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Simple Summary: There is clear evidence that inflammation can contribute to the development of
cancers, but the underlying mechanisms are not fully understood. This review focuses on metabolites
of the amino acid tryptophan, especially kynurenine and related compounds, which are produced
in response to inflammation and which have been implicated in cancer progression. Unfortunately,
one drug that inhibits the generation of these compounds, epacadostat, has not been very successful.
The review explains the actions of each of the relevant tryptophan metabolites and discusses how
they interact with other compounds and biochemical pathways known to affect cancer formation.
The objective is to demonstrate that the kynurenine pathway could be targeted to affect those
interacting pathways indirectly and that those alternative routes could represent a means of modifying
tryptophan metabolism indirectly. In either case, the range of possible targets for drugs that inhibit
the link between inflammation and cancer would be expanded.

Abstract: The mechanisms underlying a relationship between inflammation and cancer are unclear,
but much emphasis has been placed on the role of tryptophan metabolism to kynurenine and
downstream metabolites, as these make a substantial contribution to the regulation of immune
tolerance and susceptibility to cancer. The proposed link is supported by the induction of tryptophan
metabolism by indoleamine-2,3-dioxygenase (IDO) or tryptophan-2,3-dioxygenase (TDO), in response
to injury, infection or stress. This review will summarize the kynurenine pathway and will then
focus on the bi-directional interactions with other transduction pathways and cancer-related factors.
The kynurenine pathway can interact with and modify activity in many other transduction systems,
potentially generating an extended web of effects other than the direct effects of kynurenine and its
metabolites. Conversely, the pharmacological targeting of those other systems could greatly enhance
the efficacy of changes in the kynurenine pathway. Indeed, manipulating those interacting pathways
could affect inflammatory status and tumor development indirectly via the kynurenine pathway,
while pharmacological modulation of the kynurenine pathway could indirectly influence anti-cancer
protection. While current efforts are progressing to account for the failure of selective IDO1 inhibitors
to inhibit tumor growth and to devise means of circumventing the issue, it is clear that there are wider
factors involving the relationship between kynurenines and cancer that merit detailed consideration
as alternative drug targets.

Keywords: kynurenine; kynurenic acid; IDO1; IDO2; indoleamine-2,3-dioxygenase; TDO

1. Introduction

To help understand aspects of the relationship between inflammation and cancer, this
review emphasizes tryptophan metabolism to kynurenine and downstream metabolites,
a major pathway induced by immune system mediators of inflammation that includes
enzymes and compounds that influence tumor initiation and growth (Figure 1). The focus
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will be on the bi-directional interactions with other transduction pathways and cancer-
related factors to indicate the breadth of the kynurenine modulatory actions that could
be affected by pharmacological treatments, especially of enzyme inhibitors. Conversely,
pharmacological modulation of the kynurenine pathway could provide an indirect method
of influencing other cancer-related pathways. While current efforts are proceeding to
account for the failure of selective IDO1 inhibitors to inhibit tumor growth, modulating
other components of the kynurenine pathway or interacting systems could provide new
avenues for identifying means of disrupting the inflammation–cancer link.

Figure 1. A summary of the major components of the kynurenine pathway and the enzymes
responsible for their metabolism.

2. IDO and Kynurenine in the Immune System

Tryptophan–kynurenine metabolism is one of the major pathways that link the im-
mune system with the external world [1]. These environmental factors encompass not
only tangible and avoidable inputs, such as tissue damage, animal and plant toxins and
infectious micro-organisms, but also intangible factors such as physical or mental stress.

The first enzyme of the pathway is indoleamine-2,3-dioxygenase (IDO), two forms of
which (IDO1 and IDO2) can use a wide range of indole-derived compounds as substrates
and have higher affinity for tryptophan than tryptophan-2,3-dioxygenase (TDO). IDO1 is
expressed constitutively primarily by antigen-presenting Cells (monocytes and dendritic
cells [DCs]) [2–5], where it is induced by cytokines such as IFNγ, IL-1β or TNF [6,7]. IDO1
is also induced by molecules acting on membrane-located Toll-Like Receptors (TLRs),
in particular bacterial lipopolysaccharides (LPS). The production of kynurenine by IDO
(Figure 1) can then exit the APCs and function as a paracrine compound, entering other
cells of the immune system, entering other peripheral cells such as endothelial cells and
crossing the blood–brain barrier to affect the CNS [8]. The entry of kynurenine into cells is
mediated primarily by the amino acid transporter LAT-1 (slc7a5) [4,9–11]. This facilitated
influx, combined with kynurenine’s activation of Aryl Hydrocarbon Receptors (AHR)
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and the positive feedback systems discussed below, generates intracellular kynurenine
concentrations up to micromolar levels, well above resting levels (Figure 2).

Figure 2. A diagram of the major cellular sites of production, uptake and actions of compounds in
the kynurenine pathway and their effects in the immune system relevant to carcinogenesis. Positive
signs indicate activation or enhancement, while negative signs indicate inhibition or suppression.

Free plasma tryptophan is metabolized primarily by hepatic TDO to kynurenine and
downstream metabolites. With a high capacity but low affinity and a high selectivity for
tryptophan as substrate, TDO is thought to be the main regulator of plasma tryptophan con-
centration. TDO activity is induced and increased by corticosteroids normally secreted in
response to physical or mental stress. Because the kynurenine pathway has a significant im-
pact on the CNS, including quinolinic acid as an agonist at NMDARs [12,13] and kynurenic
acid as an antagonist at the same sites [8,14,15], both TDO and IDO are important links
between externally modulated activity of the immune system and cognitive–psychological
function.

The protein interleukin-4-induced-1 (IL4i1) is able to oxidize tryptophan to several
indole compounds such as indole-pyruvic acid, which are potent agonists at AHR [16–18].
They include kynurenic acid, which has been shown to be produced spontaneously from
indole pyruvate by Vicenzo Politi. IL4i1 is released by tumor cells, potentially contributing
to the production of host immune tolerance [19,20]. It is primarily expressed in APCs,
inhibiting T cell proliferation and reducing Th1-mediated inflammation [19,21]. Being it is
highly expressed in tumor-associated macrophages (TAMs), IL4i1 activity and its products
reduce the activity of anti-tumor CD8+ T cells, enhancing tumor escape [18,22,23].

2.1. IDO and Immunological Tolerance

Lymphocyte development is associated with the deletion of cells with strong reactivity
to self-antigens and the maintenance of cells responding to foreign antigens and abnormal
or mutated cells. This system of self/non-self discrimination is further supported by the
existence of specialized regulatory immune cell subsets, notably regulatory T (Treg) cells,
which contribute to immune homeostasis by suppressing exaggerated immune responses.
Normal health is dependent on the correct balance between these, as over-reactivity to
self-antigens can result in autoimmune disorders, whereas underactivity can mean that
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subtle cellular changes and genetic mutations may escape immune system surveillance and
develop into potentially cancerous states.

The kynurenine pathway is one of the major determinants of immune tolerance. Bind-
ing of the T cell protein Cytotoxic-T-lymphocyte Antigen-4 (CTLA-4) to the B7 complex
(CD80/86) on DCs induces IDO1 expression in the latter, producing anti -inflammatory
molecules such as kynurenic acid and 3-hydroxy-anthranilic acid (3-HAA) [24–26]. Because
blocking CTLA-4 (using abatacept or the antibody ipilimumab) is now a well-recognized
anti-cancer treatment, it is clear that IDO1 activation is intimately involved in both autoim-
mune function and tumor development.

At the sites of initial tissue damage, infection or tumor formation, the attraction of
pro-inflammatory T helper cells Th1 and Th17 and Natural Killer (NK) cells establishes the
earliest defense against these insults by secreting IFNγ, IL-1β, TNF and related cytokines.
However, this production is inhibited by IDO, partly as a result of the local depletion of
tryptophan, which activates General Control Non-derepressible-2 (GCN2), a kinase that
responds to changes in the levels of loaded tRNA molecules and initiates cell apoptosis [27].
GCN2k may also activate the mechanistic Target of Rapamycin (mTOR), contributing to T
cell cycle blockade and apoptosis.

