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Gene silencing of indoleamine 2,3-dioxygenase 1 inhibits
lung cancer growth by suppressing T-cell exhaustion
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Abstract. Indoleamine 2,3-dioxygenase 1 (IDO1), which
degrades the essential amino acid tryptophan, exerts immunosup-
pressive functions and serves a crucial role in multiple types tumor
progression, including non-small-cell lung cancer (NSCLC) and
melanoma. Recent studies have reported that T-cell exhaus-
tion is increased during tumor progression, which impairs the
antitumor immune response. However, the association between
IDOLI and T-cell exhaustion during tumor progression remains
unknown. The present study evaluated the effect of IDO1 on
T-cell exhaustion in lung cancer mice. The present study demon-
strated that IDO1 knockdown by small interfering RNA in the
LLC cell line inhibited T-cell exhaustion. Furthermore, the role
of IDOL in T-cell exhaustion during lung cancer progression was
determined in an in vivo mouse model using IDOI short hairpin
RNA (shRNA). The results demonstrated that inhibition of IDO1
activity by shRNA administration in vivo significantly delayed
the onset and growth of tumors. In addition, the expression levels
of the inhibitory receptors programmed death-1 (PD-1) and B
and T lymphocyte attenuator (BTLA) were increased in T-cells
from the lung tumor-bearing mice, whereas interleukin-2 (IL-2)
and tumor necrosis factor-alpha (TNF-a) levels in serum were
decreased compared with the control mice. However, no differ-
ence in the absolute number of T cells was observed, including
CD4* and CD8" T cells. In addition, IDO1 knockdown by shRNA
inhibited T-cell exhaustion in lung tumor-bearing mice, which
was characterized by decreased expression of PD-1 and BTLA
on T cells. By contrast, IL-2 and TNF-a levels in serum were
increased in IDO1-shRNA-treated mice. By using a shRNA
approach, the present study demonstrated that IDO1 activity may
be involved in tumor growth, and that IDOL1 silencing may inhibit
tumor progression by impeding the process of T-cell exhaustion.
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Introduction

Lung cancer is the most common cancer worldwide. Although
various types of therapy have been used for its treatment, the
mortality rate remains high; in 2018, there were 234,030 new
lung cancer cases and 154,050 lung cancer-associated deaths
reported in the United States (1). It is therefore crucial to
further investigate the underlying mechanisms of lung cancer
development.

Indoleamine-2,3-dioxygenase 1 (IDOI1) is a rate-limiting
metabolic enzyme that converts tryptophan into downstream
catabolites known as kynurenines (2). It has been reported that
kynurenines can inhibit the activity and proliferation of T cells
and other immune cells, such as dendritic cells (3,4), leading
to successful tumor escape from immune surveillance. The
tumor microenvironment (TME) is a complicated environ-
ment of proliferating tumor cells that also contains a number
of immune cells stimulating cancer progression by tumor
immune escape. IDO1 is highly expressed in human lung
cancer tissue (5) and has been reported to elicit immunosup-
pressive effects and favor tumor progression in animal models
of lung cancer (6). Our previous study has found that IDOL is
highly expressed in mouse LLC cells. The immunosuppres-
sion effect of IDO1 in LLC cells is associated with regulatory
T-cell expansion, which serves a crucial role in tumorigenesis
and tumor development (7).

T-cell exhaustion is a process that occurs during tumor
progression and chronic viral infections, in which T cells lose
their ability to kill cancer or virus-infected cells upon chronic
antigen exposure (8,9). T-cell exhaustion is characterized by
the increased expression of numerous inhibitory receptors,
including programmed death-1 (PD-1) (10,11), B and T lympho-
cyte attenuator (BTLA) (11), T-cell immunoglobulin domain
and mucin domain 3 (TIM3) (10), lymphocyte-activation
gene 3 (12), CD244 (13) and cytotoxic T lymphocyte antigen-4
(CTLA4) (13). In addition, the secretion of certain cytokines,
including interleukin-2 (IL-2), tumor necrosis factor-a
(TNF-a) and interferon-y (IFN-vy) (13-15), is decreased during
T-cell exhaustion. Recently, immunotherapy has demonstrated
considerable promise in the management of various types
of malignancy, including NSCLC and hepatocellular carci-
noma (16,17). Recent studies have reported that inhibition of
T-cell exhaustion is an important form of cancer immuno-
therapy (18,19). An increasing number of recognized immune
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checkpoint inhibitors, including those of PD-1 and CTLA4,
affect the local tumor immune environment by blocking the
PD-1/PD-L1 and CTLA4 signaling pathways and have been
used to treat certain types of cancer, including melanoma (20),
non-small-cell lung cancer (21) and urothelial cancer (22).
These immune checkpoint inhibitors can restore T-cell anti-
tumor activity by suppressing T-cell exhaustion. At present,
an increasing number of new immune checkpoint inhibitors
are being discovered, including LAG-3 (23), TIM-3 (24) and
TIGIT (24).

