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Background: L-kynurenine is a tryptophan-derived immunosuppressive metabolite and precursor to neuro-
toxic anthranilate and quinolinate. We evaluated the stereoisomer D-kynurenine as an immunosuppressive
therapeutic which is hypothesized to produce less neurotoxic metabolites than L-kynurenine.

Methods: L-/D-kynurenine effects on human and murine T cell function were examined in vitro and in vivo
(homeostatic proliferation, colitis, cardiac transplant). Kynurenine effects on T cell metabolism were interro-
gated using ['3C] glucose, glutamine and palmitate tracing. Kynurenine was measured in tissues from human
and murine tumours and kynurenine-fed mice.

Findings: We observed that 1 mM D-kynurenine inhibits T cell proliferation through apoptosis similar to L-
kynurenine. Mechanistically, ['3C]-tracing revealed that co-stimulated CD4" T cells exposed to L-/D-kynure-
nine undergo increased B-oxidation depleting fatty acids. Replenishing oleate/palmitate restored effector T
cell viability. We administered dietary D-kynurenine reaching tissue kynurenine concentrations of 19 uM,
which is close to human kidney (6 «M) and head and neck cancer (14 M) but well below the 1 mM required
for apoptosis. D-kynurenine protected Ragl~/~ mice from autoimmune colitis in an aryl-hydrocarbon recep-
tor dependent manner but did not attenuate more stringent immunological challenges such as antigen mis-
matched cardiac allograft rejection.

Interpretation: Our dietary kynurenine model achieved tissue concentrations at or above human cancer
kynurenine and exhibited only limited immunosuppression. Sub-suppressive kynurenine concentrations in
human cancers may limit the responsiveness to indoleamine 2,3-dioxygenase inhibition evaluated in clinical
trials.

Abbreviations: IDO, indoleamine 2,3-dioxygenase; TDO, tryptophan 2,3-dioxygenase; HNSCC, head and neck squamous cell carcinoma; RCC, renal clear cell carcinoma; AhR, aryl
hydrocarbon receptor; DSS, dextran sodium sulphate; LC-MS, liquid chromatography- mass spectrometry; TiPARP, Tetrachlorodibenzo-p-dioxin (TCDD)-inducible poly(ADP-ribose)

polymerase
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Research in context

Evidence before this study

L-kynurenine is a breakdown product of the amino acid L-tryp-
tophan generated through the enzymes tryptophan- and indo-
leamine 2,3-dioxygenase (IDO). L-kynurenine has been
associated with neurotoxicity and suppression of immune
responses against cancers. IDO has been found expressed in
some human cancers which have also tryptophan depletion
and kynurenine enrichment. Mechanistically, expressing IDO in
tumours implanted into mice made those tumours resistant to
T cell-mediated anti-cancer immune responses. Kynurenine
and derivative metabolites have been shown to cause cell death
in T cells and can impair T cells through the aryl hydrocarbon
receptor. This has led to IDO inhibitor development to treat
cancer. Unfortunately, IDO inhibitors have failed to show thera-
peutic benefits against cancer in clinical trials so far.

Added value of this study

Human head and neck as well as renal carcinoma tissue speci-
mens exhibited low micromolar kynurenine concentrations
which were at or even below tissue levels of kynurenine
achieved by feeding mice 300 mg/kg/d kynurenine in their diet.
At these concentrations, only weak aryl hydrocarbon receptor
signalling dependent immunosuppressive effects were
observed. T cells exposed to kynurenine activate fatty acid
B-oxidation, leading to fatty acid depletion. This could explain
the apoptosis phenotype seen with T cells exposed to kynure-
nine in cell culture. Standard cell culture media contain only a
limited amount of lipids which is different from most in vivo
conditions. Adding fatty acids to the cell culture media prevents
kynurenine-induced T cell apoptosis. Together, these new data
raised a suspicion that the importance of kynurenine as an
immunosuppressive metabolite may have been overrated in
the cancer literature.

Implications of all the available evidence

IDO targeting remains a hot topic in cancer immunotherapy
and tumour metabolism. There are ongoing clinical trials with
patients who may not benefit from IDO inhibition. Stratification
of patients based on tumour tissue kynurenine concentration
measurements might improve risk-benefit assessment of IDO
inhibition in clinical trials.

1. Introduction

L-kynurenine is derived from L-tryptophan through indoleamine
and tryptophan 2,3-dioxygenases (IDO, TDO). L-kynurenine is per-
haps best known as a precursor for NAD" de novo biosynthesis [1]. It
also plays an important role in neurologic disorders, cancer and
inflammation. L-kynurenine has reported immunosuppressive prop-
erties, which are mediated through T cell apoptosis and regulatory T
cell (Treg) induction. Kynurenines also function as agonists via the
immunosuppressive aryl hydrocarbon receptor (AhR) [2-6]. Several
tumours, such as glioblastoma, head and neck squamous cell carci-
noma (HNSCC), and renal clear cell carcinoma (RCC), among many

others, express IDO/TDO that is thought to suppress anti-tumour
immunity through L-kynurenine production acting as a metabolic
barrier to successful anti-neoplastic therapy [7-9]. This has led to a
great interest in developing IDO-inhibitors for cancer treatment, but
respective clinical trials have performed poorly [10].

The reported immunosuppressive effects of L-kynurenine have led
us to question if this metabolite could be exploited for therapeutic
immunosuppression. This has been done successfully with L-lactic acid,
be it through the adoptive transfer of lactic acid producing dendritic
cells [11] or bacteria [12], or direct injection with pH neutral sodium L-
lactate [13-14]. Lactate is generally well tolerated at high doses and is
commonly used in intravenous fluids, such as Ringer’s lactate solution
(28 mmol/L) or peritoneal dialysis fluid (40 mmol/L). However, for L-
kynurenine this is not an option. L-kynurenine derived anthranilic acid,
3-hydroxykynurenine, 3-hydroxyanthranilic acid and quinolinic acid
act as N-methyl-d-aspartate (NMDA) receptor agonists, induce free radi-
cal production, and are associated with epilepsy, amyotrophic lateral
sclerosis, Huntington’s disease, Parkinson’s disease, Alzheimer’s disease,
and multiple sclerosis [15]. Therefore, in contrast to lactate, administer-
ing large quantities of L-kynurenine does not seem suitable as an immu-
nosuppressive strategy.

In contrast to L-kynurenine, its enantiomer D-kynurenine has
been suggested to being resistant to kynureninase, thus bypassing
most of the aforementioned neurotoxic metabolites (Figure 1a)
[16,17]. D-kynurenine contributes to kynurenine derivatives inde-
pendent of kynureninase such as kynurenic acid, but these are not
associated with toxicity. In fact, kynurenic acid even has neuropro-
tective properties [15,18], and kynureninase inhibition is a neuropro-
tective treatment strategy to shunt kynurenine metabolites away
from quinolinic acid to kynurenic acid [19,20]. Under these assump-
tions, D-kynurenine could potentially be a therapeutically interesting
immunosuppressive metabolite. We have evaluated D-kynurenine’s
immunosuppressive effects and examined its mechanism compared
to L-kynurenine. Our findings may improve the understanding of
kynurenine’s immunosuppressive effects, and may also shed some
light on why pharmacologic IDO inhibition has been unsuccessful in
cancer treatment [10].

2. Methods
2.1. Ethics statement

All healthy blood donors and tumour patients gave written
informed consent as approved by the Institutional Review Board at
the University of Pennsylvania (healthy donors: IRB 70906) and ethi-
cal committee of the University Hospital Regensburg (healthy
donors: 13-101-0240; RCC: 08/108; and HNSCC: 12-101-0070) in
accordance with the Declaration of Helsinki. Mice were studied using
protocols approved by the Institutional Animal Care and Use Com-
mittees of the Children’s Hospital of Philadelphia and University of
Pennsylvania (19-000561 and 20-000746) and equivalent commit-
tees at the University of Regensburg and the University of Florida,
Gainesville (201808674 and 202108674).

