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ABSTRACT

Under physiological conditions, the metabolism
of tryptophan (TRP), an endogenous amino acid,
leads to the formation of the neurotransmitters reg-
ulating mood and sleep and wakefulness patterns
— serotonin and melatonin, among others. In inflam-
mation, it is metabolised predominantly along the
kynurenine pathway. This is caused by activation
by pro-inflammatory cytokines [e.qg. interferon (IFN)
or tumour necrosis factor alpha (TNF-«)] of one of
the enzymes: indoleamine 2,3-dioxygenase (ID0),
which catabolises the synthesis of kynurenine

INTRODUCTION

The central role of the kynurenine path-
way, through its effects on the immune sys-
tem, is to inhibit inflammatory processes
and prevent the development of autoimmun-
ity. The most potent activators of indoleam-
ine 2,3-dioxygenase (IDO), a key enzyme
of the kynurenine pathway, are interferons
(IFNs), especially interferon gamma (IFN-y).
In rheumatic diseases, systemic lupus erythe-
matosus (SLE) and Sjogren’s syndrome, in
which IFNs play a significant role in the dis-

(KYN) from TRP. Products of the kynurenine path-
way, such as KYN, kynurenic acid, 3-hydroxykyn-
urenine and quinolinic acid, are neuroactive and
immunomodulatory substances. Elevated IFN lev-
els and increased IDO activity are characteristic of
chronic autoimmune diseases, including systemic
lupus erythematosus and Sjogren’s syndrome. This
article reports on the role of the kynurenine pathway
in the above diseases.
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ease pathogenesis, IDO expression is elevated
simultaneously. An association was also ob-
served between overactivation of the kynure-
nine pathway and the disease’s immune activ-
ity, with increased levels of pro-inflammatory
cytokines, antinuclear antibodies and hypoco-
mplementaemia. Hence, the question is posed
of how the activation of IDO and the metabo-
lites of the kynurenine pathway affect the clin-
ical picture in the above diseases. According to
the authors, this article is the first publication
summarising the effects of the IFN-activated
kynurenine pathway on both the immune sys-
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tem and organ lesions in patients with SLE
and Sjogren’s syndrome.

INTERFERONS

To date, three types of IFN have been
described: type I, type II and type III. In
rheumatic diseases, type I — alpha and beta
— IFNs are most important [1]. Type I IFNs,
via the interferon-a/f receptor (IFNAR), in-
duce autophosphorylation of Janus kinase 1
(JAKI1) and tyrosine kinase 2 (TYK2), which
then leads to activation of signal transduc-
ers and activators of transcription (STAT) 1
and 2 [1, 2]. Subsequent binding to IFN gene
regulatory factors (IRFs) results in the for-
mation of interferon-stimulated gene factor
3 (ISGF3). ISGF3 activates the transcription
of IFN-stimulated genes and the synthesis of
antiviral and antitumour proteins [1, 2]. IFNs
exert a number of different immunomodula-
tory effects: inducing B-cell activating factor
(BAFF), immunoglobulin switching, increas-
ing antigen presentation and T-cell and natu-
ral killer (NK) cell cytotoxicity [1]. They facili-
tate the influx of immune cells to inflammation
sites by increasing the expression of cell adhe-
sion molecules [1].

Type I interferon, which is divided into
five classes (IFN-a, 3, €, k and w), is produced
by immune cells, mainly plasmacytoid den-
dritic cells, as a response to viral infections
and complexes containing nucleic acids from
the host [2]. Plasmacytoid dendritic cells have
increased expression of Toll-like receptors
(TLRs) TLR7 and TLRY, making them sus-
ceptible to stimulation by endogenous and ex-
ogenous factors, e.g. single-stranded RNA or
unmethylated DNA, which, by binding to
the receptors, strongly induce the secretion of
type I IFN, which plays a vital role in autoim-
mune diseases [1].

