Chapter 6
Evaluation of Tryptophan Metabolism
in Chronic Immune Activation

Ayse Basak Engin

Abstract Chronic immune activation is encountered in different pathologies
including granulomatous and functional bowel diseases, cancer, aging, atheroscle-
rosis, and obesity. Persistence of chronic inflammatory stimuli over time creates a
biologic background for immunosenescence and favors neopterin formation with
the enhanced tryptophan (Trp) degradation in diseases concomitant with cellular
immune activation. Trp degradation leads to the generation of several neuroactive
compounds by three distinct pathways.

Indoleamine 2,3-dioxygenase (IDO) induction leads to many complex changes
within the affected cells resulting in immunosuppression through breakdown of Trp.
Thus, neopterin concentrations as well as IDO expression significantly increase in
inflammatory bowel diseases (IBD) such as ulcerative colitis and Crohn’s disease.

However, irritable bowel syndrome (IBS) is linked with abnormal serotonin
functioning and immune activation. In this case, enteric serotonin (5-HT) signaling
may be defective and inactivated by the serotonin-selective reuptake transporter
(SERT) in the enterocytes. A positive correlation is evident between IBS severity
and kynurenine (Kyn) to Trp ratio which is significantly correlated with the rise of
interferon (IFN)-gamma.

The dual host-protective and tumor-promoting actions of immunity are referred
to as cancer immunoediting. IDO-reactive T cells are able to recognize and kill
tumor cells as well as IDO-expressing dendritic cells (DCs). IDO activation leads to
immunosuppression through breakdown of Trp in the tumor microenvironment and
tumor-draining lymph nodes. C-C chemokine receptor type 4 (CCR4)+ forkhead
boxp3(Foxp3)+ regulatory T (Treg) cells create a favorable environment for tumor
escape from host immune responses. Thus, Foxp3+/IDO+ tumors are associated
with more advanced disease.

Age-related changes in the immune system are known as immunosenescence. A
causal relationship is evident between the Trp metabolism and immune deficiency
in elderly. Eventually, the reduced serum Trp concentrations and increased Kyn
levels indicate increased chronic low-grade inflammation in elderly. In this case,
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IDO-induced Trp degradation is associated with increase in neopterin and nitrite
levels. The amounts of neopterin produced by activated macrophages correlate with
their capacity to release reactive oxygen species (ROS). Melatonin not only
improves the antioxidant potential of the cell by stimulating the synthesis of antioxi-
dant enzymes but also reduces free radical generation. The decline in melatonin
production in aged individuals is a primary contributing factor for the development
of age-associated neuronal damage.

IDO activity also has a significant positive correlation in both sexes with carotid
artery intima/media thickness as an early marker of atherosclerosis. Enhanced Trp
degradation in patients with coronary heart disease correlates with enhanced neop-
terin formation. In addition to elevated Kyn to Trp ratio, neopterin concentrations
correlate with the abdominal obesity and metabolic syndrome.

Keywords Tryptophan * Kynurenine ® Neopterin * Ulcerative colitis ® Crohn’s dis-
ease ¢ [rritable bowel syndrome * Immune escape mechanisms ® Obesity * Aging

6.1 Introduction

Tryptophan (Trp) is an indispensable amino acid that should be supplied by dietary
protein. L-Tryptophan metabolism is associated with numerous physiological func-
tions and leads to the generation of several neuroactive compounds by three distinct
pathways (Ruddick et al. 2006). First of all through the kynurenine (Kyn) pathway,
while a large amount of Trp is oxidatively metabolized in the liver, simultaneously
a small amount of Trp degradation can occur extrahepatically (Wirleitner et al.
2003). In this respect the conversion of Trp to Kyn is catalyzed by either the ubiqui-
tous indoleamine 2,3-dioxygenase (IDO) or tryptophan 2,3-dioxygenase (TDO)
which is localized in the liver (Ruddick et al. 2006). In the central compound of this
pathway, Kyn can turn into free radical generator 3-hydroxykynurenine, kynurenic
acid (KA), and quinolinic acid (QA). KA is an N-methyl-D-aspartate (NMDA)
receptor and alpha7 nicotinic acetylcholine receptor (alpha7nAChR) antagonist at
physiological concentrations through its competitive blockade of the glycine co-
agonist site (Schwarcz and Pellicciari 2002). QA has excitotoxic properties due to
potent activation of NR2A and NR2B; NMDA receptor subtypes and its ability to
generate free radicals are independent of receptor activation (Schwarcz and
Pellicciari 2002). The activity of TDO can be increased by L-Trp and its analogs via
an allosteric binding site and is competitively inhibited by some common indoleam-
ines including tryptamine (Ruddick et al. 2006). IDO is stimulated during cellular
immune responses preferentially by T-helper (Th)1-type cytokine interferon-gamma
(IFN-gamma). IDO induction has been correlated with the conversion of Trp to Kyn
and simultaneously induction of guanosine triphosphate cyclohydrolase (GTPCH),
which is the key enzyme in pteridine biosynthesis. Therefore, IDO is recognized as
one of the prominent mediators of immune regulation by metabolic pathways. IDO
activity is best characterized by the Kyn to Trp ratio which correlates with
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concentrations of immune activation markers such as neopterin (Taylor and Feng
1991; Schrocksnadel et al. 2006). Thus, increased neopterin formation with the
enhanced Trp degradation is only observed in diseases concomitant with cellular
immune activation (Widner et al. 2002). In this context a significant correlation
between Kyn-Trp ratio and neopterin concentrations indicates the involvement of
IDO during the degradation of Trp (Garcia-Lestén et al. 2012). Therefore,
immunosuppressant substances are effective by inhibiting IDO activity and
neopterin production simultaneously in a similar dose-dependent manner
(Schroecksnadel et al. 2011).

