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Abstract

Introduction: The activation of the kynurenine pathway in cancer progression
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and metastasis through immunomodulatory pathways has drawn attention to the
potential for kynurenine pathway inhibition. The activation of the kynurenine

pathway, which results in the production of kynurenine metabolites through the
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properties in cancer cells while facilitating tumour immune escape. In addition,
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Results: Evidence suggests that several enzymes and metabolites implicated in
the kynurenine pathway are overexpressed in various cancers. As such, the tryp-
tophan pathway represents a promising target for cancer treatment. However,
downstream signalling pathways, including aryl hydrocarbon receptor activa-
tion, have previously induced diverse biological effects in various malignancies,
which resulted in either the promotion or the inhibition of metastasis.
Conclusion: As a result, a thorough investigation of the kynurenine pathway
and its regulatory mechanisms is necessary in order to properly comprehend the
effects of kynurenine pathway activation involved in cancer development and
metastasis.
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1 | INTRODUCTION This hallmark of cancer refers to the dissemination of
cancer cells through a series of sequential steps from the
initial tumour to a distant secondary site.* Metastasis is
often promoted by immunomodulatory processes lead-

ing to tumour cell immune escape and a favourable

Cancer metastasis is the primary cause of cancer mor-
tality, accounting for approximately 90% of cancer-
related deaths and remains a challenge in treatment.’™
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pre-metastatic niche.! As such, the increased interest
in the possibility of kynurenine pathway inhibition can
be attributed to the role of kynurenine metabolites and
enzymes in cancer progression and metastasis through
immunomodulatory pathways. These pathways pro-
mote the progression of the kynurenine pathway, lead-
ing to the production of kynurenine metabolites in the
kynurenine pathway through tryptophan degradation.
Tryptophan degradation, leading to its depletion, con-
tributes to tumour cell immune escape and the advance-
ment of the intrinsic malignant properties of cells,”®
while yielding kynurenine metabolites that act as bio-
logically active substances to promote cancer develop-
ment through immunomodulatory mechanisms.”®

As a result, the overexpression of the tryptophan-
degrading enzymes such as indoleamine 2,3-dioxygenase
(IDO) and tryptophan 2,3-dioxygenase (TDO) in can-
cer has led to extended research on the tryptophan-
kynurenine pathway in cancer.”’ The activation of the
kynurenine pathway in cancer involves a variety of en-
zymes, which includes, but is not limited to IDO1 or
IDO2, TDO, kynurenine formamidase, kynurenine-3-
hydroxylase, kynurenine aminotransferase, kynureni-
nase, 3-hydroxyanthranilic acid oxygenase, quinolinate
phosphoribosyltransferase (QPRT), nicotinamide mono-
nucleotide adenylyltransferase (NMNAT) and Ky-
nurenine 3-monooxygenase (KMO).”'° The kynurenine
pathway produces a variety of biologically active me-
tabolites, such as kynurenine, 3-hydroxykynurenine,
3-hydroxy-L-kynurenamine, kynurenic acid, quinolinic
acid, picolinic acid and xanthurenic acid which influence
numerous physiological processes and has shown to con-
tribute to carcinogenesis and metastasis.’

This review will focus on the mechanisms involved in
kynurenine-mediated cancer progression and metasta-
sis through tryptophan depletion leading to downstream
metabolite utilisation, with particular focus on kynurenic
acid, quinolinic acid and kynurenine through receptor
activation. In addition, several treatment strategies to in-
tervene with kynurenine pathway progression will also be
discussed.

2 | THE KYNURENINE PATHWAY
AND DOWNSTREAM METABOLITES

Under physiological conditions, tryptophan is an essen-
tial amino acid for maintaining normal cellular func-
tioning, such as protein translation."" Tryptophan can be
metabolised through various processes, including decar-
boxylation to tryptamine, protein synthesis, the serotonin
pathway and the kynurenine pathway, where the latter
contributes to 95% of all dietary tryptophan consumed by

mammals.'? However, in cancer, it has been reported that
kynurenine pathway activation has been associated with
metastasis,'’ tumour progression and chemoresistance."
As such, an increased kynurenine/tryptophan ratio in the
circulation is a well-known indication of cancer disease
progression.l‘"16

In the kynurenine pathway, TDO, IDO1 and IDO2 en-
zyme activity contribute to the rate-limiting step, respon-
sible for the breakage of the 2,3-double bond of the indole
ring in L-tryptophan, which leads to N'-formylkynurenine
production.'” According to the Human Protein Atlas,
TDO2 is highly expressed in the liver and gall bladder,'®
IDO1 in the respiratory system, gastrointestinal tract,
skin, bone marrow and lymphoid tissues,'” and high IDO2
RNA expression has been confirmed in liver and gall blad-
der as well as the female reproductive system.”