Type I interferon plays a significant role
in the pathogenesis of SLE. Its high levels are
associated with higher disease activity, great-
er susceptibility to renal involvement, skin
and mucosal symptoms, arthritis and the emer-
gence of autoantibodies such as anti-Sjogren’s
syndrome-related antigen A (anti-SS-A/Ro),
anti-Smith (anti-Sm) or anti-double stranded
DNA (anti-dsDNA) [3]. In SLE, IFN secre-
tion is further stimulated by endogenous stim-
uli, such as autoantibody-mediated immune
complexes arising from cell apoptosis or neu-
trophil extracellular traps (NETs), which re-
lease nuclear material (DNA, histones) when
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activated [2, 3]. Also, in primary Sjogren’s syn-
drome (pSS), IFNs are recognised as key cy-
tokines in the pathogenesis of this disease [1].
Overexpression of type I IFN, the so-called
type I IFN signature, has been shown to be
present in peripheral blood mononuclear cells
and, as in SLE, is associated with the devel-
opment of systemic extraglandular manifes-
tations, e.g. from the joints, kidneys, lungs
or peripheral nervous system, and significant
production of autoantibodies and inflammato-
ry cytokines [1].

At the same time, IFN-y, through stimu-
lation of transcription of the IDO gene, an en-
zyme of the kynurenine pathway, causes a re-
duction in T-cell activation and proliferation
and stimulation of regulatory T cells, leading to
the development of immunotolerance and im-
munosuppression. In addition, it exerts other
effects dependent on the activation of the ky-
nurenine pathway and its metabolites [4].

KYNURENINE PATHWAY AND ITS
METABOLITES

Tryptophan (TRP), an exogenous amino
acid, undergoes two main transformations. It
can provide a substrate for producing seroto-
nin (5-hydroxytryptamine, 5-HT) and mela-
tonin, and 4% are used for protein synthesis
[5, 6]. However, 90-95% of it is metabolised
via the kynurenine pathway, leading to the for-
mation of several active metabolites. The final
product is nicotinamide adenine dinucleotide
(NAD+), an important source of energy for

cells [5].
The first stage of the kynurenine
pathway is the metabolism of TRP to

N-formyl-kynurenine, which is then converted
to kynurenine (KYN) [5]. Two enzymes are
involved in this reaction: tryptophan 2,3-diox-
ygenase (TDO), which is expressed mainly in
the liver, and IDO, which is found in periph-
eral tissues and the central nervous system [6].
Inflammatory factors such as IFN-y, tumour
necrosis factor alpha (TNF-¢) and pro-inflam-
matory interleukins (ILs) cause excessive IDO
activation [7]. The metabolism of KYN may
take place via three routes and lead to the for-
mation of kynurenic acid (KYNA), 3-hydrox-
ykynurenine (3-HKA) and anthranilic acid
(AA). KYNA is synthesised by kynurenine
aminotransferases (KATs), 3-HKA by kynure-
nine 3-monooxygenase (KMO) and AA by ky-
nureninase [5]. In addition to the irreversible
transamination of kynurenine to KYNA, KATs



can also catabolise the conversion of 3-HKA
to xanthurenic acid (XA) [5]. Furthermore,
3-HKA and AA can be converted to 3-hy-
droxyanthranilic acid (3-HAA), which, via
an unstable intermediate, becomes quinolinic
acid (QUIN) [5]. As mentioned, QUIN is con-
verted into NAD+, the main cofactor for elec-
tron transport in the mitochondrial respiratory
chain [5, 6]. 3-HAA can also, via 2-amino-3-car-
boxymuconate semialdehyde, be metabolised
to picolinic acid (PIC) [8].

