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Silencing IDO2 in dendritic cells: A novel strategy to
strengthen cancer immunotherapy in a murine lung cancer model
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Abstract. While dendritic cell (DC)-based immunotherapy
has achieved satisfactory results in animal models, its effects
were not satisfactory as initially expected in clinical applica-
tions, despite the safety and varying degrees of effectiveness
in various types of cancer. Improving the efficacy of the
DC-based vaccine is essential for cancer immunotherapy.
The present study aimed to investigate methods with which
to amplify and enhance the antitumor immune response of a
DC-based tumor vaccine by silencing the expression of indole-
amine 2,3-dioxygenase 2 (IDO2), a tryptophan rate-limiting
metabolic enzyme in DCs. In vitro experiments revealed that
the silencing of IDO2 in DCs did not affect the differentiation
of DCs, whereas it increased their expression of costimula-
tory molecules following stimulation with tumor necrosis
factor (TNF)-a and tumor lysate from Lewis lung cancer (LLC)
cells. In a mixed co-culture system, the IDO2-silenced
DCs promoted the proliferation of T-cells and reduced the
induction of regulatory T-cells (Tregs). Further in vivo experi-
ments revealed that the silencing of IDO2 in DCs markedly
suppressed the growth of tumor cells. Moreover, treatment
with the IDO2-silenced DC-based cancer vaccine enhanced
cytotoxic T lymphocyte activity, whereas it decreased T-cell
apoptosis and the percentage of CD4*CD25*Foxp3* Tregs.
On the whole, the present study provides evidence that the
silencing of the tryptophan rate-limiting metabolic enzyme,

Correspondence to: Professor Weiping Min, Department of
Surgery, Pathology and Oncology, University of Western Ontario,
339 Windermere Road, LHSC-UH B4-232, London, Ontario N6A 5A5,
Canada

E-mail: weiping.min@uwo.ca

Abbreviations: 1DO2, indoleamine 2,3-dioxygenase 2; DCs,
dendritic cells; siRNA, small interfering RNA; GL2, luciferase gene
duplex; CFSE, 5(6)-carboxyfluorescein diacetate N-succinimidyl
ester; LLC, Lewis lung cancer; CTL, cytotoxic T lymphocyte

Key words: dendritic cells, siRNA, IDO2, immunotherapy, lung
cancer

IDO2, has the potential to enhance the efficacy of DC-based
cancer immunotherapy.

Introduction

Cancer cells have the ability to evade or escape immune
monitor and destruction, which leads to carcinogenesis and
cancer progression (1). Immunosuppression and evasion
can be mediated via a variety of mechanisms, such as
interleukin (IL)-10 or transforming growth factor (TGF)-f§
induced Th2 polarization (2-5), the overexpression of Fas
ligand/TRAIL (6,7), the overexpression of complement inhibi-
tors (DAF and CD55) (8), the loss of MHC class I molecules
or tumor antigens, as well as the overexpression of indole-
amine 2,3-dioxygenase (IDO), a tryptophan catabolizing
enzyme (9-13). It has been demonstrated that tryptophan
catabolism by IDOI mediates a mechanism that suppresses
T-cells, providing balance or feedback control in immune
reactions (14,15). Over the past decade, a novel immunosup-
pression factor, namely the tryptophan catabolizing enzyme,
IDO2, has attracted attention and has stimulated research in
tumor and autoimmune diseases (16). IDO2 and IDOI1 are
homologous proteins and they are arranged in tandem on the
same chromosome. Similar to the classical immunosuppres-
sion enzyme IDOI, IDO2 can degrade tryptophan, although it's
the efficiency is less than that of IDOI (17-19). Previous studies
have demonstrated their similar functions in the immune
system. It has been reported that IDO2 is expressed in dendritic
cells (DCs) (17,20) and that IDO2 is expressed in peripheral
blood DCs by a steady-state model and may contribute to the
homeostatic tolerogenic capacity of DCs under healthy condi-
tions (21). IDO2 gene-transfected 293 cells have been shown
to inhibit CD4* and CDS8* T-cell proliferation in a co-culture
system (18). Additionally, IDO2 is critical for IDO1-mediated
T-cell regulation and performs a non-redundant function in
inflammation (22).

