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Abstract. The significance of indoleamine 2,3-dioxygenase-1 
(IDO1) has been studied in various types of tumors, but the 
relationship between IDO1 and tumor angiogenesis needs 
further delineation. We aimed to clarify the relationship 
between tumor angiogenesis and IDO1 expression, and to 
explore the possibility of IDO1-targeting molecular therapy 
for lung cancer. For the first time, we found that silencing 
the IDO1 gene using small interfering RNA (siRNA) 
inhibits in  vitro cancer cell invasion and migration. We 
further demonstrated that knockdown of IDO1 decreased 
the formation of vasculogenic mimicry. In addition to these 
in vitro findings, we also demonstrated that in vivo IDO1 
gene silencing using short hairpin RNA (shRNA) delayed 
tumor onset and inhibited tumor growth in the mouse model. 
Immunostaining showed that IDO1 gene silencing inhibited 
tumor angiogenesis. Moreover, the expression of IDO1 was 
associated with microvessel density (MVD) labeled by CD34 
and CD146. These findings indicate that IDO1 has the poten-
tial to participate in or contribute to the formation of new 
capillaries, supporting the applicability of IDO1-targeting 
molecular therapy in lung cancer.

Introduction

Lung cancer is an international health problem and its inci-
dence and mortality rate show a rising trend among various 
common malignant tumors (1). As early lung cancer is often 
asymptomatic, more than 20% of non-small cell lung cancers 
are classified as stage Ⅲ disease at the time of diagnosis (2). 
Standard treatment for advanced lung cancer includes surgery 
and combination chemotherapy, but there are issues with 
relapse and chemotherapy drug resistance, while the toxicity 
of chemotherapy also limits its range in clinical applications. 
Therefore, exploration of new treatments for lung cancer is a 
hotspot of current research.

Indoleamine 2,3-dioxygenase-1 (IDO1) is a rate-limiting 
enzyme that catalyzes the catabolism of tryptophan by the 
kynurenine pathway (3), and its activity has been detected in 
various tissues such as lung, small intestine and placenta (4), 
especially in the thymic medulla and secondary lymphoid 
organs of the T-cell area immune system (5,6). IDO1 expres-
sion in tumor tissues is significantly higher than that in normal 
tissues. However, overexpression of IDO1 gene contributes 
to the depletion of local tryptophan, resulting in the suppres-
sion of T-cell and NK-cell functions. These immune cells 
are sensitive to tryptophan deficiency. At the same time, the 
accumulation of tryptophan metabolites, especially kynurenic 
acid, can inhibit NK cell receptor expression, thereby inhib-
iting the function of NK cells, thus developing tumor immune 
tolerance (7). Many studies have shown IDO1 expression in 
various cancers, including lung (8), colorectal (9), prostate (10), 
breast (11), and ovarian (12), and the expression of IDO is asso-
ciated with poor patient prognosis (13-15).

Angiogenesis is a necessary condition for the growth and 
metastasis of solid tumors. It provides the necessary nutrients 
for growth, allowing the tumor to enter the rapid growth 
phase, and provides the channel for distant metastasis of the 
tumor (16). Microvessel density (MVD) is one of the most 
important parameters in the evaluation of tumor angiogenesis. 
As an indirect measure of angiogenesis, MVD can be used to 
reflect the biological behavior of malignant tumor. MVD has 
been shown to be an independent prognostic marker to predict 
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tumor growth, metastasis and recurrence in many solid tumors 
including lung cancer  (17). CD34 is a highly glycosylated 
transmembrane protein that allows for quantitative assessment 
of microvessel density in the event of vascular injury (18). 
CD34 is one of the markers of vascular endothelium, which is 
considered to be a repeatable, stable and mature vascular endo-
thelial marker. CD146 is a single-chain membrane through 
glycoprotein, belonging to the immunoglobulin superfamily 
members. It has homology with many cell adhesion molecules. 
CD146 is involved in tumor angiogenesis, not only as a cell 
adhesion molecule, but also as a membrane signal transduc-
tion molecule in tumor-induced angiogenesis (19). We used 
CD34 and CD146 as markers for quantitative evaluation of 
microvessel density in this study.

