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Abstract
Objectives Indoleamine-2,3-Dioxygenase (IDO) is an
immunosuppressive molecule inducible in various cells. In
addition to classic IDO (IDO1), a new variant, IDO2, has
recently been described. When expressed in dendritic cells
(DCs) or cancer cells, IDO was thought to suppress the
immune response to tumors. A novel therapeutic approach
in cancer envisages inhibition of IDO with 1-methyl-trypto-
phan (1MT). The levo-isoform (L-1MT) blocks IDO1,
whereas dextro-1MT (D-1MT), which is used in clinical tri-
als, inhibits IDO2. Here we analyze IDO2 expression in
human cancer cells and the impact of both 1-MT isoforms
on IDO activity.
Methods Surgically extirpated human primary tumors as
well as human cancer cell lines were tested for IDO1 and
IDO2 expression by RT-PCR. IDO1 activity of Hela cells

was blocked by transfection with IDO1-speciWc siRNA and
analysed for tryptophan degradation by RP-HPLC. The
impact of D-1MT and L-1MT on IDO activity of Hela cells
and protein isolates of human colon cancer were studied.
Results Human primary gastric, colon and renal cell car-
cinomas constitutively expressed both, IDO1 and IDO2
mRNA, whereas cancer cells lines had to be induced to by
Interferon-gamma (IFN-�). Treatment of Hela cells with
IDO1-speciWc siRNA resulted in complete abrogation of
tryptophan degradation. Only L-1MT, and not D-1MT, was
able to block IDO activity in IFN-�-treated Hela cells as
well as in protein isolates of primary human colon cancer.
Conclusions Although IDO2 is expressed in human
tumors, tryptophan degradation is entirely provided by
IDO1. Importantly, D-1MT does not inhibit the IDO activ-
ity of malignant cells. If ongoing clinical studies show a
therapeutic eVect of D-1MT, this cannot be attributed to
inhibition of IDO in tumor cells.

Introduction

Tumors have developed various strategies to escape
immune attack [15]. Recently, indoleamine 2,3-dioxygen-
ase (IDO)—a molecule capable of preventing T cell-driven
rejection of allogeneic fetuses during pregnancy [9]—has
attracted the attention of scientists. If IDO plays a role in
tolerance induction to tumors, it might constitute a novel
candidate for targeted anti-cancer therapy.

Two observations led to this assumption: First, dendritic
cells (DCs), which act as major antigen presenting cells in
the induction of tumor-speciWc immune responses, are able
to express IDO [12]. Second, Fuchs et al. as well as others
showed that various malignant cells express this immuno-
regulatory protein [2, 13, 14]. Consequently, two mutually
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non-exclusive models emerged, in an eVort to explain the
involvement of IDO in tumor-directed immunosuppression
[7]. One hypothesizes that IDO-expressing DCs, which are
located in tumor-draining lymph nodes, suppress or aner-
gize tumor-reactive T cells responding to antigens pre-
sented by these DCs. The other model claims that tumor
cells expressing IDO inhibit the immune response. Pioneer-
ing work in this Weld has been performed by van den Eynde
et al. [13]. In a series of elegant experiments, they demon-
strated that mouse tumor cells transfected with IDO became
resistant to immunologic rejection, even in recipients that
had been preimmunized against the tumor. The participa-
tion of IDO in tumor development was given further sup-
port by the Wnding that the expression of this potentially
suppressive molecule by cancer cells correlated with poor
clinical prognosis in ovarian carcinoma [10], endometrial
carcinoma [4] and colon carcinoma [2]. On the basis of all
these Wndings, it was only a small step to the proposal of a
therapeutic approach aimed at inducing tumor rejection by
abrogation of the IDO activity. Van den Eynde�s group [13]
showed that preimmunized mice bearing IDO-expressing
tumors presented a signiWcant reduction of tumor size and
an increased number of tumor-reactive T cells when treated
with levo-1-methyl tryptophan (L-1MT). An even stronger
eVect was obtained in mouse tumor models with the dextro
isomer of 1-methyl tryptophan (D-1MT), especially if com-
bined with chemotherapy [3]. On the basis of these Wnd-
ings, D-1MT is now being used in a clinical phase I trial.
However, in contrast to L-1MT, D-1MT exhibited only little
biochemical activity as an IDO inhibitor in certain in vitro
test systems [3]. This raised the question of how it aVects
tumor development if it does not inhibit IDO activity (or
only poorly). The dilemma was seemingly resolved by the
discovery of a novel gene called IDO2 [1] as selective tar-
get for D-1MT [6]. It was suggested that a therapeutic eVect
of D-1MT in humans could be expected from its ability to
block IDO2 at the two potential sites of tolerance induction,
namely, the tumor itself or the DCs residing in tumor-drain-
ing lymph nodes [8]. We have recently shown [5] that
IDO2 is expressed by human DCs, but it is inactive and
consequently not aVected by D-1MT. The current series of
experiments addresses the questions whether tumor cells
express IDO2 and if so, whether the IDO2 activity is abro-
gated by D-1MT.

