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ABSTRACT
◥

Purpose: Overexpression of the tryptophan-catabolizing enzyme
indoleamine 2,3-dioxygenase 1 (IDO1) has been reported in several
tumor types, including non–small cell lung cancer (NSCLC), and
has been shown to promote tumor-immune evasion and inhibit
T-cell activation through increased tryptophan degradation and
the production of several immunosuppressive metabolites collec-
tively known as kynurenines. However, it remains unclear whether
IDO1 expression by tumor cells is detrimental specifically in the
context of programmed cell death protein 1 (PD-1)/programmed
death ligand 1 (PD-L1) axis blockade.

Experimental Design: We analyzed the transcriptome of 891
NSCLC tumor samples from patients enrolled in two large ran-
domized clinical trials investigating the safety and activity of
atezolizumab, a humanized IgG1 mAb that targets PD-L1, versus
docetaxel in patients with advanced NSCLC. We complemented
these transcriptomics results at the protein level by using multiplex

immunofluorescence and at the functional level with in vitro
experiments.

Results:The increased expression of the tryptophan-catabolizing
enzyme IDO1 was significantly associated with improved objec-
tive response, progression-free survival, and overall survival in
patients treated with PD-L1 inhibitors, but not in those treated
with chemotherapy. Strikingly, inflamed tumors had higher levels
of IDO1, and IDO1 was also expressed in tertiary lymphoid
structures (TLS) by mature follicular dendritic cells. L-kynurenine
impaired the differentiation of antibody-producing B cells induc-
ed by follicular helper T (Tfh)/B-cell interactions, a hallmark pro-
cess within TLS.

Conclusions: IDO1 pathway in NSCLC is driven by the immune
system rather than by tumor cells. Targeting IDO1 in combination
with anti–PD-1/PD-L1 might be beneficial only in patients with
inflamed tumors and particularly in those bearing TLS.

Introduction
Despite several attempts to reduce the consumption of tobacco, lung

cancer remains the leading cause of cancer-related death. Eighty
percent of patients with non–small cell lung cancer (NSCLC) are
diagnosed with advanced disease in Western countries. The develop-
ment of mAbs targeting programmed cell death 1 (PD-1) or its ligand
programmed death ligand 1 (PD-L1) has revolutionized the manage-
ment of patients with advanced NSCLC, with several studies demon-
strating a significant impact in terms of objective response rate,
progression-free survival (PFS), and overall survival (OS). Atezolizu-
mab, an anti–PD-L1 mAb, was notably approved both for first-line
treatment as a single agent in patients with NSCLC with high PD-L1
expression on tumor cells and/or intratumoral immune cells (1) or in
combination with platinum-based chemotherapy combined with the

VEGF inhibitor bevacizumab and for second-line treatment in all
immune checkpoint inhibitor (ICI)-na€�ve patients (2).

However, most patients with advanced NSCLC display primary
resistance to PD1/PD-L1 blockade, and the mechanisms involved in
this phenomenon are still poorly understood (3).

Among the multiple mechanisms of primary resistance that have
been proposed, some are related to tumor cell metabolism. In this
regard, several findings suggest that the tryptophan-catabolizing
enzyme indoleamine 2,3-dioxygenase 1 (IDO1; refs. 4, 5) may play
a crucial role. IDO1 overexpression has been reported in several
tumor types, including NSCLC, and IDO1 has been shown to pro-
mote tumor-immune evasion and inhibit T-cell activation by catab-
olizing tryptophan into several immunosuppressive metabolites,
such as L-kynurenine (6–8). Decreased levels of tryptophan and
increased expression of IDO1 were also found to be associated with
an immunosuppressive tumor microenvironment composed notably
of regulatory T cells (Tregs; refs. 9–11). However, it is unclear whether
IDO1 expression by tumor cells specifically impacts the response to
PD-1/PD-L1 blockade.

To decipher the effect of IDO1 expression on NSCLC patients’
responses to immunotherapy, we first examined a comprehensive
NSCLC gene expression dataset. This dataset comprises transcriptome
profiles of 891 tumors obtained prior to treatment from the POPLAR
study (phase II; ref. 12) and the OAK study (phase III; ref. 2). These
studies, which compared the safety and efficacy of atezolizumab with
the cytotoxic agent docetaxel in NSCLC, are among the largest
worldwide. We then complemented this transcriptomic analysis with
multiplex immunofluorescence (mIF) and digital pathology analyses
to validate our findings at the protein level and to investigate the
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correlation between the expression of IDO1 by tumor cells and the
spatial distribution of CD8þ T cells.

