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Abstract 

Background Checkpoint immunotherapy unleashes tumor control by T cells, but it is undermined in non-
immunogenic tumors, e.g. with low MHC class I expression and low neoantigen burden, such as neuroblastoma 
(NB). Endoplasmic reticulum aminopeptidase 1 (ERAP1) is an enzyme that trims peptides before loading on MHC 
class I molecules. Inhibition of ERAP1 results in the generation of new antigens able of inducing potent anti-tumor 
immune responses. Here, we identify a novel non-toxic combinatorial strategy based on genetic inhibition of ERAP1 
and administration of the HDAC inhibitor (HDACi) entinostat that increase the immunogenicity of NB, making it 
responsive to PD-1 therapy.

Methods CRISPR/Cas9-mediated gene editing was used to knockout (KO) the ERAP1 gene in 9464D NB cells 
derived from spontaneous tumors of TH-MYCN transgenic mice. The expression of MHC class I and PD-L1 was evalu-
ated by flow cytometry (FC). The immunopeptidome of these cells was studied by mass spectrometry. Cocultures 
of splenocytes derived from 9464D bearing mice and tumor cells allowed the assessment of the effect of ERAP1 
inhibition on the secretion of inflammatory cytokines and activation and migration of immune cells towards ERAP1 
KO cells by FC. Tumor cell killing was evaluated by Caspase 3/7 assay and flow cytometry analysis. The effect 
of ERAP1 inhibition on the immune content of tumors was analyzed by FC, immunohistochemistry and multiple 
immunofluorescence.

Results We found that inhibition of ERAP1 makes 9464D cells more susceptible to immune cell-mediated killing 
by increasing both the recall and activation of  CD4+ and  CD8+ T cells and NK cells. Treatment with entinostat induces 
the expression of MHC class I and PD-L1 molecules in 9464D both in vitro and in vivo. This results in pronounced 
changes in the immunopeptidome induced by ERAP1 inhibition, but also restrains the growth of ERAP1 KO tumors 
in vivo by remodelling the tumor-infiltrating T-cell compartment. Interestingly, the absence of ERAP1 in combination 
with entinostat and PD-1 blockade overcomes resistance to PD-1 immunotherapy and increases host survival.
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Conclusions These findings demonstrate that ERAP1 inhibition combined with HDACi entinostat treatment 
and PD-1 blockade remodels the immune landscape of a non-immunogenic tumor such as NB, making it responsive 
to checkpoint immunotherapy.

Keywords Neuroblastoma, ERAP1, Antigen processing, Cancer immunotherapy, Epigenetic, Combination therapy, 
Immunopeptidome

Background
Immunotherapeutic approaches, such as immune check-
point inhibition (ICI), have been shown to be remarkably 
effective in a variety of adult cancers, but non-resolving 
in pediatric cancers [1, 2].

Neuroblastoma (NB) is the most common extracranial 
pediatric solid tumor and the leading cause of death in 
childhood cancers [3, 4]. NB arises from primitive neu-
ral crest cells of the developing sympathetic nervous 
system, and is fatal in half of all patients with high-risk 
NB at diagnosis, despite intensive therapy [5–7]. Major 
advances in the treatment of patients with high-risk NB 
have been achieved with the addition to first-line main-
tenance therapy of dinutuximab and dinutuximab β anti-
bodies targeting the disialoganglioside GD2 expressed 
on the surface of NB cells [8]. Children with refractory/
relapse NB have a poor prognosis with an Event-Free 
Survival (EFS) < 10% [4]. More effective treatments with 
fewer side effects are therefore urgently needed. In this 
scenario, the immunotherapeutic approach seems a 
promising option, as demonstrated by the recent results 
of CAR T-cell immunotherapy against GD2, haploiden-
tical stem cell transplantation and treatment with dinu-
tuximab β antibody (Ab) [9, 10].

High-risk NBs are cold [11] and non-immunogenic 
tumors, i.e., with a low tumor mutational burden (TMB) 
[12, 13], low expression of surface MHC class I molecules 
[14, 15] and consequently low neoantigen presentation 
and weak anti-tumor reactivity of the few tumor-infil-
trating lymphocytes (TIL) present. These characteristics 
make NB an ideal model to address the problems asso-
ciated with the inability to trigger strong anti-tumor 
immune responses.

Low expression of surface major histocompatibility 
complex (MHC) class I molecules in NBs is a phenom-
enon resulting from epigenetic and/or post-transcrip-
tional processes [15, 16], which can be reversed by 
treatment with inflammatory cytokines, such as IFNγ 
and TNFα [16]. However, the therapeutic applicabil-
ity of these molecules is limited by their severe toxicity 
[17, 18]. Cornel and colleagues, using a pharmacologi-
cal repurposing strategy, recently identified the his-
tone deacetylase inhibitor (HDACi) entinostat as a safe 
inducer of MHC class I surface expression in human 
NB cell lines [19]. Interestingly, they found that the 

increase of MHC class I by entinostat was independ-
ent of the activation of the IFNγ/NFκB pathway, which 
is known to be repressed in high-risk NBs [15, 16]. 
However, high expression of MHC class I molecules 
is not sufficient to induce tumor-specific  CD8+ T-cell 
responses in the absence of an adequate repertoire of 
immunogenic neoantigens. One way to successfully 
address this problem is to target the antigen processing 
and presentation (APP) pathway, which allows proteins 
to be sampled immediately after synthesis, thus quickly 
alerting immune cells to detect infections and tumori-
genesis [20].

Endoplasmic reticulum aminopeptidase 1 (ERAP1) 
is a key component of the APP pathway and the pro-
totype of a new class of molecules [20] able to repro-
gram immunogenicity by drastically altering the 
antigen repertoire presented by MHC class I molecules 
[21, 22]. Several studies have shown that inhibition of 
ERAP1 causes a profound change in the immunopepti-
dome able of inducing substantial anti-tumor immune 
responses by  CD8+ T cells and natural killer (NK) cells 
resulting in the control of tumor growth [20, 23, 24]. 
We found that inhibition of ERAP1 in syngeneic mice 
causes rejection of murine T-cell lymphoma RMA by 
NK cells [23]. Similarly, in human tumor cells, ERAP1 
inhibition leads to NK-cell activation by altering the 
interaction of peptide-MHC class I complexes with NK-
cell inhibitory receptors [25, 26]. James [24] and Keller 
[27] found that ERAP1 inhibition leads to a potent anti-
tumor cytotoxic response of  CD8+ T cells in a mouse 
model of colon cancer and a human melanoma cell line, 
respectively. It is therefore possible that inhibition of 
ERAP1, by generating a novel immunopeptidome, may 
be a viable therapeutic strategy to enhance anti-tumor 
immune responses in non-immunogenic tumors, such 
as NB, in combination with a treatment that enhances 
the surface expression of MHC class I molecules.

In this work, using in  vitro, ex  vivo and in  vivo 
approaches, we identified a novel combinatorial strat-
egy that can improve the immunogenicity of a mouse 
model of NB. Specifically, we found that genetic inhi-
bition of ERAP1 combined with entinostat administra-
tion, is able to i) induce the expression of MHC class 
I and PD-L1 molecules, ii) modify the immunopepti-
dome, iii) increase the recruitment of activated T cells 
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and NK cells into the tumor microenvironment (TME) 
and, correspondingly, iv) overcome tumor resistance to 
PD-1 blockade.

Methods
Cell lines, reagents
The transgenic NB cell lines 9464D and 975A2 derived 
from spontaneous tumors arising in TH-MYCN trans-
genic mice on a C57BL/6 background [28] were kindly 
gifted by Dr. Crystal Mackall (Stanford University, CA). 
HEK293T (CRL-3216) cells were purchased from ATCC. 
Cells were grown in RPMI-1640 or DMEM supplemented 
with 10% FCS (Gibco) with 100U/ml Pen/Strep (Gibco) 
and 2 mM Glut (Gibco) under standard conditions (37 
°C and 5%  CO2) on tissue-culture treated plastic plates, 
passaged no more than four times since thawing and rou-
tinely tested for the absence of mycoplasma. Mouse IFNγ 
and human IL-2 were purchased from R&D system. Enti-
nostat (MS-275) and anti-PD-1 Ab (clone RMPI-14) were 
purchased from Chemietek and Bio X Cell, respectively.

Generation of ERAP1 knockout cell lines
ERAP1-targeting or scrambled (CTR) sgRNA oligo-
nucleotides (Supplementary Table  1) were cloned into 
LentiCRISPRv2GFP (Addgene #82,416) backbone using 
standard molecular cloning. Lentiviral particles were 
generated by transfection of HEK293T cells with either 
ERAP1-targeting or CTR sgRNA vectors and CRISPR 
& MISSION lentiviral packaging mix (Sigma-Aldrich) 
according to manufacturer’s guidelines. Lentiviral super-
natants were collected 72 h after transfection, 0.45 
μm-filtered to remove floating cells and debris, and 
concentrated by high-speed centrifugation at 30,000 
rpm for 2 h. Viral pellets were resuspended in complete 
RPMI medium with 8 µg/ml Hexadimethrine bromide 
(Sigma-Aldrich) and used for tumor cell transduction by 
spin-inoculation.

sgCTR- and sgERAP1-transduced cells were sorted 
according to green fluorescent protein (GFP) expres-
sion by using Fluorescent Activated Cell Sorting (FACS) 
and expanded in culture. After 15 days, cells that had 
spontaneously lost GFP expression were selected by cell 
sorting and tested for the lack of Cas9 expression (not 
shown). Successful knockout (KO) of ERAP1 was con-
firmed by Western blot and Sanger sequencing (Supple-
mentary Table 2). Gene editing efficiency was evaluated 
in CRISP-ID (http:// crisp id. gbiom ed. kuleu ven. be/) and 
TIDE (http:// tide. dfci. harva rd. edu/) web tools. CRISP-
ID enables the identification of the size and position of 
the Cas9 cleavage site, whereas TIDE provided insights 
into the total efficiency of gene editing, goodness-of-fit 
and statistical significance for each indel (P value) [29, 

30]. Potential off-target sites were predicted using the 
Cas-OFFinder (http:// www. rgeno me. net/ cas- offin der/) 
and verified by whole genome sequencing analysis.

Western blot analysis
Whole-cell lysates were prepared in RIPA buffer (25 
mM Tris–HCl (pH 8.8), 150 mM NaCl, 5 mM EDTA, 
1% Triton X-100, 1% sodium deoxycholate and 0.1% 
sodium dodecyl sulfate). Lysates clarified by high-speed 
centrifugation were normalized using the bicinchoninic 
acid (BCA) Protein Assay Reagent Kit (Thermo Fisher 
Scientific). Equal amounts of cell lysate (30 μg/lane) 
were loaded onto 10 or 12% SDS-PAGE. After electro-
phoresis, the separated proteins were electroblotted 
onto a nitrocellulose membrane at 300 mA for 2 h using 
a transfer buffer (25 mM Tris, 192 mM glycine and 10% 
methanol). The membranes were blocked with 5% (w/v) 
dry milk in TBS with 0.5% of Tween-20, incubated with 
primary anti-mouse anti-ERAP1 or anti-βactin Abs in 
blocking solution overnight at 4 °C, and then with sec-
ondary anti-mouse Ab for 1 h at RT (Supplementary 
Table  3). Secondary Ab detection was performed with 
Western Lightning ECL Pro (PerkinElmer) and the sig-
nal was acquired with Invitrogen iBright CL1500.

