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In the past few decades, the indoleamine 2,3 dioxygenase (IDO) subset of the kynurenine
(KYN) pathway of tryptophan (TRP) metabolism has been the subject of much research
in the area of immune tolerance. In this review, we aim to incorporate new findings on this
pathway in relation to allergy and the gut microbiome, while providing a comprehensive
overview of the pathway itself. Stimulated by interferon gamma, IDO acts as a tolero-
genic, immunosuppressive enzyme to attenuate allergic responses by the induction of
the KYN-IDO pathway, resultant depletion of TRP, and elevation in KYN metabolites.
Acting through the aryl hydrocarbon receptor, KYN metabolites cause T-cell anergy and
apoptosis, proliferation of Treg and Th17 cells, and deviation of the Th1/Th2 response,
although the outcome is highly dependent on the microenvironment. Moreover, new
evidence from germ-free mice and human infants shows that gut microbiota and breast
milk are key in determining the functioning of the KYN-IDO pathway. As such, we
recommend further research on how this pathway may be a critical link between the
microbiome and development of allergy.

Keywords: kynurenine, tryptophan, allergy, gut microbiome, indoleamine 2,3 dioxygenase

INTRODUCTION

The indolamine 2,3-dioxegenase (IDO) subset of the kynurenine (KYN) pathway of tryptophan
(TRP) degradation has long been acknowledged to contribute substantially to the control of general
inflammation (1). As we learn more about TRP metabolism, TRP’s immunomodulatory role in
infection, pregnancy, autoimmunity, and neoplasia is increasingly solidified. One area of particular
interest is TRP metabolism and its role in allergic disease. Throughout the course of this review,
we hope to provide a careful evaluation of TRP metabolism and of its link between allergy and the
gut microbiome. One of the key components of this argument is the hygiene hypothesis, which at
its simplest postulates that less microbial exposure during early-life drives the immune system in
a T-helper (Th) type 2 direction (promoting an allergic response) away from a balanced Th1/Th2
state (2). Early microbial exposure and resultant stimulation of the KYN-IDO pathway by Toll-like
receptors (TLR) may work in conjunction with the hygiene hypothesis to determine the outcome of
allergy, autoimmunity, and other disease (3). Current evidence is promising to suggest that induction
of the KYN-IDO pathway and resultant depletion of serum TRP and increase of TRP metabolites
controls the allergic state (4). This evidence, along with knowledge on the mechanism for IDO
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activation and for the induction of tolerance via IDO, makes it
very likely that the KYN-IDO pathway is a major player in the
control and development of allergic disease.

TRYPTOPHAN

Tryptophan is one of nine essential amino acids supplemented
by our diet, with an estimated dietary requirement of 5 mg/kg/
day. It is a non-polar, a-amino acid used for the biosynthesis of
proteins and a precursor to a number of biologically important
compounds—serotonin, melatonin, tryptamine, niacin, and
auxins. Foods that contain high amounts of TRP include: eggs,
cereal, soybeans, kiwis, plums, walnuts, milk, meat, eggplants, and
tomatoes (5). Inadequate dietary intake of TRP has resulted in a
number of diseases, with pellagra, characterized by dermatitis,
diarrhea, and cognitive malfunction, the best studied. Essential
to understanding the immunomodulatory effects of TRP, Box 1
describes basic elements of its fate in the body and the KYN
pathway.

TRP Breakdown by KYN Enzymes

The full library of KYN enzymes is only known to be fully
expressed in hepatocytes, tumor cells, vascular endothelial cells,
fibroblasts, and antigen-presenting cells (APCs), specifically,
dendritic cells, monocytes, and macrophages (8, 9). It is critical
to note that hepatocytes differ from other cells by the type of the
rate-limiting enzyme of the TRP pathway; TRP 2,3-dioxygenase
(TDO) is found in the liver, as opposed to indolamine 2,3-diox-
egenase 1 or 2 (IDO-1 or IDO-2) which are found elsewhere.
Functionally IDO and TDO are similar but are regulated in a very
different fashion, resulting in different physiologic roles. Since
TDO has a different mechanism for activation and is activated
by TRP itself, TDO is almost always continuously activated and
expressed; because of this, it is subsequently responsible for 90%
of TRP degradation (15). When there is an accumulation of one
of the intermediate products of the pathway, this causes inactiva-
tion of TDO and a succeeding increase in serum TRP and in TRP
availability to the rest of the body.

Comparatively, the rate-limiting enzymes present in cells other
than hepatocytes are either IDO-1 or IDO-2, which are similar in
structure but vary by signaling pathways and expression patterns
(16). IDO-1 is the predominant of the two enzymes and is found
in alarge number of cell types including, but not limited to, astro-
cytes, neurons, microglia, dendritic cells, monocytes, and mac-
rophage, whereas IDO-2 has only been found in a smaller subset
of cells, primarily dendritic and stem cells, and some cancer lines
(16-21). IDO-1/IDO-2 is the enzyme responsible for catalyzing
the rate-limiting step in the peripheral tissues and are dependent
upon the active form of superoxide (O[). Various co-inducers are
also required for their activation and expression. They include
cytokines (IFN, TNFa, TGF-f), lipo-polysaccharides like amy-
loid peptides, some human immunodeficiency proteins (HIV),
and various TLR ligands. The most notable and potent inducer
of IDO is the pro-inflammatory cytokine interferon gamma
(IFN-7v) (13, 22-24). IFN-y influences both the activation and the
expression of IDO-1. Although not much is known about IDO-
2, it was initially hypothesized to be preferentially inhibited by

BOX 1 | Tryptophan (TRP) pharmacokinetics.

