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Abstract: Although blocking programmed cell death protein 1 (PD-1) has emerged as a standard treatment for meta-
static colorectal cancer (CRC), a vast majority of CRC patients still respond poorly to anti-PD-1 immunotherapy. In 
this study, we showed that the levels of indoleamine 2,3-dioxygenase 1 (IDO1) and its catabolite kynurenine (Kyn) 
were higher in late stages (stages III and IV) than in early stages (stages I and II) of CRC patients. We found that 
Kyn could induce the expression of immune checkpoints and exhaustion markers in CD8+ tumor-infiltrating T cells. 
Knockdown of IDO1 expression using small hairpin RNAs (shRNAs) in the MC38 and CT26 colorectal cell lines led 
downregulation of Kyn expression and activation of CD8+ T cells in MC38- or CT26-bearing mice. Subsequent mech-
anistic study revealed significantly reduced thymocyte selection-associated HMG box (TOX) mRNA levels in CD8+ 
tumor-infiltrating T cells isolated from IDO1 knockdown MC38-Scr- and CT26-bearing mice. Kyn-induced CD8+ T cell 
exhaustion was reversed by knockdown of TOX expression. Finally, the application of the well-known IDO1 inhibitors 
1MT or NLG919 substantially improved the therapeutic effect of CRC in vivo and restored CD8+ tumor-infiltrating T 
cells anti-tumor activity. This improvement was further enhanced by an anti-PD-1 combined therapy. In conclusion, 
our study revealed a novel mechanism underlying the metabolic factors found in tumor microenvironment which 
could induce CD8+ T cells exhaustion. Our findings provided a new strategy of restoring the antitumor activity of 
CD8+ T cells through combined targeting of the IDO1/Kyn and PD-1/PD-L1 pathways in patients with CRC. 
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Introduction

Impaired antitumor functions of cytotoxic T lym-
phocytes result in uncontrolled tumor growth in 
multiple cancer types. One reason for this is 
the induction of CD8+ tumor-infiltrating T cells 
exhaustion by the immunosuppressive tumor 
microenvironment [1-4]. Exhausted CD8+ T ce- 
lls are characterized by high expression levels 
of exhaustion markers such as programmed 
cell death protein 1 (PD-1), cytotoxic T-lympho- 
cyte-associated protein 4 (CTLA-4), and lym-
phocyte-activation gene 3 (LAG3) as well as 
impaired cytokine IFN-γ and TNF-α production 
[5, 6]. Currently, immune checkpoint inhibitors 
(ICIs) such as anti-PD-1 or anti-CTLA-4 antibody 
therapy have been developed to abrogate the 
CD8+ T-cell exhaustion status and improve the 
prognosis of various cancer types in the clinical 
setting [7-15]. 

Colorectal cancer (CRC) is the major cause of 
cancer death worldwide and is categorized into 
the mismatch repair-deficient and microsatel-
lite instability-high (dMMR-MSI-H) signature 
with a high overall mutation burden (>12 muta-
tions per 106 DNA bases) and mismatch repair-
proficient and microsatellite instability-low sig-
nature with a much lower mutation burden 
(<8.24 mutations per 106 DNA bases) [16-18]. 
In dMMR-MSI-H CRC, PD-1 inhibition is associ-
ated with strong clinical benefits with objective 
response and disease control rates of 60%  
and 84%, respectively [19-21]. However, the 
vast majority of patients with dMMR-MSI-H CRC 
don’t not respond to immunotherapy previously 
[22]. The suppressive tumor microenvironment 
has a unique metabolic restriction involving the 
development and maintenance of T cell exhaus-
tion status. Therefore, understanding the meta-
bolic factors in tumor microenvironment would 
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help develop new strategies to target immune 
checkpoints. 

Tryptophan catabolism has recently been rec-
ognized as an important tumor microenviron-
ment factor in suppressing T cell-mediated 
antitumor immune responses [23-27]. Trypto- 
phan catabolites, particularly kynurenine (Kyn), 
inhibits T cell-mediated immune responses in 
various types of disease [28, 29]. A recent 
study reported that tumor cells derived Kyn 
induced PD-1 upregulation in CD8+ T cells [30]. 
Therefore, we hypothesize that Kyn plays an 
important role in inducing CD8+ T-cell exhaus-
tion in CRC. 

In the present study, we examined the potential 
mechanisms underlying the effect of Kyn in the 
tumor microenvironment of CRC patients. We 
found that tumor cell-derived Kyn induced the 
generation of CD8+ T cells exhaustion pheno-
type by upregulating TOX expression in CRC. 
Our findings would provide a new strategy of 
combined PD-1 blockade and Kyn production 
for the clinical treatment of CRC. 

