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Abstract

Purpose: This study sought to evaluate the expression of
programmed cell death-ligand-1 (PD-L1) and HLA class I on
neuroblastoma cells and programmed cell death-1 (PD-1) and
lymphocyte activation gene 3 (LAG3) on tumor-infiltrating
lymphocytes to better define patient risk stratification and
understand whether this tumor may benefit from therapies
targeting immune checkpoint molecules.

Experimental Design: In situ IHC staining for PD-L1, HLA
class I, PD-1, and LAG3 was assessed in 77 neuroblastoma speci-
mens, previously characterized for tumor-infiltrating T-cell den-
sity and correlated with clinical outcome. Surface expression of
PD-L1 was evaluated by flow cytometry and IHC in neuroblas-
toma cell lines and tumors genetically and/or pharmacologically
inhibited for MYC and MYCN. A dataset of 477 human primary

neuroblastomas from GEO and ArrayExpress databases was ex-
plored for PD-L1, MYC, and MYCN correlation.

Results: Multivariate Cox regression analysis demonstrated
that the combination of PD-L1 and HLA class I tumor cell density
is a prognostic biomarker for predicting overall survival in neu-
roblastoma patients (P ¼ 0.0448). MYC and MYCN control the
expression of PD-L1 in neuroblastoma cells both in vitro and
in vivo. Consistently, abundance of PD-L1 transcript correlates
with MYC expression in primary neuroblastoma.

Conclusions: The combination of PD-L1 and HLA class I
represents a novel prognostic biomarker for neuroblastoma. Phar-
macologic inhibition of MYCN and MYC may be exploited to
target PD-L1 and restore an efficient antitumor immunity in high-
risk neuroblastoma. Clin Cancer Res; 23(15); 4462–72. �2017 AACR.

Introduction
The prognostic value of tumor-infiltrating immune cells has

been extensively demonstrated in several human cancers (1).
According to in situ IHC analysis, all types of immune cells can
infiltrate tumors, either promotingor inhibiting their progression.
In general, high density of effector and memory T cells has been
correlated with good clinical outcome (2, 3), whereas the prev-
alence of myeloid cells is associated with poor prognosis (4).

Anticancer immunity can be impaired by a variety of immu-
nosuppressive pathways, including the expression of inhibitory
checkpoint receptors, such as programmed cell death-1 (PD-1),
cytotoxic T lymphocyte–associated protein 4 (CTLA-4), and lym-
phocyte activation gene 3 (LAG3), which limit the effector func-
tion of T cells by interacting with their ligands expressed on awide
range of tumor cells (5–7). Blockade of PD-1 and programmed
cell death-ligand-1 (PD-L1) by mAbs has provided encouraging
results, especially in tumors characterized by high density of
infiltrating T cells, detectable levels of PD-L1, and tumor-specific
neoantigens (8–11). All these features have been shown to be
predictive of a response toPD-1/PD-L1–blocking antibodies (10).

Despite the promising results on certain tumors in adults (11),
little is known about the therapeutic potential of immune check-
point inhibitors in neuroblastoma, the most common pediatric
extracranial solid tumor, mainly occurring in children under the
age of 5 years and accounting for 15%of childhood cancer-related
death. Neuroblastoma displays the highest rate of spontaneous
regression observed among human cancers, and one possible
explanation for this phenomenon is the induction of patients'
immune responses toward their own tumor cells (12). Consistent
with this hypothesis, we have recently shown that tumor-infil-
trating T cells have a prognostic value independent of the current
criteria used for risk stratification of neuroblastoma (13). How-
ever, it is still unknown whether this antitumor immunity could
benefit from treatment with immune checkpoint inhibitors. Few
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studies have investigated PD-L1 and PD-1 expression in neuro-
blastoma with discordant results. Some authors detected a high
frequency of PD-L1þ tumor cells (31/43 samples) in high-risk
neuroblastoma (14), whereas others reported no expression of
PD-L1 in 18 primary and 4 metastatic neuroblastoma lesions
tested (15, 16). A detailed description of the functional status of
tumor-infiltrating immune cells in a larger cohort of neuroblas-
toma samples is not currently available.

To address this issue, we studied the relationship between
density of PD-L1þ and HLA class Iþ (HLA-I) tumor cells, PD-
1þ and LAG3þ tumor-infiltrating lymphocytes (TIL), and clinical
outcome in 77neuroblastoma samples.Wedefined two groups of
patients based on PD-L1 and HLA-I tumor cell densities: a group
in which PD-L1 is absent and the clinical outcome is driven by
HLA-I, and a second group where the presence of PD-L1 directly
affects the prognosis. Multivariate Cox regression analysis
revealed that the combined PD-L1 and HLA-I tumor cell density
predicts the clinical outcome in neuroblastoma patients. In addi-
tion, we found that both MYC and MYCN control PD-L1 expres-
sion in human neuroblastoma cell lines both in vitro and in vivo.
Consistently, abundance of PD-L1 transcript correlated withMYC
expression in 477 human primary neuroblastoma. Altogether,
these findings open novel potential perspectives for the treatment
of this aggressive pediatric malignancy.

