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Abstract

For centuries, natural products and their derivatives have provided a rich source of
compounds for the development of new immunomodulators in the treatment of
human diseases. Natural immune modulators may provide the key to control and
ultimately defeat disorders affecting the immune system, by either up- or down-
regulating the immune response with few adverse side effects. Many of these
compounds are currently undergoing clinical trials, particularly as anti-oxidative,
anti-microbial, and anti-cancer agents. However, the functions and mechanisms of
action of natural products, and how they interact with the immune system, has yet to

be extensively explored.

In recent years, the increasing body of knowledge regarding the role of macrophages
in the steady-state and in the context of inflammation has opened diverse new
avenues of investigation and possibilities for therapeutic intervention targeting the
inherent plasticity of macrophages for the treatment of acute and chronic
inflammatory disease. Toll-Like Receptors (TLRs), including TLR4, play a crucial
role in inflammatory-based diseases, therefore TLR4 signalling has been identified

as a therapeutic target for pharmacological intervention.

This work aims to screen and investigate the potential of phytoextracts and
phytochemicals to affect TLR4 signalling in a macrophage-like cell model.
Specifically, extracts from green (GCE) and roasted (RCE) coffee beans as well as
pure chlorogenic acid (5-CQA) were tested. Also, the anti-inflammatory effect of

palmitoylethanolamide (PEA), and its synthetic analogue RePEA, was assessed.

Human monocyte-derived macrophages, deriving from the differentiation of a
monocytic cell line (THP-1) and/or from human primary CD14" monocytes, were



employed as an in vitro model. MTT was used to determine cytotoxic effects of the
treatments. TLR4 activation was stimulated by exposure of cells to bacterial
endotoxin LPS (E. coli), in presence or absence of treatments. Different readouts
were evaluated: endpoint pro-inflammatory cytokines production, as well as
phosphorylation and nuclear translocation of intracellular signalling mediators.
These parameters were measured applying different cellular and molecular
techniques, mainly enzyme-linked immunosorbent assay (ELISA), High Content
Analysis (immunofluorescence microscopy), and Western blot. Alongside, we
employed different commercially available stable transfected cells as tools to
investigate the mechanism of action of our tested extract or molecule, THP1-
XBlue™, RAW-Blue™ and HEK-Blue™ cells, respectively.

Key findings include a dramatic, dose-dependent, inhibitory effect of both green and
roasted coffee extracts towards interferon-p (IFN-B) release, upon LPS stimulation.
Consistently, chlorogenic acid, a major polyphenolic component of coffee extracts,
showed a comparable biological activity. Additionally, novel evidence towards the
immunomodulatory effects and mechanism of action of coffee extracts and
chlorogenic acid as modulators of TLR4-related pro-inflammatory signalling have
been provided. Alongside, PEA capability of reducing TNF-a release from LPS-
stimulated microglial cells, was corroborated in our macrophage model also,
confirming its anti-inflammatory potential. Moreover, RePEA, a synthetic PEA
analogue designed to be degraded slower, was revealed to be more active than its

parent compound.

These experimental data demonstrate that natural products may act as lead molecules

for the development of safe and effective immunomodulators.

Taken together, these findings help to validate the above-mentioned natural
molecules, 5-CQA and PEA, but also RePEA, as potential novel candidates for
further preclinical investigations for the treatment of inflammatory-based disorders.



Riassunto

Per secoli, i prodotti naturali e i loro derivati hanno fornito una ricca fonte di
composti per lo sviluppo di nuovi immunomodulatori. Gli immunomodulatori
naturali possono fornire la chiave per controllare e, infine, sconfiggere i disturbi che
colpiscono il sistema immunitario, stimolando o inibendo la risposta immunitaria
con pochi effetti collaterali negativi. Molti di questi composti sono attualmente in
fase di sperimentazione clinica, in particolare come agenti antiossidanti,
antimicrobici e antitumorali. Tuttavia, la funzione e il meccanismo di azione dei
prodotti naturali, e il modo in cui interagiscono con il sistema immunitario, devono

ancora essere ampiamente esplorati.

Negli ultimi anni, la conoscenza del ruolo dei macrofagi nel contesto
dell'inflammazione ha aperto numerose nuove strade, tra cui la possibilita di
intervento terapeutico mirato sfruttando la plasticita intrinseca dei macrofagi per il
trattamento di patologie infiammatorie acute e croniche. | recettori Toll-simili
(TLR), incluso TLR4, svolgono un ruolo cruciale nelle malattie a base
inflammatoria; pertanto, la via di segnalazione di TLR4 e stata identificata come
bersaglio terapeutico per l'intervento farmacologico.

Questo lavoro mira a valutare il potenziale dei fitoestratti e delle sostanze
fitochimiche di influenzare la via di segnalazione di TLR4 in un modello cellulare
di macrofago. Nello specifico, sono stati testati estratti ottenuti da chicchi di caffe
verde (GCE) e tostato (RCE), nonché acido clorogenico puro (5-CQA). Inoltre, é
stato valutato I'effetto antinfiammatorio della palmitoiletanolamide (PEA) e del suo

analogo sintetico RePEA.

Come modello in vitro sono stati impiegati macrofagi originati da monociti umani,

derivanti dalla differenziazione di una linea cellulare (THP-1) e/o da monociti umani



primari. 1l saggio MTT é stato utilizzato per determinare gli effetti citotossici dei
trattamenti. L'attivazione di TLR4 e stata stimolata mediante esposizione delle
cellule all'endotossina batterica LPS (E. coli) in presenza o assenza di trattamento.
Sono stati valutati diversi parametri: produzione di citochine pro-inflammatorie, ma
anche attivazione e traslocazione nucleare dei mediatori di segnalazione
intracellulare. Questi parametri sono stati misurati applicando differenti tecniche di
biologia cellulare e molecolare, principalmente test di immunoassorbimento
enzimatico (ELISA), immunofluorescenza e immunofissazione (Western blot).
Inoltre, abbiamo impiegato diverse cellule transfettate stabilmente disponibili in
commercio come strumenti per studiare il meccanismo d'azione del nostro estratto o
della nostra molecola, rispettivamente le cellule THP1-XBlue™, RAW-Blue™ ¢
HEK-Blue™.

| risultati chiave includono un marcato effetto inibitorio, dose-dipendente, degli
estratti di caffé verde e tostato verso il rilascio di interferone-p (IFN-B) dopo la
stimolazione con LPS. Coerentemente, l'acido clorogenico, un importante
componente polifenolico degli estratti di caffe, ha mostrato un'attivita biologica
comparabile. Complessivamente, i risultati ottenuti forniscono nuove prove sugli
effetti immunomodulatori e sul meccanismo d'azione degli estratti di caffe e
dell'acido clorogenico, in particolare come modulatori della via di segnalazione pro-
inflammatoria mediata da TLR4. Inoltre, la capacita della PEA di ridurre il rilascio
di TNF-a da parte delle cellule microgliali stimolate con LPS é stata corroborata
anche nel nostro modello di macrofagi, confermando il suo potenziale
antinfiammatorio. Inoltre, RePEA, un analogo sintetico della PEA progettato per

essere degradato piu lentamente, si é rivelato piu attivo del suo composto originario.

Questi risultati aiutano a convalidare le suddette molecole naturali, 5-CQA e PEA,
ma anche RePEA, come potenziali nuovi candidati per ulteriori indagini precliniche

per il trattamento delle malattie autoimmuni e inflammatorie.
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1. INTRODUCTION

1.1. Immunity and Inflammation in Health and Disease

All living organisms, from bacteria to sea anemones to humans, are constantly
exposed of infection by pathogens, and thus have had to evolve a range of defence
strategies to persist on Earth. Inflammation, induced by tissue injuries and microbial
infection, is one of the most organized biological processes. It can be triggered by a
variety of factors, including pathogens, damaged cells, toxic compounds or
irradiation.! Some inflammatory processes lead to symptoms such as swelling, pain,
and redness, but these are, at least initially, completely normal, and protective.
However, when inflammation settles in as a permanent feature, it rapidly becomes
part of the problem. Thus, quieting long-lasting inflammation is increasingly viewed
as critical to health as research firmly establishes that virtually every chronic disease
(from Alzheimer’s disease to diabetes to hypertension to periodontal disease to
inflammatory bowel disease) has an aspect of chronic inflammation at its core. Even
though widely demonized, inflammation also plays a critical role in healing. In that
context, it appears worthwhile to target the immune system to modulate the risk of

certain chronic illnesses.

This introductory section reports a brief overview of the immune system, including
a special focus on Toll-like receptor 4 signalling. The pertinence and limitations of
targeting the immune system to prevent chronic diseases is also discussed. Finally, a
concise review of some of the most studied natural products showing promising
immunomodulatory activity is given, as well as the possibilities for translation

ethnopharmacology evidence into clinical and therapeutic applications.



1.1.1. Innate and adaptive immunity: barriers and receptor-based

recognition

The body’s defence system is made up of innate (inborn) and adaptive (acquired)
immune systems. Innate immunity is the term given to the set of inherited, germ-line
encoded protection mechanisms that operate as the first line of defence for pathogen
sensing and host response. The innate immune system is the first line of defence
against pathogens and consists of physical and chemical barriers as well as
immunological barriers in the form of different cell types able to recognize invading
pathogens (monocytes, macrophages, neutrophils, etc.). Physical and chemical
defence mechanisms are represented by epidermis, ciliated respiratory epithelium,
vascular endothelium, and mucosal surfaces with antimicrobial secretions.? On the
other hand, the innate immune response is mediated primarily by phagocytic cells
and antigen-presenting cells (APCs), such as granulocytes, macrophages, and
dendritic cells (DCs), and has been regarded as relatively nonspecific. Contrarily, the
adaptive immune response is characterized by specificity developed by clonal gene
rearrangements from a broad repertoire of antigen-specific receptors on
lymphocytes.®> The innate immune cells must be able to distinguish “self”
(endogenous) from “non-self” (exogenous). This sophisticated immune response
relies on the recognition of microorganisms via several distinct receptors known as
pattern-recognition receptors or PRRs, such as Toll-like receptors, NOD-like
receptor proteins, C-type lectin receptors and RIG-1-like receptors.* The activation
of PRRs triggers a pro-inflammatory signalling that orchestrates the early response
to infection and ultimately leads to subsequent activation of cells of the adaptive
immune system (T and B lymphocytes). A major class of molecules involved in
many aspects of the inflammatory response and upregulated in response to cellular
pathogen recognition consists of immunoreceptors, including cytokine and
chemokine receptors, immunoglobulins, TLRs themselves, major histocompatibility

complex (MHC) molecules, and costimulatory molecules.®>®



Together, these proteins participate in the activation and recruitment of leukocytes
to sites of inflammation, in enhanced phagocytosis of microbes, in complement- or
NK cell-mediated cellular lysis, and in enhanced antigen presentation. Although this
immune response is a natural defensive mechanism, a robust and excessive activation
of inflammation is clearly associated with numerous immune diseases such as
allergic reactions, autoimmune diseases, infectious diseases, cardiovascular disease,

atherosclerosis, and cancer.!

1.1.2. Pathogen- and Microbial- Associated Molecular Patterns
(PAMPs/MAMPS) and the innate immune response

Cells of the innate immune system are responsible for recognizing and responding
to the general structural patterns exhibited by pathogens, commonly known as
pathogen-associated molecular patterns (PAMPs) and microbial-associated
molecular patterns (MAMPs). The innate immune receptors responsible for
recognizing PAMPs/MAMPs are known as pattern recognition receptors (PRRs) and
offer general protection to the host.” Janeway was the first to propose the existence
of a class of innate immune receptors recognizing conserved microbial structures or
“patterns,” even prior to the molecular identification of such a system.® The main

PRRs and their cognate ligands are depicted in Figure 1.
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Figure 1. Recognition of PAMPs from different classes of microbial pathogens. Viruses,
bacteria, fungi, and protozoa display several different PAMPs, some of which are shared
between different classes of pathogens. Major PAMPs are nucleic acids, including DNA,
dsRNA, ssRNA, and 5'-triphosphate RNA, as well as surface glycoproteins (GP),
lipoproteins (LP), and membrane components (peptidoglycans [PG], lipoteichoic acid
[LTA], LPS, and GPI anchors).®

Toll-like receptors. Among the PRRs, the Toll-like receptors (TLRs) have been
studied most extensively. TLRs derived their name and were originally discovered
based on homology to the Drosophila melanogaster Toll protein, which plays a role
in dorso-ventral patterning during embryogenesis as well as in the antifungal
response in Drosophila.’®!! TLRs play a critical role in sensing both exogenous and
endogenous signals that characterize infection and inflammation. TLRs are likely
very ancient immune sentinels since two of their characteristic building blocks (LRR
and TIR domains) are observed in placozoans (e.g., Trichoplax animals) and Porifera
(e.g., Sponges). Full TLRs were detected in Cnidarian species, like the starlet sea
anemone (Nematostella vectensis; one single TLR) and the acroporid corals
(Acropora digitifera; four TLRs). Interestingly, both developmental and
immunological roles of TLRs have been described in Cnidarians. TLRs from both
the sea anemone (Nematostella vectensis) and the mountainous star coral (Orbicella
faveolata) have been shown to signal via MyD88 leading to NF-«B activation. In the

Bilateria phylum, TLRs can be found in most studied species, however, their



numbers vary greatly among species, ranging from a single TLR in Nematodes like
Caenorhabditis elegans, to over two hundred in echinoderms like the pacific purple
sea urchin Strongylocentrotus purpuratus. The expansion of the TLR repertoire in
some animals like the sea urchin, reflects the adaptation of their immune arsenal to
rapidly changing environmental stressors. In contrast to the very diverse set of TLR
repertoires found in other Bilateria species, chordates and more particularly
vertebrates contain roughly equal numbers of TLRs, reflecting the reduced need for
highly diversified pattern recognition due to the acquisition of adaptive immune
components. The reduced number of TLRs in vertebrates does not necessarily mean
that the TLR-response in those species cannot be tailored to a particular

environment.12

To date, a total of 13 TLR members have been identified in mammals.*® TLRs are
generally expressed on immune cells, such as monocytes, macrophages, dendritic
cells, B lymphocytes, T lymphocytes, mast cells, neutrophils, and eosinophils, but
also on nonimmune cells like epithelial cells, endothelium, fibroblasts, and
adipocytes.’* Despite the central role played by these innate immune cells,
recognition of PAMPs by epithelial, endothelial, and hematopoietic cells in different
tissues through TLRs is also an integral part of innate immune defences at sites of
infection.>!® Structurally, TLRs are integral glycoproteins characterized by an
extracellular or luminal ligand-binding domain containing three structural elements,
a hydrophobic ectodomain containing a variable number of leucine-rich repeat
motifs (LRRs), a transmembrane domain and a cytoplasmic signalling
Toll/interleukin-1 (IL-1) receptor homology (TIR) domain, which mediates

downstream signalling through adaptor proteins.®

TLRs can be divided into subfamilies based on the types of ligands they recognize.
For instance, TLRs 1, 2, and 6 recognize lipopeptides and glycolipids, TLRs 7, 8,
and 9 identify nucleic acids such as single stranded RNA (ssRNA) and unmethylated
CpG DNA, TLRS3 distinguishes double-stranded RNA (dsRNA) associated with



viral infection, TLR4 recognizes fibronectin, lipopolysaccharides (LPS), heat shock
proteins, and responds to endogenous ligands called danger associated molecular
patterns (DAMPs). TLR5 identifies bacterial flagellin, and TLRs 11 and 12
recognize profilin, an actin-binding protein. In mammals, one case of TLR
adaptation and rapid evolution that is worth mentioning comes from bat species.
Analyses of TLR evolution in bats reveal adaptations acquired by TLRs 3, 7, 8 and
9, with unique mutations fixed in ligand-binding sites. These adaptations are thought
to stem from the unique lifestyle of bat species, that are the only known flying

mammals, and that represent important viral reservoirs.?

Another way of grouping TLRs is based on their cellular distribution. Certain TLRs
(TLR1, -2, -4, -5, -6, and -10) are expressed at the cell surface and mainly recognize
bacterial products unique to bacteria and not produced by the host, whereas others
(TLR3, -7, -8, and -9) are located almost exclusively in intracellular compartments,
including endosomes and lysosomes, and are specialized in recognition of nucleic
acids, with “self” versus “nonself” discrimination provided by the exclusive
localization of the ligands rather than solely based on a unique molecular structure
different from that of the host.® Ligand binding to TLRs through PAMP-TLR
interaction induces receptor oligomerization, which subsequently triggers
intracellular signal transduction ultimately culminating in in the activation of gene
expression and synthesis of a broad range of molecules, including cytokines,
chemokines, cell adhesion molecules, and immunoreceptors.* The latter together
orchestrate the early host response to infection, and also is a prerequisite for the
subsequent activation and shaping of adaptive immunity. While an optimum
activation of TLRs is a prerequisite to mount immune responses against infection, a
well-regulated negative signalling is also crucial to bring the immune responses to
homeostatic level. Due to the importance of TLRs in maintaining innate immunity,

dysregulation of TLR signalling pathways can lead to aging as well as a wide range



of autoimmune diseases, including diabetes, hepatitis, rheumatoid arthritis (RA),

inflammatory bowel disease (IBD), and systemic lupus erythematosus (SLE).1"8

Besides TLRs, data from animal studies indicated the existence of other classes of
PRRs. More specifically, evidence suggested that receptors other than TLR3 and
TLR9 were able to induce type | IFN (IFN-o and IFN-B) production in response to
RNA, DNA, or viral infections. Subsequent studies revealed that TLR-independent
recognition of pathogens is accomplished by a large group of cytosolic PRRs, which
can be broadly divided into retinoid acid-inducible gene | (RIG-I)-like receptors
(RLRs) and nucleotide-binding oligomerization domain (NOD)-like receptors
(NLRs).?

RIG-1-like receptors. RIG-I and melanoma differentiation-associated gene 5
(MDAD5) are IFN-inducible RNA helicases that play a pivotal role in sensing of
cytoplasmic RNA. These RNA helicases contain an N-terminal caspase recruitment
domain (CARD) and a central helicase domain with ATPase activity required for
RNA-activated signalling. Binding of dsRNA or 5'-triphosphate RNA to the C-
terminal domains of RLRs triggers signalling via CARD-CARD interactions
between the helicase and the adaptor protein IFN-B promoter stimulator 1 (IPS-1),

ultimately resulting in an antiviral response mediated by type I IFN production.®

Although RIG-I and MDADS function by similar mechanisms, studies have suggested
differential roles of these two helicases, with RIG-1 being essential for the response
to paramyxoviruses and influenza virus, whereas MDAS seems to be critical for the
response to picornavirus and norovirus.® At the biochemical level, these differences
may be due to length-dependent binding of dsSRNA by these two RLRs. Specifically,
RIG-1 and MDAGS recognize short and long dsRNAs, respectively, and in addition,
RIG-I detects 5'-triphosphate RNA. Although the prevailing view is that the major
contribution to dsRNA-activated responses is mediated by RLRs, recent data
suggesting that the IFN-inducible dsRNA-activated protein kinase (PKR) may be

able to amplify RLR signalling, thus illustrating a cross talk between these different



cellular dsRNA-sensing systems involved in antiviral defence.?® Cytoplasmic
localization of DNA is recognized by the innate immune system independently of
TLRs, RLRs, and NLRs and seems to be involved in mounting a response to both
bacteria and DNA viruses.® Considering the large and heterogeneous group of
proteins belonging to the family of PRRs, it will not be surprising if even more
cytoplasmic DNA receptors are identified. Recently, the identification of the first
cytosolic DNA sensor, DAI (DNA-dependent activator of IFN-regulatory factors),

was reported.?

NOD-like receptors. NLRs belong to a family of innate immune receptors which
have gained increasing interest over the past few years and are now considered key
sensors of intracellular microbes and danger signals and therefore believed to play
an important role in infection and immunity. NLRs are defined by a centrally located
NOD that induces oligomerization, a C-terminal LRR that mediates ligand sensing
(in analogy with TLRs), and an N-terminal CARD that is responsible for the
initiation of signalling. The two best-characterized members of the NLR family are
NOD1 and NOD2, which sense bacterial molecules derived from the synthesis and
degradation of peptidoglycan. It is currently unresolved whether NOD1 and NOD?2
serve as direct receptors of PAMPs or instead detect modifications of host factors as
a consequence of the presence of microbial molecules in the cytosol. Irrespective of
the specific mechanism, activation of NOD1 and NOD2 induces oligomerization and
recruitment of downstream signalling molecules and transcriptional upregulation of
inflammatory genes.?? It is also important to mention that other NLR proteins are
involved in activation of caspases. During infection, microbes induce TLR-
dependent cytosolic accumulation of inactive IL-1B precursor and activation of
caspase-1, the latter of which catalyses the cleavage of the IL-1 precursor pro-IL-1p.
The protein complex responsible for this catalytic activity has been identified by
Martinon et al. and was termed the inflammasome.?® Inflammasomes are typically

formed by a ‘receptor’ protein, the adaptor molecule apoptosis-related speck-like



protein (ASC) and the effector molecule pro-caspase-1. Inflammasome
oligomerization results in activation of caspase-1, which subsequently cleaves the
accumulated IL-1 precursor, eventually resulting in secretion of biologically active
IL-1. Several inflammasome sensor molecules can detect a broad range of molecular
signatures to sense microorganisms and tissue stress triggering the formation of
inflammasomes. Most of the inflammasomes that have been described to date
contain a NLR sensor molecule, namely NLRP1 (NOD-, LRR- and pyrin domain-
containing 1), NLRP3, NLRP6, NLRP7, NLRP12 or NLRC4 (NOD-, LRR- and
CARD-containing 4; also known as IPAF).?* Two other inflammasomes have been
described that contain the PYHIN (pyrin and HIN domain-containing protein) family
members absent in melanoma 2 (AIM2) and IFNy-inducible protein 16 (IF116) rather
than an NLR.?® The different inflammasomes differ in their domain organization and

composition as depicted in Figure 2.
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Figure 2. Inflammasomes. Upon their activation inflammasomes form multi-molecular
protein complexes that typically consist of an NLR protein, or AIM2, the adapter molecule
ASC and the effector pro-caspase-1. The NLRP1 inflammasome contains both a CARD and
a PYD domain and can recruit several caspases, while the NLRC4 inflammasome can also
contain NAIP5.2



Among all, NLRP3 inflammasome is critical for host immune defence against
bacterial, fungal, and viral infections. NLRP3 inflammasome can be activated by a
plethora of agonists, endogenous and exogenous, sterile or pathogen-derived.
NLRP3 is unique among the NLRs in that its basal expression is not sufficient for
inflammasome activation in resting cells.?”?® Canonical activation consists in a two
checkpoint activation mechanism for NLRP3 inflammasome activation. In this
model, a first signal that is provided by microbial components or endogenous
cytokines primes the NLRP3 inflammasome; a second signal from extracellular
ATP, pore-forming toxins, or particulate matter activates the NLRP3 inflammasome.
In fact, in macrophages, the presence of NLRP3 activators alone is insufficient for
inducing inflammasome activation and a priming signal (signal 1) is required for its
activation. Macrophages must first be exposed to priming stimuli, such as ligands
for toll-like receptors (TLRs), NLRs (e.g., NOD1 and NOD2), or cytokine receptors,
which activate the transcription factor NF-kB. NF-kB upregulates the expression of
NLRP3, which is thought to exist at concentrations that are inadequate for initiating
inflammasome activation under resting conditions, and pro-IL-1B, which is not
constitutively expressed in resting macrophages. Moreover, both signalling
molecules MyD88 and TRIF of the NF-«B signalling pathway regulate the induction
of NLRP3 and pro-IL-1B in response to TLR ligands.?"?® Thus, NLRP3 undergoes
post-translational modifications that license its activation. The activation signal
(signal 2) is provided by a variety of stimuli including extracellular ATP, pore-
forming toxins, RNA viruses, and particulate matter. However, transcription-
independent roles of the priming signal have been recently appreciated. In a rapid
priming procedure, acute priming with LPS (10 min stimulation) enhances NLRP3
inflammasome activation in the absence of NLRP3 induction. IL-1 receptor-
associated kinase 1 (IRAK-1), which is a signalling molecule downstream of TLRs
and MyD88, mediates this rapid transcription-independent priming. LPS-induced
phosphorylation of IRAK-1 promotes inflammasome activation in a manner that is

independent of the IKK complex, which suggests that downstream NF-«B signalling



is not essential to IRAK-1’s role in promoting inflammasome activation. In
conclusion, the priming signals regulate NLRP3 inflammasome activation through
both transcription-dependent and independent pathways.?® Moreover, it was
discovered that cytoplasmic LPS is sufficient for eliciting endotoxic shock
independently of TLR4 signalling. This pathway is called the non-canonical
inflammasome and it responds to Gram-negative but not Gram-positive bacteria.*
The non-canonical inflammasome involves caspases 4/5 in humans and caspase-11
in mice, rather than caspase-1.3% These caspases sense intracellular LPS
independently of TLR4 by directly binding to LPS.3 Priming, as with the canonical
pathway, enhances the inflammatory response in mice due to the low basal
expression of caspase-11.3* In contrast, priming is unnecessary for non-canonical
inflammasome activation in human cells that express high levels of caspase-4.%3
TLRA4-dependent and TRIF-dependent IFN-a/p production are required for caspase-
11 activation in macrophages, and they are partially required for pro-caspase-11
expression.®® Caspases-4/5/11 induce pyroptosis through the processing of GSDMD,
and pannexin-1, which is a protein channel that releases ATP from the cell.?® An
alternative pathway was observed to function unlike either the canonical or non-
canonical pathways. Human monocytes do not require secondary stimuli following
LPS stimulation to activate caspase-1 and induce IL-1p maturation and secretion.>®>’
The alternative inflammasome pathway does not require K* efflux, induce ASC
speck formation, or lead to subsequent pyroptosis. TLR4-TRIF-RIPK1-FADD-

CASP8 signalling is involved in this alternative pathway.?%3®

C-type lectins. Sugar-dependent receptors such as C-type lectins on macrophages
and dendritic cells play important roles in innate immunity also. C-type lectins are
an extraordinary superfamily of proteins that recognize a wide diversity of ligands
and that are required for numerous essential functions in mammals.®® They are
defined by having one or more characteristic C-type lectin-like domains (CTLDs)
that include the EPN (Glu—Pro—Asn) and QPD (GIn—Pro—Asp) motifs, which confer



specificity for mannose-type and galactose-type carbohydrates, respectively.
However, the CTLDs of many C-type lectins lack the components required for Ca2*-
dependent carbohydrate recognition and can recognize a broader repertoire of
ligands including proteins, lipids, and even inorganic molecules, such as ice. C-type
lectins are found as secreted molecules or as transmembrane proteins, and they have
been implicated in a diverse range of physiological functions because of their ability
to recognize self and non-self ligands. Many C-type lectins function as PRRs that
recognize DAMPs, thereby promoting inflammatory responses. Therefore, it goes
without saying that C-type lectins have a key role in the control of immunological
tolerance that is responsible for preventing autoimmune disease. In fact, their
functions have been implicated at all stages of disease progression because of their
ability to recognize endogenous and exogenous ligands, regulate cellular and

inflammatory responses and control adaptive immunity.

1.1.3. Molecular mechanism of Toll-like receptor 4 signalling and the

initiation of the inflammatory response

TLRs are highly conserved PRRs that activate the innate immune system and
participate in initiating the inflammatory response by recognizing non-self-
molecules, i.e., pathogen-associated molecular patterns (PAMPS) derived from
various pathogens.* Lipopolysaccharide (LPS) is an outer membrane component

found exclusively in Gram-negative bacteria (Figure 3).



Gram-negative
bacteria

O-antigen

Outer
lipid layer| )10

Pept:doglycan|
Plasmal‘
membrane! 444s

Core
polysaccharides

Kdo: 3-deoxy-D-2-
I octulosonic acid

Disaccharide
QG'CN e 0| diphosphate

)
{
acyl
chains

<
<<\\

Kdo: 3-deoxy-D-2-
octulosonic acid

‘ Different
e Sugar
I“‘ moieties

Lipid A

Figure 3. Structural details of lipopolysaccharide from a Gram-negative bacterium.
Lipopolysaccharide (LPS) provides structural and functional integrity to outer membrane of
Gram-negative bacteria. LPS is an amphipathic molecule with a general structure consisting
of three different regions: hydrophobic lipid A, core polysaccharide, and O-antigen (repeats
of polysaccharide chain, where n can be up to 40 repeats). Lipid A consists of
bisphosphorylated diglucosamine backbone substituted with six acyl chains that are attached
by ester or amide linkage.*

Extracellular LPS is a potent PAMP recognized primarily by Toll-like receptor-4
(TLR4) which is present on the surface of phagocytic cells like macrophages,
neutrophils, and dendritic cells. Recent advances in lipopolysaccharide recognition
systems have been recently summarized.** While TLR4 was thought to be the only
sensor for LPS, recent studies have provided insight into two TLR4-independent LPS
recognition systems: transient receptor potential (TRP) channel-dependent sensing

of extracellular LPS and caspase-4/5/11-dependent sensing of intracellular LPS.



Efficient LPS recognition and production of inflammatory mediators by TLR4
requires an orchestrated action of various accessory proteins such as LPS-binding
protein (LBP), CD14, and MD-2 (Figure 4).
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Figure 4. The binding mechanism of LPS for TLR4 activation. A series of events takes
place prior to LPS recognition by the TLR4-MD2 complex. (1) LBP extracts LPS from the
bacterial membrane and (2) transfers it to membrane anchored CD14, where it binds to the
hydrophobic pocket located at the N-terminus and forms a monomeric complex. (3) CD14
facilitates LPS transfer to the TLR4-MD2 complex where it initiated the intracellular
pathway.*?

More in detail, initiation of LPS recognition begins with dissociation of the LPS
monomer from the aggregates by LPS-binding protein (LBP) which traffics it to
CD14 (glycosylphosphatidylinositol-anchored protein), present on most phagocytic
cells (except dendritic cells) that make use of soluble CD14 (sCD14). CD14 then
carries and loads LPS to the TLR4/MD-2 receptor complex. Interaction of TLR4
with LPS results in the induction of two distinct pathways. Firstly, TLR4-LPS



binding promotes homodimerization of the ectodomains of TLR4, and the
subsequent structural and conformational changes induce dimerization of
cytoplasmic TIR (Toll-interleukin-1 receptor) domains. The dimerized TIR domain
structure is recognized by the downstream adaptor proteins MyD88 (myeloid
differentiation primary response gene 88) and TIRAP (TIR domain-containing
adaptor protein), leading to the formation of a protein complex, called Myddosome,
along with several other serine-threonine kinases of the IRAK family. Myddosome
mediates the signalling cascade that leads to the activation and subsequent
translocation of transcription factor NF-kB and expression of pro-inflammatory
cytokines such as TNF-a, IL-1pB, and IL-6. Furthermore, the MyD88-dependent
pathway also activates the downstream MAP Kkinase pathway that leads to
transcription factor activator protein 1 (AP-1) transcription and expression of other

pro-inflammatory cytokines.

In addition to signalling at the cell surface, TLR4 signalling within the endosomes
begins with the assembly of TRIF (TIR domain-containing adaptor inducing IFN-p)
and TRAM (TRIF-related adaptor molecule), leading to the assembly of triffosome
which promotes activation of IRF-3 (interferon regulatory factor 3) and induction of
type-1 interferons. Indeed, signalling cascades downstream of TLR4 in distinct

subcellular sites leads to the production of different pro-inflammatory cytokines.

For this reason, TLR4 is unique among all TLRs, being the only that signal through
both a MyD88-dependent and an independent mechanism (Figure 5).
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Figure 5. Dual TLR4 signalling. TLR4 activates both the MyD88-dependent and MyD88-
independent, TRIF-dependent pathways. The MyD88-dependent pathway is responsible for
early-phase NF-kB and MAPK activation, which control the induction of pro-inflammatory
cytokines. The MyD88-independent, TRIF-dependent pathway activates IRF-3, which is
required for the induction of IFN-B- and IFN-inducible genes. In addition, this pathway
mediates late-phase NF-kB as well as MAPK activation, also contributing to inflammatory
responses. Created with BioRender.com.

1.1.3.1. The MyD88-dependent signalling pathway

NF-kB and AP-1 are two key transcription factors that drive expression of a bulk of
inflammatory genes in macrophages. The intricate network of events occurring
downstream of TLR4 activation has been extensively reviewed elsewhere.® A
simplified scheme is depicted in Figure 6. Briefly, in response to TLR4 stimulation
by LPS, MyD88 associates with the cytoplasmic part of the receptor and
subsequently recruits members of the IL-1 receptor (IL-1R)-associated kinase



(IRAK) family. Following association with MyD88, IRAK4 and IRAK1/2 are
sequentially phosphorylated, with IRAK4 being of particular importance, as it has
been demonstrated to be indispensable for the response to IL-1 and various TLR
ligands. IRAK1 was originally thought to play an essential role in TLR-induced NF-
kB activation, but more recent data have emerged suggesting that instead IRAK2
may play a prominent role in NF-«B activation, particularly during the late phase of
TLR signalling. Further downstream, IRAK1, or alternatively IRAK2, associates
with TRAF6, which acts as a ubiquitin protein ligase (E3) that, together with the
ubiquitination enzyme complex (E2), catalyses the synthesis of K63-linked
polyubiquitin chains on TRAFG6 itself and other substrates, including transforming
growth factor-activated protein kinase 1 (TAK1) and the IxB kinase (IKK) subunit
NF-xB essential modifier (NEMO). A central step in the downstream signalling
events is the recruitment of TAKZ1-binding protein 2 (TAB2) and TAB3 to
ubiquitinated TRAF6, which brings TAK1 into proximity to the signalling complex,
leading to its activation. TAK1 then stimulates two distinct pathways involving the
IKK complex and the MAPK pathway, respectively. In the first pathway, TAK1-
mediated activation of the IKK complex results in site-specific phosphorylation of
the inhibitory IkB protein. Being the point of convergence for multiple NF-«kB-
inducible stimuli, IKK represents an essential component in many inflammatory
signalling pathways. This high-molecular-weight kinase is composed of two
structurally related kinases, IKKa and IKKp, as well as the chaperone IKK complex-
associated protein and the adaptor NEMO/IKKYy. Despite early reports of IKK
dependency upon ubiquitination for optimal kinase activity, it was only recently
resolved that direct ubiquitination of NEMO is mediated by TRAF6. Following
phosphorylation, kB undergoes proteasomal degradation to allow activation and
translocation of NF-«kB to the nucleus, where it binds to kB sites present in promoters
and enhancers of a broad range of pro-inflammatory genes, which are then
transcribed. In the second pathway, TAK1 phosphorylates members of the MAPK
kinase (MKK) family, including MKKS3, -4, -6, and -7. MKK3/6 subsequently



phosphorylate and activate p38, whereas MKK4/7 activate c-Jun N-terminal kinase
(JNK). However, an alternative mechanism involving p38 autophosphorylation
proceeding in a TAK1-dependent and MKK3/6-independent pathway has been
described. Ultimately, these signalling pathways lead to activation of the
transcription factor activator protein 1 (AP1). Moreover, other members of MKK
kinases, most notably MKK kinase 3 and tumor-progression locus 2, have also been
implicated in MAPK activation downstream of TLR4. The essential and
nonredundant role played by TAKL is strongly suggested by significantly reduced
NF-kB, c-Jun N-terminal kinase (JNK), and p38 responses to various TLR ligands

in cells derived from mice deficient in this kinase.®
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Figure 6. NF-kB following TLR stimulation. MyD88 recruits TRAF6 and members of the
IRAK family. TRAF®6 activates the TAK1 complex via K63-linked ubiquitination (Ub). The
activated TAK1 complex then activates the IKK complex consisting of IKKy, IKKa and
IKKB, which catalyses the phosphorylation of IkB proteins (P). IxBs are destroyed by the
proteasome-dependent pathway, allowing NF-xB (p65/c-Rel-p50 heterodimer) to
translocate into the nucleus (canonical pathway). NF-kB controls inflammatory responses
through the induction of inflammatory cytokines. Created with BioRender.com.



1.1.3.2.  The TRIF-dependent pathway

The existence of a MyD88-independent pathway downstream of TLR3 and TLR4
was indicated by Kaway et al. data that showed MyD88-deficient mice displaying
normal IFN-B production.*** Extensive molecular studies by Akira and associates
then led to the identification of TRIF as the adaptor responsible for signalling in the
MyD88-independent pathway.*® Subsequently, the equally important discovery of
two IKK-related kinases, TRAF family member-associated NF-xB activator
(TANK)-binding kinase 1 (TBK1) and IKKze, and their essential role in induction of
type | IFN were reported.*® During TLR4-mediated signalling, TRIF, associated with
TRAM is responsible for initiating a signalling pathway in which TRAF3 and TANK
serve to bridge to the IKK-related kinases TBK1 and IKKe, which mediate direct
phosphorylation of IRF-3 and IRF-7. Studies with cells lacking TBK1 or IKKe have
revealed that TBK1 and, to a lesser extent, IKKze are responsible for TRIF-mediated
IFN responses. It is notable, however, that whereas TBK1 and IKKe are essential for
TRIF-dependent IRF-3/7 phosphorylation, these kinases are not involved in TLR-
mediated NF-«xB activation. As a consequence of phosphorylation, IRF-3 and IRF-7
form hetero- or homodimers, translocate to the nucleus, and bind to target sequences
in DNA, such as IFN-stimulated response elements (ISRE). Importantly, IRFs
together with NF-«kB and APl form a multiprotein complex termed the

enhanceosome, which induces transcription of the IFN-$ gene (Figure 7).
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Figure 7. TLR/IRF axis. TRIF recruits TRAF3, which then interacts with TBK1 and IKK:i.
These kinases mediate phosphorylation of IRF3 (P). Phosphorylated IRF3 dimerizes and
translocates into the nucleus to regulate transcription. Activation of the IRF3 is required for
induction of type I IFN, particularly IFN-f. Created with BioRender.com.

Noteworthy, there are two types of NF-kB activation in TLR4 signalling: the
MyD88-dependent pathway described in the previous paragraph, which mediates
early phase activation of NF-kB and the TRIF-dependent pathway, which mediates
the late phase activation of NF-kB.*” TRIF-dependent activation of NF-xB occurs
through binding of TRAF6 to TRIF and subsequent ubiquitination-dependent
recruitment and activation of TAK1. To obtain robust NF-kB activation, a second
molecule, receptor-interacting protein 1 (RIP1), involved in TNF-receptor mediated,
is also recruited to TRIF. RIP1 is polyubiquitinated to form a complex with TRAF6,
and these two molecules appear to cooperate in facilitating TAKL1 activation,
resulting in IKK-mediated activation of NF-kB as well as activation of the MAPK

pathway.®



Shen et al., demonstrate TRIF signalling playing a larger role in the LPS activation
of macrophages being critical for IFN-B production.*® Moreover, their results, in
accordance with a previous work*, indicate that the type | IFNs are major active
components of the secreted factors that induce upregulation of costimulatory
molecules (UCM) during LPS activation. In fact, after 24h of LPS stimulation, both
studies demonstrate that UCM is almost entirely TRIF-dependent.

Although controlled production of the above-mentioned inflammatory mediators is
required for clearance of invading pathogens, uncontrolled production of
inflammatory cytokines can provoke fatal consequences such as septic shock.>
Therefore, fine tuning of pro- and anti-inflammatory mediators is required for proper

immune function and homeostasis maintenance.

1.1.4. NF-kB-inducible pro-inflammatory mediators

The central role played by NF-xB in both innate and adaptive inflammation and
immunity is mediated by the coordinate expression of multiple genes essential for
the immune response. The importance of NF-«kB is revealed by the extensive list of
NF-kB-inducible genes, including those for pro-inflammatory cytokines such as IL-
1, IL-6, and TNF-a, as well as chemokines, including IL-8 and RANTES.®
Moreover, NF-kB governs the expression of cell adhesion molecules, such as
intercellular adhesion molecule-1 and E-selectin, is upregulated. Finally, in some
instances, it appears to be advantageous for the host to stimulate cell division and
inhibit apoptosis, and to achieve these effects, NF-«kB induces several growth factors
and antiapoptotic proteins.>°!



1.1.5. Type |l IFN production and the IRF/STAT signalling

Interferons (IFNs) were named for their ability to restrict viral replication
(“interference”) in vertebrate cells, which has now been shown for many viruses both
in human and mouse cells and cell lines.>? There are three distinct interferon (IFN)
families: IFN-1, IFN-II and IFN-III, which differ in their immunomodulatory
properties, their structural homology and the group of cells from which they are
secreted. IRFs have heterogeneous functions in the regulation of both innate and
adaptive immunity and are associated with the recognition of pathogen-associated
molecular patterns from TLRs.> Notably, only a subset of TLRs, including TLR3, -
4, -7, and -9, have the ability to induce IFN, although through different signalling
pathways. However, since many pathogens activate several TLRs or additional

PRRs, most antimicrobial responses seem to include some degree of IFN production.

The type I IFN (IFN-1) family is a multigene cytokine family, consisting of 13 (in
humans, 14 in mice) partially homologous IFN-a subtypes, a single IFN-B, as well
as several other poorly defined single gene products including IFNe, IFNt, IFNk,
IFNo, IFNS and IFNZ.>* IFN-I-induced signalling converges on transcription factors,
which rapidly induces the expression of hundreds of genes called interferon-
stimulated genes (ISGs).>>%® This antiviral signalling cascade occurs in virtually all
cell types exposed to IFN-1. ISGs, along with other downstream molecules controlled
by IFN-1 (including pro-inflammatory cytokines), have diverse functions, ranging
from direct inhibition of viral replication to the recruitment and activation of various
immune cells. A robust, well-timed, and localized IFN-I response is thus required as
a first line of defence against viral infection because it promotes virus clearance,
induces tissue repair, and triggers a prolonged adaptive immune response against

viruses.

The type II IFN family consists of the single gene product, IFNy, that is
predominantly produced by T cells and natural killer (NK) cells and can act on a

broad range of cell types that express the IFNy receptor (IFNyR).%’



Type I IFN family comprises IFNA1L, A2 and A3 (also known as IL-29, IL-28A, and
IL-28B, respectively) and the recently identified IFNA4, which have similar
functions to cytokines of the type | IFN family but restricted activity as expression

of their receptor is largely restricted to epithelial cell surfaces.*®

IFN regulatory factor (IRF) family include transcription factors that are crucial for
the promotion of IFN production.®® In most cases, IRF-3 and IRF-7 are the
fundamental IRFs required, although others such as IRF1, IRF5 and IRF8 can also
induce IFN gene transcription. The central tenet of IFN-a/p induction is that IFNB
and IFNA4 genes are induced in an initial wave of transcription that relies on IRF-3.
This initial IFN burst triggers the transcription of IRF7 that then mediates a positive-
feedback loop, leading to the induction of a second wave of transcription of genes
including additional IFN-o subtypes.®’ Immediately upstream of IRFs, the kinases
IxB kinase-¢ (IKKe) and TANK-binding kinase 1 (TBK1) are responsible for the
phosphorylation of IRF-3 and IRF7. TLR4 use the adaptor molecule TRIF, which
associates with TBK1, leading to the activation of IRF-3. Although all 17 type | IFNs
bind to a heterodimeric cell surface receptor complex consisting of 2 subunits, type
| IFN receptor 1 (IFNAR1) and 2 (IFNAR2)>, they result in different biological

outcomes.®!

Ligation of the IFNAR activates the receptor associated protein tyrosine Kinases
Janus kinase 1 (JAK1) and tyrosine kinase 2 (TYK?2). In the canonical IFN-o/f
signalling, activated JAK1 and TYK2 phosphorylate signal transducer and activator
of transcription 1 (STAT1) and STAT2 present in the cytosol, leading to their
dimerization, nuclear translocation, and binding to IRF9 to form IFN-stimulated
gene factor 3 (ISGF3). ISGF3 complex then binds to IFN-stimulated response
elements (ISREs) upstream of I1SGs, leading to the activation of their transcription.
In this manner, IFNo/p induces the expression of several hundred ISGs, many of
which act to induce an antiviral state within the cell. Most viruses devote a part of

their limited genome to mechanisms that perturb IFN-a/p production and/or IFN-a/



signalling to stop these 1SGs being induced illustrating the importance of this

cytokine family in host cell protection from viral infection.5?

However, IFN-o/B signalling is not limited to this canonical pathway. In addition to
signalling through STAT1-STAT?2 heterodimers, IFNo/f can signal through STAT1
homodimers, which are more commonly associated with IFN-y signalling, that bind
to y-activated sequences (GAS) in gene promoters. IFN-o/p can also signal through
other STATSs that are usually associated with other cytokine signalling pathways,
including STAT3, STAT4 and STAT5. The phosphoinositide 3-kinase (PI3K)-
mammalian target of rapamycin (mTOR) pathway and multiple mitogen-activated
protein kinase (MAPK) pathways can also be activated downstream of the IFNAR.
This diversity of signalling pathways may in part explain the broad effects of IFN-
o/P signalling, as it allows for the transcription of a broad range of genes beyond
those dedicated to viral restriction.®® In fact, the role of IFNo/B on boosting the host
response to infection are not limited to the acute cell-intrinsic antiviral response, but
includes also effects on myeloid cells, B cells, T cells and natural killer (NK) cells
that act to enhance the immune response, more effectively resolve viral infection and
improve the generation of memory responses for reacting to future viral challenge,
making IFN-I being a bridge between innate and adaptive immunity. To complicate
the picture, recent studies describe a role for IFNa/p either as mediators of host-
microbiota interactions and/or as downstream targets of these interactions, leading

to further effects on immune system function.%

Accumulating evidence suggests that type | IFN may not only be involved in antiviral
defences but also may play a role in antibacterial defences. IFN-o/B can be protective
or detrimental to the host during bacterial infection, in an infection-specific manner,
although less is known about their role in bacterial infections than viral infections.
Two well-described examples of a harmful role for IFN-o/f are in infections with L.
monocytogenes and M. tuberculosis, both of which are intracellular pathogens that

preferentially infect macrophages. In the first case, IFN-o/B production which is a



method of self-regulation by immune cells, is subverted by L. monocytogenes for its
own advantage. During L. monocytogenes infection, aberrant IFN-o/p production
potently inhibit responsiveness of macrophages to IFN-y.°> On the other hand,
patients with active tuberculosis had a prominent whole blood [FN-o/f
transcriptional profile that correlated with the extent of radiographic disease and was
diminished upon successful treatment.%® Moreover, Dejager and colleagues’ findings
reveal that type I IFNs play an important detrimental role during sepsis by negatively
regulating neutrophil recruitment. They published a paper providing data that
support pharmacologic inhibition of type | IFN signalling as a novel therapeutic

treatment in severe sepsis, proposing IFNARL as a potential drug target for sepsis.®’

Dysregulation of IFN-related responses strongly support the linkage between IFN-I
and autoimmunity. Dysregulation of the IFN-I system has been well studied in
systemic lupus erythematosus (SLE). The common mechanism, by which TLRs play
arole in SLE pathogenesis, is believed to be via production of IFN-a. An association
between genetic variants of IRF5, which is involved in regulating IFN-a production,
and SLE in multiple ethnic groups has been established.®®"° Biologics that target
type | interferons appear effective in SLE and are in phase I trials.”* Moreover,
there is evidence of increased IFN-I activity in many other autoimmune and
inflammatory diseases potentially sharing common molecular pathways (e.g.,
inflammatory myositis, rheumatoid arthritis). Additionally, IFN-1 has complex roles
in chronic infection (HIV’?, CMV"™) as well as in cancer and response to
radiotherapy.” Finally, researcher identified interferonopathies as a heterogeneous
group of disorders, mainly presenting an autosomal recessive inheritance pattern,
characterized by constitutive upregulation of IFN-I. Among them, the Aicardi—
Goutieres syndrome (AGS), the most well-studied interferonopathy, usually presents
an early onset during childhood, with symptoms resembling those of SLE.” Recent
evidence also implicates type | IFN-dependent signalling as a key inflammatory

driver in non-autoimmune diseases such as certain solid tumours’® and myocardial



infarction’’. Therapeutic strategies that target ligands, receptors, or TLRs may have
markedly different clinical effects. As regards the latter, a number of small molecule
or oligonucleotide inhibitors of TLRs for potential use in SLE and other autoimmune

diseases are in pre-clinical or phase | development.’

1.1.5.1. Interplay between SARS-CoV-2 and the type | interferon

response

Given the fact that mounting an inflammatory response through PRRs is a
prerequisite for containment and eradication of invading pathogens, it is not
surprising that most pathogens have developed mechanisms for modulating or
interfering with PRR-mediated responses. Viruses are the class of pathogens that
have evolved the most diverse and sophisticated molecular mechanisms for
interfering with antimicrobial and pro-inflammatory responses. Due to the ability of
viruses to exploit the cellular machinery during their replication cycle, an intricate
virus-host relationship has developed throughout evolution, and this allows many
types of viruses to interfere profoundly with host signalling.” Overall, viruses can
interfere in multiple ways with NF-kB and IRF pathways to inhibit induction of pro-
inflammatory molecules and IFN. Of note, coronaviruses have developed multiple

strategies to escape and counteract innate sensing and IFN-I production.

The severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) is a beta-
coronavirus that emerged at the end of 2019 in China and rapidly spread around the
world, causing a pandemic.8%8! COVID-19 is an infectious disease that can lead to
severe acute respiratory syndrome. As mentioned above, coronaviruses possess
various mechanisms to defeat the IFN-I response within infected cells, and this
inhibition ability is associated with clinical severity.®? Clinical studies showed that
coronaviruses evade innate immunity during the first 10 days of infection, which

corresponds to a period of widespread inflammation and steadily increasing viral



load. A distinct phenotype was observed in severe and critical patients, consisting of
a highly impaired interferon (IFN) type | response (characterized by no IFN-p and
low IFN-a production and activity), which was associated with a persistent blood
viral load. Elevated virus replication eventually leads to an excessive and
uncontrolled inflammatory response which is associated with hypercytokinemia,
referred to as a “cytokine storm”. The delayed IFN-I response indeed promotes the
accumulation of pathogenic monocyte-macrophages. This cell infiltrate results in
lung immunopathology, vascular leakage, and suboptimal T cell response. The
immune system attacks the host violently, causing multiple organ failure which can
lead to death.®® The cytokine storm associate with COVID-19 is partially driven by
the transcriptional factor NF-kB and characterized by increased TNF—o and IL-6
production and signalling, showing similarities with those observed in other
pathologies such as sepsis, acute respiratory distress syndrome, acute lung injury and

other viral infection including severe cases of influenza.

