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ABSTRACT
Indoleamine 2,3-dioxygenase 1 (IDO1) is an intracellular rate-limiting enzyme 

in the metabolism of tryptophan along the kynurenine pathway, subsequently 
mediating the immune response; however, the role of IDO1 in liver fibrosis and 
cirrhosis is still unclear. In this study, we investigated the role of IDO1 in the 
development of hepatic fibrosis and cirrhosis. Patients with hepatitis B virus-induced 
cirrhosis and healthy volunteers were enrolled. For animals, carbon tetrachloride 
(CCl4) was used to establish liver fibrosis in wild-type and IDO1 knockout mice. 
Additionally, an IDO1 inhibitor (1-methyl-D-tryptophan) was administered to WT 
fibrosis mice. Liver lesions were positively correlated with serum IDO1 levels in both 
the clinical subjects and hepatic fibrosis mice. A positive correlation between serum 
IDO1 levels and liver stiffness values was found in the cirrhosis patients. Notably, 
IDO1 knockout mice were protected from CCl4-induced liver fibrosis, as reflected 
by unchanged serum alanine transaminase and aspartate transaminase levels 
and lower collagen deposition, α-smooth muscle actin expression and apoptotic 
cell death rates. On the other hand, tryptophan 2,3-dioxygenase (TDO), another 
systemic tryptophan metabolism enzyme, exhibited a compensatory increase as 
a result of IDO1 deficiency. Moreover, hepatic interleukin-17a, a characteristic 
cytokine of T helper 17 (Th17) cells, and downstream cytokines’ mRNA levels 
showed lower expression in the IDO1–/– model mice. IDO1 appears to be a potential 
hallmark of liver lesions, and its deficiency protects mice from CCl4-induced fibrosis 
mediated by Th17 cells down-regulation and TDO compensation.

INTRODUCTION

Liver fibrosis is a wound-healing process elicited 
by various toxic injuries, including viruses, alcohol and 
fat accumulation, and it is the final common pathway of 
almost all chronic liver diseases [1]. Liver fibrosis can 
progress to cirrhosis, which is estimated to affect 1–2% 

of the world’s population [2]. Its complications are major 
causes of morbidity and mortality worldwide. Despite 
considerable improvement in our understanding of the 
fibrogenic process in recent years, the treatment options 
remain limited [3]. Given that liver fibrosis has become 
a common health care problem, exploring its underlying 
mechanisms is of great importance.
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Liver fibrosis mainly results from liver injury-
mediated inflammation and activation of hepatic stellate 
cells (HSCs). HSCs can transform into myofibroblasts, 
secreting large amounts of collagen and synthesizing 
extracellular matrix (ECM) to facilitate an imbalance in 
ECM formation and degradation, eventually leading to liver 
fibrosis [4]. Recent evidence indicates that activation of the 
immune system is closely related to liver fibrosis [5]. T 
cell-mediated immune injury plays an important role in the 
development of chronic liver disease, which is induced by 
viruses, parasites and chemicals. Generally, in patients with 
chronic liver disease, CD4+ T cells decrease, while CD8+ 
T cells increase. CD8+ T cells attack injured hepatocytes 
infected with pathogens but simultaneously increase 
the liver damage [6, 7]. Moreover, T helper 17 (Th17) 
cells, which originate from CD4+ T cells, are a recently 
discovered subset of T helper cells. Interleukin 17a (IL-17a), 
the characteristic cytokine of Th17 cells, is a known hepatic 
fibrosis inducer that mediates ECM remodelling [8–10].

Indoleamine 2,3-dioxygenase (IDO) is an 
intracellular enzyme that catalyses the first and rate-
limiting step in the metabolism of the essential amino 
acid tryptophan (TRP) in the kynurenine (KYN) pathway 
[11]. Two types of IDO are known: IDO1 and IDO2 [12]. 
In both humans and mice, IDO1 is widely distributed 
but IDO2 expression is limited [13]. The regulation 
of IDO1 expression is mediated by several immune 
and inflammatory factors; it is mainly up-regulated by 
interferon-γ (IFN-γ) and down-regulated by interleukin-4 
(IL-4) [14]. Recent studies suggest that IDO1 plays a 
crucial role in the induction of immune tolerance to 
tumours. The current study demonstrates that induction of 
IDO1 and elevation of L-KYN might play a critical role in 
both the early and late phases of liver carcinogenesis [15]. 
A previous study revealed that the proliferation of CD8+ 
and CD4+ T cells is suppressed in response to the TRP-
depleted microenvironment caused by IDO1 expression, 
but the effect is stronger for CD8+ T cells than CD4+ T 
cells [16]. Furthermore, the proliferation of Th17 cells 
can be suppressed by general control nonderepressible 2 
(GCN2) kinase, which is activated by TRP depletion [17].

In the present study, we investigated the role of 
IDO1 in a clinical trial and in a carbon tetrachloride 
(CCl4)-induced hepatic fibrosis mouse model to obtain 
preclinical data for the treatment and/or chemoprevention 
of liver fibrosis (and even cirrhosis) by modulating IDO1 
expression.

RESULTS

The serum level of IDO1 was decreased in 
patients with HBV-induced cirrhosis and 
positively correlated with the degree of cirrhosis

We first conducted clinical trials on patients with 
hepatitis B virus (HBV)-induced cirrhosis to investigate 

whether the serum level of IDO1 would change compared 
with healthy volunteers (HVs) (Figure 1A). The background 
characteristics of the participants are presented in Table 1.  
Twelve patients underwent a FibroScan® examination with 
ECHOSENS™, from which we obtained liver stiffness 
(E) values. Interestingly, the serum level of IDO1 was 
decreased significantly in the patients with cirrhosis 
compared with the HVs (Figure 1B). The serum levels of 
biochemical markers of liver injury, alanine transaminase 
(ALT) and aspartate transaminase (AST), were significantly 
higher in the patients than the HVs (Figure 1C). However, 
liver function was within normal limits in most of the 
patients. Using Pearson’s linear correlation tests, we found 
a positive correlation between serum IDO1 and E values 
(Figure 1D). Although there was no positive or negative 
correlation between serum IDO1 and ALT levels, we found 
a positive correlation between serum IDO1 and AST levels 
in the samples from patients (Figure 1E). Moreover, the 
serum levels of γ-glutamyl transferase (GGT), albumin 
(ALB), albumin/globulin (A/G) ratio, total bilirubin (TB), 
direct bilirubin (DB), indirect bilirubin (IB), total bile 
acid (TBA), cholinesterase (CHE) and prothrombin time 
activity (PTA) were measured in the samples from patients. 
The above levels can reflect the degree of hepatocyte 
damage in liver diseases in various ways, including protein 
metabolism, bilirubin metabolism and bile acid metabolism. 
With Pearson’s linear correlation tests, we found that the 
serum IDO1 level was positively correlated with serum 
GGT, DB and TBA levels (Figure 1F). In addition, the 
serum IDO1 level was negatively correlated with serum 
ALB, CHE and PTA levels (Figure 1F). Furthermore, the 
serum IDO1 level was positively correlated with serum 
TB and IB, and was negatively correlated with serum A/G 
ratio (Supplementary Figure 1). Collectively, the results of 
this clinical study indicated that the serum IDO1 level was 
decreased in patients with HBV-induced cirrhosis compared 
with HVs. Moreover, under the condition of cirrhosis, this 
clinical study indicated positive correlations of the serum 
IDO1 level with liver lesions and the degree of hepatic 
fibrosis, despite the reduction in IDO1.

