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Abstract: Indoleamine 2,3-dioxygenase (IDO) is the rate-limiting enzyme in the tryptophan-catabolizing pathway and
a key regulator of peripheral immune tolerance. As the suppressive effects of IDO are predominantly mediated by
dendritic cells (DCs) and IDO-competent DCs promote long-term immunologic tolerance, a detailed understanding
of how IDO expression and activity is regulated in these cells is central to the rational design of therapies to induce
robust immune tolerance. We previously reported that the cystine/glutamate antiporter modulates the functional
expression of IDO in human monocyte-derived DCs. Specifically, we showed that blocking antiporter uptake of cys-
tine significantly increased both IDO mRNA and IDO enzymatic activity and that this correlated with impaired DC
presentation of exogenous antigen to T cells via MHC class Il and the cross-presentation pathway. The antiporter
regulates intracellular and extracellular redox by transporting cystine into the cell in exchange for glutamate. In-
tracellular cystine is reduced to cysteine to support biosynthesis of the major cellular antioxidant glutathione and
cysteine is exported from the cell where it functions as an extracellular antioxidant. Here we show that antiporter
control of IDO expression in DCs is reversible, independent of interferon-y, regulated by redox, and requires active
protein synthesis. These findings highlight a role for antiporter regulation of cellular redox as a critical control point
for modulating IDO expression and activity in DCs. Thus, systemic disease and aging, processes that perturb redox
homeostasis, may adversely affect immunity by promoting the generation of IDO-competent DCs.
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Introduction by the antiporter [6]. We previously demonstrat-
ed that blocking the function of the antiporter

The cystine/glutamate antiporter plays a pivot-
al role in controlling intracellular and extracel-
lular redox through the uptake of extracellular
cystine in exchange for intracellular glutamate
[1-3]. Inside the cell, cystine is rapidly reduced
to cysteine and functions both as an intracellu-
lar antioxidant and as the rate-limiting precur-
sor for biosynthesis of the major cellular anti-
oxidant glutathione [4]. Cysteine is also
exported from the cell via the alanine-serine-
cysteine transporter where it generates a
reducing extracellular milieu [5-7]. This cystine/
cysteine redox cycle is maintained by oxidation
of extracellular cysteine to cystine for reuptake

depleted intracellular glutathione and signifi-
cantly impaired dendritic cell (DC) presentation
of exogenous antigen to T cells via MHC class Il
and the cross-presentation pathway [8]. To
explain this defect, we examined the possibility
that the antiporter regulates the functional
expression of the immunosuppressive enzyme
indoleamine 2,3-dioxygenase (IDO). Our data
show that blocking antiporter function resulted
in a significant increase in IDO MRNA tran-
scripts and IDO enzymatic activity in DCs
matured by incubation with lipopolysaccharide
(LPS) [9]. This finding is consistent with the con-
cept that the outcome of DC-T cell interactions
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may be productive priming or tolerance depend-
ing on the signals DCs receive from their cellu-
lar environment. Thus, these data raise the
possibility that the cystine/glutamate antiport-
er, through regulation of cellular redox, may
directly control the outcome of DC-T cell inter-
actions by modulating IDO expression.

The immunosuppressive enzyme IDO has
emerged as a major regulator of peripheral
immune suppression and tolerance [10-13].
IDO catalyzes the initial and rate-limiting oxida-
tive conversion of tryptophan to signaling
metabolites termed kynurenines [14, 15]. Both
tryptophan depletion and kynurenine accumu-
lation create a highly immunosuppressive
micromilieu that blocks T cell responses
through several mechanisms including inhibi-
tion T cell proliferation, induction of T cell apop-
tosis and the expansion and stabilization of
regulatory T cells (Treg) [12, 13, 16-19]. The
suppressive effects of IDO are largely mediated
by DCs [20, 21]. IDO-competent DCs control
the development of peripheral tolerance in the
context of various physiological and pathologi-
cal conditions and promote long-term control of
immune homeostasis by limiting exaggerated
inflammatory responses to danger signals and
assisting Treg effector function [12, 18, 22,
23]. IDO is therefore an attractive target for
immune modulation and yet the molecular and
biochemical mechanisms that control IDO
expression and function at the transcriptional,
translational and post-translational levels in
health and disease are incompletely under-
stood.

