
Article

Secreted Akkermansia muciniphila threonyl-tRNA

synthetase functions to monitor and modulate
immune homeostasis
Graphical abstract
Highlights
d Gut-associated Akkermansia muciniphila secretes threonyl-

tRNA synthetase (AmTARS)

d Secreted AmTARS targets macrophages and activates the

anti-inflammatory TLR2-CREB axis

d An evolutionarily acquired region in AmTARS mediates

specific interactions with TLR2

d AmTARS restores macrophage homeostasis, increases IL-

10, and attenuates colitis in mice
Kim et al., 2023, Cell Host & Microbe 31, 1021–1037
June 14, 2023 ª 2023 The Author(s). Published by Elsevier Inc.
https://doi.org/10.1016/j.chom.2023.05.007
Authors

Su-Man Kim, Shinhye Park,

Seung-Ho Hwang, ..., Sunghoon Kim,

Won-Jae Lee, Myung Hee Kim

Correspondence
mhk8n@kribb.re.kr

In brief

Kim et al. report that the gut-associated

bacterium A. muciniphila secretes

threonyl-tRNA synthetase (AmTARS) to

monitor and modulate host immune

homeostasis. Secreted AmTARS

activates anti-inflammatory signaling,

restores macrophage homeostasis,

increases IL-10, and attenuates colitis in

mice. Commensal tRNA synthetases may

act as intrinsic mediators that maintain

homeostasis.
ll

mailto:mhk8n@kribb.re.�kr
https://doi.org/10.1016/j.chom.2023.05.007
http://crossmark.crossref.org/dialog/?doi=10.1016/j.chom.2023.05.007&domain=pdf


OPEN ACCESS

ll
Article

Secreted Akkermansia muciniphila
threonyl-tRNA synthetase functions
to monitor and modulate immune homeostasis
Su-Man Kim,1,2,18 Shinhye Park,1,3,18 Seung-Ho Hwang,1 Eun-Young Lee,1 Jong-Hwan Kim,4 Ga Seul Lee,5,6 Giljae Lee,7

Dong-Ho Chang,1 Jae-Geun Lee,1 Jungwon Hwang,1 Youngjin Lee,1 Minsoo Kyung,8 Eun-Kyoung Kim,8

Jae-Hoon Kim,9,19 Tae-Hwan Kim,1,10 Jeong Hee Moon,5 Byoung-Chan Kim,1,11 GwangPyo Ko,7,12,13,14

Seon-Young Kim,4,15 Ji-Hwan Ryu,16 Jeong-Soo Lee,1,15 Chul-Ho Lee,9,15 Jeong-Yoon Kim,3 Sunghoon Kim,17

Won-Jae Lee,8 and Myung Hee Kim1,20,*
1Microbiome Convergence Research Center, Korea Research Institute of Bioscience and Biotechnology (KRIBB), Daejeon 34141, Korea
2Department of Biology Education, Chonnam National University, Gwangju 61186, Korea
3Department of Microbiology and Molecular Biology, Chungnam National University, Daejeon 34134, Korea
4Korean Bioinformation Center, KRIBB, Daejeon 34141, Korea
5Core Research Facility & Analysis Center, KRIBB, Daejeon 34141, Korea
6College of Pharmacy, Chungbuk National University, Cheongju 28160, Chungbuk, Korea
7Department of Environmental Health Sciences, Graduate School of Public Health, Seoul National University, Seoul 08826, Korea
8National CreativeResearch InitiativeCenter for Hologenomics andSchool of Biological Sciences, Seoul National University, Seoul 08826, Korea
9Laboratory Animal Resource Center, KRIBB, Daejeon 34141, Korea
10College of Veterinary Medicine, Chungnam National University, Daejeon 34134, Korea
11HealthBiome, Inc., Bioventure Center, Daejeon 34141, Korea
12Center for Human and Environmental Microbiome, Institute of Health and Environment, Seoul National University, Seoul 08826, Korea
13KoBioLabs, Inc., Seoul 08826, Korea
14Bio-MAX/N-Bio, Seoul National University, Seoul 08826, Korea
15Department of Functional Genomics, KRIBB School of Bioscience, Korea University of Science and Technology, Daejeon 34113, Korea
16Severance Biomedical Science Institute andBrain Korea 21 PLUSProject forMedical Science, Yonsei University College ofMedicine, Seoul

03722, Korea
17Institute for Artificial Intelligence and Biomedical Research, College of Pharmacy and College of Medicine, Gangnam Severance Hospital,

Yonsei University, Incheon 21983, Republic of Korea
18These authors contributed equally
19Present address: Livestock Products Analysis Division, Division of Animal Health, Daejeon Metropolitan City Institute of Health and

Environment, Daejeon 34146, Korea
20Lead contact

*Correspondence: mhk8n@kribb.re.kr

https://doi.org/10.1016/j.chom.2023.05.007
SUMMARY
Commensal bacteria are critically involved in the establishment of tolerance against inflammatory chal-
lenges, the molecular mechanisms of which are just being uncovered. All kingdoms of life produce amino-
acyl-tRNA synthetases (ARSs). Thus far, the non-translational roles of ARSs have largely been reported in eu-
karyotes. Here, we report that the threonyl-tRNA synthetase (AmTARS) of the gut-associated bacterium
Akkermansia muciniphila is secreted and functions to monitor andmodulate immune homeostasis. Secreted
AmTARS triggers M2 macrophage polarization and orchestrates the production of anti-inflammatory IL-10
via its unique, evolutionary-acquired regions, which mediates specific interactions with TLR2. This interac-
tion activates the MAPK and PI3K/AKT signaling pathways, which converge on CREB, leading to an efficient
production of IL-10 and suppression of the central inflammatory mediator NF-kB. AmTARS restores IL-10-
positive macrophages, increases IL-10 levels in the serum, and attenuates the pathological effects in colitis
mice. Thus, commensal tRNA synthetases can act as intrinsic mediators that maintain homeostasis.
INTRODUCTION

Co-evolution of the host and its gut microbiota has led to a highly

mutualistic relationship in which the gut microbiota plays funda-

mental roles in maintaining host homeostasis.1–4 Growing evi-

dence shows that perturbation of the gutmicrobiota (i.e., dysbio-
Cell Host & Microbe 31, 1021–1037, Ju
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sis) has a marked effect on metabolic and immune processes,

eventually affecting host physiology linked to multiple metabolic

and inflammatory disorders.5–7

Although the association between the gut microbiota and hu-

man health and disease, particularly via shaping of the immune

system, has become evident, the molecular determinants that
ne 14, 2023 ª 2023 The Author(s). Published by Elsevier Inc. 1021
er the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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regulate and tune immune homeostasis, and their underlying

mechanisms, are still largely unknown. Recent comprehensive

studies on commensal bacteria-derived molecules that regulate

host immunity have focused on diet-induced metabolites such

as short-chain fatty acids and indole derivatives, which act as

signaling molecules and maintain immune homeostasis via

host receptors and other target molecules.8–11 Little is known

about whether or how the biological systems of commensals

are linked to host immunity and physiology.

All kingdoms of life produce enzymes known as aminoacyl-

tRNA synthetases (ARSs), which attach appropriate amino acids

to cognate tRNAs.12 Charged tRNAs transfer their amino acids

to growing peptide chains in the ribosome during protein synthe-

sis; thus, ARSs are essential for decoding genetic information.

However, evidence accumulated over the past few decades sug-

gests that these enzymes have biological roles beyond transla-

tion.13–16 Eukaryotic cytoplasmic ARSs have additional domains

and motifs that correlate with functional versatility and system

complexity.13–17 In particular, mammalian ARSs such as trypto-

phanyl-tRNA synthetase 1 (WARS1 [eukaryotic ARSs are abbrevi-

ated using the single-letter code for their corresponding amino

acid followed by ‘‘ARS1’’ for cytoplasmic enzymes and by

‘‘ARS2’’ for their mitochondrial counterparts]) are secreted and

appear to play roles in physiological activities such as immune

regulation, although the mechanism underlying their secretion still

remains elusive.18–21 Due to their multifaceted roles, ARSs are

considered mediators that maintain homeostasis by tuning trans-

lation, aswell as other biological roles.13,15–17 So far, studies of the

non-translational roles of ARSs have focused largely on eukary-

otes. To date, little attention has been paid to the role of ARSs

of commensals in regulating host homeostasis.

We hypothesized that gut commensal ARSs may contribute to

the maintenance of host homeostasis via immune regulation.

A. muciniphila is the only known species of the Verrucomicrobia

phylum that stably colonizes the human gut within 1 year after

birth.22 Numerous studies show a correlation between the lack,

or decreased abundance, of A. muciniphila and multiple dis-

eases23; thus, the bacterium has attracted growing interest due

to its health-promoting benefits in those with disrupted meta-

bolism and immunity associated with inflammation andmetabolic

disorders.24–30 Thus, in this study, we set out to examine the ho-

meostatic roles played by ARSs produced by this organism. We

found that A. muciniphila secretes threonyl-tRNA synthetase

(referred to hereafter asAmTARS) under normal steady-state con-

ditions and that secretedAmTARSacts as an immunehomeostat-

ic mediator by activating the Toll-like receptor 2 (TLR2)-cAMP

response element-binding protein (CREB) anti-inflammatory im-

mune axis. Taken together, our results suggest that commensal

ARSs may have co-evolved as intrinsic immune mediators, shed-

ding new light on the evolution of host/gutmicrobiota interactions.

RESULTS

A. muciniphila secretes AmTARS to promote anti-
inflammatory immune responses
To examine the involvement of commensal ARSs in immune

regulation, we purified A. muciniphila ARSs (AmARSs) and

tested their anti-inflammatory activity against bone marrow-

derived macrophages (BMDMs). We found that AmTARS, but
1022 Cell Host & Microbe 31, 1021–1037, June 14, 2023
not other AmARSs, triggered a significant increase in the pro-

duction of anti-inflammatory IL-10 by BMDMs under steady-

state conditions (Figure 1A). In addition, BMDMs treated with

TARSs from other representative gut commensals, including

Bacteroides fragilis, Escherichia coli, and Ruminococcus bromii,

as well as from humans, did not produce IL-10, suggesting a

specific role for AmTARS in immune regulation (Figure 1B).

Next, we asked whether AmTARS is secreted extracellularly to

play a role in immune regulation. An immunoassay using an

AmARS-specific antibody revealed that A. muciniphila secretes

AmTARS, but not tyrosyl-tRNA synthetase (AmYARS was used

as a control), under normal steady-state conditions (Figure 1C).

Communication between Gram-negative bacteria is often medi-

ated through the secretion of soluble mediators and extracellular

vesicles (EVs),31 and the same is true for A. muciniphila.32 Thus,

we examined AmTARS and detected predominantly in soluble

fractions rather than that in EVs purified from culture superna-

tants (Figures 1D and S1A–S1C).

Of note, although AmTARS induced the production of anti-in-

flammatory IL-10 by BMDMs under normal conditions, it had no

effect on the production of pro-inflammatory cytokines IL-6 and

TNF-a (Figures 1E–1G). Moreover, AmTARS increased IL-10

levels, and suppressed IL-6 and TNF-a, to an even greater extent

following the stimulation of BMDMs with lipopolysaccharide

(LPS) (Figures 1H–1J). Similar results were observed in Am-

TARS-treated THP1 cells under both normal and inflammatory

(LPS) conditions (Figures S1D–S1I). Taken together, these re-

sults suggest that the commensal bacterium A. muciniphila

secretes AmTARS to maintain (under normal conditions) and

induce (under inflammatory conditions) host immune

homeostasis.

AmTARS plays an anti-inflammatory role by activating
IL-10-positive macrophage polarization
Inflammatory bowel disease (IBD), a chronic disease of the

gastrointestinal tract, arises from the complex interplay between

genetic, microbial, and environmental factors, leading to aber-

rant immunological responses and inflammation.33–35 A recent

meta-analysis using the Inflammatory Bowel Diseases Multio-

mics Database (IBDMDB) within the integrated Human Micro-

biome Project (iHMP) provided longitudinal multi-omics datasets

from IBD patients and non-IBD controls. It provides a compre-

hensive overview of the gut microbial ecosystem in IBD and

identifies a distinctive increase in facultative anaerobes at the

expense of obligate anaerobes during active disease.36 Since

several studies demonstrate an inverse correlation between

the abundance of the strictly anaerobic commensal bacterium

A. muciniphila and inflammation and metabolic disorders,

including IBD,37–40 we utilized the IBDMDB to re-evaluate the

correlation between the abundance of A. muciniphila and IBD.

Consistent with previous reports, IBDMDB metagenomic anal-

ysis revealed that compared with non-IBD controls, the abun-

dance of A. muciniphila is significantly lower in subjects with ul-

cerative colitis (UC) or Crohn’s disease (CD) (Figure S2A). Further

functional profiling revealed that the abundance of total bacterial

TARS is not significantly lower in subjects with IBD (Figure S2B).

