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SUMMARY

D-Amino acids (D-AAs) have various functions in mammals and microbes. D-AAs
are produced by gut microbiota and can act as potent bactericidal molecules.
Thus, D-AAs regulate the ecological niche of the intestine; however, the actual im-
pacts of D-AAs in the gut remain unknown. In this study, we show that D-Trypto-
phan (D-Trp) inhibits the growth of enteric pathogen and colitogenic pathobionts.
The growth of Citrobacter rodentium in vitro is strongly inhibited by D-Trp treat-
ment.Moreover, D-Trp protectsmice from lethalC. rodentium infection via reduc-
tion of the pathogen. Additionally, D-Trp prevents the development of experi-
mental colitis by the depletion of specific microbes in the intestine. D-Trp
increases the intracellular level of indole acrylic acid (IA), a key molecule that de-
termines the susceptibility of enteric microbes to D-Trp. Treatment with IA im-
proves the survival of mice infected with C. rodentium. Hence, D-Trp could act
as a gut environmental modulator that regulates intestinal homeostasis.

INTRODUCTION

L-Amino acids are essential for all forms of life as they act as the building blocks of proteins, including en-

zymes, antibodies, and hormones. In contrast, D-amino acids (D-AAs), the enantiomeric counterparts of

L-amino acids, have long been considered non-functional. Earlier studies did not typically observe their

presence in organisms. However, accumulating evidence suggests that D-AAs, such as D-Serine,

D-Aspartate, D-Alanine, and D-Cysteine, are present in mammalian tissues (Kiriyama and Nochi, 2016)

and play important roles in numerous physiological processes in the human body (D’Aniello, 2007; Hashi-

moto et al., 1992; Homma, 2007; Mori and Inoue, 2010).

D-AAs are critical constituents of peptidoglycan, an essential component of the bacterial cell wall (Hancock,

1960; Park and Strominger, 1957). Furthermore, diverse bacterial species are known to produce and release

different sets of D-AAs to the environment in millimolar range concentrations (Lam et al., 2009). For

instance, gut microbiota increases free D-AA levels in the intestine (Matsumoto et al., 2018; Sasabe

et al., 2016). These D-AAs function as potent bactericidal molecules. Such molecules act directly or their

action is mediated by host D-amino acid oxidase (DAO) (Alvarez et al., 2018; Sasabe et al., 2016). These

D-AAs may have the ability to regulate microbial communities (Cava et al., 2011; Kolodkin-Gal et al., 2010).

Some symbiotic microorganisms in the intestine act as pathogens under certain conditions, usually

involving environmental and/or genetic alterations (Dianda et al., 1997; Sellon et al., 1998; Taurog et al.,

1994). Such resident microbes with pathogenic potential are referred to as pathobionts (Honda and Litt-

man, 2012). Pathobionts are innocuous to the host under normal conditions but an imbalanced state of

the gut microbiota, triggered by inherent immune defects as well as changes in diet and/or acute inflam-

mation, induces the proliferation of the pathobionts and triggers intestinal inflammation (Devkota et al.,

2012; Garrett et al., 2007). Certain pathogens have also developed strategies to promote their replication

in the presence of the gut microbiota. Indeed, some pathogens within the family Enterobacteriaceae,

such as Citrobacter rodentium, initially utilize virulence factors to induce intestinal inflammation, which is

advantageous for the bacterial growth in the intestinal lumen (Barman et al., 2008; Kamada et al., 2012;

1Research Center for Drug
Discovery, Faculty of
Pharmacy and Graduate
School of Pharmaceutical
Sciences, Keio University,
Tokyo 105-8512, Japan

2Department of
Biochemistry, Faculty of
Pharmacy and Graduate
School of Pharmaceutical
Sciences, Keio University,
Tokyo 105-8512, Japan

3Department of
Biochemistry, Keio University
School of Medicine, Tokyo
160-8582, Japan

4Co-Creation Center, Meiji
Holdings Co., Ltd., 1-29-1
Nanakuni, Hachiouji, Tokyo
192-0919, Japan

5Laboratory of Microbiology,
School of Pharmacy, Kitasato
University, Tokyo 108-8641,
Japan

6These authors contributed
equally

7Lead contact

*Correspondence:
ykim@keio.jp

https://doi.org/10.1016/j.isci.
2022.104838

iScience 25, 104838, August 19, 2022 ª 2022 The Author(s).
This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1

ll
OPEN ACCESS

mailto:ykim@keio.jp
https://doi.org/10.1016/j.isci.2022.104838
https://doi.org/10.1016/j.isci.2022.104838
http://crossmark.crossref.org/dialog/?doi=10.1016/j.isci.2022.104838&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/


F G

0 3 6 9 12 15 18 21
0

20

40

60

80

100

Days after infection

Su
rv

iv
al

(%
)

Cont
0.2
1.0
5.0

D-Trp

0 3 6 9 12 15 18 21
0

20

40

60

80

100

Days after infection

Su
rv

iv
al

(%
)

Cont
0.2
1.0
5.0

D-Met

Cont 0.2 1.0 5.0
0

5

10

15

D
-T

rp
(μ

m
ol

/g
)

D-Trp

N
on

e
M

et Tr
p

G
ln

Th
r

Ph
e

As
p

Ar
g

As
n

H
is

Va
l

Le
u

Al
a

I s
o

G
lu

Ly
s

Ty
r

P r
o

C
y s Se

r0.0

0.2

0.4

0.6

0.8

O
D

60
0

BA

C D

H

E

I J K

L M

ll
OPEN ACCESS

2 iScience 25, 104838, August 19, 2022

iScience
Article



Lupp et al., 2007). Therefore, the inhibition of the growth of pathogens or indigenous pathobionts is critical

for controlling enteric infection and intestinal inflammation.

The influence of D-AAs on gut microbial communities and environments is primarily unknown. We hypoth-

esized that certain D-AAs could maintain gut homeostasis by controlling the growth of enteric pathogens

and/or pathobionts. In the present study, we assessed whether specific D-AA influences the growth of

enteric pathogens and pathobionts, and changes the composition of gut microbial communities, thereby

suppressing microbially induced colitis. Furthermore, we identified how this D-AA inhibited the growth of

colitogenic gut microbes.

RESULTS

D-Tryptophan inhibits the growth of enteric pathogen

We first examined the inhibitory effects of D-AAs on the growth of the enteric pathogen in vitro. Compared

to the untreated control, treatment with most D-AAs, particularly D-Methionine (D-Met) and D-Trp, inhibited

the growth of C. rodentium, a natural pathogen of mice, which are used to model human infections with

enteropathogenic Escherichia coli in a dose-dependent manner (Borenshtein et al., 2008) (Figures 1A

and 1B). We then assessed whether D-Met and D-Trp, which were the strongest growth inhibitory effect

on C. rodentium in vitro, can inhibit enteric pathogen infection in vivo. Treatment with D-Met protected

the mice modestly from lethal infection with C. rodentium (Figure 1C). Fecal and plasma D-Met levels

were increased when a high dose of D-Met was administered orally (Figures 1D and 1E). Treatment with

D-Trp remarkably improved the survival of C. rodentium-infected mice in a dose-dependent manner (Fig-

ure 1F). Food intake was decreased for a couple of days and body weight was lower in the mice treated with

5% D-Trp compared with other groups before the infection. However, food intake and body weight, even-

tually, became comparable among all the groups during the infection (Figures S1A-S1D). Fecal and plasma

D-Trp levels were significantly increased in the mice treated with 5% D-Trp (Figures 1G and 1H). We next

determined whether D-Trp can inhibit the growth of C. rodentium in the gut. C. rodentium was detected

in the feces of inoculated mice 3 days post-infection, and the burden of C. rodentium further increased

and remained elevated up to days 6 and 9. Treatment with D-Trp, but not L-Trp, reduced the pathogen

load from day 6, and the fecal numbers of C. rodentium remained low until day 9 after the infection (Fig-

ure 1I). The mice treated with D-Trp had significantly longer colon length and lower colon weight compared

with those of the control and L-Trp-treated mice (Figures 1J and 1K). Fecal concentrations of lipocalin-2, a

fecal marker for colitis severity, increased in C. rodentium-infected mice. Lipocalin-2 concentrations were

strongly suppressed by treatment with D-Trp but not with L-Trp (Figure 1L). Pretreatment with L-Trp or D-Trp

before the infection did not increase the fecal level of lipocalin-2 (Figure S1E). We also observed a higher

burden of C. rodentium in the livers and spleens of infected untreated mice and mice treated with L-Trp.