Additionally, studies suggest that the IDO1 gene (ex-
pressed in mammals and fungi) arose from the duplication
of IDO2 (expressed in all organisms, including bacteria),
and both genes can be found in tandem on chromosome 8
in humans and rodents. Although IDO2 can also activate
the kynurenine pathway, its affinity for the tryptophan
substrate and its ability to produce kynurenine is very
low or almost negligible.! As a result, IDO2 likely plays
a minimal role in overall tryptophan metabolism. Despite
this, IDO2 is expressed at high levels in some human tu-
mours,?*? such as non-small cell carcinoma, pancreatic
cancers and cervical cancer.”® In addition, evidence sug-
gests that IDO1, TDO and IDO2 may all play a role in
malignant tumours. However, the three enzymes differ
in their expression patterns, regulatory mechanisms and
functions within various tumour microenvironments,24
but a consensus has not been reached. Therefore, more re-
search on the role of IDO2 is needed to confirm its role in
cancer and identify potential therapies to target it.>*

Overall, IDO has been shown to induce immunosup-
pression, cancer cell proliferation, invasion and migra-
tion'®*>?%*" through three main immunomodulatory
mechanisms: (1) promoting the formation of immunosup-
pressive antigen-presenting cells, (2) increasing trypto-
phan consumption and kynurenine metabolite production
which activates signalling pathways, such as aryl hydro-
carbon receptors (Ahr) activation leading to T-cell apop-
tosis and the suppression of T-helper 17 cells (Th17) and
(3) inducing myeloid-derived suppressor cells (MDSCs),
which migrate to tumour tissues to produce an immuno-
suppressive tumour microenvironment.”” Higher plasma
IDO1 activity has been documented in lung, gynaecolog-
ical, breast, colorectal and melanoma malignancies, and
upregulated expression of IDO in the microenvironment
of laryngeal and oesophageal carcinomas.”® In cancer, IDO
elevation is often caused as a response to inflammation,
specifically by other proinflammatory cytokines, including
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tumour necrosis factor o« (TNF), interleukin-1 (IL-1), IL-
6, interferon-gamma (IFN-y), transforming growth factor
beta (TGF-p), cytotoxic T-lymphocyte-associated protein 4
(CTLA-4) and programmed cell death protein 1 (PD-1).*

Previously, IDO1-positive P815 murine mastocytoma
clones demonstrated metabolic interactions between the tu-
mour and the microenvironment, which led to cell-typing
analysis that could be distilled into three general states:
growth of tumour cells, suppression of effector functions
and metabolism of tumour-associated T cells, and promo-
tion of a tolerogenic microenvironment.® Another study
investigating the function of IDO inhibition using a mouse
graft-versus-tumour model of reduced-intensity allogeneic
haematopoietic stem cell transplant, followed by donor leu-
kocyte infusion found that an IDO inhibitor decreased the
growth of the tumour and increased the expression of IDO1
and IFN-y in mice that received donor leukocyte infusion.™
On the other hand, mice that did not receive donor leuko-
cyte infusion did not express IDO1 and IFN-y, implying
that IDO inhibition can be advantageous for anti-tumour
therapy when used in conjunction with reduced-intensity
allogeneic haematopoietic stem cell transplant with donor
leukocyte infusion.”® Patients with nasopharyngeal carci-
noma have previously been shown to have higher plasma
IDO levels and local expression alterations. Furthermore,
elevated plasma IDO levels were previously associated with
poorer patient survival rates. Interestingly, compared to pa-
tients without metastasis, there was a significant difference
in plasma IDO levels between healthy controls and naso-
pharyngeal carcinoma patients with metastasis.”®

Similar to IDO1, TDO is expressed in several cancers,
including brain, lung and breast cancers, and has been
reported to induce immunomodulation while promoting
tumour immune resistance and proliferation.”** In oe-
sophageal squamous cell carcinoma, TDO expression pre-
viously correlated with tumour stage, its recurrence and
the presence of CD44+ stem cells.

