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Abstract

The interferon (IFN)-y-inducible tryptophan degrading enzyme indoleamine 2,3-dioxygenase (IDO) has not only been recognized as a
potent antimicrobial effector molecule for the last 25 years but was recently found also to have potent immunoregulatory properties. In
this study, we provide evidence that both tryptophan starvation and production of toxic tryptophan metabolites are involved in the
immunoregulation mediated by IDO, whereas tryptophan starvation seems to be the only antibacterial effector mechanism. A long-studied
controversy in the IDO research field is the seemingly contradictory effect of IDO in the defence against infectious diseases. On the
one hand, IFN-y-induced IDO activity mediates an antimicrobial effect, while at the same time IDO inhibits T-cell proliferation and IFN-y
production. Here, we suggest that both effects, dependent on the threshold for tryptophan, cooperate in a reasonable coherence. We
found that the minimum concentration of tryptophan required for bacterial growth is 10-40-fold higher than the minimum concentra-
tion necessary for T-cell activation. Therefore, we suggest that during the first phase of infection the IDO-mediated tryptophan depletion
has a predominantly antimicrobial effect whereas in the next stage, and with ongoing tryptophan degradation, the minimum threshold
concentration of tryptophan for T-cell activation is undercut, resulting in an inhibition of T-cell growth and subsequent IDO activation.
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Introduction

It is generally accepted that the antigen-driven cellular immune
response directed against a particular pathogen, begins in the
lymph node by the interaction of naive T cells with dendritic cells.
In the past dendritic cells were regarded as immunostimulatory
cells only. However, several different subsets of dendritic cells
have been described recently, some of which are capable of
inhibiting T-cell responses [1, 2].

According to data by the group of Mellor and Munn [3], the
induction of the tryptophan degrading enzyme indoleamine 2,3-
dioxygenase has been recognized as an immunoregulatory mech-
anism. Indoleamine 2,3-dioxygenase (IDO)" dendritic cells were
characterized as either immunodownregulatory or tolerogenic
dendritic cells [4]. Different pathways leading to IDO induction in
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dendritic cells have been described and several cytokines (types |
and Il interferons [IFNs], tumour necrosis factor [TNF]-«, granu-
locyte macrophage-colony stimulating factor [GM-CSF],
prostaglandin E [PGE]2) [5-8] and surface molecules (CTLA4,
CD80/86, CD40, CD200) [9-12] have been implicated in 1DO
induction. In general, most of them are dependent on the presence
or production of IFN-y [13], while only a few pathways appear to
be independent of IFN-y [14] Type-1 IFNs seem to be important
in specialized CD19™ DC subsets and IDO is additionally involved
in the induction of type-1 IFNs in these cells [15]. Most data have
been obtained from macrophages/dendritic cells and therefore the
focus has been on the primary or secondary activation of T cells
especially within the lymph node.

Dendritic cells are the most prominent antigen-presenting cells
(APC) in the primary activation of resting, naive T cells. In second-
ary T-cell activation and especially also the triggering of the effec-
tor phase of T-cell activation in the inflamed tissue, several other
cell types can interact with T cells as APC. In human beings, IDO
expression can be induced in several non-professional APC (NP-
APC) and it can be assumed that IDO activity within these cells is
involved in the control of the local T-cell effector phase. Much
attention was paid to the role of IDO expression in tumour cells
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and it was found that a surprisingly high proportion of cells within
human tumours express IDO activity [16]. In line with the fact that
IDO expressing tumour cells are capable of inhibiting T-cell prolif-
eration, in vivo studies in mice showed that IDO™ tumour cells
become resistant to immune eradication [16]. Histological data,
obtained with human ovarian carcinoma cells, showed that IDO
expression correlates with a worse clinical outcome [17].
Therefore, it would appear that IDO has a double role in tumour
immunology: ID0-expressing DC, especially in tumour draining
lymph nodes, are active in the afferent arm of the immune system
and inhibit T-cell activation, whereas IDO™ tumour cells them-
selves down-regulate the efferent arm of the immune system by
inhibiting T-cell effector function [18]. The molecular mechanism
causing |IDO-mediated inhibition of T-cell responses is not
absolutely clear, but it has been suggested that T cells might use
the GCN2 pathway as a sensor for tryptophan depletion and that
the induction of an integrated stress response is responsible for
inhibition of T-cell proliferation [19]. Alternatively, it was assumed
that toxic metabolites produced along the kynurenine pathway,
especially kynurenine and 30H-kynurenine, might inhibit T-cell
responses either directly [20, 21] or via dendritic cells [22]. Other
theories involve the preferred induction of regulatory T cells or the
development of regulatory dendritic cells [23].

It is well known that minor subsets of dendritic cells are
capable of expressing IDO; however, the constitutive and
inducible expression of this enzyme in several other cell types
has also been described. For example, IDO expression has been
found in mucosal surfaces of the lung and the lower gastroin-
testinal tract. Both organ systems are involved in autoimmune
and/or chronic inflammatory of allergic diseases and IDO might
play a role in the regulation of these pathological processes [24,
25]. Starting with the initial finding of Pfefferkorn et al. [26],
a set of different human pathogens have been found to be inhib-
ited by IDO. The exact mechanism of this IDO-mediated antimi-
crobial effect remains unclear, but it is widely accepted that
depletion of tryptophan is responsible for the antiparasitic effect
[27]. Until now, there have been no data available showing the
role of tryptophan metabolites or of the GCN2 pathway in the
IDO-mediated control of pathogens. The antimicrobial effect of
IDO in human cells is expressed mainly in NP phagocytes such
as endothelial cells [28], epithelial cells [29], fibroblasts [26]
and astrocytes [30], the same cells which might influence the
effector phase of T cells as mentioned above. Thus, it would
appear that IDO might have two contradictory roles in the
immune defence against infectious agents; on the one hand,
inhibiting the growth of pathogens directly, and on the other
hand, inhibiting the effector phase of the T-cell response to these
agents. In this manuscript, we show that the minimum trypto-
phan concentration, required for T-cell growth, is up to 40-fold
lower than the minimum concentration, required for the growth
of bacteria. Therefore, during an ongoing immune response at
the site of a local infection, tryptophan degradation results first
in an inhibition of bacteria and then later, at a lower concentration,
an inhibition of the T-cell effector phase is reached, resulting in
a reduction of IFN-y production. This may result in a protective
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attenuation of the ongoing IDO activation, thus ensuring adequate
tryptophan levels for tissue cells.

