
A R T I C L E S

IDO is an enzyme catalyzing the initial and rate-limiting step in the
catabolism of tryptophan along the kynurenine pathway1. The IDO
activity of mouse placenta has an essential role in preventing rejection
of allogeneic fetuses2. By depleting tryptophan locally, IDO seems to
block the proliferation of alloreactive T lymphocytes. T lymphocytes
are extremely sensitive to tryptophan shortage, which causes their
arrest in the G1 phase of the cell cycle3. These observations intro-
duced the concept that IDO expression could suppress immune
responses by blocking T-lymphocyte proliferation locally4–6.
Expression of IDO was also observed in cells exposed to interferon
(IFN)-γ and in certain types of activated macrophages and dendritic
cells, suggesting a role of IDO in the regulation of immune
responses4,7–12.

Stimulated by these findings, we set out to examine whether IDO is
expressed by tumor cells and whether it allows these cells to inhibit 
T-cell-mediated rejection responses.

RESULTS
Constitutive expression of IDO in human tumors
We first observed that many human tumor cell lines express the
mRNA of INDO, the IDO-encoding gene, constitutively, as detected
by real-time RT-PCR (Fig. 1a). To confirm that this constitutive gene
expression was associated with the presence of a functionally active
protein, we used western blots and enzymatic assays. For western
blotting, we used rabbit antibodies raised against a C-terminal pep-
tide of human IDO (Fig. 1b). The purified antibodies stain a band of
40–42 kDa in placenta lysates, consistent with the size of IDO. A band

of the same size was detected in 293 cells after transfection of a
human INDO cDNA, confirming that it corresponded to IDO. The
IDO protein was clearly detected in lysates of a number of tumor cell
lines expressing INDO mRNA in the absence of IFN-γ exposure. The
activity of IDO in those tumor lines was confirmed in an enzymatic
assay that used high-performance liquid chromatography (HPLC) to
measure kynurenine production after incubating the tumor lysates in
the presence of tryptophan. All tumor lines that were positive by west-
ern blot also contained functionally active IDO (Fig. 1c). The level of
IDO activity in the positive lines was in the same range as the placen-
tal activity and was much higher in some lines. These results suggest
that the IDO activity of some tumor cells is potentially sufficient to
mediate substantial effects in vivo. We also observed that the in vitro
growth of some of these tumor lines was improved in the presence of
the IDO inhibitor 1-methyl-L-tryptophan (1MT). For instance, the
doubling time of melanoma cell line LB1610-MEL was reduced from
135 h to 90 h in the presence of 400 µM 1MT.

Because tumor cell lines grown in vitro may not represent the exact
state of tumor cells in vivo, we tested the expression of IDO protein in
human tumor samples. We took advantage of the fact that our puri-
fied IDO-specific antibodies were able to stain tissue sections. The
specificity of the staining was confirmed using 293 cells transfected
with INDO cDNA (Fig. 2a,b). We tested a large series of human
tumors of various origins, most of which contained IDO-positive
tumor cells (Table 1). We observed tumor cells expressing IDO in all
cases of prostatic, colorectal, pancreatic and cervical carcinomas, as
well as in many samples of other tumor types. In all cases, most 
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Evidence for a tumoral immune resistance mechanism
based on tryptophan degradation by indoleamine 
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T lymphocytes undergo proliferation arrest when exposed to tryptophan shortage, which can be provoked by indoleamine 
2,3-dioxygenase (IDO), an enzyme that is expressed in placenta and catalyzes tryptophan degradation. Here we show that most
human tumors constitutively express IDO. We also observed that expression of IDO by immunogenic mouse tumor cells prevents
their rejection by preimmunized mice. This effect is accompanied by a lack of accumulation of specific T cells at the tumor site
and can be partly reverted by systemic treatment of mice with an inhibitor of IDO, in the absence of noticeable toxicity. These
results suggest that the efficacy of therapeutic vaccination of cancer patients might be improved by concomitant administration
of an IDO inhibitor.
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A R T I C L E S