Absorption

Subsequent to ingestion, TRP is first received by the gut and resident micro-
biota (Figure 1). There, both the microbiota and the enterochromaffin cells of
the gut have the first physiologically relevant interaction with ingested TRP.
Past the gut and through to the large intestine, absorption of ingested TRP
occurs primarily on the apical membrane of the intestinal enterocytes and is
mediated via the B°AT1 epithelial amino acid transport system (6). This system
is responsible for the absorption of most other neutral amino acids, all of which
have a higher affinity for this transport system then TRP. This competition for
absorption can cause malabsorption of TRP (6). Subsequent to absorption
via enterocyte transporters, TRP travels the hepatic portal system where it is
utilized by the liver for protein synthesis or NAD* production via the kynurenine
(KYN) pathway (7). Unused TRP is then secreted into the blood stream and
is available for use by peripheral tissues. Common cell types utilizing TRP
include vascular endothelial cells, fibroblasts, and antigen-presenting cells
(APCs), more specifically, dendritic cells, monocytes, and macrophages (8, 9).
Besides uptake by peripheral cells, TRP can also be transported across the
blood-brain barrier and this transport is critical to the regulation of serotonin
synthesis, a process based on competitive transport shared by several large
neutral amino acids (10). Hence, higher plasma TRP levels result in increased
TRP uptake and serotonin synthesis. Uptake of TRP by peripheral cells such
as tissue macrophages may affect the rate of absorption in the liver, but this
link is not yet fully understood (11).

Metabolism

Once ingested, TRP faces a plethora of metabolic fates (Figure 1). In the
gut, TRP is exposed to billions of microorganisms that utilize TRP for the
synthesis of serotonin and other metabolically active compounds (90% of
the serotonin in the body is produced by the gut microbes and cells lining
the gut) (12). In addition to microbes in the gut, serotonin is produced by
enterochromaffin cells lining the gut. These cell types carry the rate-limiting
enzyme TRP hydroxylase-1, which converts TRP into 5-hydroxytryptophan,
a metabolite which is subsequently decarboxylized to 5-hydroxytryptamine,
5-HT, or serotonin. In terms of the physiological relevance of its production in
the gut, serotonin is a critical response to various mechanical, pathological,
and chemical stimuli in the lumen. The serotonin produced in the gut is nee-
ded for secretory and peristaltic reflexes, and it also activates vagal afferents
through serotonins receptors that signal to the brain to generate feelings of
nausea (12). Once absorbed by the intestines and transported to the liver,
L-TRP faces a number of other metabolic pathways.

The liver is the second stop for TRP eukaryotic cellular utilization after the
gut, but it arguably has the most significant influence on TRP availability and
utilization throughout the rest of the body than any other tissues. Within the
liver, TRP faces two primary fates: protein synthesis and degradation via the
KYN pathway. The KYN pathway is present both in the periphery and liver,
catabolizing TRP to yield the essential cellular cofactor, nicotinamide adenine
dinucleotide (NAD*); this happens in the event of low niacin in the diet and
also yields a multitude of physiologically active/relevant catabolites throughout
the metabolic process (13). The general pathway sequence is as follows in
Figure 1 and below: the indole ring of L-TRP is broken by TRP 2,3-dioxyge-
nase (TDO) to produce N-formyl KYN. N-formyl KYN is further broken down
into L-KYN (L.-KYN) by formamidase. L-KYN then faces four different fates
because it is used as a substrate by four different enzymes: kynurenase
(forming anthracillic acid), KYN 3-hydroxylase (forming 3-hydroxykynurenine),
and KYN aminotransferases KAT 1 and KAT Il (forming kynurenic acid).
Anthracillic acid and 3-hydroxykynurenic acid progress to 3-hydroanthranilic
acid (3-HAA), which can be transformed into picolinic acid or quinolinic acid.
Quinolinic acid is further metabolized into nicotinic acid dinucleotide (NAD) by
quinolinate phosphoribosyl transferase. NAD is then further metabolized to
reach NAD* which is an essential coenzyme found in all cells primarily used
for electron transfer (14).

