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Preface

Inflammation is a ubiquitous natural cellular process in virtually all types tis-
sues, organs, or systems of the human body. This process can be acute and
chronic. Acute inflammation is an immediate healthy response to protect and
repair the body from harmful stimuli. Usually it occurs within a couple of
hours. Chronic inflammation is a lengthy cellular process that is not part of
natural healing and thus may lead to diseases such as arthritis, asthma, pul-
monary hypertension, etc.

Inflammation can also be classified as systemic or localized. The former
affects the entire human body, which is a pathogenetic component in numer-
ous acute and chronic diseases including atherosclerosis, diabetes, sepsis,
trauma, and others with a significant morbidity and mortality. The latter is
localized as in a specific organ. For example, inflammation caused by asthma
or pulmonary hypertension is localized in the lungs.

Lung diseases are very common and can also be very severe. It is well
known that lung infections are the greatest single contributor to the overall
global health burden. For instance, lung diseases are the most common causes
of death among children under 5 years of age — more than 9 million annually.
Indeed, pneumonia is the leading killer of children worldwide. Asthma is the
most common chronic disease, affecting about 14% of children globally and
continuing to rise. Likewise, COPD is recognized to be the fourth leading
cause of death in the world and the numbers are rising. The lung is not only
the largest internal organ in the human body, but also the only internal organ
that is exposed constantly to the external environment; as such, no other
organ is more vital and vulnerable than the lung. This may explain the com-
mon morbidity and mortality of lung diseases.

Systemic inflammation may induce and even exacerbate local inflamma-
tory diseases. Likewise, local inflammation can cause systemic inflammation.
Indeed, there is increasing evidence of coexistence of systemic and local
inflammation in patients with asthma, COPD, and other lung diseases.
Moreover, the comorbidity of two and even multiple local inflammatory dis-
eases occurs often. For instance, rheumatoid arthritis not only occurs fre-
quently together with pulmonary hypertension, but also promotes development
of the latter. The local and systemic comorbidity as well as two or more
inflammatory diseases significantly deteriorate the quality of life and may
even exacerbate death in patients.

The current treatment options for lung diseases are neither always effec-
tive nor specific at all. Development of new therapeutics is earnestly needed.
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Equally desperately, the molecular mechanisms and physiological signifi-
cance of lung diseases are still not fully understood. Apparently, this despon-
dent fact is a major encumberment to creating new efficacious drugs in the
treatment of lung diseases. This scenario is even worse in two and more lung
diseases accompanied with other inflammatory diseases due to their com-
plexity and diversity.

Despite the current state being unsatisfactory, great advancements have
been made in many aspects of lung diseases from the molecular geneses to
regulatory mechanisms, signaling pathways, cellular processes, basic and
clinical technologies, new drug discoveries, clinical manifestations, labora-
tory and clinical diagnoses, treatment options, and predictive prognosis. To
the best of our knowledge, however, no one cohesive book is available to
present these state-of-the-art advances in the field. Thus, as one of the major
aims, we compile this timely and much-needed book to provide a high-quality
platform in which well-known scientists and emerging pioneers in basic,
translational, and clinical settings can present their latest, exciting findings in
the studies of lung inflammation in health and disease. The contents from
multiple outstanding authors with unique expertise and skills in molecular
and cell biology, biochemistry, physiology, pharmacology, biophysics, bio-
technology, translational biomedicine, and medicine will provide new knowl-
edge, concepts, and discoveries in the field. The second major aim is to help
direct future research in lung diseases and other inflammatory diseases. The
scope of this book includes nearly all new and important findings from very
recent basic, translational, and clinical research in the studies of the molecu-
lar genesis, networks, microdomains, regulation, functions, elimination, and
drug discoveries of inflammation in lung health and disease, which are
involved in animal and human lung epithelial cells, smooth muscle cells,
endothelial cells, adventitial cells, fibroblasts, neutrophils, macrophages,
lymphocytes, and stem/progenitor cells. Lastly, but importantly, the book will
offer the latest and most promising results from clinical trials in terms of
exploring interventions of local and systemic inflammation in the treatment
of lung diseases.

This book features contributions from numerous basic, translational, and
physician scientists in the field of pulmonary vasculature redox signaling in
health and disease, and as a result offers a widespread and comprehensive
overview for academic and industrial scientists, postdoctoral fellows, and
graduate students who are interested in redox signaling in health and disease
and/or normal and pathological functions of the pulmonary vasculature. The
book may also be valuable for clinicians, medical students, and allied health
professionals.

We are sincerely grateful for the overwhelming support from leading sci-
entists and experts who responded to our request to contribute chapter arti-
cles. Due to their contributions, we are now pleased to be able to share
Volumes I and II. Volume I includes 20 chapters that report the latest and
most important findings on the molecular genesis, networks, microdomains,
regulations, functions, and drug discoveries of inflammation from basic,
translational, and clinical research.



Preface

vii

I want to express my wholehearted gratitude to all of the authors for their
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Potential Role of Mast Cells
in Regulating Corticosteroid
Insensitivity in Severe Asthma

Abdulrahman Alzahrani, Aamir Hussain,
Fahad Alhadian, Jameel Hakeem, Sana Douaoui,
Omar Tliba, Peter Bradding, and Yassine Amrani

Abstract

The mechanisms driving corticosteroid insensi-
tivity in asthma are still unclear although evi-
dence points toward a potential role of lung mast
cells. Indeed, a number of in vitro studies using
various cell types showed that different media-
tors produced by activated mast cells, including
cytokines, have the capacity to interfere with the
therapeutic action of corticosteroids. In patients
with severe allergic refractory asthma, the anti-
IgE monoclonal antibody (mAb), Omalizumab,
has been shown to be associated with a marked
reduction in inhaled and systemic use of cortico-
steroids, further suggesting a key role of mast
cells in the poor response of patients to these
drugs. The present chapter will discuss the pos-
sible underlying mechanisms by which mast
cells could contribute to reducing corticosteroid
sensitivity seen in patients with severe asthma.