normal cells of the stroma were negative, suggesting that the IDO
expression in the tumor cells did not result from in vivo exposure to
IFN-γ, which would also induce IDO in the stroma. These results
indicate that human tumors frequently express IDO in vivo. Figure 2
illustrates the staining of some sections, including a non-small-cell
lung carcinoma (Fig. 2c), where the staining
of tumor cells was abolished by blocking with
a synthetic peptide corresponding to the IDO
C-terminal sequence, further demonstrating
the specificity of the staining. We also show
the staining of ovarian, pancreatic and head
and neck carcinomas, as well as a lymph node
metastasis of a colonic adenocarcinoma 
(Fig. 2d–g). For each sample, we stained an
adjacent section with antibodies to cytoker-
atin-22, confirming the epithelial origin of
the tumor cells invading the tissue.
Malignancy was determined morphologi-
cally by the observation of an infiltrative
growth pattern (Fig. 2c,e,f), cellular abnor-
malities (Fig. 2c,d), papillary architecture
(Fig. 2d) and metastasis (Fig. 2g). Although
in some tumors all cancerous cells were
strongly positive for IDO (Fig. 2d,e), in oth-
ers the staining was weaker or more heteroge-
neous (Fig. 2c,f,g). By visual estimation, we
grouped the tumors into three categories
according to the proportion of tumors cells
stained for IDO (Table 1). The highest pro-
portions were observed in prostatic, pancre-
atic and colorectal carcinomas. Besides the
tumor cells, we observed the presence of
some IDO-positive cells at the periphery of
many tumors (Fig. 2g). Those cells, which
were cytokeratin-22-negative, were usually
located within an area enriched in inflamma-
tory cells and might be activated antigen-pre-
senting cells, such as interdigitating dendritic

cells, as suggested by the double staining of some of these cells for
IDO and protein S100 (Fig. 2g).

Tumors expressing IDO resist immune rejection
To determine whether constitutive expression of IDO allows tumor
cells to avoid immune rejection by T cells, we used the P815 mouse
tumor model. P815 tumor cells regularly produce progressive tumors
when injected intraperitoneally into naive syngeneic DBA/2 mice,
even though they are clearly immunogenic and express several anti-
gens recognized by cytolytic T lymphocytes (CTLs). One of these
antigens, P1A, is encoded by the Trap1a gene and is the major target
of the rejection response in mice immunized against P815 (ref. 13).
We previously reported that mice immunized against this antigen
reject a challenge of P815 cells injected intraperitoneally14. By testing
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Figure 1  Constitutive expression and activity of IDO in human cancer cell
lines. (a) Real-time RT-PCR for INDO expression. LB1610-MEL, melanoma
line; MZ-PC-1, pancreatic carcinoma; NCI-H596, non-small-cell lung
carcinoma; LB1263-SCCHN, laryngeal carcinoma; LB1165-SCCHN,
pharyngeal squamous-cell carcinoma. Positive controls were placenta, 
IDO-transfected 293 cells and IFN-γ-treated CP64-MEL melanoma cells.
Negative controls were untransfected 293 and untreated CP64-MEL cells.
(b) Lysates of the same cell lines used in a were tested by western blotting
using IDO-specific antibodies. The higher molecular weight band of the
placenta was also observed when the first antibodies were omitted, and
therefore results from a cross-reaction with the secondary antibodies. 
(c) The same lysates as in b were tested for IDO activity in an enzymatic
assay using HPLC to measure kynurenine production. Data shown is the
mean value of three independent assays with similar results.

