Chapter 7
Role of the Kynurenine Pathway in Immune-
Mediated Inflammation

Adam P. Cribbs and Richard O. Williams

Abstract Indoleamine 2,3-dioxygenase (IDO) plays a key role in immune
homeostasis via depletion of tryptophan and accumulation of kynurenines and is
recognized as an important factor contributing to suppression of antitumor immune
responses. However, the possibility of harnessing the IDO pathway for the therapy
of autoimmune disease represents an intriguing possibility, and in this review, we
highlight recent research on the involvement of IDO in immune-mediated inflam-
matory diseases, with a focus on rheumatoid arthritis. Inhibition of IDO was shown
to exacerbate experimental arthritis and increase numbers of pathogenic Thl and
Th17 cells in the joints and draining lymph nodes. Analysis of the kinetics of
expression of kynurenine pathway enzymes in animal models also pointed to a
potential role for tryptophan metabolites in disease resolution and administration of
L-kynurenine or [3,4-dimethoxycinnamonyl]-anthranilic acid (a synthetic derivative
of 3-hydroxyanthranilic acid) reduced the severity of disease. A more recent study
has identified an association between defective regulatory T cells in rheumatoid
arthritis with reduced capacity to activate the kynurenine pathway. These findings
suggest that strategies to activate IDO in a targeted manner may be effective in the
therapy of autoimmune disease.
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List of Abbreviations

1-MT 1-methyl tryptophan

APCs Antigen-presenting cells

AHR Aryl hydrocarbon receptor

CIA Collagen-induced arthritis

CTLA-4 Cytotoxic T-lymphocyte-associated protein 4
DC Dendritic cell

DMARDs Disease-modifying anti-rheumatic drugs
EAE Experimental autoimmune encephalomyelitis
GPR35 G-protein-coupled receptor 35

GWAS Genome-wide association studies

IDO Indoleamine 2,3-dioxygenase

IFN Interferon

IL-1 Interleukin 1

IRF1 Interferon-regulatory factor

LPS Lipopolysaccharide

MHC Major histocompatibility complex

NK Natural killer

NOD Nonobese diabetic

NFAT Nuclear factor of activated T cells

pDCs Plasmacytoid DCs

Tregs Regulatory T cells

RA Rheumatoid arthritis

STAT1 Signal transducer and activator of transcription 1
TCR T cell receptor

Th T helper

TGF Transforming growth factor

TDO Tryptophan 2,3-dioxygenase

TTS Tryptophanyl-tRNA-synthetase

TNF Tumor necrosis factor

T1D Type 1 diabetes

Introduction

The degradation of the essential amino acid L-tryptophan by indoleamine
2,3-dioxygenase (IDO) is the first and rate-limiting step in the kynurenine path-
way. IDO is encoded by an evolutionarily ancient gene that precedes the develop-
ment of the adaptive immune system. In 1984, Pfefferkorn observed that the
pro-inflammatory cytokine interferon-y (IFN-y) induced tryptophan degradation
and prevented the growth of Toxoplasma gondii [1, 2]. In the intervening years,
much research has focused on investigating the link between tryptophan
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degradation and innate immune responses. However, Munn and colleagues, who
discovered that the activity of IDO could prevent the rejection of allogenic fetuses
in pregnant mice, revealed that IDO-induced tryptophan depletion limited the
supply of tryptophan for proliferating T cells, which in turn prevented a T cell
response against the developing fetus [3]. This evidence suggested that the kyn-
urenine pathway, as well as having a role in the innate immune system, also plays
a major role in the adaptive immune system. In this chapter, we will focus on the
role of the kynurenine pathway in inflammatory diseases, using rheumatoid arthri-
tis (RA) as an example to highlight the potential of manipulating this pathway
therapeutically.

The Regulation of IDO Expression During Inflammation

In mammals, three genes encode enzymes that catalyze oxidative degradation of
tryptophan: IDO1, IDO2, and tryptophan 2,3-dioxygenase (TDO). Each enzyme
catalyzes the same reaction, the cleavage of the 2,3 double bond in the indole ring
[4]. TDO expression is mainly confined to the liver where it is involved in the
homeostatic regulation of tryptophan and is not induced in response to immune
stimulation. IDO1 and IDO?2 are expressed in antigen-presenting cells (APCs) of
the immune system and respond to a variety of inflammatory signals.