In another pathway, a small portion of Trp is used for the synthesis of serotonin.
Serotonin (5-hydroxytryptamine, 5-HT) is a key neurotransmitter that modulates a
wide variety of functions in both peripheral organs and the central nervous system
(CNS). The predominant site of 5-HT synthesis throughout the gastrointestinal tract
is the enterochromaffin (EC) cells of the intestinal mucosa (Martel 2006). 5-HT is
synthesized through the actions of two different tryptophan hydroxylases, trypto-
phan hydroxylase (TpH)-1 and TpH-2, which are found in EC cells and neurons,
respectively (Gershon and Tack 2007). Tetrahydrobiopterin (BH4) is essential for
the biosynthesis of serotonin, which serves as cofactor for tryptophan hydroxylase.
GTPCH 1 is the first and rate-limiting enzyme for BH4 biosynthesis (Nagatsu and
Ichinose 1999; Ichinose et al. 2013). The effects of 5-HT occur via seven distinct
families of 5-HT receptors (5-HTRs). Six of them are G-protein coupled, whereas
the remaining 5-HT3R is ionotropic (Hoyer et al. 2002; Hannon and Hoyer 2008).
The synaptic concentration of released serotonin is regulated by the serotonin trans-
porter (SERT) that removes serotonin from the synapse. Intestinal 5-HT is inacti-
vated by metabolic degradation after SERT-mediated uptake into enterocytes or
neurons. Furthermore, inhibition of SERT causes an increase in transmural trans-
port of 5-HT in intestinal segments and augments the extracellular concentration of
5-HT (Martel 2006). Since Trp is known as the primary amino acid precursor of
serotonin, systemic Trp depletion results in decreased serotonin synthesis (Bell
et al. 2001; van Donkelaar et al. 2011). Consequently, the two metabolic pathways,
Kyn and 5-HT, compete for their reciprocal precursor, Trp. Eventually, KA
concentrations reduce and 5-HT synthesis increases. Although serotonergic metab-
olism in the intestinal mucosa is not affected by acute Trp depletion, profound
effects on systemic concentrations of serotonergic metabolites are evident
(Keszthelyi et al. 2012).

Another pathway that is activated in response to signals from the circadian clock
and arylalkylamine N-acetyltransferase (AANAT; serotonin N-acetyltransferase) is
the first rate-limiting enzyme in melatonin production and converts serotonin to
N-acetyl serotonin. AANAT also constitutes a key interface between melatonin pro-
duction and regulatory mechanisms (Coon et al. 2002). Actually, synthesis of mela-
toninstarts withhydroxylationof L-Trpto5-hydroxytryptophan. 5-Hydroxytryptophan
is converted to serotonin. Serotonin is subsequently converted to N-acetylserotonin
by the enzyme AANAT (Slominski et al. 2012). AANAT mRNA is uniformly distrib-
uted in the pineal gland but is limited primarily to the photoreceptor outer segments
in the retina. Furthermore, the conversion of N-acetylserotonin to melatonin is
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achieved by the enzyme of hydroxyindole-O-methyltransferase (HIOMT). This
enzyme is present in high amount in the pineal gland, but it is nearly undetectable in
the retina (Coon et al. 2002). Circadian clocks in the vertebrate retina optimize reti-
nal function by driving rhythms in gene expression, photoreceptor outer segment
membrane turnover, and visual sensitivity (Iuvone et al. 2005). Most of the regula-
tory functions of melatonin are mediated by two high-affinity G-protein-coupled
receptors, named MTland MT2 (Dubocovich et al. 2010), which are mainly
expressed in the CNS but are also present in different peripheral organs (Slominski
et al. 2012). The third melatonin-binding site MT3 is an enzyme named quinone
reductase 2 (QR?2). Protective effect of melatonin against oxidative stress is provided
by the activation of MT3/QR2. All three melatonin receptors can be found in the gut
(Chen et al. 2011). G-protein-coupled membrane receptors of melatonin modulate
several intracellular messengers such as cyclic adenosine monophosphate (cAMP)
and [Ca2+] which are highly effective in the production of melatonin (Klein 2007).

Chronic immune activation is encountered in different pathologies including
granulomatous and functional bowel diseases (Prior et al. 1986; Clarke et al. 2009),
atherosclerosis (Blasi 2008), cancer (Dalgleish and O’Byrne 2002), and obesity
(Brandacher et al. 2007; Duncan and Schmidt 2001). Persistence of chronic inflam-
matory stimuli over time creates a biologic background for immunosenescence and
favors the susceptibility to inflammatory age-related diseases (Franceschi et al.
2000; Candore et al. 2006). In this chapter, inflammatory bowel disease, irritable
bowel syndrome, cancer, aging, atherosclerosis, and obesity are taken into consid-
eration in terms of chronic immune activation and Trp metabolism.

6.2 Chronic Immune Activation in Inflammatory
and Functional Bowel Diseases

Inflammatory bowel disease (IBD) results from an inappropriate immune response
that occurs in genetically susceptible individuals. It represents a complex interac-
tion between the intestinal immune system, environmental circumstances, and
microbial factors (Danese and Fiocchi 2006). Actually, IBDs consist of two distinct
pathologies: ulcerative colitis and Crohn’s disease. The incidence and prevalence of
IBD are increasing with time and in different regions around the world. In time-
trend analyses, 75 % of Crohn’s disease studies and 60 % of ulcerative colitis stud-
ies have an increased incidence of statistical significance. The highest reported
prevalence values for IBD were in Europe, 505 per 100,000 persons and 322 per
100,000 persons, and in North America, 249 per 100,000 persons and 319 per
100,000 persons, for ulcerative colitis and for Crohn’s disease, respectively
(Molodecky et al. 2012).

The mechanisms of cell entry into the intestinal mucosa, bacterial and foreign
antigen invasion, angiogenesis, and the control of gut inflammation through intesti-
nal microvasculature are the most important issues considering the pathogenesis of
IBD (Danese 2011).
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Regardless of pathogenetic mechanisms, evaluation of urinary neopterin
excretion in untreated ulcerative colitis patients shows a striking correlation between
neopterin levels and the severity of disease. When the chronic cellular immune acti-
vation underlying ulcerative colitis is subsided, neopterin levels decrease and clini-
cal remission is achieved (Niederwieser et al. 1985). Furthermore, fecal neopterin
concentration is also increased in patients with clinically active or inactive Crohn’s
disease and in patients with clinically active ulcerative colitis when compared with
controls. Therefore, neopterin represents a remarkable biomarker for the activity of
IBD (Husain et al. 2013). On the other hand, expression of IDO mRNA is markedly
induced in perifollicular regions of lymphoid follicles in colonic tissues of IBD
patients. IDO is primarily expressed in CD123+ mononuclear cells. Upregulation of
IDO is detected by the increase of Kyn and Kyn/Trp in supernatants from colonic
tissues (Wolf et al. 2004). In a similar manner with neopterin, increase in IDO
expression in the lesions of ulcerative colitis or Crohn’s disease is positively related
to the severity of inflammation. IDO-positive mononuclear cells also express
CDl11c, CD68, and toll-like receptor (TLR)4 (Zhou et al. 2012). Deficient TLR and
nucleotide-binding-oligomerization domain function due to genetic variability is
associated with an increased susceptibility to the development of inflammatory
bowel disease (Mueller and Podolsky 2005). Actually, nucleotide-binding-
oligomerization domain-containing-2 (NOD2) acts as a bacterial sensor in dendritic
cells (DCs), and NOD?2 variants are associated with Crohn’s disease. DCs from
individuals with Crohn’s disease expressing Crohn’s disease-associated NOD2 are
defective in autophagy induction, bacterial trafficking, and antigen presentation
(Cooney et al. 2010).