Table 1  Expression of IDO in human tumors

Tumor type IDO-positive tumor samplesa Proportion of

(no. positive per no. tested) IDO-positive tumor cellsb

>50% 10–50% <10%

Prostatic carcinomas 11/11 7 3 1

Colorectal carcinomas 10/10 5 3 2

Pancreatic carcinomas 10/10 8 2 0

Cervical carcinomas 10/10 0 4 6

Endometrial carcinomas 5/5 0 3 2

Gastric carcinomas 9/10 4 3 2

Glioblastomas 9/10 6 3 0

Non-small-cell lung carcinomas 9/11 1 1 7

Bladder carcinomas 8/10 3 1 4

Ovarian carcinomas 8/10 0 3 5

Head and neck carcinomas 7/11 0 3 4

Esophageal carcinomas 7/10 1 2 4

Mesotheliomas 6/10 2 1 3

Renal cell carcinomas 5/10 0 1 4

Melanomas 11/25 0 0 11

Breast carcinomas 3/10 2 0 1

Thyroid carcinomas 2/10 0 0 2

Lymphomas 4/18 0 0 4

Small-cell lung carcinomas 2/10 0 0 2

Sarcomas 2/10 0 1 1

Hepatocarcinomas 2/5 0 0 2

Adrenal carcinomas 2/5 1 0 1

Choriocarcinomas 1/5 0 0 1

Cutaneous basocellular carcinomas 1/5 0 0 1

Testicular seminomas 0/10 0 0 0

aExpression of IDO protein was detected by immunohistochemistry using purified IDO-specific rabbit antibodies. Specificity of
staining was controlled by blocking with a synthetic peptide corresponding to the C terminus of IDO (Fig. 2). bNumber of tumor
samples with the indicated proportion of IDO-positive tumor cells is given in each column. The proportion of positive tumor
cells was estimated visually.
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A R T I C L E S

various P815 sublines for expression of Indo
using real-time RT-PCR, we identified sub-
line P815B, which was completely negative
(Table 2), and transfected the P815B cells
with an expression plasmid containing the
mouse Indo cDNA. Transfected cells were
cloned by limiting dilution and clones were
tested by real-time RT-PCR for expression of
Indo mRNA. Expression of functional IDO
was then confirmed in an enzymatic assay as
reported above (Table 2). For the in vivo
experiments reported below, we selected
three clones: clone 6, which expresses very
high levels of IDO; clone 7, which has IDO
activity similar to that of placenta; and clone
1, which was transfected with a control vector
and does not express any IDO.

We then immunized mice against the P1A
antigen and injected them 4 weeks later with
an intraperitoneal challenge of transfected
P815B cells, that either expressed or did not
express IDO. As expected, most mice injected
with P815B clone 1 completely rejected the tumor challenge. In con-
trast, the majority of mice injected with IDO-expressing cells devel-
oped progressive tumors and died (Fig. 3a). This was true not only for
P815B-IDO clone 6, which expressed very high amounts of IDO, but
also for clone 7, which expressed a lower level. The three cell lines pro-
duced progressive tumors in all naive mice, but the IDO-expressing

tumors grew faster. This is consistent with the notion that in these
mice, a primary immune response retards the growth of the P815
tumors but is abolished when the tumors express IDO (Fig. 3b). The
progression of IDO-expressing P815 cells in immunized mice and
their faster growth in naive mice was not related to a higher intrinsic
tumorigenicity, because irradiated naive mice injected with P815B

clone 1 or IDO-transfected clones all devel-
oped tumors quickly and with identical
kinetics (Fig. 3b). In addition, the in vitro
growth rate of IDO-positive clone 7 was
identical to that of IDO-negative clone 1, and
the growth of IDO-positive clone 6 was
slower except when an IDO inhibitor was
added to the culture medium (Table 2). The
three cell lines also expressed identical levels
of Trap1a mRNA, as measured by RT-PCR
(data not shown), and were equally lysed by
P1A-specific CTLs (Fig. 3c). Altogether, these
results suggested that the progression of the
IDO-expressing tumors in the P1A-immu-
nized mice resulted from the ability of those
tumors to prevent their rejection by T lym-
phocytes.

It has been proposed that the resistance of
IDO-expressing cells to immune rejection
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Figure 2 Expression of IDO protein in human
tumors. (a,b) IDO immunostaining of cultures of
untransfected (a) or IDO-transfected (b) 293 cells.
(c) Adjacent sections of a non-small-cell lung
carcinoma stained in the absence or presence
(inset) of IDO-blocking peptide. (d–g) Adjacent
sections of an ovarian carcinoma (d), a pancreatic
adenocarcinoma (e), a head and neck carcinoma
(f) and a lymph node metastasis of colonic
adenocarcinoma (g), stained with antibodies to
IDO (main panels) or cytokeratin-22 (insets). 
The smaller inset of g shows double
immunofluorescent staining for IDO (red) and
protein S100 (green). Scale bar = 100 µm (c–g) 
or 20 µm (a–b and g, small inset).