An important aspect of kynurenine biology is its relationship with T cell differentiation
and polarization. Kynurenine induces expression of the transcription factor Forkhead Box
P3 (FoxP3), which initiates differentiation of naïve CD4+T cells to the regulatory phenotype
(Treg). In parallel, kynurenine inhibits the expression of Retinoic-acid-receptor-related
Orphan Receptor-γt (RORγt), a transcription factor that promotes T cell differentiation to
the more pro-inflammatory Th17 phenotype. FoxP3 is at least partly responsible for this due
to preventing RORγt expression and activity [28]. The importance of this distinction is that
contact between Tregs and DCs can result in several molecular interactions that regulate
IDO expression, including the ligation of CTLA-4 [29]. The term ‘infectious tolerance’
describes the transmission of a tolerance-inducing state between leucocyte populations
and is particularly relevant in the biology of kynurenine, as it may be passed from IDO-
expressing cells to IDO-negative cells in a paracrine manner [5].

It should be noted that the functionally related enzymes IDO1 and IDO2 possess
different structures, affinities for tryptophan and substrate selectivity. Increasing attention
is being given to IDO2 as a potential alternative anti-cancer target when IDO1 inhibition is
not effective [30–32]. It remains unclear whether the proposed non-enzymatic activity of
IDO2 will compensate for inhibition of the enzyme [32]. Dual inhibitors of both enzymes
are under active investigation and may prove even more suitable [31–37].

2.2. T Cell Exhaustion

The development of tumor resistance to T cell attack results partly from the exhaustion
of T cell activity. Exhaustion normally develops from continuous antigen stimulation,
as occurs with prolonged inflammation or cancer, or a loss of active cells [38–40]. There
may be several mechanisms underlying the phenomenon in different situations [41]. The
Activator Protein pathway (AP-1) and the level of hypoxia are involved in tumor-infiltrating
T cells [42].

IL-15 is a highly effective activator of effector CD8+ T cells, the primary anti-tumor
population of T cells, making it a valuable target to enhance anti-tumor immunity. However,
tumor cells and tumor-associated macrophages express the receptor IL-15R or its α-subunit,
which reduces IL-15 efficacy, giving rise to tumor resistance [38]. Macrophages in this popu-
lation inhibit the expression of CX3CL1 ligand in tumor cells. Because this chemokine is an
important chemoattractant for CD8+T cells, there is a fall in CD8+ tumor infiltration, which
is regarded as one form of exhaustion. An IL-15R-blocking peptide therefore prevented the
ligand–receptor interaction, suppressing tumor formation in a breast cancer model. The
treatment also prevented tumor cell resistance to treatment with anti-PD-1 antibodies. An
additional potential target arising from this study was GM-CSF (granulocyte-macrophage
colony-stimulating factor), which promoted tumor cell–macrophage interaction and the
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induction of resistance to IL-15. Finally, in view of the role of hypoxia and hypoxia inducible
factor-1α (HIF-1α) in cell function, it was noted that this protein was required for IL-15R to
suppress tumor cell CX3CL1 expression.

2.3. Kynurenic and 3-Hydroxyanthranilic Acids

Kynurenic acid is largely anti-inflammatory, as it inhibits CD4+ T cell differentiation
to the Th17 phenotype [43–45] and suppresses the release of TNF, IL-4 and IL-23 from
activated monocytes [46]. It is also thought that kynurenic acid is the primary endogenous
activator of G-Protein-coupled Receptor-35 (GPR35) [47,48] a protein still considered to be
an orphan site, but at which kynurenate is among the most effective naturally occurring
agonists. There may be additional sites of action with important roles in the regulation of
mitochondrial function [49].

These actions will tend to promote tumor formation, but there is evidence that iono-
tropic receptors exist for glutamate on leucocytes, pharmacologically similar to those in
the nervous system [8,50–55] and with comparable effects on calcium movements and
cell proliferation, activation, differentiation [51,56] and migration [57,58]. Glutamate in-
duces release of anti-inflammatory IL-8, IL-10 and other cytokines from microglia and
lymphocytes [50], so blockade of these receptors by kynurenic acid [51] may indirectly
affect the release of several immune system mediators. The overall activity would increase
inflammatory status but hinder tumor development.

3-hydroxyanthranilic acid (3-HAA) also inhibits Th1 cell proliferation and cytokine pro-
duction, with a possible increase in Th2 cell activity resulting in an anti-inflammatory bias in
the immune system [24,26,59,60]. No definitive ‘receptor’ has yet been identified, although
the Nuclear Coactivator-7 (NCOA7) may potentially be involved [60]. Nevertheless, 3-HAA
helps to stabilize CD8+ effector T cells, and it is highly redox-active. The latter property ex-
tends to an induction of the key oxidative stress regulator Heme oxygenase-1 (HO-1) [61].
Additional effects of 3-HAA are presented in the section on AHR.

The activation of protein kinase B by 3-HAA can suppress tumor development and
progression. The effect is synergistic with changes in pyruvate dehydrogenase lipoamide
kinase isozyme 1 (PDK1) [62,63]. Phosphorylation of the latter enzyme in CD4+ T cells
is inhibited by 3-HAA, resulting in less inhibition—effectively an increased activity—of
NFκB [64]. The secondary consequences of inhibiting PDK1 include the promotion of
diabetes and interference with lipid metabolism and cyclo-oxygenase activity [65]. It is
therefore possible that 3-HAA could mediate a metabolic bridge between inflammation-
related kinase activity, general cell metabolism and eicosanoid synthesis, all being involved
in tumor stability and progression.

2.4. IDO Modulation and Cancer Susceptibility

Data from the Hordaland Health Study indicated the potential role of inflammation
in cancer due to the consistent and highly correlated increased expression of markers
such as C-reactive protein (CRP) and neopterin, with increased values for the kynurenine:
tryptophan ratio reflecting increased kynurenine pathway activation [66].

An investigation of 34 plasma markers of inflammation was conducted in subjects
to assess their relationship between age and inflammation, a topic clearly relevant to the
increased cancer incidence, which is also age-related [67]. The analyses showed strong
positive correlations between age and recognized inflammatory factors such as CRP, IL-6
and TNF, with parallel increases in IDO and kynurenine pathway activity.

Because the tolerogenic activity of IDO prevents autoimmune disease but promotes
tumor formation, efforts to treat cancer have focused on the development of IDO inhibitors.
However, recent work has revealed that IDO expression can be modulated by several
endogenous molecules, so targeting them and affecting IDO indirectly may represent an
alternative approach. Indeed, some modulators that increase IDO expression have already
been linked strongly with cancer development. They include Prostate-Specific Antigen
(PSA) and the cell-surface molecule CD26, which has dipeptidylpeptidase-4 (DPP-4) serine
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protease activity [68]. These are both included in the serine protease families with chy-
motryptic activity. They are also included in the group of ‘subtilase’ enzymes in view of the
similarity of their substrate selectivity with that of the bacterial serine protease subtilisin.
Indeed, subtilisin itself was examined partly for that reason and partly as it has already
been shown to have carcinogenic potential by depleting cells of the tumor suppressors
Deleted in Colorectal Cancer (DCC), neogenin and uncoordinated-5 [69–71]. Subtilisin
proved to be as effective as mammalian PSA and CD26 [68].

Finally, the study included high-temperature-requirement enzyme HtrA1, one of a
family of serine proteases produced by both bacterial and mammalian cells. The results
showed that all four proteins increased the expression of IDO, consistent with the possibility
that this could contribute to their oncogenic potential [68]. Several other serine proteases
including furin, neutrophil elastase and cathepsin G did not affect IDO expression, so the
phenomenon is not a feature of all serine proteases. The important implication of this work
is that raised IDO activity might exist as a result of elevated levels of the active serine
proteases, thus raising the susceptibility of individuals to cancer initiation. DPP-4 activity,
for example, is increased chronically in subjects with diabetes, and the class of gliptin drugs
are now widely used to inhibit the enzyme. The above results suggest that the incidence of
cancer in those patients might be reduced as a result.

