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Simple Summary: Recently, mechanisms that lead to immune escape by cancer cells have been under
great investigation. Elements involved in the tryptophan metabolism pathway and its derivatives
are considered factors that play a wide role in silencing the immune system. However, it seems
that those agents contribute to tumorigenesis through a direct impact on cancer cells. This study
aimed to gather available data about the kynurenine pathway and its modulating effects on disease
development through the impact on immune and cancer cells. This allows for an understanding of
the complexity of this metabolic pathway in the context of carcinogenesis and indicates ambiguities
that may explain the current failure of therapy with the use of compounds inhibiting tryptophan
metabolism. The collected data not only help us to understand the pathogenesis of cancer but also
provide the basis for the development of new therapeutic strategies in oncology.

Abstract: Background: The recently discovered phenomenon that cancer cells can avoid immune
response has gained scientists’ interest. One of the pathways involved in this process is tryptophan
(TRP) metabolism through the kynurenine pathway (KP). Individual components involved in TRP
conversion seem to contribute to cancerogenesis both through a direct impact on cancer cells and
the modulation of immune cell functionality. Due to this fact, this pathway may serve as a target for
immunotherapy and attempts are being made to create novel compounds effective in cancer treatment.
However, the results obtained from clinical trials are not satisfactory, which raises questions about
the exact role of KP elements in tumorigenesis. An increasing number of experiments reveal that TRP
metabolites may either be tumor promoters and suppressors and this is why further research in this
field is highly needed. The aim of this study is to present KP as a modulator of cancer development
through multiple mechanisms and to point to its ambiguity, which may be a reason for failures in
treatment based on the inhibition of tryptophan metabolism

Keywords: kynurenine pathway; tryptophan; epithelial–mesenchymal transition; carcinogenesis;
circulating tumor cells

1. Introduction

The intensive development of science in the field of immuno-oncology gives hope for a
thorough understanding of the changes taking place in the body during the development of
neoplasms. One of the pathways that has been particularly strongly studied in this context
is the metabolism of tryptophan (TRP). Efforts are being made to assign a pro- or anti-
tumor role to individual elements of this metabolic pathway. However, the complexity and
multiplicity of intertwined processes still leave more questions than answers and represent
an open field for future research. This publication summarizes the available data on the
direct and indirect effects of components of the TRP metabolic pathway on carcinogenesis.
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2. Mechanisms Involved in Immune Evasion

For many years, the role of the immune system in cancer development has been under
detailed scientific investigation. It is known that immune cells have an ability to recognize
developing malignant cells. On the other hand, the enhanced activity of regulatory Tcells
(Treg) leads to a decreased immune response and facilitates tumor growth. Moreover,
cancer cells secrete factors that favor immunosuppressive microenvironment development,
which further enables them to avoid the immune mechanism. This phenomenon is called
“immunoediting” and is based on the hypothesis, that the immune system can be both—a
tumor suppressor and promotor. It is divided into three phases—elimination, equilibrium,
and escape. The first stage is based on observations that cancer cells express specific anti-
gens that are recognized by dendritic cells (DCs) and presented to lymphocytes T, which
in turn eliminate pathological cells through cytotoxic mechanisms [1]. In this step, tumor
cells can be recognized also by macrophages and natural killers, which altogether leads to
Tcell activation [2]. If the immune system eliminates all of the abnormal cells, the whole
process of tumor development stops. However, some growing cells seem to be resistant
to host immune mechanisms, which leads to the second phase—equilibrium. In this step,
dynamic processes remain in balance, but cancer cells gain features that allow them to
avoid immune recognition with the following destruction. Factors such as IL-12, IL-23 (in-
terleukin 12, 23) and the elements of adaptive immune response keep tumor cells in a silent
state [3]. However, if malignant cells obtain superiority, they progress to the third phase of
immunoediting—escape—and become clinically apparent. To reach this state, cancer cells
expand multiple mechanisms which facilitate their immunological evasion. One of them is
based on a decreased expression of MHC-I (major histocompatibility complex, class I), with
the following disturbances in antigen expression or presentation. This leads to inhibition in
an antigenicity and moderates a recognition of tumor cells by immune factors. Another way
to silence host defense response toward developing malignant cells is the production of
molecules, which serve as immune inhibitors. Among them, programmed death-ligand-1
(PD-L1) is one of the most studied and well-known molecules, which already serves as a
pharmacological target point in clinical practice. This ligand, after binding to its receptor
PD-1 (programmed cell death protein 1) on immune cells, exerts multiple effects on them.
Enhanced conversion of CD4+ Tcells into immunosuppressive Treg, decreased cytotoxicity
of CD8+ Tcells, reprogramming macrophages into M2 subtypes, which inhibit immunity,
are among well-studied effects acquired after PD-L1/PD-1 pathway activation [4,5]. The
third and the most complex mechanism triggered by cancer cells for immune evasion is
the excretion of prosurvival factors and molecules, which enable the production of an
immunosuppressive microenvironment. It can be obtained by the secretion of cytokines
with the following recruitment of Treg and MDSCs (myeloid-derived suppressor cells),
and changes in amino-acids metabolism. Arginine, glutamine, leucine, and tryptophan are
among those which are now under investigation and establishment of their function will
help to better understand the biology of cancer [6–8]. Due to the broad role of each of the
listed amino-acids, it is not possible to describe them in detail in one manuscript. For this
reason, the given paper focuses selectively on one of them—TRP—and its metabolism via
the kynurenine pathway (KP) as a factor enhancing tumor development.

3. Tryptophan Metabolism and Its Modulators

Tryptophan, an endogenous amino-acid essential for proper organism development
in the course of further metabolic transformations, is converted into indole, with the
participation of intestinal microflora, into serotonin (5-HT) under the influence of TRP
hydroxylase 2 enzymes, and in the highest level is metabolized through kynurenine path-
way [9]. The latter involved two isoforms of indoleamine oxidases (IDO1, IDO2) and
tryptophan 2,3-oxidase (TDO2) which are rate-limiting enzymes, that degrade TRP into
kynurenine (Kyn). The next steps lead to the transformation of Kyn into kynurenic acid
(KYNA), 3-hydroxykynurenine (3-HKYN), antranilic acid (AA) and further production of
xanturenic (XA), picolinic (PA) and quinolinic (QUIN) acids. In the final step, active NAD+
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(nicotinamide adenine dinucleotide) arises. Most TRP metabolites are active and exert a
multiple and differentiated role in cancer development, which is described in detail below.
Here, it should be emphasized that malignant cells can produce individual elements of KP,
as well as factors that enhance the activity of this pathway. IDO1 expression is observed in
almost all human tissues and its expression upraises with age, IDO2 at the highest level
can be observed in the liver, epididymis and brain, and TDO2 except the liver and brain,
can be found in the placenta [10]. All of them may be detected in different types of cancers
with various severity. Those three enzymes, as rate-limiting factors of TRP metabolism,
gained the greatest scientific interest and are now under intense development as a potential
therapeutic goal in cancer immunotherapy. Understanding which factors take part in
controlling KP elements can shed a light on new therapeutic strategies in oncology. The
main molecules involved in IDO-1 activity regulation are proinflammatory agents, i.e.,
lipopolysaccharides, pathogen-associated molecular patterns, TGF-β (transforming growth
factor-beta), and IFN-γ (interferon-gamma) at the forefront. Chronic inflammation is a
hallmark of cancer, so the involvement of the aforementioned factors in both processes,
i.e., inflammation and expression of TRP catabolizing enzymes, suggests that kynurenine
pathway elements play a role in carcinogenesis. An additional argument indicating the
involvement of KP in the development of tumorigenesis is an observed correlation between
the presence of the known proto-oncogene MYC and overexpression of tryptophan trans-
porters and its increased intracellular transport. Furthermore, the level of KP enzymes is
significantly higher in the presence of MYC, when compared to a knock-out cell line [11].
Another oncogene, whose activity influences IDO1 regulation, is the c-KIT proto-oncogene.
Balachandran et al. showed that the inhibition of KIT signaling significantly decreases
IDO1 activity, confirming the role of this oncogene in KP regulation [12]. Conversely, the
high activity of tumor suppressor protein Bin-1 was connected with low IDO1 expression
and better prognosis for patients [13], which additionally links the TRP metabolite pathway
with tumor development.

An expression of TDO2 is controlled by corticosteroids, and it was shown that cortisol
increases gene transcription of this protein [14]. Other hormones, such as estrogen and
testosterone, seem to have no impact on TDO expression [15,16]. Still, TRP itself induces
TDO2 expression and thus its high dietary intake is a stimulator for this protein. Moreover,
in mice models, a high-fat diet was indicated as a factor uprising liver TDO2 level [17]. This
may point to a potential role of a balanced diet in cancer prevention. In regards to cancer
development and KP regulation, the role of the active form of vitamin B6 (PLP) cannot be
overlooked, as its low serum level is correlated with a higher risk of disease occurrence. PLP
is a cofactor of KP enzymes, i.e., kynureninase and kynurenine aminotraspherases, which
take part in the transformation of Kyn to AA and HK to HAA. Therefore, low B6 supply
and its systemic deficiency lead to the accumulation of procancerous metabolites [18]. The
gathered information shows how complex and multifactorial the tryptophan metabolism
pathway is. Moreover, most of the formed metabolites enhance cancerogenesis, but some
of them seem to play a protective role, which makes the whole pathway more challenging
to use as a therapeutic target. The further part of this manuscript describes the known
aspects of KP elements in cancerogenesis modulation (Figure 1).
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Figure 1. Kynurenine pathway elements as cancerogenesis modulators. EMT—epithelial-to-mesenchymal transition;
3-HAA—3-hydroxyanthranilic acid; 3-HAO—3-hydroxyanthranilate-3,4-dioxygenase; 3-HKYN—3-hydroxykynurenine;
IDO1, IDO2—indoleamine oxidase 1, 2; KAT—kynurenine aminotransferase; KMO—kynurenine 3-monooxygenase;
KYNA—kynurenine acid; KYN—kynurenine; KZ—kynureninase; L-TRP—tryptophan; NAD+—nicotinamide adenine
dinucleotide; QPRT—quinolinic acid phosphoribosyltransferase; QUIN—quinolinic acid; TDO2–tryptophan 2,3-oxidase.

4. IDO1 and Its Role in Cancer Development

IDO1, the best-studied enzyme of all KP, seems to play one of the most complex
roles in cancerogenesis. TRP depletion in local milieu IDO1 affects immunological cells
and silences immune response. The activation of GCN-2 kinase (general control nondere-
pressible 2 kinase) and the inhibition of mTOR (mechanistic target of rapamycin) pathway
lead to an immunosuppressive phenotype and facilitated immunosurveillance escape by
cancer cells. It has been discovered that IDO1 has a direct impact on malignant cells and
enhances tumorigenesis by increasing angiogenesis and metastasis. Moreover, this enzyme
conditions metabolite production which contributes to oncogenesis either through AhR
(aryl hydrocarbon receptor) activation or in other mechanisms described below. Due to that
fact, IDO1, as a pharmacological target, has a high potential in oncology and its inhibition
gives an opportunity for increased therapeutic successes. The depletion of TRP affects
dendritic cells and two populations of lymphocyte T—immunosuppressive regulatory
Tcells (Treg) and cytotoxic lymphocyte T (Tc). TRP deficiency, through the activation of
GNC-2, is a signal enhancing the expression of inhibitory receptors (ILT3, ILT4) in DCs [19].
Those cells, as antigen-presenting cells (APCs) to lymphocytes T, as well take part in the dif-
ferentiation of naïve Tcells in chosen subpopulations. The overexpression of ILTs, especially
ILT3 and ILT4 on DCs, induces the differentiation of CD8+ and CD4+ Tcells into Treg [20].
Additionally, in CD4+ Th cells, the presence of ILTs enhances their anergy, thus inhibits
the antitumor role. A high expression of ILTs essential for Treg induction [21] altogether
favors the immunosuppressive phenotype. In general, those receptors are suspected to
be a key factor inducing tolerogenicity [22] thus developing immunological tolerance in
host organisms. The role of immunoglobulin-like transcript receptors in cancer develop-
ment has been reported previously [23]. In few cancer types, such as breast, colorectal,
non-small cell lung cancer, and renal cell carcinoma, high expression of those proteins
was generally connected with more advanced stages of the disease, more often occurring
metastasis, and poor prognosis for patients. The mentioned research points on the acti-