Table 2  Expression of IDO in mouse tumor lines used in this study

Expression of Indo mRNA IDO enzymatic activity Doubling time (h)c

relative to day 11 placenta (%)a (pmol kynurenine per h

per mg protein)b

–1MT +1MT

Placenta day 11 100 284

Placenta day 18 154 107

Mastocytoma P815, subline P815B 0 ND ND ND

Mastocytoma P815, subline P1HTR 143 ND ND ND

Mastocytoma P815, subline P511 35 ND ND ND

Transfected P815B cells

P815B clone 1 (control) 0 0 12.6 12.7

P815B-IDO clone 6 275,887 15,403 18.2 13.0

P815B-IDO clone 7 912 152 12.6 12.9

aExpression of mouse Indo mRNA was measured by real-time RT-PCR as described in Methods. RNA isolated from total
placenta at gestational day 11 was used as a reference. bEnzymatic activity was tested on cell lysates as described in Methods.
cDoubling time was calculated on the basis of twice-weekly cell counts over a 3-week culture period, in the absence or presence
of 1MT. dND, not determined.
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A R T I C L E S

results from an arrest of T-cell proliferation caused by local trypto-
phan depletion1,3. We measured the number of P1A-specific CD8+

T cells present in the peritoneal cavities of immunized mice before
and after challenge with P815 tumor cells, using tetramers of H-2Ld

molecules loaded with the P1A antigenic peptide. Immunized mice
contained detectable amounts of P1A-specific T cells, in the range of
5–10% of the CD8+ T cells of the peritoneal cavity. Four days after
challenge with P815B clone 1 tumor cells, the proportion of tetramer-
positive T cells in the peritoneal cavity had increased by a mean factor
of 6.7 ± 1.7, indicating a strong local accumulation of specific T cells
(Fig. 3d). In contrast, after challenge with the IDO-expressing tumor
cells of P815B-IDO clone 7, the proportion of P1A-specific T cells in
the peritoneal cavity remained the same or decreased (Fig. 3d).
Annexin V staining did not reveal significant apoptosis of P1A-spe-
cific T cells (data not shown). In blood lymphocytes, the number of
P1A-specific T cells was below detectable levels when tested ex vivo on
fresh cells of mice from all groups. After one week of stimulation 
in vitro, P1A-specific CTL activity was detected in blood lymphocytes
and was identical in mice challenged with tumor cells expressing or
not expressing IDO (data not shown). These results suggest that 
IDO-expressing tumors block T-lymphocyte proliferation locally.

Pharmacological inhibition of IDO
IDO expression is not the only mechanism by which tumors can resist
immune rejection15–17, but it has the major interest of being
amenable to pharmacological intervention. IDO activity can be

inhibited by various tryptophan analogs, including the competitive
inhibitor 1MT18, which was successfully used in vivo to block the
immune privilege of placenta2.