Additionally, TDO inhibition reduced epidermal
growth factor (EGF) signalling to inhibit oesophageal
squamous cell carcinoma cell proliferation.*>**

In the kynurenine pathway, N'-formylkynurenine is hy-
drolysed to L-kynurenine by kynurenine formamidase.'
From kynurenine, the kynurenine pathway branches into
various pathways to yield several metabolites (Figure 1).°
While limited studies have been conducted on kynurenine
metabolites in cancer, these metabolites are thought to
have immunomodulatory effects." The central metab-
olite, namely kynurenine, is thought to be exported into
the tumour microenvironment, contributing to immune
suppression, T-cell evasion and cancer cell survival.®
However, when tested directly on melanoma cells in vitro,
kynurenine inhibited deoxyribonucleic acid (DNA) syn-
thesis and caused necrosis.*®
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One of the end metabolites in the kynurenine pathway,
namely kynurenic acid, is an agonist of GPR35, which is a
receptor that is mainly expressed on immune cells and the
gastrointestinal tract.’” The kynurenic acid-GPR35 inter-
action may modify the immunological response to initiate
carcinogenesis. In addition, GPR35 signalling via extracel-
lular signal-regulated kinase (ERK) is implicated in sev-
eral cellular activities, including proliferation, cell survival
and metastasis.*® Other kynurenine metabolites, includ-
ing 3-hydroxykynurenine (3-HK), 3-hydroxyanthranilic
acid (3-HAA) and quinolinic acid, previously induced
apoptosis in T cells.***! In addition to its direct effects on
immune cells, quinolinic acid also serves as a substrate for
(nicotinamide adenine dinucleotide) NAD™,® which may
also control T-cell immunity.**

3 | NAD" PATHWAYS IN CANCER
METASTASIS

NAD™ is an essential molecule implicated in cellular func-
tion, survival, repair and metabolism (by serving as an
electron acceptor for glycolysis, the TCA cycle and fatty
acid oxidation).m’43 Compared to normal cells, cancer cells
typically have elevated NAD™ levels to support the cells’
higher glycolytic demands necessary for uncontrolled pro-
liferation. NAD™ can be produced by three distinct pro-
cesses, including the salvage pathway, the Preiss-Handler
pathway and the de novo biosynthesis pathway through
activating the kynurenine pathway.

In cancer cells, NAD" is mainly produced through the
salvage pathway, which involves the conversion of nicotin-
amide and alpha-d-5-phosphoribosyl-1-pyrophosphate to
nicotinamide mononucleotide (NMN) and subsequently to
NAD™, which is particularly vital in cancer biology.** Impor-
tantly, tumours inhibit NAD* synthesis from tryptophan by
host but increase their own NAD* by activating the salvage
pathway from nicotinamide.’ Many cancer cells, therefore,
demonstrate elevated kynurenine enzymes, which contrib-
utes to an increase in their own NAD" production.™

One of these enzymes, namely QPRT, is highly up-
regulated in various cancers, including breast, thyroid,
colon, ovarian, cervical carcinomas, melanomas, glio-
mas and lymphomas and its expression is linked to che-
moresistance, elevated NAD* production, the activation
of purinergic receptors, phosphorylation of the myosin
light chain, leading to elongated cell morphology and
metastatic features, such as migration and invasion.'® In
addition, QPRT may interact with caspase-3, leading to
its inactivation and thereby preventing cell death from
occurring,’

Furthermore, nicotinamide phosphoribosyltransferase
(NMPRT), which is the rate-limiting enzyme in the salvage
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FIGURE 1 Tryptophan degradation leading to the formation of kynurenine metabolites. Tryptophan degradation is promoted by the

cancer-associated increase in indoleamine IDO/TDO expression, leading to the formation of N’-formylkynurenine. The latter is hydrolysed

to kynurenine by the enzyme kynurenine formamidase. Kynurenine may form kynurenic acid or follow a cascade of enzymatic reactions

to produce NAD*. CTLA-4, cytotoxic T-lymphocyte-associated protein 4; IDO, indoleamine 2,3-dioxygenase; IFN-y, interferon-gamma; IL,

interleukin; NAD™, nicotinamide adenine dinucleotide; PD-1, programmed cell death protein 1; TDO, tryptophan 2,3-dioxygenase; TGF-p,

transforming growth factor beta; TNFa, tumour necrosis factor o.***'? Image created by Charlise Basson using BioRender (https://biore

nder.com/).

