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Preface

Inflammation is a complex physiologic response that protects the body
against potentially harmful stimuli, including pathogens, damaged cells and
tissue components, malignant elements, irritants and toxins. Both acute and
chronic inflammatory responses involve immune cells, blood vessels, pro-
teins, amines and lipid mediators that orchestrate events like vascular perme-
ability, leukocyte migration and pain.

In recent years, the notable advancements in our understanding of the
immune system, the huge body of accumulating evidence on the pharmacol-
ogy of the immune responses and the significant biotechnological advances
made available novel targeted therapeutics that challenge current unmet med-
ical needs. These drugs comprise monoclonal antibodies and other biologics,
as well as small-molecule enzyme inhibitors that interact with well-defined
targets. Along with the wide repertoire of classic and revisited therapeutic
interventions, these innovative tools attract high interest and investment from
the biopharmaceutical, biotechnological, academic and health care sectors.
Thus, immunopharmacology is currently one of the most rapidly expanding
and promising areas in biomedicine, offering cutting-edge modalities to treat
illnesses ranging from allergies, autoimmune diseases and malignancies to
neurological, cardiovascular and metabolic disorders.

This book is supported by members of the Immunopharmacology
Section — ImmuPhar of the International Union of Basic and Clinical
Pharmacology (IUPHAR) — and reflects the future trends and challenges in
the area of inflammation and immunopharmacology. By providing a compre-
hensive, yet non-exhaustive overview of the current advances in these fields,
it addresses an audience with basic knowledge in the inflammatory and
immune processes and is useful as a source of the most up-to-date informa-
tion for researchers and clinicians already working in these areas.

The chapters highlight the basic knowledge and introduce new concepts
on the mediators of inflammation, including the putative immunomodulatory
role of histamine; the molecular mechanisms and the resolution of inflamma-
tion; the immunopharmacological perspective of innate and adaptive immu-
nity; and the regulation of immune mechanisms in health and disease,
including neural regulation of inflammation and atherosclerosis. The chapters
on the actions and side effects of glucocorticoids underscore the continuing
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timeliness and relevance of these classic therapeutic agents for the treatment
of immune and inflammatory disorders. On the other hand, the chapters on
the innovative drugs for allergies and on the immune mechanisms in
atherosclerosis emphasize the development and exploitation of targeted ther-
apies in the indented new era of personalized or precision medicine.

Special thanks are due to all authors for contributing to this effort.

Finally, we gratefully acknowledge that completion of this book could not
have been accomplished without the skillful efforts and the constant support
of Professor Simona Ronchetti, Department of Medicine, University of
Perugia, Italy.

Perugia, Italy Carlo Riccardi
Jerusalem, Israel Francesca Levi-Schaffer
Athens, Greece Ekaterini Tiligada



PartI The Molecular Mechanisms of Inflammation

Mediators of Inflammation ........................
Izabela Galvao, Michelle A. Sugimoto, Juliana P. Vago,
Marina G. Machado, and Lirlandia P. Sousa

Innate Immunity and Inflammation: The Molecular
Mechanisms Governing the Cross-Talk Between Innate
Immune and Endothelial Cells .....................
Daiane Boff, Caio Tavares Fagundes, Remo Castro Russo,
and Flavio Almeida Amaral

Adaptive Immunity of Airway Inflammation in Asthma
Cameron H. Flayer, Sarah S. Killingbeck, Erik Larson,
Zoulfia Allakhverdi, and Angela Haczku

Role of Histamine in Inflammatory Diseases..........
Anette T. Hansen Selng, Vadim V. Sumbayev, Ulrike Raap,
and Bernhard F. Gibbs

Neural Regulation of Inflammation: Pharmacological
Mechanisms and Therapeutic Perspectives . ..........
Marco Cosentino and Franca Marino

Part I Resolution of Inflammation

Pro-resolving Mediators. . .........................
William Antonio Gongalves, Alesandra Corte Reis Melao,
Mauro Martins Teixeira, Barbara Maximino Rezende,

and Vanessa Pinho

Part III Immunopharmacology

Innate Immunity in Inflammation ..................
Andrea Cignarella and Chiara Bolego

Regulatory Mechanisms in Neutrophil Degranulation . .
Lindsey C. Felix, Sarah Almas, and Paige Lacy

Vii



viii

Immune Mechanisms in Atherosclerosis and Potential

for Inmunomodulatory Therapies ........................

Gianluca Grassia, Neil MacRitchie, and Pasquale Maffia
Regulation of Immunity and Disease by the IL-1 Receptor

Family Members IL-1R2 and IL-1RS8. . .. ..................

Martina Molgora, Domenico Supino, and Cecilia Garlanda

Part IV Classical Drugs to Treat Inflammatory
and Autoimmune Diseases

Glucocorticoids: Molecular Mechanisms of Action. . ... ... ...

Diana Cruz-Topete and John A. Cidlowski

Glucocorticoids: Immunity and Inflammation ..............

Simona Ronchetti and Carlo Riccardi

Strategies and Compounds to Circumvent

Glucocorticoid-Induced Side Effects. . . ....................

Astrid Luypaert, Wim Vanden Berghe, Jan Tavernier,
Claude Libert, and Karolien De Bosscher

Part V Innovative Drugs to Treat Inflammatory
and Autoimmune Diseases

Innovative Drugs for Allergies. ... ........................

Ekaterini Tiligada, Kyriaki Gerasimidou,
and Francesca Levi-Schaffer

Contents


https://doi.org/10.1007/978-3-319-77658-3_Index

Part |

The Molecular Mechanisms
of Inflammation



Check for
updates

Mediators of Inflammation

Izabela Galvao, Michelle A. Sugimoto,
Juliana P.Vago, Marina G. Machado,
and Lirlandia P. Sousa

mediators are derived from immune cells (e.g.

Abstract vasoactive amines, lipid mediators, platelet-
Inflammation is a physiologic response against activating factor, reactive oxygen species,
noxious stimuli and microbial invaders. The nitric oxide, cytokines and chemokines) or are
basic elements of inflammation include host acute phase proteins produced by the liver that
cells, blood vessels, proteins and lipid media- circulate in the plasma (e.g. the complement,
tors, which work together to eliminate the coagulation and Kallikrein-kinin systems).
inflammatory stimulus as well as initiate the Together, the mediators of inflammation
resolution and repair. Mediators of inflamma- orchestrate all the inflammatory events such
tion are regulatory molecules that control the as blood vessel dilatation, vascular permeabil-
generation, maintenance and resolution of this ity, leukocyte migration to the affected tissue
response, which is triggered after recognition and pain.
of infection or injure. The initial recognition
of the inflammatory stimuli leads to the pro- Keywords
duction of pro-inflammatory mediators. These Inflammation - Vasoactive amines - Lipid
mediators - Cytokines - Chemokines -
L. Galvio - M. A. Sugimoto Plasma-driven mediators

Laboratério de Sinalizagdo da Inflamacao,
Departamento de Ciéncias Farmacéuticas, Faculdade
de Farmacia, Universidade Federal de Minas Gerais,
Belo Horizonte, Brazil

J. P. Vago - M. G. Machado 1 Introduction
Laboratério de Sinalizacdo da Inflamacao,

Departamento de Anélises Clinicas e Toxicoldgicas

da Faculdade de Farmdcia, Universidade Federal de Inflammation is a protective response, which
Minas Gerais, Belo Horizonte, Brazil involves immune host cells, blood vessels, pro-
L. P. Sousa (54) teins and lipid mediators [1]. During an inflam-
Laboratério de Sinaliza¢do da Inflamagdo, matory response, molecular patterns are sensed
Departamento de Ciéncias Farmacéuticas, Faculdade by receptors from innate immunity leading to the

de Farmacia, Universidade Federal de Minas Gerais,

Belo Horizonte. Brazil production of inflammatory mediators. The aim

of inflammation is to eliminate the initial cause of

Laboraicrio de Sinalizagdo da Inflamagdo, cell injury, such as the necrotic cells/tissues that

Departamento de Andlises Clinicas e Toxicoldgicas

da Faculdade de Farmdcia, Universidade Federal de result from the original damage and, by doing so,
Minas Gerais, Belo Horizonte, Brazil paving the way to start the resolution and repair
© Springer International Publishing AG, part of Springer Nature 2018 3
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processes, restoring tissue homeostasis [2].
Although inflammation helps in the removal of
infectious or sterile stimuli and in the initiation of
repair, it can cause considerable tissue damage if
it is overshooting or if there is failure in the reso-
lution process [3].

Clinically, acute inflammation is classically
characterized by symptoms known as the cardi-
nal signs of inflammation: rubor (redness), calor
(increased heat), tumor (swelling), dolor (pain),
and functio laesa (loss of function). The physio-
logical basis of these signs is centered in the
migration of leukocytes out of blood vessels and
into the surrounding tissue, in order to eliminate
the inflammatory stimuli and clear the inflamma-
tory site from damaged cells and dead tissues.
This is allowed by vascular changes characteris-
tic of an acute inflammatory response, such as
vasodilation and plasma leakage. Inflammatory
mediators of a vast range of nature, structure and
cellular origins are involved in the basis of all the
cardinal signs of inflammation and the physio-
logical events associated to the inflammatory
response [4].

The immune system deals with infection and
tissue damage through a sequence of events
involving molecular, cellular and physiological
alterations. In order to coordinate these sequences
of events, inflammatory mediators are produced
by blood or local-derived inflammatory cells in
response to a noxious stimulus [5]. The major cell
types that produce mediators of acute inflamma-
tion are platelets, neutrophils, monocytes /macro-
phages and mast cells, but cells such as fibroblasts,
endothelial cells and smooth muscle cells, can be
activated to produce some of these mediators.
Plasma mediators such as complement proteins,
kinins and fibrinolysis proteins are produced pri-
marily in the liver and are present in the circulation
as inactive precursors that need to be activated,
usually by a series of proteolytic cleavages, to
acquire their biological properties [2]. Once
release, these mediators initiate and amplify the
inflammatory response by a control system which
can be regulated at receptors’ and signalling path-
ways’ levels, controlling which tissue respond,
and also the length and the extent of the response
[4]. On this chapter, we will discuss some of the

most important inflammatory mediators, begin-
ning with cell-derived mediators followed by
acute-phase proteins found in plasma.

2 Cell-Driven Mediators

2.1 Vasoactive Amines

Changes in the caliber of blood vessels can be
made by a variety of substances. Here we will
focus on the vasoactive amines. These substances
have an important role in the inflammatory
response once they have the ability to cause
smooth muscle contraction, vasodilation and vas-
cular permeability. The main vasoactive amines
with this ability are histamine and serotonin [6].

2.1.1 Histamine

Histamine plays an important role in inflamma-
tory responses, mainly in hypersensitive
responses. It is a vasoactive amine released
mostly by mast cells that causes vasodilation,
edema and smooth muscle contraction. Clinical
manifestations vary from anaphylactic reaction
and urticaria, to local wheal and flare reactions.
Many signs of allergic reaction result from the
ability of histamine to affect blood vessels,
enhancing blood flow, vascular permeability and
inducing vasodilation [7].

2.1.2 Serotonin

Serotonin (5-hydroxytryptamine, 5-HT) was first
isolated, purified and identified in 1948 by
Rapport and colleagues [6]. This molecule was
named so because it was found in the serum
(sero) and was observed that it promotes vascular
constriction/tonus (fonin) [6]. Although serotonin
is best known for its activity in the central ner-
vous system (CNS), it is mostly produced by
enterochromaffin cells and predominantly found
in the periphery and in the gastrointestinal tract
[8]. It is also produced by neuronal cells, T lym-
phocytes, monocytes and mast cells but all these
sources combined are still smaller than entero-
chromaffin production [9, 10]. Besides the cells
that produce serotonin, it can also be present in
other cells, like blood platelets, dendritic cells
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and B lymphocytes, due to the uptake mechanism
[11, 12]. Serotonin functions as a hormone, an
immune modulator and a neurotransmitter.
Therefore, it contributes to the regulation of
many physiological functions, like vasoconstric-
tion, inflammatory responses, intestinal motility
and wound healing [8, 13, 14].

Serotonin Synthesis

Serotonin synthesis occurs in two steps and
around 5% of all L-tryptophan (Trp) obtained
from the diet is consumed in the first step [15].
This step consists of tryptophan hydroxylation by
tryptophan hydroxylase (TPH), which uses Fe*
as a co-factor and O, and tetrahydrobiopterin as
co-substrates, producing 5-hydroxytryptophan
(5-HTP). In the second step, 5S-HTP is decarbox-
ylated by aromatic amino acid decarboxylase
(AADC), resulting in the production of serotonin
(5-HT) [16] (Fig. 1).

Serotonin synthesis rate is limited by TPH
action, which is a non-heme iron pterin-dependent
oxygenase. It has been suggested that TPH action
is limited by low concentrations of its co-substrate:
Tetrahydrobiopterin (BH,) [15]. This enzyme has
two isoforms, TPH1 and TPH2, distributed in dif-
ferent sites [16]. 5-HT is synthesized by TPH1 in
enterochromaffin cells and by TPH2 in neuroen-
docrine cells, then it is transported by vesicular
monoamine transporters (VMAT,; and VMAT,,
respectively) to secretory granules, where it is
stored [17]. Serotonin is commonly released from
vesicles via Ca**-dependent exocytosis [18]. In
addition, it can be released through binding and
activation of many receptors, like adrenoceptors,

muscarinic receptors or 5-HRT; autoreceptors,
while its release can be inhibited by activation of
GABA,, nicotinic or somatostatin 2 (SST,) recep-
tors or 5-HRT, autoreceptors. After being
released, serotonin can bind and activate its recep-
tors or it can be taken up by other cells through
serotonin transporter. The serotonin transporter
like all monoamine transporters, is a twelve trans-
membrane domain spanning sodium-dependent
transporter that is expressed in many cells, like
platelets, pulmonary cells and dendritic cells [19].

Serotonin Functions and Inflammation

As described previously, serotonin may induce
multiple effects in different tissues. These effects
are due to the presence of different receptors that
will activate distinct signaling pathways.
Serotonin receptor family (5-HTR) comprises at
least 13 receptors classified in subfamilies from
5-HTR, until 5-HTR, they are G-protein coupled
receptors (GPCRs) and one is a Cys-loop ligand-
gated ion channel receptor [20]. Activation of
5-HTR, downregulate cyclic AMP. On the other
hand, activation 5-HTR,, 5-HTR¢ and 5-HTR,
upregulate cAMP [21].

Serotonin is responsible for the regulation of
many aspects of cognition and behavior, platelet
coagulation, gastrointestinal motility and immu-
nity. 5-HTRs expression in neutrophils, eosino-
phils, monocytes, macrophages, dendritic cells
(DCs), mast cells and natural killer (NK) cells
highlight the importance of serotonin in immuno-
logical responses (Table 1).

Besides all physiological functions, serotonin
can be involved in many pathological processes

0, +BH, BH,-OH
Trp T > 5-HTP > BT
co,

Fig. 1 Serotonin synthesis. Tryptophan is hydroxylated
by tryptophan hydroxylase (TPH), which uses Fe, as a co-
factor, and O, and tetrahydrobiopterin (BH,) as co-

substrates, producing 5-hydroxytryptophan (5-HTP).
Then, aromatic amino acid decarboxylase (AADC) decar-
boxylases 5-HTP to produce 5-HT (serotonin) [16]
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Table 1 Effects of serotonin in different cell types

Leukocytes Effects of serotonin
Mast cells Acts as a chemoattractant [22]
T lymphocytes | Promotes the activation through

macrophages [12, 23, 24]
Promotes the activation and
proliferation [25]

B lymphocytes

Eosinophils
Basophils
Macrophages/
monocytes

Acts as a chemoattractant [26]
Induces IL-4 production [27]
Increases the production of
pro-inflammatory cytokines, such
as IL-1 and IL-6 [28]

Enhances the phagocytic capacity
[29]

Acts as a chemoattractant [26]
Promotes an anti-inflammatory
polarization [30]

Acts as a chemoattractant [31].
Acts as a chemoattractant [26]
Alters cytokines’ production [32]
Modulates the differentiation of
DCs from human monocytes [11]
Triggers the generation of
inflammatory adaptive immune
response [33]

Stimulates the production of
interferon-gamma

Enhances cytotoxicity [24]
Increases proliferation [11]

Neutrophils
Dendritic cells

Natural killer
cells

due to the deregulation of the serotonin-signaling
pathway. These diseases can vary from neuro-
logical to inflammatory disorders. It was recently
suggested that serotonin uptake by lymphocytes
may trigger serotonylation. This process is
described as the covalent linkage of serotonin to
small intracellular GTPases, such as RhoA and
Rab4, by intracellular transglutaminase leading
to constitutive activation of G-protein-dependent
signaling pathways [34]. As these GTPases are
also present in other immune cells, serotonyl-
ation may help explain the pathophysiological
effects of enhanced intracellular serotonin in
various inflammatory diseases. In addition, sero-
tonylation subsequently downregulates efferocy-
tosis, resulting in the progression of some chronic
inflammatory diseases, like systemic lupus
erythematosus, rheumatoid arthritis, obesity, car-
diovascular disease, neurodegenerative disease,
asthma and chronic obstructive pulmonary
disease [35].

It has been recently identified that platelet,
and not mast cell-derived, serotonin contributes
to allergic airway inflammation [36]. Patients
with Crohn’s disease have high levels of sero-
tonin due to enterochromaffin cells production.
On the other hand, patients with ulcerative coli-
tis, intestinal inflammation and diverticulitis have
reduced expression of serotonin transporter,
which also results in increased levels of serotonin
[37]. Additionally, in white adipose tissue, it has
been shown that reactive oxygen species (ROS)
generated by serotonin metabolism in human adi-
pocyte promotes lipid accumulation in vitro [38].
This may ultimately lead to adipocyte hypertro-
phy. Serotonin has been associated with hyper-
trophy of cardiac cells [39], with release of
pro-inflammatory mediators by hypertrophic/
hypoxic adipocytes which, according to current
literature, are initiators of chronic low-grade sys-
temic inflammation that defines obesity and asso-
ciated disorders [40].

Serotonin Metabolism
The serotonin released by enterochromaffin cells
into the portal blood is rapidly cleared from the
plasma by three different processes: Uptake by
platelets, metabolization by the liver and metabo-
lization by the lungs. In the liver, serotonin can suf-
fer oxidative deamination, glucuronidation and
sulfation. In the lungs, it can suffer oxidative deam-
ination or it can be uptaken. Thus, serotonin plasma
levels in homeostatic situations are low [15].
Oxidative deamination is catalyzed by
monoamine oxidase (MAO) and produces
5-hydroxyindoleacetaldehyde (5-HIAL). 5-HIAL
can either be oxidized to 5-hydroxyindoleacetic
acid (5-HIAA) by acetaldehyde dehydrogenase
(major metabolic pathway) or reduced to
5-Hydroxytryptophol (5-HTPOL) by the action
of aldehyde reductase (ALDR) [41] (Fig. 2).
Other minor metabolic pathways include:
Serotonin sulfotransferase that can catalyze the
formation of serotonin-O-sulfate, which is not
biologically active; Serotonin can be glucuroni-
dated by uridine diphosphate glucuronyltransfer-
ase; Serotonin can also be N-acetylated and
O-methylated to form melatonin in the pineal
gland [42].



Mediators of Inflammation

0, +H,0

5-HT

Fig. 2 Metabolism of Serotonin. 5-hydroxytryptophan
(5-HT) is metabolized by monoamine oxidase (MAO)
producing 5-hydroxyindoleacetaldehyde (5-HIAL). The
aldehyde can either be oxidized to 5-hydroxyindoleacetic

Inflammatory @

stimuli m—)

5-HIAA

5-HTPOL

acid (5-HIAA) by acetaldehyde dehydrogenase (ALDH),
which is the major metabolic pathway, or reduced to
5-hydroxytryotiphol (5-HTPOL) by the action of alde-
hyde reductase (ALDR) [41]

Arachidonic acid esterified in
.+ . membrane phospholipids

Phospholipase A,
(PLA,)

/ Arachidonic acid \

Cytochrome P450
epoxygenases I

/ Cyclooxygenases

Epoxyeicosatrienoic acids (Cox)

(EETs) l

Prostanglandins
Prostanoids Prostacyclin

Thromboxanes

Fig. 3 Overview of arachidonic acid (AA) release and
metabolism. Phospholipase A, (PLA,) enzyme catalyses

2.2 Arachidonic Acid Metabolites

Eicosanoids comprise a family of locally acting
bioactive lipid mediators that contain 20 carbons.
The word eicosanoid has a Greek root that means
20. They are biosynthesized from arachidonic
acid (AA) and related polyunsaturated fatty acids
(PUFAs) by the initial activities of cyclooxygen-
ases (COX), lipoxygenases (LOX), cytochrome

Nonenzymatic

N\

Isoprostanes

Lipoxygenases
(LOX)

HETEs
Leukotrienes
Lipoxins

the release of AA from membrane phospholipids. Free
unesterified AA is subsequently metabolized into eico-
sanoids via different pathways

P450 (CYP) and by a non-enzymatic pathway
(Fig. 3) [43]. The first described eicosanoids
were those with pro-inflammatory activities, such
as prostaglandins (PG), prostacyclin (PGL),
thromboxanes (TX) and leukotrienes [44, 45].
This vast collection of lipids trigger in vivo eico-
sanoid signaling networks in cells through bind-
ing to their cognate receptors. Eicosanoid
signaling is critical for generating, maintaining
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Fig. 4 Important human
diseases with
dysregulated synthesis
of eicosanoids

Periodontal disease

Alzheimer’s disease

and mediating inflammatory responses, but also
has homeostatic functions and important roles
in cardiovascular and reproductive physiology
[43, 46].

Recent advances in lipidomics have helped to
elucidate unique eicosanoids and related doco-
sanoids with anti-inflammatory and pro-resolution
functions, demonstrating that not all eicosanoids
are pro-inflammatory [47, 48]. The fine-tuned
class “switch” from pro-inflammatory to anti-
inflammatory/pro-resolving eicosanoid produc-
tion provides temporal and spatial regulation of
the inflammatory responses and stimulates natu-
ral resolution [49]. As eicosanoids are important
for the maintenance and amplification of the
inflammatory response, and also for inflamma-
tion resolution and tissue repair processes, imbal-
ances in eicosanoid synthesis can lead to
abnormal immune functions that drive chronic
inflammation (Fig. 4) [50].

Due to the pro-inflammatory bioactions of
many eicosanoids produced at the initial phase of
inflammation, pharmacological interventions in
eicosanoid pathways during inflammatory condi-
tions remains a prevailing strategy in the clinical
managing of pain, swelling, fever and asthmatic
conditions. For this purpose, aspirin and other
non-steroidal anti-inflammatory drugs (NSAIDs),
leukotriene receptor antagonists and leukotriene
inhibitor are largely employed in current clinical
practice [51]. On the other hand, the recent
advances in the field of lipid mediators may lead
to the development of new therapeutics for the

Asthma

IBD Arthritis

Skin disorders

Dysregulated

eicosanoids

Atherosclerosis

Cancer Glomerulonephritis

Cardiovascular
diseases

treatment of inflammatory conditions, autoim-
mune diseases, asthma and a variety of human
conditions not previously thought to have an
inflammatory component, such as atherosclero-
sis, cancer and Alzheimer’s disease. These new
therapeutic strategies may benefit from the anti-
inflammatory/pro-resolving features of lipid
mediators that act as agonists of the resolving
phase of inflammation [52].

Important advances in mass spectrometry-
based lipidomic profiling [53] have allowed sci-
entists to properly identify, monitor and quantify
hundreds of distinct eicosanoids and related
PUFA species [54]. These lipidomic approaches
are essential for identifying the lipid mediators
involved in infection and in inflammation, as well
as in the resolution of inflammation [55]. Indeed,
lipidomics is essential for the screening of poten-
tial disease biomarkers [56] and to provide a bet-
ter understanding of eicosanoid biosynthesis and
signalling. When combined, the latest advances
in genomics (transcriptomics), proteomics and
lipidomics allow a better understating on the
roles of eicosanoids and related PUFAs in inflam-
mation and in infection, and can provide the basis
for the development of innovative therapeutics
for inflammatory diseases [55].

2.2.1 Biosynthesis of Eicosanoids

Unlike many inflammatory mediators which are
stored in granules after transcription and mRNA
translation, eicosanoids are generated from phos-
pholipids  precursors during inflammation.
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Hundreds of eicosanoids with distinct structures
and stereochemistry can be synthesized from AA
and other 0-6-derived polyunsaturated fatty acids
(PUFAs) [55].

Arachidonic  acid (AA), or 5,811,
14-eicosatetraenoic acid, the most abundant eico-
sanoid precursor, is a 20-carbon (C20) fatty acid
containing four double bonds (Fig. 3). AA is a
normal constituent of membrane phospholipids.
Phospholipids found in biological membranes
are composed by a glycerol backbone on which
two fatty acid chains are esterified in position
sn-1 and sn-2, respectively. The third carbon
atom of the glycerol backbone (position sn-3) is
linked to a phosphate or a phosphorylated alco-
hol. To enter in the eicosanoid cascade, phospho-
lipase A2 (PLA,) must first release sn-2 fatty
acids from phospholipids at the membrane inter-
face [57].

PLA, represents a superfamily of at least 15
groups that have wide-ranging roles in biological
processes [58]. There are at least three classes of
phospholipases that mediate the release of AA
from membrane lipids: cytosolic (cPLA,), secre-
tory (sPLA,), and calcium-independent (iPLA,).
Among them, the highly regulated cPLA, is one
of the most important for eicosanoids biosynthe-
sis [59, 60]. Chemical and physical stimuli acti-
vate the Ca**-dependent translocation of cPLA,,
which has a high affinity for AA in membranes,
where it releases arachidonate (Fig. 3) [61]. On
the other hand, iPLA, is mainly involved in AA
release in basal conditions, contributing to mem-
brane remodelling, but not to eicosanoid synthe-
sis. This is because most of the AA liberated by
iPLA, is reincorporated into cell membranes,
resulting in insignificant accumulation of free
AA substrate for conversion by cyclooxygenases
[62]. Most isoforms of sSPLA, generally function
extracellularly where it hydrolyses phospholipid
substrates [63]. AA can also be released by a
combination of phospholipase C or D and diglyc-
eride lipase actions.

Following mobilization, intracellular AA is
oxygenated by four separate routes: the enzy-
matic cyclooxygenase (COX), lipoxygenase
(LOX) and epoxygenase (cytP450) pathways,
and the non-enzymatic isoprostane pathway.

The synthesis of local eicosanoids is dictated,
among other factors, by:

e substrate lipid species;

e expression pattern of the different enzymes
that belong to the AA cascade;

e pathways engaged;

e types of cells; and

e how the cell is stimulated.

Myeloid cells at different stages display spe-
cific agonist and phenotypic eicosanoid profiles.
For example, human non apoptotic PMN cells
from peripheral blood produce predominantly
LTB,, while apoptotic PMN cells produce PGE,,
LXB, and RVE,, which signal to resolution of
inflammation. Indeed, as stated above, the bio-
synthesis profile of eicosanoids is cell-type spe-
cific, as observed by the expression pattern of
different enzymes of the AA cascade in specific
cells. For example, PGI, is the main product of
vascular endothelial cells, while platelets pro-
duce mainly TXA,. Furthermore, the quantities
produced are altered by the activation state and
the physiological conditions of the specific tis-
sues in which they reside. For example, the eico-
sanoid metabolism differs in profile and in
quantity between macrophages of different tissue
origins and activation states [64].

2.2.2 Cyclooxygenase Pathways

Cyclooxygenases are glycosylated, homodi-
meric, membrane-bound, heme-containing
enzymes that catalyze the first committed step in
the synthesis of prostaglandins, prostacyclin and
thromboxanes (collectively called prostanoids)
[65]. COX catalyzes two sequential reactions
where AA is converted to PGG, and subse-
quently to PGH,, an unstable transient precursor
of PGD,, PGE,, PGF,,, PGI,, TXA, and PGI,
[66] (Fig. 5). Two isoforms of cyclooxygenases
were initially described in humans: a constitu-
tive (COX-1) and an inducible (COX-2). Later, a
splice variant of COX-1 mRNA that retains the
intron-1 gene sequence was identified and named
COX-3 [67]. COX-1 is constitutively expressed
in different tissues (e.g., gastric mucosa) and is
believed to have crucial functions in homeostatic
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Fig. 5 Overview of cyclooxygenase (COX) pathway
from AA to prostaglandins (PGD,, PGE, and PGF,,),
prostacyclin (PGI,) and thromboxanes (TXA, and TXB,).
The main bioactions of these eicosanoids are also out-

processes with roles in vascular homeostasis,
platelet function and antithrombogenesis, renal
and gastrointestinal blood flow, and also in renal
function and intestinal mucosal proliferation.
COX-2 is inducible and generally expressed
when needed during inflammation and different
physiological processes such as ovulation, pla-
centation and mitogenesis (especially in the gas-
trointestinal epithelium). Although they are
similar in structure and function, COX-2 utilizes
endogenous AA while COX-1 preferentially uses
AA derived from exogenous sources, such as
dietary intake or released during acute inflam-
mation or cell injury [68]. In humans, COX-3
mRNA is found mainly in the central nervous
system, and is also described in several other tis-
sues such as human aorta, and rodent heart,
endothelium, kidney and neuronal tissues.
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v
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1 PGF,q 1 1
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* Stops pla « Hyperalgesic
aggregation - Vasodilatation - Stops platelet

aggregation

TXB,
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6-keto-PGF,

Inactive

lined. Generally, the expression of COX-1 and COX-2 is
considered constitutive and inducible, respectively.
However, COX-2 is also constitutive in some parts of the
nervous and the vascular systems

However, there has been limited success in iso-
lating the resultant enzyme in humans. COX-3 is
known to be less potent and to produce less pros-
taglandin E, than either COX-1 or COX-2 [67,
69, 70].

Prostanoids are released during the inflamma-
tory response by immune cells, local tissues and
blood vessels. PGE,, PGI, and PGD, in combina-
tion with histamine and bradykinin, are potent
vasodilators, and thus contribute to redness and
increased blood flow in the inflammatory area.
These prostanoids also are hyperalgesic, acting
as enhancers of responses to painful stimuli by
sensitizing afferent C fibres. Besides, they con-
tribute to the increased vascular permeability
promoted by histamine and bradykinin. PGE, is
also pyrogenic (i.e. induce fever) and found in
high concentrations in cerebrospinal fluid during
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infection. Table 2 summarizes the general bioac-
tions of prostanoids [71].

2.2.3 Lipoxygenases Pathways

In the lipoxygenase (LOX) pathways, AA is con-
verted to several intermediates that culminate in
the formation of leukotrienes (Fig. 6) and lipox-
ins. The biosynthesis of potent bioactive leukotri-
enes is initiated by the formation of 5-Hydropero
xyeicosatetraenoic acid (SHpETE) from AA by

Table 2 Major bioactions of prostanoids in humans

Prostanoid | General bioactions

PGD, Induces bronchoconstriction

Inhibits platelet aggregation

Induces vasodilation

Induces relaxation of gastrointestinal and
uterine muscles

Modifies hypothalamic/pituitary hormones

PGE, Induces vasodilatation
Induces bronchoconstriction
Induces mucus production
Promotes fever

Induces hyperalgesia

PGF,, Promotes vascular tone
Induces bronchoconstriction
Induces myometrial contraction

Induces abortion

Induces vasodilation
Inhibits platelet aggregation

PGIL,

Induces vasoconstriction
Promotes platelet aggregation

TXA,

Fig. 6 Leukotrienes
biosynthesis from AA
and their major
bioactions

5-LOX, named for the position that the molecular
O, is inserted in the fatty acid. This is a calcium
dependent process that involves the translocation
of both 5-LOX and cPLA to the nuclear enve-
lope. For this purpose, the 5-LOX interacts with a
5-LOX-activating protein (FLAP), enhancing the
interaction of 5-LOX to AA. The 5-LOX product
5-HpETE is the direct precursor to LTA,, which
is converted into LTB, and LTC, by the corre-
spondent LT synthases. LTC, is then metabolized
to LTD, and LTE,. Together, LTC,, LTD,, and
LTE, represent the cysteinyl-leukotrienes (due to
the presence of the amino acid cysteine in their
structure) that bind to CysLT1 receptors resulting
in important actions on the respiratory and car-
diovascular systems. For this reason, cysteinyl-
leukotrienes are of particular importance in
asthma due to their ability to cause contraction of
bronchial muscle. LTB, is an important mediator
of inflammation acting as a chemotactic agent for
neutrophils and macrophages, and stimulating
cytokine release by and proliferation of macro-
phages and lymphocytes [72].

2.2.4 Cytochrome P450 Pathways

Cytochrome P450 (CYP450) pathways form
epoxygenase products and are the major path-
ways in tissues that do not express COX or LOX,
such as, certain cells of the kidneys. CYP450

5-LOX
FLAP

5-HpETE

LTA,

7N

LTB,

LTC,

>1TD, > TE,

* Activation of neutrophils
* Lymphocyte migration

» Bronchoconstrition
* 1 vascular permiability
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epoxygenases oxygenate the AA resulting in four
epoxyeicosatrienoic acid regioisomers, 5,6-, 8,9-,
11,12-, and 14,15-EET and hydroxyacid deriva-
tives. The EET product depend on which double
bond in AA is oxygenated. Dihydroxy derivatives
of EETs play physiologic roles such as in renal
function, and regulation of smooth muscle cells
and vascular tone. Regarding inflammation, spe-
cific EETs may play a role in regulating inflam-
mation at certain sites and within distinct tissues
[73, 74].

2.2.5 Isoprostane Pathways

The non-enzymatic free radical-initiated peroxi-
dation of AA give rises to a unique series of pros-
taglandin-like compounds termed isoprostanes
(IsoPs) [75]. Although considered products of the
AA cascade, isoprostanes are not known to have
direct roles in inflammation. Significantly levels
of isoprostanes are found in the blood during oxi-
dative stress. Remarkably, isoprostanes can reach
much higher levels in the circulation than those
of COX products. As isoprostane is a product of
cellular oxidation, its levels may be indicative of
oxidative stress and it can be used as a marker of
oxidative damage that accompanies a wide range
of pathologies [76].

23 Platelet-Activating Factor

(PAF)

Platelet-activating factor - PAF (1-0-alkyl-2-acetyl-
sn-glycero-3-phosphorylcholine) is a phospho-
lipid classified as autacoid due to its ability to act
as a local hormone. PAF was first described by
the French immunologist Jacques Benveniste in
the 1970s [77]. Benveniste made a great contri-
bution in elucidating the role of PAF and its
mechanism of action in diverse pathological and
physiological situations [78-80]. This phospho-
lipid was named PAF because it can cause plate-
let aggregation, which was its first described
function [77]. However, after many years of stud-
ies, other functions were established for this bio-
logical mediator, but its name remained the same.
It is well known that PAF is recognized by a spe-
cific  G-protein  receptor  (PAFR-platelet-

activating factor receptor), which is located in
many cell types. PAF is released in the early
inflammatory response by a variety of cell types
and it works as an intercellular mediator and also
as an intracellular messenger [81]. It has been
stated that PAF plays a role in the pathogenesis of
cancer, asthma, allergy, septic shock and autoim-
mune conditions [82].

2.3.1 PAF Synthesis

Essentially, all cells can synthesize PAF, but mac-
rophages, monocytes, neutrophils, platelets and
endothelial cells are the main producers of PAF
[83]. PAF can be synthesized through two differ-
ent pathways: the lipid remodeling, which is the
main one; and the de novo synthesis.

2.3.2 Remodeling Pathway

The remodeling pathway begins with the removal
of the AA from phosphatidylcholine (PC) by
phospholipase A, (PLA,); this reaction forms the
intermediate  lyso-phosphatidylcholine (lyso-
PC). Then, lyso-PC acetyltransferase (LPCAT)
transfers an acetyl group from acetyl-CoA to the
lyso-PAF to produce PAF (Fig. 7). [83]

As these precursors are bioactive lipids, they
are present in many metabolic pathways.
Therefore, they are constitutively expressed in
the cells. So, due to this availability of precur-
sors, the synthesis of PAF is controlled by the
enzyme PAF-AH and by desensitization of PAF
receptor. It is already known that there are two
groups of PLA, involved in the hydrolysis of
phosphatidylcholine. None of PLA, groups are
able to distinguish the length of the alkyl side-
chain at snl position. Thus the length of sn-1
alkyl group in PAF is different among cell types
and species and it reflects the sn-1 alkyl phospha-
tidylcholine composition of the cell, which is
mainly composed by saturated C16 or C18 chains
[84]. The Group IVA cytosolic PLA,, specific for
arachidonic acid, depends on calcium to produce
AA and lyso-PC quickly and in large amounts.
The group VI PLA,,, which is independent of cal-
cium, hydrolyzes unspecific fatty acids slowly
and continuously as part of normal membrane
remodeling. Therefore, lyso-PC is constantly
available for PAF generation, but in small
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Fig. 7 Synthesis of PAF by lipid remodeling pathway.
Phospholipase A2 (PLA2) cleaves arachidonic acid
(AA) from phosphatidylcholine (PC) to form lyso-
phosphatidylcholine (lyso-PC). Then, lyso-PC receives

amounts. Thus, to produce considerable amounts
of lyso-PC (and posteriorly PAF) it is necessary
to have a trigger, like an inflammatory stimulus.
During the production of lyso-PC, AA is also
produced. The AA produced can be enzymati-
cally converted to eicosanoids, which are pro-
inflammatory lipids with diverse potent actions in
inflammation [85]. In the same way, LPCAT also
needs a stimulus to change from the basal pro-
duction of membrane-bound PAF precursor to
the production of appreciable amounts of PAF.

2.3.3 De Novo Pathway

The de novo pathway has been described as
responsible for the maintenance of PAF levels
under a condition of physiological cell function.
PAF de novo synthesis starts with the acetylation
of 1-0-alkyl-sn-glycero-3-phosphate (AGP) by
acetyl-CoA acetyltransferase (AGP-AT). Then, a
phosphohydrolase cleaves the phosphate group
of 1-0-alkyl-2-acetyl-sn-glycero-3-phosphate to
produce 1-0-alkyl-2-acetyl-sn-glycerol (AAG).
AAG has a fatty acid added to snl position fol-
lowed by the addition of phosphocholine in the
sn3 position by cholinephosphotransferase
(CPT), resulting in the formation of PAF
(Fig. 8) [86].

