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Abstract: Tumor cells exhibit enhanced uptake and processing of nutrients to fulfill the demands of rapid growth of
tumor tissues. Tryptophan metabolizing dioxygenases are frequently up-regulated in several tumor types, which has
been recognized as a crucial determinant in accelerated tumor progression. In our study, we explored the specific
role of tryptophan 2,3-dioxygenase 2 (TDO2) in glioma progression. Analysis of mMRNA profiles in 325 glioma patients
based on the rich set of CCGA database was performed, which revealed that high TDO2 expression was tightly cor-
related with poor prognosis in glioma patients. TDO2 increased intracellular levels of tryptophan metabolism in
the kynurenine (Kyn) pathway in vitro and in vivo, resulting in sustained glioma cell proliferation. Mechanistically,
overexpression of TDO2 promoted the secretion of Kyn, which in turn stimulated the activation of the aryl hydro-
carbon receptor (AhR)/AKT signaling pathway, resulting in heightened proliferative properties and tumorigenic po-
tential in glioma cells. Meanwhile, Kyn produced by tumor cells further suppressed the proliferation of functional
T cells, thereby resulting in immunosuppression and enhanced tumor growth in glioma. Our study showed that
TDO2-induced increase in tryptophan metabolite Kyn played a pivotal role in glioma development via the AhR/AKT
pro-survival signals and immunosuppressive effects, suggesting that the use of TDO2 inhibitors in combination with
chemotherapy may be a novel strategy to effectively and synergistically eliminate glioma cells.
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Introduction

Glioma is one of the most common brain-as-
sociated malignant brain tumors, with over
150,000 new diagnoses each year [1-3]. Des-
pite advances in surgical procedures and adju-
vant chemotherapy, the prognosis of patients
with glioma remains extremely poor due to high
incidences of recurrence and sustained tumor
growth [4-7]. Moreover, the underlying mecha-
nism of tumor progression in glioma is also
poorly understood [8-10]. Herein, there is an
imperative demand to develop effective thera-
peutic strategies targeting and eliminating the
neoplastic burden of gliomas.

Metabolic reprogramming is a hallmark of can-
cer and recognized as a crucial determinant in

cancer cell proliferation and tumor progression
[11-14]. Alterations in metabolism were found
in several cancer cell types, and metabolic cou-
pling between stromal and tumor cells plays
crucial roles in cancer development [15-17].
Increasing evidence suggests correlation of
tryptophan catabolism with advanced disease
stages in cancer patients [18, 19]. The tryp-
tophan metabolites Kyn, including 3-hydroxy-
kynurenine, L-kynurenine, 3-hydroxyanthranilic
acid, and quinolinic acid, is known as a crucial
participant in inhibiting anticancer immune
responses by suppressing the proliferation of
functional T cells [20]. The intracellular trypto-
phan indoleamine-2,3-dioxygenase (IDO) and
TDO play central roles in tryptophan metabo-
lism and Kyn production. IDO/TDO activity could
be estimated by the Kyn to tryptophan (Kyn/
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Trp) ratio [21, 22]. High Kyn/Trp ratio and IDO
expression are frequently associated with ele-
vated tumor progression and poor prognosis in
cancer patients [19, 23, 24]. The expression of
IDO is also thought to be correlated with the
regulatory Treg activation in tumor tissues [23,
24]. However, few studies have explored the
role of TDO/IDO in glioma. The underlying me-
chanism of tumor progression induced by TDO-
associated tryptophan metabolism remains
controversial.

In recent years, AhR has been characterized as
a regulator of toxicity and carcinogenic res-
ponse to environmental cues, including TCDD
and aromatic hydrocarbons [25-27]. Compell-
ing studies suggested that AhR participated in
important pathological activities, including cell
proliferation, cell migration, and tumorigenesis
[25-27]. More importantly, AhR is capable of
modulating the responses of immune cells to
environmental cues and endogenous signals
from stromal or tumor cells [27-29]. Those
exogenous signals contribute to the nuclear
translocation and formation of AhR/ARNT het-
erodimers, thereby promoting the activation of
downstream transcription factors [30]. Various
experiments and clinical data have provided
support for a potential link between AhR ex-
pression and tumor progression [31-33]. Up-
regulated AhR expression and transcriptional
activity have been observed in serval tumor
types, including breast, lung, and hepatocellu-
lar carcinoma [32, 34, 35]. And increasing evi-
dence suggests that AhR activation promotes
the migrative features of tumor cells and facili-
tates the establishment of drug resistance in
breast cancer [36, 37]. Importantly, constitu-
tive IDO expression correlated with AhR activa-
tion in human cancer, and the blockade of AhR
activation by IDO/TDO signals restricts cancer
immune suppression, reminding us of the
potential role of AhR in IDO-TDO-associated
tumor progression [38].

In this work, we further expanded the current
understanding of tryptophan metabolism in tu-
mor progression. Using TCGA/CCGA databases
and clinical glioma tissues, we identified TDO2
as a pivotal driver that promoted glioma pro-
gression by enhancing tryptophan metabolism.
Mechanistically, we demonstrated that TDO2
promoted the secretion of Kyn in glioma, which
in turn helped activate pro-survival AhR/AKT
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signals in tumor cells and suppress anticancer
responses of T cells. Blocking TDO signals effi-
ciently suppressed glioma progression and
improved chemotherapy outcome, pointing to a
novel approach in glioma treatment.