Here we studied the effect of antiporter block-
ade on extracellular tryptophan depletion and
kynurenine accumulation, and examined a role
for IFN-y in antiporter-dependent control of IDO.
We also tested whether the effect of the anti-
porter on IDO activity could be reversed by
releasing antiporter inhibition or by normalizing
redox with an antioxidant. Finally, we assessed
whether the antiporter controls IDO enzymatic
activity by regulating IDO protein levels. Our
findings suggest that the cystine/glutamate
antiporter, through control of cellular redox
homeostasis, may directly influence the gener-
ation of IDO-competent DCs. This has implica-
tions for understanding how processes that
dysregulate the redox equilibrium, such as sys-
temic disease, cancer and aging, may impair
adaptive immunity. The results of this study
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may also facilitate the development of new
treatment avenues for blocking IDO activity in
DCs to promote microbial clearance and anti-
tumor immunity, or conversely, to stimulate IDO
activity to prevent or attenuate autoimmunity,
allergy and allograft rejection.

Materials and methods
Materials

Escherichia coli 026: B6 lipopolysaccharide
(LPS; y-irradiated; total impurities <5% protein),
L-homocysteic acid, L-buthionine S,R-sulfoxi-
mine, diethyl maleate, cycloheximide, NaCl, Tris
base, NP-40, SDS, sodium deoxycholate and
goat anti-rabbit IgG-HRP were from Sigma-
Aldrich (St. Louis, MI, USA). RPMI 1640, FBS,
penicillin, streptomycin sulfate and amphoteri-
cin B were from Invitrogen (Carlsbad, CA, USA).
Recombinant human IFN-y was from Genway
(San Diego, CA, USA). Cystine/cysteine-free
medium was from MP Biomedicals (Solon, OH,
USA). N-acetyl-L-cysteine and mouse anti-IDO
monoclonal antibody were from EMD Millipore
(Billerica, MA, USA). Complete Mini Protease
Inhibitor tablets were from Roche (Indianapolis,
IN, USA). Goat anti-mouse IgG-HRP antibody
was from Thermo Fisher Scientific, Inc.
(Waltham, MA, USA) and rabbit anti-GAPDH
monoclonal antibody was from Cell Signaling
(Danvers, MA, USA).

Human monocyte-derived dendritic cells

DCs were derived from monocytes purified
from normal human buffy coats (purchased
from The Blood Center, New Orleans, LA, USA)
as described previously [8]. Briefly, human
PBMCs were isolated from buffy coats by cen-
trifugation on Ficoll-Paque (GE Healthcare,
Uppsala, Sweden) and monocytes were purified
by positive selection on CD14 Microbeads
(Miltenyi Biotec, Auburn, CA, USA). DCs were
derived by culturing monocytes (10° cells/ml) in
complete medium (RPMI 1640 medium supple-
mented with 10% heat-inactivated FBS, 10 U/
ml penicillin, 10 ug/ml streptomycin sulfate,
and 25 ng/ml amphotericin B) containing IL-4
(10 ng/ml; 290 U/ml; Peprotech, Rocky Hill, NJ)
and GM-CSF (100 ng/ml; 560 U/ml; Leukine,
Genzyme, Cambridge, MA) for 4 d in a humidi-
fied atmosphere at 37°C with 5% CO,. Medium
containing fresh cytokines was replenished on
day 3 of culture.