Cancers 2021, 13, 2667 5 of 25

vation of ERK1/2 (extracellular signal-regulated kinases) signaling pathway, enhanced
epithelial-to-mesenchymal transition (EMT), and increase in VEGF (vascular endothelial
growth factor) level, which altogether contributes to augmented motility, angiogenesis, and
invasiveness of cancer cells [24–27]. The gathered information shows that TRP depletion
affects immune cells, which has a direct impact on cancer cells, their increased motility,
metastasis potential and results in patients’ worse prognosis and overall survival. Another
structure affected by GCN-2 activation exerted by IDO-1-induced TRP depletion is ζ-chain
of T-cell receptor (TCR) in CD8+ Tcells. This structure is a key agent which conditions the
occurrence of signaling from TCR [28], with the following activation of CD8+ and their full
antitumor immune response [29]. Therefore, its downregulation in case of non-sufficient
TRP level interrupts the cascade of events with the following impairment in lymphocyte
proliferation and cytokine production [30]. To fully understand how the downregulation
of the zeta chain in TCR affects tumor development, it is necessary to describe the role of
CD8+ lymphocytes in this process. Those cells are at the highest level responsible for the
direct killing of tumor cells through the secretion of cell membrane perforating molecules,
i.e., cathepsin C, perforin, granzymes. The second mechanism, induced by CD8+ Tcells,
which leads to cell apoptosis, is their expression of the Fas ligand, which, after binding
to its receptor on the targeted cell, induces caspases and endonucleases leading to DNA
impairment [31]. Previously, it was shown that a low number of CD8+ Tcells correlates
with enhanced tumor growth and poor prognosis [32,33]. Detailed research points to a
zeta chain as a key factor mediating antitumor response. In the case of oral cancer and
Hodgkin’s Disease, a low level of the zeta chain in TCR in peripheral Tcells is correlated
with a more advanced stage of disease [34,35]. Moreover, enhancing TCR signaling by
binding immunoglobulin superfamily member 4 (IGSF4) to the zeta chain significantly
decreased tumor size and weight in murine models with implanted melanoma cells and
reduces the occurrence of metastatic colonies. [36]. Still, the high activity of IDO1, and
thus a decreased TRP level leads to abnormal activity of immunosuppressive Tregs, whose
pro-tumorigenic activity is based on crosstalk with other immune cells, as well as on a
direct impact on cancer cells. Those cells express CD73 and CD39 endonucleotidases, which
take part in adenosine production [37]. The overexpression of the latter was connected
to an increased number of occurring liver metastasis in colorectal cancer (CRC) in the
murine model and correlates with the worst prognosis and a poor outcome in patients [38].
Adenosine, whose production from ATP and AMP is enhanced in the presence of Treg,
affects tumor development by activating PI3K/Akt/mTOR pathway and upregulating met-
alloproteinases that stimulate invasiveness and migration capacity of malignant cells [39].
Additionally, the whole loop leading to adenosine excretion leads to angiogenesis, caused
by an intensified production of VEGF [40]. Besides the direct act on processes promoting
oncogenesis, an elevated number of Tregs, and thus IDO1 activity, leads to the develop-
ment of the immunosuppressive tumor microenvironment. High activity of Tregs limits
interleukin 2 (IL-2) production, with the following CD8+ lymphocyte inhibition [41]. Other
cells from the immune system, whose activity is at least in part controlled by Tregs are
cancer-associated fibroblasts (CAFs), macrophage type 2 (M2) cells, regulatory B cells
(Bregs), and myeloid-derived suppressor cells [42]. It should be emphasized here that the
latter can secrete IDO1 [43], which loops the course of events even more. All of them are
considered to be tumor promoters, their activity being increased under the impact of Treg.
The outcomes of the experiments confirm the crucial role of Treg in cancerogenesis. In a
few cancer types, i.e., gastric, breast, renal a higher intratumoral Treg level correlates with
a worse prognosis [44–46]. Additionally, it was reported that high Treg activity contributes
to chemoresistance [47,48]. On the other hand, clinical reports indicate the inhibition of
inflammatory response by Treg, which in a further perspective leads to a decreased level
of occurring tumor [49]. Taking into account the double role of Treg in cancer develop-
ment, and IDO1 effect on both subpopulations of lymphocytes—the downregulation of
CD8+ cytotoxic Tcells and the upregulation of immunosuppressive Treg it seems reason-
able to focus on the ratio between these lines as the most proper prognostic factor in the
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context of IDO1 activity [50]. The outcomes from oncological patient samples confirm
that a high CD8+/Treg ratio, and hence a low IDO1 activity, is associated with a more
favorable prognosis [51–53]. The described effects are the results obtained by the activation
of GCN-2 kinase. However, it was mentioned before that TRP depletion affects mTOR
kinase, with its inhibition. This results in a decreased number of cytotoxic and helper
T cells and an increased number of immunosuppressive Treg in the general population.
Besides an indirect impact of IDO1 on cancer cells, it excretes its own direct effect. In
bladder cancer cells, IDO1 inhibition leads to a limited colony formation, an increased
E-cadherin expression with a concomitantly reduced N-cadherin and vimentin presence.
This in total points to IDO1 being a promoter of epithelial-to-mesenchymal transition and
a factor that facilitates a gain in motility capacity by cancer cells. Moreover, in the same
experiment, the authors show a reduced ability for tubule formation by HVUECs and thus
decreased angiogenesis after silencing IDO1 [54]. Those results are in the line with the
results obtained by Pan et al., who reported decreased cell invasiveness and migratory
ability in lung cancer cells after IDO1 silencing [55]. The same authors discovered that
IDO1 presence conditions sufficient vessel density and the progression of vessel mimicry,
which in short is unnecessary for the proper angiogenesis process. Another trial focused
on lung cancer cells confirms that IDO1 activity is crucial for metastasis occurrence, and
its inhibition improves patient outcomes [56]. The described data point to mutual perme-
ating of immunological processes and cancer development, as well as indicate IDO1 as a
significant factor that takes part in this mechanism.

5. TDO2, IDO2 and Their Role in Cancer Development

Two other rate-limiting enzymes are less studied than IDO1. Nevertheless, it is known
that they are as well involved in maintaining oncogenesis. Their effect can partially be
explained by similar to IDO1 activity toward TRP metabolism with its depletion in the
local environment and the accumulation of immunosuppressive metabolites. From the
pharmacological perspective, these overlapping events provide a reason for cancer cell
resistance to IDO1 inhibition, as its role is taken over by the other two enzymes. However,
the available data indicate that the expression level of IDO1, IDO2 and TDO2 differs be-
tween cancer types and that the occurrence of each enzyme alone can be an independent
prognosis factor. This knowledge suggests that, at least in part, TDO2 or IDO2 exert a
tumor-promoting role through different mechanisms than those described in IDO1 ac-
tivity. In metastatic uveal melanoma, TDO2 but not IDO1 was found to be expressed in
cancer tissue, in a constitutive manner [57]. In the same cell line, TNF-∝ (tumor necro-
sis factor-alfa) was pointed as a factor, which upregulates TDO2 expression, but has
no impact on the IDO1 level. Additionally, in the case of triple-negative breast cancer,
TDO2 seems to play a major role in disease progression, surpassing the importance of
IDO1 [58]. Hsu et al. showed that TDO2 is expressed in lung cancer-associated fibroblasts
which after knockdown disturb DCs differentiation and response from Th2 [59]. The
role of the latter in cancer progression is based mainly on interleukin secretion. Th2 in
a tumor microenvironment is a great source of IL-4, IL-5 and IL-13. Both IL-4 and IL-13,
when in excess, have been connected with more aggressive cancers, enhanced metastasis,
proliferation, and tumor growth. Detailed studies point to multiple mechanisms which
are regulated by those interleukins. Well-known tumor-promoting signaling pathways,
such as ERK1/2, Akt, mTOR, and STAT6 are among those induced by the mentioned
factors. Moreover, it has been proved that IL-4 induces an expression of antiapoptotic
proteins, such as Bax, BCL-xl, xFLIP, and contributes to sustained cancer growth through
the induction of expression of glucose transporter—GLUT1 [60–65]. The aspect which
cannot be omitted in the context of Th2 derived interleukins in cancer development is their
role in macrophage polarization. Both IL-4 and IL-13 are involved in the differentiation
of macrophages into pro-tumorigenic M2 [66], which are classified as tumor-associated
macrophages (TAMs) [67]. A high presence of TAMs in the tumor microenvironment is
associated with a poor prognosis in different cancer types as NSCLC, pancreatic carcinoma,



Cancers 2021, 13, 2667 7 of 25

ovarian cancer or gastric cancer [68–71]. Considering their involvement in cancerogenesis,
it is worth mentioning, that they play a role at each stage of the ongoing process [72]. By
the secretion of inflammation-promoting factors, i.e., TNF, IFN-g, ROS (reactive oxygen
species) contribute to the establishment of the mutagenic microenvironment and facili-
tate the development of damaged cells [73]. In human glioma, ovarian cancer and clear
cell renal carcinoma M2 have been reported to activate STAT3 signaling with enhanced
proliferation and sustained survival of tumor cells [74,75]. As a source of proangiogenic
factors, such as VEGF-A, and VEGF-C M2 contribute to angio- and lymphangiogenesis,
respectively [76]. Their presence in the tumor microenvironment is connected with changes
in the expression of EMT markers, such as E-cadherin, β-catenin, vimentin, and snail [77],
which points to their involvement in aggressive phenotype development. TAMs enable
metastasis formation and increase tumor cell invasiveness, via upregulation of metallo-
proteinases expression, which was reported both in vivo and in patient samples [78–80].
Noteworthy is the fact, that M2 can secrete exosomes, which contain specific miRNA or
molecules such as ApoE and integrins, that in the next steps activate migration-inducing
signaling pathways [81–83]. Moreover, the presence of M2 in a tumor microenvironment is
considered as one of the factors responsible for the occurrence of chemoresistance [84,85]
and its targeting could improve the efficacy of treatment [86]. The role of TDO2 in tumor
development is not restricted only to the modulation of immune cell activity. It has been
shown, that this enzyme is involved in enhancing the survival of circulating tumor cells
(CTCs), through the participation in the development of resistance to anoikis (a form of
programmed cell death) [87]. Due to AhR involvement in this process, the whole pathway
is described below.

The last known rate-limiting enzyme involved in TRP metabolism is IDO2. Its role in
tumorigenesis is significantly less examined than IDO1, thus a lot of questions about its
involvement in cancerogenesis remain. Nevertheless, an important contribution of both
IDO1 and IDO2 in cancer development, not mentioned before, is their involvement in NAD+

production. This dinucleotide as a final product of TRP metabolism is used as a source
of energy for maintaining cells’ functions and viability. In a tumor microenvironment, an
increased level of NAD+ has been shown to exert an immunosuppressive effect by the
inhibition of T cell survival, proliferation and cytotoxic activity [88]. Additionally, its further
metabolism takes part in enhancing immune evasion by promoting PD-L1 expression in
tumor cells [89]. Its upraised level is connected with a poor prognosis and decreased overall
survival in the number of solid tumors, i.e., non–small cell lung cancer, renal cell cancer,
ovarian cancer, gastric cancers [90]. This ligand works through the PD-1 receptor expressed
on different cell types, including activated Tcells. After interaction, the signaling from TCR
attenuates [91], which is described above in the context of maintained tumor development.
Additionally, recent reports suggest that PD-L1 has a direct impact on cancer cells, therefore
it intensifies tumorigenesis not only via the modulation of the immune response. The
correlation between an elevated level of PD-L1 and enhanced EMT was reported in a few
cancer types, i.e., head and neck squamous cell carcinoma, lung adenocarcinoma, gastric
cancer [92–94]. Wang et al. showed that in renal cancer cells PD-L1 overexpression induces
the expression of SREBP-1c, a factor involved in cell lipogenesis. The authors connected
this event with EMT induction and intensified cancer cell migration [95]. Other immune-
independent effects caused by PD-L1 include the activation of mTORC1 and Ras/ERK
and signaling cascades, with the following sustained growth of melanoma and ovarian
cancer cells and enhanced EMT in glioblastoma multiforme, respectively [96,97]. Moreover,
Mandarano et al. showed a correlation between upregulated IDO2 and PD-L1 levels, which
indicates the existence of a link between IDO2 activity and enhanced cancerogenesis in
a PD-L1-dependent manner [98]. Besides affecting PD-L1 expression, NAD+ contributes
to stem cell proliferation and pluripotency [99]. However, it still needs to be confirmed
if this nucleotide plays a role in maintaining the viability of cancer stem cells. There
still exists a high need to define other mechanisms of IDO2 via which it contributes to
cancerogenesis. However, reports showing an upraised level of this enzyme in human
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cancer tissues suggest that it is an important factor, which cancer cells use to maintain their
survival in a host organism.