Current research of IDO1 is focused on its immunological 
function with very few studies on the relationship between 
IDO1 expression and angiogenesis. In this study, we aimed to 
expound the relationship between IDO1 expression and lung 
cancer progression, particularly angiogenesis, and to develop 
IDO1-targeted molecular therapy to inhibit angiogenesis of 
lung cancer.

Materials and methods

Cell lines and experimental animals. The Lewis lung cancer 
(LLC) cell line used in this study was obtained from the 
American Type Culture Collection (ATCC) and maintained 
in DMEM medium (Invitrogen Life Technologies, Carlsbad, 
CA, USA) with 10% FBS, L-glutamine, penicillin, and strep-
tomycin at 37˚C in 5% CO2. Four- to six-week-old female 
C57BL/6 mice were purchased from The Jackson Laboratory 
(Bar Harbour, ME, USA). All experimental protocols and 
ethics approval were in accordance with the approved guide-
lines for safety requirements of Jiangxi Academy of Medical 
Sciences, Nanchang University.

siRNA synthesis and transfection. The siRNA targeting IDO1 
mRNA was generated in accordance with the target sequence 
selection method described by Jin  et  al  (20). siRNA was 
synthesized by the manufacturer (Sigma, St. Louis, MO, USA). 
siRNA targeting luciferase gene GL2 (GL2 siRNA) was used 
as a scrambled-silencing control as GL2 is not expressed in 
treated cells. IDO1 siRNA and GL2 siRNA were transfected 
into LLC cells using Lipofectamine-2000 reagent (Invitrogen 
Life Technologies). Briefly, cells were plated into 12-well 
plates (1x105 cells/well) and allowed to grow overnight to reach 
approximately 70% confluence. Cell medium was replaced 
with 300 µl OptiMEM® serum-reduced medium (Invitrogen 
Life Technologies) before transfection. IDO1 siRNA (1 µg) or 
GL2 siRNA was incubated with 2 µl of Lipofectamine-2000 
reagent in 200 µl of OptiMEM serum-reduced medium at 
room temperature for 20 min, and then the mixture was gently 
added to each group.

IDO1 mRNA quantification. Cells were lysed using TRIzol 
Reagent (Invitrogen Life Technologies) and total RNA was 
isolated according to the manufacturer's instructions. Total 
RNA (1 µg) was synthesized to cDNA using reverse tran-
scriptase (MMLV-RT, Invitrogen Life Technologies). The 
following primers sets were used for qPCR amplifications: 

Actin, 5'-AGG GAA ATC GTG CGT GAC AT-3' (sense) 
and 5'-AAC CGC TCG TTG CCA ATA GT-3' (antisense); 
IDO1, 5'-GTACATCACCATGGCGTATG-3' (sense) and 
5'-CGAGGAAGAAGCCCTTGTC-3' (antisense); real-time 
PCR reactions were performed in a Stratagene Mx3000P QPCR 
System (Agilent Technologies, Santa Clara, CA, USA) using 
SYBR green PCR Master Mix (Invitrogen Life Technologies) 
according to manufacturer's protocol. The differences of gene 
expression were calculated using the ΔCt method.

Western blot analysis. Cells (1x105) were seeded into a 12-well 
plate and grown overnight. The cells were transfected with 
IDO1 siRNA or GL2 siRNA for 48 h. Cells were harvested, 
washed twice with ice-cold PBS, re-suspended in protein lysis 
buffer with complete protein inhibitor, and then the container 
was kept on ice for 30 min. Lysed cells were centrifuged at 
12,000 rpm for 10 min at 4˚C, and the supernatant was collected 
and stored at -20˚C for future use. Protein concentration was 
determined by Bio-Rad protein assay and 40 µg of each group 
cell lysate was separated on 10% SDS-PAGE, transferred to 
nitrocellulose membrane, blocked with 5% fat-free milk and 
3% BSA in TBST (0.25% Tween-20), probed with a mouse 
anti-human IDO1 mAb (Santa Cruz Biotechnology, Santa 
Cruz, CA, USA) that binds to both human and mouse IDO1 
and monoclonal anti-β-actin Ab (Santa Cruz Biotechnology) 
according to the manufacturer's instructions, and visualized 
by an ECL assay (Pierce, Rockford, lL, USA). The gray scale 
was calculated by ImageJ software, and the relative expression 
of IDO1 protein was respectively calculated by IDO1/β-actin.