Method and materials
Cell culture and reagents

LN229 and U87 cell lines were obtained from
the Key Laboratory of Hubei Province for Di-
gestive System Disease (Wuhan, Hubei, China)
and cultured in DMEM (SH30023; HyClone)
containing 10% fetal bovine serum (FBS,
Gibico) at 37°C in a humidified atmosphere of
5% CO,. For patient derived organoids, after
informed consent, tumor samples classified
as glioblastoma, based on the World Health
Organization (WHO) criteria, were obtained
from patients undergoing surgical treatment
at the Affiliated Hospital of Southwest Medi-
cal University. Within 1-3 hours after surgical
removal, tumors were washed in PBS and enzy-
matically dissociated into single cells. Tumor
cells were cultured in NBE medium consisting
of neurobasal medium (Thermo Fisher Scien-
tific), N2 and B27 supplements (Thermo Fisher
Scientific), and human recombinant bFGF and
EGF (25 ng/mL each; R&D Systems) plus He-
parin sodium and L-Glutamine.

Immunofluorescence

For immunofluorescence staining, LN229 or
U87 were cultured in a six-well plate with cover
glasses with different treatment, when cells
were nearly full (80%), cover glasses were fix-
ed with 4% paraformaldehyde for subsequent
staining. Cell crawling cover glasses or glioma
tissues sections from patients were incubated
with 0.2% TritonX-100 (Beyotime) for 15 min
and blocked in 3% BSA for 30 min. After wash-
ing by PBS for three times, the cells were incu-
bated with primary antibodies against TDO2
(MAB9768; R&D system), SLC31A1 (ab1333-
85; Abcam), AHR (GTX22770; GeneTex), IKK
alpha (@b32041; Abcam), pAKT (#4060; Cell
signaling technology), pCREB (#9198; Cell sig-
naling technology), at 4°C overnight in wet
chamber. On the following day, the slides were
washed by PBST for three times and incubated
with corresponding secondary antibodies at
room temperature for 1 h. Nuclei was counter-
stained with 6-diamidino-2-phenylindole, dihy-
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drochloride (DAPI, Thermo Fisher). Sections
were mounted with the ProLong Gold Anti-fade
Kit (Molecular Probes) and observed with a
Nikon Eclipse Ti-U microscope equipped with a
DS-Fi2 camera (Nikon). To determine the fluo-
rescence signal in tissue sections, fluorescent-
positive cells in five different high-power fields
from each slide were quantified using ImageJ
v1.50e (NIH) and presented as mean fluores-
cence intensity per square micrometer. Two to
three slides from each sample were used for
analysis.

Transfection, oligonucleotides and plasmids

The lentiviral vector plv-EF1a-TDO2-IRES-puro
was constructed based on the backbone of
the PIv-EFla-IRES-puro (#85132; Addgene)
vector. The EcoRIl and BamHI restriction sites
were used for the cloning. For TDO2 shRNA
plasmids, the target sequences were cloned
into a pLKO.1-puro vector obtained from
ADDGENE according to the manufacturer’s pro-
tocol. The following target sequences were
used, shl: 5 CCGGAGTGATAGGTACAAGGTA-
TTTCTCGAGAAATACCTTGTACCTATCACTTTTTTT-
G3’ and sh2: 5’CCGGGCACAAGAACTGCAAAG-
TGAACTCGAGTTCACTTTGCAGTTCTTGTGCTTTT-
TG3'. The DNA vectors were co-transfected
into HEK293T cells with the helper plasmids
psPAX2 and pMD2.G at a ratio of 10:5:2 for
lentiviral packaging as described previously.
Culture supernatant of 293T was used for
infection of LN229 and US8T.

Western blot analysis

Cells were collected and lysed in RIPA buffer
(Byotime) containing Protease and Phospha-
tase Inhibitor Cocktails (Solarbio). Protein con-
centration was measured using a BCA Protein
Assay kit (Solarbio). Aliquots of 30 pg protein
samples were separated by electrophoresis
on 10% SDS-polyacrylamide gels and then
electrophoretically transferred to a methanol-
pretreated PVDF membrane (Invitrogen). After
blocking with 5% nonfat milk in TBST, the mem-
brane was incubated with anti-TDO2 (ab76859;
Abcam), anti-IKKa (ab32041; Abcam), anti-p-
AKT (#4060, Cell signaling technology), and
anti-B-actin antibodies. Blots were visualized
with an HRP-conjugated secondary antibody
(Byotime, China) and Western blotting analysis
system (Tanon 4800, China). Relative protein
expression was determined by ImageJ (NIH).
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ELISA

The relative amounts of Kyn (Kyn ELISA Kit;
Immundiagnostik AG), MMP2 (ab267813; Ab-
cam) and MMP9 (ab246539; Abcam) in cell cul-
ture supernatants or tissue extraction were
measured by ELISA according to the manufac-
turer’s instructions. ELISA assay was based on
an antibody sandwich method using microtiter
plates. Briefly, a microplate pre-coated with
capture antibody was provided and an HRP-
labeled antibody (detection antibody, Strep-
tavidin-HRP) was added and bound to the cap-
tured analyte. Tetramethylbenzidine (TMB) sub-
strate solution was added to the wells and a
blue color developed in proportion to the
amount of analyte present in the sample. The
optical density (0.D.) of each well was deter-
mined within 30 minutes using a microplate
reader set to 450 nm and 570 nm. The stan-
dard curve was created by reducing the data
using a computer software capable of generat-
ing a four-parameter logistic (4-PL) curve-fit.