It was initially thought that the kynure-
nine pathway’s main function was to produce
energy for cells. However, increasing attention
is now being paid to the importance of metabo-
lites of the kynurenine pathway, called kynure-
nines, as compounds with neuroactive proper-
ties that also affect the endocrine and immune
systems [9]. It is worth noting that the vari-
ous metabolites of the kynurenine pathway
exhibit opposing properties: neurotoxic, neu-
roprotective, oxidative and antioxidative [5,
8], and their effects depend on the balance be-
tween the activities of the pathway’s enzymes
that prevail under physiological conditions.
IDO activity and certain metabolites of the ky-
nurenine pathway directly affect immune func-
tion. The key role of the kynurenine pathway,
through its effect on regulatory T cells, is to
produce immunotolerance, i.e. inhibition of
the response to one’s own antigens, thereby
preventing the development of autoimmunity.

RELATIONSHIPS BETWEEN INTERFERONS,
THE KYNURENINE PATHWAY
AND INFLAMMATORY DISEASES

In addition to their antiviral effect, first
described in 1957 (Isaacs and Lindenmann)
[10], IFNs also play an important role in can-
cer, inflammation and autoimmune process-
es [11]. Both SLE and pSS are autoimmune
diseases showing a marked overexpression of
genes regulated by type I IFN, referred to as
the IFN signature [12]. However, elevated se-
rum IFN levels have also been found in oth-
er rheumatic disorders: rheumatoid arthritis,
systemic sclerosis, myositis, mixed and un-
differentiated connective tissue disease [11].
Interestingly, an increase in IFN levels in SLE
is, on the one hand, associated with high disease
activity, severity of symptoms, particularly mu-
cocutaneous and joint symptoms, and a high-
er risk of relapse [11]; on the other hand, it
activates the kynurenine pathway, which re-
duces the inflammatory response and inhibits

the development of autoimmune processes.
IFN is the main inducer of IDO in many cell
types, including fibroblasts, endothelial cells,
tumour cells, monocyte-derived macrophages,
mesenchymal stromal cells and dendritic cells
[13]. Plasmacytoid dendritic cells, the primary
source of type 1 IFN production, are also high-
ly capable of producing IDO [14].

Both the IDO enzyme and some metabo-
lites of the kynurenine pathway affect the im-
mune system. IDO has the ability to inhibit NK
cell and Th17 cell proliferation, reduce plas-
ma cell numbers and stimulate IFN release
by dendritic cells [13]. KYNA alters tumour
necrosis factor-stimulated gene 6 (TSG-6) ex-
pression and thus inhibits TNF-a production
[5]- KYN inhibits the antigen-specific T-cell
response and induces apoptosis of Thl cells
while stimulating Th2 cells, resulting in a shift
of the Th1/Th2 ratio in favour of Th2 cells
[5]- As a ligand for the aryl hydrocarbon re-
ceptor (AhR), it causes T-cell polarisation to
Foxp3+ regulatory T cells, which promotes
systemic anergy towards the presented anti-
gens [14]. Forkhead box protein 3 (Foxp3)
is a transcription factor that plays an impor-
tant role in the regulation of the immune re-
sponse, as it is responsible for the formation
of regulatory T cells, i.e. cells with suppressive
properties. Foxp3 induces the differentiation
of CD4+ T cells into CD4+CD25+Foxp3+
regulatory T (Treg) cells, which are capable
of inhibiting other CD4+ cells and cytotoxic
T cells, such as CD8+ T cells and NK cells
[15]. IDO expression can also change the phe-
notype of CD4+ helper T cells from Thl or
Th17 to Foxp3+ regulatory T cells [14], fur-
ther enhancing the immunosuppressive effects
of the kynurenine pathway. The most potent
inducer of the IDO enzyme is IFN-y, a type 11
IEN [1, 5]. IFN+y, produced mainly by T cells
and NK cells [2], binds to STAT1, the nuclear
factor-kappa B (NF-«B) and IFN regulatory
factor 1 (IRF1), thereby regulating the IDO
gene [5]. A number of other pro-inflamma-
tory cytokines and inflammatory mediators,
such as TNF-a, have a less potent stimulatory
effect. IFN-y is a key cytokine for Th1 respons-
es, including those to intracellular pathogens
and tumours [14]. By activating IDO, it simul-
taneously reduces the inflammatory response.