IDO1 and IDO2 share significant identity at the protein level but are not related
structurally to TDO. The IDO genes are well conserved and contain several inflam-
matory response sequences [5], such as multiple response elements for interferon
type I (IFN-o/B) and interferon type II (IFN-y) signaling [6-9]. A number of inflam-
matory signals can induce IDO expression. For example, signal transducer and acti-
vator of transcription 1 (STAT1) and IFN-regulatory factor (IRF1) function in
response to IFN-y signaling to induce IDO, with a failure to induce IDO occurring
in mice lacking either IFN-y or IFR1 [10, 11]. Lipopolysaccharide (LPS), interleu-
kin 1 (IL-1), and tumor necrosis factor (TNF) act synergistically with IFN-y to
enhance IDO expression in vitro [12]. However, other cytokines have been shown
to act negatively. For example, TGF-f signaling can abrogate the effect of IFN-y-
induced IDO by reducing mRNA stability [13]. Similarly, administration of IL-10
both in vivo and in vitro leads to a decrease in the expression of IDO in DCs and
splenic DCs [14].

Interestingly, an unexpected finding that IDO can be induced in DCs in response
to ligation of CD80/86 by soluble recombinant cytotoxic T-lymphocyte-associated
protein 4 fusion protein (CTLA-4-Ig) demonstrated that other pathways in addition
to cytokines could regulate IDO expression [15]. IDO induction by ligation of
CD80/86 has been demonstrated in numerous diseases in both humans and mice
[16—18]. This observation also suggested the possibility that CTLA-4* regulatory T
cells (Tregs) may also regulate the induction of IDO in DCs. Indeed, this has been
supported by observations that both human and mouse CD4*CD25* Tregs induce
IDO both in vivo and in vitro in a CTLA-4 dependent mechanism [16, 19, 20].
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Tryptophan Depletion as a Mechanism to Regulate
the Immune System

Tryptophan is an essential amino acid found in low abundance that is involved in
protein synthesis. Local depletion of tryptophan by IDO is one proposed mecha-
nism of immunomodulatory action for this pathway. T cell proliferation is critical
for an effective immune response, and it has been shown that inhibition of T cell
proliferation by tryptophan depletion represents a critical component of the immu-
nosuppressive function of IDO, which is mediated through IDO expressing macro-
phages and DCs [21, 22]. Munn et al. have shown that a consequence of tryptophan
depletion is the activation of the kinase GCN2, in T cells that act as a mediator for
several tryptophan depletion effects, such as reduced proliferation and increased
anergy [23]. GCN2 is a stress response kinase that is activated by elevations in
uncharged tRNA in response to amino acid starvation [24]. Activation of GCN2
results in cell-cycle arrest, differentiation, and apoptosis [23, 25]. T cells that do not
upregulate GCN?2 proliferate normally in response to IDO positive DCs and are not
rendered anergic [23]. However, whether tryptophan degradation represents the
major mechanism for the immunosuppressive action of IDO activity remains ques-
tionable, since results that support this have been obtained using in vitro assays and
may not be reproduced in vivo. Moreover, tryptophan levels in tissue are expected
to be replaced faster than the local degradation rate [26]. Therefore the hypothesis
that tryptophan degradation is the primary explanation for the immunosuppressive
effect of IDO needs to be validated in vivo.