A. Alzahrani - A. Hussain - F. Alhadian - J. Hakeem
S. Douaoui - O. Tliba - P. Bradding

Department of Infection, Immunity and
Inflammation, Clinical Sciences, University of
Leicester, Leicester, UK

Y. Amrani (<)
Department of Respiratory Sciences, University of
Leicester, Leicester, UK

Institute for Lung Health, Leicester Biomedical
Research Center Respiratory, Leicester, UK
e-mail: ya26@le.ac.uk

Keywords

Mast cells - IgE - Airway inflammation -
Receptor - Airway smooth muscle - Cytokines
- Growth factors - Alarmins

1.1 Introduction

Mast cells are playing a key role in asthma
pathogenesis via their ability to initiate and per-
petuate the type2 (or Th2) cytokine-dependent
allergic inflammation in the lung. This occurs
via the secretion of various key cytokines such
as interleukin 4 (IL-)4 and IL-13 which induce
Th2 cell proliferation and the production of
allergen-specific IgE by B-cells, and IL-5 which
promotes eosinophilic inflammation [1]. Mast
cells in asthma are activated through many
mechanisms including the high-affinity IgE
receptor FceRI, Toll-like receptors, in response
to the secretion of alarmins (TSLP, IL-33,
IL-25) by airway epithelium. There is evidence
of ongoing mast cell activation in severe asthma,
irrespective of the clinical phenotype [2].
Different studies have shown infiltration of mast
cells within the epithelium, submucosa layer,
and airway smooth muscle and the ability of
various mast cells mediators to induce key
structural/clinical features of asthma such as
mucus hypersecretion, epithelium permeability,

© The Author(s), under exclusive license to Springer Nature Switzerland AG 2021 1
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airway hyper-responsiveness (AHR), broncho-
constriction and airway remodeling [3]. This
book chapter will discuss the capacity of mast
cells to modulate the response of asthmatic
patients to corticosteroid therapy. Evidence
from our group showed that mast cells can blunt
the response to bronchodilator agonists in air-
way smooth muscle via the paracrine action of
secreted TGFp [4] or following cell-cell physi-
cal interaction [5, 6]. Dysfunction of B2-ago-
nists in mast cells can also be induced following
the autocrine action of secreted SCF [7]. These
studies clearly suggest that mast cells can alter

IgE-dependent activation

NS
Mast cells & :

A

the therapeutic response of lung structural cells
to current therapies.

Here, we will not describe the biology of mast
cells nor its role in asthma pathogenesis (sum-
marized in Fig. 1.1) as these have been exten-
sively discussed in our last review [3]. Rather, we
will briefly summarize the evidence from clinical
studies that have linked mast cells to corticoste-
roid therapy and focus most of the discussion
around the mechanisms that explain how mast
cells contribute to the reduced corticosteroid
responses in severe asthma and the latest inhibi-
tory strategies targeting mast cells.

IgE-independent activation

Preformed mediators
De novo synthesized
Released cytokines

Cytokines

Inflammatory cells D

Cytokines/chemokines

v

T2 and non-T2 inflammation

Airway structural cells

Denudation of the epithelium

Goblet cell and mucous gland hyperplasia
Sub-epithelial fibrosis

Extracellular matrix (ECM) deposition

: Vascular Changes

% Airway smooth muscle dysfunction

Airway remodeling

7

Corticosteroid insensitive features

Impaired lung function

Exacerbation

Fig. 1.1 Role of mast cell in asthma pathogenesis.
Activation of mast cells via either IgE (allergen) or non-
IgE mechanisms (such as TLR ligands, IgG, cytokines,
complement components, neuropeptides, chemokines)
can lead to the production of preformed mediators (chy-
mase, tryptase, histamine), de novo synthesized media-
tors (leukotriene and prostaglandin lipid mediators), and
released cytokines (Th2-Thl cytokines, alarmins, growth
factors). These mediators can regulate key features of
asthma such as airway inflammation and airway remodel-
ing by two main mechanisms: (i) their capacity to recruit
and/or activate inflammatory cells (eosinophils, innate
lymphoid cells, and lymphocytes) into the lungs and (ii) to

alter the function of airway structural tissues associated
with increased mast cell infiltration (epithelium, airway
smooth muscle, goblet cells, vasculature). In addition, a
bidirectional interaction between recruited inflammatory
cells within the lung and airway structural tissues via the
secretion of inflammatory and chemoattractant mediators
or cell-cell interactions can also indirectly contribute to
airway inflammation and airway remodeling. The overall
activation of mast cells within the lung leads to impaired
lung function and increase rate of exacerbation, features
that are clearly insensitive to corticosteroids and improved
with Omalizumab therapy
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1.2  Increased Airway Infiltration
of Mast Cells Is a Key Feature