Materials and Methods
Patient population

Gene expression data were collected from patients included in
the open-label, randomized phase II POPLAR (NCT01903993) and
phase III OAK trials (NCT02008227), which evaluated atezolizumab
versus docetaxel in patients with NSCLC who progressed following
platinum-based chemotherapy (2, 12) and enrolled 287 and 1,225
patients, respectively. Patients in both trials received either 1,200 mg
atezolizumab i.v. every 3 weeks until disease progression, loss of
clinical benefit, or 75 mg/m2 docetaxel i.v. every 3 weeks until
progressive disease (PD). The POPLAR and OAK trials showed
significant improvement in OS with atezolizumab versus docetaxel,
regardless of PD-L1 expression (2, 12). No crossover was allowed, and
OS was the primary endpoint.

mIF analysis was performed on tumor samples from patients
included in an institutional molecular profiling program (BIP, spon-
sor: Institut Bergoni�e, Bordeaux, France, NCT02534649). The inclu-
sion criteria were age ≥ 18 years, histologic confirmation of malignant
tumor, unresectable and/or metastatic disease, at least one tumor
evaluation by imaging after initial immunotherapy administration,
and available paraffin-embedded tumor material obtained before
initial immunotherapy administration.

Written informed consent was obtained from all the patients. The
studies were conducted in accordance with Declaration of Helsinki.

RNA-sequencing data analysis
FASTQ files generated during the POPLAR (GO28753) and OAK

(GO28915) clinical trials were downloaded from the European
Genome-Phenome Archive (EGAC00001002120). Raw data were first
processed through fastp software (v0.32.2) to remove reads containing
adapters, poly-N sequences, and reads with low quality. Paired-end
clean reads were mapped to the human reference genome (GRCh38 -
Gencode release 39) and counted using STAR software (v2.7.10a).
Differentially expressed genes were tested using the DESeq2 R package
(v1.36.0), and gene signature enrichment analyses were performed
using the fsgea R package (v1.22.0) with GO-BP terms. Immune cell
estimations were performed, and tertiary lymphoid structure (TLS)
signature scores were calculated by the ssGSEA framework using the
consensusTME R package (v0.0.1.9) with the gene set by Bindea and
colleagues (13) and Hennequin and colleagues (14), respectively.
Patients were further classified as TLS-high or TLS-low based on the
optimal cut-off point with PFS as the outcome (survminer R package

V.0.4.9). To impute the PD-L1 status for all the patients treated with
atezolizumab, an optimal cut-off point was defined to classify the
patients as PD-L1-high (≥1%) or PD-L1-low (<1%)using the cutpointr
R package (v1.1.2), and the maximize metric method was used for the
patients with PD-L1 22C3 measurements. ROC curves and volcano
plots were drawn using the ROCit R package (v2.1.1) and Enhanced
Volcano R package (v1.14.0), respectively.

Single-cell RNA-sequencing data analysis
Processed data and metadata from the single-cell RNA sequenc-

ing (scRNAseq) of tonsillar stromal cells were downloaded from the
Gene Expression Omnibus database (GSE173539). The data were
normalized using global-scaling normalization in Seurat (v4.3.0),
and CD23þ FDC cells were identified using a FCER2 gene expres-
sion cutoff of 1.5.

Spatial transcriptomic data analysis
Spatial transcriptomic data were acquired as previously described

(15). In brief, tumor slides from 6 patients were analyzed on the
Nanostring GeoMX Digital Spatial Profiler platform using the Whole
Transcriptome Atlas panel (NanoString). Regions of interest were
drawn on the TLS structures, which were further segmented into
CD20þ and CD20� areas of interest (AOI). Raw counts were nor-
malized using full quantile normalization from the limma R package
(v3.52.4), and the estimation of Treg and pDC abundances was
performed using the SpatialDecon R package (v1.6.0) and safeTME
data as a cell-profile matrix.