Materials and Methods
Patients

Tumor samples from 77 neuroblastoma patients diagnosed
between 2002 and 2015 at the BambinoGes�uChildren's Hospital
(Rome, Italy)wereused. All tissueswereobtained atdiagnosis and
prior to any therapy. Written informed parental consent was
obtained for each patient in accordance with the Declaration of
Helsinki. The studywas approved by the Ethical Committee of the
Institution. Clinical information is detailed in Supplementary
Table S1. Diagnosis and histology were performed according to
the International Neuroblastoma Staging System (INSS) and the

International Neuroblastoma Pathology Classification (17, 18),
respectively. MYCN and 1p status were evaluated following
current guidelines (19). Patients were treated according to pro-
tocols active for different risk groups (20–23). Two high-risk
patients were treated with anti-GD2 antibody and IL2 according
to the HR-NBL-1/SIOPEN protocol (ClinicalTrials.gov Identifier:
NCT01704716). Both patients are alive at 2 and 5 years from the
diagnosis, respectively.

Antibodies, flow cytometry, and immunoblotting
The following antibodies were used: PD-L1 (RBT-PDL1, Bio

SB), b2m-free HLA-I heavy chains (HC10; ref. 24), PD-1
(NAT105, ScyTek Laboratories), LAG3 (EPR4392(2), Abcam),
and MYCN (TA351452, OriGene) for IHC; MYCN, actin (B8.4.
B and I-19, respectively, Santa Cruz Biotechnology), and MYC
(Y69, OriGene) for Western blotting; PD-L1 (MIH1, BD Bios-
ciences) for flow cytometry. Apoptosis was detected by staining
with APC-conjugated Annexin V and propidium iodide (BD
Bioscences). Flow cytometry was performed on BD LSR Fortessa
X20with FACSDiva Software (BDBioscences).Whole-cell extracts
were obtained, quantified, and used as described previously (25).

IHC and acquisition
Formaldehyde-fixed paraffin-embedded blocks were cut into

4-mm sections and stored at 4�C until IHC evaluation was per-
formed. Sections were baked for 60 minutes at 56�C in a dehy-
dration oven, and antigen retrieval and deparaffinization were
carried out on a PT-Link (Dako) using the EnVision FLEX Target
Retrieval Solution Kits at high or low pH (Dako), as per the
manufacturer's instructions. Following unmasking, slides were
blocked for endogenous peroxidase for 10 minutes with a per-
oxidase blocking solution (Dako), rinsed in the appropriate wash
buffer (Dako), and incubated for 30 minutes with 5% PBS/BSA.
Slides were then incubated overnight at 4�C with primary anti-
bodies. This step was followed by incubation with secondary
antibody coupled with peroxidase (Dako) for 20minutes. Bound
peroxidase was detected with diaminobenzidine solution and
EnVision FLEX Substrate buffer containing peroxide (Dako).
Tissue sections were counterstained with EnVision FLEX hema-
toxylin (Dako). Sections of normal tonsils were used as positive
controls (Supplementary Fig. S1A-D). Isotype-matched mouse
mAbs were used as negative controls. Slides were analyzed using
an image analysis workstation (D-SIGHT Menarini Diagnostic).
The density of PD-L1þ and HLA-Iþ tumor cells and tumor-
infiltrating PD-1þ and LAG3þ lymphocytes was recorded by
two blinded examiners as the number of positive cells per unit
tissue surface area (mm2). The mean of positive cells detected
in 10 fields for each sample was used in the downstream
statistical analysis. Each quantity x was converted to the log
scale with the formula y ¼ ln (x þ 1 / (1 þ x)) to allow the
transformation of any nonnegative value.

Cell lines, mice, and reagents
Human neuroblastoma cell lines were obtained in 2014 as

follows: IMR-32, SK-N-BE(2), SH-EP, SH-SY5Y, SK-N-AS, and SK-
N-SH from the ATCC, LA-N-1 fromCreative Bioarray, KCNR from
Children's Oncology Group Cell Culture, DSMZ, ACN, and
GICAN from Interlab Cell Line Collection, Banca Biologica, and
Cell Factory. Tet-21/N cell line was kindly provided by Dr M.
Schwab (University of T€ubingen, T€ubingen, Germany). All cells
were grown in RPMI1640 medium, last authenticated by HLA-I

