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Abstract
Oleoylethanolamide (OEA) and palmitoylethanolamide (PEA) are endogenous bioactive lipids

that act as selective agonists of the peroxisome proliferator-activated receptor o (PPAR«), a
nuclear receptor implicated in lipid metabolism, inflammation, and cancer biology. While their
anti-tumour potential has been suggested in various malignancies, their role in human
neuroblastoma (NB) remains unexplored. NB, a paediatric solid tumour with poor prognosis
in aggressive forms, may benefit from novel therapeutic strategies that exploit molecular
vulnerabilities and enhance the efficacy of existing treatments. Type I interferons (IFNs),
particularly IFNf, are cytokines with well-characterized antiviral and anti-proliferative actions
and documented capacity to trigger apoptosis in tumour cells, including NB. In this study, we
investigated whether OEA and PEA could modulate IFNB-induced responses in human SH-

SYS5Y NB cells.

Through a combination of viability assays, scratch wound healing, clonogenic assays, and
western blotting, we show that OEA and PEA significantly enhance IFNP-mediated
cytotoxicity. Co-treatment with IFN and either lipid potentiated apoptosis, as indicated by
increased cleavage of caspase 3 and poly-ADP-ribose polymerase (PARP), together with
reduced levels of survivin, a protein involved in anti-apoptotic regulation. Importantly, this
effect occurred without amplifying canonical IFNf signalling through the JAK-STAT pathway
or PKR induction, suggesting a parallel and complementary apoptotic mechanism.
Furthermore, OEA and PEA enhanced IFN-induced PD-L1 expression both in whole-cell
lysates and on the plasma membrane. Pharmacological inhibition and the genetic silencing of
PPARa attenuated PARP cleavage and PD-L1 upregulation, confirming the receptor’s

contribution to the observed effects.

Collectively, our findings demonstrate that OEA and PEA potentiate IFNf-induced apoptosis

in SH-SYSY cells through PPARa-dependent mechanisms that synergize with, but remain



distinct from, classical IFN signalling. This synergism promoting apoptotic cell death while
modulating PD-L1 expression, highlights a novel interplay between lipid signalling and
cytokine pathways in NB. These results open avenues for further studies aimed at evaluating
OEA and PEA as adjuvants in IFN-based therapies and raise the possibility that combining
bioactive lipids with immunomodulatory cytokines could improve therapeutic efficacy against

NB and other IFN-sensitive malignancies.



Introduction

Part I: Neuroblastoma
1- Neuroblastoma: A general introduction

Neuroblastoma (NB) is the most common extracranial solid malignancy in children, originating
from neural crest-derived progenitor cells of the sympathetic nervous system during embryonic
development. Primary NB tumours are typically located in the adrenal medulla or along the
sympathetic chain, including the abdomen, pelvis, thoracic, and cervical regions. The disease
often metastasizes to sites such as the liver, bone, lymph nodes, and, less commonly, the central
nervous system (Dubois et al.,, 1999; Kalaskar and Kalaskar, 2016; Mahapatra and
Challagundla, 2023). NB is generally diagnosed at a median age of 17-18 months, with
approximately 90% of cases occurring in children under five years of age. It accounts for
around 10% of all paediatric cancers and contributes to approximately 15% of childhood

cancer-related mortality (London et al., 2005; Park et al., 2010; Althoff et al., 2015).

Globally, the incidence of NB increased by 30.26% between 1990 and 2021. Similarly, both
NB-associated mortality and disability-adjusted life years, a parameter used to measure disease
burden, have risen by 20.35% and 20.08%, respectively (Nong et al., 2024). However, NB
prevalence shows marked geographic and socioeconomic disparities. A decline in incidence
and mortality has been observed in countries with high and medium-high sociodemographic
index (SDI), likely reflecting improved healthcare infrastructure, clinical awareness, early
diagnosis, and access to advanced therapies. Declining birth rates in these regions may also
contribute to the trend. In contrast, NB burden continues to rise in low, low-medium, and
medium SDI regions, underscoring disparities in healthcare access and disease management

(Nong et al., 2024).
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2- Symptoms, diagnosis, prognosis, and risk stratification of NB

Apart from the presence of protruding abdominal, thoracic or neck masses in patients (Chu et
al., 2011; Alvi et al., 2017; Mahapatra and Challagundla, 2023), common signs of NB manifest

as systematic symptoms including fever, anaemia, diarrhoea, weight loss and hypertension.

Neuroblastoma: Primary Tumor Origins and Clinical Landscape

é Diagnosis
Urine tests: T VMA, HVA, DA

Primary Tumour Sites

Blood tests: Ferritin, LDH (prognostic value)

Neck

Imaging: Ultrasound, CT, MRI for staging and surgery

Histology: Tumour characterization

Molecular analysis: MYCN, ALK, PHOX2B, 1p/11q loss, 17q gain,
DNA ploidy (FISH, NGS, aCGH)
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Figure 1: An overview of NB from primary tumour localization to genetic landscape, diagnosis,

prognosis, and therapeutic strategies

Other symptoms such as bone pain, proptosis, periorbital ecchymosis, pancytopenia, paralysis
and subcutaneous skin nodule can also be observed (Citak et al., 2006; Kalaskar and Kalaskar,

2016; Zhu et al., 2020) (Figure 1)

To diagnose NB, several laboratory tests, pathological exams and imaging techniques are used.
Because of their neuronal origin, NB cells can excessively release catecholamines and

catecholamine metabolites including dopamine, homovanillic acid (HVA) and

vanillylmandelic acid (VMA) (Romero et al., 2015; Harding et al., 2021). These molecules are

11
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considered robust and reliable biomarkers for the presence of NB, as elevated urinary levels

are observed in approximately 90% of affected paediatric patients (Strenger et al., 2007).

In addition, an overall blood analysis where different parameters, specifically ferritin and
lactate dehydrogenase, is performed as a basic and standard routine test for NB diagnosis (Hann
et al., 1980; Shuster et al., 1992; Tolbert et al., 2018) (Figure 1). This is mainly due to the

strong association that has been discovered between these parameters and survival in NB.

Furthermore, imaging techniques including ultrasound, cross-sectional computed tomography
imaging and magnetic resonance imaging (MRI) are essential for primary tumour
characterization, precise tumour monitoring and staging, as well as visualization for surgical
interventions and screening for any possible NB-related metastatic formations (Kembhavi et
al., 2015; Littooij and de Keizer, 2023). NB biopsies are also performed, particularly for
prognosis, and are used in histological and molecular testing (Paraboschi et al., 2021). The
histological subtype of the NB tumour, along with the patient’s age at diagnosis, can help in
risk stratification (Tolbert and Matthay, 2018). Additionally, molecular testing such as
fluorescent in situ hybridization (FISH), flow cytometry, next-generation sequencing (NGS),
and array comparative genomic hybridization (aCGH) are used to detect key prognostic
markers in NB, including MYCN gene amplification, cell ploidy status, somatic and germline
mutations (e.g., mutations in ALK, PHOX2B), and segmental chromosomal alterations such as
gains of 17q and losses of 1p and 11q, all of which contribute to risk stratification and
therapeutic decision-making (Ambros et al., 2009; Bosse et al., 2016; Tolbert and Matthay,

2018; Szymansky et al., 2021) (Figure 1).

The clinical behaviour of NB is highly heterogeneous, ranging from cases of spontaneous
regression to those exhibiting aggressive metastatic spread (Matthay et al,, 2016). This

variability is largely influenced by a combination of genetic and molecular characteristics,
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patient age at diagnosis, and disease stage (Tolbert and Matthay, 2018). To better predict
clinical outcomes and guide therapeutic decisions, several risk stratification systems have been
established to categorize NB into prognostic groups and tailor treatment intensity accordingly
(Tolbert and Matthay, 2018; Sokol and Desai, 2019; Pediatric Treatment Editorial Board,
2002). Over time, staging and risk assessment criteria have evolved to incorporate both
anatomical and biological parameters. The International Neuroblastoma Staging System
(INSS), developed in the early 1990s, is primarily based on surgical findings (Brodeur et al.,
1993), whereas the International Neuroblastoma Risk Group Staging System (INRGSS)
classifies tumours according to pre-treatment imaging features and specific biomarkers
(Monclair et al., 2009). In parallel, the Children’s Oncology Group (COG) Risk Classifier
integrates clinical, histological, and genetic factors such as MYCN amplification,
chromosomal aberrations, and ploidy status to refine patient stratification and optimize
treatment strategies (London et al., 2005) (Table 1).
3- Origin and pathophysiology of NB

During embryogenesis, the ventrolateral neural crest cells, endowed with multipotent
differentiation potential, migrate away from the neural tube to give rise to the sympathetic
ganglion cells and adrenal chromaftin cells (Cheung and Dyer 2013, Johnsen et al., 2019).
These multipotent precursors can be predisposed to alterations in differentiation, development
or in migration, leading to malignant transformation (Takita 2021; Louis and Shohet 2015).
Several regulatory mechanisms influence this process including genetic, epigenetic and
environmental factors (Jung et al.,, 2024). Although the exact causes of NB are not fully
elucidated, a great deal of interest has been given to the genetic component underlying this

disease.
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Table 1: A comparison between the different neuroblastoma staging and risk
stratification systems

System Stages Determining References
criteria
International Stage 1, 2A/ 2B, 3, Surgical-based Brodeur et al., 1993
Neuroblastoma 4,4S: findings
Staging System Tumour location,
(INSS) . .
resection margin
Used in North status, metastasis,
America lymph node
involvement...
International L1, L2, M, MS Pre-treatment Monclair et al., 2009
Neuroblastoma Risk imaging, image-
Group Staging defined risk factors
System

Age, histology,
(INRGSS) MYCN status, 11q

loss, DNA ploidy
International standard

Children Oncology Low risk, Combination of INSS London et al., 2005
Group Risk intermediate  risk stage, age, MYCN
Classifier and high Risk amplification,
histology, DNA
(COG) ploidy, 11q status

Used in the United
States of America

NB is a sporadic cancer with only 1-2% of cases being attributed to familial autosomal
dominant inheritance (Ritenour et al., 2018). Nevertheless, the genetic component in NB
pathogenesis is very important. Thanks to genome-wide association study (GWAS), more
insights have been provided on the genetic basis of spontancous NB (Ritenour et al., 2018).
The underlying genetic contribution to familial NB oncogenesis is attributed to two key
germline mutations in the paired-like Homeobox 2B (PHOX2B) gene and the anaplastic

lymphoma kinase (ALK) gene (Trochet et al., 2004; Moss¢ et al., 2008).
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PHOX2B, atranscription factor that is crucial for neural crest differentiation into noradrenergic
neurons, is found to be mutated in 10% of familial cases and 2% of spontaneous NB cases (Van
limpt et al., 2004; Serra et al., 2008). ALK, on the other hand, a receptor tyrosine kinase
involved in neurogenesis and neuronal differentiation, is the most mutated gene in both familial
and sporadic cases (O’Donohue et al., 2021; Wulf et al., 2021). Mutations in R1275, F1174,
and F1245 account for around 85% of ALK mutations in NB. While R1275Q is the most
common mutation in familial cases, mutations in F1174 and F1245 are found in sporadic NB
(Janoueix-Lerosey et al., 2008; Maris, 2010). Gene amplification that leads to an enhancement
in ALK expression and its constitutive activation is also a mechanism by which ALK is
involved in NB oncogenesis (Aktas et al., 2023), in addition to other genetic alterations that
result in the truncation of this receptor, both of which are less frequently found in comparison
to point mutations (Trigg and Turner 2018). Alternatively, the overexpression of ALK without
any underlying genetic mutation or amplification is also observed in some NB tumours, leading

to a hyperactivation of its downstream signalling pathways (Passoni et al., 2009).

Sporadic NB, accounting for over 98% of cases, is believed to arise from somatic genetic
alterations during neural crest cell development (Yadwad et al., 2024). With few recurrent
driver mutations, key somatic changes are implicated in genes such as MYCN and ALK.
MYCN, a member of the MYC oncogene family, is one of the first genetic markers discovered
and characterized for its involvement in NB tumorigenesis (Kohl et al., 1983; Weiss et al.,
1997). MYCN is a transcription factor involved in cellular survival, growth and proliferation
(Miiller et al., 2024). In approximately 20-30% of NB cases, MYCN is found to be amplified.
In this case, tumours are directly classified into the high-risk class characterized by poor
prognostic outcomes and an overall survival rate that is inferior to 50% (Huang and Weiss

2013; Otte et al., 2021; Miiller et al., 2024).
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Somatic activating ALK mutations, similar to those found in familial cases, are found in 9% of
NB tumours and 14% of high-risk cases (Janoueix-Lerosey et al., 2008; Trigg and Turner
2018). Other somatic alterations include inactivating mutations in ATRX, p53 pathway
disruptions, and segmental chromosomal aberrations such as deletions of 1p and 11q or gain of
17q, which likely target tumour suppressors and oncogenes that are important in neural crest
cell growth (van Gerven et al., 2022; Tweddle et al., 2003; Mlakar et al., 2024; Guan et al.,

2021).

4- Treatment of NB
NB treatment is risk-adapted. Low-risk patients, with a five-year overall survival (OS) >90%,
often require only observation or surgery due to the potential for spontaneous regression (PDQ
Pediatric Treatment Editorial Board 2025). Intermediate-risk NB is managed with biology-
driven chemotherapy, typically followed by surgery and, in some cases, radiotherapy (Luo et
al., 2018; Twist et al., 2018). High-risk NB, associated with a five-year OS <60%, requires an
aggressive multimodal strategy including induction chemotherapy and tumour resection,
consolidation with high-dose myeloablative chemotherapy and autologous hematopoietic stem
cell transplantation (AHSC), frequently combined with radiotherapy, and post-consolidation
immunotherapy and differentiation therapy with 13-cis-retinoic acid (Luo et al., 2018; Twist et
al., 2018; Casey et al., 2018; Makimoto et al., 2024). Targeted therapies such as ALK
inhibitors, HDAC inhibitors, and antibody conjugates have recently been introduced to
improve specificity and reduce toxicity (Witt et al., 2009; Buongervino et al., 2021; Pastorino

et al., 2023; Balla et al., 2025).

Despite these advances, relapse due to therapy-resistant residual disease remains frequent and
often fatal (Cole et al., 2012; Moreno et al., 2017). Treatment intensification is limited by

severe toxicity, while acquired resistance, tumour heterogeneity, variable target expression,
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and high costs further compromise efficacy (Zhou et al., 2023; Lundberg et al., 2022; Benchia
et al., 2025). These challenges underscore the need for more effective, safer, and accessible

therapeutic strategies for paediatric NB.

5- 1In vitro research in cancer and NB

In vitro models are essential tools in cancer research, enabling studies of tumour biology and
systematic evaluation of anti-cancer compounds under highly controlled conditions (Katt et al.,
2016; Antunes et al., 2020). Both two and three-dimensional cancer cell cultures are widely
used to investigate intracellular signalling pathways, characterize oncogenic drivers, and assess
drug efficacy across defined doses and time courses. By recapitulating key cellular processes
such as proliferation, migration, and apoptosis, in vitro systems provide a robust foundation for
hypothesis testing prior to more complex in vivo studies (Sajjad et al., 2021; Zhang et al.,

2024).

These models offer high reproducibility, experimental flexibility, cost-effectiveness, and rapid
throughput compared to animal models, making them indispensable for cancer research and
drug development. However, their inability to fully reproduce the tumour microenvironment
(TME) and complex cell-to-cell interactions limits accurate modelling of processes such as
metastasis and immune evasion, potentially affecting translational relevance (Katt et al., 2016;

Antunes et al., 2020).

NB research relies on a broad panel of well-characterized human and murine cell lines that
reflect the molecular heterogeneity and clinical diversity of the disease (Ornell and Coburn,
2019). Commonly used human NB cell lines include SH-SYS5Y, SK-N-BE (2), SK-N-AS, IMR-
32, Kelly, LAN-1, and LAN-5, alongside murine lines such as Neuro-2a and N1E-115 (Cogo
et al., 2020; Krawczyk and Kitlinska, 2023). These cell lines recapitulate key genetic alterations
observed in patients. MYCN amplification, present in approximately 20% of NB cases and

associated with aggressive disease, is represented in lines such as IMR-32, BE (2)-C, and Kelly
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(Upton et al., 2020), while activating mutations of the ALK receptor tyrosine kinase, including
the F1174L hotspot mutation, are found in SH-SYS5Y, Kelly, and LAN-1 cells, while LAN-5
harbours distinct ALK variants (George et al., 2008).

6- SH-SYSY cells an in vitro model of NB
SH-SYS5Y is a human NB cell line that is widely used as an in vitro model for neuronal cells in
biomedical research. It is a thrice-subcloned subline of the parental SK-N-SH NB cells. These
derive from a bone marrow biopsy established in the early 1970s from a 4-year-old female

patient with NB (Biedler et al., 1973).

SH-SYSY cells have garnered attention thanks to their neuronal characteristics despite their
tumoral origin. They display a characteristic morphology with elongated neuritic processes and
possess the biochemical machinery necessary for neurotransmitter synthesis (Kovalevich and
Langford, 2016). The expression of enzymes such as tyrosine hydroxylase and dopamine-[3-
hydroxylase enables the production of dopamine and norepinephrine, conferring them with a
distinct catecholaminergic phenotype (Kume et al., 2008; Kovalevich and Langford 2016).
Additionally, they express cholinergic markers such as choline acetyltransferase, indicating a
degree of neurotransmitter versatility (de Medeiros et al., 2019; Ducray et al., 2020). They also
express a broad range of neurotransmitter receptors including adrenergic, dopaminergic,
glutamatergic, and cholinergic receptors (Adem et al., 1986; Lopes et al.,, 2010). These
characteristics and features further emphasize their adrenergic nature, like that of sympathetic

neurons, a common origin for the rise of primary NB tumours.

SH-SYSY cell line represents the most used cell line for the investigation and the study of NB
(Cogo et al., 2020). Because of its human origin, stable growth properties, and neural lineage
features, SH-SYS5Y continues to serve as a fundamental translational model for understanding
NB biology and screening potential therapeutical compounds (Gheeya et al., 2009). SH-SYS5Y

cells harbour an activating ALK F1174L mutation and carry a MYCN gain, which is a moderate
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increase in the number of MYCN copies that has limited clinical impact (Lodrini et al., 2017).
Therefore, these cells can recapitulate intermediate-risk tumour behaviour in comparison to
other NB cell lines such as IMR-32, Kelly and LAN-1 that model high-risk MY CN-amplified

NB subtypes (Upton et al., 2020).

Beyond its oncologic properties, SH-SYSY is one of the most used human NB cell-line in
neuroscience research as well. Its ability to proliferate in a tumoral-like manner and its capacity
to differentiate into a more neuronal-like phenotype upon exposure to certain treatments such
as retinoic acid, combined with its human origin that allows expression of neuron-specific
proteins that are absent in animal models, makes it an optimal and practical alternative to
primary neurons, particularly for studying neurodegenerative diseases such as Parkinson’s and

Alzheimer’s disease (Forster et al., 2016; Xicoy et al., 2017; de Medeiros et al., 2019).
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Part II: Key tumoral mechanisms and signalling pathways: Apoptosis,
immune evasion and p38 MAPK

Apoptosis and immune evasion are two critical biological processes that play central roles
in cancer development and progression. While apoptosis ensures the controlled elimination of
damaged or unwanted cells, immune checkpoints regulate immune responses to maintain self-
tolerance and prevent autoimmunity (Igney and Krammer 2002; Elmore 2007; Galassi et al.,

2024).

1- Intrinsic and extrinsic apoptosis pathways

Apoptosis is a regulated and programmed form of cell death that is essential for normal
biological functioning and for the preservation of tissue homeostasis (Afford and Randhawa
2000). It has two main pathways: the extrinsic (death receptor-mediated) and the intrinsic
(mitochondrial) pathway, both of which ultimately lead to the activation of caspases, the

effector proteins of apoptosis (Mustafa et al., 2024).

In general, the extrinsic pathway is triggered by the binding of death ligands such as FasL or
TNF-a to their receptors Fas and TNFR, also referred to as death receptors. Once activated, the
intracellular domain of these receptors recruit what is known as adapter proteins including TNF
receptor-associated death domain (TRADD) and Fas-associated death domain (FADD). This
is followed by a cascade of reactions that initiates the assembly and activation of pro-caspase
8 which then directly leads to the activation of caspase-3 (Ashkenazi et al., 1998; Li et al.,

1998) (Figure 2).

The intrinsic pathway, on the other hand, is activated by intracellular stress induced by
oxidative stress or DNA damage via exposure to radiation and chemicals. When looking at the
core molecular events of intrinsic apoptosis, this pathway involves the permeabilization of the

mitochondrial outer membrane through the dysregulation of the BCL2 family, a class of protein
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that includes both anti-apoptotic MCL-1 and BCL2 as well as pro-apoptotic Bax and Bak. The
latter collectively control mitochondrial integrity and play a regulatory role in apoptosis
(Brunelle and letai 2005; Kalkavan and Green, 2018). The permeabilization of the
mitochondrial membrane leads to the release of cytochrome ¢, Smac, DIABLO and HtrA2.
These represent a group of apoptogenic proteins that reside within the intermembrane space of
the mitochondria (Cory and Adams, 2002; Wang and Youle, 2016). Once in the cytoplasm, the
formation of apoptosomes with APAF1 and caspase-9 takes place, followed by downstream

caspase-3 activation (Zou et al., 1999; Green and Llambi, 2015).
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Figure 2: General schematic representation of the extrinsic and intrinsic apoptotic
pathways

A simplistic illustration of the main proteins involved in the signalling cascades of the
extrinsic intrinsic apoptosis pathway. Extrinc apoptosis (left) is triggered by death
receptors (TNFR and Fas), leads to caspase-8 activation and eventual cell death.
Intrinsic apoptosis pathway (Right) is initiated by cellular stress signals and involves as
a hallmark the mitochondrial cytochrome c release and caspase-9 activation.
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Caspase-3, as an executer of apoptosis, further cleaves poly (ADP-ribose) polymerase-1
(PARP-1) a DNA repair protein, thereby promoting and guarantying DNA fragmentation and
cellular death (Soldani and Scovassi 2002). Furthermore, inhibitor of apoptosis proteins (1APS)
such as XIAP and survivin, are suppressed by the release of the mitochondrial apoptogenic
proteins in the cytosol, thus allowing caspase activation to proceed and ensuring the effective

execution of apoptosis (Altieri 2011) (Figure 2).

2- Immune checkpoints and PD-L1 in tumours

a) Introduction on immune checkpoints

Tumours can escape immune surveillance by utilizing immune checkpoint pathways. Immune
checkpoints are crucial regulatory pathways that modulate the magnitude and specificity of
immune responses, maintaining self-tolerance and preventing excessive immune activation that
could result in damage to healthy tissue (Taefehshokr et al., 2020; He and Xu 2020; Tufail et

al., 2025).

The most renowned and studied key checkpoints are CTLA-4 and the programmed death-1
(PD-1/PD-L1) axis that act as inhibitory regulators on T cells. While tumours upregulate the
expression and recruitment of CTLA-4—bearing regulatory T cells to suppress anti-tumour T
cell responses (Buchbinder and Desai 2016; Lin et al., 2024), the PD-1/PD-L1 checkpoint axis

functions differently within the TME.

PD-1 is an immune-inhibitory receptor expressed mostly on activated T cells while its ligand
PD-L1 is expressed on the surface of tumour and tumour-infiltrating immune cells (Simon and
Labarriere 2017). By upregulating PD-L1 expression on their surface, tumour cells allow the
binding of this receptor to PD-1 on tumour-specific T cells, thereby effectively neutralizing
their cytotoxic function (Buchbinder and Desai 2016; Lin et al., 2024). In this way, cancer cells

can ‘hijack’ the immune checkpoint system and effectively evade immune surveillance,
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contributing to the formation of an immunosuppressive microenvironment that impairs effector
lymphocytes and enables tumour growth despite an active immune response.
b) The mechanism of action of the PD-1/PD-L1 pathway
Upon PD-L1 binding, two signal transducer motifs found in the cytoplasmic tail of PD-1, the
immunoreceptor tyrosine-based inhibition motif (ITIM) and the immunoreceptor tyrosine-
based switch motif (ITSM), become phosphorylated and lead to the recruitment of the
phosphatase SHP-2 (Bardhan et al.,, 2016; Marasco et al., 2020). SHP-2 subsequently
dephosphorylates critical intermediates in the signalling of TCR/CD28, which normally
mediates antigen recognition and co-stimulatory signals that activate downstream kinase
cascades essential for T-cell proliferation and effector function (Esensten et al., 2016; Hui et
al., 2017). Consequently, effector T cells fail to effectively proliferate or induce their cytotoxic
activity against PD-LI—expressing tumour cells, shifting the immune balance toward
suppression (Lin et al. 2024). PD-L1 is overexpressed in a wide range of malignancies
including non—small cell lung cancer (NSCLC), melanoma, NB, glioblastoma, renal cell
carcinoma, and breast cancer (Dondero et al., 2015; Mandala et al., 2016; Qian et al., 2018;
Lamberti et al., 2020; Sobhani et al., 2023). This overexpression clinically correlates with poor
prognosis, consistent with its role in suppressing anti-tumour immunity.
¢) Regulation of PD-L1 expression in tumours: IFNs role

PD-L1 expression in the TME is dynamically regulated by both intrinsic oncogenic
(genetic/epigenetic) pathways and extrinsic adaptive inflammatory signals (cytokine-driven)
(Asgarova et al, 2018). While tumour-intrinsic genetic alterations such as MYC
activation, epidermal growth factor receptor mutations and chromosomal 9p24.1 amplification
can constitutively upregulate PD-L1 via PI3K—AKT, MAPK, STAT3 and nuclear factor-xB
(NF-kB) signalling pathways (Barrett et al., 2015; Tang et al., 2015; Kim et al., 2017), another

important adaptive resistance mechanism is the upregulation of PD-L1 in response to
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interferons (IFNs) and other cytokines produced by activated T cells (Wang et al., 2017).
Several studies have highlighted how IFNs can lead to the upregulation of PD-L1 in different
cancers including ovarian cancer, gastric cancer and NB (Abiko et al., 2015; Dondero et al.,

2015; Mimura et al., 2017; Padmanabhan et al., 2022).

Infiltrating CD8+ T cells secreting IFN-y can induce robust PD-L1 and participate in the
creation of what is referred to as adaptive immune resistance, a feedback loop that enables
immune attack on malignant cells (Cui et al., 2024). Through the activation of the JAK/STAT
pathways, IFN-y induces PD-L1 transcription as a means for tumours to counteract T cell
cytotoxicity. Upon exposure to IFN-y, tumour cells rapidly activate STAT1 which leads to the
recruitment of the transcription factor IRF1 to the PD-L1 promoter, resulting in an upregulation
of PD-L1 mRNA, which drives transcription of PD-L1, ultimately resulting in increased PD-
L1 surface expression (Garcia-Diaz et al., 2017). It is also noteworthy to mention that type I
IFNs have been shown to similarly upregulate PD-L1, nevertheless, the magnitude and the
intensity of the response is less than that observed with IFN-y (Garcia-Diaz et al., 2017; Bazhin
et al., 2018; Morimoto et al., 2018).
d) PD-LI therapeutic targeting

With PD-L1 being expressed on tumour cells, tumour-infiltrating immune cells, and antigen-
presenting cells across multiple cancer types, studies have investigated the clinical relevance
and advantages of targeting the PD-1/PD-L1 axis with therapeutic antibodies through
checkpoint blockade therapy. Anti-PD-1 and anti-PD-L1 monoclonal antibodies such as
nivolumab, pembrolizumab, atezolizumab... etc, are now approved for therapeutic use against
numerous cancers (Topalian et al., 2012; Jiang et al., 2019). By blocking PD-1/PD-L1 signal,
the anti-tumour immune function is restored, leading to enhanced T-cell proliferation, cytokine

production, and cytotoxic activity (Jenkins et al., 2018; Jiang et al., 2019).
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Melanoma and NSCLC were among the first solid tumours to respond positively and maintain
a durable remission after anti-PD-1 therapy (Topalian et al., 2014; Punekar et al., 2022). Several
trials have reported positive response rates ranging from 20-30% in advanced melanoma,
NSCLC, and RCC after treatment with PD-1 antibodies, with many responses lasting beyond
one year (Topalian et al., 2012; Robert et al., 2018). It is important to note that the effectiveness
of immunotherapy utilizing anti-PD1 antibodies is tied to the level of PD-L1 expression. In
addition, the level of this expression can also be used as a predictive biomarker for
immunotherapy success. This has been seen in studies with NSCLC and melanoma where high
tumour PD-L1 leads to substantial anti-PD1 response and improved overall survival (Topalian

et al., 2012; Reck et al., 2016).

Interestingly, other cancers that are classically less responsive to immunotherapy have also
shown that in the case of PD-L1 expression, checkpoint blockade can significantly improve
outcomes. In a large recent clinical trial, the use of anti-PD-L1 antibody atezolizumab in
combination with bevacizumab, an antibody targeting the vascular endothelial growth factor A
(VEGF-A), as well as the chemotherapeutic agent paclitaxel significantly prolonged
progression-free survival in patients with metastatic triple-negative breast cancer (TNBC)
(Gion et al., 2025), an aggressive subtype known to be refractory to several standard treatment
underscoring how checkpoint inhibition via PD-1/PD-L1 axis targeting can be utilized to
render resistant cancers more susceptible.
e) PD-L1 expression, function and therapeutic implication in NB

PD-L1 is expressed on NB cells, although reports vary widely with immunohistochemical
studies finding PD-L1 positivity in anywhere from 15% to more than 70% of NB tumours
(Wienke et al., 2021). Several studies have linked higher PD-L1 expression in NB to more
advanced stage, inferior survival, and general poor outcomes (Chowdhury et al., 2015; Saletta

et al., 2017; Zuo et al., 2020). Nevertheless, other controversial findings have reported that
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lower PD-L1 was found in aggressive MY CN-amplified and high-risk NB tumours leaving the

prognostic significance of PD-L1 to be uncertain in NB (Wienke et al., 2021).

When it comes to its expression, NB cells show both constitutive and inducible PD-L1. Nearly
all tested NB cell lines display baseline PD-L1 on the surface (Dondero et al., 2015). In
addition, and as previously mentioned, PD-L1 is further upregulated by inflammatory
mechanisms such as IFN-y exposure that has been proven to drive robust PD-L1 induction in

several NB cell lines and xenografted tumours (Dondero et al., 2015; Nallasamy et al., 2018).

Furthermore, the presence of a functional PD-1/PD-L1 pathway in NB has led to its
investigation as a target for checkpoint blockade therapies. The blockade of PD-1/PD-L1 using
the novel compound SF-9-2 successfully decreased NB cell proliferation and migration while
also restoring T cell activity through reactivating its proliferative and cytokine productive
actions in in vitro co-culture systems (Wang et al., 2025). Moreover, a NB mouse model treated
with SF-9-2 also exhibited a strong tumoral growth inhibition, confirming the efficacy of PD-

1/PD-L1 pathway targeting (Wang et al., 2025).

Early-phase clinical trials of PD-1/PD-L1 inhibitors in several paediatric solid tumours
including NB have shown some success as reported in a study where anti-PD1 prolongs
survival of patients with recurrent and metastatic NB (Hoshi et al., 2024). Nevertheless, its
action has been proven to be limited, likely due to low immunogenicity in NB in comparison
to other cancers such as melanoma or NSCLC (Kennedy et al., 2023). Therefore, combination

therapy has been actively explored to render these tumoral cells more vulnerable.

