5.com/sintax/rdp_16s_v16_sp.fa.gz). OTU values generated by VSEARCH were further analyzed using R-studio
(phyloseq).

Single cell sequencing and analysis

The samples were dissociated to single-cell suspensions and the libraries were generated on a 10x Genomics platform using Chro-
mium Single Cell 3’ library and gel bead kit v3. The single-cell libraries were sequenced on the NovaSeq 6000 System (lllumina) at
NEO-bio Bio-technology Co.Ltd with 150 bp paired-end sequencing of reads. Scanpy Package v1.4.4 was used for downstream
data analysis. Cells with more than 200 genes, and genes detected in more than 3 cells were retained for further analysis. After quality
control, we obtained datasets containing a total of 21,721 cells with 19,252 genes in mice tissues and 32,425 cells with 33,538 genes
in IBD patient mucosa. Harmony was used to adjust PCs by sample ID and used to generate the neighborhood graph and embedded
using UMAP. In mice samples, clustering was performed using the louvain algorithm with an initial resolution of 0.3. In IBD patient
tissues, clustering was performed using the leiden algorithm with an initial resolution of 0.2. For initial clustering, differentially ex-
pressed genes were calculated using the Wilcoxon rank-sum test (via ‘tl.rank_genes_groups’ in scanpy).

Shotgun metagenomic sequencing and analysis

The lllumina Nova-seq 6000 paired-end shotgun sequencing was used. Raw data was filtered by fastp with default parameters fol-
lowed by the quantification of microbial composition based on marker gene based operational taxonomic units (mOTUs, https://
github.com/motu-tool/mOTUs).

Statistical analysis

Statistical analysis was conducted using the program R (www.r-project.org). Experiments were performed at least in triplicate and
all of the data were showed as mean + SD or mean + SEM in this study. Data were examined to determine whether they were
normally distributed with the One-Sample Kolmogorov-Smirnov test. If the data were normally distributed, comparisons of mea-
surement data between two groups were performed using independent sample t test and the comparisons among three or more
groups were first performed by one-way ANOVA test. If the results showed significant difference, when the data were skewed
distribution, comparisons were performed by nonparametric test. To account for the small sample sizes in certain groups (n =
3-5), we were unable to assess normality of the distribution for all samples. As a result, statistical analysis was performed under
the assumption that the data were normally distributed.®® Statistical tests were two-tailed and a p value of less than 0.05 was
considered statistically significant.
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Supplementary Figure 1
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Figure S1. Gut microbes were closely associated with therapeutic failure of azathioprine (AZA) in
patients with inflammatory bowel diseases. Related to Figure 1.

(A) The length of colon of colonic sections in conventional DSS-induced colitis, n=6/group,
nonparametric Wilcoxon rank-sum test. Data are represented as mean = SD.

(B) The length of colon of colonic sections in conventional TNBS-induced colitis, n=6/group,
nonparametric Wilcoxon rank-sum test. Data are represented as mean + SD.

(C) The length of colon of colonic sections in germ-free DSS-induced colitis, n=6/group, nonparametric

Wilcoxon rank-sum test. Data are represented as mean = SD.