Flow‑cytometry analysis
All antibodies used are listed in Supplementary Table 3. 
For surface staining, cells were incubated with fluores-
cent labelled Abs in PBS with 2% FBS (FACS buffer) for 
20 min on ice. Viability was assessed by staining with 
Fixable Viability Stain 620 (FVS620) (BD Horizon) or 
6-diamidino-2-phenylindole hydrochloride (DAPI, 
Sigma-Aldrich) (Supplementary Table 3). For cell cycle 
studies, tumor cells were detached, counted and fixed 
for 45 min in methanol/acetone 4:1. After centrifuga-
tion at 300 g for 5 min, cells were stained with a solu-
tion containing 100 µg/mL RNase A and 50 µg/mL 
propidium iodide (Sigma-Aldrich) overnight in the 
dark at 4 °C and DNA content was quantified. For the 
apoptosis assay, Annexin V-FITC Apoptosis Detection 
Kit (eBioscience) was used according to the manufac-
turer’s protocol. To induce the expression of MHC class 
I on the cell surface with IFNγ or entinostat, tumor 
cells were seeded at a density of 30,000 cells for well in 
a 12-well plate. Cells were treated with mIFNγ (100 U/
mL) for 24 h or with entinostat (2 µM) for 48 h. The lat-
ter condition was established by treating cells with dif-
ferent concentration (0.5, 1, 2 and 5 µM) of entinostat, 
and different time points (0, 24, 48, 72 and 96 h). Sam-
ples were analyzed on a BD Fortessa X-20 flow cytom-
eter and FlowJo software (Treestar; version 109).

http://crispid.gbiomed.kuleuven.be/
http://tide.dfci.harvard.edu/
http://www.rgenome.net/cas-offinder/
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Migration assay
Migration assay was performed by seeding tumor cells 
(8000 per well) into the Culture-Insert 2 Well (Ibidi). 
After cell attachment, a cell-free gap is created in which 
cell migration can be visualized. At the confluent stage, 
culture inserts were gently removed creating a 500 µm 
cell-free gap. Imaging was performed at different time 
points (0, 24 and 36 h) by LEICA DMi8 microscope 
(Leica Microsystems). Background was removed with 
Ilastik software, that uses a machine learning algorithm 
[31]. The percentage of cell free area was evaluated using 
a custom CellProfiler pipeline (https:// cellp rofil er. org).

2D and 3D proliferation assays
For 2D proliferation assay, 9464D cells were seeded at 
the concentration of 2000 cells per well in 96-well flat-
bottom plates. The ATP content was determined at dif-
ferent points by the CellTiter-Glo Luminescent Cell 
Viability assay (Promega). Luminescence was measured 
with the automatic microplate reader BioTek Synergy H1 
(Agilent). 3D tumor spheroids were obtained by seed-
ing 9464D cells into 96-well ultra-low attachment (ULA) 
U-bottom plates (Corning) at a density of 2000 cells per 
well. Imaging of tumor spheroids were performed at 
different time points by LEICA DMi8 microscope. The 
diameter of the tumor spheroids was measured with the 
ImageJ software.

Tumor model and drug treatments
Six to 8-week-old female C57BL/6 black mice were pur-
chased from Charles River Laboratories and housed 
under pathogen-free conditions in the Plaisant animal 
facility (Rome, Italy). In  vivo experiments were per-
formed in accordance with the 3Rs policy and reviewed 
and approved by the Italian Ministry of Health (authori-
zation n. 755/2019-PR). 9464D cells (1 ×  106) in sterile 
1X  PBS were injected subcutaneously onto the flank of 
female C57BL/6 mice. Once tumors reached 80–100 
 mm3 in tumor volume, mice were randomized in groups 
carrying uniform average tumor load. Each group was 
treated with vehicle (DMSO), entinostat, anti-PD-1 or 
the combination (entinostat plus anti-PD-1). For experi-
ments shown in Fig. 3, entinostat was reconstitute in 1% 
DMSO and administrated at a daily dose of 5 mg/kg via 
intraperitoneal injection for 14 days. For experiments 
shown in Fig.  4, to avoid simultaneous intraperitoneal 
administration of entinostat and anti-PD-1, mice were 
treated with entinostat (10 mg/Kg, via oral gavage for 21 
days), anti-PD-1 Ab (300 mg/mouse, via intraperitoneal 
injection 3 times per week for 21 days), or a combination 
of entinostat and anti-PD-1 Ab. Control mice received an 
equivalent volume of DMSO. For tumor immune infil-
trating study, mice were euthanized by  CO2 inhalation 3 

days after the end of drug treatment. Tumor volume 
was measured twice weekly using a caliper and calcu-
lated using the formula: V = [Dx(d)2]/2, where D = major 
tumor axis and d = minor tumor axis, and reported as 
tumor mass volume  (mm3, mean ± SD). All experiments 
involved a minimum of 6 mice per group and were per-
formed at least 2 times, yielding similar results.

Tissue dissection
Tumor masses were excised from mice, cut into small 
fragments with scissors and then digested with 325 KU/
ml DNAse I (Sigma) and 1 mg/ml collagenase III (Wor-
thington Biochemicals) for 30 min on a shaking platform 
at room temperature (RT). Tumors were filtered through 
a 70 μm cell strainer, centrifuged and resuspended to 
single cells for subsequent procedures. Spleens isolated 
from tumor-bearing mice were homogenized through a 
70 μm strainer, rinsed with RPMI and centrifuged for 10 
min at 300 g. Red blood cells were lysed in 1X BD Pharm 
Lyse (BD Biosciences) for 10 min at RT. Splenocytes were 
then rinsed twice with 1X PBS and used immediately or 
cryopreserved in liquid nitrogen according to standard 
protocols until analysis.

Co‑culture experiments and chemokine analysis
Splenocytes were seeded into round bottom 96-well 
plates coated with anti-CD3 Ab at density of 0.4 ×  106 
cells per well in a final volume of 200 μL of complete 
culture medium supplemented with 1000 U/mL hIL-2 
(R&D) and 50 μM 2-mercaptoethanol (Gibco). After 72 
h, cells were washed in complete culture medium by cen-
trifugation at 1500 rpm for 5 min at 4 °C and rested over-
night in the presence of hIL-2. For tumor cell killing and 
caspase 3/7 assays, splenocytes were labeled with Cell 
Tracker Red (Invitrogen) immediately prior to co-culture 
with tumor cells. For tumor cell killing, caspase 3/7 assay 
and immune cell activation, tumor cells were seeded into 
48-well plates (Falcon) at density of 25,000 cells per well 
and treated with mIFNγ (100 U/mL) overnight. After 24 
h, pre-stimulated splenocytes were added to target cells 
at the E:T ratio of 10:1. For tumor cell killing assay, after 
24 h of co-culture, cells were harvested, resuspended in 
250 μL of FACS buffer, and 50μL of CountBright fluo-
rescent counting beads (Thermo Fisher Scientific). Pro-
pidium Iodide (PI) (10 μg/mL, Sigma-Aldrich) was added 
immediately before acquisition by flow cytometry. Live 
tumor cells were identified as negative for both Cell 
Tracker Red and PI. The absolute number of live cells was 
determined using the following formula:

Live cells (cells/μL) = (Cell events/Bead events) x (beads 
in 50 μL/sample volume).

For the caspase 3/7 assay, co-culture was performed 
for 7 h in the presence of CellEvent™ Caspase-3/7 Green 

https://cellprofiler.org
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Detection Reagent (Invitrogen). Multi-fluorescence 
images were taken at 0 and 7 h with the LEICA DMi8 
microscope and the number of caspase 3/7-positive 
tumor cells was determined with ImageJ software. For 
the activation assay, the percentage of T cells  (CD8+ and 
 CD4+) and NK cells expressing the activation markers 
CD25 and CD69, as well as producing granzyme B, IFNγ 
and TNFα was determined by flow cytometry after 18 h 
of co-culture. To enhance the detection of cytokine-pro-
ducing cells, GolgiPlug (BD Biosceince) was added to the 
co-culture for the last 5 h. For the cell migration assay, 
tumor cells were seeded into the lower chamber of 6.5 
mm Transwell® with 5.0 µm Pore Polycarbonate Mem-
brane Insert (Corning) at density of 150,000 cells for well. 
The day after, pre-stimulated splenocytes (500,000) were 
added to target cells into the insert. After 2 h, migrat-
ing cells were collected and 800 μl of supernatant was 
recovered for chemokine analysis using the Proteome 
Profiler Mouse XL Cytokine Array Kit (R&D Systems) 
according to the manufacturer’s instructions. The signal 
was detected using Western Lightning ECL Pro (Perki-
nElmer) and individual chemokine spots quantified using 
Image Studio Lite software (version 5.2). To assess the 
composition of immune cells that migrated through the 
transwell, cells were stained with specific antibodies. 
50 μL of fluorescent CountBright counting beads were 
added and the immune cell composition was evaluated 
by flow cytometry.

Immunohistochemistry and immunofluorescence analyses
Immunohistochemistry (IHC) and multiple immunoflu-
orescence (IF) stainings were performed in 2 μm of for-
maldehyde-fixed paraffin embedded serial tissue sections 
as previously described [14, 32]. Antigen retrieval and 
deparaffination were carried out on a PT-Link (Dako) 
using EnVision FLEX Target Retrieval Solution Kits at 
high pH for all stainings. For IHC, following unmasking, 
slides were subject to the FLEX Peroxidases blocking rea-
gent (Dako) for 10 min, followed by 30 min with 5% PBS/
BSA, and then incubated overnight at 4 °C with primary 
Abs (Supplementary Table 3). This step was followed by 
incubation with secondary Ab coupled with peroxidase 
(Dako) for 20 min. Bound peroxidase was detected with 
diaminobenzidine solution and EnVision FLEX Sub-
strate buffer containing peroxide (Dako). Tissue sections 
were counterstained with EnVision FLEX hematoxylin 
(Dako). Iso-type-matched mouse monoclonal Abs (mAb) 
were used as negative controls. Stained slides were ana-
lyzed using an image analysis workstation (Nikon Eclipse 
E600), scanned using the NanoZoomer S60 Digital 
slide scanner C13210-01 (Hamamatsu Photonics) and 
viewed with Hamamatsu Photonics’s image viewer soft-
ware (NDP.view2 Viewing software U12388–01). For 

double IF staining, slides were blocked for 1 h with 1% 
BSA and 5% normal goat serum and then incubated with 
primary anti-CD8 or anti-NK1.1 Abs, overnight at 4 °C, 
followed by 1-h incubation with secondary fluorescent 
Abs. Slides were then stained with anti-granzyme B or 
anti-IFNγ-CF594 overnight at 4 °C. Granzyme B staining 
was followed by 1-h incubation with secondary fluores-
cent Ab. After staining, slides were counterstained with 
Hoechst (H3570, Invitrogen) for 5 min and cover-slipped 
with 60% glycerol in PBS. Confocal microscopy imaging 
was performed by Leica TCS-SP8Xlaser-scanning confo-
cal microscope (Leica Microsystems) equipped with tun-
able white light laser source, 405 nm diode laser, 3 (PMT) 
e 2(HyD) internal spectral detector channels. Sequen-
tial confocal images were acquired using a HC PLAPO 
40 × oil immersion objective (1.30 numerical aperture, 
Leica Microsystems) with a 1024 × 1024 image format, 
scan speed 400 Hz. The density of intratumoral  CD8+ T 
cells and NK cells expressing granzyme B or IFNγ was 
recorded by two blinded examiners as the number of pos-
itive cells per unit tissue surface area  (mm2). The mean of 
the positive cells detected in 5 fields for each sample was 
used in the statistical analysis.