TLS and immune phenotype assessment
TLS and tumor-immune phenotypes were defined by expert pathol-

ogists. TLS were defined as aggregates of CD20þ and CD3þ cells
(composed of at least 50 cells) located within the tumor or amaximum
of 1 mm from the tumor edges. The tumor-immune phenotype was
defined according to the localization of CD8þ T cells within the tumor
specimen. The “inflamed” profile was characterized by the presence of
CD8þT cells within the tumor parenchyma, the “excluded” profile was
characterized by the presence of CD8þT cells that weremainly located
in the stroma surrounding the nest of tumor cells, and the “desert”
profile was characterized by an extreme paucity or absence of T cells in
either the parenchyma or the stroma of the tumor.

mIF and IHC
IHC and mIF analyses were performed on the automated Ventana

Discovery XT staining platform (Ventana Medical Systems). In brief,
slides of tumor tissue were deparaffinized, and antigen retrieval was
performed by heat-induced epitope retrieval using standard CC1
reagent (Tris-based buffer, pH 8.0; Ventana Medical Systems). The
slides were then incubated with primary antibodies against the fol-
lowing molecules, according to panel composition: CD8 (C8/144B,
Dako: Agilent Technologies), CD4 (SP35, Ventana), Foxp3 (236A/E7,
Abcam), CD20 (L26, Ventana), CD3 (2GV6, Ventana), CD11c
(D3V1E, Cell Signaling Technology, 1/400), CD14 (EPR3653, Cell
Marque), CD21 (2G9, Cell Marque), CD23 (SP23, Ventana), CD163
(10D6, Novocastra), IDO1 (UMAB126, Origene), Ki67 (30–9,
Ventana), PanCK (AE1/AE3/PCK26, Ventana), Mum1 (EP190,
Cell Marque), PD-1 (NAT105, Cell Marque) and PD-L1 (QR-1,
Diagomics).

Bound primary antibodies were detected using OmniMap HRP-
conjugated anti-rabbit IgG (760–4311; Ventana; Roche) or OmniMap
HRP-conjugated anti-mouse IgG (760–4310; Ventana; Roche), fol-
lowed by tyramide signal amplification using opal fluorophores

Translational Relevance

A significant subgroup of non–small cell lung cancer (NSCLC)
cases exhibit an inflamed phenotype but fail to respond to check-
point immunotherapy. Our research reveals that tumors in these
cases selectively express the immunosuppressive enzyme indolea-
mine-2,3-dioxygenase (IDO), both within the tumor cells and
within tertiary lymphoid structures (TLS). Through mechanistic
studies, we have demonstrated that IDO plays a role in limiting the
antitumor immune activity of TLS. These findings suggest that
patients with NSCLC with inflammatory tumor infiltrates and the
presence of TLS are more likely to benefit from IDO inhibition.
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(Opal 480, Opal 520, Opal 570, Opal 620, Opal 690 and/or Opal 780;
Akoya Biosciences) for mIF or DISCOVERY Purple or a 3,30-diami-
nobenzidine (DAB) chromogen detection kit (Roche) for IHC. The
slides were ultimately counterstained with either spectral 40 ,6-diami-
dino-2-phenylindol (Akoya Biosciences) or hematoxylin (Roche),
cover-slipped, and digitized using a multispectral imaging platform
(PhenoImager HT, Akoya).

The multispectrally acquired images were unmixed using spectral
libraries previously built from images stained for each fluorophore
(monoplex) and with inForm Advanced Image Analysis software
(inForm v.2.60; Akoya Biosciences). Tumor areas of each tissue slide
were delineated by a pathologist using PhenoChart (Akoya Bios-
ciences), and the annotated sections were analyzed using inForm
software (v.2.6.0). Tissues were first segmented into “tumor” versus
“stroma” areas based on PanCK staining, and cells were segmented on
the basis ofDAPI and fluorescentmembrane signals.Mean fluorescent
marker intensities for each cell were extracted, and signal intensities
were normalized using the GaussNorm function from the flowStats R
package (v4.8.2). Cells were ultimately phenotyped using a thresh-
olding method in FlowJo software (v.10.8.0; FlowJo). Intercellular
distances between PanCKþ and CD8þ cells were computed using the
PhenoptReport (v0.3.2) R package.