However, stratification by individual species revealed that levels

of AmTARS are significantly lower in those with UC or CD than in

non-IBD controls (Figure S2C). The levels of other AmARSs were



Figure 1. A. muciniphila extracellularly secretes AmTARS to exert anti-inflammatory immune regulation

(A and B) IL-10 in BMDM culture supernatants treated with 0.5 mM purified A. muciniphila aminoacyl-tRNA synthetases (AmARSs) (n = 4 per group) (A) or 0.5 mM

purified threonyl-tRNA synthetases (TARSs) of indicated species (n = 4 per group) (B).

(C) Western blot analysis of AmTARS secreted into the culture supernatant of A. muciniphila under normal conditions. AmYARS was analyzed as a control.

(D) Relative abundance of AmTARS in soluble fractions and in EVs purified from culture supernatants (n = 3 per group).

(E–J) Levels of IL-10, IL-6, and TNF-a in BMDMs treated with 0.5 mMAmTARS under normal conditions (n = 5 per group) (E–G) or with 0.5 mM AmTARS under LPS

(10 ng mL�1)-induced inflammatory conditions for 24 h (n = 3 per group) (H–J).

PBS, phosphate-buffered saline; AmAARS, alanyl-tRNA synthetase; AmCARS, cysteinyl-tRNA synthetase; AmDARS, aspartyl-tRNA synthetase; AmEARS,

glutamyl-tRNA synthetase; AmFARSa, phenylalanyl-tRNA synthetase alpha subunit; AmFARSb, phenylalanyl-tRNA synthetase beta subunit; AmGARS, glycyl-

tRNA synthetase; AmHARS, histidyl-tRNA synthetase; AmIARS, isoleucyl-tRNA synthetase; AmKARS, lysyl-tRNA synthetase; AmLARS, leucyl-tRNA synthe-

tase; AmMARS, methionyl-tRNA synthetase; AmNARS, asparaginyl-tRNA synthetase; AmPARS, prolyl-tRNA synthetase; AmQARS, glutaminyl-tRNA synthe-

tase; AmRARS, arginyl-tRNA synthetase; AmTARS, threonyl-tRNA synthetase; AmVARS, valyl-tRNA synthetase; AmWARS, tryptophanyl-tRNA synthetase;

AmYARS, tyrosyl-tRNA synthetase; EV, extracellular vesicle.

Data shown in (A), (B), and (D)–(J) are representative of at least three independent experiments, each with similar results (mean ± SEM). p values were calculated

using an unpaired two-tailed Student’s t test. Data shown in (C) are representative of three independent experiments.
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also lower in subjects with UC or CD (Figure S2D), suggesting

that the levels of AmARSs correlate with the abundance of

A.muciniphila. Further metatranscriptomic analysis also showed

that there was no difference between the abundance of TARS

from all bacteria in those with or without IBD but also that Am-

TARS levels in UC subjects were significantly lower than those

in non-IBD subjects (Figures S2E and S2F). Expression levels

of TARS from the top ten contributors were not significantly

different between IBD subjects and non-IBD subjects (Fig-

ure S2G). Consistent with the metagenomics results, we found

that the expression of other AmARSs was lower in IBD subjects

than that in non-IBD subjects (Figure S2H). Overall, these data

suggest that a reduced abundance of A. muciniphila is associ-

ated with lower levels of AmTARS, leading to the dysregulation

of AmTARS-mediated anti-inflammatory immune responses in

patients with IBD.

To validate this hypothesis, we evaluated the anti-inflamma-

tory function ofAmTARS in amousemodel of dextran sulfate so-

dium (DSS)-induced colitis. First, we evaluated the stability of

intraperitoneal (i.p.)-administered AmTARS in vivo. AmTARS

was observed for 3 days post-administration (Figures S3A and

S3B). Subsequently, we assessed dose-dependent responses

(i.e., changes in body weight and colon length) after i.p. adminis-

tration of AmTARS (0.05–0.4 mg kg�1) once every other day for

10 days (Figure 2A). Overall, administration of AmTARS attenu-

ated bodyweight loss and colon shortening in a dose-dependent

manner (up to 0.2 mg kg�1) (Figures S3C and S3D). Administra-

tion of AmTARS at a dose of 0.4 mg kg�1 significantly attenuated

body weight loss for up to 7 days but yielded similar outcomes to

those in colitis mice treated with phosphate-buffered saline

(PBS) by day 10, suggesting that high doses of AmTARS may

have adverse effects (Figures S3C and S3D). Thus, we used a

dose of 0.2 mg kg�1 for further in vivo evaluation of the anti-in-

flammatory immune effects of AmTARS. i.p. administration of

AmTARS ameliorated disease activity scores, in addition to

body weight loss and colon shortening, in colitis mice

(Figures 2B, S3E, and S3F). Disruption of the epithelial lining

and the damage score, particularly in the proximal colon, were

significantly lower in AmTARS-treated colitis mice than in control

mice (Figures 2C and 2D).

To identify the cells targeted by AmTARS, mice were i.p.-in-

jected with fluorescently labeled AmTARS, and fluorescence-

positive cells in peritoneal exudate cells (PECs) were analyzed

by flow cytometry. Fluorescently labeled Alexa568-AmTARS

was detected predominantly on macrophages (F4/80+) rather

than T cells (CD3+) and B cells (CD19+) (Figure 2E). Next, we

used a Mac2 immunofluorescent antibody to test whether

i.p.-injected AmTARS targets intestinal macrophages. First,

we validated whether the anti-6X His tag antibody interacted

specifically with administered His-tagged AmTARS (detected

using an anti-AmTARS antibody). There was clear co-localiza-

tion of the His tag with AmTARS, indicating that anti-6X His

tag antibody specifically detects administered AmTARS (Fig-

ure S3G). Strong expression of Mac2 was detected in the

colonic epithelium, as well as in macrophages located in the

lamina propria. Administered AmTARS co-localized mainly

with macrophages in the lamina propria, demonstrating that

AmTARS targets macrophages in the gut (Figure 2F). We also

questioned whether systemically administered AmTARS acts
1024 Cell Host & Microbe 31, 1021–1037, June 14, 2023
directly on residential F4/80-positive macrophages or on the

cells migrated from the systemically stimulated peritoneal

macrophage population. To address this, we carried out adop-

tive transfer experiments using CD45.1 and CD45.2 mice as re-

cipients and donors, respectively. PECs, including macro-

phages (F4/80+CD45.2+), from CD45.2 mice were transferred

intraperitoneally into CD45.1 mice. Macrophages from the

transferred PECs population were observed in the peritoneal

cavity of CD45.1 mice administered PBS or AmTARS at days

5 and 10, respectively. However, no transferred macrophages

were detected in the colon of CD45.1 mice (Figure S3H). These

data suggest that systemically administered AmTARS seems to

act directly on residential macrophages. We isolated macro-

phages from the peritoneal cavity and intestine and further vali-

dated AmTARS-mediated production of anti-inflammatory IL-

10 (Figures 2G, 2H, S3I and S3J).

Since M2 macrophage polarization precedes the production

of anti-inflammatory cytokines such as IL-10, we assessed the

effects of AmTARS on macrophage polarization. BMDMs were

treated with PBS (negative control), LPS (10 ng mL�1; to induce

inflammation), or IL-4/IL-13 (to induce M2 polarization; positive

control) in the absence and presence ofAmTARS, and the result-

ing M2 macrophage population was measured by flow cytome-

try using an antibody specific for the M2 macrophage surface

marker CD206. Notably, AmTARS activated M2 polarization

even in PBS-treated cells and induced significant M2 polariza-

tion of cells under LPS-induced inflammatory conditions

(Figures 2I and 2J). M2 polarization was fully induced by IL-4/

IL-13, as previously reported,41,42 in both the absence and pres-

ence of AmTARS (Figures 2I and 2J). Consequently, AmTARS

significantly suppressed colitis-induced infiltration of inflamma-

torymonocytes (CD11b+F4/80�), restored IL-10-positivemacro-

phage (CD11b+F4/80+IL-10+) numbers within colonic cells, and

increased IL-10 levels in the serum (Figures 2K–2N).

To further validate the macrophage-dependent function of

AmTARS in improving colitis, we investigated the anti-inflamma-

tory effects of AmTARS in macrophage-depleted colitis mice.

Consistent with the physiological data, AmTARS did not affect

the numbers of inflammatory monocytes or IL-10-positive mac-

rophages in macrophage-depleted mice (Figures S4A–S4C).

Thus, AmTARS had no effect on colitis-induced body weight

loss, shortening of the colon, the damage score, the disease ac-

tivity score, or disruption of the epithelial lining in macrophage-

depletedmice (Figures 2O, 2P, and S4D–S4F), further confirming

the macrophage-specific functions of AmTARS. Collectively,

these results indicate that AmTARS plays an anti-inflammatory

cytokine-like role by activating IL-10-positive macrophage

polarization.

AmTARS assimilates unique regions to exert immune
modulatory functions
To uncover themolecular mechanism underlying the anti-inflam-

matory immune function of AmTARS, we compared its amino

acid sequence with that of human TARS1 and with those of

TARSs from bacterial species representative of the gut micro-

biota. AmTARS contains two additional unique regions within

its N-terminal (residues 99–113, hereafter referred to as U1)

and catalytic (residues 290–312, hereafter referred to as U2) do-

mains, which are not found in other TARSs (Figure S4G). In



Figure 2. AmTARS ameliorates DSS-induced colitis in mice by activating IL-10-positive macrophages

(A–D) Normal or DSS-induced colitis mice injected intraperitoneally (i.p.) with PBS or AmTARS. Experimental scheme (A) and daily changes in disease activity

scores (n = 10 per group) (B). Representative hematoxylin and eosin staining (H&E) of distal, mid, and proximal regions of the colon (C), and epithelial damage

scores (n = 6 per group) (D).

(E) Flow cytometric analysis of the AmTARS-targeted cells. Macrophages (F4/80+), B cells (CD19+), and T cells (CD3+) were analyzed in PECs isolated frommice

i.p.-injected with PBS or Alexa 568-labeled AmTARS (0.5 mg kg�1) for 1 day.

(F) Immunofluorescence staining to detect co-localization of AmTARS (His) and macrophages (Mac2) in the colon of mice treated for 1 day with His-tagged

AmTARS (0.2 mg kg�1).

(G andH) Amount of IL-10 secreted by PEC-derivedmacrophages (n = 6 per group) (G) and intestine-derivedmacrophages (n = 4 per group) (H) frommice treated

with PBS or 0.5 mM AmTARS.

(I) Flow cytometry analysis of CD206+ cells within BMDMs treated for 24 h with PBS, LPS (10 ng mL�1), or IL-4 (20 ng mL�1) + IL-13 (20 ng mL�1).

(J) Percentage of CD206+ cells in (I) (n = 5 per group).

(K–N) Normal or DSS-induced colitis mice were treated with PBS or AmTARS. Representative flow cytometry plots showing monocytes (upper panel, CD11b+),

macrophages (CD11b+F4/80+), and IL-10-positive macrophages (lower panel) within colon cells (K). Percentage of CD11b+F4/80� (n = 7, 8, 11, and 11 per group)

(L) and IL-10-expressing macrophages (n = 9, 8, 11, and 8 per group) in the mice shown in (M). IL-10 levels in mouse serum (n = 4, 4, 12, and 12 per group) (N).

(O and P) Macrophage-dependent AmTARS function (n = 5 per group). Daily disease activity score (O) and H&E staining in the proximal colon (P) of DSS-induced

colitis mice in which macrophages were depleted by Clodrosome treatment. Encapsome treatment was included as a Clodrosome control.

Data shown in (B), (D), (G), (H), (J), and (L)–(O) are representative of three independent experiments, each with similar results (mean ± SEM). p values were

calculated by an unpaired two-tailed Student’s t test. Data shown in (C), (E), (F), and (P) are representative of three independent experiments.
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Figure 3. Unique regions in AmTARS are essential for anti-inflammatory immune regulation

(A) A structural model of AmTARS based on the crystal structure of S. aureus TARS (PDB: 1NYQ). The unique regions (U1 and U2) inAmTARS are indicated in red.

(B) Amino-acylation activity assay of AmTARS and its unique region-deleted mutants. (DU1AmTARS, DU2AmTARS, and DU1DU2AmTARS) (n = 4 per group).

AmYARS was used as a negative control.

(C) IL-10 production by BMDMs treated with AmTARS or unique region-deleted AmTARS mutants (n = 5 per group).

(D–G) DSS-induced colitis mice treatedwithAmTARS or unique region-deletedAmTARSmutants (n = 5 per group). Daily changes in the disease activity score (D).

