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ABSTRACT

Tryptophan catabolites generated by tryptophan catabolic enzymes represent endogenous
activators of the mammalian Aryl hydrocarbon Receptor (AhR), which is now credited with a
variety of physiological functions. In both innate and adaptive immunity, one specific tryptophan
catabolite, L-kynurenine, interacts with AhR to promote both genomic and nongenomic functions
of AhR. Recently, we found that L-kynurenine and AhR activity are increased in a model of
endotoxin tolerance. Here, we discuss the major factors that determine the outcome of gene
transcriptional regulation by AhR. We focus on the impact of specific ligands in selecting different
conformations of AhR, resulting in ligand-specific interactions within local tissue and cellular
environments that will, in turn, provide specific sets of coactivators and functions, thus bridging
the basic transcriptional machinery to the target genes. By interfacing with the generation and
function of regulatory T cells in lymphoid tissues, tryptophan catabolites may be important
physiological ligands of AhR in the regulation of immune responses as well as in sepsis.
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MULTIPLE OUTCOMES OF AHR ACTIVATION

The Aryl hydrocarbon Receptor (AhR), a ligand-activated transcription factor, acts as a
heterodimeric transcriptional regulator via association with the AhR Nuclear Translocator
(ARNT). Widely expressed in a variety of animal species as well as in humans and initially credited
with a specific function - namely, the hepatic clearance of xenobiotics, including dioxin - AhR has
physiological functions that are only now beginning to be appreciated [1]. Much interest is now
centered on the nature of its physiological ligands as well as on its mode of action in response to
molecules that are different in nature as to their endogenous source and chemical structure [2].
Animal and human data indicate that AhR is involved in various signaling pathways critical to
cell normal homeostasis and neoplasia as well [3], including cell proliferation and differentiation,
gene regulation, cell motility and migration, inflammation and others [4,5].

Signal molecules function as ligands for AhR, and activated AhR binds promoter recognition
sequences of the target genes. The AhR-ARNT complex may then require coactivators - including
members of other families of transcription factors [6] - in order to initiate transcription and to
unwind histone-bound DNA for exposing additional promoter recognition sites via their histone
acetyltransferase function. Three major factors may affect the outcome of gene transcriptional
regulation by AhR, namely, the nature of the ligand, the local tissue microenvironment, and the
presence of coactivators in the cell. AhR activation by physiologically relevant ligands occurs in gut
innate lymphoid cells by microbiota-derived Indole-3-Aldehyde (IAld) [7], in skin keratinocytes
by endogenous 6-Formylindolo [3,2-B] Carbazole (FICZ) [8], and in lymphoid tissue dendritic
cells by a product of tryptophan catabolic enzymes, L-kynurenine [9]. Here, we review the
current understanding of the interplay between AhR and tryptophan-degrading enzymes in the
regulation of immune responses, focusing on published data that have been providing significant
new insight into the intricacies of AhR functioning.

TRYPTOPHAN CATABOLITES AS ENDOGENOUS AHR LIGANDS

The functions of AhRin T cells depend on the specificligand bound to the receptor. For instance,
binding of dioxin to AhR suppresses experimental autoimmune encephalomyelitis by promoting
the development of Foxp3, T regulatory (Treg) cells, whereas FICZ enhances encephalomyelitis
by inducing the differentiation of IL-17-producing T cells [10]. Therefore, in determining
the qualitative effect of AhR engagement, the ligand’s ability to select a specific conformation
of the receptor may be as important as its potency (determined by affinity) and efficacy. On
considering the conformation-based operational model of agonism, it is likely that different AhR
ligands preferentially bind distinct conformations of the AhR complex - each having a distinct
set of fingerprint residues - thus initiating different pathways of downstream signaling and
transcriptional events. Evidence in this direction comes from the finding that the AhR fingerprint
residues required for activation by dioxin are distinct from those necessary for activation by

L-kynurenine, even when the response being measured is the same, namely, transcription of a
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gene (Cyplal) whose promoter contains xenobiotic response elements. A mutated form of the
receptor that does not bind L-kynurenine will, instead, bind dioxin with increased potency and
likely affinity [9]. This suggests that structurally and/or functionally distinct AhR ligands have
distinct affinities for distinct conformations, each active conformation of the receptor recruiting
a unique set of downstream signaling molecules (Figure 1). Thus, in a tissue, both ligand-intrinsic
and cell-intrinsic factors dictate the outcome of AhR activation. The cell-intrinsic factors include
competence for substrates that can be phosphorylated via a nongenomic function of AhR, namely,
AhR complex-associated Src kinase activity. Of note, L-kynurenine promotes Src kinase activity
on engaging AhR [9].