Thus, it appears that the balance between
type I (@ and ) and type 1I (y) IFNs in auto-
immune diseases determines the intensity of
the immune response, including through ef-
fects on kynurenine pathway activation. Type
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I IFNs are associated with high inflammatory
activity (higher autoantibody titres and inflam-
matory cell activity), IFN-y is associated with
stronger activation of the kynurenine path-
way, whose role is to suppress the inflamma-
tion that stimulates it, weaken the immune
response and mitigate the autoinflammatory
process [1]. Both type I and type II IFNs are
involved in the pathogenesis of rheumatic dis-
eases, which appears to influence the diversity
of symptoms of these diseases, as discussed us-
ing SLE and pSS as examples [16].

SYSTEMIC LUPUS ERYTHEMATOSUS

SLE is a chronic autoimmune disease of
varying severity, usually with periods of ex-
acerbation and remission [17]. It is defined
by a wide variety of symptoms and the pres-
ence of antinuclear antibodies (ANA) [18].
Although joint and skin symptoms and haema-
tological abnormalities are the most common
[19], many systems and organs can be involved
in the course of SLE, including the cardiovas-
cular, respiratory, renal and central nervous
systems. Lupus nephritis and neuropsychiatric
lupus are considered the most severe manifes-
tations of the disease, resulting in a shortened
life span for patients [18]. Due to the heter-
ogeneous clinical picture, the diagnosis of
SLE might cause difficulties. Also, the aeti-
ology of the disease is complex and results
from the interaction of genetic, epigenetic
and environmental factors (UV light, viral in-
fections, drugs) [18]. The prevalence of SLE
is variable, depending on ethnicity (it is more
common in people of African and Asian de-
scent) and ranges from 40 to 200 per 100,000
population. It more often affects women with
a female-to-male ratio 9:1 [18].

Both innate and adaptive immune re-
sponses, with overactivation of T and B cells,
impaired immune tolerance, and decreased
ability to remove immune complexes and ap-
optotic cells, are involved in the pathogenesis
of SLE [17, 18]. As a result of impaired apop-
tosis, abnormal release of intracellular anti-
gens occurs, leading to increased production
of autoantibodies by B cells. Deposition of
immune complexes in tissues results in ac-
tivation of the complement system, recruit-
ment of inflammatory cells and subsequent
organ damage. Innate immune cells produce
pro-inflammatory cytokines such as IFN-g,
TNF and IL-1, which is accompanied by an ab-
normal regulation of type I IFN [18]. Levels
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of type I IFN, an inducer of the IDO enzyme
in the KYN/TRP pathway, are therefore high-
er in SLE patients than in healthy individuals
[20]. In addition, metabolic profiling of SLE
patients has shown low TRP levels. Therefore,
it can be considered a potential biomarker for
the disease, differentiating patients with SLE
not only from controls but also from patients
with Sjogren’s syndrome and systemic scle-
rosis [21]. Abnormalities in TRP metabolism
and an increase in IDO activity under the in-
fluence of inflammatory factors in the course
of SLE were observed more than 20 years ago
and regarded as potentially linked to neu-
ropsychiatric disorders in this patient group
(Widner et al.) [22, 23].