We therefore tested whether 1MT treatment would prevent the
growth of IDO-expressing P815B cells injected into P1A-immunized
mice. We used oral administration to reach active levels of 1MT for
sustained periods of time. The bioavailability of 1MT delivered by
this route was confirmed using HPLC, which measured a mean con-
centration of 205 µM 1MT in the sera of mice receiving 5 mg/ml 1MT
in the drinking water, for a mean tryptophan level of 70 µM. This
serum level of 1MT should be active on mouse IDO, as the inhibition
constants of 1MT measured in vitro on purified rabbit or human IDO
were 7 µM and 68 µM, respectively18,19. We used the same experimen-
tal setup as before, except that tumors were injected subcutaneously
rather than intraperitoneally to allow monitoring of tumor growth by
size measurements. We verified that naive mice injected subcuta-
neously with 106 P815B clone 1 cells all developed progressive tumors
(n = 15; data not shown). As before, P1A-immunized mice completely
rejected control P815B clone 1 cells but did not reject IDO-expressing
P815B-IDO clone 7 cells (Fig. 4a). However, when mice received 1MT
in the drinking water, they rejected IDO-expressing P815B cells more
efficiently than untreated mice, as indicated by the significantly
slower progression of the tumors (Fig. 4a; P ≤ 0.00001). Treatment
with 1MT did not completely prevent tumor outgrowth, perhaps
because of incomplete inhibition of IDO by 1MT or because of varia-
tions in 1MT serum levels caused by the irregular drinking that was
observed in some mice. Treatment of mice with 1MT was not associ-
ated with noticeable toxicity, although mice tended to drink lower
amounts of water and were rather dehydrated. To make sure that the
reduced tumor progression observed in treated mice was due to the
abolition of IDO-mediated immune suppression and not to dehydra-
tion or any other effect of 1MT, we repeated the experiment in
immune mice that were depleted of T cells before injection of tumor
cells and during tumor growth. The progression of IDO-expressing
tumor cells was equal in T-cell-depleted mice that were untreated or
treated with 1MT (Fig. 4b). This result indicated that the effect of
1MT on tumor progression was not due to dehydration, but rather
required T cells and therefore seemed to result from IDO inhibition.
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Figure 3 Immune resistance of IDO-expressing tumors. (a) Immunized mice
(n = 15 per group) were challenged by intraperitoneal injection of 
4 × 105 cells as indicated. One representative experiment out of six is shown.
(b) Naive (n = 10 per group) or irradiated mice (n = 6 per group; 650 cGy)
were injected as in a. (c) Lysis of IDO-transfected P815B cells by P1A-
specific CTLs. P815 variant P1.istA–B–, which has lost gene P1A (ref. 35),
was used as a control target. (d) Proportion of P1A-specific T cells in the
peritoneal cavities of immunized mice, estimated using H-2Ld/P1A tetramers
4–7 d before, or 4 d after, intraperitoneal challenge with 106 cells of P815B
clone 1 (n = 33 mice) or P815B-IDO clone 7 (n = 31 mice). Error bars
represent s.e.m. P = 0.00005 for clone 1 versus clone 7 after challenge.
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Error bars in a and b represent s.e.m.
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A R T I C L E S

DISCUSSION
IDO is a cytosolic enzyme, so tryptophan degradation by IDO
occurs inside the cell19. Because tryptophan readily crosses the
plasma membrane through specific transporters20, a microenvi-
ronment depleted of tryptophan is created in the vicinity of IDO-
expressing cells, which function as ‘tryptophan sinks’3. Protein
synthesis proceeds despite lowered levels of tryptophan, presum-
ably because the Km of tryptophanyl-tRNA synthetase for trypto-
phan is lower than that of IDO19,21,22. This enables most cells to
maintain their growth in the presence of IDO. For instance,
although tumor cells expressing high levels of IDO have a reduced
growth rate in vitro, their proliferation is not arrested. T lympho-
cytes, in contrast, stop proliferating under such conditions because
they have a tryptophan-sensitive checkpoint, which blocks their
cell cycle in the G1 phase when tryptophan concentration is below
0.5–1 µM (ref. 3).

Recent reports suggest that proliferation arrest caused by trypto-
phan depletion is not the only mechanism whereby IDO expression
may alter T-cell responses. Some tryptophan catabolites induce
apoptosis of T cells, primarily of CD4+ cells23,24. In our studies, we
saw a lack of accumulation of P1A-specific CD8+ T cells at the
tumor site in the presence of IDO-expressing tumor cells, without
signs of T-cell apoptosis. This result favors the model of prolifera-
tion arrest of CD8+ T cells. This was further supported by in vitro
data showing a reduced proliferation of P1A-specific T cells when
stimulated with P815B-IDO clone 7 cells, compared with stimula-
tion with P815B clone 1 cells, again in the absence of apoptosis as
measured by staining with annexin V (data not shown).

