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Lipopolysaccharide shock 
reveals the immune function of 
indoleamine 2,3-dioxygenase 2 
through the regulation of IL-6/stat3 
signalling
Yasuko Yamamoto1, Wakana Yamasuge1, Shinjiro Imai2, Kazuo Kunisawa3, Masato Hoshi1, 
Hidetsugu Fujigaki1, Akihiro Mouri4, Toshitaka Nabeshima3,5,6 & Kuniaki Saito1,7

Indoleamine 2,3-dioxygenase 2 (Ido2) is a recently identified catalytic enzyme in the tryptophan-
kynurenine pathway that is expressed primarily in monocytes and dendritic cells. To elucidate the 
biological role of Ido2 in immune function, we introduced lipopolysaccharide (LPS) endotoxin shock to 
Ido2 knockout (Ido2 KO) mice, which led to higher mortality than that in the wild type (WT) mice. LPS-
treated Ido2 KO mice had increased production of inflammatory cytokines (including interleukin-6; IL-6) 
in serum and signal transducer and activator of transcription 3 (stat3) phosphorylation in the spleen. 
Moreover, the peritoneal macrophages of LPS-treated Ido2 KO mice produced more cytokines than 
did the WT mice. By contrast, the overexpression of Ido2 in the murine macrophage cell line (RAW) 
suppressed cytokine production and decreased stat3 expression. Finally, RAW cells overexpressing Ido2 
did not alter nuclear factor κB (NF-κB) or stat1 expression, but IL-6 and stat3 expression decreased 
relative to the control cell line. These results reveal that Ido2 modulates IL-6/stat3 signalling and is 
induced by LPS, providing novel options for the treatment of immune disorders.

Indoleamine 2,3-dioxygenase 1 (Ido1) is an enzyme that catalyses the oxidation of tryptophan (Trp) to kynure-
nine (KYN) in the first step of the kynurenine pathway1. Ido1 is also an immune modulator in several types of 
immune cells, such as dendritic cells (DCs) and macrophages2. Metabolic changes in the kynurenine pathway due 
to Ido1 induce T cell apoptosis and T-reg proliferation3–5. Because of these immune modulating functions, Ido1 
plays important roles in various pathophysiological processes, such as antimicrobial and antitumour defence, 
neuropathology and immune regulation3,4,6–11.

Indoleamine 2,3-dioxygenase 2 (Ido2) is an isoform of Ido1 that was discovered recently12–14. The genes 
encoding these two isoforms are arranged in tandem on the same chromosome across mammals, suggesting 
that these genes arose via gene duplication12,14–16. In addition, their expression patterns differ because of various 
homeostatic and inflammatory conditions. For example, Ido1 expression is detected in the colon and epididymis, 
but Ido2 is expressed predominantly in the liver, kidney and epididymis in mice12,17,18. Moreover, proinflamma-
tory cytokines in epithelial cells, macrophages and DCs induce Ido1 but not Ido219. Although the induction of 
Ido2 by proinflammatory cytokines is controversial, a recent study reported the expression of Ido2 in DCs and 
monocytes. The expression of Ido2 in immune cells suggests that Ido2 contributes to immune function. Recent 
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studies also have revealed that Ido2 modulates immune function in autoantibody20,21 and T-reg production22,23. 
However, the biological role of Ido2 in immune function is unclear.

In this study, we investigated the role of Ido2 in the immune response using a lipopolysaccharide 
(LPS)-induced endotoxin shock model. We demonstrated that an Ido2 knockout (KO) exacerbates the effects 
of LPS in mice. Indeed, we found strong upregulation of inflammatory cytokine production in the macrophages 
of Ido2 KO mice following LPS stimulation via the Toll-like receptor 4 (TLR4) and nuclear factor κB (NF-κB) 
signalling pathways. Furthermore, gene array analysis in the RAW murine macrophage cell line expressing Ido2 
(RAW-Ido2) showed that Ido2 overexpression altered cytokine signalling. There was no effect on the expression 
of NF-κB or signal transducer and activator of transcription 1 (stat1) in RAW cells overexpressing Ido2, but 
the expression of interleukin (IL)−6, signal transducer and activator of transcription 3 (stat3), suppressor of 
cytokine signalling 1 (SOCS1) and suppressor of cytokine signalling 3 (SOCS3) decreased. Thus, we show that 
Ido2 directly contributes to cytokine production by modulating IL-6/stat3 cytokine signalling.