H&E staining of the proximal colon (E). Scoring of epithelial damage in (F). Percentage of CD11b+F4/80+IL-10+ cells within colon cells (G).

Data shown in (B)–(D), (F), and (G) are representative of three independent experiments, each with similar results (mean ± SEM). p values were calculated by an

unpaired two-tailed Student’s t test. Data shown in (E) are representative of three independent experiments.
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addition, Blast-based sequence searches (https://blast.ncbi.

nlm.nih.gov/Blast.cgi) detected no sequences with significant

homology to the unique regions, suggesting that these unique

regions may have been evolutionarily assimilated by

A. muciniphila specifically for immune regulation.

Next, wemodeled the structure of AmTARS using AlphaFold43

and found that it showed significant structural similarity to other

TARSs, including Staphylococcus aureus TARS (PDB: 1NYQ)

and human TARS1 (PDB: 4HWT), except for the unique regions

(Figures S4H and S4I). The structural model suggests that both

U1 and U2 within AmTARS are surface-exposed and may be

involved in the interaction with host targets such as signaling re-

ceptors (Figure 3A). Subsequently, we evaluated the function-

ality of U1 and U2 by generating mutant proteins (DU1, DU2,

and DU1DU2) harboring deletions in these unique regions.

Neither mutant protein was different from the wild-type (WT)Am-

TARS with respect to its enzymatic activity (Figure 3B) but abol-

ished the IL-10 production in BMDMs (Figure 3C). Consequently,

neither mutant protein promoted recovery of body weight loss,

disease activity scores, shortening of the colon, or epithelial lin-

ing disruption and damage scores, in colitis-induced mice

(Figures 3D–3F, S4J, and S4K). The positive immune regulatory
1026 Cell Host & Microbe 31, 1021–1037, June 14, 2023
functions of AmTARS that reduced colitis-induced pro-inflam-

matory monocytes and enhanced IL-10-positive macrophages

in the colon were eliminated when mutant AmTARSs were

administered to colitis mice (Figures 3G and S4L). Similar to

WT AmTARS, the DU1DU2 mutant had no effect on colitis-

induced body weight loss, disease activity score, or shortening

of the colon in macrophage-depleted mice (Figures S4M–S4O).

Thus, these data clearly demonstrate that the unique regions

U1 and U2 within AmTARS are essential for their anti-inflamma-

tory function.

AmTARS is a TLR2 ligand that activates anti-
inflammatory immune responses
To identify the host target of AmTARS, we performed membrane

protein interactome analysis using THP1 cells. Several potential

interactors, which are receptors involved in innate immunity,

were identified (Figure S5A), and their interactions with AmTARS

were evaluated using a pull-down assay. The results suggested

that among the candidates tested, AmTARS interacted only with

TLR2 (Figures 4A, S5B, and S5C); thus, TLR2may be the receptor

targeted by AmTARS to trigger IL-10-mediated anti-inflammatory

immune regulation. By contrast, the pull-down assay clearly

https://blast.ncbi.nlm.nih.gov/Blast.cgi
https://blast.ncbi.nlm.nih.gov/Blast.cgi


Figure 4. AmTARS is a TLR2-dependent anti-inflammatory immune mediator

(A and B) AmTARS interacts directly with TLR2. Pull-down assay using lysates of HEK 293T cells transfected with Strep-AmTARS and TLR2-FLAG (A). The

proteins precipitated by an anti-Strep antibody were analyzed by western blotting. In vitro interaction assay using purified TLR2-FLAG and His-tagged AmTARS

proteins (B). Purified TLR2-FLAG was mixed with purified His-tagged AmTARS protein. His-tagged protein was precipitated by Ni-NTA, eluted, and analyzed by

SDS-PAGE.

(C) TLR2-dependent anti-inflammatory function of AmTARS in BMDMs (n = 6 per group).

(D) The unique regions within AmTARS are essential for anti-inflammatory function in a TLR2-dependent manner (n = 8 per WT group and n = 6 per TLR2 KO

group). BMDMs from WT or TLR2-KO mice were treated with the indicated proteins (C and D).

(E) U1/U2 region-dependent interaction with TLR2. Purified TLR2-FLAG was mixed with purified His-tagged AmTARS, EcTARS, and EcTARS (U1/U2) protein.

His-tagged proteins were then precipitated by an Ni-NTA resin and analyzed by SDS-PAGE.

(F–J) TLR2-dependent function of AmTARS in vivo. WT or TLR2-KO mice with DSS-induced colitis were injected with either PBS or AmTARS. Daily changes in

disease activity scores (n = 10 per group) (F). Intestinal epithelial damage, as analyzed by H&E staining (G), and damage scores (n = 3 per group) (H). Percentage of

infiltrated immune cells, gated on CD11b+F4/80� (monocytes) (I) and CD11b+F4/80+IL-10+ (IL-10-secreting macrophages) (n = 5 per group) (J).

(K and L) TLR2-dependent M2 macrophage polarization induced by AmTARS. WT or TLR2-KO mice were i.p. injected with either PBS or AmTARS (n = 5 per

group) (K). After 24 h, PECs were isolated, and the percentage of M2macrophages (CD206+ CD11b+F4/80+) wasmeasured by flow cytometry. Percentage of M2

macrophages in BMDMs from WT or TLR2-KO mice treated for 24 h with either AmTARS or PBS (n = 5 per group) (L).

EcTARS, E. coli TARS; EcTARS (U1/U2), an engineered EcTARS incorporating the AmTARS U1 and U2 regions. Data shown in (A), (B), (E), and (G) are repre-

sentative of three independent experiments. Data shown in (C), (D), (F), and (H)–(L) are representative of three independent experiments, each with similar results

(mean ± SEM). p values were calculated by an unpaired two-tailed Student’s t test.
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showed no interaction between AmTARS and TLR4 (Figure S5D).

To further validate the interaction between AmTARS and TLR2,

in vitro pull-down assays were performed using purified TLR2

and AmTARS proteins (Figure 4B). The results clearly showed

that AmTARS interacts directly with TLR2 via the U2-containing

catalytic domain (CD). The interaction between the U2-deleted

CD (DU2CD) protein and TLR2 was markedly weaker. There

was no direct interaction between the U1-containing N-terminal

domain (NTD) and TLR2. TLR2 functions by forming either a ho-

modimer or a heterodimer with TLR1 or TLR6.44 Thus, U1 might

be involved in the interaction with the heterodimers.

The TLR2-dependent immune function of AmTARS was

further corroborated using TLR2 knockout (KO) mice. AmTARS

did not induce IL-10 production in BMDMs from TLR2-KO

mice, demonstrating that the interaction between AmTARS

and TLR2 is indispensable for anti-inflammatory immune acti-

vation (Figure 4C). We furthermore confirmed the requirement

of the unique regions for the TLR2-dependent immune function

of AmTARS by engineering E. coli TARS (EcTARS), which had

no anti-inflammatory immune function in BMDMs (Figure 1B).

Incorporation of the AmTARS U1 and U2 sequences into the

corresponding regions in EcTARS (EcTARS (U1/U2)) conferred

the ability to trigger IL-10 production on EcTARS via the inter-

action with TLR2 (Figures 4D and 4E). However, IL-10 produc-

tion by EcTARS (U1/U2) was abolished in BMDMs from TLR2-

KO mice, providing further evidence that AmTARS regulates

host immune cells via its unique regions in a TLR2-dependent

manner (Figure 4D). We furthermore confirmed the functionality

of the unique regions in vivo using EcTARS (U1/U2). DSS-

induced colitis mice were i.p.-injected with EcTARS (U1/U2)

at a dose of 0.4 mg kg�1 based on its ability to induce IL-10

compared with AmTARS in BMDMs (Figure 4D). i.p. administra-

tion of EcTARS (U1/U2) ameliorated body weight loss, colon

shortening, and epithelial disruption of the colon similar to Am-

TARS administration in colitis mice (Figures S5E–S5G). EcTARS

(U1/U2) significantly restored IL-10-positive macrophages in

the colon and increased IL-10 levels in the serum

(Figures S5H and S5I). Collectively, these data strongly demon-

strate that the unique regions U1 and U2 within AmTARS are

essential prerequisites for its anti-inflammatory immune

function.

Subsequently, we assessed the role of TLR2 in AmTARS

function in vivo. TLR2-KO mice were slightly more susceptible

to DSS-induced colitis than WT mice, as reported previously.45

Nevertheless, colitis-induced body weight loss and the disease

activity score in TLR2-KO mice did not improve after AmTARS

treatment (Figures 4F and S5J). The same was true for the

shortening of the colon length, disruption of the epithelial lining,

and the damage score (Figures 4G, 4H, and S5K). Consistent

with these results, AmTARS did not induce either a reduction

in pro-inflammatory monocyte numbers or an increase in IL-

10-secreting macrophage numbers in colitis TLR2-KO mice

(Figures 4I and 4J). Furthermore, AmTARS did not cause M2

macrophage polarization of peritoneal macrophages from

TLR2-KO mice under non-inflammatory conditions (Figure 4K).

Likewise, no M2 macrophages were observed in PECs isolated

from TLR2-KO mice (Figure 4L). These results strongly suggest

that AmTARS is a commensal-derived TLR2 ligand required to

maintain host immune homeostasis.
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AmTARS/TLR2 efficiently induces anti-inflammatory
responses by activating CREB
Although TLRs play important roles in stimulating inflammation

to protect the host from microbial infection, these receptors

also regulate anti-inflammatory signaling, which is critical for

preventing excessive inflammatory cytokine production and for

resolving inflammation.46,47 TLRs trigger anti-inflammatory

signaling via the mitogen-activated protein kinase (MAPK) or

phosphoinositide 3-kinases (PI3K)/protein kinase B (AKT) path-

ways in macrophages,48 which converge to activate CREB.49

This transcriptional factor CREB regulates a number of cellular

responses, including the production of anti-inflammatory IL-10

by macrophages.50–52 To identify the signaling pathway trig-

gered by AmTARS, we first evaluated kinases and CREB. IL-10

production and M2 polarization were measured in BMDMs

treated with inhibitors of extracellular signal-regulated kinase

(ERK; PD98059), mitogen-activated protein kinase p38 (p38;

SB203580), mitogen- and stress-activated kinase (MSK) 1/2

(SB747651A), CREB (666-15), PI3K (wortmannin), and AKT

(AKT1/2) before subsequent stimulation withAmTARS. Inhibition

of each of these molecules resulted in a significant suppression

of IL-10 production (Figure 5A) and macrophage polarization

(CD206 positive) by AmTARS (Figure 5B), suggesting that Am-

TARS triggers the MAPK and PI3K/AKT signaling pathways to

induce anti-inflammatory responses.

Subsequently, we conducted immunoblotting assays to mea-

sure the time-dependent activation of AmTARS/TLR2-induced

signaling molecules in both BMDMs and THP1 cells. AmTARS

rapidly activated ERK, p38, and MSK1/2 within 15 min and, sub-

sequently, phosphorylation of CREB at Ser133 (which is essen-

tial for IL-10 production)52 within 30 min in BMDMs (Figure 5C)

and THP1 cells (Figure 5D). We then compared AmTARS-trig-

gered TLR2 signaling with typical ligand-triggered signaling us-

ing Pam3CSK4 (the synthetic canonical TLR2/1 agonist, referred

to hereafter as Pam3) in BMDMs stimulated for 30 min. Overall,

the TLR2-dependent activation pattern of the signaling mole-

cules in the AmTARS-triggered pathway was similar to that of

molecules triggered by Pam3, which was completely blocked

by a TLR2 antibody (Figure 5E). However, significantly greater

activation of CREB was observed in AmTARS-treated BMDMs

than in Pam3-treated BMDMs (Figure 5E). By contrast, activation

of NF-kBwas greater in Pam3-treated BMDMs than inAmTARS-

treated BMDMs (Figure 5E). CREB phosphorylated at Ser133 in-

hibits NF-kB activation by competing for limited amounts of their

shared coactivator, CREB-binding protein (CBP)/p300, thereby

suppressing pro-inflammatory responses.49,53,54 Our results

show that AmTARS induces the production of IL-10 and even in-

hibits the production of pro-inflammatory cytokines IL-6 and

TNF-a in macrophages under inflammatory conditions

(Figures 1H–1J and S1G–S1I). These data indicate that, distinct

from typical TLR2 ligands, AmTARS is a gut commensal-derived

TLR2 ligand that maintains immune homeostasis by limiting in-

flammatory signaling.

AmTARS activated PI3K and AKT, and subsequently inhibited

GSK3b activity via AKT-mediated phosphorylation at Ser9, in

BMDMs (Figure 5F) and THP1 cells (Figure 5G) within 15 min.