Materials and methods

Media and cells

Iscove’s modified Dulbecco’s medium and Roswell Park Memorial Institute
(RPMI) 1640 (Gibco, Grand Island, NY, USA), with and without tryptophan,
supplemented with 2-mM L-glutamine and 5-10% heat inactivated foetal
calf serum were used as culture media for all cell lines. 86HG39 cells
(human astrocytoma cells) [31] were obtained from Dr. Bilzer
(Neuropathologie, Universitdt Diisseldorf, Germany), A549 cells (lung
carcinoma, type Il alveolar cells), Hela cells (human cervix carcinoma
cells) and human foreskin fibroblasts (HFF) were obtained from American
Type Culture Collection (Rockville, MD, USA).

All cell lines were cultured in supplemented Iscove’s medium in culture
flasks (Costar, Cambridge, MA, USA) and split weekly in 1 :3to 1:10
ratios by using trypsin/EDTA (Gibco). In all cell lines, mycoplasma contam-
ination was regularly excluded, using both culture methods and PCR.

Peripheral blood lymphocytes (PBL) were prepared from heparinized
blood of healthy donors after density gradient centrifugation. Alloreactive
T-cell lines directed against 86HG39 cells were obtained by coculturing
mitomycin-treated 86HG39 cells and PBL. Before using in the experiments
T cells were restimulated using mitomycin-treated 86HG39 cells and IL-2
(5 ng/ml) (R&D, Riisselsheim, Germany).

Preparation of conditioned medium

A total of 5 x 10° 86HG39 or A549 cells were cultured in 20-ml culture
medium in culture flasks. Alternatively, 1.25 X 10% HeLa cells or HFF were
cultured in 5-ml culture medium. Cells were stimulated for 3 days with IFN-y
(500 U/ml) in the presence or absence of additional tryptophan (25-100
wg/ml) (Sigma-Aldrich, Deisenhofen, Germany) or 1-methyl-L-tryptophan
(1-MT, 1.5 mM). 1-methyl-L-tryptophan was used since its efficiency in
IDO inhibition was about 10-fold higher than efficiency of the D-isoform.

Thereafter, supernatants were harvested and kynurenine content was
determined. Supernatants were utilized as culture medium for bacteria or
PBL. In some experiments, supernatants were supplemented with different
amounts of tryptophan.

Kynurenine assay

Supernatants harvested from IFN-y-stimulated cells were analysed for
their kynurenine content, using Ehrlich reagent as described before [32].
As a standard we diluted kynurenine (Sigma-Aldrich) in culture medium.
For the calculation of the kynurenine content in the supernatant, linear
regression and GraphPad Prism software was used.

Determination of bacterial growth

For the analysis of bacterial growth in conditioned medium, several strains
of staphylococci or enterococci, obtained from routine diagnostic specimens

© 2009 The Authors

Journal compilation © 2009 Foundation for Cellular and Molecular Medicine/Blackwell Publishing Ltd



were used. The IDO sensitivity of these strains has been previously
analysed [33, 34]. Bacteria were grown on brain heart infusion agar (Difco,
Hamburg, Germany), containing 5% sheep blood and incubated at 37°C in
5% CO2-enriched atmosphere. For use in experiments, a 24-hr-old single
bacterial colony was picked and resuspended in RPMI 1640 without tryp-
tophan. Bacteria were serially diluted in the same medium and 10 .l were
added to 200 wl of conditioned medium.

Bacterial growth in Iscove’s medium with or without supplemental
tryptophan or kynurenine was used as a control. After incubation for 16—
24 hrs, bacterial growth was monitored using a microplate photometer
(SLT Labinstruments, Crailsheim, Germany) by measuring the optical den-
sity at 620 nm. In some experiments, the bacterial population present in
the cultures was enumerated by counting colony forming units (CFU) after
plating 10 wl aliquots of serially diluted culture supernatants on blood agar.

Proliferation assays

A total of 0.3-3 x 10° mitomycin-treated 86HG39 cells were incubated in
the presence or absence of IFN-y for 24-72 hrs. Thereafter, alloreactive
Teells (1 X 10%/well in 10 wl tryptophan-free RPMI 1640 medium) were
added with or without supplemental tryptophan (final concentration
100 wg/ml). T-cell proliferation was determined after 3 days by adding
3H-thymidine for 14-18 hrs.

In other experiments mitomycin-treated 86HG39 cells, irradiated HFF
or A549 cells were activated with IFN-y as described above and then 1.5 X 10°
PBL were added in 10 wl tryptophan-free RPMI 1640 medium and stimu-
lated with either a monoclonal anti-CD3 antibody, staphylococcal entero-
toxin B (SEB, 10 ng/ml, Sigma-Aldrich) or phytohemagglutinin A (PHA
2 ng/ml, Sigma-Aldrich) for 3 days. As a control, some cultures were sup-
plemented with L-tryptophan or 1-methyl-L-tryptophan at the time of IFN-y
stimulation. In additional experiments, PBL were activated by the use of an
anti-CD3 monoclonal antibody and conditioned medium served as culture
medium. As a control, PBL stimulated in Iscove’s Medium in the presence
or absence of additional tryptophan or kynurenine were used.

The 3H—thymidine incorporation method was also used to determine
the growth of 86HG39 or A549 cells in the presence or absence of differ-
ent amounts of tryptophan or kynurenine. In these experiments, 1 X 10*
tumour cells were cultured for 3 days in 96-well flat-bottomed culture
plates prior to the addition of 3H-thymidine.

High-performance liquid chromatography (HPLC)
analysis

Degradation of tryptophan was also measured by HPLC (Gold-Universal-
Grad System, BeckmanCoulter, Krefeld, Germany). Before measurement,
the culture medium was deproteinized by the treatment with 25% sulphos-
alicylic acid (1:10 vol/vol). After precipitation the supernatant was adjusted
to a pH of 7.2 by adding NaOH and mixed with FMOC (9-flurenyloxycar-
bonylchloride)-reagent (Alltech Grom, Rottenburg, Germany). After a
1.5-fold dilution with sodium acetate (50 mM / pH 4.2), 50 p.L of the sam-
ple were injected into a 5-pm reversed phase column (Grom-Sil FMOC-2,
100 mm X 4 mm) and analyses were carried out at a flow rate of 1.0
ml/min. The separation was performed in sodium acetate buffer (50 mM /
pH 4.2) with an increasing gradient of acetonitrile. The absorbance of the
column effluent was monitored at 263 nm. The tryptophan peak was iden-
tified by means of comparison with the retention time of standards which
were previously determined.
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Statistical analysis

All experiments were done in triplicate and data are given as mean =
S.E.M. of 2 to 18 independent experiments, as indicated in the legends of
the figures. For statistical analysis, dependent on the type of the experi-
ment the unpaired or paired t-test was used and P-values <0.01 were
accepted as significant. The threshold tryptophan concentrations for bac-
teria and T cells were determined using linear regression and GraphPad
Prism software.

