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Abstract

Isolated airway smooth muscle has been extensively investigated since 1840 to
understand the pharmacology of airway diseases. There has often been poor predict-
ability from murine experiments to drugs evaluated in patients with asthma or
chronic obstructive pulmonary disease (COPD). However, the use of isolated human
airways represents a sensible strategy to optimise the development of innovative
molecules for the treatment of respiratory diseases. This review aims to provide
updated evidence on the current uses of isolated human airways in validated in vitro
methods to investigate drugs in development for the treatment of chronic obstruc-
tive respiratory disorders. This review also provides historical notes on the pioneering
pharmacological research on isolated human airway tissues, the key differences
between human and animal airways, as well as the pivotal differences between
human medium bronchi and small airways. Experiments carried out with isolated
human bronchial tissues in vitro and ex vivo replicate many of the main anatomical,
pathophysiological, mechanical and immunological characteristics of patients with
asthma or COPD. In vitro models of asthma and COPD using isolated human airways
can provide information that is directly translatable into humans with obstructive
lung diseases. Regardless of the technique used to investigate drugs for the treat-
ment of chronic obstructive respiratory disorders (i.e., isolated organ bath systems,
videomicroscopy and wire myography), the most limiting factors to produce high-
quality and repeatable data remain closely tied to the manual skills of the researcher

conducting experiments and the availability of suitable tissue.

Abbreviations: 5-LOX, 5-lipoxygenase; ASM, airway smooth muscle; COPD, chronic obstructive pulmonary disease; CSE, cigarette smoke extract; DI, deep inspiration; ECM, extracellular matrix;
EFS, electrical field stimulation; EpiDRFs, epithelium-derived relaxing factors; eNANC, excitatory NANC; FEV,, forced expiratory volume in 1 s; FEF,5_75, forced expiratory flow between 25%
and 75% of vital capacity; FVC, forced vital capacity; GOLD, Global Initiative for Chronic Obstructive Lung Disease; iNANC, inhibitory NANC; KH, Krebs-Henseleit; mAb, monoclonal antibodies;
MOI, multiplicity of infection; MLC, myosin light-chain; MLCP, MLC phosphatase; NF, nuclear factor; OCLN, occludin; PAH, polyaromatic hydrocarbon; PAL, persistent airflow limitation; PCLS,
precision lung cut slices; PIV-3, parainfluenza virus type 3; PM, particulate matter; QS, quick stretch; SP, Substance P; PSS, physiological saline solution; uPAR, urokinase plasminogen activator

receptor; WNT, wingless/integrase-1.
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1 | INTRODUCTION

Airway smooth muscle (ASM) has been extensively investigated
in vitro and ex vivo to understand the pharmacology of asthma and
chronic obstructive pulmonary disease (COPD). The term ‘ex vivo’ lit-
erally translates from Latin as ‘out of the living’, whereas the term
‘in vitro’ means ‘in glass’ as historically in vitro experiments were con-
ducted in Petri dishes or tubes made of glass. In ex vivo studies, living
tissue is directly taken from a living organism and it is immediately
studied in an external environment with minimal alteration of natural
conditions (Wang & Duan, 2019). On the other hand, in vitro experi-
ments are generally performed on cells that are in culture outside their
normal biological environment (Wang & Duan, 2019). However,
ex vivo more conventionally means working with tissue samples taken
from patients treated with a drug rather than in vitro using tissues
removed from patients following surgery, where no drug was being
investigated in vivo prior to resection (Gale et al., 2002).

Accessing MEDLINE with no time limits according to the follow-
ing search query ‘(isolated AND human) AND (airway OR bronchi OR
airway smooth muscle) AND pharmacology NOT review’ resulted in
more than 2800 records, with a publication peak of 144 papers in
2020 (Figure 1). According to SCOPUS, in the last 30 years the first
three researchers producing original pharmacological evidence from
isolated human airways were Naline E. (France), Advenier C. (France)
and Calzetta L. (Italy). Detailed information regarding the search query
is reported in the supporting information.

Asthma and COPD are increasingly relevant causes of morbidity,
disability, and mortality worldwide, accounting together for an overall
global prevalence of ~14% (Adeloye et al., 2022; Innes Asher
et al., 2020). Indeed, this worrying percentage fully justifies the search
for new and improved therapies to treat these conditions. Unfortu-
nately, the costs and time necessary for the development and
approval of new effective drugs for the treatment of chronic obstruc-
tive respiratory disorders are increasing (Calzetta, Chetta,
et al., 2023a) and apart from the introduction of some monoclonal

antibodies (mAbs) for the treatment of severe asthma and COPD with
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FIGURE 1 Documents by years in MEDLINE with no time limit
according to the search query ‘(human AND isolated) AND (airway
OR bronchi OR airway smooth muscle) AND pharmacology NOT
review’.

type 2 inflammation, the cornerstone treatments used in the majority
of patients with asthma or COPD still remains focused on pharmaco-
logical classes of drugs that have been around for decades, such as
bronchodilators and corticosteroids (Bhatt et al., 2023; GINA, 2023a;
GOLD, 2023). Certainly, mAbs have significantly changed the manage-
ment of severe asthma, however their use is restricted to a small pro-
portion of patients (GINA, 2023b).

There has been often poor predictability from murine experi-
ments to the success of drugs subsequently evaluated in patients with
asthma or COPD, and therefore the use of human tissues such as iso-
lated airways represents a sensible strategy to optimise the develop-
ment of innovative molecules for the treatment of respiratory
diseases (Aun et al., 2017; Calzetta, Matera, et al., 2019a; Tanner &
Single, 2020; Wright et al., 2008).

Therefore, the aim of this review, performed referring to the lat-
est Concise Guide to Pharmacology (Alexander et al., 2021), was to
provide updated evidence on the current uses of isolated human air-
ways in validated in vitro methods to investigate drugs in the develop-
ment of treatments for chronic obstructive respiratory disorders. This
review also provides historical notes on pioneering pharmacological
research on isolated human airways tissues, the key differences
between human and animal airways, as well as the pivotal differences

between human medium bronchi and small airways.

2 | HISTORICAL BACKGROUND

The first scientific report concerning experiments on the physiology
of isolated airways is dated August 1840, when the British physician
Charles James Blasius Williams described, in the Report of the 10th
meeting of the British Association for the Advancement of Science,
the results of 3 years of experiments on the contractility and sensibil-
ity to various stimuli of bronchi, that he called ‘air-tubes’, and lungs
removed from animals (Williams, 1840). Williams described in detail
results from experiments that were pioneering for modern respiratory
pharmacology and he provided the basis for the treatment of chronic
obstructive respiratory disorders. Williams definitely proved the ‘mus-
cular contractility of any part of the air-tubes below the larynx’ and,
among his elegant experiments, some are worthy of mention. Of note,
at that time he proposed that several respiratory diseases, especially
asthma, were related to an altered contractile response of the
airways.

To record the airway contractility and relaxation, Williams used a
Poiseuilles's haemadynamometer, the precursor of the modern iso-
metric force transducers used to measure the ASM contractile tone in
isolated organ bath systems.

He reported that canine isolated airways contracted in response

to galvanic current, a transmural stimulation technique precursor of
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the modern electrical field stimulation (EFS) activating the parasympa-
thetic system, and that the extent of contractility was null or scarce in
small airways and greater in larger bronchi as confirmed in more
recent studies (Calzetta et al., 2020; Myers & Undem, 1996). Of note,
Williams had unknowingly demonstrated the contractile activity of
the cholinergic system on ASM and the fact that as we now recognise,
small airways are not innervated by a functional parasympathetic neu-
rons (Barnes, 2004; Barnes et al, 1983; Fryer & Jacoby, 1998;
Koarai & Ichinose, 2018). Williams repeated similar experiments also
in calves and rabbits, although he experienced more difficulty in
detecting ASM contractility in isolated airways from rabbits, probably
due to the low sensitivity of the dynamometer to measure the small
change of pressure elicitable in the airways of smaller animals. He also
recorded that galvanic current increases the release of mucus from
isolated airways, a condition always related with parasympathetic acti-
vation and airway contractility (Calzetta, Ritondo, Zappa, Manzetti,
et al., 2022e).

Observing the reaction of equine and canine airways to a scalpel,
Williams also proposed that mechanical irritation may stimulate an air-
way contractile response, a condition similar to that induced in mod-
ern experiments in which mechanical stress is induced in isolated
bronchial tissue via quick stretch (QS) (Faisy et al., 2011). He also
reported the airway contractile response to irritating fluids in dogs
and rabbits.

Among the experiments carried out by Williams, probably the most
visionary are those in which he demonstrated that the airway contractil-
ity induced by galvanism in dogs and rabbits can be completely abol-
ished by extracts obtained from Atropa belladonna and Datura
stramonium, now known to contain the antimuscarinic agents atropine
and scopolamine respectively (Fatur & Kreft, 2020). Notably, Williams
provided the pharmacological rationale for the use of antimuscarinic
agents as a cornerstone therapy for the treatment of COPD around
150 years before the first Global Initiative for Chronic Obstructive Lung
Disease (GOLD) report was published (Rodriguez-Roisin, 2017).

A modern look at the William's investigations shows that his
experiments were designed as translational research performed in
experimental animals aimed to study the ASM responsiveness and to
pharmacologically characterise the effect of bronchodilators to treat
human asthma and COPD. The full report of experiments on the phys-
iology of the lungs and air-tubes by Williams is available as supporting

information.

3 | ANIMAL VERSUS HUMAN ISOLATED
AIRWAYS

ASM plays a pivotal role in the pathophysiology of asthma and COPD
as it contributes to the bronchoconstriction, airway hyperresponsive-
ness (AHR), airway remodelling, and inflammation that characterise
these diseases, now recognised as two separate disorders charac-
terised by different aetiology, symptoms, inflammatory profile, airway
narrowing, response to therapy and time course (Cukic et al., 2012;
Doeing & Solway, 2013). Although it is extensively recognised that

ASM is a crucial target in the treatment of both of these chronic
obstructive respiratory disorders, to date the pathophysiology of
human airway narrowing that characterises asthma and COPD
remains only partially understood (Bates, 2016; Hulsmann & de
Jongste, 1993; Mauad & Dolhnikoff, 2008).

Therefore, in order to gain more insight into the underlying pro-
cesses of asthma and COPD, many animal models have been devel-
oped. However, significant differences between commonly used
experimental animal species (particularly mice) and humans exist
(Hulsmann & de Jongste, 1993).

In the 2000s, a number of task forces attempted to standard-
ise murine models of asthma and COPD (Brusselle et al., 2006;
Kips et al., 2003). However, the same authors highlighted several
major limitations of this approach, mainly related to the fact that
these models mimic only specific traits of the diseases and the
inflammatory profile resulting from these murine models does not
overlap completely with systemic and tissue inflammation that
characterise human asthma and COPD (Brusselle et al., 2006; Kips
et al, 2003). However, in murine models of asthma and COPD, a
certain level of small airway alteration can be detected, although
the histological and inflammatory modifications only partially over-
lap those detectable in humans (Lam et al, 2023; Wright
et al., 2008).

In this regard, a study comparing the genomic responses of mice
and humans to inflammatory stimuli found limited overlap, indicating
that murine models may not reliably predict human responses. Addi-
tionally, the controlled and often sterile laboratory environments in
which mice are maintained may not accurately mirror the complex
and dynamic conditions of human diseases (Junhee Seok et al., 2013).
Effectively, several important publications highlighted the major limi-
tations of murine models in accurately modelling human diseases and
immune responses, with evidence suggesting that irreproducible pre-
clinical results from animal models can lead to a massive waste of time
and money in clinical trials (Check Hayden, 2014; Mestas &
Hughes, 2004; Shay et al., 2013).

Other considerable physiological, anatomical, and immunological
factors differentiate rodents from humans. Unlike humans, rodents
breathe only from their nose, the submucosal glands are localised
only at the level of the trachea, and pulmonary lobation and
bronchial branching are substantially different, furthermore rodents
have neither defined respiratory bronchioles nor distinct lobular
architecture. Also, significant discrepancies in both innate and
adaptive immunity have been reported between human and murine
immune system (Mestas & Hughes, 2004). Finally, but no less
important, there is a significant gap in lung volumes between
humans and rodents, making technically challenging the accurate
measurement of lung function in such small laboratory animals and
requiring complex allometric calculations to ensure that experimental
conditions in rodents are pharmacologically relevant in humans
(Boxenbaum, 1982; Brusselle et al., 2006; Irvin & Bates, 2003). As a
matter of fact, the mechanical properties and morphological charac-
teristics of human ASM are similar, although not identical, to those of

other larger animals such as dogs, pigs and sheep (Chin et al., 2010).
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Moreover, while in rodents cholinergic neurons innervate all the
bronchial tree including peripheral airways, the distribution of func-
tional parasympathetic innervation at the level of human small airways
is sparse or even absent (Audrit et al., 2017; Barnes, 2004; Barnes
et al, 1983; Canning, 2006; Garssen et al, 1993; Koarai &
Ichinose, 2018; Struckmann et al., 2003). The airways of rodents are
also directly innervated by sympathetic neurons, conversely in humans
there is no evidence of functional direct sympathetic innervation of
ASM (Barnes, 2012; Cazzola, Page, et al., 2012b; Kummer et al., 1992;
Liu et al., 2020; Takachil et al., 1995). The human sympathetic system
indirectly acts on the airways via circulating adrenaline and via an
influence on parasympathetic ganglia (Cazzola, Page, et al., 2012b).

Along with the parasympathetic and sympathetic systems, the
bronchial tone may be modulated by the non-adrenergic non-
cholinergic system (NANC), via excitatory and inhibitory pathways
called eNANC and iNANC, respectively (Cazzola, Page, et al., 2012b).
Although the NANC systems were extensively investigated in late
1980s-1990s for the treatment of asthma, unfortunately it seems
that NANC nerves have a scarce role in the modulation of human
ASM tone, as no agents modulating eNANC and iNANC have been
developed (Andersson & Grundstrom, 1987; Belvisi et al, 1992;
Lammers et al., 1992; Widdicombe, 1998). Rather, it seems that
NANC may have a certain role in fine-tuning the cholinergic system
(Kistemaker & Prakash, 2019). However, the eNANC system may
elicit neurogenic inflammation in human airways via neurokinin A
(NKA) and substance P (SP) release (Calzetta, Luongo, et al., 2015b;
Calzetta, Matera, & Cazzola, 2018a; Cazzola et al., 2017; Groneberg
et al., 2004; Joos et al, 1995; Rogliani, Ritondo, Facciolo,
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et al., 2021b). On the other hand, the autonomic regulation of ASM
tone through eNANC and iNANC is relevant in rodents (Lindén
et al.,, 1993; Widdicombe, 1998).

Although the intimate regulation of ASM contractility mediated by
the balance between myosin light-chain (MLC) kinase (MLCK) and MLC
phosphatase (MLCP) is comparable among the species (Figure 2a), the
upstream pathways modulating this balance is species-specific
(Figure 2b,c). For these reasons there have been several recent calls to
return to using guinea-pig tissues to study the pharmacology of airways
in vitro as a better predictor of human airways (Adner et al., 2020;
Tannu et al, 2010) as this species has been successfully used to
predict the development of antimuscarinic agents (Alabaster, 1997),
B2-adrenoceptor agonists (Jack, 1991) and more recently ensifentrine
(Boswell-Smith et al., 2006; Venkatasamy & Spina, 2016) as effective
treatments for patients with asthma and COPD.

While murine models of asthma and COPD seem to have limited
translational utility (Aun et al., 2017; Tanner & Single, 2020), it is note-
worthy that most of the mAbs currently entering clinical trials or
already approved for the treatment of chronic obstructive respiratory
disorders are derived from humanised mice. In humanised mAbs, the
only murine sequences retained in the antibodies are those directly
involved in the antigen recognition in order to yield much reduced
immunogenicity (Nixon et al., 2017). Moreover, recently animal
models using humanised mice have been developed to preclinically
investigate airway inflammation in asthma (lto et al., 2018; Nunomura
et al,, 2022).

Large animal models of asthma and COPD have also been used in

respiratory research beyond rodents. For example equines affected by

Bronchial wall

Intimate regulation of ASM contractility (a) and upstream pathways modulating the balance between bronchial contractility and

relaxation in human medium bronchi (b) and murine airways (c). In (b) and (c) the thickness of arrows is directly proportional to the importance of
the pathways. ACh: acetylcholine; ASM: airway smooth muscle; eNANC: excitatory non-adrenergic non-cholinergic system; iNANC: inhibitory
non-adrenergic non-cholinergic system; MLC: myosin light-chain; MLCK: myosin light-chain kinase; MLCP: myosin light-chain; MYPT1: myosin
phosphatase target subunit 1; -P: phosphorylated; pMYPT1: phospho myosin phosphatase target subunit 1.
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heaves, currently improperly called equine asthma, may be a potential
model of pathophysiological conditions overlapping between human
asthma and COPD. In this respect, airways obtained from horses with
heaves are characterised by persistent and not fully reversible airflow
limitation, AHR, mucus hypersecretion, prevalent neutrophilic inflam-
mation with concomitant signs of eosinophilic inflammation, allergic
responses to aeroallergens, airway remodelling and emphysema in the
more severe forms of disease (Bullone & Lavoie, 2017; Couétil
et al, 2016; Dixon et al., 2021; Hunter et al., 2020; Leclere
et al., 2011). Indeed, this is a condition characterised by several fea-
tures associated with asthma and several features associated with
COPD, suggestive of asthma-COPD overlap (ACO) as already
reported in humans (Miravitlles, 2017). Despite the anatomical, patho-
physiological, and mechanistic differences with human airways, iso-
lated equine bronchi may represent an alternative, although not a
specific, model of human chronic obstructive respiratory disorders
(Calzetta, Pistocchini, Ritondo, Cavalli, et al., 2022d; Calzetta, Rogliani,
et al., 2019c; Calzetta, Rogliani, Pistocchini, et al., 2018d, 2018e).

Sheep models of asthma performed by immunisation with house
dust mite (HDM), as well as some sheep models of COPD carried out
inducing emphysema via segmental instillation of lipopolysaccharide
(LPS, also known as endotoxin), have been also proposed;
however, only a few drugs tested in these models have reached
clinical development or final approval in humans to fully understand
the predictability of this species to humans, although they have
been used in asthma research for a number of years using Ascaris
suum as an antigen (Bischof et al., 2003; Hewson et al., 2012; Van
Der Velden et al., 2013; Van der Velden & Snibson, 2011; Woodrow
et al., 2023).

Certainly, non-human primates are the best animal models of
asthma and COPD but their use is restricted due to the costs and rele-
vant ethical considerations (Bertho & Meurens, 2021; Coffman &
Hessel, 2005; Plopper & Hyde, 2008). In the recent decades porcine
models of asthma and COPD have also been proposed, representing
an intermediate choice between murine and non-human primate
models of chronic obstructive respiratory disorders (Bertho &
Meurens, 2021). However, using pigs as models of asthma and COPD
also has important limitations since these models are mainly focused
on mucosal immunity, allergy, and trained immunity (Bertho &
Meurens, 2021). Certainly, some important experiments have been
carried out on isolated airways collected from pigs in the 2000s
(LaPrad et al., 2008; Noble et al., 2007; Turner et al., 2002). However,
porcine models remain expensive and this species is more challenging
to be managed in an animal facility when compared to smaller labora-
tory animals (Walters & Prather, 2013).

Overall, considering the difficulties associated with studying small
experimental animals, the poor predictive value of murine ASM con-
tractile regulation with respect to human airways, and the costs and
management of models in large animals, to date there is no ideal
preclinical model in experimental animals for understanding
chronic obstructive respiratory disorders (Aun et al., 2017; Brusselle
et al., 2006; Canning, 2006; Kips et al., 2003; Van der Velden &
Snibson, 2011). There remains therefore a need to, where possible,

investigate human tissues to better understand human diseases and
the use of isolated human airways represents a valid approach to
investigate drugs for the treatment of chronic obstructive respiratory
disorders (Black et al., 2012; Blume & Davies, 2013; Calzetta, Matera,
et al.,, 2019a; Hulsmann & de Jongste, 1993; Persson, 2002; Roux
et al.,, 1999; Selo et al., 2021). Effectively, several bench-to-bedside
studies have demonstrated that results obtained from well-performed
experiments on isolated human airways can be translated into the
clinical setting (Calzetta, Aiello, Frizzelli, Bertorelli, & Chetta, 2022a;
Calzetta, Matera, et al., 2019a; Calzetta, Pistocchini, et al.,, 2019b;
Cazzola, Calzetta, Ora, et al., 2015a; Cazzola, Calzetta, Segreti,
et al, 2015b; Rogliani et al, 2015; Rogliani, Ora, Girolami,
et al, 2021a).

4 | HUMAN MEDIUM BRONCHI AND
SMALL AIRWAYS

In vitro studies can be performed on fresh bronchial tissue obtained
from surgical specimens or post-mortem. The vitality of isolated
human airways during experiments to record ASM contractility in iso-
lated organ bath systems or patching chambers may last up to 12 hrs
and both medium bronchi (sub-segmental bronchi) and small airways
(bronchioles) can be used (Bouyssou et al., 2010; Calzetta, Matera,
et al, 2019a; Cazzola et al., 2014; Cazzola et al, 2016; Cazzola,
Calzetta, Ora, et al., 2015a; Naline et al., 2007; Slack et al., 2013). Iso-
lated tissue can be also cultured for up to 8 days for long-term sub-
chronic incubation with specific agents and then the contractile
responses can be evaluated in isolated organ bath systems or patching
chambers (Naghshin et al., 2003), but during tissue culturing the air-
way contractility cannot be measured. Relevant structural and func-
tional differences characterise the isolated airways originating from
different anatomical parts of the bronchial tree.

Human medium bronchi originate after 4-6 generations from the
trachea and are characterised by an inner diameter of ~4 mm. They
contain cartilage, ASM, and mucosal lining including pseudostratified
ciliated columnar epithelium, mucus-producing goblet cells, mucus
glands, and parasympathetic ganglia (Amador et al, 2022;
Barnes, 2019; Calzetta, Ritondo, Zappa, Manzetti, et al., 2022e;
Canning, 2006; Kim et al., 2011; Van Scott et al., 2013). Going further
down the bronchial tree, the ratio between amount of cartilage and
ASM mass decreases (Amador et al., 2022). At the level of human
small airways, reached after 7-8 generations from the trachea and
characterised by an inner diameter of <2 mm, there is no cartilage
and the wall patency is due to the ASM and elastic fibres, the epithe-
lium is simple cuboidal with club cells and few goblet cells, and no
functional parasympathetic innervation is present (Amador
et al., 2022; Barnes et al., 1983; Calzetta, Ritondo, Zappa, Manzetti,
et al., 2022¢; van den Bosch et al., 2021; Van Scott et al., 2013). Con-
cerning the main receptors regulating the ASM contractile tone, the
density of M3 muscarinic acetylcholine receptors decreases from
medium bronchi to small airways, conversely the expression of Bo-

adrenoceptors increases along the bronchial tree. The ratio between
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B2-adrenoceptors and M3 receptors is two-fold higher in bronchioles
than in larger airways (lkeda et al., 2012).

Studying medium bronchi and small airways separately in vitro
may have relevant translational implications. Of note, while sub-
segmental bronchi provide the greatest airway resistance along the
bronchial tree, the contribution of bronchioles to airway resistance is
very limited (Brooks, 1995; Thien, 2013). Indeed, the ASM tone
detectable in medium isolated bronchi is related to the change in
forced expiratory volume in 1's (FEV;) (Brown et al., 2006; Rogliani
et al, 2015; Rogliani, Ritondo, Facciolo, et al., 2021b; Taube
et al., 2006). On the other hand, the luminal area of small isolated air-
ways is related to the forced expiratory flow between 25% and 75%
of vital capacity (FEF,5_75), that is a predictive marker of peripheral
obstruction leading to small airway disease (SAD) in the so-called
‘silent zone’ (Hogg et al., 2013; Kwon et al., 2020; Martin et al., 2013;
Rogliani et al., 2015, 2023; Usmani et al., 2021) (Figure 3a,b).

5 | TISSUE COLLECTION, PREPARATION
AND EQUIPMENT

Generally, isolated bronchi used to perform in vitro experiments are
collected from patients undergoing lobectomy surgery for lung cancer
who have consented to donate excised lung tissue that is not required
for any diagnostic purpose. Macroscopically and microscopically nor-
mal regions of lungs are taken from uninvolved areas of neoplastic
lesions, placed in Krebs-Henseleit (KH) buffer solution (NaCl,
119.0 mmol; KCI, 5.4 mmol; CaCl2, 2.5 mmol; KH2PO4 mmol,
1.2 mmol; MgS04, 1.2 mmol; NaHCO3, 25.0 mmol; glucose,
11.7 mmol; pH 7.4), and transported to the laboratory from the
nearby operating room. KH buffer solution is medicated with
indomethacin (5 uM) to prevent altered ASM contractility related to
the spontaneous generation of inflammatory mediators originating

from the arachidonic pathway, and from histamine during tissue

(@)

FIGURE 3 Schematic representation
of the bronchial tree with airway
generations (a) and airway resistance
reporting the functional impact of airway
generations on FEV4 and FEF,5_75 (b).
FEF,5_;5: forced expiratory flow between
25% and 75% of vital capacity; FEVq:
forced expiratory volume in 1 s.

Medium bronchi |
after 4—6 generations

Small airways
after 7-9 generations
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manipulation and microsurgery (Brink et al, 1980; Calzetta
et al., 2011; Cuzzo & Lappin, 2022). It has been extensively demon-
strated that the medication of KH buffer solution with indomethacin
does not alter the ASM contractile response to agents active on bron-
chial tone (Brink et al., 1980; Naline et al., 2007).

In the laboratory, the airways are cut into rings with surgical scis-
sors to produce medium isolated bronchial rings (thickness 1-2 mm)
that are mounted into isolated, multi-channel organ bath systems. This
is the most effective technique to prepare medium isolated bronchi to
be studied in vitro in organ bath systems because it needs usually less
than 100 mg of tissue, the tissue damage is reduced, and the ASM
bundle is preserved (Calzetta, Aiello, et al, 2021a; Calzetta, Ora,
et al, 2017a; Hulsmann & de Jongste, 1993; Ritondo et al., 2021).
Several other techniques have been proposed to mount medium iso-
lated airways into organ bath systems (Figure 4a). Isolated airways can
be mounted as multi-chains of rings to elicit additive contractile effect
of the rings in the chain preparation, but this approach is laborious,
requires a lot of tissue, and each connecting knot may damage tissue
and lead to mechanical instability and local inflammation (Hulsmann &
de Jongste, 1993). Bronchial tissue can be also cut in spirals, an easy
procedure that however can cause extensive tissue damage. The
availability of modern sensitive isometric force transducers allows
the use of bronchial strips, but in these preparations the ASM bundle
is not always preserved (Hulsmann & de Jongste, 1993).

Usually, bronchial rings are transferred into a 10-ml organ bath
system containing KH buffer solution (37°C) and continuously aerated
with O,/CO, (95:5%). Modern equipment ensures that bronchial rings
are mounted on hooks, attached with thread to a stationary rod and
the other end tied with thread to isometric force transducers charac-
terised by a force range up to 25 g and a sensitivity of 1.5 mV.g~! at
10 V. Airways are allowed to equilibrate by washing the tissue with
fresh KH buffer solution and passive tension is determined by gentle
stretching of tissue (0.5-1.0 g). The vitality of medium bronchi is

tested via contractile responses induced by EFS at 25 Hz, a procedure
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that also allows the bronchial rings to be correctly positioned between
the hooks (Calzetta et al., 2020). When the passive contractile tone
reaches the plateau, usually in 30-60 min, bronchial rings are washed
three times with KH buffer solution and allowed to further equilibrate
for 45 min.

Small isolated airways are prepared as precision lung cut slices
(PCLS). Bronchioles (inner diameter ~1 mm) are cut by a motorised
vibratome equipped with ceramic blades and refined via microsurgery
under a stereo microscope to obtain PCLS (thickness 250-500 um)
(Calzetta, Matera, et al., 2019a; Calzetta, Matera, Facciolo,
et al., 2018b; Cazzola et al., 2016; Rogliani et al., 2020; Rogliani,
Ritondo, Facciolo, et al, 2021b; Rogliani, Ritondo, Zerillo,
et al., 2021c) (Figure 4b).

Alternatively, PCLS can be prepared by inflating bronchial tissue
with 2.5% (w/v) warm ultralow melting point agarose. After that, the tis-
sue is cooled, cut into 1 cm slices and then into 8 mm diameter cylindri-
cal cores in which the airways are oriented longitudinally. The cores are
then processed to ~250 um using a tissue slicer. Slices are transferred
into tissue culture plate containing incubation buffer (Roswell Park
Memorial Institute [RPMI] 1640 medium medicated with 100 U-ml~*
penicillin, 0.1 mg-ml~* streptomycin and 4 mM L-glutamine) and incu-
bated at 37°C. Slices are then washed with incubation buffer for 2-3 h
and left overnight in a humidified incubator containing 5% CO, at 37°C
on a rotating platform. The day after, slices are washed and returned to
the incubator for 1h before experiments (Koziol-White, 2022;
Sanderson, 2011; Slack et al, 2013). The preparation of PCLS via
inflation of warm agarose requires specific buffers such as the Hanks'
balanced salt solution (HBSS) with Ca?* and Mg?* supplemented with
HEPES and Dulbecco's modified Eagle medium (DMEM)/F-12 with
antibiotics (Bai et al., 2016; Nayak et al., 2021).