Transwell cell migration and invasion assays. Transwell 
chambers with an 8  µm pore size were used to detect 
migration and invasion abilities of LLC cells after being 
transfected with IDO1 siRNA or GL2 siRNA for 24 h. For 
migration assays, 8x104 cells in 200 µl DMEM containing 
10% FBS were seeded into the upper chamber and 500 µl 
DMEM containing 20% FBS was added to the lower 
chamber. For invasion assays, the upper chamber (Becton-
Dickinson, Bedford, MA, USA) was precoated with 80 µl 5% 
Matrigel overnight before 4x104 cells were seeded. Cells were 
cultured in 5% CO2 at 37˚C for 24 h. Cells on the upper side 
of Transwell were then removed, the wells were fixed with 
paraformaldehyde for 15 min, and hematoxylin and eosin 
(H&E) was used to stain the cells. The migrated and invaded 
cells were quantified by light microscopy and the number of 
cells in five high-power fields was counted to represent the 
migrated cell number.

shRNA expression vector treatment. A lung cancer model was 
established by inoculating 1x106 LLC cells subcutaneously 
into the upper hind leg of C57BL/6 mice. The cancer-bearing 
mice were treated with 50 µg of IDO1 shRNA or scramble 
shRNA in 1.0 ml PBS by hydrodynamic injection through 
the tail vein at days 3, 7, 14 and 21. Tumor onset day was 
defined as the time when tumor diameter reached 5 mm. 
Tumor volume was measured by caliper every three days 
when tumors appeared and the tumor volume was calculated 
using the following formula: tumor volume = 0.5 x (tumor 
width) x (tumor length). Tumors were weighed using an elec-
tronic balance.
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Vasculogenic mimicry assay in vitro. LLC cells were trans-
fected with siRNA targeting IDO1 or GL2 (control siRNA), or 
remained untransfected as a blank control. At 24 h after gene 
silencing, the 3x104/well cells were placed on the Matrigel. 
After 3 h culture, formations of vasculogenic mimicry (VM) 
were observed under microscope. The numbers of VM tubers 
formed by the cells transfected with IDO1 siRNA, GL2 siRNA 
and control cells were counted.

Immunohistochemical staining. Tumor tissues from lung 
cancer-bearing mice were collected on day 21 and fixed with 
PFA. Paraffin sections were prepared, deparaffinized, and 
treated with hydrogen peroxide for 20 min to block endoge-
nous peroxidase. The antigen was repaired with sodium citrate 
buffer in a pressure cooker. Then, the paraffin sections were 
reacted with primary antibody for 16 h at 4˚C overnight. After 
3 washes with PBS, sections were incubated with enzyme-
conjugated streptavidin for 30 min. The sections were washed 
with PBS 3 times, and color was developed using the DAB 
method. The antibodies were as follows: IDO1 (Santa Cruz 
Biotechnology, 1:50), CD34 (Abcam, Cambridge, MA, USA; 
1:250), CD146 (Abcam, 1:250). The degree of immunostaining 
of sections was reviewed and scored independently by two 
observers, based on both the proportion of positively stained 
tumor cells and the intensity of staining. Intensity of staining 
was recorded on a scale of 0, no staining; 1, weak staining; 
2, moderate staining; and 3, strong staining. The proportion 
of positively stained tumor cells was graded as follows: 0, no 
positive tumor cells; 1, <10% positive tumor cells; 2, 10-50% 
positive tumor cells; 3, 50-80% positive tumor cells; and 

4, >80% positive tumor cells. The staining index = staining 
intensity x proportion of positively stained tumor cells (21). 
We evaluated the expression level of IDO1 by staining 
index (scored as 0, 1, 2, 3, 4, 6, 9 or 12) using this method. 
We counted the MVD using the classic method reported by 
Weidner et al (22). The distribution of blood vessels in the 
whole slice was observed under light microscopy first, and we 
selected the most active areas of neovascularization to count 
microvessels per 200 x field.