Am J Clin Exp Immunol 2012;1(2):113-123



Cystine/glutamate antiporter regulates IDO in DCs

Quantification of IDO enzymatic activity

IDO enzymatic activity in DCs was examined by
quantifying the accumulation of kynurenine in
cell-free culture supernatants by the colorimet-
ric method or by quantifying kynurenine and
tryptophan by HPLC. The colorimetric assay
was described previously [9, 24]. Briefly, DCs
were treated with or without LPS (1 pg/ml) for
4 h after which DCs were collected, washed
and incubated in 6-well trays at a density of
1.25 x 10° cells/ml in complete medium in the
presence or absence of L-homocysteic acid
(LHC; 2.5 mM) or in cystine/cysteine-free medi-
um. Tryptophan (250 pM; Sigma-Aldrich) was
added to wells as an IDO substrate. In other
studies DCs were treated with N-acetyl-L-
cysteine, cycloheximide or IFN-y. Culture media
was collected at 16 and 24 h and centrifuged
to remove cells. Supernatants were extracted
with 15% trichloroacetic acid (Sigma-Aldrich)
and centrifuged to remove protein. Kynurenine
in extracted supernatants was quantified by
adding an equal volume of Ehrlich reagent (2%
w/v 4-dimethylaminobenzaldehyde in glacial
acetic acid; Sigma-Aldrich). The OD 480 nm
was measured with a plate reader (BioTek
Synergy Il, Winooski, VT) and the kynurenine
concentration was calculated by referral to a
standard curve prepared with purified kynuren-
ine (Sigma-Aldrich) diluted in TCA-extracted
medium.

HPLC detection of tryptophan and kynurenine
was performed using an established technique
[25]. Samples of cell-free culture medium were
shipped on dry ice to the Toxicology Laboratory
at the Virginia-Maryland Regional College of
Veterinary Medicine where they were stored at
-80°C. Standards were prepared by dissolving
purified tryptophan and kynurenine in water.
Samples and standards were injected onto a
Phenomenex Synergi Fusion-RP 2.5 u, 100 x
3.0 mm column and separated with methanol-
water (27%-73%) with 0.05% trifluoroacetic
acid at a flow rate of 0.3 ml/min. Tryptophan
was detected by fluorescence with an excita-
tion wavelength of 254 nm and an emission
wavelength of 404 nm, and kynurenine was
detected by UV at 366 nm. The background
fluorescence due to phenol red in the culture
medium was subtracted from the fluorescence
signal in the samples as it interfered with the
detection of tryptophan. Samples from two
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independent experiments were analyzed in
duplicate and the Ave+StDev was calculated.

MmRNA measurements with nCounter

The NanoString nCounter gene expression sys-
tem (NanoString Technologies Inc., Seattle,
WA, USA) was used to quantify individual mRNA
transcripts as described previously [8]. Briefly,
DCs were treated with LPS (1 ug/ml) for 4 h and
then incubated in complete medium or in cys-
tine/cysteine-free medium in the continued
presence of LPS for 16 h. DCs (50,000 per con-
dition) were lysed in RLT buffer (Qiagen,
Valencia, CA, USA) supplemented with 3-merca-
ptoethanol (Sigma). 10% of the lysates was
hybridized for 16 h with the CodeSet and load-
ed into the nCounter prep station followed by
quantification using the nCounter Digital
Analyzer. The nCounter data was normalized
against the positive spiked-in controls provided
by the nCounter instrument as per the manu-
facturer’s instructions. Transcript copy num-
bers were normalized to transcripts encoding
the housekeeping genes GAPDH and HPRT1.

IDO immunoblot

IDO was detected in DC lysates by immunoblot.
Briefly, DCs were lysed in RIPA buffer (150 mM
NaCl, 50 mM Tris, pH 7.4, 1% NP-40, 0.1% SDS
and 0.5% sodium deoxycholate) containing
fresh protease inhibitors and equal quantities
(25-30 pg) were separated on 10-20% SDS-
PAGE gels and transferred to nitrocellulose. IDO
was detected by enhanced chemiluminescence
using a mouse anti-IDO monoclonal antibody
and a goat anti-mouse IgG-HRP secondary anti-
body. Blots were stripped and probed for
GAPDH with a rabbit anti-GAPDH monoclonal
antibody and detected with a goat anti-rabbit
IgG-HRP secondary antibody. Bands were quan-
tified by densitometry using a Kodak Gel Logic
2200 imager (Rochester, NY, USA) and the
IDO:GAPDH ratio was calculated.

