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Abstract

Allergic diseases such as asthma and rhinitis, as well the early phase of atopic dermatitis, are
characterized by a Th2-skewed immune environment. Th2-type cytokines are upregulated in
allergic inflammation, whereas there is downregulation of the Th1-type immune response and
related cytokines, such as interferon-y (IFN-y). The latter is a strong inducer of indoleamine 2,3-
dioxygenase-1 (IDO-1), which degrades the essential amino acid tryptophan, as part of an
antiproliferative strategy of immunocompetent cells to halt the growth of infected and malignant
cells, and also of T cells — an immunoregulatory intervention to avoid overactivation of the
immune system. Raised serum tryptophan concentrations have been reported in patients with
pollen allergy compared to healthy blood donors. Moreover, higher baseline tryptophan
concentrations have been associated with a poor response to specific immunotherapy. It has been
shown that the increase in tryptophan concentrations in patients with pollen allergy only exists
outside the pollen season, and not during the season. Interestingly, there is only a minor alteration
of the kynurenine to tryptophan ratio (Kyn/Trp, an index of tryptophan breakdown). The reason for
the higher tryptophan concentrations in patients with pollen allergy outside the season remains a
matter of discussion. To this regard, the specific interaction of nitric oxide (NO") with the
tryptophan-degrading enzyme 1DO-1 could be important, because an enhanced formation of NO
has been reported in patients with asthma and allergic rhinitis. Importantly, NO" suppresses the
activity of the heme enzyme IDO-1, which could explain the higher tryptophan levels. Thus,
inhibitors of inducible NO™ synthase should be reconsidered as candidates for antiallergic therapy
out of season that may abrogate the arrest of IDO-1 by decreasing the production of NO'.
Considering its association with the pathophysiology of atopic disease, tryptophan metabolism
may play a relevant role in the pathophysiology of allergic disorders.
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Introduction

The incidence of allergy and asthma has increased drastically in the past few decades. Today,
allergy and asthma are among the most common chronic diseases in the world. More than
130 million people are affected by asthma. Also, food allergy rates are on the rise.
Interestingly, there is a lower prevalence of allergic diseases in developing countries, though
this discussion is very complex.

A multitude of exogenous factors, for example higher exposure to indoor allergens,
increased environmental pollution, changes in diet or breastfeeding, could be the reason for
the increase in atopic diseases. However, clear relations and evidence demonstrating
definitive risk factors are still lacking. A link between Western lifestyle habits and the
development of allergy might exist, but the connection continues to be strongly debated [1].
Nevertheless, certain childhood infections seem to have a protective effect for the
development of atopy and allergic diseases in later life. A higher state of allergic
sensitization often occurs in newborns, and is even hypothesized in utero [2], but is reduced
in children from large families and those who attend daily child care [3-5]. These
observations suggest that a frequent contact with infections could have protective effects on
children [1, 3].

The main explanatory theories for the increase in atopic diseases are improved hygienic
conditions [6] and profound changes in nutrition. Nowadays, there exist improved sanitation
and living conditions, vaccinations and antimicrobial therapies, and most people have less
contact to microbes. Also, the role of gut microbiota has gained increasing attraction.
Immune stimulations by microbes are considered to be necessary to counter the
consolidation of the atopic responder type, as was concluded from the hygiene hypothesis
[3, 6]. Furthermore, human nutrition has changed considerably. Food preservation and
sterilization reduces microbial exposure and pasteurization has largely replaced drying and
fermentation [7]. Food preservatives have become more and more popular in the advent of
globalization, as food is shipped and offered all over the world and needs to be conserved
over a long period of time. Many commonly used preservatives are antioxidative substances,
which can inhibit the oxidation of food components [8, 9]. In addition, the daily application
of chemicals in the form of care products such as cosmetics or sunscreens has drastically
increased, as has the exposure to fragrance compounds such as perfumes or air refreshers.
Exposure to these is most relevant for the development of delayed (type 1V) sensitivity
reactions.

Higher serum concentrations of the essential amino acid tryptophan were observed in adult
patients with pollen allergy compared to healthy blood donors [10]. Interestingly, higher
levels of tryptophan were associated with a nonresponse to subcutaneous immunotherapy
(SCIT). These observations hint at the influence of cytokine profiles on tryptophan
metabolism. The biochemical breakdown of tryptophan by the enzyme indoleamine 2,3-
dioxygenase-1 (IDO-1) is controlled via proinflammatory stimuli, the most potent being the
Th1-type cytokine interferon-y (IFN-vy).
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Tryptophan

L-Tryptophan is one of nine essential amino acids. Absorbed tryptophan circulates in its free
form or is bound to albumin in the peripheral blood stream. Average serum levels of total
tryptophan in healthy blood donors are reported to be 73 + 14.9 umol/I [11].

