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Abstract. Previous studies suggest that radiotherapy (RT) 
can induce immune activation, which not only reduces the 
progression of tumors, but also causes the release of tumor 
antigens. The combination of RT and immune checkpoint 
blockade, such as the inhibition of programmed cell death 1 
(PD‑1) and programmed cell death ligand 1 (PD‑L1), has been 
demonstrated to yield impressive response rates. However, 
a substantial proportion of patients develop resistance such 
therapies. Previous studies have shown that indoleamine 
2,3‑dioxygenase (IDO) causes T cell exhaustion and increased 
formation of regulatory T cells (Tregs), upregulating the 
expression of inhibitory receptors and ligands. Therefore, the 
application of IDO inhibitors combined with RT may have 
a synergistic effect by relieving immunosuppression. Lewis 
lung cancer cell‑bearing mice were treated with the IDO 
inhibitor 1‑methyl‑tryptophan (1MT) and/or 10 Gy RT. Tumor 
size was measured every day, flow cytometry was performed 
to measure the expression of dendritic cell (DC) maturation 
markers, inhibitory receptors, ligands, cytotoxic T cells and 
Treg phenotypic markers. Reverse transcription‑quantitative 
PCR was used to evaluate the mRNA expression levels of 
IDO, PD‑L1, PD‑1, T cell immunoglobulin domain and mucin 
domain 3 (TIM‑3), B‑ and T‑lymphocyte attenuator (BTLA) 
and galectin‑9. Compared with the control group, treatment 
with 1MT or RT reduced tumor growth, however, the combi-
nation therapy was more effective than either treatment alone. 

Flow cytometry showed the upregulation of CD80, CD86 and 
the major histocompatibility complex II in spleen DCs and the 
concurrent downregulation of CD4, CD25 and forkhead box 
protein P3 in lymphocytes in the treatment groups. Compared 
with the control group, inhibitory receptors and ligands that 
affect DCs and T cells were observed, expression levels of 
PD‑L1, PD‑1, TIM‑3, BTLA and galectin‑9 are decreased in 
treatment group compared with control. IDO inhibition syner-
gized with RT to downregulate Tregs, inhibitory receptors 
and ligands to prevent T cell exhaustion. By activating DCs 
and T cells, this combination therapy may strongly enhance 
antitumor immunity and inhibit tumor progression.

Introduction

Radiotherapy (RT) is widely used to treat cancer because of 
its ability to control tumor growth; RT can destroy cancerous 
tissue and cause tumor cell necrosis (1). RT induces changes 
in the tumor microenvironment and promotes the expression, 
and release of, tumor‑related antigens, thereby activating the 
antitumor immune response (2). RT also induces tumor cells to 
produce cytokines, such as tumor necrosis factor (TNF)‑α, which 
attract effector T cells to the target region, increasing the expres-
sion of damage‑associated molecular patterns on the surface of 
tumor cell, which induces ‘immunogenic cell death’ in tumor 
cells (3,4). Previous studies have reported that RT can upregulate 
the expression of CD70 on dendritic cells (DCs) and induce 
T cells to produce interferon (IFN)‑γ (5,6). CD8+ T cells are 
activated after RT combined with immunotherapy (7). Together, 
RT and immunotherapy increase the antigen presenting ability 
of DCs and increase the number of antigens on the surface of 
tumor cells, inducing T cell‑mediated clearance (8,9).

However, the upregulation of regulatory T cells (Tregs), 
and some inhibitory receptors and ligands, including 
programmed cell death 1 (PD‑1), programmed cell death 
ligand 1 (PD‑L1), T cell immunoglobulin domain and mucin 
domain 3 (TIM‑3), B‑ and T‑lymphocyte attenuator (BTLA) 
and galectin‑9, prevents RT from achieving the optimal 
therapeutic effect (10). These molecules are major biological 
markers of T cell exhaustion, which leads to reduced T cell 
proliferation and cytotoxicity, and increased apoptosis. The 
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antitumor cytotoxic effect and the adaptive immunotherapy 
effect of T cells is reduced, which leads to the occurrence, 
development and metastasis of tumors (11). Therefore, RT 
combined with immune checkpoint blockade has attracted 
considerable attention and has already achieved some success. 
PD‑1 blockade combined with RT is among the most effective 
immunotherapies for cancer (12,13); however, a substantial 
proportion of patients gradually develop treatment resis-
tance (14‑16). Currently, the mechanism of drug resistance 
remains uncertain, reflecting the need for a new strategy (17).

