
Cancer Science. 2019;110:3061–3067.	 		 	 | 	3061wileyonlinelibrary.com/journal/cas

1  | INTRODUC TION

The induction of immune tolerance is important to the prognosis of 
cancer. Recently, much attention has been devoted to the effects of 
tryptophan metabolism on immune tolerance. Tryptophan‐metabo‐
lizing enzymes expressed by tumor cells, dendritic cells, and macro‐
phages in the tumor microenvironment are involved in the induction 

of immune tolerance.1,2 Elevation in the activity of tryptophan‐me‐
tabolizing enzymes leads to reduced tryptophan levels and increased 
metabolites, such as kynurenine.3,4 A decrease in tryptophan levels 
suppresses cell proliferation through the activation of general con‐
trol over nonderepressible 2 (GCN2) kinase and the suppression of 
mTOR signals in CD8+ T cells.5 Kynurenine, an endogenous ligand of 
aromatic hydrocarbon receptor (AhR), then induces regulatory T cell 
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Abstract
Tryptophan metabolism is important to induce immune tolerance in tumors. To date, 
3 types of tryptophan‐metabolizing enzymes have been identified: indoleamine 2,3‐
dioxygenase 1 and 2 (IDO1 and IDO2) and tryptophan 2,3‐dioxygenase 2. Numerous 
studies have focused on IDO1 as its expression is enhanced in various cancers. 
Recently, IDO2 has been identified as a tryptophan‐metabolizing enzyme that is 
involved in several immune functions and expressed in cancers such as pancreatic 
cancer. However, the biological role of IDO2 in the induction of immune tolerance in 
tumors has not yet been reported. In the present study, we examined the effects of 
Ido2 depletion on tumor growth in a mouse model of Lewis lung carcinoma by using 
Ido2‐knockout mice. Ido2‐knockout mice had reduced tumor volumes compared to 
WT mice. Furthermore, Ido2 depletion altered the tumor microenvironment, such 
as tryptophan accumulation and kynurenine reduction, leading to enhancement of 
immune cell invasion. Finally, enzyme‐linked immunospot assay revealed that Ido2 
depletion enhanced γ‐interferon secretion in the tumor. In conclusion, Ido2 is an im‐
portant immune regulator in the tumor microenvironment. Our data indicate that 
IDO2 is a potential target for cancer treatment and drug development.
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(Treg) differentiation and cell death.6 The metabolites of kynurenine 
(eg, 3‐hydroxyanthranilic and quinolinic acid) induce T cell apopto‐
sis.7 Several other metabolic products also suppress natural killer cell 
function and activate both dendritic cells and bone marrow‐derived 
immunosuppressive cells.8 Therefore, these tryptophan metabolites 
are involved in immune tolerances in tumors.

Elevated levels of tryptophan‐metabolizing enzymes have been 
observed in various cancers, where they are correlated with poor 
prognosis.9‐11 Tryptophan 2,3‐dioxygenase (TDO), which is involved 
in the physiological metabolism of tryptophan in the liver, has been 
confirmed to be highly expressed in gliomas.6 Since then, inflamma‐
tory cytokines have been reported to induce the expression of in‐
doleamine 2,3‐dioxygenase 1 (IDO1) in colon, hematological, liver, 
and lung cancers.12‐15 Reportedly, high IDO1 expression is associ‐
ated with a poor prognosis. Another tryptophan‐metabolizing en‐
zyme, IDO2, has recently been identified16 and is expressed in colon, 
gastric, and renal cancers as well as in pancreatic ductal adenocar‐
cinomas.17,18 However, the biological role of IDO2 in immune toler‐
ance in tumors has not been reported.

The Lewis lung carcinoma (LLC) was isolated from a spontaneous 
epidermoid carcinoma of the lung in mouse in 1951, and is used to 
establish a tumor‐bearing animal model.19,20 Because LLC cells do 
not express Ido1 or Ido2, this model is considered to be suitable for 
examining the function of endogenous Ido2 in tumor‐bearing mice. 
In the present study, we examined the effects of Ido2 depletion on 
tumor growth and immune function in a mouse model of LLC.