Serum IDO1 was time-dependently elevated 
in a CCl4-induced fibrosis mouse model and 
positively correlated with liver lesions

To evaluate the changes in IDO1 levels in mice, 
we established a model of liver fibrosis induced by 
CCl4. The mice were sacrificed at the end of 2 weeks or 
4 weeks (Figure 2A). As expected, CCl4 injury resulted in 
macroscopically evident liver fibrosis. Among the 4-week 
mice with liver fibrosis, injection of CCl4 induced increases 
in α-smooth muscle actin (α-SMA) protein, collagen fibers, 
and α-SMA-positive cells in the liver (Figure 2E, 2F; 
Figure 3E). Moreover, the expression of IDO1 in the 
liver of mice with liver fibrosis was increased but was 
not significantly different from that in the control mice 
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(Figure 2E, 2F). Injection of mice with CCl4 induced higher 
levels of ALT and AST than in control mice. Furthermore, 
the level of ALT in the 4-week fibrosis mice was increased 
significantly compared with the 2-week fibrosis mice 
(Figure 2B). Interestingly, the serum level of IDO1 in the 
2-week fibrosis mice remained unchanged compared with 
the control mice. In contrast with the change in serum 
IDO1 in human subjects, the level of serum IDO1 increased 
significantly in 4-week fibrosis mice compared with the 
control mice (Figure 2C). Pearson’s linear correlation tests 
revealed positive correlations between serum IDO1 and 
liver lesions (AST and ALT) (Figure 2D), consistent with the 
results of the clinical study. As mentioned above, IDO1 is 
mainly up-regulated by IFN-γ but down-regulated by IL-4.  
Interestingly, the level of serum IFN-γ was significantly 
increased in 4-week fibrosis mice but was remarkably 
decreased in the patients with cirrhosis, compared with their 
control groups respectively. For the serum level of IL-4, 
it was significantly decreased in 4-week fibrosis mice but 
showed an up-trend in cirrhosis patients (Figure 2G). These 
results showed the reason for a reverse trend of the serum 
level of IDO1 in fibrosis mice and patients with cirrhosis. 
Furthermore, these findings indicated that in mice with 
hepatic fibrosis, the level of serum IDO1 remained the same 
in the state of mild liver lesions but was increased under the 
condition of severe liver lesions. 

IDO1 deficiency attenuated the development of 
CCl4-induced fibrosis in mice

We then used wide-type (WT) and IDO knocked-out 
(IDO–/–) mice at the age of 6–8 weeks with matched body 

weights and investigated the role of IDO1 in regulating 
CCl4-induced liver fibrosis (Figure 2A). The body weights 
of the WT model mice were lower than those of the IDO1–/–  
fibrosis mice at each time point. The mean body weight of 
the IDO1–/– mice was significantly higher than that of the 
WT mice at the end of treatment with CCl4 (Figure 3A). 
Compared with the WT model mice, livers from the 
IDO1–/– model mice had less severe fibrosis. A histologic 
examination of liver sections stained with haematoxylin-
eosin (H&E) and Sirius red revealed less severe fibrosis in 
the IDO1–/– mice. Consistently, the IDO1–/– model mice had 
lower α-SMA expression and fewer α-SMA-positive cells 
in their liver tissues than the WT model mice (Figure 3E). 
Furthermore, the levels of serum ALT and AST in the 
IDO1–/– fibrosis mice were both significantly lower than 
those in the WT fibrosis mice (Figure 3B), which indicated 
that hepatocytes were less damaged in the IDO1–/– model 
mice. The IDO1–/– mice had lower expression of Bcl-2  
associated X protein (BAX) and cleaved caspase 3 in 
liver tissues than WT mice (Figure 3C). A terminal 
deoxynucleotidyl transferase dUTP nick-end labelling 
(TUNEL) assessment revealed that the IDO1–/– fibrosis 
mice had lower rates of apoptotic cell death in liver tissues 
than the WT fibrosis mice (Figure 3D). Consistently, Sirius 
red staining revealed less severe fibrosis in the 1-Methyl-
D-tryptophan (1-D-MT) mice (Supplementary Figure 2A). 
Moreover, the levels of serum ALT and AST in the 1-D-WT 
fibrosis mice were both significantly lower than in the WT 
fibrosis mice (Supplementary Figure 2B). Moreover, the 
1-D-MT fibrosis mice had lower expression of BAX and 
cleaved caspase 3 in liver tissues than did the WT fibrosis 
mice (Supplementary Figure 2C). These data provided 

Table 1: Background characteristics of subjects
characters HBV-induced cirrhosis HVs

NO. 34 18
Gender, male/female 23/11 12/6
Age (years) 49.82 ± 9.44 50.61 ± 7.04
Alanine transaminase (ALT), U/L 25.34 ± 8.94 14.89 ± 5.41
Aspartate transaminase (AST), U/L 34.19 ± 10.25 14.78 ± 3.59
Albumin (ALB), g/L 40.59 ± 6.63 43.78 ± 9.26
A/G ratio 1.33 ± 0.36 1.86 ± 0.25
Total bilirubin (TB), μmol/L 23.31 ± 12.84 14.06 ± 4.32
Direct bilirubin (DB), μmol/L 6.87 ± 5.35 5.18 ± 1.36
Indirect bilirubin (IB), μmol/L 16.44 ± 8.27 8.87 ± 3.01
γ-glutamyl transferase (GGT), U/L 67.74 ± 10.73 ND
Total bile acid (TBA), μmol/L 19.66 ± 4.78 ND
Cholinesterase (CHE), U/L 6683 ± 3061 ND
Prothrombin time activity (PTA), % 89.04 ± 17.10 ND