Clone formation assay

LN229 and U87 cells treated in advance were
seeded in six-well plates (300 cells per well)
and cultured at 37°C for 13 days. Then, the
cells were fixed with methyl alcohol for 10 min
and stained with 4% crystal violet solution. The
colonies in each group were washed before
counting. ImageJ software (ImageJ 1.52a, Unit-
ed States) was used to analyze and quantify
the number of colonies.

CCK-8 assay

In a 96-well plate, LN229 and U87 cells (2,000
cells per well) treated in advance were incubat-
ed with 10 pl per well Cell Counting Kit-8 (CCK-
8, Biyuntian, Shanghai, China) reagent after O,
24,48, and 72 h, respectively. Cell proliferation
rates were measured using a microplate reader
(BD Biosciences, United States) to detect the
absorbance at 450 nm.

Flowcytometry analysis

The following anti-human antibodies were used:
APC anti-CD3 (HIT3a; Biolegend), PE anti-CD8
(SK1; Biolegend), Brilliant Violet 421 anti-PD-1
(EH12.2H7; Biolegend). Intranuclear staining
was performed using the Fixation and Permea-
bilization Solution (554722; BD Bioscience)
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according to the manufacturer’s instructions
and PE/Cyanine7 anti-IFNy (4S.B3; Biolegend)
and FITC anti-TNFa (MAb11; Biolegend) were
used. When indicated, cytokine production was
measured following 4 h in vitro stimulation
with 50 mg/mL PMA, 500 mg/mL ionomycin
and Monensin (475895; Sigma) was added to
prevent excretion of the cytokines. LIVE/DEAD
Fixable Violet Dead Cell Stain Kit (#L34955;
Thermofisher) were used to exclude dead cells.
Stained cells were analyzed on FACSCanto Il
and/or FACSARIA 1l systems and the data was
analyzed with FlowJo version 9 or 10 software.

Cell migration assay

TDO2-OE or TDO2-sh LN229 and U87 cells
treated either with or without Kyn, PDM2, MK-
2206, IACS-8968 were resuspended in 200
ML medium without serum and were seeded
into upper chambers of transwell chambers
(Corning, USA) while lower chambers were filled
with medium containing 10% FBS. To assess
cell migration, the transwell migration assay
was performed. Transfected cells were seeded
in the top chambers containing 1% FBS, while
medium containing 20% FBS was added to the
lower chambers. After 24 h, the migrated cells
on the bottom part of the membrane were fixed
with 70% methanol and stained with 0.1% crys-
tal violet. The cells from the top of the mem-
brane were carefully removed, while the migrat-
ed cells were quantified in five random micro-
scopic fields.

Animal experiment

Pathogen-free 6-week-old female Balb/c nude
mice were obtained from SPF Biotechnology
Co. Ltd. All animal experimental protocols were
approved by the Ethics committee of the Affi-
liated Hospital of Southwest Medical Univer-
sity. Mice were bred in-house and fed on a
standard animal chow diet. 2x10°% TDO2-sh or
TDO-OE LN229/U87 cells resuspended in 50
ul PBS were injected subcutaneously, tumor
volume and survival are routinely recorded.

Analysis of TCGA and CGGA datasets

To explore the expression of TDO2 in cancer
and patient survival, we analyzed TCGA and
CGGA database. Kaplan-Meier survival curves
were done based on two cohorts. GSEA meth-
od was used to analyze the relevant gene sets
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in the low expression group based on the CGGA
cohort.

Statistical analysis

Concentrations of tryptophan metabolites were
normalized to cecal or fecal wet weight. All data
were compared using either Student’s t test,
one-way or two-way analysis of variance with
Tukey multiple comparison posttest, where
appropriate, in GraphPad Prism 8 (GraphPad
Software, Inc, La Jolla, CA, USA) to determine
statistical significance between different grou-
ps. The value of P<.05 was considered statisti-
cally significant (*P<.05; **P<.01; ***P<.001;
*%**P<.0001).