Results

Inhibition of the efferent arm of the immune
system by IDO ™ bystander cells

It is well described that IDO™ NP-APC, such as mesenchymal
stroma cells, fibroblasts and epithelial cells, as well as cells from
different tumour lines, are capable of mediating inhibitory effects
on T cells in an IDO-dependent fashion, when they are present
as bystander cells during T-cell activation [35-37]. We assume
that this immunoregulatory effect, mediated by NP-APC, does not
have an incidental bystander function but rather is ubiquitously
present as a part of the IFN-y stimulation, resulting from inflam-
mation. We have previously shown that immortalized human
brain microvascular cells (HBMEC) are able to inhibit T-cell
responses in an IDO-dependent fashion [38]. In addition, Figs 1-3
demonstrate that different tumour cells for example astrocytoma
cells (86HG39), lung carcinoma cells (A549) or cervix carcinoma
cells (HeLa) as well as native tissue cells (HFF) are, subsequent
to IDO induction by IFN-vy, capable of inhibiting mitogen (PHA),
superantigen (SEB), anti-CD3 and alloantigen-driven T-cell activa-
tion, when present as bystander cells during T-cell activation.
These inhibitory effects could be blocked by the addition of tryp-
tophan as well as by the addition of the IDO specific inhibitor
1-methyl-tryptophan. Further experiments indicated that the
inhibitory effect mediated by NP-APC, present as bystander cells,
was dependent on the number of cells present during T-cell acti-
vation. For example 3 X 10% 86HG39 cells stimulated with [FN-vy
for 72 hrs are able to inhibit the T-cell response by 70%, whereas
3 x 10° cells have no effect. In addition, we found that the IFN-y
pre-stimulation time was also critical in the mediation of this anti-
proliferative effect: 3 X 10* 86HG39 cells pre-treated with IFN-y
for only 24 hrs were unable to inhibit T-cell proliferation (Fig. 2).
Using double culture systems, separated by a semi-permeable
membrane, we found that this IDO-mediated anti-proliferative effect
was independent of a cell-cell contact. Even culture supernatants, con-
ditioned by IFN-vy activated cells, used as culture medium for sub-
sequent T-cell activation, mediated this anti-proliferative effect
(Fig. 3). As a control, supernatants from IFN-y-activated Jurkat
cells or from epstein-barr virus (EBV)-transformed B-cells, which
do not express IDO activity, were used and did not influence T-cell
proliferation (data not shown).
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Fig. 1 1DO™" tumour cells are capable of inhibiting mitogen-driven T-cell
proliferation: Mitomycin-treated 86HG39 cells (A) or irradiated A549 cells
(B) were incubated with or without IFN-y (500 U/ml). After 3 days, 1.5 X 10°
PBL were added and stimulated with anti-CD3 antibodies, phytohemagglu-
tinin A or staphylococcal enterotoxin B for additional 3 days in the absence
or presence of tryptophan (100 w.g/ml). T-cell proliferation was determined
by 3H-thymidine incorporation after 3 days. Data are given as mean =
S.E.M. of two independent experiments, each done in triplicate. Asterisks
indicate significant inhibition of T-cell responses (P < 0.005).

In conclusion, these data confirm and expand the previously
published data of several different groups, including ours, that
indicate that IDO™ bystander cells can mediate anti-proliferative
effects. In addition, we have previously shown that the cells, used
in the experiments, shown in Figs 1-3 are capable of mediating an
ido-dependent antimicrobial effect. In subsequent studies we
analysed the respective roles of tryptophan depletion and accumu-
lation of toxic kynurenine pathway metabolites in the mediation of
immunoregulatory and antimicrobial effects.

Mechanism of IDO-mediated antibacterial
and immunoregulatory effects

Several data from different groups using diverse read-out systems
indicate that toxic kynurenines, as well as tryptophan starvation
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are capable of mediating immunoregulatory effects, while the
antiparasitic effect, mediated by IDO, seems to depend on trypto-
phan starvation alone. Having found that supernatants of IDO*
cells inhibit T-cell growth we have attempted to analyse the mech-
anism of IDO-mediated antimicrobial and anti-proliferative effects
in parallel. To achieve this, we stimulated 86HG39 cells with IFN-
~v (500 U/ml) in the presence or absence of additional tryptophan
(up to 10-fold of the normal tryptophan concentration). After 3
days of incubation, conditioned medium was harvested and used
as culture medium for bacteria and T cells. In addition, the con-
centration of the tryptophan metabolite kynurenine was measured
in the culture supernatants. Data with supernatants from stimu-
lated 86HG39 cells were shown in Fig. 4 and similar results were
also obtained with supernatants from other cells (HBMEC, A549).
All data are given as mean = S.E.M. of three independent experi-
ments all done in triplicate estimations. Figure 4A indicates that
independently of the amount of tryptophan initially present in the
culture medium all tryptophan was converted into kynurenine
within 3 days of stimulation. This is in line with the known high
efficiency of IDO in tryptophan cleavage. Furthermore, the near
equimolar production of kynurenine excludes the possibility that
other tryptophan metabolites were produced in significant
amounts by 86HG39 cells. Using HPLC analysis we found that the
tryptophan content in media harvested from IFN-y stimulated
86HG39 cells is below the detection limit of this method (<15 nM).

Having shown that the supernatant of IFN-y stimulated cells
was depleted of tryptophan, this conditioned medium was used to
analyse bacterial growth. As indicated in Fig. 4B, we found that,
independent of the amount of tryptophan initially added to the cul-
tures, a strong antibacterial effect could be detected. To show that
the lack of bacterial growth in the cell culture supernatants is due
to IDO-induction and subsequent tryptophan degradation, we
added large amounts of tryptophan (100 wg/ml) to the super-
natants at the time of infection. As also shown in Fig. 4B, this
results in a complete restoration of bacterial growth, indicating
that the kynurenine concentration present in the cultures did not
influence bacterial growth. This was also supported by the finding
that kynurenine, added in different amounts into bacterial cultures,
did not influence bacterial growth (Fig. 5A).

