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ABSTRACT
Objective  The extent to which tryptophan (Trp) 
metabolism alterations explain or influence the outcome 
of inflammatory bowel diseases (IBDs) is still unclear. 
However, several Trp metabolism end-products are 
essential to intestinal homeostasis. Here, we investigated 
the role of metabolites from the kynurenine pathway.
Design  Targeted quantitative metabolomics was 
performed in two large human IBD cohorts (1069 
patients with IBD). Dextran sodium sulphate-induced 
colitis experiments in mice were used to evaluate effects 
of identified metabolites. In vitro, ex vivo and in vivo 
experiments were used to decipher mechanisms involved. 
Effects on energy metabolism were evaluated by different 
methods including Single Cell mEtabolism by profiling 
Translation inHibition.
Results  In mice and humans, intestinal inflammation 
severity negatively correlates with the amount of 
xanthurenic (XANA) and kynurenic (KYNA) acids. 
Supplementation with XANA or KYNA decreases 
colitis severity through effects on intestinal epithelial 
cells and T cells, involving Aryl hydrocarbon Receptor 
(AhR) activation and the rewiring of cellular energy 
metabolism. Furthermore, direct modulation of the 
endogenous tryptophan metabolism, using the 
recombinant enzyme aminoadipate aminotransferase 
(AADAT), responsible for the generation of XANA and 
KYNA, was protective in rodent colitis models.
Conclusion  Our study identified a new mechanism 
linking Trp metabolism to intestinal inflammation and 
IBD. Bringing back XANA and KYNA has protective 
effects involving AhR and the rewiring of the energy 
metabolism in intestinal epithelial cells and CD4+ T cells. 
This study paves the way for new therapeutic strategies 
aiming at pharmacologically correcting its alterations in 
IBD by manipulating the endogenous metabolic pathway 
with AADAT.

INTRODUCTION
Inflammatory bowel diseases (IBDs) represent 
a public health issue in industrialised societies.1 
The precise mechanisms leading to these diseases 
are linked to an inappropriate immune system 
response,2 genetic susceptibilities involving 

WHAT IS ALREADY KNOWN ON THIS TOPIC
	⇒ Kynurenic acid (KYNA) and xanthurenic acid 
(XANA) can activate aryl hydrocarbon receptor 
(AhR)-related genes but their agonist activity is 
unknown.

	⇒ Some tryptophan metabolites are essential for 
intestinal homeostasis, but activation of IDO 
pathway can be deleterious.

	⇒ AhR activation impacts intestinal epithelial cells 
proliferation and gut barrier integrity.

	⇒ AhR activation impacts T cell differentiation.

WHAT THIS STUDY ADDS
	⇒ XANA and KYNA abundance are negatively 
correlated with intestinal inflammation in mice 
and humans.

	⇒ The kynurenine pathway is composed of 
protective (KYNA and XANA) and deleterious 
metabolites (QUIN).

	⇒ XANA and KYNA are bona fide AhR ligand.
	⇒ XANA and KYNA promote intestinal epithelial 
cells survival and proliferation through 
enhancement of mitochondrial respiration.

	⇒ XANA and KYNA promote Th17 cells 
differentiation in a mechanism dependent on 
glycolysis induction.

	⇒ The use of the recombinant aminoadipate 
aminotransferase (AADAT), to favor KYNA and 
XANA production, is protective in colitis model.
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many genes (eg, CARD9, NOD2)3 and altered intestinal gut 
microbiota.4

In the broad sense, metabolism is the set of chemical reactions 
in a living organism required for its functioning.5 The inter-
weaving of metabolism pathways, from amino acid catabolism 
to glycolysis and mitochondrial respiration, makes it an intri-
cated network crucial for cellular homeostasis,6 activation or 
differentiation.7 Logically, its deregulation is involved in many 
pathogenesis events.8 9 Literature has recently pointed out the 
role of tryptophan (Trp) metabolism in the context of intestinal 
inflammation.3 10 Trp can be metabolised following three major 
pathways: the serotonin and kynurenine (KYNU) pathways 
(KP), while the indole pathway.11 The production of indoles 
by the gut microbiota, which is altered in patients with IBD, is 
crucial to intestinal homeostasis, notably through their effect 
on activating the aryl hydrocarbon receptor (AhR).3 12 The role 
of serotonin and KP have been highlighted in several chronic 
inflammatory pathological contexts, from IBD10 13 14 to meta-
bolic syndrome.15 The KP is of particular interest as it leads to 
the production of several end-product metabolites, which have 
strong biological effects through identified receptors such as 
AhR (kynurenic acid (KYNA)),16 GPR35 (KYNA),17 N-methyl-
D-aspartate receptor (KYNA, quinolinic acid (QUIN)).18 The 
KP and its host receptor targets are particularly relevant in 

inflammatory contexts, including IBD, as these conditions are 
associated with KP activation.10 Indeed, some KP metabolites 
impact immune cells functions notably via AhR activation19 that 
is involved in the differentiation of T cells,20 the production of 
IL-17 and IL-22,21 22 the maintenance of type 3 innate lymphoid 
cells (ILC3) in the gut23 or the antioxidant response.24 However, 
the role of many metabolites from the KP in IBD remains poorly 
defined.

Here, we used targeted quantitative metabolomics to charac-
terise the trp metabolism in colitis models in mice and two large 
independent human cohorts. We observed a strong negative 
correlation between the amount of xanthurenic acid (XANA) 
and KYNA, and intestinal inflammation. Treatment with XANA 
or KYNA exhibits protective effects in colitis models by modu-
lating the energy metabolism in intestinal epithelial cells (IEC) 
and T cells. Oxidative phosphorylation is boosted in IEC, 
leading to an improvement in proliferation and ultimately tissue 
repair, mediated by the AhR-IL-22 axis. Glycolysis is stimulated 
in T cells with positive effects regarding activation and polarisa-
tion towards TH17 phenotype. From a therapeutic perspective, 
we proposed a recombinant enzyme-based strategy to rewire the 
endogenous Trp metabolism toward the production of XANA 
and KYNA. We show the efficacy of this strategy in colitis 
models, thus paving the way for the development of a new class 
of drugs for IBD.

RESULTS
XANA and KYNA abundance negatively correlates with colitis 
severity in mice
The KP (figure 1A) is globally considered to play a role in the 
inflammatory process. To gain insight into the precise role of 

Figure 1  KYNA and XANA abundances are negatively correlated with inflammation during DSS-induced colitis. (A) Kynurenine pathway, 
(B) histological score and colon length dynamic during the course of DSS-induced colitis, (C) dynamic of kynurenine pathway metabolites in serum 
and colon tissue during the course of DSS-induced colitis, (D) correlation between KYNA and XANA abundance in the caecum and weight loss. 
Statistical analysis: n=6–8 per time point, for correlation n=47, Spearman’s rank correlation, **: p<0.01, ****: p<0.0001. AADAT, aminoadipate 
aminotransferase; DSS, dextran sodium sulphate; KYNA, kynurenic acid; XANA, xanthurenic acid.

HOW THIS STUDY MIGHT AFFECT RESEARCH, PRACTICE OR 
POLICY

	⇒ Manipulating the endogenous tryptophan metabolism 
with AADAT is an attractive new therapeutic strategy in 
inflammatory bowel disease.
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metabolites downstream of KYNU in intestinal inflammation, we 
performed a dense time-course experiment in mice submitted 
to Dextran Sodium Sulphate (DSS)-induced colitis (figure 1B). 
The peak of inflammation, evaluated by histological scoring 
and colon length measurement, was observed on day 9. Quan-
titative targeted metabolomics was used to measure the metab-
olites of the Indoleamine 2,3-dioxygenase (IDO) pathway in 
serum and colon. We observed that the dynamics of the metab-
olites composing this pathway differed from one to another 
(figure  1C). In particular, the dynamics of KYNU and QUIN 
positively correlated with inflammation, while the opposite 
pattern was observed for XANA or KYNA (figure 1C). Similarly, 
a negative correlation was observed between weight loss and 
amounts of KYNA and XANA in caecum content (figure 1D), 
while the opposite was observed with KYNU and QUIN (online 
supplemental figure S1A,B). These results suggest that specific 
metabolites of KP, notably KYNA and XANA, could play a 
protective role in colitis.