Materials and methods

Cells and reagents

CT26, Mc38 and Mc38-OVA cell line were pur-
chased from ATCC (CRL-2638, USA), China 
Center for Type Culture Collection (3111C000- 
1CCC000523, China) and Biovector (ntcc69- 
0052, China), respectively. These cell lines 
were all preserved in DMEM (10829018; Ther- 
mo Fisher Scientific, CA Canoga Park), contain-
ing 10% fetal bovine serum (Gibco, Australia), 
1% glutamine (Thermo Fisher Scientific, USA), 
1% MEM nonessential amino acids (Gibco, 
USA), 100 μg/ml and streptomycin 100 U/ml 
penicillin (Solarbio, China). All cells were grown 
in a monolayer at 37°C and 5% CO2 under stan-
dard conditions. These cells were identified by 
short tandem repeat (STR) typing. Mycoplasma 
in cells was detected by PCR.

Patients and ethics

Twenty cases of colon cancer tissues were  
collected from The First Affiliated Hospital of 
Jinzhou Medical University. After surgical re- 
section, they were directly preserved with li- 
quid nitrogen. All patients were given a written 
informed consent form and the research was 
approved by Ethics committee of the First 

Affiliated Hospital of Jinzhou Medical Univer- 
sity (No. 202030). We use the seventh edition 
of the American Joint Committee on Cancer 
staging system (AJCC-7) for colon cancer path-
ological staging. All the included patients did 
not receive any radiotherapy or chemotherapy 
before operation.

ELISA for Kyn and correlation analysis

Kynurenine (KYN) from tumor tissue and serum 
was quantified using Kynurenine (KYN) ELISA 
Kit (E4629, BioVision, USA) following the manu-
facturer’s protocol. The correlations between 
kynurenine content and the percentages of 
checkpoint markers were statistically evaluat-
ed using Pearson correlation (PC) tests. The 
statistics package, SPSS for Windows (version 
23.0, SPSS Inc., Chicago, IL, USA) was used for 
determining the significance based on the vali-
dated p-value of 0.05.

Mice

6-weeks-old female CD45.1 C57BL/6J mice 
were purchased from Shanghai Model Or- 
ganisms Center. 6-week-old female CD45.2 
C57BL/6J and BALB/C mice were purchased 
from Beijing Vital River Laboratory Animal. OT-I 
transgenic mice were purchased from Jackson 
Laboratory. All the murine experiments were 
conducted following the guidelines of animal 
care and use of the Committee of the First 
Affiliated Hospital of Jinzhou Medical Univer- 
sity. This study was specially approved by the 
experimental animal welfare and ethics com-
mittee of the First Affiliated Hospital of Jinzhou 
Medical University (No. 202030).

Murine T cells purification and adoptive trans-
fer

We obtained single splenocyte suspension by 
crushing spleen grinding fluid with 40 μm nylon 
cell filter (FALCON, USA). CD8+ T cell were puri-
fied using mouse CD8+ T cell enrichment Kit 
(Miltenyi Biotec, Germany) following the manu-
facturer’s protocol. 5 × 105 naïve OT-1 CD45.1 
CD8+ T cells (or siTOX transduction) were trans-
ferred into the MC38-ova tumor bearing mice 
every 3 day for 3 times.

Cell transfection

To knockdown IDO expression, we purchased 
Retroviral IDO-shRNA (Hanbio, China). MC38 
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cells and CT26 cells in logarithmic phase were 
inoculated into a 24-well plate with a cell den-
sity of 1 × 105/well. When cells reached about 
60% fusion, retroviruses coating with 8 μg/ml 
Polybrene (Sigma Aldrich, Germany) were trans-
fected into these cells. Cells were harvested for 
analyzing the IDO knockdown efficiency after 
48 hours. To knockdown Tox expression in CD8+ 
T cells, TOX siRNA was purchased (Ribobio 
China) and transformed into pre-activated 
naive CD8+ T cells by Lonza amaxa 4D. 48 
hours after transfection, cells were harvested 
for analyzing TOX knockdown efficiency. High 
efficiency knockdown siRNA was selected for 
the subsequent experiments.

Tumor model in vivo

5 × 105 MC38 (NC or ShIDO-transduced) or 
CT26 (NC or ShIDO-transduced) cells were 
implanted subcutaneously into 8-10-week-old 
female C57BL/6J and BALB/C mice. The tumor 
size was measured by electronic caliper every  
5 days. The tumor volume was calculated as 
shortest diameter2 × longest diameter/2. Once 
the tumor exceeds 20 mm in any dimension, 
euthanasia is performed.