In a third experimental setting, the same supernatants that were
used to determine kynurenine content and to measure bacterial
growth, were also used to analyse T-cell activation induced by
cross-linking anti-CD-3 antibodies. As shown in Fig. 4C, T-cell pro-
liferation was inhibited in medium, conditioned by IFN-vy-activated,
IDO™ cells, and there is a trend to an enhanced inhibitory effect in
media, initially supplemented with high amounts of tryptophan or
containing large amounts of kynurenine. In order to analyse the
effector mechanism involved, we supplemented the media at the
time-point of T-cell stimulation with large amounts of tryptophan.
As indicated by data in Fig. 4C, this second tryptophan supplemen-
tation restores T-cell proliferation in supernatants containing small
amounts of kynurenine only, while the tryptophan supplementation
did not influence the inhibitory effect, mediated by conditioned
medium containing high amounts of kynurenine. These data suggest
that both tryptophan starvation and the increase of the kynurenine
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concentration mediate inhibitory effects on T-cell growth. This is
supported by data obtained by analysing T-cell proliferation in the
presence or absence of different amounts of kynurenine with or
without supplemental tryptophan, as shown in Fig. 5B. In sum-
mary, these experiments combine the tryptophan starvation and
the toxic metabolites hypotheses and therefore confirm that both
hypotheses are not mutually exclusive. Furthermore, this is the first
report, to our knowledge, which documents an analysis of the
mechanism of IDO-mediated antibacterial and immunoregulatory
effects in parallel since most groups focus either on the
immunoregulatory or the antimicrobial function of this enzyme.

A difference in the tryptophan requirement
combines ID0-mediated antimicrobial and
immunoregulatory effects

We have recognized that IDO™ NP-APCs are capable of inhibiting
both T-cell proliferation and bacterial growth. These two IDO-mediated
effects seem to be contradictory in terms of a unifying immune
defence hypothesis. To analyse the relationship between IDO-medi-
ated antimicrobial and immunoregulatory effects in more detail, we
aimed to define the threshold concentration of tryptophan, neces-
sary to mediate both effects. Therefore, we once again used super-
natants harvested from IDO™ cells to determine bacterial growth
and T-cell growth and supplemented these conditioned media with

© 2009 The Authors

different amounts of tryptophan. Figure 6B shows the bacterial
growth, measured by determining optical density. These data indi-
cate that bacterial growth is blocked in the supernatant of IFN-vy-
stimulated cells and that this antibacterial effect could be restored
by the addition of tryptophan. A 50% inhibition of bacterial growth
was found at a tryptophan concentration of about 0.38 wg/ml
(1.9 wM). The same supernatants were also used to culture T cells
and the data in Fig. 6A indicate that T-cell proliferation in medium,
conditioned by IFN-y activated A549 cells, is reduced by about
70%. A half-maximal inhibition of T-cell growth was achieved at a
tryptophan concentration of about 0.02 pg/ml (0.1 wM) (Fig. 6).
Hence, we found a 19-fold difference in the tryptophan need for
T cells compared to bacteria. In order to analyse this difference in
more detail, we determined CFU as a second and a more sensitive
readout system, to quantify bacterial growth in four additional
experiments. We noticed that bacterial growth in conditioned
medium, harvested from IFN-y activated cells, was dramatically
reduced from 1 x 10° CFU/ml in the supernatant of untreated cells
to 1 CFU/ml in the supernatant of IFN-y activated cells (Fig. 6C).
A half-maximal reduction of bacterial growth, using the CFU
method, was ascertained at a tryptophan concentration of 0.82 pg/ml
(4.1 wM), which is 41-fold higher than the threshold concentration
for T cells. All experiments shown in Fig. 6 were done with one
strain of Staphylococcus aureus. To ensure that the comparatively
high threshold concentration is consistent with other strains we
also analysed four additional Staphylococcus aureus isolates and
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Fig. 3 Inhibition of T-cell growth in media, conditioned by IDO™ cells.
1.25 % 10° HeLa cells (A) or human foreskin fibroblasts (B) were incu-
bated in the presence of IFN-y (500 U/ml) or of IFN-y and 1-methyl-L-
tryptophan (1-MT) for 3 days. Thereafter, supernatants were collected
and used as culture medium for PBL (1 X 105lwell) and stimulated with
anti-CD3 antibodies either in presence or absence of tryptophan (100
wg/ml). T-cell proliferation was determined by 3H-thymidine incorpora-
tion after 3 days and data are given as mean = S.E.M. of two independ-
ent experiments, each done in triplicate. Asterisks indicate significant
inhibition of T-cell responses (P < 0.001).

obtained comparable results. Here, we detected again a 50% inhi-
bition of bacterial growth at a tryptophan concentration of about
0.3 pg/ml. Furthermore, four strains of enterococci were tested
and showed a 50% inhibition of bacterial growth at a tryptophan
concentration of 0.2 wg/ml (1.0 wM) (Fig. 7). Altogether, these data
indicate that the tryptophan need of bacteria is higher than the tryp-
tophan need of T cells. This led us to the conclusion that a compara-
bly lesser tryptophan degradation mediates an antibacterial effect
whereas a 10-40-fold stronger tryptophan depletion is necessary
to mediate an immunoregulatory effect.

Discussion

The widely accepted understanding that IDO is an antimicrobial
effector mechanism is derived from in vitro data published by different
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Fig. 4 Differences in the tryptophan antagonism of antibacterial and anti-
proliferative effects mediated by IDO™ 86HG39 cells. A total of 5 x 108
86HG39 cells were incubated with or without IFN-y (500 U/ml) in the
presence of different concentrations of additional tryptophan (0, 25, 50
or 100 wg/ml). After 3 days of incubation, supernatants were harvested
and the kynurenine content was measured as described in materials and
methods (A). In addition, Staphylococcus aureus (10-50 CFU/well) was
added to the supernatants in the absence (white bars) or presence (grey
bars) of tryptophan (100 w.g/ml). Bacterial growth was determined pho-
tometrically after 24 hrs (B). Furthermore, cell supernatants were used as
culture medium for PBL (1 x 10%/well, suspended in 10 wl of trypto-
phan-free RPMI 1640 medium), stimulated with anti-CD3 antibodies
either in presence (grey bars) or absence (white bars) of tryptophan (100
w.g/ml) (C). Data were given as mean = S.E.M. of three independent
experiments, each done in triplicate. Asterisks indicate significant inhibi-
tion of bacterial growth or of T-cell responses (P < 0.001).
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Fig. 5 Different effects of kynurenine on the proliferation of T cells and
bacteria. Staphylococcal growth in presence of different concentrations
of kynurenine was analysed photometrically (A). Anti-CD3-driven T-cell
activation was analysed in absence or presence of different concentra-
tions of kynurenine (B). In both experiments, a part of the cultures was
supplemented with tryptophan (100 wg/ml). Data are given as mean =+
S.E.M. of three independent experiments, each done in triplicate.

