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ORIGINAL RESEARCH

The signaling function of IDO1 incites the malignant progression of mouse B16 
melanoma
E Orecchinia, ML Belladonnaa, MT Pallottaa, C Volpia, L Zizia, E Panfilia, M Gargaroa, F Fallarinoa, S Rossinia, C Suvieria, 
A Macchiarulob, S Bicciatoc, G Mondanellia*, and C Orabona a*
aDepartment of Medicine and Surgery, University of Perugia, Perugia, Italy; bDepartment of Pharmaceutical Sciences, University of Perugia, Perugia, 
Italy; cDepartment of Life Sciences, University of Modena and Reggio Emilia, Modena, Italy

ABSTRACT
Indoleamine 2,3 dioxygenase 1 (IDO1), a leader tryptophan-degrading enzyme, represents a recognized 
immune checkpoint molecule. In neoplasia, IDO1 is often highly expressed in dendritic cells infiltrating the 
tumor and/or in tumor cells themselves, particularly in human melanoma. In dendritic cells, IDO1 does not 
merely metabolize tryptophan into kynurenine but, after phosphorylation of critical tyrosine residues in 
the non-catalytic small domain, it triggers a signaling pathway prolonging its immunoregulatory effects 
by a feed-forward mechanism. We here investigated whether the non-enzymatic function of IDO1 could 
also play a role in tumor cells by using B16-F10 mouse melanoma cells transfected with either the wild- 
type Ido1 gene (Ido1WT) or a mutated variant lacking the catalytic, but not signaling activity (Ido1H350A). As 
compared to the Ido1WT-transfected counterpart (B16WT), B16-F10 cells expressing Ido1H350A (B16H350A) 
were characterized by an in vitro accelerated growth mediated by increased Ras and Erk activities. Faster 
growth and malignant progression of B16H350A cells, also detectable in vivo, were found to be accom-
panied by a reduction in tumor-infiltrating CD8+ T cells and an increase in Foxp3+ regulatory T cells. Our 
data, therefore, suggest that the IDO1 signaling function can also occur in tumor cells and that alternative 
therapeutic approach strategies should be undertaken to effectively tackle this important immune 
checkpoint molecule.
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Introduction

Malignant melanoma is the most aggressive and lethal skin 
cancer1. It derives from the uncontrolled proliferation of mel-
anocytes, responsible for the production and secretion of the 
melanin pigment.2 Albeit a 4% reduction in mortality over the 
past few years, the incidence of new cases has highly increased 
in the last decades.3 Melanoma prognosis and survival crucially 
depend on the tumor stage at the moment of the diagnosis. For 
primary melanoma, the 5-year survival rate is 99%, while for 
patients with metastatic melanoma, it is only 10%.4 In mela-
noma development, proliferation and invasion mechanisms 
are mainly driven by the MAPK signaling cascade (Ras/Raf/ 
MEK/Erk), while the PI3K-AKT pathway, also involved in 
proliferation and survival, is most active to promote cellular 
energy metabolism.5 In particular, Erk and Ras are key mole-
cules of melanoma progression, the first being hyperactivated 
by autocrine growth factors, and the second mutated into 
a gain-of-function oncogene in 90% and 15–30% of melanoma 
cases, respectively.6

A therapeutic strategy for late-stage melanoma, which can-
not be successfully treated by surgical removal, is targeting the 
phosphorylation of proliferation-mediating kinases. However, 
inhibitors of BRAF and other components of the MAPK path-
way have shown limited efficacy, recorded only in a minority of 
patients.7 Nevertheless, antibodies blocking the CTLA-4 

(ipilimumab), or PD-1 (pembrolizumab/nivolumab) immune 
checkpoints elicit durable responses with improved survival, 
but only in a subset of patients.8–10 To increase the immu-
notherapeutic efficacy, a double-interference on immunosup-
pressive mechanisms was tried in the randomized phase III 
study ECHO-301/KEYNOTE-252 by the combined treatment 
with pembrolizumab and epacadostat, i.e., a catalytic inhibitor 
of the tolerogenic enzyme indoleamine-2,3 dioxygenase 1 
(IDO1). This heme-containing enzyme converts the essential 
amino acid tryptophan (Trp) into kynurenine (Kyn) and thus 
initiates an enzymatic cascade for Trp depletion and the pro-
duction of tolerogenic catabolites (known as kynurenines) 
causing T cell apoptosis and Treg accumulation.11–15 

However, despite the encouraging clinical results in the early- 
phase trial, epacadostat failed in preventing IDO1-dependent 
melanoma immune escape and did not increase progression- 
free survival (PFS) and overall survival (OS) obtained by pem-
brolizumab monotherapy.16,17

In addition to catalytic activity, IDO1 has a non-enzymatic 
moonlight function previously documented in dendritic cells 
(DCs),18 but so far never investigated in tumors. In DCs, IDO1 
acts as both an enzyme and an immunoregulatory signal- 
transducing molecule by means of its two immunoreceptor tyr-
osine-based inhibitory motifs (ITIMs).19,20 When phosphorylated, 
they serve as docking sites for different molecular partners, which 
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are associated with IDO1 to mediate different physiological effects. 
ITIM1 phosphorylation and binding to the protein tyrosine phos-
phatases SHP-1 and SHP-2 trigger sustained IDO1 expression in 
a feedforward immunosuppressive loop; in contrast, ITIM2 phos-
phorylation and binding to the suppressor of cytokine signaling 3 
(SOCS3) accelerate proteasomal degradation of IDO1.19–22 In 
tumors, there is still no evidence for the ITIM-mediated non- 
enzymatic function of IDO1. However, the existence of 
a dynamical equilibrium between its apo-form (namely, the pro-
tein without the prosthetic group), and the holo-enzyme (namely, 
the protein containing the prosthetic group) has been documented 
in several cell types. Post-translational regulation of IDO1 activity 
depending on the intracellular heme availability was earlier 
described in human monocyte-derived macrophages (hMDM).23 

Moreover, a pioneer work by Nelp et al.24 elegantly quantified the 
amount of apo-IDO1 in the human ovarian cancer cell-line 
SKOV3. Finally, for the first-time Wainwright D. and 
Collaborators distinguished in mouse glioblastoma microenviron-
ment, a tumor-specific non-enzymatic (apo-)IDO1 from an enzy-
matic (holo-)IDO1 expressed in non-tumor cells (i.e., immune 
cells), suggesting for the first time that apo/holo IDO1 balance 
could be cell-specific.25–27 Therefore, the apo-form of IDO1 has 
became an attractive target for new generation inhibitors, aiming 
at preventing IDO1 catalytic activity by blocking the protein in 
a conformation not suitable for binding to the heme group.24 The 
so-called heme-displacing inhibitors have been already success-
fully tested in several tumor experimental models and offered an 
alternative approach to the competitive or noncompetitive inhibi-
tion of the catalytic site of IDO1.28 However, apo-IDO1 is not only 
a target to prevent Trp catabolism, it also represents a suitable 
conformation for transducing an intracellular signal, as reported 
in DCs,19,29 but never investigated in tumors. It has been recently 
demonstrated that non-enzymatic IDO1, ectopically expressed by 
the glioblastoma tumor cell line, suppresses antitumor immunity 
independently of its enzymatic function,26 thus suggesting an 
active role of IDO1 apo-form in tumor progression. However, 
the exact molecular mechanisms, as well as the involvement of 
the ITIMs-mediated signaling function in tumor progression, have 
not been explored yet.

