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Abstract

Tryptophan catabolism by indoleamine 2,3-dioxygenase 1
(IDO1) plays a key role in tumoral resistance to immune
rejection. In humans, constitutive expression of IDO1 has
been observed in several tumor types. However, a comprehen-
sive analysis of its expression in normal and tumor tissues is
still required to anticipate the risks and potential benefits of
IDO1 inhibitors. Using a newly validated monoclonal anti-
body to human IDO1, we performed an extensive immuno-
histochemical analysis of IDO1 expression in normal and
tumor tissues. In normal tissues, IDO1 was expressed by
endothelial cells in the placenta and lung and by epithelial
cells in the female genital tract. In lymphoid tissues, IDO1 was
expressed in mature dendritic cells with a phenotype (CD83 ™,
DC-LAMP?, langerin—, CD123~, CD163") distinct from plas-

Introduction

Tryptophan-2,3 dioxygenase (TDO2) and indoleamine 2,3-
dioxygenase 1 (IDO1) are the two main enzymes that catalyze
the first and rate-limiting step in the kynurenine pathway, leading
to the degradation of the essential amino acid tryptophan (1).
TDO?2 is expressed constitutively in the liver, where it acts as the
main regulator of systemic tryptophan levels. The nonhomolo-
gous IDO1 enzyme is expressed in the placenta, the mucosal and
lymphoid tissues, and inflammatory lesions (2, 3). In the latter
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macytoid dendritic cells. Importantly, IDO1-expressing den-
dritic cells were not enriched in tumor-draining lymph nodes,
in contrast with previously reported findings. IDO1-expressing
cells were observed in a large fraction (505/866, 58%) of
human tumors. They comprised tumor cells, endothelial cells,
and stromal cells in proportions that varied depending on the
tumor type. Tumors showing the highest proportions of IDO1-
immunolabeled samples were carcinomas of the endometrium
and cervix, followed by kidney, lung, and colon. This hierarchy
of IDO1 expression was confirmed by gene expression data
mined from The Cancer Genome Atlas database. Expression of
IDO1 may be used to select tumors likely to benefit from
targeted therapy with IDO1 inhibitors. Cancer Immunol Res; 3(2);
161-72. ©2014 AACR.

two, it is expressed primarily by antigen-presenting cells (APC),
mainly dendritic cells (DC) and macrophages, and in cells
exposed to IFNy and other proinflammatory stimuli. Local
IDO1-mediated degradation of tryptophan is thought to reduce
the bioavailability of tryptophan for pathogens, thus contributing
to protection against infection (4). It also appears to have a
profound influence on local innate and adaptive immune
responses (5). T cells exposed to tryptophan depletion activate
GCN2 kinase, a sensor of amino acid shortage that induces a stress
response, resulting in impaired T-cell proliferation and effector
functions. In addition, tryptophan catabolites such as kynurenine
downregulate T-cell responses by interfering with DC function
and by promoting regulatory T cell (Treg) differentiation and
apoptosis of CD4" T-helper 1 (Th1) cells (5, 6). These observa-
tions indicate that IDO1 orchestrates an immunosuppressive
local environment, presumably aimed at preventing exaggerated
T-cell responses. IDO1 knockout mice, however, do not show
signs of overt autoimmunity, indicating that IDO1 biology
remains incompletely understood (7, 8).

The immunosuppressive effect of IDO1 was demonstrated first
in a mouse model of fetal protection against maternal immune
rejection. Treatment of pregnant mice with a tryptophan analogue
that inhibits IDO1, which is constitutively expressed in the
placenta, resulted in T-cell-mediated rejection of allogeneic
embryos (9). We extended this concept to malignant diseases by
showing that mouse tumor cells expressing IDO1 resisted
immune rejection by immunized mice. In addition, we demon-
strated that this inhibition could be partially reversed by
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pharmacologic inhibition of IDO1. We showed that IDO1 was
constitutively expressed and enzymatically active in several
human tumor cell lines. We raised a rabbit polyclonal antibody
against IDO1 for IHC, and showed immunoreactivity in various
human tumors (10).

Several mechanisms have been proposed to explain how IDO1
may favor tumor growth and survival. The immunosuppressive
properties described above may protect the tumor against T-cell-
mediated destruction, either through the expression of IDO1 in
the tumor environment or in tumor-draining lymph nodes
(TDLN). Recently, a role for IDO1 in tumor resistance against
immune checkpoint blockade has been demonstrated in a murine
model (11). In this model, CTLA-4 and IDO1 inhibition syner-
gized to induce T-cell-mediated rejection of both IDO1" and
IDO1™ tumor cells, highlighting the immunosuppressive effect of
IDO1 expression by noncancerous cells of the tumor stroma.
IDO1 could also act in favor of tumors through a nonimmuno-
logic mechanism, as tryptophan-derived kynurenine was shown
to promote tumor cell survival and motility through activation of
the aryl hydrocarbon receptor (6). Independent from its catalytic
potential, IDO1 was shown in murine experiments to act as a
signaling molecule in TGFB-mediated immune suppression (12).
Taken together, these observations provide a strong rationale for
the clinical development in oncology of drugs that inhibit IDO1
and more particularly its catalytic activity, alone or in combina-
tion with other immunotherapy approaches such as CITLA4-
blocking agents (13). Such IDO1 inhibitors are currently in the
early phases of clinical testing.