Mice were randomly divided into different treat-
ment group 5 days after cells injection. 50 μg 
1-MT, 50 μg NLG919, 50 μg 1-MT + 100 μg 
PD-1 antibody or 50 μg NLG919+100 μg PD-1 
antibody were intraperitoneally injected every 
two days for 5 times. 

For adoptive transfer, 5 × 105 OT-I CD45.1 CD8+ 
T cells (or siTOX transduction) were transferred 
into the MC38-OVA tumor bearing mice 5 days 
after 1 × 106 MC38 OVA cells injection. 

Isolation of tumor infiltrating lymphocytes (TIL)

A single cell suspension was prepared from  
the tumor of MC38-bearing mice by mechani-
cal separation, then TILs were isolated from 
single cell suspensions using Mouse Tumor 
Dissociation Kit (Miltenyi, Germany) according 
to the manufacturer’s protocol. The TILs were 
either for subsequent flow cytometry analysis 
or sorting.

Flow cytometry and antibody

CD8+ T cells of tumor infiltrating lymphocytes 
were purified by flow cytometry-assisted cell 

sorting. The purity of sorted cells was more 
than 95%. To detect cytokine production, lym-
phocytes were stimulated for 2 hours in the 
presence of cell stimulating mixture (Ebiosci- 
ence, USA), then stained with surface markers 
anti-LAG-3 (Biolegend, USA), anti-PD-1 (Biole- 
gend, USA) and CTLA4 (Biolegend, USA) with 
1:100 dilute in PBS with 1% FBS. After incubat-
ing on ice for 30 min, Cell Fixation/Permeation 
Kit (BD, USA) and Transcription Factor Fixation/
Permeabilization Buffer (Biolegend, USA) were 
used for intracellular cytokine and nuclear tran-
scriptional factors staining respectively. Cells 
were fixed for 30 min followed by washing wi- 
th Permeabilization Buffer twice, then stained 
with anti IFN-γ (Biolegend, USA), anti-TNFα 
(Biolegend, USA) and anti-TOX (Miltenyi Biotec, 
Germany) with 1:50 dilute in Permeabilization 
Buffer in 4°C overnight. Flow cytometry data 
were obtained by BD FACSCelesta (BD, USA) 
and analyzed by Flowjo software. The antibod-
ies and reagents used for flow cytometry stain-
ing are listed in Table S2. All analyses were per-
formed by t test using Graphpad Prism 8. 
P<0.05 (two-tailed) was considered statistically 
significant.

Quantitative RT-PCR

Different concentration gradients of kyn were 
applied for CD8 T cells stimulation. After 24 or 
48 hours, cells were lysed in TriQuick Reagent 
(R1100, Solarbio, China). Total RNA was ex- 
tracted according to the manufacture’s proto-
col and stored in -80°C for future experiments. 
Reverse-transcription assay was carried out to 
obtain cDNA with a Universal RT-PCR Kit (M- 
MLV, free Taq polymerase) (RP1105, Solarbio, 
China). 

Primer sequences: TOX: GCTCCCGTTCCATCCA- 
CAAA-3’ (sense); 5’-TCCCAATCTCTTGCATCACA- 
GA-3’ (antisense). β-actin: GGCTGTATTCCCCT- 
CCATCG-3’ (sense); 5’-CCAGTTGGTAACAATGCC- 
ATGT-3’ (antisense). 

To quantify TOX expression, we use the qRT-
PCR method to determine the mRNA levels  
and normalize it to β-actin. Toolkits are as fol-
lows: 2 × SYBR Green PCR Mastermix (SR1110, 
Solarbio, China) and CFX96 Touch Real-Time 
System (Bio-Rad). 
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Western blot 

Total protein was extract from frozen tumor 
samples using a RIPA buffer (high) (R0010, 
Solarbio, China) containing protease Inhibitor 
Cocktail Set VI (539133, Solarbio, China) on  
ice for 30 min, then centrifuged at 14000 g for 
15 min to get supernatant. Protein concentra-
tions were determined by BCA assay (P0009, 
Beyotime, China). Protein samples (50 μg) were 
boiled with SDS-PAGE Sample Loading Buffer 
(P0015L, Beyotime, China) to linearized pep-
tide chain, loaded and separated by SDS-PAGE 
on 8-12% tris-glycine gels before being trans-
ferred onto nitrocellulose membranes. The 
membrane was incubated with primary anti-
bodies diluted with 5% skim-milk as followings: 
anti-mouse IDO1 (1:1,000 dilution, Cell Signa- 
ling Technology), anti-mouse GAPDH (1:5000 
dilution, Cell Signaling Technology) at 4°C, over-
night. Secondary horseradish peroxidase-cou-
pled antibodies (A0208, Beyotime, China) was 
then used at 1:3000 for conjugating with pri-
mary antibody. Visualization by enhanced che-
miluminescence was carried out according to 
the manufacturer’s protocol (BeyoECL Moon, 
P0018FS, Beyotime, China).