The role of IDOI1 in the immune escape mechanism of
cancer was first introduced in 2002 by Friberg et al (25), who
reported that LLC cells stimulated a stronger allogeneic T-cell
response when cultured in the presence of an IDOI1 inhibitor,
leading to a delay in LLC tumor growth following systemic
treatment in vivo. Furthermore, IDO-knockout mice presented
with reduced tumor size and inhibited expression of CD4* and
CD8*-PDI1 in tumor-infiltrating T-cells (26). These studies
suggested that IDO1 may serve a crucial role in T-cell response
during tumorigenesis; however, the association between IDO1
and T-cell exhaustion in the tumor microenvironment remains
unknown and requires further investigation.

In the present study, the role of IDOI in T-cell exhaustion
during tumor progression was investigated, with the aim to
clarify the association between IDOI expression levels and
lung cancer. In addition, the present study investigated whether
IDOI can inhibit lung cancer growth by suppressing T-cell
exhaustion in the lung tumor-bearing mice which may inform
the development of IDO1-targeted molecular therapy to inhibit
T-cell exhaustion of lung cancer.

Materials and methods

Cell lines and mice. The Lewis Lung Carcinoma (LLC) cell
line was purchased from The Cell Bank of Type Culture
Collection of the Chinese Academy of Sciences and was
authenticated by conventional tests of cell line quality control
methods (morphology, isoenzymes, mycoplasma). Cells were
cultured in Dulbecco's modified Eagle's medium (Gibco;
Thermo Fisher Scientific, Inc.) containing 10% fetal bovine
serum, 2 mmol/l L-glutamine and 100 U/ml penicillin/strep-
tomycin (all Gibco; Thermo Fisher Scientific, Inc.) placed at
37°C in a humidified incubator containing 5% CO,.

A total of nine female C57BL/6 mice (aged 6-8 weeks,
weighing 15-20 g) were purchased from The Shanghai SLAC
Laboratory Animal Co., Ltd. The use of all mice in the present
study followed the Regulations for the Administration of
Affairs Concerning Experimental Animals of China, and
Ethics approval from the Institutional Animal Care and
Use Committee of Jiangxi Academy of Medical Sciences
in China was obtained. The mice were housed in a specific
pathogen-free animal facility affiliated to Jiangxi Academy
of Medical Sciences with a controlled temperature of 25°C,
50-65% relative humidity and a 12-h light/dark cycle. The
mice had ad libitum access to sterile water and food.

IDOI transfection with small interfering (si)RNA. siRNA
targeting IDO1 and luciferase gene glabra 2 (GL2; GL2-siRNA)
were designed and synthesized by GE Healthcare Dharmacon,
Inc. The GL2-siRNA, which was not expressed in treated

SHANG et al: IDO1 SILENCING INHIBITS LUNG CANCER GROWTH BY SUPPRESSING T-CELL EXHAUSTION

cells (scrambled siRNA), was used as a negative control. The
sequences of the siRNA were as follows: IDO1 siRNA,5-GGG
CUUCUUCCUCGUCUCUTT-3' and GL2 siRNA, 5-CGU
ACGCGGAAUACUUCGA-3". These siRNAs were transfected
into LLC cells with Lipofectamine® 2000 reagent (Invitrogen;
Thermo Fisher Scientific, Inc.). Briefly, LLC cells (1x10°/well)
were seeded into 12-well plates until they reached 50-70%
confluence. Before transfection, medium was replaced with
300 ul OptiMEM® serum-reduced medium (Gibco; Thermo
Fisher Scientific, Inc.). Subsequently, 1 g IDOI1-siRNA or
GL2-siRNA was incubated with 2 ul Lipofectamine® 2000
reagent in 200 p1 OptiMEM® serum-reduced medium at room
temperature for 20 min, followed by addition of the mixture
to the cells that were gently agitated to distribute the mixture
uniformly for 24 h.

Extraction of IDOI mRNA and reverse transcription-quan-
titative (RT-q)PCR. Total RNA was extracted from cells
using Invitrogen TRIzol® Reagent (Invitrogen; Thermo Fisher
Scientific, Inc.). For mRNA quantification, 1 ug total RNA was
transcribed into cDNA using MMLV Reverse Transcriptase
kit (Invitrogen; Thermo Fisher Scientific, Inc.) according to
the manufacturers' instructions. The sequences of the primers
were as follows: B-actin forward 5"AGGGAAATCGTGCGT
GACAT-3' and reverse, 5'-AACCGCTCGTTGCCAATA
GT-3"; IDOLI forward, 5'-GTACATCACCATGGCGTATG-3'
and reverse, 5'-CGAGGAAGAAGCCCTTGTC-3'. QPCR was
performed using SYBR® Green PCR Master Mix (Takara Bio,
Inc.) in a final volume of 20 ul on the Bio-Rad CFX96TM
Real-Time System (Bio-Rad Laboratories, Inc.). The ampli-
fication conditions were 95°C for 30 sec, 60°C for 30 sec
and 72°C for 15 sec for 45 cycles. The expression levels of
mRNA were normalized to B-actin. The relative expressions
level of IDOI1 was normalized to endogenous control and was
expressed as 27244 (27).

