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Abstract. Recent evidence points to tryptophan (Trp)
degradation as a potent immunosuppressive mecha-
nism involved in the maintenance of immunological
tolerance. Both Trp depletion and downstream Trp
catabolites (TCs) appear to synergistically confer
protection against excessive inflammation. In this
review, we give an overview of the immunosuppres-
sive properties of Trp degradation with special focus
on TCs. Constitutive and inducible Trp degradation in

different cell types and tissues of human and murine
origin is summarized. We address the influence of Trp
degradation on different aspects of autoimmune
disorders such as multiple sclerosis. Possible thera-
peutic approaches for autoimmune disorders target-
ing Trp degradation are presented, and key issues
relevant for the development of such therapeutic
strategies are discussed.
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Introduction

The essential amino acid L-tryptophan (L-Trp) serves
not only as a building block for proteins and neuro-
transmitters such as serotonin but is also intricately
involved in the regulation of immune responses. In the
early 80s, Pfefferkorn (1984) observed that interfer-
on-g (IFN-g), a pro-inflammatory cytokine that in-
duces Trp degradation, blocks the growth of Toxo-
plasma gondii [1]. Subsequently it was suggested that
the induction of Trp degradation by inflammatory
agents inhibits the growth of pathogens and cancer
cells by depriving them of Trp [2]. In the following

years, research focused on biostatic Trp depletion as a
means of aiding the immune system in fighting
infection and neoplasia. A paradigm shift occurred
when Munn and Mellor discovered that the activity of
the rate-limiting Trp-degrading enzyme, indoleamine
2,3-dioxygenase (IDO), prevented T cell-mediated
rejection of allogenic fetuses in pregnant mice [3]. The
authors proposed that IDO-induced local Trp deple-
tion limits the free Trp supply for proliferating T cells,
thus preventing a T cell response against the devel-
oping fetus. Emerging evidence now points to a
synergistic role of both Trp depletion and downstream
Trp catabolites (TCs) in regulating adaptive immunity
[4, 5].
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Immune modulation by Trp depletion

Local depletion of Trp is one of the proposed
mechanisms of action of IDO. A large body of
evidence has been published supporting this concept:
IDO-induced Trp deficiency inhibits immune cells,
and some of these effects are reversible by addition of
Trp. Munn and colleagues identified the general
control non-derepressible-2 (GCN2) kinase as a
downstream mediator for several key effects of
IDO-mediated Trp depletion [6]. GCN2 is a stress-
response kinase that is activated by accumulation of
uncharged transfer RNA (tRNA) in response to
insufficient amino acid supply [7]. Activation of
GCN2 kinase initiates a stress-response program,
referred to as the integrated stress response (ISR),
that can trigger cell-cycle arrest, differentiation,
adaptation or apoptosis, depending on the cell type
and the initiating stress [8]. GCN2 kinase is required
for CD8+ T cells to sense and respond to Trp depletion
created by IDO. T cells lacking GCN2 proliferate
normally in the presence of IDO+ dendritic cells
(DCs) and are not susceptible to IDO-induced anergy
[6].
However, the question of whether Trp depletion is
responsible for the immunosuppressive effects of IDO
in vivo is a matter of current debate. Most of the
results suggesting Trp depletion as the mechanism of
IDO-induced immunosuppression were obtained in
vitro, where Trp depletion from the culture medium is
easily possible. In contrast, in vivo Trp is continually
supplied via the circulation, with plasma levels in the
range of 50–100 mM [9]; Trp depletion would require
concentrations of <0.5–1 mM to be maintained in the
local microenvironment for a critical time period.
Plasma levels do not reach such low concentrations,
and the diffusion of Trp into tissues is estimated to be
faster than the local degradation rate [9]. Conse-
quently, the Trp depletion hypothesis may not be the
sole explanation for the immunomodulatory proper-
ties elicited by IDO.

Trp is degraded via the kynurenine pathway

Two rate-limiting enzymes initiate the first step of Trp
catabolism: Trp 2,3-dioxygenase (TDO), which is
expressed in the liver, and IDO, which is almost
ubiquitously expressed at low levels and is induced by
various pro-inflammatory stimuli. These two enzymes
mediate the conversion of Trp to N-formylkynurenine,
which leads to the common downstream kynurenine
pathway (Fig. 1). N-formylkynurenine is further de-
graded to L-kynurenine by formamidase. L-kynure-
nine subsequently serves as a substrate for a distinct

set of enzymes: kynureninase gives rise to anthranilic
acid, kynurenine monooxygenase yields 3-hydroxy-
kynurenine and kynurenine aminotransferases pro-
duce kynurenic acid by the irreversible transamina-
tion of L-kynurenine.
3-hydroxykynurenine is converted to 3-hydroxyan-
thranilic acid by kynureninase. The 3-hydroxyanthra-
nilic acid oxygenase catalyzes the conversion of
3-hydroxyanthranilic acid to 2-amino-3-carboxymu-
conic acid semialdehyde, which either rearranges non-
enzymatically to form quinolinic acid or serves as a
substrate of 2-amino-3-carboxymuconic acid semi-
aldehyde decarboxylase, which leads to the produc-
tion of picolinic acid. Quinolinic acid phosphoribosyl-
transferase catalyses the conversion of quinolinic acid
to nicotinic acid mononucleotide, which is further
degraded to NAD+.

Immune modulation by TCs

As shown in Table 1, TCs differentially regulate
immune responses. Most studies have focused on the
effect of TCs on T cell proliferation. L-kynurenine,
3-hydroxykynurenine, 3-hydroxyanthranilic acid, qui-
nolinic acid, picolinic acid as well as 3,4-dimethox-
ycinnamoyl anthranilic acid (3, 4-DAA) suppress T
cell proliferation. 3,4-DAA is considered to be a
synthetic tryptophan metabolite [10]; however, a
possible contribution of its cinnamonyl group to its
immunosuppressive properties remains to be eluci-
dated. TCs inhibit proliferation of CD4+ and CD8+ T
cells stimulated by a variety of stimuli such as myelin
antigens [10], allogeneic cells [11, 12], anti-CD3
antibody [12], phytohemagglutinin (PHA) [11] and
common receptor-g chain cytokines [13]. Suppression
of T cells by TCs appears to be specific for activated T
cells, as kynurenine-suppressed T cells cannot be
restimulated by the same stimulus, but resting T cells
respond normally to a different stimulus [11, 12].
Induction of T cell death [4, 12, 14] as well as cell cycle
arrest [10, 11] has been proposed as the cause for T cell
suppression. Th1-polarized cells appear to be more
susceptible to kynurenine-mediated suppressive ef-
fects than Th2 cells [14]. T cell suppressive effects can
be enhanced by combining different TCs, indicating
that different TCs share common signalling pathways
to suppress T cells [11, 12]. Interestingly, reduced Trp
concentrations augment the suppression of T cell
proliferation by TCs [11]. It is tempting to speculate
that TCs may mediate their immunosuppressive
effects by competing with Trp to modulate known or
as-yet-unidentified signalling pathways. TCs also
suppress natural killer (NK) cells [11, 12], whereas B
cells are not affected by L-kynurenine or quinolinic
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acid alone [11]. A mixture of TCs, on the other hand,
induces B cell death [12]. Direct suppression of
antigen-presenting cells (APCs) may represent an-
other putative mechanism underlying the immuno-
suppressive effects of TCs. DCs do not respond to a
mixture of TCs [12], whereas other monocyte-derived

cells seem to be killed by 3-hydroxyanthranilic acid
[15, 16]. In mice with experimental autoimmune
encephalomyelitis (EAE), a model of multiple scle-
rosis (MS), the synthetic TC 3,4-DAA significantly
reduces the expression of major histocompatibility
complex (MHC) class II, CD40, CD80, CD86 and

Figure 1. The kynurenine catabolic pathway.
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inducible nitric oxide synthase (iNOS) in microglial
cells [10].
Apart from their direct immunosuppressive proper-
ties, TCs may play a role in the protection of immune
cells against oxidative stress. In particular 3-hydrox-
ykynurenine and 3-hydroxyanthranilic acid, but not
their non-hydroxylated metabolic precursors, are
potent radical scavengers [17]. In response to infec-
tion [18] and kynurenine loading [19], large concen-
trations of quinolinate accumulate intracellularly in
leukocytes. This observation prompted Moffett and
Namboodiri to hypothesize that quinolinate could be
stored as a substrate for extrahepatic NAD+ synthesis
in order to prevent NAD+ depletion caused by the
poly (ADP-ribose) polymerisation (PARP) reaction
in response to oxidative DNA damage during immune
reactions [20].
IDO itself also possesses strong antioxidant proper-
ties, as it utilizes O2

– and even has a lower Km for O2
–

than superoxide dismutase [21]. The activation of
IDO and Trp catabolism during inflammation may
therefore also protect tissues against damage by
inflammation-induced oxidative stress.

TCs – mechanism of action

The mechanism of action of TCs is largely unknown.
Fallarino and coworkers recently reported an early
down-regulation of the T cell receptor (TCR) x-chain
in CD8+ cells and a longer-term transforming growth
factor-b (TGF-b)-mediated induction of a regulatory
phenotype in naive CD4+ T cells as a result of the
combined effects of Trp starvation and TCs [5]. The
CD8+ T cells with suppressed TCR x-chain expression
display impaired cytotoxic activity ex vivo, whereas
CD4+ regulatory T cells (Tregs) treated with TCs and
Trp starvation were shown to effectively control
diabetogenic T cells when transferred in vivo [5].
Both down-regulation of the TCR x-chain and the
induction of a regulatory phenotype in CD4+ T cells
require activation of the GCN2 kinase [5].
L-kynurenine was recently shown to interfere with the
activity of NK cells by selectively inhibiting the
cytokine-induced up-regulation of NKp46- and
NKG2D-activating receptors [22]. Following L-ky-
nurenine treatment, NK cells are less efficient in
killing via NKp46 and/or NKG2D receptors but still
maintain the ability to kill via NKp30 [22].
The kynurenine pathway intermediate kynurenic acid
was identified as a ligand for GPR35, a previously
orphan G protein-coupled receptor expressed in
immune cells and the gastrointestinal tract [23].
Binding of kynurenic acid to GPR35 inhibits LPS-
induced tumour necrosis factor-a (TNF-a) secretion

in peripheral blood mononuclear cells, suggesting that
this receptor-ligand pair may play important roles in
regulating immune responses [23]. On excitatory
amino acid receptors in the central nervous system,
kynurenic acid acts as an antagonist [24], whereas
quinolinic acid functions as an agonist [25].

The regulation of Trp-degrading enzymes during
inflammation

The immunomodulatory role of the Trp degradation
pathway is further supported by its tight regulation
through important immunological mediators. The
initial and rate-limiting enzyme of Trp degradation,
IDO, is constitutively expressed in immune privileged
environments, e.g. the lower gut [26] and placenta [3].
In these environments, a constitutive shift of immune
responses towards the induction of tolerance limits
potentially harmful inflammatory responses. On the
other hand, in cell types with pro-inflammatory
potential, such as monocyte-derived macrophages,
DCs, fibroblasts and endothelial cells, Trp-metabolis-
ing enzymes are rapidly induced by inflammatory
mediators, suggesting that Trp degradation may limit
collateral damage to infected tissues. The inflamma-
tory mediators that induce IDO activity include
interferons, most potently IFN-g [27, 28], interleu-
kin-1 (IL-1) and TNF-a [29], cytotoxic T lymphocyte-
associated antigen-4 (CTLA-4) [30], prostaglandin E2
(PGE2) [31, 32] and the Toll-like receptor (TLR)
ligands polyinosinic:polycytidylic acid (pI:C) [33],
lipopolysaccharide (LPS) [34] and unmethylated
cytosine phosphatidyl guanosine (CpG) motifs [35,
36]. Similar to the induction of IDO, albeit to a lesser
extent, expression of the downstream enzymes kynur-
eninase, kynurenine monooxygenase and hydroxyan-
thranilic acid oxygenase is also increased by IFN-g and
pI:C [4, 33].
Pointing to the importance of Trp catabolism for the
immune system, IDO expression is precisely regulated
both positively and negatively by crosstalk between
costimulatory receptors and ligands on immune cells.
Among others, the interaction between CTLA-4 on
CD4+ T cells or GITR with DC CD80/86 molecules or
soluble GITR, respectively, strongly induces IDO
[37–43], whereas interference with CD40-CD40L
interactions results in the induction of CD8+ Tregs
that promote local immune privilege via the induction
of IDO [44].
Interestingly, IDO was recently identified as an
essential triggering mechanism to induce IFN-a
production by murine CD19+ DCs following B7
ligation [45]. A detailed overview of the induction of
IDO in different cells types in humans and in other
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Table 1. Immune modulation by Trp catabolites.

TC Target cells Alteration Concentration References

L-Kyn human NK cells suppression of NKp46 and NKG2D expression
reversible suppression of killing

0.3 –0.6 mM [22]

human T cells stimulated with
allogeneic DCs

induction of T cell death,
restimulation only with 3rd party DCs

I50: 157 mM [12]

human CD3-activated T cells induction of T cell death I50: 53 mM
human PHA-stimulated PBL block of cell cycle in mid-G1 phase;

synergistic effect of L-kynurenine + picolinic acid
(250 mM each)
block specific to cells responding to activating
stimulus

50–1000 mM with
26 mM trp in
medium;
8–1000 mM in Trp-
free medium

[11]

human CD4+ T cells
>CD8+ T cells>NK cells, not
B cells

inhibition (enhanced in the absence of Trp) 1 mM

KA human PBLs inhibition of LPS-induced TNF-a secretion possibly
mediated by GPR35 activation

0.1–1 mM [23]

3-HK human CD3-activated T cells induction of T cell death I50 :187 mM [12]
murine MBP Ac1 –11
TCR transgenic CD4+ T cells

suppression of antigen-specific proliferation
associated with G1/S-phase arrest;
reduced release of IL-2, IFN-g and TNF-a ; increased
release of IL-4 and IL-10

200 mM [10]

3-HAA human CD3-activated T cells induction of T cell death I50: 96 mM [12]
human T cells induction of apoptosis of Th1 but not Th2 cells 10 mM [14]
CD8+ T cells inhibition of proliferation induced by cytokines 50 mM [13]
monocyte-derived cells induction of apoptosis (enhanced by the presence of

ferrous or manganese ions)
200 mM [15, 16]

murine MBP Ac1 –11 TCR
transgenic CD4+ T cells

suppression of antigen-specific proliferation
associated with G1/S-phase arrest;
reduced release of IL-2, IFN-g and TNF-a ;
increased release of IL-4 and IL-10

[10]

HUVECs stimulated with
TNF-a

inhibition of MCP-1 secretion, VCAM-1 expression
and NF-kB

25–50 mM [129]

activated murine
macrophages

down-regulation of iNOS expression by enhancing
heme oxygenase-1 expression

25–75 mM [50, 55,
130]

is a co-antioxidant for alpha-tocopherol, inhibiting
human low density lipoprotein and plasma lipid
peroxidation

1.25–10 mM [131]

QA murine thymocytes and T cells induction of apoptosis of thymocytes and Th1 cells
but not Th2 cells