The molecular definition of human tumor antigens recognized by
T cells has allowed the design of cancer immunotherapy protocols,
based mainly on vaccination with various antigen formulations25,26.
Although these clinical trials are still in their early days, some tumor
regressions have already been observed27–31. However, these tumor
responses occur only in a low proportion of patients. There are
many potential reasons why tumors are not regressing in the other
patients, including the possibility that the vaccine may have been
insufficient to induce an immune response in those patients.
Tumors might also lose expression of the antigen or develop a vari-
ety of immune escape mechanisms15–17. The mechanism of tumor
resistance described here may be of particular relevance to
immunotherapy for at least two reasons. First, it is very frequent: as
shown in Table 2, a large majority of human tumors express IDO in
a constitutive manner. In addition, because IDO is induced by 
IFN-γ, IDO-negative tumor cells may start expressing IDO when
exposed to an inflammatory context such as that resulting from an
immune response, so the spectrum of tumors potentially using this
resistance mechanism may be even wider. Second, this resistance
mechanism can be overcome by systemic inhibition of IDO using
tryptophan analogs such as 1MT, which could be administered to
cancer patients undergoing immunotherapy. This inhibitor is active
on human lymphocytes3,5, and we have confirmed that some
human antitumor CTL clones proliferate better in vitro in the pres-
ence of 1MT (data not shown). In addition, 1MT does not inhibit
tryptophan dioxygenase, the hepatic enzyme regulating systemic
tryptophan levels32, which suggests that major side effects might be
avoided in humans, at least regarding tryptophan metabolism.
However, even though we did not observe serious toxicity in mice
treated with 1MT, the safety of such treatment will have to be evalu-
ated carefully in additional preclinical models before it can be
included in immunotherapy protocols. The optimal mode of
administration also needs to be defined. Our results indicate the

effectiveness of the oral route, which could be improved in humans
by using a solid form of 1MT instead of a solution, which is limited
in concentration by the poor solubility of 1MT. Alternative IDO
inhibitors may be developed in the future and could be more effi-
cient than 1MT, which does not entirely block IDO activity.

METHODS
Cell lines. P815B (gift from P. Chen, Harvard Medical School) is a subline of
mastocytoma P815 previously used as a vector-transfected control33,34.
P815B cells were transfected with expression vector pEF6/V5-His
(Invitrogen) containing the mouse Indo open reading frame, and selected
with 5 µg/ml Blasticidin (Invitrogen) and 200 µM 1MT (Sigma-Aldrich).
Control cells were transfected with plasmid pEF6/V5-His-LacZ. Cell lines
P1.HTR, P511, P1.istA–B– and L1210.P1A.B7-1 were previously
described14,35,36. Human 293-EBNA cells (Invitrogen) transfected with
expression vector pEF6/V5-His containing the human INDO open reading
frame were similarly selected. An IDO-positive clone was selected and used
in all experiments. The human INDO open reading frame was amplified
from placenta RNA by RT-PCR using sense primer 5′-GAGGAGCAGACTA-
CAAGAATG-3′ and antisense primer 5′-GCATACAGATGTCTCTGCTATG-
3′ . The mouse Indo open reading frame was amplified from placenta RNA
using sense primer 5′-GCCAAGTGGGGGGTCAGTGGAGTAGACA-3′ and
antisense primer 5′-GCCCTGATAGAAGTGGAGCTTGCTACACTA-3′ .

Mice. DBA/2 mice (14–21 weeks old) were raised in specific pathogen-free
conditions, immunized by injecting 106 live L1210.P1A.B7-1 cells into the
peritoneal cavity14 once (Fig. 3) or twice (Fig. 4), and challenged 4 weeks
later. Mice were given 1MT (Sigma-Aldrich) in the drinking water (5 mg/ml,
pH 9.9), of which they drank an average of 3.5 ml/d. Over the whole series of
experiments, 2 of 877 untreated mice and 8 of 186 mice given 1MT died
without apparent tumors. The eight mice in the latter group apparently died
from dehydration resulting from lower fluid intake. For depletion of T cells,
mice were injected intraperitoneally with 1 mg each of monoclonal antibod-
ies to CD4 (GK1.5) and CD8 (53-6.72) every week. The efficacy of CD4 and
CD8 depletion was verified by staining peripheral blood leukocytes of simi-
larly injected control mice. All mouse experiments were approved by the eth-
ical committee of the Faculty of Medicine, Université de Louvain.

Lysis assay. Chromium release assay was done in 4 h as described35, using
CTLs derived from splenocytes of immunized mice restimulated 1 week 
in vitro with irradiated L1210.P1A.B7-1 cells. A 50-fold excess of unlabeled 
P1.ist A–B– cells was added to all targets as competitor cells.