Supplementary Figure 2

A B
Graphic Summary Alignments Taxonomy gggg sr‘_t 1 ———
Sequences producing significant alig D d ¥ [ Selectcolumns ¥ Show (2] =001
L]
select all 100 sequences selected GenBank Graphics Distance tree of results  [IMSA Viewer
T e Same Sooe Cover vatwe laemt AL Accasion g 20
v v v v - - = L]
Blautia MCC298 NODE_25_length_789_co... Blautiaw... 736 736 100% 0.0 99.76% 869 NZ_WQPZ01000020.1 g
Blautia luti strain|1001713B170131_170501_E2 NODE_70... Blautialuti 736 736 100% 00 99.76% 1481 NZ_JADPGV010000069.1 g .
Blautia strain 2789STDY5608857, whol... Blautiah... 695 695 100% 0.0 97.56% 477468 NZ_CYXL01000005.1 u_o_ 1 0
Blautia obeum strain AF29-2BH AF29-2BH.Scaf2, whole ge... Blautiao... 691 691  100% 0.0 97.32% 260343 NZ_QRSS01000002.1 °
Blautia faecis strain MSK.11.45 NODE_97_length_908_cov... Blautia fa 682 682 100% 0.0 96.83% 908 NZ_JAAIPV010000094.1 ‘
Blautia strain MSK.21.93 NODE_114_length_16...Blautiagl... 668 668 100% 00 96.10% 1650 NZ_JAAITU010000114.1 il '..
Blautia schinkii strain MSK.6.26 NODE_43_length_1324_co...Blautias... 664 664 100% 0.0 9585% 1324 NZ_JAAWUOO010000043.1 0 # ‘:;.
Blautia caecimuris strain MSK.19.25 NODE_48_length_156... Blautiac... 664 664 100% 00 9585% 1564 NZ_JAAIPW010000047.1
Blautia stercoris strain 3_YM_SP_D4_24.mj T248_ctg023, ... Blautiast... 664 664 100% 00 9585% 1223 NZ_JACRTP010000022.1 R NR
(n=27) (n=22)
Blautia train GD8, whole genome shotgun seq...Blautiam... 664 664 100% 00 95.85% 820 NZ_LN913003.1
c Cohort 1 D Cohort 1 X E Cohort 1 F Cohort 1
Feces B.luti lleum  B.wexlerae/B. luti llleum B.wexlerae llleum B.luti
<| < P<0.0T P<0.05
125 —E —E<000t, " [ —
30
30
100 K 6 .
() (0] () ()
o o (=] (=) <
§ 75{ 5 . 5 5 5 '
5 £ 20 5 4 . 5 )
3 . 3 . 3 . 3
o 50 o . i ot 2
'y °
LY 10 2 o ?..n_ 10 ® °
25 (24 ° ) {.
° . ¢ b et o .e )
- »t ° T o 20 -
o] o= 0 eSS ie o ‘G o] = e
R NR R NR R NR R NR
(n=27)  (n=22) (n=25)  (n=20) (n=25)  (n=20) (n=25)  (n=20)
G H
Cohort2  B.wexlerae Cohort 2 B.luti Cohort 2 B.wexlerae
P<0.001 P0.007 V[&} CD
20 ° 20 i P<0.001 P<0.05
20 °
L]
o 15 . o 15 ° ) .
(o)) o (=] 1 5 L3
C c C
2 2 o 2
] 'l ° o o
3 10 e 3 10 J° g 10 . ]
w . w w .
L] L]
5 ° 5 -° 5 o° LY
7 : " $
L
0 L .' 0 _ﬁ'& 0 @ ol® °
R NR R NR R NR R NR
(n=57) (n=34) (n=57) (n=34) (n=36) (n=23) (n=21) (n=11)
J K
Cohort 2 B. luti Cohort2
Univariable risk factor .
ucC CD Odds Ratio(95% Cl) P
P<0.05 P<0.01 '
" J . I
20 B.wexlerae/B. luti | —es———— 7.41(2.79,19.72)  <0.001
(high vs low) 1
15 . HB 1.12(0.43,2.90)  0.812
) (>115vs <115) |
S . ESR 1w~ 1.41(0.59, 3.38) 0.437
5 10 . (>15vs <15) 1
»
3 v BMI fe— 1.86(0.78,4.44)  0.165
= 5 . . (>20 vs <20)
o ° - Gender 1.31(0.54, 3.21) 0.556
Ei:; LA (Male vs Female) !
.‘ 1
0 CRP - 1.24(0.51,3.00)  0.636
(>8vs<8)
B s 5 e Age # 0.76(0.32, 1.84)  0.545
(n=36) (n=23) (n=21) (n=11) (>30 vs <30) .I . . , . \32, 1. .
0 10 20 30




Figure S2. Blautia bacteria could predict the effect of Azathioprine (AZA) therapy in IBD patients.
Related to Figure 2.

(A) Top 10 strains were blasted to the sequence of B.wexlerae/B.luti in national library of medicine
database.

(B-C) The amount of B.wexlerae (B) and B.luti (C) species in the feces of IBD patients of Cohort 1, R,
n=27; NR, n=22, nonparametric Wilcoxon rank-sum test.

(D) The amount of B.wexlerae/B.luti species in the illum tissue of IBD patients in Cohort 1, R, n=25;
NR, n=20, nonparametric Wilcoxon rank-sum test.

(E-F) The amount of B.wexlerae (E) and B.luti (F) in the illum tissue of IBD patients in Cohort 1, R,
n=25; NR, n=20, nonparametric Wilcoxon rank-sum test.