D-1-methyltryptophan (19, 25), an adjuvant chemotherapeutic
agent, suggesting a roll of IDO-2 in tumorigenesis (13, 22-24).
Despite this, recent evidence suggests that b-1-methyltryptophan
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does not actually inhibit IDO-2 activity but affects the pathway by
acting as a TRP mimetic. As such, p-1-methyltryptophan exerts
its effect on essential amino acid metabolic pathways via mTOR
(mechanistic target of rapamycin) and general control non-
depressible 2 (GCN2) (general control nonderepressible 2), the
end results of these cellular pathways controlling inflammatory
responses and immune tolerance (26). Further studies have also
shown that p-1-methyltryptophan should not be referred to as
an inhibitor (26-29). As such, additional work has to be done to
solidify IDO-2’s differential role from the IDO-1 isoform.
Regarding TRP utilization by each pathway, 95% of ingested
TRP is broken down via the KYN pathway, 1-2% is used for
protein synthesis and, 1-2% for serotonin synthesis (30).
Succeeding the TDO-KYN and IDO-KYN pathways, any unused
TRP then crosses the blood-brain barrier by competitive large
neutral amino acid transport (10). In parallel with the gut, the
rate-limiting enzyme is TRP hydroxylase-1 converts TRP into
5-hydroxytryptophan, which is then decarboxylized to 5-hydrox-
ytryptamine (or serotonin). Subsequent to serotonin production,
the pineal gland can further process serotonin into melatonin
(10). Derangements in any of these TRP degradation steps can
lead to altered metabolism of serotonin, melatonin, and KYN.
Through the study of malfunctioning pathways, it is becoming
increasingly apparent that TRP catabolism is a key player in
the pathogenesis of gastrointestinal, cardiovascular, respiratory,
allergic, neurodegenerative, and psychiatric disorders (30).
Contrasting IDO and TDO’s mechanisms of activation,
immune-related activation versus feedback control provides an
obvious link between IDO and the immune system, which has
become a major research focus. While evidence points to immune
tolerance-related properties of the KYN-IDO pathway, there is
certainly competing evidence (31). The comprehensive review by
Yeung et al. chronicles the ever-growing list of immunomodula-
tory activity of this pathway and its importance to health and dis-
ease (32). In terms of this review, we will be focusing on the KYN
pathway in relation to allergic disease. Two competing theories
and various interlinking pathways will be discussed. Ultimately,
we will attempt to show that the KYN pathway may connect the
development of allergic disease to the gut microbiome in infancy.

TRP METABOLISM AND ITS
IMMUNOMODULATORY FUNCTIONS

TRP Degradation versus Pathway
Metabolites

The general function of the host immune system is to correctly
distinguish between self and non-self and to initiate a protec-
tive cascade of immune responses in the presence of a harmful,
non-self-antigen. For obvious reasons, this balance between the
initiation and suppression of the immune response is dependent
upon a high number of regulator mechanisms, one of which is
the KYN pathway. Concerning this delicate balance of initiation
and suppression, a growing body of research from the turn of
the century has identified in particular, the IDO subset of the
KYN pathway as having an active role in maintaining equilibrium
between the two responses.

Although the primary link and majority of research on the
immune function of the IDO is on the rate-limiting enzyme
IDO-1 (herein referred to IDO due to its central role), it is criti-
cal to compare it to TDO. Since an obvious immunological link
comes from the mechanism of activation of these enzymes, this is
where we will start. As mentioned, only hepatocytes possess the
rate-limiting enzyme TDO and due to its mechanism of activation
(by TRP itself) and localization (in the liver, the first destination
for TRP after absorption), it is consequently responsible for the
majority of TRP degradation in the body (~90%) (33). Figure 1
shows the general schematic of the KYN pathway. In comparison
to the IDO-KYN pathway that is localized primarily to the lymph
nodes and inflammatory tissue, the TDO-KYN pathway has no
major known immune functions/links. However, it controls TRP
availability in the rest of the body, and this can cause downstream
effects by limiting TRP availability to IDO. This TRP homeostatic
property of the KYN pathway is reinforced by findings showing
that the concentration of TRP itself influences TDO activity by
stabilizing the enzyme complex (34). Studies on the immunologi-
cal function of TDO have been limited and primarily to in vitro
studies. While they show a limited antimicrobial and immuno-
logical function of TDO via TRP depletion, it still remains to
be seen whether these studies are applicable to what happens
in vivo (35). More recent (2016), in vivo studies in knock-out
mice have confirmed a role for TDO in mediating control of basal
KYN pathway metabolites and NAD production, and of IDO
in situations where the immune system is activated (36). As an
interesting aside, evidence suggests a compensatory mechanism
between IDO and TDO; when the one is knocked out in mice,
the other one seems to compensate for the other’s absence and
functions (36, 37).

Functional IDO is observed in human CD123*CCR6" plas-
macytoid dendritic cells, regulatory B-cells, activated monocytes,
and macrophages, and also in NK cells, eosinophils, and neutro-
phils (15). The IDO enzyme causes cellular depletion of TRP and
accumulation of biologically active KYN pathway metabolites
(31). The majority of the regulatory actions of the IDO pathway act
primarily on T-cells, NK cells, dendritic cells, and macrophages.
In T-cells, IDO promotes regulatory T-cell differentiation, induc-
tion of apoptosis in various subsets and T-cell receptor (TCR)
activation. IDO’s actions on NK cells cause downregulation of
activating receptors and cell death. IDO has also been shown to
control dendritic cells maturation and migration (38).

The first discovery of immunomodulatory effects of IDO was
unknowingly made in 1984 when Pfefferkorn observed that IFN-y
induced TRP degradation and blocked growth of Toxoplasma
gondii in human fibroblasts; what he actually observed was IFN-y
activation of IDO and the induction of the KYN pathway, TRP
breakdown and accumulation of KYN metabolites (39, 40). These
observed immuno-regulatory effects were initially attributed to
local cellular depletion of TRP. Appropriately called the TRP
Depletion Theory, this first TRP-immunoregulatory theory pos-
ited that activation of IDO results in a local cellular depletion
of TRP that serves two major functions (1): TRP starvation of
microbes, causing death and (2) promoting Th2 cell polarization.
Generally, a Th2 polarization mediates both the activation and
maintenance of humoral (antibody-mediated) immunity against

Frontiers in Immunology | www.frontiersin.org

November 2017 | Volume 8 | Article 1374


http://www.frontiersin.org/Immunology/
http://www.frontiersin.org
http://www.frontiersin.org/Immunology/archive

Van der Leek et al.