Results
Ido2 KO mice are highly sensitive to LPS-induced endotoxin shock. To elucidate the biological 
function of Ido2 in the immune response, we used an LPS-induced endotoxin shock model. After injection of the 
lethal dose of LPS (15 mg/kg), mortality was examined in Ido2 KO mice. Ido2 KO mice had higher mortality than 
did the WT mice (p < 0.001) (Fig. 1a). Twenty-four hours after LPS stimulation, the concentration of serum Trp 
and KYN was examined, and histological analysis of the lung and spleen was performed. There was no difference 
in serum Trp concentration between WT mice and Ido2 KO mice, but the increase in KYN concentration found 
in WT mice was not observed in Ido2 KO mice (Fig. 1b). In Ido2 KO mice, histological analyses of the lung 
and spleen revealed that LPS-induced endotoxin shock increased inflammatory cell invasion and tissue injury 
severity compared with WT mice (Fig. 1c). Immunohistochemical analysis with anti- Ido2 antibody revealed an 
increase in Ido2-positive immune cells in the lung and spleen when treated with LPS (Supplemental Fig. 1). After 
LPS stimulation (1 and 4 h), both WT and Ido2 KO mice showed an increases in serum levels of inflammatory 
cytokines, including tumour necrosis factor-α (TNF-α), IL-1α, IL-6, IL-10, monocyte chemoattractant protein-1 
(MCP-1) and macrophage inflammatory protein (MIP)−1β (Fig. 1d). TNF-α induction was nearly the same in 
both WT and Ido2 KO mice at 1 and 4 h, but the production of IL-1α, IL-6, MCP-1 and MIP-1β in Ido2 KO mice 
was significantly higher than that in WT mice at 4 h. Ido2 KO mice produced more IL-6 than did the WT mice at 
4 h (Fig. 1d). These results suggest that the induction of inflammatory cytokines may be the cause of the higher 
mortality in Ido2 KO mice after LPS stimulation. Furthermore, the rate of LPS-induced stat3 phosphorylation 
increased in the spleen of Ido2 KO mice compared with WT mice at 4 h (Fig. 1e). Ido2 KO mice showed an accel-
erated rate of inflammatory cytokine production that worsened the pathophysiology of the LPS stimulus.

The peritoneal macrophages of Ido2 KO mice upregulate cytokine production following LPS 
stimulus. Cytokine production from immune cells is an important process in the inflammatory response. 
Given that Ido2 KO mice showed uncontrolled cytokine production following LPS-induced endotoxin shock, 
Ido2 may affect cytokine production in immune cells. Among the immune cells, macrophages are key regulators 
of the immune response. Therefore, we examined the mRNA expression levels of Ido1 and Ido2 in the peritoneal 
macrophages of WT mice following LPS stimulation, and indeed, the peritoneal macrophages from WT mice had 
induced the mRNA expression of Ido1 and Ido2 (Supplemental Fig. 2).

To examine Ido2 function in macrophages induced by LPS, peritoneal macrophages from WT and Ido2 
KO mice were cultured with LPS, and the concentration of cytokines in the conditioned media was measured. 
Peritoneal macrophages from Ido2 KO mice significantly upregulated the production of cytokines, such as IL-1α, 
IL-6, IL-10, MCP-1, MIP-1a, MIP-1b and regulated on activation normal T cell expressed and secreted (RANTES) 
compared with WT mice (Fig. 2).

To clarify the effective immune cell type, we tested whether T cells played a role in cytokine production in WT 
and Ido2 KO mice. Because IL-2 and IL-4 are the most secreted cytokines from T cells following stimulus, we 
measured the levels of IL-2 and IL-4 in conditioned medium from the T cells of WT and Ido2 KO mice. The Ido2 
KO T cells did not show any difference in cytokine production compared with those of WT mice (Supplemental 
Fig. 3). These results reveal that the macrophages are the effective immune cells in Ido2 KO mice that upregulate 
cytokine production. On the other hand, the macrophages of Ido1 KO mice did not show a significant difference 
in cytokine production (IL-6, MCP-1, MIP-1a and MIP-1b) compared with those of WT mice (Supplemental 
Fig. 4), but the expression of Ido1 mRNA was induced by LPS (Supplemental Fig. 2).

Cytokine signalling is blocked due to overexpression of Ido2 in RAW cells. To elucidate the molec-
ular mechanisms controlling Ido2 role in cytokine production, RAW cells were transfected with a GFP-tagged 
mouse full-length Ido2 (RAW-Ido2) or an empty vector (RAW-MOC) (Fig. 3a). Several RAW-Ido2 clones were 
established, and Ido2 expression was confirmed by RT-PCR and western blotting (Fig. 3b,c). Increased KYN 
levels were observed in conditioned medium from RAW-Ido2 cells (Fig. 3d). To confirm the effects of Ido2 on 
cytokine production, cytokine levels (G-CSF, MCP-1, and MIP-1b) were measured in the conditioned medium of 
RAW-Ido2 cells. Because RAW cells secreted these cytokines in conditioned medium without stimulus, we exam-
ined the levels of G-CSF, MCP-1, and MIP-1b. The production of these cytokines was lower in the conditioned 
medium of RAW-Ido2 cells than in the conditioned medium of RAW-MOC cells (Fig. 3e).

Ido2 inhibits cytokine signalling. We next investigated the roles of Ido2 in cytokine signal transduction in 
RAW-Ido2 cells. The mouse transcription factors RT² profiler PCR array profiles the expression of 84 genes. The 
array includes transcription factors that are involved in cytokine, chemokine and growth factor signalling. Array 
analysis revealed that Ido2 affected stat3 expression (Fig. 4a and Supplemental Table 1). Ido2 overexpressing 
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RAW cells showed decreases in the expression levels of the stat3 protein (Fig. 4b). There was no difference in 
NF-κB and stat1 expression, but IL-6, SOCS1 and SOCS3 expression decreased in RAW-Ido2 cells compared with 
RAW-MOC cells (Fig. 4c). These data showed that Ido2 modulates IL-6/stat3-related signal transduction (Fig. 5).