The activity of subtilisin and HtrA1 make these results especially relevant to un-
derstanding the interface between intestinal or infective microbiota and the induction
of mammalian cancer. In contrast, the bacterial quorum sensor PQS (Pseudomonas quo-
rum sensor; 2-heptyl-3-hydroxy-4-quinolone) inhibits the expression of both IDO1 and
IDO2 [11]. It is probable that this activity may represent a significant contribution to the
immunosuppression produced by pathogenic micro-organisms. Indeed, it is a topic ripe
for investigation in view of the anti-cancer activity of many bacteria. A new class of drugs
based on the PQS structure and concept could provide a new approach to treating cancers
or reducing their development in susceptible individuals, especially in the presence of
bacterial infections.

Tumor cells are able to escape immune attack by expressing IDO or promoting its
expression in the tumor environment. Efforts to inhibit immune tolerance using selective
inhibitors of IDO1 (epacadostat, navoximod) (Figure 3) have been undertaken, but without
much success. No doubt, this will change as newer compounds with greater potency
or selectivity are produced, such as linrodostat (BMS986205) [33,34,37,72]. In addition,
greater understanding of the structure of IDO, the relative activities and locations of
IDO1, IDO2 and TDO, and the generation of inhibitors affecting two or three of these in
parallel will likely improve therapeutic activity [73]. Alternative strategies to regulate
dioxygenase activity are also under study, such as the modulation of gene alkylation. IDO1
gene expression can be inhibited by DNA methylation at the promoter, and treating mice
with experimental arthritis with the DNA methyl-transferase (DNMT) inhibitor decitabine
reduced the symptoms of arthritis and prevented the occurrence of relapse, in an IDO-
dependent manner [74].

The discovery that IDO activity can be enhanced by the indole-derived compound
N-acetyl-5-hydroxy-tryptamine, acting as a positive allosteric modulator [75], may her-
ald a new approach to immune tolerance, complementing the inducing effects of serine
proteases [68].

A different facet of kynurenine activity was noted in relation to the deterioration in
efficacy of Natural Killer (NK) cells towards pancreatic tumors. This was partially pre-
vented by 1-methyl-tryptophan (indoximod; 1-MdT) [76] and attributed to IDO inhibition,
although 1-MT also inhibits the tryptophan transporter. Nevertheless, considered together
with the ability of KMO to affect cell function, a potential restoration of function in the
NK cell population could greatly enhance anti-cancer surveillance.
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Figure 3. Structures of tryptophan and its major kynurenine pathway metabolites, with examples of
the IDO1 inhibitors mentioned in the text.

It is of course important to recognize that all tumors are not the same. As an example,
anal squamous-cell carcinoma was associated with high IDO1 expression to a very high
degree, correlating with a worse survival rate (88%) compared with low-IDO1-expression
tumors (25%) [77]. Highly IDO1-expressing tumors such as these may be more affected by
IDO1 inhibitors. More attention to this aspect of kynurenine pathway targeting in cancer
might yield beneficial advances in at least some cancer conditions, perhaps leading to a
more selective attack on kynurenine pathway enzymes such as KMO.

2.5. KMO Involvement

Although there has been a strong emphasis on understanding the role of IDO1 or
IDO2 in tumor viability, there is increasing attention to downstream enzymes such as KMO.
Hepatic carcinoma cells exhibit increased KMO levels, correlating inversely with survival
time [78]. This was related to the enzyme’s promotion of tumor cell proliferation and migra-
tion in vitro, consistent with a role in promoting the cancer and representing a potentially
valuable prognostic marker [78]. The pro-tumor activity is consistent with the increased
kynurenine activating AHR and enhancing immune tolerance. The attraction of assessing
KMO or other downstream enzymes such as kynureninase is that the overall profile of
kynurenine metabolites generated by their inhibition would be significantly different from
that produced by IDO inhibition. Notably, levels of kynurenine and kynurenic acid would
be increased [79], while 3-HAA and quinolinic acid would probably be less affected, as
the two branches of the kynurenine pathway via 3-HK and anthranilic acid are, to a large
extent, able to compensate for the loss of one.

Several lines of evidence have recently linked expression of quinolinate phosphoribo-
syl transferase (QPRT), which catabolizes quinolinic acid to nicotinic acid and nicotinamide,
with cancer progression. QPRT levels are higher in many cancer patients [80]. Expression
was associated with the phosphatidylinositol-3-kinase (Pi3K) and protein kinase pathway,
which was suggested to mediate the negative effects, although whether the association
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is related to the removal of quinolinic acid or to its conversion to nicotinamide—or to
both—remains unclear.

3. Kynurenine Pathway Interactions with Transduction Pathways

Kynurenine and its metabolites can affect several of the major recognized transduction
pathways involved in cell viability and migration including AHR, the Programmed Death
system (PD1-PDL1), NFκB and Fox factors (Figure 4). There are also important interactions
with metabolic programs such as glycolysis and cyclo-oxygenase activity [81], as discussed
in Section 4.

Figure 4. Sites of action and interactions of IDO, TDO, IL4i1 and their products of tryptophan
metabolism (yellow shading) with a variety of other transduction systems cited in the text. The
examples shown are not specific for any cell type, though all are relevant, directly or indirectly, to the
formation or removal of tumors.

3.1. AHR

These receptors promote xenobiotic metabolism by inducing the cytochrome enzymes,
and they induce IL-6, which can induce further IDO1, IDO2 or TDO in malignant cells or
tumor lines [82–89]. Normally, the combination of kynurenine and AHR forms a complex
with its nuclear translocator molecule (Arnt) in the nucleus to effect changes in gene
transcription. There are also non-genomic mechanisms by which AHR modulates IDO
expression, although these have received less attention [90].

The activation of AHR by kynurenine or kynurenic acid induces FoxP3, which pro-
motes the differentiation of naive CD4+ cells to a Treg cell phenotype. AHR activation also
suppresses expression of RORγt, preventing cell maturation to Th17 cells. Kynurenine and
kynurenic acid are therefore at the fulcrum of an immunological see-saw that can be sub-
stantially pro-inflammatory (via Th17 cells) or anti-inflammatory (via Tregs). This balance
can be modified by a wide range of other factors, which are being identified. Because the
IDO–kynurenine–AHR axis produces immunosuppression via DCs and Tregs and thus
limits autoimmunity, it also promotes tumor formation and progression [82,83,91,92].
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The mechanisms that determine the balance between T cell types remain incompletely
understood. There have been conflicting views on the effects of two of the most prominent
activators of AHR, the dioxin 2,3,7,8-tetrachloro-dibenzo-dioxin (TCDD) and the endoge-
nous photically induced tryptophan oxidation product 6-Formylindolo-[3,2-b]-carbazole
(FICZ), and their roles in the generation of Treg and Th17 cells. Ehrlich et al. [93,94] explored
the different kinetic behavior of these compounds, because TCDD is poorly metabolized,
while FICZ is rapidly removed. At concentrations that were equivalent in terms of their
activation of Cyp1A1 (a standard assay of AHR activity), both compounds induced FoxP3-
negative T cells (Tr1) at day 2 of treatment and a proliferation of FoxP3+Tregs on day 10.
Low levels of FICZ were still sufficient to induce Cyp1A1 but did not affect Tregs. In
contrast, the same concentration of FICZ did increase the numbers of Th17 cells at an early
stage of administration, whereas TCDD induced a similar response only after 10 days of
administration. The data clearly indicate that the pharmacokinetic differences between the
FICZ and TCDD can account fully for their apparently distinct pharmacological profiles
without the need to postulate the existence of different receptors.

The AHRs also induce the expression of IL-6, a potent pro-inflammatory cytokine that
not only promotes the differentiation and proliferation of Th1 cells and their production
of pro-inflammatory cytokines but also induces IDO in monocytes and APCs. IL-6 is
part of the important pro- and anti-inflammatory feedback circuits centered around the
AHR [5,82,83,85,86].