10 mM [14]

murine Ag-specific CD4+ T
cells

induction of apoptosis induced by 200 U/
mL INF-g + 10 mM
Kyn

[4]

human PHA-stimulated PBL block of cell cycle of in mid-G1 phase 8–1000 mM only in
Trp-free medium

[11]

CD4+ and NK cells, CD8+

only in the absence of Trp, not
B-cells

inhibition enhanced in the absence of Trp 1 mM

PA human PHA-stimulated PBL block of cell cycle in mid-G1 phase; synergistic effect
of L-Kyn + PA (250 mM each)

100–1000 mM
26 mM Trp in
medium;
8–1000 mM
in Trp-free
medium

[11]

CD4+ T cells,
> CD8+ T cells and NK cells,
not B cells

inhibition (enhanced in the absence of Trp) 1 mM

human macrophages induction of macrophage inflammatory protein
MIP-1a/b by transcriptional activation and mRNA
stabilization

4 mM [132]

enhances inhibition of Candida albicans growth by
murine neutrophils

> 4 mM or 2 mM in
combination with
IFN-g

[133]

human neuroblastoma cell
lines

induction of VEGF production and secretion 4 mM [134]
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species is given in Tables 2 and 3. Table 4 shows the
expression of downstream kynurenine pathway en-
zymes.
The mere induction of IDO expression does not imply
the initiation of Trp catabolism, as IDO protein can be
expressed without functional enzymatic activity.
Mouse splenic DCs express IDO protein; however,
only CD8+ DCs (not CD8– DCs) catabolise Trp [31,
46]. The CD8+ IDO-competent DC phenotype was
found to be associated with down-modulation of the
Tyrop gene encoding the signalling adaptor DAP12
[47, 48]. Also, human DCs were found to express IDO
protein but required activation by IFN-g and CD80/
CD86 for enzymatic activity [43]. The post-transla-
tional regulation of IDO is not fully understood, but
some important factors have been elucidated. IDO
enzymatic activity requires a heme prosthetic group in
its active site, and the inhibition of heme biosynthesis
inhibits the functional activity of IDO without influ-
encing protein expression [49]. Antioxidants were
reported to inhibit IDO activity in human IFN-g-
activated macrophages [49]. Nitric oxide (NO) ap-
pears to be an important regulator of IDO by (i)
interfering with transcriptional activation [50], (ii)
directly inhibiting IDO enzymatic activity [49, 51, 52]
and (iii) promoting its degradation through the
proteasome pathway [51, 52]. Similar to IDO, NO is
induced by IFN-g and LPS during inflammation
through iNOS [53]. Several regulatory interactions
have also been delineated between iNOS and the
kynurenine pathway. The Trp metabolite 3-hydrox-
yanthranilic acid and the synthetic TC 3,4-DAA
inhibit iNOS at both the expression and catalytic
levels [10, 54, 55], whereas picolinic acid functions
synergistically with IFN-g to induce iNOS expression
[54]. In macrophages, NO can react with superoxide, a
product of the respiratory burst, to form peroxynitrite.
Peroxynitrite was shown to nitrate and inactivate IDO
[34]. In addition, peroxynitrite formation was found to

block IFN-g signalling through Stat-1, leading to
impaired transcriptional induction of the IDO gene
[56].

Trp degradation and autoimmunity

The loss of tolerance against “self” leads to an ongoing
and overwhelming activation of the immune system,
causing the destruction of cells and tissues and often
resulting in chronic and debilitating diseases. Most
human autoimmune disorders involve the activation
of CD4+ T cells by autoantigens as a common critical
pathway. In light of the immunosuppressive properties
of Trp degradation and its activation by inflammatory
mediators, this mechanism is likely to be involved in
the maintenance of immunological self-tolerance [57].
The following section will consider the involvement of
Trp degradation in different aspects of autoimmune
disorders (Table 5).

Impaired Trp degradation may be involved in the loss
of tolerance in autoimmune disease

Type 1 diabetes is a T cell-mediated autoimmune
disease leading to the destruction of insulin-producing
beta cells in the pancreatic islets of Langerhans [58].
The nonobese diabetic (NOD) mouse strain is a
widely used animal model for type 1 diabetes [59, 60].
APCs, such as DCs and macrophages, are critically
involved in the pathogenesis of type 1 diabetes by
generating self-reactive effector T cells and Tregs. The
transfer of IFN-g-stimulated DCs into NOD mice
provides long-lasting protection against insulin-de-
pendant diabetes in recipient mice [61]. IFN-g poten-
tiates the tolerogenic potential of a subset of splenic
DCs via activation of IDO and the production of T
cell-suppressive TCs [46, 62], indicating that IDO

Table 1 (Continued)

TC Target cells Alteration Concentration References

3, 4-DAA MBP Ac1–11 TCR-
transgenic CD4+ T cells

suppression of antigen-specific proliferation [10]

microglial cells treated with
IFN-g and LPS

suppression of iNOS expression and NO release [10, 135]

murine spinal cord microglial
cells

reduction of expression of MHC class II, CD40,
CD80, CD86, and iNOS after treatment of mice with
EAE

[10]

Kyn + 3-HK +
AA + 3-HAA +
QA

human CD3-activated T cells suppression by preferentially killing activated T-
cells;
additive effect of Trp metabolites

I50 = 15 mM [12]

human T, B and NK cells, but
not DC

induction of cell death

AA, anthranilic acid; 3,4-DAA, 3,4-dimethoxy-cinnamonyl-anthranilic acid; 3-HAA, 3-hydroxyanthranilic acid; 3-HK, 3-hydrox-
ykynurenine; KA, kynurenic acid; Kyn, kynurenine; PA, picolinic acid; QA, quinolinic acid; Trp, tryptophan.
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Table 2. IDO expression and induction in human cells and tissues.

Tissue/cell types Constitutive Induced by Inhibited by References

human A-22 arachnoidea No IFN-g [136]

human A-431 epidermoid carcinoma No IFN-g [137, 138]

human A431 vulva carcinoma cell line No IFN-g [139]

human A498 kidney carcinoma cell line No IFN-g [138]

human A549 lung carcinoma No IFN-g [138]

human aortic smooth muscle cells No IFN-g [140]

human bone marrow stromal cells No IFN-g [141]

human brain Yes [142]

human brain microvascular endothelial cells No IFN-g [143, 144]

human bronchial epithelium No IFN-g [145]

human C41 cervical carcinoma cell line No IFN-g [139]

human CAOV-3 ovarian carcinoma cell line No IFN-g [139]

human CD4+ T cells No IFN-b [146]

human CD4+ T cells No CTLA-4-Ig [38]

human DC No IFN-g [62]
No CTLA-4-Ig [38]
No CTLA-4 on CD4+ T cells [43]
No thymosin-a1 [147]
No PGE2 (2nd signal through TNF-a or

TLR necessary for functional IDO)
[31]

human DCs associated with tumours Yes PGE2 [32, 71, 148]

human endometrium during decidualization Yes IFN-g [149]

human endothelium (SVEC) No IFN-g [150]

human eosinophils No IFN-g [151]

human epidermal Langerhans cells No IFN-g [152]

human uroepithelial cell line RT4 No IFN-g IL-1, NO [51, 153]

human fibroblasts No IFN-g IL-4, IL-10, TGF-b [1, 27, 136–138,
154–159]

human fibrosarcoma cell line 2C4 No IL-4, IL-13 [160]

human FL amnion cells No IFN-g [137]

human glioblastoma cell line No IL-4, IL-10 [157]

human glioblastoma cell line 86HG39 No IFN-g [161]

human glioblastoma cells No TGF-b [157]

human HeLa cervical carcinoma cells No IFN-g [136, 137]

Hep-2 human epithelial type 2 cells No IFN-g [156]

human HK-2351 scalp No IFN-g [136]

human HS578T breast cancer cell line No IFN-g [139]

human HTB-138 astroglioma cell line No IFN-g [162, 163]

human I407 epithelial cell line No IFN-g [156]

human intestine Yes [164]

human J82 bladder carcinoma cell line No IFN-g [138]

human KATO-111 stomach cancer cells No IFN-g [137]

human KB oral carcinoma No IFN-g [156]

human keratinocytes No IFN-g [165]

human LB1156-SCCHN pharyngeal squamous
cell carcinoma cell line

Yes [72]

human LB1263-SCCHN laryngeal carcinoma
cell line

Yes [72]

human LB1610-MEL melanoma cell line Yes [72]
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Table 2 (Continued)

Tissue/cell types Constitutive Induced by Inhibited by References

human lung slices No IFN-a, IFN-g [166]

human macrophages No IFN-g, CpG-ODN, IFN-b, HIV-1
proteins Nef, Tat, PAF

NO, antioxidants [49, 114, 136,
167–173]

human MDA-MB-231 breast cancer cells No IFN-g [174]

human melanoma cells No IFN-g [175]

human monocytes No IL-4 [176]

human monocytes (Fc(epsilon)RI = main
receptor for specific IgE in type I-mediated
allergies)

No cross-linking of FceRI [177]

human MonoMac6 monocytic cell line No [182]

human MZ-PC-1 pancreatic carcinoma cell line Yes [72]

human NCI-H292 airway epithelial-like cells No IFN-g [178]

human NCI-H596 NSCL carcinoma cell line Yes

human NY osteosarcoma No IFN-g [137]

human OKK maxillary gland cells No IFN-g [137]

human osteosarcoma cell lines No IL-12 and IL-18 [179]

human OVCAR-3 ovarian carcinoma cell line No IFN-g [139]

human PBMC No IFN-g, IFN-a, IFN-b. CTLA-4-Ig,
IL-2, CpG-ODN

atorvastatin, NO,
peroxynitrite, IL-4,
IL-10

[38, 113, 156,
168, 170,
180–183]

human placenta Yes [184]

human placental chorionic villi (cultured) Yes IFN-g IL-4 [185]

human placental explant cultures Yes LPS [186]

human primary conjunctival epithelial cells No IFN-g [187]

human primary fetal astrocytes No IFN-g [188]

human primary fetal microglia No IFN-g [188]

human primary fetal neurons No IFN-g [188]

human RT4 uroepithelial cells No IFN-g IL-1 (IFN-g-induced
IDO expression)

[153]

human SK-HEP-1, hepatoma No IFN-g [138]

human SK-N-SH, neuroblastoma No IFN-g [138]

human synovial cells No IFN-g [189]

human T 24 bladder carcinoma cell line No IFN-g [138, 167, 190]

human T-2346 meningeoma No IFN-g [136]

human THP-1 myelomonocytic cell line No IFN-g IL-4 [138, 156, 183]
CpG-ODN IL-10 [180, 183]
TNF-a + IL-6 atorvastatin [180, 182]
TNF-a + IL-1b peroxynitrite [180, 181]
IL-1b + IL-6 [180]
low micromolar NO
concentrations

high micromolar NO
concentrations

[111]

human U 138 MG, glioblastoma cell line No IFN-g [138]

human U937 leukemic monocyte lymphoma
cell line

No CpG-ODN [180]
low micromolar NO
concentrations

high micromolar NO
concentrations

[111]

human vascular smooth muscle SVSMC and
ASMC

No IFN-g [150]

human WiDr colon adenocarcinoma No IFN-g [156]

hepatitis C patients No IFN [191]
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mediates the tolerogenic effects of IFN-g. This notion
is supported by the finding that DCs from NOD mice,
which are generally prone to autoimmune diseases,
are unresponsive to the tolerogenic effects of IFN-g as
a result of impaired transcriptional activation of IDO

[56]. Hence, defective self-tolerance and subsequent
development of autoimmune disease in NOD mice
appears to be a result of impaired Trp catabolism.
Interestingly, mice deficient in IFN-g or the IFN-g
receptor develop progressive and fatal EAE, suggest-

Table 3. IDO expression and induction in non-human cells and tissues.

Tissue/cell type Constitutive Induced by Inhibited by References

mouse EC No CD40-Ig on CD8+ Treg [44]

mouse GITRL+ pDCs No Dexamethasone (induction
of GITR in CD4+ T cells)

[40]

mouse (systemic) No LPS [34]

mouse spleen No IFN-a [36, 192]

murine epidydimis (caput) Yes [37, 193,
194]

Mouse (systemic) No BCG (via IFN-g) [195]

murine astrocytes No IFN-g [196]

murine brain No LPS [197]

murine cancer cell lines: mastocytoma P815, sublines P1HTR
and P511

Yes [72]

murine CD11c+ cells No CpG-ODN (via IFN-g and
IL-12)

[35]

murine concepti Yes [198]

murine DC No thymosin-a1 (via TLR9 and
IFN type I)

[147]

murine DCs (CD8a+) No IFN-g [46]

murine DC subsets No CTLA-4-Ig [109, 199]

murine DCs No CTLA-4 on CD4+ T cells [43]

murine DCs (CD8a–) No DAP12 [48, 200]

murine DCs via IFN-g and STAT1 No CTLA-4-Ig [30]

murine DCs plasmacytoid splenic No CD200-Ig fusion protein [147]

murine plasmacytoid DC No GITR-Ig [40]

murine heart Yes [193]

murine hippocampus, including the dentate gyrus, the CA
regions, and the entorhinal cortex

Yes IFN-g [201]

murine lung Yes LPS (i.p.) [193, 202]

murine macrophages No CpG-ODN NO [50, 170,
171, 203]

murine macrophages of the BAC1.2F5 cell line No IFN-g [204]

murine microglia No IFN-g [196]

murine placenta Yes [3, 198]

murine prostate Yes [193]

murine smooth muscle Yes [193]

murine spleen if applied systemically No CpG-ODN [36]

murine thyroid Yes [193]

murine vascular endothelium of malaria-infected mice No IFN-g [205]

NOD mice No peroxynitrite [56]

rabbit duodenum Yes [206]

rabbit thyroid gland Yes [206]

splenic DC from Lewis rats EAE model No estrogen [207]

cultured bovine luteal cells No IFN-g [208]
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ing that IFN-g may limit the extent of EAE by
suppressing the expansion of activated CD4+ T cells
[63]. However, despite the importance of IFN-g
signalling, a role of aberrant Trp degradation in the
etiology of autoimmune conditions other than insulin-
dependant diabetes in NOD mice has not yet been
elucidated. A concept of how Trp catabolism mediates
T cell-mediated autoimmunity is depicted in Fig. 2.

Trp degradation as a therapeutic mechanism in
autoimmune inflammation

Increased Trp degradation has been observed in
various autoimmune disorders (Table 5). While it is
tempting to speculate that Trp catabolism serves as an
endogenous counter-regulatory mechanism to limit

inflammation, evidence of its role in autoimmune
diseases is limited. For instance, inhibition of IDO
activity in an animal model of MS results in exacer-
bated disease [64, 65]. Conversely, genetic ablation of
IDO in mice does not result in overt, immediate
autoimmune disease [41], indicating that the absence
of IDO-mediated Trp catabolism per se is not suffi-
cient to unleash autoimmunity. These considerations
regarding the physiological role of Trp catabolism set
aside, there is a clear notion that immunomodulation
through interference with Trp catabolism may be used
as a treatment to suppress or enhance altered antigen-
specific immunity, i.e. to treat autoimmune diseases
[10] or transplant rejection [66–68] or to augment anti-
tumour immune responses [69–73]. In this light, the
development of synthetic TCs [10] or pharmacologic
inhibitors of IDO [74–79] represent promising immu-

Table 4. Expression and induction of downstream enzymes of the kynurenine pathway.