The KYN Pathway, Allergy, and the Microbiome

; Ingested Dietary Protein
. Absorption g BOATY o g Yy
Hepatic Portal System to amino acjy trang Pithelig)
the Liver ,secreted into Large lntesﬁort In the Esophageal Tract
the blood stream for use ne

Gastro:n
test:nal T,
a
arge Infeg Ct to

by peripheral tissues or ne

brain tissues

Protein Synthesis — T T OH
N
H

Gut and Microbial Flora break
down proteins to TRP and other

amino acids.
Tryptophan H
9 M, N 2 HO@/NHZ
Serotonin

(:\(lk/\(orq 'S ~oH
ol KAT "o
Kynurenine (Kyn) _— Kynurenic Acid
O.__OH
NH, H,N O NH
5/ HO\ED)J\;\;/OH K3MO

[e]

Anthracillic Acid 3-Hydroxykynurenine (3-HKA) KA

l Kynureninase

Melatonin
3-Hydroanthranilic Acid (3-HAA)
PGC-1at
o] / E/\¢ | 3-HAO Xanthurenic Acid (Skeletal MUSC|8) I
Ny OH

L QPRT

Picolinic Acid Quinolinic Acid (QA) —— —— —— NAD*

FIGURE 1 | Overview of the kynurenine pathway (KP). Protein is first ingested and travels to the gut where is broken down into tryptophan (TRP) and other amino
acids. Then, it travels to the large intestine where it is absorbed by the B°AT1 epithelial amino acid transport system. TRP, then, travels through the hepatic portal
system to the liver where it is used or secreted into the blood stream for use in the peripheral or brain tissues. TRP has three major metabolic pathways:
incorporation into proteins, production of serotonin, or the breakdown via the KP. The various KYN metabolites are either neurotoxic, neuroprotective, and/or
immunomodulatory. Within the KP, there are two major breakdown areas: the hepatic route where TDO is the rate-limiting enzyme and the peripheral route where
IDO-1/IDO-2 are the rate-limiting enzymes. Within the peripheral route, only dendritic cells, macrophages, microglia, eosinophils, fibroblasts, and endothelial cells
have been show to contain IDO. In recent years, there have been a number of links between IDO, KYN, and various KP metabolites to various allergic diseases.

Recently, Ruas et al., have also shown a connection between activation of skeletal muscle PGC-1a1 and modulation of the KP resulting in resiliency to stress-
induced depression. Although this pathway may be a critical link between depression, allergic disease, and exercise, it has yet to be elucidated.

extracellular bacteria, allergens, toxins, and parasites. This is in
contrast to a Thl polarization that mediates cellular immunity
and plays an important role for host defense systems in resistance
against intracellular microbial agents and viruses. Additionally,
Thl polarization is also associated with autoimmunity and
inflammation.

Newer studies have shown that TRP depletion as the root cause
for immunomodulatory outcomes has been difficult to prove
(41). In spite of this, there appears to be some merit to this theory.
Recent evidence suggests that the immunomodulatory properties
of IDO are largely due to the accumulation of KYN metabolites in
conjunction with TRP depletion (42). Although not specifically
attributed to the build-up of KYN metabolites, a study by Mellor
et al. (43) helped catalyze the notion that immunomodulation of
the IDO pathway in peripheral cells is more than TRP depletion.
Mellor et al’s study showed in pregnant mice that the murine
allogenic conceptus was protected from T-cell-mediated rejec-
tion when IDO was expressed at the fetal/maternal interface.
Stemming from this initial study, a large body of research on

IDO’s T-cell suppression immunomodulatory effects has pointed
to the general trends that are summarized in Ref. (32).

Along with the Mellor et al’s study on allogenic fetuses, early
in vitro studies pointed to a regulatory subset of IDO-expressing
DCs and macrophages that have the ability to induce cell cycle
arrest in T-cells dependent on IDO metabolism (44-46). These
initial studies attributed inhibition of T-cell responses to the pre-
vention of TCR activation. More recent evidence indicates that
TRP starvation via IDO does not solely act via TCR inactivation
but in conjunction with induction of FAS-mediated cell cycle
arrest in the mid G1 phase of T-cell apoptosis, clonal anergy,
and inhibition of antigen-specific T-cell responses (1, 30, 47, 48).
Consistent with the TRP depletion theory, many early studies
reported immunosuppression following TRP deprivation and
restoration of effector T-cell activity with the addition of excess
TRP. In addition, reduced levels of TRP in T-cells have been shown
to be correlated with elevated uncharged tRNA levels, activation
of the GCN2 kinase pathway, and inhibition of mTOR (mam-
malian target of rapamycin) and PKC (protein kinase C) signaling
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pathways, shown to promote T-cell autophagy and anergy (49).
All of these effects of TRP depletion result in a stress-response
program that leads to cell cycle arrest, differentiation, adaptation,
or apoptosis of T-cells (50-52). While they tentatively explain
some of the immunosuppressive effects mediated by IDO-TRP
deprivation (1, 53), the accumulation of the KYN pathway
metabolites has been greatly ignored in these studies.

