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Abstract: Indoleamine 2,3-dioxygenase 1 (IDO1) and IDO2, originated from gene duplication before
vertebrate divergence. While IDO1 has a well-defined role in immune regulation, the biological role
of IDO2 remains unclear. Discovered in 2007, IDO2 is located near the IDO1 gene. Because of their
high sequence similarity, IDO2 was initially thought to be a tryptophan (Trp)-degrading enzyme
like IDOL1. Differently from what expected, IDO2 displays extremely low catalytic activity toward
Trp. Nevertheless, many studies, often contradictory, tried to demonstrate that IDO2 modulates
immune responses by catabolizing Trp into kynurenine, a hypothesis unconvincing and, let’s say,
linked to the first life of IDO2. Here, we review its “new life”, the one in which IDO2 has a functional
role beyond Trp metabolism. The IDO2’s evolutionary persistence across species, despite being
almost inactive as an enzyme, suggests it has some relevant biological importance. IDO2 expression
in human normal cells is poor, but significant in various cancers, with two prevalent SNPs. Overall,
the comparison of IDO2 to IDOL1 as a Trp-degrading enzyme may have led to misunderstandings
about IDO2’s true physiological and pathological roles. New insights suggest that IDO2 might
function more as a signaling molecule, particularly in cancer contexts, and further studies could
reveal its potential as a target for cancer therapy.
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1. Introduction

Gene duplication is a key process for acquiring new genes with new functions. This cell-life
phenomenon is very common in all three domains, to the point that duplication is estimated to be as
frequent as the rates of single nucleotide polymorphisms [1]. The existence of two copies for the same
gene allows to accumulate mutations in one, and retain the original function in the other copy. In
many cases, the mutation-containing gene becomes a pseudogene; however, it can also evolve as a
new functional gene [2,3].

The proteins indoleamine 2,3-dioxygenase 1 and 2 (IDO1 and IDO2, respectively), were
identified as products arising from a gene duplication that occurred before the divergence of
vertebrates [4]; although IDO1 was discovered first, the indoleamine 2,3-dioxygenase found in lower
vertebrates seems to be much more similar to IDO2 than to IDO1 [4]; thus, probably, IDO?2 is the
original gene and IDO1 its evolutionary product that has acquired new properties and functions,
which were absent or only present as a draft in IDO2. Despite its ancestral origins, the biological
functions of IDO2 are still undefined and under challenging investigation. On the contrary, very soon
after its discovery, IDO1 was assigned a pivotal role in the mechanisms controlling the immune
response, primarily because of its ability to degrade tryptophan (Trp) and produce metabolites that
contribute to immune tolerance [5]. This mechanism is particularly relevant in cancer, since tumors
exploit IDO1's activity to escape immune surveillance [6]. Based on this knowledge, IDO1 has been
considered a therapeutic target, and several inhibitors have been designed aiming to block its
catalytic activity, restore immune system function, and improve cancer immunotherapy outcomes
[7,8]. In the wake of success in achieving IDO1 catalytic inhibition, attention has extended toward
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IDO2, considered an IDO1-related enzyme. Although the IDO2 role in immune regulation is less
understood, efforts are underway to develop inhibitors targeting its enzymatic activity with the aim
of broadening the scope of immunotherapeutic strategies [9]. Inhibition of IDO2 catalytic activity is
being explored as a potential complement to therapies targeting IDO1 or using anti-PD-1 or anti-
CTLA-4 antibodies as enhancers of antitumor response. While IDO1 inhibitors, although without
concrete results so far [10], have hinted at some promise, the development of IDO2 inhibitors has not
yet yielded definitive results. Research studies would suggest that blocking IDO2 could improve
immune response by reducing tumor-induced immune suppression; however, clinical trials focused
on IDO2 are still in the early stages, and their efficacy remains under investigation [11,12].

In this review, we summarize the current knowledge on human IDO2 (hIDO2) and describe its
two lives: that where it is considered one of the “three Trp-metabolizing enzymes”, and the other
where its biological complexity is slowly emerging. The literature regarding the characteristics and
biological functions of IDO2 in mice is extensive, but describes conflicting and often indirect results,
partly due to the long-standing lack of optimal reagents for the detection of the murine IDO2
(mIDQ2) protein [13]. For this reason, in the present review, we focus on the information reported in
the scientific literature related to IDO2 in humans.

2. The First Life of IDO2: Living as an Enzyme in the IDO1's Shadow

In 2007, several groups independently described the discovery of a gene [14-16], located in mice
and humans on chromosome 8p12, just downstream the already well-known IDO1 gene. The
discovery of the IDO2 gene by Ball and colleagues was driven by the screening of cDNA libraries for
the identification of IDO1-like sequences [14]. In the meantime, Metz et al. cloned IDO2 starting from
partial IDO1 structural homologies found downstream the IDO1 gene [16]. In the same year, a third
group of researchers, based on a phylogenetic analysis, described IDO2 as an IDO1’s paralog and
hypothesized that IDO2 and other low-activity IDO’s paralogs found in non-mammalian organisms
could be considered as proto-IDO enzymes [15]. Regardless of the approach that led to the discovery
of IDO2, the high amino acid sequence homology with hIDO1 (43% identical, 63% similar) pushed
researchers to use the latter as the main parameter to investigate the physiological role of IDO2.

Since the beginning, the “personality” of IDO2 was outlined as overlapping with that of the
better-known protein IDO1, as demonstrated by the name IDO2. In fact, IDO2 has been defined as
“dioxygenase”, although it has negligible enzymatic activity [14]. However, before addressing the
inconsistency between the name and the functional activity of IDO?2, it is important to provide a brief
introduction to IDO1 to highlight how, up to now, knowledge about IDO1 has influenced the
understanding of IDO2 through analogy, leading to a misinterpretation of IDO2's functions.

IDO], in mice and humans, is a heme-containing protein, whose best-known activity is the
enzymatic degradation of Trp. Besides the catalytic one, a signaling function has also been recently
described for IDO1 and is currently studied in depth for a better characterization [17]. IDOL1 is
endogenously expressed in immune and non-immune cells and tissues, as well as in neoplastic cells
and in the tumor microenvironment [18,19], in a dynamical balance between a holo- and an apo-
conformation. On the one hand, holo-IDO1 (namely, the protein containing the heme cofactor), has a
metabolic function relying on its catalytic activity. Holo-IDOI, indeed, catalyzes the degradation of
the amino acid Trp, leading to the production of N-formyl kynurenine. Both depletion of the essential
amino acid Trp and production of the first of several bioactive compounds through the so-called
“kynurenine (Kyn) pathway” are mechanisms of tolerance induction extensively reviewed elsewhere
[20]. On the other hand, apo-IDO1 (namely, the protein without the heme cofactor) has a transducer
activity mediated by its interaction with SH2-containing proteins, as the Src homology 2 domain
phosphatases (SHPs), the phosphoinositide 3-kinase (PI3K), and the suppressor of cytokine signaling
3 (SOCS3) [21-23]. Therefore, IDOL1 is described as a “moonlighting protein”, capable of multiple
biological functions depending on the intracellular heme availability and factors stabilizing the
protein conformation. The catalytic and signaling functions of IDO1 appear to be confined to
mutually exclusive conformations of the protein, compatible with the holo- and apo-IDO1 forms [24].
Notably, the description of IDO1 as a moonlighting protein is very innovative, since until recently,
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the immunoregulatory role of IDO1 was traced back only to its activity as an enzyme capable of
degrading Trp [21]. Despite such observations, the signaling function of IDO1 remains something
that scientists have not yet fully deciphered.