XANA and KYNA abundance correlates with disease activity 
in humans with IBD
We then studied the relevance of these results in a human context. 
We analysed faecal (n=104) and serum (n=108) samples from 
15 patients enrolled in a pilot clinical trial evaluating the effect 
of faecal microbiota transplantation in Crohn’s disease.25 Quan-
titative metabolomics analysis targeting Trp metabolites was 
performed on these samples (online supplemental figure S1C). 
We observed a negative correlation between several markers 
of disease activity, including various clinical, endoscopic and 
biological parameters, with KYNA and XANA (as well as the 
ratio of KYNA, XANA with their precursors, KYNU and 
3-hydroxykynurenine, respectively), while the reverse was noted 
with KYNU and QUIN (online supplemental figure S1D,E). We 
then took advantage of a large independent cohort (Suivitheque) 
of 1069 patients with IBD and 98 healthy subjects (HS) for which 
serum and faeces (for a subpopulation) were available (online 
supplemental table S1, figure 2A). Trp metabolites measured in 
serum by targeted quantitative metabolomics approach signifi-
cantly discriminated patients with IBD from HS (figure 2B). The 
differential analysis identified many strongly statistically signif-
icant differences between HS and patients with IBD (figure 2C) 
and also between patients with IBD in flare and in remission 
(figure 2D). Notably, XANA and KYNA (as well as the ratio of 
KYNA, XANA with their precursors) were decreased in patients 
with IBD compared with HS and in patients in flare compared 
with those in remission (figure 2C–E and online supplemental 
figure S1F–H). In this second cohort, we also observed a nega-
tive correlation between several clinical26 and biological markers 
of disease activity and XANA and KYNA (figure 2F). The signal 
was also confirmed when we correlated the serum concentra-
tion of Trp metabolites and several cytokines in a subgroup of 
149 patients with IBD, taken randomly in the Suvitheque cohort 
(the characteristics of these 149 patients are described in online 
supplemental table S2). Here again, XANA and KYNA nega-
tively correlated with inflammatory cytokines, while the oppo-
site was observed for QUIN (online supplemental figure S1I). 
A similar signal, although weaker, was observed when looking 
at metabolites in the stools (online supplemental figure S1J,K). 
Finally, when considering the subgroup of patients with IBD in 
remission (n=333), a lower serum level of XANA and KYNA 
was predictive of a higher risk of occurrence of disease-related 
clinical events (surgery or flare with the need to initiate a new 
treatment) (figure 2G).

Taken together, these results in mice and two independent 
human cohorts show strong negative correlations between the 
serum and faecal amounts of XANA and KYNA, and intestinal 
inflammation, and suggest a potential protective role of these 
metabolites.

Administration of XANA and KYNA protects from DSS-
induced colitis
To explore the potential protective role of XANA and KYNA in 
intestinal inflammation settings, mice submitted to DSS-induced 
colitis were orally gavaged with XANA or KYNA (online supple-
mental figure S2A), leading to an elevation in the serum levels of 
these metabolites (online supplemental figure S2B). As demon-
strated by the reduction in weight loss (figure  3A), disease 
activity index (figure 3B), colon length shortening (figure 3C) 
and histological score (figure  3D,E), treatment with XANA 
and KYNA induced a strong protective effect compared with 
the control group. Interestingly QUIN, whose abundance was 
positively correlated with inflammation severity, exhibited 
proinflammatory effects (online supplemental figure S2C–E). 
The protective effect of XANA and KYNA was confirmed by 
colonic transcriptomic response at day 12 with the downregula-
tion of many pro-inflammatory cytokines and chemokines genes 
(eg, IL-6, CXCR1, figure 3F) in mice treated with these metab-
olites. The same protective effect was observed when XANA 
and KYNA were administered through intraperitoneal injection 
(online supplemental figure S2F–J).

Altogether, these results demonstrate a protective effect of 
XANA and KYNA in a colitis model in mice.

XANA and KYNA act on viability and proliferation of IECs 
through AhR activation and IL-22
To investigate the mechanism of the protective effects of 
XANA and KYNA in colitis, we started by exploring a poten-
tial effect on IEC. As shown by the increased staining for Ki67 
in the recovery phase at day 12 in colitis experiment, XANA 
and KYNA stimulated the proliferation of IEC and intestinal 
healing compared with control mice (figure 4A). In addition, a 
wound healing assay, carried out with human IEC, showed that 
XANA and KYNA stimulate cell proliferation and, therefore, 
faster wound repair (figure  4B,C). KYNA has been shown to 
activate GPR3517 and the AhR pathway.16 While the protective 
effects of XANA and KYNA were maintained in GPR35-/- mice 
(online supplemental figure S3A,B), it was lost in AhR-/- mice 
(figure 4D, online supplemental figure S4A,B). Indeed the acti-
vation of AhR by XANA and KYNA was seen in vivo, as demon-
strated by the induction of the expression of Cyp1a1, a major 
AhR target gene, in the colon of mice treated with XANA or 
KYNA for 12 days (figure  4E). FICZ (6-formylindolo(3,2b)
carbazole), an AhR agonist, recapitulated the effect of KYNA 
and XANA (figure 4B,C). Moreover, the healing effect of XANA 
and KYNA in wound healing assay was lost in the presence of the 
AhR inhibitor CH223191 (figure  4F,G), suggesting that AhR, 
which is known to stimulate IEC proliferation,27 28 is at least 
partly involved in the underlying mechanisms. Experiments with 
a reporter cell line confirmed that both XANA and KYNA acti-
vate the AhR pathway (figure 4H). Similar results were obtained 
with human IEC cell lines in which the two metabolites induced 
the nuclear translocation of AhR (online supplemental figure 
S4C) and the expression of the AhR target gene Cyp1a1 (online 
supplemental figure S4D). Finally, the radioligand displacement 
assay showed that XANA and KYNA were effective in displacing 
radiolabeled TCDD (2,3,7,8-tetrachlorodibenzo-p-dioxin), 
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a high-affinity AhR ligand, with a stronger effect for XANA 
(figure 4I). The radiodisplacement of a ligand with high affinity 
for AhR (TCDD), provides evidence that XANA and KYNA are 
true ligands for AhR.