Values are expressed as mean ± standard deviation.
A/G, albumin/globulin.
ND not determined.
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Figure 1: The serum level of IDO1 was decreased in patients with HBV-induced cirrhosis and positively correlated 
with the degree of cirrhosis. (A) Participant flow diagram illustrating the two study groups. (B) ELISA evaluating the serum IDO1 
level in participants. (C) The serum levels of ALT and AST in participants were detected with an automatic biochemical analyser.  
(D) Pearson’s linear correlation tests for IDO1 and liver stiffness value in patients. (E) and (F) Pearson’s linear correlation tests for IDO1, 
ALT, AST, GGT, ALB, DB, TBA, CHE and PTA levels in patients’ serum. rp: Pearson’s correlation coefficient. The data are presented as 
the means ± SEM (*P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001).
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Figure 2: Serum IDO1 was time-dependently elevated in a CCl4-induced fibrosis mouse model and positively correlated 
with liver lesions. (A) Experimental plan for mice. (B) Liver lesions were assessed by measuring serum ALT and AST levels in WT 
control and model mice. (C) ELISA for detecting serum IDO1 level in WT control and model mice. (D) Pearson’s linear correlation tests 
for serum IDO1, ALT and AST levels in the WT model mice. (E) Western blot analysis of the expression of IDO1 and α-SMA in the livers 
of WT control and model mice (4-week). (F) Immunofluorescence analysis to detect the expression of IDO1 and α-SMA in the livers of WT 
control and model mice (4-week). (G) ELISA for detecting serum IFN –γ and IL-4 in mice and clinical subjects. The data are presented as 
the means ± SEM (*P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001).
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multiple lines of evidence that IDO1 deficiency attenuated 
the progression of CCl4-induced fibrosis in mice.

IDO1 deficiency elevated the expressions of TDO 
and GCN2 kinase during liver fibrosis

We then detected the level of TRP and KYN, which 
can be mediated by IDO1, in liver tissues in mice. The 
level of TRP in the IDO1–/– fibrosis mice was significantly 
lower than those in the WT fibrosis mice. In contrast, the 
IDO1–/– fibrosis mice had higher level of KYN in liver 
tissues than did the WT fibrosis mice (Figure 4A). However, 
the changes of TRP and KYN in IDO1–/– fibrosis mice are 
contrary to theory. Tryptophan 2,3-dioxygenase (TDO) is 
another TRP metabolism enzyme in animals [18]. Thus, 
we further investigated changes in TDO and the effects 
of TRP metabolism changes on hepatic fibrosis mice. 
Among the IDO1–/– model mice, the expression of TDO 
was significantly increased in the liver tissue compared 
with the WT model mice, although the expression level 
of TDO mRNA in the liver was comparable between the 
IDO1–/– model mice and WT model mice (Figure 4B, 4C). 
After treatment with CCl4, the IDO1–/– model mice had 
dramatically higher expression of GCN2 kinase in liver 
tissue than did the WT model mice, which was possibility 
activated by TRP depletion (Figure 4D). Moreover, the 
expression of CD8a in liver tissue was remarkably decreased 
in the IDO1–/– model mice compared with the WT model 
mice (Figure 4E), which could reflect that the expression of 
GCN2 kinase was elevated indeed. These findings indicated 
that TDO and GCN2 kinase were overexpressed in hepatic 
fibrosis liver under the condition of IDO1 deficiency.

IDO1 deficiency reduced IL-17a and 
downstream cytokines during liver fibrosis

We further analysed the changes of IL-17a and 
hepatic mRNA expression levels of interleukin-6 (IL-6), 
interleukin-1β (IL-1β), tumour necrosis factor-α (TNF-α) 
and transforming growth factor-β1 (TGF-β1) in mice. 
The mRNA expression levels of IL-17a were significantly 
decreased in the IDO1–/– model mice compared with the 
WT model mice (Figure 5A). Moreover, the IDO1–/– mice 
had lower expression of IL-17a in liver tissues than WT 
mice (Figure 5B, 5C). Consistently, the level of serum 
IL-17a increased significantly in the IDO1–/– model 
mice compared with the WT model mice (Figure 5D). In 
addition, the downstream cytokines’ mRNA expression 
levels of IL-6, TNF-α and TGF-β1 were all dramatically 
decreased in the IDO1–/– model mice compared with the 
WT model mice (Figure 5F). Despite the downward trend 
of IL-1β mRNA levels in the livers of the IDO1–/– model 
mice, there was no significant difference between the 
IDO1–/– and WT fibrosis mice (Figure 5F). Furthermore, 
the expression of signal transducer and activator of 
transcription 3 (STAT3) protein in liver tissue did not 

show a significant difference in the IDO1–/– model mice 
compared with the WT fibrosis mice (Figure 5E). These 
results reflected that the proliferation of Th17 cells was 
decreased in liver tissues in IDO1–/– model mice after 
treatment with CCl4, as were the mRNA expression levels 
of IL-6, TNF-α and TGF-β1.

DISCUSSION

In the present study, we first discovered that the level 
of serum IDO1 was significantly decreased in patients 
with cirrhosis compared to HVs. We then found a positive 
correlation between the serum level of IDO1 and the 
degree of liver stiffness in the cirrhosis patients. Moreover, 
the serum IDO1 level was positively correlated with serum 
AST, GGT, TB, IB, DB and TBA levels. Additionally, 
serum IDO1 was negatively correlated with serum ALB, 
A/G ratio, CHE and PTA levels. Interestingly, the level 
of serum IDO1 was time-dependently elevated, remaining 
unchanged in 2-week fibrosis mice but increased in 4-week 
fibrosis mice compared with the respective control mice. 
This discrepancy is likely due to changes in the serum 
levels of IFN- γ and IL-4. Consistent with the results of 
the clinical study, the level of serum IDO1 was positively 
correlated with serum ALT and AST in mice. Thus, the 
level of serum IDO1 might be regarded as a potential 
hallmark of liver lesions and the degree of liver fibrosis.