As the de novo pathway is constitutively active
and in low activity, it does not need a rigid con-
trol of PAF synthesis as the remodeling pathway
does. However, PAF synthesis is controlled by
acetyl-CoA acetyltransferase that has a low activ-
ity, and by substrate availability. DTT-I-CPT

Acetyl @

an acetyl group from acetyl-CoA by lyso-PC acetyltrans-
ferase, generating PAF. PAF can be inactivated through
acetyl removal by PAF acetyl hydrolase [83]

does not have the same role, since it has high cel-
lular activity [87].

PAF has a variety of homologues (variation in
the length of alkyl group — snl position) and ana-
logues (modification in snl, sn2 or sn3 position).
PAF homologues have the same biological func-
tion and they are the result of different cellular
composition of alkyl phosphatidylcholine. PAF
analogues have reduced or different biological
function and they are the result of PAF metabo-
lism. Modification in the alkyl group (snl posi-
tion) or its removal can decrease or abolish PAF
function. Also, modification of the short-chain
acyl residue (sn2 position) or demethylation of
phosphocholine head group (sn3 position) can
reduce PAF biological activity or even abolish it
[86].

After PAF is synthesized, it can be secreted,
and it is now clear that the percentage secreted
varies dramatically in different cells and under
different conditions. Endothelial cells secrete lit-
tle or none of the PAF they synthesize. To facili-
tate PAF secretion, it binds to albumin, and when
it gets into the plasma, PAF associates with low-
density and high-density lipoproteins [88].

2.3.4 PAF Signalling Pathway

and Inflammation
The secreted PAF is recognized by a receptor
from the rhodopsin family, PAFR, which is a
G-protein coupled receptor with seven transmem-
brane domains. This receptor is not specific for
PAF, since it also recognizes and binds to oxi-
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Fig. 8 De novo synthesis of PAF pathway. Acetylation
of AGP (1-0-alkyl-sn-glycero-3-phosphate) by AGP-AT
(1-0-alkyl-sn-glycero-3-phosphate: acetyl-CoA acetyl-
transferase). AAGP-PH (phosphohydrolase) cleaves the
P (phosphate group) of AAGP (1-0-alkyl-2-acetyl-sn-
glycero-3-phosphate) to produce AAG (1-0-alkyl-2-ace-

dized phosphatidylcholine (PAF-LL) [89] and to
bacterial membrane compounds, such as lipo-
polysaccharide [90]. PAFR is distributed within
many organs, like kidneys, small intestine, lungs,
brain and liver, and it has low expression in skel-
etal muscle, stomach, heart and pancreas [91].
When PAFR is activated by PAF, PLCf-mediate
the hydrolysis of PIP, to produce IP; and DAG,
leading to a transient elevation of cytosolic Ca?*
released from intracellular stores and to activation
of PKC. The increase of cytoplasmic Ca** also
activates PLA, that can drive the synthesis of
PAF. Therefore, when PAF binds to PAFR, it
activates phospholipase A, e phospholipase C.
Phospholipase A, contributes to the production of
more PAF and phospholipase C induces the
increase in intracellular Ca** and activates protein
kinase C [92]. This process happens in different
types of physiological events, leading to an
increase in vascular permeability, leukocyte adhe-
sion and stimulation of uterine contraction [77].

In pathological conditions, PAF triggers the
activation of platelets, neutrophils and monocytes,
followed by migration, adherence and interaction
of platelets and leukocytes with endothelial cells
[93]. It also activates endothelial cells and stimu-
lates endothelial cell migration and angiogenesis
[94]. In addition, PAF can induce the expression
of many genes, including iNOS, MMP-9, COX-2,
IL-6, TIMP-2 and MT1-MMP. Taken together, all
these effects triggered by PAF activation contrib-
ute to the inflammatory response.

PAF has been studied for its action as a media-
tor of inflammation. It functions as a protective

o

> AAG + FA > PAF

tyl-sn-glycerol). AAG has a FA (fatty acid) added to snl
position followed by the addition of phosphocholine
from CDP-choline (cytidine diphosphocholine) in the sn3
position by dithiothreitol-insensitive  cholinephos-
photransferase (DTT-I-CPT), resulting in the formation
of PAF [86]

molecule in the innate host defense, but it is also
involved in uncontrolled inflammation leading to
pathological conditions. It has been described
that PAF contributes to sepsis, allergy, stroke,
anaphylaxis, ulcerative colitis, cancer and multi-
ple sclerosis [91, 94-98]. PAF signaling is acti-
vated in sepsis and its dysregulation is involved
in the pathobiology of lethal septic syndromes
[93]. PAF-mediated events alter vasoreactivity,
increases vascular permeability, and may cause
tissue injury and disruption of host defenses that
then predispose to bacteremia or endotoxemia
leading to systemic manifestations of sepsis.
Due to differences in the length of the alkyl
group of PAF, this molecule can trigger different
responses. For example, C16-PAF and C18-PAF
act through different pathways leading to the
same result: death of cerebellar granule neurons
[99]. In addition, this variety in the alkyl group
can cause different signaling by PAFR, causing
or preventing apoptosis, for example. Analogues
of PAF may also have biological activities, and
they can act in the same way as PAF/precursors
or they can exert opposite effects. The edelfosine
(PAF analogue) has a potential anticancer effect,
while PAF is associated with cancer and metasta-
sis [100]. Phosphatidylethanolamine (a PAF ana-
logue) has an activity similar to that of PAF, but
this analogue is less potent. Many studies have
demonstrated that some types of cancer overex-
press PAF and PAFR in cancer cells. Besides this,
PAFR antagonists are able to inhibit cancer cell
growth and motility [94]. Thus, PAF can play
dual role in immune response and inflammation.
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24 Reactive Oxygen Species

(ROS)

Free radicals are naturally produced by cells and
have the oxygen as a principal element for oxida-
tive phosphorylation. Free radicals are character-
ized by one or more unpaired electrons and they
were described for the first time in biological
materials in 1954 [101]. Fridovich and co-workers
described that the biological systems are able to
convert oxygen into a compound with high reac-
tivity, the anion superoxide [102]. In 1973, Babior
described the production of anion superoxide by
phagocytizing leukocytes, suggesting the involve-
ment of reactive oxygen species (ROS) in host
defense [103]. Professional phagocytes such as
neutrophils, eosinophils and mononuclear phago-
cytes produce anion superoxide at the expense of a
large amount of oxygen. This abrupt rise of oxy-
gen consumption is called respiratory burst [104].

Reactive oxygen species are reactive mole-
cules generated by an incomplete reduction of
oxygen generating oxygen radicals such as super-
oxide anion (O7,), hydroxyl (OHe), peroxyl
(ROe,) and alkoxyl (ROe), and nonradicals such
as hydrogen peroxide (H,0,), hypochlorous acid
(HOCI), ozone (0;) and singlet oxygen ('O,).
The generation of ROS consists in a cascade
reaction that starts with the production of super-
oxide anion (O~,) [105].

1. O, + NADPH + H*— 20, + NADP*
2. 2072 +2H*— H202 + 02
3. 072 + HzOz—) 02 + OH' + OH~

ROS drive opposite actions depending on the
context. Once formed, ROS can react with a large
number of molecules including lipids, proteins,
carbohydrates and nucleic acids, promoting irre-
versible damage or alteration in the function of
the target molecule. Due to this stress mediation,
ROS is associated with a large number of dis-
eases including cardiovascular disease [106],
Alzheimer’s disease [107] and pulmonary dis-
ease [108]. On the other hand, ROS have a bene-
ficial role due to the involvement in host defense,
leading to the death of invading pathogens and
serving as inflammatory mediators [109].

2.4.1 Source of ROS

ROS can be produced by enzymatic and non-
enzymatic ways. The enzymatic source includes
a membrane-associated enzyme, which catalyzes
the one-electron reduction of oxygen, consuming
one NADPH [104]. Although there are other
endogenous sources of ROS such as xanthine
oxidase, myeloperoxidase and p450 cytochrome,
the  Nicotinamide Adenine  Dinucleotide
Phosphate-NADPH-oxidase (NOX) is associated
to several diseases and it is well characterized.
Two membrane subunits (gp-91phox/NOX2 and
p22phox), three cytosolic subunits (p47phox,
p67phox and p40phox) and the G-protein Rac
compose the enzyme NOX [110]. There are seven
members of the Nox family: Nox1, Nox2, Nox4,
Nox5, Duox1 and Duox2. In resting phagocytes,
NADPH oxidase is unassembled and inactivated.
Once the phagocyte is exposed to an effective
agonist, the cytoplasmic subunit p47phox is
phosphorylated by GTP. This phosphorylation
promotes a conformational change in the com-
plex, which allows the cytoplasmic subunits
p47phox, p40phox and p67phox to associate
with the membrane subunits gp9lphox and
p22phox. Once activated, the enzyme complex
transports electrons from the cytoplasmic
NADPH to the extracellular space or to phago-
somal oxygens, generating superoxide anions
(Fig. 9) [111].

The non-enzymatic source includes prosthetic
groups such as flavins or iron-sulfur clusters, and
xenobiotics such as the anticancer agent
Adriamycin and the mitochondrial electron trans-
port chain, which contain redox centers that can
leak electrons to oxygen [112]. The respiratory
chain complexes I and III appear to be responsi-
ble for most part of anion superoxide production
by the single electron reaction, which favour the
monovalent reduction of oxygen [113].

2.4.2 ROSin Host Defense

and Inflammation
Cells from the innate immune system use the
NADPH oxidase complex to promote the death of
pathogens. After an appropriate stimulus, phago-
cytes increase the uptake of O,, leading to a state
of respiratory burst. The activation of NADPH
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Fig. 9 Activation of NADPH oxidase complex. The
NADPH oxidase is unassembled and inactive in physio-
logical conditions. Upon stimulation, phosphorylation of
p47phox induce conformational change in the complex,
allowing the subunit p47phox, p40phox and p67phox to
associate with the membrane complex gp9lphox and

oxidase complex reduces O, to superoxide anion,
which is required to kill some bacteria [114].
However, superoxide has a low bactericidal
action, so H,O, also participates in bacterial kill-
ing. H,O, can react with O, to produce hydroxyl
radical, which is highly reactive and toxic. H,0O,
can also react with chloride, being a substrate for
MPO to produce hypochlorous acid (HOCI), one
of the most microbicidal agents [115].

It is becoming evident that ROS can initiate
and amplify inflammation by the upregulation of
several different genes involved in the inflamma-
tory response, such as those, which produce pro-
inflammatory cytokines and adhesion molecules
[116]. ROS serves as a second messenger in the
inflammatory response. It can modulate the tran-
scription factor nuclear factor-kappa B (NFkB)
dependent transcription in early toll-like receptor
(TLR)-4 mediated cellular response [117] and in
response to antigen-containing immune com-
plexes through FcyR [109].

p22phox. The active complex transfers electrons from the
substrate to oxygen. The activation of the complex also
requires RAC complex. Upon activation, RAC lose the
interaction with the inhibitor GDI and binds to GTP,
which translocate to the membrane along with p47phox,
p40phox, p67phox

2.5 Nitric Oxide

Molecular oxygen can form free radicals, which
can damage molecules and play a central role in
oxidative stress. In contrast, nitrogen gas does not
have the same properties. Nitric oxide (NO) is a
hybrid between molecular nitrogen and oxygen
and is normally less reactive than oxygen, since
NO has only one unpaired electron [118]. NO is
considered a biological messenger molecule and it
is involved in diverse biological processes includ-
ing vasodilation, bronchodilation, neurotransmis-
sion, tumor surveillance, inhibitor of platelet
aggregation, antimicrobial defense and regulation
of inflammatory-immune response [119].

2.5.1 NO Synthesis

The synthesis of NO occurs by the conversion of
the amino acid L-arginine to L-citrulline, medi-
ated by a family of isoforms known as nitric
oxide synthases. There are three NOS isoen-
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zymes, which are encoded by distinct genes:
NOSI1, known as neuronal NOS (nNOS); NOS2,
known as inducible NOS (iNOS); and NOS3,
known as endothelial NOS (eNOS) [120].

eNOS 1is a constitutively expressed enzyme
that is found mainly in the endothelium and in all
blood cells [121]. Endothelium-derived NO is a
homeostatic controller of physiologic functions
of the endothelium, including the control of vas-
cular tone, leukocyte migration and blood clot-
ting [121]. In physiological conditions, eNOS is
a beneficial enzyme against diseases. In contrast,
the expression of iNOS is marked under inflam-
matory conditions, following cell stimulation by
immunological or microbial stimuli [122].

2.,5.2 NOin Host Defense
and Inflammation

It has been demonstrated that NO has an effective
participation in host response to infection. NO
production by iNOS isoform is induced by micro-
bial products and pro-inflammatory cytokines
including TNF-a, INF-y, IL-1 and IL-12 [123].
There is a direct correlation between NO produc-
tion and the ability of the host to contain micro-
bial proliferation in many animal models [123].
The NO specie is freely permeable to membranes
and repeatedly diffuses, allowing the pathogen
killing in a widespread way by damaging lipids,
proteins and nucleic acids. NO combines with
superoxide radical to form peroxynitrite
(ONOO-) that has microbicidal effect in several
bacterial species. NO also plays a role in the
eradication of virus infection by nitrosation of
cysteines residues from proteins which are
important for viral infectivity, replication and
maturation [124].

NO is clearly involved in inflammatory reac-
tions due to the vasodilation role. Under inflam-
matory stimuli iNOS releases high amount of NO
[125]. iNOS is highly expressed upon activation
of the transcription factor nuclear factor-kappa B
(NFxB) in response to cytokines, bacterial and
viral components [126]. NO is generated in high
levels during inflammatory response, such as
asthma [127] and also in the skin, enhancing vas-
cular permeability, erythema and cellular infiltra-
tion. Although, the role of NO in this process is

not fully understand, during contact allergen-
induced skin inflammation, NO has dual role. At
low concentration, NO has pro-inflammatory
actions by vasodilation and neutrophil recruit-
ment. On the other hand, at high concentration,
NO has anti-inflammatory role by downregula-
tion of adhesion molecules and inducing apopto-
sis in inflammatory cells [128].

2.6 Cytokines

Cytokines are polypeptides produced by various
cell types in response to different stimulus. It
depends on the binding to their specific receptors
to mediate the communication between leuko-
cytes. They act as mediators of inflammation and
immune response. Although there is a variety of
cytokines with different functions and actions,
they are synthesized in response to external stim-
uli such as microbes products, pattern recogni-
tion or others cytokines [129]. There are different
types of cytokines, including interleukins, inter-
ferons and tumor necrosis factor TNF, which can
act alone, synergistically, or even by modulating
the functions of each other, to perform the proper
regulation of immune system.

2.6.1 Interleukins

Since the discovery of IL-1 in 1977 [130], inter-
leukins have been studied and grouped in the
same family based on the sequence homology,
receptor chain similarity or biological properties
[131]. IL-1 was the first protein described in the
induction of fever and in the stimulation of the
acute phase response. Besides the induction of
other pro-inflammatory mediators, IL-1 also up-
regulate cell adhesion molecules that are crucial
to an effective defense mechanism. Two different
molecules were described: IL-1a that is bound in
the membrane and IL-1f that is secreted. IL-1a is
produced in a biologically active form, whereas
IL-1p is translated into pro-IL-1f, which needs to
be cleaved by caspase-1 to produce the biologi-
cally active form [132]. Over the past few
decades, several other members of the IL family
have been identified (IL-1 to IL.-37) and their role
in innate and adaptive immune responses has
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Table 3 Interleukin families

Family Members Receptors Functions
IL-1 IL-1a, IL-1B, IL-1RI, IL-1RII, IL-18R, | Effects on cell proliferation, differentiation and
IL1Ra, IL-18, ST2 function of many innate and specific immune
IL-33, IL-37 competent cells [130]. Pro-inflammatory
effects — except for IL-37, with the suppression
of cytokines effects [134]
Common IL-2, IL-4, IL-7, IL-2R, IL-4R type I and | Growth and proliferation factors for progenitors
y-chain 1L-9, IL-15, IL-21 type IL, IL-7R, sIL-7R, and mature cells and also have roles in
IL-9R, IL-15R, IL-21R lineage-specific cell differentiation
IL-10 1L-10, IL-19, IL-10R1/IL-10R2 Inhibit the expression of many pro-inflammatory
1 L-20, IL-22, complex, IL-20R1/ cytokines, chemokines and chemokines
1L-24, 1L-26, IL-20R2, IL-22R1/ receptors. Regulate allergen tolerance [135, 136]
IL-28A, IL-28B, IL-20R2, IL-10R2/
1L-29 IL20R1, IL-28R1/
IL10R2
IL-12 IL-12, IL-23, IL-12Rbl, IL-12Rb2, Depend on cell expression in different cell types
1L-27, IL-35 IL-23R, WSX-1, gp130 | and combinations of different receptors chains
Th2 like 1L-4, IL-5, IL-9, Mediate immune response against helminthic
IL-13, IL-25, IL-31 infections, IgE production during allergic
and IL-33 response and eosinophilia
ILs with IL-8 and IL-16 CXCR1, CXCR2 and Neutrophil-specific and T cell chemotactic
chemokine CD4 factors
activities
1L-17 1L-17A,IL-17B, IL-17RA, IL-17RB Pro-inflammatory effects mainly in chronic
IL17C, IL-17D, neutrophilic diseases
IL-17F
Others IL-3, IL-6, IL-11, CDI131, IL-6R/gp130, Growth factors [137], regulation of immune
IL-14, IL-32, IL-34 | IL-1R/gp130, (CSF)-1R | responses [138], stimulation of hematopoiesis
[139], stimulation of B cell proliferation [140],
stimulation of pro-inflammatory cytokines
[141], stimulation of monocyte proliferation

This table was adapted from Akdis et al. [133]

been elucidated [133]. The families of ILs are
described in the following table (Table 3).

2.6.2 Tumor Necrosis Factor (TNF)
TNF was discovered in 1975 as an endotoxin
inducible molecule that caused necrosis of tumors
in vitro [142]. Later, it was described that TNF
was also an essential mediator of inflammation
[143]. TNF is a transmembrane protein with
26 kDa that is cleaved by metalloproteases [144],
releasing a trimeric, soluble 17 kDa-cytokine of
TNF (sTNF) that is found in the plasma. Both
soluble and membrane forms bind to two trans-
membrane receptor molecules, TNFR1 and
TNFR2. TNFR1 signaling induces apoptosis
pathways and conversely, TNFR2 signaling trig-
gers cell survival pathways [145].

The major role of TNF is in the host defense.
TNF is important for the response to infections;

however, an excessive production can be danger-
ous [146]. TNF has effects on the vascular endo-
thelium and endothelial leukocyte interaction
[146]. TNF can also induce the expression of
COX2, which results in vasodilation, causing the
rubor and calor observed during an inflamma-
tory response [147]. TNF mediates the increase
in vascular permeability and induces the expres-
sion of pro-coagulant proteins that can cause
intravascular thrombosis [148]. Small molecules
or therapeutic proteins (such as monoclonal anti-
bodies) can be used for anti-TNF therapy and
TNF is well established as an effective target to
control certain human diseases [149].

2.6.3 Interferons

Interferons (IFNs) are cytokines that have a role
in the antiviral immune response. There are three
distinct types of IFNs recognized (Type I, Type 11
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and Type III) based on their receptor usage, struc-
tural and biological activity [150]. Type I INF
consists in a big family including 13 members
such as INF-a and IFN-f, which binds to a cell-
surface receptor, the type I IFN receptor [151].
Type II IFN consists in only one member, IFN-y,
which binds to another cell-surface receptor,
known as type II IFN receptor [152]. Type III
IFN consist in three members such as IFN-A1,
IFN-A2 and IFN-A3 that signalling by a distinct
receptor complex composed of two subunits, the
IFN-AR1 and IL-10R2 [153]. The name inter-
feron came from the ability to restrict viral repli-
cation and all types of IFNs signal through
Janus-kinases/signal transducers activation of
transcription (Jak-STATSs) pathway. Type I inter-
feron also enhances the action of dendritic cells
and monocytes, promotes CD4+ and CD8+ T
cells responses, and enhances NK cell and B cell
responses [154]. Type I IFN is an essential regu-
lator of immune responses, since it inhibits viral
replication, induces a pro-inflammatory CD4+ T
cell response (Thl), regulates macrophage acti-
vation and improves antigen recognition [155].
Type I IFN induce antiviral activity in cells, up-
regulate MHC class I and is usually coexpressed
together with type I IFN [156].

2.7 Chemokines
Chemokines are chemotactic cytokines of the
immune system that control the migration and
residence of all immune cells in tissues.
Chemokines are a family of small proteins that
are classified into four major groups, according
to the arrangement of the cysteine residues (C)
conserved in the mature proteins (C-, CC-, CXC
and CX3C chemokines). There are approxi-
mately 50 endogenous chemokine ligands and
20 G protein—coupled seven-transmembrane sig-
naling receptors that are critical for the genera-
tion of immune responses (Table 4) [157].
Chemokines control homeostatic cellular
migration during tissue development and mainte-
nance. They also control innate and adaptive
responses against pathogens. In the context of
inflammation, the main function of chemokines

is the guidance of leukocytes during their recruit-
ment into inflammatory sites. They are produced
after stimulation by cytokines or microbial prod-
ucts. After a tissue injury, local cells are activated
and release inflammatory cytokines and chemo-
kines that promote the entry of additional innate
effector cells such as neutrophils and monocytes.
These cells follow chemokine gradients to the
site of inflammation with the purpose of control-
ling the damage [158].

3 Plasma Driven Mediators

A range of phenomena in the inflammatory
response is mediated by plasma proteins belong-
ing to three interrelated systems: the comple-
ment, coagulation and kallikrein-kinins systems.
In general, plasma derived mediators are pro-
duced in the liver and, once released into the
bloodstream, they can contribute to important
functions of innate immunity, coordinating vari-
ous events during inflammation, defending the
host against pathogens and bridging innate and
adaptive immune responses.

3.1 Complement System

The complement system plays a key role in the
innate immune response contributing to the rec-
ognition of endogenous danger signals including
dying host cells or abnormal molecular struc-
tures. In addition, it contributes to the elimination
of invading pathogens, acting as a bridge between
innate and adaptive immunity [161]. This is a
complex system that consists of a series of pro-
teins that are synthesized in the liver and released
into the bloodstream [162]. The components of
the complement system are found as inactive pre-
cursors (zymogens), which are activated by a
dependent or an independent IgM/IgG manner, in
the plasma and on cell surfaces. The complement
mediates early host defense responses through a
coordinated sequential enzyme cascade to fight
against pathogens through recognition, opsoniza-
tion and lysis. On the other hand, the complement
is also involved in the control of inflammatory
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Table 4 Chemokine nomenclature and key immunoregulatory functions

Chemokine| Other names Receptor Functions
CXCL1 GROa, MGSA, mouse CXCR2 Promotes neutrophils trafficking
KC
CXCL2 GROB, MIP-2a, mouse CXCR2 Neutrophils trafficking
MIP2
CXCL3 GROy, MIP-2 CXCR2 Neutrophils trafficking
CXCL4 PF4 CXCR3B Pro-coagulant
CXCLS ENA-78, mouse LIX CXCR2 Neutrophils trafficking
CXCL6 GCP-2 (human) CXCR1, CXCR2 Neutrophils trafficking
CXCL7 NAP-2 CXCR2 Neutrophils trafficking
CXCL8 IL-8 (human) CXCRI1, CXCR2 Neutrophils trafficking
CXCL9 Mig CXCR3 Thl response; Thl, CD8, NK cells
trafficking
CXCL10 | IP-10 CXCR3 Th1 response; Thl, CD8, NK cells
trafficking
CXCL11 |I-TAC CXCR3 Th1 response; Thl, CD8, NK cells
trafficking
CXCL12 |SDF-1 CXCR4 Bone marrow homing
CXCL13 |BLC, BCA-1 CXCRS5 B cell and Tgy-positioning in the lymph
nodes
CXCL14 |BRAK Unknown Macrophages skin homing (humans)
CXCL15 | Lungkine (only in Unknown Not determined
mouse)
CXCL16 CXCR6 NKT cells and ILCs migration and survival
CCL1 1-309, mouse TCA3 CCRS Th2 and Treg cells trafficking
CCL2 MCP-1, mouse JE CCR2 Inflammatory monocytes trafficking
CCL3 MIP-1a CCR1, CCR5 Macrophages and NK cells migration;
CCL4 MIP-1B CCRS5 T cells—DCs interactions
CCL5 RANTES CCR1, CCR3, CCR5 Macrophages and NK cells migration;
CCL6 C-10, MRP-1 (only in Unknown Not determined
mouse)
CCL7 MCP-3, mouse Fic or CCR2, CCR3 Monocytes mobilization
MARC
CCL8 MCP-2 CCR1, CCR2, CCR3, CCR5 | Th2 response; skin homing (mouse)
(human); CCRS8 (mouse)
CCL9/10 | MIP-1y, MRP-2 (only in | Unknown Not determined
mouse)
CCL11 Eotaxin-1 CCR3 Eosinophils and basophils migration
CCL12 MCP-5 (only in mouse) | CCR2 Inflammatory monocytes trafficking
CCL13 MCP-4 CCR2, CCR3, CCRS5 Th2 responses
CCL14 HCC-1 CCR1 Not determined
CCLI15 Leukotactin-1, HCC-2, CCRI1, CCR3 Not determined
MIP-5 (human)
CCLI16 HCC-4, NCC-4, LEC CCRI1, CCR2, CCR5 DCs maturation factor
CCL17 TARC CCR4 Th2 responses, Th2 cells migration, Treg
cells homing to the lungs and skin
CCL18 PARC, DC-CK1 CCRS8 Th2 response; marker of AAM, skin
(human) homing
CCL19 ELC, MIP-3 CCR7 T cells and DCs homing to lymph nodes
CCL20 MIP-3a, LARC CCR6 Th17 responses; B cells and DCs homing

to the gut-associated lymphoid tissue

(continued)
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Table 4 (continued)

Chemokine| Other names Receptor Functions
CCL21 SLC, 6CKine CCR6, CCR7 T cells and DCs homing to lymph nodes
CCL22 MDC CCR4 Th2 response, Th2 cells migration, Treg
cells migration
CCL23 MPIF-1, MIP-3 (human) | Unknown Not determined
CCL24 Eotaxin-2, MPIF-2 CCR3 Eosinophils and basophils migration
CCL25 TECK CCR9 T cell homing to the gut; thymocytes
migration
CCL26 Eotaxin-3 CCR3, CX3CRI1 Eosinophils and basophils migration
CCL27 CTAK CCRI10 T cells homing to the skin
CCL28 MEC CCR3, CCR10 T cells and IgA plasma cells homing to
mucosa
XCL1 Lymphotactin o, XCR1 Cross-presentation by CD8*DCs
SCM-1a
XCL2 Lympbhotactin 3, XCR1 Cross-presentation by CD8*DCs
SCM-18
CX3CLI1 | Fractalkine CX3CR1 NK cells, monocytes, and T cells migration

This table was adapted from Bachelerie et al. and Sokol and Luster [159, 160]. AAM, alternatively activated macro-
phage; GALT, gut-associated lymphoid tissue; GCP, granulocyte chemotactic protein; HPC, hematopoietic progenitor
cell; ILC, innate lymphoid cell; IP-10, interferon-induced protein of 10 kDa; I-TAC, interferon-inducible T-cell
a-chemoattractant; NAP, neutrophil-activating protein; NK, natural killer; NKT, natural killer T; PF, platelet factor;
SDF-1, Stromal cell-derived factor-1; TECK, thymus expressed chemokine; TFH, follicular helper T cell; Thl, type 1

helper T; Treg, regulatory T

responses, since it binds to immune complexes
and apoptotic cells, and assists in their removal at
inflammatory sites [163]. Currently, there are
three well-established pathways involved in com-
plement activation: Classical, Alternative and
Lectin (mannose-binding lectin) pathways. The
mechanisms of activation and the consequent
responses to these pathways are discussed below.

3.1.1 Classical Pathway

The classical pathway is initiated by the interac-
tion between IgM or IgG with the antigens, lead-
ing to a complex formation. The complex antigen/
antibody binds to Clq (one of the three proteins
of the C1 complex) leading to the activation of
Clr, which in turn activates the pro-enzyme Cls
(Fig. 10). Then, the activated Cls acts in the next
two components of the classical pathway, cleav-
ing C4 and C2 to generate two fragments, C4b
and C2a, which together form the C3 convertase
of the classical pathway, which in turn cleaves C3
into C3a and C3b (Fig. 10) [164]. While C3a acts
as a chemoattractant of leukocytes (anaphyla-
toxin), C3b binds to the C4b2a complex to form
C5 convertase. The C5 convertase initiates the

formation of the Membrane Attack Complex
(MAC), which inserts pores into bacterial mem-
brane, leading to its lysis [165]. The classical
pathway can be activated independently of anti-
bodies; it can also be activated by other danger
signals such as C-reactive protein, viruses, apop-
totic cells and others [163, 166].

3.1.2 Alternative Pathway

The alternative pathway is based on observations
that the complement system is activated by direct
binding to molecules of the microbial surface and
is independent of antibody interaction. The alter-
native pathway is continuously activated at a low
level as a result of spontaneous C3 hydrolysis due
to the breakdown of the internal thioester bond
(highly reactive) which resembles C3b [C3(H,0)].
This C3b binds to Factor B, forming C3 conver-
tase C3bBb [or C3(H20)B] and then it is cleaved
by Factor D (a process which is stabilized by
magnesium ions) (Fig. 10). C3bBb is a proteo-
lytic complex that initiates the amplification pro-
cess by forming more C3b molecules,
constructing further C3bBb convertases (C3 con-
vertase), resulting in surface deposition of C3b
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Classical
Clr, Cl1s

c4, c2 |
Alternative

Lectin

Fig. 10 Pathways of the complement system. The main
function of the complement system is the host protection
against infection/inflammation. After the activation of the
complement system, all the three pathways (Classical,
Alternative and Lectin) lead to the generation of C3 con-
vertase that cleaves the C3 protein into C3a and C3b.
While C3a acts as an anaphylatoxin, C3b covalently binds
to the activating surface and participates in the self-
activation loop of complement activation via the alterna-

MASP1, MASP2 |

c4,C2

molecules. C3b is able to create a new C3 conver-
tase in the presence of Factors B and D, thus act-
ing as an ‘amplification loop’ for other pathways,
as well as for the alternative pathway. The alter-
native pathway is independent of the components
Cl1, C2 and C4 (Fig. 10) [163, 164, 167, 168].

3.1.3 The Mannose-Binding Lectin
Pathway

Like the alternative pathway, the mannose-
binding lectin pathway may be activated in the
absence of immune complexes. The MBL-
pathway is initiated by molecules called collec-
tins (MBL and ficolin), which are multimeric
lectin complexes. In this pathway, MBL binds to
specific carbohydrate patterns that are common
to pathogens, activating the pathway through the
enzymatic activity of MASPs (MBL-associated
serine proteases) (Fig. 10). When the carbohy-
drate-recognizing heads of MBL bind to specifi-
cally arranged mannose residues on the surface
of a pathogen, MASP-2 is activated to cleave
complements C4/C2, generating C4b2a, the
classical and MBL-pathway C3 convertase,
which is capable of enzymatically split hundreds
of molecules of C3 into C3a and C3b. While
MASP-2 is effective in generating C3 conver-

Inflammation

y Anaphylatoxins
2
o)

Factor B, D cab
C3,C3b —_— e T Cell Clearance

G

Cell Lysis
MAC formation

tive pathway. C3b also associates with C3 convertases
(C4b2a or C3bBb) to form the C5 convertase, which
cleaves C5 complement into C5a and C5b. The interaction
of C5b with C6, C7, C8 and C9 leads to the formation of
MAC, a multimolecular structure that inserts into the
membrane, creating a functional pore leading to cell lysis.
The anaphylatoxins (C3a and C5a) are key players in the
recruitment of inflammatory cells and release of media-
tors that amplify the inflammatory response

tase, MASP-1 may also cleave C3, but at a very
slow rate [169, 170]. Neither MASP-1 nor
MASP-3 can cleave C4 and, therefore, they can-
not compensate for the absence of MASP-2.
Thus, the formation of the MBL pathway C3 and
C5 convertase complexes is impossible in the
absence of MASP-2 [163]. Once formed, the C3
convertase cleaves and activates the remaining
complement factors leading to the formation of a
pore in the bacterial membrane by Membrane
Attack Complex (MAC - subunit composition
C5b-C6-C7-C8-C9) that lyses the bacterial cell
(Fig. 10).

3.2 Blood Coagulation System

Inflammation and blood coagulation systems
have complementary roles in eliminating invad-
ing pathogens, limiting tissue damage, and
restoring homeostasis. Both systems are inter-
twined, with each one activating the other.
During the initial steps of inflammation, the
increase of vascular permeability allows the exu-
dation of plasma proteins, which include a num-
ber of pro-mediator systems. Pro-inflammatory
cytokines stimulate the production of tissue fac-
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Fig. 11 Cross-talk among coagulation, complement, kallikrein-kinin and fibrinolytic systems

tor (TF). TF is nowadays considered the main
initiator of blood coagulation in vivo (Fig. 11). It
is present in the subendothelial tissue, fibroblasts
and in activated monocytes. In physiological
conditions, TF is not in contact with the blood.
After vascular injury, TF activates the plasma
Factor VII, forming a complex (TF-VIIa) that
activates Factor X (FX). FXa forms the pro-
thrombinase complex (FVa-FXa) in the presence
of FVa. This complex activates prothrombin
(FII) to thrombin (FIIa), which plays a central
role in the coagulation protease cascade [171].
Additionally, TF activates FIX. FXIa activates
more FX the presence of FVIIIa, contributing to
the generation of more prothrombinase complex
and thrombin. Thrombin is an enzyme able to
break fibrinogen into fibrin, which coagulates
the blood. Activated coagulation factors affect
specific receptors on inflammatory cells and
endothelial cells and, thereby, modulate the
inflammatory response. Thrombin promotes
inflammation by engaging receptors that are
called protease-activated receptors (PARs), since
they bind to multiple trypsin-like serine prote-
ases in addition to thrombin [172].

Coagulation can limit bacterial pathogenesis.
The fibrin network seems to trap bacteria limiting
the infection and also protecting from their clear-
ance [173]. However, while the coagulation
response is a mechanism involved in bacteria
control (mainly by fibrin deposition), the response
itself can lead to major tissue injury. Coagulation
factors are mostly pro-inflammatory. For exam-
ple, fibrinogen, fibrin and also fibrin degradation
products, can increase inflammatory responses
by affecting leukocytes migration and cytokines
production [174]. The thrombin and tissue factor
are essential for coagulation and have a role to
activate TLRs and PARs that mediate pro-inflam-
matory response [175]. The fibrinolytic system,
centered in the enzyme Plasmin, is mainly known
by its functions in the degradation of fibrin clot
and control of thrombotic events, but is also rec-
ognized to trigger the inflammatory response by
activating pro-inflammatory pathways in leuko-
cytes [176, 177]. Besides the pro-inflammatory
functions, the fibrinolytic system has been
recently associated with the termination of the
inflammatory response [178] and tissue repair
[179-182].
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3.2.1 Protease-Activated Receptors
(PARs)

Protease-activated receptors (PARs) are impor-
tant players in the interaction between coagula-
tion system and inflammation [183]. The PARs
(PAR-1, -2, -3, and -4) belong to a G-protein
coupled receptor family activated by proteases,
such as activated coagulation factors, which
induce the proteolysis of the N-terminus of the
receptor, causing a self-activation by a “tethered
ligand”. This activation of PARs by enzymatic
cleavage is irreversible. The proteolytic activa-
tion of PARs can induce a range of cellular reac-
tions that include cytokines release, expression of
adhesion molecules, cell migration, or prolifera-
tion [172].

PARs are mainly expressed in vascular cells.
PAR-1 and PAR-2 are expressed in smooth mus-
cle cells and endothelial cells. Also, PARs are
expressed in inflammatory cells including mono-
cytes, mast cells, and eosinophils [44, 184-186].
PARs are activated by the action of serine prote-
ases such as thrombin (acts on PARs 1, 3 and 4)
and trypsin (PAR-2) [187]. PAR-1 agonists or
thrombin induce IL-8 and IL-6 synthesis in
mononuclear leukocytes and endothelial cells. In
addition to coagulation factors, other serine pro-
teases, for example matriptase, that are secreted
by monocytes stimulate pro-inflammatory cyto-
kines release in endothelial cells via PAR-2 acti-
vation [188, 189]. In addition, PAR-1 and PAR-2
agonists induce cytokines release in smooth mus-
cle cells [188].

3.3 Kallikrein-Kinin System

The kallikrein-kinin system is an endogenous
metabolic cascade widely involved in blood pres-
sure control, coagulation, inflammation and pain.
The activation of this system induces the release
of vasoactive kinins (bradykinin-related pep-
tides), potent pro-inflammatory peptides, through
the cleavage of kininogen by prekallikrein [190].
The kallikrein-kinin and coagulation systems are
also intimately connected [191]. The active form
of factor XII, FXIIa, converts the plasma prekal-
likrein into the active proteolytic form, the

enzyme kallikrein, which breaks down the plasma
precursor glycoprotein, kininogen, to produce
bradykinin [191] (Fig. 11). It is well established
that bradykinin is an inflammatory mediator that
causes dilation of blood vessels and increased
vascular permeability.

Bradykinin and kinins (bradykinin-related
peptides) act on two types of G protein-coupled
receptors designated as B, and B, receptors
[192]. These bradykinin receptors are involved
in the regulation of various physiological and
pathological processes. B, receptor is constitu-
tively expressed in many types of cells, includ-
ing vascular cells, and it is rapidly desensitized.
On the other hand, the B, receptor is resistant to
desensitization and is induced by pro-inflamma-
tory cytokines, such as TNF-alpha and IL-1beta
[193]. During inflammatory reactions, activated
leukocytes and endothelial cells express B,
receptor, which is sensitive to bradykinin-related
peptides. The activation of B; receptor is
involved in a range of pro-inflammatory effects
including edema, pain and promotion of leuko-
cytes trafficking. When kinin B, is activated,
vascular permeability increases mainly through
NO-induced relaxation of perivascular smooth
muscle cells. The action of bradykinin is short
because it is rapidly inactivated by a number of
peptidases (kininases), including angiotensin-
converting enzyme (ACE), also termed kininase
1T [192-194].