Chromatin immunoprecipitation PCR

Samples were fixed with 1% formaldehyde at 
room temperature for 10 min to cross-link pro-
teins and DNA, then neutralized with glycine 
(125 mM) for 5 min. Chromatin immunopreci- 
pitation was performed by ChIP Assay Kit 
(P2078, Beyotime, China). Cells were lysed to 
liberate cellular components. Chromatin was 
fragmented to about 500 bp long by ultra-
sound. Target regions were pulled down by rel-
evant antibodies and sorted out by magnetic 
beads. Purified DNA was then obtained by re- 
versal crosslinking. The obtained DNA was sub-
jected to quantitative PCR for PD-1, CTLA4, 
LAG3 promoter detection. 

PD1: 5’-TCTGAACCTACAGGGGTGTC-3’ (sense); 
5’-CCTGGCTTTGGTACCTATGG-3’ (antisense). 
CTLA4: 5’-TCAGACATCAGCTCCAGGAC-3’ (sen- 
se); 5’-ACAAGCAAATCCATGGATGG-3’ (antisen- 
se). LAG3: 5’-AATGCCTGTGAGCCTCAA-3’ (sen- 
se); 5’-CTGCCTAGCCTTTCAGCATC-3’ (antisen- 
se).

Dual luciferase reporter assay

Dual luciferase reporter assay was performed 
using Dual-Lumi™ II Luciferase Reporter Gene 

Assay Kit (RG089S, Beyotime, China) in a 
Modulus II Microplate Multimode Reader 
(Turner Biosystems). 48 hours after transfec-
tion, cells were lysed and collected. Briefly, 
dual-Glo luciferase substrate was added to 
each well in a 96-well plate and incubated at 
room temperature for 10 minutes. The firefly 
luminescence signal was recorded by multi-
mode reader. A second Stop-Glo substrate was 
incubated for another 10 minutes. The Renilla 
luciferase signal was recorded. Data was calcu-
lated and normalized to control wells.

Statistical analysis

All murine experiments were randomly allocat-
ed and grouped before treatment. Sample sizes 
were at five to ten animals per experiment to 
ensure adequate statistical power. Statistical 
significance was calculated by paired two-sided 
t-tests and by one-way analysis of variance 
(ANOVA) with post-hoc Tukey’s test for more 
than two groups in Graphpad Prism 8. The rela-
tionship Analysis was analyzed using SPSS for 
Windows (version 23.0, SPSS Inc., Chicago, IL, 
USA).

Results

Tumor cell-derived Kyn induced the generation 
of the exhausted CD8+ T-cell phenotype

To determine whether tumor cell-derived Kyn is 
responsible for the development and mainte-
nance of the exhaustion phenotype of CD8+ T 
cells, Kyn content in colon tissues from CRC 
patients of different stages was measured by 
ELISA. Kyn content was found to be significantly 
elevated in late stages (stages III and IV) than in 
early stages (stages I and II) in both colon tis-
sue and plasma from patients with CRC (Figure 
1A and 1B; Table S1). Further correlation stud-
ies showed that plasma Kyn content was posi-
tively correlated with PD-1, CTLA-4, and LAG3 
expressions on CD8+ T cells (Figure 1C). CD8+ T 
cells were freshly isolated from the peripheral 
blood of healthy controls and cultured with dif-
ferent Kyn concentrations. PD-1, CTLA-4, and 
LAG3 (Antibody information in Table S2) expres-
sions on CD8+ T cells were found to be signifi-
cantly promoted by Kyn treatment in a concen-
tration-dependent manner (Figure 1D and 1E). 
Cytokine IFN-γ and TNF-α production by CD8+ T 
cells was inhibited by in vitro Kyn treatment in a 
dose-dependent manner (Figure 1F and 1G). 
Taken together, these results suggested that 
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Figure 1. Kynurenine (Kyn)-induced CD8+ T-cell exhaustion. Kyn levels in (A) tissues and (B) plasma from patients with colorectal cancer (CRC) determined by ELISA 
(n = 10/group). Patient information in Table S1. (C) The percentages of PD-1, CTLA-4, and LAG3 expression on peripheral CD8+ T cells were measured by flow cy-
tometry and correlated with Kyn levels in patients with CRC (n = 20). (D) Peripheral CD8+ T cells isolated from patients with CRC treated with 50, 100, and 200 μM 
Kyn. Representative flow cytometry histogram of PD-1 in CD8+ T cells was displayed. (E) PD-1, CTLA-4, and LAG3 expressions and (F-H) TNFα and IFN-γ production 
in CD8+ T cells were detected by flow cytometry. *P < 0.05, **P < 0.01, n.s no significant difference, (A and B) were analyzed by Student’s t test, (C) was analyzed 
by Pearson’s correlation test, (E and H) were analyzed by 1-way ANOVA. The data represent mean ± SEM (A-C, E and H).
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tumor cell-derived Kyn promotes CD8+ T-cell 
exhaustion, resulting in the lack of anti-tumor 
immunity in CRC.