To identify the best candidate tumors for IDO1-inhibitory
therapy and evaluate its risks, it is important to have a com-
prehensive picture of the pattern of IDO1 expression and of the
nature of IDO1-expressing cells in normal and tumoral human
tissues. A lot of attention has been devoted to the study of IDO1
expression and function in DCs (reviewed in ref. 14). In
inflamed and lymphoid tissues, DCs are the main contributors
of IDO1 expression. Mature myeloid DCs are the most fre-
quently cited (15-17), but IDO1 expression has also been
reported in plasmacytoid DCs, immature DCs, and macro-
phages (18-20). Several studies have shown that IDO1" cells
were enriched in melanoma-draining lymph nodes (18, 21—
23). Some studies also reported a correlation between high
IDO1 expression in TDLN and poor clinical outcome of mel-
anoma, suggesting that IDO1 contributes to immune evasion
(22-24). However, another study performed in breast cancer
did not show an enrichment of IDO1" cells in TDLN (25).
IDO1 expression and enzymatic activity in the placenta are well
established, but there is still controversy about the nature of the
cells that express it. IDO1 immunoreactivity has been reported
in trophoblast cells, macrophages, and mesenchymal or endo-
thelial cells, depending on the study (3, 26-31). In human
tumors, most published studies have focused on IDO1 expres-
sion and prognostic significance in individual tumor types. In
general, IDO1 expression was associated with a less favorable
prognosis, with more aggressive features of the tumor, and with
reduced immune cell infiltration or increased numbers of Tregs
(reviewed in ref. 32). Of note, many of these studies relied on a
limited number of patient samples, the method used to assess
IDO1 expression was different from one study to the other, and
the proportions of positive tumors as well as the nature of the
IDO1-expressing cells were not always consistent (Supplemen-
tary Table S1).
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In summary, our current knowledge of IDO1 expression in
normal and tumoral human tissues is incomplete, and several
inconsistencies appear when the results of different studies are
compared. It is likely that experimental differences and the
diversity and lack of specificity of anti-IDO1 antibodies used in
IHC studies account for these differences. We provide here an
extensive analysis of IDO1 protein expression in human normal
tissues, including lymphoid organs. To this end, we have pro-
duced a new murine mAb that stains IDO1 in human tissue
sections and have validated its specificity. We have compared and
quantified IDO1-expressing DCs in normal and TDLNs. We have
also analyzed the expression and activity of IDO1 in human
monocyte-derived DCs in vitro. Lastly, we have screened the
expression of IDO1 in a large panel of common human tumors.

Materials and Methods

Patients and tissue samples

Normal tissue samples were obtained from routine biopsy,
surgical resection, autopsy, or obstetric materials. All cases were
verified histologically to ensure that no lesion was present. The
clinical characteristics of the patients from whom TDLNs were
obtained are summarized in Supplementary Table S2. Tissue
microarrays (TMA) were constructed from formalin-fixed paraf-
fin-embedded (FFPE)-archived tumor pathology specimens.
Briefly, tissue carrots of 3- or 5-mm in diameter were cut in tumor
areas previously identified on hematoxylin-eosin-stained sec-
tions, using a manual arrayer (Quick-Ray; Unitma). Each TMA
section contained between 15 and 30 single individual tissue
cores. Ethical approval for the use of human biologic material was
obtained from the Institutional Review Board (Commission
d'Ethique Biomédicale Hospitalo-Facultaire of Université catho-
lique de Louvain).

Plasmid constructs and cell transfectants

The complete IDO1 coding sequence was amplified from
human placenta RNA by RT-PCR using sense primer 5-GAG-
GAGCAGACTACAAGAATG-3’ and antisense primer 5'-GCATA-
CAGATGTCTCTGCTATG-3'. The PCR product was cloned into
pEF6/V5-His TOPO (Invitrogen) and verified by DNA sequenc-
ing. 293-EBNA cells (Invitrogen) were transfected by electro-
poration with the IDO1-expressing plasmid, and transfectants
were selected with 5 pg/mL of blasticidin and 400 umol/L
1-methyl-DL-tryptophan (Sigma-Aldrich). Clones obtained by
limiting dilution were amplified in the presence of 1-methyl-
DL-tryptophan.

To prepare an immunogen for antibody generation, the DNA
sequence encoding the first 161 amino acids of human IDO1
was amplified by PCR from the full-length IDO1 cDNA with
primers 5'-CAGACITCTAGAATGGCACACGCTATG-3' and 5'-
GACCAGGGCGGCCGCTITACTGCAGTCTCCATC-3'. The PCR
product was inserted into the pCD1 expression vector, down-
stream of the human CD134L coding sequence (33, 34). The
plasmid construct, which encodes the CD134L-hIDO1, 4,
fusion protein, was verified by sequencing.