DCs are antigen-presenting cells, forms key link between
the innate and adaptive immune responses and play a pivotal
role in the initiation of the immune response. Due to their
unique ability, DCs attract interest in tumor immunotherapy
and vaccine development. The activation of DCs is essential for
the stimulation of immunity. It has been demonstrated in vitro
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and in vivo that DCs loaded with tumor antigens (ex vivo)
successfully induce the activity of cytotoxic T-cells against
tumor cells in animal models or clinical trials (23-25).
In previous studies, the authors successfully developed
IDO-siRNA based antitumor therapeutics through the direct
knockdown of IDO in mice with tumors (26-28) or using
IDO-silenced DCs as antitumor vaccines (29,30). However,
role of IDO2 in DC-mediated antitumor immunity has not yet
been studied, at least to the best of our knowledge. In view of
the role of IDO2 in immunosuppression, it was hypothesized
that the silencing of IDO2 in DCs would activate the DCs to
enhance the antitumor response and furthermore, to suppress
tumor progression.

In the present study, the potent gene silencing method
was applied to knock down IDO2 expression in DCs. In ex
vivo experiments, it was demonstrated that the silencing of
IDO2 promoted DCs maturation, which elicited strong T-cell
responses. Using a murine lung cancer model, it was found
that the IDO2-silenced DC-based cancer vaccine effectively
suppressed tumor growth and enhanced the antitumor immune
response in vivo. To the best of our knowledge, this is the first
study to report the role of IDO2 in DCs in a murine lung
cancer model. The IDO2-silenced DC-based cancer vaccine
may thus prove to be a novel potent cancer therapy through
the depletion of immune suppression and the reinstallation of
anticancer immunity.

Materials and methods

Animals and cancer cell lines. A total of 80 female C57/BL6
mice and 20 female BABL/C mice (6 to 8 weeks old, weighing
18-22 g) were purchased from Changsha Laboratory Animal
Co. Ltd. All the mice were kept in a specific pathogen-free
grade environment, without dietary restrictions, at a
temperature of 25+2°C and 60+5% air relative humidity.
All animal experiments complied with the Regulations for
the Administration of Affairs Concerning Experimental
Animals of China and ethics approval was obtained from the
Institutional Animal Care and Use Committee of Nanchang
University. The LLC cell line was purchased from the China
Center for Type Culture Collection (CCTCC) and cultured
in DMEM (Invitrogen, Life Technologies; Thermo Fisher
Scientific, Inc.) containing 10% FBS, L-glutamine, penicillin
and streptomycin in 5% CO, and at 37°C.

Generation of C57BL/6 bone marrow-derived DCs. DCs
were generated from C57BL/6 bone marrow progenitor cells
as previously described (31). Briefly, the femurs of mice were
removed and the marrow cavity was flushed with RPMI-1640
medium (Gibco; Thermo Fisher Scientific, Inc.) to obtain bone
marrow progenitor cells. After washing with RPMI-1640
medium twice, the obtained cells were plated in 6-well tissue
culture plates. Each well was supplemented with 4 ml DC
induction medium which contained RPMI-1640 medium,
10% FBS (Gibco; Thermo Fisher Scientific, Inc.), 10 ng/ml
recombinant murine IL-4 and 10 ng/ml granulocyte-macro-
phage colony-stimulating factor (GM-CSF; PeproTech, Inc.).
The induced cells were maintained at 37°C in 5% humidified
CO, and the medium was replaced with new DC induction
medium described above every 2 days.
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Synthesis of IDO2 siRNA and gene silencing. The siRNA
targeting murine IDO2 mRNA was designed in accordance
with the target sequence selection method and synthesized
by the manufacturer (Sigma-Aldrich; Merck KGaA). GL2
siRNA targeting the luciferase gene was used as the control
siRNA. IDO2 (5'-GUCAUGUCCUGCACCCUAA-3") and
GL2 (5'-GCAUGCGCCUUAUGAAGCU-3'") siRNAs were
transfected into the DCs using Lipofectamine2000 reagent
(Invitrogen; Thermo Fisher Scientific, Inc.). Briefly, the cells
were collected, centrifuged (1,000 x g) for 5 min, resuspended
in Opti MEM® serum-reduced medium (Invitrogen, Life
Technologies; Thermo Fisher Scientific, Inc.) and then plated
in 12-well plates (2x10° cells/well). A total of 1 ug IDO2- or
GL2-siRNA was incubated with 2 ul Lipofectamine 2000
reagent in 200 pl of optimal serum-reduced medium at room
temperature for 20 min and the mixture was then gently added
to the cells in each group.