in Asthma Pathogenesis

The key contribution of mast cells in asthma
pathogenesis can be explained by their high
abundance within dysfunctional airway sub-
compartments of patients as reported by different
studies. The authors that have stained mast cells
in endobronchial biopsies using antibodies
against tryptase have found that infiltration of
mast cells in the airways often correlates with
various clinical aspects of the disease (Table 1.1).
Pesci and colleagues were among the first to
demonstrate a greater infiltration of activated
mast cells within human bronchial mucosa com-
pared to healthy subjects [8]. Carroll and
colleagues later extended these findings in
patients with fatal asthma by reporting increased
degranulated mast cells in various locations
including submucosal mucous glands [9, 10] as
well as in the airway smooth muscle [9, 10]. This
unexpected infiltration of mast cells within the
airway smooth muscle tissue was reported to
strongly correlate with disease severity (as mostly
seen in fatal cases) [9, 10], abnormal lung func-
tion (when assessing PC,, for methacholine)
[11], or levels of TGF-B1 expression in the air-
way smooth muscle itself [12]. Other studies
confirmed the greater number of mast cells in dif-
ferent structural compartments including epithe-
lium [13], as well as in airway smooth muscle in
both allergic and nonallergic asthmatics, with
their number and activation state (assessed by
extracellular deposition of mast cell products) to
be significantly higher in smooth muscle bundle
in patients with allergic asthma [14]. Brightling
and colleagues found that the number of mast
cells (positively stained for both CXCR3 and
tryptase) was greater in the airway smooth mus-
cle compared to that in bronchial submucosa in
patients with asthma [15]. The concept of infiltra-
tion of tryptase-positive mast cells within the air-
way smooth muscle tissue has since been
validated in different cohorts of asthma patients
[12, 16-18].

The mechanisms leading to mast cells infiltra-
tion within the airways have not been completely

Table 1.1 Studies describing features of mast cell infil-

tration within the airways in asthma patients

Mast cell
infiltration in | Features of mast cells

References the lung in asthma

[8] Airway Degranulation

n =13 stable | epithelium greater in asthmatics

asthma and Lamina

n = § healthy | propria

controls

[9, 10] ASM bundle | Degranulation

n = 8 fatal and mucous related to disease

asthma glands severity

n=38

non-fatal

asthma

n = 8 healthy

controls

[11] ASM bundle Greater number in

n = 17 asthma asthma vs EB and

n=13 controls

eosinophilic Correlation with

bronchitis impaired lung

(EB) function (PC,) in

n = 11 healthy asthma

controls

[12] ASM bundle Greater number in

n =9 controls asthma

n=10 Number related to

intermittent TGFp expression in

asthma ASM

n=9

persistent

asthma

[14] Epithelium, Greater number in

n=29 lamina ASM of allergic

allergic and propria and asthma vs non-

non-allergic ASM bundle | allergic asthma

asthma

[15] ASM bundle Greater number in

n =16 asthma |and asthma

n=14 submucosa Greater number of

controls CXCR3+ mast cells
in ASM versus
submucosa

[16] ASM bundle Greater number in

n =5 controls asthma

n=9 Correlation with

persistent vasoactive intestinal

asthma peptide (VIP)
staining in ASM

[17] ASM bundle Greater number in

n =10 controls | and asthma

n =16 asthma | submucosa Greater degranulation
in muscle vs
submocusa
No correlation with
asthma severity

(continued)
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Table 1.1 (continued)

Mast cell

infiltration in | Features of mast cells
References the lung in asthma
[18] ASM bundle Correlation with
n=18 o-smooth muscle
controls actin staining in
n = 12 asthma ASM
[19] Airway Greater number of
n=234 epithelium double positive
controls and (chymase and
n =53 mild submucosa tryptase) in the
asthma epithelium in severe
n=21 asthma
moderate
asthma
n =57 severe
asthma

elucidated. In vitro studies have shown that vari-
ous factors produced by the epithelium or airway
smooth muscle are capable of exerting chemoat-
tractive effects toward mast cells including frac-
talkine/vasoactive intestinal peptide axis [16],
CXCLI10 via CXCR3 receptor [12], and TGF/
SCF [15]. The observation that all these media-
tors were found to be produced in vivo by ASM
bundles strongly support the essential role of
structural lung cells in the recruitment of mast
cells within the lungs in patients with asthma.
As patients with severe asthma (5-10%)
poorly respond to the current asthma manage-
ment guideline therapies including corticoste-
roids [20], it is important to understand the
mechanisms driving this poor response to corti-
costeroids. A number of different clinical trials
conducted in severe asthmatics have shown that
the monoclonal antibody omalizumab, that tar-
gets specifically circulating IgE, leads to
improved asthma symptoms, pulmonary function
(%FEV1 predicted), morning peak expiratory
flow, rates of exacerbations, and a reduction in
markers of inflammation and airway remodeling
[21]. These observations reinforce the concept
that IgE-dependent release of mast cell mediators
contributes to the pathogenesis of severe asthma.
Therefore, a legitimate question that remains to
be answered is whether mast cells can play a role
in asthma severity by interfering with corticoste-

roid therapy via secreted (stored and newly syn-
thesized) mediators. In the following sections,
we will summarize the growing literature that
links mast cells to the impaired corticosteroid
sensitivity seen in asthma.