Western blotting

Cell pellets were lysed in lysis buffer (Cytobuster; Novagen)
and centrifuged for 5 minutes at 16,000 g at 4°C. The protein
concentration of the clear supernatant was estimated using the
bicinchoninic acid protein assay (Pierce). Proteins (20 pg) from
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each sample were separated on NuPAGE 10% bis-tris gels (Invi-
trogen) and transferred onto a nitrocellulose membrane (Hybond
ECL; Amersham). The membrane was blocked with PBS + 5% dry
milk 4+ 0.1% Tween 20 and probed overnight with one of three
anti-IDO1 antibodies: a new batch of rabbit polyclonal antibody
raised in-house as in ref. 10 (batch 718, diluted 1:500), our mouse
4.16H1 mAb (10 pg/mL), or a commercial rabbit polyclonal
antibody (AB5968; Chemicon; 1:20,000). After three washings
in PBS 0.1% + Tween 20, the membrane was probed for one hour
with horseradish peroxidase (HRP)-linked anti-mouse (Santa
Cruz Laboratories; 1:2,000) or anti-rabbit (Cell Signaling Tech-
nology; 1:5,000) antibody and revealed with SuperSignal West
Pico-10% West Femto Chemiluminescent Substrate (Pierce).
Actin controls were obtained after 20-minute stripping of the
same nitrocellulose membranes (Restore Western blot buffer;
Pierce), overnight hybridization with an anti-f-actin mAb (clone
AC-15; Sigma-Aldrich; 1:10,000), and the same revelation as
above.

Immunohistochemistry

After deparaffinization and rehydration of 5-um sections from
normal tissues, antigen retrieval was performed by heating at
95°Cin 0.01 mol/L citrate buffer pH 5.8 and 0.05% Triton X-100
in a water bath for 75 minutes. After washing in TBS (0.05 mol/L,
pH 7.4), endogenous peroxidase was blocked in 0.3% H,0,
(30 minutes), and nonspecific staining was prevented by prein-
cubation in 10% normal goat serum (NGS)-TBS (30 minutes).
Sections were first incubated with the 4.16H1 mAb (50 pg/mL) or,
for double staining, with the in-house anti-IDO1 rabbit poly-
clonal antibody (batch 718, 1:300 in 1% NGS-TBS) overnight
at 4°C. The second incubation was done using anti-rabbit or
anti-mouse immunoglobulins conjugated to peroxidase on a
dextran polymer (EnVision; Dako). Finally, peroxidase activity
was revealed by TBS containing 0.05% diaminobenzidine (DAB;
Fluka) and 0.01% H,O,. After counterstaining with hematoxylin
and mounting, the images were captured with a digital Axiocam
camera mounted on an Axioplan Photomicroscope and processed
by the Axiovision software (all from Zeiss).

Tumor TMA sections were cut from TMA blocks (see above),
mounted onto glass slides, deparaffinized, and rehydrated.
Antigen retrieval was performed by heating for 1 hour at 97°C
in Target Retrieval Solution, pH 9 (Dako). Endogenous perox-
idase activity was blocked with Peroxidase Blocking Reagent
(Dako). TMA sections were incubated for 1 hour at room
temperature with unlabeled 4.16H1 anti-IDO1 antibody (2
ug/mL), washed, and incubated for 30 minutes with a second-
ary polyclonal goat anti-mouse antibody coupled to HRP
(Envision; Dako). After washing, bound antibodies were
detected with 3-amino-9-ethylcarbazole (AEC), and sections
were counterstained with hematoxylin. Normal placenta was
used as a positive control. Negative controls included omission
of primary antibody on duplicate placenta and TMA sections.
Stained slides were mounted and digitized with a SCN400 slide
scanner equipped with a 20 objective (Leica). Image analysis
was carried out with the SlidePath Gateway software (Leica).
Tumor areas were identified on an adjacent section colored by
hematoxylin and eosin. Assessment of IDO1" cells was done
manually, by comparison with the negative control. TMA sec-
tions were considered positive if they contained at least one of
the following features: (i) >1% of stained tumor cells, (ii) >5
stained tumor blood vessels, (iii) >5 tumor stromal areas
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containing stained cells. The same conditions were applied to
the normal lung sample (Supplementary Fig. S2).

Computerized sequential immunohistochemistry for double
stainings

Tissues were processed using the same preincubation steps as
for normal tissues except that endogenous biotins were blocked
with avidin-biotin kit (Vector Laboratories). The sections were
first incubated overnight with mouse anti-CDla mAbs (clone
010; Dako; 1:4), CD83 (clone 1H4b; Novocastra; 1:20), CD123
(clone 6H6; eBioscience; 1:10), CD163 (clone 10D6; Novocastra;
1:200), or langerin (clone 12D6; Novocastra; 1:20) antibodies or
rat anti-DC-LAMP mAbs (clone 1010E1-01; Abcys; 1:50). MAbs
against CD31 (clone JC70A; Dako; 1:150), cytokeratins (clone
AE1/AE3; Dako; 1:100), CD68 (clone PGM1; Dako; 1:200), and
o-actin (clone 1A4; Dako; 1:200) were also used to characterize
positive cells in the placenta, thymus, and liver. After TBS washing,
the revelation was carried out in two steps. First, sections were
treated with biotin-conjugated goat anti-mouse IgG (Vector,
1:500) or biotin-conjugated sheep anti-rat F(ab’2) (Boehringer;
1:200), washed, and incubated with streptavidin-alkaline phos-
phatase conjugate (Dako; 1:100), both for 30 minutes. The
alkaline phosphatase activity was revealed with FastRed, levam-
isole, and naphtol phosphate in Tris buffer 0.05 mol/L (Sigma-
Aldrich). Slides were mounted immediately (Fluorescent mount-
ing medium; Dako). High-magnification (40x/0.65 objective)
images of representative fields were taken using a Zeiss micro-
scope equipped with a scanning stage and a 3CCD video camera
(KY-F58; JVC). A script was developed for this study in the KS-400
image analysis system (Zeiss vision) to record the exact position
on the scanning stage for each image. Second, after image capture,
FastRed (red color) was removed by immersing slides into eth-
anol, followed by blockade of nonspecific binding and incuba-
tion with our anti-IDO1 polyclonal rabbit antibody, as described
above. IDO-1 was revealed in brown using EnVision and DAB,
and images were captured at spatial coordinates recorded previ-
ously, thereby producing a set of strictly superimposable pictures.
The inverse of the FastRed and DAB monochrome images was
used as red and green channels of a new pseudocolor picture.