Translational Relevance

The emergence of promising immunotherapeutic appro-
aches based on immune checkpoint inhibitors in treatment of
cancer, and the little information available on their efficacy on
neuroblastoma, prompted us to investigate the expression of
immune checkpoints PD-1, LAG3, programmed cell death-
ligand-1 (PD-L1), and of HLA-I in this malignancy. According
to the density of PD-L1þ and HLA-Iþ tumor cells, we distin-
guish two combinations: one associated with good prognosis
and another associated with poor prognosis. Multivariate Cox
regression analysis revealed that PD-L1/HLA-I combination is a
prognostic biomarker for predicting overall survival in neuro-
blastomapatients. In addition, we demonstrated thatMYCand
MYCN control PD-L1 expression in neuroblastoma and that
they are targets of the bromodomain inhibitor JQ1. Taken
together, our findings identify PD-L1/HLA-I combination as
a novel prognostic biomarker for neuroblastoma and the
pharmacologic inhibition of MYCN and MYC as a new ther-
apeutic strategy to target PD-L1 and potentially restore an
efficient antitumor immunity in high-risk neuroblastoma.
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typing (PCR-SSP, GenoVision), and last tested for mycoplasma
contamination (VenorGem OneStep Kit, Minerva Biolabs) in
mid-2016. For in vivo studies, animal experiments were con-
ducted under the auspices of protocols approved by the Animal
Care and Ethics Committee of the University of New South
Wales (New South Wales, Australia). Tissue sections of SK-N-BE
(2) xenografts from 5- to 6-week-old female Balb/c mice treated
with control solvent or JQ1 (4 and 6 mice, respectively; ref. 26)
were stained with MYCN and PD-L1 antibodies. JQ1 (Sell-
eckchem) was dissolved in DMSO and used at concentrations
of 1 mmol/L for LAN-1, SK-N-BE(2), and Tet-21/N and 1.5
mmol/L for SK-N-AS cells (26).

Lentiviral infection
Tumor cells were infected with lentiviral particles generated as

described previously (27) with a nontarget shRNA control vector
(SHC002) or MYC shRNA (clone ID: TRC0000039642; Sigma-
Aldrich).

Gene expression analysis
Agilent microarray gene expression data of 477 neuroblastoma

patients (392 MYCN nonamplified, 83 MYCN amplified, 2 not
evaluated; refs. 28, 29)were quantile normalized using the limma
R package and then corrected for batch effects by the ComBat R
package before downstream analysis.

Statistical analysis
The Kaplan–Meier method was used for the estimation of

overall survival (OS), relapse-free survival (RFS), and event-free
survival (EFS) curves. The log-rank test, as implemented in the
survival R package, was used to compare OS, RFS, and EFS
between different groups of patients as described previously
(13). Survival analysis was first performed in a univariate fashion,
feature by feature. In the case of continuous variables (e.g., PD-L1,
HLA-I), unless otherwise specified, the optimal threshold yielding
the best dichotomic patient stratification was selected. The Sieg-
mund–Miller minimal P value correction (30) was used to reduce
type I errors, using 0.1 as high and low epsilon coefficients. For
PD-1 and LAG3, patients were stratified according to the median
of their distribution. For consistency and to avoid overfitting, in
multivariate survival analysis, patients were stratified using, for
each variable, the threshold selected in the respective univariate
survival analysis. Student t test was used to compare density of
T-cell subsets between INSS stages. Linear regression analysis
was performed using the lm and rlm methods of the stats and
MASS R libraries, respectively. Statistical analyses were per-
formed in the R software environment. Variables reaching
P < 0.05 in univariate analysis were included in Cox propor-
tional hazards regression models using a backward stepwise
selection. Results from the in vitro assays were statistically
evaluated using a two-tailed Student t test.

Results
Density of PD-L1þ tumor cells correlates with clinical outcome
of neuroblastoma

To evaluate the biological and clinical significance of PD-L1
expression on neuroblastoma, we performed IHC analysis on a
cohort of 77 neuroblastoma samples, previously characterized for
type, density, and composition of tumor-infiltrating T cells (13).
PD-L1 showed marked heterogeneity in neuroblastoma speci-

mens with intense membrane staining associated with weak
cytoplasmic staining (Fig. 1A). PD-L1 status was defined as
positive when, on average, at least 1 tumor cell permm2 exhibited
membrane staining. There were 51 specimens (66%) with none
or, on average, less than 1 PD-L1þ tumor cell per mm2 and 26
samples withmore than 1 PD-L1þ tumor cell per mm2. As shown
in the PD-L1 density plot (Fig. 1B), deceased patients (red dots)
fall into two groups, which either did or did not express PD-L1 (7
and 10 patients, respectively). Survival analysis for up to 14 years
after primary resection was performed by stratifying the subjects
according to the optimal cut-off value for PD-L1 density selected
with the minimum P value approach. No significant correlation
wasdetected forOS, RFS, andEFS (log-rankP values: 0.501, 0.188,
and 0.616, respectively, Fig. 1C; Supplementary Fig. S1E and S1F).

Next, we determined whether PD-L1þ tumor cell density was
associated with the clinical outcome of neuroblastoma patients
stratified according to the INSS. The distribution of PD-L1þ tumor
cells was statistically different between INSS stages, with lower
PD-L1 density correlatingwith a favorable prognosis (Fig. 1D).Of
note, stages III and IV included patients with either very high or
very low PD-L1þ tumor cell density (Fig. 1D).