As noted above, IDO1 is the rate-limiting enzyme 
in the degradation of TRP, which exists in the placenta, 
epididymis, anterior chamber and gastrointestinal tract 
in addition to the liver [19, 20]. It was recently reported 
that IDO1 acts as an effector and an indicator of protective 
immune responses in patients with acute hepatitis B. The 
activation of IDO1 is vigorous in the early phase and is a 
hallmark of successful HBV clearance in patients with acute 
hepatitis [21]. With respect to hepatitis C virus (HCV)-
infected liver disease, HCV infection stimulates IDO1 
expression in hepatocytes [22]. Moreover, the activation 
of IDO1 is enhanced in patients with chronic hepatitis C 
[23, 24]. Consistently, in a diethylnitrosamine-induced 
liver carcinogenesis mouse model, IDO1 up-regulation 
contributed to the development of liver carcinogenesis [15]. 
It was confirmed that in different types of liver disease, the 
expression or activation of IDO1 changed, which could also 
affect the progression of disease through its regulation of 
immune responses. IDO1 can participate in the regulation 
of the immune response in three ways. First, in the 
microenvironment, IDO1 can deplete TRP, which is an 
essential amino acid for bacteria. Thus, IDO1 plays a role 
in the anti-inflammatory response [25]. More importantly, 
under the condition of tryptophan depletion, GCN2 kinase 
can be activated, which is related to the proliferation of 
immune cells [26]. Furthermore, metabolites of the TRP-
KYN pathway can act as ligands for the aryl hydrocarbon 
receptor, the activation of which is able to suppress immune 
responses [27].
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Figure 3: IDO1 deficiency attenuated the development of CCl4-induced fibrosis in mice. (A) Changes in mean body weight 
in WT and IDO1–/– mice during injection and the body weights of WT and IDO1–/– mice at the end of the 4th week. (B) Liver lesions were 
assessed by measuring serum ALT and AST levels in WT and IDO1–/–mice. (C) Western blot analysis of the expression of α-SMA, BAX 
and cleaved caspase 3 in WT and IDO1–/– mice. (D) TUNEL assay to detect apoptotic cell death in liver tissues. (E) H&E, Sirius red and 
α-SMA immunofluorescence staining of liver sections. The data are presented as the means ± SEM (*P < 0.05, **P < 0.01, ***P < 0.001, 
****P < 0.0).
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Figure 4: IDO1 deficiency elevated the expressions of TDO and GCN2 kinase during liver fibrosis. (A) LC-MS/MS 
analysis to detect the concentrations of TRP and KYN in liver tissues of WT and IDO1–/– mice. (B) Quantitative real-time PCR analysis to 
detect TDO mRNA in the liver tissues of WT and IDO1–/– mice. (C) and (D) Western blot analysis of the expression of TDO and GCN2 
kinase in the livers of WT and IDO1–/– mice. (E) Immunofluorescence analysis to detect the expression of CD8a in the livers of WT and 
IDO1–/– mice. The data are presented as the means ± SEM (*P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001).
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For further investigation, we established a CCl4-
induced liver fibrosis model in IDO1–/– mice and found 
that hepatic fibrosis was alleviated compared with the 
WT model mice. We also discovered that TDO, another 

rate-limiting enzyme of TRP oxidation, and GCN2 was 
overexpressed in the liver tissues of the IDO1–/– fibrosis 
mice compared with the WT fibrosis mice or IDO1–/– 
control mice. Furthermore, IL-17a and the mRNA 

Figure 5: IDO1 deficiency reduced IL-17a and downstream cytokines during Liver fibrosis. (A) Quantitative real-time PCR 
analysis to detect IL-17a mRNA in the liver tissues of WT and IDO1–/– mice. (B) Western blot analysis of the expression of IL-17a in the 
livers of WT and IDO1–/– mice. (C) Immunofluorescence analysis to detect the expression of IL-17a in the livers of WT and IDO1–/– mice. 
(D) ELISA evaluating the serum IL-17a level in mice. (E) Western blot analysis of the expression of STAT3 in the livers of WT and IDO1–/– 
mice. (F) Quantitative real-time PCR analysis to detect IL-6, TGF-β1, TNF-α and IL-1β mRNA in the liver tissues of WT and IDO1–/– mice. 
The data are presented as the means ± SEM (*P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001).
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expression levels of IL-6, TNF-α and TGF-β1 were 
decreased in the liver tissues of the IDO1–/– fibrosis mice 
compared with the WT fibrosis mice.

In contrast to Th1 and Th2 helper T cells, Th17 
cells differing from naïve CD4+ T cells were discovered 
as a new subset of T cells in recent years [28]. Activated 
Th17 cells can secrete a variety of cytokines, including 
IL-17a, IL-17f, IL-6, IL-21, and TNF-α. Among these 
cytokines, IL-17a, mainly produced by Th17 cells, is a 
characteristic cytokine of Th17 cells and is an important 
mediator of inflammation [29, 30]. The level of hepatic IL-
17a and serum IL-17a were both decreased significantly 
in the IDO1–/– model mice, indicating that Th17 cells were 
decreased compared with the WT model mice. 

The decreased proliferation of Th17 cells in IDO1–/–  
fibrosis mice is probably triggered by GCN2 kinase. T 
cells sense low TRP levels via uncharged tRNAs and 
subsequently activate GCN2 and initiate an amino acid 
starvation response, resulting in cell cycle arrest and 
cell death [31]. The activation of GCN2 can suppress 
the proliferation of Th17 cells from naïve CD4+ T cells 
[17]. Thus, the depletion of TRP indirectly induces the 
number of Th17 cells. The degradation of TRP to KYN 
is catalysed by the haem dioxygenases IDO1 and TDO 
[18]. In theory, Th17 cells tend to increase in response 
to IDO1 deficiency. However, we found that Th17 cells 
were decreased in the IDO1–/– fibrosis mice. Then, we 
discovered that the level of TRP in the IDO1–/– fibrosis 
mice was significantly lower than those in the WT fibrosis 
mice. Furthermore, the expression of TDO and GCN2 
kinase in liver tissues were increased in the IDO1–/– 
fibrosis mice compared with the WT fibrosis mice. TDO 
physiologically reduces systemic TRP levels, which are 
believed to be liver- and neuron specific under normal 
conditions. Tumours of different origins express TDO, 
especially melanoma, bladder cancer, hepatocellular 
carcinoma and glioblastoma [32, 33]. Furthermore, a 
survey of cancer cell lines indicated that 16% of tumour 
cell lines are IDO1 positive, while 19% are TDO positive 
and 15% express both TDO and IDO1 [33]. It has also 
been reported that systemic TDO inhibition results in 
increased levels of TRP metabolites, such as KYN, due to 
the increased availability of TRP for IDO1, as suggested 
by TDO-deficient mice [34]. However, any changes in the 
availability and/or level of TDO under the condition of 
IDO1 deficiency are not yet known. Thus, we hypothesize 
that under the condition of IDO1 deficiency, TDO 
increases in the liver to compensate, which can decrease 
the proliferation of Th17 cells in CCl4-induced liver 
fibrosis. Thus, CD8+ T cells, which can attack injured 
hepatocytes, are decreased probably in response to the 
depletion of TRP caused by TDO expression as well.