6. AhR Agonists—Carcinogenesis Modulators

The abovementioned effects are not only the ones that allow us to categorize the
described enzymes as tumor modulators. Their wide role is also based on the production
of metabolites that are involved in oncogenesis. Kynurenine, 3-hydroxykynurenine and
kynurenic acid are characterized by a common feature—aryl hydrocarbon receptor acti-
vation. AhR is a transcriptional factor, which after interacting with a ligand translocates
from the cytoplasm to the nucleus and modulates there the expression of targeted genes.
Its final effects are ligand-specific, but due to the topic of this manuscript, here, only the
effects caused by TRP metabolites are described (Figure 2).

Figure 2. AhR—dependent pro-tumorigenic activity of TRP metabolites. AhR—aryl hydrocarbon receptor; Akt—protein
kinase B; AQP4—aquaporin 4; EMT—epithelial-to-mesenchymal transition; IL-6—interleukin 6; KYN—kynurenine; KYNA—
kynurenic acid; p27-tumor suppressor; MMPs—metalloproteinases; STAT3—signal transducer and activator of transcrip-
tion 3.

It was suspected that AhR is a pro-tumor agent, although evidence suggests that,
depending on cancer type it may have an opposite, tumor-suppressive role. Here it needs
to be emphasized that, like enzymes, AhR activation can have a direct effect on cancer cells
or contributes to immunosuppressive microenvironment development. Kynurenine was
shown to induce Akt and STAT3 signaling pathways in renal cancer cells, and increase their
proliferation, migration and drug resistance [100]. Enhanced migration after Kyn/AhR
interaction was observed in HCC (hepatocellular carcinoma) and the authors linked it
with changes in the level of EMT markers, as well as the overexpression of MMP9 [101].
Another reported mechanism, which contributes to migration, is the expression of aqua-
porin 4 (AQP4) observed in glioma cells after Kyn/AhR interaction [102]. Due to the
regulation of cell volume, the contribution to filopodia formation and changes in shape,
AQP4 enhances cell motility and metastasis [103,104]. Additionally, the high activity of this
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water channel was correlated with increased VEGF expression and related angiogenesis, as
well as upraised metalloproteinase-2 activity [105,106]. Moreover, circulating cells that are
detached from the extracellular matrix are highly vulnerable to a specific cell death type
called anoikis. D’Amato et al. showed that TDO2/Kyn/AhR axis contributes to gaining a
resistance to anoikis by cancer cells and by these means promotes migrating cells survival
and facilitates metastasis formation (Figure 3) [87].

Figure 3. Effects of TRP metabolites on circulating tumor cells (CTCs). 3-HAA—3-hydroxyanthranilic
acid; AhR—aryl hydrocarbon receptor; CTC—circulating tumor cell; KYN—kynurenine; VCAM-1—
vascular cell adhesion molecule-1.

Kyn contributes to the development of resistance to classical apoptosis as well and that
was reported in breast cancer cells [107]. Moreover, this metabolite in an AhR-depended
mechanism causes cycle cell arrest in G0/G1 phase via the overexpression of cell-cycle
inhibitor p27 in tumor repopulating cells (TRCs) [108]. This leads to cell dormancy—a state
in which cells poorly proliferate and are highly resistant to pharmacological intervention
(Figure 1). Shi et al. showed that blocking IDO1/Kyn/AhR pathway restores a cell cycle
and induced apoptosis of TRCs [109], thus may be a proper strategy in disease relapse
prevention. Additionally, TRCs release Kyn which then upregulates PD-1 expression
on CD8+ Tcells by AhR activation (Figure 4) [110]. Li et al. showed that Kyn activates
AhR expressed on DCs, and this interaction results in a switch from an immunogenic to
tolerogenic subtype [111]. Tolerogenic DCs contribute to inducing Tcell differentiation into
immunosuppressive Treg. Mezrch et al. confirmed that the Kyn/AhR axis is involved in
Treg production by interaction with DCs [112].

Another metabolite—kynurenic acid—is also involved in increased cancer develop-
ment, by immunomodulation. DiNatale at al. reported that KYNA treated MCF-7 cells
overexpress IL-6, and this effect largely depends on AhR activation [113]. It was previ-
ously shown, that IL-6 expressing MCF-7 are characterized by the EMT phenotype and
an increased metastatic potential [114–116], so in linking these two reports it is proper to
consider KYNA/AhR interaction as a factor enhancing tumor invasiveness. The gathered
data link AhR activation with ongoing cancerogenesis, concomitant inflammatory response
and an immunosuppressive microenvironment. Nonetheless, in neuroblastoma Kyn via
AhR activation lead to KISS1 gene overexpression and in this mechanism it was shown
to decrease tumor metastasis and improve patient overall survival [117]. This is in the
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line with a few other reports, which shows that AhR acts like a tumor suppressor in liver
cancer, colorectal cancer, melanoma, and prostate cancer [118–121]. Although, this effect
was obtained in a KP-independent mechanism, further research is still needed to reveal if
any of TRP metabolites have a tumor suppressive role through AhR activation.

Figure 4. Immune evasion—impact of KYN on the tumor microenvironment. AhR—aryl hydrocarbon receptor; CD8+ T cell—
lymphocyte T CD8+; DC—dendritic cell; KYN—kynurenine; PD-1—programmed death receptor 1; Treg—regulatory Tcells.

7. Other Carcinogenesis Modulating Effects of TRP Metabolites

Besides the fact that the effects exerted in mechanisms depend on AhR activation,
individual metabolites are also involved in cancerogenesis in different ways (Figure 4).
Experimental evidence points to a correlation between an upraised level of circulating
TRP derivatives and a higher risk of cancer overall or a more advanced grade of the
disease [122,123]. However, their exact role has not been well studied yet the contribution
of TRP metabolites to cancerogenesis is burdened with high ambiguities and controversies.
They are connected with an undiscovered character of some metabolites, which seems to
be pro and anti-cancerous at the same time. Due to this fact, whole KP remains a great
subject for further studies and the establishment of its role will help to understand the
pathogenesis of cancer. TRP derivatives are considered immunomodulators, but some
of them seem to directly affect cancer cells. This paragraph gathers known data about
TRP metabolites, tries to explain their complex role in cancerogenesis, and illustrates
gaps and needs which should be included in further examinations. 3-hydroxykynurenine
and 3-hydroxyanthranilic acid are considered DNA damaging carcinogens. This effect is
exerted by the production of H2O2 affected by DNA single-strand breaks [124]. This leads
to genome instability, which is a well-known feature of cancer cells. Other metabolites, i.e.,
kynurenine, quinolinic acid and cinnarbinic acid—a direct metabolite of 3HAA—are as well
considered as ROS generators [125], which further impair different structures leading to
enhanced tumor development. Song et al. showed that Kyn-derived ROS induces caspase
release in NK (natural killers) cells and leads to their apoptosis [126]. NK cells are elements
of an innate immune response, which are responsible for maintaining an anti-tumor
response. Through direct cytotoxic activity achieved by the secretion of perforines and
grazymes and/or by the induction of Fas-depended apoptosis, they eliminate malignant
cells from the host organism [127]. Their depletion in the tumor microenvironment is one of
the mechanisms which cancer cells use to avoid immunosurveillance. In a murine model of
NSCLC, NK depletion was correlated with spontaneous lung metastasis achieved without
affecting primary tumor growth [128]. A similar conclusion comes from tests conducted
on colorectal mouse xenografts treated with tofacitinib-NK-reducing compound. In those
animals, increased lung metastasis after the treatment was observed [129]. Additionally,
Aydin et al. showed that the pro-metastatic effect exerted by a reduced number of NK is
achieved in a ROS-depended mechanism [130], which lends a weight of argument that ROS-
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generating TRP metabolites enhance metastasis. Another effect leading to oxidative stress
induction is mitochondrial dysfunction. In this context, QUIN was pointed as a harmful
compound [131]. Mitochondrial failure has been connected with high aggressiveness,
ongoing EMT and increased metastatic potential and chemoresistance of cancer cells [132].
Due to this, QUIN may be suspected to modulate these processes, but similarly to the
abovementioned derivatives, its role is yet to be discovered. An elevated level of ROS
is connected with all stages of tumor development, but detailed information about the
contribution of TRP metabolites in specific processes has not been established as yet and
this leads to a necessity to develop research in this direction.

Another ROS-independent tumor-promoting effect was reported by Bishnupuri and
colleagues [133]. They show, that in colon cancer cells Kyn and QUIN activate PI3K/AKT/
GSK3β which results in β-catenin translocation from the cytoplasm to the nucleus. In
lung cancer cells kynurenine through Akt phosphorylation activates two other pathways—
cAMP response element-binding protein (CREB) and with-no-lysine (K) protein kinases
(WNK)—which were connected with the enhanced spheroid formation and migration,
respectively [134]. Phosphorylation of a CREB signaling was previously connected with
an enhanced expression of metalloproteinases 2 and 9, filopodia formation and an in-
creased level of EMT markers [59,135]. On the other hand, the WNK kinases family affects
downstream factors, including TGF-β or NF-kB (nuclear factor kappa B), known as tumor
promotors [136]. Kynurenine acid ) has been reported as an G protein-coupled receptor 35
(GPR35) agonist (Figure 5) [137,138].

This receptor was found to be overexpressed in breast cancer, lymph nodes of colon
cancer patients, which is connected with higher tumor aggressiveness and poor progno-
sis [139,140]. Another evidence of GPR35 involvement in migration comes from the trial
lead on intestinal epithelial cells intentionally damaged by chemotherapy. Wang et al.
showed decreased cell migration after GPR35 inhibition [141]. GPR35 is also expressed
on macrophages, and activated under KYNA treatment [142]. Pagano et al. reported that
the activation of GPR35 in those cells is connected with enhanced neoangiogenesis, tumor
tissue remodeling and enhanced tumor growth in murine colon cancer xenograft [143].
This outcome suggests that KYNA by affecting macrophages may have an impact on
colon cancer cells. Its contribution to other tumor types still needs to be confirmed. The
function of macrophages is also impaired by 3-HAA (Figure 5). This TRP metabolite
inhibits PI3k/AKT and mTOR signaling pathways, which leads to inhibition of NF-kB
activation and attenuates nitric oxide (NO) production. Moreover, it also enhances the
differentiation of macrophages into the M2 phenotype [144], whose role in cancerogenesis
is described above. Oh et al. also showed decreased NO production by 3-HAA stimulated
macrophages. Detailed research on possible mechanisms revealed that 3-HAA enhances
HO-1 expression, with the following inducible nitric oxide synthase (iNOS) inhibition
and a decrease in NO production. Although the role of M2 in carcinogenesis is clear,
the level of NO and macrophage iNOS activity is not so clear-cut and the role of 3-HAA
should be further explored. Besides macrophages, 3-HAA as a strong immunomodulator
affects other immune cells (Figure 6). In dendritic cells, it attenuates the production of IL-6,
IL-12 and TNF-∝ and inhibits their maturation and activation by interrupting p-JNK and
p-p38 signals. The authors also pointed to a decreased ability of DCs for stimulation of Tcell
activation, proliferation and differentiation under the influence of 3-HAA (Figure 5) [145].
Moreover, 3-HAA directly affects Tcells. Piscianz et al. proved that 3-HAA induces cell
death in activated Tcell subpopulation [146], which is a well-known mechanism used by
cancer cells in immune escape [147]. Lee et al. showed selective Th1 but not Th2 apopto-
sis induced by 3-HAA and QUIN. This discovered mechanism depends on cytochrome
c release and caspase activation as independent from Fas/Fas ligand interaction [148].
Moreover, 3-HAA alone eliminates already activated Tcells, by decreasing intracellular
glutathione levels [149]. Altogether, 3-HAA leads to an increase of Th2 subpopulation,
whose procancerous activity is described above. As mentioned at the beginning 3-HKYN
and 3-HAA also induce strong apoptosis of CD4+ Tcells with a simultaneous increase of im-
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munosuppressive CD4+ FoxP3 Tcell subpopulation [150]. These observations additionally
enhance the pro-tumorigenic role of TRP metabolites.

Figure 5. AhR—independent pro-tumorigenic activity of TRP metabolites. 3-HAA—3-hydroxyanthranilic acid; EMT—
epithelial-to-mesenchymal transition; GPR35—G protein-coupled receptor 35; KYN—kynurenine; KYNA—kynurenic acid;
mTOR—mechanistic target of rapamycin; NK cell—natural killer; PI3K—phosphatidylinositol 3 kinase; ROS—reactive
oxygen species; STAT3—signal transducer and activator of transcription 3; TAMs—tumor associated macrophages; VEGF—
vascular endothelial growth factor.