Enzyme Tissue/cell Induced by References

KMO / KH human placenta [184]
human brain [142]
human liver [209]
human THP-1 myelomonocytic cell line IFN- g [210]
human DC pI:C [33]
human monocytes IFN-g, TNF-a, LPS, cross-linking of FceRI [88, 177]
murine DC IFN-g [4]
rat neurons [88]
rat astrocytes [88]
pig liver [211]
rabbit ciliary body/ iris [212]
rabbit liver [212, 213]
liver of rat, mouse, gerbil [213]
lung of rabbit, rat, mouse, gerbil [213]
brain of rabbit, mouse, gerbil [213]
rat brain [213, 214]
immortalized murine macrophages MT2 IFN-g [215]
immortalized murine microglial cells N11 [215]

Kynureninase human placenta [184]
human brain [142]
human DC pI:C [33]
murine DC IFN-g [4]
rabbit liver [212, 213]
rabbit lung [212, 213]
liver of rat, mouse, gerbil [213]
lung of rat, mouse, gerbil [213]
brain of rabbit, rat, mouse, gerbil [213]
human brain [142]
rabbit iris/ciliary body [212]

KAT1 immortalized murine macrophages MT2 [215]
immortalized murine microglial cells N11 [215]
human placenta [184]
murine DC IFN-g [4]

HAO beef liver [216]
rat brain [217]
rat liver [217]
immortalized murine macrophages MT2 [215]
immortalized murine microglial cells N11 [215]
rabbit liver [218]

HAO, hydroxyanthranilic acid oxygenase; KAT1, kynurenine amino transferase 1; KH, kynurenine hydroxylase; KMO, kynurenine
monooxygenase.
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Table 5. Trp degradation in autoimmune disease.

Trp degradation involved in pathogenesis of autoimmune disease
Disease/disease model Tissue/cell type Alteration References

Type 1 diabetes (NOD mice) DCs fl transcriptional activation of the IDO gene [56]

Trp degradation activated to limit autoimmune inflammation
Disease/disease model Tissue/cell types Alteration References

murine EAE IDO inhibitor caused exacerbation [91]

relapsing-remitting mouse EAE T cells, antigen-presenting cells,
microglia

3, 4-DAA:
fl autoreactive T cells
fl release of inflammatory mediators
fl inflammatory foci in the CNS tissue
fl activation of APCs
3-HK and 3, 4-DAA:
› Treg

[10]

rat EAE spinal cord › activity of kynurenine monooxygenase
› 3-HK
› QA

[88]

rat EAE splenic dendritic cells suppression of EAE by estrogen was partly abrogated
by inhibiting IDO

[207]

rat EAE spinal cord › QA [89]

relapsing-remitting MS cerebrospinal fluid fl L-Trp [219]

relapsing MS cerebrospinal fluid fl KA [90]

MS plasma › KA [220]

inflammatory bowel disease colon › IDO mRNA [164]

Crohn’s disease perifollicular regions of
lymphoid follicles

› IDO

Crohn’s disease supernatants from colonic
explant cultures

› Kyn
fl L-Trp

rheumatoid arthritis blood fl L-Trp [81, 82]

rheumatoid arthritis blood fl L-Trp
fl 3-HK
fl 3-HAA
› Kyn
$ KA

[80]

rheumatoid arthritis synovial fluids fl L-Trp
› IDO activity

[221]

systemic lupus erythematosus blood › Kyn
fl L-Trp

[83, 84]

primary Sjçgren’s Syndrom blood › Kyn
fl L-Trp

[84, 85]

Trp degradation involved in therapeutic approaches for autoimmune diseases
Disease model Tissue/cell types Therapeutic molecules/cells References

RA (DBA/1 mice) CD4+ T cells, B cells Agonistic anti-4–1BB monoclonal antibody [86]

rat EAMG plasma cells IFN-g-treated dendritic cells [122]

mouse diabetes (islet cell
transplant model)

B7-positive murine DCs CTLA-4–IgG [30]

mouse EAU murine CD11c+ DCs Agonistic anti-4–1BB monoclonal antibody [222]

mouse EAE T cells and spinal cord
mircroglial cells

Trytophan metabolites [10]

IDO, indoleamine-2,3-dioxygenase; 3,4-DAA, 3,4-dimethoxy-cinnamoyl-anthranilic acid; 3-HAA, 3-hydroxyanthranilic acid; 3-HK,
3-hydroxykynurenine; KA, kynurenic acid; Kyn, kynurenine; QA, quinolinic acid; L-Trp, L-tryptophan; EAE, experimental autoimmune
encephalitis; EAMG, experimental autoimmune myasthenia gravis; EAU, experimental autoimmune uveitis; MS, multiple sclerosis; RA,
rheumatoid arthritis.

2552 C. A. Opitz et al. Tryptophan degradation in autoimmune diseases



nomodulatory strategies. In the following paragraphs,
Trp degradation as both an endogenous feedback
inhibitory mechanism in autoimmune diseases and a
therapeutic target will be discussed using rheumatoid
diseases and MS as examples.

Trp degradation in rheumatoid disease

Patients with rheumatoid arthritis (RA) [80–82],
systemic lupus erythematosus (SLE) [83, 84] and

primary Sjçgren’s Syndrome (pSS) [85] display sig-
nificantly decreased blood levels of Trp as well as
increased levels of kynurenine in comparison with
healthy controls. In addition, decreased 3-hydroxyky-
nurenine and 3-hydroxyanthranilic acid as well as
increased xanthurenic acid were detected in patients
with RA in comparison to healthy controls, while
kynurenic acid concentrations remained normal [80].
The induction of Trp degradation may be associated
with the progression or additional symptoms of
disease. For instance, in RA increased Trp degrada-
tion correlates with the progression of disease (RA
stages 1–4 according to Steinbrocker) [82]. In patients
with SLE, enhanced Trp degradation was found when
serositis or decreased complement and blood counts
(anaemia, leukopaenia, lymphopaenia) were present,
but only a weak association between Trp degradation
and the SLE disease activity index (SLEDAI) was
observed [84]. No differences in clinical manifesta-
tions of pSS were noted between patients with high or
low Trp degradation [85]; however, Trp degradation
appeared to be related to the severity and activity of
pSS, reflected by a higher number of American-
European consensus criteria fulfilled in the high-IDO
activity group [85]. Collectively, these data solely
indicate the fact that increased Trp metabolism is
associated with autoimmunity. The functional rele-
vance of Trp metabolism for the clinical course of
human autoimmune diseases remains unknown.
Further insight into the function of Trp degradation in
autoimmune disease may lead not only to a better
understanding of the pathophysiology of autoimmune
diseases but also to the development of novel ther-
apeutic strategies. Evidence from animal models, for
instance, indicates that Trp degradation is critically
involved in suppression of RA by agonistic antibodies
directed against the costimulatory molecule CD137
(4-1BB) [86]. Similarly, Trp degradation appears to be
involved in the immunosuppressive effects of a fusion
protein consisting of immunoglobulin and CD152/
CTLA-4, a costimulatory molecule on T cells that
binds to CD80/B7-1 and CD86/B7-2 on APCs [30].
The CTLA-4-Ig fusion protein AbataceptTM was
recently approved by the U.S. Food and Drug
Administration (FDA) for the treatment of RA [87].
However, the contribution of Trp degradation versus
costimulatory blockade to the clinical efficacy of this
compound remains to be determined.

Trp degradation in MS

Similar to RA, Trp catabolism is activated in MS,
possibly as a feedback inhibitory mechanism to help
counteract the loss of immunological tolerance and to

Figure 2. Modulation of T cell-mediated autoimmunity by Trp
catabolism. Indoleamine-2,3-dioxygenase (IDO) is up-regulated in
dendritic cells by pro-inflammatory mediators such as interferon-g
(IFN-g), lipopolysaccharide (LPS) and synthetic double-stranded
RNA (pI:C), whereas nitric oxide (NO) and peroxynitrite (PON)
are strong suppressors of IDO. IDO activity results in the depletion
of L-tryptophan (L-Trp) and in the accumulation of kynurenine
(Kyn). Depletion of L-Trp results in the disinhibition of general
control non-derepressable 2 (GCN2) kinase in naive TH0, promot-
ing their differentiation into regulatory TH cells (rTH) upon
antigen-mediated activation. Kyn equally suppress the generation
of autoaggressive TH cells (THA), promoting autoimmunity and
inducing differentiation into rTH cells by an as-yet-unidentified
mechanism. rTH cells are capable of suppressing THA cells. THA
cells release pro-inflammatory IFN-g, thus providing a feedback
inhibitory signal to suppress excess autoimmunity. rTH cells can
suppress IDO induction via the release of interleukins (IL)-4, -10
and -13 and transforming growth factor-b (TGF-b) as well as induce
IDO induction via cell contact-dependent signalling through
cytotoxic T lymphocyte-associated protein 4 (CTLA-4) and
glucocorticoid-induced tumor necrosis factor receptor family-
related gene (GITR) expressed on their surface.
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limit neuroinflammation. In EAE, Trp degradation is
increased in the brain and the spinal cord during the
acute phase of disease [64, 88–91]. This observation
suggests that IFN-g from encephalitogenic Th1 cells
may provoke local IDO expression, which in turn may
be involved in the resolution of inflammation during
the remitting phases of EAE and MS [64]. Treatment
with 1-methyl-Trp, a pharmacological inhibitor of
IDO, resulted in a exacerbation of EAE [64, 91],
reinforcing the notion that Trp degradation represents
an endogenous inhibitory mechanism to limit neuro-
inflammation. These data collectively suggest that Trp
catabolism may serve as an attractive novel target to
treat autoimmune diseases [92]. However, one has to
keep in mind that systemic activation of Trp catabo-
lism may also have unfavourable effects. For instance,
in neuroinflammatory diseases such as MS, certain
TCs such as quinolinic acid may contribute to neuro-
degeneration and permanent loss of function. Quino-
linic acid elicits neurotoxic effects by acting as an
agonist on excitatory NMDA receptors [25]. The
source of excitotoxic quinolinic acid in the CNS is
microglia [93] and infiltrating macrophages [94].
Indeed, quinolinic acid was found to be elevated
selectively in the spinal cords of rats with EAE [88,
89]. Whether quinolinic acid accumulation in the CNS
during autoimmune neuroinflammation is sufficient
to provoke functional or structural neuron defects,
however, remains to be proven.
In contrast to quinolinic acid, kynurenic acid, another
Trp metabolite, is an endogenous antagonist of
excitatory amino acid receptors and was shown to
exert neuroprotective functions. In patients with
stable relapsing-remitting MS, decreased levels of
kynurenic acid were detected in the cerebrospinal
fluid (CSF) [90], whereas during acute relapses the
levels of kynurenic acid in the CSF were increased
[95]. This increase in kynurenic acid during acute MS
relapses may protect against the toxic effects of
glutamate on neurons and oligodendrocytes by antag-
onizing NMDA receptors.

Interferon-b and Trp catabolism in MS

Interferon-b (IFN-b) is the mainstay of disease-
modifying therapy for patients with relapsing-remit-
ting MS [96]. The mechanism by which IFN-b exerts
beneficial disease-modifying effects in MS remains
unclear but, among other mechanisms, may involve
suppression of T cell activation [97, 98]; inhibition of
IFN-g-induced MHC class II expression on endothe-
lial cells [99]; a decrease in TNF-a and increase in IL-6
production [100]; an increase of B7-H1 (PD-L1) on
monocytes and DCs [101]; up-regulation of mono-

cyte-derived HLA-G [102]; an increase of the costi-
mulatory molecules CD80, CD86 and CD40 on
monocytes [103]; inhibition of matrix metalloprotei-
nases [104, 105], leading to reduced T cell migration
[106]; induction of TGF-b1 and its receptor [107]; and
inhibition of iNOS expression [108]. Some of the
above-mentioned mechanisms such as T cell suppres-
sion [109] and the induction of HLA-G [110] can be
mediated by IDO; others, such as induction of the
costimulatory molecules CD80, CD86 [30, 43] and
CD40 [44] as well as inhibition of iNOS [51, 52, 111],
may increase the cells� ability to induce IDO. These
observations may imply that the immunosuppressive
therapeutic effects of IFN-b in patients with MS may
in part be mediated through tryptophan catabolism.
In 1981 Yoshida and colleagues reported that murine
fibroblast IFN-a/b induce IDO expression in murine
lung slices [112]. Subsequently, IFN-b-mediated IDO
induction in human PBMC was observed both in vitro
[113] and in vivo after treatment of cancer patients
with IFN-b [114]. More recently, concentrations of
IFN-b1b comparable to those found in the sera of MS
patients were shown to increase IDO mRNA expres-
sion and quinolinic acid production in human macro-
phages [115]. Plasma levels of kynurenic acid were not
changed in MS patients after initial treatment with
IFN-b or after long-term IFN-b treatment [116]. In
contrast, after initiation of IFN-b1a/b treatment, there
was an increase in the kynurenine/tryptophan (K/T)
ratio, indicating an induction of IDO [116]. However,
in patients receiving long-term IFN-b, the K/T ratio
did not differ from the healthy control group [116]. At
present the impact of IFN-b-mediated induction of
Trp catabolism in patients with autoimmune diseases
remains elusive. As the inhibition of Trp catabolism
exacerbates EAE [91], induction of Trp catabolism by
IFN-b could be beneficial in MS but does not appear
to be involved in the long-term effects of IFN-b
treatment [116]. On the other hand, induction of
quinolinic acid production by IFN-b could also
account for toxic effects on neurons or oligodendro-
cytes [115]. Depression was considered to be a side
effect of IFN-b and has been discussed to result from
the depletion of Trp by the IFN-b-mediated induction
of Trp catabolism [117]; however, recent studies could
not confirm induction of depression by IFN-b1a or
IFN-b1b in long-term IFN-b-treated MS patients
[118–120].