IDO2 mRNA quantification by RT-gPCR. DCs were collected,
lysed and total RNA was extracted according to the manual
of manufacturer (TRIzol reagent; Invitrogen; Thermo Fisher
Scientific, Inc.). Total RNA (1 pg) was used as a template
to synthesize cDNA by reverse transcriptase (MMLV-RT,
Invitrogen; Thermo Fisher Scientific, Inc.). qPCR were
conducted using a Stratagene Mx3000P QPCR System
(Agilent Technologies, Inc.) and 2X SYBR-Green PCR
Master Mix (Life Technologies; Thermo Fisher Scientific,
Inc.) was used to perform the reactions according to manu-
facturer's protocol. The PCR thermocycling conditions
were as follows: Denaturation for 2 min at 95°C, followed
by 44 cycles of denaturation for 10 sec at 95°C, and exten-
sion for 20 sec at 58°C. The following primer sequences
were used for target gene amplifications: IDO2 forward,
5'-GTGGGGCTGGTCTATGAAGGTG-3' and reverse,
5'"TGGTGGCAGCGGAGATAATGTA-3'; IDO1 forward,
5'-GGGCTTTGCTCTACCACATCCACT-3' and reverse,
5'-ACATCGTCATCCCCTCGGTTCC-3"; and GAPDH
forward, 5'-TGATGACATCAAGAAGGTGGTGAA-3'
and reverse, 5'-TCCTTG GAGGCCATGTAGGCCAT-3".
Differences in gene expression were calculated using the
AACq method (32).

Western blot analysis. The cells were collected, washed
twice with PBS, and re-suspended in iced RIPA buffer (Cell
Signaling Technology, Inc.) for 30 min. Lysates were centri-
fuged (20,000 x g) for 30 min at 4°C to obtain the total protein.
A total of 50 ug of total protein was then separated on a
12% SDS-PAGE and transferred to a nitrocellulose membrane.
To reduce background intensity, 5% fat-free milk in TBS-T
(0.25% Tween-20) was used to block the membrane. To probe
the target protein, the blocked membranes were incubated
with a rabbit anti-mouse IDO2 monoclonal antibody (cat.
no. sc-374159, 1:500, clone C-9, Santa Cruz Biotechnology,
Inc.) or B-actin (cat. no. sc-58673, 1:5,000, clone 2Q1055, Santa
Cruz Biotechnology, Inc.) overnight at 4°C. Following incuba-
tion, the membrane was washed with PBST for 3 times and
then incubated with a mouse anti-rabbit [lgG-HRP antibody
(sc-2357, 1:5,000, Santa Cruz Biotechnology, Inc.) for 1.5 h at
room temperature. The ECL system was used for membrane
color rendering (GE Healthcare).
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Flow cytometry. Flow cytometry was used to analyze the
characterization of DCs and the induction of regulatory
T-cells (Tregs) in vitro. DCs were harvested and stained
with FITC-CDl11c mAb (cat. no. MA5-16877, clone N418),
PE-CD80 mAb (cat. no. 12-0801-82, clone 16-10A1), PE-CD86
mAb (cat. no. 12-0862-82, clone GL1) and Pe-Cy5-CD40
mAb (cat. no. 15-0401-82, clone 1C10) (eBioscience; Thermo
Fisher Scientific, Inc.) for 30 min at 4°C. For Treg subsets
analyzing, the cells were stained with FITC-Foxp3 mAb
(cat. no. 11-5773-82, clone FJK-16s), PE-CD4 mAbD (cat.
no. 12-0041-82, clone GK1.5) and PeCy5-CD25 mAb (cat.
no. 15-0251-82, clone PC61.5) (eBioscience; Thermo Fisher
Scientific, Inc.) for 30 min at 4°C. Flow cytometry was also
used to determine the apoptosis of T-cells and subsets of
regulatory T-cells from the tumor-draining lymph nodes or
spleen from the tumor-bearing mice in vivo. To explore cell
apoptosis of T cells, PE-CD4 mAb or PeCy5-CD8 mAb
(cat. no. 15-0081-82, clone 53-6.7) (eBioscience; Thermo
Fisher Scientific, Inc.) were used to pre-stained the T-cells for
30 min at 4°C and then stained with FITC-Annexin V (BD
Pharmingen) for 5 min at 4°C. All cells were examined using
a BD FACSCalibur flow cytometer (BD Biosciences) and the
results were analyzed using FlowJo software (Tree Star, Inc.).

Mixed lymphocyte reaction (MLR) and Treg induction. T-cells
from the lymph nodes of naive BALB/c mice were used to
perform the allogeneic MLR and Treg induction. Briefly, the
lymph nodes of mice were collected and paced on 6-well plate
which contains a 200 mesh screen strainer and 2 ml RPMI-1640
medium and then grinded, purified and enriched using nylon
wool columns. T-cells were labeled with 5(6)-carboxyfluo-
rescein diacetate N-succinimidyl ester (CFSE) (eBioscience;
Thermo Fisher Scientific, Inc.) for mixed lymphocyte reac-
tion, while the unlabeled cells were used for Treg induction.
IDO2-siRNA- or GL2-siRNA-transfected DCs (1x10°) and
T-cells (1x10°) were co-cultured in 24-well plates. The mixed
lymphatic reaction lasted for 3 days and Treg induction lasted
for 5 days. The proliferation of T-cells (using CFSE) and
CD4*CD25*Foxp3* Tregs was analyzed by flow cytometry
using a BD FACSCalibur flow cytometer (BD Biosciences).