(G-H) The amount of B.wexlerae (G) and B.luti (H) in the colonoscopy paraffin-embedded mucosa of
IBD patients in Cohort 2, R, n=57; NR, n=34, nonparametric Wilcoxon rank-sum test.

(I-J) The amount of B.wexlerae (1) and B.luti (J) species in the colonoscopy paraffin-embedded mucosa
of UC (R, n=36; NR, n=23) and CD (R, n=21; NR, n=11) patients in Cohort 2, nonparametric Wilcoxon
rank-sum test.

(K) Univariate analysis was performed in Cohort 2. The bars correspond to 95% confidence intervals.
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Figure S3. B.wexlerae reduced the therapeutic effect of AZA in a dextran sulfate sodium—induced
acute colitis model. Related to Figure 3.

(A) Schematic diagram of the DSS-induced acute colitis model treated with B.wexlerae and B.luti in
C57BL/6 mice, control group (n=10), DSS group (n=10), (DSS+ B.luti) group (n=9), (DSS+ B.wexlerae)
group (n=10).

(B-C) The relative abundance of B./uti (B) and B.wexlerae (C) in feces of B.luti or B.wexlerae-gavaged
mice, n=6/group, nonparametric Wilcoxon rank-sum test. Data are represented as mean + SD.

(D and E) The alterations in mouse body weight (D) and DAI (E) evaluation, control group (n=10), DSS
group (n=10), (DSS+ B.luti) group (n=10), (DSS+ B.wexlerae) group (n=9), nonparametric Wilcoxon
rank-sum test. Data are represented as mean = SEM.

(F and G) Gross morphology (F) and length (G) of the colon in C57BL/6 mice with and without
B.wexlerae and B.luti gavaged, control group (n=10), DSS group (n=10), (DSS+ B.luti) group (n=10),
(DSS+ B.wexlerae) group (n=9), nonparametric Wilcoxon rank-sum test. Data are represented as mean
+ SD.

(H and I) Representative images stained with Hematoxylin and Eosin staining (H) and the histology
scores (I) of colonic sections in B.wexlerae and B.luti-gavaged C57BL/6 mice, control group (n=10),
DSS group (n=10), (DSS+ B.luti) group (n=10), (DSS+ B.wexlerae) group (n=9), nonparametric
Wilcoxon rank-sum test. Original magnification, X5 (fop row) and x20 (bottom row). Data are
represented as mean = SD.

(J-N) Real-time PCR was performed to detect Tnf'(J), Ifng (K), Il1b (L), 1117 (M) and 7/6 (N) in different
treatment of mice groups, control group (n=10), DSS group (n=10), (DSS+ B.luti) group (n=10), (DSS+
B.wexlerae) group (n=9), nonparametric Wilcoxon rank-sum test. Data are represented as mean + SD.
(O) Statistical proportion of monocyte cells in different mice groups, control group (n=10), DSS group
(n=10), (DSS+ B.luti) group (n=10), (DSS+ B.wexlerae) group (n=9), nonparametric Wilcoxon rank-
sum test. Data are represented as mean + SD.

(P) Statistical proportion of granulocyte in different mice groups, control group (n=10), DSS group
(n=10), (DSS+ B.luti) group (n=10), (DSS+ B.wexlerae) group (n=9), nonparametric Wilcoxon rank-
sum test. Data are represented as mean + SD.

(Q and R) The statistical proportion of CD4+T (Q) and CD8+T (R) in mice groups with and without

B.wexlerae and B.luti gavage, control group (n=10), DSS group (n=10), (DSS+ B.luti) group (n=10),



(DSS+ B.wexlerae) group (n=9), nonparametric Wilcoxon rank-sum test. Data are represented as mean
+ SD.

(S) The colon length of mice in different mice groups, n=10/group, nonparametric Wilcoxon rank-sum
test. Data are represented as mean = SD.

(T) Heatmap plot showing the relative expression of immune cell markers in colon mucosae of mice.
(U) The statistical proportion of CD4'T and CD8'T in different mice groups, n=10/group, nonparametric

Wilcoxon rank-sum test. Data are represented as mean + SD.
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Figure S4. B.wexlerae reduced the therapeutic effect of AZA and elevated the amount
IL1B*S100A8" macrophages in chronic mice colitis model. Related to Figure 4.