The prevalence of depressive disorders in
patients with autoimmune diseases is higher
than in the general population. It is up to six
times higher in SLE patients than in healthy
individuals [24] and occurs in approximately
11-39% of patients [25]. For this reason, sev-
eral papers have been published recently on
the role of the kynurenine pathway in mood
disorders, cognitive impairment or the link to
chronic fatigue in SLE patients. Akesson et al.
(2017) confirmed increased kynurenine path-
way activation in patients with SLE. Compared
to controls, SLE patients had higher plasma
levels of KYN and QUIN and a higher plasma
ratio of KYN to TRP, which measures IDO
activity. Interestingly, these observations in-
cluded patients with both active and inactive
disease as measured by the Systemic Lupus
Erythematosus  Disease  Activity Index
(SLEDALI). In contrast, TRP levels were sig-
nificantly higher in the control group com-
pared to the patient group with active SLE.
The study established a correlation between
levels of pro-inflammatory cytokines [IP-10
(IFN-y inducible protein of 10kDa), TNF-a,
IL-16] and KYN, QUIN and the KYN/TRP
ratio, but not with TRP levels and, in the case
of IFN-y, only with QUIN levels. Thus, it
demonstrates the importance of pro-inflam-
matory cytokines in activating IDO and its po-
tential role in the pathogenesis of SLE. Aside
from IDO, the glucocorticoid-induced en-
zyme TDO is also involved in the metabo-
lism of TRP to KYN. However, a comparison
of the KYN/TRP ratio in patients treated
with prednisone and without steroid therapy
showed no significant difference in the above
study. However, contrary to assumptions
about the role of the kynurenine pathway in
the pathogenesis of depressive disorders, re-



sulting from a decrease in serotonin synthesis
from TRP in inflammatory processes, no cor-
relation between kynurenine pathway metab-
olite levels and depression was demonstrat-
ed. However, a weak correlation with fatigue
was observed [25]. A recent study (Anderson
et al. 2021) also provides similar conclu-
sions. Activation of the kynurenine pathway
as measured by elevated serum KYN/TRP
and QUIN/KYNA ratios compared to controls
was confirmed in SLE patients but was not as-
sociated with disease activity as measured by
the SLEDAI. However, significantly higher
QUIN/KYNA ratios were found in those with
elevated anti-dsDNA antibody levels and hy-
pocomplementaemia, i.e. with high immune
activity. Although patients with SLE and an el-
evated QUIN/KYNA ratio were slightly more
likely to be depressed, this was not statisti-
cally significant. Nonetheless, an association
was found between the QUIN/KYNA ratio
and poorer cognitive performance as assessed
by match-to-sample (MTS) test assessing work-
ing memory and visuospatial processing [26].
Elevated QUIN levels in serum and CSF have
also been shown in patients with neuropsychi-
atric manifestations of SLE [27], which may be
explained by its neurotoxic effects on the cen-
tral nervous system through enhanced oxida-
tive stress and glutaminergic excitotoxicity.

In addition to neurological and psychi-
atric symptoms, nephritis is a frequent clin-
ical manifestation of SLE, occurring in up
to 50% of patients [28]. In the histopatho-
logic classification of lupus glomerulopa-
thy according to the International Society
of Nephrology/Renal Pathology Society
(ISN/RPS) 2003, there are six classes that
differ in course, prognosis and treatment.
Class I includes minimal mesangial lesions,
II — mesangial proliferative lesions, 111 — fo-
cal lesions, IV — diffuse proliferative lesions,
V — membranous lesions, VI — advanced
glomerular sclerosis [29]. Also in lupus ne-
phropathy, abnormalities of TRP metabolism
were found to be associated with disease man-
ifestation and activity. Stimulation of IDO
activity by type I IFN leads to increased
TRP metabolism in the kynurenine pathway,
reducing the availability of TRP for serotonin
synthesis. Lood et al. (2015) demonstrated
decreased levels of serotonin in the serum
and platelets in SLE patients and their asso-
ciation with the presence of anti-dsDNA an-
tibodies and nephritis, and thus with a more
severe disease course [30]. Although the role