Density of PD-L1þ and HLA-Iþ tumor cells correlates with
clinical outcome

High-risk neuroblastomas are associated with low HLA-I
expression (31). As reduced HLA-I expression, by impairing
cytotoxic T-cell function, yields a functional effect similar to that
of PD-L1 overexpression, HLA-I expression was investigated by
IHC in the same cohort of patients and correlated with PD-L1
tumor cell density. HLA-I showed heterogeneous or undetectable
membrane staining in tumor cells (Fig. 1A). HLA-I status was
defined as positivewhen, on average,more than 5%of tumor cells
exhibited membrane staining. Twenty-nine specimens (40%)
were HLA-I negative, and most of deceased patients (red dots)
belong to this group (Fig. 1B). Survival analysis performed by
stratifying the subjects according to the cut-off value of 5% for
HLA-Iþ tumor cells selected with the minimum P value approach
revealed significant correlationwithpatient outcome. Specifically,
HLA-Iþ tumor cell density supported the stratification of patients
into groups with different OS, RFS, and EFS (log-rank P values:
5.22 � 10�6, 7.34 � 10�3, and 7.1 � 10�5, respectively, Fig. 1C;
Supplementary Fig. S1E and S1F). When patients were stratified
according to the INSS, the distribution of HLA-Iþ tumor cells was
statistically different between INSS stages, with a higher HLA-Iþ

tumor cell density associated with less aggressive stages (Fig. 1D).
Interestingly, density of HLA-Iþ tumor cells was inversely

correlated with PD-L1 (r2 ¼ 0.073, P ¼ 0.04; Fig. 1E, gray line).
This inverse correlation was even stronger when only PD-L1þ

tumor samples were considered (r2 ¼ 0.196, P ¼ 0.038; Fig. 1E,
red line). Of note, deceased patients (red plots) express less than
5% of HLA-I and either high or no PD-L1.

The complex relationship between PD-L1/HLA-I expression
and clinical outcome prompted us to speculate about the exis-
tence of two populations inwhich PD-L1 andHLA-I play different
roles: a first group of patients in which PD-L1 is absent and the
clinical outcome is completely driven by HLA-I, and a second
group where the presence of PD-L1 directly affects prognosis. To
test this hypothesis, the contribution of the combined effect of
PD-L1 andHLA-I was investigated. Patients were stratified accord-
ing to PD-L1þ and HLA-Iþ tumor cell densities. In the absence of
PD-L1þ tumor cells (PD-L1No), density of HLA-I was significantly
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associated with prognosis, for example, high and low amount of
HLA-Iþ tumor cells (defined as samples with more and less than
5% of HLA-Iþ tumor cell density, respectively) correlated with
good and poor prognosis, respectively (log-rank P values for OS,
RFS, and EFS: 8.8 � 10�6, 1.58 � 10�2, and 4.6 � 10�4,
respectively, Fig. 1F; Supplementary Fig. S1G and S1H). Con-
versely, HLA-I tumor cell density appeared not to influence the
outcome of PD-L1–expressing patients. Specifically, high and low
PD-L1þ tumor cell density (defined as samples with more than 5
and between 1 and 5 PD-L1þ tumor cells, respectively, Supple-
mentary Fig. S1I) correlated with poor and good prognosis,
respectively, in both cases regardless of HLA-Iþ tumor cell density
(Fig. 1F). Thus, we can distinguish two PD-L1/HLA-I combina-
tions, one associated with good prognosis and the other associ-
ated with poor prognosis.

A favorable PD-L1/HLA-I combination correlates with better
clinical outcome regardless of tumor-infiltrating T-cell density,
MYCN amplification, INSS stage, and age

Next, we investigated whether PD-L1 and HLA-I tumor cell
densities could improve the prediction of clinical outcome of
patients when combined with variables known to affect patient
survival, such as the abundance of tumor-infiltrating T cells (13),
MYCN amplification, INSS stage, and age at diagnosis.

Survival analysis was performed by stratifying patients accord-
ing to density of tumor-infiltrating T cells alone (log-rank P values
forOS: 4.54�10�4, 4.35�10�3, and 0.583 forCD3þ, CD4þ, and
CD8þ T cells, respectively), or in combination with PD-L1 and/or
HLA-I (Fig. 2; Supplementary Fig. S2). High density of CD3þ T
cells was associated with good prognosis regardless of PD-L1þ

tumor cell density, whereas low density of CD3þ T cells was
associated with worse prognosis, in particular in patients with
high PD-L1þ tumor cell density (log-rank P values for OS:
0.01; Fig. 2B). Conversely, high density of HLA-Iþ tumor cells
was associated with better clinical outcome in patients with either
high or low tumor-infiltrating CD3þ T cells (log-rank P value for
OS: 7.3 � 10�5, Fig. 2C). Similarly, the good PD-L1/HLA-I
combination was associated with better prognosis regardless of
tumor-infiltrating CD3þ T-cell density (log-rank P values for OS:
4.9 � 10�5, Fig. 2D). Similar results were observed with tumor-
infiltrating CD4þ T-cell density (log-rank P values for OS: 0.01,
1 � 104, and 8.5 � 10�5, with PD-L1, HLA-I, and PD-L1/HLA-I
combination, respectively, Supplementary Fig. S2B–S2D). Con-
versely, high density of CD8þ T cells did not improve patient
stratification when combined with PD-L1 (log-rank P value for
OS: 0.433), whereas it was associated with better prognosis when
combined with high HLA-I or good PD-L1/HLA-I, and worse
prognosis when combined with low HLA-I or poor PD-L1/HLA-I
(log-rank P values for OS: 2.7 � 10�6 and 1.03 � 10�8,Figure 1.