T-cell killing assay
Peripheral blood mononuclear cells (PBMC) were isolated from

whole blood of healthy donors (Etablissement Français du Sang – EFS,
Bordeaux) using density-gradient centrifugation with Lymphoprep
(STEMCELL Technologies) per the manufacturer’s instructions and
cryopreserved.

H1299 lung cancer cells stably expressing the NucLight Red
probe were maintained in RPMI1640 medium with 10% FBS. Cells
(2.5 � 104) were seeded in 96-well plates and incubated for 24 hours
to reach 30% confluency. Cells were then cocultured with PBMC
(ratio tumor:PBMC 1:5) for 120 hours at 37�C in the IncuCyte
ZOOM Live-Cell Analysis System (Sartorius) and were treated with
anti-CD3 antibody (0.3 or 3 mg/mL), L-kynurenine (10 or 100 mmol/L)
and 1� IncuCyte caspase-3/7 dyes (Sartorius) in complete medium
or not treated.

To analyze the induction of apoptosis, treated plates were analyzed
every 3 hours. Phase contrast, green channel (fluorescent caspase3/7
apoptosis probe), and red channel (fluorescent tumor nuclear probe)
images were acquired on an IncuCyte ZOOM Live cell imager using a
10x objective. Image analysis was performed using IncuCyte ZOOM
software after a segmentation mask was applied on phase contrast
images to identify the cell surface, on red fluorescence images to select
tumor cells (expressing the red fluorescent nuclear probe), and on
green fluorescence images to identify apoptotic cells (caspase 3/7
probe; DEVD-NucView488). Overlay segmentation analysis was per-
formed to identify apoptotic tumor cells. Data were analyzed and
plotted using Graph Pad Prism v9.1.0 software. In addition, 120 hours
following coculture initiation and treatment, supernatants were col-
lected, and the effects of L-kynurenine on T-cell activation were
evaluated through the quantification of IFNg release by HTRF mea-
surement on a Spark multimode microplate reader (Tecan) using the
Human IFN Gamma Kit (Cisbio).

Ex vivo human follicular helper T/human B-cell coculture assay
Minced tonsils were dissociated using collagenase D (0.5 mg/mL)

and DNAse I (100 U/mL) on the GentleMACS Dissociation System
(Miltenyi Biotec) for 30 minutes at 37�C. After washing, the cells were
cryopreserved in cryostor CS10. Memory B cells were isolated from

thawed tonsillar cells using the EasySep Human Memory B-Cell
Isolation Kit (StemCell) according to the manufacturer’s instructions.
To isolate follicular helper T (Tfh) cells, CD4þT cells were first isolated
from cryopreserved tonsils and then incubated with anti-CXCR5-
biotin antibody (REA103, BioLegend). CD4þCXCR5þ cells were
isolated using the EasySep Release Human Biotin Positive Selection
Kit (StemCell). The purity (75%–90%) of Tfh and memory B cells was
validated by flow cytometry.

Memory B cells and Tfh cells were seeded in 96-well plates in
complete medium and treated with SEB and L-kynurenine (10, 30,
100 mmol/L) or not treated. After 6 days, supernatants were collected,
and soluble IgG was quantified using the Human IgG HTRF kit
(Cisbio) according to the manufacturer’s instructions.

Survival and statistical analyses
Wilcoxon and x2 tests were used where indicated. For survival

analyses, the log-rank test was used to compare Kaplan‒Meier
survival curves (survival R package v3.3.1). The Cox proportional
hazards regression model was used to estimate HR and 95%
confidence intervals (CI). Patients were classified as IDO1-high or
IDO1-low based on an optimized threshold obtained using the
maximally selected rank statistics from the maxstat R package and
using PFS as the optimal outcome (survminer R package v0.4.9).
TLSþ patients were classified as TLS IDO1-high or TLS IDO1-low
if they displayed at least one TLS with 10% IDO1þ cells. Multi-
variable Cox proportional hazards regression models were used
to compare the interdependence of distinct biomarkers for the
prediction of ICI benefit (survivalAnalysis R package v0.3.0). All
analyses were conducted using R v.4.2.1.

Data availability
Raw and processed transcriptomic data and limited clinical data

have been deposited at the European Genome-phenome Archive
(EGA), which is hosted by the EBI and the CRG, under accession
number EGA: EGAS00001005013. Additional clinical data are avail-
able via request from https://vivli.org/ourmember/roche/. The immu-
nofluorescence datasets are not publicly available due to information
that could compromise research participant consent. According to
French/European regulations, any reuse of the data must be approved
by the ethics committee. Each request for access to the immunoflu-
orescence dataset (including the images) will be granted after a request
is sent to the corresponding author (A. Italiano) and approval by the
ethics committee.