Multiplex cytokine bead assay

IFN-y was quantified in cell-free culture super-
natants using Millipore’s Milliplex Human
14-Plex Cytokine Detection System as per the
manufacturer’'s instructions. Samples were
analyzed in duplicate on a Becton Dickinson
LSR Il flow cytometer (San Jose, CA, USA).
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Figure 1. Blocking antiporter uptake of cystine stimulates IDO enzymatic activity. DCs were treated with LPS for 4
h and then cultured with LPS in complete medium, complete medium containing LHC, or in cystine/cysteine-free
medium (Cys/s-) for 24 h. The concentrations of kynurenine and tryptophan in cell-free culture supernatants were
quantified by HPLC. Data shown are two independent experiments with samples analyzed in duplicate (Ave+StDev).
ND= none detected.
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Figure 2. Antiporter regulation of IDO enzymatic activity is independent of IFN-y. DCs were cultured in complete
medium or in cystine/cysteine-free medium (Cys/s-) in the presence of LPS for 16 h and mRNA transcripts encoding
IFNGR1 and IFNGR2 were quantified by digital mRNA profiling and normalized to HPRT1 and GAPDH transcripts.
Data represent the AvexSEM from three independent experiments with samples analyzed in triplicate (A). DCs were
treated with LPS for 24 h and then cultured in complete medium, complete medium containing LHC, or in cystine/
cysteine-free medium (Cys/s-) for 24 h. The concentration of IFN-y in cell-free culture supernatants was quantified
by cytometric bead array. Data are representative of two independent experiments with samples analyzed in dupli-
cate (AvexStDev) (B). DCs were treated with LPS for 4 h and then cultured with LPS in complete medium, in cystine/
cysteine-free medium, or in complete medium containing IFN-y (1 ug/ml) for 16 h. The concentration of kynurenine
in cell-free culture supernatants was quantified by the colorimetric method. Data represent the AvexSEM from three
independent experiments with samples analyzed in triplicate (C).

Cell viability to plastic, cells were gently scraped, trans-

ferred to tubes containing trypan blue and ana-
DC viability was assessed by trypan blue exclu- lyzed with a BioRad TC10 Automated Cell
sion. Because LPS-matured DCs are adherent Counter (BioRad, Hercules, CA, USA). None of

116 Am J Clin Exp Immunol 2012;1(2):113-123



Cystine/glutamate antiporter regulates IDO in DCs

200, ** *%
*%
160 —_
=
EX
o 120

80

Kynurenine

40

0.
12 34 56
Initial culture (24 h){ + I

Re-culture (24 h) { l i

Figure 3. Antiporter control of IDO activity is revers-
ible. DCs were treated with LPS for 4 h and then
cultured with LPS in complete medium or cystine/
cysteine-free medium in the presence or absence of
tryptophan for 24 h. DCs were then maintained un-
der those conditions or washed and re-cultured in
complete medium or cystine/cysteine-free medium
in the presence of tryptophan for 24 h. Kynurenine
levels in cell-free culture supernatants were quanti-
fied by the colorimetric method. Data represent the
AvexSEM from three independent experiments with
samples analyzed in triplicate.
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the treatments result in significant cell death.
The antioxidant NAC had no significant effect
on cell viability (% viable cells AvexStDev: con-
trol 91 + 1, control + NAC 86 + 5, LHC 84 + 8,
LHC + NAC 89 + 6, Cys/s 87 + 15, and Cys/s +
NAC 86 + 10; n=4). Similarly, neither BSO nor
DEM had a significant effect on cell viability
(control 91 + 2, control + BSO 88 + 6, and con-
trol + DEM 82 + 12; n=3). Cycloheximide (2 pM)
also had no significant effect on cell viability (
control 86 + 10, control + CHX 85 + 11, Cys/s
83 + 14, and Cys/s + CHX 83 + 11; n=3).

Statistical analysis

The Student’s t test was used to determine sta-
tistical differences between treatment groups
(*, p <0.05; **, p <0.01).