In line with this, a study has indeed reported that PD-1/PD-L1 blockade alone was ineffective
against disseminated NB, but when used in combination with an anti-CD4 monoclonal
antibody induced strong CD8+ T cell-mediated responses and provided long-term protection

and improved survival in mice bearing NB tumours (Rigo et al., 2017).
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Similarly, combined immune checkpoint blockade with anti-PD-1 and anti-CTLA-4 antibodies
has been reported to be more effective than single-agent therapy in suppressing established NB
tumours (Shirinbak et al., 2021). Moreover, the administration of chemotherapy prior to these
immunotherapeutic options further improved survival, highlighting multimodal approaches as
a promising treatment for NB (Shirinbak et al., 2021). A clinical study has also documented
two cases of refractory NB in which treatment with the PD-1 inhibitor nivolumab in
combination with the anti-GD2 antibody dinutuximab beta resulted in the remission of both
NB patients (Ehlert et al., 2020). These findings suggest that dual targeting of PD-1 and GD2
may represent a rational strategy to overcome resistance in high-risk NB and warrant further
clinical investigation.
3- p38MAPK signalling pathway in cancer

The p38 mitogen-activated protein kinase (p38 MAPK) pathway is a highly conserved kinase
cascade that serves as a central mediator of cellular responses to stress signals (Zarubin and
Han 2005; Canovas and Nebreda, 2021). In mammals, there are four p38 isoforms (p38a/p/y/o,
encoded by MAPK14, MAPK11, MAPKI12, MAPK13 respectively) that share activation

mechanisms but have distinct expression patterns and functions (Cuadrado and Nebreda, 2010).

p38a is the most ubiquitously expressed and was originally identified as a 38-kDa protein
rapidly phosphorylated in cells exposed to endotoxin and hyperosmotic shock (Han et al.,
1994). All p38 isoforms are threonine/tyrosine kinases activated by dual phosphorylation on a
conserved Thr-Gly-Tyr motif in their activation loop. This phosphorylation is carried out by
the upstream MAPK kinases MKK3 and MKK®6, which themselves are activated by a variety
of MAPK kinases in response to stress (Enslen et al., 1998). Notably, p38 responds to a wide
range of stressors including inflammatory cytokines, UV irradiation, oxidative stress, DNA
damage, and osmotic shock (Zarubin and Han, 2005; Kyriakis and Avruch, 2012; Canovas and

Nebreda, 2021).
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Once activated, p38 MAPKs phosphorylate a broad array of substrates both in the cytoplasm
and nucleus, including transcription factors such as ATF2 and p53, cell-cycle regulators, and
downstream kinases like MK2/3 that modulate mRNA stability and translation, thereby
orchestrating complex cellular programs (Zarubin and Han, 2005). Interestingly, the outcome
of p38 signalling on the cell is closely dictated by its amplitude and duration; strong or
sustained p38 activation drives apoptosis, senescence or differentiation, while transient, low-
level p38 activity promotes cell survival (Puri et al., 2000; Haq et al., 2002).
a) The dual role of p38MAPK in cancer

Given its functions in growth arrest, apoptosis, and differentiation, p38 has been implicated in
tumour suppression and was initially characterized as a tumour-suppressor kinase for its ability
to antagonize oncogenic signals (Martinez-Limon et al., 2020). One mechanism of this anti-
cancer effect is via enforcing oncogene-induced senescence through inducing an irreversible
cell-cycle arrest accompanied by senescence markers (Haq et al., 2002). In addition, it has been
demonstrated that the inhibition of p38 signalling allows cells to bypass senescence and
undergo transformation (Hui et al., 2007). Moreover, mice lacking p38a or lacking the p38-
activated MAP kinase-activated protein kinase 5 (MAPKAPKS) show accelerated cancer
development, supporting that the p38 pathway normally restrains tumorigenesis in mammary
and skin cancer (Bulavin et al, 2004; Sun et al.,, 2007). Conversely, removing negative
regulators of p38 such as Wipl has been proven to reduce mammary tumour formation in mice,

confirming its anti-cancer effects (Bulavin et al., 2002).

On the other hand, and oppositely to what was reported above, several studies have conversely
showed that p38 MAPK can also function as a tumour promoter in certain contexts (Gupta et
al., 2014; Kudaravalli et al., 2022). The latter has been found to be hyperactivated in certain
tumours enhancing their survival, invasiveness, and contributing to therapy resistance. For

instance, head & neck squamous cell carcinoma as well as lung carcinoma cells frequently
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show elevated active p38 compared to normal cells (Greenberg et al., 2002; Leelahavanichkul
et al., 2014). In breast cancer, p38a was found to be required for efficient tumour growth since
the ablation of p38a caused excessive replication stress, chromosome instability and
consequently limited the tumour’s progression (Canovas et al., 2018). Similarly, p38 signalling
was also linked to improved invasion and metastasis in bladder cancer cells (Kumar et al.,
2010). Furthermore, in KRAS-driven lung cancer, p38a switches from a tumour-suppressive
role to a tumour-promoting role by sustaining growth signals. Blocking p38a reduces lung

tumour cell proliferation and slows their progression (Vitos-Faleato et al., 2020).

This dual action of p38 between tumour-suppressive and tumour-promoting roles can be, as
mentioned before, reconciled by considering context and timing. Early in tumour development,
when oncogenic stress first arises, p38 activation tends to trigger anti-proliferative responses
(DNA repair, apoptosis or senescence) that suppress tumour initiation. However, in established
tumours, especially under harsh microenvironmental conditions such as elevated inflammation
or during treatment initiation with chemotherapy for example, cancer cells that maintain or
reactivate p38 signalling gain a survival advantage (Martinez-Limon et al., 2020).
b) p38MAPK signalling in NB

In NB, reports indicate that p38 signalling mediates an aggressive phenotype of this cancer.
Exposure to chemotherapeutic agents such as etoposide has been shown to strongly activate
p38 in NB cells, which in turn induces drug-efflux genes such as MDR1, thereby endowing
these cells with chemoresistance (Marengo et al., 2013). Moreover, pharmacologic inhibition
of p38a/P sensitizes NB cells to etoposide, further confirming its involvement in treatment
resistance. This is achieved through promoting angiogenesis and invasive markers like VEGF
expression and MMP-9 activity in NB cells, driving its progression and metastasis (Marengo

et al., 2013).
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In addition, treatment of SH-SYS5Y NB cells with IFN was shown to activate p38 MAPK
(Dedoni et al., 2014), most importantly, this signalling pathway was found to counteract IFN(3-
induced apoptosis, showing that p38 functions as a pro-survival mediator in the IFN response.
Conversely, p38 signalling has been oppositely linked to the induction of apoptosis by
mediating reactive oxygen species induced NB cell death after treatment with the anti-cancer
agent Fenretinide (Osone et al., 2004). This underscores the dual and context-dependent role
of p38 MAPK in cancer, particularly in NB, acting either as a pro-survival factor that promotes

tumour progression, or as a pro-apoptotic mediator in response to specific stress signals.

30



Part I11: Interferons

1- IFN classes, subtypes and receptors: A comprehensive overview

Interferons (IFNs), mainly named upon their discovery in 1957 for their ability to ‘interfere’

with viral infection, are a family of cytokines that are endowed with several
immunomodulatory, anti-proliferative and anti-tumoral properties (Isaacs and Lindenmann
1957; Negishi et al., 2018). IFNs are class II alpha-helical cytokines and are generally
categorized in humans into three subclasses, type I, type I, and type III, each of which uses a

well-defined and distinct receptor complex (Table 2) (Pestka et al., 2004; de Weerd and Nguyen

2012; Negishi et al., 2018).

Table 2: Comparison of type I, II and III interferons

IFN Subtypes Receptor Expression Key Features
Type Complex Pattern
Typel IFNa (13 IFNAR Widely expressed = Strong antiviral
IFNs subtypes), heterodimer: activity, first line
IFNB, IFN-€, _ of defence and
IFN-K, IFN- 'Fﬁ'.\”.*tm low has a broad
w amnity activity due to its
IFNAR2: high wide expression
affinity
Type Il  IFN-y IFNGR: IFNGR1  Broadly Immunoregulatory
IFN and IFNGR2 expressed: Mostly role: Bridges
in immune cells innate and
adaptive immunity
Type IFN-A1 (IL- IFNLR1 (IL- Mostly epithelial Tissue specific
IIFNs 29), IFN-A2  28RA) and IL- cells and antiviral activity:
(IL-28A), 10R2 (shared restricted tissue important for
IFN-A3 (IL- with IL-10 and distribution mucosal immunity
28B) IL-22)

Type I IFNs include IFNa, IFNf, and several other less known subtypes which are IFN-g, IFN-

k and IFN-. On the other hand, Type II IFN is represented by a single member, IFN-y. Later
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in 2003, a genome analysis study identified a new IFN subtype, type III IFNs, also referred to
as [FN-A (Sheppard et al., 2003; Kotenko et al., 2003).
2- IFNs cellular signalling pathway

Type I and type II IFNs signal through IFNAR and IFNGR, respectively. Both receptors are
heterodimeric single pass transmembrane proteins (Platanias, 2005). IFNAR is composed of
IFNARI1 (low-affinity) and IFNAR2 (high-affinity) subunits while IFNGR is comprising
IFNGRI1 and IFNGR2 chains. The subunits of both receptors interact directly with a member
of the Janus activated kinase (JAK) family, an important component of the Janus kinase/signal
transducers and activators of transcription (JAK/STAT) pathway through which IFNs signal
mainly. IFNAR subunits are associated with JAK1 and tyrosine kinase 2 (TYK2), while those
composing IFNGR interact with JAK1 and JAK2 (Platanias, 2005; de Weerd and Nguyen

2012).

Unlike type I and type II IFNs, type III IFNs signal through a receptor complex composed of a
unique subunit, IFNLR1, and a shared subunit, IL10RB, which is also utilized by IL-10, IL-
22, and IL-26 (Kotenko et al., 2003; Mendoza et al., 2017). IFN-A first binds to IFNLR1 and
subsequently recruits IL10RB to form the functional signalling complex. Similar to type I IFNSs,
the kinases associated with the IFNLR subunits are JAK1 (for IFNLR1) and TYK2 (for

IL10RB) (Kotenko et al., 2003; Mendoza et al., 2017).

Once the IFN binds to its receptor, the associated JAKs are rapidly activated through
autophosphorylation and will then themselves activate STAT proteins. In the case of type I
IFNs, the STAT1 and STAT?2 will dimerize and further associate IFN-regulatory factor 9 (IRF9)
to form the IFN-stimulated gene factor 3 (ISGF3) complex (Platanias 2005). The latter will
then translocate to the nucleus and bind to IFN-stimulated response elements (ISRE) in gene
promotors to consequently induce the transcription of what is known as [FN-stimulated genes

(ISGs). These genes give rise to several proteins, also referred to as IFN-induced proteins, that
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reinforce IFN response through transducing different signalling pathways (Schneider et al.,

2014; Lukhele et al., 2019) (Figure 3).

As for IFN-y, homodimers of STAT1 bind to gamma-activated sequence (GAS) elements in
target gene promoters, inducing a distinct set of genes (Hu and Ivashkiv, 2009) (Figure 3).
Aside from the classic JAK-STAT route, IFNs activate other non-canonical signalling pathways
that contribute to the full spectrum of IFN responses including MAP kinase, PI3K/AKT, and
NF-«B (Mazewski et al., 2020).

3- IFNs therapeutic application: Between viral infections and cancer
As previously mentioned, IFNs derive their name from their ability to interfere with viral

infections. Thanks to recombinant DNA technology, IFNs were FDA approved and used for
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Figure 3: Signalling pathways activated by type I, II, and III interferons
The diagram illustrates the distinct receptor complexes and downstream signalling cascades
of type | (IFNa/B), type Il (IFN-y), and type Il (IFN-A) interferons. Activation of JAK/STAT
pathways leads to the formation of transcriptional complexes that translocate into the
nucleus and bind specific DNA elements: ISRE for type | and Il IFNs, and GAS for type I
IFN.
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several viral diseases including hepatitis B and C (Borden et al., 2007; Chen and Yu 2010). By
1986, recombinant IFNa2 became the first IFN approved by the U.S. FDA for the treatment of
hairy cell leukaemia (Quesada et al., 1986). As years went by, IFNs were used for multiple
other cancers including myelogenous leukaemia, low-grade lymphomas, AIDS-related
Kaposi’s sarcoma, malignant melanoma and renal cell carcinoma (Murren and Buzaid 1989;
Mitsuyasu 1991; Fossé 2000; Di Trolio et al., 2015; Healy et al., 2021). In 1993, IFNf3 was
approved as the first disease-modifying therapy for multiple sclerosis (MS), thanks to its ability
to balance and reduce autoimmune T cell activity in the central nervous system (Paty and Li

1993; Nakatsuji et al., 2007)

Several mechanisms endow IFNs with these antiviral and anti-tumoral properties. Upon
infection, virus-infected cells release type I IFNs, which trigger an antiviral state in both
infected and neighbouring cells through the activation of the JAK-STAT pathway, which
induces the expression of ISGs that directly inhibit viral replication and promote apoptosis in
infected cells, thus limiting viral spread (Stetson and Medzhitov, 2006). In addition, in cancer,
IFNs signalling can upregulate the expression of genes that cause cell-cycle arrest, induce
apoptosis, and inhibit tumour cell survival and proliferation (Chawla-Sarkar et al., 2003; Sato

et al., 2006; Parker et al., 2016).

IFNs can also exert important immunomodulatory functions. Type I IFNs can enhance MHC
class I expression across almost all cell types (Seliger et al., 2020), while IFN-y induces MHC
class II on both immune cells such as macrophages, dendritic cells, as well as non-immune
cells such as fibroblasts (Buttice et al., 2006; Bian et al., 2023). By increasing the presentation
of viral or tumour-derived antigens on MHC I and II molecules, IFNs facilitate the recognition
and elimination of infected or malignant cells by cytotoxic T lymphocytes (CD8* T cells) and

helper T cells (CD4").
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While IFN-A shares signalling mechanisms with type I IFNs through the JAK-STAT pathway,
its restricted receptor distribution enables it to act predominantly on mucosal cells found in the
respiratory and gastrointestinal epithelia where it functions as a first-line defence against viral
replication in these tissues during respiratory and enteric infections (Lasfar et al., 2016).
4- IFNB in NB

IFNB has been proven to successfully modulate NB tumour vasculature and perfusion,
enhancing blood flow and delivery of adjuvant therapy (Sims et al., 2009). A similar outcome
was found in a xenografted-NB mouse model where systemic delivery of human IFNf via
adeno-associated virus vectors combined with the chemotherapeutic agent cyclophosphamide,
significantly restricted tumour growth and reduced tumour blood vessel density leading tumour
regression and longer survival (Steck et al., 2005). Furthermore, in vitro and in vivo treatment
of NB with a combination of IFNJ and temozolomide (TMZ) successfully decreased cellular
proliferation and tumour burden through the attenuation of the DNA repair enzyme O°-
methylguanine DNA methyltransferase (MGMT) expression (Rosati et al., 2009). In human
SH-SY5Y NB cells, IFNPB has been shown to induce intrinsic apoptotic cell death (Refer fo
intrinsic apoptosis pathway earlier in the text in section,; Figure 2) through the activation of
the JAK-STAT signalling cascade (Dedoni et al., 2010). Specifically, IFNf led to an increased
phosphorylation and nuclear translocation of STAT1, resulting in protein kinase R (PKR)
induction that plays a major role in regulating cellular processes such as growth, differentiation,
and apoptosis (Samuel et al, 1997). In SH-SY5Y cells, PKR ultimately leads to the
upregulation of pro-apoptotic proteins such as caspase-3, resulting in apoptosis (Dedoni et al.,

2010) (Figure 4).
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Figure 4: IFNB—mediated apoptotic and counter-regulatory p38 MAPK signalling in
SH-SY5Y neuroblastoma cells

IFNB activates JAK-STAT pathway in SH-SY5Y cells, leading to the induction of PKR,
enhanced expression of NADPH oxidase subunit and ROS production. These events
stimulate TAK1 phosphorylation and trigger a delayed, sustained activation of p38 MAPK
pathway, a counteractive mechanism to the intrinsic apoptosis initiated by PKR induction

Additionally, IFN treatment led to the downregulation of the PI3K/Akt pathway marked by a
decrease in the phosphorylation of Akt and GSK-3p, diminishing cell survival and further
enhancing apoptosis within these cells (Dedoni et al., 2010). As a continuation to this study,
IFNP was further investigated in this cell line, and was shown to activate p38 MAPK pathway
in SH-SYS5Y cells (Dedoni et al., 2014). The latter, as mentioned previously in the text, are
serine/threonine-specific protein kinases that play a dual role in cancer either by being tumour
suppressors or tumour promotors (Martinez-Limon et al., 2020). The activation of p38 MAPK
by IFNB in SH-SYSY cells was found to serve as a counter-regulatory mechanism through
which this cytokine modulates the JAK-STAT-mediated apoptosis it initially induces (Dedoni

et al., 2014) (Figure 4).
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5- Limitations and side effects of IFNs in treatment

Although efficacious, type I IFNs therapy has been associated with significant toxicity,
contributing to its decline in popularity. IFNa use was shown to cause “flu-like” symptoms
such as fever, chills, malaise, headaches, myalgias, and fatigue that patients experienced
frequently, sometimes after each dose (Malik and Wadler 2001; Gold et al., 2005; Weber et al.,
2015). Other common side effects include anorexia, weight loss, nausea, and liver enzyme
elevations. Additionally, IFNs can cause hematologic suppression (leukopenia,
thrombocytopenia) and autoimmune phenomena (thyroiditis, hepatitis...) (Quesada et al.,
1986; Raanani and Ben-Bassat 2002; Weber et al., 2015). These toxicities often lead to dose
reductions or early discontinuation in clinical trials and treatment, limiting the tolerability of
long-term IFN therapy as well as its efficacy (Raison et al., 2005; Bregman et al., 2011).
Furthermore, IFN can also cause neuropsychiatric effects where up to 30—45% of patients
develop clinically significant depression during prolonged therapy (Miyaoka et al., 1999;
Musselman et al., 2001). Cognitive impairment, mood disturbances, and even suicidal ideation
have been reported, mainly as a result of the high and prolonged doses required to achieve

therapeutic efficacy (Musselman et al., 2001; Capuron et al., 2002; Raison et al., 2005).
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Part I'V: Lipids as structural and functional mediators
1- Lipids

Lipids are a group of hydrophobic or amphipathic molecules that play essential roles as
structural components and functional signalling mediators in biological systems (Fahy et al.,
2005; Wymann and Schneiter, 2008; Sunshine and Iruela-Arispe, 2017). They are classified
into eight major categories depending on distinct chemical composition and origin of
biosynthesis. These classes are: Fatty acids, glycerolipids, glycerophospholipids,

sphingolipids, sterol lipids, saccharolipids, prenol lipids, and polyketides (Fahy et al., 2011).

- Fatty acids (FA) serve as fundamental building blocks and energy-rich fuel. These
lipids can be enzymatically converted into potent bioactive lipids such as eicosanoids
and acylethanolamines (AEs) that regulate inflammation and different other signalling
pathways (de Carvalho and Caramujo, 2018; Cisa-Wieczorek and Hernandez-Alvarez,
2020; Mock et al., 2023).

- Glycerolipids, on the other hand, represent mainly the principal lipidic energy storage
within cells (Voelker, 2013). Nevertheless, some glycerolipids such as diacylglycerol
(DAG) can carry the role of second messengers that activate protein kinase C and other
signalling cascades, creating a bridge between lipid metabolism and essential
downstream processes (Bell, 1986; Spiegel and Kolesnick, 1996).

- Glycerophospholipids are the predominant structural constituents of the membrane
lipidic bilayer, and their cleavage can also yield key signalling molecules such as DAG
and inositol trisphosphate (Hishikawa et al., 2014; Kolczynska et al., 2020).

- Sphingolipids likewise are also integral membrane components, especially in nerve and
lipid raft microdomains, and they are also well-characterized signalling elements that
modulate apoptosis, proliferation and stress responses (Posse de Chaves, 2006;

Patwardhan et al., 2016).
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Sterol lipids such as cholesterol and its derivatives can stabilize cellular membranes
while also maintaining the role of steroid hormones’ precursors (Urich, 1994). The latter
can initiate several signalling cascades that can regulate development, metabolism, and
homeostasis (Mani et al., 2012).

Prenol lipids also known as isoprenoids, are derived from isoprene units. These include
the coenzyme Q, an essential electron carrier in the mitochondrial electron transport
chain (Guerra and Pagliarini, 2023). This class also includes farnesyl and geranyl
groups that attach to certain proteins and anchor them to cellular membranes (Holstein
and Hohl, 2004).

Saccharolipids are lipid—carbohydrate conjugates, meaning that they are composed of
a FA that is linked to a sugar backbone (Park et al., 2021). The most renowned
saccharolipid is bacterial lipopolysaccharide (LPS) which is expressed on the outer
membranes of gram-negative bacteria. Its role is to provide structural integrity while
also acting as a powerful endotoxin that triggers host innate inflammatory responses
(Rhee, 2014; Park et al., 2021).

Polyketides represent a vast class of secondary metabolites that are often produced by
microbes and plants. They are known for their diverse biological activities and their
pharmacological importance. Notably, they comprise various anticancer and antifungal
agents including antibiotics, immunomodulators and parasiticides (Gomes et al., 2014;

Barbosa et al., 2020).

Among endogenous lipid mediators, FA derivatives include the sub-class of N-
acylethanolamides (NAEs). NAEs group is composed of endocannabinoids (eCBs) and
endocannabinoid-like molecules (eCBs-like). Both groups have demonstrated significant anti-
cancer potential by inducing apoptosis, suppressing proliferation and angiogenesis in different

cancers including prostate cancer, colorectal cancer, ovarian carcinoma, glioblastoma and
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breast cancer (Picardi et al., 2014; Pagano et al., 2021; Romano et al., 2022; Lin et al., 2023;

Costas-Insua and Guzman, 2023).

2- PEA and OEA

a) Classification and overview

NAEs are a group of naturally occurring signalling lipids that are found in mammals,
invertebrates and plants (Borrelli and 1zzo, 2009). The family of NAEs include two distinct
classes of lipids: eCBs and eCBs-like molecules. N-arachidonoyl ethanolamide (AEA) belongs
to the eCBs class as it is an endogenous ligand of cannabinoid receptors (CBRs) (Fezza et al.,
2014; Wellner et al., 2013; Mechoulam and Parker 2012). On the other hand, other saturated
and monounsaturated NAEs including oleoylethanolamide (OEA), palmitoylethanolamide
(PEA), stearoylethanolamide (SEA), linoleoylethanolamide (LEA),
docosahexaenoylethanolamide (DHEA) and eicosapentaenoylethanolamide (EPEA) are
described as eCBs-like compounds mostly since they are structurally related to eCBs but have

limited to absent affinity to CBRs (Borrelli and 1zzo, 2009; Fezza et al., 2014).

These lipid mediators contribute to the enhancement and prolongation of eCBs signalling
through the so-called "entourage effect." This occurs either by inhibiting the enzymatic
hydrolysis of eCBs, thereby increasing their bioavailability, or by allosterically modulating
their interaction with cannabinoid receptors (Fezza et al., 2014). Beyond their modulatory role
in eCBs signalling, these compounds also act as ligands for various receptors and mediate
multiple biological processes. Among the most extensively studied NAEs are OEA and PEA,
with PEA being the most common (Rankin and Fowler, 2020) and the first NAE to ever be
discovered (Kuehl et al., 1957).
b) PEA and OEA structure and distribution
As members of the same family, OEA and PEA composition is that of a typical eCBs-like lipid.

While the main structure of these molecules is commonly formed by a FA linked to an
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ethanolamine, the primary difference between these two bioactive lipids lies in the nature of
the FA chain they are derived from. PEA is derived from palmitic acid (C16:0), a saturated fatty
acid, while in contrast, OEA is formed by oleic acid (C18:1, n-9), a monosaturated fatty acid
(Lo Verme et al., 2005; Hesselink et al., 2014). These small structural variations heavily
influence the three-dimensional conformation of these molecules and as a consequence,

differentially determines their functional specificity.

Additionally, these molecules exhibit distinct patterns of occurrence in both dietary sources
and endogenous biosynthesis across various tissues. PEA was initially discovered as a food
component in egg yolk, peanut meal, and soybean (Lo Verme et al., 2005). Later, endogenously
synthesized PEA was isolated from mammalian tissue (Bachur et al., 1965) and was found to
be synthesized in the nervous system, the immune system as well as peripheral tissues such as
intestines and muscles where it exerts a plethora of different effects (Mattace Raso et al., 2014;
Hesselink et al., 2014). Similarly, OEA can be detected in traces in different dietary sources
including oatmeal, soybean and cocoa beans (Bowen et al., 2017). Endogenously, the latter is
mainly synthesized in the small intestines and can also be found in adipocytes, brain, muscles,

heart, lung, spleen etc... (Bowen et al., 2017).

¢) PEA and OEA metabolism

Generally, NAEs share a similar metabolism involving the formation of a N-acylethanolamine
phospholipids, called N-acyl phosphatidylethanolamines (NAPEs). These NAPES are formed
through a reaction catalyzed by a calcium- and cyclic AMP-regulated N-acyltransferase, and it
consists of the binding of a FA deriving from membrane phospholipids to the amine group of
phosphatidylethanolamines (PE). NAPEs are then finally hydrolyzed by N-acyl-
phosphatidylethanolamine-specific phospholipase D (NAPE-PLD) to give the final NAE.
What differentiates one NAE from the other is the nature of the FA bound to PE. In the case of

OEA and PEA, the NAPE species from which they emerge consist respectively of oleic acid
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Figure 5: Biosynthesis and degradation pathways of OEA and PEA
The biosynthetic pathway of oleoylethanolamide (OEA) and palmitoylethanolamide (PEA)
from oleic and palmitic acids via NAPE intermediates (left). The enzymatic degradation by
NAAH and FAAH into oleic/palmitic acid and ethanolamine (right).

and palmitic acid._When it comes to degradation, the hydrolysis of both these lipid mediators
is ensured by two amidase enzymes: N-acyl-ethanolamine-hydrolyzing acid amidase (NAAH)
and fatty acid amide hydrolase (FAAH). Both enzymes contribute to the degradation of NAEs
to FA and ethanolamine. While the NAAH is a lysosomal cysteine hydrolase and FAAH is a
membrane-bound serine hydrolase, the expression, activity and therefore the involvement of
each enzyme are tissue-dependent. FAAH is predominantly found in the CNS and liver, while
NAAH is mostly abundant in the intestine and macrophages. However, it is worth noting that
some cross-species variability in the expression and activity of these enzymes is recorded (Di
Marzo and Petrosino 2007; Thabuis et al., 2008; Sihag and Jones, 2018; S4 and Castor, 2023)

(Figure 5).
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d) PEA and OEA targets, roles and effects

As mentioned previously, and unlike the eCBs anandamide, OEA and PEA do not activate
classical cannabinoid CB1 or CB2 receptors. Instead, their biological effects are mediated
through a variety of non-cannabinoid targets, enabling a wide range of physiological and

therapeutic actions (Fezza et al., 2014).

After identifying PEA in different dietary sources in the 1950s and attributing the anti-allergic
properties of certain foods such as egg yolks and peanut oil to it (Long et al., 1951; Coburn et
al., 1954; Kuehl et al., 1957), PEA was further studied for its role as an immune-boosting and
anti-inflammatory molecule. PEA can bind to different receptors including the nuclear receptor
peroxisome proliferator-activated alpha (PPARa) as well as PPARY, to a much lower affinity,
transient receptor potential cation channel subfamily V member 1 (TRPV1), G protein-coupled
receptor 55 (GPR55) and G protein-coupled receptor 119 (GPR119) (Table 1). This multi-target
signalling endows PEA with its pleiotropic effect (Kleberg et al., 2014; Fezza et al., 2014)

(Figure 6).

During pathological states, PEA is synthesized on demand and is highly upregulated (Franklin
et al., 2003; Clayton et al., 2021) enabling it to activate different pathways and mediate different
effects. Its anti-inflammatory and immunomodulatory properties are attributed to its binding to
PPAR« receptor on different immune cells. For instance, PEA can reduce inflammation
through decreasing mast cells degranulation and macrophage activation (Aloe et al., 1993;
Mazzari et al., 1996; Hesselink, 2013; Facci et al., 1995). In addition, PEA is an effective
analgesic molecule that has long been used for the management of pain thanks to its affinity to
TRPV1 channels and PPARa receptors (Gabrielsson et al., 2016; Varrassi et al., 2025; Lang-
Illievich et al., 2023; D’ Amico et al., 2020). GPR55, a newly identified target of PEA (Ryberg

et al., 2007), has also been shown to mediate PEA’s anti-inflammatory and anti-nociceptive
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Figure 6: Summary of target receptors of PEA and OEA
activity (Naderi et al., 2012). PEA has also been shown to exert anti-epileptic effects (Sheerin
et al., 2004; Post et al., 2018; Bortoletto et al., 2022) and neuroprotective effects against AD
(Beggiato et al., 2019), Parkinson’s disease (PD) (Esposito et al., 2012) and spinal cord injury

(SCI) (Genovese et al., 2008).

When it comes to OEA, changes in its levels are generally governed by food intake. Several
studies have reported that food deprivation leads to a decrease in intestinal levels of OEA, an
effect that is reversed upon re-feeding (Fu et al., 2007; Peterson et al., 2006; lgarashi et al.,
2015). Specifically, mucosal cells within the duodenum and jejunum synthesize and release
OEA upon feeding (Fu et al., 2008). These OEA level changes have been proven to underlie
satiety and feeding behaviour by acting through different receptors, including TRPV1 (Wang
et al., 2005) and the PPAR« receptor (Fu et al., 2003), which are known to be locally expressed
within the gut and on vagal afferents. This is further corroborated by the fact that OEA levels

within the brain do not go through any fluctuations during starvation or feeding (1zzo et al.,
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2010; Bowen et al., 2017), further supporting the possibility of an influential peripheral
modulation on feeding behaviour. In addition, OEA has been involved in weight control, lipid
metabolism, insulin sensitivity and glycemic control (Fu et al., 2003; Sears and Perry, 2015;
Pouryousefi et al., 2022). These effects are ensured by the PPAR« receptor as well as the

GPR119 receptor.

OEA can alleviate inflammatory reactions and suppress pro-inflammatory cytokines (Yang et
al., 2016; Lama et al., 2020). It can also participate in the modulation of helper T-cells profile
and enhance symptoms related to allergic asthma and atopic dermatitis all by acting through
GPR119 (Lee and Im, 2025). OEA can also exert anti-nociceptive effects by signalling through
both PPARa and TRPVI1 (Ho et al., 2008; Ambrosino et al., 2014). Furthermore, the
neuroprotective action of OEA was also reported in different models of neurodegenerative
diseases (Gonzalez-Aparicio et al., 2014; Quentin et al., 2023) and ischemic brain injury
(Sababhi et al., 2022).
e) Anti-tumoral effects of OEA and PEA

Thanks to their anti-inflammatory effects and the strong record supporting the anti-tumoral
activity of cannabinoids and vanilloids (Hinz and Ramer, 2018; Kafali et al., 2024), an interest
in the tumour-suppressing potential of eCB-like molecules, particularly OEA and PEA, has
grown over the years. The nature of these bioactive lipids and their role as entourage
compounds that enhance cannabinoids’ action has led to their investigation first within this
context. A study by Di Marzo and colleagues showed that PEA had no anti-tumoral effect on
the human breast cancer MCF-7 cell line (Di Marzo et al., 2001). Nonetheless, when used
concomitantly with AEA, PEA significantly enhanced the latter’s anti-proliferative action (Di
Marzo et al., 2001). This was shown both in basal conditions and in MCF-7 cells that were
stimulated by the nerve growth factor (NGF). This effect was explained by a suppression of the

expression of the hydrolysis enzyme FAAH, which consequently can lead to a decrease in AEA
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degradation and guarantee a prolonged effect (Di Marzo et al., 2001). A similar finding
regarding the entourage effect of PEA in enhancing anti-proliferative activity in human breast
cancer cells was also reported, where PEA enhanced the effects of vanilloid receptors type 1
(VR1) agonists (De Petrocellis et al., 2002). Moreover, the inhibition of the enzyme NAAA in
TNBC lead to an increase in endogenous PEA levels, which consequently inhibited TNBC cell
migration in vitro, reduced inflammatory cytokines IL-6 and IL-8, decreased angiogenic factors
including the vascular endothelial growth factor A (VEGF-A) and the placental growth factor
(PLGF), lowered the volume and number of tumour masses in vivo, and eventually lead to an
increased survival rate in a mouse model of TNBC (Benchama et al., 2022). Similarly, the use
of PEA along with a FAAH inhibitor decreased B16 melanoma cell line viability in vitro and
decreased tumour progression in a mouse model of melanoma (Hamtiaux et al., 2012). The
effectiveness of PEA was also investigated in colon cancer where it suppressed tumour cell
proliferation and cell migration triggered G2/M phase cell cycle arrest and DNA fragmentation
all through PPARa and GPRS55 receptors (Pagano et al., 2021). Additionally, it significantly
reduced azoxymethane-induced preneoplastic lesions and total number of tumours in vivo
(Pagano et al., 2021). Moreover, its positive effect on the survival rate of a mouse model of
leukaemia that was undergoing chemotherapy highlighted its great potential as a molecule of

choice for combination therapy in cancer (Keppel Hesselink, 2013).

The direct effect of OEA on cancer hasn’t been extensively studied like PEA has. This is
probably due to its strict characterization as a molecule involved in feeding behaviour and lipid
metabolism. Nonetheless, oleic acid, the precursor of OEA, was investigated for its anti-
tumoral effects in lung cancer, where it was shown to suppress tumoral growth and metastasis
(Kimura, 2002; Piegari et al., 2017). It was also investigated in oesophageal cancer (Moon et
al., 2014) as well as squamous cell carcinoma (Jiang et al., 2017). Whereas OEA itself was

investigated in co-treatment with IFN-y in human lung carcinoma cells and was shown to

46



induce its anti-cancer effect through enhancing STAT phosphorylation, suppressing ISGs
expression such as PD-L1 and increasing the expression of pro-apoptotic markers such as

caspase 3 and Bax (Yamagata et al., 2021).

The use of these two bioactive lipids alone as a therapeutic option specifically for cancer is
probably avoided due to its poor pharmacokinetics (Benchama et al., 2022). It is then more

convenient to use them as adjunct molecules to enhance the action of conventional therapies.
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Part V: PPAR receptors

1- Overview

PPARs are ligand-activated transcription factors in the nuclear receptor superfamily that
regulate genes involved in metabolism, differentiation, and inflammation (Chinetti and Staels

2000; Tyagi et al., 2011; Christofides et al., 2020).