Tryptophan is metabolized by three different biosynthetic pathways: (a) the formation of
kynurenine derivatives, which represents the major route, (b) the generation of serotonin, a
neurotransmitter and precursor of melatonin [12, 13], and (c) the biosynthesis of proteins
(fig. 1). To generate kynurenine, tryptophan is oxidized by cleavage of the indole ring
moiety, which is achieved either by the enzyme tryptophan 2,3-dioxygenase (TDO) or by
IDO-1 and IDO-2. TDO is primarily expressed in the liver and is inducible by tryptophan
levels or corticosteroids [13, 14]. IDO-1 is induced by various inflammatory cytokines, with
the most prominent being IFN-y, and is expressed in numerous cells such as macrophages,
microglia, neurons and astrocytes, and also epithelial cells and fibroblasts [15]. A recently
discovered isotype enzyme of IDO-1, denominated as IDO-2, shows similarities to IDO-1,
but differs in its expression pattern, substrate specificity and downstream signaling pathways
[13].

IDO-1 plays an essential role within the immune response and was investigated as biomarker
for the inflammation status in humans in several studies [12]. IDO-1 inhibits the
proliferation of tumor cells and pathogens, as well as of immune cells, by the depletion of
tryptophan and/or by production of bioactive catabolites. Tryptophan catabolites from the
kynurenine pathway and the serotonin/melatonin pathway link tryptophan metabolism to
neurology [16], providing a biochemical rationale for many neuropsychoimmunological
manifestations and comorbidities that accompany chronic diseases. The third pathway
represents tryptophan as a component of proteins. Thus, in the case of an insufficient supply
of tryptophan or in situations of excessive breakdown of the amino acid, a number of
symptoms can emerge, including neuropsychiatric as well as immunological abnormalities
(table 1).

Tryptophan and Its Influence on the Immune System

One of the first conditions in which a significant decline in tryptophan concentrations was
observed, was during pregnancy [21], while levels normalized during the puerperium. A role
of activated IDO-1 was indicated by the increase in the kynurenine to tryptophan ratio (Kyn/
Trp) and because Kyn/Trp correlated with concentrations of the immune activation marker
neopterin [21, 22]. The decline of tryptophan was suspected to relate to a certain type of
memory loss, which women may experience during the course of pregnancy, but the actual
reason for the accelerated breakdown of tryptophan could not be determined. Soon after,
Munn et al. [23] demonstrated in a mouse model that IDO-1 activation represents an
important aspect in the establishment of immunotolerance against the fetus and established
the placenta as an immunoprivileged site to prevent rejection of the fetus. Further studies by
other groups confirmed and extended the role of tryptophan breakdown and IDO-1 in the
induction of immunological tolerance. Thus, tryptophan metabolism was discovered to be
strongly involved in immunomodulation [24].
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In parallel, great attention was paid to the quantification of tryptophan breakdown (Kyn/Trp)
as a biomarker of the activated immune system in various immunopathologies, such as
infections, autoimmune and neurodegenerative disorders, and allergy [10, 12, 25-27]. IFN-
v-stimulated IDO-1 activity is drastically enhanced during the proinflammatory Th1-type
immune response and IDO-1 contributes to the pathogen defense by deprivation of the
essential amino acid tryptophan. Furthermore, reactive oxygen species (ROS) and reactive
nitrogen species (RNS) are produced in high quantities [28], and these compounds are
commonly known to interfere with target cells or pathogens by oxidation and/or nitration of
vital cellular structures. Also, the activation of neopterin formation via enzyme GTP
cyclohydrolase 1 (GTP-CH-I) and of inducible nitric oxide synthase (iNOS), as well as the
induction of several other immune effector pathways, is caused by IFN-y [25, 29].

For the balance of immune responses, Thl and Th2 responses can cross-regulate each other
[30]. This can be achieved by the activation of redox-sensitive signaling cascades, where
oxidative conditions support Thl-type development, while an excess of antioxidant
compounds, regarded as ‘antioxidant stress’, can lead to a shift towards allergic Th2-type
immune responses [7, 31, 32]. The differentiation of specialized T helper lymphocytes is
driven by specific cytokines that are expressed in the microenvironment [33]. Also, the
interaction strength between the T cell antigen receptor and the antigen can influence the
direction of differentiation. Th2-type cells predominate in allergic reactions and asthma,
IL-4, IL-5 and IL-13, representing prominent cytokines released from these cells [34]. They
mediate antibody responses, especially IgE production, and control infections by helminths
[35].

Although IDO-1 activation is initiated in a Thl-type setting, chronic activity leads to
immunosuppression due to reduced Th1l cell proliferation and the activation of regulatory T
cells (Tregs), a Th cell subset that is involved in the maintenance of immunological self-
tolerance and limits potential collateral tissue damage [33, 36]. Of note, the tryptophan
catabolite kynurenine is shown to act as an endogenous ligand of the arylhydrocarbon
receptor (AHR), and this interaction induces the differentiation of Tregs [37, 38] in addition
to the role of AHR as a sensor of the outside environment and as an inducer of cytochrome
P450 (CYP) enzyme expression.