On the other hand, an induction of mRNA for TLR2, TLR4, and TLRS expres-
sion in inflammation-associated human intestinal macrophages also contributes to
the inflammatory process (Hausmann et al. 2002). TLRs play essential roles in
innate immune responses by recognizing various pathogen-derived components. In
this respect, they activate various transcription factors such as nuclear factor-kappa
B (NF-kappaB), activating protein-1, and interferon regulatory factors, which are
responsible for inflammatory responses. In addition, TLRs also mediate alternative
pathways by utilizing TLR3, TLR4, TLR7/8, and TLRY. Specific combination of
these adapter molecules induces type I interferon responses (Kawai and Akira
2006). Consequently, the classical proinflammatory TLR signaling pathway leads
to the synthesis of inflammatory cytokines and chemokines, such as interleukin
(IL)-1beta, IL-6, IL-8, IL-12, and tumor necrosis factor (TNF)-alpha, which are
causally involved in the pathogenesis of IBD. Thus, treatment with the TNF-
blocking antibody, “infliximab,” indicates good clinical response to anti-TNF-alpha
agents. This is accompanied with reduced IDO expression (Wolf et al. 2004; Frazao
et al. 2013).

Chronic or recurrent abdominal pain or discomfort along with altered bowel
function characterizes the irritable bowel syndrome (IBS) (Fukudo 2013).
Gastrointestinal comorbidities, such as functional dyspepsia, gastroesophageal
reflux disease, functional constipation, and anal incontinence, occur in almost 50 %
of the patients. A broad variety of extraintestinal comorbidities, such as fibromyalgia,
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chronic fatigue syndrome, and chronic pelvic pain, are best documented and appear
in up to 65 % (Riedl et al. 2008). A web-based survey that was carried out shown
that the subtypes of IBS were mixed IBS 36 %, IBS with diarrhea 33 %, IBS with
constipation 18 %, and unsubtyped IBS 11 % (Krogsgaard et al. 2013). It is also
thought that the disorder of the autonomic nervous system function, the neuro-
immune axis, and the brain-gut-microbiota axis profiles are unique in IBS patients.
Since 5-HT neurotransmission in IBS patients is regulated with the 5-HT3 antago-
nists, 5-HT4 agonists, and antidepressants, 5-HT appears to be strongly associated
with brain-gut function (Fukudo 2013). Successive potentiation of 5-HT and desen-
sitization of its receptor could account for the symptoms seen in diarrhea-
predominant and constipation-predominant IBS, respectively (Gershon 2004).
Hence, IBS is a complex disorder that is associated with altered gastrointestinal
motility, secretion, and sensation. Actually, 5-HT modulates sensation and percep-
tion of visceral stimulation at peripheral and central sites. However, enteric 5-HT
signaling may be defective and inactivated by the SERT in the enterocytes or neu-
rons. Tegaserod, a 5-HT4 partial agonist, is used in constipation-predominant IBS,
while alosetron, a 5-HT3 antagonist, is used in IBS with diarrhea (Sikander et al.
2009; Crowell and Wessinger 2007). Furthermore, mucosal 5-HT, TpH-1 mRNA,
SERT mRNA, and SERT immunoreactivity are all significantly reduced in both IBS
with constipation and IBS with diarrhea (Coates et al. 2004). These data suggested
that reduced SERT in the IBS patients can be one of the factors contributing to the
development of both diarrhea and constipation. Thus, SERT immunoreactivity
intensity of all IBS, IBS with diarrhea and IBS with constipation, patients signifi-
cantly differs from that of healthy controls (El-Salhy et al. 2013). There are conflict-
ing data on the efficacy of selective 5-HT reuptake inhibitors in IBS, the association
of the SERT gene promoter polymorphism serotonin transporter-linked polymor-
phic region (S-HTTLPR) with IBS, and the expression pattern of SERT in the intes-
tinal mucosa of IBS patients (Colucci et al. 2008).

According to these evidences, IBS has been linked with abnormal serotonin
functioning and immune activation. On the one hand, Trp is used as a substrate for
serotonin biosynthesis, but it can alternatively be catabolized to Kyn by the enzyme
IDO. While a positive correlation between IBS severity and Kyn to Trp ratio is evi-
dent in these patients, increase in IFN-gamma activity is significantly correlated
with the rise of Kyn-Trp ratio (Fitzgerald et al. 2008). In this case two alternatives
may be valid. Firstly, the increased Kyn-Trp originates from the increased activity
of hepatic TDO; the alternative scenario of increased IDO activity is equally valid.
However, the elevated neopterin levels in the IBS cohort strongly suggest that IDO
is the main enzymatic player. Although, the majority of the neopterin measurements
are below the cutoff value, 10 nM level, which are considered to be reliably indica-
tive of a disease state (Schroecksnadel et al. 2005a). In some cases although both
plasma Kyn levels and the Kyn-Trp ratio are significantly increased in the IBS
cohort, no difference is found in plasma L-Trp levels between IBS patients and
healthy subjects. These patients show significant increases in neopterin levels but
below the cutoff value (Clarke et al. 2009). These evidences confirm that low-level
chronic immune activation may be valid in IBS. Additionally, significant imbalances
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in Trp concentrations and its metabolites may be frequently observed. This
phenomenon might be associated either with a disturbance in albumin binding of
Trp and an overcompensatory response to decreased Trp concentrations or a dys-
functional serotonergic system in IBS (Chen and Guillemin 2009; Shufflebotham
et al. 20006).

As stated above, IBS patients exhibit a distinct Trp degradation profile through
downstream of overall TLR activation that is different from that of healthy controls.
However, TLR4 activation for Trp metabolism appears equivalent in both healthy
controls and some subgroups of IBS patients (Clarke et al. 2012). Indeed, colonic
gene and protein expression of TLR2 and TLR4 differs significantly between the
subgroups of IBS patients, providing further support for the hypothesis of altered
intestinal immune activation. A significant increase of TLR2 and TLR4 was shown
only in diarrhea mixed bowel pattern (IBS-M) subgroup compared with healthy
subjects. These results support the hypothesis, at least in constipation and IBS-M
patients, that the innate immune system plays a key role in the pathophysiology of
the disease. Thus the increased colonic expression of TLR2 and TLR4 in IBS-M
patients are accompanied by the impaired expression of peroxisome proliferator-
activated receptor-gamma (PPAR-gamma) and enhanced production of mucosal
proinflammatory cytokines, IL-8 and IL1-beta (Belmonte et al. 2012).