The use of agarose to prepare PCLS is an effective, but complex,
technique that includes several critical passages to inflate the airways
with agarose and to adequately take away the agarose from the prep-
arations. Indeed, processing small airways without the complications
related to the use of confounding agarose gel to inflate the lung or
complex parenchymal sections that also have numerous contracting
elements may produce more reproducible results (Calzetta, Matera,
et al, 2019a; Calzetta, Passeri, et al., 2014a; Van Lunteren &
Moyer, 2001; Wohlsen et al., 2001).

Small airways

FIGURE 4 Schematic representation
of the techniques used to mount medium
isolated airways into organ bath systems
(a) and small airways prepared as PCLS
via microsurgery (b). PCLS: precision lung
cut slice.

PCLS via microsurgery

PCLS are mounted into a visual imaging and patching chamber
connected to a proportional integral derivative temperature controller
with dual thermistor feedback containing KH buffer solution (37°C)
and continuously aerated with O,/CO, (95:5%). The contractility is
assessed by a stereo microscope and a digital camera. Small airways
are allowed to equilibrate by washing with fresh KH buffer solution
until the luminal area is stable, usually 15-30 min. The vitality of small
airways is assessed by acetylcholine (ACh) (0.3 uM) that produces an
area reduction of at least 25% (Rogliani et al., 2020). After that, PCLS
are washed three times with KH buffer solution and allowed to equili-
brate for 45 min before experiments (Rogliani, Ritondo, Zerillo,
et al., 2021c).

The contractility of small airways can also be studied via wire
myography. Small airways with a length of 2 mm are mounted on
two 40 um steel wires in microvascular myographs in baths with phys-
iological saline solution (PSS) heated to 37°C and aerated with O,/
CO, (95:5%). Preparations are allowed to equilibrate for 10 min there-
after and stretched to 2.4 kPa for optimal measurements. The vitality
of the small airways is confirmed by a contractile response of at least
2mN in response to a potassium-rich PSS (60 mM) (Kroigaard
et al., 2012; Shaifta et al., 2018).

Another technique to investigate the mechanics of isolated airways
is the use of perfused bronchial segments (Sparrow et al., 1992). In this
method, segments of isolated airways ~3.5 cm long are mounted into a
specific isolated organ bath system, cannulated and perfused with KH
buffer solution at 37°C, and maintained at a constant pressure head of
5 ¢cmH50 (Mitchell & Sparrow, 1989; Sparrow et al., 1992). Contractile
or relaxant agents are injected into the lumen via the perfusate and the
airway narrowing quantified by measuring flow or resistance in the iso-
lated preparation (Mitchell & Sparrow, 1989; Sparrow et al., 1992). This
technique offers the advantage of not exposing the tunica adventitia
and cut edges of the isolated tissue to the treatments, thus replicating
the exposure of inhaled agents via inhalation in vivo (Sparrow
et al., 1992). However, this method mainly applies to airways explanted
from large animals, such as pigs, due to the limited amount of isolated
airways typically obtained from human donors, which may not be suffi-
cient for perfused preparations, although this technique has also been
used with rabbit airways for both in vitro and ex vivo investigations
(Woisin et al., 2001).
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More recently, a technigue to measure the responsiveness of iso-
lated human airways during tidal oscillation and deep inspiration
(DI) has been described (Noble et al., 2011). Segments of isolated air-
ways are mounted into a specific organ bath system in which side
branches are cannulated and connected to a pressure transducer to
measure contractility and a syringe pump oscillator to modulate the
lumen pressure. Along with static measurement of contractility, this
system allows reproducing ex vivo tidal oscillations (transmural pres-
sure: 5-10 cmH,O; frequency: 0.25 Hz) with intermittent DI (trans-
mural pressure: peak at 30 cmH,0). Detailed information on this
system are available in the primary publication (Noble et al., 2011).

Usually, the contractile response of isolated airways can be
recorded for up to 12 hrs (Bouyssou et al., 2010; Calzetta, Matera,
et al., 2019a; Cazzola et al., 2014; Cazzola et al., 2016; Cazzola,
Calzetta, Ora, et al., 2015a; Naline et al., 2007; Slack et al., 2013).
However, in experiments requiring extended incubation periods with
specific drugs or the evaluation of structural adaptations in bronchial
tissue in response to chronic stimuli, medium bronchi and small air-
ways can be cultured for up to 8 days (Naghshin et al., 2003). Isolated
airways are placed in culture plates and washed three times with 4°C
Connaught Medical Research Labs (CMRL) medium containing penicil-
lin (10,000 U-ml~%) and streptomycin (10,000 pg-ml~2). After that,
bronchial tissue is covered with CMRL medium at 4°C supplemented
with 5% foetal bovine serum (FBS), bovine insulin (4 mg:ml~?),
L-glutamine (10 pL-ml~%) and amphotericin B (250 pg-ml~2). Then,
the culture plates are transferred into a humidified three gas incubator
filled with a specific gas mixture (N, 50%, O, 45%, CO, 5%) and
gently agitated at 0.2 Hz at 37°C (Naghshin et al., 2003). The ASM
contractility cannot be continuously monitored during the culturing
period, but it can be assessed at specific time points or after 8 days by
mounting preparations in isolated organ bath systems or patching
chambers.

Generally, the study on isolated airways have been used to inves-
tigate the contractile mechanics of ASM. However, in the recent
decades studies on isolated airways have gone beyond the investiga-
tion of contractile events. For example, at the end of experiments
with human bronchial tissue, both medium bronchi and small airways,
supernatants can be collected for assay via ELISA kits or sensitive
multi-analyte profiling to detect specific analytes such as inflamma-
tory mediators given the growing evidence that both ASM and the
associated respiratory epithelium can release a range of inflammatory
agents (Calzetta et al., 2020; Calzetta, Matera, & Cazzola, 2018a;
Cazzola et al., 2016; Chesné et al., 2015; Dispenza et al., 2020).

Indeed, surgery is an effective procedure to collect large airway
samples to study isolated ASM tissue in toto ex vivo. However, spe-
cific techniques may be used to source small tissue specimens useful
to isolate ASM cells and then perform in vitro experiments. In this
regard, since the early 2000s endobronchial biopsy via flexible bron-
choscopy has been used to dissect ASM bundles from surrounding tis-
sue and obtain cultured ASM cells from healthy, asthmatic and COPD
donors (Burgess et al., 2003; Cazzola, Calzetta, et al., 2012a; Johnson
et al., 2001; Zakarya et al., 2021). This procedure permitted character-
isation of the increased proliferation of ASM cells in asthma (Burgess
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et al., 2003; Johnson et al., 2001). Further studies on biopsies allowed
clarification in vitro of the crosstalk between ASM cells and mast cells
and the investigation of the intracellular regulation of
phosphodiesterase 4 (PDE4)/B,-adrenoceptor signalling in asthma
(Brightling et al., 2002; Kaur et al., 2012; Niimi et al., 2012).

The contractility of ASM can also be investigated in vitro in cul-
tured ASM cells obtained by endobronchial biopsy. The contractility
of ASM cells maintained adherent to the culture dish and presenting a
well-defined outline is evaluated using digital time-lapse video micros-
copy. The cell length contraction/relaxation is expressed as a percent-
age reduction/enhancement in cell length compared to the maximal
cell length reduction (Calzetta, Rogliani, et al., 2014b).

Also, other more complex methods, such as the optical magnetic
twisting cytometry and Fourier-transform traction microscopy, have
been developed to microscopically measure the stiffness and traction
of single ASM cells in vitro in response to contractile and relaxing
agents (An et al., 2006). In addition, mechanotransduction studies per-
mit assessment of the ability of ASM cells to respond to mechanical
stimuli. Normally, ASM stretched by the action of tidal breathing
remains relaxed, whereas in asthmatic airways the contracted ASM
can become stiff with reduced elastic properties (Fabry &
Fredberg, 2007). Several factors are involved in the transition from
normal to asthmatic ASM behaviour, including mechano-sensitive pro-
cesses (An et al., 2007; Noble et al., 2014). These mechanotransduc-
tion events can be studied by a hybrid approach in which the
contractility of ASM cell is modelled in silico so as to set a dynamic
muscle load comparable to that experienced in vivo. Such a hybrid
approach requires complex mathematical models of ASM behaviour
able to capture the dynamic remodelling and the adaptation in
response to the surrounding mechanical environment (Fabry &
Fredberg, 2007; Silveira et al., 2005).

Indeed, mechanopharmacology studies can be useful to biome-
chanically assess in vitro the pathophysiology characteristics of ASM
cells in asthma and COPD and to identify new drugs and specific tar-
gets. Several biomechanical models and techniques based on 2D and
3D environments have been described for these purposes (Krishnan
et al., 2016). Of note, mechanopharmacological treatments seem to
be effective in inducing synergistic relaxation of ASM cells (Wang
etal., 2019).

6 | ASM CONTRACTILE MODELS

ASM tissue is characterised by specific viscoelastic and dynamic non-
linear properties that are different to those detectable in cultured
ASM cells (Ito et al., 2006). Moreover, when ASM cells are cultured on
elastic membranes to study the response to contractile stimuli, their
mechanical characteristics are biased by the compliance of the sub-
stratum leading to altered cell contractility that does not occur in vivo
and in ASM tissue ex vivo (Puig-De-Morales et al., 2004). Some of the
mechanical characteristics of ASM tissue can be related to the non-
linear viscoelastic properties of the extracellular matrix (ECM)

(Bates & Lauzon, 2005). However, the dynamic non-linear behaviour
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of ASM tissue is also associated with the state of the contractile stress
and originates from active polymerisation within the ASM cytoskele-
ton (Ito et al., 2006).

Detailed models can be used to describe the viscoelastic proper-
ties of ASM tissue, such as the following equation: G*(w) = G'(w)
+ jG"() = Hw,? + j(G'w, + Rw), where G*(w) is the complex modu-
lus spectra (also known as the instantaneous stress/strain ratio) that
defines the deformation of a material, G’ and G” are the storage
(elastic) and loss (frictional) moduli, respectively, o is the circular fre-
quency, j = V—1 that is the imaginary unit indicative of the out-
of-phase behaviour, w, = w/wg that is the normalised frequency with
w rad/s, G and H are the tissue damping and stiffness coefficients,
respectively, and g = 2/m*tan"}(G/H) (Ito et al., 2006). Concerning
the dynamic non-linearity, harmonic distortion has been identified
according to the following equation: K4 = YPn/Prot, Where Ky is the
harmonic distortion index, ProT is the total output power and Py, is
the power at noninput frequencies; in a linear system, the Ky value
is zero (Ito et al., 2006).

Along with these models, the adaptation of the Huxley model ade-
quately describes the intrinsic mechanical properties of ASM tissue for
small length changes between 10% and 20%, although it is based on the
assumption from skeletal muscle that the contractile proteins are all
aligned towards the direction of the overall force generation
(Bates, 2015; Brook, 2014; Mijailovich et al., 2000; Politi et al., 2010).
This small shortening causes a transient reduction in active ASM force
related to a temporary detachment of bound cross-bridges caused by
the relative motion of the actin and myosin fibres (Bates, 2015).

An ASM cell can be modelled as a rectangular area containing a
regular grid of nodes (focal adhesions or dense plaques) connected by
links (stress fibres or contractile filaments). Since in ASM cells the con-
tractile force is proportional to the overlap between actin and myosin
filaments, in this model the maximum overlap is assumed for each link
at the moment of its formation providing a force equal to 1, regardless
of the link length. If the link length changes due to mechanical stress,
its force becomes <1 according to the following equation: f(D) =
(<D? 42D+ [m—=1%-1)/im-12 1-(m—-1)<D<81+(m-1),
where D = '/l is the link distortion, I is the current link length, | is the
formation length and m > 1 represents a parameter controlling
the shape of the force length curve. This is a parabolic function that
approximates to the force-length relationship derived from the Huxley
theory. This equation assumes that each contractile link follows classi-
cal force-length relationship with a well-defined optimal force and a
well-defined optimal length (Silveira et al., 2005). Further detailed
equations have been reported as stochastic models of cytoskeletal
dynamics to describe the mechanotransduction properties regulating
the length adaptation of ASM cells (Silveira et al., 2005).

When isolated airways are mounted into isolated organ bath sys-
tem and receive passive tension during equilibration, a more sustained
reduction in active force reduction can be detected following to a
greater change in tissue length (Bates, 2015; Bates et al., 2009). Of
note, the recovery of such a force reduction is much slower than that
normally expected (Bates, 2015). This phenomenon can be explained

by a more profound disruption than myosin cross-bridges merely

becoming detached from their actin attachment sites and by the fact
that the contractile filaments inside the ASM cells are oriented over a
range of angles and not in parallel as in skeletal muscle (Bates, 2015;
Walsmley & Murphy, 1987). An elegant, although rather complex, der-
ivation of the Huxley model that is free of the assumptions about
cross-bridge orientation has been postulated (Bates, 2015) to explain
the impairment of ASM force by rapid stretch of large amplitude.
Detailed information regarding this model under isometric condition
are available in the primary publication (Bates, 2015).

The use of isometric force transducers to perform pharmacologi-
cal experiments on isolated airways has been a common practice for
decades. However, it is likely that ASM contracts semi-isotonically
in vivo resulting in bronchial narrowing especially at the level of small
airways given the absence of cartilage, which might reduce isotonic
functioning. The rationale for performing experiments using isometric
force transducers is related to the fact that the sensitivity of ASM tis-
sue to contractile and relaxant agents is significantly greater when
measured isometrically than isotonically, with a potency difference of
around 0.5 logarithm (De Jongste et al., 1987). Probably isotonic
responses elicit an incomplete activation of contractile filaments due
to the concurrent shortening and thickening of the muscle, which
might hinder the diffusion of the drugs and cause changes in the
arrangement of the contractile elements, leading to impairment of
optimal functioning (De Jongste et al., 1987).

Further evidence supports the isometric measure of ASM con-
tractility because it has been demonstrated with a conceptual model
that ASM may generate maximal force over a large length range due
to length adaptation (Bossé et al., 2008). This model assumes that the
number of contractile units that are arranged in series and parallel is a
linear function of the adapted muscle cell length. Length adaptation is
a rapid process occurring under static conditions in which ASM
regains contractility after experiencing a force decrease elicited by
length variation (Bossé et al., 2008). However, maladaptation of ASM
could be elicited by an exaggerated constriction of the airways. There-
fore, excessive passive tension should be avoided when isolated air-
ways are mounted in isolated organ bath systems to prevent an
excessive contractile response (Bossé et al., 2008).

Another model of length adaptation has been developed by mim-
icking ex vivo the sequence of contractile events that occur during an
asthma attack. ASM tissue is submaximally contracted by carbachol
and allowed to shorten to half of original length. After length adapta-
tion, the contractile response to EFS was two-fold greater than that
resulting from control ASM tissue that was not adapted to the short
length (McParland et al., 2005). This evidence further highlights the
need of applying a correct passive tension on isolated airways during
the equilibration procedure to avoid altered ASM contractile
responses in pharmacological experiments.

The bronchorelaxant response to bronchodilator agents and the
dynamic mechanical lung environment interact, whereby a breathing
airway in vivo may facilitate greater relaxation when compared with a
static environment typical of experiments carried out in isolated bron-
chial rings that are often mechanically static (Ansell et al., 2014).

Effectively, in isolated airways the oscillatory loads act synergistically
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with pharmacologically mediated bronchodilation (Ansell et al., 2014).
According to models resulting from experiments on perfused bron-
chial segments simulating breathing manoeuvres (Ansell et al., 2014),
the outer ASM perimeter (P,,) in isolated airways can be calculated
according to the follwong equation: P, = V4*m*(WA, + lumen_vo-
lume/airway_length), where WA, is the inner wall area, lumen volume
is calculated at the trough of the pressure cycle, and the airway length
is the length of the isolated airways mounted in the system. This
equation assumes that WA, is constant at all transmural pressure, that
Pmo is circular, and that the lumen is cylindrical (Ansell et al., 2014).

The airway narrowing and bronchodilation in response to simu-
lated tidal breathing with intermittent DI (Noble et al., 2011) have
been modelled in isolated bronchi from asthmatic and COPD donors.
The greater amount of ASM tissue in asthmatic airways contributes to
increased airway narrowing under static conditions; conversely, the
relaxant response to simulated DI is normal in asthmatic bronchi
(Noble et al., 2013). Additional studies conducted on human ASM tra-
chealis strips indicate that the mechanical characteristics of ASM in
asthmatic and non-asthmatic individuals are similar, except for the
increased passive stiffness and attenuated decline in force generation
after an oscillatory perturbation (An et al., 2007). These findings indi-
cate that the increased maximal airway narrowing, the bronchorelax-
ant response to DI and oscillatory perturbation in asthmatic airways
are independent (An et al., 2007; Noble et al., 2013).

In isolated airways from COPD patients, the narrowing to con-
tractile stimuli and the volume fraction of ECM within the ASM layer
are increased, with no changes in the ASM thickness and a normal
bronchorelaxant response to simulated DI (Cairncross et al., 2020).
Studies on passive and active mechanical properties of human ASM
measured by myography confirm that the ASM of COPD patients is
characterised by increased contractility related to increased volume
(Opazo Saez et al., 2000). These data suggest that, in the airways of
COPD patients, the mechanical behaviour of the bronchial wall is
altered and there is a concomitant shift in the structural composition
of the ASM layer related to modification in both ASM and ECM
(Cairncross et al., 2020; Opazo Saez et al., 2000).

Further studies report that the area and tone of ASM, but not the
total wall area of the airways, are determinants for important dynamic
properties of isolated bronchial segments from smoker COPD donors
such as compliance, hysteresis, and collapsibility. Compliance (Cdyn,
ul-em-H,0~Y) is calculated from the volume infused to inflate the airway
from O to 15 cm H,0, hysteresis (n, ul cm H,0) is calculated as the area
of the pressure-volume loop between 0 to 15 cm H,0, and collapsibility
(Pcol, cm H,0) results from the pressure of the deflation limb where the
distal pressure did not follow the proximal pressure, thus indicating clo-

sure of the airway lumen (Tiddens et al., 1999).

7 | INVITROSTUDIES WITH ISOLATED
AIRWAYS

Normal isolated bronchial tissue can be used for the classical pharma-

cological characterisation of agents active on the airways. Studies can
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be carried out with drugs and endogenous compounds, both agonists
and antagonists, both small and large molecules, including the investi-
gation of mAbs (Calzetta et al., 2011; Manson et al., 2020; Matera
et al., 2011; Naline et al., 1989, 2007, 2018; Rogliani et al., 2015).
Generally, the effect of agents active on ASM can be tested directly
on the bronchial resting tone at baseline, the parasympathetic path-
way via carbachol (CCh) and following EFS, the histaminergic pathway
via histamine, and mechanical stress via QS (Calzetta et al., 2020;
Calzetta, Pistocchini, et al., 2023b; Rogliani et al., 2020).

ACh released by parasympathetic nerves is the main neurotrans-
mitter involved in regulating ASM tone in patients with COPD and
the activity of the cholinergic system is increased in this disease
(Yamada & Ichinose, 2018). CCh is a synthetic derivative of choline
that acts as a M receptor agonist. Unlike ACh, CCh is resistant to
hydrolysis by acetylcholinesterase, and thus, it is characterised by a
long duration of action (Norel et al, 1993; Streichert &
Sargent, 1992). Therefore, the pharmacological characterisation of
bronchodilators for the treatment of COPD is generally performed on
the ASM contractility induced by iatrogenic administration of CCh
rather than using ACh.

However, the cholinergic system can also be investigated by eli-
citing the release of endogenous neuronal ACh. In isolated human
medium airways, EFS activates parasympathetic ganglia in the
bronchial wall that stimulate the post-ganglionic vagal neurons to
release ACh. Released ACh acts on M5 receptors expressed on ASM
leading to the airway contractile response (Fryer & Jacoby, 1998;
Schlepiitz et al., 2011). The release of ACh is regulated by M, autore-
ceptors expressed at the level of pre-synaptic post-ganglionic neu-
rons. M, receptors are also extensively expressed on ASM but they
do not directly contribute to airway contractility. My receptors are
expressed on parasympathetic ganglia and facilitate cholinergic neuro-
transmission (Fryer & Jacoby, 1998; Schlepiitz et al., 2011). Along
with ACh, stimulating isolated human airways by EFS may induce the
release of other neurotransmitters according to the frequency of fir-
ing. For example vagal, firing in human airways ranges from 2 to
50 Hz (Calzetta, Ora, et al., 2017a). Higher frequencies stimulate pre-
dominantly large myelinated A-fibres to release ACh whereas lower
frequencies induce the activation of non-myelinated sensory C-fibres
to release tachykinins such as NKA and SP; medium frequencies acti-
vate small myelinated B-fibres inducing the release of both ACh and
tachykinins (Calzetta, Aiello, et al, 2021a; Calzetta, Cazzola,
et al., 2015a; Calzetta, Luongo, et al., 2015b). Tachykinins seem to
have a marginal role on the regulation of human ASM contractility,
but are thought to contribute to airway neurogenic inflammation
(Barnes, 2003; Belvisi et al., 1994). Considering the lack of functional
parasympathetic innervation at the level of human small airways,
there is neither a physiological nor pharmacological rationale to per-
form in vitro studies in EFS-stimulated small airways (Barnes, 2004;
Barnes et al., 1983; Koarai & Ichinose, 2018).

Histamine is an important mediator regulating ASM contractility
in asthmatic patients (Smuda & Bryce, 2011; Yamauchi &
Ogasawara, 2019). The bronchoconstriction to histamine is mediated
by H; receptors expressed on ASM (Yamauchi & Ogasawara, 2019).
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Of note, histamine may also indirectly modulate the ASM tone in asth-
matic patients via stimulation of vagal fibres and ACh release (Rogliani
et al., 2020; Sly, 1982).

Airway hyperinflation induces mechanical stress on the bronchial
wall leading to the release of reactive oxygen species (ROS) and
inflammatory factors such as leukotrienes (LT) via nitric oxide
synthase activation leading to contractile ASM response dependent
on Rho-kinase (Faisy et al., 2011). Airway stretch also increases the
responsiveness to ACh and expression of matrix metallopeptidase
9 (MMP-9) (Le Guen et al., 2015, 2016). Mechanical stress can be
reproduced in vitro via bronchial QS of 0.25 and 0.50 mm. In the
organ bath, calibrated thumbscrews enable the accurate measurement
of the angular rotation of the threaded rod used to elicit
QS. Considering that usually the pitch of the screw is 1.0 mm, a rapid
(<200 ms) 90° and 180° rotation induces a QS of 0.25 and 0.5 mm on
isolated airways, respectively. The resulting myogenic response to QS
is amplitude-dependent and should be recorded for 10 min (Calzetta
et al,, 2020; Rabe, 1998).

In vitro studies on isolated airways allow the investigation of the
primary pharmacological parameters to understand the actions of a
drug, such as efficacy, assessed via maximal effect (Emax), and potency,
defined as the concentration needed to produce 50% E.x (ECso or
ICs0). For a correct statistical analysis of the potency, ECso and ICsq
are transformed as the negative logarithm to base 10, namely pECsg
and plCsg (Neubig et al., 2003). The Schild plot analysis can be used to
calculate an important measure of the effectiveness of an antagonist,
the so-called pA, value, the negative logarithm to base 10 of the
molar concentration of an antagonist that makes it necessary to dou-
ble the concentration of the agonist needed to elicit the original sub-
maximal response obtained in the absence of antagonist (Neubig
et al., 2003). Also, the onset of action (t1,,), that is the time to attain-
ment of 50% of E.. and the duration of action of agonists and
antagonists, can be evaluated in vitro with isolated bronchi (Calzetta,
Matera, et al., 2019a; Cazzola et al., 2016; Haddad et al., 1999;
Moulton & Fryer, 2011; Rogliani et al., 2015).

The study of drug interactions is also possible in isolated human
airways and requires the assessment of E, ., to be able to report the
observed effect of investigated combined medications (Goldoni &
Johansson, 2007). Unfortunately identifying E,.x in clinical trials may
be problematic due to the potential risk of serious adverse events
when high doses of medications are administered in combination
(Warren, 2019). On the other hand, full concentration-response
curves (CRC) can be obtained from ex vivo studies and permit the
adequate quantification of E,.. In this respect, experiments on iso-
lated airways represent an optimal strategy to investigate the interac-
tion between bronchodilators characterised by different mechanisms
of action, also when combined with non-bronchodilator drugs such as
(Calzetta,
et al., 2018c; Rogliani, Ora, Girolami, et al., 2021a). Synergistic interac-

anti-inflammatory  compounds Rogliani,  Facciolo,
tions between drugs from different pharmacological classes can be
analysed via several statistical approaches such as the Bliss Indepen-
dence, Loewe, Highest Single Agent and Unified Theory (Chou, 2006;

Di Veroli et al., 2016).

Along with experiments carried out on normal isolated human air-
ways, in the last decades specific techniques have been developed
and validated to reproduce in vitro other important characteristics of
chronic obstructive respiratory disorders and better characterise the
pharmacological impact of novel treatments as part of a bench-
to-bedside approach.

7.1 | Invitro models of asthma

Although asthma and COPD are among the most common pulmonary
diseases, the prevalence of asthma in patients suffering from lung can-
cer undergoing lobectomy is very low or even not reported (Dima
et al., 2018; Dutkowska & Antczak, 2016; Tammemagi et al., 2003).
Therefore, obtaining enough tissues from donors with asthma is not
plausible to plan specific studies, as only a few experiments have been
carried out on isolated bronchi from asthmatic patients (Bjorck
et al.,, 1992; Goldie et al., 1986). However, some of the main charac-
teristics of asthma and severe eosinophilic asthma can be reproduced
in vitro using isolated airways from donors not suffering from chronic

obstructive respiratory disorders.

7.1.1 | Passive sensitisation of human airways
Passive sensitisation is a technique validated in the 1990s to repro-
duce in vitro the heightened responsiveness of ASM that is a central
abnormality in patients with asthma that induces enhanced sensitivity
to a wide variety of stimuli (Rabe, 1998).

Passive sensitisation is elicited by incubating isolated airways from
non-asthmatic donors overnight at room temperature in rotating tubes
containing KH buffer solution in the presence of 10% vol™ ! sensitising
serum. Serum is prepared by centrifugation of whole blood obtained
from patients suffering from atopic asthma (total IgE 1000 U-ml~* spe-
cific against common aeroallergens) during an exacerbation as described
elsewhere (Calzetta, Matera, Facciolo, et al., 2018b).

Passively sensitised bronchi are characterised by greater shorten-
ing velocity and increased isotonic shortening, increased myogenic
contractile response to QS and EFS, increased potency and maximum
effect in response to specific allergens (i.e., house dust mite) or non-
specific contractile stimuli (i.e., histamine and carbachol) (Calzetta
et al., 2020; Matera et al., 2011; Rabe, 1998). The allergen-induced
AHR depends on the level of IgE in the sensitising serum, whereas the
AHR induced by non-specific contractile agents is independent of the
levels of IgE (Schmidt & Rabe, 2000). An unknown factor in the sensi-
tising serum related to IgE, but not IgE itself, has also been shown to
contribute to non-specific AHR observed in isolated airways
(Schmidt & Rabe, 2000). Although the precise underlying mechanisms
leading to the AHR induced by passive sensitisation are not yet fully
understood (Mitchell et al., 1997; Rabe, 1998; Schmidt et al., 1999), it
has been extensively demonstrated that this phenomenon is associ-
ated with reduced synthesis of cyclic adenosine monophosphate

(cAMP) in ASM and increased release of endogenous non-neuronal
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ACh (Calzetta et al., 2020; Rogliani et al., 2016, 2020; Rogliani,
Ritondo, Zerillo, et al., 2021c).

Along with specific and non-specific AHR, passive sensitisation
also elicits significant airway inflammation. After passive sensitisation,
greater levels of interleukin (IL)-4, IL-5, IL-6, IL-9, IL-13, tumour
necrosis factor a (TNF-a) and thymic stromal lymphopoietin (TSLP)
are released by isolated airways. In these sensitised bronchi, neuro-
genic inflammation is also elicited, with increased release of NKA and
SP (Rogliani, Ritondo, Zerillo, et al., 2021c). The reported airway
inflammation induced by passive sensitisation demonstrates some
overlap with that observed in patients with type 2 asthma (Lambrecht
etal, 2019).

7.1.2 | Passive sensitisation plus platelet-activating
factor (PAF) challenge

Resident eosinophils are normally present in the lungs and bronchi of
healthy donors and they are phenotypically distinct from inflamma-
tory eosinophils found in asthmatic airways (Mesnil et al., 2016).
Although it has been reported that airway sensitisation may contrib-
ute to the adhesion of eosinophils to parasympathetic nerves with
consequent release of major basic protein (MBP) and increased para-
sympathetic tone (Calzetta et al., 2020; Drake et al., 2018), to date no
evidence exists that passive sensitisation activates resident eosino-
phils in bronchi from non-asthmatic donors. Conversely, it has been
demonstrated that adding of PAF activates airway resident and blood
eosinophils leading to significant narrowing of the bronchial lumen
(Rabe et al., 1994; Schmidt et al., 2002). Effectively, PAF leads to the
secretion of eosinophil peroxidase, generation of the superoxide
anion, mobilisation of intracellular Ca®*, and potentiation of the con-
tractile response to histamine (Johnson et al., 1990, 1992; Kroegel
et al., 1994; Rabe et al., 1994; Schmidt et al., 2002).

Considering this evidence, a recent in vitro model of severe eosin-
ophilic asthma has been validated in passively sensitised bronchi chal-
lenged with PAF (Calzetta, Pistocchini, et al., 2023b). Briefly, the day
after the passive sensitisation procedure, sensitised airways are chal-
lenged for 45 min with PAF administered at 100 nM before beginning
experiments. Challenging sensitised airways with PAF induces AHR to
histamine and EFS with no changes on the ASM resting tone
(Calzetta, Pistocchini, et al., 2023b).