Figure 1. Ido2 KO mice are highly sensitive to LPS-induced endotoxin shock. (a) Kaplan–Meier plot of age-
matched WT (n = 13) and Ido2 KO mice (n = 12) treated with LPS (15 mg/kg). Mortality was assessed for 7 
days. Statistical analyses were performed using the log-rank test: **p < 0.001 between WT and Ido2 KO mice. 
(b) Serum concentration of Trp and KYN in WT and Ido2 KO mice 24 h after LPS administration (n = 5 each). 
(c) Representative images from H&E staining of lung and spleen sections from WT and Ido2 KO mice 24 h after 
LPS administration. Scale bar, 200 μm. (d) Cytokine concentrations in serum were determined with Bioplex. 
Samples were taken at 1 and 4 h after LPS administration in WT and Ido2 KO mice (n = 5 each). (e) Protein 
expression of phospho-stat3 was examined in the spleen of WT and Ido2 KO mice 4 h after LPS administration 
(n = 5 each). Data are presented as the mean ± SD. *p < 0.05.
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Discussion
The present study showed that Ido2 is an important molecule in the regulation of cytokine signal transduc-
tion pathways, especially IL-6/stat3 signalling. In the LPS-induced endotoxin shock model, Ido2 KO mice were 
more sensitive to LPS-induced lethality than were the WT mice. LPS-induced cytokine production increased 
in the macrophages of Ido2 KO mice. LPS is the major outer surface membrane component present in almost 
all Gram-negative bacteria, and LPS acts as an extremely strong stimulator of innate or adaptive immunity. LPS 
binds to CD14 and TLR4 and triggers the production of inflammatory cytokines and bioactive molecules that 
are pivotal in the pathophysiology of sepsis24. Sepsis is one major cause of systemic inflammatory response syn-
drome, which sometimes leads to host death25. Among immune cells, macrophages are essential for the initiation 
of septic disease, as they release various cytokines and chemokines, such as TNFα, IL-6 and MCP-126,27. These 
cytokines cause multiple organ failures that can result in a high mortality rate. Interestingly, we found a remark-
ably higher level of IL-6 production in Ido2 KO mice. Among the various cytokines tested, IL-6 is a key mediator 
of the inflammatory response of sepsis. Pathological overproduction of IL-6 is found in patients with sepsis and 
correlates with disease mortality28,29. The results from the present study confirmed previous reports that IL-6 
production was the key cytokine in LPS-induced endotoxin shock model, leading to high mortality after LPS 
treatment in Ido2 KO mice.

The relationship between the pathophysiology of sepsis and Trp degradation enzymes, such as tryptophan 
2,3-dioxygenase 2 (TDO2), Ido1 and Ido2, are reported. Jung et al. showed that Ido1 has a protective effect in a 
sepsis model by controlling the cytokine balance30. On the other hand, TDO2 deletion enhances toxicity in sepsis. 
Bessede et al. showed that susceptibility to endotoxaemia was greatly increased in AhR (Aryl hydrocarbon recep-
tor) knockout and TDO2 KO mice compared to WT controls, with limited (Ido1) or no (Ido2) effects of either 

Figure 2. The peritoneal macrophages of Ido2 KO mice upregulate cytokine production following LPS 
stimulus. The inflammatory cytokine and chemokine levels of peritoneal macrophages in WT and Ido2 
KO mice 24 h after LPS treatment (100 ng/mL) were examined with Bioplex. The Ido2 KO accelerated the 
production of various cytokines and chemokines. Data are presented as the mean ± SD (n = 5–7). *p < 0.05.



www.nature.com/scientificreports/

5SCientiFiC RepoRts |         (2018) 8:15917  | DOI:10.1038/s41598-018-34166-4

indoleamine 2,3-dioxygenase deficiency31. Our data showed that Ido2 deletion also enhances the toxicity in LPS 
induced endotoxin models. Further study is needed to clarify the relationship between the pathophysiology of 
sepsis and Trp degradation enzymes, but our data suggested that Ido2 has an important function in LPS induced 
endotoxin models.

LPS induces cytokine production through TLR4 and NF-κB signalling activation. Ido2 KO did not affect 
the NF-κB signal transduction pathway but did influence the stat3 signal transduction pathway. Stat3 is a STAT 
family member, which is activated in response to IL-632. IL-6 regulates its target genes by binding to its respective 
receptor complex, thereby activating tyrosine kinases of the Janus family, followed by tyrosine phosphorylation, 
dimerisation and the nuclear translocation of stat333. These inflammatory cytokines are negatively regulated by 

Figure 3. The overexpression of Ido2 in RAW cells blocks cytokine signalling. (a) RAW cells were transfected 
with mouse full-length Ido2 (RAW-Ido2) or empty vector (RAW-MOC). A representative microscopic image 
of GFP in RAW-MOC or RAW-Ido2 cells is shown. (b) The expression of Ido2 mRNA in RAW-MOC or RAW-
Ido2 cells was determined by RT-PCR. (c) The expression of Ido2 protein in RAW-MOC or RAW-Ido2 cells was 
determined by western blot. (d) Functional Ido2 activity level was determined by measuring the concentrations 
of Trp and its metabolite, KYN in RAW- Ido2 cells using HPLC (n = 4 each). (e) The concentration of cytokines 
was examined in the conditioned medium of RAW-MOC and RAW-Ido2 cells (n = 4 each). Data are presented 
as the means ± SD. *p < 0.05 by one-way ANOVA.
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SOCS proteins34, a family of intracellular proteins that have emerged as key physiological regulators of cytokine 
responses, including those that regulate the immune system35. Interestingly, Ido2 overexpression inhibited SOCS1 
and SOCS3 mRNA expression. The expression of SOCS1 and SOCS3 was also regulated by IL-6/stat3 signalling. 
Our data showed that the Ido2 gene contributes to cytokine production and degradation through IL-6/stat3 
signalling.

Under normal conditions, the level of cytokines present is almost the same in WT and Ido2 KO mice. 
However, once LPS stimulation occurs, cytokine production becomes activated at high levels in Ido2 KO mice. 