In fact IBS patients showed a significant amount, 72 % increase in number of
mucosal immune cells, CD3+, CD4+, and CD8+ T cells, and mast cells compared
to controls (Cremon et al. 2009). The increased level of T-cell activation is consis-
tent with the hypothesis of low-grade immune activation in IBS (Ohman et al.
2009). Mild inflammation is involved in diarrhea-predominant IBS patients as pro-
inflammatory cytokine TNF-alpha is significantly higher, although no difference in
anti-inflammatory cytokine is observed (Rana et al. 2012). Although IBS is charac-
terized by the increase of proinflammatory cytokines, IL-6 and IL-8, IBS patients
with certain extraintestinal comorbid conditions are distinguished by additional
elevations in IL-1beta and TNF-alpha (Scully et al. 2010).

6.3 Immune Escape Mechanism in Cancer

The dual host-protective and tumor-promoting actions of immunity are referred to
as cancer immune editing which is comprised of elimination, equilibrium, and
escape phases (Vesely and Schreiber 2013). IDO-reactive T cells are peptide-
specific, cytotoxic effector cells. Hence, IDO-specific T cells effectively disrupt
IDO+ cancer cell lines of different origin. IDO-specific cytotoxic T lymphocytes
(CTLs) recognize and kill IDO+-matured CD19+ plasmacytoid DC, which medi-
ates immune suppression. Indeed, IDO is upregulated in DC in tumor-draining
lymph nodes and creates a tolerogenic microenvironment (Sgrensen et al. 2009).
DNA molecules containing unmethylated CpG oligodeoxynucleotides
(ODN) have potent immunostimulatory effects on plasmacytoid DCs through
TLRY recognition and signaling. Human plasmacytoid DCs are activated by
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CpG-ODN-mediated TLRO ligation. Later, they can induce the generation of CD4+
CD25+ forkhead boxp3(Foxp3)+ regulatory T cells (Tregs) from CD4+CD25 T
cells (Moseman et al. 2004). In this process, human plasmacytoid DCs express high
levels of IDO mRNA and protein in response to TLRY ligation and use the IDO
pathway to induce the differentiation of CD4+CD25+Foxp3+ Tregs from
CD4+CD25- T cells. IDO inhibitor, 1-methyl-D-tryptophan, significantly impedes
plasmacytoid DC-driven inducible Treg generation and suppressor cell function.
However, Kyn supplementation suppresses the effect of 1-methyl-D-tryptophan and
restores the differentiation of Treg cells (Chen et al. 2008).

IDO is spontaneously recognized by CTLs in patients with cancer (Sgrensen
et al. 2009). Thus, IDO-specific T cells are present in peripheral blood as well as in
the tumor microenvironment. These IDO-reactive T cells are able to recognize and
kill tumor cells as well as IDO-expressing DCs, that is, one of the main immune-
suppressive cell populations (Sgrensen et al. 2011). Inhibition of the expression and
activity of IFN-gamma-induced IDO in bone marrow-derived dendritic cells
(BMDCs) through the suppression of the activity of Janus kinase/signal transducers
and activators of transcription (JAK/STAT) and protein kinase C causes antitumor
activity by regulating CD8+ T-cell polarization and CTLs activity (Noh et al. 2013).

Spontaneous CTL reactivity against IDO exists not only in patients with cancer
but also in healthy persons. IDO+ DCs inhibit T-cell proliferation because of Trp
depletion and accumulation of toxic Trp metabolites (Platten et al. 2005; Munn and
Mellor 2007). Actually, Trp metabolites of the Kyn pathway, such as
3-hydroxyanthranilic and QA, can induce the selective apoptosis of Thl cells and
can also effectively suppress T-cell proliferation (Fallarino et al. 2003). Furthermore,
CTLs starved of Trp are unable to proliferate and go into G1 cell-cycle arrest (Munn
et al. 2005).

Moreover, IDO-expressing plasmacytoid DCs activate the general control non-
derepressible-2 (GCN2) kinase pathway in responding T cells. GCN2 kinase acts as
a molecular sensor for T cells during IDO-induced Trp depletion and related immu-
nosuppression (Munn et al. 2005). Endoplasmic reticulum (ER) transmembrane
signaling protein, unfolded protein response (UPR)-mediated downregulation of
protein synthesis, is accompanied by increased phosphorylation of eukaryotic trans-
lation initiation factor 2alpha (eIF2alpha). UPR initiates a rapid block in translation
of cyclin D1 mRNA, and the cyclin D-dependent kinase activity is lost. During ER
stress, one of the mammalian elF2alpha kinases, protein kinase RNA-activated
(PKR)-like ER kinase (PERK), contributes to cyclin D1 translation attenuation and
provokes G1 arrest (Brewer et al. 1999). When considering all, both PERK and
GCN2 contribute to the ER stress-mediated regulation of elF2alpha phosphoryla-
tion and translation of cyclin D1 (Hamanaka et al. 2005). Consequently, the activa-
tion of GCN2 triggers a stress response program that can result in cell-cycle arrest,
differentiation, adaptation, or apoptosis via elF2alpha phosphorylation (De Haro
et al. 1996).

Functionally, Trp-deprived DCs show a reduced capacity to stimulate T cells,
which can be restored by blockade of specific immunoglobulin (Ig)-like transcripts
(ILTs), ILT3. Trp deprivation generates human monocyte-derived DCs with a
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marked upregulation of the inhibitory receptors ILT3 and ILT4 and increases the
capacity to induce CD4+CD25+Foxp3+ Tregs in an ILT3-dependent manner.
Moreover, ILT3high ILT4high DCs lead to the induction of CD4+CD25+Foxp3+
Tregs with suppressive activity from CD4+CD25- T cells. The generation of
ILT3high ILT4high DCs with tolerogenic properties by Trp deprivation is linked to
a stress response pathway mediated by the GCN2 kinase (Brenk et al. 2009).