Figure 1: Binding mode of kynurenine (kyn) into the model of PAS-B AhR. Fingerprint residues
involved in the binding of TCDD are shown in sticks and colored in green. GIn377 involved in
hydrogen binding with the carboxylic group of kyn is shown in sticks and colored in yellow.
Phe318 involved in cation-m interaction with the amino group of kyn is shown in sticks and

colored in cyan.

Xenobiotics such as dietary components, products of microbiota, and ubiquitous environmental
pollutants may have shaped this system in intestinal epithelia during millions of years of
evolution. In the gut, a ligand for AhR can be derived or generated from diet, microbiome, and/or
host cells. Mice on a tryptophan-enriched diet expand a population of lactobacilli in the gut that
produce IAld, which promotes AhR-dependent transcription of the IL-22-encoding gene by host
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innate lymphoid cells and thus preserves local homeostasis [7]. In the skin, AhR ligation controls
oxidation/antioxidation, epidermal barrier function, photo-induced response, melanogenesis, and
innate immunity. Dioxin-mediated skin and intestinal inflammation is associated with deregulated
T-cell differentiation. In contrast, AhR activation by endogenous FICZ in keratinocytes mitigates
the severity of skin inflammation [8].

In infection, AhR may sense distinct bacterial virulence factors and control antibacterial
responses, thus contributing to infection resistance [11]. However, AhR contributes to “disease
tolerance” as well [12,13]. In over inflammatory responses induced by infection, two distinct
tryptophan catabolic enzymes, hepatic Tryptophan 2,3-doxygenase (TDOZ2) and ubiquitous
Indoleamine 2,3-dioxygenase 1 (IDO1), produce L-kynurenine, thatdown modulates inflammatory
cytokine gene transcription, and induces, instead, transcription of the genes encoding anti-
inflammatory IL-10 and TGF-£. This mechanism involves the participation of noncanonical NF-xB
family members and other molecules including phosphorylated IDO1, which acts as a substrate
for AhR complex-associated Src kinase activity [9]. All of these events are most clearly exemplified
by the mechanisms of endotoxin tolerance, a condition whereby a prior exposure to a low level of
LPS induces a durable state of cell refractoriness to subsequent LPS challenge [14-17], eventually
leading to reprogramming of gene expression [18] and chromatin remodeling [19], and thus to a
state of durable disease tolerance (Box 1). In this context, therefore, disease tolerance describes
the ability of an infected host to limit disease severity without necessarily impacting the causative
pathogen. This will preserve host reproductive capacity and survival (“fitness”) when eliminating
the pathogen cannot be the prevailing strategy of host’s defense [20]. The issue of tissue damage
control in disease tolerance has recently been reviewed with considerable detail [21].

Therefore, there is now strong evidence to support the concept that the outcome of AhR
activation is largely dictated by the nature of the ligand - which initiates a specific sequence of
downstream signaling events - as well as by the specific tissue (e.g., gut, skin, and lymphoid tissue)
in which AhR engagement occurs.

AHR AND TRYPTOPHAN: MUTUALLY SUPPORTING FUNCTIONS

The above considerations allow further insight into the mutually supportive relationship
between tryptophan catabolic enzymes and AhR in reinstalling homeostatic tolerance after
meeting the needs of an acute inflammatory reaction, a condition under which tolerance is
dangerously - yet inevitably - broken. This calls into play the pivotal roles of TDO2 and IL-6 [9].