1.3  Clinical Evidence Suggesting
a Role of Mast Cells
in Corticosteroid

Insensitivity

Many clinical studies have confirmed that
Omalizumab was effective in improving asthma
control [22-24]. Omalizumab led to improved
asthma symptoms, reduced rates of exacerba-
tions, and improved features of airway remodel-
ing as evidenced by the reduction in airway wall
thickness seen in CT scans [22, 25, 26]. In addi-
tion, omalizumab treatment improved pulmo-
nary function such as forced expiratory volume
in 1 s (FEV1) and morning peak expiratory flow
[22, 25, 27]. The question was whether omali-
zumab was associated with changes in patients’
response to either inhaled (ICS) or oral (OCS)
corticosteroids. Previous reports have revealed a
strong association between IgE levels and a high
usage of ICS [28]. Most studies focusing in
severe asthma have demonstrated that the
marked reduction in peripheral blood IgE levels
induced by omalizumab therapy was also asso-
ciated with a reduction in the use of both ICS
and OCS [22, 27, 28]. An elegant review by
MacDonald colleagues has recently summa-
rized the overall clinical impact of omalizumab
observed from 42 different studies [29]. The
authors concluded that omalizumab therapy for
>2 months or longer led patients to either reduce
or stop their ICS/OCS usage suggesting a role
of mast cells in mediating corticosteroid insen-
sitivity in severe allergic asthma. The underly-
ing mechanisms by which mast cells could drive
corticosteroid insensitivity have not been eluci-
dated. A number of mediators produced by acti-
vated mast cells have been reported to interfere
with corticosteroid responses in various cell
types associated with asthma.
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1.4  Mediators Produced by Mast
Cells and Associated
Mechanisms Shown to Blunt

Corticosteroid Sensitivity

Numerous clinical and preclinical reports have
supported the critical implication of mast cells in
the pathogenesis of severe asthma [3]. Not only
the number of mast cells increased in the airways
of severe asthmatics but their number correlated
with markers of disease severity [30]. As stated
before, severe allergic asthma patients treated
with omalizumab, the anti-IgE monoclonal anti-
body, show clear improvement of various clinical
outcomes [21]. A number of studies have demon-
strated the clinical values of targeting various
mast cell mediators in severe asthmatics includ-
ing pro-inflammatory cytokines such as TLSP,
IL-4, IL-5, and IL-13 known to regulate eosino-
philic inflammation [31], or IL-17 reported to
drive neutrophilic inflammation [32].
Interestingly, several in vitro studies have
reported some of these mast cell cytokines have
the capacity to induce corticosteroid insensitivity
in various cells associated with asthma (summa-
rized in Table 1.2).

1.4.1 Interleukin 2 and 4 (IL-2/IL-4)

A number of original studies carried out in iso-
lated peripheral blood mononuclear cells
(PBMCs) or alveolar macrophages were the first
to support the existence of corticosteroid insensi-
tive features in immune cells in patients within
steroid-resistant asthma (defined by their FEV1%
changes following a course of corticosteroids)
and with severe asthma (defined based on the
GINA guidelines) [33-39]. A more recent report
showed that neutrophils derived from steroid-
resistant asthmatics exhibited a blunted ex vivo
response to dexamethasone [40]. IL-2 and IL-4
were among the first cytokines known to be pro-
duced by mast cells (at least from mouse work
for IL-2) to have been tested for their ability to
modulate corticosteroid responses in asthma.
Although IL-2 is typically produced by activated
T-lymphocytes, evidence have suggested a criti-

Table 1.2 Mediators produced by activated mast cells
that are capable of altering corticosteroid response in vari-
ous cell types involved in asthma pathogenesis

Mast cell Mechanisms of steroid
mediators | Target cells insensitivity
TNFo/ Airway smooth | Dominant negative
IFNy muscle cells effect of GRp
Competition for the
transcriptional
co-activator GRIP-1
PP5-dependent GRa
dephosphorylation
IL-2/ PBMCs Reduced nuclear GRa
1L-4 T lymphocytes | ligand binding activity
(CD4+ and Reduced GRa nuclear
CD8+ T cells) translocation and
PBMCs dependent gene
PBMCs expression (MKP-1)
Eosinophils Downregulation of GR«
levels
p38MAPK-y dependent
GRa phosphorylation
PP5-dependent GRa
dephosphorylation
1L-2 Th2 Downregulation of GRa
lymphocytes levels (mRNA)
Murine cell Reduced GRa binding
line (HT-2) to FKBP5 promoter
STAT5-dependent
pathways
IL-13 Human Not investigated
bronchial Decreased GRa binding
epithelial cells | activity
PBMCs
(monocyte
fraction)
IL-17A | Airway PI3K-dependent
1L-17/ epithelial cells | reduction in HDAC2
1L-23 PBMCs activity
GRS upregulation
TGFp Airway ALKS5-dependent
epithelial cells | inhibition of GRa
dependent gene
expression
IFNy Airway Activation of JAK/
epithelial cells | STAT1 pathways
TSLP Natural helper | STATS pathways and
cells expression of Bcl-xL
Innate MEK- and STATS-
lymphoid cells | dependent pathways
(ILC2)

cal role of IL-2-derived from mast cells in the
suppression of allergic dermatitis [41], in part via
the ability of IL-2 to regulate the expansion of
regulatory cells [42]. Most studies focusing on
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PBMC:s and T-cells have reported IL-2 and IL-4
exposure for 48 h can blunt the anti-inflammatory
actions of dexamethasone [43—45]. The precise
mechanisms underlying cytokine-induced steroid
insensitivity in these cells involved mostly
changes in GRa function occurring at multiple
levels: (i) a reduction in nuclear GRa transloca-
tion [44], (ii) decreased in GRa expression [45],
or (iii) reduction in nuclear GRa binding affinity
in T-cells [43]. Similar effects of IL-2 and IL-4
were as well seen in eosinophils treated for
shorter time (16 h) which led to reduced GRa
expected responses to dexamethasone such as
receptor phosphorylation and the ability to stimu-
late the expression of anti-inflammatory proteins
such as GILZ and MKP-1 [46]. Only one report
showed that IL-2 on its own could reduce the pro-
apoptotic effect of dexamethasone in human Th2
cells, an effect possibly due to the decreased lev-
els of GRa and interaction with FKBP5 [47].