of metabolites in the kynurenine pathway in
the pathogenesis of chronic kidney disease
was postulated earlier [31], an article on
their role in SLE nephritis has only recently
been published. In a study published in 2021,
Anekthanakul et al. identify the PIC/TRP ra-
tio as a potential biomarker for the diagnosis
of lupus nephropathy. Patients, compared to
controls, showed significantly higher levels
of 3-HKA and reduced PIC. The kynurenine
3-monooxygenase enzyme, which is responsi-
ble for the synthesis of the metabolite 3-HKA
that has the ability to generate reactive oxy-
gen species and impair mitochondrial func-
tion, is located, among others, in podocytes,
whose damage may lead to the development
of class V lesions in the kidneys. Therefore,
the PIC/TRP ratio appears to be particu-
larly useful for differentiating membranous
forms (class V) from proliferative forms (class
III-1V) of lupus nephritis. Perhaps its use in
clinical practice will enable therapeutic deci-
sion-making and treatment monitoring with-
out the need for repeated renal biopsies [32].

Increased IDO activity found in SLE
patients and associated with immune system
activation was also considered as a predictor
of exacerbation risk. As solar radiation is one
of the factors that cause disease exacerbation,
the variability of IDO activity was studied dur-
ing three seasons — winter, spring and sum-
mer. A significant correlation was found be-
tween IDO activity and disease activity, as
assessed by the European Consensus Lupus
Activity Measurement (ECLAM) scale, both
in spring and summer. High IDO activity in
the winter was found to be a predictor of SLE
activation during the sunny period. The au-
thors of the article (Pertovaara et al.) explain
this relationship with the inhibitory effect of
IDO on T cells and its immunosuppressive
effect, which becomes insufficient to suppress
disease symptoms after additional stimuli such
as ultraviolet radiation [33].

In recent times, increasing atten-
tion has been given to the role of disruption
of the gut microbiome in the pathogenesis
of many rheumatic diseases, such as SLE,
but also rheumatoid arthritis and seronega-
tive spondyloarthropathies. A study of mice
genetically susceptible to lupus showed that
one of the mechanisms that increase immu-
nisation is the effect of bacterial flora on
TRP metabolism. In animals with gut dysbi-
osis, a high-tryptophan diet resulting in ele-
vated levels of KYN exacerbated the disease.
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Hence, the authors of the study concluded
that the interplay of an abnormal gut micro-
biota and impaired TRP metabolism over-
lapping with a genetic predisposition could
lead to the development of autoimmunity
and the onset of the disease [34].

SJOGREN’S SYNDROME

Primary Sjogren’s syndrome (pSS) is
a chronic systemic autoimmune rheumatic dis-
ease that is marked by lymphocyte infiltration
of the exocrine glands, particularly the salivary
and lacrimal glands, leading to dry eyes (kera-
toconjunctivitis sicca), dry mouth (xerostomia)
and a range of extra-glandular symptoms in-
cluding joint, lung and renal involvement [1,
35, 36]. Immunologically, the disease is indi-
cated by hypergammaglobulinemia, the pres-
ence of ANA (anti-SS-A/Ro, SS-B/La), rheu-
matoid factor (RF), and IFN production [37].

As in SLE, IDO overexpression was also
found in pSS [38]. Blood analysis of patients
diagnosed with pSS showed higher IDO-1 ex-
pression in dendritic cells compared to healthy
subjects, and increased IDO activity in T cells
and monocytes [1]. Therefore, the question of
the potential influence of metabolites in the ky-
nurenine pathway on the course of the disease
and, in particular, the occurrence of dryness
symptoms was also raised in this disease entity.