In addition to its inhibition of Th1 cells, 3-HAA can also activate AHR [60], facilitating
the interaction between AHR and Nuclear Co-Activator-7 (NCOA7) and enhancing the
effects of kynurenine and kynurenic acid. Because the highest levels of NCOA7 are found in
conventional DCs, these were cultured together with CD4+ cells. Exposure to kynurenine
and 3-HAA then increased the proliferation of FoxP3+Tregs and the release of Transforming
Growth Factor-β (TGF-β), both actions being dependent on NCOA7 [60]. These interactions
are likely to prove significant in the development of anti-cancer agents, as NCOA7 expres-
sion is abnormal in several types of tumors and their micro- environments. An inhibitor
of NCOA7 could represent a potential cancer checkpoint target. Interestingly, 3-HAA in-
hibits the development of tumors such as hepatic carcinoma, in vitro and in vivo, an effect
involving protein kinase B and PDK1 [62,63]. As a result, 3-HAA enhances phosphatase
activity and potentiates anti-cancer efficacy of sorafenib.

3.2. AHR and Homing

Many cytokines, particularly chemokines, induce the migration of cells to particular
organs and tissues [8]. The homing of CD4+ T cells to the intestinal tract has been shown to
involve AHR and their inducing expression of the chemoattractant protein GPR15 [95–97].
Interestingly, this activity was controlled by FoxP3 and RORγt expressed by intestinal
Tregs [98]. GPR15 is also expressed in Th2 cells, where differentiation is promoted during
inflammatory responses. Accordingly, GPR15 expression can be induced by the GATA3
gene in human Th2 or Treg cells [99] or inhibited by FoxP3 [100]. It is relevant that GPR15
is a prominent binding target for AHR in Treg or Th17 cells, and the combined action
of FoxP3 and AHR is responsible for raising GPR15 expression in Tregs, whereas RORγt
inhibits AHR binding in the Treg and Th17 subsets. FoxP3 was shown to bind to AHR and
potentiate its nuclear binding at the appropriate site to induce GPR15 expression. RORγt
competed with FoxP3 binding to inhibit GPR15 expression, and because intestinal Tregs
exhibit higher expression of AHR compared with most other tissues, it was considered
that this may relate to intestinal homing [96], although the results showed that GPR15
expression required AHR in all CD4+T helper cell populations except intestinal CD8+T. The
Treg-specific ablation of AHR decreased GPR15 transcription. A positive correlation was
noted between GPR15 and FoxP3 expression in human and mouse colonic Tregs, consistent
with FoxP3 acting as both transcriptional repressor and activator [101,102].

The gene-binding sites for AHR also express histone modification sites H3K27Ac
and H3K4me1, which may enhance GPR15 and which might link to the interaction of
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histone-modifying enzymes (see [103]). As noted above, FoxP3 frequently interacts with
other proteins to modulate gene transcription [101,104]. However, although FoxP3 binding
to DNA was not required, it cooperated with AHR to promote GPR15 expression. These
results are consistent with suggestions that FoxP3 can promote transcription via AHR
independently of DNA binding [104,105] to enhance GPR15. The data clearly indicate that
an Ahr–FoxP3–RORγt complex influences GPR15 expression in CD4+ T cells to regulate
their gut homing.

3.3. Programmed Cell Death Protein-1 (PD-1/PD-L1)

The receptor protein PD-1 (CD279) and its ligand PD-L1 (CD274) have attracted much
attention due to the discovery of clinically useful anti-cancer antibodies or drugs such
as pembrolizumab that inhibit their interaction or bind to one or the other of the two
proteins [106–108]. The PD-L1 to PD-1 ligation affects FoxP3 stability and therefore the
differentiation and function of T cells [109]. Suppressing anti-cancer CD8+ effector T cells
may promote the re-activation of inactive T cells [110,111]. As for IDO, PD1 and PD-L1
are induced by IFNγ [112], and the interplay between these two systems contributes to
their immunosuppressant and tumor-inhibitory activity [113]. IFNγ itself is an effective
tumor inhibitor, inducing the surface expression of PD-L1, thereby contributing to cancer
cell cycle arrest and dormancy. Its induction of IDO leads to the activation of AHR, which
then induces stem-cell-like properties in oral squamous-cell carcinomas, promoting their
dormancy [114]. The co-recruitment of IDO and PD-L1 in tumor cells is also produced by
IL-27 [115], which may indicate redundancy in this activity, important to host survival, or
possible synergism between them to maximize their anti-tumor potential.

There is a broadly similar tissue distribution in IDO1 and PD-1, with parallel changes
in disease stage or treatment [116–120] and with significant associations between them
in the tumor microenvironment [121]. However, at the cellular level, their distributions
appear to be distinct but overlapping, with IDO found in stromal, tumor and myoepithelial
cells of patients with breast cancer, whereas PD-1 expression was localized only to the
stromal tissue [112]. The expression of both genes was increased in tumors relative to
normal tissue, with strong correlations between the two. Activation of PD-1 is relatively
transient during infections, and at least one of its gene-promoter regulators is modified by
FOXO1 as well as Nuclear Factor of Activated T cells-c1 (NFATc1), Signal Transducer and
Activator of Transcription 1 (STAT1) and NFκB [104–106].

Liu Y et al. [122] highlighted that tumor-repopulating cells (TRC), a stem-cell-like
group that do not proliferate but promote tumor establishment and development, drive
PD-1 upregulation in CD8+ T cells through a transcellular kynurenine–AHR pathway to
escape the tumor immune system. Amobi-McCloud et al. [123] have reported a direct,
causal link between the PD and kynurenine systems. In ovarian cancer cells, IDO1 ex-
pression increased the number of CD8+ tumor-infiltrating T cells expressing PD-1, with
a similar induction by kynurenine. The induced expression of PD-1 by kynurenine in
CD8+Tc probably involved AHR, as binding sites have been demonstrated on the PD-1
gene [123]. Because the AHR is a major target of kynurenine, its involvement was ex-
amined using the antagonist CH223191, which blocked the induction of PD-1. This was
consistent with kynurenine influencing the access and binding of the AHR to consensus
XRE motifs in the PD-1 promoter. These results not only explain the synergistic anti-tumor
activity of combinations of IDO1 and PD-1 inhibitors but also present a novel rationale
for developing that concept further, either with formalized drug combinations or with
bifunctional molecules able to target both systems. Although a trial combining the IDO1
inhibitor epacadostat and the PD-1 antagonist pembrolizumab showed no significant ben-
efit [124], alternative approaches are being considered, such as using drugs with dual
targets [33,34,37,72]. An improved response to the combination of IDO1 and PD-1 inhibi-
tion was anticipated by Iwasaki et al. [125], noting that expression of both PD-L1 and IDO1
were positively correlated with the presence of JAK2 and STAT1 in leiomyosarcoma.
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The effector CD8+T population exhibits a high level of nutrient uptake accompanied
by increased oxidative metabolism, which underlies their proliferation and increased
expression of IFNγ [126]. Activating the Glucocorticoid-Induced TNF-Receptor (GITR)
overcame the effector T cell inhibition by PD-L1 in the mouse MC38 tumor model, with
GITR increasing oxygen consumption. Hence, one result of activating GITR is enhancing the
cell metabolism, which is required for the maintenance of CD8+T anti-tumor effector cells.

A novel suggestion arising from a study of lymph nodes was that IDO might exert
distinct effects in different locations, inhibiting the immune response of tumors by de-
pressing local effector T cell activity but altering antigen presentation by APCs and the
differentiation of CD4+ T cells to relevant subsets. The results of Ishihara et al. [127] may
in part reflect similar conclusions, namely that PD-L1 reflects poor survival in cases of
undifferentiated sarcoma, although IDO1 expression was most closely correlated with
improved survival.

Unfortunately, the promise of PD-1/IDO blockade may not benefit all cancers. Early
lung adenocarcinoma tissue, for example, showed no expression of PD-L1, although it
was expressed in a subgroup of patients with the highest density of tumor-infiltrating
CD8+ cells, where it was located together with high IDO1 levels [128]. Only this fraction of
patients may therefore be suitable for combination treatments. This variability may reflect
different types or magnitudes of effect of PD-L1 and IDO1 in different tumor environments.
In osteosarcoma tissue, neither protein correlated with patient outcome. The expression of
PD-L1 or IDO-1 was related to the presence of CD3+ and CD4+ T cells, but only PD-L1 was
present in CD8+ cells [129].