One potential explanation for tumor immune escape and 
resistance involves the immaturity of DCs, and the exhaustion 
of T cells (18,19). Indoleamine 2,3‑dioxygenase (IDO) is an 
important regulatory factor in tumor‑mediated immunosup-
pression that has a negative effect on DCs and T cells (20). 

As the tryptophan catabolic enzyme involved in the 
initiation and rate‑limiting steps, IDO is highly expressed 
in various types of cancer, as well as in immune cells, and 
plays an important role in immune cell suppression (15,21). In 
humans and murine models, the expression of IDO has been 
found to be a prominent predictor of a poor prognosis (19), 
which may be related to its negative regulatory effect on 
DCs and T cells. IDO overexpression in DCs can affect their 
maturation, resulting in a decreased antigen‑presenting ability 
and increased negative co‑stimulatory molecule expression. 
These effects also allow IDO to indirectly influence local 
T cells (20). Additionally, IDO supplementation induces Tregs, 
which contribute to the immunosuppressive effects (22). IDO 
can mediate the depletion of the essential amino acid trypto-
phan, causing tryptophan starvation (11). In the middle of the 
G1 phase, T cells are extremely sensitive to tryptophan defi-
ciency, which causes protein insufficiency and blockade in the 
G1 phase. This effect can increase the susceptibility of T cells 
to apoptosis (14). Together, the negative effects of IDO on DCs 
and T cells leads to immunosuppression in tumor cells.

Researchers have expressed interest in developing IDO 
inhibitors as new immunotherapies to treat cancer  (23). 
Although 1‑methyl‑tryptophan (1MT) has not achieved the 
desired anticancer effect in recent clinical trials  (23), as a 
general therapeutic approach, IDO inhibitors still have poten-
tial and research value. IDO inhibition combined with RT may 
provide a better therapeutic effect, and may partially solve 
the problem of tumor immunosuppression. The present study 
aimed to investigate whether an IDO inhibitor synergized with 
RT can further inhibit tumor growth by activating DCs and 
antagonizing T cell exhaustion.

Materials and methods

Cell line and animals. Lewis lung cancer (LLC) cells, a murine 
tumor cell line, were obtained from the American Type Culture 
Collection and maintained in RPMI 1640 medium (HyClone; 
GE Healthcare Life Sciences) with 10% FBS (Gibco; Thermo 
Fisher Scientific, Inc.), 100 U/ml penicillin (Gibco; Thermo 
Fisher Scientific, Inc.) and 100 µg/ml streptomycin (Gibco; 
Thermo Fisher Scientific, Inc.) at 37˚C in 5% CO2. The media 
was changed every other day and the cells were digested with 
0.25% trypsin for 2‑3 min in the logarithmic growth phase 
from passages 1‑4. Mycoplasma testing was completed for the 
cell line. 

C57BL/6 female mice (age, 6‑8  weeks old; weight, 
20‑25 g) were purchased from the animal breeding facility 
of Hunan Slack Jingda Experimental Animal Co., Ltd. 
(cat. no. 43004700049723). The mice were maintained under 
controlled conditions (20‑23˚C, 40‑70% humidity and a 12‑h 
light/dark cycle). Mice ate ~5 g chow per day and drank ~7 ml 
water. All animal experiments were performed in accordance 
with the Animal Research Reporting of in vivo Experiments 
and the National Institutes of Health guidelines for animal 
welfare, and the study was approved by the Laboratory 
Animal Ethics Committee of Nanchang University (permit 
no. NCD XSYDWFL‑2015097). All animal experiments 
complied with the ARRIVE guidelines and the 2013 AVMA 
euthanasia guidelines (24).