Diagnostic Impact of Tryptophan Breakdown and Neopterin Production

The Thl-type cytokine IFN-y is the most important trigger for the production and release of
neopterin in human/primate monocyte-derived macrophages. However, in dendritic cells
(DCs) and other monocyte-derived cells, such as astrocytes, other interferons are of a similar
strength to induce neopterin production and IFN-y. Therefore, in human body fluids like
blood, urine and cerebrospinal fluid, neopterin represents a stable biomarker of immune
activation, which is rather stable and can be easily determined [22, 39]. Due to the common
immunostimulatory background, neopterin production and tryptophan breakdown are not
only induced in parallel in vitro [40] but also in patients [12]. Several in vivo studies confirm
the association between altered neopterin concentrations and tryptophan breakdown rates, as
detected, for example, in serum samples of patients with infectious diseases, like HIV,
gynecological cancer, malignant tumors, cardiovascular disease, neurodegenerative disorders
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or diseases associated with normal aging processes [12, 41-45]. Both pathways turned out to
represent robust and strongly predictive immune activation biomarkers. Neopterin
concentrations can be measured with commercially available ELISA assays. Tryptophan and
kynurenine concentrations are usually measured with high-performance liquid
chromatography, and IDO-1 activity can be estimated by Kyn/Trp concentrations [45].

In vitro, a high neopterin output by activated human monocyte-derived macrophages has
been shown to be associated with a strong release of hydrogen peroxide (H,05) [46]. In line
with this observation, higher neopterin concentrations in patients with coronary artery
disease, for example, were found to concur with low concentrations of serum antioxidants
[47]. This fact implies that neopterin concentrations can also serve as a sensitive indirect
marker of oxidative stress during immune activation [22].

The Immune System and Allergy

Currently, great attention is being paid to the role of the human innate immune system as it
has been shown to be strongly activated during allergic responses. In brief, antigen-
presenting cells absorb an allergen and initiate the signal transduction for T cell development
within the Th2-type direction that is considered important in the pathogenesis of allergic
diseases. Th2-type cell activation leads to IL-4, IL-5 and IL-13 cytokine expression. These
cytokines lead to the accumulation of a high number of eosinophils and mast cells, thus
boosting systemic inflammation, as these cells again start to produce large numbers of
cytokines, chemotactic factors or free radicals, which ultimately leads to enhanced vascular
permeability and persistent inflammation [48, 49]. Furthermore, these cytokines can interact
with their receptors to stimulate allergen-specific IgE production. High levels of IgE
circulate in the blood and bind to the high-affinity IgE receptors (FceRI) of mast cells or
basophiles to activate histamine release, which is the main inductor of an allergic disease
[50]. At this time point, the sensitization to a specific allergen is stored. If this antigen is
present at another time, it can bind to the IgE of mast cells and activates several cascades,
such as vasodilation, mucous secretion and nerve stimulation of muscle contraction [50].

It has been argued that a decreased exposure to pathogens in early childhood may result in
an insufficient stimulation of Thl-type cells, which leads to a diminished capability to
counterbalance the expansion of Th2-type cells and, thus, results in a predisposition to
allergy [3, 4]. High IgE levels may indicate atopy, which underlies allergic diseases, such as
asthma, rhinoconjunctivitis and eczema. However, not every Th2-type response is
characterized by IgE production.

Tryptophan in Allergy

It is well accepted that Th1- and Th2-type cytokines cross-regulate each other [34]. Allergic
inflammation is characterized by the upregulation of Th2-type cytokines and downregulation
of Thl-type cytokines, such as IFN-y. IDO-1 is widely recognized for its immunoregulatory
and tolerance-inducing role in infection, pregnancy, autoimmunity and neoplasia, but the
control of allergic inflammation has also been attributed to the enzyme. It was recently
reported that experimentally induced exacerbation of rhinovirus asthma was related to

Int Arch Allergy Immunol. Author manuscript; available in PMC 2017 May 16.



s1duosnuBIA Joyiny sispund DN edoin3 ¢

s1dLIOSNUBIA JoLINY sispund DN 8doin3 ¢

Gostner et al.

Page 6

systemic tryptophan and quinolinic acid concentrations, and it was confirmed that

pulmonary IDO-1 activities were lower and serum tryptophan concentrations higher in
patients with allergic asthma [51]. Von Bubnoff and Bieber [52] judged the tryptophan
breakdown by IDO-1 as one of the central regulatory pathways in allergy development.

In this regard, effects of tumor necrosis factor alpha (TNF-a)) on IDO-1 could be of interest.
Although TNF-a is considered a proinflammatory cytokine, which is predominantly
associated with Th1-type reactions, it is involved in allergic respiratory reactions since it is
released by mast cells and macrophages as well as from airway epithelial cells [53, 54].
Interestingly, a high spontaneous release of TNF-a and IFN-y were reported from cultures
of bronchoalveolar lavage-derived leukocytes but not from peripheral blood mononuclear
cells (PBMCs) of patients with bronchial asthma [55]. Although TNF-a alone cannot induce
IDO-1 activity, it acts synergistically to IFN-y [56].