One important and highly relevant study was based on the treatment of Simian Im-
munodeficiency Virus (SIV) infection. It was noted that kynurenine and its metabolite
levels correlate with the frequency of serious non-AIDS-related incidents, associated also
with viral titers and general T cell activation [130]. The authors proceeded to treat rhesus
macaques with an inhibitor of kynurenine-3-mono-oxygenase (KMO) (CHDI-340246) dur-
ing the early phases of SIV infection. Confirming that the inhibitor prevented the synthesis
of downstream components of the kynurenine pathway, it was noted that symptoms were
improved, body weight increased and CD4+T cell numbers were raised. In addition, the
expression of PD-1, which was normally present in the early response to SIV and which
then correlated with disease progression, was reduced in naïve and memory CD4+ cells
populations. While this result is consistent with a role for quinolinic acid in the symptoms,
the levels of kynurenine and kynurenic acid were raised, emphasizing the need to consider
the balance between these metabolites and their respective activity.

A metabolomics investigation of human colorectal cancer tissue revealed high levels
of TDO2 and kynurenine. Either TDO or AHR was required for cells to express PD-L1 and
for the expression of cancer stem cell properties. Hence, TDO and PD-L1 were usually
co-expressed in the tumor cells, and the levels correlated with the presence of hepatic
metastases. Looking at their differential expression and activity indicated that TDO2 was
responsible for the increase in AHR levels, which then induced PD-L1 expression, again
related to the production of liver metastases [131]. These changes could be prevented
in PD-L1 KO mice. The data suggested that the TDO2–kynurenine–AHR interaction
was responsible for the hepatic metastases of colonic cancer, probably due to inducing
PD-L1 and its ability to simultaneously inhibit immune surveillance and promote cancer
cell stemness.

While most of the preceding points refer to IDO1, the relative expression of IDO1
or IDO2 and that of PD-L1 or PD-L2 may have a strong influence on cancer outcome. It
has been suggested that reduced overall survival was correlated with higher levels of the
combinations PD-L1 and IDO2, or with PD-L2 and IDO1 [132]. Age may also be a factor, as
the expression of PD-L1 and IDO2 increases with age [133]. The importance of the different
enzyme forms would clearly merit closer investigation.

The close functional relationships between PD-1 and the kynurenine pathway enzymes
IDO1, IDO2 and TDO are illustrated by the large number of signals that influence both
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checkpoints in parallel. Thus, the cytochrome enzyme CYB561D2 increases the expres-
sion of TDO2 and PD-L1, together with CCL2, suppressing T cell activity but promoting
proliferation and migration, actions that were mediated via the STAT3 pathway [134].

3.4. NFκB

The kynurenine pathway interacts with other kinase transduction systems, but be-
cause many of those interact with each other, identifying specific links with tryptophan
metabolism has proved difficult. As an example, the PD-1 system discussed above is a
significant checkpoint in tumor development [135], but it interacts with several of the
major kinases including MAPK, JAK, and the protein kinase B pathway involving Pi3K [81]
This potential for secondary effects on the wide array of kinases and related proteins is
one of the reasons why the PD-1–tryptophan connections are pivotal in cellular function.
Interestingly, the promoter regions of the PD-1 gene are regulated by FOXO1 and by the
Rel homology transcription factors such as NFκB and Nuclear Factor of activated T cells
(NFaT) [136]. These factors, although effectively independent, do interact in the regulation
of cell functions, exemplified by their roles in cardiac hypertrophy and remodeling [137].
The interface between these different systems further enhances the extent of interfering
with the kynurenine pathway.

Indeed, one of the strongest links between the kynurenine pathway and inflammation
is that involving NFκB, often regarded as the ‘master regulator’ and lynchpin of inflam-
matory activity. NFκB is particularly important in its dominant role of regulating an array
of transcription factors. In one study, patients with pulmonary hypertension were found
to exhibit over 800 differences in gene expression compared with control subjects, with
90 of those being relevant to regulation of the NFκB system [138]. NFκB activity tends to
parallel that of IDO and related inflammatory markers such as COX-2 [139] and is now
known to be a major inducer of both, acting mainly through AHR [140]. However, both
IDO and kynureninase can mediate a negative regulation of the canonical NFκB system,
possibly by modulating the activity of glycogen synthase kinase-3 (GSK-3), which can
activate NFκB-inhibiting factors and binding proteins [141].

The link between this kinase and kynurenines was emphasized by the discovery that
TDO2 in triple-negative breast cancer cells generated kynurenine, thus activating AHR.
This pathway was dependent on NFκB activation [142] and was important in the cell death
following detachment from a home tissue or adherent surface. The view was that the loss of
cell stability induced the NFκB–TDO2–AHR axis, and this facilitated cell independence and
ultimately metastasis formation in a distant site. Inhibiting TDO2 or AHR prevented this.

3.5. Therapeutic Implications

Delivering vesicles containing PD-L1 should activate tumor PD-1 and induce or
enhance tumor cell death [138]. However, tumors also secrete PD-L1, which acts on
CD8+ T cells, reducing their anti-tumor potential. The antagonist drug macitentan blocks
endothelin receptors, which inhibit PD-L1 production in mammary tumors, thus preventing
the demise of CD8+ T cells [143]. Combining macitentan with an anti-PD-L1 antibody im-
proved anti-tumor efficacy by increasing the CD8+ T cell number and activity, accompanied
by fewer Tregs in the tumors and draining lymph nodes of triple-negative breast cancer,
colon and lung syngeneic tumor models. The anti-tumor effect of macitentan was reversed
by PD-L1. The expression of endothelin receptors was strongly related to the macitentan
innate anti-PD-1 resistance gene signature and the low response to PD-1/PD-L1 block-
ade. The results demonstrate that macitentan can improve and overcome an inadequate
response to PD-1/PD-L1 blockade therapy.

PD-1 may be relevant to the activity of trametinib, a mitogen-activated protein kinase
(MEK) inhibitor used in melanoma. Trametinib has been reported to promote T cell
viability and proliferation in a murine model of acute myeloid leukemia (AML) [144].
The increased T cell proliferation was associated with raised PD-L1 expression in the
CD8+CD44+ population, while CD8+CD62L+ cell activation was inhibited.
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Generally, tumor cell expression of PD-L1 helps the cells to avoid T cell attack while
maintaining proliferation and migration. Despite the clinical success of PD-1 blockade
in cancer treatment, however, response rates are low, relapse is common, and adverse
effects are frequent. A novel mechanism may help to surmount these difficulties. In tumor-
repopulating cells (TRC), CD8+ T cells induced the production of kynurenine consistent
with the high level of IDO1 expression [122]. As it is generated, the kynurenine re-enters
CD8+ cells, creating a positive feedback within which the expanding number and activation
of AHRs upregulate PD-1 expression. A selective inhibitor of IDO1 in TRCs or of the AHR
in CD8+ cells could be a novel route to suppress PD-1 expression.

A different therapeutic approach is to increase the efficacy of anti-PD-L1 agents [145].
Phosphorylated components of the endosomal transport systems inhibit tumor infiltration
by CD8+ T cells by promoting tumor secretion of PD-L1-containing exosomes. Conse-
quently, it was confirmed that inhibitors of phosphorylation prevented the inhibition of
CD8+ cell infiltration, resulting in a reduction in mouse melanoma progression.

Cancer cell resistance to PD-1/PD-L1 inhibition continues to be a significant therapeu-
tic problem. A screen of several varieties of cancer cells revealed compounds that prevented
IFNγ induction of the IDO and PD-L1 checkpoint molecules [146]. Most of these proved to
inhibit heat shock protein-90 (HSP90) and involved an enhanced stability of STAT1. Testing
the HSP90 inhibitors in combination with IDO1 inhibition or anti-PD-1 agents indicated
positive effects in several pancreatic cancer models.

A number of naturally occurring compounds are known to affect the expression of
IDO and PD-1 or PD-L1. The flavonoid myricetin inhibited the JAK–STAT–IRF1 pathway
to prevent the induction of IDO and PD-L1 by IFNγ, thereby inhibiting carcinogenesis.
Myricetin also reversed the loss of Jurkat cell proliferation and IL-2 production induced
by IFNγ-treated cancer cells [113]. Another natural product, erianin, inhibited PD-L1
expression and induced the lysosomal degradation of PD-L1. The mechanism involved
suppression of the interaction between RAS and HIF-1α. The overall result was to in-
vigorate cytotoxic T cells and their attack on tumor cells, with inhibition of tumor cell
proliferation and migration [147]. Britannin is a compound that disrupts the interaction be-
tween Myc and HIF-1α, reducing the expression of PD-L1 and depressing the proliferation
rate of tumor cells.