groups showing IDO-dependent growth inhibition of parasites [26,
39], bacteria [40, 41] and viruses [29, 42]. However, to date only
indirect in vivo evidence for the involvement of IDO in the antimi-
crobial defence has been described. For example, increased con-
centrations of kynurenines were found in the cerebrospinal fluid of
patients with HIV-encephalitis [43]. In mice infected with
Plasmodium berghei, 1DO protein was detected immunohisto-
chemically within endothelial cells [44]. Furthermore, in toxo-
plasma-infected mice a dramatic drop in the tryptophan concen-
tration in lung tissue was accompanied by an increase in kynurenine
concentration [45]. In contrast, IDO-mediated effects in mice in
vivo have been described in the fields of transplant immunology,
tumour immunology and in autoimmune and allergic diseases.
For example, the inhibition of IDO by 1-MT in vivo resulted in a
worsening of the symptoms in an experimental autoimmune
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Fig. 6 Differences in the tryptophan requirement between T cells and bac-
teria. Supernatants harvested from A459 cells, incubated with or without
IFN-g (1000 U/ml), were used as culture medium. Anti-CD3-driven T-cell
proliferation in conditioned medium in the presence or absence of differ-
ent concentrations of supplemental tryptophan (A). Staphylococcal
growth in conditioned medium in the presence or absence of different
concentrations of supplemental tryptophan was determined photometri-
cally (B) or using the cultivation method (C). Data are given as mean +
S.E.M. of 18 independent experiments, each done in triplicate. A dotted
line indicates half maximal responses. The paired t-test indicates a signif-
icant lower tryptophan requirement for T cells in comparison to bacteria
for all tryptophan concentrations below 0.8 mg/ml (P = 0.0014).

encephalomyelitis model [46] and the induction of IDO in dendritic
cells has been shown to block the development of diabetes in non-
obese-diabetic (NOD) mice [47]. In both examples, IDO induction
in professional APG is necessary. In transplant immunology and
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tumour immunology IDO-mediated effects by professional and by
NP-APC have been specified. For example, Beutelshacher et al.
described that corneal cells expressing DO inhibit the rejection of
allogenic cornea transplants [48]. Even in tumour immunology,
IDO™ professional APC, as well as tumour cells, have been
involved in the induction of T-cell tolerance. Here, we show, as in
previous reports, that IDO™ tumour cells (86HG39 and A549), as
well as native cells such as fibroblasts (HFF), are capable of inhibit-
ing T-cell proliferation. In addition, we reveal that the inhibition of
T-cell growth by 86HG39 and A549 cells is predominantly mediated
by tryptophan depletion. Nevertheless, under special conditions
tumour cells are capable of producing kynurenine in quantities suf-
ficient to mediate an inhibition of T-cell growth, as displayed in Figs
4 and 5. This effect, mediated by the tryptophan degradation prod-
uct kynurenine, could not be abrogated by supplemental trypto-
phan. The toxic effects of kynurenine on T-cell proliferation have
been described independently by the groups of Terness and
Frumento [20, 21]. Both groups defined, as we did, that about
100 wg/ml of kynurenine were necessary to mediate a half maximal
inhibition of anti-CD3 antibody-driven T-cell proliferation.

In addition, we revealed that IDO-mediated antibacterial effects
are solely due to tryptophan depletion, while the production and
accumulation of tryptophan metabolites do not influence the
growth of bacteria. Furthermore, we found that T cells are more
sensitive to the toxic effects of kynurenine than tumour cells [27].
This opens up the possibility that tumour cells benefit from tryp-
tophan degradation, which might protect them from an undesir-
able anti-tumour T-cell response.
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In this manuscript, we aimed to compare IDO-mediated antimi-
crobial and immunoregulatory effects. Bacteria usually prefer to
use amino acids from their environment rather than synthesize
them de novo, since amino acid synthesis has a high cost in terms
of energy expenditure. Especially the biosynthesis of tryptophan
requires approximately seven times the energy which is necessary
to produce other amino acids, e.g. glycine or alanine [49]. Many
human cells are capable of controlling the growth of pathogens
after IFN-y-induced expression of IDO activity, while murine NP-
APC cells fail to express 1DO activity.

Besides the different role of IDO in antimicrobial defence in
human and murine cells, there are also differences in IDO induc-
tion and regulation between professional and NP-APC. For example,
murine and human dendritic cell subsets have been described,
which produce an enzymatically inactive IDO protein. Thus, a sec-
ond signal is seemingly necessary to initiate IDO activity. It was
suggested that in human, as well as in murine macrophages, sig-
nals mediated via the costimulatory molecules B7-1 and B7-2
might be involved in IDO activation and/or induction. These cos-
timulatory molecules are usually absent in human fibroblasts and
astrocytes [50]. However, in these cells stimulation with IFN-y
alone is sufficient to induce IDO expression and enzyme activity.
Analysing NP-APC of human origin, we and others have found that
these cells, after stimulation with IFN-vy, always express IDO pro-
tein and demonstrate IDO activity.

We decided to define the tryptophan threshold concentration
necessary to mediate an inhibition of bacterial and T-cell growth,
since the bacteria used in this study (staphylococci and enterococci)
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are capable of growing in culture medium even in the absence of
feeder cells. This is in striking contrast to other pathogens,
described to be under the control of IDO, since Toxoplasma gondii
and viruses depend on host cells for growth. In our culture system,
these host cells should themselves respond to the IFN-y present
in the conditioned medium, display IDO activity. Hence, the feeder
cells (present in the culture or separated by a semi-permeable
membrane) would degrade tryptophan during the 72 hrs neces-
sary for parasite or virus growth. This would thus result in a dra-
matic overestimation of the threshold tryptophan concentration.

In a recent review, Mellor ef al. stated that the fact that IDO
slows pathogen replication does not necessarily mean it would be
a useful host defence mechanism, since the ID0O-mediated inhibi-
tion of T-cell responses might benefit the pathogen more than the
host [1, 23]. Using an in vivo model of HIV-1 encephalitis in
NOD/severe combined immunodeficiency disorder (SCID) mice,
reconstituted with human PBL, Potula et al. showed that the inhi-
bition of IDO by 1-MT results in an enhanced T-cell response and
a more efficient elimination of virus-infected macrophages [51].
Analysing the role of IDO in infection and immunoregulation a
recent review suggested that antimicrobial effects, mediated by
IDO, might be beneficial in acute infection and deleterious in
chronic infection [52].