PD-L1þ and HLA-Iþ tumor cell densities are associated with clinical outcome
in neuroblastoma. A, Representative examples of PD-L1þ and HLA-Iþ cell
staining in primary neuroblastoma lesions. Brown, PD-L1þ and HLA-Iþ cells.
Nuclei are counterstained with hematoxylin (blue). Black arrows, PD-L1þ and
HLA-Iþ tumor cells; red arrows, HLA-Iþ endothelial cells. Original
magnification, �20. Scale bar, 30 mm. B, Density plot of PD-L1þ and HLA-Iþ

tumor cells in neuroblastoma samples. Black and red dots, children who are
alive and dead, respectively; gray plot, density of PD-L1þ or HLA-Iþ tumor
cells in all patients; red line, density of PD-L1þ tumor cells in dead patients. C,
Kaplan–Meier curves show the duration of OS according to the PD-L1þ or
HLA-Iþ tumor cell densities. High (Hi) and low (Lo) PD-L1þ and HLA-Iþ cell
densities were plotted according to the cut-off values that yielded the
minimum P values for OS. D, Box plots of the PD-L1þ and HLA-Iþ tumor cell
densities according to the INSS stages. The boxes show the

25th to 75th percentile; the horizontal lines inside the box represent the
median; the whiskers extend to the most extreme data point, which is no
more than 1.5 times the interquartile range from the box; and the dots are
individual samples. E, Scatter plot showing the correlation between PD-L1þ

and HLA-Iþ tumor cell densities. Dashed horizontal line, PD-L1 threshold
0.406 for PD-L1–expressing patients; black and red dots, alive and dead
patients, respectively; triangles and dots, MYCN-amplified and nonamplified
patients, respectively; red and gray lines, best-fit linear lines of the
scatter plot for PD-L1–expressing patients and all patients, respectively. F,
Kaplan–Meier curves of OS according to the combined PD-L1þ and HLA-Iþ

tumor cell densities. �, P < 0.05; ��� , P < 0.0001.
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respectively, Supplementary Fig. S2F–S2H). Significant P values
were also observed for PD-L1/HLA-I combined with density of
infiltrating CD3þ, CD4þ, and CD8þ T-cell subsets for predicting
RFS and EFS (log-rank P values: 5.4� 10�3, 9.8� 10�3, and 6.6�
10�5, respectively for RFS, and 2.04 � 10�3, 3.94 � 10�3, and
1.27 � 10�6, respectively for EFS, Supplementary Fig. S3).

Density of PD-1þ and LAG3þ infiltrating lymphocytes was
evaluated in the same cohort of patients by IHC analysis
(Fig. 3A) and correlated with PD-L1þ and/or HLA-Iþ tumor cell
densities. The number of PD-1þ and LAG3þ infiltrating lympho-
cytes was proportional to the density of TILs (P values: 2� 10�16

and 2 � 10�16 for PD-1 and LAG3, respectively) and lymphoid
aggregates (Fig. 3B; Supplementary Fig. S4A). On average, 16%
of TILs expressed PD-1, whereas 24% expressed LAG3. Survival
analysis performed by stratifying patients according to the me-
dian cut-off values of PD-1þ and LAG3þ lymphocyte densities did
not significantly correlate with patient outcome (log-rank
P values: 0.1.7 and 6.7 � 10�2, respectively, Supplementary
Fig. S4B). The distribution of PD-1þ lymphocytes was statistically
different between INSS stages (Fig. 3C). Of note, density of PD-1þ

lymphocytes was inversely correlated with PD-L1þ tumor cell
density (r2 ¼ 0.389, P ¼ 0.0017, Fig. 3D, red line).

High density of PD-1þ and LAG3þ infiltrating lymphocytes did
not improve patient stratification when combined with PD-L1þ

(log-rank P values: 0.2 and 0.19, respectively), or HLA-Iþ tumor
cell densities (log-rank P values: 1.06 � 10�4 and 9.6 � 10�5,
respectively; Supplementary Fig. S4C and S4D). Conversely, the
good PD-L1/HLA-I combination was associated with better OS,
RFS, and EFS regardless of PD-1þ and LAG3þ lymphocyte den-
sities (log-rank P values: 5.3� 10�6 and 9.8� 10�6 forOS, 3.34�
10�2 and 2.66� 10�2 for RFS, and 1.21� 10�3 and 8.36� 10�4

for EFS, respectively, Fig. 3E; Supplementary Fig. S4E–S4H).
To determine whether favorable PD-L1/HLA-I combination

was associated with better prognosis of MYCN-amplified neu-
roblastoma patients, survival analysis was performed by strat-
ifying patients according to the MYCN status alone (log-rank
P value: 1.1 � 10�4, Fig. 4A), or in combination with PD-L1
and/or HLA-I. Density of PD-L1þ or HLA-Iþ tumor cells affects
prognosis of both MYCN-amplified and nonamplified neuro-
blastoma patients (log-rank P values for OS: 1.68 � 10�3 and
4.47 � 10�8, respectively, Supplementary Fig. S5A and S5B).
Specifically, the absence or low PD-L1þ and high HLA-Iþ tumor
cell densities were associated with better survival of both
MYCN-amplified and nonamplified neuroblastoma patients.