TLR-stimulated inhibition ofGSK3b also increases the association

between coactivator CBP and CREB, rather than NF-kB, thereby

increasing IL-10 production and suppressing the release of



Figure 5. AmTARS efficiently promotes anti-inflammatory responses by activating CREB

(A and B) Analysis of key molecules that inhibit the MAPK and PI3K/AKT signaling pathways. IL-10 produced by BMDMs pre-treated with inhibitors of ERK

(PD98059, 10 mM), p38 (SB203580, 10 mM), MSK1/2 (SB747651A, 10 mM), CREB (666-15, 1 mM), PI3K (wortmannin, 10 mM), and AKT1/2 (AKT1/2, 10 mM) for 1 h

before treatment with either PBS or AmTARS for 24 h (n = 6 per group) (A). Flow cytometry analysis of M2 macrophages in BMDMs pre-treated for 1 h with the

indicated kinase inhibitors, before treatment with either PBS or AmTARS for 24 h (n = 3 per group) (B).

(C and D) Western blot analysis of MAPK signaling molecules in lysates of BMDMs (C) or THP1 cells (D) treated for different times with 0.5 mM AmTARS.

(E) Western blot analysis of lysates of BMDMs pre-treated with a-IgG (isotype, 1 mg mL�1) or a-TLR2 (1 mg mL�1) for 1 h before treatment with PBS, AmTARS

(0.5 mM), or Pam3 (0.5 mM) for 30 min.

(F and G) Western blot analysis of PI3K/AKT signaling molecules in lysates of BMDMs (F) or THP1 cells (G) treated with 0.5 mM AmTARS.

(legend continued on next page)
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pro-inflammatory cytokines.55 Thus, these data demonstrate that

the interaction between AmTARS and TLR2 efficiently activates

CREB by triggering the MAPK and PI3K/AKT signaling pathways.

Since TLR2 forms heterodimers with either TLR1 or TLR6 dur-

ing activation, we assessed which form is targeted by AmTARS.

An immunoassay showed that AmTARS-induced TLR2 signaling

is shut down by antibodies targeting TLR1, TLR6, and TLR2,

suggesting that AmTARS targets both the TLR2/1 and TLR2/6

heterodimers as well as the TLR2 homodimer form to activate

anti-inflammatory signaling (Figures 5H and 5I).

We next performed global gene expression profiling of

BMDMs treated with AmTARS or Pam3 for 1 or 3 h (Figure 6A).

Principal-component analysis (PCA) revealed a similar gene

expression pattern for AmTARS and Pam3 at 1 h, but clearly

different profiles at 3 h (Figure 6B). The number of genes whose

expression was affected byAmTARS, and the extent of their (up-

or down-) regulation, was substantially dissimilar to those

affected by Pam3, further indicating that AmTARS acts as an im-

mune regulator distinct from typical TLR2 ligands (Figure S6A).

Subsets of genes showing different expression patterns be-

tween AmTARS and Pam3 were classified into six clusters by hi-

erarchical clustering analysis (Figures S6A and S6B). The gene

expression pattern at 3 h was particularly different for clusters

3 and 4 (Figures 6C, S6A, and S6B). In general, genes belonging

to clusters 3 and 4 are associated with inflammation and anti-

inflammation, respectively (Figure 6C).

Gene set enrichment analysis revealed a significant induction of

inflammatory response-related genes in Pam3-treated BMDMs,

consistent with the results from previous reports51,56 (Figure 6D).

However, AmTARS-treated cells showed no induction of inflam-

matory response-relatedgenes (Figure6D).Notably, the treatment

of BMDMs with Pam3 was significantly associated with the upre-

gulation of inflammation-related transcription factors such as

NF-kB, RELA, and TFAP2A, whereas AmTARS treatment was

associated with the upregulation of the anti-inflammation-related

transcription factor CREB (Figure 6E). These gene expression

profiles correlated positively with the AmTARS-TLR2-CREB

axis-mediated anti-inflammatory signaling that maintains immune

homeostasis via steady-state production of IL-10.

We validated the anti-inflammatory function of AmTARS using

the Tg(NFkB:EGFP) zebrafish transgenic line, which allowsmoni-

toring of NF-kB activity in vivo.57 Consistent with the gene set

enrichment analysis patterns (Figures 6D and 6E) and the

signaling pathway results (Figures 5C–5G), the increased NF-

kB activity in the distal intestine of zebrafish larvae induced by

repeated DSS treatment was significantly dampened by Am-

TARS (Figures 6F–6H), indicating the suppressive function of

AmTARS on pro-inflammatory responses in vivo.

Engineered EcN-secreting AmTARS significantly
ameliorates inflammation in mice with colitis
The bacterium E. coli Nissle 1917 (EcN) is a well-known probiotic

that has intrinsic antibacterial and anti-inflammatory properties.58
(H and I)AmTARS activates both TLR2/1- and TLR2/6-mediated signaling. Activat

THP1 cells (H), and IL-10 in BMDM culture supernatant was detected by ELISA (

a-TLR6 (1 mg mL�1) for 1 h before treatment for 30 min (H) or 24 h (I) with PBS o

Data shown in (A), (B), and (I) are representative of three independent experimen

unpaired two-tailed Student’s t test. Data shown in (C)–(H) are representative of
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EcN is fast emerging as a candidate for development as a thera-

peutically engineered bacterium.59 Therefore, we engineered this

bacterium to further validate thephysiological functionofAmTARS

in vivo. First, we tried to engineer EcN to create an AmTARS-

secreting bacterium by chromosomally replacing EcN TARS with

AmTARS. However, this replacement was lethal to EcN because

the cognate tRNAs of EcN TARS required for amino-acylation

may be not compatible with AmTARS. Note that ARSs are highly

specific with respect to selecting their cognate amino acids and

tRNAsubstratesandhavedistinctmodesof recognition indifferent

organisms. Therefore, we next developed a chromosomally engi-

neered EcN that contains additional TARS (i.e., AmTARS) ex-

pressed ectopically at different locations of the chromosome.

The AmTARS gene and the lac promoter were inserted into the

exo/cea convergent intergenic region, which has been exploited

previously in other studies60,61; therefore, it does not interfere

with the expression of neighboring genes (Figure S6C). A 6X His

tag was added to the C terminus of AmTARS for use in further an-

alyses. It should be noted that no signal peptide sequence was

added toAmTARS in the engineeredEcN; this is because the orig-

inal AmTARS also does not have one. Indeed, secretion of ARSs

for non-translational functions has been observed in humans,

although the mechanism is unknown.18,19,21,62

The engineered EcN (EcN(AmTARS)) was secreted AmTARS

extracellularly at significantly lower levels than A. muciniphila;

indeed, the amount of AmTARS in a 40-fold-concentrated cul-

ture supernatant from EcN(AmTARS) was the same as that

secreted by A. muciniphila (Figure 7A). Subsequently, we used

the His tag to evaluate AmTARS secreted by the engineered

bacterium in the colon of mice with DSS-induced colitis orally

administered with EcN(AmTARS). Immunofluorescence staining

clearly showed that most of the engineered EcN-secreting Am-

TARSs (His) co-localized with macrophages (F4/80-positive)

located in the lamina propria of the colon (Figures 7B and 7C),

confirming that AmTARS targets macrophages in the gut.

Oral administration of EcN(AmTARS) significantly improved co-

litis-induced bodyweight loss, shortening of colon length, disease

activity scores, disruption of the epithelial lining, and damage

score (Figures 7D–7F, S6D, and S6E). In addition, it significantly

reduced colitis-induced infiltration by inflammatory monocytes,

restored IL-10-secreting macrophages, and markedly increased

IL-10 levels in the serum of colitis mice (Figures 7G–7I).

Taken together, these data provide further evidence that Am-

TARS secreted by the commensal bacterium A. muciniphila is a

steady-state immune homeostatic mediator that is distinct from

typical TLR2 ligands and which maintains and induces immune

homeostasis via the modulation of residential macrophages in

the gut in response to inflammatory challenges (Figure 7J).

DISCUSSION

Over 1013 bacteria reside in the human gut, forming a mutual

relationship with the host that confers many benefits,
ion of AKT, ERK, and CREBwasmeasured bywestern blot analysis of lysates of

n = 6 per group) (I). The cells were pre-treated with a-IgG, a-TLR1, a-TLR2, or

r AmTARS (0.5 mM).

ts, each with similar results (mean ± SEM). p values were calculated using an

three independent experiments.



Figure 6. AmTARS is a steady-state, immune homeostatic mediator

(A–E) Global gene expression analysis. Total mRNA from BMDMs treated with either AmTARS (0.5 mM) or Pam3 (10 ng mL�1) for 1 or 3 h was isolated and

analyzed by RNA sequencing (A). Principal-component analysis (PCA) of the gene expression profiles for each sample (B). Hierarchical clustering of gene

expression profiles from each sample identified cluster 3 and 4 (C). The complete gene sets are shown in Figure S6A. Gene set enrichment analysis (GSEA) of

clusters 3 and 4 with respect to terms related to inflammation (D). GSEA was performed for upregulated genes using Enrichr to identify terms associated with

transcription factors (E).

(F) Overview of the experimental procedures for zebrafish. The yolk of Tg(NFkB:EGFP) transgenic zebrafish larvae (3 dpf) was injected with PBS or AmTARS.

Injected larvae were treated at 3 and 5 dpf with 0.5% DSS for 24 h, with a washing period with fresh water for 24 h in between. Sample collection and analysis of

Tg(NFkB:EGFP)-based EGFP intensity were conducted at 6 dpf.

(G) Representative confocal images showing NF-kB signaling in the mid-distal intestines of PBS- or AmTARS-injected larvae with or without DSS treatment.

White-dashed lines denote the boundaries of the intestines (based on merged DIC bright-field images).

(H) Bar graph comparing the fluorescence intensity of themid-distal intestines of PBS- orAmTARS-injected larvae treated (or not) with DSS (n = 32 per PBS group

and n = 35 per DSS group).

Data shown in (A)–(C) are representative of two independent experiments. Data shown in (H) are representative of three independent experiments, each similar

results (mean ± SEM). p values were calculated by unpaired and two-tailed Student’s t test.
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particularly in relation to intestinal physiology.63,64 Failure to

shape gut immune activity results in deregulated and exces-

sive inflammatory responses that are linked to chronic

inflammatory disorders such as IBDs.5–7 Although it is well

appreciated that diet-dependent nutrients and metabolites

such as short-chain fatty acids derived from commensals

are important regulators of host immunity,8,9 the involvement

of the biological systems of commensals themselves remains

unexplored.
The immune system, which can discriminate between benefi-

cial commensals and pathogens, aswell as recognize dietary an-

tigens, balances immune responses and tolerance to maintain

intestinal homeostasis.65,66 Under normal steady-state condi-

tions, TLRs play an important role in these events by sensing

commensal bacteria.45 The anti-inflammatory cytokine IL-10

and its major producer macrophages are crucial players in main-

taining intestinal homeostasis.67–71 Thus, the interplay between

commensals, TLRs, and IL-10 may be a critical axis that
Cell Host & Microbe 31, 1021–1037, June 14, 2023 1031



Figure 7. Oral administration of EcN(AmTARS) alleviates DSS-induced colitis

(A) Western blot analysis of engineered EcN- or A. muciniphila-secreted AmTARS. GAPDH was used as a control.

(B and C) Immunofluorescence staining (using AmTARS (His)) of macrophages (F4/80-positive) from the colon obtained from DSS-induced colitis mice orally

administered (107 per mouse) daily with EcNor EcN(AmTARS) for 5 days (B), and the percentage of F4/80+His+ cells among the total His+ cells in (B) (n = 5 per EcN

group and n = 10 per EcN(AmTARS) group) (C).

(D–I) DSS-induced colitis mice orally administered (107 per mouse) daily with EcN or EcN(AmTARS) (n = 5 per group). Measurement of the disease activity score

(D) and intestinal epithelial damage, as analyzed by H&E staining of the proximal colon (E), and damage scores (F). Percentage of infiltrated immune cells, gated

on CD11b+F4/80� (monocytes) (G) and CD11b+F4/80+IL-10+ (IL-10-secreting macrophages) (H). IL-10 levels in mouse serum (n = 4 per group) (I).

(J) Schematic model of the role of AmTARS in maintaining immune homeostasis via TLR2-mediated anti-inflammatory signaling pathways.

Data shown in (A), (B), and (E) are representative of three independent experiments. Data shown in (C), (D), and (F)–(I) are representative of three independent

experiments, each with similar results (mean ± SEM). p values were calculated by an unpaired two-tailed Student’s t test.
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instigates and shapes the immune responses required for ho-

meostatic balance in an environment that is exposed constantly

to inflammatory challenges. Moreover, the key modulator in this

intricate interplay has yet to be identified.