3.3.1 Cross-Talk Among Coagulation,
Complement, Kallikrein-Kinin

and Fibrinolytic Systems

A range of serine proteases that belong to the
coagulation system is also associated with the
activation of the complement cascade and fibri-
nolytic system. FXIIa activates the fibrinolytic
system. This cascade counteracts clotting by
breaking the fibrin, thereby solubilizing the clot.
Kallikrein, as well as the plasminogen activator,
cleaves plasminogen, a plasma protein that binds
to the fibrin clot formed to generate plasmin. The
primary function of plasmin is to cleave fibrin
clots, but during inflammation it also activates
the complement protein C3. Actually, several ser-
ine proteases that belong to the coagulation sys-
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tem are also capable of activating the complement
cascade. It has been already demonstrated that
the coagulation factors Xa, Xia and also plasmin
can cleave both C5 and C3, generating C5a and
C3a (anaphylatoxins), while kallikrein only
directly converts C5 to chemoattractant C5a.
Both plasmin and kallikrein can activate the
Hageman factor, which can trigger multiple cas-
cades, amplifying the response [195, 196].

34 Proteases

Proteases are present in all human tissues, play-
ing a role in many biological functions. Among
these functions, the inflammatory response is of
particular interest [197]. In inflamed tissues,
proteases are involved in the first line of defense
against invading microorganisms by Kkilling
these pathogens, inducing tissue remodeling,
inducing immune recognition by resident or
inflammatory cells, e.g., via TLRs, thereby con-
tributing to the innate immune response [198]. It
was also demonstrated that proteases may be
associated with an excessive inflammation
response, since treatment with anti-proteases
during the onset of inflammation promotes reso-
lution by the release of pro-resolving mediators
such as annexin A1 [199].

4 Concluding Remarks

The inflammatory response is regulated by medi-
ators produced by immune cells and those pro-
duced by the liver and delivered in plasma, which
are important to mediate and control the response
from the beginning to the end. These mediators
act with some redundancy to ensure that protec-
tive response occurs. Although the main purpose
of inflammation is to eliminate the stimulus and
promotes resolution/repair, in some cases over-
shooting inflammation with excessive production
of inflammatory mediators and infiltrating leuko-
cytes may lead to chronic inflammatory disease.
Many pro-inflammatory molecules have its
bioactions primarily related to the inflammatory
response. Vasoactive amines are able to cause

vasodilation and increase vascular permeability,
contributing for the edema, redness and increased
heat, which are cardinal signs of inflammation.
Serotonin can also act as chemoattractant and can
induce production of many cytokines. As vasoac-
tive amines, PAF can be involved in vascular per-
meability, and like serotonin, it can also induce
cell recruitment and activation. Many cytokines
and chemokines play a role in the communica-
tion between leukocytes, guiding them during
their recruitment into inflammatory sites.
Prostaglandins in combination with histamine
and bradykinin, are potent vasodilators, and thus
contribute to redness and increased blood flow in
the inflammatory area. Nitric oxide as a vasoac-
tive substance, have a role in the inflammation
response increasing vascular permeability, cellu-
lar infiltration and defense against infectious
agent. Reactive oxygen species, as well as NO,
act like second messenger during inflammation,
promotes the death of pathogens and cytokines
release.

Some molecules currently recognized to
mediate inflammation were initially described to
have bioactions in other systems. This is the case
of components of the hemostatic system. While
thrombin and tissue factor are essential for coag-
ulation, they are also able to activate TLRs and
PARs, and mediate pro-inflammatory response.
Indeed, the fibrinolytic system, centered in the
enzyme Plasmin, is mainly known by its func-
tions in the degradation of fibrin clot and control
of thrombotic events, but is also recognized to
trigger the inflammatory response by activating
pro-inflammatory pathways in leukocytes and to
be associated to the termination of the inflamma-
tion and tissue repair. The dual actions of fibrino-
lytic proteins, by inducing the production of
pro-inflammatory response in leukocytes and by
stimulating neutrophil apoptosis and efferocyto-
sis (essential events in inflammation resolution)
supports the idea that the beginning, and so its
mediators, programs the end of inflammation (as
reviewed by Serhan and Savill [200]). All these
intriguingly and complexity events have a com-
mon final physiological propose that is limit bac-
terial spread, maintain haemostasis and promote
vascular and tissue repair.



26

I. Galvao et al.

While the knowledge of the inflammatory
response reveals the complexity of the inflamma-
tory mediator network, production and actions, it
also opens new venues for the development of
innovative therapeutics for inflammatory diseases.
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Abstract

The innate immune response comprises the
initial events that occur during tissue insult,
causing cellular activation and triggering
inflammation. Innate immune cells, including
resident and early migrated cells from the
bloodstream, sense a plethora of molecules
called molecular patterns, that are derived
from microorganisms or host cells. Once acti-
vated, pattern recognition receptor (PRR) sig-
nalling is triggered intracellularly and
promotes the synthesis and release of vasoac-
tive molecules, which target endothelial cells
and cause inflammation. In addition, circulat-
ing molecules and pathogens also activate
PRRs that are expressed on endothelial cells.

lism, changing their conformational state and
promoting the expression of pro-inflammatory
molecules. Importantly, gain-of-function
mutations in PRRs are associated with con-
tinuous cellular activation, leading to the
development of autoinflammatory diseases.
Here, we discuss the relationship among the
cellular and humoral arms of the innate
immune system in inflammatory processes,
with special attention given to endothelial cell
activation.
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Inflammation is a protective response of the body
to ensure removal of harmful stimuli and to stim-
ulate a healing process for tissue repair [1].
Inflammation is closely associated with the
innate immune response to microbial infection,
tissue injury and other sterile stimuli [2]. Resident
cells are key elements that orchestrate the release
of potent pro-inflammatory mediators by sensing
a plethora of stimuli, ranging from pattern mole-
cules to cellular stresses. The produced cytokines

© Springer International Publishing AG, part of Springer Nature 2018 33
C. Riccardi et al. (eds.), Immunopharmacology and Inflammation,
https://doi.org/10.1007/978-3-319-77658-3_2


http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-319-77658-3_2&domain=pdf
mailto:famaral@icb.ufmg.com.br

34

D. Boff etal.

and other classical vasoactive molecules in the
tissue bind to and activate the nearby blood ves-
sels, causing profound changes in endothelial cell
(EC) metabolism, conformational structures, and
the synthesis of molecules that create a local
environment that facilitates the translocation of
blood molecules and cells to the affected tissue.
These early events are the basis of the clinical
signs of acute inflammation, characterized by
redness, swelling, heat, pain and loss of tissue
function [3].

EC activation is the basis of the inflammatory
response. ECs are monolayers of cells that form
the inner lining of blood and lymphatic vessels.
These cells form the endothelium, a barrier
between the vascular space and the interstitium
[4]. In adults, the endothelium weighs approxi-
mately 1 kg, comprising 1.6 x 10'* cells, and has
a surface area of 1-7 m? [5]. During homeostasis,
ECs control blood fluidity in different ways, and
they inhibit coagulation and platelet adhesion
throughout the vascular system [6, 7]. ECs also
regulate the muscular tonus by releasing vasodi-
lators, such as nitric oxide (NO) and prostacy-
clins, or vasoconstrictors, such as endothelin [8,
9]. Protein transport and endothelium permeabil-
ity occur mainly through interendothelial junc-
tions that connect the ECs into a continuous
monolayer. In that way, plasma proteins are pre-
vented from moving from the blood to tissues
through endothelium in non-inflamed tissues
[10]. In addition, the interactions among ECs and
leukocytes are minimal during the EC resting
phase since they sequester the proteins necessary
for these interactions, such as selectins and che-
mokines, in specialized secretory vesicles [11].

ECs participate and regulate different steps of
inflammation during the innate immune response
[12, 13]. ECs express pattern recognition recep-
tors (PRRs) and complement protein receptors.
Once activated, ECs increase the permeability of
the endothelium, facilitating the leakage of serum
components and extravasation of leukocytes, and
they are also a source of cytokines, chemokines,
acute phase proteins, and reactive oxygen species
[14—17]. Here we discuss the contributions of key
innate immune elements during inflammatory
responses, focusing on how ECs sense a plethora

of stimuli by innate receptors, change their
metabolism, and drive inflammation. In addition,
we discuss the involvement of innate receptors in
the development of autoinflammatory diseases.

2 Endothelial Cell
Heterogeneity and Tissue
Specialization
During Inflammation

The circulatory system comprises the blood and
lymphatic vasculature and plays an essential role
in physiology, interconnecting and transporting
gases, nutrients, metabolites and cells. The blood
vasculature, consisting of arteries, veins and cap-
illaries that exhibit distinct architectures, molec-
ular and functional properties, is essential for
normal organ function and disease [18]. The
endothelium of blood vessels forms a continuous
monolayer, whereas capillary endothelial cells
can be classified as continuous, fenestrated or
discontinuous, depending on the tissue-specific
type in which they reside [18]. Leukocyte migra-
tion from the blood flow of post-capillary venules
and influx into tissue is a coordinated process
involving multistep signals in endothelial and
leukocytes via a hierarchy of adhesion molecule
activity that mediates the steps of leukocyte teth-
ering, rolling, arrest, activation, firm adhesion
and transmigration [19, 20]. Leukocyte tethering
and rolling on the endothelial surface is mediated
by selectins [19]. Inflammation causes endothe-
lial cell expression of P-selectin and E-selectin,
whereas L-selectin is expressed by leukocytes
[19-22]. Leukocytes express selectin ligands,
including P-selectin  glycoprotein  ligand-1
(PSGL-1), E-selectin ligand-1 and CD44, which
interact with the endothelial selectins [20-22].
L-selectin mediates leukocyte rolling interactions
by binding to glycosylated proteins on activated
ECs, such as GlyCAM-1 and CD34 [20].
Interestingly, Pentraxin 3 (PTX3), a protein with
well-known functions in innate immunity,
reduces neutrophil migration and inflammation
in vivo by binding to P-selectin, impairing the
rolling of neutrophils on vessels [23]. Rolling
brings the leukocyte into close proximity with the
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endothelium, allowing them to respond to che-
motactic arrest signals from chemokines present
at the endothelial surface [20, 22]. A wide variety
of molecules possess this chemoattractant func-
tion, including proteins such as chemokines.
Leukocytes respond to chemoattractants by rap-
idly upregulating the affinity of their B2 and a4
integrins [19, 20, 22]. This enables these adhe-
sion molecules to bind to their endothelial-
expressed ligands, with B2 integrins binding to
molecules, such as I[CAM-1 and fibrinogen, and
o4 integrins interacting with VCAM-1 and
MAdCAM-1 [19, 20, 22]. This interaction causes
arrest of the rolling leukocytes, which then firmly
attach to the endothelial surface. After arrest, leu-
kocytes migrate across the endothelial surface
[19, 20, 22] to identify an optimal location.

The leukocyte recruitment established in post-
capillary venules is not exactly the same in all
organs. The microvasculature of the lung, liver and
kidney are characterized by structural specializa-
tions that are required for their functions.
Recruitment of leukocytes into the diverse tissues
through the specialized capillary network contrasts
with the recruitment of leukocytes through post-
capillary venules at sites of inflammation (Fig. 1).

2.1 Leukocyte Recruitment

in Alveolar Capillaries

The dense capillary network of the lung is a
major site of physiological sequestration of leu-
kocytes from the systemic circulation [18, 24,
25]. Compared with blood in the large vessels of
most vascular beds, the blood from alveolar cap-
illaries contains circa 50-fold more neutrophils,
lymphocytes and monocytes [24], which contrib-
ute to the innate immune response and haemato-
poiesis in the lungs [24, 26, 27]. The alveolar
capillaries provide a vascular defensive niche
whereby the endothelium and neutrophils coop-
erate for immediate detection and capture of dis-
seminating pathogens during host defence,
mediating vascular protection [24, 27], and crawl
throughout the endothelium via a TLR4/CD11b-
dependent process [27]. Pulmonary ECs also
constitutively express ICAM-1 at much higher

levels than in other organs [25]. This process of
margination is induced in part by the delay of
neutrophils as they undergo the deformation
required to pass through the narrow lung micro-
vasculature [24]. Marginated leukocytes are in a
dynamic equilibrium with those in the circula-
tion, a situation that is maintained by the ongoing
entry and exit of leukocytes from the marginated
pool. During inflammation, much of the seques-
tration and infiltration occurs through vessels so
narrow that physical trapping is sufficient to stop
the flowing neutrophils [24, 25].

In comparison to post-capillary venules, the teth-
ering mechanisms required to capture neutrophils
from flowing blood in larger vessels is not necessary
in the alveolar capillary bed. The diameters of neu-
trophils are larger than the diameters of many capil-
lary segments, and 50% of the capillary segments
therefore require changes in the shape of neutrophils
for transmigration [24]. The events following the ini-
tial sequestration of neutrophils within alveolar cap-
illary beds are apparently influenced by adhesion
molecules. Systemic activation of neutrophils by
intravenous injection of the chemokine CXCLS8
results in rapid neutropenia with massive sequestra-
tion of neutrophils within alveolar capillaries. This
event is not dependent on L-selectin or f2-integrins,
but the retention times within this capillary bed are
influenced by these adhesion molecules [24, 28],
and this type of adhesion is likely orchestrated by the
interaction of leukocyte adhesion molecules and
endothelial adhesion molecules, such as VAP-1 [29].
These studies demonstrate that leukocyte recruit-
ment to the pulmonary microvasculature does not
necessarily follow the conventional paradigm in that
the requirement for archetypal adhesion molecules
is variable and recruitment to the lung can occur in
the absence of both (2 integrins and the selectin
family of adhesion molecules.

2.2 Leukocyte Recruitment

in Sinusoid Capillaries

ECs lining hepatic sinusoids are also unique in
that they are highly fenestrated and lack a basal
lamina [18, 25, 30]. These openings in the endo-
thelial layer allow plasma to flow freely into the
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Fig. 1 The multistep cascade of leukocyte recruitment in
post-capillary venules (a) and lungs (b): (a) Leukocyte
extravasation from the blood into inflamed tissues follows
a multistep cascade that involves the sequential action of
molecular signals and adhesion molecules. Selectins (such
as P-selectin and E-selectin) initiate leukocyte tethering
and rolling along the inflamed endothelium. Rolling slows
down circulating leukocytes, bringing them into close
proximity with endothelial cells and allowing the binding
of chemokines that are displayed on the inflamed endothe-

Inflammation or Tissue damage

lium to specific G-protein-coupled chemokine receptors
on leukocytes. The activation of chemokine receptors trig-
gers intracellular signalling pathways that activate leuko-
cyte integrins. Interactions between integrins expressed on
the endothelium mediate the firm adhesion of leukocytes.
The interactions between p2-integrins and their ligand
intercellular adhesion molecule 1 (ICAM1) and between
integrin very late antigen 4 (VLA4) and its ligand vascular
cell-adhesion molecule 1 (VCAM1) are of crucial impor-
tance for leukocyte adhesion. Leukocytes are directed by
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sub-endothelium, where it comes into contact
with hepatocytes. Sinusoidal endothelial cells
also have a limited capacity to express P-selectin,
E-selectin and VCAM-1, while they constitu-
tively express high levels of ICAM-1, as well as
less commonly expressed adhesion molecules,
such as vascular adhesion protein-1 (VAP-1) [25,
30]. During the mechanisms regulating leukocyte
adhesion in the sinusoids in the model of focal
necrosis, Mac-1 and ICAM-1 are central to neu-
trophil recruitment [31]. Moreover, neutrophil
recruitment occurs via a sequential process initi-
ated by arrest induced by ATP released from
damaged cells. Subsequently, intravascular
migration is induced by the CXC family of che-
mokines, finally resulting in migration into
necrotic tissue occurred via formylated peptides
[31-33]. In addition, the steps of tethering and
rolling of leukocytes in liver sinusoids also occur
independently of selectins, but integrins mediate
leukocyte arrest and transmigration, as observed
in lung tissue.

23 Leukocyte Recruitment

in Glomerular Capillaries

Glomerular capillaries are lined by specialized
ECs that are highly fenestrated [18]. The luminal
surface of glomerular ECs is covered by an endo-
thelial surface layer consisting of negatively
charged glycoproteins, glycosaminoglycans and
proteoglycans, a structure that contributes to the
barrier function of the glomerulus [18, 25, 34].
Regarding adhesion molecule expression, evi-
dence suggests that glomerular endothelial cells

<

do not express pre-formed P-selectin but use
platelets as a mechanism for expression of
P-selectin under inflammatory conditions [35]. In
contrast, these cells constitutively express
ICAM-1 and can, under inflammatory condi-
tions, express VCAM-1 and E-selectin de novo,
as well as increase ICAM-1 expression [36, 37].
In experiments, leukocytes could be observed
undergoing adhesion in glomerular capillaries,
but no rolling interactions were observed [25,
38]. In accordance with this finding, a selectin
inhibitor failed to reduce glomerular leukocyte
recruitment [38]. In contrast, inhibition of the
p2-integrin Mac-1 prevented inflammation-
associated adhesion of leukocytes in glomeruli
[25, 36]. Taken together, these findings indicate
that while leukocyte adhesion in glomerular cap-
illaries requires an adhesion molecule-mediated
interaction, selectins are not essential for this
process.

3 Cellular Innate Immune
Response: Role of Pattern
Recognition Receptors
on Endothelial Cells

In 1989, Charles Janeway Jr. proposed that
innate immune cells should present germ line-
encoded pattern recognition receptors (PRRs)
to recognize conserved microbial components
named pathogen associated molecular patterns
(PAMPs) [39, 40]. It was later demonstrated
that PRRs also recognize endogenous mole-
cules released from damaged cells, called dam-
age-associated molecular patterns (DAMPs),

Fig. 1 (continued) immobilized chemokines under flow
(chemotaxis) or by chemokine gradients (haptotaxis) to
migrate across the endothelium and into the inflamed tis-
sue. (b) The initial steps of leukocyte migration, such as
tethering and rolling, are absent in tissues during inflam-
mation. Neutrophil migration across the alveolar capillary
wall can occur through endothelial-independent selectin
activity; however, the pulmonary capillary architecture
sequesters leukocytes in small capillaries, and leukocytes
marginate and deform to pass through this very small vas-
culature. Chemokines secreted by alveolar macrophages
or endothelial cells activate more endothelial cells and

induce leukocyte arrest. Leukocytes that have crossed the
endothelium traverse the basement membrane and, through
interactions with fibroblasts and neutrophils in the intersti-
tium, adhere to the fibroblast surface. Adhesion is known
to involve leukocyte P2-integrin (CD18) and fibroblast
intercellular adhesion molecule 1 (ICAM-1). Motility is
regulated by CD18 and leukocyte p1-integrins. The unique
positioning of the fibroblasts within the interstitium pro-
vides directional information, guiding neutrophils toward
type II pneumocytes and, thus, leading them to emergence
between the margins of two type I pneumocytes and one
type II pneumocyte in airways
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or alarmins [16, 41]. There are different classes
of PRRs that can be subdivided according to
their structure, localization, and binding and
signalling properties. The transmembrane
PRRs include Toll-like receptors (TLR) and
C-type lectin receptors (CLR), while the cyto-
plasmic PRRs are represented by retinoic acid-
inducible  gene (RIG)-I-like  receptors,
nucleotide-binding oligomerization domain-
like NOD-like receptors (NLR) [42], AIM2-
like receptors (ALR) [43], and cyclic
GMP-AMP synthase (cGAS) [44].

PRRs are present in virtually all cell types.
However, most knowledge about the association
of PRRs with tissue inflammation has been
obtained from activated innate immune cell rec-
ognition of exogenous and endogenous patterns.
Once activated, resident and early migrated cells
release a plethora of vasoactive molecules,
including prostanoids, histamine, cytokines, and
chemokines, which cause profound changes in
ECs, contributing to inflammation [45]. Here we
explore the mechanisms used by ECs to sense
pathogens and endogenous molecules and how
these interactions result in tissue inflammation
and disease (Fig. 2).

3.1 Toll-Like Receptors (TLR)

The TLR family is the major and most exten-
sively studied class of PRRs [46]. TLRs were
first described in 1997 and were originally dis-
covered 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 [47]. TLRs
are glycoproteins characterized by an extracel-
lular or luminal ligand-binding domain con-
taining leucine-rich repeat (LRR) motifs and a
cytoplasmic signalling Toll/interleukin-1 (IL-1)
receptor homology (TIR) domain [48, 49].
TLRs detect distinct patterns derived from bac-
teria, viruses, parasites and self-components. In
humans, 11 TLRs have been identified, while
13 are described in mice [50]. TLRs are
expressed in different cell compartments,
favouring the recognition of extra and intracel-
lular patterns. While TLR1, TLR2, TLR4,
TLRS, TLR6, and TLR10 are expressed on the
cell surface and are important for interactions
with extracellular patterns, the intracellular
compartments contain TLR3, TLR7, TLRS, and
TLRO and are important for binding to nucleic
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Fig. 2 Endothelial cells sense endogenous and micro-
bial molecules that contribute to tissue inflammation.
Different molecules derived from tissue resident cells,
microorganisms, and plasma components interact with
innate immune-associated receptors expressed on
endothelial cells. The intracellular signalling cascades
result in endothelial cell activation, promoting adhe-

sion molecule expression and morphologic changes in
the endothelium, which facilitate interactions with cir-
culating leukocytes. Furthermore, activated endothe-
lial cells produce and release biologically active
mediators that contribute to tissue inflammation and
are important for pathogen control and for the devel-
opment of inflammatory diseases
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acids [51]. TLR11 is non-functional in humans
but present in murine endosomal compartments
together with TLR12 and 13 [52], and it plays a
role in the recognition of 7. gondii profilin [53,
54]. Almost all TLRs signal through the adaptor
molecule myeloid differentiating factor 88
(MyD88), mainly by activating the nuclear fac-
tor kappa-B (NFxB) and mitogen-activated pro-
tein kinase (MAPK) transcription factors [55].
In addition, signalling by TIR domain-contain-
ing adapter-inducing interferon-p (TRIF) acti-
vates interferon regulatory factors (IRFs)
responsible for type I interferon production
[56]. Of note, only TLR3 and TLR4 signal via
TRIF, although the latter also signals via
MyD88 [57, 58]. This ligand-receptor interac-
tion induces receptor oligomerization and trig-
gers a signalling cascade into the cytosol that
culminates in the transcription of several genes
involved in immune and inflammatory
responses.

All TLRs have been detected in ECs [59].
ECs present in the aorta, subclavian, carotid,
mesenteric, iliac, and temporal arteries express
basal levels of TLR1, TLR2, TLR4, and TLR6.
TLR3 is predominantly expressed in human
aorta and carotid macrovessels [60] and human
brain ECs [61]. However, TLR7 and TLR9 have
only been detected in iliac ECs, although at low
levels [62, 63]. It has been shown that in humans,
ECs from lymph nodes express TLR 1-6 and
TLRO9 [64, 65]. In addition, human endothelial
colony forming cells (ECFCs), comprising a
subpopulation of endothelial progenitor cells
characterized by their ability to differentiate
into mature ECs, express detectable mRNA of
all TLRs, albeit higher levels of TLR4 [66, 67].

In general, TLR ligands profoundly alter EC
homeostasis, interfering in the coagulation cas-
cade, vascular permeability, and synthesis of
pro-inflammatory molecules [68, 69]. TLR acti-
vation upregulates the expression of adhesion
molecules, such as E- and P-selectins, favouring
platelet and leukocyte attachment on the EC
surface [70, 71]. Additionally, TLR2 and TLR4
agonists lead to cytokine and chemokine expres-
sion by cultured ECs [72, 73]. Intravenous
injection of TLR3 agonist long double-stranded

RNA in mice impairs EC function, causing
vasodilation, increased vascular permeability,
and the production of reactive oxygen species
[74]. During sepsis, TLR2 and TLR4 activation
on ECs increases endothelial permeability and
modulates the expression of coagulation factor
molecules [66, 75]. In addition, TLRY activation
in human coronary artery endothelial cells by
bacterial DNA shifts the balance of tissue factor
and tissue factor pathway inhibitor toward a
procoagulant phenotype and activates blood
coagulation in mice, representing an important
mechanism during the coagulation cascade in
various pathologies [76].

Although much attention has been given to
the participation of TLRs in the context of
infectious diseases, non-infectious stimuli also
activate TLRs on ECs, contributing to sterile
inflammatory diseases. In vitro, shear stress
modulates TLR expression on human coronary
artery ECs [77]. During hypertension, elevated
blood pressure can cause tissue damage result-
ing in DAMP and EC activation [78].
Importantly, angiotensin II infusion in mice
cause an upregulation of TLR4 in the aorta,
which is associated with EC dysfunction and
activation, releasing pro-inflammatory mole-
cules [79]. Oxidized low-density lipoprotein
(oxLDL) activates TLR2 and TLR4 in human
coronary artery ECs and stimulates the synthe-
sis of bone morphogenetic protein-2 (BMP-2),
which plays an important role in atherosclerotic
vascular calcification [80]. Vascular dysfunc-
tion is an important event in diabetic complica-
tions. Hyperglycaemia upregulates TLR2 and
TLR4 in human macrovascular aortic ECs and
blocks TLR signalling, attenuating hypergly-
caemia-induced inflammation, leukocyte adhe-
sion and glycocalyx dysfunction in these cells
[81]. Closely related, hyperglycaemia also
induces TLR2 and TLR4 expression in human
retinal ECs, contributing to the pathogenesis of
diabetic retinopathy [82]. Taken together, the
control of TLR signalling in ECs must still be
considered as a potential strategy to regulate
EC activation, facilitating the reduction of
infectious and non-infectious inflammatory
diseases.
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3.2 NOD-Like Receptors (NLR)

The NLR belongs to a class of intracellular recep-
tors/sensors consisting of 23 representatives in
humans and 34 in mice [83]. Sequence homology
revealed NODI as the first NLR member [84,
85]. NOD1 encodes an intracellular multi-domain
scaffolding protein consisting of a caspase acti-
vation and recruitment domain (CARD), a
nucleotide-binding  oligomerization — domain
(NOD), and multiple leucine rich repeats (LRRs).
NOD?2 is a closely related protein with an addi-
tional CARD domain [86]. Both NODI and
NOD?2 recognize different pathogen and endoge-
nous patterns, triggering activation of the NF-xB
family of transcriptional regulators [87, 88].
Different ECs express NODI, including
HUVECs, HAECs and microvascular ECs.
Incubation of ECs with the Gram-negative bacte-
rium Chlamydophila pneumoniae contributes to
the inflammatory response by increasing the syn-
thesis of CXCLS via a mechanism that is depen-
dent on NODI/NF-kB activation [89]. In a
similar way, HUVECs incubated with Gram-
positive bacteria Listeria monocytogenes also
produce NOD1-dependent CXCLS8. In addition,
inhibition of p38 MAPK blocks NOD1-induced
CXCLS production [90].

Although NOD?2 is only marginally expressed
in ECs, it is quickly upregulated in the presence
of microorganisms and pro-inflammatory cyto-
kines, facilitating or potentiating the immune
response and tissue inflammation. Under LPS,
IL-1B, or TNF-a stimulation, HUVECs show
increased NOD2 expression and become respon-
sive to its agonist muramyl dipeptide (MDP),
resulting in NF-kB activation [91]. In response to
different stimulation, human aortic ECs incu-
bated with Gram-positive bacteria Streptococcus
mutans promotes the expression of IL-6 and the
chemokines CXCL8 and CCL2 via a mechanism
that is dependent on NOD2 and TLR2 [92].
Furthermore, IL-6 secretion by ECs under NOD2
activation is associated with CD4* T helper cell-
17 (Th17) polarization while inhibiting CD4*
Th1 and Th2 responses [13, 93].

In an infectious context, Porphyromonas gin-
givalis also stimulates NOD2, NOD1, and TLR2

expression in HUVEC cells. P. gengivalis are
Gram-negative bacteria that are associated with
periodontal disease and atherosclerosis. P. gengi-
valis stimulates NF-kB activation and E-selectin
synthesis in HUVECs via a mechanism that is
dependent on the three receptors [94]. On the
other hand, NOD2 can also contribute to non-
infectious inflammatory diseases, such as diabe-
tes. High concentrations of glucose induce NOD2
expression in glomerular endothelial cells
(GEnCs). In addition, overexpression of NOD2 is
positively associated with the severity of diabetic
nephropathy since it is associated with the loss of
EC and gain of mesenchymal characteristics, a
phenomenon called endothelial-to-mesenchymal
transition, resulting in albuminuria and subse-
quent renal disorder [95].

The other branch of NLRs is represented by
the inflammasomes, a group of intracellular mul-
timeric protein complexes that activate pro-
inflammatory caspases, leading to pro-IL-1f and
pro-IL-18 cleavage and inducing, in particular, a
type of cell death called pyroptosis [96]. The
best-known inflammasome prototypes comprise
NLRP1, NLRP3, NLRP6, NLRC4, and Pyrin. In
several cases, the activated inflammasome
engages the adaptor molecule ASC, which, in
turn, activates caspase-1 [97]. NLRP1, NLRP3,
ASC and caspase-1 are expressed in ECs [98].
Lipopolysaccharide (LPS) and ATP induce acti-
vation of the NLRP3 inflammasome in human
umbilical vein endothelial cells (HUVECs) [99].
In a mouse model of Kawasaki disease,
Lactobacillus casei cell wall fragments (LCWE)
can activate the NLRP3 inflammasome in coro-
nary arteries, resulting in EC dysfunction [100].
Likewise, DAMPs can also activate the NLRP3
inflammasome by lysosomal destabilization in
HUVEGs, leading to the production of IL-1p,
that, in turn, induces IL-6 and CXCLS in an auto-
crine manner in HUVECs [101]. High levels of
glucose can also activate NLRP3 in ECs, and
NLRP3 ablation prevents inflammasome activa-
tion and tight junction disassembly in the coro-
nary arterial endothelium of diabetic mice [100].
Similarly, NLRP3 gene silencing prevents high
glucose-induced down-regulation of tight junc-
tion proteins in cultured mouse vascular endothe-
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lial cells (MVECs) [102]. In atherosclerosis,
plasma triglycerides and VLDL cholesterol
obtained from patients promote in vitro NLRP1
inflammasome expression in HAECs [103].

Inflammasome activation also induces cell
death via pyroptosis. It has been demonstrated
that cadmium, an important and common envi-
ronmental pollutant that has been linked to car-
diovascular diseases, induces pyroptosis in
HUVECs through NLRP3 activation in a mecha-
nism that is dependent on mitochondrial ROS
generation [104]. Additionally, systemic expo-
sure to LPS causes severe human lung microvas-
cular EC (hMVECs) pyroptosis via a mechanism
that is mediated by the activation of human cas-
pase 4/5 or its homolog caspase-11 in mice in
vivo [105]. Furthermore, hyperhomocysteinae-
mia (HHcy) is an independent risk factor for car-
diovascular disease (CVD). HHcy preferentially
induces EC pyroptosis via caspase-1-dependent
inflammasome activation, leading to EC dysfunc-
tion [106]. Thus, EC dysfunction can occur in
response to different types of inflammasome
stimulation, revealing inflammatory disease
mechanisms and identifying new opportunities
for therapies.

3.3 Absent in Melanoma 2-Like

Receptors (AIM2)

Absent in melanoma 2 (AIM2) is cytoplasmic
dsDNA sensor belonging to PYHIN (IFI20X/
IFI16 protein) family. Once binding microbial
and host dsDNA, it complexes with ASC for cas-
pase-1 activation, leading IL-1p maturation and
release [107]. As part of the innate immune
response, AIM2 activation helps host protection
against different pathogens [108]. Few studies
had investigated the role of AIM2 in EC activa-
tion. HUVEC cells stimulated with cell-free
DNA increase the expression of AIM2 and also
activate NOX4 in an AIM2-dependent manner
[109]. dsDNA, IFN-y, and TNF-a also induce
AIM?2 synthesis in human aortic ECs, smooth
muscle cells, and T/G-human aortic vascular
smooth muscle cells. Interestingly, AIM2 is over-
expressed in lesions derived from abdominal aor-

tic aneurism and atherosclerotic carotid artery
when compared to intact aortic wall, suggesting a
possible role of AIM2 in ECs activation and vas-
cular inflammation in these diseases [110].
Another representative of PYHIN group, IFI16,
also causes EC activation. Human dermal micro-
vascular endothelial cells infected with Kaposi’s
sarcoma-associated herpesvirus promote
oligimerization of a complex formed by IFI16,
ASC, and caspase-1, leading to IL-1f maturation
[111].

34 RIG-I-Like Receptors (RLR)

The RNA helicases retinoic acid inducible gene-I
(RIG-I) and melanoma differentiation-associated
gene 5 (MDADS) constitute a further PRR family
of receptors called RIG-I-like receptors (RLR)
[93]. Both proteins are localized in the cell cyto-
sol and consist of a DexD/H box RNA helicase
domain as well as two CARDs motifs [112].
These receptors have major function during viral
infections, detecting replicating viruses in cyto-
plasm, particularly at early phases of viral infec-
tion [113]. Activation of this innate immune
response lead to the induction of type I and III
interferons (IFN) and inflammatory cytokines,
whose antiviral activity blocks viral replication
and facilitate the activation of antigen-presenting
cells to activate antigen-specific immunity
against viral pathogens [114]. RIG-I and MDAS
are constitutively expressed in ECs and they are
upregulated during viral infection and other pro-
inflammatory stimuli [112, 115]. However, RIG-I
activation cause EC dysfunction. Intravenous
injection of a RIG-I agonist in mice impairs EC
vasodilatation and increases aortic oxidative
stress. Similar events occurred using different EC
lineages [116].

Measles virus-infected HUVEC cells synthe-
size chemokines and IFN-f, which, in turn,
upregulates RLR synthesis in these cells [117].
Using glomerular ECs (GEnC), the RIG-I agonist
poly I:C RNA stimulated the synthesis of several
pro-inflammatory molecules, including IL-6,
CCL2, CCLS5, and CXCL10, demonstrating a
potential involvement of GEnC for the pathogen-
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esis of glomerulonephritis caused by viral infec-
tions [118]. Dengue virus also stimulates ECs via
RIG-I. It is well known that Dengue virus infec-
tion leads to structural and functional alterations
in the vascular endothelium [119]. In addition,
Dengue virus serotype 2 replicated in human
brain microvascular ECs. In addition to increas-
ing the synthesis of RIG-I in these cells, Dengue
virus 2 induced the production of IFN-f, IL-6,
different chemokines, and the adhesion molecule
ICAM-1 in a RIG-I-dependent manner [120].
Furthermore, activated ECs during viral infec-
tions not only amplify tissue inflammation but
also could be associated with sickness behaviour.
Type I IFN production from brain endothelial
cells during RIG-I stimulation was associated to
mouse cognitive impairment and depression-like
behaviour [121]. Thus, activated RLR in ECs
have crucial contribution to tissue inflammation
during viral infections.

Activation of RLR in ECs seems to contribute
to inflammation also in bacterial infections and
non-infectious diseases [122] suggesting an
important function for RIG-I during sepsis,
where there is EC dysfunction. LPS and TNF-a
induced the synthesis of pro-inflammatory and
adhesion molecules by HUVEC cells and pro-
moted leukocyte adhesion in a mechanism con-
trolled by RIG-I and mitochondrial antiviral
signalling (MAVS), the RIG-I downstream mol-
ecule [122]. 25-hydroxycholesterol increased
RIG-I levels in HUVEC cytosol and stimulated
CXCLS8 expression through RIG-I-dependent
mechanisms, which could favour neutrophil and
T cell recruitment into the subendothelial space
during atherogenesis [116].

3.5 Cyclic GMP-AMP Synthase-
Stimulator of Interferon

Genes (cGAS- STING)

Cyclic GMP-AMP synthase (cGAS) is a cyto-
solic protein that senses dsDNA. The down-
stream signalling in response to this interaction
leads to the synthesis of the second messenger
cyclic GMP-AMP, which binds to the protein
stimulator of IFN genes (STING) present on the

endoplasmic reticulum membrane. This cascade
culminates in the recruitment of the transcription
factor IRF3, which mediates the transcription of
IFN-B [123]. STING is expressed in ECs [124].
During viral infections, ECs actively participate
in the innate immune response, creating local
conditions for tissue inflammation and viral
removal. In vitro studies have demonstrated that
HUVECs infected with the dsDNA of virus
Kaposi’s sarcoma-associated herpesvirus or cyto-
megalovirus produce high levels of IFN-f in a
mechanism that is dependent on cGAS-STING
activation [125, 126].

cGAS-STING has been demonstrated to play
different roles in other innate immune response
to infectious diseases, regulating EC function and
activation. ECs in biopsy samples from patients
who present a gain-of-function mutation of the
TMEM 173 gene (which encodes STING) express
inflammatory EC markers, such as inducible
nitric oxide synthase, tissue factor, E selectin,
and intercellular adhesion molecule 1. Similarly,
HUVECs incubated with the STING-binding
molecule cGAMP produce the same inflamma-
tory markers but also engage apoptosis [124]. In
human aortic ECs, palmitic acid (PA) leads to
cellular stress, releasing mitochondrial DNA
(mtDNA) into the cytosol, which activates cGAS-
STING, resulting in IRF3 phosphorylation and
nuclear translocation. PA is used in studies inves-
tigating diabetes since it negatively regulates
insulin activity. cGAS-STING has been found to
be important for ICAM-1 synthesis and mono-
cyte—endothelial cell adhesion [127]. Using
STING-deficient mice, researchers have demon-
strated a dependence of the STING pathway on
diet-induced obesity, adipose tissue inflammation
and insulin resistance [127]. In another study,
human aortic ECs incubated with a high concen-
tration of PA showed impaired proliferation,
migration, and angiogenesis capacities via a
mechanism that was dependent on cGAS-STING
activation by mtDNA. These events culminated
in the synthesis of MST1 (mammalian Ste20-like
kinases 1), a pro-apoptotic protein kinase [128].
Thus, cGAS-STING plays a very important role
during tissue inflammation by controlling EC
activation during infection and sterile disorders.
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4 Role of the Complement
System in Endothelial Cell
Activation and Inflammation

Pre-formed and newly synthesized soluble mole-
cules during the innate immune response are fun-
damental to initiate the control of pathogen
invaders by activating host cells and creating an
inflammatory environment or via the direct lysis
of pathogens. However, these molecules also
trigger or amplify tissue inflammation in non-
infectious disorders, such as autoimmune, auto-
inflammatory, and metabolic diseases [129].
Complement system and acute phase proteins are
examples of the humoral arm of the innate
immune response and strongly influence EC acti-
vation. The complement system is an integral
part of the innate immune response and acts as a
bridge between innate and acquired immunity. It
consists of a series of proteins that are mostly
synthesized in the liver and exists in plasma and
on cell surfaces as inactive precursors (zymo-
gens) [130]. Complement mediates responses to
inflammatory triggers through a coordinated
sequential enzyme cascade leading to the clear-
ance of foreign cells through pathogen recogni-
tion, opsonisation and lysis. There are three
known pathways leading to complement activa-
tion: classical, alternative and lectin, which vary
according to the initial cascade and its compo-
nents [131].