Figure 2.

Favorable PD-L1/HLA-I combination
associates with better clinical
outcome in neuroblastoma regardless
of the density of tumor-infiltrating T
cells. A–D, Kaplan–Meier curves of OS
according to the density of tumor
infiltrating CD3þ T cells alone (A) or
combined with PD-L1þ tumor cell
density (B), HLA-Iþ tumor cell density
(C), or both (D). Gray arrows,
increased OS between the selected
groups. �, P < 0.05; ��� , P < 0.0001.
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Figure 3.

Favorable PD-L1/HLA-I combination associates
with better clinical outcome in neuroblastoma
regardless of tumor-infiltrating PD-1þ and LAG3þ

lymphocyte densities. A, Representative examples
of PD-1þ and LAG3þ cell staining in primary
neuroblastoma lesions. Brown, PD-1 and LAG3-
expressing lymphocytes. Nuclei are counterstained
with hematoxylin (blue). Black arrows, PD-1þ and
LAG3þ lymphocytes localized in lymphoid
aggregates or scattered in the neuroblastoma
tissue. Original magnification, �20. Scale bar, 30
mm. B, Scatter plots showing the correlation
between the total number of lymphocytes and PD-
1þ or LAG3þ lymphocytes.C,Box plots of the PD-1þ

and LAG3þ lymphocyte densities according to
the INSS stages. D, Scatter plot showing the
correlation between density of PD-1þ infiltrating
lymphocytes and PD-L1þ tumor cells. Dashed line,
PD-L1 threshold of 0.406; red and gray lines,
best-fit linear lines of the scatter plot for PD-L1–
expressingpatients and all patients, respectively.E,
Kaplan–Meier curves of OS of patients according to
the combined density of PD-L1þ and HLA-Iþ tumor
cells with PD-1þ or LAG3þ infiltrating lymphocytes.
Gray arrows, increased OS between the selected
groups. � , P < 0.05; ��� , P < 0.0001.
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Accordingly, a good PD-L1/HLA-I combination correlated with
better clinical outcome (log-rank P value: 2� 10�8, Fig. 4D). The
presence of a "good" PD-L1/HLA-I combination was associated
with a better survival of both nonamplified andMYCN-amplified
neuroblastoma patients (26% and 73%, respectively).

Survival analysis performed by stratifying patients according to
the INSS stage alone (log-rank P value: 3.2� 10�5, Fig. 4C), or in
combination with PD-L1 and/or HLA-I, revealed that density of
PD-L1þ tumor cells did not improve patient stratification when
combined with INSS stage (log-rank P value: 3.6 � 10�6,

Figure 4.

Favorable PD-L1/HLA-I combination
associates with better clinical outcome
in neuroblastoma regardless of MYCN
amplification, stage, and age at
diagnosis. A–F, Kaplan–Meier curves of
OS according to the MYCN
amplification status alone (A) or
combined with PD-L1þ and HLA-Iþ

tumor cell densities (B), the INSS
groups (stage I–III and IVS vs. stage IV)
alone (C) or combined with PD-L1þ and
HLA-Iþ tumor cell densities (D), and the
age at diagnosis alone (E) or combined
with PD-L1þ and HLA-Iþ tumor cell
densities (F). Gray arrows, increased
OS between the selected groups.
��� , P < 0.0001.
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Supplementary Fig. S5C). Conversely, high density of HLA-Iþ

tumor cells and the good PD-L1/HLA-I combination were
always associated with better prognosis (log-rank P values:
3.8 � 10�6 and 1.7 � 10�6, respectively, Supplementary
Fig. S5D; Fig. 4B). The presence of a "good" PD-L1/HLA-I com-
bination was associated with a better survival of neuroblastoma
patients with both favorable (stages I–III and IVS) and unfavor-
able (stage IV) prognosis (34% and 52%, respectively, Fig. 4D).

Survival analysis performed by stratifying patients according
to the age cutoff of 18 months at diagnosis alone (log-rank P
value: 1.76 � 10�6, Fig. 4E), or in combination with PD-L1
and/or HLA-I, revealed that age <18 months was associated
with better survival regardless of the density of PD-L1þ (log-
rank P value: 3.56 � 10�5, Supplementary Fig. S5E). High
density of HLA-Iþ tumor cells or the good PD-L1/HLA-I com-
bination was associated with better prognosis (log-rank P
values: 1.3 � 10�10 and 2.84 � 10�12, respectively, Supple-
mentary Fig. S5F; Fig. 4F). Similar results were obtained using a
365-day age cutoff (not shown). Significant P values were also
observed for PD-L1/HLA-I versus MYCN, stage, or age for
predicting RFS and EFS (log-rank P values: 4.2 � 10�4, 2.11
� 10�6, and 9.43�10�8 for RFS, and 7.24 � 10�6, 8.4 � 10�5,
and 9.93 � 10�10 for EFS, respectively, Supplementary Fig. S6).

