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Abstract

Kynurenine (Kyn) pathway is a significant metabolic pathway of tryptophan (Trp). The metabolites
of the Kyn pathway are closely correlated with numerous diseases. Two main enzymes,
indoleamine-2,3-dioxygenase (IDO) and tryptophan-2,3-dioxygenase (TDO or TDO?2), regulate the
first and rate-limiting step of the Kyn pathway. These enzymes are directly or indirectly involved in
various diseases, including inflammatory diseases, cancer, diabetes, and mental disorders. Presently,
an increasing number of potential mechanisms have been revealed. In the present review, we depict
the structure of IDO and TDO and explicate their functions in various diseases to facilitate a better
understanding of them and to indicate new therapeutic plans to target them. Moreover, we
summarize the inhibitors of IDO/TDO that are currently under development and their efficacy in

the treatment of cancer and other diseases.
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Introduction

Reprogrammed cell metabolism has been proven
to directly cause tumorigenesis and tumor
progression and other diseases [1, 2]. Therefore,
targeting the abnormal metabolism would result
therapeutic opportunities [2, 3]. The kynurenine (Kyn)
pathway is an important metabolic pathway that is
closely related to many diseases through degrading
tryptophan (Trp) and generating toxic Kyn
metabolites. Indoleamine-2,3-dioxygenase (IDO) and
tryptophan-2,3-dioxygenase (TDO, also known as
TDO2) are two main enzymes involving in the first
step of the Kyn pathway. IDO was extensively
demonstrated in various organs throughout the body
to catabolize most Trp, while TDO is mainly
expressed in the liver [4, 5]. Notably, IDO has lower
substrate specificity than TDO. Recent studies have
demonstrated that these two enzymes play essential
biological roles as shown by their involvement in
various diseases, including inflammatory diseases,
cancer, diabetes and mental disorders (Figure 1).

In the present review, we aim to summarize the
function of IDO and TDO involved in the Kyn
pathway in different diseases and hope that it can
provide some new strategies or potential targets for
the prevention and therapy of cancers and related
diseases.

Summary of the Kyn pathway

Trp is one of the nine essential amino acids
whose L-stereoisomer participates in protein renewal
and significant molecular generation, including the
generation of 5-serotonin (5-HT) and metabolites of
the Kyn pathway [6, 7]. Trp and its catabolites of the
Kyn pathway participate in forming an
immunosuppressive environment to show disease
tolerance and contribute to making immune
privileged sites, including eyes, brain, placenta and
testes [6, 7]. Nowadays, it was recognized as a pivotal
factor of innate and specific immunity via involving in
infection, inflammation, and other diseases such as
cancer [8].
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Figure 1. Schematic diagram showing IDO/TDO-related diseases. Abbreviations—Trp: tryptophan; Kyn: kynurenine; IDO: indoleamine-2,3-dioxygenase; TDO:
tryptophan-2, 3-dioxygenase; SCA3: spinocerebellar ataxia type 3; T1D: type | diabetes; Type 2 DN: type 2 diabetic nephropathy; DR: diabetic retinopathy; HIV: human

immunodeficiency virus.

There are two routes of Trp decomposition: 5-HT
and the Kyn pathway (Figure 2). A small subset of Trp
generates 5-HT through tryptophan hydroxylase,
while approximately 95% is metabolized through the
Kyn pathway under the action of IDO or TDO. There
are also two metabolic pathways of Kyn. One
generates kynurenic acid (kynurenic acid, KYNA)
directly via kynurenine aminotransferase (KAT). The
other one consumes most of Kyn. Initially, Kyn
generates 3-hydroxykynurenine (3-HK) under the
action of kynurenine-3-monooxygenase (KMO). Next,
3-HK produces 3-hydroxyanthranilic acid (3-HAA) or
xanthurenic acid (XA) by kynureninase (KYNU) or
KAT separately. Finally, 3-HAA generates picolinic
acid and quinolinic acid (QUIN) through multi-stage
enzymatic  reactions, ultimately ~ producing
nicotinamide adenine dinucleotide (NAD) as well as
other active molecules involved in various
physiological processes in vivo.

Enzymes involved in the Kyn pathway:

IDO and TDO
Two enzymes, IDO and TDO, participate in Kyn

pathway in the first and rate-limiting step [9-11]. They
are found in various cells, such as tumor, stromal,

vascular, and  immune  cells,  especially
antigen-presenting cells (APCs), but not expressed
obviously in T cells [12]. Most Trp is catabolized by
IDO, which is expressed diffusely in the human body
and can be induced by interferon gamma (IFN-y) [4].
For example, IFN-y activation of mononuclear
phagocytes significantly increases IDO1 and flux
through the Kyn pathway [13]. IDO has an
immunomodulating function in suppressing immune
activation cells and promoting immunosuppressive
cells, which are related to poor survival in various
cancer patients [14]. Additionally, the Kyn/Trp ratio
can evaluate IDO activity [15]. TDO is located in the
liver, and only works on Trp compared with the lower
substrate specificity of IDO [5].