Preparation of IDO2-silenced DCvaccine. The in vitroinduced
DCs were transfected with IDO2- or GL2 (control)-siRNA on
day 5 of culture. To prepare tumor antigen, the mouse LLC
lung cancer cells were dissolved using a 6-cycle freeze-thaw
method and then centrifuged (20,000 x g) for 30 min at 4°C to
obtain the total tumor antigen. The LLC lysate (50 ng/ml) was
added to the culture medium following transfection and kept
for 24 h to allow the loading of lung cancer antigen by DCs.
Antigen-pulsed DCs were stimulated to mature using tumor
necrosis factor (TNF)-a (20 ng/ml, PeproTech, Inc.) overnight.
The IDO2-silenced or control, antigen-loaded mature DCs
were collected for used in the following in vivo experiments.

Treatment with IDO2-silenced DC vaccine. In order to
examine the antitumor effect of the vaccine in vivo, C57/BL6
mice were used to establish a lung cancer model, and were
grouped as follows: Healthy mice, tumor mice with sham
treatment, tumor mice untreated with control DCs and
IDO2-silenced DCs. Each group contained 4 mice and the
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experiment was repeated 3 times. LLC cells (5x10° cells in
100 ul cell suspension) were subcutaneously injected into
the upper hind leg of each mouse. The tumor-bearing mice
were treated with 1x10° of the IDO2-silenced or control
DC vaccine from day 3 of LLC cell inoculation, once every
5 days for 4 times. The tumor diameter was measured using
a caliper every other day when tumors appeared. The tumor
volumes were calculated using the following formula:
Tumor volume (mm?) = width (mm)? x length (mm) x 0.5.

Cytotoxic T lymphocyte (CTL)-mediated tumor cell lysis
assay. The cytotoxicity of CD8* T-cells from DC-treated
tumor bearing mice was analyzed using a nonradioactive
cytotoxicity assay kit (Promega Corp.), in order to determine
the tumor-specific lysis against lung cancer cells. Briefly,
CD8* T-cells were isolated from the draining lymph nodes of
tumor-bearing mice using immunomagnetic beads (Miltenyi
Biotec). The target tumor cells (105 LLCs) were incubated
with the CD8* T-cells at a ratio of 1:25, 1:50 and 1:100 for 4 h
and the supernatant was then collected for the measurement
of lactate dehydrogenase (LDH) using a coupled enzymatic
assay. The intensity of the color indicated the number of lysed
cells. The cytotoxic activity of CTL (%) = [(absorbance OD)
- (spontaneous effector cell LDH release OD) - (spontaneous
target cell LDH release OD)]/[(maximal LDH release OD) -
(spontaneous target cell LDH release OD)] x100%.

Cytokine secretion assay. The tumor-bearing mice treated with
the different DC vaccines were anesthetized by an intraperito-
neal injection of chloral hydrate (400 mg/kg) and then blood
was obtained by cardiac puncture. The death of the mice was
judged by the absence of corneal reflex, heartbeat and respira-
tion for >5 min. The blood was placed in a micro-centrifuge
tube at room temperature for half an hour and then centri-
fuged (3,000 x g) for 20 min at room temperature. Serum was
collected from the upper layer of the blood using a pipette,
removed to another clean micro-centrifuge tube at and stored
in a storage freezer (-80°C) for use in following experiments.
ELLSA kits (eBioscience; Thermo Fisher Scientific, Inc.) were
used to detect the levels of interferon (IFN)-y, TNF-a, IL-10
and TGF-f in serum according to the manufacturer instruc-
tions.

Statistical analysis. Data are presented as the means + SD. The
Student's t-test (2-tailed) was used to determine differences
between 2 means. Differences between multiple groups were
analyzed by one-way ANOVA, followed, if necessary, by
Tukey's test (=3 groups). For all statistical analyses, P-values
<0.05 were considered to indicate statistically significant
differences.