Results

The cystine/glutamate antiporter regulates the
functional expression of IDO in human den-
dritic cells

We recently showed that the cystine/glutamate
antiporter regulates the functional expression
of IDO in human monocyte-derived DCs [9]. To
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extend this observation, we used HPLC to
assess IDO activity by quantifying changes in
extracellular tryptophan and kynurenine follow-
ing antiporter blockade. DCs were treated with
LPS for 4 h to induce maturation and then incu-
bated with LPS in complete medium, complete
medium containing L-homocysteic acid (LHC), a
potent competitive inhibitor of the antiporter, or
in cystine/cysteine-free medium to prevent
antiporter uptake of cystine. Consistent with
our previous results, antiporter blockade result-
ed in the concomitant accumulation of extra-
cellular kynurenine and depletion of extracellu-
lar tryptophan (Figure 1). The concentration of
extracellular kynurenine quantified by HPLC
was identical to that measured using a stan-
dard colorimetric assay (not shown). These
data confirm that the antiporter regulates IDO
enzymatic activity in DCs.

Interferon-gamma does not play a role in redox
modulation of IDO activity in DCs

Interferon-gamma (IFN-y) is one of the most
potent inducers of IDO expression and activity
in DCs and other immune cells [26, 27]. To
determine whether IFN-y plays a role in anti-
porter regulation of IDO activity, we first exam-
ined whether the antiporter modulates DC
expression of the IFN-y receptor. To do this, we
used digital mRNA profiling to quantify tran-
scripts encoding the IFN-y receptor o and
chains (IFNGR1 and IFNGR2, respectively). DCs
cultured in cystine/cysteine-free medium in the
presence of LPS for 16 h exhibited a ~2-fold
increase in both IFNGR1 and IFNGR2 mRNA
transcripts relative to those DCs cultured in
complete medium with LPS (Figure 2A). These
data suggest that the antiporter may regulate
DC expression of the IFN-y receptor. To explore
this further, we examined whether antiporter
blockade could stimulate DC production of IFN-
y. DCs were treated with LPS for 24 h and incu-
bated with or without LHC or cultured in cys-
tine/cysteine-free medium for an additional 24
h after which IFN-y was quantified in cell-free
supernatants. In two separate experiments we
found that DCs produced low (~ 20 pg/ml) lev-
els of IFN-y and that antiporter blockade did not
significantly alter these levels (Figure 2B). To
confirm this result, we examined the effect of
exogenous IFN-y on IDO activity. DCs were cul-
tured with LPS in complete medium, cystine/
cysteine-free medium, or in complete medium
containing IFN-y for 16 h and kynurenine levels

Am J Clin Exp Immunol 2012;1(2):113-123
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Figure 4. The antioxidant N-acetyl-L-cysteine inter-
feres with antiporter regulation of IDO enzymatic
activity. DCs were treated with LPS for 4 h and then
incubated for 24 h with LPS in complete medium,
complete medium containing LHC, DEM (40 uM),
BSO (1 mM) or NAC (5 mM), or in cystine/cysteine-
free medium in the presence or absence of NAC (5
mM). Data represent the AvexSEM from three in-
dependent experiments with samples analyzed in
triplicate.

were quantified in cell-free culture media.
Consistent with the results of other studies,
exogenous IFN-y failed to induce robust IDO
activity in mature DCs (Figure 2C) [26, 28].
Taken together, these data suggest that the
mechanism by which the antiporter controls
IDO activity in DCs does not depend on the
action of IFN-y.