1.4.2 TNFax

Activated mast cells represent a crucial source of
TNFa in asthma [48, 49]. A number of preclinical
studies using blocking strategies have indeed con-
firmed the contribution of TNFax in driving some
corticosteroid resistance features seen in severe
asthmatics including infiltration of various inflam-
matory cells [50], or neutrophilic inflammation
[51]. The mechanisms by which TNFa promotes
corticosteroid resistance have not been completely
elucidated but in vitro studies performed on struc-
tural cells isolated from the lungs have led to some
interesting observations. Studies conducted in
human ASM cells, for example, have demonstrated
that the production of fluticasone-resistant chemo-
kines/cytokines (i.e., CXCL10, CCLS, and
CXCLS) can be induced by TNFo when associated
with IFNy [52]. The underlying mechanisms likely
result from the modulation of GRa transactivation
function caused by three different inhibitory path-
ways: (i) the antagonistic action of GRf, dominant
negative isoform of GRa, (ii) the competition for
GRa essential transcriptional co-activator GRIP-1
and, (iii) protein phosphatase PP5-dependent
dephosphorylation of GRa (reviewed in [52]). The

“GRp” hypothesis has been investigated in asthma,
although its role remains still controversial [53—
55]. The ability of IFNy to render lung structural
cells refractory to fluticasone when combined to
TNFo may likely related to the synergistic activa-
tion of IFNy-associated steroid insensitive path-
ways. We showed that activation of the transcription
factor IRF-1 became resistant to fluticasone when
induced by TNFu« in the presence of IFNy [56].
Similarly, we also reported that in lung epithelial
cells, the ability of fluticasone to inhibit steroid-
insensitive genes induced by IFNy could be
restored when JAK pathways were blocked using
siRNA strategy aimed at the downstream signaling
molecule STAT-1 [57]. Targeting the JAK/STAT
axis may therefore represent a novel therapeutic
option for reversing corticosteroid insensitivity in
asthma.

1.4.3 TGFp

Growth factors produced by mast cells have been
also associated with steroid insensitivity in asthma.
Elegant studies from Stewart’s group in Melbourne
provided the first evidence that TGFf is able to
reduce dexamethasone-induced GRE-dependent
gene expression not only in A549 lung adenocarci-
noma-derived epithelial cell line [58] but also in
differentiated primary air-liquid interface human
bronchial epithelial cells, via a mechanism involv-
ing the TGF type I receptor kinase (ALKS) [59].
A more recent study identified cofilinl, an intra-
cellular actin-modulating protein, as the main
downstream pathway driving TGFf-induced corti-
costeroid insensitivity in lung epithelial cells [60].
The same group demonstrated that infection of
human airway epithelial cells with different respi-
ratory viruses including respiratory syncytial
virus, rhinovirus, and influenza A virus led to cor-
ticosteroid insensitivity in part via autocrine action
of TGFp and associated ALKS pathways [61]. We
recently reported a role of mast cell-derived TGF
in the inhibition of B2-receptor function in airway
smooth muscle cells [4]. Whether TGFf regulates
corticosteroid responses in other lung structural
cells via similar ALK5 mechanisms remains to be
further investigated.
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1.4.4 Interleukin 17 (IL-17)

IL-17 is also another mast cell-derived cytokine
involved in asthma that has been associated with
steroid insensitivity in severe asthma. McKinley
and colleagues were the first to suggest a role of
Th-17 cells in driving steroid resistance in asthma
in a mouse of allergic asthma [62]. The authors
found that both airway inflammation and airway
hyper-responsiveness were resistant to dexa-
methasone in allergen-challenged mice following
adoptive transfer of Th17 cells. Another study
using of neutralizing antibody clearly indicated
that some of corticosteroid insensitive features
following ozone exposure in mice, such as neu-
trophilic inflammation and BALF cytokine lev-
els, were mediated by IL-17 [63]. In vitro work in
16HBE140 human bronchial epithelial cells
(16HBE) confirmed the capacity of IL-17 to
markedly reduce the inhibitory action of
budesonide on TNFa-induced IL-8 production.
Mechanisms driving IL-17-induced steroid resis-
tance involved a reduction of HDAC?2 expression
via phosphoinositide-3-kinase (PI3K) pathways
[64]. In PBMCs, IL-17/IL-23 combination
reduced dexamethasone-induced suppression of
cell proliferation via the inhibition of GRa trans-
activation and transrepression properties [65].