(A) Schematic diagram of the DSS-induced chronic colitis model treated with B.wexlerae in C57BL/6
mice, control group (n=9), DSS group (n=10), (DSS+ B.wexlerae) group (n=10).

(B and C) The alterations in mouse body weight (B) and DAI evaluation (C), control group (n=9), DSS
group (n=10), (DSS+ B.wexlerae) group (n=10), nonparametric Wilcoxon rank-sum test. Data are
represented as mean + SEM.

(D and E) Gross morphology (D) and length (E) of the colon in C57BL/6 mice with and without
B.wexlerae gavaged, control group (n=9), DSS group (n=10), (DSS+ B.wexlerae) group (n=10),
nonparametric Wilcoxon rank-sum test. Data are represented as mean = SD.

(F and G) Representative images stained with Hematoxylin and Eosin staining (F) and the histology
scores (G) of colonic sections in B.wexlerae-gavaged C57BL/6 mice. Original magnification, x5 (top
row) and x20 (bottom row), control group (n=9), DSS group (n=10), (DSS+ B.wexlerae) group (n=10),
nonparametric Wilcoxon rank-sum test. Data are represented as mean = SD.

(H) The colon length was shown in heat-killed B.wexlerae or B.wexlerae-gavaged C57BL/6 mice with
AZA treatment, control group (n=9), DSS group (n=10), (DSS+AZA) group (n=10), (DSS+heat-killed
B. wexlerae+AZA) group (n=10) and (DSS+B. wexlerae+AZA) group (n=10), nonparametric Wilcoxon
rank-sum test. Data are represented as mean = SD.

(I) Heatmap showing specific marker genes for 5 major cell clusters in chronic colitis of mice. Relative
expression was defined as the gene-wise (row) z-score of normalized UMI counts across cell types
(column).

(J) Violin plots showing marker genes across myeloid subsets in DSS-induced chronic colitis.

(K) UMAP of major immune cell clusters in Cohort 3.

(L) Heatmap showing specific marker genes for 7 major cell clusters in Cohort 3. Relative expression
was defined as the gene-wise (row) z-score of normalized UMI counts across cell types (column).

(M) Bar plots exhibiting the cellular sources for IBD patient cell subtypes. Blocks represent different
subtype and are color-coded by their derived types. Block heights are proportional to the number of
detected cells.

(N) UMAP of myeloid cell clusters in Cohort 3.

(O) Violin plots showing marker genes across myeloid subsets in IBD patients.



(P) Bar graph showing the enriched pathways in I11B*S100A8" macrophages (M-I11B"S100A8") in

remission (n =4) IBD patients compared with non-remission patients (n = 3) via gene oncology analysis.
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Figure S5. B.wexlerae was closely associated with the biotransformation of azathioprine. Related
to Figure 5.

(A) The level of the metabolites of AZA in luminal contents. Data are represented as mean + SD.

(B) The abundance of B. wexlerae in luminal contents. Data are represented as mean + SD.

(C) The level of AZA detected in the bacterial culture Tryptic Soy Broth (TSB) medium with B.wex/erae
incubation, n=3/group, Student’s T Test. Data are represented as mean + SD.

(D) The relative activity of XDH and HPRT1 for AZA metabolism in mice intestinal tissue. XDH (left).
HPRT (right), n=6/group, nonparametric Wilcoxon rank-sum test. Data are represented as mean + SD.
(E) HPRT1 activity in the medium exposed to fecal samples under anaerobic condition, n=3/group,
Student’s T Test. Data are represented as mean = SD.

(F) Quantitative level of 6-TX in bacterial supernatant under different treatment, n=3/group, Student’s
T Test. Data are represented as mean + SD.

(G) The analysis of the DNA sequence data of B.wexlerae on NCBI Web site.



Supplementary Figure 6
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Figure S6. Bacillus Subtilis supplementation reversed B.wexlerae-induced AZA therapeutic failure
in intestinal colitis mouse model. Related to Figure 6.

(A) The relative abundance of B. subtilis in feces of B.subtilis-gavaged mice, n=5/group, nonparametric
Wilcoxon rank-sum test. Data are represented as mean = SD.

(B) The alterations in mouse body weight in different mice, n=5/group, Student’s T Test. Data are
represented as mean = SEM.

(C) The length of the colon in C57BL/6 mice in different mice, n=5/group, Student’s T Test. Data are
represented as mean = SD.