Statistical analysis. Numeric data are presented as 
mean ± SD. Student's t-test (2-tailed) was used to determine 
differences between two means. For comparison of multiple 
groups, one-way ANOVA test was applied. The correlation 
between MVD and IDO1 protein expression was analyzed 
by Spearman rank correlation analysis. For all statistical 
analyses, differences with p-values <0.05 were considered 
significant.

Results

IDO1 siRNA significantly knocks down IDO1 expression 
in LLC cells. To test the efficacy of gene silencing using 
IDO1 siRNA, LLC cells were transfected with IDO1 siRNA 
or GL2 siRNA (control siRNA). At 24 h after transfection, 
IDO1 expression was measured at the transcriptional level by 
qPCR (Fig. 1A). In the cells with IDO1 siRNA transfection, 
IDO1 mRNA expression decreased by >80% (p≤0.01). IDO1 
expression at the protein level was also measured by western 
blot analysis (Fig. 1B). Data show that the designed IDO1 

Figure 1. Gene silencing of IDO1 with siRNA in LLC cells. (A) Silencing IDO1 in LLC cell line. LLC cells were transfected with siRNA targeting IDO1 or 
GL2 (control siRNA), or remained untransfected as a blank control. IDO1 mRNA expression levels were measured 24 h post-transfection by qRT-PCR as 
described in Materials and methods. Bars indicate the means of two independent measurements. (B) IDO1 expression at the protein level. LLC cells were trans-
fected with IDO1 siRNA or GL2 siRNA, or remained untransfected as a blank control as described above. After 48 h transfection, total protein was extracted 
from cells and separated by PAGE. IDO1 protein expression level in LLC cells was detected by western blotting. Data are expressed as mean ± SD (**p≤0.01).
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siRNA significantly knocked down IDO1 expression in LLC 
cells.

Effect of IDO1 on the invasion abilities of LLC cells. As shown 
in Fig. 2, the numbers of invasion cells tranfected with IDO1 
siRNA, GL2 siRNA, and control cells were 108.667±6.658/well, 
341.333±16.773/well and 333.333±16.442/well, respectively, 
showing significant difference (p≤0.001). In other words, IDO1 
expression can decrease the invasive capacity of LLC cells 
in vitro.

Effect of IDO1 on the migration ability of LLC cells. Fig. 3 
shows the numbers of migrated cells transfected with IDO1 
siRNA, GL2 siRNA, and control cells: 121.333±35.921/well, 
338±31.953/well and 380±61.294/well, respectively, showing 
a significant difference (p≤0.001). Thus, IDO1 expression can 
reduce the migration of LLC cells in vitro.

Treatment with IDO1 shRNA in  vivo suppresses tumor 
growth. To explore the therapeutic effect of silencing IDO1, 
we treated tumor-bearing mice with IDO1 shRNA. As 
shown in Fig.  4A, treatment with IDO1 shRNA delayed 
tumor onset (p≤0.01). Tumor growth was significantly slower 
in IDO1 shRNA-treated mice compared with scrambled 
shRNA-treated mice and control group (Fig.  4B). Both 
tumor size (Fig. 4C) and weight (Fig. 4D) were less in IDO1 

shRNA-treated mice than in scramble shRNA-treated mice 
and control mice. These results indicate that IDO1 shRNA, 
injected intravenously, can inhibit tumor growth in a murine 
lung cancer model.

Effect of IDO1 on vasculogenic mimicry formation of LLC 
cells. Tumor growth and metastasis depend on angiogenesis. 
Tumor cells, through morphological self-deformation and 
matrix remodeling, form a unique vascular microcirculation 
pipeline structure. This channel without endothelial lining is 
called vasculogenic mimicry (VM) (23). It is an important 
complement to classical angiogenesis outside the tumor. 
Fig. 5 shows the numbers of VM tubers formed by the cells 
transfected with IDO1 siRNA, GL2 siRNA and control cells 
were 24.67±4.041/well, 45.67±3.512/well and 48±4.583/well, 
respectively, showing significant difference (p≤0.001). That is, 
gene silencing of IDO1 can inhibit VM formation.