1.4.5 Interleukin 13 (IL-13)

IL-13 has been considered as one of the essential
cytokines involved in asthma pathophysiology
which can originate from Th2 lymphocytes,
innate lymphoid cells, and mast cells. Although
elevated IL-13 levels have been correlated with
typical asthma features including airway hyper-
responsiveness, mucus hypersecretion, and air-
way remodeling, there is also evidence for a role
in steroid resistance [66]. Administering IL-13
directly in mouse airways using an adenoviral
vector resulted in airway inflammatory changes
that are unresponsive to dexamethasone includ-
ing neutrophils and macrophages lung accumula-
tion [67]. In primary human bronchial epithelial
cells, IL-13 stimulated the production of the pro-
fibrotic factor TGFfB2 that was unaffected by

dexamethasone [68]. In PBMCs treated with
IL-13, GRa binding activity was found to be
impaired in the monocyte population and associ-
ated with a reduced inhibitory effect of hydrocor-
tisone on LPS-induced IL-6 production [69].
Interestingly, none of the other cytokines tested
ar-1, 1IL-3, IL-5, IL-7, IL-8, IL-12, or
granulocyte-macrophage-CSF) had any effect of
steroid sensitivity in these cells. These studies
reinforce the concept that IL-13 is an important
driver of steroid-insensitive pro-remodeling and
pro-inflammatory responses in the airways.

1.4.6 Alarmins (TLSP)

An elegant report combining a mixture of
in vitro and in vivo studies was the first to sug-
gest the implication of TSLP in driving cortico-
steroid refractory responses in one family
member of type 2 innate lymphoid cells (ILC2)
called natural helper (NH) cells [70]. The TSLP-
induced steroid resistance was mediated via the
activation of STATS5 signaling pathways,
through mechanisms that remain to be further
explored. A more recent study performed in
blood and lung ILC2s revealed that the ability of
dexamethasone to reduce the production of type
2 cytokines was greatly impaired by TSLP or
IL-7 [71]. This study suggests the involvement
of common signaling pathways downstream to
the IL-7 receptor o in the regulation of steroid
insensitivity. Interestingly, as reported in NH
cells, corticosteroid resistance in ILC2s was
mediated via both MEK- and STATS5-dependent
pathways. Activated mast cells are a source of
TSLP in asthmatic airways, and might therefore
promote steroid resistance through this mecha-
nism [72, 73].

Potential Mast Cell Inhibitors
for the Treatment of Allergic
Diseases

1.5

Recent reports have uncovered a number of
different strategies that are capable to inhibit-
ing mast cells and their contribution to lung
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diseases. One elegant report provided the first
evidence that Imatinib, a KIT inhibitor,
decreased airway hyper-responsiveness
(methacholine PC,;), mast-cell counts, and a
marker of mast cell activation (serum levels of
tryptase) in severe asthmatics [74]. Inhibiting
another tyrosine kinase (Spleen tyrosine kinase
Syk) by SYKi has been reported to inhibit IgE-
mediated contraction and production of mast
cell mediators in precision cut lung slice
(PCLS) model [75]. Similarly, RN983, an
inhibitor of bruton’s tyrosine kinase (Btk)
required for mast cell activation has proven to
be effective in reducing the early asthmatic
response in mouse model of allergic asthma
when given by inhalation [76]. More recently,
a study using FDA-approved BTK inhibitors
(BTKi’s) demonstrated promising therapeutic
actions both in vitro (allergen-induced contrac-
tion) and in vivo (IgE-mediated anaphylaxis),
supporting the key role played by Btk in FceRI-
mediated mast cell degranulation [77]. The use
of the pharmacological inhibitor by AGK2
allowed to demonstrate the central contribution
of NAD+ (nicotinamide adenine dinucleotide)-
dependent deacetylase SIRT2 pathways in
mediating mast cell degranulation and allergic
airway inflammation in a murine model [78].
The clinical benefit of noncompetitive inhibi-
tory antibody against human p-tryptase in both
mouse and primate models of allergic response
has been described as a promising treatment of
severe asthma [79]. The mitochondrial STAT3
appears to be another target as inhibitors called
Mitocur-1 and Mitocur-3 significantly sup-
pressed degranulation of cultured rodent and
human mast cells and reduce key allergic fea-
tures in a OVA murine model such as blood
histamine and eosinophilia [80]. Activating
specific pathways could also serve as a poten-
tial strategy to suppress mast cell function.
Levels of Raf kinase inhibitor protein (RKIP),
which has been described as a negative regula-
tor of IgE-mediated allergic response [81], are
decreased in peripheral blood of asthma
patients. This suggests a possible defect of

RKIP as a new mechanism underlying allergic
responses in asthma.

1.6  Conclusions

Clinical trials as well as real-life studies have
demonstrated that anti-IgE therapy (omali-
zumab) is associated with a corticosteroid-
sparing effect in moderate to severe asthma.
This reduction in corticosteroid usage/depen-
dence was associated with marked improve-
ments in different clinical outcomes including
the rate of exacerbations and asthma symp-
toms. Unfortunately, not all severe asthmatics
respond to omalizumab. It is likely that media-
tors released by activated mast cells via both
IgE-dependent and IgE-independent pathways
may play a key role in driving patients’ reduced
sensitivity to corticosteroid therapy. Indeed, a
number of in vitro studies conducted in
immune cells and lung structural cells have
shown that different mediators (Thl and Th2
cytokines, growth factors, alarmins) produced
by mast cells can blunt the response to cortico-
steroids via multiple mechanisms. This include
effects on the function of GRa ranging from
impaired receptor phosphorylation, receptor
DNA-binding activity, and receptor competi-
tion for transcriptional co-activator. These
studies further support the capacity of mast
cells to contribute to the overall mechanisms
blunting corticosteroid therapy in severe
asthma. Identifying how mast cells regulate
corticosteroid insensitive features could led to
novel therapeutic interventions for the treat-
ment of refractory severe asthma. Potential
therapeutic interventions targeting mast cells
besides current anti-IgE omalizumab include
soluble inhibitors of pathways to prevent mast
cell degranulation (see Sect. 1.4.4 above),
monoclonal antibodies against key mast cell
mediators and pharmacological inhibition of
signaling pathways interfering with corticoste-
roid receptor function (summarized in
Fig. 1.2).
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Fig. 1.2 The proposed therapeutic strategies to
restore patients’ response to corticosteroids in severe
asthmatics. One current therapy targeting mast cells
include omalizumab which has clearly demonstrated clin-
ical benefits in patients with severe allergic asthma includ-
ing the need for high doses of corticosteroids. Considering
that not all patients respond to omalizumab and the fact
that mast cells can be activated via IgE-independent
mechanisms, other potential strategies need to be devel-
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Galectin-3 Promotes ROS,
Inflammation, and Vascular
Fibrosis in Pulmonary Arterial
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Abstract