ECs express complement factors, regulators,
and receptors. Complement deposition in ECs
leads to cell activation, the expression of adhe-
sion molecules, release of pro-inflammatory
cytokines and chemokines, and promotion of
membrane attack complex (MAC) formation and
cytolysis [132-134]. C3a and C5a are well-
known molecules that cause profound inflamma-
tory changes in endothelium and also present
chemotactic properties. Several studies have
reported that targeting C3a and CS5a receptors
results in a reduction of tissue inflammation,
which leads the development of several com-
pounds for clinical use [129, 135]. Human micro-
vascular and umbilical ECs (hMUECs) have
been demonstrated to activate the classical com-
plement pathway when exposed to shear stress by

the continuous flow loop [136]. In a complemen-
tary manner, activation of this pathway in ECs
promotes neutrophil adhesion to the endothelium
[137]. ECs can also activate the lectin pathway:
MASP-1, the key protease in this pathway,
induces IL-6 and CXCLS8 production by ECs,
which leads to neutrophil chemotaxis [138]. In
addition, HUVEC: that are activated by MASP-1
can decrease ICAM-2 and increase E-selectin
expression, leading to adherence between neutro-
phils and endothelial cells [139]. Thus, both the
cellular and humoral arms of the innate immune
system have potential effects on diverse ECs,
leading to EC modification and activation and
actively contributing to the inflammatory
process.

5 Cellular Metabolism
Reprogramming and Its
Contribution
to Inflammation

Traditionally, cell metabolism has been consid-
ered as a series of pathways that are responsible
for extracting energy from fuel sources, such as
glucose, fatty acids, ketones and amino acids.
However, in the past few years, cellular metabo-
lism and its by-products have demonstrated
much wider implications, including the out-
comes of inflammatory responses and of several
pathologic processes [140-143]. Hence, meta-
bolic processes, such as glycolysis, the tricar-
boxylic acid (TCA) cycle, and fatty acid
metabolism, have highly specific effects on the
function of macrophages and ECs. The manipu-
lation of these pathways can interfere dramati-
cally in the function of these cells in very specific
manners, impacting their ability to produce
inflammatory mediators and to exert their effec-
tor functions rather than simply being involved
in energy generation or general biosynthesis
[140-143]. In the next section, we will address
how shifts in the cellular metabolism of macro-
phages and ECs, termed metabolism reprogram-
ming, govern the outcome of inflammatory
processes by determining cellular activation
upon inflammatory stimulation.
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5.1 Metabolism in Resting

Macrophages

All cell types derive energy from the catabolism
of three major biomass sources, glucose, fatty
acids, and amino acids, using mainly two pro-
cesses, glycolysis and oxidative phosphorylation
(OXPHOX). In brief, one molecule of glucose
can yield up to 38 molecules of ATP, of which 2
are derived from glycolysis, 2 from the TCA
cycle, and 34 from OXPHOX. Based on this
amount of ATP produced per glucose molecule,
OXPHOX would be the most efficient bioener-
getic pathway and should be preferred. This is the
case for several cell types, including resting mac-
rophages, which, under normoxic conditions, use
OXPHOX to generate ATP. The major compo-
nents of the electron transport chain (ETC) uti-
lize the NADH and FADH generated during
reactions in the TCA cycle, which is fuelled by
the above-described biomass sources. Glycolysis
is low due to expression of the PFKFBI gene,
resulting in higher levels of the liver isoform of
the phosphofructokinase (PFK) 2 enzyme, which
yields low levels of the glycolysis activator
fructose-2,6-bisphosphate (F-2,6-BP) and slows
down the rate of the reactions involved in pyru-
vate generation from glucose [144]. In fact, rather
than glucose, macrophages obtain much of their
energy in the resting state from fatty acid oxida-
tion (FAO) and OXPHOX because they express
high levels of fatty acid transporters and cata-
bolic enzymes, as well as proteins involved in
ETC and those that drive Acetyl-CoA into the
TCA cycle [145]. This oxidative metabolism is
usually controlled by specific transcription fac-
tors, such as PGC-1f, which are present at higher
levels in quiescent macrophages [141, 145].
Therefore, macrophages in the resting state
obtain much of their energy from FAO and oxida-
tive metabolism, which can efficiently sustain
their basal activities for long periods of time.
The metabolic profiles of resting macrophages
are usually shifted during cellular activation, in
an event called metabolic reprogramming [142,
146]. Metabolic reprogramming can be simply
considered as a response of cells to critical
changes in the environment. For example, when

oxygen tension is low, cells can switch their met-
abolic profile to enable the proper generation of
energy, even in this altered environment. Hence,
under hypoxic conditions, cells usually generate
ATP through glycolysis independently from
OXPHOX, but this pathway is highly dependent
on glucose as the sole fuel source [142, 143]. The
core metabolic pathways are integrated to inter-
change carbons between sugars, fatty acids,
nucleic acids and proteins, and therefore meta-
bolic flexibility can play an important role due to
the changes in prevailing nutrient and oxygen
conditions. This metabolic flexibility also seems
to be important when cells are faced with distinct
functional demands. Hence, recent work has
emphasized that changes in key metabolic regu-
latory events in macrophages (and to a lesser
extent in ECs) are initiated not only by shifts in
nutrient or oxygen availability but also by down-
stream activation of PRRs and cytokine receptors
[142, 143]. Thus, these cells present the potential
to switch their metabolic activities in response to
signals from other cells or from changes in the
environment, such as those present in the inflam-
matory milieu. Importantly, metabolic repro-
gramming has been shown to govern the
phenotype of macrophages by controlling tran-
scriptional and post-transcriptional events that
are central to their activation status [142]. The
mechanisms involved in metabolic reprogram-
ming in these cell types are outlined in the fol-
lowing section.

5.2 Metabolic Reprogramming

in Activated Macrophages

Approximately 50 years ago, early work on leu-
kocyte metabolism indicated an increase in oxy-
gen consumption during phagocytosis [147]. In
addition, it was shown around this time that
monocytes engage glycolytic metabolism during
phagocytosis [148]. Thirty years later, Fukuzumi
and co-workers showed that LPS-activated mac-
rophages present increased glucose uptake via a
mechanism involving the upregulation of the
GLUTTI glucose transporter [149]. More recent
work has established that, upon activation by
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TLR ligands, such as LPS, a shift towards gly-
colysis and fatty acid synthesis and down-
modulation  of OXPHOX  characterizes
proinflammatory macrophages [150, 151].
Inflammatory macrophages also upregulate the
pentose phosphate pathway (PPP), which
branches from glycolysis and generates NADPH
for redox balance [150, 152]. Importantly, this
metabolic reprogramming is essential for some
effector functions of activated macrophages, such
as the production of IL-1f, lipid mediators and
reactive oxygen and nitrogen species [142, 146].
Glycolysis also seems to be pivotal for macro-
phage migration to inflammatory sites [153].
This metabolic shift towards glycolysis in
activated macrophages is termed aerobic glycoly-
sis because it occurs even under normoxic condi-
tions. The shift towards aerobic glycolysis seems
to be optimally suited to the fast, short-term burst
of activation that is required at infectious or ster-
ile inflammatory sites [142, 146]. Recent work
has provided extensive evidence that changes in
the metabolites associated with macrophage met-
abolic reprogramming are able to facilitate or
promote the specialized activities of these cells.
One of the changes in gene expression that
increases glycolytic capacity in activated macro-
phages is the expression of the ubiquitous
u-PFK2, the highly active isoform of phospho-
fructokinase 2, which generates higher quantities
of the glycolysis activator F-2,6-BP [144]. In
addition, increased expression of the PKM?2 iso-
form of the pyruvate kinase enzyme favours the
generation of lactate from pyruvate and diverts it
from entry in the TCA cycle [154]. In fact, the
TCA cycle is broken at two points in activated
macrophages, after citrate and after succinate,
leading to an accumulation of these metabolites
[150, 151, 155]. Citrate accumulates in activated
macrophages as a result of two major causes:
increased citrate synthase expression under these
conditions [151] and reduced citrate catabolism
by isocitrate dehydrogenase due to expression of
the Idhl gene encoding this enzyme, which is
downregulated after inflammatory activation
[150]. The concentration of succinate accumu-
lates as a result of other three phenomena. First,
glutamine-dependent anaplerosis generates suc-

cinate, whereby glutamine is used to generate
glutamate and subsequently a-KG in the TCA
cycle [156]. Second, succinate is generated
through the y-aminobutyric acid (GABA) shunt,
which involves transamination of «-KG by the
enzyme GABA a-oxoglutarate transaminase,
generating L-glutamic acid (L-GA). Glutamic
acid-decarboxylase catalyses the conversion of
L-GA to GABA, which is then converted to suc-
cinic semialdehyde, a source of succinate [155].
Third, expression of the immunoresponsive gene
I (Irgl) gene during inflammatory activation of
macrophages leads to conversion of cis-aconitate
(generated from citrate) to itaconate, a metabolite
that inhibits succinate dehydrogenase (SDH),
diminishing succinate catabolism and thereby
linking citrate and succinate accumulation [157].
The accumulation of these two metabolites is
essential for several effector functions of acti-
vated macrophages.

Citrate accumulation seems to be a key event
for the production of three important classes of
inflammatory mediators: prostaglandins, nitric
oxide (NO) and reactive oxygen species (ROS).
To achieve this goal, citrate must be transported
from mitochondria to the cytoplasm, and interest-
ingly, LPS induces expression of the mitochon-
drial citrate carrier (CIC) [158]. Citrate is used
for synthesis of phospholipids, which are a source
of the arachidonic acid precursor of prostaglan-
dins and other lipid mediators. Citrate can also
lead to NADPH generation via malic enzyme and
pyruvate. The generated NADPH is used by the
inducible nitric oxide synthase enzyme to
catalyse NO generation from arginine. Finally,
NADPH is also used by NADPH oxidase to pro-
duce ROS. Is important to note that NADPH can
also be generated by PPP, which is strongly
upregulated in activated macrophages [150].
Nevertheless, inhibition of CIC expression by
gene silencing decreases the production of NO,
ROS and prostaglandins [158], emphasizing how
a single TCA intermediate is involved in the pro-
duction of key inflammatory mediators.
Additionally, the generation of itaconate from
citrate improves the antibacterial activities of
macrophages because itaconate inhibits micro-
bial metabolism, affecting their viability [159].
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Succinate accumulation, on the other hand, is
a key event leading to enhanced IL-1p produc-
tion [155] and greater mitochondrial ROS pro-
duction by activated macrophages. Succinate
controls IL-1f production by enhancing the
activity of the transcription factor HIFla. HIF 1o
then directly induces expression of the IL-1p
gene because its promoter region contains
HIFla-binding sites [155]. Succinate oxidation
by SDH and enhanced mitochondrial membrane
potential favour ROS production [160].
Enhanced mitochondrial ROS production by
SDH amplifies IL-1p production [161]. Finally,
succinate may also act as an alarmin because it
can be released from inflammatory macrophages
and lead to autocrine and paracrine activation of
the GPR91 receptor, further increasing HIF1a-
induced IL-1p production [162]. GPR91 has also
been shown to drive leukocyte migration [163].
In conclusion, metabolic reprogramming of acti-
vated macrophages towards glycolysis and con-
sequent accumulation of the two cited TCA
cycle intermediates is a key event for the proper

effector function of macrophages during
inflammation.
5.3 Metabolic Reprogramming

in ECs

Much less is known about metabolic reprogram-
ming in ECs, especially in inflammatory con-
texts. However, there is now sufficient evidence
showing that ECs in hypoxic or pro-angiogenic
environments also adapt their metabolism to sus-
tain their effector functions in these conditions.
This phenomenon has been extensively revised
elsewhere [140, 143, 164]. Here we will summa-
rize the metabolic alterations documented in acti-
vated ECs that are potentially involved in their
responses to mediators or cells present in inflam-
matory environments.

In contrast to resting macrophages, quiescent
ECs (independently of the subtype) are highly
glycolytic [165]. Even in healthy quiescent vas-
culature with plenty of oxygen availability, ECs
show high rates of glycolysis, although the rates
of other metabolic pathways remain to be well

characterized [143]. ECs present a relatively low
mitochondrial content [166], and their glycolytic
rates are approximately 200-fold higher than
their OXPHOX activity [165, 167, 168].
Although the lower ATP yield per molecule, gly-
colysis might provide more ATP in a shorter
period of time than OXPHOX when available
glucose is unlimited and has the advantage of
shunting to glycolysis side branches (such as the
PPP) for macromolecule synthesis [152]. Other
advantages of glycolytic metabolism in ECs are
thought to be the reduction in OXPHOX-
generated ROS, diminishing oxidative stress, the
preservation of maximal amounts of oxygen for
use by perivascular cells, the adequate adapta-
tion of ECs to hypoxic environments during
angiogenesis, and the observed ability of the gly-
colytic by-product lactate to exert pro-angio-
genic activity [140].

Interestingly, EC activation by hypoxic or
angiogenic factors (such as VEGF) further
enhances glycolytic flux by upregulating
PFKFB3. Indeed, when PFKFB3 is silenced,
the levels of its product F-2,6-BP, are decreased,
leading to a reduction of the glycolytic flux by
approximately 35% [165]. Glycolytic interme-
diates are also shunted to PPP, which provide
the ribose units necessary for nucleotide syn-
thesis and generates NADPH, which is used for
the redox balance [152]. Decreasing the activity
of PPP by inhibiting the expression of its rate-
limiting enzyme glucose-6-phosphate dehydro-
genase (G6PD) reduces effector responses in
ECs activated by VEGF [169]. In addition to
ROS scavenging, NADPH generated by PPP is
involved in endothelial NOS (eNOS)-mediated
NO production, which is involved in vasodi-
lation [169] .

Another metabolic driver of NO production
in endothelial cells is the glycolytic transcrip-
tion factor HIFla. HIFla directly drives eNOS
transcription through binding to hypoxia-
responsive elements present in the promoter
region of the eNOS gene [170] and through
tax-responsive elements [171]. Hypoxia or
VEGF-activated ECs upregulate HIFla, fur-
ther increasing glycolytic metabolism [172,
173] and enhancing NO production, which
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leads to vasodilation [174], an important event
in the inflammatory milieu. Reduced shear
stress present in the vasodilated vasculature
also seems to regulate glycolytic metabolism
in ECs. Laminar shear stress elevates the
expression of Kruppel-like factor 2 (KLF2) in
ECs, downregulating glycolytic enzymes,
including PFKFB3 [175]. As the vasculature in
inflammatory sites is often subjected to a
reduction in blood flow, it is conceivable that

Citrate

these changes lead to enhanced PFKFB3
expression and glycolytic flux in ECs. Finally,
pro-inflammatory mediators also upregulate
glycolysis in ECs [176] and glycolysis further
promotes EC pro-inflammatory activity [177].
Therefore, glycolytic metabolism is further
induced in activated ECs and seems to be
involved in their inflammatory functions in a
manner similar to that observed in inflamma-
tion-activated macrophages (Fig. 3).

Endothelial cell

Glucose

Prostaglandins

Glucose

—
PPP pekrB3
T i

PKM2

Macrophage

Fig. 3 The metabolism of activated macrophages and
endothelial cells control their effector functions: Upon
activation by TLR ligands, such as LPS, macrophages
reprogramme their metabolism by enhancing glycolytic
activity and reducing OXPHOX. The series of glyco-
lytic reactions depends on glucose availability, which is
increased by GLUT1-mediated glucose uptake, and by
increased transcription of the glycolytic enzymes HK,
PFKFB3 and PKM2. Glycolysis also provides energy
and substrates for the PPP flux, which is important for
the redox balance. This metabolic shift leads to the
accumulation of TCA intermediates. Citrate accumula-
tion depends on reduced citrate catabolism in the TCA
cycle and increased citrate synthase activity. The citrate
carrier transports citrate to the cytoplasm where it is
used for lipid synthesis and prostaglandin production.
NADPH generation is important for NOS2-mediated
NO production and for NOX-mediated ROS generation.
Succinate accumulation is induced by reduced SDH
activity due to conversion mediated by the IRG1 enzyme

HK
PPP
Glucose  G6PD
Lactate s NO

“.s KLF2

of citrate to itaconate, which inhibits SDH activity.
Additionally, via a series of reactions, glutamine is con-
verted to succinate. Succinate accumulation leads to
mitochondrial ROS production, HIFla activation and
consequent IL-1f production, in addition to chemotaxis
mediated by the GPRI1 receptor. Endothelial cells are
usually glycolytic, but upon activation, this metabolism
is further enhanced. HIFla activation by hypoxia and
angiogenic factors, such as VEGF, fosters this glyco-
lytic programme, and the PFKFB3 enzyme is key for
glycolysis-mediated endothelial cell effector function.
In addition to energy, glycolytic metabolism favours
NO production and vasodilation due to PPP-generated
NADPH. Inhibition of PPP by targeting the enzyme
G6PD inhibits NO production. Pro-inflammatory medi-
ators, such as IL-1f, also foster glycolytic metabolism
in endothelial cells, and a reduced blood flow in inflam-
matory environments might promote glycolytic metabo-
lism by inhibiting KLF2-mediated suppression of
PFKFB3 transcription
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6 Autoinflammatory Diseases

Dysregulation of the innate immune system is
directly associated with the development of auto-
inflammatory diseases, such as disorders charac-
terized by recurrent episodes of fever, rash, and
swelling that affects different tissues, and are dis-
sociated with infectious and autoimmune compo-
nents (revised by [178]). The causative agents for
autoinflammatory diseases are diverse, including
those that present mutations of PRR platforms,
impaired cytokine signalling, and altered cell
metabolism. However, the development of sev-
eral of these diseases occurs due to gain-of-
function mutations in the inflammasome, causing
increased production and maturation of IL-1§
with consequent neutrophilia, which are potential
targets for effective therapies. Nonetheless, other
diseases share common features of autoinflam-
matory diseases despite the absence of point
mutations in the inflammasome/IL-1p axis,
including atherosclerosis, diabetes, gout, and
osteoporosis [178—180]. Here we list examples of
autoinflammatory disorders caused by mutated
inflammasome platforms.

One of the most common and well-known
autoinflammatory diseases is Familial Medi-
terranean Fever, which is an autosomal recessive
syndrome caused by mutations in alleles of the
MEFV (Mediterranean fever) gene encoding the
protein Pyrin [181]. Currently, more than 300
sequence variants have been described in the
MEFV gene [182]. Pyrin is a crucial molecule
that controls caspase-1 activation via the interac-
tion between molecules carrying a Pyrin domain
(PYD), such as ASC and some inflammasome
prototypes. Nonetheless, Pyrin can also be inter-
preted as a PRR since it can sense pathogens dur-
ing the innate immune response [183]. In FMF,
mutated Pyrin binds to ASC and causes caspase-1
activation with the consequent release of mature
IL-1p [184]. The inflammatory attacks in FMF
are self-limited, but recurrent attacks could lead
to chronic inflammation. There are different rec-
ommendations for FMF management, but colchi-
cine and IL-1p blockers are the most effective
options. By disrupting microtubule dynamics,
colchicine inhibits Pyrin-ASC aggregation and,

consequently, decreases IL-1p maturation and
release [185].

Some autoinflammatory diseases are associ-
ated with mutations in genes responsible for the
synthesis of inflammasome regulatory molecules.
For instance, a mutation in the actin regulatory
gene WDRI is characterized by periodic fever,
neutrophilia, and thrombocytopenia, associated
with high serum levels of IL-18 but not IL-1f
[186]. In this study performed in two girls born to
consanguineous parents, their monocyte-derived
dendritic cells and neutrophils produced high
levels of IL-18 under LPS stimulation, with no
alterations in IL-1f. Mechanistically, the authors
demonstrated a co-localization of the pyrin
inflammasome with mutant WDR1 aggregates,
culminating in caspase-1 activation [186]. Pre-
vious studies have shown that mice carrying a
hypomorphic allele of WdrlI present spontaneous
autoinflammatory syndrome and thrombocytope-
nia [187, 188]. The mechanisms responsible for
this murine disorder are similar to those identi-
fied in humans, although monocytes seemed to
be the most active cells in IL-18 release in
humans. In the murine model, the depletion of
monocytes in vivo or the inhibition of actin
polymerization prevented the development of
autoinflammatory-related symptoms [188].

Distinct autoinflammatory disorders result-
ing from a gain-of-function mutation in the
NLRP3 gene occur in cryopyrin-associated
periodic  syndromes (CAPS), comprising
familial cold autoinflammatory syndrome
(FCAS), Muckle-Wells syndrome (MWS) and
neonatal-onset multisystem inflammatory dis-
ease (NOMID) [189]. The increased levels of
tissue and serum IL-1f are associated with
cutaneous, neurological, ophthalmologic, and
rheumatologic manifestations of inflammation.
However, the continuous activation of mutated
NLPR3 in CAPS could result from poor control
of NLRP3 inhibition [190], as demonstrated by
the blockade of human NLRP3 activation due to
phosphorylation of ser295 in NLRP3 by prosta-
glandin E,-induced cAMP-PKA. Interestingly,
HEK293A cells transfected with plasmids
encoding NLRP3 mutations previously identi-
fied in CAPS patients adjacent to ser295 NLRP3
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lost the negative regulatory effect of PKA, keep-
ing the cells in an activated state [190]

Recently, a study demonstrated that adult-
onset Still disease (AOSD) patients had high lev-
els of the mRNA for NLRP3 in peripheral blood
mononuclear cells [191]. AOSD is a rare sys-
temic inflammatory disease that shares common
autoinflammatory disease symptoms, such as
fever, arthralgia (with or without synovitis), skin
rash, and striking leucocytosis with neutrophilia
[192]. Although that study did not investigate any
mutations in the NLRP3 gene in AOSD patients,
the authors also detected increased levels of cas-
pase-1, IL-1pB, and IL-18 in these patients com-
pared with healthy volunteers [191].

Mutations in the NLRP1 inflammasome are
associated with autoimmune diseases, such as
rheumatoid arthritis, type 1 diabetes, and sys-
temic lupus erythematosus [193—-195]. However,
arecent study identified a new autoinflammatory
disease in patients exhibiting a systemic juvenile
idiopathic arthritis phenotype. The authors iden-
tified a homozygous mutation in the NLRPI
gene in three patients from two unrelated fami-
lies that positively correlated with high levels of
caspase-1 and IL-18. Clinically, these patients
had recurrent fever, arthritis and dyskeratosis.
The authors named this disease NAIAD (NLRP1-
associated autoinflammation with arthritis and
dyskeratosis) [196]. Interestingly, the mecha-
nisms underlying this disease had been identified
previously. A gain-of-function mutation in the
N-terminal PYD of NLRPI is responsible for
self-oligomerization and activation of NLRPI1,
which is highly expressed in skin, promoting an
increase in the release of IL-1p by keratinocytes
that leads to skin inflammation and epidermal
hyperplasia [197].

More recently, gain-of-function mutations in
the NLRC4 gene have also been associated with
autoinflammatory disorders. A mutation in the
nucleotide-binding domain of the NLRC4 inflam-
masome is associated to early-onset recurrent
fever flares and macrophage activation syndrome
(MAS). This phenotype was observed in a single
patient who presented spontaneous inflamma-
some assembly with IL-1p and IL-18 overpro-
duction and increased macrophage pyroptosis

[198]. Similarly, a distinct NLRC4 point mutation
was detected in a family with neonatal-onset
enterocolitis, periodic fever, and fatal or near-
fatal autoinflammatory attack. In this second
report, overstimulation of macrophages was also
observed, releasing excessive amounts of IL-1
and IL-18 associated with pyroptosis [199]. In
addition [200], identified a heterozygous NLRC4
mutation in a patient diagnosed with NOMID. As
mentioned previously, NOMID is an autoinflam-
matory disorder associated with NLPR3 muta-
tions. However, not all NOMID patients present
the NLPR3 mutation [201]. In that study, exome
sequencing of the patient revealed somatic mosa-
icism (the occurrence of two genetically distinct
populations of cells within an individual, derived
from a postzygotic mutation [202]) of a novel
NLRC4 mutation. Interestingly, knockout of the
NLRC4 locus in a mutant-induced pluripotent
stem cell clone using CRISPR/Cas9 technology
abrogated the excessive IL-1f and IL-18 secre-
tion by these cells [200].

The use of next-generation sequencing (NGS)
technology has been fundamental for the discov-
ery of different mutations in genes related to
autoinflammatory disorders, improving diagnosis
and directing the best options for disease man-
agement. The most frequently inflammasomopa-
thies can be effectively treated using anti-IL-1
therapies [203-205]. However, in autoinflamma-
tory diseases characterized by increased levels of
IL-18, including those with gain-of-function
mutations in the NLRC4 gene, therapy based on
recombinant IL-18 binding protein could be the
best option [206].

7 Concluding Remarks

Recent knowledge regarding the function of cells
and molecules associated with the innate immune
response have substantially contributed to unrav-
elling important mechanisms in inflammatory
diseases. ECs are very active during the initial
events of inflammation by expressing receptors
that are classically associated with the innate
immune response, enabling them to recognize
different exogenous and endogenous molecules.
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This recognition modifies their metabolism, pro-
moting the synthesis of pro-inflammatory mole-
cules, and changes their conformational state,
establishing tissue inflammation. Nonetheless,
altered cellular metabolism and the function of
innate immune receptors, mainly on leukocytes,
can trigger the development of innate immune-
associated autoinflammatory diseases. Thus,
attention should be focused on the function of
innate immune elements in regard to endothelial
cells and leukocytes during the course of inflam-
matory diseases, which will facilitate the devel-
opment of novel and proper anti-inflammatory
therapies.
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Abstract

Respiratory immunity is responsible for
pathogen elimination and prevention of
chronic inflammation through both innate and
adaptive mechanisms. Inappropriate activation
of these immune systems in the respiratory
mucosa results in chronic inflammatory
airways disease such as asthma. Adaptive
immunity is stimulated for example by
allergen exposure that activates T and B
Ilymphocytes leading to IgE production and
influx of eosinophilic granulocytes into the
airways. Presence of IgE and eosinophilia are
diagnostic hallmarks as well as key pathogenic
components that have been utilized in the
search for improved therapies of allergic
asthma for the past several decades. The recent
breakthroughs in  successful  clinical
application of biologicals in asthma were
driven by improved genetic, biochemical, and
immunological screening methods, novel
imaging and bioinformatics technology,
biomarker discovery and abetter understanding
of immune regulation of allergic airway
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inflammation. In this chapter we discuss our
current understanding of immune regulation
of airway inflammation in asthma, with a spe-
cial focus on the interactions between the
adaptive and innate immune systems and the
epithelial mucosal tissue.

Keywords
Asthma - Epithelial cells - Immune homeosta-
sis - Pattern recognition - Host defense

1 Introduction

The history of discovering the importance of the
adaptive immune regulation of asthma started
with John Bostock’s description of hay fever as
being an allergic disease affecting the upper air-
ways, in 1819 [1]. It took almost a century how-
ever to realize that cellular/humoral immune
pathways are involved in development of the
allergic condition. In 1906, Clemens von Pirquet
first described the ‘hypersensitivity’ symptoms
that some of his diphtheria patients developed
when treated with a horse serum antitoxin, and he
coined the term ‘allergy ‘(From the Greek allos =
“other” + ergon = “work”™) [2, 3]. Unfortunately,
because anaphylaxis was already introduced as a
medical term by Besredka [4], Von Pirquet’s con-
cepts didn’t gain wide acceptance during his life-
time. Nonetheless, between 1911 and 1914
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Leonard Noon and John Freeman were able to
establish the foundations for clinical allergy
treatment by immunotherapy or “allergy shots”
on an empirical basis [4]. It took another fifty
years until a new immunoglobulin isotype, (IgX)
was discovered by Johansson and Bennich [5]
(1967) and identified by Kimishige and Teruko
Ishizaka (at the National Jewish Center in
Denver) as the principal molecular mediator of
the allergic reaction, and was then named
IgE. How allergic responses are regulated at the
cellular level, however, was still unclear. In 1986
Tim Mosmann & Bob Coffman observed that the
“T-cell growth factor 2” (IL-4) producing T cell
clones were the same that helped IgE production
by B lymphocytes, but different from the IFN-y
producing clones and they published the
“Th1-Th2 hypothesis” [6]. In the early 1990s, A
Barry Kay’s laboratory in London established
that atopic asthma is associated with activation of
Th2 cells, characterized by IL-4 and IL-5 but not
IFN-y release [7]. IL-4 and IL-5 are cytokines
essential for IgE synthesis and tissue eosinophilia,
respectively. Discovering the central importance
of T cells in asthma pathogenesis explained the
phenomenal success achieved in its treatment by
the introduction of glucocorticosteroids (by
Philip Hench and Edward Kendall, in 1948).
Chronic glucocorticosteroid (steroid) treatment
of asthmatic patients, however, came with the
price of severe metabolic and immune side
effects, including global immunosuppression [8].
In addition, while steroids have been effective in
general and became the mainstay of treatment, a
significant proportion of asthmatics remained
unresponsive to treatment (steroid resistant) [9—
13]. Alternative approaches, therefore, had to be
found. Further advances in selective targeting of
the adaptive/allergic immune response were
made possible by the ability to synthesize
biologicals (monoclonal antibodies, 1975),
awarded by the 1984 Nobel prize to Kohler &
Milstein. In 2003 for adults and last year also for
children above 11 years of age, the Food and
Drug  Administration  (FDA)  approved
Omalizumab (Xolair; Genentech/Roche and
Novartis), a non-anaphylactogenic monoclonal
antibody against IgE for the treatment of asthma.

This was followed by approval of an anti-IL-5
monoclonal antibody, Mepolizumab (Nucala,
GSK), in 2014, and the anti-IL-5R antibody
Benralizumab (Fasenra, Medlmmune), the anti-
IL-4R antibody Dupilumab (Regeneron, Sanofi)
just last year, in 2017. The significance of a
monoclonal antibody-based treatment lies in the
capability to specifically target the major
pathogenic mechanisms (IgE production and
eosinophilic  airway inflammation), while
preserving the rest of the functions of the immune
system. This long-awaited introduction of
selective biologicals to the clinic represents a
significant breakthrough in asthma treatment that
was (and continues to be) driven by better
understanding of how the antigen-driven T cell-
dependent immune response (adaptive immunity)
is involved in regulation of asthma. T cells
normally function to eliminate infections by
certain pathogens and to activate B lymphocytes
and innate immune cells. Adaptive immunity is
based on the unique function of T cells to
recognize antigens (through their T-cell receptor)
presented by MHC bearing antigen presenting
cells (APCs) and respond in an antigen-specific
manner. Class II MHC molecules display
antigenic peptides derived from extracellular
proteins while class I MHC molecules present
peptides from cytosolic proteins to CD4 and CDS8
expressing T cells, respectively. Allergy develops
because of altered T cell responses to otherwise
innocuous environmental-derived antigens.

2 How Do Antigens Become
Allergens?

Allergens are diverse materials and can be defined
according to their chemical structures, by their
origins and by the route of exposure (Table 1)
[14, 15]. Generally, they have a low molecular
weight, are highly soluble, often carry
carbohydrate side chains and have various
enzymatic activities.

How do antigens become allergens is not well
understood [15, 17] but the presence of “danger”
signals, a compromised physical barrier [18, 19]
and cooperation between structural components
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of mucosal organs (or skin) and immune cells
through released mediators and physical
interactions are thought to be important in driving
this process [20-33]. Involvement of innate
(Iymphoid cells/macrophages/dendritic) cells
and epithelial cells in allergic (Th2 type)
responses are also essential [34—37].

2.1 How Allergens Are Sensed?
Differential recognition of allergen molecular
patterns by the adaptive immune system is
dependent on a prior sensitization process and a
complex antigen presentation between antigen
presenting cells and antigen-specific T lympho-
cytes. Antigen-specific (cognate) activation of
T and B cells is a prerequisite of the adaptive
immune response.

Allergens can function as adjuvants shaping
their own immune response. Innate recognition
of allergens is mediated by constitutively active
pattern-recognition through a range of receptors
(PRRs) in epithelial and immune cells of the
barrier surfaces. PRRs can be surface bound,
such as the toll-like receptors (TLRs) or C-type
lectin receptors (CLRs); cytoplasmic, such as the
nucleotide-binding  oligomerization = domain
protein (NOD)-like receptors (NLRs) or the RNA
helicases (RIG-like receptors [RLRs]) [38—42].
PRRs can also be soluble such as the pentraxins,
mucins, and the initiator molecules of the
complement system, Clq, collectins and ficolins
[43, 44]. A recently described secreted pathogen
sensor is PLUNC (Palate, Lung, Nasal Epithelium
Clone), an abundant secretory product of epithelia
present throughout the conducting airways of
humans and other mammals. PLUNC is
evolutionarily related to the lipid transfer/
lipopolysaccharide binding protein (LT/LBP)
family [45].

PRRs specifically recognize conserved motifs
called pathogen-associated molecular patterns
(PAMPs) and newly discovered self-derived
molecules after cell damage or death, through
damage-associated molecular pattern (DAMP)

recognition. DAMPs have recently emerged as
important proinflammatory mediators in chronic
allergic airway inflammation and include S100
proteins, the high mobility group box 1 (HMGBI1)
protein, actin filaments, extracellular ATP,
glucose, monosodium urate (MSU) crystals and
calcium pyrophosphate dihydrate (CPPD).
Intratracheal administration of house dust mite
(HDM) to mice induced the production of uric
acid by epithelial cells and promoted Th2
sensitization by amplifying production of IL-25,
IL-33, and TSLP. Uricase treatment reduced
allergic inflammation and airway hyperres-
ponsiveness [46]. Epithelial injury after fungal
airway exposure resulted in the release of
ATP, acute extracellular accumulation of which
induced IL-33 and subsequent Th2 response [47].
Thus, DAMPs produced by epithelial cells can
promote initiation and persistence of allergic
inflammation. DAMPs are recognized by NOD-
like receptors (NLRs) [48]. NLRs can also
recognize alum, cholesterol, environmental
irritants, silica and asbestos [49]. A subset of
NLRs (NLRPI, NLRP3 and NLRC4) can
assemble and oligomerize into a common
structure (inflammasome) that activates the
caspase-1 cascade leading to production of IL-1
and IL-18, thereby initiating the inflammatory
response.

C-type Lectins (CLRs) form a large family of
receptors that bind to carbohydrates in a calcium-
dependent manner through conserved carbohy-
drate-recognition domains. CLRs include type I
(DEC 205, MMR) and type II (dectin-1, 2,
Mincle, DC-SIGN, DNGR-I) membrane mole-
cules [50-53]. Soluble CLRs are the collectins
(SP-A, SP-D and MBL) that participate in aller-
gen opsonization and suppression of inflamma-
tory cell activation.

Allergens can also have protease activities.
Extracellular serine, aspartic, and metallopro-
teases (components of many airborne pathogens
and allergens [54-56]) and novel membrane-
associated proteases, such as yapsins and ADAMs
[57, 58], can induce Th2 inflammatory responses
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by altering the permeability of epithelial barrier
(disrupting the epithelial tight junctions [21]) and
allowing allergens to cross and interact with
mucosal dendritic cells [59]. Proteolytic enzymes
contribute to inflammation through interactions
with the kinin system [60] as well as the
coagulation and fibrinolytic systems [61] and the
complement cascade [62—-64]. Proteases can also
induce proinflammatory cytokines through
protease-activated receptors (PARs) [57]. PARs
are identified on immune, inflammatory and
structural cells. Specifically, epithelial cells
express PAR-1 and PAR-2 receptors, the more
prominent of the four identified protease-
activated receptor molecules. The mechanisms
by which the seven transmembrane G-protein
coupled protease receptors interact with proteases
involve cleavage of the N-terminal region
exposing a cryptic “receptor activating sequence”.
If the cleaved region includes the receptor
activating sequence, the receptor becomes
inactivated. Thus, proteases may activate or
inactivate PARs depending on the proteolytic
cleavage site [65]. Because its major activator is
thrombin, PAR-1 links the coagulation and
inflammatory  cascades. PAR-1  mediates
production of protein C, an anti-inflammatory/
cytoprotective molecule. The PAR-1/protein C
pathway is impaired in asthmatic patients and in
mouse models of allergic airway sensitization
[61]. PAR-2 is activated by trypsin, mast cell
tryptase, leukocyte proteinase-3, bacterial
enzymes and a wide variety of cockroach [66],
mold and mite [67] allergens that exhibit serine
protease activity. A number of studies in animals
suggested that PAR-2 activation plays a
proinflammatory role in asthma [67-71]. A
protective role of PAR-2 activation was also
suggested using a PAR-2 activated peptide in
allergen-challenged rabbits [72]. Of note, pollen
grains with distinct allergenic abilities can also
release proteases. These, however, work by
attacking the epithelial tight junctions and
facilitating allergen delivery across the epithelium
(Fig. 1) [54].

TLR Activation is critical not only to detect
pathogens in the epithelia but also to regulate Th2
cell responses induced by inhaled allergens as well
[29, 73-80]. Activation of TLRs by allergens has
been implicated in allergic sensitization and experi-
mental evidence demonstrates an increase in aller-
gen-induced asthma severity after exposure to LPS
[81]. Interestingly, Derp2 allergen of the HDM
showed structural homology with the LPS-binding
protein MD-2 (TLR4 associated adaptor protein).
Derp2 acted on structural cells to increase produc-
tion of Th2-inducing cytokines, such as thymic
stromal lymphopoietin (TSLP), IL-33, IL-25 and
GM-CSEF, all closely associated with the develop-
ment and pathogenesis of allergic inflammation
[77, 82]. Under conditions of low LPS exposure,
Derp2 interaction facilitated LPS signaling through
TLR4 in the absence of MD-2 and shifted the
immune response towards a Th2 type [75].
Allergens may also trigger synergistic effects
between PAR-2 and TLR signaling in the epithelial
cells [70], mounting Th2 responses and allergic air-
way inflammation through the release of Th2-
inducing cytokines. Lastly, a recent paper indicated
that innate immunity of the upper and lower air-
ways was distinctive, because HDM-derived beta-
glucans, rather than LPS, activated innate immunity
in the nasal mucosa dependent on TLR2, but not on
TLR4. In contrast, the LPS/TLR4 signaling axis,
rather than beta-glucans/TLR2, was critical to
HDM-induced allergic asthma in mice. Thus, dif-
ferential TLR activation on airway epithelial cells
may be responsible in determining the nature of
innate immune response of the nose and lungs,
leading to allergic inflammation of the upper or
lower respiratory tract, respectively [83].