The combined effects of AhR and IDO1 act in feed forward loop, and yet they are self-regulated.
AhR needs kynurenine to become activated and promote transcriptional activation of Ido1 [22],
further relying on coactivators in order to give rise to a full range of gene transcription regulatory
effects. Among those coactivators are members of the noncanonical NF-«B family of transcription
factors [23] and phosphorylated IDO1 itself, which - produced by AhR complex-associated Src

kinase activity - acts as a signaling molecule and contributes to AhR-dependent gene regulation
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[24]. AhR, which also acts as an E3 ubiquitin ligase [25], may then take full control over IDO1’s
dual - i.e., enzymic and signaling -function, by balancing Ido1 transcription with regulatory
proteolysis of IDO1.

However, for activation of the AhR-IDO1 axis to occur, there must be no IL-6, which operates
its own mode of IDO1 proteasomal degradation via induction of SOCS3, resulting in the enzyme
ubiquitination and proteolysis [26]. This condition is clearly exemplified by chronic inflammatory
conditions dominated by an overwhelming production of IL-6 [27]. Ligand-bound AhR may well
repress 116 transcription, either directly or via transcription of 1110, resorting to IL-10 as a means
of opposing IL-6 production [23]. As long as the AhR-IDO1 axis is blocked by IL-6, the AhR ligand
kynurenine must derive from another tryptophan catabolic source.

Atthe onset of an inflammatory response, IL-6 production is a necessary, defensive mechanism
that need not be abrogated till the onset of the transcriptional transition that will contribute to
reinstall an optimal balance between inflammation and tolerance. Among the early events of
systemic inflammation is cortisol-driven induction of acute phase proteins in liver. TDO2 is one
such protein, and it is synthesized when production of proinflammatory cytokines, including I1-6,
is atits height. Tdo2 is not under AhR transcriptional control, nor is TDO2 subjected to IL-6-driven
proteasomal degradation [9]. This makes TDO2 production of kynurenine - and AhR activation
- compatible with the early events in an inflammatory response. Thus, the roles of TDO2 and
IDO1 as a source of AhR ligands are not redundant, the major differences lying in the different
modalities of their respective gene activation, their being temporally segregated in function, and
their disparate susceptibilities to inhibition by IL-6 (Figure 2).

Sepsis | www.smgebooks.com
Copyright © Fallarino F.This book chapter is open access distributed under the Creative Commons Attribution 4.0
International License, which allows users to download, copy and build upon published articles even for commercial
purposes, as long as the author and publisher are properly credited



©
|

AhR ga IDO1 mummp pIDO1

@ TGF-B
ImmunEROMEBSIEsIsY,

Figure 2: Nonreduntant roles of TDOZ2 and IDO1 in inflammatory contexts. TDOZ not amenable
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to IL-6-driven proteasomal degradation, provides kynurenine as an activating ligand for AhR
early in an inflammatory process. Accumulating noncanonical NF-kB family members induce
expression of [L-10, which opposes IL-6 production, thus releasing the AhR-IDO1 from IL-6
constraint.

AHR AND TRYPTOPHAN IN ENDOTOXIN TOLERANCE

The distinct contributions of TDO2 and IDO1 are clearly illustrated by the transition from
Lipopolysaccharide (LPS) susceptibility to endotoxin tolerance, which exemplifies a mechanism
of disease tolerance functionally similar to the acquisition of antigen-specific memory in acquired
immunity. Endotoxin tolerance is, indeed, a mechanism whereby an initial exposure to LPS
induces a durable state of resistance to subsequent endotoxemia [15,16,18,19]. A recent study in
mice found that overreacting responses to primary LPS challenge are controlled by AhR, TDO2,
and IL-10, whereas endotoxin tolerance requires the combined effects of AhR, IDO1, and TGF-
[9]. In particular, the IDO1-dependent, systemic regulatory response resulting in endotoxin
tolerance appears to be part of a sequential series of events, to which AhR contributes distinct
effects, mostly occurring in conventional dendritic cells. Intraperitoneal administration of an
LPS sublethal dose promotes activation of hepatic TDO2 that produces kynurenine production
despite the presence of high levels of circulating IL-6. Kynurenine, by acting as an AhR ligand
increases IL-10 and decreases IL-18, TNF-a and IL-6 production, thus leading to reduced systemic
inflammation. These events lead to the onset of endotoxin tolerance. High-dose LPS rechallenge