Results
IDO1 expression is independently associated with improved
outcome in patients treated with atezolizumab

We first investigated the impact of IDO1 gene expression on the PFS
of patients treated with atezolizumab. As shown in Fig. 1A, the PFS of
patients with high expression of IDO1 was significantly higher than
that of patients with low expression [median, 3.8 (2.8–4.2) vs. 1.89
(1.5–2.7) months, P < 0.001]. Strikingly, high IDO1 expression was
also associated with improved OS (Fig. 1B) and a higher objective
response (Fig. 1C). None of these correlations were observed in the
docetaxel arm (Fig. 1D–F), suggesting a predictive value of IDO1 gene
expression specifically for response to atezolizumab. Other factors
associated with PFS and OS in patients treated with atezolizumab in
the univariate analysis were histological subtype (adenocarcinoma vs.
squamous cell cancer), PD-L1 expression, and increased tertiary
lymphoid structure (TLS) signatures (Supplementary Fig. S1). In
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multivariate analysis, high IDO1 expression remained independently
associated with PFS and OS (Supplementary Table S1).

IDO1 expression is upregulated in inflamed NSCLC
Given the positive correlation between IDO1 expression and

outcome of patients treated with immunotherapy, we reasoned that
IDO1 expression may be a surrogate for an inflamed tumor micro-
environment. Previous studies have suggested a positive correlation
between high IDO1 and PD-L1 expression in the tumor micro-
environment (TME), which appears to be mediated by CD8þ T cells
(6). We therefore analyzed the correlation between IDO1 and
PD-L1 and found a significant positive correlation, as illustrated
in Fig. 2A and B. Gene Ontology–Biological Process (GO–BP)
enrichment analysis revealed that several immune pathways, such
as the B-cell receptor and T-cell receptor signaling pathways, as
well as immune response-regulating pathways, were enriched in

the group with high IDO1 expression (Fig. 2C and D). By using a
deconvolution approach, we also found that the TME composition
differed significantly between IDO1-high and IDO1-low tumors.
IDO1-high tumors were characterized by the highest expression of
genes specific to immune cell populations such as IFNg-producing
Th1 cells, CD8þ T cells, natural killer cells, cytotoxic lymphocytes,
and B cells (Fig. 2E).

We complemented this transcriptional approach by performing
mIF analysis with a 7-color panel (CD8/CD163/IDO1/PD1/PD-L1/
PanCK) on an independent series of 53 NSCLC tumors treated with
ICI and included in an institutional molecular-profiling program
(Bergonie Institute Profiling, BIP, NCT02534649) (Supplementary
Fig. S2). The characteristics of these patients are presented in
Supplementary Table S2. As previously described (16), CD163þ

tumor macrophages were found to be associated with a poor
prognosis in NSCLC, whereas tumor PD-L1 expression and stromal

Figure 1.

High IDO1 expression is associated with a favorable response to ICI. A–E, Patients from the POPLAR and OAK trials were classified as high or low
based on their baseline level of IDO1 gene expression as assessed by RNA-seq. Kaplan‒Meier curves of the progression-free survival (A–D) and overall
survival (B–E) of patients treated with atezolizumab (A and B) or docetaxel (D and E). C–F, Proportion of patients treated with atezolizumab
(C) or docetaxel (F) with high and low expression of IDO1 who responded to treatment (NR, nonresponders; R, responders). The P values were calculated
using a x2 test.
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infiltration by CD8þ cells were found to be correlated with a better
outcome (Supplementary Fig. S3). IDO1 expression by tumor cells
was also associated with a trend toward higher long-term clinical
benefit (36.4% vs. 15%, P ¼ 0.09) and with significantly improved
PFS [median, 5.3 (3.8–NA) vs. 3.3 (2.3–6.1) months, P ¼ 0.036]
(Fig. 3A and B). IDO1 expression by tumor cells was also correlat-
ed with a higher infiltration of activated CD8þ cells, defined as
CD8þ/PD1þ, in both the stroma and tumor of IDO1-high patients
(Fig. 3C and D). Moreover, the abundance of IDO1-expressing
tumor cells was significantly correlated with the immune contex-

ture, with a gradual increase in IDO1 expression by tumor cells
from desert to inflamed tumors (Supplementary Fig. S4). Analysis
of the spatial distribution of immune cells in the tumor micro-
environment showed that the median distance between PanCKþ

tumor cells and the nearest CD8þ cell was significantly higher in
IDO1-low tumors than in IDO1-high tumors (Fig. 3E and F), thus
confirming the proximity of CD8þ T cells to tumor cells in IDO1-
high tumors.