Role of Viruses in allergic airway inflamma-
tion: Epithelial cells are the primary target and
residence for respiratory viruses such as the
human rhinoviruses (HRV), respiratory syncytial
virus (RSV) and influenza A virus. In fact, there
is considerable evidence that viral respiratory
infections and respiratory allergies are the two
most significant risk factors for the onset of
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Fig. 1 Cell associated innate immune receptors: PAMPs
(pathogen-associated molecular patterns) and DAMPs
(damage-associated molecular patterns) are recognized
by PRRs (pattern recognition receptors). The receptor
families listed here are relevant to allergen-induced
inflammation because they bind pathogens that have a

asthma in children and exacerbations of asthma
in adults [84, 85]. Respiratory virus infection
occurs mainly through receptor-mediated
endocytosis. In case of influenza A virus
infection, epithelial mediated asthma exacer-
bations could be due to a damage to epithelial
cells and production of inflammatory mediators
[86, 87] or activation of innate immune effector
and inflammatory cells [88]. Influenza A virus
attacks epithelial cells via hemagglutinin that
recognizes sialic acid (N-acetyl neuraminic acid)
bound to underlying sugars on the tips of the cell
glycoproteins [87]. RSV and HRV receptors on
the other hand include a number of shared
putative molecules such as intercellular adhe-
sion molecule (ICAM)-1 and TLRs. Heparin,
annexin II, and fractalkine (CX3CL1) receptor,
CX3CRI1 additionally were shown to mediate
some of the biological functions of RSV, that
now also has a newly discovered selective recep-
tor, nucleolin [reviewed by [89]]. HRV infection
is the most common cause of asthma exacerba-
tion. The majority of HRV-A and -B strains bind
to ICAM-1 (CD54) and only the minority
(approximately 10%) of the HRV-A binds to
members of the LDL receptor family. HRV
upregulates its own receptor, ICAM-1 on epi-
thelial cells in an NF-kB-dependent manner [90,
91] and causes production of inflammatory
mediators and loss of glucocorticoid respon-
siveness [92].

modulating role in the inflammatory changes. The
Protease associated receptors (PARs), Toll-like receptors
(TLRs), C-type lectin receptors (CLRs), can also directly
bind allergens. Antibody binding receptors (not listed
here) are part of the adaptive immune response

In chronic airway inflammation, there is also
evidence for a role of membrane-bound and
cytoplasmic RNA sensing molecules, such as
TLR3 and TLR7/8 [93], that are localized to
endosomal and plasma membranes and bind
double-stranded and single-stranded RNA,
respectively. Activation of TLR3 leads to
induction of the RNA helicases (RIG-like
receptors [RLRs] and melanoma-differentiation-
associated gene 5 [MDA-5]). All three of these
(TLR3, RIG-1 and MDA-5) cooperate in the
upregulation of innate interferon (IFN) responses
to HRV infection [94]. In asthma the early TLR3
signaling is defective, leading to inadequate
IFN-B and IFN-A responses that account for the
impaired viral clearance and consequent epithe-
lial damage in this disease [95]. Viral infections
with single- or double-stranded RNA can induce
NLRP3 activation and IL-25, 1L-33, and TSLP
release by epithelial cells in vitro and in vivo,
mediating Th2-type airway inflammation.
Indeed, infection of mice with influenza virus
induces IL-33 release from alveolar macro-
phages, resulting in the production of IL-13 by
group 2 innate lymphoid cells [88, 96].

Expression of IL-25,I1.-33, and TSLP through
innate immune signaling is critical to drive the
Th2 response. These cytokines are initially
produced by epithelium at the mucosal surfaces
inresponse to challenges but they are subsequently



Adaptive Immunity of Airway Inflammation in Asthma

63

amplified by other tissue-resident and immune
cells during inflammatory responses. In recent
years, the roles for IL-25, IL-33, and TSLP in
Th2 type airway inflammation have been
extensively studied in a variety of experimental
models and in human systems. These studies
consistently find potent activities of these
cytokines to induce and amplify Th2 type
immune responses [reviewed in [97]]. Transgenic
overexpression of these cytokines induces Th2
cytokine expression in  tissues, airway
eosinophilia, increased release of IgE antibodies
and Th2 cytokines into the serum, mucus
overproduction, with goblet cell hyperplasia,
airway thickening, and airway
hyperresponsiveness, all consistent with human
asthma [98-100]. Such cytokine-induced
pathological airway changes are also apparent in
mice deficient in the Rag gene, emphasizing the
significance of innate immune cells in initiating
the allergic immune responses [101].

Chemokine and Cytokine Release also plays
an important role in driving Th2-type immune
responses. Following allergen challenge, CCL17
and CCL22 mediate migration of Th2 and den-
dritic cells to the airways by interacting with their
common receptor, CCR4 [78, 102]. CCL20 (the
only chemokine that ligates CCRO6) is also impor-
tant in attracting T cells and dendritic cells to the
epithelial area of the respiratory tract [77].
Autocrine cytokine stimulation of residential
cells in the airways amplifies the initial PRR-
induced proinflammatory gene activation. For
example, in the early stages during allergen-
induced airway inflammation, IL-17 can upregu-
late release of the CXCR2 ligands, CXCLI,
CXCL6 and CXCLS8 as well as GM-CSF and
G-CSF. It can also induce release of CCL20 and
B-defensins, both of which act on CCR6 to attract
dendritic cells and memory T cells [103]. IL-17
can also act synergistically with viral infection or
other proinflammatory cytokines such as TNF-a
and IL-1P to enhance inflammatory responses
[104]. Transgenic expression of IL-17 in airway
epithelial cells induced airway eosinophil and
lymphocyte infiltration and structural changes

with mucus metaplasia [105]. Mice deficient for
the IL-17 receptor are protected from allergen-
induced airway inflammation, and in humans,
asthmatic subjects have higher levels of BAL and
sputum IL-17 [106—108]. Importantly, after ces-
sation of allergen exposure, the timely resolution
of allergic airway responses is also governed by
regulation of the Th17 pathway.

Genetic and Epigenetic Influences Genome-
wide association studies (GWAS) and meta-
analyses of GWAS discovered new asthma
susceptibility genes including ILIRLI1/IL18RI
[109], IL-33, ORMDL3/GSDMB, SMAD3
[110], and TSLP [111]. Associations with varia-
tion in the genes encoding ILIRL1/IL18RI1 (the
IL-33 receptor ST2), IL-33, SMAD3, and TSLP
indicated the importance of both innate immune
response promoting Th2 pathways (atopy) and
asthma. On the other hand, variation at the 17q21
asthma locus, encoding the ORMDL3 and
GSDML genes were specifically associated with
risk for epithelial remodeling and childhood-
onset asthma but not IgE [112]. Recent technical
advances facilitated assessment of the effect of
epigenetic modifications on development of
allergic airways changes. Epigenetic changes
include post-translational modifications of his-
tones and chromatin remodeling, DNA methy-
lation or mRNA regulation through small
noncoding RNAs, including microRNAs (miR-
NAs) that interfere with translation [reviewed in
[113]]. Epigenetic regulation can affect the pro-
moter region or the gene itself. It can result in
gene silencing or aberrant expression. Epigenetic
alterations can be carried over in the genes
through meiosis, therefore specific periods in life
such as in utero, during childhood or adolescence
are highly susceptible to these influences.
Environmental factors such as air pollution [114],
psychosocial stress [115], cigarette smoke expo-
sure, nutrition/obesity [116], can all alter the
epigenome that can in turn influence T cell phe-
notype and affect the development of asthma
[113]. For example, methylation array data in
clinic visits of 141 subjects from the Normative
Aging Study found that exposures to black
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carbon and sulfate were significantly associated
with the gene methylation pattern in the asthma
pathway [114]. In a study of the gene
ADCYAPIRI in Puerto Rican children 9 years
and older, exposure to violence was associated
with promoter methylation and increased odds of
asthma [115]. DNA methylation in the
Neuropeptide S Receptor 1 (NPSR1) promoter
was also found to be significantly linked with
cigarette smoking and obesity in relation to
asthma [116].

3 Cellular Interactions
with T-cells Driving Th2-type
Inflammatory Response
in Asthma

Dendritic Cells were named after their mem-
brane projections resembling the dendrites of
neurons. There are two major classes of these
cells, Classical (or conventional) and
Plasmacytoid. Conventional dendritic cells are
originated from myeloid (bone marrow-derived)
precursors. Similarly to tissue macrophages,
dendritic cells constantly sample the environment
in which they reside and capture tissue antigens,
migrate to the draining lymph nodes while
becoming activated, upregulate costimulatory
molecules, produce inflammatory cytokines, and
initiate adaptive T cell responses. Classical
dendritic cells may be divided into two major
subsets: (1) BDCA-1/CDlc (in humans) or
CD11b (in mice), is most potent at driving CD4*T
cell responses and (2) BDCA-3 (in humans or in
mice), CD§ in lymphoid tissues or CD103 in
peripheral tissues, is an efficient cross-presenter
(described later in this chapter). Some dendritic
cells may be derived from monocytes, especially
in situations of inflammation (Fig. 2).

Plasmacytoid dendritic cells (looking like plasma
cells) are poorly phagocytic and do not sample
environmental antigens. They secrete large
amounts of type I interferons and in viral
infections, present antigens to virus-specific T
cells [117]. Activation of selective TLRs on
epithelial cells enhances dendritic cell motility

and antigen sampling through the production of
Th2-promoting chemokines CCL17 and CCL22
[78]. Recruitment and local survival of dendritic
cells is mediated by CCL20 (a ligand for CCR6
present on immature dendritic cells) and
GM-CSF, respectively [32, 80, 118, 119].
Recruitment of dendritic cells to the airways is
essential in the adaptive B, T and NK cell-
mediated immune responses important in defense
against infection by viruses and bacteria and in
allergen-driven inflammation of the airways
[120, 121]. The nature of the immune response
that occurs after dendritic cell exposure to
antigens is determined by the state of dendritic
cell activation and the context in which they
present antigen to T cells, i.e. the level and type
of co-stimulatory molecules and cytokine pattern
expressed by the dendritic cells. TSLP can
directly activate dendritic cells to prime naive
CD4+ T cells to differentiate into proinflammatory
Th2 cells that secrete 1L-4, IL-5, IL-13 and TNF,
but not IL-10; it can also stimulate the expression
of the prostaglandin D2 receptor CRTH2 [122-
124]. The process by which this polarization
occurs involves the induction of the Th2-cell
associated co-stimulatory molecule OX40L
(Tumor necrosis factor receptor superfamily,
member 4) by dendritic cells [125]. The
polarization of Th2 cells induced by TSLP-
matured dendritic cells is further enhanced by
IL-25 [126].

Macrophages have a central role in the mainte-
nance of immunological homeostasis and host
defense in the lung. They can be classified
depending on their localization as “alveolar” vs.
“interstitial”; depending on their origin as
“migratory vs. residential” and depending on
their function as “M1 vs. M2” (or “classically
activated” vs. “alternatively activated”) [127,
128]. Dependending on the activating stimulus
received, M2 macrophages can be further
subdivided into M2a (after exposure to IL-4 or
IL-13), M2b (in response to immune complexes
in combination with IL-1p or LPS), M2c (IL-10,
TGFp or glucocorticoids), and M2d (induced by
TLR agonists through the adenosine receptor)
[129, 130]. Depending on their differential
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Fig.2 Dendritic cells and initiation of adaptive immunity
of airway inflammation. Classical dendritic cells have the
ability to either enter the air spaces or to extend their
dendrites out and sample the environment and capture
tissue antigens. Upon antigen uptake, dendritic cells
mature and express CCR7. This chemokine receptor is
ligated by CCL19 or CCL21 that are produced by

expression of mediators, M2 cell subclasses can
support allergic airway inflammation; help
resolution of airway changes through a heightened
phagocytic capability; facilitate remodeling; and
provide immunosuppressive activities. During
the allergic airway response, bone marrow-
derived monocytes migrate through the
circulation and differentiate under the effects of
locally released cytokines, chemokines, and other
inflammatory mediators. These local factors are
important in the priming and skewing of these
cells into “alternatively activated” macrophages,
a proinflammatory Th2-type subclass of M2
macrophages [131]. The “classically activated”
M1 macrophage phenotype promotes Thl-type
inflammation [132]. In Th2-type allergic asthma,
the M2 macrophage phenotype is stimulated by
the absence of IFNy signaling to the M1/Thl
pathway [132]. Indeed, in three different mouse
models of allergic inflammation, the M2
macrophage phenotype was predominant in
severe asthma [133]. The M2 phenotype can be
induced by IL-33 in alveolar and polarized
macrophages [134, 135]. M2 macrophages

endothelial cells of the lymphatic vessels in increasing
concentrations towards the lymph nodes. While becoming
activated, dendritic cells upregulate costimulatory
molecules, produce inflammatory cytokines, and initiate
adaptive T cell responses in the paracortex. T helper cells
then become follicular helper cells (Tth), migrate to the B
cell follicle and help allergen specific B cells in class
switch recombination and IgE production

express CD206 (mannose-binding receptor, MR)
and promote the adaptive allergic immune
response through a unique mediator profile,
including IL-4, IL-5, IL-10, IL-13 and IL-33,
CCL17, CCL18, CCL22, CCL24, HO-I1,
Arginase 1, chitinase-like Ym1, and Fizz1 (found
in inflammatory zone-1) [133, 136-138].

Innate Lymphoid Cells In 2010, three indepen-
dent groups identified a novel innate immune cell
type that following alarmin cytokine (IL-33,
IL-25, TSLP) activation, was an early producer
of IL-5 and IL-13 during allergic inflammation
[139]. These cells have since been named group 2
innate lymphoid cells (ILC2s). In mouse models,
ILC2s were demonstrated to play an essential
role in parasitic diseases and in allergic asthma,
producing levels of IL-5 and IL-13 that resem-
bled those derived from Th2 cells [140-145].
Subsequent investigations provided the first
direct evidence that in response to IL-25 and
IL-33, these cells mediated airway inflammation
by secreting Th2 cytokines [146, 147]. A patho-
genic role of ILC2s was shown in nasal polyps of
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patients with chronic rhinosinusitis and in severe
asthmatics with high levels of eosinophils present
in the airways [147, 148]. Studies from our labo-
ratory and many others used mouse models to
demonstrate that ILC2s are required for Th2-type
inflammation [147, 149-151] and allergen-
induced airway hyperresponsiveness [152].
These findings indicate that as an innate counter-
part to Th2 cells, ILC2s can significantly shape
Th2-type immunity.

Eosinophils are the major effector cells in aller-
gic asthma, contributing to airway hyperrespon-
siveness. As such, targeting and preventing these
cells from migrating to the airways has been the
focus for asthma therapeutics for some time
[153]. Epithelial cells infected with RSV produce
eotaxin and RANTES, major chemoattractants
for eosinophils [154]. TSLP and IL-33 directly
activate eosinophils, increasing their survival and
inducing superoxide anion and CXCLS8 produc-
tion [155]. IL-25 induces production of IL-6,
CCL2, CCL3, and CXCLS in human eosinophils
[156]. As a positive feedback, eosinophil-derived
cationic proteins can activate epithelial cells to
produce growth factors, matrix metalloprotein-
ases (MMPs), and other factors involved in air-
way remodeling processes [157].

Neutrophils are the earliest cells to migrate into
damaged or infected tissues, usually recruited by
CXCL8 and CXCL1-3, chemokines released
from residential cells at the site of inflammation
[158, 159]. Growth factors, including G-CSF and
GM-CSF, are induced by allergens and IL-17
[160, 161]. GM-CSF expression activates and
promotes the survival of many inflammatory cell
types and is enhanced in patients with allergic
rhinitis and asthma [162]. Granulocytes in turn
can also alter host defense functions. Neutrophil
elastase can induce expression of CXCLS,
mucins, and epithelial anti-microbial substances,
such as secretory leukocyte peptidase inhibitor,
and human p-defensin 2, providing a self-
amplifying defense mechanism [163, 164].
Neutrophil elastase also increased the biological

activity of IL-33 [165]. In turn, IL-33 enhanced
neutrophil migration in sepsis and psoriasis by
upregulating CCR2 expression [166, 167]. While
eosinophils are thought to be the main culprit in
allergic asthma, more severe forms of disease are
associated with chronic neutrophil accumulation
in the airways [168]. During acute exacerbations,
neutrophils are also found in significant numbers
in the airways, suggesting their importance in air-
flow obstruction [169]. Because of their apparent
importance in acute exacerbations and severe,
chronic disease, understanding the early and late
mechanisms that drive their recruitment to the
airways is an important future research
direction.

Mast Cell infiltration of the airways mucosal
tissue is considered a hallmark of asthma [170].
Mast cells express TSLP receptor and respond to
TSLP by producing high levels of cytokines
including IL-5, IL-6, IL-13, GM-CSF, CCL-1
and CXCL8 without degranulation [171]. IL-33
also stimulates mast cells to produce Th2 proin-
flammatory cytokines and chemokines and
enhances their maturation and survival [172,
173]. These new findings suggest that mast cells
are a non-T-cell-dependent mechanism for initi-
ating and maintaining Th2 inflammation in aller-
gic asthma. Histamine released within minutes
from activated mast cells in turn can promote
proinflammatory responses and promote airway
smooth muscle constriction, impairing breathing
[174]. Current research trends seek to understand
how T-cell-mast cell crosstalk is skewed towards
proinflammatory Th2 responses in allergic
asthma, while preventing mast cell activation is
an appealing therapeutic target.

Basophils are activated by epithelial-derived
TSLP and IL-33, while IL-3 is critical for their
development and activation [175]. Upon stimula-
tion with IL-33, basophils produce proinflamma-
tory cytokines including IL-1, IL-4, IL-5, IL-6,
IL-8, IL-13, and GM-CSF and chemokines
RANTES, CCL2, CCL3, and CCL4 [176]. IL-33
and TSLP can also induce basophil expansion
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and their differentiation from the bone marrow
[177-179]. Functionally, several reports pointed
toward an important role for basophils in provid-
ing an early source of polarizing IL-4 to enhance
Th2 development [73]. In human patients that
died from asthma, basophils were highly enriched
in lung tissue [180]. Overall, the significance of
basophil-derived inflammatory mediators is
poorly understood.

Natural Killer T Cells that express the IL-17RB
(receptor for IL-25) and predominantly produce
IL-13 and chemokines upon stimulation with
IL-25 were implicated in AHR and airway
inflammation induced by airway administration
of lipid antigens or bacterial glycolipids [181,
182]. Invariant NKT cell responses to ambient
antigens promote sensitization to conventional
respiratory allergens [183]. NKT cells acted as an
adjuvant to enhance Th2-type inflammation and
allergic airway inflammation in asthmatic mice
[184]. In nonhuman primates, o-galactosyl-
ceramide exposure (that directly activated NKT
cells) induced AHR in monkeys not sensitized to
an allergen, suggesting that NKT cells impact
lung function even in naive animals [185]. Both
increased and decreased numbers of NKT cells
have been observed in human patients with
asthma, so their pathogenic role in allergic
asthma is still highly debated [186, 187].

B cells B cells have been demonstrated to play a
critical role in allergic asthma, particularly when
the amount of allergen is low, by their ability to
uptake and present antigen on MHC II, similarly
to dendritic cells. In the germinal center of the
lymph nodes, B cells undergo rapid clonal expan-
sion (proliferation) and express the genome
mutator enzyme activation-induced cytidine
deaminase (AID). AID is indispensable for two
key GC processes, somatic hypermutation (SHM)
and class-switch recombination (CSR) [188].
SHM introduces non-templated mutations in the
immunoglobulin (Ig) variable region, changing
the antibody’s affinity for antigen [reviewed in
[189]]. CSR alters the antibody effector functions

by recombination of the variable region (linked
initially to the p and & heavy chain exons, encod-
ing IgM and IgD, respectively) with one of the
downstream constant region genes of the a, y or €
isotypes, encoding IgA, IgG and IgE. Each anti-
body isotype initiates different downstream
immune reactions and thus adapts the response to
the nature of the challenge faced. Together these
processes shape the antibody response, produc-
ing germinal center B cells with high-affinity,
class-switched antibodies that can differentiate
into either antibody-secreting plasma cells or
long-lived memory B cells [188, 189]. In addi-
tion to their key function in the production of
immunoglobulins, B cells can regulate immune
responses through their surface molecules and
secretion of cytokines (reviewed in [190]).
Regulatory B (Breg) cells produce IL-10, IL-35
and TGF-f. Breg cells in mice can be CD5(+)
CD1d(hi) B10 cells, CD21(hi)CD23(hi)CD24(hi)
transitional stage 2-like B cells, and CD138(+)
plasma cells and plasmablasts. Human Breg cells
are CD27(+)CD24(high) B10 cells, CD24(hi)
CD38(hi) immature transitional B cells, and
CD73(-)CD25(+)CD71(+) BR1 cells and a sub-
set of plasma cells [190]. Breg cell numbers
increase during the course of allergen-specific
immunotherapy. Human BR1 cells selectively
upregulate IgG4 antibodies on differentiation to
plasma cells that promotes the protective effects
of immunotherapy. Thus, Breg cells mediate
allergen tolerance.

CD34* Hematopoietic ~ Stem/Progenitor
Cells can also function as inflammatory effector
cells during the asthmatic response without hav-
ing to first undergo differentiation. The hemato-
poietic progenitors express receptors for TSLP
and IL-33 and when stimulated with these mole-
cules produce very high levels of Th2 cytokines
including IL-5, IL-6, IL-13, and GM-CSF [191].

Epithelial Cells, Fibroblasts and Smooth
Muscle Cells can all significantly shape the tis-
sue response during the adaptive immune effec-
tor function. These structural cells respond to
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environmental stimulants such as cigarette
smoke, lipopolysaccharide, and oxidant and virus
infection, by rapid activation of proinflammatory
signaling and induction of immune and inflam-
matory cell migration cascades [192, 193]. Thl
cells are attracted to the respiratory mucosa by
the CXCR3 ligands CXCL9, CXCL10 and
CXCLI11, produced upon exposure to interferons
or infection with respiratory viruses [194-196].
On the other hand, structural cells of the airways
induce epithelial migration of Th2 cells via pro-
duction of the CCR8 ligand CCL1 and the CCR4
ligands CCL17 and CCL22 [197, 198]. Epithelial
expression of CCL17 and levels of CCL17 in
BAL indeed is increased upon allergen challenge
of asthmatic subjects [199]. CCL1 production
can be induced in airway epithelial cells by Th2
cytokines, IL-4 and IL-13, but also IFN-y [200]
suggesting that epithelial cells may control and
amplify both Thl- and Th2-type inflammatory
responses locally depending on the predominant
cytokine milieu.

4 Transcriptional Regulation
of Th2 Cell Differentiation:

After the cognate interaction between dendritic
cell MHC-II:CD4* TCR (T cell receptor)
signaling occurs, the prevailing cytokine milieu
determines the phenotypic fate of the naive CD4*
T cell [201]. IL-12 secreted by dendritic cells
induces activation of Thl cells, which then
produce TNF-a and IFN-y. These cells are
specialized to help during viral or bacterial
clearance, but autoimmunity and inflammation
can occur if they become sensitized to self-
antigens. High doses of allergen have been also
shown to favor Thl polarization. Thl cells
express the transcription factor Tbet.

IL-4 and IL-10 induce differentiation of Th2
cells which then produce IL-4, IL-5, and IL-13,
induce eosinophilia and B cell class-switching to
IgE. These Th2 cells are classically associated
with eosinophilic allergic asthma, and the IgE
bound to the high-affinity IgE receptor of mast
cells causes degranulation upon contact with

allergen, perpetuating the allergic response. Th2
cells express STAT6 and GATA3 [202].

IL-4, IL-6, and TGF-p in combination induce
Th9 cells, that produce IL-9 and are thought to
play a role in asthma and autoimmunity by induc-
ing survival and proliferation of Th2-cytokine
secreting ILC2s. The transcription factor Foxol is
essential for IL-9 production [203].

IL-21, IL-23, TGF-B and IL-6 induce Thl7
cells, that secrete IL-17A and IL-17F, attracting
neutrophils that contribute to neutrophilic airway
inflammation and asthma [reviewed in [204]].
Many patients have been found to exhibit a dual
Th2/Th17 phenotype and are particularly
refractory to current treatments. Thl17 cells
express STAT3 and RORs.

TNF-o and IL-6 induce Th22 cells, which
secrete IL-22 and can be proinflammatory or
protective to the epithelium depending on the
context [205]. Inflammation is mediated by
induction of antimicrobial peptides from the
epithelium and TNF-a, IL-17, and IL-1 secretion.
Tissue protection is carried out by amphiregulin
production, strengthening the epithelial barrier.

IL-21 and IL-27 lead to differentiation of Tfh
cells, which play a critical role in the induction
and maintenance of B cell class-switching inside
lymph node germinal centers. These cells are
responsible for the production of high-affinity,
antigen-specific IgE by plasma B cells. They
express STAT3 and Bcl6 transcription factors.

IL-10 and TGF-f induce Treg cells, whose
role is to dampen inflammation once the antigen
has been cleared. They also play a role in
preventing autoimmunity. The typical Treg
transcription factor is FOXP3.

Allergic airway inflammation is driven by pro-
duction of IL-4, IL-5 and IL-13. A major pro-
ducer of these cytokines is the differentiated
CD4+ T-helper 2 (Th2) cell. IL-4 is important in
allergic sensitization, IgE production and Th2
cell differentiation while IL-5 is critical in
accumulation of eosinophilic granulocytes and
their activation in the lung. IL-13 has pleiotropic
effects in tissue remodeling and the development
and progression of airway hyperresponsiveness.
Th2 cytokines were, therefore, identified as
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therapeutic targets with high hopes for the
treatment of asthma [206]. Anti-Th2 cytokine
therapeutics, however, originally had poor results
[207], because these cytokines have numerous
overlapping functions. The fact, therefore, that
the IL-4, IL-13 and IL-5 genes fall under similar
transcriptional regulation [204, 205], especially
during allergic airway inflammation [208], is
therapeutically intriguing. The genes for IL-4,
IL-13 and IL-5 are clustered in a 120 kb region
on chromosome 11 in mice and a 160 kb region
on chromosome 5 in humans and are activated
in a T cell lineage-specific fashion. Their tran-
scription is coordinately regulated by an intricate
network of transcription factors and other regula-
tors of the gene promoters that activate and/or
repress them [reviewed in [208]]. This process
results in characteristic chromatin structure
changes [209] in the Th2 cytokine locus that also
serves as a general model system of chromatin
conformation of immune genes [210]. Trans-
cription activators interact with the core tran-
scription machinery through binding to enhancers
while repressors work by recruiting co-repressor
complexes leading to chromatin condensation of
enhancer regions. Repressors and activators may
also function by competing with each other for
occupation of shared DNA-binding sequences
[211]. Whether a transcription factor is activated
or not is determined by its localization and ability
to bind DNA. The initiation, termination and reg-
ulation of transcription are influenced by epigen-
etic and metabolic processes [212, 213] and
requires “DNA looping”, an important mechanism
to bring the promoters, enhancers, transcription
factors and RNA polymerases together [214].

The transcription factors that can induce sig-
nature cytokines for distinct effector CD4 T cell
lineages and are both necessary and sufficient to
elicit this process, are called “master regulators”
[212]. These bind to a specific region of DNA,
critical for transcription factor binding and com-
plex formation that allows for efficient activation
of the Th2 cytokine genes [215]. These genes are
expressed preferentially from one chromosome
rather than at random, suggesting coordinated
expression. A locus control region (LCR) is a cis-

acting element that confers tissue-specific high-
level expression to linked genes [reviewed in
[208]]. To identify the Th2 cytokine LCR, inves-
tigators deleted a conserved noncoding
sequence-1 (CNS-1) between the IL-4 and IL-13
genes and found that this reduced the ability to
produce IL-4 by Th2 cells but not mast cells
[216] in transgenic mice suggesting that CNS-1
is not an LCR but rather an important T-cell
specific enhancer. Another study demonstrated
that none of the previously described DNase I
hypersensitive sites or conserved sequences in
the Th2 cytokine locus had LCR activity, either
individually or in combination as a minilocus.
However, by evaluating copy number dependency
in mice containing transgenes encoding the
whole Th2 cytokine locus, other investigators
recently found the LCR, located within a 25 kb
region containing the 3’ portion of the RADS50
gene [217, 218]. The Rad50 gene separates the
IL-4 and IL-13 genes from the IL-5 gene [219—
221]. There are four sites within the Th2 LCR
that are “DNase I hypersensitive”, [i.e. exposed
chromatin, highly susceptible to binding by
proteins like DNase I or transcription factors
[219]], implying their importance in transcription.
The DNase I hypersensitive sites of the Rad50
gene are RHS4, RHS5, RHS6, and RHS7 [220,
222]. Indeed, it has been demonstrated that these
sites coordinate transcription of the Th2 cytokine
genes, although the importance of RHS4 has not
been fully established [213, 221, 223]. RHS6 is
thought to be the most important of the four sites
for Th2 cytokine transcription as it is essential for
the expression of each of the IL-4, IL-5 and IL-13
genes [221]. RHS6 contains a number of sites for
transcription factor binding, including two direct
sites for GATA3 [224, 225]. While several
transcription factors are implicated in the
regulation of the Th2 cytokine genes, GATA3 is
the master regulator of Th2 cell differentiation
and is essential for expression of IL-5 and IL-13,
but not IL-4 [226]. Large protein complexes
formed at the RHS6 DNA subregion suggest that
additional transcription factors may also
participate in Th2 cytokine gene activation [208,
224, 225].
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Such transcription factors are SATBI and
IRF4, also found in all the isolated subregions of
RHS6. SATB1 regulates GATA3, coordinating
Th2 development [227]. IRF4 is required for Th2
cell differentiation, it binds the IL-4 promoter
and acts both upstream and downstream of
GATA3 [226]. In the absence of RHS6, GATA3,
IRF4, and SATB1 binding was reduced at all
sites in the Th2 cytokine locus control region
[225]. Thus, RHS6 is a critical regulatory element
for effective Th2 cytokine transcription, as
suggested by others [221]. The role of RHS6 in
mediating Th2 cytokine transcription is conserved
among cell types. Because RHS6 is located
between the IL-4/IL-13 and IL-5 genes, it is
intriguing, that RHS6 can mediate the
transcription of up- and downstream targets. This
fact brings up the importance of the three-
dimensional structure of chromatin and suggests
that regulatory elements throughout the genome
can have profound effects on genes both up- and
downstream.

Thus, GATA3, IRF4, and SATB1 physically
complex at RHS6 in the Rad50 gene of the Th2
cytokine locus, during allergic airway
inflammation. A number of genome-wide
association studies have revealed that single
nucleotide polymorphisms in the Rad50 gene are
associated with asthma and allergy [228-230] but
the involvement of the RHS6 region remain
unclear in these. Interfering with the physical
association of the GATA3, SATBI1, and IRF4
complex by targeting RHS6 maybe an attractive,
novel therapeutic possibility to reduce Th2
cytokine production during chronic airway
inflammation.

5 Targeting T-cell Dependent
Inflammation in Asthma

Allergen-specific Immunotherapy (AIT) T
cells can be manipulated to induce or suppress
immune responses for example, with the use of
vaccines (biological preparations of disease-
causing agents). When successful, such
manipulation can elicit broad and specific
immune responses [231, 232]. The development

of vaccines has been among the greatest medical
breakthroughs [233] aimed at preventing
infections, treating allergic and autoimmune
diseases, organ transplantation pathologies,
chronic infection and cancer [234, 235]. In AIT
vaccines (increasing doses of allergens) are
administered to restore immune tolerance and
reduce allergic symptoms, once the cause(s) of
allergy are identified. The allergen can be given
intramuscularly, subcutaneously, sublingually,
orally, or intra-lymphatically. The doses of
allergen are increased as the patient’s tolerance
grows over time [236]. AIT has been used for
IgE-mediated allergic diseases since the early
1900s [234, 237-242], though it remains fraught
with problems [234, 237-242]. It is not easy to
produce a closely regulated composition for the
allergenic compounds and adjuvants, or to
establish consensus in regards to the doses,
intervals, and length of application. The danger
of anaphylaxis occurring during administration
of AIT also remains high. When successful
however, AIT treats and prevents development of
allergic asthma, rhinitis and venom-induced
anaphylaxis and was demonstrated to prevent
sensitization with new allergens for up to 12 years
[234, 243]. Therefore, the quest to develop safer
and more effective AIT continues today [244].

Induction of allergen tolerance requires a
decrease in IgE and increase in allergen-specific
IgG levels [245]. Successful allergen-specific
immunotherapy can result in a 10- to 100-fold
reduction in the allergen-specific IgE/IgG4 ratio
[190]. IgG4 is a non-proinflammatory
immunoglobulin that is uniquely capable to form
bispecific and functionally monovalent antibodies
through Fab arm exchange [246]. IgG4 has low
affinity for activating Fcy receptors and cannot
activate complement. Allergen-specific IgG4
protects  against allergic  responses by
competitively sequestering the allergen from IgE
binding [245, 247, 248]. By changing the ratio of
allergen-specific IgE and IgG, effective AIT
should desensitize the high affinity IgE-receptor-
(FceRI) bearing mast cells and basophils,
decrease the numbers and activity of eosinophils
and basophils in the circulation and mast cells in
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mucosal allergic tissues, and induce regulatory T
and B cell activation [reviewed in [235]].

The heat-labile enterotoxigenic E. coli entero-
toxin (LT) contains an “A” and a pentameric “B”
subunit (ABs) and it has been successfully used
for vaccination purposes. Skin-patch vaccines
containing LT have been recently tested in a large
clinical trial for travelers’ diarrhea. Although it
did not prevent diarrhea, the skin patch vaccine
induced a strong IgG response in volunteers
[249] indicating high immunogenicity. In addi-
tion to its proinflammatory and immunogenic
properties, when co-administered with different
antigens, LT also markedly enhances the antigen-
specific immune response (against the co-admin-
istered antigens) indicating adjuvant effects
[reviewed in [250-252]]. However, neither the
proinflammatory properties nor the high immu-
nogenicity of this molecule can explain its
remarkable “adjuvanticity”. It is speculated that
this effect is due to induction of MHC-class II
expression on antigen presenting cells, cell clus-
tering and delay/arrest of T cell proliferation
[253]. Based on the literature showing that
LT-treated dendritic cells had a slower rate of
antigen endocytosis, suggesting that prolonged
retention of intact antigen on the cell surface may
allow B cells to recognize the bound antigen by
their immunoglobulin receptors [254] emphasiz-
ing the importance of dendritic cells in mediating
“adjuvanticity”.

Acting as the crucial link, dendritic cell target-
ing is a major vaccination strategy against many
diverse pathogens. In the skin, these cells are the
prime initial mediators of protection. As they
become activated upon exposure to allergen, they
migrate to the draining lymph nodes (Fig. 1).
This in turn activates the adaptive immune
system, inducing a T cell cytokine profile that
favors the production of large amounts of IgG
antibodies by plasma cells that are able to block
allergy-causing IgE molecules specific for the
same allergen [255]. In addition to the use of
novel adjuvants, current immunotherapy research
is focused on enhancing antigen-presenting cell
function in several different ways. For example,

in a design targeting dendritic cell subsets,
recombinant proteins with the vaccine epitope in
question were fused to GM-CSF [256]. To
investigate alternate routes of administration,
allergen tolerance was recently induced after
intra-lymph node injections of a molecular
allergen translocation-Fel d 1 vaccine, mediated
by increased cellular internalization of the
allergen, activation of inflammasome, and
generation of allergen-specific peripheral T-cell
tolerance [257]. Adoptive transfer of antigen-
specific T cells to allogeneic hematopoietic
transplant recipients is also being explored in
human studies and holds the promise of
vaccinating against aspergillosis [233]. Other
potential future strategies employ microspheres
made of biodegradable polymers containing the
epitope of the allergen in question, given to
maximize delivery to antigen presenting cells.
This method has a specific advantage in that it is
designed to induce both B and T cell responses
and lasting memory to certain immunodominant
epitopes [258]. Epicutaneous patch AIT may be
suitable for various allergens in patients. Patch
vaccination is an attractive needle-free alternative
to allergy shots (offering the possibility of self-
administration for patients) and it targets profes-
sional antigen-presenting cells (i.e., dendritic
cells, Langerhans cells) residing in the skin [259].

The fields of vaccine design and allergen
desensitization are constantly evolving. Recent
advancements in AIT mechanisms and use in
clinical practice were described in the practical
allergy (PRACTALL) initiative report that was
endorsed by both the European Academy of
Allergy and Clinical Immunology and the
American Academy of Allergy, Asthma &
Immunology [234, 243]. AIT, especially in light
of the recent evidence of Sublingual Immu-
notherapy (SLIT) tablet efficacy and safety in
mite allergic asthma patients, is considered to be
a prototype of Precision Medicine [244]. In spite
of all the advances made, however, safer and
more effective AIT strategies are still needed,
especially for patients with asthma, atopic
dermatitis, or food allergy [234, 243].
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Glucocorticoids Despite continued advances in
the development of small molecule and biological
anti-inflammatory therapeutics, monotherapy
with corticosteroids remains the most effective
first-line treatment for asthma. Glucocorticoid
receptors in the cytoplasm bind to corticosteroids
and translocate to the nucleus, where they act as
transcription factors to induce the synthesis of
anti-inflammatory proteins as well as to repress
proinflammatory transcription factors such as
NF-kB and AP-1. Because of the complex,
heterogenic inflammatory pathophysiology that
underlies the syndrome of asthma, the broadly
distributed mechanism of action of glucocorti-
coids in downregulating inflammatory signaling
underlies their utility in clinical practice.
However, the pleiotropic effects of corticosteroid
therapy extend beyond general
immunosuppression into regulation of central
metabolism and development, and these often
adverse effects limit their therapeutic potential.
Many strategies have been employed to mitigate
the off-target effects of corticosteroids; drug
development has focused on creating inhaled
corticosteroid ~ formulations ~ with  reduced
systemic availability and characterizing the
differences in tissue-specific gene expression
induced by steroid analogs. However, a subset of
asthma patients is either steroid-dependent or
unresponsive to steroid treatment, due to acquired
or inherited conditions.