2.2. Human T cell donors and tumour patients

Human T cells were obtained from de-identified adult male
and female healthy donors at both the University of Pennsylvania
and the University Hospital of Regensburg. Serum and tissues
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Figure 1. L- and D-Kynurenine cause comparable apoptosis in human and murine T cells. (a) Schematic comparing L- and D-kynurenine metabolism. (b, ¢): Murine CD4"CD25~
Tconv were co-stimulated overnight with CD3¢/CD28 mAb coated beads overnight, and then exposed to 1 mM D- or L-kynurenine or H,O control. Metabolites were extracted and
analysed by LC-MS and displayed as total ion count relative to the H,O control. (b) Both kynurenine (Kyn) enantiomers were imported into T cells, and (c) kynurenic acid (KynA)
was produced. Data pooled from 11 and 6 independent experiments, respectively (one-way ANOVA with Tukey’s multiple comparison test). (d, e) Murine Tconv were CFSE-labelled
and stimulated with anti-CD3¢ and irradiated antigen presenting cells. After three days, proliferation was assessed by flow cytometry. Experiment representative of six independent
replicates. (f, g) Human T cells were co-stimulated using CD3¢/CD28 mAb coated beads for three days, with added kynurenine or KynA. After two days, apoptosis was assessed by
flow cytometry. (f) Quantitative data pooled from three independent experiments (one-way ANOVA with Fisher’s LSD) and (g) representative CD4" T cell apoptosis data. (h) Murine
Tconv cells were CFSE-labelled and co-stimulated and polarized to induce Foxp3 by adding IL-2 and TGF-B. After four days, Foxp3 expression in CD4" T cells was assessed. D-/L-
kynurenine did not increase Foxp3 expression. Data representative of three independent experiments. (i) Tconv were co-stimulated with anti-CD3¢ and irradiated antigen present-
ing cells and co-cultured with Treg at a 2:1 ratio. After three days, Treg and Tconv cell viability was assessed using Aqua Live/Dead. Data pooled from three independent experi-
ments. Abbreviations: D-AAO, D-amino acid oxidase; KAT, Kynurenine aminotransferase; KMO, Kynurenine 3-monooxygenase; 3-HAO; 3-Hydroxyanthranilate oxidase; Kyn,
Kynurenine; KynA, Kynurenic acid. * and ** indicate p<0.05 and p<0.01, respectively. Data shown as mean with SEM (b, ¢, f, i).

from 6 renal cell carcinoma (RCC) patients and 27 head and neck
squamous cell carcinoma (HNSCC) patients treated at the Univer-
sity Hospital Regensburg were included. For analyses of the

tumour metabolome, tumour and healthy tissues were surgically
removed and immediately placed in liquid nitrogen and then cry-
opreserved until analysis.
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2.3. Mice

We purchased B6/Rag1~/~, C57BL/6], and BALB/c from The Jackson
Laboratory (Bar Harbor, ME) or Charles River (Germany). AhR~/~ [21],
as well as AhR"~, and AhR™* littermate control mice on a C57BL/6)
background were bred at the University of Florida, Gainesville. All
mice were housed under pathogen-free conditions.

2.4. Reagents and resources

Reagents and resources are summarized in supplemental table
S1.

2.5. Cell culture media and conditions

For standard cell culture medium for murine and U.S. human T cell
experiments, we used RPMI 1640 medium supplemented with 10%
foetal bovine serum (FBS), penicillin (100 U x mL™!), streptomycin
(100 png x mL™"), and 55 nM B,-mercaptoethanol. For German
human T cell experiments we used RPMI 1640 with 5% human AB
serum (2-10% in some experiments as indicated), 2 mM L-glutamine,
50 U x mL™! penicillin, and 50 g x mL™! streptomycin. For [*3C]
tracing experiments, we used Agilent Seahorse XF base medium (cat.
#102353-100) from Agilent Technologies (Santa Clara, CA) and added
10% dialyzed foetal bovine serum (cat. #26400036) from Thermo
Fisher Scientific (Waltham, MA) and 10 mM NaHCOs for buffering, to
which glucose/glutamine and palmitate were added as indicated. For
bioenergetic measurements, we used Seahorse XF base medium (cat.
#102353-100) from Agilent Technologies plus 10 mM D-glucose,
1 mM sodium pyruvate, and 2 mM L-glutamine (without pyruvate/
glucose for glycolytic stress test). Cells were cultured at 37°C with 5%
CO,, except for cells plated prior to Seahorse assays, which required
incubation without CO,.

2.6. Special mouse diet

In order to provide constant D-kynurenine intake, we had a D-
kynurenine diet made by Research Diets, Inc. (New Brunswick, NJ).
We determined the diet dose of kynurenine through the following
formula:

BW .
DD = <5D X ﬁ) ,with

DD, diet dose (calculated as 1,500 mg D-kynurenine/kg chow)

SD, desired single daily dose of D-kynurenine (300 mg/kg/d)

BW, body weight (20 grams, estimated starting weight)

FI, food intake, estimated ~4 grams/day C57BL/6 mice [22]

As a precaution to avoid unequal administration, we included only
mice with less than 0.5 gram difference in starting body weight
between experimental groups at the start of the experiment. Nutritional
details of the D-kynurenine enriched diet (product #D19101801) and
its control diet (product #D11112201) are shown in Table 1.

2.7. General experimental design and blinding

The surgeon performing the cardiac transplants and measuring
allograft survival (Z.W.) was blinded to and unaware of the treatment
conditions. The pathologist (B.J.W.) evaluating tissue samples was
blinded to and unaware of the treatment conditions. Staff attending
the mice on the kynurenine diet could identify the type of diet based
upon food coloring which was necessary to ensure that the correct
diet was administered. For weight-based outcomes, mice were
assembled into groups to ensure equal starting weights (in addition
to normalization to the starting weight). Details on age and gender of
animals are discussed in each in vivo model below.

2.8. Bioenergetic measurements

We measured bioenergetic function as oxygen consumption rate
(OCR) and extracellular acidification rate (ECAR) using a XF96 analy-
ser (Seahorse Biosciences, North Billerica, MA). For our T cells studies,
XF96 plates were coated using Cell-Tak (BD Biosciences, Franklin
Lakes, NJ) as previously reported [23]. Isolated T cells were plated in
unbuffered XF assay media, and then incubated for 30-60 min at 37°C
without CO,. For our T cell studies, we used 2 x 10° cells per well for
XF96 assays. To enhance cell adherence, plates were spun at room
temperature for 5 min at 400 g. Three baseline measurements of OCR
and ECAR were taken and then the cells were exposed to oligomycin
A, cyanide-4-[trifluoromethoxy]phenylhydrazone (FCCP) and rote-
none and/or antimycin A. We used 1.25 uM oligomycin, 0.5 uM
FCCP, and 1 uM rotenone & antimycin A, or ECAR (with final concen-
trations of 10 mM glucose, 2 M oligomycin, and 50 mM 2-deoxy-D-
glucose). Three readings were taken after each sequential injection.
Instrumental background was measured in separate control wells
using the same conditions without biological material. Data were
analysed using Wave (Agilent), Excel and Prism. Cell culture oxygen
consumption experiments were performed using the SDR
SensorDish® Reader (PreSens Precision Sensing GmbH, Regensburg,
Germany) equipped with optical oxygen (OxoDish®) or hydrogen
(HydroDish) sensors. CD4"CD25~ human T cells were cultured for
4 days and oxygen consumption was recorded in real time at 5 min
intervals. Data were analysed using Excel and Prism.

2.9. Cardiac Allografting

For cardiac allografting, we transplanted BALB/c hearts (H-2¢) into
the abdomen of C57BL/6] recipients (H-2P). We used female recipi-
ents and donors between 8-12 weeks of age, randomly assigned to
treatment groups. We chose female mice to minimize fight injuries
and age 8-12 weeks to ensure sufficiently large blood vessels for
microsurgery. Recipients received low-dose rapamycin (0.5
mg x kg! x day~!) via ALZET® pumps, and either D-kynurenine diet
or control chow. Sample sizes were determined based upon effect
size of the primary outcome mismatched cardiac allograft survival
determined by palpation, and experience with the BALB/c to C57BL/
6] cardiac transplant model [23,24]. Allograft survival was assessed
by daily palpation. Mice were offered either D-kynurenine diet or
control chow. A priori exclusion criteria included death during or up
to 24 hours after cardiac transplant surgery which did not occur. No
animals were excluded from the analysis.