Figure 4. Ido2 inhibits the cytokine signalling. (a) Heat maps representing the relative expression of the 
signalling pathways in RAW-MOC and RAW-Ido2 cells. (b) The protein expression of stat3 in RAW-MOC and 
RAW-Ido2 cells. (c) qRT-PCR analysis of LPS induced and stat3-relative gene expression in RAW-MOC and 
RAW- Ido2 cells. Data are presented as the mean ± SD (n = 3 each). *p < 0.05.
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These data suggest that Ido2 is an important regulator of cytokine signalling. Indeed, cytokine production is 
tightly regulated via a series of beautifully orchestrated pathways. Deregulated cytokine production is implicated 
in several disease states, ranging from chronic inflammation to allergies36. Our data indicate that the deletion 
of Ido2 causes the degradation of regulated cytokine production pathways. Recently, a proinflammatory role 
for Ido2 has been reported, showing that Ido2 KO mice show a delayed onset or reduced severity of arthritis21. 
Furthermore, Ido2-deficient B cells lack the ability to upregulate the co-stimulatory marker CD40, suggesting 
that Ido2 acts at the interface between T cells and B cells to modulate T cell potency to promote autoantibody 
production23. Although the reason for the discrepancy between our results and previous studies is not yet under-
stood, Ido2 plays an important role in cytokine production in macrophages and in antibody production in B cells.

Ido1 is induced by proinflammatory cytokines, such as IFN-γ, and catalyses the degradation of Trp to KYN. 
Although the mechanism of Ido2 induction remains unknown, some reports have shown that Ido2 mRNA 
expression is upregulated in response to IFN-γ in some cell lines37,38, DCs and mesenchymal stem cells39. On the 
other hand, in an experimental cerebral malaria model that has high levels of circulating IFN-γ, Ido2 mRNA is 
not upregulated18. In the present study, macrophages were shown to induce Ido2 expression after LPS treatment, 
but further study is needed to elucidate the mechanism of Ido2 induction in various conditions.

Macrophages of Ido2 KO mice enhanced cytokine production induced by LPS. However, the macrophages 
of Ido1 KO mice treated with LPS failed to change their cytokine production. Previous reports showed that Ido2 
has a low affinity for Trp in a cell-free assay, resulting in low catalytic efficiency compared with Ido140–42. For this 
reason, Ido1 KO may increase KYN concentration to a greater extent compared with Ido2 KO in mice. If the 
KYN concentration is the key factor governing cytokine production, Ido1 KO mice may induce greater cytokine 
production compared with Ido2 KO mice. The present data suggest that the mechanisms controlling immune 
modulation are different for Ido1 and Ido2. Although Ido1 plays an important role in the production of metabo-
lites in the KYN pathway, Ido2 affects cytokine signal transduction. Even though further study will be needed to 
elucidate the precise mechanism, our data suggest that Ido2 controls the cytokine signal transduction pathway 
without changes to the KYN concentration or homeostatic KYN levels. Therefore, Ido2 is a negative regulator of 
cytokine signalling in the immune system and is important for maintaining cytokine homeostasis.

Methods
Animals. All mice were mature males, 6–8 weeks old. Ido2 KO mice on a C57BL/6 background were obtained 
from the Knockout Mouse Project (KOMP, CA, USA). Mice that were homozygous null (Ido2 KO) by targeted 
disruption of the Ido2 gene were selected from the offspring of heterozygous-homozygous matings by genotyp-
ing with tail DNA PCR. Ido1 KO mice on a C57BL/6 background were obtained from Jackson Laboratory (Bar 
Harbor, ME, USA). WT C57BL/6 N mice were purchased from Charles River Laboratories (Yokohama, Japan). 
Animals were housed in the animal facilities of Fujita Health University Graduate School of Medicine under 
specific pathogen-free conditions, maintained at 25 °C on a 12 h light/dark cycle (lights on at 08:00), and had 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 
conformed to international guidelines, as described in Principles of Laboratory Animal Care (National Institutes 
of Health publication 85-23, revised 1985).

Figure 5. Schematic overview of Ido2 functional role. First, LPS binds to TLR4 receptor and stimulates early 
cytokine expression via NF-κB. These cytokines, when released, induce stat1 and stat3 activation. Ido2 gene 
affects IL-6/stat3 signalling after LPS treatments.
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Induction of LPS-induced Endotoxin Shock. WT and Ido2 KO mice (body weight 20–23 g) were intra-
peritoneally injected with 15 mg/kg of LPS from Salmonella enterica (Sigma-Aldrich, MO, USA), and their sur-
vival was monitored daily for 7 days. To obtain samples, the animals were anaesthetized and humanely sacrificed 
at the indicated times.

Separation of Peritoneal Macrophages and T Cell. Two and a half millilitres of 3% thioglycollate 
medium was intraperitoneally injected into Ido2 KO mice or WT mice. Four days after injection, cells were 
collected from the peritoneal cavity. Peritoneal macrophages were enriched using the EasySep Negative Mouse 
Monocyte Kit (Stemcell Technologies Inc., MA, USA). T-cells were isolated from spleen in Ido2 KO mice or WT 
mice using the EasySep Negative Mouse T Cell Kit (Stemcell Technologies Inc.) according to the manufacturer’s 
instructions.

Peritoneal macrophages and T-cells were incubated for 24 h in 12-well, flat-bottom plates in RPMI-1640 with 
or without 100 ng/ml LPS (Sigma-Aldrich, MO, USA).