Biologicals Glucocorticoid  unresponsiveness
bears significant therapeutic consequences and
strongly motivated efforts to search for alterna-
tive, better means to target T-cell dependent
events in allergic airways inflammation. The par-
adigm of Th2 polarization as being a central
driver of allergic inflammation in asthma has led
to several attempts to develop targeted monoclo-
nal antibody immunotherapies against Th2 cyto-
kine pathways. In 2003 for adults and in 2016
also for children above 11 years of age, the FDA
approved Omalizumab (Xolair; Genentech/
Roche and Novartis), a non-anaphylactogenic
monoclonal antibody against IgE for the treat-
ment of asthma. Omalizumab is a humanized
monoclonal antibody that specifically targets the

circulating immunoglobulin E, which in turn
impedes and reduces subsequent releases of the
proinflammatory mediators [260]. Omalizumab
inhibits the binding of IgE to FceRI on mast cells
and basophils by binding to an antigenic epitope
on IgE that overlaps with the site to which FceRI
binds. This is important because ordinary anti-
IgE antibodies can cross-link cell surface FceRI-
bound IgE and induce mast cell and basophil
degranulation. Omalizumab, however, is steri-
cally prevented from crosslinking
FceRI. Interestingly, Omalizumab also inhibits
IgE binding to the low-affinity IgE receptor
(FceRII), CD23 on B cells and many other cell
types and attenuates IgE-mediated allergic
responses. Even more intriguing that Omalizumab
has recently been found to be beneficial in non-
allergic diseases mediated by mast-cell degranu-
lation [261]. The mechanisms of this effect are
not well understood and are under intensive
investigation [260-262].

Because of the prominence of eosinophilic
granulocytes in the pathogenesis of asthma,
monoclonal antibody blockade of IL-5 signaling
was believed to have the most potential as a
therapeutic due to the central role of IL-5 in the
initialization of eosinophilic airway inflammation.
However, the early clinical trials of anti-IL-5 and
anti-IL-5Ra immunotherapies did not result in
significant reductions in clinical asthma
exacerbations. More recent clinical trials have
met with better outcomes when patients were
selected using biomarkers. Mepolizumab was
approved in 2015 for the treatment of severe
eosinophilic asthma. Results of major clinical
trials in severe asthma (MENSA [263] and
SIRIUS [264] on the effects of an anti-IL-5
monoclonal antibody, mepolizumab and ZONDA
on benralizumab [265-271]) indicated that
exacerbation rates as well as oral steroid intake
was reduced by 50-75% in severe asthmatic
patients. These and other previously published
investigations [272, 273] shared important
clinical features: significant therapeutic effect
was demonstrated only in patients who had
persistent symptoms and frequent exacerbations
together with peripheral blood and sputum
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eosinophilia  despite  high dose inhaled
corticosteroid treatment. Further characterization
of asthma patient subgroups benefitting from
biological treatment, however, is warranted by
the high variability of the data obtained so far and
additional patient clustering results [274].
Importantly, some of the placebo-treated
asthmatics in the trials showed a marked
improvement in symptoms. Thus, not all patients
need treatment with biologics. Given their high
cost, careful selection of patients who will best
benefit from this treatment is imperative. Future
studies need to provide a way to distinguish
patients with true glucocorticoid-resistant asthma
as candidates for treatment with biologics from
those with adherence/compliance problems or
difficulties with correct inhaler technique, in
whom conventional glucocorticoid-based therapy
would otherwise work effectively.

Other monoclonal antibodies, targeting differ-
ent cytokines (IL-13, IL-4, IL-17 and TSLP) are
still under evaluation, though the preliminary
results are encouraging. Tezepelumab for exam-
ple, was recently developed for blocking the epi-
thelial-cell-derived cytokine thymic stromal
lymphopoietin (TSLP) [122, 275], in patients
whose asthma remained uncontrolled despite
treatment with long-acting beta-agonists and
medium-to-high doses of inhaled glucocorti-
coids. Indeed, among patients treated with long-
acting beta-agonists and medium-to-high doses
of inhaled glucocorticoids, those who received
tezepelumab had lower rates of clinically signifi-
cant asthma exacerbations than those who
received placebo, independent of baseline blood
eosinophil counts [35, 276-279]. Thus, targeting
inflammation upstream of adaptive immune
processes may be more effective in treating both
neutrophilic and eosinophilic asthma [276].
Recent  clinical  trials  for  anti-IL-33
immunotherapy that have been completed and
are awaiting publication, CNTO 7160 and AMG
282. Immunotherapies targeting the alarmin
cytokines are currently believed to be some of the
most promising drugs in development for asthma
treatment [280].

6 Conclusions

Clinical failures in drug treatment of allergic
asthma greatly contributed to our understanding of
the molecular and cellular players in the pathogen-
esis of this complex disease and drove the research
efforts that lead to recent advancements.
Recognition of the significance of airway inflam-
mation was followed by discoveries of the impor-
tance of T cells and adaptive immunity with the
Th2-polarization hypothesis. The past decade of
translational research has, however, largely chal-
lenged the Th2-polarization hypothesis and impli-
cated a greater role for airway epithelial and innate
immune cells in modulating the adaptive immune
response in asthma, than previously thought.
We now understand asthma to be a syndrome
encompassing diverse etiologies. The continued
and rigorous characterization of the molecular
determinants and mediators; both intrinsic and
extrinsic, that underpin the many endotypes of
asthma will lead to the exploration of new drug-
gable targets in the proteome, genome, and
beyond. It is possible that therapeutics which tar-
get pathways upstream of Th2 cells will have a
broad impact in the clinic and thus be more effec-
tive than the treatments that directly target IL-4,
IL-5, and IL-13. These studies are currently under-
way. Other therapeutic strategies may seek to
impair the transcription factor complexes required
to synthesize the molecular products of the
immune cells that contribute to asthma or remodel
the epigenetic architecture that programs inflam-
matory signaling pathways. In the era of precision
medicine, it seems likely that the most successful
novel asthma therapeutics will seek not to treat all
asthmatics, but rather all asthmatics of an endo-
type. The most effective drugs in practice will bal-
ance specificity with utility, targeting converging
elements of asthma pathophysiology. Without the
extensive work of many laboratories around the
world to define the basic molecular pathways in
asthma, the development of such therapeutics
would not be possible. The era of precision medi-
cine holds much promise for more effective asthma
therapeutics.
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Role of Histamine in Inflammatory

Diseases

Anette T. Hansen Selng, Vadim V. Sumbayev,
Ulrike Raap, and Bernhard F. Gibbs

Abstract

Histamine plays a major role in inflammation
associated with many different diseases,
including allergies, autoimmune diseases and
cancer, but it also has important physiological
effects. Although mast cells and basophils are
the main sources of histamine it can be differ-
entially  produced and released by
enterochromaffin-like cells, certain nerve
cells, and even neutrophils in certain patho-
logical settings. This chapter highlights the
recent developments regarding the major con-
tributions of histamine to inflammation by act-
ing not only through Hl-receptors (H;R) but
also H,R and H,R. These receptors determine
both the severity of inflammation and also
have immunomodulatory effects in various
lymphocytes. Recent evidence also suggests a
dual role for histamine in various autoimmune
inflammatory disease and certain cancers,
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where differential receptor expressions for the
amine determine the severity of these diseases
but also play a role in tumour surveillance.
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1 Introduction
1.1 What Is Histamine?

Histamine, (chemically also known as
2-(4-imidazolyl)ethylamine), is small molecule
derived from the decarboxylation of the amino
acid histidine by the enzyme histidine decarbox-
ylase (HDC). It has 2 pathways of degradation,
either by diamine oxidase (DAO) or by histamine
N-methyltransferase (HNMT) (reviewed in [73]).
Histamine was first discovered and synthesized
in 1907 and then characterized in 1910 (reviewed
in [71]). Not long thereafter the connection
between histamine and anaphylaxis was estab-
lished [71]. This gave rise to considerable interest
in histamine and much knowledge has been
gained since using pharmacological and muta-
tional studies, cloning of receptors as well as
murine knock-out (KO) models.
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1.2 Physiological 1.4 Histamine Receptors

and Pathological Effects

of Histamine Histamine causes most of its effects by direct

The actions of histamine are mediated by its
binding to different types of histamine receptors
which are widely distributed in many different
cells, including histamine-producing cells them-
selves, suggesting that histamine is an important
regulator of a variety of cellular responses [71].
The major known functions of histamine include
allergic and inflammatory reactions, gastric acid
secretion, and control of neurotransmission in the
central nervous system as wells as effects on the
cardiovascular system (reviewed in [28, 107]).

1.3  Sources of Histamine

The most characterized source of histamine is mast
cells and basophils which produce and store hista-
mine in granular vesicles that are released following
IgE-mediated and non-IgE-mediated stimulation.
Other well-characterized sources include entero-
chromaffin-like cells and neuronal cells, which also
store histamine in vesicles [28, 71]. In the gut,
enterochromaffin-like cells produce and release his-
tamine to stimulate gastric acid secretion from pari-
etal cells that aid in digestive processes [28, 107]. In
neurons histamine is used as a neurotransmitter
where it is involved in the circadian (sleep/wake)
cycle, appetite, learning and memory responses and
also involved in controlling its own release and that
of other neurotransmitters [28, 107]. Recently, it
was discovered that basophils and mast cells are not
the only immune cells that store histamine. Although
much lower compared to human basophils and mast
cells, which store ~1 and ~1-3 pg histamine/ cell,
respectively, human neutrophils were found to con-
tain ~0.3 pg histamine/cell and, like the other
immune cells, release the amine following both
IgE-mediated and non-IgE-mediated stimuli [8].
Other cells that secrete histamine, have been identi-
fied by the presence of HDC expression. These
cells, such as T cells, platelets, mouse neutrophils,
dendritic cells, monocyte/macrophages, and kerati-
nocytes do not store histamine, but release it directly
after de novo synthesis [28, 71, 107].

binding to four main types of G-protein coupled
receptors (H;R-H4R), although with different
intracellular mechanisms and affinities for the
amine [28, 71]. Furthermore, a fifth intracellular
receptor, termed Hjc which interacts with cyto-
chrome P450 (CYP450) has been suggested,
although this receptor has not been fully charac-
terized [28, 71]. The differential distribution of
receptors, as well as their regulation in healthy
and pathophysiological conditions, may explain
the pleiotropic effect of histamine in different
cells and tissues. Table 1 gives an overview of the
distribution of the different histamine receptors.
The expression of these receptors is normally
identified at mRNA level by RT-PCR and at the
protein level using specific antibodies shown by
Western blotting, flow cytometry or immunohis-
tochemistry. However, in the case of H,R protein
expression, the data should be considered with
caution, since some of the currently available
H,R antibodies do not yield a specific signal
when evaluated in transfected or H,R —/— cells
[11]. An additional problem arises in classifying
these receptors based on the effects of histamine
acting as either an agonist, inverse agonist or
antagonist because of dual specificity, thus
requiring careful controls [101]. Figure 1 gives
an overview of the downstream cellular mecha-
nisms of the 4 major histamine receptors.
Histamine, and analogue agents, can therefore
have varying effects depending on the concentra-
tions used and the differential expressions of the
four major histamine receptor types [28, 101,
107]. Furthermore, there may also be off-target
effects, mediated by non-H-receptor binding [71,
101, 107]. Biased signaling may also affect the
outcome of experimental studies due to putative
differences in receptor ligand pharmacology
[83]. Finally, the effects of histamine are depen-
dent on the mammalian model employed, includ-
ing strain differences, healthy vs disease, and cell
developmental stage [107]. Thus extrapolation to
humans in clinical settings may be problematical.
For example, histamine increases the heart rate in
humans and other species, which is abolished by
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Table 1 Overview of histamine receptors distrubition and major function

Receptor
subtype | Kd Distribution Major effects
H1 ~10 pmol/L | Widely Allergic inflammation
Airway and vascular smooth muscle cells, epithelial cells,
endothelial cells, keratinocytes, fibroblasts, hepatocytes,
chondrocytes, dendritic cells, neutrophils, T cells and B
cells, mast cells, brain tissue and gastrointestinal tract
H2 ~30 pmol/L. | Widely Gastric acid secretion,
Parietal cells, smooth muscle cells, endothelial cells, immune suppressive
dendritic cells, neutrophils, T cells and B cells, basophils,
mast cells, neutrophils keratinocytes, brain and cardiac
tissue
H3 ~10 nmol/L | Brain tissue Neurotransmitter and
Histaminergic neurons at CNS and PNS modulation of
neurotransmitter release
H4 ~20- Blood/bone marrow, intestine Immune modulation
40 nmol/L T cells, dendritic cells, mast cells, eosinophils, basophils,
epithelial cells, neutrophils, Langerhans cells, keratinocytes
Hic ~ pmol/L Hematopoetic Regulation of histamine
and cytokine synthesis

the use of H,R antagonists but not in in rabbits
and dogs (reviewed in [114]). Furthermore,
murine basophils have been shown to express the
organic cation transporter 3 (OCT3) which is
involved in histamine uptake from the microenvi-
roment. High exogenous histamine concentra-
tions could thus increase intracellular histamine
which then stimulates Hyc (interacting with cyto-
chrome P450 and cytochrome c; although this
receptor has yet to be fully characterized) leading
to a downregulation of histamine synthesis and
Th2 cytokines such as IL-4 [28, 98, 99]. A pilot
study stuggested that this is also the case in
humans [99], but our own preliminary data sug-
gest that human basophils do not express OCT3
(unpublished observations). Because of these
species differences we will focuss primarily on
the involvement of histamine in human inflam-
matory diseases.

2 Histamine and Inflammatory
Disease

It has long been recognized that histamine plays
a crucial role in allergic inflammation, and the
development of H,R antagonists/inverse agonists
have confirmed this by relieving some of the
symptoms of allergy. With the discovery of the

H,R, the role of histamine in inflammatory dis-
eases has been re-investigated [107]. Elevated
levels of histamine have been found in the bron-
choalveolar lavage fluids from patients with
allergic asthma, which was associated with a
negative impact on airway function [14, 54].
Increases in histamine levels have also been
found in the skin and plasma from patients with
atopic dermatitis (AD) [7, 22, 52] and in the skin
of chronic urticaria (CU) [91, 107]. Other dis-
eases which are not related to atopic diseases
have also been associated with increased hista-
mine levels, e.g. multiple sclerosis (MS) [57],
rheumatoid arthritis (RA) [60], atherosclerosis
[49] and some types of cancers (melanomas,
breast cancer, and colorectal carcinoma) [76].
Furthermore, a dysregulated expression of hista-
mine receptors have been described for gastric
intestinal (GI) disorders [23], such as irritable
bowel syndrome (IBS) [95] and inflammatory
bowel disease (IBD), which also exhibit an
increase in mucosal histamine levels [103].

2.1 Atopic Disease

Histamine is one of the main contributors to aller-
gic inflammation, where it is mainly released from
mast cells and basophils upon degranulation after
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Fig. 1 Histamine receptor signaling (A) Depicts an H1
histamine G-protein couple receptor (GPCR) which, upon
binding to histamine (B) signals via G, to activate phos-
pholipase C (PLC) leading to an increase in free intracel-
lular calcium. (C) Shows H2R signalling, which is couples
to G,, the main characteristic is activation of adenylate
cyclase (AC) and an increase in intracellular cAMP. (D)

stimulation through the high-affinity IgE receptor
(FceRI). Mast cells and basophils first need to be
sensitized with allergen-specific IgE before they
can respond, upon re-exposure to the allergen, by
cross-linking of FceRI-bound IgEs by the allergen.
This induces a signalling cascade leading to
degranulation, with the release of pre-formed
mediators such as histamine, and the do novo syn-
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Shows signalling downstream of H3 and H4 receptor acti-
vation, of which both are coupled to Gj,. The main char-
acteristic is inhibition of AC as well as activation of both
PLC and the mitogen-activated protein kinase (MAPK)
pathway, which leads to decreases in cAMP, an increase in
intracellular free calcium and activation of transcription
factors

thesis of eicosanoids (e.g. LTC,) as well as the pro-
duction and secretion of cytokines such as IL-4 and
IL-13 [40]. Histamine was identified very early on
to mimic the signs and symptoms of anaphylaxis
and since has found to be involved in the pathogen-
esis of many atopic diseases such allergic rhinitis,
allergic conjunctivitis, allergic asthma, and atopic
dermatitis as well as urticaria [28, 71, 107].
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2.1.1 Histamine and Anaphylaxis
Anaphylaxis is a serious allergic reaction that is
rapid in onset and may be fatal. Its pathophysiol-
ogy is caused by multiple mediators, such as his-
tamine, PAF, PGD2, TNF-a, etc., which causes a
systemic reaction involving multiple organs
with symptoms such as urticaria, angioedema,
bronchospasm and other respiratory symptoms,
hypotension, nausea, cramping and other gastro-
intestinal symptoms [90]. Of these symptoms,
respiratory distress and cardiovascular collapse
are potentially life-threatening. Histamine was
soon found to have a role in anaphylaxis primar-
ily mediated through both H,R and H,R [67]. The
heart expresses both H/R and H,R, and cardiac
myocytes are in close proximity to mast cells, the
main sources of histamine in humans. It has been
shown that anaphylaxis can be induced directly
in the heart, and this is characterized by tachyar-
rhythmias, decreased coronary flow, and con-
tractile failure [35]. In this case H;R mediates
vascular permeability, coronary artery vasocon-
striction and negative chronotropic effects that
cause atrioventricular conductance disturbances,
whereas H,R mediates coronary artery vasodila-
tion, increased heart rate (positive chronotropic
effect) as well as contractility (inotropic effect)
[35, 67]. The first-line of standad therapy for ana-
phylaxis, however, is epinephrine (adrenaline),
since the onset of therapeutic action of antihista-
mines is often too slow, though they are consid-
ered prophylactically. Even though it seems that
H,R and H,R-mediated effects counteract each
other in the heart, a retrospective study found that
a combinational therapy of H;R/H,R antihista-
mines was more effective in preventing anaphy-
laxis than either of them alone [67].

2.1.2 Role of Histamine Acute

and Late-phase Allergic

Reactions
Histamine affects both early and late phase reac-
tions of allergic inflammation by modulating the
responses of various effector cells (e.g. the che-
mokinetic actions of histamine on eosinophils)
and target cells (e.g. sensory nerves, airway
smooth muscle) since all of them express at least
one of the four main histamine receptor types.

It is well known that activation of H,R causes
many of the symptoms of acute allergic inflam-
mation. The most characterized effect of H;R
activation is vasodilatation, increased vascular
permeability, smooth muscle cell contraction
(bronchoconstriction) activation of nociceptive
nerves, wheal and flare reaction and itch response.
However, H|R antihistamines are not usually able
to sufficiently abolish allergic symptoms, espe-
cially in asthma and chronic pruritus (reviewed in
[85, 107]). Because of its restricted expression in
hematopoietic cells, H,R activation is currently
being investigated in various inflammatory con-
ditions and autoimmune diseases, and appears
especially to be involved in chemotaxis and pru-
ritus (reviewed in [85, 107, 117]). Other than gas-
tric acid secretion, the H,R is mainly known as
immunomodulatory receptor often with immuno-
suppressive effects (reviewed in [85, 107]).

In allergic reactions, early phase reactions
may progress to the late phase reaction and here
histamine can also contribute to this response by
modulation of cytokines and chemokines as
well as upregulating of adhesion molecules. An
in vitro study examining the effects of histamine
on human airway epithelial cells showed that
histamine can exacerbate asthma by potentiat-
ing NFxB-dependent transcription of IL-6 and
IL-8 [50], where the latter is a very potent che-
moattractant for neutrophils. This effect was
inhibited by the H;R antagonist mepyramine,
suggesting that H,R activation is involved in the
response [50]. Other studies have found that
histamine not only causes vasodilation and
increased vasculature permeability of human
endothelial cells but also transiently upregulates
expression of the cell adhesion molecule
P-selectin [25]. P-selectin has been shown to be
important for neutrophil adhesion to endothelial
cells, and infiltrating neutrophils are more abun-
dant in the nasal epithelium after nasal chal-
lenge, suggesting some involvement in allergic
rhinitis [25]. Furthermore, histamine-induced
IL-6 production was also seen, which was medi-
ated through both H;R and H,R activation. IL-6
is an important inflammatory mediator which
induces B-cell proliferation and production of
acute phase proteins.
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2.1.3 Effects of Histamine on Pro-
allergic Immunity

To promote isotype switching to IgE, B cells
require cytokines such as IL-4 and IL-13 which
are produced in primarily by CD4* helper T cells
2 (Th2) cells and basophils. Histamine has the
ability to affect T cells either directly by targeting
histamine receptors expressed on Th cells or indi-
rectly through modulation of Th cell polarization
by affecting dendritic cells. A study examining
histamine receptor expression on human Th cells
found that they are differentially expressed [56].
H|R are predominately expressed on Thl cells
and this expression could be enhanced by IL-3.
This suggests that IL-3 is part of a negative feed-
back mechanism to prevent pro-allergic immunity
to predominate by promoting Thl responses. In
contrast to Th1, H,R was predominantly expressed
on Th2 cells [56]. Following the differentiation of
naive T cells, histamine receptor expression was
observed to be regulated by the cytokine environ-
ment, where IL-12 enhanced H;R expression
whereas IL-4 suppressed it. Histamine was shown
to increase intracellular calcium mobilization in
Thl cells whereas with Th2 cells an increase in
intracellular cAMP was observed, effects which
were attenuated by H;R antagonists and H,R
antagonists, respectively [56].

Histamine also increased Thl proliferation,
whereas it suppressed Th2 proliferation. The
effect of histamine was further investigated in an
in vivo T cell-dependent antibody production
model in mice [56]. HIR KO mice showed a
decrease in IFNy (a Thl-type cytokine) and an
increase in IL-4 production (a Th2-type cytokine)
and this was reflected in increased IgG1 and IgE
production. H2R KO mice showed an increase in
both Thl and Th2 cytokines, especially IFNy,
resulting in a decreased production of IgG3 and
IgE [56]. Taken together, this suggests the H,R
signal in Th cells induces Th1 responses which
are involved in attenuating the humoral response
by IFNy production, whereas H,R stimulation
acts as a general negative signal for Th cells. Th
cells also express H R, and this expression is
upregulated by IL-4, thus Th2 cells express
higher levels of H,R than Th1 [48].

Th2 cells are particularly important in the
pathogenesis of atopic dermatitis, a chronic
inflammatory skin disease, which is character-
ized by a dysfunctional epithelial barrier result-
ing in skin lesions and pruritus. In fact, CD4* T
cells show higher expression of HyR in patients
with atopic dermatitis than healthy controls [48].
Signalling through H,R induces DNA-binding of
AP-1, which is required for the production of Th2
cytokines, and its effects are attenuated by H4R
antagonists [48]. Even though AP-1 activation
was observed there was no effect on Th2 cytokine
production but rather an upregulation of IL-31
mRNA following H,R stimulation. IL-31 is a
cytokine that has been associated with Th2 cells
and the induction of pruritus, and it is also espe-
cially upregulated in patients with atopic derma-
titis (AD) through H,R signaling [48]. Another
cytokine that is upregulated in skin diseases such
as psoriasis and AD is IL-17. A study examining
human memory Th17 cells, found that histamine
induces the release of IL-17 mediated by H4R
signalling in a similar manner as with Th2 cells
and IL-31, namely through AP-1 [77].

In addition to its induction of IL-31 and
IL-17 in AD, histamine has also been shown to
play a role in preventing the terminal differentia-
tion of epidermal keratinocytes, promoting kera-
tinocyte proliferation and causing skin barrier
dysfunction (reviewed in [7, 22]). Since human
keratinocytes express H;R, H,R, and H4R, the
impact on differentiation and skin barrier in in
vitro-cultured human keratinocytes as well as a
3D organotypic human skin model was studied
[45]. Here, it was found that histamine reduced
the expression of late differentiations markers,
such as keratin, fillagrin, and loricrin, and dis-
rupted tight junctions (TJ) and desmosomal junc-
tions, which play an important role in skin barrier
function by reducing key TJ molecules, such as
claudins, occludins as well as desmosomal pro-
teins [45]. These defects were mimicked by H;R
agonists and attenuated by H;R antagonists, sug-
gesting that these are H;R-mediated. Histamine
caused a defect in skin barrier function which
readily allowed biotin to penetrate the TJ, whereas
this was blocked in untreated controls [45].
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Furthermore, it was found that patients with
AD express increased HyR mRNA levels than
controls and histamine induces the proliferation
of human keratinocytes in an H,;R-dependent
manner [43].

H,R, as well as H,R, signalling has also been
shown to induce IL-16 release from human CD8*
T cells [41]. IL-16 is plays a crucial role in
recruiting CD4* T cell into the lungs of asthma
patients. Clobenpropit (an HyR agonist) induced
IL-16 release which resulted in the migration of
T helper cells [41]. H,R antihistamines are a stan-
dard treatment for allergic rhinitis. However, they
have been less successful for treating allergic
asthma and atopic dermatitis. Given the role of
histamine in T cells and keratinocytes, H,R anti-
histamines might be more beneficial in reducing
pruritus symptoms, by reducing IL-31 produc-
tion and preventing skin barrier dysfunction in
AD, and in asthma by reducing Th2 cells in the
lungs which produce Th2 cytokines and thus con-
tribute to eosinophilia. Since H;R-mediated
effects play a role in both AD as well as asthma,
a combinational approach using H;R and H ;R
antihistamines may prove to be an effective ther-
apeutic strategy (reviewed in [88, 107]).

The polarization of Th cells requires three sig-
nals, (1) antigen presentation from antigen-
presenting cells (APC) though the interaction of
MHC-II and T cell receptors, (2) co-stimulatory
signalling and (3) presence of polarizing cyto-
kines. Histamine can modulate this polarization
by affecting APC cytokine secretion. Human
monocyte-derived dendritic cells express all 4
histamine receptors at mRNA level. IL-12 is
important for Thl polarization and the lack of it
is associated with Th2 responses. Since hista-
mine reduces the IL-12p70 in monocytes
(reviewed in [46]), it was also investigated in
dendritic cells. Using different histamine recep-
tor antagonists it was found that histamine was
able to inhibit IL-12p70 production through H;R,
H,R, and H4R [46, 47]. H|R signalling normally
leads to Ca’* mobilization but this was not
detected in this study [46]. However, histamine
did increase cAMP, an effect which was mim-
icked by H,R agonists and abrogated by H,R

antagonists, suggesting that the mechanism was
H,R-mediated [46, 47]. H;R and H,R are thought
to signal through Gi/o and inhibited adenylate
cyclase. However, H;R/H,R agonists could not
inhibit forskolin-induced cAMP. Instead it was
shown that H,R activation could block
polyinosinic-polycytidylic acid (polyIC) induced
IL-12p70 production, and this was mediated
through the activation of AP-1, independent of
ERK phosphorylation [47]. Furthermore, it was
also shown that histamine could induce chemo-
taxis of monocyte derived dendritic cells (MoDC)
by H,R and H,R [47]. This suggests that hista-
mine can recruit MoDCs to sites of allergic
inflammation and promote them to induce a Th2
milieu by inhibition of IL-12.

Histamine has been shown to also modulate
antibody production from human B cells [38,
61]. An in vitro study showed that histamine
enhances IL-4 and IL-13-induced IgE and IgG4
production in human B cells and this was related
to increases in IL-10 and IL-6 production [61].
Histamine and IL-4-induced antibody production
was inhibited by thioperamide (an H;R/H,R
antagonist), whereas histamine and IL-13-
induced antibody production was attenuated by
diphenhydramine (an H;R antagonist) [61]. This
was related to the histamine-mediated enhance-
ment of IL-10 production which was attenuated
by thioperamide and mimicked by R-a-
methylhistamine (an H;R/H4R agonist), whereas
IL-6 production was inhibited by diphenhydr-
amine [61]. Spontaneous antibody production
could also be inhibited by diphenhydramine and
thioperamide in vivo differentiated sIgE* and
slgG* B cells from atopic donors. Furthermore,
when atopic patients were given oral H,R antihis-
tamines the spontaneous production of IgE and
I1gG4 were reduced [61]. These effects were orig-
inally ascribed to H;R and H;R, however, since
the H,R was not discovered at that time, and
given that B cells are of hematopoietic cell lin-
eage, it is possible that the effect observed was
H,R-mediated. Another study of human B cells
found that dimaprit (an H,R agonist) inhibited
IgG and IgM production, since cimetidine (an
H,R antagonist) abrogated the response [38].
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This underlines the notion that histamine can
modulate antibody production and that H;R, and
maybe also H4R, antagonists may be beneficial in
reducing the IgE antibody production in allergic
inflammation.

2.1.4 Effects of Histamine on Allergic
Effector Cells

Eosinophils are important effector cells in aller-
gic inflammation, particularly in the pathogene-
sis of asthma, which is associated by eosinophilia
and where they contribute to damage of the air-
way epithelium. Histamine has been shown to
mediate eosinophil chemotaxis [13, 69, 86] and
modulate mediator release [32]. Eosinophils can
be recruited to sites of allergic inflammation by
histamine as well as IL-5 and eotaxin. However,
it has been shown that while histamine induces
eosinophil chemotaxis at low concentrations high
concentrations are inhibitory (reviewed in [86]).
Histamine stimulates actin polymerization, shape
change and upregulation of adhesion molecule
such as CD11b in eosinophils [13, 69]. This was
mimicked by clobenpropit and clozapine (H;R
antagonists/H,R agonists) while thioperamide
(H;R/H4R antagonist) attenuated these responses.
These data, and the fact that pertussis toxin also
inhibited this response, suggests H4R activation
through Gi/o coupling [13]. Furthermore, H;R
also appear to be involved in priming of eosino-
phils for increased chemotaxis towards eotaxin
[13, 69], but by itself the amine is only a weak
chemoattractant [69].

H,R activation does not only induce chemo-
taxis in eosinophils but also in human mast cell
precursors [44] and basophils [78]. Human skin
mast cells express H,R and HyR, though expres-
sion of HyR seems to predominate [70]. In mast
cells, H4R activation causes the release of inflam-
matory mediators not only associated with aller-
gic diseases but also other inflammatory
conditions [55]. Thus, like the observations from
T cells, it would seem that H4R antagonists might
be beneficial in atopic disease. Conversely, in
basophils while H,R activation induces chemo-
taxis, it reduces basophil activation by a reduc-
tion of CD63 and CD203c¢ expression (indicating
reduced degranulation) and decreases the release

of leukotrienes [78]. In fact, specific H;R stimu-
lation was more effective than H,R agonists in
allergen-specific desensitization of basophils in
bee venom allergic patients [78]. Thus this sug-
gest that HyR (along with H,R) has differential
immune suppressive actions on basophils.

The immunomodulatory and immunosuppres-
sive properties of H,R have been found in many
immune cells. In human basophils, H,R activa-
tion is well known to inhibit degranulation and
histamine release (viewed in [32]). The impor-
tance of H,R and H,R in allergen desensitization
has been demonstrated with respect to human
basophils [84]. As with H4R activation on human
basophils, H,R agonists reduced the expression
of the activation markers CD63 and CD203c, as
well as the release of histamine, leukotrienes and
cytokines (IL-4 and IL-8) and this was mimicked
by forskolin supporting a receptor coupled to Gs
[84]. H,R signaling is not only suppressive in
basophils but also in human eosinophils [32] and
neutrophils [12, 36]. A study investigating the
effect of histamine on eosinophil degranulation
found that histamine inhibited the release of
eosinophil peroxidase (an eosinophil degranula-
tion marker) and increased intracellular cAMP
[32]. These effects were mimicked by H,R ago-
nists and attenuated by H,R antagonists, suggest-
ing the suppression of degranulation is
H,R-mediated [32]. These data, together with
data from monocytes, DC and T cells, suggest
that H,R agonists theoretically could be a benefi-
cial treatment for atopic diseases (if targeting
approaches to avoid their effects on gastric acid
secretion could be developed).

Although neutrophils are not normally consid-
ered as major contributors to allergic disease,
there is increasing evidence to demonstrate that
these cells play a role in allergies, especially in
severe asthma where there is a poor response to
inhaled corticosteroids [79]. Neutrophils are
recruited to sites of allergic reactions by che-
moattractants such as mast cell chymase and
tryptase [8]. At these tissue locations neutrophils
are affected by many mediators and also them-
selves contribute to inflammatory mediators,
such as eosinophil cationic protein (ECP), matrix
metalloproteases, reactive oxygen species (ROS),
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as well as histamine itself [79]. ROS are impor-
tant mediators of inflammation and, while oxida-
tive burst is important for the elimination of
invading microorganisms, the overproduction of
ROS contributes to chronic inflammation
(reviewed in [16]) which is characteristic in
asthma and some types of cancers. Studies using
histamine receptor antagonists and agonists, sug-
gest that neutrophil function, like degranulation
and ROS production, is influenced by histamine
and neutrophils also express H|R, H,R and H4R
receptors (reviewed in [16]). A study comparing
atopic and non-atopic subjects found that fMLP-
induced ROS production was higher in atopic
subjects and the inhibitory effect of histamine
was less in atopics, suggesting that neutrophil
function in atopic subjects is more difficult to
suppress than healthy controls [104].

The H;R-antagonist, azelastine, was shown to
inhibit human neutrophil phagocytosis and gen-
eration of ROS, without having any scavenging
effect, supporting a role for H,R in neutrophils
[5]. H,R also have an effect on neutrophils where
both stimulatory and inhibitory actions have been
reported (reviewed in [16]). The most widely
accepted role for histamine in neutrophils is its
H,R-mediated inhibitory actions on oxidative
burst, by suppressing NADPH oxidase-dependent
formation of oxygen radicals [12]. H,R activation
also inhibits leukotriene (LT) biosynthesis,
including LTB,, which is a potent chemoattrac-
tant and activates polymorphonuclear leukocytes
(PMN) [36]. It was found that H,R agonists
mimic the inhibitory effect of histamine on
agonist-stimulated and thapsigargin-activated
PMN and that H,R antagonists attenuated these
effects. Further investigations showed that the
molecular mechanism is mediated through an
increase in cAMP, which is involved in decreased
arachidonic acid (AA) release and prevents trans-
location of 5-lipoxygenase (5-LO) to the nucleus
[36].

These data suggest that H;R antagonists/
inverse agonists and H,R agonists could reduce
inflammation in asthma by minimizing ROS pro-
duction and the release of LTB, and thus the
recruitment of neutrophils to affected tissue sites.
Furthermore, once recruited neutrophils may

themselves contribute to histamine release.
Although the level of histamine is low compared
to basophils and mast cells, neutrophil numbers
are higher in comparison to these other effector
cells and therefore their contribution to histamine
levels may significantly potentiate allergic reac-
tions [8]. Human neutrophils have been shown to
release histamine by IgE-dependent and -inde-
pendent mechanisms in certain settings and HDC
expression in these cells is higher in atopic indi-
viduals [8].

Overall, histamine plays a multifacetted role
in the development and exacerbation of atopic
diseases. Targeting histamine receptors can
reduce allergic symptoms but more effective
combinational therapies (e.g. HR & H4R) are
required.

2.2 Multiple Sclerosis (MS)
Multiple sclerosis (MS) is a chronic inflamma-
tory disease of the central nervous system, char-
acterized by demyelination and axonal damage
where the inflammatory lesions are characterized
by high infiltration of T cells, B cells, macro-
phages, microglial cells and mast cells (reviewed
in [53]). There have been extensive studies in MS
and its experimental animal model equivalent,
experimental autoimmune/allergic encephalomy-
elitis (EAE) [18]. However, the exact etiology of
MS still remain elusive, though both genetic and
environmental factors play a role. The exact
pathogenesis of MS is also not fully understood
but it has been proposed that histamine is involved
[53]. In the brain, neuronal histamine mediates
physiological responses by activating H,R and
H,R which are involved in regulating many func-
tions such as the circadian rhythm, appetite and
behavior. H;R has autorregulatory effects on his-
tamine itself and other biogenic amines in a nega-
tive feedback loop. The data regarding H4R
expression in brain tissue is currently controver-
sial, where most cells in the brain expressing this
receptor are thought to be immune cells (reviewed
in [97]).

Histamine has been associated with neuro-
nal inflammation of the brain seen in MS,
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although studies comparing blood or cerebral
spinal fluids (CSF) histamine levels from
patients with MS and healthy subjects have,
overall, not been conclusive [53, 57]. The his-
tamine producing cells of the brain consist of
histaminergic neurons and mast cells [53] and
it is believed that histamine release from mast
cells is involved in MS pathogenesis (reviewed
in [118]). The complex interaction of hista-
mine with its four different receptors makes it
currently difficult to state what the net effect of
histamine in MS is. Histamine may have both
detrimental and protective effect in MS and
EAE, and the amine can change the permeabil-
ity of the blood-brain barrier, which could
result in increased infiltration of cells in the
CNS as well as neuroinflammation. However,
in EAE using an HDC KO model, the severity
has been reported to be greater, suggesting a
protective role of histamine in the pathology of
EAE [119]. The role of histamine receptors in
EAE have been analyzed, but with relatively
unclear results (reviewed in [53, 89, 97]). For
instance, It has been shown that dimaprit (an
H,R agonist) significantly reduces -clinical
signs of EAE [30] but H,R deficient mice
showed improvement [106]. These conflicting
results could be because dimaprit has also been
reported to act on Hy;R [2], and that the benefi-
cial effect of dimaprit is actually mediated
through the H,R. In support of this notion,
JNJ-7777120 (an H,;R antagonist) has been
shown to exacerbate clinical and pathological
signs of EAE [10]. In addition, H,R deficient
mice also showed more severe symptoms, and
is related to a lower frequency of Treg and
increased numbers of Th17 cells [24]. However,
in other mouse models stimulation through the
H4R seem to promote a Th17 response [19].
Taken together, histamine may play a role in
the pathogenesis of MS. However, interpreting
the role of histamine receptors in EAE may
depend on the strain and induction of method
of EAE. Furthermore, it is important to deter-
mine the downstream signaling of the recep-
tors when using agonists and antagonists, to
exclude dual specificity.