713 |
activation

Passive sensitisation plus M receptor

Persistent airflow limitation (PAL) in asthma is defined as a post-
bronchodilator FEV/forced vital capacity (FVC) less than the lower
limit of normal at baseline, a condition representing a specific pheno-
type in asthmatic patients (GINA, 2023a; Kole et al., 2023). The bron-
chial tissue of asthmatic patients with PAL is characterised by
inflammation and remodelling (Ferreira et al., 2018; Kozlik
et al., 2020). Although airway remodelling cannot be replicated in
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experiments with isolated airways, the main mechanics and inflamma-
tory characteristics of PAL can be reproduced ex vivo in passively sen-
sitised bronchi. During the sensitisation procedure, isolated airways
can be incubated overnight also in the presence of CCh administered
at low dose (i.e., 1 uM) in order to activate M receptors and, thus,
mimic altered activity and plasticity of parasympathetic pathway as
well as tissue inflammatory response (Calzetta, Pistocchini, Cito,
Ritondo, et al, 2022c; Gosens et al, 2006; Kistemaker &
Prakash, 2019; Rogliani, Ritondo, Zerillo, et al., 2021c). Of note, it has
been demonstrated that the stimulation of M receptors with other iat-
rogenic agonists such as methacholine, elicited persistent ventilation
defects due to obstruction in specific lung regions of asthmatic
patients (de Lange et al., 2007).

7.2 | Invitro models of COPD

COPD is the most prevalent comorbidity of patients with lung cancer
(Dima et al., 2018; Dutkowska & Antczak, 2016; Tammemagi
et al., 2003), and therefore, in vitro models of stable COPD can be
approached by simply using bronchial tissue from COPD donors
undergoing lobectomy for lung cancer (Rogliani et al., 2020; Rogliani,
Ritondo, Facciolo, et al., 2021b).

In addition to tobacco smoking and exposure to environmental
factors such as biomass fuel and air pollution, certain host-related fac-
tors, including genetic abnormalities, irregular lung development, and
accelerated ageing, can contribute to the individual susceptibility to
developing COPD (GOLD, 2023). Accordingly, accurate evaluation of
patients' medical history and anamnesis, along with genetic evalua-
tions of isolated airways collected from COPD donors, may be crucial
for the development of improved in vitro COPD models that accu-
rately reflect the heterogeneity observed among COPD patients in

real-life settings.

7.2.1 | Acute LPS challenge

The airways of COPD patients are often chronically colonised by Gram-
negative bacteria (Dacydchenko & Bova, 2007; Wilson, 2001). LPS is an
important proinflammatory glycolipid component of the cell wall of
Gram-negative bacteria that plays a key role in host-pathogen interac-
tions with the innate immune system by binding with Toll-like receptor
4 (TLR4) (Gupta et al., 2015; Maldonado et al., 2016). Moreover, LPS is
an active component of cigarette smoke (Hasday et al., 1999; Kharito-
nov & Sjobring, 2007). Being a very potent pro-inflammatory substance,
after inhalation LPS induces fever, chills and bronchoconstriction
(Kharitonov & Sjobring, 2007), as well as airway neutrophilia (Franciosi
et al., 2013). Airway colonisation by Gram-negative bacteria is a distin-
guishing feature of patients affected by COPD. Thus, COPD patients
are chronically exposed to LPS, which may well contribute to the accel-
erated decline in lung function, disease severity and deterioration, as
well as COPD exacerbations (Gupta et al., 2015; Jagielo et al., 1996;
Kharitonov & Sj6bring, 2007).
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Challenging isolated human airways, bronchial epithelial cells,
alveolar macrophages and lung fibroblasts with LPS is a technique
extensively used to reproduce in vitro and ex vivo the detrimental
conditions detectable in the airways of patients with stable COPD
that are at higher risk of exacerbation due to the of the respiratory
tract by Gram-negative bacteria (Beasley et al., 2012; Calzetta, Aiello,
Frizzelli, Pistocchini, et al., 2022b; Calzetta, Luongo, et al., 2015b; Cal-
zetta, Matera, & Cazzola, 2018a; Cazzola et al., 2011; Cazzola
et al., 2017; Papi et al., 2006; Wedzicha & Seemungal, 2007). More
specifically, the incubation of bronchial tissue with LPS significantly
alters ASM contractility (Calzetta, Luongo, et al., 2015b; Calzetta,
Pistocchini, Ritondo, Cavalli, et al, 2022d; Calzetta, Rogliani,
Pistocchini, et al., 2018e; Cazzola et al., 2011; Cazzola et al., 2017),
neutrophilic (Calzetta, Matera, &
Cazzola, 2018a; Calzetta, Pistocchini, Ritondo, Cavalli, et al., 2022d;
Cazzola et al., 2017) and NKA-driven neurogenic inflammation
(Calzetta, Luongo, et al., 2015b; Calzetta, Matera, & Cazzola, 20183;
Calzetta, Pistocchini, Ritondo, Cavalli, et al., 2022d; Calzetta, Rogliani,
et al., 2017b; Calzetta, Rogliani, Pistocchini, et al., 2018e) by
activating capsaicin-sensitive sensory nerves (Calzetta, Luongo,
et al., 2015b; Calzetta, Pistocchini, Ritondo, Cavalli, et al., 2022d; Cal-
zetta, Rogliani, Pistocchini, et al., 2018e), affects the oxidant/
antioxidant profile (Calzetta, Matera, & Cazzola, 2018a; Cazzola

induces inflammation

et al., 2017) and triggers protein prenylation (Cazzola et al., 2011).
Certainly, these conditions are difficult to be standardised and to
be detected primarily in isolated airways from COPD donors not chal-
lenged by specific stimuli such as LPS.

A potential criticism of exposing normal airways to LPS is that
the acute inflammation elicited by LPS may only partially mimic
COPD inflammation. However, inhaled LPS has been demonstrated
to be effective in increasing airway neutrophil numbers in healthy
subjects, a condition resembling the increase in airway neutrophil
numbers occurring on a background in COPD patients whose airways
are colonised by Gram-negative bacteria (Aul et al, 2012; Gupta
et al., 2015; Kharitonov & Sjobring, 2007). Accordingly, acute inhala-
tion of LPS elicits a dose-dependent, acute neutrophilic response and
release of inflammatory mediators typical of COPD in the airways of
healthy volunteers that can be quantified in induced sputum (Aul
et al.,, 2012; Kharitonov & Sjobring, 2007; Leaker et al., 2013). Also,
the fall in lung function after LPS challenge in healthy subjects
mimics the increased airway contractility in COPD patients (Aul
etal., 2012).

Therefore, the inflammatory response and ASM contractility typi-
cal of COPD can be mimicked in vitro via acute exposure (2 h) of air-
ways to LPS administered at 300 ng-ml~! (Calzetta, Luongo,
et al., 2015b; Cazzola et al., 2011).

7.2.2 | Sub-acute LPS challenge

The overnight incubation of bronchial tissue collected from COPD
donors with LPS administered at 100 ng-ml~! is an effective in vitro
model of COPD exacerbations (Calzetta, Matera, & Cazzola, 2018a;

Cazzola et al., 2017). This model significantly affects the bronchial
contractile responses to EFS due to airway desensitisation. Moreover,
it increases the pro-oxidant activity, reduces the anti-oxidant capacity
in the bronchial tissue, and elicits cytokine release and neurogenic
inflammation (Calzetta, Matera, & Cazzola, 2018a; Cazzola
etal, 2017).

7.2.3 | Overnight treatment with CSE

Cigarette smoke is the most commonly encountered risk factor for
patients developing COPD (GOLD, 2023). Cigarette smoke contains a
highly complex mixture of around 4800 chemical compounds, but it is
not yet well established what the cellular mechanisms leading to
smoking-related features of COPD are due to (Baum et al., 2003;
Schamberger et al., 2014). Cigarette smoke extract (CSE) can be pre-
pared by using research-grade cigarettes (3R4F) according to standar-
dised procedures adapted for experiments with isolated bronchial
tissue. The procedures require that smoke from 29 cigarettes is bub-
bled through 400 ml of KH buffer solution at puffing speed in a closed
environment with limited airflow. After that, CSE is filtered through a
0.20-um filter, aliquoted and stored at —20°C (van Rijt et al., 2012).
The obtained CSE stock is then diluted 1:10 for the overnight treat-
ment of bronchial tissue (van Rijt et al., 2012). CSE treatment
increases cytokine expression and reduces nuclear expression of
sirtuin and histone deacetylase (HDAC) (Calzetta, Pistocchini, Cito,
Ritondo, et al., 2022c). CSE also induces mucus hypersecretion and
mucin  MUC5AC gene and protein overexpression (Cortijo
et al,, 2011; Di et al., 2012). Although the treatment with CSE elevates
cytosolic Ca®* in ASM leading to MLC phosphorylation, the effect of
CSE on ASM contractility is scarce or even non-detectable (Chen
et al., 2014; van Rijt et al., 2012; Yoon et al., 2011). Considering that
mucus hypersecretion represents an early developmental phase of
COPD, treating airways from COPD donors overnight with CSE 1:10
is a suitable in vitro model of early COPD according to the current
definitions (Agusti et al, 2023; Agusti & Faner, 2018; Cosio
et al,, 2020; Lee & Han, 2023; Yang et al., 2021). On the other hand,
the overnight incubation of airways from donors with normal lung
function with CSE 1:10 is a relevant in vitro model of pre-COPD,
based on current evidence of patients with no airway obstruction
who are at risk of progression to COPD (Agusti et al., 2023; Han
etal, 2021).

8 | AIRWAY CELLS AND MODELS OF
ASTHMA, COPD AND VIRAL INFECTION

ASM bundles in endobronchial biopsy are isolated and cultured. After
that, ASM cells (passage 3-7) from asthmatic patients are plated into
six-well plates (9.6 * 10* cells per 2 ml DMEM, 10% (FBS)) and grown
for 1 week. The growth is arrested for 48 h with a serum-deprived
medium before starting pharmacological experiments by using these

cells as an in vitro model of asthma (Brightling et al., 2005).
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ASM cells isolated from the airways of COPD patients undergoing
lung transplantation or lung resection for thoracic malignancy can be
grown (passage 3-7) in RPMI 1640 plus 10% FBS and then used as an
in vitro model of COPD (Chen et al., 2010; Zakarya et al., 2021).

Cultured ASM cells, including those originating from asthmatic
and COPD patients, can also be exposed to rhinovirus (RV), respira-
tory syncytial virus (RSV), and parainfluenza virus type 3 (PIV-3) to
study in vitro the effect of pharmacological treatments on viral-
induced exacerbations (Elias et al., 1997; Oliver et al., 2006; Van Ly
et al,, 2013). Viral infection is performed by exposing cultured ASM
cells to medium containing viruses and allowing the virus to adsorb to
the ASM cells monolayers at a multiplicity of infection (MOI) of 1-3
plague-performing units per cell for 1 h. The infecting medium is then
washed 3 times with phosphate-buffered saline (PBS) and replaced
with DMEM (0.1%-10% FBS). The medium can be harvested after
24 h post infection, following centrifugation to remove non-adherent
ASM cells, for specific analyses. Negative controls are ASM cells
either left uninfected or exposed to UV inactivated virus (Elias
et al., 1997; Oliver et al., 2006; Van Ly et al., 2013).

9 | INVITROAND EXVIVO MODELS OF
RESPIRATORY EPITHELIAL DAMAGE

9.1 | Epithelium and isolated airways

Respiratory epithelium has a pivotal role in modulating airway con-
tractility and inflammation. Healthy bronchial epithelial cells are a pre-
dominant source of multiple endogenous epithelium-derived relaxing
factors (EpiDRFs) leading to ASM relaxation (Calzetta, Rogliani,
et al., 2014b; Gallos et al., 2013; Vanhoutte, 2013). It has been exten-
sively documented that removing epithelium from the airways favours
the contractile responsiveness of the surrounding ASM (Flavahan
et al., 1985; Matera et al., 2011; Vanhoutte, 1989, 2013). However, if
damaged or mechanically stressed, respiratory epithelium may also
increase ASM proliferation and contractility (Lan et al., 2018;
Vanhoutte, 2013). Moreover, when damaged, respiratory epithelium
generates a large number of cytokines, including alarmins, thus con-
tributing to the type 2 inflammatory response (Calvén et al., 2020;
Chung & Barnes, 1999; Holgate et al., 2009; Lambrecht &
Hammad, 2012; Nagarkar et al., 2012). Interestingly, the epithelium
derived alarmins (i.e., TSLP, IL-33 and IL-25) have been demonstrated
to enhance mast cell-dependent contractility of isolated airways and
have a role in the inflammatory cascade of both asthma and COPD
(Belikova et al, 2023; Calzetta, Pietroiusti, et al, 2021b; Hong
et al., 2020).

The role of bronchial epithelium in respiratory pharmacology can
be investigated by performing the same experiments in epithelium-
intact and epithelium-denuded isolated bronchi. The comparison
between results obtained from epithelium-intact and epithelium-
denuded bronchi allows a better understanding as to whether the epi-
thelium may have a role in the response (i.e., contractility and inflam-

mation) of isolated airways. Moreover, ultrastructural analysis via
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transmission electron microscopy can be performed to evaluate the
subcellular characteristics of epithelial cells (alterations of cell mem-
branes, mitochondria, presence of intracellular electrodense bodies,
presence and ultrastructural alterations of cilia, lysosomes) as well as
the basal lamina (layers alignment, thickness and alterations). The epi-
thelium can be mechanically removed from isolated airways using a
cotton-tipped applicator gently rubbed for 5 sec on the luminal sur-
face (Cazzola et al, 2016; Matera et al, 2011; Reinheimer
etal., 1997).

Experiments can also be carried out directly on primary bronchial
epithelial cells that are harvested by gently scraping the luminal airway
surface with a convex scalpel blade #10 (Fulcher et al., 2005; Matera
et al., 2011). Collected epithelial cells are then pooled in PBS, centri-
fuged at 500 g for 5 min at 4°C and then directly used for experi-
ments. Eventually, airway epithelial cells can be resuspended, cultured
with 1:1 mixture of LHC-9 and RPMI 1640 medium in a volume of
10° cells-ml~* and maintained at 37°C in a 5% CO, humidified incuba-
tor (Cazzola et al., 2016; Fulcher et al., 2005).

Both epithelium removal and cell harvesting are effective proce-
dures confirmed by histology that do not penetrate the basal mem-
brane and leave the lamina propria intact (Fulcher et al., 2005; Matera
et al., 2011; Reinheimer et al., 1996).

9.2 | Passive sensitisation

Bronchial epithelial cells can be passively sensitised to reproduce
important characteristics of asthmatic respiratory epithelium in vitro
(Hsieh et al., 2005). Epithelial cells are incubated overnight at 37°C in
a 5% CO, humidified incubator with 1:1 mixture of LHC-9 and RPMI
1640 in the presence of 2% vol ! sensitising serum from an asthmatic
patient (total IgE 1000 U-ml~? specific against common aeroallergens)
during exacerbation (Calzetta, Matera, Facciolo, et al., 2018b;
Calzetta, Rogliani, et al., 2014b).

9.3 | Acute LPS challenge

The airways of both asthmatic and COPD patients are characterised
by loss of barrier integrity contributing to the high incidence of
bronchial infections, exacerbations, hospitalisation, and mortality
(Kricker et al., 2021). Therefore, the clinical relevance of airway
epithelial integrity in asthma and COPD is unquestioned and one con-
sequence of airway epithelial barrier failure is an unhindered access of
external particles to various cells of the immune system, producing an
inappropriate inflammatory response, a recognised hallmark of several
lung disorders (Knight & Holgate, 2003; Wittekindt, 2017).

For decades it has been well recognised that airway respiratory
epithelium is more than just a barrier. Indeed, it represents a physical
barrier that protects capsaicin-sensitive sensory nerves and ASM from
exposure to irritants and pathogenic organisms. However, epithelial
cells also release mediators that inhibit bronchospasm by relaxing the

underlying ASM via EpiDRFs. In the same manner, airway epithelium
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also has a central role in modulating the inflammatory response by
interacting with innate and adaptive immunity (Kato &
Schleimer, 2007; Tam et al., 2011).

It is well-known that in respiratory tissue LPS induces the synthe-
sis of respiratory epithelium-derived cytokines, namely TSLP, IL-25,
and IL-33 (Fu et al,, 2021; Liao et al., 2015). In bronchial epithelial
cells, LPS also induces the expression of an active and inducible
5-lipoxygenase (5-LOX) pathway generating the LT family of bronch-
oconstrictor and pro-inflammatory mediators, cytokines such as IL-6,
IL-8 and TNF-a (Aitken et al., 2021; Hulina-Tomaskovi¢ et al., 2019,
2022; Jame et al., 2007).

Concerning epithelial integrity, LPS impairs the structure of the
respiratory epithelium, leading to dislocation of adherens junction
(AJ) protein E-cadherin at cell-cell contacts and down-expression of
both adherens junction and tight junction (TJ) proteins Claudin-2 and
occludin (OCLN). Moreover, LPS induces airway epithelial barrier dys-
function by changing the ionic and macromolecular permeability, and
it modifies cytoskeleton organisation in bronchial epithelial cells
(D'Anna et al., 2017; Li et al., 2021; Ma et al., 2018). Effectively, the
LPS-induced lung inflammation seems to be linked to increased airway
epithelial permeability via epithelial MLCK, protein-kinase C (PKC)
and extracellular regulated kinase 1/2 (ERK1/2) activation (Eutamene
et al., 2005; Serikov et al., 2004).

LPS is also responsible for enhanced methacholine-evoked con-
tractility due to epithelial alterations. Thus, the integrity of the epithe-
lium plays a pivotal role in regulating AHR (Ismailoglu et al., 2004;
Secher et al., 2012).

With respect to structural and ultrastructural alterations, expo-
sure to LPS increases the number of surface epithelial cells per length
of basal lamina. Moreover, in LPS-exposed epithelium, atypical epithe-
lial cells containing numerous basal bodies, few cilia, and few apical
secretory granules can be found, conditions leading to increased
amounts of intraepithelial mucosubstances, secretory cell hyperplasia,
and excess luminal mucus in the airways (Harkema &
Hotchkiss, 1992).

Therefore, epithelium-intact bronchi, epithelium-denuded bron-
chi, and respiratory epithelial cells harvested from isolated airways
can be challenged with LPS 300 ng-ml~! for 2 h to directly and indi-
rectly investigate in vitro and ex vivo the impact of epithelial damage
in respiratory pharmacology (Calzetta, Luongo, et al., 2015b; Cazzola
et al., 2011).

9.4 | Overnight treatment with CSE

CSE has several detrimental effects on the respiratory epithelium.
CSE impairs expression of E-cadherin, zonula occludent (ZO)-1, and
OCLN via epidermal growth factor receptor (EGFR) activation in pri-
mary respiratory epithelial cells from COPD donors (Heijink
et al., 2012; Milara et al., 2013). Moreover, CSE induces the so called
epithelial to mesenchymal transition (EMT) via urokinase plasminogen
activator receptor (UPAR)-dependent phosphatidylinositol (PI) 3-Akt

activation (Wang et al., 2013, 2015) and elicits altered regulation of
wingless/integrase-1 (WNT) ligands in airway epithelial cells from
COPD patients (Aghapour et al., 2018). Overall, these effects of CSE
lead to impairment of transepithelial resistance (Aghapour
etal, 2018).

As already reported for acute LPS challenge, epithelium-intact
bronchi, epithelium-denuded bronchi, and respiratory epithelial cells
harvested from isolated airways can be treated overnight with CSE
1:10 to directly and indirectly investigate in vitro and ex vivo the
impact of smoke on epithelium damage in respiratory pharmacology
(Heijink et al., 2016).

9.5 | Exposure to pollutants

The exposure of respiratory epithelial cells to air pollution induces
respiratory epithelial barrier dysfunction via several mechanisms such
as increased oxidative stress, exaggerated cytokine responses, and
impaired host defence (Aghapour et al., 2022). Moreover, the dys-
function of the airway epithelial barrier may enhance susceptibility to
respiratory infections leading to increased risk of exacerbations
(Aghapour et al., 2022). Overall, these detrimental conditions contrib-
ute to the development and worsening of asthma and COPD
(Aghapour et al., 2022). Several models of pollutant exposure have
been proposed to investigate the role of air pollution in asthma and
COPD (Albano et al., 2022). Among these, the exposure to fine parti-
cles or particulate matter <2.5 um (PM,, i.e., vehicle exhaust) and
coarse particles or PM 2.5-10 um (PM,q, i.e., dust) have been
reported to have a pivotal role on airway epithelial barrier dysfunction
in asthma and COPD (Aghapour et al., 2022; Albano et al., 2022;
Calzetta, Aiello, et al., 2021a). PM, 5 and PM;, are among the most
studied outdoor pollutants affecting the integrity of the respiratory
epithelium (Comunian et al., 2020; Goossens et al., 2021). Moreover,
urban PM increases airway inflammatory responses via activation of
mitogen-activated protein kinase (MAPK) and downstream nuclear
factor (NF)-kB signalling pathways; urban PM also induces ROS
release (Lee et al., 2020). PM, 5 is related to traffic air pollution and,
along with black carbon, it carries sulphate, nitrate, ammonium, silicon,
and phase polyaromatic hydrocarbon (PAH). It is particularly harmful
because it reaches small airways (Comunian et al., 2020; Goossens
et al., 2021). PM4q accumulates at the level of conducting airways and
it promotes airway infection and induces inflammasome activation;
the co-exposure with LPS attenuates the expression of E-cadherin
and claudin 1 (Aghapour et al., 2022; Goossens et al., 2021; Kim
etal., 2019).

Therefore, epithelium-intact bronchi, epithelium-denuded bron-
chi, and respiratory epithelial cells harvested from isolated airways
can be treated overnight with PM,s and PM4o both administered
at 50 ug-ml~! to directly and indirectly investigate in vitro and
ex vivo the impact of pollutants exposure in respiratory pharmacol-
ogy (Calzetta, Aiello, et al, 2021a; Lee et al, 2020; Pozzi
et al., 2003).
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TABLE 1

Tissue
characteristics

Normal isolated
bronchial tissue

Isolated bronchial
tissue from
asthmatic donors

Normal isolated
bronchial tissue

Normal isolated
bronchial tissue

Normal isolated
bronchial tissue

Isolated bronchial
tissue from COPD
donors

Tissue treatments

/

Passive sensitisation
(overnight
incubation with 10%
vol~ ! sensitising
serum) in epithelium-
intact and/or
epithelium-denuded
bronchi

Passive sensitisation
plus PAF challenge
(overnight
incubation with 10%
vol~ ! sensitising
serum and then
45 min challenge
with PAF 100 nM) in
epithelium-intact
and/or epithelium-
denuded bronchi

Passive sensitisation
plus activation of M
receptors

(concomitant overnight
incubation with 10%
vol~ ! sensitising
serum and CCh
1 uM) in epithelium-
intact and/or
epithelium-denuded
bronchi

Disease models

/

Ex vivo model
of asthma

Ex vivo model
of asthma

Ex vivo model
of severe
eosinophilic
asthma

Ex vivo model
of PAL

Ex vivo model
of stable
COPD

Summary of in vitro and ex vivo models from human airways.

Pharmacological
evaluation of ASM
contractility

Classical
pharmacological
parameters (i.e.,
Emax: EC50, ICSO:
PECsp, pICso, PA2
and ty/,), drug
interaction (i.e.,
synergy, antagonism
and additivity)

/

AHR, classical
pharmacological
parameters (i.e.,
EmaXv ECSOv ICSO:
PECs0, pICso, PA2
and ty,,), drug
interaction (i.e.,
synergy, antagonism
and additivity)

AHR, classical
pharmacological
parameters (i.e.,
Emax ECso, ICs0,
PECso, pICso, PA2
and ty,»), drug
interaction (i.e.
synergy, antagonism,
additivity)

AHR, classical
pharmacological
parameters (i.e.,
Emax: EC50, ICSO:
PECsp, pICso, PA2
and tq,,), drug
interaction (i.e.,
synergy, antagonism
and additivity)

Classical
pharmacological
parameters (i.e.,
EmaX! ECSOv ICSO:
PECsp, pICso, PA2
and ty,,), drug
interaction (i.e.,

Note

Pharmacological
pathways can be
also evaluated

Scarce tissue
availability

Inflammatory profile,
alarmins (TSLP, IL-33
and IL-25) release,
pharmacological
pathways, and
ultrastructural
analysis via
transmission
electron microscope
can be also
evaluated

Inflammatory profile,
alarmins (TSLP, IL-33
and IL-25) release,
pharmacological
pathways, and
ultrastructural
analysis via
transmission
electron microscope
can be also
evaluated

Inflammatory profile,
alarmins (TSLP, IL-33
and IL-25) release,
parasympathetic
plasticity,
pharmacological
pathways, and
ultrastructural
analysis via
transmission
electron microscope
can be also
evaluated

Inflammatory profile,
alarmins (TSLP, IL-
33, IL-25) release,
pharmacological
pathways, and
ultrastructural
analysis via
transmission
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Main references

(Calzetta et al., 2011,

Calzetta et al., 2020,
Calzetta, Pistocchini,
et al., 2023b,
Manson et al., 2020,
Matera et al., 2011,
Naline et al., 1989,
2007, Naline

et al., 2018, Rogliani
et al., 2015, 2020)

(Bjorck et al., 1992)

(Calzetta et al., 2020;

Calzetta, Matera,
Facciolo,

et al., 2018b; Matera
et al,, 2011; Mitchell
etal, 1997;

Rabe, 1998; Rogliani
et al., 2016, 2020;
Rogliani, Ritondo,
Zerillo, et al., 2021c;
Schmidt et al., 1999;
Schmidt &

Rabe, 2000)

(Calzetta, Pistocchini,

et al., 2023b;
Johnson et al., 1990,
1992; Kroegel

et al,, 1994; Rabe

et al., 1994; Schmidt
et al., 2002)

(Calzetta, Pistocchini,

Cito, Ritondo,

et al, 2022c;
Ferreira et al., 2018;
Gosens et al., 2006;
Kistemaker &
Prakash, 2019;
Kozlik et al., 2020;
Rogliani, Ritondo,
Zerillo, et al., 2021c)

(Rogliani et al., 2020,

Rogliani, Ritondo,
Facciolo,
etal., 2021b)

(Continues)

85UB01 T SUOIWIOD @A 181D 9|qeotjdde ay) Aq pausenob e Sepoie YO 8sN JO SajnJ 10} ARIq1T 8UIUO AS]IA UO (SUOTHIPUOD-PUE-SUIB) 0™ A8 | 1M Afe.d]jBu1[UO//:SdNL) SUONIPUOD PUe SWiB | 8U1 89S *[20z/20/yT] Uo Akeigiauliuo A8]iM ‘eIl eueIyp0 AQ /29T yda/TTTT 0T/I0p/woo A3 1M Aiqijpuljuo'sqndsday/sdny woij pspeojumod ‘S ‘v20z ‘T8ES9.YT



626 BRITISH
PHARMACOLOGICAL:
SOCIETY

(Continued)

TABLE 1

Tissue
characteristics

Normal isolated
bronchial tissue

Isolated bronchial
tissue from COPD
donors

Normal isolated
bronchial tissue

Isolated bronchial
tissue from COPD
donors

Cultured ASM cells
from asthmatic
donors undergoing
endobronchial
biopsy

Cultured ASM cells
from COPD
donors undergoing
lung
transplantation or
lung resection

CALZETTA ET AL.

Tissue treatments

Acute LPS challenge
(incubation 2 h with
LPS 300 ng-ml~%) in
epithelium-intact
and/or epithelium-
denuded bronchi

Sub-acute LPS
challenge (overnight
incubation with LPS
100 ng/ml)

CSE treatment
(overnight
incubation with CSE
1:10) in epithelium-
intact and/or
epithelium-denuded
bronchi

CSE treatment
(overnight
incubation with CSE
1:10) in epithelium-
intact and/or
epithelium-denuded
bronchi

Disease models

Ex vivo model
of COPD

Ex vivo model
of COPD
exacerbation

Ex vivo model
of pre-COPD

Ex vivo model
of early
COPD

In vitro model
of asthma

In vitro model
of COPD

Pharmacological
evaluation of ASM
contractility

synergy, antagonism
and additivity)

AHR, classical
pharmacological
parameters (i.e.,
EmaXv ECSOv |C50,
PECs0, pICso, pA2
and ty,,), drug
interaction (i.e.,
synergy, antagonism
and additivity)

Airway desensitisation,
drug interaction (i.e.
synergy, antagonism,
additivity)

Classical
pharmacological
parameters (i.e.,
Emax: EC50, ICSO:
PECsp, pICso, PA2
and ty/,), drug
interaction (i.e.
synergy, antagonism,
additivity)

Classical
pharmacological
parameters (i.e.,
Emax: ECSOv |C50,
PECsp, pICso, PA2
and ty,5), drug
interaction (i.e.,
synergy, antagonism
and additivity)

Mechanotransduction,
stiffness, traction,
viscoelastic
characteristic, length
adaptation

Mechanotransduction,
stiffness, traction,
viscoelastic
characteristic length
adaptation

Note

electron microscope
can be also
evaluated

Inflammatory profile,
alarmins (TSLP, IL-33
and IL-25) release,
pharmacological
pathways, and
ultrastructural
analysis via
transmission
electron microscope
can be also
evaluated

Inflammatory profile,
oxidative profile, and
pharmacological
pathways can be
also evaluated

Inflammatory profile,
oxidative profile,
mucus
hypersecretion,
alarmins (TSLP, IL-33
and IL-25) release,
pharmacological
pathways and
ultrastructural
analysis via
transmission
electron microscope
can be also
evaluated

Inflammatory profile,
oxidative profile,
mucus
hypersecretion,
alarmins (TSLP, IL-33
and IL-25) release,
pharmacological
pathways and
ultrastructural
analysis via
transmission
electron microscope
can be also
evaluated

Inflammatory profile
and cell migration
can be also
evaluated

Inflammatory profile
and cell migration
can be also
evaluated

Main references

(Calzetta, Aiello,
Frizzelli, Pistocchini,
et al., 2022b,
Calzetta, Luongo,
et al., 2015b,
Calzetta, Matera, &
Cazzola, 20183,
Cazzola et al., 2011,
Cazzola et al., 2017)

(Calzetta, Matera, &
Cazzola, 20183;
Cazzola et al., 2017)

(Agusti et al., 2023;
Agusti &
Faner, 2018; Chen
et al,, 2014; Cortijo
et al., 2011; Cosio
et al,, 2020; Di
etal, 2012; Lee &
Han, 2023; van Rijt
et al, 2012; Yang
et al., 2021; Yoon
et al., 2011).