Structure of IDO

IDO is an endocellular monomeric enzyme
containing heme that participates in the Kyn pathway
through breaking the indole ring’s 2,3-double bond in
Trp when one molecular oxygen incorporates into the
open molecule [16]. It produces N-formyl-Kyn
initially. Next, N-formyl-Kyn is transformed into Kyn
rapidly and spontaneously. Finally, Kyn is further
transformed into other active metabolites [17].
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Figure 2. Schematic diagram of the kynurenine pathway. Abbreviations—Trp: tryptophan; 5-HT: 5-serotonin; Kyn: kynurenine; IDO: indoleamine-2,3-dioxygenase;
TDO: tryptophan-2, 3-dioxygenase; KAT: kynurenine aminotransferase; KYNA: kynurenic acid; KMO: kynurenine-3-monooxygenase; 3-HK: 3-hydroxykynurenine; XA:
xanthurenic acid; KYNU: kynureninase; 3-HAA: 3-hydroxyanthranilic acid; QUIN: quinolinic acid; NAD: nicotinamide adenine dinucleotide.

IDO was first found in rabbit intestine [18]. It has
two isoforms, IDO1 and IDO2, whose genes are
adjacent and have distinct biochemical features
supporting their functions [18, 19]. IDO1 plays an
immune-regulatory role [20]. It is a cytosolic enzyme
distributed in various organs, such as the lung,
spleen, liver, kidney and brain. However, IDO2 has
higher specificity and much lower expression levels
than IDOL1 [16]. Thus, compared with IDO2, IDO1 is a
research hotspot.

IDO1 is a 45-kDa monomeric enzyme that
contains heme. The Fe?* form can activate IDO1. There
are two crystal structures, 4-phenylimidazole
(4PI)-bound structure and cyanide-bound structure,
revealing the structural characteristics of IDO1.
Furthermore, the active site of IDO1 consists of two
oleophilic areas: one is a large container containing
heme as the catalytic site of Trp, the other is the
binding site entrance [19].

IDO1  activity is modulated by two
phosphorylatable tyrosine residues, Y115 and Y253.
These residues can change the conformation of IDO1
and discourage its activity via phosphorylation.
Additionally, they are binding sites to prolong or
shorten the IDO1 half-life and maintain its functions
[16]. Through a range of kinetic, structural and
cellular assays, Nelp et al. [21] showed two highly
selective inhibitors of IDO1 taking effect by
competing with heme for binding to apo-IDO1. This
result implies that IDO1 is bound to its heme cofactor
dynamically and is likely a critical step in the
regulation of this enzyme.

IDO1 can be expressed in many cells, including
astrocytes, macrophages and dendritic cells (DCs)
[22]. Tumor cells can also express widely but variably
IDO1, such as the tumor microenvironment’s innate
immune cells and tumor-draining lymph nodes [12].
IDO1 can be induced during infection, where it
displays antimicrobial activity and immune
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regulation [23]. Moreover, some inflammatory
cytokines, such as interleukin (IL) 6 and tumor
necrosis factor-a (TNF-a), can highly induce IDO1
[22].

Structure of TDO

TDO is a tetrameric hemoprotein encoded by the
TDO2 gene [24]. It also catalyzes the transformation of
L-Trp to N-formyl-Kyn via adding O to the 2,3-bond
of Trp’s indole ring [25, 26].

TDO was first found in mammalian liver in 1936
and was characterized in rat liver in 1955 [27]. It has
been characterized in many prokaryotes and
eukaryotes, including rabbits, mice, some insects such
as Drosophila melanogaster, and bacteria such as
Xanthomonas campestris and yeast [27]. In the human
body, high TDO was demonstrated in the liver, and
TDO supports up to 95% of hepatic Trp metabolism
[28]. Moreover, TDO can be detected in the kidney
[29], skin [27] and other tissues, including the
placenta, pregnant uterus, epididymis, testis and
brain after being stimulated [30].

TDO can be activated by cortisol [31] and it was
also revealed that TDO can be activated by
Trp-induced reactive oxygen species [24]. TDO
comprises four non-covalent bonding subunits that
have the same mass and contain two heme parts in
every molecule [32]. Its heme group is present as an
inactive Fe3* form that needs to be changed to Fe?*
form to be active[24]. Furthermore, TDO is mainly
found as homodimers that can transform to active
tetramers of ~190 kDa in eukaryotes and ~120 kDa in
prokaryotes [27, 33]. Lewis-Ballester et al. [34] found a
binding site for L-Trp in hTDO that did not influence
enzyme catalysis but can block the degradation of
hTDO, revealing a new L-Trp-mediated regulation
mechanism for cellular hTDO degradation.
Additionally, Michels et al. [33] found that three
amino acid residues, TDO-2 (APLD), TDO-2 (del), and
TDO-2 (del B), were vital for the enzymatic activity of
TDO.