IDO activation leads to many complex changes within the affected cells resulting
in immunosuppression through breakdown of Trp in the tumor microenvironment
and tumor-draining lymph nodes (Soliman et al. 2010). In human malignancies,
overexpression of IDO can facilitate immune escape which is under control of
tumor suppressor gene bridging integrator 1 (Binl). Thus, Binl loss contributes to
immune escape in cancer by increasing the STAT1 and NF-kappaB-dependent
expression of IDO (Muller et al. 2005). Since IDO represents an antitumoral
immune effector mechanism, IDO also can cause immune system failure by inhibit-
ing T-cell responses. Therefore, tumor cells can escape from immune system
through IDO activity. Kyn-Trp ratio correlates strongly with the concentrations of
cytokine IL-6, soluble IL-2 receptor-alpha, TNF-alpha receptor, and the macro-
phage marker neopterin. In this respect accelerated Trp degradation represents an
immune escape mechanism (Sperner-Unterweger et al. 2011). Within the tumor
microenvironment, not only tumor cells but also other infiltrating cells such as DCs,
monocytes, and others can be sources of IDO. In addition to the Trp depletion, accu-
mulation of its metabolites into the tumor environment also propagates the suppres-
sion of antitumor immune responses (Zamanakou et al. 2007). On the other hand,
Engin et al. have found that certain colon cancer subsets are different in their ability
to express IDO, while significant correlation between IDO activity and immunos-
taining scores indicates an immunosuppressive activity in patients with high IDO
expression in colorectal cancer. Thus, high total IDO immunostaining score is a
strong predictor for immune tolerance, lymphatic invasion, and subsequent lymph
node metastasis (Engin et al. 2010).

Treg cells have been defined as a specialized subpopulation of T cells that act to
suppress activation of the immune system and thereby maintain immune system
homeostasis and tolerance to self-antigens (Sakaguchi 2005, 2006). CD4+ Treg
cells are abundant in tumor tissues and prevent the induction of effective antitumor
immunity. They express C-C chemokine receptor 4 (CCR4) in tumor tissues.
CCR4+ Treg cells are predominant among tumor-infiltrating Foxp3+ T cells
(Sugiyama et al. 2013). The chemokines which are specific ligands for CCR4 that
are produced by tumor cells attract CCR4+ Treg cells to the tumor. These cells cre-
ate a favorable environment for tumor escape from host immune responses. Thus,
anti-CCR4 monoclonal antibodies eliminate the suppressive effect of CCR4+ Treg
cells on the host immune response to tumor cells (Ishida and Ueda 2006). Actually,
Foxp3+ Treg cells are associated with more advanced disease in cancers. As IDO
promotes differentiation of Treg cells, it may become a suitable target to abolish the
development of T-cell tolerance against the cancer development. Node-positive dis-
ease almost exclusively occurs in patients with Foxp3+/IDO+ tumors. Actually, the
combined expression and immunosuppressive effects of IDO and Foxp3 on
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metastatic lymph nodes support this assumption (Mansfield et al. 2009). Most Treg
cells are defined based on expression of CD4, CD25, and the transcription factor,
Foxp3. The combination of expression of CD4, CD25, and CD127 represents highly
purified population of Treg cells and has an efficient suppressor function (Liu et al.
2006). Indeed, natural Treg cells have been observed to predominantly infiltrate
tumor masses especially in the early phase of tumor progression (Yamaguchi and
Sakaguchi 2006).

Activation of IDO in either tumor cells or nodal regulatory DCs appears to be
sufficient to facilitate tumoral immune escape (Munn and Mellor 2007). Additionally,
most human tumors can overexpress IDO (Uyttenhove et al. 2003). For instance,
IDO is also expressed in human breast cancer cells. Estrogen receptor-negative
breast cancer cells may evade the attention of the immune system through the
expression of IDO together with its main substrate, L-Trp transport, into these cells
(Travers et al. 2004).

In the tumor-draining lymph nodes (TDLNs), there are three strong regulatory
mechanisms. IDO, functional activation of Tregs, and the inhibitory programmed
cell death 1/programmed cell death 1 ligand (PD-1/PD-L) pathway are tightly
linked and constitute an immunosuppressive milieu. When IDO+ plasmacytoid DCs
present antigen to effector T cells in the presence of mature, resting Tregs, this initi-
ates a GCN2-dependent activation of the Tregs by IDO. While GCN2 signaling is
critical for allowing IDO-induced functional activation, Trp metabolites complete
the full activation of the Tregs. Seventy-five to 90 % of this constitutive Treg activ-
ity in TDLNSs is mediated via IDO-induced, PD-1/PD-L-dependent pathway. IDO-
induced Treg activation is prevented by blockade of CTLs antigen 4, and
IDO-Treg-PD-1/PD-L pathway is interrupted (Sharma et al. 2007). Eventually, the
combination of these IDO-expressing plasmacytoid DCs and IDO-activated Treg
cells renders the local milieu in the TDLNSs profoundly inhibitory for T-cell activa-
tion (Munn and Mellor 2006).

On the other hand, Tregs exposed to certain inflammatory signals from activated
DCs or TLR ligands can lose their suppressor activity (Pasare and Medzhitov 2003)
and may alter their phenotype (be “reprogrammed”) to resemble proinflammatory
effector cells. The reprogrammed Treg cells downregulate Foxp3 expression and
express proinflammatory cytokines, IFN-gamma, IL-17, and TNF-alpha. This
phenotype conversion requires DC-Treg cell contact, which causes IL-6 secretion
by the DC, and occurs in an antigen-specific manner (Radhakrishnan et al. 2008).
That means IDO plus effector T cells activate Foxp3+ Tregs for suppression. In the
absence of IDO, Tregs can lose their suppressor phenotype and undergo conversion
to a Th17-like phenotype. Most of the reprogrammed Tregs coexpress IL-2 and
TNF-alpha, in addition to IL-17 and IL-22. Only a small number of reprogrammed
cells express interferon-gamma or IL-10. Thus, reprogrammed Treg is a source
of multiple proinflammatory cytokines. Upregulation of IL-17 in Tregs is driven
by IL-6. However, IL-6 expression occurs only when IDO is blocked
(Sharma et al. 2009).

Trp degradation is also detectable in patients with gynecological cancer. The
relationship between Kyn-Trp and neopterin concentrations indicates that cellular
immune activation rather than tumor-mediated IDO activity is responsible for the
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degradation of Trp (Schroecksnadel et al. 2005b). However, immunosuppressants
are effective to inhibit IDO activity and neopterin production in a similar and dose-
dependent manner (Schroecksnadel et al. 2011).