Methods

Human primary tumors and tumor cell lines

Preparation and analysis of human primary cancerous
material was approved by the ethical board of the Univer-
sity of Tübingen. Surgically removed tumors were frozen,

dissected and veriWed by microscopy. Tumor cell lines
were cultured in IMDM (Gibco, Germany) containing
2 mM L-glutamine (Gibco), 10% FCS (Lonza, Germany)
and 50 �g/ml gentamicin (Gibco).

siRNA transfection of tumor cell lines

Hela cells were transfected with reagent alone (Mock),
100 nM control (CTR siRNA) or IDO1-speciWc siRNA
(IDO1 siRNA) using Dharmafect1 reagent (Dharmacon,
Germany) according to the manufacturer’s instructions. After
4 h, cells were stimulated with 200 U/ml IFN-� for 48 h.

Qualitative and quantitative IDO expression, IDO activity 
assay

Assays were performed as described earlier [5, 11].

Results and discussion

First, we analyzed whether IDO2 is expressed in human
malignant cells. To this end, tumor samples were collected
during surgery, micro-dissected and microscopically veri-
Wed. Figure 1a shows that gastric, colon and renal carcino-
mas all express various amounts of IDO2 and IDO1
mRNA. In a parallel experiment (Fig. 1b), pancreas-
(Capan-1), colon- (HCT116), cervix- (Hela), hepatocellu-
lar- (HepG2), and renal carcinoma (RCC68) cell lines were
studied. Although none of them constitutively expressed
IDO2 or IDO1, expression of both genes could be induced
in carcinoma cells by treatment with IFN-�, with the excep-
tion of HepG2 cells (Fig. 1b).

Although primary tumor samples were carefully
inspected for non-malignant cell inWltrations, one can
never exclude the possibility that undetected, contaminat-
ing inXammatory cell inWltrates might contribute to the
IDO activity. Therefore, established tumor cell lines were
used for subsequent functional studies. It is well known
that IDO expression does not automatically imply the func-
tional activity [12]. Consequently, in spite of its expres-
sion, IDO2 might not unfold the enzymatic activity. To
elucidate the extent to which IDO1 and IDO2 contribute to
tryptophan degradation, IDO1 expression was blocked by
treating the tumor cells with IDO1-speciWc siRNA. As
expected, IDO1 transcription became undetectable, as mea-
sured by qualitative (Fig. 1c, lane 3) and quantitative RT-
PCR (Fig. 1d, column 4) whereas IDO2 transcription
remained unaVected (Fig. 1c, lane 3). If the IDO activity
is contributed exclusively by IDO1, one would expect
complete abrogation of kynurenine production following
IDO1-speciWc siRNA transfection. Figure 2a shows that
this was indeed the case.
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It was previously reported that D-1MT blocks the IDO2
activity and L-1MT blocks the IDO1 activity [6]. Because
IDO2 was not expressed in a functionally active form in
tumor cells, we expected that D-1MT would not block their
IDO function. Figure 2b shows that D-1MT is completely
inactive, whereas L-1MT eVectively inhibits the IDO activ-
ity of tumor cells. In situ, tumor tissues may harbor, in

addition to malignant cells, leukocyte inWltrates as well as
normal organ-speciWc cells. All these may contribute to the
IDO activity. To simulate the in vivo constellation as
closely as possible, we prepared whole protein extracts of
surgically extirpated colon carcinoma tumor. Figure 2c
shows that the extracts generated the IDO activity, but the
activity was inhibited only by L-1MT whereas D-1MT was
completely inactive. The Wndings obtained with colon