In an animal model, the presence of
serum L-kynurenine (L-KYN) was investi-
gated as a marker to differentiate patients
with autoimmune-related symptoms, such as
Sjogren’s syndrome, from patients with dry-
ness syndrome of other origin. SATB1 con-
ditional knockout mice (SATB1cKO mice)
were used for this purpose. Special AT-rich
sequence-binding protein-1 (SATBI1)
is a chromatin organiser that regulates
the expression of various genes and is found
in many haematopoietic cell types, particular-
ly T cells. SATB1cKO mice develop impaired
immune tolerance and develop the symptoms
typical of Sjogren’s syndrome — immune cell
infiltration and destruction of salivary glands
with the presence of anti-SS-A and anti-SS-B
antibodies. The IFN-y-dependent increase
in IDO levels in the salivary and lacrimal
glands found in these mice occurs earlier than
the symptoms of pSS. In SATB1cKO mice,
serum L-KYN is detected as early as four
weeks after birth; immune factors such as
anti-SS-A or anti-SS-B antibodies were not
found until four weeks later. The authors
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of this study postulate a role for L-KYN as
an early, non-invasive biomarker of the dis-
ease that can be determined before the onset
of clinical symptoms of dryness [39]. In 2020,
Sardenberg et al. published results confirming
the association of adipose infiltration present
in the labial salivary gland biopsy of pSS pa-
tients, not only with IFN-y activation but also
with the presence of metabolites in the ky-
nurenine pathway. In patients with present
adipose infiltration, which is a late histological
sign of inflammation, there were higher levels
of kynurenines. In addition, they were more
likely to show concomitant dysfunction of lac-
rimal glands (Schirmer’s test < 5 mm/5 min,
69.2% in patients with adipose infiltration
vs. 41% without infiltration). The results of
the above study thus show an association of
the kynurenine pathway and its metabolites
with greater damage to both salivary and lac-
rimal glands in pSS [40].

There are also reports on the effect of an-
other TRP metabolite, serotonin, on ophthal-
mic symptoms in patients without a diagnosis
of pSS and a correlation between serotonin
levels in tears and dry eye symptoms [41]. This
was experimentally confirmed by feeding mice
a TRP-deficient diet, which resulted in a de-
crease in blood serotonin levels and a reduc-
tion in tear secretion due to impaired hormo-
nal regulation mediated by the serotonin type
3a receptor (5-HT3aR) [42].

In pSS patients, activation of the kynure-
nine pathway was also analysed as a cause of
chronic fatigue, which occurs in approximate-
ly 70% of this patient group [1]. Elevated
IFN-induced expression of the IDO-I gene
was confirmed in pSS patients, resulting in de-
creased synthesis of serotonin and melatonin
from TRP. These substances are responsible
for sleep, mood, and the feeling of fatigue.
Interestingly, in pSS patients — contrary to SLE
patients — there was no confirmed correlation
between IDO-1 expression and fatigue [16].

It has also been hypothesised that IDO
activation plays a role in the induction of
neurological symptoms — including hyperal-
gesia — in the course of Sjogren’s syndrome,
especially in patients with milder symptoms
of dryness [38]. Stimulation of the kynurenine
pathway also affects glutamatergic neurotrans-
mission responsible, via the MNDA receptor,
for pain perception [9]. This is supported by
the fact that IDO activation was found in pa-
tients with chronic pain, including fibromy-
algia [1]. However, some findings contradict



this relationship. In a study by Valim et al,,
IDO activity measured by the KYN/TRP ra-
tio correlated positively with disease activity:
elevated levels of C-reactive protein (CRP),
hypergammaglobulinemia, reduced C3 and C4
complement components and glandular symp-
toms, but negatively with pain [43].