Results

TDO-associated tryptophan metabolism pro-
moted tumor progression in glioma patients

To identify glioma gene expression signatures,
analysis of gene expression in glioma tissues
based on the rich set of CCGA database was
performed. Glioma tissues from 325 patients
were divided into the high degree group (H-D,
WHO level 1~2) and low degree group (L-D,
WHO level 3~4). Intriguingly, we found a high
rate of tryptophan metabolism-associated ge-
nes that were up-regulated in high-degree glio-
ma tissues, including the tryptophan transport-
er SLC31A1 and tryptophan 2,3-dioxygenase 2
(TDO2) (Figure 1A). To better understand the
signaling pathway signatures in high-degree
glioma development, KEGG pathway analysis
was performed in 325 tumor tissues from high-
degree glioma patients. Consistently, strength-
ened tryptophan metabolism-associated sig-
naling pathways were observed in those glioma
tissues (Figure 1B), suggesting a potential cor-
relation between tryptophan metabolism and
glioma development. TDO2, a tryptophan meta-
bolism-associated enzyme, is able to cleave
indoleamine derivatives such as tryptamine
and serotonin. We further collected tumor tis-
sues from glioma patients to examine the
expression TDO2. Higher expression of TDO2
was observed in tumor tissues from high-
degree glioma patients (Figure 1C). Both CCGA
and TCGA databases also revealed poor over-
all survival rates in patients with high TDO2
expression compared to the TDO2 low group
(Figure 1D and 1E). These results implied that
enhanced tryptophan metabolism induced by
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Figure 1. TDO associated tryptophan metabolism promoted tumor progression in glioma patients. A. Heatmap of
metabolism associated gene based on the CGGA cohort. B. KEGG analysis of all of the pathways in the High degree
glioma. C. Immunofluorescence analysis of TDO2 in low degree (LD) malignancy and high degree (HD) malignancy
glioma tissues from patients. Bar=50 um. D. Kaplan-Meier analysis of the TDO2 expression based on the CGGA co-
hort. E. Kaplan-Meier analysis of the TDO2 expression based on the TGGA cohort. F. Inmunofluorescence analysis
of SLC31A1 in LD and HD glioma tissues from patients. Bar=50 uym. G. ELISA analysis for the secretion of SLC1A3
and SLC4A1 level in tumor cell from LD and HD glioma tissues from patients. Means + SEM of three independent

experiments. *P<0.05, **P<0.01.

TDO2 might be correlated to the tumor progres-
sion and poor prognosis in glioma patients.
Next, we further examined the expression of
tryptophan transporters in tumor tissues from
glioma patients. Elevated expression of the
tryptophan transporter SLC31A1 was obser-
ved in high-degree glioma tissues (Figure 1F),
whereas no significant difference was observ-
ed for SLC1A3 or SLC14A1 (Figure 1G), sug-
gesting that tryptophan transport was depen-
dent on the expression of SLC31A1 rather than
SLC1A3 or SLC4A1 in glioma. Together, those
results suggested that the TDOZ2-associated
tryptophan metabolism process might promote
tumor progression in glioma.

Suppression of TDO-associated tryptophan
metabolism retarded glioma progression

To further validate the role of tryptophan
metabolism and TDO2 in glioma, we overex-
pressed TDO2 in glioma cell lines LN229 and
U87 (Figure 2A). We found that TDO2 overex-
pression significantly promoted the prolifera-
tion of LN229 and U87 cells in vitro (Figure 2B)
and tumor growth in vivo (Figure 2C). Next, we
knocked down (KO) the expression of TDO2
in LN229 and U87 cells (Figure 2D). Blocking
TDO2-dependent tryptophan metabolism cle-
arly suppressed cell proliferation of U87 and
LN229 in vitro (Figure 2E) and in vivo (Figure
2F). To further identify the role of TDO2 in tryp-
tophan metabolism, we maintained glioma
cells in tryptophan-free culture medium. Intri-
guingly, tryptophan deficiency reversed the pro-
tumor effects induced by TDO2 in glioma cells
and no significant difference in cell prolifera-
tion was observed in TDO2 overexpression or
KO LN229/U87 cells (Figure 2G), indicating
that TDO2-induced tryptophan metabolism fa-
cilitated glioma cell proliferation and tumor
growth. Next, we examined the colony forma-
tion and cell invasion capabilities of TDO2
overexpression/KO glioma cells. Consistently,
TDO2 overexpression promoted colony forma-
tion while TDO2 KO suppressed colony forma-
tion in LN229 and U87 cells (Figure 2H, 2I).
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Similar results were observed in our transwell
analysis (Figure 2J, 2K), indicating that aber-
rant tryptophan metabolism induced by TDO2
could facilitate glioma tumor invasion and
tumorigenesis. Together with our previous
results, these findings suggest that TDO2-
induced tryptophan metabolism could promote
glioma progression.

Kyn derived from tryptophan metabolism me-
diated glioma growth through an autocrine
pathway