Results

expression of IDO2 in DCs. The expression of IDO1 in DCs
has a potent immunosuppressive effect and can induce Tregs
in the microenvironment (14). IDO2, a homologous protein of
IDOLI, is expressed in human myeloid and plasma-like DCs,
which can induce Treg cell production in vitro (21). However,
the tendency of IDO2 expression during the maturation
of DCs has not yet been reported, at least to the best of our
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Figure 1. IDO2 expression in DCs. (A and B) Change in IDO2 expression in the progression of DC culture. C57BL/6 bone marrow-derived DCs were induced
with IL-4 (10 ng/ml) and GM-CSF (10 ng/ml) for 9 days. The change in IDO2 (A) mRNA or (B) protein expression was detected by RT-qPCR and western blot
analysis, respectively, assessed on every other day. (C and D) siRNA-mediated IDO2 gene silencing in DCs. siRNAs targeting IDO2 or GL2 (control siRNA)
were transfected into the bone marrow-derived DCs using Lipofectamine 2000 on day 5 of culture. At 48 h following transfection, the effectiveness of the gene
silencing of IDO2 was detected by (C) RT-qPCR and (D) western blot analysis. "P<0.05 and ““P<0.001. IDO2, indoleamine 2,3-dioxygenase 2; DCs, dendritic
cells; IL-4, interleukin 4; GM-CSF, granulocyte-macrophage colony-stimulating factor.

knowledge. Therefore, the present study first investigated the
changes occurring in IDO2 expression during DC maturation.
To determine the IDO2 expression level, bone marrow-derived
DCs were induced and total RNA or protein was collected
every other day. As shown in Fig. 1A, the transcriptional level
of IDO2 increased gradually during DC culture, reaching peak
levels on the 7th day, and then decreasing. At the same time, the
change in the IDO2 protein level was also detected (Fig. 1B).
The results revealed that the change in protein expression was
consistent with that observed for mRNA expression.

Inordertoexamine therole of IDO2 in bone marrow-derived
DCs, siRNA technology was used for gene silencing. To
determine the siRNA efficacy, the DCs were transfected with
Lipofectamine 2000 coated with IDO2-siRNA or GL2-siRNA
(control siRNA). Following 48 h of transfection, the expres-
sion of IDO2 mRNA decreased significantly and the silencing
efficiency was >70% (Fig. 1C). The silencing effect was
further determined by western blot analysis to determine
protein level of IDO2 (Fig. 1D). The results of both RT-qPCR
and western blot analysis revealed that IDO2-siRNA was
effective in knocking down the expression of IDO2 in bone
marrow-derived DCs.

Effect of IDO2 gene silencing on DC phenotype and matura-
tion. Immunologically competent mature DCs are the most
efficient antigen-presenting cells (APCs). Upon stimulation
with antigen, the phenotype of DCs changes from an immature
status to mature APCs and activates T-cell proliferation (33). In

the present study, to investigate the role of IDO2 in the matura-
tion of DCs, bone marrow-derived DCs were transfected with
IDO2-siRNA or GL2 (control)-siRNA as presented in Fig. 1,
followed by the assessment of DC maturation markers. As
shown in Fig. 2, although IDO2 gene silencing did not affect the
expression of CDI1c, CD80, CD86 and CD40 on the surface of
DCs, it significantly increased the percentage of mature DCs
following treatment with TNF-a or TNF-a plus tumor antigen.
These data suggest that IDO2 gene silencing can enhance the
sensitivity of DCs to TNF-a and tumor antigen, which can
promote DC maturation.

IDO?2 gene silencing in DCs enhances the T-cell response and
reduces Treg induction. As previously demonstrated, IDO2
gene transfected into 293 cells can inhibit the CD4* and CD8*
T-cell proliferation in a co-culture system (18). Therefore,
the present study investigated whether IDO2-silenced DCs
may affect the stimulation of T-cell proliferation. To evaluate
the capacity of DCs to stimulate T-cell responses following
the gene silencing of IDO2, mixed leukocyte reaction was
performed. DCs cultured from C57BL/6 mice were trans-
fected with IDO2-siRNA, or GL2-siRNA as the control. The
results revealed that compared to transfection with the control
siRNA, IDO2 gene silencing in the DCs initiated a potent
T-cell response (Fig. 3A). The potential for gene silencing of
IDO?2 to alter the Treg induction by DCs was then determined.
The IDO2-silenced DCs were co-cultured with naive alloge-
neic T-cells for 5 days. The percentage of CD4*CD25*Foxp3*