Antiporter control of IDO enzymatic activity is
reversible

We next examined whether the increase in IDO
activity observed following antiporter blockade
is reversible. To do this, DCs were treated with
LPS for 4 h and then cultured with LPS in com-
plete medium or in cystine/cysteine-free medi-
um in the presence or absence of tryptophan.
After 24 h DCs were either maintained in cul-
ture or washed and re-cultured for 24 h in com-
plete medium or in cystine/cysteine-free medi-
um containing tryptophan after which
kynurenine levels were measured. Consistent
with our previous data, incubation of DCs in
cystine/cysteine-free  medium induced IDO
activity (Figure 3, compare bars 1 and 2). When
DCs were initially cultured in cystine/cysteine-
free medium with tryptophan and then re-cul-
tured in complete medium containing trypto-
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phan, IDO activity was decreased to baseline
levels when compared with DCs re-cultured in
cystine/cysteine-free medium containing tryp-
tophan (Figure 3, compare bars 3 and 4). This
suggests that IDO activity is readily suppressed
when the antiporter is re-engaged by culturing
DCs in complete medium (i.e., medium contain-
ing cystine). To test whether the presence of
the IDO substrate tryptophan is required for
antiporter modulation of IDO activity, DCs were
cultured in cystine/cysteine-free medium in the
absence of tryptophan and then re-cultured
with tryptophan in cystine/cysteine-free medi-
um. IDO activity was robust when DCs were re-
cultured in the presence of tryptophan, sug-
gesting that tryptophan is not required for the
antiporter to up-regulate IDO activity (Figure 3,
compare bars 3 and 5). As before, this increase
in IDO activity was readily reversed when the
DCs were re-cultured in complete medium in
the presence of tryptophan (Figure 3, compare
bars 5 and 6). We also found that IDO enzymat-
ic activity was sustained as there was no signifi-
cant difference in kynurenine levels between
DCs cultured in cystine/cysteine-free medium
for 24 h without tryptophan and then cultured
for 24 h with tryptophan and those DCs cul-
tured in cystine/cysteine-free medium in the
presence of tryptophan for a full 48 h (i.e., IDO
enzymatic activity is measurable even after 48
h; Figure 3C, compare bars 3 and 5). Finally, we
verified that IDO activity is negligible in the
absence of extracellular tryptophan, as kyn-
urenine was undetectable in culture medium
when DCs were cultured without tryptophan in
complete medium, complete medium with LHC,
orin cystine/cysteine-free medium (not shown).
This set of data shows that the cystine/gluta-
mate antiporter readily modulates the “on-off”
status of IDO activity in DCs.

Antiporter control of redox regulates of IDO
enzymatic activity

To test whether the antiporter regulates 1DO
expression and activity by controlling cellular
redox, we examined the effect of the antioxi-
dant N-acetyl-L-cysteine (NAC) on IDO activity in
DCs following antiporter blockade. DCs were
treated with LPS for 4 h and then incubated
with LPS in the presence or absence of NAC in
complete medium, complete medium contain-
ing LHC, or cystine/cysteine-free medium. NAC
had no effect on the baseline level of IDO enzy-
matic activity in LPS-treated control DCs, how-
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Figure 5. The antiporter regulates IDO protein levels. DCs were treated with LPS for 4 h and then incubated for 24 h
with LPS in complete medium, complete medium containing LHC or in cystine/cysteine-free medium. IDO enzymatic
activity was assessed by the colorimetric method. Data represent the AvexSEM from five independent experiments
with samples analyzed in triplicate (A). IDO and GAPDH protein levels were examined by immunoblot. One represen-
tative blot of five is show (B). IDO and GAPDH band intensity was quantified by densitometry and the IDO:GAPDH
ratio was calculated. Data were normalized to controls (=1). Data represent the AvexSEM from five independent

experiments (C).

ever it potently reversed the increase in IDO
activity observed when antiporter uptake of
cystine was inhibited by culturing DCs in medi-
um with LHC or in cystine/cysteine-free medi-
um (Figure 4). These data suggest that the anti-
porter modulates IDO enzymatic activity by
controlling cellular redox. NAC functions as an
extracellular antioxidant but also may be trans-
ported into the cell and serve as a substrate for
glutathione biosynthesis. Therefore, we exam-
ined whether the antiporter controls IDO
expression by depleting intracellular glutathi-
one. DCs were treated with L-buthionine S,R-
sulfoximine (BSO) [29] to inhibit y-glutamyl-
cysteine synthetase, the rate-controlling
enzyme for glutathione synthesis [29, 30], or
with diethyl maleate (DEM) [31], which forms
irreversible adducts with glutathione [32].
Neither BSO nor DEM treatment increased kyn-
urenine levels in culture media suggesting that
glutathione depletion alone does not induce
IDO enzymatic activity (Figure 4).