Tumor models and treatment protocols. Tumors were gener-
ated on the backs of mice by subcutaneously injecting 1x105 
LLC cells in PBS. Tumor size was measured using a caliper 
every day after the tumors appeared, and the tumor volume was 
calculated using the following formula: Tumor volume=0.5x 
(tumor length) x (tumor width)2. The mice were monitored 
daily and euthanized using CO2 inhalation (the flow rate of 
CO2 was 20% of the chamber volume/minute). Mice were 
euthanized if any of the following conditions were observed: 
A body condition score of 1/5 (mouse is emaciated: Skeletal 
structure is extremely prominent; little or no flesh cover, or 
vertebrae distinctly segmented), a body condition score of 2/5 
(mouse is under conditioned: Segmentation of the vertebral 
column evident, or dorsal pelvic bones are readily palpable) 
and profound lethargy, a tumor affecting the gait, normal 
posture or ability to eat, urinate, or defecate independently 
of the size of the tumor or the determination by a University 
Laboratory Animal Resources veterinarian that the animal 
should be euthanized. Animal death was verified by pupil 
dilation and the absence of a heartbeat. The mice were divided 
into 4 groups: i) The control group (CON); ii) the RT group; 
iii) the 1MT group; and iv) the combined group (1MT + RT). 
On the first day after tumor inoculation, 1MT was diluted to 
400 mg/kg in saline and was administered by gavage twice 
daily. On day 13 after inoculation of the tumor, RT was given 
locally on the mice in the RT group with a fractionation 
scheme of 10 Gy [the mice were anesthetized with chloral 
hydrate (4% solution, 400 mg/kg) by intraperitoneal injection 
before receiving radiation].

The mice were sacrificed on day  28 after inoculation. 
Tumors were recovered and weighed, and tumors and spleens 
from each group were quickly prepared for flow cytometry. 
Tumor‑bearing mouse spleens were disaggregated with the flat 
end of a syringe in 5 ml of RPMI 1640 medium in a tissue 
culture dish. Dispersed cells were filtered through a 40‑µm 
Falcon cell strainer.

Flow cytometry analysis. Phenotypic analysis and character-
ization of DCs or T cells was performed using a FACSCanto 
II f low cytometer (BD Biosciences). Antibodies were 
purchased from eBioscience; Thermo Fisher Scientific, Inc. 
Individual spleens were isolated and pressed through a 40‑µm 
Falcon Cell Strainer. Dissociated cells were treated with 
Ammonium‑Chloride‑Potassium lysis buffer (Lonza Group 
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Ltd.) to lyse red blood cells. The resulting cell suspension 
was then centrifuged for 5 min at 500 x g and 4˚C, before 
removal of the supernatant and re‑suspension of the cells in 
PBS for further FACS analysis. DC and T cell subsets were 
analyzed with two‑ or three‑color staining with various 
combinations of mouse antibodies. DCs were stained with 
FITC‑CD11C (cat. no. 11‑0041‑85), phycoerythrin (PE)‑CD80 
(cat.  no.  12‑0081‑82), PE‑CD86 (cat.  no.  12‑0861‑83) 
and PE‑major histocompatibility complex (MHC) II 
(cat.  no.  1895‑09) monoclonal antibodies. For T cells, 
FITC‑CD4 (cat. no. 11‑0041‑82), allophycocyanin (APC)‑CD25 
(cat. no. 12‑0251‑83), PE‑FOXP3 (cat. no. 563101), PE‑CD8 
(cat. no. 12‑0081‑82) and APC‑IFN‑γ (cat. no. 17‑7311‑82) 
conjugated anti‑mouse monoclonal antibodies were used for 
staining (3x105 cells in 150 µl full medium with 0.2 µg anti-
bodies; all antibodies and isotype controls were diluted using 
this method). FOXP3 and IFN‑γ expression was assessed 
using intracellular staining with Fixation/Permeabilization 
Concentrate and Fixation/Permeabilization Diluent (eBio-
science; Thermo Fisher Scientific, Inc.). Isotype controls 
(mouse IgG2a K isotype control‑PE, cat. no. 43912‑60‑100; 
mouse IgG1 K isotype control‑APC, cat. no. 44212‑80‑100; 
mouse IgG2a K isotype control FITC, cat. no. 43912‑50‑100) 
were used to discriminate positive cell staining from nonspe-
cific background staining.). Results were analyzed using 
FlowJo version 10.5.2 (FlowJo LLC) software.