1.1.6. Macrophages: origins, differentiation, and functions

Macrophages are immune cells with heterogeneous phenotypes and complex
functions in tissue homeostasis and innate and acquired immunity. Macrophages are
found in tissues, body cavities, and mucosal surfaces. Nobel Prize llya llich
Metchnikoff was the first to describe macrophages in the late 19" century as large
phagocytic cells (macro “big” + phage “eat”). Honoured as the "father of innate
immunity," Mechnikov was the first to posit that the process of phagocytosis served

as a natural immune system.48°

In 1980, van Furth proposed the theory of the “mononuclear phagocyte system”
(MPS) suggesting that all macrophages, not only those in inflammatory foci but also
those in tissues in the steady-state, are derived from monocytes, which differentiate

via promonocytes from monoblasts originating in bone marrow.%® However,



macrophage origin has been debated extensively during the past years.®” Researchers
have questioned the validity of the MPS model and argued that tissue-resident
macrophages are a separate lineage seeded during development and maintained by
self-renewal. In 2019, Hume et al. reviewed different studies summarizing the
evidence that during postnatal life, monocytes can replace resident macrophages in
all major organs and adopt their tissue-specific gene expression, concluding that the
original MPS lineage concept remains valid and accurate.®® According to Sheng and
colleagues, most of tissue-resident macrophages are progenies of classical
hematopoietic stem cells (HSC), being only microglia and, partially epidermal
Langerhans cells, the only macrophages that are yolk sac (YS)-derived.®
Consistently, in both brain and liver, resident population of macrophages plays a role
in promoting apoptosis and/or clearance of the infiltrating monocyte-derived
macrophage population during the recovery phase, thus infiltrating monocytes do not
contribute to the resident macrophage pool rather, during recovery, microglia and
Kupffer cells are replenished through local proliferation.®

This paradigm was overturned within the last decade due to the results of genetic
lineage tracing studies in mice. They found that in many tissues, macrophages
originate from precursor cells derived from the yolk sac or foetal liver and
differentiate into macrophages as part of prenatal or antenatal development. These
“tissue-resident macrophages” can be very long-lived (months to years in the brain,
liver, lung, and skin) and self-renewing, maintaining their homeostatic pool without
a contribution from circulating monocytes. In other tissues, tissue-resident
macrophage populations are replaced by monocyte-derived cells over different time
scales. For example, in the intestine, locally maintained tissue-resident macrophages
coexist with monocyte-derived populations with relatively short half-life, which
have distinct roles in gut homeostasis and intestinal physiology. Indeed, most tissues
are now recognized to contain multiple macrophage populations localized to distinct

microanatomical domains. Each of these populations differs in its ontogeny, rate of



replacement by monocyte-derived cells, and capacity for self-renewal, and each is

likely to play a specialized role in tissue homeostasis, injury, and repair (Figure 8).%
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Figure 8. Tissue-resident macrophages and monocyte-derived macrophages play
distinct roles in tissue injury and repair. Tissue-resident macrophages (TRMs) originate
from the yolk sac and foetal liver during development and persist in many tissues via self-
renewal. During homeostasis (left panel), TRMs clear apoptotic cells, proteins, and
phospholipids and either clear or respond to toxins, particulates, and pathogens within the
local microenvironment. Many TRMs can maintain themselves by local proliferation
without the contribution of monocyte-derived macrophages (MoMs). TRMs produce a
variety of factors that stimulate the activation, proliferation, and differentiation of immune
cells, epithelial cells, endothelial cells, fibroblasts, and stem cells that facilitate tissue
homeostasis. In response to tissue injury (middle panel), bone marrow—derived monocytes
are recruited to the injured tissue, where they differentiate into MoMs. During injury, TRMs
and MoM s play distinct roles; usually MoMs exhibit a more robust inflammatory response.
During the resolution of injury (right panel), TRMs may die or expand through self-renewal
and repopulate the niche. MoMs either undergo apoptosis or persist, sometimes gaining the
capacity for self-renewal. Over time, the phenotypes of TRMs and MoMs become
increasingly similar.®

Monocytes derive from a common progenitor termed Macrophage Dendritic Cell
Precursor (MDP), emphasizing a continuum differentiation potential of monocytes
to both inflammatory macrophages and DCs.%? Relatedness between the two is

confirmed also by the fact that monocytes and macrophages share the expression of



many surface markers and dependence upon specific growth factors and
transcriptional regulators.®® Circulating blood monocytes in humans represent about
10% of leukocytes. Circulating monocytes generated in the bone marrow can be
divided into three subsets based on differential expression of CD14 and CD16.
Approximately 90% of them, termed “classical monocytes,” present CD14 but are
negative for CD16 (CD14'CD167). The “nonclassical monocytes” are
CD14I°"CD16". Finally, a third subtype termed “intermediate” has been defined as
CD147CD16". However, this latter subtype has recently been under debate as certain
studies indicate clear transcriptomic® and phenotypic® differences between the
three subtypes while other authors shows that, transcriptionally, only classical and
nonclassical subtypes can be distinguished®, being the intermediate subset a

population in transition between the other two subtypes.

Pools of monocytes can be found in the spleen and this reservoir can be mobilized
quickly in case of injury or acute inflammation. Leukocyte recruitment is a complex
process involving a series of interactions with integrins expressed on vascular
endothelium. The sequential rolling, adhesion, and migration of leukocytes into the
inflamed tissue is tightly regulated through induced expression of cell adhesion
molecules and integrins in response to PRR activation.® The acute inflammatory
cellular infiltrate consists of monocytes, DCs, neutrophils, and NK cells. Ultimately,
the progression of tissue specific pathophysiological insults is dependent on both
resident and infiltrating monocyte-derived macrophages. The monocyte subtypes
possess differences in their capacity to infiltrate tissues. “Classical” CD14"
monocytes tend to be recruited first and at higher levels in inflammatory conditions
whereas “nonclassical” monocytes have a monitoring function for tissue damage in
the form of dying endothelial cells and promoting recruitment of other immune cells
in that case.®” Traditionally defined and categorized by their anatomical territory
(e.g., brain microglia, liver Kupffer cells and lung alveolar, splenic red pulp, and

peritoneal macrophages) resident tissue macrophages adapt to each tissue



environment to perform specific functions. They have important roles in organ
development, tissue homeostasis and repair. For instance, alveolar macrophages
regulate pulmonary surfactant turnover while osteoclasts promote bone resorption,
and red-pulp macrophages (RPMs) in the spleen promote red blood cell clearance
and regulate iron recycling.®® Besides their homeostatic functions, tissue-resident
macrophages drive local and systemic defensive responses to pathogens as effectors
of innate immunity, playing an indispensable role in boosting initial defense.®

Macrophages have been implicated in a wide range of diseases, not only those that
encompass inflammatory conditions that lead to immune activation, such as
atherosclerosis, sepsis, rheumatoid arthritis, and systemic lupus erythematosus, but
also those that are accompanied by immune suppression, such as tolerance to
bacteria, or cancer. Although it is clear that tissue-resident macrophages are essential
in health and disease, the contribution of MDMs to the tissue macrophage population
in homeostasis and disease increases over time and strongly affects the course and
outcome of subsequent inflammation, immune activation, and disease

development.*

1.1.7. Macrophage polarization

Two processes that impact on macrophage phenotype can be distinguished:
differentiation and polarization. As described in the previous paragraph, the term
differentiation indicates the transitions of a monocyte into a more mature state of a
macrophage, induced by cytokines, growth factors, or other stimuli. Macrophage
polarization, also sometimes referred to as activation, refers to the process by which
macrophages produce distinct functional phenotypes as a reaction to specific
microenvironmental stimuli and signals, such as pathogen-related molecules (e.g.,

LPS) or cytokines.



In vivo, macrophages with different polarization and different activation markers
coexist in tissues. In vitro, macrophages change their polarization state based on
diverse stimuli such as cytokines, microbes, microbial products, and other
modulators.!® Literature comprises several terms and definitions to describe the
macrophage activation and polarization. Initially, only two closed activation states
were considered, M1 (classically activated) or M2 (alternatively activated) (Figure
9). The two states represent opposite characteristics and their nomenclature was
originally based on Thl and Th2 cytokines.!® More specifically, different
metabolism of arginine after LPS injection elicits different phenotypes of
macrophages in C57BL/6J and Balb/c mice. C57BL/6J peritoneal macrophages
induced iNOS resulting in nitric oxide and a T-helper 1 (Th1) CD4 T cell response,

while BALB/c mice induced arginase to produce ornithine and a Th2 response.1%2
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Figure 9. Macrophage classification based upon polarization. Macrophages can be
polarized into classically activated (M1) and alternatively activated (M2) macrophages.
M1/M2 polarity arises from arginine metabolism via two antagonistic pathways: M1-like
macrophages are the products of the iNOS pathway, which produces citrulline and NO from
arginine, whereas M2-like macrophages are the products of the arginase pathway, which
produces ornithine and urea from arginine.' The different stimuli, surface markers, secreted
cytokines, and biological functions between M1 and M2 macrophages were depicted.%



This classical separation of macrophage activation has been expanded and a
spectrum of different activation states have been depicted, from highly pro-
inflammatory to pro-fibrotic, pro-tumoral, anti-inflammatory, and many more.
Mantovani et al. called classically activated macrophages (by IFN-y combined with
LPS or TNF) ML1. In vitro alternatively activated macrophages (by IL-4) were re-
named M2a. Two other M2-like macrophage phenotypes were induced by Fc
receptor engagement by immune-complexes (M2b) or by IL-10 and glucocorticoids
(M2c). These macrophages differ in their cell surface markers, secreted cytokines,
and biological functions (summarized in Figure 10). Further clear differences
between the phenotype subtypes with respect to size, morphology, and transcriptome
has been extensively described elsewhere.1® Here, for the sake of simplicity, simple

dichotomy of M1 and M2 activation will be described.
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Figure 10. M2 macrophage phenotypes. Different stimuli, surface markers, secreted
cytokines, and biological functions characterizing the different subsets.'*

Following the activation by lipopolysaccharide (LPS) and Thl cytokines (such as
IFN-y and TNF-o), macrophages are polarized into M1 macrophages and



characterized by TLR2, TLR4, CD80, CD86, iNOS, and MHC-II surface
phenotypes. These cells release various cytokines and chemokines (for example,
TNF-a, IL-1a, IL-1B, IL-6, IL-12, CXCL9, and CXCL10) which exert positive
feedback on unpolarized macrophages. Key transcription factors, such as NF-kB,
STAT1, STATS, IRF-3, and IRF-5 have been shown to regulate the expression of
M1 genes. It seems that NF-kB and STAT]1 are the two major pathways involved in

M1 macrophage polarization and result in microbicidal and tumoricidal functions.'%

M2 polarization occurs in response to downstream signals of cytokines such as IL-
4,1L-13, IL-10, IL-33, and TGF-p. Notably, only IL-4 and IL-13 directly induce M2
macrophage activation, whereas other cytokines (such as I1L-33 and IL-25) amplify
M2 macrophage activation by producing Th2 cytokines. M2 macrophages can be
additionally identified by their expression of surface markers, such as mannitol
receptor, CD206, CD163, CD209, FIZZ1, and Ym1/2. Up-regulation of cytokines
and chemokines, such as IL-10, TGF-p, CCL1, CCL17, CCL18, CCL22, and CCL24
also attract unpolarized macrophages to polarize into the M2 state. Key transcription
factors, such as STAT6, IRF4, IMID3, PPARS, and PPARY have been shown to
regulate the expression of M2 genes. Thus far, STAT6 pathway has been considered

to be the pathway to activate M2 macrophages.

However, work from many groups in the last decade reveals macrophages as
remarkably plastic cells that are epigenetically programmed in response to signals
originating from the tissue environment.®®1% This was definitively shown by Xue et
al., who found that the M1/M2 paradigm failed to describe the transcriptome of
human monocyte-derived and alveolar macrophages stimulated with LPS/IFN-y or
IL-4/IL-13 in the presence of factors known to be present in different tissue or
disease microenvironments.*?” Having said that, revisiting the M1/M2 paradigm in
the context of macrophage ontogeny will be essential to determine the extent of
plasticity of individual populations of macrophages.®°



1.1.8. The role of macrophages in the resolution of inflammation

As extensively described in the previous paragraphs, during tissue injury, pathogens,
infected cells, and cells dying from necroptosis or pyroptosis release PAMPs or
DAMPS, which activate inflammatory signalling pathways in macrophages and
other resident cell populations that recruit neutrophils, monocytes, and other
inflammatory cells to the tissue. Once the acute injury has been controlled,
macrophages play a role in suppressing inflammation and initiating wound repair by
clearing debris and producing growth factors and mediators that provide trophic
support to the tissue in which they reside.'® In 2019, Watanabe®® and colleagues
suggest two nonexclusive pathways by which tissue macrophages might contribute

to repair (Figure 11).
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Figure 11. Role and kinetics of macrophages during tissue injury and repair. (A)
Monocytes are recruited to the tissue during injury, where they differentiate into
macrophages in response to cues provided by the injured microenvironment. Watanabe et
al. propose two models to understand the distinct roles of monocytes in promoting tissue
injury and tissue repair during injury resolution, which are not mutually exclusive. In the
passive repair model (top panel), tissue regeneration restores signals that promote
macrophage differentiation into cells that increasingly resemble tissue-resident
macrophages. As the homeostatic function of macrophages is restored, tissue repair is
accelerated, creating a feed-forward loop that restores homeostasis. In the active repair
model (bottom panel), monocyte-derived macrophages respond to cues in their



microenvironment and express or secrete factors that drive tissue repair. Interactions include
the uptake of apoptotic cells (often neutrophils), regulatory T cells, pathogens, and epithelial
cells. These monocyte-derived macrophages might promote the resolution of inflammation
through secretion of anti-inflammatory and pro-repair mediators including metabolic
intermediates, pro-resolution lipid mediators, anti-inflammatory cytokines, and matrix
remodelling proteins. (B) The kinetics of monocyte-derived macrophage recruitment to
tissues is a subject of active investigation. A single wave of monocytes may enter during
injury and be progressively reshaped into pro-resolving macrophages in response to cues
within the local microenvironment (top panel). Alternatively, distinct waves of monocyte-
derived macrophages might be involved in tissue injury (red) and tissue repair (purple)
(middle panel), or monocytes with varying functions might be continuously recruited over
the course of tissue injury and repair (bottom panel).*

The first process, referred to as “passive macrophage repair,” involves the
progressive differentiation of monocyte-derived macrophages in response to a
growing number of “normal” signals originating from the regenerating tissue
microenvironment. As this process of differentiation occurs, the macrophages take
on phenotype and function increasingly similar to those of homeostatic tissue-
resident macrophages. The result is a positive-feedback loop in which an increasing
normalization of the tissue microenvironment drives a progressively more
homeostatic role for macrophages, which in turn promote tissue repair. Alternatively,
monocyte-derived macrophages might die by apoptosis, allowing the restoration of
tissue-resident macrophages through proliferation and migration. The second
process, called “active macrophage repair,” involves activation of specific
transcriptional programs in macrophages in response to factors uniquely present in
the injured tissue microenvironment. One described mechanisms involves
macrophage efferocytosis of apoptotic neutrophils recruited to the tissue during
injury that results in a reduced expression of pro-inflammatory cytokines and
chemokines from macrophages.!® In addition to efferocytosis, other factors in the
injured tissue microenvironment can activate anti-inflammatory signalling pathways
in macrophages. For example, regulatory T cells that expand in the injured tissue can
release amphiregulin, TGF-B, and IL-10, or directly interact with macrophages via
ligand/surface interactions induced by CD40/CD80.*° Moreover, microvesicles



originating from macrophages or other recovering cell populations have been
reported to carry signalling molecules including SOCS2 or signalling microRNAs
that induce reparative phenotypes.®

However, as described thoroughly in the previous sections, also those repair
mechanisms can be detrimental in case of dysregulation. For example, cell-
autonomous activation of mTOR signalling in macrophages induces a systemic
granulomatous disease with features suggestive of sarcoidosis in multiple tissues.'!
Furthermore, some pathogens might take advantage from macrophage repair

pathways to persist.112

Another interesting topic is the study of the relationship between macrophages
(dys)functions and aging. Several groups of investigators have observed impaired
macrophage transcription and function in normal aging. These include reduced
phagocytosis, impaired polarization in vitro, a loss of wound healing response, and

a reduced response to Toll-like receptor activation.*®

It is therefore clear that failure to control macrophage plasticity may result in
maladaptive response leading either to inflammatory diseases and tissue damage (in
a case of excessive M1-polarized response) or to tissue fibrosis and cancer (in case
of extensive Mz2-polarized response). Hence improving the inflammatory
environment by modulating the activation state of macrophages could be an effective

therapeutical approach.

1.1.9. Common and different features between macrophages and
dendritic cells (DCs)

Although both macrophages and DCs are members of the mononuclear phagocyte
system and originate from a common myeloid precursor, they are often considered
distinct cell types based on their morphology, functions, and specific transcriptional

profiles. Macrophages are defined as large vacuole cells that are highly phagocytic



and modulate immune responses by releasing various immune mediators, while DC
are characterized as stellate migratory cells that act as sentinels in non-lymphoid
tissues and migrate into lymphoid tissues upon antigen encounter, present antigen,
and subsequently activate native T lymphocytes. In vitro, macrophage colony-
stimulating factor (M-CSF) induces the differentiation of monocytes into
macrophages'!*, while the combination of granulocyte/macrophage colony-
stimulating factor (GM-CSF) and interleukin 4 (IL4) induces the differentiation of
monocytes into DCs.1* While, macrophages are classified into 2 subgroups (M1 and
M2 - M2a, M2b, M2c, M2d) depending on their anti- or pro-inflammatory
properties!’®, DCs comprise two functionally distinct populations: plasmacytoid
(pDC) and myeloid (mDC). mDCs have been further subdivided into 2 subsets based
on their expression of BDCA3/CD141 (mDC1) and BDCA1/CD1c (mDC2)’. Of
all the different cell characteristics, surface markers are often used to distinguish DCs

from macrophages (Figure 12).1%4

Common Functions
Phagocytosis ability, tissue surveillance.

2 e

TLR-4 )\' , STATS, cMyc, | 4 CDlc
3 KLF4MID3, | 2,

P cMaf 3

g - ; < CXCR1
CD68 )’ i [
Functions

CLEC9A
\ XCR1
Antigen presentation, activate

BDCA-2 naive T lymphocytes, induction
BDCA-4 of adaptive immunity
CD207A

Adapted from Rogers N M et al. Nature Reviews Nephrology, 2014, 16(11):625-643, with permission from the Publisher of Springer Nature.

Functions
Phagocytosis of pathogens, dying
cells, debris, cytotoxicity, fibrosis
and remodeling of ECM

Figure 12. Common and different characteristics between macrophages and dendritic
cells. Surface markers, transcription factors, and biological functions.04118



The use of TLR-matured DCs may be an effective therapeutic strategy to treat cancer
and provide protection against pathogens.'*® Maximal immune-boosting properties
of TLR4-based DC immunotherapy for cancer and infectious diseases may require
dual signalling via MyD88 and TRIF.*

1.1.10. Pharmacological strategies targeting TLR4 signalling

The pivotal role of TLRs in innate host defences was first indicated by the finding
that C3H/HeJ mice with non-functional TLR4 are resistant to LPS-mediated shock!%
and valuable insights into TLR-mediated pathogen recognition and signalling has
since been gained from the use of knockout mice and/or in vitro single TLR-
expressing engineered cells (e.g., human embryonic kidney (HEK) 293 cells)
challenged with individual purified PAMPs or entire microbial pathogens. Because
of TLR4 signalling cascade’s huge role, its extracellular and intracellular
components are very attractive therapeutic targets for the treatment of both acute (e.
g., sepsis) and chronic disorders, associated with excessive cytokine production (also
called cytokine storm, an expression we all have learned due to the COVID-19

pandemic).

In addition to PAMPs, TLR4 can be also triggered by damage-associated molecular
patterns (DAMPs) derived from damaged and necrotic tissues (sterile inflammation),
such as fibronectins, small fragments of hyaluronan, and even saturated fatty acids
in response to cellular damage. Besides the exogenous stimuli, endogenous host
molecules, such as the oxidized phospholipids or high-mobility group box 1
(HMGB1) have also been shown to activate TLR4. While different LPS shares a
conserved lipid A moiety with chemical determinants that ensure the optimal
interaction with CD14 and MD-2 (5 or 6 lipophilic fatty acid chains attached to a
disaccharide backbone, and one or two phosphate groups) DAMPs are chemically

diverse molecules and the molecular mechanism of TLR4 activation including the



role of CD14 and MD-2 in the sensing of these molecules are not completely
understood. DAMPs have been implicated in many pathologies caused by TLR4
activation, including atherosclerosis, rheumatoid arthritis, neuroinflammation, and
trauma and haemorrhage. Very recently, our group proposed TLR4 as a promising

therapeutic target for amyotrophic lateral sclerosis.'?

Moreover, possible
application of TLR4 antagonists in treatment of peripheral neuropathic pain has also

been suggested.'?

Among the diseases caused by TLR4 abnormal activation by bacterial endotoxin,
sepsis is the most dangerous because it is a life-threatening acute system
inflammatory condition that still lacks specific pharmacological treatment. Septic
shock with increased lipopolysaccharide (LPS) levels in blood, overexpression of
pro-inflammatory cytokines, activation of blood coagulation system, and
accumulation of fibrinogen degradation products leads to a violation of local and
general hemodynamic and endothelial dysfunction. In western countries, mortality
in patients with severe sepsis is 20-50%, if there is no organ dysfunction it can be

diminished (less than 20%).123

Numerous compounds have been tested, in vitro and/or on animal models, for their
capacity to block TLR4-mediated cytokine production. The known TLR4
antagonists belong to various classes of chemical compounds - mainly glycolipids
that mimic the natural TLR4 ligand pharmacophore, lipid A, but also heterocycles,
peptides, opioids, taxanes, steroids, etc, of natural and synthetic origin.?* Notably,
Professor Peri (University of Milano-Bicocca) has substantially contributed to this
field with the development of a series of synthetic glycolipid small molecule
modulators of TLR4, referred to as FPs compounds.'?>!%6 Main synthetic TLR4

antagonists and agonists will be described below.

Synthetic TLR4 antagonists. Several TLR4 antagonists were synthesized. The
majority of them are mimetics of lipid A, the natural MD-2 ligand.** The most

famous lipid A mimetic is Eisai’s Eritoran that entered clinical phase. Other TLR4



antagonists with a chemical structure unrelated to lipid A have been recently
developed. However, only TAK-242 (resatorvid) entered clinical trials. TAK-242
(resatorvid) is a small-molecule compound that selectively inhibits TLR4 signalling.
TAK-242 inhibits the TLR4 pathway by binding directly to a Cys747 in the
intracellular TLR4 domain. It has been observed that TAK-242 disrupts the
interactions of TLR4 with its adaptor molecules, TIRAP (toll-interleukin 1 receptor
(TIR) domain containing adaptor protein), and TRAM (TIR domain-containing
adapter inducing IFN-B-related adapter molecule). Treatment of the HEK293 cells
transfected with plasmids encoding FLAG-TLR4, MD-2, and FLAG-TIRAP/FLAG-
TRAM proteins with TAK-242 inhibited the co-precipitation of TIRAP with TLR4
in a concentration-dependent manner. TAK-242 inhibited the association of TRAM
with TLR4 at concentrations similar to those at which it inhibited the association of
TIRAP with TLR4.127128 Fylly deuterated TAK-242 retains TLR4-antagonistic
activity, while having better pharmacokinetic and distribution properties than TAK-
242128

Eritoran is probably the most known antagonist of TLR4. It mimics the lipid A, but
presents four instead of six fatty acid chains, one of them being unsaturated. The
crystallographic analysis of the Eritoran/MD-2 complex revealed that Eritoran binds
MD-2 more similarly than lipid A, by accommodating the four fatty acid chains into
MD-2 binding pocket. However, when bound to MD-2 cavity, Eritoran is rotated
180° respect to lipid A. According to this model, Eritoran acts thus as a classic
competitive inhibitor of MD-2 competing with LPS for the binding of the MD-2
pocket.*0 After successful results were obtained on animal models, Eritoran was
suggested for testing on humans. However, both TLR4 antagonists Eritoran and
TAK-242 failed to pass clinical trials as drugs against acute sepsis and septic
shock. 3!

Alongside, cationic amphiphiles (IAXO compounds) based on monosaccharide

scaffolds efficiently inhibited TLR4 signalling in vitro and in vivo.®** The



mechanism of the antagonist action of this class of compounds was studied in the
case of IAXO-102. A direct interaction of hydrophobic fatty acid chains of this
compound and MD-2 was found by NMR measurements, confirming that very likely
these compounds directly compete with LPS for MD-2 binding. Moreover, it has
been observed in in vitro binding tests high affinity of IAXO compounds for CD14,
so that interaction with CD14 probably reinforces the antagonist effect on the TLR4

signal pathway.1%3

Recently, new synthetic glycolipids, named FP7 and FP12, has been developed as
TLR4 antagonists. FP7 and FP12 compete with LPS (and other TLR4 ligands) for
the MD-2 binding site, thus inhibiting TLR4 activation (formation of the TLR4/MD-
2/LPS complex).’3* In 2018, it has been shown that FP7 can negatively regulate
MyD88-dependent TLR4 signalling in both non-haematopoietic and haematopoietic
cells, suggesting that this TLR4 antagonist could potentially be used therapeutically
for the treatment of inflammatory-related diseases.™*® More recently, the results from
a study demonstrated that synthetic TLR4 antagonists FP7 and FP12 were effective
in blocking MyD88-independent TLR4 signalling in THP-1 macrophages.
Following activation of TLR4 by LPS, data revealed that FP7 and FP12 inhibited
TBK1, IRF-3 and STAT1 phosphorylation which was associated with IFN-f3 and IP-
10 down-regulation. Specific blockage of the type I IFN receptor (IFNAR) showed
that these novel molecules inhibited IFN-B signalling by interfering with TRIF-
dependent TLR4 pathway.!®

Synthetic TLR4 agonists. On the flip side of the coin, several studies have
demonstrated that TLR agonists can act as effective adjuvants for host defence
against pathogens and cancer.?61% Indeed, an intense interest in developing TLR
agonists as adjuvants for clinical vaccines has raised in the past years.}?613" For
instance, TLR4 agonist monophosphoryl lipid A (MPLA) is an approved adjuvant
for vaccines against human papilloma virus and hepatitis B.'*® Additionally, new

glycolipid-based TLR4 modulators mimicking lipid A chemical structure have been



recently described as innovative vaccine adjuvants by Peri’s research group, FP11
and FP18. Mechanistically, FP11 and FP18 were more effective at inducing MyD88-
dependent signalling than TRIF-dependent but may still activate signalling via
IFNAR.12¢

Among the synthetic molecules we have seen so far, most of them are still in the
early stage of preclinical development, a small number is employed for ongoing
clinical studies and only a few licensed compounds have been marketed as TLR4-
based therapeutics. As mentioned before, TLR4 agonists with a structure related to
lipid A (MPL and AS04) have been licenced as vaccine adjuvants. Other lipid A
mimetics (AS04, GLA-SE, GSK1795091 and OM-174) are in clinical Phase 1 or Il
as anticancer therapeutics. Small molecular TLR4 antagonist AV-411 (Ibudilast) is
in Phase Il clinical trials for the treatment of asthma and poststroke disorders. NI-
0101 is the first anti-TLR4 monoclonal antibody to pass Phase I clinical trials for
rheumatoid arthritis, showing safety and tolerability.'3! At this point it becomes clear
that extending the chemical variety of TLR4 signalling modulators is an effort that
must be addressed, for example by discovering new active molecules drawing from

natural sources.



1.2. Natural Products and Immune Modulation

1.2.1. Phytochemicals as phytopharmaceuticals and nutraceuticals

Often patients are given anti-inflammatory drugs for acute or chronic inflammation
to ease the suffering. However, sometimes anti-inflammatory drugs worsen the
disease processes, is the case of osteoarthritis and rheumatoid arthritis. Also
considering their enormous costs (in case of biologics), necessity of utilizing
alternatives becomes evident.**® Classical natural product chemistry methodologies
enabled a vast array of bioactive secondary metabolites from terrestrial and marine
sources to be discovered. Historically, natural products have been used since ancient
times and in folklore for the treatment of many diseases and illnesses.'*° Scientific
evidence is also emerging to explain their medicinal uses. Some studies suggest some
plant species and their constituents have anti-inflammatory effects relevant for a
particular therapeutic use. In these circumstances, plants may be used as
phytopharmaceuticals to treat or alleviate inflammatory diseases offering one
appealing way to reduce the use of anti- inflammatory drugs. This chapter describes
some plant constituents that have been associated with anti-inflammatory effects
relevant for use as nutraceuticals, phytopharmaceuticals, or as both. However, before
continuing, it is necessary to reflect upon the differences between anti-inflammatory
drugs and plant possessing anti-inflammatory properties. Nonsteroidal anti-
inflammatory drugs (NSAID), one of the most common categories of such drugs,
work primarily (if not exclusively) by inhibiting both isoforms of cyclooxygenase
(COX- 1 and COX- 2). Contrarily, herbal medicines have never been demonstrated
to act on a single enzyme or receptor. Instead, they have multiple constituents
ranging from phenolics, terpenoids, polysaccharides, and proteins that act on
multiple targets, and generally to a lesser extent than pharmaceuticals. The result is
a gentler, slower onset of action coupled with vastly reduced or absent adverse

effects compared to fast-acting, powerful, more toxic drugs and ultimately with long-



lasting effects.’*! Plants have been well documented for their medicinal uses for
thousands of years, for example in Traditional Hindu Ayurveda as well as Traditional
Chinese medicine (TCM).}*? They have evolved and adapted over millions of years
to withstand bacteria, insects, fungi, and weather to produce unique, structurally
diverse secondary metabolites. The earliest records of natural products were depicted
on clay tablets in cuneiform from Mesopotamia (2600 B.C.) which documented oils
from Cupressus sempervirens (Cypress) and Commiphora species (myrrh) which are
still used today for treatment of the common cold, coughs, and inflammation.*
Examples of drugs derived from natural sources include morphine and codeine,
which are isolated from the plant Papaver somniferum, artemisinin, a TCM used to
treat malaria, and anticancer taxol and halichondrin B, derived from the pacific yew
tree and marine sponges, respectively.!” Another example is Zingiber officinale.
Ginger is a tropical plant in the Zingiberaceae family and is esteemed in natural
medicine around the world. The rhizome is used medicinally for many conditions
characterized by excessive inflammation. Numerous studies have documented that
many constituents of ginger, particularly 6-gingerol and related molecules, inhibit 5-
lipoxygenase (5- LOX), COX- 1, COX- 2, NF-kB signalling pathway, and
thromboxane synthetase.’** Due to this wide pattern of activity ginger’s action is
deeper and broader than simply having multiple effects on inflammation related
eicosanoid and cytokine pathways. Curcuma longa (turmeric) rhizome is another
inflammation modulator from the Zingiberaceae family, native to the tropics of
Central and South-eastern Asia like its cousin ginger. Much work has investigated
the inflammation-modulating aspects of its diarylheptanoid constituents known as
curcuminoids. A thorough review of research through 2002 found evidence that
curcuminoids inhibit phospholipases, LOX, COX, leukotrienes, thromboxane,
prostaglandins, nitric oxide, collagenase, elastase, hyaluronidase, monocyte
chemoattractant protein- 1 (MCP- 1), interferon- inducible protein, tumor necrosis
factor (TNF), and interleukin- 12 (IL- 12).1%°



Another example is parthenolide, an anti-inflammatory compound, which is
naturally present in the plant Tanacetum parthenium (also known as feverfew) that
is used in herbal remedies. Parthenolide can interfere with the ATPase activity of

NLRP3, thereby hindering inflammasome activation.'4°

Nutritional biology can significantly contribute to the discovery of new molecular
targets in both health and diseases. Natural bioactive compounds occurring in food
that provide medical or health benefits, including the prevention and treatment of a
disease, are referred as “nutraceuticals,” a hybrid term of ‘“nutrition” and
“pharmaceuticals”, coined by Stephen DeFelice!*’. In addition to their basic
nutritional value, nutraceutical agents have been shown to exert physiological
benefits or provide health protection against different diseases. An extensive body
of scientific evidence suggests that dietary factors exert their influence largely
through their effects on blood pressure, lipids, and lipoproteins, as well as on markers
of inflammation and coagulation.'*® This evidence implies that dietary interventions
designed to reduce the inflammatory process could be of benefit in reducing the risk
of inflammation-related diseases, blurring the line between food and drugs.
According to an up-to-date review published in 2021'%° pharmacological
modulation of immune responses by nutritional components can occur through three
distinct mechanisms. First, nutritional components directly, or their metabolites
produced during the digestion process, can interact with intestinal bacteria, and
change the gut microbiota composition, leading to physiologic and immunologic
changes in the body, which can affect human physiology in both positive and
negative ways. The second mechanism by which diet can alter the immunologic
response is via epigenetic modifications. Nutritional components can activate or
inhibit specific histone deacetylases altering the transcription of proteins and,
therefore, the activity of the immune system. The third mechanism is the

involvement of pharmacological receptors on the cell surface to which nutritional



molecules can bind and either activate or inhibit the pathway downstream of the

receptor.

Given the significance of TLR dysregulation in the onset of disease, there is a need
to understand compounds derived from natural sources that modulate TLR signalling
pathways, especially in various disease settings. To understand the action of
promising molecules treating inflammation, is needed to identify bioactive
components of the food matrix or herb extract, mechanisms of their action, and in
vivo pharmacological effects using appropriate disease models to ultimately adapt

the findings for clinical use.

1.2.2. Naturally occurring TLR4 antagonists

Research efforts have begun to focus on plant extracts as potential sources for new
therapies in immunology. The first naturally occurring TLR4 antagonist discovered
was from a photosynthetic Gram-negative bacterium that was non-pathogenic,
known as Rhodobacter sphaeroides.’® The LPS produced from this bacterium,
known as Rhodobacter sphaeroides lipid A (RsDPLA), was non-toxic towards
murine and human cells and was able to compete with toxic LPS for binding sites.
RsDPLA was also able to interact with the TLR4/MD2 complex found in rodents
and humans with antagonistic effects.*®! Further in vitro and in vivo studies on the
LPS produced by Rhodobacter sphaeroides and other bacteria/cyanobacteria have
shown potent antagonistic activity of this type of LPS in murine and human cells as

well as preventing endotoxic shock in mice.

Additionally, plant-based extracts can have modulatory effects on TLR expression,
signalling, and activation, whether by direct activation at the receptor level or further
downstream of TLRs.'®? In particular, the study of TLR4 as a target of natural
products is gaining popularity among researchers and currently, various natural

compounds and their derivatives were found to act as agonists or antagonists for



TLR4 and its downstream signalling molecules. Most TLR4-active natural
compounds are polyphenolic and aromatic compounds sharing interesting
similarities in their chemical structures and in their mechanism of action, with TLR4
dimerization inhibition being the most characterised.?* An elegant study published
by Shibata et al. based on an extensive screening of vegetable extracts for TLR-
inhibiting activity in HEK293 cells co-expressing TLR with the NF-«xB reporter gene
results in the acknowledgement of cabbage and onion extracts as the richest sources
of a TLR signalling inhibitor. They identified 3-methylsulfinylpropyl isothiocyanate
(iberin) from the cabbage and quercetin and quercetin 4’-O-B-glucoside from the
onion as the main active substances, among which iberin showed the most potent
inhibitory effect. It was revealed that iberin specifically acted on the dimerization
step of TLRs in the TLR signalling pathway. To gain insight into the inhibitory
mechanism of TLR dimerization, they developed a novel probe combining an
isothiocyanate-reactive group and an alkyne functionality for click chemistry and
detected the probe bound to the TLRs in living cells, suggesting that iberin disrupts

dimerization of the TLRs via covalent binding.*>

Disruption of TLR4.MD-2 heterodimer by formation of covalent adducts with
solvent-exposed MD-2 and/or TLR4 cysteines has been proposed as mechanism of
action also for isoliquiritigenin (liquorice), 6-shoagol (ginger), caffeic acid phenethyl
ester (CAPE) (honeybee propolis) and cinnamaldehyde (cinnamon), thus suggesting
an upstream effect on the extracellular TLR4.MD-2 complex.?* Also sulforaphane
(SFN), obtained from cruciferous vegetables such as broccoli or cabbages, interrupts
LPS engagement to TLR4/MD2 complex by direct binding to Cys133 in MD2,
attenuating LPS-induced nitric oxide synthase (iINOS), cyclooxigenase-2 (COX-2)
and tumor necrosis factor-a (TNF-a) production in macrophage cell lines.*>
Contrarily, (-)-epigallocatechin-3-gallate (EGCG), a green tea polyphenol, do not
prevents LPS-induced dimerization of TLR4, but inhibit TLR4 signal downstream,
blocking both MyD88- and TRIF-dependent signal pathways by targeting IKKf} and



TBK1 kinases, respectively.™ Another group in 2015 reported a similar finding, in
which natural product dioscin, a saponin derived from various herbs attenuates renal
ischemia/reperfusion injury by inhibiting the TLR4/MyD88 signalling pathway via
up-regulation of HSP70.%%¢

A variety of natural products and their derivatives act via stimulation of multiple
TLR signalling pathways. For example, Yi et al. reported that »-3 polyunsaturated
fatty acids (PUFASs), abundant in nuts, oils, and fish, suppress the excessive
inflammation in patients with severe trauma interacting with TLRs and NF-xB
signalling pathways and decreasing levels of COX-2, IL-2, and TNF-a.®" In
particular, Depner et al. showed that docosahexaenoic acid (DHA), an omega-3 fatty
acid isolated from fish oil, inhibit hepatic inflammation by targeting both TLR4 and
TLR9.1%® Additionally, studies have shown that damage or defects in the TLR4 and
TLR2 signalling pathways can lead to inflammatory bowel disease (IBD) as a result
of sustained chronic inflammation. Nasef et al. identified various fruit fractions
extracted from strawberries, blackberries, and feijoa that in the context of
inflammatory bowel disease act together to mediate the anti-inflammatory response
via both the TLR2 and TLR4 pathways.**® Similarly, Liang and others revealed that
sparstolonin B, a compound derived from Chinese herb Spaganium stoloniferum, has
selective TLR2 and TLR4 antagonist properties, causing inhibition of the
inflammatory response.’® In 2014, Lee and colleagues discovered that ethanol
extract from chungkookjang (CHU), a fermented Korean soybean, has anti-
inflammatory effects on TLR ligands, particularly on TLRs 2, 3, 4, and 9, via
inhibition of NF-kB activation.'®* Moreover, Xu et al. observed that total glucosides
of paeony (TGP), active compounds of the flowering plant Paeonia lactiflora,
significantly inhibited TLR2 and TLR4 activation in kidneys of diabetic rats leading
to reduced expression of pro-inflammatory cytokines TNF-o and IL-1p.1%2 In 2010,
Villa et al. reported a natural product named malyngamide F acetate, extracted from

marine cyanobacterium Lyngbya majuscule, that selectively inhibits MyD88-



dependent pathways involving TLR4 and TLR9. Interestingly, the group also
observed a unique cytokine expression pattern, in which I1L-6 and IL-13 were down-
regulated and TNF-a was upregulated.

Nonetheless, plant-derived compounds not only can act inhibiting TLR4-mediated
immune response, but also triggering TLR4 signalling. For example, Li et al. showed
that water extract of the edible mushroom Pleurotus ferulae, enhanced the function
and maturation of murine bone marrow-derived dendritic cells through TLR4
signalling.'®* Likewise, Tian et al.1®® described the mechanism in which Astragalus
mongholicus, a common traditional Chinese herbal medicine used to alleviate
ischemic heart disease and hypertension, acts in inhibiting the growth of human
stomach cancer promoting the maturation of dendritic cells through stimulation of
TLR4-mediated NF-kB signal transduction pathways. Moreover, a group discovered
that an herbal melanin extracted from Nigella sativa, or black cumin, modulates
cytokine production and suggested it as a agonist for TLR4.16°

Recent clinical trials on natural products. Various clinical trials have tested the
therapeutic use of natural products, particularly in the context of immune regulation.
For instance, in 2003 the effect of ganopoly, a Ganoderma lucidum polysaccharide
extract, on the immune functions was evaluated in 34 advanced-stage cancer
patients®’. In 2015, a randomized dietary intervention in 52 healthy young adults
shows that supplementing the diet with 5g or 10g of dried shiitake (Lentinula edodes)
mushrooms for 4 weeks improved the immune response, decreased levels of acute
inflammatory cytokines and modulate the overall cytokine secretion patterns.6®
However, some natural products failed in the clinical trial stage. For example, all the
double blinded, placebo controlled clinical trials employing curcumin failed to
demonstrate any effect, casting a dark shadow on the results published in the

literature demonstrating curcumin activity.*®°



2. AIM OF THE WORK

Macrophages are relevant cells in the context of inflammation, both as direct
effectors and regulatory cells. Plasticity of these important myeloid cells place them
at the heart of the inflammatory process and, consequently, the possibility to
modulate these cells offers great opportunity for novel potential interventions within
inflammatory diseases. Considering the important role of both tissue-resident
macrophages and MDMs in homeostasis and disease it has always been crucial to
develop representative in vitro models to study these cells.}” For such applications,
it is worthwhile to differentiate monocytes into specific macrophage phenotypes.
Cytokines can polarize macrophages in vitro, thus, to generate such macrophages
appropriate cytokines are routinely added to culture media. Thereby, monocytic cells
will acquire similar morphology and gene expression patterns as macrophages. In
our case, we obtain macrophage-like cells through the in vitro differentiation of a
monocytic cell line (THP-1) and primary CD14" monocytes isolated from freshly
donated human blood. For the in vitro generation of macrophages, a range of PMA
and M-CSF concentrations can be used, respectively.!**11 In this this study, we
exposed cells to 25 ng/mL PMA or 50 ng/mL M-CSF, to obtain THP-1-derived
macrophages (TDM) and CD14" monocyte-derived macrophages (MDM),

respectively.

Lipopolysaccharide (LPS)-induced macrophages activate a variety of inflammatory
signalling pathways, which can be widely used to evaluate anti-inflammatory effects.
This cellular model of inflammation allows to discriminate between compounds - or

mixtures - capable of attenuating the inflammatory response and those that do not.

The current body of work aims to elucidate the immunomodulatory activities of
coffee extracts (CE), chlorogenic acid (5-CQA), palmitoylethanolamide (PEA) and
its synthetic analogue RePEA, respectively, by studying the influence of each plant



extract or chemical on TLRA4-related inflammatory pathways. To this end,
macrophage-like cells were obtained through the in vitro differentiation of a
monocytic cell line (THP-1) and primary CD14" monocytes isolated from peripheral
human blood. MTT was used to determine cytotoxic effects of the treatments. TLR4
activation was triggered by cells exposure to bacterial endotoxin LPS (E. coli) in
presence or absence of treatments. Different readouts were evaluated: endpoint pro-
inflammatory cytokines production, as well as phosphorylation and nuclear
translocation of intracellular signalling mediators. These parameters were measured
applying different cellular and molecular techniques, mainly enzyme-linked
immunosorbent assay (ELISA), High Content Analysis (immunofluorescence
microscopy), and Western blot. Alongside, we employed different commercially
available stable transfected cells as tools to investigate the mechanism of action of
our tested extract or molecule, THP1-XBlue™, RAW-Blue™ and HEK-Blue™
cells, respectively.



3. MATERIAL AND METHODS

3.1. Green and Roasted Coffee Beans Extraction

Coffee extracts from green (GCE) and medium-roasted (RCE) Coffea canephora
beans (cultivar Robusta, origin Brazil) were obtained using a hydro-alcoholic
extraction procedure described in a previous work.!”? Ground coffee beans were
received from Beyers Koffie, Belgium. Each sample was analysed in triplicate.
Briefly, 200 mg of ground green or roasted coffee beans were extracted with 20 mL
of a mixture of acidified (with 0.1 M HCI) water (pH 4.5; 70%) and methanol (30%)
by sonication at 37 kHz for 15 min at 30 °C in an ultrasound bath (Elmasonic P 30
H, Elma Schmidbauer GmbH, Singen, Germany). After 1 h, solutions were filtered
through cotton wool and 0.45 um PTFE filters (Pall Corporation, Port Washington,
NY, USA), concentrated under reduced pressure at 40 °C and freeze-dried. The
extraction yield was calculated for each sample. The lyophilized samples were stored
at-20 °C.*"

3.2. NMR-based Metabolic Profiling

Freeze-dried samples were suspended in 10 mM deuterated phosphate buffer (PB,
pH 7.4) at a final concentration of 5 mg/mL, sonicated (37 kHz, 20 min, Elmasonic
P 30 H, EIma Schmidbauer GmbH, Singen, Germany) and centrifuged (9425 x g, 10
min, 20 °C, ScanSpeed 1730R Labogene, Lynge, Sweden). 4,4-Dimethyl-4-
silapentane-1-sulfonic acid (DSS, final concentration 1 mM) was added to the
supernatant as an internal reference for concentrations and chemical shift. The pH of
each sample was verified with a microelectrode (Mettler Toledo, Columbus, OH,
USA) for 5 mm NMR tubes and adjusted to 7.4 with NaOD or DCI. All pH values

were corrected for the isotope effect. The acquisition temperature was 25 °C. All



spectra were acquired on an AVANCE 11l 600 MHz NMR spectrometer (Bruker,
Billerica, MA, USA) equipped with a QCI (*H, 13C, *N/'P and 2H lock) cryogenic
probe. *H-NMR spectra were recorded with water suppression (cpmgprld pulse
sequences in Bruker library) and 64 scans, spectral width 20 ppm, relaxation delay
30 s. They were processed with 0.3 Hz line broadening, automatically phased and
baseline corrected. Chemical shifts were internally calibrated to the DSS peak at 0.0
ppm. Compound identification and assignment were carried out with the support of
2D NMR experiments, comparison with reported assignments'’* and the SMA
(Simple Mixture Analysis) analysis tool integrated in MestreNova Software. The
!H,'H-TOCSY (Total Correlation SpectroscopY) spectra were acquired with 48
scans and 512 increments, a mixing time of 80 ms and relaxation delay 2 s. *H,*C-
HSQC (Heteronuclear Single Quantum Coherence) spectra were acquired with 48
scans and 256 increments, relaxation delay 2 s. For coffee bean metabolites
quantification, the global spectrum deconvolution (GSD) algorithm, available in the
Mnova software package (MestReNova v 14.2.0, 2021, Mestrelab Research,
Santiago de Compostela, Spain) was used. Overlapping regions were deconvoluted,
and absolute quantification was assessed also for coffee bean metabolites with
resonances in rare crowded spectral areas. For each compound, the mean of the
different assigned signals was determined.

3.3. Chemicals

3-(4,5-Dimethylthiazol-2-Y1)-2,5-Diphenyltetrazolium  Bromide (MTT) and
lipopolysaccharide (LPS) from Escherichia coli 055:B5 were purchased from Sigma-
Aldrich (Sigma-Aldrich, Inc., Saint Louis, MO 63103, USA). Reagent-grade water
used to prepare all solutions was obtained from a Milli-Q purification system
(Millipore, Bedford, MA, USA). Palmitoylethanolamide (PEA, CAS N° 544-31-0)
was purchased from Cayman Chemical (Ann Arbor, MI, USA) with a declared purity



>08%. PEA analogue, 3-Hydroxy-N-pentadecylpropanamide (RePEA) was
chemically synthetised.!”

3.4. Cell Cultures

THP-1 cells (ATCC® TIB-202™) were purchased from ATCC® (Manassas, VA
20110 USA), while THP1-XBlue™ cells from InvivoGen (InvivoGen, San Diego,
CA 92121, USA). Both cell lines were cultured in RPMI 1640 medium, 2 mM L-
glutamine, 10% heat-inactivated foetal bovine serum, 100 U/ml-100 pg/ml Pen-
Strep. Cells were maintained in a humidified 37°C, 5% CO incubator. Cells were
subcultured every two days. Exponentially growing cells were adjusted to 0.5 x
10%/mL according to the routine procedure. RAW-Blue™ and HEK-Blue™-hTLR4
cells were purchased from InvivoGen (InvivoGen, San Diego, CA 92121, USA).
Cells were maintained in DMEM, 2 mM L-glutamine, 10% heat-inactivated foetal
bovine serum, 100 U/ml-100 pg/ml Pen-Strep and subcultured at 80% confluence.
To maintain selection pressure, 100 pg/mL of Zeocin™ and HEK-Blue™ Selection
(InvivoGen, San Diego, CA 92121, USA) were added to the growth medium of
THP1-XBlue™, RAW-Blue™ and HEK-Blue™ cells, respectively, every other
passage. Media and supplements were purchased from Euroclone (Euroclone S.p.A.,

Pero, Milan, Italy) unless otherwise stated.

3.5. Generation of THP-1-derived macrophages from THP-1 cell lines
(TDM)

THP-1-derived macrophages (TDM) were generated from THP-1 or THP1-XBlue™
monocytic cells (3.5 x 10° cells/ml) by exposure to 25 ng/mL phorbol 12-myristate-
13-acetate (PMA) (InvivoGen, San Diego, CA 92121, USA). Aliquots (180 pl/well)
of the cell suspensions were seeded into a 96-well plate before culture at 37°C, 5%



COs.. Following 72 h of differentiation, medium was removed and replaced with

fresh medium, in absence of PMA, prior to further treatments.

3.6. Primary CD14* Monocytes Isolation

Human CD14" monocytes were isolated from total peripheral blood mononuclear
cells of healthy donors, by immunomagnetic cell sorting. Samples from healthy
donor subjects were obtained within a clinical protocol (n°463-2021), approved by
the institutional Ethical Committee at IRCCS MultiMedica Milano, Milan, Italy, in
accordance with the Helsinki Declaration of 1975 as revised in 2013. 30 mL of whole
blood (< 1 h old), collected into heparinized tubes, were subjected to Ficoll
Histopaque®-1077 (Sigma-Aldrich, Inc., Saint Louis, MO 63103, USA) density
gradient stratification at 800 x g, for 25 minutes, room temperature (RT), without
brake. The white ring interface, enriched in mononuclear cells, was collected, and
washed in PBS at 300 x g for 5 minutes, RT. Residual red blood cells were removed
by treating the cell pellets with 1X Red blood lysis buffer solution (10X stock
solution: NH4Cl 83g, KHCOs 10g, EDTA 1mM, pH 7,2-7,4 in 1 L of Hx0),
incubated for 10 minutes at 4°C, then washed in PBS at 300 x g for 5 minutes, RT.
Monocytes were purified from PBMCs by immunomagnetic cell sorting (positive
selection) using CD14 MicroBeads UltraPure (Miltenyi Biotec, Auburn, CA)

according to the manufacturer’s instructions.

3.7. Generation of CD14* Monocyte-derived Macrophages (MDM)

Magnetically enriched CD14" monocytes (3.5 x 10° cells/ml) were differentiated
into adherent monocyte-derived macrophages (MDM), by exposure to 50 ng/mL M-
CSF (Miltenyi Biotec, Auburn, CA). Aliquots (180 ul/well) of the cell suspensions
were loaded into a 96-well plate before culture at 37°C, 5% CO2. Cells were pulsed



with M-CSF every 3 days. Following macrophage differentiation, medium was

removed and replaced with fresh RPMI medium, prior to further treatments.

3.8. Cell Viability Assay (MTT)

Cells were treated with increasing concentrations of the tested extract or molecule.
After 24 h, cell supernatants were removed and cell viability was assessed by MTT
assay, according to the method first described by Tim Mosmann in 1983.1’® This
colorimetric assay uses reduction of a yellow tetrazolium salt (3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide, or MTT) to measure
cellular metabolic activity as an indicator of cell viability. Viable cells contain
NAD(P)H-dependent oxidoreductase enzymes which reduce the MTT reagent to
formazan, an insoluble crystalline product with a deep purple colour. After 4 h-
incubation with the MTT solution at 37 °C, formazan crystals are then dissolved
using a solubilizing solution and absorbance is measured at 570 nm using a plate-
reader (LabTech Microplate Reader LT-4000).

3.9. Coffee Extracts and 5-CQA Pre-treatment

In case of GCE, RCE and 5-CQA, cells have been pre-treated with the tested extract
or molecule (1 h) and then stimulated with 100 ng/mL LPS. Supernatants and / or
cells were collected at different time points after LPS stimulation, adjusted according

to further analyses needs. Samples were stored at -20°C prior to be examined.