The antiporter controls IDO protein levels

To examine whether the antiporter controls IDO
enzymatic activity by regulating IDO protein lev-
els in DCs, we compared the effect antiporter
blockade on IDO protein levels by immunoblot.
Consistent with our previous observations, IDO
protein was undetectable in immature DCs and
LPS treatment significantly increased IDO lev-
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els (not shown) [9]. IDO enzymatic activity was
increased when antiporter function was inhib-
ited with LHC and significantly increased follow-
ing DC incubation in cystine/cysteine-free
medium (Figure 5A) and this correlated with a
significant increase in IDO protein levels (Figure
5B and 5C). This suggests that antiporter block-
ade increases IDO activity by increasing IDO
protein levels. To confirm this result, we blocked
protein synthesis by treating DCs with cyclohex-
imide (2 yM) and examined the effect on IDO
enzymatic activity and protein. When LPS-
treated DCs were cultured in complete medium
with cycloheximide, both IDO enzymatic activity
(Figure 6A) and protein levels (Figure 6B and
6C) were reduced. Furthermore, cycloheximide
significantly interfered with the increase in IDO
enzymatic activity and protein levels when LPS-
treated DCs were incubated in cystine/cyste-
ine-free medium (Figure 6A-C). When tested at
higher concentrations (10 and 50 uM), cyclo-
heximide was toxic to the cells. Taken together,
these data show that the antiporter regulates
IDO enzymatic activity by controlling IDO pro-
tein levels post-transcriptionally.

Discussion

Unraveling the mechanisms by which peripher-
al immune tolerance is regulated has direct rel-
evance for the development of innovative clini-
cal approaches to attenuate autoimmunity,

Am J Clin Exp Immunol 2012;1(2):113-123
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Figure 6. Antiporter regulation of IDO enzymatic activity depends on active protein synthesis. DCs were treated
with LPS for 4 h and then incubated for 24 h with LPS in complete medium or cystine/cysteine-free medium in the
presence or absence of cycloheximide (2 uM). IDO enzymatic activity was assessed by the colorimetric method.
Data represent the Ave+SEM from five independent experiments with samples analyzed in triplicate (A). IDO and
GAPDH protein levels were examined by immunoblot. One representative blot of three is show (B). Band intensity
was quantified by densitometry and data were normalized to controls (=1). Data represent the AvexSEM from three

independent experiments (C).

allergy and transplant rejection. In our previous
work we identified a novel role for the cystine/
glutamate antiporter as a regulator of IDO activ-
ity in DCs. The goal of the current study was to
test whether antiporter control of cellular redox
could influence IDO enzymatic activity in DCs by
modulating IDO protein synthesis. Our results
suggest that perturbation of the intracellular or
extracellular cystine/cysteine redox cycle main-
tained by the antiporter may directly regulate
the functional expression of IDO.

To begin to define the process by which the
antiporter controls IDO, we first confirmed that
antiporter regulation of IDO enzymatic activity
depended upon the presence of extracellular
tryptophan. Antiporter blockade resulted in the
concomitant increase in extracellular kynuren-
ines and depletion of extracellular tryptophan
as determined by HPLC. We next examined
whether IFN-y, the major inducer of IDO activity,
participates in antiporter-dependent modula-
tion of IDO activity in DCs. Although antiporter
blockade increased mRNA transcripts encod-
ing the alpha and beta subunits of the IFN-y
receptor, negligible quantities of IFN-y were
measured in the cultured supernatants of both
control DCs and DCs cultured under conditions
that inhibit antiporter activity. Furthermore,
exogenous IFN-y failed to induce IDO activity in
both control DCs and in DCs in which antiporter
function was inhibited. These data suggest that
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antiporter control of IDO expression occurs
independent of IFN-y. This is in line with the
observation of other studies showing that pro-
longed incubation (48 h) of human monocyte-
derived DCs with IFN-y fails to induce IDO enzy-
matic activity [28]. Our findings are in contrast
to that observed with human macrophages,
where IFN-y induces robust IDO activity, sug-
gesting that IFN-y may differentially regulate
IDO in human DCs and macrophages [33].