23 Rheumatoid Arthritis (RA)
Rheumatoid arthritis (RA) is a systemic autoim-
mune disease that involves chronic inflammation of
the synovial membrane that causes joint pain, bone
and cartilage erosion. The inflammation is charac-
terized by infiltration of T cells, macrophages,
B/plasma cells and activation of synoviocytes and
molecular mediators such as TNF-a, IL-1, IL-6,
IL-17, RANKL, autoantibodies/immune complexes
etc. (reviewed in [58]). The exact role of histamine
in the pathogenesis of RA is currently unclear since
some reports have shown that histamine levels in
blood and synovial fluids (SF) are lower in RA
patients than healthy controls [4] but others have
found increased levels [60]. However, experimental
animal models, have suggested a role mediated
through the H,R [1, 19, 82]. In addition, it has been
reported that human synoviocytes express H;R,
H,R, and H R [51, 87]. Since most immune cells
that infiltrate the synovium express these receptors,
in particular HyR, this suggests for a role for hista-
mine in modulating the function of these cells.
Studies using a mouse collagen antibody-induced
arthritis (CAIA) model that included either H;R-
defienct mice or H R antagonist treated mice,
showed decreased inflammation, cartilage and bone
damage and overall lower severity scores [19]. This
suggests that H_R might be involved in the patho-
genesis of this arthritis model.

In the mouse collagen-induced arthritis (CIA)
model, which has astrong T cell component, it
was found that H,R-defienct mice or H4R antago-
nist treated mice had a lower number of Th17
cells and reduced IL-17 production [19]. Both
IL-17 secretion and the number of Thl17 cells
correlate with disease severity of rheumatoid
arthritis [9], suggesting that the effects of H,R
could be mediated by targeting Th17 cells. In
fact, human memory Th17 cells have been shown
to express HyR and stimulation through this
receptor induces IL-17 production [77]. On the
other hand, in vivo activated human monocytes
from RA patients have been shown to promote
Th17 responses in a contact-dependent manner
[31]. Thus increases in IL-17 could be mediated
by an HjR-independent mechanism, although
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human monocytes have been shown to express
H,R and these were increased in monocytes from
RA patients compared to healthy controls [60].

There may be a network between histamine,
histamine receptor expression and Th17 cyto-
kines (IL-17, IL-21, and IL-22). Histamine,
IL-17, IL-21 and IL-22 all increase H4R expres-
sion in human monocytes, and H;R antagonists
attenuate this increase in all case except for
IL-21. Furthermore, RANKL is also increased by
histamine and IL-22, which was shown to be
inhibited by an H,R antagonist [60]. RANKL is
important for osteoclast activity which results in
bone erosion. To examine if histamine had an
osteoclastogenic role, human monocytes were
cultured with M-CSF and histamine with and
without H,R antagonist. Monocytes differenti-
ated into osteoclasts by an H,R-dependent mech-
anism [60]. Taken together, there is evidence to
suggest that histamine may play a role in RA
which is possibly mediated through the actions of
the H R, although it remains to be seen whether
H,R antagonists have therapeutic applications for
this disease, especially in humans.

24 Atherosclerosis

Atherosclerosis is an inflammatory disease of the
large- and medium-sized arteries, and is charac-
terized by the formation of atherosclerotic
plaques consisting of necrotic cores, calcified
regions, accumulated modified lipids, inflamed
smooth muscle cells (SMCs), endothelial cells
(ECs), leukocytes, and foam cells (reviewed in
[39]). Atherosclerosis is a complex disease where
many different mediators are involved. High lev-
els of Low-density lipoprotein (LDL) is one of
the most important risk factors for atherosclero-
sis, however, immune and inflammatory mecha-
nisms also play a role [39]. The main immune
cells involved in the initiation and progression of
atherosclerosis are macrophages, monocytes and
T cells, all of which are able to secrete cytokines
(e.g. TNF-a), chemokines (eg. CCL2) as well as
other factors like, MMP, ROS, and histamine,
contribute to pathogenesis. High blood levels of
histamine in combination with low levels of

ascorbic acid plays a role in the initiation of ath-
erosclerosis since histamine reduces TJ on endo-
thelial cells, and a lack of ascorbic acid induces
endothelial cell gaps (causing initial damage)
(reviewed in [17]). HR mRNA is expressed in
macrophages, vascular SMC [105] and vascular
EC in atheromatous plaques, suggesting that his-
tamine could regulate some responses in athero-
sclerosis [96].

Histamine also enhances the expression of
adhesion molecules, such as VCAM and ICAM,
in atherosclerosis [62], as well as enhancing the
production of cytokines such as IL-6, IL-8 and
TNF-a. These adhesion molecules are needed for
the recruitment of leukocytes, especially mono-
cytes, into the intima wall [96]. Monocytes
express H|R, H,R, and H,R, where H,R is most
predominately expressed [26, 108]. CCL2/
MCP-1 is an important chemoattractant for espe-
cially monocytes, and it was found that histamine
can upregulate the expression of both CCL2 and
its receptor CCR2 by an H,R-mediated mecha-
nism in monocytes [62]. However, histamine also
induces IL-10 production while inhibiting IL-12
production and TNF-« through HyR [29, 110]. In
contrast to H,R, H4R down-regulates CCL2 pro-
duction in monocytes [26]. Once in the tissue,
monocytes start to differentiate to macrophages,
and this process results in a switch of histamine
receptor expression to H;R predominance [108,
112].

Macrophages are crucially important in the
pathogenesis of atherosclerosis, and are found in
all stages of the disease. Macrophages not only
express H,R but also produce histamine, and it is
thought that macrophage-derived histamine plays
an important role in atherosclerosis [96]. This is
supported by a study investigating HDC expres-
sion in relation to atherosclerosis where increased
HDC expression in the human aortic intima in
relation to the progression of the disease, and this
was mainly produced by monocytes/macro-
phages and to a lesser extent T cells [49]. It has
been proposed that histamine and IL-4 synthesis
in the arterial intima stimulate both monocytes
and macrophages to phagocytes oxidized LDL,
that then leads to the formation of foam cells
[49]. Some of the target cells for
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macrophage-derived histamine are SMC. Reports
have shown that histamine could, through H,R,
stimulate the proliferation of SMC contributing
to the thickening of the intima as well as inducing
the production of MMP-1, which is involved in
extracellular matrix degradation in an atheroscle-
rotic lesion [96].

2.5 Gastric Intestinal (Gl)

Disorders

H|R, H,R and H,R (both mRNA and protein) are
expressed in the human gastric intestinal tract
[95]. Histamine has a role in multiple physiologi-
cal processes in the GI tract, including immuno-
logical ~ responses,  visceral = nociception,
modulation of intestinal mobility and gastric acid
secretion. However, histamine also plays a role in
many GI disorders such as systemic mastocyto-
sis, food allergy (FA), malignancies, gastric ulcer,
irritable bowel syndrome (IBS) and inflamma-
tory bowel disease (IBD) (reviewed in [23]). In
these disorders, increased histamine levels have
often been found both in plasma and inflamed
lesions [103]. This increase could be due either to
an increase in histamine availability or decreased
degradation and both circumstances might occur
in patients with IBD. An alteration in mast cell
numbers as well as an increase in their activation
state resulting in an excessive histamine release
has been reported [23]. In addition, DAO gene
expression was found to be lower in IBD patients
[103]. Furthermore, it also appears that the dys-
regulation of histamine receptor expression also
could play a role in some of these diseases, since
H,R and H,R mRNA have been shown to be up-
regulated in FA and IBS patients [95]. Inflamed
tissue of IBD patients (both Crohn’s disease and
ulcerative colitis) is associated with an upregula-
tion of H,R and H,;R mRNA compared to non-
inflamed tissue from the same donor [103].
Although the exact etiology of IBD remains
unknown, genetic susceptibility, environmental
factors, immune dysregulation, and epithelial
barrier dysfunction all contribute to disease
pathogenesis (reviewed in [66]). Histamine may

affect immune regulation and modulation of epi-
thelial barrier function. A recent study, examin-
ing the effect of histamine and H,R on the
bacterial-induced inflammatory response in
patients with IBD [103], reported an increase in
Th1 and Th17 cells. Furthermore, an inverse cor-
relation was found between Thl7 cells and
monocytes expressing the H,R as well as a switch
in the balance of histamine receptor expressions
in monocytes from H,R to H,R. The ability of
histamine to suppress the PBMC TLR-induced
cytokines, such as IFNy, TNFa, IL-6, IL-12, and
IL-17, which are normally increase in IBD was
examined. Here, the suppressive effect of hista-
mine was significantly less in patients with IBD
than controls for all the above cytokines except
for IL-17, an effect which was H,R-mediated
since it was abolished by the H,R antagonist
famotidine [103]. In support of this, a study using
the probiotic Lactobacillus reuteri (clade II strain
which expresses HDC) suppressed intestinal
inflammation in a trinitrobenzene sulfonic acid
(TNBS)-induced mouse colitis model [42]. The
anti-inflammatory effect of L.reuteri was dimin-
ished by ranitidine, an H,R antagonist, suggest-
ing colitis is H,R-mediated. The consequence of
H,R-stimulation was reduced gene expression of
pro-inlfammatory IL-6 and IL-1f [42].

Frei et al. showed that histamine plays an
important role in the maintenance of mucosal
homeostasis [37]. Here, it was shown that human
monocyte-derived dendritic cells (MDDC) stim-
ulated with LPS (via TLR4) or Pam3Cys (via
(TLR?2) in the presence of histamine significantly
reduced the expression of TNF-a, IL-12p70 and
the chemokine CXCL10, while enhancing the
expression of the anti-inflammatory cytokine
IL-10. [37] Furthermore, a decrease in T cells
positive for T-bet (a Thl transcription factor)
decreased after stimulating MDDC with LPS and
histamine. The suppressive effect of histamine
was also observed for stimulated DCs isolated
from human peripheral blood and shown to be
H,R-mediated.

Since histamine does not appear to influence
TLR-induced IL-17 secretion directly, it has been
suggested that the amine influences Th17 cell



Role of Histamine in Inflammatory Diseases

97

polarization [103]. A mouse study using preclini-
cal models of arthritis, has shown that H,R
antagonism reduces Th17 cell populations and
IL-17 secretion [19]. This could be attributed to
an H,;R-mediated effect on Th17 cells. In another
recent study, polarized human memory Thl7
cells, as well as IL-17 positive T cells in skin
lesion of psoriasis, expressed HyR. Upon stimula-
tion with histamine or the HyR agonist,
4-methylhistamine, increased IL-17 mRNA and
secretion of IL-17 were observed, effects which
were blocked with selective antagonist JNIJ-
7777120. These actions could be mediated by
activator protein-1 (AP-1) since both histamine
and HyR agonists induce AP-1 DNA binding and
H,R antagonists reduce it [77]. The switch in his-
tamine receptor expression on monocytes from
H,R to H,R, may play a role in the induction of a
Th17 response. This is supported by a report
demonstrating that in vivo activated human
monocytes promote a Th17 response in a cell
contact dependent manner [31].

Although it is recognized that histamine in
the gut contributes to gastric ulcers in an H,R-
dependent manner, it would seem that, in the
case of IBD, H,R stimulation should have a sup-
pressive effect on the inflammatory mucosa in
IBD [23, 66]. However, histamine has a much
higher affinity for the H,R than for H,R thus,
although the expression of H;R and H,R recep-
tors are more prominant in the GI tract, hista-
mine could contribute to inflammation via
H R-stimulation and induce Thl7 responses.
Whether by H,R or H,R histamine-dependent
effects are mediated by the modulation of cyto-
kine secretion. The cytokines IFNy, TNFa,
IL-1p, IL-6, and IL-17 have all been shown to
impair epithelial barrier function, which is also
one of the hallmarks of IBD [66]. From the
reported studies here, histamine suppresses
IFNy, TNFa, IL-1p and IL-6 via H,R, but
enhance IL-17 by H,R. Taken together, the bal-
ance between H,R and H,R may be critical in
controlling mucosal inflammatory responses
and the microbiota (with the presence of certain
bacterial strains) might be involved in this con-
trol in IBD.

3 Tumorigenesis

Tumorigenesis is a multistep process and arises
from various genetic and epigenetic alterations that
drive the progressive transformation of normal
cells into malignant cells [59, 76]. Chronic inflam-
matory processes are implicated in the initiation
and progression of cancer, such as infiltration of
mononuclear cells, upregulation of pro-inflamma-
tory molecules (cytokines, ROS and NF«B), tissue
destruction, fibrosis, increased angiogenesis and
invasion of tissue, increased in genomic DNA dam-
age and disruption of DNA repair pathways as well
as increased proliferation and inhibition of apopto-
sis. Thus inflammation may help provoke key
mutations for cancer development [34].

Chronic inflammation and cancer develop-
ment are associated in several organs including
breast, urinary bladder, ovary, liver, stomach,
intestine, skin, and prostate. For instance, the risk
of colorectal cancer has been shown to be much
higher in patients with IBD such as Crohn’s dis-
ease and ulcerative colitis [34]. Atopic diseases
are known to involve the release of histamine
release and other mediators (cytokines, chemo-
kines, and leukotrienes), often resulting in
chronic inflammation. However, the association
between cancer risk and atopic disease is contro-
versial. Some reports have found that atopic dis-
ease is associated with a lower risk of cancer (e.g.
leukaemia and glioma), suggesting a protective
effect which is most likely due to hyperstimula-
tion of the immune system which could enhance
immune surveillance, thus inhibiting abnormal
cell growth (reviewed in [21]). In contrast, atopic
diseases such as asthma, associated with chronic
inflammation and release of inflammatory cyto-
kines and ROS, increase the risk of lung cancer
(reviewed in [21, 92]). Atopic diseases therefore
increase the risk of certain types of cancers
whereas in others they may be protective.

Mast cells and their mediators, such as hista-
mine, may promote a microenvironment for
tumor development, since chronic inflammation
induces both proliferation of resident mast cells
and recruitment of mast cell as well as mast cell
progenitors. These have been found to be
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associated with angiogenesis, tumor growth and
metastases [34]. An increase in histamine levels
(or HDC activity) has been shown in many can-
cer types, such as breast cancer, melanoma, small
cell carcinoma, endometrial cancer and colorec-
tal cancer (reviewed in [15]) and this increase is
thought to be attributed by overexpression of
HDC by tumor cells, mast cell mediator release
and a dysfunction in histamine metabolism (von
[72]). Furthermore, the expression of histamine
receptors has been found in many types of
tumors, such as breast cancer, leukemia, mela-
noma, cervical, ovarian and colorectal cancer
(reviewed in [76]). Histamine appears to play a
dual role where, on the one hand it has cancer-
promoting effects by acting in an autocrine and
paracrine manner to support tumor growth but,
on the other hand, anti-tumour effects by also
inhibiting cell proliferation and enhancing NK
cell cytotoxicity. These effects largely depend on
the histamine concentration, the tumor type (and
even subtype) and the type of histamine receptors
expressed [34]. Furthermore, it is also necessary
to identify the downstream mechanism, because
some cancer types are more complex to investi-
gate due to atypical signaling pathways of the
histamine receptors.

3.1 Colorectal Cancer (CRC)

H,R, H,R, and H,R are expressed in the GI tract
and elevated HDC levels have been found in
colorectal cancer (CRC) tissue [23] where mast
cell infiltration is associated with poor prognosis
(reviewed in [3, 94]). This suggests that hista-
mine influences the growth of CRC.

H,R activation has been associated with
histamine-mediated tumor growth of several dif-
ferent types of tumors, such as melanoma,
colorectal cancer and glioma cells as well as in
breast cancer (reviewed in [15, 76]). Adams et al.
showed that histamine induced moderate cell
proliferation in a CRC cell line in a bell-shaped
concentration-dependent manner [3]. The H,R
antagonist cimetidine inhibited this proliferation
suggesting that tumor growth is associated with
H,R activation. Xenografted tumor cells in mice

were also examined where similar results were
obtained supporting the in vitro data [3]. This
suggests that H,R antagonists could be a benefi-
cial treatment for CRC. In addition, it has been
shown that cimetidine appears to improve dimin-
ished immunity after surgical resection of
CRC. Here, perioperative administration of
cimetidine increased total T cells, Th cells, and
NK cells, and increased tumor infiltrating lym-
phocytes [68]. This study did not investigate the
molecular mechanism of action, and thus it is not
known if this is directly mediated by inhibiting
H,R or some off-target effect of cimetidine. For
instance, cimetidine has been shown to enhance
antitumor cell-mediated immunity by improving
the antigen presenting capacity of dendritic cells,
especially in advanced cancer patients. This
effect is thought to be due to some off-target
effect, since another H,R antagonist, famotidine,
did not show similar results [65].

H,R expression levels in CRC are known to
differ compared to adjacent normal tissue (ANT).
In a recent study it was shown that H;R expres-
sions, both at mRNA and protein levels, are
reduced in CRC compared to ANT and that
advance stages of CRC had even lower H,R
mRNA compared to earlier stages, suggesting
reduced H,R could be a marker for tumor pro-
gression [33]. To investigate the effect of differ-
ent H,R expressions, Fang et al. compared a CRC
cell line, which constitutively expressed rela-
tively low levels of H,R, to the same cell line
overexpressing H,R [33]. Here, histamine and
the H,R agonists clozapine and clobenpropit
inhibited proliferation by inducing cell cycle
arrest in cells that overexpressed H,R while not
influencing the growth of untransfected cells.
This was verified by pretreatment with the HyR
antagonist JNJ7777120, which prevented the cell
cycle arrest [33]. The effect on the cell cycle was
due to H,R regulation of cell cycle proteins
CDK?2, cyclin D1, p21, and p27 and the molecu-
lar mechanism for H;R-mediated cell cycle arrest
was due to suppression of the cAMP-dependent
pathway. Thus, it appears that CRC tumors down-
regulate H,R to increase proliferation by allow-
ing progression through cell cycle arrest.
Furthermore, H,R activation enhanced apoptosis
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induced by 5-fluorouracil (a chemotherapeutic
drug), suggesting that H,R-agonists could be
play a therapeutic role in CRC in combination
with 5-flurouracil [33].

3.2 Histamine and Tumour

Surveillance

Histamine can also inhibit or promote tumour
growth by affecting tumour surveillance.
Combination therapy with IL-2 and histamine
have shown to enhance tumor surveillance by
enhancing the cytotoxicity of anti-tumor cells
such as NK cells and T cells [20, 27, 115]. In
other cases, histamine was observed to contrib-
uted to immune escape [81, 109].

In metastatic renal cell carcinoma, malignant
melanoma, and acute myeloid leukemia combi-
nation immunotherapy with IL-2 and histamine
have shown to be beneficial [20, 27, 115]. IL-2 is
involved in the proliferation and cytotoxic activa-
tion (upregulation and maintenance of activation
receptors, such as NKGD2) of NK cells and T
cells, which promote tumour clearance [20].
However, it cytotoxic activity is diminished in
the presence of phagocytes. The combination
therapy using IL-2 and histamine is based on the
oxidative stress hypothesis, in which histamine
inhibits the formation and release of phagocyte-
derived (neutrophils, monocytes/macrophages)
ROS and thereby protects anti-tumor cells, such
as NK cell and T cells, against oxidative damage
and apoptosis [12, 27]. The molecular mecha-
nism for the attenuated production of ROS is due
to H,R-mediated inhibition of NADPH oxidase
[12].

Another mechanism for the combination
effect of IL-2 and histamine is its effect on
myeloid cells. A subset of monocytes comprises
of myeloid-derived suppressor cells (MDSCs),
immature cells with immunosuppressive func-
tions that increase in number during cancer pro-
gression. The immune suppressive functions of
MDSC:s includes inhibition of cytotoxic T cell
and Th cell activation and proliferation, induction
of regulatory T cells, impaired NK cell activity,
and induction of immunosuppressive macro-

phage phenotypes (reviewed in [111]). Yang et al.
demonstrated that HDC deficient mice accumu-
late more immature myeloid cells and exoge-
nously administrated histamine prevents this
accumulation [116].

An in-vitro study using cultured human mono-
cytes with growth factors in either the presence or
absence of histamine showed that histamine
induced differentiation of DCs by increasing the
levels of maturation markers such as HLA-DR,
C86, CD40 [75]. It was also observed that these
DCs were more efficient in promoting T cell pro-
liferation and producton of cytokines such as
IFNy and IL-4. It appears that the differentiation
of DCs is NADPH-dependent. In the presence of
high ROS, maturation markers were lower than
controls. The importance of histamine on
NADPH was verified in an NOX2-KO cell line
(NOX is a component of NADPH). Here, hista-
mine had little effect on cell differentiation com-
pared to wild type and this was attenuated by
ranitidine, an H,R antagonist, implying that the
effect was H,R-mediated [75]. Thus histamine
inhibits the activity of NAPDH though H,R acti-
vation and this prevents the formation and release
of ROS, which improve MoDC differentiation.

Histamine also affects another tumor surveil-
lance T cell, the subset Y8 T cell, which recog-
nizes antigen bound to CD1 molecules. Like NK
cells yd T cell cytotoxic activity is mediated by
the release of perforin and granzyme. A study
investigating the effects of histamine on human
v T cells showed that these cells express H|R,
H,R and H4R receptors, suggesting that hista-
mine is able to regulate their function. It was
shown that H4,R mediated chemotaxis though
pertussis-sensitive G; signalling led to an increase
in intracellular calcium and actin reorganization
[109]. However, histamine reduced the cytolytic
capacity of y8 T cells towards cancer cell lines.
This effect of histamine was mimicked by
dimaprit, an H,R agonist (and partial H;R ago-
nist) whereas H,R antagonists abolished this
effect, suggesting that the modulatory actions of
histamine on T cell-mediated cytotoxicity
requires H,R activation. It was determined that
the effect on cytotoxicity was mediated to the
cholera toxin sensitive G,, which increases
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intracellular cAMP, again
mediated input [109].

Histamine also contributes to immunological
escape of monocytic leukemia cells by reducing
their susceptibility to NK cells, CD8" T cells and
v0 T cells, by down-regulating NKG2D ligands.
The NKG2D receptor is a key activating receptor
expressed on these cells, and thus by down-
regulating their ligands (MICA/B and UL16BP)
leukaemia evade the anti-tumor cell activities. A
study examining the histamine effect on NKG2D
ligands on THP-1 leukaemia cells showed that
IFNy increased the surface expression of these
ligands whereas histamine attenuated this effect
[81]. This was most likely mediated through H;R
and H,R activation since H;R and H,R agonists
also reduced NKG2D expressions. The molecu-
lar mechanism for this reduced expression is due
to enhanced poly-ubiquitination which target the
ligands for proteasomal degradation, subse-
quently reducing susceptibility to NK cell-
mediated cytotoxicity [81].

Taken together, the role of histamine receptors
in cancer is complex. H,R appear to promote the
tumor growth in cancer, most likely by autocrine
and paracrine mechanisms. In immune surveil-
lance cells, H,R also seems to suppress their
activity but at the same time H,R activation on
phagocytes prevent the production and release of
ROS and thus protect anti-tumor cells from oxi-
dative stress and apoptosis. Thus, in any future
therapeutic applications, it would be important to
identify the subset of histamine receptors in each
cancer type and the molecular mechanisms to
unveil the most suitable therapeutic strategy in
terms of modulating the actions of histamine.

suggesting H,R-

4 Histamine Intolerance

Histamine intolerance (HIT) is a relatively con-
troversial topic which has been poorly researched
and is characterized as an accumulation of hista-
mine due to increase availability (e.g. ingestion
of histidine/histamine-rich food) or reduced
capacity of histamine degradation (e.g. alcohol or
drugs that can inhibit catabolic enzymes). The
enzyme DAO is the main enzyme for cataboliz-

ing ingested histamine and it has been proposed
that its reduced activity (e.g. decrease expression,
drugs or metabolites which inhibit DAO activity)
can result in an excess of histamine, causing
pseudo-allergic symptoms, such as diarrhea,
headache, rhino conjunctival symptoms, asthma,
hypotension, arrhythmia, urticaria, pruritus, and
flushing [73, 93, 102].

The scientific evidence to support an associa-
tion of ingested histamine and adverse reactions
is limited [93]. Furthermore, studies on HIT is
difficult to initiate because it is difficult to distin-
guish and diagnose in potential patients. Patients
first have to be excluded for allergies or other dis-
eases that might increase histamine levels, such
as mastocytosis. In addition, that lack of reliable
laboratory tests for objective diagnosis is also a
hinderance [93].

The gold standard in diagnosis for HIT is a
double-blind, placebo-controlled histamine prov-
ocation following a histamine-free diet for
4 weeks [80]. However, the interpretation of
provocation results is often prombelmatical due
to a lack of symptom reproducibility [64].
Assuming that intestinal DAO levels reflect that
of serum, low serum DAQO concentrations could
be a biomarker for histamine intolerance [80,
113]. However, measurement of serum DAO is
somewhat controversial. A study using a com-
mercially available kit to measure serum DAO
reported that DAO activity in histamine intoler-
ant patients was lower than in healthy controls,
and patients with highly reduced DAO activity
displayed symptoms of HIT after the intake of
histamine-rich food [80]. This is supported by a
retrospective study which examined serum DAO
levels and the clinical response to DAO supple-
mentation where serum DAO levels were also
reduced in patients suspected of HIT compared
to controls [74]. In contrast, other studies found
no correlation between DAO serum levels and
clinical status due to high interassay variation
[63] [100]. This suggests that it is not currently
possible to conclude whether the accumulation of
histamine causes intolerance and whether
reduced histamine catabolism is the cause. A
more recent concept which could in part be
related to HIT-phenomena is mast cell activation
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syndrome, which is currently being investigated
as a possible cause for a variety of idiopathic
mast cell or histamine-related disorders [6].

5 Conclusions

It is increasingly clear that histamine plays an
important, yet highly complex, role in many dif-
ferent inflammatory diseases. It does so not only
by driving the classical hallmarks of inflamma-
tion but the studies highlighted in this chapeter
also show that it modulates the functions of a
variety of adaptive immune cells (antigen-
presenting cells; T cells, B cells, NK cells) which
govern the underlying immunology of inflam-
matory diseases. The net effect of histamine on
these cells is crucially dependent on the expres-
sion of the various histamine receptor subtypes.
However, this is not so easily addressed due to
heterogeneous expressions between different
cell lines and species, as well as biased signaling
and differential off-target effects of drugs used to
study histamine receptor actions. Despite these
issues, new developments in the HyR field have
shown that this receptor is crucially involved in
pruritus (itch) and clinical trials underline its
potential therapeutic use, especially in combina-
tion with H;R antagonists/inverse agonists and
anti-IL-3lapproaches. In contrast, the therapeu-
tic use of HyR antagonists in RA have yet to be
proven in humans despite promising results in
mouse models. However, in cancer, recent
evidence demonstrating that histamine plays a
major role in tumour surveillance (H,R-
mediated) may have therapeutic implications
and considerably enhance our understanding of
inflammatory processes in an oncological
context.
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Abstract
During the past three decades, our knowledge
about the close relationship and functional
integration between the immune system and
the nervous system hugely increased, and the
relevance of the neuroimmune network in
health and disease is now established, provid-
ing novel and unanticipated opportunities for
the modulation of the immune response by
means of conventional neural targets. Primary
and secondary lymphoyd organs are exten-
sively innervated by the autonomic nervous
system, and cells of adaptive as well as innate
immunity express receptors for neurotrans-
mitters and neurohormones, including nor-
adrenaline, adrenaline, acetylcholine and
many others, which control critical immune
functions. In addition, immune cells them-
selves may produce and utilize classical neu-
rotransmitters, providing additional
complexity to the network but also additional
opportunities to develop novel immunomodu-
lating strategies.

Neuroimmune pharmacology is a young
but rapidly growing discipline, encompassing
interdisciplinary research in pharmacology,

immunology and neuroscience, offering origi-
nal therapeutic approaches to investigate the
neuroimmune network. The present chapter
provides an overview of the main neurotrans-
mitter-operated  pathways affecting the
immune system, as well as of their clinical and
translational potential with regard to major
diseases such as multiple sclerosis, cancer and
rheumatoid arthritis.
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Immune System-nervous
System Communication
Pathways

The main and most finely tuned communication
between the nervous system and the immune sys-
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tem occurs primarily through the autonomic ner-
vous system (ANS) that innervates lymphoid
organs with both sympathetic and parasympa-
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thetic fibers, including primary (bone marrow
and thymus) and secondary (spleen and lymph
nodes) lymphoid organs [1]. In the immune sys-
tem, the presence of different neurotransmitters
and neuropeptides (and receptors on immune
cells for these mediators) is in line with the close
functional relationship between the nervous and
the immune system.

In this neuro-immune network, a key role is
played by the sympathetic nervous system (SNS)
that, together with the hypothalamic—pituitary—
adrenal (HPA) axis, represents the major path-
way involved in the cross-talk between the brain
and the immune system [2].

Nerve terminals reach immune cells in lym-
phoid tissue, as well as in the vascular wall and in
other tissues and organs, and release catechol-
amines (CA), acetylcholine (ACh) and other neu-
rotransmitters and neuromodulators (e.g.,
neuropeptide Y, glutamic acid, etc.) [3].
Additional complexity to the network derives
from observations showing that human immune
cells express on their surface receptors for neu-
rotransmitters such as noradrenaline (NA), dopa-
mine (DA), acetylcholine (ACh), serotonin and
other neurotransmitters, together with the
machinery for their synthesis and storage [4—12].
Communication between the central nervous sys-
tem (CNS) and the immune system has many
physiopathologic and clinical implications, as
shown e.g. by evidences about worsening of
inflammatory disease such as rheumatoid arthri-
tis after the disruption of sympathetic nerve fibres
[13] or the documented dysregulation of cholin-
ergic pathways in different types of cancer [14].

2 Inflammation
and Neurotransmitters

Inflammation is an essential immune response
triggered by infection and injury, and represents a
nonspecific reaction involving first of all the
innate immune system (monocytes/macrophages,
neutrophils, dendritic cells, natural killer, and the
other components of the innate branch of immu-
nity). Adaptive immunity (primarily T and B
lymphocytes) thereafter contribute through sev-

eral mechanisms, including production of cyto-
kines, which are considered the “immune
hormones” [15], with the aim to maintain/ rees-
tablish tissue homeostasis. Both pro- and anti-
inflammatory cytokines are involved in this
process, and acute-phase reactants, such as C
reactive protein (CRP), are produced during
inflammation. Although inflammation is a critical
response to acute infection or injury, chronic or
excessive inflammation may be detrimental for
health.

In specific inflammatory conditions, such
as stress-related inflammation, CA and corti-
sol are major modulators of the immune
response and their effects may well explain the
consequences of stress on immunity. In fact,
not only glucocorticoids, but also NA is known
to interfere with most of the immune func-
tions, including the innate response with the
release of proinflammatory cytokines [16—-18],
such as interleukin (IL)-6 [16, 19, 20]. Indeed,
noradrenergic dysfunction, including over-
activity of the SNS, is recognized as a charac-
teristic of emerging diseases such as
obesity-related metabolic syndrome, or con-
tributing to the pathophysiology and negative
clinical prognosis in cardiovascular diseases
[21]. Adrenergic nerve endings in blood ves-
sels play a role in metabolic dysregulation [22,
23], and SNS overactivation is involved in
increasing of body weight [21]. Similarly, the
parasympathetic branch of the ANS plays a
key role regulating inflammation, mainly with
an antiinflammatory role. Stimulation of vagus
nerve reduces the production of proinflamma-
tory cytokines by means of ACh possibly act-
ing on nicotinic receptors. On this basis, the
existence of a ‘“nicotinic antinflammatory
pathway” has been proposed [24].

Besides CA and ACh, other neurotransmitters
such as glutamic acid play a key role in inflam-
mation. Glutamic acid seems to be involved in
several diseases affecting the CNS, such as mul-
tiple sclerosis [10], amyotrophic lateral sclerosis
[25], as well as the periphery (e.g. cancer) [26].
Recently, glutamic acid has been proposed to
play a role also in the inflammatory component
of neuropathic pain [27].
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2.1 Catecholamines

The term “catecholamine” (CA) includes a wide
group of neurotransmitters called “monoamines”
that are chemically organized with a single amine
(-NH2) group, a cathecol nucleus (i.e. a benzene
ring with two adjacent hydroxyl groups), and an
ethyl-amine side chain [28]. The most important
CA are dopamine (DA), noradrenaline (NA) and
adrenaline (A), which are synthesized from the
amino acid tyrosine. The first step is the transfor-
mation of tyrosine in levodopa by the enzyme
tyrosine hydroxylase (the rate-limiting enzyme in
the biosynthetic pathway of CA). In adrenergic
and dopaminergic neural and neuroendocrine
cells, levodopa is then decaborxylated to produce
DA which in dopaminergic cells is just stored in
vescicles, while in adrenergic cells is transformed
in NA by the enzyme dopamine f-hydroxylase
(DHBA), and is eventually finally converted to A
by phenylethanolamine N-methyltransferase
(PNMT) [29, 30]. This latter conversion occurs
mainly in periphery (in particular in the adrenal
gland).

2.1.1 Dopamine

DA is usually considered first of all a neurotrans-
mitter of the CNS, involved in the control of sev-
eral key functions, such as cognition, motivation,
movement and reward [28], while in the periph-
ery DA is known to regulate blood pressure,
sodium balance, adrenal and renal function, glu-
cose homeostasis and body weight. Recently
however an important role of DA as key transmit-
ter in the interconnection of the CNS and the
immune system has been extensively character-
ized, and now DA is known to be produced also
by immune cells themselves [31-33]. Almost all
human immune cells are affected by DA, and
some cells (e.g. lymphocytes and dendritic cells)
are also able to produce and utilize DA as an
autocrine/paracrine mediator [34, 35].

DA exerts its effects interacting with five dif-
ferent dopaminergic receptors (DR), which are
7-transmembrane, G protein-coupled receptors
[36], usually classified in two main families:
Dl-like (D1 and DS, that activate Gas/olf pro-
teins to stimulate cyclic adenosine monophos-
phate (cAMP) production by adenyl cyclase

(AQ)), located both pre- and post-synaptically,
and D2-like (D2, D3 and D4, that activate Gai/o
proteins, inhibiting AC and resulting in reduced
cAMP levels), which are mainly post-synaptic.

In the periphery, the gastrointestinal tract rep-
resents the major source of DA, but DA can be
produced at least by three different districts: the
neuroendocrine cells, the adrenal glands and the
neuronal fibers. Recently, it was hypothesized
that an increase in the dopaminergic tone of the
striatum may represent a risk factor for obesity
and, in line with this hypothesis, it was shown
that, consumption of carbohydrates stimulates
the production of DA and is linked with food
reward and release of DA in the brain.

Dopamine and the Immune System

The presence of DA in immune compartments is
suggestive of a role of this mediator in influenc-
ing immune cells. For example, treatment of
lymphocytes with IFN-f (a cornerstone in the
treatment of multiple sclerosis) leads to increased
production and release of DA [37], while pro-
found changes in DR expression on CD4+ T
lymphocytes (in comparison to healthy subjects)
occurs in Parkinson’s disease [38] and in multi-
ple sclerosis [39]. Immune dopaminergic path-
ways are also extensively involved in other
diseases such as rheumatoid arthritis [40] and
obesity [41].

DA profoundly affects both the innate and the
adaptive branch of immunity. Both innate
immune cells and B and T lymphocytes express
all the five DR and possess the enzymatic machin-
ery for the synthesis, storage and release of DA
(as well as of the other two CA, NA and A) [6,
42], and dopaminergic dysregulation occurs in
immune cells of patients with reumathoid arthiri-
tis [40, 43] or with Parkinson’s disease [38].
Tables 1 and 2 summarize the main evidences
about the presence of DR on cells of innate and
adaptive immunity.

Evidence also exists suggesting that dopami-
nergic drugs used in clinics may affect immunity.
Dopaminergic agonists like cabergoline, prami-
pexole and ropinirole are used as antiparkinson
agents, while antagonists like chlorpromazine,
halperidol or metoclopramide are used as anti-
psychotics and antiemetics. Interestingly e.g.
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Table 1 Examples of effects induced by dopamine and drugs acting on dopaminergic receptors on cells of innate

immunity
Model | Function | Cells | Effects Ref.
Neutrophils
Human | fMLP-induced superoxide Isolated neutrophils Inhibition/reduction 44
anion production
CD11b/CD18 expression, Isolated neutrophils Inhibition/reduction 45
adherence to endothelium,
phagocytic activity
Apoptosis Isolated neutrophils Inhibition/reduction 46, 47
IL-8 induced migration Isolated neutrophils Inhibition/reduction 48
Neutrophil count Whole blood Reduction induced by 49
(anaphylactic shock) chlorpromazine and pimozide,
increase induced by apomorphine
fMLP-induced cell migration, Isolated neutrophils Inhibition/reduction 50
fMLP-induced ROS generation
Cell count ‘Whole blood L-DOPA-induced neutropenia in 51
patients with Parkinson's disease
Eosinophils
Human | Eosinophils miocarditis Explanted heart/blood Reduction of myocarditis/ 53
count peripheral eosinophilia
Rat Cell count ‘Whole blood Inhibition with high dose of 52
L-DOPA/ increases with low dose
of L-DOPA
Mast cells
Mouse | Cell degranulation RBL-2H3 cell line Inhibition 54
Monocytes-macrophages
Human | Chemokinesis CD14+CD16+ Increased by SKF-38393 55
Monocyte-induced HIV entry CD14+CD16+ Increase 56
into the BBB
HIV entry and replication Primary macrophages Increase of entry and inhibition 57, 58
of replication
Reverse transcriptase activity Increased activity 59
Mouse | LPS-Induced Systemic Intraperitoneal injection | Inhibition 60
Inflammation In Vivo NLRP3 of LPS or bone derived
inflammasome activation cells
Dendritic cells (DC)
Mouse | Th17-mediated immunity, Inhibition 61
cytokine production
DC-mediated Th17 Inhibition 62
differentiation
Human | IL-10, IL-6, IL-8, TNF-a, IP-10 | Monocyte-derived DC Risperidone increased IL-10, IL-6, |47
and IL-12 production IL-8, TNF-a, and decreased IP-10
and IL-12
Natural Killer (NK)
Mouse | Cytotoxic activity Spleen-derived NK Increased by SKF-38393 and 63
decreased by quinpirole
Rat Killing activity Increased in hyperactive and 64
decreased in hypoactive
dopaminergic system
Human | Fe-receptor-mediated human Peripheral NK Inhibition by antagonists 65
NK activation

(continued)
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Table 1 (continued)

Model | Function | Cells | Effects Ref.
Astrocytes
Rat NLRP3 inflammasome DA increases Ca** levels 60
activation
Calcium intracellular signaling DA increases Ca** levels 66
Complement and antibacterial peptides
Human | Complement component C3a Blood of patients with 67
and levels of IL-6, IL-8 coronary artery bypass
grafting

chlorpromazine may reduce neutrophil count and
affects other innate immune functions (Table 1),
while DA or dopaminergic agonist dobutamine
(used in the clinical setting as inotropic drugs)
may counteract eosinophilic  myocarditis
(Table 1). DA and DR agonists may have an anti-
inflammatory profile, and may also act as antian-
giogenic agents (Table 2).