3.10. PEA and RePEA Post-treatment

In case of PEA and its analogue RePEA, TDM were stimulated with 10 ng/mL LPS
for 1 h, then the medium containing LPS was removed, and cells were incubated for
1 hwith 100 nM PEA or RePEA. Next, the medium was replaced with fresh complete



RPMI, and supernatants collected after 24 h post LPS administration. Samples were

stored at -20°C prior to be analysed.

3.11. PEA pre-treatment

TDM and HEK-Blue™-hTLR4 cells were pre-treated 100 uM PEA (1h) and
subsequently challenged with 10 ng/mL LPS. Supernatants were collected after

additional 6 h. Samples were stored at -20°C prior to be examined.

3.12. Detection of NF-kB Activation (SEAP assay)

THP1-XBlue™ cells were specifically designed for monitoring the NF-xB signal
transduction pathway. THP1-XBlue™ were derived from the human THP-1
monocyte cell line by stable integration of an NF-kB-inducible secreted embryonic
alkaline phosphatase (SEAP) reporter construct. THP1-XBlue™ cells are highly
responsive to PRR agonists that trigger the NF-xB pathway. HEK-Blue™-hTLR4
cells were obtained by co-transfection of the human TLR4, MD-2 and CD14 co-
receptor genes, and an inducible SEAP (secreted embryonic alkaline phosphatase)
reporter gene into HEK?293 cells. RAW-Blue™ cells are derived from the murine
RAW 264.7 macrophages with chromosomal integration of a secreted embryonic
alkaline phosphatase (SEAP) reporter construct inducible by NF-kB and AP-1. In
general, cell supernatants were collected after 6, 18 or 24 h, depending on the case.
Monitoring of NF-kB activation by determining the activity of SEAP in the cell
culture supernatant, was assessed with QUANTI-Blue™ reagent according to the
manufacturer’s instruction (InvivoGen, San Diego, CA, USA). Briefly, 50 pL of the
supernatants of SEAP-expressing cells were incubated with 180 uL of QUANTI-
Blue™ substrate in a 96-well plate for 0.5 — 4 h at 37 °C, then optical density (OD)

was measured at 630 nm.



3.13. Enzyme-linked Immunosorbent Assay (ELISA)

Pro-inflammatory cytokines and interferons released in the medium by human
macrophage-like cells were measured by ELISA assays. TDM or MDM were treated
as described above. At defined time points of incubation, cell culture supernatants
were collected and stored at —20 °C. Samples were analysed in duplicate in each
experiment and at least three experiments were performed. The concentrations of IL-
1B, IL-6, TNF-a, IFN-B were detected using commercial ELISA kits according to
manufacturer’s instructions (DuoSet® ELISA Development Systems, R&D
Systems, Inc., Minneapolis, MN, Canada, USA). Briefly, 100 pl of standards and
samples were added in respective wells of 96 wells antibody coated plate and
incubate for 2 h. After incubation and washing steps, conjugated secondary
antibodies were added for 2 h followed by same washing steps. Then substrate
solution was added in each well followed by addition of stop solution. A standard
curve was obtained by using 2-fold dilutions of the standard for each independent
experiment. The concentration of cytokines and interferons was calculated using a

standard curve.

3.14. Immunofluorescence Analysis

Cellular localization of the phosphorylated form of the transcription factor IRF-3 (p-
IRF-3) was examined by confocal immunofluorescence analysis. TDM (2 x 10*
cells/well) were seeded and differentiated into CellCarrier-96 Ultra Microplates
(6055500, PerkinElmer Inc., Milan, Italy). After differentiation, cells have been
treated with LPS only or LPS after 1 h pre-treatment with 250 ug/mL GCE or RCE.
Cells were exposed to LPS for a maximum of 4 h. Different time points between 0
and 4h have been investigated. Paraformaldehyde 4% (F8775, Sigma-Aldrich, Inc.,
Saint Louis, MO 63103, USA) fixed cells were permeabilized with ice-cold 100%
methanol, blocked, and labelled with Phospho-IRF-3 (Ser386) (E7J8G) XP® Rabbit
mAb (E7J8G, Cell Signalling Technology, Inc.). Cells were then tagged with



PhenoVue™ Fluor 568 conjugated anti-rabbit secondary antibody (2GXRB568C1,
PerkinElmer Inc., Milan, Italy). The nucleus was counter-labelled with PhenoVue™
Hoechst 33342 Nuclear Stain (CP71, PerkinElmer Inc., Milan, Italy). Images have
been acquired using the Operetta CLS™ High-Content Analysis System and

analysed through Harmony 4.5 software (PerkinElmer Inc., Milan, Italy).

3.15. Protein Extraction and Western Blot Analysis

TDM and MDM cells were plated into 24-well plates at a density of 0.6 x 10°
cells/well. Cells were treated with 250 uM 5-CQA. After 1 h, cells were exposed
further for O - 4 h to lipopolysaccharide (LPS) to induce inflammation (100 ng/mL).
For protein extraction, cells were washed with 1 mL of PBS and then lysate adding
50 + 20 pL of RIPA Buffer (#9806, Cell Signalling Technology, Inc.), containing a
protein inhibitor cocktail mixture (SIGMAFAST Protease Inhibitor Cocktail Tablet,
S8820, Sigma-Aldrich) and a phosphatase inhibitor cocktail mixture (Phosphatase
Inhibitor Cocktail (100X) #5870, Cell Signalling Technology, Inc.), and incubated
for 30 min on ice. Then, the whole cell lysates were collected and centrifuged for
membrane removal. Protein concentration was measured by spectrophotometric
analysis using the Pierce™ BCA Protein Assay Kit (23227, Thermo Scientific™)
according to manufacturer instructions. Western blot analysis was performed on 20
pg of total protein extracts. Cell extracts were separated using 10% Mini-Protean
TGX Stain-Free Gels reagent kit (Bio-Rad Laboratories) and transferred to
membranes using Trans-Blot Turbo Transfer System (Bio-Rad Laboratories).
Antibodies against actin (1:1000 dilution/#4970; Cell Signalling Technology, Inc.),
p-IRF-3 (1:500 dilution/E7J8G, Cell Signalling Technology, Inc.), and p-STAT1
(1:1000 dilution/#9167, Cell Signalling Technology, Inc.) were diluted in 0.1% TBS-
Tween 20 (TBS-T) buffer containing 5% BSA and applied to membranes, followed
by overnight incubation at 4°C. The next day, filters were washed three times with

TBS-T for 5 min and incubated for 45 min with anti-rabbit secondary antibody



conjugated to peroxidase (#7074, Cell Signalling Technology, Inc.). The antigen—
antibody complexes were then detected using ECL Star Enhanced
Chemiluminescent Substrate (EMP001005, Euroclone) or LiteAblot Turbo Extra-
Sensitive  Chemiluminescent Substrate (EMP012001, Euroclone). Quantitative
densitometry of bands was carried out through ChemiDoc system (Bio-Rad

Laboratories), and the quantification of the signal was performed by ImageJ.

3.16. Statistical Analysis

Data related to biological assays were analysed using GraphPad Prism software
(ver.9.0.2, GraphPad Software Inc., San Diego, CA, USA) and the results were
shown as means + standard error of the mean (SEM). Data obtained in three or more
independent experiments were compared by one-way analysis of variance (ANOVA)
followed by post hoc Dunnett’s test. Differences between samples were considered
statistically significant when p < 0.05. Two groups of data were compared using

Student’s t-test (statistically different when, p < 0.05).



4. RESULTS AND DISCUSSION

Discussion of the experimental results obtained has been organized into three
different chapters. First chapter will introduce to coffee extracts, their chemical
composition and health properties associated with coffee consumption. Here,
original data concerning the immunological effects of coffee extracts on human
macrophages are reported.

The second chapter focuses on the anti-inflammatory bioactivities of chlorogenic
acid, as one of the major coffee polyphenols. After a brief introduction regarding the
well-known and established biological effects of chlorogenic acid, a newly
discovered effect on macrophage inflammatory response modulation is disclosed and

new insights into its mechanism of action are described.

Third chapter revolves around palmitoylethanolamide (PEA), an endocannabinoid-
like lipid mediator with extensively documented anti-inflammatory, analgesic,
antimicrobial, immunomodulatory and neuroprotective effects. Capability of PEA
itself, and its synthetic analogue RePEA, to modulate human macrophage response
to lipopolysaccharide (LPS) has been investigated and results are given in this

section.
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4.1. Background

With 500 billion cups consumed every year, which is roughly equivalent to about
2.25 billion cups per day, it’s no surprise that coffee is one of the world’s most
popular beverages. In 2020/2021, around 166.63 million bags, which consist of 60
kilograms’ worth of coffee each, were consumed worldwide, a slight increase from
164 million bags in the previous year.}’” Finland is the country with the highest
coffee consumption per capita.}’® Coffee isn’t just one of the most traded goods on
the market, it’s also one of the oldest. Coffee beverages can be produced using
dozens of different techniques that stem from every corner of the globe. Most of all
require the mixing of ground coffee beans with hot water, followed by a removal of
the coffee grounds prior to drinking. A coffee bean is a seed found inside the red
fruit (called the cherry) of a coffee plant (Figure 13).

pectine layer coffee bean
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Figure 13. The anatomy of a coffee cherry. The coffee fruit (also called berry or cherry)
consists of a smooth, tough outer skin or pericarp, usually green in unripe fruits but that turns
red-violet or deep red when ripe. The pericarp covers the soft yellowish, fibrous, and sweet
pulp or outer mesocarp. This is followed by a translucent, colourless, thin, viscous, and
highly hydrated layer of mucilage (also called the pectin layer). Then, there is a thin endocarp
yellowish in colour, also called parchment. Finally, the silverskin covers each hemisphere
of the coffee bean (endosperm).t’



The genus Coffea belongs to the family Rubiaceae, subfamily Ixoroideae, and tribe
Coffeeae, and include at least 120 species, ranging from shrubs to trees. Coffea
arabica and Coffea canephora var. Robusta plants are the two main source of coffee
beans, and, among all the coffee species, the most traded and investigated (Figure
14).180

Arabica

Figure 14. Arabica and Robusta coffee beans. Arabica beans (left) are a little longer and
oval, while Robusta (right) ones are smaller and rounded.

Coffee beans start out green. They are roasted at a high heat to produce a chemical
change that releases the rich aroma and flavour that we associate with coffee. They
are then cooled and ground for brewing. Roasting levels range from light to medium
to dark. The lighter the roast, the lighter the colour and roasted flavour and the higher
its acidity. Dark roasts produce a black bean with little acidity and a bitter roasted

flavour.

Beside the high popularity of coffee brews from roasted coffee, green coffee recently
came to attention for its nutritional potential. Therefore, green coffee consumption
as a dietary supplement or as a beverage is increasing. Green coffee is considered a
novel food product because consumers usually consume only roasted coffee. Made

with green, unroasted coffee beans, green coffee is an earthy, herbal, tea-like



beverage with light levels of caffeine. To make it, it is necessary to boil green coffee
beans in water. Caffeine and especially chlorogenic acids (CGA) in green coffee
came into focus because of their beneficial health effects like anti-inflammatory,
anti-obesity, and other effects, which were observed in in vivo animal and human
studies. Green coffee beans can be marketed as such or as an extract obtained from
water or alcohol extraction processes.'® Green coffee products can be sold as
powder, capsules, chewing gum, and oils for ingestion or as soaps, body and facial

creams, and oils for body massage products for aesthetics purposes.

Health benefits of coffee consumption. Coffee lovers around the world who reach
for their favourite morning brew probably aren’t thinking about its health benefits or
risks. Historically, this beverage has been subject to a long history of debate. Despite
nowadays the cumulative research on coffee points in the direction of a health
benefit, more research is needed to understand the benefits of coffee. Much of the
currently available information on the health effects of coffee is derived from
epidemiological research. However, the study of coffee consumption in human
populations raises several issues regarding exposure classification and potential
confounders that should be considered when interpreting the results of
epidemiological studies of coffee consumption. To name but one among others, few
epidemiological studies collected information about the brewing process used to
prepare coffee. Finally, genetic and lifestyle factors (e.g., cigarette smoking) can
affect individual exposure to other bioactive compounds in coffee.!82184 The
identification of biomarkers that accurately reflect the consumption of bioactive
compounds in coffee represents an important tool for studying relationships between
coffee consumption and health-related endpoints.t® In the following lines the current
updates about the benefits of coffee consumption on health outcomes as well as its
side effects were summarized. Coffee consumption has been associated with

reductions in the risk of several chronic diseases, including cardiovascular disease*®®,
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type 2 diabetes mellitus*’, metabolic syndrome*®°, cirrhosis*®®, Parkinson’s

disease®®, and cancer®1%?,

Evidence suggests that drinking coffee regularly may lower the risk of heart disease
and stroke. Moderate coffee drinking was associated with a 21% reduced risk of heart
disease®3, 20% lower risk of stroke!®* and a 21% lower risk of cardiovascular disease
deaths!® compared with non-drinkers. Decaffeinated coffee also showed an
association, with 2 or more cups daily and a 11% lower stroke risk, the authors found
no such association with other caffeinated drinks such as tea and soda. Thus, these
coffee-specific results suggest that components in coffee other than caffeine may be
protective.!® Moreover, a meta-analysis of 36 studies including men and women
reviewed coffee consumption and risk of cardiovascular diseases (including heart
disease, stroke, heart failure, and deaths from these conditions) revealing that heavier
coffee intake of 6 or more cups daily was neither associated with a higher nor a lower

risk of cardiovascular disease.8

Although ingestion of caffeine can increase blood sugar in the short-term, long-term
studies have shown that habitual coffee drinkers have a lower risk of developing type
2 diabetes compared with non-drinkers.1%1%7 Inflammation has also been implicated
in the biology of type 2 diabetes, therefore, coffee drinking may antagonize the
inflammation process by subclinical inflammation.%®%° Polyphenols and minerals
in coffee, such as magnesium, may improve the effectiveness of insulin and glucose

metabolism in the body.200.201

Metabolic syndrome (MetS) is defined as the co-occurrence of multiple metabolic
abnormalities, including central obesity, high blood pressure, hyperglycaemia, and
dyslipidaemia.?%? As previously reported in the lines above, coffee consumption has
been shown to be associated with a lower risk of type 2 diabetes and CVDs, both of
which are likely to appear in people with metabolic syndrome.?®® Additionally,
different prospective studies have showed that liver fat accumulation per se precedes

the onset of the metabolic syndrome.?®* Recently, the association between coffee



consumption and the onset and progression of metabolic disorders, including non-
alcoholic fatty liver disease (NAFLD) and metabolic syndrome (MetS) were
systematically reviewed.?® Authors reported that among four studies reporting
fibrosis scores, all of them revealed an inverse association of coffee intake with
fibrosis severity, although the lack of comparable exposure and outcomes did not
allow to perform pooled analysis. Regarding MetS, seven studies met the inclusion
criteria to be included in the meta-analysis. The results showed that individuals
consuming higher quantities of coffee were less like to have MetS. However, the
association of coffee and individual components of MetS was not consistent across

the studies.

Liver cirrhosis is a large burden on global health, causing over one million deaths
per year. Observational studies have reported an inverse association between coffee
and cirrhosis. Five cohort studies and four case—control studies were recently
reviewed.?%® The pooled RR of cirrhosis for a daily increase in coffee consumption
of two cups was 0.56 thus suggesting that increasing coffee consumption may

substantially reduce the risk of cirrhosis.

Parkinson’s disease (PD) is mainly caused by low dopamine levels. There is
consistent evidence from epidemiologic studies that higher consumption of caffeine
is associated with lower risk of developing PD. A systematic review of 26 studies
including cohort and case-control studies found a 25% lower risk of developing PD
with higher intakes of caffeinated coffee.?%” Likewise, a large cohort of men and
women were followed for 10 and 16 years, respectively, to study the relationship
between caffeine and coffee intake and PD. The results showed an association in
men drinking the most caffeine (6 or more cups of coffee daily) and a 58% lower
risk of PD compared with men drinking no coffee. Women showed the lowest risk
when drinking moderate intakes of 1-3 cups coffee daily.*®® Turning to Alzheimer’s

disease (AD), three systematic reviews were inconclusive about coffee’s effect on



Alzheimer’s disease due to a limited number of studies and a high variation in study

types that produced mixed findings.2%¢21

Various polyphenols in coffee have been shown to prevent cancer cell growth.
Published in 2021, a recent work demonstrated the antitumor activity of coffee
extracts in both 2D and 3D culture cell models, showing that coffee extracts have
both antiproliferative and cytotoxic effects on breast cancer cells without affecting
viability on human epithelial breast cell lines (noncarcinogens).?!* Previously, Bauer
and colleagues, demonstrated that coffee extracts promote a decrease in cell viability,
modulate cell cycle and induce apoptosis in human prostate carcinoma cell line (DU-
145).212 Coffee has also been associated with decreased oestrogen levels, a hormone
linked to several types of cancer.?!® Regarding human studies on the association
between coffee and cancer, a large body of epidemiologic evidence has been recently

reviewed.?

Most of the clinical trials included in this chapter showed that coffee consumption
could benefit human health. In 2021, a systematic review reported similar benefits
related to green coffee including improved blood pressure, plasma lipids, and body
weight, thus a contribution to the improvement of Metabolic Syndrome’s risk
components. Also, other effects have been shown, including benefits for the skin and

cognitive functions.?*

Potential risks. A large body of evidence suggests that consumption of caffeinated
coffee does not increase the risk of cardiovascular diseases and cancers. In fact,
consumption of 3 to 5 standard cups of coffee daily has been consistently associated
with a reduced risk of several chronic diseases.?*® However, some individuals may
not tolerate higher amounts of caffeine due to symptoms of jitteriness, anxiety, and
insomnia. Specifically, those who have difficulty controlling their blood pressure
may want to moderate their coffee intake. Pregnant women are also advised to aim

for less than 200 mg of caffeine daily because caffeine passes through the placenta



into the foetus and has been associated with pregnancy loss and low birth

weight 217218

Green coffee. Reported moisture contents of green coffee beans range from 8 to 13%
for arabica and from 12-13% for robusta. The proximate composition of green
arabica (A) and robusta (R) coffees (dry basis) includes protein levels ranging from
11 to 17% (A) and from 11 to 13% (R); lipid contents ranging from 9 to 18% (A)
and from 9 to 18% (R); carbohydrate (by difference) ranging from 60 to 76% (A)
and from 69 to 76% (R); and mineral levels ranging from 4 to 5% (A, R). The
reported variations are related to several factors including species/variety, origin,
agricultural practices, growth and storage conditions and maturation degree.?!°
Caffeine (1 - 4%) and trigonelline (0.8%) are present, but caffeine is in prominence,
and its content is related to its quality due to its bitterness. Caffeine has been
historically linked to most of the physiological effects of coffee and caffeine levels
in green coffees vary mainly with respect to species. Robusta coffees have
approximately twice the amount of caffeine found in arabica coffees, with average
values ranging from 0.6 to 1.9% for arabica and approximately 2.2% for robusta.
The lipids from green coffee include mainly triacylglycerols, sterols, diterpenes, and
tocopherols.??% Cafestol is one of the most abundant diterpenes found in coffee.
Kahweol is another relevant compound, and its concentrations may differ
substantially in different species of coffee.?> Phenolic compounds are mainly found
in coffee beans as chlorogenic acids (CGA). CGAs represent a family of esters that
are structural analogues of quinic acid (QA) carrying one or more cinnamate
derivatives such as caffeic, ferulic, and p-coumaric acids.??* There are at least 30
different types of CGA found in green coffee, including caffeoylquinic acids (CQA),
dicaffeoylquinic acids, feruloylquinic acids, and pcoumaroylquinic acids. 5-CQA is
the most abundant CGA found in green coffee, representing over 50% of total CGAs.
In 2019, Macheiner et al. describes green coffee infusion as a novel and emerging

food, source of caffeine and chlorogenic acid. They reported the first study on



caffeine and chlorogenic acid content in green coffee infusion as ingested by the
consumer. Results of chlorogenic acid ranged from 628 to 1040 mg/L in C. arabica
infusions, and from 682 and 1210 mg/L in C. canephora infusions while caffeine
intake can be compared with Camellia sinensis green tea beverages.???> The majority
of studies that have been developed so far on the antioxidant potential of green coffee
beans or their infusions have associated the significant antioxidant activity to the
presence of phenolics, mainly chlorogenic acids. One of the earlier studies on
antioxidant activity of green coffee was developed by Daglia and collaborators??,
assessing antioxidant properties of both green and roasted coffee, as affected by
species (C. arabica and C. robusta) and roasting degree. The levels of reducing
substances (RS) of green coffee aqueous solutions were significantly higher for C.
robusta (~11 g/100 g) in comparison to C. arabica (~5 g/100 g), whereas in vitro
antioxidant activity was similar. The significant differences in RS values consistently
were attributed to their different content of polyphenol compounds, particularly
chlorogenic acids. All green coffee solutions showed an immediate, strong ability to
decrease the lipid peroxidation rate in a model system, by at least 90%. Naidu et
al.?** also compared the antioxidant potential of C. arabica and C. robusta green
beans. The extracts were prepared with solvent mixtures of isopropanol and water in
different ratios. The total polyphenol content (based on Folin-Ciocalteau assay)
increased as the amount of water in the mixture was increased, with the best results
(~32 /100 g gallic acid equivalents) obtained from extraction with isopropanol
60/water 40 solution. DPPH-based free radical scavenging activity of the extracts
ranged from 92 to 76% inhibition and from 88 to 78% inhibition for arabica and
robusta coffees, respectively. Both hydroxyl radical scavenging activity and
reducing capacity were also found to be significant for all extracts. Results indicated
that extracts obtained from green coffee present potential antioxidant activity and
could be used as nutraceuticals as well as preservatives in food formulations.
Ramalakshmi et al.??® developed another study on the antioxidant potential of

defective green coffee beans. To evaluate the antioxidant potential of green coffee



beans, extracts of beans were prepared using different solvents (hexane, chloroform,
acetone, and methanol). The extracts were evaluated through in vitro models of
radical scavenging activity (a,a-diphenyl-p-picrylhydrazyl radical), antioxidant
activity (B-carotene-linoleate model system), reducing power (iron reducing activity)
and antioxidant capacity (phosphomolybdenum complex) in comparison to a
synthetic antioxidant (butylated hydroxy anisole, BHA). Methanolic extract
presented highest activity compared to the other solvents: free radical scavenging
activity 92.5% (similar to BHA), antioxidant activity 58.2% (significantly lower than
BHA 90%). Results for reducing power were in the following order: ascorbic acid >
chlorogenic acid > BHA > methanol extract. The antioxidant capacity of the
methanol extract was 1367 + 54.17 umol/g as equivalents to ascorbic acid, in
comparison to 3587.9 + 43.87 umol/g for pure chlorogenic acid and 5098 + 34.08
umol/g for propyl gallate. In a subsequent study Ramalakshmi and co-workers
further investigated the bioactivity of the methanolic extract of green low-quality
beans with reference to antioxidant (ORAC assay), anti-tumour (P388 cell assay)
anti-inflammatory (J774A.1 cell assay) and anti-allergenic (RBL-2H3 cell
degranulation assay) properties. The ORAC-based antioxidant capacity was
significantly high (4416 umol Trolox eq/g). Anti-tumor activity was observed, with
P388 cell viability being reduced to 50.1 + 3.6%, whereas anti-allergenic activity
was not significant. These studies confirmed the potential of green coffee beans as
source of antioxidants. It was particularly interesting as a proposition of an
alternative use for low quality coffee beans. In 2014, Gawlik-Dziki and co-
workers??® evaluated the antioxidant potential and capacity for inhibition of
lipoxygenase of green coffee beans from different origins (Ethiopia, Kenya, Brazil
and Colombia). The major antioxidant compounds identified in all the samples were
5-caffeoylquinic acid (5-CQA), 4-caffeoylquinic acid (4-CQA), 3-feruoylquinic acid
(3-FQA) and 5-feruoylquinic acid (5-FQA). There were variations in total phenolics
contents (TPC) in the following order: Kenya > Brazil > Colombia and Ethiopia.

Evaluation of changes in TPC during simulated digestion and absorption was based



on the Folin-Ciocalteau method. Results showed that green coffee beans possessed
the ability to protect lipids against oxidation, regardless of origin, this activity was
relatively low in the raw extracts. However, digestion in vitro released compounds
able to protect lipids against oxidation. The authors concluded that green coffee
beans are a potential source of bioavailable compounds with multidirectional
antioxidant activity. Amigoni et al.1”® investigate the chemical composition of green
coffee extract by NMR and UPLC/ESI-HRMS analyses. Also, the antioxidant
activity of the green coffee extract was assessed. In this study, green coffee extract
displayed an anti-aging effect in Caenorhabditis elegans, that consisted in increased
stress resistance, fertility, and adult mean lifespan. A recent study by Stelmach et
al.??" the content of nutritionally important macro (Ca, Mg) and microelements (Fe,
Mn, Cu) in infusions of green coffees was evaluated, in order to access a possible
correlation with antioxidant activity. It was found that Ca and Mg were present in
the highest concentrations in the infusions, with average concentrations of 6.49 and
12.4 ng/g, respectively. Concentrations of minor elements (Cu, Fe, Mn) were in the
range from 0.04 to 0.13 pg/mL in the prepared infusions. Moderate positive
correlation was observed between the antioxidant activity of green coffee infusions

and their total content of phenolic compounds and Ca levels.

Roasted coffee. Several researchers have investigated the difference in chemical
composition between green and roasted beans. Coffee roasting is an important step
during coffee preparation. During roasting, the green beans are heated at 200-240°C
for 10-15min depending on the degree of roasting required, which is generally
evaluated by colour.??® Temperature, time, and the speed at which coffee is roasted
importantly affects the organoleptic properties of coffee. Coffee brew is an intricate
chemical mixture reported to contain more than a thousand different chemicals,
including carbohydrates, lipids, nitrogenous compounds, vitamins, minerals,
alkaloids, and phenolic compounds.??® The proximate composition remains similar,

since changes occur within a specific class of compounds. Slightly higher values and



higher variations of lipids in roasted coffee in comparison to green coffee are
attributed to the beans dry matter loss during roasting, which in turn varies with the
roasting degree.?®® Studies have shown that roasting can cause caffeine levels to be
reduced down to 70% of the amount detected in green coffee.?312% Given that the
solubility of this compound in water increases with temperature, the caffeine loss
can be attributed to dragging, by the water vapor released during roasting. Another
substance that is interesting from a nutrition point of view in roasted coffee is
nicotinic acid (niacin or vitamin B3), the major non-volatile component resulting
from demethylation of trigonelline during roasting. Niacin levels in roasted coffee
range from 10 to 40 mg/100 g.?® coffee roasting could also generate "undesirable"
compounds, such as the carcinogenic acrylamide. Robusta coffee upon roasting
contained more acrylamide than Arabica coffee.?*® The high temperatures observed
in the roasting process mainly led to the decomposition of sugars and
decarboxylation of carboxylic acids. CGA may be isomerized, hydrolysed, or
degraded into low molecular weight compounds during coffee processing.
According to the intensity, coffee roasting leads to reduction in the total CGAs.?**
Such antioxidants will be partly decomposed during roasting and thus it is expected
that the antioxidant activity associated to chlorogenic acids for example will decrease
upon roasting. Nonetheless, roasting results in the generation of Maillard reaction
products (melanoidins), which in turn presents significant antioxidant activities.
Moreover, trigonelline can undergo degradation during the roasting process,
resulting in N-methylpyridinium (NMP).%® Therefore, there is a significant number
of studies that evaluate the antioxidant potential of roasted coffee and the resulting
beverages. Some studies have focused on comparing the antioxidant potential of
green and roasted coffees as well as the effect of roasting degree. However, results
on the effect of roasting on antioxidant activity are contradictory. Some studies
report that the antioxidant activity increases from light to medium roasts and then
decrease in dark roasts.?3¢-2%° Others concluded that the antioxidant activity increases

with roasting?4®24!, whereas some claimed the opposite?*?. Recently, our colleagues



developed an experimental protocol that combines NMR spectroscopy and in vitro
cell assays to detect anti-Ap molecules naturally occurring in coffee extracts.!’2 In
fact, in the case of crude extracts, NMR analysis can help in distinguishing
differences between relatively similar extracts, enabling the association with a
specific (generally in vitro) biological activity. They found that both green and
roasted coffee extracts show a “multi-target” anti-amyloidogenic activity, hindering
AP peptide aggregation and cytotoxicity in a human neuroblastoma cell line (SH-
SY5Y). Moreover, they identified chlorogenic acids and melanoidins as the most
active components of coffee extracts. Additionally, they report that coffee extracts
were able to reduce oxidative stress and modulate autophagy in vitro. In 2020,
Funakoshi-Tago et al. investigated the anti-inflammatory activity of roasted coffee
extracts analysing the inflammatory response of LPS-stimulated murine
macrophages (RAW264.7).2# They reported that coffee extract significantly
inhibited LPS-induced iNOS mRNA expression and NO production in a dose-
dependent manner. Coffee extract also markedly inhibited the LPS-induced mRNA
expression and secretion of CCL2, CXCL1, IL-6, and TNF-a. Additionally, the LPS-
induced expression of IL-10, which is a representative anti-inflammatory cytokine,
was found to be decreased. In 2021, Castaldo et al.** assessed the changes in the
anti-inflammatory and antioxidant activity of coffee after simulated gastrointestinal
digestion. Digested coffee samples exhibited higher antioxidant capacity and total
phenolic content than not-digested coffee samples. Moreover, digested coffee
samples showed a higher reduction in IL-6 levels in LPS-stimulated HT-29 cells
treated for 48 h (compared to not-digested samples) and fewer cytotoxic effects in
the MTT assay.

Coffee by-products. Additionally, industrial processing can generate many coffee
by-products such as cherry husks and pulps, silver skin, and spent coffee.
Sustainability issues lead to the study of new active ingredients obtained from those

by-products. The study conducted by Castro et al. found that Coffee arabica green



coffee residue extract showed potential as a raw material for dietary supplements,
cosmetics, and pharmaceuticals, as a source of antioxidants.?** In 2012, Murthy and
Naidu tested different coffee by-products and found that their antioxidant activity
levels ranging from 61% to 70%.24% In 2014, Bresciani et al. analysed Coffea arabica
silverskin (CSS) and found that its phenolic profile was similar to that of coffee
brews. The most abundant quantified phenolics were caffeoylquinic acids, with the
5- and 3-isomers being the most relevant (199 mg/100 g and 148 mg/100 g,
respectively). Together, the three caffeoylquinic acid isomers reached a total
concentration of 432 mg/100 g, corresponding to 74% of the total chlorogenic acids
detected in CSS. To note, caffeine content in CSS was equal to 10 mg/g of product,
3.5 times lower than most coffee brews. Due to the extremely high total antioxidant
capacity (139 mmol Fe?*/kg) they observed, authors suggested CSS as an innovative
functional ingredient.?*” In 2018, Magoni and co-workers demonstrated that pre-
treatments with coffee pulp extracts was effective in preventing IL-8 release by
gastric epithelial cells. Chemical evaluation performed by liquid chromatography
mass spectrometry showed that quinic acid derivatives are abundant in coffee pulp
extract together with procyanidins derivatives, thus those compounds might be

responsible for the observed biological activity.?#

Bioactive Components in Coffee. Coffee may present over 2000 different chemical
components. However, the amounts of these compounds may differ in other species,
cultivation conditions, time of collection, and storage of fruits.?*® Also the brewing
process has a role in this, as “coffee is never ‘just coffee’” and that the content of
bioactives in a cup of coffee may vary significantly.?5%?5! As a mixture of countless
bioactive compounds, coffee may exhibit its benefits variously, with its
antioxidant?22%3 and anti-inflammatory effects?®*-2°® having a crucial role. Coffee
bioactivity is manly related to caffeine, trigonelline, cafestol, kahweol, chlorogenic

acids and melanoidins.2>7:2%8



Although coffee is appreciated for its aroma and flavour, its caffeine content likely
plays arole in its popularity. Caffeine is naturally found in the fruit, leaves, and beans
of coffee, cacao, and guarana plants. Its stimulating effect on the central nervous

system?>?°

can cause different reactions in people. Low to moderate doses of caffeine
(50-300 mg) may cause increased alertness, energy, and ability to concentrate. Many
people appreciate the temporary energy boost after drinking an extra cup of coffee.
Moreover, caffeine in coffee has been found to protect cells in the brain that produce
dopamine in animal and cell studies.?®® However, in sensitive individuals, higher
caffeine doses may have negative effects such as anxiety, restlessness, insomnia, and
increased heart rate.?! There are two most common methods used to remove caffeine
from coffee: chemical solvents (methylene chloride or ethyl acetate) or carbon
dioxide gas. Both are applied to steamed or soaked beans, which are then allowed to
dry. The solvents bind to caffeine, and both evaporate when the beans are rinsed
and/or dried. Both methods may cause some loss of flavour as other naturally
occurring chemicals in coffee beans that impart their unique flavour and scent may
be destroyed during processing.?%? The literature reports several in vitro and in vivo
studies reporting the effect of caffeine on BDNF, whereas the effect of a Coffea

arabica extract from fruits was investigated only in one clinical study.?®

The acknowledgment that coffee and caffeine are not equivalent has increased the
interest in whether other components of coffee might contribute to the protective

action in the human body.

Another substance that has been reported not only as an important precursor of
important flavour compounds (furans, pyrazine, alkyl-pyridines, and pyrroles), but
also as a beneficial nutritional factor is trigonelline, a pyridine derivative 26426%
Trigonelline levels are reduced during roasting, with N-methylpyridinium and
nicotinic acid (niacin or vitamin B3) being the major non-volatile decomposition
products. To note, vitamin B3 is highly bioavailable in coffee, more than in other

food sources.?®” Concerning their biological effects, trigonelline and its derivatives



have been related to anti-diabetic, neuroprotective, and anti-proliferative

activities.?%8

Kahweol, together with cafestol was first isolated in coffee oil and identified as
cholesterol-raising factors.?®® As reported in a meta-analysis of 14 randomized
controlled trials examining the effect of coffee consumption on serum cholesterol
concentrations, the consumption of boiled coffee dose-dependently increased serum
total and LDL cholesterol concentrations, while the consumption of filtered coffee
resulted in very little increase in serum cholesterol.?’® Thus, these diterpenes are
extracted from ground coffee during brewing but are mostly removed from coffee
by paper filters. However, succeeding studies have demonstrated that cafestol and
kahweol can have a two-faced effect, exhibiting a wide variety of pharmacological
activities, including anti-inflammatory, anti-angiogenic and anti-tumorigenic

properties which were recently reviewed.?*

The unroasted, green coffee beans are a rich source of polyphenols such as
chlorogenic acids. The content of chlorogenic acids in unprocessed coffee bean
declines with fruit maturation and the ripe and fully ripe fruit has a marked
distinction. The various degrees of maturity are ascribed to an increase in 3-
caffeoylquinic acid and a decrease in 5-caffeoylquinic acids.?’? Of the two varieties
of coffee that are commercially cultivated, Coffea arabica contains 3.5 - 7.5% (w/w
of dry matter) chlorogenic acids, while Coffea canephora chlorogenic acids content
range is 7-14%. Three main classes of chlorogenic acids: caffeoylquinic acid (CQA),
dicaffeoylquinic acid (diCQA) and feruoylquinic acid (FQA), together account for
more than 80% of the total chlorogenic acids (CGASs) present in green coffee.?’®
According to the IUPAC nomenclature, CGA is referred as 5-CQA and its isomers
are 3-CQA and 4-CQA, while according to the IUPAC numbering system, the carbon
1 and 3 of the quinic acid contain axial hydroxyl groups whereas carbon 4 and 5
contain equatorial hydroxyl groups. 5-CQA is the most abundant CGA found in
green coffee, representing over 50% of total CGAs, followed by 3- and 4-CQA:s.



During coffee processing, CGAs are primarily hydrolysed to quinic acid and caffeic
acids.?”* Moreover, chlorogenic acid lactones are built up as a consequence of
roasting.'”® Generally, CGAs have been endorsed with several biological activities,
such as inhibiting reactive oxygen species production, improving endothelial
function by modulating nitric oxide (NO) production and/or thromboxane activation,
and reducing blood LDL-cholesterol levels.?”® Additional details regarding the
biological properties of chlorogenic acids, especially those linked to inflammation
are given in CHAPTER Il — Pharmacologic Overview of Chlorogenic Acid in

Inflammation.

Positive biological activities of the coffee brew have been associated to compounds
built during the roasting process. Rearrangement and reactions between amino acids
and sugars via Maillard and Strecker reactions generate new compounds of very
different chemical classes, including hydroxyphenylindans, hydroxyl-dihydrocaffeic
acid, and cinnamoyl-shikimic acids, and melanoidins, that can affect the overall

antioxidant capacity and anti-inflammatory effect of coffee, 241:257.276.277

Coffee brew is one of the main natural sources of melanoidins of the daily diet
worldwide (Figure 15). These complex macromolecules possess multiple health-
promoting properties, such as antioxidant, anti-inflammatory, and prebiotic capacity,
which make them very interesting from a nutritional point of view.?’® For instance,
coffee melanoidins act as an anticariogenic agent since they inhibit the adhesion of
Streptococcus mutans, the major causative agent of dental caries in humans, almost
completely at a concentration of 6 mg/ml.2’® Moreover, melanoidins have been
demonstrated to confer to human HepG2 cells a significant protection against
oxidative insults and prevent oxidative endogenous formation of oxidative DNA
damage by reducing TNF-a, tissue transglutaminase, and transforming growth factor
beta (TGF-B) expression in the liver.2”” Interestingly, they are also able to lower the
blood glucose peak and insulin response due to the chlorogenic acids linked to their

structure (Figure 15B).2%° Moreover, a study revealed that polyphenol-rich



melanoidins, such coffee melanoidins, can scavenge a-dicarbonyl compounds
(DCs), thus mitigating the negative consequences of their reaction with other

macromolecules in physiological conditions.?8!
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Figure 15. Coffee melanoidins. (A) Dietary intake of coffee brew melanoidins. (B)
Pathway of formation and structure of coffee brew melanoidins.?”®



Interestingly, in 2021 Ribeiro et al.?® evaluated protein extracts of green and roasted
coffee beans as sources of bioactive peptides. Their findings showed that 11S coffee
globulin is a precursor of bioactive peptides.

Coffee-derived compounds as inflammation modulators. Even though a plethora
of evidence linked coffee consumption and the reduced risk of the onset of
inflammation-related diseases, few studies have explored the detailed mechanism of
action of the coffee-derived products involved, thus it will be interesting to determine

whether the TLR signalling pathways are at least partially involved.

Caffeine (1,3,7-trimethylxanthine) is the most widely consumed psychostimulant
substance in the world. At nontoxic doses, caffeine acts as a nonselective adenosine
receptor antagonist. Besides its well-known psychoactive effects, caffeine has a
broad range of actions. It regulates several physiological mechanisms as well as
modulates both native and adaptive immune responses by various ways. In humans,
99% of caffeine is absorbed from the gastrointestinal tract in about 45 min after
ingestion.?®® Chavez Valdez et al. provide observations on the relationship between
serum caffeine levels and cytokine concentrations in tracheal aspirates and peripheral
blood in a cohort of preterm infants. The results show that serum caffeine levels were
higher after more than a week of treatment than they were after the initial doses. The
relationship between caffeine levels and pro-inflammatory cytokines was U-shaped,
meaning that at low serum caffeine levels TNF-a, IL-1 and IL-6 were reduced in
concentration but at higher caffeine levels their levels were increased.?®* In 2020, a
Spanish group investigated the effects of caffeine and green coffee extract (GCE) on
hepatic lipids in lean female rats with steatosis. Interestingly, their conclusion was
that a low dose of caffeine alone did not reduce hepatic steatosis in lean female rats,
but the same dose provided as a green coffee extract led to lower liver triglyceride
levels.?® To note, in 2021 Kovéacs and colleagues?®® reported a comparative analysis
of the effect of caffeine on two subpopulations of human monocyte-derived

macrophages differentiated in the presence of macrophage colony-stimulating factor



(M-CSF) or granulocyte-macrophage colony-stimulating factor (GM-CSF), M-M®s
and GM-M®s, respectively. They showed that although TNF-a secretion was
downregulated in both LPS-activated M® subtypes by caffeine, the secretion of IL-
8, IL-6, and IL-1p as well as the expression of Nod-like receptors was enhanced in
M-M®s, while it did not change in GM-M®s. Moreover, they showed that caffeine
(1) altered adenosine receptor expression, (2) changed Akt/ AMPK/mTOR signalling
pathways, and (3) inhibited STAT1/IL-10 signalling axis in M-M®s, concluding that
these alterations could play an important modulatory role in the upregulation of
NLRP3 inflammasome-mediated IL-1p secretion in LPS-activated M-M®s
following caffeine treatment.

In a model of inflamed and dysfunctional human adipocytes, N-methylpyridinium
(NMP) at concentrations as low as 1 umol/L reduced the TNF-a-triggered expression
of several pro-inflammatory mediators, including C-C Motif chemokine ligand
(CCL)-2, C-X-C Motif chemokine ligand (CXCL)-10, and intercellular adhesion
Molecule (ICAM)-1, but left the induction of prostaglandin G/H synthase (PTGS)2,
interleukin (IL)-1B, and colony stimulating factor (CSF)1 unaffected. Moreover,
NMP reduces adipose dysfunction in pro-inflammatory activated adipocytes,
suggesting that bioactive NMP in coffee may improve the inflammatory and

dysmetabolic milieu associated with obesity.?’

Cafestol and kahweol can significantly reduce the mRNA levels of COX-2 and iNOS
and decrease the expression of COX-2 and iNOS protein, therefore inhibiting the
synthesis of PGE2 and NO in a dose-dependent manner. Further experiments
demonstrate that coffee diterpenes can inhibit the activation of IKK in LPS-induced
macrophages in a dose-dependent manner (within the concentration range of 0.5-10
uM) indicating the inhibition of NF-xB activation as the primary mechanism of
action.?®® Later, Shen and colleagues discovered that Kahweol can down-regulates
phosphorylation of signal transducers and activators of transcription 1 (STAT1)

without altering its total level. However, the inhibition of JAK2 phosphorylation by



kahweol was not stronger than that of JAK2 inhibitor AG490, so there may be other
pathways to block phosphorylation of STAT1.28 Similarly, another study suggested
that the suppression of the transcriptional activation of iNOS by kahweol might be

mediated through the inhibition of NF-kB activation.?*®

Pyrocatechol, a component of roasted coffee, exhibits anti-inflammatory activity.
Moon and Shibamoto reported that pyrocatechol was released from chlorogenic acid
under reactive conditions (250 °C, 30 min)?*!, which resemble coffee roasting
conditions. A recent study showed that pyrocatechol inhibits LPS-induced NF-xB
activation and induces Nrf2 activation, which negatively regulates LPS-induced
inflammatory responses. As a result, pyrocatechol in roasted coffee beans suppresses
NO production by inhibiting the mRNA expression of iINOS as well as CCL2,
CXCL1, and IL-6. However, the direct target protein in the LPS signalling pathway

for pyrocatechol has not yet been identified.?*3

Coffee melanoidins were found to contribute to reduce liver damage in a rat model
of steatohepatitis.?’’ In this study, 1.5 mL/day of decaffeinated coffee or its
polyphenols or melanoidins were added for 8 weeks to the drinking water of rats who
were being fed a high-fat, high-calorie solid diet (HFD) for the previous 4 weeks.
Percentage variations of cytokine concentration of HFD-fed rats versus control rats
were assessed. Several pro-inflammatory cytokines (except IL-6 and IFN-y, which
were unchanged) were significantly less abundant in HFD-fed rats drinking
melanoidins than those drinking water. The effect of melanoidins was more
important in TNF-a, IL-10, and IL-1b, because reductions of 58%, 31%, and 15%,

respectively, were found in melanoidin-drinking versus water-drinking rats.

4.2. Hypothesis

Numerous epidemiological studies have reported a relationship between coffee

consumption and reduced incidence of chronic diseases. Experimentally, in vivo and



in vitro studies demonstrate the ability of coffee and coffee-related components to
modulate inflammation. However, most of them have employed murine cell models

or specimens.

In the present study we investigate the putative immune modulatory properties of
both green and roasted coffee beans extracts, employing both immortalized and
primary human macrophages. We also aim at determining whether the coffee

processing have an impact or not.

4.3. Experimental Design

First, we performed an NMR-based metabolic profiling of green and roasted Robusta
(Coffee canephora) coffee bean extracts (GCE and RCE). Then, we evaluated coffee
extracts (CE) cytotoxicity on human macrophages. To this end, cell viability after
coffee extracts treatment was estimated by MTT assay. Next, we investigated CE
immune modulatory activities, measuring the production of both inflammatory
cytokines and type | interferons in human LPS-stimulated THP-1-derived
macrophages (TDM). Moreover, High Content Analysis was performed to visualise
the intracellular effects of coffee extracts. Finally, primary CD14* monocyte-derived

macrophages (MDM) were employed.

4.4. Results
4.4.1. NMR-based Metabolic Profiling of Coffee Extracts

Green (GCE) and roasted (RCE) coffee beans hydroalcoholic extracts were prepared
as previously described.!’?17329229 The methodology is described in section 3.1.
They were characterized by NMR spectroscopy. *H-NMR metabolic profiles of GCE
and RCE are depicted in Figure 16.
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Figure 16. NMR profiling of coffee samples. *H-NMR spectra of Robusta green (bottom)
and roasted (up) coffee extracts from Brazil. Each sample, containing 5 mg/mL of extract,
was dissolved in a 10 mM deuterated phosphate buffer, pH 7.4, DSS 1 mM. Spectra were
acquired at 25 °C and 600 MHz. Assignments of the resonances of the most important
metabolites are shown (5-HMF, 5-hydroxymethylfurfural; Trigo, trigonelline; N-Me
pyridinium, N-methyl pyridinium; For, formate; Caff, caffeine; CGAs, chlorogenic acids;
Sugc, sucrose; 5-CQA, 5-O-caffeoylquinic acid; Cho, choline; Ala, alanine; Lac, lactate).

As previously reported!’22%%, the main differences among GCE and RCE rely in the
complete disappearance of sucrose in RCE, together with a significant reduction of
the amount of CGAs, due to melanoidin formation occurring during the roasting
process, and the formation of N-methyl pyridinium, nicotinic acid, 5-hydroxy-methyl
furfural and 2-furylmethanol. Moreover, a significant decrease in trigonelline and
choline content can be observed. Metabolites identification was based on the analysis
of mono (*H) and bi-dimensional (*H,*H-TOCSY, *H,*C-HSQC) NMR spectra and
by the use of specific libraries built in-house for the Simple Mixture Analysis (SMA)
tool implemented in the MestReNova 14.2.0 software.?**?°® Data were in agreement
with those previously reported by our and other groups.’?29:2%6-2% SMA allowed
not only the identification but also the simultaneous quantitation of all the



metabolites over the detection limit (about 50 nM). Quantification values are
reported in Table 1. Melanoidin content in RCE was quantified by UV spectroscopy
as 683.89 + 33.99 pg/mg of RCE.

TABLE 1 | Metabolite quantification in GCE and RCE.

Metabolites GCE RCE

Mean sD Mean sD
1,3-arabinofurancse unit - - 10.18 0.31
1,5-arabinofuranose unit - - 7.31 0.37
2-furylmethanol B - 0.59 0.08
5-COA 128.5 2.61 42.54 1.64
5-hydraxymethyl-furfural — — 1.02 0.72
Acetate 0.67 0.06 412 0.18
Alanine 1.92 0.13 - —
Caffeine 83.89 3.81 70.3 3.49
CGAs 349.59 6.68 148.57 13.96
Choline 16.31 0.15 22 0.04
Citrate B — 15.74 0.16
Formate 0.25 0.08 1.81 017
Lactate 12.62 0.48 6.71 0.68
Myoinositol - - 36.63 0.34
N-methylpyridinium - - 1.47 0.15
Nicotinic acid B - 0.27 0.06
Sucrose 204.01 2.79 — —
Trigoneline 229 0.85 12.16 1.14

Fasults were expressed as pg/mg of extract and reported as mean and standard
deviation (SD) of three-independent determinations (n = 3).

4.4.2. Effect of Coffee Extracts on THP-1-derived Macrophages (TDM)
Viability
Toxicity of coffee extracts on cells was first tested by treating THP-1-derived

macrophages (TDM) with increasing concentrations of GCE and RCE (10 to 500
pg/mL). After 24 h, cell supernatants were removed, and the remaining cell



monolayers were immediately used to assess cytotoxicity via the MTT assay. The
integrity of cell morphology before and after treatment was inspected by a light
microscope. Treatment effect on cell viability was expressed by setting the
percentage of non-treated cells at 100%. As shown in Figure 17, viability of cells
was generally unaffected by coffee extracts, except for RCE treatment of TDM at
the highest concentration of 500 pg/mL. Therefore, for TDM, the highest

concentration limit was set at 250 pg/mL in subsequent experiments.
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Figure 17. THP-1-derived macrophages viability. THP-1-derived macrophages (TDM)
cell viability after treatment with increasing concentrations of GCE (green, down-up
diagonal pattern) and RCE (brown, up-down diagonal pattern) was evaluated by MTT assay
(24 h). Data are represented as mean + SEM of three independent experiments (n=3). Results
are referred to untreated control (100%) (one-way ANOVA, followed by post hoc Dunnett’s
test *p<0.05).

4.4.3. Effects of Coffee Extracts on NF-kB Activation in THP1-XBlue™

cells

LPS stimulation of cells induces NF-kB activation by phosphorylation and
subsequent activation of downstream cytokines gene expression. To assess the
activity of molecules on the LPS-induced NF-«kB activation, a transcriptional

reporter assay was used. In the absence of stimuli, NF-xB is associated with the



inhibitory protein IkBa, which restrains translocation of the transcription factor from
cytoplasm to the nucleus. LPS stimulation causes rapid IkBa degradation, allowing
NF-kB activation by phosphorylation. The ability of GCE and RCE to counteract the
activation of NF-xB occurring upon LPS-stimulation was assessed by using THP1-
XBlue™ cells, an engineered THP-1 cell line which expresses a reporter gene under
the control of the NF-kB promoter. In these experimental conditions, LPS markedly
increased the activation of NF-kB compared to the unstimulated control (Figure
18A). Both extracts inhibited NF-kB-driven transcription in a dose-dependent
manner. GCE appear to be more active than RCE, GCE pre-treatment results in a
50% inhibition at the maximum dose of 250 pg/mL, while with RCE pre-treatment

20% inhibition was observed at the same concentration.

4.4.4. Effects of Coffee Extracts on Pro-inflammatory Cytokines
Release in THP-1-derived Macrophages

The effects of GCE and RCE on the production of the main inflammatory cytokines
TNF-0, IL-6 and interleukin-1-f (IL-1p) produced downstream to the TLR4/MyD88
signal pathway was investigated in TDM. Cells were treated with coffee extracts,
then stimulated with LPS and cytokines were quantified in cell supernatants after 24
h from LPS stimulation. Pro-inflammatory cytokines levels of negative (non-treated)
and positive (treated with LPS only) samples were compared with samples pre-
treated with increasing concentrations of both GCE and RCE (10, 25, 50, 100, and
250 pg/mL) as depicted in Figure 18. Coffee extracts treatment of TDM resulted in
a weak dose-dependent reduction of TNF-a release in response to LPS (Figure 18B).
Contrarily, IL-1p and IL-6 production was more effectively inhibited by coffee
extracts. IL-1p release was more strongly reduced by CGE compared to RCE pre-
treatment (Figure 18C). This different behaviour was also confirmed by the
Pearson’s correlation analysis, which show a significant linear correlation for GCE

treatment but not for RCE treatment (Pearson r = -0.7391, p = 0.0932). IL-6



production in TDM was markedly reduced in a dose-dependent manner by both CGE
and RCE pre-treatments (Figure 18D).
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Figure 18. NF-kB-dependent transcription and pro-inflammatory cytokines profiling
in LPS-stimulated THP-1-derived macrophages. THP-1-derived macrophages (TDM)
cells were pre-treated with increasing concentrations of GCE (green, down-up diagonal
pattern) and RCE (brown, up-down diagonal pattern) for 1 h and then challenged with 100
ng/mL LPS. Activation of NF-kB pathway (A) was assessed by using THP1-XBlue™ cells
as a reporter cell line and quantifying the activity of SEAP released in the medium after 18
h. Percentage is referred to positive control (red, 100%) Negative control (unstimulated
cells) is indicated in blue. TNF-a (B), IL-1B (C) and IL-6 (D) release in the medium after 24
h were quantified via ELISA. Data are represented as mean + SEM of three independent
experiments (n=3). (one-way ANOVA, followed by post hoc Dunnett’s test *p<0.05,
**p<0.01, ***p<0.001, ****p<0.0001).