Measurement of Kynurenine Pathway Metabolites. We used high-performance liquid chromatogra-
phy (HPLC) to measure the Trp and kynurenine pathway metabolite, KYN, in conditioned medium and mouse 
serum. Specifically, we used a TSKgel ODS-100 V 3 µm 4.6 mm (ID) × 15 cm (L) column with a spectrophotomet-
ric detector (Shimazu, Tokyo, Japan), as described in our previous reports43,44.

Cytokine Assays. To measure the cytokines in mouse serum or conditioned medium, we used a Bio-Plex 
multiplex assay system (Bio-Rad Technologies, CA, USA). The specific cytokines identified with this approach 
were IL-1α, IL-2, IL-3, IL-6, IL-10, MCP-1, MIP-1α, MIP-1β, RANTES and TNF-α.

Stat3-relative protein expression and phosphorylation levels of stat3. The phosphorylated stat3 
levels and stat3 protein levels were examined using a stat3 (pY705) and total stat3 ELISA Kit (ab126459) (Abcam, 
Cambridge, UK). A sandwich ELISA system is an in vitro enzyme-linked immunosorbent assay for the measure-
ment of phospho-stat3 (Tyr705) and total stat3. Each experiment was performed according to the manufacturer’s 
protocols.

Histopathology. Tissues were fixed in 10% formalin in phosphate-buffered saline overnight and then 
embedded in paraffin. Sections (thickness, 4 μm) were used for haematoxylin and eosin (H&E) and Ido2 immu-
nohistochemical staining. Anti-Ido2 antibody (ab214214) (Abcam, Cambridge, UK) and simple histofine 
(Nichirei Corporation, Tokyo, Japan) were used for Ido2 staining.

Cell Culture. A murine macrophage cell line (RAW) consisting of 264.7 cells that originated from the 
American Type Culture Collection was maintained in RPMI-1640 medium (Nissui Co., Ltd., Tokyo, Japan) sup-
plemented with 10% FCS, at 37 °C in a humid atmosphere with 5% CO2. Full-length mouse Ido2 cDNA was 
subcloned into an N-terminal Venus-tagged CAGGS expression vector. Mouse Ido2 cDNA was transfected into 
RAW cells (RAW- Ido2) with lipofectamine (Life Technologies, CA, USA), and Ido2 expression was confirmed 
by mRNA and protein levels.

RNA Extraction and Quantitative Real Time PCR. Total RNA was extracted from cell lines with 
ISOGEN (Nippongene, Tokyo, Japan) and reverse transcription-PCR was performed using Revetra Ace 
Kits (Toyobo, Tokyo, Japan). Real time PCR was performed using the EvaGreen PCR Master Mix (Bio-Rad 
Technologies, CA, USA). The mRNA expression of target genes was normalised to GAPDH. The primer sequences 
were as follows: GAPDH, sense 5ʹ-TGCACCACCAACTGCT-3ʹ, antisense 5ʹ-GGCATGGACTGTGGTC-3ʹ; 
Ido1, sense 5ʹ-CCCACACTGAGCACGG-3ʹ, antisense 5ʹ-TTGCGGGGCAGCACCT-3ʹ; Ido2, sense 
5ʹ-GCCCAGAGCTCCGTGC-3ʹ, antisense 5ʹ-TGGGAAGGCGGCATGT-3ʹ.

Western blot. Cell extracts were prepared in lysis buffer [100 mM Tris-HCL (pH 8.0), 100 mM NaCl, 0.5% 
NP40, and 0.2 mM phenylmethane sulfonylfluoride] and centrifuged for 5 min at 1800 g at 4 °C. The superna-
tants collected for protein analysis were lysed with SDS-PAGE sample buffer, sonicated and boiled. Protein sam-
ples were separated by one-dimensional SDS-PAGE, transferred onto a PVDF membrane and blotted with Ido2 
(ab214214) from Abcam (Cambridge, UK). The immunoblot signals were normalized to β-actin (PM053) from 
MBL (Tokyo, Japan).

Gene Array Analysis. Total RNA was isolated and reverse transcribed. qPCR was performed using Mouse 
Transcription Factors RT² Profiler PCR Array profile (QIAGEN, Hilden, Germany) (QIAGEN) containing prim-
ers for 84 genes. We assayed the gene expressions of the 84 key mouse signal transduction related genes.

Statistical Analysis. GraphPad Prism v.7 software was used for statistical analyses. The survival rate of the 
mice was analysed using the Kaplan–Meier method. Statistically significant differences between groups were 
determined using Student’s t-test or one-way analysis of variance. A p value < 0.05 was considered statistically 
significant, and 95% confidence intervals are indicated within figures.

References
 1. Takikawa, O., Yoshida, R., KIdo, R. & Hayaishi, O. Tryptophan degradation in mice initiated by indoleamine 2,3-dioxygenase. 

Journal of Biological Chemistry 261, 3648–3653 (1986).
 2. Mellor, A. L. et al. Cutting edge: Induced indoleamine 2,3 dioxygenase expression in dendritic cell subsets suppresses T cell clonal 

expansion. Journal of Immunology 171, 1652–1655, https://doi.org/10.4049/jimmunol.171.4.1652 (2003).
 3. Mellor, A. L. & Kahler, D. J. In Handbook of Experimental Pharmacology Vol. 188, 165–196 (2009).

http://dx.doi.org/10.4049/jimmunol.171.4.1652


www.nature.com/scientificreports/

9SCientiFiC RepoRts |         (2018) 8:15917  | DOI:10.1038/s41598-018-34166-4

 4. Mellor, A. L. et al. Prevention of T cell-driven complement activation and inflammation by tryptophan catabolism during pregnancy. 
Nature Immunology 2, 64–68, https://doi.org/10.1038/83183 (2001).