Generally speaking, TLR2 recognizes classical bacterial con-

stituents such as lipopeptides and lipoteichoic acid and initiates

innate immune responses, including NF-kB-mediated inflamma-

tion, that are necessary for host protection.72 A recent study
1032 Cell Host & Microbe 31, 1021–1037, June 14, 2023
shows that TLR2 also recognizes a large soluble polysaccharide

produced byHelicobacter hepaticus, a member of themouse in-

testinal microbiota.51 Polysaccharide-sensing TLR2 triggers

MSK/CREB signaling in intestinal macrophages, thereby

inducing an early production of IL-10 and promoting tolerance

to inflammatory challenges. The TLR2 ligand polysaccharide

functions differently from the typical ligand Pam3; indeed, it

failed to induce the production of IL-10 by Tlr2�/� BMDMs but
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not by WT, Tlr1�/�, and Tlr6�/� cells. Another representative

example of a gut commensal-associated immune tolerance

event triggered via TLR2 is mediated by Bacteroides fragilis-

secreted polysaccharide A (PSA). Unlike typical TLR2 ligands

such as Pam3, secreted PSA promotes IL-10 production by acti-

vating CD4+ T cells through TLR2.65 B. fragilis-secreted PSA in-

duces high amounts of IL-10 production by WT, Tlr1�/�, and
Tlr6�/� CD4+ T cells but not by Tlr2�/� cells.65

Here, we report that A. muciniphila exhibits steady-state

secretion of an immune mediator, AmTARS, which acts as a

TLR2-specific ligand to monitor and induce immune homeosta-

sis to protect against inflammatory challenges. Like PSA and sol-

uble polysaccharides, AmTARS triggers anti-inflammatory im-

mune signaling, although it seems to function differently from

those ligands. Although the TLR-deficient cell experiments sug-

gest that both B. fragilis-secreted PSA and H. hepaticus-pro-

duced soluble polysaccharide target only the homodimeric

TLR2 form, AmTARS targets the TLR2/2, TLR2/1, and TLR2/6

forms to trigger anti-inflammatory signaling (Figures 5H and 5I).

The distinctiveness of AmTARS with respect to specificity for

TLR2 may allow efficient induction of immune homeostasis via

activation of CREB through both the MAPK and PI3K/AKT

signaling pathways. Thus, these experiments reveal a gut inhab-

itant that actively stimulates mutualistic interactions with its host

to maintain intestinal homeostasis via anti-inflammatory TLR

signaling. In addition, these studies suggest that TLR2 may act

as the main receptor that maintains intestinal homeostasis by

communicating with resident commensals.

The anaerobic bacteriumA.muciniphila is the only known spe-

cies of the Verrucomicrobia phylum that resides in the gastroin-

testinal tract of humans and animals,73 and the abundance of

this organism correlates inversely with metabolic and inflamma-

tory disorders.37–40 In general, members of the Verrucomicrobia

phylum encode enzymes required for synthesis of threonine from

homoserine; however, genes encoding these enzymes are ab-

sent from the A. muciniphila genome, despite L-threonine being

essential for its growth.74,75 Adaptation of this bacterium to the

mucosal environment may be a consequence of its threonine

auxotrophy since this amino acid is abundant in mucin.76 It is

noteworthy that A. muciniphila is capable of producing an exten-

sive repertoire of mucin-degrading enzymes.74 The canonical

function of AmTARS is to catalyze intracellular covalent ligation

of threonine to a corresponding tRNA for protein synthesis. We

speculate that steady-state secretion of AmTARS may be

related to the organism’s threonine auxotrophy but that it may

concomitantly allow surveillance of gut immune status. This hy-

pothesis remains to be proven conclusively. Nevertheless, our

findings highlight an exquisite, interdependent relationship be-

tweenA.muciniphila and the gut environment, which contributes

to host immune homeostasis.

The incidence of IBD is increasing rapidly worldwide; indeed,

IBD has become a globally emerging disease.77,78 It is now clear

that altered gut microbiota, or aberrant immune responses to the

microbiota, play crucial roles in the pathogenesis of IBD.36,79 IL-

10 acts is a key player in the maintenance of gut homeosta-

sis69,80,81; as such, it is considered to be a potential therapeutic

treatment for IBD.82 Since AmTARS functions as an anti-inflam-

matory immune mediator, leading to the production of IL-10, we

propose that it may serve as a biomarker and potential therapeu-
tic agent for IBD. Indeed, the therapeutic effects of AmTARS on

colitis pathology including body weight loss, disease activity

score, shortening of the colon length, disruption of the epithelial

lining, and the damage score were comparable with those of IL-

10 in mice with colitis (Figures S7A–S7E). AmTARS reduced co-

litis-induced infiltration by inflammatory monocytes similar to IL-

10 (Figures S7F and S7G). In addition, because systemically

administered AmTARS modulates intestinal inflammation, it

might also be able to control systemic inflammation in diseases

such as rheumatoid arthritis and systemic lupus erythematosus.

In summary, this study demonstrates that commensal ARS

plays a critical role in the maintenance of immune homeostasis

by triggering steady-state IL-10-mediated anti-inflammatory im-

mune regulation. Simultaneously, our study provides a unique

perspective of gut microbiota–host mutualism, in which

commensal ARSs may act as intrinsic mediators that shape hol-

obiont homeostasis. Thus, our findingsmay lead to strategies for

the prevention and therapeutic treatment of various inflamma-

tory diseases, including IBD.
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APC-Cy7-conjugated
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Rat monoclonal anti-CD8, APC-conjugated BD Biosciences Cat# 553035; RRID: AB_398527

Rat monoclonal anti-CD206 (MMR),

Alexa Fluor 488-conjugated
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Mouse monoclonal anti-6X His tag antibody Invitrogen Cat# MA1-135; RRID: AB_2536841

Rabbit monoclonal anti-His tag Cell signaling technology Cat# 12698; RRID: AB_2744546
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Mouse monoclonal anti-hTLR1 Invivogen Cat# mabg-htlr1;

RRID: AB_11124907

Mouse monoclonal anti-mTLR2 Invivogen Cat# mabg-mtlr2;

RRID: AB_11125339

Hamster monoclonal anti-hTLR2 Invivogen Cat# maba2-htlr2;

RRID: AB_11142484

Mouse monoclonal anti-hTLR6 Invivogen Cat# mabg-htlr6;

RRID: AB_11142485

Rabbit polyclonal anti-AmTARS This paper N/A

Rabbit polyclonal anti-AmYARS This paper N/A

Rabbit polyclonal anti-AmGAPDH This paper N/A

Bacterial strains

A. muciniphila MucT German Collection of

Microorganisms and

Cell Cultures GmbH

Cat# DSM 22959

E. Coli: NiCo21(DE3) Competent NEB Cat# C2529H

ClearColi� BL21(DE3) Electrocompetent Cells Lucigen Cat# 60810

E. coli: Nissle 1917 (EcN) Yim et al.83 N/A

E. coli: Nissle 1917::AmTARS (EcN(AmTARS)) This paper N/A

Chemicals, peptides, and recombinant proteins

Dextran sulfate sodium salt, colitis grade MP biomedical Cat# 160110

Lipopolysaccharides from E. coli O111:B4 (LPS) Sigma Cat# L2630

Phorbol 12-myristate 13-acetate (PMA) Sigma Cat# P8139

Pam3CSK4 Invivogen Cat# tlrl-pms

Recombinant IL-4 Peprotech Cat# 200-04

Recombinant IL-13 Peprotech Cat# 200-13

Recombinant mouse IL-10 BioLegend Cat# 575806

Encapsome Encapsula Nano Sciences Cat# CLD-8910

Clodrosome Encapsula Nano Sciences Cat# CLD-8909

SCREEN-WELL� Kinase Inhibitor library Enzo Lifesciences Cat# BML-2832

Polyethylenimine Polybiosciences Cat# 23966

Triton X-114 Sigma Cat# X114

3X FLAG peptide Sigma Cat# F4799

Porcine gastric mucin (Type III) Sigma Cat# M1778

8% Paraformaldehyde in 2X PBS Biosesang Cat# PC2184-050-00

Sucrose Sigma Cat# S7903; CAS# 57-50-1

Magnesium sulfate heptahydrate Sigma Cat# 63138; CAS# 10034-99-8

Potassium chloride Sigma Cat# P5405; CAS# 7447-40-7

Sodium chloride Sigma Cat# S7653; CAS# 7647-14-5

Calcium chloride dehydrate Sigma Cat# C7902; CAS# 10035-04-8

Ethyl 3-aminobenzoate methanesulfonate salt Sigma Cat# S5040; CAS# 886-86-2

Sodium citrate Sigma Cat# S464; CAS# 6132-04-3

Agarose, Low Melting Point, Analytical Grade Promega Cat# V2111

Mounting Medium with DAPI abcam Cat# ab104139

Optiprep solution (60% (w/v)) Sigma Cat# D1556; CAS#

92339-11-2

Critical commercial assays

BD OptEIA� Mouse IL-6 ELISA set BD Biosciences Cat# 555240; RRID: AB_2869049

BD OptEIA� Mouse IL-10 ELISA Set BD Biosciences Cat# 555252; RRID: AB_2869052

BD OptEIA� Mouse TNF (Mono/Mono) ELISA Set BD Biosciences Cat# 555268; RRID: AB_2869055

BD OptEIA� Human IL-6 ELISA Set BD Biosciences Cat# 555220; RRID: AB_2869045

(Continued on next page)
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BD OptEIA� Human IL-10 ELISA Set BD Biosciences Cat# 555157; RRID: AB_2869031

BD OptEIA� Human TNF ELISA Set BD Biosciences Cat# 555212; RRID: AB_2869042

Experimental models: cell lines

Human: HEK 293T cells ATCC Cat# CRL-11268;

RRID: CVCL_1926

Human: THP-1 cells KCLB Cat# 40202; RRID: CVCL_0006

Human: HEK Blue-TLR4 cells Invivogen Cat# 293-htlr4a;

RRID: CVCL_Y393

Experimental models: organisms/strains

Mouse: C57BL/6J The Jackson Laboratory JAX 000664

Mouse: Tlr2 KO (B6.129-Tlr2tm1Kir/J) The Jackson Laboratory JAX 004650

Mouse: B6-CD45.1 The Jackson Laboratory JAX 002014

Zebrafish: AB strain (wild type) ZIRC ZDB-GENO-960809-7

Zebrafish: Tg(NFkB:EGFP) Lee et al.57 N/A

Oligonucleotides: primers used for bacterial engineering

Primers targeting the upstream region of exo/cea:

CTCAGGTTACCCGCATGAAACCAGA

CTGAAGC (forward),

CGAGCCGATGATTAATTGTCAACGT

AAATGATTGCGG (reverse)

This paper N/A

Primers targeting the downstream region of exo/cea:

CTTGTCTGTAAGCGGATGCCATTTACG

TTATCCAGACG (forward),

CTCGAGTACGCGTCAGGGTTGACAG

GGAAAAC (reverse)

This paper N/A

Primers used to insert the exo/cea-targeting

sequence into pTarget:

CTGGATAACGTAAATGATTGGTTTTA

GAGCTAGAAATAG (forward),

CAATCATTTACGTTATCCAGACTAGT

ATTATACCTAGGAC (reverse)