Control of IDO enzymatic activity is complex
and regulated at the transcriptional, transla-
tional and post-translational levels [34].
Therefore we next examined whether antiporter
control of IDO enzymatic activity is reversible,
sustained and dependent upon availability of
its substrate tryptophan. Our data show that
the increase in IDO activity observed following
antiporter inhibition is rapidly reversed when
the inhibition is removed. IDO activity is also
sustained as significant levels of kynurenines
were measured when DCs were cultured for 24
h in cystine/cysteine-free medium containing
tryptophan, collected, washed and re-cultured
under the same conditions for an additional 24
h. Furthermore, the ability of DCs to up-regulate
IDO following antiporter blockade did not
depend upon the availability of extracellular
tryptophan; DCs cultured in medium devoid of
cystine and tryptophan and then cultured in the
same medium supplemented with tryptophan
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exhibited IDO activity levels comparable to DCs
cultured in cystine/cysteine-free medium in the
continued presence of tryptophan for the full
48 h. This is an important observation because
tryptophan is the least abundant of all the
amino acids. These data suggest that IDO may
be up-regulated even under conditions of limit-
ed tryptophan availability, thus rendering the
IDO-competent DC poised to generate kynuren-
ines when tryptophan becomes available.

A major function of the cystine/glutamate anti-
porter is to maintain the intracellular and extra-
cellular redox milieu by sustaining intracellular
glutathione levels and by generating a cystine/
cysteine redox cycle, respectively. Studies show
that exported glutathione and cysteine partici-
pate in redox remodeling in which sulfhydryl
groups present in exofacial proteins on the cell
surface and secreted proteins are maintained
in their reduced state [35, 36]. Therefore we
addressed the possibility that perturbation of
intracellular or extracellular redox resulting
from antiporter inhibition is the force driving
up-regulation of IDO activity in DCs. In support
of this idea, our data show that the antioxidant
NAC reversed the increase in IDO enzymatic
activity observed when antiporter function was
inhibited. This is consistent with the observa-
tion that antioxidants inhibit IDO in IFN-y acti-
vated human monocyte-derived macrophages
[37]. NAC is often used to replete intracellular
glutathione and we previously demonstrated
that blocking antiporter activity both depleted
intracellular levels of glutathione and decreased
glutathione export from DCs [8]. Therefore we
examined whether depleting intracellular gluta-
thione alone could induce IDO activity. Neither
BSO, which inhibits glutathione biosynthesis,
nor DEM, which alkylates and inactivates gluta-
thione, had a significant effect on IDO activity,
as kynuneine levels were the same as that
observed in control DCs. This raises the possi-
bility that exofacial proteins or secreted pro-
teins may function as extracellular redox sen-
sors able to parlay changes in the external
redox milieu into functional effects in DCs [38-
40]. Our data suggest that one such effect may
be to control IDO expression.

Finally, we show that the increase in IDO enzy-
matic activity observed following antiporter
inhibition correlates with an increase in IDO
protein levels and that this depends, in part,
upon active protein synthesis. These data sug-

121

gest that redox may control IDO enzymatic
activity by controlling IDO protein synthesis
rather than by protecting IDO from proteasomal
degradation [41]. In summary, our data show
that the antiporter, by controlling cellular redox,
regulates IDO enzymatic activity in DCs by mod-
ulating IDO protein synthesis. This work extends
our understanding of how IDO may be clinically
manipulated for therapeutic benefit. Importa-
ntly, this study may also explain how IDO-
competent DCs arise under pathophysiologic
conditions characterized by imbalances in sys-
temic redox as occurs in cancer, obesity, HIV,
diabetes and aging, conditions that correlate
with immune dysregulation and decline [32,
42-471.
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