Next, we sought to determine the downstream
signaling pathway in tryptophan/TDO2-induced
tumor progression. We added four tryptophan
metabolites, including melatonin, kynurenic
acid, indoxyl sulfate, and Kyn, into the culture
medium of glioma cells. Notably, Kyn treatment
significantly promoted LN229 and U87 cell pro-
liferation, whereas no difference was observed
in the melatonin, kynurenic acid, and indoxyl
sulfate treatment groups (Figure 3A). To identi-
fy the pro-tumor effects of Kyn, we examined
the expression of Kyn in tumor tissues from
glioma patients. And increased Kyn secretion
was found in tumor tissues from high-degree
glioma patients (Figure 3B). More importantly,
enhanced Kyn secretion was observed in TDO2
overexpression LN229/U87 cells while sup-
pression of TDO2 retarded Kyn expression
(Figure 3C, 3D), indicating that TDO2 promoted
tryptophan metabolism to produce Kyn, there-
by resulting in glioma development. To confirm
our hypothesis, we treated TDO2 KO LN229/
U87 cells with Kyn, which efficiently promoted
the proliferation of TDO2 KO glioma cells (Fi-
gure 3E). Consistently, injecting Kyn to TDO2
KO LN229/U87-bearing mice promoted tumor
growth in vivo (Figure 3F). Next, we added Kyn
into the culture medium for colony formation
analysis of TDO2 KO LN229/U87 cells. As an-
ticipated, enhanced colony formation capability
was observed in LN229/U87 KO cells treated
with Kyn (Figure 3G). Kyn treatment also facili-
tated cell invasion of these cells (Figure 3H).
Together, those results implied that TDO2 pro-
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sion cells, Relative numbers of invasive LN229-NC, LN229-SH1 and LN229-SH2 cells. Bar=25 pm. K. Relative numbers of invasive U87-Vector and U87-TDO2 over-
expression cells, Relative numbers of invasive of U87-NC, U87-SH1 and U87-SH2 cells. Bar=25 uym. Means + SEM of three independent experiments. NC, shBFP,
*P<0.05, **P<0.01.

A . Nsnsns . B * C D
4 S T 4 2.0 15 2.0 15 "o
=c TE 4 — —_— _ —_ -
) o% 3 £3° 83 '° 8310 2315 2310
292 29 , 8e2 2 10 52 To10 k-
$94 39 2y T 05 €g’s <05 €05
xa ra
0¥ ' 0 0 0.0 0.0 0.0--% 0.0
© 5 @ N
6+j;£o oﬁ‘g\o ‘\o#,to@a&b\@e R 6@9 O‘o ‘;0 6‘\\ 6@,
&S Faoy
o\)‘ o @\_}oc{}
oo R
Eg s, F 1500, —e— NC G _ 15 L 15 w NS
En £ —m— Sh g 2 ? 2 |
2324 Tk 1000~ Shim Z 2E 1.0 e QE1.0
8 3 § 8< £2 -
] e - -
%vﬂ S 500 S &5 05 . g;gn.s
o g 5 8 S
O T T T T = 0 E 0-0 0.0
0 24 48 72 F 0510152025 2 0 510152025 O o . NS
Time (h) Time (days) Time (days) L) &
& ©

-
o

Relative
transwell number

Relative
transwell number
o
o

0.

L
E & o ?ﬁ‘%

L3
o

Figure 3. Kyn derived from Trp metabolism mediated glioma growth through an autocrine pathway. A. The cell proliferation of LN229 or U87 cells treated with PBS,
melatonin (100 uM), kynurenic acid (100 uM), indoxyl sulfate (100 uM) and Kyn (100 uM) at 72 hours. B. ELISA analysis for the secretion of Kyn level in tumor cell
from LD and HD glioma tissues from patients. C. ELISA analysis for the secretion of Kyn level in LN229-Vector and LN229-overexpression cells, ELISA analysis for
the secretion of Kyn level in LN229-NC, LN229-SH1 and LN229-SH2 cells. D. ELISA analysis for the secretion of Kyn level in U87-Vector and U87-overexpression
cells, ELISA analysis for the secretion of Kyn level in U87-NC, U87-SH1 and U87-SH2 cells. E. The cell proliferation of LN229-NC, LN229-SH1, LN229-SH2 treated
with PBS or Kyn (100 uM) for different time (Left). The cell proliferation of U87-NC, U87-SH1, U87-SH2 treated with PBS or Kyn (100 uM) for different time (Right).
F. Tumor volume was measured at various time points of LN229-NC, LN229-SH bearing mice treated with PBS or Kyn (Left), Tumor volume was measured at vari-
ous time points of U87-NC, U87-SH and U87-SH bearing mice treated with PBS or Kyn (Right). G. Colony formation analysis of LN229-NC and LN229-SH, LN229-SH
treated with Kyn (100 uM) (Left), the colony formation analysis of U87-NC and U87-SH, U87-SH treated with Kyn (100 uM) (Right). H. Relative numbers of invasive
LN229-NC, LN229-SH and LN229-SH cells treated with Kyn (100 uM) (Left), relative numbers of invasive U87-NC and U87-SH, U87-SH cells treated with Kyn (100
uM) (Right). Bar=25 uym. Means + SEM of three independent experiments. NC, DMSO, *P<0.05, **P<0.01.
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moted glioma progression through Kyn derived
from tryptophan metabolism.