In human PBMC:s in vitro it was observed that the typical Th2-type cytokines IL-4 and
IL-10 counteract IFN-y- and Th1-mediated pathways [57]. Upon exposure to IL-4 or IL-10,
a lower stimulatory effect of IFN-y was observed, which resulted in a diminished tryptophan
breakdown rate and lower neopterin levels. By contrast, the Th1-type cytokine IL-12 had the
opposite effect and co-stimulated both biochemical pathways. Thus, exposure of PBMCs to
Th2-type cytokines was reflected by higher tryptophan concentrations in culture
supernatants because the breakdown of the amino acid was suppressed.

Severe allergic rhinitis has a huge impact on health-related quality of life and/or work, and it
is associated with the dysfunction of T cell responses, in which the antigen induces mast cell
activation by allergen-specific IgE. Furthermore, allergic rhinitis and asthma are often
comorbid diseases. Persistent inflammation of the nasal mucosa may develop, which is the
main relevant pathophysiological feature in allergic rhinitis [49, 50]. Frequent treatment with
aspirin, anti-inflammatory agents or antibiotics can inhibit Th1-type immune response and
strengthen the development of Th2-type responses and cause allergic symptoms [58, 59].
Interestingly, exposure of PBMCs to aspirin or salicylic acid had a suppressive effect on
neopterin production and tryptophan breakdown similar to that of Th2-type cytokines [58].
Inhibition of IFN-y —and as a result also of IDO-1 activity — decreases the Thil-type
immune response. These observations emphasize that allergy may result from a shift of Th1-
towards Th2-type immunity.

AIT (allergen-specific immunotherapy) is widely used to treat asthma and allergic rhinitis,
and to modify the disease development. AIT is typically used when medication or
environmental changes cannot control asthma or allergic rhinitis symptoms. There are two
desensitization procedures: SCIT, where the allergens are injected subcutaneously to the
patients, also known as “allergy shots’, and, in contrast, sublingual immunotherapy (SLIT),
whereby the allergen is provided as drops to the sublingual area for local absorption. The
outcome of both treatments seems to be equal [60], although some studies have claimed that
SCIT might have better results [61]. SCIT is well tolerated [61] and has been used for many
decades. SLIT is also a very old method, which is not well established in the USA, but in
Europe it is still a commonly used treatment. SLIT seems to be a safer method for the
treatment of children [62].
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Higher serum tryptophan concentrations were observed in 44 adult patients with pollen
allergy compared to healthy blood donors [10]. A study of patients with allergic rhinitis
before and after SCIT reported higher tryptophan levels in atopics compared to healthy
blood donors, while there were no differences in kynurenine concentrations. The Kyn/Trp
ratio was slightly but not significantly lower in atopics, whereas levels of serum neopterin, a
marker of oxidative stress and cellular immune activation, tended to be at the upper limit of
normal. Interestingly, higher levels of tryptophan were preferentially observed in
nonresponders to SCIT. Thus, it was concluded that tryptophan concentrations could help to
predict the outcome of SCIT [63].

A further study confirmed higher tryptophan levels in patients with pollen allergy, but this
observation was made only during the off-pollen season and not in season [64]. Notably, the
higher tryptophan levels observed in our first study [10] were also measured in patients
before they received desensitization therapy and thus related to the off-pollen season. These
results only partially agree with the earlier findings by von Bubnoff et al. [65], who
described a difference between tryptophan breakdown rates (Kyn/Trp) in-season versus off-
season. In their study asymptomatic atopic patients (n = 12) presented with higher Kyn/Trp
levels than symptomatic patients (n = 12), but this was only true in-season, no such
differences were observed during the off-season. During the pollen season, symptomatic
atopic patients had lower Kyn/Trp than asymptomatic subjects, with nonatopic patients lying
in the middle. Kynurenine levels followed the same trend, but the higher tryptophan levels in
symptomatic atopic patients suggest a special relevance of higher tryptophan for the lower
Kyn/Trp ratios found, which is similar to the findings in rhinitis patients in our study. Von
Bubnoff et al. [65] concluded that higher IDO-1 activity in asymptomatic individuals limits
allergic inflammation.

In summary, patients with pollen allergy seem to have a distinct IDO-1 activity pattern with
higher tryptophan levels due to a less expressed breakdown out of season. However,
tryptophan levels decline towards normal values in spring, when under allergen exposure
tryptophan breakdown becomes initiated. The higher tryptophan levels during winter could
represent a consequence of the chronic Th2-type immune response in summer due to
counterregulation.