Reverse transcription‑quantitative (RT‑q) PCR. Total RNA 
was isolated using TRIzol® (Invitrogen; Thermo Fisher 
Scientific, Inc.) and complementary (c)DNA synthesis was 
performed using the Vazyme Reverse Transcription System 
(Vazyme). HiScript II qRTSuperMix II was added to RNA, 
which was reverse transcribed using the following temperature 
protocol: 10 min at 25˚C, 30 min at 42˚C and 5 min at 85˚C. 
The mRNAs of mouse IDO, PD‑1, PD‑L1, TIM‑3, BTLA 
and galectin‑9 were determined using RT‑qPCR. Using the 
RT reaction as a template, SYBR‑Green I dye (Vazyme) was 
used for qPCR. The reaction conditions were 10 min at 95˚C, 
followed by 15 sec at 95˚C and 1 min at 60˚C for 40 cycles 
for IDO, or 1 min at 58˚C for 40 cycles for PD‑1, or 1 min 
at 63˚C for 40 cycles for PD‑L1, or 1 min at 60˚C for 40 cycles 
for TIM‑3, BTLA and galectin‑9. The primer sequences for 
RT‑qPCR are listed in Table I. The relative mRNA expres-
sion levels of target genes were calculated using the 2‑ΔΔCq 
method (25) compared with GAPDH expression.

Statistical analysis. Experiments were repeated three times. 
Data are expressed as the mean ± SD. Comparisons among 
groups were performed using One‑way ANOVA followed by 
Tukey's post hoc test. Data analysis was performed using SPSS 
17.0 software (SPSS, Inc.). P<0.05 was considered to indicate a 
statistically significant difference.

Results

IDO inhibition combined with RT downregulates IDO expres‑
sion and suppresses tumor growth. To examine whether IDO 
inhibition affects tumor growth, mice were divided into four 
groups and subjected to various treatments. The longest diam-
eter of a single subcutaneous tumor was 1.9 cm and no animal 

presented with multiple tumors. The growth curve (Fig. 1A) 
suggested that tumor progression was significantly slower in 
both the RT group and the 1MT group compared with the 
CON group. Furthermore, 1MT combined with RT had a 
larger therapeutic effect than either treatment alone. RT‑qPCR 
showed that the tumors in the 1MT and the combined groups 
had lower IDO expression levels than those in the CON group 
(Fig. 1B), suggesting that differences in the therapeutic outcome 
may be due to differences in IDO expression. On the 28th 
day after tumor inoculation, the mice were euthanized using 
carbon dioxide inhalation and the tumor tissue was weighed. 
The tumor weights and data are shown in Fig. 1C and D. As 
shown in Fig. 1D, the average tumor weights were as follows: 
2.165 g in the CON group, 0.834 g in the RT group, 0.324 g in 
the 1MT group and 0.107 g in the combined group.

The slower tumor progression in the 1MT‑treated group 
compared with the CON group suggested that IDO is respon-
sible, at least in part, for tumor immunosuppression and that 
using the 1MT inhibitor can reverse this effect. The combined 
group showed a significantly better therapeutic effect than the 
other groups, indicating that 1MT and RT can act synergisti-
cally. Some of the mechanisms driving this effect are discussed 
below.

IDO inhibition synergizes with RT to promote the matura‑
tion of DCs and downregulate the inhibitory receptor ligand 
PD‑L1 in the tumor microenvironment. As shown in Fig. 1, 
compared to the control condition, combined therapy delays 
tumor progression. One potential explanation for tumor 
immune escape and resistance is that IDO may be involved in 
DC immaturity and T cell anergy, suggesting that the inhi-
bition of IDO expression induced by 1MT may lead to the 
tumor suppressive effects shown in the Fig. 1. To investigate 
the influences of changes in IDO on DCs, maturity markers, 
including CD80, CD86 and MHC II, were examined. Based 
on f﻿low cytometry analysis (Fig. 2A‑C), the results indicated 
that these co‑stimulatory factors were highly expressed in the 
combined treatment group, with CD80+ expression in 80.1% 
of CD11c+ cells and CD86+ expression in 71.0% of CD11c+ 
cells. Additionally, the DCs in the 1MT group and RT group 
also showed a high degree of maturity, indicating that RT and 
IDO inhibition increased the maturity of DCs, and that these 
therapies can synergize to produce greater effects.