Recent studies demonstrated that IL-17a was 
overexpressed in patients with cirrhosis induced by HBV 
and/or HCV [8, 10]. A similar result was found in CCl4-

induced mice [35]. Furthermore, IL-17a can promote liver 
fibrosis. HSCs can be activated by cytokines, including 
IL-6, IL-1β, TNF-α and TGF-β1, that are secreted by 
Kupffer cells under stimulation with IL-17a. Moreover, 
IL-17a can activate HSCs into fibrogenic myofibroblasts 
via the STAT3 signalling pathway [36]. Consistent with 
the literature, we found that the expression levels of IL-6,  
TNF-α and TGF-β1, triggering the activation of HSCs, 
were decreased significantly in the liver tissues of the 
IDO1–/– fibrosis mice. This evidence revealed the role of 
the blockade of Th17 cells in attenuating CCl4-induced 
liver fibrosis in IDO1–/– mice. Thus, we summarized the 
protective role of IDO1 deficiency in mice during liver 
fibrosis as showed in Figure 6.

The reason for the positive correlations of the serum 
IDO1 level with liver lesions and fibrosis degree is not 
yet known. The up-regulation of IDO1 is intimately linked 
to several signaling pathways. In this CCl4-induced liver 
fibrosis model, the activation of myeloid dendritic cells 
induced by cytokines is a promising upstream target 
[37, 38]. However, a recent study demonstrated that IDO1 
deficiency aggravated liver fibrosis in a CCl4-induced liver 
injury model [39]. As liver fibrosis is a dynamic process, 
IDO1 may play various roles at different stages of hepatic 
fibrosis. Additionally, changes in TDO in liver tissues, 
which has been demonstrated to be an alternative route of 
TRP degradation, were not reported in that study.

In conclusion, we demonstrate that serum IDO1 
is a potential hallmark of liver lesions and the degree of 
liver fibrosis in patients and in an animal model. IDO1 
deficiency prevents the progression of hepatic fibrosis 
induced by CCl4, the underlying mechanism of which 
is related to a decrease in Th17 cells mediated by a 
compensatory increase in TDO.

MATERIALS AND METHODS 

Subjects

We enrolled 34 patients with HBV-induced cirrhosis 
who were followed at the Liver Disease Department of 
Shenzhen Traditional Chinese Medical Hospital. All the 
patients were diagnosed by their supervisory doctors and 
met the definition according to the AASLD Guidelines 
for Treatment of Chronic Hepatitis B [40]. As controls, 
we examined 18 HVs at Shenzhen Traditional Chinese 
Medical Hospital who were negative for HBsAg, anti- 
HCV antibodies, and human immunodeficiency virus 
antigen/anti-human immunodeficiency virus antibodies 
and had no apparent history of liver, autoimmune, or 
malignant diseases. Both groups were comparable at entry 
regarding age and male-female ratio. All participants in 
both groups voluntarily joined this study with informed 
consents. The study was approved by the ethics 
committees of Shenzhen Traditional Chinese Medical 
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Hospital and was registered at the Chinese Clinical Trial 
Registry (ChiCTR-ROC-15007195).

Animals

All the male IDO–/– mice (strain IDOtm1Alm/J) and WT 
littermates, aged 6–8 weeks, were genotyped according to 
the Jackson laboratory (Bar Harbor, ME, USA) technical 
support. A subset of WT mice received daily 1-D-MT (Sigma, 
USA) dissolved in drinking water (5 mg/ml, pH 10.7) [41, 
42]. Mice were maintained in pathogen-free facilities at 
Southern Medical University. All protocols were approved 
by the Institutional Animal Care and Ethics Committee.

CCl4 model of hepatic fibrosis

The hepatic fibrosis model was described previously 
[43]. Mice were injected intraperitoneally with 2 μL/g of 
CCl4 (Sigma, USA, adjusted to a 25% concentration in 
olive oil) or olive oil three times per week for 2 or 4 weeks. 

The mice were sacrificed after the last dose of CCl4, and 
the livers were removed and processed for further analysis.

ELISA

Serum samples from human participants and 
mice were collected at different time points. IDO1 
(Cusabio, China), IFN-γ, IL-4 and IL-17a (RayBiotech, 
USA) immunoassay kits were used according to the 
manufacturer’s instructions. Absorbance at 450 nm was 
determined using a spectrophotometry analyser (Thermo 
Fisher Scientific, Finland).

Biochemical detections

Human serum ALT, AST, GGT, ALB, TB, DB, 
IB, TBA, CHE and PTA levels were determined using a 
Cobas ISE 800 Chemistry Analyzer (Roche, Switzerland). 
Mouse serum ALT and AST levels were detected with an 
ALT/GPT Assay Kit and AST/GOT Assay Kit (Nanjing 

Figure 6: A model depicting the key role of IDO1 deficiency in the pathogenesis of CCl4-induced liver fibrosis. After 
treatment with CCl4, TDO in liver was increased under the condition of IDO1 deficiency. The compensation of TDO can degrade TRP, the 
depletion of which activates GCN2 kinase, subsequently suppressing the proliferation of both CD8+ cells and Th17 cells. Liver lesions are 
ameliorated due to less hepatocyte damage induced by CD8+ cells. HSCs can be activated by cytokines, including IL-6, IL-1β, TNF-α and 
TGF-β1, that are secreted by Kupffer cells under stimulation with Il-17a. Consequently, IDO1 deficiency protects mice from CCl4-induced 
fibrosis mediated by Th17 cells and TDO compensation.
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Jiancheng Bioengineering Institute, China) according 
to the manufacturer’s instructions. Absorbance at 510 
nm was determined using a spectrophotometer (Thermo 
Fisher Scientific, Finland).