Interestingly, XANA and KYNA still exhibited some level 
of protection in AhRΔIEC mice that are deficient for AhR only 
in IECs (figure 4J–L), suggesting that other cell types are also 
involved in the mechanisms of action. In the gut, besides the 

Figure 2  KYNA and XANA abundances correlate with disease activity in humans with IBD: Suivitheque cohort. (A) Design of the Suivitheque cohort. 
(B) PCA analysis based on trp metabolites in serum. (C) Differential analysis of the abundance of TRP metabolites in serum between patients with 
IBD versus HS (adjusted p value bH). (D) differential analysis of the abundance of TRP metabolites in serum between patients with IBD in flare versus 
remission (adjusted p value bH). (E) XANA and KYNA amount in serum (ANOVA with correction for FDR bH). (F) Correlation between the amount 
of tryptophan metabolites in serum and disease activity parameters. Spearman, p<0.05, q<0.1 (BH). (G) Clinical event-free survival according to 
XANA and KYNA levels in serum. Only patients in remission were included in this analysis. Two groups were defined according to the median level of 
XANA and KYNA. Statistical comparison was performed with a log-rank test. ANOVA, analysis of variance, ****: p<0.0001; CRP, C reactive protein; 
FDR, false discovery rate; Hb, haemoglobin; HBI, Harvey-Bradshaw Index; HS, healthy subjects; IBD, inflammatory bowel disease; IDO, indoleamine 
2,3-dioxygenase; KYNA, kynurenic acid; PCA, principal component analysis; SCCAI, Simple Clinical Colitis Activity Index; XANA, xanthurenic acid.

 on N
ovem

ber 18, 2022 by guest. P
rotected by copyright.

http://gut.bm
j.com

/
G

ut: first published as 10.1136/gutjnl-2022-327337 on 21 O
ctober 2022. D

ow
nloaded from

 

http://gut.bmj.com/


5Michaudel C, et al. Gut 2022;0:1–12. doi:10.1136/gutjnl-2022-327337

Inflammatory bowel disease

direct activation of epithelial cells, AhR agonists also stimu-
late lymphoid cells to produce IL-22, which has a protective 
effect in colitis settings, notably by inducing the production of 
antimicrobial peptides, such as RegIIIγ and RegIIIδ, by IEC.11 
Interestingly, the expression of Il-22, RegIIIγ and RegIIIδ was 
upregulated (statistically significant for IL-22 only) in the colon 
of mice treated by XANA and KYNA (online supplemental figure 
S4E). The protective effect of XANA and KYNA was decreased 
in IL-22-/- mice (online supplemental figure S4F,G), suggesting 
that the induction of IL-22 is involved in the mechanism under-
lying the effects of XANA and KYNA.

Taken together, these results demonstrate that XANA and 
KYNA are bona fide AhR ligands. Their protective effects are at 
least partly mediated by direct activation of the AhR pathway, 
as well as indirect effect through AhR-IL-22 axis activation. IEC 
are involved in the mechanisms of action of KYNA and XANA, 
together with other cell types.

XANA and KYNA act on mitochondrial metabolism in 
epithelial cells
IEC functions rely on energy and particularly on mitochondrial 
activity. In the colon, the dominant source of energy for epithe-
lial cells is the short-chain fatty acid (SCFA) butyrate, which is 
produced from the digestion of fibres by the gut microbiota. 
Butyrate enters epithelial cells through specific transporters and 
diffuses into the mitochondria, where it undergoes β-oxidation, 
leading to the production of acetyl-CoA, NADH and FADH2 
that feed the TCA cycle and the electron transport chain to 

produce ATP. The luminal content of mice treated by XANA or 
KYNA for 12 days showed a drop in the concentration of SCFA 
compared with untreated controls (figure 5A). The analysis of 
the gut microbiota composition by next-generation sequencing 
did not indicate any significant effect of KYNA and XANA after 
12 days of gavage (online supplemental figure S5A–D). This 
suggests that the decreased SCFA concentration may be due to 
an increase in consumption by host cells rather than a decrease 
in production by the gut microbiota. The increased expression 
of two SCFA transporters, Smct and Mct-1, in the colon of mice 
treated with XANA or KYNA (figure 5B), as well as the increased 
consumption of butyrate by IEC treated with XANA or KYNA 
(online supplemental figure S5E), support this hypothesis. We 
then explored the effect of XANA and KYNA on the energy 
metabolism of human IEC. The proportion of cells with dysfunc-
tional mitochondria (in connection with an altered energy metab-
olism), defined by a positive Mitotracker Green staining with a 
negative Mitotracker Red staining, was decreased after treatment 
with XANA or KYNA (figure 5C). Interestingly, even mitochon-
dria classified as dysfunctional were in better shape in XANA or 
KYNA-treated cells, as shown by a higher Mitotracker Red MFI 
than in control cells (figure 5D). Beyond a smaller proportion 
of dysfunctional mitochondria, XANA and KYNA-treated cells 
exhibited a higher respiratory activity (figure  5E) and greater 
maximal respiration (figure 5F,G), while the glycolysis was not 
impacted (figure  5H,I). The same effect was recapitulated on 
colon epithelial cells isolated from mice gavaged with KYNA and 
XANA for 12 days (figure 5J), and in colon organoids treated 

Figure 3  IDO metabolites, XANA and KYNA protect against DSS-induced colitis. (A) Body weight loss, (B) DAI, (C) colon length, (D) histological 
score, (E) colon histology pictures and (F) nanostring colon transcriptomic results at day 12. Each column represents a mouse. Statistical analysis: 
n=16–20 mice per group, two-way or one-way ANOVA, with Bonferroni post test, *: p<0.05, **: p<0.01, ***: p<0.001, ****: p<0.0001. ANOVA, 
analysis of variance; DAI, disease activity index; DSS, dextran sodium sulphate; IDO, indoleamine 2,3-dioxygenase; KYNA, kynurenic acid; XANA, 
xanthurenic acid.
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with KYNA and XANA (figure 5K). The positive effect of XANA 
and KYNA on tissue repair disappeared when mitochondrial 
respiration was inhibited with oligomycin (Oligo) (figure 5L,M). 
Furthermore, cell proliferation increased in mouse colon organ-
oids treated with KYNA or XANA (figure 5N). This effect was 
abrogated by oligomycin. Therefore, by promoting mitochon-
drial respiration, the effects of XANA and KYNA on epithelial 
cells’ energy metabolism contribute to tissue integrity and could, 
at least partly, explain their protective effects in colitis settings.

XANA and KYNA effects are dependent on adaptative 
immunity and particularly TH17 cells
As the above-described results suggest that IEC are not the 
only cell types involved in the mechanisms of action of XANA 
and KYNA, we explored the potential role of other cells.

The expression of several chemokines (ie, Ccl22, Ccl20) 
involved in T cells recruitment and T-cell-related transcrip-
tion factor (ie, Nfatc2, Nfactc3) were induced in the colon of 
XANA or KYNA-treated mice (figure 6A). We reasoned that 
T cells, which are crucial actors in colitis and IBD, might be 
involved in the therapeutic effects of XANA or KYNA. In Rag2-

/- mice, which have no functional T and B cells, the effect of 

XANA and KYNA was lost (figure 6B,C, online supplemental 
figure S6A–H), showing that adaptive immunity is involved in 
the protection induced by the two metabolites. In vivo, after 
7 days of DSS exposure, XANA and KYNA-treated wild-type 
(WT) mice exhibited an increased abundance of TH17 and 
Rorγt+ T cells, but not TH1 cells (online supplemental figure 
S6I,J). In vitro, XANA and KYNA promoted T cell differenti-
ation towards TH17 (figure 6D and online supplemental figure 
S6K).

Taken together, these results show that adaptive immunity is 
involved in the protective effects of XANA and KYNA, with a 
particular role for TH17 cells.