Mature DCs must express high levels of MHC II and 
downregulate co‑inhibitory molecules to initiate T cell activa-
tion, and provide a secondary stimulatory signal. Based on 
flow cytometry analysis (Fig. 2A and D), DCs in the RT, 1MT 
and combined groups showed high MHC II expression, with 
the mean values of 89.27±1.71, 95.00±0.50 and 96.63±0.54% 
of CD11c+ cells expressing MHC II, respectively. These results 
indicated that RT and IDO inhibition upregulate the expres-
sion of MHC II, which may increase the antigen‑presenting 
ability of DCs. These treatments also showed increased thera-
peutic effects when combined compared with their use alone. 
RT‑qPCR showed that PD‑L1 in the tumor microenvironment, 
as an inhibitory receptor ligand, was significantly down-
regulated after RT and/or 1MT treatment compared with the 
corresponding level in the CON group (Fig. 2E), which reduces 
the inhibitory effect of PD‑L1 on T cells. These results indi-
cated that RT and IDO inhibition can lead to the progression of 
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DC maturation, enhancing their ability to activate T cells and 
to initiate the immune response. The IDO inhibitor synergized 
with RT to produce an increase in immune activation effects 
compared with the use of the treatments individually.

IDO inhibition synergizes with RT to reduce the expression of 
inhibitory receptors and Tregs, and promote T cell activation. 
Through stimulation by antigen peptide‑MHC II complexes 
and co‑stimulatory factors, DCs can activate T cells and 

Figure 1. Tumor growth and IDO expression are reduced by combined treatment with 1MT and RT. (A) In vivo evaluation of IDO inhibition and RT in C57BL/6 
female mice with tumors generated by the subcutaneous injection of LLC cells indicated that 1MT combined with RT significantly suppressed tumor growth 
and reduced tumor size compared with the single treatments. (B) Analysis of IDO expression in tumor cells revealed that IDO inhibition synergized with RT 
and significantly downregulated its expression. (C and D) Comparison of the average tumor weights indicated that tumor weight and volume were significantly 
reduced with RT and/or 1MT, while the combined therapy showed the strongest effect. n=5, experiments were repeated three times. **P<0.001, *P<0.01 vs. 
CON. IDO, indoleamine 2,3‑dioxygenase; RT, radiotherapy; 1MT, 1‑methyl‑tryptophan; CON, control.

Table I. Sequences of primers used for reverse transcription‑quantitative PCR. 

Gene	 Primer	 Product length

IDO	 F 5'‑GGGCTTTGCTCTACCACATCCACT‑3'	 234 bp
	R  5'‑ACATCGTCATCCCCTCGGTTCC‑3'	
BTLA	 F 5'‑TGCAGGAGCCAGAAGAGAAAGTCA‑3'	 306 bp
	R : 5'‑CAATGTGGGGGTCAGGGATGG‑3'	
GAL‑9	 F 5'‑GTTGTCCGAAACAACTCAGAT‑3'	 315 bp
	R  5'‑ATATGATCCACACCGAGAAG‑3'
PD‑1	 F 5'‑GGCCGCCTTCTGTAATGGTTTGA‑3'	 279 bp
	R  5'‑AGGGGCTGGGATATCTTGTTGAGG‑3'
PD‑L1	 F 5'‑GACCAGCTTTTGAAGGGAAATG‑3'	 385 bp
	R  5'‑CTGGTTGATTTTGCGGTATGG‑3'
TIM3	 F 5'‑AGTGGGAGTCTCTGCTGGGTTGA‑3'	 279 bp
	R  5'‑AGGATGGCTGCTGGCTGTTGA‑3'	
GAPDH	 F 5'‑TGATG ACATCA AGAAGGTGGTGAA‑3'	 345 bp
	R  5'‑TGGGATGGAA ATTGTGAGGGAGAT‑3'	

IDO, indoleamine 2,3‑dioxygenase; BTLA, B‑ and T‑lymphocyte attenuator; GAL‑9, galectin‑9; PD‑1, programmed cell death protein‑1; 
PD‑L1, programmed cell death ligand‑1; TIM3, T cell immunoglobulin‑3; F, forward; R, reverse.