2.10. Colitis

We utilized two colitis models, B6/Rag1~/~ adoptive transfer coli-
tis, as well as a dextran sodium sulfate (DSS-) induced colitis model.
In the B6/Rag1~/~ adoptive transfer colitis model, 9-10 weeks old B6/
Rag1~/~ mice were adoptively transferred iv. with 10° CD4*CD25~
Tconv cells from C57BL/6] donors. Mice were observed for weight,
gross blood in their stool, and other clinical parameters as previously
reported [25]. Sample sizes were determined based upon effect size
of the primary outcome weight loss and prior experience with the
colitis models [25]. For the adoptive transfer colitis experiment with
AhR knockout donors, spleens of AhR~/~, AhR*~ and AhR*" litter-
mate controls were collected at the University of Florida and sent
overnight in PBS on ice, and T cells were isolated the next morning.
The genotype of the donor mice was separately confirmed (Figure
S3a, b). To assess colitis induced by DSS, we used 5% DSS (wt/vol,
with a molecular weight 36-50 kDa, Cat. #160110, MP Biomedicals,
Solon, OH), using a previously published chronic colitis model involv-
ing multiple repetitive cycles of 5% DSS designed to assess Th1 based
immunopathology [25,26]. Briefly, 12-week-old female C57BL/6]
mice (5 per group, randomly selected, and confirmed to have near
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Table 1
D-kynurenine diet composition
Research Diets, Inc. D11112201 D19101801
Product #
Control diet 1500 mg D-kynurenine per kg diet
gramy kcal% gram% keal%

Protein 19 20 19 20
Carbohydrate 63 65 63 65
Fat 7 15 7 15
Total 100 100
kcal/gm 3.81 3.81
Ingredient gram kcal gram kcal
Casein 200 800 200 800
L-Cystine 3 12 3 12
Corn starch 381 1524 381 1524
Maltodextrin 10 110 440 110 440
Dextrose 150 600 150 600
Cellulose, BW200 75 0 75 0
Inulin 25 375 25 375
Soybean oil 70 630 70 630
Mineral mix S10026 (w/ 10 0 10 0

0Ca, P, orK)
Dicalcium phosphate 13 0 13 0
Calcium carbonate, light, 5.5 0 5.5 0

USP
Potassium citrate, 1 H,O  16.5 0 16.5 0
Vitamin Mix V10001 10 40 10 40
Choline bitartrate 2 0 2 0
D-kynurenine 0 0 1.609 0
Yellow dye #5, FD&C 0.025 0 0 0
Red dye #40, FD&C 0 0 0.05 0
Blue dye #1, FD&C 0.025 0 0 0
Total 1071.05 4084 1072.659 4084
D-kynurenine (mg/kg 0 1500.0

diet)

equal starting weight with no significant difference between groups)
received cycling doses of 5% DSS interchanged with normal drinking
water every five to seven days (see Figure 2I), for a total observation
period of 40 days. Female mice were chosen to eliminate fight
wounds between animals potentially compromising inflammatory
readouts, and a uniform age of 12 weeks was required to exclude
somatic weight gain and standardize weight loss observations. Mice
were offered either D-kynurenine diet or control chow after the ini-
tial DSS exposure. A priori exclusion criteria were not set. No animals
were excluded from the analysis.

2.11. Cellisolation, T cell function and flow cytometry

Murine spleen and peripheral lymph nodes were harvested and
processed to obtained single cell suspensions of lymphocytes. Red
blood cells were removed by hypotonic lysis. We used magnetic
beads (Miltenyi Biotec, San Diego, CA) for isolation of Tconv
(CD4*CD257), Treg (CD4"CD25"), cytotoxic T cells (CD8™), and antigen
presenting cells (CD90.2™). Human CD4" and CD8" T cells were puri-
fied using magnetic beads. Purified T cells were stimulated and
stained with 7AAD and Annexin-V to assess cell death. In some
experiments, human PBMC were stimulated and stained with anti-
CD4 and anti-CD8 antibodies. For mixed leukocyte reactions, we gen-
erated immature dendritic cells from human blood monocytes.
Monocytes were cultured in culture flasks at a concentration of
1 x 10° cells per 1.5 mL in RPMI 1640 for five days with 10% foetal
calf serum (FCS), 225 U/mL granulocyte macrophage colony stimulat-
ing factor (Peprotech, Hamburg, Germany), and 144 U x mL~! recom-
binant IL-4 (Peprotech). Next, we co-cultured 10,000 induced
dendritic cells with 100,000 allogeneic CFSE-labelled human CD4" T
lymphocytes in RPMI containing 5% AB serum, L-glutamine (2 mM),
penicillin (50 U x mL™!), and streptomycin (50 pug x mL™1). Cells
were cultured in round bottom 96-well plates, in the presence of
defined L- and D-kynurenine concentrations, in a final volume of 200

uL. Lipopolysaccharide was added to induce dendritic cell matura-
tion. On day 6, cells were harvested, counted and analysed by flow
cytometry. All flow cytometry data was captured using Cyan (Dako),
Cytoflex (Beckman Coulter, Brea, CA) and LSR-Fortessa (BD) and ana-
lysed using the Flow]Jo 10.2 software.

2.12. Histology

Segments of bowel that included small intestine, terminal ileum,
and colon were fixed in 10% neutral buffered formalin, paraffin-
embedded, and haematoxylin and eosin-stained sections (4 pm)
were reviewed by a pathologist (B.J.W.) blinded to treatment condi-
tions. Histologic findings were characterized using a previously pub-
lished scoring system [25] to include the following parameters: (1)
degree of lamina propria inflammation graded 0-3; (2) degree of
mucin depletion as evidenced by loss of goblet cells graded 0-2; (3)
reactive epithelial changes (nuclear hyperchromatism, random
nuclear atypia, increased mitotic activity) graded 0-3; (4) number of
intraepithelial lymphocytes per high power field within crypts
graded 0-3; (5) degree of crypt architectural distortion graded 0-3;
(6) degree of inflammatory activity (infiltration of neutrophils within
lamina propria and crypt epithelium, “cryptitis”) graded 0-2; (7)
degree of transmural inflammation graded 0-2; and (8) degree of
mucosal surface erosion up to total surface ulceration graded 0-2. For
display in heatmaps, the histological score was normalized to a scale
of 0-100%.

2.13. Homeostatic proliferation

To assess the effect of L- and D-kynurenine on T cell function in
vivo, we adoptively transferred 1 x 10° CD90.1* CD4*CD25™ conven-
tional T cells into 8-week-old female B6/RAG1~/~ mice through intra-
peritoneal injection. Mice were randomly assigned to the treatment
groups, either 30 mg x kg~! x d~! L- or D-kynurenine or water con-
trol (Figure 2a). Female mice were chosen to prevent fight wounds in
the B6/RAG1~/~ mice potentially compromising inflammatory read-
outs. Sample sizes were determined based upon prior experience on
effect size of the primary outcome T cell homeostatic proliferation in
the Thy1l.1 homeostatic proliferation model [25,27]. Splenocytes
were obtained on day 25, quantified, and CD90.1, CD4 and Foxp3
were assessed by flow cytometry as previously reported [27]. A priori
exclusion criteria were not set. No animals were excluded from the
analysis.