Figure 6. Impact of 3-HAA on the tumor microenvironment. 3-HAA—3-hydroxyanthranilic acid; DCs—dendritic cells;
IL-4, 13—interleukins 4, 13; p38—phosphorylates specific transcription factor; pJKN—c-Jun N-terminal kinase; T cell—
lymphocyte TTh—helpers lymphocytes T.

Nonetheless, as mentioned before, KP contribution to cancerogenesis is not clear.
Walczak et al. gathered information about KYNA level in different cancers, and showed
that depending on the type of disease, the level of this metabolite is decreased or upraised,
but the mechanism of this phenomenon is not discovered [151]. However, this suggests
that in some conditions, KYNA may serve as a tumor suppressor (Figure 7).
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Figure 7. Antitumor effects of KYNA. a7nAChR—alpha-7 nicotinic receptor; FGF-1- fibroblast growth
factor-1; KYNA—kynurenic acid; p21 Waf1/Cip1—cyclin-dependent kinase inhibitor 1.

In HT-29 colon cancer cells, this derivative was shown to inhibit p21 Waf1/Cip1 with
following DNA synthesis inhibition and decreased proliferation [152]. The same mecha-
nism was reported for renal cancer cells [153]. Moreover, the authors point to decreased
migration of malignant cells after KYNA stimulation, which stays in a line with another
experiment conducted on glioma cells. In these brain tumor cells described metabolite
was pointed as a factor antagonizing glutamate activity, which resulted in DNA synthesis
inhibition and reduced migration [154]. KYNA is also considered as an alpha-7 nicotinic
acetylcholine receptor (a7nAChR) inhibitor [155]. This interaction mainly matters in neu-
ronal disorder, nevertheless, recent reports emphasized the role of nicotinic acetylcholine
receptors in oncogenesis. The blockage of a7nAChR reversed acetylcholine-induced cell
migration and invasiveness in NSCLC cells and gastric cancer cells via blocking signaling
by MEK/ERK pathway [156,157]. Moreover, in gastric cancer, cholangiocarcinoma, this
receptor inhibition was connected with reduced expression of EMT markers [158]. Scientific
reports also indicated increased apoptosis of breast cancer and cholangiocarcinoma cells
after a7nAChR silencing [159]. KYNA is also considered a tumor suppressor due to the
inhibition of fibroblast growth factor-1 (FGF-1) release [160], which is involved in MMPs
activation, angiogenesis, tumor progression, promotion of cancer cells stemness and is
associated with worst patients’ prognosis [161–166]. The blockage of the FGF-1 signaling
pathway causes a cell cycle arrest in phase G0/G1, thus decreased cancer cell proliferation.
It also reduces tumor growth and occurring metastasis [167,168]. Another metabolite
described before as a tumor promotor 3-HAA also seems to be a double-edged compound.
In the human umbilical vein endothelial cells (HUVECs), which serve as a model for angio-
genesis evaluation 3-HAA inhibits monocyte chemoattractant protein-1 (MCP-1) secretion
and vascular cell adhesion molecule-1 (VCAM-1) expression [169]. These molecules belong
to factors enhancing angiogenesis, cancer cell survival, invasiveness and metastasis in
different tumor types [170–173]. VCAM-1 also facilitates circulating tumor cell adhesion
to the vascular endothelium, and thus burrowing circulating cells in new organs [174].
Targeting these proteins and decreasing their level may help to limit metastasis, cancer
progression and improve patient outcomes, thus 3-HAA by this mechanism may work as a
tumor suppressor. Another TRP metabolite, with potential antitumor activity, is picolinic
acid In the murine model Ehrlich ascites carcinoma treatment with PA significantly reduced
tumor growth and improved longevity [175]. A similar result was obtained by Ruffman
et al. who observed a therapeutic effect of PA in mice bearing MBL-2 lymphoma cells [176].
Apart from these old experiments, new ones are not available, and mechanisms through
which PA exerts its antitumor effect are not well known. Gathered together this information
illustrate that KP remains a puzzle for scientists focusing on cancer pathogenesis. However,
the establishment of its exact role may help to develop an effective therapy for patients in
the future.
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8. Compounds Targeting Kynurenine Pathway in Clinical Trials

Nowadays, even without full knowledge about TRP metabolites in tumorigenesis,
efforts are taken to develop compounds, which by KP modulation will serve as anticancer
drugs. Due to the multistep process, the targeting of different parts of this pathway is being
considered. Unfortunately, promising preclinical results more than once disappointed at
the clinical stage. It may be connected with overlapping events and a huge number of
factors contributing to TRP metabolism, and their ambiguous character. Due to that further
studies need to be taken to reveal which pathways should be silenced, and which enhanced
to ensure an effective therapy based on KP modulators. Perhaps a combination therapy
with compounds targeting other metabolic pathways will be needed, and indeed recent
clinical trials in huge majority examine a combination therapy. This paragraph summarizes,
in short, KP modulators, which are under development as an anticancer therapy. One of the
approaches focuses on IDO1, IDO2 and TDO2 inhibition, due to their pro-cancerogenous
activity. Inhibitors are divided by their affinity to each enzyme, and thus from available
drugs selective IDO1 or TDO2 inhibitors or a non-selective IDO1/TDO2 inhibitor can
be distinguished. Epacadostat—a selective IDO1 inhibitor—is examined at the highest
level [177,178]. Since monotherapy with epacadostat was not more favorable when com-
pared to tamoxifen in ovarian cancer [179], the connection with other compounds has
been tested. Phase III of the trial checking the efficacy of epacadostat with pembrolizumab
versus pembrolizumab alone in melanoma showed no predominance in the drug combina-
tion [180]. A similar conclusion was reported by Kelly et al. who checked a combination
of epacadostat and pembrolizumab in patients with advanced sarcoma [181]. A clinical
trial evaluating the combination with another monoclonal antibody, atezolizumab, to-
ward NSCLC also did not show satisfying results [182]. Those surprisingly disappointing
results impeded research on IDO1 selective inhibitors, nevertheless, some novel com-
pounds are tested in new combinations and indications. The effectiveness of one of them,
BMS-986205 combined with biological compounds in endometrial cancer or endometrial
carcinosarcoma, liver cancer, bladder cancer, melanoma, NSCLC, oral cavity squamous cell
carcinoma, glioblastoma, kidney cancer and gastric cancer will be tested in clinical trials,
which are now in the recruiting phase [183–190]. The trial comparing BMS-986205 with
nivolumab to nivolumab alone efficacy is terminated, but the results are not available
yet [191]. KHK2455 and LY3381916 are both in early development. The application of the
first one in bladder cancer in combination with anti-PD-L1 therapy will be checked in a
trial that is now in the phase of recruiting patients [192]. The second compound, also with
anti-PD-L1 coadministration in different types of solid tumors was tasted in a terminated
trial, the results of which are not available yet [193]. Due to the newly recognized role of
TDO2 in cancer progression, molecules inhibiting its activity are also under development.
There are not a lot of data available in this field, however, one selective TDO2 inhibitor—
680C9—is in a preclinical test and it sensitizes glioblastoma cells on genotoxic treatment
when combination therapy is applied [194]. Other selective TDO2 inhibitors are in early
development and further investigation is highly needed [195,196]. The lack of the expected
efficacy of selective inhibitors forced to raise a question about the cause of this effect. One
hypothesis is based on the possibility of taking over the role of the inhibited enzyme
by another, still an active one. Due to that fact, the compounds with inhibitor activity
towards two enzymes are under enhanced development and include indoximod (1-MT), its
prodrug NLG-802 and navoximod [197–199]. The clinical significance of 1-MT in different
solid tumors and in acute myeloid leukemia was evaluated alone or in combination ther-
apy [200–202]. Attempts have been made to co-administrate this compound with classical
chemotherapy, such as nab-paclitaxel or gemcitabin for pancreatic cancer, temozolomid
for brain cancer taxanes in breast cancer or docetaxel in solid tumors [203–206]. However,
despite good tolerance, there is a lack of predominance of combination therapy [205]. Still,
indoximod was reported to increase the effectiveness of DNA damaging chemotherapy,
without changes in its toxicity [202]. Additionally, it was also showed that 1-MT improves
the efficacy of radiotherapy treatment [207]. NLG-802 was evaluated only in Phase I for
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solid tumors, however, the results of this trial are not available. Navoximod was tested in
Phase I of the clinical trial combined with ateolizumab. The trial was conducted on patients
with solid tumors generally. As before, a good toxicity profile was illustrated, however no
benefits from the combination therapy were shown [208]. In turn, the outcomes from Phase
Ib indicated that the monotherapy of recurrent advanced solid tumors resulted in stable
disease response [209]. Other IDO/TDO2 inhibitors, such as HTI-1090, DN1406131 are in
early development, and no final results are available yet [210,211]. Compounds such as
RG70099, EPL-1410, CB548, CMG017 are in preclinical tests and show potential antitumor
activity [212–214]. MK-7162 another compound targeting TRP catabolizing enzymes has no
discovered mechanism, nevertheless, it is included in clinical trials for adult patients with
solid tumors in a combination with pembrolizumab [215]. As of now, the results from this
phase are not known. Another approach targeting KP enzymes is based on the occurrence
of specific cytotoxic Tcells directed toward IDO1, IDO2, TDO2. Detailed studies lead to a
discovery, that this Tcell subpopulation has a direct cytotoxic activity toward tumor cells
and immunosuppressive DCs, Th2 [216–218]. For this reason, enzyme-derived epitopes
are used as a vaccine to enhance response from effector Tcells. This therapeutic option is
already in a clinical trial in NSCLC and melanoma in combination with temozolomide,
ipilimumab, epacadostat [216,219–221]. The available results point to good safety profile,
however a bigger group of patients is needed to confirm its efficacy. The next structure re-
sponsible for pro-tumoral effect of TRP metabolites is AhR and its inhibition may serve as a
target in cancer treatment. In a preclinical test on mice xenografts with oral, breast and skin
cancer HP163 reduces both tumor growth and a number of immunosuppressive cells [222].
Another small molecule AhR inhibitor—BAY218, used in the murine model—reduced
tumor growth and enhanced immune response by increasing the infiltration of CD8+ T
and NK cells with simultaneous reduction with regard to suppressive GR1+ myeloid cells
and M2 macrophages [223]. A significant activity toward M2 macrophages under AhR
inhibitor treatment was also observed by Garcia et al. [224]. They show in in vitro study
that IDE-AhRi-1 administration leads to the full arrest of M2 suppressive effect and the
enhancement of Tcell activity. The first clinical trial with the use of AhR inhibitor is in the
phase of recruiting patients, hence any clinical significance of this strategy will be known
in the future [225].

As observed, the whole KP is a very potent therapeutic target, however high hopes
connected with IDO1 or TDO2 inhibition up to date turn out to be promising in preclinical
tests and not highly effective in clinical practice. It is possible that the described complexity
of KP and the dual role of metabolites in cancerogenesis is a reason for this failure. It
shows how important it is to focus on further and detailed research on each TRP metabolite
to find a golden mean. Positive results of the preclinical test (although disappointing
in further steps) suggest that targeting KP is a potent strategy for the establishment of
alternative treatment and improvement of needs. Moreover, in clinical practice, KP has
one more application. Besides serving as a target for therapy, measurement of the level of
the circulating metabolites or Kyn/TRP ratio is used as a biomarker of occurring cancer
disease. Determination of these quantities in the blood or urine derived from patient
samples has been previously used to define the advancement of the disease and helped to
predict patient prognosis in the case of few cancer types, i.e., renal cell carcinoma, bladder
cancer, breast cancer, colon cancer, prostate cancer or gastroesophageal cancer [226–231].
This additionally emphasizes the usefulness of the practical application of the kynurenine
pathway in oncological diagnosis and treatment.

9. Other Aspects of TRP Metabolism

As mentioned at the beginning of this manuscript, KP is not the only pathway through
which TRP is metabolized. The importance of the serotonin pathway in the context of
enhancing oncogenesis has also increased significantly in recent years. The available
data indicate an increased growth of cancer cells under the influence of serotonin in
prostate cancer, breast cancer, small-cell lung cancer, colorectal cancer, cholangiocarcinoma,
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hepatocellular carcinoma, and glioma [232]. Moreover, the activity of this monoamine
has been associated with an intensified epithelial–mesenchymal transformation process,
increased cell migration abilities, and thus an increase in metastatic potential [233]. In
vascular endothelial cells, 5-HT activates angiogenic-signaling kinases, which confirms its
involvement in the vascularization of growing cancerous tumors [234,235]. In addition,
the discussed monoamine is also classified as an immunomodulator, however, its pro
and anti-tumor role are yet to be established. By affecting macrophages, it contributes
to the formation of the immunosuppressive M2 population, on the other hand, 5-HT
increases the cytotoxicity of natural killers, contributing to the increased eradication of
cancer cells [236]. The studies also showed increased proliferation of B lymphocytes
under the influence of 5-HT, however, their pro or antitumor effect exerted in the tumor
microenvironment is unclear [237,238]. A similar effect was observed on Tcell proliferation
after 5-HT stimulation [236]. The involvement of the serotonin pathway in cancerogenesis
is another extensive topic, and cannot be described in the given manuscript in detail.
Nevertheless, it is important to keep in mind that the role of TRP catabolism in cancer
development is not restricted to a kynurenine pathway.