Quantitative analysis of IDO1 staining in TDLNs

Staining for IDO1 was quantified with the ImageJ software
(http://rsb.info.nih.gov//ij/) on slides without counterstaining.
Five digitalized pictures were obtained for each case in fields
containing the highest proportions of stained cells (hot spots).
Therelative stained area was determined by calculating the ratio of
surface staining for IDO1 to the overall surface.

In vitro generation of monocyte-derived DCs

Peripheral blood mononuclear cells (PBMC) were isolated from
buffy-coat collections obtained from hemochromatosis patients,
and purified by density gradient centrifugation on Lymphoprep
(Axis-Shield). Monocytes were isolated using anti-CD14-coated
microbeads (Miltenyi Biotec), and were differentiated in vitro to
immature DCs (iDC) during 5 days in RPMI medium supplemen-
ted with 10% FCS, L-arginine (116 mg/L), L-asparagine (36 mg/L),
L-glutamine (216 mg/L), 70 ng/mL granulocyte-macrophage col-
ony-stimulating factor, and 20 U/mL IL4. iDCs were matured
during 2 days with IFNy (500 U/mL), lipopolysaccharide (LPS;
100 ng/mL), prostaglandin-E2 (PGE2; 1 ug/mL), IL1f (10 ng/mL),
IL6 (25 ng/mL), and TNFo (10 ng/mL).
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Figure 1.
IDO1 staining in normal tissues. FFPE sections of placenta (A), lymph nodes (B and C), spleen (D), small intestine (E), and thymus (F) were stained with the
4.16H1 antibody. Positive signals appear in brown (DAB staining). CD31 and IDO1 staining of placenta was colocalized by CsIHC, where CD31, IDO1, and
their colocalization appear in red, green, and yellow, respectively (A, insets). The same analysis was performed in thymus with cytokeratin AE1/AE3 as marker
of thymic epithelial cells (F, insets). Original magnification, x400; objectives x20/0.5 (A-C and F), x10/0.3 (D), and x40/0.75 (E).

Flow cytometry

DCs were stained with fluorescent-conjugated antibodies spe-
cific for CD11c (clone S-HCL-3; BD Pharmingen), CD14 (clone
M5E2; BD Pharmingen), CD40 (clone 5C3; BD Pharmingen),
CD80 (clone L307.4; BD Pharmingen), CD83 (clone HB15a;
Beckman Coulter), and CD86 (clone HA5.2B7; Beckman Coul-
ter). Negative controls used isotype-matched IgG1 (clone MOPC-
21; BD Pharmingen), IgG2a (clone G155-178; BD Pharmingen),
and IgG2b (clone 27-35; BD Pharmingen). After staining, cells
were washed and resuspended in paraformaldehyde and analyzed
on FACSCalibur (BD Biosciences).

Cytokine measurement

Monocytes were cultured in growth medium as described. At
day 6, 100 ng/mL LPS (Sigma-Aldrich) was added to the iDCs.
Cytokine release was measured in the supernatant with a Cyto-
metric Beads array kit on a Bio-Plex instrument (Bio-Rad
Laboratories).

IDO1 activity

A total of 4 x 10° cells were seeded in 96-well plate in
200 pL Hank's Balanced Salt Solution (HBSS) + 80 umol/L
tryptophan per well. Tryptophan and kynurenine concentra-
tions were measured by high-performance liquid chromato-
graphy (HPLC) in the supernatant immediately and after
24 hours.

Quantitative RT-PCR analysis of mRNA expression
IDO1 and TDO2 gene expression was quantified by RT-qPCR as
described (10, 35). Indoleamine 2,3-dioxygenase 2 (IDO2) tran-
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scripts were measured similarly using the following forward
primer, reverse primer, and primers and probe, respectively: 5'-
GTGCTGACGAACTGGACCAAAAAAG-3/, 5'-CATTGCTGGGTT-
GTCTTTCCATCC-3', FAM-5'-TGGAAATTGGGAACCTGGAGAC-
CATCATCTCATTTCCTGG-3'-TAMRA.

T-cell proliferation assays

For the CD4 ™" T-cell proliferation assay (Supplementary Fig.
$3), monocyte-derived DCs were prepared as described above.
Supernatants were collected after 48 hours. CD4" lymphocytes
were sorted using anti-CD4 microbeads (Miltenyi Biotec). The
CD4" cells (2 x 10° cells/well) were resuspended in 100 L of
tryptophan-depleted DMEM medium (Gibco) and mixed with
100 pL of conditioned DC medium. They were activated in
96-well plates coated with anti-CD3 antibody (10 pg/mL).
After 3 days, proliferation was assessed by [H?]-thymidine
(10 pCi/w in HBSS) uptake overnight. Each condition was
tested in triplicate. For the inhibitory assay (Supplementary
Fig. S4), DCs matured with 100 ng/mL LPS and 250 U/mL
IFNY were used to stimulate PBMCs in the presence of the
indicated tryptophan analogues. Each condition was tested in
duplicate. Proliferation was measured after 5 days by [H?]-
thymidine uptake.