Histology and immunohistofluorescence

The procedures were following the previous 
described [44, 45]. For histology, liver tissues from 
mice were perfused, fixed with 4% paraformaldehyde, 
penetrated with an ethanol gradient, embedded in paraffin, 
cut into 3 μm-thick sections and stained with H&E 
and Sirius red according to standard procedures. For 
immunohistofluorescence, liver tissues were fixed with 
4% paraformaldehyde followed by penetration with a 
30% sucrose solution for 24 hours. Livers were sliced into 
14 μm-thick sections, which were blocked with blocking 
buffer containing 0.01 M PBS, 0.1% Triton X-100 and 5% 
normal goat serum solution for 60 minutes. Subsequently, 
the sections were separately incubated with primary 
antibodies, including those against IDO1 (mouse, 1:200, 
Merck Millipore), α-SMA (rabbit, 1:200, Abcam), CD8a 
(rat, 1:200, Abcam) and IL-17a (rabbit, 1:50, Affinity 
Biosciences). The sections were washed and incubated 
with a secondary antibody, either goat anti-mouse Alexa 
Fluor 488-conjugated IgG (1:300, Invitrogen) or goat anti-
rabbit Alexa Fluor 568-conjugated IgG (1:250, Invitrogen). 
DAPI (Solarbio Life Science, China) counterstaining was 
used to stain the nuclei. The sections were coverslipped 
with fluorescent mounting medium (Dako, Denmark).

Western blot analysis

Proteins were extracted and dissolved in RIPA cell 
lysis buffer (Sigma, USA) containing a protease inhibitor 
cocktail (Sigma, USA) and phosphatase inhibitor cocktail 
(Sigma, USA). After quantification and denaturation, 
30–40 μg protein samples were loaded onto sodium 
dodecyl sulfate-polyacrylamide gels and transferred 
to polyvinylidene fluoride membranes (Millipore, 
Billerica, MA, USA). After blocking, the membranes 
were incubated overnight at 4°C with primary antibodies, 
followed by incubation with horseradish peroxidase-
conjugated secondary antibodies. Chemiluminescence 
detection was performed using ECL advance western 
blotting detection reagents (Millipore, Billerica, MA, 
USA). Protein expression was detected using antibodies 
against the following specific antigens: IDO1 (mouse, 
1:500, Merck Millipore), α-SMA (rabbit, 1:1000, Cell 
Signaling Technology), BAX (rabbit, 1:1000, Cell 
Signaling Technology), cleaved caspase 3 (rabbit, 1:1000, 
Cell Signaling Technology), TDO (rabbit, 1:1000, Merck 
Millipore), GCN2 kinase (rabbit, 1:1000, Cell Signaling 
Technology), IL-17a (rabbit, 1:250, Affinity Biosciences), 
STAT3 (rabbit, 1:1000, Cell Signaling Technology) and 
GAPDH (rabbit, 1:2500, Merck Millipore).

TUNEL assay

The TUNEL assay was performed on frozen liver 
sections using an in situ cell death detection kit, POD 
(Roche, Switzerland). The detailed protocol outlined in the 
manufacturer’s instructions was followed. The apoptotic 
index was quantified with image processing software 
(ImageJ).

Total RNA isolation, quantitative real-time PCR 
and genotyping

Reverse transcription of extracted liver total RNA 
to cDNA was performed using a First Strand cDNA 
Synthesis kit (Thermo Fisher Scientific). Quantitative 
real-time PCR was performed using a LIGHTCYCLER® 
96 instrument (Roche, Switzerland) with one cycle of 
95°C for 10 minutes, followed by 40 cycles of 95°C for 
10 seconds, 60°C for 10 seconds and 72°C for 10 seconds 
using 0.1 μmol/L of gene-specific primers and SYBR 
Green Supermix (Roche). The primer sequences are listed 
in Supplementary Table 1A. Genes were normalized 
to ribosomal RNA, which was the internal control. The 
genotyping method followed the standard PCR protocols 
for JAX® Mice, with specific primers for the IDO1 gene, 
which are listed in Supplementary Table 1B.

LC-MS/MS analysis of concentrations of TRP 
and KYN in liver tissues

Small slices of liver tissues (50 mg) were thawed 
and then homogenized in ice-cold extraction solution 
(1:10, w/v). After diluting (1:2, v/v), all the mixtures were 
transferred to 2mL tubes. After vortex-mixing for 1 minute 
and centrifugation at 13000 rpm for 15 minute at 4°C, a 
100 µL of supernatant was carefully transferred to a 96-
well plate. Finally, a 5 µL of supernatant was injected into 
the LC–MS–MS system (API 3200MDTM, AB Sciex Pte.
Ltd, USA) for analysis.

Statistical analysis

All the data are presented as the means ± standard 
error of the mean (SEM). Statistical differences were 
evaluated by an unpaired t test or one-way analysis of 
variance, followed by Tukey’s multiple comparisons test 
on dependent experimental designs. Correlations between 
two groups were assessed using Pearson’s coefficient 
for linear regression. All analyses were performed using 
GraphPad Prism software (San Diego, CA). Values of 
P  < 0.05 were considered statistically significant.
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associated X protein; TUNEL, terminal deoxynucleotidyl 
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D-tryptophan; TDO, tryptophan 2,3-dioxygenase; IL-
6, interleukin-6; IL-1β, interleukin-1β; TNF-α, tumor 
necrosis factor-α; TGF-β1, transforming growth factor-β 
1; STAT3, signal transducer and activator of transcription 
3; HCV, hepatitis C virus; SEM, S-nitrosothiol.

Authors’ contributions

DZ and ZL: conception and design of the 
study; WZ, LG, HL, ZZ, PH, WH: generation, collection, 
assembly and interpretation of data; WZ, LG, CC, YL, 
YC: drafting and revision of the manuscript; LG, SH: 
statistical analysis; LG, ZL, SH: obtained funding; DZ and 
ZL: study supervision.

ACKNOWLEDGMENTS

The authors thank Mr. Chunshan Wei (Shenzhen 
Traditional Chinese Medicine Hospital, Shenzhen, China) 
for recruiting clinical subjects and Miss Yuling Lai 
(Southern Medical University, Guangzhou, China) for 
technical assistance.

CONFLICTS OF INTEREST 

The authors do not have any disclosures to report.

FUNDING 

This work was supported by the National Natural 
Science Foundation of China (81673774, 81603501 
and 81302948), Administration of Traditional Chinese 
Medicine of Guangdong Province (20162087), the Science 
and Technology Planning Project of Guangzhou City 
(201508020014 and 201707010080), and the Applied 
Science and Technology Research Project of Guangdong 
Province (2015B020234005). 

REFERENCES

1. Sun J, Xie Q, Tan D, Ning Q, Niu J, Bai X, Fan R, Chen S, 
Cheng J, Yu Y, Wang H, Xu M, Shi G, et al. The 104-week 
efficacy and safety of telbivudine-based optimization 
strategy in chronic hepatitis B patients: a randomized, 
controlled study. Hepatology. 2014; 59:1283–1292.