Based on these premises, when the gene coding for IDO2 was discovered in 2007, the high amino
acid sequence homology with IDO1 appeared to be a convincing characteristic to hypothesize that
IDO2 was a Trp-degrading enzyme, as IDO1 [14-16]. For this reason, IDO2 was immediately defined
as “the third Trp-metabolizing enzyme”, along with IDO1 and tryptophan 2,3-dioxygenase (TDO)
[25]. Although this definition is still used, some important differences between this protein and IDO1
do exist, as highlighted by the literature describing the discovery of IDO2. The analysis of Trp
degradation rate displayed that hIDO2 exhibits highly limited Trp-degrading enzymatic activity
when compared to its close paralog, IDO1 [16,26-28]. The reported K m value for hIDO2 with Trp as
a substrate is generally quite high (approximatively 6.8-9.4 mM), 100-fold higher than the
physiological Trp concentrations, depending on the experimental conditions and specific studies
[14,16,27-30], and reflects IDO2 low affinity for this substrate. Despite the IDO2 negligible activity as
an enzyme, it has been supposed that D-1-methyl-tryptophan could be a selective inhibitor of its
catalytic function [16], a hypothesis that nowadays seems to be definitively refuted [27,28,31,32]. The
absence of a significant Trp degrading activity operated by IDO2 prompted the researchers to
postulate alternative hypotheses justifying, in IDO2, the coexistence of amino acid sequence
similarity and different enzymatic ability with respect to IDO1. Thus, the limited catalytic activity of
IDO2 has been ascribed to several factors related to its structural and functional properties. First,
IDO2 could have a reduced affinity for Trp compared to its paralog IDO1, because of sequence
variations in its active site possibly affecting the substrate and/or cofactor binding. As suggested by
Yuasa et al. [4], the presence of a widespread threonine (Thr) residue in a crucial position for the
heme binding (in the hIDO2, distal-Thr171) compromises the catalytic activity and identifies IDO2 as
a low efficiency Trp degrading enzyme completely conserved across vertebrates. Conversely, in the
hIDOY1, in the crucial position for the heme binding there is a serine (Ser) residue. The substitution of
this distal-Ser167 with a Thr dramatically increases the Km of Trp metabolism and decreases the
catalytic efficiency [4]. Intriguingly, this hypothesis is supported by the unusually low Km value of
the lizard IDO2 (about 80 uM), a unique IDO2 that, similarly to IDO1, has a distal-Ser (Ser171) instead
of a distal-Thr [4]. Similarly, Austin et al. [33] proposed that, despite the high degree of conserved
amino acid in the hIDO1 and mIDO2 (and hIDO2, our note) heme-binding sites, substrate access to
heme appears to be decreased in mIDO2 compared to hIDO1 due to steric hindrance by bulky amino
acids at the ‘pore’ entrance. Because of IDO2’s low ability to bind the heme cofactor, its three-
dimensional structure could be compared to an enzyme "frozen" in its apo-form. In analogy, when
IDO1 acquires its “apo” conformation, it is incapable of producing Kyn from Trp but is active as a
transducer [17]. Moreover, three amino acids (Phe226, Phe227 and Arg231, in the human protein)
were deemed critical to maintaining dioxygenase activity in IDO1 [34]. While two of the three amino
acids are conserved in the hIDO2, Phe227 has undergone a substitution to Tyr231. Although a Phe-
Tyr mutation is considered conservative in terms of amino acid structure and degree of nucleotide
change, this mutation might make the hIDO2 heme-binding pocket less prone to accommodate heme
and more susceptible to phosphorylation or sulfation [33]. This observation might be of pivotal
importance to shed new light on the biological role of IDO2 in its “second life”, as described in the
next paragraphs.

The above-mentioned structural differences between IDO1 and IDO2 might also suggest that
IDO2 could have evolved to interact with alternative substrates [28], although not yet clearly
identified. Finally, the low catalytic efficiency of IDO2 toward Trp could depend on the presence or
absence of specific cofactors or environmental conditions, such as particular pH levels or redox states
[27,33]. However, the hypotheses on how IDO2 structure and experimental settings could impact its
catalytic efficiency, so far, have not been proven, yet.

These combined factors contribute to IDO2’s overall reduced capability in Trp degradation and
suggest that its primary function might lie not in the classical Kyn pathway, but elsewhere,
potentially involving other physiological processes or signaling pathways. In our perspective, it is
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crucial to emphasize that, although the role of IDO2 remains somewhat unclear, it is a matter of fact
that this protein, despite its inability to degrade Trp, has evolved across different kingdoms with
remarkable constancy [35]. This persistence suggests that IDO2 might have conserved essential
functions or characteristics, having contributed to its evolutionary stability beyond its putative
enzymatic role in Trp metabolism. Conversely, one might speculate that IDO1 developed its very
efficient Trp degradation ability only as a duplication product of the ancestral IDO gene.

3. Enigmatic IDO2 and Where to Find It

The expression of IDO2 in human cells is quite limited and less well-characterized than IDO1’s
one. Ever since 2007, it had been described the existence of two alternatively spliced transcripts for
IDO2, coding one for a 407- [14], the other for a 420-amino acid (aa) protein [16]. The latter includes
a 13-aa extra sequence [16] and is reported to be an IDO2 isoform lacking enzymatic activity in in
vitro assays [29,36]. Nevertheless, starting from February 2024, the major databases has retained only
the coding sequence for the 407-aa form (i.e, NCBI reference sequence NM_194294.5), as the
transcript for the protein containing thirteen extra amino acids was removed.

In normal tissues, IDO2 mRNA expression is typically very low and restricted, with
physiological ~ expression  primarily =~ observed in  the liver and  placenta
(https://www.proteinatlas.org/ENSG00000188676-IDO2). Moreover, during pregnancy, IDO2 is
continuously expressed in syncytiotrophoblasts from the first trimester until term, with some
additional expression in extravillous trophoblasts [37,38].

However, in cancerous tissues, IDO2 expression becomes more pervasive. The overview
derived from the TCGA dataset shows a wide range of IDO2 expression among different cancer types
(https://www.proteinatlas.org/ENSG00000188676-IDO2), including non-small cell lung cancer
(NSCLC) [39], glioma [40], colon, gastric, and renal tumors [9,32], and medullary thyroid carcinoma
[41], with the highest median expression in diffuse large B-cell lymphoma and the lowest median
expression in acute myeloid leukemia [42]. This observation has been recently demonstrated in a
large cohort of patients affected by various tumors, too [43]. Similarly, several human tumor and non-
tumor cell lines express IDO2 mRNA, such as the lung cancer cell lines A549 [44], H1650, H2228,
H1975, and CALU-3 (our unpublished observations), but also MCF-7 [45], HEK293, HepG2, and
CACO2 cell lines derived from other tissues but the lung’s (our unpublished observations and [46]).

Beside the mRNA expression, recently several groups demonstrated the presence of the IDO2
protein in surgery specimens from patients affected by different types of cancer.
Immunohistochemistry analyses demonstrated a significant presence of IDO2 in NSCLC [39],
medullary thyroid carcinoma [41], B and T cell lymphomas [47], ovarian cell carcinoma [48], and
glioblastoma [49]. Despite the extensive literature describing the presence of IDO2 in tumor cells, so
far there is no certain information about its function in cancer onset/progression in humans. Although
the biological role of IDO2 in mice is still very uncertain and debated [50-52], some clues regarding
the hIDO2 function in cancer could come from the literature on mIDO2 in tumor models. Indeed, it
was demonstrated that IDO2 affects the proliferation, migration, and survival of murine tumor cells.
The deletion of Ido2 reduced the tumor volume in a mouse model of Lewis lung carcinoma [53].
Similarly, Ido2 gene silencing slowed B16-BL6 cell proliferation, significantly inhibited tumor cell
migration and tumor growth, and affected cell cycle phases both increasing and decreasing cell
accumulation in G1 and G2/M, respectively [54]. These pieces of evidence suggest that IDO2 plays a
role in cancer biology, particularly in the cell cycle regulation, tumor progression, and cell
proliferation. Its specific role and mechanisms are still being elucidated, but the IDO2 involvement
in various neoplastic diseases makes this protein a promising target for future cancer therapies, and
a potential biomarker and prognostic factor as well.