Fig. 1 Expression of IDO1 and IDO2 in human primary tumors and
tumor cell lines. a Micro-dissected human gastric-, colon-, and renal
cell carcinomas were analyzed for IDO1 and IDO2 expression by RT-
PCR. Water instead of cDNA was used as negative (NC), IFN-�-treat-
ed DCs [5] as positive control (PC). PCR products (�-Actin: 407 bp,
IDO1: 321 bp, IDO2: 371 bp) were separated on agarose gel. b Human
pancreas- (Capan-1), colon- (HCT116), cervix- (Hela), hepatocellular-
(HepG2), and renal carcinoma (RCC68) cell lines either treated with
IFN-� or untreated were analyzed as described earlier. c Hela cells
were treated either with transfection reagent instead of siRNA (Mock),
100 nM control siRNA (CTR siRNA), or siRNA speciWc for IDO1
(IDO1 siRNA) and stimulated with IFN-�. IDO1 and IDO2 transcrip-
tion was detected as described earlier. d The relative expression level
of IDO1 after siRNA treatment was analyzed in Hela cells by qRT-
PCR. IDO1 expression levels of transfected cells were correlated with
those of untransfected cells (mean value § SD)

Fig. 2 IDO activity of Hela cells treated with IDO1-siRNA and of
Hela cells or human primary tumors treated with 1-MT stereoisomers.
a Tryptophan degradation and kynurenine accumulation of siRNA-
transfected cells was measured in cell culture supernatants (n = 5).
b Hela cells were stimulated with IFN-� to induce IDO. D-1MT and
L-1MT (Sigma) were tested at 200 �M and 1 mM for their potential
to block the enzymatic activity (n = 5, mean value § SD). c Human
primary colon carcinoma (CC) incubated with either 1 mM D-1MT
or L-1MT was tested for IDO activity as described earlier [11]. IFN-�
treated peripheral blood mononuclear cells (PBMCs) served as
positive control
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carcinoma samples are of special interest since previous
clinical studies revealed a correlation between the IDO
activity of tumor specimens, T cell inWltration, and liver
metastases, suggesting that IDO plays a role in this type of
tumor [2]. On the basis of our observations, one would not
expect a therapeutic eVect of D-1MT by IDO inhibition.

Interestingly, our study shows that primary tumor sam-
ples directly expressed IDO, whereas IDO expression in
cell lines had to be induced. Our data indicate that the IDO
activity in the analyzed tumor specimens either reXects
constitutive IDO protein expression of malignant cells or,
more probably, induction as a consequence of the inXam-
matory tumoral microenvironment. Whatever the reason for
the IDO activity might be, the IDO2-blocker D-1MT has no
inXuence on it because its proposed target IDO2 is
expressed in a functionally inactive variant. Of course, we
are aware of the fact that the IDO2 primers used are located
at the 3� end of the gene and thus might also detect incom-
plete transcripts not coding for the entire IDO2 protein. But
Wrst, this region was found to be common to all human
IDO2 cDNAs [6] and second, additional activity studies on
IDO2 after transfection of Hela cells with siRNA speciWc
for IDO1, did not reveal tryptophan degradation by IDO2.
This demonstrates that IDO2, for whatever reason, is not
expressed as a functional protein in human cancer cell
lines. The high frequency of polymorphisms of the IDO2
gene in Caucasians [6] leading to drastically reduced enzy-

matic activity, additionally increases doubts about the clini-
cal use of D-1MT. If D-1MT indeed reduces tumor growth
in clinical studies, since it does not inhibit the IDO activity
of human tumor cells or DCs (Fig. 3a, b), one has to con-
sider alternative immunological or non-immunological
mechanisms for its action.

The present results led us to conclude that although
tumor cells express IDO2, it is produced in a functionally
inactive form. Most importantly, D-1MT does not block the
IDO activity of tumor cells (Fig. 3a). Whatever the thera-
peutic results of ongoing clinical studies with D-1MT in
cancer patients will be, they can be attributed to inhibition
of the IDO activity in neither DCs [5] nor in tumor cells.
Consequently, we propose the use of the active L-isoform of
1-MT as IDO-blocker for further clinical studies.
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