In mammals, three PPAR isoforms exist; PPARa, PPARP/o, and PPARY, which are classified
in subfamily 1 of nuclear hormone receptors (NR1C1-C3) (Nuclear Receptors Nomenclature
Committee, 1999). Each PPAR isoform has distinct tissue distribution, physiological roles, and
ligand preferences (Grygiel-Gorniak, 2014). In addition, they are encoded by a distinct gene
that exists on human chromosomes 22, 6, and 3, respectively and they all share a conserved
modular structure with four major domains: an N-terminal A/B domain containing a ligand-
independent activation function (AF-1), a central DNA-binding domain (DBD) with two zinc-
finger motifs, a hinge region (D domain) for cofactor docking, and a C-terminal ligand-binding
domain (LBD) harbouring the ligand-dependent activation function AF-2 (Kota et al., 2005;

Christofides et al., 2020).

Several endogenous and exogenous ligands can bind to the PPAR LBD domain, including FA
(particularly acylethanolamides) and eicosanoids (Xu et al., 1999; Michalik et al., 2006). Upon
binding, PPARs heterodimerize with the retinoid X receptor (RXR). This complex then binds
to specific DNA sequences called PPAR response elements (PPREs) in target gene promoters,
and recruit coactivator complexes to modulate transcription (Berger and Moller, 2002). When
not activated by a ligand, corepressors can bind to PPAR/RXR. Nevertheless, in the presence
of ligands, AF-2 helix is stabilized, and a conformational change takes place releasing the

corepressors and facilitating coactivator binding (Decara et al., 2020; Lin et al., 2022).

48



In addition, PPARs can also exert trans-repression of other signalling pathways. For instance,
PPAR activation can suppress NF-kB- or AP-1-mediated inflammatory gene expression

without directly binding DNA (Delerive et al., 1999).

As mentioned before, both endogenous and synthetic ligands can activate PPARs. PPARa is
activated by endogenous lipids, including FA such as OEA and PEA as well as certain
eicosanoids like leukotriene B4 (Devechand et al., 1996; Grygiel-Gorniak, 2014). Clinically,
synthetic fibrate agonists of PPARa like fenofibrate and clofibrate are used as hypolipidemic
agents to treat dyslipidemia (Forman et al., 1997; Qiu et al., 2023). PPARP/o also binds
numerous endogenous ligands derived from FA, and these count metabolites of linoleic and
arachidonic acid, including various eicosanoids (Grygiel-Gorniak, 2014). Nevertheless, and
although synthetic PPARPB/3-specific agonists such as GW501516 and GW0742 have been
successfully developed, none of them are yet approved for clinical use (Giordano Attianese and
Desvergne, 2015). Lastly, PPARY is targeted by endogenous oxidized fatty acid metabolites
and cyclopentenone prostaglandins (Itoh et al., 2008). In contrast, synthetic thiazolidinedione
drugs such as rosiglitazone and pioglitazone act as high-affinity PPARy agonists and are widely
used as insulin-sensitizing agents in type 2 diabetes (Grygiel-Gorniak 2014; Kroker and
Bruning 2015).
2- PPAR in cancer

With their ability as nuclear receptors to regulate genes governing lipid metabolism, cell
proliferation and inflammation, PPAR can profoundly, and differentially, influence cancer cell
proliferation, survival, apoptosis, and even angiogenesis (Sun et al., 2023; Psilopatis et al.,

2023; Asgharzadeh et al., 2024; Wang et al., 2025).

PPARYy is regarded as a tumour-suppressive receptor since its activation leads to anti-
proliferative and pro-apoptotic effects in several cancers. Both endogenous and synthetic

PPARY ligands were shown to trigger apoptosis in bladder cancer, gastric cancer, lung cancer
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and multiple myeloma (Guan et al., 1999; Sato et al., 2000; Tsubouchi et al., 2000; Eucker et
al., 2004). Other mechanisms that underlie the anti-tumoral effects of PPARY include
transcriptional modulation of cell-cycle regulators such as c-Myc, the downregulation of
inflammatory mediators, and the inhibition of angiogenesis via the downregulation of VEGF

and COX-2 (Akinyeke and Stewart, 2011; Scoditti et al., 2010).

In addition, PPARY activation through its ligands was also studied in the context of combination
therapy, most prominently, for its effect in increasing chemosensitivity (Girnun et al., 2008;
Lian et al., 2020; Skelhorne-Gross et al., 2012). PPARy ligands were also used in combination
with tyrosine kinase inhibitors (TKIs) for the treatment of chronic myeloid leukemia (CML)
(Glodkowska-Mrowka et al., 2016). In addition, it was used in combination with radiotherapy
and other molecules such as retinoid X receptor agonists and leukotriene B4 (LTB4) receptor
antagonist for the treatment of different cancers (Huang et al., 2018; Duvic et al., 2001; Baetz

et al., 2006).

Conversely, studies investigating PPAR[B/6 in cancer have reported different and controversial
findings. PPARP/d activation can stimulate pro-angiogenic factors like IL-8 and VEGF (Du et
al., 2020; Wagner and Wagner, 2020) and can upregulate pro-inflammatory eicosanoids such
as COX-2 and PGE2, creating an environment that is in favour of tumoral growth and
metastasis (Wang et al., 2014; Wang et al., 2025). In line with these findings, elevated PPAR /0
levels were found to correlate negatively with breast cancer patients’ survival (Kittler et al.,
2013) and the overexpression of PPAR/d has been linked to colon cancer progression (Wang
et al., 2014; Wang et al., 2025). On the other hand, a study has reported that the genetic knock
out of PPARS can accelerate colon cancer progression (Harmann et al., 2004). Due to these

discrepancies in efficacy, no PPARB/6-specific drugs have been promoted to clinical use.
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3- PPARa: A focus

PPARa plays a central role at the crossroads of cancer metabolism and inflammation. It
predominantly governs fatty acid f-oxidation and lipid catabolism, and can regulate different

inflammatory pathways (Pyper et al., 2010; Li et al., 2024).

PPARa expression is downregulated in hepatocellular carcinoma (HCC). Interestingly, HCC
patients who showcased high tumoral PPARa levels have significantly less aggressive tumours
and better survival outcomes (Xiao et al., 2018; Pan et al., 2024). A similar decrease was also
found in prostate cancer tissue in comparison to benign prostatic hyperplasia tissues (Kim et
al., 2006). Moreover, with PPARa representing an interconnection between metabolism and
cancer, a study investigating HCC exacerbated by a high-fat diet found that PPARa activation
suppressed HCC growth by attenuating inflammatory pathways that promote the release of
neutrophil extracellular traps which prevents immune cell exclusion within the TME and leads

to tumoral regression (Pan et al., 2025).

The use of PPARa agonists has been shown to modulate tumoral cells’ metabolism by
modulating fatty-acid oxidation and depleting cells from their lipidic reservoir needed for rapid
growth, thereby inhibiting tumour cell proliferation in cancer (Chandran et al., 2015; Dutta and
Sharma-Walia, 2019; Grabacka and Reiss, 2008). In addition to that, PPARa activation can
lead to an antiproliferative effect through several mechanisms. It can lead to cell cycle arrest
and a decrease in ERK signalling and NF-«xB activity in breast cancer and glioma cells (Liang

et al., 2014; Binello et al., 2014).

NF-kB is a family of transcription factors that regulate genes involved in inflammation,
immune responses, and cell survival. During homeostasis, NF-kB dimers are held inactive in
the cytoplasm by inhibitor of kB proteins (IxkB) such as IkBa (Gosh et al., 1998). Upon
stimulation by pro-inflammatory cytokines including IFNs, the IkB kinase complex (IKK)

phosphorylates IkBa, marking it for ubiquitination and proteasomal degradation (Pfeffer, 2011;
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Park and Hong, 2016). Freed from IxBa, NF-kB translocate to the nucleus and induces target
genes that drive inflammatory responses. Activation of PPARa has been shown to exert anti-
inflammatory effects through modulation of the NF-kB pathway. PEA binding to PPARa leads
to the repression of NF-kB—driven genes and upregulation of IkBa, the natural NF-«kB inhibitor
(Wang et al., 2025). Moreover, in TNBC cells, exogenous PEA was reported to significantly
reduce NF-kB pathway activity, further supporting its anti-inflammatory and anti-proliferative

potential (Benchama et al., 2022).

Similarly, OEA has been shown to inhibit NF-xB activation and stabilize [kBa levels under
inflammatory conditions. In human THP-1 macrophage-like cells, OEA treatment following
LPS stimulation attenuated NF-«kB activity and preserved IkBa expression. This effect was

reversed by the blockade of PPAR« (Yang et al., 2016).

Aberrant or constitutive activation of NF-xB is a hallmark of many cancers, where it drives
tumorigenesis by promoting proliferation, inhibiting apoptosis, and fostering angiogenesis and
metastasis (Ma et al., 2024). Conversely, PPARa activation has been associated with pro-
apoptotic effects in certain cancer types, including breast cancer, through suppression of NF-

kB signalling (Chandran et al., 2015).

Parallelly, PPARa can also decrease the proliferation of head and neck paragangliomas by
inhibiting PI3K/GSK3[/B-catenin pathway (Florio et al., 2017). Its activation has also been
proven to induce apoptosis and oxidative stress in hepatocarcinoma cells and colon cancer
(Maggiora et al., 2010, Jiao et al., 2002; Gao et al., 2015). It was also proven that this receptor
exerts its anti-cancer effects through epigenetic modulation, as seen in colon cancer, where
DNA methyltransferase 1 (DNMT1) and protein arginine methyltransferase 6 (PRMT6) are

upregulated after activation of PPARa (Luo et al., 2019). It can also affect angiogenesis by
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inhibiting neovascularization needed for tumour growth via the reduction of pro-angiogenic

COX-2 and VEGEF (Grau et al., 2008).

Conversely, some studies have reported that the activation of PPARa can have pro-tumoral
outcomes depending on the concentration and the duration of the ligand used. For instance, a
low dose of fibrates leads to an increase in the proliferation of the MCF-7 cancer cells.
However, the same study reported that high doses lead to suppressed proliferation (Tauber et
al., 2020). Further to that, chronic activation of PPARa can induce hepatocellular carcinoma in
mice (Tanaka et al., 2008). This highlights the dual role of PPARa in cancer, with both

protective and potentially harmful effects depending on context and treatment parameters.
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Study rationale and objectives

NB is the most common extracranial solid tumour in children and accounts for a
disproportionate number of paediatric cancer-related deaths. Its inherent heterogeneity and
resistance to therapy present significant clinical challenges, with long-term survival rates
remaining poor despite the use of intensive, multimodal treatment regimens. Consequently,
identifying novel therapeutic strategies that sensitize tumour cells to apoptosis is of critical

importance.

Although classical therapies demonstrate initial efficacy, their prolonged use is often limited
by the emergence of resistance and cumulative toxicity. Type I IFNs are pleiotropic cytokines
with established roles in antiviral defence, immunomodulation, and anti-proliferative activity.
IFNPB has demonstrated anti-tumoral effects in several malignancies, including NB, primarily
via the activation of the JAK/STAT pathway and the subsequent induction of ISGs, notably
PKR, leading to apoptosis in SH-SYSY cells, a NB cell line that recapitulates an intermediate-
risk phenotype of NB. However, these effects have been predominantly investigated at a high
dose (30 ng/mL for 24 h), knowing that the JAK-STAT pathway and apoptosis within SH-
SYSY cells are effectively activated in vitro by doses as low as Sng/mL. This highlights the
need to explore adjuvant agents capable of enhancing IFNf efficacy against NB at lower

concentrations to overcome cellular resistance mechanisms and potential adverse effects.

OEA and PEA are endogenous bioactive lipids that act as ligands of PPARa, a nuclear
transcription factor implicated in lipid metabolism, inflammation, and cell survival. While they
are well known for their anti-inflammatory and neuroprotective properties, emerging research
suggests their potential to modulate tumour cell behaviour. Specifically, PEA has been shown
to reduce proliferation and migration in various cancer cell lines through PPARa-dependent
pathways, particularly when combined with other therapeutic agents. However, the capacity of

OEA and PEA to influence IFNf-induced apoptosis in NB cells remains largely unexplored. In
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addition, IFNs have been reported to upregulate the immune checkpoint molecule PD-L1,
which can mediate immune evasion in tumour cells and on the other hand, represent a potential
therapeutic target. Whether OEA and PEA can influence PD-L1 expression or signalling in the

context of IFNJ treatment is similarly not yet elucidated.

Given the increasing interest in combination therapy involving endogenous lipid mediators and
cytokines to enhance anti-tumour efficacy, this study aims to investigate the role of OEA and
PEA in modulating IFNB-mediated apoptosis and PD-L1 induction in SH-SY5Y NB cells.
More specifically, the use of a lower dose of IFNPB without losing its apoptotic and
immunomodulatory prowess is the main goal of this study. The SH-SYS5Y cell line provides a
well-established in vitro model for delineating relevant signalling cascades including the
JAK/STAT pathway and p38 MAPK, as well as the involvement of PPARa and other
downstream effectors like caspase 3, PARP, survivin, Mcl-1, and IkBa, which together
orchestrate the balance between cell survival and apoptosis. This model therefore provides an
ideal platform to investigate, on a molecular level, how this co-treatment may act
synergistically to influence both apoptotic and immunomodulatory responses in SH-SYSY

cells.

55



Material and methods

1. Cell culture and treatment
The human NB cell line SH-SYS5Y was purchased from the European Collection of

Authenticated Cell Cultures (ECACC, Salisbury, UK), with vendor-provided authentication.
Cells were cultured in a 1:1 mixture of Ham’s F12 and Minimum Essential Medium (MEM)
(Sigma-Aldrich, St. Louis, MO, USA), supplemented with 2 mM L-glutamine, 1% non-
essential amino acids (NEAA), and maintained at 37 °C in a humidified 5% CO:2 incubator.
Cells were passaged every 72 hours using 0.25% trypsin-EDTA and were not used beyond 15
passages. Mycoplasma contamination was routinely assessed using the MycoFluor™
Mycoplasma Detection Kit (Invitrogen-Life Technologies, Monza, Italy).

2. Treatment conditions and cell lysis
SH-SYS5Y cells were serum-starved before treatment and were exposed to each treatment agent
under standard incubation conditions. Each treatment is described in detail for each assay. For
protein extraction, cells were washed with PBS and lysed in ice-cold RIPA buffer containing 1
mM PMSEF, 0.5% phosphatase inhibitor cocktail 3, and 1% protease inhibitor cocktail (Sigma-
Aldrich). Lysates were sonicated (5 s), and protein concentrations were quantified using the
Bio-Rad protein assay (Bio-Rad, Hercules, CA, USA).

3. MTT viability assay
The MTT assay was conducted in 96-well plates following 24 h treatment of SH-SYSY cells
with vehicle, OEA, or PEA at various concentrations (0.3, 1, 3, 10 and 30 uM). MTT reagent
was added, and, after incubation, the resulting formazan was solubilized using 10% SDS in 10

mM HCI. Absorbance was measured with a Wallac Victor microplate reader (PerkinEImer).

56



MTT, a yellow tetrazole, is
reduced to purple formazanin
living cells

— —

Cells were treated for 24h
with vehicle, OEA or PEA
With concentration
ranging from 0.3-30 pM

Figure 7: Illustration of the cell treatment and principle of the MTT assay

4. Cell count and viability

Cell count and viability were assessed using the Muse™ Cell Analyzer and Muse™ Viability
assay kit (Millipore, Merck Life Sciences). Cells were pre-treated with OEA or PEA at 3 uM
for 6 hours, followed by stimulation with IFN at 5 ng/mL for 24 hours. After treatment, cells
were detached, centrifuged (300%g, 5 min), and resuspended in complete medium. A 20 uL
aliquot was mixed with 380 uL of the viability reagent and incubated at room temperature for

5 min before analysis with the Muse™ Cell Analyzer.

5. Scratch wound healing assay

Confluent SH-SY5Y monolayers in 24-well plates were scratched with a sterile pipette tip.
After washing with PBS, cells were incubated with serum-free medium containing the
designated compounds; Cells were treated with 3 uM OEA or PEA in combination with 5
ng/mL IFNP. Images were acquired from the same field at 0 and 48 h post-scratch using phase-
contrast microscopy (Olympus IX51), and wound closure was quantified using ImageJ.

6. Clonogenic survival assay
Single-cell suspensions (200 cells/well) were plated in 6-well plates and cultured for 10 days

with medium changes every 2 days. cells were treated as before; 3 uM OEA or PEA, with or
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without 5 ng/mL IFNp, for a total of 10 days. Colonies were fixed in ethanol and stained with
0.5% crystal violet. Colonies containing >50 cells were counted using Imagel.
7. Western blot analysis

Cells were pre-treated with OEA or PEA at 3 uM for 6 hours, then stimulated with IFNf at 5
ng/mL for 24 hours. After protein extraction and quantification, these were resolved by SDS-
PAGE and transferred to PVDF membranes (Millipore). Membranes were blocked and probed
overnight at 4 °C with primary antibodies against PD-L1 (cat. no. 13684, Cell Signaling
Technology, Danvers, MA, USA) (1:1000); IKBa (cat. no. 4814, Cell Signaling Technology)
(1:1000); (Asp214) (cat. no. 5625, Cell Signaling Technology) (1:1000); PARP (cat. no. 9542,
Cell Signaling Technology) (1:1000); cleaved caspase-3 (Aspl75) (cat. no. 9664, Cell
Signaling Technology) (1:1000); total caspase 3 (cat no. 9665, Cell Signaling Technology)
(1:1000); phospho-Tyr701-STAT1 (1:1000) (cat no. ST1P-11AS5, Thermo Fisher Scientific,
Rockford, IL, USA); anti-STAT1 (1:500) (cat no. sc-592, Santa Cruz Biotechnology, Paso
Robles, CA, USA); survivin (cat. no. 2808, Cell Signaling Technology); Mcl-1 (1:1000) (sc-
819, Santa Cruz Biotechnology); PKR (1:1000) (cat no. 3072, Cell Signaling Technology);
PPAR« (1:500) (cat no. sc-592, Santa Cruz Biotechnology, Paso Robles, CA, USA), HDACI1
(1:1000) (cat. no. 2062, Cell Signaling Technology); pan cadherin (1:2000) (cat. no. 4073, Cell
Signaling Technology); GAPDH (1:5000) (cat no. 247-002, Synaptic Systems, Gottingen,
Germany); actin (1:3000) (cat no. A2066, Sigma-Aldrich). Following incubation with HRP-
conjugated secondary antibodies (Santa Cruz Biotechnology), detection was performed using
Clarity™ Western ECL substrate (Bio-Rad) and visualized on an ImageQuant LAS-4000
system (GE Healthcare). Band intensities were quantified using NIH ImagelJ software. Signal

normalization was performed using either a corresponding total non-cleaved protein or actin.
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8. Surface protein biotinylation
Surface proteins were biotinylated using sulfo-NHS-LC-biotin (Pierce, Rockford, IL, USA) as

described in Figure 8. Following 24h treatment with OEA/PEA and IFN (as described above
for the western blot analysis), cells were incubated with the biotinylation reagent for 1 h at 4
°C. Excess reagent was quenched with 20 mM glycine in PBS. Cells were lysed in RIPA buffer
with 1% Triton X-100, and supernatants were incubated overnight at 4 °C with streptavidin-
conjugated agarose beads. Proteins were eluted by boiling in sample buffer and analysed via
western blotting.

Supernatant is incubated with

streptavidin-conjugated
agarose beads

Incubation with Cell-
impermeanle biotinylating
agent

o— Beads

—— Streptavidin

—_— L —

@V

Solubilization ki
=

and &
centrifugation T

Western Blot assay

SH-SY5Y cells treated
with OEA/PEA (3 uM, 6h)
and IFNB (5 ng/mL, 24h)

Figure 8: Illustration of the cell treatment and principle of cell surface biotinylation

9. Nuclear protein extraction

Post-treatment, cells were washed with PBS and lysed on ice. Lysates were centrifuged at
3000xg for 10 min at 4 °C. Supernatants were further centrifuged at 24,000%g for 20 min to
yield cytosolic fractions. Pelleted nuclei were washed and purified by centrifugation over a 1M
sucrose cushion. Nuclear proteins were extracted by incubation in nuclear extraction buffer for
30 min and centrifuged at 24,000xg. Extracts were denatured in sample buffer at 100 °C.

10. siRNA-mediated gene silencing
SH-SYSY cells were transfected with either control siRNA (SR30004) or PPARA-specific

siRNA (SR303653) using Lipofectamine 2000 (Invitrogen-Thermo Fisher Scientific). Cells
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were seeded in 6-well plates and incubated for 24h in antibiotic-free medium. Transfection was
carried out for 4-5 h, followed by replacement with complete medium. Analyses were

performed 48 h post-transfection.

MT Cell Viability MT Cell Viability b_)( )

Substrate Substrate

-~

NanolLuc® ,
. NanoLuc® __Substrate Light Nanoluc® 5 No
Cells were pre-treated with luciferase 3 luciferase Light
OEA and PEA (3uM-6h) and
then stimulated with IFNB

(5ng/ml-18h)

Viable cell Dead cell

X No Reduction

Figure 9: Illustration of the cell treatment and principle of RealTime-Glo™
Cell viability assay

11. RealTime-Glo™ cell viability assay
SH-SYS5Y cells plated in 96-well ViewPlates (PerkinElmer) were pre-treated with OEA or PEA

at 3 uM for 6 hours, followed by stimulation with IFN at 5 ng/mL for 24 hours and then
incubated with the RealTime-Glo™ MT assay reagents (Promega) following the
manufacturer's instructions. Luminescence was measured using a Wallac Victor III reader. All

experiments were performed in triplicate.

12. Caspase 3/7 activity assay
Caspase activity was quantified using the Caspase-Glo® 3/7 assay kit (Promega). Following

treatment, SH-SYSY cells in 96-well plates were incubated with the kit reagents, and

luminescence was recorded using a Wallac Victor III plate reader. Assays were run in triplicate.
13. Statistical Analysis

All results are expressed as mean £ SEM. Data were analysed using GraphPad Prism (San

Diego, CA, USA). For comparative analysis, unpaired Student’s t-tests or one-way ANOVA

followed by Tukey’s post hoc test were employed, as appropriate. Statistical significance was
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defined as p < 0.05. Control or IFN-treated groups were used as reference (set to 100% or 1),

and variance was calculated relative to the mean of each experimental set.
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Results
To investigate the potential of OEA and PEA in modulating the effects of IFN on SH-SY5Y

NB cells, we first identified their effect when present alone across a range of concentrations
for better insight. Next, we assessed how these lipids influence IFNB-induced responses, be it
proliferative, apoptotic, and immune-related, while exploring some of the underlying signalling

pathways mediating these effects.

1. OEA and PEA at different concentrations do not affect SH-SYSY cell viability

SH-SYS5Y cells were exposed to OEA and PEA at concentrations ranging from 0.3 to 30 uM
for 24 h. This concentration range has been previously documented to be efficacious and to
have anti-cancer effects in in vitro studies (Hamtiaux et al., 2011; Pagano et al., 2021). As
shown in Figure 10, neither compound reduced cell viability at any of the tested doses,
confirming that they do not affect SH-SYSY cells regardless of the designated concentration
and temporal frame. For the follow-up combinatory treatment with IFN, we went with the

working dose of 3 uM as it was previously used in the treatment of NB murine cells (Hamtiaux

et al., 2011).
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Figure10: Effects of PEA and OEA at different concentrations on SH-SY5Y cell viability

Cells were exposed for 24 hours to vehicle, OEA, or PEA at the indicated concentrations after
which cell viability was evaluated using the MTT assay. The values are expressed as percentage
of control (referred to here as the vehicle). Data are presented as mean + SEM from four
independent experiments. (ns= non-significant)

Disclaimer: The results reported in this thesis have been previously published.
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2. OEA or PEA in combination with IFNP potentiate cell death in SH-SYSY cells

To examine the combined effects of OEA and PEA with IFNP, and considering the nuclear
localization of PPARa, cells were pre-exposed to OEA or PEA (3 uM) for 6 h to facilitate
receptor engagement before stimulation with IFN (5 ng/mL, 24 h). The first parameter to be
assessed was cell viability, and it was quantified using the Muse™ Cell Analyzer (Millipore,
Merck Life Sciences, Darmstadt, Germany). Just as seen in the MTT assay, neither OEA nor

PEA alone affected viability in comparison to vehicle-treated controls (Figure 11).

However, co-treatment with OEA + IFNP or PEA + IFNJ significantly enhanced cell death

compared to IFNf alone (p < 0.05).
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Figure 11: OEA and PEA potentiate IFNB-induced reduction in SH-SY5Y cell viability

Cells were pretreated with OEA and PEA at a concentration of 3 uM 6 hours prior to stimulation with
IFNB (5 ng/mL, 24 h). Cell viability was assessed using the Muse® Viability Kit. The values are
expressed as mean + SEM from four independent experiments (“p < 0.05 versus vehicle; # p < 0.05
versus IFNS)

Disclaimer: The results reported in this thesis have been previously published.
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To corroborate these findings, viability was further assessed using the RealTime-Glo™ MT
assay based on engineered luciferase. Consistent with the Muse™ data, both OEA + IFNf} and

PEA + IFNp reduced cell viability compared to IFN treatment alone (p < 0.05; Figure 12).
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Figure 12: OEA and PEA potentiate IFNB-induced reduction in SH-SY5Y cell viability

Cells were pretreated with OEA or PEA (3 uM for 6h) and IFNB (5 ng/mL, 24 h). A luminescence-
based assay was used to further assess cell viability. Data are expressed as the percentage relative
to vehicle-treated controls and presented as mean + SEM from four independent experiments. (*p
< 0.05 versus vehicle; ## p < 0.01 versus IFNB).

Disclaimer: The results reported in this thesis have been previously published.

3. Combined treatment with OEA or PEA and IFNP reduces SH-SYSY proliferative
capacity

Based on the observed reduction in cell viability with combined treatment, we next investigated

the impact on cell proliferation using the scratch wound healing assay. Wound closure analysis

revealed that OEA or PEA alone did not alter the proliferative capacity of SH-SYS5Y cells

compared to the controls (Figure 13). In contrast, co-treatment with IFNP and either OEA or

PEA significantly impaired wound closure, indicating a further reduction in proliferative

potential relative to what is seen in IFNf alone (p < 0.05).

64



vehicle IFNB IFNB+OEA PEA IFNB+PEA

1251

] .
g,Ewo "
=3
gg 75-

o
E*a 50
o=
2= e
X
& & & & & &
© N ,(\&
N

Figure 13: Combined treatment with OEA or PEA and IFNB reduces SH-SY5Y cell
proliferation in scratch wound healing assay

SH-SY5Y cells were treated for 48 h with vehicle, OEA or PEA (3 uM), and IFNB (5 ng/mL), alone
or in combination. Scratch wound healing assay was performed, and representative images of
wound closure were acquired at 10x magnification. The percentage of wound closure is expressed
as mean = SEM from four independent experiments. #p < 0.05 versus IFNp.

Disclaimer: The results reported in this thesis have been previously published.

4. OEA and PEA alone and in combination with IFNP impair SH-SYSY colony
formation

To complement the wound healing findings, we further assessed the clonogenicity of these

cells after treatment. Cells were seeded at low density in six-well plates and cultured for 10
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days. As illustrated in Figure 14A, treatment with OEA or PEA alone significantly reduced
colony formation efficiency by 28% (p < 0.01) and 53% (p <0.001), respectively, compared
to the control. When combined with IFN, both lipids exerted an additional inhibitory effect,
decreasing colony numbers by 20% (p < 0.05, OEA + IFNp) and 24% (p <0.01, PEA +
IFNB) in respect to IFN alone. These results were corroborated by cell quantification (Fig.
14B), which confirmed a significant reduction in proliferative potential upon co-treatment
with OEA + IFN and PEA + IFN (p < 0.01).
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Figure 14: OEA and PEA co-treatment with IFNB Inhibit SH-SY5Y cell proliferation and
clonogenicity

Cells were seeded at a density of 200 cells/well in six-well plates and treated with (a) vehicle, (b)
IFNB (5 ng/mL), (c) OEA (3 uM), (d) OEA + IFN, (e) PEA (3 uM), or (f) PEA + IFNB. After treatment,
colonies consisting of =50 cells were fixed and stained with crystal violet. Representative images of
colony formation are shown (A). Additionally, total cell counts per well within each well was quantified
(B). Results are expressed as a percentage relative to vehicle-treated controls and data is
represented as the mean + SEM of four independent experiments. **p < 0.01 and ***p < 0.001 versus
vehicle; #p < 0.05 and ##p < 0.01 versus IFNR.

Disclaimer: The results reported in this thesis have been previously published.
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5. OEA and PEA amplify IFNB-mediated apoptosis

As we mentioned previously, IFNP decreases SH-SYS5Y cells viability by activating the
intrinsic apoptotic pathway (Dedoni et al., 2010). Since this study used a high dose of IFNJ at
30 ng/mL for 24 h, and after confirming the efficacy of IFNf at Sng/mL for 24 h in decreasing
cell viability and proliferation, we were intrigued in testing if the induction of the intrinsic

apoptotic pathway can be triggered after a shorter exposure.
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Figure 15: combined treatment with OEA, PEA increases caspase activation and PARP
cleavage in SH-SY5Y cells only after a 24-hour stimulation with IFN8

SH-SY5Y cells were pretreated with OEA (3 Mm, 6h) or PEA (3 Mm, 6h), followed by IFNG (5 ng/ml)
for a period of 12 h. A luminescent assay was used to measure caspase 3/7 activity. Values are
expressed as percentage of vehicle-treated control. *p < 0.05, **p < 0.01 versus vehicle (A). Cells
were pretreated with OEA or PEA (3 uM, 6 h) and subsequently stimulated with IFN( (5 ng/mL, 24
h) and caspase-3/7 activity was determined using a luminescence assay. Results are expressed
as percentage of vehicle control. ***p < 0.001 versus vehicle; ##p < 0.01 versus IFN (B). Cells are
treated as described in (B) and cleaved caspase-3 and cleaved PARP were assessed in cell
lysates. The ratio of cleaved to total protein was quantified. Data are expressed as percentage of
IFNB. *p < 0.05, **p < 0.01, ***p < 0.001 versus IFN (C). All results are presented as mean + SEM
of four independent experiments.

Disclaimer: The results reported in this thesis have been previously published.
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More importantly, we were curious to investigate if the co-treatment with OEA or PEA can still
be as efficacious in enhancing IFN’s effect in a shorter time frame. Our results report that a
12 h exposure to IFNf at a concentration of Sng/mL was sufficient to activate caspase 3/7,
however, the potentiation elicited by co-treatment with OEA or PEA was not observed in this
time frame (Fig.15A). It was only at 24 hours of exposure that the potentiation of IFNf by the

two lipids became significantly evident (Fig.15B).

Next, and based on the findings of Figure 15B, we proceeded to investigate caspase 3 and
PARP, whose cleavage is a hallmark of apoptosis. Exposure to OEA or PEA alone does not
promote any increase in the cleavage of these two proteins, nevertheless, cells co-treated with
either of these lipids and IFNP showed an increase in the cleaved form of caspase 3 (p <0.001,
OEA + IFNP and p < 0.01, PEA + IFN versus IFNp) as well as an increase in cleaved PARP
(p < 0.01, OEA + IFNP and p < 0.05, PEA + IFNP versus IFNB) (Fig. 15C), indicating an

enhancement in the activation of the apoptotic signalling pathway.

6. OEA and PEA modulate IFNB-regulated pro-survival and adaptive signalling

pathways in SH-SYSY cells

To further delineate the mechanisms underlying the apoptotic response, we investigated pro-
survival and adaptive signalling proteins and pathways. Mcl-1, a pro-survival member of the
Bcl-2 family that prevents apoptosis initiation, was significantly downregulated in SH-SY5Y
cells treated with IFNB (p < 0.05), while co-treatment with OEA or PEA did not produce
additional changes (Figure 16A). We next examined survivin, a member of the IAP family
known to be modulated by IFNs. IFNf exposure increased survivin expression (p < 0.05;
Figure 16B). Nonetheless, the concomitant exposure to OEA or PEA significantly attenuated

this induction (p < 0.05, OEA + IFNP or PEA + IFN versus IFN).