The expression of IDO2 in cancer cells could be of pivotal importance in driving the immune
response against cancer in the context of an intriguing mechanism described by Serensen et al. [55]
who demonstrated the existence of spontaneous cytotoxic T lymphocyte reactivity against IDO2 in
the peripheral blood of cancer patients. Within the IDO2 protein, they identified HLA-A2 peptides
targeted by spontaneous T-cell reactivity in patients suffering from unrelated tumor types.


https://doi.org/10.20944/preprints202409.1810.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 23 September 2024

Surprisingly, healthy individuals also hosted spontaneous immunity against IDO2 [55]. Although the
cytolytic effect of IDO2-specific class I-restricted lymphocytes in peripheral blood of healthy subjects
against IDO2-expressing cells has still to be proven in vivo, Serensen et al. hypothesize that the sizable
reactivity to IDO2-derived antigens in normal individuals contributes to immune surveillance
against cancer [55]. It remains unclear how anti-IDO2 reactivity observed in healthy individuals
could be justified. While IDO2 involvement in immune regulation has been described in mice [56], in
humans IDO2  expression is absent in  the majority of normal cells
(https://www.proteinatlas.org/ENSG00000188676-IDO2). This discrepancy raises questions about the
mechanisms driving the immune system to target IDO2 under non-pathological conditions. Further
studies are needed to elucidate whether this reactivity is linked to specific contexts, such as latent
autoimmune responses, or if other unknown factors are actively involved. Beyond these arguments,
the limited expression of IDO2 in normal tissues reinforces its potential as a selective target for
therapeutic intervention against cancer [44].

Despite the prominent role of the paralog IDO1 in immune cells (besides cancer and tumor
microenvironment cells) [20], little is known about the expression and the role of IDO2 in the human
immune system. Silencing Ido2 in murine dendritic cells inhibits the tumor growth in vivo, promotes
the proliferation of T lymphocytes, and reduces the formation of regulatory T cells in vitro [57]. In
human myeloid and plasmacytoid dendritic cells, the expression of IDO2 has been documented since
its discovery [31,58], but it has also been demonstrated that it lacks any enzymatic activity [31], an
observation leaving unclear the IDO2 functional role in these cells, both in the physiologic and in the
neoplastic context. Overall, despite several attempts to understand it, the biological function of IDO2
is still completely unknown. Using a HEK293 cell line overexpressing both IDO1 and IDO2, Lee and
colleagues [59] investigated the influence of IDO2 on IDOL1 catalytic activity to assess the interplay
between these two proteins and hypothesized that IDO2 could play a role as a negative regulator of
IDO1 by competing with it for heme-binding. However, it is not yet known whether this mechanism
is exploited in any physiological or pathological context.

In contrast to IDO1, whose primary inducers are known [60], little—and occasionally
contradictory —information is available about the stimuli that can regulate IDO2 gene expression. On
one hand, IFN-y is the most prominent inducer of the IDO1 gene [61]; on the other, although several
studies demonstrate that IFN-y could induce the expression of IDO2 in human mesenchymal stem
cells and some cancer cells [62,63], in human dendritic cells the cytokine is ineffective [64]. Moreover,
the upregulation of IDO2 was found to be induced by IL-10, prostaglandin E2, and
lipopolysaccharide [58,65,66]. Interestingly, the aryl hydrocarbon receptor (AhR) can also induce the
expression of IDO2, suggesting that there is an AhR responsive element in the promoter of the IDO2
gene [64,67].

Aside from their mRNA expression, which is controlled by distinct inducers, IDO1 and IDO2
proteins also have different levels of stability. IDOL1 is continuously transcribed, translated, and
degraded, in contrast to IDO2, whose protein, once synthesized, appears to be stable [58]. Indeed,
IDO1 contains one tyrosine (Tyr) residue within each of the two canonical immunoreceptor Tyr-
based inhibitory motif (ITIM) sequences that direct protein turnover through SOCS3-mediated
ubiquitination and proteasomal degradation [23]. As IDO1, the hIDO2 possesses two ITIM domains,
too. However, while the so-called ITIM2 shows a high homology sequence and a similar position in
both the IDO1 and IDO2 proteins (VYEGF in the hIDO1 and MYEGYV in the hIDO2), the putative
IDO2’s ITIM1 motif (IFYAGI) differs from the IDO1’s one (VPYCQL) [44]. Moreover, although the
ITIM2 domain is conserved in IDO1 and IDO2, only IDOL1 is degraded by the proteasome, with its
ITIM2 being specifically targeted by SOCS3 [23]. On the contrary, IDO2 appears to be unable to bind
SOCS3, nor to be degraded via the proteasome [58]. As discussed below, SOCS3 is only one of the
IDOY’s molecular partners, not interacting with IDO2 at all, a condition not helping the
understanding by analogy of the biology and functional role of IDO2.
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4. One, None and Hundred Thousand IDO2

A peculiar feature of the IDO2 gene is the high prevalence of the two SNPs rs10109853 and
rs4503083, identified by Metz et al. during the first characterization of IDO2 cDNA [16]. In this study,
the authors described hIDO2 as a 420-aa protein, with the first SNP corresponding to a C-T
substitution converting the Arg248 into Trp, and the second SNP consisting of a T-A nonsense
mutation changing the Tyr359 codon into a premature STOP. Nowadays, after the removal of the
420-aa variant from databases, hIDO2 is commonly considered a 407-aa protein, lacking the first 13
aa, which are instead included in the sequence [16]. Nevertheless, the initial denomination of the two
SNPs, namely R248W and Y359X, has been maintained instead of being changed into the more correct
R235W and Y346X, as in Witkievicz et al. [63]. Aware of the mistake, in this review we use the original
denomination.

Both SNPs have been described as “inactivating” the enzyme, since they completely abrogate
the already negligible enzymatic activity of IDO2 [16]. From this perspective, the presence of one or
both SNPs in various pathological contexts has always been assimilated to the presence of a “non-
functioning” IDO2. In our view, since the actual mechanism of action of IDO?2 is still unknown, one
could speculate that the two SNPs would affect disease settings not involving the Trp catalytic
function, so that, when the physiological role of IDO2 is deciphered, it will be necessary to reinterpret
many literature data. Whatever their meaning, large scale sequencing analysis has revealed that these
two nonfunctional alleles of IDO2 are frequently distributed in human populations of Asian,
European, and African descent; thus, the presence of R248W and Y359X has been evaluated as a
possible prognostic/diagnostic factor in many tumor types, as well as in various other pathologies.

