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Abstract——Asthma is a heterogeneous inflamma-
tory disease of the airways that is associated with
airway hyperresponsiveness and airflow limitation.
Although asthmawas once simply categorized as atopic
or nonatopic, emerging analyses over the last few
decades have revealed a variety of asthma endotypes
that are attributed to numerous pathophysiological
mechanisms. The classification of asthma by endotype
is primarily routed in different profiles of airway
inflammation that contribute to bronchoconstriction.
Many asthma therapeutics target G protein–coupled
receptors (GPCRs), which either enhance bronchodila-
tion or prevent bronchoconstriction. Short-acting and
long-acting b2-agonists are widely used bronchodilators
that signal through the activation of the b2-adrenergic
receptor. Short-acting and long-acting antagonists
of muscarinic acetylcholine receptors are used to
reduce bronchoconstriction by blocking the action of
acetylcholine. Leukotriene antagonists that block the
signaling of cysteinyl leukotriene receptor 1 are used
as an add-on therapy to reduce bronchoconstriction
and inflammation induced by cysteinyl leukotrienes. A
number of GPCR-targeting asthma drug candidates are
also in different stages of development. Among them,

antagonists of prostaglandin D2 receptor 2 have advanced
into phase III clinical trials. Others, including
antagonists of the adenosine A2B receptor and the
histamine H4 receptor, are in early stages of clinical
investigation. In the past decade, significant research
advancements in pharmacology, cell biology, structural
biology, andmolecular physiology have greatly deepened
our understanding of the therapeutic roles of GPCRs
in asthma and drug action on these GPCRs. This
review summarizes our current understanding of
GPCR signaling and pharmacology in the context of
asthma treatment.

Significance Statement——Although current treat-
ment methods for asthma are effective for a majority
of asthma patients, there are still a large number of
patients with poorly controlled asthma who may expe-
rience asthma exacerbations. This review summarizes
current asthma treatment methods and our under-
standing of signaling and pharmacology of G protein–
coupled receptors (GPCRs) in asthma therapy, and
discusses controversies regarding the use of GPCR
drugs and new opportunities in developing GPCR-
targeting therapeutics for the treatment of asthma.

I. Asthma and Asthma Therapy

A. Epidemiology, Pathology, and Pathophysiology
of Asthma

Asthma is among the most prevalent noncommuni-
cable diseases worldwide. According to the reports from
Global Asthma Network and Global Initiative for
Asthma (GINA), asthma affects 1%–18% of the popula-
tion in different countries with a global prevalence of
over 300 million people. In the United States, the
estimated prevalence of asthma in 2010 was 8.4% of
the population (Loftus andWise, 2016). Noticeably, this
number has increased by 2.9% per year from 2001 to
2010. Asthma also affects about 6 million children
between the ages of 0 and 17 in the United States,
according to the Centers for Disease Control and Pre-
vention. In fact, a recent reviewmentioned that asthma
is the most common childhood noncommunicable dis-
ease (Chabra and Gupta, 2019). Because of the high
prevalence and chronic nature, asthma brings a serious
economic burden to the society. It was estimated that
asthma was responsible for a total cost of $81.9 billion
dollars, including the medical costs and other indirect
costs, in the United States for the year of 2013
(Nurmagambetov et al., 2018). Although the mortality
rate of asthma has decreased significantly in the past
decades, it is still among the top leading causes of years
lived with disability and burden of disease (Global
Asthma Network Report 2018).
Our understanding of asthma has changed signifi-

cantly in the past two decades (Chung et al., 2014;
Lambrecht and Hammad, 2015; Reddel et al., 2015;
Pavord et al., 2018; Chabra and Gupta, 2019). Many
studies have suggested a highly complex and heteroge-
neous nature of asthma. Therefore, asthma has been

recognized and viewed more and more as a syndrome
with a broad spectrum of distinct disease phenotypes
and underlying pathophysiological mechanisms rather
than one specific disorder (Eder et al., 2006; Wenzel,
2012; Wu et al., 2014; Pavord et al., 2018). The most
recent GINA report defines asthma as a heterogeneous
disease, which is mainly characterized by chronic
airway inflammation. Common symptoms for asthma
include cough, chest tightness, wheezing, and shortness
of breath. Asthma is associated with variable airflow
limitation, airway hyperresponsiveness (AHR), and
sometimes airway remodeling, which are also the major
characteristics of chronic obstructive pulmonary dis-
ease (COPD) (Hogg, 2004).

The definition of clinical phenotypes of asthma has
attracted much attention in the past decade, which is
still far from reaching a widely accepted consensus and
remains controversial. Depending on various clinical,
etiological, pathophysiological, or demographic charac-
teristics, asthma can be clustered into different pheno-
types (Haldar et al., 2008; Siroux and Garcia-Aymerich,
2011; Wenzel, 2012; Campo et al., 2013). Commonly
recognized phenotypes include allergic and nonallergic
asthma (or atopic and nonatopic asthma), late-onset
persistent asthma, and obesity-driven asthma. How-
ever, a specific asthma phenotypic trait may have multi-
ple underlying disease mechanisms linked to different
mechanistic pathways (Green et al., 2002; Fahy, 2015).
Therefore, it has been suggested that disease endo-
types, which are defined by specific pathophysiologi-
cal mechanisms, may provide a better framework for
asthma research (Anderson, 2008; Perlikos et al., 2016;
Papi et al., 2017; Licari et al., 2018). Biomarkers of each
pathophysiological mechanism or mechanistic path-
way could help to identify each endotype in the clinic,
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allowing for drugs or therapeutic methods that specif-
ically target the underlying causative mechanism to
be used for each endotype. The appropriate classifica-
tion of asthma based on the phenotypes or endotypes is
expected to provide a better understanding of asthma
heterogeneity among patients so the therapeutic out-
comes of specific treatment methods are more pre-
dictable. This will also facilitate the development of
personalized and targeted therapies to fulfill currently
unmet needs in the management and control of asthma,
especially severe asthma.
Asthma has long been recognized as an inflammatory