pathway, shows high expression in various cancer types
and its expression levels are inversely correlated with pa-
tient survival. Previous studies using NMPRT inhibitors
have obtained promising results in preclinical models but
not in patients. Another enzyme, namely NMNAT, is up-
regulated in certain cancers, and its involvement in pro-
moting cell proliferation has been demonstrated.’

The reduced form of NAD' is NADH, which serves
as an electron donor during oxidative phosphorylation
(OXPHOS)." In healthy cells, OXPHOS converts NADH
into NAD".** However, cancer cells undergo metabolic
reprogramming by switching from glucose metabolism to
aerobic glycolysis to sustain uncontrolled proliferation.*’
Due to OXPHOS being decreased in cancer cells, the con-
version of NAD" to NADH is insufficient, which causes
lactate dehydrogenase A to produce NADH, allowing for a
higher NADH/NAD™ redox ratio. A higher NADH/NAD*
redox ratio promotes tumour growth and has previously

been associated with increased aggressiveness of human
breast cancer cells.*” Furthermore, the production of
NAD" generated from tryptophan degradation previously
led to resistance to oxidative stress induced by radiochem-
otherapy in human gliomas. Therefore, the inhibition of
tryptophan degradation may also prevent treatment resis-
tance through the inhibition of NAD" production. How-
ever, these effects may be cell line or tissue-specific as the
level of kynurenine metabolite expression may differ in
different organs.*®

4 | TRYPTOPHAN DEPLETION/
UTILISATION THEORY IN CANCER

Despite its physiological function, tryptophan is also a
requirement for tumours to support their rapid develop-
ment and proliferation.*” Malignant tissues from cancer
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patients demonstrated 2.3- and 1.5-times higher tryp-
tophan concentration levels in the stomach and colon,
respectively. In addition, tumour tissue in a mouse
model with CT26 colon carcinoma demonstrated 2-
times higher tryptophan concentration levels compared
to plasma.*’

Increased intra-tumoural tryptophan concentrations
may be attributed to increased tryptophan absorption
caused by elevated tryptophan transporter expression in
tumour cells, which eventually leads to tryptophan de-
pletion in the tumour microenvironment. The upregula-
tion of tryptophan transporters SLC1A5 and SLC7AS5 is
primarily linked to enzymes, including TDO2, FAMID,
KAT1, IDO2 and IDO1.” Some studies suggest that the
stimulus for this transporter expression is the tryptophan
depletion caused by IDO1 or IDO2. However, there is evi-
dence indicating that the Ahr can upregulate the SLC7A5
transporter in response to IDO induction, creating a
positive feed-forward mechanism for Ahr activity.” As a
result, immune cells in the tumour microenvironment

The tryptophan depletion theory

Increased intratumoural tryptophan
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may perish as a result of this decrease in tryptophan
availability."!

Another study demonstrated that tumours induce
tryptophan depletion to an unfavourable level for T-cell
survival (lower than 10 pM).7 Furthermore, metastasis,
proliferation and invasion have previously been upreg-
ulated by IDO1.%” The tryptophan depletion theory has
been substantiated in vitro when T-cell proliferation was
inhibited and apoptosis induced upon the IDO-mediated
removal of tryptophan from the culture medium.” Various
studies have associated T-cell exhaustion with metastasis
(Figure 2). 114849

In addition to the tryptophan depletion theory, the
tryptophan utilisation theory explains that the kynurenine
metabolites produced from tryptophan degradation in
the kynurenine pathway might act as active substances
to induce biological effects. Previous studies reported
that many of these metabolites also induce immune cell
death by inhibiting T-cell proliferation and promoting
apoptosis.41’50’51’52

The tryptophan utilisation theory

e Increased kynurenine metabolite
concentration

Tryptophan degradation
1 Trp

Kynurenine metabolite formation

Metastasis

FIGURE 2 The tryptophan depletion/utilisation theory in cancer. (1) Elevated tryptophan transporter expression in tumour cells leads
to increased tryptophan absorption, resulting in increased intra-tumoural tryptophan concentrations. (2) Tryptophan degradation by IDO/
TDO enzymes leads to the formation of kynurenine metabolites. (3) As a result, microenvironmental tryptophan concentrations decrease.