Enhanced indoleamine 2,3-dioxygenase 1 
(IDO1) enzyme activity promoted CD8+ T-cell 
exhaustion in CRC

IDO1 catalyzes the commitment step of the Kyn 
metabolic pathway. These results prompted us 
to determine whether IDO1/Kyn pathway is 
involved in the promotion of the exhausted 
CD8+ T-cell phenotype. Interestingly, IDO1 ex- 
pression was found to be higher in late stages 
(stages III and IV) than in early stages (stages I 
and II) in tissues from patients with CRC (Figure 
2A and 2B). We further knocked down IDO1 
expression in MC38 and CT26 cell lines using 
small hairpin RNAs (shRNAs) and the knock-
down efficiency was determined by western 
blot (Figure 2C). Inhibition of IDO1 activity led to 
the decreased concentration of Kyn in tissues 
from MC38- and CT26-bearing mice (Figure 2D 
and 2E). Exhaustion-associated surface mark-
ers, PD-1, CTLA, and LAG3, were remarkably 
downregulated on tumor-infiltrating CD8+ T ce- 
ll from the MC38-Scr-, MC38-IDO1-ShRNA#1-, 
and MC38-IDO1-ShRNA#2-bearing mice (Fi- 
gure 2F). Furthermore, cytokines IFN-γ and 
TNF-α secretion were impaired by tumor-infil-
trating CD8+ T cells (Figure 2G-I). Consistently, 
the same phenomenon was also observed on 
CT26 mouse model (Figure 2J, 2K).

IDO1/Kyn promoted CD8+ T-cell exhaustion by 
up-regulating TOX expression in CRC

Next, we explored whether enhanced IDO1/ 
Kyn activity promotes CD8+ T-cell exhaustion by 
regulating the activity of TOX, which is a key 
inducer of the canonical features of T-cell ex- 
haustion. IDO1 knockdown in MC38 or CT26 
could significantly reduce TOX mRNA levels in 
CD8+ T cell isolated from MC38-Scr- and CT26-
bearing mouse (Figure 3A, 3B). Consistently, 
TOX expression was also remarkably downregu-
lated on the surface of CD8+ T cell isolated from 
IDO1 shRNA-treated tumor tissues than the 
negative control tissues (Figure 3C and 3D). 
Freshly isolated mouse CD8+ T cells were treat-
ed with different concentrations of Kyn, and 
TOX mRNA level in CD8+ T cells was significant- 
ly upregulated in a concentration-dependent 
manner (Figure 3E). Kyn continuously induce 
increased TOX expression in CD8+ T cells 

depending on the concentration and time 
(Figure 3F). To further elucidate the relation-
ship between Kyn and TOX in CD8+ T-cell ex- 
haustion in CRC, TOX expression was knocked 
down by siRNA and its efficiency was confirmed 
by flow cytometry (Figure 3G). PD-1, CTLA-4, 
and LAG3 expressions were upregulated and 
cytokine IFN-γ and TNF-α production were 
down-regulated in CD8+ T cells treated with Kyn 
than DMSO in vitro, but reversed after the 
knockdown of TOX expression. These indicate 
that TOX is an important regulator of Kyn-
induced CD8+ T-cell exhaustion in patients with 
CRC (Figure 3H). 

To determine whether TOX binds to Pdcd1,  
Ctla-4, and Lag3 gene promoters in response 
to Kyn treatment, chromatin immunoprecipita-
tion assay was performed. Kyn-treated CD8+ T 
cells increased the TOX binding activity of 
Pdcd1, Ctla-4, and Lag3 gene promoters com-
pared with control CD8+ T cells (Figure 3J). 
Furthermore, dual-luciferase reporter assay 
showed that TOX-over-expressed NIH3T3 cells 
increased PD-1, CTLA-4, and LAG3 promoter 
activity (Figure 3K). Next, we tested whether 
knocking down TOX can reverse the exhaus- 
tion status of tumor infiltrating CD8+ T cells 
from CRC murine model. As we expect, after 
transferring CD45.1+OT-1 T cells in tumor-be- 
aring mice, TOX-silenced tumor infiltrating 
CD45.1+CD8+ T cells from tumor tissue ex- 
pressed reduced levels of inhibitory receptors 
and demonstrated enhanced cytokine produc-
tion (Figure 3L, 3M).