Function of IDO or TDO in different
diseases

The function of IDO and TDO can be direct or
indirect regarding the pathogenesis of cancer and
other diseases (Table 1).

Function of IDO in different diseases

Increased IDO activity is related to many
diseases, such as inflammatory diseases, cancer, liver
diseases, diabetes, depression, HIV and rejection of
organ transplants [16].

IDO1 plays an important role in immunologic
processes and this role was first found in pregnancy

[35, 36]. Affected by maternal T cells, pregnant mice
given IDO1 inhibitors showed allogeneic fetal
rejection, reflecting that IDO1 prevented maternal T
cells from injuring fetal allografts. Moreover, IDO1
serves as an immunosuppressant that facilitates the
formation of immunosuppressive environments
through promoting the tolerogenicity of APCs and
death of immune cells [22]. IDO1 promotes the
tolerogenicity of APCs via acting as a direct
intracellular signaling molecule that is independent of
its enzymatic activity [12]. Furthermore, IDO1 is not
restricted to IDOl-expressing cells to show its
immunologic functions. In fact, it can indirectly affect
surrounding cells through the Kyn pathway [18].

At the protein level, besides activating the aryl
hydrocarbon receptor (AhR), IDO1 can activate
general control non-derepressible 2 (GCN2) to
suppress T cells. GCN2 activation can directly change
DCs to tolerogenic APCs and stimulate tumor
immune-inhibitory cytokines such as IL-10 and
transforming growth factor beta (TGF-P) to restrain
effector T cells and upgrade regulatory cells (Tregs) to
stimulate tolerance, and AhR can promote Treg
differentiation and make DCs and macrophages tend
to an immunosuppressive phenotype [36, 37].

IDO and Inflammation

IDO function is based on inflammatory
programming, hence influencing tumor
neovascularization, myeloid-derived suppressor cells
(MDSC) generation, and metastasis of adaptive
immune tolerance [12].

Many chronic inflammatory syndromes show
increased IDOL1 activity including cancer, infections,
allergic diseases, and transplant rejection because of
the response to interferons [36]. IDO1 consumes Trp
and produces Kyn metabolites to help attenuate
inflammation and maintain tissue homeostasis [38].
Ogiso et al. [39] demonstrated that IDO1 blocked the
functions of inflammatory cells and stimulated
immunologic tolerance. They found that IDO1
shortage stimulated early liver regeneration after
partial hepatectomy, reflecting that the production of
inflammatory cytokines and liver proliferation could
be blocked by IDO1. Additionally, IDO1-expressing
DCs, active Tregs and Trp catabolites cooperate to
suppress infection in inflammation [22]. Interestingly,
IDO1 can downregulate IFN-y and upregulate IL-6 at
the early stage of tumorigenesis to transform the
inflammatory environments to immunosuppressive
environments [12]. IDO2 is responsible for
inflammatory autoimmunity. Merlo et al. [40]
revealed that the activation of autoreactive T and B
cells, pathogenic autoantibody production and
rheumatoid arthritis development were induced by
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IDO2. Remarkably, IDO2 expressed in B cells can
regulate the function of B cells via interacting with T
cells. The role of IDO2 in inflammatory autoimmunity
implies that IDO2 is, to some extent, the opposite of
IDOL1.

Table 1. The role of IDO and TDO in diseases.

IDO1 HCV Attenuate acute 1 Antiviral Yang et al.,
infection phase defense 2018
Aggravate chronic | Anti-HCV T

infection stage cells

IDO/TDO Disease Impact Mechanism Reference
1IDO2 Rheumatoid Aggravate 1 Inflammatory Merlo et al.,
arthritis autoimmunity 2017
IDO1 Fn-associated CRC Attenuate 1 Kyn pathway Xueetal,
2018
Breast Cancer Aggravate | APCs T Kyn  Weietal.,
pathway 2018
1 MDSCs
Melanoma Aggravate | APCs 1 Kyn Rubel et al.,
pathway 2018
1 MDSCs
Gastric Cancer Aggravate | APCs T Kyn  Nishietal,
pathway 2018
1 MDSCs
Pancreatic Cancer ~ Aggravate L APCs 1 Kyn  Zhangetal,
pathway 2017
1 MDSCs
Endometrial Aggravate L APCs T Kyn  Mills etal,,
Carcinomas pathway 2018
1 MDSCs
EC Aggravate | APCs 1 Kyn Arietal.,
pathway 2018;
1 MDSCs Cui et al.,
2018
Thyroid Aggravate L APCs 1 Kyn  Moretti et
Carcinomas pathway al., 2017
1 MDSCs
TDO Brain Tumors Aggravate 1 Kyn pathway Ochs et al.,
2016
Lung Cancer Aggravate 1 Kyn pathway Ya-Ling
Hsuetal,,
2016
Breast Cancer Aggravate 1 Kyn pathway D’Amato et
al., 2015
IDO1 TID Attenuate 1 Trp catabolism Orabona et
al., 2018
Type 2 DN Aggravate Zhangetal.,,
2017
DR Aggravate 1 Retinal Nahomi et
endothelial al., 2018
apoptosis
1 Capillary
degeneration
IDO1 Depression Aggravate Thomas et
TDO Depression Aggravate 1 Kyn pathway al., 2017;
Merete et
al., 2008;
Campayo et
al., 2010
1 Kyn pathway Michels et
al., 2016;
Gibney et
al., 2014
IDO1 HIV Aggravate | CD4+ immune Chen etal.,
cells 2018
TDO Neurodegeneration Aggravate Wuetal,
2013;
Breda et al.,
2016
SCA3 Aggravate T QUIN Rajamani et
al.,, 2017
Schizophrenia Aggravate Miller et al.,
2004
Anxiety-Related Aggravate Kanai et al.,
Behavior 2009
IDO1 Liver Fibrosis Aggravate 1 Th17 Zhong et
al., 2017
TDO Attenuate 1 Th17 | CD8+  Zhong et
T cells al., 2017