Western blotting. LLC cells were lysed using RIPA buffer
(Beijing Solarbio Science & Technology Co., Ltd.) containing
PMSF protease inhibitor (I mmol/l). Protein concentration
was determined by using the bicinchoninic acid protein assay
(Bio-Rad Laboratories, Inc.). Proteins (30 ug) were separated
by 8% SDS-PAGE and transferred to PVDF membranes.
The membranes were blocked with 5% nonfat milk and 3%
BSA in TBST (0.25% Tween-20) and subsequently incubated
overnight at 4°C with the following primary antibodies: Mouse
anti-human IDOI1 mAb (cat. no. sc-53978; 1:200; Santa Cruz
Biotechnology, Inc.) and mouse anti-human f-actin mAb
(cat. no. sc-47778; 1:2,000; Santa Cruz Biotechnology, Inc.).
The membranes were washed three times with TBST and incu-
bated with the secondary antibody, goat anti-mouse IgG-HRP
(cat. no. sc-358914; 1:5,000; Santa Cruz Biotechnology, Inc.),
at room temperature for 2 h. Enhanced chemiluminescence
reagent (OriGene Technologies, Inc.) was used to detect the
signal on the membrane. The relative expression levels of the
IDOI1 protein were calculated using the gray scale ratio of
IDOI1/B-actin using ImageJ version 1.46 software (National
Institutes of Health).

ShRNA expression vector treatment. All mice were success-
fully modeled and randomly divided into a control group (no
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treatment group) (n=3), a scrambled-shRNA treatment group
(n=3) and an IDO1-shRNA treatment group (n=3) (28). Briefly,
C57BL/6 mice were treated with 40 ug IDOI1- or scram-
bled-shRNA (GE Healthcare Dharmacon, Inc.) dissolved in
1 ml PBS by hydrodynamic tail intravenous injection 3 days
before cancer inoculation, 5x10° LLC cells resuspended in
0.1 ml PBS were injected subcutaneously into the upper hind
leg of all C57BL/6 mice (28). On days 7, 14 and 21 following
cancer cell inoculation, expect the control group mice (no
treatment), mice were injected with 40 yg IDO1-shRNA or
scrambled-shRNA dissolved in 1 ml PBS by hydrodynamic
tail intravenous injection. Tumor size was measured with a
caliper every other day, and the tumor volume was calculated
as follows (29,30): Tumor volume=0.5x (tumor length) x (tumor
width)?. Tumor onset was considered to have occurred when
the tumor diameter reached 5 mm. On day 21, all mice were
sacrificed with 30%/min carbon dioxide for ~180 sec prior to
cervical dislocation (31,32) and were confirmed dead based on
cardiac arrest and respiratory arrest 40-60 sec later. Tumors,
lymph nodes and spleens were collected, tumors were weighed
and tumor volumes were measured. These tissues were stored
at -80°C for further experiments. The shRNA sequences were
as follows: IDO1 shRNA, 5-GGGCUUCUUCCUCGUCUC
UTT-3' and scramble-shRNA, 5-CGUACGCGGAAUACU
UCGA-3.

Co-culture of LLC cells and lymphocytes in vitro. LLC cells
were seeded in 12-well plates at a density of 1x10° cells/well
for 24 h and were transfected with IDO1- or GL2-siRNA.
After 24 h of transfection, lymphocytes isolated from the
spleen of LLC-bearing C57BL/6 mice (33). Briefly, spleens
(~1 cm in length and 30 mm in width) were placed on a 40 ym
Falcon Cell Strainer (VWR International, LLC.) and gently
squashed with a plunger. The cell suspension was collected to
centrifuge at 4°C, 250 g for 5 min, then further isolated using
ACK Lysing Buffer (Beijing Solarbio Science & Technology
Co., Ltd.) to lyse red blood cells. Lymphocytes were added
to the LLC cells at a density of 5x10° cells/well and were
cultured at 37°C with 5% CO, for 48 h. Lymphocytes were
subsequently collected and stained with anti-CD4-FITC
(cat. no. 553047; 1:200; BD Pharmingen; BD Biosciences),
anti-CDS8-PE (cat. no. 12-0081-82; 1:200; eBioscience; Thermo
Fisher Scientific, Inc.), anti-PD-1-APC (cat. no. 17-9985-82;
1:200; eBioscience; Thermo Fisher Scientific, Inc.) and
anti-BTLA-PE (Cat. no. 12-5950-82; 1:200; eBioscience;
Thermo Fisher Scientific, Inc.), incubated at 4°C in dark for
30 min, then detected using flow cytometry (BD FACSCanto
II; BD Biosciences). The data were analyzed suing FlowJo
version 10 software (Becton, Dickinson and Company).