Blocking IDO1 activity improved the therapeu-
tic outcome of CRC by reversing the CD8+ T-cell 
exhaustion status

Finally, to examine whether manipulation of 
IDO1 activity in CRC cells affects tumor growth 
and CD8+ T cell-mediated antitumor immune 
responses, MC38-Scr, MC38-IDO1-sh1, and 
MC38-IDO1-sh2 cells were inoculated. Tumor 
growth and survival rate were measured at vari-
ous time points after injection. MC38-IDO1-sh-
bearing mice showed a more significant tumor 
regression and higher survival rate than MC38-
scr-bearing mice (Figure 4A, 4B). Similar phe-
nomenon was observed in CT26-IDO1-sh-
bearing mice (Figure 4C, 4D). The tumor size 
was significantly smaller in CT26-IDO1-sh-be- 
aring mice compared with control littermates 
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Figure 2. Blocking IDO1 activity in colorectal cancer (CRC) tumor cells reversed the CD8+ T-cell exhaustion phenotype. (A, B) IDO1 expression was analyzed by 
immunohistochemical staining of tissues from patients with CRC (n = 20). Scale bar: 50 μm. (C) Western blot analysis of IDO1 level in MC38-Scr, MC38-IDO1-
ShRNA#1, MC38-IDO1-ShRNA#2, CT26-Scr, CT26-IDO1-ShRNA#1, and CT26-IDO1-ShRNA#2 cells treated with IFNγ (50 ng/ml) for 48 h. (D) Kynurenine (Kyn) levels 
in MC38-Scr, MC38-IDO1-ShRNA#1, and MC38-IDO1-ShRNA#2 tissues were determined using ELISA (n = 6). (E) Kyn levels in CT26-Scr, CT26-IDO1-ShRNA#1, and 
CT26-IDO1-ShRNA#2 tissues were determined by ELISA (n = 6). (F-H) Exhaustion marker expressions and cytokine production in CD8+ tumor-infiltrating lymphocytes 
isolated from MC38-Scr-, MC38-IDO1-ShRNA#1-, and MC38-IDO1-ShRNA#2-bearing mouse were measured using flow cytometry (n = 6). (J, K) Exhaustion mark-
er expressions and cytokine production in CD8+ tumor-infiltrating lymphocytes isolated from CT26-Scr-, CT26-IDO1-ShRNA#1-, and CT26-IDO1-ShRNA#2-bearing 
mouse were measured using flow cytometry (n = 6). The scale bar is 50 μm. *P < 0.05, **P < 0.01, n.s no significant difference. B was analyzed by Student’s t test. 
(D-F, I-K) were analyzed by 1-way ANOVA. The data represent mean ± SEM (B, D-F, I-K).
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Figure 3. IDO1/Kynurenine (Kyn)-induced CD8+ T-cell exhaustion by regulation of TOX activity. (A) qRT-PCR analysis of TOX mRNA level in CD8+ tumor-infiltrating 
lymphocytes (TILs) isolated from MC38-Scr cells, MC38-IDO1-ShRNA#1 tissue, and MC38-ShRNA#2 tissues (n = 6/group). (B) qRT-PCR analysis of TOX mRNA level 
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(Figure 4E), indicating that IDO1 activity in the 
tumor microenvironment facilitated tumor gr- 
owth in the murine CRC model. To confirm the 
potential role of IDO1 inhibitors in CRC treat-
ment, MC38- and CT26-bearing mice were 
established and treated with different pharma-
ceuticals strategies. As expected, the thera-
peutic effect against CRC was generated by  
the IDO1 inhibitor 1-MT or NLG919 alone  
and enhanced by anti-PD-1 blockade therapy 
(Figure 4F-J). Consistently, using both 1MT and 
NLG919, in vivo treatment remarkably and 
effectively activated CD8+ TIL responses, char-
acterized by PD-1, CTLA-4, and LAG3 downreg-
ulation and increased IFN-γ and TNF-α pro- 
duction (Figure 4K-N). Collectively, our in vivo 
experiments suggested that the exhaustion of 
CD8+ TILs in patients with CRC was regulated 
through tumor cell-derived IDO1 activity. 