Abbreviation. IDO: indoleamine-2,3-dioxygenase; TDO:
tryptophan-2,3-dioxygenase; Fn: fusobacterium nucleatum; CRC: colorectal Cancer;
Kyn: kynurenine; APCs: antigen-presenting cells; MDSCs: myeloid-derived
suppressor cells; EC: esophageal cancer; T1D: type 1 diabetes; Trp: tryptophan;
Type 2 DN: type 2 diabetic nephropathy; DR: diabetic retinopathy; HIV: human
immunodeficiency virus; SCA3: spinocerebellar ataxia type 3; QUIN: quinolinic
acid; Th17: T helper 17 cells; HCV: hepatitis C virus

IDO and Cancer

In terms of cancer, many studies have
investigated IDO1, but few have focused on IDO2. A
poor prognosis of various cancers has been shown to
be related to high IDO1 expression [19]. IDO1
facilitates cancer via forming immune tolerance. It can
be inhibited by the tumor suppressor Binl, which is
attenuated in human tumors [12]. Moreover, various
cancer cells and APCs show that high IDOL1 levels and
IDO1 can be induced by IL-6, IFN-y, TGF-p, cytotoxic
T-lymphocyte-associated protein 4 (CTLA-4) and
programmed cell death protein 1 (PD-1) [4, 41]. IDO1
suppresses the immune system to aggravate cancer
cell growth, migration and invasion in three ways.

Initially, IDO1 promotes the formation of
immunosuppressive APCs via acting as a direct
intracellular signaling molecule that is independent of
its enzymatic activity [20]. It makes APCs tolerogenic
to promote tumorigenesis and help build immune
checkpoints in cancer [36]. For example, in tumor
draining lymph nodes, IDO1 expressed in APCs can
enhance the peripheral tolerance to tumor-associated
antigens (TAAs), keeping the TAA-expressing
malignant cells active [17].

Secondly, the induction of IDO1 in APCs
indirectly regulates adjacent immune cells through
the Kyn pathway. It blocks natural killer (NK) cells
and CD8+T effector cells but induces CD4+ regulatory
cells (iTreg) and MDSCs [12]. All of them do not
express IDO1 obviously. Activation of the Kyn
pathway induces AhR and activates GCN2, inhibits
mammalian target of rapamycin (mTOR) via
accelerating Kyn production and Trp consumption,
which inhibits CD8+ T cells and induces Tregs [12,
41]. Additionally, Trp consumption can also inhibit
NK cells and T-cell proliferation in the G1 phase,
while some toxic Kyn metabolites can cause T-cell
apoptosis and selectively suppress T-helper 17 cells
(Th17) [22, 42]. It is worth mentioning that
IDO1-regulated iTregs and B-cell inflammation states
in cancer need the support of IDO2 [12].

Finally, MDSCs can suppress T cells and NK
cells, as well as facilitate the migration of cancer. IDO1
induces MDSCs via influencing inflammatory
condition, such as activating IL-6. MDSCs can migrate
to tumor tissues to create an immunosuppressive
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tumor microenvironment. Additionally, IDO1
promotes angiogenesis to facilitate cancer growth via
downregulating IFN-y and upregulating IL-6 [12].

Altogether, IDO1 might enhance the
proliferation, invasion, and metastatic abilities of
cancer cells to represent a high degree of malignancy
via three ways: (1) Tolerogenic APCs: IDO1 promotes
the tolerogenicity of APCs to promote tumorigenesis
and help build immune checkpoints in cancer as well
as influence adjacent cells [34]; (2) Activating the Kyn
pathway: Overexpression of IDO1 in APCs induces
the Kyn pathway to facilitate Kyn release and Trp
consumption. The formation of Kyn can activate AhR,
and the consumption of Trp leads to the induction of
GCN2 and inhibition of mTOR, which suppresses
CD8+ T cells and NK cells and induces Tregs [9, 39,
41, 42]. Moreover, toxic Kyn pathway metabolites
such as 3-HAA, QUIN, and picolinic acid, can inhibit
T-cell activity and induce the dissolution and
apoptosis of thymocytes and T cells [43, 44]. (3)
MDSCs induction: IDO facilitates MDSCs suppressive
function by changing inflammation condition, such as
activating IL-6, to suppress CD8+T cells and NK cells
as well as induce cancer migration [13].