TCs as immune-modulating agents

Circulating L-kynurenine, 3-hydroxykynurenine and
anthranilic acid are taken up into the brain by the large
neutral amino acid carrier (L-system) of the blood-
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brain barrier, whereas quinolinic acid, kynurenic acid
and 3-hydroxyanthranilic acid cross the blood-brain
barrier poorly [121]. As the global activation of Trp
degradation during neuroinflammation may also be
detrimental due to production of neurotoxic substan-
ces such as quinolinic acid, alternative therapeutic
strategies circumventing the generation of toxic
neuroactive TCs accessing the CNS hold great prom-
ise for the treatment of autoimmune neuroinflamma-
tion. Certain non-toxic TCs show potent immune-
modulating activity. Kynurenine, 3-hydroxykynure-
nine and 3-hydroxyanthranilic acid were shown to
strongly suppress T cell proliferation in vitro, and a
mixture of kynurenine and 3-hydroxyanthranilic acid
significantly prolonged graft survival in a skin allog-
raft model [66]. In the relapsing-remitting mouse
model of EAE, the orally active synthetic Trp
derivative 3,4-DAA suppressed the frequency and
function of autoreactive Th1 cells, inhibited the
release of inflammatory mediators such as IFN-g,
TNF-a and IL-12/23 p40 and led to a reduction of the
inflammatory foci in the CNS tissue [10]. In addition,
the natural Trp catabolite 3-hydroxykynurenine and
the synthetic Trp metabolite 3,4-DAA induced anti-
gen-specific IL-10-producing T cells with regulatory
potential in vitro and in vivo [10]. A regulatory
phenotype in naive T cells producing IL-10 and TGF-b
was also induced by a mixture of 3-hydroxykynur-
enine, 3-hydroxyanthranilic acid and quinolinic acid in
combination with low Trp concentrations [5]. The
activation of APCs was also suppressed by a synthetic
TC, as spinal cord microglial cells exhibited drastically
reduced expression of pro-inflammatory molecules
when mice with EAE were treated with 3,4-DAA [10].
Collectively, these findings suggest that TCs and their
analogues may be more effective in treating auto-
immune disorders than global induction of Trp
degradation.

Future directions: Trp degradation as a therapeutic
strategy for autoimmune diseases

The immunosuppressive properties of Trp degrada-
tion may be exploited for the treatment of auto-
immune diseases using three distinct approaches:
1) treatment with compounds that induce
Trp catabolism
2) cell therapy with cells expressing Trp-
degrading enzymes
3) treatment with TCs or synthetic derivatives thereof

1) Treatment with compounds that induce Trp
metabolism
In order to successfully employ this therapeutic
approach, we need to have a better understanding of
individual enzymatic steps during Trp degradation in
different cell types, their regulation, and the distribu-
tion of TCs in different organ systems. For instance, for
most cell types, we do not know which TCs are
produced to which extent upon stimulation. The
impact of various stimulants of Trp degradation is
likely to vary between different cell types; this may
allow for the design of compounds that specifically
induce Trp metabolism in certain cell types. To employ
the induction of Trp degradation as a therapeutic
strategy for autoimmune diseases, however, we need
to gain further insight into potential adverse effects of
Trp breakdown products.

2) Cell therapy with cells expressing Trp-degrading
enzymes
Cell therapy with cells expressing Trp-degrading
enzymes can be achieved either by stimulating the
cells with compounds inducing Trp-degrading en-
zymes ex vivo and then transferring them into the
recipient [122] or by transferring cells that have been
genetically modified [123, 124]. This therapeutic
approach has the advantage of specifically producing
TCs in the inflamed tissue of interest if cell types with a
particular homing pattern are used as vehicles. Neuro-
nal stem cells, for example, show inflammation-
directed homing toward pathology [125]. DCs also
respond to inflammatory stimuli that promote the
recruitment of immature DCs into tissues, initiate the
DC maturation process and boost the recruitment of
mature DCs into lymphatic vessels [126]. Questions
that need to be addressed before applying transfer of
Trp-degrading cells as a therapeutic strategy for
autoimmune diseases include the time period in
which the manipulated cells degrade Trp, their admin-
istration, their migratory behaviour, their influence on
other cells as well as their life span after transplanta-
tion.

3) Treatment with TCs or their synthetic derivatives
The approach of using TCs therapeutically may offer
several benefits, as a single Trp metabolite will be
more specific than globally activating the entire
cascade of Trp degradation. In addition, a single
metabolite is less likely to activate many different
signalling pathways that could induce adverse side
effects. Furthermore, treatment with TCs may be
more practical than the therapeutic approaches out-
lined above, as orally active synthetic TCs are already
available for use and could serve as models for the
generation of novel compounds [92]. For instance,
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quinoline derivatives such as teriflunomide [127] and
laquinimod [128] suppress T cell responses similarly to
structurally analogous TCs and are currently under-
going clinical evaluation for the treatment of MS.
Structural similarity to Trp catabolites may be in-
volved in the mechanism of action of some compounds
that are currently being used to modulate immune
responses; acetylsalicylic acid, for instance, is struc-
turally similar to anthranilic acid.
A key question concerning the therapeutic use of Trp
degradation is how TCs mediate immunosuppressive
effects. To date neither the receptors of the TCs nor
the signalling pathways they activate are fully under-
stood. However, this question needs to be addressed
not only to develop novel compounds capable of
modelling the immunosuppressive effects of TCs but
also to understand the entire concept of immunosup-
pression by TCs. Additional unanswered issues con-
cerning TCs as therapeutic targets for autoimmune
disease include the effect of different TCs on distinct
cell types, their tolerability, their pharmacodynamics
as well as their pharmacokinetics.
In summary, Trp metabolism appears to be a promis-
ing target for the development of novel therapeutic
strategies to treat autoimmune disorders. However,
many unresolved questions remain to be elucidated to
fully understand this important immunosuppressive
metabolic pathway and to translate this knowledge
into designing novel therapeutic strategies for auto-
immune diseases.

Acknowledgements. This work was supported by grants to M. P.
from the Helmholtz Foundation (VH-NG-306) and the Center for
Interdisciplinary Clinical Research T�bingen (1496-0-0).

1 Pfefferkorn, E. R. (1984) Interferon gamma blocks the growth
of Toxoplasma gondii in human fibroblasts by inducing the
host cells to degrade tryptophan. Proc. Natl. Acad. Sci. USA
81, 908 – 912.

2 Taylor, M. W. and Feng, G. S. (1991) Relationship between
interferon-gamma, indoleamine 2, 3-dioxygenase, and tryp-
tophan catabolism. FASEB J. 5, 2516 – 2522.

3 Munn, D. H., Zhou, M., Attwood, J. T., Bondarev, I., Conway,
S. J., Marshall, B., Brown, C. and Mellor, A. L. (1998)
Prevention of allogeneic fetal rejection by tryptophan catab-
olism. Science 281, 1191 – 1193.

4 Belladonna, M. L., Grohmann, U., Guidetti, P., Volpi, C.,
Bianchi, R., Fioretti, M. C., Schwarcz, R., Fallarino, F. and
Puccetti, P. (2006) Kynurenine pathway enzymes in dendritic
cells initiate tolerogenesis in the absence of functional IDO.
J. Immunol. 177, 130 – 137.

5 Fallarino, F., Grohmann, U., You, S., McGrath, B. C.,
Cavener, D. R., Vacca, C., Orabona, C., Bianchi, R.,
Belladonna, M. L., Volpi, C., Santamaria, P., Fioretti, M. C.
and Puccetti, P. (2006) The combined effects of tryptophan
starvation and tryptophan catabolites down-regulate T cell
receptor {zeta}-chain and induce a regulatory phenotype in
naive T cells. J. Immunol. 176, 6752 – 6761.

6 Munn, D. H., Sharma, M. D., Baban, B., Harding, H. P.,
Zhang, Y., Ron, D. and Mellor, A. L. (2005) GCN2 kinase in T
cells mediates proliferative arrest and anergy induction in

response to indoleamine 2, 3-dioxygenase. Immunity 22,
633 – 642.

7 Dong, J., Qiu, H., Garcia-Barrio, M., Anderson, J. and
Hinnebusch, A. G. (2000) Uncharged tRNA activates GCN2
by displacing the protein kinase moiety from a bipartite
tRNA-binding domain. Mol. Cell 6, 269 – 279.

8 Harding, H. P., Novoa, I., Zhang, Y., Zeng, H., Wek, R.,
Schapira, M. and Ron, D. (2000) Regulated translation
initiation controls stress-induced gene expression in mamma-
lian cells. Mol. Cell 6, 1099 – 1108.

9 Terness, P., Chuang, J. J. and Opelz, G. (2006) The immunor-
egulatory role of IDO-producing human dendritic cells
revisited. Trends Immunol. 27, 68 – 73.

10 Platten, M., Ho, P. P., Youssef, S., Fontoura, P., Garren, H.,
Hur, E. M., Gupta, R., Lee, L. Y., Kidd, B. A., Robinson, W.
H., Sobel, R. A., Selley, M. L. and Steinman, L. (2005)
Treatment of autoimmune neuroinflammation with a syn-
thetic tryptophan metabolite. Science 310, 850 – 855.

11 Frumento, G., Rotondo, R., Tonetti, M., Damonte, G.,
Benatti, U. and Ferrara, G. B. (2002) Tryptophan-derived
catabolites are responsible for inhibition of T and natural
killer cell proliferation induced by indoleamine 2, 3-dioxyge-
nase. J. Exp. Med. 196, 459 – 468.

12 Terness, P., Bauer, T. M., Rose, L., Dufter, C., Watzlik, A.,
Simon, H. and Opelz, G. (2002) Inhibition of allogeneic T cell
proliferation by indoleamine 2, 3-dioxygenase-expressing
dendritic cells: mediation of suppression by tryptophan
metabolites. J. Exp. Med. 196, 447 – 457.

13 Weber, W. P., Feder-Mengus, C., Chiarugi, A., Rosenthal, R.,
Reschner, A., Schumacher, R., Zajac, P., Misteli, H., Frey, D.
M., Oertli, D., Heberer, M. and Spagnoli, G. C. (2006)
Differential effects of the tryptophan metabolite 3-hydrox-
yanthranilic acid on the proliferation of human CD8+ T cells
induced by TCR triggering or homeostatic cytokines. Eur. J.
Immunol. 36, 296 – 304.

14 Fallarino, F., Grohmann, U., Vacca, C., Bianchi, R., Orabona,
C., Spreca, A., Fioretti, M. C. and Puccetti, P. (2002) T cell
apoptosis by tryptophan catabolism. Cell Death Differ. 9,
1069 – 1077.

15 Morita, T., Saito, K., Takemura, M., Maekawa, N., Fujigaki,
S., Fujii, H., Wada, H., Takeuchi, S., Noma, A. and Seishima,
M. (1999) L-tryptophan-kynurenine pathway metabolite 3-
hydroxyanthranilic acid induces apoptosis in macrophage-
derived cells under pathophysiological conditions. Adv. Exp.
Med. Biol. 467, 559 – 563.

16 Morita, T., Saito, K., Takemura, M., Maekawa, N., Fujigaki,
S., Fujii, H., Wada, H., Takeuchi, S., Noma, A. and Seishima,
M. (2001) 3-Hydroxyanthranilic acid, an L-tryptophan me-
tabolite, induces apoptosis in monocyte-derived cells stimu-
lated by interferon-gamma. Ann. Clin. Biochem. 38, 242 –
251.

17 Christen, S., Peterhans, E. and Stocker, R. (1990) Antioxidant
activities of some tryptophan metabolites: possible implica-
tion for inflammatory diseases. Proc. Natl. Acad. Sci. USA 87,
2506 – 2510.

18 Espey, M. G., Moffett, J. R. and Namboodiri, M. A. (1995)
Temporal and spatial changes of quinolinic acid immunor-
eactivity in the immune system of lipopolysaccharide-stimu-
lated mice. J. Leukoc. Biol. 57, 199 – 206.

19 Espey, M. G. and Namboodiri, M. A. (2000) Selective
metabolism of kynurenine in the spleen in the absence of
indoleamine 2, 3-dioxygenase induction. Immunol. Lett. 71,
67 – 72.

20 Moffett, J. R. and Namboodiri, M. A. (2003) Tryptophan and
the immune response. Immunol. Cell Biol. 81, 247 – 265.

21 Groseclose, E. E. and Frank, L. (1982) The activity of
pulmonary indoleamine 2, 3-dioxygenase in rats and mice is
not altered by oxygen exposure. Biochim. Biophys. Acta 705,
341 – 347.

22 Chiesa, M. D., Carlomagno, S., Frumento, G., Balsamo, M.,
Cantoni, C., Conte, R., Moretta, L., Moretta, A. and Vitale,
M. (2006) The tryptophan catabolite L-kynurenine inhibits

2556 C. A. Opitz et al. Tryptophan degradation in autoimmune diseases



the surface expression of NKp46- and NKG2D-activating
receptors and regulates NK-cell function. Blood 108, 4118 –
4125.

23 Wang, J., Simonavicius, N., Wu, X., Swaminath, G., Reagan,
J., Tian, H. and Ling, L. (2006) Kynurenic acid as a ligand for
orphan G protein-coupled receptor GPR35. J. Biol. Chem.
281, 22021 – 22028.

24 Ganong, A. H., Lanthorn, T. H. and Cotman, C. W. (1983)
Kynurenic acid inhibits synaptic and acidic amino acid-
induced responses in the rat hippocampus and spinal cord.
Brain Res. 273, 170 – 174.

25 Schwarcz, R., Whetsell, W. O. Jr. and Mangano, R. M. (1983)
Quinolinic acid: an endogenous metabolite that produces
axon-sparing lesions in rat brain. Science 219, 316 – 318.

26 Yamazaki, F., Kuroiwa, T., Takikawa, O. and Kido, R. (1985)
Human indolylamine 2, 3-dioxygenase. Its tissue distribution,
and characterization of the placental enzyme. Biochem. J. 230,
635 – 638.

27 Dai, W. and Gupta, S. L. (1990) Regulation of indoleamine 2,
3-dioxygenase gene expression in human fibroblasts by
interferon-gamma. Upstream control region discriminates
between interferon-gamma and interferon-alpha. J. Biol.
Chem. 265, 19871 – 19877.

28 Hassanain, H. H., Chon, S. Y. and Gupta, S. L. (1993)
Differential regulation of human indoleamine 2, 3-dioxyge-
nase gene expression by interferons-gamma and -alpha.
Analysis of the regulatory region of the gene and identifica-
tion of an interferon-gamma-inducible DNA-binding factor.
J. Biol. Chem. 268, 5077 – 5084.

29 Babcock, T. A. and Carlin, J. M. (2000) Transcriptional
activation of indoleamine dioxygenase by interleukin 1 and
tumor necrosis factor alpha in interferon-treated epithelial
cells. Cytokine 12, 588 – 594.

30 Grohmann, U., Orabona, C., Fallarino, F., Vacca, C., Calci-
naro, F., Falorni, A., Candeloro, P., Belladonna, M. L.,
Bianchi, R., Fioretti, M. C. and Puccetti, P. (2002) CTLA-4-Ig
regulates tryptophan catabolism in vivo. Nat. Immunol. 3,
1097 – 1101.

31 Braun, D., Longman, R. S. and Albert, M. L. (2005) A two-
step induction of indoleamine 2, 3 dioxygenase (IDO) activity
during dendritic-cell maturation. Blood 106, 2375 – 2381.

32 von Bergwelt-Baildon, M. S., Popov, A., Saric, T., Chemnitz,
J. M., Classen, S., Stoffel, M. S., Fiore, F., Roth, U., Beyer, M.,
Debey, S., Wickenhauser, C., Hanisch, F. G. and Schultze, J. L.
(2006) CD25 and indoleamine 2, 3-dioxygenase are upregu-
lated by prostaglandin E2 and expressed by tumor-associated
dendritic cells in vivo: additional mechanisms of T cell
inhibition. Blood 108, 228 – 237.

33 McIlroy, D., Tanguy-Royer, S., Le Meur, N., Guisle, I., Royer,
P. J., Leger, J., Meflah, K. and Gregoire, M. (2005) Profiling
dendritic cell maturation with dedicated microarrays.
J. Leukoc. Biol. 78, 794 – 803.