Molecular Medicine REPORTS  21:  445-453,  2020 449

thus facilitate the clearance of antigens, and regulate the 
immune response (26). Therefore, through direct or indirect 

regulation of T cells, the IDO inhibitor can active the immune 
response against a tumor. As shown in the previous results, 

Figure 2. IDO inhibition and RT in combination promote the maturation of DCs and downregulate the inhibitory receptor ligand PD‑L1 in the tumor microen-
vironment. (A) The results of flow cytometry. To validate the influences of changes in IDO expression on DCs, maturity markers, including CD80, CD86 and 
MHC II, were examined. Comparison of the maturation of DCs under various treatments based on flow cytometry. RT and IDO inhibitor treatment upregulated 
the expression of (B) CD80 and (C) CD86. The combined therapy of 1MT+RT showed the strongest effect, which significantly increased the expression of 
the cell surface co‑stimulatory factors CD80 and CD86 compared with the single treatments. (D) Evaluation of the ability to initiate T cell activation and 
provide a second stimulatory signal was performed by measuring the expression level of MHC II on DCs. The results indicated that RT and IDO inhibitor 
treatment significantly upregulated the expression of MHC II compared with the CON group; the combined therapy showed the strongest effect. (E) PD‑L1 in 
the tumor microenvironment, as an inhibitory receptor ligand expressed on DCs, was measured. The results suggested that RT and IDO inhibition significantly 
downregulated PD‑L1 expression compared with the CON group; the n=5, experiments were repeated three times. combined therapy had the strongest effect. 
**P<0.001, *P<0.01 vs. CON. IDO, indoleamine 2,3‑dioxygenase; RT, radiotherapy; 1MT, 1‑methyl‑tryptophan; CON, control; DCs, dendritic cells; MHC II, 
major histocompatibility complex II; PD‑L1, programmed cell death ligand 1.
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the IDO inhibitor can increase the maturity of DCs and down-
regulate the expression of inhibitory receptor ligands, which 
increases the ability of DCs to activate T cells. To determine 
whether this phenomenon can enhance the activity of T cells, 
IFN‑γ, Tregs and inhibitory receptors were examined. 

IFN‑γ is a dimeric soluble cytokine with immuno‑activating 
and antitumor properties (27). Based on the results of flow 
cytometry (Fig. 3A and B), compared with the CON group, 
IDO inhibition increased the activation and secretion of IFN‑γ, 
suggesting that 1MT can enhance the differentiation of T cells, 
which can result in an enhanced antitumor ability. RT can also 
significantly upregulate the secretion of IFN‑γ compared with 
the CON group. The combined group, which was treated with 
both RT and the IDO inhibitor, showed a better therapeutic 
outcome than either individual treatment group.

Tregs, as a subpopulation of T cells, regulate the immune 
system by suppressing T cell activation and proliferation (28). 
Based on the results of flow cytometry analysis (Fig. 3A and C), 
compared with the CON group, IDO inhibition significantly 
decreased the number of Tregs, suggesting that 1MT can 
relieve the negative regulatory effect caused by Tregs and 
boost T cell activity. Thus, IDO inhibition can enhance T cell 
function and antitumor immunity. IDO inhibition synergized 
with RT to yield better therapeutic effects than either therapy 
alone.

PD‑1 is a protein receptor that regulates the immune 
response by promoting self‑tolerance and downregulating 
immunity (29). Based on the RT‑qPCR analysis (Fig. 3D), no 
significant difference in PD‑1 expression was found between 
the RT and CON groups, however, IDO inhibition significantly 
downregulated the expression of PD‑1, and when IDO inhi-
bition synergized with RT, the inhibitory effect was greater. 
This suggested that the IDO inhibitor synergized with RT, and 
that this relieves the inhibitory effects of PD‑1 on T cells to a 
greater extent than either therapy alone. Therefore, combined 
therapy can activate T cells and boost antitumor immunity to 
a greater degree than either treatment alone.