Therefore, the need for effective treatments against advanced 
malignant melanoma, the awareness that the inhibition of IDO1 
catalytic function was not successful in phase III clinical trial, and 
the knowledge that expression of non-enzymatic IDO1 promotes 
tolerogenic mechanisms for tumor immune escape prompted us 
to investigate the non-enzymatic IDO1H350A mutated protein in 
the progression of B16-F10 murine melanoma. For the first time, 
our data provide a proof of concept that the IDO1 signaling 
function can affect tumor progression besides its enzymatic 
activity, suggesting alternative therapeutic approaches to effec-
tively tackle this important immune checkpoint molecule.

Materials and methods

Cell lines, cell culture, and plasmid transfection

B16-F10 murine melanoma cell line, provided by ATCC, and 
all the stably transfected B16 cell lines were cultured in RPMI- 
1640 medium supplemented with 10% FBS and maintained in 
a humidified atmosphere at 37°C in 5% CO2. Lipofectamine 

3000 reagent (Thermo Fisher Scientific) and pEF-BOS–based 
vectors containing either Ido1H350A or Ido1WT, generated as 
previously described,19 were used for the transfection accord-
ing to the manufacturer’s instructions. The empty pEF-BOS 
plasmid was used as mock control. After puromycin selection 
(2 μg/ml) and multiple rounds of limiting dilution cloning, 
three different single-cell colonies for each genotype (namely, 
Ido1H350A, Ido1WT, and mock) were selected and characterized 
for IDO1 protein expression, enzymatic activity, and cell pro-
liferation. One of the three clones for each genotype was 
selected for the functional assays described in the manuscript. 
Stable cell lines were routinely screened to avoid mycoplasma 
contamination and maintained in culture for up to 10 passages 
after thawing.

Kynurenine and tryptophan determinations

The enzymatic activity of IDO1 was measured in vitro in terms 
of the ability to metabolize Trp into Kyn. Kyn and Trp con-
centrations were detected using a Perkin Elmer, series 200 
HPLC instrument (MA, USA) combined with a Kinetex® C18 
column (250 × 4.6 mm, 5 μm, 100 A; Phenomenex, USA), 
maintained at the temperature of 25°C and pressure of 1800 
PSI. A mobile phase containing 10 mM NaH2PO4 pH 3.0 
(99%) and methanol (1%) (Sigma-Aldrich), with a flow rate 
of 1 ml/min, was used and a UV detector identified Kyn and 
Trp at 360 nm and 220 nm, respectively. The software 
TotalChrom v. 6.3.1 was used for evaluating the concentrations 
of Kyn and Trp in samples by means of a calibration curve. The 
detection limit of the analysis was 0.05 μM for Kyn and 0.5 μM 
for Trp.

IDO1 protein degradation analysis

Transfected B16 cells were incubated with the protein synthesis 
inhibitor cycloheximide 40 μg/ml for the time-course analysis 
of IDO1 protein degradation. Whole-cell lysates (1 x 105 cells/ 
sample) were run on SDS/PAGE and electro-blotted onto 
0.2 μm nitrocellulose membranes (Bio-Rad, CA, USA). 
Membranes were probed with a monoclonal antibody specific 
for mouse IDO1 (Millipore), in combination with an appro-
priate horseradish peroxidase-conjugated antibody 
(Millipore), followed by enhanced chemiluminescence (ECL) 
(Bio-Rad). Anti-β-tubulin (Sigma-Aldrich) was used as 
a normalizer. Densitometric analysis of specific signals was 
performed by ChemiDoc XRS+Imaging System (Bio-Rad), 
within a linear range of blot exposures, selecting the two lowest 
exposure times required for detecting signals.

Immunoblot, immunoprecipitation, and Ras pull-down

Transfected B16 cells were lysed on ice in a RIPA buffer 
(50 mM Tris HCl, 150 mM NaCl, 1% Nonidet P 40, pH 
7.4) supplemented with the protease and phosphatase inhibitor 
cocktail HaltTM (Invitrogen). Protein concentration of the cell 
lysates was quantified by BCA (Bio-Rad) and 15 μg of total 
proteins were loaded for immunoblots that involved the use of 
the specific antibodies: monoclonal anti-IDO1 (Millipore), 
monoclonal anti-SHP-2 (Santa Cruz Technologies), 
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monoclonal anti-Erk1/2, and anti-pErk1/2 (Thr202, Tyr204) 
(Cell Signaling) in combination with the appropriate horse-
radish peroxidase conjugated antibody (Millipore), followed 
by enhanced chemiluminescence (ECL, Bio-Rad). 
A monoclonal anti β tubulin (Sigma Aldrich) was used as 
a normalizer. For the immunoprecipitation experiments, 
200 μg of total proteins were incubated for 2 h at 4°C with pre- 
bound DynabeadsTM protein G magnetic beads (Thermo 
fisher) and the specific antibodies, namely a rabbit polyclonal 
anti-pIDO119,29 or a mouse monoclonal anti-SHP-2 (Santa 
Cruz Technologies). The Ras Activation Assay Biochem Kit 
(Cytoskeleton Inc.) was used for the pull-down of Ras-GTP, 
according to the manufacturer’s instructions. Briefly, 300 μg of 
total proteins were incubated with 10 μl of Raf-RBD beads at 
4°C for 1 h. A monoclonal anti-Ras antibody (Cytoskeleton 
Inc.) was used for the detection of the total Ras protein in both 
WCL and in pulled-down Ras-GTP samples. The relative 
amount of active Ras (Ras-GTP) over the total Ras protein 
levels was evaluated in stably transfected B16 cell lines. In 
each experiment, the densitometric analysis of specific signals 
was performed by ChemiDoc XRS + Imagin System (Bio-Rad), 
within a linear range of blot exposure, selecting the two lowest 
exposure times required for detecting signals.