Figure 1. Effects of D-Tryptophan on the growth of enteric pathogen

(A and B) Optical density (OD) measured at 600 nm after culturing Citrobacter rodentium in LB broth supplemented with

or without 50 mM of each D-amino acid (A) (n = 4 samples per group) or with or without various concentrations of D-

Methionine (D-Met) or D-Tryptophan (D-Trp) (B) (n = 4 samples per group) for 24 h.

(C-H) Mice were fed chow diets supplemented with D-Methionine (D-Met) or D-Tryptophan (D-Trp) at concentrations of 0%

(Control; Cont), 0.2%, 1%, or 5% and then infected orally with 2 3 109 colony-forming units (CFU) of C. rodentium (n = 5-6

mice per group). Themice were fed with their respective diets beginning 10 days before infection and continuing through

the end of the experiment.

(C and F) Survival rates for 21 days after infection with C. rodentium.

(D, E, G, H) D-Trp levels in (D and G) feces and (E and H) plasma derived from mice fed supplemented chow diets for

10 days before the infection.

(I-M) Mice were fed with the respective diets (Cont, unsupplemented diet; L-Trp, 5% L-Tryptophan supplemented diet; D-

Trp, 5% D-Tryptophan supplemented diet) and then infected orally with 2 3 109 CFU of C. rodentium (n = 7-8 mice per

group). The mice were fed their respective diets beginning 2 weeks before infection and continuing through the end of

the experiment.

(I) Fecal C. rodentium load on days 3, 6, and 9 post-infection.

(J) Colon length and (K) colon weight per cm on day 10 post-infection.

(L) Fecal Lipocalin-2 (LCN2) concentration on day 9 post-infection.

(M) C. rodentium load in the liver and the spleen at day 10 post-infection.

Each dot represents one sample or mouse. Horizontal bars indicate mean values. Statistical significance was assessed

using the Log-rank test in panels C and F, one-way ANOVA with Dunnett’s multiple comparison test in panels D, E, G, and

H, and Tukey’s multiple comparison test in panels I, J, K, L, and M. *p < 0.05; **p < 0.01; ***p < 0.001. All the experiments

were conducted at least three independent times.
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However, we detected a lower number of pathogens in the livers and spleens of D-Trp-treated mice nine

days post-infection (Figure 1M). The gut microbiota metabolize tryptophan into metabolites that act as

aryl hydrocarbon receptor (AhR) ligands (Agus et al., 2018). AhR-deficient mice exhibit a high pathogen

burden and are susceptible to C. rodentium infection (Qiu et al., 2012). Thus, D-Trp could activate AhR

which contributes to the protection of mice against C. rodentium infection. Therefore, we next compared

the ability of L-Trp and D-Trp to activate AhR. Treatment with D-Trp as well as L-Trp strongly enhanced the

expression of Cyp1a1, an AhR target gene, but the expression level was comparable in both treatment

groups (Figure S2A). On the other hand, the expression of Reg3g, another AhR target gene, was neither

upregulated by D-Trp or L-Trp (Figure S2B). Therefore, the activation of AhR by D-Trp may not contribute

to protecting the mice from C. rodentium infection. Collectively, these results indicate that D-Trp inhibits

the growth of enteric pathogen.

D-Tryptophan suppresses experimental colitis by influencing the growth and composition of

gut microbiota

We next assessed whether D-Trp can also influence the growth and composition of gut microbiota. We used

twomouse colitis models in which severities were strongly influenced by microbiota composition (Feng et al.,

2010; Hernandez-Chirlaque et al., 2016; Reinoso Webb et al., 2018). We first induced acute colitis by the oral

administration of dextran sulfate sodium (DSS). Induction of acute colitis is mediated primarily by effectors of

innate immunity and causes damage to the epithelial barrier and results in significant weight loss and appear-

ance of pathological symptoms such as colon shortening (te Velde et al., 2007). The highest weight loss was

observed in untreated and L-Trp-pretreated mice administered with DSS, while the bodyweight of D-Trp-pre-

treated mice remained almost unchanged (Figure 2A and S3A). Consistent with this result, D-Trp-pretreated

mice showed lower colon weight and exhibited less inflammation in the colon upon DSS administration

thanuntreatedmice (Figures 2B-2D). In addition, thepercentageof neutrophils (CD45+CD11b+Ly6G+), inflam-

matory monocytes (CD45+CD11b+F4/80+ SiglecF�Ly6C+), and B cells (CD45+B220+TCRb�) was lower, but

that of T cells (CD45+CD4+TCRb+) was higher, in the colonic tissues derived from D-Trp-pretreated mice

than those from untreated mice following DSS administration (Figures 2E-2H). Pretreatment with L-Trp or

D-Trp neither influenced body weight changes nor induced apparent inflammation and the percentage of im-

mune cells was comparable compared with the untreated group, as assessed by flow cytometry (Figures S3B

and S3C). These results indicate that pretreatment with D-Trp suppresses gut microbiota-induced colitis. We

also assessed the therapeutic effects of D-Trp on DSS-induced colitis. After the administration of DSS for

5 days, the mice were treated with D-Trp, and changes in the body weight were monitored. Untreated mice

were used as the control. D-Trp treatment resulted in a significantly lower loss of bodyweight and longer colon

length compared to that observed in the control (Figures S4A and S4B).

We next induced chronic colitis by adoptive transfer of CD4+CD25� T cells into Rag1�/� recipients, which

resulted in epithelial hyperplasia, goblet cell depletion, and transmural inflammation, thereby increasing

the ratio of colon weight/length (Harris et al., 2009). The mice treated with D-Trp had significantly longer

colon length and lower colon weight compared with those of the control and L-Trp-treated mice (Figures

S5A and S5B). In line with this finding, inflammation was observed in the colons of untreated- and L-Trp-

treated mice as shown by higher histological scores, while D-Trp-treated mice did not demonstrate detect-

able inflammation 3 weeks after the adoptive transfer (Figures S5C and S5D). In addition, the expressions of

inflammatory cytokines, including Tnf, Il1b, and Il6, were higher in the colonic tissues derived from un-

treated- and L-Trp-treated mice than those of D-Trp-treated mice (Figure S5E).

Based on these results, we presumed that treatment with D-Trp alters the microbial composition in the

distal gut and exerts anti-colitogenic effects. Therefore, we next assessed whether treatment with D-Trp

influences the gut microbial communities. The 16S ribosomal RNA gene sequencing revealed that treat-

ment with D-Trp changed the composition of the fecal microbiota, as shown by principal component

analysis (Figure 3A). Mice treated with D-Trp showed an increased abundance of bacteria belonging to

the family Lactobacillaceae, Tannerellaceae, and Bacteroidaceae, and decreased abundance of bacteria

belonging to the families Lachnospiraceae, Muribaculaceae, and Rikenellaceae (Figures 3B and 3C). Treat-

ment with D-Trp did not alter the total bacterial number in the feces (Figure 3D). We then assessed whether

the gut microbiota altered by D-Trp treatment is sufficient to prevent colitis development. Germ-free (GF)

mice colonized with the gut microbiota derived from the control or D-Trp-treated mice were administered

with DSS, followed by a comparison of weight changes. The gut microbiota from each group was success-

fully transferred into GF mice, as confirmed by 16S rRNA gene and principal component analysis (Figures
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S6A and S6B). Weight loss was observed in DSS-treated GFmice colonized with the gut microbiota derived

from control mice. The weight loss of GF mice colonized with the gut microbiota derived from D-Trp-

treated mice was significantly suppressed (Figure S6C). These results demonstrate that D-Trp affects gut

microbiota composition and directly reduces the number of colitogenic bacteria. We then examined

whether each gut microbe showed differential susceptibilities to D-Trp. Lactobacillus spp. and Bacteroides
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Figure 2. Protective effect of D-Tryptophan against experimental colitis

(A-H) Acute colitis was induced in SPF wild-type mice via treatment with 2% dextran sulfate sodium (DSS) for 5 days, followed by providing plain water for

9 days. The mice were treated orally every day with 1 mL of 0.5% carboxymethyl cellulose (CMC) or 5% D-Tryptophan suspended in 0.5% CMC beginning

1 week before DSS treatment and continuing through the end of the experiment (n = 12 mice per group). The mice were euthanized, and the colon was

harvested 9 days following DSS treatment (B-H).