Kyn facilitated glioma development through an
AhR/AKT pathway

Kyn has been reported previously to act as an
oncometabolite through up-regulating AhR sig-
nals that target AKT pathways [38]. Therefore,
we determined whether Kyn could promote
the activation of AhR and AKT signals in glio-
ma cells. Here, enhanced AhR expression was
observed in LN229/U87 cells treated with Kyn
(Figure 4A). And our gene set enrichment an-
alysis based on 325 glioma patients revealed
a high correlation between the AKT signaling
pathway and glioma development (Figure 4B).
We further examined the expression of iIKK o
and AKT in glioma cells treated with Kyn. Con-
sistently, Kyn treatment facilitated the expres-
sion of phosphorylated iIKK o and AKT, where-
as inhibition of AhR by the inhibitor PDM2 sup-
pressed iIKK o/AKT up-regulation induced by
Kyn (Figure 4C), indicating that Kyn mediated
AKT signaling activation through AhR signals.
To further validate the role of AhR/AKT signals
in glioma progression, we used the AhR inhibi-
tor PDM2 and AKT inhibitor MK2206 to treat
glioma cells. Notably, PDM2 or MK2206 treat-
ment significantly suppressed the Kyn-induced
proliferation of LN229 and U87 cells (Figure
4D). Blocking AhR/AKT signals also suppres-
sed Kyn-induced colony formation (Figure 4E)
and cell invasion (Figure 4F), suggesting that
Kyn facilitated glioma development through an
AhR/AKT-dependent signaling pathway. Next,
we further examined the expression of AhR
and phosphorylated AKT in glioma patients.
Again, elevated expression of AhR and phos-
phorylated AKT was observed in tumor tissues
from high-degree glioma patients (Figure 4G).
More importantly, both AhR (Figure 4H) and
phosphorylated AKT (Figure 4l) showed high
correlation to Kyn expression in glioma tissues
(AhR and Kyn R?=0.45, AKT and Kyn R?=0.43).
Together, these results suggested that Kyn pro-
duced from tryptophan metabolism promoted
glioma development through AhR/AKT signals.

Kyn promoted glioma invasion through the
AKT/CREB-dependent EMT process

Next, we wondered how Kyn promoted tumor

cell invasion in glioma. CREB serves as a down-
stream molecule of AKT and participates in the
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tumor metastasis and invasion process in
several tumor types. Herein, we examined the
expression of CREB in Kyn-treated glioma cells.
Elevated expression of phosphorylated CREB
was found in Kyn-treated LN229 and U87 cells,
whereas suppression of AhR or AKT retarded
the up-regulation of phosphorylated CREB (Fi-
gure 5A). More importantly, gene set enrich-
ment analysis revealed that the EMT process
exhibited a high correlation with glioma pro-
gression (Figure 5B). Thus, we speculated that
AhR/AKT signaling might be involved in glioma
cell invasion through a CREB-dependent EMT
process. Thus, we examined the expression of
E-cadherin (a marker of epithelial-like cells) and
N-cadherin (a marker of mesenchymal-like
cells) in LN229/U87 cells. Intriguingly, Kyn
treatment significantly up-regulated N-cadherin
but down-regulated E-cadherin expression in
U87 and LN229 cells, whereas the CREB in-
hibitor 666-15 suppressed the EMT process
induced by Kyn (Figure 5C). Consistently, Kyn
treatment also promoted the expression of
Snail and Slug (Figure 5D), as well as MMP2
and MMP9 (Figure 5E and 5F). Meanwhile,
CREB inhibition retarded the up-regulation of
pro-invasion factors (Figure 5E and 5F). Simi-
lar results were observed at the mRNA level
(Figure S1A) and in vivo (Figure S1B and 1C),
suggesting that Kyn mediated EMT through
AhR/AKT/CREB signals, resulting in the up-reg-
ulation of Snail/Slug/MMP2/MMP9 and tu-
mor invasion. We further examined the expres-
sion of CREB in tumor tissues from patients
and found high levels of phosphorylated CREB
in high-degree glioma tissues, especially in st-
age IV glioma tissues (Figure 5G). High expres-
sion of MMP2 and MMP9 was also observed in
stage IV glioma tissues (Figure 5H).

Glioma cells mediated immunosuppression
through Kyn secretion

We have demonstrated that Kyn could mediate
the activation of AKT pro-survival signaling
pathway to regulate tumor progression in glio-
ma. However, some tumor tissues still revealed
rapid tumor growth (stage Ill or IV), but showed
no significant activation of AKT signals despite
of high Kyn or TDO expression (Figure 4H). The
low expression of AKT might be due to deficien-
cies or mutations of signaling molecules up-
stream of AKT. However, we wondered about
the underlying mechanism of tumor progres-
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sion in the absence of AKT. Tumor progression
involves diverse biological processes, including
pro-survival signaling pathway activation of tu-
mor cells and immunosuppression in the tumor
microenvironment. Here, we found decreased T
cell distribution, including total T cells (Figure
6A) and cytotoxic CD8-positive T cells (Figure
6B), in high-degree glioma tissues with low
expression of AKT compared to high-degree
glioma tissues with high AKT expression. More
importantly, cytotoxic CD8-positive T cells iso-
lated from those glioma tissues revealed low
expression of IFN-y and TNF-a (Figure 6C)
compared to T cells isolated from high-degree
glioma tissues with AKT expression, reminding
us of immunosuppression in those high-degree
glioma tissues. Next, we further investigated
the underlying mechanism of T cell suppres-
sion. We isolated naive T cells from mouse
spleens using CD3 magnetic cell sorting and
used concanavalin A to induce T cell activation.
Subsequently, we treated those T cells with
Kyn. Notably, the proliferation of T cells (total
and cytotoxic CD8-positive T cells) was sup-
pressed by Kyn treatment (Figure 6D and 6E).
More importantly, the secretion of IFN-y and
TNF-a (Figure 6F) by cytotoxic CD8-positive T
cells in the Kyn-treated group was reduced
compared to the DMSO group, indicating that
Kyn suppressed T cell proliferation and activa-
tion. Additionally, higher PD-1 expression was
observed in CD8 T cells treated with Kyn (Fi-
gure 6G). Similar results were observed in T
cells from tumor tissues from high-degree glio-
ma (Figure 6H), suggesting that Kyn could sup-
press T cell activation through up-regulating
PD-1 expression. Together, the above results
suggested Kyn derived from tumor cells could
further regulate glioma progression through T
cell suppression.

