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ABSTRACT: The kynurenine pathway is the primary route for tryptophan catabolism and has received increasing attention as its association with
inflammation and the immune system has become more apparent. This review provides a broad overview of the kynurenine pathway in respira-
tory diseases, from the initial observations to the characterization of the different cell types involved in the synthesis of kynurenine metabolites
and the underlying immunoregulatory mechanisms. With a focus on respiratory infections, the various attempts to characterize the kynurenine/
tryptophan (K/T) ratio as an inflammatory marker are reviewed. Its implication in chronic lung inflammation and its exacerbation by respiratory
pathogens is also discussed. The emergence of preclinical interventional studies targeting the kynurenine pathway opens the way for the future

development of new therapies.
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Introduction
The kynurenine pathway (KP) is the major route of tryptophan
catabolism in mammalian cells, and many of the intermediates
and products of this pathway are involved in the modulation of
the immune response. This pathway is activated by infectious
agents and inflammatory mediators, which trigger the expres-
sion and activity of key enzymes and lead to the production of
metabolites, collectively termed “kynurenines,” which are bio-
active and can induce contrasting immune responses in both
protective and destructive ways.! Indoleamine 2,3-dioxygenase
(IDO), the first enzyme of KP, converts tryptophan to kynure-
nine and has 2 isoforms: IDO1, which is widely expressed in
both immune and non-immune cells, and IDO2, which has
been described as restricted to liver, kidney and dendritic cells.
Another enzyme expressed mainly in the liver, tryptophan
dioxygenase (TDO?2), is also capable of this conversion.
Dioxygenase activity is estimated by the kynurenine/trypto-
phan (K/T) ratio, which is often a marker of inflammation.
Kynurenine is a substrate for 2 different pathways. From
kynurenine, the kynurenine aminotransferase enzymes (KAT I,
II, II1, and IV') lead to the formation of kynurenic acid for the
first branch of the kynurenine pathway. Alternatively, kynure-
nine can be converted by kynureninase (KYNU) to anthranilic
acid or by kynurenine monooxygenase (KMO) to 3-hydrox-
ykynurenine and then to 3-hydroxyanthranilic acid, quinolinic
acid. Quinolinic acid is then finally catabolized to NAD+ by
quinolinate phosphoribosyltransferase (QPRT). Kynurenic
acid and quinolinic acid have been proposed to play opposite
roles in the immune system, with kynurenic acid being primar-
ily anti-inflammatory and quinolinic acid being pro-inflamma-

tory (Figure 1).

Kynurenines are emerging as important mediators affect-
ing cognition, pain, metabolic function, aging and immune
homeostasis, and have been described as important mediators
of inter-organ cross-talk. The imbalance of downstream
metabolites has been suggested to lead to impairment in
many physiological processes, particularly those related to
inflammation.? Nevertheless, alteration of KP may induce
both pathological and compensatory mechanisms, and cau-
tion must be exercised in interpreting these observations.
Initially studied mainly in relation to brain and mental
health,3 KP is emerging as an important pathway in meta-
bolic diseases such as obesity* or atherosclerosis® and medi-
ates immune escape in cancer.® KP in the gut has mainly been
studied as one component of the 3 major pathways of trypto-
phan metabolism found in the gastrointestinal tract, where
direct tryptophan conversion is partly performed by intestinal
microorganisms that make up the microbiota or by entero-
chromatffin cells that produce serotonin.”

Literature on KP alterations in lung disease has remained
scarce over the last decade. However, there has been a growing
interest in targeting this pathway to treat patients with lung
cancer.® A breakthrough in the “lung/KP” literature was also
made during the SARS-CoV2 pandemic with the demonstra-
tion of a significant increase in the serum kynurenine/trypto-
phan ratio in COVID-19 patients compared to controls, as a
predictable consequence of the “cytokine storm” encountered in
this pathology.” We deliberately excluded the review of studies
related to lung cancer, which are underlined by specific carci-
nogenic mechanisms, and the majority of studies related to
SARS-CoV2, which are extensively referenced elsewhere,
except for some pertinent histological observations or to refer
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Figure 1. Schematic description of the kynurenine pathway.
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to recent reviews.’ The induction of immunological tolerance
by IDO1 has also made it an interesting molecule in organ
transplantation studies: this topic, which also involves the lung,
has been described elsewhere and will not be reviewed here.10

As inflammation is a major activator of KP, the aim of the
current study is to review the data on KP in the respiratory
system and its behavior in disease. This review focuses on lung
diseases associated with exposure to environmental factors,
namely asthma and chronic obstructive pulmonary disease
(COPD), and infectious diseases.

This review describes the first observations of KP activation
in the lung. The different cell types that have been shown to
express KP enzymes are then mentioned. We will then outline
how kynurenines have been suggested to play an important role
in homeostasis and defense mechanisms in the lung. Next, we
will focus on several specific infectious or inflammatory lung
pathologies. Finally, the effects of pharmacological modulation
of KP in lung disease will be reviewed and the implications for
potential therapeutics will be discussed.

Initial Observations of Kynurenine Pathway
Activation in the Lung

The lungs are made up of airways and lung tissue, and provide
gas exchange to take in oxygen and remove carbon dioxide
from the body. The respiratory system is constantly exposed to
environmental factors that can alter the lungs and their func-
tion. These factors include pollutants, pollen and pathogens,
both viruses and bacteria, which can cause inflammation and
infection.

In the 1980s, the presence of IDO in the mouse lung was
demonstrated, and its expression is induced by interferon or
lipopolysaccharide (LPS).1-5. IDO is the first KP enzyme to
convert tryptophan into kynurenine. Its activity has often been
assessed by the difference between the kynurenine content
after 30 and 60 minutes of incubation.

In 1983,IDO expression was shown to be induced by LPS
in murine alveolar interstitial cells.’® Among mammalian
species, LPS induces pulmonary IDO activity in rodents,
with rabbits having the highest pulmonary IDO activity of all
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species studied, 170 times that of rats or mice. This justifies
the use of KP as an antioxidant scavenger in these species.!”
This species heterogeneity was further confirmed by analysis
of IDO, KYNU and KMO activities in rat, rabbit, gerbil and
mouse lungs, which showed that rabbit lung IDO activity
was 146 to 516 times higher than that of the other species
studied.!8

In 1985, kynurenine was detected by immunolabelling in
epithelial cells from the lungs of newborn hamsters.!” Lung
extracts from mice given intraperitoneal injections of inter-
feron-gamma (IFNY),® pokeweed mitogen®' or LPS,»
showed higher IDO activity than controls. In addition, infec-
tion with type-D retrovirus in macaques strongly increased
IDO activity in the lungs.?® Intraperitoneal injection of LPS
(1 mg/kg) into gerbils was shown to increase lung IDO activ-
ity and quinolinate production 24hours after injection.
However, the same experiments in Sprague-Dawley rats
showed no detectable change in pulmonary quinolinate pro-
duction and only a modest increase in IDO activity.?*
IFNyhas been identified as the mediator responsible for IDO
induction by LPS, poly(I-C), or pokeweed mitogen.'* It has
also been shown that glucocorticoids are effective in sup-
pressing IFN-y induced IDO in mouse lung slices.?

In human, IDO1 inducibility by IFNy was validatedin
adenocarcinomic respiratory epithelial cells including A549
and Calu-3 cells?*?7 Interestingly, a comparative study of dif-
terent cell lines from different origins showed that only mac-
rophage-type cells (peripheral blood mononuclear cells;
THP-1, U-937) and certain liver cells were able to synthesize
quinolinic acid, whereas lung epithelial cells (MRC-9) or B
lymphocytes were not.?