Immunohistochemistry (IHC) staining. Tumor tissues
collected from lung tumor-bearing mice on day 21 were
fixed in 4% paraformaldehyde at 4°C for 24 h and embedded
in paraffin. The 4-7 ym sections were deparaffinized and
endogenous peroxidase activity was quenched using a 3%
H,0, solution at 20°C for 20 min. The antigens were retrieved
using a sodium citrate buffer (0.01M, pH 6.0) in a pressure
cooker (100°C) for 15 min and tissue sections were incubated
with an IDOI primary antibody (cat. no. sc-53978; 1:50; Santa
Cruz Biotechnology, Inc.) for 16 h at 4°C. The sections were
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washed three times with PBS, incubated with ready to use
enzyme-conjugated streptavidin (cat. no. 14C12B01; Boster
Biological Technology) at 37°C for 30 min, washed three times
with PBS and stained with 3'-diaminobenzidine. Subsequently,
the degree of immunostaining was scored according to the
proportion of positively stained tumor cells and the intensity
of staining. The percentage of tumor cell staining was scored
as 0 (negative), 1 (weak), 2 (moderate) and 3 (strong) for 0, <25,
26-50 and >50% of positively stained cancer cells, respectively.
The final staining score was calculated as follows: Staining
score=intensity score X percentage score.

Phenotypic flow cytometry analysis. To assess T-cell exhaus-
tion, on day 21 following LLC cell injection in C57BL/6
mice, lymphocytes from the lymph node and the spleen were
collected from mice. Single-cell suspensions were prepared
as aforementioned and analyzed using flow cytometry, the
detailed experimental procedures for cells prepared, stained
and analyzed were described in the ‘Co-culture of LLC cells
and lymphocytes in vitro’ section.

Secreted cytokine detection by ELISA. The serum was
obtained from the mice blood as follows. After anesthesia,
0.5-1 ml blood was collected from the eyeballs of mice, which
was kept at room temperature for 2 h, then centrifuged at
3,000 x g for 10 min to separate the serum. The concentra-
tion of TNF-a and IL-2 in mouse serum was performed using
Quantikine Mouse TNF-a (cat. no. 88-7324-88; Invitrogen,
Thermo Fisher Scientific, Inc.) and IL-2 Immunoassay kits
(cat. no. 88-7024-88; Invitrogen, Thermo Fisher Scientific,
Inc.) according to the manufacturer's instructions. Briefly,
ELISA plates were coated with capture antibody, blocked with
ELISA/ELISPOT Diluent, incubated with detection antibody
and washed, serum cytokines were detected by incubation with
Avidin-HRP at room temperature for 30 min. Plates were then
washed, substrate was added and plates were read at 450 nm
using microplate reader (Molecular Devices).

Statistical analysis. Data are presented as the mean + standard
deviation and were analyzed using GraphPad Prism 5
(GraphPad Software, Inc.). Student's t-test (two-tailed
unpaired) was used to compare the differences between two
groups. One-way ANOVA was used to compare =3 groups
followed by Tukey's post-hoc test. P<0.05 was considered to
indicate a statistically significant difference.

Results

IDOI-siRNA decreases IDOI expression in vitro. To confirm
IDO1 knockdown by IDO1-siRNA in LLC cells, IDO1 mRNA
and protein expression was assessed by RT-qPCR and western
blotting, respectively. As presented in Fig. 1A, IDOI expression
level in LLC cells transfected with IDO1-siRNA was signifi-
cantly decreased compared with the control group (P<0.05). In
addition, IDOLI protein expression was significantly decreased
following IDOI1-siRNA transfection compared with the control
(Fig. 1B).