Cell proliferation

Cell proliferation was assessed by MTT assay. Briefly, 5 × 104 

cells/well were cultured in a time-course experiment and pro-
vided with MTT (Sigma-Aldrich) at the indicated times. After 
4 hours at 37°C, 100 μL/well of solubilization buffer (SDS 10% 
in HCl 0.01 N) were added and incubated overnight at 37°C. 
The day after, cell proliferation was evaluated by measuring the 
absorbance at 570 nm (TECAN spectrophotometer, Thermo 
Fisher Scientific).

Scratch wound healing assay

Stably transfected B16 cells were cultured in a 6-well plate to 
reach a confluence of approximately 90–100%. A 10-μl sterile 
pipette tip was used to make a scratch line on the monolayer of 
confluent cells at the bottom of the culture plate. The wound 
healings were continuously observed for 48 hours using 
a Nikon Eclipse 50i microscope with a Nikon DS Fi1 camera 
(Nikon) and acquiring pictures every 2 h. The area of the 
wound healing was determined by delimiting and measuring 
the empty spots at the indicated times with Photoshop CS3 
(Adobe Systems Inc.) and Image J (NIH) software, respectively.

Soft agar colony formation assay

A soft agar colony formation assay was used for evaluating the 
capability of untreated B16 tumor cell lines to grow in an 
anchorage-independent manner. Firstly, the bottom of 
a 6-well plate was precoated with a mix (1:1 ratio) of 1% 
agarose solution and 2X complete RPMI-1640 medium. 
Then, untreated B16 tumor cells were suspended in 2X com-
plete RPMI-1640 medium and 0.6% agarose solution (1:1 ratio) 
and plated (1 × 104 cells/well) on the precoated 6-well plate. 
After 14 days, colonies were imaged using an inverted 

microscope (Nikon) at low (20X) and high magnification 
(60X). The size of colonies was analyzed in 20 randomly 
selected visual fields in each well and measured using the 
ImageJ software (NIH). Subsequently, the colonies were 
stained by MTT (1 mg/ml, overnight at 37°C).

Proteomic analysis and computational analysis

Protein extract from transfected B16 cells was obtained by 
Lysis buffer (50 mM Tris-HCl, pH 7.4, 200 mM NaCl, 1% 
Nonidet P 40, 0.5% Na-deoxycholate) supplemented with 
the protease and phosphatase inhibitor cocktail HaltTM 

(Invitrogen). For each sample, 30 μg of total protein were 
analyzed by mass spectrometry at the core facility of Istituto 
Superiore di Sanità (ISS, Rome, Italy). The unit is equipped 
with the two mass spectrometers Orbitrap Fusion™ and LTQ 
XL™ Linear Ion Trap, both from ThermoFisher, with additional 
Electron Transfer Dissociation (ETD) fragmentation. Principal 
component analysis (PCA) was performed using the prcomp 
function of R stats package on log2 protein expression levels. 
Before PCA, to reduce the effect of noise from non-varying 
proteins, those proteins with a coefficient of variation smaller 
than the 95th percentile of the coefficients of variation in the 
entire dataset were removed. The filter retained 341 proteins 
that are more variable across samples in any of the 3 subsets 
(i.e., B16mock, B16WT, and B16H350A). All proteins with at least 
one not-null expression signal in at least one sample have been 
labeled based on their expression in B16mock, B16WT, and 
B16H350A samples, respectively. The annotation returned 5148 
proteins expressed in all cell types, 11 in B16mock only, 17 in 
B16mock and B16WT, 255 in B16mock and B16H350A, 19 in B16WT 

only, 50 in B16WT and B16H350A, and 85 in B16H350A. For the 
5198 and 5403 proteins expressed in B16WT and B16H350A and 
in B16mock and B16H350A, respectively, fold changes have been 
quantified as the ratio between the median protein expression 
levels in B16H350A and B16WT or B16mock samples. Statistical 
significance of differential expressions (i.e., p-values) in 
B16H350A as compared to B16WT or B16mock samples has been 
determined using a t-test on the log2 expression levels of 
proteins with not-null expression signal in at least two 
B16H350A and B16WT (or B16mock) samples. P-values have 
been corrected for multiple comparisons using the Benjamini- 
Hochberg adjustment method as coded in the p.adjust function 
of the R stats package. Global supervised clustering was per-
formed using the function pheatmap of R pheatmap package 
with Pearson correlation as distance metric and average 
agglomeration method on log2 expression levels of 276 pro-
teins with adjusted p-value ≤ 0.05 in both comparisons of 
B16H350A with B16WT and B16mock samples (supplementary 
Table S1). Protein expression heatmap has been generated 
with pheatmap after row-wise standardization of the expres-
sion values. Functional enrichment analysis has been per-
formed using GSEA and gene sets of the Molecular Signature 
Database Hallmark collection (http://www.gsea-msigdb.org/ 
gsea/msigdb/collection_details.jsp#H). The GSEA software 
(http://software.broadinstitute.org/gsea/index.jsp) was applied 
in preranked mode to the protein list ranked on log2 fold 
change. Fold changes have been calculated as the ratio between 
the median expression levels of the 5198 proteins expressed in 
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B16WT and B16H350A samples. UniProt protein IDs were con-
verted to human gene symbols using the 
Human_UniProt_IDs_MSigDB.v7.5.1 annotation file. Gene 
sets were considered to be significantly enriched at FDR ≤ 
0.05 when using weighted enrichment statistics and 1,000 per-
mutations of gene sets. Proteomic raw data are available under 
the following DOI: 10.6084/m9.figshare.20518329. Fold 
changes and adjusted p-values of proteins from the compar-
isons of B16H350A with B16WT and B16mock samples are 
reported in supplementary Tables S2 and S3, respectively.

Animals and melanoma mouse model

Female wild-type C57BL/6 mice (6-weeks old) were purchased 
from Charles River Breeding Laboratories Italia. All animals 
were housed and fed under specific pathogen-free conditions 
in the animal facility of the University of Perugia. All in vivo 
studies were in compliance with Italian Animal Welfare 
Assurance (A-3143-01) and Animal Care and Use Committee 
guidelines of the University of Perugia. On day 0 of the experi-
ment, stably transfected B16 cells were subcutaneously injected 
(1 × 105 per mouse) into the shaved right flank. Before injec-
tion, the cell lines were screened for mycoplasma contamina-
tion and maintained in culture for up to 1 week after thawing. 
On day 7, tumor sizes started to be measured by a caliper every 
other day and the tumor size was calculated based on an 
ellipsoid formula. On day 15 of the experiment, tumor bearing 
mice were sacrificed for the ex vivo analysis. Animals showing 
signs of distress or bearing a tumor volume higher than 
2500 mm3 were euthanized.