Immunopeptidomics analysis
Abs specific to MHC class I molecules H-2Kb and H-2Db 
were produced in house from the supernatants of Y-3 [33] 
and 28.14.S hybridomas [34]. Secreted mAbs were har-
vested from the culture medium and purified with Pro-
tein A Sepharose (PAS, CaptivA®, Repligen, USA) using a 
Profinia purification system (BioRad). Small scale immu-
noaffinity purifications were performed on sgCTR3- and 
sgE-1-transduced 9464D cells of pellet size 6 ×  107 cells 
per condition as previously described [35]. Briefly, cell 
pellets were lysed with 300 µL of lysis buffer (0.5% IGE-
PAL, 50 mM Tris [pH 8.0], 150 mM NaCl and 1X pro-
tease inhibitor tablet [cOmpleteTM Protease Inhibitor 
Cocktail Tablet; Roche Molecular Biochemicals, Swit-
zerland]), mixed gently and incubated on a roller at 4 °C 
for 1 h. Samples were lysed at 4 °C for 45 min and sam-
ples were centrifuged at 3724 g, 10 min. Peptide-MHC 
(pMHC) class I complexes were pulled down in a sequen-
tial manner (Y-3 first followed by 28.14.S). To remove 
contaminants such as detergent, salt, and nonspecific 
binders, all columns were washed with 5 column volumes 
of 1X PBS. Peptides of the pMHC class I complexes were 
eluted using 300 µL of 10% acetic acid. To separate the 
proteinaceous material from peptides, the eluate was 
passed through a 5 kDa molecular weight cut off filter 
(Amicon, Sigma-Aldrich, USA) and centrifuged at 16,060 
g for 30 min at RT. The samples were dried down, and 
reconstituted in buffer A (2% Acetonitrile [ACN] and 
0.1% formic acid [FA]).
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Analysis of MHC class I bound peptides in 9464D samples 
using an Evosep One—Bruker Tims TOF Pro 2 LC–MS 
system
A mixture of 11 indexed retention time (iRT) peptides 
was spiked into the 2 samples and the samples were 
loaded onto Puretips (Evosep Biosystems) as per manu-
facturer’s instructions. Evosep one liquid chromatogra-
phy (LC) system was used to acquire the samples on the 
Bruker TimsTOF Pro2 instrument. Samples were eluted 
and separated on an Aurora Elite column (IonOpticks, 
15 cm x 75um × 1.7 um, 120 A pore size) using the Zoom 
Whisper 20 SPD (flow rate of 200nL/min, 68 min long 
gradient with 100% buffer B wash at the end) at 50 °C. 
Mobile phases A and B consisted of 0.1% FA in 2% ACN 
and 0.1% FA in ACN, respectively. The peptides eluted 
from the column were analysed using a hybrid trapped 
ion mobility-quadrupole time of flight mass spectrom-
eter (Bruker timsTOF Pro 2, Bruker Daltonics). Data 
dependent acquisition was performed with the following 
settings: m/z range: 100-1700mz, capillary voltage:1600 
V, Target intensity of 30,000, TIMS ramp of 0.60 to 1.60 
Vs/cm 2 for 166 ms.

Data analysis
The raw data files obtained from the Bruker TimsTOF 
Pro2 were analysed using Peaks Online software (ver 
11, Bioinformatics Solutions Inc, [36]) and searched 
against the mouse proteome (Uniprot 12/08/2024; 25,601 
entries). The following search parameters were used for 
the samples: error tolerance of 15 ppm using monoiso-
topic mass for precursor ions and 0.05 Da tolerance for 
fragment ions. Enzyme used was set to none with follow-
ing variable modifications: oxidation at Met (M), deami-
dation at Asp (D) and Gln (Q). The false discovery rate 
(FDR) was estimated using a decoy fusion method for 
the samples [36] and all datasets were analysed using a 
5% FDR cut off. The predicted binding affinity of the 
peptides to the MHC-I molecules was estimated using 
the NetMHC-4.0 tool [37]. Venn diagrams were made 
using the ggvenn package and MHC motifs were visual-
ized using the ggseqlogo package [38], under R version 
4.4.1 [39] (https:// www.R- proje ct. org/). The mass spec-
trometry proteomics data have been deposited to the 
ProteomeXchange Consortium via the PRIDE partner 
repository with the dataset identifier PXD055268 and 
https:// doi. org/ 10. 6019/ PXD05 5268.

Statistical analysis
GraphPad prism 8.0.2 software was used to calculate 
significance between the samples. Two-tailed Student’s 
t-test was used to compare the means of two groups. 
One-way ANOVA was used to compare the means 
of three or more groups. Data for mice survival were 

presented using Kaplan–Meier survival curves and log-
rank test was performed to determine statistical sig-
nificance between treatment groups. Unless specifically 
stated, all data are representative of > 3 separate experi-
ments. Error bars represent SD. Value of p ≤ 0.05 was 
considered to be statistically significant.

Results
Downregulation of ERAP1 does not affect the surface 
expression of MHC class I molecules in 9464D cells
To investigate the potential impact of ERAP1 modulation 
on the immune response to NB, we analyzed the expres-
sion of surface MHC class I molecules and ERAP1 in two 
transplantable NB mouse models, 9464D and 975A2, 
derived from spontaneous tumors arising in TH-MYCN 
transgenic mice [28, 40]. Similar to high-risk human 
NBs, both tumor models express low levels of MHC class 
I on the cell surface (Fig.  1A). This is a reversible phe-
nomenon in the NB that results from epigenetic and/or 
transcriptional and post-transcriptional regulation [15, 
16]. Consistently, treatment with IFNγ restored MHC 
class I expression in both cell lines, albeit at different 
levels (Supplementary Figure S1). Western blot analysis 
revealed a higher expression of ERAP1 in the 9464D cell 
line (Fig. 1B), prompting us to select this tumor model for 
further experiments.

We used CRISPR/Cas9-mediated gene editing toKO 
the ERAP1 gene in the 9464D cell line. We cloned two 
single guide RNAs (sgRNAs) targeting the first and the 
fifth exons of the ERAP1 gene (sgE-1 and sgE-5, respec-
tively) (Supplementary Figure S2A) into the 3rd-gener-
ation lentiCRISPRv2GFP vector, which constitutively 
expresses Cas9 together with GFP (Supplementary Figure 
S2B). As control, cells were transduced with two inde-
pendent non-targeted sgRNAs, i.e., sgCTR3 and sgCTR4. 
Western blot analysis confirmed the loss of ERAP1 pro-
tein expression in sgE-1 and sgE-5 cells (Fig.  1C). To 
assess the efficiency of ERAP1 gene silencing, DNA 
sequences spanning sgRNA target sites were sequenced 
and analyzed using the two web-based bioinformatic 
tools CRISP-ID and TIDE [29, 30] (Supplementary Figure 
S2C). Cas9-induced mutations in the predicted cleavage 
sites upstream of the PAM sequence in both sgE-1 and 
sgE-5 cells (Supplementary Figure S2C). Deconvolution 
of the sequence trace data showed that 90% of sgE-1 cells 
had an indel in exon 1, corresponding to a deletion of one 
base in 60.3% of cases, whereas 94.6% of sgE-5 cells had 
an indel in exon 5, corresponding to the insertion of one 
base in 60.4% of cases (Supplementary Figure S2C).

As loss of ERAP1 has been associated with reduced 
cell proliferation in some tumor models [41], we evalu-
ated the proliferation rate of ERAP1 KO and control cells 
under 2D and 3D growth conditions as well as cell cycle, 

https://www.R-project.org/
https://doi.org/10.6019/PXD055268
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apoptosis and cell migration. Loss of ERAP1 did not 
affect any of the properties tested in 9464D cells (Sup-
plementary Figure S3). Since the sgE-1 and sgE-5 cell 
lines show overlapping data, we focused on sgE-1 and 
sgCTR-3 cells as control in subsequent experiments.

Contrary to the other APP components, inhibition of 
ERAP1 only marginally affects the surface expression 
of MHC class I molecules [42]. Consistently, we found 
no significant change in the expression of MHC class I 
on sgE-1 cells compared to sgCTR3 cells (Fig.  1D and 
Supplementary Figure S4A). Of note, the expression of 

MHC class I molecules was induced by IFNγ in all cells 
tested to a similar level (Fig. 1D). Western blot analysis 
showed that IFNγ treatment induced ERAP1 expres-
sion in control cells (both wild-type and sgCTR3), but 
not in sgE-1 cells, further confirming the lack of ERAP1 
gene expression (Fig. 1E). Inhibition of ERAP1 did not 
affect the induction of the other components of the 
APP pathway (tapasin [TAPBP] and beta-2 microglob-
ulin (β2m) nor of the IFNγ signaling pathway (IRF1, 
IRF2 and STAT1) after stimulation with IFNγ (Supple-
mentary Figure S4B).

Fig. 1 Inhibition of ERAP1 does not affect the surface expression of MHC class I molecules of 9464D cells. A Representative flow-cytometry 
histograms of MHC class I expression in 200  mm3-size 9464D and 975A2 tumors (n = 3) grown subcutaneously in C57BL/6 mice. B Representative 
immunoblotting analysis of ERAP1 expression in 9464D and 975A2 NB cell lines. Densitometric analysis of β-actin-normalized ERAP1 expression 
from three independent experiments is shown below. C Representative immunoblotting analysis of ERAP1 expression in 9464D cells untreated 
or infected with lentiviruses carrying non-targeting sgRNAs (sgCTR3 and sgCTR4) or sgRNAs targeting exon 1 or exon 5 (sgE-1 and sgE-5) 
of the ERAP1 gene. Densitometric analysis of β-actin-normalized ERAP1 expression from three independent experiments is shown below. D 
Representative flow-cytometry histograms of MHC class I expression in the indicated cell lines. Isotype-matched negative control Ab is shown 
as yellow histogram. Bars represent the increase in mean fluorescence intensity (MFI) of MHC class I expression in IFNγ-stimulated compared 
to unstimulated cells. E Representative immunoblotting analysis of ERAP1 expression in the indicated cells untreated or treated with IFNγ. 
Densitometric analysis of β-actin-normalized ERAP1 expression from three independent experiments is shown below. Levels of significance 
for comparison between samples were determined by ANOVA and two-tailed Student’s t test. Statistically significant P values are shown
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Altogether, these data indicate that ERAP1 inhibition 
does not alter either basal or IFNγ-induced expression of 
APP components, including MHC class I molecules on 
the surface of 9464D cells.

Inhibition of ERAP1 renders 9464D cells more susceptible 
to lysis by immune cells
We and others have previously shown that the immun-
opeptidome change generated by ERAP1 silencing is able 
to influence the anti-tumor responses mediated by T cells 
and NK cells [23–26]. To evaluate the potential of sgE-1 
cells to induce activation and recruitment of immune 
cells, we studied IFNγ-treated or untreated sgCTR3 and 
sgE-1 cells cocultured with splenocytes derived from 
wild-type 9464D-bearing mice (Fig. 2A).