In a healthy state there is only a very low basal activity of IDO, but tryptophan and
kynurenine levels have been shown to correlate in the blood of healthy donors. A possible
(primary or additional) role of TDO activation should not be disregarded, and is especially
important when no correlation between Kyn/Trp and neopterin is observed in patients [10].
The hepatic enzyme TDO regulates the concentration of tryptophan in the plasma, and its
activity is regulated by tryptophan levels. However, Thomas et al. [66] suggest that NO’
would also inhibit TDO activity in a similar fashion to that of IDO. If both tryptophan to
kynurenine-converting enzymes were inhibited by NO", kynurenine levels would not change.
In addition, the activity of kynurenine downstream metabolizing enzymes could be affected
in allergy, but at present there are no data available that would justify such a conclusion.
Thus, further investigations of the tryptophan-kynurenine axis in different types of allergy
are of great interest.
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Beside typical nasal symptoms like itching, sneezing, rhinorrhea or obstruction [67], many
allergic rhinitis patients also exhibit nonnasal symptoms as behavioral changes, such as
tiredness, somnolence, depression, apathy and impaired attention, which can impair quality
of life [68, 69]. It can be hypothesized that the tryptophan pathway, and as a result also
serotonin production, plays an important role in allergy and may contribute to
neuropsychiatric and neurovegetative symptoms in these patients (table 1). Concentrations
of serotonin, which is not only another tryptophan metabolite but also another substrate of
IDO-1, were also found to be higher out of season than in season in patients with pollen
allergy [68]. Low serotonin levels in allergic rhinitis patients in season upon pollen allergen
exposure were strongly related with behavioral impairment, as was assessed by quality of
life questionnaires. As in other clinical inflammatory conditions, tryptophan availability is
strongly involved in the pathogenesis of mood disorders and depression, and abnormal
tryptophan concentrations may be involved in the development of neuropsychiatric
symptoms, while serotonin production is decreased [25] or may also be above normal. Thus,
serotonin can serve as a biomarker of behavioral symptoms during an allergic response. In
contrast to subnormal serotonin, high levels could precipitate symptoms of the serotonin
syndrome, which is a life-threatening disease, characterized by the clinical triad of mental
status changes, autonomic hyperactivity and neuromuscular abnormalities [70].

NO' in Allergy

The reason for the higher tryptophan concentrations in patients outside of the pollen season
remains obscure. However, specific interactions of NO™ with IDO-1 could be important in
this respect [71]. NO" metabolism in allergic disease has an equivocal role. Elevated
arginase activity was reported to reduce arginine availability for constitutively expressed NO
synthases (NOS). Reduced levels of the bronchodilating and anti-inflammatory molecule
NO' could contribute to allergic airway obstruction and inflammation. Otherwise, increases
in iINOS in the airway epithelium and in inflammatory cells have been reported in asthma.
The fraction of exhaled NO, FeNO, the most extensively studied biomarker of airway
inflammation, is elevated in asthma patients compared to healthy controls [72].

Exhaled breath from patients with allergic rhinitis or asthma has been shown to contain
higher NO" levels compared to healthy controls. Exhaled NO™ was demonstrated to be
significantly elevated in allergic rhinitis during the nonpollen season, whilst others reported
a further increase in the pollen season [73, 74]. Plasma NO™ metabolite levels could not be
related to asthma, allergic sensitization or allergic rhinitis disease phenotypes in a study
involving 523 individuals [75]. In contrast, Unal et al. [76] reported elevated levels of serum
nitrite/nitrate in allergic rhinitis patients compared to controls with no allergy or atopy
history, and Ciprandi et al. [49] further showed that serum nitrite concentrations were found
to be higher in allergic rhinitis patients outside of the pollen season and that concentrations
correlate with symptom severity. It can be speculated that there is only a partial overlap in
the regulatory pathways that are associated with increased exhaled NO™ levels and nitrite/
nitrate levels in the circulation.

Importantly, NO" can reversibly inhibit IDO-1 activity by binding to the active heme site
[66, 77]. Thus, when NO™ formation is increased, an inhibition of IDO-1 becomes more
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likely, and as a consequence absolute tryptophan concentrations increase [71] (fig. 2). The
increase in tryptophan in atopics out of season could be explained by a suppression of IDO-1
activity through the enhanced availability of NO". Importantly, no inhibitory activity on
GTP-CH-I, the key enzyme for neopterin production, is known for NO". This would agree
with the independent development of tryptophan and neopterin concentration in patients
with allergic rhinitis, for example mast cells can produce IFN-y and stimulate the
production of neopterin in monocyte-derived macrophages or DCs, while NO™ formation is
initiated in endothelial cells and consequently IDO-1 activity becomes arrested by the
presence of NO'.