4.45. Coffee Extracts Inhibit IFN-p Release in THP-1-derived
Macrophages

TLR4 activation and signalling through the MyD88-independent TRAM/TRIF
pathway leads to the activation of TBK1 and IRF-3 thus inducing the IFN-f gene
transcription. As for other cytokines, IFN-B release was assessed by monitoring its
concentration in cell supernatants, after 3 h LPS stimulation. The IFN-f levels of
negative (non-treated cells) and positive (cells treated with LPS only) samples were
compared with samples pre-treated with increasing concentrations of GCE or RCE
(10, 25, 50, 100, 250 or 500 pg/mL), as indicated in Figure 19. A strong dose-
dependent inhibition of IFN-f release was observed upon pre-treatment with CGE
and RCE.
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Figure 19. Effect of coffee extracts on THP-1-derived macrophages release of IFN-f
upon LPS stimulation. THP-1-derived macrophages (TDM) cells were pre-treated with
increasing concentrations of GCE (light green, down-up diagonal pattern) and RCE (brown,
up-down diagonal pattern) for 1 h and then challenged with 100 ng/mL LPS. Supernatants
were collected after 3 h. IFN-p released in the medium was quantified via ELISA. Negative
control (unstimulated cells) is indicated in blue. Data are represented as mean + SEM of
three independent experiments (n=3) (one-way ANOVA, followed by post hoc Dunnett’s
test *p<0.05, ***p<0.001, ****p<0.0001).



4.4.6. Green and Roasted Coffee Extracts Inhibit p-IRF-3 Nuclear
Translocation in THP-1-derived Macrophages

To investigate the subcellular events linked to the effects of GCE and RCE on
inflammatory pathways, in particular on TLR4-mediated IFN-B production, we
performed confocal microscopy analyses by using an automated screening
microscope, the Operetta CLS™ High-Content Analysis System. We investigated
the effect of coffee extracts pre-treatment on LPS-triggered nuclear translocation of
the phosphorylated form of IRF-3. In fact, TLR4/TRIF pathway leads mainly to IRF-
3 activation,?*>*% and subsequent production of IFN-B. We therefore verified the
activation of TLR4/TRIF pathway by monitoring the downstream activation of IRF-
3. LPS stimulation of TDM cells (0-4h) triggered the phosphorylation of IRF-3
resulting in a fluorescence signal. Nuclei-located fluorescence signal of LPS-
stimulated samples was higher compared to non-treated samples, peaking at 2h.
Treatment with RCE and GCE turned out to inhibit p-IRF-3 nuclear translocation,
resulting in a significant reduction of the p-IRF-3-associated nuclei-located
fluorescence (Figure 20). This observation parallels with the observation of the
strong inhibitory effect of RCE, and GCE, on IFN-B release. Images (2000
cells/sample) were analysed using the built-in Harmony® high-content analysis
software and percentage of positive nuclei for p-IRF-3 (PhenoVue™ Fluor 568
intensity threshold: 7000) was calculated. RCE and GCE pre-treatment resulted in a

marked inhibition of p-IRF-3 nuclear translocation (about 40%).
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Figure 20. Immunofluorescence analysis of p-IRF-3 nuclear translocation. Phospho-
IRF-3 localization in THP-1-derived macrophages (TDM) after 250 pug/mL GCE or RCE
pre-treatment (1 h) and LPS stimulation (2 h). Images have been acquired using the Operetta
CLS™ High-Content Analysis System and analysed through Harmony 4.5 software with the
following settings: original magnification 20X, water objective, confocal mode. Pictures are
representative. Data represent the percentage of positive nuclei (PhenoVue™ Fluor 568
intensity threshold: 7000) of different acquired fields of view/sample (fov=9).



4.4.7. Green and Roasted Coffee Extracts Inhibit Interferon-p Release
in CD14* Monocyte-derived Macrophages

Macrophage-like cells differentiated from purified CD14" monocytes (MDM) were
treated with increasing concentrations of GCE and RCE (10 to 500 pg/mL) to first
assess toxicity of coffee extracts on primary cells. Cell viability after treatment is
depicted in Figure 21A. None of the concentration used negatively affect cell
viability, therefore the entire dose curve was maintained in subsequent experiments.
Given the remarkable results obtained regarding the inhibition of IFN- release in
THP-1-derived macrophages, we were strongly encouraged to see if this effect
should be confirmed on primary cells also. Thus, we treated MDM with GCE or RCE
for 1 h and then we add LPS. As in previous experiments, we collected supernatant
after 3h and we measured the IFN-p released in the medium. As shown in Figure
21B, GCE and RCE are both able to decrease the amount of IFN-f released in a dose-
dependent manner. These data are consistent with those obtained using TDM (Figure
19).
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Figure 21. Effect of 5-CQA on CD14* monocytes-derived macrophages cell viability
and IFN-B release. (A) CD14" monocytes-derived macrophages (MDM) cell viability after
treatment with increasing concentrations of GCE (A, green, down-up diagonal pattern) and
RCE (A, brown, up-down diagonal pattern) was evaluated by MTT assay (24 h). (B) MDM
cells were pre-treated with increasing concentrations of GCE (light green, down-up diagonal
pattern) and RCE (brown, up-down diagonal pattern) for 1 h and then challenged with 100
ng/mL LPS. Supernatants were collected after 3 h. IFN-B released in the medium was



guantified via ELISA. Negative control (unstimulated cells) is indicated in blue. Data are
represented as mean = SEM of three independent experiments (n=3) (one-way ANOVA,
followed by post hoc Dunnett’s test *p<0.05, **p<0.01, ****p<0.0001).

4.5. Discussion

Several studies showed the anti-inflammatory properties of coffee extracts in terms
of inhibition of the main inflammatory mediators released upon LPS stimulation,
both in vitro and in vivo, employing mainly murine models and focusing on the
MyD88-dependent pathway. As far as we know, this is the first investigation of
coffee extracts effects on another important inflammatory pathway occurring after
LPS challenge, the TRIF-dependent cascade that led to Type I interferon production.
First, this study reports a qualitative and quantitative characterization of the GCE
and RCE molecular components by NMR. To summarize, the roasting process
results in a reduction of total CGAs, and the formation of polymeric melanoidins
together with other small molecules, such as N-methyl pyridinium, nicotinic acid, 5-
hydroxy-methyl furfural and 2-furylmethanol. On the contrary some small molecular
components such as trigonelline and choline are reduced during the roasting process.
The main molecular components of both GCE and RCE are the chemically
heterogeneous CGAs, among them 5-CQA is the most abundant isomer. Cell-based
assays showed that both GCE and RCE were able to modulate inflammation in LPS-
stimulated human TDM. Interestingly, the release of IL-1p and IL-6 was clearly
inhibited by coffee extracts while TNF-a production was only slightly affected. NF-
kB activation in macrophages derived from THP1-XBlue™ cells was inhibited as
well. Those data are in line with previous studies on coffee extract anti-inflammatory
effects performed in vitro and in experimental animals' models.3%3%? Interestingly,
we report for the time that also the TRIF-dependent TLR4 signalling was modulate
by coffee extracts. Specifically, IFN-B release was inhibited in human TDM.
Inhibition of interferon-f was much more pronounced compared to the other

cytokine examined: whether we observed a 50% inhibition of IL-6 and IL-1f release



with extracts concentration of 250 pug/mL, the same IFN-f inhibition occurred with
25 ng/mL coffee extracts. Molecular mechanism of IFN-B inhibition was further
investigated by immunofluorescence confocal microscopy analysis that showed a
diminished nuclear translocation of p-IRF-3, the main transcription factor
responsible for IFN-B synthesis. The inhibition of IFN-p release by RCE and GCE
was also confirmed by using human primary cells, specifically CD14" monocytes-
derived macrophages (MDM), opening striking translational perspectives. Taken
together, our findings support the role of coffee extract as putative immunonutrient
supplements, particularly in relation to those pathological conditions characterised

by an impaired type | interferon activity, e.g., SLE and other autoimmune diseases.
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4.6. Background

Although greater knowledge about the chemical composition of coffee extracts
could help to understand the possible compounds responsible for the observed
effects, attribute to a single compound in the bioactive properties of the complex
mixture obtained when preparing coffee remain a difficult task. Hence, many authors
have investigated the effect of isolated compounds (caffeine, phenolic compounds,
trigonelline, flavonoids, chlorogenic acid, caffeic acid, etc.). This second chapter
aims to give an insight of the various studies conducted to understand the biological

properties of chlorogenic acid.

History and nomenclature. The term chlorogenic acid often refers to 5-O-
caffeoylquinic acid (5-CQA), an ester of caffeic acid with quinic acid. However, the
term chlorogenic acids (CGAs) stand for the whole set of hydroxycinnamic esters
with quinic acid, including caffeoyl-, feruloyl-, dicaffeoyl- and coumaroylquinic
acids.

Plant dietary sources. Coffee is one of the well-known dietary sources of CGAs
and among the most highly consumed drinks worldwide. Accordingly, dietary intake
of CGAs is closely associated with coffee consumption. The most common isomer
in green coffee beans (76-84% of the total CGA) or coffee beans (10 g/100 g) is 5-
caffeoylquinic acid (5-CQA) (Figure 22).3%°
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Figure 22. Structures of chlorogenic acids occurring in coffee. Phenolic acids are the
most abundant polyphenols in coffee. Caffeic acid, which is unrelated to caffeine, is the main
phenoalic acid in coffee. Caffeic acid may be converted to ferulic acid. Both compounds may
form an ester bond with quinic acid and generate any of the many isomers included in the
family of the chlorogenic acids. The most frequent isomer is the 5-O-caffeoylquinic acid
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that, because of that, is commonly called chlorogenic acid.*%43%



Green Coffea canephora var. Robusta beans contain higher amount of CGA on
average compared to green Coffea arabica beans.3® While much of the CGAs are
degraded during the roasting process, for those who drink it, coffee beans are still
considered the main source of CGAs in the human diet (up to 1750 mg/L) and 5-
CQA still remained the major CGAs isomer in roasted coffee.®*” Besides coffee,
vegetables and fruits also contribute to 5-CQA dietary consumption. Eggplant has
also been reported to contain a high concentration of 5-CQA (1.4 to 28.0 mg/qg),
accounting for between 80 and 95% of the total hydroxycinnamic acids.3® In
addition, carrot (0.3 to 18.8 mg/qg), artichoke (1.1 to 1.8 mg/g), and pepper (0.7 to
0.9 mg/g) also make a substantial contribution to 5-CQA intake in the human diet.
Additionally, 5-CQA is also found in apples, pears, peaches, plums, cherries,
tomatoes, and potatoes.’®® The content of 5-CQA in various dietary sources was
extensively reviewed.3!® About two—thirds of ingested chlorogenic acid reaches the
colon where it may be metabolized by the colonic microflora. Here, chlorogenic acid
is likely hydrolysed to caffeic acid and quinic acid. Studies in colostomy patients
indicate that about 33% of ingested chlorogenic acid and 95% of caffeic acid are

absorbed intestinally.311:312

Chlorogenic acid in green coffee and roasted coffee. As evident from most
methods of coffee preparation, chlorogenic acids are freely and easily solubilized in
water. Chlorogenic acids are soluble in ethanol, methanol, water, and acetonitrile,
owing to their polar nature due to the presence of numerous hydroxyl groups. The
primary groups of CGA observed in green coffee beans include caffeoylquinic acids,
dicaffeoylquinic acids, feruloylquinic acids, p-coumaroylquinic acids, and quinic
acid blended diesters, each group having at least three isomers. Other than its
biological properties, CGA also contributes for the colour, flavour, aroma, and
phenolic derivatives during roasting.3'*3!* During this process of roasting, some part
of the CGA isomerizes, while another small part is converted to quinolactones by

dehydration and intra-molecular bonds, while still another part is hydrolysed and



decomposed into compounds of low molecular weight. Intense roasting conditions
lead to losses of up to 95% of CGA.3!3 An Italian study evaluated chlorogenic acids
content in 65 different capsule-brewed coffees, commercialised by 5 of the most
representative brands in Italy. Large (lungo) coffees have the highest average amount
of CQAs (60.4 +26.6 mg/serving), followed by regular (49.6 + 16.0 mg/serving) and
decaffeinated  (43.0+ 17.4 mg/serving) expresso coffees.?®  After coffee
consumption, chlorogenic acids undergo extensive metabolism prior to absorption,
first in the small intestine (~30%) and then in the large intestine (~70%) where the
colonic microflora produces a unique spectrum of colonic catabolites which are then
excreted in urine (~29%).3%> Even though absorption occurs in the small intestine,
substantial quantities pass to the large intestine where the parent compounds and
their catabolites can impact on both colonic health and the colonic microflora. Also,
the level of urinary excretion indicates that substantial quantities of the colonic
catabolites are absorbed into the portal vein and pass through the body in the

circulatory system prior to excretion.3%®

Pharmacological effects and safety evaluation. Among CGAs, 5-CQA has
received increasing attention due to its multiple pharmacological effects and
biological activities such as antioxidant, anti-inflammatory, anti-obesity, antitumor,
antihypertensive, improvement of metabolic disorders, and gastrointestinal tract-
protective effects.®!® In 2018, a study was conducted to explicate the effects of
decaffeinated green coffee bean extract (GCE) on patients with markers of metabolic
syndrome. In a total of 50 subjects, 25 were randomly assigned to consume 400 mg
decaffeinated GCE capsules (each capsule contained 186 mg chlorogenic acid) and
25 consumed placebo capsules twice per day for 8 weeks. Chlorogenic acid
consumption resulted in reduction of all the investigated markers, including
anthropometric indices, blood pressure, lipid profile, glycaemic control, insulin

resistance and their appetite.3!’



Animal studies have shown that chlorogenic acid is effective against obesity. Cho et
al. studied the impact of chlorogenic acid on body weight, visceral fat mass, plasma
leptin and insulin levels, triglycerides in liver and heart, and cholesterol in adipose
tissue and heart in mice, discovering that those parameters were significantly reduced
(p< 0.05) due to the effect of chlorogenic acid and caffeic acid when compared with
the high-fat control group.3® Similarly, Huang et al. reported comparable outcomes:
chlorogenic acid repressed the increase in weights of body and visceral fat and
hepatic free fatty acids caused by high-fat diet in male Sprague-Dawley rats.3*
Another study investigated effects of decaffeinated green coffee bean extract for
prevention of obesity and improvement in insulin resistance. The results indicated
that mice within the group fed with high fat diet supplemented with 0.3% green
coffee bean extract (decaffeinated) showed reduced body weight gain and increased
plasma lipids, glucose and insulin levels when induced due to the high fat diet. The
extract also assisted in down-regulation of genes involved in WNT10b- and galanin-
mediated adipogenesis and TLR4-mediated pro-inflammatory pathway.
Translocation of GLUT4 to the plasma membrane in white adipose tissue was also
stimulated.®?° Hypercholesterolemia often occurs in obesity and leads development
of cardiovascular disease and non-alcoholic fatty liver disease. The results of an in
vivo research performed to demonstrate the hypocholesterolemic and
hepatoprotective impacts of chlorogenic acid intake showed that chlorogenic acid is
able to reduce the HDL level caused by a hypercholesterolemic diet showing reduced

lipid depositions in the liver of hypercholesterolemic rats.3?

Very recently, an Italian research group investigated the putative protective role that
coffee phenolic metabolites may have in counteracting diesel exhaust particles
(DEPs)-induced oxidative stress in rat C6 glioma cells.3?2 The authors reported that
the pre-treatment of cells with two different coffee metabolites mix (0.5 pM Mix 1,
1 uM Mix 2) or 1 uM caffeic acid for 48 h followed by DEP exposure, successfully
prevented oxidative stress and cytotoxicity induced by DEP treatment. Notably, ROS



production and cell viability were kept almost at the control’s value. The MEK-
ERKZ1/2 pathway is involved in the antioxidant response in C6 glioma cells after
DEP exposure, resulting in Nrf2 activation, thus causing an increase in antioxidant
enzymes such as HO-1. While the ERK1/2 expression levels did not change
significantly following any treatment, authors data suggested that p-ERK2/ERK2
ratio decreased after pre-treatment with coffee phenolic metabolites. Thus, authors
claimed that coffee phenolic metabolites can be promising molecules to protect
against oxidative stress induced by daily exposure to air pollution generated by motor

vehicle traffic.

In 2019, Amano et al. used in vitro and ex vivo profiling assays according to ICH
S7A guideline to evaluate the safety of 5-CQA and found that 5-CQA and its
metabolites were safe to use and could have beneficial effects as a pharmaceutical®?®,
however, literature lack a pharmacological safety evaluation of 5-CQA to determine
the maximum effective and safe doses of 5-CQA in both animals and humans.

Immunomodulatory effects. Intravenous administration of chlorogenic acid
protected C57BL/6 mice from septic shock after intraperitoneal LPS challenge. At
the dosage 3 mg/kg chlorogenic acid, the survival rate was increased up to 70%. In
addition, the cytokine levels in blood of treated animals were decreased, too. In vitro,
kinase assays demonstrated that MAPK activation was blocked by chlorogenic acid,
as well as auto-phosphorylation of IRAK4. Protein or mRNA levels of TNF-a, IL-
la, and HMGB-1 (high-mobility group box-1) in the peritoneal macrophages,
induced by LPS, were also attenuated by CGA treatment.3?*

Chlorogenic acid inhibits staphylococcal exotoxin (SE)-induced inflammatory
cytokines and chemokines, e.g., IL-1B, TNF, IL-6, IFN-y, monocyte chemotactic
protein I (MCP-I), macrophage inflammatory protein (MIP)-la, and MIP-I by
human peripheral blood mononuclear cells and inhibits SE-induced T-cell
proliferation (by 98%)3?°.



Notably, among chlorogenic acid-derived catabolites, ferulaldehyde, a ferulic acid
catabolite, had been tested in a murine lipopolysaccharide (LPS)-induced septic
shock model. When intraperitoneally administered, ferulaldehyde (6 mg/kg every
12 h) prolonged the lifespan of LPS-treated mice, decreasing the inflammatory
response (pro-inflammatory cytokines TNF-o and IL-1B), increasing anti-
inflammatory IL-10 levels in serum, and inhibiting LPS-induced activation of NF-

kB in the liver of the mice.3%

4.7. Hypothesis

In the previous chapter, we demonstrate for the first time a novel biological activity
of green and roasted coffee extracts. In fact, we showed that hydroalcoholic extracts
obtained from both unroasted and roasted coffee beans were able to dramatically
decrease LPS-induced IFN-B release in human macrophages. In the current chapter,
we aimed to elucidate the contribution of 5-CQA, one of the most abundant
phytochemicals in coffee extract, to this biological effect. Moreover, we performed
mechanistic studies to better explain how chlorogenic acid modulatory effects occur.

4.8. Experimental Design

In the previous chapter, we demonstrated that macrophage-like cells pre-treated with
250 pg/mL GCE showed a diminished LPS-induced IFN-B release. In the following
experiments, the concentration of pure 5-CQA used (88.5 ug/mL) reproduce the total
concentration of chlorogenic acids present in 250 ug/mL GCE. Also, in an attempt
to preliminarily explore the underlying mechanisms of its action, we performed
Western blot analyses assessing the capability of 5-CQA to modulate the
phosphorylation of IRF-3 and STAT1, two key events occurring before and after
IFN-B release, respectively. Additionally, we evaluate 5-CQA capability to

counteract the inflammatory cascade that led to NF-«B activation using both stimuli



different from LPS (TNF-a and IL-1B) and different cell models, a macrophage
murine cell line (RAW-Blue™) and HEK?293 cells expressing the human TLR4
receptor (HEK-Blue™ hTLR4).

4.9. Results

4.9.1. Effect of 5-CQA on THP-1-derived Macrophages (TDM)
Viability

Toxicity of coffee extracts on cells was first tested by treating THP-1-derived
macrophages (TDM) with increasing concentrations of 5-CQA (10 to 500 uM). After
24 h, cell supernatants were removed, and the remaining cell monolayers were
immediately used to assess cytotoxicity via the MTT assay. The integrity of cell
morphology before and after treatment was inspected by a light microscope.
Treatment effect on cell viability was expressed by setting the percentage of non-
treated cells at 100%. As shown in Figure 23, viability of cells was generally

unaffected.
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Figure 23. THP-1-derived macrophages viability. THP-1-derived macrophages (TDM)
cell viability after treatment with increasing concentrations of 5-CQA (square pattern) was
evaluated by MTT assay (24 h). Data are represented as mean + SEM of three independent
experiments (n=3). Results are referred to untreated control (100%) (one-way ANOVA,
followed by post hoc Dunnett’s test *p<0.05, ***p<0.001).



4.9.2. 5-CQA Inhibits IFN-p Release in THP-1-derived Macrophages

TLR4 activation and signalling through the MyD88-independent TRAM/TRIF
pathway leads to the activation of TBK1 and IRF-3 thus inducing the IFN-B gene
transcription and its subsequent expression. We started from the assumption that, in
our experimental conditions: (i) GCE and RCE exhibited the ability to diminish IFN-
B release; (ii) the main molecular components of both GCE and RCE are the
chemically heterogeneous CGAs, among them 5-CQA is the most abundant isomer.
Thus, we perform a comparison between the two extracts (mixtures) and pure 5-
CQA. TDM cells were treated with 250 pg/mL GCE, 250 pg/mL RCE and 250 uM
5-CQA (88.5 pg/mL - corresponding to the 5-CQA content in 250 pg/mL GCE).
IFN-B release was assessed by monitoring its concentration in cell supernatants
collected 3 h after LPS stimulation. As shown in Figure 24, although 5-CQA was
able to diminish IFN-B release, it seemed to be less effective if compared with GCE

and RCE, suggesting an additive or synergistic effect may occur within the mixtures.
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Figure 24. Effect of 5-CQA and coffee extracts on THP-1-derived macrophages release
of IFN-p upon LPS stimulation. TDM cells were pre-treated with 88.5 ng/mL 5-CQA (dark
green, square pattern), 250 pg/mL GCE (light green, down-up diagonal pattern) and 250
ug/mL RCE (brown, up-down diagonal pattern) for 1 h and then challenged with 100 ng/mL
LPS. Cells treated with LPS only served as positive control. Supernatants were collected
after 3 h. IFN-B released in the medium was quantified via ELISA. Negative control



(unstimulated cells) is indicated in blue. Data are represented as mean + SEM of three
independent experiments (n=3) (one-way ANOVA, followed by post hoc Dunnett’s test vs
LPS group, ****p<0.0001). Differences between 5-CQA vs GCE and 5-CQA vs RCE were
tested using Student’s t-test and comparison visualized as bars placed above columns
(*p<0.05, ***p<0.001).

5-CQA ability to counteract IFN-f release was also investigated in time course
experiments, by pre-treating cells with 5-CQA (1h), challenging them with LPS and
then collecting supernatant at different time points (0-4 h). Cells treated with LPS
only were used as positive control. Figure 25 shows that LPS-induced IFN-f release
started between 1 and 1.5 h and increased up to 4 h. Pre-treatment with 5-CQA

dramatically decreases IFN-f release over time.
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Figure 25. Effect of 5-CQA on THP-1-derived macrophages release of IFN-p upon LPS
stimulation. THP-1-derived macrophages (TDM) cells were pre-treated with 250 uM 5-
CQA (green squares) for 1 h and then challenged with 100 ng/mL LPS. TDM treated with
LPS only are depicted in red circles. Supernatants were collected at different time points (0-
4°h). IFN-B released in the medium was quantified via ELISA. Data are represented as mean
+ SEM of three independent experiments (n=3) (t-test, *p<0.05, **p<0.01).



4.9.3. 5-CQA Effects on IRF-3 and STAT1 Phosphorylation in THP-1-
derived Macrophages

Since we observed that 5-CQA pre-treatment results in a dramatic reduction of LPS-
induced IFN-B release we asked ourselves two challenging questions: (i) is this a
result of a reduced activation of its transcriptional factor IRF-3? (ii) will the IFN-f
release reduction have consequences on the canonical IFN signalling? Thus, we
performed time course western blot analyses on untreated cells (negative control),
cells treated with LPS only (positive control) and cells pre-treated with 250 uM 5-
CQA (1h) and subsequently challenged with 100 ng/mL LPS. As shown in Figure
26, untreated cells and cells treated with 5-CQA only did not show any activation of
IRF-3. Phosphorylated IRF-3 (p-IRF-3) begins to be appreciable after 1 h post LPS
stimulation and increased over time reaching a peak at 2 h, before slowing down
again. This phenomenon seemed to be not affected by 5-CQA pre-treatment (Figure
26B). IFN-p released in the medium can act in both autocrine and paracrine manner
activating the JAK-STAT pathway in the cell itself and/or in neighbouring cells.
Phosphorylation of STAT-1 triggered by IFN-B recognition started 1.5 h after LPS
administration and peaked at 2 h. As expected, cells pre-treated with 5-CQA before
receiving LPS showed a less pronounced activation of STAT1, which we conjecture
is as a direct consequence of a reduced amount of IFN-f released (Figure 26C).
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Figure 26. Phosphorylation of IRF-3 and STAT1 in cells treated with 5-CQA and LPS
or LPS only. Western blot analyses were performed on the total protein content of untreated
cells (negative control), cells treated with LPS only (positive control) and cells pre-treated
with 250 uM 5-CQA (1h) and subsequently challenged with 100 ng/mL LPS. Proteins were
separated by SDS-PAGE and transferred to a nitrocellulose membrane; membranes were
then probed with anti-p-IRF-3 and anti-p-STAT1. B-actin was used to normalize sample
loading. A representative membrane is shown (A). Densitometric analysis was carried out
through ChemiDoc system (Bio-Rad Laboratories), and the quantification of the signal area
was performed by ImagelJ. Numerical data corresponding to p-IRF-3 and p-STAT1 were
normalised on B-actin expression and expressed as arbitrary units. Mean £ SEM of three
independent experiments (n=3) are depicted in panel (B) and (C), respectively.
Corresponding groups of data were compared using Student’s t-test *p<0.05. M: markers,
N: non-treated cells, C: cells treated with 5-CQA only. 0.5-4: time points (h).



4.9.4. 5-CQA Inhibits NF-kB Pathway Downstream to TLR4

To better characterize the biological effects of 5-CQA observed on TDM we perform
a transcriptional reporter assay employing THP1-XBlue™ cells (as described in
section 3.12). After differentiation into macrophages, cells were treated with
increasing concentration of 5-CQA (10-500 uM) and then stimulated with 100
ng/mL LPS. Treatment with LPS result in a prominent release of SEAP as a
consequence of NF-kB-driven transcription, while cells treated with 5-CQA only do
not exhibit NF-kB activation (Figure 27A). On the contrary, pre-treatment of cells
with 5-CQA 1 h before the addition of LPS significantly inhibit NF-xB-driven
transcription of SEAP in a dose-dependent manner (Figure 27B). Two pro-
inflammatory stimuli different from LPS and capable of trigger the NF-kB pathway
without targeting TLR4 were used, namely the cytokines TNF-a and IL-1p. In fact,
although structurally different, Toll-like receptors as well as receptor for TNF-a and
IL-1, use similar signal transduction mechanisms that include activation of IkB
kinase (IKK) and NF-kB.3?" In both cases, 5-CQA pre-treatment was able to inhibit
NF-kB-driven transcription of SEAP causes by both the stimulation with 10 ng/mL
TNF-a (Figure 27C) and 100 ng/mL IL-1B (Figure 27D).
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Figure 27. Effect of 5-CQA on THP1-XBlue™-derived macrophages treated with
different pro-inflammatory stimuli. (A) THP-1-derived macrophages (TDM) cells treated
with increasing concentrations of 5-CQA (dark green, square pattern) for 1 h or challenged
with 100 ng/mL LPS. (B) TDM cells pre-treated with increasing concentrations of 5-CQA
(dark green, square pattern) for 1 h and then challenged with 100 ng/mL LPS. (C) TDM
cells pre-treated with increasing concentrations of 5-CQA (dark green, square pattern) for 1
h and then challenged with 10 ng/mL TNF-a. (D) TDM cells pre-treated with increasing
concentrations of 5-CQA (dark green, square pattern) for 1 h and then challenged with 100
ng/mL IL-1pB. Activation of NF-kB pathway was assessed by using THP1-XBlue™ cells as
a reporter cell line and quantifying the activity of SEAP released in the medium after 18 h.
Results are referred to positive control (red, 100%). Negative control (unstimulated cells) is
indicated in blue. Data are represented as mean + SEM of three independent experiments
(n=3). Results are referred to untreated control (100%) (one-way ANOVA, followed by post
hoc Dunnett’s test ***p<0.001, ****p<0.0001).



To unveil the role of TLR4, we applied the same experimental setting on murine
macrophages RAW-Blue™ that naturally express TLR4, and HEK-Blue™ cells,
cells co-transfected with the human TLR4, MD-2 and CD14 co-receptor genes, as
well as the inducible SEAP. Our data indicated that 5-CQA weakly inhibited LPS-
stimulated NF-«xB activation in murine macrophages (Figure 28A) and was totally
inactive in HEK-Blue™-hTLR4 cells (Figure 28B).
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Figure 28. Effect of 5-CQA on LPS-stimulated RAW-Blue™ and HEK-Blue™ cells.
(A) RAW-Blue™ cells treated with increasing concentrations of 5-CQA (dark green, square
pattern) for 1 h or challenged with 100 ng/mL LPS. (B) HEK-Blue™ cells pre-treated with
increasing concentrations of 5-CQA (dark green, square pattern) for 1 h and then challenged
with 100 ng/mL LPS. Activation of NF-kB pathway was assessed by using RAW-Blue™ or
HEK-Blue™ cells as a reporter cell line and quantifying the activity of SEAP released in the
medium after 18 h. Results are referred to positive control (red, 100%). Negative control
(unstimulated cells) is indicated in blue. Data are represented as mean + SEM of three
independent experiments (n=3). Results are referred to untreated control (100%) (one-way
ANOVA, followed by post hoc Dunnett’s test *p<0.05, ***p<0.001).



4.10. Discussion

To discover the bioactive component of coffee extracts responsible for the
previously denoted immunomodulatory activity (Chapter 1), we performed
experiments on TDM using pure 5-CQA. Results shown the capability of 5-CQA to
counteract IFN-B release upon LPS stimulation (0-4h), clearly indicating its
involvement in the biological effect exerted by coffee extracts. However, pure 5-
CQA was less effective in diminishing IFN-B compared to GCE or RCE total extract.
A further characterization of the mechanism of action of 5-CQA was performed
involving the use of different cell reporter assays. Human macrophages obtained
from the differentiation of THP1-XBlue™ cells shown the ability of 5-CQA to
inhibit the activation of the NF-xB pathway not only upon stimulation with LPS, but
also with inflammatory stimulus different from LPS, TNF-o and IL-1f, which
recognition and initiation of the signalling is independent from TLR4, thus
suggesting that the molecular target of this compounds belong to the inflammatory
cascade downstream to TLR4. This behaviour was observed, even if to a less extent,
also in murine RAW-Blue™ macrophages. The observation that 5-CQA is inactive
in inhibiting the LPS-triggered NF-xB pathway in HEK-Blue™-hTLR4 cells also
imply that the molecular target of this compound is not the membrane TLR4/MD-2
complex but another intracellular protein involved in inflammatory response, with a
cell-type-specific effect on innate immune cells. Notably, whereas TBK1 is
expressed in a wide variety of tissues, IKKi expression is restricted to immune cells
and is further upregulated in response to various stimuli, including LPS, TNF-a, IL-
1B, IFN-y and IL-6.32® Moreover, IKKi functions not only as an IRF-3 kinase but
also as a STAT1 kinase. In fact, IKKi can phosphorylate a serine residue in STAT1
that is crucial for its transcriptional activity. We noted that 5-CQA pre-treatment did
not resulted in a reduced phosphorylation of IRF-3, while p-STAT1 level at its peak
was diminished. Together, these observations open interesting perspectives for the
investigation of the role of IKKi and its related downstream signalling in 5-CQA

mechanism of action. TLR4 recognition of lipopolysaccharide (LPS) from bacteria



is the most potent type | IFN inducer, signalling through the adaptor protein TIR-
domain-containing adaptor protein inducing IFNB (TRIF).** Numerous studies
investigated the role of type | IFN in the immunopathology of autoimmune and
inflammatory diseases (reviewed in’). Qin and colleagues, indicate that direct LPS
induction of NF-xB activation and LPS-induced production of IFN-B, which
subsequently activates STAT-1a, are important events for CD40 gene expression in
macrophages and microglia.®* In addition, the partial inhibition of LPS-induced
CD40 expression on inclusion of IFN-B—neutralizing antibody demonstrates the
importance of this signalling pathway in CD40 gene expression. In this perspective
the possibility to modulate IFN-B secretion by chlorogenic acid could be beneficial
in those autoimmune inflammatory diseases that share aberrant expression of CD40,

such as multiple sclerosis and rheumatoid arthritis.
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4.11. Background

Since a decade, N-acylethanolamines (NAESs), both as saturated fatty amides and
as poly-unsaturated forms, are found to play an important physiological role in the
modulation of immune reactions in several autoimmune disorders via a number of
different receptors. Among this class of compounds, we must mention: (i) N-
arachidonoyl-ethanolamine (anandamide, AEA), the first endocannabinoid that was
discovered; (ii) the anorectic mediator N-oleoyl-ethanolamine (OEA); (iii) N-

palmitoyl-ethanolamine (PEA) (depicted in Figure 29).%%
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Figure 29. Chemical structures of some of the most studied bioactive N-acyl-
ethanolamines (NAEs).3!

One of them, worth of particular attention is palmitoylethanolamide (PEA), an
endogenous fatty acid amide with the chemical structure of N-(2-hydroxyethyl)-
esadecanamides. PEA is a food component known since 1957.3%? In that year, Kuehl
and colleagues succeeded in isolating a crystalline anti-inflammatory factor first
from soybean lecithin and then also from a phospholipid fraction of egg yolk and

from hexane-extracted peanut meal.



The crystalline material had a melting point of 98-99°C and was described as neutral,
optically inactive, and possessing the chemical formula CisH37O2N, which
hydrolysis resulted in palmitic acid and ethanolamine. Kuehl et al. further analysed
the anti-inflammatory activity of several derivatives of PEA and could prove that the
basic moiety of the molecule was responsible for its anti-inflammatory activity.3%
Pea was then found in a wide variety of food sources (recently summarised by

Petrosino and Di Marzo,**® Table 2).

Table 1. PEA content in different food sources.33

Food source Concentration of PEA (ng-g_l fresh weight}) Reference

Bovine milk 0.25 Gouveia-Figueira and Nording, 2014
Elk milk 1.81 Gouveia-Figueira and Nording, 2014
Human breast milk 8.08 %335 nmol L1 Lam et af, 2010

Human breast milk (110 + 32.3 lactation days) 23472 nmol- L] Schuel ef al., 2002

Common bean (Phaseoulus vulgaris) 535 Venables ef af, 2005

Garden pea (Pisum sativum}) 100 Venables ef af, 2005; Kilaru ef al,, 2007
Southern or blackeved peas (Vigna unguiculata) 138 Venables ef al, 2005

Tomato 100 Kilaru et al, 2007

Medicago sativa 1150 Venables ef al, 2005

Comn 200 Kilaru et al, 2007

Sovbean (Glycine max) 6700 Venables ef al, 2005; Kilaru ef al.,, 2007
Soy lecithin 050000 Kilaru et al, 2007

Peanut (Arachis hypogasa) 3730 Venables ef al, 2005; Kilaru e al.,, 2007

In animals, the biosynthesis of PEA occurs through the hydrolysis of its direct
phospholipid precursor, N-palmitoyl-phosphatidyl-ethanolamine, by the action of N-
acyl-phosphatidyl-ethanolamine-selective phospholipase D (NAPE-PLD) (Figure
30A). The degradation of PEA to palmitic acid and ethanolamine occurs by the
action of two different hydrolytic enzymes, that is, fatty acid amide hydrolase
(FAAH) and, more specifically, N-acylethanolamine-hydrolysing acid amidase
(NAAA) (Figure 30A).



Interestingly, the biosynthesis and degradation of PEA, as well as other N-
acylethanolamines, in plants, where these compounds exert quite different
physiological functions, seem to occur via identical routes and often similar
enzymes.>® PEA exerts a multitude of physiological functions related to metabolic
and cellular homeostasis. It is an interesting anti-inflammatory therapeutic substance
and might also hold great promise for the treatment of several (auto)immune
disorders, including inflammatory bowel disease and inflammatory diseases of the
central nervous system (CNS).33*33%5 Several efforts have been made to identify the
molecular mechanism of action of PEA and explain its multiple effects both in the
central and the peripheral nervous system. Nobel laureate Rita Levi-Montalcini's
clarified PEA's mechanism of action, analysing the role of PEA as an anti-
inflammatory agent. In fact, Rita Levi-Montalcini's research group suggested that
PEA acts via ‘Autacoid Local Injury Antagonism (ALIA)’ to down-regulate mast
cell activation.3® Further research has revealed that PEA can act via multiple
mechanisms, depicted in Figure 30B—E).3¥’ The anti-inflammatory effects of PEA
have also been investigated in numerous inflammatory in vitro and in vivo models.
In 2009, Hoareau et al. investigate the anti-inflammatory effect of PEA on human
adipocytes, as well as in a murine model.>®¥® TNF-o production by LPS-treated
human subcutaneous adipocytes in primary culture and CF-1 mice, an ideal in vivo
infectious disease model, was investigated by enzyme-linked immunosorbent assay.
The effects of PEA on adipocyte TNF-a secretion were explored as well as some
suspected PEA anti-inflammatory pathways: the NF-xB pathway, PPAR-a gene
expression, and TNF-a-converting enzyme (TACE) activity. The effects of PEA on
the TNF-a serum concentration in intraperitoneally LPS-treated mice were also
studied. They demonstrate that the LPS induced secretion of TNF-o by human
adipocytes is inhibited by PEA. This action is neither linked to a reduction in TNF-
a gene transcription nor to the inhibition of TACE activity. Moreover, PPAR-a is
not implicated in this anti-inflammatory activity. Lastly, PEA exhibits a wide-

reaching anti-inflammatory action as the molecule can completely inhibit the strong



increase in TNF-a levels in the serum of mice treated with high doses of LPS. In
2015, Impellizzeri and colleagues investigate the effects of PEA, in rats subjected to
LPS-induced uveitis.®* PEA treatment decreased the inflammatory cell infiltration
and improved histological damage of eye tissues. In addition, PEA treatment reduced
pro-inflammatory TNF-o levels, protein extravasation and lipid peroxidation.
Immunohistochemical analysis showed ICAM-1 and nitrotyrosine was significantly
reduced in eye sections from LPS-injected rats treated with PEA. In addition, PEA

strongly inhibited iINOS expression and nuclear NF-kB translocation.
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Figure 30. Metabolic pathways and molecular targets of PEA. (A) PEA is biosynthesized
from a membrane phospholipid, N-palmitoylphosphatidylethanolamine (NPPE), via several
routes, the most investigated of which is through the direct hydrolysis by NAPE-PLD. PEA
can be then degraded to palmitic acid and ethanolamine by either FAAH or NAAA. (B) PEA
can directly activate PPAR-a or, more controversially, GPR55. (C) PEA, for example
through the inhibition of the expression of FAAH, may increase the endogenous levels of
AEA and 2-AG, which directly activate CB2 (or CB1) receptors and TRPV1 channels
(entourage effect). (D) PEA, possibly through an allosteric modulation of TRPV1 channels,
potentiates the activation and desensitization by AEA and 2-AG of TRPV1 channels
(entourage effect). (E) PEA may also activate TRPV1 channels via PPAR-a. NAT, N-acyl-
transferase. 3%



Inflammation is a key element in the pathobiology of neurodegenerative diseases.
Different neuronal and non-neuronal cells are involved as players able to respond to
inflammatory signals of immune origin. Among them, microglial cells, parenchymal
tissue-resident macrophages resident in the central nervous system, plays a central
role in mediating tissue homeostasis in health and disease.®*® Microglia are
characterized by morphological features that reflect their functional capacity. In a
healthy brain, microglia are in a quiescent state, or have a “down-regulated”
phenotype, and exhibit a ramified shape, with short fine processes and thus increased
surface area for tissue surveillance.®*' This down-regulated phenotype is
characterized by an attenuated innate immune function correlated with homeostatic
tissue remodelling and steady-state wound healing functions.3*? Early in disease
progression, microglial cells develop an altered inducible “activated” state that is
functionally different from steady-state microglia. This activated state is then further
subdivided into a classical pro-inflammatory M1 and alternative M2 state. Same as
peripheral macrophages, in vitro studies demonstrate that M1 and M2 activation can
be induced in microglia by LPS and IL-4, respectively.*334 Morphologically,
activated microglia exhibit an amoeboid shape in contrast to the quiescent ramified
shape of steady-state microglia.>*® In the brain, infiltrating monocyte-derived
macrophages promote nodal demyelination®3*¢ and exhibit a highly phagocytic and
inflammatory behaviour, while resident microglia, required for the initiation of
disease, are relatively quiescent upon disease onset’. Lipopolysaccharide (LPS) is
widely known to induce potent neuroinflammatory responses in the brain.3*® In 2020,
an in vitro study was performed on different neuronal (SH-SY5Y) and non-neuronal
cell lines (C6, BV-2, and M03.13) subjected to NAAA enzyme silencing and then
treated with PEA ultra-micronized (PEA-um) (1, 3, and 10 uM).>*° Results showed
that concomitant treatment of neuronal and non-neuronal cells with PEA-um, after
NAAA genic downregulation, successfully counteracted LPS/INF-y-provoked

neuroinflammation without affecting cell viability.



4.12. Hypothesis

Microglia-mediated inflammatory response is associated with the majority of
neurodegenerative conditions. PEA is licensed for use in humans as nutraceutical,
food supplement, or food for medical purposes for its analgesic and anti-
inflammatory properties demonstrating efficacy and tolerability. However,
exogenously administered PEA is rapidly inactivated by fatty acid amide hydrolase
(FAAH) enzyme, that plays a key role both in hepatic metabolism and in intracellular
degradation. Costa’s research group extensively investigated PEA pharmacological
activity in pain perception and inflammatory diseases.®**3> Recently they conducted
a study where they synthetized a small library of PEA analogues designed to be more
resistant to FAAH-mediated hydrolysis. Molecular docking and density functional
theory calculations were applied to find the more stable analogue. The computational
investigation identified RePEA as the best candidate in terms of both synthetic
accessibility and metabolic stability to FAAH-mediated hydrolysis. The selected
compound was synthesized and assayed ex vivo to monitor its enhanced resistance
to FAAH-mediated hydrolysis. *H-NMR spectroscopy performed on membrane
samples containing FAAH in integral membrane protein demonstrated that RePEA
is not processed by FAAH, in contrast with PEA. Moreover, RePEA retained PEA’s
ability to inhibit LPS-induced cytokine release in murine N9 microglial cells. The
rationale for our study was to examine the role of PEA and its analogue RePEA in
the regulation of pro-inflammatory cytokines released by LPS-challenged
macrophages. The ultimate goal was obtaining a comparison between the effect of
PEA and its analogue RePEA on microglial cells and on macrophage cells.

Later, they explored the possibility that PEA could exert its neuroprotective and anti-
inflammatory effects through the modulation of microglia reactive phenotypes. They
found that in N9 microglial cells, the pre-incubation with PEA blunted the increase
of LPS-induced M1 pro-inflammatory markers, concomitantly increasing M2 anti-

inflammatory markers. They also acquired and processed microglial cells images to



obtain a set of morphological parameters that can be used to distinguish different
phenotypes. They found that PEA is able to inhibit the LPS-induced M1 polarization
and suggested that PEA might induce the anti-inflammatory M2a phenotype.
Microglia function strongly relies on intracellular calcium signalling. PEA prevented
Ca?" transients in both N9 cells and primary microglia and antagonized the neuronal
hyperexcitability induced by LPS, as revealed by multi-electrode array (MEA)
measurements on primary cortical neurons, microglia, and astrocytes. Since LPS is
a TLR4 ligand, we thought it could be interesting to obtain further insight about the
role of the TLR4/NF-xB axis in the previously observed PEA-induced inhibition of
pro-inflammatory cytokines. Thus, our contribute to this work consisted in the
investigation of the putative effects of PEA on the NF-kB activation triggered by
TLR4 stimulation in human macrophage-like cells obtained from the in vitro
differentiation of THP1-XBlue™ cells. Moreover, we employed HEK-Blue™-
hTLRA4 cells as a tool to investigate whether PEA acts involving TLR4 directly.

4.13. Experimental Design

THP-1 and THP1-XBlue™ cells were differentiated into macrophage-like cells (as
described in section 3.5.), referred as PMA-THP-1 and PMA-THP-1 X-Blue™ cells,
correspondingly. Cells were treated with PEA and/or RePEA and cytotoxicity was
assessed via MTT assay. Then, cells were challenged with LPS, either before or after
PEA/RePEA administration (sections 3.10. and 3.11.). Supernatant concentration of
different pro-inflammatory cytokines, and also SEAP (as a result of its NF-kB-driven
transcription), were measured by ELISA and SEAP assay, respectively. SEAP
released by LPS-stimulated HEK-Blue™-hTLR4 cells pre-treated with PEA was

also assessed.



414, Results

4.14.1. PEA and RePEA Post-treatment Effects on Cell Viability and
NF-kB Activation in Human Macrophages

As PEA and its analogue RePEA are intended to be used on human beings, we
executed the same experiments previously performed on murine microglial cells
(N9) on macrophage-like cells of human origin. First, cell viability was assessed at
24 h. Results showed that both PEA and RePEA were not cytotoxic (Figure 31B).
To further explore the role of the TLR4/NF-«kB axis in the previously observed
inhibition of pro-inflammatory cytokines, NF-kB activation triggered by TLR4
stimulation was investigated using THP-1 X-Blue™-derived macrophages (PMA-
THP-1 X-Blue™ cells) as a tool to investigate whether PEA and/or RePEA act
involving TLR4 directly. Cells were treated as described in section 3.10. As shown
in Figure 31A both PEA and RePEA were able to inhibit NF-kB activation triggered
by TLR4 stimulation. RePEA was more effective in decreasing SEAP release
compared with its parent compound PEA, 50% versus 30%, respectively.
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Figure 31. PEA and RePEA effect on cell viability and NF-kB activation. (A) PMA-
THP-1 X-Blue™ cells were challenged with 10 ng/mL LPS for 1 h; then, the LPS-containing
medium was removed, and cells were incubated for 1 h with 100 nM PEA and RePEA,
respectively. Then, the medium was replaced with fresh RPMI. The amount of SEAP
(Secreted Embryonic Alkaline Phosphatase) released into the culture medium was quantified
after 24 h as a measure of NF-kB activation. Data are presented as mean = SEM (n = 3
independent experiments), normalized on MTT data (the activity of SEAP, expressed as OD,
was normalized on the MTT OD value of each corresponding well, as a measure of cell
viability). Differences between treated groups (PEA and RePEA) and the positive control
(LPS) were determined using nonparametric one-way analysis of variance (ANOVA) with
post hoc Dunnett’s multiple comparison tests. *** p < 0.001, **** p < 0.0001. (B). PMA-
THP-1 X-Blue™ cells were incubated for 1 h with 100 nM PEA and RePEA. Then, medium
was replaced with fresh RPMI. Cell viability was assessed after 24 h. Data are presented as
mean £ SEM (n = 3 independent experiments).



4.14.2. PEA and RePEA Post-treatment Effect on Pro-inflammatory

Cytokines Release in Human Macrophages

Furthermore, PEA and RePEA ability to counteract TNF-a release was evaluated.
LPS markedly induce TNF-a release in PMA-THP-1 cells. Both PEA and RePEA
showed to be effective in reducing TNF-a content in supernatants after LPS
stimulation. Notably, RePEA was more efficient in inhibiting TNF-a release
compared to PEA, corroborating previously obtained data on NF-kB activation
assessment (Figure 32A). These results support the hypothesis that RePEA is slower
hydrolysed by FAAH. Finally, other cytokines associated with microglial activation
have been measured, specifically IL-6 and IL-1p. PEA and RePEA treatment after
LPS challenge significantly decreased IL-6 release, compared with LPS only
(Figure 32B). RePEA only was able to diminish IL-1p release (Figure 32C). These

results were closely related with those obtained using N9 cells.



PMA-THP-1 PMA-THP-1
400 200
. el
-+
300 rn 150
&= E ¥
2 a 5 L
S 200 £ 100
; ©
£ 2
Z
100 50
0 0
S £ & 0 S O & 8
< < N N < O W W
S N & & & N & 8
N S $ o° > S ® o¢
& o K S & o S VQ
& & & & ® N xq@v &
S & S &
N\ S N S
Qé\ N Q‘.) Q‘O
3 Q"o\ N &
vV A%
PMA-THP-1
300
=
g 20
(=
=
@
= 100
oL
o o N N
Q) g N N
S &S
<& & S
S )
s ¥ & &
td <
& &
2 S
< >
N &
A%

Figure 32. TNF-a, IL-6, and IL-1p release after 24 h post LPS administration. Human
macrophage-like cells (PMA-THP-1) were stimulated with 10 ng/mL LPS for 1 h; then,
LPS-containing medium was removed, and cells were incubated for an additional 1 h with
100 nM PEA and its analogue, RePEA. Next, medium was replaced with fresh RPMI. The
amount of TNF-a (A), IL-6 (B), and IL-1p (C) released in the medium was quantified after
24 h post LPS administration. Data are presented as mean + SEM (n = 3 independent
experiments). Differences between treated groups (PEA and RePEA) and the positive
control (LPS) were determined using nonparametric one-way analysis of variance
(ANOVA) with post hoc Dunnett’s multiple comparison tests. * p < 0.05; ** p < 0.01; ***
p < 0.001. Difference between PEA and RePEA treatment was determined using unpaired t-
test * p < 0.05.