2  | MATERIAL S AND METHODS

2.1 | Cell lines

A mouse LLC cell line was obtained from Riken BioResource Center 
(Saitama, Japan) and maintained at 37°C in 5% CO2 with DMEM 
(Nissui, Tokyo, Japan) supplemented with 10% FBS and penicillin/
streptomycin (100 U/0.1 mg/mL) (Life Technologies, Grand Island, 
NY, USA).

2.2 | Animals

All animals were mature male mice aged 6‐8 weeks old. Ido2‐knock‐
out mice were from a C57BL/6N background obtained from the 
Knockout Mouse Project. Mice that were homozygous null (Ido2‐
knockout) by targeted disruption of the Ido2 gene were selected 
from the offspring of heterozygous‐homozygous mating based on 
PCR of tail DNA for genotyping. We purchased the WT C57BL/6N 
mice from Charles River Laboratories (Yokohama, Japan). All mice 
were housed in the animal facilities of Fujita Health University 
Graduate School of Medicine under specific pathogen‐free condi‐
tions, maintained at 25°C in a 12/12‐hour light/dark cycle (lights on 
at 08:00), and with free access to food and water.

The protocol for all animal experiments was approved by the 
Animal Experimentation Committee of Fujita Health University 
Graduate School of Medicine. Procedures involving mice and their 

care were carried out in accordance with international guidelines, 
as described in Principles of Laboratory Animal Care (National 
Institutes of Health publication 85‐23, revised in 1985).

2.3 | Animal experiments

Lewis lung carcinoma cells (1 × 105 in 200 μL serum‐free DMEM) were 
injected s.c. into the dorsal side of male WT or Ido2‐knockout mice 
aged 6‐8 weeks. Tumor volume was measured using calipers every 
2 days, and volume was calculated as [(length × width × width) / 2]. 
Mice were killed 14 days after LLC cell injection. Serum and tumor 
tissues	were	stored	at	−80°C	until	analysis.

2.4 | Measurement of tryptophan metabolites

Serum was diluted (1:1.25, v/v) and tumor tissue was weighed and 
homogenized (1:3, w/v) in 10% perchloric acid. After mixing, the 
precipitated proteins were removed by centrifugation (17 000 g for 
15 minutes). Next, 50 μL of the resulting supernatant was subjected 
to HPLC (Shimadzu). Tryptophan and kynurenine were eluted from a 
reverse‐phase column by an isocratic method (TSKgel ODS‐100 mv 
3 μm 4.6 mm [ID] × 15 cm [L]), using a mobile phase with 10 mmol/L 
sodium acetate and 3% acetonitrile (pH adjusted to 4.5 with acetic 
acid) at a flow rate of 0.9 mL/min. We used UV and visible spectro‐
photometry (SPD‐20A) to detect the tryptophan (UV wavelength, 
230 nm) and kynurenine (UV wavelength, 344 nm).

2.5 | RNA extraction and PCR analysis

Total RNA was extracted from LLC cells using Isogen (Nippon 
Gene, Tokyo, Japan). Real‐time PCR was carried out using Revertra 
Ace qPCR RT kits (Toyobo, Osaka, Japan) and reacted with 
cDNA. Using complex cDNA, we assayed Ido expression with 
SYBR Green (SsoAdvanced Universal SYBR Green SuperMix; Bio 
Rad, Hercules, CA, USA) using an ABI PRISM‐7900HT (Applied 
Biosystems, Foster City, CA, USA). The primer sequences for 
PCR were as follows: Gapdh,	 sense	 5 ‐́TGCACCACCAACTGCT‐3 ,́	
antisense	 5 ‐́GGCATGGACTGTGGTC‐3 ;́	 Ido1,	 sense	 5 ‐́
CCCACACTGAGCACGG‐3 ,́	antisense	5 ‐́TTGCGGGGCAGCACCT‐3 ;́	
and Ido2,	 sense	 5 ‐́GCCCAGAGCTCCGTGC‐3 ,́	 antisense	
5 ‐́TGGGAAGGCGGCATGT‐3 .́

2.6 | Immunohistochemistry

Tissues were fixed in 10% formalin in PBS overnight and then em‐
bedded in paraffin. Sections (thickness, 4 μm) were used for both 
H&E and immunohistochemical staining. The primary Abs were rab‐
bit polyclonal CD3 Ab (ab 5690; Abcam, Cambridge, UK), rabbit pol‐
yclonal CD8 Ab (ab 203035; Abcam), rabbit polyclonal Foxp3 Ab (ab 
54501; Abcam), and rabbit polyclonal Ido2 Ab (ab 214214; Abcam). 
Histofine Simple Stain MAX PO peroxidase‐labeled anti‐rabbit IgG 
polyclonal Ab (Nichirei Biosciences, Tokyo, Japan) was used as the 
secondary Ab.
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2.7 | Immunofluorescent staining