We found that significantly more  CD3+ T cells,  CD8+ 
T cells, NK cells and NKT cells were attracted to sgE-1 
cells than to sgCTR3 cells after 2 h of co-culture (Fig. 2B). 
A protein array of the supernatant of the coculture of 
splenocytes and sgE-1 cells showed more than two-
fold increases in chemokines involved in immune cell 
recruitment, such as CX3CL1 and CCL5, compared 
with that of cocultures of splenocytes and sgCTR3 cells 
(Fig. 2C). PTX3 and CCL2 also increased more than 1.3-
fold (Fig. 2C). We also observed more activated  CD8+ T 
cells and NK cells after 18 h of coculture with sgE-1 cells 
than control cells, with significantly higher expression 
of surface and intracellular activation markers such as 
CD69 and granzyme B, TNFα and/or IFNγ, respectively 
(Fig. 2D, Supplementary Figure S5A and S5B). CD69 and 
CD25 were also higher expressed in  CD4+ T cells when 
cocultured with sgE-1 cells (Fig. 2D, Supplementary Fig-
ure S5C). Furthermore, we detected an increase of cas-
pase 3/7-positive cells in sgE-1 compared to sgCTR3 
after 7 h of co-culture (1.4 ± 0.2 and 3.1 ± 0.1 fold, respec-
tively, compared to the condition without splenocytes) 
(Fig.  2E). Consistently, we found fewer live sgE-1 cells 
than control cells after 24 h of coculture (0.7 ± 0.09 and 
0.3 ± 0.06 of live cells, respectively) (Fig. 2F).

Overall, these data suggest that loss of ERAP1 expres-
sion makes tumor cells more susceptible to killing by 
immune cells, as a result of increased release of inflam-
matory cytokines and recruitment and activation of 
immune effector cells.

Lack of ERAP1 is not sufficient to control the in vivo growth 
of 9464D cells
We next evaluated the effect of ERAP1 deficiency on 
tumor growth in  vivo. sgE-1 and sgCTR3 cells were 
engrafted into the left flank of syngeneic C57BL/6 mice 
and tumor size was monitored over time. We observed 
that the absence of ERAP1 was not sufficient to con-
trol the growth of 9464D tumors in syngeneic mice 

(Fig. 3A-C). We used multi-color flow-cytometry panels 
to quantify the relative frequency of different immune 
cell populations in tumor masses of 200–300  mm3 (Sup-
plementary Figure S6). We observed no difference in the 
immune infiltrate between sgE-1 and sgCTR3 tumors 
(Fig.  3D). We hypothesized that the low level of MHC 
class I expression in these tumors might mask the effect 
mediated by loss of ERAP1.

The lack of ERAP1 affects the expression 
of entinostat‑induced MHC class I molecules in 9464D cells
To test whether the effect of ERAP1 inhibition on 9464D 
cells is masked by the low expression levels of MHC class 
I molecules, we evaluated the efficacy of entinostat in 
upregulating the expression of MHC class I molecules in 
our tumor model. 9464D cells were treated for 24, 48 or 
72 h with increasing concentrations of entinostat (Sup-
plementary Figure S7A-C). The 48-h treatment with 2μM 
entinostat was able to induce at least a twofold increase 
in the surface expression of MHC class I molecules 
and maintain the viability of 9464D cells (Supplemen-
tary Figure S7A-C). This condition was used for subse-
quent experiments. Interestingly, entinostat was able to 
induce the expression of MHC class I molecules in both 
sgCTR3 and sgE-1 cells (2.6 ± 0.07 and 2.2 ± 0.01, respec-
tively), but to a significantly lesser extent in the absence 
of ERAP1 (Fig. 4A). Similarly, the nonclassical MHC class 
I molecule Qa-1b, the functional homolog of HLA-E in 
humans, was induced by entinostat in both sgCTR3 and 
sgE-1 cells, but to a lesser extent in sgE-1 cells (1.5 ± 0.05 
and 1.3 ± 0.02, respectively) suggesting an involve-
ment of ERAP1 in the generation of peptide ligands of 
Qa-1b molecules (Supplementary Figure S7D). In con-
trast, RAE1 and CD86, an NK cell receptor ligand and a 
costimulatory molecule, respectively, which are known 
not to bind peptides, were both induced by entinostat in 
sgE-1 and sgCTR3 cells in the same way (Supplementary 
Figure S7D).

Inhibition of ERAP1 leads to a change 
in the immunopeptidome of 9464D cells
To examine the impact of ERAP1 activity in shaping the 
immunopeptidome, we perfomed mass spectrometry of 
entinostat-treated sgE-1 and sgCTR3 cells. After affinity 
purification, peptides were eluted from H-2Kb and H-2Db 
and analysed. A total of 3419 (8–14 amino acids) and 
7776 (9–14 amino acids) peptides were identified from 
H-2Kb or H-2Db molecules, respectively (Supplementary 
Tables  4 and 5). We used the NetMHC-4.0 tool [37] to 
predict the binding affinity of the peptides to H-2Kb and 
H-2Db molecules. Only peptides with a predicted binding 
rank ≤ 2 were considered for further analysis. To assess 
the qualitative differences in the immunopeptidome in 
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the presence or absence of ERAP1, we focused on unique 
binders of each MHC class I molecule (405 and 1200 
peptides for H-2Kb or H-2Db, respectively) (Fig. 4B, Sup-
plementary Tables 4 and 5). The sequenced peptides were 

grouped according to length (Fig. 4C and 4D). Among the 
272 H-2Kb and 681 H-2Db-bound peptides in sgCTR3 
cells, 40% and 55% were, respectively, 8-mers and 9-mers 
in agreement with previous findings [43] (Fig.  4C and 

Fig. 2 Inhibition of ERAP1 renders 9464D cells more susceptible to lysis by immune cells. A Experimental scheme. Tumor cells untreated or treated 
with IFNγ were co-cultured with pre-stimulated syngeneic splenocytes derived from tumor-bearing mice. B Quantification of immune cells 
migrated through a trans-well to tumor cells. Bars indicate the total number of migrated cells. C Chemokine expression in sgCTR3 and sgE-1 cell 
lysates by protein array. Relative chemokine expression based on densitometric analysis is shown on the right. D Representative flow-cytometry 
analyses of CD69 expression by  CD4+ T cells,  CD8+ T cells and NK cells from splenocytes co-cultured with IFNγ-treated tumor cells for 18 h. Bars 
represent the % of immune cells expressing the indicated markers. E Representative multi-fluorescence images of IFNγ-treated tumor cells 
co-cultured 7 h with red-labeled splenocytes in the presence of caspase 3/7 Green Detection Reagent, shown at original magnification × 20, scale 
bar 75 μm. Caspase 3/7-positive tumor cells are indicated by green arrows. Quantitative analysis of the caspase 3/7-positive tumor cells from at least 
8 fields for each of two independent experiments is shown. F Live IFNγ-treated tumor cells after 24 h of co-culture with splenocytes. Data are 
normalized to the number of live tumor cells without splenocytes. Levels of significance for comparison between samples were determined 
by two-tailed Student’s t test. Statistically significant P values are shown
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4D). The frequency of canonical peptide lengths were sig-
nificantly altered in the absence of ERAP1 (Fig.  4C and 
4D). For both H-2Kb and H-2Db alleles in sgE-1 cells, 
there was a decrease in the recovery of canonical length 
peptides (8% and 45%, respectively) and a concomitant 
increase in longer peptides. Peptides ≥ 11 residues bound 
to H-2Kb increased from 8 to 19%. A 9% increase was 
observed for 11-mers for H-2Db. In contrast, these dif-
ferences in peptide length distribution were not observed 
in the peptides shared between sgE-1 and sgCTR3 cells 
(Supplementary Figure S8), further supporting previous 
findings on the uniqueness of the immunopeptidome in 
the absence of ERAP1 [44].

To further characterize the changes in the immun-
opeptidome, we analysed the peptide sequences for the 
distribution of conserved amino acids in sgCTR3 versus 
sgE-1 cells. We generated the sequence logos using the 
ggseqlogo package [38]. The most conserved and fre-
quent residues in H-2Kb-bound canonical 8 mers were 
the aromatic phenylalanine (F) or tyrosine (Y) at p5 and 
an aliphatic residue (L, M, I, or V) at the C terminus [43, 
45]. For H-2Db-bound canonical 9 mers, the conserved 
residues were the asparagine (N) at p5 position and an 
aliphatic residue (L, I, or M) at the C terminus [43, 45]. 
Notably, these consensus motifs were conserved in the 
canonical peptide length recovered from H-2Kb (8 mers) 
and H-2Db (9 mers) in sgE-1 cells, with the exception of 

the consensus motif of the P5 position in H-2Kb-bound 
peptides, which was completely lost (Fig. 4E).

Overall, the mass-spectrometry analysis clearly showed 
that the canonical lengths and composition of the immu-
nopeptidome presented by both H-2Kb and H-2Db had 
a strong dependence on ERAP1, with a unique immun-
opeptidome found in the ERAP-1 KO cells.

Lack of ERAP1 during entinostat treatment reprograms 
the tumor immune microenvironment to delay tumor 
progression
To evaluate the antitumor efficacy of entinostat in com-
bination with ERAP1 silencing in  vivo, we subcutane-
ously implanted sgCTR3 and sgE-1 cells into the flank 
of C57BL/6 mice. When tumors reached 50–80  mm3, 
mice were randomized and treated with vehicle (DMSO) 
or entinostat (5 mg/kg intraperitoneally) [46] (Fig.  5A). 
Interestingly, entinostat treatment significantly inhibited 
the progression of sgE-1 tumors, but not sgCTR3 tumors, 
which instead grew similarly to vehicle-treated sgCTR3 
and sgE-1 tumors (Fig.  5B and Supplementary Figure 
S9A). The reduction in tumor progression was also asso-
ciated with a significant increase in host survival (Fig. 5C 
and Supplementary Figure S9B). At 46 days post injec-
tion all control mice were dead, whereas 60% of sgE-1 
tumor-bearing mice were alive (Fig. 5C and Supplemen-
tary Figure S9B), suggesting that loss of ERAP1 renders 

Fig. 3 ERAP1 inhibition does not alter the growth and immune landscape of 9464D tumors. A, B Tumor growth of sgCTR3 and sgE-1 cells injected 
subcutaneously in C57BL/6 mice. Growth curves of groups (A) and single mice (B) are shown.  In B, the average growth for each group is indicated 
with a black dotted line. C Weight of explanted tumors at 40 days post injection. D, Flow-cytometry analysis of the immune content in explanted 
tumors at day 40 post injection (n≥ 10 for each group). Levels of significance for comparison between samples were determined by two-tailed 
Student’s t test
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9464D tumors responsive to entinostat treatment. Simi-
lar to what was observed in  vitro, entinostat treatment 
was able to significantly increase surface expression of 
MHC class I molecules in both entinostat-treated tumors 

(2.38 and 1.67, for sgCTR3 and sgE-1, respectively) 
(Fig. 5D). Entinostat treatment is also known to convert 
NB cells from the adrenergic (ADR) to the more immu-
nogenic mesenchymal (MES) phenotype [19, 47]. We 