Discussion

ICI immunotherapies using PD-1 blocking anti-
body have emerged as a standard treatment 
for metastatic CRC. However, many patients, 
particularly those with dMMR-MSI-H CRC, poor-
ly respond to ICI immunotherapies [31, 32]. In 
the present study, we identified IDO1/Kyn ac- 
tivity in tumor microenvironment as an impor-
tant regulator of CD8+ T-cell exhaustion by up-
regulating TOX expression in patients with  
CRC. Our study also demonstrated that the 
combined blockade of IDO1 activity and PD-1 
effectively improved therapeutic efficacy and 
restored CD8+ T cell-mediated antitumor im- 
mune responses in the murine CRC tumor 
model. 

Altered metabolism has been demonstrated to 
be critical for unconstrained tumor cell prolif-
eration, and tryptophan is considered funda-
mental for tumor progression [33-37]. IDO1 
catabolized the conversion of tryptophan into 
Kyn, and targeting the IDO1 pathway has pro-
duced encouraging results in various cancer 
types [38]. IDO1 can be expressed by both tu- 
mor and myeloid cells. A previous study found 
higher IDO1 expression during tumor invasion, 
with IDO1 being suggested as an independent 
prognostic indicator of CRC [39]. Taker et al. 
used IDO1-/- mice and observed reduced colitis-
associated tumorigenesis in IDO1-/- mice [40]. 
Consistent with their findings, we found that 
IDO1 might be a prognostic marker for CRC 
because IDO1 expression was found to be high-
er in the late stage than in the early stage of 
CRC. 

1-MT or NLG919 alone could significantly inhib-
it tumorigenesis and enhance survival rate in 
MC38- and CT26-bearing mice. The high IDO1 
activity in tumor microenvironment has been 
confirmed to promote CRC progression. In 
advanced non-small-cell lung cancer, a higher 
Kyn/trp ratio can predict resistance to anti-
PD-1 treatment [41]. Moreover, patients with 
recurrent glioblastoma who failed to respond  
to anti-PD-1 treatment demonstrated a strong 
survival benefit from IDO inhibitor therapy, anti-
PD-1 mAb therapy, and triple-agent radiothera-
py [42]. Because IDO1 inhibitor combined with 
PD-1 ICI in CRC treatment has been found to 
remarkably improve the therapeutic outcome in 
a murine CRC tumor model, our investigations 
also provided future perspectives in targeting 

in CD8+ TILs isolated from CT26-Scr cells, CT26-IDO1-ShRNA#1 tissue, and CT26-ShRNA#2 tissues (n = 6). (C) Flow 
cytometry analysis of TOX expression in CD8+ TILs isolated from MC38-Scr-, MC38-IDO1-ShRNA#1-, and MC38-
IDO1-ShRNA#2-bearing mice (n = 6/group). (D) Flow cytometry analysis of TOX expression in CD8+ TIL of CT26-Scr-, 
CT26-IDO1-ShRNA#1-, and CT26-IDO1-ShRNA#2-bearing mice (n = 6/group). (E) qRT-PCR analysis of TOX mRNA 
level in CD8+ T cells treated with Kyn at indicated concentrations (0, 50, 100, and 200 μM) for 48 h. (F) qRT-PCR 
analysis of TOX mRNA level in CD8+ T cells treated with Kyn for indicated time points (0, 12, 24, 48 h) at 200 μM. 
(G) qRT-PCR analysis of TOX mRNA level was performed in CD8+ T cell-Scr, CD8+ T cell-T-siTOX#1, and CD8+ T cell-
siTOX #2-bearing mice (n = 6/group). (H, I) Exhaustion marker expressions and cytokine production were detected 
in CD45.1+CD8+ T-cell-Scr treated with DMSO, CD45.1+CD8+ T-cell-Scr treated with kyn (200 μM), CD45.1+CD8+ T-
cell-siTOX#1 treated with kyn (200 μM) and CD45.1+CD8+ T-cell-siTOX#2 treated with kyn (200 μM) (n = 6/group). (J) 
Chromatin immunoprecipitation analysis of TOX binding to PD-1, CTLA-4, and LAG3 promoters treated with 200 μM 
kynurenine for 48 h. (K) Dual-luciferase reporter assay of TOX overexpression on PD-1, CTLA-4, and LAG3 promot-
ers in NIH3T3 cells. *P < 0.05, **P < 0.01, n.s no significant difference. (L, M) Exhaustion marker expressions and 
cytokine production were detected. C57BL/6 mice bearing MC38-OVA were adoptively transferred with CD45.1+OT-1 
cells (5 × 105/mouse, every 3 days for 3 times) on three occasions (n = 6). At the same time, mice were treated with 
either DMSO (Transfer NC) or Kyn (50 mg/mouse, every 3 days) for 9 days. CD45.1+CD8+ T cells were isolated from 
tumor for flow-cytometric analysis. *P < 0.05, **P < 0.01, n.s no significant difference. All data of this figure was 
analyzed by 1-way ANOVA. The data represent mean ± SEM.
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Figure 4. IDO1 blockade improves the therapeutic outcome of CRC by reversing CD8+ T-cell exhaustion status. At a density of 5 × 105, MC38-Scr, MC38-IDO1-sh1, 
and MC38-IDO1-sh2 or CT26-Scr, CT26-IDO1-sh1, and CT26-IDO1-sh2 cells were subcutaneously inoculated into 8-week-old female C57BL/6J and BALB/C mice. 
(A, C) Tumor dimensions were measured using an electronic caliper every 5 days. Overall tumor volumes were calculated as follows: shortest diameter2 × longest 
diameter/2. (B, D) The overall survival of each mice is presented through Kaplan-Meier survival curves. (E) Effects of IDO1 knockdown on the size of CT26 tumors 
in BALB/C mice. C57BL/6 or BALB/C mice were inoculated with MC38 or CT26 cells. Intraperitoneal injection with DMSO, 1-MT (50 μg), and NLG919 (50 μg) 5 days 
after the tumor cell inoculation (n = 6/group, every 2 days, 5 times) combined with anti-PD-1 (100 µg, every 2 days, twice). (F, G) Tumor dimensions were measured 
using an electronic caliper every 5 days. Overall tumor volumes were calculated as follows: shortest diameter2 × longest diameter/2. (H, I) The overall survival of 
each mice is presented through Kaplan-Meier survival curves. (J) Effects of different treatment on the size of CT26 tumors in BALB/C mice. (K-M) Flow cytometry 
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both IDO1/Kyn and PD-1 pathways for the clini-
cal treatment of CRC. 