Data covering the quantitative aspects concerning tryptophan
concentrations during T-cell activation are rare. In independent
experiments Munn et al. and Lee et al. found a threshold concen-
tration of tryptophan for a 50% inhibition of T-cell growth of about
0.5-1 wM (corresponding to about 0.1-0.2 pg/ml), which is about
5-10 times higher than the threshold concentration found in our
experimental settings [53, 54]: In 1999, Munn et al. used medium
conditioned by M-CSF derived MDM, cultured for 48 hrs in the pres-
ence of OKT3 and T cells. Using this cell supernatant, they observed
that supplementation with about 0.5-1 M of tryptophan was nec-
essary to reach half maximal T-cell proliferation in comparison to
T-cell proliferation in tryptophan-rich medium. They used 4 X 10*
M-CSF differentiated macrophages/well and 2 X 10° corresponding
homologous T cells in the presence of soluble OKT3 antibodies and
the T-cell response was determined using 3H-thymidine after 72 hrs.
In this setting a comparably high number of macrophages were
present during T-cell activation and it was shown by the same
authors that macrophages, in contrast to monocytes, which were
present in our culture system, are far more potent mediators of an
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IDO-dependent tryptophan degradation. Therefore, we assume that
the macrophages, present in the second round of T-cell prolifera-
tion, were capable of cleaving the added tryptophan with high effi-
ciency and thus, the minimum threshold concentration of trypto-
phan was overestimated. The same effect might have occurred in
the experimental setting, described by Lee et al. [54], consisting of
murine T lymphocytes, stimulated by alloantigens in tryptophan-
free chemically defined medium. These authors, too, found a
threshold tryptophan concentration of about 1 M. However, also in
this paper, an extremely high number of cells (4 X 108 responder
and 4 x 10° stimulator splenocytes per millilitre) were cultured
together, which may have likewise resulted in an overestimation of
the minimum tryptophan threshold concentration.

Nevertheless, the 1-uM tryptophan concentration threshold,
necessary to mediate a 50% inhibition of T-cell growth, determined
by the groups of Mellor and Lee [53, 54], is still 4 times lower than
the threshold concentration for bacteria, measured by us using the
CFU-method (Fig. 6C).

In summary, our data indicate that IDO expression in human
NP-APC plays several roles in inflammatory diseases. In human
NP-APC, tryptophan degradation, caused by IDO, is capable of
mediating both, antibacterial and immunoregulatory effects. While
immunoregulatory effects are mediated via tryptophan starvation
and by the production of the toxic metabolite kynurenine, antibac-
terial effects are mediated by tryptophan depletion only. In the
case of tumour cells, which frequently express DO activity, tryp-
tophan starvation and the production of kynurenines might repre-
sent an escape mechanism that inhibits the induction of a T-cell-
mediated anti-tumour response. Therefore, we postulate a new
model, linking both IDO-mediated effects, occurring during bacte-
rial infections of soft tissue: Firstly, the growth of microorganisms
is inhibited and secondly, at a later time-point, the T-cell effector
phase is inhibited, acting as a protective feedback mechanism
against a possible overshooting T-cell response.

Acknowledgements

This study was supported by the German Federal Ministry of Education and
Research (BMBF): “Zellbasierte, regenerative Medizin’ and the German
Research Council (DFG): ‘Schwerpunktprogramm Endothel und Infektion’
and ‘Forschergruppe 729’ (to W.D.).

1. Mellor AL, Munn DH. Creating immune

privilege: active local suppression that
benefits friends, but protects foes. Nat Rev
Immunol. 2008; 8: 74-80.

Steinman RM, Hawiger D, Nussenzweig
MC. Tolerogenic dendritic cells. Annu Rev
Immunol. 2003; 21: 685-711.

Munn DH, Zhou M, Attwood JT, Bondarev
1, Conway SJ, Marshall B, Brown C, Mellor
AL. Prevention of allogeneic fetal rejection

© 2009 The Authors
Journal compilation © 2009 Foundation for Cellular and Molecular Medicine/Blackwell Publishing Ltd

by tryptophan catabolism. Science. 1998; 5.

281:1191-3.

Munn DH, Sharma MD, Lee JR, Jhaver
KG, Johnson TS, Keskin DB, Marshall
B, Chandler P, Antonia SJ, Burgess R,
Slingluff CL Jr, Mellor AL. Potential
regulatory function of human dendritic
cells expressing indoleamine 2,3-dioxy-
genase. Science. 2002; 297: 1867-
70.

Baban B, Hansen AM, Chandler PR,
Manlapat A, Bingaman A, Kahler DJ,
Munn DH, Mellor AL. A minor population
of splenic dendritic cells expressing CD19
mediates IDO-dependent T cell suppres-
sion via type | IFN signaling following B7
ligation. /nt Immunol. 2005; 17: 909-19.

Suh HS, Zhao ML, Rivieccio M, Choi S,
Connolly E, Zhao Y, Takikawa 0, Brosnan
CF, Lee SC. Astrocyte indoleamine

1133



10.

1.

12.

13.

14.

15.

16.

1134

2,3-dioxygenase is induced by the TLR3
ligand poly(l:C): mechanism of induction
and role in antiviral response. J Virol.
2007; 81: 9838-50.

Mellor AL, Munn DH. Tryptophan catabo-
lism and regulation of adaptive immunity.
J Immunol. 2003; 170: 5809-13.

Krause P, Singer E, Darley PI,
Klebensberger J, Groettrup M, Legler DF.
Prostaglandin E2 is a key factor for mono-
cyte-derived dendritic cell maturation:
enhanced T cell stimulatory capacity
despite IDO. J Leukoc Biol. 2007; 82:
1106-14.

Hwu P, Du MX, Lapointe R, Do M, Taylor
MW, Young HA. Indoleamine 2,3-dioxyge-
nase production by human dendritic cells
results in the inhibition of T cell prolifera-
tion. J Immunol. 2000; 164: 3596-9.
Grohmann U, Orabona C, Fallarino F,
Vacca C, Calcinaro F, Falorni A,
Candeloro P, Belladonna ML, Bianchi R,
Fioretti MC, Puccetti P. CTLA-4-Ig regu-
lates tryptophan catabolism in vivo. Nat
Immunol. 2002; 3: 1097-101.

Munn DH, Sharma MD, Mellor AL.
Ligation of B7-1/B7-2 by human CD4+ T
cells triggers indoleamine 2,3-dioxygenase
activity in dendritic cells. J Immunol. 2004;
172: 4100-10.