T cell exhaustion, discussed above, is dependent on the expression of PD-1 and
PD-L1 [148]. A causal link is suggested by the rise in CD8+ activity when PD-1 is blocked,
which is the basis of current anti-PD-1 therapies.

3.6. Epigenetics and PD-1

With the recognition of epigenetic factors in the cause and treatment of many can-
cers, histone acetylation and de-acetylation have become significant pharmacological
targets, with several inhibitors under study. Although often required in combination with
other agents, ACY241 has been found effective against multiple myeloma [149,150]. In
addition to reducing PD-1 and PD-L1 activity, this compound reduced the numbers of
CD138+ cells, CD4+CD25+FoxP3+ Tregs and myeloid-derived suppressor cells (HLA-DR)
Low/CD11b(+)CD33(+). Its importance for T cells lies in the ability of ACY241 to increase
expression of the B7 complex (CD80/86) and MHC complexes in DCs. The compound also
induced T cell co-stimulatory molecules (CD28; CD40L; OX40; CD38), generating overall
a marked anti-tumor activity with enhanced IFNγ, IL-2 and TNF expression. The T cells
were antigen-specific memory T cells, accounting overall for the enhancement in immune
responsiveness.

3.7. FoxP3

Interfering directly with Tregs is one approach to inhibit tumor growth. Zammarchi
et al. [151] employed an anti-CD25+ T cell antibody in a syngeneic solid tumor model,
showing clear suppression of tumor growth, which was enhanced by anti-PD-1 treatment.
Although there was a reduced number of Tregs in the general circulation, this was suffi-
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ciently transient to not induce autoimmune complications. A Phase I trial is underway
(NCT03621982). Because CD4+CD25+ Treg cells are among the most prominent anti-tumor
and pro-transplant cells, the regulation of their driving force transcription factor (FoxP3) is
a potential site of therapeutic attack [152]. As FoxP3 is induced by kynurenine, it represents
an important rationale for manipulation by interfering with the kynurenine pathway.

Over 100 gene mutations have been identified in FoxP3 [153,154], and post-translational
modifications such as acetylation and methylation are eminently suitable targets to produce
up- or downregulation of FoxP3 expression and the proliferation, robustness and stability
of Tregs [104,155,156]. An important route to modifying FoxP3 activity is phosphorylation,
given its susceptibility to kinases such as Lymphocyte-Specific Protein Tyrosine Kinase
(LCK), which increases FoxP3 activity by phosphorylation at position Y342 [102,156,157].

The cyclin-dependent kinase CDK2 and PIM (Pro-viral Integration site for Moloney
murine leukemia virus) enzymes 1 and 2 also inhibit FoxP3 activity [158–160]. The Pim1
phosphorylation site at S418 of FoxP3 interferes with S422, while Pim2 phosphorylates the
N-terminus of FoxP3. Knockdown mouse models exhibit increased FoxP3 expression and
activity [158], so promoting expression should inhibit Treg development. The utility of this
approach may be limited by the non-selectivity of FoxP3 binding to various proteins [155]
and the wide range of enzymes affected by the target enzymes for acetylation, methylation
and phosphorylation. Acetyltransferases represent a related approach, as two typical
examples, p300 and CBP, are required for optimal Treg differentiation and activity [27]. It
may be possible to circumvent such problems by taking advantage of routes for modulating
Treg proliferation and activity that do not involve FoxP3 [161].

There is a proof of concept that an inhibitor of FoxP3 complex formation with AML1
can enhance Treg function [162]. A modified FoxP3 molecule has been reported that can
cross cell membranes, thus enhancing its ability to mimic the endogenous protein [163].

3.8. FOXO1

The transcription factor FOXO1 (Forkhead Box Other-1) is involved in the differen-
tiation of CD4+ cells to the Th17 phenotype, while also inhibiting polarization to Tregs.
These actions are prevented by FOXO1 inhibitors [113]. Wilms tumor 1 associating protein
(WTAP) is expressed by naïve CD4+T c from patients with immune transplant rejection.
The protein promotes FOXO1 expression, leading to increased generation of its target
FoxP3 [164], and its overexpression reverses transplant rejection.

FOXO1 has been proposed as an important indicator of the early changes in breast
cancer [165]. It is also a key factor in the ability of CCL20 to recruit Treg cells and gener-
ate resistance to chemotherapy in colorectal cancer cells. The expression of CCL20 and
induction of chemoresistance requires the activation of a pathway that includes FOXO1
and NFκB and correlates with patient survival [166]. Any modulation of this route by
interference with FOXO1 may therefore modulate chemosensitivity of CRC and present a
novel target for treatment. A similar argument applies to the differentiation of NK cells, as
FOXO1 and FOXO3 are necessary for normal development of the NK lineage and innate
lymphoid cells [167] by modifying the expression of IL-15Rβ. Disrupting FOXO1/3 may
have widespread implications for immune system function.

A novel action of quinolinic acid is likely to be important in the understanding and
treatment of glioblastoma, as it encompasses the activity of this compound in the central
nervous system and the immune system. As a selective agonist at NMDA receptors in the
CNS [12,13], it was likely that it would also activate these sites on leucocytes [50,53,55]. It
has now been reported that it acts on NMDA receptors in macrophages to modify the
FOXO1/Peroxisome Proliferator-Activated Receptor-γ (PPARγ) checkpoint pathway [168].
The result is an enhancement in immune tolerance, protective of the tumor survival. Con-
sequently, inhibiting quinolinic acid production is a promising strategy for treating these
tumors.
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3.9. miRNA

As a means of regulating or normalizing the aberrant cell metabolism encountered in
some disorders, microRNAs may become useful. miR-143 overexpression enhanced the
differentiation of central memory CD8+ T cells, with reduced apoptosis and inflammatory
cytokine secretion [169]. Inhibition of glucose uptake by GLUT1 appeared to be the primary
target of miR-143, with the suppression of T cell glycolysis and their differentiation to Tregs.
The same molecule was synergistic with HER2-CAR T cells in the induction of apoptosis
in TE-7 esophageal cancer cells, which exhibited a decreased central memory T cell (Tcm)
population together with reduced levels of miR-143. These may have been downregulated
by IDO1 and kynurenine, because an siRNA for IDO1 increased the expression of miR-143
and Tcm numbers.

The expression of IDO1 by cancerous cells or cells in the immediate environment can
inhibit T effector CD8+ cells, thus maintaining and promoting tumor growth. However,
there are reports of miRNA activity on target sites directly relevant to the treatment of
cancer. For instance, miR-153 inhibits IDO1 expression in colon cancer cells, potentiating
the anti-cancer activity of CAR-T cells aimed at the Epidermal Growth Factor receptor [170].
Even the ectopic administration of miRNA mimics was able to suppress IDO1, preserving
CD8+ effector activity [171].

4. Metabolic Interactions

An increasingly attractive method of regulating immune system or tumor cell de-
velopment and activity is to interfere with basic cellular metabolism [171–175]. T cell
activity is highly dependent on metabolic flexibility, and changes required to cope with
the abnormalities of metabolism seen in tumor cells demand a corresponding flexibility
(‘metabolic reprogramming’) in defensive immune system cells [174]. One advantage of
this concept is that drugs are often available that target individual enzymic components
of metabolism and can therefore be tested in novel combinations where appropriate. An
excellent example is the combination of metformin (normally employed in the treatment
of diabetes) and 2-deoxyglucose, which together inhibit oxidative phosphorylation and
glucose metabolism. While both compounds separately were able to inhibit IFNγ produc-
tion by activated human CD4+T cells, their combination generated unpredicted metabolic
changes such as the inhibition of Myc and HIF-1α expression. This information could lead
to therapies that capitalize on the information either directly or indirectly to modify T cell
activity in autoimmune disorders [175].