To dissect the relative contribution of all variables known
to favorably influence patient survival in univariate analysis
(namely, INSS stage I–III and IVS, absence of MYCN amplifi-
cation, high T-cell infiltration, age <18 months, and good
PD-L1/HLA-I combination), a multivariate Cox regression anal-
ysis was performed. Only a favorable PD-L1/HLA-I combination
remained statistically associated with better survival (HR,
0.0921; 95% confidence interval, 0.0089–0.9467; P ¼ 4.48 �
10�2). These results demonstrate that the combination of
PD-L1 and HLA-I represents a novel prognostic variable for
predicting overall survival in neuroblastoma patients.

MYC and MYCN regulate PD-L1 expression in neuroblastoma
The extremely variable expression of PD-L1 in stages III and

IV neuroblastoma patients (Fig. 1D) suggests the existence of a
complex mechanism of regulation. Recently, the MYC onco-
gene has been shown to induce PD-L1 expression in primary
human samples of T-cell acute lymphoblastic leukemia (T-ALL;
ref. 32). As MYC and MYCN share some transcriptional targets,
we hypothesized that they both could regulate PD-L1 expres-
sion in neuroblastoma. To test this hypothesis, PD-L1 cell
surface expression was evaluated in a panel of 10 human
neuroblastoma cell lines expressing different levels of MYC
and MYCN proteins (Fig. 5A and B). PD-L1 was expressed at
high levels in three neuroblastoma cell lines (GICAN, SH-EP,
and SK-N-AS) and at low levels in all other cell lines (Fig. 5B;
Supplementary Fig. S7A).

Next, the effect of genetic and/or pharmacologic inhibition
of MYC and MYCN on PD-L1 expression was investigated in
SK-N-AS, LAN-1, and SK-N-BE(2) cell lines, which are mutually
exclusive for MYC or MYCN expression, and in the neuroblas-
toma cell line SH-EP–derived Tet-21/N carrying a tetracycline-
repressible MYCN transgene. MYC suppression by shRNA
(shMYC) or JQ1 treatment significantly reduced PD-L1 surface
expression in SK-N-AS and Tet21/N, as compared with control
shRNA-transduced cells (shCTRL) and untreated cells (Fig. 5C
and D; Supplementary Fig. S7B). Of note, JQ1 treatment did
not induce apoptosis as evaluated by Annexin V (Supplemen-

tary Fig. S7C). Interestingly, PD-L1 surface expression was also
significantly reduced in JQ1-treated LAN-1 and SK-N-BE(2)
cells following MYCN protein reduction (Fig. 5E; Supplemen-
tary Fig. S7B). Consistent with these observations, suppression
of MYCN by JQ1 resulted in a significant reduction of PD-L1
protein expression in SK-N-BE(2) xenografts (Fig. 5F), suggest-
ing that both transcription factors regulate PD-L1 expression in
neuroblastoma cells.

Finally, we explored a dataset of 477 human primary neuro-
blastomas from the FDA SEQC initiative publicly available in
GEO and ArrayExpress databases (28, 29). Consistently with in
vitrodata, PD-L1 expressionwas significantly correlatedwithMYC
expression (Fig. 6A), confirmingwhat was observed in liver, renal,
and colon carcinomas (32). An inverse correlation was detected
between PD-L1 and MYCN and between MYCN and MYC, with
MYCN-amplified samples (dark gray dots) expressing lower
levels of both PD-L1 and MYC (Fig. 6B and C). Of note, no
correlation was detected between MYCN and PD-L1 when only
MYCN nonamplified samples were analyzed (r2 ¼ 0.006, P ¼
0.12), suggesting that other genes coamplified in the same region
may exert an inhibitory effect.

Altogether, these data indicate thatMYC andMYCNcontrol the
expression of PD-L1 in neuroblastoma and that therapies sup-
pressing the function of both these transcription factors may be
exploited to restore an immune response against this tumor.

Discussion
Recently, we showed that high T-cell infiltration correlates with

favorable clinical outcome in high-risk neuroblastoma patients
(13). Herein, we demonstrate that TILs express PD-1 and LAG3,
two negative regulators of T-cell function (33), and that neuro-
blastoma cells either express PD-L1 or HLA-I. According to the
density of PD-L1þ and HLA-Iþ tumor cells and regardless of
infiltrating T-cell density, MYCN amplification status, INSS stage,
and age at diagnosis, we could distinguish two PD-L1/HLA-I
combinations: one associated with good prognosis (high HLA-I
and low or no PD-L1) and the other associated with poor
prognosis (low HLA-I and high or no PD-L1). Our findings
provide a proof of principle that PD-L1 in combination with
HLA-I expression may serve as a biomarker in neuroblastoma,
although this has to be further confirmed by a prospective study
with a larger number of samples.