6.4 Aging and Chronic Immune Activation

Aging is associated with increased levels of circulating cytokines and proinflamma-
tory markers. Age-related changes in the immune system, known as immunosenes-
cence, and increased secretion of cytokines by adipose tissue represent the major
causes of chronic inflammation (Michaud et al. 2013). Actually, impairment of
immune defense with aging is a part of the age-associated neuroendocrine disorders
which consist of hypertension, obesity, dyslipidemia, type 2 diabetes, menopause,
late-onset depression, vascular cognitive impairment, and some forms of cancer
(Oxenkrug 2010). On the other hand, progressive increase in Trp catabolism is also a
part of the normal aging process (Frick et al. 2004). In this regard, a causal relation-
ship is evident between the Trp metabolism and immune deficiency in elderly. Thus,
neopterin, Kyn-Trp ratio, and all Kyn metabolites are 20-30 % higher in the older
group, whereas Trp is 7 % lower (Theofylaktopoulou et al. 2013). Eventually, the
reduced serum Trp concentrations and increased Kyn levels indicate increased chronic
low-grade inflammation in elderly. In this case IDO-induced Trp degradation is asso-
ciated with increase in neopterin and nitrite levels (Capuron et al. 2011). In addition
to rising neopterin and Kyn levels, KA and homocysteine concentrations as well as
the Kyn-Trp ratio also increase with older age. In this respect increasing neopterin
concentrations and Kyn-Trp ratio in older age are associated with immune activation
especially of the T-cell/macrophage system (Frick et al. 2004; Urbariska et al. 2006).
As mentioned above, neopterin and Trp metabolites are strong predictive markers of
the normal aging process and comorbidities of aging such as cardiovascular and neu-
rodegenerative diseases or malignant tumors. Actually, aging and related pathological
conditions critically involve an overwhelming production of reactive oxygen species
(ROS) (Becker et al. 2014). During the exposure to oxidative stress, neopterin deriva-
tives exhibit distinct biochemical effects, most likely via interactions with reactive
oxygen or nitrogen intermediates (Hoffmann et al. 2003). The amounts of neopterin
produced by activated monocytes/macrophages correlate with their capacity to release
ROS. With this background, neopterin concentrations in body fluids can be taken into
consideration as a degree of oxidative stress emerging during cell-mediated immune
response (Murr et al. 1999). In this case the increased synthesis of BH4 in pteridine
pathway is an adaptive response to inflammation; however, inflammation-induced
oxidative stress could oxidize BH4 (Huang et al. 2005). In fact the enhanced produc-
tion of neopterin occurs at the expense of BH4 formation (Fuchs et al. 2009). BH4 is
the essential cofactor in the enzymatic hydroxylation of phenylalanine, tyrosine, and
Trp. It is synthesized from GTP, and synthesis steps are catalyzed by GTPCH I,
6-pyruvoyl-tetrahydropterin synthase, and sepiapterin reductase (Shintaku 2002).
IFN-gamma-induced IDO promoter activity is enhanced synergistically by
TNF-alpha. IFN-gamma-responsive elements, IFN regulatory factor-1, and two
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IFN-gamma-stimulated response elements (ISRE-1 and ISRE-2) are critical for this
synergistic activation (Robinson et al. 2005). The transcriptional regulation of
GTPCH 1 is important in the control of BH4 metabolism during the coordinated
induction of GTPCH I and inducible nitric oxide synthase (iNOS) gene expression.
However, the combination of TNF-alpha and IFN-gamma induces a strong activa-
tion of GTPCH I mRNA, protein, and BH4 production (Peterson and Katusic 2005).
Eventually, TNF-alpha acts synergistically with the Th1 type cytokine, IFN-gamma
in age-related changes in both pteridine and Kyn pathways. Meanwhile, BH4 serves
as an essential NOS cofactor, and Kyn catabolites, quinolinic acids, and picolinic
acids transcriptionally activate iNOS. These evidences indicate that there is a con-
nection between arginine and Trp metabolic pathways in the generation of reactive
nitrogen intermediates in aging (Melillo et al. 1994). Consequently, demand for
BH4 might be increased under the condition of Kyn-induced activation of iNOS
triggered by IFN-gamma-induced upregulation of Kyn pathway (Oxenkrug 2007).
The deficiency of BH4 results in uncoupling of NOS and shifting of arginine metab-
olism to the production of superoxide anion rather than nitric oxide (NO) (Pou et al.
1992).

Actually, IFN-gamma does not play a role in redox modulation of IDO activity
in DCs. The cystine/glutamate antiporter controls intracellular and extracellular
redox. Mattox et al. showed that the antiporter control of redox regulates IDO enzy-
matic activity and IDO protein levels in DCs. IDO-competent DCs arise under
pathophysiologic conditions, which are characterized by imbalances in systemic
redox as occurs in obesity and aging (Mattox et al. 2012). Blocking the antiporter
activity exhausts intracellular glutathione and interferes with DC differentiation
from monocyte precursors, thereafter significantly reducing DC presentation of
exogenous antigen to T cells (D’ Angelo et al. 2010).

Several intermediate products of the Kyn pathway are known to be neurotoxic.
Among them, the NMDA receptor agonist and neurotoxin, QA, is likely to be most
important in terms of biological activity (Stone 2001). Anthranilic acid,
3-hydroxyanthranilic acid (3-HAA), and 3-hydroxykynurenine (3-HK) have been
shown to generate free radicals leading to neuronal damage similar to QA (Stone
2001). During the Trp supplementation, Trp can be used for the synthesis of sero-
tonin, melatonin, and nicotinamide adenine dinucleotide (NAD") besides the Kyn
production (Ruddick et al. 2006; Penberthy 2007). Moreover, under conditions of
Trp depletion, supplementation with Trp downregulates enzymes directing Trp to
non-NAD*-dependent pathways. This suggests a shift of all available Trp catabo-
lism to NAD* synthesis (Penberthy 2007). Kyn causes intracellular NAD* depletion
and reduces cell viability at greater than physiological concentrations (Braidy et al.
2009). The third metabolic pathway of L-Trp degradation leads to synthesis of its
major metabolite melatonin. Melatonin not only improves the antioxidant potential
of the cell by stimulating the synthesis of antioxidant enzymes but also reduces free
radical generation and keeps the adequate mitochondrial adenosine triphosphate
(ATP) synthesis. The decline in melatonin production in aged individuals is one of
the primary contributing factors for the development of age-associated neuronal
damage (Pandi-Perumal et al. 2013).
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6.5 Atherosclerosis

Atherosclerosis is a chronic inflammatory disease initiated by the retention and
accumulation of low-density lipoprotein (LDL) in the artery wall, leading to mal-
adaptive responses of macrophages and T cells (Tabas et al. 2007). It could be
caused by an immune reaction against autoantigens at the endothelial level, the most
relevant of which are oxidized LDL and heat shock proteins (Blasi 2008). IDO sup-
presses T-cell activity and is upregulated by various inflammatory stimuli. IDO
activity has a significant positive correlation in both sexes with carotid artery intima/
media thickness as an early marker of atherosclerosis (Niinisalo et al. 2008;
Pertovaara et al. 2007). Enhanced Trp degradation was reported in patients with
coronary heart disease and was found to correlate with enhanced neopterin forma-
tion. In cardiovascular disease, IFN-gamma is the most important trigger for the
formation and release of ROS. Chronic ROS production leads to the depletion of
antioxidants. Furthermore, oxidative stress plays a major role in the atherogenesis
and progression of cardiovascular disease (Schroecksnadel et al. 2006). In these
patients, as traditional cardiovascular disease risk factors, IFN-gamma activity,
plasma neopterin, and plasma Kyn-Trp ratio provide similar risk estimates for major
coronary events and mortality (Pedersen et al. 2011). Neopterin and Kyn do not
necessarily only serve as passive markers of IFN-gamma activity. Neopterin is
released in parallel with its partially reduced derivative 7,8-dihydroneopterin (Fuchs
et al. 2009). IFN-gamma-stimulated human macrophages generate ROS as well as
neopterin and 7,8-dihydroneopterin. These pteridines may also have antioxidant
effects depending on the circumstances (Herpfer et al. 2002).