Ex vivo analysis of tumor masses

Tumor masses were excised, photographed, weighed, and ana-
lyzed by western blot, HPLC analysis, and flow cytometry. For 
tumor homogenates, the tumor masses were cut into small 
pieces and gently disrupted in a minimum volume of ice-cold 
PBS by using a glass pestle until the homogenate should appear 
cloudy with minimal solid tissue. The resulting homogenate 
was filtered, centrifuged and the protein concentration was 
quantified by BCA (Bio-Rad). For western blotting of the 
specific proteins and the Ras-GTP pull-down 15 μg and 
300 μg of tumor homogenate was used, respectively, following 
the procedures described above. After deproteinization with 
perchloric acid 10%, 100 μg of tumor homogenate was ana-
lyzed by HPLC for Kyn and Trp measurements, as described 
above.

For flow cytometry, tumor tissues were dissociated by 
a gentle-MACSTM Dissociator (Miltenyi Biotec) in HBSS 
(Thermo fisher) containing Collagenase D and DNase I for 
10 min at 37°C. Samples were then filtered through a 100-μm 
nylon filter (BD Biosciences) in RPMI to generate single-cell 
suspensions, which were subsequently washed with complete 
RPMI. The frequencies of IFN-γ-producing CD4+ and CD8+ 

T cells were determined by extra/intracellular staining, after 
a pretreatment of the cells with PMA (50 ng/ml; Sigma- 
Aldrich), ionomycin (0.8 μg/ml, Sigma-Aldrich), and brefeldin 
A (3 μg/ml; eBioscience) for 4 hours at 37°C. Phenotypic 
characterization of CD8+ and CD4+ T cell subsets was 

performed by extracellular staining using the following Abs: 
Fc block (2.4G2; BD Biosciences), APC-labeled anti-CD3 
(145–2C11; Biolegend), BV510-labeled anti-CD4 (RM4-5; BD 
Horizon), APC-Cy7-labeled anti-CD45.2 (BD Biosciences), 
BV786-labeled anti-CD44 (IM7; BD Horizon), and PerCP- 
labeled anti-CD8 (BD Biosciences). Subsequently, for the intra-
cellular staining, cells were treated with the Cytofix/Cytoperm 
kit (BD Biosciences) and stained with Alexa Flour 488-labeled 
anti-IFNγ (XMG1.2; eBioscience) and PE-labeled anti-FoxP3 
(FJK-16s eBiosciences). Samples were acquired by LSR Fortessa 
(BD Biosciences, CA, USA) flow cytometer, and analyzed by 
FlowJo analysis software (Tree Star, OR, USA).

Statistical analysis

For statistical analysis, GraphPad Prism 8.0.1 software for 
Windows (GraphPad) was used. A p-value ≤ 0.05 was consid-
ered statistically significant. Data are expressed as the mean ± 
S.D. and were analyzed by ANOVA followed by the post hoc 
Bonferroni’s test, when more than two experimental condi-
tions were under comparison, while unpaired Student’s t-test 
was used for the analysis of the data comparing two conditions. 
Tumor volume growth curves were analyzed by two-way 
repeated measures ANOVA with a post hoc Bonferroni test 
at each time point. Survival data were analyzed with the log- 
rank test with the Sidak correction for multiple comparisons.

Results

Generation of a melanoma cell line expressing 
non-enzymatic IDO1

Although IDO1 expression and activity have been associated 
with the progression of many tumor types, including mela-
noma, limited information about the IDO1-mediated signal-
ing function in tumor cells itself is available.26 To dissect the 
non-enzymatic role played by IDO1 in the malignant pro-
gression, we generated from B16-F10 cells a mouse mela-
noma cell line expressing a mutated IDO1 variant lacking 
the catalytic activity (B16H350A). B16-F10 cells, constitutively 
not expressing endogenous Ido1,30 were transfected with 
either wild-type Ido1 gene (B16WT) or empty vector 
(B16mock) as controls. Multiple rounds of cloning by limiting 
dilution were performed to ensure the clonal cell population 
stably expressing the transgene (Figure 1a). The protein 
expression, the catalytic activity of IDO1, as well as the cell 
proliferation rate, were preliminarily assessed in three differ-
ent single-cell colonies of B16WT, B16H350A, and B16mock 

(supplementary Figure S1a–c). One of each clones, respec-
tively, expressing Ido1WT, Ido1H350A, and the empty vector 
(mock), was selected for functional assays and thereafter 
simply named B16WT, B16H350A, and B16mock. Kyn, the 
first catabolite of tryptophan degradation and the main 
marker of IDO1 catalytic activity, was dosed in culture 
supernatants. As opposed to B16WT, B16H350A cells – expres-
sing an IDO1 mutated in the active site – were unable to 
secrete Kyn, confirming the loss of IDO1 catalytic activity 
(Figure 1b). When the IDO1 protein expression was ana-
lyzed, it appeared to be significantly higher in B16 H350A cells 
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as compared to the B16WT counterpart, although the same 
amount of total proteins was loaded (Figure 1c,d). This 
result suggested that wild-type and non-enzymatic IDO1 
might differ in protein stability. Thus, to investigate 
a possible diverse susceptibility to post-translational degra-
dation, the IDO1 protein decay rate was analyzed by 
a cycloheximide chase assay followed by immunoblotting. 
Upon protein synthesis inhibition, the IDO1 protein expres-
sion declined more slowly in B16 H350A as compared to the 
B16WT control (Figure 1e). In particular, the non-enzymatic 
IDO1H350A has a significantly longer half-life (t1/2 > 8 h; 
degradation speed K, 0.009 h−1) than the wild-type protein 
(t1/2 = 6.5 h; degradation speed K, 0.105 h−1) (Figure 1f).

Overall, these results indicated that B16 cells were success-
fully reconstituted with either a wild-type enzymatically active 

or a mutated inactive form of IDO1. The latter was character-
ized by an altered protein turnover, prolonging both its avail-
ability and putative signaling functions in transfected B16-F10 
melanoma cells.