Tetramer staining and fluorescence-activated cell sorting analysis.
H-2Ld/P1A tetramers were produced as previously described37. Peritoneal
cells were stained for 15 min at room temperature in PBS buffer containing
1% BSA, 0.1 µM phycoerythrin-labeled H-2Ld/P1A tetramer and FITC-
conjugated antibody to Fc-γ receptor III. Peridinin chlorophyll protein-
–conjugated antibody to CD8 and FITC-conjugated antibodies to CD4,
CD11b and CD19 (all from BD PharMingen) were added for an additional
incubation of 15 min. Cells were analyzed on a FACScan flow cytometer (BD
Biosciences). The CD8-positive and FITC-negative cells were gated.

Real-time RT-PCR analysis of mRNA expression. We obtained cDNA as
described38 and amplified it on an ABI PRISM 7700 (PE Applied Biosystems)
using the qPCR Core Kit (Eurogentec). For human INDO, we used 
sense primer 5′-GGTCATGGAGATGTCCGTAA-3′, antisense primer 
5′-ACCAATAGAGAGACCAGGAAGAA-3′ and probe FAM-5′-CTGTTCCT-
TACTGCCAACTCTCCAAGAAACTG-3′-TAMRA. For mouse Indo, we 
used sense primer 5′-GTACATCACCATGGCGTATG-3′, antisense primer 
5′-CGAGGAAGAAGCCCTTGTC-3′ and probe FAM-5′-CTGCCCCG-
CAATATTGCTGTTCCCTAC-3′-TAMRA. For references, we quantified
human or mouse β-actin. Cycling conditions were 50 °C for 5 s and 95 °C for
10 min, followed by 45 cycles of 95 °C for 15 s and 60 °C for 1 min.

Antibodies and western blotting. We raised a rabbit antiserum against
human IDO peptides KTVRSTTEKSLLKEG (C-terminal position 389–403)
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and QPKENKTSEDPSKLE (361–375) coupled to keyhole limpet hemocyanin
(Eurogentec). The antiserum was purified by affinity chromatography using
the C-terminal IDO peptide. Western blotting was done with 15 µg of total
protein, estimated using a BCA assay (Pierce). The samples were boiled in
SDS with 2% dithiothreitol (20 mM), separated on NuPAGE 10% gels
(Invitrogen) and transferred onto a Hybond-C extra membrane
(Amersham). The membranes were probed overnight with IDO-specific anti-
bodies, then for 1 h with horseradish peroxidase–linked antibody to rabbit Ig
(BD Transduction Laboratories) and revealed by chemiluminescence
(SuperSignal, Pierce).

Enzymatic assay for IDO activity. We modified a protocol19 by lowering
tryptophan concentration to 80 µM and measuring kynurenine by HPLC on
a reverse-phase C18 column.

Immunohistochemistry. Samples of neoplastic lesions were selected from
archival material, fixed in 10% formalin or Bouin fixative and embedded in
paraffin. Sections (5 µm) were deparaffined in xylene, rehydrated and cooked
in a double boiler in 0.01 M citrate (pH 5.8) and 0.05% Triton X-100 for 
75 min. Endogenous peroxidase was blocked with 0.3% H2O2 for 30 min and
nonspecific staining was prevented by preincubation in 10% goat serum for
30 min. Sections were incubated overnight at 4 °C with either purified IDO-
specific antibodies (1:300 dilution) or mouse antibodies to human cytoker-
atin-22 (1:400; Biomeda) and stained using the Envision System (Dako) with
diaminobenzidine (Sigma-Aldrich). We also grew 293 cells on culture slides,
fixed them in 10% formalin and cooked and stained as above. Peptide block-
ing was done by adding 1 mg/ml of peptide to the antibodies 30 min before
staining. Double staining for IDO and protein S100 was done overnight at 
4 °C with a mixture of IDO antibodies (1:70) and mouse antibodies to pro-
tein S100 (1:30; NeoMarkers) after blocking endogenous biotin. The sections
were then treated with biotin-conjugated antibody to rabbit IgG 
(1:200; Chemicon), amplified with biotinylated tyramine and incubated with
Texas red–streptavidin (1:50; Zymed Laboratories) and FITC-conjugated
goat antibody to mouse Ig (Dako).

Statistics. We used the two-tailed Student t-test for statistical analyses.
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