4.1. Anaerobic Glycolysis

Anaerobic glycolysis is an energetically unfavorable process that mediates the con-
version of glucose to ATP. It is much less efficient than oxidative phosphorylation but
yields a variety of small-molecular-weight compounds such as amino acids and lipids
required for normal cell biochemistry, many of which have significant influence on immune
system cells [176]. In a study of breast cancer cells, tumor infiltration by anti-tumor NKT
cells and the expression of PD-L1, IDO1 and FoxP3 were associated with high levels of
glycolysis [177], an observation partly attributed to the intermediate expression of IL-17. A
similar requirement for enhanced glucose and nutrient uptake, associated with increased
mitochondrial activity, is typical of most T cell subtypes [178].

In resting cells, ATP is normally produced via the mitochondrial TCA pathway. The
pathway oxidizes glucose to pyruvate or lactate (Warburg effect) in the relatively energeti-
cally expensive process of aerobic glycolysis. However, activated T cells may be prevented
from employing this route by the loss of GAPDH [179]. The loss of ATP reduces the ex-
pression of cytokines such as IFNγ, an action paralleled by the direct GAPDH-mediated
inhibition of T cell IFNγ gene expression. In contrast to lymphocytes, the energy supply
of most tumor cells is obtained from glucose even under normoxic conditions and needs
to function despite changes in local hypoxia and basic metabolic insults. This emphasizes
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the extent to which reprogramming could be exploited to distinguish pharmacologically
between normal and tumor cells [180].

An increase in glycolytic activity can result from increased expression of the glucose
uptake transporter (GLUT-1) induced by inflammatory cytokines [181]. The situation may
therefore arise during microbial infections when elevated cytokines and T cell proliferation
enhance glycolysis. The cellular advantages seem to lie in enhanced effector cell activity
and the increased synthesis of nicotinamide in the pentose phosphate pathway [182–184].
However, there will be a balance between this route and the nicotinamide generation from
quinolinic acid in the kynurenine pathway. As far as the author is aware, the possibility
of interactions and positive or negative feedback regulation between these two sources of
nicotinamide has not been investigated.

IFNγ enhances aerobic glycolysis along with inflammatory pathways dependent on
PD-L1 and prevented by PD-L1 suppression [185]. However, there was no induction of
tryptophan-metabolizing pathways or the JAK2/STAT1 system, consistent with a role for
PD-L1 in the actions of IFNγ but not the activation of kynurenine production in relation to
aerobic glycolysis.

4.2. Glutamine Metabolism

The metabolism of glutamine has a very significant influence on T cell biology, as
the amino acid and its synthesizing enzyme glutaminase regulate expression of LAT-1,
thus affecting the T cell availability of amino acids and related small molecules such as
kynurenine, with secondary changes in T cell differentiation and inflammatory balance.

The responsiveness of CD4+ and CD8+ T cells is modulated by phosphoglycerate
mutase-1 (Pgam1), an enzyme essential for the glycolytic enhancement in TCR-mediated
signaling, and mTORC1 activity, both of which are dependent on glutamine [186]. This is
linked to T cell function and recognition of the key roles played by IL-17-secreting γdT cells,
as glutamine is an important regulator [187]. Glutaminase activity and glutamine levels
increase upon cell activation, and inhibitors help to restore normality in conditions such
as psoriasis. The glutaminase inhibitor 6-diazo-5-oxo-L-norleucine (DON) and an in vivo
bioavailable analogue inhibited T cell activation and the differentiation of CTL, Th1 and
Th17 cells in autoimmune hepatitis. This was associated with reduced expression of LAT-1
(slc7A5) and activation of mTOR [188]. The results suggested that inhibiting glutamine
metabolism could suppress T cell activation and the differentiation of pro-inflammatory
T cells, with the conclusion that modulating glutaminase and glutamine activity could be
directed toward the generation of an anti-tumor T cell balance.

4.3. Miscellaneous Metabolic Factors

Activated cells display an increased requirement for basic elements of biosynthesis.
This includes the anti-tumor CD8+ effector T cells, activity of which is induced by TCR stim-
ulation and applies particularly to asparagine, which promotes CD8+T cell efficacy [189]
by interacting with LCK. LCK is a protein tyrosine kinase that functions as an asparagine
sensor, and its phosphorylation promotes TCR signaling. These interactions require upreg-
ulation of transporters accompanied by enhanced synthesis of asparagine, which results
from TCR and mTOR activation [190] and which enables these anti-tumor cells to function
optimally despite the local metabolic demands of the cancer cells.

4.4. COX and Oxidative Stress

It has long been recognized that there is an intimate relationship between the kynure-
nine pathway and eicosanoid metabolism. The expression of both IDO1 and COX-2 is
increased in tumor cells and may interface with increased activity of TNF-related apoptosis-
inducing ligand (TRAIL) [191]. The AHR is a key mediator in the relationship between
kynurenine and COX, including the ability of NFκB to mediate the induction of IDO via
COX2. This chain of events contributes to the involvement of IDO in TLR3 activation by
viral RNA in the tumor microenvironment [192]. In addition, kynurenine acts via AHR to
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degrade the adhesion molecule E-cadherin, resulting in enhanced tumor invasion, which is
reduced by 1-MT, probably consistent with a role for IDO1 or IDO2. Overall, it was con-
cluded that the combination of increased tumor COX-2 and IDO1 in the microenvironment
contributed substantially to the poor prognosis and enhanced metastasis formation in vitro
and in vivo.

When the relationship between the kynurenine pathway and COX is under discussion,
the question arises of the part played by reactive oxygen species (ROS). Oxidative stress
is a common factor between IDO activity, kynurenine metabolism and the activity of
NFκB, inflammatory cytokines, TNF, nuclear factor erythroid 2-related factor 2 (Nrf2)
and COX-2, with expression of all of these being modulated by the antioxidant indole
CMI (3-(4-chlorophenyl)selanyl)-1-methyl-1H-indole (CMI) in mammary-tumor-bearing
mice [193]. As an inhibitor of both iNOS and COX-2, these effects of CMI suggest that
the modulation of ROS might be a primary candidate for the initiating mechanism. The
discovery that kynureninase is regulated by Nrf2 is of great interest, as it reinforces the links
between kynurenine production and the redox environment [194]. Frequently expressed in
cancer cells, the parallel over-activity of Nrf2 and kynureninase parallels the suppression
of host immunity and a reduction in patient survival.

The increased eicosanoid synthesis in tumors is exemplified by acute myeloid leukemia
cells. IFNγ induced both IDO1 and COX-2 expression, but COX-2 inhibition (using nime-
sulide) prevented induction of IDO1 [195], indicating an essential role of COX-2 in acti-
vating the kynurenine pathway. Although inhibition of the PD-1/PD-L1 axis has proved
very valuable, some melanomas and models have proved resistant. Tumor growth and
progression were reduced by increased effector T cell invasion when COX-2 expression was
prevented [196], resulting in a parallel reduction in PD-L1 and IDO1 levels in the tumor
microenvironment, which were jointly responsible for the tumor survival.

One of the major COX products responsible for this relationship is prostaglandin-D2
(PGD2) acting on the DP1 receptor and its activation of protein kinase A and CREB (Cyclic
AMP Response Element Binding protein) [197]. PGA2 also contributes to this, but PGE2 is
inactive [198]. On the other hand, there is evidence that PGE2 can upregulate TDO2, at least
in human glioma cell lines, associated with increased expression of its receptor EP4 [199].
Consistent with this, the overexpression of COX-2 described in mammary tumor cells
is associated with increased IDO1 and kynurenine levels [200] in co-cultured fibroblasts.
Surprisingly, arachidonic acid itself interferes with the IFNγ and STAT3 induction of IDO1,
and compounds are being developed to reproduce this phenomenon by mimicking the
inhibitory effect of arachidonate on IDO1 expression [201].

The interface between COX-2 and IDO is important for the immune system activity
of autonomic function. Epinephrine (adrenaline) has little immunosuppressant activity
alone, but it potentiates COX-2 and IDO1 expression by TNF, with macrophage-induced
T cell suppression [202]. The COX-2 inhibitor celecoxib prevented the induction of IDO1,
consistent with previous data [203–205]. This relationship seems to occur in parallel with
the inhibition of IDO1 expression by STAT1 and Interferon Regulatory Factor 1 (IRF-1)
ligation [206].