Fig. 4 Inhibition of ERAP1 affects both the surface expression of MHC class I molecules and the immunopeptidome of 9464D cells treated 
with entinostat. A Representative flow-cytometry histograms of MHC class I expression in the indicated cell lines. Isotype-matched negative 
control Ab is shown as yellow histogram. Bars represent the increase in MFI of MHC class I expression in entinostat- (Ent) stimulated compared 
to unstimulated tumor cells. B Venn diagrams showing the number of unique and shared H-2Kb- and H-2Db-bound peptides between sgCTR3 
and sgE-1 cells. Cand D The number (B) and the percentage (C) of peptides bound to H-2Kb- and H-2Dbof sgCTR3 and sgE-1 cells are plotted 
according to their amino acid length. E, Logo representation of unique H-2Kb- and H-2Db-bound peptide sequences in sgCTR3 and sgE-1 cells 
analyzed independently according to their lengths shown on the x-axis. The height of each column is proportional to the degree of amino 
acid conservation and the height of each letter composing the column is proportional to its frequency at the given position. Numbers 
between parentheses indicate the number of peptide sequences analyzed. Amino acids are colored as follows: acidic (red), basic (blue), 
hydrophobic (black), neutral (purple) and polar (green)
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Fig. 5 Inhibition of ERAP1 in combination with entinostat treatment delays the growth of 9464D tumors and reshapes the intratumoral immune 
infiltrate. A Schematic representation of the entinostat treatment and timing of tumor immune infiltrate analysis. B Tumor growth of sgCTR3 
and sgE-1 cells injected subcutaneously in C57BL/6 mice and treated as indicated. Significance at day 17 after the start of treatment. Levels 
of significance for comparison between samples were determined by ANOVA. Statistically significant P values are shown. C Survival analysis 
of the indicated experimental groups. Levels of significance for comparison between samples were determined by Log-rank test. Statistically 
significant P values are shown. D Representative flow-cytometry histograms of MHC class I expression in the explanted tumors at day 10 
after the start of treatment (n ≥ 5 for each group). Isotype-matched negative control Ab is shown as yellow histogram. Bars represent the increase 
in MFI of MHC class I expression in entinostat- (Ent) stimulated compared to unstimulated tumor cells. E Representative examples of SOX9 staining 
in the explanted tumors at day 10 after the start of treatment (n ≥ 5 for each group). Nuclei were counterstained with hematoxylin (blue). A number 
of SOX9 positive cells are indicated by brown arrows. Original magnifications, × 20. Scale bars, 30 μm. Quantitative analysis of SOX9 expressing 
cells from n = 3 biologically independent highly infiltrated NBs is shown on the right. Plotted as mean ± S.D. and analyzed by Kruskal–Wallis 
test to generate two-tailed P values. F Flow-cytometry analysis of the immune content in the same tumors analysed in E. Levels of significance 
for comparison between samples were determined by ANOVA and Log-rank test. G Representative multiple immunofluorescence staining 
of the same tumors analysed in E and F for  CD8+ T cells (green) expressing granzyme B (red) or IFNγ (red) shown at magnification 40 × , scale bar 30 
μm. Images with nuclei (Hoechst) are shown on the left of each panel. The yellow rectangles are higly magnified on the right-hand panels. V, vehicle 
control; Ent, entinostat. Statistically significant P values are shown
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therefore tested whether the increased immunogenicity 
was accompanied by a switch of tumor cells to the MES 
phenotype. IHC analysis revealed that entinostat-treated 
tumors expressed higher levels of the MES marker SOX9 
regardless of ERAP1 expression (Fig. 5E). To evaluate the 
antitumor efficacy of entinostat in  vivo, we quantified 
the relative frequency of different immune cell popula-
tions in tumors harvested after 10 days of treatment. We 
observed an increase in the immune infiltrate of enti-
nostat-treated sgE-1 tumors (Fig. 5F). We found a higher 
number of TILs, particularly  CD8+ and  CD4+ T-cell sub-
sets, compared to controls (Fig.  5F). NK cells were also 
increased in sgE-1 tumors, although not significantly 
(Supplementary Figure S9C). The IF analysis confirmed 
the FACS data and also showed an enrichment of  CD8+ 
T cells expressing IFNγ and granzyme B as well as NK 
cells expressing IFNγ in entinostat-treated sgE-1 tumors 
compared to the other conditions analysed (Fig. 5G and 
5H, Supplementary Figure S10).

Collectively, these results demonstrate that loss of 
ERAP1 in combination with entinostat treatment pro-
motes an inflamed T-cell phenotype that results in NB 
growth control.

Lack of ERAP1 in combination with entinostat and PD‑1 
blockade control tumor growth and increase host survival
Entinostat is also known to induce PD-L1 expression 
in several tumor models [48–50]. Indeed, we observed 
increased PD-L1 expression in entinostat-treated 9464D 
both in  vitro and in  vivo, regardless of ERAP1 expres-
sion (Fig. 6A and B). Since high levels of PD-L1 expres-
sion are predictive of the response to immune checkpoint 
blockade, we tested if entinostat could increase the effi-
cacy of PD-1 blockade. sgE-1 and sgCTR3 cells were 
injected subcutaneously into C57BL/6 and once tumors 
reached 100  mm3, mice were randomized into 4 treat-
ment groups: vehicle plus control IgG, entinostat, anti-
PD-1, and entinostat plus anti-PD-1 (Fig.  6C). To avoid 
a possible reduction in the efficacy of entinostat and 
anti-PD-1 due to intraperitoneal administration of both 
drugs, entinostat was administrated by oral gavage. This 
different mode of administration did not change the effi-
cacy of entinostat, which was always more effective in 
tumors lacking ERAP1 (Supplementary Figure S11A). 
Treatment with anti-PD-1 alone was ineffective regard-
less of ERAP1 expression (Supplementary Figure S11B). 
The combination of entinostat with anti-PD-1 was more 
effective in sgE-1 tumors than any other condition stud-
ied in terms of survival analysis (Fig. 6D and Supplemen-
tary Figure S11C and S11D). Interestingly, combined 
therapy (entinostat plus anti-PD-1) did not improved 
the survival of sgCTR3-bearing mice compared to treat-
ment with entinostat alone (40% of mice alive in both 

cases) (Supplementary Figure S11C), whereas it brought 
substantial benefit to sgE-1 tumor-bearing mice (Supple-
mentary Figure S11D). Indeed, at 46 days post injection, 
all sgE-1 tumor-bearing mice treated with combination 
therapy were alive compared to 57% of those treated with 
entinostat alone (Supplementary Figure S11D). Moreo-
ver, IHC analysis revealed that sgE-1 tumors treated with 
the combination therapy were infiltrated by significantly 
more  CD8+ T cells than control tumors (Fig. 6E).

Altogether, these data demonstrate that the lack of 
ERAP1 enhances the efficacy of combination therapy 
with entinostat and anti-PD-1 in a tumor model such as 
9464D, that is basically unresponsive to PD-1 blockade.

Discussion
Low TMB and low expression of MHC class I molecules 
prevent NB from presenting a sufficient repertoire of 
tumor antigens to induce cytotoxic  CD8+ T-cell mediated 
anti-tumor responses [51]. Here we demonstrate that tar-
geting ERAP1 and treatment with the HDACi entinostat 
curbed NB growth in  vivo, making tumors more infil-
trated by  CD8+ T-cells and responsive to PD-1 blockade.

We hypothesize that ERAP1 inhibition, by expand-
ing the repertoire of neoantigens presented on the sur-
face of tumor cells, may function as a surrogate for the 
low TMB. Alterations in the APP pathway can potentially 
be exploited to increase the repertoire of tumor anti-
gens presented by MHC class I molecules able of elicit-
ing an efficient immune response [20]. The presentation 
of these "altered self" peptides is a phenomenon inde-
pendent of the TMB. This class of antigens represents 
an interesting category as they are potentially shared by 
several tumors. A well-characterized example of “altered 
self” antigens is represented by T-cell epitopes associ-
ated with altered peptide processing (TEIPP), a class of 
non-mutational tumor antigens that arise specifically in 
transporter associated with antigen processing- (TAP) 
deficient tumors and efficiently induce a functional anti-
tumor  CD8+ T cell response in these tumors, but not 
against TAP-expressing counterparts on healthy tissues 
[52–55]. Inhibition of ERAP1 is presumed to potentially 
affect tumor immunopeptidome by a similar mecha-
nism. Several studies have shown that, in the absence of 
ERAP1, cells exhibit new immunogenic epitopes that are 
normally destroyed by ERAP1, whereas peptides nor-
mally generated by the enzyme are missing [24, 27, 56]. 
Recently, Leishman and colleagues reported that inhibi-
tion of ERAP1 in “hot” tumor models, such as melanoma 
and colorectal cancer, results in the generation of new 
epitopes derived from several cancer-associated pro-
teins [57]. Inhibition of ERAP1 in combination with PD-1 
blockade results in increased tumor-specific immune 
response and T-cell receptor (TCR) repertoire diversity 
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Fig. 6 ERAP1 inhibition in combination with entinostat and PD-1 blockade delays the growth of 9464D tumors. A and B Representative 
flow-cytometry histograms of PD-L1 expression in the indicated cell lines (A) and explanted tumors (B) at day 10 after the start of treatment 
(n ≥ 5 for each group). Isotype-matched negative control Ab is shown as yellow histogram. Bars represent the increase in MFI of PD-L1 expression 
in entinostat- (Ent) stimulated compared to vehicle-treated tumor cells. C Schematic representation of the combined entinostat and PD-1 
treatment. D Survival analysis of the indicated experimental groups. Levels of significance for comparison between samples were determined 
by ANOVA, two-tailed Student’s t test and Log-rank test. E Representative examples of CD8 staining in the explanted tumors at day 10 after the start 
of treatment (n ≥ 7 for each group). Nuclei were counterstained with hematoxylin (blue). Original magnifications, × 20. Scale bars, 30 μm. 
Quantitative analysis of CD8 expressing cells from n = 3 biologically independent highly infiltrated NBs is shown on the right. Plotted as mean ± S.D. 
and analyzed by Kruskal–Wallis test to generate two-tailed P values. V, vehicle control; Ent, entinostat; aPD-1, anti-PD-1 Ab. Statistically significant P 
values are shown
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in several syngeneic tumor models [57]. This is in line 
with a study reporting that inhibition of ERAP1 sensi-
tizes the transplantable 4T1 breast cancer cell model to 
anti-PD-1 immunotherapy [53]. Moreover, two other 
in  vivo genome-wide CRISPR/Cas9 screening studies 
showed that deletion of APP-related genes in two differ-
ent cancer models is associated with increased sensitivity 
to ICI-based immunotherapy, in which ERAP1, calreti-
culin and tapasin were the most relevant molecules in 
melanoma, while β2m was in renal carcinoma [58, 59]. 
Furthermore, a strong association between tumor immu-
nogenic antigen load and TCR diversity was observed in 
TILs in human cancers [60]. A diverse TCR repertoire is 
able to offer greater opportunities for tumor neoantigen 
recognition. Indeed, high TCR diversity prior to ICI ther-
apy has been positively correlated with clinical response 
in several solid tumors [61].

Herein, we found that ERAP1 inhibition alone has no 
effect on the in  vitro and in  vivo growth of the 9464D 
transplantable mouse model which closely recapitu-
lates the molecular and biological features of high-risk 
NBs [28, 62–65]. In contrast, the effect was evident in 
the growth of ERAP1-inhibited tumors, both in  vitro 
and in vivo, in the presence of adequate surface expres-
sion of MHC class I molecules induced by stimulation 
with IFNγ or entinostat that highlighted the pronounced 
change in the immunopeptidome resulting from modula-
tion of ERAP1. Treatment of ERAP1-expressing tumors 
with entinostat, while inducing the expression of MHC 
class I molecules, had no effect on tumor growth. This 
is consistent with the results obtained in several clinical 
trials. The phase I clinical trial NCT02780804, designed 
to test entinostat as a single agent in pediatric patients 
with relapsed or refractory solid tumors, revealed that 
although the treatment was well tolerated, all patients 
showed disease progression within the first two cycles, 
with the exception of one patient with stable disease 
[66]. Other studies have shown that treatment with enti-
nostat improves the response to PD-1 blockade in sev-
eral tumors [67–72]. The combination of entinostat with 
anti-PD-1 showed robust in  vivo antitumor activity in 
murine bladder tumors, promoting long-term immuno-
logical memory [73]. However, its efficacy was reduced 
in tumors with a lower TMB or low MHC class I expres-
sion, suggesting that the anti-tumor activity of entinostat 
is mainly in immunogenic tumors [73]. In support of 
this observation, three clinical trials (NCT01928576, 
NCT02437136, NCT02697630) report that entinostat 
was successfully administrated in combination with 
anti-PD-1 antibodies (pembrolizumab or nivolumab) in 
patients with high TMB that had progressed on or after 
PD-1/PD-L1 inhibitors such metastatic non-small-cell 
lung cancer and uveal melanoma [74–76]. In contrast, 

the combination of entinostat plus anti-PD-L1 antibod-
ies (avelumab or atezolizumab) showed no clinical ben-
efit compared to ICI alone in patients with low TMB, 
such as epithelial ovarian cancer, triple-negative breast 
cancer, and myelodysplastic syndrome (NCT02915523, 
NCT02708680, NCT02936752) [77–79]. This is not sur-
prising given the correlation between TMB and objec-
tive response rate to anti-PD-1, which may explain the 
observed differences in response between cancer types, 
suggesting that the therapeutic activity of entinostat 
relies on relevant neoantigen load [80, 81].