4.14.3. PEA Pre-treatment Counteracts LPS-Induced NF-kB Activation
in Human Macrophages Without Directly Involving TLR4

PEA pre-treatment was showed to inhibit LPS-triggered M1 pro-inflammatory
markers (including iNOS, IL-1B, TNF-a, IL-6 and MCP-1), concomitantly
increasing M2 anti-inflammatory markers (Arg-1 expression), thus inducing an M2a
anti-inflammatory phenotype in murine microglial cell (N9).>*" Hence, we
investigated PEA effect on NF-«kB activation triggered by TLR4 stimulation in
human macrophages. PMA-THP1-XBlue™ cells were pre-incubated with 100 uM
PEA (1h) before administering 10 ng/mL LPS. As shown in Figure 33A, SEAP
expression significantly decreased (40%) in human macrophages when cells are pre-
treated with PEA, compared to cells treated with LPS only. Thus, PEA is not only
capable to inhibit NF-xB activation if administered after LPS (section 4.14.1.), but

also if it is added before LPS stimulation occur in THP-1-derived macrophages.
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Figure 33. PEA pre-treatment effect on NF-kB activation in LPS-stimulated PMA-
THP1-XBlue™ and HEK-Blue™-hTLR4 cells. PMA-THP1-XBlue™ (A) and HEK-
Blue™-hTLR4 (B) cells were incubated with 100 pM PEA (1h) before treatment with 10
ng/mL LPS. The amount of SEAP released in the medium was quantified 6h later as a
measure of NF-kB activation. Data are presented as mean + SEM (n = 3 independent



experiments) normalized on the control sample. Differences between groups were evaluated
applying the ANOVA test and Tukey's test for post hoc analysis. ** p < 0.01, **** p <
0.0001.

To assess whether TLR4 is directly involved in PEA mechanism of action, we
investigated NF-kB activation in HEK-Blue™-hTLR4 cells. Results indicated that
PEA pre-treatment did not affect NF-«xB activation induced by LPS (Figure 33B).
Taken together, our findings suggested that PEA is able to inhibit NF-«xB activation
triggered by LPS administration in human macrophages, but this effect is not
mediated by its direct interaction with TLR4. Further experiments suggested a partial
involvement of CB2R in the PEA mechanism of action. Briefly, SR144528, a
selective CB2R inverse agonist, significantly reduced the ability of PEA to inhibit
LPS stimulation of iNOS expression in N9 cells. Similarly, SR144528 was able to
antagonize PEA capability to shift the morphology of N9 cells treated with LPS from
the M1 to M2 shape.®’



4.15. Discussion

Nowadays, N-palmitoyl-ethanolamine (PEA) is recognized worldwide for its
efficient anti-inflammatory and analgesic effects in experimental models of visceral,
neuropathic, and inflammatory diseases, acting through several possible
mechanisms.33 However, so far scarce experimental data have been reported about
PEA’s use in animals, or particularly, humans. PEA naturally occur in several food
sources. Moreover, under inflammatory and neurodegenerative conditions, it can be
produced as a “on-demand” protective endogenous mediator to counteract
inflammation, neuronal damage, and pain itself. Our collaborators in Costa’s
research group deeply investigate PEA potential as an anti-inflammatory drug in
several in vitro models of neuroinflammation induced by LPS and ATP. The aim of
our work was employing our well-established human macrophage-like cell models
to prove or disprove the hypothesis that PEA could act similarly on human
macrophages. Our results demonstrated that: (i) both PEA and RePEA post-
treatment were able to inhibit NF-kB activation triggered by TLR4 stimulation; (ii)
PEA post-treatment decreased TNF-o and IL-6 release, while RePEA post-treatment
significantly inhibited TNF-a, IL-6 and IL-1p release, also; (iii) RePEA seemed to
be more effective compared with its parent compound PEA, suggesting a slower
degradation rate caused by FAAH; (iv) PEA can counteract NF-kB activation also if
it is added before LPS stimulation occur; (v) PEA capability to interfere within the
TLR4/NF-«xB axis is not attributable to a direct interaction between PEA and TLR4.
Our results contributed to unravel PEA mechanism of action in human macrophages.
Moreover, we reported the in vitro evaluation of the biological activity of a newly
synthetized PEA analogue, RePEA. Although the specific mechanism of action and
the in vivo evaluation of its metabolic stability need further investigation, RePEA
could represents a good candidate for pre-clinical studies aiming at developing a drug
with the same well-known therapeutic properties of PEA but with a better

pharmacokinetic profile.



5. CONCLUSIONS

Toll-Like Receptor 4 (TLR4) plays a key role in the host defence mechanism and
can recognize a variety of PAMPs and DAMPs. On the other hand, any dysregulation
of the TLR4 pathway can initiate various diseases. The inhibition of TLR4 by a
small-molecule can be achieved by blocking (1) ligand-receptor interaction, (2)
dimerization of the TLR4-MD2 complex, or (3) downstream signalling. Botanical
extracts present a large source of natural immune modulators, many of which have
been used in traditional medicine for centuries. At the intersection between nutrition
and immunomodulation, plant extracts turned out to be a promising source of new
therapies directed toward TLR-related diseases. Goal of the present work is to
contribute with new insights on innate immunity modulation by natural compounds.
Intake of coffee is hypothesized to reduce the risk of several chronic diseases, but
current scientific evidence is not conclusive. Also, the health effects of consuming
chlorogenic acid have been studied but its exact mechanism of action is yet to be
elucidated. In our study, we investigated the capability of coffee extracts to
counteract LPS-induced inflammation employing different cell-based assays. After
a chemical characterization of both green (GCE) and roasted (RCE) coffee extracts,
we tested their ability to inhibit the release of pro-inflammatory cytokines and
interferons by human macrophages. We found that GCE and RCE pre-treatment
were effective in mildly modulate the MyD88-dependent pathway downstream of
TRL4 LPS recognition, resulting in a reduced NF-«kB activation and a lower release
of TNF-a, IL-6 and IL-1B, in THP-1-derived macrophages. Then, we focused our
attention on the TLR4/TRIF/IRF axis. We reported here the unprecedented
observation that GCE and RCE pre-treatment dramatically inhibited IFN-p release,
in a dose-dependent manner. Thus, we explored GCE and RCE intracellular effects

and we observed that both extracts could reduce LPS-triggered IRF-3 nuclear



translocation, the latter being the main transcriptional factor responsible for IFN-3
expression. Subsequently, the same experimental setting was carried out employing
primary human macrophages, derived from the in vitro differentiation of CD14"
monocytes isolated from human peripheral blood. In this conditions, macrophage-
like cells pre-treated with GCE or RCE and then challenged with LPS exhibited a
lower IFN-B release, paralleling the results obtained using THP-1-derived
macrophages. This observation could bring interesting information for a translational
point of view. Moreover, IFN-B release inhibition by coffee extracts parallels with
the activity of their main phytochemical component, 5-CQA, thus suggesting that
this compound is involved in the immunomodulatory effect observed. Further
experiments, aiming at clarifying the molecular mechanism of 5-CQA, revealed that
5-CQA was able to modulate NF-xB-driven transcription triggered not only by LPS
stimulation, but also upon TNF-a and IL-1p administration. Additionally, 5-CQA
pre-treatment counteracted LPS-induced NF-«B activation in murine macrophages.
On the contrary 5-CQA was not effective in HEK cells expressing human TLRA4.
This observation led us to conclude that 5-CQA molecular target it is not TLR4 itself
but, instead, could be an effector molecule downstream of TLR4 shared by both
human and murine immune cells. Additionally, we provided the results of western
blot analyses that showed 5-CQA pre-treatment did not resulted in a reduced
phosphorylation of IRF-3, but rather in a variation of p-STAT1 level at its peak.
Taken together, our insights on 5-CQA bioactivity will complement the information
currently available®l°, offering new perspectives for considering 5-CQA as a
preclinical drug candidate, functional food additive, and natural health promoter.
Additionally, our work carried out in tandem with the pharmacologists of our
department, highlighted how chemical modification of a natural compound could
improve its biological activity. It has been observed that RePEA, a PEA analogue
rationally designed to be more resistant to FAAH-mediated degradation, was more
effective than PEA in modulating macrophage and microglial activity. Moreover, we

provided additional information about PEA mechanism of action, demonstrating that



do not directly involve TLR4. To summarize, we demonstrate PEA capability to
modulate human macrophage activation triggered by LPS, corroborating previous

data obtained using murine microglial cells.

In conclusion, two important considerations should be addressed. First, it should be
pointed out that in case of natural products, health benefits are actually related to
synergic effects of the whole matrix as opposed to individual substances or classes
of compounds. Hereby, not only synergistic but also additive effects were
observed.®®® In our case, coffee extracts immunomodulatory effects likely rely not
only on the presence of 5-CQA but also on the synergistic effect with other bioactive
compounds. Second, some might doubt the physiological relevance of a direct
treatment of macrophages with food-derived extracts without considering their
pharmacokinetic and metabolic transformation in the body. Regarding this aspect,
recent literature provided more in-depth knowledge about the absorption and
bioavailability process, pharmacokinetic activity and the mechanisms underlying
coffee-derived bioactives absorption.®*°3%2 Moreover, to increase distribution and
pharmacokinetic properties of natural compound, macrophage-specific delivery of
selected phytochemicals might be enhanced through nanomaterials that are avidly
phagocytosed by tissue macrophages. This approach has already been exploited for
the delivery of therapeutics to tumour-associated macrophages, for example.3
Taking everything into consideration, future work will be required to completely
unveil how macrophages immune response can be regulated by the phytochemicals
presented in this thesis, and their possible therapeutic implications.



6. OUTLOOKS

Unravelling Plant Natural Chemical
Diversity for Drug Discovery

Purposes

The biosynthesis and breakdown of proteins, fats, nucleic acids, and carbohydrates,
which are essential to all living organisms, is known as primary metabolism with the
compounds involved in the pathways known as “primary metabolites”. The
mechanism by which an organism biosynthesizes compounds called ‘secondary
metabolites’ (natural products) is often found to be unique to an organism or is an
expression of the individuality of a species and is referred to as ‘“secondary
metabolism”. Secondary metabolites are generally not essential for the growth,
development or reproduction of an organism and are produced either as a result of
the organism adapting to its surrounding environment or are produced to act as a
possible defence mechanism against predators to assist in the survival of the
organism. The biosynthesis of secondary metabolites is derived from the
fundamental processes of photosynthesis, glycolysis, and the Krebs cycle to afford
biosynthetic intermediates which, ultimately, results in the formation of secondary
metabolites. The most important building blocks employed in the biosynthesis of
secondary metabolites are those derived from the intermediates: Acetyl coenzyme A
(acetyl-CoA), shikimic acid, mevalonic acid and 1-deoxyxylulose-5-phosphate.
They are involved in countless biosynthetic pathways, involving numerous different

mechanisms and reactions (e.g., alkylation, decarboxylation, aldol, Claisen and



Schiff base formation.**® Although the number of building blocks are limited, the
formation of novel secondary metabolites is infinite, thus plant secondary
metabolism provides an endless source of chemically diverse bioactive and
pharmacologically active compounds. The screening and testing of extracts against
a variety of pharmacological targets to benefit from the immense natural chemical
diversity is a concern in many laboratories worldwide. Several successes have been
recorded in finding new actives in natural products, some of which have become new
drugs or new sources of inspiration for drugs. Between 1940 and 2014, 49% of
anticancer molecules approved were natural products or chemical derivatives
worldwide.®®> However, less than 10% of the world’s biodiversity has been evaluated
for potential biological activity, many more useful natural lead compounds await

discovery.140

With this work, we aimed to give a contribute to this field of research with novel
insights about coffee extracts, chlorogenic acid and palmitoylethanolamide as
potential natural immune modulators of the TLR4 signalling. In the future, sustained
research into the inflammation realm will lead to further discoveries about TLR
biology and aid in the development of novel TLR modulators for clinical
applications. Within this context, future investments in the identification of natural
molecules that target TLR4 intracellular signalling platforms or the receptor itself

could generate a novel class of highly effective anti-inflammatory phytotherapeutics.

As a Plant, Food and Agri-environmental Biotechnologist
passionate about Food research and Immunonutrition, with this
experimental thesis | hope have added a puzzle piece to the vast

area of research that focuses on the molecular mechanisms of

action of natural immune modulators.




/. LIST OF PUBLICATIONS AND
AUTHOR CONTRIBUTION

e Artusa, V.; Ciaramelli, C.; D'Aloia, A.; Facchini, F.A.; Gotri, N.; Bruno, A,;
Costa, B.; Palmioli A,; Airoldi, C.; Peri, F. Green and Roasted Coffee
Extracts Inhibit Interferon-f Release in LPS-Stimulated Human
Macrophages. Front. Pharmacol. 2022, 13:806010.
doi: 10.3389/fphar.2022.806010 (in press) - Appendix |

e D’Aloia, A.; Molteni, L.; Gullo, F.; Bresciani, E.; Artusa, V.; Rizzi, L,
Ceriani, M.; Meanti, R.; Lecchi, M.; Coco, S.; Costa, B.; Torsello, A.
Palmitoylethanolamide Modulation of Microglia  Activation:
Characterization of Mechanisms of Action and Implication for Its
Neuroprotective Effects. Int. J. Mol. Sci. 2021, 22, 3054.
https://doi.org/10.3390/ijms22063054 - Appendix Il

e D’Aloia, A.; Arrigoni, F.; Tisi, R.; Palmioli, A.; Ceriani, M.; Artusa, V.,
Airoldi, C.; Zampella, G.; Costa, B.; Cipolla, L. Synthesis, Molecular
Modeling and Biological Evaluation of Metabolically Stable Analogues of
the Endogenous Fatty Acid Amide Palmitoylethanolamide. Int. J. Mol. Sci.
2020, 21, 9074. https://doi.org/10.3390/ijms21239074 - Appendix 111


https://doi.org/10.3390/ijms22063054
https://doi.org/10.3390/ijms21239074

Main body of my investigation as a Doctoral Researcher was included in a recently
accepted manuscript (Appendix I). Specifically, | have dealt with the: (i) designing
of the experimental settings, (ii) execution of cellular and biochemical assays, (iii)
data management, (iv) data analysis, (v) data visualization, (vi) writing of the

original manuscript and its final revisioning.

Additionally, being involved in a multidisciplinary collaborative project, | had the
chance to contributed to the publication of two different Research Articles, here
annexed as Appendix Il and Appendix 11, respectively. Providing my expertise with
the handling of the in vitro differentiation of human macrophages and the
establishment of an LPS-induced inflammation model, | was able to collect useful

data that supported the previous observation obtained using microglial cells.



8. REFERENCES

1. Chen, L. et al. Inflammatory responses and inflammation-associated diseases
in organs. Oncotarget 9, 7204—7218 (2018).

2. Basset, C., Holton, J., O’Mahony, R. & Roitt, I. Innate immunity and pathogen—
host interaction. Vaccine 21, S12-S23 (2003).

3. lwasaki, A. & Medzhitov, R. Toll-like receptor control of the adaptive immune
responses. Nat. Immunol. 5, 987-995 (2004).

4. Akira, S., Uematsu, S. & Takeuchi, O. Pathogen recognition and innate
immunity. Cell 124, 783-801 (2006).

5. Ghosh, S.,, May, M. J. & Kopp, E. B. NF-kappa B and Rel proteins:
evolutionarily conserved mediators of immune responses. Annu. Rev. Immunol.
16, 225-260 (1998).

6. Miettinen, M., Sareneva, T., Julkunen, I. & Matikainen, S. IFNs activate toll-
like receptor gene expression in viral infections. Genes Immun. 2, 349-355
(2001).

7. Medzhitov, R. & Biron, C. A. Innate immunity. Curr. Opin. Immunol. 15, 2-4
(2003).

8. Janeway, C. A., Jr. Approaching the asymptote? Evolution and revolution in

immunology. Cold Spring Harb. Symp. Quant. Biol. 54 Pt 1, 1-13 (1989).



10.

11.

12.

13.

14.

15.

16.

Mogensen, T. H. Pathogen recognition and inflammatory signaling in innate
immune defenses. Clin. Microbiol. Rev. 22, 240-73, Table of Contents (2009).
Medzhitov, R., Preston-Hurlburt, P. & Janeway, C. A., Jr. A human homologue
of the Drosophila Toll protein signals activation of adaptive immunity. Nature
388, 394-397 (1997).

Lemaitre, B., Nicolas, E., Michaut, L., Reichhart, J. M. & Hoffmann, J. A. The
dorsoventral regulatory gene cassette spatzle/toll/cactus controls the potent
antifungal response in Drosophila adults. Cell 86, 973-983 (1996).

Majzoub, K., Wrensch, F. & Baumert, T. F. The innate antiviral response in
animals: An evolutionary perspective from flagellates to humans. Viruses 11,
758 (2019).

Bowie, A. & O’Neill, L. A. The interleukin-1 receptor/Toll-like receptor
superfamily: signal generators for pro-inflammatory interleukins and microbial
products. J. Leukoc. Biol. 67, 508-514 (2000).

Dolasia, K., Bisht, M. K., Pradhan, G., Udgata, A. & Mukhopadhyay, S.
TLRs/NLRs: Shaping the landscape of host immunity. Int. Rev. Immunol. 37,
3-19 (2018).

Matzinger, P. The danger model: a renewed sense of self. Science 296, 301
305 (2002).

O’Neill, L. A. J. & Bowie, A. G. The family of five: TIR-domain-containing

adaptors in Toll-like receptor signalling. Nat. Rev. Immunol. 7, 353-364 (2007).



17.

18.

19.

20.

21.

22.

23.

24,

25.

Chen, L. & Yu, J. Modulation of Toll-like receptor signaling in innate immunity
by natural products. Int. Immunopharmacol. 37, 65-70 (2016).

Duffy, L. & O’Reilly, S. C. Toll-like receptors in the pathogenesis of
autoimmune diseases: recent and emerging translational developments.
ImmunoTargets Ther. 5, 69-80 (2016).

Kato, H. et al. Differential roles of MDA5 and RIG-I helicases in the
recognition of RNA viruses. Nature 441, 101-105 (2006).

Sadler, A. J. & Williams, B. R. G. Structure and function of the protein kinase
R. Curr. Top. Microbiol. Immunol. 316, 253-292 (2007).

Takaoka, A. et al. DAI (DLM-1/ZBP1) is a cytosolic DNA sensor and an
activator of innate immune response. Nature 448, 501-505 (2007).
Kanneganti, T.-D., Lamkanfi, M. & Nufiez, G. Intracellular NOD-like receptors
in host defense and disease. Immunity 27, 549-559 (2007).

Martinon, F., Burns, K. & Tschopp, J. The inflammasome: a molecular platform
triggering activation of inflammatory caspases and processing of prolL-beta.
Mol. Cell 10, 417-426 (2002).

Latz, E.,, Xiao, T. S. & Stutz, A. Activation and regulation of the
inflammasomes. Nat. Rev. Immunol. 13, 397411 (2013).

Hornung, V. & Latz, E. Intracellular DNA recognition. Nat. Rev. Immunol. 10,

123-130 (2010).



26.

217.

28.

29.

30.

31.

32.

33.

Horvath, G. L., Schrum, J. E., De Nardo, C. M. & Latz, E. Intracellular sensing
of microbes and danger signals by the inflammasomes. Immunol. Rev. 243,
119-135 (2011).

Bauernfeind, F. G. et al. Cutting edge: NF-kappaB activating pattern
recognition and cytokine receptors license NLRP3 inflammasome activation by
regulating NLRP3 expression. J. Immunol. 183, 787-791 (2009).

Franchi, L., Eigenbrod, T. & Nufez, G. Cutting edge: TNF-alpha mediates
sensitization to ATP and silica via the NLRP3 inflammasome in the absence of
microbial stimulation. J. Immunol. 183, 792-796 (2009).

Kelley, N., Jeltema, D., Duan, Y. & He, Y. The NLRP3 inflammasome: An
overview of mechanisms of activation and regulation. Int. J. Mol. Sci. 20, 3328
(2019).

Kayagaki, N. et al. Noncanonical inflammasome activation by intracellular LPS
independent of TLR4. Science 341, 1246-1249 (2013).

Kayagaki, N. et al. Non-canonical inflammasome activation targets caspase-11.
Nature 479, 117-121 (2011).

Baker, P. J. et al. NLRP3 inflammasome activation downstream of cytoplasmic
LPS recognition by both caspase-4 and caspase-5. Eur. J. Immunol. 45, 2918—
2926 (2015).

Shi, J. et al. Inflammatory caspases are innate immune receptors for

intracellular LPS. Nature 514, 187-192 (2014).



34.

35.

36.

37.

38.

39.

40.

41.

42.

Hagar, J. A., Powell, D. A., Aachoui, Y., Ernst, R. K. & Miao, E. A.
Cytoplasmic LPS activates caspase-11: implications in TLR4-independent
endotoxic shock. Science 341, 1250-1253 (2013).

Broz, P. et al. Caspase-11 increases susceptibility to Salmonella infection in the
absence of caspase-1. Nature 490, 288-291 (2012).

Piccini, A. et al. ATP is released by monocytes stimulated with pathogen-
sensing receptor ligands and induces IL-1lbeta and IL-18 secretion in an
autocrine way. Proc. Natl. Acad. Sci. U. S. A. 105, 8067-8072 (2008).

Netea, M. G. et al. Differential requirement for the activation of the
inflammasome for processing and release of IL-lbeta in monocytes and
macrophages. Blood 113, 2324-2335 (2009).

Gaidt, M. M. et al. Human monocytes engage an alternative inflammasome
pathway. Immunity 44, 833-846 (2016).

Brown, G. D., Willment, J. A. & Whitehead, L. C-type lectins in immunity and
homeostasis. Nat. Rev. Immunol. 18, 374-389 (2018).

Takeda, K. Toll-like Receptors and their Adaptors in Innate Immunity. Curr.
Med. Chem. Anti Inflamm. Anti Allergy Agents 4, 3-11 (2005).

Mazgaeen, L. & Gurung, P. Recent advances in lipopolysaccharide recognition
systems. Int. J. Mol. Sci. 21, 379 (2020).

Ain, Q. U., Batool, M. & Choi, S. TLR4-targeting therapeutics: Structural basis

and computer-aided drug discovery approaches. Molecules 25, 627 (2020).



43.

44,

45,

46.

47.

48.

49,

50.

51.

Kawali, T., Adachi, O., Ogawa, T., Takeda, K. & Akira, S. Unresponsiveness of
MyD88-deficient mice to endotoxin. Immunity 11, 115-122 (1999).

Kawai, T. et al. Lipopolysaccharide stimulates the MyD88-independent
pathway and results in activation of IFN-regulatory factor 3 and the expression
of a subset of lipopolysaccharide-inducible genes. J. Immunol. 167, 5887-5894
(2001).

Yamamoto, M. et al. Role of adaptor TRIF in the MyD88-independent toll-like
receptor signaling pathway. Science 301, 640-643 (2003).

Fitzgerald, K. A. et al. IKKepsilon and TBK1 are essential components of the
IRF3 signaling pathway. Nat. Immunol. 4, 491-496 (2003).

Kawai, T. & AKira, S. Signaling to NF-kappaB by Toll-like receptors. Trends
Mol. Med. 13, 460-469 (2007).

Shen, H., Tesar, B. M., Walker, W. E. & Goldstein, D. R. Dual signaling of
MyD88 and TRIF is critical for maximal TLR4-induced dendritic cell
maturation. J. Immunol. 181, 1849-1858 (2008).

Hoebe, K. et al. Upregulation of costimulatory molecules induced by
lipopolysaccharide and double-stranded RNA occurs by Trif-dependent and
Trif-independent pathways. Nat. Immunol. 4, 1223-1229 (2003).

Munoz, C. et al. Dysregulation of in vitro cytokine production by monocytes
during sepsis. J. Clin. Invest. 88, 1747-1754 (1991).

Karin, M. Nuclear factor-kappaB in cancer development and progression.

Nature 441, 431-436 (2006).



52.

53.

54,

55.

56.

S57.

58.

59.

Yan, N. & Chen, Z. J. Intrinsic antiviral immunity. Nat. Immunol. 13, 214-222
(2012).

Honda, K. & Taniguchi, T. IRFs: master regulators of signalling by Toll-like
receptors and cytosolic pattern-recognition receptors. Nat. Rev. Immunol. 6,
644658 (2006).

Pestka, S., Krause, C. D. & Walter, M. R. Interferons, interferon-like cytokines,
and their receptors. Immunol. Rev. 202, 8-32 (2004).

Schoggins, J. W. Interferon-stimulated genes: What do they all do? Annu. Rev.
Virol. 6, 567-584 (2019).

Schneider, W. M., Chevillotte, M. D. & Rice, C. M. Interferon-stimulated
genes: a complex web of host defenses. Annu. Rev. Immunol. 32, 513-545
(2014).

Schoenborn, J. R. & Wilson, C. B. Regulation of interferon-gamma during
innate and adaptive immune responses. Adv. Immunol. 96, 41-101 (2007).
Witte, K., Witte, E., Sabat, R. & Wolk, K. IL-28A, IL-28B, and IL-29:
promising cytokines with type I interferon-like properties. Cytokine Growth
Factor Rev. 21, 237-251 (2010).

Honda, K., Takaoka, A. & Taniguchi, T. Type | Inteferon Gene Induction by
the Interferon Regulatory Factor Family of Transcription Factors. Immunity 25,

349-360 (2006).



60.

61.

62.

63.

64.

65.

66.

67.

68.

Tamura, T., Yanai, H., Savitsky, D. & Taniguchi, T. The IRF family
transcription factors in immunity and oncogenesis. Annu. Rev. Immunol. 26,
535-584 (2008).

de Weerd, N. A., Samarajiwa, S. A. & Hertzog, P. J. Type | interferon receptors:
Biochemistry and biological functions. J. Biol. Chem. 282, 20053-20057
(2007).

Versteeg, G. A. & Garcia-Sastre, A. Viral tricks to grid-lock the type I
interferon system. Curr. Opin. Microbiol. 13, 508-516 (2010).

Ivashkiv, L. B. & Donlin, L. T. Regulation of type I interferon responses. Nat.
Rev. Immunol. 14, 3649 (2014).

Belkaid, Y. & Hand, T. W. Role of the Microbiota in immunity and
inflammation. Cell 157, 121-141 (2014).

during infection with L. monocytogenes, IFNa/f} potently inhibit these pathways
by blocking responsiveness of macrophages to IFNy.

Berry, M. P. R. et al. An interferon-inducible neutrophil-driven blood
transcriptional signature in human tuberculosis. Nature 466, 973-977 (2010).
Dejager, L. et al. Pharmacological inhibition of type I interferon signaling
protects mice against lethal sepsis. J. Infect. Dis. 209, 960-970 (2014).
Graham, R. R. et al. A common haplotype of interferon regulatory factor 5
(IRF5) regulates splicing and expression and is associated with increased risk

of systemic lupus erythematosus. Nat. Genet. 38, 550-555 (2006).



69.

70.

71.

72.

73.

74.

75.

76.

Kelly, J. A. et al. Interferon regulatory factor-5 is genetically associated with
systemic lupus erythematosus in African Americans. Genes Immun. 9, 187-194
(2008).

Takaoka, A. et al. Integral role of IRF-5 in the gene induction programme
activated by Toll-like receptors. Nature 434, 243-249 (2005).

Psarras, A., Emery, P. & Vital, E. M. Type | interferon—-mediated autoimmune
diseases: pathogenesis, diagnosis and targeted therapy. Rheumatology (Oxford)
kew431 (2017).

Bosinger, S. E. et al. Gene expression profiling of host response in models of
acute HIV infection. J. Immunol. 173, 6858-6863 (2004).

Amsler, L., Verweij, M. C. & DeFilippis, V. R. The tiers and dimensions of
evasion of the type | interferon response by human Cytomegalovirus. J. Mol.
Biol. 425, 4857-4871 (2013).

Fuertes, M. B., Woo, S.-R., Burnett, B., Fu, Y.-X. & Gajewski, T. F. Type |
interferon response and innate immune sensing of cancer. Trends Immunol. 34,
67-73 (2013).

Crow, Y. J. & Manel, N. Aicardi-Goutiéres syndrome and the type |
interferonopathies. Nat. Rev. Immunol. 15, 429-440 (2015).

Budhwani, M., Mazzieri, R. & Dolcetti, R. Plasticity of type | interferon-
mediated responses in cancer therapy: From anti-tumor immunity to resistance.

Front. Oncol. 8, 322 (2018).



77.

78.

79.

80.

81.

82.

83.

84.

85.

King, K. R. etal. IRF3 and type I interferons fuel a fatal response to myocardial
infarction. Nat. Med. 23, 1481-1487 (2017).

Wu, Y.-W., Tang, W. & Zuo, J.-P. Toll-like receptors: potential targets for
lupus treatment. Acta Pharmacol. Sin. 36, 1395-1407 (2015).

Hiscott, J., Nguyen, T.-L. A., Arguello, M., Nakhaei, P. & Paz, S. Manipulation
of the nuclear factor-kappaB pathway and the innate immune response by
viruses. Oncogene 25, 6844-6867 (2006).

Wang, C., Horby, P. W., Hayden, F. G. & Gao, G. F. A novel coronavirus
outbreak of global health concern. Lancet vol. 395 470-473 (2020).

Zhu, N. et al. A novel Coronavirus from patients with pneumonia in China,
2019. N. Engl. J. Med. 382, 727-733 (2020).

de Wit, E., van Doremalen, N., Falzarano, D. & Munster, V. J. SARS and
MERS: recent insights into emerging coronaviruses. Nat. Rev. Microbiol. 14,
523-534 (2016).

Li, X., Geng, M., Peng, Y., Meng, L. & Lu, S. Molecular immune pathogenesis
and diagnosis of COVID-19. J. Pharm. Anal. 10, 102-108 (2020).
Metschnikoff, E. Lecons sur la pathologie comparée de I’inflammation. Dtsch.
Med. Wochenschr. 19, 17-18 (1893).

Schmalstieg, F. C., Jr & Goldman, A. S. llya ilich Metchnikoff (1845-1915) and
Paul Ehrlich (1854-1915): The centennial of the 1908 Nobel Prize in

Physiology or Medicine. J. Med. Biogr. 16, 96-103 (2008).



86.

87.

88.

89.

90.

91.

92.

93.

van Furth, R. The mononuclear phagocyte system. Verh. Dtsch. Ges. Pathol.
64, 1-11 (1980).

Ginhoux, F. & Guilliams, M. Tissue-resident macrophage ontogeny and
homeostasis. Immunity 44, 439-449 (2016).

Hume, D. A., Irvine, K. M. & Pridans, C. The mononuclear phagocyte system:
The relationship between monocytes and macrophages. Trends Immunol. 40,
98-112 (2019).

Sheng, J., Ruedl, C. & Karjalainen, K. Most tissue-resident macrophages except
microglia are derived from fetal hematopoietic stem cells. Immunity 43, 382—
393 (2015).

Dey, A., Allen, J. & Hankey-Giblin, P. A. Ontogeny and polarization of
macrophages in inflammation: blood monocytes versus tissue macrophages.
Front. Immunol. 5, 683 (2014).

Watanabe, S., Alexander, M., Misharin, A. V. & Budinger, G. R. S. The role of
macrophages in the resolution of inflammation. J. Clin. Invest. 129, 2619-2628
(2019).

Fogg, D. K. et al. A clonogenic bone marrow progenitor specific for
macrophages and dendritic cells. Science 311, 83-87 (2006).

Rojo, R., Pridans, C., Langlais, D. & Hume, D. A. Transcriptional mechanisms
that control expression of the macrophage colony-stimulating factor receptor

locus. Clin. Sci. (Lond.) 131, 2161-2182 (2017).



94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

Gren, S. T. et al. A single-cell gene-expression profile reveals inter-cellular
heterogeneity within human monocyte subsets. PLoS One 10, e0144351 (2015).
Ong, S.-M. et al. A novel, five-marker alternative to CD16-CD14 gating to
identify the three human monocyte subsets. Front. Immunol. 10, 1761 (2019).

Villani, A.-C. et al. Single-cell RNA-seq reveals new types of human blood
dendritic cells, monocytes, and progenitors. Science 356, (2017).

Ginhoux, F. & Jung, S. Monocytes and macrophages: developmental pathways
and tissue homeostasis. Nat. Rev. Immunol. 14, 392-404 (2014).

Davies, L. C., Jenkins, S. J., Allen, J. E. & Taylor, P. R. Tissue-resident
macrophages. Nat. Immunol. 14, 986-995 (2013).

Wynn, T. A., Chawla, A. & Pollard, J. W. Macrophage biology in development,
homeostasis and disease. Nature 496, 445-455 (2013).

Murray, P. J. et al. Macrophage activation and polarization: Nomenclature and
experimental guidelines. Immunity 41, 14-20 (2014).

Martinez, F. O., Sica, A., Mantovani, A. & Locati, M. Macrophage activation
and polarization. Front. Biosci. 13, 453-461 (2008).

Mills, C. D., Kincaid, K., Alt, J. M., Heilman, M. J. & Hill, A. M. M-1/M-2
macrophages and the Th1/Th2 paradigm. J. Immunol. 164, 6166-6173 (2000).
Lampiasi, N., Russo, R. & Zito, F. The alternative faces of macrophage generate
osteoclasts. Biomed Res. Int. 2016, 9089610 (2016).

Yao, Y., Xu, X.-H. & Jin, L. Macrophage polarization in physiological and

pathological pregnancy. Front. Immunol. 10, 792 (2019).



105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

Murray, P. J. Macrophage polarization. Annu. Rev. Physiol. 79, 541-566
(2017).
Lavin, Y. et al. Tissue-resident macrophage enhancer landscapes are shaped by

the local microenvironment. Cell 159, 1312-1326 (2014).

Xue, J. et al. Transcriptome-based network analysis reveals a spectrum model
of human macrophage activation. Immunity 40, 274-288 (2014).

Vannella, K. M. & Wynn, T. A. Mechanisms of organ injury and repair by
macrophages. Annu. Rev. Physiol. 79, 593-617 (2017).

Rosas, M. et al. The transcription factor Gata6 links tissue macrophage
phenotype and proliferative renewal. Science 344, 645-648 (2014).

Arpaia, N. et al. A distinct function of regulatory T cells in tissue protection.
Cell 162, 1078-1089 (2015).

Linke, M. et al. Chronic signaling via the metabolic checkpoint kinase
MTORC1 induces macrophage granuloma formation and marks sarcoidosis
progression. Nat. Immunol. 18, 293-302 (2017).

Bah, A. & Vergne, |. Macrophage autophagy and bacterial infections. Front.
Immunol. 8, 1483 (2017).

Linehan, E. & Fitzgerald, D. Ageing and the immune system: focus on
macrophages. Eur. J. Microbiol. Immunol. (Bp.) 5, 14-24 (2015).

Jin, X. & Kruth, H. S. Culture of macrophage colony-stimulating factor
differentiated human monocyte-derived macrophages. J. Vis. Exp. (2016)

doi:10.3791/54244.



115.

116.

117.

118.

119.

120.

121.

122.

123.

Sallusto, F. & Lanzavecchia, A. Efficient presentation of soluble antigen by
cultured human dendritic cells is maintained by granulocyte/macrophage
colony-stimulating factor plus interleukin 4 and downregulated by tumor
necrosis factor alpha. J. Exp. Med. 179, 1109-1118 (1994).
Shapouri-Moghaddam, A. et al. Macrophage plasticity, polarization, and
function in health and disease. J. Cell. Physiol. 233, 6425-6440 (2018).
Macri, C., Pang, E. S., Patton, T. & O’Keeffe, M. Dendritic cell subsets. Semin.
Cell Dev. Biol. 84, 11-21 (2018).

Rogers, N. M., Ferenbach, D. A., Isenberg, J. S., Thomson, A. W. & Hughes,
J. Dendritic cells and macrophages in the kidney: a spectrum of good and evil.
Nat. Rev. Nephrol. 10, 625-643 (2014).

Gilboa, E. DC-based cancer vaccines. J. Clin. Invest. 117, 1195-1203 (2007).
Poltorak, A. et al. Defective LPS signaling in C3H/HeJ and C57BL/10ScCr
mice: mutations in Tlr4 gene. Science 282, 2085-2088 (1998).

De Paola, M. et al. Synthetic and natural small molecule TLR4 antagonists
inhibit motoneuron death in cultures from ALS mouse model. Pharmacol. Res.
103, 180-187 (2016).

Bettoni, I. et al. Glial TLR4 receptor as new target to treat neuropathic pain:
efficacy of a new receptor antagonist in a model of peripheral nerve injury in
mice. Glia 56, 1312-1319 (2008).

Suarez De LaRica, A., Gilsanz, F. & Maseda, E. Epidemiologic trends of sepsis

in western countries. Ann. Transl. Med. 4, 325 (2016).



124.

125.

126.

127.

128.

129.

130.

131.

Peri, F. & Calabrese, V. Toll-like receptor 4 (TLR4) modulation by synthetic
and natural compounds: an update. J. Med. Chem. 57, 3612-3622 (2014).
Palmer, C. et al. Synthetic glycolipid-based TLR4 antagonists negatively
regulate TRIF-dependent TLR4 signalling in human macrophages. Innate
Immun. 27, 275-284 (2021).

Facchini, F. A. et al. Synthetic glycolipids as molecular vaccine adjuvants:
Mechanism of action in human cells and in vivo activity. J. Med. Chem. 64,
12261-12272 (2021).

Takashima, K. et al. Analysis of binding site for the novel small-molecule
TLR4 signal transduction inhibitor TAK-242 and its therapeutic effect on
mouse sepsis model. Br. J. Pharmacol. 157, 1250-1262 (2009).

Matsunaga, N., Tsuchimori, N., Matsumoto, T. & li, M. TAK-242 (resatorvid),
a small-molecule inhibitor of Toll-like receptor (TLR) 4 signaling, binds
selectively to TLR4 and interferes with interactions between TLR4 and its
adaptor molecules. Mol. Pharmacol. 79, 34-41 (2011).

Thomas, G. G. S. S. C. Z. Preparation of Deuterated Cyclohexenes as
Modulators of TLR4 Signaling for Disease Treatment. U.S. Patent No. US
(2009).

Kim, H. M. et al. Crystal structure of the TLR4-MD-2 complex with bound
endotoxin antagonist Eritoran. Cell 130, 906-917 (2007).

Zaffaroni, L. & Peri, F. Recent advances on Toll-like receptor 4 modulation:

new therapeutic perspectives. Future Med. Chem. 10, 461-476 (2018).



132.

133.

134.

135.

136.

137.

138.

139.

140.

Piazza, M. et al. Glycolipids and benzylammonium lipids as novel antisepsis
agents: synthesis and biological characterization. J. Med. Chem. 52, 1209-1213
(2009).

Piazza, M. et al. Evidence of a specific interaction between new synthetic
antisepsis agents and CD14. Biochemistry 48, 12337-12344 (2009).

Facchini, F. A. et al. Structure—activity relationship in monosaccharide-based
toll-like receptor 4 (TLR4) antagonists. J. Med. Chem. 61, 2895-2909 (2018).
Palmer, C. et al. The synthetic glycolipid-based TLR4 antagonist FP7
negatively regulates in vitro and in vivo haematopoietic and non-
haematopoietic vascular TLR4 signalling. Innate Immun. 24, 411-421 (2018).
Li, J.-K., Balic, J. J., Yu, L. & Jenkins, B. TLR Agonists as Adjuvants for
Cancer Vaccines. Adv. Exp. Med. Biol. 1024, 195-212 (2017).

Romerio, A. & Peri, F. Increasing the Chemical Variety of Small-Molecule-
Based TLR4 Modulators: An Overview. Front. Immunol. 11, 1210 (2020).
Casella, C. R. & Mitchell, T. C. Putting endotoxin to work for us:
monophosphoryl lipid A as a safe and effective vaccine adjuvant. Cell. Mol.
Life Sci. 65, 3231-3240 (2008).

Gautam, R. & Jachak, S. M. Recent developments in anti-inflammatory natural
products. Med. Res. Rev. 29, 767-820 (2009).

Dias, D. A., Urban, S. & Roessner, U. A historical overview of natural products

in drug discovery. Metabolites 2, 303-336 (2012).



141.

142.

143.

144,

145.

146.

147.

148.

149.

Modulation of Inflammation by Botanical Medicines. in Clinical Botanical
Medicine 389-401 (Mary Ann Liebert, Inc., publishers, 2009).

Patwardhan, B. Ethnopharmacology and drug discovery. J. Ethnopharmacol.
100, 50-52 (2005).

Cragg, G. M. & Newman, D. J. Natural products: a continuing source of novel
drug leads. Biochim. Biophys. Acta 1830, 3670-3695 (2013).

Nigam, N., George, J. & Shukla, Y. Ginger (6-gingerol). in Molecular Targets
and Therapeutic Uses of Spices 225-256 (WORLD SCIENTIFIC, 2009).
Chainani-Wu, N. Safety and anti-inflammatory activity of curcumin: A
component of tumeric (Curcuma longa). J. Altern. Complement. Med. 9, 161
168 (2003).

Juliana, C. et al. Anti-inflammatory compounds parthenolide and Bay 11-7082
are direct inhibitors of the inflammasome. J. Biol. Chem. 285, 9792-9802
(2010).

DeFelice, S. L. The nutraceutical revolution: its impact on food industry R&D.
Trends Food Sci. Technol. 6, 59-61 (1995).

Ruiz-Leon, A. M., Lapuente, M., Estruch, R. & Casas, R. Clinical advances in
immunonutrition and atherosclerosis: A review. Front. Immunol. 10, 837
(2019).

van Daal, M. T., Folkerts, G., Garssen, J. & Braber, S. Pharmacological
modulation of immune responses by nutritional components. Pharmacol. Rev.

73, 198-232 (2021).



150.

151.

152.

153.

154.

155.

156.

Strittmatter, W., Weckesser, J., Salimath, P. V. & Galanos, C. Nontoxic
lipopolysaccharide from Rhodopseudomonas sphaeroides ATCC 17023. J.
Bacteriol. 155, 153-158 (1983).

Anwar, M. A., Panneerselvam, S., Shah, M. & Choi, S. Insights into the species-
specific TLR4 signaling mechanism in response to Rhodobacter sphaeroides
lipid A detection. Sci. Rep. 5, 7657 (2015).

Chahal, D. S., Sivamani, R. K., Isseroff, R. R. & Dasu, M. R. Plant-based
modulation of Toll-like receptors: an emerging therapeutic model. Phytother.
Res. 27, 1423-1438 (2013).

Shibata, T. et al. Toll-like receptors as a target of food-derived anti-
inflammatory compounds. J. Biol. Chem. 289, 32757-32772 (2014).

Koo, J. E., Park, Z.-Y., Kim, N. D. & Lee, J. Y. Sulforaphane inhibits the
engagement of LPS with TLR4/MD2 complex by preferential binding to
Cys133 in MD2. Biochem. Biophys. Res. Commun. 434, 600-605 (2013).
Youn, H. S. et al. Suppression of MyD88- and TRIF-dependent signaling
pathways of Toll-like receptor by (-)-epigallocatechin-3-gallate, a polyphenol
component of green tea. Biochem. Pharmacol. 72, 850-859 (2006).

Qi, M. et al. Dioscin attenuates renal ischemia/reperfusion injury by inhibiting
the TLR4/MyD88 signaling pathway via up-regulation of HSP70. Pharmacol.

Res. 100, 341-352 (2015).



157.

158.

159.

160.

161.

162.

Yi, C. et al. Effect of ®-3 polyunsaturated fatty acid on toll-like receptors in
patients with severe multiple trauma. J. Huazhong Univ. Sci. Technolog. Med.
Sci. 31, 504 (2011).

Depner, C. M., Philbrick, K. A. & Jump, D. B. Docosahexaenoic acid attenuates
hepatic inflammation, oxidative stress, and fibrosis without decreasing
hepatosteatosis in a Ldlr(-/-) mouse model of western diet-induced nonalcoholic
steatohepatitis. J. Nutr. 143, 315-323 (2013).

Nasef, N. A., Mehta, S., Murray, P., Marlow, G. & Ferguson, L. R. Anti-
inflammatory activity of fruit fractions in vitro, mediated through toll-like
receptor 4 and 2 in the context of inflammatory bowel disease. Nutrients 6,
5265-5279 (2014).

Liang, Q. et al. Characterization of sparstolonin B, a Chinese herb-derived
compound, as a selective Toll-like receptor antagonist with potent anti-
inflammatory properties. J. Biol. Chem. 286, 26470-26479 (2011).

Lee, W. H. et al. Specific oligopeptides in fermented soybean extract inhibit
NF-kB-dependent iNOS and cytokine induction by toll-like receptor ligands. J.
Med. Food 17, 1239-1246 (2014).

Xu, X.-X. et al. Effects of total glucosides of paeony on immune regulatory toll-
like receptors TLR2 and 4 in the kidney from diabetic rats. Phytomedicine 21,

815-823 (2014).



163.

164.

165.

166.

167.

168.

169.

170.

Villa, F. A., Lieske, K. & Gerwick, L. Selective MyD88-dependent pathway
inhibition by the cyanobacterial natural product malyngamide F acetate. Eur. J.
Pharmacol. 629, 140-146 (2010).

Li, J. et al. Pleurotus ferulae water extract enhances the maturation and function
of murine bone marrow-derived dendritic cells through TLR4 signaling
pathway. Vaccine 33, 1923-1933 (2015).

Tian, Y. et al. Astragalus mongholicus regulate the Toll-like-receptor 4
meditated signal transduction of dendritic cells to restrain stomach cancer cells.
Afr. J. Tradit. Complement. Altern. Med. 11, 92-96 (2014).

Oberg, F. et al. Herbal melanin activates TLR4/NF-xB signaling pathway.
Phytomedicine 16, 477-484 (2009).

Gao, Y., Zhou, S., Jiang, W., Huang, M. & Dai, X. Effects of ganopoly (a
Ganoderma lucidum polysaccharide extract) on the immune functions in
advanced-stage cancer patients. Immunol. Invest. 32, 201-215 (2003).

Dai, X. et al. Consuming Lentinula edodes (shiitake) mushrooms daily
improves human immunity: A randomized dietary intervention in healthy
young adults. J. Am. Coll. Nutr. 34, 478-487 (2015).

Nelson, K. M. et al. The essential medicinal chemistry of curcumin. J. Med.
Chem. 60, 1620-1637 (2017).

Luque-Martin, R., Mander, P. K., Leenen, P. J. M. & Winther, M. P. J. Classic
and new mediators for in vitro modelling of human macrophages. J. Leukoc.

Biol. 109, 549-560 (2021).



171.

172.

173.

174.

175.

176.

177.

Starr, T., Bauler, T. J., Malik-Kale, P. & Steele-Mortimer, O. The phorbol 12-
myristate-13-acetate differentiation protocol is critical to the interaction of
THP-1 macrophages with Salmonella Typhimurium. PLoS One 13, 0193601
(2018).

Ciaramelli, C. et al. NMR-driven identification of anti-amyloidogenic
compounds in green and roasted coffee extracts. Food Chem. 252, 171-180
(2018).

Amigoni, L. et al. Green coffee extract enhances oxidative stress resistance and
delays aging in Caenorhabditis elegans. J. Funct. Foods 33, 297-306 (2017).
Wei, F. et al. 13C NMR-Based Metabolomics for the Classification of Green
Coffee Beans According to Variety and Origin. J. Agric. Food Chem. 60,
10118-10125 (2012).

D’Aloia, A. et al. Synthesis, molecular modeling and biological evaluation of
metabolically stable analogues of the endogenous fatty acid amide
palmitoylethanolamide. Int. J. Mol. Sci. 21, 9074 (2020).

Mosmann, T. Rapid colorimetric assay for cellular growth and survival:
application to proliferation and cytotoxicity assays. J. Immunol. Methods 65,
55-63 (1983).

Global coffee consumption, 2020/21. Statista

https://www.statista.com/statistics/292595/global-coffee-consumption/.



178.

179.

180.

181.

182.

183.

184.

185.

Coffee consumption by country 2021.
https://worldpopulationreview.com/country-rankings/coffee-consumption-by-
country.

Esquivel, P. & Jiménez, V. M. Functional properties of coffee and coffee by-
products. Food Res. Int. 46, 488-495 (2012).

Davis, A. P., Govaerts, R., Bridson, D. M. & Stoffelen, P. An annotated
taxonomic conspectus of the genus Coffea (Rubiaceae). Bot. J. Linn. Soc. 152,

465-512 (2006).

Marcason, W. What is green coffee extract? J. Acad. Nutr. Diet. 113, 364
(2013).
Carrillo, J. A. & Benitez, J. Clinically significant pharmacokinetic interactions

between dietary caffeine and medications. Clin. Pharmacokinet. 39, 127-153
(2000).

Joeres, R. et al. Influence of smoking on caffeine elimination in healthy
volunteers and in patients with alcoholic liver cirrhosis. Hepatology 8, 575-579
(1988).

Cook, D. G. et al. Relation of caffeine intake and blood caffeine concentrations
during pregnancy to fetal growth: prospective population based study. BMJ 313,
1358-1362 (1996).

Hodgson, J. M., Chan, S. Y. & Puddey, I. B. Phenolic acid metabolites as
biomarkers for tea-and coffee-derived polyphenol exposure in human subjects.

(2004).



186.

187.

188.

189.

190.

191.

192.

193.

194.

Ding, M., Bhupathiraju, S. N., Satija, A., van Dam, R. M. & Hu, F. B. Long-
term coffee consumption and risk of cardiovascular disease: a systematic review
and a dose-response meta-analysis of prospective cohort studies. Circulation
129, 643-659 (2014).

Salazar-Martinez, E. et al. Coffee consumption and risk for type 2 diabetes
mellitus. Ann. Intern. Med. 140, 1-8 (2004).

Shang, F., Li, X. & Jiang, X. Coffee consumption and risk of the metabolic
syndrome: A meta-analysis. Diabetes Metab. 42, 80-87 (2016).

Vecchia, L. Coffee, liver enzymes, cirrhosis and liver cancer. J. Hepatol (2005).
Ascherio, A. et al. Prospective study of caffeine consumption and risk of
Parkinson’s disease in men and women. Ann. Neurol. 50, 56-63 (2001).
Wang, A. et al. Coffee and cancer risk: A meta-analysis of prospective
observational studies. Sci. Rep. 6, 33711 (2016).

Godos, J. et al. Coffee consumption and risk of biliary tract cancers and liver
cancer: A dose-response meta-analysis of prospective cohort studies. Nutrients
9, 950 (2017).

de Koning Gans, J. M. et al. Tea and coffee consumption and cardiovascular
morbidity and mortality. Arterioscler. Thromb. Vasc. Biol. 30, 1665-1671
(2010).

Lopez-Garcia, E. et al. Coffee consumption and risk of stroke in women.

Circulation 119, 1116-1123 (2009).



195.

196.

197.

198.

199.

200.

201.

202.

Crippa, A., Discacciati, A., Larsson, S. C., Wolk, A. & Orsini, N. Coffee
consumption and mortality from all causes, cardiovascular disease, and cancer:
a dose-response meta-analysis. Am. J. Epidemiol. 180, 763-775 (2014).

Ding, M., Bhupathiraju, S. N., Chen, M., van Dam, R. M. & Hu, F. B.
Caffeinated and decaffeinated coffee consumption and risk of type 2 diabetes:
a systematic review and a dose-response meta-analysis. Diabetes Care 37, 569
586 (2014).

lang, X., Zhang, D. & Jiang, W. Coffee and caffeine intake and incidence of
type 2 diabetes mellitus: a meta-analysis of prospective studies. Eur J Nutr
(2014).

Donath, M. Y. & Shoelson, S. E. Type 2 diabetes as an inflammatory disease.
Nat. Rev. Immunol. 11, 98-107 (2011).

Kempf, K. et al. Effects of coffee consumption on subclinical inflammation and
other risk factors for type 2 diabetes: a clinical trial. Am. J. Clin. Nutr. 91, 950-
957 (2010).

Williamson, G. & Sheedy, K. Effects of polyphenols on insulin resistance.
Nutrients 12, 3135 (2020).

Takaya, J., Higashino, H. & Kobayashi, Y. Intracellular magnesium and insulin
resistance. Magnes. Res. 17, 126-136 (2004).

Alberti, K. G. M. M. et al. Harmonizing the metabolic syndrome: A joint
interim statement of the International Diabetes Federation task force on

epidemiology and prevention; National Heart, Lung, and Blood Institute;



203.