34 Fujigaki, S., Saito, K., Sekikawa, K., Tone, S., Takikawa, O.,
Fujii, H., Wada, H., Noma, A. and Seishima, M. (2001)
Lipopolysaccharide induction of indoleamine 2, 3-dioxyge-
nase is mediated dominantly by an IFN-gamma-independent
mechanism. Eur. J. Immunol. 31, 2313 – 2318.

35 Hayashi, T., Beck, L., Rossetto, C., Gong, X., Takikawa, O.,
Takabayashi, K., Broide, D. H., Carson, D. A. and Raz, E.
(2004) Inhibition of experimental asthma by indoleamine 2, 3-
dioxygenase. J. Clin. Invest. 114, 270 – 279.

36 Wingender, G., Garbi, N., Schumak, B., Jungerkes, F., Endl,
E., von Bubnoff, D., Steitz, J., Striegler, J., Moldenhauer, G.,
Tuting, T., Heit, A., Huster, K. M., Takikawa, O., Akira, S.,
Busch, D. H., Wagner, H., Hammerling, G. J., Knolle, P. A.
and Limmer, A. (2006) Systemic application of CpG-rich
DNA suppresses adaptive T cell immunity via induction of
IDO. Eur. J. Immunol. 36, 12 – 20.

37 Baban, B., Chandler, P., McCool, D., Marshall, B., Munn, D.
H. and Mellor, A. L. (2004) Indoleamine 2, 3-dioxygenase
expression is restricted to fetal trophoblast giant cells during

murine gestation and is maternal genome specific. J. Reprod.
Immunol. 61, 67 – 77.

38 Boasso, A., Herbeuval, J. P., Hardy, A. W., Winkler, C. and
Shearer, G. M. (2005) Regulation of indoleamine 2, 3-
dioxygenase and tryptophanyl-tRNA-synthetase by CTLA-
4-Fc in human CD4+ T cells. Blood 105, 1574 – 1581.

39 Grohmann, U., Bianchi, R., Orabona, C., Fallarino, F., Vacca,
C., Micheletti, A., Fioretti, M. C. and Puccetti, P. (2003)
Functional plasticity of dendritic cell subsets as mediated by
CD40 versus B7 activation. J. Immunol. 171, 2581 – 2587.

40 Grohmann, U., Volpi, C., Fallarino, F., Bozza, S., Bianchi, R.,
Vacca, C., Orabona, C., Belladonna, M. L., Ayroldi, E.,
Nocentini, G., Boon, L., Bistoni, F., Fioretti, M. C., Romani,
L., Riccardi, C. and Puccetti, P. (2007) Reverse signaling
through GITR ligand enables dexamethasone to activate
IDO in allergy. Nat. Med. 13, 579 – 586.

41 Mellor, A. L., Baban, B., Chandler, P., Marshall, B., Jhaver,
K., Hansen, A., Koni, P. A., Iwashima, M. and Munn, D. H.
(2003) Cutting edge: induced indoleamine 2, 3 dioxygenase
expression in dendritic cell subsets suppresses T cell clonal
expansion. J. Immunol. 171, 1652 – 1655.

42 Mellor, A. L., Chandler, P., Baban, B., Hansen, A. M.,
Marshall, B., Pihkala, J., Waldmann, H., Cobbold, S., Adams,
E. and Munn, D. H. (2004) Specific subsets of murine
dendritic cells acquire potent T cell regulatory functions
following CTLA4-mediated induction of indoleamine 2, 3
dioxygenase. Int. Immunol. 16, 1391 – 1401.

43 Munn, D. H., Sharma, M. D. and Mellor, A. L. (2004) Ligation
of B7-1/B7-2 by human CD4(+) T cells triggers indoleamine
2, 3-dioxygenase activity in dendritic cells. J. Immunol. 172,
4100 – 4110.

44 Guillonneau, C., Hill, M., Hubert, F. X., Chiffoleau, E.,
Herve, C., Li, X. L., Heslan, M., Usal, C., Tesson, L.,
Menoret, S., Saoudi, A., Le Mauff, B., Josien, R., Cuturi, M.
C. and Anegon, I. (2007) CD40Ig treatment results in allograft
acceptance mediated by CD8CD45RC T cells, IFN-gamma,
and indoleamine 2, 3-dioxygenase. J. Clin. Invest. 117, 1096 –
1106.

45 Manlapat, A. K., Kahler, D. J., Chandler, P. R., Munn, D. H.
and Mellor, A. L. (2007) Cell-autonomous control of inter-
feron type I expression by indoleamine 2, 3-dioxygenase in
regulatory CD19(+) dendritic cells. Eur. J. Immunol. 37,
1064 – 1071.

46 Fallarino, F., Vacca, C., Orabona, C., Belladonna, M. L.,
Bianchi, R., Marshall, B., Keskin, D. B., Mellor, A. L.,
Fioretti, M. C., Grohmann, U. and Puccetti, P. (2002) Func-
tional expression of indoleamine 2, 3-dioxygenase by murine
CD8 alpha(+) dendritic cells. Int. Immunol. 14, 65 – 68.

47 Orabona, C., Belladonna, M. L., Vacca, C., Bianchi, R.,
Fallarino, F., Volpi, C., Gizzi, S., Fioretti, M. C., Grohmann,
U. and Puccetti, P. (2005) Cutting edge: silencing suppressor
of cytokine signaling 3 expression in dendritic cells turns
CD28-Ig from immune adjuvant to suppressant. J. Immunol.
174, 6582 – 6586.

48 Orabona, C., Puccetti, P., Vacca, C., Bicciato, S., Luchini, A.,
Fallarino, F., Bianchi, R., Velardi, E., Perruccio, K., Velardi,
A., Bronte, V., Fioretti, M. C. and Grohmann, U. (2006)
Toward the identification of a tolerogenic signature in IDO-
competent dendritic cells. Blood 107, 2846 – 2854.

49 Thomas, S. R., Salahifar, H., Mashima, R., Hunt, N. H.,
Richardson, D. R. and Stocker, R. (2001) Antioxidants inhibit
indoleamine 2, 3-dioxygenase in IFN-gamma-activated
human macrophages: posttranslational regulation by pyrro-
lidine dithiocarbamate. J. Immunol. 166, 6332 – 6340.

50 Alberati-Giani, D., Malherbe, P., Ricciardi-Castagnoli, P.,
Kohler, C., Denis-Donini, S. and Cesura, A. M. (1997)
Differential regulation of indoleamine 2, 3-dioxygenase
expression by nitric oxide and inflammatory mediators in
IFN-gamma-activated murine macrophages and microglial
cells. J. Immunol. 159, 419 – 426.

51 Hucke, C., MacKenzie, C. R., Adjogble, K. D., Takikawa, O.
and Daubener, W. (2004) Nitric oxide-mediated regulation of

Cell. Mol. Life Sci. Vol. 64, 2007 Review Article 2557



gamma interferon-induced bacteriostasis: inhibition and
degradation of human indoleamine 2, 3-dioxygenase. Infect.
Immun. 72, 2723 – 2730.

52 Samelson-Jones, B. J. and Yeh, S. R. (2006) Interactions
between nitric oxide and indoleamine 2, 3-dioxygenase.
Biochemistry 45, 8527 – 8538.

53 Kleinert, H., Schwarz, P. M. and Forstermann, U. (2003)
Regulation of the expression of inducible nitric oxide
synthase. Biol. Chem. 384, 1343 – 1364.

54 Melillo, G., Cox, G. W., Biragyn, A., Sheffler, L. A. and
Varesio, L. (1994) Regulation of nitric-oxide synthase mRNA
expression by interferon-gamma and picolinic acid. J. Biol.
Chem. 269, 8128 – 8133.

55 Sekkai, D., Guittet, O., Lemaire, G., Tenu, J. P. and Lepoivre,
M. (1997) Inhibition of nitric oxide synthase expression and
activity in macrophages by 3-hydroxyanthranilic acid, a
tryptophan metabolite. Arch. Biochem. Biophys. 340, 117 –
123.

56 Grohmann, U., Fallarino, F., Bianchi, R., Orabona, C., Vacca,
C., Fioretti, M. C. and Puccetti, P. (2003) A defect in
tryptophan catabolism impairs tolerance in nonobese diabetic
mice. J. Exp. Med. 198, 153 – 160.

57 Mellor, A. L. and Munn, D. H. (2004) IDO expression by
dendritic cells: tolerance and tryptophan catabolism. Nat.
Rev. Immunol. 4, 762 – 774.

58 Bach, J. F. (1994) Insulin-dependent diabetes mellitus as an
autoimmune disease. Endocr. Rev. 15, 516 – 542.

59 Atkinson, M. A. and Leiter, E. H. (1999) The NOD mouse
model of type 1 diabetes: as good as it gets? Nat. Med. 5, 601 –
604.

60 Delovitch, T. L. and Singh, B. (1997) The nonobese diabetic
mouse as a model of autoimmune diabetes: immune dysre-
gulation gets the NOD. Immunity 7, 727 – 738.

61 Shinomiya, M., Fazle Akbar, S. M., Shinomiya, H. and Onji,
M. (1999) Transfer of dendritic cells (DC) ex vivo stimulated
with interferon-gamma (IFN-gamma) down-modulates auto-
immune diabetes in non-obese diabetic (NOD) mice. Clin.
Exp. Immunol. 117, 38 – 43.

62 Hwu, P., Du, M. X., Lapointe, R., Do, M., Taylor, M. W. and
Young, H. A. (2000) Indoleamine 2, 3-dioxygenase produc-
tion by human dendritic cells results in the inhibition of T cell
proliferation. J. Immunol. 164, 3596 – 3599.

63 Chu, C. Q., Wittmer, S. and Dalton, D. K. (2000) Failure to
suppress the expansion of the activated CD4 T cell population
in interferon gamma-deficient mice leads to exacerbation of
experimental autoimmune encephalomyelitis. J. Exp. Med.
192, 123 – 128.

64 Kwidzinski, E., Bunse, J., Aktas, O., Richter, D., Mutlu, L.,
Zipp, F., Nitsch, R. and Bechmann, I. (2005) Indolamine 2, 3-
dioxygenase is expressed in the CNS and down-regulates
autoimmune inflammation. FASEB J. 19, 1347 – 1349.

65 Sakurai, K., Zou, J. P., Torres, N. I., Tschetter, J. R., Kim, H. S.
and Shearer, G. M. (2002) Study of the effect of indoleamine 2,
3-dioxygenase on murine mixed lymphocyte reactions and
skin allograft rejection. Transplant Proc. 34, 3271 – 3273.

66 Bauer, T. M., Jiga, L. P., Chuang, J. J., Randazzo, M., Opelz,
G. and Terness, P. (2005) Studying the immunosuppressive
role of indoleamine 2, 3-dioxygenase: tryptophan metabolites
suppress rat allogeneic T-cell responses in vitro and in vivo.
Transpl. Int. 18, 95 – 100.

67 Beutelspacher, S. C., Pillai, R., Watson, M. P., Tan, P. H.,
Tsang, J., McClure, M. O., George, A. J. and Larkin, D. F.
(2006) Function of indoleamine 2, 3-dioxygenase in corneal
allograft rejection and prolongation of allograft survival by
over-expression. Eur. J. Immunol. 36, 690 – 700.

68 Haspot, F., Seveno, C., Dugast, A. S., Coulon, F., Renaudin,
K., Usal, C., Hill, M., Anegon, I., Heslan, M., Josien, R.,
Brouard, S., Soulillou, J. P. and Vanhove, B. (2005) Anti-CD28
antibody-induced kidney allograft tolerance related to tryp-
tophan degradation and TCR class II B7 regulatory cells. Am.
J. Transplant. 5, 2339 – 2348.

69 Basu, G. D., Tinder, T. L., Bradley, J. M., Tu, T., Hattrup, C.
L., Pockaj, B. A. and Mukherjee, P. (2006) Cyclooxygenase-2
inhibitor enhances the efficacy of a breast cancer vaccine: role
of IDO. J. Immunol. 177, 2391 – 2402.

70 Muller, A. J., DuHadaway, J. B., Donover, P. S., Sutanto-
Ward, E. and Prendergast, G. C. (2005) Inhibition of indole-
amine 2, 3-dioxygenase, an immunoregulatory target of the
cancer suppression gene Bin1, potentiates cancer chemo-
therapy. Nat. Med. 11, 312 – 319.

71 Munn, D. H., Sharma, M. D., Hou, D., Baban, B., Lee, J. R.,
Antonia, S. J., Messina, J. L., Chandler, P., Koni, P. A. and
Mellor, A. L. (2004) Expression of indoleamine 2, 3-dioxy-
genase by plasmacytoid dendritic cells in tumor-draining
lymph nodes. J. Clin. Invest. 114, 280 – 290.

72 Uyttenhove, C., Pilotte, L., Theate, I., Stroobant, V., Colau,
D., Parmentier, N., Boon, T. and Van den Eynde, B. J. (2003)
Evidence for a tumoral immune resistance mechanism based
on tryptophan degradation by indoleamine 2, 3-dioxygenase.
Nat. Med. 9, 1269 – 1274.

73 Zheng, X., Koropatnick, J., Li, M., Zhang, X., Ling, F., Ren,
X., Hao, X., Sun, H., Vladau, C., Franek, J. A., Feng, B.,
Urquhart, B. L., Zhong, R., Freeman, D. J., Garcia, B. and
Min, W. P. (2006) Reinstalling antitumor immunity by
inhibiting tumor-derived immunosuppressive molecule IDO
through RNA interference. J. Immunol. 177, 5639 – 5646.

74 Cady, S. G. and Sono, M. (1991) 1-Methyl-DL-tryptophan,
beta-(3-benzofuranyl)-DL-alanine (the oxygen analog of
tryptophan), and beta-[3-benzo(b)thienyl]-DL-alanine (the
sulfur analog of tryptophan) are competitive inhibitors for
indoleamine 2, 3-dioxygenase. Arch. Biochem. Biophys. 291,
326 – 333.

75 Gaspari, P., Banerjee, T., Malachowski, W. P., Muller, A. J.,
Prendergast, G. C., Duhadaway, J., Bennett, S. and Donovan,
A. M. (2006) Structure-activity study of brassinin derivatives
as indoleamine 2, 3-dioxygenase inhibitors. J. Med. Chem. 49,
684 – 692.

76 Sono, M. (1989) The roles of superoxide anion and methylene
blue in the reductive activation of indoleamine 2, 3-dioxyge-
nase by ascorbic acid or by xanthine oxidase-hypoxanthine.
J. Biol. Chem. 264, 1616 – 1622.

77 Brastianos, H. C., Vottero, E., Patrick, B. O., Van Soest, R.,
Matainaho, T., Mauk, A. G. and Andersen, R. J. (2006)
Exiguamine A, an indoleamine-2, 3-dioxygenase (IDO)
inhibitor isolated from the marine sponge Neopetrosia exigua.
J. Am. Chem. Soc. 128, 16046 – 16047.