Of note, a good PD-L1/HLA-I combination was also associ-
ated with favorable clinical outcome in intrahepatic cholan-
giocarcinoma and hepatocellular carcinoma (34, 35). Consis-
tently, clinical trials with drugs targeting the PD-1/PD-L1 path-
way have demonstrated that PD-L1 tumor density alone, ini-
tially chosen as a criterion for enrolling patients, did not prove
to be a reliable biomarker, because of its variable expression in
response to changes in the inflammatory microenvironment
(33, 36, 37).

Interestingly, we found that the density of PD-1þ and LAG3þ

lymphocytes was proportional to that of tumor-infiltrating
immune cells and mainly distributed in lymphoid aggregates,
structures that resemble lymph nodes (38). Tumor-infiltrating T
cells are reactive against immunogenic tumor cells, namely tumor
cells that display on their surface HLA-I molecules loaded with
antigens derived either from proteins normally expressed in other
tissues, or originated from point mutations in normal genes (8).
According to a recent tumor genome meta-analysis, the amount
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of mutations predicted to be immunogenic correlated with
increased patient survival, higher T-cell infiltration, and the pres-
ence of neoantigens in proportion to the tumor mutational load
(39). Although high-risk neuroblastomas harbor low genetic
complexity, with significant mutations in only few genes, the
intratumoral genetic heterogeneity due to germline variants and/
or copy number alterations results in the expression of potentially
immunogenic tumor antigens, such as MYCN, MYC, and ALK
(40–42). Accordingly, CD8þ T cells reactive toward MYCN, MYC,
and ALK epitopes were detected in neuroblastoma, Burkitt lym-
phoma, and ALK-rearranged lymphoma patients, respectively,

and were found to be associated with a decreased risk of relapse
in some patients (43–47).

Although PD-L1 expression has been investigated in a wide
range of tumors, the mechanism that controls its constitutive
expression remained unclear. Several factors have been found to
control PD-L1 expression (32, 48–50). Here, we report a new role
for MYC and MYCN in regulating PD-L1 expression in neuro-
blastoma cells. Functional inhibition of MYC and/or MYCN by
shRNA knockdown or JQ1 treatment resulted in a significant
reduction of PD-L1 surface expression in neuroblastoma both
in vitro and in vivo, thus suggesting that JQ1 (or related compounds

Figure 5.

MYC and MYCN regulate PD-L1
expression in neuroblastoma cells.
A, Immunoblotting analysis of MYC
and MYCN in neuroblastoma cell lines.
An anti-actin Ab was used for
normalization. B, Flow cytometry
analysis of PD-L1 cell surface
expression in neuroblastoma cell lines
(mean � SD, n ¼ 3 biological
replicates). C, Immunoblotting
analysis of MYC and flow cytometry
analysis of PD-L1 surface expression in
SK-N-AS cells following MYC
inhibition by shRNA or 72-hour JQ1
treatment (mean � SD, n ¼ 4
biological replicates). D,
Immunoblotting analysis of MYC and
MYCN and flow cytometry analysis of
surface expression of PD-L1 in Tet21/N
cells following MYC inhibition by
shRNA or 72-hour JQ1-treatment
(mean � SD, n ¼ 4 biological
replicates). E, Immunoblotting
analysis of MYCN and flow cytometry
analysis of PD-L1 surface expression in
the MYCN-amplified LA-N-1 and
SK-N-BE(2) cells following MYCN
inhibition by JQ1 treatment, for 48 and
72 hours, respectively (mean � SD,
n ¼ 4 biological replicates). F,
Representative examples of MYCNþ

and PD-L1þ staining on SK-N-BE(2)
tumors grown in nude mice treated
intraperitoneally with control solvent
(control) or JQ1 at 50 mg/kg body
weight as described by Shahbazi and
colleagues (26). Brown, MYCN and
PD-L1–expressing cells. Nuclei are
counterstained with hematoxylin
(blue). Black arrows, PD-L1þ tumor
cells. Original magnification, �20.
Scale bar, 30 mm. � , P < 0.05;
��, P < 0.001.
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in clinical trials)might bewell suited for neuroblastoma as both a
targeted agent and an immunotherapeutic agent. Recently, Casey
and colleagues showed that MYC regulates PD-L1 expression in

human T-ALL samples through direct binding to its promoter
(32). Consistently, we showed that MYC gene expression signif-
icantly correlated with PD-L1 transcript in a large cohort of
neuroblastoma patients. In contrast, MYCN gene expression did
not appear to correlate with PD-L1. We speculated that genes
coamplified withMYCN could exert this inhibitory effect. Indeed,
we found that most of the MYCN-amplified neuroblastoma cell
lines and primary tissues lack PD-L1 expression.

In summary, our study demonstrates that (i) PD-L1 is
expressed in neuroblastoma and is inversely correlated with
HLA-I; (ii) the combination of PD-L1/HLA-I is a robust marker
to predict clinical outcome; and (iii) MYC and MYCN regulate
PD-L1 expression in neuroblastoma both in vitro and in vivo,
indicating that their pharmacologic inhibition may represent a
novel treatment strategy for targeting PD-L1 expression in high-
risk neuroblastoma patients. In addition, these findings may be
useful to predict neuroblastoma patients that will respond
better to immunotherapy.
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