IDOI and Colorectal Cancer (CRC)

Fusobacterium nucleatum (Fn) is a
tumor-associated obligate anaerobic bacterium that
promotes metastasis in CRC. Xue et al. [43] reported
the link between IDO1 and Fn in THP-1-derived
macrophages  (dTHP1). They found  that
IDO1l-induced low Trp and high Kyn environment
inhibited the intracellular multiplication of Fn in
dTHP1 cells. The function of peripheral blood
lymphocytes that permitted the escape of Fn-infected
macrophages from cell death was further impaired by
IDO1 expression. These findings indicate that the
inhibition of IDO1 may worsen infection in
Fn-associated tumor immunotherapy.

IDO1 and Breast Cancer

Wei et al. [44] measured IDO1 mRNA expression
in breast cancer cell lines and the concentration of Trp
and Kyn in the supernatants of MCF-7. They found
that IDO1 facilitated the angiogenesis in breast cancer.
Patterson [45] found that estrogen receptor alpha (ER)
negatively regulated IDO1 expression. After
analyzing 14 breast cancer data sets, they found that,
in ER-positive tumors, IDO1 expression was lower
than that in ER-negative cells. Finally, they speculated
that ER may suppress IDO1 via facilitating the
methylation of the IDO1 promoter.

IDO1 and Melanoma

In primary human melanoma cells, Rubel et al.
[46] reported that IDO1 expression was related to

Breslow thickness, tumor-infiltrating lymphocytes
and the intensity of the peritumoral inflammatory
infiltrate.

IDO1 and Gastric Cancer

Nishi et al. [20] found that IDO1 expression was
correlated with TGF-B expression, and, in stage III
gastric cancer patients who underwent curative
resection, TGF-B expression was correlated with
Foxp3 expression.

IDO1 and Pancreatic Cancer

In pancreatic cancer, Zhang et al. [47] confirmed
that high IDO1 expression was related to a poor
prognosis, and patients with low IDO1 expression
showed better survival.

IDO1 and Endometrial Carcinomas

IDO1 can be expressed in endometrial
carcinoma. Mills et al. [48] assessed IDO1 expression
in 60 endometrial carcinomas and the relationship
with programmed death-1(PD-L1). They finally
concluded that IDO1 expression was widespread in
endometrial carcinomas, and diffuse staining was
common in tumors that lacked mismatch repair.

IDOI and Esophageal Cancer (EC)

In EC, patients who showed high levels of IDO1
and PD-L1 showed a worse survival and had more T
cells [49]. In esophageal squamous cell carcinoma
(ESCC), Cui et al. [50] found the high expression of
IDO1 that was mainly expressed by ESCC cells and
stromal cells. They demonstrated that IDO1
expression was greatly influenced by reactive
tumor-associated fibroblasts and capillary in the
ESCC, which could explain the ability of ESCC cells in
suppressing antitumor immunity and sustaining their
growth and progression.

IDOI and Thyroid Carcinoma

In thyroid carcinoma, Moretti et al. [51] reported
high IDO1 expression. They found that BRAF point
mutations and RET gene rearrangement (RET/PTC)
oncogenes induced IDO1, leading to overexpressed
and phosphorylated signal transducer and activator
of transcription 1 (STAT1), which could predict the
occurrence of thyroid carcinoma. Conversely, STAT1
activation would occur during cancer progression
with the absence of RET/PTC rearrangements.
Altogether, IDO1 overexpression driven by STAT1
ultimately protects tumors from the immune system
and maintains their growth.

IDOI1 and Liver Diseases

Zhong et al. found that IDO1 is a marker of liver
diseases such as liver fibrosis and cirrhosis. They
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reported that IDOI-dificient mice did not develop
CCls-induced fibrosis via reducing Th17 cells and
compensating TDO [52]. They also noted that the
degree of cirrhosis was positively correlated with
IDO1. Furthermore, the IDO1 level was positively
related to serum alanine transaminase (ALT),
aspartate transaminase (AST), y-glutamyl transferase
(GGT), total bilirubin (TB), indirect bilirubin (IB),
direct bilirubin (DB) and total bile acid (TBA) levels.
However, it showed a negative correlation with
serum albumin (ALB) levels, the albumin/globulin
(A/G) ratio, cholinesterase (CHE) levels and
prothrombin time activity (PTA) levels.

