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    Chapter 8   
 Role of Kynurenine Pathway in Allergy       

       Hirokazu     Kawasaki     and     Shau-Ku     Huang    

    Abstract     Tryptophan catabolism, including kynurenine pathway, is known to be 
involved in immunoregulation and its metabolites play a role in immune modula-
tion. In the context of allergic diseases, it has been proposed that tryptophan degra-
dation pathway, rather than tryptophan deprivation itself, plays an important role in 
tolerance induction during allergen-specifi c immunotherapy, which is, by far, the 
only causal treatment of allergic diseases. In addition, it has recently been demon-
strated that kynurenine and, perhaps, its metabolites can act through the aryl hydro-
carbon receptor, a unique cellular chemical sensor, and regulate immune functions. 
The present review intends to highlight the recent development on the involvement 
of kynurenine pathway in the regulation of allergic diseases.  
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  CRSwNP    Chronic rhinosinusitis with nasal polyps   
  DCs    Dendritic cells   
  FcεRI    High-affi nity receptor for IgE   
  ICS    Inhaled corticosteroids   
  IDO    Indoleamine 2,3-dioxygenase   
  KA    Kynurenic acid   
  KYN    Kynurenine   
  QA    Quinolinic acid   
  SIT    Allergen-specifi c immunotherapy   
  TDO    Tryptophan 2,3-dioxygenase   
  TPH-1    Tryptophan hydroxylase-1   
  TRP    Tryptophan   
  XA    Xanthurenic acid   

          Introduction 

 Tryptophan (TRP), an essential amino acid, plays an important role in the protein 
synthesis and serves as a precursor of many biologically active substances, such 
as kynurenine (KYN). The degradation of TRP takes place in the liver, kidney, 
brain, and peripheral tissues via three biochemical pathways: KYN pathway, 
tryptamine pathway, and serotonin pathway (Fig.  8.1 ). The KYN pathway is the 
major route for TRP metabolism [ 1 ]. Of the dietary TRP that is not used in protein 
synthesis, approximately 99 % is metabolized by the KYN pathway, where TRP 
is catabolized by rate-limiting enzymes, TRP 2,3-dioxygenase (TDO) or indole-
amine 2,3- dioxygenase (IDO), to N-formyl-KYN, which is then converted to 
KYN [ 2 ]. Under normal physiological conditions, the level of KYN is low but is 
upregulated in response to infection and Th1-mediated infl ammation [ 3 ] through 
IFN-γ-induced expression of IDO. Increase in KYN mediated by IDO/TDO acti-
vation is also found in various disease states, such as autoimmune disorders and 
malignant diseases [ 4 ].

   While the role of TRP and its metabolites in immune regulation has been exten-
sively investigated, their role in allergy has been less well defi ned. In recent years, a 
clear association has been made between TRP metabolism and immune or infl amma-
tory responses in a vast array of disease states. These studies have focused mainly on 
the KYN pathway of TRP degradation occurring in the immune system, rather than in 
the serotonin pathway, and the importance of this pathway in allergic infl ammation 
has recently been suggested; but, despite recent increasing interest in TRP metabolism 
in the fi eld of allergy, particularly as it pertains to the tolerogenic properties of IDO or 
KYN metabolites in controlling allergic reactions, the biological signifi cance of 
immune-related TRP breakdown remains still unclear. This review considers the cur-
rent understanding of the role of the TRP metabolites, particularly those in the KYN 
pathway, in orchestrating and regulating the expression of allergic diseases.  
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    Metabolites and Enzymes Along the KYN Pathway
in Allergic Diseases 

 There are limited numbers of studies examining the level of KYN and its metabo-
lites or activity of IDO in patients with allergic diseases. In seasonal allergic rhini-
tis (AR), higher plasma KYN/TRP ratio in asymptomatic atopic individuals was 
found during seasonal allergen exposure compared to those in symptomatic 
patients with AR and normal subjects [ 5 ]. In addition, serum KYN concentration 
was signifi cantly higher in patients with AR than in normal subjects and was also 
higher out of the pollen season than during the season [ 6 ]. These results suggest 
that enhanced IDO activity may be involved in the maintenance of clinical unre-
sponsiveness. Furthermore, it has been reported that patients with AR seem to have 
constitutively elevated serum TRP concentrations [ 7 ], suggesting the activity of 