Both (2) and (3) may promote immune cell death and result in tumour immune escape, which might lead to metastasis.
created by Charlise Basson using BioRender (https://biorender.com/).

11,41,48,49,50,51,52 Image
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4.1 | Receptor involvement in cancer
The receptor involvement of kynurenine metabolites has
been investigated in various cancers, including mela-
noma, renal cell carcinoma, colon adenocarcinoma, liver
hepatocellular carcinoma and colorectal cancer (Table 1).

IDO has been reported to promote adhesion, invasion,
metastasis and angiogenesis of vascular endothelial cells
but demonstrated limited effects on the proliferation of
Lewis lung cancer cells. In addition, IDO overexpres-
sion increased matrix metalloproteinase-2 (MMP-2) and
MMP-9.°® Matrix metalloproteinases are implicated in
cancer development and metastasis through promoting
tumour growth and invasion. Moreover, IDO activation
by IFN-y activates the JAK-STAT1 pathway, resulting
in apoptosis (Figure 3). In mixed lymphocyte reactions
(MLRs), IDO inhibition decreased the expression of p53
and p21in T cells and led to apoptosis.* The pro-apoptotic
effects of IDO (through caspase-3 and -9 activation) have
also been reported.**

Furthermore, the kynurenine pathway has been re-
ported to activate many signalling pathways, including
ERK, phospoinositide-3 kinase (PI3K), Wnt/—catenin, P53,

bridging integrator 1 (BIN1), cyclooxygenase-2 (COX-2),
cyclin-dependent kinase (CDK) and collagen type XII alpha
1 chain (COL12A1). Another study found that cell prolifer-
ation was associated with kynurenine-mediated activation
of the PI3K-AKT-GSK3 signalling pathways, which induce
p-catenin stabilisation.'* These signalling pathways are in-
volved in cellular processes, including migration, apoptosis,
survival, proliferation and metastasis (Figure 3).3438

In addition, kynurenine metabolites, including ky-
nurenine and kynurenic acid, may activate Ahr.>* A previ-
ous study by DiNatale et al. demonstrated that kynurenine
exhibited minimal Ahr agonist activity, while KA exhib-
ited the highest potency, followed by xanthurenic acid.>
Both cancer patients and tumour-bearing animals have
demonstrated the existence of the activated Ahr pathway,
and it has been proposed that blocking this pathway can
improve the efficacy of anticancer adoptive T-cell treat-
ment.®! As previously discussed, Ahr signalling has been
associated with immune evasion (Figure 3). Mounting ev-
idence suggests that immunosuppression, contributing to
immune evasion, is conducive to tumour progression. As
such immune evasion has been identified as an emerging
hallmark of cancer. In addition to its immunosuppressive

TABLE 1 The receptor involvement and biological effects of kynurenine metabolites in various cancers.

Kynurenine
metabolites or
Type of cancer enzymes involved Signalling molecule Biological effect References
Melanoma (A375) Kynurenine Ahr Inhibited DNA synthesis, 3
induced necrosis but not
apoptosis
6-formylindolo[3,2-b] Inhibited DNA synthesis,
carbazole (FICZ) induced apoptosis, and
necrosis
Kynurenic acid Did not inhibit DNA synthesis,
induced apoptosis, and
necrosis
Human liver hepatocellular Kynurenic acid Ahr Activation of immune escape 33
carcinoma (HepG2) Xanthurenic acid surveillance mechanisms
through the elevation of IL-6
expression
Human colon Kynurenic acid p21 Wafl/Cip1 Inhibition of proliferation and >

adenocarcinoma HT-29

Colorectal cancer cells

DNA synthesis
55

(HT-29 and LS-180 cells)

Human renal cell carcinoma
Caki-2

Human colon
adenocarcinoma HT-29

8-Hydroxyquinaldic
Acid

Kynurenic acid

Kynurenic acid

Cell line-dependent changes in
cell cycle regulator proteins
(CDK4, CDKG®, cyclin D1,
cyclin E) and CDKs inhibitors
(p21 Waf1/Cip1, p27 Kip1)