 5. Fallarino, F. et al. In Advances in Experimental Medicine and Biology Vol. 527, 183–190 (2003).
 6. Baban, B. et al. IDO activates regulatory T cells and blocks their conversion into Th17-like T cells. Journal of Immunology 183, 

2475–2483, https://doi.org/10.4049/jimmunol.0900986 (2009).
 7. Fox, J. M. et al. Inhibition of indoleamine 2,3-dioxygenase enhances the T-cell response to influenza virus infection. Journal of 

General Virology 94, 1451–1461, https://doi.org/10.1099/vir.0.053124-0 (2013).
 8. Munn, D. H. & Mellor, A. L. Indoleamine 2,3-dioxygenase and tumor-induced tolerance. Journal of Clinical Investigation 117, 

1147–1154, https://doi.org/10.1172/JCI31178 (2007).
 9. Miu, J., Ball, H. J., Mellor, A. L. & Hunt, N. H. Effect of indoleamine dioxygenase-1 deficiency and kynurenine pathway inhibition 

on murine cerebral malaria. International Journal for Parasitology 39, 363–370, https://doi.org/10.1016/j.ijpara.2008.10.005 (2009).
 10. Munn, D. H. et al. Prevention of allogeneic fetal rejection by tryptophan catabolism. Science 281, 1191–1193 (1998).
 11. Murakami, Y. et al. Depressive symptoms as a side effect of Interferon-α therapy induced by induction of indoleamine 

2,3-dioxygenase 1. Scientific Reports 6, https://doi.org/10.1038/srep29920 (2016).
 12. Ball, H. J., Yuasa, H. J., Austin, C. J. D., Weiser, S. & Hunt, N. H. Indoleamine 2,3-dioxygenase-2; a new enzyme in the kynurenine 

pathway. International Journal of Biochemistry and Cell Biology 41, 467–471, https://doi.org/10.1016/j.biocel.2008.01.005 (2009).
 13. Fatokun, A. A., Hunt, N. H. & Ball, H. J. Indoleamine 2,3-dioxygenase 2 (IDO2) and the kynurenine pathway: Characteristics and 

potential roles in health and disease. Amino Acids 45, 1319–1329, https://doi.org/10.1007/s00726-013-1602-1 (2013).
 14. Yuasa, H. J. et al. Evolution of vertebrate indoleamine 2,3-dioxygenases. Journal of Molecular Evolution 65, 705–714, https://doi.

org/10.1007/s00239-007-9049-1 (2007).
 15. Yuasa, H. J. & Ball, H. J. Molecular evolution and characterization of fungal indoleamine 2,3-dioxygenases. Journal of Molecular 

Evolution 72, 160–168, https://doi.org/10.1007/s00239-010-9412-5 (2011).
 16. Yuasa, H. J., Mizuno, K. & Ball, H. J. Low efficiency IDO2 enzymes are conserved in lower vertebrates, whereas higher efficiency 

IDO1 enzymes are dispensable. FEBS Journal 282, 2735–2745, https://doi.org/10.1111/febs.13316 (2015).
 17. Fukunaga, M. et al. Studies on tissue and cellular distribution of indoleamine 2,3-dioxygenase 2: The absence of IDO1 upregulates 

IDO2 expression in the epididymis. Journal of Histochemistry and Cytochemistry  60 ,  854–860, https://doi.
org/10.1369/0022155412458926 (2012).

 18. Ball, H. J. et al. Characterization of an indoleamine 2,3-dioxygenase-like protein found in humans and mice. Gene 396, 203–213, 
https://doi.org/10.1016/j.gene.2007.04.010 (2007).

 19. Fujigaki, S. et al. Lipopolysaccharide induction of indoleamine 2,3-dioxygenase is mediated dominantly by an IFN-γ-independent 
mechanism. European Journal of Immunology 31, 2313–2318, https://doi.org/10.1002/1521-4141 (2001).

 20. Merlo, L. M. F. et al. IDO2 is a critical mediator of autoantibody production and inflammatory pathogenesis in a mouse model of 
autoimmune arthritis. Journal of Immunology 192, 2082–2090, https://doi.org/10.4049/jimmunol.1303012 (2014).

 21. Merlo, L. M. F. et al. Therapeutic antibody targeting of indoleamine-2,3-dioxygenase (IDO2) inhibits autoimmune arthritis. Clinical 
Immunology 179, 8–16, https://doi.org/10.1016/j.clim.2017.01.016 (2017).

 22. Metz, R. et al. IDO2 is critical for IDO1-mediated T-cell regulation and exerts a non-redundant function in inflammation. 
International Immunology 26, 357–367, https://doi.org/10.1093/intimm/dxt073 (2014).

 23. Merlo, L. M. F. et al. IDO2 modulates t cell-dependent autoimmune responses through a b cell-intrinsic mechanism. Journal of 
Immunology 196, 4487–4497, https://doi.org/10.4049/jimmunol.1600141 (2016).

 24. Tukhvatulin, A. I. et al. Toll-like receptors and their adapter molecules. Biochemistry (Moscow) 75, 1098–1114, https://doi.
org/10.1134/S0006297910090038 (2010).