  Fig. 8.1    A schematic diagram depicting the tryptophan metabolic pathway and its metabolites 
that are suggested to be involved in the regulation of allergic diseases. Pathophysiological states of 
related enzymes and metabolites in allergic diseases and their functional impacts are summarized. 
 Abbreviations :  AR  allergic rhinitis;  AD  atopic dermatitis;  ICS  inhaled corticosteroids;  SIT  allergen- 
specifi c immunotherapy;  DCs  dendritic cells;  AhR  aryl hydrocarbon receptor;  1-MT  1-methyl- L   -
tryptophan;  TPH-1  tryptophan hydroxylase-1;  5-HT  5-hydroxytryptamine       
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IDO is lower in symptomatic patients than in nonatopics or asymptomatic atopics. 
As a corollary, studies have shown that the expression of IDO was not increased in 
the nasal mucosa of patients with AR [ 8 ]. Therefore, the potential relationship 
between modifi ed tryptophan metabolism and clinical responsiveness in AR need 
to be confi rmed in further studies. Nonetheless, IDO seems to associate with 
chronic rhinosinusitis (CRS) [ 9 ]. 

 CRS is known to be a refractory, versatile, and multifactorial immunological 
disease of nose and paranasal sinuses. CRS is characterized by increased local 
eosinophilia and a Th2 polarization with high levels of IL-5 and IgE or a Th1 polar-
ization with high levels of IFN-γ and TGF-β, depending on patients with (CRSwNP) 
or without nasal polyps (CRSsNP), respectively. Luukkainen et al. found that the 
maxillary sinus mucosa from patients with CRSwNP, but not CRSsNP, showed a 
higher level of IDO expression in leukocytes but not in the epithelium when com-
pared with normal subjects [ 10 ]. The fi ndings of IDO expression in sinonasal biop-
sies were independent of AR, aspirin intolerance, asthma, smoking, use of intranasal 
or oral corticosteroids or antihistamines, previous operations, recurrence of polyps, 
sex, and age [ 10 ]. Thus, in the upper airways, IDO expression seems to associate 
with CRSwNP, but not with AR. 

 Regarding asthma, only limited studies have been performed in humans. It has 
been suggested that KYN/TRP ratio is decreased in sputum of asthmatics [ 11 ] and 
in cultured dendritic cells (DCs) from dust mite-sensitive patients with asthma 
compared to normal subjects [ 12 ]. It has also recently been reported in a prospec-
tive study that KYN concentration in exhaled breath condensates in stable mild 
asthmatics was lower at baseline level than that in normal subjects [ 13 ]. On the 
other hand, systemic levels of TRP and its metabolites, KYN, anthranilic acid 
(AA), and quinolinic acid (QA) were markedly higher in patients with allergic 
asthma and were associated with eosinophilic infl ammation and symptom scores 
during experimental rhinovirus infection [ 13 ]. Thus, IDO expression appears to be 
associated with asthma. 

 But, in murine models of asthma, there have been inconsistent results with regard 
to the KYN’s function in either promoting or suppressing asthmatic responses. One 
earlier study showed that KYN elevation in the lung induced by a TLR9 ligand, 
synthetic immunostimulatory sequence-containing oligodeoxynucleotide (CpG- 
ODN) was able to inhibit Th2-driven pulmonary infl ammation, which could be 
reversed by the addition of 1-methyl-tryptophan (1-MT), a pharmacological inhibi-
tor of IDO [ 14 ], suggesting an immunosuppressive or tolerogenic effect of the KYN 
pathway. In contrast, utilizing IDO-defi cient mouse models, it has been reported 
that IDO defi ciency did not impair the induction of immune tolerance in Th2-driven 
pulmonary infl ammation and that IDO-defi cient mice displayed blunted Th2-driven 
airway infl ammation and airway hyperresponsiveness [ 15 ], indicating a pro- 
infl ammatory effect of IDO. The reasons for these discrepant results are currently 
unclear. Different models and stimuli used could be the reasons for observing dif-
ferential outcomes. It has been cautioned that genetically modifi ed mice might have 
developmental defects associated with the IDO defi ciency from birth. Further inves-
tigations into these issues are needed to clarify these issues. In the case of atopic 
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dermatitis (AD), the expression of IDO and kynureninase has been shown to be 
upregulated in the skin lesions as compared to the uninvolved skin of patients with 
AD [ 16 ]; also, their upregulated expression was noted in human-cultured epidermal 
keratinocytes and in the skin lesion of NC/Nga mice, which are considered to be an 
AD-like animal model [ 16 ].  