Activity of KYN Pathway Metabolites

In the past, KYN catabolites were viewed as inert precursors for
the formation of NAD*, but newer findings have identified a
number of physiological effects for these metabolites. The addi-
tion of exogenous KYN metabolites (KYN, 3-HAA, QA, 3-HK,
and picolinic acid) to various immune cell subtypes showed that
KYN metabolites can selectively inhibit active T-cells, B-cells,
and NK cells at more physiologically relevant TRP levels (specifi-
cally in the case of T-cell suppression) than the TRP depletion
theory would suggest (54-57). The IDO enzyme in TGFp-treated
murine plasmacytoid dendritic cells is able to form an intracel-
lular scaffold that binds both SHP-1 and SHP-2 protein tyrosine
phosphates to create a cellular signal for long-term immune
tolerance by converting CD4* T-cells into immunosuppressive
FoxP3* Tregs cells (53).

Although several in vitro studies convincingly show the
immunopsuppressive effects of IDO-expressing cells when TRP
concentrations are below <0.5-1 pM, many cell types remain
viable and functional in low TRP environments. Part of this
inconsistency is attributed to differential expression of tryptoph-
anyl-tRNA synthetase (TTS) which catalyzes TRP binding with
tRNA for incorporation into proteins; cells with high expression
of TTS have greater protection from external stress by sequester-
ing sufficient TRP for cellular protein synthesis (58). Further, it is
possible that although TRP levels in peripheral tissues are greatly
reduced, IDO has sufficient available TRP to remain functional
due to higher circulating plasma TRP levels in vivo (ranging from
40 to 100 uM) that readily diffuse into the tissues, as per the TTS
sequestering system.

While a few general trends have emerged, the physiological
effects of KYN metabolites appear to be more complex and
nuanced than simple initiation or suppression. Most of this
researchisbased on the actions of KYN metabolites as endogenous
ligands of the aryl hydrocarbon receptor (AhR). Initial research
concerning AhR was on KYN itself. In these in vitro studies, KYN
promoted differentiation of naive CD4* T-cells into immunosup-
pressive FoxP3* Tregs and not pro-inflammatory Th17 cells
(59); KYN also promoted IDO expression in dendritic cells (60,
61). Other metabolites of the KYN pathway have demonstrated
activity as AhR ligands, but differently from KYN. Kynurenic
acid (KYNA) binds to AhR to produce the pro-inflammatory
cytokine, IL-6 (62). Meanwhile the 3-HAA metabolite has been
observed to cause immune suppression by inducing apoptosis
in T-cells through glutathione depletion; 3-HAA administration
was effective in reducing rejection of allogenic bone marrow
transplantation—signaling a tolerogenic effect—and inducing
apoptosis in Th1 but not Th2 cells (52). Many of the affected cells
also engage in a cross talk that helps establish and amplify immu-
nosuppressive signals. Examples of this include IDO-expressing

plasmacytoid dendritic cells converting CD4* T-cells to FoxP3*
Tregs and in turn, Tregs inducing IDO expression in plasmacy-
toid dendritic cells and neutrophils (54, 63, 64).

One of the most interesting aspects of the KYN-IDO pathway
is that induction of IDO almost invariably leads to preferential
apoptosis of Thl cells. Consensus is that IDO is critical for
regulating the immune system by reducing Th1 cell proliferation
and inducing differentiation of Treg cells. The end result is the
maintenance of immunological tolerance while also limiting
tissue damage. Although this explanation appears to be com-
plete, the outcome of inducing the IDO pathway on Th2 cells is
substantially more complex with both inhibitory and stimulatory
actions reported (31). Initial evidence for Th2 cell regulation
indicated stimulation, with IDO-expressing human eosinophils
preferentially inhibiting Th1 cells but promoting Th2 cells (65). A
similar study of murine spleen cells also showed that IDO expres-
sion and the addition of exogenous TRP resulted in preferential
decrease of Thl cytokine production and resultant increase in
Th2 cytokine production (66).

Compared to observations of Th2 cell promotion and Thl
inhibition, in vivo studies on allergy have shown contradictory
effects for IDO. In a study on ovalbumin-induced asthma,
mice that were IDO deficient showed significantly weaker Th2
responses in comparison to WT control mice when challenged
with inhaled antigen (4). Serum levels of antigen-specific IgE were
also lower when compared to WT mice; in this case, IDO defi-
ciency protected against allergic disease (4). In another murine
model of asthma using ovalbumin sensitization, induction of
IDO expression inhibited Th2-induced asthma (67). Further
studies on Th1/Th2 preferential apoptosis mediated by IDO have
shown that Th2 cells are sensitive to TRP metabolic apoptosis
and not Th1 (52). Although these contradicting Th2 mechanisms
have yet to be fully elucidated, Xu et al. have proposed an explana-
tion that remedies some of the inconsistencies (31). Their thesis
is that during the course of a Thl-mediated immune response,
apoptosis in Thl cells is preferentially induced; this contrasts a
Th2-mediated immune response, wherein Th2 cells are targeted
by the KYN-IDO pathway. As seen in the majority of earlier stud-
ies, Th1 cells are killed and Th2 cells proliferate during an immune
response that is both Th1 and Th2 mediated. In addition to the
effects of TRP on Th1, Th2, and Th17 cells, recent evidence has
also shown that TRP catabolites engage the AhR and influence
innate lymphocytes (68). Currently, this research only provides a
link to ILC3 (group 3 innate lymphocytes) and not ILC2 (group
2 innate lymphocytes which are implicated in allergic disease).
Despite this, there may be an indirect link to allergy as ILC3s
affects the gut microbial population. Further research addressing
these cell types needs to be done to elucidate what may be another
mechanism between TRP and its effects on allergy (69-73).