(A) Changes in body weight over 14 days.

(B) Colon weight per cm.

(C) Representative hematoxylin and eosin-stained colonic sections (scale bar: 100 mm).

(D) Histological score.

(E-H) Representative flow cytometry plots and numbers of (E) CD45+CD11b+Ly6G+ cells (Neutrophils), (F) CD45+CD11b+F4/80+Siglec-F-Ly6C+ cells (In-

flammatory monocytes), (G) CD45+CD4+TCRb+ cells (T helper cells), and (H) CD45+B220+TCRb� cells (B cells) in the colonic lamina propria. Each dot

represents one mouse or the mean G SEM. Horizontal bars indicate mean values. Statistical significance was assessed using unpaired Student’s t test in

panels E, F, G, and H, Welch’s t-test in panels B and D, and two-way ANOVA with �Sidák corrections for multiple comparisons in panel A. *p < 0.05; **p < 0.01;

***p < 0.001; N.S., not significant. All the experiments were conducted at least three independent times.
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Figure 3. Effect of D-Tryptophan on the composition of gut microbiota

(A-D) Specific pathogen-free (SPF) wild-type mice were fed with respective diets (Cont, unsupplemented diet; D-Trp, 5% D-Tryptophan supplemented diet)

for 2 weeks, after which fecal samples were obtained to analyze the composition of the gut microbiota (A-C, n = 6; D, n = 12 mice per group).

(A) Principal coordinate analysis (PCA) plot generated using weighted UniFrac metric.

(B) Relative abundance of operational taxonomic units (OTUs) in fecal samples. Various colors correspond to each indicated bacterial family.

(C) Histogram of the linear discriminant analysis (LDA) scores computed for differentially abundant bacterial taxa in fecal samples.

(D) The total number of bacteria per milligram of the fecal samples.

(E) Optical density (OD) of individual bacterial species cultured in a medium supplemented with or without 20 mMD-Tryptophan (D-Trp) measured over time

at 600 nm (n = 8 samples per group).
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acidifaciens (whose abundance was increased by D-Trp treatment), Clostridium saccharolyticum,

belonging to Lachnospiraceae (whose abundance was decreased by D-Trp treatment), C. rodentium,

and E. coli were cultured in the absence and presence of D-Trp. Consistent with the in vivo results, the

growth of Lactobacillus johnsonii (L. johnsonii), Limosilactobacillus reuteri (L. reuteri), and Ligilactobacillus

murinus (L.murinus) was promoted or remained unaffected by treatment with D-Trp. The growth rate of B.

acidifaciens was reduced by D-Trp; however, the growth of the bacteria, eventually, increased and reached

a level similar to that observed when cultured without D-Trp (Figure 3E). By contrast, the proliferation of C.

saccharolyticum was significantly inhibited in the presence of D-Trp (Figure 3E). Furthermore, the growth of

C. rodentium was also inhibited by D-Trp but not by L-Trp (Figure 3F). Collectively, these results indicate

that D-Trp directly and differentially influences the growth of each gut microbe.

D-Tryptophan increases intracellular indole acrylic acid (IA), which determines the

susceptibility of gut microbes to D-Trp

To elucidate the mechanism by which D-Trp influences the metabolism of the gut microbes, we performed

unbiased capillary electrophoresis time-of-flight mass spectrometry (CE-TOFMS)-based metabolome

analysis of the intracellular contents including tryptophan metabolites (Figure 4A) derived from the intes-

tinal bacteria grown in the presence or absence of L-Trp or D-Trp. The volcano plot showed that the levels of

several metabolites of C. rodentium were increased upon the addition of L-Trp or D-Trp (Figure 4B).

Notably, the treatment of C. rodentium with D-Trp increased the intracellular levels of tryptophan and its

derivatives, particularly IA, hydroxy indole pyruvate, hydroxytryptophan, formyl kynurenine, and kynure-

nine (Figure 4C). Among the tryptophan derivatives, IA level was the highest in the C. rodentium treated

with D-Trp (Figures 4Band 4C), while the levels of other tryptophan derivatives, such as indole lactic acid

and indole acetic acid, were higher in C. rodentium treated with L-Trp than in untreated C. rodentium or

those treated with D-Trp (Figure 4C). Similarly, the intracellular level of IA was robustly increased in

D-Trp-treated E. coli but not in L-Trp-treated or untreated E. coli (Figure 4D). In contrast, the intracellular

level of IA was increased in L-Trp-treated Lactobacillus species, including L. johnsonii and L. reuteri, which

was comparable to the levels observed in D-Trp-treated groups (Figure 4D). These results indicate that the

level of IA was increased in D-Trp-susceptible bacteria only in the presence of D-Trp. However, D-Trp-resis-

tant bacteria accumulated IA in the presence of D-Trp as well as L-Trp. As D-Trp-susceptible bacteria only

generate IA upon D-Trp treatment, we hypothesized that IA is the critical factor that is involved in the inhi-

bition of the growth of gut microbes mediated by D-Trp. As expected, treatment with IA significantly sup-

pressed the growth of D-Trp-susceptibleC. rodentium and E. coli, but not D-Trp-resistant L. johnsonii and L.

reuteri (Figure 4E). To confirm the suppression of the growth of D-Trp susceptible bacteria by IA in vivo,

mice treated with IA were infected with C. rodentium and examined for bacterial burden and survival.

Treatment with IA significantly prevented weight loss and improved survival in the mice infected with

C. rodentium (Figures 4F and 4G). Moreover, the levels of fecal shedding of C. rodentiumwere comparable

in both groups on days 3 and 6 post-infection but were significantly decreased in the mice treated with IA

9 days after the infection (Figure 4H). IA is known to act as an AhR ligand and enhances intestinal epithelial

barrier function (Wlodarska et al., 2017). Indeed, treatment with IA enhanced the expression of Cyp1a1 but

not Reg3g, Muc2, and Il10 (Figures S7A-S7D). In addition, fecal concentrations of lipocalin-2 were compa-

rable between C. rodentium-infected mice given IA or not (Figure S7E). Although food intake was

decreased for a couple of days and body weight was lower in the mice treated with 2.5% IA compared

with the control group, the food consumption, eventually, became equal between the two groups, and

treatment with IA did not causemortality (Figure S8). These results suggest that IA, a tryptophan derivative,

is a key factor associated with the susceptibility of gut microbes to D-Trp, and treatment with IA inhibits the

growth of D-Trp-susceptible enteric pathogens.

DISCUSSION

Gut microbiota, such as Firmicutes which is the most relevant phylum, produce at least 12 free D-AAs

including D-Trp (Matsumoto et al., 2018). In addition, certain lactic acid bacteria, such as Bifidobacterium

Figure 3. Continued

(F) OD of Citrobacter rodentium cultured in a medium supplemented with or without 20 mM D-Tryptophan (D-Trp) or L-Tryptophan (L-Trp) measured over

time at 600 nm (n = 8 samples per group). Each dot represents one sample or mouse, or the mean G SD. Horizontal bars indicate mean values. Statistical

significance was assessed using unpaired Student’s t-test in panel D, and two-way ANOVA with �Sidák corrections for multiple comparisons in panels E and F.

The asterisks in E and F indicate significant differences after 24 h. ***p < 0.001; N.S., not significant. All the experiments were conducted at least three

independent times.
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and Lactobacillus, produce and secrete D-Trp (Kepert et al., 2017). However, the mechanism underlying the

effect of D-Trp on the gut environment is largely unknown. In this study, we found that D-Trp inhibited the

growth of enteric pathogen and colitogenic pathobionts and suppressed microbe-induced colitis.