In conclusion, we explored a non-toxic approach based 
on ERAP1 inhibition and entinostat treatment to increase 
the immunogenicity of NB by making tumor responsive 
to PD-1 blockade. Our hypothesis is that ERAP1 inhi-
bition, on the one hand, and induction of MHC class I 
expression, on the other hand, may counteract the low 
TMB of NB and result in the generation and presentation 
of new neoantigen repertoire. This increased “immune 
visibility” may result in the control of tumor growth and 
increased T-cell infiltration allowing PD-1 blockade to 
reinvigorate the anti-tumor immune response, thereby 
further prolonging host survival.

Abbreviations
ICI  immune checkpoint inhibition
NB  neuroblastoma
EFS  Event-Free Survival
Ab  Antibody
TMB  Tumor mutational burden
TIL  Tumor-infiltrating lymphocytes
MHC  Major histocompatibility complex
HDACi  Histone deacetylase inhibitor
APP  Antigen processing and presentation
ERAP1  Endoplasmic reticulum aminopeptidase 1
NK  Natural killer
TME  Tumor microenvironment
GFP  Green fluorescent protein
FACS  Fluorescent Activated Cell Sorting
KO  Knockout
BCA  Bicinchoninic acid
DAPI  6-diamidino-2-phenylindole hydrochloride
ULA  Ultra-low attachment
RT  Room temperature
PI  Propidium iodide
IHC  Immunohistochemistry
IF  Immunofluorescence
sgRNAs  Single guide RNAs
pMHC  Peptide-MHC
ACN  Acetonitrile
FA  Formic acid
iRT  Indexed retention time
LC  Liquid chromatography
FDR  False discovery rate
TAPBP  Tapasin
b2m  Beta-2 microglobulin
TCR   T-cell receptor
ADR  Adrenergic
MES  Mesenchymal
TEIPP  T-cell epitopes associated with altered peptide processing
TAP  Transporter associated with antigen processing



Page 16 of 18Tempora et al. J Exp Clin Cancer Res          (2024) 43:292 

Supplementary Information
The online version contains supplementary material available at https:// doi. 
org/ 10. 1186/ s13046- 024- 03180-y.

Supplementary Material 1.

Supplementary Material 2.

Supplementary Material 3.

Supplementary Material 4.

Supplementary Material 5.

Supplementary Material 6.

Supplementary Material 7.

Supplementary Material 8.

Supplementary Material 9.

Supplementary Material 10.

Supplementary Material 11.

Supplementary Material 12.

Supplementary Material 13.

Supplementary Material 14.

Acknowledgements
We are grateful to Peter van Endert (Institut Necker Enfants Malades, France) 
and Dr Crystal Mackall (Stanford University, CA) for providing us the murine 
6H9 Ab and the transgenic NB cell lines 9464D and 975A2, respectively. We 
thank Plaisant S.r.l. (Castel Romano) Services for help with in vivo experiments.

Authors’ contributions
Conceptualization: DF, PT, SDA; Methodology: PT, SDA, PG, VD, KK, VS, KP, SC, 
VL, EG, MS, GV, MP, CDS, VDO, LDA, OM, AWP, DF; Investigation: DF, PT, SDA, 
PG; Visualization: PT, SDA, PG, VD, VDO, KP, OM; Funding acquisition: DF, AWP; 
Project administration: DF; Supervision: DF; Writing-original draft: DF, SDA; 
Writing-review & editing: DF, PT, SDA, PG, VD, KK, VS, KP, SC, VL, EG, MS, GV, 
MP, CDS, VDA, LDA, RG, OM, MADI, AWP, FL. All authors read and approved 
the manuscript and agree to be accountable for all aspects of the research in 
ensuring that the accuracy or integrity of any part of the work are appropri-
ately investigated and resolved.

Funding
This work was supported by grants awarded by the European Union’s Horizon 
2020 research and Innovation program under the Marie Skłodowska-Curie 
Actions grant agreement No 954992 (CAPSTONE-ETN) (D. Fruci), the Associazi-
one Italiana Ricerca sul Cancro (AIRC) IG18495 (D. Fruci) and IG24345 (D. Fruci), 
the Italian Ministry of Health with Ricerca Finalizzata No. PE-2011–02351866 
(D. Fruci), Current Research funds (D. Fruci). Computational resources were 
supported by the R@CMon/Monash Node of the NeCTAR Research Cloud, 
an initiative of the Australian Government’s Super Science Scheme and the 
Education Investment Fund (A.W. Purcell). A. W. Purcell was supported by an 
Australian National Health and Medical Research Council (NHMRC) Investiga-
tor Grant (2016596). This research was also supported by three fellowships 
from the Fondazione Umberto Veronesi (FUV) (S. D’Amico, V. Lucarini and O. 
Melaiu) and two CAPSTONE-ETN H2020 Early Stage Researchers (P. Gragera 
and K. Krol).

Availability of data and materials
Immunopeptidome data are deposited to the ProteomeXchange Consortium 
via the PRIDE partner repository with the dataset identifier PXD055268 and 
https:// doi. org/ 10. 6019/ PXD05 5268. The authors declare that all remaining 
data supporting the findings of this study are available in the main text and 
supplementary materials. Any other relevant data and codes are available 
from the corresponding author upon reasonable request.

Declarations

Ethics approval and consent to participate
Ethics approval and consent to participate Animal procedures were in compli-
ance with the national and international directives (D.L. 4 March 2014, no. 26; 
directive 2010/63/EU of the European Parliament and of the council; Guide 
for the Care and Use of Laboratory Animals, United States National Research 
Council, 2011) and approved by the Italian Ministry of Health (authorizations 
No. 755/2019-PR, issue date 11/15/2019, and A69A0.49.EXT.78 issue data 
06/28/2022). 

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Author details
1 Bambino Gesù Children’s Hospital, IRCCS, Rome, Italy. 2 Department of Bio-
chemistry and Molecular Biology, Infection and Immunity Program, Biomedi-
cine Discovery Institute, Monash University, Clayton 3800, Victoria, Australia. 
3 Plaisant Polo Tecnologico S.R.L, Castel Romano, Rome, Italy. 4 Department 
of Biology, Genetic Unit, University of Pisa, Pisa, Italy. 5 Department of Clinical 
Sciences and Translational Medicine, University of Rome “Tor Vergata”, Rome, 
Italy. 6 Department of Life Sciences, Catholic University of the Sacred Heart, 
Rome, Italy. 

Received: 24 April 2024   Accepted: 4 September 2024

References
 1. Korman AJ, Garrett-Thomson SC, Lonberg N. The foundations of immune 

checkpoint blockade and the ipilimumab approval decennial. Nat Rev 
Drug Discov. 2022;21(7):509–28.

 2. Capitini CM, Otto M, DeSantes KB, Sondel PM. Immunotherapy in pedi-
atric malignancies: current status and future perspectives. Future Oncol. 
2014;10(9):1659–78.

 3. Maris JM, Hogarty MD, Bagatell R, Cohn SL. Neuroblastoma. Lancet. 
2007;369(9579):2106–20.

 4. London WB, Bagatell R, Weigel BJ, Fox E, Guo D, Van Ryn C, Naranjo A, 
Park JR. Historical time to disease progression and progression-free 
survival in patients with recurrent/refractory neuroblastoma treated in 
the modern era on Children’s Oncology Group early-phase trials. Cancer. 
2017;123(24):4914–23.

 5. Matthay KK, Maris JM, Schleiermacher G, Nakagawara A, Mackall CL, Diller 
L, Weiss WA. Neuroblastoma Nat Rev Dis Primers. 2016;2:16078.

 6. Qiu B, Matthay KK. Advancing therapy for neuroblastoma. Nat Rev Clin 
Oncol. 2022;19(8):515–33.

 7. Ponzoni M, Bachetti T, Corrias MV, Brignole C, Pastorino F, Calarco E, 
Bensa V, Giusto E, Ceccherini I, Perri P. Recent advances in the develop-
mental origin of neuroblastoma: an overview. J Exp Clin Cancer Res. 
2022;41(1):92.

 8. Ladenstein R, Pötschger U, Valteau-Couanet D, Luksch R, Castel V, Yaniv I, 
Laureys G, Brock P, Michon JM, Owens C, et al. Interleukin 2 with anti-GD2 
antibody ch14.18/CHO (dinutuximab beta) in patients with high-risk 
neuroblastoma (HR-NBL1/SIOPEN): a multicentre, randomised, phase 3 
trial. Lancet Oncol. 2018;19(12):1617–29.

 9. Mody R, Yu AL, Naranjo A, Zhang FF, London WB, Shulkin BL, Parisi MT, 
Servaes SE, Diccianni MB, Hank JA, et al. Irinotecan, Temozolomide, and 
Dinutuximab With GM-CSF in Children With Refractory or Relapsed Neu-
roblastoma: A Report From the Children’s Oncology Group. J Clin Oncol. 
2020;38(19):2160–9.

 10. Del Bufalo F, De Angelis B, Caruana I, Del Baldo G, De Ioris MA, Serra A, 
Mastronuzzi A, Cefalo MG, Pagliara D, Amicucci M, et al. GD2-CART01 
for Relapsed or Refractory High-Risk Neuroblastoma. N Engl J Med. 
2023;388(14):1284–95.

https://doi.org/10.1186/s13046-024-03180-y
https://doi.org/10.1186/s13046-024-03180-y
https://doi.org/10.6019/PXD055268


Page 17 of 18Tempora et al. J Exp Clin Cancer Res          (2024) 43:292  

 11. Stip MC, Teeuwen L, Dierselhuis MP, Leusen JHW, Krijgsman D. Targeting 
the myeloid microenvironment in neuroblastoma. J Exp Clin Cancer Res. 
2023;42(1):337.

 12. Mina M, Boldrini R, Citti A, Romania P, D’Alicandro V, De Ioris M, Castel-
lano A, Furlanello C, Locatelli F, Fruci D. Tumor-infiltrating T lymphocytes 
improve clinical outcome of therapy-resistant neuroblastoma. Oncoim-
munology. 2015;4(9): e1019981.

 13. Sherif S, Roelands J, Mifsud W, Ahmed EI, Raynaud CM, Rinchai D, Sathap-
pan A, Maaz A, Saleh A, Ozer E, et al. The immune landscape of solid 
pediatric tumors. J Exp Clin Cancer Res. 2022;41(1):199.

 14. Melaiu O, Mina M, Chierici M, Boldrini R, Jurman G, Romania P, D’Alicandro 
V, Benedetti MC, Castellano A, Liu T, et al. PD-L1 Is a Therapeutic Target 
of the Bromodomain Inhibitor JQ1 and Combined with HLA Class I, a 
Promising Prognostic Biomarker in Neuroblastoma. Clin Cancer Res. 
2017;23(15):4462–72.