 25. Bosmann, M. & Ward, P. A. The inflammatory response in sepsis. Trends in Immunology 34, 129–136, https://doi.org/10.1016/j.
it.2012.09.004 (2013).

 26. Palladino, M. A., Bahjat, F. R., Theodorakis, E. A. & Moldawer, L. L. Anti-TNF-α therapies: The next generation. Nature Reviews 
Drug Discovery 2, 736–746 (2003).

 27. Gosemann, J. H. et al. TLR4 influences the humoral and cellular immune response during polymicrobial sepsis. Injury 41, 
1060–1067, https://doi.org/10.1016/j.injury.2010.05.021 (2010).

 28. Hack, C. E. et al. Increased plasma levels of interleukin-6 in sepsis. Blood 74, 1704–1710 (1989).
 29. Damas, P. et al. Cytokine serum level during severe sepsis in human IL-6 as a marker of severity. Annals of Surgery 215, 356–362 

(1992).
 30. Jung, I. D. et al. Blockade of indoleamine 2,3-dioxygenase protects mice against lipopolysaccharide-induced endotoxin shock. 

Journal of Immunology 182, 3146–3154, https://doi.org/10.4049/jimmunol.0803104 (2009).
 31. Bessede, A. et al. Aryl hydrocarbon receptor control of a disease tolerance defence pathway. Nature 511, 184–190, https://doi.

org/10.1038/nature13323 (2014).
 32. Zhong, Z., Wen, Z. & Darnell, J. E. Jr. Stat3: A STAT family member activated by tyrosine phosphorylation in response to epidermal 

growth factor and interleukin-6. Science 264, 95–98 (1994).
 33. Heinrich, P. C., Behrmann, I., Müller-Newen, G., Schaper, F. & Graeve, L. Interleukin-6-type cytokine signalling through the gp130/

Jak/STAT pathway. Biochemical Journal 334, 297–314, https://doi.org/10.1042/bj3340297 (1998).
 34. Kimura, A. et al. Suppressor of cytokine signaling-1 selectively inhibits LPS-induced IL-6 production by regulating JAK-STAT. 

Proceedings of the National Academy of Sciences of the United States of America 102, 17089–17094, https://doi.org/10.1073/
pnas.0508517102 (2005).

 35. Yoshimura, A., Naka, T. & Kubo, M. SOCS proteins, cytokine signalling and immune regulation. Nature Reviews Immunology 7, 
454–465, https://doi.org/10.1038/nri2093 (2007).

 36. Duque, G. A. & Descoteaux, A. Macrophage cytokines: Involvement in immunity and infectious diseases. Frontiers in Immunology 
5, https://doi.org/10.3389/fimmu.2014.00491 (2014).

 37. Lob, S. et al. Levo- but not dextro-1-methyl tryptophan abrogates the IDO activity of human dendritic cells. Blood 111, 2152–2154, 
https://doi.org/10.1182/blood-2007-10-116111 (2008).

 38. Witkiewicz, A. K. et al. Genotyping and Expression Analysis of IDO2 in Human Pancreatic Cancer: A Novel, Active Target. Journal 
of the American College of Surgeons 208, 781–787, https://doi.org/10.1016/j.jamcollsurg.2008.12.018 (2009).

 39. Croitoru-Lamoury, J. et al. Interferon-γ regulates the proliferation and differentiation of mesenchymal stem cells via activation of 
indoleamine 2,3 dioxygenase (IDO). PLoS ONE 6, https://doi.org/10.1371/journal.pone.0014698 (2011).

 40. Yuasa, H. J. et al. Characterization and evolution of vertebrate indoleamine 2,3-dioxygenases. IDOs from monotremes and 
marsupials. Comparative Biochemistry and Physiology - B Biochemistry and Molecular Biology 153, 137–144, https://doi.
org/10.1016/j.cbpb.2009.02.002 (2009).

 41. Yuasa, H. J., Ball, H. J., Austin, C. J. D. & Hunt, N. H. 1-l-methyltryptophan is a more effective inhibitor of vertebrate IDO2 enzymes 
than 1-d-methyltryptophan. Comparative Biochemistry and Physiology - B Biochemistry and Molecular Biology 157, 10–15, https://
doi.org/10.1016/j.cbpb.2010.04.006 (2010).

 42. Pantouris, G., Serys, M., Yuasa, H. J., Ball, H. J. & Mowat, C. G. Human indoleamine 2,3-dioxygenase-2 has substrate specificity and 
inhibition characteristics distinct from those of indoleamine 2,3-dioxygenase-1. Amino Acids 46, 2155–2163, https://doi.
org/10.1007/s00726-014-1766-3 (2014).