INTERNATIONAL JOURNAL OF ONCOLOGY 57: 587-597, 2020 591

A A Control DCs IDO2-silenced DCs ~
2 S e
211 799% =01 80.4% £
‘s fro0 - 200 4 § 604
b fis0 o B 180 g
-8 3 +=- 404
E 50- o] é 204
’ T R ’ A ER TR 0-
L
CD11c¢*
B A Blank TNF-o TNF-o + LLC-Ag
_ = 58.9% =1 T1.4% 79.2% =
e w0 (O v voo ] = Control DCs
£3 / i 3 £ 1007 e IDO2-silenced DCs *
ca |~ ] g
& “7 E
= = - o - T T L] - g
- » o0 =
E 62.3% wl 82.2% B
") 100 -
33 IR , | K
8 =T . s g
g |. : N
CD80*
C l“150 4
_ 40.?% 1 46.8% ol 5079% g Bl Control DCs
S .| N ; C5 g, - 2 807  mw 1DO2-silenced DCs
b= @] A S e LS ] *
S | ] .
o _ = 5 9
o - E
: £
§ 59_4% 68.8% 4
7] %0 e 160 ™, £
7S L L g
o 30 “1
=
CD86*
D 4. SR
43.3% 64.3% ol 76.1%
= 80 -1 0] o Bl Control DCs
E (3 o] E ) § . % B 1DO2-silenced ECs
=] ’ Y
] 30 - 20 - o] E
o . 2 (=
EL
T |+ 469% Tl 843% =1 86% K
23 | LR RS e
!'!l n a0 an
= =
e L — = - L) T .Q = o - Ty "
CD40*

Figure 2. Effect of IDO2 gene silencing on DC maturation. Bone marrow-derived DCs were cultured and transfected with IDO2 or GL2 (control) siRNA as
described in the legend of Fig. 1. DCs matured with TNF-o or TNF-a plus LLC-Ag, respectively for 24 h on day 6 and flow cytometry were used to assessed
the DC phenotype on day 7. DC differentiation was determined by (A) FITC-CDl11c, (B) PE-CD80, (C) PE-CD86 and (D) PE-cy5-CD40. 'P<0.05 and “P<0.01,
compared to control DCs. IDO2, indoleamine 2,3-dioxygenase 2; DCs, dendritic cells; TNF-a, tumor necrosis factor a.

Tregs was significantly decreased when the T-cells incubated ~ Administration of IDO2-silenced DCs suppresses tumor
with IDO2-silenced DCs, as compared with that of the cells progression. To evaluate the therapeutic efficacy of
incubated with control DCs (Fig. 3B). IDO2-silenced DCs in lung cancer, IDO2-siRNA- or
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Figure 4. Administration of IDO2-silenced DC tumor vaccine suppresses tumor progression. (A) LLC (2x10°) cells were injected into the upper hind legs of
C57BL/6 mice subcutaneously (n=4/group, repeat 3 times). The tumor-bearing mice treatment with the DC-based tumor vaccine received 4 times by intrave-
nous injection. Untreated mice served as the blank control. Tumor diameter was measured using a Vernier caliper every other day. Tumor-bearing mice were
sacrificed on day 22 and the tumors were excised, and (C) photographed, and (B) tumor volume and (D) weight were determined. "P<0.05 and “P<0.01. IDO2,

indoleamine 2,3-dioxygenase 2; DCs, dendritic cells.

GL2-siRNA-transfected DCs were loaded with lysates of
LLC cells, and subsequently used to treat mice inoculated
with LLC tumors. According to the tumor growth curve and
tumor images, the tumors of untreated mice were larger and

the length of largest tumor was approximately 19 mm and
the diameter was approximately 15 mm. (volume, 19 x 15 x
15 x 0.5=2,137.5 mm?®). Compared to the untreated mice,
the two DC vaccines inhibited tumor growth, although the
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Figure 5. IDO2-silenced DC tumor vaccine enhances the antitumor immune response. C57BL/6 mice were inoculated with LLC cells and treated with the DC
vaccine as described in the Materials and methods. On day 22 after tumor cell inoculation, tumor-draining lymph nodes and spleen were harvested to collected lym-
phocytes. (A-D) T-cells will be triple-stained with monoclonal antibodies against CD4, CD8 and Annexin-V or CD4, CD25 and Foxp3 to determine T-cell apoptosis
and Tregs by flow cytometry, respectively. CD8* CTLs were isolated from tumor-draining lymph nodes and then co-cultured with LLC cells at different ratios for
4 h. (E) LDH release assay was used to determine the cytotoxic activity of CTLs. "P<0.05 and “P<0.01. IDO2, indoleamine 2,3-dioxygenase 2; DCs, dendritic cells.

inhibitory effects of the IDO2-silenced DC vaccine on tumor  measured. Tumor weight derived from the mice treated with
growth were more evident (Fig. 4B and C). At end point of IDO2 silenced DC was significantly lighter than the tumor
observation (death or time elapse), excised tumor weight was  from control DC-treated mice and non-treated mice (Fig. 4D).
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Figure 6. Treatment with IDO2-silenced DC-based tumor vaccine alters cytokine secretion profiles. Blood was collected from the differently treated mice at
the end of the experiment and centrifuged to obtain serum. The concentration of (A) IFN-vy, (B) TNF-a, (C) TGF-f and (D) IL-10 in serum was determined
by ELISA. "P<0.05, “P<0.01 and “"P<0.001. IDO2, indoleamine 2,3-dioxygenase 2; DCs, dendritic cells; IFN-y, interferon y; TNF-a, tumor necrosis factor a;

TGF-p, transforming growth factor f3; IL-10, interleukin 10.