Proteomic profiling of melanoma cell line expressing 
non-enzymatic IDO1

To understand the molecular alterations occurring in the 
B16H350A cells, the proteomic changes were investigated in 
the different melanoma cell lines. Therefore, protein sam-
ples were extracted from biological quadruplicates of 
B16mock, B16WT, and B16H350A cell lines and subjected to 
LC-MS/MS analysis. PCA analysis confirmed the similarity 
between the replicates and the inter-group differences 

Figure 1. Ectopic expression of non-enzymatic IDO1 in B16 melanoma cell line. (a) Experimental timeline for the generation, selection, and validation of B16-F10 murine 
melanoma cell clones transfected with either empty vector (B16mock), or wild-type Ido1 (B16WT), or mutated Ido1 variant lacking the catalytic activity (B16H350A). (b) 
Production of Kyn is represented as concentration in culture supernatants after incubation for 16 hrs in medium. (c-d) Validation of stably transfected B16mock (white 
bar), B16WT (gray bar) and B16H350A (black bar) cell lines. For the expression of IDO1 protein, one representative immunoblot of three is shown (c) and IDO1/β-tubulin 
ratio is graphed (d). (e-f) Reduced half-life of IDO1 in B16WT and B16H350A cells in a cycloheximide-chase assay followed by immunoblot analysis of IDO1 in transfectant 
lysates. Cycloheximide was added at 40 μg/ml for the indicated time. One representative immunoblot of three is shown (e). (f) Exponential decay regression analysis of 
the IDO1/β-tubulin ratio for cells treated as in (e) and expressed as percentage of time 0 (time 0 = 100%). Data (mean ± SD) are the results of three independent 
measurements. Two-tailed unpaired Student’s t-test (d), or one-way ANOVA (b), or two-way ANOVA followed by post hoc Bonferroni’s test (f) where used for the 
analysis. *P < .05, **P < .01. n.d., not detectable.
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(Figure 2a). Moreover, from the analysis of the protein 
signals, we identified 5148 proteins that are commonly 
expressed in the three melanoma cell lines, while a total 
of 85 proteins are exclusively expressed by B16H350A cells 
(Figure 2b). The heatmap showing statistically significant 
differences in protein abundances in B16H350A, B16WT, 
and B16mock cells confirmed a distinct proteomic profile 
of B16H350A melanoma cells (Figure 2c; supplementary 
Table S1). We then performed a gene set enrichment 
analysis (GSEA), searching for statistical associations 
between the proteins either more or less expressed in the 
B16H350A as compared to B16WT cells and those contained 
in a collection of signatures summarizing specific well- 
defined biological states and processes (see Materials and 
Methods for details and supplementary Table 2). GSEA 
analysis suggested that B16H350A compared to B16WT 

melanoma cells significantly activate gene sets depicting 
biological processes linked to cell proliferation and survi-
val. In fact, both gene sets (version 1 and 2) controlled by 
the oncogene MYC, those modulated by the transcription 
factor E2F, as well as the G2M checkpoint controlling cell 
cycle and the DNA repair pathways resulted significantly 
overrepresented in B16H350A melanoma cells. Differently, 
the gene sets describing the activation of the immune 
responses mediated by IFN-γ and IFN-α, the epithelial- 
mesenchimal transition, and other biological processes 
such as coagulation, myogenesis, and xenobiotic metabo-
lism resulted significantly under represented (Figure 2d). 
Overall, the proteomic profile of B16H350A melanoma cells 
puts in evidence a highly proliferative phenotype in these 
cells compared to the same tumor cells expressing the 
wild-type form of IDO1.

Figure 2. Proteomic profile of B16H350A cells expressing non-enzymatic IDO1. (a) Principal component analysis (PCA) of B16H350A, B16mock, and B16WT protein levels. PCA 
was performed on log2 protein expression levels. (b) Overlap of proteins expressed in B16mock, B16WT, and B16H350A samples. (c) Supervised hierarchical clustering 
obtained using the log2 expression levels of 276 proteins with adjusted p-value ≤ 0.05 in both comparisons of B16H350A with B16WT and B16mock samples 
(supplementary Table S1). Each column represents one separated biological sample. (d) Over-representation analysis was performed using gene set enrichment 
analysis (GSEA) with the Hallmark signature collection on the ranked protein list of the comparison between B16H350A and B16WT samples (supplementary Table S2). 
A negative normalized enrichment score (NES) indicates signatures enriched more in control cells; a positive NES indicates signatures enriched more in B16H350A cells. 
The false discovery rate (FDR) is the estimated probability that a signature with a given NES represents a false positive; we considered signatures to be significantly 
enriched at FDR ≤ 0.05. The GeneRatio is calculated as the fraction of the ranked protein list found in each signature set.
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The signaling function of IDO1 is constitutively active in 
B16H350A melanoma cells

Besides degrading Trp into Kyn, IDO1 triggers non-enzymatic 
pathways in DCs that can either extend or reduce its own half- 
life and, consequently, the immunoregulatory effects mediated 
by itself.19–21 The phosphorylation of critical tyrosine residues 
in the ITIMs is required to support this non-enzymatic func-
tion. We have previously demonstrated that the enzymatic and 
the non-enzymatic (namely, signaling) conformations of IDO1 
are mutually exclusive since the negative charge exposed by 
phosphorylated tyrosines in ITIMs distorts the catalytic site 
and invalidates the activity of the enzyme.22,31 Therefore, we 
firstly analyzed whether the null enzyme IDO1H350A was phos-
phorylated in B16 melanoma cells. To overcome the different 
protein expressions of IDO1 in B16H350A and B16WT mela-
noma cell lines, differential amount of WCL was loaded to 

normalize IDO1 content for immunoprecipitation by means 
of an antibody specific for the phosphorylated ITIMs of the 
enzyme.19,29,32 The results demonstrated that IDO1 is consti-
tutively phosphorylated in B16H350A cells as compared to 
B16WT samples (Figure 3a). Once phosphorylated in ITIMs, 
IDO1 acquires the ability to bind different molecular partners, 
such as SOCS3 and the phosphatases SHP-1 and SHP-2, which 
are responsible for specific downstream effects.20 By co- 
immunoprecipitation experiments, we found in B16 melanoma 
cells that IDO1H350A was associated with SHP-2 at 
a significantly higher extent, as compared to IDO1WT 

(Figure 3b,c), while no differences were observed in the ability 
to interact with SOCS3 and SHP-1 (data not shown). Since 
SHP-2 phosphatase promotes Ras activation and the down-
stream Erk activation33,34 in many types of cancer favoring the 
tumor progression, we analyzed the activation of the Ras/Erk 