(Cortijo et al.; Yoon
etal., 2011; Di
et al., 2012; van Rijt
etal, 2012; Chen
etal, 2014; Han
et al., 2021; Agusti
et al., 2023)

(Brightling et al., 2005;
Fabry &
Fredberg, 2007;
Silveira et al., 2005)

(Chen et al., 2010;
Fabry &
Fredberg, 2007;
Silveira et al., 2005;
Zakarya et al., 2021)
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TABLE 1 (Continued)
Pharmacological
Tissue evaluation of ASM

characteristics

Cultured ASM cells,
including cells
from asthmatic
and COPD donors

Primary bronchial
epithelial cells
from normal
isolated bronchial
tissue

Primary bronchial
epithelial cells
from normal
isolated bronchial
tissue

Primary bronchial
epithelial cells
from normal
isolated bronchial
tissue

Primary bronchial
epithelial cells
from isolated
bronchial tissue
from COPD
donors

Normal isolated
bronchial tissue
used for in vitro
models of asthma
and COPD

Primary bronchial
epithelial cells
from normal
isolated bronchial

Tissue treatments

Exposure to respiratory
virus

Harvested cells
(scraping the luminal
airway surface with
a convex scalpel
blade #10)
undergoing passive
sensitisation
procedure (overnight
incubation with 2%
vol~ ! sensitising
serum)

Harvested cells
(scraping the luminal
airway surface with
a convex scalpel
blade #10)
undergoing acute
LPS challenge
(incubation 2 h with
LPS 300 ng-ml™?)

Harvested cells
(scraping the luminal
airway surface with
a convex scalpel
blade #10)
undergoing CSE
treatment (overnight
incubation with CSE
1:10)

Harvested cells
(scraping the luminal
airway surface with
a convex scalpel
blade #10)
undergoing CSE
treatment (overnight
incubation with CSE
1:10)

Exposure to PM
(overnight
incubation with
PM2'5 and PMlO
50 pg-ml~Y) in
epithelium-intact
and/or epithelium-
denuded bronchi

Harvested cells
(scraping the luminal
airway surface with
a convex scalpel

Disease models

In vitro model
of viral
infection

In vitro model
of asthma

In vitro model
of COPD

In vitro model
of pre-COPD

In vitro model
of early
COPD

Ex vivo model
of pollutants
exposure

In vitro model
of pollutants
exposure

contractility

/

/

/

/

/

AHR, classical
pharmacological
parameters (i.e.,
Emax: ECSOv |C50’
PECsp, pICso, PA2
and ty,,), drug
interaction (i.e.,
synergy, antagonism
and additivity)

/

Note

Inflammatory profile,
receptor
desensitisation

Inflammatory profile,
alarmins (TSLP, IL-33
and IL-25) release,
and pharmacological
pathways can be
evaluated

Inflammatory profile,
alarmins (TSLP, IL-33
and IL-25) release,
and pharmacological
pathways can be
evaluated

Inflammatory profile,
alarmins (TSLP, IL-33
and IL-25) release,
and pharmacological
pathways can be
evaluated

Inflammatory profile,
alarmins (TSLP, IL-33
and IL-25) release,
and pharmacological
pathways can be
evaluated

Inflammatory profile,
oxidative profile,
alarmins (TSLP, IL-33
and IL-25) release,
pharmacological
pathways and
ultrastructural
analysis via
transmission
electron microscope
can be also
evaluated

Inflammatory profile,
alarmins (TSLP, IL-33
IL-25) release, and
pharmacological

Main references

(Elias et al., 1997;
Oliver et al., 2006;
Van Ly et al.,, 2013)

(Calzetta, Matera,
Facciolo,
et al., 2018b;
Calzetta, Rogliani,
et al., 2014b; Fulcher
et al., 2005; Matera
et al., 2011)

(Calzetta, Luongo,
et al, 2015b;
Cazzola et al., 2011;
Fulcher et al., 2005;
Matera et al., 2011)

(Agusti et al., 2023;
Fulcher et al., 2005;
Han et al., 2021;
Matera et al., 2011)

(Agusti et al., 2023;
Agusti &
Faner, 2018; Cosio
et al., 2020; Fulcher
et al,, 2005; Lee &
Han, 2023; Matera
et al, 2011; Yang
et al., 2021)

(Aghapour et al., 2022;
Albano et al., 2022;
Calzetta, Aiello,
etal, 20213a; Lee
et al., 2020; Pozzi
et al., 2003)

(Calzetta, Aiello,
et al., 2021a; Fulcher
et al,, 2005; Lee
et al., 2020; Matera

(Continues)
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TABLE 1 (Continued)

Pharmacological

Tissue evaluation of ASM

Tissue treatments Disease models

blade #10)
undergoing exposure
to PM (overnight
incubation with
PM, 5 and PM4qo

50 pg/ml)

characteristics

tissue used for in
vitro models of
asthma and COPD

Note: /: data not available.

contractility Note

Main references

et al., 2011; Pozzi
et al., 2003)

pathways can be
evaluated

Abbreviations: AHR: airway hyperresponsiveness; COPD: chronic obstructive pulmonary disease; CSE: Cigarette smoke extract; ECsg or ICs:
concentration needed to produce 50% E .y (ECso or ICs0); Emax: maximal effect; IL: interleukin; LPS: lipopolysaccharide; M receptors: muscarinic
acetylcholine receptors; pA,: the negative logarithm to base 10 of the molar concentration of an antagonist that makes it necessary to double the
concentration of the agonist needed to elicit the original submaximal response obtained in the absence of antagonist; PAF: platelet-activating factor; PAL:
persistent airflow limitation; pECsg: negative logarithm to base 10 of ECsg; plCso: negative logarithm to base 10 of ICso; PM: particulate matter; t1,,: onset

of action; TSLP: thymic stromal lymphopoietin.

10 | CONCLUSIONS

Experiments carried out with isolated human bronchial tissues
in vitro and ex vivo replicate many of the main anatomical, patho-
physiological, mechanical, and immunological characteristics of
patients with asthma or COPD. Moreover, the effect of drugs
active on the bronchial tree at the level of both medium bronchi
and small airways can be tested directly on the relevant target tis-
sue and independently of the systemic influences of in vivo
preparations.

However, the use of isolated human airways does have some limi-
tations. The duration of treatment can only be tested maximally in
sub-chronic experimental settings, a certain level of tissue inflamma-
tion may be induced by tissue manipulation and cutting during the
preparation of the tissues, and bronchial tissue from asthmatic
patients is scarcely available.

Any drug active on the airways, including those under develop-
ment for the treatment of asthma and COPD, may be tested
in vitro in both medium bronchi and small airways (Table 1) and
experiments carried out on isolated human bronchial tissues allow
the full pharmacological characterisation of novel compounds, both
agonists and antagonists. Furthermore, the characterisation of the
inflammatory fingerprint and the anti-inflammatory profile of drugs
at the level of relevant target tissue can also be investigated with
the methodologies discussed above. It is also possible to assess the
impact of mucolytics and anti-oxidant agents, as well as that of
mADbs, on isolated human airways. A large body of evidence indi-
cates that in vitro models of asthma and COPD using isolated
human airways can provide information that is directly translatable
into humans with obstructive lung diseases and can provide accu-
rate qualitative and quantitative assessment of drug interactions.
Indeed, well performed experiments in isolated human bronchial tis-
sue may guide the strategic development of new compounds under
investigation, and optimise the current therapeutic strategies in
asthma and COPD.

Ultimately, regardless of the technique used to investigate drugs
for the treatment of chronic obstructive respiratory disorders, such as
bronchial rings in isolated organ bath systems, videomicroscopy with
visual imaging and a patching chamber or the use of a wire myograph,
the limiting factors to producing high-quality and repeatable data from
experiments on isolated human airways remain closely tied to the
manual skills of the researcher conducting experiments and the avail-
ability of suitable tissue.

10.1 | Nomenclature of targets and ligands

Key protein targets and ligands in this article are hyperlinked to corre-
sponding entries in http://www.guidetopharmacology.org, and are
permanently archived in the Concise Guide to PHARMACOLOGY
2021/22 (Alexander, Christopoulos et al., 2021; Alexander, Fabbro
et al,, 2021a, 2021b).

AUTHOR CONTRIBUTIONS

Luigino Calzetta: Conceptualization (lead); data curation (lead); fund-
ing acquisition (lead); methodology (lead); project administration
(lead); resources (lead); software (lead); supervision (lead); visualization
(lead); writing—original draft (lead); writing—review and editing (lead).
Clive Page: Conceptualization (equal); data curation (equal); methodol-
ogy (equal); project administration (equal); visualization (equal); writ-
ing—original draft (equal); writing—review and editing (equal).
Maria Gabriella Matera: Methodology (equal); visualization (equal);
writing—original draft (equal); writing—review and editing (equal).
Mario Cazzola: Methodology (equal); visualization (equal); writing—
original draft (equal); writing—review and editing (equal).
Paola Rogliani: Conceptualization (equal); data curation (equal); fund-
ing acquisition (equal); methodology (equal); project administration
(equal); resources (equal); software (equal); supervision (equal); visuali-
zation (equal); writing—original draf (equal)t; writing—review and edit-

ing (equal).

85UB01 T SUOIWIOD @A 181D 9|qeotjdde ay) Aq pausenob e Sepoie YO 8sN JO SajnJ 10} ARIq1T 8UIUO AS]IA UO (SUOTHIPUOD-PUE-SUIB) 0™ A8 | 1M Afe.d]jBu1[UO//:SdNL) SUONIPUOD PUe SWiB | 8U1 89S *[20z/20/yT] Uo Akeigiauliuo A8]iM ‘eIl eueIyp0 AQ /29T yda/TTTT 0T/I0p/woo A3 1M Aiqijpuljuo'sqndsday/sdny woij pspeojumod ‘S ‘v20z ‘T8ES9.YT


http://www.guidetopharmacology.org

CALZETTAET AL.

CONFLICT OF INTEREST STATEMENT

All the authors have no conflict of interest to declare.

DATA AVAILABILITY STATEMENT
N/A-Review.

ORCID
Luigino Calzetta "= https://orcid.org/0000-0003-0456-069X
https://orcid.org/0000-0003-4895-9707

https://orcid.org/0000-0001-7801-5040

Mario Cazzola

Paola Rogliani

REFERENCES

Adeloye, D., Song, P., Zhu, Y., Campbell, H., Sheikh, A., Rudan, I., & NIHR
RESPIRE Global Respiratory Health Unit. (2022). Global, regional, and
national prevalence of, and risk factors for, chronic obstructive pulmo-
nary disease (COPD) in 2019: A systematic review and modelling anal-
ysis. The Lancet Respiratory Medicine, 10, 447-458. https://doi.org/10.
1016/52213-2600(21)00511-7

Adner, M., Canning, B. J., Meurs, H., Ford, W., & Ramirez, P. R. (2020). Back
to the future: Re-establishing Guinea pig in vivo asthma models. Clinical
Science, 134, 1219-1242. https://doi.org/10.1042/CS202003%4

Aghapour, M., Raee, P., Moghaddam, S. J., Hiemstra, P. S., & Heijink, I. H.
(2018). Airway epithelial barrier dysfunction in chronic obstructive pul-
monary disease: Role of cigarette smoke exposure. American Journal of
Respiratory Cell and Molecular Biology, 58, 157-169. https://doi.org/
10.1165/rcmb.2017-0200TR

Aghapour, M., Ubags, N. D., Bruder, D., Hiemstra, P. S., Sidhaye, V.,
Rezaee, F., & Heijink, I. H. (2022). Role of air pollutants in airway epi-
thelial barrier dysfunction in asthma and COPD. European Respiratory
Review, 31, 210112. https://doi.org/10.1183/16000617.0112-2021

Agusti, A., & Faner, R. (2018). How to define early chronic obstructive pul-
monary disease. American Journal of Respiratory and Critical Care Medi-
cine, 198, 973-974. https://doi.org/10.1164/rccm.201805-0880LE

Agusti, A., Celli, B. R., Criner, G. J,, Halpin, D., Anzueto, A., Barnes, P.,
Bourbeau, J., Han, M. L. K., Martinez, F. J., Montes de Oca, M.,
Mortimer, K., Papi, A., Pavord, I., Roche, N., Salvi, S., Sin, D. D.,
Singh, D., Stockley, R., Lopez Varela, M. V., ... Vogelmeier, C. F. (2023).
Global initiative for chronic obstructive lung disease 2023 report:
GOLD executive summary. The European Respiratory Journal, 61,
2300239. https://doi.org/10.1183/13993003.00239-2023

Aitken, M. L., Somayaiji, R., Hinds, T. R., Pier, M., Droguett, K., Rios, M., &
Villalon, M. (2021). Glycated albumin triggers an inflammatory
response in the human airway epithelium and causes an increase in cil-
iary beat frequency. Frontiers in Physiology, 12, 653177. https://doi.
org/10.3389/fphys.2021.653177

Alabaster, V. A. (1997). Discovery and development of selective M3 antag-
onists for clinical use. In Life Sciences, 60, 1053-1060. https://doi.org/
10.1016/50024-3205(97)00047-7

Albano, G. D., Montalbano, A. M., Gagliardo, R., Anzalone, G., & Profita, M.
(2022). Impact of air pollution in airway diseases: Role of the epithelial
cells (cell models and biomarkers). International Journal of Molecular Sci-
ences, 23, 2799. https://doi.org/10.3390/ijms23052799

Alexander, S. P., Christopoulos, A., Davenport, A. P., Kelly, E., Mathie, A,
Peters, J. A, Veale, E. L., Armstrong, J. F., Faccenda, E., Harding, S. D.,
Pawson, A. J., Southan, C., Davies, J. A., Abbracchio, M. P., & CGTP
Collaborators Alexander. (2021). THE CONCISE GUIDE TO PHARMA-
COLOGY 2021/22: G protein-coupled receptors. British Journal of
Pharmacology, 178(S1), S27-5156. https://doi.org/10.1111/bph.
15538

Alexander, S. P., Fabbro, D., Kelly, E., Mathie, A,, Peters, J. A,, Veale, E. L.,
Armstrong, J. F., Faccenda, E., Harding, S. D. Pawson, A. J.,
Southan, C., Davies, J. A, Beuve, A., Brouckaert, P., Bryant, C,

BRITISH 629
PHARMACOLOGICAL:
SOCIETY

Burnett, J. C., Farndale, R. W., Friebe, A., Garthwaite, J,
Waldman, S. A. (2021a). THE CONCISE GUIDE TO PHARMACOLOGY
2021/22: Catalytic receptors. British Journal of Pharmacology, 178(S1),
S$264-S312. https://doi.org/10.1111/bph.15541

Alexander, S. P., Fabbro, D., Kelly, E., Mathie, A., Peters, J. A, Veale, E. L.,
Armstrong, J. F., Faccenda, E. Harding, S. D., Pawson, A. J,
Southan, C., Davies, J. A., Boison, D., Burns, K. E., Dessauer, C.,
Gertsch, J., Helsby, N. A, lzzo, A. A.,, Koesling, D., ... Wong, S. S.
(2021b). THE CONCISE GUIDE TO PHARMACOLOGY 2021/22:
Enzymes. British Journal of Pharmacology, 178(S1), S313-5S411.
https://doi.org/10.1111/bph.15542

Amador, C., Weber, C., & Varacallo, M. (2022). Anatomy, thorax, bronchial.
StatPearls.

An, S. S, Bai, T. R, Bates, J. H. T., Black, J. L., Brown, R. H., Brusasco, V.,
Chitano, P., Deng, L., Dowell, M. Eidelman, D. H. Fabry, B,
Fairbank, N. J., Ford, L. E. Fredberg, J. J., Gerthoffer, W. T,
Gilbert, S. H., Gosens, R., Gunst, S. J., Halayko, A. J., ... Wang, L.
(2007). Airway smooth muscle dynamics: A common pathway of air-
way obstruction in asthma. The European Respiratory Journal, 29, 834-
860. https://doi.org/10.1183/09031936.00112606

An, S. S., Fabry, B, Trepat, X.,, Wang, N., & Fredberg, J. J. (2006). Do
biophysical properties of the airway smooth muscle in culture predict
airway hyperresponsiveness? American Journal of Respiratory Cell and
Molecular Biology, 35, 55-64. https://doi.org/10.1165/rcmb.2005-
04530C

Andersson, R. G. G., & Grundstrém, N. (1987). Innervation of airway
smooth muscle. Efferent Mechanisms. Pharmacology & Therapeutics,
32, 107-130. https://doi.org/10.1016/0163-7258(87)90055-6

Ansell, T. K., Noble, P. B., Mitchell, H. W., & McFawn, P. K. (2014). Pharma-
cological bronchodilation is partially mediated by reduced airway wall
stiffness. British Journal of Pharmacology, 171, 4376-4384. https://doi.
org/10.1111/bph.12781

Audrit, K. J., Delventhal, L., Aydin, O., & Nassenstein, C. (2017). The ner-
vous system of airways and its remodeling in inflammatory lung dis-
eases. Cell and Tissue Research, 367, 571-590. https://doi.org/10.
1007/s00441-016-2559-7

Aul, R., Armstrong, J., Duvoix, A., Lomas, D., Hayes, B., Miller, B. E.,
Jagger, C., & Singh, D. (2012). Inhaled LPS challenges in smokers: A
study of pulmonary and systemic effects. British Journal of Clinical
Pharmacology, 74, 1023-1032. https://doi.org/10.1111/j.1365-2125.
2012.04287.x

Aun, M. V., Bonamichi-Santos, R., Arantes-Costa, F. M., Kalil, J., & Giavina-
Bianchi, P. (2017). Animal models of asthma: Utility and limitations.
Journal of Asthma and Allergy, 10, 293-301. https://doi.org/10.2147/
JAAS121092

Bai, Y., Krishnamoorthy, N., Patel, K. R., Rosas, I., Sanderson, M. J.,, & Ai, X.
(2016). Cryopreserved human precision-cut lung slices as a bioassay
for live tissue banking a viability study of bronchodilation with
bitter-taste receptor agonists. American Journal of Respiratory Cell and
Molecular Biology, 54, 656-663. https://doi.org/10.1165/rcmb.2015-
0290MA

Barnes, P. J. (2003). Neurogenic inflammation in the airways. Neurolmmune
Biology, 3, 437-449. https://doi.org/10.1016/51567-7443(03)
80057-1

Barnes, P. J. (2004). Distribution of receptor targets in the lung. Proceed-
ings of the American Thoracic Society, 1, 345-351. https://doi.org/10.
1513/pats.200409-045MS

Barnes, P. J. (2012). Autonomic control of the lower airways. Primer on the
Autonomic Nervous System (3rd ed., pp. 201-204). https://doi.org/10.
1016/B978-0-12-386525-0.00041-X

Barnes, P. J. (2019). Small airway fibrosis in COPD. The International Jour-
nal of Biochemistry & Cell Biology, 116, 105598. https://doi.org/10.
1016/j.biocel.2019.105598

Barnes, P. J., Basbaum, C. B., & Nadel, J. A. (1983). Autoradiographic locali-
zation of autonomic receptors in airway smooth muscle. Marked

85UB01 T SUOIWIOD @A 181D 9|qeotjdde ay) Aq pausenob e Sepoie YO 8sN JO SajnJ 10} ARIq1T 8UIUO AS]IA UO (SUOTHIPUOD-PUE-SUIB) 0™ A8 | 1M Afe.d]jBu1[UO//:SdNL) SUONIPUOD PUe SWiB | 8U1 89S *[20z/20/yT] Uo Akeigiauliuo A8]iM ‘eIl eueIyp0 AQ /29T yda/TTTT 0T/I0p/woo A3 1M Aiqijpuljuo'sqndsday/sdny woij pspeojumod ‘S ‘v20z ‘T8ES9.YT


https://orcid.org/0000-0003-0456-069X
https://orcid.org/0000-0003-0456-069X
https://orcid.org/0000-0003-4895-9707
https://orcid.org/0000-0003-4895-9707
https://orcid.org/0000-0001-7801-5040
https://orcid.org/0000-0001-7801-5040
https://doi.org/10.1016/S2213-2600(21)00511-7
https://doi.org/10.1016/S2213-2600(21)00511-7
https://doi.org/10.1042/CS20200394
https://doi.org/10.1165/rcmb.2017-0200TR
https://doi.org/10.1165/rcmb.2017-0200TR
https://doi.org/10.1183/16000617.0112-2021
https://doi.org/10.1164/rccm.201805-0880LE
https://doi.org/10.1183/13993003.00239-2023
https://doi.org/10.3389/fphys.2021.653177
https://doi.org/10.3389/fphys.2021.653177
https://doi.org/10.1016/S0024-3205(97)00047-7
https://doi.org/10.1016/S0024-3205(97)00047-7
https://doi.org/10.3390/ijms23052799
https://doi.org/10.1111/bph.15538
https://doi.org/10.1111/bph.15538
https://doi.org/10.1111/bph.15541
https://doi.org/10.1111/bph.15542
https://doi.org/10.1183/09031936.00112606
https://doi.org/10.1165/rcmb.2005-0453OC
https://doi.org/10.1165/rcmb.2005-0453OC
https://doi.org/10.1016/0163-7258(87)90055-6
https://doi.org/10.1111/bph.12781
https://doi.org/10.1111/bph.12781
https://doi.org/10.1007/s00441-016-2559-7
https://doi.org/10.1007/s00441-016-2559-7
https://doi.org/10.1111/j.1365-2125.2012.04287.x
https://doi.org/10.1111/j.1365-2125.2012.04287.x
https://doi.org/10.2147/JAA.S121092
https://doi.org/10.2147/JAA.S121092
https://doi.org/10.1165/rcmb.2015-0290MA
https://doi.org/10.1165/rcmb.2015-0290MA
https://doi.org/10.1016/S1567-7443(03)80057-1
https://doi.org/10.1016/S1567-7443(03)80057-1
https://doi.org/10.1513/pats.200409-045MS
https://doi.org/10.1513/pats.200409-045MS
https://doi.org/10.1016/B978-0-12-386525-0.00041-X
https://doi.org/10.1016/B978-0-12-386525-0.00041-X
https://doi.org/10.1016/j.biocel.2019.105598
https://doi.org/10.1016/j.biocel.2019.105598

CALZETTA ET AL.

630 BRITISH
PHARMACOLOGICAL:
SOCIETY

differences between large and small airways. The American Review of
Respiratory Disease, 127, 758-762.

Bates, J. H. T. (2015). Modeling the impairment of airway smooth muscle
force by stretch. Journal of Applied Physiology, 118, 684-691. https://
doi.org/10.1152/japplphysiol.00938.2014

Bates, J. H. T. (2016). Systems physiology of the airways in health and
obstructive pulmonary disease. Wiley Interdisciplinary Reviews. Systems
Biology and Medicine, 8, 423-437. https://doi.org/10.1002/wsbm.
1347

Bates, J. H. T., Bullimore, S. R, Politi, A. Z.,, Sneyd, J., Anafi, R. C,, &
Lauzon, A. M. (2009). Transient oscillatory force-length behavior of
activated airway smooth muscle. American Journal of Physiology. Lung
Cellular and Molecular Physiology, 297, L362-L372. https://doi.org/10.
1152/ajplung.00095.2009

Bates, J. H. T., & Lauzon, A. M. (2005). Modeling the oscillation dynamics
of activated airway smooth muscle strips. American Journal of Physiol-
ogy. Lung Cellular and Molecular Physiology, 289, L849-1L855. https://
doi.org/10.1152/ajplung.00129.2005

Baum, S. L., Anderson, I. G. M., Baker, R. R, Murphy, D. M., &
Rowlands, C. C. (2003). Electron spin resonance and spin trap investi-
gation of free radicals in cigarette smoke: Development of a quantifi-
cation procedure. Analytica Chimica Acta, 481, 1-13. https://doi.org/
10.1016/S0003-2670(03)00078-3

Beasley, V. Joshi, P. V., Singanayagam, A., Molyneaux, P. L,
Johnston, S. L., & Mallia, P. (2012). Lung microbiology and exacerba-
tions in COPD. International Journal of COPD, 7,555-569.