These results suggested that the IDO2-silenced DCs were a
superior tumor vaccine, which displayed robust antitumor
efficacy in suppressing LLC tumor growth.

IDO2-silenced DC-based tumor vaccine enhances the anti-
tumor immune response. To characterize the mechanisms
responsible for the enhanced antitumor activity mediated by the
IDO2-silenced DCs, the apoptosis of T-cells, and Tregs from the
tumor-draining lymph nodes or spleen from the tumor-bearing
mice were analyzed. The results revealed that the IDO2-silenced
DCs significantly decreased the number of apoptotic CD8*
T-cells and apoptotic CD4* T-cells (Fig. SA and B). To examine
the changes in the percentage of Tregs, FITC-labeled Foxp3,
PE-labeled CD25 and Pecy5-labeled CD4 antibodies were
used to stain the T-cells (Fig. 5C and D). Compared to the
control DC-treated mice and untreated mice, the percentage of
Tregs in the both spleen and lymph nodes from IDO2-silenced
DC-treated mice exhibited a significant decrease which was
close to that of the healthy mice. Furthermore, we examined the
cytotoxic activity of CD8" T-cells by a CTL mediated tumor
cell lysis assay. As shown in Fig. 5E, CD8* T-cells from the
mice which were treated with the IDO2-silenced DC vaccine
exhibited a higher lysis capacity than the CD8* T-cells from
the conventional DC vaccine-treated mice, suggesting that the
IDO2-silenced DC vaccine induced stronger activities of CTLs

against LLC cells. Taken together, these data demonstrated
that the IDO2-silenced DC-based tumor vaccine enhanced the
antitumor immune responses in the murine lung cancer model.

Treatment with IDO2-silenced DC-based tumor vaccine
affects cytokine secretion profiles. To further explore the
mechanisms responsible for the enhanced antitumor activity
mediated by the IDO2-silenced DCs, at the end of the in vivo
animal experiments, the tumor-bearing mice were sacrificed
and serum was collected to determine the cytokine secretion
profiles. Cytokines associated tumor progression (4 types)
were selected and the levels of these were measured by ELISA.
Compared with the control DC-treated mice and the untreated
mice, the levels of IFN-vy (Fig. 6A) and TNF-a (Fig. 6B) in the
IDO2-silenced DC-treated mice were significantly increased
by >50%, while the concentrations of TGF-f (Fig. 6C) and
IL-10 (Fig. 6D) were decreased. These data suggested that the
IDO2-silenced DC-based tumor vaccine altered the secretion
profiles that favor immune reaction against tumors.

Discussion
DCs are the most potent antigen presenting cells in the immune

system. They interact with a number of immune cells in the
immune response, whereas mature DCs can activate T-cells
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effectively. Theoretically speaking, as a therapeutic vaccine,
DCs can produce more effective immune protection for cancer
patients than other immune methods. However, the results of
clinical studies have demonstrated that the effect of currently used
DC tumor vaccines is not as potent as was originally expected,;
DC-based vaccines have produced disappointing results in clin-
ical trials, despite being safe for clinical use (34,35). Negating
the function of immunosuppressive molecules may become
an effective strategy with which to enhance the effectiveness
of cancer vaccines (29). A novel mechanism of immunosup-
pression through IDO2 has recently attracted attention and has
stimulated research in immunology (18,20-22,36-38). In the
present study, it was demonstrated that the silencing of IDO2
gene in DCs increased DC-stimulated T-cell proliferation and
reduced the induction of Tregs in vitro. Further in vivo experi-
ments revealed that the IDO2-silenced DC-based tumor vaccine
inhibited tumor growth and enhanced the antitumor immunity
ability in a mouse model of lung cancer.

It has been reported that IDO2 is stably expressed in
peripheral DCs and may contribute to the homeostatic tolero-
genic capacity of DCs in healthy conditions (21). However,
the expression of IDO2 in cultured DCs, as the initial step to
establish the DC tumor vaccine, remains unclear. Therefore,
the present study first determined the expression of IDO2 in
the process of culture at both the mRNA and protein level.
The results revealed that the expression of IDO2 increased
gradually, peaking on the 7th day (Fig. 1A and B). DC-based
vaccines for anticancer are usually utilized between days 5
to 7 (39,40). Thus, the high expression of IDO2 may have a
negative impact on the therapeutic efficacy. To further clarify
the effects of IDO2 on DCs, gene interference was utilized
to silence IDO2 gene expression in DCs and subsequently
to implement a series of experiments. As was expected, the
knockdown of IDO resulted in an enhanced immune response
and antitumor effects.