The deparaffinized sections were used for immunofluorescent 
staining. The primary Abs were rat monoclonal F4/80 Ab (ab16911; 
Abcam) and rabbit polyclonal Ido2 Ab (ab 214214; Abcam). The 
secondary Abs, Alexa Fluor 488 goat anti‐rabbit Ab (A31628; 
Invitrogen, Carlsbad, CA, USA) and Alexa Fluor 568 goat anti‐rat IgG 
Ab (A11077; Invitrogen), were used to visualize the signal.

2.8 | Enzyme‐linked immunospot assay

Single‐cell suspensions were prepared from the resected tumor 
tissues of Ido2‐knockout mice or WT mice using a gentleMACS 
Octo Dissociator with the Tumor Dissociation Kit, according to 
the manufacturer's instructions. Single‐cell suspensions were cul‐
tured without stimulation, and 72 hours later, the amount of γ‐in‐
terferon (IFN‐γ) in the culture supernatant was measured using 
an enzyme‐linked immunospot assay kit (Mabtech, Nacka Strand, 
Sweden).

2.9 | Statistical analysis

All data are expressed as mean ± SD. Statistically significant dif‐
ferences between groups were determined by Student's t test or 
one‐way ANOVA. A P value of <.05 was considered statistically sig‐
nificant. In animal survival experiments, the Kaplan‐Meier method 
was used to generate P values and calculate the log‐rank (Mantel‐
Cox). GraphPad Prism software, version 7, was used for all statistical 
analyses.

3  | RESULTS

3.1 | Depletion of Ido2 suppressed tumor growth in 
mice

First, we confirmed by real‐time PCR that neither Ido1 nor Ido2 was 
expressed in LLC cells (Figure S1). However, immunohistochemical 
analysis revealed that Ido2‐positive cells had infiltrated WT mice 
tumor tissue 14 days after LLC cells were inoculated (Figure S2). 
Immunofluorescence images confirmed the colocalization of F4/80 
and Ido2 immunoreactivity in the tumor sites (Figure S2). The 
colocalization of F4/80 and Ido2 indicated that Ido2 is expressed 
in macrophages. In the present mouse model, we observed the 
role of endogenous Ido2 in immune cells but not in tumor cells, 
when LLC cells were s.c. inoculated into Ido2‐knockout or WT mice 
(Figure 1A). Of note, there was no significant difference in body 
weight between the groups (Figure S3), whereas tumor volume was 
significantly decreased in the Ido2‐knockout mice compared to the 
WT mice 12‐14 days after tumor inoculation (Figure 1B). Survival 
rate was examined in tumor‐bearing WT and Ido2‐knockout mice. 
The Ido2‐knockout mice showed a slight improvement in the sur‐
vival rate (Figure 1C), but there was no statistically significant 
difference.

3.2 | Effect of Ido2 depletion on tryptophan 
metabolism in serum and tumor

Previous reports have shown that tryptophan metabolism is related 
to cancer progression through its control of immune cell function. 
In the tumor microenvironment, decreased tryptophan levels and 
accumulated kynurenine catabolites enhance the immune escape 
of tumor cells.4 Therefore, we investigated whether tryptophan 
metabolites were involved in a reduction of tumor volumes in the 
Ido2‐knockout mice. There was no significant difference in serum 
tryptophan concentrations between the WT and Ido2‐knock‐
out mice in either the control or tumor group (Figure 2A). In the 

F I G U R E  1   Effect of indoleamine 2,3‐dioxygenase 2 (Ido2) 
depletion on tumor growth in mice. A, Protocol for preparing the 
s.c. tumor model. Lewis lung carcinoma (LLC) cells (1 × 105/mouse) 
were s.c. inoculated in the dorsal side of WT or Ido2‐knockout (KO) 
mice. B, After inoculation, volume of tumor were measured. Volume 
was calculated as (length × width × width) / 2. Data are shown as 
mean ± SD (n = 5‐8/group). C, After inoculation, survival rates were 
examined (n = 16‐17/group). *P < .05