IDOI-siRNA inhibits T-cell exhaustion in vitro. To determine
the effect of IDO1 knockdown on T-cell exhaustion, LLC cells
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Figure 1. IDOI-siRNA silences IDO1 expression in vitro. (A) IDO1 mRNA expression. LLC cells were transfected with IDO1-siRNA or GL2-siRNA (nega-
tive control). Untransfected cells were used as a blank control. IDO1 mRNA expression level was detected by reverse transcription-quantitative PCR (n=3).
(B) IDO1 protein expression. Silencing of IDO1 was confirmed by western blotting (n=3) in LLC cells after transfection with IDO1-siRNA, GL2-siRNA or
blank control. “P<0.05 and “P<0.01. GL2, glabra 2; IDOI, indoleamine 2,3-dioxygenase 1; siRNA, small interfering RNA.

treated with IDOI1-siRNA, GL2-siRNA and the untreated
control group were co-cultured with T cells isolated from the
spleen of LLC tumor-bearing mice. T cells were collected, and
the expression of inhibitory receptors PD-1 and BTLA, which
are markers of T-cell exhaustion, was assessed by flow cytom-
etry. The results demonstrated that PD-1 and BTLA expression
in CD8" T cells (PD-1, 8.37+1.17%; BTLA, 5.06+0.47%) in
the co-culture of IDOI1-siRNA LLC cells and T cells was
decreased compared with the control (PD-1, 16.8+2.3%;
BTLA, 7.83+1.07%) and scrambled GL2-siRNA group (PD-1,
15.8+1.18%; BTLA, 7.34+1.02%; Fig. 2A and B). These results
demonstrated that IDO1-siRNA in LLC cells inhibited T-cell
exhaustion in vitro.

IDOI-shRNA transfection suppresses lung cancer growth
in vivo. The present study evaluated the therapeutic effect of
IDOLI knockdown by using IDO1-shRNA to treat tumor-bearing
mice. The IDOI staining score of IDO1-shRNA-treated mice was
decreased compared with that of scrambled-shRNA-treated mice
and the untreated control group (Fig. 3A and B), confirming the
efficiency of IDOI1 knockdown in tumor tissues. Furthermore, in

IDOI1-shRNA-treated mice, the time of tumor onset was delayed
(Fig. 3C), and tumor growth was significantly slower compared
with that of scrambled-shRNA-treated mice and control group
(Fig. 3D). In addition, tumor size in IDO1-shRNA-treated mice
was decreased compared with scrambled-shRNA-treated mice
and the control group (Fig. 3E), and tumor weight was signifi-
cantly decreased in IDO1-shRNA-treated mice compared with
the other two groups (Fig. 3F). These results suggested that
intravenous injection of IDO1-shRNA may inhibit lung cancer
growth in mice.

The presence of tumors increases the expression of PD-1 and
BTLA on CD4+ and CD8+ T cells in vivo. To determine the role
of LLCs in the T-cell immune response, C57BL/6 mice were
inoculated subcutaneously with 5x10° LLC cells into the upper
hind leg, whereas animals were injected with PBS as the no tumor
group. Lymphocytes from the lymph nodes and the spleen were
harvested and stained for CD4*,CD8* and the inhibitory receptors
PD-1 and BTLA to analyze T cells in LLC tumor-bearing mice
and no tumor mice by flow cytometry. The results demonstrated
that the percentages of CD4* and CD8* T cells were similar in
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Figure 2. IDOI1-siRNA in LLC cells inhibits T-cell exhaustion in vitro. (A and B) LLC cells were transfected with IDO1-siRNA or GL2-siRNA and co-cultured
with lymphocytes isolated from spleen. Lymphocytes were collected and (A) PD-1 and (B) BTLA were detected by flow cytometry. n=3. “P<0.05 and “P<0.01.
BTLA, B and T lymphocyte attenuator; GL2, glabra 2; IDOI, indoleamine 2,3-dioxygenase 1; PD-1, programmed death-1; siRNA, small interfering RNA;

control, untransfected cells.

tumor-bearing mice and mice without tumors (Fig. 4A and B).
Furthermore, mice with tumors presented with an increased
percentage of PD-1*, CD4* and BTLA* on CD4* T cells from
the lymph nodes and the spleen compared with that in healthy
mice (Fig. 4C): in the lymph nodes, the percentage of PDI* cells
was 17.2+0.9 vs. 9.9+0.5%, and that of BTLA" cells was 37.3+0.5
vs. 31.8+1.2% in mice with tumor vs. mice without tumors, respec-
tively. In the spleen, the percentage of PDI* cells was 10.7+0.6
vs. 7.24+0.2%, and that of BTLA* cells was 1.5+0.2 vs. 0.7+0.05%
in mice with tumor vs. mice without tumors, respectively. Similar
results were observed in CD8* T cells (Fig. 4D), the percentage
of PD1* cells from the lymph node was 99+1.0 vs. 5.1+£0.5% and
that of BTLA* cells was 21.4+1.5 vs. 14.5+0.6% in mice with
tumors vs. mice without tumors, respectively. In the spleen, the
percentage of PD1* cells was 2.2+0.1 vs. 1.5+0.1%, and that of
BTLA" cells was 2.6+0.3 vs. 1.1+0.1% in mice with tumors vs.
mice without tumors, respectively. These results demonstrated
that tumors did not alter the number of CD4* and CD8* T cells
in the lymph nodes or the spleen. However, the expression of PD1
and BTLA on CD4* and CD8* T cells was increased in the TME.
Taken together, these results suggested that T-cell exhaustion may
occur in lung TME.