Pulmonary Arterial Hypertension (PAH) is a
progressive vascular disease arising from the
narrowing of pulmonary arteries (PA) resulting
in high pulmonary arterial blood pressure and
ultimately right ventricular (RV) failure. A
defining characteristic of PAH is the excessive
remodeling of PA that includes increased prolif-
eration, inflammation, and fibrosis. There is no
cure for PAH nor interventions that effectively
impede or reverse PA remodeling, and research
over the past several decades has sought to iden-
tify novel molecular mechanisms of therapeutic
benefit. Galectin-3 (Gal-3; Mac-2) is a carbohy-
drate-binding lectin that is remarkable for its
chimeric structure, comprised of an N-terminal

carbohydrate-recognition domain. Gal-3 is a
regulator of changes in cell behavior that con-
tribute to aberrant PA remodeling including cell
proliferation, inflammation, and fibrosis, but its
role in PAH is poorly understood. Herein, we
summarize the recent literature on the role of
Gal-3 in the development of PAH and provide
experimental evidence supporting the ability of
Gal-3 to influence reactive oxygen species
(ROS) production, NOX enzyme expression,
inflammation, and fibrosis, which contributes to
PA remodeling. Finally, we address the clinical
significance of Gal-3 as a target in the develop-
ment of therapeutic agents as a treatment for
PAH.
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2.1 Pulmonary Arterial

Hypertension (PAH)

Pulmonary Arterial Hypertension (PAH) is a pro-
gressive disease of the lung vasculature that is
characterized by a sustained elevation of pulmo-
nary arterial pressure [1]. PAH is currently
defined as a mean pulmonary artery pressure at

Vascular Biology Center, Medical College of rest > 20 mmHg [2], which can result in increased
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pulmonary vascular resistance subsequently
leading to compensatory right ventricular hyper-
trophy [1, 3]. Medial hypertrophy of pulmonary
artery (PA) smooth muscle cells is a hallmark
feature of PAH [4], which elicits vessel luminal
occlusion [5]. In most forms of PAH, muscular-
ization of small distal PA occurs [6], and is fur-
ther characterized by excessive arterial cell
proliferation, fibrosis, and inflammation, leading
to medial remodeling, rarefaction, and a loss of
compliance of the pulmonary blood vessels [5,
7-9]. Increased resistance to blood flow via loss
of PA compliance contributes to the failure of the
right ventricle (RV) [10, 11]. In addition, the
response of the RV to the increased afterload
associated with PAH increases end-diastolic vol-
ume, hypertrophy, alters contractility, induces
dilation, cardiac fibrosis, and eventual decom-
pensation [12]. Ultimately, increased RV volume
(diastolic and systolic) combined with increased
intraluminal cardiac pressure leads to an unsus-
tainable increase in wall stress that culminates in
right heart failure and ultimately death [13-15].

In PAH, within the vessel wall, endothelial
cells become dysfunctional and fail to maintain
homeostasis, and vascular smooth muscle cells
undergo a phenotypic switch from a quiescent
contractile phenotype to a “synthetic” phenotype
that is characterized by a decrease in contractile
smooth muscle genes, increased secretion of
matrix and proteases, and increased proliferation
[16, 17]. The subsequent increase in pro-
inflammatory and  pro-fibrotic  molecules
increases fibrosis, inflammation, and the deposi-
tion of extracellular matrix [18-22]. The signal-
ing moieties that modify cellular properties in
PAH remain ill-defined, but endothelin, PDGF,
TGF-p, BMPs, hypoxia, altered metabolism,
reactive oxygen species (ROS), and nitrogen spe-
cies (RNS) have all been identified as contribut-
ing factors [19, 23-25].

2.2  Evidence for ROS Signaling

in PAH

Previous evidence shows increased levels of ROS
in both human and experimental models of PAH
[26-32]. The major ROS that are produced in the