78 Hou, D. Y., Muller, A. J., Sharma, M. D., DuHadaway, J.,
Banerjee, T., Johnson, M., Mellor, A. L., Prendergast, G. C.
and Munn, D. H. (2007) Inhibition of indoleamine 2, 3-
dioxygenase in dendritic cells by stereoisomers of 1-methyl-
tryptophan correlates with antitumor responses. Cancer Res.
67, 792 – 801.

79 Vottero, E., Balgi, A., Woods, K., Tugendreich, S., Melese, T.,
Andersen, R. J., Mauk, A. G. and Roberge, M. (2006)
Inhibitors of human indoleamine 2, 3-dioxygenase identified
with a target-based screen in yeast. Biotechnol. J. 1, 282 – 288.

80 Forrest, C. M., Kennedy, A., Stone, T. W., Stoy, N. and
Darlington, L. G. (2003) Kynurenine and neopterin levels in
patients with rheumatoid arthritis and osteoporosis during
drug treatment. Adv. Exp. Med. Biol. 527, 287 – 295.

81 Schroecksnadel, K., Kaser, S., Ledochowski, M., Neurauter,
G., Mur, E., Herold, M. and Fuchs, D. (2003) Increased
degradation of tryptophan in blood of patients with rheuma-
toid arthritis. J. Rheumatol. 30, 1935 – 1939.

82 Schroecksnadel, K., Winkler, C., Duftner, C., Wirleitner, B.,
Schirmer, M. and Fuchs, D. (2006) Tryptophan degradation
increases with stage in patients with rheumatoid arthritis.
Clin. Rheumatol. 25, 334 – 337.

83 Widner, B., Sepp, N., Kowald, E., Kind, S., Schmuth, M. and
Fuchs, D. (1999) Degradation of tryptophan in patients with
systemic lupus erythematosus. Adv. Exp. Med. Biol. 467,
571 – 577.

2558 C. A. Opitz et al. Tryptophan degradation in autoimmune diseases



84 Widner, B., Sepp, N., Kowald, E., Ortner, U., Wirleitner, B.,
Fritsch, P., Baier-Bitterlich, G. and Fuchs, D. (2000) Enhanced
tryptophan degradation in systemic lupus erythematosus.
Immunobiology 201, 621 – 630.

85 Pertovaara, M., Raitala, A., Uusitalo, H., Pukander, J., Helin,
H., Oja, S. S. and Hurme, M. (2005) Mechanisms dependent
on tryptophan catabolism regulate immune responses in
primary Sjogren�s syndrome. Clin. Exp. Immunol. 142, 155 –
161.

86 Seo, S. K., Choi, J. H., Kim, Y. H., Kang, W. J., Park, H. Y.,
Suh, J. H., Choi, B. K., Vinay, D. S. and Kwon, B. S. (2004) 4-
1BB-mediated immunotherapy of rheumatoid arthritis. Nat.
Med. 10, 1088 – 1094.

87 Genovese, M. C., Becker, J. C., Schiff, M., Luggen, M.,
Sherrer, Y., Kremer, J., Birbara, C., Box, J., Natarajan, K.,
Nuamah, I., Li, T., Aranda, R., Hagerty, D. T. and Dougados,
M. (2005) Abatacept for rheumatoid arthritis refractory to
tumor necrosis factor alpha inhibition. N. Engl. J. Med. 353,
1114 – 1123.

88 Chiarugi, A., Calvani, M., Meli, E., Traggiai, E. and Moroni,
F. (2001) Synthesis and release of neurotoxic kynurenine
metabolites by human monocyte-derived macrophages.
J. Neuroimmunol. 120, 190 – 198.

89 Flanagan, E. M., Erickson, J. B., Viveros, O. H., Chang, S. Y.
and Reinhard, J. F. Jr. (1995) Neurotoxin quinolinic acid is
selectively elevated in spinal cords of rats with experimental
allergic encephalomyelitis. J. Neurochem. 64, 1192 – 1196.

90 Rejdak, K., Bartosik-Psujek, H., Dobosz, B., Kocki, T., Grieb,
P., Giovannoni, G., Turski, W. A. and Stelmasiak, Z. (2002)
Decreased level of kynurenic acid in cerebrospinal fluid of
relapsing-onset multiple sclerosis patients. Neurosci. Lett.
331, 63 – 65.

91 Sakurai, K., Zou, J. P., Tschetter, J. R., Ward, J. M. and
Shearer, G. M. (2002) Effect of indoleamine 2, 3-dioxygenase
on induction of experimental autoimmune encephalomyelitis.
J. Neuroimmunol. 129, 186 – 196.

92 Platten, M., Ho, P. P. and Steinman, L. (2006) Anti-inflam-
matory strategies for the treatment of multiple sclerosis –
tryptophan catabolism may hold the key. Drug Discovery
Today: Therapeutic Strategies 3, 401 – 408.

93 Heyes, M. P., Achim, C. L., Wiley, C. A., Major, E. O., Saito,
K. and Markey, S. P. (1996) Human microglia convert l-
tryptophan into the neurotoxin quinolinic acid. Biochem. J.
320 (Pt 2), 595 – 597.

94 Guillemin, G. J., Smith, D. G., Smythe, G. A., Armati, P. J. and
Brew, B. J. (2003) Expression of the kynurenine pathway
enzymes in human microglia and macrophages. Adv. Exp.
Med. Biol. 527, 105 – 112.

95 Rejdak, K., Petzold, A., Kocki, T., Kurzepa, J., Grieb, P.,
Turski, W. A. and Stelmasiak, Z. (2007) Astrocytic activation
in relation to inflammatory markers during clinical exacer-
bation of relapsing-remitting multiple sclerosis. J. Neural.
Transm.

96 Frohman, E. M., Stuve, O., Havrdova, E., Corboy, J.,
Achiron, A., Zivadinov, R., Sorensen, P. S., Phillips, J. T.,
Weinshenker, B., Hawker, K., Hartung, H. P., Steinman, L.,
Zamvil, S., Cree, B. A., Hauser, S., Weiner, H., Racke, M. K.
and Filippi, M. (2005) Therapeutic considerations for disease
progression in multiple sclerosis: evidence, experience, and
future expectations. Arch. Neurol. 62, 1519 – 1530.

97 Noronha, A., Toscas, A. and Jensen, M. A. (1993) Interferon
beta decreases T cell activation and interferon gamma
production in multiple sclerosis. J. Neuroimmunol. 46, 145 –
153.

98 Rudick, R. A., Carpenter, C. S., Cookfair, D. L., Tuohy, V. K.
and Ransohoff, R. M. (1993) In vitro and in vivo inhibition of
mitogen-driven T-cell activation by recombinant interferon
beta. Neurology 43, 2080 – 2087.

99 Miller, A., Lanir, N., Shapiro, S., Revel, M., Honigman, S.,
Kinarty, A. and Lahat, N. (1996) Immunoregulatory effects of
interferon-beta and interacting cytokines on human vascular

endothelial cells. Implications for multiple sclerosis auto-
immune diseases. J. Neuroimmunol. 64, 151 – 161.

100 Brod, S. A., Marshall, G. D. Jr., Henninger, E. M., Sriram, S.,
Khan, M. and Wolinsky, J. S. (1996) Interferon-beta 1b
treatment decreases tumor necrosis factor-alpha and increas-
es interleukin-6 production in multiple sclerosis. Neurology
46, 1633 – 1638.

101 Schreiner, B., Mitsdoerffer, M., Kieseier, B. C., Chen, L.,
Hartung, H. P., Weller, M. and Wiendl, H. (2004) Interferon-
beta enhances monocyte and dendritic cell expression of B7-
H1 (PD-L1), a strong inhibitor of autologous T-cell activa-
tion: relevance for the immune modulatory effect in multiple
sclerosis. J. Neuroimmunol. 155, 172 – 182.

102 Mitsdoerffer, M., Schreiner, B., Kieseier, B. C., Neuhaus, O.,
Dichgans, J., Hartung, H. P., Weller, M. and Wiendl, H. (2005)
Monocyte-derived HLA-G acts as a strong inhibitor of
autologous CD4 T cell activation and is upregulated by
interferon-beta in vitro and in vivo : rationale for the therapy
of multiple sclerosis. J. Neuroimmunol. 159, 155 – 164.

103 Marckmann, S., Wiesemann, E., Hilse, R., Trebst, C., Stangel,
M. and Windhagen, A. (2004) Interferon-beta up-regulates
the expression of co-stimulatory molecules CD80, CD86 and
CD40 on monocytes: significance for treatment of multiple
sclerosis. Clin. Exp. Immunol. 138, 499 – 506.

104 Leppert, D., Waubant, E., Burk, M. R., Oksenberg, J. R. and
Hauser, S. L. (1996) Interferon beta-1b inhibits gelatinase
secretion and in vitro migration of human T cells: a possible
mechanism for treatment efficacy in multiple sclerosis. Ann.
Neurol. 40, 846 – 852.

105 Lou, J., Gasche, Y., Zheng, L., Giroud, C., Morel, P.,
Clements, J., Ythier, A. and Grau, G. E. (1999) Interferon-
beta inhibits activated leukocyte migration through human
brain microvascular endothelial cell monolayer. Lab. Invest.
79, 1015 – 1025.

106 Stuve, O., Dooley, N. P., Uhm, J. H., Antel, J. P., Francis, G. S.,
Williams, G. and Yong, V. W. (1996) Interferon beta-1b
decreases the migration of T lymphocytes in vitro: effects on
matrix metalloproteinase-9. Ann. Neurol. 40, 853 – 863.

107 Ossege, L. M., Sindern, E., Patzold, T. and Malin, J. P. (1998)
Immunomodulatory effects of interferon-beta-1b in vivo :
induction of the expression of transforming growth factor-
beta1 and its receptor type II. J. Neuroimmunol. 91, 73 – 81.

108 Hua, L. L., Liu, J. S., Brosnan, C. F. and Lee, S. C. (1998)
Selective inhibition of human glial inducible nitric oxide
synthase by interferon-beta: implications for multiple scle-
rosis. Ann. Neurol. 43, 384 – 387.

109 Mellor, A. L., Keskin, D. B., Johnson, T., Chandler, P. and
Munn, D. H. (2002) Cells expressing indoleamine 2, 3-
dioxygenase inhibit T cell responses. J. Immunol. 168,
3771 – 3776.

110 Lopez, A. S., Alegre, E., LeMaoult, J., Carosella, E. and
Gonzalez, A. (2006) Regulatory role of tryptophan degrada-
tion pathway in HLA-G expression by human monocyte-
derived dendritic cells. Mol. Immunol. 43, 2151 – 2160.

111 Lopez, A. S., Alegre, E., Diaz, A., Mugueta, C. and Gonzalez,
A. (2006) Bimodal effect of nitric oxide in the enzymatic
activity of indoleamine 2, 3-dioxygenase in human monocytic
cells. Immunol. Lett. 106, 163 – 171.

112 Yoshida, R., Imanishi, J., Oku, T., Kishida, T. and Hayaishi, O.
(1981) Induction of pulmonary indoleamine 2, 3-dioxygenase
by interferon. Proc. Natl. Acad. Sci. USA 78, 129 – 132.

113 Carlin, J. M., Borden, E. C., Sondel, P. M. and Byrne, G. I.
(1987) Biologic-response-modifier-induced indoleamine 2, 3-
dioxygenase activity in human peripheral blood mononuclear
cell cultures. J. Immunol. 139, 2414 – 2418.

114 Carlin, J. M., Borden, E. C. and Byrne, G. I. (1989) Interferon-
induced indoleamine 2, 3-dioxygenase activity inhibits Chla-
mydia psittaci replication in human macrophages. J. Interfer-
on Res. 9, 329 – 337.

115 Guillemin, G. J., Kerr, S. J., Pemberton, L. A., Smith, D. G.,
Smythe, G. A., Armati, P. J. and Brew, B. J. (2001) IFN-beta1b
induces kynurenine pathway metabolism in human macro-

Cell. Mol. Life Sci. Vol. 64, 2007 Review Article 2559



phages: potential implications for multiple sclerosis treat-
ment. J. Interferon Cytokine Res. 21, 1097 – 1101.

116 Amirkhani, A., Rajda, C., Arvidsson, B., Bencsik, K., Boda,
K., Seres, E., Markides, K. E., Vecsei, L. and Bergquist, J.
(2005) Interferon-beta affects the tryptophan metabolism in
multiple sclerosis patients. Eur. J. Neurol. 12, 625 – 631.

117 Muller, N. and Schwarz, M. J. (2007) The immune-mediated
alteration of serotonin and glutamate: towards an integrated
view of depression. Mol. Psychiatry

118 Borras, C., Rio, J., Porcel, J., Barrios, M., Tintore, M. and
Montalban, X. (1999) Emotional state of patients with
relapsing-remitting MS treated with interferon beta-1b.
Neurology 52, 1636 – 1639.

119 Porcel, J., Rio, J., Sanchez-Betancourt, A., Arevalo, M. J.,
Tintore, M., Tellez, N., Borras, C., Nos, C. and Montalban, X.
(2006) Long-term emotional state of multiple sclerosis
patients treated with interferon beta. Mult. Scler. 12, 802 –
807.

120 Zephir, H., De Seze, J., Stojkovic, T., Delisse, B., Ferriby, D.,
Cabaret, M. and Vermersch, P. (2003) Multiple sclerosis and
depression: influence of interferon beta therapy. Mult. Scler.
9, 284 – 288.

121 Fukui, S., Schwarcz, R., Rapoport, S. I., Takada, Y. and Smith,
Q. R. (1991) Blood-brain barrier transport of kynurenines:
implications for brain synthesis and metabolism. J. Neuro-
chem. 56, 2007 – 2017.

122 Adikari, S. B., Lian, H., Link, H., Huang, Y. M. and Xiao, B.
G. (2004) Interferon-gamma-modified dendritic cells sup-
press B cell function and ameliorate the development of
experimental autoimmune myasthenia gravis. Clin. Exp.
Immunol. 138, 230 – 236.

123 Alexander, A. M., Crawford, M., Bertera, S., Rudert, W. A.,
Takikawa, O., Robbins, P. D. and Trucco, M. (2002) Indole-
amine 2, 3-dioxygenase expression in transplanted NOD
Islets prolongs graft survival after adoptive transfer of
diabetogenic splenocytes. Diabetes 51, 356 – 365.

124 Bertera, S., Alexander, A. M., Crawford, M. L., Papworth, G.,
Watkins, S. C., Robbins, P. D. and Trucco, M. (2004) Gene
combination transfer to block autoimmune damage in trans-
planted islets of Langerhans. Exp. Diabesity Res. 5, 201 – 210.

125 Imitola, J., Raddassi, K., Park, K. I., Mueller, F. J., Nieto, M.,
Teng, Y. D., Frenkel, D., Li, J., Sidman, R. L., Walsh, C. A.,
Snyder, E. Y. and Khoury, S. J. (2004) Directed migration of
neural stem cells to sites of CNS injury by the stromal cell-
derived factor 1alpha/CXC chemokine receptor 4 pathway.
Proc. Natl. Acad. Sci. USA 101, 18117 – 18122.