Overexpression of p21 Wafl/Cipl1,

inhibition of phosphorylation
of Rb protein and p38 MAPK
ERK1/2, AKT

Inhibition of proliferation and
migration

Inhibition of proliferation, DNA
synthesis and migration

Inhibition of colon cancer cell
proliferation

56

57
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FIGURE 3 Receptor signalling in the kynurenine pathway leading to metastasis. (1) Kynurenine metabolites and enzymes activate
(2) signalling pathways, such as JAK-STAT1, MMP-1 and MMP-2, PI3K-AKT, GSK3p, ERK1/2, p38 MAPK and Ahr. The activation of
these signalling pathways induces (3) biological effects, which may promote metastasis. Dotted lines resemble pathways that may induce

contrasting effects as consensus has not been reached. Ahr, aryl hydrocarbon receptors; AKT, protein kinase B; ERK, extracellular

signal-regulated kinase; IDO, indoleamine 2,3-dioxygenase; JAK, Janus kinas; KA, kynurenic acid; Kyn, kynurenine, MAPK, mitogen-

activated protein kinase; MMP, matrix metalloproteinase; PI3K, phosphoinositide 3-kinase; STAT, signal transducer and activator of

transcription,'*343%:52

effects, Ahr may directly promote cell proliferation, apop-
tosis, invasion, angiogenesis and metastasis.>®? Yin et al.
described that Ahr may promote cell survival and prolif-
eration through a variety of mechanisms, which include
the modulation of receptor expression, its involvement in
growth factor signalling, its anti-apoptotic effects, regu-
lation of cell cycle and ability to promote cell cytokine
expression.63 Additionally, kynurenine activates Ahr,
which leads to in apoptosis, adhesion, migration, im-
mune cell differentiation, tumour suppression, cancer
promotion and cell proliferation.®* The hypothesis that
the kynurenine pathway promotes Ahr activity in cancer
cells is supported by the previous observation that Ahr
is constitutively active in tryptophan-catabolising cancer
cells. In addition, the inhibition of tryptophan catabolism
either by deletion of TDO and/or IDO1 or IDO2 or by
tryptophan depletion leads to suppression of constitutive
Ahr activity.®®

%62 Image created by Charlise Basson using BioRender (https://biorender.com/).

However, contrasting effects on Ahr signalling have
been reported, which may resemble a double-edged sword
(Figure 3).>> While inhibiting neuroblastoma progres-
sion and metastasis, Ahr activation promoted tumour
growth, migration and metastasis in hepatocellular car-
cinoma.” Furthermore, Ahr agonists previously induced
MMPs and led to invasion and migration in melanoma
cells (A2058).%° Platten et al. reported that kynurenine-
mediated Ahr activation has a pro-tumourigenic effect on
tumour cells, increasing cell motility and clonogenic sur-
vival.®> Furthermore, a study on ovarian cancer showed
that IDO1-induced kynurenine production stimulated
Ahr nuclear translocation, leading to T-cell malfunction.
This study suggested that strategies targeting IDO1 and
Ahr pathways may be able to override immune repres-
sion.” In addition to its effect on metastasis, other stud-
ies found that the tryptophan-kynurenine-Ahr signalling
pathway increased stemness in oral tongue squamous cell
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carcinomas cells, which promoted tumour dorman(:y,68
while promoting survival and drug resistance in leukae-
mic cells.*” However, Menacho-Marquez et al. previously
demonstrated the contrasting effects of Ahr in B16 F10
melanoma cells, showing that Ahr contributes to the
tumour-stroma interaction and inhibits cell growth and
metastasis when expressed in the tumour cell but induces
these effects when expressed in the stroma.’® Therefore,
more research is necessary to fully elucidate its role in car-
cinogenesis and cancer metastasis.