TIM‑3 is an immune checkpoint protein that promotes 
immune suppression together with other inhibitory molecules. 
TIM‑3 is often upregulated in tumor‑infiltrating lymphocytes, 
strategies targeting TIM‑3 can be used to boost T cell activity 
and activate antitumor immunity (30). Based on the RT‑qPCR 
analysis (Fig. 3E), compared with the CON group, RT alone 
had no effect on the expression of TIM‑3, however, IDO inhi-
bition significantly downregulated the expression of TIM‑3, 
indicating that 1MT can relieve the inhibitory effects of TIM‑3 
on T cells and prevent T cell depletion. These results suggested 
that IDO inhibition boosted antitumor immunity. The IDO 
inhibitor synergized with RT to yield a better therapeutic 
effect than either therapy alone.

BTLA is a protein expressed on T helper (Th) 1 cells during 
T cell activation and a negative regulatory ligand that inhibits 
T cells  (31). Based on the RT‑qPCR analysis (Fig. 3F), no 
significant difference in BTLA expression was found between 
the RT and CON groups, however, IDO inhibition decreased 
the expression level of BTLA compared with the CON group, 
which may result in enhanced T cell activity. Therefore, IDO 
inhibitors can enhance T cell activity and antitumor immu-
nity. IDO inhibition synergized with RT and yielded better 
therapeutic effects than either treatment alone.

Galectin‑9 is a ligand expressed on the surface of multiple 
types of cancer cells, and as the most studied ligand for 
TIM‑3. Galectin‑9 can lead to T cell exhaustion by inhibiting 
T cell proliferation and inducing apoptosis (32). Based on the 
RT‑qPCR analysis (Fig. 3G), RT alone had no effect on the 
expression of galectin‑9, however, IDO inhibition significantly 
downregulated the expression of galectin‑9 compared with the 
CON group, indicating that 1MT relieves the inhibitory effects 
of galectin‑9 on T cells and boosts antitumor immunity. IDO 
inhibition synergized with RT and yielded better therapeutic 
effect than either treatment alone.

Discussion

The aim of the present study was to examine the feasibility 
and efficacy of RT combined with IDO inhibition in treating 
cancer.