126 MartIn-Fontecha, A., Sebastiani, S., Hopken, U. E., Uguc-
cioni, M., Lipp, M., Lanzavecchia, A. and Sallusto, F. (2003)
Regulation of dendritic cell migration to the draining lymph
node: impact on T lymphocyte traffic and priming. J. Exp.
Med. 198, 615 – 621.

127 O�Connor, P. W., Li, D., Freedman, M. S., Bar-Or, A., Rice, G.
P., Confavreux, C., Paty, D. W., Stewart, J. A. and Scheyer, R.
(2006) A Phase II study of the safety and efficacy of
teriflunomide in multiple sclerosis with relapses. Neurology
66, 894 – 900.

128 Polman, C., Barkhof, F., Sandberg-Wollheim, M., Linde, A.,
Nordle, O. and Nederman, T. (2005) Treatment with laquini-
mod reduces development of active MRI lesions in relapsing
MS. Neurology 64, 987 – 991.

129 Pae, H. O., Oh, G. S., Lee, B. S., Rim, J. S., Kim, Y. M. and
Chung, H. T. (2006) 3-Hydroxyanthranilic acid, one of L-
tryptophan metabolites, inhibits monocyte chemoattractant
protein-1 secretion and vascular cell adhesion molecule-1
expression via heme oxygenase-1 induction in human umbil-
ical vein endothelial cells. Atherosclerosis 187, 274 – 284.

130 Oh, G. S., Pae, H. O., Choi, B. M., Chae, S. C., Lee, H. S., Ryu,
D. G. and Chung, H. T. (2004) 3-Hydroxyanthranilic acid, one
of metabolites of tryptophan via indoleamine 2, 3-dioxyge-
nase pathway, suppresses inducible nitric oxide synthase
expression by enhancing heme oxygenase-1 expression. Bio-
chem. Biophys. Res. Commun. 320, 1156 – 1162.

131 Thomas, S. R., Witting, P. K. and Stocker, R. (1996) 3-
Hydroxyanthranilic acid is an efficient, cell-derived co-anti-
oxidant for alpha-tocopherol, inhibiting human low density
lipoprotein and plasma lipid peroxidation. J. Biol. Chem. 271,
32714 – 32721.

132 Bosco, M. C., Rapisarda, A., Massazza, S., Melillo, G., Young,
H. and Varesio, L. (2000) The tryptophan catabolite picolinic
acid selectively induces the chemokines macrophage inflam-
matory protein-1 alpha and -1 beta in macrophages.
J. Immunol. 164, 3283 – 3291.

133 Abe, S., Hu, W., Ishibashi, H., Hasumi, K. and Yamaguchi, H.
(2004) Augmented inhibition of Candida albicans growth by
murine neutrophils in the presence of a tryptophan metabo-
lite, picolinic acid. J. Infect. Chemother. 10, 181 – 184.

134 Rapella, A., Negrioli, A., Melillo, G., Pastorino, S., Varesio,
L. and Bosco, M. C. (2002) Flavopiridol inhibits vascular
endothelial growth factor production induced by hypoxia or
picolinic acid in human neuroblastoma. Int. J. Cancer 99,
658 – 664.

135 Platten, M., Wick, W., Wischhusen, J. and Weller, M. (2001)
N-[3, 4-dimethoxycinnamoyl]-anthranilic acid (tranilast) sup-
presses microglial inducible nitric oxide synthase (iNOS)
expression and activity induced by interferon-gamma (IFN-
gamma) Br. J. Pharmacol. 134, 1279 – 1284.

136 Werner, E. R., Hirsch-Kauffmann, M., Fuchs, D., Hausen, A.,
Reibnegger, G., Schweiger, M. and Wachter, H. (1987)
Interferon-gamma-induced degradation of tryptophan by
human cells in vitro. Biol. Chem. Hoppe Seyler 368, 1407 –
1412.

137 Takikawa, O., Kuroiwa, T., Yamazaki, F. and Kido, R. (1988)
Mechanism of interferon-gamma action. Characterization of
indoleamine 2, 3-dioxygenase in cultured human cells induced
by interferon-gamma and evaluation of the enzyme-mediated
tryptophan degradation in its anticellular activity. J. Biol.
Chem. 263, 2041 – 2048.

138 Werner-Felmayer, G., Werner, E. R., Fuchs, D., Hausen, A.,
Reibnegger, G. and Wachter, H. (1989) Characteristics of
interferon induced tryptophan metabolism in human cells in
vitro. Biochim. Biophys. Acta 1012, 140 – 147.

139 Leung, B. S., Stout, L. E., Shaskan, E. G. and Thompson, R.
M. (1992) Differential induction of indoleamine-2, 3-dioxy-
genase (IDO) by interferon-gamma in human gynecologic
cancer cells. Cancer Lett. 66, 77 – 81.

140 Pantoja, L. G., Miller, R. D., Ramirez, J. A., Molestina, R. E.
and Summersgill, J. T. (2000) Inhibition of Chlamydia
pneumoniae replication in human aortic smooth muscle cells
by gamma interferon-induced indoleamine 2, 3-dioxygenase
activity. Infect. Immun. 68, 6478 – 6481.

141 Meisel, R., Zibert, A., Laryea, M., Gobel, U., Daubener, W.
and Dilloo, D. (2004) Human bone marrow stromal cells
inhibit allogeneic T-cell responses by indoleamine 2, 3-
dioxygenase-mediated tryptophan degradation. Blood 103,
4619 – 4621.

142 Miller, C. L., Llenos, I. C., Dulay, J. R., Barillo, M. M.,
Yolken, R. H. and Weis, S. (2004) Expression of the
kynurenine pathway enzyme tryptophan 2, 3-dioxygenase is
increased in the frontal cortex of individuals with schizophre-
nia. Neurobiol. Dis. 15, 618 – 629.

143 Adam, R., Russing, D., Adams, O., Ailyati, A., Sik Kim, K.,
Schroten, H. and Daubener, W. (2005) Role of human brain
microvascular endothelial cells during central nervous system
infection. Significance of indoleamine 2, 3-dioxygenase in
antimicrobial defence and immunoregulation. Thromb. Hae-
most. 94, 341 – 346.

144 Daubener, W., Spors, B., Hucke, C., Adam, R., Stins, M.,
Kim, K. S. and Schroten, H. (2001) Restriction of Toxoplasma
gondii growth in human brain microvascular endothelial cells
by activation of indoleamine 2, 3-dioxygenase. Infect. Immun.
69, 6527 – 6531.

145 Zegarra-Moran, O., Folli, C., Manzari, B., Ravazzolo, R.,
Varesio, L. and Galietta, L. J. (2004) Double mechanism for

2560 C. A. Opitz et al. Tryptophan degradation in autoimmune diseases



apical tryptophan depletion in polarized human bronchial
epithelium. J. Immunol. 173, 542 – 549.

146 Curreli, S., Romerio, F., Mirandola, P., Barion, P., Bemis, K.
and Zella, D. (2001) Human primary CD4+ T cells activated in
the presence of IFN-alpha 2b express functional indoleamine
2, 3-dioxygenase. J. Interferon Cytokine Res. 21, 431 – 437.

147 Fallarino, F., Asselin-Paturel, C., Vacca, C., Bianchi, R.,
Gizzi, S., Fioretti, M. C., Trinchieri, G., Grohmann, U. and
Puccetti, P. (2004) Murine plasmacytoid dendritic cells initiate
the immunosuppressive pathway of tryptophan catabolism in
response to CD200 receptor engagement. J. Immunol. 173,
3748 – 3754.

148 Lee, J. H., Torisu-Itakara, H., Cochran, A. J., Kadison, A.,
Huynh, Y., Morton, D. L. and Essner, R. (2005) Quantitative
analysis of melanoma-induced cytokine-mediated immuno-
suppression in melanoma sentinel nodes. Clin. Cancer Res. 11,
107 – 112.

149 Kudo, Y., Hara, T., Katsuki, T., Toyofuku, A., Katsura, Y.,
Takikawa, O., Fujii, T. and Ohama, K. (2004) Mechanisms
regulating the expression of indoleamine 2, 3-dioxygenase
during decidualization of human endometrium. Hum. Re-
prod. 19, 1222 – 1230.

150 Sakash, J. B., Byrne, G. I., Lichtman, A. and Libby, P. (2002)
Cytokines induce indoleamine 2, 3-dioxygenase expression in
human atheroma-asociated cells: implications for persistent
Chlamydophila pneumoniae infection. Infect. Immun. 70,
3959 – 3961.

151 Odemuyiwa, S. O., Ghahary, A., Li, Y., Puttagunta, L., Lee, J.
E., Musat-Marcu, S., Ghahary, A. and Moqbel, R. (2004)
Cutting edge: human eosinophils regulate T cell subset
selection through indoleamine 2, 3-dioxygenase. J. Immunol.
173, 5909 – 5913.

152 von Bubnoff, D., Bausinger, H., Matz, H., Koch, S., Hacker,
G., Takikawa, O., Bieber, T., Hanau, D. and de la Salle, H.
(2004) Human epidermal langerhans cells express the immu-
noregulatory enzyme indoleamine 2, 3-dioxygenase. J. Invest.
Dermatol. 123, 298 – 304.

153 Daubener, W., Hucke, C., Seidel, K., Hadding, U. and
MacKenzie, C. R. (1999) Interleukin-1 inhibits gamma
interferon-induced bacteriostasis in human uroepithelial
cells. Infect. Immun. 67, 5615 – 5620.

154 Gupta, S. L., Carlin, J. M., Pyati, P., Dai, W., Pfefferkorn, E.
R. and Murphy, M. J. Jr. (1994) Antiparasitic and antiproli-
ferative effects of indoleamine 2, 3-dioxygenase enzyme
expression in human fibroblasts. Infect. Immun. 62, 2277 –
2284.

155 Holmes, E. W. (1998) Expression and regulation of interferon-
gamma-induced tryptophan catabolism in cultured skin
fibroblasts. J. Interferon Cytokine Res. 18, 509 – 520.

156 Ozaki, Y., Edelstein, M. P. and Duch, D. S. (1988) Induction of
indoleamine 2, 3-dioxygenase: a mechanism of the antitumor
activity of interferon gamma. Proc. Natl. Acad. Sci. USA 85,
1242 – 1246.

157 MacKenzie, C. R., Gonzalez, R. G., Kniep, E., Roch, S. and
Daubener, W. (1999) Cytokine mediated regulation of
interferon-gamma-induced IDO activation. Adv. Exp. Med.
Biol. 467, 533 – 539.

158 Pfefferkorn, E. R., Rebhun, S. and Eckel, M. (1986)
Characterization of an indoleamine 2, 3-dioxygenase induced
by gamma-interferon in cultured human fibroblasts. J. Inter-
feron Res. 6, 267 – 279.

159 Yuan, W., Collado-Hidalgo, A., Yufit, T., Taylor, M. and
Varga, J. (1998) Modulation of cellular tryptophan metabo-
lism in human fibroblasts by transforming growth factor-beta:
selective inhibition of indoleamine 2, 3-dioxygenase and
tryptophanyl-tRNA synthetase gene expression. J. Cell Phys-
iol. 177, 174 – 186.

160 Chaves, A. C., Ceravolo, I. P., Gomes, J. A., Zani, C. L.,
Romanha, A. J. and Gazzinelli, R. T. (2001) IL-4 and IL-13
regulate the induction of indoleamine 2, 3-dioxygenase
activity and the control of Toxoplasma gondii replication in

human fibroblasts activated with IFN-gamma. Eur. J. Immu-
nol. 31, 333 – 344.

161 Daubener, W., Pilz, K., Seghrouchni Zennati, S., Bilzer, T.,
Fischer, H. G. and Hadding, U. (1993) Induction of toxoplas-
mostasis in a human glioblastoma by interferon gamma.
J. Neuroimmunol. 43, 31 – 38.

162 Grant, R. and Kapoor, V. (2003) Inhibition of indoleamine 2,
3-dioxygenase activity in IFN-gamma stimulated astroglioma
cells decreases intracellular NAD levels. Biochem. Pharma-
col. 66, 1033 – 1036.

163 Grant, R. S., Naif, H., Espinosa, M. and Kapoor, V. (2000)
IDO induction in IFN-gamma activated astroglia: a role in
improving cell viability during oxidative stress. Redox Rep. 5,
101 – 104.

164 Wolf, A. M., Wolf, D., Rumpold, H., Moschen, A. R., Kaser,
A., Obrist, P., Fuchs, D., Brandacher, G., Winkler, C.,
Geboes, K., Rutgeerts, P. and Tilg, H. (2004) Overexpression
of indoleamine 2, 3-dioxygenase in human inflammatory
bowel disease. Clin. Immunol. 113, 47 – 55.

165 Sarkhosh, K., Tredget, E. E., Li, Y., Kilani, R. T., Uludag, H.
and Ghahary, A. (2003) Proliferation of peripheral blood
mononuclear cells is suppressed by the indoleamine 2, 3-
dioxygenase expression of interferon-gamma-treated skin
cells in a co-culture system. Wound Repair Regen. 11, 337 –
345.

166 Yasui, H., Takai, K., Yoshida, R. and Hayaishi, O. (1986)
Interferon enhances tryptophan metabolism by inducing
pulmonary indoleamine 2, 3-dioxygenase: its possible occur-
rence in cancer patients. Proc. Natl. Acad. Sci. USA 83, 6622 –
6626.

167 Byrne, G. I., Lehmann, L. K. and Landry, G. J. (1986)
Induction of tryptophan catabolism is the mechanism for
gamma-interferon-mediated inhibition of intracellular Chla-
mydia psittaci replication in T24 cells. Infect. Immun. 53, 347 –
351.

168 Christen, S., Thomas, S. R., Garner, B. and Stocker, R. (1994)
Inhibition by interferon-gamma of human mononuclear cell-
mediated low density lipoprotein oxidation. Participation of
tryptophan metabolism along the kynurenine pathway. J. Clin.
Invest. 93, 2149 – 2158.

169 Murray, H. W., Szuro-Sudol, A., Wellner, D., Oca, M. J.,
Granger, A. M., Libby, D. M., Rothermel, C. D. and Rubin, B.
Y. (1989) Role of tryptophan degradation in respiratory burst-
independent antimicrobial activity of gamma interferon-
stimulated human macrophages. Infect. Immun. 57, 845 – 849.

170 Thomas, S. R., Mohr, D. and Stocker, R. (1994) Nitric oxide
inhibits indoleamine 2, 3-dioxygenase activity in interferon-
gamma primed mononuclear phagocytes. J. Biol. Chem. 269,
14457 – 14464.

171 Hayashi, T., Rao, S. P., Takabayashi, K., Van Uden, J. H.,
Kornbluth, R. S., Baird, S. M., Taylor, M. W., Carson, D. A.,
Catanzaro, A. and Raz, E. (2001) Enhancement of innate
immunity against Mycobacterium avium infection by immu-
nostimulatory DNA is mediated by indoleamine 2, 3-dioxy-
genase. Infect. Immun. 69, 6156 – 6164.

172 Schmitz, J. L., Carlin, J. M., Borden, E. C. and Byrne, G. I.
(1989) Beta interferon inhibits Toxoplasma gondii growth in
human monocyte-derived macrophages. Infect. Immun. 57,
3254 – 3256.