Despite its effect on the activation of Ahr, kynurenic
acid may also regulate G-protein receptor-mediated sig-
nalling pathways, including the PI3K/protein kinase B
(Akt) and mitogen-activated protein kinase (MAPK) path-
ways. Kynurenic acid has been shown to inhibit cancer-
associated ERK 1/2, p38 MAPK and Akt, which play a
direct role in the cellular processes, such as migration,
survival, proliferation and apoptosis (Figure 3).** When
compared to kynurenic acid and FICZ, L-kynurenine dis-
played the most potent anti-proliferative effects on normal
human adult primary epidermal melanocytes (HEMa)
and human melanoma A375 and RPMI7951.>° However,
other studies have demonstrated the pro-carcinogenic
properties of KA, as demonstrated by the enhanced prolif-
eration of mouse microglia and human glioblastoma cells,
in the presence of KA.”

5 | THERAPIES INVOLVING THE
KYNURENINE PATHWAY FOR
CANCER TREATMENT

Therapies involving the kynurenine pathway for cancer
treatment have been investigated in various cancers. IDO/
TDO inhibition and Ahr modulation will be discussed
below.

5.1 | IDO/TDO inhibition

IDO1 has emerged as an attractive target for cancer treat-
ment due to its involvement in mediating cancer immune
tolerance and its relationship with a poor cancer progno-
sis.”? Furthermore, numerous reviews have recently dis-
cussed the effects of IDO inhibitors in detail.**** The IDO
inhibitors, namely epacadostat, indoximod, BMS986205,
novaximod (GDC-0919) and PF-0684003, have advanced
to 97 different clinical trials for cancer treatment.” In pa-
tients with advanced malignancies, the first-generation
IDO1 inhibitors, such as indoximod and epacadostat,
have not indicated significant antitumour effects when
used as monotherapy. However, when combining epac-
adostat with the PD-1 immune checkpoint inhibitor

pembrolizumab, long-lasting effects were observed. In-
terestingly, the combination of navoximod and the PD-L1
antibody atezolizumab failed to elicit significant results.
In addition, cancers including non-small cell lung can-
cer, renal cell carcinoma, squamous cell carcinoma of the
head and neck, and melanoma demonstrated more signif-
icant clinical outcomes in studies involving IDO1 inhibi-
tors and checkpoint inhibitors. These drug combinations
are still being investigated in clinical trials.”

However, IDO1 inhibition may not completely inhibit
the kynurenine pathway activation as both IDO1 and TDO
are overexpressed in many cancers and responsible for the
catabolism of tryptophan. Therefore, dual IDO1 and TDO
inhibitors are currently being investigated in a physical
trial (NCT03491631). In addition, another clinical has
been conducted on dual IDO1 and TDO inhibitors in solid
tumours (NCT03208959). However, the results have not
been made available.”

5.2 | Ahr modulation

Ahr ligands (agonists) include FICZ and kynurenine, bili-
rubin, indigoids and chemoprotective phytochemicals, such
as flavonoids and indole-3-carbinol.?® By directly inducing
immunosuppression, Ahr activation is widely acknowl-
edged to generate an immunological tolerance response.
Therefore, inhibiting Ahr activation through synthetic an-
tagonists is an alternate method to reroute immunity toward
tumour rejection, in addition to preventing the synthesis of
kynurenine metabolites.”” However, a major challenge in
terms of Ahr inhibition is promiscuous ligand binding.>
Ahr antagonists have been developed and include CH-
223191, StemRegenin 1 (SR1) and CB7993113.*® However,
these compounds have not been studied in cancer.”

6 | CONCLUSION

The activation of the kynurenine pathway and the produc-
tion of kynurenine metabolites produced by tryptophan
degradation play an essential role in cancer development
and metastasis through immunomodulatory pathways. Due
to the immunosuppressive and potential pro-metastatic ef-
fects of tryptophan-associated enzymes and kynurenine
metabolites, the tryptophan pathway represents a promis-
ing target for treating cancer. However, downstream signal-
ling pathways, such as Ahr activation, previously induced
contrasting biological effects in different cancers, rendering
Ahr signalling pro-metastatic as well as anti-metastatic.
Even though various drugs and combination therapies
altering the kynurenine pathway are currently being in-
vestigated in clinical trials, additional research is needed
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to fully elucidate the effects of these inhibitors on various
types of cancers. Therefore, the kynurenine pathway and
its signalling mechanisms demand a proper understanding.
Furthermore, developing combined approaches to target
the kynurenine pathway along with other aberrant cancer-
associated signalling pathways may represent a promising
strategy to manage the metastatic burden.
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