The Regulation of the Immune System
Through Tryptophan Catabolites

The breakdown of tryptophan by IDO leads to the formation of L-formylkynurenine,
which is further degraded to L-kynurenine by formamidase. L-kynurenine acts as a
substrate for a number of other enzymes that result in further breakdown into kyn-
urenic acid, anthranilic acid, and 3-hydroxykynurenine. Further breakdown of
3-hydroxykynurenine by kynureninase produces 3-hydroxyanthranilic acid
(Fig. 7.1). Each of these different tryptophan catabolites can differentially regulate
the immune system, with most studies focusing on their anti-proliferative and apop-
toticeffectson T cells. L-kynurenine, 3-hydroxykynurenine, and 3-hydroxyanthranilic
acid have all been shown to suppress CD4* and CD8* T cell proliferation and induce
cell death [27, 28]. Moreover, tryptophan catabolites can preferentially induce
apoptosis of Thl cell clones but not Th2 cell clones, raising the possibility that
tryptophan catabolites can alter the Th1/2 cell balance and potentially prevent a
Th1-mediated response [28]. In addition to T cells, kynurenines also suppress natu-
ral killer (NK) cell function and can induce B cell death [27, 29], highlighting that
the kynurenine pathway is involved in the suppression of a number of diverse
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inflammatory processes. A direct effect on APCs may also represent another mech-
anism for tryptophan catabolite-mediated immune suppression. DCs appear to be
nonresponsive to kynurenines; however, macrophage-derived APCs are susceptible
to apoptosis following culture with 3-hydroxyanthranilic acid [30].

In addition to direct apoptotic effects of kynurenine and its metabolites, trypto-
phan catabolites may also be instrumental in skewing the immune system away
towards anti-inflammatory responses. For example, IDO* plasmacytoid DCs (pDCs)
promote the de novo differentiation of Tregs from naive T cells [19]. This differen-
tiation also occurs when naive T cells are cultured in low tryptophan/high kynuren-
ine conditions resulting in a downregulation of the TCR{ chain and generation of a
Treg phenotype [31]. In addition to the generation of Tregs, IDO* DCs also promote
the expansion of nTregs [32]. In this study, it was shown that IDO contributes to
LPS and TNFa+poly(I:C) stimulated DC maturation, since inhibition of IDO
resulted in a failure to induce mature DCs.
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Kynurenine Targets of the Immune System

Kynurenine has been identified as the endogenous ligand for the aryl hydrocarbon
receptor (AHR) [33]. Ligation of the AHR results in the promotion of Tregs and the
suppression of pathogenic T cells. For example, co-cultures of AHR deficient DCs
and naive T cells led to reduced differentiation of Tregs [34]. In contrast, the addi-
tion of L-kynurenine promotes the differentiation of Tregs and suppresses Th17
differentiation [34]. Kynurenine metabolites may also mediate their inflammatory
responses through other pathways. Kynurenic acid is the ligand of the orphan
G-protein-coupled receptor 35 (GPR35), which is expressed on a number of inflam-
matory cells, and the interaction of kynurenic acid with GPR35 inhibits LPS-driven
TNFa production in monocytes [35]. Another kynurenine metabolite,
3-hydroxyanthranillic acid, was found to reduce Th1 and Th17 cells in experimental
autoimmune encephalomyelitis (EAE) [36], inhibit the generation of nitric oxide
synthase in macrophages, and promote the production of TGF-f [37]; however, its
primary molecular target is currently unknown.

Rheumatoid Arthritis

Rheumatoid arthritis (RA) is a chronic inflammatory disease of the joints that affects
approximately 1% of the world’s population and remains a major cause of morbid-
ity and mortality. The disease usually manifests itself as swelling of the joints, pain,
and stiffness, with ankylosis developing in many cases [37]. A key observation
made many years ago was that specific alleles of the class I major histocompatibil-
ity complex (MHC) confer susceptibility to RA [38]. In particular, susceptibility to
RA was found to be associated with certain HLA-DRBI1 alleles [39]. Subsequently,
genome-wide association studies (GWAS) have revealed a number of other non-
HLA susceptibility alleles that have also been implicated in disease, such as
PTPN22, PADI4, CD40, and CTLA-4 [40], many of which are associated with
immune responses. The involvement of inflammatory cells as drivers of RA patho-
genesis is further emphasized by the presence of highly activated immune cells,
particularly CD4* T cells within the joints of RA patients.