1 x 105 LLC cells, s.c. Death
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control group, serum kynurenine concentrations were significantly 
decreased in Ido2‐knockout mice compared to the WT mice; in the 
tumor group, kynurenine concentrations tended to decrease in 
Ido2‐knockout mice compared to the WT mice (Figure 2B). At the 
tumor site, tryptophan concentrations in Ido2‐knockout mice were 
significantly higher than in WT mice (Figure 2C), whereas kynure‐
nine concentrations were significantly decreased in Ido2‐knockout 
mice (Figure 2D). At the tumor site of Ido1 expression, there was 
no difference between WT and Ido2‐knockout mice (Figure 2E). 
Thus, Ido2 depletion induced the accumulation of tryptophan and 
the decrease of kynurenine at the tumor site.

3.3 | Depletion of Ido2 increased the number of 
tumor‐infiltrating immune cells in mice

The number of immune cells that infiltrate the tumor locally is im‐
portant for tumor growth suppression.21 Some reports show that 
tryptophan metabolites affect tumor‐infiltrating immune cells.22 
A decrease in tryptophan levels suppresses cell proliferation in 

CD8+ T cells.23 Furthermore, kynurenine induces Treg differentia‐
tion and cell death and the metabolites of kynurenine induce T cell 
apoptosis.6,24 To confirm that Ido2 depletion affects tumor‐infil‐
trating immune cells, we analyzed the number of these immune 
cells by histopathological staining. Hematoxylin‐eosin staining re‐
vealed that numbers of infiltrating immune cells increased in the 
Ido2‐knockout mice compared to the WT mice (Figure 3A).

The level of T cell infiltration into the tumor microenvironment is 
an important factor in tumor progression.25 We examined the num‐
ber of T cells in the tumor microenvironment using CD3, which is 
a T cell marker. In the Ido2‐knockout mice, the number of CD3+ T 
cells significantly increased compared to WT mice (Figure 3A). To 
confirm the subtypes of T cells, we examined the expression of CD8 
and Foxp3, which are the markers for effector T cells and Tregs, re‐
spectively. Compared to WT mice, the Ido2‐knockout mice showed 
significantly increased numbers of CD8+ cells, which have antitu‐
mor activity. In contrast, Foxp3+ Tregs, which suppress immune ac‐
tivity, tended to decrease (Figure 3B), but there was no statistical 
difference.

F I G U R E  2   Tryptophan metabolite 
levels in WT and indoleamine 2,3‐
dioxygenase 2‐knockout (Ido2 KO) mice 
after tumor inoculation. Serum and 
tumor‐site concentrations of tryptophan 
(Trp) and kynurenine (Kyn) were measured 
using HPLC. A, Serum Trp. B, Serum Kyn. 
C, Tumor‐site Trp. D, Tumor‐site Kyn. 
E, Tumor‐site Ido1 expression. Data are 
shown as mean ± SD (n = 5‐8/group). 
*P < .05
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3.4 | Effect of Ido2 depletion on IFN‐γ secretion 
in the tumor microenvironment

CD8+ cells, also known as CTLs, are the key immune cells for kill‐
ing cancer cells through IFN‐γ secretion.26 The IFN‐γ enzyme‐linked 
immunospot assays can detect both CTL frequency and function 
by measuring IFN‐γ secretion. Therefore, IFN‐γ secretion was ex‐
amined in Ido2‐knockout mice inoculated with LLC. As shown in 
Figure 4, IFN‐γ secretion was enhanced in the Ido2‐knockout mice 
compared with the WT mice. These results show that Ido2 has an 
immune modulatory function in tumor growth.

4  | DISCUSSION

It has been clarified that tryptophan‐metabolizing enzymes are im‐
portant to induce immune tolerance, as tryptophan depletion causes 
T cell anergy through GCN2 activation5,24 and mTOR inhibition.27 
Further, kynurenine is an endogenous ligand of AhR, so its accu‐
mulation can be expected to induce AhR signaling, which, in turn, 
promotes naïve CD4+ T cell differentiation into Tregs.6,24 Therefore, 
the change in metabolites due to the inhibition of the tryptophan 
metabolism enzyme leads to activation of CD8+ effector T cell re‐
sponses and suppression of Tregs.4