Treatment with IDOI-shRNA decreases co-inhibitory
receptor expression on CD4*/CD8* T cells in vivo. In the
present study, IDO1-shRNA decreased the tumor size of
tumor-bearing mice. Subsequently, IDO1-shRNA treatment
was applied in vivo, as well as scrambled-shRNA treatment

and absence of treatment (control). Lymphocytes from the
lymph nodes and the spleen of LLC-bearing tumor mice
were collected on day 21 to detect the expression of PD-1
and BTLA in CD4* and CD8* T cells by flow cytometry. The
expression of PD-1 and BTLA on CD4" cells of lymph nodes
from IDO1-shRNA-treated mice was significantly decreased
compared with scrambled-shRNA-treated mice (16.8+0.6 to
12.7+0.9 and 35.8+2.3 to 16.8+1.8%, respectively; Fig. 5A).
The expression of PD-1 and BTLA on CD8* T cells of lymph
nodes from IDO1-shRNA-treated mice was significantly lower
compared with that of mice treated with scrambled-shRNA
(9.2+1.2 to 4.8+0.7 and 32.6+1.0 to 17.4+4.0%, respectively;
far right-hand graph, Fig. 5C). Furthermore, PD-1 and BTLA
expression on CD4* T cells from the spleen was also signifi-
cantly decreased in IDO1-shRNA-treated mice compared
with scrambled-shRNA-treated mice and the control group
(no treatment) (Fig. 5B). These results demonstrated that
IDO1-shRNA suppressed T-cell exhaustion by inhibiting the
expression of co-inhibitory receptors.

Treatment with IDOI-shRNA recovers cytokine production
in vivo. One characteristic of T-cell exhaustion is the impaired
production of cytokines (15). To determine whether treatment
with IDO1-shRNA in tumor-bearing mice increased cytokine
production in the TME, serum from untreated tumor-bearing
mice (control), scrambled-shRNA- or and IDO1-shRNA
treated mice was collected. Subsequently, serum TNF-a and
IL-2 levels were analyzed by ELISA. The results demonstrated
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Figure 3. Treatment with IDO1-shRNA inhibits lung cancer growth in vivo. Treatment with IDO1 or scrambled expression vectors was performed by hydro-
dynamic intravenous tail injection. (A) Tumor tissues were collected from lung cancer-bearing mice after 21 days. Expression of IDOI in tumors was detected
by immunohistochemistry (magnification, x40). (B) IDOI expression scores. (C) Time of tumor onset was recorded when the tumor diameter reached 5 mm.
(D) Tumor growth curve. (E) Images of tumors. At day 21 after LLC cell inoculation, the mice were sacrificed, and the tumors were measured with a caliper.
(F) Tumor weights were measured after 21 days. “P<0.05, “P<0.01 and *"P<0.001. IDOI1, indoleamine 2,3-dioxygenase 1; ShRNA, short hairpin RNA; control,

untreated mice,

that the serum TNF-a and IL-2 levels in LLC-bearing mice
were significantly lower compared with those in healthy
mice (Fig. 6A and B). In addition, serum TNF-a and IL-2
levels in tumor-bearing mice treated with IDO1-shRNA
were significantly increased compared with the control and
scrambled-shRNA-treated mice (Fig. 6C and D). Furthermore,
the TNF-a and IL-2 concentrations of mice treated with
IDO1-shRNA returned to the level of mice without tumors
(Fig. 6A, C and B, D). These data suggested that treatment with
IDOI1-shRNA recovered IL-2 and TNF-a production in vivo.

Discussion

IDOL1 is an immunosuppressive regulatory factor in the TME,
which allows tumor cells to escape immune surveillance (5).

T-cell exhaustion is a state of T-cell functional deficiency in
tumors (34). At present, the effect of IDO1 on T-cell exhaus-
tion remains unclear. In the present study, T-cell exhaustion
was investigated in a murine lung cancer model. The results
demonstrated the importance of IDO1 in T-cell exhaustion, and
that IDOL silencing may inhibit tumor growth by suppressing
T-cell exhaustion.