204.

205.

206.

207.

208.

2009.

American Heart Association; World heart federation; International
atherosclerosis society; And international association for the study of obesity.
Circulation 120, 1640-1645 (2009).

Eckel, R. H., Alberti, K., Grundy, S. M. & Zimmet, P. Z. The metabolic
syndrome. Lancet 375, 181-183 (2010).

Lonardo, A., Ballestri, S., Marchesini, G., Angulo, P. & Loria, P. Nonalcoholic
fatty liver disease: a precursor of the metabolic syndrome. Dig. Liver Dis. 47,
181-190 (2015).

Marventano, S. et al. Coffee and tea consumption in relation with non-alcoholic
fatty liver and metabolic syndrome: A systematic review and meta-analysis of
observational studies. Clin. Nutr. 35, 1269-1281 (2016).

Kennedy, O. J. et al. Systematic review with meta-analysis: coffee consumption
and the risk of cirrhosis. Aliment. Pharmacol. Ther. 43, 562-574 (2016).
Costa, J., Lunet, N., Santos, C., Santos, J. & Vaz-Carneiro, A. Caffeine
exposure and the risk of Parkinson’s disease: A systematic review and meta-
analysis of observational studiess. J. Alzheimers. Dis. 20, S221-5238 (2010).
Panza, F. et al. Coffee, tea, and caffeine consumption and prevention of late-
life cognitive decline and dementia: a systematic review. J. Nutr. Health Aging
19, 313-328 (2015).

Santos, C., Costa, J., Santos, J., Vaz-Carneiro, A. & Lunet, N. Caffeine intake
and dementia: systematic review and meta-analysis. J. Alzheimers. Dis. 20

Suppl 1, S187-204 (2010).



210.

211.

212.

213.

214.

215.

216.

217.

Carman, A. J., Dacks, P. A., Lane, R. F., Shineman, D. W. & Fillit, H. M.
Current evidence for the use of coffee and caffeine to prevent age-related
cognitive decline and Alzheimer’s disease. J. Nutr. Health Aging 18, 383-392
(2014).

Nigra, A. D. et al. Antitumor effects of freeze-dried Robusta coffee (Coffea
canephora) extracts on breast cancer cell lines. Oxid. Med. Cell. Longev. 2021,
5572630 (2021).

Bauer, D. et al. Effect of roasting levels and drying process of Coffea canephora
on the quality of bioactive compounds and cytotoxicity. Int. J. Mol. Sci. 19,
3407 (2018).

Je, Y. & Giovannucci, E. Coffee consumption and risk of endometrial cancer:

findings from a large up-to-date meta-analysis. Int. J. Cancer 131, 1700-1710

(2012).

Arab, L. Epidemiologic evidence on coffee and cancer. Nutr. Cancer 62, 271
283 (2010).

Bosso, H., Barbalho, S. M., de Alvares Goulart, R. & Otoboni, A. M. M. B.

Green coffee: economic relevance and a systematic review of the effects on
human health. Crit. Rev. Food Sci. Nutr. 1-17 (2021).

van Dam, R. M., Hu, F. B. & Willett, W. C. Coffee, caffeine, and health. N.
Engl. J. Med. 383, 369-378 (2020).

Grosso, G., Godos, J., Galvano, F. & Giovannucci, E. L. Coffee, caffeine, and

health outcomes: An umbrella review. Annu. Rev. Nutr. 37, 131-156 (2017).



218.

219.

220.

221.

222.

223.

224,

225.

Committee on Obstetric Practice, American College of Obstetricians and
Gynecologists. ACOG committee opinion no. 462. Moderate caffeine
consumption during pregnancy. Obstet. Anesth. Dig. 31, 147 (2011).

Franca, A. S. & Oliveira, L. S. Coffee Processing Solid Wastes: Current Uses
and Future Perspectives. in Agricultural Wastes (eds. Ashworth, G. S. &
Azevedo, P.) 155-189 (Nova Publishers, 2009).

Speer, K. & Kaolling-Speer, I. The lipid fraction of the coffee bean. Braz. J.
Plant Physiol. 18, 201216 (2006).

Narita, Y. & Inouye, K. Chlorogenic acids from coffee. in Coffee in Health and
Disease Prevention 189-199 (Elsevier, 2015).

Macheiner, L., Schmidt, A., Schreiner, M. & Mayer, H. K. Green coffee
infusion as a source of caffeine and chlorogenic acid. J. Food Compost. Anal.
84, 103307 (2019).

Daglia, M., Papetti, A., Gregotti, C., Berte, F. & Gazzani, G. In vitro antioxidant
and ex vivo protective activities of green and roasted coffee. J. Agric. Food
Chem. 48, 1449-1454 (2000).

Madhava Naidu, M., Sulochanamma, G., Sampathu, S. R. & Srinivas, P. Studies
on extraction and antioxidant potential of green coffee. Food Chem. 107, 377—
384 (2008).

Ramalakshmi, K., Rahath Kubra, I. & Jagan Mohan Rao, L. Antioxidant

potential of low-grade coffee beans. Food Res. Int. 41, 96-103 (2008).



226.

227.

228.

229.

230.

231.

232.

Gawlik-Dziki, U. et al. Lipoxygenase inhibitors and antioxidants from green
coffee—mechanism of action in the light of potential bioaccessibility. Food
Res. Int. 61, 48-55 (2014).

Stelmach, E., Pohl, P. & Szymczycha-Madeja, A. The content of Ca, Cu, Fe,
Mg and Mn and antioxidant activity of green coffee brews. Food Chem. 182,
302-308 (2015).

Andriot, 1., Le Quéré, J.-L. & Guichard, E. Interactions between coffee
melanoidins and flavour compounds: impact of freeze-drying (method and
time) and roasting degree of coffee on melanoidins retention capacity. Food

Chem. 85, 289-294 (2004).

Spiller, M. A. The Chemical Components of Coffee”. in Caffeine 97-161
(1998).
Speer, K. & Kaolling-Speer, I. Non-volatile compounds - lipids. in Coffee:

Recent Developments (eds. Clarke, R. J. & Vitzhum, O. G.) 33-49 (Blackwell
Science, 2001).

Franca, A. S., Oliveira, L. S., Mendonca, J. C. F. & Silva, X. A. Physical and
chemical attributes of defective crude and roasted coffee beans. Food Chem.
90, 89-94 (2005).

Franca, A. S., Mendonga, J. C. F. & Oliveira, S. D. Composition of green and
roasted coffees of different cup qualities. Lebenson. Wiss. Technol. 38, 709-

715 (2005).



233.

234.

235.

236.

237.

238.

2309.

240.

Bagdonaite, K., Derler, K. & Murkovic, M. Determination of acrylamide during
roasting of coffee. J. Agric. Food Chem. 56, 6081-6086 (2008).

Moon, J.-K., Yoo, H. S. & Shibamoto, T. Role of roasting conditions in the
level of chlorogenic acid content in coffee beans: correlation with coffee
acidity. J. Agric. Food Chem. 57, 5365-5369 (2009).

Riedel, A. et al. N-methylpyridinium, a degradation product of trigonelline
upon coffee roasting, stimulates respiratory activity and promotes glucose
utilization in HepG2 cells. Food Funct. 5, 454-462 (2014).

Castillo, M. D. del, Gordon, M. H. & Ames, J. M. Peroxyl radical-scavenging
activity of coffee brews. Eur. Food Res. Technol. 221, 471-477 (2005).
Silveira-Duarte, S. M., Abreu, C. M. P., Castle De Menezes, H., Santos, M. H.
& Paivagouvea, C. M. C. Effect of processing and roasting on the antioxidant
activity of coffee brews. Ciéncia e Tecnologia de Alimentos 25, 387-393
(2005).

Cémmerer, B. & Kroh, L. W. Antioxidant activity of coffee brews. Eur. Food
Res. Technol. 223, 469-474 (2006).

Vignoli, J. A., Viegas, M. C., Bassoli, D. G. & Benassi, M. de T. Roasting
process affects differently the bioactive compounds and the antioxidant activity
of arabica and robusta coffees. Food Res. Int. 61, 279-285 (2014).

Nicoli, M. C., Anese, M., Parpinel, M. T., Franceschi, S. & Lerici, C. R. Loss
and/or formation of antioxidants during food processing and storage. Cancer

Lett. 114, 71-74 (1997).



241.

242.

243.

244,

245.

246.

247.

248.

Borrelli, R. C., Visconti, A., Mennella, C., Anese, M. & Fogliano, V. Chemical
characterization and antioxidant properties of coffee melanoidins. J. Agric.
Food Chem. 50, 6527-6533 (2002).

Richelle, M., Tavazzi, I. & Offord, E. Comparison of the antioxidant activity of
commonly consumed polyphenolic beverages (coffee, cocoa, and tea) prepared
per cup serving. J. Agric. Food Chem. 49, 3438-3442 (2001).
Funakoshi-Tago, M. et al. Pyrocatechol, a component of coffee, suppresses
LPS-induced inflammatory responses by inhibiting NF-kB and activating Nrf2.
Sci. Rep. 10, 2584 (2020).

Castaldo, L. et al. Antioxidant and anti-inflammatory activity of coffee brew
evaluated after simulated gastrointestinal digestion. Nutrients 13, 4368 (2021).
Castro, A. C. C. M. et al. Green coffee seed residue: A sustainable source of
antioxidant compounds. Food Chem. 246, 48-57 (2018).

Murthy, P. S. & Naidu, M. M. Recovery of phenolic antioxidants and functional
compounds from coffee industry by-products. Food Bioproc. Tech. 5, 897-903
(2012).

Bresciani, L., Calani, L., Bruni, R., Brighenti, F. & Del Rio, D. Phenolic
composition, caffeine content and antioxidant capacity of coffee silverskin.
Food Res. Int. 61, 196-201 (2014).

Magoni, C. et al. Valorizing coffee pulp by-products as anti-inflammatory
ingredient of food supplements acting on IL-8 release. Food Res. Int. 112, 129-

135 (2018).



249.

250.

251.

252.

253.

254,

255.

256.

Farah, A. & Ferreira, T. The coffee plant and beans: An introduction. in Coffee
in health and disease prevention (2015).

Sumner, L. W. et al. Proposed minimum reporting standards for chemical
analysis Chemical Analysis Working Group (CAWG) Metabolomics Standards
Initiative (MSI). Metabolomics 3, 211-221 (2007).

Angelino, D., Tassotti, M., Brighenti, F., Del Rio, D. & Mena, P. Niacin,
alkaloids and (poly)phenolic compounds in the most widespread Italian
capsule-brewed coffees. Sci. Rep. 8, 17874 (2018).

Bhagat, A. R. et al. Review of the role of fluid dairy in delivery of polyphenolic
compounds in the diet: Chocolate milk, coffee beverages, matcha green tea, and
beyond. J. AOAC Int. 102, 1365-1372 (2019).

Nogaim, Q. A. et al. Protective effect of Yemeni green coffee powder against
the oxidative stress induced by Ochratoxin A. Toxicol. Rep. 7, 142-148 (2020).
Cosola, C., Sabatino, A., di Bari, 1., Fiaccadori, E. & Gesualdo, L. Nutrients,
nutraceuticals, and xenobiotics affecting renal health. Nutrients 10, (2018).
Rajaram, S., Jones, J. & Lee, G. J. Plant-based dietary patterns, plant foods, and
age-related cognitive decline. Adv. Nutr. 10, S422-S436 (2019).

Li, H.-Y. et al. Plant-based foods and their bioactive compounds on fatty liver
disease: Effects, mechanisms, and clinical application. Oxid. Med. Cell. Longev.

2021, 6621644 (2021).



257.

258.

259.

260.

261.

262.

263.

264.

Ludwig, I. A., Clifford, M. N., Lean, M. E. J., Ashihara, H. & Crozier, A.
Coffee: biochemistry and potential impact on health. Food Funct. 5, 1695-1717
(2014).

Socata, K., Szopa, A., Serefko, A., Poleszak, E. & Wlaz, P. Neuroprotective
effects of coffee bioactive compounds: A review. Int. J. Mol. Sci. 22, 107
(2020).

Klingel, T. et al. A review of coffee by-products including leaf, flower, cherry,
husk, silver skin, and spent grounds as novel foods within the European Union.
Foods 9, 665 (2020).

Manalo, R. V. M. & Medina, P. M. B. Caffeine protects dopaminergic neurons
from dopamine-induced neurodegeneration via synergistic adenosine-
dopamine D2-like receptor interactions in transgenic Caenorhabditis elegans.
Front. Neurosci. 12, 137 (2018).

Eskelinen, M. H. & Kivipelto, M. Caffeine as a protective factor in dementia
and Alzheimer’s disease. J. Alzheimers. Dis. 20 Suppl 1, S167-74 (2010).
Katz, S. N. Decaffeination of Coffee. in Coffee: Volume 2: Technology (eds.
Clarke, R. J. & Macrae, R.) 59-71 (Springer Netherlands, 1987).

Sangiovanni, E., Brivio, P., Dell’Agli, M. & Calabrese, F. Botanicals as
modulators of neuroplasticity: Focus on BDNF. Neural Plast. 2017, 5965371
(2017).

Ghule, A. E., Jadhav, S. S. & Bodhankar, S. L. Trigonelline ameliorates diabetic

hypertensive nephropathy by suppression of oxidative stress in kidney and



265.

266.

267.

268.

269.

270.

271.

reduction in renal cell apoptosis and fibrosis in streptozotocin induced neonatal
diabetic (nSTZ) rats. Int. Immunopharmacol. 14, 740-748 (2012).

Ilavenil, S. et al. Trigonelline attenuates the adipocyte differentiation and lipid
accumulation in 3T3-L1 cells. Phytomedicine 21, 758-765 (2014).

Makowska, J. et al. Preliminary studies on trigonelline as potential anti-
Alzheimer disease agent: determination by hydrophilic interaction liquid
chromatography and modeling of interactions with beta-amyloid. J.
Chromatogr. B Analyt. Technol. Biomed. Life Sci. 968, 101-104 (2014).
Stadler, R. H., Varga, N., Hau, J., Vera, F. A. & Welti, D. H. Alkylpyridiniums.
1. Formation in model systems via thermal degradation of trigonelline. J. Agric.
Food Chem. 50, 1192-1199 (2002).

Perrone, D., Donangelo, C. M. & Farah, A. Fast simultaneous analysis of
caffeine, trigonelline, nicotinic acid and sucrose in coffee by liquid
chromatography-mass spectrometry. Food Chem. 110, 1030-1035 (2008).
Urgert, R. & Katan, M. B. The cholesterol-raising factor from coffee beans.
Annu. Rev. Nutr. 17, 305-324 (1997).

Jee, S. H. et al. Coffee consumption and serum lipids: a meta-analysis of
randomized controlled clinical trials. Am. J. Epidemiol. 153, 353-362 (2001).
Ren, Y., Wang, C., Xu, J. & Wang, S. Cafestol and kahweol: A review on their

bioactivities and pharmacological properties. Int. J. Mol. Sci. 20, 4238 (2019).



272.

273.

274.

275.

276.

2717.

278.

Smrke, S., Kroslakova, I., Gloess, A. N. & Yeretzian, C. Differentiation of
degrees of ripeness of Catuai and Tipica green coffee by chromatographical and
statistical techniques. Food Chem. 174, 637-642 (2015).

Pimpley, V., Patil, S., Srinivasan, K., Desai, N. & Murthy, P. S. The chemistry
of chlorogenic acid from green coffee and its role in attenuation of obesity and
diabetes. Prep. Biochem. Biotechnol. 50, 969-978 (2020).

Jaiswal, R., Matei, M. F., Golon, A., Witt, M. & Kuhnert, N. Understanding the
fate of chlorogenic acids in coffee roasting using mass spectrometry based
targeted and non-targeted analytical strategies. Food Funct. 3, 976-984 (2012).
Tajik, N., Tajik, M., Mack, I. & Enck, P. The potential effects of chlorogenic
acid, the main phenolic components in coffee, on health: a comprehensive
review of the literature. Eur. J. Nutr. 56, 2215-2244 (2017).

Perrone, D., Farah, A. & Donangelo, C. M. Influence of coffee roasting on the
incorporation of phenolic compounds into melanoidins and their relationship
with antioxidant activity of the brew. J. Agric. Food Chem. 60, 4265-4275
(2012).

Vitaglione, P. et al. Coffee reduces liver damage in a rat model of
steatohepatitis: the underlying mechanisms and the role of polyphenols and
melanoidins. Hepatology 52, 1652-1661 (2010).

Iriondo-DeHond, A., Rodriguez Casas, A. & Del Castillo, M. D. Interest of
coffee melanoidins as sustainable healthier food ingredients. Front. Nutr. 8,

730343 (2021).



279.

280.

281.

282.

283.

284.

285.

Daglia, M. et al. Antiadhesive effect of green and roasted coffee on
Streptococcus mutans’ adhesive properties on saliva-coated hydroxyapatite
beads. J. Agric. Food Chem. 50, 1225-1229 (2002).

Walker, J. M. et al. Melanoidins from coffee and bread differently influence
energy intake: A randomized controlled trial of food intake and gut-brain axis
response. J. Funct. Foods 72, 104063 (2020).

Zhang, H., Zhang, H., Troise, A. D. & Fogliano, V. Melanoidins from coffee,
cocoa, and bread are able to scavenge a-dicarbonyl compounds under simulated
physiological conditions. J. Agric. Food Chem. 67, 10921-10929 (2019).
Ribeiro, E., Rocha, T. de S. & Prudencio, S. H. Potential of green and roasted
coffee beans and spent coffee grounds to provide bioactive peptides. Food
Chem. 348, 129061 (2021).

Fredholm, B. B., Bittig, K., Holmén, J., Nehlig, A. & Zvartau, E. E. Actions of
caffeine in the brain with special reference to factors that contribute to its
widespread use. Pharmacol. Rev. 51, 83-133 (1999).

Chavez Valdez, R. et al. Correlation between serum caffeine levels and changes
in cytokine profile in a cohort of preterm infants. J. Pediatr. 158, 57-64, 64.e1
(2011).

Velazquez, A. M. et al. Effects of a Low Dose of Caffeine Alone or as Part of
a Green Coffee Extract, in a Rat Dietary Model of Lean Non-Alcoholic Fatty

Liver Disease without Inflammation. Nutrients 12, (2020).



286.

287.

288.

289.

290.

291.

292.

Kovécs, E. G. et al. Caffeine has different immunomodulatory effect on the
cytokine expression and NLRP3 inflammasome function in various human
macrophage subpopulations. Nutrients 13, 2409 (2021).

Quarta, S. et al. Coffee bioactive N-methylpyridinium attenuates tumor necrosis
factor (TNF)-a-mediated insulin resistance and inflammation in human
adipocytes. Biomolecules 11, 1545 (2021).

Kim, J. Y., Jung, K. S. & Jeong, H. G. Suppressive effects of the kahweol and
cafestol on cyclooxygenase-2 expression in macrophages. FEBS Lett. 569, 321
326 (2004).

Shen, T., Park, Y. C., Kim, S. H., Lee, J. & Cho, J. Y. Nuclear factor-
kappaB/signal transducers and activators of transcription-1-mediated
inflammatory responses in lipopolysaccharide-activated macrophages are a
major inhibitory target of kahweol, a coffee diterpene. Biol. Pharm. Bull. 33,
1159-1164 (2010).

Kim, J. Y. et al. The coffee diterpene kahweol suppress the inducible nitric
oxide synthase expression in macrophages. Cancer Lett. 213, 147-154 (2004).
Moon, J.-K. & Shibamoto, T. Formation of volatile chemicals from thermal
degradation of less volatile coffee components: quinic acid, caffeic acid, and
chlorogenic acid. J. Agric. Food Chem. 58, 5465-5470 (2010).

Palmioli, A. et al. Natural Compounds in Cancer Prevention: Effects of Coffee
Extracts and Their Main Polyphenolic Component, 5-O-Caffeoylquinic Acid,

on Oncogenic Ras Proteins. Chem.--Asian J. 12, 2457-2466 (2017).



293.

294,

295.

296.

297.

298.

299.

300.

301.

Ciaramelli, C., Palmioli, A. & Airoldi, C. Coffee variety, origin and extraction
procedure: Implications for coffee beneficial effects on human health. Food
Chem. 278, 47-55 (2019).

mestrelab. SMA - Mestrelab. https://mestrelab.com/software/mnova/sma/.
Airoldi, C. SMA libraries for metabolite identification and quantification in
coffee extracts. (2018) doi:10.17632/fs3vf7jbg5.1.

Arana, V. A. et al. Coffee’s country of origin determined by NMR: the
Colombian case. Food Chem. 175, 500-506 (2015).

Consonni, R., Cagliani, L. R. & Cogliati, C. NMR based geographical
characterization of roasted coffee. Talanta 88, 420-426 (2012).

Wei, F., Furihata, K., Hu, F., Miyakawa, T. & Tanokura, M. Two-Dimensional
1H-13C Nuclear Magnetic Resonance (NMR)-Based Comprehensive Analysis
of Roasted Coffee Bean Extract. J. Agric. Food Chem. 59, 9065-9073 (2011).
Akira, S. & Takeda, K. Toll-like receptor signalling. Nature Reviews
Immunology vol. 4 499-511 (2004).

Satoh, T. & Akira, S. Toll-Like Receptor Signaling and Its Inducible Proteins.
Microbiology Spectrum vol. 4 (2016).

Weber, L., Hammoud Mahdi, D., Jankuhn, S., Lipowicz, B. & Vissiennon, C.
Bioactive Plant Compounds in Coffee Charcoal (Coffeae carbo) Extract Inhibit
Cytokine Release from Activated Human THP-1 Macrophages. Molecules 24,

(2019).



302.

308.

304.

305.

306.

307.

308.

309.

Choi, S., Jung, S. & Ko, K. S. Effects of Coffee Extracts with Different Roasting
Degrees on Antioxidant and Anti-Inflammatory Systems in Mice. Nutrients 10,
(2018).

Perrone, D., Donangelo, R., Donangelo, C. M. & Farah, A. Modeling weight
loss and chlorogenic acids content in coffee during roasting. J. Agric. Food
Chem. 58, 12238-12243 (2010).

Cano-Marquina, A., Tarin, J. J. & Cano, A. The impact of coffee on health.
Maturitas 75, 7-21 (2013).

Del Rio, D., Stalmach, A., Calani, L. & Crozier, A. Bioavailability of Coffee
Chlorogenic Acids and Green Tea Flavan-3-ols. Nutrients 2, 820-833 (2010).
Perrone, D., Farah, A., Donangelo, C. M., de Paulis, T. & Martin, P. R.
Comprehensive analysis of major and minor chlorogenic acids and lactones in
economically relevant Brazilian coffee cultivars. Food Chem. 106, 859-867
(2008).

Manach, C., Scalbert, A., Morand, C., Rémésy, C. & Jiménez, L. Polyphenols:
food sources and bioavailability. Am. J. Clin. Nutr. 79, 727747 (2004).
Plazas, M. et al. Breeding for chlorogenic acid content in eggplant: Interest and
prospects. Not. Bot. Horti Agrobot. Cluj Napoca 41, 26 (2013).

Kumar, R., Sharma, A., Igbal, M. S. & Srivastava, J. K. Therapeutic promises
of chlorogenic acid with special emphasis on its anti-obesity property. Curr.

Mol. Pharmacol. 13, 7-16 (2020).



310.

311.

312.

313.

314.

315.

316.

Lu, H., Tian, Z., Cui, Y., Liu, Z. & Ma, X. Chlorogenic acid: A comprehensive
review of the dietary sources, processing effects, bioavailability, beneficial
properties, mechanisms of action, and future directions. Compr. Rev. Food Sci.
Food Saf. 19, 3130-3158 (2020).

Olthof, M. R., Hollman, P. C. H., Buijsman, M. N. C. P., van Amelsvoort, J. M.
M. & Katan, M. B. Chlorogenic acid, quercetin-3-rutinoside and black tea
phenols are extensively metabolized in humans. J. Nutr. 133, 1806-1814
(2003).

Olthof, M. R., Hollman, P. C. & Katan, M. B. Chlorogenic acid and caffeic acid
are absorbed in humans. J. Nutr. 131, 6671 (2001).

Montavon, P., Duruz, E., Rumo, G. & Pratz, G. Evolution of green coffee
protein profiles with maturation and relationship to coffee cup quality. J. Agric.
Food Chem. 51, 2328-2334 (2003).

Natella, F., Nardini, M., Di Felice, M. & Scaccini, C. Benzoic and cinnamic
acid derivatives as antioxidants: structure-activity relation. J. Agric. Food
Chem. 47, 1453-1459 (1999).

Del Rio, D. et al. Dietary (poly)phenolics in human health: structures,
bioavailability, and evidence of protective effects against chronic diseases.
Antioxid. Redox Signal. 18, 1818-1892 (2013).

Naveed, M. et al. Chlorogenic acid (CGA): A pharmacological review and call

for further research. Biomed. Pharmacother. 97, 67—74 (2018).



317.

318.

3109.

320.

321.

322.

Roshan, H., Nikpayam, O., Sedaghat, M. & Sohrab, G. Effects of green coffee
extract supplementation on anthropometric indices, glycaemic control, blood
pressure, lipid profile, insulin resistance and appetite in patients with the
metabolic syndrome: a randomised clinical trial. Br. J. Nutr. 119, 250-258
(2018).

Cho, A.-S. et al. Chlorogenic acid exhibits anti-obesity property and improves
lipid metabolism in high-fat diet-induced-obese mice. Food Chem. Toxicol. 48,
937-943 (2010).

Huang, K., Liang, X.-C., Zhong, Y.-L., He, W.-Y. & Wang, Z. 5-
Caffeoylquinic acid decreases diet-induced obesity in rats by modulating
PPARa and LXRa transcription. J. Sci. Food Agric. 95, 1903-1910 (2015).
Song, S. J., Choi, S. & Park, T. Decaffeinated green coffee bean extract
attenuates diet-induced obesity and insulin resistance in mice. Evid. Based.
Complement. Alternat. Med. 2014, 718379 (2014).

Wan, C.-W. et al. Chlorogenic acid exhibits cholesterol lowering and fatty liver
attenuating properties by up-regulating the gene expression of PPAR-a in
hypercholesterolemic rats induced with a high-cholesterol diet. Phytother. Res.
27, 545-551 (2013).

Botto, L. et al. Study of the antioxidant effects of coffee phenolic metabolites
on C6 glioma cells exposed to diesel exhaust particles. Antioxidants (Basel) 10,

1169 (2021).



323.

324,

325.

326.

327.

328.

329.

330.

Amano, Y. et al. Safety pharmacological evaluation of the coffee component,
caffeoylquinic acid, and its metabolites, using ex vivo and in vitro profiling
assays. Pharmaceuticals (Basel) 12, 110 (2019).

Park, S. H. et al. IRAK4 as a molecular target in the amelioration of innate
immunity-related endotoxic shock and acute liver injury by chlorogenic acid. J.
Immunol. 194, 1122-1130 (2015).

Krakauer, T. The polyphenol chlorogenic acid inhibits staphylococcal
exotoxin-induced inflammatory cytokines and chemokines. Immunopharmacol.
Immunotoxicol. 24, 113-119 (2002).

Radnai, B. et al. Ferulaldehyde, a water-soluble degradation product of
polyphenols, inhibits the lipopolysaccharide-induced inflammatory response in

mice. J. Nutr. 139, 291-297 (2009).

Ghosh, S. & Karin, M. Missing pieces in the NF-xB puzzle. Cell 109, S81-S96
(2002).
Shimada, T. et al. IKK-i, a novel lipopolysaccharide-inducible kinase that is

related to IkappaB kinases. Int. Immunol. 11, 1357-1362 (1999).

Moynagh, P. N. TLR signalling and activation of IRFs: revisiting old friends
from the NF-kappaB pathway. Trends Immunol. 26, 469-476 (2005).

Qin, H., Wilson, C. A,, Lee, S. J., Zhao, X. & Benveniste, E. N. LPS induces
CD40 gene expression through the activation of NF-kappaB and STAT-1alpha

in macrophages and microglia. Blood 106, 3114-3122 (2005).



331

332.

333.

334.

335.

336.

337.

338.

Saturnino, C. et al. Anti-inflammatory, antioxidant and crystallographic studies
of N-palmitoyl-ethanol Amine (PEA) derivatives. Molecules 22, 616 (2017).
Kuehl, F. A., Jr, Jacob, T. A., Ganley, O. H., Ormond, R. E. & Meisinger, M.
A. P. The identification of n-(2-hydroxyethyl)-palmitamide as a naturally
occurring anti-inflammatory agent. J. Am. Chem. Soc. 79, 5577-5578 (1957).
Petrosino, S. & Di Marzo, V. The pharmacology of palmitoylethanolamide and
first data on the therapeutic efficacy of some of its new formulations. Br. J.
Pharmacol. 174, 1349-1365 (2017).

Russo, R. et al. Gut-brain Axis: Role of Lipids in the Regulation of
Inflammation, Pain and CNS Diseases. Curr. Med. Chem. 25, 3930-3952
(2018).

Cordaro, M., Cuzzocrea, S. & Crupi, R. An Update of Palmitoylethanolamide
and Luteolin Effects in Preclinical and Clinical Studies of Neuroinflammatory
Events. Antioxidants (Basel) 9, (2020).

Aloe, L., Leon, A. & Levi-Montalcini, R. A proposed autacoid mechanism
controlling mastocyte behaviour. Agents Actions 39 Spec No, C145-7 (1993).
lannotti, F. A., Di Marzo, V. & Petrosino, S. Endocannabinoids and
endocannabinoid-related mediators: Targets, metabolism and role in
neurological disorders. Prog. Lipid Res. 62, 107-128 (2016).

Hoareau, L. et al. Anti-inflammatory effect of palmitoylethanolamide on human

adipocytes. Obesity (Silver Spring) 17, 431-438 (2009).



339.

340.

341.

342.

343.

344,

345.

346.

Impellizzeri, D. et al. The anti-inflammatory effects of palmitoylethanolamide
(PEA) on endotoxin-induced uveitis in rats. Eur. J. Pharmacol. 761, 28-35
(2015).

Perry, V. H. & Teeling, J. Microglia and macrophages of the central nervous
system: the contribution of microglia priming and systemic inflammation to
chronic neurodegeneration. Semin. Immunopathol. 35, 601-612 (2013).

Olah, M., Biber, K., Vinet, J. & Boddeke, H. W. G. M. Microglia phenotype
diversity. CNS Neurol. Disord. Drug Targets 10, 108-118 (2011).

Prinz, M., Tay, T. L., Wolf, Y. & Jung, S. Microglia: uniqgue and common
features with other tissue macrophages. Acta Neuropathol. 128, 319-331
(2014).

Eggen, B. J. L., Raj, D., Hanisch, U.-K. & Boddeke, H. W. G. M. Microglial
phenotype and adaptation. J. Neuroimmune Pharmacol. 8, 807-823 (2013).
Cherry, J. D., Olschowka, J. A. & O’Banion, M. K. Neuroinflammation and M2
microglia: the good, the bad, and the inflamed. J. Neuroinflammation 11, 98
(2014).

Boche, D., Perry, V. H. & Nicoll, J. A. R. Review: activation patterns of
microglia and their identification in the human brain. Neuropathol. Appl.
Neurobiol. 39, 3-18 (2013).

Yamasaki, R. et al. Differential roles of microglia and monocytes in the

inflamed central nervous system. J. Exp. Med. 211, 1533-1549 (2014).



347.

348.

349.

350.

351.

352.

353.

Vainchtein, I. D. et al. In acute experimental autoimmune encephalomyelitis,
infiltrating macrophages are immune activated, whereas microglia remain
immune suppressed. Glia 62, 1724-1735 (2014).

Andersson, P. B., Perry, V. H. & Gordon, S. The acute inflammatory response
to lipopolysaccharide in CNS parenchyma differs from that in other body
tissues. Neuroscience 48, 169-186 (1992).

Casili, G. et al. Synergic therapeutic potential of PEA-um treatment and NAAA
enzyme silencing in the management of neuroinflammation. Int. J. Mol. Sci. 21,
7486 (2020).

Costa, B. et al. Targeting mast cells in neuropathic pain with the endogenous
modulator palmitoylethanolamide. J. Peripher. Nerv. Syst. 14, (2009).
Donvito, G., Bettoni, I, Comelli, F., Colombo, A. & Costa, B.
Palmitoylethanolamide relieves pain and preserves pancreatic islet cells in a
murine model of diabetes. CNS Neurol. Disord. Drug Targets 14, 452-462
(2015).

Bettoni, 1., Comelli, F., Colombo, A., Bonfanti, P. & Costa, B. Non-neuronal
cell modulation relieves neuropathic pain: efficacy of the endogenous lipid
palmitoylethanolamide. CNS Neurol. Disord. Drug Targets 12, 34-44 (2013).
Skaper, S. D. et al. Palmitoylethanolamide, a naturally occurring disease-
modifying agent in neuropathic pain. Inflammopharmacology 22, 79-94

(2014).



354.

355.

356.

357.

358.

359.

Costa, B., Conti, S., Giagnoni, G. & Colleoni, M. Therapeutic effect of the
endogenous fatty acid amide, palmitoylethanolamide, in rat acute
inflammation: inhibition of nitric oxide and cyclo-oxygenase systems. Br. J.
Pharmacol. 137, 413-420 (2002).

Conti, S., Costa, B., Colleoni, M., Parolaro, D. & Giagnoni, G.
Antiinflammatory action of endocannabinoid palmitoylethanolamide and the
synthetic cannabinoid nabilone in a model of acute inflammation in the rat. Br.
J. Pharmacol. 135, 181-187 (2002).

Costa, B., Comelli, F., Bettoni, 1., Colleoni, M. & Giagnoni, G. The endogenous
fatty acid amide, palmitoylethanolamide, has anti-allodynic and anti-
hyperalgesic effects in a murine model of neuropathic pain: involvement of
CB(1), TRPV1 and PPARgamma receptors and neurotrophic factors. Pain 139,
541-550 (2008).

D’Aloia, A. et al. Palmitoylethanolamide Modulation of Microglia Activation:
Characterization of Mechanisms of Action and Implication for Its
Neuroprotective Effects. Int. J. Mol. Sci. 22, (2021).

Wink, M. Modes of action of herbal medicines and plant secondary metabolites.
Medicines (Basel) 2, 251-286 (2015).

Bresciani, L. et al. Absorption, pharmacokinetics, and urinary excretion of
pyridines after consumption of coffee and cocoa-based products containing
coffee in a repeated dose, crossover human intervention study. Mol. Nutr. Food

Res. 64, 2000489 (2020).



360.

361.

362.

363.

364.

365.

Mena, P. et al. Effect of different patterns of consumption of coffee and a cocoa-
based product containing coffee on the nutrikinetics and urinary excretion of
phenolic compounds. Am. J. Clin. Nutr. 114, 2107-2118 (2021).

Favari, C. et al. Metabolomic changes after coffee consumption: New paths on
the block. Mol. Nutr. Food Res. 65, 2000875 (2021).

Mena, P. et al. A comprehensive approach to the bioavailability and
cardiometabolic effects of the bioactive compounds present in espresso coffee
and confectionery-derived coffee. Proc. Nutr. Soc. 79, (2020).

Mena, P. et al. The Pocket-4-Life project, bioavailability and beneficial
properties of the bioactive compounds of espresso coffee and cocoa-based
confectionery containing coffee: study protocol for a randomized cross-over
trial. Trials 18, 527 (2017).

Ovais, M., Guo, M. & Chen, C. Tailoring nanomaterials for targeting tumor-
associated macrophages. Adv. Mater. 31, €1808303 (2019).

Newman, D. J. & Cragg, G. M. Natural products as sources of new drugs from

1981 to 2014. J. Nat. Prod. 79, 629-661 (2016).



9. AKNOWLEDGEMENTS



Appendix |

Appendix |

Pmlh"“m“ﬂ T

ME VD R Yiee FLU AT D

Green and Roasted C
Inhibit Interferon-p Rele
LPS-Stimulated H

OFIM ACCELS o

P—— - wred & m“w FER on

[ e FATAAET of BN FhES el LeTar

e forfed Terlaty SEyER TE Lvwad &

—— &R T SR TIOAOTET AT e e

M‘Hr ##-'-:;t ot B ittt by Sl e ess s o T ey
e

o =T Wmmm ha main

Uil arisling, Bk : msnm e B00R a8 Frbisd BN

e — ; otaumng doeream o TUAL, FnbSon of B

ke wih Ta FAYy o Tgr Ten ohyneTeg

H-%#ﬂ--“'ﬁlﬂih#ﬂq—uﬂhﬂ
L R R T S S e B L ol g [
A, 200 b e v e e el et e pan s e mie o ap ety
m“ﬂvﬂihﬂuhﬂmmuﬂriﬁ-
20w e W e 27070 Bl e e eemiendge. sl gl o el
ﬂﬂi-ﬂdﬂﬂhhﬁﬂﬂ“bhmﬂ
AN P ARS T EGT ARG el oy mead = i

Drchan R e e Pl oo § Bl FEF erasw TOE b 00T



Appendix 11

Appendix I

.u.h@m ﬁ?b\ﬂ,]

Article
Palmitoylethanolamide Modulation of Microglia Activation:
Characterization of Mechanisms of Action and Implication for

Its Neuroprotective Effects

Alessia D' Alois "0, Laura Molteni 10, Francesca Gulle '), Elera Bresciani >0, Valentina Artusa 'O,

Laues Rizsi *C, Michels Ceriani ', R Meanti >0, Marria Lecchi ', Silvia Coco ¥, Barbara Casta (0
and Astonio Toesello 0

b wummun—muumummmm
dbit (ALY, b @ B (TAGX vartuiicanspus snicels it (VA

machela. umr_k-‘n ML)

P Shool of Medicine and Surgery, Usiveesity of Milino-Sicoeca, 2000 Mossza, Baly:
[y db.% LM ); sl bow (RN} laes =Xy
LWMI-I\L} sy b cooslunindb  (SC l

" i RC) areonk BAT)

L3 mewnum

Ab Pal Astharolamide (PEA) is an endogs lipad produced on d i by

:?'/:‘lmﬁ Andﬂaﬁlht prop 12 3= well known that inflammation and
w&—'m—xﬁvﬁdmﬂunmwy.pﬂnﬁnhw

Catlen O Alsin, A, Makend, L., m_dhp_mkwmuduhrm:ddmmwwmb-

Cadba B Biiann, E Mt v, a Bzl Jul b sl

X v rifocts the of pt vpws In N¥

o) - oCatum M) M cell, the peo-mcubstioe with PEA banted the of M1 pro-ind sk bockiicad by

Lovite, M Covn & i 3 " Lzages
popalyssccharide {LES), o g t M:-“ a &

of Mimgha Adtvaten of whial cells were p Jh&hwlmdmbﬂm—nhhwwh

Chasd o o abslity of FEA o mhibet the LPS-tnduced M1 polasization and weggested that PEA might mduce the

A e Laghation fos 156 nti-infl v M2a phunatype. Fy Uy, PEA po d Ca™ in both N9 clls

Nowssposdmto et bar | 3 and prmary microglia and " d the | hyp sbelity inchaced by LPS, an lod

R 303 22, M4 Nape ) bynﬂh‘“.rq(\li”mhmmw dres of wh

L el AR and astrocyte. Frally, the 15 of the modecal. ry xdicated that PEA effects 2w not

diatind by toll-ike piord (TLRA); oo the _‘.n;un-l { of b d type 2
Al Bt Saliva Petsioss pocpptor (CB2R) wan shosen by using a selective nocoplor mvwrse agoret.
Bovwonved | St 2221 K " 4 L tharnrdh 4 " 4 i " ot
b ¥ L4 L aund L -r £
Avytnd S blanh 20 s 2 g 2
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when Microglia an resident pluage-like ool of the central nervous system (CNS).
For & long tisne, ey were idered 1o be g t in healthy conditions, becomsing
mwh-!npah:h‘ulmm }ivnmut.--mw that microglia = “resting™
A e e e e e s
Coppoights © 321 by S subhmn. muﬁmmn/mwmsbmnumm Upunmv,
Luwnwr VERY B, Smitioviond micrig B by activased, swikchi tory (M1) piy S odd 4
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dastbated ndee The weves sad v/ ¥ ivu (M2) phasotype, exprvssing intorkeukin-10 (EL-10)
s of e Crnitie Commmmans icroglia are further d ized o suib-classificats rati-indl tory (M2a),

Astebionn (CC BY) Swvee oy / / mhumwmnvymxudmuwvmuwmdwm
b -y iy lypmmubdmmumﬂuwlﬂwmplnmtﬂwmmolmhp&
any) activation phenctypes for macroglia is a olatively new i fory, the roles they
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phyu-m’llmulnny«htmiud Huwwu.uuwdl tablishued that d

ation, wiich underlics many '_ Wlaﬂtm
mnmudlv-vaDy, infl bory stamuli. These chromically activated microglia
will e bo p cytodines and i oxypn/nlbopipdu.
uMMbmlMl!}.mm acrogli dulats
tic toal in paghalogical coodstions whete detri I polasizati e toch-na.
nmhmmdwmnnMMmﬂmoﬂyb
peevent the detri | peoin at ,, vpe, but aleo to g the beneficial
Mernative ph po. can by a therap Numhpbvuhuw&ulu‘muu

mmwnwmmmw* mudtiple sch
Pm.mwmmnmmammqmmm-m
endogerons Sped potentially useful = a wide range of therapeatic areus. PEA is producnd
Mbymnﬂﬂaﬂmhoﬁwnmhﬂmhwm
z that s acti d following tissue damage or indlassenation [3],
WMMWMM Favoe the process of sesolution of indlans-

nd the ion of e b is. Many stadies have d bodd that the
asvs-infl y property of PEA ks lishod through the inhibiion of the release of
pro-indl v mok o mmﬂdmnﬂmmhm
abialyb i icroglia charges iated with i od migration and phagocytc
nuvkvh&h-nnpu!dnhmwmmhnvmwmm‘m
et its ive effect theough the macroglia on, o

mmmunmmmumm Wi 80 assess whether PEA could contral
wmmhm»mmmmwmmv
and peo-h s nd»wmwammannuwﬁd
phnnmbpalmdhwoﬂhg 5t
hﬂﬁmﬂ.wauuidhdhdoﬂ'ﬁhm ,,‘_ haside (LPSki 4

mm‘hnﬁv-hmh(l)w&nh‘h =k ing microglia ph ,r_..mpr-
5 4 ic analysis, which = icdered as a valuable method to better

4 lnnnnd oo selat hig mmmmmmmwc‘"

signals as a rapid functsonal ool of microga activation; (4) 1y swuron-glis cross-talk

hrough the multi-ol d mym]mnh;m&xtud(ﬂmdyhgtbpm

recuplor Envolved.

2 Resulis

2.1 PEA Pre-Trestment Counteracts M1 Microghis Polestzabion Indaced by LPS Trealment
The effects of PEA wore first od on the pro-andl tory activity of LPS i N9

microgha ool Diose-conponse and time-course expermments were first porformaed (o seloct
the optimal comcentration of PEA and incubation time 10 be used. The nesults of thise
preliminary experimwnits dicated that 100 uM PEA, administenad 1h bedore LS satment,
wnmmmm&moumﬁhmamdbymmmmm

intained in the sul swents. The activation statis of microglia wene
Mb)m‘mhwhdmdndbbutuowqmw\m-mm
and those of arginase-1 (Asgl), a M2a sarker, = N9 cells incubated for 6 h with LPS. Linels
Of INOS and Argl wene meisarned by Wesstern blot. LPS sqgnificantly incosased INOS levels
MWMMMMIW»MMMIALMLE—

inducad iNOS increuse was significantly blunted in cells pee £ with 100 uM PEA fice
Ih(RmeBL(Xp.hmht is that PEA p tagomizod LPS-inducad
Argl reducti 1t 4o 1 valuss (Figire 1B}, Given that e increase of Argl

nscmdmdnpuﬁcmhtd&-mbqpmb-hhm M2a phenotype, these
data Mighlight the ability of PEA to snhibit the LPS-anduced M1 polarization of macroglia
and sugpest that PEA might induce 2 M2a phenotype wpon injury. To further strongthon
Mh)pommwwmhuhdmm 100 =M PEA alooe for 1k (Figuee S1), and
resaslts o ! 4 trend d an i in Argl levels, even if it &id not reach
statistical significance.
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Fagure 1. Effect of palmitorylethancismide (PEA} on M1 /M2 markers in lipopolysaccharde (LPS)-

stimlated NY colls. Cells wuow mcubated with lﬁﬂmnlhhbnu-u-nn!du‘l-l.
Ipopobysacchanide (LIS} for 6 h. Total protein extract fom NV cells wese sepasated on SDS-PAGE

and trassferned o a palyvinylidene dddaorde (PVDF) memb i werw peobed with
nm&ﬁﬂw.m"ﬂbm"nﬁah&‘ Paned (A} A opresertasne
Wewtern blot w b Panel (B} Hitogr relative to the q fi of bands of induchble nitric
Mmhumm-m-l(w).hamlmu.b(mmmm «Lrs
trowtmunits. Dats acw shown s the muss = SEM. (n = thew ndep P i

among grosps were fevted for signs by e howis of {ANONA) follorwedd

hl&rp‘hulh“labymkm-ﬁlwhh-#m
tont (for Argl) *p < 005, % p< (101, "% p < Q0.

To further characterize the role of PEA on microglia activation nd polarizaton, in-
fasmatoey cysokine livvls were messuned = N9 cells after LPS incubation. LPS stimadatod
mWﬂmNAhnthﬁWMMLlﬂmm
respoctively), as well a5 those for e oy in-1 (MCP-1; Figuee XT),
mhmmmhﬁdhmphmmypv ln-ddhml.l’s:uumdmmmm
in mRNA levels foe intorleukin-10 (IL-10) (Figune 2E), which is 4 marker of the M2b -
croglia sub-phenotype. The prv-trestenent with FEA 100 uM significantly antagoeized
LPS stimulation of mRENA kvels for pro-andl v eytobines, as woll as the increaw in
IL-20. Moesover, PEA effectively reduced TNF-a seliase in the culbure ssedivm (Figune 26)
dhcmmammmm’mmwmwmnm

pre Largely ia activation duced by LFS, pevventing the dis-
ﬂmlMlmm‘hpﬁdmllﬁwd that LPS polari icroglia 0 4 mixed
MI1/MIb phenotype through the $oli-like receptoe (TLR) '_, g Thus, we g thw

mENA kvels of TLR in N9 cells. The scubution with LPS inducnd a sgaificant reduct
of TLRE sRNA Rrvels, and this effect was not inhdsisd by the pee-incubation for | h with
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PEA (Figure 2F). The ability «of LPS 0 dowrnrugulate TLR his boun already desmosstratod

in imnortalized microglia cdlds [ 5], in prisary culture |5 and in phages [10], and
it has Buen suggested that this say be & machanism o p over stismalation of the
innale pesponse.

T

o —

Fagure 2. Effect of PEA o0 LS i of =l A in N9 celbs. Celle wore incobated with PEA 100 oM
‘uth-ﬂ&nl.ﬁswdu-ﬁdhol-I!\Abnhdlo\)mmhﬂu#ulm--alm.-w
(L6 (O vie 1 (MCP-1), (D) interinckin-1 beta (IL-13}, (E) mierinckin-10 (IL-20) and
cﬂk‘&hw‘ﬂlluwm.—dh-“-nmm“wdhvdmm[hm
shown as the mean = SEM. of ¢ { = thove Bdepend o (e w 18). (G) Rel ol INF=x
mhcﬁ-n-hlw-q-h&dhuqnqua& yme-linked oot awary (ELSA). Data are shown
as e mean + SEM. of d = threo 1inds d (== 3L (H) IL-1§ proten sxpeesson
wae d by W bl bwwﬂhﬂmhhmbp&dwﬁml&-Mu
the mean + SEM of obt. d = thove mdep {= = 3} Daffers b groups wers

Whmwmh&w&&r-ﬂl’iﬂyﬂh«u"pcnm <000, < 00001
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2.2, PEA Pre-Trestamen! Prevents Microglia De-Rawafication baduond by LPS Trestment!