The Kyn metabolite, 3-HAA, has immune regulatory properties and can inhibit
Th1 and Th2 cells while increasing the amount of Tregs (Platten et al. 2005; Hayashi
et al. 2007). Thus, 3-HAA modulates systemic adaptive immune responses and
inhibits oxidized LDL (oxLDL) uptake in macrophages. Consequently, 3-HAA
reduces local inflammation and atherosclerosis by impairing local antigen presenta-
tion and vascular infiltration of T cells (Zhang et al. 2012). However, 3-HAA, but
not L-Kyn, markedly inhibits antigen-independent proliferation of CD8+ T cells
induced by IL-2, IL-7, and IL-15 (Weber et al. 2006). A marked immunosuppres-
sive effect of IDO expression is evident on human CD4+ and CD8+ T cells.
Nevertheless, there is a significant difference in the suppressive effect of IDO on
proliferation of CD8+ compared to that of CD4+ T cells (Forouzandeh et al. 2008).
Actually, IFN-gamma is synthesized by CD4+ Th1 cells. This cytokine, a key regu-
lator of immune function, is highly expressed in atherosclerotic lesions and has
emerged as a significant factor in atherogenesis (McLaren and Ramji 2009).
Neopterin is produced by human macrophages upon activation by proinflammatory
stimuli like Th1-type cytokine IFN-gamma. Neopterin has prooxidative properties.
Elevated neopterin concentrations are an independent marker for cardiovascular
disease (Fuchs et al. 2009). Additionally, high neopterin levels also predict indepen-
dently adverse prognosis in coronary artery disease patients (Grammer et al. 2009;
Ray et al. 2007; Avanzas et al. 2005). Patients with hypertension and chest pain, but
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without obstructive coronary artery disease and developed adverse events during
follow-up period, have significantly higher neopterin levels compared with patients
without events (Avanzas et al. 2004). Aging vasculature generates an excessive ROS
and NO. Consequently, it facilitates the formation of the deleterious radical, per-
oxynitrite. Main sources of ROS are mitochondrial respiratory chain and nicotin-
amide adenine dinucleotide phosphate (NADPH) oxidases, although NOS
uncoupling could also account for ROS generation. The redox-sensitive transcrip-
tion factor, NF-kappaB, is upregulated in vascular cells and drives a proinflamma-
tory shift (El Assar et al. 2013).

Actually, IFN-gamma regulates a number of steps during atherogenesis. Its cel-
lular actions in human macrophages are mediated through the regulation of STAT1.
IFN-gamma-induced expression of key genes implicated in atherosclerosis is extra-
cellular signal-regulated kinase (ERK) 1/2 dependent. The ERK pathway is required
for the IFN-gamma-induced activity of STAT1 and monocyte chemoattractant pro-
tein-1 promoter (Li et al. 2010). At the same time IFN-gamma is also a principal
inducer of neopterin and Kyn formation. Positive correlation between circulating
neopterin and Kyn-Trp ratio levels reflects IFN-gamma activity.

When macrophages are exposed to oxLDLs, increased nuclear factor erythroid
2-related factor 2 (Nrf2) expression protects the macrophages from oxLDL-
mediated injury via expression of antioxidant enzymes, including catalase, glutathi-
one peroxidase (GPx), glutathione reductase, glutathione S-transferase, and
NADPH/quinone oxidoreductase 1 (Zhu et al. 2008). Circulating adipocyte fatty
acid-binding protein (FABP4) levels are associated with long-term prognosis in
patients with coronary heart disease and may represent an important pathophysio-
logical mediator of atherosclerosis (Von Eynatten et al. 2012). In macrophages,
FABP4 coordinates cholesterol trafficking and inflammatory responses. Nrf2 is a
redox-sensitive transcription factor and provides a primary cellular defense against
the oxidative stress. Akt and ERK/Nrf2-dependent FABP4 upregulation pathway in
human macrophages responds to the oxidative effect of polyunsaturated fatty acids
(Lazaro et al. 2013). The kelch-like ECH-associated protein (Keapl)-Nrf2-ARE
(antioxidant response element) signaling pathway elicits an adaptive response for
cell survival. During cell stress, Keapl disrupts Nrf2, and Nrf2 translocates to the
nucleus and upregulates genes containing an antioxidant response element in their
promoter regions (Wakabayashi et al. 2010). The activation of N1f2 suppresses IFN-
gamma production while inducing the production of the Th2 cytokines IL-4, IL-5,
and IL-13 (Rockwell et al. 2012). In fact the dual neuroprotective treatment with
nicotinamide and an Nrf2 inducer indicates that redox environment is more impor-
tant than ROS for neuron survival in aging (Ghosh et al. 2014).

Raising the bioavailability of NO in primary human endothelial cells by activat-
ing Nrf2 impairs the presence of superoxide and the subsequent formation of per-
oxynitrite. Eventually, active Nrf2 elicits an antioxidant response in endothelial
cells and reduces endothelial NOS (eNOS) expression. BH4 levels are important to
keep eNOS in the coupled and NO-producing state. Reduced BH4 levels lead to
downregulated eNOS expression in an Nrf2-dependent manner. Activation of Nrf2
downregulates eNOS levels via elevation of heme oxygenase (HO-1) activity (Heiss
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et al. 2009). HO-1 is important to prevent the endothelium from atherosclerosis.
3-HAA induces HO-1 expression and stimulates nuclear translocation of Nrf2 in
human endothelial cells. Nrf2-dependent HO-1 expression induced by 3-HAA
inhibits the monocyte chemoattractant protein (MCP)-1 secretion, vascular cell
adhesion molecule (VCAM)-1 expression, and the activation of transcriptional
NF-kappaB in endothelial cells. Subsequently, TNF-alpha stimulated vascular
injury and inflammation is suppressed in atherosclerosis (Pae et al. 2006).