IDOl isarate-limitingenzymeinvolved in the kynurenine
pathway, which is a metabolic pathway that induces immuno-
suppression by degrading tryptophan in the tumor-draining
lymph nodes and the TME (35). IDOL is highly expressed
in human lung cancer tissues (5) and a previous study
reported that IDO1 downregulation in dendritic cells by
gene silencing using an immune-stimulatory nanosystem
can suppress tumor growth in lung cancer model (36).
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Figure 4. Tumors increase inhibitory receptor expression in both CD4* and CD8* T cells in vivo. Tumor-bearing mice were inoculated subcutaneously
with LLC cells, and lymphocytes were collected for analysis after 21 days. Mice without tumors were used as the control. (A) Flow cytometry analysis of
CD4*/CD8* lymphocytes from lymph nodes of CD3* T cells in mice without tumors and mice with tumors. (B) Flow cytometry analysis of CD4*/CD8*
lymphocytes from the spleen of CD3* T cells in mice without tumors and mice with tumors. (C and D) Percentage of PD1 and BTLA in CD4*/CD8* T cells
from the lymph nodes and the spleen in mice without tumors vs. mice with tumors. "P<0.05 and “P<0.01. BTLA, B and T lymphocyte attenuator; LN, lymph
node; PD-1, programmed death-1; SP, spleen.
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Figure 5. IDO1-shRNA treatment decreases the expression of inhibitory receptors of CD4*/CD8* T cells in vivo. Lymphocytes from lymph nodes and spleen of
LLC-bearing tumor mice were collected on day 21 injection of LLC cells. CD4* and CD8* T cells were stained with anti-PD-1 and anti-BTLA and analyzed
by flow cytometry. Expression of PD-1 and BTLA on CD4* T cells in the (A) lymph nodes and (B) spleen of tumor-bearing mice without treatment, or treated
with scrambled-shRNA or IDO1-shRNA. (C) Expression of PD-1 and BTLA on CD8* T cells from the lymph nodes of tumor-bearing mice without treatment
or treated with scrambled-shRNA or IDOI-shRNA. Statistical analysis of the expression of PD1 and BTLA on CD4* (right panel in A and B) and CD8*
(right panels in C) was performed from three independent experiments. ‘P<0.05 and “P<0.01. BTLA, B and T lymphocyte attenuator; IDO1, indoleamine
2,3-dioxygenase 1; LN, lymph node; PD-1, programmed death-1; sh, short hairpin; SP, spleen.
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Figure 6. Treatment with IDO1-shRNA in tumor-bearing mice in vivo recovers cytokine secretion. C57BL/6 mice were treated with IDO1-shRNA or scram-
bled-shRNA by hydrodynamic intravenous tail injection. At day 21, blood from tumor-bearing control and treated mice was collected to detect the serum levels
of TNF-a and IL-2 by ELISA. (A and B) Serum TNF-a and IL-2 levels in mice with and without tumors. (C and D) Serum TNF-a and IL-2 levels in the control
mice, IDO1-shRNA- and scrambled-shRNA-treated mice. n=3. “P<0.05 and “P<0.01. IL-2, interleukin-2; IDO1, indoleamine 2,3-dioxygenase; shRNA, short

hairpin RNA; TNF-a, tumor necrosis factor-a.

These studies confirmed that IDOI activity is involved in
tumor growth. However, only a limited number of studies
have investigated the role of IDO1 derived from tumor
tissues or cells in lung cancer progression (26,28), which
mostly focused on metabolic reprogramming of immune
cells or angiogenesis inhibition. In the present study, we
investigated the effect of IDOI1 derived from lung cancer
on T-cells exhaustion. Our group has previously found that
IDOL is highly expressed in LLC cells (data not published).
Ladomersky E reported inhibition of IDOI1 activity by
1-methyl-tryptophan can increase patient survival (37);
however, this treatment caused numerous adverse effects,
including toxic and autoimmunity disease (38). The present
study therefore attempted to knock down IDOI1 by siRNA
in LLC cells and verify whether IDO1-siRNA may silence
IDOLI expression in vitro. Furthermore, the effect of IDO1
derived from tumor tissues on tumor growth was evalu-
ated using shRNA interference, which is a mechanism of
silencing gene expression resulting in sequence-specific
mRNA interference (39). Hydrodynamic tail vein injection
of various shRNA plasmids has been used as a treatment
for prostate cancer, breast cancer and other diseases in
mouse models (40). In the present study, IDO1 was knocked
down in LLC tumor-bearing mice using shRNA. Results

demonstrated that IDO1-shRNA treatment significantly
delayed tumor onset and decreased tumor volume and
weight compared to scramble-RNA treatment negative
control. Furthermore, the results of the immunohistochem-
istry staining demonstrated that IDO1-shRNA treatment
successfully knocked down IDOI in tumor tissues. These
results suggested that IDO1 may be silenced by injection of
IDOI1-shRNA into mice, therefore inhibiting tumor growth.