As for other neoplastic diseases, IDO2 is frequently upregulated in human pancreatic ductal
adenocarcinoma (PDAC) [63,68]. The analysis of the two IDO2 SNPs’ prevalence, combined with the
treatment outcomes, indicated that in PDAC patients having received adjuvant radiotherapy, the
“IDO2-inactive status” significantly associates with improved disease-free survival [68]. Moreover,
female patients with PDAC rarely harbor the IDO2-deficient status. In NSCLC patients, it has been
revealed a highly significant incidence of the R248W genotype compared to the control group [51],
as well as strong evidence of a significant correlation between IDO2 expression and poor NSCLC
prognosis [39]. Among the analyzed lung cancer histotypes, adenocarcinomas showed the highest
IDO2 expression associated with high intratumoral/mixed tumor-infiltrating lymphocyte
localization. In the same study, 83% of tumors showed a membrane reinforcement staining of IDO2
that, in 51% of the cases, localized at the basolateral side of the cell membrane between tumor and
stromal tissue. The genetic features of cancer patients’ IDO2 might also drive their immune response.
As demonstrated by the association analysis between spontaneous IDO2-specific T-cell responses
and the IDO2 genotype of melanoma, renal cell carcinoma, and breast cancer patients, the induction
of IDO2-specific T cells in peripheral blood is restricted to individuals that are not homozygous for
the stop codon [69]. Furthermore, stronger T-cell responses occurred in patients with the wild type
Tyr359 homozygous when compared with the heterozygous genotype. Interestingly, a higher
number of immune responses against IDO2 also occurred in patients homozygous for the Trp248,
compared with the Arg248 [69]. The meaning of these data might be revisited in the future, since, in
the opinion of Kellgaard et al., spontaneous immune responses against IDO2 are associated with a
reduced enzymatic activity of IDO2 itself [69], according to the theory that the R248W SNP would
abrogate the catalytic function of IDO2 and “inactivate” the protein. Indeed, Kellgaard et al. proposed
that the enzymatic activity of IDO2 could influence the systemic adaptive immune response and,
therefore, IDO2 expression in the tumor target cells could suppress the cytotoxic T-cell responses and
vanish the immune reactivity against the potential cancer antigen IDO2 [69]. The allelic status of IDO2
has also been evaluated in patients with glioma treated with chloroquine (CQ) [70]. Prompted by
their own unpublished observation that CQ is a potent and selective inhibitor of IDO2, and following
the hypothesis that IDO2-inactivating SNPs could blunt clinical responses to CQ therapy, in a pilot
study, Eldredge et al. evaluated the response to the combined treatment of whole brain radiotherapy
and CQ administration in patients with brain metastases, stratified by IDO2 genotype [70]. Although
a trend toward improved overall survival was observed, there was no appreciable difference between
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patients with wild-type IDO2 compared with enzymatically ablative SNPs [70]. Again, the awareness
that the enzymatic activity of IDO2 is almost certainly not decisive for its physiological or
pathological function could prompt a review of these data in a new light.

Many pieces of evidence show for IDO2 a sometimes-conflicting role in mediating
inflammatory/autoimmune responses, especially in murine models of psoriasis, arthritis, and contact
hypersensitivity [50,51]. However, in humans, an IDO2 functional role in mediating inflammation
and driving B cell production of autoantibodies, has never been proven, as instead demonstrated in
mice. In patients suffering with relapsing-remitting multiple sclerosis (MS), no difference in the
expression of IDO2 was recorded in comparison to healthy controls [71]; moreover, in Italian MS
patients, it has been demonstrated that IDO2 rs10109853 and rs4503083 polymorphisms are not
associated with MS risk, age at onset, or disease progression [72]. Lee et al. investigated the
correlation between IDO2 genotype and the phenotype of Crohn’s disease patients, considering five
IDO2 SNPs (namely, rs4503083, rs4736794, rs10109853, rs35212142, and rs35446289) [73]. However,
although IDO2 minor allele variants are common and one of them, rs45003083, is associated with
reduced risk of Crohn's disease, none of the IDO2 SNPs is associated with a particular Crohn's disease
clinical phenotype [73]. The expression of IDO2 seems to be very high in lung tissues from patients
who died with COVID-19 [74]. Interestingly, macrophages, dendritic cells, and neutrophils also
showed IDO2 staining, but lymphocytes and mast cells did not [74]; moreover, since
immunohistochemistry staining showed colocalization of IDO2, several Trp metabolites, and AhR as
well, Guo and coworkers hypothesize that systemic and early IDO2 expression and activity via AhR
would result in fatal cellular stress in severe COVID-19 [74]. However, this hypothesis is not
sustained by a functional demonstration of the IDO2 capability to activate the Kyn pathway;
therefore, convincing evidence of any IDO2 involvement in the complications due to Sars-CoV-2
infections is still missing. One possible explanation for the seemingly disparate outcomes observed
in many settings of inflammation and autoimmune diseases is that IDO2 activity could be exclusively
linked to the physiopathologic context and cellular milieu. This theory is supported by a study that
found distinct patterns of IDO2 SNPs in two distinct cohorts of individuals with aspergillosis. More
precisely, the R248W and Y359X genotypes did not correlate with a higher risk of aspergillosis in
patients with cystic fibrosis, but these same SNPs were necessary for the best antifungal activity in
patients undergoing hematopoietic stem cell transplantation [75]. Finally, it has been demonstrated
that the distribution of the two common IDO2 SNPs in the Chinese population is overlapping with
the already known distribution, while there is no significant difference in the distribution of
genotypes between healthy subjects and patients with tuberculosis [76].

5. The Second Life of IDO2: New Light on IDO2 Biology

Overall, the above reported observations suggest that comparing IDO2 to IDO1 as a Trp-
degrading enzyme has led to the misinterpretation of its physiological and pathological roles. IDO1
and IDO2, despite sharing structural similarities, might exhibit distinct regulatory mechanisms and
biological effects, still to be completely clarified. The prevalent focus on IDO1 has overshadowed the
functional contributions unique to IDO2, which might operate under different contexts or conditions.
The result has been an incomplete understanding of IDO2 biological role, leading to potentially
flawed conclusions about its involvement in various diseases and physiological processes. The
difficulty in deciphering the function of IDO2 also derives from the lack of a hIDO2 crystal and,
consequently, of structural information.

In our view, a more effective approach to understanding the IDO2 role could be, rather than
solely focusing on its enzymatic activity, comparing IDO2 to the apo-form-folded IDO1, which is
endowed with signaling functions (Figure 1). By examining IDO2 within the broader context of IDO1
signaling pathways, we might gain deeper insights into its involvement in physiological and
pathological mechanisms. Indeed, we have recently demonstrated that, in a lung adenocarcinoma
cell line, IDO2 exhibits a peculiar membrane localization [44] and is basally phosphorylated in a still
unknown Tyr residue [44]. Similarly, the subcellular localization of IDO1 as a signaling molecule is
in the early endosomes’” membrane [60], where this protein is anchored by the binding to class I
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phosphoinositide 3-kinases [22]. Since ITIM motives are present in both IDO1 and IDO2, with one of
them (namely, ITIM2) conserved in the two proteins, ITIM-binding molecular partners could
potentially be another similarity aspect. Instead, SHP-1 and SHP-2 phosphatases, interacting with
IDO7’s ITIM1 to mediate immunoregulatory IDO1 signaling activity in DCs, do not interact with
IDO2 [51]. Nevertheless, SOCS3, the main mediator of the proteasomal degradation of IDO1, binds
IDO1’s ITIM2 [24], but is incapable of interacting with the corresponding and well conserved ITIM2
motive of IDO2. Moreover, the IDO1’s YENM motif —a consensus sequence for the binding of to the
PI3K—is absent in IDO2 [22,51]. However, an element of similarity relies in the ability of Src kinase
to phosphorylate both IDO1 and IDO2 [44,77], though it is still to investigate completely whether the
Src-mediated phosphorylation of IDO?2 is exploited in any physiological or pathological conditions.
Interestingly, the SNP reported to irreparably affect the catalytic activity of the hIDO2, namely the
substitution of the heme-binding Arg235 into Trp (known as R248W), could have a completely
different biological outcome. Indeed, if we prioritize the signaling instead of the enzymatic role of
IDO2, this SNP might conversely lead to a rise in biological activity, further diminishing IDO2’s
ability to bind the heme group and tipping the scales in favor of its "apo-form", putatively equipped
with the signaling activity.