    Kynurenine Pathway in Monocytes, Eosinophils, 
and Mast Cells  

 Functional IDO has been detected in multiple cell types involved in allergic infl am-
mation, including DCs [ 17 ], monocytes/macrophages [ 18 ], endothelial cells [ 19 ], 
fi broblasts [ 20 ], epithelial cells [ 21 ], and granulocytes [ 22 ]; but, IDO expression in 
mast cells or basophils has not been reported. In allergic individuals, the fi rst contact 
with allergen is suggested to lead to IL-4- and IL-13-dependent production of 
allergen- specifi c IgE, with subsequent binding of these antibodies to the high- 
affi nity receptor for IgE (FcεRI) on the surface of mast cells and basophils. Allergen 
reexposure results in cross-linkage of membrane-bound IgE and subsequent media-
tor release that induces typical immediate-type hypersensitivity reactions. FcεRI is 
constitutively expressed on mast cells and basophils but can also be detected on 
additional immune regulatory cell types, including antigen-presenting cells, of 
atopic individuals. In human monocytes, it has been reported that the enzymes 
along the KYN pathway, including IDO, were highly expressed in FcεRI-activated 
monocytes derived from atopics than those from nonatopics, and its expression is 
increased after cross-linkage of the receptors by IgE and anti-IgE [ 18 ]. These 
enhanced expression of IDO in monocytes from atopics lead to production of higher 
amount of KYN than those from nonatopics. 

 Eosinophil accumulation is a prominent feature of allergic infl ammatory 
responses, such as those occurring in the lung of the allergic asthmatics [ 23 ]. Human 
eosinophils derived from atopic donors constitutively express IDO [ 22 ], and when 
treated with IL-5 in the presence of IFN-γ, they produce considerable amount of 
KYN. CD28 cross-linking also results in measurable KYN in culture supernatants 
and is inhibited by a neutralizing anti-IFN-γ antibody. Moreover, extensive infi ltra-
tion of IDO-positive cells has been observed in the tissues from patients with 
asthma, where eosinophils are the prominent cell type expressing IDO. 

 Mast cells are known to be a critical cell type in the regulation of allergic 
responses and can be activated by a multitude of stimuli resulting in the release of 
infl ammatory mediators and cytokines, contributing to various pathophysiological 
events in acute and chronic infl ammation [ 24 ]. Considering the strategic location of 
mast cells at the site of tissue mucosa where exposure of TRP and its metabolites 
may occur, it is likely that KYN pathway metabolites, derived endogenously or 
from other cell types in the infl ammatory microenvironment, may exert there in 
controlling the mast cell responses. Furthermore, it is still remain unsolved as to 
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how KYN metabolites act as an immune-regulating mediator. One plausible mechanism 
may involve KYN serving as a ligand for aryl hydrocarbon receptor (AhR) [ 25 ]. 
AhR is constitutively expressed in mouse and human mast cells [ 26 – 28 ]. The initial 
report showed that KYN and kynurenic acid (KA) could affect degranulation and 
intracellular calcium signaling in murine mast cell lines, although the dependence 
of AhR and the underlying mechanisms were not investigated. We have recently 
demonstrated that KYN enhanced IgE-mediated mast cell responses, including 
degranulation, leukotriene C4 (LTC4) release, and IL-13 production in mouse bone 
marrow-derived cultured mast cells (BMMCs) through the activation of PLCγ, Akt, 
and MAPK p38 and the increase of intracellular calcium [ 29 ]. KYN also enhanced 
cutaneous anaphylaxis in vivo in a mouse model of passive cutaneous anaphylaxis 
(PCA). In addition, KYN had similar enhancing effects on human peripheral blood-
derived cultured mat cells. It was noted that the effective concentration of KYN 
showing the enhancing effect on mast cells was around 50 μM, which could be a 
physiologically relevant concentration in the microenvironment at the site where 
infl ammation occurs [ 25 ].  

    Metabolites in KYN Pathway Act via Aryl Hydrocarbon 
Receptor (AhR) 

 KYN’s effects on mast cells are dependent on AhR [ 29 ]. In our recent studies, the 
enhancing effects of KYN on IgE-mediated mast cell responses were not observed 
in AhR-defi cient BMMCs and could be inhibited by an AhR antagonist. KYN’s 
enhancing effects on human-cultured mast cells could be inhibited by an AhR 
antagonist as well. On the other hand, KA has been proposed as a potential endog-
enous AhR ligand in mouse and human hepatocytes [ 30 ], although its binding 
activity for human AhR is 100-fold higher than that for mouse AhR. However, 
both KA and QA did not show any additive and synergistic effects directly in mast 
cells when treated with KYN [ 29 ]. Thus, KA seems not to be associated with 
allergic responses in mast cells. Interestingly, in the study by Maaetoft-Udsen 
et al., KA was suggested to be an AhR ligand and affected mast cell responses 
[ 26 ], but its stimulatory effect appeared to be AhR independent or through a sec-
ondary activating mechanism. Indeed, KA has been reported to be a ligand for 
GPR35 [ 31 ], a G-protein-coupled receptor expressed in a variety of tissues, 
including mast cells, which was signifi cantly upregulated when mast cells were 
exposed to IgE antibodies [ 32 ]. Further, cromolyn disodium and the second-gen-
eration nedocromil sodium, known as mast cell stabilizers, have been recently 
reported as ligands for GPR35 [ 33 ]. But, the underlying mechanism through 
which mast cell degranulation is inhibited remains unclear. This suggests the pos-
sible existence of a sequential event originating from the AhR-KYN axis and its 
subsequent activation of the GPR35-KA axis in regulating mast cell functions. 
Further detailed studies are clearly needed.  
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    Role of KYN Pathway on Allergen-Specifi c Immunotherapy 
and Induction of Immune Tolerance in Allergic Diseases 