Belikova, M., Safholm, J., Al-Ameri, M., Orre, A., Dahlén, S., & Adner, M.
(2023). Combined exposure to the alarmins TSLP, IL-33 and IL-25
enhances mast cell-dependent contractions of human bronchi. Clinical
and Experimental Allergy, 53, 1062-1066. https://doi.org/10.1111/
cea.14367

Belvisi, M. G., Patacchini, R., Barnes, P. J., & Maggi, C. A. (1994). Facilita-
tory effects of selective agonists for tachykinin receptors on choliner-
gic neurotransmission: Evidence for species differences. British Journal
of Pharmacology, 111, 103-110. https://doi.org/10.1111/j.1476-
5381.1994.tb14030.x

Belvisi, M. G., Stretton, C. D., Miura, M., Verleden, G. M., Tadjkarimi, S.,
Yacoub, M. H., & Barnes, P. J. (1992). Inhibitory NANC nerves in
human tracheal smooth muscle: A quest for the neurotransmitter.
Journal of Applied Physiology, 73, 2505-2510. https://doi.org/10.
1152/jappl.1992.73.6.2505

Bertho, N., & Meurens, F. (2021). The pig as a medical model for acquired
respiratory diseases and dysfunctions: An immunological perspective.
Molecular Immunology, 135, 254-267. https://doi.org/10.1016/j.
molimm.2021.03.014

Bhatt, S. P., Rabe, K. F., Hanania, N. A.,, Vogelmeier, C. F., Cole, J,
Bafadhel, M., Christenson, S. A., Papi, A. Singh, D. Laws, E.,
Mannent, L. P., Patel, N., Staudinger, H. W., Yancopoulos, G. D.,
Mortensen, E. R., Akinlade, B., Maloney, J., Lu, X., Bauer, D., ...
BOREAS Investigators. (2023). Dupilumab for COPD with type
2 inflammation indicated by eosinophil counts. The New England Jour-
nal of Medicine, 389, 205-214. https://doi.org/10.1056/
NEJMo0a2303951

Bischof, R. J., Snibson, K., Shaw, R., & Meeusen, E. N. T. (2003). Induction
of allergic inflammation in the lungs of sensitized sheep after local
challenge with house dust mite. Clinical and Experimental Allergy, 33,
367-375. https://doi.org/10.1046/j.1365-2222.2003.01534 x

Bjorck, T., Gustafsson, L. E., & Dahlen, S. E. (1992). Isolated bronchi from
asthmatics are hyperresponsive to adenosine, which apparently acts
indirectly by liberation of leukotrienes and histamine. The American
Review of Respiratory Disease, 145, 1087-1091. https://doi.org/10.
1164/ajrccm/145.5.1087

Black, J. L., Panettieri, R. A., Banerjee, A., & Berger, P. (2012). Airway
smooth muscle in asthma. Just a target for bronchodilation? Clinics in

Chest Medicine, 33, 543-558. https://doi.org/10.1016/j.ccm.2012.
05.002

Blume, C., & Davies, D. E. (2013). In vitro and ex vivo models of human
asthma. European Journal of Pharmaceutics and Biopharmaceutics, 84,
394-400. https://doi.org/10.1016/j.ejpb.2012.12.014

Bossé, Y., Sobieszek, A., Paré, P. D., & Seow, C. Y. (2008). Length adapta-
tion of airway smooth muscle. Proceedings of the American Thoracic
Society, 5, 62-67. https://doi.org/10.1513/pats.200705-056VS

Boswell-Smith, V., Spina, D., Oxford, A. W., Comer, M. B., Seeds, E. A., &
Page, C. P. (2006). The pharmacology of two novel long-acting
phosphodiesterase  3/4 inhibitors, RPL554 [9,10-dimethoxy-2
(2,4,6-trimethylphenylimino)-3-(N-carbamoyl-2- aminoethyl)-3,-
4,6,7-tetrahydro-2H-pyrimido[6,1-a]isoquinolin-4-one] and RPL565
[6,7-dihydro-2-(2,6-diisoprop)]. The Journal of Pharmacology and Exper-
imental Therapeutics, 318, 840-848. https://doi.org/10.1124/jpet.
105.099192

Bouyssou, T., Casarosa, P., Naline, E., Pestel, S., Konetzki, ., Devillier, P., &
Schnapp, A. (2010). Pharmacological characterization of olodaterol, a
novel inhaled p2-adrenoceptor agonist exerting a 24-hour-long dura-
tion of action in preclinical models. The Journal of Pharmacology and
Experimental Therapeutics, 334, 53-62. https://doi.org/10.1124/jpet.
110.167007

Boxenbaum, H. (1982). Interspecies scaling, allometry, physiological time,
and the ground plan of pharmacokinetics. Journal of Pharmacokinetics
and Biopharmaceutics, 10, 201-227. https://doi.org/10.1007/
BF01062336

Brightling, C. E., Ammit, A. J., Kaur, D., Black, J. L, Wardlaw, A. J,
Hughes, J. M., & Bradding, P. (2005). The CXCL10/CXCR3 axis medi-
ates human lung mast cell migration to asthmatic airway smooth mus-
cle. American Journal of Respiratory and Critical Care Medicine, 171,
1103-1108. https://doi.org/10.1164/rccm.200409-12200C

Brightling, C. E., Bradding, P., Symon, F. A, Holgate, S. T., Wardlaw, A. J., &
Pavord, I. D. (2002). Mast-cell infiltration of airway smooth muscle in
asthma. The New England Journal of Medicine, 346, 1699-1705.
https://doi.org/10.1056/NEJM0a012705

Brink, C., Grimaud, C., Guillot, C., & Orehek, J. (1980). The interaction
between indomethacin and contractile agents on human isolated air-
way muscle. British Journal of Pharmacology, 69, 383-388. https://doi.
org/10.1111/j.1476-5381.1980.tb07026.x

Brook, B. S. (2014). Emergence of airway smooth muscle mechanical
behavior through dynamic reorganization of contractile units and force
transmission pathways. Journal of Applied Physiology, 116, 980-997.
https://doi.org/10.1152/japplphysiol.01209.2013

Brooks, G. (1995). Respiratory physiology-the essentials. Cardiopulmonary
Physical Therapy Journal, 6, 31. https://doi.org/10.1097/01823246-
199506030-00014

Brown, R. H., Pearse, D. B., Pyrgos, G, Liu, M. C,, Togias, A., & Permutt, S.
(2006). The structural basis of airways hyperresponsiveness in asthma.
Journal of Applied Physiology, 101, 30-39. https://doi.org/10.1152/
japplphysiol.01190.2005

Brusselle, G. G., Bracke, K. R., & Maes, T. (2006). Murine models of COPD.
Pulmonary Pharmacology & Therapeutics, 19, 155-165. https://doi.org/
10.1016/j.pupt.2005.06.001

Bullone, M., & Lavoie, J. P. (2017). Science-in-brief: Equine asthma diagno-
sis: Beyond bronchoalveolar lavage cytology. Equine Veterinary Journal,
49, 263-265. https://doi.org/10.1111/evj.12679

Burgess, J. K., Johnson, P. R. A, Ge, Q.,, Au, W. W., Poniris, M. H.,
McParland, B. E., King, G., Roth, M., & Black, J. L. (2003). Expression of
connective tissue growth factor in asthmatic airway smooth muscle
cells. American Journal of Respiratory and Critical Care Medicine, 167,
71-77. https://doi.org/10.1164/rccm.200205-4160C

Cairncross, A., Jones, R. L., Elliot, J. G., McFawn, P. K, James, A. L., &
Noble, P. B. (2020). Airway narrowing and response to simulated deep
inspiration in bronchial segments from subjects with fixed airflow

85UB01 T SUOIWIOD @A 181D 9|qeotjdde ay) Aq pausenob e Sepoie YO 8sN JO SajnJ 10} ARIq1T 8UIUO AS]IA UO (SUOTHIPUOD-PUE-SUIB) 0™ A8 | 1M Afe.d]jBu1[UO//:SdNL) SUONIPUOD PUe SWiB | 8U1 89S *[20z/20/yT] Uo Akeigiauliuo A8]iM ‘eIl eueIyp0 AQ /29T yda/TTTT 0T/I0p/woo A3 1M Aiqijpuljuo'sqndsday/sdny woij pspeojumod ‘S ‘v20z ‘T8ES9.YT


https://doi.org/10.1152/japplphysiol.00938.2014
https://doi.org/10.1152/japplphysiol.00938.2014
https://doi.org/10.1002/wsbm.1347
https://doi.org/10.1002/wsbm.1347
https://doi.org/10.1152/ajplung.00095.2009
https://doi.org/10.1152/ajplung.00095.2009
https://doi.org/10.1152/ajplung.00129.2005
https://doi.org/10.1152/ajplung.00129.2005
https://doi.org/10.1016/S0003-2670(03)00078-3
https://doi.org/10.1016/S0003-2670(03)00078-3
https://doi.org/10.1111/cea.14367
https://doi.org/10.1111/cea.14367
https://doi.org/10.1111/j.1476-5381.1994.tb14030.x
https://doi.org/10.1111/j.1476-5381.1994.tb14030.x
https://doi.org/10.1152/jappl.1992.73.6.2505
https://doi.org/10.1152/jappl.1992.73.6.2505
https://doi.org/10.1016/j.molimm.2021.03.014
https://doi.org/10.1016/j.molimm.2021.03.014
https://doi.org/10.1056/NEJMoa2303951
https://doi.org/10.1056/NEJMoa2303951
https://doi.org/10.1046/j.1365-2222.2003.01534.x
https://doi.org/10.1164/ajrccm/145.5.1087
https://doi.org/10.1164/ajrccm/145.5.1087
https://doi.org/10.1016/j.ccm.2012.05.002
https://doi.org/10.1016/j.ccm.2012.05.002
https://doi.org/10.1016/j.ejpb.2012.12.014
https://doi.org/10.1513/pats.200705-056VS
https://doi.org/10.1124/jpet.105.099192
https://doi.org/10.1124/jpet.105.099192
https://doi.org/10.1124/jpet.110.167007
https://doi.org/10.1124/jpet.110.167007
https://doi.org/10.1007/BF01062336
https://doi.org/10.1007/BF01062336
https://doi.org/10.1164/rccm.200409-1220OC
https://doi.org/10.1056/NEJMoa012705
https://doi.org/10.1111/j.1476-5381.1980.tb07026.x
https://doi.org/10.1111/j.1476-5381.1980.tb07026.x
https://doi.org/10.1152/japplphysiol.01209.2013
https://doi.org/10.1097/01823246-199506030-00014
https://doi.org/10.1097/01823246-199506030-00014
https://doi.org/10.1152/japplphysiol.01190.2005
https://doi.org/10.1152/japplphysiol.01190.2005
https://doi.org/10.1016/j.pupt.2005.06.001
https://doi.org/10.1016/j.pupt.2005.06.001
https://doi.org/10.1111/evj.12679
https://doi.org/10.1164/rccm.200205-416OC

CALZETTAET AL.

obstruction. Journal of Applied Physiology, 128, 757-767. https://doi.
org/10.1152/japplphysiol.00439.2019

Calvén, J.,, Ax, E., & Radinger, M. (2020). The airway epithelium-a central
player in asthma pathogenesis. International Journal of Molecular Sci-
ences, 21, 1-29.

Calzetta, L., Aiello, M., Frizzelli, A., Bertorelli, G., & Chetta, A. (2022a).
Small airways in asthma: From bench-to-bedside. Minerva Medica, 113,
79-93. https://doi.org/10.23736/50026-4806.21.07268-2

Calzetta, L., Aiello, M., Frizzelli A., Bertorelli G., Ritondo, B. L.,
Rogliani, P., & Chetta, A. (2021a). The impact of monoclonal antibodies
on airway smooth muscle contractility in asthma: A systematic review.
Biomedicine, 9, 1281. https://doi.org/10.3390/biomedicines?091281

Calzetta, L., Aiello, M., Frizzelli, A., Pistocchini, E., Ritondo, B. L.,
Rogliani, P., & Chetta, A. (2022b). Investigational treatments in phase |
and |l clinical trials: A systematic review in asthma. Biomedicine, 10,
2330. https://doi.org/10.3390/biomedicines10092330

Calzetta, L., Cazzola, M., Page, C. P., Rogliani, P., Facciolo, F., &
Matera, M. G. (2015a). Pharmacological characterization of the inter-
action between the dual phosphodiesterase (PDE) 3/4 inhibitor
RPL554 and glycopyrronium on human isolated bronchi and small air-
ways. Pulmonary Pharmacology & Therapeutics, 32, 15-23. https://doi.
org/10.1016/j.pupt.2015.03.007

Calzetta, L., Chetta, A., Aiello, M., Frizzelli, A., Ora, J., Melis, E., Facciolo, F.,
Ippoliti, L., Magrini, A., & Rogliani, P. (2023a). The BNT162b2 mRNA
COVID-19 vaccine increases the contractile sensitivity to histamine
and parasympathetic activation in a human ex vivo model of severe
eosinophilic asthma. Vaccine, 11, 282. https://doi.org/10.3390/
vaccines11020282

Calzetta, L., Luongo, L., Cazzola, M., Page, C., Rogliani, P., Facciolo, F.,
Maione, S., Capuano, A., Rinaldi, B., & Matera, M. G. (2015b). Contri-
bution of sensory nerves to LPS-induced hyperresponsiveness of
human isolated bronchi. Life Sciences, 131, 44-50. https://doi.org/10.
1016/j.Ifs.2015.03.023

Calzetta, L., Matera, M. G., & Cazzola, M. (2018a). Pharmacological mecha-
nisms leading to synergy in fixed-dose dual bronchodilator therapy.
Current Opinion in Pharmacology, 40, 95-103. https://doi.org/10.
1016/j.coph.2018.03.011

Calzetta, L., Matera, M. G., Cazzola, M., & Rogliani, P. (2019a). Optimizing
the development strategy of combination therapy in respiratory medi-
cine: From isolated airways to patients. Advances in Therapy, 36,
3291-3298. https://doi.org/10.1007/s12325-019-01119-w

Calzetta, L., Matera, M. G., Facciolo, F., Cazzola, M., & Rogliani, P. (2018b).
Beclomethasone dipropionate and formoterol fumarate synergistically
interact in hyperresponsive medium bronchi and small airways. Respi-
ratory Research, 19, 65. https://doi.org/10.1186/s12931-018-0770-7

Calzetta, L., Ora, J., Cavalli, F., Rogliani, P., O'Donnell, D. E., & Cazzola, M.
(2017a). Impact of LABA/LAMA combination on exercise endurance
and lung hyperinflation in COPD: A pair-wise and network meta-anal-
ysis. Respiratory Medicine, 129, 189-198. https://doi.org/10.1016/j.
rmed.2017.06.020

Calzetta, L., Passeri, D., Kanabar, V., Rogliani, P., Page, C., Cazzola, M.,
Matera, M. G., & Orlandi, A. (2014a). Brain natriuretic peptide protects
against hyperresponsiveness of human asthmatic airway smooth mus-
cle via an epithelial cell-dependent mechanism. American Journal of
Respiratory Cell and Molecular Biology, 50, 493-501. https://doi.org/
10.1165/rcmb.2013-01190C

Calzetta, L., Pietroiusti, A., Page, C., Bussolati, O., Chetta, A., Facciolo, F., &
Rogliani, P. (2021b). Multi-walled carbon nanotubes induce airway
hyperresponsiveness in human bronchi by stimulating sensory C-fibers
and increasing the release of neuronal acetylcholine. Expert Review of
Respiratory Medicine, 15, 1473-1481. https://doi.org/10.1080/
17476348.2021.1979395

Calzetta, L., Pistocchini, E., Chetta, A., Rogliani, P., & Cazzola, M. (2023b).
Experimental drugs in clinical trials for COPD: Artificial intelligence
via machine learning approach to predict the successful advance

BRITISH 631
PHARMACOLOGICAL:
SOCIETY

from early-stage development to approval. Expert Opinion on Investiga-
tional Drugs, 32, 525-536. https://doi.org/10.1080/13543784.2023.
2230138

Calzetta, L., Pistocchini, E., Cito, G., Ritondo, B. L., Verri, S., & Rogliani, P.
(2022c¢). Inflammatory and contractile profile in LPS-challenged equine
isolated bronchi: Evidence for IL-6 as a potential target against AHR in
equine asthma. Pulmonary Pharmacology & Therapeutics, 73-74,
102125. https://doi.org/10.1016/j.pupt.2022.102125

Calzetta, L., Pistocchini, E., Ritondo, B. L., Cavalli, F., Camardelli, F., &
Rogliani, P. (2022d). Muscarinic receptor antagonists and airway
inflammation: A systematic review on pharmacological models. Heli-
yon, 8, e09760. https://doi.org/10.1016/j.heliyon.2022.e09760

Calzetta, L., Pistocchini, E., Ritondo, B. L., Roncada, P., Cito, G., Britti, D., &
Matera, M. G. (2019b). Isolated airways in equine respiratory pharma-
cology: They never lie. Pulmonary Pharmacology & Therapeutics, 59,
101849. https://doi.org/10.1016/j.pupt.2019.101849

Calzetta, L., Ritondo, B. L., Matera, M. G., Facciolo, F., & Rogliani, P.
(2020). Targeting IL-5 pathway against airway hyperresponsiveness: A
comparison between benralizumab and mepolizumab. British Journal of
Pharmacology, 177, 4750-4765. https://doi.org/10.1111/bph.15240

Calzetta, L., Ritondo, B. L., Zappa, M. C., Manzetti, G. M., Perduno, A.,
Shute, J., & Rogliani, P. (2022¢). The impact of long-acting muscarinic
antagonists on mucus hypersecretion and cough in chronic obstructive
pulmonary disease: A systematic review. The European Respiratory
Review (ERR) is an open access journal published by the European Respi-
ratory Society, 31, 210196. https://doi.org/10.1183/16000617.0196-
2021

Calzetta, L., Rogliani, P., Cazzola, M., & Matera, M. G. (2014b). Advances in
asthma drug discovery: Evaluating the potential of nasal cell sampling
and beyond. Expert Opinion on Drug Discovery, 9, 595-607. https://
doi.org/10.1517/17460441.2014.909403

Calzetta, L., Rogliani, P., Facciolo, F., Rendina, E., Cazzola, M. &
Matera, M. G. (2017b). Pharmacological characterization of the inter-
action between umeclidinium and vilanterol in human bronchi.
European Journal of Pharmacology, 812, 147-154. https://doi.org/10.
1016/j.ejphar.2017.07.026

Calzetta, L., Rogliani, P., Facciolo, F., Rinaldi, B., Cazzola, M. &
Matera, M. G. (2018c). N-acetylcysteine protects human bronchi by
modulating the release of neurokinin a in an ex vivo model of COPD
exacerbation. Biomedicine & Pharmacotherapy, 103, 1-8. https://doi.
org/10.1016/j.biopha.2018.04.011

Calzetta, L., Rogliani, P., Page, C., Rinaldi, B., Cazzola, M., & Matera, M. G.
(2019c¢). Pharmacological characterization of the interaction between
tiotropium bromide and olodaterol on human bronchi and small air-
ways. Pulmonary Pharmacology & Therapeutics, 56, 39-50. https://doi.
org/10.1016/j.pupt.2019.03.004

Calzetta, L., Rogliani, P., Pistocchini, E., Mattei, M., Cito, G., Alfonsi, P.,
Page, C., & Matera, M. G. (2018d). Combining long-acting bronchodila-
tors with different mechanisms of action: A pharmacological approach
to optimize bronchodilation of equine airways. Journal of Veterinary
Pharmacology and Therapeutics, 41, 546-554. https://doi.org/10.
1111/jvp.12504

Calzetta, L., Rogliani, P., Pistocchini, E., Mattei, M., Cito, G., Alfonsi, P.,
Page, C., & Matera, M. G. (2018e). Effect of lipopolysaccharide
on the responsiveness of equine bronchial tissue. Pulmonary
Pharmacology & Therapeutics, 49, 88-94. https://doi.org/10.1016/j.
pupt.2018.01.010

Calzetta, L., Spina, D., Cazzola, M. Page, C. P. Facciolo, F.,
Rendina, E. A., & Matera, M. G. (2011). Pharmacological characteriza-
tion of adenosine receptors on isolated human bronchi. American Jour-
nal of Respiratory Cell and Molecular Biology, 45, 1222-1231. https://
doi.org/10.1165/rcmb.2011-00560C

Canning, B. J. (2006). Reflex regulation of airway smooth muscle tone.
Journal of Applied Physiology, 101, 971-985. https://doi.org/10.1152/
japplphysiol.00313.2006

85UB01 T SUOIWIOD @A 181D 9|qeotjdde ay) Aq pausenob e Sepoie YO 8sN JO SajnJ 10} ARIq1T 8UIUO AS]IA UO (SUOTHIPUOD-PUE-SUIB) 0™ A8 | 1M Afe.d]jBu1[UO//:SdNL) SUONIPUOD PUe SWiB | 8U1 89S *[20z/20/yT] Uo Akeigiauliuo A8]iM ‘eIl eueIyp0 AQ /29T yda/TTTT 0T/I0p/woo A3 1M Aiqijpuljuo'sqndsday/sdny woij pspeojumod ‘S ‘v20z ‘T8ES9.YT


https://doi.org/10.1152/japplphysiol.00439.2019
https://doi.org/10.1152/japplphysiol.00439.2019
https://doi.org/10.23736/S0026-4806.21.07268-2
https://doi.org/10.3390/biomedicines9091281
https://doi.org/10.3390/biomedicines10092330
https://doi.org/10.1016/j.pupt.2015.03.007
https://doi.org/10.1016/j.pupt.2015.03.007
https://doi.org/10.3390/vaccines11020282
https://doi.org/10.3390/vaccines11020282
https://doi.org/10.1016/j.lfs.2015.03.023
https://doi.org/10.1016/j.lfs.2015.03.023
https://doi.org/10.1016/j.coph.2018.03.011
https://doi.org/10.1016/j.coph.2018.03.011
https://doi.org/10.1007/s12325-019-01119-w
https://doi.org/10.1186/s12931-018-0770-7
https://doi.org/10.1016/j.rmed.2017.06.020
https://doi.org/10.1016/j.rmed.2017.06.020
https://doi.org/10.1165/rcmb.2013-0119OC
https://doi.org/10.1165/rcmb.2013-0119OC
https://doi.org/10.1080/17476348.2021.1979395
https://doi.org/10.1080/17476348.2021.1979395
https://doi.org/10.1080/13543784.2023.2230138
https://doi.org/10.1080/13543784.2023.2230138
https://doi.org/10.1016/j.pupt.2022.102125
https://doi.org/10.1016/j.heliyon.2022.e09760
https://doi.org/10.1016/j.pupt.2019.101849
https://doi.org/10.1111/bph.15240
https://doi.org/10.1183/16000617.0196-2021
https://doi.org/10.1183/16000617.0196-2021
https://doi.org/10.1517/17460441.2014.909403
https://doi.org/10.1517/17460441.2014.909403
https://doi.org/10.1016/j.ejphar.2017.07.026
https://doi.org/10.1016/j.ejphar.2017.07.026
https://doi.org/10.1016/j.biopha.2018.04.011
https://doi.org/10.1016/j.biopha.2018.04.011
https://doi.org/10.1016/j.pupt.2019.03.004
https://doi.org/10.1016/j.pupt.2019.03.004
https://doi.org/10.1111/jvp.12504
https://doi.org/10.1111/jvp.12504
https://doi.org/10.1016/j.pupt.2018.01.010
https://doi.org/10.1016/j.pupt.2018.01.010
https://doi.org/10.1165/rcmb.2011-0056OC
https://doi.org/10.1165/rcmb.2011-0056OC
https://doi.org/10.1152/japplphysiol.00313.2006
https://doi.org/10.1152/japplphysiol.00313.2006

CALZETTA ET AL.

632 BRITISH
PHARMACOLOGICAL:
SOCIETY

Cazzola, M., Calzetta, L., Facciolo, F., Rogliani, P., & Matera, M. G. (2017).
Pharmacological investigation on the anti-oxidant and anti-
inflammatory activity of N-acetylcysteine in an ex vivo model of
COPD exacerbation. Respiratory Research, 18, 26. https://doi.org/10.
1186/512931-016-0500-y

Cazzola, M., Calzetta, L., Ora, J., Puxeddu, E., Rogliani, P., & Matera, M. G.
(2015a). Searching for the synergistic effect between aclidinium and
formoterol: From bench to bedside. Respiratory Medicine, 109, 1305-
1311. https://doi.org/10.1016/j.rmed.2015.08.005

Cazzola, M., Calzetta, L, Page, C. P. Rinaldi, B., Capuano, A, &
Matera, M. G. (2011). Protein prenylation contributes to the effects of
LPS on EFS-induced responses in human isolated bronchi. American
Journal of Respiratory Cell and Molecular Biology, 45, 704-710. https://
doi.org/10.1165/rcmb.2010-03060C

Cazzola, M., Calzetta, L., Page, C. P., Rogliani, P., Facciolo, F.
Gavalda, A., & Matera, M. G. (2014). Pharmacological characterization
of the interaction between aclidinium bromide and formoterol fuma-
rate on human isolated bronchi. European Journal of Pharmacology,
745, 135-143. https://doi.org/10.1016/j.ejphar.2014.10.025

Cazzola, M., Calzetta, L., Puxeddu, E., Ora, J., Facciolo, F., Rogliani, P., &
Matera, M. G. (2016). Pharmacological characterisation of the interac-
tion between glycopyrronium bromide and indacaterol fumarate in
human isolated bronchi, small airways and bronchial epithelial cells.
Respiratory Research, 17, 70. https://doi.org/10.1186/s12931-016-
0386-8

Cazzola, M., Calzetta, L., Rogliani, P., Lauro, D., Novelli, L., Page, C. P.,
Kanabar, V., & Matera, M. G. (2012a). High glucose enhances respon-
siveness of human airways smooth muscle via the rho/ROCK pathway.
American Journal of Respiratory Cell and Molecular Biology, 47, 509-
516. https://doi.org/10.1165/rcmb.2011-04490C

Cazzola, M., Calzetta, L., Segreti, A. Facciolo, F., Rogliani, P, &
Matera, M. G. (2015b). Translational study searching for synergy
between glycopyrronium and indacaterol. COPD: Journal of Chronic
Obstructive Pulmonary Disease, 12, 175-181. https://doi.org/10.3109/
15412555.2014.922172

Cazzola, M., Page, C. P., Calzetta, L., & Matera, M. G. (2012b). Pharmacol-
ogy and therapeutics of bronchodilators. Pharmacological Reviews, 64,
450-504. https://doi.org/10.1124/pr.111.004580

Check Hayden, E. (2014). Misleading mouse studies waste medical
resources. Nature, 1. https://doi.org/10.1038/nature.2014.14938

Chen, L., Ge, Q,, Tjin, G., Alkhouri, H., Deng, L., Brandsma, C. A., Adcock, 1.,
Timens, W., Postma, D., Burgess, J. K., Black, J. L., & Oliver, B. G. G.
(2014). Effects of cigarette smoke extract on human airway smooth
muscle cells in COPD. The European Respiratory Journal, 44, 634-646.
https://doi.org/10.1183/09031936.00171313

Chen, M. W,, Hua, K. T., Kao, H. J., Chi, C. C.,, Wei, L. H., Johansson, G.,
Shiah, S. G., Chen, P. S, Jeng, Y. M., Cheng, T. Y, Lai, T. C,
Chang, J. S., Jan, Y. H., Chien, M. H,, Yang, C. J, Huang, M. S,
Hsiao, M., & Kuo, M. L. (2010). H3K9 histone methyltransferase G9a
promotes lung cancer invasion and metastasis by silencing the cell
adhesion molecule ep-CAM. Cancer Research, 70, 7830-7840. https://
doi.org/10.1158/0008-5472.CAN-10-0833

Chesné, J., Braza, F., Chadeuf, G., Mahay, G., Cheminant, M. A,, Loy, J,,
Brouard, S., Sauzeau, V., Loirand, G., & Magnan, A. (2015). Prime role
of IL-17A in neutrophilia and airway smooth muscle contraction in a
house dust mite-induced allergic asthma model. The Journal of Allergy
and Clinical Immunology, 135, 1643-1645.e5. https://doi.org/10.
1016/j.jaci.2014.12.1872

Chin, L. Y. M., Bosse, Y., Jiao, Y., Solomon, D., Hackett, T. L., Pare, P. D., &
Seow, C. Y. (2010). Human airway smooth muscle is structurally and
mechanically similar to that of other species. The European Respiratory
Journal, 36, 170-177. https://doi.org/10.1183/09031936.00136709

Chou, T. C. (2006). Theoretical basis, experimental design, and computer-
ized simulation of synergism and antagonism in drug combination

studies. Pharmacological Reviews, 58, 621-681. https://doi.org/10.
1124/pr.58.3.10

Chung, K. F., & Barnes, P. J. (1999). Cytokines in asthma. Thorax, 54, 825-
857. https://doi.org/10.1136/thx.54.9.825

Coffman, R. L., & Hessel, E. M. (2005). Nonhuman primate models of
asthma. The Journal of Experimental Medicine, 201, 1875-1879.
https://doi.org/10.1084/jem.20050901

Comunian, S., Dongo, D., Milani, C., & Palestini, P. (2020). Air pollution and
COVID-19: The role of particulate matter in the spread and increase
of COVID-19's morbidity and mortality. International Journal of Envi-
ronmental Research and Public Health, 17, 1-22.

Cortijo, J., Mata, M., Milara, J., Donet, E., Gavalda, A., Miralpeix, M., &
Morcillo, E. J. (2011). Aclidinium inhibits cholinergic and tobacco
smoke-induced MUC5AC in human airways. European Respiratory
Journal, 37(2), 244-254.

Cosio, B. G., Pascual-Guardia, S., Borras-Santos, A., Peces-Barba, G.,
Santos, S., Vigil, L., Soler-Cataluia, J. J.,, Martinez-Gonzélez, C.,
Casanova, C., Marcos, P. J., & Alvarez, C. J. (2020). Phenotypic charac-
terisation of early COPD: A prospective case-control study. ERJ Open
Research, 6, 1-13.

Couétil, L. L., Cardwell, J. M., Gerber, V., Lavoie, J. P., Léguillette, R., &
Richard, E. A. (2016). Inflammatory airway disease of horses-revised
consensus Statement. Journal of Veterinary Internal Medicine, 30, 503-
515. https://doi.org/10.1111/jvim.13824

Cukic, V., Lovre, V., Dragisic, D., & Ustamujic, A. (2012). Asthma and
chronic obstructive pulmonary disease (Copd) - differences and simi-
larities. Materia Socio Medica, 24, 100-105. https://doi.org/10.5455/
msm.2012.24.100-105

Cuzzo, B., & Lappin, S. L. (2022). Physiology, leukotrienes. StatPearls.

Dacydchenko, S. V., & Bova, A. A. (2007). The role of respiratory infection
in exacerbation of chronic obstructive pulmonary disease. Klin Med
(Mosk)., 85, 10-15.

D'Anna, C., Cigna, D., Di Sano, C., Di Vincenzo, S., Dino, P., & Ferraro, M.
(2017). Exposure to cigarette smoke extract and lipopolysaccharide
modifies cytoskeleton organization in bronchial epithelial cells. Experi-
mental Lung Research, 43, 347-358. https://doi.org/10.1080/
01902148.2017.1377784

De Jongste, J. C., Mons, H., Van Strik, R., Bonta, I. L., & Kerrebijn, K. F.
(1987). Comparison of isometric and isotonic responses of human
small airway smooth muscle in vitro. Journal of Pharmacological
Methods, 17, 165-171. https://doi.org/10.1016/0160-5402(87)
90027-1

de Lange, E. E., Altes, T. A, Patrie, J. T., Parmar, J., Brookeman, J. R,
Mugler, J. P., & Platts-Mills, T. A. E. (2007). The variability of regional
airflow obstruction within the lungs of patients with asthma: Assess-
ment with hyperpolarized helium-3 magnetic resonance imaging. The
Journal of Allergy and Clinical Immunology, 119, 1072-1078. https://
doi.org/10.1016/j.jaci.2006.12.659

di Veroli, G. Y., Fornari, C., Wang, D., Mollard, S., Bramhall, J. L.,
Richards, F. M., & Jodrell, D. I. (2016). Combenefit: An interactive plat-
form for the analysis and visualization of drug combinations. Bioinfor-
matics, 32, 2866-2868. https://doi.org/10.1093/bioinformatics/
btw230

Di, Y. P., Zhao, J., & Harper, R. (2012). Cigarette smoke induces MUC5AC
protein expression through the activation of Sp1. The Journal of Biolog-
ical Chemistry, 287, 27948-27958. https://doi.org/10.1074/jbc.
M111.334375

Dima, S., Chen, K.-H., Wang, K.-J., Wang, K.-M., & Teng, N.-C. (2018).
Effect of comorbidity on lung cancer diagnosis timing and mortality: A
Nationwide population-based cohort study in Taiwan. BioMed
Research International, 2018, 1252897.