2.14. Metabolite extraction and derivatization

Cells were harvested in 1 mL medium and washed with 10 mL ice
cold Hanks' Balanced Salt Solution (Thermo Fisher) with 8 mM D-glu-
cose. Cells were quickly spun down (1,600 rpm, equivalent to
558.1 g, for 1 min, Heraeus X3R Multifuge, Thermo Fisher), and then
decanted and extracted with a —20°C pre-cooled mixture of metha-
nol, acetonitrile, and water with 0.5% formic acid (all HPLC grade) at a
ratio of 40:40:20, respectively. The extracted samples were then vor-
texed, and 1.2 mL transferred into an Eppendorf tube and then incu-
bated on ice for 5 minutes. The samples were centrifuged (558.1 g,
for 20 sec) at 4°C, the supernatant neutralized with NH4HCOs to pH 7
and immediately frozen at —80°C until analysis. For the assessment
of glycolytic intermediates in activated Teff in the ['3C] tracing
experiments, rapid processing is essential. Here, we modified the
extraction to process one sample at a time, which was rapidly spun
in a 4°C pre-cooled centrifuge (Eppendorf 5415D at 13,200 rpm,
equivalent to 14,227.2 g, for 20 seconds, including acceleration time).
Subsequently, the sample was rapidly decanted and placed on dry
ice. The cell pellet was then mixed and suspended in the above men-
tioned —20°C pre-cooled extraction buffer made of methanol, aceto-
nitrile, and water with 0.5% formic acid (all HPLC grade) at a ratio of
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Figure 2. D-Kkynurenine alleviates adoptive transfer colitis but does not prevent MHC-mismatched allograft rejection or dextran sodium sulphate induced colitis. (a-c)
Homeostatic proliferation: C57BL/6] 1 x 10° Tconv were injected intraperitoneally (i.p.) into B6/Rag1~/~ mice. The recipient mice were treated with 30 mg/kg/d L-/D-kynurenine or
water i.p. at the indicated timepoints (5/group). After 25 days, splenocytes were assessed by flow cytometry. (a) Kruskal Wallis test with Dunn’s multiple comparison test, (b, c)
one-way ANOVA with Tukey’s multiple comparison test. (d-k) Adoptive transfer colitis. B6/Rag1~/~ mice were adoptively transferred with C57BL/6] 1 x 10° Tconv intravenously (i.
v.) and received either 300 mg/kg/d D-kynurenine enriched or control chow (5/group). (d) Weight curve normalized to starting weight (area under the curve, unpaired t-test). (e)
Colon length at the end of the experiment (unpaired t-test). (f, g) Histology of colon specimens from B6/Rag1~/~ mice after Tconv adoptive transfer. Haematoxylin and eosin stain-
ing; scale bar 100 m. (f) B6/Rag1~/~ mice fed on a control diet developed significant colitis with mucosal and focally transmural neutrophilic infiltration including crypt abscesses,
and crypt architectural distortion. (g) In contrast, B6/Rag1~/~ mice receiving D-kynurenine supplementation showed preserved colonic mucosal architecture with patchy mild
inflammatory activity. (h-k) Flow cytometry of splenocytes. (1) C57BL/6] mice received 5% dextran sodium sulfate (DSS) in the drinking water at the indicated time points (red dots,
5/group) and either 300 mg/kg/d D-kynurenine enriched or control chow (5/group, two-way ANOVA with Bonferroni’s multiple comparison test). (m) MHC-mismatched BALB/c
hearts were transplanted into the abdomen of C57BL/6] recipients, which received 0.5 mg/kg/d rapamycin through osmotic ALZET® pumps, and either 300 mg/kg/d D-kynurenine
enriched or control chow (5/group, Log-rank (Mantel-Cox) test. * indicates p<0.05. Data shown as median with IQR (a, i) or mean with SEM (b, ¢, d, e, h, j, k, I).

40:40:20, respectively. The samples were subsequently centrifuged and solvent B (100% acetonitrile). The gradient was 0 min — 2 min,
(Eppendorf 5415D at 13,200 rpm, equivalent to 14,227.2 g, for 20 sec- 85% B; 3 min, 80% B; 5 min, 80% B; 6 min, 75% B; 7 min, 75% B; 8 min,
onds, including acceleration time), neutralized with NH;HCO3 to pH 70% B; 9 min, 70% B; 10 min, 50% B; 12 min, 50% B; 13 min, 25% B;

7, and immediately frozen at —80°C until analysis. 16 min, 25% B; 18 min, 0% B; 23 min, 0% B; 24 min, 85% B; 30 min,
85% B. The flow rate was 150 L x min~. Injection volume was 10

2.15. Liquid chromatography-mass spectrometry uL and autosampler and column temperature were 4°C and 25°C,
respectively. The MS scans were in negative ion mode with a res-

Cell extracts were analysed by liquid chromatography-mass spec- olution of 70,000 at m/z 200. The automatic gain control (AGC)

trometry mass spectrometry (LC-MS) using a Q Exactive PLUS hybrid target was 5 x 10° and the scan range was 75—1,000 at 1 Hz.
quadrupole-orbitrap mass spectrometer (Thermo Scientific) coupled Data were analysed using MAVEN software [28]. Isotope labelling

to hydrophilic interaction liquid chromatography (HILIC) via electro- was corrected for natural abundance of ['3C] using an in-house
spray ionization. The LC separation was performed on a XBridge BEH correction code in R [29].
Amide column (150 mm x 2.1 mm, 2.5 um particle size, Waters, Mil- Tissue samples for the analysis of tryptophan, kynurenine and

ford, MA) using a gradient of solvent A (95%:5% H,0:acetonitrile with kynurenic acid were immediately frozen in liquid nitrogen after
20 mM ammonium acetate, 20 mM ammonium hydroxide, pH 9.4), resection. Samples were processed as described previously [30]. In
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brief, tissues were weighted, and care was taken to keep the tissues
frozen. Then, tissues were homogenized in 80% methanol using Pre-
cellys vials with 1.4 mm ceramic beads. During extraction an internal
standard mix was added to the samples that contained stable isotope
labelled analogues of the target analytes for quantification. Tissue
extracts were evaporated and reconstituted in water with formic
acid. Tryptophan metabolites were measured in the extracts by liquid
chromatography-tandem mass spectrometry (HPLC-MS/MS) [31].
Quantification was achieved using a calibration curve for each analyte
based on the peak area ratio of analyte to stable isotope labelled ana-
logue. Analyte amounts in the extracted tissue were normalized to
tissue weight.

2.16. RNA analysis

RNA was extracted using RNeasy kits (Qiagen, Hilden, Germany),
and RNA integrity and quantity were analysed by photometry (Nano-
drop 2000, Thermo Fischer). Revere transcription and qPCR were per-
formed as reported [27]. Isolated RNA was reverse transcribed to
cDNA with random hexamers and amplified (PTC-200; M] Research).
For the U87-MG glioblastoma samples, 4 x 10° cells per well were
seeded in 6-well plates and incubated for 24 h prior to treatment
with kynurenine or DMSO as carrier control. After 24 h, cells were
harvested, and total RNA was isolated using the RNeasy Mini Kit (Qia-
gen) followed by cDNA synthesis using the High Capacity cDNA
reverse transcriptase kit (Applied Biosystems). A StepOne Plus real-
time PCR system (Applied Biosystems) was used to perform quantita-
tive real-time PCR (qRT-PCR) of cDNA samples using SYBR Select
Master mix (Thermo Fisher Scientific). Primer sequences for target
genes were used for quantitative PCR amplification of total cDNA. All
primers were purchased from Applied Biosystems. For the glioblas-
toma samples, the following primers were used: RNA18S —
GATGGGCGGCGGAAAATAG and  GCGTGGATTCTGCATAATGGT,
TIPARP — CACCCTCTAGCAATGTCAACTC and CAGACTCGGGA-
TACTCTCTCC. Differences in cDNA input were corrected by normaliz-
ing signals obtained with specific primers for 185 rRNA. Relative
quantitation of target cDNA was determined by the formula 22T,
with ACT denoting fold increases above the set control value. Data
was analyzed using StepOnePlus™ (Applied Biosystems), Excel, and
Prism.

2.17. Stable isotope tracing

Murine CD4*CD25~ Tconv cells were stimulated overnight
(Figure 4, 5) or for three days (Figure 5) with CD3¢/CD28 mAb-coated
beads and 25 U x mL~! IL-2. For labelling we acquired media without
background glucose and glutamine. We used Seahorse XF DMEM
medium (cat. #102353-100, Agilent) with dialyzed foetal bovine
serum (FBS, cat. #26400036, Thermo Fisher Scientific). We added
10 mM NaHCOs buffer as well as unlabelled glucose and glutamine as
needed for controls. For labelling, we used 60 mg x dL~! ['3Cg] D-glu-
cose (3.3 mM), 6 mM ['3Cs] L-glutamine, or 0.1 mM ['3C;g] palmitate
(CLM-1396-PK, CLM-1822-H-PK, and CLM-409-PK, respectively, all
from Cambridge Isotope Laboratories). The [13C;¢] palmitate was dis-
solved in bovine serum albumin (Sigma Aldrich, cat. #A9205) as an
intermediary step prior to being added to the cell culture medium at
a final concentration of 0.1 mM. Cells were exposed to labelling
media for three hours prior to metabolite extraction.