68



(A)

PEA+IFNp
2

vehicle

<

w

o
Mcl-1 e -
actin =G 0

PEA
£ FNp
f OEAHFNB
L

Mel-1/actin
(% max effect)
5 g 3

1 h-

(B)

125

=% % *
=z
o Lok cg™ "
3 o= E o T #
R i i g8 70
@ L o o =]
> co S E 50
. 3
survivin B Bl BN = 2 ’:'| |-"'-|
actin "=——— - - 0 T T r
& & T E
© & &

(C)

[-=8
S =z
i @ L
@ - 5 5
=2 —_ -_ + 150 150 #
S a ¥ £ « = < #
= 5 2 w S uw E w * *
2 o &k o = 0O = 0 ggmn ggﬂn
gk gk
28 2%
pp38 — e W $ T T n-i‘“‘-5”|;|| | n'-"i:'ul_—r_ll_‘Ll
P38 - - - ol - .
& & & & & & &
« & <« &
&

= =%
(D) : g
% T ¥ TS0 &
- T g L < EE ,‘
L Z W wuwuw 5
g Loon <8 100
@'s
= \
IKBa 2 L X = 50
actin - W o o O @ 0 T T T
@ & L & ¥
& & & & Qe?,sfe

3 3
& Q*

Figure 16: Modulation of pro-survival and adaptive signalling pathways elicited by
treatment with IFNB, OEA and PEA

Cells were pre-treated with OEA and PEA at 3 pM for 6 h then stimulated with IFNB (5 ng/mL) for
24 h. Analysis of Mcl-1 levels in cell lysates, expressed relative to vehicle-treated control. *p <
0.05 versus vehicle (A). Survivin expression was quantified from cell lysates and normalized to
maximal control effect. *p < 0.05 versus vehicle; #p < 0.05 versus IFN (B). Cell lysates were
examined for phosphorylated and total p38 protein levels. The ratio between the phosphorylated
and the total form of p38 protein was measured and represented in the graphs. *p < 0.05 versus
vehicle; #p < 0.05 versus IFNB (C). Analysis of IkBa levels in cell lysates, expressed relative to
vehicle-treated control. *p < 0.05 compared with OEA and #p < 0.05 compared with PEA (D). All
values above are represented as mean £ SEM from four independent experiments.

Disclaimer: The results reported in this thesis have been previously published.
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Given that IFN has also been reported to promote counterregulatory anti-apoptotic signalling
through the activation of the p38 MAPK pathway, we assessed p38 phosphorylation after
treatment. As shown in Figure 16C, co-treatment with OEA or PEA further enhanced IFN-

induced phosphorylation of p38 (p < 0.05 versus IFNp).

Finally, we evaluated the effect of the combined treatment on IkBa, a key regulator of NF-xB—
mediated inflammation, since OEA and PEA treatment has been reported to increase its levels,
while PEA can also prevent its degradation (D’Agostino et al., 2009; Yang et al., 2016).
Although OEA and PEA both increased IxBa, this elicited effect was blunted in the presence
of IFNp, resulting in basal IxBa levels in comparison to IFN-treated cells (p < 0.05 versus

OEA or PEA; Figure 16D).

7. IFNP induces PD-L1 expression in SH-SYSY cells in a dose and time-dependent

manner

We next explored other IFNB-regulated pathways relevant to tumour immune escape. One well-
characterized mechanism involves the upregulation of PD-L1, a type I transmembrane
glycoprotein that binds the PD-1 receptor, thereby promoting immune evasion and enhancing
cancer cell survival. Our results show that IFNf increased PD-L1 expression in a time- and

concentration-dependent manner (Fig. 17A, B).
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Figure 17: Time and dose-dependent upregulation of PD-L1 levels by IFNB in SH-SY5Y cells

Cells were treated with IFNB at different concentrations (A) or for varying time intervals (B) to
assess its effect on programmed death-ligand 1 (PD-L1) expression. PD-L1 levels were quantified
by Western blot and normalized to actin. Data are expressed relative to vehicle-treated control,
set as 100%. Results are presented as mean + SEM of four independent experiments (A, B). *p
< 0.05 versus vehicle.

Disclaimer: The results reported in this thesis have been previously published.

8. OEA and PEA enhance IFNB-induced PD-L1 levels in SH-SYSY cells

Building on this observation, we next evaluated whether OEA or PEA could further modulate
IFNB-induced PD-L1 levels. Western blot analysis of whole-cell lysates revealed that co-
treatment with IFNf and either lipids significantly enhanced PD-L1 levels compared to what
was observed with IFN (p <0.001 for OEA + IFN; p < 0.05 for PEA + IFNp), whereas OEA

or PEA alone had no detectable effect (Fig. 18A).

To further characterize this response, PD-L1 surface expression was examined. Consistent with
the lysate data, IFNp alone increased PD-L1 levels at the plasma membrane, and this effect

was amplified by co-treatment with OEA or PEA, resulting in 1.8- and 1.6-fold increases,
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respectively, compared to IFN treatment (p < 0.01 for OEA + IFN; p < 0.05 for PEA + IFN;

Figure 18B).
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Figure 18: co-treatment with OEA, PEA and IFN upregulates PD-L1 levels in SH-SY5Y cells

Cells were pretreated with OEA or PEA (3 uM, 6 h) followed by stimulation with IFNB (5 ng/mL, 24
h). Cell lysates were analysed by western blot for PD-L1. Values are expressed as percentage of
IFNB. **p < 0.01 and ***p < 0.001 versus vehicle; #p < 0.05 and ###p < 0.001 versus IFNB. Data are
presented as mean + SEM of four independent experiments (A). Total cell extracts and biotinylated
surface proteins were analysed for PD-L1. PD-L1 levels in whole cell lysates and at the plasma
membrane were normalized to pan-cadherin (pan-cadh). **p < 0.01 and ***p < 0.001 in cell lysate
versus corresponding IFNB; #p < 0.05 and ##p < 0.01 in surface protein versus corresponding IFNf.

Values are shown as mean + SEM of three independent experiments (B).

Disclaimer: The results reported in this thesis have been previously published.

9. OEA and PEA do not interact with the JAK-STAT signalling pathway in SH-
SYSY cells
Given the modulatory effects of OEA and PEA on apoptotic and survival-related proteins as

well as their potentiation of the p38 MAPK pathway and the increase of PD-L1 levels, which
are all mechanisms induced by IFNP via the JAK-STAT pathway, we investigated whether this
ability of OEA and PEA to enhance IFNp-induced proteins and pathways could involve

potentiation of the JAK-STAT cascade. To this end, SH-SYS5Y cells were treated with IFNf in
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combination with either OEA or PEA, and STAT1 phosphorylation, total STAT1, as well as

PKR induction were all analysed.
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Figure 19: Co-treatment with OEA and PEA does not interfere with IFNB-induced STAT1
phosphorylation and PKR expression in SH-SY5Y cells

Cells were pretreated with OEA or PEA (3 uM, 6 h) followed by stimulation with IFNB (5 ng/mL,
24 h). Data are plotted as percentage of maximal effect and are represented as the mean + SEM
of four independent experiments. *p < 0.05 versus vehicle

Disclaimer: The results reported in this thesis have been previously published.
As shown in Figure 19, co-exposure with OEA or PEA did not alter the levels of STAT1
phosphorylation, total STAT1, or PKR compared with cells treated with IFN alone, indicating
that the enhancing effects of these lipids are not mediated through amplification of the

canonical JAK-STAT pathway.

10. IFNB and PPARa do not directly interact in SH-SYSY cells

Since IFNPB modulates a wide range of ISGs with diverse biological and therapeutic
implications, we next examined whether prolonged exposure to IFN could influence PPARa
expression, given the involvement of this receptor in mediating OEA and PEA activity. Nuclear
extracts from SH-SYSY cells treated with IFNP for 24 h were analysed, but no changes in

PPARa protein levels were detected (Fig. 20A).
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Figure 20: Lack of direct interaction between IFN and PPARa in SH-SY5Y cells

Nuclear extracts were analysed for PPARa protein levels following IFNB treatment. Data are
presented as the mean + SEM of four independent experiments (ns=not significant) (A). STAT1
phosphorylation, total STAT1, and PKR were assessed following treatment with IFNB at 5 ng/mL
for 24 h, in the presence or absence of the PPARa antagonist GW6471 (6 uM); * p < 0.05 versus
vehicle (B)

Disclaimer: The results reported in this thesis have been previously published.

To further explore the role of PPARa in IFNf signalling, we employed GW6471, a selective
PPAR«a antagonist. STAT1 phosphorylation, total STAT1, and PKR induction were assessed,
yet no differences were observed in the presence of GW6471, indicating that PPARa does not

interfere with IFNP signalling in this context (Fig. 20B).
11. Inhibition of PPARa attenuates OEA/PEA synergism with IFN-p in mediating
apoptosis and PD-L1 upregulation in SH-SYSY Cells

Having established that PPARa does not directly interfere with IFNf signalling, we next
assessed whether its inhibition could alter the combined effects of OEA, PEA, and IFNf3 on

apoptotic and immune-related markers.
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Treatment with the PPARa antagonist GW6471 markedly reduced PARP cleavage in cells co-
exposed to OEA or PEA with IFNB (p < 0.001, GW6471 + OEA + IFNP vs. OEA + IFN;
GW6471 + PEA + IFNP vs. PEA + IFN; Figure 21A). In parallel, GW6471 also suppressed
PD-L1 induction under the same conditions (p < 0.01 for GW6471 + OEA + IFN; p < 0.001

for GW6471 + PEA + IFNP versus respective controls; Figure 21B).
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Figure 21: PPARa inhibition attenuates OEA/PEA+IFNB-induced PARP cleavage, caspase-
3/7 activation and PD-L1 expression

Cells were pre-treated with GW6471 (6 uM, 1 h) and subsequently exposed to OEA or PEA for 6
h, followed by IFNB stimulation for 24 h. Whole-cell lysates were analysed for PD-L1 and cleaved
PARP expression. ***p < 0.001 versus vehicle; #p < 0.05 and ###p < 0.001 versus IFNB; $ p <
0.05, $$ p < 0.01, and $$3$ p < 0.001 versus the corresponding control-treated group (A, B). Under
the same treatment conditions, caspase-3/7 activity was assessed by luminescence assay. ***p <
0.001 versus vehicle; #p < 0.05 and ##p < 0.01 versus IFNB; $$ p < 0.01 and $$$ p < 0.001 versus
the corresponding control-treated group. Values are represented in this figure as the mean + SEM
of four independent experiments

Disclaimer: The results reported in this thesis have been previously published.
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Consistent with these findings, caspase-3/7 activity measurements further confirmed that
PPARa« inhibition blunted the enhanced pro-apoptotic effects observed with OEA + IFNf and

PEA + IFNB (Fig. 21c).

12. PPARo knockdown attenuates OEA and PEA enhancement of IFNp-driven

apoptotic and immune responses in SH-SYSY cells

To further substantiate the involvement of PPARa in regulating PD-L1 expression and
apoptotic responses, we employed a genetic silencing approach. SH-SYSY cells were
transfected with a specific siRNA targeting PPARa (Figure 22A). Knockdown of PPARa
markedly attenuated the increase in PD-L1 levels observed with OEA + IFNf3 and PEA + IFNJ,
compared with respective control siRNA-transfected cells (p <0.01 and p <0.05, respectively).
Similarly, PARP cleavage was significantly reduced in siRNA + OEA + IFNP and siRNA +
PEA + IFNP groups relative to the corresponding controls (p < 0.01 and p < 0.05, respectively;
Figure 22B). These findings confirm that OEA and PEA enhance IFNfB-mediated apoptosis

and PD-L1 induction by involving PPARa signalling.
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Figure 22: PPARa knockdown suppresses OEA and PEA potentiation of IFNB-mediated
PARP cleavage and PD-L1 level increase

SH-SY5Y cells were transfected with either control siRNA or PPARa siRNA. Transfection
efficiency was confirmed by reduced PPARa protein levels. *p < 0.05 versus vehicle-treated cells
(A). After transfection, cells were incubated for 24 h with vehicle, IFN[, or co-treated with IFN(
and OEA or PEA as described previously. Cell lysates were analysed for cleaved PARP and PD-
L1 expression (B, C). ***p < 0.001 versus vehicle; #p < 0.05 and ##p < 0.01 versus IFNB; $p <
0.05, $$p < 0.01 versus the corresponding control siRNA condition. All data from this figure are
presented as mean £ SEM of four independent experiments.

Disclaimer: The results reported in this thesis have been previously published.
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Discussion

The anti-tumoral effects of [IFN in NB have been well established by Dedoni and colleagues,
who elucidated the pro-apoptotic potential of this cytokine in SH-SYSY cells (Dedoni et al.,
2010). The activation of apoptosis in this cell line was prompted by the JAK/STAT pathway
and the induction of PKR that ultimately led to the initiation of this process (Dedoni et al.,
2010). Although type I IFNs are well known for their potent antiviral and immunomodulatory
effects, their therapeutic use in oncology has been limited by side effects such as flu-like
symptoms, haematological toxicity, fatigue, and mood alterations, which arise from the use of

high concentrations of these cytokines (Walther and Hohlfeld 1999; Sleijfer et al., 2005).

For IFNPB to activate the JAK-STAT pathway in SH-SYSY cells, concentrations in the
picomolar range were sufficient to induce STAT 1 phosphorylation, while concentrations as low
as 3 ng/mL were able to induce prominent PARP cleavage (Dedoni et al., 2010). Despite this,
subsequent studies investigating the efficacy of [IFNf have often employed substantially higher
concentrations, therefore leading to the interest in dose optimization while maintaining
therapeutic feasibility, specifically in NB. The use of combination therapy to ensure efficacy at
lower doses has therefore become our strategy of interest. In this regard, the bioactive lipids
OEA and PEA have stood out as promising candidates thanks to their anti-tumoral properties
in a variety of cancer models as proven by several in vitro cell models, including MCF-7 breast
cancer cells, HCT116 colon cells and B16 melanoma cells (Di Marzo et al., 2001; Hamtiaux et
al., 2012; Pagano et al., 2021). Furthermore, their favourable safety profile makes them an

optimal option for combined therapy (Clayton et al., 2021; Deshmukh et al., 2024).

When present alone, PEA and OEA have been reported to significantly reduce cell viability in
the N1E-115 murine NB cell line in a dose-dependent manner (Hamtiaux et al., 2011). More
specifically, concentrations as low as 1 uM for OEA and 5 uM for PEA led to significant cell

death. In colon cancer cells, exposure to PEA at a range of 3 uM to 30 uM was able to decrease

78



cell proliferation (Pagano et al., 2021). In contrast to the aforementioned cancer cell lines, our
results show that SH-SYSY cells did not exhibit any reduction in viability after treatment with
either OEA or PEA, suggesting a relative resistance to these compounds. This observation
highlights that the cellular response to these bioactive lipids is not solely governed by their
concentration and duration of exposure but is also influenced by the intrinsic characteristics of
the cancer type and cell line. These differences in sensitivity may stem from variations in
receptor expression profiles, the metabolic processing of lipid amides, or the activation of
distinct intracellular signalling cascades, all of which could ultimately modulate susceptibility

to these bioactive lipids.

Based on their lack of cytotoxicity in SH-SY5Y cells and due to their recorded poor
pharmacokinetics (Benchama et al., 2022), as well as their recorded efficacy in combination
therapy in different cancers (Di Marzo et al., 2001; Keppel Hesselink 2013; Yamagata et al.,
2021), the use of these compounds as adjunct molecules to an established therapeutic option

such as IFNP stands out as a promising strategy for NB treatment.

The concomitant use of OEA or PEA and IFN efficiently decreased cell viability as reported
by our results. In addition, cell proliferation was also decreased with the co-treatment in
comparison to IFN. Keeping in mind that these two lipids have no effect when present alone,
these findings point toward a synergistic interaction between these compounds. A similar
observation was made in the clonogenicity assay. Unlike proliferation assays, clonogenic
assays assess the long-term ability of cells to survive, divide, and form colonies (Franken et
al., 2006). Furthermore, high clonogenicity has been closely associated with tumour
recurrence, underscoring its value as a marker of long-term tumorigenic potential (Noronha et
al., 1985). Interestingly, in our study, the prolonged exposure to OEA and PEA alone
significantly reduced colony formation in SH-SYSY cells, despite the absence of short-term

cytotoxicity. This suggests that these lipids might exert delayed effects that impair long-term
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survival and proliferation, therefore affecting tumorigenicity. The underlying mechanisms

behind these results remain unknown and warrant further investigations.

At the molecular level, co-treatment with OEA or PEA potentiated IFNB-induced activation of
the intrinsic apoptotic pathway, as evidenced by enhanced cleavage of caspase-3 and PARP
following 24-hour exposure. These effects appear to be time-dependent, suggesting a
cumulative impact resulting from the concurrent engagement of IFNp-triggered and lipid-
mediated signalling. Importantly, the co-treatment also counteracted the IFNp-induced
upregulation of survivin, a member of the IAP family known to promote cell survival and
therapy resistance (Garg et al., 2016; Chen et al., 2016). Previous studies have shown that IFNs,
including IFN, regulate survivin expression through the activation of the JAK/STAT pathway
(Sharief et al., 2002; Zimmerman et al., 2010; Mormile et al., 2016). Moreover, the observed
suppression of survivin in the presence of OEA or PEA aligns with findings in colorectal cancer
cells, where PPARY activation promoted apoptosis by downregulating survivin and enhancing
caspase-3 activity (Wang et al., 2012). This reduction of survivin expression in our model likely
contributes to the amplification of IFN-induced apoptosis, as the loss of survivin removes an
essential block to caspase activation, thereby increasing the susceptibility of SH-SY5Y cells to

the cytotoxic effects of IFNP.

On the other hand, in our NB cell model, IFNP alone downregulates the anti-apoptotic Bcl-2
family member Mcl-1. Reports regarding the regulation of Mcl-1 by different types of IFNs
remain inconsistent in literature (Clemens et al., 2003; Allagnat et al., 2011; Bauvois et al.,
2021), suggesting that this effect is highly dependent on the cellular context and experimental
conditions. Notably, co-treatment with OEA or PEA did not further alter Mcl-1 expression
levels. These findings support the notion that while the pro-apoptotic activity of IFNf in SH-

SYS5Y cells may, at least in part, result from its capacity to suppress Mcl-1, the enhancement
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of IFNB-induced apoptosis by OEA and PEA appears to occur through Mcl-1-independent

mechanisms.

We next examined IkBa levels and the p38 MAPK pathway to investigate if these pro-survival
and adaptive pathways normally elicited respectively by OEA/PEA and IFNp, are modulated
by our co-treatment. [kBa is the cytoplasmic inhibitor of NF-«kB, a master transcription factor
that regulates genes involved in inflammation, survival, proliferation, and resistance to
apoptosis (Solt and May 2008; Guo et al., 2024). Consistent with their reported anti-
inflammatory properties through NF-«xB inhibition (D’ Agostino et al., 2009; Yang et al., 2016),
exposure to OEA or PEA alone increased [kBa in SH-SYS5Y cells, suggesting inhibition of NF-
kB signalling. However, this effect was prevented in the presence of IFN, likely due to its

strong pro-inflammatory activity that outweighed the anti-inflammatory action of these lipids.

On the other hand, it was previously reported that IFN activates the p38 MAPK-mediated
stress response in SH-SYSY cells as a feedback system to counteract its own pro-apoptotic
action (Dedoni et al., 2014). In our current work, we show that the co-treatment with OEA or
PEA further prompts the p38 MAPK pathway activation, which points towards the promotion
of cell survival. Nevertheless, this compensatory stress response was insufficient to counteract

the pro-apoptotic effects of the combined therapy.

We report for the first time that IFNf induces a time- and concentration-dependent increase in
PD-L1 levels in SH-SYSY cells. This is consistent with the well-established role of IFNs in
modulating immune checkpoint molecules. Indeed, IFNs are known to upregulate PD-L1
across various cell types through the activation of the JAK/STAT signalling pathway,
contributing to adaptive immune resistance mechanisms (Shreiner et al., 2004; Wang et al.,
2014). IFN-y has been described as a potent inducer of PD-L1 in several cancer models,

including NB cell lines (Srinivasan et al., 2018).
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Interestingly, concomitant treatment with either OEA or PEA markedly enhanced the IFNf3-
induced upregulation of PD-L1, both at the cytoplasmic and plasma membrane levels. This
suggests a potential interplay between IFN signalling and lipid-mediated pathways in the
regulation of immune checkpoint expression. In line with our findings, Gutting and colleagues
demonstrated that PPARYy agonists can promote PD-L1 expression in gastrointestinal tumours,
further supporting a possible role for PPAR-dependent signalling in PD-L1 modulation
(Gutting et al., 2021). Conversely, another study reported that OEA and oleic acid reduced IFN-
y-induced PD-L1 expression in lung carcinoma cells, highlighting that the regulatory outcome

may vary depending on the tumour type and the class of IFN involved (Yamagata et al., 2021).

While the classical concept of immune evasion cannot be properly studied in the current in
vitro system and may hold a negative implication in in vivo translational contexts, as it is
typically viewed as a mechanism facilitating tumour escape from immune surveillance, this
observed upregulation of PD-L1 can be exploited differently. Therapeutic protocols for NB
typically comprise a multimodal approach, integrating diverse treatment strategies to maximize
therapeutic efficacy and improve patient outcomes. Thereby, the use of PD-1/PD-L1
checkpoint inhibitors as an additional therapeutic option to further enhance the therapeutic
potency of OEA/PEA and IFNP treatment could be beneficial. In addition, antibody-drug
conjugates targeting PD-L1 have also been successfully used in treatment of different cancers
including laryngeal squamous cell carcinoma, lung adenocarcinoma and ovarian cancer
(Gandini et al., 2016; Dong et al., 2024; Xiao et al., 2021; Jin et al., 2022), and could also be

beneficial as an additional treatment option to secure faster and more efficient outcomes in NB.

The activation of the main IFNP signalling cascade, the JAK/STAT1 pathway, is responsible
for mediating its effects of cell survival, proliferation, intrinsic apoptosis activation and PD-L1
induction (Dedoni et al., 2010; Morimoto et al., 2018). In our study, concomitant treatment

with OEA or PEA did not appear to involve the JAK/STAT pathway in mediating the observed
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responses, suggesting that these bioactive lipids may act through alternative signalling
mechanisms to potentiate the anti-tumour activity of IFNP. Given that OEA and PEA interact
with multiple molecular targets, including PPARa, PPARy, TRPV1, and GPRS55, with PPAR«a
representing their primary high-affinity receptor (Fu et al., 2005; O’Sullivan, 2007), we next
sought to determine whether PPARa mediates these effects. To this end, we first evaluated
whether IFNf alters PPARa expression levels, thereby ruling out the possibility that the
observed synergistic response results from cytokine-induced modulation of receptor

abundance.

Pharmacological inhibition of PPARa using GW6471 partially reduced both PD-L1 induction
and PARP cleavage during co-treatment, indicating its contribution to the observed effects.
Consistently, caspase-3/7 activity assays further supported the involvement of PPARa in
enhancing apoptotic signalling. Complementary siRNA-mediated knockdown of PPARa
yielded comparable results, attenuating PD-L1 expression and diminishing apoptotic
potentiation. Collectively, these findings identify PPARa as a key mediator in the combined
response; however, the persistence of PD-L1 upregulation following both genetic and
pharmacological silencing of PPARa suggests the involvement of additional signalling

pathways, warranting further investigation into alternative receptor targets.

Our findings highlight the potential of OEA and PEA to enhance IFNf-induced apoptosis and
PD-L1 protein expression in SH-SYS5Y NB cells and have elucidated the intracellular
mechanisms that are involved in this synergism; however, several considerations must be
addressed. Given that SH-SYSY cells represent an intermediate-risk, a relatively resistant NB
model, it is uncertain whether similar effects would be observed in other risk groups. NB is a
highly heterogeneous cancer, and reliance on a single cell line limits the generalizability of
these observations. The exclusive use of the SH-SYS5Y cell line is based on its validation as a

NB model that previously demonstrated consistent IFN responsiveness, intact JAK/STAT
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signalling, and functional activation of apoptotic pathways (Dedoni et al., 2010; Dedoni et al.,
2014). In addition, and as a model for intermediate-risk NB (Lodrini et al., 2017; Upton et al.,
2020), it is characterized by greater immune modulatory responsiveness compared with high-
risk NB (Dondero et al., 2015; Wienke et al., 2021). Consequently, its use enables robust
investigation of downstream signalling events underlying IFNB-driven apoptosis and PD-L1

regulation, as well as the detection of synergistic effects with OEA and PEA.

While reliance on a single in vitro model necessarily defines the scope of the present work and
may limit direct extrapolation across the full biological heterogeneity of NB, this focused
approach provides meaningful insights relevant to intermediate-risk NB only. Nevertheless, it
is safe to say that these findings establish a strong framework for future validation in high-risk
NB, in which apoptosis resistance and immune evasion are more prominent (Nicolai et al.,
2015). Future studies should incorporate additional models with distinct genetic backgrounds,
such as MYCN-amplified or ALK-mutant NB cell lines, to broaden the understanding of the

interaction between IFNP and OEA and PEA.

Most importantly, translation of these findings into in vivo settings is critical. Testing the
therapeutic efficacy in NB xenograft models or patient-derived xenografts (PDX) would allow
evaluation of not only tumour growth inhibition and survival benefit, but also the
pharmacokinetics, bioavailability, and tolerability of OEA/PEA in combination with IFN.
Moreover, given the modulation of PD-L1 observed in our system, in vivo investigations will
be essential to establish the immunological significance of these effects. Such studies may
clarify whether combining IFNJ with OEA/PEA and another additional therapeutic
intervention, such as immune checkpoint blockade, could further enhance awaited outcomes.
Such models could provide valuable insight into TME interactions as well, including potential

modulation of immune responses, angiogenesis, and stromal signalling.
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Collectively, these complementary approaches will be essential to delineate the underlying
mechanisms and assess the translational potential of combining bioactive lipids with IFNf in

NB treatment.
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Conclusion

The current work demonstrates that the endogenous lipids OEA and PEA potentiate the anti-
tumoral effects of IFNP in human SH-SYS5Y NB cells mainly through PPARa-dependent
mechanisms. While OEA and PEA alone did not affect cell viability, their co-administration
with IFN significantly reduced SH-SYS5Y survival, proliferation, and clonogenic capacity.
This enhanced cytotoxicity was accompanied by increased cleavage of caspase-3 and PARP,
together with reduced survivin levels, confirming a synergism between the lipids and the pro-

inflammatory cytokine to activate the intrinsic apoptotic pathway.

The observed effects occurred independently of further JAK/STAT or PKR prompting,
indicating that OEA and PEA modulate alternative signalling routes. Both lipids amplified
IFNB-induced PD-L1 expression. These findings reveal a dual role for OEA and PEA in
promoting apoptosis while influencing immune checkpoint regulation. While we uncover a
novel mechanism by which OEA and PEA enhance IFN’s antiproliferative action, linking
lipid metabolism, apoptosis, and immune modulation in NB through targeting PPARa, future
in vivo and translational studies are warranted to validate these results and explore their
therapeutic implications in NB and other neural-derived tumours. Nonetheless, these lipids
have shown effectiveness as adjuvants to cytokine-based therapies, offering a promising

strategy to improve treatment efficacy while potentially avoiding IFN-related toxicity.

86



References

Abiko, K., Matsumura, N., Hamanishi, J., Horikawa, N., Murakami, R., Yamaguchi, K.,
Yoshioka, Y., Baba, T., Konishi, 1., Mandai, M., 2015. IFN-y from lymphocytes induces PD-L1
expression and promotes progression of ovarian cancer. Br J Cancer 112, 1501-1509.
https://doi.org/10.1038/bjc.2015.101

Adem, A., Mattsson, M.E., Nordberg, A., Pahlman, S., 1987. Muscarinic receptors in human
SH-SY5Y neuroblastoma cell line: regulation by phorbol ester and retinoic acid-induced
differentiation. Brain Res 430, 235-242. https://doi.org/10.1016/0165-3806(87)90156-8
Aden, D., Sureka, N., Zaheer, Samreen, Chaurasia, J.K., Zaheer, Sufian, 2025. Metabolic
Reprogramming in Cancer: Implications for Immunosuppressive Microenvironment.
Immunology 174, 30-72. https://doi.org/10.1111/imm.13871

Afford, S., Randhawa, S., 2000. Apoptosis. Mol Pathol 53, 55-63.
https://doi.org/10.1136/mp.53.2.55

Akinyeke, T.O., Stewart, L.V., 2011. Troglitazone suppresses c-Myc levels in human prostate
cancer cells via a PPARy-independent mechanism. Cancer Biol Ther 11, 1046-1058.
https://doi.org/10.4161/cbt.11.12.15709

Aktas, T.C., Kizmazoglu, D., Aktas, S., Gokbayrak, O.E., Serinan, E., Erol, A., Altun, Z., Yuan,
H., Olgun, H.N., 2023. Identification of ALK Mutation in Neuroblastoma on the Point of
Molecular Heterogeneity. Technol Cancer Res Treat 22, 15330338231211138.
https://doi.org/10.1177/15330338231211138

Allagnat, F., Cunha, D., Moore, F., Vanderwinden, J.M., Eizirik, D.L., Cardozo, A.K., 2011.
Mcl-1 downregulation by pro-inflammatory cytokines and palmitate is an early event
contributing  to B-cell  apoptosis. Cell  Death  Differ 18, 328-337.
https://doi.org/10.1038/cdd.2010.105

Aloe, L., Leon, A., Levi-Montalcini, R., 1993. A proposed autacoid mechanism controlling
mastocyte behaviour. Agents Actions 39 Spec No, C145-147.
https://doi.org/10.1007/BF01972748

Althoff, K., Beckers, A., Bell, E., Nortmeyer, M., Thor, T., Spriissel, A., Lindner, S., De Preter,
K., Florin, A., Heukamp, L.C., Klein-Hitpass, L., Astrahantseff, K., Kumps, C., Speleman, F.,
Eggert, A., Westermann, F., Schramm, A., Schulte, J.H., 2015. A Cre-conditional MYCN-
driven neuroblastoma mouse model as an improved tool for preclinical studies. Oncogene 34,
3357-3368. https://doi.org/10.1038/onc.2014.269

Altieri, D.C., 2010. Survivin and IAP proteins in cell-death mechanisms. Biochem J 430, 199—
205. https://doi.org/10.1042/BJ20100814

Alvi, S., Karadaghy, O., Manalang, M., Weatherly, R., 2017. Clinical manifestations of
neuroblastoma with head and neck involvement in children. Int J Pediatr Otorhinolaryngol 97,
157-162. https://doi.org/10.1016/j.ijporl.2017.04.013

Ambros, P.F., Ambros, .M., Brodeur, G.M., Haber, M., Khan, J., Nakagawara, A.,
Schleiermacher, G., Speleman, F., Spitz, R., London, W.B., Cohn, S.L., Pearson, A.D.J., Maris,
J.M., 2009. International consensus for neuroblastoma molecular diagnostics: report from the
International Neuroblastoma Risk Group (INRG) Biology Committee. Br J Cancer 100, 1471—
1482. https://doi.org/10.1038/sj.bjc.6605014

Ambrosino, P., Soldovieri, M.V., De Maria, M., Russo, C., Taglialatela, M., 2014. Functional
and biochemical interaction between PPARa receptors and TRPV1 channels: Potential role in
PPARa agonists-mediated analgesia. Pharmacol Res 87, 113-122.
https://doi.org/10.1016/j.phrs.2014.06.015

Asgarova, A., Asgarov, K., Godet, Y., Peixoto, P., Nadaradjane, A., Boyer-Guittaut, M.,
Galaine, J., Guenat, D., Mougey, V., Perrard, J., Pallandre, J.R., Bouard, A., Balland, J., Tirole,
C., Adotevi, O., Hendrick, E., Herfs, M., Cartron, P.F., Borg, C., Hervouet, E., 2018. PD-L1

87



expression is regulated by both DNA methylation and NF-kB during EMT signaling in non-
small cell lung carcinoma. Oncoimmunology 7, e1423170.
https://doi.org/10.1080/2162402X.2017.1423170

Asgharzadeh, F., Memarzia, A., Alikhani, V., Beigoli, S., Boskabady, M.H., 2024. Peroxisome
proliferator-activated receptors: Key regulators of tumor progression and growth. Transl Oncol
47, 102039. https://doi.org/10.1016/j.tranon.2024.102039

Ashkenazi, A., Dixit, V.M., 1998. Death receptors: signaling and modulation. Science 281,
1305-1308. https://doi.org/10.1126/science.281.5381.1305

Antunes N, Kundu B, Kundu SC, Reis RL, Correlo V. In Vitro Cancer Models: A Closer Look
at Limitations on Translation. Bioengineering (Basel). 2022 Apr 7;9(4):166. doi:
10.3390/bioengineering9040166. PMID: 35447726; PMCID: PM(C9029854.

Bachur, N.R., Masek, K., Melmon, K.L., Udenfriend, S., 1965. FATTY ACID AMIDES OF
ETHANOLAMINE IN MAMMALIAN TISSUES. J Biol Chem 240, 1019-1024.