In conclusion, we propose an intriguing emerging perspective, suggesting that IDO2 might
function as a signaling molecule, whose biological significance, still to be fully elucidated, should
primarily be explored within the tumor context, where IDO2 prevalent expression has now been
incontrovertibly demonstrated. Further research efforts and exploration of the IDO2 role could
provide valuable insights into its potential as a target for therapeutic intervention in oncology.
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Catalytic function Signaling function No catalytic function

> Lo,

Faster- !

v, S .
i () g Role in tumor |
growing B ) et 1 )
Tolerogenic f . e % i development? |
effect { _ e e e e
| Kyn

: o ‘y&,
3-hydroxykynurenine y,

KYNU

3-hydroxyanthranilic -
acid ) 3-HAO
2-amino-3-carboxymuconic-6-
Idehyd
semialdenyde ~, Spontaneous
Quinolinicacid  ~  reaction

NAD® * QPRT

Figure 1. Comparison of IDO1 and putative IDO2 functions in neoplastic cells. (A) The two
conformations dynamically acquired by IDO1. The IDO1 conformation containing the heme cofactor
(holo-IDO1) is associated with significant activity of tryptophan (Trp) catabolism. In a tumor context,
holo-IDOL1 can trigger a tolerogenic effect depending on both Trp starvation and production of
kynurenine (Kyn), besides the generation of other immunosuppressive downstream catabolites along
the Kyn pathway. In contrast, the IDO1 conformation not binding the heme cofactor and catalytically
inactive (apo-IDO1) undergoes tyrosine-phosphorylation of specific domains containing YENM and
ITIM motifs, more accessible in apo-IDO1 compared with holo-IDO1. After phosphorylation, they act
as docking sites for molecular partners such as the p85 catalytic subunit of PI3K, SHP phosphatases,
and SOCS3, able to direct localization, function, or proteasomal degradation of IDO1. In cancer cells,
the apo-IDO1 protein can promote the tumorigenic phenotype and increase cancer growth. (B) What
is so far known and hypothesized about IDO2 conformation and function. Based on its negligible Trp-
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catalytic activity, IDO2 conformation might resemble the apo-IDO1 protein. The presence of ITIM
domains, putatively protruding and tyrosine-phosphorylated as in the apo-IDO1 protein, could
support the hypothesis of an IDO2 protein lacking the Trp-catalytic activity, but able to mediate a
signaling function in tumor cells. The IDO2 interaction with possible molecular partners and its
involvement in tumorigenic pathways are still to be elucidated. KMO: kynurenine 3-monooxygenase;
KYNU: kynureninase; 3-HAO: 3-hydroxyamino oxidase; QPRT: quinolinate phosphoribosyl
transferase. Solid lines: already described conformations and functions; dashed lines: hypothetic
conformations and functions. Created with BioRender.com

Author Contributions: Conceptualization, C.S., M.L.B. and C.V.; writing—original draft preparation, C.V.;
writing—review and editing, C.S., M.L.B. and C.V. All authors have read and agreed to the published version
of the manuscript.

Funding: This research was funded by “Progetto di Ricerca di Ateneo - anno 2023 -
RICERCA_ATENEO_ISPIRARE” to C.V.

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: No new data were created or analyzed in this study. Data sharing is not applicable
to this article.

Conflicts of Interest: The authors declare no conflicts of interest.

References

1. Lynch, M,; Conery, ].S. The evolutionary fate and consequences of duplicate genes. Science 2000, 290, 1151-
1155, doi:10.1126/science.290.5494.1151.

2. Kimura, M,; Ohta, T. On some principles governing molecular evolution. Proc Natl Acad Sci U S A 1974, 71,
2848-2852, doi:10.1073/pnas.71.7.2848.

3. Zhang, ]. Evolution by gene duplication: an update. Trends in Ecology & Evolution 2003, 18, 292-298,
doi:10.1016/s0169-5347(03)00033-8.

4. Yuasa, H].; Mizuno, K,; Ball, H.J. Low efficiency IDO2 enzymes are conserved in lower vertebrates,
whereas higher efficiency IDO1 enzymes are dispensable. FEBS | 2015, 282, 2735-2745,
doi:10.1111/febs.13316.

5. Mellor, A.L; Lemos, H.; Huang, L. Indoleamine 2,3-Dioxygenase and Tolerance: Where Are We Now?
Front Immunol 2017, 8, 1360, d0i:10.3389/fimmu.2017.01360.

6.  Munn, D.H.; Mellor, A.L. Indoleamine 2,3-dioxygenase and tumor-induced tolerance. | Clin Invest 2007,
117, 1147-1154, doi:10.1172/JCI31178.

7. Tang, K; Wu, Y.H,; Song, Y.; Yu, B. Indoleamine 2,3-dioxygenase 1 (IDO1) inhibitors in clinical trials for
cancer immunotherapy. | Hematol Oncol 2021, 14, 68, doi:10.1186/s13045-021-01080-8.

8. Peyraud, F.; Guegan, ].P.; Bodet, D.; Cousin, S.; Bessede, A.; Italiano, A. Targeting Tryptophan Catabolism
in Cancer Immunotherapy Era: Challenges and Perspectives. Front Immunol 2022, 13, 807271,
d0i:10.3389/fimmu.2022.807271.

9. Li, P;Xu, W,; Liu, F,; Zhu, H.; Zhang, L.; Ding, Z.; Liang, H.; Song, ]. The emerging roles of IDO2 in cancer
and its potential as a therapeutic target. Biomed Pharmacother 2021, 137, 111295,
doi:10.1016/j.biopha.2021.111295.

10. Van den Eynde, B.J.; van Baren, N.; Baurain, ].-F. Is There a Clinical Future for IDO1 Inhibitors After the
Failure of Epacadostat in Melanoma? Annual Review of Cancer Biology 2020, 4, 241-256, doi:10.1146/annurev-
cancerbio-030419-033635.


https://doi.org/10.20944/preprints202409.1810.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 23 September 2024

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

10

Yao, Y.; Liang, H.; Fang, X.; Zhang, S.; Xing, Z.; Shi, L.; Kuang, C.; Seliger, B.; Yang, Q. What is the prospect
of indoleamine 2,3-dioxygenase 1 inhibition in cancer? Extrapolation from the past. ] Exp Clin Cancer Res
2021, 40, 60, doi:10.1186/s13046-021-01847-4.

Moon, Y.W.; Hajjar, J.; Hwu, P.; Naing, A. Targeting the indoleamine 2,3-dioxygenase pathway in cancer.
J Immunother Cancer 2015, 3, 51, doi:10.1186/s40425-015-0094-9.

Jusof, F.F.; Bakmiwewa, S.M.; Weiser, S.; Too, L.K.; Metz, R.; Prendergast, G.C.; Fraser, S.T.; Hunt, N.H.;
Ball, H.J. Investigation of the Tissue Distribution and Physiological Roles of Indoleamine 2,3-Dioxygenase-
2. Int ] Tryptophan Res 2017, 10, 1178646917735098, doi:10.1177/1178646917735098.

Ball, H.].; Sanchez-Perez, A.; Weiser, S.; Austin, C.J.; Astelbauer, F.; Miu, J.; McQuillan, J.A.; Stocker, R,;
Jermiin, L.S.; Hunt, N.H. Characterization of an indoleamine 2,3-dioxygenase-like protein found in humans
and mice. Gene 2007, 396, 203-213, doi:10.1016/j.gene.2007.04.010.

Yuasa, H.J.; Takubo, M.; Takahashi, A.; Hasegawa, T.; Noma, H.; Suzuki, T. Evolution of vertebrate
indoleamine 2,3-dioxygenases. ] Mol Evol 2007, 65, 705-714, doi:10.1007/s00239-007-9049-1.

Metz, R.; Duhadaway, J.B.; Kamasani, U.; Laury-Kleintop, L.; Muller, A.]J.; Prendergast, G.C. Novel
tryptophan catabolic enzyme IDO2 is the preferred biochemical target of the antitumor indoleamine 2,3-
dioxygenase inhibitory compound D-1-methyl-tryptophan. Cancer Res 2007, 67, 7082-7087,
doi:10.1158/0008-5472.CAN-07-1872.