In ceder t0 further ovaluate microglia polasization, N9 aell morphologas wene ans-
Iyaed after LPS exposane. Microghia morphology wiss visualized by a condocal microsoope
As shown in Figure 3A, under control condition, microglia exhabated the typical ramifiod
moephology of nesting microgla (MO stage) with numenous keyg Branches and multip
Glopodia [11]. As expected, LPS administration dungod smiceoglia moephuology from the
typacal branched and ramified morphalog
stage). The moephologecal changes @ microgian reflect profousnd functional changes
these cells, because it is kewowrn that the leaswe of cysokines and other sigmaling factors into
the surrounding tissue & erdunced when microglia acquire semovboad sorphology [12], in
agroemund with our previous sssalts on cvtokine expresace. PEA pro-treatmaont prevints
LPSanduced mecroglia shift into M1 state, keegung cedls in ramified snarphology. On this
basis, microgha ramified morphology dhanges were measured by quantifying the sumber
of microglia endpoants and process length per wll. As shown in Fagure 78, microglia
enadpoings and process Jength sigraficantly decreased with LPS treatiunt companed 80
control, while these effects were no peesent in cells pee-teeatod with 100 uM PEA foe 1

gy 20 amoebosd with loss of most branches (M1

Therelore, sheletan anadysss of microglia mocphologies revealod that microgha became do-
rasmified (fewer and shorter processes per cull) in LPS tvatmsent while PEA pee-treatinent
counteractad thes stuation masdaseng cells in ramidied foem

A

DAsso LIS3 spml PEA 10O gM ALFS D pp'el

A
LS

'
&

y

~

Figure 3. Effect of PEA on micogls ramufication s LPS-stimsletod N9 celle. N9 colls were seoded
oo porcnw gelatin pre-treated covenlips and then wemnr incabated wath 100 pM PEA at | b bedore
trwatrrent with 3 g ‘el LPS for 6 B (A) Colls were statned with the memnbrase dye Dil and fived
Flucomcence imagrs weoe acqueed by 2 63> megredcation on Lesca TOSSP2 beer scarning condocal
macroncrpe. Scale har: 50 um. (B) Histograme relative 1o the quantiication of procms mndpotnts /colle
and proces kength /cells. Duta s shown as the mean = S EM of ddenmt images analyzed (0 = 5
total maanber of celix prosent in vach image v = X, total sumber of collls snalvred for cach group
® = 1500 Dedlormcos between groups were hsded dor ugnificance by applvig the ANOVA st and
Tukey post hoc et ** p <000
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Furthermace, 40 better analyaw microglia moephological changes, FracLac analysis

was purformad. Examgles of microglia (made binary and ocutlined) in each treatrsent are
shown in Fagure 4

Binary Qutline

.
™

t
>

PEATOD uM +LPS 3

Fagure 4. Effect of PEA on mecsoglia muephology in LPSetanulated N% colle. NY cvlls werw seeded

o porane gelatin pre-trvated coverslips and then weme incabated wath 100 uM PEA at 1 b bedoee

v stained with the membrane dyve Dil and fiaed

treatment with 3 ug/ml LPS for b b Colls

Flucosscenoe imagm wese acquied by 3 63+ magrefication on Leca TOSSEP2 Leer acarsing condocal

macroscope. O the rght, sxamples of coll cutlioes. Scale bar 50 um

e lication of Fraclac foe lmage] b microgha cutline cosulted in fractal dewnsions
that eanged from 133 and 1532-1.582 (avedable range is 1-2), with e lowest value
ocoursing in LPS trvatenent and the highest in control and PEA pre-treatment. Indeod,
microglia complesity sigmificantly decrvised with LPS adminsstration, whale PEA pre-

incubation counteracted it (Figure SA). Fractal dismension scoees sugpest that PEA proe.

trwatisent 5 able bo mainkain complexity of macroghia shape, which chasactenioes control
ovlls. Usimg Fraclac for kmage], additional messanis of sicroglia marphodogy related 1o coll
shage wure evvestigabed: span ratio, density, oell anva, perimetur, lacunarsty, and circularity
Spran ratio is & sveisae of sacroglis dongation. Thenefore, this parassetes, together with cell

) SCG,

span ratio and cell circulanty were unchanged amoog different groupa. Densaty, cull an,

circularity, is nelovant 30 define macrogla shape (rod or crde). As shown in Fig
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Mputuuhrnnu.lbupcﬂnuaughamu’% Jsanistration & od density,
coll arva, and peri od o conrol, whale they were significantly peeserved
Mmmﬂw.ﬂnlﬂﬂ&hlh(ﬁpnuahulurﬁyuuhamd
microglia shape dranging since A penwity of | and
inwvariance in an image, lower A values imply by penwity [13]. As sy in Fagure 5F,
PEA pre-treateent sigraficastly increased lacunarity comgpusad 0 LPS adenimisteati

Fagure & Effect of PEA on e > dongs and size in LPSssmulatod N¥ cells
WMMMIW-JMMMI dervety (B), span zatio (C), anea (D),
¥ (E) & v (F), and darity |G). Tirtal neamber of cells analvzed for each condition

=x 21 &hwm-hm:mhm'q-mwﬁ'w
by applying the ANOVA st and Tukey post hoc St * p < (L05, "% p < 0008, =™ p <0001

TaMymhMdepmommM
muertal moded and corelate thesn with their activation state, hi dhical chustor anadysi
(HCA) was purfoemod (Figune 6A). For this sathesatical h 1o cliseily microgli
in different group ) '“‘b,wmd;umnmdﬂndmm
muﬂﬂmmWﬁpMnl“Lu*wuncWhthm
clusters oe morphotypes (Figure £8). Espedally, as shown in Figume fA, there were two
big clustens, Cluster 1 and 2, with Cluster 2 further ramified & two subsgroogs, 2.1 and
22, Cluster 1 included colls from LPS-troateenst, while Cluster 2 included & mixture of
culls from both contsol and PEA pi Notaly, wh | cells wene equally
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distributed butweon Cluster 2.1 and Clusser 2.2, the greatest past of colls dersved froen PEA
sxcubation wene gy d in Cluster 2.2

¥ v

Linkage distmace

WA - WA - oy WA -

L) et = W0 V) et - L5 3 el = 30

PRAVS AN It = VA -3 "~ -
Figure b Clameication of 4 timyg to Fraclac par {A} Himarchical chuster analysis (HCA] of microghial
alh,n-hdud-uhimh-don beulated by Fraclac analy Dendsogram for 5% cells, where
the ab devidual micrglia, and the ondmate cornmpands to the Enkage & d by Esclid

M»mm“w-mmmmldnmwmawwu
it into Cluster 1; on the contrary, both not Sseated ool and clls pre-tested with PEA belong 8 e second Claster (Chuters
2.1 and 2.2 (B) Thewo was identified s an approp ber of b rding %o the bnkage detance (Eoclidesn
distance) va lmnbage seps ber of by prt d ol g Thoedike's p e, am il d by the
vertical dashed line

Tamwwwmmmmmwmmmw
functioeul modaficati dpoints /cull, fractal dimension, and lacunarity scone from
dﬂmlw“phh\amdbmuwmnwumhm These
thrwe wene & single Vasiabl P cull ramsafication, complanity,
and shape changing, tively. Includi all sables would be sedundant. Plotteng
Mmmm-mﬂu(Fm"Mu»mmMm
treatment in the same group of contral (ramifiod group) as opposed o LPS ¢
{do-ramifiod and rod group). Even though PEA and contral group wene sear i the plot,
PEA group dspliped a higher lacusarity  Lacurarity defines the polaization of the
<ulls, which is where their prolongations ane oriented towand a specific point, and tas

charaderistic is typical of the M2a phasotype.

2.3, PEA Inkilits ATP-Indwced Intraceliadar C™ Imvauh.‘&aﬂl’rmmngﬁdc:&
lﬁ:nﬂuﬁm:uwymhﬁm Tl ' ignaling. Usable to observe

substanti la 1l LI’S plicat mm-dhdthamkimohnhm

induced by ATP In p lag, sicrog) ¥ od recuprl lat.\TPMugdnnn-'-

croglial moslity. After Jocal dasnage, the nel of ATP induced smcroglioss and

wnwwum‘mdmmmmphmmdamm
collular compurtments [15]. mmmumwmw<¢mwm¢n
w:.mmdundnhnduhta" mobilizaticn in N9 cells. mmda&

with 10 uM ATP da i af entracellular Ca®* that was v
MM(WEM» mpmmuummuumm”b\).hm
in <ytopl that ph called & lular Ca2*

wave (ICW), hhidn kﬂ-mwamhby which glial cells mtoract and
mmdsmhwﬂh--:hmhabmhnmmlml lnmdnlndumh-ﬁn
insight about the role of PEA in i eliular Ca** nducnd by ATP,
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we rep 1w expers in primary microghal colls. According to what we observed
foe N9 culls, pro-tn of primary microglia with 100 oM PEA inhibited (§9%) e row
in & Nular Ca** ation inds ‘byA‘ﬂ’(ﬁguuﬂ)MdﬂauwﬂM
PEA & ablv ko p n lizod Cu?* trisea icroglia are a sigral of desage.

Fagure 7. Effect of PEA on diff srpbologhes = LIPS lated N¥ cells. Fractal dimwssion (Dy), end-
potnts/ ol and | v dats werw amabyzed by Peanon’s corselation and then sverages for sach grosp were sved for
vimakeation The figero the relaticoskep by all theow varuables. Fractal denerstce (D) w dowctly selated
w—q-:-n/uu(rvnm’-ammlnahaumy(m(rvnwp-ﬂMS(L v (A 1 mut segnificandly
coerclated with endpoints/cells (7 = 29381, p = 01315 Two groupegs emenye § and de-ramafind and rod.

2.4. PEA Preownts LPS-Induced Hypereacitability dv Privsary Cortical Caltases

LIPS troatenent of cult of Vies, and microglia causes atypical seizure-
like activity in the | K, which we huve characteriznd = dotad in our previous
MMII&]'!’.TOWHPEAM t the hy cetabality induced by
LPS, v pee-2 d pramary cortical cult MIMFMPEAllWM
Julﬂmmnww\iydhmmbybm‘ysmn
‘hmmlhmpmhﬂ‘unulca P ive culture in i, during, LPS

jon, and during PEA pre-admanish ‘lnLPShhnmrplm.u@lm

Mbmdtnﬂh“w@!&hw!mmmm
the atypical hyp ity induced by LPS and, in soow cultures, it even showead a toend
o reduce the ok activity compared to d condition. In arder to moee peecswly
characterize Bw offect of TEA, we evaluated the lative Estribution of the burst
MM)Mththpwm"am“Mnh

ipal variable for & % the aty pacal seizuee-Eke events induced by LPS. The typical
dmdlﬁmcunm“awdmwmmwumwm”m
upger paswl). From the Bgum # i evident that, in control, 95% of the bursks bad BD <45,
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whereas in LPS, oaly ~50% of the bursts had BD < 4 5 and the rest of the bursts had
longer BDs. Pre-incubation with PEA § d to L00% the peabubility of having BD <45
(Hgnm*l! Mpmd}ﬁowh;npnnmwu&:dﬂanhusw In

ts, the value of cumBD at 95%, which epresented
hdwdmamm(wmmanmmrmusmm‘uslm
mhwtdwnmﬂndmmmdmmhwmmmm
# =3 ind experi wenw pod. Duta at defferent time points (0, 1,2, 4,
ud6hlmu’5 Aministration) 4 ins Figure 9C in onder bo show the iow
mdlﬁMuden&Mthm PEA counteracted
LPS-inducad incresse in cumBDA5 at all the investigated time poants (@ < 005 & 1 and
4h.p<o.ma'!h.p(Dmlnéh).qu-lmgMpmmh\vmdm

on setwoek hyperexctability d by LPS. The seducts K actin by
PEA adminsstration vwesus w&Mm-ﬁun@bw,ndﬁpbl“mﬂ
foe multiple comparisons by using the Holm-Sidak method).
A
- -
——o -

- ——————— Ay .~

-

®
Fhmsancerns | MY

Fagure & Effect of PEA on ATP-meduated collular Ca™* = primary macroglia and N9
colis. Colls were boaded with FLUO-S NW and & was d at S35 ren every
05 » for the 20 x povceding and the 80 » follineing S tngection of the ssmub. (left) ATP was injocted
n (A] N9 colle and o (B) primary mucroghe at the ime mdicated by the scrow. Results ane the
e of messurements cbtained in at least s different wells for each expersment. All experimenis
wm-;-.d.lﬁlh—m&.wunwuﬂmn(nm Grapha sbuw

Ca™ P d an i v} in (A} N9 cells and (B) peimary
-mﬁm-l&dwhﬁl‘lhhwm-h—--m of mwasuremenss obtained in
theee Bnd, (n w 18), Deil b groups wese Sebed oo s geificance by

m"hMAu—d'ubypﬂhxh‘ pelfe, " p 0oL
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Fagure 9. Protective eliect of PEA oo LPS-nduced il ad hyp bty of cortical
k. (A) Rep ple of raster plot of p of wp buns activaty in

control comdition after 4 h of 3 sy /ml. LPS admesistration and durng 300 M FEA « LPS. PEA
wan admenistennd 1 b before LIPS In sach conditon, 2 couple of buntx were bowd and down n a
m-vuﬂmmﬁ.m-&mhpd.mbdﬂdp-ﬂ&&hwhu-_q
Tvpreweniting a single spike, and the globel retwork bart o (BD) = computed g all
swnzrons (datniuted on the row ) (B) Mots of sep powod HD L. obubdaty h m
MMM“C&&USMlquMUSmmM
{bowor panel). The data arv obtamed, compating all the BDs = lemporal wisdows of 30 mean, then,

the camulative pecbabilitios of e tane lape of were dired o the value.
Number of analyzed bursts in rop d exp d steps were 110 @ control, 10 in LPS, and
108 m FEA « LFS. On L dinarit the | sgniticance, cbtarmed by Krusdal-Wals

Ton parametric fost, was p < 001 for LPS va sontml and p > (L5 for FEA + LIS vs amtrol. The value
of cunmubasve diesibution of the barst dazations fcumBD) at 9% of probebility (dot kne) m the upper
el changed fom 4.4 », in controd, 83 6 8, = LPS: in the lower paned the same valoe is 6 » in control
and 3.55 x i PEA « LFS condstion. (C) Teme plet of cumBD data at 95% of pechubilies; each poant ;m
the mxdicated time lagwe rop raged data lizwnd at the contml (dot lew). Sigrificant
difomences for PEA + LPS (grwen line) ve LPS (bhaw kne) were determined at all experimental steps by
Holm Sidak method 812 + 01123 and 1255 = 0124, 0.0 + 0L207 and 1.40 = 013, 0544 = Q127
and 1255 2 0.002, 0746 = (.346 and 1.7 = (0084 were, espectreely, the values for FEA + LFS and
St 2 4, =doh i = Sindepend P for each condsson). No sqgraficant efect
wan observed in PEA verwes control. Dats ame exprowsed as mean £ SEM. *p <005 " p <001,
e pelion
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15 PEA Counteracts LPS-Infical TNF-a Release in Privstry Corticel Cultuns
As described above, M«iquh&muk«dmulw

polarization state. To verify whwther PEA poe. s able to the
MdtNF-anhmlbvu‘Swmpﬂymr&dm/myh/mkm
culbunes, we performed an ELISA. The of this cytokanw i the § of PEA was,

4t 6 h after LPS treatment, wmmmwwmm-‘m
{Figusw 10A) Thas, 80 assess if PEA pre-troatment activates anti-infl
mmMcvaWlMMthnMWlw

(BDNF). As shwrwn o Figure 108, the of this ophin did oot § com-
p-dh)mmmmﬁmuhmmpw-mdv&nnﬁhw_m@dk
namedy, that PEA pee-treatsnent can nduced by LPS treat
A B
- P »
—

r

VAR AN 4 v 4P Gu¥ o

P &

-l, \"

24 &
Figure 18. Release of TNF-x (A) and BONF (B} at 6 h afser LPS application. The mous primary
cortical cultune wess incubated with 100 20 PEA at 1 h before trestment with 3 yg/mL LPS The
amaount of TNF-a and brain desived neurotmphic factor (BDNF) ndesed into the culture medum
wuqunbd‘rbhh-l!sh-hmtn.--hum-hmsimdm
b d in threw =d F v = 31 Dat L Froups were oted for
mhw&&mudfmwhu“’cam*p(&ml

2.6. PEA Counteracts LI'S-bbucad Nf-xB Activution in faeman PMA-THP-7 X-Blay Cals and
This Effect Is Not Medishad by Interaction inith TIRE
LPS is a ligand for TLRA “ML!’S&MWMMAM&W

TNF-a (pgimi)
3

ing pathwiys is triggered, whach can activate the expressacn of geo-d y eytokines,
induding ewerliuion (IL)-1, IL-6, and TNF-a lb.‘j. Anhough ﬂn-.mully M TNF-q,
IL-1, and TLR recepors wee similar signal x {ude acth

of 1kB kinase (TKK) and sucloar factor hm&puchawnhmdut\md B culls
(NF-xB) [21] In rocent ywars, it has become dhear that e an at least two separate path.

ways for NF. (tivation. The * scal” pathway is triggered by microbial products
mwcvanMammx uﬁullyb.dm‘»xmm
mmw«a_ taizang cwonpk 1221 M tudies showing the
therapeutic effect of synthatic seall malecul umgnnﬂmmbuhhwm
and i vivo, confirnsed s central role in the negulatson of infl tion [23]. 1o onder
wmwwmmwamxmm»mwmm«
PEA-inducod imhibition of pro-inil ¥ oy bod iggabed NF-xB activati
triggened by TLRA st Lo =mh :;csl’MA‘l’HPIXJln-mlk.Cds

umMM&lNﬂMlbhlmmmg lOI‘ImLLl’S Mshm
in Figum 11A, d v alkaline h, (SEAP) i

¥ (3 * L
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! g ($0r%) in Bu ropluges upon PEA pro-tn - pared to LPS,
accondegly to peevious seport [24]. PEA & able (o inhibit activation of NF-«B even if PEA
is administerad after LPS in THP-1 derived smucrophages. Taken together, these findings
could suggest a possible isvolvonsent of Bw TLR4/NF-«B axis in the PEA mechanisen of

action in human sacrophages.
A B
PMA-THP-1 X-8lue HEK-8lue hTLR4
1 LA
o—y

Fagure 11. Inbdbition of saxclear factor kappe-bght<ham-enbancer of actvatod B colle (NF-o)
activation in LPSesmulated PMA-THP-1 X-Blue colls by PEA. PMA-THP-1 X-Bloe (A) and HEK-
Hlue hTLR4 (B) colls wwre mcubated with 300 uM PEA at 1 b belore treatment with 10 ng/ml LPS.

The of & emibryonic alkalioe phosphe (SEAT) released mto the cultume mudum
v-Fnﬁddhtohua of NF-«B8 Dotz are p fasmean = SEM (n»3
kred on the controd sample. Dmbcmwmﬂd

hnﬁwbyl"mhkl\n\mudfubypmh“ * p <001, ™" p <000,

To conferm thas hypothesis, we & igatod NF-«B activation :n HEK-Bloe hTLR4
culls. HEK-Blue hTLR4 colls servad a5 a ol to investigate whether PEA acts imvolving
TLRA dimectly. Pre-treatment with PEA d5d rot affect NF-xB activation induced by LPS
mmxlnymaudmdmnmﬁ&mw.\rasmm-wby
LPS ad W in by phages, but this effect is not modisted by interaction
with TLRL

2.7. CB2X Revepdor Is Partisfly lusoivad iv PEA-Indacnd Effects on Microghia

Microglis express both the abinoid type 1 (CBIR) and type 2 (CHIR) meceptoes;
Mwmm:smémyow'nmxw«uﬁ[ 25], and its expeession i
further incrvased during activation in viteo and in di dols |26]. Thesed
it is expoctod that CE2R plays & cnacul role in the anti-influmnsabory microglial sesponse.
In fact, upregulation of the alternative M2 markers by CE2R activation i microghial adlls
has bown ruported [27]. To i iggate the role of CB2R & PEA-ceuroprotective effects, a
weloctive CB2R inverse agonsd SRIHTE wis used. The exprusaion of INOS wis sessannd
uhmhrdmnmdul-uwmb,Mmbla!md,mhdmwnmﬁ‘unl.&

pre-administration of SRIS4S2H 100 sM significantly & d NOS
to PEA treatment. The ability amumwmnywmm«smu»

due 80 & possible action of PEA oo CB2R. As describod above, the morpialogical chasges
in microglia refloct profound functional modificats mmmwm
morphology changes wene quantified. The benadits ind ‘byPE\‘-‘ , whach
counteractod the de-ramifind Sorm inducnd by LPS, wene compl en.-ai- of

SRI44G28 (Figure 128). Momaver, in prsary coetical /. vie/! glia cutures,
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pre-ancubation with SR144528 100 nM signaficantly incrvised TNF-a relouse compannd to
control, partially astagonizing PEA preventive efiects (Figure 1200 Taken &
findimgs sugoest a partial mvohvoent of CB2R in the PEA sechanism of action

ther, thow

A *

FIALPS

SRR (ORI IR A LS

! | I
A T
~ F

7

7

Fagure 12 Invalvement of casnabimotd type 2 seoepior (CEZR) i PEA-nessoprotective adfects. NY
cvlls and mouse primary cortical cultunes were mcubated wath 100 oM SRI44528 at 1 h belore 100 uM
PEA poe-treatment. After § b, they were then egpased 103 pg/ml LIS, (A) Histograms ndatve to the
quantification of Western blot harads of SNOS in N9 cells, after DMSO, LPS, PEA « LIS and SR14324
+ PEA « LPS swvatments. Data arw shown ax the mean = SEM. (n » 3 ssdependent expenimanse)
{B) N9 cells were seaded on porane gelate pre-troated covenkps and Swated ax described above
Crlls were stamed with the membrane dye Dl and fixed. On the left, flucnocence mnages aoquised by
a &3 x magnticatom on Lewca TOSSI?2 Liser scmning condocal mucmeanpe. Scalle bar: 50 s On the
nghe, hestogzams nelative fo the quantihication of pov
Data are shown as the mean = SEM. of different meages analy

mdpomis /cells and proces kength /cell
colls

od (0 = 5, tottal resmber o

powsent i each tmage n = M), botal number of colls analyand for each group n = 1500 {C) The amcent
of INF-a oeleawnd into the caltume medaum m mousw prmary cortaal caltunm. Colia were troatod a
described above, and e amount of this cytokine was quantied at & h from LPS application. Data
are shurwr as the mwan = SEM. of awasssvmenits cbtatred & thove mdependent expertmmts (1 = 5
Difiooences between groups werw tewted for sigmificance by applying the ANOVA test and Tukey post

hoc test. * p < 005, ** p< 001, "™ p < Q00 *™ »< 000
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3. Discussion

In this study, dsasacterized the effects of PEA in several in vitro models of ok
Aamesatson induced by LPS and ATP. Our results desnonstrated that (i) PEA induoed &
nmlihmMphmwww&lﬁﬂm&mhﬂh

of 8 vllular calci 1 ‘byA‘l'l'nNOunlpum.ymianﬁl (iii) PEA
antagoedzad the hyperexcitability i cull of yhes and
microglia induced by LPS; and (iv) PEA inhibs ‘NF-ul ivation by msodulating the

activation of CHIR signaling but not theough interactions with TLR4.
PEA is an endog Ipid % whhhdkphy&k'ywmnmyb

logical p Iy not cnldy asti-mnfl ,miimhnnhmud
mn.\pmnivamlm&rh PEA G g Iy effective i & wide range
of therapautic anvas, s trased by many procling '-\d liracal studies that bigh-
lighted it officacy in dogr tiv e dis [29] chroesic pain condistions [30], and
epilegny [4]. The efficacy and the tolerability of PEA explain why it has been markited
in differunt W dos i vl stical food k sance 2008 Different modecular

thb«mmdmhhmpﬂnhhﬂoﬁoﬂvﬁmﬁdmwuﬁq
direct action on peoliferor-acivated sevipior-a (PPAR-a) [11] and many sdirect cansale-
noid necuptor-mediabed actions through the so-called entourage effect [32] In spite of this
multiple mechanise of action, the effect of PEA on cull types involved in sdlammatory

respoemes has not been yet fully ch ized. Inthe p ﬂudy, fi d on the
mqmmmammummﬂ' o odiators
mwmm«wmmmmmmumm

A growisg body of evidenos suggests an img rale for . tice =
Gnmundmmlm-ubﬂmldxm' Judi 1 others, amyotrophs
Iateend in, Alhuimer’s, ad Paski o g l“l-“‘ 1y ach todind
that acute infl Bon plays 4 p i mhmuucwbymmgmm;hl
phagocytonis of harmiul agends, wh S chronicization of
& detrimental role bec. of the ave solsise of infl oy cyviok and cytotonic

factors |34). &&nﬂnndﬁvdbmn)vldﬂmhpﬂphwmdmm
imately 12% of cells in the bram, where they typically exist in a resting state characterszad
by ramafied morphology 135]. Microglia are highly plastic odls, and clissificataon of acts-
\uudauodumhmmdmdphu\rnlh.,mmw (']pm—nbmmy
ML and (55) Enmunosupgeissive M2) is the most ¥ a

mﬂmﬂdﬂ.ndewlﬂAmmulhm

ame often Sescribed 26 having asdi-inf y o repirative f [37]. Inthe p
study, we usod LPS o stitsudate pro-infl bory resp = the N9 maurine microglia
celly, which wese privicusly ‘*-‘-‘hb-. ble model for pharmacological end
Wmmm‘m[»w]mmmmmwmmm
LPS stimudated an i in e of pro v mvediabors, including
INCB.IL-IB,TNF-&MMHCP-!M hibi ‘Qn wpressacn of Angl. | tngly,
LPSQ:‘" tion inhibated the expression of TLRA, which exists as a complex with the co-
el ‘d;t aation peotean-2 (MD-2) {40, The binding of LPS to TLRS-MD-2

pl 1 & mediutoe pathways, indudisg NF-«B. This ability of LPS
b&wﬁnﬂﬂmhawﬁwwmummwtﬁmwﬁm
of the innate sesporse [5-10]. Also, at S morphological level, LPS induced a shift of N9
MhmhmhlehprmWme
dogy arv indscative of primary ks ] modification since # & known that the re-
udmmm%ummhmmﬁwm
wy (12). & ingly, PEA effextively astagonizad
hoﬂmdlﬁmpmmunmdmwmmmay
timulatod the anti-infl y Ang-1exp son. These effects wer also seflectad n
mmwum»mwwwmwumnh
M2 dupe. Additionally, fractal disnensaon analysis suggested that FEA was capable o
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preserye the complexity of microglis shape, similar b control, and also in cells stimudatod
u-mmumammmuwwmamm.mmm-mm
that defines cell polars andicating that their prok wene orientad toward
aapa::ﬁcpmnt,-m!lhn harackeristic is typi 'on.m t k ingdy, PEA
was wnalle o TLR4 » i ‘byt.l’s,mgsus&\‘uuﬁmﬂ-ﬁ:

Mdmh.hﬂmmwmmddm
Mmghhumsmlynlwsoamaﬂdnohmﬂhlmu
of ATP from damag icroglial coll migration (o the site of imury, pro-
l&rm-ﬂphgpqmn(alkll-l. Extracellular ATP is an important sigral for
the inteecollular Ca™ wave (JIOWs) [41-40), which is the primary mwwm
micsoglia [16,17], astrocytes [44], and 1151} icate 10 masntam b
ouhccﬁhm:nna, gimulation with ATP 4 sigraficant transivnt incevise of
intracellular Ca™ that Lasted for about 30 5. PEA pre-treatment significantly inhibited
the & o antracellsler Ca* stamul ‘byAWAImMmImMMm
obtasmwd alo in primary micsogli g that (i) PEA can modulate the
ummuxanmmmubymaurwwmmnm
vl arv a eeliable experamental model 10 study the effects of ph l

Mw
of yaos, i microgli shuated the camulative distritra-

mmdmbmdum(mm)thMuMhmbmnhM
variable for describing the atypical seizure-Bie events [15,19]. Bn the control group, about
95% of the bursts had BD < 4 5, but in the group stamulated with LPS, only ~80% of thw
MMD<451MM¢MMMM¢U—“MMWLPSM
of TNF-x rel = the cull di TNF-x was previ [ d busal
iynqubmhnlh]nmu.mlfﬁﬂhmmm‘kﬂvﬂyw
10 100 thw probability of havisg BD <4 5 in cultsnes stimulatod with LPS, sl significantly
inhibited the seleasw of TNF-x i the culture modium. These data desosstrated that PEA
his important modulatory activity and can p k hypescitabilay d by
LPS treatment.

Mioew irsaghts into the PEA mechassen of action wene obtained using both the PMA-

THP-1 X-Blue ell and HEK-Blue hTLRS models. These cells have Bovn modified foe

g NF-xB activation in terms of SEAP selease in the culture medivm. Ousr resalts
showed that LPS signaficantly in od NF-«B activats hmbﬂﬂ’-lxpmum
and this effoct could be significanly inhibibed by PEA pre-incub H e, in HEK-
Blue hTLR4, PEA was unable to inhibit LPS stimsulation of NF-«B activation, suggesting
that its effects an not mediated by & direct effect oo TLRE necoptoes. Previows evidence
suggestod 4 role of CB2 soceptoe in the mochunism of action of PEA. To isvestigate the role
of CBIR in PEA-anti-inflammatory effects, we used SRISS25, a selective CB2R invense
agonist. SRI44528 significantly reduced the abdity of PEA 10 inhibit LPS stenulation of
INOS expression i N9 cells. Seerilaely, SRI44528 was able to antagonize PEA capability o
shift the maorphology of N9 cells treated with LPS from the M1 o M2 shape. 1t has bown
reported that PEA dows not directly bind CBIR or CB2R, and our sosults arw in agroemaent
with those sugpesting that PEA anti-inflammatory effects could mesult by its abdlity 0
inulat & yet und CH2-like recupioe [49]

In conclusion, the present study peovides evidence But PEA is an effective mhibitoe
of the pro-inflammatory effects of LPS in microglia. PEA can also modulste microglia
activation sduced by ATP stimulation. We also & d that PEA can effectively

microghal phological chamges induced by LPS and hyperactivation of

icrogli Vi netwaork m-h&mhdymmbyhsimm
with o still unk CB2-like recupitor. These fi ummm:mubonndul
drug o p e of chroni e dis-
onders.

- Lo
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4. Materials and Methods
4.1 Cefl Calbunes

The suriew microglial N9 cells wene cultunad @ Bcove Modified Dulbvcco’s Modiun
{IMDM, Sigma-Aldrach, St Louis, MO, USA) supplemented wn&?shut“lwmml
boview sersem (FBS), 100 U /mlL pesicsliin, 100 g /enl strop %, 2 mM L-glutamine (all
Ewsroclone, Pero, Italv), and Mycazap Prophylactic (lmuWalhuvﬂb ND USA) under
standard cell culture conditions (37 °C, 5% COy)

Primuary microghial colls wore iolatad from P2 atal rabs as previously describad |90
Beiefly, solated hippocampi sand corices werw tri d and saspended in complete glial
madium, compasad of Mini Escential Modium (MEM, Sigma-Aldeich, St. Louis, MO,

USA), 20 FBS (Eurcclone, Pero, Ttaly), 33 mM glucose (Sigesa-Aldrich, St Lowis, MO,
USA), 2 mM ultra-glutamine (Loeza, Walkerwille, MD, USA), 100 U/mL penasllin, and
100 pg/ml stroptomycin (Eusnoclone, Pero, [ualy) Cells were then seedod in 0.02 myg /sl

paly-Delysine pee-coatid flasks and cultured under dard cell culture conditions (37 °C,
5% CO;) for 15 days. Adter this period, microglial cells were isolatod froe mixed glial
cultures by shaking fasks end then seedad ceto 0.05 mg /sl poly-cenithinated plates at
the desirnd comoentration.

THP-1 X-Blue clls (IswvavoGen, San Divgo, CA, USA), derved from & hussan pe-
IWAhhdmbdhbyiwcmmdmeMMWn»
pocter were inod. Cedls wore maintained in RPMI 1640 Modium withowt
L-Glutamane with Phensal Rod (Eunoclone, Pero, Ttaly), sepplementod with 10% hoat-
inactivated FBS, 2 mM L-Qlutamine, ssd 100 U/mL Pescllie /Stroptomycin (all Eusockew,
Pero, Baly). Before culls wene seedod into & 9%6-well plate et diffenvestiabed into

phages by 72 b incabatson with 100 ng /sl phorbol 12-smyristate 13-acetate (PMA;
Erzo Life Scences, New Yoek, NY, USA), followed by 24 b incubation in RPMI moedicm
without PMA.

HEK-Blue ATLRS culls (IvivoGen, San Diego, CA, USA) were cbtained by co-

fection of the h TLR4, MD-2 and CDI4 co-roceptor gerws, and an inducible
SEAP repocter gevw into HEK293 oelis. Cells wore suintained in DMEM medivem without
LClutamene with Phenal Rod (Euncclone, Pero, Ttaly), upphmuldhﬂhlﬂm
inactivated FBS, 2 mM L-Glutamane, 100 U /mL Penicillin/Strep {all E
Pero, Haly), and HEK-Blue Sdection (lmwaG-m.Sn Diego, CA, USA),a solustion that

i 1 sudective anshuctics 1o mas

4.2. Chewicsls

PEA was purchased from Cayman Chemaal (Ann Arbor, ML USA). It was dissolved
in damethyl sulfocide (DMSO) at a concentration of 67 mM or 300 mM and then sedally
diluted = cultune mwedivm immediatedy peioe 80 experi A, iww F-triphosph
(Ammwyu«hruﬁu(mmmm&nswmmmm
Aldrich (St Louis, MO, USA) SRI44528 wias purchased from Tocris (Brssol, UK)

4.3. Real-Tiw PCR Ansiwis

N9 culls were plated in 28-will cultune plates ot a desity of 80 x 107 cells/ well and
incububed ot 37 °C for 48 b Colls werne then troated with 3 ug/osl. LFS dilused i culture
medivm for 6 b PEA (100 uM) was applied 1 h before LPS and ssintained in contact
with the cells throughont the whole LPS expasure. After the mcubation persad, total
RNA ws extracted from N9 cells using EueoCOLD Trifust seagent (Eueockone, Pero, Baly)

ding %0 the af, s wevs and quantifiod wsing Nanodrop ND-1000
specteopholometer (Thermo Fisher Sciengific, Waltham, MA, USA). Revernse transcription
Wit perfoemed using iScript <ONA Synthesis Kat (Bio-Rad, Hercules, CA, USA). Real-time
PCR(RTPCR)Wﬁa:N&m.W?HuMTmPCRSW(MM
Biceystens, Foster City, CA, USA) using the iTag Uni 1 Probws S (Bio-Rad,
Heraudes, CA, USA). Paiss of pri and T probes (Tay Gan-Et >
Assays) wern obtaitwd from Appliod Bicsystens (Fester City, CA, USA). RT-PCR was




Appendix 11

Iat | Mo 5o 21, 12 e ISl 3

as follows: 50 °C for 2 min, Sollowed by 95 “C for 10 man, and Listly 40 cycdes
dﬁ’CblSAM&‘Chlvau-Nmmdew
wen lized to the ponding f-actn i al | andd calculated
2800 pgthod. Duta were analyzod asing GraphPad v6.0 softs (s-.mch,
L&qumm&wb@-mwa&hmmpzwwn
considened statistically signifcant.

4.4, Weslerm Blot Analysss

N9 culls were plised in 6wl cultiee plates st o dersaty of 35 « 108 culls / well, incn-
Dated 4t 37 °C for 48 h, and then treated as indicated on PCR analysis; for the experiments
with selective inverse agonsst of CB2, cells were incubated with 100 nM SRIMS28 T h
mmmnmmmmm ARur incubation, clls were collected and lysed

di ipitati myM)WNWQMMm
MA,USA) n-mul i was & d using the Pierce BCA Protein
MMMMWMlMML&LWIMhdMM
mnss’cmlnmwmpmame-smphmhmmva

ted by ¢l and forved to & polyvinylidene dsfluorsde (FVDF) memn-
hmﬂhtmm&d&,w-lmu&usk) Nomspecific binding was blocked
with 5% dried fat-free milk dissolved in phosphate-buffered salinw (PBS) supplemented
mmalsmmnknnnmwmuuw“nmr

b ween dnub wi&lhn v antdBody night at 4 “C and thens with
ap id dodd ,mﬁhulyhlhmlttﬂo&wmpmbdnihmm
Ip (31202, Cell Sap-lhg Technology, Danvers, MA, USA, L1000}, ants-iNOS (#13120,
Colll Signalng Technalogy, Danvers, MA, USA, L1000) end anti-Angl (993668, Cell Sig-
naling Technalogy, Dunvers, MA, USA, 1:1000). Rabbit peimary snti-CAPDH antibody
(R2118, Cell Signaling Technology, Danvers, MA, USA, 1300() wias used for normalizataon
Peroxidase-coupled goat anti-cabbit 1gG (331460, Thermo Fisher Scentific, Waltham, MA,
L'SA,].SW)WMAMM Signals were developed with the Extra

iti b ummmmmuam Pero, laly) and de-
toched with the Aswrsham ImageQuant 500 W bt 3 Y (GE Healthcare,
C&»p.&LSALW]MWIdeMMHD USA)
was wsed o quasEly protein bands. For iINOS expressaos, in some of the blots cndy, & band
of poor intensity was present in DMSO sampie; Bowover, 3 wias possible to quantify it and
ba:pmhpwhhddLﬁndemmdeamm

were nip g e & dot times. Duats were analyaed useng CraphPad
Mm&-mc&t&)omﬂmmmAﬁMMbymm’im«by
Kruskal-Wallis test and Dunn's multsple comparisoens sest for group comparison. p < 005
s idered statistically significant

45, Invosaflusnscence

N9 cells were sindind a1 a demsity of 1 % 107 colls /mE. oo poecine gelatin pee-treatind
coverslips. One day after seading, cells were treated with 3 ug/ml LPS dilubed in culbune
mediam for 6 R PEA (100 uM) was appliad 1 h befoee LS and maintained in contact with
the culls throughout the whole LPS exposare. Cells were then stained with Dil (Segma-
Aldrich, St. Louis, MO, USA) 8o Label coll membrasws (acconding (o the manufactures’s
instructicns) and fived for wmlanihs.ﬁpndu—unh,&nmw

salzw (PES). Fh i wen 4 with a Leica TOSSP2 comfocal microscope

Witalar, G V) equigp ‘ﬂ&aﬂn/l‘“WdMMva
Lﬁ.Mﬁqundya‘s

" ephological & (shud fractal anadysis and hi hical 3 analysis)

i Hlowing, ok previously described by Fermindes-A oo [51] wnd

Mun&:a[::} Fagures S2 and S3 Slustrate the whole process, applind 00 & regeesentative
image foe shkeleton and fractal analysis, ively. P ters that we decided o eval-

v
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wate & this woek wene sussmarized in Talle S1. Rvm hical <l Jysa
(HCA), we dicided o icder all p kel -‘hﬁsl.xunlymnmu

mwmmumw—mnﬁ Data wirw asalyzed wsing GraphPad
V6.0 software (Sas Davgo, CA, USA) employing ANOVA followed by Tukey's Sest for group

comparison. ¢ < (L5 wis consadered statstically significant.
4.7, Intracelluber Calctuwe MabwTizadion Asssy

Prissary microglia odlbs and N9 cells were plated, nespectively, at 50.000 and
20000 cells / well svto black wallind, disr Bottom 96wl plate (Gosswer Bio One, Knesreemtnsier,
Am)MQWnpmeMMMMbmyuBmwh

dark comditaoens with 100 ul. of Hank's Bal d Salt Solution (HBESS) aning 20 mM
HEFES, 25 mM proberwaid and 45 oM FLUO- NW MME@N (R.
USA) #t 37 °C asd 3% QO foe 40 muin. Fl BOTTe Were

the smuliabel spectrophotameter VICTOR” (Purkin Elmer, HA.LSA)&“:/SESm-(u-
mﬁm/mﬁﬂmﬁhm)mryusfawmsp‘mdqm&wﬂdmnh
stimulation. Changes in I ded to ¢h =i Tl

Imvls AIPW.HM-\HESM.MWQ»MM&M“-M
Whwre indicatd, PEA was added 10 the aills T h before the injoction with
the stimudus. All i were pers d at 37 °C, and Buoresconce values (F) wene

normakized agaset the baseli quined enmedistely befoee stamulation (FO).
48 mywwyms,m

Primary costacal Jastnxcyte wlia cultunes wene peepared as previoudy de-
scribod [57] in MEA Petri disdwes pro-couted with polyetiy keneimine (1% (o /2, Sqgrea-Akdrich,
St Louis, MO, USA)L After 3 h incubation, the pliting modium was replaced by neanbesal
modium (NB) with B27, 10 ng/mi basic fibeoblast growth factor (bBFCF) (all Thermo Fisher
Scantific, Waltham, MA, USA), and | mM ghatasew (Sygena-Aldrach, St Loats, MO, USAL
Culturs were covernd with gas-permeds covens (MEA_MEM, Als Scentific Instruments,
Inc, Farmingdale, NY, USA) and were maintained for 12-22 days at 37 “C in & hussadifiod
atmosphere with 5% CO,. Half of the medium volume wis seplaced every 3 days. Eloctro-
physiclogical recondings wese carrind oot at 12 o 16 days in vitro (DEV). Each MEA &y
had a necoeding ame of <2 s« 2 mm, constituted by 30w diamater ITO dectrodes
spaced 200 pm apart (Multicharswls Systom, Reutingen, Cermany). In this arcs, the
averige samiber of neurons wits ~S000, and atrocy s wene abosst the same nussber. Drugs
were added in volumes that were always < 1% of the sotal medium volume bathing the
culture. As peevicusly descred [55,54], analog sagnals wore ded froem the cul
#4136 “C in COz-controlied incubutor by wsing MEA 10608C or 1060INV pre-amplifirs
(bandwadth 1-8000 Hz, Multichanne] Systems, Reudingen, Germasy ) commected o a MEA
Woek-station (bandwidth 100-8000 Hz, Plexon e, Dallas, TX, USA) Data were sorted
45 described in Gullo o al. [18,19]. Since our previous studies demonstratod thaet LPS
Caraies the sppearance of stypical events in the network, characteriand by bussts with long
dusration, @ this paper the burst duration (BD), and moee precisely the value of BD at 95%
of the cumulative distributions of BD (cumBDS5), was used is the sprisendative puramaster
of an gverall § in 1 excitability. CumBD of the network was comgpubed as
peevicusly described [18,19]. Briefly, & runne indow of duration from 10ms o 15
m-ppubu-nhlmthwwhadam Each burst and each spike
the busst were precisely assagned 30 the sewron frisg them. Foru:hbunu,hnvup

tirew course (from its slart 30 385 end) was calculatod, and to tigate the h

of the BD, medemhthmeMMn
wach time of i by perdorming 4 dard P ity analysis Data wene
analyaed and the figunes were p d sy Ni ph (v4.133, Ploxon Ine., Dallas,

mw;cnpuulmammzuums 193, Oviginlub Corparation, Noethampton,
MA, USA) (Faguere “H). Duta in Figure 5C ane expeessod i moan = SEM. Normuality of data
were fested with GraphPad Prisen (V6 (, Sun Diego, CA, USA), and statistical significance
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of the difference of cumBD i LPS sl i LPS after proteestment with PEA wiss determined
with multiple -t cormecind foe mueltiple comgurisans by wang the Holm-Sidak sethod
{GraphPad Prises v6.0).

4.9. TNF-a anf BONF G dioms M,

N9 cells were sewdod ot the joe of 9 10% culls/ well into a 12-well plate
and then the day after were treated i discribad above. lswho('l’\'!’«anlmndm
the culture medisem were quantifiod after 6 h by wang the quantifcation
B.BAWM Thermo Fisher Scientific, Waltham, MA, USA)L In each MEA &sh,
small (150 ul) ak of thw ncubalti dium wore collected in dand at 6h
{eeprvsanting She puak-time of LPS-induced TNF-a ebese [1]) after the sddition of LPS
13 ug/ml) or PEA & LPS or SRISS2E « PEA « LPS Samples (50 ul) were analyzed n
triplicate foe murine TNF-a and BDONF with ELISA kits (BMS&T, Thermo Fadher Sciensific,
Wialtham, MA, USA) (KA1 Abnova, Walnut, CA, USA) accoeding %0 manufactuses s
mma-.mw-pymuaw‘wummmmu
& standard curve. The experi were dunt fimes. Data were
asalyzed wing GraghPad 6.0 softwiare (San Diegn, c&qummwum
by Tishuy's test for grong comparson. @ < 005 was considened statistically significant

410, SEAP Assay

THP-1 X-Blue and HEK-Blue BTLR4 cddls were specifically desagnod for
the NF-«B signal transduction pathway. Ruspectivedy, § x 100 and 3 « 104 culls /por wedl
were sovded indo a 96-well plate. Colls wete then treated with 10 ng /sl LPS diluted in
culture mediuem. PEA (W00 M) was appliod 1 h before LPS and maintaswd in contact
with the colls throughout the whole LPS esposure. Lwok-d%b\l’hhmpmnu
wore easily determined after 6 h with Quanti-Blue soluti s,
instrudions (ImvivoGen, San Diego, CA, USA)L Activity of SEAP, WnOD wak
normalized on valoe obtasned by the contml sample. Duta was analyaed using GeaphPad
V6.0 scftware {Sam Diego, CA, USA) employing ANOVA followed by Tukey's test for group
comparison. p < (L5 wis considernd statstically significant.

Supplementary Materials: The Sollowing am avadable online at st s mdp cm 14220
Go7 /220054000, Fagum 51 Eiect of FEAon Arg! exprssscn, Fygure 52 Skeleton analyses of

Table S1: S v of i phology 5

Asthor C ibuti [ pruskeation, BC and AT oolll baology imvestigation, A D, FC, LM,
VALEB LR, RM. and SC; fcemal analyws, AD and LM.; fending acquistaon, AT and BC;
MEA s FGoand ML BC MC and ML supervoeca, BC ML and AT,

validation, AD, LM, VA, FG, MO, ER, LR and RM; wriling—onginal draft pespasation, AD.,
LM FG ML MC, EI.LL&M.MIL.W“MMIC MLAD LM
and A.T. All authors have read and agroed 1o the published wp

Fending: Thes rewearch was supported & part by Fondo ds Atereo per ks Riceeca of the Universty of
Milsno-Bicoces [FAR 20 AT and FAR 10 BC ).

I=atitational Review Board St The study was conducted ding &s the guidelnes o the
Decl af Helsinkt, and appeoved by the [baian Msistry of Health (protocol Na. 91/2017,
200 /517

(B d Cansent S& Net apphcable.

Dats Avadlability State Not applcabl
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Al Palmitoylethanolamide (PFEA) belong mlhchuolNauthnmhmmdkm
S Epid p ially useful in a wide range of therapeutic arcas; prod: cet '3
PEA are licsaiod for use ins h % ad i stical, a food supph of food for medical
purposes for its anadgesic and anti-inf atoey peopertas d ing efficacy and tolerability.
Hmvnw.lh-nupnmﬂy administered PEA is rapadly muctivatod; in this procss, laity acd ansde
hydeolsse (FAAH) plays a key role both in bepatic metabolinm and in sntraceilular dogradation.
So, the aim of the present study was e desagn and synthusis of PEA analogues that are mone
rosistant bo FAAHMM hydralysis. A small library of PEA analogues was designed and
tested by molecular and-‘ ity functional theory caloaslations %0 find the mone stable
logue. The computational toe identsfied RePEA as the bust candidate = terms of both
yedheti ibility and boli ihbuln) o FAAH-madisted hydrolysis. The selcted componnd
wis systhesized and yod ex vivo to it FMHmeydniyﬂu-lmmnﬁrmnb
s il bory properti l"._\-MR e g on samples d
FAAH in indogral e 3 M&mnumbvfMl{mmi
wumMMmmmhmmml’EAsabﬂ:!ym hibsit LPS-anduced cytoking rel in both

N9 macroglial oulls and PMA-THP-1 culls

Keywerds palmitoyvthanclamade; fatty acd amide bydrodase; infl tion; PPAR-«
metabolism; PEA analogues

r

1. Istroduction
Fatty acid ¢fhunolasmides are a family of end Dioucti fs abundant = e contral

L v

Pervoas syshim, attracting gavat attention duw to their physaclogical, peo-Iy batic, and th "

P iad foe S of various pathological conditions, such as infl [ Lo
di and pathic pam. A 5 this class of compound lmitoy lethanolamide (PEA,

N-2-Hydroxyethyl fwxad ide) is purticulady inbeesting. PEA acts through diffevant

be | MN S 208 2], WO ok ) DIDR0 el 1206 o madp Loom Youmels e
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mechancms affecting multiple pathways, both at e collular and maolecudar lovel; however,
arising evidence & demoestrating that one of the few identifind mochaniams foe anti-infl, oy
MMsdmhpMmmmmmnmg)WnnMnh
activation of PPAR-a-dependent gene transcripdion |1

The masn drawbuck of fatty acsd ethanolinsidos as therapeutics is their poor = vivo ewtabolic
stabiility, duw 0 their fast hydeolysis by a series of hydrolytic enzymes, such & fatty acid amide
hydrolaw (FAAH), N-acylethasclamine acid amad [‘NAMLMWwwm
Conderning exogendous PEA as & drug, few data oo its ph & or
anamals arv currently avadable; Mmhubmmdvmwmdbyw-dfvwhwho
stated that mghAMdPEAMmhpwhmlmﬂy 12} However,

these data suggest that PEA prods P leveds, with plasesa concentrations
Mn“nﬂwdwﬂu@uﬁm&muﬂyhnmn iod; oral administrati

of FEA leads & a variable i 1 Eroem 2- 40 9-fold from baselise 5]
mmam-u.umwmuuq ¢ donsbid the pl lovel at

2 b with undutectable levids at & b [3]. FAAH-mediated metabolisen may be, 2 liust @ part, nesponsible
$or the limited exposune of exogenous PEA. In fact, hydrolytic enzymws participate not only in e
segulation of specific tissuw levels of PEA But alo in the first-pass offect, since the Bver & the second
ongan, after B brain, = which FAAH shows the highest specific activity [5]. Foe thase soasons, o the
Last decadis o groat doad of revarch hus Boen focusad on the desagn of vibanolamide malogues with
M:uhmylohydniyulﬂn]

The by ssuw to ethunalami X s saintaining the haghor stabdity of hydroly e eneyvmes
whhmqﬂwﬂymw»upmwmuhum&ah&b-ukwm
mma-mmam»-up-m.ah%manmwmwyu
sdability towards FAAH and NAAA. The most promising d was synthesizad and peeliminary
Baodogical evaluation & reportad.

2. Resclts

2.1. Deségn of PEA-Andlopuns

PEA i a structurally simple amiade constitutod of palmitic acid as the add component and
the two carbon 2-aminoethanol as the ansine modety. Besides the amido group, the caly additiooal
functiceulity is the hydmnyl group, epeesenting the polar head of the molecale. The sim of this work
& %0 design PEA analogues that are sl able 10 madstas Biological activity and which p longes
ilvhvivuMMmdmnnlmmeﬂnhﬂmlv&:&ndFMHBah
FAAH and NAAA exert twir catalytic activay theough a first nuckeophilic attack of catalytic serine
oy L TS Iy, 8o the carbonyd group (vade infra); this Brst step towands Bydrolysss may be
infl d by lectromie effocts. Variation = the carbonyl group substituents can modify their

s the nucleophilic attack of the catalytic amino add, as well as steric hndrance.

lnmbmqmawhymmw.—aquwnm
the isoseric analogae 2 (RePEA, Figure 1), p dng & tetroasmide li
MMW‘WMW“MMWNW&MMM
increased stability, the amide bond was alao substituted with an ester bond (3, Figure 1), with alkaxy
Amdnes, either with the alkoxy moity as a minsic of the 2-amincothancl polar head (componnds 4
and 7, Figuee 1) or a5 B apolar tail (6, Figure 1), and with acyl hydrazides (5 and § Fgure 1) Feully,
i order bo evaluste the steric effect both o hydrolysis and PPAR-a afinity, two ially avasubk
PEA anulogues wene also aderod, (R)-palmitonyd{ L-methyl) ethanolamide (9, also referned bo as
MePEAL, Fagure 1), which reproducis thw prosence of & methyd group similar 1o mothanandamade [n]
and (R)-palmatoyl-(2-muthyl) ethanolamide (30, alo referned 0 as MePEA2, Figure 1) whisw the
eutind group is k $ oo the S-carbon from the amidic group.
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Figure 1. Chemical of PEA (palmitoylethanolamade ) and s aral

2.2 Analogas of PEA Can Equafly Binf PPAR-a Rivepdor

I the attermpt of peeserving the biological activity of PFEA analogues, we sook advantage of the
availabdlity of thw X-ray crystal nsolved PPAR- a seceptor ligand-binding domain structuse. All the
Egands of the library have boen dessgned purposefully 10 saintain the ge | PEA mobecular scaffold
WJ)thMmﬂMmdequm
and its analogues to the beading domuin of FPAR-a nevealed 2 very similar binding mode (Fagare 28).
Intusissmply, eves Sw top XP Clde scomvs of all ligands are rather cose in energy; in  cange from -6.0
80 ~8.4 keallenal.

Figure 2. (A) Schematic scaffold of PEA and analogues 2-10. They all featesy a polar head, which »
wd-p‘dlmﬂnm(h&hpdﬂo\-ﬂw&u
=in the PPAR-« (p pooliferator. pror-al pocket. The ade chatre of key neiduas,
Sm'_\‘du,fy'ﬂadlhw--lm-uh Q) Covalent dockng powes of PEA and
analogues 2-10 trfo the FAAH (fatty acd amade hydrolaw) active ste. Al bgands are covalmtly bound
toSer24l. The rest of the catalytic inad, formed by Ser217 and Ang 142, together with the cxyanion hole,
formud by Ser2d1, Gly280, Gy2W, and 1k2W, are showen as sticks. (D) Covalent docking poses of PEA
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and snaloguas 2- 181080 the NAAA active sde. Allligands are covalently bosnd 10 Cyvi 2 The oxyanica
Bole, formed by Asn2&T and Glal¥5, » highlightod with stack np Oxygen,
and sulfur atoens amw colomed in sed, dark blue, and yellow, dy. Sigmifa Sond

m-w-uuhm—mhmlmdh&u
baghbghied i light blue, whersay the ones svolving the amne geosp of ligands are highlighted n
velkne mmm«sm:umwcpmu(muaﬁ—mm

sarmuations, which snply g ry ndxcation of the - bond &
WMMMMGMMWmWMQMIMmHM
the PPAR-a Yaduped cavity, nespectrvely (Sup 'y Fagure 51). This feature is essentially shared

wmmmwaml ﬂa\rmluﬂcwyM) pnhu\iydPPAl.-andit
exteruds soward the Cotersasal helix 12, svdernod to o AF2 (activation function-2) Belix. The snolvessent
dhhmm-MWMpMMbmWnbﬂh“ﬁM
agonism [9]. Particularly, the i Iy Tyrd6d and the Tigands has boen fousnd to be crnacal
mmhmmmmmﬂhwwmmubm&mmq
thewe polar resadues Bhat ane highly conserved in the arm [ of cach PPAR sotype (See280, Tye314,
and HisddD in PPAR-a) [10], has bown proposed 5o hold the AF2 belix in the active confoemation which

& permissive for interactions with co-activasars [11].