Although D-Met showed the highest inhibition of the growth ofC. rodentium in vitro, it offered only modest

protection against lethal infection with C. rodentium in vivo. Most of the D-Met is converted into the L-Met

(Hasegawa et al., 2005) in two steps. The initial step involves oxidative deamination by DAO to generate

a-keto-g-methiolbutyric acid, followed by stereo-specific re-amination into L-Met by transaminases (Kaji

et al., 1980; London and Gabel, 1988). Therefore, the administered D-Met might be converted into L-Met

by mice enzymes. Indeed, fecal and plasma levels of D-Met were lower than those of D-Trp when the

mice were administered with the same amounts of D-AAs.

Treatment with D-Trp strongly suppressed DSS- and T cell transfer-induced colitis. Furthermore, on treat-

ment with DSS, the GF mice colonized with the gut microbiota from D-Trp-treated mice showed lower loss

of body weight than the GF mice colonized with the gut microbiota derived from untreated mice. These

results indicate that D-Trp directly acts on gut microbiota and reduces colitogenic bacteria. However,

D-Trpmay influence host enzymes and immune cells and regulate gut inflammation. D-AAs are enantiomers

that are selectively recognized by host receptors and enzymes, including DAO, in mammals. In the gut

mucosal tissue, where the host and microbes interface, DAO catalyzes the oxidation of bacterial D-AAs

and generates H2O2, which promotes pathogen elimination (Sasabe et al., 2016). D-Trp also acts as a

chemo-attractant for human leukocytes via G-protein-coupled receptor 109B (Irukayama-Tomobe et al.,

2009), which may promote pathogen killing. Furthermore, D-Trp produced by probiotic bacteria reduces

the secretion of chemokine ligand 17 (CCL17) in T-cells. It increases IL-10 and decreases IFN-g, IL-12,

and IL-5 in human monocyte-derived dendritic cells when stimulated by LPS. In addition, oral treatment

of mice with D-Trp increases the number of regulatory T cells in the lung and the colon, decreases the

lung Th2 response, and reduces allergic airway inflammation (Kepert et al., 2017). Therefore, D-Trp could

create an anti-inflammatory and anti-pathogenic environment by influencing the function of the immune

cells.

L-Trp metabolism, mediated by both host and gut microbiota, is a key modulator of the gut microbiome,

which has a major impact on the physiological and pathological pathways. L-Trp is metabolized by the host

indoleamine 2,3-dioxygenase into Kynurenine, which exerts suppressive effects on inflammation and im-

mune responses (Takamatsu et al., 2013). The gut microbiota also metabolizes L-Trp into indole derivatives.

Several of these indole derivatives, such as indole-3-aldehyde, indole-3-acid-acetic, indole-3-propionic

acid, and indole-3-acetaldehyde, are activators of the AhR that promotes IL-22 production, which, in

turn, stimulates mucosal defense via the production of antimicrobial proteins (Agus et al., 2018; Wang

et al., 2014; Zelante et al., 2013). Peptostreptococcus species, such as P. russellii, a member of the gut mi-

crobiota, metabolizes tryptophan into IA, which enhances intestinal epithelial barrier function and reduces

inflammatory responses (Wlodarska et al., 2017). IA also induces the expression of the AhR target gene

Cyp1a1, suggesting that IA can act as an AhR ligand (Wlodarska et al., 2017). We observed that treatment

with D-Trp and IA as well as L-Trp robustly enhanced the expression of Cyp1a1, suggesting that AhR

Figure 4. Production of indoleacrylic acid (IA) by D-Tryptophan in bacteria and its protective effect against enteric pathogens

(A-D) Metabolomic analysis of intracellular contents from the Citrobacter rodentium cultured in the presence or absence of 50 mM L-Tryptophan (L-Trp) or

D-Tryptophan (D-Trp) for 24 h (n = 4 samples per group).

(A) Pathway of tryptophan metabolism. Colored dots represent significantly increased metabolite levels compared to None. Red: D-Trp, Blue: L-Trp.

(B) Volcano plot showing the significance and magnitude of differences in the relative abundance of intracellular metabolites grown in the presence of

50 mM L-Trp or D-Trp.

(C) The relative abundance of intracellular tryptophan and tryptophan derivatives.

(D) The relative abundance of intracellular indole-3-acrylic acid (IA) in Escherichia coli, Lactobacillus johnsonii, and Limosilactobacillus reuteri grown in the

presence or absence of 50 mM L-Trp or D-Trp. IS; internal standard.

(E) Optical density (OD) of E. coli, L. reuteri, L. johnsonii, and C. rodentium grown in a medium supplemented with or without 2 mM IA measured over time at

600 nm (n = 8 samples per group).

(F-H) Mice were fed with respective diets (Cont, unsupplemented diet; IA, 2.5% IA supplemented diet) and then infected orally with 2 3 109 colony-forming

units (CFU) of C. rodentium (n = 10 mice per group).

(F) Changes in body weight, (G) survival rate, and (H) fecal C. rodentium load on days 3, 6, and 9 post-infection. Each dot represents one sample or mouse, or

the meanG SD (E) or SEM (F). Horizontal bars indicate mean values. Statistical significance was assessed using Tukey’s multiple comparison test in panels C

and D, two-way ANOVA with �Sidák corrections for multiple comparisons in panels E and F, Log-rank test in panels G, and unpaired Student’s t-test in panel

H, Asterisks in (E) indicate significant differences observed after 24 h. *p < 0.05; **p < 0.01; ***p < 0.001; N.S., not significant. All the experiments were

conducted at least three independent times.
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ligands, including IA, were produced or provided in the intestine of mice in these groups. However, D-Trp

and IA but not L-Trp protected the mice from lethal infection with C. rodentium. Thus, the activation of AhR

by D-Trp, L-Trp, or IA might not contribute to the prevention of colonic inflammation and diarrhea induced

by C. rodentium. But it is still possible that D-Trp and IA directly act on the host AhR to contribute suppres-

sion of colitis. The experiments using AhR-deficient mice will reveal the role of AhR on the protective effects

of D-Trp and IA.

IA was the key tryptophan derivative associated with the susceptibility of gut microbes including

pathogens and colitogenic pathobionts to D-Trp. IA inhibits the conversion of indole to tryptophan

mediated by tryptophan synthase, resulting in a depletion of the tryptophan pool and growth inhibition

(Miozzari et al., 1977). IA also decreases the cellular levels of charged tRNATrp (Bertrand and Yanofsky,

1976). Thus, treatment with D-Trp may influence tryptophan biosynthesis and protein synthesis in suscep-

tible gut microbes via the generation of IA. Under normal conditions, not a large amount of D-Trp

normally exists in the gut (Matsumoto et al., 2018). Thus, when the excess D-Trp is provided, certain bac-

teria may not handle their metabolism and D-Trp essentially acts as a xenobiotic to inhibit bacterial

growth.

Our findings regarding the effect of D-Trp on enteric pathogens and colitogenic pathobionts demonstrate

a novel biological function of D-Trp that can create a ‘‘healthy gut environment’’ to prevent colonic inflam-

mation. Our results suggest that D-Trp itself, or strategies that increase the abundance of specific bacteria

which produce D-Trp, could be used to control enteric pathogen infection and inflammatory bowel dis-

eases. Given that D-Trp exerts an inhibitory effect on the growth of enteric pathogens and pathobionts,

our findings provide further evidence of the contribution of D-AAs in the control of physiological functions

in the host.

Limitations of the study and prospects

Here, we demonstrated the potential role of D-Trp in preventing or eliminating infections and colitis via

control of gut microbiota and pathogens; however, our study has some limitations. First, D-Trp specif-

ically increased the levels of IA in the D-Trp susceptible gut microbes, which inhibited their growth;

However, why D-Trp was preferentially metabolized into IA in these microbes is largely unknown.

Thus, we need to verify how IA is produced from D-Trp by using stable isotopes. Second, although

we found oral supplementation with D-Trp inhibited the proliferation of pathogens and certain

microbial species in the mice gut, thereby preventing colitis, physiological effects of D-Trp produced

by gut bacteria on the host were not examined in this study. Therefore, it will be interesting to assess

the importance of gut microbiota-derived D-Trp in the preventive and therapeutic effects of colitis.

Future studies will include the identification of high D-Trp-producing gut microbes and verification of

the protective function of bacteria-derived D-Trp against pathogens and pathobionts-induced colitis.