Rossini, S.; Ambrosino, S.; Volpi, C.; Belladonna, M.L.; Pallotta, M.T.; Panfili, E.; Suvieri, C.; Macchiarulo,
A.;Mondanelli, G.; Orabona, C. Epacadostat stabilizes the apo-form of IDO1 and signals a pro-tumorigenic
pathway in human ovarian cancer cells. Front Immunol 2024, 15, 1346686, d0i:10.3389/fimmu.2024.1346686.
Theate, I.; van Baren, N.; Pilotte, L.; Moulin, P.; Larrieu, P.; Renauld, J.C.; Herve, C.; Gutierrez-Roelens, I.;
Marbaix, E.; Sempoux, C.; et al. Extensive profiling of the expression of the indoleamine 2,3-dioxygenase 1
protein in normal and tumoral human tissues. Cancer Immunol Res 2015, 3, 161-172, doi:10.1158/2326-
6066.CIR-14-0137.

Meireson, A.; Devos, M.; Brochez, L. IDO Expression in Cancer: Different Compartment, Different
Functionality? Front Immunol 2020, 11, 531491, doi:10.3389/fimmu.2020.531491.

Platten, M.; Nollen, E.A.A.; Rohrig, U.F.; Fallarino, F.; Opitz, C.A. Tryptophan metabolism as a common
therapeutic target in cancer, neurodegeneration and beyond. Nat Rev Drug Discov 2019, 18, 379-401,
doi:10.1038/s41573-019-0016-5.

Pallotta, M.T.; Orabona, C.; Volpi, C.; Vacca, C.; Belladonna, M.L.; Bianchi, R.; Servillo, G.; Brunacci, C.;
Calvitti, M.; Bicciato, S.; et al. Indoleamine 2,3-dioxygenase is a signaling protein in long-term tolerance by
dendritic cells. Nat Immunol 2011, 12, 870-878, d0i:10.1038/ni.2077.

Tacono, A.; Pompa, A.; De Marchis, F.; Panfili, E.; Greco, F.A.; Coletti, A.; Orabona, C.; Volpi, C.; Belladonna,
M.L.; Mondanelli, G.; et al. Class IA PI3Ks regulate subcellular and functional dynamics of IDO1. EMBO
Rep 2020, 21, e49756, d0i:10.15252/embr.201949756.

Orabona, C.; Pallotta, M.T.; Volpi, C.; Fallarino, F.; Vacca, C.; Bianchi, R.; Belladonna, M.L.; Fioretti, M.C.;
Grohmann, U.; Puccetti, P. SOCS3 drives proteasomal degradation of indoleamine 2,3-dioxygenase (IDO)
and antagonizes IDO-dependent tolerogenesis. Proc Natl Acad Sci U S A 2008, 105, 20828-20833,
do0i:10.1073/pnas.0810278105.

Albini, E.; Rosini, V.; Gargaro, M.; Mondanelli, G.; Belladonna, M.L.; Pallotta, M.T.; Volpi, C.; Fallarino, F.;
Macchiarulo, A.; Antognelli, C.; et al. Distinct roles of immunoreceptor tyrosine-based motifs in
immunosuppressive indoleamine 2,3-dioxygenase 1. | Cell Mol Med 2017, 21, 165-176,
doi:10.1111/jcmm.12954.


https://doi.org/10.20944/preprints202409.1810.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 23 September 2024

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

11

Fatokun, A.A.; Hunt, N.H.; Ball, H.J. Indoleamine 2,3-dioxygenase 2 (IDO2) and the kynurenine pathway:
characteristics and potential roles in health and disease. Amino Acids 2013, 45, 1319-1329,
doi:10.1007/s00726-013-1602-1.

Qian, F.; Villella, J.; Wallace, P.K.; Mhawech-Fauceglia, P.; Tario, ].D., Jr.; Andrews, C.; Matsuzaki, J.;
Valmori, D.; Ayyoub, M.; Frederick, P.J.; et al. Efficacy of levo-1-methyl tryptophan and dextro-1-methyl
tryptophan in reversing indoleamine-2,3-dioxygenase-mediated arrest of T-cell proliferation in human
epithelial ovarian cancer. Cancer Res 2009, 69, 5498-5504, doi:10.1158/0008-5472.CAN-08-2106.

Yuasa, H.J.; Ball, HJ].; Austin, C.J.; Hunt, N.H. 1-L-methyltryptophan is a more effective inhibitor of
vertebrate IDO2 enzymes than 1-D-methyltryptophan. Comp Biochem Physiol B Biochem Mol Biol 2010, 157,
10-15, doi:10.1016/j.cbpb.2010.04.006.

Pantouris, G.; Serys, M.; Yuasa, H.J.; Ball, H.].; Mowat, C.G. Human indoleamine 2,3-dioxygenase-2 has
substrate specificity and inhibition characteristics distinct from those of indoleamine 2,3-dioxygenase-1.
Amino Acids 2014, 46, 2155-2163, doi:10.1007/s00726-014-1766-3.

Li, J; Li, Y.; Yang, D.; Hu, N.; Guo, Z.; Kuang, C.; Yang, Q. Establishment of a human indoleamine 2, 3-
dioxygenase 2 (hIDO2) bioassay system and discovery of tryptanthrin derivatives as potent hIDO2
inhibitors. Eur | Med Chem 2016, 123, 171-179, doi:10.1016/j.ejmech.2016.07.013.

Prendergast, G.C.; Metz, R.; Muller, A ].; Merlo, L.M.; Mandik-Nayak, L. IDO2 in Immunomodulation and
Autoimmune Disease. Front Immunol 2014, 5, 585, d0i:10.3389/fimmu.2014.00585.

Lob, S.; Konigsrainer, A.; Schafer, R.; Rammensee, H.G.; Opelz, G.; Terness, P. Levo- but not dextro-1-
methyl tryptophan abrogates the IDO activity of human dendritic cells. Blood 2008, 111, 2152-2154,
doi:10.1182/blood-2007-10-116111.

Lob, S.; Konigsrainer, A.; Zieker, D.; Brucher, B.L.; Rammensee, H.G.; Opelz, G.; Terness, P. IDO1 and IDO2
are expressed in human tumors: levo- but not dextro-1-methyl tryptophan inhibits tryptophan catabolism.
Cancer Immunol Immunother 2009, 58, 153-157, d0i:10.1007/s00262-008-0513-6.

Austin, C.J.; Mailu, B.M.; Maghzal, G.J.; Sanchez-Perez, A.; Rahlfs, S.; Zocher, K.; Yuasa, H.J.; Arthur, JW.;
Becker, K.; Stocker, R.; et al. Biochemical characteristics and inhibitor selectivity of mouse indoleamine 2,3-
dioxygenase-2. Amino Acids 2010, 39, 565-578, doi:10.1007/s00726-010-0475-9.

Sugimoto, H.; Oda, S.; Otsuki, T.; Hino, T.; Yoshida, T.; Shiro, Y. Crystal structure of human indoleamine
2,3-dioxygenase: catalytic mechanism of O2 incorporation by a heme-containing dioxygenase. Proc Natl
Acad Sci U S A 2006, 103, 2611-2616, doi:10.1073/pnas.0508996103.

Yuasa, H.J.; Ball, H.]J. Indoleamine 2,3-dioxygenases with very low catalytic activity are well conserved
across kingdoms: IDOs of Basidiomycota. Fungal Genet Biol 2013, 56, 98-106, d0i:10.1016/j.fgb.2013.03.003.
Meininger, D.; Zalameda, L.; Liu, Y.; Stepan, L.P.; Borges, L.; McCarter, ].D.; Sutherland, C.L. Purification
and kinetic characterization of human indoleamine 2,3-dioxygenases 1 and 2 (IDO1 and IDO2) and
discovery of selective IDO1 inhibitors. Biochim Biophys Acta 2011, 1814, 1947-1954,
doi:10.1016/j.bbapap.2011.07.023.