XANA and KYNA stimulate glycolysis in lymphocytes through 
AhR
Energy metabolism has a strong impact on T cells func-
tions.29 As XANA and KYNA impact energy metabolism 
in IEC, we hypothesised it could also be the case with T 
cells. In Jurkat human T cell line and mouse primary CD4+ 
T cells, XANA and KYNA induced a reduction in mito-
chondrial metabolism as demonstrated by the decreased 
Mitotracker Red fluorescence (figure  6E,F). This result 

Figure 4  KYNA and XANA promote intestinal epithelial cells viability and proliferation through AhR. (A) Ki67 and DAPI staining in mouse colon 
at day 12 of a DSS model and quantification. (B, C) Scratch test on HT-29 cells treated with KYNA, XANA or FICZ: representative pictures and 
quantification of empty space. (D) Colitis protection by KYNA and XANA is abrogated in AhR-/- mice. (E) Oral gavage of KYNA and XANA for 12 days 
activate the expression of the AhR target gene, CYP1A1 in the colon. (F, G) Scratch test on HT-29 cells treated with KYNA, XANA, FICZ, with the AhR 
antagonist CH223191. (H) AhR reporter cell line activation and (I) radio displacement of TCDD induced by KYNA and XANA. (J–L) colitis protection by 
KYNA and XANA are partly conserved in AhRΔIEC mice. Data represent one out of two independent experiments. Statistical analysis: for scratch test 
100 measures per slide, in vitro experiment n=3 and for in vivo and ex vivo experiment n=5–10 mice per group, two-way or one-way ANOVA, with 
Bonferroni post test, *: p<0.05, **: p<0.01, ***: p<0.001, ****: p<0.0001. AhR, aryl hydrocarbon receptor; ANOVA, analysis of variance;DSS, dextran 
sodium sulphate; KYNA, kynurenic acid; XANA, xanthurenic acid.
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was confirmed by Seahorse assay that showed a reduction 
of maximal respiration (figure  6G). However, the propor-
tion of dysfunctional mitochondria was unchanged (online 
supplemental figure S6L). This effect was AhR-dependent 
as it was recapitulated by AhR agonist (figure 6F) and lost 
in AhR deficient CD4+ T cells (figure 6H). Seahorse assay 
also showed that treatment with XANA or KYNA stimu-
lates glycolysis in T cells, as demonstrated by the increased 
extracellular acidification rate (ECAR) at basal state (basal 
glycolysis) and after blocking mitochondrial respiration 
with rotenone and antimycin A (compensatory glycolysis) 
(figure  6I). To evaluate in vivo the effects of XANA and 

KYNA on T cells energy metabolism, we used a newly devel-
oped assay, SCENITH (Single Cell mEtabolism by profiling 
Translation inHibition).30 This method is based on quan-
tifying metabolism-dependent translation rates through 
puromycin incorporation into nascent proteins. The use of 
specific inhibitors allows the estimation of glucose depen-
dence, mitochondrial dependence, glycolytic capacity, fatty 
acid (FAO) and amino acid oxidation (AAO) capacity. Meta-
bolic profile of T cells from the mesenteric lymph nodes of 
KYNA-treated and XANA-treated mice during DSS-induced 
colitis confirmed a decrease in mitochondria dependence 
and an increase in glycolytic capacity, with no change in 

Figure 5  KYNA and XANA improved mitochondrial metabolism in epithelial intestinal cells. (A) SCFA dosages in cecum content and (B) relative 
SMCT and MCT-1 expression in murine colon at steady state in mouse after 12 days of KYNA and XANA gavage. (C) Dysfunctional mitochondria 
(MitoRed- and MitoGreen+) in HT-29 cells after 72 hours of KYNA or XANA stimulation (100 µM). (D) MitoRed MFI in dysfunctional mitochondria 
(MitoRed- MitoGreen+) from HT-29 cells. (E) MitoRed MFI in MitoRed+ HT-29 population. (F) Mitochondrial metabolisms with ocr measurements 
and (G) maximal respiration in Seahorse assay on HT-29 cells after 72 hours of KYNA or XANA stimulation. (H) Glycolysis metabolism, with ECAR 
measurements and (I) compensatory glycolysis in Seahorse assay on HT-29 cells after 72 hours of KYNA or XANA stimulation. (J) MitoRed MFI of 
CD45-EpCAM+ cells from the colon of mice gavaged for 12 days with KYNA or XANA. (K) MitoRed MFI of CD45-EpCAM+ cells from mice colon 
organoids 72 hours after KYNA, XANA and oligomycin treatment (5 µM). (L, M) Scratch test on HT-29 cells treated with KYNA, XANA in presence of 
oligomycin (5 µM): representative pictures and quantification of empty space. (N) Proliferation assay with EdU on mouse colon organoids 72 hours 
after KYNA, XANA and oligomycin treatment (5 µM). Data represent one out of two independent experiments. Statistical analysis: for in vitro 
experiment n=3–6 and for in vivo experiment n=5–7 mice per group, two-way or one-way ANOVA, with Bonferroni post test, *: p<0.05, **: p<0.01, 
***: p<0.001, ****: p<0.0001. ANOVA, analysis of variance; EdU, 5-éthynyl-2’-déoxyuridine; KYNA, kynurenic acid; MFI, mean fluorescence intensity; 
SCFA, short-chain fatty acid; XANA, xanthurenic acid.
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FAO and AAO capacity (figure 6J and online supplemental 
figure S6M,N). In addition, blocking glycolysis with 2DG 
inhibited the XANA and KYNA-induced TH17 differentia-
tion (figure 6K and online supplemental figure S6K). These 
results demonstrate that the TH17 polarisation induced by 
XANA and KYNA is mediated by the modulation of cellular 
energy metabolism towards glycolysis. This effect is AhR-
dependant and contributes to the protective effect of XANA 
and KYNA.

Modulation of endogenous TRP metabolism towards XANA 
and KYNA using recombinant aminoadipate aminotransferase 
protects from DSS-induced colitis
From a therapeutic perspective, we speculated that diverting the 
endogenous Trp metabolism by favouring the production of anti-
inflammatory metabolites while decreasing the production of 
potential proinflammatory ones might be an attractive strategy. 
Kynurenine aminotransferase 2, also called AADAT (aminoadi-
pate aminotransferase), is the common enzyme that catalyses the 

Figure 6  Adaptative immunity is involved in KYNA and XANA protective effects. (A) Lymphocytes-related genes colonic expression after 12 days 
of oral gavage with KYNA or XANA. (B) Body weight loss, (C) DAI in Rag2-/- after XANA administration. (D) Action of KYNA and XANA on TH17 cell 
differentiation in vitro. (E) Mitotracker red MFI in Jurkat cells and (F) mouse CD4+ T cells after a stimulation with KYNA and XANA. (G) Mitochondrial 
metabolisms with OCR measurements, basal and maximal respiration in Seahorse assay on Jurkat cells after KYNA or XANA stimulation for 72 hours. 
(H) Mitotracker red MFI in AhR-/- mouse CD4+ T cells. (I) Glycolysis metabolism, with ECAR measurements, basal and compensatory glycolysis. 
(J) Mitochondrial dependence and glycolytic capacity of mouse MLN CD4+T cells assessed by SCENITH at day 9 of DSS-induced colitis. (K) 2DG 
action on TH17 differentiation in the presence of KYNA and XANA. Data represent one out of two independent experiments. Statistical analysis: for 
in vitro experiment n=6–9, ex vivo experiments n=10–14 and for in vivo experiment n=7 mice per group, t-test or two-way or one-way ANOVA, with 
Bonferroni post-test, *: p<0.05, **: p<0.01, ***: p<0.001, ****: p<0.0001. ANOVA, analysis of variance; DSS, dextran sodium sulphate; KYNA, 
kynurenic acid; MFI, mean fluorescence intensity; SCENITH, Single Cell mEtabolism by profiling Translation inHibition; XANA, xanthurenic acid.
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transformation of kynurenine and 3H-kynurenine into KYNA 
and XANA, respectively (figure 1A). Moreover, its abundance is 
dramatically reduced in the serum of human patients with IBD 
(figure 7A and online supplemental figure S7A). In order to eval-
uate the therapeutic potential of AADAT in intestinal inflamma-
tion, we first expressed murine AADAT in Escherichia coli and 
purified it using affinity chromatography. The functionality of the 
newly generated enzyme was confirmed in vitro by showing the 
consumption of kynurenine and 3H-kynurenine and the produc-
tion of XANA and KYNA (online supplemental figure S7B–H). 
Three different doses of AADAT were then administered intra-
peritoneally to mice submitted to DSS-induced colitis. AADAT 
administration induced a strong dose-response protective effect, 
as demonstrated by the improved weight loss, DAI, colon length 
and histological score (figure  7B–G). The KYNA/KYN and 
XANA/3OH-KYN ratio significantly increased in serum on day 
9, 1 hour after AADAT injection, clearly showing the functional 
effect on the targeted metabolism pathway (figure 7H).