The Cancer Genome Atlas data mining

Normalized total mRNA counts for main tumor types
were derived from whole transcriptome datasets generated by
The Cancer Genome Atlas (TCGA) Research Network (http://
cancergenome.nih.gov), downloaded from the Cancer Browser
website (https://genome-cancer.ucsc.edu/proj/site/hgHeatmap/).

Cancer Immunology Research



The IDO1 mRNA counts transformed to linear values were repre-
sented in horizontal boxplot graphs using Microsoft Excel.

Results

Production and validation of a murine mAb directed against
human IDO1

BALB/c mice were immunized with P815 mouse mastocytoma
cells transfected with a CD134L-hIDO1,_,4; plasmid construct.
This construct induces the expression of a chimeric protein
comprising amino acids 1 to 161 of the human IDO1 protein,
fused to the transmembrane segment of CD134L, in such a way
that the folded IDO1 polypeptide is exposed at the external
surface of the transfected cells. As opposed to immunization
protocols based on synthetic peptides, this approach allows the
generation of antibodies that recognize conformational epitopes
within the target protein (33, 34). The selected hybridoma clone
4.16H1 derived from immunized mice produced an IgG1k anti-
body that on Western blot stained a unique band of the expected
40- to 45-kDa size in 293 cells transfected with the human IDO1
cDNA, but not in untransfected 293 cells (Supplementary
Fig. S1A). Similar results were obtained with an in-house rabbit
polyclonal anti-IDO1 antibody. However, a rabbit antiserum
(AB5968 from Chemicon International), previously used to
assess IDO1 expression in DCs and in placenta (18, 21), stained
an additional band both in IDO1-positive and IDO1-negative
cells, indicating a lack of specificity. Consistent results were
obtained with IHC (Supplementary Fig. S1A). We conclude that
the 4.16H1 mAb recognizes the human IDO1 protein specifically.

IDO1 expression in normal tissues

Although the expression and enzymatic activity of IDO1 in
human placenta are well established, there is controversy about its
cellular localization. When we stained placental tissue sections
with the 4.16H1 antibody, only endothelial cells and some
mesenchymal cells were positive (Fig. 1A). We found no expres-
sion in the trophoblast of term placenta. We confirmed endothe-
lial expression with computerized sequential IHC (CsIHC) using
CD31 and IDO1 staining on the same tissue section (Fig. 1A,
inset). In this case, the IDO1 staining was performed with our
rabbit polyclonal antibody to avoid cross-staining with the mouse
anti-CD31 antibody. CsIHC was preferred to immunofluores-
cence as the latter is not optimal for FFPE sections. We next tested a
large series of normal human tissues by IHC using our validated
4.16H1 mAb (Table 1). Consistent with previous reports (29),
IDO1 was detected in some scattered cells in the glandular
epithelium of the female reproductive tract, and in lymphoid
organs, including lymph nodes, spleen, tonsils, Peyer's patches,
the gut lamina propria, and the thymus (Fig. 1B-F). In lymph
nodes, tonsils, and Peyer's patches, IDO1 staining was mainly
observed in paracortical T-cell areas (Fig. 1B) in cells that were
larger than lymphocytes and tended to have an irregular outline
compared with lymphocytes (often stellate cells with ramified
cytoplasmic expansions; Fig. 1C). The spleen contained numer-
ous IDO1-expressing cells in periarteriolar lymphocyte sheaths
and some scattered positive cells in the Billroth's cords (Fig. 1D).
The lamina propria of the duodenum, small, and large intestine
contained interstitial mononuclear IDO1-positive cells, which
were larger than lymphocytes (Fig. 1E). CsIHC for IDO1 and
DC-LAMP showed that most (>50%) of these cells were mature
DCs (data not shown). In the thymus, the expression of IDO1
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Table 1. IDO1 expression assessed by IHC in normal tissues (10 samples each)
Organ, tissue IDO-expressing cells

Placenta Endothelial cells

Digestive tract

Salivary glands None

Esophagus None

Stomach None

Duodenum Interstitial cells in lamina propria

Small bowel Interstitial cells in lamina propria (DCs)
Colon Interstitial cells in lamina propria
Pancreas Rare endothelial cells, rare acinar cells
Gallbladder None

Liver <1% Intrasinusoidal cells (Kupffer cells)

Respiratory tract

Larynx None

Pharynx None

Trachea None

Bronchus None

Lung Endothelial cells
Urogenital system

Kidney None

Bladder None

Prostate Rare endothelial cells

Epididymis None

Testis None

Cervix Rare glandular cells

Uterus Glandular cells (30%), rare endothelial cells

Fallopian tube Epithelial cells (10%)

Hematopoietic and lymphoid systems
Bone marrow Rare stromal cells (<1%)

Lymph node Interstitial cells in paracortical areas (DCs)

Spleen Interstitial cells in periarteriolar T-cell zone in
white pulp and scattered cells in Billroth cord

Thymus Interstitial cells in the medulla, rare epithelial
cells (<1%)