The role of the inflammatory response in RT remains 
difficult to predict. The efficacy of RT is closely related to 
the immune status of the patient. RT can not only trigger 
innate and adaptive immune responses, leading to tumor 
regression, but can also cause tumor cells to develop a variety 
of resistance mechanisms that promote tumor immune 
escape (33‑35), which is why RT can synergize with immuno-
therapy to produce greater effects on the inhibition of tumor 
growth, IDO and negative regulators. By analyzing the results 
of combination therapy, the positive effects of IDO inhibition 
can be observed. IDO is an intracellular enzyme that degrades 
the essential amino acid L‑tryptophan to N‑kynurenine (36). 
IDO exerts immunosuppressive effects by reducing the local 
concentration of tryptophan and increasing the produc-
tion of immunomodulatory tryptophan metabolites  (37). 
Immunomodulatory tryptophan metabolites have different 
effects on immune cells. For example, the metabolites can 
inhibit proliferation and promote the apoptosis of T lympho-
cytes, and can induce naive T cells to differentiate into Tregs. 
IDO overexpression in DCs can affect cell maturation, which 
results in decreased antigen presentation and the increased 
expression of negative co‑stimulatory molecules (36). To alle-
viate the inhibitory effect of IDO on the immune system, the 
present study used an IDO inhibitor. Treatment with 1MT has 
been shown to enhance the function of cytotoxic lymphocytes 
in vitro following an allogeneic mixed lymphocyte reaction by 
reducing the expression of IDO (38). In addition, significant 
reductions in the levels of the associated negative regulators 
PD‑1, TIM‑3 and BTLA are also associated with the effects 
of RT and IDO inhibitors (39‑41). PD‑1 and its ligands, PD‑L1 
and PD‑L2, are immunological checkpoint proteins whose 
primary function is to limit inflammatory reactions in periph-
eral tissues (42). However, when these proteins are expressed 
in the tumor microenvironment, this process represents an 
effective mechanism for tumor‑induced immunosuppression 
and evasion. TIM‑3 is a member of the TIM gene family, 
which includes TIM‑1, TIM‑3, and TIM‑4 in humans and 
TIM‑1‑8 in mice. TIM‑3 is expressed on Th1, Th17 and CD8+ 
T cells of the mouse bone marrow lineage  (43). Binding 
between TIM‑3 and its ligand has been found to inhibit T cell 
responses and induce peripheral immune tolerance. BTLA 
is an inhibitory molecule expressed by T cells, B cells, DCs 
and natural killer cells. Herpes Virus Entering Medium is a 
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Figure 3. IDO inhibition and RT in combination reduce the expression of inhibitory receptors and Tregs, and promote T cell activation. (A) The results of flow 
cytometry. IFN‑γ, a dimeric soluble cytokine that promotes the proliferation and activation of cytotoxic lymphocytes, was examined to determine whether 
the activity of T cells was enhanced following treatment. CD4+CD25+FOXP3+ Tregs are also measured to determine the inhibitory effect on T cells. (B) The 
results showed that IDO inhibition synergized with RT to produce the most significant effect among all the treatments. The combined therapy of 1MT+RT had 
the stronger therapeutic effect. (C) The percentage of CD4+CD25+FOXP3+ cells (CD25+FOXP3+ cells of CD4+ cells) was measured to evaluate the inhibitory 
effect on Tregs. The results indicated that combined therapy showed the strongest inhibitory effect on Tregs. PD‑1, TIM‑3 and BTLA are negative regulators 
expressed on T cells and together lead to T cell anergy and exhaustion. The levels of (D) PD‑1, (E) TIM‑3 and (F) BTLA were measured, the results indicated 
that there was no significant difference between the CON and RT groups, however, 1MT and 1MT combined with RT significantly decreased the expression of 
these markers compared with the CON group; the combined group showing the strongest effect. (G) Galectin‑9 is expressed on cancer cells and is responsible 
for inhibition of T cell proliferation, and apoptosis. The level of galectin‑9 was measured and the results showed no significant difference between the CON and 
RT groups, however, 1MT significantly downregulated galectin‑9 expression compared with the CON group; IDO inhibition synergized with RT to produce the 
stronger effect on Galecton‑9 expression. n=5, experiments were repeated three times. **P<0.001, *P<0.01 vs. CON group. IDO, indoleamine 2,3‑dioxygenase; 
RT, radiotherapy; 1MT, 1‑methyl‑tryptophan; CON, control; PD‑1, programmed cell death 1; TIM‑3, T cell immunoglobulin domain and mucin domain 3; 
BTLA, B‑ and T‑lymphocyte attenuator; IFN‑γ, interferon‑γ; FOXP3, Forkhead box P3; Tregs, regulatory T cells.
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known ligand for BTLA. The cytoplasmic domain of BTLA 
is required for BTLA to fully inhibit T cell proliferation and 
cytokine production, including IFN‑γ, IL‑2 and IL‑10. The 
reduction of these cytokines may be related to the reduction 
of IDO. These molecules have similar functions in promoting 
T cell activation and DC‑mediated activation of T cells, and 
enhancing immunity (44), which is consistent with the results 
of the tumor growth curve in the present study showing that 
tumor growth was significantly reduced.

The present study found that 1MT combined with RT 
caused greater reductions in tumor growth, decreases in 
inhibitory receptors and ligands, and activation of DCs and 
T cells in vivo compared with either therapy alone. The killing 
activity of the activated cytotoxic T lymphocytes may further 
indicate the immune activation ability of this therapeutic 
strategy. In future experiments, additional measurements will 
be made during in vitro experiments, including measurement 
of the killing activity of cytotoxic T lymphocytes.

 Jiang and Chan (45) summarized the effects of RT and 
immune checkpoint blockade, supporting the results of the 
present study. Other in vitro experiments with tumor cells 
treated with RT or IDO inhibitors also showed similar effects, 
which also support the findings of the present study (46).

In conclusion, the present study demonstrated that IDO 
inhibition combined with RT can significantly decrease the 
expression level of IDO in tumor cells compared with the 
CON group. Furthermore, DCs tend to be mature and show 
a greater antigen‑presenting ability following combination 
therapy. Inhibitory receptors and ligands were downregulated 
in both DCs and T cells following combined therapy compared 
with the CON group, which partially overcomes the problem 
of T cell exhaustion. Together, these changes facilitate the 
activation of antitumor immunity. In addition, IDO inhibition 
and RT synergized to provide a more effective inhibition of 
tumor growth than either therapy alone.
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