in primed mice triggers AhR-Src kinase-dependent IDO1 phosphorylation, and TGF-f production
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in splenic dendritic cells, and IDO1 expression by dendritic cells further increases kynurenine
production. LPS-tolerant mice challenged with either gram-negative (Salmonella enterica
Typhimurium) or gram-positive (group B streptococci) bacteria are less prone than unprimed
controls to inflammatory pathology via a mechanism of disease tolerance (Figure 3) of interest,
the signaling function of IDO1 is not restricted to conventional dendritic cells - where it occurs
via Src activity - but may represent a generalized phenomenon in different types of immune
response, with the involvement of several cell types, including plasmacytoid dendritic cells, in
which the kinase Fyn is instead required [24].
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Figure 3: Schematic representation of the role of tryptophan catabolism in the transition

from LPS susceptibility to tolerance leading to increased host fitness to immunopathology.
(1) Intraperitoneal administration of an LPS sublethal dose (10 mg/kg) promotes activation
of hepatic TDO2 that mediates the cleavage of the 2,3-double bond of the indole ring of
tryptophan (trp) leading to kynurenine (kyn) production (2). (3) Kynurenine, by acting as an
AhR ligand increases IL-10 and decreases IL-15, TNF-a and IL-6 production, thus leading to
reduced systemic inflammation. (4) Events 1-3 lead to the onset of endotoxin tolerance. (5)
High-dose LPS rechallenge (40 mg/kg) in primed mice triggers AhR-Src kinase-dependent
IDO1 phosphorylation (6), and TGF-f production in splenic dendritic cells. (7) IDO1 expression
by dendritic cells further increases kynurenine production. (8) Events 5-7 lead to a fully LPS-
tolerant state. (9) LPS-tolerant mice challenged with either gram-negative (Salmonella enterica
Typhimurium) or gram-positive (group B streptococci) bacteria are less prone than unprimed
controls to inflammatory pathology (10).
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THE COEVOLUTION OF IDO1, AHR, AND TREG CELLS IN ACQUIRED
IMMUNITY

AhRispresumed to have evolved from invertebrates, where it served aligand-independentrole
in normal development processes. Evolution of the receptor in vertebrates resulted in the ability
to bind structurally different ligands, including xenobiotics and microbiota-derived catabolites.
Considering the inability of invertebrate AhR homologues to bind dioxins, the adaptive role of
the AhR to act as a regulator of xenobiotic-metabolizing enzymes may have been a vertebrate
innovation [1,28]. IDO1, in turn, has been conserved through phylogenesis for at least 600
million years, initially acting as a biostatic mechanism in the competition between tryptophan
auxotroph and nonauxotrophic microorganisms [29]. Essentially the same biostatic function was
likely conserved later in evolution, when IDO1 and Interferons (IFNs) - strong transcriptional
inducers of its expression - emerged as key players in host antiviral defense and in resistance to
intracellular pathogens, by depleting the essential amino acid tryptophan [30]. It was probably
then that the same IFN-IDO1 axis became engaged in preventing eventually harmful, exaggerated
inflammatory responses in the host, inflammation being often a dangerous necessity for the host
to cope with infectious challenges [7,31,32]. This interpretation is compatible with the recent
finding thatalow dosage of a TLR9 agonistinduces a proinflammatory signaling pathway, whereas
a higher dosage triggers an alternate cascade of signaling events, culminating in tolerogenic
IDO1-dependent functions [33]. Accordingly, IDO1 can meet apparently disparate environmental
needs in plasmacytoid dendritic cells. Locally produced cytokines can turn IDO1’s functional
mode from one characterized by an intense but short course of tryptophan consumption (e.g.,
in [FN-y-dominated innate or inflammatory responses) to a condition whereby IDO1 mediates a
TGF-f-driven, self-maintaining form of intracellular signaling activity, which - independently of
tryptophan degradation - contributes to sustaining a stable regulatory phenotype in those cells,
as required by homeostatic tolerance [24,34].

A prototypical form of homeostatic tolerance occurs in mammalian pregnancy, thus
preventing a semiallogeneic fetus rejection. Both IDO1 [35] and Treg cells [36] are required for
the onset and maintenance of this type of tolerance. Because kynurenine contributes via AhR
to Treg cell generation [37-39] and function [40-42], and because those cells have emerged in
mammals to specifically protect the fetus [43], it was probably at time that IDO1 and AhR crossed
their pathways to further coevolve with Treg cells, so to become a pivotal means of generating
tolerance in a variety of pathophysiologic conditions in humans [31,40,42,44,45].