Returning to the topic of T cell balances, Xu et al’s explanation
stems from the 2 initial theories by MacKenzie et al. and Mellor
and Munn which offer a more comprehensive explanation for these
somewhat seemingly contradictory effects (37, 74). MacKenzie
et al’s thesis centered on a negative feedback regulatory loop for
Th1 cell responses. It is well known that as antigens and pathogens
are presented by myeloid dendritic cells for T-cell activation,
this causes skewing of ThO cells to Thl and produces a strong

Frontiers in Immunology | www.frontiersin.org

November 2017 | Volume 8 | Article 1374


http://www.frontiersin.org/Immunology/
http://www.frontiersin.org
http://www.frontiersin.org/Immunology/archive

Van der Leek et al.

The KYN Pathway, Allergy, and the Microbiome

upregulation of IFN-y release from T cells and NK cells (75, 76).
Various other processes have also been shown to produce IFN-y
through response to antigens and pathogens through various TLR
receptors and other protein receptors (37, 64, 77-79). In conjunc-
tion with existing theories, increased IFN-y can have several major
consequences, the most obvious of which is the creation of a Thl
dominant microenviroment and inhibition of Th2 differentiation.
As IFN-y induces dendritic cells to express functional IDO, there
is a reduction in TRP, increase in KYN metabolites and subse-
quent T-cell inhibition. The majority of findings show preferential
induction of apoptosis in Th1 cells and not Th2 due to increased
susceptibility of Th1 cells to KYN metabolites (59, 64). Therefore,
IDO-mediated inhibition of Th1 cells and selected survival of Th2
cells may act through IFN-y stimulation as a regulatory loop to
limit overactive Th1 cells responses.

The theory by Mellor and Munn also recognizes that KYN pro-
motes differentiation of naive CD4*+ T-cells (in vitro) into immu-
nosuppressive FoxP3* Tregs, as opposed to pro-inflammatory
Th17 cells, and that IDO activates Treg cells via GCN2 pathways
(49). Since these reactions are not as fast or direct as Th1/Th2
differentiation from ThO cells, IDO-induced Treg proliferation
suppresses Th1 and Th2 immune cells, and inhibits an overactive
immune response. In sum, it appears that IDO pathways have a
tolerogenic role, whereby loss of key functional enzymes in the
pathway results in an aberrant response to immune stimuli. The
inhibition of a T-cell response or selective T-cell proliferation is
highly dependent upon the immediate microenvironment; IDO
pathway enzymes and metabolites act selectively to maintain tol-
erance whether it is a Th1-, Th2-/Th1-, or Th2-mediated immune
response.

The KYN-IDO Link to Allergy

Recognized initially for its tolerogenic and immunoregulatory
roles, there is growing evidence that the KYN-IDO pathway plays
a major role in development of atopy and allergy. Before detailing
the specific actions of IDO-KYN on allergy, it is important to
understand some key characteristics of allergic disease, which
in essence, is an abnormal reaction of the immune system to an
ordinarily harmless substance called an allergen. The first step in
the development of allergy is the presentation of an allergen to a
T cell by APCs. Together with the APCs, these newly activated
Th2 cells secrete various mediators such as IL-4 (positive feedback
loop for Th2 cell differentiation), I1-5 (eosinophil activation),
and IL-13 (similar in function to IL-4) cytokines. In this Th2-
dominated environment, activated Th2 cells communicate with
B cells, leading to allergen-specific Immunoglobulin E (sIgE)
production. The majority of secreted sIgE (specific IgE) will bind
to its high-affinity IgE receptors (FceRI) on mast cells (tissue-
residing) and basophils (in blood). Subsequent exposure to the
same and or cross-reactive allergen will lead to cross linking of
the FceRI-bound IgE, initiating cell activation and ultimately the
release of various mediators, such as histamine. These mediators
cause the hallmark symptoms and signs of an allergic reaction
involving various systems such as the respiratory, skin, gastro-
intestinal, and cardio vascular systems (59, 64). Although FceRI
are usually found on the surface of mast cells and basophils, they
are expressed on other immune-type cells like APCs of atopic

individuals. Subsequent exposures to the antigen result in the
same immediate-type allergic reaction (3).

The hygiene hypothesis argues that insufficient exposure to
pathogens in early development leads to insufficient stimulation
of Thl cells and diminished capability to counterbalance an
expansion of Th2 cells, resulting in a predisposition to allergy.
Since the IDO-KYN pathway can directly affect the Th1/Th2
balance via selective apoptosis and Treg stimulation, the IDO
pathway is likely critical to the allergic disease process. Further,
microbial stimulation of the IDO pathway by TLR may also help
determine the outcome of allergic inflammation (49). In atopic
individuals, activation of monocytes via the FceRI receptor
induces IDO activity resulting in increased TRP metabolism (80).
This induction of the IDO pathway and subsequent immune sys-
tem events help to limit allergic responses, such that individuals
remain unresponsive after being exposed to an allergen.