 The concept of allergen-specifi c immunotherapy (SIT) was fi rst introduced 100 
years ago [ 34 ]. SIT is the only available causative treatment of allergic diseases that 
induces a number of allergen-specifi c immunological changes. IDO seems to play a 
role in the induction of SIT. It has been reported that tolerance induction against 
allergens is partially mediated by activation of the KYN pathway during allergen- 
specifi c sublingual immunotherapy [ 35 ,  36 ]. TRP administered during SIT does not 
inhibit the effect of SIT, and pharmacological inhibition of IDO with 1-MT does not 
impair allergic infl ammation during the challenge [ 37 ], suggesting the likely 
involvement of the KYN pathway metabolites rather than TRP deprivation itself in 
the induction of tolerance. 

 There is increasing evidence that IDO could be an important modulator of 
immune tolerance in a variety of immune responses. At the cellular level, IDO 
expression in DCs is important in inducing T-cell tolerance, as well as through 
direct effects on T cells or through effects of IDO on the DCs themselves. The 
mechanism by which IDO expression in DCs induces T-cell tolerance is hypothe-
sized to be due to either the induction of T-cell anergy [ 38 ], the induction of T-cell 
apoptosis [ 39 ], the deviation of the immune response (Th1/Th2) [ 3 ], or the induc-
tion of regulatory T cells/suppression of Th17 cells [ 40 ]. 

 A recent report, in the setting of allergen-specifi c immunotherapy, suggested that 
KYN pathway metabolites were able to downregulate allergic responses by potenti-
ating tolerance induction in a mouse model of asthma [ 37 ]. KYN, 3-hydroxy-KYN 
and xanthurenic acid (XA), but not KA, QA and 3-hydroxy-AA, enhanced the effi -
cacy of suboptimal immunotherapy with allergen. Thus, certain KYN pathway 
metabolites particularly KYN might potentiate immune tolerance during allergic 
responses, with anti-allergic properties. Therefore, it is likely that KYN might con-
tribute to potentiate both pro-allergic (enhancing mast cell functions) and anti- 
allergic responses (promoting immune tolerance) depending on the timing of 
exposure to KYN and the types of immune cells during the progression of allergic 
diseases.  

    Serotonin Pathway in Allergy 

 Only 1 % of ingested TRP is converted into serotonin as mentioned above [ 2 ], whereas 
the majority of TRP is subject to degradation via the KYN pathway. However, it has 
been suggested that the KYN- and serotonin-metabolic pathway compete for their 
mutual precursor, TRP [ 41 ]. It has recently been reported that serotonin pathway in 
platelets also contribute to allergic infl ammation [ 42 ]. It has long been recognized that 
serotonin may play an important role in the pathogenesis of allergic asthma. Elevated 
plasma serotonin level was found in symptomatic patients with asthma, correlating 
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with clinical severity and pulmonary function [ 43 ]. Furthermore, pharmacologic 
blockade of its receptors was shown to attenuate the development of allergic airway 
infl ammation and remodeling in mice [ 44 ]. TRP hydroxylase (THP)-1 is a critical 
enzyme for the biosynthesis of serotonin outside of the central nervous system. Dürk 
et al. have reported that platelets, rather than mast cells, were the main source of sero-
tonin released during an allergic infl ammation by utilizing THP-1-defi cient and mast 
cell-defi cient mice and pharmacological approaches [ 42 ]. These results are consistent 
with several earlier clinical observations reporting platelet activation accompanying 
allergic asthmatic responses [ 45 ,  46 ].  

    Conclusion 

 Recent studies have made a signifi cant progress in our understanding of the immu-
noregulatory properties of TRP metabolites, particularly in the context of allergic 
diseases. Recent advancement in elucidating the AhR-KYN and GPR35-KA axis in 
immune regulation provides a novel and promising regulatory mechanism support-
ing the importance of KYN’s metabolic pathway in the pathophysiology of allergy 
and other diseases as well. However, the knowledge accumulated thus far has 
revealed a more diverse and complex network of regulation and function than we 
had previously recognized. Future research might benefi t greatly from increasing 
attention on the metabolic regulations of these two receptor-ligand axis and their 
functional consequences, as well as of the functional link between KYN and sero-
tonin pathways.     
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