Baetz, T., Eisenhauer, E., Siu, L., MacLean, M., Doppler, K., Walsh, W., Fisher, B., Khan, A.Z.,
de Alwis, D.P., Weitzman, A., Brail, L.H., Moore, M., 2007. A phase I study of oral LY293111
given daily in combination with irinotecan in patients with solid tumours. Invest New Drugs
25, 217-225. https://doi.org/10.1007/s10637-006-9021-8

Balijepalli, P., Sitton, C.C., Meier, K.E., 2021. Lysophosphatidic Acid Signaling in Cancer
Cells: What Makes LPA So Special? Cells 10, 2059. https://doi.org/10.3390/cells10082059
Balla, J., Siddi, C., Scherma, M., Fadda, P., Dedoni, S., 2025. Antibody conjugates in
neuroblastoma: a step forward in precision medicine. Front Oncol 15, 1548524,
https://doi.org/10.3389/fonc.2025.1548524

Barbosa, F., Pinto, E., Kijjoa, A., Pinto, M., Sousa, E., 2020. Targeting antimicrobial drug
resistance with marine natural products. Int J Antimicrob Agents 56, 106005.
https://doi.org/10.1016/j.ijantimicag.2020.106005

Bardhan, K., Anagnostou, T., Boussiotis, V.A., 2016. The PDI1:PD-L1/2 Pathway from
Discovery to Clinical Implementation. Front Immunol 7, 550.
https://doi.org/10.3389/fimmu.2016.00550

Barrett, M.T., Anderson, K.S., Lenkiewicz, E., Andreozzi, M., Cunliffe, H.E., Klassen, C.L.,
Dueck, A.C., McCullough, A.E., Reddy, S.K., Ramanathan, R.K., Northfelt, D.W., Pockaj,
B.A., 2015. Genomic amplification of 9p24.1 targeting JAK2, PD-L1, and PD-L2 is enriched
in  high-risk  triple negative breast cancer. Oncotarget 6, 26483-26493.
https://doi.org/10.18632/oncotarget.4494

Bauvois, B., Pramil, E., Jondreville, L., Quiney, C., Nguyen-Khac, F., Susin, S.A., 2021.
Activation of Interferon Signaling in Chronic Lymphocytic Leukemia Cells Contributes to
Apoptosis Resistance via a JAK-Src/STAT3/Mcl-1 Signaling Pathway. Biomedicines 9, 188.
https://doi.org/10.3390/biomedicines9020188

Bazhin AV, von Ahn K, Fritz J, Werner J, Karakhanova S. Interferon-o Up-Regulates the
Expression of PD-L1 Molecules on Immune Cells Through STAT3 and p38 Signaling. Front
Immunol. 2018 Sep 27;9:2129. doi: 10.3389/fimmu.2018.02129.

Beggiato, S., Tomasini, M.C., Ferraro, L., 2019. Palmitoylethanolamide (PEA) as a Potential
Therapeutic  Agent in  Alzheimer’s Disease. Front Pharmacol 10,  82I.
https://doi.org/10.3389/fphar.2019.00821

Bell, R.M., 1986. Protein kinase C activation by diacylglycerol second messengers. Cell 45,
631-632. https://doi.org/10.1016/0092-8674(86)90774-9

Benchama, O., Malamas, M.S., Praveen, K., Ethier, E.C., Williams, M.K., Makriyannis, A.,
Avraham, H.K., 2022. Inhibition of triple negative breast cancer-associated inflammation and
progression by N- acylethanolamine acid amide hydrolase (NAAA). Sci Rep 12, 22255.
https://doi.org/10.1038/s41598-022-26564-6

88



Benchia, D., Bica, O.D., Sarbu, L., Savu, B., Farcag, D., Miron, 1., Postolache, A.L., Cojocaru,
E., Abbo, O., Ciongradi, C.I., 2025. Targeting Pathways in Neuroblastoma: Advances in
Treatment  Strategies and Clinical Outcomes. Int J Mol Sci 26, 4722.
https://doi.org/10.3390/ijms26104722

Berger, J., Moller, D.E., 2002. The mechanisms of action of PPARs. Annu Rev Med 53, 409—
435. https://doi.org/10.1146/annurev.med.53.082901.104018

Bergman, S.J., Ferguson, M.C., Santanello, C., 2011. Interferons as Therapeutic Agents for
Infectious Diseases. Infect Dis Clin North Am 25, 819-834.
https://doi.org/10.1016/j.idc.2011.07.008

Bian, Y., Walter, D.L., Zhang, C., 2023. Efficiency of Interferon-y in Activating Dendritic Cells
and Its Potential Synergy with Toll-like Receptor Agonists. Viruses 15, 1198.
https://doi.org/10.3390/v15051198

Biedler, J.L., Helson, L., Spengler, B.A., 1973. Morphology and growth, tumorigenicity, and
cytogenetics of human neuroblastoma cells in continuous culture. Cancer Res 33, 2643-2652.
Binello, E., Mormone, E., Emdad, L., Kothari, H., Germano, .M., 2014. Characterization of
fenofibrate-mediated anti-proliferative pro-apoptotic effects on high-grade gliomas and anti-
invasive effects on glioma stem cells. J Neurooncol 117, 225-234.
https://doi.org/10.1007/s11060-014-1385-6

Borden, E.C., Sen, G.C., Uze, G., Silverman, R.H., Ransohoff, R.M., Foster, G.R., Stark, G.R.,
2007. Interferons at age 50: past, current and future impact on biomedicine. Nat Rev Drug
Discov 6, 975-990. https://doi.org/10.1038/nrd2422

Borrelli, F., 1zzo, A.A., 2009. Role of acylethanolamides in the gastrointestinal tract with special
reference to food intake and energy balance. Best Pract Res Clin Endocrinol Metab 23, 33-49.
https://doi.org/10.1016/j.beem.2008.10.003

Bortoletto, R., Balestrieri, M., Bhattacharyya, S., Colizzi, M., 2022. Is It Time to Test the
Antiseizure Potential of Palmitoylethanolamide in Human Studies? A Systematic Review of
Preclinical Evidence. Brain Sci 12, 101. https://doi.org/10.3390/brainsci12010101

Bosse, K.R., Maris, J.M., 2016. Advances in the translational genomics of neuroblastoma:
From improving risk stratification and revealing novel biology to identifying actionable
genomic alterations. Cancer 122, 20-33. https://doi.org/10.1002/cncr.29706

Bowen, K.J., Kris-Etherton, P.M., Shearer, G.C., West, S.G., Reddivari, L., Jones, P.J.H., 2017.
Oleic acid-derived oleoylethanolamide: A nutritional science perspective. Prog Lipid Res 67,
1-15. https://doi.org/10.1016/j.plipres.2017.04.001

Broadfield, L.A., Pane, A.A., Talebi, A., Swinnen, J.V., Fendt, S.-M., 2021. Lipid metabolism
in cancer: New perspectives and emerging mechanisms. Dev Cell 56, 1363-1393.
https://doi.org/10.1016/j.devcel.2021.04.013

Brodeur, G.M., Pritchard, J., Berthold, F., Carlsen, N.L., Castel, V., Castelberry, R.P., De
Bernardi, B., Evans, A.E., Favrot, M., Hedborg, F., 1993. Revisions of the international criteria
for neuroblastoma diagnosis, staging, and response to treatment. J Clin Oncol 11, 1466—-1477.
https://doi.org/10.1200/JC0O.1993.11.8.1466

Brunelle, J.K., Letai, A., 2009. Control of mitochondrial apoptosis by the Bcl-2 family. J Cell
Sci 122, 437-441. https://doi.org/10.1242/jcs.031682

Buchbinder, E.I., Desai, A., 2016. CTLA-4 and PD-1 Pathways. Am J Clin Oncol 39, 98-106.
https://doi.org/10.1097/COC.0000000000000239

Bukkuri, A., Andersson, S., Mazariegos, M.S., Brown, J.S., Hammarlund, E.U., Mohlin, S.,
2024. Cell types or cell states? An investigation of adrenergic and mesenchymal cell phenotypes
in neuroblastoma. iScience 27, 111433, https://doi.org/10.1016/].is¢i.2024.111433

Bulavin, D.V., Phillips, C., Nannenga, B., Timofeev, O., Donehower, L.A., Anderson, C.W.,
Appella, E., Fornace, A.J., 2004. Inactivation of the Wipl phosphatase inhibits mammary

89



tumorigenesis through p38 MAPK-mediated activation of the pl16(Ink4a)-p19(Arf) pathway.
Nat Genet 36, 343-350. https://doi.org/10.1038/ng1317

Buongervino, S., Lane, M.V., Garrigan, E., Zhelev, D.V., Dimitrov, D.S., Bosse, K.R., 2021.
Antibody-Drug Conjugate Efficacy in Neuroblastoma: Role of Payload, Resistance
Mechanisms, Target Density, and Antibody Internalization. Mol Cancer Ther 20, 2228-2239.
https://doi.org/10.1158/1535-7163.MCT-20-1034

Butticé, G., Miller, J., Wang, L., Smith, B.D., 2006. Interferon-gamma induces major
histocompatibility class II transactivator (CIITA), which mediates collagen repression and
major histocompatibility class II activation by human aortic smooth muscle cells. Circ Res 98,
472-479. https://doi.org/10.1161/01.RES.0000204725.46332.97

Camoglio, C., Balla, J., Fadda, P, Dedoni, S., 2024. Oleoylethanolamide and
Palmitoylethanolamide Enhance IFNB-Induced Apoptosis in Human Neuroblastoma SH-SY5Y
Cells. Molecules 29, 1592. https://doi.org/10.3390/molecules29071592

Campos Cogo, S., Gradowski Farias da Costa do Nascimento, T., de Almeida Brehm Pinhatti,
F., de Franca Junior, N., Santos Rodrigues, B., Cavalli, L.R., Elifio-Esposito, S., 2020. An
overview of neuroblastoma cell lineage phenotypes and in vitro models. Exp Biol Med
(Maywood) 245, 1637-1647. https://doi.org/10.1177/1535370220949237

Canovas, B., Igea, A., Sartori, A.A., Gomis, R.R., Paull, T.T., Isoda, M., Pérez-Montoyo, H.,
Serra, V., Gonzalez-Suarez, E., Stracker, T.H., Nebreda, A.R., 2018. Targeting p38a Increases
DNA Damage, Chromosome Instability, and the Anti-tumoral Response to Taxanes in Breast
Cancer Cells. Cancer Cell 33, 1094-1110.e8. https://doi.org/10.1016/j.ccell.2018.04.010
Canovas, B., Nebreda, A.R., 2021. Diversity and versatility of p38 kinase signalling in health
and disease. Nat Rev Mol Cell Biol 22, 346-366. https://doi.org/10.1038/s41580-020-00322-w
Capuron, L., Gumnick, J.F., Musselman, D.L., Lawson, D.H., Reemsnyder, A., Nemeroff, C.B.,
Miller, A.H., 2002. Neurobehavioral effects of interferon-alpha in cancer patients:
phenomenology  and  paroxetine  responsiveness of  symptom  dimensions.
Neuropsychopharmacology 26, 643—652. https://doi.org/10.1016/S0893-133X(01)00407-9
Casey, D.L., Pitter, K.L., Kushner, B.H., Cheung, N.-K.V., Modak, S., LaQuaglia, M.P.,,
Wolden, S.L., 2018. Radiation Therapy to Sites of Metastatic Disease as Part of Consolidation
in High-Risk Neuroblastoma: Can Long-term Control Be Achieved? Int J Radiat Oncol Biol
Phys 100, 1204—-1209. https://doi.org/10.1016/].ijrobp.2018.01.008

Chandran, K., Goswami, S., Sharma-Walia, N., 2015. Implications of a peroxisome
proliferator-activated receptor alpha (PPARa) ligand clofibrate in breast cancer. Oncotarget 7,
15577-15599. https://doi.org/10.18632/oncotarget.6402

Chawla-Sarkar, M., Lindner, D.J., Liu, Y.-F., Williams, B.R., Sen, G.C., Silverman, R.H.,
Borden, E.C., 2003. Apoptosis and interferons: role of interferon-stimulated genes as mediators
of apoptosis. Apoptosis 8, 237-249. https://doi.org/10.1023/a:1023668705040

Chen, C.-H., Yu, M.-L., 2010. Evolution of interferon-based therapy for chronic hepatitis C.
Hepat Res Treat 2010, 140953. https://doi.org/10.1155/2010/140953

Chen, X., Duan, N., Zhang, C., Zhang, W., 2016. Survivin and Tumorigenesis: Molecular
Mechanisms and Therapeutic Strategies. J Cancer 7, 314-323.
https://doi.org/10.7150/jca.13332

Cheung, N.-K.V,, Dyer, M.A., 2013. Neuroblastoma: developmental biology, cancer genomics
and immunotherapy. Nat Rev Cancer 13, 397-411. https://doi.org/10.1038/nrc3526

Chinetti, G., Fruchart, J.C., Staels, B., 2000. Peroxisome proliferator-activated receptors
(PPARSs): nuclear receptors at the crossroads between lipid metabolism and inflammation.
Inflamm Res 49, 497-505. https://doi.org/10.1007/s000110050622

Chowdhury, F., Dunn, S., Mitchell, S., Mellows, T., Ashton-Key, M., & Gray, J. C. (2015). PD-
L1 and CD8'PD1" lymphocytes exist as targets in the pediatric tumor microenvironment for

90



immunomodulatory therapy. Oncolmmunology, 4(10).
https://doi.org/10.1080/2162402X.2015.1029701

Christofides, A., Konstantinidou, E., Jani, C., Boussiotis, V.A., 2021. The role of peroxisome
proliferator-activated receptors (PPAR) in immune responses. Metabolism 114, 154338.
https://doi.org/10.1016/j.metabol.2020.154338

Chu, C.M., Rasalkar, D.D., Hu, Y.J., Cheng, F.W.T., Li, C.K., Chu, W.C.W.,, 2011. Clinical
presentations and imaging findings of neuroblastoma beyond abdominal mass and a review of
imaging algorithm. Br J Radiol 84, 81-91. https://doi.org/10.1259/bjr/31861984
Cisa-Wieczorek, S., Hernandez-Alvarez, M.I., 2020. Deregulation of Lipid Homeostasis: A
Fa(c)t in the Development of Metabolic Diseases. Cells 9, 2605.
https://doi.org/10.3390/cells9122605

Citak, C., Karadeniz, C., Dalgic, B., Oguz, A., Poyraz, A., Okur, V., Boyunaga, O., 2006.
Intestinal lymphangiectasia as a first manifestation of neuroblastoma. Pediatr Blood Cancer 46,
105-107. https://doi.org/10.1002/pbc.20530

Clayton, P., Hill, M., Bogoda, N., Subah, S., Venkatesh, R., 2021. Palmitoylethanolamide: A
Natural Compound for Health Management. Int J Mol Sci 22, 5305.
https://doi.org/10.3390/ijms22105305

Clemens, M.J., 2003. Interferons and apoptosis. J Interferon Cytokine Res 23, 277-292.
https://doi.org/10.1089/107999003766628124

Coburn, A.F., Graham, C.E., Haninger, J., 1954. The effect of egg yolk in diets on anaphylactic
arthritis (passive Arthus phenomenon) in the guinea pig. J Exp Med 100, 425-435.
https://doi.org/10.1084/jem.100.5.425

Cole, K.A., Maris, J.M., 2012. New strategies in refractory and recurrent neuroblastoma:
translational opportunities to impact patient outcome. Clin Cancer Res 18, 2423-2428.
https://doi.org/10.1158/1078-0432.CCR-11-1409

Corn, K.C., Windham, M.A., Rafat, M., 2020. Lipids in the tumor microenvironment: From
cancer progression to treatment. Prog Lipid Res 80, 101055.
https://doi.org/10.1016/j.plipres.2020.101055

Cory, S., Adams, J.M., 2002. The Bcl2 family: regulators of the cellular life-or-death switch.
Nat Rev Cancer 2, 647—656. https://doi.org/10.1038/nrc883

Costas-Insua, C., Guzman, M., 2023. Endocannabinoid signaling in glioma. Glia 71, 127-138.
https://doi.org/10.1002/glia.24173

Cuadrado, A., Nebreda, A.R., 2010. Mechanisms and functions of p38 MAPK signalling.
Biochem J 429, 403-417. https://doi.org/10.1042/BJ20100323

Cui, J.-W,, Li, Y., Yang, Y., Yang, H.-K., Dong, J.-M., Xiao, Z.-H., He, X., Guo, J.-H., Wang,
R.-Q., Dai, B., Zhou, Z.-L., 2024. Tumor immunotherapy resistance: Revealing the mechanism
of PD-1 / PD-L1-mediated tumor immune escape. Biomed Pharmacother 171, 116203.
https://doi.org/10.1016/j.biopha.2024.116203

D’Agostino, G., La Rana, G., Russo, R., Sasso, O., lacono, A., Esposito, E., Mattace Raso, G.,
Cuzzocrea, S., Loverme, J., Piomelli, D., Meli, R., Calignano, A., 2009. Central administration
of palmitoylethanolamide reduces hyperalgesia in mice via inhibition of NF-kappaB nuclear
signalling in  dorsal root ganglia. Eur J  Pharmacol 613,  54-59.
https://doi.org/10.1016/j.ejphar.2009.04.022

D’Amico, R., Impellizzeri, D., Cuzzocrea, S., Di Paola, R., 2020. ALIAmides Update:
Palmitoylethanolamide and Its Formulations on Management of Peripheral Neuropathic Pain.
Int J Mol Sci 21, 5330. https://doi.org/10.3390/ijms21155330

de Carvalho, C.C.C.R., Caramujo, M.J., 2018. The Various Roles of Fatty Acids. Molecules 23,
2583. https://doi.org/10.3390/molecules23102583

de Medeiros, L.M., De Bastiani, M.A., Rico, E.P.,, Schonhofen, P., Pfaffenseller, B.,
Wollenhaupt-Aguiar, B., Grun, L., Barbé-Tuana, F., Zimmer, E.R., Castro, M.A.A., Parsons,

91



R.B., Klamt, F., 2019. Cholinergic Differentiation of Human Neuroblastoma SH-SY5Y Cell
Line and Its Potential Use as an In vitro Model for Alzheimer’s Disease Studies. Mol Neurobiol
56, 7355-7367. https://doi.org/10.1007/s12035-019-1605-3

De Petrocellis, L., Bisogno, T., Ligresti, A., Bifulco, M., Melck, D., Di Marzo, V., 2002. Effect
on cancer cell proliferation of palmitoylethanolamide, a fatty acid amide interacting with both
the cannabinoid and vanilloid signalling systems. Fundam Clin Pharmacol 16, 297-302.
https://doi.org/10.1046/j.1472-8206.2002.00094.x

de Visser, K.E., Joyce, J.A., 2023. The evolving tumor microenvironment: From cancer
initiation to metastatic outgrowth. Cancer Cell 41, 374-403.
https://doi.org/10.1016/j.ccell.2023.02.016

de Weerd, N.A., Nguyen, T., 2012a. The interferons and their receptors--distribution and
regulation. Immunol Cell Biol 90, 483—491. https://doi.org/10.1038/icb.2012.9

Decara, J., Rivera, P., Lopez-Gambero, A.J., Serrano, A., Pavon, F.J., Baixeras, E., Rodriguez
de Fonseca, F., Suarez, J., 2020. Peroxisome Proliferator-Activated Receptors: Experimental
Targeting for the Treatment of Inflammatory Bowel Diseases. Front Pharmacol 11, 730.
https://doi.org/10.3389/fphar.2020.00730

Dedoni, S., Olianas, M.C., Onali, P., 2014. Interferon-f counter-regulates its own pro-apoptotic
action by activating p38 MAPK signalling in human SH-SYS5Y neuroblastoma cells. Apoptosis
19, 1509-1526. https://doi.org/10.1007/s10495-014-1024-x

Dedoni, S., Olianas, M.C., Onali, P., 2010. Interferon-f induces apoptosis in human SH-SY5Y
neuroblastoma cells through activation of JAK-STAT signaling and down-regulation of
PI3K/Akt pathway. J Neurochem 115, 1421-1433. https://doi.org/10.1111/}.1471-
4159.2010.07046.x

Delerive, P., De Bosscher, K., Besnard, S., Vanden Berghe, W., Peters, J.M., Gonzalez, F.J.,
Fruchart, J.C., Tedgui, A., Haegeman, G., Staels, B., 1999. Peroxisome proliferator-activated
receptor alpha negatively regulates the vascular inflammatory gene response by negative cross-
talk with transcription factors NF-kappaB and AP-1. J Biol Chem 274, 32048-32054.
https://doi.org/10.1074/jbc.274.45.32048

Deshmukh, N., Muntha, S., Subah, S., Clayton, P., 2024. A Comprehensive Safety Profile of
Oleoylethanolamide. Journal of Medical - Clinical Research & Reviews 8.
https://doi.org/10.33425/2639-944X.1373

Devchand, P.R., Keller, H., Peters, J.M., Vazquez, M., Gonzalez, F.J., Wahli, W., 1996. The
PPARalpha-leukotriene B4 pathway to inflammation control. Nature 384, 39-43.
https://doi.org/10.1038/384039a0

Di Marzo, V., Melck, D., Orlando, P., Bisogno, T., Zagoory, O., Bifulco, M., Vogel, Z., De
Petrocellis, L., 2001. Palmitoylethanolamide inhibits the expression of fatty acid amide
hydrolase and enhances the anti-proliferative effect of anandamide in human breast cancer cells.
Biochem J 358, 249-255. https://doi.org/10.1042/0264-6021:3580249

Di Marzo, V., Petrosino, S., 2007. Endocannabinoids and the regulation of their levels in health
and disease. Curr Opin Lipidol 18, 129-140. https://doi.org/10.1097/MOL.0b013e32803dbdec
Di Trolio, R., Simeone, E., Di Lorenzo, G., Buonerba, C., Ascierto, P.A., 2015. The use of
interferon in melanoma patients: a systematic review. Cytokine Growth Factor Rev 26, 203—
212. https://doi.org/10.1016/j.cytogfr.2014.11.008

Dondero, A., Pastorino, F., Della Chiesa, M., Corrias, M.V., Morandi, F., Pistoia, V., Olive, D.,
Bellora, F., Locatelli, F., Castellano, A., Moretta, L., Moretta, A., Bottino, C., Castriconi, R.,
2015. PD-L1 expression in metastatic neuroblastoma as an additional mechanism for limiting
immune surveillance. Oncoimmunology 5, e1064578.
https://doi.org/10.1080/2162402X.2015.1064578

Dong, Y., Zhang, Z., Luan, S., Zheng, M., Wang, Z., Chen, Y., Chen, X., Tong, A., Yang, H.,
2024. Novel bispecific antibody-drug conjugate targeting PD-L1 and B7-H3 enhances

92



antitumor efficacy and promotes immune-mediated antitumor responses. J Immunother Cancer
12, €009710. https://doi.org/10.1136/jitc-2024-009710

Du, S., Wagner, N., Wagner, K.-D., 2020. The Emerging Role of PPAR Beta/Delta in Tumor
Angiogenesis. PPAR Res 2020, 3608315. https://doi.org/10.1155/2020/3608315

DuBois, S.G., Kalika, Y., Lukens, J.N., Brodeur, G.M., Seeger, R.C., Atkinson, J.B., Haase,
G.M., Black, C.T., Perez, C., Shimada, H., Gerbing, R., Stram, D.O., Matthay, K.K., 1999.
Metastatic sites in stage IV and IVS neuroblastoma correlate with age, tumor biology, and
survival. J Pediatr Hematol Oncol 21, 181-189. https://doi.org/10.1097/00043426-199905000-
00005

Ducray, A.D., Wiedmer, L., Herren, F., Widmer, H.R., Mevissen, M., 2020. Quantitative
Characterization of Phenotypical Markers After Differentiation of SH-SYSY Cells. CNS
Neurol Disord Drug Targets 19, 618-629.
https://doi.org/10.2174/1871527319666200708132716

Dutta, A., Sharma-Walia, N., 2019. Curbing Lipids: Impacts ON Cancer and Viral Infection.
Int J Mol Sci 20, 644. https://doi.org/10.3390/ijms20030644

Duvic, M., Martin, A.G., Kim, Y., Olsen, E., Wood, G.S., Crowley, C.A., Yocum, R.C.,
Worldwide Bexarotene Study Group, 2001. Phase 2 and 3 clinical trial of oral bexarotene
(Targretin capsules) for the treatment of refractory or persistent early-stage cutaneous T-cell
lymphoma. Arch Dermatol 137, 581-593.

Ehlert, K., Hansjuergens, 1., Zinke, A., Otto, S., Siebert, N., Henze, G., Lode, H., 2020.
Nivolumab and dinutuximab beta in two patients with refractory neuroblastoma. J Immunother
Cancer 8, €000540. https://doi.org/10.1136/jitc-2020-000540

Elmore, S., 2007. Apoptosis: a review of programmed cell death. Toxicol Pathol 35, 495-516.
https://doi.org/10.1080/01926230701320337

Enslen, H., Raingeaud, J., Davis, R.J., 1998. Selective activation of p38 mitogen-activated
protein (MAP) kinase isoforms by the MAP kinase kinases MKK3 and MKK®6. J Biol Chem
273, 1741-1748. https://doi.org/10.1074/jbc.273.3.1741

Esensten, J.H., Helou, Y.A., Chopra, G., Weiss, A., Bluestone, J.A., 2016. CD28 costimulation:
from mechanism to therapy. Immunity 44, 973-988.
https://doi.org/10.1016/j.immuni.2016.04.020

Esposito, E., Impellizzeri, D., Mazzon, E., Paterniti, 1., Cuzzocrea, S., 2012. Neuroprotective
activities of palmitoylethanolamide in an animal model of Parkinson’s disease. PLoS One 7,
e41880. https://doi.org/10.1371/journal.pone.0041880

Eucker, J., Béingeroth, K., Zavrski, 1., Krebbel, H., Zang, C., Heider, U., Jakob, C., Elstner, E.,
Possinger, K., Sezer, O., 2004. Ligands of peroxisome proliferator-activated receptor gamma
induce apoptosis in multiple myeloma. Anticancer Drugs 15, 955-960.
https://doi.org/10.1097/00001813-200411000-00004

Facci, L., Dal Toso, R., Romanello, S., Buriani, A., Skaper, S.D., Leon, A., 1995. Mast cells
express a peripheral cannabinoid receptor with differential sensitivity to anandamide and
palmitoylethanolamide. @ Proc Natl Acad Sei U S A 92, 3376-3380.
https://doi.org/10.1073/pnas.92.8.3376

Fahy, E., Cotter, D., Sud, M., Subramaniam, S., 2011. Lipid classification, structures and tools.
Biochim Biophys Acta 1811, 637-647. https://doi.org/10.1016/j.bbalip.2011.06.009

Fahy, E., Subramaniam, S., Brown, H.A., Glass, C.K., Merrill, A.H., Murphy, R.C., Raetz,
C.R.H.,, Russell, D.W., Seyama, Y., Shaw, W., Shimizu, T., Spener, F., van Meer, G.,
VanNieuwenhze, M.S., White, S.H., Witztum, J.L., Dennis, E.A., 2005. A comprehensive
classification system for lipids. J Lipid Res 46, 839-861. https://doi.org/10.1194/jlr.E400004-
JLR200

93



Fezza, F., Bari, M., Florio, R., Talamonti, E., Feole, M., Maccarrone, M., 2014.
Endocannabinoids, related compounds and their metabolic routes. Molecules 19, 17078—17106.
https://doi.org/10.3390/molecules191117078

Florio, R., De Lellis, L., di Giacomo, V., Di Marcantonio, M.C., Cristiano, L., Basile, M.,
Verginelli, F., Verzilli, D., Ammazzalorso, A., Prasad, S.C., Cataldi, A., Sanna, M., Cimini, A.,
Mariani-Costantini, R., Mincione, G., Cama, A., 2017. Effects of PPARa inhibition in head and
neck paraganglioma cells. PLoS One 12, e0178995.
https://doi.org/10.1371/journal.pone.0178995

Forman, B.M., Chen, J., Evans, R.M., 1997. Hypolipidemic drugs, polyunsaturated fatty acids,
and eicosanoids are ligands for peroxisome proliferator-activated receptors alpha and delta.
Proc Natl Acad Sci U S A 94, 4312—4317. https://doi.org/10.1073/pnas.94.9.4312

Forster, J.1., Koglsberger, S., Trefois, C., Boyd, O., Baumuratov, A.S., Buck, L., Balling, R.,
Antony, P.M.A., 2016. Characterization of Differentiated SH-SYS5Y as Neuronal Screening
Model Reveals Increased Oxidative Vulnerability. J Biomol Screen 21, 496-509.
https://doi.org/10.1177/1087057115625190

Fossa, S.D., 2000. Interferon in metastatic renal cell carcinoma. Semin Oncol 27, 187-193.
Franken, N.A.P., Rodermond, H.M., Stap, J., Haveman, J., van Bree, C., 2006. Clonogenic
assay of cells in vitro. Nat Protoc 1, 2315-2319. https://doi.org/10.1038/nprot.2006.339
Franklin, A., Parmentier-Batteur, S., Walter, L., Greenberg, D.A., Stella, N., 2003.
Palmitoylethanolamide increases after focal cerebral ischemia and potentiates microglial cell
motility. J Neurosci 23, 7767-7775. https://doi.org/10.1523/JNEUROSCI.23-21-07767.2003
Fu, J., Astarita, G., Gaetani, S., Kim, J., Cravatt, B.F., Mackie, K., Piomelli, D., 2007. Food
intake regulates oleoylethanolamide formation and degradation in the proximal small intestine.
J Biol Chem 282, 1518-1528. https://doi.org/10.1074/jbc.M607809200

Fu, J., Gaetani, S., Oveisi, F., Lo Verme, J., Serrano, A., Rodriguez De Fonseca, F., Rosengarth,
A., Luecke, H., Di Giacomo, B., Tarzia, G., Piomelli, D., 2003. Oleylethanolamide regulates
feeding and body weight through activation of the nuclear receptor PPAR -alpha. Nature 425,
90-93. https://doi.org/10.1038/nature01921

Fu, J., Kim, J., Oveisi, F., Astarita, G., Piomelli, D., 2008. Targeted enhancement of
oleoylethanolamide production in proximal small intestine induces across-meal satiety in rats.
Am J Physiol Regul Integr Comp Physiol 295, R45-50.
https://doi.org/10.1152/ajpregu.00126.2008

Fu, J., Oveisi, F., Gaetani, S., Lin, E., Piomelli, D., 2005. Oleoylethanolamide, an endogenous
PPAR-alpha agonist, lowers body weight and hyperlipidemia in obese rats.
Neuropharmacology 48, 1147-1153. https://doi.org/10.1016/j.neuropharm.2005.02.013

Fu, Y., Zou, T., Shen, X., Nelson, P.J., Li, J., Wu, C., Yang, J., Zheng, Y., Bruns, C., Zhao, Y.,
Qin, L., Dong, Q., 2020. Lipid metabolism in cancer progression and therapeutic strategies.
MedComm (2020) 2, 27-59. https://doi.org/10.1002/mco02.27

Gabrielsson, L., Mattsson, S., Fowler, C.J., 2016. Palmitoylethanolamide for the treatment of
pain: pharmacokinetics, safety and efficacy. Br J Clin Pharmacol 82, 932-942.
https://doi.org/10.1111/bcp.13020

Galassi, C., Chan, T.A., Vitale, 1., Galluzzi, L., 2024. The hallmarks of cancer immune evasion.
Cancer Cell 42, 1825-1863. https://doi.org/10.1016/j.ccell.2024.09.010

Gandini, S., Massi, D., Mandala, M., 2016. PD-L1 expression in cancer patients receiving anti
PD-1/PD-L1 antibodies: A systematic review and meta-analysis. Crit Rev Oncol Hematol 100,
88-98. https://doi.org/10.1016/j.critrevonc.2016.02.001

Gao, D., Fang, L., Liu, C., Yang, M., Yu, X., Wang, L., Zhang, W., Sun, C., Zhuang, J., 2023.
Microenvironmental regulation in tumor progression: Interactions between cancer-associated
fibroblasts and immune cells. Biomed Pharmacother 167, 115622.
https://doi.org/10.1016/j.biopha.2023.115622

94



Gao, J., Liu, Q., Xu, Y., Gong, X., Zhang, R., Zhou, C., Su, Z., Jin, J., Shi, H., Shi, J., Hou, Y.,
2015. PPARa induces cell apoptosis by destructing Bcl2. Oncotarget 6, 4463544642,
https://doi.org/10.18632/oncotarget. 5988

Garcia-Diaz, A., Shin, D.S., Moreno, B.H., Saco, J., Escuin-Ordinas, H., Rodriguez, G.A.,
Zaretsky, J.M., Sun, L., Hugo, W., Wang, X., Parisi, G., Saus, C.P., Torrejon, D.Y., Graeber,
T.G., Comin-Anduix, B., Hu-Lieskovan, S., Damoiseaux, R., Lo, R.S., Ribas, A., 2017.
Interferon Receptor Signaling Pathways Regulating PD-L1 and PD-L2 Expression. Cell Rep
19, 1189-1201. https://doi.org/10.1016/j.celrep.2017.04.031

Garg, H., Suri, P., Gupta, J.C., Talwar, G.P., Dubey, S., 2016. Survivin: a unique target for tumor
therapy. Cancer Cell Int 16, 49. https://doi.org/10.1186/s12935-016-0326-1

Genovese, T., Esposito, E., Mazzon, E., Di Paola, R., Meli, R., Bramanti, P., Piomelli, D.,
Calignano, A., Cuzzocrea, S., 2008. Effects of palmitoylethanolamide on signaling pathways
implicated in the development of spinal cord injury. J Pharmacol Exp Ther 326, 12-23.
https://doi.org/10.1124/jpet.108.136903

George, R.E., Sanda, T., Hanna, M., Frohling, S., Luther, W., Zhang, J., Ahn, Y., Zhou, W.,
London, W.B., McGrady, P., Xue, L., Zozulya, S., Gregor, V.E., Webb, T.R., Gray, N.S.,
Gilliland, D.G., Diller, L., Greulich, H., Morris, S.W., Meyerson, M., Look, A.T., 2008.
Activating mutations in ALK provide a therapeutic target in neuroblastoma. Nature 455, 975—
978. https://doi.org/10.1038/nature07397

Gheeya, J., Johansson, P., Chen, Q.-R., Dexheimer, T., Metaferia, B., Song, Y.K., Wei, J.S., He,
J., Pommier, Y., Khan, J., 2010. Expression Profiling Identifies Epoxy Anthraquinone
Derivative as a DNA Topoisomerase Inhibitor. Cancer Lett 293, 124-131.
https://doi.org/10.1016/j.canlet.2010.01.004

Giordano Attianese, G.M., Desvergne, B., 2015. Integrative and systemic approaches for
evaluating PPARB/6 (PPARD) function. Nucl Recept Signal 13, e001.
https://doi.org/10.1621/nrs.13001

Girnun, G.D., Naseri, E., Vafai, S.B., Qu, L., Szwaya, J.D., Bronson, R., Alberta, J.A.,
Spiegelman, B.M., 2007. Synergy between PPARY Ligands and Platinum-Based Drugs in
Cancer. Cancer Cell 11, 395-406. https://doi.org/10.1016/j.ccr.2007.02.025

Gion M, Blancas I, Cortez-Castedo P, Cortés-Salgado A, Marmé F, Blanch S, Morales S, Diaz
N, Calvo-Plaza I, Recalde S, Martinez-Bueno A, Ruiz-Borrego M, Llabrés E, Taberner MT, de
Laurentiis M, Garcia-Vicente S, Guerrero JA, Boix O, Rodriguez-Morato6 J, Sampayo-Cordero
M, Antonarelli G, Pérez-Garcia JM, Cortés J, Llombart-Cussac A; ATRACTIB Trial
Investigators. Atezolizumab plus paclitaxel and bevacizumab as first-line treatment of
advanced triple-negative breast cancer: the ATRACTIB phase 2 trial. Nat Med. 2025
Aug;31(8):2746-2754. doi: 10.1038/s41591-025-03734-3.