In summary, these last results show that recombinant AADAT 
delivery has an attractive therapeutic potential in IBD, through 
the modulation of the endogenous Trp metabolism.

DISCUSSION
The incidence of IBD is growing everywhere in the world, repre-
senting a global pandemic. To better understand the disease and 
develop new therapeutic options, several actors involved in the 
pathogenesis are actively investigated, including the immune 
system and the gut microbiota. Metabolism emerged as a new 
player in immune functions and inflammation with the advent 
of the new field of immunometabolism.29 However, the role 

of specific metabolites and their mode of action remain mostly 
elusive. Here, we deliberately focused on Trp metabolism, which 
has been recognised as a crucial actor in intestinal homeostasis 
through the generation of active end-products both by host cells 
and the gut microbiota.11 Using targeted quantitative metabolo-
mics on samples from a dense time-course experiment in mice 
and two large human datasets, we identified XANA and KYNA 
as candidate anti-inflammatory metabolites. We showed that 
XANA and KYNA exhibit anti-inflammatory effects through 
action on IEC and T cells. This protective effect was at least 
partly AhR-dependent and mediated by the modulation of 
cellular energy metabolism. By administrating the recombinant 
AADAT enzyme, we were able to hijack the endogenous Trp 
metabolism toward the production of XANA and KYNA and 
protect mice from colitis.

Although Trp metabolism was previously explored in IBD,10 11 
the current study, encompassing the analysis of samples from a 
randomised controlled trial evaluating FMT in CD, and from 
a large cohort of 1069 patients with IBD, is the greatest effort 
with this aim to date. In order to generate FAIR data, we used 
a sensitive, easily reproducible and validated technology for 
the absolute quantification of all tryptophan metabolites by 
LC-MS/MS (Liquid Chromatography coupled to tandem Mass 
Spectrometry), which can be used for the exploration of a large 
number of samples.31 We identified XANA and KYNA as nega-
tively correlated with several clinical, biological and endoscopic 
markers of disease activity, as well as with several proinflam-
matory cytokines. Moreover, lower levels of XANA and KYNA 
were predictive of relapse in patients with IBD in remission, 
supporting a potentially active role in the inflammatory process.

Figure 7  AADAT administration protects from DSS-induced colitis. (A) AADAT quantified in serum of healthy subjects (HS, n=39) and patients with 
IBD in remission (R, n=238) or in flare (F, n=248), (B) body weight loss, (C) DAI, (D) colon length, (E) relative genes expression of IL-1β, IFNγ, RORc 
and LCN2, (F) colon histology pictures and (G) histological score. (H) Serum metabolite levels in mice at day 9 of DSS-induced colitis, 1, 6 and 12 hours 
after AADAT injection. Statistical analysis: n=8–10 mice per group, two-way or one-way ANOVA with Bonferroni post-test, *: p<0.05, **: p<0.01, ***: 
p<0.001, ****: p<0.0001. AADAT, aminoadipate aminotransferase; ANOVA, analysis of variance; DAI, disease activity index; DSS, dextran sodium 
sulphate; IBD, inflammatory bowel disease; ns, not significant.
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In colitis models in mice, we confirmed the anti-inflammatory 
effects of XANA and KYNA and demonstrated their effects 
on IEC and T cells. XANA and KYNA promoted IEC prolif-
eration, supporting tissue integrity and healing processes. The 
two protective metabolites impacted T cells phenotype, notably 
by promoting TH17 differentiation. Depending on the context, 
stimulation of the TH17 axis can have detrimental or protective 
effects.32 Indeed, IL-17A promotes the integrity of the epithelial 
barrier by inducing claudin expression and thus reinforcing tight 
junctions in IEC.33 It is also involved in mounting the appro-
priate response towards bacteria and fungi, a crucial function 
at the host–microbiota interface in the gut.21 34 This protective 
effect of IL-17 has been pointed out in humans, as blocking IL-17 
in patients with Crohn’s disease exacerbates intestinal inflamma-
tion,35 and it can promote intestinal inflammation in patients 
with psoriasis or spondyloarthritis. The precise contributions of 
IEC and T cells in the therapeutic effects of XANA and KYNA 
could not be determined. However, T cells seem to predominate 
as effect of XANA and KYNA was completely lost in Rag2-/- mice 
while it was only partially lost in AhRΔIEC mice.

KYNA is a known agonist for GPR35, an IBD susceptibility 
gene.36 However, its protective effect and the one of XANA 
were not dominantly mediated by this receptor as it was still 
observed in GPR35-/- mice. On the other hand, AhR activation 
was largely involved. KYNA was previously shown to be able 
to activate AhR.37 We confirmed this result and demonstrated 
that XANA, together with KYNA, are bona fide AhR agonists. 
The protective effect on IEC and T cells was at least partly 
linked to a modulation of cellular energy metabolism. In IEC, 
mitochondrial activity, which is the dominant energy source in 
colonocytes,29 38 was boosted and promoted cellular prolifer-
ation and intestinal barrier restoration. In T cells, XANA and 
KYNA induced an energy switch towards glycolysis, the favou-
rite energy source of activated effector T cells.29 39 These effects 
on energy metabolisms were involved in the protective effects of 
XANA and KYNA. Interestingly, AADAT, the enzyme producing 
both XANA and KYNA, is a mitochondrial protein. Along with 
the transformation of KYNU and 3-H kynurenine into KYNA 
and XANA, AADAT transform 2-oxoglutarate, a TCA cycle 
intermediate, into glutamate according to the following reac-
tions: KYNU+2-oxoglutarate<=>KYNA+ glutamate+ H2O 
and 3-H kynurenine+2-oxoglutarate<=>XANA+glutamate+ 
H2O. This is consistent with the impact of manipulating this 
metabolic pathway on cellular energy metabolism.

In IBD, the current treatment options are based on immuno-
suppressants that can induce significant side effects, including 
an increased risk of neoplasias and infections. In this setting, 
the concepts and therapeutic targets are relatively archaic. As 
a final step, we evaluated a new therapeutic strategy aiming at 
engineering the endogenous Trp metabolism to promote the 
production of XANA and KYNA. The exogenous administration 
of a recombinant version of AADAT was successfully protecting 
mice from colitis. In contrast to most of the therapeutic strate-
gies that aim at blocking a proinflammatory agent or pathway, 
this approach aims at restoring the normal production of anti-
inflammatory metabolites while decreasing at the same time the 
production of proinflammatory ones, such as quinolinic acid.

In summary, our study identified a new mechanism linking 
Trp metabolism to intestinal inflammation and IBD. The skewed 
metabolism in the overactivated kynurenine pathway is associ-
ated with a relative deficiency in the anti-inflammatory metab-
olites XANA and KYNA. Bringing back these metabolites has 
protective effects involving AhR and the rewiring of the energy 
metabolism in IEC and CD4+T cells. In addition to providing 

key evidence of the importance of Trp metabolism in the mainte-
nance of intestinal homeostasis, this study paves the way for new 
therapeutic strategies aiming at pharmacologically correcting its 
alterations in IBD by manipulating the endogenous metabolic 
pathway with AADAT.

MATERIAL AND METHODS
see online supplemental material and methods section.

Mouse model
All gene-deficient and WT mice were on the C57BL/6 back-
ground. All mice used were female, between 7 and 10 weeks old. 
Animal experiments were performed according to local ethical 
panel and the Ministère de l’Education Nationale, de l’Ensei-
gnement Supérieur et de la Recherche, France under agreement 
Apafis 19 750-2019041014309428.