Dispenza, M. C., Krier-Burris, R. A., Chhiba, K. D., Undem, B. J,
Robida, P. A., & Bochner, B. S. (2020). Bruton's tyrosine kinase inhibi-
tion effectively protects against human IgE-mediated anaphylaxis. The

85UB01 T SUOIWIOD @A 181D 9|qeotjdde ay) Aq pausenob e Sepoie YO 8sN JO SajnJ 10} ARIq1T 8UIUO AS]IA UO (SUOTHIPUOD-PUE-SUIB) 0™ A8 | 1M Afe.d]jBu1[UO//:SdNL) SUONIPUOD PUe SWiB | 8U1 89S *[20z/20/yT] Uo Akeigiauliuo A8]iM ‘eIl eueIyp0 AQ /29T yda/TTTT 0T/I0p/woo A3 1M Aiqijpuljuo'sqndsday/sdny woij pspeojumod ‘S ‘v20z ‘T8ES9.YT


https://doi.org/10.1186/s12931-016-0500-y
https://doi.org/10.1186/s12931-016-0500-y
https://doi.org/10.1016/j.rmed.2015.08.005
https://doi.org/10.1165/rcmb.2010-0306OC
https://doi.org/10.1165/rcmb.2010-0306OC
https://doi.org/10.1016/j.ejphar.2014.10.025
https://doi.org/10.1186/s12931-016-0386-8
https://doi.org/10.1186/s12931-016-0386-8
https://doi.org/10.1165/rcmb.2011-0449OC
https://doi.org/10.3109/15412555.2014.922172
https://doi.org/10.3109/15412555.2014.922172
https://doi.org/10.1124/pr.111.004580
https://doi.org/10.1038/nature.2014.14938
https://doi.org/10.1183/09031936.00171313
https://doi.org/10.1158/0008-5472.CAN-10-0833
https://doi.org/10.1158/0008-5472.CAN-10-0833
https://doi.org/10.1016/j.jaci.2014.12.1872
https://doi.org/10.1016/j.jaci.2014.12.1872
https://doi.org/10.1183/09031936.00136709
https://doi.org/10.1124/pr.58.3.10
https://doi.org/10.1124/pr.58.3.10
https://doi.org/10.1136/thx.54.9.825
https://doi.org/10.1084/jem.20050901
https://doi.org/10.1111/jvim.13824
https://doi.org/10.5455/msm.2012.24.100-105
https://doi.org/10.5455/msm.2012.24.100-105
https://doi.org/10.1080/01902148.2017.1377784
https://doi.org/10.1080/01902148.2017.1377784
https://doi.org/10.1016/0160-5402(87)90027-1
https://doi.org/10.1016/0160-5402(87)90027-1
https://doi.org/10.1016/j.jaci.2006.12.659
https://doi.org/10.1016/j.jaci.2006.12.659
https://doi.org/10.1093/bioinformatics/btw230
https://doi.org/10.1093/bioinformatics/btw230
https://doi.org/10.1074/jbc.M111.334375
https://doi.org/10.1074/jbc.M111.334375

CALZETTAET AL.

Journal of Clinical Investigation, 130, 4759-4770. https://doi.org/10.
1172/JCI138448

Dixon, C. E., Bedenice, D., & Mazan, M. R. (2021). Comparison of Flow-
metric plethysmography and forced oscillatory mechanics to measure
airway Hyperresponsiveness in horses. Frontiers in Veterinary Science,
7,511023. https://doi.org/10.3389/fvets.2020.511023

Doeing, D. C., & Solway, J. (2013). Airway smooth muscle in the
pathophysiology and treatment of asthma. Journal of Applied
Physiology, 114, 834-843. https://doi.org/10.1152/japplphysiol.
00950.2012

Drake, M., Lebold, K., Roth-Carter, Q., Pincus, A., Blum, E., Proskocil, B.,
Jacoby, D. B., Fryer, A. D., & Nie, Z. (2018). Eosinophil and airway
nerve interactions in asthma. Journal of Leukocyte Biology, 104, 61-67.
https://doi.org/10.1002/JLB.3MR1117-426R

Dutkowska, A. E., & Antczak, A. (2016). Comorbidities in lung cancer.
Pneumonologia i Alergologia Polska, 84, 186-192. https://doi.org/10.
5603/PiAP.2016.0022

Elias, J. A, Wu, Y., Zheng, T., & Panettieri, R. (1997). Cytokine- and virus-
stimulated airway smooth muscle cells produce IL-11 and other IL-
6-type cytokines. The American Journal of Physiology, 273, L648-L655.
https://doi.org/10.1152/ajplung.1997.273.3.L648

Eutamene, H., Theodorou, V., Schmidlin, F., Tondereau, V., Garcia-
Villar, R., & Salvador-Cartier, C. (2005). LPS-induced lung inflammation
is linked to increased epithelial permeability: Role of MLCK. The
European Respiratory Journal, 25, 789-796. https://doi.org/10.1183/
09031936.05.00064704

Fabry, B., & Fredberg, J. J. (2007). Mechanotransduction, asthma, and air-
way smooth muscle. Drug Discovery Today: Disease Models, 4, 131-
137. https://doi.org/10.1016/j.ddmod.2007.12.003

Faisy, C., Pinto, F. M., Le Guen, M., Naline, E., Delyle, S. G., Sage, E.,
Candenas, M. L., & Devillier, P. (2011). Airway response to acute
mechanical stress in a human bronchial model of stretch. Critical Care,
15, R208. https://doi.org/10.1186/cc10443

Fatur, K., & Kreft, S. (2020). Common anticholinergic solanaceaous plants
of temperate Europe - a review of intoxications from the literature
(1966-2018). Toxicon, 177, 52-88. https://doi.org/10.1016/j.toxicon.
2020.02.005

Ferreira, D. S., Carvalho-Pinto, R. M., Gregério, M. G., Annoni, R,
Teles, A. M., Buttignol, M., Aratjo-Paulino, B. B., Katayama, E. H,,
Oliveira, B. L., del Frari, H. S., Cukier, A., Dolhnikoff, M., Stelmach, R.,
Rabe, K. F., & Mauad, T. (2018). Airway pathology in severe asthma is
related to airflow obstruction but not symptom control. Allergy
European Journal of Allergy and Clinical Immunology, 73, 635-643.
https://doi.org/10.1111/all.13323

Flavahan, N. A., Aarhus, L. L., Rimele, T. J., & Vanhoutte, P. M. (1985).
Respiratory epithelium inhibits bronchial smooth muscle tone. Journal
of Applied Physiology, 58, 834-838. https://doi.org/10.1152/jappl.
1985.58.3.834

Franciosi, L. G., Diamant, Z., Banner, K. H., Zuiker, R., Morelli, N.,
Kamerling, I. M. C., de Kam, M. L., Burggraaf, J.,, Cohen, A. F,,
Cazzola, M., Calzetta, L., Singh, D., Spina, D., Walker, M. J. A, &
Page, C. P. (2013). Efficacy and safety of RPL554, a dual PDE3 and
PDE4 inhibitor, in healthy volunteers and in patients with asthma or
chronic obstructive pulmonary disease: Findings from four clinical tri-
als. The Lancet Respiratory Medicine, 1, 714-727. https://doi.org/10.
1016/52213-2600(13)70187-5

Fryer, A. D., & Jacoby, D. B. (1998). Muscarinic receptors and control of
airway smooth muscle. American Journal of Respiratory and Critical Care
Medicine, 158, S154-S160. https://doi.org/10.1164/ajrccm.158.
supplement_2.13tac120

Fu, C, Hu, Y, Liu, J, & Yang, Y. (2021). The splicing factor SRSF1
stabilizes the mRNA of TSLP to enhance acute lung injury. Cellular
Immunology, 362, 104299. https://doi.org/10.1016/j.cellimm.2021.
104299

BRITISH 633
PHARMACOLOGICAL:
SOCIETY

Fulcher, M. L., Gabriel, S., Burns, K. A., Yankaskas, J. R., & Randell, S. H.
(2005). Well-differentiated human airway epithelial cell cultures.
Methods in Molecular Medicine, 107, 183-206.

Gale, D. D., Landells, L. J., Spina, D., Miller, A. J., Smith, K., Nichols, T.,
Rotshteyn, Y., Tonelli, A,, Lacouture, P., Burch, R. M., Page, C. P.,, &
Q'Connor, B. J. (2002). Pharmacokinetic and pharmacodynamic profile
following oral administration of the phosphodiesterase (PDE)4 inhibitor
V11294A in healthy volunteers. British Journal of Clinical Pharmacology,
54, 478-484. https://doi.org/10.1046/j.1365-2125.2002.01682.x

Gallos, G., Townsend, E., Yim, P., Virag, L., Zhang, Y. Xu, D.,
Bacchetta, M., & Emala, C. W. (2013). Airway epithelium is a predomi-
nant source of endogenous airway GABA and contributes to relaxation
of airway smooth muscle tone. American Journal of Physiology. Lung
Cellular and Molecular Physiology, 304, L191-L197. https://doi.org/10.
1152/ajplung.00274.2012

Garssen, J., Van Loveren, H., Gierveld, C. M., Van Der Vliet, H., &
Nijkamp, F. P. (1993). Functional characterization of muscarinic recep-
tors in murine airways. British Journal of Pharmacology, 109, 53-60.
https://doi.org/10.1111/j.1476-5381.1993.tb13530.x

GINA. (2023a). 2023 GINA Main report - global initiative for asthma -
GINA.

GINA. (2023b). Difficult-to-treat & severe asthma in adolescent and adult
patients.

GOLD. (2023). 2023 GOLD reports - global initiative for chronic obstruc-
tive lung disease - GOLD.

Goldie, R., Spina, D., Henry, P., Lulich, K., & Paterson, J. (1986). In vitro
responsiveness of human asthmatic bronchus to carbachol, histamine,
beta-adrenoceptor agonists and theophylline. British Journal of Clinical
Pharmacology, 22, 669-676. https://doi.org/10.1111/j.1365-2125.
1986.th02956.x

Goldoni, M., & Johansson, C. (2007). A mathematical approach to study
combined effects of toxicants in vitro: Evaluation of the bliss indepen-
dence criterion and the Loewe additivity model. Toxicology In Vitro, 21,
759-769. https://doi.org/10.1016/j.tiv.2007.03.003

Goossens, J., Jonckheere, A. C., Dupont, L. J., & Bullens, D. M. A. (2021).
Air pollution and the airways: Lessons from a century of human urban-
ization. Atmosphere, 12, 898.

Gosens, R., Zaagsma, J., Meurs, H., & Halayko, A. J. (2006). Muscarinic
receptor signaling in the pathophysiology of asthma and COPD. Respi-
ratory Research, 7, 73. https://doi.org/10.1186/1465-9921-7-73

Groneberg, D. A., Quarcoo, D., Frossard, N., & Fischer, A. (2004). Neuro-
genic mechanisms in bronchial inflammatory diseases. Allergy, 59,
1139-1152. https://doi.org/10.1111/j.1398-9995.2004.00665.x

Gupta, V., Banyard, A., Mullan, A., Sriskantharajah, S., Southworth, T., &
Singh, D. (2015). Characterization of the inflammatory response to
inhaled lipopolysaccharide in mild to moderate chronic obstructive
pulmonary disease. British Journal of Clinical Pharmacology, 79, 767~
776. https://doi.org/10.1111/bcp.12546

Haddad, E. B., Patel, H., Keeling, J. E., Yacoub, M. H., Barnes, P. J., &
Belvisi, M. G. (1999). Pharmacological characterization of the musca-
rinic receptor antagonist, glycopyrrolate, in human and Guinea-pig air-
ways. British Journal of Pharmacology, 127, 413-420. https://doi.org/
10.1038/sj.hjp.0702573

Han, M. L. K, Agusti, A, Celli, B. R., Criner, G. J.,, Halpin, D. M. G,
Roche, N., Papi, A,, Stockley, R. A., Wedzicha, J., & Vogelmeier, C. F.
(2021). From GOLD O to pre-COPD. American Journal of Respiratory
and Critical Care Medicine, 203, 414-423. https://doi.org/10.1164/
rccm.202008-3328PP

Harkema, J. R., & Hotchkiss, J. A. (1992). In vivo effects of endotoxin on
intraepithelial mucosubstances in rat pulmonary airways: Quantitative
histochemistry. The American Journal of Pathology, 141, 307-317.

Hasday, J. D., Bascom, R., Costa, J. J., Fitzgerald, T., & Dubin, W. (1999).
Bacterial endotoxin is an active component of cigarette smoke. Chest,
115, 829-835. https://doi.org/10.1378/chest.115.3.829

85UB01 T SUOIWIOD @A 181D 9|qeotjdde ay) Aq pausenob e Sepoie YO 8sN JO SajnJ 10} ARIq1T 8UIUO AS]IA UO (SUOTHIPUOD-PUE-SUIB) 0™ A8 | 1M Afe.d]jBu1[UO//:SdNL) SUONIPUOD PUe SWiB | 8U1 89S *[20z/20/yT] Uo Akeigiauliuo A8]iM ‘eIl eueIyp0 AQ /29T yda/TTTT 0T/I0p/woo A3 1M Aiqijpuljuo'sqndsday/sdny woij pspeojumod ‘S ‘v20z ‘T8ES9.YT


https://doi.org/10.1172/JCI138448
https://doi.org/10.1172/JCI138448
https://doi.org/10.3389/fvets.2020.511023
https://doi.org/10.1152/japplphysiol.00950.2012
https://doi.org/10.1152/japplphysiol.00950.2012
https://doi.org/10.1002/JLB.3MR1117-426R
https://doi.org/10.5603/PiAP.2016.0022
https://doi.org/10.5603/PiAP.2016.0022
https://doi.org/10.1152/ajplung.1997.273.3.L648
https://doi.org/10.1183/09031936.05.00064704
https://doi.org/10.1183/09031936.05.00064704
https://doi.org/10.1016/j.ddmod.2007.12.003
https://doi.org/10.1186/cc10443
https://doi.org/10.1016/j.toxicon.2020.02.005
https://doi.org/10.1016/j.toxicon.2020.02.005
https://doi.org/10.1111/all.13323
https://doi.org/10.1152/jappl.1985.58.3.834
https://doi.org/10.1152/jappl.1985.58.3.834
https://doi.org/10.1016/S2213-2600(13)70187-5
https://doi.org/10.1016/S2213-2600(13)70187-5
https://doi.org/10.1164/ajrccm.158.supplement_2.13tac120
https://doi.org/10.1164/ajrccm.158.supplement_2.13tac120
https://doi.org/10.1016/j.cellimm.2021.104299
https://doi.org/10.1016/j.cellimm.2021.104299
https://doi.org/10.1046/j.1365-2125.2002.01682.x
https://doi.org/10.1152/ajplung.00274.2012
https://doi.org/10.1152/ajplung.00274.2012
https://doi.org/10.1111/j.1476-5381.1993.tb13530.x
https://doi.org/10.1111/j.1365-2125.1986.tb02956.x
https://doi.org/10.1111/j.1365-2125.1986.tb02956.x
https://doi.org/10.1016/j.tiv.2007.03.003
https://doi.org/10.1186/1465-9921-7-73
https://doi.org/10.1111/j.1398-9995.2004.00665.x
https://doi.org/10.1111/bcp.12546
https://doi.org/10.1038/sj.bjp.0702573
https://doi.org/10.1038/sj.bjp.0702573
https://doi.org/10.1164/rccm.202008-3328PP
https://doi.org/10.1164/rccm.202008-3328PP
https://doi.org/10.1378/chest.115.3.829

CALZETTA ET AL.

634 BRITISH
PHARMACOLOGICAL:
SOCIETY

Heijink, I. H., Brandenburg, S. M., Postma, D. S, & Van
Oosterhout, A. J. M. (2012). Cigarette smoke impairs airway epithelial
barrier function and cell-cell contact recovery. The European Respira-
tory Journal, 39, 419-428. https://doi.org/10.1183/09031936.
00193810

Heijink, I. H., de Bruin, H. G, Dennebos, R., Jonker, M. R,
Noordhoek, J. A., Brandsma, C. A., van den Berge, M., & Postma, D. S.
(2016). Cigarette smoke-induced epithelial expression of WNT-5B:
Implications for COPD. The European Respiratory Journal, 48, 504-515.
https://doi.org/10.1183/13993003.01541-2015

Hewson, C. A. Patel, S. Calzetta, L, Campwala, H., Havard, S.,
Luscombe, E., Clarke, P. A., Peachell, P. T., Matera, M. G., Cazzola, M.,
Page, C., Abraham, W. M., Williams, C. M., Clark, J. D., Liu, W. L.,
Clarke, N. P., & Yeadon, M. (2012). Preclinical evaluation of an inhibi-
tor of cytosolic phospholipase a<inf>2</inf>a for the treatment of
asthma. The Journal of Pharmacology and Experimental Therapeutics,
340, 656-665. https://doi.org/10.1124/jpet.111.186379

Hogg, J. C., McDonough, J. E, & Suzuki, M. (2013). Small airway
obstruction in COPD: New insights based on micro-CT imaging and
MRI imaging. Chest, 143, 1436-1443. https://doi.org/10.1378/chest.
12-1766

Holgate, S. T., Roberts, G., Arshad, H. S., Howarth, P. H., & Davies, D. E.
(2009). The role of the airway epithelium and its interaction with envi-
ronmental factors in asthma pathogenesis. Proceedings of the American
Thoracic Society, 6, 655-659. https://doi.org/10.1513/pats.200907-
072DP

Hong, H., Liao, S., Chen, F., Yang, Q., & Wang, D. Y. (2020). Role of IL-25,
IL-33, and TSLP in triggering united airway diseases toward type
2 inflammation. Allergy, 75, 2794-2804. https://doi.org/10.1111/all.
14526

Hsieh, F. H., Sharma, P., Gibbons, A., Goggans, T., Erzurum, S. C., &
Haque, S. J. (2005). Human airway epithelial cell determinants of sur-
vival and functional phenotype for primary human mast cells. Proceed-
ings of the National Academy of Sciences of the United States of America,
102, 14380-14385. https://doi.org/10.1073/pnas.0503948102

Hulina-Tomaskovi¢, A., Grdi¢ Rajkovi¢, M., Jelic, D. Bosnar, M.,
Sladoljev, L., Zani¢ Grubisi¢, T., & Rumora, L. (2019). Pro-inflammatory
effects of extracellular Hsp70 on NCI-H292 human bronchial epithelial
cell line. International Journal of Experimental Pathology, 100, 320-329.
https://doi.org/10.1111/iep.12335

Hulina-Tomaskovi¢, A., Somborac-Bacura, A., Grdi¢ Rajkovic, M,
Hlapcié, ., Jonker, M. R., Heijink, I. H., & Rumora, L. (2022). Extracellu-
lar Hsp70 modulates 16HBE cells' inflammatory responses to cigarette
smoke and bacterial components lipopolysaccharide and lipoteichoic
acid. Cell Stress & Chaperones, 27, 587-597. https://doi.org/10.1007/
$12192-022-01294-w

Hulsmann, A. R, & de Jongste, J. C. (1993). Studies of human airways
in vitro: A review of the methodology. Journal of Pharmacological and
Toxicological Methods, 30, 117-132. https://doi.org/10.1016/1056-
8719(93)90034-C

Hunter, C. L., Bowser, J. E., Wills, R. W., Byars, P., Moore, J. W,,
Wilson, R. M., Byrne, R., & Swiderski, C. E. (2020). Airway hyperre-
sponsiveness is severe and persistent in an equine model of neutro-
philic asthma. American Journal of Respiratory Cell and Molecular
Biology, 62, 808-810. https://doi.org/10.1165/rcmb.2019-0049LE

lkeda, T., Anisuzzaman, A. S. M., Yoshiki, H., Sasaki, M., Koshiji, T.,
Uwada, J., Nishimune, A., Itoh, H., & Muramatsu, I. (2012). Regional
quantification of muscarinic  acetylcholine  receptors and
B-adrenoceptors in human airways. British Journal of Pharmacology,
166, 1804-1814. https://doi.org/10.1111/j.1476-5381.2012.01881.x

Innes Asher, M., Garcia-Marcos, L., Pearce, N. E., & Strachan, D. P. (2020).
Trends in worldwide asthma prevalence. The European Respiratory
Journal, 56, 2002094. https://doi.org/10.1183/13993003.02094-
2020

Irvin, C. G., & Bates, J. H. T. (2003). Measuring the lung function in the
mouse: The challenge of size. Respiratory Research, 4, 1. https://doi.
org/10.1186/rr199

Ismailoglu, U. B., Sahin-Erdemli, I., Sungur, A., & llhan, M. (2004). Effects of
lipopolysaccharide on epithelium-dependent relaxation in coaxial bio-
assay. European Journal of Pharmacology, 487, 233-239. https://doi.
org/10.1016/j.ejphar.2003.12.030

Ito, R, Maruoka, S., Soda, K. Katano, I, Kawai, K., Yagoto, M,
Hanazawa, A., Takahashi, T., Ogura, T., Goto, M., Takahashi, R,
Toyoshima, S., Okayama, Y., lzuhara, K, Gon, Y., Hashimoto, S.,
Ito, M., & Nunomura, S. (2018). A humanized mouse model to study
asthmatic airway inflammation via the human IL-33/IL-13 axis. JCI
Insight, 3, €121580. https://doi.org/10.1172/jci.insight.121580

Ito, S., Majumdar, A., Kume, H., Shimokata, K., Naruse, K., Lutchen, K. R,,
Stamenovi¢, D., & Suki, B. (2006). Viscoelastic and dynamic nonlinear
properties of airway smooth muscle tissue: Roles of mechanical force
and the cytoskeleton. American Journal of Physiology. Lung Cellular and
Molecular Physiology, 290, L1227-11237. https://doi.org/10.1152/
ajplung.00299.2005

Jack, D. (1991). The 1990 Lilly prize lecture. A way of looking at agonism
and antagonism: Lessons from salbutamol, salmeterol and other beta-
adrenoceptor agonists. British Journal of Clinical Pharmacology, 31,
501-514. https://doi.org/10.1111/j.1365-2125.1991.tb05571.x

Jagielo, P. J., Thorne, P. S., Watt, J. L., Frees, K. L, Quinn, T. J,, &
Schwartz, D. A. (1996). Grain dust and endotoxin inhalation challenges
produce similar inflammatory responses in normal subjects. Chest, 110,
263-270. https://doi.org/10.1378/chest.110.1.263

Jame, A. J,, Lackie, P. M. Cazaly, A. M., Sayers, |, Penrose, J. F.,
Holgate, S. T., & Sampson, A. P. (2007). Human bronchial epithelial
cells express an active and inducible biosynthetic pathway for leukotri-
enes B4 and C4. Clinical and Experimental Allergy, 37, 880-892.
https://doi.org/10.1111/j.1365-2222.2007.02733.x

Johnson, P. R, Black, J. L., & Armour, C. L. (1992). Platelet-activating
factor-induced contraction of human isolated bronchus. European
Respiratory Journal, 5(8), 970-974.

Johnson, P. R. A, Roth, M., Tamm, M., Hughes, M., Ge, Q., King, G.,
Burgess, J. K., & Black, J. L. (2001). Airway smooth muscle cell prolifer-
ation is increased in asthma. American Journal of Respiratory and Critical
Care Medicine, 164, 474-477. https://doi.org/10.1164/Ajrccm.164.3.
2010109

Johnson, P. R. A,, Armour, C. L., & Black, J. L. (1990). The action of platelet
activating factor and its antagonism by WEB 2086 on human isolated
airways. The European Respiratory Journal, 3, 55-60. https://doi.org/
10.1183/09031936.93.03010055

Joos, G. F., Germonpre, P. R., & Pauwels, R. A. (1995). Neurogenic inflam-
mation in human airways: Is it important? Thorax, 50, 217-219.
https://doi.org/10.1136/thx.50.3.217

Junhee Seok, H., Warren, S., Alex, G. C., Michael, N. M., Henry, V. B., &
Xu, W. (2013). Genomic responses in mouse models poorly mimic
human inflammatory diseases. Proceedings of the National Academy of
Sciences of the United States of America, 110, 3507-3512. https://doi.
org/10.1073/pnas.1222878110

Kato, A., & Schleimer, R. P. (2007). Beyond inflammation: Airway epithelial
cells are at the interface of innate and adaptive immunity. Current
Opinion in Immunology, 19, 711-720. https://doi.org/10.1016/j.coi.
2007.08.004

Kaur, D., Doe, C., Woodman, L., Heidi Wan, W. Y., Sutcliffe, A.,
Hollins, F., & Brightling, C. (2012). Mast cell-airway smooth muscle
crosstalk: The role of thymic stromal lymphopoietin. Chest, 142, 76-
85. https://doi.org/10.1378/chest.11-1782

Kharitonov, S., & Sjobring, U. (2007). Lipopolysaccharide challenge of
humans as a model for chronic obstructive lung disease exacerbations.
Contributions to Microbiology, 14, 83-100. https://doi.org/10.1159/
000107056

85UB01 T SUOIWIOD @A 181D 9|qeotjdde ay) Aq pausenob e Sepoie YO 8sN JO SajnJ 10} ARIq1T 8UIUO AS]IA UO (SUOTHIPUOD-PUE-SUIB) 0™ A8 | 1M Afe.d]jBu1[UO//:SdNL) SUONIPUOD PUe SWiB | 8U1 89S *[20z/20/yT] Uo Akeigiauliuo A8]iM ‘eIl eueIyp0 AQ /29T yda/TTTT 0T/I0p/woo A3 1M Aiqijpuljuo'sqndsday/sdny woij pspeojumod ‘S ‘v20z ‘T8ES9.YT


https://doi.org/10.1183/09031936.00193810
https://doi.org/10.1183/09031936.00193810
https://doi.org/10.1183/13993003.01541-2015
https://doi.org/10.1124/jpet.111.186379
https://doi.org/10.1378/chest.12-1766
https://doi.org/10.1378/chest.12-1766
https://doi.org/10.1513/pats.200907-072DP
https://doi.org/10.1513/pats.200907-072DP
https://doi.org/10.1111/all.14526
https://doi.org/10.1111/all.14526
https://doi.org/10.1073/pnas.0503948102
https://doi.org/10.1111/iep.12335
https://doi.org/10.1007/s12192-022-01294-w
https://doi.org/10.1007/s12192-022-01294-w
https://doi.org/10.1016/1056-8719(93)90034-C
https://doi.org/10.1016/1056-8719(93)90034-C
https://doi.org/10.1165/rcmb.2019-0049LE
https://doi.org/10.1111/j.1476-5381.2012.01881.x
https://doi.org/10.1183/13993003.02094-2020
https://doi.org/10.1183/13993003.02094-2020
https://doi.org/10.1186/rr199
https://doi.org/10.1186/rr199
https://doi.org/10.1016/j.ejphar.2003.12.030
https://doi.org/10.1016/j.ejphar.2003.12.030
https://doi.org/10.1172/jci.insight.121580
https://doi.org/10.1152/ajplung.00299.2005
https://doi.org/10.1152/ajplung.00299.2005
https://doi.org/10.1111/j.1365-2125.1991.tb05571.x
https://doi.org/10.1378/chest.110.1.263
https://doi.org/10.1111/j.1365-2222.2007.02733.x
https://doi.org/10.1164/Ajrccm.164.3.2010109
https://doi.org/10.1164/Ajrccm.164.3.2010109
https://doi.org/10.1183/09031936.93.03010055
https://doi.org/10.1183/09031936.93.03010055
https://doi.org/10.1136/thx.50.3.217
https://doi.org/10.1073/pnas.1222878110
https://doi.org/10.1073/pnas.1222878110
https://doi.org/10.1016/j.coi.2007.08.004
https://doi.org/10.1016/j.coi.2007.08.004
https://doi.org/10.1378/chest.11-1782
https://doi.org/10.1159/000107056
https://doi.org/10.1159/000107056

CALZETTAET AL.