10. Conclusions

The above information shows how extensive and complex the role of tryptophan
metabolism in modulating oncogenesis is. The world of science is facing an enormous
challenge that must be resolved in order to understand the role of this metabolic pathway
in cancer development. Despite the growing number of sources of information about
individuals’ role and their involvement in cancerogenesis, a lot of them are still a puzzle
and give an opportunity for further significant research. Overlapping immune mechanisms
and a classic well-known process of tumorigenesis additionally emphasize a need for
exploring the role of immunomodulators as tumor promotors or suppressors. Gaining
this knowledge may change the face of oncological treatment in the future and improve
patients’ survival and quality of life.
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35. Frydecka, I.; Kaczmarek, P.; Boćko, D.; Kosmaczewska, A.; Morilla, R.; Catovsky, D. Expression of signal-transducing zeta chain
in peripheral blood T cells and natural killer cells in patients with Hodgkin’s disease in different phases of the disease. Leuk.
Lymphoma 1999, 35, 545–554. [CrossRef] [PubMed]

36. Kim, H.R.; Park, J.S.; Fatima, Y.; Kausar, M.; Park, J.H.; Jun, C.D. Potentiating the Antitumor Activity of Cytotoxic T Cells via the
Transmembrane Domain of IGSF4 That Increases TCR Avidity. Front. Immunol. 2021, 11, 3667. [CrossRef]

37. Bono, M.R.; Fernández, D.; Flores-Santibáñez, F.; Rosemblatt, M.; Sauma, D. CD73 and CD39 ectonucleotidases in T cell
differentiation: Beyond immunosuppression. FEBS Lett. 2015, 589, 3454–3460. [CrossRef]

38. Hajizadeh, F.; Masjedi, A.; Asl, S.H.; Kiani, F.K.; Peydaveisi, M.; Ghalamfarsa, G.; Jadidi-Niaragh, F.; Sevbitov, A. Adenosine and
adenosine receptors in colorectal cancer. Int. Immunopharmacol. 2020, 87, 106853. [CrossRef]

39. Shi, L.; Wu, Z.; Miao, J.; Du, S.; Ai, S.; Xu, E.; Feng, M.; Song, J.; Guan, W. Adenosine interaction with adenosine receptor A2a
promotes gastric cancer metastasis by enhancing PI3K-AKT-mTOR signaling. Mol. Biol. Cell 2019, 30, 2527–2534. [CrossRef]

40. Yan, A.; Joachims, M.L.; Thompson, L.F.; Miller, A.D.; Canoll, P.D.; Bynoe, M.S. CD73 Promotes Glioblastoma Pathogenesis and
Enhances Its Chemoresistance via A2B Adenosine Receptor Signaling. J. Neurosci. 2019, 39, 4387–4402. [CrossRef]

41. Janssen, L.; Ramsay, E.E.; Logsdon, C.D.; Overwijk, W.W. The immune system in cancer metastasis: Friend or foe? J. Immunother.
Cancer 2017, 5, 1–14. [CrossRef]

42. Najafi, M.; Farhood, B.; Mortezaee, K. Contribution of regulatory T cells to cancer: A review. J. Cell. Physiol. 2019, 234, 7983–7993.
[CrossRef] [PubMed]

43. Zoso, A.; Mazza, E.M.; Bicciato, S.; Mandruzzato, S.; Bronte, V.; Serafini, P.; Inverardi, L. Human fibrocytic myeloid-derived
suppressor cells express IDO and promote tolerance via Treg-cell expansion. Eur. J. Immunol. 2014, 44, 3307–3319. [CrossRef]
[PubMed]

44. Shen, Z.; Zhou, S.; Wang, Y.; Li, R.L.; Zhong, C.; Liang, C.; Sun, Y. Higher intratumoral infiltrated Foxp3+ Treg numbers and
Foxp3+/CD8+ ratio are associated with adverse prognosis in resectable gastric cancer. J. Cancer Res. Clin. Oncol. 2010, 136,
1585–1595. [CrossRef] [PubMed]

45. Li, Y.Q.; Liu, F.F.; Zhang, X.M.; Guo, X.J.; Ren, M.J.; Fu, L. Tumor secretion of CCL22 activates intratumoral Treg infiltration and is
independent prognostic predictor of breast cancer. PLoS ONE 2013, 8, e76379. [CrossRef]

46. Liotta, F.; Gacci, M.; Frosali, F.; Querci, V.; Vittori, G.; Lapini, A.; Santarlasci, V.; Serni, S.; Cosmi, L.; Maggi, L.; et al. Frequency
of regulatory T cells in peripheral blood and in tumour-infiltrating lymphocytes correlates with poor prognosis in renal cell
carcinoma. BJU Int. 2011, 107, 1500–1506. [CrossRef]

47. Wang, D.; Yang, L.; Yu, W.; Wu, Q.; Lian, J.; Li, F.; Liu, S.; Li, A.; He, Z.; Liu, J.; et al. Colorectal cancer cell-derived CCL20 recruits
regulatory T cells to promote chemoresistance via FOXO1/CEBPB/NF-κB signaling. J. Immunother. Cancer 2019, 7, 1–15.
[CrossRef] [PubMed]

48. Velaei, K.; Samadi, N.; Barazvan, B.; Rad, J.S. Tumor microenvironment-mediated chemoresistance in breast cancer. Breast 2016,
30, 92–100. [CrossRef] [PubMed]

49. Erdman, S.E.; Rao, V.P.; Olipitz, W.; Taylor, C.L.; Jackson, E.A.; Levkovich, T.; Lee, C.W.; Horwitz, B.H.; Fox, J.G.; Ge, Z.; et al.
Unifying roles for regulatory T cells and inflammation in cancer. Int. J. Cancer 2010, 126, 1651–1665. [CrossRef] [PubMed]

50. Whiteside, T.L. What are regulatory T cells (Treg) regulating in cancer and why? Semin. Cancer Biol. 2012, 22, 327–334. [CrossRef]
51. Sato, E.; Olson, S.H.; Ahn, J.; Bundy, B.; Nishikawa, H.; Qian, F.; Jungbluth, A.A.; Frosina, D.; Gnjatic, S.; Ambrosone, C.; et al.

Intraepithelial CD8+ tumor-infiltrating lymphocytes and a high CD8+/regulatory T cell ratio are associated with favorable
prognosis in ovarian cancer. Proc. Natl. Acad. Sci. USA 2005, 102, 18538–18543. [CrossRef]

52. Jordanova, E.S.; Gorter, A.; Ayachi, O.; Prins, F.; Durrant, L.G.; Kenter, G.G.; van der Burg, S.H.; Fleuren, G.J. Human leukocyte
antigen class I, MHC class I chain-related molecule A, and CD8+/regulatory T-cell ratio: Which variable determines survival of
cervical cancer patients? Clin. Cancer Res. 2008, 14, 2028–2035. [CrossRef] [PubMed]

53. Arias, D.A.A.; Kim, H.J.; Zhou, P.; Holderried, T.A.; Wang, X.; Dranoff, G.; Cantor, H. Disruption of CD8+ Treg activity results in
expansion of T follicular helper cells and enhanced antitumor immunity. Cancer Immunol. Res. 2014, 2, 207–216. [CrossRef]

54. Zhang, W.; Mao, S.; Shi, D.; Zhang, J.; Zhang, Z.; Guo, Y.; Wu, Y.; Wang, R.; Wang, L.; Huang, Y.; et al. MicroRNA-153 Decreases
Tryptophan Catabolism and Inhibits Angiogenesis in Bladder Cancer by Targeting Indoleamine 2,3-Dioxygenase 1. Front. Oncol.
2019, 9, 619. [CrossRef]

55. Pan, J.; Yuan, K.; Peng, S.; Huang, Y.; Zhang, Y.; Hu, Y.; Feng, Y.; Shi, Y.; Liu, Y.; Wang, H.; et al. Gene silencing of indoleamine
2,3-dioxygenase hinders tumor growth through angiogenesis inhibition. Int. J. Oncol. 2017, 50, 2136–2144. [CrossRef] [PubMed]

56. Mondal, A.; Smith, C.; DuHadaway, J.B.; Sutanto-Ward, E.; Prendergast, G.C.; Bravo-Nuevo, A.; Muller, A.J. IDO1 is an Integral
Mediator of Inflammatory Neovascularization. EBioMedicine 2016, 14, 74–82. [CrossRef]

57. Terai, M.; Londin, E.; Rochani, A.; Link, E.; Lam, B.; Kaushal, G.; Bhushan, A.; Orloff, M.; Sato, T. Expression of Tryptophan
2,3-Dioxygenase in Metastatic Uveal Melanoma. Cancers 2020, 12, 405. [CrossRef] [PubMed]

58. Liu, Q.; Zhai, J.; Kong, X.; Wang, X.; Wang, Z.; Fang, Y.; Wang, J. Comprehensive Analysis of the Expressionand Prognosis for
TDO2 in Breast Cancer. Mol. Ther. Oncolytics 2020, 17, 153–168. [CrossRef] [PubMed]

59. Hsu, Y.L.; Hung, J.Y.; Chiang, S.Y.; Jian, S.F.; Wu, C.Y.; Lin, Y.S.; Tsai, Y.M.; Chou, S.H.; Tsai, M.J.; Kuo, P.L. Lung cancer-
derived galectin-1 contributes to cancer associated fibroblast-mediated cancer progression and immune suppression through
TDO2/kynurenine axis. Oncotarget 2016, 7, 27584–27598. [CrossRef]

http://doi.org/10.1080/10428199909169619
http://www.ncbi.nlm.nih.gov/pubmed/10609792
http://doi.org/10.3389/fimmu.2020.591054
http://doi.org/10.1016/j.febslet.2015.07.027
http://doi.org/10.1016/j.intimp.2020.106853
http://doi.org/10.1091/mbc.E19-03-0136
http://doi.org/10.1523/JNEUROSCI.1118-18.2019
http://doi.org/10.1186/s40425-017-0283-9
http://doi.org/10.1002/jcp.27553
http://www.ncbi.nlm.nih.gov/pubmed/30317612
http://doi.org/10.1002/eji.201444522
http://www.ncbi.nlm.nih.gov/pubmed/25113564
http://doi.org/10.1007/s00432-010-0816-9
http://www.ncbi.nlm.nih.gov/pubmed/20221835
http://doi.org/10.1371/journal.pone.0076379
http://doi.org/10.1111/j.1464-410X.2010.09555.x
http://doi.org/10.1186/s40425-019-0701-2
http://www.ncbi.nlm.nih.gov/pubmed/31395078
http://doi.org/10.1016/j.breast.2016.09.002
http://www.ncbi.nlm.nih.gov/pubmed/27668856
http://doi.org/10.1002/ijc.24923
http://www.ncbi.nlm.nih.gov/pubmed/19795459
http://doi.org/10.1016/j.semcancer.2012.03.004
http://doi.org/10.1073/pnas.0509182102
http://doi.org/10.1158/1078-0432.CCR-07-4554
http://www.ncbi.nlm.nih.gov/pubmed/18381941
http://doi.org/10.1158/2326-6066.CIR-13-0121
http://doi.org/10.3389/fonc.2019.00619
http://doi.org/10.3892/ijo.2017.3975
http://www.ncbi.nlm.nih.gov/pubmed/28498425
http://doi.org/10.1016/j.ebiom.2016.11.013
http://doi.org/10.3390/cancers12020405
http://www.ncbi.nlm.nih.gov/pubmed/32050636
http://doi.org/10.1016/j.omto.2020.03.013
http://www.ncbi.nlm.nih.gov/pubmed/32346606
http://doi.org/10.18632/oncotarget.8488


Cancers 2021, 13, 2667 19 of 25

60. Venmar, K.T.; Carter, K.J.; Hwang, D.G.; Dozier, E.A.; Fingleton, B. IL4 receptor ILR4α regulates metastatic colonization by
mammary tumors through multiple signaling pathways. Cancer Res. 2014, 74, 4329–4340. [CrossRef]

61. Jiang, L.; Cheng, Q.; Zhang, B.; Zhang, M. IL-13 induces the expression of 11βHSD2 in IL-13Rα2 dependent manner and promotes
the malignancy of colorectal cancer. Am. J. Transl. Res. 2016, 8, 1064–1072.