The significant finding in this study is that we 
first demonstrated that the IDO/Kyn pathway  
in the CRC tumor microenvironment induced 
CD8+ TIL exhaustion. Further mechanistic study 
revealed that the IDO/Kyn pathway induced 
CD8+ T-cell exhaustion by regulating TOX activi-
ty. TOX was recently identified as a central regu-
lator of exhausted T cells in mice, and exhaust-
ed T cells cannot be formed in the absence of 
TOX [43-45]. Kim et al. observed that tumor 
cells produced vascular endothelial growth fac-
tor-A (VEGF-A), which could induce CD8+ T-cell 
exhaustion in a TOX concentration-dependent 
manner in CRC. They also demonstrated that 
combined blockade of PD-1 and VEGF-A result-
ed in better tumor control by restoring T cell-
mediated antitumor function [46]. Consistent 
with previous encouraging findings, we pro-
posed that the therapeutic outcome of ICI ther-
apy in CRC can be enhanced by anti-PD-1 mAb 
therapy. VEGF-A and IDO1/Kyn triple blockade 
might be a promising clinical treatment for  
CRC, particularly for patients with dMMR-MSI-H 
CRC who poorly respond to ICI therapies.

Conclusion

In conclusion, we found the role of the IDO1/
Kyn pathway in shaping CD8+ TIL-mediated 
immune responses in CRC. We elucidated that 
tumor cell-derived IDO1/Kyn promotes CD8+ 
T-cell exhaustion by regulating TOX activity.  
Our findings provide a potential implication for 
combining the IDO1/Kyn and PD-1/PD-L1 path-
ways in immunotherapy for patients with anti-
PD-1-resistant CRC. 
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Table S2. Monoclonal antibodies and fluoro-
chromes used
Antibody Fluorochrome Clone Provider
CD45.1 Alexa Fluor 700 A20 BioLegend
PD-1 FITC 29F.1A12 BioLegend
CTLA4 PE UC10-4B9 BioLegend
LAG3 PE/Cy7 C9B7W BioLegend
CD3e APC 145-2C11 BioLegend
CD8a Pacific Blue 53-6.7 BioLegend
IFNγ PE XMG1.2 BioLegend
TNFα APC MAb11 BioLegend
TOX PE REA473 Miltenyi Biotec

Table S1. Patient information
Patients NO. Age Gender Status
1 56 F III
2 70 M II
3 49 F III
4 81 F III
3 55 M I
5 55 M I
6 63 M II
7 60 F I
8 41 M III
9 49 F I
10 55 F III
11 62 M IV
12 68 F IV
13 67 F II
14 42 M I
15 45 M III
16 49 M I
17 70 F IV
18 51 F IV
19 59 M III
20 71 F II 
Abbreviations M: male, F: female.