(D and E) The flow cytometry analysis of monocytes (D) and macrophage (E) was performed in DSS-
induced colitis groups, n=5/group, Student’s T Test.

(F) PCoA analysis showed that the overall fecal microbiota composition was different between PBS and
B. wexlerae groups (n=8/group, P <0.05).

(G) Analysis of B. wexlerae-modulated gut bacteria at specie level in (DSS+AZA)-treated mice by

Maaslin2 program, n=8/group.



Remission (n=27)

Non-Remission (n=22)

Characteristics P
CD (n=21) UC (n=6) CD (n=19) UC (n=3)

Demographis
Gender, Male, n(%) 14 (66.67%) 4 (66.67%) 11 (57.89%) 2 (66.67%) 0.803
Age, years, median(min-max) 28.00 [22.00, 35.00] 44.00 [37.00, 54.00] 26.00 [18.50, 34.00] 24.00 [20.50, 29.00]  0.101
BMI, kg/m’® ,median(min-max) 18.43 [17.50, 21.88] 21.70 [20.88, 22.45] 21.07 [19.08, 23.82] 17.19 [16.38, 19.32]  0.473
Disease activity, median(min-max)
Duration of symptoms, months 2 (1-8) 3 (1-5) 3 (1-10) 2(1-2) 0.285
CRP, mg/L 13.50 [9.10, 25.40] 8.45 [3.72, 12.65] 19.20 [5.45, 42.10] 5.50 [2.95, 34.70] 0.733
ESR, mm/h 34.00 [17.00, 44.00] 17.50 [16.00, 37.00] 33.00 [15.00, 44.00] 14.00 [8.00, 30.50] 0.748
Hb, g/L 123.00 [108.00, 132.00]  120.50 [109.75, 126.00]  113.00 [103.50, 129.00] 91.00 [83.00, 110.00]  0.087
CDAI 274.39 (183.4-356.64) 288.91 (224.79-353.02) 0.364
Mayo score 8 (4-9) 6 (6-8) 0.972
Disease characteristics
Montreal L 0.060

L1 ileal, n (%) 9 (42.86%) 7 (36.84%)

L2 colonic, n (%) 4 (19.05%) 5(15.79%)

L3 ileocolonic, n (%) 8 (38.10%) 7 (47.36%)

L4 isolated upper disease, n (%) 0 (0.00%) 0 (0.00%)
Montreal B 0.577

B1 non-stricturing, non-penetrating, n (%) 15 (71.43%) 12 (63.16%)

B2 stricturing, n (%) 6 (28.57%) 7 (36.84%)

B3 penetrating, n (%) 0 (0.00%) 0 (0.00%)
Montreal B perianal, n (%) 0.894

None 18 (85.71%) 16 (84.21%)

Perianal disease 3 (14.29%) 3 (15.79%)
Montreal E 0.487

El proctitis, n (%)
E2 left sided colitis, n (%)
E3 pancolitis, n (%)

3 (50.00%)
2 (33.33%)
1(16.67%)

2 (66.67%)
0 (0.00%)
1 (33.33%)

Table S1. Related to Figure 1. Demographic characteristics of Cohort 1.



Patients | Age (years) | Gender | BMI (kg/m?) | CRP (mg/L) | ESR (mm/h) | HB (g/L)

1 27 Male 23.37 1.61 6 139
2 55 Male 24.77 3.32 36 137
3 50 Male 19.95 12.6 14 120
4 37 Female 19.81 164 97 91

5 15 Female 20.07 20.92 69 100
6 58 Female 22.49 0.59 14 128
7 27 Male 20.07 41.4 33 132
8 45 Male 22.49 0.58 9 157
9 24 Male 15.94 0.5 29 84

10 30 Female 15.15 7.26 48 116
11 19 Female 28.80 1.69 11 101
12 16 Male 20.57 70.9 65 138
13 38 Male 17.30 4.1 60 118
14 43 Female 24.97 2.13 38 103
15 19 Male 15.92 5.31 8 139
16 21 Female 20.39 22.97 49 117
17 21 Male 19.38 0.81 4 154
18 32 Female 19.92 0.5 36 124
19 28 Female 15.06 10.5 29 92