62. Suzuki, A.; Leland, P.; Joshi, B.H.; Puri, R.K. Targeting of IL-4 and IL-13 receptors for cancer therapy. Cytokine 2015, 75, 79–88.
[CrossRef]

63. Guruprasath, P.; Kim, J.; Gunassekaran, G.R.; Chi, L.; Kim, S.; Park, R.W.; Kim, S.H.; Baek, M.C.; Bae, S.M.; Kim, S.Y.; et al.
Interleukin-4 receptor-targeted delivery of Bcl-xL siRNA sensitizes tumors to chemotherapy and inhibits tumor growth. Biomate-
rials 2017, 142, 101–111. [CrossRef]

64. Hallett, M.A.; Venmar, K.T.; Fingleton, B. Cytokine stimulation of epithelial cancer cells: The similar and divergent functions of
IL-4 and IL-13. Cancer Res. 2012, 72, 6338–6343. [CrossRef] [PubMed]

65. Venmar, K.T.; Kimmel, D.W.; Cliffel, D.E.; Fingleton, B. IL4 receptor α mediates enhanced glucose and glutamine metabolism to
support breast cancer growth. Biochim. Biophys. Acta 2015, 1853, 1219–1228. [CrossRef]

66. Monteran, L.; Erez, N. The Dark Side of Fibroblasts: Cancer-Associated Fibroblasts as Mediators of Immunosuppression in the
Tumor Microenvironment. Front. Immunol. 2019, 10, 1835. [CrossRef] [PubMed]

67. Ma, X.; Wu, D.; Zhou, S.; Wan, F.; Liu, H.; Xu, X.; Xu, X.; Zhao, Y.; Tang, M. The pancreatic cancer secreted REG4 promotes
macrophage polarization to M2 through EGFR/AKT/CREB pathway. Oncol. Rep. 2016, 35, 189–196. [CrossRef]

68. Cao, L.; Che, X.; Qiu, X.; Li, Z.; Yang, B.; Wang, S.; Hou, K.; Fan, Y.; Qu, X.; Liu, Y. M2 macrophage infiltration into tumor islets
leads to poor prognosis in non-small-cell lung cancer. Cancer Manag. Res. 2019, 11, 6125–6138. [CrossRef] [PubMed]

69. Hu, H.; Hang, J.J.; Han, T.; Zhuo, M.; Jiao, F.; Wang, L.W. The M2 phenotype of tumor-associated macrophages in the stroma
confers a poor prognosis in pancreatic cancer. Tumour Biol. 2016, 37, 8657–8664. [CrossRef]

70. Yuan, X.; Zhang, J.; Li, D.; Mao, Y.; Mo, F.; Du, W.; Ma, X. Prognostic significance of tumor-associated macrophages in ovarian
cancer: A meta-analysis. Gynecol. Oncol. 2017, 147, 181–187. [CrossRef] [PubMed]

71. Räihä, M.R.; Puolakkainen, P.A. Tumor-associated macrophages (TAMs) as biomarkers for gastric cancer: A review. Chronic Dis.
Transl. Med. 2018, 4, 156–163. [CrossRef] [PubMed]

72. Salmaninejad, A.; Valilou, S.F.; Soltani, A.; Ahmadi, S.; Abarghan, Y.J.; Rosengren, R.J.; Sahebkar, A. Tumor-associated
macrophages: Role in cancer development and therapeutic implications. Cell. Oncol. 2019, 42, 591–608. [CrossRef] [PubMed]

73. Fu, L.Q.; Du, W.L.; Cai, M.H.; Yao, J.Y.; Zhao, Y.Y.; Mou, X.Z. The roles of tumor-associated macrophages in tumor angiogenesis
and metastasis. Cell. Immunol. 2020, 353, 104119. [CrossRef]

74. Komohara, Y.; Horlad, H.; Ohnishi, K.; Fujiwara, Y.; Bai, B.; Nakagawa, T.; Suzu, S.; Nakamura, H.; Kuratsu, J.; Takeya, M.
Importance of direct macrophage-tumor cell interaction on progression of human glioma. Cancer Sci. 2012, 103, 2165–2172.
[CrossRef] [PubMed]

75. Komohara, Y.; Hasita, H.; Ohnishi, K.; Fujiwara, Y.; Suzu, S.; Eto, M.; Takeya, M. Macrophage infiltration and its prognostic
relevance in clear cell renal cell carcinoma. Cancer Sci. 2011, 102, 1424–1431. [CrossRef]

76. Aras, S.; Zaidi, M.R. TAMeless traitors: Macrophages in cancer progression and metastasis. Br. J. Cancer 2017, 117, 1583–1591.
[CrossRef] [PubMed]

77. Hu, Y.; He, M.Y.; Zhu, L.F.; Yang, C.C.; Zhou, M.L.; Wang, Q.; Zhang, W.; Zheng, Y.Y.; Wang, D.M.; Xu, Z.Q.; et al. Tumor-
associated macrophages correlate with the clinicopathological features and poor outcomes via inducing epithelial to mesenchymal
transition in oral squamous cell carcinoma. J. Exp. Clin. Cancer Res. 2016, 35, 1–19. [CrossRef] [PubMed]

78. Vinnakota, K.; Zhang, Y.; Selvanesan, B.C.; Topi, G.; Salim, T.; Sand-Dejmek, J.; Jönsson, G.; Sjölander, A. M2-like macrophages
induce colon cancer cell invasion via matrix metalloproteinases. J. Cell. Physiol. 2017, 232, 3468–3480. [CrossRef] [PubMed]

79. Chanmee, T.; Ontong, P.; Konno, K.; Itano, N. Tumor-associated macrophages as major players in the tumor microenvironment.
Cancers 2014, 6, 1670–1690. [CrossRef]

80. Fields, G.B. Mechanisms of Action of Novel Drugs Targeting Angiogenesis-Promoting Matrix Metalloproteinases. Front. Immunol.
2019, 10, 1278. [CrossRef]

81. Lan, J.; Sun, L.; Xu, F.; Liu, L.; Hu, F.; Song, D.; Hou, Z.; Wu, W.; Luo, X.; Wang, J.; et al. M2 Macrophage-Derived Exosomes
Promote Cell Migration and Invasion in Colon Cancer. Cancer Res. 2019, 79, 146–158. [CrossRef]

82. Zheng, P.; Luo, Q.; Wang, W.; Li, J.; Wang, T.; Wang, P.; Chen, L.; Zhang, P.; Chen, H.; Liu, Y.; et al. Tumor-associated macrophages-
derived exosomes promote the migration of gastric cancer cells by transfer of functional Apolipoprotein E. Cell Death Dis. 2018, 9,
1–14. [CrossRef] [PubMed]

83. Wu, J.; Gao, W.; Tang, Q.; Yu, Y.; You, W.; Wu, Z.; Fan, Y.; Zhang, L.; Wu, C.; Han, G.; et al. M2 macrophage-derived exosomes
facilitate hepatocarcinoma metastasis by transferring αM β2 integrin to tumor cells. Hepatology 2020. [CrossRef]

84. Ireland, L.V.; Mielgo, A. Macrophages and Fibroblasts, Key Players in Cancer Chemoresistance. Front. Cell Dev. Biol. 2018, 6, 131.
[CrossRef]

85. An, Y.; Yang, Q. MiR-21 modulates the polarization of macrophages and increases the effects of M2 macrophages on promoting
the chemoresistance of ovarian cancer. Life Sci. 2020, 242, 117162. [CrossRef] [PubMed]

86. Zhao, P.; Yin, W.; Wu, A.; Tang, Y.; Wang, J.; Pan, Z.; Lin, T.; Zhang, M.; Chen, B.; Duan, Y.; et al. Dual-targeting to Cancer Cells
and M2 macrophages via Biomimetic Delivery of Mannosylated Albumine Nanoparticles for Drug-Resistant Cancer Therapy.
Adv. Funct. Mater. 2017, 27, 1700403. [CrossRef]

http://doi.org/10.1158/0008-5472.CAN-14-0093
http://doi.org/10.1016/j.cyto.2015.05.026
http://doi.org/10.1016/j.biomaterials.2017.07.024
http://doi.org/10.1158/0008-5472.CAN-12-3544
http://www.ncbi.nlm.nih.gov/pubmed/23222300
http://doi.org/10.1016/j.bbamcr.2015.02.020
http://doi.org/10.3389/fimmu.2019.01835
http://www.ncbi.nlm.nih.gov/pubmed/31428105
http://doi.org/10.3892/or.2015.4357
http://doi.org/10.2147/CMAR.S199832
http://www.ncbi.nlm.nih.gov/pubmed/31308749
http://doi.org/10.1007/s13277-015-4741-z
http://doi.org/10.1016/j.ygyno.2017.07.007
http://www.ncbi.nlm.nih.gov/pubmed/28698008
http://doi.org/10.1016/j.cdtm.2018.07.001
http://www.ncbi.nlm.nih.gov/pubmed/30276362
http://doi.org/10.1007/s13402-019-00453-z
http://www.ncbi.nlm.nih.gov/pubmed/31144271
http://doi.org/10.1016/j.cellimm.2020.104119
http://doi.org/10.1111/cas.12015
http://www.ncbi.nlm.nih.gov/pubmed/22957741
http://doi.org/10.1111/j.1349-7006.2011.01945.x
http://doi.org/10.1038/bjc.2017.356
http://www.ncbi.nlm.nih.gov/pubmed/29065107
http://doi.org/10.1186/s13046-015-0281-z
http://www.ncbi.nlm.nih.gov/pubmed/26769084
http://doi.org/10.1002/jcp.25808
http://www.ncbi.nlm.nih.gov/pubmed/28098359
http://doi.org/10.3390/cancers6031670
http://doi.org/10.3389/fimmu.2019.01278
http://doi.org/10.1158/0008-5472.CAN-18-0014
http://doi.org/10.1038/s41419-018-0465-5
http://www.ncbi.nlm.nih.gov/pubmed/29567987
http://doi.org/10.1002/hep.31432
http://doi.org/10.3389/fcell.2018.00131
http://doi.org/10.1016/j.lfs.2019.117162
http://www.ncbi.nlm.nih.gov/pubmed/31837336
http://doi.org/10.1002/adfm.201700403


Cancers 2021, 13, 2667 20 of 25

87. D’Amato, N.C.; Rogers, T.J.; Gordon, M.A.; Greene, L.I.; Cochrane, D.R.; Spoelstra, N.S.; Nemkov, T.G.; D’Alessandro, A.; Hansen,
K.C.; Richer, J.K. A TDO2-AhR signaling axis facilitates anoikis resistance and metastasis in triple-negative breast cancer. Cancer
Res. 2015, 75, 4651–4664. [CrossRef]

88. Mottahedeh, J.; Haffner, M.C.; Grogan, T.R.; Hashimoto, T.; Crowell, P.D.; Beltran, H.; Sboner, A.; Bareja, R.; Esopi, D.; Isaacs,
W.B.; et al. CD38 is methylated in prostate cancer and regulates extracellular NAD. Cancer Metab. 2018, 6, 1–17. [CrossRef]

89. Lv, H.; Lv, G.; Chen, C.; Zong, Q.; Jiang, G.; Ye, D.; Cui, X.; He, Y.; Xiang, W.; Han, Q.; et al. NAD+ Metabolism Maintains
Inducible PD-L1 Expression to Drive Tumor Immune Evasion. Cell Metab. 2021, 33, 110–127.e5. [CrossRef] [PubMed]

90. Mandai, M.; Hamanishi, J.; Abiko, K.; Matsumura, N.; Baba, T.; Konishi, I. Dual Faces of IFNγ in Cancer Progression: A Role of
PD-L1 Induction in the Determination of Pro- and Antitumor Immunity. Clin. Cancer Res. 2016, 22, 2329–2334. [CrossRef]

91. Zhu, X.; Lang, J. Soluble PD-1 and PD-L1: Predictive and prognostic significance in cancer. Oncotarget 2017, 8, 97671–97682.
[CrossRef]

92. Ock, C.Y.; Kim, S.; Keam, B.; Kim, M.; Kim, T.M.; Kim, J.H.; Jeon, Y.K.; Lee, J.S.; Kwon, S.K.; Hah, J.H.; et al. PD-L1 expression is
associated with epithelial-mesenchymal transition in head and neck squamous cell carcinoma. Oncotarget 2016, 7, 15901–15914.
[CrossRef]