Glodkowska-Mrowka, E., Manda-Handzlik, A., Stelmaszczyk-Emmel, A., Seferynska, I.,
Stoklosa, T., Przybylski, J., Mrowka, P., 2016. PPARY ligands increase antileukemic activity of
second- and third-generation tyrosine kinase inhibitors in chronic myeloid leukemia cells.
Blood Cancer J 6, €377. https://doi.org/10.1038/bcj.2015.109

Gold, R., Rieckmann, P., Chang, P., Abdalla, J., PRISMS Study Group, 2005. The long-term
safety and tolerability of high-dose interferon beta-1a in relapsing-remitting multiple sclerosis:
4-year data from the PRISMS study. Eur J Neurol 12, 649—656. https://doi.org/10.1111/j.1468-
1331.2005.01083.x

Gomes, E.S., Schuch, V., de Macedo Lemos, E.G., 2014. Biotechnology of polyketides: New
breath of life for the novel antibiotic genetic pathways discovery through metagenomics. Braz
J Microbiol 44, 1007-1034. https://doi.org/10.1590/s1517-83822013000400002

Gong, J., Lin, Y., Zhang, H., Liu, C., Cheng, Z., Yang, X., Zhang, J., Xiao, Y., Sang, N., Qian,
X., Wang, L., Cen, X., Du, X., Zhao, Y., 2020. Reprogramming of lipid metabolism in cancer-

95



associated fibroblasts potentiates migration of colorectal cancer cells. Cell Death Dis 11, 267.
https://doi.org/10.1038/s41419-020-2434-z

Gonzalez-Aparicio, R., Blanco, E., Serrano, A., Pavon, F.J., Parsons, L.H., Maldonado, R.,
Robledo, P., Fernandez-Espejo, E., de Fonseca, F.R., 2014. The systemic administration of
oleoylethanolamide exerts neuroprotection of the nigrostriatal system in experimental
Parkinsonism. Int J Neuropsychopharmacol 17, 455—468.
https://doi.org/10.1017/S1461145713001259

Ghosh, S., May, M.J., Kopp, E.B., 1998. NF-kappa B and Rel proteins: evolutionarily
conserved mediators of immune responses. Annu Rev Immunol 16, 225-260.
https://doi.org/10.1146/annurev.immunol.16.1.225

Grabacka, M., Reiss, K., 2008. Anticancer Properties of PPARa-Effects on Cellular Metabolism
and Inflammation. PPAR Res 2008, 930705. https://doi.org/10.1155/2008/930705

Grau, R., Diaz-Mufoz, M.D., Cacheiro-Llaguno, C., Fresno, M., Iiiguez, M.A., 2008. Role of
peroxisome proliferator-activated receptor alpha in the control of cyclooxygenase 2 and
vascular endothelial growth factor: involvement in tumor growth. PPAR Res 2008, 352437.
https://doi.org/10.1155/2008/352437

Green, D.R., Llambi, F., 2015. Cell Death Signaling. Cold Spring Harb Perspect Biol 7,
a006080. https://doi.org/10.1101/cshperspect.a006080

Greenberg, A.K., Basu, S., Hu, J., Yie, T., Tchou-Wong, K.M., Rom, W.N., Lee, T.C., 2002.
Selective p38 activation in human non-small cell lung cancer. Am J Respir Cell Mol Biol 26,
558-564. https://doi.org/10.1165/ajrcmb.26.5.4689

Grygiel-Gorniak, B., 2014. Peroxisome proliferator-activated receptors and their ligands:
nutritional and clinical implications--a review. Nutr J 13, 17. https://doi.org/10.1186/1475-
2891-13-17

Guan, J., Hallberg, B., Palmer, R.H., 2021. Chromosome Imbalances in Neuroblastoma-Recent
Molecular Insight into Chromosome 1p-deletion, 2p-gain, and 11g-deletion Identifies New
Friends and Foes for the Future. Cancers (Basel) 13, 5897.
https://doi.org/10.3390/cancers13235897

Guan, Y.F., Zhang, Y.H., Breyer, R.M., Davis, L., Breyer, M.D., 1999. Expression of
peroxisome proliferator-activated receptor gamma (PPARgamma) in human transitional
bladder cancer and its role in inducing cell death. Neoplasia 1, 330-339.
https://doi.org/10.1038/sj.ne0.7900050

Guerra, R.M., Pagliarini, D.J., 2023. Coenzyme Q biochemistry and biosynthesis. Trends
Biochem Sci 48, 463—476. https://doi.org/10.1016/].tibs.2022.12.006

Guo, Q., Jin, Y., Chen, X., Ye, X., Shen, X., Lin, M., Zeng, C., Zhou, T., Zhang, J., 2024. NF-
kB in biology and targeted therapy: new insights and translational implications. Signal
Transduct Target Ther 9, 53. https://doi.org/10.1038/s41392-024-01757-9

Gupta, J., del Barco Barrantes, 1., Igea, A., Sakellariou, S., Pateras, 1.S., Gorgoulis, V.G.,
Nebreda, A.R., 2014. Dual function of p38a MAPK in colon cancer: suppression of colitis-
associated tumor initiation but requirement for cancer cell survival. Cancer Cell 25, 484-500.
https://doi.org/10.1016/j.ccr.2014.02.019

Gupta P, Taiyab A, Hussain A, Alajmi MF, Islam A, Hassan MI. Targeting the Sphingosine
Kinase/Sphingosine-1-Phosphate Signaling Axis in Drug Discovery for Cancer Therapy.
Cancers (Basel). 2021 Apr 15;13(8):1898. doi: 10.3390/cancers13081898.

Gutting, T., Hauber, V., Pahl, J., Klapproth, K., Wu, W., Dobrota, 1., Herweck, F., Reichling, J.,
Helm, L., Schroeder, T., Li, B., Weidner, P., Zhan, T., Eckardt, M., Betge, J., Belle, S., Sticht,
C., Gaiser, T., Boutros, M., Ebert, M.P.A., Cerwenka, A., Burgermeister, E., 2021. PPARy
induces PD-L1 expression in MSS+ colorectal cancer cells. Oncoimmunology 10, 1906500.
https://doi.org/10.1080/2162402X.2021.1906500

96


https://doi.org/10.1146/annurev.immunol.16.1.225

Hamtiaux, L., Hansoulle, L., Dauguet, N., Muccioli, G.G., Gallez, B., Lambert, D.M., 2011.
Increasing antiproliferative properties of endocannabinoids in N1E-115 neuroblastoma cells
through inhibition of  their metabolism. PLoS One 6, €26823.
https://doi.org/10.1371/journal.pone.0026823

Hamtiaux, L., Masquelier, J., Muccioli, G.G., Bouzin, C., Feron, O., Gallez, B., Lambert, D.M.,
2012. The association of N-palmitoylethanolamine with the FAAH inhibitor URB597 impairs
melanoma  growth through a supra-additive action. BMC Cancer 12, 92.
https://doi.org/10.1186/1471-2407-12-92

Han, J., Lee, J.D., Bibbs, L., Ulevitch, R.J., 1994. A MAP kinase targeted by endotoxin and
hyperosmolarity in mammalian cells. Science 265, 808-811.
https://doi.org/10.1126/science. 7914033

Hann, HW., Levy, HM., Evans, A.E., 1980. Serum ferritin as a guide to therapy in
neuroblastoma. Cancer Res 40, 1411-1413.

Hansen-Petrik, M.B., McEntee, M.F., Jull, B., Shi, H., Zemel, M.B., Whelan, J., 2002.
Prostaglandin E(2) protects intestinal tumors from nonsteroidal anti-inflammatory drug-
induced regression in Apc(Min/+) mice. Cancer Res 62, 403—408.

Haq, R., Brenton, J.D., Takahashi, M., Finan, D., Finkielsztein, A., Damaraju, S., Rottapel, R.,
Zanke, B., 2002. Constitutive p38HOG mitogen-activated protein kinase activation induces
permanent cell cycle arrest and senescence. Cancer Res 62, 5076-5082.

Harding, M., Deyell, R.J., Blydt-Hansen, T., 2022. Catecholamines in neuroblastoma: Driver
of hypertension, or solely a marker of disease? Cancer Rep (Hoboken) 5, el569.
https://doi.org/10.1002/cnr2.1569

Harman, F.S., Nicol, C.J., Marin, H.E., Ward, J. M., Gonzalez, F.J., Peters, J.M., 2004.
Peroxisome proliferator-activated receptor-delta attenuates colon carcinogenesis. Nat Med 10,
481-483. https://doi.org/10.1038/nm1026

He, X., Xu, C., 2020. Immune checkpoint signaling and cancer immunotherapy. Cell Res 30,
660—669. https://doi.org/10.1038/s41422-020-0343-4

Healy, F.M., Dahal, L.N., Jones, J.R.E., Floisand, Y., Woolley, J.F., 2021. Recent Progress in
Interferon Therapy for Myeloid Malignancies. Front Oncol 11, 769628.
https://doi.org/10.3389/fonc.2021.769628

Hennig, R., Ding, X.-Z., Tong, W.-G., Schneider, M.B., Standop, J., Friess, H., Biichler, M.W.,
Pour, P.M., Adrian, T.E., 2002. 5-Lipoxygenase and leukotriene B(4) receptor are expressed in
human pancreatic cancers but not in pancreatic ducts in normal tissue. Am J Pathol 161, 421—
428. https://doi.org/10.1016/S0002-9440(10)64198-3

Hesselink, J.M.K., 2013. Evolution in pharmacologic thinking around the natural analgesic
palmitoylethanolamide: from nonspecific resistance to PPAR-a agonist and effective
nutraceutical. J Pain Res 6, 625-634. https://doi.org/10.2147/JPR.S48653

Hinz, B., Ramer, R., 2019. Anti-tumour actions of cannabinoids. Br J Pharmacol 176, 1384—
1394. https://doi.org/10.1111/bph.14426

Hishikawa, D., Hashidate, T., Shimizu, T., Shindou, H., 2014. Diversity and function of
membrane glycerophospholipids generated by the remodeling pathway in mammalian cells. J
Lipid Res 55, 799—807. https://doi.org/10.1194/jlr.R046094

Ho, W.-S.V., Barrett, D.A., Randall, M.D., 2008. “Entourage” effects of N-
palmitoylethanolamide and N-oleoylethanolamide on vasorelaxation to anandamide occur
through TRPV1 receptors. Br J Pharmacol 155, 837-846. https://doi.org/10.1038/bjp.2008.324
Holstein, S.A., Hohl, R.J., 2004. Isoprenoids: remarkable diversity of form and function. Lipids
39, 293-309. https://doi.org/10.1007/s11745-004-1233-3

Hoshi, Y., Enokida, T., Tamura, S., Nakashima, T., Okano, S., Fujisawa, T., Sato, M., Wada, A.,
Tanaka, H., Takeshita, N., Tanaka, N., Onaga, R., Kishida, T., Uryu, H., Sakashita, S., Asakage,

97



T., Tahara, M., 2024. Efficacy of anti-PD-1 monotherapy for recurrent or metastatic olfactory
neuroblastoma. Front Oncol 14, 1379013. https://doi.org/10.3389/fonc.2024.1379013

Hu, X., Ivashkiv, L.B., 2009. Cross-regulation of Signaling and Immune Responses by IFN-y
and STAT1. Immunity 31, 539-550. https://doi.org/10.1016/j.immuni.2009.09.002

Huang, G., Yin, L., Lan, J., Tong, R., Li, M., Na, F., Mo, X., Chen, C., Xue, J., Lu, Y., 2018.
Synergy between peroxisome proliferator-activated receptor y agonist and radiotherapy in
cancer. Cancer Sci 109, 2243-2255. https://doi.org/10.1111/cas.13650

Huang, M., Weiss, W.A., 2013. Neuroblastoma and MYCN. Cold Spring Harb Perspect Med 3,
a014415. https://doi.org/10.1101/cshperspect.a014415

Hui, E., Cheung, J., Zhu, J., Su, X., Taylor, M.J., Wallweber, H.A., Sasmal, D.K., Huang, J.,
Kim, J.M., Mellman, 1., Vale, R.D., 2017. T cell costimulatory receptor CD28 is a primary target
for PD-1-mediated inhibition. Science 355, 1428-1433.
https://doi.org/10.1126/science.aaf1292

Hui, L., Bakiri, L., Mairhorfer, A., Schweifer, N., Haslinger, C., Kenner, L., Komnenovic, V.,
Scheuch, H., Beug, H., Wagner, E.F., 2007. p38alpha suppresses normal and cancer cell
proliferation by antagonizing the JNK-c-Jun pathway. Nat Genet 39, 741-749.
https://doi.org/10.1038/ng2033

Igarashi, M., DiPatrizio, N.V., Narayanaswami, V., Piomelli, D., 2015. Feeding-induced
oleoylethanolamide mobilization is disrupted in the gut of diet-induced obese rodents. Biochim
Biophys Acta 1851, 1218-1226. https://doi.org/10.1016/j.bbalip.2015.05.006

Igney, F.H., Krammer, P.H., 2002. Immune escape of tumors: apoptosis resistance and tumor
counterattack. J Leukoc Biol 71, 907-920.

Isaacs, A., Lindenmann, J., 1957. Virus interference. I. The interferon. Proc R Soc Lond B Biol
Sci 147, 258-267. https://doi.org/10.1098/rspb.1957.0048

Itoh T, Fairall L, Amin K, Inaba Y, Szanto A, Balint BL, Nagy L, Yamamoto K, Schwabe JW.
Structural basis for the activation of PPARgamma by oxidized fatty acids. Nat Struct Mol Biol.
2008 Sep;15(9):924-31. doi: 10.1038/nsmb.1474.

1zzo, A.A., Piscitelli, F., Capasso, R., Marini, P., Cristino, L., Petrosino, S., Di Marzo, V., 2010.
Basal and fasting/refeeding-regulated tissue levels of endogenous PPAR-alpha ligands in
Zucker rats. Obesity (Silver Spring) 18, 55-62. https://doi.org/10.1038/0by.2009.186
Janoueix-Lerosey, 1., Lequin, D., Brugieres, L., Ribeiro, A., de Pontual, L., Combaret, V.,
Raynal, V., Puisieux, A., Schleiermacher, G., Pierron, G., Valteau-Couanet, D., Frebourg, T.,
Michon, J., Lyonnet, S., Amiel, J., Delattre, O., 2008. Somatic and germline activating
mutations of the ALK kinase receptor in neuroblastoma. Nature 455, 967-970.
https://doi.org/10.1038/nature07398

Jenkins, R.W., Barbie, D.A., Flaherty, K.T., 2018. Mechanisms of resistance to immune
checkpoint inhibitors. Br J Cancer 118, 9-16. https://doi.org/10.1038/bjc.2017.434

Jiang, L., Wang, W., He, Q., Wu, Y., Lu, Z., Sun, J., Liu, Z., Shao, Y., Wang, A., 2017. Oleic
acid induces apoptosis and autophagy in the treatment of Tongue Squamous cell carcinomas.
Sci Rep 7, 11277. https://doi.org/10.1038/s41598-017-11842-5

Jiang, Y., Chen, M., Nie, H., Yuan, Y., 2019. PD-1 and PD-L1 in cancer immunotherapy: clinical
implications and future considerations. Hum Vaccin Immunother 15, 1111-1122.
https://doi.org/10.1080/21645515.2019.1571892

Jiao, H., Zhao, B., 2002. Cytotoxic effect of peroxisome proliferator fenofibrate on human
HepG2 hepatoma cell line and relevant mechanisms. Toxicol Appl Pharmacol 185, 172-179.
https://doi.org/10.1006/taap.2002.9538

Jin, H.-R., Wang, J., Wang, Z.-J., Xi, M.-J., Xia, B.-H., Deng, K., Yang, J.-L., 2023. Lipid
metabolic reprogramming in tumor microenvironment: from mechanisms to therapeutics. J
Hematol Oncol 16, 103. https://doi.org/10.1186/s13045-023-01498-2

98



Jin, J., Sivakumar, 1., Mironchik, Y., Krishnamachary, B., Wildes, F., Barnett, J.D., Hung, C.-
F., Nimmagadda, S., Kobayashi, H., Bhujwalla, Z.M., Penet, M.-F., 2022. PD-L1 near Infrared
Photoimmunotherapy of Ovarian Cancer Model. Cancers (Basel) 14, 6109.
https://doi.org/10.3390/cancers14030619

Johnsen, J.I., Dyberg, C., Wickstrom, M., 2019. Neuroblastoma-A Neural Crest Derived
Embryonal Malignancy. Front Mol Neurosci 12, 9. https://doi.org/10.3389/faimol.2019.00009
Jung, E.M., Heck, J.E., Spector, L.G., 2025. The relative contributions of genetic and non-
genetic factors to the risk of neuroblastoma. Pediatr Investig 9, 82-93.
https://doi.org/10.1002/ped4.12455

Kafali, M., Finos, M.A., Tsoupras, A., 2024. Vanillin and Its Derivatives: A Critical Review of
Their Anti-Inflammatory, Anti-Infective, Wound-Healing, Neuroprotective, and Anti-Cancer
Health-Promoting Benefits. Nutraceuticals 4, 522-561.
https://doi.org/10.3390/nutraceuticals4040030

Kalaskar, R.R., Kalaskar, A.R., 2016. Neuroblastoma in early childhood: A rare case report and
review of literature. Contemp Clin Dent 7, 401-404. https://doi.org/10.4103/0976-
237X.188579

Kalkavan, H., Green, D.R., 2018. MOMP, cell suicide as a BCL-2 family business. Cell Death
Differ 25, 46-55. https://doi.org/10.1038/cdd.2017.179

Katt, M.E., Placone, A.L., Wong, A.D., Xu, Z.S., Searson, P.C., 2016. In Vitro Tumor Models:
Advantages, Disadvantages, Variables, and Selecting the Right Platform. Front Bioeng
Biotechnol 4, 12. https://doi.org/10.3389/tbioe.2016.00012

Kawamori, T., Uchiya, N., Nakatsugi, S., Watanabe, K., Ohuchida, S., Yamamoto, H.,
Maruyama, T., Kondo, K., Sugimura, T., Wakabayashi, K., 2001. Chemopreventive effects of
ONO-8711, a selective prostaglandin E receptor EP(1) antagonist, on breast cancer
development. Carcinogenesis 22, 2001-2004. https://doi.org/10.1093/carcin/22.12.2001
Keith, R.L., Geraci, M.W., Nana-Sinkam, S.P., Breyer, R.M., Hudish, T.M., Meyer, A.M.,
Malkinson, A.M., Dwyer-Nield, L.D., 2006. Prostaglandin E2 receptor subtype 2 (EP2) null
mice are protected against murine lung tumorigenesis. Anticancer Res 26, 2857-2861.
Kembhavi, S.A., Shah, S., Rangarajan, V., Qureshi, S., Popat, P., Kurkure, P., 2015. Imaging in
neuroblastoma: An update. Indian J Radiol Imaging 25, 129—-136. https://doi.org/10.4103/0971-
3026.155844

Kennedy, P.T., Zannoupa, D., Son, M.H., Dahal, L.N., Woolley, J.F., 2023. Neuroblastoma: an
ongoing cold front for cancer immunotherapy. J Immunother Cancer 11, e007798.
https://doi.org/10.1136/jitc-2023-007798

Keppel Hesselink, J.M., Kopsky, D.J., Witkamp, R.F., 2014. Palmitoylethanolamide (PEA)—
‘Promiscuous’ anti-inflammatory and analgesic molecule at the interface between nutrition and
pharma. PharmaNutrition 2, 19-25. https://doi.org/10.1016/j.phanu.2013.11.127

Kim, D., Yoo, T., Kwon, T.G., Oh, T.H., Kim, H.J., Kim, J.W., Yang, E.K., 2006. MP-08.21:
Downregulation of peroxisome proliferator-activated receptor (PPAR)alpha, PPARgamma, and
phosphoglycerate mutase 2 in prostate cancer. Urology, 28th Congress of the Société
Internationale d Urologie 68, 103. https://doi.org/10.1016/j.urology.2006.08.328

Kim, E.Y., Kim, A., Kim, S.K., Chang, Y.S., 2017. MYC expression correlates with PD-L1
expression in  non-small cell lung cancer. Lung Cancer 110, 63-67.
https://doi.org/10.1016/j.lungcan.2017.06.006

Kimura, Y., 2002. Carp oil or oleic acid, but not linoleic acid or linolenic acid, inhibits tumor
growth and metastasis in Lewis lung carcinoma-bearing mice. J Nutr 132, 2069-2075.
https://doi.org/10.1093/jn/132.7.2069

Kittler, R., Zhou, J., Hua, S., Ma, L., Liu, Y., Pendleton, E., Cheng, C., Gerstein, M., White,
K.P., 2013. A comprehensive nuclear receptor network for breast cancer cells. Cell Rep 3, 538—
551. https://doi.org/10.1016/j.celrep.2013.01.004

99



Kleberg, K., Hassing, H.A., Hansen, H.S., 2014. Classical endocannabinoid-like compounds
and their regulation by nutrients. Biofactors 40, 363—372. https://doi.org/10.1002/biof.1158
Kohl, N.E., Kanda, N., Schreck, R.R., Bruns, G., Latt, S.A., Gilbert, F., Alt, EW., 1983.
Transposition and amplification of oncogene-related sequences in human neuroblastomas. Cell
35, 359-367. https://doi.org/10.1016/0092-8674(83)90169-1

Kolczynska, K., Loza-Valdes, A., Hawro, 1., Sumara, G., 2020. Diacylglycerol-evoked
activation of PKC and PKD isoforms in regulation of glucose and lipid metabolism: a review.
Lipids Health Dis 19, 113. https://doi.org/10.1186/s12944-020-01286-8

Kota, B.P., Huang, T.H.-W., Roufogalis, B.D., 2005. An overview on biological mechanisms of
PPARs. Pharmacol Res 51, 85-94. https://doi.org/10.1016/j.phrs.2004.07.012

Kotenko, S.V., Gallagher, G., Baurin, V.V., Lewis-Antes, A., Shen, M., Shah, N.K., Langer,
J.A., Sheikh, F., Dickensheets, H., Donnelly, R.P., 2003. IFN-lambdas mediate antiviral
protection through a distinct class II cytokine receptor complex. Nat Immunol 4, 69-77.
https://doi.org/10.1038/ni875

Kovalevich, J., Langford, D., 2013. Considerations for the use of SH-SY5Y neuroblastoma
cells in neurobiology. Methods Mol Biol 1078, 9-21. https://doi.org/10.1007/978-1-62703-
640-5 2

Krawczyk, E., Kitlinska, J., 2023. Preclinical Models of Neuroblastoma—Current Status and
Perspectives. Cancers (Basel) 15, 3314. https://doi.org/10.3390/cancers15133314

Kroker, A.J., Bruning, J.B., 2015. Review of the Structural and Dynamic Mechanisms of
PPARy Partial Agonism. PPAR Res 2015, 816856. https://doi.org/10.1155/2015/816856
Kudaravalli, S., den Hollander, P., Mani, S.A., 2022. Role of p38 MAP kinase in cancer stem
cells and metastasis. Oncogene 41, 3177-3185. https://doi.org/10.1038/s41388-022-02329-3
Kumar, B., Koul, S., Petersen, J., Khandrika, L., Hwa, J.S., Meacham, R.B., Wilson, S., Koul,
H.K., 2010. p38 mitogen-activated protein kinase-driven MAPKAPK2 regulates invasion of
bladder cancer by modulation of MMP-2 and MMP-9 activity. Cancer Res 70, 832—841.
https://doi.org/10.1158/0008-5472.CAN-09-2918

Kuehl, F.A.Jr., Jacob, T.A., Ganley, O.H., Ormond, R.E., Meisinger, M.A.P., 1957. THE
IDENTIFICATION OF N-(2-HYDROXYETHYL)-PALMITAMIDE AS A NATURALLY
OCCURRING ANTI-INFLAMMATORY AGENT. J. Am. Chem. Soc. 79, 5577-5578.
https://doi.org/10.1021/ja01577a066

Kume, T., Kawato, Y., Osakada, F., [zumi, Y., Katsuki, H., Nakagawa, T., Kaneko, S., Niidome,
T., Takada-Takatori, Y., Akaike, A., 2008. Dibutyryl cyclic AMP induces differentiation of
human neuroblastoma SH-SYSY cells into a noradrenergic phenotype. Neurosci Lett 443, 199—
203. https://doi.org/10.1016/j.neulet.2008.07.079

Kyriakis, J.M., Avruch, J., 2012. Mammalian MAPK signal transduction pathways activated by
stress and inflammation: a 10-year update. Physiol Rev 92, 689-737.
https://doi.org/10.1152/physrev.00028.2011

Lama, A., Provensi, G., Amoriello, R., Pirozzi, C., Rani, B., Mollica, M.P., Raso, G.M.,
Ballerini, C., Meli, R., Passani, M.B., 2020. The anti-inflammatory and immune-modulatory
effects of OEA limit DSS-induced colitis in mice. Biomed Pharmacother 129, 110368.
https://doi.org/10.1016/j.biopha.2020.110368

Lamberti, G., Sisi, M., Andrini, E., Palladini, A., Giunchi, F., Lollini, P.-L., Ardizzoni, A.,
Gelsomino, F., 2020. The Mechanisms of PD-L1 Regulation in Non-Small-Cell Lung Cancer
(NSCLC):  Which Are the Involved Players? Cancers (Basel) 12, 3129.
https://doi.org/10.3390/cancers12113129

Lang-Illievich, K., Klivinyi, C., Lasser, C., Brenna, C.T.A., Szilagyi, 1.S., Bornemann-Cimenti,
H., 2023. Palmitoylethanolamide in the Treatment of Chronic Pain: A Systematic Review and
Meta-Analysis of Double-Blind Randomized Controlled Trials. Nutrients 15, 1350.
https://doi.org/10.3390/nu15061350

100



Lasfar, A., Zloza, A., de la Torre, A., Cohen-Solal, K.A., 2016. IFN-A: A New Inducer of Local
Immunity  against  Cancer and  Infections. Front  Immunol 7, 598.
https://doi.org/10.3389/fimmu.2016.00598

Lee, J.-E., Im, D.-S., 2025. Oleoylethanolamide ameliorates allergic asthma and atopic
dermatitis via activation of GPR119. Int Immunopharmacol 149, 114258.
https://doi.org/10.1016/j.intimp.2025.114258

Leelahavanichkul, K., Amornphimoltham, P., Molinolo, A.A., Basile, J.R., Koontongkaew, S.,
Gutkind, J.S., 2014. A role for p38 MAPK in head and neck cancer cell growth and tumor-
induced  angiogenesis and  lymphangiogenesis. @~ Mol  Oncol 8§,  105-118.
https://doi.org/10.1016/j.molonc.2013.10.003

Li, H., Zhu, H., Xu, C.J., Yuan, J., 1998. Cleavage of BID by caspase 8 mediates the
mitochondrial damage in the Fas pathway of apoptosis. Cell 94, 491-501.
https://doi.org/10.1016/s0092-8674(00)81590-1

Li, Y., Pan, Y., Zhao, X., Wu, S., Li, F., Wang, Yuxiong, Liu, B., Zhang, Y., Gao, X., Wang,
Yishu, Zhou, H., 2024. Peroxisome proliferator-activated receptors: A key link between lipid
metabolism and cancer progression. Clin Nutr 43, 332-345.
https://doi.org/10.1016/j.clnu.2023.12.005

Lian, M., Chen, J., Shen, X., Hou, L., Fang, J., 2020. Pparg may Promote Chemosensitivity of
Hypopharyngeal = Squamous Cell Carcinoma. PPAR  Res 2020, 6452182.
https://doi.org/10.1155/2020/6452182

Liang, H., Kowalczyk, P., Junco, J.J., Klug-De Santiago, H.L., Malik, G., Wei, S.-J., Slaga, T.J.,
2014. Differential effects on lung cancer cell proliferation by agonists of glucocorticoid and
PPARa receptors. Mol Carcinog 53, 753-763. https://doi.org/10.1002/mc.22029

Lin, X., Kang, K., Chen, P., Zeng, Z., Li, G., Xiong, W., Yi, M., Xiang, B., 2024. Regulatory
mechanisms of PD-1/PD-L1 in cancers. Mol Cancer 23, 108. https://doi.org/10.1186/s12943-
024-02023-w

Lin, Y., Wang, Y., Li, P.-F., 2022. PPARa: An emerging target of metabolic syndrome,
neurodegenerative and cardiovascular diseases. Front Endocrinol (Lausanne) 13, 1074911.
https://doi.org/10.3389/fendo.2022.1074911

Lin, Y.-S., Huang, W.-H., Hsu, K.-F., Tang, M.-J., Chiu, W.-T., 2023. Reversion of
chemoresistance by endocannabinoid-induced ER stress and autophagy activation in ovarian
cancer. Am J Cancer Res 13, 4163-4178.