Inhibitors of INOS have already been considered as candidates for an antiallergic therapy
[78] without considering their influence on IDO-1. IDO-1 and iNOS are both induced by
IFN-+y. By diminishing NO" production, iNOS inhibitors may abrogate the IDO-1 arrest.
Based on the available data, treatment with iNOS inhibitors should be more effective outside
of the pollen season than during the season [49]. iNOS inhibitors block NO" production and
can thereby promote IDO-1 activity. However, the interference of NO™ and IDO-1 could be
cell specific. In stimulated monocyte-derived cells, ROS are concomitantly produced with
NO’ and give rise to the cell-toxic peroxynitrite (ONOQO™), whereas in other cells, because of
the absence of the superoxide anion (O,7), NO" is hardly oxidized and continuously exerts
its inhibitory effect on IDO-1. This can be established by an excess of antioxidants, which
can stabilize the iNOS cofactor 5,6,7,8-tetrahydrobiopterin (BH,4) and guarantees high NO
production. Furthermore, other NOS enzymes that are not induced by IFN-y can continue to
produce NO and inhibit IDO.

BHy is a pteridine derivative and is required for the correct function of several
monooxygenases, including iINOS. However, in human and primate macrophages, there is a
lack of the enzyme 6-pyruvoy! tetrahydrobiopterin (PTPS), to produce BH,4 and, instead,
neopterin accumulates. As a result of this biochemical peculiarity, human and primate
monocyte-derived cells produce high amounts of neopterin at the expense of BH,4 and, in the
absence of sufficient amounts of BHy, the proper function of enzyme iNOS is also
diminished, and so is NO" output [29, 79, 80]. In contrast, human fibroblasts or endothelial
cells preferentially produce BHy, and thus also form NO™ sufficiently. Due to this distinct
availability of BH4 versus neopterin in humans and mice or rat monocytic cells, any
conclusion derived from a mouse or rat animal model system is highly questionable when
immunological pathways involving monocyte-derived macrophages or DCs are concerned.

NO’ synthesis is not only cell type specific, but also the cell microenvironment is important
for the activity of the three different NOS isoforms [81]. Several cross-talks have been
described for NO" and IDO-1. For example, tryptophan and the tryptophan-kynurenine
pathway metabolite 3-hydroxyanthranilic acid can inhibit iNOS at the expression and
catalytic level [77].

When BHy levels become deficient, the oxygenase domains of NOS enzymes produce O,
instead of NO". The produced O,~ can promote further reactions to form other ROS/RNS,
such as ONOO™ or H,05, which can disturb the redox balance and ultimately lead to cellular
injury and inflammation. Toxic ROS products like H,O,, O,~ or ONOO™ can suppress the
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growth of target cells and pathogens [82, 83], but also cause the dysfunction of protective
cellular antioxidant mechanisms in inflamed tissues, and a high oxidative stress milieu can
develop [78, 84]. A high degree of oxidative stress can activate signaling cascades, such as
mitogen-activated protein kinase (MAPK), transcription factor nuclear factor-xB (NF-xB),
and activator protein dependent pathways, and initiate the expression of proinflammatory
cytokines, such as TNF-a and IL-1, chemokines and adhesion molecules [85]. The increased
ROS production can further diminish BHy4 availability through the oxidation of the
oxidation-sensitive molecule BHy itself [86].

Food Antioxidants, Tryptophan Metabolism and Food Allergy

Antioxidant exposure and uptake has dramatically increased in recent decades. Food and
beverages are very often supplemented with vitamins such as A, C or E, which is done
through the conviction that this should improve the consumer’s health status. However,
meta-analyses have demonstrated that supplemented antioxidant vitamins may even increase
mortality rather than reducing it [87], especially vitamins E and A, and B-carotene also seem
to exert adverse effects.

Today, antioxidants are supplemented to almost every food or beverage, so it is not easy to
avoid overexposure. However, a well-functioning human organism does not need extra
antioxidant supplementation as the content in the normal Western diet is sufficient. While
extra vitamins are usually advertised within marketing concepts for healthy foods, this is not
the case for food preservatives and colorants, which are usually only declared in fine print.
Food preservatives like sodium sulfite or benzoate, and also colorants like curcumin or
betalain, are widely known for their antioxidant activity. For all these compounds significant
suppressive effects on Th1-type immune responses, including neopterin production and
IDO-1 activity, have been reported in in vitro studies [9, 88, 89]. An excess of food
preservatives or antioxidants may therefore increase allergy risks [7, 31].