The combined action of IFNγ and TNF was found to induce a suppression of type-1
immunity to a degree far greater than could be seen using either agent alone [207]. There
was also a synergistic induction of COX-2, but inhibition of this enzyme precluded the
effects of the two cytokines, resulting in enhanced immunity in patients with ovarian cancer.
The clear implication that COX-2 inhibition could potentiate the efficacy of anti-cancer
treatments would be of some importance.

Given the prominent role of IFNγ in the immune system, interest has been extended to
the study of Stimulators of Interferon-γ (STING) molecules. When mice bearing established
Lewis lung carcinomas were treated with synthetic cyclic di-adenyl monophosphate (CDA)
to activate STING, a rapid increase in immune regulatory pathways was observed involving
PD-1, IDO and COX-2 in the tumor micro-environment [208]. PD-1 blockade enhanced
anti-tumor responses to CDA and increased mouse survival but did not eliminate the
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primary tumor. In contrast, the combination of CDA and celecoxib controlled tumor
growth, enhanced survival and induced resistance to tumor re-challenge.

4.5. HIF-1α

Hypoxia and its induction of HIF-1α play a significant role in the progression of
tumors [209]. Extracting database information on hypoxia-related genes led to the identifi-
cation of three genes (PPFIA4, SERPINE1 and STC2), expression of which was increased in
hypoxic patients. They were associated with worse pathology of colonic cancers, higher
levels of checkpoint molecules and reduced tumor infiltration by CD8+ T cells but higher
numbers of Tregs [210]. Huang et al. [211] implicated VHL-HIF-1α in regulating the dif-
ferentiation of Th1 and T follicular helper cells using in vivo CRISPR technology to define
potential therapeutic targets. One of these may be TDO, as HIF-1α has been found to inhibit
this enzyme [212].

4.6. Pyruvate Dehydrogenase Lipoamide Kinase Isozyme 1 (PDK1)

Human pyruvate dehydrogenase lipoamide kinase isozyme-1 (PDK1) is a mitochon-
drial enzyme, and the related enzyme pyruvate dehydrogenase (PDH) is a key contributor
to the oxidative decarboxylation of pyruvate, which is inhibited by phosphorylation. The
PDK1 pathway has become of particular interest because of its association with FOXO1
and the kynurenine pathway.

A link between the kynurenines and PDK1 was established in a study of Th2 cells [64],
which revealed that 3-HAA interferes with PDK1 phosphorylation and its inhibition of
NFκB. The interaction was seen specifically in CD4+Tc and in cells activated by TCR activity,
with the resulting death of activated Th2 cells. Thus, 3-HAA inhibits NFκB activity, leading
to Th2 cell death. When investigated in adipose tissue in relation to the development of
obesity and diabetes, it was found that deleting PDK1 in mice produced insulin resistance
and glucose intolerance in adipose cells, typical of diabetes [65]. These effects could be
prevented by the adipose-specific deletion of FOXO1. The relationship between PDK1 and
FOXO1 was promoted by insulin and resulted in a reduced production of leukotrienes. The
overall effect of insulin was to regulate leukotriene production to sustain sensitivity via a
PDK1–FOXO1 pathway. The modulation of PDK1 by 3-HAA could represent a novel but
highly significant activity of the kynurenine metabolite.

4.7. Status of Drug Development

While there have been efforts for around 30 years to generate clinically useful drugs
based around the kynurenine pathway, they have often been thwarted by the parallel
increase in knowledge. The first compound of interest, 1-methyl-tryptophan, proved to
have a more complex pharmacology than originally realized. The L- and D-isomers show
weak binding to IDO1, but the L-isomer is much more active in inhibiting IDO2. Indeed,
the D-isomer (indoximod) is more active as an inhibitor of the IDO1 pathway, not by
inhibiting the enzyme directly, but by interacting with downstream sites such as mTORC1,
which regulates protein synthesis and cell growth in response to nutrient availability
and redox status [213]. It also skews the pattern of tryptophan metabolism, with the
expected reduction in kynurenine generation but an unexpected increase in kynurenic acid
levels [214]. Nevertheless, it has been assessed in clinical trials, many of which have been
summarized [215,216]. Table 1 lists trials that have reached Phase 2 and remain in progress
for different forms of cancer.

The second compound that has progressed to clinical trials is epacadostat. This has
also proved clinically ineffective in a randomized trial combined with the PD1 pathway
inhibitor pembrolizumab in patients with melanoma [127]. Overall, of the many trials of
IDO inhibitors initiated in the past decade [215,216], most have not progressed beyond
Phase 1, or the results have not been published (Table 1). The shift towards selective
inhibitors of IDO2 [217,218], dual inhibitors of IDO1 and IDO2 [37] or dual inhibitors of
IDO1/2 and TDO [33,35,219] represents a sensible trend toward a definitive assessment of
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the value of dioxygenase inhibition in cancer. The selective inhibition of IDO2 will be of
particular interest, as it promotes expression of IFNγ and increases effector cell invasion of
the tumor microenvironment, suppressing growth and cell migration [220].

Paradoxically, one of the earliest attempts to produce useful compounds was targeted
on KMO, with the generation of Ro61-8048 [221]. This remains the standard for inhibiting
KMO experimentally and, with interest shifting from the dioxygenases, may yet be the
forerunner of clinically important compounds. This is especially so for conditions involv-
ing cell loss, such as neurodegeneration or organ failure [222], but may equally well be
relevant to the control of some cancers arising from an inflammatory background such as
pancreatitis [223].

Table 1. Examples of clinical trials in progress at Phase 2 with the first two compounds to enter trials.

Compound Molecular Target Trial Target and Phase Trial ID (NCT) Reference and Comment

Indoximod
(1-methyl-D-tryptophan;

NLG-8919)

IDO1 activity inhibition;
stimulates mTORC to
modulate downstream
transduction; promotes
kynurenate formation

Metastatic breast cancer
Phase 2 NCT02913430

NLG-802 is a prodrug for
this, which entered

Phase 1 in 2020

Indoximod
(1-methyl-D-tryptophan) As above Glioblastoma

Phase 2 NCT04049669

Indoximod
(1-methyl-D-tryptophan) As above Metastatic prostate cancer;

Phase 2 NCT01560923

[224]
Combination with

sipuleucel-T yielded
radiological and clinical

improvement

Indoximod
(1-methyl-D-tryptophan) As above Metastatic pancreatic cancer;

Phase 2 NCT02077881 [225]

Indoximod
(1-methyl-D-tryptophan) As above Metastatic breast cancer;

Phase 2 NCT01792050
[226]

No improvement
compared with taxane

Epacadostat
INCB024360

IDO1 inhibitor.
IC50 = 93 nM in direct enzyme

assay;
IC50 = 12.5 nM in HeLa

cell-based assay

Prostate cancer;
Phase 1 and 2 NCT 03493945 [227,228]

Epacadostat
INCB024360 As above Gliomas;

Phase 2 NCT03532295

Epacadostat
INCB024360 As above Endometrial cancer;

Phase 2 NCT04463771

Epacadostat
INCB024360 As above Head and neck cancer;

Phase 2 NCT03463161

5. Conclusions

While the principle of inhibiting IDO or targeting alternative sites in the kynurenine
pathway continues to provide a recognized anti-cancer option, different or additional
targets may be needed. One of the problems is the need to affect the kynurenine pathway
selectively in specific cell populations, and while this may be feasible using bi-specific
targeting antibodies or gene-targeting methods, this could be a major pharmacological
challenge. This review has attempted to survey other molecules or pathways that affect the
kynurenine pathway or are affected by it. Modulating kynurenine metabolism directly, or
indirectly by interfering with an interacting pathway that is altered in tumor cells, could
provide a conceptual approach worth developing. Certainly, since an earlier overview of
T cell pharmacology [229], the direction of research and the range of potential targets has
expanded substantially, but the principle and validity of modulating T cell differentiation
in the treatment of cancers has become established [230].
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