The blockade of TDO signals improved the tu-
mor suppressive effects of chemotherapy

Given the curial role of Kyn in regulating glioma
progression, we reasoned that it might be fea-
sible to suppress the Kyn upstream molecule
TDO2 to retard tumor growth. Herein, we com-
bined the IDO/TDO inhibitor IACS-8968 with
chemotherapy. Co-treatment with IACS-8968
significantly strengthened the cytotoxicity of
TMZ in glioma cells (Figure 7A), especially TDO2
overexpression LN229 and U87 cells (Figure
7B). More importantly, blocking TDO2 signals
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also suppressed the colony formation (Figure
7C) and invasion capabilities (Figure 7D) of
LN229 and U87 cells. Next, we further estab-
lished LN229 and U87 subcutaneous bearing
mice, then treated these mice with PBS, IACS-
8968, TMZ, or TMZ combined with IACS-8968.
Consistently, the combination of TMZ and IA-
CS-8968 revealed superior anticancer effects
(Figure 7E and 7F) and efficiently prolonged
the survival of tumor-bearing mice (Figure 7G
and 7H). In order to further confirm the anti-
cancer effects of IACS-8968 in clinical glioma
treatment, we isolated glioma cells from six
high-degree (stage IlI~IV) and low-degree
patients (stage I~Il) and seeded the cells into
3D matrix gels for in vitro cell cytotoxicity an-
alysis. Glioma cells from two patients showed
proliferative characteristics with spherical colo-
ny formation (Figure 7I). Consistent with our
results above, glioma cells cultured in 3D fibrin
gels revealed high expression of TDO2 (Figure
7)) as well as activation of AhR/AKT/CREB sig-
nals (Figure 7J). Subsequently, we added IACS-
8968 and TMZ into the 3D culture system for
cytotoxicity analysis. As anticipated, cell apop-
tosis was apparent in the IACS-8968/TMZ
combination group, indicating strengthened
tumor suppressive effects of IACS-8968 and
TMZ on patient-derived glioma cells. Together,
those results suggested that blockade of
TDO2 signals by IACS-8968 could efficiently
improve the anticancer effects of chemothera-
py and represent a novel strategy for glioma
treatment.

Discussion

In this study, we showed for the first time that
tryptophan metabolism driven by TDO2 was
associated with detrimental tumor progression
and poor prognosis in glioma patients. Tumor
cells with high levels of tryptophan metaboliz-
ing dioxygenases IDO/TDO exhibited up-regu-
lated signaling pathways involved in tumor
growth, DNA repair and distant metastasis. In
accordance with previous studies that found
decreased tryptophan and increased Kyn level
in the serum to correlate with tumor progres-
sion, we further linked the tryptophan metabo-
lite Kyn to glioma development and demon-
strated that autocrine Kyn induced by TDO2
could facilitate glioma cell proliferation and
invasion. Using TCGA/CCGA databases and
clinical glioma tissues, we also found that the
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E. Representative histogram of CFSE-labeled of mice CD8* T cells (stimulated with anti-CD3/CD28 antibodies) after
treatment with DMSO or Kyn (100 uM) (Left). The proportion of cells with diluted CFSE dye (Right). F. Representa-
tive flow cytometric plot of mice CD8* T cells treated with DMSO or Kyn (100 uM) examined for the expression of
IFN-y and TNF-a (Left). Flow cytometric quantification of the percentage of IFN-y or TNF-a in CD8* T cells (Right). G.
Representative flow cytometric histograms of CD8* T cells treated with DMSO or Kyn (100 uM) examined for the
expression of PD-1 (Left). H. Representative flow cytometric histograms of CD8* T cells in tumor cell from LD and HD
glioma tissues from patients examined for the expression of PD-1, Flow cytometric quantification of the percentage
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Figure 7. Blockade of TDO signals improved tumor suppressive effects of chemotherapy. A. Relative cell cytotoxicity
of LN229 and U87 cells treated with TMZ (200 uM) or TMZ (200 puM) combined with IACS-8968 (10 uM) determined
by cells apoptosis analysis. B. Relative cell cytotoxicity of LN229 TDO2 overexpression and U887 TDO2 overexpres-
sion cells treated with TMZ (200 uM) or TMZ combined with IACS-8968 determined by cells apoptosis analysis. C.
Colony formation analysis of LN229 cells treated with DMSO or IACS-8968 (Left), colony formation analysis of U87
cells treated with DMSO or IACS-8968 (Right). D. Relative numbers of invasive LN229 cells treated with DMSO or
IACS-8968 (Left), relative numbers of invasive U87-cell treated with DMSO or IACS-8968 (Right). E. Tumor volume
was measured at various time points of LN229 bearing mice treated with DMSO, IACS-8968 (5 mg/kg), TMZ (10
mg/kg), TMZ (10 mg/kg) combined with IACS-8968. F. Tumor volume was measured at various time points of U87
bearing mice treated with DMSO, IACS-8968, TMZ (10 mg/kg), TMZ (10 mg/kg) combined with IACS-8968 (5 mg/
kg) on bearing mice. G. Survival time of LN229 cell-bearing mice treated with DMSO, IACS-8968, TMZ (10 mg/kg),
TMZ (10 mg/kg) combined with IACS-8968. H. Survival time of U87 cell-bearing mice treated with DMSO, IACS-
8968, TMZ (10 mg/kg), TMZ (10 mg/kg) combined with IACS-8968. I. Organoid cultures from LD and HD glioma
tissues from patients were established. Depicted are representative organoids at day 4. Bar=25 ym. J. Immunofluo-
rescence analysis of TDO2, AhR/pAKT/pCREB expression in organoid derived LD and HD glioma tissues from pa-
tient. Bar=25 pm. K. Relative cell cytotoxicity of glioma cells treated with TMZ (200 uM) or TMZ (200 uM) combined
with IACS-8968 (10 uM) determined by cells apoptosis analysis. The data are presented as means + SEM of three
independent experiments. NC, DMSO, *P<0.05, **P<0.01.