20 20 Female 16.00 0.5 7 119
21 26 Male 19.59 0.5 140
22 58 Female 24.52 1.82 19 123
23 62 Male 24.22 1.75 7 153
24 21 Male 21.97 23.5 32 135
25 40 Male 22.60 22.1 40 85

26 22 Male 32.87 5.85 19 161
27 43 Female 21.80 37.44 67 74

28 36 Male 19.59 0.5 18 124
29 26 Male 18.78 0.75 14 150
30 18 Male 18.04 67.87 2 157
31 17 Male 20.76 0.5 5 134
32 50 Female 23.88 5 4 124
33 13 Female 15.40 17.8 20 106
34 35 Male 18.96 15.03 16 106
35 33 Female 24.22 16.49 67 110
36 40 Male 23.15 2.77 6 172
37 19 Male 19.69 0.5 4 154
38 17 Male 23.15 5.13 17 150
39 36 Male 22.15 23.31 13 136
40 37 Male 21.51 18.3 12 142
41 22 Female 15.22 0.5 132
42 23 Female 20.08 0.26 121
43 49 Male 23.09 0.63 142
44 57 Female 19.81 81.6 56 84

45 50 Female 17.50 9.27 11 120
46 19 Female 15.24 2.25 6 133
47 18 Female 18.07 0.15 13 97




48 37 Male 18.94 4.48 10 123
49 37 Male 19.82 2.65 32 107
50 21 Male 22.72 9.54 67 121
51 22 Male 16.98 3.05 20 145
52 25 Male 19.27 0.64 7 138
53 23 Female 16.61 2.32 25 107
54 34 Female 17.07 0.19 13 115
55 29 Male 19.05 11.2 12 127
56 45 Female 20.20 0.54 13 121
57 30 Male 17.16 5 2 141
58 37 Male 18.29 0.31 9 122
59 27 Female 24.09 3.31 2 129
60 54 Male 19.72 60.6 64 95
61 25 Male 16.53 0.78 19 107
62 22 Female 21.23 0.5 10 107
63 27 Male 18.93 5.47 5 144
64 58 Female 17.19 28.2 64 81
65 68 Female 20.40 2.25 30 134
66 22 Female 22.94 0.5 23 142
67 19 Male 26.83 2.5 2 144
68 18 Male 19.47 9.59 29 125
69 30 Male 19.49 11.9 16 132
70 20 Male 23.38 12.2 34 134
71 29 Male 24.00 107.1 66 103
72 20 Male 27.47 10.5 16 142
73 22 Female 16.53 4.7 17 106
74 31 Male 21.86 10.2 10 119
75 30 Male 26.42 4.5 12 156
76 45 Female 20.81 2.3 19 127
77 26 Male 18.72 1.4 16 141
78 24 Male 26.83 0.5 7 167
79 25 Male 23.18 0.1 2 142
80 58 Female 15.81 14.5 51 93
81 17 Female 16.97 0.1 4 137
82 18 Female 19.29 117.4 74 109
83 30 Male 19.49 15.6 16 136
84 25 Female 17.65 17.1 34 106
85 61 Male 23.51 3.9 16 127
86 32 Male 16.33 1.7 34 123
87 36 Male 24.51 1.3 6 117
88 57 Male 25.16 22.9 34 96
89 33 Male 23.38 2.7 23 129
90 23 Male 20.09 7.7 6 134
91 16 Male 19.76 22.3 32 112

Table S2. Related to Figure 2. Clinical information on Cohort 2.