The effect of the kynurenine pathway on
immune cells was also analysed. IDO is an en-
zyme that inhibits T-cell activity and induces
the differentiation of Foxp3+CD4+ regula-
tory T cells (Tregs) [44]. Under the influence
of IDO and KYN, undifferentiated CD4+ T
cells are transformed into regulatory T cells,
which are necessary to maintain immune tol-
erance and inhibit the initiation of autoim-
mune processes. In IFN-positive pSS patients,
increased IDO activity was confirmed to cor-
relate with an increased percentage of CD25
cells with high levels of Foxp3+Treg. IDO ac-
tivity as measured by the KYN/TRP ratio was
significantly elevated in pSS patients com-
pared to healthy controls and reached signif-
icantly higher values in IFN-positive patients
compared to IFN-negative patients. It was
also related to the presence of anti-SS-A (an-
ti-Ro-52 and anti-Ro-60), anti-SS-B autoan-
tibodies and the presence of other laboratory
parameters of disease activity — RF, CRP
or immunoglobulin IgG, IgA, IgM levels
[45]. The results of this study are consistent
with previous reports of an association be-
tween abnormalities of TRP metabolism via
the kynurenine pathway and disease manifes-
tation and activity in pSS patients. Pertovaara
et al. (2005) also described increased TRP
degradation and IDO activity in pSS pa-
tients and its association with disease activ-
ity. IDO activity correlated with high lev-
els of inflammatory markers (ESR, CRP),
beta-2 microglobulin, IgA, and a positive
ANA result, indicating its importance in
the regulation of the immune response. In ad-
dition, IDO-positive dendritic cells can stim-
ulate the synthesis of the anti-inflammatory
cytokines: transforming growth factor g
(TGEp) and interleukin 10 (IL-10) and acti-
vate B cells, resulting in increased levels of
beta-2 microglobulin and ANA titres [46].
Also, Furuzawa-Carballeda et al. (2013), eval-
uating the immunophenotype of peripheral
blood cells by flow cytometry, found a higher
percentage of IDO-expressing dendritic cells
and IL-10-producing B cells in pSS patients
compared to controls. This favours the dif-
ferentiation of regulatory T cells expressing

Foxp3 and capable of controlling organ-spe-
cific inflammation [47].

CONCLUSIONS

Overactivation of IDO is found in SLE
and Sjogren’s syndrome patients with high im-
munological activity. It is associated with ele-
vated inflammatory parameters, higher levels
of pro-inflammatory cytokines and the pres-
ence of ANA antibodies, and thus with a more
severe disease course and increased risk of
organ damage. Previous findings indicating
a higher prevalence of anti-dsDNA antibod-
ies in SLE patients with concomitant distur-
bances in TRP metabolism confirm the asso-
ciation of kynurenine pathway activation with
the occurrence of lupus nephropathy in this
group of patients. Similarly, in Sjogren’s syn-
drome, IDO activity correlates with the pres-
ence of anti-SS-A and anti-SS-B antibodies,
which is associated with damage to the sali-
vary and lacrimal glands and thus the occur-
rence of dryness — the most typical symp-
tom of this disease entity. This demonstrates
the influence of the kynurenine pathway on
disease manifestations in autoimmune disor-
ders. Interestingly, although chronic inflam-
matory diseases are associated with reduced
levels of TRP, the precursor of neurotrans-
mitters regulating mood and sleep — serotonin
and melatonin, no significant risk of depres-
sion was confirmed. Correlations with fatigue
were observed only in SLE patients. Although
the kynurenine pathway plays an immunosup-
pressive role, its inhibitory effect on the im-
mune system in rheumatic diseases appears
to be insufficient to suppress the symptoms of
the disease.

POTENTIAL THERAPEUTIC OPTIONS

Currently, an increasing number of drugs
affecting IFN — and thus indirectly the ky-
nurenine pathway — have become available.
These include JAK kinase inhibitors (tofac-
itinib, baricitinib, upadacitinib) or monoclonal
antibodies against type I IFN (anifrolumab
for SLE therapy), and drugs inhibiting plas-
macytoid dendritic cells (BIIB059) are in clin-
ical trials [11]. Immunosuppressive effects of
the kynurenine pathway are currently being
investigated in the treatment of cancer: for
example, a selective IDOI1 inhibitor, epaca-
dostat in the treatment of melanoma [48].
However, for rheumatic diseases, there is still
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a lack of reports on therapeutic options based
on direct activation of the IDO enzyme or de-
rivative metabolites with immunosuppressive
and immunomodulatory properties. Knowing
the role of IDO enzymes in inhibiting auto-
immune processes, perhaps these will become
the focus of further research.
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