Third, we could not identify how IA inhibits the growth of enteric pathogens and pathobionts. The ex-

periments including transposon mutagenesis screening will identify the related genes and the mecha-

nistic insights of bacterial growth inhibition by IA. Finally, translation from mice to humans of the find-

ings, that D-Trp prevents colitis by suppressing the growth of pathogens and pathobionts, will be the

most attractive future study.
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STAR+METHODS

KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

anti-mouse CD16/CD32 antibody (clone 93) BioLegend Cat#101320; RRID: AB_1574975

BV510 CD45 (clone 30-F11) BioLegend Cat#103138; RRID: AB_2563061

BV510 Ly6G (clone 1A8) BD Cat#740157; RRID: AB_2739910

Alexa Fluor 488 F4/80 (clone BM8) BioLegend Cat#123120; RRID: AB_893479

Phycoerythrin (PE) CD11b (clone M1/70) Thermo Fisher Scientific Cat#12-0112-83; RRID: AB_2734869

PE-CF594 Siglec-F (clone E50-2440) BD Cat#562757; RRID: AB_2687994

PE-Cy7 CD4 (clone GK1.5) Thermo Fisher Scientific Cat#25-0041-8; RRID: AB_469576

PE-Cy7 CD11c (clone HL3) BD Cat#558074; RRID: AB_1645213

Allophycocyanin (APC) Ly6C (clone AL-21) BD Cat#560595; RRID:

AB_1727554

APC CD45R/B220 (clone RA3-6B2) BioLegend Cat#553092; RRID: AB_398531

APC-Cy7 TCRb (clone H57-597) BioLegend Cat#109220; RRID: AB_893624

7-AAD Viability Staining BioLegend Cat#420404; RRID:

Fixable Viability Stain 780 BD Cat#565388; RRID: AB_2869673

Bacterial and virus strains

C. rodentium strain DBS120 (pCRP1:: Tn5) Kim et al. (2017) N/A

Chemicals, peptides, and recombinant proteins

Kanamycin Nacalai Tesque Cat# 19860–44;

CAS: 25389-94-0

Luria-Bertani (LB) broth Nacalai Tesque Cat# 20066-95

LB agar Nacalai Tesque Cat# 20067-85

D-PBS (�) Nacalai Tesque Cat# 14249-95

MacConkey agar BD Bioscience Cat# 281810

Dextran sodium sulfate (DSS) MP Biomedicals CAS: 9011-18-1

Cat# 160110

carboxymethyl cellulose (CMC) Nacalai Tesque Cat# 07326-95

CAS: 9004-32-4

D-tryptophan TCI Cat# T0539

CAS: 153-94-6

D-methionine Nacalai Tesque Cat# 21717-51

CAS: 348-67-4

D(+)-phenylalanine Nacalai Tesque Cat# 26908-01

CAS: 673-06-3

D-leucine Wako Cat# 120-03551

CAS: 328-38-1

D-a-alanine Nacalai Tesque Cat# 01113-84

CAS: 338-69-2

D(+)-threonine Wako Cat# 206-07661

CAS: 632-20-2

D-valine Wako Cat# 222-00801

CAS: 640-68-6

D-asparagine monohydrate Wako Cat# 012-18991

CAS: 5794-24-1
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

D(-)-arginine Nacalai Tesque Cat# 03331-51

CAS: 157-06-2

D(-)-lysine monohydrochloride Wako Cat# 128-04951

CAS: 7274-88-6

D-histidine Wako Cat# 085-05673

CAS: 351-50-8

D-glutamic Acid Nacalai Tesque Cat# 16909-01

CAS: 6893-26-1

D(+)-proline Nacalai Tesque Cat# 28925-11

CAS: 344-25-2

D(-)-isoleucine Wako Cat# 090-04183

CAS: 319-78-8

D(+)-tyrosine Wako Cat# 203-04393

CAS: 556-02-5

D-cysteine hydrochloride monohydrate Wako Cat# 034-13811

CAS: 207121-46-8

D-glutamine TCI Cat# G0278

CAS: 5959-95-5

D-aspartic acid Nacalai Tesque Cat# 03501-34

CAS: 1783-96-6

D-serine Nacalai Tesque Cat# 30606-21

CAS: 312-84-5

L-tryptophan TCI Cat# T0541

CAS: 73-22-3

NaOH Nacalai Tesque Cat# 94611-45

Tris-HCl Nacalai Tesque Cat# 35435-11

Glycerol Nacalai Tesque Cat# 17017-35

MRS broth BD Bioscience Cat# 288130

Agar STAR Cat# RSV-AGRP-500G

GAM agar Nissui Cat# 05426

BHI agar BD Bioscience Cat# 211065

Acetonitrile Wako Cat# 012-19851

Ethanol Nacalai Tesque Cat# 08948-25

CAS: 64-17-5

Mildform� 10N Wako Pure Chemical Cat# 133-10311

Hematoxylin Agilent Technologies Cat# CS70030-2

Eosin Wako Pure Chemical Cat# 058-00062

CAS: 17372-87-1

EDTA Nacalai Tesque Cat# 14347-21

HBSS (-) Nacalai Tesque Cat# 17460-15

HEPES-KOH Buffer Solution (pH7.5) Nacalai Tesque Cat# 15639-84

RPMI1640 Nacalai Tesque Cat# 30264-56

Liberase TM Roche Diagnostics Cat# 05401127001

DNase I Merck Cat# 69182-3CN

NBCS Thermo Fisher Scientific Cat# RO-26010074

Penicillin Streptomycin Mix Nacalai Tesque Cat# 09367-34

Streptomycin Sulfate Nacalai Tesque Cat# 32237-14

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Methionine sulfone Wako Cat# 502-76641

2-morpholinoethanesulfonic acid Dojindo Cat# 349-01623

Critical commercial assays

CD4+ T Cell Isolation Kit, mouse Miltenyi Biotec Cat# 130-104-454

CD25 MicroBead Kit, mouse Miltenyi Biotec Cat# 130-091-072

KOD FX Neo TOYOBO Cat# KFX-201

mouse Lipocalin-2/NGAL DuoSet ELISA R&D Systems Cat# DY1857-05

PureLink� RNA Mini Kit Thermo Fisher Scientific Cat# 12183018A

ReverTra Ace� qPCR RT Master Mix with

gDNA Remover

TOYOBO Cat# FSQ-301

THUNDERBIRD� SYBR� qPCR Mix TOYOBO Cat# QPS-201

E.Z.N.A.�Stool DNA Kit OMEGA Cat# D4015-02

NEBNext� Ultra� RNA Library Prep Kit for Il-

lumina

Illumina Cat# E7530L

NEBNext� Multiplex Oligos for Illumina� (In-

dex Primers Set 1&2)

Illumina Cat# E7335L

KAPA HiFi HotStart ReadyMix Nippon Genetics Cat# KK2602

AMPure XP Beckman Coulter Cat# A63881

Nextera XT index kit Illumina Cat# FC-131-200

Miseq Reagent Kit V3 (600 Cycle) Illumina Cat# MS-102-3003

Experimental models: Organisms/strains

Mouse: C3H/HeN Mus musculus CLEA Japan C3H/HeNJcl

Mouse: C57BL/6J Mus musculus Sankyo Labo Service C57BL/6JJmsSlc

Mouse: Germ-free C57BL/6NCr Sankyo Labo Service C57BL/6NCr

Oligonucleotides

Primers for total 16S rRNA gene Forward:

TCCTACGGGAGGCAGCAGT

This paper N/A

Primers for total 16S rRNA gene Reverse:

GGACTACCAGGGTATCTAATCCTGTT

This paper N/A

Primers for 16S rRNA gene sequencing

Forward:

CCAAACTCCTACGGGAGGCAGCAG

This paper N/A

Primers for 16S rRNA gene sequencing

Reverse:

CATGGACTACCAGGGTATCTAATC

This paper N/A

Primers for the V3 to V4 region of the 16S rRNA

gene sequencing Forward:

TCGTCGGCAGCGTCAGATGTGTATAA

GAGACAGCCTACGGGNGGCWGCAG

This paper N/A

Primers for the V3 to V4 region of the 16S rRNA

gene sequencing Reverse:

GTCTCGTGGGCTCGGAGATGTGTATAAG

AGACAGGACTACHVGGGTATCTAATCC

This paper N/A

Primers for mouse Tbp gene sequencing

Forward:

ACCGTGAATCTTGGCTGTAAA

This paper N/A

(Continued on next page)
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REAGENT or RESOURCE SOURCE IDENTIFIER

Primers for mouse Tbp gene sequencing

Reverse:

GCAGCAAATCGCTTGGGATTA

This paper N/A

Primers for mouse Tnf gene sequencing

Forward:

CAGGCGGTGCCTATGTCTC

This paper N/A

Primers for mouse Tnf gene sequencing

Reverse:

CGATCACCCCGAAGTTCAGTAG

This paper N/A

Primers for mouse Il1b gene sequencing

Forward:

GAAATGCCACCTTTTGACAGTG

This paper N/A

Primers for mouse Il1b gene sequencing

Reverse:

TGGATGCTCTCATCAGGACAG

This paper N/A

Primers for mouse Il6 gene sequencing

Forward:

TGATGCACTTGCAGAAAACA

This paper N/A

Primers for mouse Il6 gene sequencing

Reverse:

ACCAGAGGAAATTTTCAATAGGC

This paper N/A

Primers for mouse Reg3g gene sequencing

Forward:

ATGCTTCCCCGTATAACCATCA

This paper N/A

Primers for mouse Reg3g gene sequencing

Reverse:

ACTTCACCTTGCACCTGAGAA

This paper N/A

Primers for mouse Muc2 gene sequencing

Forward:

AGGGCTCGGAACTCCAGAAA

This paper N/A

Primers for mouse Muc2 gene sequencing

Reverse:

CCAGGGAATCGGTAGACATCG

This paper N/A

Software and algorithms

Qiime2 (version 2020.11) QIIME 2 development team Bolyen et al., 2019

GraphPad Prism software version 8.3.0 for Mac GraphPad Software https://www.graphpad.com/scientific-

software/prism/

Waters TargetLynxTM software Waters https://www.waters.com/waters/ja_JP/

TargetLynx-/nav.htm?

cid=513791&locale=ja_JP

DADA2 algorithm Benjamin Callahan Callahan et al., 2016

BLAST National Center for Biotechnology Information Pruesse et al., 2007

SILVA database (version 138) The SILVA ribosomal RNA database project Camacho et al., 2009

Other

SpectraMax iD3 Molecular Devices https://www.moleculardevices.co.jp/systems/

spectramax-id3-multi-mode-microplate-

reader#gref

Miseq sequencer Illumina https://jp.illumina.com/systems/sequencing-

platforms/miseq.html
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RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to, and will be fulfilled by,

the lead contact, Yun-Gi Kim (ykim@keio.jp).

Materials availability

This study did not generate new unique reagents.

Data and code availability

All data reported in this paper will be shared by the lead contact upon request.

This paper does not report original code.

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

contact upon request.
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magLEAD 12gc Precision system science https://www.pss.co.jp/product/magtration/

lead6-12gc.html

TQD Waters https://materials.waters.com/xevo-tqd-ms/

Quattro premier XE Waters https://www.waters.com/webassets/cms/

library/docs/720001251en.pdf

CROWNPAK CR-I (+) column (3.0 mm

i.d. 3 150 mm, 5 mm particles)

Daicel https://www.daicelchiral.com/products/

crownpak-cr-i/

Mount-Quick Daido Sangyo http://www.daido-sangyo.co.jp/en/

en_product/en_medical/en_mq_a.html

StepOnePlus Thermo Fisher Scientific https://www.thermofisher.com/order/catalog/

product/4376598?SID=srch-srp-4376598

MACSQuant Miltenyi Biotec https://www.miltenyibiotec.com/JP-en/

products/macs-flow-cytometry/flow-

cytometers.html#gref

Ultrafree MC-PLHCC Human Metabolome Technologies https://humanmetabolome.com/jpn/service/

goods/

SpeedVac Thermo Fisher Scientific https://www.thermofisher.com/order/catalog/

product/DNA130-230?SID=srch-srp-DNA130-

230

Q-Exactive focus Thermo Fisher Scientific https://www.thermofisher.com/jp/ja/home/

industrial/mass-spectrometry/liquid-

chromatography-mass-spectrometry-lc-ms/lc-

ms-systems/orbitrap-lc-ms/q-exactive-

orbitrap-mass-spectrometers.html

ICS-5000+ Thermo Fisher Scientific https://www.thermofisher.com/order/catalog/

product/22171-60002?SID=srch-srp-22171-

60002

Dionex AERS 500 Thermo Fisher Scientific https://www.thermofisher.com/order/catalog/

product/085028?SID=srch-srp-085028

Thermo Scientific Dionex IonPac AS11-HC Thermo Fisher Scientific https://www.thermofisher.com/order/catalog/

product/052961?SID=srch-srp-052961
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EXPERIMENTAL MODEL AND SUBJECT DETAILS

Mice

For infection experiments, 4-week-old female C3H/HeNmice were purchased fromCLEA Japan Inc (Tokyo,

Japan) and acclimated for 2 weeks. For colitis experiments, 6-week-old wild-type male C57BL/6J mice and

germ-free male C57BL/6NCr mice were purchased from Sankyo Labo Service Corporation (Tokyo, Japan)

and were acclimated for a week. All mice were housed at Keio University Faculty of Pharmacy, Tokyo. All

experiments were approved by the ethics committees of Keio University.

C. rodentium infection

A kanamycin-resistant wild-type C. rodentium strain DBS120 (pCRP1:: Tn5) was used (Kim et al., 2017). For

inoculations, bacteria were cultured overnight in Luria-Bertani (LB) broth supplemented with kanamycin

(50 mg/mL) with shaking at 37�C. Mice were fed with a chow diet with or without 0.2%, 1%, or 5% of D-Methi-

onine or D-Tryptophan or 2.5% 3-indoleacrylic acid from 10 days before the C. rodentium infection to the

end of the experiment. These mice were infected with 0.2 mL of PBS containing approximately 13 109 CFU

of C. rodentium administered via oral gavage. To determine the bacterial load in the feces or tissues, fecal

pellets were collected from individual mice, homogenized in cold PBS, and plated at serial dilutions on

MacConkey agar containing 50 mg/mL kanamycin. CFU was determined after overnight incubation at

37�C. The mice were euthanized 10 days after infection.

Dextran sodium sulfate (DSS)-induced colitis

Male 6-week-old mice were administered with 2% DSS (36–50 kDa; MP Biomedicals; Illkirch, France) in

drinking water for 5 days for the induction of colitis, followed by 4–9 days of recovery with regular water.

For pretreatment, mice were administered with 0.5% carboxymethyl cellulose (CMC) or 5% D-Tryptophan

(D-Trp) (TCI; Tokyo, Japan) suspended in 0.5% CMC. A total of 1 mL of the CMC solution was administered

per day with or without 5% D-Trp via oral gavage from 2 weeks before the DSS administration to the end of

the experiment. For therapeutic experiments, mice were given these from the end of the DSS treatment to

the end of the experiment.

DSS-induced colitis in gut microbiota transferred-germ-free mice

Wild-type donor mice were orally administered with 0.5% CMC or 5% D-Tryptophan suspended in 0.5%

CMC (1 mL) per day for 2 weeks and then co-housed with germ-free C57BL/6NCr for 2 weeks. Mice

were administered with 2% DSS supplemented in drinking water for 5 days for the induction of colitis, fol-

lowed by 4–9 days of recovery with regular water. Donor mice were treated with CMCor D-Trp suspended in

CMC till the end of the experiment.

T Cell transfer model of colitis

Single-cell suspensions of splenocytes derived from wild-type female C57BL/6 donor mice were subjected

to positive selection of CD4+ T Cells via CD4+ T Cell Isolation Kit, mouse (Miltenyi Biotec, Bergisch Glad-

bach, Germany). CD25+ cells were depleted from CD4+ T cell suspensions using the CD25 MicroBead Kit,

mouse (Miltenyi Biotec). A total of 5 3 105 cells were transferred to each Rag1�/� mice recipient via intra-

peritoneal injection.

