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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.

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.

INTRODUCTION

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

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.

many genes (eg, CARD9, NOD2)® and altered intestinal gut
microbiota.*

In the broad sense, metabolism is the set of chemical reactions
in a living organism required for its functioning.’” 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,® activation or
differentiation.” Logically, its deregulation is involved in many
pathogenesis events.® ? Literature has recently pointed out the
role of tryptophan (Trp) metabolism in the context of intestinal
inflammation.> '° Trp can be metabolised following three major
pathways: the serotonin and kynurenine (KYNU) pathways
(KP), while the indole pathway.!' 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).* ' The role
of serotonin and KP have been highlighted in several chronic
inflammatory pathological contexts, from IBD' " * to meta-
bolic syndrome.” 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)),'® GPR35 (KYNA),"” N-methyl-
D-aspartate receptor (KYNA, quinolinic acid (QUIN)).'® The
KP and its host receptor targets are particularly relevant in

A B
Tryptophan

Indoleamine 2,3-
Dioxygenase

i Kynurenic acid
Kynurenine W Yy

Histological score

3H-Kynurenineﬂ>

l 3-Hydroxyanthranilic acid

inflammatory contexts, including IBD, as these conditions are
associated with KP activation.'® Indeed, some KP metabolites
impact immune cells functions notably via AhR activation'® that
is involved in the differentiation of T cells,”® the production of
IL-17 and IL-22,*' ** the maintenance of type 3 innate lymphoid
cells (ILC3) in the gut® or the antioxidant response.** 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 T,,17 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

»
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Figure 1
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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.
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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.”® 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 clinical®® 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, CXCRI1, 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 GPR35" and the AhR pathway.'® 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 Cyplal, 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,”” *® 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 Cyplal (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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Figure 2 KYNA and XANA abundances correlate with disease activity in humans with I1BD: 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, g<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.

a high-affinity AhR ligand, with a stronger effect for XANA
(figure 41). 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 AhR* ® 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
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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; DA, disease activity index; DSS, dextran sodium sulphate; IDO, indoleamine 2,3-dioxygenase; KYNA, kynurenic acid; XANA,

xanthurenic acid.

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 Regllly and RegllI3, by IEC."
Interestingly, the expression of II-22, Regllly and ReglIId 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-227" 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. [EC
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 B-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 SA). 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 SSE), 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 SE) and greater
maximal respiration (figure SF,G), while the glycolysis was not
impacted (figure SH,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
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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 AhR“ 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.

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 SL,M).
Furthermore, cell proliferation increased in mouse colon organ-
oids treated with KYNA or XANA (figure SN). 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 T,17 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 T 17 and
Roryt™ T cells, but not T ;1 cells (online supplemental figure
S6L]J). In vitro, XANA and KYNA promoted T cell differenti-
ation towards T 17 (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 T,;17 cells.

XANA and KYNA stimulate glycolysis in lymphocytes through
AhR

Energy metabolism has a strong impact on T cells func-
tions.”” 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
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*kk,

SCFA, short-chain fatty acid; XANA, xanthurenic acid.

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

: p<0.001, ****: p<0.0001. ANOVA, analysis of variance; EdU, 5-éthynyl-2'-déoxyuridine; KYNA, kynurenic acid; MFI, mean fluorescence intensity;

KYNA on T cells energy metabolism, we used a newly devel-
oped assay, SCENITH (Single Cell mEtabolism by profiling
Translation inHibition).>* 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
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