Littooij, A.S., de Keizer, B., 2023. Imaging in neuroblastoma. Pediatr Radiol 53, 783-787.
https://doi.org/10.1007/s00247-022-05489-2

Liu, P, Cheng, H., Roberts, T.M., Zhao, J.J., 2009. Targeting the phosphoinositide 3-kinase
(PI3K) pathway in cancer. Nat Rev Drug Discov 8, 627—644. https://doi.org/10.1038/nrd2926
Lo Verme, J., Gaetani, S., Fu, J., Oveisi, F., Burton, K., Piomelli, D., 2005. Regulation of food
intake by oleoylethanolamide. Cell Mol Life Sci 62, 708—716. https://doi.org/10.1007/s00018-
004-4494-0

Lodrini, M., Spriissel, A., Astrahantseff, K., Tiburtius, D., Konschak, R., Lode, H.N., Fischer,
M., Keilholz, U., Eggert, A., Deubzer, H.E., 2017. Using droplet digital PCR to analyze MYCN
and ALK copy number in plasma from patients with neuroblastoma. Oncotarget 8, 85234—
85251. https://doi.org/10.18632/oncotarget. 19076

London, W.B., Castleberry, R.P., Matthay, K.K., Look, A.T., Seeger, R.C., Shimada, H.,
Thorner, P., Brodeur, G., Maris, J.M., Reynolds, C.P., Cohn, S.L., 2005. Evidence for an age
cutoff greater than 365 days for neuroblastoma risk group stratification in the Children’s
Oncology Group. J Clin Oncol 23, 6459—-6465. https://doi.org/10.1200/JC0O.2005.05.571
Long, D.A., Miles, A.A., Perry, W.L.M., 1951. The action of dehydro-ascorbic acid and alloxan
on tuberculin sensitivity in guineapigs. Lancet 2, 902-904. https://doi.org/10.1016/s0140-
6736(51)91869-7

101



Lopes, F.M., Schroder, R., da Frota, M.L.C., Zanotto-Filho, A., Miiller, C.B., Pires, A.S.,
Meurer, R.T., Colpo, G.D., Gelain, D.P., Kapczinski, F., Moreira, J.C.F., Fernandes, M. da C.,
Klamt, F., 2010. Comparison between proliferative and neuron-like SH-SYSY cells as an in
vitro model for Parkinson disease studies. Brain Res 1337, 85-94.
https://doi.org/10.1016/j.brainres.2010.03.102

Louis, C.U., Shohet, J.M., 2015. Neuroblastoma: molecular pathogenesis and therapy. Annu
Rev Med 66, 49—63. https://doi.org/10.1146/annurev-med-011514-023121

Lukhele, S., Boukhaled, G.M., Brooks, D.G., 2019. Type I interferon signaling, regulation and
gene stimulation in chronic virus infection. Semin Immunol 43, 101277.
https://doi.org/10.1016/j.smim.2019.05.001

Lundberg, K.I., Treis, D., Johnsen, J.I., 2022. Neuroblastoma Heterogeneity, Plasticity, and
Emerging Therapies. Curr Oncol Rep 24, 1053—-1062. https://doi.org/10.1007/s11912-022-
01270-8

Luo, X., Cheng, C., Tan, Z., Li, N., Tang, M., Yang, L., Cao, Y., 2017. Emerging roles of lipid
metabolism in cancer metastasis. Mol Cancer 16, 76. https://doi.org/10.1186/s12943-017-0646-
3

Luo, Y., Xie, C., Brocker, C.N., Fan, J., Wu, X,, Feng, L., Wang, Q., Zhao, J., Lu, D., Tandon,
M., Cam, M., Krausz, K.W., Liu, W., Gonzalez, F.J., 2019. Intestinal PPARa Protects Against
Colon Carcinogenesis via Regulation of Methyltransferases DNMT1 and PRMTé6.
Gastroenterology 157, 744-759.e4. https://doi.org/10.1053/j.gastro.2019.05.057

Luo, Y.-B., Cui, X.-C., Yang, L., Zhang, D., Wang, J.-X., 2018. Advances in the Surgical
Treatment  of  Neuroblastoma. Chin Med J  (Engl) 131, 2332-2337.
https://doi.org/10.4103/0366-6999.241803

Ma, Q., Hao, S., Hong, W., Tergaonkar, V., Sethi, G., Tian, Y., Duan, C., 2024. Versatile function
of NF-kB in inflammation and cancer. Experimental Hematology & Oncology 13, 68.
https://doi.org/10.1186/s40164-024-00529-z

Maggiora, M., Oraldi, M., Muzio, G., Canuto, R.A., 2010. Involvement of PPAR«a and PPARYy
in apoptosis and proliferation of human hepatocarcinoma HepG2 cells. Cell Biochem Funct 28,
571-577. https://doi.org/10.1002/cbf. 1691

Mahapatra, S., Challagundla, K.B., 2025. Neuroblastoma, in: StatPearls. StatPearls Publishing,
Treasure Island (FL).

Makimoto, A., Fujisaki, H., Matsumoto, K., Takahashi, Y., Cho, Y., Morikawa, Y., Yuza, Y.,
Tajiri, T., Iehara, T., 2024. Retinoid Therapy for Neuroblastoma: Historical Overview,
Regulatory Challenges, and Prospects. Cancers (Basel) 16, 544.
https://doi.org/10.3390/cancers16030544

Malik, U.R., Makower, D.F., Wadler, S., 2001. Interferon-mediated fatigue. Cancer 92, 1664—
1668. https://doi.org/10.1002/1097-0142(20010915)92:6+<1664::aid-cncr1494>3.0.c0;2-9
Mandala, M., Merelli, B., Massi, D., 2016. PD-L1 in melanoma: facts and myths. Melanoma
Manag 3, 187-194. https://doi.org/10.2217/mmt-2016-0013

Mani, S.K., Mermelstein, P.G., Tetel, M.J., Anesetti, G., 2012. Convergence of multiple
mechanisms of steroid hormone action. Horm Metab Res 44, 569-576.
https://doi.org/10.1055/5-0032-1306343

Marasco, M., Berteotti, A., Weyershaeuser, J., Thorausch, N., Sikorska, J., Krausze, J., Brandt,
H.J., Kirkpatrick, J., Rios, P., Schamel, W.W., Kéhn, M., Carlomagno, T., 2020. Molecular
mechanism of SHP2 activation by PD-1 stimulation. Sci Adv 6, eaay4458.
https://doi.org/10.1126/sciadv.aay4458

Marengo, B., De Ciucis, C.G., Ricciarelli, R., Furfaro, A.L., Colla, R., Canepa, E., Traverso,
N., Marinari, U.M., Pronzato, M.A., Domenicotti, C., 2013. p38MAPK inhibition: a new
combined approach to reduce neuroblastoma resistance under etoposide treatment. Cell Death
Dis 4, e589—e589. https://doi.org/10.1038/cddis.2013.118

102



Maris, J.M., 2010. Recent advances in neuroblastoma. N Engl J Med 362, 2202-2211.
https://doi.org/10.1056/NEJMra0804577

Martinez-Limén, A., Joaquin, M., Caballero, M., Posas, F., de Nadal, E., 2020. The p38
Pathway: From Biology to Cancer Therapy. Int J Mol Sci 21, 1913.
https://doi.org/10.3390/ijms21061913

Matsuyama, M., Hayama, T., Funao, K., Kawahito, Y., Sano, H., Takemoto, Y., Nakatani, T.,
Yoshimura, R., 2007. Overexpression of cysteinyl LT 1 receptor in prostate cancer and CysLT1R
antagonist inhibits prostate cancer cell growth through apoptosis. Oncol Rep 18, 99—-104.
Mattace Raso, G., Russo, R., Calignano, A., Meli, R., 2014. Palmitoylethanolamide in CNS
health and disease. Pharmacol Res 86, 32—41. https://doi.org/10.1016/j.phrs.2014.05.006
Mazewski, C., Perez, R.E., Fish, E.N., Platanias, L.C., 2020. Type I Interferon (IFN)-Regulated
Activation of Canonical and Non-Canonical Signaling Pathways. Front Immunol 11, 606456.
https://doi.org/10.3389/fimmu.2020.606456

Mazzari, S., Canella, R., Petrelli, L., Marcolongo, G., Leon, A., 1996. N-(2-
hydroxyethyl)hexadecanamide is orally active in reducing edema formation and inflammatory
hyperalgesia by down-modulating mast cell activation. Eur J Pharmacol 300, 227-236.
https://doi.org/10.1016/0014-2999(96)00015-5

Mechoulam, R., Parker, L.A., 2013. The endocannabinoid system and the brain. Annu Rev
Psychol 64, 21-47. https://doi.org/10.1146/annurev-psych-113011-143739

Mendoza, J.L., Schneider, W.M., Hoffmann, H.-H., Vercauteren, K., Jude, K.M., Xiong, A.,
Moraga, 1., Horton, T.M., Glenn, J.S., de Jong, Y.P., Rice, C.M., Garcia, K.C., 2017. The IFN-
AIFN-AR1-IL-10RPB Complex Reveals Structural Features Underlying Type I1I IFN Functional
Plasticity. Immunity 46, 379—392. https://doi.org/10.1016/j.immuni.2017.02.017

Michalik, L., Auwerx, J., Berger, J.P., Chatterjee, V.K., Glass, C.K., Gonzalez, F.J., Grimaldi,
P.A., Kadowaki, T., Lazar, M.A., O’Rahilly, S., Palmer, C.N.A., Plutzky, J., Reddy, J.K.,
Spiegelman, B.M., Staels, B., Wahli, W., 2006. International Union of Pharmacology. LXI.
Peroxisome  proliferator-activated  receptors.  Pharmacol =~ Rev 58,  726-741.
https://doi.org/10.1124/pr.58.4.5

Mills, G.B., Moolenaar, W.H., 2003. The emerging role of lysophosphatidic acid in cancer. Nat
Rev Cancer 3, 582-591. https://doi.org/10.1038/nrc1143

Mimura, K., Teh, J.L., Okayama, H., Shiraishi, K., Kua, L., Koh, V., Smoot, D.T., Ashktorab,
H., Oike, T., Suzuki, Y., Fazreen, Z., Asuncion, B.R., Shabbir, A., Yong, W., So, J., Soong, R.,
Kono, K., 2018. PD-L1 expression is mainly regulated by interferon gamma associated with
JAK-STAT pathway in gastric cancer. Cancer Sci 109, 43—53. https://doi.org/10.1111/cas.13424
Mitsuyasu, R.T., 1991. Interferon alpha in the treatment of AIDS-related Kaposi’s sarcoma. Br
J Haematol 79 Suppl 1, 69-73. https://doi.org/10.1111/j.1365-2141.1991.tb08124.x

Miyaoka, H., Otsubo, T., Kamijima, K., Ishii, M., Onuki, M., Mitamura, K., 1999. Depression
from interferon therapy in patients with hepatitis C. Am J Psychiatry 156, 1120.
https://doi.org/10.1176/ajp.156.7.1120

Mlakar, V., Dupanloup, 1., Gonzales, F., Papangelopoulou, D., Ansari, M., Gumy-Pause, F.,
2024. 17q Gain in Neuroblastoma: A Review of Clinical and Biological Implications. Cancers
(Basel) 16, 338. https://doi.org/10.3390/cancers16020338

Mock, E.D., Gagestein, B., van der Stelt, M., 2023. Anandamide and other N-
acylethanolamines: A class of signaling lipids with therapeutic opportunities. Prog Lipid Res
89, 101194. https://doi.org/10.1016/j.plipres.2022.101194

Monclair, T., Brodeur, G.M., Ambros, P.F., Brisse, H.J., Cecchetto, G., Holmes, K., Kaneko,
M., London, W.B., Matthay, K.K., Nuchtern, J.G., von Schweinitz, D., Simon, T., Cohn, S.L.,
Pearson, A.D.J., INRG Task Force, 2009. The International Neuroblastoma Risk Group (INRG)
staging system: an INRG Task Force report. J Clin Oncol 27, 298-303.
https://doi.org/10.1200/JC0O.2008.16.6876

103



Moon, H.-S., Batirel, S., Mantzoros, C.S., 2014. Alpha linolenic acid and oleic acid additively
down-regulate malignant potential and positively cross-regulate AMPK/S6 axis in OE19 and
OE33 esophageal cancer cells. Metabolism 63, 1447-1454.
https://doi.org/10.1016/j.metabol.2014.07.009

Moreno, L., Rubie, H., Varo, A., Le Deley, M.C., Amoroso, L., Chevance, A., Garaventa, A.,
Gambart, M., Bautista, F., Valteau-Couanet, D., Geoerger, B., Vassal, G., Paoletti, X., Pearson,
A.D.J., 2017. Outcome of children with relapsed or refractory neuroblastoma: A meta-analysis
of ITCC/SIOPEN European phase II clinical trials. Pediatr Blood Cancer 64, 25-31.
https://doi.org/10.1002/pbc.26192

Morimoto, Y., Kishida, T., Kotani, S.-1., Takayama, K., Mazda, O., 2018. Interferon-f signal
may up-regulate PD-L1 expression through IRF9-dependent and independent pathways in lung
cancer cells. Biochem Biophys Res Commun 507, 330-336.
https://doi.org/10.1016/j.bbrc.2018.11.035

Mormile, R. IFN-y activated sites in the survivin gene promoter region: the point of no return
of cytokine-induced pancreatic B-cells death?. Int J Colorectal Dis 31, 1407-1408 (2016).
https://doi.org/10.1007/s00384-016-2517-6

Mossé, Y.P., Laudenslager, M., Longo, L., Cole, K.A., Wood, A., Attiyeh, E.F., Laquaglia, M.J.,
Sennett, R., Lynch, J.E., Perri, P., Laureys, G., Speleman, F., Kim, C., Hou, C., Hakonarson,
H., Torkamani, A., Schork, N.J., Brodeur, G.M., Tonini, G.P., Rappaport, E., Devoto, M., Maris,
J.M., 2008. Identification of ALK as a major familial neuroblastoma predisposition gene.
Nature 455, 930-935. https://doi.org/10.1038/nature07261

Miiller, M., Trunk, K., Fleischhauer, D., Biichel, G., 2024. MYCN in neuroblastoma: The kings’
new clothes and drugs. EJC Paediatric Oncology 4, 100182.
https://doi.org/10.1016/j.¢jcped.2024.100182

Murren, J.R., Buzaid, A.C., 1989. The role of interferons in the treatment of malignant
neoplasms. Yale J Biol Med 62, 271-290.

Mustafa, M., Ahmad, R., Tantry, 1.Q., Ahmad, W., Siddiqui, S., Alam, M., Abbas, K.,
Moinuddin, null, Hassan, M.IL., Habib, S., Islam, S., 2024. Apoptosis: A Comprehensive
Overview of Signaling Pathways, Morphological Changes, and Physiological Significance and
Therapeutic Implications. Cells 13, 1838. https://doi.org/10.3390/cells13221838

Naderi, N., Majidi, M., Mousavi, Z., Khoramian Tusi, S., Mansouri, Z., Khodagholi, F., 2012.
The interaction between intrathecal administration of low doses of palmitoylethanolamide and
AM?251 in formalin-induced pain related behavior and spinal cord IL1- expression in rats.
Neurochem Res 37, 778-785. https://doi.org/10.1007/s11064-011-0672-2

Nakagawara A, Li Y, Izumi H, Muramori K, Inada H, Nishi M. Neuroblastoma. Jpn J Clin
Oncol. 2018 Mar 1;48(3):214-241. doi: 10.1093/jjco/hyx176.

Nakatsuji, Y., Moriya, M., Sakoda, S., 2007. Targeting interferons in multiple sclerosis. Drug
Discovery Today: Therapeutic Strategies, Immunological disorders / Renal diseases 4, 49-55.
https://doi.org/10.1016/j.ddstr.2007.08.004

Nallasamy, P., Chava, S., Verma, S.S., Mishra, S., Gorantla, S., Coulter, D.W., Byrareddy, S.N.,
Batra, S.K., Gupta, S.C., Challagundla, K.B., 2018. PD-L1, Inflammation, non-coding RNAs,
and Neuroblastoma: Immuno-oncology Perspective. Semin Cancer Biol 52, 53-65.
https://doi.org/10.1016/j.semcancer.2017.11.009

Negishi, H., Taniguchi, T., Yanai, H., 2018. The Interferon (IFN) Class of Cytokines and the
IFN Regulatory Factor (IRF) Transcription Factor Family. Cold Spring Harb Perspect Biol 10,
a028423. https://doi.org/10.1101/cshperspect.a028423

Nicolai, S., Pieraccioli, M., Peschiaroli, A. et al. Neuroblastoma: oncogenic mechanisms and
therapeutic ~ exploitation  of  necroptosis. Cell  Death  Dis 6, ¢2010 (2015).
https://doi.org/10.1038/cddis.2015.354

104


https://doi.org/10.1101/cshperspect.a028423

Nong, J., Su, C,, Li, C., Wang, C., Li, W,, Li, Yong, Chen, P., Li, Yanqiang, Li, Z., She, X.,
Yuan, Z., Liu, S., Chen, C., Liao, Q., Luo, Y., Shi, B., 2025. Global, regional, and national
epidemiology of childhood neuroblastoma (1990-2021): a statistical analysis of incidence,
mortality, and DALYs. EClinicalMedicine 79, 102964.
https://doi.org/10.1016/j.eclinm.2024.102964

Noronha, R.F., Goodall, C.M., Beagley, K.W., Stephens, O.B., Horne, L., 1985. Correlation of
human bladder tumor recurrence with changes in clonogenicity of urothelial cells. Cancer 56,
1574-15717. https://doi.org/10.1002/1097-0142(19851001)56:7<1574::aid-
cner2820560718>3.0.co;2-#

Nuclear Receptors Nomenclature Committee, 1999. A unified nomenclature system for the
nuclear receptor superfamily. Cell 97, 161-163. https://doi.org/10.1016/s0092-8674(00)80726-
6

O’Donohue, T., Gulati, N., Mauguen, A., Kushner, B.H., Shukla, N., Rodriguez-Sanchez, M.1.,
Bouvier, N., Roberts, S., Basu, E., Cheung, N.-K., Modak, S., 2021. Differential Impact of ALK
Mutations in Neuroblastoma. JCO Precis Oncol 5, PO.20.00181.
https://doi.org/10.1200/P0.20.00181

Ornell, K.J., Coburn, J.M., 2019. Developing preclinical models of neuroblastoma: driving
therapeutic testing. BMC Biomed Eng 1, 33. https://doi.org/10.1186/s42490-019-0034-8
Osone, S., Hosoi, H., Kuwahara, Y., Matsumoto, Y., Iehara, T., Sugimoto, T., 2004. Fenretinide
induces sustained-activation of JNK/p38 MAPK and apoptosis in a reactive oxygen species-
dependent manner in neuroblastoma cells. Int J Cancer 112, 219-224.
https://doi.org/10.1002/ijc.20412

O’Sullivan, S.E., 2007. Cannabinoids go nuclear: evidence for activation of peroxisome
proliferator-activated receptors. Br J Pharmacol 152, 576-582.
https://doi.org/10.1038/sj.bjp.0707423

Otte, J., Dyberg, C., Pepich, A., Johnsen, J.I., 2020. MYCN Function in Neuroblastoma
Development. Front Oncol 10, 624079. https://doi.org/10.3389/fonc.2020.624079
Padmanabhan, S., Gaire, B., Zou, Y., Uddin, M.M., Vancurova, 1., 2022. IFNy-induced PD-L1
expression in ovarian cancer cells is regulated by JAK1, STAT1 and IRF1 signaling. Cell Signal
97, 110400. https://doi.org/10.1016/j.cellsig.2022.110400

Pagano, C., Navarra, G., Coppola, L., Bifulco, M., Laezza, C., 2021. Molecular Mechanism of
Cannabinoids in  Cancer  Progression. Int J Mol Sci 22 3680.
https://doi.org/10.3390/ijms22073680

Pagano, E., Venneri, T., Lucariello, G., Cicia, D., Brancaleone, V., Nani, M.F., Cacciola, N.A.,
Capasso, R., 1zzo, A.A., Borrelli, F., Romano, B., 2021. Palmitoylethanolamide Reduces Colon
Cancer Cell Proliferation and Migration, Influences Tumor Cell Cycle and Exerts In Vivo
Chemopreventive Effects. Cancers (Basel) 13, 1923. https://doi.org/10.3390/cancers13081923
Pan, B., Zhang, Z., Ye, D., Zhang, X., Yao, Y., Luo, Y., Hong, H., Cai, X., Chen, Y., Tang, N.,
2025. PPARa suppresses growth of hepatocellular carcinoma in a high-fat diet context by
reducing  neutrophil  extracellular trap release. JHEP Rep 7, 101228.
https://doi.org/10.1016/j.jhepr.2024.101228

Pan, Y., Li, Y., Fan, H., Cui, H., Chen, Z., Wang, Y., Jiang, M., Wang, G., 2024. Roles of the
peroxisome proliferator-activated receptors (PPARs) in the pathogenesis of hepatocellular
carcinoma (HCCO). Biomed Pharmacother 177, 117089.
https://doi.org/10.1016/j.biopha.2024.117089

Paraboschi, 1., Bolognesi, E., Giannettoni, A., Avanzini, S., Torre, M., Martucciello, G., 2021.
The Role of Biopsy in the Workup of Patients with Neuroblastoma: Comparison of the
Incidence of Surgical Complications and the Diagnostic Reliability of Diverse Techniques.
Children (Basel) 8, 500. https://doi.org/10.3390/children8060500

105



Park, J., Choi, J., Kim, D.-D., Lee, S., Lee, B., Lee, Y., Kim, S., Kwon, S., Noh, M., Lee, M.-
0., Le, Q.-V,, Oh, Y.-K., 2021. Bioactive Lipids and Their Derivatives in Biomedical
Applications. Biomol Ther (Seoul) 29, 465-482. https://doi.org/10.4062/biomolther.2021.107
Park, J.R., Eggert, A., Caron, H., 2010. Neuroblastoma: biology, prognosis, and treatment.
Hematol Oncol Clin North Am 24, 65-86. https://doi.org/10.1016/j.hoc.2009.11.011

Park, M.H., Hong, J.T., 2016. Roles of NF-«kB in Cancer and Inflammatory Diseases and Their
Therapeutic Approaches. Cells 5, 15. https://doi.org/10.3390/cells5020015

Parker, B.S., Rautela, J., Hertzog, P.J., 2016. Antitumour actions of interferons: implications
for cancer therapy. Nat Rev Cancer 16, 131-144. https://doi.org/10.1038/nrc.2016.14

Passoni, L., Longo, L., Collini, P., Coluccia, A.M.L., Bozzi, F., Podda, M., Gregorio, A.,
Gambini, C., Garaventa, A., Pistoia, V., Del Grosso, F., Tonini, G.P., Cheng, M., Gambacorti-
Passerini, C., Anichini, A., Fossati-Bellani, F., Di Nicola, M., Luksch, R., 2009. Mutation-
independent anaplastic lymphoma kinase overexpression in poor prognosis neuroblastoma
patients. Cancer Res 69, 7338—7346. https://doi.org/10.1158/0008-5472.CAN-08-4419
Pastorino, F., Capasso, M., Brignole, C., Lasorsa, V.A., Bensa, V., Perri, P., Cantalupo, S.,
Giglio, S., Provenzi, M., Rabusin, M., Pota, E., Cellini, M., Tondo, A., De loris, M.A., Sementa,
A.R., Garaventa, A., Ponzoni, M., Amoroso, L., 2023. Therapeutic Targeting of ALK in
Neuroblastoma: Experience of Italian Precision Medicine in Pediatric Oncology. Cancers
(Basel) 15, 560. https://doi.org/10.3390/cancers15030560

Patwardhan, G.A., Beverly, L.J., Siskind, L.J., 2016. Sphingolipids and mitochondrial
apoptosis. J Bioenerg Biomembr 48, 153—168. https://doi.org/10.1007/s10863-015-9602-3
Paty, D.W,, Li, D.K., 1993. Interferon beta-1b is effective in relapsing-remitting multiple
sclerosis. II. MRI analysis results of a multicenter, randomized, double-blind, placebo-
controlled trial. UBC MS/MRI Study Group and the IFNB Multiple Sclerosis Study Group.
Neurology 43, 662—-667. https://doi.org/10.1212/wnl.43.4.662

PDQ Pediatric Treatment Editorial Board, 2002. Neuroblastoma Treatment (PDQ®): Health
Professional Version, in: PDQ Cancer Information Summaries. National Cancer Institute (US),
Bethesda (MD).

Pestka, S., Krause, C.D., Walter, M.R., 2004. Interferons, interferon-like cytokines, and their
receptors. Immunol Rev 202, 8-32. https://doi.org/10.1111/1.0105-2896.2004.00204.x
Petersen, G., Serensen, C., Schmid, P.C., Artmann, A., Tang-Christensen, M., Hansen, S.H.,
Larsen, P.J., Schmid, H.H.O., Hansen, H.S., 2006. Intestinal levels of anandamide and
oleoylethanolamide in food-deprived rats are regulated through their precursors. Biochim
Biophys Acta 1761, 143—-150; discussion 141-142. https://doi.org/10.1016/j.bbalip.2005.12.011
Pfeffer, L.M., 2011. The Role of Nuclear Factor kB in the Interferon Response. J Interferon
Cytokine Res 31, 553-559. https://doi.org/10.1089/jir.2011.0028

Picardi, P., Ciaglia, E., Proto, M., Pisanti, S., 2014. Anandamide inhibits breast tumor-induced
angiogenesis. Transl Med UniSa 10, 8-12.

Piegari, M., Soria, E.A., Eynard, A.R., Valentich, M.A., 2017. Delay of Lung Adenocarcinoma
(LAC-1) Development in Mice by Dietary Oleic Acid. Nutr Cancer 69, 1069-1074.
https://doi.org/10.1080/01635581.2017.1359319

Platanias, L.C., 2005. Mechanisms of type-I- and type-Il-interferon-mediated signalling. Nat
Rev Immunol 5, 375-386. https://doi.org/10.1038/nri1604

Posse de Chaves, E.I., 2006. Sphingolipids in apoptosis, survival and regeneration in the
nervous system. Biochim Biophys Acta 1758, 1995-2015.
https://doi.org/10.1016/j.bbamem.2006.09.018

Post, J.M., Loch, S., Lerner, R., Remmers, F., Lomazzo, E., Lutz, B., Bindila, L., 2018.
Antiepileptogenic Effect of Subchronic Palmitoylethanolamide Treatment in a Mouse Model
of Acute Epilepsy. Front Mol Neurosci 11, 67. https://doi.org/10.3389/fnmol.2018.00067

106


https://doi.org/10.3390/cells5020015
https://doi.org/10.1089/jir.2011.0028

Pouryousefi, E., Javadi, M., Hashemipour, S., Nooshabadi, M.R., Haghighian, H.K., 2022.
Improved glycemic status, insulin resistance and inflammation after receiving oral
oleoylethanolamide supplement in people with prediabetes: a randomized controlled trial.
Diabetol Metab Syndr 14, 77. https://doi.org/10.1186/s13098-022-00848-3

Psilopatis, 1., Vrettou, K., Troungos, C., Theocharis, S., 2023. The Role of Peroxisome
Proliferator-Activated Receptors in Endometrial Cancer. Int J Mol Sci 24, 9190.
https://doi.org/10.3390/ijms24119190

Punekar, S.R., Shum, E., Grello, C.M., Lau, S.C., Velcheti, V., 2022. Immunotherapy in non-
small cell lung cancer: Past, present, and future directions. Front Oncol 12, 877594.
https://doi.org/10.3389/fonc.2022.877594

Puri, P.L., Wu, Z., Zhang, P., Wood, L.D., Bhakta, K.S., Han, J., Feramisco, J.R., Karin, M.,
Wang, J.Y., 2000. Induction of terminal differentiation by constitutive activation of p38 MAP
kinase in human rhabdomyosarcoma cells. Genes Dev 14, 574-584.

Pyper, S.R., Viswakarma, N., Yu, S., Reddy, J.K., 2010. PPARa: energy combustion,
hypolipidemia, inflammation and cancer. Nucl Recept Signal §, e002.
https://doi.org/10.1621/nrs.08002

Qian, J., Wang, C., Wang, B., Yang, J., Wang, Y., Luo, F., Xu, J., Zhao, C., Liu, R., Chu, Y.,
2018. The IFN-y/PD-L1 axis between T cells and tumor microenvironment: hints for glioma
anti-PD-1/PD-L1 therapy. J Neuroinflammation 15, 290. https://doi.org/10.1186/s12974-018-
1330-2

Qiu, Y.-Y., Zhang, J., Zeng, F.-Y., Zhu, Y.Z., 2023. Roles of the peroxisome proliferator-
activated receptors (PPARs) in the pathogenesis of nonalcoholic fatty liver disease (NAFLD).
Pharmacol Res 192, 106786. https://doi.org/10.1016/j.phrs.2023.106786

Quesada, J.R., Hersh, E.M., Manning, J., Reuben, J., Keating, M., Schnipper, E., Itri, L.,
Gutterman, J.U., 1986a. Treatment of hairy cell leukemia with recombinant alpha-interferon.
Blood 68, 493-497.

Quesada, J.R., Talpaz, M., Rios, A., Kurzrock, R., Gutterman, J.U., 1986b. Clinical toxicity of
interferons in cancer patients: a review. J Clin Oncol 4, 234-243.

Quentin, A., Dieter, F., Reutzel, M., & Eckert, G. P. (2024). Oleoylethanolamide improves
energy disposal in a cellular model of Alzheimer’s disease. Journal of Mitochondria, Plastids
and Endosymbiosis, 2(1). https://doi.org/10.1080/28347056.2024.2317246

Raanani, P., Ben-Bassat, 1., 2002. Immune-mediated complications during interferon therapy
in hematological patients. Acta Haematol 107, 133—144. https://doi.org/10.1159/000057631
Raison, C.L., Demetrashvili, M., Capuron, L., Miller, A.H., 2005. Neuropsychiatric adverse
effects of interferon-alpha: recognition and management. CNS Drugs 19, 105-123.
https://doi.org/10.2165/00023210-200519020-00002

Rankin, L., Fowler, C.J., 2020. The Basal Pharmacology of Palmitoylethanolamide. Int J] Mol
Sci 21, 7942. https://doi.org/10.3390/ijms21217942

Reck, M., Rodriguez-Abreu, D., Robinson, A.G., Hui, R., Csdszi, T., Fiilop, A., Gottfried, M.,
Peled, N., Tafreshi, A., Cuffe, S., O’Brien, M., Rao, S., Hotta, K., Leiby, M.A., Lubiniecki,
G.M., Shentu, Y., Rangwala, R., Brahmer, J.R., KEYNOTE-024 Investigators, 2016.
Pembrolizumab versus Chemotherapy for PD-L1-Positive Non-Small-Cell Lung Cancer. N
Engl J Med 375, 1823—1833. https://doi.org/10.1056/NEJMoal 606774

Rhee, S.H., 2014. Lipopolysaccharide: basic biochemistry, intracellular signaling, and
physiological impacts in the gut. Intest Res 12, 90-95. https://doi.org/10.5217/ir.2014.12.2.90
Rigo, V., Emionite, L., Daga, A., Astigiano, S., Corrias, M.V., Quintarelli, C., Locatelli, F.,
Ferrini, S., Croce, M., 2017. Combined immunotherapy with anti-PDL-1/PD-1 and anti-CD4
antibodies cures syngeneic disseminated neuroblastoma. Sci Rep 7, 14049.
https://doi.org/10.1038/s41598-017-14417-6

107



Ritenour, L.E., Randall, M.P., Bosse, K.R., Diskin, S.J., 2018. Genetic susceptibility to
neuroblastoma: current knowledge and future directions. Cell Tissue Res 372, 287-307.
https://doi.org/10.1007/s00441-018-2820-3

Robert, C., Ribas, A., Hamid, O., Daud, A., Wolchok, J.D., Joshua, A.M., Hwu, W.-J., Weber,
J.S., Gangadhar, T.C., Joseph, R.W., Dronca, R., Patnaik, A., Zarour, H., Kefford, R., Hersey,
P., Zhang, J., Anderson, J., Diede, S.J., Ebbinghaus, S., Hodi, F.S., 2018. Durable Complete
Response After Discontinuation of Pembrolizumab in Patients With Metastatic Melanoma. J
Clin Oncol 36, 1668—1674. https://doi.org/10.1200/JC0O.2017.75.6270

Romano, B., Pagano, E., lannotti, F.A., Piscitelli, F., Brancaleone, V., Lucariello, G., Nani,
M.F., Fiorino, F., Sparaco, R., Vanacore, G., Di Tella, F., Cicia, D., Lionetti, R., Makriyannis,
A., Malamas, M., De Luca, M., Aprea, G., D’ Armiento, M., Capasso, R., Sbarro, B., Venneri,
T., Di Marzo, V., Borrelli, F., 1zzo, A.A., 2022. N-Acylethanolamine acid amidase (NAAA) is
dysregulated in colorectal cancer patients and its inhibition reduces experimental cancer
growth. Br J Pharmacol 179, 1679-1694. https://doi.org/10.1111/bph.15737

Romero, M., Kapur, G., Baracco, R., Valentini, R.P., Mattoo, T.K., Jain, A., 2015. Treatment of
Hypertension in Children With Catecholamine-Secreting Tumors: A Systematic Approach. J
Clin Hypertens (Greenwich) 17, 720-725. https://doi.org/10.1111/jch.12571

Rosati, S.F., Williams, R.F., Nunnally, L.C., McGee, M.C., Sims, T.L., Tracey, L., Zhou, J., Fan,
M., Ng, C.Y., Nathwani, A.C., Stewart, C.F., Pfeffer, L.M., Davidoff, A.M., 2008. Interferon-f3
Sensitizes Neuroblastoma to the Anti-Tumor Activity of Temozolomide by Modulating O6-
Methylguanine-DNA Methyltransferase Expression. Mol Cancer Ther 7, 3852-3858.
https://doi.org/10.1158/1535-7163.MCT-08-0806

Ryberg, E., Larsson, N., Sjogren, S., Hjorth, S., Hermansson, N.-O., Leonova, J., Elebring, T.,
Nilsson, K., Drmota, T., Greasley, P.J., 2007. The orphan receptor GPRS55 is a novel
cannabinoid receptor. Br J Pharmacol 152, 1092—1101. https://doi.org/10.1038/sj.bjp.0707460
Sa, M.C.I. de, Castor, M.G.M., 2023. Therapeutic Use of Palmitoylethanolamide as an Anti-
Inflammatory ~ and  Immunomodulator. Future = Pharmacology 3, 951-9717.
https://doi.org/10.3390/futurepharmacol3040058

Sabahi, M., Ahmadi, S.A., Kazemi, A., Mehrpooya, M., Khazaei, M., Ranjbar, A., Mowla, A.,
2022. The Effect of Oleoylethanolamide (OEA) Add-On Treatment on Inflammatory, Oxidative
Stress, Lipid, and Biochemical Parameters in the Acute Ischemic Stroke Patients: Randomized
Double-Blind Placebo-Controlled Study. Oxid Med Cell Longev 2022, 5721167.
https://doi.org/10.1155/2022/5721167