Tonsils Interstitial cells in paracortical areas

Peyer's patch Interstitial cells in paracortical areas

Other
Skin None
Breast None
Brain None
Eye None

was restricted to the medulla (Fig. 1F). Numerous interstitial
cells, morphologically different from lymphocytes, were strongly
positive, whereas a weak positivity was observed in rare epithelial
cells, including Hassal's bodies, as confirmed by CsIHC for IDO1
and cytokeratin (Fig. 1F, inset). In the bone marrow, we only
observed a weak IDO1 expression in very few cells, which could
correspond to some stromal or DCs (data not shown). In non-
lymphoid organs, IDO1" cells were consistently observed within
interstitial lymphocyte aggregates (data not shown). IDO was also
detected in endothelial cells of many blood vessels in the lung
alveolar tissue (Supplementary Fig. S2) and of a few blood vessels
in the prostate and uterus (data not shown). IDO1 was recently
reported to be expressed at high levels in mouse epididymis (36).
We observed no staining in human epididymis (Table 1), and we
confirmed the lack of expression of the IDO1 gene by RT-qPCR in
two human epididymis samples (data not shown).

Characterization of IDO1-positive cells in normal lymph nodes

In lymph nodes, the morphology of IDO1" cells in the para-
cortical T-cell zone was reminiscent of interdigitating DCs. By
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CsIHC, IDO1-expressing cells in the lymph nodes did not express
CD123 (Fig. 2A), Langerin (Fig. 2B), and CD163 (Fig. 2C), but
expressed DC-LAMP (Fig. 2D) and CD83 (not shown), thereby
confirming that they are interdigitating DCs. Single- and double-
positive cells were quantified in the tissue sections, and the pro-
portion of IDO17 cells was calculated in each cell subset (Fig. 3).
The results indicate that the vast majority (90%-100%) of IDO1*
cells expressed DC-LAMP, whereas about 60% of DC-LAMP™ cells
expressed IDO1. Similarly, most IDO1™ cells expressed CD83,
and 30% to 40% of CD83" cells expressed IDO1. Most IDO1™"
cells were negative for CD1a, langerin, CD123, and CD163. These
results indicate that most IDO1™ cells in lymph nodes are mature
DCs, whereas not all mature DCs express IDO1. Our data did not
confirm the reported expression of IDO1 by human CD123"
plasmacytoid DCs (18, 20-22).

Characterization of IDO1-positive cells in TDLNs

To verify previous published results showing that IDO1" cells
were more abundant in TDLNs than in control lymph nodes (21),
we repeated the analysis with our 4.16H1 antibody. We selected
TDLNs from 15 patients with melanoma and 15 patients with
breast carcinoma, whose characteristics are described in Supple-
mentary Table S2, and are comparable with previous reported
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Figure 2.

Sequential IHC for characterization of
IDOT" cells. First, the DC or
macrophage marker (either CD123,
CD163, langerin, or DC-LAMP) was
labeled inred (left plots). Images were
captured, coordinates were recorded,
and red chromogen was removed.
Next, IDO1 was detected using our
rabbit polyclonal antibody revealed in
brown (middle plots), and a second
image was captured at each stored
coordinate. The two captured images
were processed into a single
pseudocolor picture (red for DC/
macrophage marker and green for
IDOT1). Colocalization of red and green
signals is shown in yellow.

work (21). IDO1" cells were present in the TDLNs, but their
numbers were not different from those observed in normal lymph
nodes, as estimated by the relative area occupied by IDO1" cells
(Fig. 4). The number of IDO1" cells was not affected by the
presence of tumor cells in some of the lymph nodes (metastatic
lymph nodes; Fig. 4). To detect possible changes in the nature of
IDO1™" cells in TDLNs, we performed CsIHC for IDO1, using the
in-house rabbit polyclonal anti-IDO1 antibody, and antibodies
against DC-LAMP, CD83, CD1a, Langerin, CD123, or CD163. As
in normal lymph nodes, IDO1" cells in TDLNs corresponded
mainly to DC-LAMP" CD83"* DCs and not to CD123 " plasma-
cytoid DCs (Fig. 3). We conclude that the number and nature of
IDO1" cells in TDLNs do not differ from those in the normal
lymph nodes. The enrichment reported previously may have
resulted from a lack of specificity of the antibody used. In fact,
some of these studies used antibody AB5968, which we found to
have cross-reactivity with an unknown protein (Supplementary
Fig. S1; refs. 18, 21, 22).

Expression of IDO1 by in vitro-derived DCs

Because lymph nodes contain IDO1* mature DCs, we tested
whether human DCs derived in vitro from monocytes also express
IDO1 upon maturation. Monocyte-derived DCs were matured
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using either LPS or a cocktail of IL1f, 1L6, TNFa, and PGE2,
commonly used to produce DC-based vaccines for clinical immu-
notherapy. As reported previously by others, iDCs did not express
IDO1, whereas both types of mature DCs did (Supplementary Fig.
S3A). The latter were able to degrade tryptophan and produce
kynurenine, indicating that IDO1 was functional in these mature
DCs (Supplementary Fig. S3B). This activity was blocked by 1-
methyl-L-tryptophan, a known IDO1 inhibitor, and not by its
enantiomer 1-methyl-D-tryptophan, confirming the lack of inhi-
bition of IDO1 by the latter (37, 38). When we added mature-DC
conditioned medium to CD4 " T cells activated with coated anti-
CD3 antibody, we observed that T-cell proliferation was pre-
vented, whereas it was maintained with the immature DC-con-
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ditioned medium (Supplementary Fig. S3B). This proliferation
was maintained when the conditioned medium was obtained
from mature DCs incubated with 1-methyl-i-tryptophan, but not
with 1-methyl-p-tryptophan. Similar results were obtained with
cocultures of T cells and DCs, in contrast with a previous report
describing a positive effect of 1-methyl-D-tryptophan in this
experimental setting (ref. 39; Supplementary Fig. S4). PGE2 was
previously found to be able to induce IDO1 expression in human
DCs (17). Accordingly, we observed that among the different
factors present in the cytokine cocktail, PGE2 was critical to induce
IDO1 expression, as a cocktail containing IL1B, IL6, TNFa, but no
PGE2, induced DC maturation without IDO1 expression (Sup-
plementary Fig. S3A and S3B).
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Figure 4.