The biological activity of kynurenine and its metabolites is
now well recognized in several pathologies and displays diverse
biological functions throughout the body? This review focuses
on the more recent studies of the respiratory tract.

Kynurenine Pathway Induction by Systemic
Inflammation

Tryptophan metabolism has been shown to be increased in
chronic inflammatory lung diseases such as interstitial lung
disease, idiopathic pulmonary fibrosis or fibrosing alveolitis.3
The interstitium is the network of tissue around the air sacs in
your lungs where oxygen and other gases go in and out of your
bloodstream. Interstitial lung diseases affect this tissue net-
work. Idiopathic pulmonary fibrosis (IPF), or (formerly) fibro-
sing alveolitis, is a rare, progressive disease of the respiratory
system characterized by the thickening and stiffening of the
lung tissue associated with the formation of scar tissue. In these
pathologies, tryptophan metabolism was assessed by measuring
circulating levels of tryptophan and kynurenine in peripheral
blood and by measuring IDO activity of bronchoalveolar cells.
The ratio of serum tryptophan levels to serum kynurenine lev-
els was significantly reduced in patients with idiopathic pulmo-
nary fibrosis, fibrosing alveolitis associated with collagen

vascular disease or sarcoidosis compared with the ratio in nor-
mal subjects.30

In the lungs of mice treated intraperitoneally with LPS,
or dexamethasone, a potent, synthetic member of the gluco-
corticoid class, IDO1 and IDO2 expression was increased
by LPS and decreased by dexamethasone. LPS had no effect
on TDO2 expression but dexamethasone increased TDO2
expression.’!

Piglets injected intravenously with complete Freund’s adju-
vant, which reproduced interstitial pneumonia lesions, or with
LPS showed IDO activation in plasma and lung and had sig-
nificantly lower plasma tryptophan concentrations than pair-
fed healthy piglets.3>33

Pulmonary exposure to zinc oxide nanoparticles, which
are widely used in everyday life such as in sunscreens and
electronic nanodevices, caused acute lung inflammation.
Oropharyngeal administration of zinc oxide nanoparticles
was performed in mice. IDO1 mRNA levels were signifi-
cantly increased in the lungs of exposed mice on day 2.IDO1
protein was detected by immunocytochemistry in the lungs
and was increased in bronchial epithelial cells, bronchiolar
epithelial cells, type II cells and immune cells of zinc oxide-
treated mice.3*

Exposure to silica, which is associated with inflammation
and oxidative stress, has also been shown to induce activation
of KP with an increase in serum kynurenine in silicosis patients
compared to controls.330

Interestingly, acute psychological stress in mice increased
IDO1 mRNA expression in the lungs and a transient deple-
tion of plasma tryptophan was measured 6 hours after stress,
while kynurenine levels increased. This was suggested to
play a central role in the development of stress-induced
immunosuppression.3”

Therefore, the expression of KP is mainly induced by pro-
inflammatory and psychological stress and has been described
to be induced in different types of both structural and immune
cells present in the lung.

Lung Cell Types Expressing Kynurenine Pathway
Enzymes or Metabolites

Here are the studies that have specifically identified KP expres-
sion or activation in specific cell types.

Epithelial cells
Airway epithelial cells were the first cell type described to be

implicated in KP, as kynurenine was detected by immunolabel-
ling in epithelial cells from the lungs of neonate hamsters.'?
In addition, IDO expression by various lung epithelial cell
types has been documented in humans and various mouse
models (Table 1). Most of the studies have involved expres-
sion induced by a pathogen, an external stress (zinc nanopar-
ticles) or by IFNy. However, constitutive expression of IDO1
has also been described by Western blot in human cells.3?
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Table 1. Expression of the kynurenine pathway in airway epithelial cells.

CELL TYPE TECHNIQUE PATHOGEN/ MOLECULE SPECIES REFERENCES
STIMULUS

Lung epithelial cells of Immunohistolabeling None Kynurenine hamster Keith and

newborns Brownfield'®

Alveolar and bronchial Immunohistolabeling TLRO ligands IDO Mouse Hayashi et al*!

epithelial cells (BALB/c)

Airway epithelial cells Immunohistolabeling M. tuberculosis IDOA Mouse Desvignes and
(C57BL/6J) Ernst#?

Bronchial epithelial cells, Immunohistolabeling Zinc oxide IDOA Mouse Ho et al34

bronchiolar epithelial nanoparticles (C57BL/6J)

cells, type Il cells

Bronchial and alveolar Immunohistolabeling Chlamydia IDO1 &IDO2 Mouse Virok et al3°

epithelial cells (BALB/c)

Airway epithelial cells Immunohistolabeling herpes virus IDO1 Mouse Gurczynski
(C57BL/6J) etal*d

Primary epithelial cells Western blot Aspergillus IDOA Mouse de Luca et al*
(C57BL/6J)

Normal human bronchial Immunohistolabeling Influenza A virus IDOA Human Fox et al*5

epithelial (NHBE)

Immortalized mouse Immunohistolabeling Influenza IDOA Mouse cell line Fox et al*5

lung epithelial cells

(MLE-15)

Human primary Western blot IFN-y IDOA Human Zegarra-Moran

bronchial epithelial cells et al*®

Human bronchial Immunohistolabeling & Aspergillus, poly IDOA Human lannitti et al*”

epithelial cells western blot (I:C)

Human airway epithelial Western blot None, constitutive, IDO1 Human Aldajani et al3®

cells decreased by LPS

Type 1 and type 2 Immunohistolabeling SARS-CoV-2 IDO2 Human Guo et al*°

pneumocytes

A549 and HBE4-E6/E7 Enzymatic assay IFN-y IDO Human Heseler et al*8

cells

BEAS-2B cells Western blot IFN-y IDOA Human Chacko et al*®

When specified, the majority of studies described IDO1
induction in lung epithelial cells and 2 studies reported
IDO2 induction in lung epithelial cells: in mice following
Chlamydia infection3? and in lung tissue from patients who
died of SARS-CoV-2 infection.*® Notably, in the Chlamydia
study, immunohistochemistry revealed IDO1-2 positive
bronchial epithelial cells even in uninfected non-infiltrated
lung tissue.

Influenza infection increases IDO1 expression in immortal-
ized mouse lung epithelial cells (MLE-15). This effect has
also been described in normal human bronchial epithelial
(NHBE) cells maintained at the air-liquid interface and secret-
ing kynurenine in the basal medium. Interestingly, influenza
infection of NHBE cells also induced a significant IFN-A and
IFN-a/B production- As recombinant IFN-A was associated
with an increase of kynurenine production at the basal side, this

suggested that the kynurenine production was related to the
influenza-induced IFN-A production.®

Endothelial cells

IDO1 expression has been observed in normal human lung
endothelial cells*®! but also during infection, hypertension or
hypoxia (Table 2).

In early phase SARS-CoV2 pneumonia, diffuse IDO
expression was documented in endothelial cells in both inter-
stitial capillaries and post-capillary venules.’*> In an autopsy
cohort of SARS-CoV2 infected patients, an extensive accumu-
lation of the tryptophan degradation products 3-hydroxy-
anthranilic acid and quinolinic acid was found in the lungs.
Immunohistology showed that IDO1 expression was sparse.
However, IDO2 expression was abundant in the cytoplasm of
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Table 2. Expression of the kynurenine pathway in respiratory endothelial cells.