Through studies depleting tryptophan and limiting the production
of metabolites such as L-kynurenine, IDO1 activity has been linked

Figure 2.

High IDO1 expression is associated with the inflammatory response. A, Atezolizumab-treated patients from the POPLAR and OAK trials were classified
as IDO1-high or IDO1-low based on their baseline level of IDO1 gene expression and PDL1-high (≥1%) or PDL1-low (<1%) based on their PD-L1 22C3 assay
status. The P value was calculated using a x2 test. B, Histogram of IDO1 gene expression levels (normalized counts) according to the PDL1 22C3 assay.
The P values were calculated using the Wilcoxon test. C, Volcano plot showing the differentially expressed gene between IDO1-high and IDO1-low patients.
D, Gene ontology analysis of the differentially expressed genes between IDO1-high and IDO1-low patients. NES, normalized enrichment score.
E, Assessment of the immune microenvironment of patients with high and low IDO1 gene expression by data deconvolution using Bindea et al. gene
sets. Bubble plot of the genes upregulated (red dots) and downregulated (blue dots) in patients with high IDO1 expression. The P values were calculated
using the Wilcoxon test.
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to impaired CD8þ T-cell functions, including decreased cell prolifer-
ation and defects in cytotoxic granule production (17, 18). By incu-
bating H1299 lung cancer cells with (PBMCs originating from healthy
donors), we observed T-cell–mediated tumor cell apoptosis upon anti-

CD3 antibody treatment, which was inhibited in a dose-dependent
manner by L-kynurenine exposure (Supplementary Fig. S5A and S5B).
A concomitant decrease in T-cell activation, as reflected by the
inhibition of IFNg secretion, was also observed. Altogether, these

Figure 3.

Tumor expression of IDO1 is asso-
ciated with increased CD8þ T-cell
infiltration. A, Proportion of patients
with high and low percentages of
PanCKþ/IDO1þ cells according to pro-
gression-free survival. The P valuewas
calculated using a x2 test. B, Kaplan‒
Meier curves of the progression-free
survival of patients classified as high or
low based on levels of PanCKþ/IDO1þ

cells. C, CD8þ T-cell infiltration in
patients with high and low expression
of IDO1 in PanCKþ cells. D, Histograms
of the percentage of activated
CD8þ/PD-1þ cells in the stroma and
tumor areas of patients with high and
low PanCKþ/IDO1þ cell levels. The P
valueswere calculated usingWilcoxon
tests. E, Nearest distances between
PanCKþ and CD8þ cells in patientswith
high and low levels of PanCKþ/IDO1þ

cells. The minimum intercellular dis-
tance is shown by a white dashed seg-
ment. F, Histogram of the median dis-
tance between PanCKþ and CD8þ cells
in patients with high and low levels of
PanCKþ/IDO1þ cells. The P value was
calculated using Wilcoxon tests.
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results demonstrate that IDO1 is expressed in inflamed tumors and
might participate in a negative feedback loop to exert immuno-
suppressive effects.

IDO1 is expressed in mature follicular dendritic cells in TLS and
restricts B-cell activation