2.18. Treg function and induction, T cell cytokine production

For Treg suppression assays, purified Tconv cells were labelled
with carboxyfluorescein succinimidyl ester (CFSE) or CellTrace Violet
(both Thermo Fisher) and stimulated with irradiated antigen present-
ing cells plus CD3¢ mAb (1 g x mL~!, BD Pharmingen). After 72 h,
proliferation of Tconv cells, which at that timepoint have become

effector T cells, was determined by flow cytometric analysis of CFSE
dilution. For conversion to Foxp3* Tregs, Tconv cells were incubated
for 3-5 days with CD3¢/CD28 mAb beads, plus TGF-8 (3 ng x mL™1)
and IL-2 (25 U x mL™'), and analysed by flow cytometry for Foxp3*
iTreg [32]. For cytokine production, we incubated freshly isolated
CD4*CD25~ Tconv or CD8" CTL from C57BL/6] mice overnight (37° C,
5% CO,) in 24-well plates pre—coated with CD3¢ and CD28 mAbs (2
wg x mL~! each, incubated at 37° C for 1 hr). In the morning, PMA/
ionomycin and GolgiStop reagents were added to reach final concen-
trations of 50 ng x mL™' phorbol 12-myristate 13-acetate and 1 ©M
ionomycin (Sigma-Aldrich), and 0.67 uL GolgiStop per mL of
medium. L- or D-kynurenine or water control were added at that
point as well. Cells were then incubated for 5 additional hours (37° C,
5% CO,), and harvested for flow cytometry and/or RNA isolation. We
used the Fixation/Permeabilization Buffer set from eBioscience for
intranuclear staining.

2.19. Tissue kynurenine measurements

In the mouse melanoma model, 3 x 10* B16.F10 tumour cells
were injected in 50 wL RPMI with ECM (1:2) subcutaneously in the
dorsal region of female 10-18 weeks old C57BL/6] mice (purchased
from Charles River). The B16 tumour experiments were performed
according to the regulations of the local government of Wiirzburg,
Germany. For the kynurenine measurements in D-kynurenine fed
mice, 8-week-old female C57BL/6] mice received 300
mg x kg~! x d~! kynurenine or control chow as outlined above.
Serum (100-200 L) was obtained from live isoflurane-sedated ani-
mals using retroorbital bleeding [33]. Tissue collection was obtained
in rapid succession after euthanasia within 30 seconds (spleen, liver)
up to a minute (intestine, i.e. ascending colon), thigh skeletal muscle
(<2 min), and brain (<4 min). Metabolite extraction and quantifica-
tion was conducted as described above (LC-MS/MS). For the enzy-
matic tumour L-kynurenine measurements, ova-expressing Ael7
lung mesothelioma [34] cells were grown in RPMI, 10% foetal bovine
serum supplemented with 2 mM L-glutamine. We injected 2 x 10°
Ae17 tumour cells subcutaneously into the right flank of 6-8 week
old female B6/Ragl~/~ mice (female gender to avoid in-fighting).
After six days, the mice were implanted an Alzet osmotic pump (filled
with DMSO), which served as vehicle control during the evaluation of
DMSO-soluble drugs and their effect on tumour size and continued
for an additional 7-10 days. Tumour volume was measured as previ-
ously reported [32]. The DMSO treated tumour samples were then
harvested for kynurenine measurements. The tumours were har-
vested within one minute of euthanasia and immediately frozen in
liquid nitrogen. As control tissue, we harvested liver tissue from the
same mice after the tumour retrieval was completed. The liver sam-
ples were also frozen in liquid nitrogen, and, like the tumours, stored
at —80°C. For tissue kynurenine extraction the samples were homog-
enized, thawed and mixed 1:1 with 0.5 M metaphosphoric acid
(HPOs) to facilitate deproteinization (limiting artifacts from lactate
production/ consumption during sample preparation). Samples were
then centrifuged at 10,000 g for 5 min at 4°C. Subsequently, the sam-
ple was neutralized by adding 2.2 uL KHCOs;, again centrifuged
(10,000 g, 5 min, 4°C), and then diluted 1:1 with 50 mM K;HPO,, pH
7.5) prior to analysis of L-kynurenine using an ELISA kit (cat# BA-E-
2200, ImmuSmol, Bordeaux, France) per the manufacturer’s instruc-
tions. In brief, the deproteinized samples were placed in a 96-well
plate with standards and controls, were exposed to an acylation
reagent and kynurenine antiserum, and incubated overnight at 4°C
protected from light. On the next day, the plate was washed and
exposed to goat anti-rabbit immunoglobulin conjugated with peroxi-
dase and incubated for 30 min at room temperature while on a
shaker. After additional washing, a chromogenic substrate containing
tetramethylbenzidine was added and the plate was incubated for
25 min at room temperature. Subsequently, the reaction was stopped
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Figure 3. D- and L-Kynurenine activate AhR signalling which mediates part but not all of the immunosuppressive T cell response. (a-c) AhR-depedent gene expression via
qPCR. Both D- and L-kynurenine invoke AhR signalling in glioblastoma cells (a) as well as in co-stimulated Tconv (b, c). (a) 3/group, one-way ANOVA (b, ¢) 8/group, paired Student
t-test. (d) B6/Rag1~/~ colitis as in Figure 2D with 10° AhR*/* and AhR~/~ adoptively transferred Tconv (5/group, area under the curve, one-way ANOVA). (e, f) Representativetissue
sections and blinded colitis histology scoring. (e) Colonic specimens from B6/Rag1~/~ mice after colitis induction via adoptive Tconv transfer. Specimens from mice receiving control
rather than D-kynurenine diet show significant colitis. The beneficial effect of D-kynurenine is diminished if the adoptively transferred Tconv lack AhR. Haematoxylin and eosin
staining; scale bar 100 pm. (f) Heatmap of blinded histological scoring normalized to a percent scale (two-way ANOVA, 5/group, * indicates p<0.05 relative to control diet and
AhR*"* Tconv cell condition). (g) AhR*'~ and AhR~/~ Tconv were CFSE-labelled and co-stimulated with or without 1 mM L- and D-kynurenine for three days. Absence of AhR did not

protect T cells from apoptosis.

with 0.25 M sulfuric acid, and absorbance was read within 10
minutes using a Spectramax Gemini XPS plate reader set to a wave-
length of 450 nm. Data was analysed using SoftMax Pro 4.7 software
(Molecular Devices, Sunnyvale, CA), MS Excel, and Prism.

2.20. Statistical analysis

Statistical analysis was performed using GraphPad Prism 8 soft-
ware. Data were tested for normality using the Shapiro-Wilk or Kol-
mogorov-Smirnov test. Normally distributed data were displayed as
mean + standard error of the mean (SEM), non-normally distributed
data as median + interquartile range (IQR) or range unless otherwise
noted. Measurements between two groups were performed with an
unpaired Student-t test if normally distributed, or Mann-Whitney U
test if otherwise. For paired samples, we used a paired Student-t test
or Wilcoxon matched-pairs signed rank test, depending on whether
data was normally distributed, respectively. Survival was assessed
using Log-rank (Mantel-Cox) testing. Groups of three or more were
analysed by one-way and two-way analysis of variance (ANOVA) or

*,**, and *** indicate p<0.05, p<0.01, and p<0.001,respectively. Error bars indicate SEM.

the Kruskal-Wallis test, followed by Dunn’s or Tukey’s multiple com-
parison test.

2.21. Role of Funders

Funding organizations had no role in study design, data collection,
data analyses, interpretation, or writing of this report.

3. Results

3.1. D-kynurenine induces T cell apoptosis in vitro similar to L-
kynurenine

D-kynurenine is reportedly not metabolized by kynureninase
[16,17], thus precluding the generation of anthranilic acid and its
derivative quinolinic acid (Figure 1a). We exposed CD3¢/CD28 mAb
co-stimulated murine CD4*CD25 conventional T cells to 1 mM D- or
L-kynurenine for three hours and extracted intracellular metabolites.
We observed that either kynurenine enantiomer was taken up by
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Figure 4. D- and L-kynurenine do not significantly alter glycolytic flux. Tconv were co-stimulated with CD3¢/CD28 mAb-coated beads for 20 hours and were then cultured with
[*3Cg] D-glucose for three hours with either 1 mM of L- or D-kynurenine. Metabolites were extracted and analysed for derivative analysis, with M+1-6 indicating the number of
[3C]-atoms per isotopologue (3/group, one-way ANOVA). (a-h) Glucose and glucose-derived glycolytic intermediates were not significantly altered by the addition of L- or D-kynur-
enine. (i-1) Likewise, kynurenine treatment did not alter glucose-derived contributions to serine production (i, j), the pentose phosphate pathway (k), and the Krebs cycle (1). Error

bars indicate SEM.

stimulated T cells (Figures 1b, ¢ & S1a). Like L-kynurenine, D-kynure-
nine suppressed murine T cell proliferation, which was primarily
driven by dose-dependent T cell apoptosis (Figures 1d, e). We made
similar observations in human CD4" and CD8" T cells treated with
kynurenine, which underwent apoptosis following CD3¢/CD28 co-
stimulation (Figures 1f, g), and in mixed leukocyte reactions (Figures
S1b, c). In addition to T cell proliferation, we observed that both L-
and D-kynurenine impaired IFN-y cytokine production by murine
and human CD8" T cells (Figures S1d-f). Similar to proliferation, the
decline in IFN-y production overlapped with cell death (Figure S1g).
L-kynurenine has been suggested to induce Foxp3* Treg cells [5],
thereby contributing to IDO facilitated suppression of the anti-
tumour immune response. We did not observe D- or L-kynurenine to
mediate Foxp3* Treg induction or preferential Foxp3* Treg survival
(Figures 1h, i & S1i, j). Likewise, when mixing natural Foxp3* Treg
and effector T cells (Teff), both were subject to similar rates of kynur-
enine-mediated apoptosis (Figure S1h). Taken together, D-kynure-
nine impairs the ability of T cells to proliferate and function by
inducing apoptosis in vitro.