Figure 3. Molecular mediators of the signaling function of the non-enzymatic IDO1 active in B16 H350A cells. (a-g) Whole cell lysates (WCLs) of stably transfected B16 cell 
lines (B16mock, B16WT, B16H350A) were normalized for IDO1 content prior to be loaded as WCL, or used for the immunoprecipitation analysis. (a) Immunoblot (IB) with 
anti-IDO1 and densitometric analysis (A.U., arbitrary units; n.d., not detectable) showing the IDO1 content in WCL (left panel). Immunoprecipitation (IP) of 
phosphorylated IDO1 with anti-pIDO1 recognizing IDO1 phospho-ITIMs and subsequent immunoblot with anti-IDO1 (right panel). (b-c) Densitometric results of co- 
immunoprecipitation (Co-IP) with anti-SHP-2 antibody and immunoblot with either anti-IDO1, or anti-SHP-2 (b) are reported as IDO1/SHP-2 ratio (c). (d-e) The relative 
amount of active Ras (Ras-GTP) over total Ras in stably transfected B16 cell lines is shown by pull-down assay with Raf-RBD beads followed by immunoblot with anti-Ras 
(d) and reported as Ras-GTP/total Ras ratio (e). Immunoblot with either anti-pErk1/2, or anti-Erk1/2 (f) are reported as ratio of pErk1/2 over Erk1/2 (g). Data (mean ± SD) 
are the results of three independent measurements. One-way ANOVA was used for the analysis. B16H350A vs B16WT, *P < .05, **P < .01.
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pathway within melanoma cells.35 By pull-down assay and 
immunoblot analysis, we found that this pathway is constitu-
tively activated in B16H350A cells, as shown by the significantly 
increased expression of active Ras-GTP (Figure 3d,e) and Erk1/ 
2 phosphorylation (Figure 3f,g). At the opposite, the Ras-Erk1 
/2 axis resulted in switched-off in B16Y/F (supplementary 
Figure S2a, b), a mutant that lost the ITIM-mediated activity 
of IDO1 protein,19,21 suggesting that the non-enzymatic activ-
ity of IDO1 is required for the constitutive activation of the 
pathway Ras-Erk1/2 in B16 melanoma.

As a whole, these data suggested that enzyme-null 
IDO1H350A participates and activates the SHP-2/Ras/Erk sig-
naling pathway in B16 melanoma cells.

In vitro growth and malignant progression of B16H350A 

melanoma cells

As the Ras/Erk pathway controls key cellular processes such as 
proliferation, invasion, and survival that are constitutively 
activated in human cancers including melanoma,36,37 we ana-
lyzed the in vitro behavior of B16H350A, B16WT and B16mock 

cells. We observed a higher proliferative rate in B16H350A cells 
as compared to B16WT and B16mock counterparts (Figure 4a). 
Of note, the slower in vitro proliferation of B16WT cells, 
observed in all the original three clones (supplementary 
Figure S1c), seems independent of the strong depletion of 
Trp in the cell culture (supplementary Figure S3 A), as the 
supplementation of exogenous Trp to B16WT culture did not 
affect the proliferation rate (supplementary Figure S3b). The 
wound healing assay revealed a significantly higher migratory 
capacity of B16H350A cells that reached a 50% and a 100% of 
wound closure in just over 12 h and 36 h, respectively. By 
contrast, B16mock cells reached the 100% just after 48 h and 
B16WT cells could not close the wound in 48 h (Figure 4b,c). In 
addition, the soft agar colony formation assay demonstrated 
a significantly higher capability to grow in an anchorage- 
independent manner for B16H350A cells when compared to 
B16WT and B16mock counterparts (Figure 4d,e).

Overall, these data confirmed a faster in vitro growth and 
higher tumorigenic phenotype of B16H350A melanoma cells 
compared to the other B16 melanoma cell lines.

IDO1 enhances tumor growth through the non-enzymatic 
function

We next characterized the in vivo growth of B16H350A cells 
after their subcutaneous implantation into syngeneic mice. 
Results showed that B16WT and B16mock tumors have 
a similar growth rate in vivo, while the melanoma tumor 
growth is significantly accelerated when B16H350A cells were 
implanted (Figure 5a,b). Similar results were also obtained by 
monitoring the in vivo growth of two different clones of 
B16H350A, B16WT, and B16mock (supplementary Figure S4). 
Tumor volumes and weights were both significantly increased 
in the B16H350A compared to B16WT and B16mock-bearing 
mice at the time of sacrifice (Figure 5a-d). Moreover, 
B16H350A -bearing mice have a reduced median overall 

survival as compared to B16mock and B16WT tumors (20.5, 
27, and >27 days, respectively) (Figure 5e).

To assess whether the observed differences in tumor growth 
were associated with immune suppression, we measured the 
number of tumor-infiltrating CD4+, CD8+ T lymphocytes pro-
ducing IFN-γ as well as of regulatory T cells (Tregs). At 2 weeks 
post-implantation, we found that the absolute number of CD4+ 

cells gated on CD45+CD3+ cell population was significantly 
higher in B16H350A than in B16WT and B16mock tumors, while 
few CD8+ cells were detected in B16H350A tumors (Figure 5f). 
Among the T cells subsets, a significantly lower number of 
IFN-γ-producing CD4+ and CD8+ T lymphocytes was counted 
in B16H350A compared to B16mock tumors and a significantly 
higher number of Foxp3+ Tregs in B16H350A tumors compared 
to B16WT and B16mock tumors (Figure 5g). Overall, the immu-
nophenotyping of the xenograft tumors revealed that B16H350A 

were mainly infiltrated by regulatory CD4+ Foxp3+ 

T lymphocytes and poorly infiltrated by both IFN-γ- 
producing CD4+ and CD8+ T lymphocytes.

On analyzing IDO1 expression and activity in the whole 
tumor explants, we observed that both B16WT and B16H350A 

tumors expressed high levels of the IDO1 protein differently 
from B16mock tumors (Figure 6a,b). Differently from IDO1 
expression in the tumor cell lines (Figure 1d), the level of 
IDO1 protein was significantly higher in B16WT than in 
B16H350A explanted tumors, suggesting that the tumor xeno-
grafts are infiltrated by cells (other than B16 tumor cells) that 
can express IDO1 protein. In addition, the high level of Kyn, 
only detected in B16WT homogenate (Figure 6c), could induce 
the IDO1 expression in the tumor-infiltrating cells. 
Surprisingly, the in vivo growth of B16H350A tumor maintained 
the null enzymatic activity of IDO1 (Figure 6c), excluding the 
tumor infiltration by the IDO1-competent cells.

We next questioned whether the activation of the SHP-2/ 
Ras/Erk signaling pathway measured in vitro might account for 
the in vivo faster growth as well. Results confirmed that 
B16H350A tumors have a constitutive activation of Ras 
(Figure 6d,e), and a significantly increased phosphorylation 
of Erk1/2 and expression of SHP-2 (Figure 6f-h).