 15. Forloni M, Albini S, Limongi MZ, Cifaldi L, Boldrini R, Nicotra MR, Giannini 
G, Natali PG, Giacomini P, Fruci D. NF-kappaB, and not MYCN, regulates 
MHC class I and endoplasmic reticulum aminopeptidases in human 
neuroblastoma cells. Cancer Res. 2010;70(3):916–24.

 16. Lorenzi S, Forloni M, Cifaldi L, Antonucci C, Citti A, Boldrini R, Pezzullo M, 
Castellano A, Russo V, van der Bruggen P, et al. IRF1 and NF-kB restore 
MHC class I-restricted tumor antigen processing and presentation to 
cytotoxic T cells in aggressive neuroblastoma. PLoS ONE. 2012;7(10): 
e46928.

 17. Trinchieri G. Type I interferon: friend or foe? J Exp Med. 
2010;207(10):2053–63.

 18. Singh S, Chakrabarti R. Challenges of Using IFNgamma in Clinical Set-
tings. Cancer Res. 2023;83(13):2093–5.

 19. Cornel AM, Dunnebach E, Hofman DA, Das S, Sengupta S, van den Ham 
F, Wienke J, Strijker JGM, van den Beemt D, Essing AHW et al: Epigenetic 
modulation of neuroblastoma enhances T cell and NK cell immuno-
genicity by inducing a tumor-cell lineage switch. J Immunother Cancer. 
2022;10(12):e005002.

 20. D’Amico S, Tempora P, Melaiu O, Lucarini V, Cifaldi L, Locatelli F, Fruci D. 
Targeting the antigen processing and presentation pathway to overcome 
resistance to immune checkpoint therapy. Front Immunol. 2022;13: 
948297.

 21. Lopez de Castro JA. How ERAP1 and ERAP2 Shape the Peptidomes of 
Disease-Associated MHC-I Proteins. Front Immunol. 2018;9:2463.

 22. Koumantou D, Barnea E, Martin-Esteban A, Maben Z, Papakyriakou A, 
Mpakali A, Kokkala P, Pratsinis H, Georgiadis D, Stern LJ, et al. Editing 
the immunopeptidome of melanoma cells using a potent inhibitor of 
endoplasmic reticulum aminopeptidase 1 (ERAP1). Cancer Immunol 
Immunother. 2019;68(8):1245–61.

 23. Cifaldi L, Lo Monaco E, Forloni M, Giorda E, Lorenzi S, Petrini S, Tremante E, 
Pende D, Locatelli F, Giacomini P, et al. Natural killer cells efficiently reject 
lymphoma silenced for the endoplasmic reticulum aminopeptidase 
associated with antigen processing. Cancer Res. 2011;71(5):1597–606.

 24. James E, Bailey I, Sugiyarto G, Elliott T. Induction of protective antitu-
mor immunity through attenuation of ERAAP function. J Immunol. 
2013;190(11):5839–46.

 25. Cifaldi L, Romania P, Falco M, Lorenzi S, Meazza R, Petrini S, Andreani M, 
Pende D, Locatelli F, Fruci D. ERAP1 regulates natural killer cell function 
by controlling the engagement of inhibitory receptors. Cancer Res. 
2015;75(5):824–34.

 26. D’Amico S, D’Alicandro V, Compagnone M, Tempora P, Guida G, Romania 
P, Lucarini V, Melaiu O, Falco M, Algeri M, et al. ERAP1 Controls the Interac-
tion of the Inhibitory Receptor KIR3DL1 With HLA-B51:01 by Affecting 
Natural Killer Cell Function. Front Immunol. 2021;12: 778103.

 27. Keller M, Ebstein F, Burger E, Textoris-Taube K, Gorny X, Urban S, Zhao 
F, Dannenberg T, Sucker A, Keller C, et al. The proteasome immuno-
subunits, PA28 and ER-aminopeptidase 1 protect melanoma cells 
from efficient MART-126-35 -specific T-cell recognition. Eur J Immunol. 
2015;45(12):3257–68.

 28. Cheng AJ, Cheng NC, Ford J, Smith J, Murray JE, Flemming C, Lastowska 
M, Jackson MS, Hackett CS, Weiss WA, et al. Cell lines from MYCN trans-
genic murine tumours reflect the molecular and biological characteristics 
of human neuroblastoma. Eur J Cancer. 2007;43(9):1467–75.

 29. Dehairs J, Talebi A, Cherifi Y, Swinnen JV. CRISP-ID: decoding CRISPR medi-
ated indels by Sanger sequencing. Sci Rep. 2016;6:28973.

 30. Brinkman EK, Chen T, Amendola M, van Steensel B. Easy quantitative 
assessment of genome editing by sequence trace decomposition. 
Nucleic Acids Res. 2014;42(22): e168.

 31. Berg S, Kutra D, Kroeger T, Straehle CN, Kausler BX, Haubold C, Schiegg M, 
Ales J, Beier T, Rudy M, et al. ilastik: interactive machine learning for (bio)
image analysis. Nat Methods. 2019;16(12):1226–32.

 32. Melaiu O, Chierici M, Lucarini V, Jurman G, Conti LA, De Vito R, Boldrini R, 
Cifaldi L, Castellano A, Furlanello C, et al. Cellular and gene signatures of 
tumor-infiltrating dendritic cells and natural-killer cells predict prognosis 
of neuroblastoma. Nat Commun. 2020;11(1):5992.

 33. Hammerling GJ, Rusch E, Tada N, Kimura S, Hammerling U. Locali-
zation of allodeterminants on H-2Kb antigens determined with 
monoclonal antibodies and H-2 mutant mice. Proc Natl Acad Sci U S A. 
1982;79(15):4737–41.

 34. Ozato K, Hansen TH, Sachs DH. Monoclonal antibodies to mouse MHC 
antigens. II. Antibodies to the H-2Ld antigen, the products of a third 
polymorphic locus of the mouse major histocompatibility complex. J 
Immunol. 1980;125(6):2473–7.

 35. Pandey K, Ramarathinam SH, Purcell AW. Isolation of HLA Bound Peptides 
by Immunoaffinity Capture and Identification by Mass Spectrometry. 
Current Protocols. 2021;1(3): e92.

 36. Zhang J, Xin L, Shan B, Chen W, Xie M, Yuen D, Zhang W, Zhang Z, Lajoie 
GA, Ma B. PEAKS DB: de novo sequencing assisted database search for 
sensitive and accurate peptide identification. Mol Cell Proteomics: MCP. 
2012;11(4):M111.010587.

 37. Andreatta M, Nielsen M. Gapped sequence alignment using artificial 
neural networks: application to the MHC class I system. Bioinformatics. 
2016;32(4):511–7.

 38. Wagih O. ggseqlogo: a versatile R package for drawing sequence logos. 
Bioinformatics. 2017;33(22):3645–7.

 39. R Core Team. R: A Language and Environment for Statistical Computing 
[Internet]. Vienna, Austria: R Foundation for Statistical Computing; 2024. 
Available from: https:// www.R- proje ct. org/.

 40. Lucarini V, Melaiu O, D’Amico S, Pastorino F, Tempora P, Scarsella M, Pez-
zullo M, De Ninno A, D’Oria V, Cilli M, et al. Combined mitoxantrone and 
anti-TGFbeta treatment with PD-1 blockade enhances antitumor immu-
nity by remodelling the tumor immune landscape in neuroblastoma. J 
Exp Clin Cancer Res. 2022;41(1):326.

 41. Bufalieri F, Infante P, Bernardi F, Caimano M, Romania P, Moretti M, 
Lospinoso Severini L, Talbot J, Melaiu O, Tanori M, et al. ERAP1 promotes 
Hedgehog-dependent tumorigenesis by controlling USP47-mediated 
degradation of betaTrCP. Nat Commun. 2019;10(1):3304.

 42. Compagnone M, Cifaldi L, Fruci D. Regulation of ERAP1 and ERAP2 
genes and their disfunction in human cancer. Hum Immunol. 
2019;80(5):318–24.

 43. Falk K, Rotzschke O, Stevanovic S, Jung G, Rammensee HG. Allele-specific 
motifs revealed by sequencing of self-peptides eluted from MHC mol-
ecules. Nature. 1991;351(6324):290–6.

 44. Blanchard N, Kanaseki T, Escobar H, Delebecque F, Nagarajan NA, Reyes-
Vargas E, Crockett DK, Raulet DH, Delgado JC, Shastri N. Endoplasmic 
reticulum aminopeptidase associated with antigen processing defines 
the composition and structure of MHC class I peptide repertoire in 
normal and virus-infected cells. J Immunol. 2010;184(6):3033–42.

 45. Delgado JC, Escobar H, Crockett DK, Reyes-Vargas E, Jensen PE. Iden-
tification of naturally processed ligands in the C57BL/6 mouse using 
large-scale mass spectrometric peptide sequencing and bioinformatics 
prediction. Immunogenetics. 2009;61(3):241–6.

 46. Lu Z, Zou J, Li S, Topper MJ, Tao Y, Zhang H, Jiao X, Xie W, Kong X, Vaz M, 
et al. Epigenetic therapy inhibits metastases by disrupting premetastatic 
niches. Nature. 2020;579(7798):284–90.

 47. D’Amico S, Tempora P, Gragera P, Krol K, Melaiu O, De Ioris MA, Locatelli F, 
Fruci D. Two bullets in the gun: combining immunotherapy with chemo-
therapy to defeat neuroblastoma by targeting adrenergic-mesenchymal 
plasticity. Front Immunol. 2023;14:1268645.

 48. Woods DM, Sodre AL, Villagra A, Sarnaik A, Sotomayor EM, Weber J. HDAC 
Inhibition Upregulates PD-1 Ligands in Melanoma and Augments Immu-
notherapy with PD-1 Blockade. Cancer Immunol Res. 2015;3(12):1375–85.

 49. Li X, Su X, Liu R, Pan Y, Fang J, Cao L, Feng C, Shang Q, Chen Y, Shao C, 
et al. HDAC inhibition potentiates anti-tumor activity of macrophages 
and enhances anti-PD-L1-mediated tumor suppression. Oncogene. 
2021;40(10):1836–50.

https://www.R-project.org/


Page 18 of 18Tempora et al. J Exp Clin Cancer Res          (2024) 43:292 

 50. Booth L, Roberts JL, Poklepovic A, Kirkwood J, Dent P. HDAC inhibitors 
enhance the immunotherapy response of melanoma cells. Oncotarget. 
2017;8(47):83155–70.

 51. Wienke J, Dierselhuis MP, Tytgat GAM, Kunkele A, Nierkens S, Molenaar JJ. 
The immune landscape of neuroblastoma: Challenges and opportuni-
ties for novel therapeutic strategies in pediatric oncology. Eur J Cancer. 
2021;144:123–50.

 52. Marijt KA, Blijleven L, Verdegaal EME, Kester MG, Kowalewski DJ, Rammen-
see HG, Stevanovic S, Heemskerk MHM, van der Burg SH, van Hall T. Identi-
fication of non-mutated neoantigens presented by TAP-deficient tumors. J 
Exp Med. 2018;215(9):2325–37.

 53. Garrido G, Schrand B, Rabasa A, Levay A, D’Eramo F, Berezhnoy A, Modi 
S, Gefen T, Marijt K, Doorduijn E, et al. Tumor-targeted silencing of the 
peptide transporter TAP induces potent antitumor immunity. Nat Commun. 
2019;10(1):3773.

 54. Durgeau A, Virk Y, Gros G, Voilin E, Corgnac S, Djenidi F, Salmon J, Adam J, de 
Montpreville V, Validire P, et al. Human preprocalcitonin self-antigen gener-
ates TAP-dependent and -independent epitopes triggering optimised T-cell 
responses toward immune-escaped tumours. Nat Commun. 2018;9(1):5097.