IBD cohorts
The population from the IMPACT clinical trial that evalu-
ated the effect of FMT in CD (NCT02097797) was described 
elsewhere.25

KP metabolites
KYNA and XANA were administered daily by oral gavage 
(400 mg/kg and 300 mg/kg, respectively, Sigma) or by intraper-
itoneal injection (5 mg/kg and 4 mg/kg, respectively).40 For in 
vitro experiments, KYNA and XANA were used at a concentra-
tion of 10–1000µM.

Seahorse
HT-29 (10 000 cells per well, plated 72 hours before the exper-
iment) or Jurkat cells (200 000 cells per well, plated in poly-
L-lysine precoated plate immediately before the experiment) 
were incubated with KYNA (100 µM), XANA (100 µM) or FICZ 
(0.2 ng/mL) for 72 hours. The experiments were performed 
according to manufacturer instructions.

DSS-induced colitis model
To induce colitis, mice were administered drinking water supple-
mented with dextran sulfate sodium (DSS; MP Biomedicals, 
LLC, Aurora, Ohio, USA) for 7 days and were then allowed to 
recover by drinking unsupplemented water for the next 5 days. 
Different percentages of DSS were used in the experiments, 
depending on the product batch and the mice genotype, to avoid 
a too high mortality rate.

Nanostring
RNA was extracted from the colon with RNeasy Mini Kit 
(Qiagen) and controlled with a bioanalyser (Agilent 2100 
Bioanalyzer System) with RNA Nano protocol’s instructions. 
XT_PGX_MmV1 Immunology kit was used following manufac-
turer’s instructions.

Mitotracker assay
MitoTracker Green FM (1/1500) and MitoTracker Deep Red 
(1/1000) were added in FACS buffer for 15 min at RT (Ther-
moFisher Scientific) before analysis.

Single Cell mEtabolism by profiling translation inHibition
SCENITH assay was performed as previously described.30
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Scratch test
IBIDI technology was used to realise perfect wounds on HT-29 
cells’ layers. Stimulation was performed with KYNA (100 µM), 
XANA (100 µM) and FICZ (0.2 pg/µL) with or without 
CH223191 (Sigma, 10 µM), for 72 hours.

Lamina propria immune cells preparation
As previously described, colonic lamina propria cells preparation 
was performed.41

qPCR analysis
According to the manufacturer’s instructions, total RNA was 
isolated from colon samples or cell suspensions using an RNeasy 
Mini Kit (Qiagen) Quantitative RT-PCR was performed using 
QuantiTect Reverse Transcription Kit (Qiagen) and then a Takyon 
SYBR Green PCR kit (Eurogentec) or Luna Universal One-Step 
RT-qPCR Kit (New England Biolabs) in a StepOnePlus apparatus 
(Applied Biosystems) with specific mouse oligonucleotides.

Histology
The histological score, on H&E staining slides, was described 
previously.42 Immunofluorescence staining was performed 
according to standard staining methods on a Leica BOND RX.

SCFA dosage
SCFA dosage was performed as previously described.41

Targeted quantitative metabolomics
The method has been described previously.43

AADAT in human samples
AADAT was quantified by ELISA following manufacturer’s 
instruction (XpressBio, XPEH1430).

Radio-ligand binding assay
Ligand binding to the cytosolic proteins was determined by the 
hydroxyapatite binding protocol and scintillation counting as 
described elsewhere.44
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Supplementary Material and methods 

Cell lines 

HT-29 (ATCC), a human intestinal epithelial cell line, was grown in DMEM supplemented 

with 10% FCS and PS. Jurkat (ATCC Clone E6-1), a human T cell line, was grown in RPMI 

supplemented with 10% FCS and PS. LS180 cells (ECACC), a human intestinal epithelial 

cell line, were grown in DMEM supplemented with 10% FCS.  

Mouse Model 

All the experiments were performed in the specific pathogen-free animal facility at IERP 

(INRAe, Jouy-en-Josas, agreement C78-720), in a temperature-controlled environment and 

with a strict 12h light/dark cycle. WT mice were obtained from Janvier lab, IL-22-/- [44] from 

TAAM Orléans, AhR-/- [45], Rag2-/- and AhRΔIEC from St Antoine research center animal 

facility (UMR S938, PHEA), and GPR35-/- [46] from IERP. 

IBD cohorts 

All individuals from the Suivitheque study were recruited in the Gastroenterology Department 

of the Saint Antoine Hospital (Paris, France) and provided informed consent. All samples 

were obtained between June 2012 and November 2019. The clinical activity reported in 

Figure 2F was previously described [47]. Briefly: at each contact in the IBD unit, clinical 

activity is scored prospectively as follows: 0, no digestive symptoms; 1, mild symptoms that 

may be attributable to IBD activity, postoperative functional sequelae or associated irritable 

bowel syndrome; 2, symptoms that are attributable to IBD and are compatible with usual 

home and/or professional activities; 3, symptoms that are attributable to IBD and are not 

compatible with sustained home and/or professional activities; 4, hospitalization for IBD flare; 

5, intestinal resection. Remission is defined by a score of 0 or 1. 

Seahorse 
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Following drugs concentrations were used: for Mito stress assay – Olygomycin (Olygo) 

1.5µM, FCCP 1µM and Rotenone/Antimycin A (Rot/AA) 0.5µM; for Glycolityc rate assay - 

Rot/AA 0.5µM and 2-DG 50µM. For basal measurement and each injection, following 

program is repeat three times– injection compound, mixing (3min), waiting (5min), 

measuring (3min). Oxygen Consumption Rate (OCR, using the Mito Stress Test kit) and 

Extracellular Flux Analyser (ECAR, using the Glycolytic Rate Assay kit) were measured. 

Total protein amount was quantified with DC protein assay (BioRad, 500113-114) and used 

to normalize values. Analysis were performed with Wave software. 

DSS-induced colitis model 

In all experiments, body weight, blood in stool, and stool consistency were analyzed daily. 

The severity of colitis was assessed using the disease activity index (DAI), and, at day 

twelve, colon length and histological scoring as previously described [3]. 

Nanostring 

All samples had a RIN≥8. After control, RNA was diluted at 15ng/µL. XT_PGX_MmV1 

Immunology kit was used following manufacturer’s instruction with 250ng per sample, 

prepared with nCounterPrep Station and read with nCounterPrep Analyzer thanks to 

Immunology Mm C2269 panel. Data were analyzed with NSolver software.  

Scratch test 

HT-29 cells were plated at 100,000 cells per chamber in 80µL of DMEM supplemented with 

10% FCS and P/S. When cells were confluent, chambers were removed, and stimulation 

was performed with KYNA (100µM), XANA (100µM) and FICZ (0.2pg/µL) with or without 

CH223191 (Sigma, 10µM), for 72h. Each dish was pictured with a ZEISS microscope and 

analyzed with Zen and ImageJ software. Each wound was measured on full length 60 times 

minimum. Oligomycin (Sigma) is used at 5µM. 

Organoids 
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For mouse organoids, colon was prepared and cleaned with washing solution (1X DPBS + 

10% SVF + 2% Penicillin/streptomycin + 1% Gentamycin). Dissociation solution (1X DPBS + 

8mM EDTA) was used for 15 and 30 min to harvest crypts. Crypts were resuspended and 

counted in DMEM/F12 completed + 2% Penicillin/Streptomycin. Fifty crypts were then 

seeded per well in 1:2 DMEM/F12 (supplemented with Glutamax 1X (Gibco), 

Penicillin/Streptomycin 1X (Gibco), HEPES 1X (Gibco), N2 1X (Gibco), B27 (Gibco), murine 

EGF 50ng/mL (Peprotech), recombinant mouse Noggin 100ng/mL (R&D), recombinant 

mouse R-Spondin1 CF 500ng/mL (R&D), mWnt-3a 100ng/mL (R&D) and CHIR99021 3µM 

(Peprotech)) and matrigel (Corning) or Ultimatrix (R&D).  