METHOD DETAILS

Pathogen growth with D-amino acids and 3-indoleacrylic acid

Citrobacter rodentium were cultured on LB plates (Nacalai Tesque; Kyoto, Japan). Single colonies were

inoculated into 10 mL LB broth aerobically and grown at 37 �C with shaking overnight. To examine growth

dynamics, a 1:200 dilution of the overnight culture was inoculated. The LB medium was supplemented with

each D-amino acid and 3-indoleacrylic acid at a concentration of 50 mM and 2 mM, respectively. Incubation

and optical density (OD) measurements were performed with SpectraMax iD3 (Molecular Devices, CA,

USA) at 37 �C without shaking, and OD600 was measured at 1 h intervals for 24 h.

Isolation of intestinal resident bacteria and growth with D-amino acids and 3-indoleacrylic

acid

Lactobacillus johnsonii, Limosilactobacillus reuteri, Ligilactobacillus murinus, Bacteroides acidifaciens,

Clostridium saccharolyticum, and Escherichia coli were isolated from the feces of mice. Every single colony
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was resuspended in 50 mMNaOH, and boiled at 95 �C for 10 min. The sample was centrifuged at 3,000 rpm

for 10 min, followed by the addition of 20 mL of the sample to 100 mL of Tris-HCl (pH 7.0–7.2). PCR was per-

formed using KOD FX Neo (TOYOBO; Osaka, Japan) and the primer set specific to the 16S rRNA gene (Key

Resources Table). The amplification was performed using primers with one cycle at 95 �C for 30 s, 30 cycles

at 95 �C for 1 min followed by 60 �C for 45 s, ending the reaction at 72 �C for 35 s. Sanger sequencing was

performed using Hokkaido System Science (Japan). The sequences were putatively identified correspond-

ing to each bacterial strain using Microbial Nucleotide BLAST. Each isolate was stored in broth with 30%

glycerol at �80 �C. For the growth experiment, L. johnsonii, L. reuteri, and L. murinus were cultured on

MRS plates (BD Bioscience, CA, USA), and E. coli was cultured on LB plate (Nacalai Tesque) under aerobic

conditions. B. acidifaciens was cultured on the GAM plate (Nissui, Tokyo, Japan), and C. saccharolyticum

was cultured on the BHI plate (BD Bioscience) under anaerobic conditions.

Single colonies were inoculated into the corresponding broth and grown at 37 �C overnight. To analyze the

growth dynamics, a 1:100 dilution of the overnight culture was inoculated. The medium was supplemented

with 20 mM D- or L-Tryptophan or 2 mM 3-indoleacrylic acid. A non-supplemented medium was also used

for the experiments. Incubation and OD measurements were performed with SpectraMax iD3 (Molecular

Devices) at 37 �C without shaking, and OD600 was measured at 1 h intervals for 24 h.

Concentrations of D-amino acids (D-AAs)

Concentrations of serum and fecal D-Tryptophan (D-Trp) and D-Methionine (D-Met) were determined using

LC-MS/MS system (Quatro premier XE, Waters Corporation). All analyses were performed using a

CROWNPAK CR-I (+) column (3.0 mm i.d. 3 150 mm, 5 mm particles) (Daicel Corporation, Osaka, Japan),

which was used for the separation of D- and L-AAs. The mobile phase consisted of a mixture of 80% (v/v)

acetonitrile, 15% (v/v) ethanol, 5% (v/v) Milli-Q water, and 0.4% (v/v) trifluoroacetic acid, and the flow

rate was set to 0.35 mL/min under isocratic conditions. The injection volume was set at 2 mL, and the column

temperature was set at 30 �C. The analytes were detected using electrospray ionization in the positive

mode. Multiple reaction monitoring was performed using characteristic fragmentation ions m/z

205.1 > 132.0 for L-Trp and D-Trp and m/z 150.1 > 56.1 for L-Met and D-Met. The parameters for the LC-

MS/MS analysis of D/L-AAs were set as follows: capillary voltage, 3000 V; source temperature, 120 �C; des-
olvation temperature, 400 �C; desolvation gas flow, 850 L/h; cone gas flow, 50 L/h; cone voltage, 30 V; and

collision energy, 10 eV. Mouse serum was mixed in the same volume of 5% TCA, and fecal samples were

suspended in a 2-fold weight of 5% TCA. After mixing, the sample was centrifuged at 15,000 3 g for

10 min at 4 �C. Then, 50 mL of the supernatant was transferred to a new 1.5 mL tube and mixed with

200 mL of mobile phase solution. The diluted sample was subjected to LC-MS/MS analysis. Data were

analyzed using the Waters TargetLinksTM software.

Fecal Lipocalin-2

We measured the fecal lipocalin-2 level as a non-invasive intestinal inflammation biomarker (Chassaing

et al., 2012). Mouse fecal pellets were collected in sterile 1.5 mL microcentrifuge tubes, and 100 mg/mL

suspensions in sterile 0.1% Tween-20/D-PBS (�) were prepared. Samples were shaken using a vortex mixer

at maximum speed for 20 min followed by centrifugation. The supernatants were assayed for lipocalin-2

using mouse Lipocalin-2/NGAL DuoSet ELISA (R&D Systems; MN, USA).

Histological analysis

Colonic tissue samples were fixed in 10% formalin neutral buffer solution (Mildform 10N, Wako Pure Chem-

ical Industries, Osaka, Japan) overnight. After fixation, the samples were embedded in paraffin and then cut

into 3 mm sections. The sections were deparaffinized, rehydrated, and stained with hematoxylin (Agilent

Technologies, Inc., CA, USA) and eosin (Wako Pure Chemical Industries) and mounted using the aqueous

mounting medium Mount-Quick (Daido Sangyo Co., Ltd., Saitama, Japan). Histologic evaluation was per-

formed in a blinded fashion, using a scoring system described previously with some modifications (Chen

et al., 2008). Briefly, a three- to four-point scale was used to denote the severity of inflammation

(0, none; 1, mild; 2, moderate; and 3, severe), the level of involvement (0, none; 1, mucosa; 2, mucosa

and submucosa; and 3, transmural), and extent of epithelial/crypt damage (0, none; 1, basal 1/3; 2, basal

2/3; 3, crypt loss; 4, crypt and surface epithelial destruction). Each variable was then multiplied by a factor

reflecting the percentage of the cecum involved (0–25%, 26–50%, 51–75%, and 76–100%), and then

summed to obtain the overall score.
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Reverse transcription and quantitative PCR

Total RNA from mice tissue was extracted using the PureLink RNA Mini Kit (Thermo Fisher Scientific; MA,

USA) according to the manufacturer’s instructions. RNA was reverse-transcribed to obtain cDNA using the

ReverTra Ace qPCR RT Master Mix with gDNA Remover (TOYOBO; Osaka, Japan). RT-qPCR was per-

formed using the StepOnePlus (Thermo Fisher Scientific) with THUNDERBIRD SYBR qPCR Mix

(TOYOBO). Oligonucleotide primers were purchased from Integrated DNA Technologies (Iowa, USA).

Primer sequences are listed in Key resources table.

Determination of total 16S genes in feces

Mouse fecal pellets were collected in sterile 1.5 mL microcentrifuge tubes and resuspended in sterile

D-PBS (�). DNA was extracted from 10-fold serial dilutions of the cultures and used as a standard for quan-

tification of total bacteria in fecal samples. Bacterial DNAwas isolated from fecal samples (or 200 mL of stan-

dard culture) using the method previously described by Matsuki et al. (2004). The 20-fold diluted fecal so-

lution (200 mL) was mixed with 300 mL of extraction buffer (100 mM Tris–HCl, 40 mM EDTA, 1.7% SDS, pH

9.0), 500 mL of buffer-saturated phenol, and 300 mg of glass beads. The mixture was shaken at 500 3 g for

5 min. After centrifugation at 15,000 3 g for 5 min, 400 mL of the supernatant was collected. Subsequently,

phenol-chloroform extractions were performed, and 250 mL of the supernatant was subjected to isopropa-

nol precipitation. Finally, the DNA was suspended in 1 mL of TE (10 mM Tris–HCl, 1 mM EDTA, pH 8.0). The

total number of bacteria in the feces was analyzed with quantitative real-time PCR using a universal primer.