B. Wexlerae/luti abundance Sensitivity Specificity YoudenIndex
Inf 1 0 1

-4.252529463 1 0.03125 1.03125
-4.581509591 0.983050847 0.03125 1.014300847
-5.537878037 0.983050847 0.0625 1.045550847
-6.489592552 0.983050847 0.09375 1.076800847
-6.689202945 0.983050847 0.125 1.108050847
-6.792258899 0.983050847 0.15625 1.139300847
-6.895759901 0.983050847 0.1875 1.170550847
-6.950245222 0.966101695 0.1875 1.153601695
-7.128705979 0.966101695 0.21875 1.184851695
-7.294996103 0.966101695 0.25 1.216101695
-7.444566886 0.966101695 0.28125 1.247351695
-7.624618531 0.949152542 0.28125 1.230402542
-7.730538051 0.949152542 0.3125 1.261652542
-7.920929591 0.949152542 0.34375 1.292902542
-8.232744058 0.93220339 0.34375 1.27595339
-8.48333184 0.915254237 0.34375 1.259004237
-8.57785225 0.915254237 0.375 1.290254237
-8.719418526 0.915254237 0.40625 1.321504237
-8.884890239 0.898305085 0.40625 1.304555085
-8.928016981 0.881355932 0.40625 1.287605932
-9.073852539 0.881355932 0.4375 1.318855932
-9.224819819 0.86440678 0.4375 1.30190678
-9.255772591 0.847457627 0.4375 1.284957627
-9.300165812 0.847457627 0.46875 1.316207627
-9.414551417 0.847457627 0.5 1.347457627
-9.495992979 0.830508475 0.5 1.330508475
-9.617959659 0.813559322 0.5 1.313559322
-9.75630951 0.813559322 0.53125 1.344809322
-9.875935237 0.796610169 0.53125 1.327860169
-10.0481027 0.779661017 0.53125 1.310911017
-10.16509756 0.762711864 0.53125 1.293961864
-10.25254282 0.745762712 0.53125 1.277012712
-10.31744608 0.728813559 0.53125 1.260063559
-10.36336073 0.728813559 0.5625 1.291313559
-10.4015983 0.728813559 0.59375 1.322563559
-10.43828297 0.728813559 0.625 1.353813559
-10.48003419 0.711864407 0.625 1.336864407
-10.52584156 0.711864407 0.65625 1.368114407
-10.57453839 0.711864407 0.6875 1.399364407
-10.65204525 0.711864407 0.71875 1.430614407
-10.70736838 0.711864407 0.75 1.461864407
-10.71593968 0.694915254 0.75 1.444915254
-10.7439766 0.677966102 0.75 1.427966102
-10.78282611 0.677966102 0.78125 1.459216102
-10.86388143 0.661016949 0.78125 1.442266949
-10.94763867 0.644067797 0.78125 1.425317797
-11.01126019 0.627118644 0.78125 1.408368644
-11.05666669 0.610169492 0.78125 1.391419492
-11.1333774 0.593220339 0.78125 1.374470339
-11.23575338 0.576271186 0.78125 1.357521186
-11.27570375 0.576271186 0.8125 1.388771186




-11.30812264 0.559322034 0.8125 1.371822034
-11.35244719 0.559322034 0.84375 1.403072034
-11.47450034 0.542372881 0.84375 1.386122881
-11.62899621 0.542372881 0.875 1.417372881
-11.81309764 0.525423729 0.875 1.400423729
-11.96199799 0.508474576 0.875 1.383474576
-12.03289175 0.491525424 0.875 1.366525424
-12.11214876 0.474576271 0.875 1.349576271
-12.15377712 0.474576271 0.90625 1.380826271
-12.28552612 0.474576271 0.9375 1.412076271
-12.43162982 0.457627119 0.9375 1.395127119
-12.54346991 0.440677966 0.9375 1.378177966
-12.64722888 0.423728814 0.9375 1.361228814
-12.6719478 0.406779661 0.9375 1.344279661
-12.83525419 0.389830508 0.9375 1.327330508
-13.11038256 0.372881356 0.9375 1.310381356
-13.31171529 0.355932203 0.9375 1.293432203
-13.53095945 0.338983051 0.9375 1.276483051
-13.71156232 0.338983051 0.96875 1.307733051
-13.83276622 0.322033898 0.96875 1.290783898
-14.0099659 0.305084746 0.96875 1.273834746
-14.14986452 0.288135593 0.96875 1.256885593

-14.236794 0.271186441 0.96875 1.239936441
-14.29691951 0.254237288 0.96875 1.222987288

-14.503613 0.237288136 0.96875 1.206038136
-14.74765524 0.220338983 0.96875 1.189088983
-14.85139498 0.203389831 0.96875 1.172139831
-14.97098176 0.186440678 0.96875 1.155190678
-15.16064946 0.169491525 0.96875 1.138241525
-15.53315783 0.152542373 0.96875 1.121292373
-15.80603775 0.13559322 0.96875 1.10434322
-15.98606396 0.118644068 0.96875 1.087394068
-16.17940013 0.101694915 0.96875 1.070444915
-16.4491094 0.101694915 1 1.101694915
-16.79678091 0.084745763 1 1.084745763
-17.02734725 0.06779661 1 1.06779661
-17.17600854 0.050847458 1 1.050847458
-17.7639548 0.033898305 1 1.033898305
-18.96923224 0.016949153 1 1.016949153

Youden Index was used to determine the optimal cut-off point. The best cut-off that maximizes the

sensitivity plus the specificity is -10.71. The patients with a higher amount of B. wexlerae/luti (-delta CT >
- 10.71) are more likely to present inflammation progression in AZA administration.