Fifty crypts were then seeded per well in 1:2 DMEM/F12 (Supplemented with Glutamax 2m, 

HEPES 10mM, N2 1X (Thermofosher), human R-Spondin 1µg/mL (R&D), Nicotinamide 

10mM (Sigma), B27/Vitamin A 1X (Thermofisher), human Noggin 100ng/mL (R&D), human 

EGF 50ng/mL (R&D), N-acetylcysteine 1mM (Sigma), Gastrin 10nM (Sigma), SB202190 

10µM (Sigma), PGE2 0.01µM (Sigma), LY2157299 0.5nM (Sigma) and Wnt3a 0.5nM (R&D)) 

and matrigel (Corning) or Ultimatrix (R&D). Organoids were used seven days later and were 

treated with vehicle, KYNA (100µM) and XANA (100µM) with or without oligomycin (5µM) 

during 72h. 

Edu proliferation assay 

Click-iT® EdU flow cytometry assay kit (Invitrogen, C10425) was used according to 

manufacturer’s instructions..  

qPCR Analysis 

The oligonucleotides used were as follows: Smct (F_ ATGCATTCGTCTCTGTGGCA 

R_CTGCTTTAAGACCGCCCAGT), Mct-1 (F_CATTGGTGTTATTGGAGGTC 

R_GAAAGCCTGATTAAGTGGAG), Rorc (F_TGGCTGCAAAGAAGACCCAC 

R_CCCACATTGACTTCCTCTGGT), Ifnγ (F_CCATCCTTTTGCCAGTTCCTC 

R_ATGAACGCTACACACTGCATC), Il1β (F_GCCCATCCTCTGTGACTCAT, R_AG-
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GCCACAGGTATTTTGTCG), RegIIIγ (F_TTCCTGTCCTCCATGATCAAAA R_CATCCAC-

CTCTGTTGGGTTCA), RegIIIβ (F_ATGCTGCTCTCCTGCCTGATG R_CTAATGCGTGCG-

GAGGGTATATTC), IL-22 (F_CATGCAGGAGGTGGTGCCTT R_CAGACGCAA-

GCATTTCTCAG), Lcn2 (Qiagen, QuantiTect GT00113407), and Cyp1a1 (Qiagen, 

QuantiTect QT00105756). We used the 2−ΔΔCt quantification method with mouse Hprt1 

(Qiagen, QuantiTect QT00166768) as endogenous control and the WT group as a calibrator. 

For human cells, we used Cyp1a1 (F_CAGCTCAGCTCAGTACCTCA 

R_CTTGAGGCCCTGATTACCCA) and Gapdh (F_AAGTGGTCGTTGAGGGCAATG 

R_CTGGGCTACACTGAGCACC. 

Histology 

Colon samples for histological studies were maintained at 4°C in 4% paraformaldehyde and 

then embedded in paraffin. 4-μm sections (three sections per sample) were stained with 

hematoxylin and eosin (H&E) and then examined in a blinded manner using a BX43 

Olympus microscope to determine the histological score, as described previously [41].  

Immunofluorescence staining was performed according to standard staining methods on a 

Leica BOND RXm, including a deparaffinization and rehydration step, an alkaline antigen 

retrieval step (20min at 100˚C in BondTM Epitope Retrieval 2, AR9640), and blocking with 1% 

BSA and 10% Normal Goat Serum for 30min at room temperature. 

Primary antibody anti-Ki67 (dilution 1/500, Abcam, ab15580) was applied on slides 1h at 

room temperature, followed by secondary antibody (dilution 1/2300, Invitrogen, A11011) with 

DAPI for 30 min at room temperature. Slides were mounted with Fluoromount ® 

(Cliniscience, 0100-01). Slides were scanned using the Pannoramic SCAN II automated 

slide scanner (3D HISTECH) at 20X.  

FACS 

All extracellular staining were realized in FACS Buffer (PBS1X + EDTA 0.5mM + FCS 2%). 

Staining beginning each time with a viability dye, either Fixable Viability Dye (eBioscience) or 
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Zombie Aqua Fixable Viability Kit (Biolegend). Cells were surface stained in FACS buffer 

with the following antibodies: C16/CD32 (eBioscience, 14-0161-85), CD45 (Biolegend 

103147), CD4 (Biolegend 100552), EpCAM (Biolegend 118205) and CD3ε (eBioscience 11-

0031-82). For cytokines, cells were stimulated during 2 hours by PMA (50ng/mL) and 

ionomycin (1µg/mL) plus IL-1β (10ng/mL), IL-23 (20ng/mL) and Brefeldin-A (10µg/mL) 

before staining. For intracellular staining Cytofix/Cytoperm (BD) or Factor staining buffer Set 

(eBioscience, 00-5523-00) were used following manufacturer’s protocols with following 

antibodies: IL-17A (Biolegend 506914), rorγt (eBioscience 12-6988-82), tbet (Biolegend 

644817), foxp3 (eBioscience 48-5773-82), IFNγ (Biolegend 505850) and IL-22 (eBioscience, 

46-7221-82). All data are acquired with LSR Fortessa X-20 (BD Biosciences) and analyzed 

with FlowJo software. 

T cell differentiation 

24-well plates were coated overnight with 2µg/mL of αCD3 and 10µg/mL of αCD28. Cells 

from WT spleen were prepared, minced and red blood cells were lysed with a red blood lysis 

solution. Naïve CD4 T cells were sorted with Milteny kit (130-104-453), following 

manufacturer instructions. 500,000 cells were plated per well. For TH17, naïve CD4 T cells 

were incubated with IL-6 (0.1mg/mL) and TGFβ (0.2mg/mL) with KYNA (100µM), XANA 

(100µM) with or without CH223191 (Sigma, 10µM) during 72h. After incubation, cells were 

stained, with αCD4, αIL-17A, αRorγt and viability dye, and the level of differentiation was 

compared with LSF Fortessa X20. 2DG (Sigma, D6134) was used at 10mM. 

16S sequencing analysis 

Fecal DNA extraction was performed as previously described [3]. Gut microbiota 

composition and diversity were determined using 16S sequencing. Following PCR (V3-V4 

region, PCR1F_460: 5’ CTTTCCCTACACGACGCTCTTCCGATCTACGGRAGGCAGCAG 

3’, PCR1R_460: 5’ GGAGTTCAGACGTGTGCTCTTCCGATCTTACCAGGGTATCTAATCCT 

3’), amplicon quality was verified by gel electrophoresis and sent to the @BRIDGe plateform 
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for sequencing protocol on an Illumina MiSeq (Illumina, San Diego, CA, USA). The dada2 

software package (version 1.14.1)[48] in the R programming language (R version 3.6.3) was 

used to perform quality control, read trimming and identification of amplicon sequence 

variants (ASV’s). The SError! Bookmark not defined.ilva reference database (version 138) 

[49] was used for taxonomic assignment. Raw sequence data are accessible in the 

sequence read archive (accession number pending). Bacterial ASVs that could not be 

assigned to a Phylum-level taxonomy were excluded. Samples with <1000 reads were 

excluded. Prevalence filtering excluded ASVs that were present in only one sample. The 

Shannon diversity index was used to estimate alpha diversity, based on the number of 

unique ASVs and their evenness of distribution. Statistical significance for diversity was 

tested using the Wilcoxon rank sum test. Beta diversity was calculated using the Bray-Curtis 

divergence on proportional (total sum scaled) data using the vegan package (version2.5-6), 

with PERMANOVA performed using the adonis function (999 permutations). Data analysis 

was performed through the phyloseq package (version 1.30.0) [50]. Plotting was performed 

with ggplot2 (version 3.3.2) and ggpubr (version 0.4.0). 