Previous reports have indicated that Ido1‐knockout mice have 
reduced tumor growth in an LLC model.28 Furthermore, the Ido1 in‐
hibitor, 1 methyl tryptophan (1‐MT), inhibits tumor growth in vivo.29 

In addition, the treatment with a Tdo2 inhibitor improves dendritic 
cell function and T cell response significantly, leading to decreased 
tumor metastasis in mice.30

F I G U R E  3   Levels of infiltrating 
immune cells at tumor sites in WT and 
indoleamine 2,3‐dioxygenase 2‐knockout 
(Ido2 KO) mice after tumor inoculation. 
Histopathological analysis was undertaken 
on day 14 after tumor inoculation to 
assess the effect of Ido2 deficiency on 
immune cell induction. A, Representative 
macroscopic H&E staining and 
immunostaining results for CD3, CD8, and 
Foxp3. Scale bar = 50 μm. B, Positive cells 
are quantified for the immunostaining 
results. Data are shown as mean ± SD 
(n = 5/group). *P < .05
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F I G U R E  4   Effect of indoleamine 2,3‐dioxygenase 2 (Ido2) 
deletion on γ‐interferon (IFN‐γ) secretion. A, IFN‐γ production in 
the tumor site was examined by enzyme‐linked immunospot assay. 
B, Number of spots of IFN‐γ per well are quantified (n = 5/group). 
*P < .05. KO, knockout
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In the present study, we showed that Ido2 deletion enhanced 
CD8+ cell invasion in the tumor microenvironment, and inhibited 
tumor growth in an LLC mouse model. This resulted from increases 
in tryptophan and decreases in kynurenine levels in the tumor micro‐
environment, which confirmed the results of previous reports,28‐30 
although the enzyme activity of Ido2 is much lower than that of Ido1. 
From these results the change in tryptophan metabolism caused by 
not only Ido1 and Tdo2, but also Ido2, was important in the induction 
of immune tolerance in tumors.

Interestingly, recently Nevler et al31 have shown that Ido2‐
knockout mice are less likely to have pancreatic ductal adenocar‐
cinoma. Furthermore, in patients, the biallelic occurrence of either 
of the 2 IDO2‐inactivating SNPs is also significantly associated with 
markedly improved disease‐free survival in response to adjuvant 
radiotherapy.

Furthermore, we showed that Ido2 depletion enhanced IFN‐γ 
secretion in the tumor microenvironment, consistent with previ‐
ous results of IFN‐γ32: (i) IFN‐γ plays a key immunomodulatory role 
in cancer immunosurveillance;32 (ii) IFN‐γ is produced mainly by 
CD8+ cells for tumor control;33 and (iii) IFN‐γ shows anticancer ac‐
tivity by attenuating cancer cell growth,32 whereas IFN‐γ‐deficient 
mice spontaneously develop lung epithelial malignancies and lym‐
phoma.34 Therefore, exogenous IFN‐γ is used to treat patients with 
ovarian cancer, adult T‐cell leukemia, and malignant melanoma.35

Various inhibitors that target tryptophan‐metabolizing enzymes 
have been developed based on the evidence that upregulation of 
enzymes correlates with poor prognosis and poor quality of life in 
various cancers.36 Epacadostat is an oral IDO1‐specific competitive 
inhibitor that has recently been developed and that can activate T 
cells and natural killer cells while suppressing Treg production.37 
However, no antitumor effects have been observed with its single 
use in clinical trials, resulting in reductions and discontinuations of 
clinical trials for IDO1 inhibitors. However, considering the favorable 
results in mouse models and usefulness in some tumors, combin‐
ing an IDO1 inhibitor and an immunity checkpoint inhibitor might 
be effective, depending on the carcinoma and the patient immunity. 
Further studies investigating the usefulness of IDO1 inhibitors are 
awaited. Recently, compounds that simultaneously inhibit IDO1, 
TDO2, and IDO2 have been identified, and these could prove to be 
beneficial.38

Our data showed that Ido2 depletion in immune cells effectively 
reduces cancer burden, indicating that Ido2 plays an important role 
in tumor progression. Thus, IDO2 could be an attractive target for 
cancer treatment and drug development. In the future, individual‐
ized therapy might be possible based on the tryptophan‐metaboliz‐
ing enzyme that is expressed in cancer cells and on differences in the 
responsiveness of the immune system.
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