Fallarino F, Asselin-Paturel C, Vacca C,
Bianchi R, Gizzi S, Fioretti MC, Trinchieri
G, Grohmann U, Puccetti P. Murine plas-
macytoid dendritic cells initiate the
immunosuppressive pathway of trypto-
phan catabolism in response to CD200
receptor engagement. J Immunol. 2004;
173: 3748-54.

Fallarino F, Grohmann U, Hwang KW,
Orabona C, Vacca C, Bianchi R,
Belladonna ML, Fioretti MC, Alegre ML,
Puccetti P. Modulation of tryptophan
catabolism by regulatory T cells. Nat
Immunol. 2003; 4: 1206—-12.

Braun D, Longman RS, Albert ML. A two-
step induction of indoleamine 2,3 dioxyge-
nase (IDO) activity during dendritic-cell
maturation. Blood. 2005; 106: 2375-81.
Manlapat AK, Kahler DJ, Chandler PR,
Munn DH, Mellor AL. Cell autonomous
control of interferon type | expression by
indoleamine 2,3-dioxygenase in regulatory
CD19" dendritic cells. Eur J Immunol.
2007, 37: 1064-71

Uyttenhove C, Pilotte L, Theate I,
Stroobant V, Colau D, Parmentier N,
Boon T, Van den Eynde BJ. Evidence for a
tumoral immune resistance mechanism
based on tryptophan degradation by

20.

21.

22.

23.

24.

25.

26.

indoleamine 2,3-dioxygenase. Nat Med.
2003; 9: 1269-74.

Okamoto A, Nikaido T, Ochiai K,
Takakura S, Saito M, Aoki Y, Ishii N,
Yanaihara N, Yamada K, Takikawa O,
Kawaguchi R, Isonishi S, Tanaka T,
Urashima M. Indoleamine 2,3-dioxyge-
nase serves as a marker of poor prognosis
in gene expression profiles of serous ovar-
ian cancer cells. Clin Cancer Res. 2005;
11: 6030-9.

Munn DH, Mellor AL. Indoleamine 2,3-
dioxygenase and tumor-induced tolerance.
J Clin Invest. 2007; 117: 1147-54.

Munn DH, Sharma MD, Baban B, Harding
HP, Zhang Y, Ron D, Mellor AL. GCN2
kinase in T cells mediates proliferative
arrest and anergy induction in response to
indoleamine 2,3-dioxygenase. Immunity.
2005; 22: 633-42.

Terness P, Bauer TM, Rose L, Dufter C,
Watzlik A, Simon H, Opelz G. Inhibition of
allogeneic T cell proliferation by
indoleamine 2,3-dioxygenase-expressing
dendritic cells: mediation of suppression
by tryptophan metabolites. J Exp Med.
2002; 196: 447-57.

Frumento G, Rotondo R, Tonetti M,
Damonte G, Benatti U, Ferrara GB.
Tryptophan-derived  catabolites  are
responsible for inhibition of T and natural
killer cell proliferation induced by
indoleamine 2,3-dioxygenase. J Exp Med.
2002; 196: 459-68.

Belladonna ML, Grohmann U, Guidetti P,
Volpi C, Bianchi R, Fioretti MC, Schwarcz
R, Fallarino F, Puccetti P. Kynurenine
pathway enzymes in dendritic cells initiate
tolerogenesis in the absence of functional
IDO. J Immunol. 2006; 177: 130-7.
Mellor AL, Munn DH. IDO expression by
dendritic cells: tolerance and tryptophan
catabolism. Nat Rev Immunol. 2004; 4:
762-74.

Torres MI, Lopez-Casado MA, Lorite P,
Rios A. Tryptophan metabolism and
indoleamine 2,3-dioxygenase expression
in coeliac disease. Clin Exp Immunol.
2007; 148: 419-24.

Hayashi T, Beck L, Rossetto C, Gong X,
Takikawa 0, Takabayashi K, Broide DH,
Carson DA, Raz E. Inhibition of experi-
mental asthma by indoleamine 2,3-dioxy-
genase. J Clin Invest. 2004; 114: 270-9.
Pfefferkorn ER. Interferon gamma blocks
the growth of Toxoplasma gondii in human
fibroblasts by inducing the host cells to
degrade tryptophan. Proc Natl Acad Sci
USA. 1984; 81: 908-12.

27.

28.

29.

30.

31

32.

33.

34.

35.

36.

MacKenzie CR, Heseler K, Muller A,
Daubener W. Role of indoleamine 2,3-
dioxygenase in antimicrobial defence and
immuno-regulation: tryptophan depletion
versus production of toxic kynurenines.
Curr Drug Metab. 2007; 8: 237-44.
Daubener W, Spors B, Hucke C, Adam R,
Stins M, Kim KS, Schroten H. Restriction
of Toxoplasma gondii growth in human
brain microvascular endothelial cells by
activation of indoleamine 2,3-dioxygenase.
Infection and Immunity. 2001; 69:
6527-31.

Bodaghi B, Goureau 0, Zipeto D, Laurent
L, Virelizier JL, Michelson S. Role of IFN-
gamma-induced indoleamine 2,3 dioxyge-
nase and inducible nitric oxide synthase in
the replication of human cytomegalovirus
in retinal pigment epithelial cells. J
Immunol. 1999; 162: 957-64.

Oberdorfer C, Adams 0, MacKenzie CR,
De Groot CJA, Daubener W. Role of IDO
activation in anti-microbial defense in
human native astrocytes. Developments in
Tryptophan and Serotonin Metabolism.
2003; 527: 15-26.

Bilzer T, Stavrou D, Dahme E, Keiditsch
E, Burrig KF, Anzil AP, Wechsler W.
Morphological, immunocytochemical and
growth characteristics of three human
glioblastomas established in vitro.
Virchows Arch A Pathol Anat Histopathol.
1991; 418: 281-93.

Daubener W, Wanagat N, Pilz K,
Seghrouchni S, Fischer HG, Hadding U. A
new, simple, bioassay for human IFN-
gamma. J Immunol Methods. 1994; 168:
39-47.

MacKenzie CR, Hucke C, Muller D,
Seidel K, Takikawa O, Daubener W.
Growth inhibition of multiresistant entero-
cocci by interferon-gamma-activated human
uro-epithelial cells. J Med Microbiol. 1999;
48: 935-41.