Table S3. Related to Figure 2. The sensitivity and specificity of individual B. wexlerae/luti abundance.



Patient Gender | Age | Group

Patient 1 Male 17 R
Patient 2 Male 14 R
Patient 3 Male 28 R
Patient 4 Male 20 R

Patient 5 Male 27 NR

Patient 6 Female 27 NR

Patient 7 Female 68 NR

Table S4. Related to Figure 4. Overview of patient charateristics in Cohort 3.



Cohort Source Patients Sample Management
49 IBD patient F 16s tDNA i
Cohort 1 | Renji hospital pens cees - e
47 IBD patients Illeum tissue gPCR detection
Cohort 2 | Renji hospital | 91 IBD patients Colonoscopy paraffin- qPCR detection
embedded mucosa
Cohort 3 | Renji hospital | 7 IBD patients Mucosa tissue Single-cell RNA sequencing

Table S5. Related to STARMETHODS. Summary table of Cohort 1~3.



Gene

Forward primer

Reverse primer

Blautia wexlerae/Blautia luti

GCATAAGCGCACAGAGCT

CACATCAGACTTGCCACA

Blautia wexlerae

GCCAAAAGAGAAACAAGTCAGAGAA

GACGCAAATACATCACGAAGGAATA

Blautia luti

CATAGCGTGTCCAGTTCCGAAAG

GACCATTTTTGCAAGCTGGTACTGT

16s

GGTGAATACGTTCCCGG

TACGGCTACCTTGTTACGACTT

Mouse B-actin

AGCACTGTGTTGGCATAGAGGTC

CTTCTTGGGTATGGAATCCTGTG

Mouse Tnf-o

CATCTTCTCAAAATTCGAGTGACAA

TGGGAGTAGACAAGGTACAACCC

Mouse Ifn-y

AGCTCTTCCTCATGGCTGTTTC

ATGTTGTTGCTGATGGCCTGA

Mouse II-1b

CAACCAACAAGTGATATTCTCCATG

GATCCACACTCTCCAGCTGCA

Mouse 11-17

CTCCAGAAGGCCCTCAGACTAC

AGCTTTCCCTCCGCATTGACACAG

Mouse I1-6

TCTATACCACTTCACAAGTCGGA

GAATTGCCATTGCACAACTCTTT

Mouse Cd4

CTCCTTCGGCTTTCTGGGTTTCC

GCACTGGCAGGTCTTCTTCTCAC

Mouse Cd8a

CTGTCGCTGAACCTGCTGCTG

TCGGAGTTCGGGTGCCTGTG

Mouse Ptprc

GTTATCCACGCTGCTGCCTCAC

TTGGCTGCTGAATGTCTGAGTGTC

Mouse Cd19

CCATCTCCTCTCCCTGTCTCCTTC

ATTGCCTCCCTCTTCTACCTCCAC

Mouse Sdcl

CTTTGTCACGGCAGACACCTT

GACAGAGGTAAAAGCAGTCTCG

Mouse Tnfrsfl7

ACCGTGTCACTTGCGATGTTCC

TGTCGTCACCAGCCCTGATCC

Mouse Ly6c

GCCGCGCCTCTGATGGATTC

ACACCAGCAGGGCAGAAAGAAAG

Mouse Ly6g

CCACCTGAGACTTCCTGCAACAC

GGCAGATGGGAAGGCAGAGATTG

Mouse Itgax

GAGCCCATCTCCCTCCAGGTG

CACAGTAGGACCACAAGCCAACAG

Mouse Ncam1

CACCGTCTTCTCCATCCATTGACC

CAGCGACTTCCACTCAGCCTTG

Mouse Itga2

CTCCTGCTGCGGCTGCTAATG

AGTTGCCTTGTGGGTTCGTAAGC

pycA

GTCTTCCGTTCAGGAAAGGC

GATCTCCCGTTTGGATCGGCTC

Table S6. Related to STARXMETHODS. The sequences of primers used in this study.
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