Yang et al. [22] revealed that plasma IDO1 is
related to TGF-P and the degree of chronic hepatitis C
virus (HCV) infection. In acute infection stage, IDO1
was upregulated and facilitated the antiviral defense
progress. However, in chronic infection stage, IDO1
was upregulated by IFN-y in HCV-infected liver cells
to suppress the anti-HCV T cells.

IDO1 and Diabetes

IDOI and Type | Diabetes (T1D)

IDO1 displays an immunosuppressive function,
thus it can be used to treat certain autoimmune
diseases, such as T1D, which is recognized by a
remarkable defect in Trp catabolism. Orabona et al.
[53] found that, in NOD mice, IDO1 deficiency
impaired the immune tolerance to autoantigens,
suggesting that upregulating IDO1 may resist T1D.

IDOI and Type 2 Diabetic Nephropathy (Type 2 DN)

Inflammation and endoplasmic reticulum stress
can regulate IDO1. IDO1 participates in the
development of type 2 DN. Zhang et al. [35] found
that, in type 2 DN patients, IDO1 activity was much
higher than that in individuals with latent
glomerulonephritis but much lower than that in those
with maintenance hemodialysis. The results revealed
that IDO1 activity had a negative correlation with
estimated glomerular filtration rate and had a positive
correlation with the severity of chronic kidney
disease.

IDOI and Diabetic Retinopathy (DR)

Nahomi et al. [54] reported that IDO1 played an
important role in retinal endothelial apoptosis and
capillary degeneration in the diabetic retina. They
summarized four molecular mechanisms of IDO1 in
endothelial cell apoptosis: (1) hyperglycemia
enhanced IFN-c-mediated IDO1 expression; (2)
increased IFN-c induced IDO1 in the retinal capillary
endothelium; (3) oxidative stress regulated
IDO1-mediated endothelial cell apoptosis; and (4)

IDO1 deficiency in diabetic reduced the formation of
acellular capillary.

IDOI and Depression

It was reported that IDO1 can also drive
depression. It was also reported that, in IFN-a
associated depression, IDO1 activity was elevated by
IFN-q, facilitating the development of depression[22].
Thomas et al. [55] also found that neurotoxic Kyn
pathway metabolites can cause major depressive
disorders. Some evidence has suggested that vitamin
B6 deficiency could lead to depression [56, 57], likely
due to increased XA which is a metabolite of the Kyn
pathway. Vitamin B6 also serves as the coenzyme of
KYNU.

IDOI and Human Immunodeficiency Virus (HIV)

Chen et al. [58] found that IDO1 activity has a
positive relationship with HIV DNA in the blood of
patients who received antiretroviral therapy,
indicating that IDO1 participates in the persistence of
HIV. It is possible that the immunosuppressive
function of IDO1 can protect HIV from elimination
and help them to duplicate via suppressing CD4+
immune cells.

The function of TDO in different diseases

TDO is mainly present in the liver and
metabolizes 95% of hepatic Trp. It is a key
serotonergic determinant [59] and plays a key role in
the emotional and psychiatric status [60]. Due to the
similar enzymatic function with IDO, it can also
suppress inflammation and maintain immune
homeostasis [61] by Trp starvation [62]. Schmidst et al.
[63] found that the TDO in HeLa cells could inhibit
certain bacteria, parasites and viruses. In animal
models, TDO was also reported to suppress disease
phenotypes and promote survive [33]. Additionally,
Elbers et al. [64] reported that, under hypoxic
conditions, the ability of TDO to inhibit pathogens
and T-cell proliferation could be attenuated.

TDO and Cancer

It was reported that cancer tissues express IDO1
or TDO, or both [65]. Many studies have reported that
TDO could be expressed in various cancers, such as
brain cancers, lung cancers and breast cancers [25].

Due to the similar roles of TDO and IDO in
regulating the Kyn pathway, TDO was definitely
considered a potential therapeutic target to cancer.
TDO has been proven to have immunomodulatory
functions in promoting tumor immune resistance and
proliferation [66]. Some data have suggested that
cancer cells overexpressing TDO and activating AhR
can evade immune surveillance [62].
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TDO and Brain Tumors

The TDO-AhR pathway also participates in brain
tumors and is correlated with the development of
cancers and a poor survival [25]. Ochs et al. [67]
reported that, in malignant gliomas, prostaglandins
activated prostaglandin E receptor-4 (EP4) to
upregulate TDO and strengthen its activity. EP4 and
prostaglandin  E2- producing cyclooxygenase-2
influence the expression of TDO at the transcript and
protein levels.

TDO and Lung Cancer

Ya-Ling et al. [68] reported that lung fibroblasts
that were induced by lung cancer could produce Kyn
to inhibit DC differentiation and induce cancer
growth and migration. Moreover, they found that
lung cancer-derived galectin-1 contributed to
upregulating TDO in cancer-associated fibroblasts
through the AKT-dependent pathway.