2.1.2 Noradrenaline and Adrenaline

The names “adrenaline” (A) and “noradrenaline”
(NA) derive from the early identification of these
mediators: “adrenaline” means “near the kidney”
(Latin roots: “ad renes”), like the US name epi-
nephrine (Greek roots: “epi” and “nephros”, i.e.
“on the kidney”). Noradrenaline/norepinephrine
present the prefix “nor” standing for “normal”,
which indicates the demethylated form of a com-
pound (although according to others it is the
acronym for nitrogen “Ghne radikal” (without
radical)). NA was first identified in 1946 by von
Euler, and a few years later in 1950 the same sub-
stance was found in the brain by Holtz. Previously,
its presence was strictly associated with auto-
nomic fibers innervating the smooth muscles of
cerebral blood vessels (and NA was called sym-
pathin). Finally, in 1954, Vogt found that the
presence of NA in the brain was not only corre-
lated with vessel, and its role as central neu-
rotransmitter was established. The major source
of A into the bloodstream are the chromaffin cells
in the adrenal glands, stimulated by the SNS
through its preganglionic fibers. Chromaffin cells
release A (~80% in humans) and in minor part
NA (~20%). In the CNS, noradrenergic neurons
are located mainly in the locus coeruleus (LC),
and their axons project to hippocampus, septum,
hypothalamus and thalamus, cortex and amyg-

dala, to cerebellum, as well as to spinal cord.
Adrenergic control includes attention, arousal
and vigilance, and regulation of hunger and feed-
ing behavior. In some areas of the CNS (e.g. in
the medullary reticular formation) also A acts as
neurotransmitter, affecting eating behavior and
blood pressure [28]. In the ANS, NA is the main
transmitter of sympathetic postganglionic fibers,
which affect smooth muscle contraction in blood
vessels and exocrine glands, heart rate and force
of contraction, glycogenolysis in liver and mus-
cle, lipolysis in adipose tissue, thermogenesis in
brown adipose tissue, and secretion of insulin
and renin. On the contrary, adrenergic control of
smooth muscle in the gut wall, bronchi, and
blood vessels supplying skeletal muscles is
mainly inhibitory [85].

Adrenergic receptors (AR) were first described
by Ahlquist in 1948 and classified in two differ-
ent classes named a- and p-AR [86]. They are
both G-protein coupled receptors and are divided
in: «l; and 2, and B1, 2 and 3, functionally linked
to different intracellular second messengers
according to the different Ga subunit. This initial
classification was later upgraded by Bylund, and
now we classify o-AR subtypes in alA, olB,
olD and a2-AR subtypes in a2A, a2B and a2C
[87]. al-AR are linked to a Gq and their stimula-
tion induces the activation of phospholipase C
(PLC) that promotes hydrolysis of phosphati-
dylinositol bisphosphate producing inositol tri-
sphosphate (IP3) and diacylglycerol (DAG),
acting respectively on non-mitochondrial pools
or protein kinase C and mediating intracellular
Ca** release. ®2-AR are linked to a Gi and their
stimulation induces AC inhibition with conse-
quent reduction of cAMP levels. f-AR are cou-
pled to the stimulatory G- protein Gs that leads to
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Table 2 Examples of effects induced by dopamine and drugs acting on dopaminergic receptors on cells of adaptive

immunity
Model | Function | Cells | Effects | Ref.
Mononuclear cells
Human | Cell apoptosis; ROS Circulating PBMC Increased by high and decreased by low 75
generation DA
Cytokine production DA suppressed IL-17 production 76
Mouse | Cell proliferation Splenic mononuclear | Increased by high and decreased by low 74
cells DA, increased by SKF38393 or LY 171555
iv.
B Lymphocytes
Human | Mitochondrial potential Epstein-Barr virus Inhibited by DA 73
(EBV)-transformed
human B-lymphocytes
Mouse | Inflammatory infiltration in | B cells Inhibited by SCH23390 and increased by 70
the airways SKF83959
LPS-activated cells; cAMP | B lymphocytes from Decreased by DA 71
response; Ig synthesis spleen, mesenteric
lymph nodes and
Peyer's patches
Chemotaxis, calcium influx | Pre B cell line Induced by DA 72
T Lymphocytes
Human | Con-A activated T cells Naive T cells Inhibited by DA 4
Cell adhesion Naive isolated T cells | Induced by DA 77
Cell migration CD8+ Induced by DA 72
Cell adhesion, cytokine CD8+ Induced by DA 78
production
Cytokine production Naive T cells Induced by DA 79
Cell proliferation and Regulatory T cells Inhibited by DA 34
cytokine production
mitogens and cell Peripheral T DA enhanced in vitro T cell proliferation 80
proliferation and cytokine lymphocytes and Th17-related cytokines in MS-derived
production cell cultures
Cell proliferation, IL-2 Activated T cells Reduced by DR agonists 81
production
Mouse | Expression of Th1/Th2- and | Mesenteric lymph Quinpirole upregulated the expression of 82
Treg-specific transcription nodes lymphocytes Th2- and Treg-specific transcription factors
factors and cytokines in Con and cytokines in Con A-activated
A-activated lymphocytes lymphocytes, and downregulated the
expression of Th1- and Th17-specific
transcription factors and cytokines
Cell proliferation Lymph nodes Carbidopa inhibited T cell activation 83
lymphocytes in vitro and in vivo
cAMP and Splenic T lymphocytes | Inhibited by DA 84
ERK1/2-phosphorylation

activation of AC and accumulation of the second
messenger cCAMP. Under certain circumstances,
B-AR, and particularly B3-AR, can be coupled
also to Gi [88]. 1 and B2-AR are the most well
characterized and mediate several important
physiological functions. f1-AR in particular are
the most important receptors mediating cardio-
vascular responses to NA released from sympa-

thetic nerve terminals and to circulating A. They
are stimulated or blocked by many drugs cur-
rently used as therapeutic agents for cardiovascu-
lar diseases, such as hypertension, cardiac
arrhythmias, and ischemic heart disease. f2-AR
are primarily localized on airway smooth muscle
cells and are involved in bronchial relaxation.
Drugs acting as agonists of f2-AR are employed



Neural Regulation of Inflammation: Pharmacological Mechanisms and Therapeutic Perspectives 113

as first line-treatment of asthma and chronic
obstructive pulmonary disease. f3-AR were pre-
viously described as mediating lipolysis in rat
adipocytes [89], and thereafter they were also
found in blood vessels inducing vasodilatation
[90]. Pharmacological evidences and molecular
studies suggest the existence of a fourth p-AR
subtype [91].

Noradrenaline and Adrenaline
and the Immune System
The discovery of sympathetic fibers innervating
spleen and lymphoid organs [92, 93] was rapidly
followed by several studies showing a link
between the immune system and the ANS [94].
Together with the hypothalamic-pituitary-adre-
nal axis, the SNS represents, the major pathway
involved in the cross-talk between the brain and
the immune system. Sympathoadrenergic fibers
innervate both primary (bone marrow and thy-
mus) and secondary (spleen and lymph nodes)
lymphoid organs, where NA and A are released
from nerve varicosities and derive from the
bloodstream to act on AR expressed on immune
cells. AR on immune cells represent an important
example of extra junctional receptors and of
intercellular (nerve-immune) communication
[95]. Recently, data about the pathophysiological
relevance of such interaction were provided in
several pathological conditions [68, 95-97].
Over the last two decades, several reports
showed the profound influence exerted by sym-
pathetic innervation in the regulation of the
immune responses and vice versa the ability of
cytokines released by immune cells to cross the
blood brain barrier (BBB) and influence CNS
functions [94, 98, 99]. NA may be proinflamma-
tory as well as anti-inflammatory (Table 3)
depending on the function or the cell type
involved. For example, NA may increase the
expression of inflammatory cytokines and che-
mokines in resting and activated memory CD8+
T cells, while it may reduce cell migration or
increase adhesion of activated cells. In the innate
branch of immunity, NA and the - AR agonist
isoprenaline are usually anti-inflammatory,
reducing respiratory burst, reactive oxygen spe-
cies production and migration of humn neutro-

phils and inhibiting histamine release from mast
cells. Table 3 summarizes several examples of the
influence of adrenergic mechanisms affecting
human immune functions. On these basis, drugs
acting on AR warrant careful consideration
for their potential antinflammatory effects.
Repurposing adrenergic (and dopaminergic)
agents as antinflammatory and immunomodulat-
ing drugs could benefit patients and the health
systems, providing drugs with a usually favour-
able therapeutic index and expectedly at low
price.

2.2 Acetylcholine

Acetylcholine (ACh) was firstly described in
1914 by Dale, who showed that stimulation
with ACh induced responses superimposable
to those elicited by parasympathetic nerve
stimulation [135]. In other studies, Dale
showed that the effects of ACh were mimicked
by two alkaloids: nicotine and muscarine, and
proposed the existence of two main classes of
receptors, the nicotinic and the muscarinic
receptors, a classification which is still in use
at present. The biosynthetic pathway of ACh
in nerve terminals starts from choline (actively
transported through the BBB) and acetylcoen-
zyme A, which ae bound to each other by cho-
linacetyltransferase (ChAT). ACh is then
stored in vesicles, and when released acts on
nicotinic (nAChR) and muscarinic (mAChR)
receptors. The nAChR are composed by four
glycoproteic subunits (a, P, y and d). The
nAChR are divided in neuronal and muscular
(each of them including different subtypes) on
the basis of the presence of the presence of the
e glycoprotein (homologous of the y subunit)
in the muscular subtypes [136]. Both nAChR
types are coupled to a Na+ channel, which
opens upon receptor interaction with two mol-
ecules of ACh [137]. The mAChR presently
identified are five, and all are G-protein cou-
pled receptors, named M1, M2, M3, M4 and
MS5. The M1, M3 and M5 are coupled to a Gq
protein which induces the activation of PLC
and intracellular Ca++ mobilization. On the
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Table 3 Examples of effects induced by noradrenaline, adrenaline and drugs acting on adrenergic receptors on human

immune cells

Functions | Cells | Effects | Ref.
Innate immunity
Neutrophils
Respiratory burst Isolated Inhibited by Isoprenaline 100
neutrophils
cAMP formation; respiratory Inhibited by p2-agonists 101
burst
ROS generation, cell Isolated Inhibited by A and reverted by propanolol 102
migration, CD11b expression | neutrophils,
whole blood
CD15, CD44, CD54 adhesion Inhibited by A at high concentrations 103
molecule expression
IL-8 induced migration; Cell Isolated Inhibition/reduction 48, 104
migration, superoxide anion neutrophils
generation
Cell count Whole blood Reduced by A and increased by p-blockers 105
Leukotriene C4 production, Isolated Reduced by -AR agonists 106
EPO production neutrophils
Mast cells
Histamine release Lung mast cells | Inhibited by isoprenaline and clenbuterol 107
Histamine release Mast cells Inhibited by isoprenaline and $-AR agonists 108
cultured from
venous blood
Monocytes/macrophages
Oxygen radical production Isolated Inhibited by p-AR activation 109
monocytes
TNF-a receptor expression and Induced by CA 110
production
Phagocytosis induced by C. Inhibited by B-AR activation 111
albicans
Cytomegalovirus receptor Whole blood Induced by CA 112
promoter
Cell adhesion to laminin Isolated Increased by A 113
Phagocytosis induced by monocytes
oxidized-lipoprotein
IgE-induced production of Isolated Induced by B-AR activation 114-116
IL-6, IgE, superoxide anion monocytes
generation, nitric oxide, TxB2
LPS or IL-1 stimulated Induced by p2-AR activation 117
production of IL-8
Surface expression of Increased by A 118
L-selectin
MMP-1 production Circulating and | Increased by NA and A 119
isolated
macrophages
Complement components Isolated Synthesis increased by A and NA 129
C2-CS5, factor B, properdin, monocytes
beta 1H, and levels of IL-6,
1L-8
LPS-induced IL-1p production Induced by A 120
Tumor recruitment of Increased by CA 121
macrophages

(continued)
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Table 3 (continued)

Functions ‘ Cells ‘ Effects ‘ Ref.
Dendritic cells (DC)
CD-40 stimulated cAMP and DC Inhibition of IL-12 and Th1 differentiation, 122
IL-12 production increased cAMP production and Th2 differentiation
induced by 2-AR activation
LPS-induced IL-23, IL-12 DC from cord Inhibited by NA 123
p40, TNF-a, IL-6 blood
Cell migration DC Inhibited by A 124
Proinflammatory cytokine DC Inhibited by CA 125
production
Natural killer (NK)
Cytotoxic activity Peripheral NK Decreased by NA and A 126
Cell adhesion to endothelium Increased by p2-AR activation 127
Cell migration Increased by NA and A 128
Fc-mediated NK activation Increased by f2-AR activation 65
Other cells
Infection by Mycoplasma Asthma airways | Albuterol and formoterol protect 130
penumoniae epithelial cells
Neutrophil peptide expression | Synovial tissue Inhibited by NA 131
culture
Adaptive Immunity
Apoptosis PHA-stimulated | Increased by CA 132
PBMC
Superoxide production Peripheral Increased by NA through a2-AR 133
PBMC
Cell-to-cell interaction, NA, A and isoproterenol inhibited AGE-2- and 134
cytokine production AGE-3-induced adhesion expression and cytokine
production
Cytokine production in resting | Isolated CD8+ T | NA induced an elevated expression of inflammatory | 133
and stimulated cells cells cytokines and chemokines in resting and activated
memory CD8 T cells in addition to a reduced
expression of growth-related cytokines
Migration of activated CD8+ T NA reduced cell migration while increased 134
lymphocytes; cell adhesion adhesion of activated cells

2.2.1

contrary the M2 and M4 are coupled to a Gi
and result in cAMP reduction. ACh is inacti-
vated by the enzyme acetylcholinesterase
(AChE, existing in different isoforms) and this
is the only way to remove ACh from the syn-
aptic space. In the brain, cholinergic transmis-
sion plays important roles such as control of
motor neuron and regulation of arousal, atten-
tion, memory and motivation. In addition, ACh
is an important neurotransmitter in the ANS,
in both ortho- and parasympathetic pregangli-
onic fibers (acting on nAChR) and in parasym-
pathetic postganglionic fibers (acting on
mAChR). Finally, ACh is released by somatic
nerve terminals impinging the motor end plate
on skeletal muscles (nAChR).

Effect of Acetylcholine

on Immune Cell Functions

The presence of receptors, synthetisizing and
storing systems for ACh on cells of the immune
system was described during the last century, at
the end of the seventies, when Gordon and
described the ability of ACh to modulate lympho-
cyte functions [8]. Later on, different lymphocyte
subsets were found to express mAChR [138]. In
1999, Sato and coworkers, using RT-PCR on
human leukemic cell lines and peripheral blood
mononuclear cells demonstrated the presence of
both mAChR and nAChR [139]. AChR occur
also on microglia and astrocytes [140] where the
activation of nAChR reduces neuroinflammation
and production of proinflammatory cytokines,
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such as TNF-a [141-143]. Different nAChR
were described on B and T lymphocytes, on neu-
trophils, macrophages, dendritic cells and
microglial cells [144—146], and may be involved
in the pathogenesis of several autoimmune dis-
eases [145]. The contribution of nAChR in the
regulation of immune cell functions has been
extensively documented by the group of
Kawashima [147-149]. Fo example, in a mouse
model of multiple sclerosis treatment of T cells
with nicotine significantly attenuates inflamma-
tory responses to myelin antigens [150]. In the
periphery, nicotine exposure inhibits the prolif-
eration of autoreactive T cells and alters the cyto-
kine profile of T helper cells [151].

Stimulation of the vagus nerve, through the
activation of nAChR, results in anti-inflamma-
tory effects, such as inhibition of proinflam-
matory cytokines production, and suggests the
existence of a “nicotinic antinflammatory path-
way” [24], possibly contributing to counteract
severe pathological responses such as sepsis
[145, 152]. Main evidence comes from stud-
ies on the effects of nicotine on the immune
response. Such studies are abundant, even if
also often conflictual: for example, nicotine
may increase production of proinflammatory
cytokines in dendritic cells [153], chemotactic
activity of neutrophils [154], and antigen recep-
tor-mediated signal transduction in lympho-
cytes [155], however it may also reduce CD14
and TLR4 expression in human monocytes
[156], and inhibit the production of proinflam-
matory cytokines in monocytic cell lines [157].
Nicotine acting on nAChR affects immunity
[158, 159] and is possibly neuroprotective, for
example in Parkinson’s disease [160].

Dysregulation of cholinergic pathways may
occur in disease conditions. T leukemic cell lines
derived from relapsed patients produce signifi-
cantly higher levels of ACh in comparison to T
cells derived from healthy subjects, and mAChR
expression is altered [14]. Decreased ACh levels
in plasma and increased levels of butyrylcholin-
esterase (BuChE, the enzyme devoted to ACh
catabolism in plsma and tissues) may occur in
multiple sclerosis patients, suggesting a possible
role in the inflammatory events underlying auto-

immunity [161]. Promising results cholinergic
pathways as therapeutic targets comes from a
recent studies in HIV-infected patients showing
that pyridostigmine (an inhibitor of AChE), used
as add-on therapy, may increase CD4+ T cells
[162].

2.3  Glutamic Acid

In the earliest 1950s, a possible physiological
role, in the brain, of glutamic acid (or glutamate)
and aspartic acid (or aspartate) (the two-main
nonessential amino acids present in the brain)
was described [163, 164], but only in the late
1970s, glutamate was recognized as the main
and most abundant excitatory neurotransmitter
in the CNS of vertebrates. At present, glutamate
is known to be involved in different functions in
the normal brain, including cognition, memory,
learning, and it is also a key regulator of neuronal
development and synapses formation. In periph-
ery, glutamatergic transmission affects heart,
kidney, intestine, muscles, liver, bone, pancreas
and glands such as adrenal, pituitary and pineal.
Glutamate exerts its effects through two main dis-
tinct classes of receptors (GluR): the ionotropic
(iGluR) and the metabotropic (mGluR). Both are
found in neuronal and glial cells. The iGluR are
ion channels opened/gated by glutamate, while
the mGIuR are G- protein coupled receptors. The
iGluR are divided into three main subgroups and
are recognized on the basis of the different ligands
which bind their recognition sites: N-methyl-
D-aspartate (NMDA), alpha-amino-3-hydroxy-
5-methylisoxazole-4 propionic acid (AMPA)
and 2-carboxy-3-carboxymethyl-4-isopenylpyr-
rolidine (Kainate, KA). All the three subtypes
occur in the CNS and in periphery. The NMDA
iGluR are widely expressed on neurons and are
present in three main forms: type 1 (NR1), type
2 (NR2) and type 3 (NR3A/B), composed by a
tetramer or a pentamer, with NR3 that seems to
have a prevalent regulatory role for the activation
of the others [165]. The combination of the NR3
and NR1 generates a glycine receptor, that is not
responsive to glutamate [166]. A unique property
of the NMDA iGIuR is their voltage-dependent
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activation and the blocked of the ion channel by
extracellular Mg++. From a pharmacological
point of view, several antagonists of these recep-
tors such as amantadine, ketamine, phencyclidine
and others, are used as therpeutics, for example as
anesthetics, on s secnd line drugs for Parkinson’s
disease, or even as recreational drugs due to hal-
lucinogen properties [167]. The AMPA iGluR are
the most common iGluR present in CNS and are
widely distributed also outside the brain. These
receptors are homo and hetero- oligomers com-
posed by four subunits (GluR 1-GluR4) organized
in a tetramer [168], and possess at least four dif-
ferent binding sites for glutamate as well as for
other ligands [169]. In the CNS, AMPA iGluR
are necessary for the regulation of neuronal plas-
ticity and synaptic transmission. The KA iGluR
are not chracterized in detail, and their distribu-
tion in the brain is limited in comparison to the
other two iGluRs. Their physiological role is not
clearly established. KA receptors are involved in
both pre and post-sinaptic transmission and it is
generally accepted that pre-sinaptic KA receptor
activation is involved in inhibitory transmission
(e.g. by modulating of GABA release), while
post-sinaptic activation is generally involved
in excitatory responses [170]. The mGIluR are
widely distributed both in the peripheral nervous
system and in the CNS, where they affect anxi-
ety, learning, memory, and are involved in pain
perception. mGluR are typical G-protein cou-
pled include changes in excitability of synapses
[171]. At present, three different subtypes are
identified (named I, II and III), mGIluRI includ-
ing 1 and 5 and being associated with a Gq (cou-
pled to PLC), mGIuRII including 2 and 3, and
mGIuRIII including 4, 6, 7, and 8 (coupled to a
Gi and GO).

Effect of Glutamic Acid

on Immune Cell Functions

Earliest evidence about presence and physiologi-
cal relevance of glutamate in the immune system
was published in 1972, concerning the pesence of
glutamate in thymus cells [172] and in guinea pig
immune cells, where functional effects of gluta-
mate were also reported [173]. Susequently, both
iGluR and mGluR were described on different

2.3.1

immune cell subsets, and their possible relevance
in health and disease was proposed [10, 26, 174—
176]. The direct effects of activation/inhibition of
GluR on immune cells include for example the
ability of isoflurane (an anesthetic drug known to
act as antagonist on NMDA iGluR) to reduce NO
production from zymosan activated rodent neu-
trophils. In the CNS, increased levels of gluta-
mate induce microglia activation (with a shift
towards the M1 proinflammatory phenotype). In
addition, in microglia glutamate may also
increase inflammation and apoptosis [177].
Glutamate is also a modulator of T cell responses,.
for example resulting in inhibition of cell prolif-
eration [178], adhesion molecule expression
[179], increasing the adhesion of lymphocytes to
laminin and fibronectin [26], and modulating the
release of several pro and anti-inflammatory
cytokines, such as IFN-y, IL-10 [180], IL-6,
TNF-a, IL-2, and many others [181]. Glutamate
seem to be involved in several immune-mediated
diseases of the CNS such as multiple sclerosis
[10], amyotrophic lateral sclerosis [25], as well
as in peripheral diseases such as cancer [26].
Gluatamate has also key role in glia, in the devel-
opment of neuropathic pain with a rich inflamma-
tory component, and different drugs such as
MKS801 (antagonist of the INMDA iGluR) are
proposed as putative therapeutics [27]. Glutamate
plays also a key role in neuroinflammation during
HIV infection, with peripheral macrophages
affecting glutamate-induced excitotoxicity [182].

24 Other Neurotransmitters

Many other neurotransmitters are present in
immune cells and are able, through interaction
with their receptors, to affect immune functions,
and fibers positive for these neurotransmitters are
recognized in lymphoid tissues. For example,
5-hydroxytriptamine (5-HT), also called sero-
tonin, and isolated by Ersparmer in 1935, at pres-
ent is known to occur in several immune cells and
is able to interfere with different functions. Seven
families of receptors, named 5-HT1-7 (and in
turn classified in different subtypes) are described,
and are able to affect different key functions in
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both CNS and in periphery [9]. 5-HT has impor-
tant immunomodulatory roles [183]. In the ner-
vous system, 5-HT interferes with adrenergic and
cholinergic transmission and affects peripheral
transmission [184]. Several line of evidences
suggest that 5-HT is present in cells of immune
system and that these cells express the receptors
for this neurotransmitter; in addition, 5-HT is
able to affect the functions of both cells of innate
and adaptive immunity acting on their different
receptors presents on cell membrane. For exam-
ple, in monocyte/macrophages 5-HT induces
phagocytosis and reduces the TNF-a release;
similarly, an inhibitor role was described in
human alveolar macrophages activated by LPS,
where 5-HT reduces the TNF-o and IL-12 release
and increases the IL-10, nitric oxide, and pros-
tangladin-E2 production. By contrast in mono-
cytes, 5-HT is able to enhances the LPS-induced
secretion of IL-12p40, or the LPS induced secre-
tion of IL-6, IL-1B, IL-8/CXCLS8. In T cells,
5-HT seems to play a key role in the ability of
these cells to produce proinflammatory cyto-
kines, such as IL-2 and IFN-y or to affect cell
migration and is involved in antibody responses
in autoimmune diseases. Dysregulation of 5-HT
pathways seem involved in different diseases
such as fibromyalgia or in the ability of the
immune system to counteract infection (both
viral or bacterial) or in typical inflammatory dis-
eases such as asthma and rheumatoid arthritis.
Histamine (a biogenic amine) is another key
neurotransmitter in the CNS which is also pres-
ent in peripheral fibers and is able to affect immu-
nity, interacting with its four receptors [185]
Cells of both the innate and adaptive immune
system can be regulated by histamine (H) and
these cells are found to express all the four recep-
tors (H1-4R). The HIR is expressed on the most
part of the cells of innate and adaptive immunity
and is involved in the typical hypersensitivity
responses and involved in disease such as allergic
rhinitis, atopic dermatitis, urticaria, asthma and
anaphylaxis. The H2R seems to play a role in
inflammatory bowel disease while the activation
of the H3R is involved in the increased severity
of neuroinflammation. Finally, a key role of the
H4R is described and the evidences come from

data from animal models showing that the treat-
ment with H4R antagonists can be used to coun-
teract immunological diseases such as colitis,
arthritis and asthma. Vasoactive intestinal peptide
(VIP) is a peptide composed of 28 amino acids
that was firstly detected in 1970 in the porcine
small intestine and subsequently found in other
peripheral tissues (such as heart, lung, kidney,
etc), including the immune system and the
CNS. VIP is involved in several functions such as
vasorelaxation or stimulation of different tissues
and is proposed as neuromodulator. The presence
of VIP receptors (G-protein coupled receptors)
on immune cells has been reported together with
their immunoregulatory role in autoimmune dis-
eases such as multiple sclerosis or in other condi-
tions such as sepsis [11].

Somatostatin (SST), initially extracted from
bovine hypothalamus, attracted interest for its
ability to exert a lot of different effects not only in
the CNS, where it interacts with five different
G-protein coupled receptors (SSTR1-5), but also
in the peripheral nervous system and in different
organs and tissues. SST occurs in sympathetic
fibers innervating lymphoid organs, and plays an
active role in different immune-mediated dis-
eases. Together with neuropeptide Y (NPY), VIP
and corticotrophin- releasing factor (CRF) are
also involved in the gut-brain axis [186], and con-
tribute to different inflammatory diseases such as
rheumatoid arthritis [187].

NPY is a peptide of 36 amino acids and repre-
sent one of the most abundant peptides in the ner-
vous system. It was originally isolated from pig
brain and it is known to exert its effects through
five different G-protein co upled receptors
(named Y 1-5). In periphery, NPY was described
not only as modulator of sympathetic fibers but
also affecting immune responses, and its recep-
tors ae expressed on immune cells [188]. NPY
modulates immune cell trafficking, it is involved
in T helper cell differentiation and affects cyto-
kine secretion. It also regulates cell phagocytosis
and production of reactive oxygen species, sug-
gesting a possible involvement in immune-medi-
ated diseases [188]. GABA, discovered in 1950,
is the main inhibitory neurotransmitter in the
mammalian brain and is known to act through
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two classes of receptors: GABA-A (a pentameric
chloride ion channel) and GABA-B (a metabo-
tropic receptor coupled to a Gi protein), although
a third class, the GABA-C has been also pro-
posed. The synthesis of GABA starts from gluta-
mate, and GABA is an important regulator of
glutamate excitotoxicity. The peripheral role of
GABA is still debated, in particular in the gastro-
intestinal tract, where it is involved in the cir-
cuitry of the enteric nervous system. Recent
evidences suggest a possible role of GABA in
enteric carcinogenesis and in inflammatory dis-
eases [189]. GABA receptors mediate the effects
of a lot of drugs, such as barbiturates and benzo-
diazepines, commonly used in different diseases,
as well as of other substances such as ethanol.
Many other drugs able to interfere with GABA
synthesis, release and reuptake are used as thera-
peutics, for example as antiepileptic drugs. At the
end of the past century, a peripheral receptor for
benzodiazepines (PBR) was described and this
receptor was identified prevalently on immune
cells where the PBR was described both on cell
membrane and intracellularly on mitochondria
[190]. Agents acting on GABA-R affect immune
responses both in animal models and in human
cells, for example by reducing the production of
proinflammatory cytokines in macrophages or
decreasing inflammatory responses in animal
models [191], suggesting a possible application
as antinociceptive drug. GABA also modulates T
cell proliferation [192], impairs chemotaxis and
phagocytosis [193], and reduces the number of
infiltrating leukocytes in the brain [194], suggest-
ing a protective role of GABA pathways in neu-
roinflammation during e.g. multiple sclerosis,
Parkinson’s disease, Alzheimer’s disease [195].
Opioids derive their name from “opium”, pro-
duced by the seed capsules of the flower Papaver
somniferum, and are well known for their analge-
sic and addictive properties. Opium contains dif-
ferent alkaloids such as morphine, papaverine,
codeine and others, endowed with analgesic,
antidiarrhoic and antitussive properties. Despite
this old use, the discovery of the mechanism of
action of these drugs, the receptors involved in
their action and the identification of endogenous

ligands (the endorphins) represent a recent
achievement of pharmacology. Endogenous opi-
oids are small peptides named endorphins and at
present more that 20 different molecules divided
in three main classes (enkephalines, endorphins
and dynorphins) have been identified. Endorphins
are produced in the CNS and are released from
nerve terminals as a result of painful stimuli. All
endorphins derive from the cleavage of the bigger
precursors pro-enkephalin, pro-opiomelanocor-
tin and pro-dynorphin. These peptides were dis-
covered in the CNS, but at present the synthesis
of some of them is known to occur also in lym-
phocytes, granulocytes, and monocytes/macro-
phages, and endorphin-positve fibers are present
outside the CNS [196, 197]. The endorphins as
well as the exogenous opiods act through interac-
tion with G-protein coupled receptors that are
classicaly named by the greek letters i, k and d.
Analgesia is predominantly evoked by stimula-
tion of the p subtype, but this receptor is also the
main responsible of the main adverse effects such
as addiction and respiratory depression. Analgesia
is also induced by stimulation of the other two
subtypes. In the CNS, these substances induce a
lot of side effects that are well known and widely
described (hypnosis, drowsiness, mood changes,
mental clouding). Many of the effects of opioids
derive from their ability to modulate the release
of different neurotransmitter such as NA, DA,
ACh and 5-HT. Opioids peptides are present in
enteric neurons and in the cells of the immune
system [198]. For long time the possible immu-
nosuppressive effects of opiod treatment were a
matter of active discussion [199]. Interestingly,
leukocyte-containing opioids are found close to
nerve terminals in periphery, and during inflam-
mation increased opioid receptor expression may
occur [200]. In response to opioid stimulation,
CD4+ T cells and other immune cells increase
their ability to migrate and reach inflamed tissues
[201]. Opioids modulate the response of different
immune cells [197], but the actual contribution of
such modulation in immune-mediated diseases
awaits clarification. Opioid peptides are involved
in the dysregulation of enteric transmission and
in the regulation of the gut-brain axis contribut-
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ing to inflammatory processes such as inflamma-
tory bowel disease [198]. A direct effect of opioid
peptides was also described specifically in the
immune system. Apart from epidemiological
studies showing negative effects on disease pro-
gression in HIV-infected patients that are also
opioid abusers [197], evidences in other diseases
are limited. Large studies conducted in cancer
patients, where opioid represent the first line of
treatment for cancer-associated pain, suggest that
the different types of opioids (morphine, phen-
tanyl, tramadol, etc.) can exert opposite effects
on immune response. For example, morphine
may reduce and tramadol may increase NK cyto-
toxicity [202].

3 Therapeutic Perspectives

The ability of the different neurotransmitters to
affect immunity potentially provide new thera-
peutic approaches in several immune-mediated
diseases. For instance, catecholaminergic modu-
lation of the immune response plays a role in
autoimmune diseases, like multiple sclerosis [30,
39], rheumatoid arthritis [40, 203] or cancer [32,
204]. Similarly, a role in the modulation of differ-
ent immune-mediated diseases was proposed for
ACh [152], glutamate [10], serotonin [183] and
for many other neurotransmitters [188, 195, 202].
Hereafter, the main findings showing a possible
contribute of these neurotransmitter in multiple
sclerosis, rheumatoid arthritis and cancer will be
briefly summarized.

3.1 Multiple Sclerosis

Multiple sclerosis (MS) is the most frequent
autoimmune demyelinating disease of the CNS
and affect about 2.4 million individuals world-
wide; MS is characterized by a progressive loss
of neurological functions due to the destruction
of the axonal myelin in different areas of the
brain and spinal cord [205]. Disease progression
is affected by dysregulated immune-component,
in particular various T-cell subsets [205]. The
role of the ANS, in particular the sympathetic

branch, has been shown not only in the pathogen-
esis of MS but also in comorbodities such as
depression, fatigue, and osteoporosis [39, 206,
207]. The contribution of DA is also well charac-
terized in MS. A dysregulation of DR on immune
cells has also been proposed as a peripehral
marker of the disease [208]. Cholinergic path-
ways may also play a role in the development of
the inflammatory pattern of MS. In MS patients,
decreased plasma levels of ACh and increased
levels of butyrylcholinesterase (BuChE, the tis-
sue enzyme devoted to ACh catabolism) has been
described [161]. Evidences from animal models
of experimental autoimmune encephalomielitis
suggest a possible contribution of nAChR activa-
tion [209]. Evidences about a role of GABA
transmission in MS are more recent but promis-
ing for new possible therapeutic approaches
[210].

3.2 Rheumatoid Arthritis

Rheumatoid Arthritis (RA) is a common and fre-
quent autoimmune disease with increased fre-
quency in women and occuring tipically between
40 and 60 years of age [211]. It is characterized
by irreversible joint destruction associated with
pain and progressive disability [212]. The key
role of innate immunity in the pathogenesis of
RA is well established, with macrophages infil-
trating the synovial tissues as primary actors. In
loco, these cells produce proinflammatory cyto-
kines, particularly TNF-o and IL-1 [213] and dis-
play a pro-inflammatory phenotype [213].
Together with increased presence of macro-
phages, in synovial fluid of patients DC, NK and
neutrophils can be found. All these cells actively
participate in the disruption of joints [214].
Similarly, the contribution of SNS in the onset
and progression of the disease is well established
and a double opposite role of NA (released both
from sympathetic fibers and by the immune cells
themselves) in disease progression is described
[215]. DA and dopaminergic pathways are co-
actors of the inflammatory events leading to dis-
ease progression, as shown by dysregulation of
DR on synovial fibroblasts of patients with RA



Neural Regulation of Inflammation: Pharmacological Mechanisms and Therapeutic Perspectives 121

[69], and by DR agents which may reduce the
disease at least in animal models [216]. Other
neurotransmitters or neuromodulators, such as
substance P, glutamate, opioid peptides and ACh,
may be involved in RA [217]. GABA administra-
tion in animals reduces the inflammatory
responses and ameliorates disease-related symp-
toms [218]. Similarly, cholinergic antinflamma-
tory pathways may have a role, as the activation
of nAChR seems to improve clinical signs and
symptoms in arthritis and to reduce the cyto-
kines-induced joint destruction [219].

3.3 Cancer

DA improves the efficacy of cyclophosphamide
in animal models of cancer, reducing its hemato-
toxicity (suggesting the possibility to use DA or
DR agonists as addon-drugs) [220], while the
lack of sympathetic innervation and reduced lev-
els of endogenous DA favour cancer progression
[221]. In line with such evidence, the ablation of
peripheral dopaminergic nerves stimulates malig-
nant tumor growth [222]. The administration of
exogenous DA acting on pericytes and endothe-
lial cells induces a normalization of vessel mor-
phology in cancer [221]. Similarly, a contribution
of SNS dysregulation has been proposed in dif-
ferent tumour types, which overexpress (-AR,
and propranolol or other PB-AR blockers ae
increasingly considered as addon anticancer
drugs [223, 224]. In the last decade, also gluta-
mate was proposed as a mediator involved in the
stimulation of non-neuronal tumor cell prolifera-
tion, such as osteosarcama or lung, breast, thy-
roid and gastric cancer cell, possibly through
NMDA iGLUR [225]. Non only the sympathetic
branch of the peripheric nervous system was
shown to play a role in cancer progression, but
also the parasympathetic component. A dysregu-
lation of cholinergic pathways is suggested by
the occurrence of higher levels of ACh in T leu-
kemic cell lines in comparison to healthy T cells
[14]. The contribute of endogenous opioids in
cancer is still controversial, primarily dur to con-
flicting evidences related to the use of exogenous
opioids in the management of cancer-related

pain. Different types of opioids (morphine, phen-
tanyl, tramadol, etc.) may exert opposite effects
on immune function, with a reduction of immune
responses after morphine and, by contrast,
increased activity with tramadol [202].
Methionine enkephalin may also promote tumor-
icidal activity [226].

4 Conclusions

The close relationship and functional integration
between the immune system and the nervous sys-
tem and the relevance of the neuroimmune net-
work in health and disease are increasingly
providing novel and unanticipated opportunities
for the modulation of the immune response by
means of conventional neural targets. Knowledge
about how the nervous system affects immunity
and inflammation fostered the development of
highly novel and inter/transdisciplinary fields of
basic and clinical research, such as neuroimmu-
nology and neuroimmune pharmacology. Results
from these fields are increasingly supporting the
opportunity to repurpose e.g. classical adrenergic
or dopaminergic drugs, used for example in clini-
cal neurology, neuropsychiatry or cardiology, as
novel immunomodulating agents. Beta-blockers
in cancers, beta-AR agonists in peripheral and
central inflammatory diseases, dopaminergic
agents in multiple sclerosis or rheumatoid arthri-
tis are just a few examples. Similarly drugs acting
on glutamatergic or cholinergic pathways can be
proposed in a new perspective in diseases that are
not classically considered as affected by these
transmitters. Hopefully, in the near future more
drugs classically acting on the peripheral and
central nervous system will be translated to the
clinics as novel agents acting on the immune
response.
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