CELL TYPE

Vascular
endothelium of lung

Endothelial cells
Lung endothelial
cells

Lung endothelial
cells

Pulmonary artery

Endothelium

Endothelial cells

Endothelial cells

TECHNIQUE

Immunohistolabeling
Immunohistolabeling
Western blot
Immunohistolabeling
gPCR,
immunohistolabeling

Immunohistolabeling

Immunohistolabeling

Immunohistolabeling

PATHOGEN/STIMULUS MOLECULE SPECIES REFERENCES
Plasmodium IDO Mouse (CBA/T6) Hansen et al52
M. tuberculosis IDO1 Mouse (C57BL/6J) Desvignes and
Ernst#?
Constitutive and IDO Mouse (C57BL/6J) Xiao et al>?
induced by hypoxia
Normal human lung IDOA Human Théate et al5!
Control & pulmonary IDOA Human Nagy et al>°
arterial hypertension
SARS-CoV-2 IDO Human Chilosi et al54,
Doglioni et al®®
SARS-CoV-2 IDO1 & IDO2 Human Guo et al*®
SARS-CoV-2 early/ IDO1 Human Chilosi et al%6
mild pneumonia
SARS-CoV-2 severe/ IDO2 Human Chilosi et al®®

Endothelial cells Immunohistolabeling

fatal cases

endothelial cells, and type 1 and type 2 pneumocytes. Both
3-hydroxy-anthranilic acid and quinolinic acid co-stained with
IDO2.40 The authors suggested a role for these metabolites in
apoptosis; indeed 3-hydroxyanthranilic and quinolinic acids
have been shown to induce the selective apoptosis of murine
Th1 thymocytes in vitro. This apoptosis; did not require Fas/
Fas ligand interactions, and was associated with the activation
of caspase-8 and the release of cytochrome ¢ from mitochon-
dria.>” Therefore, the production of these metabolites in the
lungs may influence the SARS-Cov2 pneumonia. In addition,
3-hydroxyanthranilic acid and quinolinic acid have respectively
antioxidant and pro-oxidant properties that may impair redox
homeostasis and immune response.’®

In pulmonary blood vessels, IDO1 is predominant in early/
mild pneumonia and in lung tissue from patients with long
COVID-19, whereas IDO2 is predominant in severe/fatal
cases. It has been suggested that IDO1 is necessary for the
proper control of pulmonary vascular tone and its deficiency in
SARS-CoV2 infection may be related to the progression of the

syndrome toward vascular dysfunction.5

Immune cells

Antigen presenting cells. Upon stimulation with inflammatory
or infectious signals, IDO was shown to be increased in sev-
eral immune cell types of myeloid lineage: macrophages and
dendritic cells (Table 3). IDO was induced in F4/80-positive
cells (monocytes/macrophages) in the lungs of Balb/c mice
injected with immunostimulatory sequence oligodeoxynucle-

otides (ISS-ODN: a TLR9Y ligand).** IDO was also detected

in macrophages and dendritic cells after infection with Myco-
bacterium tuberculosis.*> or exposure to zinc nanoparticules.3*
In horses, in vitro stimulation of macrophages with LPS has
shown that alveolar but not peritoneal macrophages can
express IDO.>? These different observations suggest that IDO
expression is differentially regulated in different animal mod-
els and cell types.

Other kynurenine pathway enzymes were also detected in
lung macrophages. IDO2 protein (and IDO1) was detected by
immunobhistolabeling 7days after infection with Chlamydia
muridarum and Chlamydia pneumoniae in mice, with moderate/
strong positivity often detected in lung macrophages.3® Notably,
KMO mRNA expression was detected in lung BAL cells from

influenza-infected mice.%2

Other immune cells. In addition, myeloid-derived suppressor
cells (MDSC) were able to express IDO in several contexts. In
murine paracoccidioidomycosis, MDSC expressing 1IDO1
infiltrated the lungs, an effect associated with more severe dis-
ease and impaired Th1 and Th17 protective responses. It has
also been shown that blood eosinophils from atopic patients
constitutively express IDO1, as do eosinophils infiltrating the
airway mucosa of asthmatic patients.

Fibroblasts and muscle cells

Isolated lung fibroblasts infected with gamma herpes virus
expressed the enzyme tryptophan dioxygenase (TDO?2).
Notably, IDO1 was also expressed in vascular smooth muscle
cells in control lungs.*
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Table 3. Immune cells, fibroblasts and muscle cells expressing the kynurenine pathway in the airways.

CELLTYPE
Macrophages

Macrophages and
dendritic cells

Macrophages

Alveolar macrophages

CD68" cells

CD45* cells

Alveolar macrophages

Lung macrophages

BAL cells

Lung CD11c* dendritic
cells

Lung dendritic cells
Dendritic cells

Myeloid-derived
suppressor cells

Alveolar macrophages

Monocyte-derived
dendritic cells

Eosinophils

Eosinophils
Fibroblasts

Vascular smooth muscle
cells

Alveolar interstitial cells

In summary, these data demonstrate the broad spectrum of

TECHNIQUE
Immunohistolabeling

Immunohistolabeling

Immunohistolabeling

qPCR

Immunohistolabeling
Immunohistolabeling

Immunohistolabeling,
flow cytometry

Immunohistolabeling
gPCR

qPCR,
Immunohistolabeling

qPCR
Flow cytometry

Flow cytometry

qPCR

Flow cytometry

Immunohistolabeling

Immunohistolabeling
Immunohistolabeling

Immunohistolabeling

Immunohistolabeling

KP component expression in different lung cell types. However,
in the airways, most studies focus on the first enzymatic reac-
tion of the kynurenine pathway (IDO1, IDO2, and TDO2)
and do not address downstream reactions, despite the potential
metabolic activity of downstream metabolites described in
other diseases.!

Mechanisms of Action of Kynurenine Metabolites
Several mechanisms of action have been proposed to explain
the role of KP activation in the maintenance of pulmonary
homeostasis and immune defense. Historically hypothesized to
act through tryptophan depletion and antioxidant control, KP
has been defined as an important player implicated in modula-
tion of the T-cell response and also in endothelial control of
vascular tone.

PATHOGEN/STIMULUS MOLECULE SPECIES REFERENCES

TLR9 ligands IDO Mouse (BALB/c) Hayashi et al*!

Mycobacterium IDOA Mouse (C57BL/6J)  Desvignes and

tuberculosis Ernst#?

Zinc oxide nanoparticles IDOA Mouse (C57BL/6J) Ho et al’4

IFN-y, LPS IDO1 not Mouse (C57BL/6) Swanson et al80

inducible

Naive IDOA Mouse (C57BL/6J)  Gurczynski et al*?

Gamma-herpes virus IDOA Mouse (C57BL/6J)  Gurczynski et al*®

hematopoietic stem cell IDO Mouse (C57BL/6) Lee et al®!

transplantation

Chlamydia IDO1 &IDO2 Mouse (BALB/c) Virok et al®®

Influenza A virus IDO1 & KMO Mouse (BALB/c) Cho et al62

Constitutive and IDOA Mouse (C57BL/6) Swanson et al®®

inducible by IFNy

Aspergillus IDOA Mouse (C57BL/6) lannitti et al*”

Paracoccidioidomycosis IDOA Mouse (C57BI/6) de Araujo et al®®

Paracoccidioidomycosis IDOA Mouse (C57BL6/J)  Preite et al®*

LPS IDO Horse Karagianni et al®°

Bespiratory syncytial IDOA Human Ajamian et al®5

virus

Constitutive in atopic IDOA Human Odemuyiwa et al®®

patients

Allergic patients IDOA Human Odemuyiwa et al®6

Gamma-herpes virus TDO2 Mouse (C57BL6/J)  Gurczynski et al*3

Gamma-herpes virus IDO1 Mouse (C57BL6/J)  Gurczynski et al*?