TDO and Breast Cancer

D’Amato et al. [69] suggested that TDO was the
important factor in aggressive breast cancer subtype,
and high TDO in primary breast tumors was related
to shorter overall survival. They also found that it was
possible that the effects of TDO could be mediated
partly via other intermediate molecule production or
NAD+ production.

TDO and Neurological Diseases

There is an increasing number of patients with
neurodegenerative diseases such as Alzheimer’s
(AD), Parkinson’s (PD) and Huntington’s (HD) that
correlate with Trp degradation in the Kyn pathway.
TDO can be expressed in neurons and the brain
vasculature[25], and its deficiency is beneficial for
resisting mental disorders [70]. Breda et al [71] used
fruit fly models to show that inhibiting TDO at the
gene level and influencing neuroactive Kyn pathway
metabolites can alleviate these diseases. They even
found that some compounds that inhibited TDO
could reverse disease phenotypes, highlighting the
importance of the Kyn pathway in treating
neurodegenerative disease.

TDO and Neurodegeneration

The Kyn  pathway is  related to
neurodegeneration diseases such as AD, PD and HD
[25]. TDO is thought to participate in these disease
pathways via regulating proteotoxic events [33]. Wu
et al. [72] observed significantly high TDO
immunoreactivity in the AD patients” hippocampus.
In fly models of AD and PD, Breda et al. [71] found
that inhibiting TDO could improve motor
performance and help survival, and they also used the

HD fruit fly model to find that increased KYNA
relative to 3-HK could alleviate HD, indicating that
shifting the flux in the Kyn pathway to KYNA
synthesis rather than 3-HK synthesis could reduce
neurodegeneration.

TDO and Spinocerebellar Ataxia Type 3 (SCA3)

TDO is a key enzyme for neuronal toxicity in
SCA3. Rajamani et al.[73] found that upregulation of
TDO occurred in the SCA3 mouse cerebellum. QUIN,
a metabolite of the Kyn pathway, is a neurotoxic
compound that can activate N-methyl-D-aspartate
receptors. It allows Ca2* ions to flood into neuronal
cells, thus increasing calpain activity and toxic
compounds as well as suppressing calpain inhibitors
to result in neuronal excitotoxicity.

TDO and Schizophrenia

Miller et al. [74] showed increased
TDO-immunopositive astroglial cells in the white
matter of schizophrenia patients by using
immunohistochemistry.

TDO and Anxiety-Related Behavior

In TDO-defective mice, Kanai et al. [75] found
that, in plasma, there was more Trp,
5-hydroxyindoleacetic acid (5-HIAA) and Kyn;
however, in the hippocampus and midbrain, there
was more Trp, serotonin and 5-HIAA. These mice
showed good performance on the elevated plus maze
and increased adult neurogenesis, suggesting that
TDO had a negative correlation with anxiety-related
behavior.

TDO and Depression

5-HT has a negative correlation with the degree
of depression. It also mediates Trp metabolism and
the Kyn pathway. Thus, TDO has a positive
correlation with the degree of depression[33]. Gibney
et al. [76] used adult male Sprague-Dawley rats that
had restraint stress per 2h to research the relationship
of TDO and depression via increasing glucocorticoid
corticosterone to induce TDO. These mice showed
increased immobility that had a positive correlation
with the degree of depression. Accompanied with
increased immobility, there was increased circulating
glucocorticoid corticosterone and hepatic and cerebral
cortex TDO, suggesting that inhibiting stress-related
TDO could suppress depression.

TDO and Liver Fibrosis

Zhong et al. [77] found that compensatory
increased TDO due to IDO1 deficiency could
attenuate = CCly-induced liver fibrosis. They
hypothesized that increased TDO in the liver induced
by IDO1 deficiency could suppress Thl7 cells

http://lwww.jcancer.org



Journal of Cancer 2019, Vol. 10

2779

proliferation. They also supposed that increased TDO
consumed more Trp to decrease CD8+ T cells that
could attack injured liver cells.

The inhibitors of IDO or TDO in
treatment

With the function of IDO and TDO in promoting
cancer, there is an increasing number of their
inhibitors being developed to treat cancer. Due to the
effect of PD-1 and CTLA-4 on inducing IDO, IDO
inhibitors can combine with PD-1 and CTLA-4
inhibitors to strengthen efficacy. Although most of the
inhibitors have been focused on treating cancer, their
regulation of the Kyn pathway may also be
considered to treat other Trp- or Kyn-related
metabolic diseases.

Ipilimumab

The CTLA-4 blocking antibody, ipilimumab, can
inhibit IDO because its expression can be induced by
the CTLA-4 pathway. Treating patients with
ipilimumab with higher IDO expression in host
stromal cells in the tumor has good efficacy [41].

Indoximod (D-1MT/NLG-8189)

Indoximod is an inhibitor of IDO and TDO. It
may act partly as the Trp analog to restore the
attenuation of mTOR resulting from the induction of
IDO and TDO in Trp consumption. Additionally, its
low toxicity and better efficacy combined with
taxotere, dendritic cell vaccine sipuleucel-T and
anti-PD1 make indoximod attractive in clinical
settings [12].