3.2. D-Kynurenine treatment inhibits T cell proliferation in vivo

To further analyse the effect of kynurenines on T cell proliferation,
we adoptively transferred 1 x 10° CD4*CD25~ conventional T cells

(Tconv) into B6/Rag1~/~ mice through intraperitoneal (i.p.) injection;
after a week, we started 30 mg/kg/d of D- or L-kynurenine (or water
control) i.p. injections (Figures 2a-c). We observed, that both D- and
L-kynurenine led to an impairment of homeostatic CD4" T cell prolif-
eration. Next, we intravenously injected B6/Ragl~/~ mice with
C57BL/6] 1 x 10° Tconv cells to induce autoimmune colitis [25]. As an
alternative to kynurenine injections, enteral intake of kynurenine via
dietary supplementation can achieve more stable and continuous
dosing [35]. We therefore enriched D-kynurenine in mouse chow
and fed mice with either 300 mg/kg/d D-kynurenine or control diet
and observed that only control diet fed mice lost weight and devel-
oped colitis (Figures 2d, e). The mice receiving D-kynurenine accu-
mulated kynurenic acid rather than anthranilic acid in brain tissue
(Figure S2a-c). We did not perform neurologic testing in the kynure-
nine-fed mice. Colon histology showed reduced inflammation if
adoptively transferred B6/Ragl~/~ mice received the D-kynurenine
chow (Figures 2f, g, S2d). Similar to the homeostatic proliferation
experiments, we observed reduced spleen CD4" T cell counts, less
activated CD4" T cells, and no difference in Foxp3*CD4" Treg
(Figures 2h-k). The Ragl~/~ adoptive transfer colitis is driven by
homeostatic T cell proliferation. To evaluate D-kynurenine in more
stringent immune challenges, we tested if D-kynurenine treatment
could suppress immune responses in dextran sodium sulphate (DSS-)
induced colitis as well as in a fully antigen mismatched heart
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Figure 5. D- and L-kynurenine induce free fatty acid catabolism in T cells. (a) Free fatty acid relative total ion counts normalized to control. Data pooled from six independentex-
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(c-i) Tconv T cells were co-stimulated overnight (c-h) or three days (i) and cultured with ['°C;¢] palmitate (c, i

), [13Cs] D-glucose (d-f), or [3Cs] L-glutamine (g, h) for three hours

+1 mM L-/D-kynurenine or water control. Metabolites were extracted and analysed for derivative analysis and dlsplayed as heatmaps showing total ion counts, with M+1-16 indi-
cating the number of [*3C]-atoms per isotopologue. Data pooled from two (c, g, h), three (i) and four (d-f) independent experiments (two-way ANOVA with Benjamini, Krieger and

Yekutieli FDR correction, a, d-f, i). * indicates p<0.05 to control.

transplant model. Here, we observed that dietary 300 mg/kg/d D-
kynurenine administration could neither mitigate DSS-induced colitis
(Figure 21) nor delay BALB/c to C57BL/6] cardiac transplant rejection
(Figure 2m). In conclusion, 300 mg/kg/d D-kynurenine treatment
could impair T cell proliferation in vivo and alleviate Rag1~/~ autoim-
mune colitis, but it failed to mitigate DSS-induced colitis and fully
mismatched cardiac allograft rejection.

3.3. The aryl hydrocarbon receptor is required for in vivo but not in vitro
D-kynurenine effects

L-kynurenine has been identified as an aryl hydrocarbon receptor
(AhR) agonist, and as a potential mediator of T cell suppression in
vivo. We observed, that both D- and L-kynurenine upregulated the
AhR -dependent gene, TiPARP (Tetrachlorodibenzo-p-dioxin (TCDD)-
inducible poly(ADP-ribose) polymerase), which is also known as
PARP7 or ARTD14, in glioblastoma cells (Figure 3a). We have made
similar observations of AhR mediated gene upregulation in stimu-
lated Tconv cells exposed to D- and L-kynurenine (Figures 3b, c).
Based upon this data, as well as reports of the immunosuppressive
effects of AhR agonists [36], we questioned if D-kynurenine in vivo
treatment would still work if the AhR was absent on T cells. To test
this hypothesis, we utilized AhR~/~ and AhR*"* control conventional
T cells for adoptive transfer colitis (Figure S3). We observed that B6/
Rag1~/~ recipients of AhR~/~ CD4" T cells were less responsive to D-

kynurenine treatment in suppressing adoptive transfer colitis relative
to AhR** CD4" Tconv recipients (Figures 3d-f). B6/Rag1~/~ recipients
of AhR™/~ CD4" T cells still showed an improvement relative to the
control diet, as the absence of AhR is restricted to the adoptively
transferred T cells (B6/Ragl~/~ mice have normal AhR expression).
We also subjected AhR~/~ and AhR"~ T cells from the same isolation
to in vitro kynurenine exposure, where the absence of AhR was not
protective (Figure 3g). These data suggested that D-kynurenine
might mediate at least part of its suppressive effects in vivo via the
AhR, albeit absence of AhR did not protect T cells from kynurenine
apoptosis in vitro.

3.4. Kynurenine induces T cell free fatty acid oxidation

AhR signalling was reported to affect cellular metabolism by
inhibiting glycolysis and increasing lipid oxidation [37]. Given the
effect of kynurenine on AhR signalling, we investigated how kynure-
nine treatment altered T cell metabolism. We monitored baseline
bioenergetic function in co-stimulated murine and human CD4" T
cells exposed to kynurenine. We observed a decline in both oxygen
consumption and extracellular acidification (Figure S4); however, in
this experimental setting, it is difficult to discern cell death from a
metabolic switch leading to decreased oxygen consumption or extra-
cellular acidification. To overcome this problem, we utilized ['3C]
tracing and derivative analysis. To examine glycolysis, we activated
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Figure 6. Addition of oleate/palmitate rescues the kynurenine-induced T cell apoptosis phenotype. Murine Tconv were stimulated with CD3¢/CD28 mAb-coated beads +1 mM
L- or D-kynurenine for three days and proliferation assessed through CFSE-dilution. (a) Addition of oleate/palmitate rescued Tcell proliferation from kynurenine-induced T cell apo-
ptosis. Data representative of three independent experiments. (b, ¢) Similar to the addition of oleate/palmitate, use of lipid-free bovine serum albumin (vehicle control for oleate/
palmitate) and using 2 x 10° instead of 10° Tconv per well (200 L) partially rescued the T cell proliferation (b) and apoptosis (c) phenotype induced by kynurenine exposure. Data

representative of three independent experiments.

murine CD4" T cells with CD3¢/CD28 mAb-coated beads overnight
and cultured the stimulated T cells with [*3Cg] D-glucose while
also exposing them to 1 mM L- or D-kynurenine for three hours.
We observed that glycolysis and pyruvate reduction to lactate
remained intact (Figures 4a-h). Likewise, glucose-derived serine
production, which was shown to be important for T cell prolifera-
tion [38] and is vulnerable to lactate-induced reductive stress
[14], was not affected by kynurenine (Figures 4i, j), and neither
was the glucose contribution to ATP (Figure S5a). Glucose-
derived contributions to ribose 5-phosphate and the Krebs cycle
trended lower, though the changes did not reach statistical signif-
icance (Figures 4Kk, 1).