Food allergy is often not strictly an allergy, although today every adverse effect of food is
denominated by the public as an allergy. In its strict sense, food allergy is an adverse
reaction to the food itself and the classical immune mechanism is indicated by the presence
of specific IgE antibodies. The diagnosis will be taken after a case history, the demonstration
of IgE sensitization by a skin-prick or an in vitro test, and will be confirmed by a positive
oral provocation [90]. By contrast, food intolerance is considered as a ‘nonimmune’-
mediated adverse reaction to food compounds. There are enzymatic (for example lactose
intolerance, lactase deficiency), pharmacological (reactions against biogenic amines,
histamine intolerance) or undefined food intolerances (against food additives). Interestingly,
under such conditions huge amounts of hydrogen gas (H>) are produced and exhaled, Hy
under certain circumstances itself being a strong antioxidative compound. It has to be kept in
mind that not every sign of sickness after food intake indicates an allergy. Notably, a
preliminary study reported lower tryptophan breakdown in patients with food allergy [91]. In
an NMR-based metabolome study, increased levels of tryptophan and tyrosine could be
measured in the plasma of peanut-allergic compared to peanut-tolerant subjects following
the ingestion of peanut [92].
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Recently performed studies have reported an association between fast food consumption and
the prevalence of asthma, rhinoconjunctivitis and eczema in children and adolescents [93].
In addition, antioxidants or additives may disturb the endogenous appetite and regulatory
satiation circuits. On the one hand, antioxidants may suppress tryptophan breakdown by
IDO-1 [94] and thus increase the availability of tryptophan for serotonin production, and as a
consequence improve mood. On the other hand, tryptophan metabolic changes may also
contribute to weight gain after a calorie-restricted diet [95] when tryptophan levels decline
under starvation conditions, which increases carbohydrate craving as a substitute for brain
serotonin [96] followed by weight gain. This sequence of events can explain the often
observed yo-yo effect, also known as weight cycling, when people rapidly gain weight after
a diet, and it may relate to the coincidence of obesity and allergy. Of note, de Theije et al.
[97] showed that a food-allergic reaction to cow’s milk protein in mice led to increased
serotonin and decreased 5-hydroindolacetic acid levels in the intestine, and dysregulated
neurobiochemical circuits induced an autistic-like phenotype in the animals. Food allergies
and sensitivities seem to be more frequent in children with autism spectrum disorder [98].
Thus, the link between food allergy and psychopathologies has been discussed, although
difficulties in diagnosis and study design can lead to ambiguous results [99].

The histamine content of beverages and food also has to be taken in consideration. As
mentioned above, histamine is known to trigger acute symptoms like acute rhinitis,
bronchoconstriction, diarrhea or cutaneous wheal. It has a strong activity on endothelium
and bronchial or smooth muscle cells and also modulates chronic inflammatory events
[100]. Histamine is important in the early- and late-phase response to soluble antigens. It
increases the vascular permeability and is involved in the recruitment, adherence and
activation of inflammatory cells [101]. Histamine content is increased in preserved food and
thus could play an important role in the precipitation of allergic symptoms if excessive
histamine uptake can trigger allergy development. Moreover, an inhibitory effect of
histamine on neopterin formation in myelomonocytic cells has been described in vitro [102].

However, other environmental factors, such as air pollution, can be responsible for
increasing the appearance of allergy. Carbon monoxide (CO) represents an important
compound derived from the incomplete burning of fossil organics. CO accumulates in the
blood or is inhaled during cigarette smoking and can downregulate Th1-type immune
responses via the inhibition of IFN-vy, inhibit IDO-1 activity and, thus, activate Th2-type
immunity [103, 104]. Thus, an excess of antioxidants can explain the connection of obesity,
smoking or pollution and their association with the increase in allergies [7, 9, 31, 105]. The
higher availability of tryptophan and thus serotonin in smokers may enhance mood and
thereby support addiction to tobacco smoking.

Physical Exercise and Allergy

Physical exercise is the most convenient way to escape from antioxidative stress caused by
an excess intake of antioxidative compounds. Sport helps not only in burning fat, it
especially oxidizes even stronger antioxidants like vitamins, spices and food preservatives.
This interaction may help to explain findings that supplementation with antioxidant vitamins
was found to slow down the antioxidant defense response induced by physical exercise and
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sports [106, 107]. However, oxidative challenge will depend on the mode, intensity and
duration of exercise. The underlying signaling network of exercise-induced long-term
adaptations is even more complex [108]. There is consent that moderate sports and physical
exercise can be recommended to combat allergic responses, whereas high-intensity exercise
may even contribute to the precipitation and worsening of allergy and asthma.

Many studies have demonstrated an increase in circulating cytokines following prolonged
strenuous exercise. Indeed, exercise results in an increase in both proinflammatory
cytokines, for example TNF-a, and anti-inflammatory cytokines, such as IL-6, which appear
to act in a hormone-like manner and be involved in increasing substrate metabolism during
prolonged exercise [109]. Glycogen depletion stimulates the production of IL-6 by the
working muscles, which is then released from the muscle, resulting in an elevated plasma
IL-6 concentration during exercise [110].

Intense training can lead to a suppression of the production of specific cytokines from
stimulated monocytes and T lymphocytes, and can induce a shift in the Th1- Th2-type
immune balance towards Th2-type immunity [111]. The decrease in the percentage of type-1
T cells may predispose athletes to a higher frequency of upper respiratory tract symptoms,
such as allergic rhinitis and asthma [112]. The slowing down of Th1-type immune activation
cascades suppresses IDO-1 activity, which on the one hand counteracts the immune defense
and thus may increase susceptibility to viral infection, and on the other hand will diminish
the breakdown of tryptophan [113]. Current research has led to the development of the
‘noninfectious’ hypothesis for upper respiratory tract symptoms in athletes, suggesting that
many of the symptoms reported following exercise, such as a running nose or ocular
irritation, are more likely allergic in origin than infectious [114]. Indeed, it is proposed that
in chronic exercise training, the repeated exercise-induced elevations in IL-6 play a role in
the reported increased incidence of allergic disease in athletes by inhibiting Th1 and driving
Th2 differentiation [115]. However, significant stimulation of tryptophan breakdown was
reported recently after aerobic exercise in trained athletes [116]. These results may indicate
that the initial proinflammatory insult of exercise, which is indicated by the production of
several cytokines indicative for activated T cells and macrophages [117], could relate to the
development of the finally immunosuppressed state, for example via the activation of Tregs.