Overall, these results suggested that the non-enzymatic 
form of IDO1 is endowed with tumor cell-specific function 
that relies on the activation of the SHP-2/Ras/Erk signaling 
pathways fostering the malignant progression of B16H350A 

melanoma.

Discussion

The anti-tumor therapeutic approach inhibiting IDO1 catalytic 
activity was rationally based on several observations suggesting 
a crucial involvement of IDO1 in cancer immune escape and 
progression. Many human tumors express IDO138 that is con-
sidered a prognostic factor; IDO1-positive mouse tumors were 
protected from immune rejection;39 and IDO1 catalytic inhi-
bitors increased the therapeutic efficacy of several pharmaco-
logical treatments in multiple preclinical tumor models.30,40 

Although the rational in developing IDO1 catalytic inhibitors 
is clear, the inadequate response of these compounds – as 
demonstrated by the recent clinical trials – highlights the 
urgent need to direct the research on IDO1 biology toward 
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a wider field. This emerging awareness has sped up the devel-
opment of a new generation of efficacious IDO1 inhibitors 
capable of inhibiting the apo-IDO1 rather than the holo- 
form.24,41 The design of the heme-displacing inhibitors of 
IDO1 is currently a major focus in the field. By this class of 
inhibitors, investigators firstly provided evidence of 
a dynamical balance between two different conformations of 
IDO1, the holo- and the apo-form, similarly to others heme- 

proteins. Furthermore, Biswas P. et al. have recently demon-
strated the biochemical delivery of the intracellular heme to 
apo-IDO1, describing IDO1 as a heme-protein that can exist 
naturally, and even predominantly, in its heme-deficient form 
in the cells.42

A growing need for considering the multifaceted functions of 
both holo- and apo-IDO1 in the tumor microenvironment 
motivated us to investigate the non-enzymatic activity of 

Figure 4. In vitro analysis of the tumorigenic phenotype associated with B16H350A cells. (a) In vitro cell proliferation of B16mock, B16WT and B16H350A cells incubated in 
a multiwall plate (5x104 cells/well) and monitored for 24, 48 and 72 hours by MTT assay. (b-c) Time course of scratch closures in B16mock, B16WT and B16H350A cell lines. 
Cell migration was monitored for 48 hours by scratch test, acquiring the image at 12, 24, 36 and 48 hours (b). The scratch area was expressed as a percentage of the 
wound closure respect to time zero (c). (d-e) Soft agar colony formation assay in B16mock, B16WT and B16H350A cell lines. Cells were grown in soft agar and, after 14 days, 
colonies were imaged at low (20X) and high (60X) magnification, and then stained with MTT. Picture are representative of three independent experiments (d). Plotted 
colony sizes were measured using ImageJ software (e). Data are the means (± S.D.) of two independent experiments each performed in triplicate. Two-way ANOVA (a 
and c), or one-way ANOVA (E) were used for the analysis. B16H350A vs B16WT, *P < .05, **P < .001,***P < .001, ****P < .0001. B16H350A vs B16mock, #P < .05.
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Figure 5. In vivo growth and malignant progression of B16H350A expressing non-enzymatic IDO1. B16mock, B16WT or B16H350A cell suspensions were subcutaneously 
injected into the flank of C57BL/6 mice. (a) Tumor growth (C57BL/6 mice; n = 8) was monitored 7 days after tumor challenge up to 27 days. Data of tumor volume (mean 
± SD) are the result of three independent experiments. (b) B16mock, B16WT or B16H350A tumor volumes of individual mice (n = 8). Representative images (c) and masses 
(d) of subcutaneous tumors at day 27 are shown. Data of tumor mass (mean ± SD) are the result of three independent experiments. (e) Survival analyses after 
subcutaneous tumor challenge. Data of overall survival (n = 8, means ± SD) are the result of three independent experiments. (f-g) Flow cytometric analysis of tumor 
infiltrating lymphocytes. Two weeks after B16mock, B16WT or B16H350A tumor implantation, tumor samples were analyzed. The absolute number of CD45+CD3+, CD4+, 
CD8+ cells (f) and of IFNγ+ CD4+, IFNγ+ CD8+, FoxP3+ CD4+ (g) T lymphocytes are shown and quantified (n = 6, means ± SD). Two-way ANOVA (A) and one-way ANOVA 
(d, f, and g) where used for the analysis. ns, not significant, B16H350A vs B16WT, *P < .05, **P < .01 ***P < .001. B16H350A vs B16mock, #P < .05. Log-rank test (E) was used to 
compare survival between B16H350A, B16WT and B16mock groups, *P < .05.
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IDO1H350A mutated protein in the progression of B16 murine 
melanoma. The amino acid substitution H350A in the murine 
sequence prevents heme binding and, consequentially, the cat-
alytic function of IDO1. The forced and stable expression of the 
IDO1H350A protein in B16 melanoma cell line provided a tumor 
cell model that constitutively expresses the apo-form of IDO1, 
unable to convert Trp into Kyn and thus with a null catalytic 
activity. Differently from the physiological turnover of wild-type 
IDO1 proteins in murine DCs and human PBMCs,43,44 

IDO1H350A has a significantly longer half-life than the wild- 
type protein within the melanoma cells. The persistence of the 
null enzyme IDO1 protein in the melanoma cell suggests 
a functional role of the protein besides its catalytic activity. 
Moreover, the high level of IDO1H350A protein expression 

combined with its longer half-life mirrors an oncogenic beha-
vior. The proteomic analysis confirmed a distinct profile in 
B16H350A melanoma cells compared to B16WT and B16mock, 
and the GSEA analysis highlighted statistically significant upre-
gulated gene sets mainly involved in the active cell proliferation 
and survival, together with down modulated gene sets involved 
in the activation of the immune response. Therefore, the pro-
teomic analysis unveiled an intrinsic pro-proliferative role of the 
IDO1H350A protein within the melanoma cells rather than an 
extrinsic control of the anti-tumor immune response. Although 
the expression of the catalytically active IDO1 has been often 
associated with the progression of different tumor types in 
a microenvironment affected by the metabolic activity of the 
enzyme,45,46 the apo-IDO1 protein has never been described as 