The Role of the Kynurenine Pathway in Animal Models of RA

Animal models of RA have been extensively used to investigate the efficacy of
preclinical therapeutics, understand the biology underpinning RA, and investi-
gate the genetic susceptibility involved in the development of RA. Many mod-
els of arthritis exist; however, the collagen-induced arthritis (CIA) model has
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been widely investigated, since it shares many pathological features of RA,
such as synovial hyperplasia, mononuclear cell infiltration, and cartilage degra-
dation [41, 42]. Similar to RA, the genetic susceptibility in CIA is strongly
linked with the MHC class II genes, in particular the susceptibility is highest in
mouse strains that bear MHC types I-A% and I-Ar [43]. Analysis of the levels of
IDO mRNA expression by quantitative q-PCR in the spleen, lymph nodes, and
paws of CIA mice has shown that there is significant increase in the expression
of IDO following arthritis onset in the lymph nodes, but not in the spleen or
paws [44]. Further analysis of the expression of IDO in these lymph nodes
revealed that it was mainly confined to dendritic cells [45]. To understand the
role played by the kynurenine pathway in arthritis, the levels of tryptophan and
its metabolites were measured through the course of CIA [46]. The tryptophan
concentration in lymph nodes decreased progressively during the development
and resolution of arthritis, while the concentrations of kynurenine increased,
indicating increased IDO activity [45]. Measurement of the downstream kyn-
urenine metabolites revealed increased presence of anthranilic acid and
3-hydroxyanthranilic acid only during the resolution stage of arthritis [45]. This
raises the possibility that the downstream kynurenine metabolites may play a
role in disease resolution, since it is known that 3-hydroxyanthranilic acid plays
a role in inhibiting T cell responses [47].

To investigate the role of IDO in CIA in more detail, the progression of CIA
was monitored in mice treated with the IDO inhibitor, 1-methyl tryptophan
(1-MT). Administration of 1-MT following disease onset increased the severity of
CIA, in terms of increased paw thickness and enhanced humoral and cellular
responses [44, 48]. A more comprehensive investigation into the role of IDO in
CIA has been performed using IDO knockout (/ndo~~) mice [49]. One of the most
important findings to emerge from this work was an earlier onset of arthritis in the
Indo™ mice compared to wild-type mice [44]. Indo~~ mice showed increased
clinical severity, which was accompanied by a significant increase in bone erosion
and cellular infiltration. Analysis of the cytokine production in Indo™ mice
revealed higher production of IL-17 and IFN-y in the lymph nodes and FACS
analysis showed increased frequency of Thl and Th17 cells in the paws of the
Indo™ mice [44]. These findings highlight the importance of IDO expression in
CIA and confirm the important role that IDO plays in regulating the pathogenic
Th1/Th17 responses.

In comparison to CIA, studies in the K/BxN animal model, which is an antibody-
mediated model of arthritis, have shown that administration of 1-MT results in the
amelioration of arthritis due to reduced level of B cell activity [50]. Further analysis
revealed that the effect of 1-MT was to inhibit differentiation of autoreactive B cells
into autoantibody-secreting cells, without influencing the activation or survival of
these cells [51]. These results suggest that the concept of IDO having a purely
immunosuppressive function needs re-evaluation, since it may have differential
effects depending upon which cells play a significant part in each model.
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The Role of the Kynurenine Pathway in RA

Patients with RA display significantly decreased levels of circulating tryptophan
and increased levels of kynurenine when compared to healthy individuals [52-54].
In addition, decreased levels of 3-hydroxykynurenine, 3-hydroxyanthranilic acid,
and xanthurenic acid are detected in RA patients, while levels of kynurenic acid are
normal when compared to healthy individuals [52]. Increased kynurenine may be
associated with disease progression or increased as a result of treatment. For exam-
ple, increased tryptophan correlates with increased disease progression [54].
However, another study found that RA patients had lower levels of kynurenine in
both the synovial fluid and peripheral blood [55]. The discrepancy between these
studies may be explained by differences in the patient demographics, in particular,
exposure to disease-modifying anti-rheumatic drugs (DMARDs). To investigate dif-
ferences in the kynurenine pathway early in disease, we have used a cohort of
DMARD-naive RA patients. Levels of tryptophan and kynurenine in serum were
determined using HPLC-UV and we found no significant difference in the expres-
sion of tryptophan; however, a significant reduction in circulating levels of kynuren-
ine was observed when compared to healthy controls (Fig. 7.2). These results
suggest that low levels of kynurenine may contribute to the pathogenicity of RA in
the early stages of disease.