http://dx.doi.org/10.1038/83183
http://dx.doi.org/10.4049/jimmunol.0900986
http://dx.doi.org/10.1099/vir.0.053124-0
http://dx.doi.org/10.1172/JCI31178
http://dx.doi.org/10.1016/j.ijpara.2008.10.005
http://dx.doi.org/10.1038/srep29920
http://dx.doi.org/10.1016/j.biocel.2008.01.005
http://dx.doi.org/10.1007/s00726-013-1602-1
http://dx.doi.org/10.1007/s00239-007-9049-1
http://dx.doi.org/10.1007/s00239-007-9049-1
http://dx.doi.org/10.1007/s00239-010-9412-5
http://dx.doi.org/10.1111/febs.13316
http://dx.doi.org/10.1369/0022155412458926
http://dx.doi.org/10.1369/0022155412458926
http://dx.doi.org/10.1016/j.gene.2007.04.010
http://dx.doi.org/10.1002/1521-4141
http://dx.doi.org/10.4049/jimmunol.1303012
http://dx.doi.org/10.1016/j.clim.2017.01.016
http://dx.doi.org/10.1093/intimm/dxt073
http://dx.doi.org/10.4049/jimmunol.1600141
http://dx.doi.org/10.1134/S0006297910090038
http://dx.doi.org/10.1134/S0006297910090038
http://dx.doi.org/10.1016/j.it.2012.09.004
http://dx.doi.org/10.1016/j.it.2012.09.004
http://dx.doi.org/10.1016/j.injury.2010.05.021
http://dx.doi.org/10.4049/jimmunol.0803104
http://dx.doi.org/10.1038/nature13323
http://dx.doi.org/10.1038/nature13323
http://dx.doi.org/10.1042/bj3340297
http://dx.doi.org/10.1073/pnas.0508517102
http://dx.doi.org/10.1073/pnas.0508517102
http://dx.doi.org/10.1038/nri2093
http://dx.doi.org/10.3389/fimmu.2014.00491
http://dx.doi.org/10.1182/blood-2007-10-116111
http://dx.doi.org/10.1016/j.jamcollsurg.2008.12.018
http://dx.doi.org/10.1371/journal.pone.0014698
http://dx.doi.org/10.1016/j.cbpb.2009.02.002
http://dx.doi.org/10.1016/j.cbpb.2009.02.002
http://dx.doi.org/10.1016/j.cbpb.2010.04.006
http://dx.doi.org/10.1016/j.cbpb.2010.04.006
http://dx.doi.org/10.1007/s00726-014-1766-3
http://dx.doi.org/10.1007/s00726-014-1766-3


www.nature.com/scientificreports/

1 0SCientiFiC RepoRts |         (2018) 8:15917  | DOI:10.1038/s41598-018-34166-4

 43. Hoshi, M. et al. Indoleamine 2,3-dioxygenase is highly expressed in human adult T-cell leukemia/lymphoma and chemotherapy 
changes tryptophan catabolism in serum and reduced activity. Leukemia Research 33, 39–45, https://doi.org/10.1016/j.
leukres.2008.05.023 (2009).

 44. Saito, K. et al. 4-Chloro-3-hydroxyanthranilate, 6-chlorotryptophan and norharmane attenuate quinolinic acid formation by 
interferon-γ-stimulated monocytes (THP-1 cells). Biochemical Journal 291, 11–14 (1993).

Acknowledgements
The work of the authors is partly supported by JSPS KAKENHI Grant Numbers 23390149 (KS), 17H07222 
(YY) and 17H04252 (TN); by the Private University Research Branding Project from the Ministry of Education, 
Culture, Sports, Science and Technology of Japan (MEXT) and by a Research Grant from the Smoking Research 
Foundation (KS).

Author Contributions
Yasuko Yamamoto, Shinjiro Imai and Kuniaki Saito planned the studies. Yasuko Yamamoto, Wakana Yamasuge, 
Hidetsugu Fujigaki and Akihiro Mouri performed the experiments. Yasuko Yamamoto had responsibility for 
all data integrity and data analysis. Yasuko Yamamoto, Wakana Yamasuge, Shinjiro Imai, Kazuo Kunisawa, 
Masato Hoshi, Hidetsugu Fujigaki, Akihiro Mouri, Toshitaka Nabeshima and Kuniaki Saito discussed the results. 
Toshitaka Nabeshima and Kuniaki Saito conducted the research. Kuniaki Saito had primary responsibility for the 
final content. All authors reviewed the manuscript.

Additional Information
Supplementary information accompanies this paper at https://doi.org/10.1038/s41598-018-34166-4.
Competing Interests: The authors declare no competing interests.
Publisher’s note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the 
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.
 
© The Author(s) 2018

http://dx.doi.org/10.1016/j.leukres.2008.05.023
http://dx.doi.org/10.1016/j.leukres.2008.05.023
http://dx.doi.org/10.1038/s41598-018-34166-4
http://creativecommons.org/licenses/by/4.0/

	Lipopolysaccharide shock reveals the immune function of indoleamine 2,3-dioxygenase 2 through the regulation of IL-6/stat3  ...
	Results
	Ido2 KO mice are highly sensitive to LPS-induced endotoxin shock. 
	The peritoneal macrophages of Ido2 KO mice upregulate cytokine production following LPS stimulus. 
	Cytokine signalling is blocked due to overexpression of Ido2 in RAW cells. 
	Ido2 inhibits cytokine signalling. 

	Discussion
	Methods
	Animals. 
	Induction of LPS-induced Endotoxin Shock. 
	Separation of Peritoneal Macrophages and T Cell. 
	Measurement of Kynurenine Pathway Metabolites. 
	Cytokine Assays. 
	Stat3-relative protein expression and phosphorylation levels of stat3. 
	Histopathology. 
	Cell Culture. 
	RNA Extraction and Quantitative Real Time PCR. 
	Western blot. 
	Gene Array Analysis. 
	Statistical Analysis. 

	Acknowledgements
	Figure 1 Ido2 KO mice are highly sensitive to LPS-induced endotoxin shock.
	Figure 2 The peritoneal macrophages of Ido2 KO mice upregulate cytokine production following LPS stimulus.
	Figure 3 The overexpression of Ido2 in RAW cells blocks cytokine signalling.
	Figure 4 Ido2 inhibits the cytokine signalling.
	Figure 5 Schematic overview of Ido2 functional role.