Hucke C, MacKenzie CR, Adjoghle KD,
Takikawa 0, Daubener W. Nitric oxide-
mediated regulation of gamma interferon-
induced bacteriostasis: inhibition and degra-
dation of human indoleamine 2,3-dioxyge-
nase. Infect Immun. 2004; 72: 2723-30.
Meisel R, Zibert A, Laryea M, Gobel U,
Daubener W, Dilloo D. Human bone mar-
row stromal cells inhibit allogeneic T-cell
responses by indoleamine 2,3-dioxygenase-
zmediated tryptophan degradation. Blood.
2004; 103: 4619-21.

Logan GJ, Smyth CM, Earl JW, Zaikina I,
Rowe PB, Smythe JA, Alexander IE. HeLa
cells cocultured with peripheral blood

© 2009 The Authors

Journal compilation © 2009 Foundation for Cellular and Molecular Medicine/Blackwell Publishing Ltd



37.

38.

39.

40.

41.

42.

lymphocytes acquire an immuno-
inhibitory phenotype through up-regula-
tion of indoleamine 2,3-dioxygenase activ-
ity. Immunology. 2002; 105: 478-87.
Haniffa MA, Wang XN, Holtick U, Rae M,
Isaacs JD, Dickinson AM, Hilkens CMU,
Collin MP. Adult human fibroblasts are
potent immunoregulatory cells and func-
tionally equivalent to mesenchymal stem
cells. J Immunol. 2007; 179: 1595-604.
Adam R, Russing D, Adams 0, Ailyati A,
Sik KK, Schroten H, Daubener W. Role of
human brain microvascular endothelial
cells during central nervous system infec-
tion. Significance of indoleamine 2,3-
dioxygenase in antimicrobial defence and
immunoregulation. Thromb Haemost.
2005; 94: 341-6.

Daubener W, Pilz K, Seghrouchni ZS,
Bilzer T, Fischer HG, Hadding U.
Induction of toxoplasmostasis in a human
glioblastoma by interferon gamma. J
Neuroimmunol. 1993; 43: 31-8.

Byrne Gl, Lehmann LK, Landry GJ.
Induction of tryptophan catabolism is the
mechanism for gamma-interferon-mediated
inhibition of intracellular Chlamydia psittaci
replication in T24 cells. Infect Immun. 1986;
53: 347-51.

MacKenzie CR, Hadding U, Daubener W.
Interferon-gamma-induced activation of
indoleamine 2,3-dioxygenase in cord
blood monocyte-derived macrophages
inhibits the growth of group B strepto-
cocci. J Infect Dis. 1998; 178: 875-8.
Adams 0, Besken K, Oberdorfer C,
MacKenzie CR, Russing D, Daubener W.

© 2009 The Authors
Journal compilation © 2009 Foundation for Cellular and Molecular Medicine/Blackwell Publishing Ltd

43.

44,

45,

46.

47.

Inhibition of human herpes simplex virus
type 2 by interferon gamma and tumor
necrosis factor alpha is mediated by
indoleamine 2,3-dioxygenase. Microbes
Infect. 2004; 6: 806-12.

Heyes MP, Brew BJ, Saito K, Quearry BJ,
Price RW, Lee K, Bhalla RB, Der M,
Markey SP. Inter-relationships between
quinolinic acid, neuroactive kynurenines,
neopterin and beta 2-microglobulin in
cerebrospinal fluid and serum of HIV-1-
infected patients. J Neuroimmunol. 1992;
40: 71-80.

Hansen AM, Ball HJ, Mitchell AJ, Miu J,
Takikawa 0, Hunt NH. Increased expres-
sion of indoleamine 2,3-dioxygenase in
murine malaria infection is predominantly
localised to the vascular endothelium. /nt
J Parasitol. 2004; 34: 1309-19.

Silva NM, Rodrigues CV, Santoro MM,
Reis LF, Alvarez-Leite JI, Gazzinelli RT.
Expression of indoleamine 2,3-dioxyge-
nase, tryptophan degradation, and kynure-
nine formation during in vivo infection with
Toxoplasma gondii: induction by endoge-
nous gamma interferon and requirement
of interferon regulatory factor 1. Infect
Immun. 2002; 70: 859-68.

Kwidzinski E, Bunse J, Aktas 0, Richter D,
Mutlu L, Zipp F, Nitsch R, Bechmann 1.
Indolamine 2,3-dioxygenase is expressed in
the CNS and down-regulates autoimmune
inflammation. FASEB J. 2005; 19: 1347-9.
Saxena V, Ondr JK, Magnusen AF, Munn
DH, Katz JD. The countervailing actions of
myeloid and plasmacytoid dendritic cells
control autoimmune diabetes in the

J. Cell. Mol. Med. Vol 13, No 6, 2009

48.

49.

50.

51.

52.

53.

54.

nonobese diabetic mouse. J /mmunol.
2007; 179: 5041-53.

Beutelspacher SC, Pillai R, Watson MP,
Tan PH, Tsang J, McClure MO, George
AJ, Larkin DF. Function of indoleamine
2,3-dioxygenase in corneal allograft rejec-
tion and prolongation of allograft survival
by over-expression. Eur J Immunol. 2006;
36: 690-700.

Zegarra-Moran 0, Folli C, Manzari B,
Ravazzolo R, Varesio L, Galietta LJ.
Double mechanism for apical tryptophan
depletion in polarized human bronchial
epithelium. J Immunol. 2004; 173: 542-9.
Dong YS, Benveniste EN. Immune func-
tion of astrocytes. Glia. 2001; 36: 180-90.
Potula R, Poluektova L, Knipe B, Chrastil
J, Heilman D, Dou H, Takikawa 0, Munn
DH, Gendelman HE, Persidsky Y. Inhibition
of indoleamine 2,3-dioxygenase (IDO)
enhances elimination of virus-infected
macrophages in an animal model of HIV-1
encephalitis. Blood. 2005; 106: 2382-90.
Hainz U, Jurgens B, Wekerle T, Seidel
MG, Heitger A. Indoleamine 2,3-dioxyge-
nase in hematopoietic stem cell transplan-
tation. Curr Drug Metab. 2007; 8: 267-72.
Munn DH, Shafizadeh E, Attwood JT,
Bondarev |, Pashine A, Mellor AL.
Inhibition of T cell proliferation by
macrophage tryptophan catabolism. J Exp
Med. 1999; 189: 1363-72.

Lee GK, Park HJ, Macleod M, Chandler P,
Munn DH, Mellor AL. Tryptophan depriva-
tion sensitizes activated T cells to apopto-
sis prior to cell division. Immunology.
2002; 107: 452-60.

1135