This paper N/A

Recombinant DNA

pET21a vector Novagen Cat# 69740

pET21a-AmAARS This paper N/A

pET21a-AmCARS This paper N/A

pET21a-AmDARS This paper N/A

pET21a-AmEARS This paper N/A

pET21a-AmFARSa This paper N/A

pET21a-AmFARSb This paper N/A

pET21a-AmGARS This paper N/A

pET21a-AmHARS This paper N/A

pET21a-AmIARS This paper N/A

pET21a-AmKARS This paper N/A

pET21a-AmLARS This paper N/A

pET21a-AmMARS This paper N/A

pET21a-AmNARS This paper N/A

pET21a-AmPARS This paper N/A

pET21a-AmQARS This paper N/A

pET21a-AmRARS This paper N/A

pET21a-AmTARS This paper N/A

pET21a-AmVARS This paper N/A

(Continued on next page)
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pET21a-AmWARS This paper N/A

pET21a-AmYARS This paper N/A

pET21a-AmGAPDH This paper N/A

pET21a- DU1AmTARS This paper N/A

pET21a- DU2AmTARS This paper N/A

pET21a- DU1DU2AmTARS This paper N/A

pET21a-AmTARS_NTD This paper N/A

pET21a-AmTARS_CD This paper N/A

pET21a-AmTARS_DU2CD This paper N/A

pET21a-AmTARS_ABD This paper N/A

pET21a-BfTARS This paper N/A

pET21a-EcTARS This paper N/A

pET21a-EcTARS (U1/U2) This paper N/A

pET21a-RbTARS This paper N/A

pET22b(+) vector Novagen Cat# 69744-3

pET22b(+)-HsTARS This paper N/A

pIRES-FLAG vector Gack et al.84 N/A

pIRES-NLRX1-FLAG This paper N/A

pIRES-CD163-FLAG This paper N/A

pIRES-TLR4-FLAG This paper N/A

pCMV3-TLR2-FLAG Sino Biological Cat# HG10061-CF

pEXPR-IBA105 vector IBA Cat# 2-3505-000

pEXPR-IBA105-AmTARS This paper N/A

pCas Addgene Cat# 62225

pTarget Addgene Cat# 62226

Software and algorithms

Prism (v6.0) N/A http://www.graphpad.com

CellQuest pro BD biosciences N/A

AlphaFold2_advanced Jumper et al.43 https://colab.research.google.com/

github/sokrypton/ColabFold/blob/

main/beta/AlphaFold2_advanced.ipynb

MMseqs2 Mirdita et al.85 https://github.com/soedinglab/MMseqs2

PyMOL (v1.8.6.0) Schrödinger, LLC https://pymol.org/2/

MaxQuant (v1.6.10.43 and v2.1.1.0) Tyanova et al.86 https://www.maxquant.org

Perseus (v1.5.8) Tyanova et al.87 https://www.maxquant.org/perseus/

STAR (v2.5.1) Dobin et al.88 N/A

edgeR (v3.12.1) Goldman et al.89 N/A

MeV Howe et al.90 https://mev.tm4.org/

R pheatmap package (v1.0.12) Kolde et al.91 https://cran.r-project.org/web/

packages/pheatmap/index.html

GSEA (v4.0.0) Subramanian et al.92 https://www.gsea-msigdb.org/gsea/index.jsp

Enrichr Kuleshov et al.93 https://maayanlab.cloud/Enrichr/

MaAsLin2 (v1.2.0) Mallick et al.94 N/A

Deposited data

Raw LC-MS/MS data, the results of interactome

analysis and proteomic analysis of EV and

EV-free supernatant from A. muciniphila

This paper PRIDE Archive: PXD041790

Other

Ni-NTA Agarose QIAGEN Cat# 30230

Strep-Tactin� Sepharose� resin IBA Cat# 2-1201-002

(Continued on next page)
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SnakeSkin, Dialysis tubing, 10K MWCO ThermoFisher Cat# 68100

Slide-A-Lyzer Dialysis Cassette G2, 10K MWCO ThermoFisher Cat# 87730

Bolt 4-12%, Bis-Tris, 1.0 mm, Mini Protein Gels Invitrogen Cat# NW04125BOX

iBlot 2 Transfer Stacks, PVDF Invitrogen Cat# IB24002

Mem-PER Plus Membrane Protein Extraction Kit ThermoFisher Cat# 89842

HEK Blue selection (250X concentrate) Invivogen Cat# hb-sel

HEK Blue detection Invivogen Cat# hb-det

Protease inhibitor cocktail GenDEPOT Cat# P3100

Phosphatase inhibitor cocktail GenDEPOT Cat# P3200

Alexa Fluor 568 Protein Labeling Kit Invitrogen Cat# A102238
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RESOURCE AVAILABILITY

Lead contact
For information and requests about resources and reagents used in this study, please contact the lead contact Myung Hee Kim

(mhk8n@kribb.re.kr).

Materials availability
Materials are available from the lead contact upon request.

Data and code availability
d Themass spectrometry proteomics data generated in this study have been deposited to the ProteomeXchange Consortium via

the PRIDE95 database with the dataset identifier PXD041790.

d This paper does not report original code.

d Any additional information required to reanalyze the data reported in this work paper is available from the lead contact upon

request.
EXPERIMENTAL MODEL AND SUBJECT DETAILS

Mice
C57BL/6J mice were purchased from Damul Science (Daejeon, Korea). Tlr2-KO (B6.129-Tlr2tm1Kir/J) and B6-CD45.1 (B6.SJL-

Ptprca Pepcb/BoyJ) mice were purchased from Jackson Laboratory (Bar Harbor, ME). All mice weremaintained under specific path-

ogen-free conditions on a 12 h light/dark cycle at 22±1�C, and all offspring were genotyped using RT-PCR prior to use in experi-

ments. All experiments using mice were performed according to the guidelines of the Institutional Animal Use and Care Committee

of Korea Research Institute of Bioscience and Biotechnology (KRIBB-AEC-20030).

Isolation of primary cells
The large intestine was removed from mice, cut longitudinally into 0.5–1 cm lengths, and washed gently with phosphate-buffered

saline (PBS) buffer (137 mM NaCl, 2.7 mM KCl, 10 mM Na2HPO4, and 1.8 mM KH2PO4). Washed tissues were transferred to

50 ml conical tubes containing 5 ml of RPMI-1640 (Gibco) plus 1 mg ml-1 type IV collagenase (Sigma, St. Louis, MO) and incubated

in a shaking incubator at 250 rpm for 30 min. After digestion, tissue derivatives were filtered through mesh (100 micron) and centri-

fuged at 5003 g at 4�C for 5 min, and the cell pellets were re-suspended in PBS. Peritoneal exudate cells (PECs) were collected by

delivering 10 ml of cold RPMI 1640 containing 2% (v/v) fetal bovine serum (FBS) (Gibco) into the peritoneal cavity and gently aspi-

rating the fluid. The fluid lavage was centrifuged at 500 3 g at 4�C for 3 min and pellets were re-suspended in PBS. PECs were

cultured in Dulbecco’s Modified Eagle Medium (DMEM; Hyclone) containing 10% (v/v) FBS. To purify macrophages, isolated intes-

tinal and peritoneal cells were stained with CD11b-PE and F4/80-APC antibodies, and CD11b+F4/80+ double-positive cells were

sorted using a FACSAriaTM III (BD). BMDMs were isolated from 7–8-week-old mice, and red blood cells were lysed with ACK lysis

buffer (Gibco). BMDMs were cultured for 5 days in DMEM containing 10% (v/v) FBS and 50 ng ml-1 GM-CSF (R&D systems); the me-

dium was replaced with fresh complete medium every other day. Next, BMDMs were stimulated for 24 h with 10 ng ml-1 LPS (Sigma)

to induce inflammatory responses, or with 20 ng ml-1 IL-4 (Peprotech) and 20 ng ml-1 IL-13 (Peprotech) to induce M2 polarization.

HEK293T cell lines
The human kidney epithelial cell line HEK293T (ATCC) was maintained in DMEM containing 10% (v/v) FBS (Gibco) and 1% (v/v)

Antibiotic-Antimycotic (Gibco). HEK Blue-TLR4 cells (InvivoGen) were grown in DMEM containing 10% (v/v) FBS, 1% (v/v)
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Antibiotic-Antimycotic, 100 mg ml-1 Normocin (InvivoGen), and 1X HEK Blue selection (InvivoGen). The cell lines were incubated at

37�C in 5% (v/v) CO2.

THP-1 cell line
The human leukemia monocyte cell line THP-1 (ATCC) was grown at 37�C/5% (v/v) CO2 in RPMI 1640 medium (Gibco) containing

10% (v/v) FBS and 1% (v/v) Antibiotic-Antimycotic. THP1 cells were differentiated to adherent macrophage-like phenotype by treat-

ment with 10 ng ml-1 Phorbol 12-myristate 13-acetate (PMA, Sigma) for 48 h. Culture medium was replaced with fresh medium daily.

A. muciniphila culture
A.muciniphilaMucT (=DSM22959T) was cultivated anaerobically at 37�C in basal medium96 supplemented with 16 g l-1 soy-peptone,

25 mM glucose, and 0.05% porcine gastric mucin (Type III, Sigma). The trace element and vitamin solutions were as described pre-

viously.97 All compounds were autoclaved, except the vitamins, which were filter-sterilized. All procedures for media preparation

were performed under anaerobic conditions according to previously established methods.98

Zebrafish husbandry
Adult zebrafish (Danio rerio) AB (wild type, WT) strain and Tg(NFkB:EGFP)were maintained at 28.5�C under standard conditions. The

Tg(NFkB:EGFP) line was used as a NF-kB activity reporter to measure intestinal NF-kB activity.57 Fish were fed daily with a dry food

and maintained under a light/dark schedule of 14 h and 10 h dark. Zebrafish husbandry and animal care were performed in accor-

dance with guidelines from the Korea Research Institute of Bioscience and Biotechnology (KRIBB), and all experiments were

approved by KRIBB-AEC-22179.

METHOD DETAILS

Induction of DSS-induced colitis and measurement of disease activity
Mice were administered 2%DSS (molecular weight 36–50 kDa; MP Biomedicals, Santa Ana, CA) via their drinking water for 10 days.

Proteins, including AmTARS, AmTARS deletion mutants, and mouse IL-10 (BioLegend), were i.p.-injected every other day. The

amounts of protein given to mice are described in the figure legends. To deplete macrophages from mice, 200 ml of Clodrosome

(clodronate encapsulated liposomes; Encapsula Nano Sciences) or Encapsome (control liposomes) was i.p.-injected 4 days before

administration of DSS and on Days 0, 2, 4, and 6 during DSS administration. Treatment with engineered EcN(AmTARS) or EcN during

DSS treatment was performed by oral gavage (daily) with a 100 ml suspension (PBS containing 25% glycerol) containing 107 CFU

bacteria. Daily clinical assessment of colitis symptoms was carried out by measuring body weight, analyzing stool consistency,

and checking for rectal bleeding, which were scored as follows: body weight loss (0, none; 1, 1–5%; 2, 6–10%; 3, 11–15%; 4,

>15%), stool consistency (0, well-formed pellets; 2, loose stools; 4, diarrhea), and fecal blood (0, negative hemoccult test; 1, positive

hemoccult test; 2, blood visibly present in the stool; 3, blood visibly present and blood clotting on the anus; 4, gross bleeding), as

previously described.99

H&E and immunofluorescence staining
Colon tissues were fixed overnight at room temperature (RT) fixed in 10% (v/v) formaldehyde, washed for over 6 h with tap water, and

embedded using a Tissue Embedding Center module (Tissue-Tek, Sakura Finetek Co., Japan). Tissue sections (7 mm thick) were

deparaffinized in xylene and rehydrated in ethanol according to a standard protocol. For histological analysis, tissue sections

(7 mm thick) were stained with H&E (Sigma) and imaged under an optical microscope (BX51, Olympus Corp, Tokyo, Japan). The his-

tological scores were determined as described previously.100 For immunofluorescence staining, the slides were incubated for 15min

at heat with antigen retrieval buffer (0.1 M sodium citrate pH 6.0 and 0.05% Tween-20) and then blocked for 1 h at RT in PBS con-

taining 3% bovine serum albumin. Slices were stained with an anti-mouse Mac2 (CEDARLANE) primary antibody, followed by FITC-

conjugated anti-rat IgG (abcam) and anti-6X His tag antibody (Invitrogen) for 2 h at RT, respectively. After washing three times with

PBS containing 0.1% Tween-20, slides were mounted in mounting medium containing DAPI (abcam). Images were acquired under a

Nikon laser scanning confocal microscope (C2plus) and analyzed using NIS-Elements software.

Flow cytometry
Primary cells were stained with individual fluorescent probe-conjugated antibodies for 30 min at 4�C in FACS buffer (PBS containing

2% (v/v) FBS and 0.05% NaN3). After washing twice with FACS buffer, stained cells were analyzed using a FACSCaliburⓇ, and data

were analyzed using CellQuest software (BD). The following antibodies were used for flow cytometry: FITC-CD3 (553062), FITC-

CD19 (553785), PE-CD4 (553730), PE-IL-10 (554467), Cy5.5-CD11b (552850), APC-F4/80 (565853), APC-CD11c (561241), APC-

CD8 (553035), and FITC-CD206 (53-2061-82), all from BD Biosciences (San Diego, CA).