The incidence of allergic disease is higher in athletes than in the general population and can
impact upon athletic performance as well as future well-being. A decreased nutrient
availability during prolonged high-intensity exercise may be involved in the etiology of
exercise-induced immune depression. To maintain immune function, athletes are advised to
avoid deficiencies of the nutrients that play an essential role in immune cell functions.
Although it is not known whether hard training increases the need for dietary antioxidants —
as the endogenous antioxidant defenses improve with exercise training and a balanced diet —
some recent evidence suggests that regular intake of relatively high doses of antioxidant
vitamins inhibits the release of 1L-6 from contracting human skeletal muscle and can also
reduce the cortisol response to prolonged exercise [118], and may even increase infection
and allergy risks [31]. Thus, moderate sports at higher altitude to reduce confrontation with
allergens can represent a potent strategy against allergies, but excessive supplementation
with antioxidant vitamins cannot be recommended because there is little evidence of any
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benefit, while there is now a reasonable body of evidence that the regular consumption of
probiotics can modify the microbiota and influence immune function [119].

Conclusion

Significant alterations of the tryptophan metabolism have been described in patients
suffering from allergy. Allergy development is characterized by Th2-type immune activation
that is related to cytokine expression. The immoderate increase in allergies in the past
decades posed the question of the underlying triggers. Various explanations have been taken
into consideration, including the hygiene hypothesis or the impact of air and environmental
pollution. There is unquestionable evidence that daily-life exposure to synthetic compounds
has increased. The enormous presence of antioxidants as food additives, preservatives or
colorants has become indispensable. However, the aspect of antioxidants and allergy
development has to be investigated in more detail. Antioxidants can inhibit the Thl-type
immune response, which can result in an insufficient clearance of infectious pathogens. The
inhibition can be mediated by downregulation of IFN-y and/or by the inhibition of IDO-1
leading to higher tryptophan levels. The radical scavenging property of antioxidants can
stabilize BHy, the cofactor for iNOS, and thus promote high NO" output. The high NO" level
inhibits IDO-1 activity by binding to the catalytic domain.

To summarize, the right balance between cellular produced ROS and antioxidant uptake via
nutrition is essential to support human health. We suggest that levels of NO™ and tryptophan
are good biomarkers in allergy diagnosis and can be of value in the evaluation of the
treatment response.
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Fig. 1.

Tr?e immune system. Th1l-type cytokine IFN-y is the most important inducer — indicated by
a circled plus sign — of tryptophan catabolizing enzyme IDO-1. Breakdown of tryptophan in
the kynurenine pathway leads to the accumulation of metabolites, some of which were found
to induce Tregs, thus slowing down T cell activation — indicated by a circled minus sign.
Lowering of tryptophan due to degradation by IDO-1 limits protein biosynthesis and inhibits
growth, which also affects T cell development and proliferation. Some of the tryptophan
catabolites exert effects on brain tissue and thus can affect brain cell function, impairing
cognition and mood. In addition, tryptophan is a precursor of serotonin and melatonin,
which are important for sleep, memory and mood. 3-OHAA = 3-Hydroxyanthranilic acid;
3HO kynurenine = 3-hyroxykynurenine; CNS = central nervous system; GIT =
gastrointestinal tract.
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As part of its antimicrobial and tumoricidal properties, IFN-y induces the enzymes GTP-
CH-I, iNOS and IDO-1. Antioxidant compounds stabilize BHy, the cofactor of iNOS, thus
supporting the production of NO", and also the life span of NO" is prolonged in a reductive
milieu. NO" slows down IDO-1 activity, which may increase tryptophan availability.
Antioxidants are also capable of suppressing Th1-type immune responses.
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Table 1

Some neuropsychoimmunological implications of tryptophan metabolism

Tryptophan and the downstream metabolites kynurenine and 3-hydroxykynurenine can cross the blood-brain barrier [17]

Tryptophan can also be metabolized by brain-resident immune cells, microglia, astrocytes and neurons, although downstream metabolism
differs between the cell types [13]

Downstream metabolites can negatively affect neurological functions, e.g. quinolinic acid [17], or act as neuroprotectants, such as kynurenic
acid [18, 19]

Serotonin (5-hydroxytryptamine) is formed from 5-hydroxytryptophan [13], and a low concentration of this neurotransmitter may precipitate
neuropsychiatric symptoms like depression or other mood disorders [20]
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