CONCLUDING REMARKS

Evidence that the Ah locus encoded a receptor was drawn from toxicology studies of dioxin.
Known endogenous AhR ligands represent chemicals that are synthesized in higher organisms.
Indigoids, equilenin, arachidonic acid metabolites, heme metabolites and tryptophan metabolites

are examples of endogenous AhR ligands [2]. However, there is much evidence to support the
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notion that endogenous AhR ligands play important roles in mammals. Tryptophan catabolites
generated by TDO2 and IDO1 represent endogenous activators of the mammalian AhR. The
IDO1 mechanism appears to have been selected through phylogenesis primarily to prevent over-
reacting responses to TLR-recognized pathogen-associated molecular patterns [46,47], and only
later did it become involved in the response to T cell receptor-recognized antigens [37,40,41,45].
As a result, in mammals, IDO1 has become pivotal in fetomaternal tolerance [35], at a time when
regulatory T cells emerged to meet the same need, namely protecting the fetus [43]. IDO1 and
regulatory T cells may have then coevolved to broaden their function well beyond their initial
task of protecting the fetus [34], such that, in acquired immunity, IDO1 - with its dual enzymic
and signaling function - has turned into an important component of the peripheral generation
[37,38,48] and effector function [40,41] of regulatory T cells. By interfacing with the generation
and function of Treg cells, tryptophan catabolites and indole molecules may rank among the most
important physiological ligands of AhR.

BOX 1: ENDOTOXIN TOLERANCE

Lipopolysaccharide (LPS, endotoxin) is a structural component of the gram-negative outer membrane. The Tipid
A moiety of LPS binds to the LPS receptor complex expressed by leukocytes, endothelial cells, and parenchymal
cells and is the primary component of gram-negative bacteria that is recognized by the immune system. Activation
of the LPS receptor complex by native lipid A induces robust cytokine production, leukocyte activation, and
inflammation, which is beneficial for clearing bacterial infections at the local level but can cause severe systemic
inflammation and shock at higher challenge doses. Interestingly, prior exposure to LPS renders the host resistant
to shock caused by subsequent LPS challenge, a phenomenon known as LPS or endotoxin tolerance [49]. LPS
tolerance is thus an essential immune homeostatic response to repeated exposure to LPS that prevents excessive
inflammatory responses. LPS tolerance induces a state of altered responsiveness in a variety of cells, including
dendritic cells and macrophages, resulting in repression of proinflammatory gene expression and increased
expression of factors that mediate resolution of inflammation. Although LPS tolerance is a transient state and the
expression of proinflammatory genes may, with time, be restored to levels comparable to the acute response to
LPS, a number of genes remain locked in a tolerizable state, while other genes are uniquely induced following
recovery from LPS tolerance. Thus LPS-responsive cells adopt a unique transcriptional profile on recovery from
LPS tolerance and have a distinct expression pattern of regulators of antigen presentation and transcription factors
[50].

Because endotoxin tolerance - not merely amounting to a shutdown of LPS-induced responses - involves
reprogramming of gene expression [18] and chromatin remodeling [19] - there is a resurgence of interest in this
effect. Pharmacologic modulation of LPS-responsive genes to accelerate the onset of endotoxin tolerance would
be beneficial in clinical settings dominated by acute hyperinflammatory responses to infection [18]. Perhaps even
more intriguing is the possibility of exploiting endotoxin tolerance as a therapeutic maneuver. Not only endotoxin
derived from gram-negative bacteria has immunomodulatory and allergy-protective potential [51], but endotoxin
tolerance could help treat infections and prevent infection-associated immunopathology. TLR4 stimulation before
or after Streptococcus pneumoniae infection improves survival by mechanisms dependent on T-cells [52], and
endotoxin tolerance is likewise protective against in a Streptococcus-induced multifocal septic arthritis model
[9]. These considerations may pave the way to developing a class of TLR4 agonists that mimic at least part of
endotoxin tolerance functionality, which may eventually turn out to be immunoadjuvant-like drugs [49].
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