173 Smith, D. G., Guillemin, G. J., Pemberton, L., Kerr, S., Nath,
A., Smythe, G. A. and Brew, B. J. (2001) Quinolinic acid is
produced by macrophages stimulated by platelet activating
factor, Nef and Tat. J. Neurovirol. 7, 56 – 60.

174 Travers, M. T., Gow, I. F., Barber, M. C., Thomson, J. and
Shennan, D. B. (2004) Indoleamine 2, 3-dioxygenase activity
and L-tryptophan transport in human breast cancer cells.
Biochim. Biophys. Acta 1661, 106 – 112.

175 Wood, J. M., Ehrke, C. and Schallreuter, K. U. (1991)
Tryptophan protects human melanoma cells against gamma-
interferon and tumour necrosis factor-alpha: a unifying
mechanism of action. Melanoma Res. 1, 177 – 185.

Cell. Mol. Life Sci. Vol. 64, 2007 Review Article 2561



176 Musso, T., Gusella, G. L., Brooks, A., Longo, D. L. and
Varesio, L. (1994) Interleukin-4 inhibits indoleamine 2, 3-
dioxygenase expression in human monocytes. Blood 83,
1408 – 1411.

177 von Bubnoff, D., Matz, H., Frahnert, C., Rao, M. L., Hanau,
D., de la Salle, H. and Bieber, T. (2002) FcepsilonRI induces
the tryptophan degradation pathway involved in regulating T
cell responses. J. Immunol. 169, 1810 – 1816.

178 van Wissen, M., Snoek, M., Smids, B., Jansen, H. M. and
Lutter, R. (2002) IFN-gamma amplifies IL-6 and IL-8
responses by airway epithelial-like cells via indoleamine 2,
3-dioxygenase. J. Immunol. 169, 7039 – 7044.

179 Liebau, C. , Baltzer, A. W. , Schmidt, S. , Roesel, C. ,
Karreman, C. , Prisack, J. B. , Bojar, H. and Merk, H.
(2002) Interleukin-12 and interleukin-18 induce indole-
amine 2, 3-dioxygenase (IDO) activity in human osteosar-
coma cell lines independently from interferon-gamma.
Anticancer Res. 22, 931 – 936.

180 Fujigaki, H. , Saito, K. , Fujigaki, S. , Takemura, M. , Sudo,
K. , Ishiguro, H. and Seishima, M. (2006) The signal
transducer and activator of transcription 1alpha and
interferon regulatory factor 1 are not essential for the
induction of indoleamine 2, 3-dioxygenase by lipopolysac-
charide : involvement of p38 mitogen-activated protein
kinase and nuclear factor-kappaB pathways, and syner-
gistic effect of several proinflammatory cytokines.
J. Biochem. (Tokyo) 139, 655 – 662.

181 Fujigaki, H., Saito, K., Lin, F., Fujigaki, S., Takahashi, K.,
Martin, B. M., Chen, C. Y., Masuda, J., Kowalak, J., Takikawa,
O., Seishima, M. and Markey, S. P. (2006) Nitration and
inactivation of IDO by peroxynitrite. J. Immunol. 176, 372 –
379.

182 Neurauter, G., Wirleitner, B., Laich, A., Schennach, H.,
Weiss, G. and Fuchs, D. (2003) Atorvastatin suppresses
interferon-gamma -induced neopterin formation and trypto-
phan degradation in human peripheral blood mononuclear
cells and in monocytic cell lines. Clin. Exp. Immunol. 131,
264 – 267.

183 Weiss, G., Murr, C., Zoller, H., Haun, M., Widner, B.,
Ludescher, C. and Fuchs, D. (1999) Modulation of neopterin
formation and tryptophan degradation by Th1- and Th2-
derived cytokines in human monocytic cells. Clin. Exp.
Immunol. 116, 435 – 440.

184 Manuelpillai, U., Ligam, P., Smythe, G., Wallace, E. M., Hirst,
J. and Walker, D. W. (2005) Identification of kynurenine
pathway enzyme mRNAs and metabolites in human placenta:
up-regulation by inflammatory stimuli and with clinical
infection. Am. J. Obstet. Gynecol. 192, 280 – 288.

185 Kudo, Y., Boyd, C. A., Sargent, I. L. and Redman, C. W.
(2000) Modulation of indoleamine 2, 3-dioxygenase by
interferon-gamma in human placental chorionic villi. Mol.
Hum. Reprod. 6, 369 – 374.

186 Manuelpillai, U., Nicholls, T., Wallace, E. M., Phillips, D. J.,
Guillemin, G. and Walker, D. (2003) Increased mRNA
expression of kynurenine pathway enzymes in human pla-
centae exposed to bacterial endotoxin. Adv. Exp. Med. Biol.
527, 85 – 89.

187 Rapoza, P. A., Tahija, S. G., Carlin, J. P., Miller, S. L., Padilla,
M. L. and Byrne, G. I. (1991) Effect of interferon on a primary
conjunctival epithelial cell model of trachoma. Invest. Oph-
thalmol. Vis. Sci. 32, 2919 – 2923.

188 Guillemin, G. J., Smythe, G., Takikawa, O. and Brew, B. J.
(2005) Expression of indoleamine 2, 3-dioxygenase and
production of quinolinic acid by human microglia, astrocytes,
and neurons. Glia 49, 15 – 23.

189 Malone, D. G., Dolan, P. W., Brown, R. R., Kalayoglu, M. V.,
Arend, R. A., Byrne, G. I. and Ozaki, Y. (1994) Interferon
gamma induced production of indoleamine 2, 3 dioxygenase
in cultured human synovial cells. J. Rheumatol. 21, 1011 –
1019.

190 Byrne, G. I., Carlin, J. M., Merkert, T. P. and Arter, D. L.
(1989) Long-term effects of gamma interferon on chlamydia-

infected host cells: microbicidal activity follows microbistasis.
Infect. Immun. 57, 1318 – 1320.

191 Sweeten, T. L., Ferris, M., McDougle, C. J., Kwo, P. and
Taylor, M. W. (2001) Induction of indoleamine 2, 3-dioxyge-
nase in vivo by IFN-con1. J. Interferon Cytokine Res. 21,
631 – 633.

192 Mellor, A. L., Baban, B., Chandler, P. R., Manlapat, A.,
Kahler, D. J. and Munn, D. H. (2005) Cutting edge: CpG
oligonucleotides induce splenic CD19+ dendritic cells to
acquire potent indoleamine 2, 3-dioxygenase-dependent T
cell regulatory functions via IFN Type 1 signaling. J. Immunol.
175, 5601 – 5605.

193 Britan, A., Maffre, V., Tone, S. and Drevet, J. R. (2006)
Quantitative and spatial differences in the expression of
tryptophan-metabolizing enzymes in mouse epididymis. Cell
Tissue Res. 324, 301 – 310.

194 Yoshida, R., Nukiwa, T., Watanabe, Y., Fujiwara, M., Hirata,
F. and Hayaishi, O. (1980) Regulation of indoleamine 2, 3-
dioxygenase activity in the small intestine and the epididymis
of mice. Arch. Biochem. Biophys. 203, 343 – 351.

195 Moreau, M., Lestage, J., Verrier, D., Mormede, C., Kelley, K.
W., Dantzer, R. and Castanon, N. (2005) Bacille Calmette-
Guerin inoculation induces chronic activation of peripheral
and brain indoleamine 2, 3-dioxygenase in mice. J. Infect. Dis.
192, 537 – 544.

196 Kwidzinski, E., Bunse, J., Kovac, A. D., Ullrich, O., Zipp, F.,
Nitsch, R. and Bechmann, I. (2003) IDO (indolamine 2, 3-
dioxygenase) expression and function in the CNS. Adv. Exp.
Med. Biol. 527, 113 – 118.

197 Lestage, J., Verrier, D., Palin, K. and Dantzer, R. (2002) The
enzyme indoleamine 2, 3-dioxygenase is induced in the mouse
brain in response to peripheral administration of lipopoly-
saccharide and superantigen. Brain Behav. Immun. 16, 596 –
601.

198 Suzuki, S., Tone, S., Takikawa, O., Kubo, T., Kohno, I. and
Minatogawa, Y. (2001) Expression of indoleamine 2, 3-
dioxygenase and tryptophan 2, 3-dioxygenase in early con-
cepti. Biochem. J. 355, 425 – 429.

199 Baban, B., Hansen, A. M., Chandler, P. R., Manlapat, A.,
Bingaman, A., Kahler, D. J., Munn, D. H. and Mellor, A. L.
(2005) A minor population of splenic dendritic cells express-
ing CD19 mediates IDO-dependent T cell suppression via
type I IFN signaling following B7 ligation. Int. Immunol. 17,
909 – 919.

200 Orabona, C., Tomasello, E., Fallarino, F., Bianchi, R., Volpi,
C., Bellocchio, S., Romani, L., Fioretti, M. C., Vivier, E.,
Puccetti, P. and Grohmann, U. (2005) Enhanced tryptophan
catabolism in the absence of the molecular adapter DAP12.
Eur. J. Immunol. 35, 3111 – 3118.

201 Roy, E. J., Takikawa, O., Kranz, D. M., Brown, A. R. and
Thomas, D. L. (2005) Neuronal localization of indoleamine 2,
3-dioxygenase in mice. Neurosci. Lett. 387, 95 – 99.

202 Yoshida, R. and Hayaishi, O. (1978) Induction of pulmonary
indoleamine 2, 3-dioxygenase by intraperitoneal injection of
bacterial lipopolysaccharide. Proc. Natl. Acad. Sci. USA 75,
3998 – 4000.

203 Alberati-Giani, D. and Cesura, A. M. (1998) Expression of the
kynurenine enzymes in macrophages and microglial cells:
regulation by immune modulators. Amino Acids 14, 251 –
255.

204 Chiarugi, A., Rovida, E., Dello Sbarba, P. and Moroni, F.
(2003) Tryptophan availability selectively limits NO-synthase
induction in macrophages. J. Leukoc. Biol. 73, 172 – 177.

205 Hansen, A. M., Ball, H. J., Mitchell, A. J., Miu, J., Takikawa,
O. and Hunt, N. H. (2004) Increased expression of indole-
amine 2, 3-dioxygenase in murine malaria infection is
predominantly localised to the vascular endothelium. Int. J.
Parasitol. 34, 1309 – 1319.

206 Watanabe, Y., Yoshida, R., Sono, M. and Hayaishi, O. (1981)
Immunohistochemical localization of indoleamine 2, 3-diox-
ygenase in the argyrophilic cells of rabbit duodenum and
thyroid gland. J. Histochem. Cytochem. 29, 623 – 632.

2562 C. A. Opitz et al. Tryptophan degradation in autoimmune diseases



207 Xiao, B. G., Liu, X. and Link, H. (2004) Antigen-specific T cell
functions are suppressed over the estrogen-dendritic cell-
indoleamine 2, 3-dioxygenase axis. Steroids 69, 653 – 659.

208 Cannon, M. J. and Pate, J. L. (2006) Indoleamine 2, 3-
dioxygenase participates in the interferon-gamma-induced
cell death process in cultured bovine luteal cells. Biol. Reprod.
74, 552 – 559.

209 Alberati-Giani, D., Cesura, A. M., Broger, C., Warren, W. D.,
Rover, S. and Malherbe, P. (1997) Cloning and functional
expression of human kynurenine 3-monooxygenase. FEBS
Lett. 410, 407 – 412.

210 Heyes, M. P., Chen, C. Y., Major, E. O. and Saito, K. (1997)
Different kynurenine pathway enzymes limit quinolinic acid
formation by various human cell types. Biochem. J. 326 (Pt 2),
351 – 356.

211 Uemura, T. and Hirai, K. (1999) Purification of L-kynurenine
3-monooxygenase from mitochondrial outer membrane of pig
liver. Adv. Exp. Med. Biol. 467, 619 – 623.

212 Chiarugi, A., Rapizzi, E., Moroni, F. and Moroni, F. (1999)
The kynurenine metabolic pathway in the eye: studies on 3-
hydroxykynurenine, a putative cataractogenic compound.
FEBS Lett. 453, 197 – 200.

213 Fujigaki, S., Saito, K., Takemura, M., Fujii, H., Wada, H.,
Noma, A. and Seishima, M. (1998) Species differences in L-
tryptophan-kynurenine pathway metabolism: quantification
of anthranilic acid and its related enzymes. Arch. Biochem.
Biophys. 358, 329 – 335.

214 Battie, C. and Verity, M. A. (1981) Presence of kynurenine
hydroxylase in developing rat brain. J. Neurochem. 36, 1308 –
1310.

215 Alberati-Giani, D., Buchli, R., Malherbe, P., Broger, C.,
Lang, G., Kohler, C., Lahm, H. W. and Cesura, A. M. (1996)

Isolation and expression of a cDNA clone encoding human
kynureninase. Eur. J. Biochem. 239, 460 – 468.

216 Nandi, D., Lightcap, E. S., Koo, Y. K., Lu, X., Quancard, J.
and Silverman, R. B. (2003) Purification and inactivation of 3-
hydroxyanthranilic acid 3, 4-dioxygenase from beef liver. Int.
J. Biochem. Cell. Biol. 35, 1085 – 1097.

217 Okuno, E., Kohler, C. and Schwarcz, R. (1987) Rat 3-
hydroxyanthranilic acid oxygenase: purification from the
liver and immunocytochemical localization in the brain.
J. Neurochem. 49, 771 – 780.

218 Ragazzi, E., Costa, C. V., Caparrotta, L., Biasiolo, M.,
Bertazzo, A. and Allegri, G. (2002) Enzyme activities along
the tryptophan-nicotinic acid pathway in alloxan diabetic
rabbits. Biochim. Biophys. Acta 1571, 9 – 17.

219 Ott, M., Demisch, L., Engelhardt, W. and Fischer, P. A. (1993)
Interleukin-2, soluble interleukin-2-receptor, neopterin, L-
tryptophan and beta 2-microglobulin levels in CSF and serum
of patients with relapsing-remitting or chronic-progressive
multiple sclerosis. J. Neurol. 241, 108 – 114.

220 Hartai, Z., Klivenyi, P., Janaky, T., Penke, B., Dux, L. and
Vecsei, L. (2005) Kynurenine metabolism in multiple scle-
rosis. Acta Neurol. Scand. 112, 93 – 96.

221 Bertazzo, A., Punzi, L., Bertazzolo, N., Pianon, M., Pozzuoli,
A., Costa, C. V. and Allegri, G. (1999) Tryptophan catabolism
in synovial fluid of various arthropathies and its relationship
with inflammatory cytokines. Adv. Exp. Med. Biol. 467, 565 –
570.

222 Choi, B. K., Asai, T., Vinay, D. S., Kim, Y. H. and Kwon, B. S.
(2006) 4-1BB-mediated amelioration of experimental auto-
immune uveoretinitis is caused by indoleamine 2, 3-dioxyge-
nase-dependent mechanisms. Cytokine 34, 233 – 242.

To access this journal online:
http://www.birkhauser.ch/CMLS

Cell. Mol. Life Sci. Vol. 64, 2007 Review Article 2563

http://www.birkhauser.ch/CMLS