Targeted quantitative metabolomics 

Samples were lyophilized (3mg) and weighted. The method has been described previously 

[42]. Finally, 5µL were injected into the LC-MS (XEVO-TQ-XS, Waters®). A Kinetex C18 xb 

column (1.7µm x 150mm x 2.1mm, temperature 55°C) associated with a gradient of two 

mobile phases (Phase A:Water + 0.5% formic acid; Phase B: MeOH + 0.5% formic acid) at a 

flow rate of 0.4mL/min was used. 

For each metabolite, a calibration curve was created by calculating the intensity ratio 

obtained between the metabolite and its internal standard. These calibration curves were 

then used to determine the concentrations of each metabolite in patient samples. 

Radio-Ligand Binding Assay 
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Cytosolic protein extracts from murine hepatoma Hepa1c1c7 cells (2mg/mL) were incubated 

for 2 h at room temperature with 2nM [3H]-TCDD in the presence of KYNA (10–1000µM), 

XANA (10–1000µM), FICZ (100nM; positive control), or vehicle (DMSO; 0.1% V/V; 

corresponds to specific binding of [3H]-TCDD = 100%). Ligand binding to the cytosolic 

proteins was determined by the hydroxyapatite binding protocol and scintillation counting as 

described elsewhere [43]. Specific binding of [3H]-TCDD was determined as a difference 

between total and non-specific (TCDF; 200nM) reactions. Three independent experiments 

were performed, and the incubations and measurements were done in triplicates in each 

experiment (technical replicates). For statistical analysis One-way ANOVA followed by 

Dunnett’s test was performed. 

Immunofluorescence detection of the AhR nuclear translocation [51] 

LS180 (90,000 cells/well) were grown on poly-D-lysine coated 8-well tissue culture chamber 

slides (Sarstedt) overnight. The cells were incubated with a vehicle (DMSO; 0.1% V/V), two 

positive controls (TCDD; model AhR ligand; 10nM and FICZ; endogenous AhR ligand; 

10nM), KYNA (100µM), or XANA (100µM) for 90min. After the treatment, the cells were 

washed with PBS, fixed with 4% (V/V) formaldehyde, permeabilized using 0.1% (V/V) Triton 

X-100, blocked with 3% (m/V) bovine serum albumin and incubated with Alexa Fluor 488 

labelled primary antibody against AhR (sc-133088, Santa Cruz Biotechnology), as described 

elsewhere [51]. Nuclei were stained with 4′,6-diamino-2-phenylindole (DAPI) and the slides 

were sealed by coverslips using VectaShield® Antifade Mounting Medium (Vector 

Laboratories). The AhR nuclear translocation was observed using Oympus Fluoview 1000 

confocal system.The experiments were performed in three consecutive cell passages. The 

level of AhR nuclear translocation was calculated as the proportion of fluorescence intensity 

of nucleus and fluorescence intensity of cytoplasm (fluorescence of nucleus/fluorescence of 

cytoplasm) and was expressed as a percentage of intensity of cytoplasm fluorescence. The 

level of nuclear translocation of AhR was estimated in 80-110 cells for every treatment in 
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each experiment. For statistical analysis One-way ANOVA followed by Dunnett’s test was 

performed. 

AADAT production 

Cloning of murine AADAT in Escherichia coli. The pMA:muAADAT plasmid carrying the 

gene encoding murine AADAT (muAADAT) with was synthesized based on Escherichia coli 

codon usage (GeneArt). The DNA fragment coding for muAADAT was then recovered after 

digestion with NheI and XhoI restriction enzymes and cloned into pStaby 1 vector 

(DelphiGenetics). The use of pStaby 1 plasmid (Figure S7B-C) allows the gene transcription 

under the control of the phage T7 RNA polymerase promoter (T7 polymerase) and the 

introduction of a C-terminal six-Histidine tag (His-tag), allowing subsequent purification of 

muAADAT using affinity chromatography. The resulting final vector pStaby:muAADAT 

(Figure S7C) was transferred into T7 Express Competent E. coli (NEB) and transformants 

were grown at 37°C overnight (ON) in Luria-Bertani medium containing ampicillin (Amp, 

100μg/mlL) with shaking at 180rpm. Plasmid DNA was extracted from positive clones and 

sequenced to confirm their identity. 

Expression and purification of the recombinant murine AADAT protein in E. coli. E. 

coli strain expressing muAADAT was cultured at 37°C ON in LB supplemented with Amp 

100μg/ml and with shaking. When an optical density (OD 600nm) of 0.8-1.0 was reached, 

gene expression was induced by the addition of 0.25mM IPTG and the cultures incubated at 

16°C ON with stirring at 180rpm (Figure S7D). Bacteria were harvested by centrifugation 

and the cell pellets washed with PBS and resuspended in Binding Buffer (PBS buffer pH 7.4-

300mM NaCl supplemented with 0.1% 10X triton and 1X protease inhibitors. Roch). The 

cells were then sonicated in ice with an amplitude of 40%. The lysate is then centrifuged at 

15,000g for 30min at 4°C. The soluble fraction containing AADAT was purified by affinity 

chromatography. The supernatant were incubated with Ni-NTA agarose resin (R901-15, 

Invitrogen) at 4°C for 1h then deposited in a BioRad column. The AADAT protein fixed to the 

resin was washed with PBS buffer, then PBS buffer-20mM imidazole and PBS buffer-40 mM 
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imidazole. The AADAT protein was eluted with PBS buffer-300mM imidazole (Figure S7E). 

The fractions 2-6 were pooled and dialyzed against PBS, 50% glycerol-300mM NaCl 

Specta/Port 6. A pre-cast BioRad mini-protean TGX stain free, 4-20% gel was carried out to 

control the different stages of the purification.  

AADAT activity test verification. The AADAT activity test is based on the disappearance of 

kynurenine which is the substrate of AADAT. A reaction mixture containing 10mM L-

kynurenine, 2mM α-oxoglutarate, 40μM PLP (pyridoxal 5′-phosphate) and 0 or 1μL of the 

purified protein sample prepared in buffer 100 mM potassium phosphate (pH 7.4). Then, the 

mixture was incubated at 37°C for 15min, and the reaction was stopped by the addition of an 

equal volume of 30% acetic acid. The supernatant of the reaction mixture, obtained by 

centrifugation at 3000g for 10min at 4°C, was mixed equally with Ehrlich’s solution and 

incubated 15min at room temperature to have a colorimetric reaction. In parallel, a standard 

range of kynurenine from 0μM to 1000μM was made under the same conditions. The 

amount of kynurenine present in the sample was measured with a spectrophotometer at an 

OD of 492nm and calculated using the standard range (Figure S7F). A verification of the 

production of KYNA and XANA in vitro via the action of our enzyme during 15min in the 

presence of KYNU (1000 µM) was carried out (Figure S7F). A dose effect can be observed 

from the transformation of KYNU into KYNA and XANA. 

Statistical analysis 

Statistical analysis of human data was performed in the R statistical environment (R version 

3.6.2). Plotting was performed with ggplot2 (version 3.3.2). In all statistical analyses, 

differences with p values <0.05 were considered significant. The p values were corrected 

using the Benjamini and Hochberg (BH) procedure to control for the false discovery rate. 

The other data were analyzed using Prism version 8 (Graphpad Software, San Diego, USA). 

Values are expressed as mean ± Standard error of the mean (SEM). Microbiota-specific 

analysis is described in the 16S sequencing analysis section. For p value: *: p<0.05, **: 

p<0.01, ***: p<0.001, ****: p<0.0001. 
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