Gene cloning
Genes encoding Akkermansia muciniphila (Am) alanyl-tRNA synthetase (AARS), cysteinyl-tRNA synthetase (CARS), aspartyl-tRNA

synthetase (DARS), glutamyl-tRNA synthetase (EARS), phenylalanyl-tRNA synthetase alpha subunit (FARSa), phenylalanyl-tRNA

synthetase beta subunit (FARSb), glycyl-tRNA synthetase (GARS), histidyl-tRNA synthetase (HARS), isoleucyl-tRNA synthetase
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(IARS), lysyl-tRNA synthetase (KARS), leucyl-tRNA synthetase (LARS), methionyl-tRNA synthetase (MARS), asparaginyl-tRNA syn-

thetase (NARS), prolyl-tRNA synthetase (PARS), glutaminyl-tRNA synthetase (QARS), arginyl-tRNA synthetase (RARS), threonyl-

tRNA synthetase (TARS), valyl-tRNA synthetase (VARS), tryptophanyl-tRNA synthetase (WARS), tyrosyl-tRNA synthetase (YARS),

and glyceraldehyde 3-phosphate dehydrogenase (GAPDH) were PCR -amplified using A. muciniphilaMucT genomic DNA as a tem-

plate and then cloned into a pET21a vector encoding a C-terminal hexa-His tag. AmTARS deletion mutants (DU1AmTARS, residues

99–113 deleted; DU2AmTARS, residues 290–312 deleted; and DU1DU2AmTARS, residues 99–113 and 290–312 double deleted)

were cloned into the pET21a vector using the sequence- and ligation-independent cloning (SLIC) method.101 TARS genes were

amplified from genomic DNA isolated from Bacteroides fragilis, Escherichia coli, and Ruminococcus bromii, and then cloned into

pET21a. The E. coli TARS gene, with the AmTARS U1 and U2 regions [EcTARS (U1/U2)] inserted between Gly152 and Glu153,

and between Glu323 and Asn324, respectively, was synthesized (Macrogen, South Korea) and cloned into the pET21a vector. All

human genes were amplified from HEK 293T cDNA. Human TARS1 was cloned into the pET22b (+) vector, and the human

NLRX1, CD163, and TLR4 genes were cloned into the pIRES-FLAG vector, as described previously.84 For in vitro pull-down assay,

AmTARS domains including N-terminal domain (NTD, residues 1–184), catalytic domain (CD, residues 184–523), DU2 catalytic

domain (DU2CD, deleted the residues 290–312 in CD) and anticodon-binding domain (ABD, residues 524–630) were sub-cloned

into the pET21a vector. C-terminal Flag� tagged-human TLR2 was purchased from Sino Biological. For immunoprecipitation anal-

ysis, AmTARS was sub-cloned into the pEXPR-IBA105 vector (IBA).

Immunoblotting
To determine AmTARS-mediated signaling via TLR2, BMDM and differentiated-THP1 cells were treated with 0.5 mM AmTARS for

5 min to 3 h. To compare TLR2-mediated signaling by AmTARS and Pam3CSK4 (InvivoGen), BMDMs derived from WT and

TLR2-KO mice were incubated with 0.5 mM AmTARS or 0.5 mM Pam3CSK4 for 30 min. For antibody blocking experiments,

BMDMs were pre-treated with TLR antibody (1 mg ml-1, InvivoGen) for 1 h to block TLR2, and then signaling was analyzed following

treatment with 0.5 mM AmTARS or 0.5 mM Pam3CSK4 at 37�C for 30 min. To evaluate the TLR2 heterodimer preference targeted by

AmTARS, differentiated-THP1 cells were pre-treated with 1 mg of antibodies (human IgG, anti-hTLR1, anti-hTLR2, and anti-hTLR6)

for 1 h and then exposed to 0.5 mM AmTARS at 37�C for 30 min. Treated cells were lysed by lysis buffer (50 mM Tris-HCl, pH 7.5,

100 mM NaCl, 1% (v/v) NP-40, 1 mM EDTA, 0.25% (w/v) sodium-deoxycholate, protease inhibitor cocktail (GenDEPOT), and phos-

phatase inhibitor cocktail (GenDEPOT)), and extracted samples were analyzed by immunoblot. A muciniphila culture samples were

centrifuged at 5,0003 g for 30 min, and the cells were re-suspended with 1X PBS buffer. Cells were then lysed by sonication (Vibra

cell, SONICS). AmTARS and AmYARS proteins from the lysates and supernatant were analyzed by immunoblotting.

Protein expression and purification
His-tagged ARSs and GAPDH from A. muciniphila; TARSs from B. fragilis, E. coli, R. bromii; and human; and EcTARS (U1/U2) were

overexpressed in E. coliClear coli BL21 (DE3) cells (Lucigen) by induction with 0.5 mM IPTG at 18�C for 30 h. Plasmids encoding His-

tagged AmTARS domains were expressed in E. coli NiCo21 (DE3) cells (NEB) by induction with 0.5 mM IPTG at 18�C for 18 h. The

cells were re-suspended with lysis buffer containing 50 mM Tris-HCl, pH 8.0, 300 mM NaCl, and 10 mM imidazole, pH 8.0; lysed by

sonication; and centrifuged at 16,000 3 g at 4�C for 1 h. Recombinant proteins purified using Ni-NTA affinity chromatography were

eluted by 50mMTris-HCl, pH 8.0, 150mMNaCl and 150mM imidazole, pH 8.0. The eluted proteins were dialyzed against PBS buffer

and purified further using TX-114 detergent to remove LPS as described previously,102 with some modifications. Briefly, proteins

were mixed with 10% (v/v) TX-114 to generate a 2% mixture, incubated at 4�C for 30 min with agitation, and then incubated at

37�C for 10 min. To separate the TX-114 from the mixture, centrifugation was performed at 20,000 3 g at 25�C for 3 min. This pro-

cedure repeated twice or three times and residual LPS in the proteins was detected by a SEAP reporter assay system using HEK

Blue-TLR4 cells. Purified AmTARS was labeled with Alexa 568 dye using an Alexa Fluor� 568 Protein Labeling Kit (Invitrogen).

HEK293T cells grown in 150mm culture dishes were transfected with the TLR2-FLAG construct using PEI. After 24 h, harvested cells

were lysed using lysis buffer (50mMTris-HCl, pH 7.5, 100mMNaCl, 1% (v/v) NP-40, 1mMEDTA, 0.25% (w/v) sodium-deoxycholate,

protease inhibitor cocktail, and phosphatase inhibitor cocktail) and clarified by centrifugation at 16,0003 g at 4�C for 1 h. Cell lysates

were loaded onto anti-FLAG M2 affinity gel (Sigma) for gravity elution and washed by TBS buffer (50 mM Tris-HCl, pH 7.4, and

137 mMNaCl) with 1% (v/v) NP-40. Bound proteins were eluted with TBS buffer containing 150 mg ml-1 of 3X FLAG peptide (Sigma).

The purity of the proteins was evaluated by SDS-PAGE followed by Coomassie Brilliant Blue staining (Figure S7H).

Interactome analysis
Differentiated-THP1 cells were lysed and fractionated into membrane and cytosolic proteins using a membrane protein extraction kit

(ThermoFisher). The membrane and cytosolic proteins (150 mg each) were incubated at 4�C overnight with AmTARS-His (15 mg) with

agitation. Ni-NTA resin (QIAGEN) was added to the mixture and incubated at 4�C for 30 min with agitation. Ni-NTA resin was added

to the mixture and incubated at 4�C for 30 min with agitation. The resin was washed thoroughly five times with wash buffer (50 mM

Tris-HCl, pH 8.0, 300 mMNaCl, and 30 mM imidazole), re-suspended in 1X protein sample buffer, and boiled for 10 min. The samples

were analyzed by SDS-PAGE. The protein bands were cut from the gel and destained with 50mMammoniumbicarbonate/50% aceto-

nitrile (ACN). The proteins present in the gel stripswere reducedwith dithiothreitol (DTT) and alkylatedwith iodoacetamide. In-gel diges-

tion was carried out overnight at 37�C using trypsin (Promega), and the resulting peptides were extracted and vacuum dried. The pep-

tides were re-suspended in 0.1% formic acid/2% ACN solution and injected into a LC/MS/MS system. Peptides were separated and
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analyzed using an Easy-nanoLC1000 and LTQ-Orbitrap elite (ThermoFisher). The trap column was an Acclaim PepMap 100

(ThermoFisher, 75 mm 3 2 cm, C18, 3 mm, 100 Å) column and the analytical column was a PepMap RSLC C18 (ThermoFisher,

2 mm, 100 Å, 75 mm 3 50 cm) column. The column temperature was set to 50�C. The mobile phases were 100% water/0.1% formic

acid (buffer A) and 100% ACN/0.1% formic acid (buffer B). The column gradient was developed using a linear run from 2% B to

32% B in 120 min at a flow rate of 300 nl min-1. The survey scan settings were as follows: Resolution = 60,000, Max IT = 200 ms,

AGC Target = 1E6, mass range �350–2000 Th. The data dependent analysis (DDA) MS/MS scan settings were as follows: Analyzer =

orbitrap; Fragmentation = HCD Top 15 double play; Resolution= 15,000; max IT = 100 ms; AGC target = 5E4; Threshold, 200,000;

normalized collision energy = 27%; isolation width = 2.0; dynamic exclusion parameter repeat count 1; repeat duration time for 10 s;

exclusion list size = 500; exclusion duration time = 60 sec. LC/MS/MS data were analyzedwithMaxQuant92 v1.6.10.43 and Perseus93

v1.5.8.MaxQuant parameterswere as follows: database = uniprot homo sapiens, enzyme= trypsin/P, variablemodification =Oxidation

(M), Acetyl (protein N-term), fixedmodification = carbamidomethyl (C), LFQ and match between runs. Protein groups were selected for

analysis when ‘razor+unique peptide >=2’ at Perseus and their LFQ intensity are compared.

Pull-down assay
A cloned Strep-AmTARS gene, along with FLAG-tagged TLR2, NLRX1, CD163 and TLR4 genes, was co-transfected into HEK 293T

cells using PEI. Cells were dissolved in lysis buffer containing 50 mM Tris-HCl, pH 7.5, 100 mM NaCl, 1% (v/v) NP-40, 1 mM EDTA,

0.25% (w/v) sodium-deoxycholate, protease inhibitor cocktail, and phosphatase inhibitor cocktail, and lysates were centrifuged at

16,000 3 g for 20 min. Extracted proteins were separated by SDS-PAGE. To precipitate Strep-tagged proteins, cells were lysed in

lysis buffer, and Strep-Tactin beads (IBA) were added at 4�C for 1 h (with agitation). The beads were washed with lysis buffer and

eluted by boiling in 1X protein sample buffer (LPS solution). The precipitated samples were analyzed by SDS-PAGE.

In vitro binding assay
The purified protein mixtures containing TLR2-FLAGwith His-tagged AmTARS including full-length, NTD, CD,DU2CD, and ABD at a

2:1 ratio were incubated at 4�C for 5 h with agitation. To analyze the U1/U2-mediated interaction with TLR2, purified TLR2-FLAG

proteins were mixed with His-tagged AmTARS, EcTARS, and EcTARS(U1/U2) at a ratio of 2:1 and then incubated at 4�C for 5 h

with agitation. The mixture was loaded onto Ni-NTA resin at 4�C for 30 min, washed ten times with ice-cold wash buffer (50 mM

Tris-HCl, pH 7.5, 300 mM NaCl, and 40 mM imidazole), and eluted 1X protein sample buffer (LPS solution). The eluted samples

were separated by SDS-PAGE and stained with Coomassie Brilliant Blue.

Enzyme-linked immunosorbent assay (ELISA)
To detect inflammatory cytokines, BMDM cells were stimulated for 24 h with Pam3CSK4 or proteins (i.e., AmARSs, microbiota-

derived TARSs, EcTARS (U1/U2), and AmTARS + LPS), after which BMDM supernatants were collected. For the inhibitor studies,

BMDMs were pre-treated for 1 h with inhibitors (i.e., PD98,059 (ERK inhibitor, 10 mM), SB203580 (p38 inhibitor, 10 mM),

SB747651A (MSK inhibitor, 1 mM), 666-15 (CREB inhibitor, 10 mM), Wortmannin (PI3K inhibitor, 10 mM), and AKT1/2 (AKT inhibitor,

10 mM)) and then incubated with AmTARS for 24 h. Differentiated-THP1 cells were treated for 24 h with AmTARS under normal and

LPS-induced inflammatory conditions. Macrophages derived from PECs and the intestine were treated for 24 h with AmTARS. To

obtain mice serum, blood was collected from the intraorbital vein and incubated for 4 h at RT. The collected blood was centrifuged

at 1,500 3 g for 30 min, and the upper serum layer was collected. Cytokine concentrations in cell supernatants and mouse serum

were measured by ELISA according to the manufacturer’s instructions; mouse IL-6 (555240), mouse IL-10 (555252), mouse TNF

(555268), human IL-6 (555220), human IL-10 (555157), and human TNF (555212) (all BD Biosciences).