pulmonary vasculature are superoxide (O;),
hydrogen peroxide (H,0O,), hydroxyl radical
(OH), and hydroperoxyl radical (HO») [33].
Numerous mechanisms have been proposed to
account for increases in ROS including altered
eNOS activity and increased NOX enzyme
expression and activation. Steady-state levels of
ROS reflect the balance between ROS generation
and eradication/scavenging, and evidence sup-
ports alterations in both pathways in PAH [25].
We have previously shown that ROS contributes
to the development of PAH [34] and Fig. 2.1a
shows that PA contraction to angiotensin II is
enhanced from rats with monocrotaline (MCT)-
induced PAH. In addition, treatment of pre-
contracted vessels with the antioxidant Tempol,
elicits a greater relaxation of induced tone in
MCT-treated vessels compared to control condi-
tions (Fig. 2.1b), suggesting that increased oxi-
dant tone in PA from MCT-induced PAH augments
vascular contraction. Of the ROS produced, O,
and H,O, activate multiple signaling pathways
promoting cell proliferation and apoptosis, ele-
vated vascular tone, fibrosis, and inflammation,
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Fig. 2.1 Hypertensive PA produces greater contrac-
tile force dependent on ROS. (a) PA from control (vehi-
cle) and MCT-rats were mounted on a myograph (1 g
passive tension) and contracted with low dose Angiotensin
(Ang) II (100 nM). (b) Drop in tension following addition
of ROS scavenger TEMPOL (100 mM). n = 3-4 per
group. (Reprinted with copyright permission from
Antioxidants and Redox Signaling, Volume 31, Issue 14,
Mary Ann Liebert, Inc., New Rochelle, NY (Publisher))
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which are all hallmark signs of PAH [33].
However, the cellular basis and functional signifi-
cance of ROS in PAH remain poorly described.
The human genome encodes five NOX isoforms
and four of these isoforms, NOX1, NOX2, NOX4,
and NOXS are expressed in pulmonary vascular
cells, and NOX4 is regarded as a constitutively
active enzyme that produces levels of H,O, that
are primarily controlled by changes in gene
expression [35, 36]. Increased expression of
NOX4 has been reported in human PAH [37], and
several lines of evidence support an important
role for NOX4 in the pathogenesis of PAH in rat
and human [34, 37] but this premise is less well-
defined in mice [38—40]. NOX4 has been reported
to be a major NADPH oxidase homolog expressed
in human pulmonary arterial smooth muscle cells
(PASMCs) [41], and its expression at the mRNA
and protein level is significantly increased in
lungs from patients with idiopathic pulmonary
arterial hypertension (IPAH) compared to healthy
lungs [37], which suggests a correlation between
NOX4 and the onset of PAH. NOX4 mediates the
hypoxia-induced growth of human PASMCs [42],
and other studies report that NOX4 expression is
highest in endothelial cells and perivascular fibro-
blasts [34, 43, 44]. Endothelial cell NOX4 is
thought to be protective, and supports endothelial
nitric oxide synthase function [45, 46], whereas
fibroblast NOX4 is highly upregulated by TGFp
and is pro-fibrotic [34, 47]. Collectively, these
findings support the argument for NOX4 expres-
sion being integrally involved in pulmonary vas-
cular remodeling by promoting arterial medial
smooth muscle proliferation, endothelial prolifer-
ation, and adventitial fibroblast-activation in
PAH. NOX4 is also upregulated in cardiac hyper-
trophy and myocardial remodeling [48].

Epidemiologically, PAH is more frequent in
women than men, and left untreated has a survival
time of 5-7 years post-diagnosis [49]. From a ther-
apeutic standpoint, there are a number of vasodila-
tor drugs that are indicated for the treatment of
PAH, but none of the current therapeutics offers
long-term success for survival due to limited effec-
tiveness and unwanted side effects [50]. More
importantly, focus is being increasingly placed on
the underlying causes of the vascular remodeling
that is a hallmark of the disease [51].

2.3  Galectin-3

Galectin-3 (Gal-3; LGALS3, Mac-2) is a member
of the lectin family of proteins, which recognize
and bind to specific carbohydrate motifs on gly-
cosylated proteins as well as lipids [52]. Gal-3
protein was first identified in the 3 T3 mouse
fibroblast cell line [53] and is robustly expressed
in the lung [54]. The gene encoding Gal-3 was
cloned in 1987 and changes in mRNA expression
in fibroblasts were observed in response to
growth factors [55]. Gal-3 protein is present in
both the cytoplasm and nucleus of cells, with
higher expression in the nucleus of proliferating
cells [56]. Gal-3 cellular expression appears to be
age-dependent with robust expression induced by
growth factors in young cells, which deteriorates
in aged cells or those with replicative senescence
[57]. Approximately 30 years ago, the macro-
phage surface antigen, Mac-2 was determined to
be identical to Gal-3 and shown to be expressed
in high concentrations by specific subpopulations
of pro-inflammatory macrophages and secreted
into the extracellular space [58, 59]. As the name
implies, Mac-2 expression was extensively used
to identify or mark macrophages [60]. It is now
known that Gal-3 expression is also expressed in
fibroblasts (where it was originally discovered),
smooth muscle cells [61], endothelial cells [62],
activated T-cells [63], epithelial cells [64, 65],
and select types of tumor cells [66].

Gal-3 belongs to a family of 16 related mem-
bers that all share an evolutionarily conserved
carbohydrate recognition domain (CRD) that can
bind p-galactosides and lactose but they differ in
their ability to bind more complex saccharides.
Gal-3 “family” members can be broadly classi-
fied into three types: the prototypes which con-
tain one CRD and are monomers or homodimers
(includes galectins- 1, 2, 5,7, 10, 11, 13, 14, 15,
and 16), the chimeras (Gal-3 is the only member)
which contain one CRD and a self-association
domain, and the tandem-repeat galectins (galec-
tin-4, 6, 8, 9, and 12) which have two CRDs con-
nected by a linker peptide. As the only chimeric
galectin, Gal-3 is comprised of a C-terminal CRD
that is present in all members of the galectin fam-
ily and a unique N-terminal domain that contains
glycine and proline-rich domains that enable