93. Kim, S.; Koh, J.; Kim, M.Y.; Kwon, D.; Go, H.; Kim, Y.A.; Jeon, Y.K.; Chung, D.H. PD-L1 expression is associated with epithelial-to-
mesenchymal transition in adenocarcinoma of the lung. Hum. Pathol. 2016, 58, 7–14. [CrossRef] [PubMed]

94. Chen, L.; Xiong, Y.; Li, J.; Zheng, X.; Zhou, Q.; Turner, A.; Wu, C.; Lu, B.; Jiang, J. PD-L1 Expression Promotes Epithelial to
Mesenchymal Transition in Human Esophageal Cancer. Cell. Physiol. Biochem. 2017, 42, 2267–2280. [CrossRef] [PubMed]

95. Wang, Y.; Wang, H.; Zhao, Q.; Xia, Y.; Hu, X.; Guo, J. PD-L1 induces epithelial-to-mesenchymal transition via activating SREBP-1c
in renal cell carcinoma. Med. Oncol. 2015, 32, 1–7. [CrossRef]

96. Clark, C.A.; Gupta, H.B.; Sareddy, G.; Pandeswara, S.; Lao, S.; Yuan, B.; Drerup, J.M.; Padron, A.; Conejo-Garcia, J.; Murthy, K.;
et al. Tumor-Intrinsic PD-L1 Signals Regulate Cell Growth, Pathogenesis, and Autophagy in Ovarian Cancer and Melanoma.
Cancer Res. 2016, 76, 6964–6974. [CrossRef] [PubMed]

97. Qiu, X.Y.; Hu, D.X.; Chen, W.Q.; Chen, R.Q.; Qian, S.R.; Li, C.Y.; Li, Y.J.; Xiong, X.X.; Liu, D.; Pan, F.; et al. PD-L1 confers
glioblastoma multiforme malignancy via Ras binding and Ras/Erk/EMT activation. Biochimica et biophysica acta. Mol. Basis
Dis. 2018, 1864, 1754–1769. [CrossRef]

98. Mandarano, M.; Bellezza, G.; Belladonna, M.L.; Vannucci, J.; Gili, A.; Ferri, I.; Lupi, C.; Ludovini, V.; Falabella, G.; Metro, G.; et al.
Indoleamine 2,3-Dioxygenase 2 Immunohistochemical Expression in Resected Human Non-small Cell Lung Cancer: A Potential
New Prognostic Tool. Front. Immunol. 2020, 11, 839. [CrossRef]

99. Navas, L.E.; Carnero, A. NAD+ metabolism, stemness, the immune response, and cancer. Signal Transduct. Target. Ther. 2021, 6,
1–20. [CrossRef] [PubMed]

100. Chen, L.B.; Zhu, S.P.; Liu, T.P.; Zhao, H.; Chen, P.F.; Duan, Y.J.; Hu, R. Cancer Associated Fibroblasts Promote Renal Cancer
Progression Through a TDO/Kyn/AhR Dependent Signaling Pathway. Front. Oncol. 2021, 11, 905. [CrossRef]

101. Li, L.; Wang, T.; Li, S.; Chen, Z.; Wu, J.; Cao, W.; Wo, Q.; Qin, X.; Xu, J. TDO2 Promotes the EMT of Hepatocellular Carcinoma
Through Kyn-AhR Pathway. Front. Oncol. 2021, 10, 3008. [CrossRef]

102. Du, L.; Xing, Z.; Tao, B.; Li, T.; Yang, D.; Li, W.; Zheng, Y.; Kuang, C.; Yang, Q. Both IDO1 and TDO contribute to the malignancy
of gliomas via the Kyn-AhR-AQP4 signaling pathway. Signal Transduct. Target. Ther. 2020, 5, 1–13. [CrossRef] [PubMed]

103. Papadopoulos, M.C.; Saadoun, S.; Verkman, A.S. Aquaporins and cell migration. Pflug. Arch. 2008, 456, 693–700. [CrossRef]
[PubMed]

104. Hermanowicz, J.M.; Kwiatkowska, I.; Pawlak, D. Important players in carcinogenesis as potential targets in cancer therapy: An
update. Oncotarget 2020, 11, 3078–3101. [CrossRef] [PubMed]

105. Nico, B.; Ribatti, D. Aquaporins in tumor growth and angiogenesis. Cancer Lett. 2010, 294, 135–138. [CrossRef] [PubMed]
106. Ding, T.; Ma, Y.; Li, W.; Liu, X.; Ying, G.; Fu, L.; Gu, F. Role of aquaporin-4 in the regulation of migration and invasion of human

glioma cells. Int. J. Oncol. 2011, 38, 1521–1531. [CrossRef] [PubMed]
107. Bekki, K.; Vogel, H.; Li, W.; Ito, T.; Sweeney, C.; Haarmann-Stemmann, T.; Matsumura, F.; Vogel, C.F. The aryl hydrocarbon

receptor (AhR) mediates resistance to apoptosis induced in breast cancer cells. Pestic. Biochem. Physiol. 2015, 120, 5–13. [CrossRef]
[PubMed]

108. Liu, Y.; Liang, X.; Yin, X.; Lv, J.; Tang, K.; Ma, J.; Ji, T.; Zhang, H.; Dong, W.; Jin, X.; et al. Blockade of IDO-kynurenine-AhR
metabolic circuitry abrogates IFN-γ-induced immunologic dormancy of tumor-repopulating cells. Nat. Commun. 2017, 8, 1–15.
[CrossRef] [PubMed]

109. Shi, J.; Wand, Q.; Yang, L.; Liu, Q.; Ju, R.; Guo, L.; Ye, C.; Zhang, D. Blockade of IDO-kynurenine-AhR pathway promotes cell
apoptosis in carboxyamidotriazole induced tumor cell dormancy apoptosis oscillation. ResearchSquare 2020. [CrossRef]

110. Liu, Y.; Liang, X.; Dong, W.; Fang, Y.; Lv, J.; Zhang, T.; Fiskesund, R.; Xie, J.; Liu, J.; Yin, X.; et al. Tumor-Repopulating Cells Induce
PD-1 Expression in CD8+ T Cells by Transferring Kynurenine and AhR Activation. Cancer Cell 2018, 33, 480–494.e7. [CrossRef]

111. Li, Q.; Harden, J.L.; Anderson, C.D.; Egilmez, N.K. Tolerogenic Phenotype of IFN-γ-Induced IDO+ Dendritic Cells Is Maintained
via an Autocrine IDO-Kynurenine/AhR-IDO Loop. J. Immunol. 2016, 197, 962–970. [CrossRef] [PubMed]

112. Mezrich, J.D.; Fechner, J.H.; Zhang, X.; Johnson, B.P.; Burlingham, W.J.; Bradfield, C.A. An interaction between kynurenine and
the aryl hydrocarbon receptor can generate regulatory T cells. J. Immunol. 2010, 185, 3190–3198. [CrossRef]

http://doi.org/10.1158/0008-5472.CAN-15-2011
http://doi.org/10.1186/s40170-018-0186-3
http://doi.org/10.1016/j.cmet.2020.10.021
http://www.ncbi.nlm.nih.gov/pubmed/33171124
http://doi.org/10.1158/1078-0432.CCR-16-0224
http://doi.org/10.18632/oncotarget.18311
http://doi.org/10.18632/oncotarget.7431
http://doi.org/10.1016/j.humpath.2016.07.007
http://www.ncbi.nlm.nih.gov/pubmed/27473266
http://doi.org/10.1159/000480000
http://www.ncbi.nlm.nih.gov/pubmed/28848143
http://doi.org/10.1007/s12032-015-0655-2
http://doi.org/10.1158/0008-5472.CAN-16-0258
http://www.ncbi.nlm.nih.gov/pubmed/27671674
http://doi.org/10.1016/j.bbadis.2018.03.002
http://doi.org/10.3389/fimmu.2020.00839
http://doi.org/10.1038/s41392-020-00354-w
http://www.ncbi.nlm.nih.gov/pubmed/33384409
http://doi.org/10.3389/fonc.2021.628821
http://doi.org/10.3389/fonc.2020.562823
http://doi.org/10.1038/s41392-019-0103-4
http://www.ncbi.nlm.nih.gov/pubmed/32296044
http://doi.org/10.1007/s00424-007-0357-5
http://www.ncbi.nlm.nih.gov/pubmed/17968585
http://doi.org/10.18632/oncotarget.27689
http://www.ncbi.nlm.nih.gov/pubmed/32850012
http://doi.org/10.1016/j.canlet.2010.02.005
http://www.ncbi.nlm.nih.gov/pubmed/20199845
http://doi.org/10.3892/ijo.2011.983
http://www.ncbi.nlm.nih.gov/pubmed/21424125
http://doi.org/10.1016/j.pestbp.2014.12.021
http://www.ncbi.nlm.nih.gov/pubmed/25987214
http://doi.org/10.1038/ncomms15207
http://www.ncbi.nlm.nih.gov/pubmed/28488695
http://doi.org/10.21203/rs.3.rs-66224/v1
http://doi.org/10.1016/j.ccell.2018.02.005
http://doi.org/10.4049/jimmunol.1502615
http://www.ncbi.nlm.nih.gov/pubmed/27316681
http://doi.org/10.4049/jimmunol.0903670


Cancers 2021, 13, 2667 21 of 25

113. DiNatale, B.C.; Murray, I.A.; Schroeder, J.C.; Flaveny, C.A.; Lahoti, T.S.; Laurenzana, E.M.; Omiecinski, C.J.; Perdew, G.H.
Kynurenic acid is a potent endogenous aryl hydrocarbon receptor ligand that synergistically induces interleukin-6 in the presence
of inflammatory signaling. Toxicol. Sci. 2010, 115, 89–97. [CrossRef] [PubMed]

114. Sullivan, N.J.; Sasser, A.K.; Axel, A.E.; Vesuna, F.; Raman, V.; Ramirez, N.; Oberyszyn, T.M.; Hall, B.M. Interleukin-6 induces an
epithelial-mesenchymal transition phenotype in human breast cancer cells. Oncogene 2009, 28, 2940–2947. [CrossRef] [PubMed]

115. Sansone, P.; Storci, G.; Tavolari, S.; Guarnieri, T.; Giovannini, C.; Taffurelli, M.; Ceccarelli, C.; Santini, D.; Paterini, P.; Marcu, K.B.;
et al. IL-6 triggers malignant features in mammospheres from human ductal breast carcinoma and normal mammary gland. J.
Clin. Investig. 2007, 117, 3988–4002. [CrossRef]

116. Ortiz-Montero, P.; Londoño-Vallejo, A.; Vernot, J.P. Senescence-associated IL-6 and IL-8 cytokines induce a self- and cross-
reinforced senescence/inflammatory milieu strengthening tumorigenic capabilities in the MCF-7 breast cancer cell line. Cell
Commun. Signal. 2017, 15, 1–18. [CrossRef]

117. Wu, P.Y.; Yu, I.S.; Lin, Y.C.; Chang, Y.T.; Chen, C.C.; Lin, K.H.; Tseng, T.H.; Kargren, M.; Tai, Y.L.; Shen, T.L.; et al. Activation
of Aryl Hydrocarbon Receptor by Kynurenine Impairs Progression and Metastasis of Neuroblastoma. Cancer Res. 2019, 79,
5550–5562. [CrossRef] [PubMed]

118. Fan, Y.; Boivin, G.P.; Knudsen, E.S.; Nebert, D.W.; Xia, Y.; Puga, A. The aryl hydrocarbon receptor functions as a tumor suppressor
of liver carcinogenesis. Cancer Res. 2010, 70, 212–220. [CrossRef] [PubMed]

119. Yamaguchi, M.; Hankinson, O. 2,3,7,8 tetrachlorodibenzo p dioxin suppresses the growth of human colorectal cancer cells in vitro:
Implication of the aryl hydrocarbon receptor signaling. Int. J. Oncol. 2019, 54, 1422–1432. [CrossRef] [PubMed]

120. Contador-Troca, M.; Alvarez-Barrientos, A.; Barrasa, E.; Rico-Leo, E.M.; Catalina-Fernández, I.; Menacho-Márquez, M.; Bustelo,
X.R.; García-Borrón, J.C.; Gómez-Durán, A.; Sáenz-Santamaría, J.; et al. The dioxin receptor has tumor suppressor activity in
melanoma growth and metastasis. Carcinogenesis 2013, 34, 2683–2693. [CrossRef]

121. Yu, J.; Feng, Y.; Wang, Y.; An, R. Aryl hydrocarbon receptor enhances the expression of miR-150-5p to suppress in prostate cancer
progression by regulating MAP3K12. Arch. Biochem. Biophys. 2018, 654, 47–54. [CrossRef]