LPS IDO Mouse (S1c:ICR) Urade et al'®
Tryptophan depletion

Chlamydiae are obligate intracellular bacteria that proliferate in
the epithelial cells of the respiratory and urogenital tracts.
Tryptophan depletion via induction of IDO has been shown to
be an important defense mechanism against human strains,
which are more sensitive to tryptophan limitation than animal
strains.*’ In addition, IDO1 mRNA was expressed at very low
levels in resting human primary bronchial epithelial cells, and
its expression was strongly up-regulated by treatment with
IFN-y. When grown as a polarized epithelium on permeable
supports, transepithelial transport of tryptophan and kynure-
nine from the apical to the basolateral media was demonstrated.
This was proposed as a mechanism to maintain low apical
tryptophan concentrations and limit the growth of tryptophan-
dependent pathogens by starving them of an amino acid.*
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In another study, IFN-y-stimulated lung cells were shown
to be able to inhibit T-cell proliferation and restrict the replica-
tion of microorganisms such as Toxoplasma gondii, Staphylococcus
aureus and Herpes Simplex Virus. This IFN-y-dependent anti-
microbial effect of HBE4-E6/E7 (human pulmonary bron-
chial epithelial cells) and A549 (human alveolar type II cells)
cells was correlated with IDO1 activation and was inhibited by
1-methyltryptophan. Possible mechanisms involving IDO1
include the restriction of microbial growth by tryptophan
depletion and the activation of regulatory T cells.*®

Francisella tularensis is an intracellular gram-negative bac-
terium associated with fatal lung infections. IDO1 gene
expression was highly induced in the lungs of mice infected
with these bacteria, but not with heat-killed Francisella. In
contrast, IDO1 gene expression remained at basal levels in
infected livers and spleens. IDO2 and TDO2 were not
induced in any organ. IDO1 has been proposed to exert an
antimicrobial effect against bacteria by reducing intracellular
levels of tryptophan.®”

Anti-oxidant defenses

Induction of IDO in human airway epithelial cells was early
described as a protective mechanism against oxidative stress
induced during influenza infection.®® Influenza infection was
associated with oxidative stress and concomitant induction of
lung IDO1 and production of kynurenine and 3-hydrox-
ykynurenine. IDO1 required superoxide anion for its catalytic
activity, suggesting that IDO activity may act as a local anti-
oxidant defense.t® KP metabolites are involved in redox reac-
tions and their effect on cellular redox homeostasis is well
documented.”®

Modulation of the T cell response

The role of KP in modulating the T-cell response appears to be
important. T cells belong to different subsets. The main func-
tion of T helper 1 (Th1) cells is to activate the cellular immune
response, whereas the main function of T helper 2 (Th2) cells
is to activate the antibody-mediated immune response. Among
T helper cells, Th17 cells, which produce pro-inflammatory
cytokines such as IL-17A, IL-17F, and IL-22, are involved in
defense against extracellular bacteria and fungi. Regulatory T
cells (Treg), including natural and inducible Treg, have been
implicated in the prevention and control of autoimmune dis-
eases by maintaining self-tolerance, suppressing allergy, asthma
and pathogen-induced immunopathology. Among T' cell pop-
ulations, Treg and pro-inflammatory Th17 cells have provided
a better understanding of the pathophysiology of several dis-
eases through their role in the physiological balance between
inflammatory and immunosuppressive immune responses.”!
Acting through the aryl hydrocarbon receptor, kynurenine
metabolites cause T-cell anergy and apoptosis, proliferation of

both Treg and Th17 cells, and reorientation of the Th1/Th2

response.”? In the lung, the effects of kynurenines on T cells
have been described in many publications and are listed in

Table 4.

Reduction of T cell proliferation. Expression of IDO by epithe-
lial cells was able to reduce T-cell proliferation in several mod-
els. When co-cultured with peripheral blood mononuclear cells
(without cell-cell contact), human epithelial cells constitutively
express IDO1 under resting conditions. After stimulation with
tuberculin, T' cells proliferate and produce IFN-y, but the pres-
ence of epithelial cells inhibits this proliferation. When stimu-
lated with different TLR ligands, the ability of epithelial cells
to suppress T-cell proliferation was reduced. This was associ-
ated with a reduction in IDO1 induction. Using gene silencing,
it was further shown that IDO1 plays a key role in epithelial
cell-mediated suppression of T cell proliferation. Thus, epithe-
lial cells can lose their inhibitory effect on T cell activation in
response to various TLR agonists that mimic bacterial or viral
infections.’8

Another study used a mouse transformed airway epithelial
cell line overexpressing IDO1. In vitro, IDO1 epithelial
expression was able to reduce the proliferation of CD4+ T
cells. A triple transgenic mouse was therefore created in which
IDO was overexpressed only in the non-ciliated airway epi-
thelial cells of the lung (CC10-IDO). When these mice were
sensitized and challenged with Aspergillus fumigatus hyphal
antigens to induce a hypersensitivity reaction, a significant
induction of IDO1 was observed in their lungs, but they
showed no alterations in pulmonary methacholine hyperre-
sponsiveness. However, the number of CD4+ T cells in the
inflamed lung was reduced and the ability of antigen-specific
splenic CD4+ effector T cells to secrete 1L-4, IL-5, IL-13
and IFN-y was impaired.”

In addition, systemic blockade of IDO1 resulted in sponta-
neous lung T-cell proliferation and lung inflammation®® con-
firming the key role of IDO1 in controlling T-cell proliferation
in the lung.

Modulation of the Thl and Th17 responses. Interferon gamma
(IFN-y) is essential for limiting progressive, lethal infection
with Mycobacterium tuberculosis. Tuberculosis is a pulmo-
nary pathology in which inhibition of the Th17 response by
kynurenine metabolites has been documented.*? It has been
shown that IFN-y-responsive lung epithelial and endothelial
cells are also required for protective immunity against tuber-
culosis. Using chimeric mice reconstituted with bone mar-
row cells, it has been shown that when hematopoietic cells,
including macrophages, are unable to respond to IFN-y, the
response of non-hematopoietic cells (epithelial and endothe-
lial cells) to IFN-y is detrimental. In contrast, bone marrow
chimeric mice with IFN-y-unresponsive lung epithelial and
endothelial cells are able to survive the acute phase of infec-
tion. Non-hematopoietic cells contribute to the IFN-y-
dependent recruitment of myeloid cells to the lung during
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Table 4. Mechanisms of action of kynurenine metabolites.

MECHANISM

Tryptophan depletion

PATHOLOGY/STIMULUS REFERENCES

Induction of IDO
IDO1 in human primary bronchial
epithelial cells

IDO1 induction in airway epithelial
cells

Anti-oxidant defenses
5-hydroxytryptophan,
3hydroxykynurenine, xanthurenic
acid, or 3-hydroxyanthranilic acid, IDO
Modulation of T cell response

IDO activation by TLR9 ligands

IDO1 in eosinophils

Prevention of sensitization to allergen

IDO1 in dendritic cells

IDO1 expression in leukocytes

IDO1 in airway epithelial cells

IDO1 in airway epithelial cells

IDO expression in plasmacytoid
dendritic cells

IDO1-/- mice

Lung epithelial and endothelial cells
production of tryptophan catabolites

IDO1 inhibition
Modulation of vascular tone
IDO activation in endothelial cells

Kynurenine production by pulmonary
artery

Tryptophan depletion
Depletion of apical tryptophan (antimicrobial
mechanism)

Antimicrobial effect against T. gondii, S.
aureus and HSV

Anti-oxidant

Th2 cell death

sustain Th2 proliferation, inhibit Th1
proliferation

kynurenine and 3-HAA inhibit T cell
proliferation

RSV-induced IDO activity via Rig-I,
suppression of Th1 but not of Th2 related
factors