Kim, N., Han, D. H., Suh, M. W,, Lee, J. H., Oh, S. H., & Park, M. K. (2019).
Effect of lipopolysaccharide on diesel exhaust particle-induced
junctional dysfunction in primary human nasal epithelial cells. Environmen-
tal Pollution, 248, 736-742. https://doi.org/10.1016/j.envpol.2019.
02.082
m, Y. |, Schroeder, J., Lynch, D., Newell, J., Make, B., Friedlander, A.,
Estépar, R. S. J., Hanania, N. A., Washko, G., Murphy, J. R., Wilson, C.,
Hokanson, J. E., Zach, J., Butterfield, K., Bowler, R. P., & COPDGene®
Investigators (2011). Gender differences of airway dimensions in ana-
tomically matched sites on CT in smokers. COPD: Journal of Chronic
Obstructive Pulmonary Disease, 8, 285-292. https://doi.org/10.3109/
15412555.2011.586658
Kips, J. C., Anderson, G. P., Fredberg, J. J., Herz, U., Inman, M. D.,
Jordana, M., Kemeny, D. M., Lotvall, J., Pauwels, R. A., Plopper, C. G.,
Schmidt, D., Sterk, P. J., van Oosterhout, A. J. M., Vargaftig, B. B., &
Chung, K. F. (2003). Murine models of asthma. The European Respira-
tory Journal, 22, 374-382. https://doi.org/10.1183/09031936.03.
00026403

Kistemaker, L. E. M., & Prakash, Y. S. (2019). Airway innervation and plas-
ticity in asthma. Physiology, 34, 283-298. https://doi.org/10.1152/
physiol.00050.2018
Knight, D. A., & Holgate, S. T. (2003). The airway epithelium: Structural
and functional properties in health and disease. Respirology, 8, 432-
446. https://doi.org/10.1046/j.1440-1843.2003.00493.x

Koarai, A., & Ichinose, M. (2018). Possible involvement of acetylcholine-
mediated inflammation in airway diseases. Allergology International, 67,
460-466. https://doi.org/10.1016/j.alit.2018.02.008

Kole, T. M., Vanden Berghe, E., Kraft, M., Vonk, J. M., Nawijn, M. C,, &
Siddiqui, S. (2023). Predictors and associations of the persistent air-
flow limitation phenotype in asthma: A post-hoc analysis of the
ATLANTIS study. The Lancet Respiratory Medicine, 11, 55-64. https://
doi.org/10.1016/52213-2600(22)00185-0

Koziol-White, C. (2022). Human precision-cut lung slices: Generation of

and measurement of contractility and relaxation of small airways.
Asthma: Methods and Protocols, 2506, 111-117. https://doi.org/10.
1007/978-1-0716-2364-0_8
Kozlik, P., Zuk, J., Bartyzel, S., Zarychta, J., Okon, K. Zareba, L.,
Bazan, J. G., Kosalka, J., Soja, J., Musial, J., & Bazan-Socha, S. (2020).
The relationship of airway structural changes to blood and bronchoal-
veolar lavage biomarkers, and lung function abnormalities in asthma.
Clinical and Experimental Allergy, 50, 15-28. https://doi.org/10.1111/
cea.13501
Kricker, J. A., Page, C. P, Gardarsson, F. R. Baldursson, O.,
Gudjonsson, T., & Parnham, M. J. (2021). Nonantimicrobial actions of
macrolides: Overview and perspectives for future development. Phar-
macological Reviews, 73, 233-262. https://doi.org/10.1124/pharmrev.
121.000300

Krishnan, R., Park, J. A, Seow, C. Y., Lee, P. V. S., & Stewart, A. G. (2016).
Cellular biomechanics in drug screening and evaluation: Mechanophar-
macology. Trends in Pharmacological Sciences, 37, 87-100. https://doi.
org/10.1016/j.tips.2015.10.005
Kroegel, C., Giembycz, M. A., Matthys, H., Westwick, J., & Barnes, P. J.
(1994). Modulatory role of protein kinase C on the signal transduction
pathway utilized by platelet-activating factor in eosinophil activation.
American Journal of Respiratory Cell and Molecular Biology, 11, 593-
599. https://doi.org/10.1165/ajrcmb.11.5.7946388

Kroigaard, C., Dalsgaard, T., Nielsen, G., Laursen, B. E., Pilegaard, H.,
Kéhler, R., & Simonsen, U. (2012). Activation of endothelial and epi-
thelial KCa2.3 calcium-activated potassium channels by NS309 relaxes
human small pulmonary arteries and bronchioles. British Journal of
Pharmacology, 167, 37-47. https://doi.org/10.1111/j.1476-5381.
2012.01986.x

Kummer, W., Fischer, A., Kurkowski, R., & Heym, C. (1992). The sensory
and sympathetic innervation of Guinea-pig lung and trachea as
studied by retrograde neuronal tracing and double-labelling

Ki

BRITISH 635
PHARMACOLOGICAL:
SOCIETY

immunohistochemistry. Neuroscience, 49, 715-737. https://doi.org/
10.1016/0306-4522(92)90239-X

Kwon, D. S., Choi, Y. J., Kim, T. H., Byun, M. K,, Cho, J. H., & Kim, H. J.
(2020). FEF25-75% values in patients with normal lung function can
predict the development of chronic obstructive pulmonary disease.
International Journal of COPD, 15, 2913-2921. https://doi.org/10.
2147/COPD.S261732

Lam, M., Lamanna, E., Organ, L., Donovan, C., & Bourke, J. E. (2023). Per-
spectives on precision cut lung slices—Powerful tools for investigation
of mechanisms and therapeutic targets in lung diseases. Frontiers in
Pharmacology, 14, 1162889. https://doi.org/10.3389/fphar.2023.
1162889

Lambrecht, B. N., & Hammad, H. (2012). The airway epithelium in asthma.
Nature Medicine, 18, 684-692. https://doi.org/10.1038/nm.2737

Lambrecht, B. N., Hammad, H., & Fahy, J. V. (2019). The cytokines of
asthma. Immunity, 50, 975-991. https://doi.org/10.1016/j.immuni.
2019.03.018

Lammers, J. W. J,, Barnes, P. J., & Chung, K. F. (1992). Nonadrenergic, non-
cholinergic airway inhibitory nerves. The European Respiratory Journal,
5,239-246. https://doi.org/10.1183/09031936.93.05020239

Lan, B., Mitchel, J. A., O'Sullivan, M. J., Park, C. Y., Kim, J. H., Cole, W. C.,
Butler, J. P., & Park, J. A. (2018). Airway epithelial compression pro-
motes airway smooth muscle proliferation and contraction. American
Journal of Physiology. Lung Cellular and Molecular Physiology, 315,
L645-L652. https://doi.org/10.1152/ajplung.00261.2018

LaPrad, A. S., West, A. R., Noble, P. B., Lutchen, K. R., & Mitchell, H. W.
(2008). Maintenance of airway caliber in isolated airways by deep
inspiration and tidal strains. Journal of Applied Physiology, 105, 479-
485. https://doi.org/10.1152/japplphysiol.01220.2007

Le Guen, M., Grassin-Delyle, S., Naline, E., Buenestado, A., Brollo, M.,
Longchampt, E., Kleinmann, P., Devillier, P., & Faisy, C. (2016). The
impact of low-frequency, low-force cyclic stretching of human bronchi
on airway responsiveness. Respiratory Research, 17, 151. https://doi.
org/10.1186/512931-016-0464-y

Le Guen, M., Naline, E., Grassin-Delyle, S., Devillier, P., & Faisy, C. (2015).
Effectiveness of a load-imposing device for cyclic stretching of iso-
lated human bronchi: A validation study. PLoS ONE, 10, 151.

Leaker, B. R., Barnes, P. J., & O'Connor, B. (2013). Inhibition of LPS-
induced airway neutrophilic inflammation in healthy volunteers with
an oral CXCR2 antagonist. Respiratory Research, 14, 137. https://doi.
org/10.1186/1465-9921-14-137

Leclere, M., Lavoie-Lamoureux, A., & Lavoie, J. P. (2011). Heaves, an
asthma-like disease of horses. Respirology, 16, 1027-1046. https://doi.
org/10.1111/j.1440-1843.2011.02033.x

Lee, B. Y., & Han, M. L. K. (2023). Understanding early COPD. Respiratory
Care, 68, 881-888. https://doi.org/10.4187/respcare.10612

Lee, D. C, Choi, H., Oh, J. M,, Lee, J., Lee, J, Lee, H. Y., & Kang, J. Y.
(2020). Urban particulate matter regulates tight junction proteins by
inducing oxidative stress via the Akt signal pathway in human nasal
epithelial cells. Toxicology Letters, 333, 33-41. https://doi.org/10.
1016/j.toxlet.2020.07.017

Li, J., Wang, K., Huang, B,, Li, R., Wang, X., Zhang, H., Tang, H., & Chen, X.
(2021). The receptor for advanced glycation end products mediates
dysfunction of airway epithelial barrier in a lipopolysaccharides-
induced murine acute lung injury model. International Immunopharma-
cology, 93, 107419. https://doi.org/10.1016/j.intimp.2021.107419

Liao, B., Cao, P. P., Zeng, M., Zhen, Z., Wang, H., Zhang, Y. N., Hu, C. Y.,
Ma, J., Li, Z. Y., Song, J., Liu, J. X,, Peng, L. Y., Liy, Y., Ning, Q., & Liu, Z.
(2015). Interaction of thymic stromal lymphopoietin, IL-33, and their
receptors in epithelial cells in eosinophilic chronic rhinosinusitis with
nasal polyps. Allergy European Journal of Allergy and Clinical Immunol-
ogy, 70, 1169-1180. https://doi.org/10.1111/all.12667

Lindén, A., Ullman, A., Lofdahl, C. -G., & Skoogh, B. -E. (1993). Non-adren-
ergic, non-cholinergic neural activation in Guinea-pig bronchi: Power-
ful and frequency-dependent stabilizing effect on tone. British Journal

85UB01 T SUOIWIOD @A 181D 9|qeotjdde ay) Aq pausenob e Sepoie YO 8sN JO SajnJ 10} ARIq1T 8UIUO AS]IA UO (SUOTHIPUOD-PUE-SUIB) 0™ A8 | 1M Afe.d]jBu1[UO//:SdNL) SUONIPUOD PUe SWiB | 8U1 89S *[20z/20/yT] Uo Akeigiauliuo A8]iM ‘eIl eueIyp0 AQ /29T yda/TTTT 0T/I0p/woo A3 1M Aiqijpuljuo'sqndsday/sdny woij pspeojumod ‘S ‘v20z ‘T8ES9.YT


https://doi.org/10.1016/j.envpol.2019.02.082
https://doi.org/10.1016/j.envpol.2019.02.082
https://doi.org/10.3109/15412555.2011.586658
https://doi.org/10.3109/15412555.2011.586658
https://doi.org/10.1183/09031936.03.00026403
https://doi.org/10.1183/09031936.03.00026403
https://doi.org/10.1152/physiol.00050.2018
https://doi.org/10.1152/physiol.00050.2018
https://doi.org/10.1046/j.1440-1843.2003.00493.x
https://doi.org/10.1016/j.alit.2018.02.008
https://doi.org/10.1016/S2213-2600(22)00185-0
https://doi.org/10.1016/S2213-2600(22)00185-0
https://doi.org/10.1007/978-1-0716-2364-0_8
https://doi.org/10.1007/978-1-0716-2364-0_8
https://doi.org/10.1111/cea.13501
https://doi.org/10.1111/cea.13501
https://doi.org/10.1124/pharmrev.121.000300
https://doi.org/10.1124/pharmrev.121.000300
https://doi.org/10.1016/j.tips.2015.10.005
https://doi.org/10.1016/j.tips.2015.10.005
https://doi.org/10.1165/ajrcmb.11.5.7946388
https://doi.org/10.1111/j.1476-5381.2012.01986.x
https://doi.org/10.1111/j.1476-5381.2012.01986.x
https://doi.org/10.1016/0306-4522(92)90239-X
https://doi.org/10.1016/0306-4522(92)90239-X
https://doi.org/10.2147/COPD.S261732
https://doi.org/10.2147/COPD.S261732
https://doi.org/10.3389/fphar.2023.1162889
https://doi.org/10.3389/fphar.2023.1162889
https://doi.org/10.1038/nm.2737
https://doi.org/10.1016/j.immuni.2019.03.018
https://doi.org/10.1016/j.immuni.2019.03.018
https://doi.org/10.1183/09031936.93.05020239
https://doi.org/10.1152/ajplung.00261.2018
https://doi.org/10.1152/japplphysiol.01220.2007
https://doi.org/10.1186/s12931-016-0464-y
https://doi.org/10.1186/s12931-016-0464-y
https://doi.org/10.1186/1465-9921-14-137
https://doi.org/10.1186/1465-9921-14-137
https://doi.org/10.1111/j.1440-1843.2011.02033.x
https://doi.org/10.1111/j.1440-1843.2011.02033.x
https://doi.org/10.4187/respcare.10612
https://doi.org/10.1016/j.toxlet.2020.07.017
https://doi.org/10.1016/j.toxlet.2020.07.017
https://doi.org/10.1016/j.intimp.2021.107419
https://doi.org/10.1111/all.12667

CALZETTA ET AL.

636 BRITISH
PHARMACOLOGICAL:
SOCIETY

of Pharmacology, 109, 845-851. https://doi.org/10.1111/j.1476-
5381.1993.th13652.x

Liu, T., Yang, L., Han, X., Ding, X, Li, J., & Yang, J. (2020). Local sympathetic
innervations modulate the lung innate immune responses. Science
Advances, 6, eaay1497.

Ma, J., Chen, C., Liu, Y., Damarla, M., Vonakis, B. M., Guan, X, &
Gao, L. (2018). Altered expression of TIAM1 in endotoxin-challenged
airway epithelial cells and rodent septic models. Journal of
Thoracic Disease, 10, 3187-3195. https://doi.org/10.21037/jtd.2018.
05.192

Maldonado, R. F., S&-Correia, I., & Valvano, M. A. (2016). Lipopolysaccha-
ride modification in gram-negative bacteria during chronic infection.
FEMS Microbiology Reviews, 40, 480-493. https://doi.org/10.1093/
femsre/fuw007

Manson, M. L., Sifholm, J., James, A., Johnsson, A. K., Bergman, P., al-
Ameri, M., Orre, A. C., Kdrrman-Mardh, C., Dahlén, S. E., & Adner, M.
(2020). IL-13 and IL-4, but not IL-5 nor IL-17A, induce hyperrespon-
siveness in isolated human small airways. The Journal of Allergy and
Clinical Immunology, 145, 808-817.€2. https://doi.org/10.1016/j.jaci.
2019.10.037

Martin, C., Frija, J., & Burgel, P. R. (2013). Dysfunctional lung anatomy and
small airways degeneration in COPD. International Journal of COPD, 8,
7-13.

Matera, M. G, Calzetta, L., Passeri, D., Facciolo, F., Rendina, E. A,, Page, C.,
Cazzola, M., & Orlandi, A. (2011). Epithelium integrity is crucial for the
relaxant activity of brain natriuretic peptide in human isolated bronchi.
British Journal of Pharmacology, 163, 1740-1754. https://doi.org/10.
1111/j.1476-5381.2011.01339.x

Mauad, T., & Dolhnikoff, M. (2008). Pathologic similarities and differences
between asthma and chronic obstructive pulmonary disease. Current
Opinion in Pulmonary Medicine, 14, 31-38. https://doi.org/10.1097/
MCP.0b013e3282f19846

McParland, B. E., Tait, R. R, Paré, P. D., & Seow, C. Y. (2005). The role of
airway smooth muscle during an attack of asthma simulated in vitro.
American Journal of Respiratory Cell and Molecular Biology, 33, 500-
504. https://doi.org/10.1165/rcmb.2005-01830C

Mesnil, C., Raulier, S., Paulissen, G., Xiao, X., Birrell, M. A., Pirottin, D.,
Janss, T. Starkl, P., Ramery, E., Henket, M., Schleich, F. N.,
Radermecker, M., Thielemans, K., Gillet, L., Thiry, M., Belvisi, M. G,,
Louis, R., Desmet, C., Marichal, T., & Bureau, F. (2016). Lung-resident
eosinophils represent a distinct regulatory eosinophil subset. The Jour-
nal of Clinical Investigation, 126, 3279-3295. https://doi.org/10.1172/
JCI85664

Mestas, J., & Hughes, C. C. W. (2004). Of mice and not men: Differences
between mouse and human immunology. Journal of Immunology, 172,
2731-2738. https://doi.org/10.4049/jimmunol.172.5.2731

Mijailovich, S. M., Butler, J. P., & Fredberg, J. J. (2000). Perturbed equilibria
of myosin binding in airway smooth muscle: Bond-length distributions,
mechanics, and ATP metabolism. Biophysical Journal, 79, 2667-2681.
https://doi.org/10.1016/S0006-3495(00)76505-2

Milara, J., Peiré, T. Serrano, A., & Cortijo, J. (2013). Epithelial to
mesenchymal transition is increased in patients with COPD and
induced by cigarette smoke. Thorax, 68, 410-420. https://doi.org/10.
1136/thoraxjnl-2012-201761

Miravitlles, M. (2017). Diagnosis of asthma - COPD overlap: The five com-
mandments. The European Respiratory Journal, 49, 1700506. https://
doi.org/10.1183/13993003.00506-2017

Mitchell, H. W., & Sparrow, M. P. (1989). The relevance of pharmacological
dose-response  curves to airway narrowing. Trends in
Pharmacological Sciences, 10, 488-491. https://doi.org/10.1016/
0165-6147(89)90047-3

Mitchell, R. W., Rabe, K. F., Magnussen, H., & Leff, A. R. (1997). Passive
sensitization of human airways induces myogenic contractile
responses in vitro. Journal of Applied Physiology, 83, 1276-1281.
https://doi.org/10.1152/jappl.1997.83.4.1276

Moulton, B. C., & Fryer, A. D. (2011). Muscarinic receptor antagonists,
from folklore to pharmacology; finding drugs that actually work in
asthma and COPD. British Journal of Pharmacology, 163, 44-52.
https://doi.org/10.1111/j.1476-5381.2010.01190.x

Myers, A. C., & Undem, B. J. (1996). Muscarinic receptor regulation of syn-
aptic transmission in airway parasympathetic ganglia. American Journal
of Physiology. Lung Cellular and Molecular Physiology, 270, L630-L636.
https://doi.org/10.1152/ajplung.1996.270.4.L630

Nagarkar, D. R., Poposki, J. A., Comeau, M. R, Biyasheva, A., Avila, P. C,,
Schleimer, R. P., & Kato, A. (2012). Airway epithelial cells activate TH2
cytokine production in mast cells through IL-1 and thymic stromal lym-
phopoietin. The Journal of Allergy and Clinical Inmunology, 130, 225-
232.e4. https://doi.org/10.1016/j.jaci.2012.04.019

Naghshin, J., Wang, L., Paré, P. D., & Seow, C. Y. (2003). Adaptation to
chronic length change in explanted airway smooth muscle. Journal of
Applied  Physiology, 95, 448-453. https://doi.org/10.1152/
japplphysiol.01180.2002

Naline, E., Devillier, P., Drapeau, G., Toty, L., Bakdach, H., Regoli, D., &
Advenier, C. (1989). Characterization of neurokinin effects and receptor
selectivity in human isolated bronchi. The American Review of Respiratory
Disease, 140, 679-686. https://doi.org/10.1164/ajrccm/140.3.679

Naline, E., Grassin Delyle, S., Salvator, H., Brollo, M., Faisy, C., Victoni, T.,
Abrial, C., & Devillier, P. (2018). Comparison of the in vitro pharmaco-
logical profiles of long-acting muscarinic antagonists in human bron-
chus. Pulmonary Pharmacology & Therapeutics, 49, 46-53. https://doi.
org/10.1016/j.pupt.2018.01.003

Naline, E., Trifilieff, A., Fairhurst, R. A., Advenier, C., & Molimard, M.
(2007). Effect of indacaterol, a novel long-acting beta2-agonist, on iso-
lated human bronchi. The European Respiratory Journal, 29, 575-581.
https://doi.org/10.1183/09031936.00032806

Nayak, A. P, Lim, J. M., Arbel, E., Wang, R, Villalba, D. R., Nguyen, T. L.,
Schaible, N., Krishnan, R., Tang, D. D., & Penn, R. B. (2021). Coopera-
tivity between p-agonists and c-Abl inhibitors in regulating airway
smooth muscle relaxation. The FASEB Journal, 35, e21674. https://doi.
org/10.1096/fj.202100154R

Neubig, R. R., Spedding, M., Kenakin, T., & Christopoulos, A. (2003). Inter-
national Union of Pharmacology Committee on receptor nomenclature
and drug classification. XXXVIII. Update on terms and symbols in
quantitative pharmacology. Pharmacological Reviews, 55, 597-606.
https://doi.org/10.1124/pr.55.4.4

Niimi, K., Ge, Q., Moir, L. M., Ammit, A. J., Trian, T., Burgess, J. K,
Black, J. L., & Oliver, B. G. G. (2012). B 2-agonists upregulate PDE4
mRNA but not protein or activity in human airway smooth muscle cells
from asthmatic and nonasthmatic volunteers. American Journal of Phys-
iology. Lung Cellular and Molecular Physiology, 302, L334-1342.
https://doi.org/10.1152/ajplung.00163.2011

Nixon, J., Newbold, P., Mustelin, T., Anderson, G. P., & Kolbeck, R. (2017).
Monoclonal antibody therapy for the treatment of asthma and chronic
obstructive pulmonary disease with eosinophilic inflammation. Phar-
macology & Therapeutics, 169, 57-77. https://doi.org/10.1016/].
pharmthera.2016.10.016

Noble, P. B., Jones, R. L., Cairncross, A., Elliot, J. G., Mitchell, H. W.,
James, A. L., & McFawn, P. K. (2013). Airway narrowing and broncho-
dilation to deep inspiration in bronchial segments from subjects with
and without reported asthma. Journal of Applied Physiology, 114,
1460-1471. https://doi.org/10.1152/japplphysiol.01489.2012

Noble, P. B., Jones, R. L., Needi, E. T., Cairncross, A., Mitchell, H. W.,
James, A. L., & McFawn, P. K. (2011). Responsiveness of the human
airway in vitro during deep inspiration and tidal oscillation. Journal of
Applied  Physiology, 110, 1510-1518. https://doi.org/10.1152/
japplphysiol.01226.2010

Noble, P. B., McFawn, P. K., & Mitchell, H. W. (2007). Responsiveness of
the isolated airway during simulated deep inspirations: Effect of air-
way smooth muscle stiffness and strain. Journal of Applied Physiology,
103, 787-795. https://doi.org/10.1152/japplphysiol.00314.2007

85UB01 T SUOIWIOD @A 181D 9|qeotjdde ay) Aq pausenob e Sepoie YO 8sN JO SajnJ 10} ARIq1T 8UIUO AS]IA UO (SUOTHIPUOD-PUE-SUIB) 0™ A8 | 1M Afe.d]jBu1[UO//:SdNL) SUONIPUOD PUe SWiB | 8U1 89S *[20z/20/yT] Uo Akeigiauliuo A8]iM ‘eIl eueIyp0 AQ /29T yda/TTTT 0T/I0p/woo A3 1M Aiqijpuljuo'sqndsday/sdny woij pspeojumod ‘S ‘v20z ‘T8ES9.YT


https://doi.org/10.1111/j.1476-5381.1993.tb13652.x
https://doi.org/10.1111/j.1476-5381.1993.tb13652.x
https://doi.org/10.21037/jtd.2018.05.192
https://doi.org/10.21037/jtd.2018.05.192
https://doi.org/10.1093/femsre/fuw007
https://doi.org/10.1093/femsre/fuw007
https://doi.org/10.1016/j.jaci.2019.10.037
https://doi.org/10.1016/j.jaci.2019.10.037
https://doi.org/10.1111/j.1476-5381.2011.01339.x
https://doi.org/10.1111/j.1476-5381.2011.01339.x
https://doi.org/10.1097/MCP.0b013e3282f19846
https://doi.org/10.1097/MCP.0b013e3282f19846
https://doi.org/10.1165/rcmb.2005-0183OC
https://doi.org/10.1172/JCI85664
https://doi.org/10.1172/JCI85664
https://doi.org/10.4049/jimmunol.172.5.2731
https://doi.org/10.1016/S0006-3495(00)76505-2
https://doi.org/10.1136/thoraxjnl-2012-201761
https://doi.org/10.1136/thoraxjnl-2012-201761
https://doi.org/10.1183/13993003.00506-2017
https://doi.org/10.1183/13993003.00506-2017
https://doi.org/10.1016/0165-6147(89)90047-3
https://doi.org/10.1016/0165-6147(89)90047-3
https://doi.org/10.1152/jappl.1997.83.4.1276
https://doi.org/10.1111/j.1476-5381.2010.01190.x
https://doi.org/10.1152/ajplung.1996.270.4.L630
https://doi.org/10.1016/j.jaci.2012.04.019
https://doi.org/10.1152/japplphysiol.01180.2002
https://doi.org/10.1152/japplphysiol.01180.2002
https://doi.org/10.1164/ajrccm/140.3.679
https://doi.org/10.1016/j.pupt.2018.01.003
https://doi.org/10.1016/j.pupt.2018.01.003
https://doi.org/10.1183/09031936.00032806
https://doi.org/10.1096/fj.202100154R
https://doi.org/10.1096/fj.202100154R
https://doi.org/10.1124/pr.55.4.4
https://doi.org/10.1152/ajplung.00163.2011
https://doi.org/10.1016/j.pharmthera.2016.10.016
https://doi.org/10.1016/j.pharmthera.2016.10.016
https://doi.org/10.1152/japplphysiol.01489.2012
https://doi.org/10.1152/japplphysiol.01226.2010
https://doi.org/10.1152/japplphysiol.01226.2010
https://doi.org/10.1152/japplphysiol.00314.2007

CALZETTAET AL.

Noble, P. B., Pascoe, C. D, Lan, B,, Ito, S., Kistemaker, L. E. M., Tatler, A. L.,
Pera, T., Brook, B. S., Gosens, R., & West, A. R. (2014). Airway smooth
muscle in asthma: Linking contraction and mechanotransduction to
disease pathogenesis and remodelling. Pulmonary Pharmacology &
Therapeutics, 29, 96-107. https://doi.org/10.1016/j.pupt.2014.
07.005

Norel, X., Angrisani, M., Labat, C., Gorenne, I, Dulmet, E., Rossi, F., &
Brink, C. (1993). Degradation of acetylcholine in human airways: Role
of butyrylcholinesterase. British Journal of Pharmacology, 108, 914-
919. https://doi.org/10.1111/j.1476-5381.1993.tb13486.x

Nunomura, S., Ito, R., Nanri, Y., & lzuhara, K. (2022). Elucidation of a novel
mechanism of Benralizumab on human immune cells using humanized
hIL-3/hGM-CSF/hIL-5 Tg NOG mice.

Oliver, B. G. G,, Johnston, S. L., Baraket, M., Burgess, J. K., King, N. J. C,,
Roth, M., Lim, S., & Black, J. L. (2006). Increased proinflammatory
responses from asthmatic human airway smooth muscle cells in
response to rhinovirus infection. Respiratory Research, 7, 71. https://
doi.org/10.1186/1465-9921-7-71

Opazo Saez, A. M., Seow, C. Y., & Paré, P. D. (2000). Peripheral airway
smooth muscle mechanics in obstructive airways disease. American
Journal of Respiratory and Critical Care Medicine, 161, 910-917.
https://doi.org/10.1164/ajrccm.161.3.9903138

Papi, A., Bellettato, C. M., Braccioni, F., Romagnoli, M., Casolari, P.,
Caramori, G., Fabbri, L. M., & Johnston, S. L. (2006). Infections and
airway inflammation in chronic obstructive pulmonary disease
severe exacerbations. American Journal of Respiratory and Critical Care
Medicine, 173, 1114-1121. https://doi.org/10.1164/rccm.200506-
8590C

Persson, C. G. (2002). Mice are not a good model of human airway disease.
American Journal of Respiratory and Critical Care Medicine, 166, 6-8.
https://doi.org/10.1164/rccm.2204001

Plopper, C. G., & Hyde, D. M. (2008). The non-human primate as a model
for studying COPD and asthma. Pulmonary Pharmacology & Therapeu-
tics, 21, 755-766. https://doi.org/10.1016/j.pupt.2008.01.008

Politi, A. Z., Donovan, G. M., Tawhai, M. H., Sanderson, M. J,
Lauzon, A. M., Bates, J. H. T., & Sneyd, J. (2010). A multiscale, spatially
distributed model of asthmatic airway hyper-responsiveness. Journal
of Theoretical Biology, 266, 614-624. https://doi.org/10.1016/j.jtbi.
2010.07.032

Pozzi, R., De Berardis, B., Paoletti, L., & Guastadisegni, C. (2003). Inflamma-
tory mediators induced by coarse (PM2.5-10) and fine (PM2.5) urban
air particles in RAW 264.7 cells. Toxicology, 183, 243-254. https://doi.
org/10.1016/50300-483X(02)00545-0

Puig-de-Morales, M., Millet, E., Fabry, B., Navajas, D., Wang, N.,
Butler, J. P., & Fredberg, J. J. (2004). Cytoskeletal mechanics in adher-
ent human airway smooth muscle cells: Probe specificity and scaling
of protein-protein dynamics. American Journal of Physiology. Cell Physi-
ology, 287, C643-C654. https://doi.org/10.1152/ajpcell.00070.2004

Rabe, K. F. (1998). Mechanisms of immune sensitization of human bron-
chus. American Journal of Respiratory and Critical Care Medicine, 158,
S$161-S170. https://doi.org/10.1164/ajrccm.158.supplement_2.
13tac130

Rabe, K. F., Munoz, N. M,, Vita, A. J., Morton, B. E., Magnussen, H., &
Leff, A. R. (1994). Contraction of human bronchial smooth muscle
caused by activated human eosinophils. American Journal of Physiology.
Lung Cellular and Molecular Physiology, 267, L326-1L334. https://doi.
org/10.1152/ajplung.1994.267.3.L.326

Reinheimer, T., Baumgartner, D., Hohle, K. D., Racké, K., & Wessler, I.
(1997). Acetylcholine via muscarinic receptors inhibits histamine
release from human isolated bronchi. American Journal of Respiratory
and Critical Care Medicine, 156, 389-395. https://doi.org/10.1164/
ajrccm.156.2.96-12079

Reinheimer, T., Bernedo, P., Klapproth, H., Oelert, H., Zeiske, B.,
Racké, K., & Wessler, 1. (1996). Acetylcholine in isolated airways of rat,
Guinea pig, and human: Species differences in role of airway mucosa.

BRITISH 637
PHARMACOLOGICAL:
SOCIETY

The American Journal of Physiology, 270, L722-L728. https://doi.org/
10.1152/ajplung.1996.270.5.L.722

Ritondo, B. L., Rogliani, P., Facciolo, F., Falco, S., Vocale, A., & Calzetta, L.
(2021). Beclomethasone dipropionate and sodium cromoglycate pro-
tect against airway hyperresponsiveness in a human ex vivo model of
cow's milk aspiration. Current Research in Pharmacology and Drug Dis-
covery, 2, 100010. https://doi.org/10.1016/j.crphar.2020.100010

Rodriguez-Roisin, R. (2017). Twenty years of GOLD (1997-2017). The
origins.