DCs play a pivotal role in cancer immune responses. They
induce adaptive immune responses by taking up, processing
and presenting antigens to T-cells, and can be used as the basis
of cancer vaccines (41). Indeed, the number of DCs in cancer
patients decreases (42,43) and this is usually a disorder of
differentiation and maturation (44). It is well known that CD8*
T-cells play a particularly important role in mediating the
antitumor immune response and effector CTLs can directly
kill cancer cells when recognizing tumor antigen, which is
presented by DCs (45). Naturally, Foxp3* Treg cells exist at
a very low frequency in the tumor condition; however, an
increase in the Foxp3* Treg population has been reported and
has been hypothesized to promote tumor tolerance (46). Thus,
the ideal DC tumor vaccine should have the following charac-
teristics: Efficient tumor antigen loading, a high expression of
the costimulatory molecule, stimulating robust T lymphocyte
proliferation, particularly CD8" T-cells and inducing fewer
inhibitory T-cells. In the present study, to improve the effi-
ciency of the DC-based cancer vaccine, IDO2 was silenced in
DCs. For tumor antigen loading, the IDO2-silenced DCs were
then challenged by LLC lysis for 24 h and then stimulated for
maturation with TNF-a. Notably, although IDO2 silencing did
not alter the differentiation and maturity of DCs, the levels
of the surface costimulatory molecules, CD40, CD80 and
CD86, were upregulated in varying degrees when stimulated
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by tumor antigen and TNF-a (Fig. 2). In a mixed lymphocyte
reaction, the IDO2-silenced DCs significantly increased T
lymphocyte proliferation and reduced Treg cell induction
(Fig. 3). Based on the above-mentioned ex vivo results, it was
postulate that the IDO2-silenced DC-based tumor vaccine
would possess a more potent antitumor capacity. To determine
this, LLC lung cancer-bearing mice were treated with the
IDO2-silenced DC vaccine. As was expected, compared to the
untreated and control DC-treated group, the IDO2-silenced
DCs suppressed tumor growth (Fig. 4) and induced a more
potent antitumor immune response in the mouse model of lung
cancer (Figs. 5 and 6).

IDO2 is expressed in primary cancer cells, as well as in
DCs (47). It has been reported that the decomposition of tryp-
tophan by IDO2 can induce the phosphorylation of e[F2A, a
transcription initiation factor, to regulate cell proliferation and
immune response. Although the enzymatic activities of IDO1
and IDO2 can both promote the upregulation of liver-enriched
inhibitory protein (LIP), of note, the upregulation of LIP
induced by IDOIL is reversed following tryptophan supplemen-
tation, while the upregulation of LIP induced by IDO2 can
not be reversed even after tryptophan supplementation. It has
been speculated that IDO?2 is closely related to tumor growth,
invasion and distant metastasis (17). Another study found that
in the co-culture system of T-cells and IDO2-overexpressing
tumor cells, IDO2 expression inhibited the proliferation of
CD4* T-cells and CD8* T-cells, and the inhibition of CD4*
T lymphocyte proliferation could not be reversed after
increasing the tryptophan content (18). In human peripheral
DCs, IDO?2 is stably expressed in medullary and plasma DCs,
and can induce Treg production (21). In IDO2 knockout mice,
the number of Tregs induced by IDOI decreased significantly,
indicating that IDO2 and IDOL are interrelated in regulating
immune homeostasis and IDO2 plays an immunosuppressive
role in immune regulation (22). In the present study, it was
demonstrated that the silencing of IDO2 expression in DCs
more potently induced allogeneic T-cell proliferation in vitro.
In addition, the utilization of the IDO2-silenced DC-based
vaccine to challenge lung cancer-bearing mice decreased
apoptotic CD4*T-cells and CD8*T-cells in vivo. Furthermore,
the knockdown of IDO2 in DCs decreased Treg generation
and evoked enhanced antitumor effects.

In conclusion, the present study demonstrates that
silencing the immunosuppressive gene, IDO2, in DCs ex vivo
using siRNA may be an effective treatment strategy for lung
cancer. The targeted silencing of IDO2 in DCs may prove to
be a useful strategy with which to enhance antitumor immune
responses and to improve the potential of immunotherapy to
suppress tumor growth in cancer patients.
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