122. Huang, J.Y.; Larose, T.L.; Luu, H.N.; Wang, R.; Fanidi, A.; Alcala, K.; Stevens, V.L.; Weinstein, S.J.; Albanes, D.; Caporaso, N.E.;
et al. Circulating markers of cellular immune activation in prediagnostic blood sample and lung cancer risk in the Lung Cancer
Cohort Consortium (LC3). Int. J. Cancer 2020, 146, 2394–2405. [CrossRef]

123. Cheng, X.; Liu, X.; Liu, X.; Guo, Z.; Sun, H.; Zhang, M.; Ji, Z.; Sun, W. Metabolomics of Non-muscle Invasive Bladder Cancer:
Biomarkers for Early Detection of Bladder Cancer. Front. Oncol. 2018, 8, 494. [CrossRef]

124. Hiraku, Y.; Inoue, S.; Oikawa, S.; Yamamoto, K.; Tada, S.; Nishino, K.; Kawanishi, S. Metal-mediated oxidative damage to cellular
and isolated DNA by certain tryptophan metabolites. Carcinogenesis 1995, 16, 349–356. [CrossRef] [PubMed]

125. Kwiatkowska, I.; Hermanowicz, J.M.; Mysliwiec, M.; Pawlak, D. Oxidative Storm Induced by Tryptophan Metabolites: Missing
Link between Atherosclerosis and Chronic Kidney Disease. Oxid. Med. Cell. Longev. 2020, 2020, 6656033. [CrossRef]

126. Song, H.; Park, H.; Kim, Y.S.; Kim, K.D.; Lee, H.K.; Cho, D.H.; Yang, J.W.; Hur, D.Y. L-kynurenine-induced apoptosis in human
NK cells is mediated by reactive oxygen species. Int. Immunopharmacol. 2011, 11, 932–938. [CrossRef] [PubMed]

127. Guillerey, C.; Smyth, M.J. NK Cells and Cancer Immunoediting. Curr. Top. Microbiol. Immunol. 2016, 395, 115–145. [CrossRef]
128. Chockley, P.J.; Chen, J.; Chen, G.; Beer, D.G.; Standiford, T.J.; Keshamouni, V.G. Epithelial-mesenchymal transition leads to NK

cell-mediated metastasis-specific immunosurveillance in lung cancer. J. Clin. Investig. 2018, 128, 1384–1396. [CrossRef] [PubMed]
129. Shimaoka, H.; Takeno, S.; Maki, K.; Sasaki, T.; Hasegawa, S.; Yamashita, Y. A cytokine signal inhibitor for rheumatoid arthritis

enhances cancer metastasis via depletion of NK cells in an experimental lung metastasis mouse model of colon cancer. Oncol. Lett.
2017, 14, 3019–3027. [CrossRef]

130. Aydin, E.; Johansson, J.; Nazir, F.H.; Hellstrand, K.; Martner, A. Role of NOX2-Derived Reactive Oxygen Species in NK Cell-
Mediated Control of Murine Melanoma Metastasis. Cancer Immunol. Res. 2017, 5, 804–811. [CrossRef] [PubMed]

131. Luis-García, E.R.; Limón-Pacheco, J.H.; Serrano-García, N.; Hernández-Pérez, A.D.; Pedraza-Chaverri, J.; Orozco-Ibarra, M.
Sulforaphane prevents quinolinic acid-induced mitochondrial dysfunction in rat striatum. J. Biochem. Mol. Toxicol. 2017,
31, e21837. [CrossRef]

132. Guerra, F.; Guaragnella, N.; Arbini, A.A.; Bucci, C.; Giannattasio, S.; Moro, L. Mitochondrial Dysfunction: A Novel Potential
Driver of Epithelial-to-Mesenchymal Transition in Cancer. Front. Oncol. 2017, 7, 295. [CrossRef]

133. Bishnupuri, K.S.; Alvarado, D.M.; Khouri, A.N.; Shabsovich, M.; Chen, B.; Dieckgraefe, B.K.; Ciorba, M.A. IDO1 and Kynurenine
Pathway Metabolites Activate PI3K-Akt Signaling in the Neoplastic Colon Epithelium to Promote Cancer Cell Proliferation and
Inhibit Apoptosis. Cancer Res. 2019, 79, 1138–1150. [CrossRef]

134. Zhang, Z.X.; Zhang, W.N.; Sun, Y.Y.; Li, Y.H.; Xu, Z.M.; Fu, W.N. CREB promotes laryngeal cancer cell migration via
MYCT1/NAT10 axis. OncoTargets Ther. 2018, 11, 1323–1331. [CrossRef] [PubMed]

135. Wang, X.; Ren, Y.; Zhuang, H.; Meng, X.; Huang, S.; Li, Y.; Hehir, M.; Wang, P. Decrease of phosphorylated proto-oncogene CREB
at Ser 133 site inhibits growth and metastatic activity of renal cell cancer. Expert Opin. Ther. Targets 2015, 19, 985–995. [CrossRef]

136. Kankanamalage, S.G.; Karra, A.S.; Cobb, M.H. WNK pathways in cancer signaling networks. Cell Commun. Signal. 2018, 16, 1–16.
[CrossRef]

137. Wang, J.; Simonavicius, N.; Wu, X.; Swaminath, G.; Reagan, J.; Tian, H.; Ling, L. Kynurenic acid as a ligand for orphan G
protein-coupled receptor GPR35. J. Biol. Chem. 2006, 281, 22021–22028. [CrossRef] [PubMed]

138. Deng, H.; Hu, H.; Fang, Y. Tyrphostin analogs are GPR35 agonists. FEBS Lett. 2011, 585, 1957–1962. [CrossRef] [PubMed]

http://doi.org/10.1093/toxsci/kfq024
http://www.ncbi.nlm.nih.gov/pubmed/20106948
http://doi.org/10.1038/onc.2009.180
http://www.ncbi.nlm.nih.gov/pubmed/19581928
http://doi.org/10.1172/JCI32533
http://doi.org/10.1186/s12964-017-0172-3
http://doi.org/10.1158/0008-5472.CAN-18-3272
http://www.ncbi.nlm.nih.gov/pubmed/31431462
http://doi.org/10.1158/0008-5472.CAN-09-3090
http://www.ncbi.nlm.nih.gov/pubmed/19996281
http://doi.org/10.3892/ijo.2019.4703
http://www.ncbi.nlm.nih.gov/pubmed/30720065
http://doi.org/10.1093/carcin/bgt248
http://doi.org/10.1016/j.abb.2018.07.010
http://doi.org/10.1002/ijc.32555
http://doi.org/10.3389/fonc.2018.00494
http://doi.org/10.1093/carcin/16.2.349
http://www.ncbi.nlm.nih.gov/pubmed/7859368
http://doi.org/10.1155/2020/6656033
http://doi.org/10.1016/j.intimp.2011.02.005
http://www.ncbi.nlm.nih.gov/pubmed/21352963
http://doi.org/10.1007/82_2015_446
http://doi.org/10.1172/JCI97611
http://www.ncbi.nlm.nih.gov/pubmed/29324443
http://doi.org/10.3892/ol.2017.6473
http://doi.org/10.1158/2326-6066.CIR-16-0382
http://www.ncbi.nlm.nih.gov/pubmed/28760732
http://doi.org/10.1002/jbt.21837
http://doi.org/10.3389/fonc.2017.00295
http://doi.org/10.1158/0008-5472.CAN-18-0668
http://doi.org/10.2147/OTT.S156582
http://www.ncbi.nlm.nih.gov/pubmed/29563811
http://doi.org/10.1517/14728222.2015.1053208
http://doi.org/10.1186/s12964-018-0287-1
http://doi.org/10.1074/jbc.M603503200
http://www.ncbi.nlm.nih.gov/pubmed/16754668
http://doi.org/10.1016/j.febslet.2011.05.026
http://www.ncbi.nlm.nih.gov/pubmed/21601572


Cancers 2021, 13, 2667 22 of 25

139. Guo, Y.J.; Zhou, Y.J.; Yang, X.L.; Shao, Z.M.; Ou, Z.L. The role and clinical significance of the CXCL17-CXCR8 (GPR35) axis in
breast cancer. Biochem. Biophys. Res. Commun. 2017, 493, 1159–1167. [CrossRef]

140. Ali, H.; AbdelMageed, M.; Olsson, L.; Israelsson, A.; Lindmark, G.; Hammarström, M.L.; Hammarström, S.; Sitohy, B. Utility
of G protein-coupled receptor 35 expression for predicting outcome in colon cancer. Tumour Biol. 2019, 41, 1010428319858885.
[CrossRef]

141. Wang, D.; Li, D.; Zhang, Y.; Chen, J.; Zhang, Y.; Liao, C.; Qin, S.; Tian, Y.; Zhang, Z.; Xu, F. Functional metabolomics reveal the role
of AHR/GPR35 mediated kynurenic acid gradient sensing in chemotherapy-induced intestinal damage. Acta Pharm. Sin. B 2021,
11, 763–780. [CrossRef]

142. Schneditz, G.; Elias, J.E.; Pagano, E.; Cader, M.Z.; Saveljeva, S.; Long, K.; Mukhopadhyay, S.; Arasteh, M.; Lawley, T.D.; Dougan,
G.; et al. GPR35 promotes glycolysis, proliferation, and oncogenic signaling by engaging with the sodium potassium pump. Sci.
Signal. 2019, 12, eaau9048. [CrossRef] [PubMed]

143. Pagano, E.; Elias, J.E.; Schneditz, G.; Saveljeva, S.; Holland, L.M.; Borrelli, F.; Karlsen, T.H.; Kaser, A.; Kaneider, N.C. Activation of
the GPR35 pathway drives angiogenesis in the tumour microenvironment. Gut 2021. [CrossRef]

144. Lee, K.; Kwak, J.H.; Pyo, S. Inhibition of LPS-induced inflammatory mediators by 3-hydroxyanthranilic acid in macrophages
through suppression of PI3K/NF-κB signaling pathways. Food Funct. 2016, 7, 3073–3082. [CrossRef] [PubMed]

145. Lee, W.S.; Lee, S.M.; Kim, M.K.; Park, S.G.; Choi, I.W.; Choi, I.; Joo, Y.D.; Park, S.J.; Kang, S.W.; Seo, S.K. The tryptophan metabolite
3-hydroxyanthranilic acid suppresses T cell responses by inhibiting dendritic cell activation. Int. Immunopharmacol. 2013, 17,
721–726. [CrossRef]

146. Piscianz, E.; Cuzzoni, E.; De Iudicibus, S.; Valencic, E.; Decorti, G.; Tommasini, A. Differential action of 3-hydroxyanthranilic acid
on viability and activation of stimulated lymphocytes. Int. Immunopharmacol. 2011, 11, 2242–2245. [CrossRef] [PubMed]

147. Uzzo, R.G.; Rayman, P.; Kolenko, V.; Clark, P.E.; Bloom, T.; Ward, A.M.; Molto, L.; Tannenbaum, C.; Worford, L.J.; Bukowski, R.;
et al. Mechanisms of apoptosis in T cells from patients with renal cell carcinoma. Clin. Cancer Res 1999, 5, 1219–1229. [PubMed]

148. Fallarino, F.; Grohmann, U.; Vacca, C.; Orabona, C.; Spreca, A.; Fioretti, M.C.; Puccetti, P. T cell apoptosis by kynurenines. Adv.
Exp. Med. Biol. 2003, 527, 183–190. [CrossRef]

149. Lee, S.M.; Lee, Y.S.; Choi, J.H.; Park, S.G.; Choi, I.W.; Joo, Y.D.; Lee, W.S.; Lee, J.N.; Choi, I.; Seo, S.K. Tryptophan metabolite
3-hydroxyanthranilic acid selectively induces activated T cell death via intracellular GSH depletion. Immunol. Lett. 2010, 132,
53–60. [CrossRef]

150. Zaher, S.S.; Germain, C.; Fu, H.; Larkin, D.F.; George, A.J. 3-hydroxykynurenine suppresses CD4+ T-cell proliferation, induces
T-regulatory-cell development, and prolongs corneal allograft survival. Investig. Ophthalmol. Vis. Sci. 2011, 52, 2640–2648.
[CrossRef] [PubMed]

151. Walczak, K.; Wnorowski, A.; Turski, W.A.; Plech, T. Kynurenic acid and cancer: Facts and controversies. Cell. Mol. Life Sci. 2020,
77, 1531–1550. [CrossRef]

152. Walczak, K.; Turski, W.A.; Rzeski, W. Kynurenic acid enhances expression of p21 Waf1/Cip1 in colon cancer HT-29 cells. Pharmacol.
Rep. 2012, 64, 745–750. [CrossRef]
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