Kudo, Y.; Koh, I; Sugimoto, J. Localization of Indoleamine 2,3-Dioxygenase-1 and Indoleamine 2,3-
Dioxygenase-2 at the Human Maternal-Fetal Interface. Int | Tryptophan Res 2020, 13, 1178646920984163,
doi:10.1177/1178646920984163.

Broekhuizen, M.; Danser, A.H.J.; Reiss, LK.M.; Merkus, D. The Function of the Kynurenine Pathway in the
Placenta: A Novel Pharmacotherapeutic Target? Int ] Environ Res Public Health 2021, 18,
doi:10.3390/ijerph182111545.


https://doi.org/10.20944/preprints202409.1810.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 23 September 2024

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

12

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,
d0i:10.3389/fimmu.2020.00839.

Adams, S.; Teo, C.; McDonald, K.L.; Zinger, A.; Bustamante, S.; Lim, C.K.; Sundaram, G.; Braidy, N.; Brew,
B.J.; Guillemin, G.J. Involvement of the kynurenine pathway in human glioma pathophysiology. PLoS One
2014, 9, 112945, doi:10.1371/journal.pone.0112945.

Gu, P,; Ling, B,; Ma, W.; Zhang, ].; Zhang, W.; Zeng, Y.; Liu, Y.; Chi, J.; Ruan, X.; Zheng, X et al.
Indoleamine 2,3-dioxygenase 2 immunohistochemical expression in medullary thyroid carcinoma:
implications in prognosis and immunomodulatory effects. BVIC Cancer 2022, 22, 1116, d0i:10.1186/s12885-
022-10173-7.

Panda, A.; Ganesan, S. Genomic and Immunologic Correlates of Indoleamine 2,3-Dioxygenase Pathway
Expression in Cancer. Front Genet 2021, 12, 706435, doi:10.3389/fgene.2021.706435.

Miyashita, H.; Bevins, N.J.; Thangathurai, K.; Lee, S.; Pabla, S.; Nesline, M.K,; Glenn, S.T.; Conroy, ].M.;
DePietro, P.; Rubin, E.; et al. The transcriptomic expression pattern of immune checkpoints shows
heterogeneity between and within cancer types. Am | Cancer Res 2024, 14, 2240-2252, doi:10.62347/JRJP7877.
Suvieri, C.; De Marchis, F.; Mandarano, M.; Ambrosino, S.; Rossini, S.; Mondanelli, G.; Gargaro, M.; Panfili,
E.; Orabona, C.; Pallotta, M.T.; et al. Membrane Localization and Phosphorylation of Indoleamine 2,3-
Dioxygenase 2 (IDO2) in A549 Human Lung Adenocarcinoma Cells: First Steps in Exploring Its Signaling
Function. Int ] Mol Sci 2023, 24, d0i:10.3390/ijms242216236.

Kado, S.Y.; Bein, K,; Castaneda, A.R.; Pouraryan, A.A.; Garrity, N.; Ishihara, Y.; Rossi, A.; Haarmann-
Stemmann, T.; Sweeney, C.A.; Vogel, C.F.A. Regulation of IDO2 by the Aryl Hydrocarbon Receptor (AhR)
in Breast Cancer. Cells 2023, 12, d0i:10.3390/cells12101433.

Mo, B.; Zhao, X.; Wang, Y; Jiang, X.; Liu, D.; Cai, H. Pan-cancer analysis, providing a reliable basis for IDO2
as a prognostic biomarker and target for immunotherapy. Oncologie 2023, 25, 17-35, doi:10.1515/oncologie-
2022-1026.

Guo, D.; Wang, Y.; Wu, X,; Gao, Y.; Wang, A.; Zhang, Z.; Zhao, K.; Wang, X.; Liu, M.; Zhang, Y.; et al.
Expression of Tryptophan Metabolism Enzymes in Patients with Diffuse Large B-cell Lymphoma and
NK/T-cell Lymphoma. Cancer Med 2023, 12, 12139-12148, d0i:10.1002/cam4.5903.

Zhang, S.; Gao, Y.; Wang, P.; Wang, S.; Wang, Y.; Li, M.; Wang, A.; Zhao, K.; Zhang, Z.; Sun, J; et al.
Tryptophan metabolism enzymes are potential targets in ovarian clear cell carcinoma. Cancer Med 2023, 12,
21996-22005, doi:10.1002/cam4.6778.

Jacquerie, A.; Hoeben, A.; Eekers, D.B.P.; Postma, A.A.; Vanmechelen, M.; de Smet, F.; Ackermans, L.;
Anten, M.; Severens, K.; Zur Hausen, A.; et al. Prognostic relevance of high expression of kynurenine
pathway markers in glioblastoma. Sci Rep 2024, 14, 14975, doi:10.1038/541598-024-65907-3.

Merlo, LM.F,; Peng, W.; Mandik-Nayak, L. Impact of IDO1 and IDO2 on the B Cell Immune Response.
Front Immunol 2022, 13, 886225, doi:10.3389/fimmu.2022.886225.

Mondanelli, G.; Mandarano, M.; Belladonna, M.L.; Suvieri, C.; Pelliccia, C.; Bellezza, G.; Sidoni, A.;
Carvalho, A.; Grohmann, U.; Volpi, C. Current Challenges for IDO2 as Target in Cancer Inmunotherapy.
Front Immunol 2021, 12, 679953, d0i:10.3389/fimmu.2021.679953.

Merlo, L.M.; Mandik-Nayak, L. IDO2: A Pathogenic Mediator of Inflammatory Autoimmunity. Clin Med
Insights Pathol 2016, 9, 21-28, doi:10.4137/CPath.539930.


https://doi.org/10.20944/preprints202409.1810.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 23 September 2024

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

13

Yamasuge, W.; Yamamoto, Y.; Fujigaki, H.; Hoshi, M.; Nakamoto, K.; Kunisawa, K.; Mouri, A.; Nabeshima,
T.; Saito, K. Indoleamine 2,3-dioxygenase 2 depletion suppresses tumor growth in a mouse model of Lewis
lung carcinoma. Cancer Sci 2019, 110, 3061-3067, doi:10.1111/cas.14179.

Liu, Y.; Zhang, Y.; Zheng, X.; Zhang, X.; Wang, H.; Li, Q.; Yuan, K.; Zhou, N.; Yu, Y.; Song, N.; et al. Gene
silencing of indoleamine 2,3-dioxygenase 2 in melanoma cells induces apoptosis through the suppression
of NAD+ and inhibits in vivo tumor growth. Oncotarget 2016, 7, 32329-32340, doi:10.18632/oncotarget.8617.
Sorensen, R.B.; Kollgaard, T.; Andersen, R.S.; van den Berg, ].H.; Svane, LM.; Straten, P.; Andersen, M.H.
Spontaneous cytotoxic T-Cell reactivity against indoleamine 2,3-dioxygenase-2. Cancer Res 2011, 71, 2038-
2044, doi:10.1158/0008-5472.CAN-10-3403.

Merlo, LM.F.; DuHadaway, ].B.; Montgomery, ].D.; Peng, W.D.; Murray, P.J.; Prendergast, G.C.; Caton,
AlJ; Muller, AJ.; Mandik-Nayak, L. Differential Roles of IDO1 and IDO2 in T and B Cell Inflammatory
Immune Responses. Front Immunol 2020, 11, 1861, doi:10.3389/fimmu.2020.01861.

Liu, Y.; Xu, P,; Liu, H.; Fang, C.; Guo, H.; Chen, X; Tan, M.; Zhang, Y.; Min, W. Silencing IDO2 in dendritic
cells: A novel strategy to strengthen cancer immunotherapy in a murine lung cancer model. Int | Oncol
2020, 57, 587-597, doi:10.3892/ij0.2020.5073.