Isolation of A. muciniphila EV
To analyze proteins secreted by A. muciniphila, cells were cultured for 24 h in a volume of 1 L; each sample was grown to a density of

2.68, 3.89, and 4.33 109 cells ml-1. The supernatants were collected from cells cultured in bottles. At first, cells were spun down from

the supernatant at 5,0003 g for 15min at 4�C. The supernatant was collected and spun at 10,0003 g and then 20,0003 g for 15min

at 4�C. The supernatant collected after spinning at 20,0003 gwas concentrated 40-fold using a 100K cut-off Amicon centrifugal filter

(Merck Millipore). The concentrates were centrifuged at 200,000 for 2 h at 4�C. To isolate EVs from the concentrates, ultra-filtration

was performed using Optiprep density gradient ultra-centrifugation.32,103 The Optiprep solution (60% w/v iodixanol; Sigma Aldrich)

formed layers with concentrations from 50% to 10%; the 50%mixture included the concentrates. Briefly, 3 ml of 50%, 3 ml of 40%,

3 ml of 20%, 3 ml of 10% Optiprep, and 1 ml of PBS were layered sequentially and centrifuged at 100,000 3 g for 18 h at 4�C in a

Himac CP100WX ultra-centrifuge (P40ST-2561).

LC-MS/MS analysis of soluble fractions and EVs from A. muciniphila

Samples were digested using Strap micro (PROTIFI) in accordance with the manufacturer’s protocol (v4.7). This protocol includes the

use of tris (2-carboxyethyl) phosphine (TCEP) and methyl methanethiosulfonate (MMTS) for reduction and alkylation, respectively.

Briefly, 1 mg of trypsin/lysC (pierce, part no. A40009) was added to each sample and then incubated overnight at 37�C. Eluted samples

were desalted with a home-made stage tip (C18) and dried in a speed-vac. The peptides were re-suspended in 2% acetonitrile/0.1%

formic acid solution and then injected into an RSLCnano u3000/Orbitrap Exploris 240 (ThermoFisher) system. The trap column was an

Acclaim PepMap 100 (75 mm3 2 cm, C18), and the analytical columnwas a BEHC18 (75 mm3 25 cm, 1.7 mm, 130Å). The temperature
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of both columns was set to 50�C. The mobile phases were 0.1% formic acid in water (buffer A) and 0.1% formic acid in acetonitrile

(buffer B). The following gradient was used at a flow rate of 300 nl/min: 2–20% B in 100 min; 20–32% B in 20 min. The survey scan

settings are as follows: Resolution = 120,000; Max IT = 50 ms; AGC 300%; mass range 375–1200 Th. The selected precursor was frag-

mented by HCD and analyzed by orbitrap. Other parameters for the MS/MS scans were as follows: Top15 double play, Resolution =

30,000; max IT = 200 ms; AGC standard; Threshold = 1E5; normalized collision energy = 30%; isolation width = 2; dynamic exclusion

parameter exclude after n times = 1; exclusion duration time = 20 s; mass tolerance low/high = 10 ppm. Raw data from LCMSMSwere

analyzed with MaxQuant v2.1.0.0 and Perseus v1.5.8. MaxQuant parameters were as follows: database = uniprot akkermansia muci-

niphila; enzyme = trypsin/P; variable modification = Oxidation(M), Acetyl(protein N-term); fixed modification = methylthio (C); LFQ and

match between runs = selected. After the proteingroups.txt file was read by Perseus, protein groups were filtered using the ’razor+-

unique peptide >=2’ criterion. The relative abundance of AmTARS and AmOmats (outer membrane autotransporter barrel domain pro-

teins) was calculated as the intensity ratio of each protein to total protein in each sample.

DSS-induced zebrafish colitis model
To induce intestinal inflammation in zebrafish, the repeated DSS-injury protocol from Chuang et al.104 was adopted and modified.

Briefly, embryos were generated by outcrossing Tg(NFkB:EGFP) with the AB line, followed by maintenance in E3 egg water

(5 mM NaCl, 0.17 mM KCl, 0.33 mM CaCl2, 0.33 mM MgSO4). Normally developed embryos showing NF-kB-dependent EGFP

expression were sorted at 2 days post fertilization (dpf) using an SZX16 microscope (Olympus). For yolk sac injection, 3 dpf larvae

were anesthetized with ethyl 3-aminobenzoate methanesulfonate salt and embedded in 1% low-melting-point agarose (LMA). After

solidification of LMA, 2 nl of 13 PBS or AmTARS (0.5 mg/ml) was injected into the yolk sac using a PV830 micro-injector (World Pre-

cision Instruments). After injection, larvae were rinsed three times in fresh E3 egg water and treated with 0.5%DSS for 24 h. The next

day, larvae were washed/recovered for 24 h in fresh E3 egg water, and re-treated with 0.5% DSS for 24 h to amplify intestinal inflam-

mation. Finally, larvae were fixed overnight at 4�C in 4%PFA solution (4% paraformaldehyde (PFA), 4% sucrose, 0.15 mMCaCl2, 13

PBS), and the intestinal NF-kB activity of 6 dpf larvae was imaged under a high-resolution confocal microscope (see below for de-

tails). All animal experiments were repeated at least twice with a minimum of ten zebrafish larvae per group, and were performed

at 28.5�C.

Confocal microscopy analysis of intestinal NF-kB activity
Fixed larvae were washed briefly with 13 PBST (13 PBS with 0.1% Tween 20) and embedded in 1% LMA on glass-bottomed im-

aging dishes. The mid-distal intestinal region that spans the region 250 mm from the anus was imaged using a FV1000 confocal laser

scanning microscope (Olympus). Confocal z-projections were made by stacking between nine and ten sections (each 5 mm thick).

The relative intensity of NF-kB-dependent EGFP signals in Z-projected images was measured by Image J and the ROI manager. The

NF-kB activity of each group was displayed as a percentage relative to the mean fluorescence intensity of PBS-injected WT

intestines.

Antibody production
Rabbit polyclonal antibodies specific for AmTARS, AmYARS, and AmGAPDH were produced by Abclon Inc. (Seoul, Korea). Rabbits

were immunized with four intraperitoneal injections of 200 mg protein antigen (0, 4, 6, and 8 weeks) in complete Freund’s adjuvant

(Sigma). Antibodies were purified from serum by IgG purification.

Amino-acylation assay
Threonine-dependent amino-acylation assays were carried out with purified AmTARS, DU1AmTARS, DU2AmTARS,

DU1DU2AmTARS, and AmYARS. Assays were performed in reaction buffer (50 mM Tris-HCl, pH 7.5, 10 mM MgCl2, 100 mM

NaCl, and 100 mM KCl) containing 1 mM DTT, 250 mM ATP, 2.5 mM L-threonine, 1 U ml-1 inorganic pyrophosphatase, and 2 mM

of the proteins at 37�C for 30 min, and free inorganic phosphate was detected using malachite green phosphate assay kit

(BioAssay Systems) at 620 nm.

Construction of the engineered EcN strain
The engineered EcN strain, which chromosomally expresses C-terminally His-tagged AmTARS, was constructed using the lambda

red-mediated CRISPR-Cas9 system as previously described.105 The exo/cea intergenic region of the EcN chromosome comprises

convergent ORFs; this characteristic has been exploited by other studies to enable insertion of exogeneous sequences while mini-

mizing the effects on expression of neighboring genes.60,61 The 20 nt sequence of the exo/cea intergenic region was cloned into the

pTarget vector. His-tagged AmTARS and the lac promoter were assembled with 500 bp arms homologous to each side of the exo/

cea intergenic region and then used as the repair template DNA. EcN harboring pCaswas transformedwith 100 ng of pTarget and the

repair template DNA. The resulting engineered EcNwas selected and confirmed by PCR encompassing the exo/cea intergenic region

on the chromosome. To validate expression of His-tagged AmTARS by engineered EcN [EcN(AmTARS)], the strain was incubated

(with shaking) in LB at 37�C. The cells were then spun down from the culture at 10,000 3 g for 15 min at 4�C. The supernatant was

filtered through a 0.45 mm-poreMinisart syringe filter (Sartorius) and concentrated 40-fold using a 30K cut-off Amicon centrifugal filter

(Merck Millipore). The cell lysate and culture supernatant were analyzed by immunoblotting. For comparison, cell lysates equivalent
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to the same amount (15 mg) of total protein from EcN(AmTARS) orA.muciniphilawere loaded, and the same volume (40 ml) of concen-

trated or original culture supernatants from EcN(AmTARS) or A. muciniphila, respectively, was loaded.

Adoptive cell transfer
For adoptive transfer, peritoneal cavity cells were isolated from B6-CD45.2 mice and used as donor cells. The isolated cells (53 106

per mouse) were transferred intraperitoneally to B6-CD45.1 mice irradiated with a 6 Gy dose (recipients). The mice were then admin-

istered AmTARS (0.2 mg kg-1) or PBS every other day for 10 days. The number of CD45.2-APC and F4/80-PE-positive cells in the

peritoneal cavity and colon was measured by flow cytometry at days 5 and 10 after cell transfer, respectively.

QUANTIFICATION AND STATISTICAL ANALYSIS

Structure modeling of AmTARS
A structural model of monomeric AmTARS was generated using AlphaFold2_advanced,43 which is available at https://colab.

research.google.com/github/sokrypton /ColabFold/blob/main/beta/ AlphaFold2_advanced.ipynb. The amino acid sequence of Am-

TARS was aligned with multiple sequences produced by MMseqs2.85 The top five model structures were obtained from the highest

pLDDT-scoringmodel. The structuremodel ofAmTARSwith the best pLDDT score, 92.53, was selected. All molecular graphics were

generated using PyMOL version 1.8.6.0 (Schrödinger, LLC).

RNA sequencing
The PureLink RNA mini kit (ThermoFisher) was used to purify RNAs from BMDMs treated with 0.5 mM AmTARS or 10 ng ml-1

Pam3CSK4 for 1 or 3 h. An mRNA sequencing library was prepared using the TruSeq RNA Sample Prep Kit (Illumina, San Diego,

CA, USA) and sequencing was performed using the Illumina HiSeq2000 platform to generate 100 bp paired-end reads. The reference

human genomewas obtained from the NCBI genome (https://www.ncbi.nlm.nih.gov/genome/) and genome indexing was performed

using the STAR alignment tool (v2.5.1).88 The sequenced reads were mapped to the human genome (mm10) STAR and gene expres-

sion levels were quantified with count module in the STAR aligner. The edgeR (v3.12.1)89 package was used to select differentially

expressed genes from the RNA-seq count data between conditions (-fold change > 1.5, FDR < 0.05). The TMM (the trimmedmean of

M-values normalization) normalized CPM (counts per million) value of each gene was added to 1 and log2-transformed for further

analysis. A heatmap was generated using MeV90 and R (v3.5.0, https://www.r-project.org/) in pheatmap package (v1.0.12,

https://cran.r-project.org/web/packages/pheatmap/index.html).

Gene set enrichment analysis (GSEA)
The GSEA software92 on the Broad Institute website (v4.0.0, https://www.gsea-msigdb.org/gsea/index.jsp) was used for GSEA of

RNA-seq data. The expression dataset was analyzed against hallmark, KEGG pathway, and GO gene sets (H, C2, and C5.gmt files

from MSigDB v7.0). The statistical significance (nominal p value) of the enrichment score (ES) was calculated by running 1000 gene

set permutations. The normalized enrichment score (NES) was used to account for the size of the gene set. Enriched transcription

factors (TRANSFAC and JASPAR PWMs) were identified using Enrichr.93

Statistical analysis of bacterial tRNA synthetases in iHMP datasets
A public dataset, IBDMDB36 within iHMP, was used for analyzing the abundance of bacterial tRNA synthetases in disease conditions.

iHMP is a longitudinal cohort comprising 132 participants with three clinical diagnoses: non-IBD n = 27; CD (Crohn’s disease) n = 67;

or UC (Ulcerative colitis) n = 38. IBDMDB provides processed taxonomic and functional profiles frommetagenomic (https://ibdmdb.

org/tunnel/public/HMP2/WGS/1818/ products) and metatranscriptomic analysis (https://ibdmdb.org/tunnel/public/HMP2/MTX/

1750/products). Linear model fitting, using the Microbiome Multivariable Association with Linear Models (MaAsLin2) package

(v1.2.0),94 was used to determine associations between bacterial features and IBD conditions while adjusting for confounding vari-

ables. Prior to model fitting, features with low prevalence (cut-off 10%) were removed from the table. Diagnosis, antibiotic, and dys-

biosis state were used as categorical or binary variables and age was used as a continuous variable. To adjust effects from repeated

measurements over time for the same participants, subjects were coded as a random variable. Of the 1638 metagenome samples

from 132 participants, 46 samples were filtered for low sequencing reads (lower than 1 million reads) and of the 835 metatranscrip-

tomic samples, 126 samples were removed for low quality reads or unknown dysbiosis state at the sampling date. Statistical signif-

icance was calculated using Wald’s test and corrected by the Benjamini-Hochberg method (q-value). Heatmap was used for visu-

alizing abundances of the features by pheatmap package (v1.0.12).91

Statistical analyses
Results are presented as themean ± SEM. Statistical analyseswere performed using Prism v.6.0, and p-valueswere calculated using

a two-tailed Student’s t-test. The data were considered statistically significant when p-values were <0.05.
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