The Molecular Mechanisms Underpinning Differences
in the Kynurenine Expression in RA

Further insight into the function of the kynurenine pathway in RA may give a better
understanding of the pathogenesis of RA. Understanding the precise molecular
mechanisms underpinning the differences in kynurenine expression described above
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Fig. 7.2 Kynurenine and tryptophan levels in the human serum of DMARD-naive RA patients. A
reduction in the serum kynurenine levels was observed between DMARD-naive RA patients and
healthy individuals. n.s.=not significant, *P>0.05 as measured using an Students ¢ test
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may ultimately lead to new therapeutic targets. Evidence has begun to emerge to
suggest that synovial joint but not peripheral blood isolated T cells from RA patients
are less responsive to IDO-mediated suppression by IDO* DCs [56]. Synovial T
cells had increased expression of tryptophanyl-tRNA-synthetase (TTS), a cytoplas-
mic enzyme that mediates the association of tryptophan to tRNA that acts as a res-
ervoir of tryptophan for protein synthesis. This led to enhanced intracellular storage
of tryptophan and a resistance to IDO-mediated deprivation of tryptophan [56]. The
resistance of T cells to IDO-mediated deprivation of tryptophan could be overcome
by using blocking antibodies against IFN-y or TNFa, which act to reduce the
enhancement of TTS, suggesting that resistance to IDO activation represents a
mechanism by which autoreactive T cells are maintained in the synovial joint.

Work from our own laboratory suggests that there is an intrinsic defect in the
ability to induce expression of IDO in RA patients. We were the first to suggest this
following investigation centered on examining dysfunctional Tregs from the periph-
eral blood of DMARD-naive RA patients. Tregs act as potent inducers of the IDO
pathway [19, 57], mediated in part through the ligation of CD80/86 by CTLA-4 on
APCs [15]. We found that DM ARD-naive Tregs were unable to induce IDO expres-
sion in APCs following co-culture, which was associated with a reduction in both
total and surface CTLA-4 expression [58]. The mechanism underpinning this reduc-
tion was through methylation of a single CpG within the Ctla4 promoter. Methylation
of this site prevented the binding of the transcription factor and activator of CTLA-
4, nuclear factor of activated T cells (NFAT), which in turn led to a reduction in the
transcriptional activity of Ctla4 gene (Fig. 7.3). Overall, we identified that defective
Treg function leads to an inability to induce IDO expression in APCs, leading to
reduced local and systemic kynurenine levels and an inability to suppress effector T
cells responses [58, 59].

The Kynurenine Pathway and Other Inflammatory Diseases

As discussed previously, inhibition of IDO promotes disease progression in animal
models of RA. This finding is consistent with studies in other murine models of
inflammatory diseases. For example, treatment with 1-MT, the competitive inhibitor
of IDO, accelerated disease in EAE and type 1 diabetes (T1D) [60, 61]. Grohmann
and colleagues have shown that nonobese diabetic (NOD) mice exhibit a defect in
IDO-mediated T cell suppressive function mediated though excessive production of
peroxynitrite by DCs, which could be reversed with CTLA-4 fusion protein-medi-
ated IDO induction [62, 63]. Similar to findings in RA, this suggests that defects in
the ability to induce IDO in DCs of the NOD mice underlie the susceptibility to T1D
and signaling though the CTLA-4/CD80/86 pathway can restore IDO-mediated
suppressive function. However, it is unknown whether the inability to induce IDO
is a primary cause of disease or mediated through secondary upstream effects.
Moreover, these findings have not been explored in the context of human T1D so
the relevance to human disease is currently unknown. In parallel with synovial
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Fig. 7.3 Defective
activation of the
kynurenine pathway in
DMARD-naive patients
with rheumatoid arthritis.
The molecular mechanism
underpinning reduced
kynurenine expression in
patients with RA is
mediated through
methylation of an NFAT
binding site within the
Ctla4 promoter of Tregs.
This results in a reduction
in CTLA-4 protein
expression. In co-culture
with APCs, the reduction
of CTLA-4 on RA Tregs
fails to induce IDO
expression, leading to
reduced activation of the
kynurenine pathway.
Reprinted with permission
from Macmillan Publishers
Ltd: Nature reviews
rheumatology [59]
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T cells from RA patients that are resistant to IDO-mediated suppression, increased
IDO resistance is also a feature of TI1D. T cells from NOD mice display increased
resistance to Treg-mediated suppression [64], which is also seen in the synovial T
cells of patients with RA [65].