In contrast to glycolytic metabolites, we noted in the same
samples, that free fatty acids were reduced after three hours of D- or
L-kynurenine exposure (Figure 5a). This pattern was not observed
for other metabolites such as amino acids and nucleotides
(Figures S5b, c¢). We questioned if the decline in free fatty acids was
mediated by reduced fatty acid synthesis or increased fatty acid oxi-
dation. We interrogated fatty acid synthesis through ['3Cg] D-glucose
and ['3Cs] L-glutamine tracing, and fatty acid catabolism through
[13Cy6] palmitate tracing (Figure 5b). We stimulated CD4" T cells
with CD3¢/CD28 mAb-coated beads overnight, and then labelled cells
with either tracer £1 mM L- or D-kynurenine. We observed that
[13Cy6] palmitate labelling led to increased M+2 citrate in the kynure-
nine-treated conditions (Figure 5c¢). The citrate M+2 trended oppo-
site in the heavy glucose tracing conditions, with kynurenine rather
decreasing its formation (Figures 4Kk, 5d). Glucose-derived M+2 cit-
rate can be further traced to free fatty acid biosynthesis, as the citrate
shuttle is utilized to deliver acetyl-CoA building blocks into the cyto-
sol for fatty acid biosynthesis (Figure 5b). We observed that glucose
labelling led to an expected even-numbered isotopologue labelling
pattern in palmitate and myristate representing the incorporation of
labelled glucose-derived 2-carbon acetate (Figures 5e, f). We did not
identify a decrease in free fatty acid synthesis in the kynurenine-
treated conditions.

Similar to glycolysis, the contributions of ['>Cs] L-glutamine to the
Krebs cycle were not enhanced with kynurenine treatment. As
expected, M+5 a-ketoglutarate isotopologue was formed by deami-
nation (Figure 5g). After deamination, c-ketoglutarate can contribute
to citrate either through the oxidative Krebs cycle (losing one labelled
carbon, gaining two unlabelled carbons, resulting in M+4 citrate), or
through the reductive Krebs cycle (gaining one unlabelled carbon to
yield M+5 citrate) [39]. Kynurenine treatment did not alter the direc-
tion of the Krebs cycle, with M+4 citrate being the heavy glutamine-
derived predominant isotopologue (Figure 5h). Glutamine tracing
was not detectable in fatty acids (data not shown). Since M+2 citrate
isotopologue was increased with palmitate labelling, we repeated the
experiment after three days of stimulation. At this stage, T cells were
proliferating and depended on free fatty acids for cell membrane pro-
duction [40]. We observed that ['3C;6] palmitate labelling led again to
increased M+2 aconitate and M+2 citrate isotopologues (Figures 5i,
S$5d). Taken together, the data points towards increased free fatty
acid B-oxidation rather than reduced fatty acid synthesis as the cause
of decreased free fatty acid levels in T cells after three hours of kynur-
enine exposure.

3.5. Lipid supplementation rescues kynurenine-induced T cell apoptosis

Our observation of kynurenine-induced fatty acid 8-oxidation and
depletion further substantiated our suspicion that the prominent
kynurenine apoptosis seen in vitro may be an artifact that does not
reflect how kynurenine suppresses T cell proliferation in vivo. Since
most standard cell culture media do not contain added lipids beyond
their serum component, we conducted lipid rescue experiments in
which we supplemented an oleate/palmitate mix to our cell culture
media. We observed that 0.2 mM of oleate/palmitate rescued murine
CD4" T cell proliferation (Figure 6a). Interestingly, we saw a partial
rescue effect when adding lipid-free bovine albumin to the cell cul-
ture media, which functions as oleate/palmitate vehicle control
(Figure 6b). In addition, doubling the starting T cell number had a
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similar effect on mitigating the apoptosis inducing effects of kynure-
nine (Figures 6b, c). We made similar observations in human CD4" T
cells, where either increasing the serum content from 2% to 10%
(Figure S6a), or adding oleate/palmitate, albumin, or doubling the
starting cell number mitigated kynurenine-induced cell death
(Figure S6b). Taken together, in vitro T cell apoptosis induced by D-
or L-kynurenine can be mitigated by adding oleate/palmitate,
increasing free fatty acid transport, or increasing the total number of
cells.

3.6. Human tumour tissue kynurenine is present in low micromolar range

Given the failure of IDO-inhibitor treatments in human cancer
[10], we questioned if the kynurenine concentration in tumour tissue
reaches similar concentrations compared to the 1 mM kynurenine
required in our in vitro studies (Figure 1d-g). We investigated two
immunosuppressive human cancers, renal clear cell carcinoma and
head and neck squamous cell carcinoma, which both have known
IDO expression and reported increased kynurenine: tryptophan
ratios [8,41]. Patient tumour characteristics are summarized in
Table 2. We observed that the tumour tissue concentrations of
kynurenine were higher than in normal kidney or healthy mucosa
tissue, but far below levels that were suppressive in vitro (Figures 7a,
b, S7). In addition to the human tumour data, we also measured
mouse B16F10 melanoma (Figure 7c) and Ae17 murine mesotheli-
oma (Figure 7d), which yielded similarly low measurements. Inter-
estingly, the oral 300 mg/kg/d D-kynurenine therapy utilized above
achieved very similar if slightly higher tissue and serum kynurenine
concentrations compared to the human tumours (Figure 7e). 3-OH
kynurenine was measured <0.4 pmol mg~! in all human tumour tis-
sues, and at up to 2 pmol mg~! in the D-kynurenine fed animals

Table 2
Patient characteristics and tumour staging and grading

Renal cell carcinoma (RCC)

Age Sex Type Stage & Grade

63 M Clear cell carcinoma pT1aG2LoVoRo

57 M Clear cell carcinoma PT1aG2LoVoRo

64 M Clear cell carcinoma PT1aG2LoVoRo

69 M Clear cell carcinoma pT2G2LoV R

71 M Clear cell carcinoma pT2.G2LoVoRo

69 F Clear cell carcinoma PT2aPNoLoVoRo

Head and neck sq yus cell carci a (HNSCC)

Age Sex  Type Stage & Grade

53 M Oral squamous cell carcinoma  ypToypNocMgLoVoRo Png
52 M Oral squamous cell carcinoma  pT3pN;cM; (05 itium)LoVoRoPNoG2
73 F Laryngeal carcinoma PT4apN;cMoL;V1RoPnoGs
61 M Oral squamous cell carcinoma  pT3pN;cMoLoVoRoPnoG,
80 F Oropharyngeal carcinoma PT1pNocMgLoVoRoPNoG2
71 M Oropharyngeal carcinoma pT1pN3p,cMoL;V1RoPNGo
74 F Oropharyngeal carcinoma PT4apNocMoLoVoRPn1G3
44 M Oropharyngeal carcinoma PT1pNocMoLoVoRoPng

62 M Oropharyngeal carcinoma pT3pNocMgLoVoRoPNoG2
60 M Laryngeal carcinoma PT4apN3pcMoL; VoRoPNoG,
66 M Oropharyngeal carcinoma PT4apNocMoLoVoRoPnoG3
48 F Oral squamous cell carcinoma  pT>pN;cMoLoVoRoPnoG»
67 M Oral squamous cell carcinoma  pT,cNocMoLoVoRoPnoGq
68 M Oral squamous cell carcinoma  pT,pN;cMoLoVoRoPnoG;
77 M Hypopharyngeal carcinoma PT4aPN1cMoL;VoRoPNoG>
66 M Oropharyngeal carcinoma rpT3cMoLoVoRoPngGs

73 F Hypopharyngeal carcinoma pT3LoVopNocMoG3Rg

52 M Oropharyngeal carcinoma PT2pN2pcMoLoVoRoPNoGo
63 M Hypopharyngeal carcinoma rpT4arpN2ccMoLoVoRoPN1G3
58 F Oral squamous cell carcinoma  pTpN3pcMoLoVoRoPnG3
70 M Hypopharyngeal carcinoma PT2pN3,cMoL;VoRoPNGo
56 M Laryngeal carcinoma PT2pN3,cMoL;V1RoPNoG3
63 F Oral squamous cell carcinoma  pTpN2,cMoL;V{RoPn; G,
67 M Oral squamous cell carcinoma  pTopNocMoLoVoRoPnoGs
76 M Oropharyngeal carcinoma pT3pNocMgLoVoRoPNoG3
63 M Oropharyngeal carcinoma pT2pNocMoLoVoRoPNpGo
64 F Oropharyngeal carcinoma pT3pN,cMgL;VoRoPNoG2

(Figure S7b, e, g). Taken together, our data show that the kynurenine
concentration in human tumours was two orders of magnitude below
the apoptosis-inducing in vitro concentration.