The immunosuppressive role of IDO in response to an allergen
was initially realized through a study by Bubnoft Von et al., which
employed a technique called suppression subtractive hybridiza-
tion to identify genes upregulated by the engagement of FceRI.
Sequences coding for KYN 3-monoxygenase and IDO were dif-
ferentially upregulated in stimulated monocytes when compared
to unstimulated monocytes (80). When stimulated through
FceRI, subsequently it was shown that relative amounts of these
enzymes were increased to a greater extent in the monocytes of
asymptomatic atopics versus symptomatic atopics. The ability to
suppress T-cells in atopics was later confirmed to be reliant upon
IDO expression and degradation of TRP (81). Using the KYN/
TRP ratio in plasma as a marker for IDO activity (82), Bubnoft
von et al. found this ratio to be reduced, alongside lower TRP and
higher KYN levels, in adults sensitized to aeroallergens who were
asymptomatic versus those who exhibited symptoms. Further, a
recent study from Buyuktiryaki et al. reported lower serum KYN/
TRP ratios in children with food allergy that persisted versus
healthy children or in food allergic children who had developed
tolerance (83). IDO mRNA expression did not differ between
tolerant and persistent food allergic children but IFN-y and IL-10
synthesis were significantly higher in children tolerant to milk.

Human observational studies suggest that IDO activity can
induce tolerance to food or aeroallergens after allergen sensitiza-
tion occurs. Some of the strongest human evidence for the IDO
pathway is in relation to clinical trials of allergen-specific immu-
notherapy (SIT), which involves administering increasing doses
of the substance to which a person is allergic in order to develop
tolerance. Initial results from SIT trials documented higher TRP
degradation during therapy (80). IDO has subsequently been
proven to be partially responsible for tolerance induction during
SIT, with KYN metabolites mediating this effect as opposed to
TRP depletion (80, 82, 84). In Taher et al’s Th2-dependent allergic
airway model, the suppression of eosinophils and reduction of
inflammation to achieve tolerance was dependent upon 3-KYN,
KYN, and XA (85).

In summary, most agree that IDO acts as a tolerogenic, immu-
nosuppressive enzyme to reduce allergic inflammation, with the
induction of the IDO-KYN pathway, resultant depletion of TRP,
and elevation in KYN metabolites. Some studies report pro-
inflammatory activity for IDO (86), but they are primarily in IDO

Frontiers in Immunology | www.frontiersin.org

November 2017 | Volume 8 | Article 1374


http://www.frontiersin.org/Immunology/
http://www.frontiersin.org
http://www.frontiersin.org/Immunology/archive

Van der Leek et al.

The KYN Pathway, Allergy, and the Microbiome

knock-out mice in which developmental defects such as impaired
Th2 cell function make it challenging to interpret findings (85,
87). Current consensus is that induction of the IDO-KYN path-
way causes T-cell anergy (4), T-cell apoptosis (4), proliferation of
T-regs and Th17 cells (49), and deviation of the Th1/Th2 response
(49). More studies are required to solidify how each of the KYN
metabolites acts to create tolerance to various allergens.

TRP, Serotonin, and Allergy

Allergic disease is often comorbid with depression. Greater
induction of the KYN pathway lowers available TRP levels to
cross the blood-brain barrier via competitive transport (88)
and the production of serotonin, a key characteristic of depres-
sion. More concretely, allergen exposure in an atopic individual
can activate the IDO-KYN pathway to promote tolerance; this
enhanced catabolism of TRP reduces serotonin production.
Additionally, all immune cells have the capacity to interact with
serotonin according to the differential expression of serotonergic
components. For example, serotonin directly regulates cell pro-
liferation and cytokine production at the transcriptional level in
leukocytes (31).

The KYN pathway and/or accumulation of KYN metabolites
have also been shown to contribute to depressive-like behaviors,
which can be negated via exercise (42). Increasingly, we are
appreciating exercise and skeletal muscle breakdown of KYN as
a useful pathway to deplete TRP levels and alleviate depression.
Fuertig et al’s murine model of chronic social stress showed that
stress incited fear behavior and elevated KYN pathway activity
in the blood and brain, while inhibition of IDO reversed both
effects (89). Following exercise-induced activation of the skeletal
muscle PGC-1al pathway in mice, Agudelo et al. found greater
expression of KYN aminotransferases and enhanced conversion
of KYN into KYNA; as KYNA is unable to cross the blood-brain
barrier, a reduction in depressive behavior was observed (90, 91).

It is clear that the KYN pathway has a major influence on the
availability of TRP for serotonin production. However, experi-
mental evidence that this pathway can induce fear behavior that
is reversible with IDO, and human observations of higher IDO
activity in allergy (82, 83) are not consistent with enhanced
depression seen in the presence of allergy. There is likely a more
complex dialog between immune cells and the brain involving
TRP and serotonin levels. Another possibility is that IDO-
induction of tolerance in an atopic individual might lead to higher
risk for depression. Clearly, the tentative link between allergy and
depression has yet to be fully elucidated. In the meantime, the
influence of the germ-free state in mice on plasma TRP and sero-
tonin concentrations points to the microbiome as another pivotal
link in the mystery of TRP metabolism, its effects on allergy and
depression, and takes us to the final section of our review (92).

KYN PATHWAY CROSS TALK BETWEEN
THE GUT MICROBIOME AND IMMUNE
SYSTEM

Residing in the human gut is our microbioata, a large and
diverse collection of microorganisms which play a crucial role

in regulating host and intestinal health (93). Bacterial cells
within the whole human microbiome are more plentiful than
human cells, especially in the gut, and their total gene count
outnumbers that of the host by more than 100 times (94).
The expression of this plethora of genes results in numerous
enzymatic reactions with a myriad of physiological outcomes
that would otherwise be unavailable to the host. It is for this
reason that many now consider the microbiome to be an “organ
within an organ” or the “second brain” Not only is the gut
microbiome essential for the digestion, absorption, and energy
storage of food substrates, it also supports other immune and
neurologic system functions (95).