Regulation of Th17- and Th1-type neutrophilic
inflammation

Suppression of T cell proliferation
Reduction of the proliferation of CD4* T Cells

Stimulation of Treg proliferation

Reduction in pulmonary Treg

Inhibition of Th17 cell differentiation

Modulation of memory T cell response

Protective mechanism against pulmonary
hypertension

Increase in acute pulmonary vasodilation
(feedback loop)

Chlamydiosis, Tularemia

None

Stimulation with IFN-y

Viral pneumonia,
influenza A virus

Experimental asthma
Asthma, allergy
Experimental
sensitization
Respiratory syncytial
virus
Rhinovirus-induced
asthma model

TLR ligands

Aspergillosis

Paracoccidioidomycosis

paracoccidioidomycosis

M. tuberculosis

influenza A virus

hypertension

hypertension

Chacko et al*?,
Peng and Monack®”

Zegarra-Moran
et al*®

Heseler et al*8

Christen et al®9,
Jacoby and Choi®8

Hayashi et al*!

Odemuyiwa et al®®

Odemuyiwa et al”®

Ajamian et al®®

Hossain et al™

Aldajani et al38

Paveglio et al”®

Araujo et al”®
de Araujo et al®3

Desvignes and
Ernst#?

Sage et al””

Xiao et al5®

Nagy et al>°

M. tuberculosis infection. Gene expression profiling shows
that IDO1 is underexpressed in airway epithelial and vascu-
lar endothelial cells in the absence of IFN-y. Mice with IFN-
y unresponsive non-hematopoietic cells developed an
excessive IL-17 response. Kynurenine metabolites were able
to inhibit Th17 cell differentiation, suggesting that their
absence triggers excessive IL-17 production*?;

In a model of rhinovirus (RV)-induced neutrophilic air-
way inflammation, IDO ablation enhanced allergen-specific

Th17- and Thl-biased CD4+ T cell responses following

human RV infection. IDO activity in hematopoietic stem
cell-derived leukocytes was required to regulate Th17- and
Thl-type neutrophilic airway inflaimmation during asthma
exacerbations in this mode.”*

Promotion of the Th2 response. Induction of pulmonary IDO
activity by TLR9 ligands inhibited experimental asthma in
mice via a Th2 cell death mechanism.#' Eosinophils are con-
sistently increased in number in allergic asthma. Blood eosino-
phils from atopic patients have been shown to constitutively
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express IDO1, in contrast to monocytes and macrophages,
which do not express IDO1 mRNA transcripts until activated
with IFN-y. In addition, eosinophils infiltrating the airways of
asthmatic patients express IDO1. Coculture of eosinophils
with a Thl cell line activated with anti-CD3 antibodies
resulted in inhibition of their proliferation, whereas this was
not the case for Th2 cells. It has therefore been suggested that
IDO1 expression in eosinophils maintains the Th2 polariza-
tion seen in diseases characterized by eosinophilic inflamma-
tion, including asthma.®®

Respiratory syncytial virus (RSV) is a major cause of lower
respiratory tract (LRT) disease in infancy and early childhood.
Severe RSV bronchiolitis in infancy is considered a risk factor
for the development of allergic asthma and early-onset COPD.
RSV infection of human mesenchymal stem cells upregulates
IFN-B and IDO and affects immune cell proliferation, which
may explain the lack of protective RSV immunity and the
chronicity of RSV-associated lung diseases such as asthma and
COPD.” By triggering Th2-biased immune responses, RSV
activation of IDO has been suggested as a potential mecha-
nism for the development of allergic disease.®> Infants who
develop severe bronchiolitis due to RSV have an increased risk
of developing asthma later in life. RSV is able to infect human
dendritic cells derived from circulating monocytes. Supernatants
from these infected cells produced higher levels of kynurenine
compared to uninfected cells or cells infected with inactivated
virus. Treatment with IDO inhibitors reduced the activity of
the enzyme IDO1 and the release of kynurenine in response to
RSV. Induction of IDO1 required active virus replication and
was blocked by ribavirin, an inhibitor of virus replication.
Coculture of RSV-infected monocyte-derived dendritic cells
with activated T cells suppressed expression of T-bet (a Th1-
associated factor) but not GATA3 (a Th2 regulator) through
activation of the retinoic acid-inducible gene-1 (RIG-1)-related
pathway via NF-kB and p38 MAPK.% Overall, IDO activa-
tion will promote the Th2 response and the development of an
allergic lung reaction.

Increasing Treg response. As a counterpart to Th17 inhibition,
Treg induction by kynurenine metabolites has been demon-
strated in several respiratory diseases. Plasma kynurenine con-
centrations and the kynurenine/tryptophan ratio correlated
positively with inducible Treg/Th17 and inversely with Th17
subsets in blood samples from patients with pulmonary arterial
hypertension.”

Paracoccidioidomycosis, a primary fungal infection, is
acquired by inhalation of fungal particles of Paracoccidioides
brasiliensis. Mice infected with P brasiliensis have a high
expression of IDO mRNA in their lungs.’® In susceptible
mice, IDO inhibition can lead to uncontrolled tissue pathol-
ogy and mortality, demonstrating that the KP pathway may be
involved in host defense.” IDO1 activation was shown to
control disease severity in a mouse model of pulmonary

paracoccidioidomycosis caused by the dimorphic fungus P
brasiliensis, whereas IDO1-deficient (IDO1-/-) C57BL/6
mice showed increased mortality rates associated with
increased fungal burden and tissue damage. P brasiliensis
infection was also shown to induce an increased frequency and
number of IDO-expressing plasmacytoid dendritic cells com-
pared to uninfected mice. It has been suggested that these cells
have a tolerogenic function that increases Treg activity in this
infection.8! An increased number of type 3 innate lymphoid
cells (ILC3) was reported in the lungs of infected IDO1-/-
mice, while a decreased expansion of ILC1 and NK cells was
observed. A concomitant decrease in mRNA for the Foxp3
transcription factor was observed in IDO1-deficient mice. In
contrast, RORyC and GATA3 mRNAs were significantly
upregulated in IDO1-/- mice. Taken together, this led to a
marked reduction in pulmonary Treg (CD4+ CD25+
Foxp3+) cells and an expansion of Th17 cells in IDO1-/-
mice at 2 and 10 weeks of infection.®3

The involvement of IDO activity in the control of T cell
responses and lung physiopathology has also been reported
during respiratory infection with influenza virus. Yoshida et al
demonstrated a high induction of IDO in the trachea and
lungs of mice exposed to influenza virus.®? IDO mRNA
increased in the lungs of influenza-infected mice.®? The effect
of IDO on the primary immune response to influenza virus
infection was determined using the IDO inhibitor 1-methyl-
D,L-tryptophan (1MT). IDO inhibition had no effect on leu-
kocyte infiltration or viral replication. Inhibition of IDO
activity enhanced the Th1 cytokine response, enhanced the
Th17 response and increased the number of influenza-specific
CD8+ T cells.®* Drug analog inhibition of IDO activity
increased pro-inflammatory cytokine gene and protein expres-
sion at 24 and 48 hours post-influenza infection compared to
control treated mice.® This inhibition reduced tissue damage
associated with a lethal influenza challenge.”” Surprisingly, the
opposite effect was observed in another study using IDO KO
mice. IDO1 KO mice showed significantly lower morbidity
after influenza infection.’¢ These seemingly contradictory
observations suggest that in addition to its role during acute
infection, IDO1 may also play a role in the development and
shaping of the immune system.