Interestingly, in addition to expression by tumor cells, we also
observed the expression of IDO1 in TLS (Supplementary Fig. S6). We
have recently reported that the presence of mature TLS is a strong
predictor of outcome in patients with NSCLC treated with ICI (19).
Mature TLS are composed of prominent B-cell follicles and follicular
dendritic cells (FDC) that are adjoined to a smaller T-cell zone
containing a mixture of CD4þ and CD8þ T cells (20). To decipher
the pattern of IDO1 expression in TLS, we developed an additional
multiplex 9-color panel (CD3/CD11c/CD14/CD20/CD21/CD23/
IDO1/Mum1/DAPI) to identify the main cell subtype expressing
IDO1. As shown in Fig. 4, IDO1 was mainly expressed by FDC,
specifically by CD20�/CD21þ/CD23þ cells, and this expression was
consistent in almost all the TLS analyzed (Fig. 4A and B). Analysis
of scRNAseq data from tonsillar stromal cells also confirmed that
IDO1 was expressed by CD23þ FDC (Fig. 4C). We then investigated
the impact of IDO1 expression within TLS and observed that TLS
IDO-high patients were more likely to have a poor clinical outcome
than TLS IDO-low patients [median PFS, 4.7 (3.1–NA) vs. 19.7 (3.8 vs.
NA), P ¼ 0.27; Fig. 4D)].

TLS promote B-cell maturation into plasma cells and antibody
production, which is associated with the response to immunothera-
py (20, 21).We reasoned that IDO expression bymature DCmay have
a detrimental effect within TLS by impairing Tfh-mediated B-cell
differentiation into antibody-secreting cells. We thus used an ex vivo
coculture assay with Tfh cells and memory B cells isolated from
human tonsils to investigate the impact of IDO1 activity on B-cell
activation by Tfh cells through the addition of L-kynurenine. As shown
in Fig. 4E, coculture of memory B cells with activated Tfh cells led
to the secretion of IgG, which was inhibited in a dose-dependent
manner upon L-kynurenine treatment.

IDO1 expression in TLS is associated with pDC and Treg levels
IDO1 expressed by DC has been shown to regulate tolerance

by activating Tregs or by inducing CD4þ T-cell differentiation
into “inducible” Tregs (22–25). As we previously showed that Treg
presence within TLS correlates with a worse response rate in
ICI-treated patients with TLSþ sarcoma (15), we decided to inves-
tigate whether the level of IDO1 expression correlates with Treg
infiltration within TLS. By reanalyzing our spatial transcriptomics
data, we found that TLS with high expression of IDO1 also had
higher levels of plasmacytoid DC and Tregs (Fig. 5A and B). We
thus analyzed the correlation between IDO1 expression and Treg
presence inside the TLS of patients with NSCLC with 2 mIF
panels consisting of the following markers: CD4/CD8/Foxp3/Ki67/
CD20/DAPI and CD21/CD23/IDO1/CD3/CD20/DAPI (Fig. 5C).
As shown in Fig. 5D, higher IDO1 expression inside TLS was
associated with an increased proportion of proliferating Tregs
(CD4þ/Foxp3þ/Ki67þ cells). The presence of these cells was fur-
ther correlated with lower response to ICI (Fig. 5E) and poor
outcome (Fig. 5F and G).

Discussion
Our results indicate that immune-infiltrated NSCLC is character-

ized by strong expression of IDO1 and PD-L1 by tumor cells. In line

with previous observations in melanomas (26), our data strongly
suggest that the induction of these immunosuppressive mechanisms
is elicited by an inflammatory context rather than by the tumor cells
themselves, and these mechanisms could serve as negative feedback
for inflammation resolution.

We and others have recently reported that the level of B cells and
TLS gene signatures are predictive of outcomes in patients with
sarcoma and melanoma treated with ICI (27–29). By using a patho-
logical assessment approach in three independent cohorts encom-
passing 11 tumor types, we demonstrated that TLS status (as assessed
in paraffin-embedded samples) is a robust and reproducible predictor
of outcome in patients treated with ICI, and this association was
independent of PDL1 or CD8 expression status (19). We further
confirmed the consistency of this biomarker in identifying responders
in study populations from clinical trials investigating immunotherapy
regimens (15).

In addition to expression in tumor cells, we also observed the
expression of IDO1 in TLS. By comparing the gene expression profile
of TLS-positive versus TLS-negativeMerkel cell carcinoma,Nakamura
and colleagues (30) showed overexpression of IDO1 in the tumors of
TLS-positive samples. Our study is the first to report the expression of
IDO1 within TLS. By using an mIF approach, we demonstrated that
IDO1 was mainly expressed by mature DC (CD23þ), which play an
important role in antigen presentation to T cells. IDO1 participates in
one crucial mechanism by which DC promote tolerance (23, 31) by
suppressing effector T cells and promoting Tregs. Strikingly, we found
that IDO1 expression inside TLS was significantly associated with an
increased proportion of proliferating Tregs and lower clinical benefit
of ICI.