 2. Tsochatzis EA, Bosch J, Burroughs AK. Liver cirrhosis. 
Lancet. 2014; 383:1749–1761.

 3. Rockey DC. Translating an understanding of the 
pathogenesis of hepatic fibrosis to novel therapies. Clin 
Gastroenterol Hepatol. 2013; 11:224–231 e221–225.

 4. Mallat A, Lotersztajn S. Cellular mechanisms of tissue 
fibrosis. 5. Novel insights into liver fibrosis. Am J Physiol. 
2013; 305:C789–799.

 5. Xu R, Zhang Z, Wang FS. Liver fibrosis: mechanisms of 
immune-mediated liver injury. Cell Mol Immunol. 2012; 
9:296–301.

 6. Seki E, De Minicis S, Gwak GY, Kluwe J, Inokuchi S, 
Bursill CA, Llovet JM, Brenner DA, Schwabe RF. CCR1 
and CCR5 promote hepatic fibrosis in mice. J Clin Invest. 
2009; 119:1858–1870.

 7. Seki E, de Minicis S, Inokuchi S, Taura K, Miyai K, van 
Rooijen N, Schwabe RF, Brenner DA. CCR2 promotes 
hepatic fibrosis in mice. Hepatology. 2009; 50:185–197.

 8. Sun HQ, Zhang JY, Zhang H, Zou ZS, Wang FS, Jia JH. 
Increased Th17 cells contribute to disease progression in 
patients with HBV-associated liver cirrhosis. J Viral Hepat. 
2012; 19:396–403.

 9. Ye Y, Xie X, Yu J, Zhou L, Xie H, Jiang G, Yu X, Zhang W, 
Wu J, Zheng S. Involvement of Th17 and Th1 effector 
responses in patients with Hepatitis B. J Clin Immunol. 
2010; 30:546–555.

10. Chang Q, Wang YK, Zhao Q, Wang CZ, Hu YZ, Wu BY. 
Th17 cells are increased with severity of liver inflammation 
in patients with chronic hepatitis C. J Gastroenterol Hepatol. 
2012; 27:273–278.

11. Stone TW, Darlington LG. Endogenous kynurenines as 
targets for drug discovery and development. Nat Rev Drug 
Discov. 2002; 1:609–620.

12. Lob S, Konigsrainer A, Zieker D, Brucher BL, Rammensee 
HG, Opelz G, Terness P. IDO1 and IDO2 are expressed in 
human tumors: levo- but not dextro-1-methyl tryptophan 
inhibits tryptophan catabolism. Cancer Immunol Immunother. 
2009; 58:153–157.

13. Ball HJ, Yuasa HJ, Austin CJ, Weiser S, Hunt NH. 
Indoleamine 2,3-dioxygenase-2; a new enzyme in the 
kynurenine pathway. Int J Biochem Cell Biol. 2009; 
41:467–471.

14. Robinson CM, Shirey KA, Carlin JM. Synergistic 
transcriptional activation of indoleamine dioxygenase by 
IFN-gamma and tumor necrosis factor-alpha. J Interferon 
Cytokine Res. 2003; 23:413–421.

15. Shibata Y, Hara T, Nagano J, Nakamura N, Ohno T, 
Ninomiya S, Ito H, Tanaka T, Saito K, Seishima M, 
Shimizu M, Moriwaki H, Tsurumi H. The Role of 
Indoleamine 2,3-Dioxygenase in Diethylnitrosamine-
Induced Liver Carcinogenesis. PloS one. 2016; 11:e0146279.

16. Forouzandeh F, Jalili RB, Germain M, Duronio V, 
Ghahary A. Differential immunosuppressive effect of 
indoleamine 2,3-dioxygenase (IDO) on primary human 
CD4+ and CD8+ T cells. Mol Cell Biochem. 2008; 309:1–7.



Oncotarget40499www.impactjournals.com/oncotarget

17. Keller TL, Zocco D, Sundrud MS, Hendrick M, Edenius M, 
Yum J, Kim YJ, Lee HK, Cortese JF, Wirth DF, Dignam JD, 
Rao A, Yeo CY,et al. Halofuginone and other febrifugine 
derivatives inhibit prolyl-tRNA synthetase. Nat Chem Biol. 
2012; 8:311–317.

18. Prendergast GC, Smith C, Thomas S, Mandik-Nayak L, 
Laury-Kleintop L, Metz R, Muller AJ. Indoleamine 
2,3-dioxygenase pathways of pathogenic inflammation and 
immune escape in cancer. Cancer Immunol Immunother. 
2014; 63:721–735.

19. Wirleitner B, Schroecksnadel K, Winkler C, Schennach H, 
Fuchs D. Resveratrol suppresses interferon-gamma-
induced biochemical pathways in human peripheral blood 
mononuclear cells in vitro. Immunol Lett. 2005; 100:159–163.

20. Noh KT, Chae SH, Chun SH, Jung ID, Kang HK, Park YM. 
Resveratrol suppresses tumor progression via the regulation 
of indoleamine 2,3-dioxygenase. Biochem Biophys Res 
Commun. 2013; 431:348–353.

21. Yoshio S, Sugiyama M, Shoji H, Mano Y, Mita E, Okamoto T, 
Matsuura Y, Okuno A, Takikawa O, Mizokami M,  
Kanto T. Indoleamine-2,3-dioxygenase as an effector and an 
indicator of protective immune responses in patients with 
acute hepatitis B. Hepatology. 2016; 63:83–94.

22. Lepiller Q, Soulier E, Li Q, Lambotin M, Barths J, 
Fuchs D, Stoll-Keller F, Liang TJ, Barth H. Antiviral and 
Immunoregulatory Effects of Indoleamine-2,3-Dioxygenase in 
Hepatitis C Virus Infection. J Innate Immun. 2015; 7:530–544.

23. Asghar K, Ashiq MT, Zulfiqar B, Mahroo A, Nasir K, 
Murad S. Indoleamine 2,3-dioxygenase expression and 
activity in patients with hepatitis C virus-induced liver 
cirrhosis. Exp Ther Med. 2015; 9:901–904.

24. Higashitani K, Kanto T, Kuroda S, Yoshio S, Matsubara T, 
Kakita N, Oze T, Miyazaki M, Sakakibara M, Hiramatsu N, 
Mita E, Imai Y, Kasahara A, et al. Association of enhanced 
activity of indoleamine 2,3-dioxygenase in dendritic cells 
with the induction of regulatory T cells in chronic hepatitis 
C infection. J Gastroenterol. 2013; 48:660–670.