4. Discussion

When evaluating kynurenine as an immunosuppressive metabo-
lite for potential supplemental immunosuppressive therapy, we
found that both L- and D-kynurenine demonstrate immunosuppres-
sive effects in vivo. However, despite reaching tissue and serum
kynurenine concentrations at or above those of human cancer
patients, the in vivo immunosuppressive effects were weak. Mis-
matched cardiac allograft rejection was unaffected by kynurenine
intake, suggesting that this is not a suitable strategy for therapeutic
immunosuppression. Interestingly, our tissue kynurenine measure-
ments revealed that the human tumour kynurenine concentrations
were only in the low micromolar range, far below the required 1 mM
L- or D-kynurenine needed to induce T cell apoptosis in vitro. Similar
to the human tumour kynurenine, we found its derivative 3-OH
kynurenine, which also mediates T cell apoptosis and immunosup-
pression [2,42], was equally well below its reported apoptosis thresh-
old of 100 uM. These observations raise the question whether the
inefficacy of IDO inhibitors in human cancer clinical trials [10,43] was
due to tissue levels of kynurenine and its derivatives that were too
low to act as a major metabolic barrier to anti-tumour immunity. In
addition, glioblastoma IDO has also been reported to have non-enzy-
matic immunosuppressive effects independent of kynurenine [44].
Taken together, low micromolar tumour kynurenine concentrations
may have limited immunosuppressive effects which could be clini-
cally important as there is a continuously strong interest in IDO tar-
geting for cancer treatment [45] and ongoing clinical trials with IDO
inhibitors [46]. Additional patient stratification may be necessary to
identify patients that are more likely to respond to IDO inhibition
[47].

In addition to the low tumour tissue kynurenine levels, and the
modest immunosuppressive effects induced when feeding mice to
achieve comparable concentrations, our study also identifies a poten-
tial in vitro artifact that may lead to overestimation of kynurenine-
induced T cell apoptosis. Our ['3C;g] palmitate tracing data, as well as
the lipid and serum rescue of the T cell apoptosis phenotype support
that exposure to L- and D-kynurenine induces free fatty acid catabo-
lism. This can be a problem in standard RPMI tissue culture media, in
which fatty acids are typically present in small amounts through
added serum. This may also contribute to the relatively weak in vivo
immunosuppressive effects of therapeutic L- and D-kynurenine in
our studies where lipids are more abundant in most circumstances.
Taken together, this data indicates a more marginal role of kynure-
nine especially when compared to L-lactic acid. L-lactic acid has a
well-defined pathophysiologic role in metabolic tumour-associated
immunosuppression [48,49], and is much more concentrated in
tumours than kynurenine by three to four orders of magnitude
[14,50].

That said, this does not mean that kynurenine plays no role in
immunosuppression. First, our Rag1~/~ colitis and homeostatic pro-
liferation studies show that by giving kynurenine without altering
tryptophan an immunosuppressive effect can be induced. As to the
strength of the effect, it is possible that there are other modifying fac-
tors. Cancer cells extract lipids from their surroundings [51]. It is con-
ceivable, that competition for free fatty acids may be harsher in the
tumour environment than in other tissues. For example, it was
shown, that tumour Tregs depend on making their own lipids [52].
Perhaps, under the pressure of lipid sparse conditions kynurenine
may have a proportionally stronger effect on proliferating effector
and cytotoxic T cells as we observed under low lipid vs. lipid supple-
mented cell culture conditions. In addition, there is also the factor of
tryptophan depletion through IDO/TDO [45]. A decreased
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Figure 7. Human renal cell carcinoma and head and neck cancer exhibit low micromolar kynurenine tissue concentrations. (a, b) Levels of kynurenine were determined by
LC-MS/MS in serum, cancer and healthy tissue frompatients with renal cell carcinoma (a) and head and neck squamous cell carcinoma (b). Each dot represents an individual patient.
(¢, d) Murine B16F10 (c) and Ae17 mesothelioma (d) were implantedinto C57BL/6] mice and eventually frozen in liquid nitrogen. Kynurenine was measured by LC-MS/MS(c) and

enzymatic L-kynurenine specific ELISA (d). Each dot represents an individual tumour experiment. (e)

C57BL/6] mice were fed D-kynurenine enriched (300 mg/kg/d) or control

chow for 10 days (5/group). Serum was obtained from living mice, tissue after euthanasia in rapid succession. Metabolites were extracted and measured by LC-MS/MS. (a, c-e)
Paired Student t-test. (b) Paired one-way ANOVA. *, **, *** and **** indicate p<0.05, p<0.01, p<0.001, and p<0.0001, respectively. Error bars indicate SEM.

tryptophan: kynurenine ratio has been recognized as a poor prognos-
tic factor in several cancers, including HNSCC [9]. However, how that
is mechanistically linked remains unclear. In our human cancer
measurements, tryptophan was either not depleted (HNSCC) or still
within the reference range (RCC).

Our study provides additional insights into the role of AhR in
mediating kynurenine effects on T cells. Considering that Ragl~/~
mice adoptively transferred with AhR~/~ T cells were less responsive
to D-kynurenine than those that received AhR** T cells, the effects
appear to be mediated at least in part through AhR signalling. L-
Kynurenine has been established as an AhR ligand agonist that is
important to tumour growth; gliomas expressing IDO lost their
tumour growth advantage in AhR~/~ mice [53]. L-kynurenine can
induce programmed cell death protein-1 in T cells through AhR [54].
However, there are also structural chemistry data that suggest L-
kynurenine to be a weak binding agonist to AhR, and that more
potent AhR agonists can be formed from L-kynurenine through aro-
matic condensation [55]. In addition, other natural, L-kynurenine
derived metabolites such as cinnabarinic acid (from 3-hydroxyan-
thranilic acid) have been reported as AhR agonists with immunologi-
cal function [56]. We observed that both L- and D-kynurenine are
equally well taken up by T cells and that both stimulate the AhR. The
['3Cy6] palmitate tracing as well as the lipid and serum rescue of the
T cell apoptosis phenotype support that exposure to L- and D-kynure-
nine induces free fatty acid catabolism. AhR has been suggested to
trigger fatty acid oxidation in T cells while an IDO inhibitor sup-
pressed carnitine palmitoyltransferase I expression [37]. Beyond

kynurenine, kynurenic acid has been shown to activate fatty acid oxi-
dation through the G protein-coupled receptor 35 [57]. While this
might explain the observed increase in fatty acid catabolism even in
AhR ™/~ T cells, kynurenic acid had no effect on T cells in our in vitro
studies, thus excluding it as a major effector of immunosuppression.

With regard to the effect of kynurenine on regulatory T cells
(Treg), our in vitro studies did not replicate prior observations of
enhanced Foxp3* Treg formation [3,5]. We speculate that this may be
the result of different in vitro experimental conditions. Our studies
have shown how sensitive kynurenine-induced T cell apoptosis was
to minor alterations in cell culture serum and lipid content, as well as
the number of cells used per well. It is conceivable that Foxp3* Treg
formation and stability could be similarly responsive to cell culture
conditions. Notably, we did not see an effect on Tregs in vivo in our
kynurenine administration experiments either, supporting a limited
immunosuppressive role of kynurenine in vivo at the concentrations
measured in our tumour samples.

Is it possible to take advantage of kynurenine in supplementation
in some form for immunosuppressive therapy? L-kynurenine is
unsuitable due to its neurotoxicity [15]. While we hypothesized D-
kynurenine might have less neurotoxicity than L-kynurenine, it is
important to point out that this report provides no data to support
this. Aside from the neurotoxicity question, purely from an immuno-
suppressive point of view, the case for D-kynurenine is weak. While
D-kynurenine could somewhat impair T cell proliferation and allevi-
ate Rag1~/~ colitis, it could neither delay MHC-mismatched allograft
rejection nor alter the course of DSS-induced colitis. Hence, D-
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kynurenine does not appear to be a promising candidate for immuno-
suppressive therapy.

In conclusion, both L- and D-kynurenine affect T cell lipid catabo-
lism and have demonstratable but ultimately weak immunosuppres-
sive effects in vivo. This may explain the observed inefficacy of IDO
inhibitors in human cancer trials. The measured in vivo concentration
of kynurenine in human HNSCC and RCC was much lower than the
required concentration to suppress in vitro T cell proliferation, which
might indicate that the contribution of kynurenine to the suppression
of anti-tumour immunity has been overestimated.
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