To support the functional impact of IDO1 expression within TLS
that we identified, we conducted an ex vivo coculture assay using
circulating Tfh cells and B cells isolated from human tonsils. The
cooperation between these cell types in mature TLS is a key element of
anticancer immunity (20). Interestingly, we found that L-kynurenine,
the main bioactive catabolite of IDO1 and used here to mimic IDO
activity, impaired B-cell antibody secretion, mediated by physiologic
support from Tfh cells.

Even if TLS presence is a robust predictor of ICI efficacy, not all
patients with TLS-positive tumors achieve a benefit from treatment in
the clinic. The induction of the IDO pathway within TLS structures
may thus be part of a feedback loop that dampens TLS immune
activity, making the IDO pathway a potential therapeutic target to
reinvigorate TLS-driven antitumor immunity.

High expression of IDO1 by tumor cells was independently
associated with outcome in patients with NSCLC treated with
immunotherapy but not in patients treated with chemotherapy,
indicating that high expression of IDO1 is not prognostic per se but
a surrogate of increased tumor-immune cell infiltration/activity and
therefore predictive of a higher probability of response to immune
checkpoint inhibition. To date, clinical data regarding the impact of
IDO1 inhibition in NSCLC are limited. In a phase I study inves-
tigating the IDO1-specific inhibitor epacadostat in combination
with atezolizumab for patients with previously treated advanced
NSCLC that enrolled 29 patients, only one patient had an objective
response (32). However, this study included all-comers, and anal-
ysis of the tumor samples revealed that most enrolled patients
lacked baseline PD-L1 expression (PD-L1 expression <1% in tumor
and immune cells) and had cold tumors. Our current results
suggest that IDO inhibitor efficacy might be restricted to patients
with a T-cell–inflamed tumor microenvironment and/or TLS.
Combining IDO1 inhibitors with ICI may result in synergistic
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Figure 4.

IDO1 is expressed on CD21þ/CD23þ FDC within TLS and restricts B-cell activation. A, Representative image from the CD11c/CD14/CD3/CD20/CD21/CD23/IDO1/-
Mum1/DAPImultiplex immunofluorescence panel focused on a TLS from anNSCLC adenocarcinoma section.B, IDO1 expression in the different cell subsets identified
within TLS (n ¼ 6 patients). C, scRNAseq analysis of IDO1 expression in different tonsillar stromal cell subsets (GSE173539). D, Kaplan‒Meier curves of the
progression-free survival of TLSþ patients classified as TLS IDO-positive or TLS IDO-negative (positive ¼ at least one TLS with 10% IDO1þ cells). E, Level of IgG
secretion by B-cell and Tfh cell cocultures activated with SEB (1 ng/mL) for 7 days or not treated; the doses of kynurenine are indicated (n ¼ 2 different donors).
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Figure 5.

IDO1 expression in TLS correlates with increased Treg levels and poor prognosis. A, Representative illustration of a GeoMx DSP-analyzed TLS. CD4/CD8/CD20
multiplex IF staining (top) and CD20 segmentation masks (bottom) for GeoMx transcriptomics analysis. B, Estimation of the percentage of pDC (left) and Tregs
(right) in the CD20 areas of TLS expressing high or low levels of IDO1 by SpatialDecon analysis of GeoMx data. C, Representative image from the
CD4/CD8/CD20/Ki67/Foxp3/DAPI multiplex immunofluorescence panel focused on a TLS from an NSCLC adenocarcinoma section. D, Proportion of proliferating
Tregs (CD4þ/Foxp3þ/Ki67þ) in TLS according to IDO1 expression. The analyzed TLS (n¼ 528) were classified as high or low based on the median IDO1 expression
level inside TLS. The P value was calculated using a Wilcoxon test. E, Proportion of patients with high and low levels of proliferating Tregs in TLS according to
their response to ICI. The P value was calculated using a c2 test. F and G, Kaplan‒Meier curves of the progression-free survival (C) and overall survival of patients
classified as high and low according to the levels of proliferating Tregs (CD4þ/Foxp3þ/Ki67þ) in TLS.
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activity and further improve response rates in this specific group of
patients.
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