Figure 6. Ex vivo analysis of the signaling function of the non-enzymatic IDO1 active in B16H350A tumors. Two weeks after B16mock, B16WT or B16H350A tumor 
implantation, tumor samples were collected and analyzed. (a) IDO1 protein expression was analyzed in the tumor mass homogenate (n = 3). One representative 
immunoblot is shown. (b) IDO1/β-tubulin ratio was calculated by densitometric analysis of the specific bands detected in two independent experiments (mean ± S.D.). 
(c) Kyn and Trp concentration were assessed in tumor homogenate (n = 3) and the Kyn/Trp ratio is represented (means ± S.D.) of two independent experiments. (d) 
Active Ras (Ras-GTP) was analyzed by pull-down assay in tumor mass homogenate. Total Ras, used for the normalization, and Ras-GTP were detected by anti-Ras 
western blotting. One representative immunoblot analysis is shown. (e) Ras-GTP/total Ras ratio was calculated by densitometric analysis of the specific bands detected 
in three independent experiments (mean ± S.D.). (f) SHP-2 and pErk1/2 activation pathway in tumor mass homogenate. Protein expression was analyzed in tumor mass 
homogenate (n = 3). Total Erk1/2 and β-tubulin were used for pErk1/2 and SHP-2 normalization, respectively. One representative immunoblot analysis is shown. pErk/ 
Erk (g) and SHP-2/β-tubulin (h) ratios were calculated by densitometric analysis of the specific bands detected in two independent experiments (mean ± S.D.). One-way 
ANOVA followed by post hoc Bonferroni’s test was used for the analysis. *P < .05, **P < .01 and ***P < .001.
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a switcher of the tumor cell proliferation as an oncogenic 
signaling. The higher proliferative rate, cell migration capacity, 
and ability to grow in an anchorage-independent manner of 
B16H350A cells compared to B16WT counterpart confirmed this 
innovative perspective on apo-IDO1 in melanoma cells. 
Moreover, B16H350A cells express a constitutively phosphory-
lated IDO1 protein capable of better associating SHP-2 phos-
phatase, identified as one of the molecular partners of IDO1 that 
mediates its non-enzymatic function in DCs.19 SHP-2 phospha-
tase also promotes tumor progression in many types of cancer, 
including melanoma, because it is a core component of 
a signaling multi-protein complex that promotes Ras activation 
and the downstream Erk activation,33,34 both resulted constitu-
tively activated in B16H350A cells compared to B16WT tumor. 
Faster growth and malignant progression of B16H350A cells were 
also detectable in vivo, accompanied by a reduction of the anti- 
tumor immunity. Surprisingly, the ex vivo analysis of the 
explanted tumors revealed that a null catalytic activity was 
maintained in the B16H350A tumor masses after the in vivo 
growth, although the protein expression was still detectable at 
a high level in the tumor. These observations led us to exclude 
the infiltration of the tumor by IDO1-competent immune cells 
or the endogenous induction of a catalytically active form of 
IDO1 during the in vivo progression of B16H350A tumor. 
Moreover, an increased activation of the Ras/Erk pathway was 
detectable in B16H350A tumor homogenates as well as higher 
levels of the oncogene SHP-2.

Overall, our data describe for the first time a tumor-specific 
intracellular signaling fostered by IDO1H350A in murine mela-
noma cells and involving the Ras/Erk pathway. The persistence 
of a phosphorylated form of the apo-IDO1 protein in B16 
melanoma promotes its association with SHP-2 phosphatase 
and the constitutive activation of Ras/Erk signaling, supporting 
a higher proliferative rate of the tumor.

The unconventional, non-enzymatic activity of IDO1 does 
not represent a redundant – rather an alternative – mechan-
ism of controlling the immune response.31,47 The discovery 
that the IDO1 protein can also act as a transducing molecule, 
inducing a long-term immunoregulatory phenotype in DCs,19 

combined with the discouraging results from the clinical 
trials of catalytic IDO1 inhibitors paved new directions in 
the research activity around this target, in order to make it 
druggable for the anti-tumor immunity. Bartok et al. ele-
gantly demonstrated that the Trp depletion generated by the 
IFN-γ-induced catalytic activity of IDO1 promotes in mela-
noma cells the accumulation of Trp-associated ribosomes that 
shift the reading frame leading to an aberrant peptide expres-
sion on the cell surface.46 This novel mechanism of IDO1 
catalytic activity provides a further layer of complexity to the 
mechanism of immunosuppression mediated by IDO1. To 
render even more complex the decryption of the IDO1 role 
in the tumor microenvironment, we recall its non-enzymatic- 
mediated immunosuppressive activity in immune cells that 
can bypass the largely described role of the Trp-Kyn-AhR 
pathway in cancer development and immunology.48,49 Recent 
experimental evidence in the TME described the IDO1 pro-
tein in a dynamical balance between its apo- and holo- 
conformation.24,26,27 Thus, apo-IDO1 no longer represents 

just a transitional conformation for heme cofactor acquisi-
tion, but it can become an attractive target.

The data collected in the current manuscript unveil for 
the first time a tumor-specific non-enzymatic function of 
IDO1 that contributes to a proliferative signal within the 
melanoma cell, fostering its tumorigenic phenotype. The 
pro-tumorigenic IDO1-mediated effect seems to be inde-
pendent of the catalytic activity, providing a potential 
explanation to the failure of the catalytic inhibitors of 
IDO1 in anti-cancer therapy. Probably, the mere catalytic 
inhibition of IDO1 target in the TME is not sufficient for 
blocking the tumor development. Our previous data 
demonstrated that the catalytic and signaling conformations 
of IDO1 are mutually exclusive.22,31 This previous observa-
tion is in line with the behavior of IDO1H350A that mimics 
a catalytically inactive conformation of the protein and 
shows constitutive phosphorylation of IDO1 suitable for 
interacting with transducing molecules. We can thus spec-
ulate that the catalytic inhibition of IDO1 could even sta-
bilize the protein in a conformation that, albeit unable to 
convert Trp into Kyn, is preparatory for the phosphoryla-
tion and the activation of an intracellular pathway. Such 
signaling could induce a tolerogenic phenotype in DCs and 
a pro-tumorigenic effect in the tumor cells, eventually 
favoring the tumor cell growth and survival rather than 
the expected anti-tumor activity. If this is the case, the 
catalytic inhibition of IDO1 in the TME could even turn 
worse the anti-tumor response. Besides the catalytic inhibi-
tion, novel IDO1-targeted approaches could be developed. 
Recently, a proteolysis targeting chimera (PROTAC) has 
been developed and studied in a preclinical model of glio-
blastoma, showing a therapeutic potential.50

It is still unclear if there will be a path forward for the 
development of efficacious IDO1 catalytic inhibitors in the 
anti-cancer immunotherapy and certainly, the non-enzymatic 
activity of this drug target can no longer be neglected in the 
tumor microenvironment. It is time to change the perspective 
on IDO1-based drug discovery, by evaluating the effects of the 
drug candidates on both the catalytic and non-enzymatic func-
tions of this pleiotropic target.
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