Taken together, these data show that IDO activity can
effectively control lung lesions during respiratory infections,
but may also be involved in immune cell development.

Vascular tone control

Pulmonary arterial hypertension (PAH) is a form of hyperten-
sion of the pulmonary arteries in which the chronic inflamma-
tory process is widely recognized as a prominent pathogenic
component. In a mouse model of experimental PAH, overex-
pression of IDO in the pulmonary endothelium was shown to
halt and attenuate vascular structural remodeling.3 It has also
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been reported that PAH is characterized by upregulated tryp-
tophan metabolism and increased kynurenine biosynthesis.”

In another study using human lung explants from control
and PAH patients, IDO localization by immunofluorescence
showed the presence of IDO in laser-captured microdissected
pulmonary arteries and in lung homogenates from both groups.
However, tryptophan levels were significantly reduced in the
lungs of PAH patients.®® Serum kynurenine levels correlate
strongly with mean pulmonary arterial pressure in PAH.
Kynurenine has been shown to increase cAMP and cGMP in
pulmonary arterial smooth muscle cells and to cause acute pul-
monary vasodilatation in intact pulmonary arteries, isolated
perfused lungs and animal models of PAH. Increased pulmo-
nary production of kynurenines may therefore serve as a nega-
tive feedback mechanism in response to PAH.>

A recent study confirms these observations by reporting an
activation of KP with lower levels of tryptophan and higher
concentrations of kynurenine, 3-hydroxykynurenine, quinolinic
acid, kynurenic acid and anthranilic acid in treatment-naive
PAH patients compared to controls. PAH therapy partially
normalized this profile in survivors after 1year. KP metabolites
correlated with PAH severity at baseline and predicted mortal-
ity in PAH patients.8”

Direct modulation of the kynurenine pathway by
endogenous pathogen molecules and the role of host
and pathogen polymorphisms

Interestingly, some pathogens are able to directly interfere with
host KP regulation. The influenza protein NS1 has been shown
to directly attenuate IDO1 and kynurenine production.®
Pseudomonas aeruginosa, a Gram-negative bacterium, infects
the lungs and is involved in healthcare-associated pneumonia
with poor clinical outcome. P, aeruginosa carries the genes for
the KP and therefore synthesizes kynurenine metabolites
responsible for immunomodulatory crosstalk with the host.®’
In aspergillosis, both host and pathogen genetic variations
have been implicated in the severity of disease. Aspergillosis is
an infection caused by inhalation of Aspergillus spores, a com-
mon indoor and outdoor mold. IDO expression is induced in
epithelial cells from mice infected with Aspergillus fumigatus,
while exogenous supply of kynurenines inhibits fungal growth
and improves host defense.** In humans, genetic polymor-
phisms affecting IDO1 were associated with the risk of
Aspergillus infection and appeared to down-modulate IDO1
expression. In contrast, IDO2 polymorphisms were differen-
tially associated with the risk of aspergillosis in 2 cohorts of
patients, as no association was found in cystic fibrosis patients
compared to hematopoietic stem cell transplant recipients.’® In
aspergillosis, tryptophan catabolism from the host or from the
microbe has co-evolved and cross-talks contribute to the regu-
lation of inflammation and control of infection.”! A. fumigatus
possesses 3 ido genes that are expressed under hypoxic or tryp-
tophan-rich conditions. Loss of these genes results in increased

fungal pathogenicity and inflammation in a mouse model of
aspergillosis. These results suggest that fungal IDOs enable the
fungus to establish a close functional metabolic relationship
with its mammalian host.?2

In another study, single nucleotide polymorphisms (SNPs)
in the promoters or coding regions of IDO2 were shown to
affect its enzyme activities and to affect the K/T ratio in tuber-
culosis patients.”

Asthma and COPD: Defective Activation of the
Kynurenine Pathway?

As reported above, pro-inflammatory signals are important
inducers of IDO activation, which is involved in the resolution
of inflammation. However, in chronic inflammatory lung dis-
eases such as asthma and COPD, subjects have an exaggerated
inflammatory response that is responsible for altering their
lung function. This group of diseases causes airflow obstruction
and progressive breathlessness associated with chronic bron-
chitis and emphysema, respectively. Our hypothesis is that
these patients are in a state where the KP response is insuffi-
cient to ensure a return to homeostasis.

Asthma is an inflammatory disease of the airways leading to
bronchial hyperreactivity and airway obstruction. First obser-
vations in 1970 described higher serum kynurenine in asthma
and chronic bronchitis than in normal subjects.”* However, in
a rat model of asthma, kynurenine levels remain unchanged in
the plasma, lungs or liver of asthmatic animals compared with
controls.”

Tryptophan catabolism differs between healthy subjects and
patients with allergic asthma. Pulmonary IDO activity, as
assessed by tryptophan and kynurenine concentrations in
exhaled breath condensate, was lower in patients with allergic
asthma than in healthy subjects and was not increased by
experimental rhinovirus infection. In contrast, these experi-
mental rhinovirus infections significantly increased blood con-
centrations of tryptophan and its catabolites in patients with
allergic asthma and were associated with eosinophilic inflam-
mation and asthma symptom scores. The reduced pulmonary
IDO activity in patients with allergic asthma at baseline may
underlie the reduced control of viral infections.”

This high serum tryptophan concentration has been con-
firmed in other cohorts of patients with pollinosis, allergic rhi-
nitis or asthma®’. Booster immunotherapy in hay fever
patients induced a decrease in serum tryptophan and kynure-
nine concentrations, demonstrating the involvement of trypto-
phan metabolism in the course of allergic responses.%

The effect of background treatment of chronic inflamma-
tory respiratory diseases on KP has been little studied. However,
corticosteroid treatment in asthmatic patients may also affect
IDO activity. IDO activity was significantly increased by corti-
costeroid treatment in patients with mild intermittent and
mild-to-moderate persistent asthma, and this increase was
negatively correlated with sputum eosinophils.’? At baseline,
all patients had low IDO activity in induced sputum compared
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to age-matched non-asthmatic subjects. Statin use enhanced
the anti-inflammatory effects of inhaled corticosteroids in
asthmatics by increasing IDO induction.102

COPD is a common respiratory disease characterized by
progressive and incompletely reversible airflow obstruction.
IDO activity and expression was reduced in the sputum of
patients with COPD and inversely correlated with clinical
severity. This suggests that inflaimmation in patients with
COPD may be enhanced by the lack of IDO induction and
that this may be a factor in determining disease severity and
long-term disease progression.'®® IDO mRNA expression
(fold change) and IDO activity (K/T ratio) were significantly
increased during treatment with simvastatin, a compound
with anti-inflammatory properties, compared with placebo in
COPD patients.104

Taken together, these data show that these lung inflamma-
tory diseases are associated with a defect in KP in relation to
the level of local inflammatory response. This suggests that an
alteration in this resolution mechanism may be involved in the
development and progression of the disease, a process that is
counteracted by anti-inflammatory treatments.

The [Kynurenine]/[ Tryptophan] Ratio in Respiratory
Diseases

In this section we will focus on the potential use of monitoring
the ratio of kynurenine to tryptophan concentrations (K/T
ratio) as a valuable marker in respiratory disease. In in vitro
studies, the activation of IDO was first evaluated by monitor-
ing this ratio. The use of serum or plasma K/T ratio evaluation
has been further extended in vivo to determine IDO activation,
allowing this ratio to be defined as a marker of inflammation.
However, determinants other than IDO may be involved in
K/T variations in vivo.1% Table 5 gives an overview of the dif-
ferent studies that have analyzed the K/T ratio in relation to
lung diseases.