25. Chang MY, Smith C, DuHadaway JB, Pyle JR, Boulden J, 
Soler AP, Muller AJ, Laury-Kleintop LD, Prendergast GC. 
Cardiac and gastrointestinal liabilities caused by 
deficiency in the immune modulatory enzyme indoleamine 
2,3-dioxygenase. Cancer Biol Ther. 2011; 12:1050–1058.

26. Jalili RB, Forouzandeh F, Moeenrezakhanlou A, Rayat GR, 
Rajotte RV, Uludag H, Ghahary A. Mouse pancreatic islets 
are resistant to indoleamine 2,3 dioxygenase-induced 
general control nonderepressible-2 kinase stress pathway 
and maintain normal viability and function. Am J Pathol. 
2009; 174:196–205.

27. Mezrich JD, Fechner JH, Zhang X, Johnson BP, 
Burlingham WJ, Bradfield CA. An interaction between 
kynurenine and the aryl hydrocarbon receptor can generate 
regulatory T cells. J Immunol. 2010; 185:3190–3198.

28. Sallusto F, Zielinski CE, Lanzavecchia A. Human Th17 
subsets. Eur J Immunol. 2012; 42:2215–2220.

29. Korn T, Bettelli E, Oukka M, Kuchroo VK. IL-17 and Th17 
Cells. Annu Rev Immunol. 2009; 27:485–517.

30. Kolls JK, Linden A. Interleukin-17 family members and 
inflammation. Immunity. 2004; 21:467–476.

31. Munn DH, Sharma MD, Baban B, Harding HP, Zhang Y, 
Ron D, Mellor AL. GCN2 kinase in T cells mediates 
proliferative arrest and anergy induction in response to 
indoleamine 2,3-dioxygenase. Immunity. 2005; 22:633–642.

32. Opitz CA, Litzenburger UM, Sahm F, Ott M, Tritschler I, 
Trump S, Schumacher T, Jestaedt L, Schrenk D, Weller M, 
Jugold M, Guillemin GJ, Miller CL, et al. An endogenous 
tumour-promoting ligand of the human aryl hydrocarbon 
receptor. Nature. 2011; 478:197–203.

33. Pilotte L, Larrieu P, Stroobant V, Colau D, Dolusic E, 
Frederick R, De Plaen E, Uyttenhove C, Wouters J, 
Masereel B, Van den Eynde BJ. Reversal of tumoral immune 
resistance by inhibition of tryptophan 2,3-dioxygenase. Proc 
Natl Acad Sci U S A. 2012; 109:2497–2502.

34. Platten M, von Knebel Doeberitz N, Oezen I, Wick W, Ochs 
K. Cancer Immunotherapy by Targeting IDO1/TDO and 
Their Downstream Effectors. Front Immunol. 2014; 5:673.

35. Wang L, Chen S, Xu K. IL-17 expression is correlated with 
hepatitis Brelated liver diseases and fibrosis. Int J Mol Med. 
2011; 27:385–392.

36. Meng F, Wang K, Aoyama T, Grivennikov SI, Paik Y, 
Scholten D, Cong M, Iwaisako K, Liu X, Zhang M, 
Osterreicher CH, Stickel F, Ley K, et al. Interleukin-17 
signaling in inflammatory, Kupffer cells, and hepatic stellate 
cells exacerbates liver fibrosis in mice. Gastroenterology. 
2012; 143:765–776.

37. Balachandran VP, Cavnar MJ, Zeng S, Bamboat ZM, 
Ocuin LM, Obaid H, Sorenson EC, Popow R, Ariyan C, 
Rossi F, Besmer P, Guo T, Antonescu CR, et al. Imatinib 
potentiates antitumor T cell responses in gastrointestinal 
stromal tumor through the inhibition of Ido. Nat Med. 2011; 
17:1094–1100.

38. Pallotta MT, Orabona C, Volpi C, Vacca C, Belladonna ML, 
Bianchi R, Servillo G, Brunacci C, Calvitti M, Bicciato S,  
Mazza EM, Boon L, Grassi F, et al. Indoleamine 
2,3-dioxygenase is a signaling protein in long-term tolerance 
by dendritic cells. Nat Immunol. 2011; 12:870–878.

39. Ogiso H, Ito H, Ando T, Arioka Y, Kanbe A, Ando K, 
Ishikawa T, Saito K, Hara A, Moriwaki H, Shimizu M, 
Seishima M. The Deficiency of Indoleamine 2,3-Dioxygenase 
Aggravates the CCl4-Induced Liver Fibrosis in Mice. PloS 
one. 2016; 11:e0162183.

40. Terrault NA, Bzowej NH, Chang KM, Hwang JP, 
Jonas MM, Murad MH, American Association for the 
Study of Liver Diseases. AASLD guidelines for treatment 
of chronic hepatitis B. Hepatology. 2016; 63:261–283.

41. Nakamura N, Hara T, Shimizu M, Mabuchi R, Nagano J, 
Ohno T, Kochi T, Kubota M, Shirakami Y, Goto N, 
Ito H, Saito K, Tanaka T, et al. Effects of indoleamine 
2,3-dioxygenase inhibitor in non-Hodgkin lymphoma 
model mice. Int J Hematol. 2015; 102:327–334.

42. Rytelewski M, Meilleur CE, Yekta MA, Szabo PA, Garg N, 
Schell TD, Jevnikar AM, Sharif S, Singh B, Haeryfar SM. 



Oncotarget40500www.impactjournals.com/oncotarget

Suppression of immunodominant antitumor and antiviral 
CD8+ T cell responses by indoleamine 2,3-dioxygenase. 
PloS one. 2014; 9:e90439.

43. Mimche PN, Brady LM, Bray CF, Lee CM, Thapa M, 
King TP, Quicke K, McDermott CD, Mimche SM, Grakoui A,  
Morgan ET, Lamb TJ. The receptor tyrosine kinase EphB2 
promotes hepatic fibrosis in mice. Hepatology. 2015; 
62:900–914.

44. Gao L, Zhou Y, Zhong W, Zhao X, Chen C, Chen X, Gu Y, 
Chen J, Lv Z, Shen J. Caveolin-1 is essential for protecting 

against binge drinking-induced liver damage through 
inhibiting reactive nitrogen species. Hepatology. 2014; 
60:687–699.

45. Gao L, Chen X, Peng T, Yang D, Wang Q, Lv Z, Shen J. 
Caveolin-1 protects against hepatic ischemia/reperfusion 
injury through ameliorating peroxynitrite-mediated cell 
death. Free Radic Biol Med. 2016; 95:209–215.