Trabanelli, S.; Ocadlikova, D.; Ciciarello, M.; Salvestrini, V.; Lecciso, M.; Jandus, C.; Metz, R.; Evangelisti,
C.; Laury-Kleintop, L.; Romero, P.; et al. The SOCS3-independent expression of IDO2 supports the
homeostatic generation of T regulatory cells by human dendritic cells. | Immunol 2014, 192, 1231-1240,
doi:10.4049/jimmunol.1300720.

Lee, Y.K,; Lee, H.B.; Shin, D.M.; Kang, M.].; Yi, E.C,; Noh, S; Lee, J.; Lee, C.; Min, C.K,; Choi, E.Y. Heme-
binding-mediated negative regulation of the tryptophan metabolic enzyme indoleamine 2,3-dioxygenase
1 (IDO1) by IDO2. Exp Mol Med 2014, 46, €121, d0i:10.1038/emm.2014.69.

Pallotta, M.T.; Rossini, S.; Suvieri, C.; Coletti, A.; Orabona, C.; Macchiarulo, A.; Volpi, C.; Grohmann, U.
Indoleamine 2,3-dioxygenase 1 (IDO1): an up-to-date overview of an eclectic immunoregulatory enzyme.
FEBS ] 2022, 289, 6099-6118, doi:10.1111/febs.16086.

Konan, K.V.; Taylor, M.W. Importance of the two interferon-stimulated response element (ISRE) sequences
in the regulation of the human indoleamine 2,3-dioxygenase gene. | Biol Chem 1996, 271, 19140-19145,
doi:10.1074/jbc.271.32.19140.

Croitoru-Lamoury, J.; Lamoury, F.M.; Caristo, M.; Suzuki, K.; Walker, D.; Takikawa, O.; Taylor, R.; Brew,
B.J. Interferon-gamma regulates the proliferation and differentiation of mesenchymal stem cells via
activation of indoleamine 2,3 dioxygenase (IDO). PLoS One 2011, 6, e14698,
doi:10.1371/journal.pone.0014698.

Witkiewicz, AK,; Costantino, C.L.; Metz, R.; Muller, A]J.; Prendergast, G.C; Yeo, CJ.; Brody, J.R.
Genotyping and expression analysis of IDO2 in human pancreatic cancer: a novel, active target. | Am Coll
Surg 2009, 208, 781-787; discussion 787-789, doi:10.1016/j.jamcollsurg.2008.12.018.

Vogel, C.F.; Goth, S.R.; Dong, B.; Pessah, .N.; Matsumura, F. Aryl hydrocarbon receptor signaling mediates
expression of indoleamine 2,3-dioxygenase. Biochem Biophys Res Commun 2008, 375, 331-335,
doi:10.1016/j.bbrc.2008.07.156.

Lo, B.K,; Jalili, R.B.; Zloty, D.; Ghahary, A.; Cowan, B.; Dutz, ].P.; Carr, N.; Shapiro, J.; McElwee, K.J. CXCR3
ligands promote expression of functional indoleamine 2,3-dioxygenase in basal cell carcinoma
keratinocytes. Br | Dermatol 2011, 165, 1030-1036, d0i:10.1111/j.1365-2133.2011.10489.x.

Simones, T.; Shepherd, D.M. Consequences of AhR activation in steady-state dendritic cells. Toxicol Sci

2011, 119, 293-307, doi:10.1093/toxsci/kfq354.


https://doi.org/10.20944/preprints202409.1810.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 23 September 2024

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

14

Bankoti, J.; Rase, B.; Simones, T.; Shepherd, D.M. Functional and phenotypic effects of AhR activation in
inflammatory dendritic cells. Toxicol Appl Pharmacol 2010, 246, 18-28, d0i:10.1016/j.taap.2010.03.013.
Nevler, A.; Muller, AJ.; Sutanto-Ward, E.; DuHadaway, ].B.; Nagatomo, K.; Londin, E.; O'Hayer, K,
Cozzitorto, J.A.; Lavu, H.; Yeo, T.P.; et al. Host IDO2 Gene Status Influences Tumor Progression and
Radiotherapy Response in KRAS-Driven Sporadic Pancreatic Cancers. Clin Cancer Res 2019, 25, 724-734,
doi:10.1158/1078-0432.CCR-18-0814.

Kollgaard, T.; Klausen, T.W.; Idorn, M.; Holmgaard, R.B.; Straten, P.T.; Andersen, M.H. Association of a
functional Indoleamine 2,3-dioxygenase 2 genotype with specific immune responses. Oncoimmunology
2012, 1, 441-447, doi:10.4161/onci.19654.

Eldredge, H.B.; Denittis, A.; Duhadaway, ].B.; Chernick, M.; Metz, R.; Prendergast, G.C. Concurrent Whole
Brain Radiotherapy and Short-Course Chloroquine in Patients with Brain Metastases: A Pilot Trial. ] Radiat
Oncol 2013, 2, d0i:10.1007/s13566-013-0111-x.

Negrotto, L.; Correale, J. Amino Acid Catabolism in Multiple Sclerosis Affects Immune Homeostasis. |
Immunol 2017, 198, 1900-1909, doi:10.4049/jimmunol.1601139.

Agliardi, C.; Guerini, F.R.; Zanzottera, M.; Rovaris, M.; Caputo, D.; Clerici, M. Indoleamine-2,3-
dioxygenase(IDO)2 polymorphisms are not associated with multiple sclerosis in Italians. ] Neurol Sci 2017,
377, 31-34, doi:10.1016/j.jns.2017.03.048.

Lee, A,; Kanuri, N.; Zhang, Y.; Sayuk, G.S,; Li, E.; Ciorba, M.A. IDO1 and IDO2 non-synonymous gene
variants: correlation with crohn's disease risk and clinical phenotype. PLoS One 2014, 9, 115848,
doi:10.1371/journal.pone.0115848.

Guo, L.; Schurink, B.; Roos, E.; Nossent, E.J.; Duitman, J.W.; Vlaar, A.P.; van der Valk, P.; Vaz, F.M.; Yeh,
S.R.; Geeraerts, Z.; et al. Indoleamine 2,3-dioxygenase (IDO)-1 and IDO-2 activity and severe course of
COVID-19. ] Pathol 2022, 256, 256-261, doi:10.1002/path.5842.

Napolioni, V.; Pariano, M.; Borghi, M.; Oikonomou, V.; Galosi, C.; De Luca, A.; Stincardini, C.; Vacca, C.;
Renga, G.; Lucidi, V.; et al. Genetic Polymorphisms Affecting IDO1 or IDO2 Activity Differently Associate
With Aspergillosis in Humans. Front Immunol 2019, 10, 890, doi:10.3389/fimmu.2019.00890.

Cao, T,; Dai, G.; Chu, H.; Kong, C.; Duan, H.; Tian, N.; Sun, Z. Single-nucleotide polymorphisms and
activities of indoleamine 2,3-dioxygenase isoforms, IDO1 and IDO2, in tuberculosis patients. Hereditas 2022,
159, 5, d0i:10.1186/s41065-022-00219-y.

Mondanelli, G.; Bianchi, R.; Pallotta, M.T.; Orabona, C.; Albini, E.; Iacono, A.; Belladonna, M.L.; Vacca, C.;
Fallarino, F.; Macchiarulo, A.; et al. A Relay Pathway between Arginine and Tryptophan Metabolism
Confers Immunosuppressive Properties on Dendritic Cells. Immunity 2017, 46, 233-244,

doi:10.1016/j.immuni.2017.01.005.

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those
of the individual author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s)
disclaim responsibility for any injury to people or property resulting from any ideas, methods, instructions or
products referred to in the content.


https://doi.org/10.20944/preprints202409.1810.v1