PCR amplification and detection were performed with StepOnePlus (Thermo Fisher Scientific). Each reac-

tion mixture (20 mL) was composed of 10 mL of SYBR premix Ex Taq I or II, 1 mL of each primer (Key resources

table.10 pmol/mL), 4 mL of the DNA template, and 4 mL of distilled water. The amplification reaction was

performed using primers (total 16S rRNA gene, Key resources table) with one cycle at 95 �C for 30 s, 35 cy-

cles at 95 �C for 30 s followed by 63, 60, or 55 �C for 30 s, and ending the reaction at 72 �C for 50 s. The

fluorescent products were detected during the last step of each cycle. Melting curve analysis was per-

formed after amplification to determine the target from the non-targeted PCR product. The melting curves

were obtained via slow heating from 65 �C to 95 �C at a rate of 0.5 �C/s.

DNA extraction from the fecal pellet and 16S rRNA gene sequencing

Bacterial DNA was extracted from the feces using an E.Z.N.A� Stool DNA kit (Omega Bio-Tek; GA, USA)

and purified using magLEAD 12gc (Precision System Science; Chiba, Japan). PCR was performed using

KAPA HiFi HotStart ReadyMix (Nippon Genetics; Tokyo, Japan), and the primer set was used for the V3

to V4 region of the 16S rRNA gene (Key resources table). The amplicons were purified using AMPure XP

(Beckman Coulter; CA, USA). DNA from each sample was added to different index sequences using the

Nextera XT index kit (Illumina; CA, USA). Mixed samples were prepared by pooling approximately equal

amounts of amplified DNA and sequenced using Miseq Reagent Kit V3 (600 Cycle) and a Miseq sequencer

(Illumina), in accordance with the manufacturer’s instructions.

Sequencing data were analyzed using Qiime2 (version 2020.11) (Bolyen et al., 2019). To trim the primer re-

gion from raw sequences, Cutadapt in Qiime2 plugin was used (https://doi.org/10.14806/ej.17.1.200). The

sequences without the primer region were processed for quality control, paired-end read joining, chimera

filtering, and ASV table construction using the DADA2 algorithm (Callahan et al., 2016). For each ASV repre-

sentative sequence, BLAST (Pruesse et al., 2007) was used to assign the taxonomy based on the SILVA data-

base (version 138) (Camacho et al., 2009). After random sampling of 10,600 reads using the feature table

(Weiss et al., 2017), the compositional data was converted, and diversity analysis was performed.

Preparation of colonic lamina propria cells

Colonic lamina propria cells were prepared using a method described previously (Goodyear et al., 2014)

with somemodifications. The colons were isolated, opened longitudinally, washed with HBSS (Nacalai Tes-

que), cut into four segments, and shaken in HBSS containing 10 mM dithiothreitol, 20 mM EDTA, and

12.5 mM HEPES (Nacalai Tesque) at 37 �C for 20 min. After vortexing, the colonic tissues were centrifuged

at 70 3 g for 30 s, and the supernatant was discarded. The tissues were shaken in HBSS containing 20 mM

EDTA and 10 mM HEPES at 37 �C for 20 min. The tissues were then minced and dissociated with RPMI1640

(Nacalai Tesque) containing 0.2 U/mL Liberase TM (Roche Diagnostics; Mannheim, Germany), 0.125mg/mL

DNase I (Merck; Darmstadt, Germany), 2% NBCS (Thermo Fisher Scientific), 100 U/mL penicillin, 100 mg/mL
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streptomycin (Nacalai Tesque), and 20 mM HEPES at 37 �C for 30 min to obtain single-cell suspensions.

After filtering, the single-cell suspensions were washed with HBSS and subjected to flow cytometry analysis.

Flow cytometry

Colonic lamina propria cells were incubated with anti-mouse CD16/CD32 antibody (93; BioLegend; CA,

USA) to block Fc receptors and then stained using antibodies conjugated with Brilliant Violet 421, BV510

(BV), Alexa Fluor 488, phycoerythrin (PE), PE-CF594, PE-Cy7, allophycocyanin (APC), or APC-Cy7. CD45

(30-F11), F4/80 (BM8), Siglec-F (E50-2440), CD4 (GK1.5), CD11c (6D5), CD45R/B220 (RA3-6B2), Ly6C (AL-

21), and TCRb (H57-597) antibodies were obtained from BioLegend. CD11b (M1/70) and CD4 (GK1.5) an-

tibodies were obtained from (Thermo Fisher Scientific). Ly6G (1A8), Siglec-F (E50-2440), Ly6C (AL-21), and

CD45R/B220 (RA3-6B2) antibodies were obtained from BD Biosciences. The compound, 7-AAD

(BioLegend) or Fixable Viability Stain 780 (BD Biosciences) was added to the cell suspension to label

dead cells. The stained cells were analyzed using MACSQuant (Miltenyi Biotec, Bergisch Gladbach,

Germany).

IC-MS-based metabolomic analysis of intracellular bacterial metabolites

Frozen bacterial pellets along with internal standard compounds (see below) were sonicated in ice-cold

methanol (500 mL) and added to an equal volume of chloroform and 0.4 volume of ultrapure water (LC/

MS grade, Wako). The suspension was centrifuged at 15,000 3 g for 15 min at 4 �C. After centrifugation,
the aqueous phase was subjected to ultrafiltration using an ultrafiltration tube (Ultrafree MC-PLHCC, Hu-

man Metabolome Technologies). The filtrate was concentrated using a vacuum concentrator (SpeedVac,

Thermo). The concentrated filtrate was dissolved in 50 mL ultrapure water and used for IC-MS analysis.

Methionine sulfone and 2-morpholinoethanesulfonic acid were used as internal standards for cationic and

anionic metabolites, respectively. Loss of endogenous metabolites during sample preparation was cor-

rected by calculating the recovery rate (%) of the standards in each sample measurement. Metabolites

were measured using an orbitrap-type MS (Q-Exactive focus; Thermo Fisher Scientific) connected to a

high-performance ion-chromatography (IC) system (ICS-5000+, Thermo Fisher Scientific) that enables

highly selective and sensitive metabolite quantification owing to the IC-separation and Fourier Transfer

MS principle (Hu et al., 2015). The IC was equipped with an anion electrolytic suppressor (Thermo Scientific

Dionex AERS 500) to convert the potassium hydroxide gradient into pure water before the sample entered

the mass spectrometer. The separation was performed using a Thermo Scientific Dionex IonPac AS11-HC,

4-mm particle size column. The IC flow rate was set to 0.25 mL/min, which was supplemented post-column

with 0.18 mL/min makeup flow of MeOH. The potassium hydroxide gradient conditions for IC separation

were set as follows: from 1 mM to 100 mM (0–40 min), 100 mM (40–50 min), and 1 mM (50.1–60 min), at a

column temperature of 30 �C. The Q Exactive Focus mass spectrometer was operated under an ESI nega-

tive mode for all analyses. A full mass scan (m/z 70–900) was performed at a resolution of 70,000. The auto-

matic gain control target was set at 3 3 106 ions, and the maximum ion injection time was set at 100 msec.

Source ionization parameters were optimized with the spray voltage of 3 kV, and other parameters were set

as follows: transfer temperature = 320 �C, S-Lens level = 50, heater temperature = 300 �C, Sheath gas = 36,

and Aux gas = 10.

Statistical analyses

Statistical analyses were performed using GraphPad Prism software version 8.3.0 (GraphPad Software Inc.).

For evaluation of differences between two groups, we performed the Shapiro-Wilk normality to assess

whether to use parametric or nonparametric statistics. If the data were parametric, we conducted F-test

to identify whether there are equal variances, followed by unpaired Student’s t-test or Welch’s t-test. If

the data were nonparametric, we conducted Mann-Whitney U-test. For evaluation of differences among

more than two groups, we performed the Shapiro-Wilk normality test to assess whether to use parametric

or nonparametric statistics. If the data were parametric, we conducted Bartlett’s test to identify whether

there are equal variances, followed by one-way ANOVA or two-way ANOVA with Tukey’s multiple compar-

ison test, Dunnett’s multiple comparison test, or Sidak’s corrections for multiple comparisons. If the data

were nonparametric, we conducted Dunn’s multiple comparisons test.
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