Sajjad, H., Imtiaz, S., Noor, T., Siddiqui, Y.H., Sajjad, A., Zia, M., 2021. Cancer models in
preclinical research: A chronicle review of advancement in effective cancer research. Animal
Model Exp Med 4, 87-103. https://doi.org/10.1002/ame2.12165

Saletta, F., Vilain, R.E., Gupta, A.K., Nagabushan, S., Yuksel, A., Catchpoole, D., Scolyer, R.A.,
Byrne, J.A., McCowage, G., 2017. Programmed Death-Ligand 1 Expression in a Large Cohort
of Pediatric Patients With Solid Tumor and Association With Clinicopathologic Features in
Neuroblastoma. JCO Precis Oncol 1, 1-12. https://doi.org/10.1200/P0O.16.00049

Samuel CE, Kuhen KL, George CX, Ortega LG, Rende-Fournier R, Tanaka H. The PKR protein
kinase--an interferon-inducible regulator of cell growth and differentiation. Int ] Hematol. 1997
Apr;65(3):227-37. doi: 10.1016/s0925-5710(96)00544-0. PMID: 9114594,

Sato, A., Ohtsuki, M., Hata, M., Kobayashi, E., Murakami, T., 2006. Antitumor activity of [FN-
lambda n murine tumor models. J Immunol 176, 7686—7694.
https://doi.org/10.4049/jimmunol.176.12.7686

Sato, H., Ishihara, S., Kawashima, K., Moriyama, N., Suetsugu, H., Kazumori, H., Okuyama,
T., Rumi, M.A., Fukuda, R., Nagasue, N., Kinoshita, Y., 2000. Expression of peroxisome
proliferator-activated receptor (PPAR)gamma in gastric cancer and inhibitory effects of
PPARgamma agonists. Br J Cancer 83, 1394—1400. https://doi.org/10.1054/bjoc.2000.1457

108



Schneider, W.M., Chevillotte, M.D., Rice, C.M., 2014. Interferon-stimulated genes: a complex
web of host defenses. Annu Rev Immunol 32, 513-545. https://doi.org/10.1146/annurev-
immunol-032713-120231

Schreiner, B., Mitsdoerfter, M., Kieseier, B.C., Chen, L., Hartung, H.-P., Weller, M., WiendlI,
H., 2004. Interferon-beta enhances monocyte and dendritic cell expression of B7-H1 (PD-L1),
a strong inhibitor of autologous T-cell activation: relevance for the immune modulatory effect
in multiple sclerosis. J Neuroimmunol 155, 172-182.
https://doi.org/10.1016/j.jneuroim.2004.06.013

Scoditti, E., Massaro, M., Carluccio, M.A., Distante, A., Storelli, C., De Caterina, R., 2010.
PPARgamma agonists inhibit angiogenesis by suppressing PKCalpha- and CREB-mediated
COX-2 expression in the human endothelium. Cardiovasc Res 86, 302-310.
https://doi.org/10.1093/cvr/cvp400

Sears, B., Perry, M., 2015. The role of fatty acids in insulin resistance. Lipids Health Dis 14,
121. https://doi.org/10.1186/s12944-015-0123-1

Seliger, B., Ruiz-Cabello, F., Garrido, F., 2008. IFN inducibility of major histocompatibility
antigens in tumors. Adv Cancer Res 101, 249-276. https://doi.org/10.1016/S0065-
230X(08)00407-7

Serra, A., Héberle, B., Konig, I.R., Kappler, R., Suttorp, M., Schackert, H.K., Roesner, D.,
Fitze, G., 2008. Rare occurrence of PHOX2b mutations in sporadic neuroblastomas. J Pediatr
Hematol Oncol 30, 728—732. https://doi.org/10.1097/MPH.0b013e3181772141

Sharief, M.K., Semra, Y.K., 2002. Down-regulation of survivin expression in T lymphocytes
after interferon beta-la treatment in patients with multiple sclerosis. Arch Neurol 59, 1115—
1121. https://doi.org/10.1001/archneur.59.7.1115

Sheerin, A.H., Zhang, X., Saucier, D.M., Corcoran, M.E., 2004. Selective Antiepileptic Effects
of N-Palmitoylethanolamide, a Putative Endocannabinoid. Epilepsia 45, 1184-1188.
https://doi.org/10.1111/1.0013-9580.2004.16604.x

Sheppard, P., Kindsvogel, W., Xu, W., Henderson, K., Schlutsmeyer, S., Whitmore, T.E.,
Kuestner, R., Garrigues, U., Birks, C., Roraback, J., Ostrander, C., Dong, D., Shin, J., Presnell,
S., Fox, B., Haldeman, B., Cooper, E., Taft, D., Gilbert, T., Grant, F.J., Tackett, M., Krivan, W.,
McKnight, G., Clegg, C., Foster, D., Klucher, K.M., 2003. IL-28, IL-29 and their class II
cytokine receptor IL-28R. Nat Immunol 4, 63—68. https://doi.org/10.1038/ni873

Shirinbak, S., Chan, R.Y., Shahani, S., Muthugounder, S., Kennedy, R., Hung, L.T., Fernandez,
G.E., Hadjidaniel, M.D., Moghimi, B., Sheard, M.A., Epstein, A.L., Fabbri, M., Shimada, H.,
Asgharzadeh, S., 2021. Combined immune checkpoint blockade increases CD8+CD28+PD-1+
effector T cells and provides a therapeutic strategy for patients with neuroblastoma.
Oncoimmunology 10, 1838140. https://doi.org/10.1080/2162402X.2020.1838140

Shuster, J.J., McWilliams, N.B., Castleberry, R., Nitschke, R., Smith, E.I., Altshuler, G., Kun,
L., Brodeur, G., Joshi, V., Vietti, T., 1992. Serum lactate dehydrogenase in childhood
neuroblastoma. A Pediatric Oncology Group recursive partitioning study. Am J Clin Oncol 15,
295-303. https://doi.org/10.1097/00000421-199208000-00004

Sihag, J., Jones, P.J.H., 2018. Oleoylethanolamide: The role of a bioactive lipid amide in
modulating eating behaviour. Obes Rev 19, 178-197. https://doi.org/10.1111/0br.12630
Simon, S., Labarriere, N., 2017. PD-1 expression on tumor-specific T cells: Friend or foe for
immunotherapy? Oncoimmunology 7, e1364828.
https://doi.org/10.1080/2162402X.2017.1364828

Skelhorne-Gross, G., Nicol, C.J.B., 2012. The Key to Unlocking the Chemotherapeutic
Potential of PPARy Ligands: Having the Right Combination. PPAR Res 2012, 946943.
https://doi.org/10.1155/2012/946943

109



Sleijfer, S., Bannink, M., Van Gool, A.R., Kruit, W.H.J., Stoter, G., 2005. Side effects of
interferon-alpha therapy. Pharm World Sci 27, 423-431. https://doi.org/10.1007/s11096-005-
1319-7

Sobhani, N., Bouche, V., Aldegheri, G., Rocca, A., D’Angelo, A., Giudici, F., Bottin, C.,
Donofrio, C.A., Pinamonti, M., Ferrari, B., Panni, S., Cominetti, M., Aliaga, J., Ungari, M.,
Fioravanti, A., Zanconati, F., Generali, D., 2023. Analysis of PD-L1 and CD3 Expression in
Glioblastoma Patients and Correlation with Outcome: A Single Center Report. Biomedicines
11, 311. https://doi.org/10.3390/biomedicines 11020311

Sokol, E., Desai, A.V., 2019. The Evolution of Risk Classification for Neuroblastoma. Children
(Basel) 6, 27. https://doi.org/10.3390/children6020027

Soldani, C., Scovassi, A.IL., 2002. Poly(ADP-ribose) polymerase-1 cleavage during apoptosis:
an update. Apoptosis 7, 321-328. https://doi.org/10.1023/a:1016119328968

Solt, L.A., May, M.J., 2008. The IkappaB kinase complex: master regulator of NF-kappaB
signaling. Immunol Res 42, 3—18. https://doi.org/10.1007/s12026-008-8025-1

Spiegel, S., Foster, D., Kolesnick, R., 1996. Signal transduction through lipid second
messengers. Curr Opin Cell Biol 8, 159-167. https://doi.org/10.1016/s0955-0674(96)80061-5
Srinivasan, P., Wu, X., Basu, M., Rossi, C., Sandler, A.D., 2018. PD-L1 checkpoint inhibition
and anti-CTLA-4 whole tumor cell vaccination counter adaptive immune resistance: A mouse
neuroblastoma model that mimics human disease. PLoS Med 15, ¢€1002497.
https://doi.org/10.1371/journal.pmed. 1002497

Stetson, D.B., Medzhitov, R., 2006. Antiviral defense: interferons and beyond. J Exp Med 203,
1837—1841. https://doi.org/10.1084/jem.20061377

Streck, C.J., Dickson, P.V., Ng, C.Y.C., Zhou, J., Gray, J.T., Nathwani, A.C., Davidoff, A.M.,
2005. Adeno-associated virus vector-mediated systemic delivery of IFN-beta combined with
low-dose cyclophosphamide affects tumor regression in murine neuroblastoma models. Clin
Cancer Res 11, 6020-6029. https://doi.org/10.1158/1078-0432.CCR-05-0502

Strenger, V., Kerbl, R., Dornbusch, H.J., Ladenstein, R., Ambros, P.F., Ambros, I.M., Urban,
C., 2007. Diagnostic and prognostic impact of urinary catecholamines in neuroblastoma
patients. Pediatr Blood Cancer 48, 504—509. https://doi.org/10.1002/pbc.20888

Sun, J., Yu, L., Qu, X., Huang, T., 2023. The role of peroxisome proliferator-activated receptors
in the tumor microenvironment, tumor cell metabolism, and anticancer therapy. Front
Pharmacol 14, 1184794. https://doi.org/10.3389/fphar.2023.1184794

Sun, P., Yoshizuka, N., New, L., Moser, B.A., Li, Y., Liao, R., Xie, C., Chen, J., Deng, Q.,
Yamout, M., Dong, M.-Q., Frangou, C.G., Yates, J.R., Wright, P.E., Han, J., 2007. PRAK is
essential for ras-induced senescence and tumor suppression. Cell 128, 295-308.
https://doi.org/10.1016/j.cell.2006.11.050

Sunshine, H., Iruela-Arispe, M.L., 2017. Membrane lipids and cell signaling. Curr Opin Lipidol
28, 408—413. https://doi.org/10.1097/MOL.0000000000000443

Szymansky, A., Kruetzfeldt, L.-M., Heukamp, L.C., Hertwig, F., Theissen, J., Deubzer, H.E.,
Willing, E.-M., Menon, R., Fuchs, S., Thole, T., Schulte, S., Schmelz, K., Kiinkele, A., Lang,
P., Fuchs, J., Eggert, A., Eckert, C., Fischer, M., Henssen, A.G., Rodriguez-Fos, E., Schulte,
J.H., 2021. Neuroblastoma Risk Assessment and Treatment Stratification with Hybrid Capture-
Based Panel Sequencing. Journal of Personalized Medicine 11, 691.
https://doi.org/10.3390/jpm11080691

Taefehshokr, N., Baradaran, B., Baghbanzadeh, A., Taefehshokr, S., 2020. Promising
approaches in cancer immunotherapy. Immunobiology 225, 151875.
https://doi.org/10.1016/j.imbi0.2019.11.010

Takita, J., 2021. Molecular Basis and Clinical Features of Neuroblastoma. JMA J 4, 321-331.
https://doi.org/10.31662/jmaj.2021-0077

110



Tanaka, N., Moriya, K., Kiyosawa, K., Koike, K., Gonzalez, F.J., Aoyama, T., 2008. PPARa
activation is essential for HCV core protein—induced hepatic steatosis and hepatocellular
carcinoma in mice. J Clin Invest 118, 683—694. https://doi.org/10.1172/JC133594

Tang, Y., Fang, W., Zhang, Y., Hong, S., Kang, S., Yan, Y., Chen, N., Zhan, J., He, X., Qin, T.,
Li, G., Tang, W., Peng, P., Zhang, L., 2015. The association between PD-L1 and EGFR status
and the prognostic value of PD-L1 in advanced non-small cell lung cancer patients treated with
EGFR-TKIs. Oncotarget 6, 14209—14219. https://doi.org/10.18632/oncotarget.3694

Tauber, Z., Koleckova, M., Cizkova, K., 2020. Peroxisome proliferator-activated receptor a
(PPARa)-cytochrome P450 epoxygenases-soluble epoxide hydrolase axis in ER + PR + HER2-
breast cancer. Med Mol Morphol 53, 141-148. https://doi.org/10.1007/s00795-019-00240-7
Thabuis, C., Tissot-Favre, D., Bezelgues, J.-B., Martin, J.-C., Cruz-Hernandez, C., Dionisi, F.,
Destaillats, F., 2008. Biological functions and metabolism of oleoylethanolamide. Lipids 43,
887—894. https://doi.org/10.1007/s11745-008-3217-y

Tolbert, V.P., Matthay, K.K., 2018. Neuroblastoma: clinical and biological approach to risk
stratification and treatment. Cell Tissue Res 372, 195-209. https://doi.org/10.1007/s00441-018-
2821-2

Topalian, S.L., Hodi, F.S., Brahmer, J.R., Gettinger, S.N., Smith, D.C., McDermott, D.F.,
Powderly, J.D., Carvajal, R.D., Sosman, J.A., Atkins, M.B., Leming, P.D., Spigel, D.R.,
Antonia, S.J., Horn, L., Drake, C.G., Pardoll, D.M., Chen, L., Sharfman, W.H., Anders, R.A.,
Taube, J.M., McMiller, T.L., Xu, H., Korman, A.J., Jure-Kunkel, M., Agrawal, S., McDonald,
D., Kollia, G.D., Gupta, A., Wigginton, J.M., Sznol, M., 2012. Safety, activity, and immune
correlates of anti-PD-1 antibody in cancer. N Engl J Med 366, 2443-2454.
https://doi.org/10.1056/NEJMo0a1200690

Topalian, S.L., Sznol, M., McDermott, D.F., Kluger, H.M., Carvajal, R.D., Sharfman, W.H.,
Brahmer, J.R., Lawrence, D.P., Atkins, M.B., Powderly, J.D., Leming, P.D., Lipson, E.J.,
Puzanov, I., Smith, D.C., Taube, J.M., Wigginton, J.M., Kollia, G.D., Gupta, A., Pardoll, D.M.,
Sosman, J.A., Hodi, F.S., 2014. Survival, durable tumor remission, and long-term safety in
patients with advanced melanoma receiving nivolumab. J Clin Oncol 32, 1020-1030.
https://doi.org/10.1200/JC0.2013.53.0105

Trigg, R.M., Turner, S.D., 2018. ALK in Neuroblastoma: Biological and Therapeutic
Implications. Cancers (Basel) 10, 113. https://doi.org/10.3390/cancers10040113

Trochet, D., Bourdeaut, F., Janoueix-Lerosey, 1., Deville, A., de Pontual, L., Schleiermacher,
G., Coze, C., Philip, N., Frébourg, T., Munnich, A., Lyonnet, S., Delattre, O., Amiel, J., 2004.
Germline mutations of the paired-like homeobox 2B (PHOX2B) gene in neuroblastoma. Am J
Hum Genet 74, 761-764. https://doi.org/10.1086/383253

Tsubouchi, Y., Sano, H., Kawahito, Y., Mukai, S., Yamada, R., Kohno, M., Inoue, K., Hla, T.,
Kondo, M., 2000. Inhibition of Human Lung Cancer Cell Growth by the Peroxisome
Proliferator-Activated Receptor-y Agonists through Induction of Apoptosis. Biochemical and
Biophysical Research Communications 270, 400—405. https://doi.org/10.1006/bbrc.2000.2436
Tufail, M., Jiang, C.-H., Li, N., 2025. Immune evasion in cancer: mechanisms and cutting-edge
therapeutic approaches. Signal Transduct Target Ther 10, 227. https://doi.org/10.1038/s41392-
025-02280-1

Tufail, M., Jiang, C.-H., Li, N., 2024. Altered metabolism in cancer: insights into energy
pathways and therapeutic targets. Mol Cancer 23, 203. https://doi.org/10.1186/s12943-024-
02119-3

Tweddle, D.A., Pearson, A.D.J., Haber, M., Norris, M.D., Xue, C., Flemming, C., Lunec, J.,
2003. The p53 pathway and its inactivation in neuroblastoma. Cancer Lett 197, 93-98.
https://doi.org/10.1016/s0304-3835(03)00088-0

Twist, C.J., Naranjo, A., Schmidt, M.L., Tenney, S.C., Cohn, S.L., Meany, H.J., Mattei, P.,
Adkins, E.S., Shimada, H., London, W.B., Park, J.R., Matthay, K.K., Maris, J.M., 2019.

111



Defining Risk Factors for Chemotherapeutic Intervention in Infants With Stage 4S
Neuroblastoma: A Report From Children’s Oncology Group Study ANBL0531. J Clin Oncol
37, 115—-124. https://doi.org/10.1200/JC0O.18.00419

Tyagi, S., Gupta, P., Saini, A.S., Kaushal, C., Sharma, S., 2011. The peroxisome proliferator-
activated receptor: A family of nuclear receptors role in various diseases. J Adv Pharm Technol
Res 2, 236-240. https://doi.org/10.4103/2231-4040.90879

Upton K, Modi A, Patel K, Kendsersky NM, Conkrite KL, Sussman RT, Way GP, Adams RN,
Sacks GI, Fortina P, Diskin SJ, Maris JM, Rokita JL. Epigenomic profiling of neuroblastoma
cell lines. Sci Data. 2020 Apr 14;7(1):116. doi: 10.1038/s41597-020-0458-y

Urich, K., 1994. Sterols and Steroids, in: Urich, K. (Ed.), Comparative Animal Biochemistry.
Springer, Berlin, Heidelberg, pp. 624—656. https://doi.org/10.1007/978-3-662-06303-3 16
van Gerven, M.R., Bozsaky, E., Matser, Y.A.H., Vosseberg, J., Taschner-Mandl, S., Koster, J.,
Tytgat, G.A.M., Molenaar, J.J., van den Boogaard, M., 2022. Mutational spectrum of ATRX
aberrations in neuroblastoma and associated patient and tumor characteristics. Cancer Sci 113,
2167-2178. https://doi.org/10.1111/cas.15363

van Limpt, V., Schramm, A., van Lakeman, A., Sluis, P., Chan, A., van Noesel, M., Baas, F.,
Caron, H., Eggert, A., Versteeg, R., 2004. The Phox2B homeobox gene is mutated in sporadic
neuroblastomas. Oncogene 23, 9280-9288. https://doi.org/10.1038/sj.onc.1208157

Varrassi, G., Rekatsina, M., Leoni, M.L.G., Cascella, M., Finco, G., Sardo, S., Corno, C., Tiso,
D., Schweiger, V., Fornasari, D.M.M., Paladini, A., 2025. A Decades-Long Journey of
Palmitoylethanolamide (PEA) for Chronic Neuropathic Pain Management: A Comprehensive
Narrative Review. Pain Ther 14, 81-101. https://doi.org/10.1007/s40122-024-00685-4
Vasseur, S., Guillaumond, F., 2022. Lipids in cancer: a global view of the contribution of lipid
pathways to metastatic formation and treatment resistance. Oncogenesis 11, 46.
https://doi.org/10.1038/s41389-022-00420-8

Vitos-Faleato, J., Real, S.M., Gutierrez-Prat, N., Villanueva, A., Llonch, E., Drosten, M.,
Barbacid, M., Nebreda, A.R., 2020. Requirement for epithelial p38a in KRAS-driven lung
tumor  progression. Proc Natl Acad Sci U S A 117, 2588-2596.
https://doi.org/10.1073/pnas.1921404117

Voelker, D.R., 2013. Glycerolipid Structure, Function, and Synthesis in Eukaryotes, in:
Lennarz, W.J., Lane, M.D. (Eds.), Encyclopedia of Biological Chemistry (Second Edition).
Academic Press, Waltham, pp. 412—418. https://doi.org/10.1016/B978-0-12-378630-2.00510-
7

Wagner, N., Wagner, K.-D., 2020. PPARs and Angiogenesis-Implications in Pathology. Int J
Mol Sci 21, 5723. https://doi.org/10.3390/ijms21165723

Walther, E.U., Hohlfeld, R., 1999. Multiple sclerosis: side effects of interferon beta therapy and
their management. Neurology 53, 1622—-1627. https://doi.org/10.1212/wnl.53.8.1622

Wang, C., Lv, T., Jin, B., Li, Y., Fan, Z., 2025. Regulatory role of PPAR in colorectal cancer.
Cell Death Discov 11, 28. https://doi.org/10.1038/s41420-025-02313-2

Wang, C., Youle, R.J., 2009. The Role of Mitochondria in Apoptosis. Annu Rev Genet 43, 95—
118. https://doi.org/10.1146/annurev-genet-102108-134850

Wang, D., Fu, L., Ning, W., Guo, L., Sun, X., Dey, S.K., Chaturvedi, R., Wilson, K.T., DuBois,
R.N., 2014. Peroxisome proliferator-activated receptor o promotes colonic inflammation and
tumor  growth. Proc Natl Acad Sci U S A 111, 7084-7089.
https://doi.org/10.1073/pnas. 1324233111

Wang, D., Ning, W., Xie, D., Guo, L., DuBois, R.N., 2012. Peroxisome proliferator-activated
receptor & confers resistance to peroxisome proliferator-activated receptor y-induced apoptosis
in colorectal cancer cells. Oncogene 31, 1013—1023. https://doi.org/10.1038/0onc.2011.299
Wang, F., Wang, Y.Y., Li, J., You, X., Qiu, X.H., Wang, Y.N., Gao, F.G., 2014. Increased antigen
presentation but impaired T cells priming after upregulation of interferon-beta induced by

112



lipopolysaccharides is mediated by upregulation of B7H1 and GITRL. PLoS One 9, e105636.
https://doi.org/10.1371/journal.pone.0105636

Wang, J., Zhou, Y., Chen, Z., Zhao, X., Xu, H., Zhang, F., Annoor, A., Wang, R., Wu, C., Zhang,
H., Zhu, M., Zhang, W., 2025. Antineuroblastoma Activity Evaluation and Mechanism of Novel
PD-L1 Small Molecule Inhibitors through Immune and Non-Immune Pathways. ACS
Pharmacol. Transl. Sci. 8, 2612-2629. https://doi.org/10.1021/acsptsci.5c00226

Wang, X., Miyares, R.L., Ahern, G.P., 2005. Oleoylethanolamide excites vagal sensory
neurones, induces visceral pain and reduces short-term food intake in mice via capsaicin
receptor TRPV1. J Physiol 564, 541-547. https://doi.org/10.1113/jphysiol.2004.081844
Wang, Y., Duan, X., Li, Z., Pan, Y., Deng, J., 2025. Palmitoylethanolamide in the Treatment of
Pain and Its Clinical Application Prospects. Drug Des Devel Ther 19, 6897-6923.
https://doi.org/10.2147/DDDT.S540327

Weber, J.S., Yang, J.C., Atkins, M.B., Disis, M.L., 2015. Toxicities of Immunotherapy for the
Practitioner. J Clin Oncol 33, 2092-2099. https://doi.org/10.1200/JC0O.2014.60.0379

Weiss, W.A., Aldape, K., Mohapatra, G., Feuerstein, B.G., Bishop, J.M., 1997. Targeted
expression of MYCN causes neuroblastoma in transgenic mice. EMBO J 16, 2985-2995.
https://doi.org/10.1093/emboj/16.11.2985

Wellner, N., Diep, T.A., Janfelt, C., Hansen, H.S., 2013. N-acylation of
phosphatidylethanolamine and its biological functions in mammals. Biochim Biophys Acta
1831, 652-662. https://doi.org/10.1016/j.bbalip.2012.08.019

Wienke, J., Dierselhuis, M.P., Tytgat, G.A.M., Kiinkele, A., Nierkens, S., Molenaar, J.J., 2021.
The immune landscape of neuroblastoma: Challenges and opportunities for novel therapeutic
strategies in pediatric oncology. Eur J Cancer 144, 123-150.
https://doi.org/10.1016/j.ejca.2020.11.014

Witt, O., Deubzer, H.E., Lodrini, M., Milde, T., Ochme, I., 2009. Targeting histone deacetylases
in neuroblastoma. Curr Pharm Des 15, 436—447. https://doi.org/10.2174/138161209787315774
Wu, W., Zhao, S., 2013. Metabolic changes in cancer: beyond the Warburg effect. Acta Biochim
Biophys Sin (Shanghai) 45, 18-26. https://doi.org/10.1093/abbs/gms104

Wulf, A.M., Moreno, M.M., Paka, C., Rampasekova, A., Liu, K.J., 2021. Defining Pathological
Activities of ALK in Neuroblastoma, a Neural Crest-Derived Cancer. Int ] Mol Sci 22, 11718.
https://doi.org/10.3390/ijms222111718

Wymann, M.P., Schneiter, R., 2008. Lipid signalling in disease. Nat Rev Mol Cell Biol 9, 162—
176. https://doi.org/10.1038/nrm2335

Xiao, Y.-B., Cai, S.-H., Liu, L.-L., Yang, X., Yun, J.-P., 2018. Decreased expression of
peroxisome proliferator-activated receptor alpha indicates unfavorable outcomes in
hepatocellular carcinoma. Cancer Manag Res 10, 1781-1789.

Xiao D, Luo L, LiJ, Wang Z, Liu L, Xie F, Feng J, Zhou X. Development of bifunctional anti-
PD-L1 antibody MMAE conjugate with cytotoxicity and immunostimulation. Bioorg Chem.
2021 Nov; 116:105366. doi: 10.1016/j.bioorg.2021.105366. Epub 2021 Sep 17.

Xicoy, H., Wieringa, B., Martens, G.J.M., 2017. The SH-SY5Y cell line in Parkinson’s disease
research: a systematic review. Mol Neurodegener 12, 10. https://doi.org/10.1186/s13024-017-
0149-0

Xu, H.E., Lambert, M.H., Montana, V.G., Parks, D.J., Blanchard, S.G., Brown, P.J., Sternbach,
D.D., Lehmann, J.M., Wisely, G.B., Willson, T.M., Kliewer, S.A., Milburn, M.V., 1999.
Molecular recognition of fatty acids by peroxisome proliferator-activated receptors. Mol Cell
3, 397—-403. https://doi.org/10.1016/s1097-2765(00)80467-0

Yadwad, A.R., Babbur, H., Korikani, M., Puligundla, K.C., Amanchi, N.R., Kancha, R.K.,
2024. Neuroblastoma, in: Kancha, R.K. (Ed.), Biomedical Aspects of Solid Cancers. Springer
Nature, Singapore, pp. 299-312. https://doi.org/10.1007/978-981-97-1802-3 26

113



Yamagata, K., Uzu, E., Yoshigai, Y., Kato, C., Tagami, M., 2021. Oleic acid and
oleoylethanolamide decrease interferon-y-induced expression of PD-L1 and induce apoptosis
in human lung carcinoma cells. Eur J  Pharmacol 903, 174116.
https://doi.org/10.1016/j.ejphar.2021.174116

Yang, L., Guo, H., Li, Y., Meng, X., Yan, L., Dan Zhang, null, Wu, S., Zhou, H., Peng, L., Xie,
Q., Jin, X., 2016. Oleoylethanolamide exerts anti-inflammatory effects on LPS-induced THP-
1 cells by enhancing PPARa signaling and inhibiting the NF-xB and ERK1/2/AP-1/STAT3
pathways. Sci Rep 6, 34611. https://doi.org/10.1038/srep34611

Zarubin, T., Han, J., 2005. Activation and signaling of the p38 MAP kinase pathway. Cell Res
15, 11-18. https://doi.org/10.1038/sj.cr.7290257

Zhang, C., Sui, Y., Liu, S., Yang, M., 2024. In vitro and in vivo experimental models for cancer
immunotherapy  study.  Current  Research in  Biotechnology 7,  100210.
https://doi.org/10.1016/j.crbiot.2024.100210

Zhou, X., Wang, X., Li, N., Guo, Y., Yang, X., Lei, Y., 2023. Therapy resistance in
neuroblastoma: Mechanisms and reversal strategies. Front Pharmacol 14, 1114295.
https://doi.org/10.3389/fphar.2023.1114295

Zhu, C.-G., He, X.-L., Tang, Z.-G., Chen, K.-K., Zou, R.-Y., Tian, X., You, Y.-L., 2020.
[Clinical features of neuroblastoma: an analysis of 44 children]. Zhongguo Dang Dai Er Ke Za
Zhi 22, 1193-1197. https://doi.org/10.7499/.issn.1008-8830.2005053

Zimmerman, M., Yang, D., Hu, X., Liu, F., Singh, N., Browning, D., Ganapathy, V., Chandler,
P., Choubey, D., Abrams, S.I., Liu, K., 2010. IFN-y upregulates survivin and Ifi202 expression
to induce survival and proliferation of tumor-specific T cells. PLoS One 5, e14076.
https://doi.org/10.1371/journal.pone.0014076

Zou, H., Li, Y., Liu, X., Wang, X., 1999. An APAF-1. cytochrome ¢ multimeric complex is a
functional apoptosome that activates procaspase-9. J Biol Chem 274, 11549-11556.
https://doi.org/10.1074/jbc.274.17.11549

Zuo, S., Sho, M., Sawai, T., Kanehiro, H., Maeda, K., Yoshida, M., Tsukada, R., Nomura, M.,
Okuyama, H., 2020. Potential role of the PD-L1 expression and tumor-infiltrating lymphocytes
on neuroblastoma. Pediatr Surg Int 36, 137—-143. https://doi.org/10.1007/s00383-019-04616-9

114



	Acknowledgement and disclaimer
	Abstract
	1- Neuroblastoma: A general introduction
	2- Symptoms, diagnosis, prognosis, and risk stratification of NB
	3- Origin and pathophysiology of NB
	4- Treatment of NB
	5- In vitro research in cancer and NB
	6- SH-SY5Y cells an in vitro model of NB

	Part II: Key tumoral mechanisms and signalling pathways: Apoptosis, immune evasion and p38 MAPK
	1- Intrinsic and extrinsic apoptosis pathways
	2- Immune checkpoints and PD-L1 in tumours
	a) Introduction on immune checkpoints
	b) The mechanism of action of the PD-1/PD-L1 pathway
	c) Regulation of PD-L1 expression in tumours: IFNs role
	d) PD-L1 therapeutic targeting
	e) PD-L1 expression, function and therapeutic implication in NB

	3- p38MAPK signalling pathway in cancer
	a) The dual role of p38MAPK in cancer
	b) p38MAPK signalling in NB


	Part III: Interferons
	1- IFN classes, subtypes and receptors: A comprehensive overview
	2- IFNs cellular signalling pathway
	3- IFNs therapeutic application: Between viral infections and cancer
	4- IFNβ in NB
	5- Limitations and side effects of IFNs in treatment

	Part IV: Lipids as structural and functional mediators
	1- Lipids
	2- PEA and OEA
	a) Classification and overview
	b) PEA and OEA structure and distribution
	c) PEA and OEA metabolism
	d) PEA and OEA targets, roles and effects
	e) Anti-tumoral effects of OEA and PEA

	1- Overview
	2- PPAR in cancer
	3- PPARα: A focus

	Study rationale and objectives
	Material and methods
	1. Cell culture and treatment
	2. Treatment conditions and cell lysis
	3. MTT viability assay
	4. Cell count and viability
	5. Scratch wound healing assay
	6. Clonogenic survival assay
	7. Western blot analysis
	8. Surface protein biotinylation
	9. Nuclear protein extraction
	10. siRNA-mediated gene silencing
	11. RealTime-Glo™ cell viability assay
	12. Caspase 3/7 activity assay
	13. Statistical Analysis

	Results
	1. OEA and PEA at different concentrations do not affect SH-SY5Y cell viability
	2. OEA or PEA in combination with IFNβ potentiate cell death in SH-SY5Y cells
	3. Combined treatment with OEA or PEA and IFNβ reduces SH-SY5Y proliferative capacity
	4. OEA and PEA alone and in combination with IFNβ impair SH-SY5Y colony formation
	5. OEA and PEA amplify IFNβ-mediated apoptosis
	6. OEA and PEA modulate IFNβ-regulated pro-survival and adaptive signalling pathways in SH-SY5Y cells
	7. IFNβ induces PD-L1 expression in SH-SY5Y cells in a dose and time-dependent manner
	8. OEA and PEA enhance IFNβ-induced PD-L1 levels in SH-SY5Y cells
	9. OEA and PEA do not interact with the JAK-STAT signalling pathway in SH-SY5Y cells
	11. Inhibition of PPARα attenuates OEA/PEA synergism with IFN-β in mediating apoptosis and PD-L1 upregulation in SH-SY5Y Cells
	12. PPARα knockdown attenuates OEA and PEA enhancement of IFNβ-driven apoptotic and immune responses in SH-SY5Y cells

	Discussion
	Conclusion
	References