Effect of IDO1 on tumor angiogenesis. Fig. 6A shows that 
tumor tissues of mice with scramble shRNA or control group 
expressed markedly high levels of CD34 and CD146 protein. 
In experimental tumor tissues from IDO1 shRNA-treated 
mice, there were significantly decreased levels of CD34 and 
CD146 protein expression. Fig. 6B shows that the number 
(CD34+MVD, 12.2±1.94; CD146+MVD, 14.8±3.834) of 
newly formed blood vessels in the IDO1 shRNA tumors was 

Figure 2. The effect of IDO1 on the invasion ability of LLC cells. (A) LLC cells were transfected with siRNA targeting IDO1 or GL2 (control siRNA), or 
remained untransfected as a blank control. At 24 h after gene silencing, the cells were seeded in the 5% Matrigel of Transwells. The invaded cells were stained 
with hematoxylin and eosin (H&E), and observed under microscope. (B) The numbers of invasion cells tranfected with IDO1 siRNA, GL2 siRNA and control 
cells were counted. Data are expressed as mean ± SD (***p≤0.001).
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Figure 4. Treatment with IDO1 shRNA in vivo suppresses tumor growth. Lung cancer model was established by inoculating 1x106 LLC cells subcutaneously 
into the upper hind leg of C57BL/6 mice. The cancer-bearing mice were treated with 50 µg of IDO1 shRNA or scramble shRNA at days 3, 7, 14 and 21. 
(A) Tumor onset day was defined as the time when tumor diameter reached 5 mm. (B) The tumor growth curve (C) and tumor size at day 21. (D) Tumor weight 
at day 21. Data are expressed as mean ± SD (**p<0.01 vs. scramble shRNA or control groups).

Figure 3. The effect of IDO1 on the migration ability of LLC cells. (A) LLC cells were transfected with siRNA targeting IDO1 or GL2 (control siRNA), or 
remained untransfected as a blank control. At 24 h after gene silencing, the cells were seeded in the upper chambers of Transwells. Cells that migrated to the 
bottom cells were stained with hematoxylin and eosin (H&E), and observed under a microscope. (B) The number of migrated cells transfected with IDO1 
siRNA, GL2 siRNA and control cells was counted. Data are expressed as mean ± SD (***p≤0.001).
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Figure 5. The effect of IDO1 on vasculogenic mimicry (VM) formation of LLC cells. (A) LLC cells were transfected with siRNA targeting IDO1 or GL2 
(control siRNA), or remained untransfected as a blank control. At 24 h after gene silencing, the cells were placed on the Matrigel. After 3 h culture, formations 
of VM were observed under a microscope. (B) The number of VM tubers formed by the cells transfected with IDO1 siRNA, GL2 siRNA and control cells were 
counted. Data are expressed as mean ± SD (***p≤0.001).

Figure 6. The effect of IDO1 on tumor angiogenesis. (A) Lung cancer-bearing mice were established and treated with IDO1 shRNA or scramble shRNA as 
described in Fig. 4. Tumor tissues were collected on day 21, and fixed with PFA. The paraffin sections were used for histoimmunochemistry after staining with 
antibodies against CD34 and CD146, respectively, and observed under a microscope. (B) The number of CD34+MVD and CD146+MVD was counted. Data 
are expressed as mean ± SD (***p≤0.001).
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significantly less than (CD34+MVD, 31±6.442; CD146+MVD, 
48.4±7.197) those in the control tumors. Thus, IDO1 expres-
sion can affect tumor angiogenesis.

Correlation between MVD and IDO1 expression. Fig.  7 
shows that IDO1 expression was positively correlated to both 
CD34+MVD (r2=0.8632) and CD146+MVD (r2=0.761). This 
association between the microvascular density marked by CD34 
or CD146 and the expression of IDO1 indicates that IDO1 has 
the potential to participate in the formation of new capillaries.

Discussion

In this study, we aimed to clarify a factor involved in lung cancer 
progression, particularly angiogenesis, and to develop molecular 
therapy that could target it. We focused on IDO1, which has 
been widely reported to be involved in tumor immunotolerance. 
First, we attempted to transfect siRNA into the IDO1-expressing 
Lewis lung cancer (LLC) cell line to knock down the IDO1 

gene. qPCR and western blot analysis identified that this gene 
was silenced successfully. We conducted a basic study using this 
gene-silenced cell line, and found that the expression of IDO1 
can affect the invasion and migration of LLC cells in vitro.