Computer-assisted quantitative analysis of relative area of IDO1" cells in
normal lymph nodes and TDLNs. Lymph node FFPE sections were stained
with the 4.16H1 antibody. Five hot spot fields of each case were analyzed by
measuring the ratio of IDO1 surface staining to overall tissue surface.
Horizontal bars represent mean values.

In an effort to explain the paradoxical expression of IDO1, an
immunosuppressive factor, in mature DCs, which are supposed to
effectively trigger immune responses, we hypothesized that IDO1
induction might be a late step in the DC maturation program as a
negative feedback aimed at preventing excessive T-cell activation.
We conducted a detailed kinetic study of DC maturation by LPS,
monitoring the acquisition of maturation markers, the produc-
tion of stimulatory cytokines, and the induction of IDO1 at the
protein level (Supplementary Table S3). The detailed kinetics,
shown in Supplementary Fig. S5, was used to calculate the time
required to reach 50% (Tso) or 100% (Ty00) of the maximal
induction after addition of the maturation signal. The earliest
sign of maturation was the production of TNFo, which reached a
maximum at 4 hours and has a Ts of less than 2 hours. The second
was the production of IL10, with a Tso of 3.5 hours. Surface
maturation markers reached a maximum at 54 hours, with T,
ranging between 7 and 28 hours. Maximal induction of IDO1 was

observed at 46 hours, with a Tsy of 8.7 hours. These results
indicate that IDO1 induction is concomitant with the acquisition
of surface maturation signals, occurring in the second part of the
DC maturation program, after the induction of the earliest cyto-
kines. Of note, no expression of TDO2 or IDO2, an IDO1 homo-
logous gene, was observed at any time point (Supplementary
Fig. S5A).

Frequency and pattern of expression of IDO1 in human tumors

We used IHC with our 4.16H1 antibody to assess IDO1
expression in 15 common solid tumor types. About 60 samples
of each were investigated on TMA sections. In total, 505 of
866 tumors (58%) showed positive staining, often limited to
a small number of cells (Table 2 and Fig. 5). Endometrial and
cervical carcinomas most frequently expressed IDO1, followed
by kidney, non-small cell lung, and colorectal carcinomas.
Most glioblastomas were negative. Three different cell types
were stained: tumor cells, endothelial cells in the tumor stroma,
and some scattered cells in lymphocyte-rich stromal areas re-
sembling the IDO1" mature DCs observed in lymphoid tissues.
The proportion of these staining patterns varied widely accord-
ing to the tumor type. For example, renal cell carcinomas
showed a dominant vascular staining pattern, whereas DC-like
staining predominated in colorectal tumors. IDO1™ tumor cells
were particularly frequent in endometrial and cervical carcino-
mas. Interestingly, these malignancies displayed a different
distribution of IDO1" tumor cells. In cervical tumors, they
were often present at the outer limit of the tumor area in contact
with stroma, whereas they were more diffusely distributed in
endometrial tumors (Fig. 5A and B).

We confirmed the IHC screening data with IDO1 gene expres-
sion levels for each tumor type retrieved from the RNA-Seq data
of the TCGA public database. The tumor hierarchy was remark-
ably consistent between the two datasets (Table 2 and Supple-
mentary Fig. S6).

Discussion

This work provides an extensive, detailed, and comparative
overview of the expression profile of IDO1 in human normal

Table 2. Frequency and pattern of expression of IDO1in common human solid malignancies assessed by IHC on tissue microarrays

IDO1 protein expression

Tumor type Number of Positive Positive in Positive in
tumor in tumor blood lymphocyte-rich Positive Positive

samples tested cells vessels stroma (total) (%)
Endometrial carcinomas 48 27 15 35 45 94
Cervix carcinomas 58 32 8 40 48 83
Kidney carcinomas 60 0 40 16 48 80
Non-small cell lung carcinomas 57 13 29 38 45 79
Colorectal carcinomas 59 8 7 45 46 78
Stomach carcinomas 59 12 1 43 45 76
Ovarian carcinomas 53 9 5 18 35 66
Bladder urothelial carcinomas 58 9 3 35 36 62
Melanomas 60 18 15 28 32 53
Head and neck carcinomas 59 10 0 24 27 46
Esophageal carcinomas 60 n 0 21 25 42
Prostate carcinomas 60 n 1 19 25 42
Pancreatic carcinomas 58 9 0 15 22 38
Breast carcinomas 57 3 0 21 21 37
Glioblastomas 60 2 0 4 5 8
Total 866 174 124 402 505 58
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Figure 5.