Infectious diseases

The most impressive increase in the K/T ratio was recently
described in patients infected with SARS-CoV-2, which can
cause coronavirus induced disease 2019 (COVID-19), a dis-
ease characterized by activated immuno-inflammatory path-
ways and, in the most severe cases, a cytokine storm. During
infection, increased levels of IFN-y, IL-1f3, IL-6, and ROS can
induce IDO, which activates tryptophan catabolism. A meta-
analysis was performed including 14 articles comparing tryp-
tophan and its catabolites in COVID-19 patients versus
non-COVID-19 controls, as well as severe/critical versus mild/
moderate COVID-19. Increased IDO enzyme activity was
demonstrated in COVID-19 and severe/critical patients, and
the involvement of tryptophan catabolites in the pathophysiol-
ogy and progression of COVID-19 was suggested.’
Pulmonary tuberculosis (ITB) is a serious infection caused
by Mycobacterium tuberculosis that affects the lungs but can

spread to other organs. In an attempt to find new biomarkers,
tryptophan and kynurenine were analyzed in the sera of
patients with pulmonary tuberculosis. The data showed a sig-
nificant increase in kynurenine concentrations and a significant
decrease in tryptophan concentrations compared to controls.
Among TB patients, non-survivors had significantly higher
kynurenine concentrations and significantly lower tryptophan
concentrations, resulting from a significant increase in IDO
activity compared to survivors.'? Since this study, several other
groups have confirmed the link between IDO activity and
tuberculosis diagnosis or severity.106:107.109110.126 Tp addition,
IDO1 may have diagnostic value in the early identification of
multidrug-resistant (MDR) TB patients, as IDO1 has been
positively correlated with cavitary lung lesions in TB patients,
potentially indicating a more severe infectious state and a
higher risk of developing MDR-TB.1!! These studies were also
validated by metabolomics analysis, which showed that
increased IDO activity helps to distinguish TB patients from
healthy individuals.108

Seasonal influenza is an acute respiratory infection caused
by influenza viruses circulating in all parts of the world.
Influenza infection increases IDO activity (K/T ratio) in the
lungs and sera of influenza-infected mice.?* Increased IDO
activity Is associated with poor clinical outcome in adults hos-
pitalized with influenza.!?

Chronic inflammatory pulmonary diseases and
exacerbations

Among cancer-free adults, current smokers had lower levels of
almost all KP components compared with never-smokers, but
a similar K/T ratio. Conversely, former smokers showed a small
increase in the K/T ratio compared with never smokers.!*
Similar results have been observed in another cohort.!> This
may indicate that in former smokers, smoking cessation
revealed an acquired imbalance. Compared with controls,
COPD patients who were predominantly active or former
smokers had significantly higher plasma Kyn concentrations
and K/T ratios. The K/T ratio was independently associated
with COPD severity after adjustment for several clinical and
demographic confounders.!16127 These observations need to be
reproduced, as another study showed that the K/T ratio was
higher in non-smokers than in smokers, but similar to controls
in COPD patients and higher in COPD patients who were
ex-smokers.117

Discrepancies between these results may be explained by
the small effect of COPD on the K/T ratio and its depend-
ence on the small number of samples in some studies and the
lack of adjustment for sex or age and/or the presence of con-
founders such as an additional infection. It should be noted
that in another cohort, analysis of the serum of patients with
smoking-associated COPD showed that the K/T ratio was
not significantly different from that of the control group,
whereas patients with tuberculosis-associated COPD had an
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Table 5. K/T ratio in lung disease.

OBSERVED ASSOCIATION REFERENCES

Infectious diseases
COVID-19
Meta-analysis
Tuberculosis
Pediatric tuberculosis

Progression from latent to active TB disease

Progression from latent to active TB disease

Multi-drug resistant (MDR) tuberculosis

Influenza
Adults hospitalized with influenza A (H1N1)
Pneumoniae

Community acquired-pneumoniae

K/T elevation signals a worsening outcome

Diagnostic

Diagnostic

Macaque model

Discriminating MDR-TB patients from TB patients
cutoff=46.58 uyM/mM

Poor clinical outcome

Increased K/T ratio and decreased with
resolution

Chronic inflammatory lung disease and exacerbations

Smoking and COPD

Smokers versus never smokers

Former smokers versus never smokers

COPD

Non-smokers versus smokers

COPD versus control

Tuberculosis or HIV-associated COPD

COPD exacerbation

COPD: sputum analysis
Asthma and atopy

Asthma and atopy

Childhood allergic asthma

Children asthma and allergic rhinitis
Cystic fibrosis

Exacerbation in CF

Similar K/T ratio

K/T enhanced in former smoker

K/T higher in COPD and associated with COPD
severity

Higher K/T in smokers

Similar K/T -Higher K/T in former smokers
Higher K/T in infected patients

Increased K/T ratio during exacerbations

Decreased K/T ratio in sputum
Decreased K/T in atopy, similar K/T in asthma
Decreased K/T ratio

Decreased K/T ratio

Increased K/T ratio and decrease with resolution

Almulla et al®

Tornheim et al'6

Adu-Gyamfi et al'%7, Weiner
et al'%8, Collins et al°®

Gough et al'°

Shi et al'"

Pett et al'2

Arshad et al''3

Zahed et al'™4,
Theofylaktopoulou et al'1®

Zahed et al'?4,
Theofylaktopoulou et al''®

Zinellu et al'é, Arshad et al''3

Naz et al''”

Naz et al'”

Kim et al''®, Hodgson et al''®
Gulcev et al'20

Maneechotesuwan et al'03

Luukkainen et al'2!

Hu et al'22

Uniivar et al'23

Muhlebach et al'24

increase in the serum K/T ratio.® Similarly, K/T ratio was
significantly higher in COPD patients with HIV, but this dif-
ference was not due to COPD status but rather to viral infec-
tion.!? Exacerbations are a major cause of morbidity in
COPD, mostly due to respiratory infections. Patients with
acute exacerbations of COPD have a unique metabolomic

signature that includes a decrease in plasma tryptophan levels,
consistent with an increased K/T ratio.’ In another study, an
increased K/T ratio was observed in patients with COPD or
community-acquired pneumonia on admission to hospital.
The level of induction is higher in patients with pneumonia,
but rapidly normalizes with clinical recovery and resolution of
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inflammation, confirming that the K/T increase is influenced
by pre-existing pulmonary infection.™3

A unique study examined the K/T ratio in sputum from
COPD patients and showed that the ratio was lower in these
patients. Interestingly, this ratio was associated with clinical
severity. Inflammation is enhanced in COPD patients and is a
factor in determining disease severity and long-term disease
progression. This study suggests that the lack of IDO activa-
tion in the lungs of COPD patients leads to a defect in the
resolution of inflammation.1% It also highlights that the local
inflammatory response associated with COPD does not affect
systemic parameters, at least as far as KP is concerned.