T cells that are reactive to tumor and viral antigens lose
their reactivity when exposed to the antigen-rich environ-
ment of a larger tumor bed or viral load; such non-responsive
T cells are considered exhausted (13). T-cell exhaustion is
characterized by the upregulation of inhibitory molecules,
including PD-1, BTLA and TIM3 (41,42), and the reduced
production of immune signaling molecules and cytokines,
including TNF-a, IL-2 and IFN-y (10,15). Therapeutic rein-
vigoration of tumor-specific T cells has greatly improved
clinical outcomes in cancer (43). Previous studies in murine
and human cancers have reported that suppressing T-cell
exhaustion has a significant therapeutic effect on tumors
by restoring the anti-tumor function of T cells (34,44). In
numerous models of malignant tumors, including malignant
T-lymphoma and melanoma, the expression levels of PD-1
and BTLA were demonstrated to be associated with the
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decrease of tumor-specific T-cell effector function (45,46).
Blockage of both PD-1 and BTLA inhibitory pathways
improves tumor-specific antigen immune responses and
reverses T-cell exhaustion (11,47). A previous study has
suggested that the expression levels of PD-1, BTLA and
2B4 proteins in both CD4* and CD8* T-cell compartments
are increased in mice with localized cancer compared with
healthy control (48). In the present study, lymphocytes from
Ilymph nodes and spleen were collected from mice. These
results demonstrated that tumors did not alter CD4* and
CDS8* T-cell numbers in the lymph nodes and the spleen
in LLC-bearing tumor mice compared with mice without
tumors, but increased the expression of PD-1 and BTLA.
These results suggested that T-cell exhaustion may occur
in the lung TME. A previous study reported that IDOI is
highly expressed in tumors and plays an important role in
the T-cell response to tumorigenesis (25). To further inves-
tigate the association between IDO1 and T-cell exhaustion
in vitro, LLC cells transfected with IDOI1-siRNA,
Gl12-siRNA or control were co-cultured with T cells from
LLC tumor-bearing mice. The results demonstrated that
PD-1 and BTLA expression on CD8* T cells was decreased
in LLC cells following IDOI1 knockdown, suggesting
that IDO1 knockdown in LLC cells may suppress T-cell
exhaustion during tumor progression. Furthermore, LLC
tumor-bearing mice were treated with IDO1-shRNA in
order to knock down IDOI1 expression in tumors. The
results demonstrated that IDO1 shRNA-treated mice
presented with decreased expression of PD-1 and BTLA on
CD4* and CD8* T cells, and suggested that IDO1-shRNA
suppressed T-cell exhaustion by inhibiting the expression
of co-inhibitory receptors.

Cytokines serve a crucial role in tumor cell prolifera-
tion. Exhausted T-cells progressively lose their functional
capacity to proliferate and to produce cytokines, including
TNF-a, IL-2 and IFN-vy (41). It has been reported that IL-2
can reverse CD8* T-cell exhaustion in malignant pleural
effusion of lung cancer (49). In the present study, serum
TNF-a and IL-2 level in LLC tumor-bearing mice was
decreased compared with healthy mice, suggesting TNF-a
and IL-2 secretion may be inhibited in tumors in vivo, which
is associated with T-cell exhaustion. In addition, the results
of the present study demonstrated that treatment with
IDOI1-shRNA in LLC-bearing mice increased TNF-a and
IL-2 production, compared with scrambled shRNA-treated
mice and untreated control mice, and the concentrations of
these cytokines after IDO1-shRNA treatment returned to
the level of mice without tumors (healthy mice), These data
suggested that treatment with IDO1-shRNA in vivo may
recover cytokine secretion.

Some limitations of this study are the small sample size
and the separation of T-cells. A total of nine female C57BL/6
mice in the present study were used and divided into three
groups (n=3). Although the small sample size was one of the
limitations, the differences between each group were observed
and the sample size was sufficient for statistical analysis to be
performed, suggesting that the conclusions of the present study
were reliable. A similar situation was previously reported,
with a small sample size in their mice experiments (n=3) (35).
Regarding T-cells isolation, the present study used T-cells
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isolated from lymph nodes and spleen because extracting infil-
trating T-cells from tumor tissues is difficult and only results
in a small number of extracted T-cells. Therefore, extracting
T-cells from lymph nodes and spleen was sufficient for the
present study as this method has met the requirements of
previous experiments (47,50).

In summary, the results of the present study demonstrated
that IDO1-shRNA delayed tumor onset and inhibited tumor
growth by impeding T-cell exhaustion in a murine lung cancer
model, which may be subsequent to the downregulation of
T-cell inhibitory receptors PD-1 and BTLA and the upregu-
lation of IL-2 and TNF-a secretion. These results suggested
that IDOIl-targeting molecular therapy may be combined with
suppressive T-cell exhaustion therapy to treat patients with
lung cancer, and that IDO1 knockdown by gene silencing
may be considered as a promising treatment strategy for lung
cancer.
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