IDO1 protein expression in human
tumors assessed by IHC. lllustrative
images from FFPE tissue sections of
an endometrial adenocarcinoma (A), a
cervical squamous cell carcinoma (B),
in which the tumor (t) and stromal (S)
parts are indicated, a renal cell
carcinoma (C), and a gastric
adenocarcinoma (D) stained with the
anti-IDO1 antibody 4.16H1.
Immunolabeled cells are stained in
dark red (AEC staining). They
correspond to tumor cells (A and B),
endothelial cells (C), and
inflammatory stromal cells (D). Each
image represents 3% of the surface of
large, 5-mm-wide TMA sections.

and cancerous tissues. Such an overview, unprecedented in the
existing literature, is in our view helpful to harness the role of
this enzyme in tumor resistance to immune rejection, and to
select the most appropriate types of tumors for targeted phar-
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macologic inhibition of IDO1 aimed at restoring effective
antitumoral immunity. To this end, and because we felt that
anumber of available anti-IDO1 antibodies lacked the required
specificity, we have developed a new anti-IDO1 mAb, have
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strictly validated its specificity, and have used it to screen a large
panel of normal and tumoral tissues by IHC. Our results are
consistent with a range of published observations but do not
confirm other reported concepts, such as the enrichment of
IDO1" DCs in human TDLNs and the expression of IDO1 by
CD123" plasmacytoid DCs (18, 20-23). This latter observation
has already been questioned by others (40, 41). Our new
antibody might be a helpful IHC tool in translational and
clinical research, to test IDO1 expression in tumor samples to
correctly assess its prognostic impact, select patients for IDO1
inhibitor therapy, and study the mechanisms of tumor
response to such treatments.

IDO1 expression in human tumors is restricted to three
different cell types: myeloid cells, endothelial cells, and tumor
cells. This specific expression has already been reported indi-
vidually for each of these cell types. We show that different
IDO1" cell types can coexist in individual tumors, and that the
proportion of these three types can vary widely from one tissue
or tumor to the other. The functional consequences of this
cellular specificity, particularly in terms of inhibition of T-cell
responses, are unknown.

IDO1 expression in DCs and other APCs such as macro-
phages has been abundantly reported and investigated. DC-
mediated tryptophan catabolism is often regarded as the main
mechanism by which this enzyme interferes with T-cell activity.
In tissue sections, IDO1" cells often appear as individual cells
scattered in lymphocyte-rich areas present in stromal or lym-
phoid tissues. Importantly, these structures are observed in
both healthy and tumoral tissues. In the latter, they are found
in all tumor types, with higher proportions in cervical, colo-
rectal, and gastric carcinomas. It is unclear at this stage whether
IDO1" myeloid cells are more abundant in tumors as com-
pared with noncancerous inflammatory tissues, and whether
they play a preferential protective role against antitumoral
immune responses. It will be important to go further into this
comparison, because IDO1-inhibitory drugs aimed at restoring
antitumoral immunity carry a theoretical risk of inducing auto-
immune side effects.

IDOL1 is expressed by endothelial cells in a large proportion
of placental and pulmonary blood vessels, and in a minority
of blood vessels in some other organs. The function of IDO1
in endothelial cells is not known. Its metabolite kynurenine
has been shown to have vasodilatory properties (42). Thus,
vascular-related side effects of pharmacologic IDO1 inhibition
are possible. In tumors, vascular IDO1 expression is frequent
in renal cell carcinoma, whereas it is absent from breast,
esophagus, head and neck, and pancreatic carcinomas. It is
remarkable that normal kidneys do not host IDO1™ blood
vessels, as opposed to their malignant counterpart. IDO1
expression by endothelial cells was reported to be associated
with a relatively more favorable prognosis in renal cell carci-
nomas, in contrast with other tumor types (43). Thus, treat-
ment of kidney tumors with IDO1 inhibitors might result
in paradoxical tumor-promoting effects. Additional experi-
mental investigations are required to highlight the functional
significance of endothelial IDO1 expression as well as its role
in cellular immune responses.

IDO1 expression by tumor cells varies widely according to
the tumor type. The proportion of tumors comprising IDO1"
tumor cells ranges from zero (in renal cell carcinoma) to about
30% (in endometrial and cervical carcinomas). These propor-
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tions are lower than in our previous report that used a poly-
clonal antibody on a small panel of samples and may have
overestimated tumoral IDO1 expression (10). In contrast, the
IHC data reported here were obtained using a specific mAb on a
large panel of tumors, and are further validated by the remark-
able consistency with the TCGA data. This brings confidence in
our current IHC data, despite the fact that we used TMA and not
whole tumor sections. The molecular mechanisms underlying
IDOL1 expression in tumor cells are starting to be studied (44).
In cervical carcinomas, IDO1 is frequently expressed by outer
tumor cells in contact with the tumor stroma. It is possible that
environmental factors, such as inflammatory cytokines pro-
duced in the stroma, trigger IDO1 expression in these tumor
cells. Conversely, the expression is often diffuse in endometrial
tumors, suggesting that the activation of the IDO1 gene in these
tumors is constitutive rather than induced by environmental
factors. The fact that some human tumor cell lines constitu-
tively express functional IDO1 is consistent with this (10).
Tumor cell expression of IDO1 appears as an attractive target
for IDO1 inhibitors, because it provides a direct mechanism of
tumor protection against attack by contacting or closely located
T cells.
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