In earlier studies employing a broad metabolomics approach,
the composition of gut microbiota was noted to have a profound
influence on circulating metabolites; plasma levels of KYN
metabolites were affected to a greater extent than levels of other
metabolites (96). In this study and ones that followed in germ-free
rodents, plasma TRP levels were elevated in the pre-microbial
colonization state, alongside reductions in serotonin and KYN
levels (96-99). Serotonin, TRP, and KYN levels were normalized
following microbial colonization of mice immediately post-wean-
ing; normalization did not occur in rats. Similarly, Desbonnet
et al’s study of antibiotic-induced microbial depletion in mice
reported higher circulating TRP levels and reduced peripheral
KYN metabolism (92). Finally, changes to circulating KYN/TRP
ratios have been observed following experimental induction of
gastrointestinal inflammation via introduction of a parasite and
likely altered gut microbiota (100).

The lowering of serotonin and KYN metabolite levels in
the absence of gut microbiota and their restoration following
the re-introduction of gut microbes indicates a key role for gut
microbiota in the KYN pathway. More recent murine and human
colonocyte studies provide further evidence for the regulation of
gastrointestinal synthesis of serotonin by spore-forming micro-
biota, specifically by their metabolites, the short-chain fatty acids,
deoxycholate, alpha-tocopheral, and others (101, 102). Of note,
host TRP is required for this biosynthesis. How are these events
initiated? We have already discussed the important role of AhR
in modulating the immune system and the expression of IDO/
TDO (103, 104). In the absence of AhR, endogenous KYNA levels
have been documented to rise (105). TLRs are critical to the gut
microbial community. In fact, activation of TLRs by microbial
components has been identified as a key factor in initiating KYN
metabolism. Several studies have linked microbial- induced
KYN pathway changes to the expression of colonocyte TLRs in
germ-free mice (99, 106, 107), namely, reduced TLR stimulation
in germ-free mice has resulted in reduced TRP metabolism.

Maternal Microbiota, Postnatal Immune
Development, and the KYN Pathway

Immediately after birth, our gut microbiota is dominated by the
lactic-acid bacteria: bifidobacteria, lactobacilli, and enterococci
(108). Postnatal maturation of this microbial community is
shaped by breastfeeding and seeded by the maternal vaginal and
intestinal microbiomes, which potentially commences in utero
(109). Interference with this normal biological process alters
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the gut microbial composition of infants at critical periods of
development, with long-lasting sequela on health, including
overweight and allergic disease (110, 111). Atypical early gut
microbial development alters the ability of the infant’s develop-
ing immune system to distinguish between harmful and harmless
antigens and slows postnatal maturation of the barrier functions
of cells lining the gut (112). As noted above, microbial deficiency
and under-stimulation of the immune system in germ-free mice
has led to deviant KYN metabolism.

As we have summarized, gut microbial dysbiosis can influ-
ence circulating concentrations of TRP and serotonin, making
the development of the TRP and KYN pathways, and serotogenic
system particularly susceptible to postnatal gut microbial devel-
opment. Altering gut microbiota through the administration of
probiotics in human supplementation trials has also influenced
circulating TRP levels. Relevant to the lactic-acid bacterial domi-
nance of the newborn gut, Strasser at al’s trial documented that
when athletes were given a probiotic mixture of bifidobacteria,
lactobacilli, and enterococci, drops in TRP levels, seen in control
subjects after exercise, were prevented and the incidence of res-
piratory tract infections was reduced (113). The latter observation
also provides added evidence for a role for TRP or the KYN-IDO
pathway in TLR recognition of microbes and early-life infection.

Bothin human and experimental research, the limited research
in this area has shown promising results toward a theory of TRP
metabolite and gut microbial cross talk in postnatal microbial
development and immunity. In their murine model of transient
gestational colonization (with a microbial strain that does not
colonize the intestine), Gomez de Aguero et al. demonstrated
that TRP, KYN, and IDO were present in breast milk of lactating
dams who were germ-free but had been exposed to gestational
colonization with an Escherichia coli strain (114). The combina-
tion of prenatal microbial exposure and postnatal nursing caused
elevation in group 3 innate lymphoid cells (ILC3, counterparts
to Th17 cells) and mononuclear cells of the neonatal immune
system following vaginal birth. This TRP metabolite influence on
neonatal immunity via breast milk following gestational microbial
exposure is highly suggestive of maternal microbial programming
of infant immune system development through the KYN-IDO
pathway. New evidence is also emerging in human infants. In a
cohort of initially breastfed infants, Hill et al. corroborated fecal
microbial composition with the urine metabolome during the
neonatal time period, finding a high correlation between the two
systems (115). Metabolites from TRP metabolism detected in
urine over the first 24 weeks of life significantly differentiated pre-
term and full-term neonates, and neonates born vaginally versus
by cesarean section. Observed variation in TRP metabolism in
newborns according to gestational age and birth mode also points
to the influence of prenatal exposures and the birth process.

Once an infant is weaned off breast milk, solid food becomes
a source for TRP. The Desbonnet et al. study, where antibiotics
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