1-L-MT

Liu et al.[78] reported that 1-L-MT, an inhibitor
of IDO, can be used to prevent and treat cancer
because of its ability to suppress cancer cell
proliferation via inhibiting mitosis. It decreases
CDC20 transcription to cause G2/M cycle arrest and
facilitates mitochondrial injuries as well as cancer cell
apoptosis.

Epacadostat (INCB024360)

Epacadostat can selectively inhibit IDO1. In
addition to inhibiting IDO], it can also suppress IDO2
and TDO slightly. Epacadostat administration can
decrease Kyn levels and inhibit cancer outgrowth.
Moreover, the efficacy can be strengthened when
combined with PD-L1 or CTLA-4 inhibitors.

BMS-986205

BMS-986205 is an IDO1 inhibitor that can be
taken orally with little effect on IDO2 and TDO.
Current clinical studies have shown that the efficacy
can be increased with a dose increase. Even at a low

dose, it can show good ability in inhibiting IDO1 and
serum Kyn levels [37]. It was reported to have better
efficacy and pharmacokinetics than epacadostat [12].

LWI106

LW106 is an IDO inhibitor that shows better
antineoplastic effect than epacadostat [79]. It can
reduce Tregs and non-hematopoietic stromal cells, as
well as cancer stem cells (CSCs) in the tumor
microenvironment, to inhibit cancer growth.
Moreover, it can be used with immune checkpoint
inhibitors or chemotherapeutic drugs.

Ethylnaphthoquinone Derivatives

Cui et al. [80] isolated and identified
ethylnaphthoquinone derivatives in the mangrove
endophytic fungus N. austral SYSU-SKS024. It was
the first time to discover a novel inhibiting IDO
carbon skeleton that showed a good effect.

4-Bromophenylhydrazinyl
benzenesulfonylphenylureas

Lin et al. [81] developed 4-bromophenyl-
hydrazinyl benzenesulfonylphenylurea that was good
at inhibiting IDO. Its oral administration could inhibit
25% cancer growth and reduce the tumor weight by
30%. Additionally, it could also decrease Kyn and Trp
levels and may restore immunity.

Navoximod (NLG919)

Navoximod can inhibit IDO via binding to heme
iron at the active site. It has abilities to decrease Kyn
and restore T-cell functions. Furthermore, the
therapeutic effect can be strengthened when
combined with PD-L1 inhibitors [12].

PF-06840003

PF-06840003 is a nonheme-binding IDO1
inhibitor. It was reported to have excellent
pharmacokinetics and central nervous penetration
and can be administered as a single dose daily with
good effects on brain cancer. Additionally, it can be
combined with PD-1 or PD-L1 inhibitors to enhance
the curative effect [12].

4-amino-1,2,3-triazole inhibitors

Alexandre et al. [82] found a series of new
4-amino-1,2,3-triazole inhibitors that bound to
apo-IDO1. They combined with IDO1 to form an
extremely tight and long-lived complex that may be
the core of their excellent efficacy.

TDO inhibitors

Compared with IDO  inhibitors, the
development of TDO inhibitors is relatively
backward. Most of them are in the stage of exploring
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and modifying structures, such as naphthotriazo-
lediones [83], 3-(indol-3-yl)pyridine derivatives [25],
aminoisoxazoles [61] and 3-(2-(Pyridyl)ethenyl)-
indoles [84]. Due to the higher expression of TDO
than IDO in some diseases, TDO inhibitors warrant
more attention.

Prospects and Problems

The strategy to selectively inhibit IDO1 or TDO,
or to dually inhibit IDO1 and TDO, needs to be
considered within the realm of personalized medicine
to avoid unnecessary side effects or inadequate target
engagement. A recent review provides the newest
progress in targeting the metabolites of Kyn to be
used for cancer immunotherapy, and they proposed
the upcoming challenges and opportunities to target
the Kyn pathway for anticancer immunotherapies
[62]. Compared with IDO1, IDO2 is more recognized
in inflammatory autoimmunity. Little is known about
IDO2 in the immune system, but some evidence has
suggested that it can support IDO1 to mediate Tregs
[12]. It implies that, except being responsible for
inflammatory autoimmunity, it may play a role in
helping IDO1 participate in the immunologic process,
which needs further investigation. However, it is still
a long way to specifically illustrate the detailed
mechanism of those enzymes such as 1IDO1, IDO2,
and TDO, which play important roles in different
diseases such as cancers. There is an increasing
number of IDO and TDO inhibitors being developed,
but most of them are IDO inhibitors and treat cancer.
Due to the effect of the Kyn pathway on other related
diseases, using IDO and TDO inhibitors may also be
efficacious. Furthermore, the development of TDO
inhibitors may have great prospects.
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