Our research indicates that siRNA or its precursor shRNA 
can block the expression of the target gene through an 
RNAi mechanism (24). RNAi is a technique of specific gene 
silencing at the post-transcriptional level, which can transfect 
double stranded RNA (dsRNA) of target sequence into an 
organism. RNAi has the characteristics of high efficiency and 
gene specificity with the potential to replace gene knockout 
technology to some extent. Research of RNAi gene silencing 
in tumor, virus infection, genetic disease and related diseases 
has entered the stage of clinical trials (25,26). Targeting gene 
knockout mice using a short hairpin RNA (shRNA) plasmid 
through hydrodynamic tail vein injection has been reported 
to treat breast cancer, prostate cancer, liver cancer and 
other diseases in the mouse model (27-29). In this study, we 
designed shRNA to silence IDO1 in treating C57BL/6-LLC 

Figure 7. Correlation between MVD and IDO1 expression. (A) In vivo gene silencing of IDO1. Tumor tissues were collected from lung cancer-bearing mice 
as described in Fig. 6. Expression of IDO1 in the tumors was detected by immunohistochemistry after staining with the antibody specific from IDO1, and 
observed under a microscope. (B) Scores of IDO1 expression were calculated using staining index as described in Materials and methods. (C) Correlation 
between IDO1 and CD34+MVD. (D) Correlation between IDO1 and CD146+MVD.
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tumor-bearing mice. With hydrodynamic tail vein injection 
of IDO1 shRNA plasmids, the speed of tumor growth slowed 
significantly. Tumor volume and weight were also reduced 
markedly. Immunohistochemistry showed reduced expression 
of IDO1. The above experimental results indicate that IDO1 
can be knocked out by injection of IDO1 shRNA plasmids, 
which then inhibits tumor angiogenesis and growth.

Maniotis et al (23) reported a new kind of tumor vascu-
larization pattern, named vasculogenic mimicry  (VM). 
The authors found that highly invasive melanoma cells can 
differentiate into multiple cell phenotypes, which have the 
characteristics of endothelial cells. This process can lead 
to de novo vascular structure. A growing number of studies 
have found that many types of cancer, including breast (30), 
ovarian (31), prostate (32), and lung (33) contain VM. The 
high plasticity of tumor cells is the formative basis of VM, 
which could allow certain malignant cells to obtain an 
embryonic phenotype. When Maniotis et al (23) discovered 
VM, they also noted that the metastatic capacity of human 
melanoma cells can affect the formation of VM. After estab-
lishing the LLC cell line in which IDO1 gene was silenced, 
we used the Matrigel matrix three-dimensional cell culture 
model to observe the ability of LLC cells to form VM. After 
knockdown of the IDO1 gene, the number of VM decreased 
markedly, and this may be associated with the silenced IDO1 
gene having a reduced metastatic ability. Therefore, the 
removal of IDO1 gene leads to a decline in the ability of 
LLC cells to form VM.

Angiogenesis is an essential process in growth, metas-
tasis and invasion of tumor cells. The interactions among 
tumor cells, immune regulatory factors, and tumor vessels 
are inextricably linked in tumor microenvironment. IDO1 
is a classical negative immunoregulation factor, but its asso-
ciation with tumor angiogenesis has been rarely studied. 
As reported by Li et al (34), IDO was believed to promote 
angiogenesis by tryptophan depletion during skin xenograft. 
Nonaka et al (35), reported that IDO promotes the peritoneal 
dissemination of ovarian cancer through angiogenesis. Thus, 
IDO secreted by tumor cells may facilitate the proliferation, 
migration, and activiation of endothelial cells, which leads 
to increased neovascularization. In this study, the levels of 
CD34+MVD and CD146+MVD both decreased significantly 
after IDO1 shRNA treatment. Enhanced IDO expression was 
positively correlated with MVD marked by CD34 or CD146. 
These findings suggest that IDO is involved in lung cancer 
progression, and the IDO1 gene can be successfully silenced 
using molecular-targeted therapy.
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