 55. Marijt KA, Griffioen L, Blijleven L, van der Burg SH, van Hall T. Cross-presen-
tation of a TAP-independent signal peptide induces CD8 T immunity to 
escaped cancers but necessitates anchor replacement. Cancer Immunol 
Immunother. 2022;71(2):289–300.

 56. Engblom AC, Akerman KE. Effect of ethanol on gamma-aminobutyric acid 
and glycine receptor-coupled Cl- fluxes in rat brain synaptoneurosomes. J 
Neurochem. 1991;57(2):384–90.

 57. Andrew Leishman WP, Emma Sparrow, Ana Ribeiro, Michael Cundell, Milos 
Aleksic, Michael P. Pinggera, Jessica Sette, Kate Anderton, Nicola Ternette, 
Juliet Morgan, Jason J. Shiers, Martin Quibell, Peter I. Joyce: GRWD5769: A 
first-in-class inhibitor of ERAP1, generating novel cancer antigens to drive 
de novo anti-tumor T cell responses [abstract]. Proceedings of the American 
Association for Cancer Research Annual Meeting 2023; Part 1 (Regular and 
Invited Abstracts); 2023 Apr 14–19; Orlando, FL Philadelphia (PA): AACR; 
Cancer Res 2023;83(7_Suppl):Abstract nr 3467 2023.

 58. Manguso RT, Pope HW, Zimmer MD, Brown FD, Yates KB, Miller BC, Collins 
NB, Bi K, LaFleur MW, Juneja VR, et al. In vivo CRISPR screening identifies 
Ptpn2 as a cancer immunotherapy target. Nature. 2017;547(7664):413–8.

 59. Dubrot J, Lane-Reticker SK, Kessler EA, Ayer A, Mishra G, Wolfe CH, Zim-
mer MD, Du PP, Mahapatra A, Ockerman KM, et al. In vivo screens using a 
selective CRISPR antigen removal lentiviral vector system reveal immune 
dependencies in renal cell carcinoma. Immunity. 2021;54(3):571-585 e576.

 60. Li B, Li T, Pignon JC, Wang B, Wang J, Shukla SA, Dou R, Chen Q, Hodi FS, 
Choueiri TK, et al. Landscape of tumor-infiltrating T cell repertoire of human 
cancers. Nat Genet. 2016;48(7):725–32.

 61. Han J, Duan J, Bai H, Wang Y, Wan R, Wang X, Chen S, Tian Y, Wang D, Fei K, 
et al. TCR Repertoire Diversity of Peripheral PD-1(+)CD8(+) T Cells Predicts 
Clinical Outcomes after Immunotherapy in Patients with Non-Small Cell 
Lung Cancer. Cancer Immunol Res. 2020;8(1):146–54.

 62. Teitz T, Stanke JJ, Federico S, Bradley CL, Brennan R, Zhang J, Johnson MD, 
Sedlacik J, Inoue M, Zhang ZM, et al. Preclinical models for neuroblastoma: 
establishing a baseline for treatment. PLoS ONE. 2011;6(4): e19133.

 63. Moore HC, Wood KM, Jackson MS, Lastowska MA, Hall D, Imrie H, Redfern 
CP, Lovat PE, Ponthan F, O’Toole K, et al. Histological profile of tumours from 
MYCN transgenic mice. J Clin Pathol. 2008;61(10):1098–103.

 64. Hackett CS, Hodgson JG, Law ME, Fridlyand J, Osoegawa K, de Jong PJ, 
Nowak NJ, Pinkel D, Albertson DG, Jain A, et al. Genome-wide array CGH 
analysis of murine neuroblastoma reveals distinct genomic aberrations 
which parallel those in human tumors. Cancer Res. 2003;63(17):5266–73.

 65. Terrile M, Bryan K, Vaughan L, Hallsworth A, Webber H, Chesler L, Stallings RL. 
miRNA expression profiling of the murine TH-MYCN neuroblastoma model 
reveals similarities with human tumors and identifies novel candidate 
miRNAs. PLoS ONE. 2011;6(12): e28356.

 66. Bukowinski A, Chang B, Reid JM, Liu X, Minard CG, Trepel JB, Lee MJ, Fox E, 
Weigel BJ. A phase 1 study of entinostat in children and adolescents with 
recurrent or refractory solid tumors, including CNS tumors: Trial ADVL1513, 
Pediatric Early Phase-Clinical Trial Network (PEP-CTN). Pediatr Blood Cancer. 
2021;68(4): e28892.

 67. Zheng H, Zhao W, Yan C, Watson CC, Massengill M, Xie M, Massengill 
C, Noyes DR, Martinez GV, Afzal R, et al. HDAC Inhibitors Enhance T-Cell 
Chemokine Expression and Augment Response to PD-1 Immunotherapy in 
Lung Adenocarcinoma. Clin Cancer Res. 2016;22(16):4119–32.

 68. Kim K, Skora AD, Li Z, Liu Q, Tam AJ, Blosser RL, Diaz LA Jr, Papadopoulos 
N, Kinzler KW, Vogelstein B, et al. Eradication of metastatic mouse cancers 
resistant to immune checkpoint blockade by suppression of myeloid-
derived cells. Proc Natl Acad Sci U S A. 2014;111(32):11774–9.

 69. Orillion A, Hashimoto A, Damayanti N, Shen L, Adelaiye-Ogala R, Arisa S, 
Chintala S, Ordentlich P, Kao C, Elzey B, et al. Entinostat Neutralizes Myeloid-
Derived Suppressor Cells and Enhances the Antitumor Effect of PD-1 Inhibi-
tion in Murine Models of Lung and Renal Cell Carcinoma. Clin Cancer Res. 
2017;23(17):5187–201.

 70. Gameiro SR, Malamas AS, Tsang KY, Ferrone S, Hodge JW. Inhibitors of 
histone deacetylase 1 reverse the immune evasion phenotype to enhance 
T-cell mediated lysis of prostate and breast carcinoma cells. Oncotarget. 
2016;7(7):7390–402.

 71. Juergens RA, Wrangle J, Vendetti FP, Murphy SC, Zhao M, Coleman B, Sebree 
R, Rodgers K, Hooker CM, Franco N, et al. Combination epigenetic therapy 
has efficacy in patients with refractory advanced non-small cell lung cancer. 
Cancer Discov. 2011;1(7):598–607.

 72. Zhu S, Denman CJ, Cobanoglu ZS, Kiany S, Lau CC, Gottschalk SM, Hughes 
DP, Kleinerman ES, Lee DA. The narrow-spectrum HDAC inhibitor entinostat 
enhances NKG2D expression without NK cell toxicity, leading to enhanced 
recognition of cancer cells. Pharm Res. 2015;32(3):779–92.

 73. Truong AS, Zhou M, Krishnan B, Utsumi T, Manocha U, Stewart KG, Beck W, 
Rose TL, Milowsky MI, He X, et al. Entinostat induces antitumor immune 
responses through immune editing of tumor neoantigens. J Clin Invest. 
2021;131(16):e138560.

 74. Hellmann MD, Janne PA, Opyrchal M, Hafez N, Raez LE, Gabrilovich DI, Wang 
F, Trepel JB, Lee MJ, Yuno A, et al. Entinostat plus Pembrolizumab in Patients 
with Metastatic NSCLC Previously Treated with Anti-PD-(L)1 Therapy. Clin 
Cancer Res. 2021;27(4):1019–28.

 75. Ny L, Jespersen H, Karlsson J, Alsen S, Filges S, All-Eriksson C, Andersson B, 
Carneiro A, Helgadottir H, Levin M, et al. The PEMDAC phase 2 study of pem-
brolizumab and entinostat in patients with metastatic uveal melanoma. Nat 
Commun. 2021;12(1):5155.

 76. Marrone KA, Landon BV, Topper MJ, Tsai H-L, Balan A, Niknafs N, Cherry C, 
White J, Hu C, Riemer J, et al. 604 Clinical and molecular findings from a 
randomized phase II study of epigenetic priming with azacitidine and enti-
nostat followed by nivolumab in previously treated metastatic non-small 
cell lung cancer. J Immunother Cancer. 2023;11(Suppl 1):A687–A687.

 77. Cadoo KA, Meyers ML, Burger RA, Armstrong DK, Penson RT, Gordon MS, 
Fleming GF, Moroney JW, Hamilton EP, Duska LR, et al. A phase II rand-
omized study of avelumab plus entinostat versus avelumab plus placebo 
in patients (pts) with advanced epithelial ovarian cancer (EOC). J Clin Oncol. 
2019;37(15_suppl):5511–5511.

 78. O’Shaughnessy J, Moroose RL, Babu S, Baramidze K, Chan D, Leitner SP, 
Nemsadze G, Ordentlich P, Quaranto C, Meyers ML, et al. Results of ENCORE 
602 (TRIO025), a phase II, randomized, placebo-controlled, double-
blinded, multicenter study of atezolizumab with or without entinostat in 
patients with advanced triple-negative breast cancer (aTNBC). J Clin Oncol. 
2020;38(15_suppl):1014–1014.

 79. Bewersdorf JP, Shallis RM, Sharon E, Park S, Ramaswamy R, Roe CE, Irish 
JM, Caldwell A, Wei W, Yacoub A, et al. A multicenter phase Ib trial of the 
histone deacetylase inhibitor entinostat in combination with pembroli-
zumab in patients with myelodysplastic syndromes/neoplasms or acute 
myeloid leukemia refractory to hypomethylating agents. Ann Hematol. 
2024;103(1):105–16.

 80. Yarchoan M, Hopkins A, Jaffee EM. Tumor Mutational Burden and Response 
Rate to PD-1 Inhibition. N Engl J Med. 2017;377(25):2500–1.

 81. Samstein RM, Lee CH, Shoushtari AN, Hellmann MD, Shen R, Janjigian YY, 
Barron DA, Zehir A, Jordan EJ, Omuro A, et al. Tumor mutational load pre-
dicts survival after immunotherapy across multiple cancer types. Nat Genet. 
2019;51(2):202–6.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in published 
maps and institutional affiliations.


	Combining ERAP1 silencing and entinostat therapy to overcome resistance to cancer immunotherapy in neuroblastoma
	Abstract 
	Background 
	Methods 
	Results 
	Conclusions 

	Background
	Methods
	Cell lines, reagents
	Generation of ERAP1 knockout cell lines
	Western blot analysis
	Flow-cytometry analysis
	Migration assay
	2D and 3D proliferation assays
	Tumor model and drug treatments
	Tissue dissection
	Co-culture experiments and chemokine analysis
	Immunohistochemistry and immunofluorescence analyses
	Immunopeptidomics analysis
	Analysis of MHC class I bound peptides in 9464D samples using an Evosep One—Bruker Tims TOF Pro 2 LC–MS system
	Data analysis
	Statistical analysis

	Results
	Downregulation of ERAP1 does not affect the surface expression of MHC class I molecules in 9464D cells
	Inhibition of ERAP1 renders 9464D cells more susceptible to lysis by immune cells
	Lack of ERAP1 is not sufficient to control the in vivo growth of 9464D cells
	The lack of ERAP1 affects the expression of entinostat-induced MHC class I molecules in 9464D cells
	Inhibition of ERAP1 leads to a change in the immunopeptidome of 9464D cells
	Lack of ERAP1 during entinostat treatment reprograms the tumor immune microenvironment to delay tumor progression
	Lack of ERAP1 in combination with entinostat and PD-1 blockade control tumor growth and increase host survival

	Discussion
	Acknowledgements
	References