Rogliani, P., Calzetta, L., Capuani, B., Facciolo, F., Cazzola, M., Lauro, D., &
Matera, M. G. (2016). Glucagon-like peptide 1 receptor: A novel phar-
macological target for treating human bronchial hyperresponsiveness.
American Journal of Respiratory Cell and Molecular Biology, 55, 804-
814. https://doi.org/10.1165/rcmb.2015-03110C

Rogliani, P., Calzetta, L., Ora, J., Lipsi, R., Segreti, A., Matera, M. G, &
Cazzola, M. (2015). Pharmacological assessment of the onset of action
of aclidinium and glycopyrronium versus tiotropium in COPD patients
and human isolated bronchi. European Journal of Pharmacology, 761,
383-390. https://doi.org/10.1016/j.ejphar.2015.04.042

Rogliani, P., Matera, M. G., Facciolo, F., Page, C., Cazzola, M., & Calzetta, L.
(2020). Beclomethasone dipropionate, formoterol fumarate and glyco-
pyrronium bromide: Synergy of triple combination therapy on human
airway smooth muscle ex vivo. British Journal of Pharmacology, 177,
1150-1163. https://doi.org/10.1111/bph.14909

Rogliani, P., Ora, J., Girolami, A., Rossi, |., de Guido, I., Facciolo, F.,
Cazzola, M., & Calzetta, L. (2021a). Ceiling effect of beclomethasone/-
formoterol/glycopyrronium triple fixed-dose combination in COPD: A
translational bench-to-bedside study. Pulmonary Pharmacology &
Therapeutics, 69, 102050. https://doi.org/10.1016/j.pupt.2021.
102050

Rogliani, P., Radovanovic, D., Ora, J., Starc, N., Verri, S., Pistocchini, E., &
Calzetta, L. (2023). Assessing the relationship between cardiovascular
and small airway disease and acute events in COPD: The ARCADIA
study protocol. Pulmonary Pharmacology & Therapeutics, 82, 102231.
https://doi.org/10.1016/j.pupt.2023.102231

Rogliani, P., Ritondo, B. L., Facciolo, F., Matera, M. G., Nikolaey, I, &
Calzetta, L. (2021b). Indacaterol, glycopyrronium, and mometasone:
Pharmacological interaction and anti-inflammatory profile in hyperre-
sponsive airways. Pharmacological Research, 172, 105801. https://doi.
org/10.1016/j.phrs.2021.105801

Rogliani, P., Ritondo, B. L., Zerillo, B., Matera, M. G., & Calzetta, L. (2021c).
Drug interaction and chronic obstructive respiratory disorders. Current
Research in Pharmacology and Drug Discovery, 2, 100009. https://doi.
org/10.1016/j.crphar.2020.100009

Roux, E., Hyvelin, J. M., Savineau, J. P., & Marthan, R. (1999). Human iso-
lated airway contraction: Interaction between air pollutants and pas-
sive sensitization. American Journal of Respiratory and Critical Care
Medicine, 160, 439-445. https://doi.org/10.1164/ajrccm.160.2.
9811007

Sanderson, M. J. (2011). Exploring lung physiology in health and disease
with lung slices. Pulmonary Pharmacology & Therapeutics, 24, 452-465.
https://doi.org/10.1016/j.pupt.2011.05.001

Schamberger, A. C., Mise, N., Jia, J,, Genoyer, E., Yildirim, A. 0.,
Meiners, S., & Eickelberg, O. (2014). Cigarette smoke-induced
disruption of bronchial epithelial tight junctions is prevented by
transforming growth factor-f. American Journal of Respiratory Cell and
Molecular Biology, 50, 1040-1052. https://doi.org/10.1165/rcmb.
2013-00900C

Schleputz, M., Uhlig, S., & Martin, C. (2011). Electric field stimulation of
precision-cut lung slices. Journal of Applied Physiology, 110, 545-554.
https://doi.org/10.1152/japplphysiol.00409.2010

Schmidt, D., Dent, G., Rihlmann, E., Mufoz, N., Leff, A., & Rabe, K. (2002).
Studying human airway pharmacology in microsections: Application of
Videomicrometry. European Respiratory Journal, 19, 991-996. https://
doi.org/10.1183/09031936.02.00942001

85UB01 T SUOIWIOD @A 181D 9|qeotjdde ay) Aq pausenob e Sepoie YO 8sN JO SajnJ 10} ARIq1T 8UIUO AS]IA UO (SUOTHIPUOD-PUE-SUIB) 0™ A8 | 1M Afe.d]jBu1[UO//:SdNL) SUONIPUOD PUe SWiB | 8U1 89S *[20z/20/yT] Uo Akeigiauliuo A8]iM ‘eIl eueIyp0 AQ /29T yda/TTTT 0T/I0p/woo A3 1M Aiqijpuljuo'sqndsday/sdny woij pspeojumod ‘S ‘v20z ‘T8ES9.YT


https://doi.org/10.1016/j.pupt.2014.07.005
https://doi.org/10.1016/j.pupt.2014.07.005
https://doi.org/10.1111/j.1476-5381.1993.tb13486.x
https://doi.org/10.1186/1465-9921-7-71
https://doi.org/10.1186/1465-9921-7-71
https://doi.org/10.1164/ajrccm.161.3.9903138
https://doi.org/10.1164/rccm.200506-859OC
https://doi.org/10.1164/rccm.200506-859OC
https://doi.org/10.1164/rccm.2204001
https://doi.org/10.1016/j.pupt.2008.01.008
https://doi.org/10.1016/j.jtbi.2010.07.032
https://doi.org/10.1016/j.jtbi.2010.07.032
https://doi.org/10.1016/S0300-483X(02)00545-0
https://doi.org/10.1016/S0300-483X(02)00545-0
https://doi.org/10.1152/ajpcell.00070.2004
https://doi.org/10.1164/ajrccm.158.supplement_2.13tac130
https://doi.org/10.1164/ajrccm.158.supplement_2.13tac130
https://doi.org/10.1152/ajplung.1994.267.3.L326
https://doi.org/10.1152/ajplung.1994.267.3.L326
https://doi.org/10.1164/ajrccm.156.2.96-12079
https://doi.org/10.1164/ajrccm.156.2.96-12079
https://doi.org/10.1152/ajplung.1996.270.5.L722
https://doi.org/10.1152/ajplung.1996.270.5.L722
https://doi.org/10.1016/j.crphar.2020.100010
https://doi.org/10.1165/rcmb.2015-0311OC
https://doi.org/10.1016/j.ejphar.2015.04.042
https://doi.org/10.1111/bph.14909
https://doi.org/10.1016/j.pupt.2021.102050
https://doi.org/10.1016/j.pupt.2021.102050
https://doi.org/10.1016/j.pupt.2023.102231
https://doi.org/10.1016/j.phrs.2021.105801
https://doi.org/10.1016/j.phrs.2021.105801
https://doi.org/10.1016/j.crphar.2020.100009
https://doi.org/10.1016/j.crphar.2020.100009
https://doi.org/10.1164/ajrccm.160.2.9811007
https://doi.org/10.1164/ajrccm.160.2.9811007
https://doi.org/10.1016/j.pupt.2011.05.001
https://doi.org/10.1165/rcmb.2013-0090OC
https://doi.org/10.1165/rcmb.2013-0090OC
https://doi.org/10.1152/japplphysiol.00409.2010
https://doi.org/10.1183/09031936.02.00942001
https://doi.org/10.1183/09031936.02.00942001

CALZETTA ET AL.

638 BRITISH
PHARMACOLOGICAL:
SOCIETY

Schmidt, D., & Rabe, K. F. (2000). Immune mechanisms of smooth muscle
hyperreactivity in asthma. The Journal of Allergy and Clinical Immunol-
ogy, 105, 673-682. https://doi.org/10.1067/mai.2000.105705

Schmidt, D., Ruehlmann, E., Branscheid, D., Magnussen, H., & Rabe, K. F.
(1999). Passive sensitization of human airways increases responsive-
ness to leukotriene C4. The European Respiratory Journal, 14, 315-319.
https://doi.org/10.1034/j.1399-3003.1999.14b13.x

Secher, T., Rodrigues Coelho, F., Noulin, N., Lino dos Santos Franco, A.,
Quesniaux, V., Lignon, J., Mitchell, J., Moser, R., Gomes, E., Mirotti, L.,
Tavares-de-Lima, W., Ryffel, B., Vargaftig, B. B., & Russo, M. (2012).
Enhancement of Methacholine-evoked tracheal contraction induced
by bacterial lipopolysaccharides depends on epithelium and tumor
necrosis factor. The Journal of Allergy, 2012, 1-10. https://doi.org/10.
1155/2012/494085

Selo, M. A, Sake, J. A, Kim, K. J., & Ehrhardt, C. (2021). In vitro and
ex vivo models in inhalation biopharmaceutical research — Advances,
challenges and future perspectives. Advanced Drug Delivery Reviews,
177, 113862. https://doi.org/10.1016/j.addr.2021.113862

Serikov, V. B., Choi, H., Schmiel, K., Skaggs, C., Fleming, N. W., Wu, R,, &
Widdicombe, J. H. (2004). Endotoxin induces leukocyte transmigration
and changes in permeability of the airway epithelium via protein-
kinase C and extracellular regulated kinase activation. Journal of Endo-
toxin Research, 10, 55-65. https://doi.org/10.1177/
09680519040100010601

Shaifta, Y., MacKay, C. E., Irechukwu, N., O'Brien, K. A., Wright, D. B,
Ward, J. P. T., & Knock, G. A. (2018). Transforming growth factor-p
enhances rho-kinase activity and contraction in airway smooth muscle
via the nucleotide exchange factor ARHGEF1. The Journal of Physiol-
ogy, 596, 47-66. https://doi.org/10.1113/JP275033

Shay, T., Jojic, V., Zuk, O., Rothamel, K., Puyraimond-Zemmour, D., Feng, T.,
Wakamatsu, E., Benoist, C., Koller, D., Regev, A., & the ImnmGen Consor-
tium. (2013). Conservation and divergence in the transcriptional pro-
grams of the human and mouse immune systems. Proceedings of the
National Academy of Sciences of the United States of America, 110, 2946~
2951. https://doi.org/10.1073/pnas.1222738110

Silveira, P. S. P, Butler, J. P., & Fredberg, J. J. (2005). Length adaptation of
airway smooth muscle: A stochastic model of cytoskeletal dynamics.
Journal of Applied Physiology, 99, 2087-2098. https://doi.org/10.
1152/japplphysiol.00159.2005

Slack, R. J., Barrett, V. J., Morrison, V. S., Sturton, R. G., Emmons, A. J,,
Ford, A. J., & Knowles, R. G. (2013). In vitro pharmacological character-
ization of vilanterol, a novel long-acting p2-adrenoceptor agonist with
24-hour duration of action. The Journal of Pharmacology and Experi-
mental Therapeutics, 344, 218-230. https://doi.org/10.1124/jpet.112.
198481

Sly, R. M. (1982). Pathogenesis of asthma. Neurophysiology and pharma-
cology of bronchospasm. Chest, 81, 16-19.

Smuda, C., & Bryce, P. J. (2011). New developments in the use of hista-
mine and histamine receptors. Current Allergy and Asthma Reports, 11,
94-100. https://doi.org/10.1007/s11882-010-0163-6

Sparrow, M. P., McFawn, P. K., Omari, T. I., & Mitchell, H. W. (1992). Acti-
vation of smooth muscle in the airway wall, force production, and air-
way narrowing. Canadian Journal of Physiology and Pharmacology, 70,
607-614. https://doi.org/10.1139/y92-078

Streichert, L. C., & Sargent, P. B. (1992). The role of acetylcholinesterase in
denervation supersensitivity in the frog cardiac ganglion. The Journal
of Physiology, 445, 249-260. https://doi.org/10.1113/jphysiol.1992.
sp018922

Struckmann, N., Schwering, S., Wiegand, S., Gschnell, A., Yamada, M.,
Kummer, W., Wess, J., & Haberberger, R. V. (2003). Role of muscarinic
receptor subtypes in the constriction of peripheral airways: Studies on
receptor-deficient mice. Molecular Pharmacology, 64, 1444-1451.
https://doi.org/10.1124/mol.64.6.1444

Takachil, T., Maeda, M., Shirakusa, T., & Hayashida, Y. (1995). Sympathetic
reinnervation of unilaterally denervated rat lung. Acta Physiologica

Scandinavica, 154, 43-50. https://doi.org/10.1111/j.1748-1716.1995.
tb09884.x

Tam, A., Wadsworth, S., Dorscheid, D., Man, S. F. P., & Sin, D. D. (2011).
The airway epithelium: More than just a structural barrier. Therapeutic
Advances in Respiratory Disease, 5, 255-273. https://doi.org/10.1177/
1753465810396539

Tammemagi, C. M., Neslund-Dudas, C., Simoff, M., & Kvale, P. (2003).
Impact of comorbidity on lung cancer survival. International Journal of
Cancer, 103, 792-802. https://doi.org/10.1002/ijc.10882

Tanner, L., & Single, A. B. (2020). Animal models reflecting chronic obstruc-
tive pulmonary disease and related respiratory disorders: Translating
pre-clinical data into clinical relevance. Journal of Innate Immunity, 12,
203-225. https://doi.org/10.1159/000502489

Tannu, S. A, Renzetti, L. M., Tare, N., Ventre, J. D., Lavelle, D., Lin, T. A,
Morschauser, A., Paciorek, J., Bolin, D. R, Michel, H. Singer, L.,
Hargaden, M., Knowles, I. D., Gardiner, P., Cazzola, M., Calzetta, L.,
Matera, M. G., & Hicks, A. (2010). Dual bronchodilatory and pulmonary
anti-inflammatory activity of RO5024118, a novel agonist at vasoactive
intestinal peptide VPAC2 receptors. British Journal of Pharmacology, 161,
1329-1342. https://doi.org/10.1111/j.1476-5381.2010.00975 x

Taube, C., Einhaus, M., Welker, L., Holz, O. Branscheid, D.,
Magnussen, H., & Jérres, R. A. (2006). Isolated bronchi of patients with
COPD show decreased histamine responsiveness compared to
smokers with normal lung function. COPD: Journal of Chronic Obstruc-
tive Pulmonary Disease, 3, 25-31. https://doi.org/10.1080/
15412550500493360

Thien, F. (2013). Measuring and imaging small airways dysfunction in
asthma. Asia Pacific Allergy, 3, 224-230. https://doi.org/10.5415/
apallergy.2013.3.4.224

Tiddens, H. A. W. M., Hofhuis, W., Bogaard, J. M., Hop, W. C. J., De
Bruin, H., & Willems, L. N. A. (1999). Compliance, hysteresis, and col-
lapsibility of human small airways. American Journal of Respiratory and
Critical Care Medicine, 160, 1110-1118. https://doi.org/10.1164/
ajrccm.160.4.9709004

Turner, D. J., Noble, P. B., Lucas, M. P., & Mitchell, H. W. (2002).
Decreased airway narrowing and smooth muscle contraction in hyper-
responsive pigs. Journal of Applied Physiology, 93, 1296-1300. https://
doi.org/10.1152/japplphysiol.00150.2002

Usmani, O. S., Dhand, R., Lavorini, F., & Price, D. (2021). Why we should
target small airways disease in our Management of Chronic Obstruc-
tive Pulmonary Disease. Mayo Clinic Proceedings, 96, 2448-2463.
https://doi.org/10.1016/j.mayocp.2021.03.016

van den Bosch, W. B., James, A. L., & Tiddens, H. A. W. M. (2021). Struc-
ture and function of small airways in asthma patients revisited.
European Respiratory Review, 30, 200186. https://doi.org/10.1183/
16000617.0186-2020

Van der Velden, J., & Snibson, K. J. (2011). Airway disease: The use of large
animal models for drug discovery. Pulmonary Pharmacology & Thera-
peutics, 24, 525-532. https://doi.org/10.1016/j.pupt.2011.02.001

Van Der Velden, J., Sum, G., Barker, D., Koumoundouros, E.,
Barcham, G., & Wulff, H. (2013). KCa3.1 channel-blockade attenuates
airway pathophysiology in a sheep model of chronic asthma. PLoS
ONE, 8, €66886.

Van Lunteren, E., & Moyer, M. (2001). Auxotonic contractile responses of
rat tracheal and bronchial airway smooth muscle. Pulmonary Pharma-
cology & Therapeutics, 14, 443-453. https://doi.org/10.1006/pupt.
2001.0308

Van Ly, D., Faiz, A., Jenkins, C., Crossett, B., Black, J. L., McParland, B.,
Burgess, J. K., & Oliver, B. G. (2013). Characterising the mechanism of
airway smooth muscle 2 adrenoceptor desensitization by rhinovirus
infected bronchial epithelial cells. PLoS ONE, 8, e56058.

van Rijt, S. H., Keller, I. E., John, G., Kohse, K., Yildirim, A. O. &
Eickelberg, O. (2012). Acute cigarette smoke exposure impairs protea-
some function in the lung. American Journal of Physiology. Lung Cellular
and Molecular Physiology, 303, L814-23.

85UB01 T SUOIWIOD @A 181D 9|qeotjdde ay) Aq pausenob e Sepoie YO 8sN JO SajnJ 10} ARIq1T 8UIUO AS]IA UO (SUOTHIPUOD-PUE-SUIB) 0™ A8 | 1M Afe.d]jBu1[UO//:SdNL) SUONIPUOD PUe SWiB | 8U1 89S *[20z/20/yT] Uo Akeigiauliuo A8]iM ‘eIl eueIyp0 AQ /29T yda/TTTT 0T/I0p/woo A3 1M Aiqijpuljuo'sqndsday/sdny woij pspeojumod ‘S ‘v20z ‘T8ES9.YT


https://doi.org/10.1067/mai.2000.105705
https://doi.org/10.1034/j.1399-3003.1999.14b13.x
https://doi.org/10.1155/2012/494085
https://doi.org/10.1155/2012/494085
https://doi.org/10.1016/j.addr.2021.113862
https://doi.org/10.1177/09680519040100010601
https://doi.org/10.1177/09680519040100010601
https://doi.org/10.1113/JP275033
https://doi.org/10.1073/pnas.1222738110
https://doi.org/10.1152/japplphysiol.00159.2005
https://doi.org/10.1152/japplphysiol.00159.2005
https://doi.org/10.1124/jpet.112.198481
https://doi.org/10.1124/jpet.112.198481
https://doi.org/10.1007/s11882-010-0163-6
https://doi.org/10.1139/y92-078
https://doi.org/10.1113/jphysiol.1992.sp018922
https://doi.org/10.1113/jphysiol.1992.sp018922
https://doi.org/10.1124/mol.64.6.1444
https://doi.org/10.1111/j.1748-1716.1995.tb09884.x
https://doi.org/10.1111/j.1748-1716.1995.tb09884.x
https://doi.org/10.1177/1753465810396539
https://doi.org/10.1177/1753465810396539
https://doi.org/10.1002/ijc.10882
https://doi.org/10.1159/000502489
https://doi.org/10.1111/j.1476-5381.2010.00975.x
https://doi.org/10.1080/15412550500493360
https://doi.org/10.1080/15412550500493360
https://doi.org/10.5415/apallergy.2013.3.4.224
https://doi.org/10.5415/apallergy.2013.3.4.224
https://doi.org/10.1164/ajrccm.160.4.9709004
https://doi.org/10.1164/ajrccm.160.4.9709004
https://doi.org/10.1152/japplphysiol.00150.2002
https://doi.org/10.1152/japplphysiol.00150.2002
https://doi.org/10.1016/j.mayocp.2021.03.016
https://doi.org/10.1183/16000617.0186-2020
https://doi.org/10.1183/16000617.0186-2020
https://doi.org/10.1016/j.pupt.2011.02.001
https://doi.org/10.1006/pupt.2001.0308
https://doi.org/10.1006/pupt.2001.0308

CALZETTAET AL.

Van Scott, M. R., Chandler, J., Olmstead, S., Brown, J. M., & Mannie, M.
(2013). Airway anatomy, physiology, and inflammation. In the toxicant
induction of irritant asthma, rhinitis, and related conditions.

Vanhoutte, P. M. (1989). Epithelium-derived relaxing factor(s) and bron-
chial reactivity. The Journal of Allergy and Clinical Inmunology, 83, 855-
861. https://doi.org/10.1016/0091-6749(89)920095-X

Vanhoutte, P. M. (2013). Airway epithelium-derived relaxing factor: Myth,
reality, or naivety? American Journal of Physiology. Cell Physiology, 304,
C813-C820. https://doi.org/10.1152/ajpcell.00013.2013

Venkatasamy, R., & Spina, D. (2016). Novel relaxant effects of RPL554 on
Guinea pig tracheal smooth muscle contractility. British Journal of Phar-
macology, 173, 2335-2351. https://doi.org/10.1111/bph.13512

Walsmley, J. G., & Murphy, R. A. (1987). Force-length dependence of arterial
lamellar, smooth muscle, and myofilament orientations. American Journal
of Physiology. Heart and Circulatory Physiology, 253, H1141-H1147.

Walters, E. M., & Prather, R. S. (2013). Advancing swine models for human
health and diseases. Missouri Medicine, 110, 212-215.

Wang, L., Chitano, P., Paré, P. D., & Seow, C. Y. (2019). Mechanopharma-
cology and synergistic relaxation of airway smooth muscle. Journal of
Engineering and Science in Medical Diagnostics and Therapy, 2,
0110041. https://doi.org/10.1115/1.4042477

Wang, M., & Duan, B. (2019). Materials and their biomedical applications.
Encyclopedia of Biomedical Engineering, 1, 135-152. https://doi.org/10.
1016/B978-0-12-801238-3.99860-X

Wang, Q., Wang, Y., Zhang, Y., Zhang, Y., & Xiao, W. (2013). The role of
uPAR in epithelial-mesenchymal transition in small airway epithelium
of patients with chronic obstructive pulmonary disease. Respiratory
Research, 14, 67. https://doi.org/10.1186/1465-9921-14-67

Wang, Q., Wang, Y., Zhang, Y., Zhang, Y., & Xiao, W. (2015). Involvement of
urokinase in cigarette smoke extract-induced epithelial-mesenchymal
transition in human small airway epithelial cells. Laboratory Investigation,
95, 469-479. https://doi.org/10.1038/labinvest.2015.33

Warren, J. B. (2019). Translating the dose response into risk and benefit.
British Journal of Clinical Pharmacology, 85, 2187-2193. https://doi.
org/10.1111/bcp.13949

Wedzicha, J. A., & Seemungal, T. A. (2007). COPD exacerbations: Defining
their cause and prevention. Lancet, 370, 786-796. https://doi.org/10.
1016/50140-6736(07)61382-8

Widdicombe, J. G. (1998). Autonomic regulation: I-NANC/e-NANC. In
American Journal of Respiratory and Critical Care Medicine, 158, S171-
S175. https://doi.org/10.1164/ajrccm.158.supplement_2.13tac140

Williams, C. J. B. (1840). Report of experiments on the physiology of the
lungs and air-tubes. Report of the British Association for the Advance-
ment of Science, 7,411-420.

Wilson, R. (2001). Bacteria, antibiotics and COPD. The European Respira-
tory Journal, 17, 995-1007. https://doi.org/10.1183/09031936.01.
17509950

Wittekindt, O. H. (2017). Tight junctions in pulmonary epithelia during
lung inflammation. Pfliigers Archiv - European Journal of Physiology, 469,
135-147. https://doi.org/10.1007/s00424-016-1917-3

Wohlsen, A., Uhlig, S., & Martin, C. (2001). Immediate allergic response in
small airways. American Journal of Respiratory and Critical Care

BRITISH 639
PHARMACOLOGICAL:
SOCIETY

Medicine, 163, 1462-1469. https://doi.org/10.1164/ajrccm.163.6.
2007138

Woisin, F. E., Herd, C. M., Douglas, G. J., Raynor, K, Spina, D.,
Mitchell, H. W., & Page, C. P. (2001). Relationship of airway respon-
siveness with airway morphometry in normal and immunized rabbits.
Pulmonary Pharmacology & Therapeutics, 14, 75-83. https://doi.org/
10.1006/pupt.2000.0265

Woodrow, J. S., Sheats, M. K., Cooper, B., & Bayless, R. (2023). Asthma:
The use of animal models and their translational utility. Cell, 12, 1091.
https://doi.org/10.3390/cells12071091

Wright, J. L., Cosio, M., & Churg, A. (2008). Animal models of chronic
obstructive pulmonary disease. American Journal of Physiology. Lung
Cellular and Molecular Physiology, 295, L1-L15. https://doi.org/10.
1152/ajplung.90200.2008

Yamada, M., & Ichinose, M. (2018). The cholinergic pathways in inflamma-
tion: A potential pharmacotherapeutic target for COPD. Frontiers in
Pharmacology, 9, 1426. https://doi.org/10.3389/fphar.2018.01426

Yamauchi, K., & Ogasawara, M. (2019). The role of histamine in the patho-
physiology of asthma and the clinical efficacy of antihistamines in
asthma therapy. International Journal of Molecular Sciences, 20, 1733.
https://doi.org/10.3390/ijms20071733

Yang, W., Lj, F., Li, C., Meng, J., & Wang, Y. (2021). Focus on early COPD:
Definition and early lung development. International Journal of Chronic
Obstructive Pulmonary Disease, 16, 3217-3228. https://doi.org/10.
2147/COPD.S338359

Yoon, C. H., Park, H. J., Cho, Y. W,, Kim, E. J., Lee, J. D,, Kang, K. R,
Han, J., & Kang, D. (2011). Cigarette smoke extract-induced reduction
in migration and contraction in Normal human bronchial smooth mus-
cle cells. Korean Journal of Physiology and Pharmacology, 15, 397.
https://doi.org/10.4196/kjpp.2011.15.6.397

Zakarya, R., Chan, Y. L., Rutting, S., Reddy, K., Bozier, J., Woldhuis, R. R.,
Xenaki, D., Van Ly, D., Chen, H., Brandsma, C. A., Adcock, |I. M., &
Oliver, B. G. (2021). BET proteins are associated with the induction of
small airway fibrosis in COPD. Thorax, 76, 647-655. https://doi.org/
10.1136/thoraxjnl-2020-215092

SUPPORTING INFORMATION
Additional supporting information can be found online in the Support-

ing Information section at the end of this article.

How to cite this article: Calzetta, L., Page, C., Matera, M. G,,
Cazzola, M., & Rogliani, P. (2024). Use of human airway
smooth muscle in vitro and ex vivo to investigate drugs for the
treatment of chronic obstructive respiratory disorders. British
Journal of Pharmacology, 181(5), 610-639. https://doi.org/10.
1111/bph.16272

85UB01 T SUOIWIOD @A 181D 9|qeotjdde ay) Aq pausenob e Sepoie YO 8sN JO SajnJ 10} ARIq1T 8UIUO AS]IA UO (SUOTHIPUOD-PUE-SUIB) 0™ A8 | 1M Afe.d]jBu1[UO//:SdNL) SUONIPUOD PUe SWiB | 8U1 89S *[20z/20/yT] Uo Akeigiauliuo A8]iM ‘eIl eueIyp0 AQ /29T yda/TTTT 0T/I0p/woo A3 1M Aiqijpuljuo'sqndsday/sdny woij pspeojumod ‘S ‘v20z ‘T8ES9.YT


https://doi.org/10.1016/0091-6749(89)90095-X
https://doi.org/10.1152/ajpcell.00013.2013
https://doi.org/10.1111/bph.13512
https://doi.org/10.1115/1.4042477
https://doi.org/10.1016/B978-0-12-801238-3.99860-X
https://doi.org/10.1016/B978-0-12-801238-3.99860-X
https://doi.org/10.1186/1465-9921-14-67
https://doi.org/10.1038/labinvest.2015.33
https://doi.org/10.1111/bcp.13949
https://doi.org/10.1111/bcp.13949
https://doi.org/10.1016/S0140-6736(07)61382-8
https://doi.org/10.1016/S0140-6736(07)61382-8
https://doi.org/10.1164/ajrccm.158.supplement_2.13tac140
https://doi.org/10.1183/09031936.01.17509950
https://doi.org/10.1183/09031936.01.17509950
https://doi.org/10.1007/s00424-016-1917-3
https://doi.org/10.1164/ajrccm.163.6.2007138
https://doi.org/10.1164/ajrccm.163.6.2007138
https://doi.org/10.1006/pupt.2000.0265
https://doi.org/10.1006/pupt.2000.0265
https://doi.org/10.3390/cells12071091
https://doi.org/10.1152/ajplung.90200.2008
https://doi.org/10.1152/ajplung.90200.2008
https://doi.org/10.3389/fphar.2018.01426
https://doi.org/10.3390/ijms20071733
https://doi.org/10.2147/COPD.S338359
https://doi.org/10.2147/COPD.S338359
https://doi.org/10.4196/kjpp.2011.15.6.397
https://doi.org/10.1136/thoraxjnl-2020-215092
https://doi.org/10.1136/thoraxjnl-2020-215092
https://doi.org/10.1111/bph.16272
https://doi.org/10.1111/bph.16272

	Use of human airway smooth muscle in vitro and ex vivo to investigate drugs for the treatment of chronic obstructive respir...
	1  INTRODUCTION
	2  HISTORICAL BACKGROUND
	3  ANIMAL VERSUS HUMAN ISOLATED AIRWAYS
	4  HUMAN MEDIUM BRONCHI AND SMALL AIRWAYS
	5  TISSUE COLLECTION, PREPARATION AND EQUIPMENT
	6  ASM CONTRACTILE MODELS
	7  IN VITRO STUDIES WITH ISOLATED AIRWAYS
	7.1  In vitro models of asthma
	7.1.1  Passive sensitisation of human airways
	7.1.2  Passive sensitisation plus platelet-activating factor (PAF) challenge
	7.1.3  Passive sensitisation plus M receptor activation

	7.2  In vitro models of COPD
	7.2.1  Acute LPS challenge
	7.2.2  Sub-acute LPS challenge
	7.2.3  Overnight treatment with CSE


	8  AIRWAY CELLS AND MODELS OF ASTHMA, COPD AND VIRAL INFECTION
	9  IN VITRO AND EX VIVO MODELS OF RESPIRATORY EPITHELIAL DAMAGE
	9.1  Epithelium and isolated airways
	9.2  Passive sensitisation
	9.3  Acute LPS challenge
	9.4  Overnight treatment with CSE
	9.5  Exposure to pollutants

	10  CONCLUSIONS
	10.1  Nomenclature of targets and ligands

	AUTHOR CONTRIBUTIONS
	CONFLICT OF INTEREST STATEMENT
	DATA AVAILABILITY STATEMENT

	REFERENCES