expression of TDO2 revealed a high correlation
with the prognosis in glioma patients, indicat-
ing that the level of TDO2 expression could
serve as an important indicator of glioma pro-
gression.

Plasma tryptophan status and the tryptophan/
Kyn ratio are influenced by both tryptophan-
degrading enzymes IDO1 and TDO2 [18, 22,
39]. The expression of IDO1 has been recog-
nized as having a crucial role in promoting
tumor progression and immunosuppression in
the microenvironment, in which the immune
inhibitory metabolites induced by IDO1 can
repress functional T cell proliferation and fa-
cilitate T cell apoptosis [40, 41]. Consistently,
reduction in CD3* and CD8* T cells was found
in our glioma samples with TDO2 expression.
Meanwhile, the secretion of IFN-y and TNF-«
was repressed in those T cells. In those glio-
ma tissues, Kyn derived from tumor cells was
implicated in the direct inhibitory effects of T
cells. In previous studies, the mechanism of
Kyn-induced T cell suppression was poorly
understood. Liu and colleagues reported that
tumor repopulating cells could produce Kyn to
mediate PD-1 upregulation in active T cells,
resulting in immune suppression in the tumor
microenvironment [42]. Consistently, our study
provided evidence that Kyn derived from tu-
mor cells mediated PD-1 expression in CD8* T
cells in glioma, which further illustrated the
underlying mechanism of Kyn-induced immune
suppression. Much work has been done on
IDO inhibitors for tumor elimination. Our work
further suggested a mechanism where Kyn
induced by TDO2 contributed to immunosup-
pression and cancer development. While immu-

2572

notherapy targeting IDO was still not sufficient,
it might be efficient for tumor inhibition.

It has been documented that AhR is an effec-
tive contributor to tumor progression, especial-
ly in breast cancer [43]. Nuclear translocation
of AhR was capable of promoting p53-depen-
dent transcription of the multidrug resistant
gene MDR-1, resulting in drug resistance of tu-
mor cells [44]. More importantly, the activated
ligand AhR has been proposed to participate in
the growth and metastasis of lung cancer cells,
and inhibition of AhR contributes to significant
anticancer effects in several tumor types [22,
26, 45]. We found that autocrine Kyn promoted
the activation of AhR, which further facilitated
the AKT/CREB pro-survival signaling pathway.
To obtain evidence that the AhR/AKT pathway
participated in glioma progression in vivo, the
expression of AhR was examined in glioma tis-
sues using TCGA databases and clinical sam-
ples from patients. As expected, a high correla-
tion was observed between Kyn secretion and
AhR expression in glioma tissues. And GO path-
way enrichment suggested a role of AhR/AKT
signaling pathway in glioma development. Our
study further confirmed the role of AhR in tumor
progression, in which AhR participated in tryp-
tophan metabolism to promote glioma growth
and invasion (Figure 8).

Conclusions

Taken together, our findings here suggested
the correlation between tryptophan metabo-
lism and glioma progression. Elevated Kyn lev-
els induced by TDO2 promoted glioma cell pro-
liferation and invasion through the AhR/AKT/
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CREB signaling pathway, and repressed the
anticancer responses of T cells. Targeting TDO2
efficiently suppressed cancer development and
strengthened the cytotoxicity of chemotherapy
for patient-derived glioma cells, which repre-
sents an innovative approach for glioma
treatment.
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Figure S1. A. Relative expression of Snail, Slug, MMP2 and MMP9 at mRNA level in LN229/T98G cells treated with
NC or Kyn (100 uM). B. Western blotting of E-cadherin, N-cadherin, Snail and Slug in tumor tissues isolated from
LN229-bearing mice treated with NC or Kyn (2 ug). Tumor tissues were collected in 3 days after Kyn treatment. C.
Realative MMP2 and MMP9 in tumor tissues isolated from LN229-bearing mice treated with NC or Kyn (2 pg). Tumor
tissues were collected in 3 days after Kyn treatment. NC, normal saline, **P<0.01, ***P<0.001.