Remarkably, we found that these key & tions ane intercepted by PEA and all of the docked
analogres (Fagure 2B). Indend, Ser230, Haedd0, and Tyr3ld i with the carbanyl group of the
ligand amide bond, while i the lower energy poss Tyrdod mteracts invariably with the carbony|

functionalaty oe with the Bydronyl group of the ethasclamine

In arder 1o further assoss the simdlarity of the desagrwd ligands with PEA, in teres of their
interaction with PPAR-a, we built Stroctueral Interaction Fingerprints (SIFs), which capture the
3D infoemation assocubed with & noeptor-ligand complex mito & 1D sepesentation. This tool,
generally wed for docking-bused virhal scovening and poses dusstering [12], allowed us o

stragghtforwardly pare the & 5an p provided by owr docked ligands within e
PPAR-a pocket (Fygane 7). The SIFs cbtasned, considering the kwest evwngy pose of vach compound,
are all almost identical.

Il ¢

-_— s b

10 I T D

[T LR D R

Figure 3. Whmww)dmdmwmhﬂﬂn

secoptor. Each ligand i» mpresentod by a basary string g its with $he
sewichany, that arw found between 241 and Tyriod. Aﬂdcbndhnﬂ-mﬁn-“h
Bgand » mvolved o one foe moee) i) weith the residaw of the cormprading coloe (from dark

blue to dark red)
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This cbservation mess $ut ol the disagned Bgands inburact with PPAR-a = & strictly analogous
fasuon, e, e same postson of each ligand ge tully the same inloractions with the seme
proxcimal residue(s). Since all the Egands also show & very siesilar peedactod affinity for the receptor,
we should pxpect, ot loast i prciple, the traggiring of Bw sanw Bological sespoese, at least as far as
PPAR-a is svolved. Mossover, the conservation of structural and ssolecular properties of PEA in all of
the designed analogoes suggests Shat they should retain intoraction with other PEA targets as well.

23, All of the Denignad Congpoundd Are EligilNe as FAAH Substrate
Once verified that any | modificati Sorully introduced to PEA scafiodd should not
Mbhhﬁaldvhpmpﬁmmdmhadndﬁddqmmﬂ 10 analyze the bebavioe of the
Bgands toward FAAH-swdised hydrolysis. Once soee, covalent docking results suggest that PFEA and
5 analogues should be similardy accommodised within S catalytic pocket (Figure 2C). In particular,
their polar head disectly interacts with the citalytic briad fommwd by Ser24], See217, and Lys M2,
while the Bydrophobic chain cccupass the acyl-chain binding pocket (ABP) [13] This cordormation
should reprusent the pro-nsactive pose for ligand hydrodysis [14,15]. Acconding 1o the reparted catalytic
mechaniam, the catalytic triad assists the proton transder from See24] (o the unprotooated Lys 42,
medisted by Ser217. See241 is thus respossible for the auckophilic attack to the C=0O bond of e
Egand and the formed ttrahatral i Siate s stabilizad by the cxyanion hobe constituted by Ser241,
Gly240, Gly239, and o238 [16,17]. 1 gly, the ligand i jons with the oxyanion hole ane
Mmﬂdh&!md%%smum Soudd smdergo hydralyse edi
04K | mechanises that is sinsil »wwmpwmmmm
mumuwmnhww diag! and 1
mmﬂmmwhmdmwwww;mﬂwwﬂﬂ
Met191, in line with previous investigations [18]. In particulsr, Ser217 i withs the ligand
amisw functionality, prompead by the subseg proton bramshor that sseats = hanving group release
(ethanoluming & the case of PEA). The smine moiety s also invalved in 4 H-bond interaction with the
Backbone of Met191. The Latter is also found 0 interact through sty sadechain with thwe hyd 1 head
of soeme docked ligand. The CovDock results do sot provade any structural oe energotic rationale of
hypothetical diffened stabality of the docked ligands d hydrolysi

2.4, Idmtificetion of Amslogues otk a Hipher Mefadalic Stablity
The structural vanability introduced in e ligand set would tune the (i) anade dlectronic

pwpuh-.(ll)c&rhvmd in-ligand = £ and (i) steric hindrance, all factors that
condd affuct hydsolysas kinetce. To 1 this, we switched to 2 DFT {dessity fusctional thovey | snodel
m&m‘unmhcmwwmwpﬂ-(ﬁ.unuTh-qpmhtmol
the construction of an aB-0M (g Banical) cluster moded, st 1 froes thwe CovDuock poses

Mdhp«\wmw The msoded comprises the catalytic triad and all the other residues
MMMMMM&MMMWWVMN&M

det. The p d all-OM muthodology & noved @ the of FAAH comgutational 1i
wuama-»pmmwwmumwuu;mnouww
echanic/molocul f A(xs«-‘ahmmmwp‘mmuuuu

catalvtic triad and to the polar bead (plus a varable number of carbon aboms, depending o each
mMy)Mhlw.Mmmnamﬁnlmmmmthh

preswent work explicitly inclodes the b of disporsace foroes, all lhqumﬁﬁumndh
enwngetic comtribubions sssocabed with both e covalent and on tiors at a higher
accuracy level. This sesue is al for the detection of J emergy diffenences in the hydrolysis

lting froes ligands with vesy subti structural difh Thw cakulated energy profies
depict cnly the st stage of hydralysss, namely to the acyl enzyme i diates, sawe it is abl

10 assaume that the enengy cost associibed with enzynw de-acylation, assisted by a4 water molecule,
would be sdestical Sor all of the Bands. The energy profiles have bovn caloulabed only for & selocted
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st Of vpresentative ligands (PEA, RePEA, 4,6, 7, 8, MePEAL MePEAZ), selocted to verily the
efiocts on hydrolysas kinetics and th 1 ich deriving from (i) inversaon of the amade bond,
mmm—m»mwmmamhwmu“
group, and (i) stroduction of & svtind substituent in the polar head.

dovdABRER

Figure 4. Top: eowsgy profdes (lealmol) ssocated wish the FAAH acyl phase of hydrolysis of
PEA-Rke hgance (kft bluw shades), RePEA-Jir bgands (middle, parple shades), and MePEA ligands
MFMWPHMMOH&“)MM“--MB-&#
U prowent, ™ ind a ¥ neaction swp from C 1o E fLe, without paming theough
the of DB ch poading to the calculated enengy profike.

The lowest energy mechansen asociated with FAAH acylation, as characterized by DFT
m-wh&memmumwahmpmmm
mechandams [20,23). The g state (A) evolves through a 1 peolon £ I by
maum:m-m&mmmmmuwmm)mmmnamm
attacking the amide carboend and forming the hedeal i daate (C) A second concerted
pramumammL)slchlnmhhvh‘mpmbymwmmdlho
acyl 3 d (E}. I diate D &s procticid 10 be transiont, as expectid, 5o for half of
the tisted ligands ‘l hould not be & d at all along the catalytic cycle. This sugpests that saeps CD
Mmtmﬂymn-mdmmmwm”mmw
investigations [20). The fiest step A-B rep s an i ! transfer whose enengy
i independent from the nuture of the ligand. ‘nun-pnpmﬁulobvhnh both kinetically
and th Sy ically. Indend, b date B is found 1o be rither stable, sivce the negatively

r.h-pdSarulMnam‘lysmnudbyhunmwuhm%duhd&dl?ndh
Backboew of Gly216. Intusestingdy, this sosclt is novel with nespect to by | o estigats:

which suggestod A B and BC %0 be essentially concomitant [21,24). ‘I'hmwﬁph
PEA hydsolysis & the nucloophilic attack by Ser24], whiduhompdﬁuupawm(wwu
on other ethanolamides, sach as oleamide, athough owr caloulated 1 !

(113 hcal/msald) than the cew peedicted for oleamide at difSeeent lvels of theoey (<18 kealimol) |22
However, of considering the enwrgetic span of the peofile, calculated taking into account the enengy

tion by the lowesst & ate and the highest transation state, we obtained a valuwe of
u’hdblwuu\hh\mdmbmwuwvmmdléw
for @w hydrolysis of oleaside, which is Iy related to FEA [26].

mmuwmmummwmwm.m
§on hodrodyiss ki

7 4
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The first one & the inversion of the amide bond, going from PEA-Jike to RePEA-like ligands,
whuhmndmbmguhwmlmwwmpkmpmmw

avmmﬂumdbbm!.hb«.h i i d upon nudeophilic attack is not sufficently
unbu:udbyh ion hole (Sup v Figure S3A). This woudd translate =0 & soee difficalt
& -muwum

AMWWM@MM drolysis is the mtroduction of some steric bulk

mmmmmu.amu-&yimumc-aummmww-m
for MePEAT Lies, i fact, significantly hagher in énergy with sespect 10 the cew of PEA (Figur 4, top,
mmwpmﬁb] This result, which is in agreement with previows observations seganding
sndamade vs. damrade behavioe |anh-ktMmhahmanmdmn
pulsica that an d by Etroducing the sethyl group (hydsophatec) in prosamity S0 Bw oxyani
M(wammmﬁmm.muwnmmmnmwndh
metind group in beta posation, in MePEAD, is not predicted 10 alter ydrolysis kinetics with respect o
PEA cow (Figure 4, top, dark groen enengy’ profile], as & result of She absimor of storc clashes with the
Protein matrix
25 Ligend Bisfing & NAAA snd Iwplications o Hyfralyscs

To fusthor investigaty the belunice towards the hydroly MMMmmmWn
ammmmuhmnmmmmw hanism, the N. i
Cya126 purticepades in catalysis in 2witterionic form, as a Cys-S™/Cys-NH;* mp.:bm‘bothh
numdmml 725 Farst, the thiolate attacks the carbonyl, & w the tetrabodral
mmeumMaumthpmuuwﬁmhmdeyﬂuhh
Sgand, allowng the reloase of the leaving group. Although the Fadral & diste is supposed
0 be edusive [29], an active role has boen proposed for the backboee of Glul95 and B sidechain of
ASn2ET in stabilizing the oxyanion f d upon nuceophilic atack {304

mmmmm\‘ma«mumm Joguas ane very similar the acyl chain
s wnckoned ina very hydropholic ch 1, while the polar head in the calyx-shaped cavity
u-wduhﬂmﬁm”hmhwmmdu&wwnwhw
H-bond patturn involving the ccyamion bole (Gl 195, Asn287) and the nogatively charged oxygen
atomn of the tetrabedral internsdiate. Thaese observations suggest that all Bw testod ligands can be
wmmmwvmmhwﬁgmsahmauxmw

and ths g interaction involves Aspl45 and the ligand polar head,
= few with the proposal Bhat this residos dhould assist vnzy by shuttling protons ky¥rom
Cysl2s [27,29)
The sismulated of PEA bodeal i di venbl lh-mnnkndmlh
erystal 0f comjugated bile acid hydrolase (CBAH), another N- . ine hydeol

Man-hﬂdymdpumdhmmyﬁkNMwm[\u hl’&\-lin
analogues, the aming of the ethanolamine head dinctly points towand Cysi26-NH, ", a feature that
should indicate u fast Cys126-to-ligand proton transfir (Figuee SA) I the amade bond is severted,
saead, is in RePEA-Ske analogues, the amisw growp of the ligand is shafted and Jocated it a significant
duuna!thyleﬁ—Nl{; (ﬁpnwmmumwmmcynmwpm

fer shoulld be hindend ssbess wy imvole important coe 1 0 or
wchanisess for hydrolysi
The computational mvestagation perk 4 o the theew targets sutgests that the most strabegic
I modifications o stroduace = the PEA scafiold, in ceder 3o hinder hydrolysis, an: everting the

amide bond and/or introducing steric buliiswess = the proximity of the amide. Particularly, amaong the
RePEAJike compounds, RePEA is the bust candidate @ wrms of both synthetic acoessibility and
muetabolic stabality to FAAH-owdiated hydrolyses.
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M&Cmdhdmh.p—dmwﬂm(ﬂ-hhwm In both
canem, the meyarson hole (Glul¥s sad AelST) with the negasnely wed caygen etom af
the ligand. By severting the amide bond, b th b the NH,* | of
Cyx124 and the leaving group of the ligand = hindered.

2.6. RePEA B Stalie Wi Exposad do FAAH-Canlaining Mewdvames

1n onder %o validate DFT smoded predactions, PEA and RePEA hydolysis, affoeding ethunclasmne
(EA) and 3-hydroay-propacesc acid (3-HPA), nspedively (Figure 6), wene swmitosnd by 'H-NMR
spectroscopy over 24 h (Figuee 7 and Supplementary Figure SSAB).

o Q
I e
PEA

,r%__,ﬂ_ 3/—\,O“ im L "OY\G’
o

RePEA JHPA

Figured E Eydrobywis of PEA and RePEA affording ethanclamine (EA ) and $hydrosypeopione
-ndmw

To membrane samples purified froe frozen primary cortical cull (cervbrad coetices) from
Wmudmwgl:w“mw by (a ¥ af
i depi -hﬁ.mm).lmammmmmmmmn
wis added and the i were incubated in d 4 PES, pH 7.4 with N &-DMSO, a1 37 °C.
Foe sach sample, 2 sorivs of | H-NMR spoctra wies econded i 30 s intirvali over 24 b (Supplesentary
Figure 55) 80 check the Sormuation of the by drolysis products. EA and 3-HPA NMR sesoomnors ane clearly
Faphlgied in refurence spectna (Figure TD,C mespoctively ) acquined e mesbrane samples spiked with
the two compounds at a ion of 0.1 M. While EA arv also & bl in
d cn 12 s Au‘mmmtm&ppunmqnmmu
mw&dnﬂ-mm&-dﬂmathmmm;‘phﬂw?md
Sugplmuntary Fgure 558). These findieygs definitdy indicate that, under the experimental conditions
described, PEA i partially comvertod 1o EA by FAAH, in contrast wigh RePEA, which appoars to be
astant 10 FAAH-awdiatod Bydrodys
mnynm“hmwafwmmmmuwhn
NMR spectra over time, suggesting theer slow sedvase from the by during k= “
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Figure 7. (A) “H NMR »p ofa brane sampleo dbsnbved in d dPES, pH 24 X7 °C

M'Hmﬁﬁdh-mﬁn&hmdl-ﬁm“\ﬁnd‘m
Number of scans (NS] » 84; apectram B rocorded at t = ) » after PEA addition, spectrum C recordied atter
12 h; (D) *H NME spectram of 3 muembeane sample spikod with (L1 mM sthanol {EA) dimobved
= desterated 165, 3% 4-DMS0, pH 74, 7 7C; (EF) 'H NMR spoctra of the sme sample after
addenn of 1 mM RePEA dimohd = d, DAMSO; spectrum E nacorded at £ O » after RePEA addstion,
spectrum F recosded after 12 b {G) “H NMR spectrum of 3 membrase sample spiked with (L1 mM
S-hydnrcypropencsc acid (3-HPA | dimobved in desterated PES, 10°% dy -DMSO, pH 7.4 57 °C. PEA NMR

rescnances ane not vadble in spoctra B and C deo to PEA in b 1: ghyowrol, 2 EA,

3 RPEA, & 3-HPA
2.7. PEA and RePEA lolalits LPS-Inlucal Tiwor Noorosis Faclar-a (TNF-a) énd Inderfeukin-6 (IL-6) Relatee
i N9 Microplial Ceils

To establish he bacuctivity of PEA and its asalogues, murine N9 sucroghial colls were wed.
The N9 microglia cells were developed by & talizang primary microglia cells with the s or
uﬂmdhummmluld‘nwuanwmﬁl
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as they upnigulate the peo-aflammatory genes, induding inducible nitric oxide synthase (INOS),
cyclomygesuse-2, TNF-a and mmnp (AL-18) |35).

lnonhreoabalh of ds to bw wed, we performed prelissinary

& % that PEA (l-xm-uaxuh)uumuumnmamu
:ymﬂywmw&nw‘v&haﬁmhm ion of PEA & sed 4
sagraficant sodulatoey ¢fit on rit mi 1), Therefore, we also inved the toxacaty of 100 sM

PEAWMA.WLWL

Musine N9 snicroglia oells wene inculted for 1h with 100 aM of each componsd and after 24 b cell
vaubility was salyaed by MTT assays. Cells trested with vwhicle (DMSO) were usid as control. As is
shown in Fagune 5, none of the compounds had any effects on cell viability and Bwy wine not cytotossc

% of wiability

N a

Figure 8. Cell viability in NV il celis ncubated for 1 h with 10 nM PEA and its

andogmes (MWFEAL MePEAL, RoFEA). Then, medium weas seplaced verth frh IMDM sepp lermanted

with 5% FBS. Celll viabibty was quantified aftor 24 h Dats aor prosenited as mean £ SEM. (v = 3

ndependont experzmmis ).

To confirm MTT results, N9 cells were also analvaed by isvertod microscopy (Fagure 9 and
WEpmS)Mmuumchn'shuﬂmmMmN’uﬁm&dmm
PEA ce its asulogues and colls not treated o d with vehicle (DMSO).

ah 24h

Figure 3. Cellula phology of N¥ cells moubated for 1 b wath 100 nM PEA or RePEA. Then, medium
was coplacod with Sl IMDM supplernimibed with 5% FBS. After 6 or 24 b optical images were captursd

with as imverted Olympus CKX41 microncupe. Repeosertative images out of at beast thevw separate
arw shown. Scale bar- 10 gm.

-
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Macrogha in indl ton have been extensively triggered by the use of
WM(LH.W‘MMMMVWUM&,th LPS binds
the COIYTLRAMIR b dox on cell i and & wuch s solease of

inflamnsbiry mwdiators, ¢, TNF-a IL-6, and IL-18 {35,536}, M;méumﬁqamm
its analogues o inhibit TNF- rolvase, N9 culls were simulatod with LPS for 1 b colls ware then
trvated with 100 AM of PEA ar with it analogeses (1 B) and TNF-a nelosse wis examinod 463 h, 6 h,
and 24 b No eflect wiss cbserved at 3 and 6 h time poink (dits sot own). Aer 24 b, PEA, MePEAL
and RPEA inddbited TNF-a release, while MePEA2 appearcd 1o be ks offvetive (Figues 10A).

A L]

T ot
e

/ l ’ ’ /
wnuwuw«mauuuhummmmmmwnﬁ
were stimvadated with LIS at 10 agiml for | b $hen, LPS wan d and cwlle
mwhlhuﬁhmﬂmd.aﬂ—l\hml MeFEAL, ReA'EA) Thon, medium
was roplaced with fred IMDM supplemenied wath 35 FES. The amount of TNF-a (A) and of [L-6 (B)
ld-dmbtm'-dIuw-w&tth-uM-mtSEM(--S
d £ diffesences from LIS were d d uning
MvmdmmWA]-ﬂpdhtm--er—hh-'r<m
f Z LR

Aferwands, the ndease of IL-6 and [L-15 was examined at 24 h. As it is shown in Figune 108 only
RoPEA wis able to counteract the reloase of 116 and this resalt & stataScally significant in sespect of
LPS. Undortunately, IL-18 melease wits not detectable and the effect of PEA and @t analogues could
not be assessed. This is not surpeising as the relvase of TL-15 from mouse macroglial colls is a very
Eefficient proces and noweds bwo different broatments (LPS and ATT') fo be detectable [ 7]

2.8 PEA and RePEA Effcts en Nucletr Facksr Kiyyse-Light-Claiv- Enfuncer of Activated 8 Cells (NF-x 5}
Actizstion in Haman PMA-THP-1 X-Blus™ Cells

Ohmmmampvmummum logues huve by hed
%0 be wwed o b bwings, the experi pmnﬂypuhmdmmmww
wene sepeated on PMA-THP-1 X-Bloe™ hussan colls. \ t the p
qummdndmmmMMMwmmpmmmmy
PEA and ReFEA.

At first, viabality asays (MTT sssay ) and morphology analyses were performed o 24 &, the teve at
which TNF-a nelewse has given the best results. The experiments show that PEA and RePEA were not
cytotoxic and the morphology wis s infl d by their g (Fagure 10B and Supplemontiry
Fagur S7).
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Althonugh strocturally difiewes, TNF-a, IL-1, and soll-Ehw receptors (TLR) use similar signal

trasd that include activation of kB kinasw (1IKK) and NF-xB [35] In oeder to
obrtain further i m@mbhﬂdh%usmmhwwy&m\dma
pro-infl v cytoki NF-xB activabion traggered by TLR4 stissulation wis tigated in

PMA-THP-1 X-Blue™ culls. PMA-THP-1 X-Bluw™ colls were used i & tool ko Evvestigabe whether PEA
andior RePEA act svalving TLRA disectly. Colls wore troased iss described o Material and Muthods.
As shown in Fagure 11A, ¢ 24 b, bath PEA and RoPEA inhibised NF-B activation triggered by
TLRA stismudation in PMA-THP-1 X-Blas™. In particular, RePEA docnessed SEAP | § varbrynic
alkaline phuspiabise) rdease by 50% while PEA docreased it by about 30%.

A n

PNA-THP-1 XS0 PHA-THPA XAk

//&’:«'j

Figure 11. (A} Inkb of NF«B acti n LPS fated PMA-THP-1 X-Blue™ cells by
FEA and RePEA. PMA-THP-1 X-Blue™ crlls were stsmulated with LPS at 10 ng'ml for 1 & then,
the LFS- dium wan d and colls wes incebated for 1 h with 100 nM FEA and
ﬁmht—uu&—wu-phudw‘bﬂlmlﬂn-mﬂdwww
lkabew ph ) 2wk Jumm:‘un-&-wnq_hﬁdﬂnﬂhuamn[
N&Im[&-mmbﬂ-m.iﬂ“(--‘ 3
m“hﬂ-mndﬂ?w—d-@mmhﬂmhmobvﬁd-ﬁ
pondng well, asa of celll viabiiey). Sugrafs from LPS were determaned
sng noeg Y hyvas of (ANOVA) with post boc Demnett's multiple
comparson Sests at =" p < 0000, "™ p < (0001 (B). Cell vuabilay in PMA-THP-1 X' colle
-uwuummmmmmd&m MM_-‘WMMWLCAI
¥ 3 ded after M h. Dataarep L5 EM (n =} independent experments).

Furthermoe, in order 10 tost the abslity of PEA and RePEA %o indl atscen mnduced
by LPS in PMA-THP-1 cells, macrophagic-relesse of TNF-a was evaluated. As shown = Fagure 12,
both PEA and RePEA decreasad the amount of this cytokiow triggenad by LPS stimulation. Notably,
RePEA inhibited TNF-a rel pared 10 PEA in a very significant way. These sowalts align with
the hypothesis that RePEA is hydrolyvaed slowly by FAAH. Finally, other cytokines ssocisted with
wmvaumwwmmmﬁnmm-ﬂhm-a. In particulir, 1L-6 and IL-18
wese asalyvaed. Released L6 and IL-18 evtokine wene testod on PMA-THP-1 cells treated with LPS ot
24 b Colls woen troated as described in Matorials and Methods. As shown in Figuse 12, 1L-6 decressed
sagraficantly in respect of LPS both with PEA and RePEA broatments while TL-18 dimisadwd cnly with
RePEA troatiest. These results confirmed povviously obtsined data and stmg@unad the potestiality
of RePEA i the inhibitson of gro-ndl dary oy bokdne nl
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A B

Tré— pon

Figure 12 Kedoaw of TNF-a 114, and IL-15 a2 24 h after LPS application. nwl-mw
PMA-THP-1) wese stiemubeted with LPS 2t 20 ng/mil for 1 by then, LPS
“a&m-uh&dfulh-ﬂlmmm-db—hﬂwﬁa hl.dmmw-
seplaced with fresh RPML The amosnt of TNF-x (AL L4 {B), and IL-12 {C) rebeased info the cultuse
ludn-lw--mulﬁ-ulln-su" d Dataare p d o mesn 4 SEM. (0= 3
B = from LIS were d od using
Mynﬂ,-dm(mulmplhrh‘--nkﬂ'mqnmul pe i
*p e QU™ p < U001 Didfiesence between treatment with PEA and RoPEA was determised using
unpatnad -t * p < 008
3. Discussion

PEA is an endogenos Bipid medator which i not stomad in cells, But is rather synthesized on
demand from membrane phospholipid precusors; &-wmﬂsmwvymm
nesponsible for its degraciation 1o fatty acd and ethanolans In g ¥ ane
nomn 10 play a contral role in thw mactivation of PEA by hydeolysi FAAH,MMMM“
Bydroluse [29], and NAAA, & cysteine by drolase localized = the lysosomes |30]. FAAH also plays an
amportant rode in the hepatic metabolioen of PEA when it is exogy Iy admare d. B Fact, it has
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Beun necontly proposed that wheress both FAAH and NAAA equally ibude 40 the catabole
dmmmruwmnmpuyumumuuuaam
of exogenously admissstensd PEA [2] The Bydralytic eney dved in PEA metabolien ane
W—uwmuummmwmummymmw
afiocts PEA bacavailability. This matabolic instability affocts the phy i petties of PEA
which mmsain the main issee of therapeutic ww in hha,hiphdlhamtmhmm
the dissolution rate and abe ion elicited by new oeal formulations of PEA (such as microniaed-
Mulmlmmnlllthc abolic inactivaton is mspomsible for the short-lasting efiocts
of the compound. A significant nunsber of clinical trials saggest that systensic adnsimistration of
PEA exerts anti-indl v, i dulatory, and ¥ ive wffiects, but it is especially
evalualnd for chromic pain masagement in humars [42-45) Inportantly, clinical trials peove that
exogumons adminsaration of PEA & well tolevated; in fact, the Lack of side efficts is o common finding
i most clinical studies, as svpoetid by u recurd seview carrying out a pooled mets-analysis based on
dats availabde from clinical trials about PEA employumt in paen-sufforing patients [46]. The officacy
and the tolerability of PEA explain why since 2008 it has boen marketed in difforent countries & 4

" scal food sappl

St Ries admed o li lhuimimmo”’EAmmp-‘wd. Oeve strabegy bo docresse
md-pmmuuhhduw.ﬂmﬂ ;B %, these S shuondd
mhMmdedﬁMdFﬂOﬁhc&anmem
Srould be the develop of FEA analogues, more stable 10 he enzymatic inactivation.

MMMMvmwmm»umhwmam
PEA can act theough the so-called ape effect”™, & e the levd of cthwr endocannalunoids
whdlhmxﬁvmmnﬁmmdmpm«uund\uummhﬁmdﬂ?w
noceploes potentiating s acthvation by disect ligands [47]. Furthermoss, it has bevn peoposed that PEA
can activate GPRS seceptor [45] even o this hy pothesis awaits further evidence. Unitil now, the only
dinect target of PEA & PPAR-a socuptoe [ 1], which is comsadened the madsator of PEA anti-ssflammatory
effxcts. For this rorson, we d whethwr the PEA analogues setain the ability 1o bind this
pharmacologacal target of PEA.

Basod oo these issues, we desigoaed & senall litwary of PEA analogaaes, still able to ssaintain PFPAR-a

and possessing looger life than their nalural countenpart, being mwew stable to the hydralytic

activen of FAAH. For comgurison, we scluded in the madysis of the sewly devidoged aulogues PEA
#eelf and two iall ilable FEA analog e, MePEAL and MePEAZ

CmpuhﬂmlmuhsmtthlthmﬂhhMMbh
Bydrolyzed mom slowly by FAAH, compared to PEA. As a matior of fact, meunindamale (Meth-AEA),
nMWdMMAI@MbﬂMMM&[h) The same maodification in
PEA, yielding MePEAL is expoctod o p asrnl lic stablity. Furth it was nported
mwwwwmmwummmmrh;u
probably related 1o the higher affinity of PEA analogues foe NAAA [50], while anandasnide anulogues
are peofirrod substrates for FAAH [51] These data tally with computational results, suggesting that
the DFT model wiss actually able to pradict which componmds would be moee resistant to hydeolysas.
The mugor stability of RePEA wiss expersmentally confermwd by its nesistance whien exposed to cell
membranes. While PEA was peoane to be partially hydrolyzed in 24 b, RePEA was perststont in the
assary, confirming the robustness of the DFT model we peoposed.

Maoluilar dockinng of PEA and its analgues ko the binding domain of FPAR -3 evwaled & vy

dlar banding mode, confirming that the modifications stroducnd W hinder hydeobysis of the asidic
wbmmmammumnwumammmm
share with PEA the plur perty of PPAR-a binding, h (e the mech

mdM«MhWhm&aundwtwa& SnnamyMoll’EAdomn
involve this recoptor and various mdirect mechanises of actaon have boen eported, we smed to
wvaluate whether the compounds retained the ability of PEA to ct infl Y ina

L3
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widely emplovet clluler setsing All e commputational data lod RePEA & the bust candidate in
terms of both syntheti ibility and bolic stability to FAAH-mediated hydrolysis. Since our
uﬁdnh:ualm&--hﬁﬂthwhl)ui«mymvaMH.w¢mb-mthvwo
setabolic stabsility of RePEA. Only furth erization aimed S0 evaluate $he compound stability
= plasea 25 well i e ination of setabaolitis produsced in liver hamogenate or in hepatic cell

Enes will allow ws 80 propose RePEA 45 an in vivo bolically stable compound. Thas, RePEA was
Wﬂmmmt@ﬂmpnw»mwmnm“uma

the anti-anfl
ltnMWwMWﬂuﬂghM&Mlminhhﬂum
a key role in egulating cesbeal jons [52). In 1 conditions, microglial

colls anv in “resting state”. Mmuv-dmnmmnbwamwﬁsm
hﬂamuylxmwh&mu-&wmdmhlﬂ[. In the present stusdy, we wod LPS o

N9 macroglia cells snd h rophages and we evaluated the secretod TNFoaoas
the muin pro-infl boey marker. Other el ‘--"‘ toey cytokines were also evaluated,
g..uadlbllMuaqwhumﬁadmhﬂm,uwmnmuamm
bast, in chroedc inflammation, it is ruther proinfl v 116 Bus stimulatory effocts o T- and Bells
and, in addition, = combination with its solubl pror sll-6Ra, tusws the bransitson from acute 1o
mmlﬂpmlpu.m»mkmmimlhm
Whhﬁxﬁmmwﬁ{,\ﬂ.l- Ived & chronic infl tion such s oy sbcad
arthritis, pain, indl toey bowed de rihritis, lar diseuase, multiphe
herina -\d"“ s di [36]. LFS is & constitusst of the ouber membrane of Gram-swgative

Bactiria and hus boen widely wied 1o induce experimental sdlamealory reactions [53.57). This agent is
powerful esough o activate microgha o M1 state [55] The seousie N9 sicroglial coll line used in this
study, B primary sicroglia, can be polarized into M1 or M2 shide anud secrets the markirs of micsoghal
M1 and M2 states, sudh & iINOS, TNF-x, IL-1P and Arg-1, in the possence of a stimsulus |59,60]
Microglu activatson d bo pro-infl b has boen idered detri lin
Mtﬂuﬁnmwwn&h”wavmmwbnnwummm
of a variety of di o164 In cur experi PEA, MePEAL s RePEA sdhibited TNF-ax reliase
.huu-wumwmhwmmwm-.mm
the level of hwr preo-anfl toey evtoking, IL-6. RePEA decnased 1L-6, while PEA af the s
tion could not mduce sy & These data suggpest that RePEA stall nitains the ability
of FEA 80 counteract LPS-induced inf by More imp thy, the evaluation of the
mﬂutmmm'shmammuthmM
thin PEA
Macrogha and macrophages expross & wide range of recep including TLRs, a subdamily of
patt cogration oy uuwm-‘m‘wmmwmg
10 induce innate and adapti P 155) A g TLRs, TLR4 & the major LPS

nmpﬁxlf'e.hn Whm d an the cellul by Mlnmu.anplnwnhh
d Jdifle

¥

iath in-2 (MID-2), which is essential for LPS recognation by the
‘l’lj‘u—MD-zmuvlnlrﬂM uqammhmnzmmwml
which results in the adivation of downstream medistors, swluding the sudear branscription lactor
NF-«H, which increises the produdction of pro-sdflameaoey ssolecules, such a6 cytokines (eg., TNFa,

TL-16, and IL-6), chenmoks and ive oy pen and nitrogen spedies [71] NF«Bisa
wmwmwam&n I recumt yoars, it has become dlear that there ane at loast
o separate pathways for NF-«B activation, the ical” s the “roer ical” path TLR4,
TNF-a socwpbor, and IL-15 ploe ace b to stismvalate NF-xB through e wm:l pathivay,
as activation of these nocep leads to phasphoeylation of IKK [72] and this process i mediated

by the adapter protuin MyDSS 73] In the “non canonical ™ pathway, NF-xBanducing kinase (NIK)
activates IKKa that phosphorylates pl00, which is converted into pS2/ReB heterodimers [72]. So,
NF-«B dimens, redvased from the IxB comgl ) 0 the nuclous and bind o specfic DNA
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3 in the p of many genes [74,.75). Proclinical studios show the therapestic offit of
syndhetic small solecules actng o TLR4 antagosasts, both in vitro and in vivo, ssd comdirm its costral
ol in the rogulation of indlamenatson [76]. Both PEA and even moew RePEA inhibit NF-«B activation
triggered by TLRY stimsulation. Monwover, 00 changes i ool moephalogy or viability were observed
Betwewn N9 cells treatod with PEA or its analogues, suggestang that none of the compounds ane soxic.

I this work we proposed the design of a4 small libeary of PEA analogues and we developed

nWWWNw&&mMuMWNI&WWMm
commrwrcial cows i far a5 FAAH-medisted Mydrolysi d. In conclusion, although the specific

mamuu‘wmammumm awadts Further investigation,
RePEA supresents a good candidate for pre-cimical studies = order to develop a compound with the
s well-known therapeutic propersies of PEA but with a better phurmacokinetic profile.

4. Materials and Methods

Palestoy Methumolamide (PEA, CAS N° 544-31.0), R-padesitoyi-(1-methnd) ethanolamide (MePPEAL,
CAS N' 1212847-0), and R-palmitoyd{(2-avethyl) ethanolimade (MePEA2, CAS N° 179951.56-5)
wene purchased fram Cay Chemicid (Ann Arboe, ML, USA) with & doclaned purity >98%
3-Hydrony-N-p 3 ,', pureide (RuPEA) wis synthwazod with 4 slight seodificataon 1o swihods
previously soporsed in liteeatare |49

4.1. Chemical Procafures
Anhydrous solvents over molocular sieves wene parchased from Acros Omganics® (Thermo Fisher

Scaentific, Cod, Belgium) with o dmmsso"meWyﬂLC)m
performed on Silica Gel 80 Foe, plates (Mench, Darmstade, G ) dend Visuali

developing soluti Autoesated flash ch mphywumhudmahnp’hoh"'
(Biotage, Uppeals, Sweden). Prime NMR dod on a Beukor A

111 600 MH2z equipped with cryoprobe i nll‘lﬂ&l‘ k 'M(b)m-punnlhppm
Sownld froen the residual solvent peak, wh & tanks () ane stated in He The 'H

and "CMWNMMWMM mamwmw
NMR data processing was performmed with MestReNova v 1412 softwiry (Mestadab Research, Santiago

de Compostela, Spam).
4.11. Symithess of 3-Hydroxy-N-pontadecyiprop ide (RePEA)

A solbuti d, tadecylasnie (100 mg, (.34 mmol) in anhy drous dichlk ethane (1 mL) kept at
0°C was ¢ d with B-propiolactone (83 wl., 132 menal). The suisture was then allowed o netum 10
MWMMWMM phere. Then, the neaction was quenched
with MeO#H and ¥ and the crude wis purified by astomated
mmwahw di lution) cbtainey pure d RePEA (6 mg, 48%

yiuld purity 295%). TLC (ethy] acetato) RE = 0.25; 'H NMR (600 MHz, CDC3,) 5 6.02 (b, 1H, NH),
392287 (m, 2H, H3), 327 (d4d, = 68,56 Hz, 2H, Hy), 28 (1, [15 = 48 Hz, 2H, Hy), 238 (bs, 1H, OH),
151 (g, | = 6.5 Hz, 2H, Hy), 1.35-1.27 {mn, 3H, CH:), 1.25 {, 168, CHa), 058 (1, ] = 7.0 Hz, 3H, Hy)
UIC NMR (130 MHz, CDC,) & 17335 (CO), 5904 (C;), 40.15 (C,), 3757 (C,), 32.07, 29.63, 29.74, 29.67,
2951 (Cx), 29.90, 2745, 22 84, 14.27 (C1s).

4.1.2. Sumple Prepurataon

PEA, MePEAL MePEAZ, and RePEA wene dissolved in dimethyl sulfoxide (DMSO) at a
Wafa?nu.ndnmnnﬂydﬂmdnmﬂmmﬂypmbum
The fnal concentration of DMSO was loss than (.01% in the expers Lipopodysaccharides (LPS;

Escherichia coli O5585) werw obtained from ENZD Life Scdences (New Yoek, NY, USA)
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4.2, Compudations? Methods
421 Molecudar Docking

Modeculir recogration simmulations wene perf, usang the docking tools Glade [77-30] and
C«nM[ﬂLsnvﬁb&nMulmmmwmmL’SA).Tbx-u\
crystid structures coenesgunding 40 the different PDB 1D of the investigated proteans (1176 for
WMW&WMW&FMmthmMMMMMM
proper bond onders. Wirter molecules and co-crystallized ligands were 3, while p
states of side chains wemw assigned running PROPKA, setting pH = 7. mum“-mm
optinsined using sample orientatioes. Faully, o sestrasnd minimizition of peoteins was carried
out wiing the OPLS3 fonw Seld, [52,57] until e RMSD betwoen the starting structuse and the
minimizod ane reachod 03 A PEA and its analogues wete goometrically refined with the “Ligpap™
modusde wsing OPLS3 foece fidd. The (R)stercochemistry for MePEAL and MePEA2 wis retainod,

for consistency with experi Reveptor grids werw all caloulated with the OPLS3 force feld as
widl The secuptor grad for PPAR-a wis generatad by sdocting the crystal structure co-ligand AZ 282
((25)-2-cthony-3- 4-(2-} 4| {methy Lsslphany ) oxy [plwny Hethoxy phersyd|propanaic acad) i id

The gridd bon for FAAH and NAAA, mwtead, were built selecting active site amino acids G240, Phe192,
A0 and Cynl 26, Asn287, Phel 74, TeplS1, respuctively. For PPAR-x, Bexible ligand docking using
ﬂnmmﬂd’]m dude was por d [S]], with traants on moceptor-ligaend(s)

ices. The docking perd -_\Mwmnuwm
«mlﬁﬂm;wma-m octadiec-9-en-1-0ne) and by comparig, the kvest erwngy
pose with the co-Bgand position and conformation found in the crystal structure. Sidechains of key
rusadues Tyrd6d, Tyed 14, HisddD and Ser280 were set a5 froely rotalble during calculatioes. Foe FAAH and
NAAA instead, covadent docking with the CovDock workflow was carried onst [81]. Ser241 (foe FAAH)
and Cys126 (for NAAA) were st as reactive residuss and, in Both cases, the reaction type wias defiswd
as & nudeophilic additon 30 a double Boad. FAAH was ch i a refe Y to validate the
ConDuock proceduse for s kind of Bgand and chemical svaction.

422, Density Functional Theory Calculati

Qu ochunical (OM) calculations were casriod out in the density functional theary (DFT)
framework, cutting off a claster moded from the FAAH crystal stroctse (PDBS ID 3K84). The wse of an
All-OM cAuster appeoach, instead of the alternative and monv computitionally costly bybeid QM-MM
ane (adopted for provious & igations on this thense) allowed us bo tneat at a mone accurate DFT
Soved i Mrge portion of the protein active site, going beyond Bw sole catalytic triad.

TbhmmMMﬁMde«hngWumﬂmnhm
points 1o design the DFT model. In particular, we p 4 a4 cross-anulysis of protein-ligand
mmknbuﬂnhmmdﬁkmmdnwmhp— In this way, we wen able to

identify crucial sesadues interacting with boh the polar head and hydmophabic til of our ligands.

Sance the tural viriability g the Egpands is introduced only in the polar head, the ligands®
Jength was reduced by t ing thar ydrophobic chain, so that they aw overall uraderized
by a 1l-atom-long chain | Tiny bo& ehons and b ). The neddues indluded in the

DFT model are 16: Ser24], l.,-suz. 5‘:217 Ser218, Ser190, Met191, Phe192, Glu24D, Gly239, 123,
Gly235, The236, Leu2TR, Cysdi9, VAR, Try271 (Supphewntary Figune S8). The last four sesidues
o not interact with the ligands but have been introducnd in onder to ly define the voluse of
the pocket accommuoduteng their polar head (vide infra). G try optimizations weee carred out
at the BPSG/DZF leved [54-56], usang the TURBOMOLE 2.1 suite [57]. The esolution-of-identity (RI)
approsimation was used to speed up calculitions [35]. The Gramme's D3 corrections wese addod [599),
in order to avely for the sigrifi of dispersive protein-ligand interactions
found n this system. MnMaﬂWde&chnwmnb
Xoray structune position. This i plami = neceseary 10 avoid di




Appendix 111

A, | M. S 3000, 71, 9004 o
amino acids within the active sete. Full vilrational analyses wis carrad out to a0 the nature
of transation stites, searching foe the isaginary frequiency ciated with the ion coondnate of

ervst. Solvent effoct wis implicitly treated acconding 1o e COSMO spprosch, [90,91] by demdating 4
coetinuum diclectric with o = 30 (which is 2 good compeomiie Sor & system that is half water accessible
and half bydrophobic) The hydrolysis starting points were modelod as van der Waals addiscts,
obtained by dissociuting the Ser24]-ligand complenes cbtained with CovDock, and by restoring the

e Betnncbinal
L b &

43 FAAH Assay
Membeanes for FAAH assay were propanad as descridwd by Jonsson ot Al with minor
modifications | 92]. Briefly, froown primary cortical cultures (aonsbral costioes | storvd at <80 °C from

postnatal mice wiere thawed, hossogenized on ioe @0 cold PBS (PH 7.4) wang an insulin syringe
and centrifuged st 13,000 rpen for 30 min. The cdll pellots weee then washed twice with PBS and
Watllﬂwh!m&ﬁpﬂb&wmmﬁdnuﬂ?ﬁmwmm
4 and samplis werw stored at <80 °C until we.

mh_mmdmmua\m-'" 1 by NMR s gy, s 4 Bruker Avance 01
NMR spectronwtor oguippod with a QCT eryogenic probe.

Foe ench NMR sasnple, 50 il of membrane (167 ug of total protein) was resaspended in 188 ul of
deuterated PBS 10 mM, pH 7.4, and transfernnd @0 4 3 mm NMR tube. A first peoton was acquaned at
37 °C using the pulse soquence novsygpprld and 64 scans, 2 relacasion delay of 25, a0 soguistion Sme
dz:.md-u-mivupnd&ﬂmlb ial FAAH suls PEA or RePEA werne added

iately i the rescti ing by applving the samw soquisition parametens. Due to
MNWMMmﬂuNWPEAMWMMMMWm&mmA
mmmdlﬂwl“d&MWAmwmwwuu

an inderval of 24 h. They were g d wxing MestreN iom 141 2-25004 (Mestrudals
Rusearch, Sentiago de Compostela, Spain) by applying a line broadening of 03 Ha. Sp were
v d o DMSO evsiciual signal.

4.4, Col Caliures

441, Murine N9 Microghal Cells

The muriese microglial N9 cells were cultenod in Iscove Modifed Dulbecon’s Mudium (IMDM,
Sigma-Aldrich, St Lowis, MO, USA) supplemenbed with 5% heat-inactivabed fetal bovine serum

(FBS), 100 1U/mL persicillin, 100 U/l streptoesycin, 2 mM L-gl ine (all Euroclone, Pera, Ttaly),
and Mycozap™ Mywmmmmusmm.mumm
(37 °C, 5% C0)

4.4.2. THP-1 snd THP-1 X-Blaw™ Cells

THP-1 ivd THP-1 X-Blue™ cells were maintained in RPMI 1630 MadSium without L-glubimes
with phenol med (Eurcchone, Pero, Baly), supplementod with 10% hoat-iractivated Setal boview
serum (FBS) (Eurocione, Pero, laly), 2 saM L-glutamine (Eusrodone, Pero, Taly), and 200 Ul
penicillingstreptosace (Eurodone, Pera, Ttaly). Before treatmints, colls wene sondod 290 a %6-will plase
and difervntisted =0 i by 72 hincubation with 100 nglml. phoebaol 12-myristate 13-acetate

MMMMWMWUSA)'" g by 24 hincubation in RPMI snedum.

4.5 Cell Vishility Assdy

N9 cells wimw sended 4t the comcentration of 3 % 10° cellyfwell o a 96-well plate snd Shen the day
after were incubated for 1 b with 100 aM PEA and #5 aoalogues (MePEAT, MePEAZ, RePEA) Then,
the modnm was replaced with frosdy BMDM supplesentod with 5% FBES. After 24 h, colls were wsdwd
and incububed with fresh matium comaining 3(4,5-dimethy Hhiazod-2-y1)-2,5-dipluny Ibetrazolium
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Broeside (MTT) (05 gl Sigma-Aldrah, St Louis, MO, USA) a8 37 °C fee 4 A Ahr,lomuun

erystabs wene dissolved in acidic sopropancl. The optical dessity was evaluated by s ph o
of absoch, All the expers werw done in triplicate and repested for thaw

4.6, Movphadogical Antlysis
N9 and THP-1 oolls wone soaded ot the jors of 9 x 104 coliywedl and 8 x 104

cellyper well respectively into 4 96-well plate. THP-1 culls were differetiatod as described above
Cellular morphology of N9 and PMA-THP-1 culls was svaluated wang invertod Olympas CKX41
microscope (Olysrgus Instruments, Tokyo, fapan), equipped with 2 Digtal C-Mount Camera TP 5100
Cells were incubabad foe 1 b with 100 nM PEA and its analogues (MePEATL MePEAZ, RePEA). Then,
memmmmwmmmsmmuwmmi
X-Blue™ colis). After 6 or 24 hoptacal i were captured with an 1 pe (Olymspus
xXxd1, a,mmfﬁmhm

4.7, LPS Trenderent itk and albosd PEA and lis Asabygues

N9, PMA-THP-T X-Bluwe™, ased PMA-THP-1 oolls were stimudatod with LPS at 10 sygienl foe 1k,
then the snedium that swd LPS was g and ool were incubuted for §hwith 100 nM PEA
and its analogues (MPEAL MePEA2, RePEA). Then, the medum was replaced with fresh IMDM
supplemented with 5% FBS (N9 colls) or RPMI (PMA-THP-1 X-Blae™ cells).

4.8 Pro-inflemweanlery Cutokine Relare

NT colls wore sonded &t the tion of 9 x 11" cellawoll into a 12-woll plate and then the
day after were treatod as describod above. Lovels of TNF-a eedeased indo the cultune medium wene
quantifed after 3, 6, and 24 h by usang the comspondang quantsfication enzyme-linkad i ebwnt
assay (ELISA) kits (838-7324, Thermo Fisher Sciuntific, Monza, Ttaly) W o the f »
-mmmmdummlpumunbmumm-mw.uuuy
using the coenmponding quantification eozyme-lnked rbent assay (ELISA) kits (DY 306,

DY401, R&D systens, Minneapols, MN, USA). PMA-THP-1 il were soeded at & concentration
of 8 % 10 collfper well into a 96-well plate and differentiated s descrind above. Cells were
then treated with 100 M PEA or RePEA a5 indicuted ubove. Leveds of TNF-o, 116, and IL-15

wheasod into the cull i were quantifiod afer 24 b by asng the cornsponding quantification
yeme-linked i ehy mym)umm,mmmunwm

MN, USA) accondang to the £, i Thw data were exprivssed 26 pgiml. Sollowing

thhwe‘-wm‘mwmdmumﬁmwﬂmﬁh

thve indepund,

4.9. SEAP Assay

THPI X-Blue™ NF-«B wlls were specifically designed for monitoeing the NFxB signal
y in & physiologically nelevant ool lane. THP-1-Blue™ & derived from the
nmmlnmuanm»ymmmmwmmmw
allaline phasplutise (SEAP) seporter construct. THP- 1-Bluw™ NF-«B culls are highly nespoasive o
PRR agonists that trigger the NF-xB pathway. THP-1 X-Blue™ NF-xB colls expoess a SEAP neporter
gene driven by an IFN- minimal peosoter fused 10 five copivs of Sw NFaB consensas trasscrptiooul
nusponse elemend and thiee copies of B ¢-Rad binding ste.

A total of 5 x 10* collyfper well were sonded into u %6-well plate and differentiated as described
above. Ccﬂﬁm&nlbnhﬂwihlmmm«w“imﬁaum MIMNA-MI
X-Blue™ NF-«B cells allow the mcsitoring of NF-«B activataon by & % the activity of SEAP.
mumnmwuwmmwmuhwmmauﬁm

g %0 4 tructices (InvivoGen, San Dango, CA, USA). In addition, the coll density

™ i




Appendix 111

A | M. S 3800 71, W04 W=

of each well was usalyzed by MTT assay s described above, Activity of SEAF, expressed s OD,
ws sommalized on the MTT OD value of each coenesponding woll, as & measues of coll viability

4.10. Statistical Analysis

Results ane expeossod as the mwean = SEM. Al dats wiere asulyzed using the GeaphPad Prism
software (versaon 6.0) (Sun Diego, CA, USA). Diferonces betwoen bratmust grougs wene asalyand using

cow-way analysis of vars (ANOVA), followed by post hoc Dy 15 dost or Lt Difference botwoen
treatsent with PEA and RePEA wis & ined ssing uspaind 4ot A povalor of kess than 005 was
comuidimnd statistically significant.

Sappl v Materiale Sapplh v Matirials can be frund at ety wwse mdpl arm/ 220067 212Y
'A‘.—v'&‘-l

Author Contrab C ! B.C and LC; methodalogy, FA; fremal analvws, A validation,
AD FA andCA; W—N-LFA.-AGLM. CA; uwwm/m

and VA cegamic d—nt? AP roworsscon, MC L BC, LC, CA and QZ; | draft
p-p-&n.FL.A.D R A.P :E LC BC; mh:'—mh-r-duhh‘,l.'l GZ-H& viesalizatae,

Abbreviations

ABP Acyl-chan Brding Pocket

AF-2 Actvabioes funcson-2

EA Ethanolamene

FAAH Famy Acd Amade Hydsolase

HPA Hydsoy-propacnic acid

12 Interleulon-15

ILs Interleukin-6

NOS ducitle Nitric Oxide Synth

s Lipopolysaccharsde

AD2 Myvload difimentiation pecten-2

MaPEA MethanPEA

NAaaa N-acyleshanal acad armad

NF«B Nuchar Factor kappa-hght chan-enhancer of activated B arlls

PEA Pakmitoyl EtharclAmade

PPAR-a P Proks A d Recopaor alpha

o Quantam Mechanical

QoMM O Aok L badar Ak

RelEA Retro-PEA

SEAP E d embryorec alkaline phosph

SiF» E 1L ion Fingrep

nx Toll Lice Recepice

INF=a Tumor necronis factor alpha
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