In EAE, amelioration of disease following stem cell transfer is mediated, in
part, through the induction of IDO* CD11c* DCs, an effect that is abrogated fol-
lowing administration of the IDO inhibitor 1-MT [66]. Thus, inhibition of IDO
increased disease progression and prevented disease resolution. Additionally, in
both human disease and in animal models of cystic fibrosis, deficiencies in the
ability to activate IDO contribute to a failure to eradicate pathogenic fungi from
the lungs. Defective IDO expression was linked to an imbalance in Treg/Th17
responses, which could be corrected with the addition of tryptophan metabolites
[67]. Therefore, although IDO does not contribute to the pathophysiology of cys-
tic fibrosis, it plays a significant role in the ability to prevent the infection associ-
ated with the disease.
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Targeting the Kynurenine Pathway Therapeutically
for Inflammatory Disease

Evidence showing that the kynurenine pathway exerts immunosuppressive effects
on the immune system has led to the idea that therapeutic manipulation of this path-
way might be beneficial for treating inflammatory diseases. In order to determine
whether kynurenine itself could be useful as a potential therapy, the progression of
CIA was evaluated in CIA mice following treatment with L-kynurenine or vehicle
alone following onset of arthritis. L-kynurenine significantly reduced the clinical
and histological scores of disease [44], suggesting that kynurenine administration
may have the potential to modify the progression of RA. However, it still needs to
be established whether the therapeutic effects of L-kynurenine administration are
mediated through kynurenine or one of its metabolites. Tranilast, a clinically
approved 3-hydroxyanthranillic acid derivative used to treat allergy, has also been
shown to reduce clinical and histological disease in CIA [68]. Therefore, suggesting
that at least some of the therapeutic effects of L-kynurenine administration may be
mediated through 3-hydroxyanthranillic acid. In addition to strategies designed to
increase the systemic circulating levels of kynurenines, it has also been suggested
that strategies designed to increase kynurenine levels at sites of inflammation may
be beneficial for inflammatory diseases such as RA [69]. Xue et al. [70] have shown
that in vitro administration of the DNA methyltransferase inhibitor zebularine given
in combination with IFN-y to human THP-1 cells results in demethylation of the
IDO1 promoter and an increase in the activation of the IDO pathway.

Conclusion

Overall, it is clear that the kynurenine pathway plays a role in the pathogenesis of
many inflammatory diseases. The contribution of the kynurenine pathway to the
prevention of inflammation in murine models of disease is becoming clearer.
Moreover, it has been demonstrated that administration of kynurenine and its down-
stream metabolites in murine models may have therapeutic potential for treating
inflammatory conditions. However, more work is needed to ascertain whether thera-
peutic manipulation of this pathway in humans can provide real clinical benefits.
However, the consequences of upregulating IDO activity systematically are likely to
be detrimental; therefore, strategies for upregulating the pathway in a tissue specific
manner require further elaboration. In this regard, the studies of Xue et al. [70] are
potentially informative as they demonstrate a synergistic effect between zebularine
and IFN-y, a cytokine expressed specifically at sites of inflammation. Given the
burden of autoimmune disease on society, understanding and exploiting the IDO
pathway remains an important objective for the future.
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