Oxidant compounds such as hydrogen peroxide (H,0,) have been shown to stim-
ulate the release of arachidonic acid (AA) in a number of cell systems (Xu et al.
2003). Involvement of AA and its metabolites in the stimulation of both ERK and
c-Jun-N-terminal kinase (JNK) following the oxidative stress evoked by H,O,
induces a cell-cycle arrest (Tournier et al. 1997). Fatty acid, AA, interferes with the
transcriptional function of the IFN-gamma signaling pathway by reducing phos-
phorylation of STAT1. AA modulates the immunosuppressive activity of IDO by
inhibiting the IFN-gamma/STAT 1/IDO pathway (Bassal et al. 2012).

IDO expression is impaired in early prediabetic nonobese diabetic mouse strain.
Virtually, IFN-gamma fails to induce IDO expression in cells with defective STAT1
phosphorylation in IFN-gamma-induced IDO signaling pathway of these animals
(Hosseini-Tabatabaei et al. 2012).

The NF-kappaB subunits p65 and STAT1 cooperate to control iNOS gene tran-
scription in response to proinflammatory cytokines (Burke et al. 2013). iNOS gen-
erates high concentrations of NO which is easily converted to peroxynitrite and
superoxide in the prooxidant environment, a characteristic in essential hyperten-
sion. iNOS upregulates arginase activity, which limits NO production through
eNOS and causes hypertension-associated endothelial dysfunction (Santhanam
et al. 2007). Acute iNOS inhibition increases NO-dependent vasodilation likely
through eNOS-mediated mechanisms (Smith et al. 2011).

The metabolism of arginine to NO is functionally in contrast with the metabo-
lism of Trp to Kyn. Similar to iNOS, IDO is expressed in inflammatory conditions
via IFN-gamma induction. IFN-gamma-induced endothelial IDO converts Trp to
N-formylkynurenine, which decomposes spontaneously to Kyn. Kyn could directly
modulate vascular tone and significantly attenuate the contractile response via acti-
vation of soluble guanylate cyclase (sGC). Eventual activation of adenylate cyclase
by Kyn contributes to vessel relaxation via a cAMP-dependent pathway (Wang
et al. 2010). Hence, Kyn formation within atherosclerotic arteries possibly repre-
sents a counter-regulatory protective mechanism (Niinisalo et al. 2010).

6.6 Human Hypertryptophanemia

Aging is characterized by a proinflammatory status which could contribute to the
onset of major age-related diseases such as cardiovascular diseases, neurodegenera-
tion, osteoarthritis and osteoporosis, and diabetes. In human hypertryptophanemia
or in other neurodegenerative diseases, Trp accumulates in the body. Subsequent
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events leading to the brain injury are involved in oxidative stress damage (Feksa
et al. 2008). Actually, Trp significantly decreases the brain antioxidant defenses by
reducing the values of total radical-trapping antioxidant potential, total antioxidant
reactivity, and glutathione. Consequently, the overall content of antioxidant capac-
ity of the brain is reduced by Trp. Furthermore, the Trp-induced increase of thiobar-
bituric acid-reactive substances is fully prevented by glutathione and by combination
of catalase plus superoxide dismutase (Feksa et al. 2006). More recent studies of
Trp loading have indicated that high doses of Trp cause an abnormal white blood
cell accumulation in tissues (Gross et al. 1996, 1999; Ronen et al. 1999), suggesting
that Trp or its metabolites are active in modulating immune system activity.

6.7 Obesity-Related Chronic Immune Activation

Obesity-related immune-mediated systemic inflammation is associated with the
induction of the Trp-Kyn pathway which reflects the IDO activation. Although a
markedly increased Kyn-Trp ratio is evident in adult obese subjects with meta-
bolic syndrome, obese juveniles show contrary decrease in Kyn-Trp ratio (Mangge
et al. 2014). In any case plasma Trp concentration of obese individual is reduced
independent of the weight reduction and dietary intake. Because of the changes in
Trp metabolism, serotonin production may decrease. Impaired satiety due to sub-
sequent insufficient serotonin synthesis causes overfeeding and obesity
(Brandacher et al. 2007). Kyn-Trp ratio and all kynurenines, except anthranilic
acid, are 2—8 % higher in overweight and 3—17 % higher in obese, than in normal-
weight individuals (Theofylaktopoulou et al. 2013). Bariatric surgery significantly
diminishes immune mediators by substantial weight reduction. In addition to ele-
vated levels of neopterin, Trp depletion still persists (Brandacher et al. 2006).
Neopterin concentrations correlate with abdominal obesity and metabolic syn-
drome (MetS), which is the cause of increased mortality risk. Accordingly, neop-
terin concentrations also correlate with high-density lipoprotein (HDL) cholesterol,
insulin resistance, and plasma pyridoxal-5'-phosphate (Oxenkrug et al. 2011).
Dysregulation of Trp-Kyn and Kyn-NAD metabolic pathways plays an important
role in the occurrence of insulin resistance. Thus, the key enzymes of Kyn-NAD
pathway require pyridoxal-5-phosphate as a cofactor. Obesity, cardiovascular dis-
eases, or aging associated by excessive Kyn and xanthurenic acid formation in
combination with pyridoxal-5-phosphate deficiency impair the biological activity
of insulin (Oxenkrug 2013). Inflammation is associated with a T-cell infiltration in
obese adipose tissue, with predominance of Th17 in the omental compartment and
of Treg in the subcutaneous depot. The Th17/Treg balance is decreased in subcu-
taneous fat and correlates with IDO1 activation. In contrast, in the omental com-
partment, despite IDO1 activation, the Th17/Treg balance control is impaired
(Wolowczuk et al. 2012).
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6.8 Conclusion

During the chronic immune activation, Trp-consuming pathways display extremely
simple response to highly complex immune mechanisms. Trp depletion and Trp
metabolites influence the immune response modulation and immune tolerance. The
activation of IDO through IFN-gamma leads to many complex changes within the
affected cells resulting in immunosuppression through breakdown of Trp. Despite
the evidences, IDO is not a sole factor in chronic immune activation encountered
diseases. In particular suppression of tumor-specific host immune response suggests
that IDO might support the tumor progression by providing immune escape.
Persistence of chronic inflammatory stimuli over time creates a biologic background
for immunosenescence and favors the susceptibility to inflammatory age-related
diseases. Thus, for better understanding of the mechanisms underlying the interac-
tion between IDO and chronic immune activation-related disorders, further studies
should be planned in more details.
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