As in COPD, acute exacerbations in cystic fibrosis (CF)
patients, mostly due to respiratory infections caused by
Pseudomonas aeruginosa, are major life events associated with
decline in lung function. Reduced tryptophan/kynurenine
metabolism as a result of IDO enzyme deficiency has been
demonstrated in murine CF and in human bronchial epithelial
cells from CF patients.#” The serum profile of metabolites in
patients with cystic fibrosis was evaluated to differentiate
between pre- and post-exacerbation states and to determine
which pathways are affected during the process of recovery. In
this study, the K/T ratio decreased after therapy, consistent
with resolution of inflammation.124

Cohorts of asthmatic patients have shown a trend toward
reduced IDO activation and K/T ratio in this disease. The first
description of higher serum kynurenine levels in asthma and
chronic bronchitis than in normal subjects was published in
1970.%4 However, tryptophan levels were not assessed in this
study. In another cohort, low IDO activity, as assessed by serum
K/T ratio, was associated with atopy but not with asthma.’?! In
a cohort of children, peripheral blood IDO activity, as assessed
by K/T ratio and induced sputum, was significantly lower in
patients with childhood allergic asthma than in children in the
control group.'?? Another cohort of children supported these
observations with higher serum tryptophan and kynurenine
levels and lower IDO1 enzyme activity in patients with asthma
and allergic rhinitis compared to controls.??3

Overall, these studies suggest that pulmonary infection
increases the serum K/T ratio, whereas asthma tends to
decrease it. The picture is less clear for COPD, as smoking or
smoking history affects the K/T ratio. Nevertheless, serum
K/T ratio is correlated with COPD severity and is also

increased by exacerbations induced by respiratory pathogens.

Interventional Approaches Targeting the Kynurenine
Pathway in Respiratory Disease?
Targeting KP in respiratory diseases has not yet been described
in clinical trials. However, several reports based on preclinical
models suggest that modulation of this pathway may be useful
in several pathologies.

The role of IDO in the development of allergic sensitiza-
tion leading to allergic inflammation and airway hyperrespon-
siveness was investigated in a mouse model of induction of

mucosal tolerance to lipopolysaccharide-free ovalbumin.
Slow-release pellets containing 10 mg of 1-methyl-dl-trypto-
phan (1-MT, an IDO inhibitor) were implanted subcutane-
ously and were able to inhibit tolerance induction. In addition,
tolerance was reconstituted in mice receiving 1-MT after
intraperitoneal injection of a mixture of kynurenine and
hydroxyanthranilic acid, 2 downstream metabolites. Products
of tryptophan catabolism therefore play an important role in
the prevention of allergic diseases.”® Similarly, allergen immu-
notherapy by subcutaneous administration of allergen extract
is used to treat allergic diseases. In a mouse model of ovalbu-
min sensitization, inhibition of IDO by 1-methyl-DL-trypto-
phan during immunotherapy, but not during inhalation
challenge, partially reversed the suppressive effects of immu-
notherapy on airway eosinophilia and Th2 cytokine levels.
Mice were then treated with suboptimal immunotherapy and
tryptophan or one of its metabolites or saline. Interestingly,
administration of tryptophan or its metabolites, kynurenine,
3-hydroxykynurenine, and xanthurenic acid, but not
3-hydroxyanthranilinic acid, quinolinic acid, and kynurenic
acid, during suboptimal immunotherapy potentiated the
reduction of eosinophilia in this model. Therefore IDO activ-
ity as well as some tryptophan metabolites contributes to tol-
erance induction during allergen immunotherapy.1?8

However, the role of KP in infectious diseases appears to be
more complex, involving different mechanisms depending on
the type of pathogen, bacteria, viruses or fungi.

In some models, IDO1 expression had no effect on the out-
come of infection. Although M. fuberculosis induces robust
expression of IDO1 and activation of tryptophan metabolism,
IDO1 deficiency does not affect immune control and the out-
come of infection in the mouse model of tuberculosis.!??
Interestingly, IDO expression is highly induced in tuberculosis
lesions in non-vaccinated macaques. IDO expression was
largely found in the ring-wall structure of tuberculosis granulo-
mas, within the macrophage-rich region.!3 In this model,
IDO inhibition was shown to reduce the bacterial burden,
pathology and clinical signs of TB disease, leading to increased
host survival’®! and improved treatment of tuberculosis with
chemotherapy by enhancing proliferative T-cell responses and
recruitment of effector T-cells to the lung.!3? These data high-
light discrepancies between the efficacy of mouse and macaque
KP in controlling TB, where IDO expression appears to be
deleterious in macaques and non-discriminatory in mice.

In another model, IDO1 expression was also detrimental to
infection defense. Histoplasmosis is an infection caused by the
fungus Histoplasma after inhalation of the microscopic fungal
spores. In a mouse model of intranasal histoplasma infection,
functional IDO was induced in the lungs of the mice. Mice
treated with an IDO inhibitor had a lower fungal burden in the
lungs and less IL-6 and IL-17 expression.!33

However, IDO1 expression appears to be effective against
influenza virus infection. Increased lung inflammation and cel-
lular infiltration was observed in aged mice during influenza
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Figure 2. Activation of the kynurenine pathway in the airways.

During respiratory infection, fungi, bacteria or viruses induce IDO1 expression and enzymatic activity in epithelial, immune or even endothelial cells. Tryptophan is
degraded to kynurenine metabolites, which modulate T-cell responses by downregulating Th1 and upregulating Th2 and Treg responses, and have antioxidant properties.
Our hypothesis is that in chronic inflammatory conditions the IDO1 response is reduced and therefore the development of inflammation and oxidative stress is less

controlled and may lead to exacerbations.

infection and was associated with reduced IDO activation.
Daily in vivo treatment of young adult mice with an IDO1
inhibitor resulted in increased cellular infiltration, significantly
greater weight loss and increased viral titers, as well as increased
production of pro-inflammatory cytokines such as IL-6 and
decreased production of anti-inflammatory cytokines such as
IL-10. Compared with young lungs, aged BAL cells also
showed reduced Idol and Kmo mRNA expression during
influenza infection.®? Inhibition of IDO resulted in a worsen-
ing of the pathology. Aged bone marrow-derived macrophages
treated with mitoquinol, a mitochondrial-targeted antioxidant,
showed a significant increase in IDO1 expression, an increased
kynurenine-to-tryptophan ratio after stimulation with LPS
and poly I:C, and a corresponding decrease in IL-6 production.
Treatment of aged mice with mitoquinol after influenza infec-
tion reduced weight loss and viral titers, improved mitochon-
drial function and restored tryptophan metabolism.5?

These studies demonstrated the need for a very precise
knowledge of KP and the imbalance of kynurenine metabolites

that can be either beneficial, harmful or neutral depending on
the pathogen, the host or the time course of infection. However,
we have noticed that other kynurenine pathway enzymes, apart
from IDO1, are rarely studied in the respiratory tract and the
possible activity of downstream metabolites is not even addressed.
Further studies are essential to design a more appropriate phar-
macological target. Future work is needed to determine if we can
extend these observations to other bacterial and viral pathogens
and to translate these data to the context of acute exacerbations
associated with lung inflammatory diseases.

Conclusion

Kynurenines are produced in the airways following exposure to
pathogens or inflammatory stimuli. In response to inflamma-
tion, epithelial, endothelial and myeloid immune cells are capa-
ble of expressing KP enzymes and producing bioactive
kynurenine metabolites (Figure 2). The mechanisms involved
range from tryptophan depletion and antioxidant defense to
modulation of the T-cell response, with increased levels of Treg
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cells and inhibition of Th17 differentiation. Numerous epide-
miological studies have now demonstrated the validity of using

the K/T ratio as a systemic marker of active infection, espe-

cially in tuberculosis. However, in the field of chronic inflam-

matory diseases such as asthma or COPD, the role of
kynurenine enzymes and metabolites is less clear, with poten-
tially opposing functions during the time course of pathology,

ranging from the response to environmental factors, to the

non-resolution of chronic inflammation, to the ability to con-

trol an exacerbation episode following infection. To date, and

to the best of our knowledge, despite promising results in sev-
eral preclinical models, no clinical pharmaceutical intervention
has been carried out. All these data clearly show that more

research is needed to fully understand the multiple biological

tunctions of KP metabolites and their potential therapeutic
applications.
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