disease of the airways, particularly lower airways.
Uncontrolled inflammation in the upper airways often
leads to allergic rhinitis, which shares many common
pathophysiological mechanisms with asthma (Locksley,
2010). Intensive research effort has been focused on the
immune pathways and immunologic processes that lead
to various asthma phenotypes in the past two decades.
A major breakthrough in the asthma immunology
was the identification of the critical roles of a subset of
CD41 T cells, the T helper (TH)2 cells, and the immune
responses mediated by TH2 cells in allergic asthma
(Grünig et al., 1998;Wills-Karp et al., 1998; Zhang et al.,
1999). TH2 cells can produce type 2 cytokines, including
interleukin (IL)-4, IL-5, and IL-13, which control and
mediate type-2 immunity (Voehringer et al., 2006). Un-
controlled and chronic type 2 immunity in the airways
leads to type 2 inflammation, which is the major driving
force and the hallmark of allergic asthma (Locksley,
2010; Fahy, 2015). Recently, other types of adaptive
immune cells, particularly the group 2 innate lymphoid
cells (ILC2s), were also found to be important players in
type 2 inflammation.
However, there is also a large body of evidence

suggesting that many asthma patients, particularly
patients with severe asthma, showed no or low charac-
teristics of type 2 inflammation, indicating that addi-
tional pathophysiological mechanisms are involved
(Wenzel et al., 1997; Jatakanon et al., 1999; Green
et al., 2002; Woodruff et al., 2007, 2009). From these
various studies, asthma has been roughly classified as
two endotypes, type 2 inflammation-high (type 2-high)
and type 2-low. It was estimated that most children
and half of adult patients with asthma are type 2
inflammation-related, whereas for patients with severe
asthma type 2, inflammation-related phenotypes only
represent 37% of the population (Woodruff et al., 2009;
Lambrecht and Hammad, 2015; Kuo et al., 2017). The
type 2-low endotype represents an important and well-
established severe asthma endotype, which ismuch less
understood and much more diverse compared with the
type 2-high endotype.
1. Type 2-High Endotype Pathophysiology. Type 2

immunity and type 2 inflammation are well studied and
understood. They are strongly linked to allergic or
atopic pathologies in diseases such as asthma and are

characterized by the production of type 2 cytokines,
IL-4, IL-5, and IL-13, and high levels of IgE antibodies
(Voehringer et al., 2006). Type 2 inflammation involves
many types of innate and adaptive immune cells,
including TH2 cells, ILC2s, specific B cells that produce
IgE antibodies, eosinophils, basophils, and mast cells.
Multiple pathways mediated by those cells work to-
gether through complex and heterogeneous interplay to
result in different asthma phenotypes displaying char-
acteristics of type 2 inflammation.

It is well accepted that the type 2 inflammation starts
from the events in the airway epithelium. Allergens and
other stimuli interact with airway epithelial cells,
which then release a series of cytokines such as thymic
stromal lymphopoietin (TSLP) and IL-25 and IL-33.
These cytokine regulators can then lead to the genera-
tion of type 2 cytokines through activating multiple
immune cells to drive the onset of type 2 inflamma-
tion. Activated and primed dendritic cells (DCs) dur-
ing this process promote the differentiation of naive
CD41 T cells into TH2 cells, which are the major cell
type producing type 2 cytokines (Paul and Zhu, 2010).
Two transcription factors, STAT6 and GATA3, are key
to the activation of TH2 cells (Zheng and Flavell, 1997;
Kuperman et al., 1998; Mathew et al., 2001; Hosokawa
et al., 2013; Wan, 2014).

Another potent producer of type 2 cytokines are the
recently discovered ILC2s (Fallon et al., 2006; Moro
et al., 2010; Neill et al., 2010; Price et al., 2010; Walker
et al., 2013). These innate lymphoid cells show some
functional resemblance of TH2 cells. Although they do
not have antigen receptors for T or B cells, they do
express receptors for the cytokines produced by stimu-
lated epithelial cells, TSLP, IL-25, and IL-33. Engage-
ment of these cytokines with their receptors can lead the
activation and recruitment of ILC2s, which in turn
participate in the type 2 inflammation process by pro-
ducing type 2 cytokines. Studies have demonstrated
that they may produce even more IL-5 and IL-13 than
TH2 cells under some circumstances (Chen et al., 2017).
In addition, ILC2s may also contribute to the differen-
tiation of naive CD41 T cells into TH2 cells (Halim et al.,
2014; Oliphant et al., 2014). The roles of ILC2s and TH2
cells in the production of type 2 cytokines and how they
affect the functions of each other are still not fully
understood. It is likely that ILC2s and TH2 cells may
have different roles in different phenotypes of asthma.
It is notable that ILC2s may show resistance to the
steroid-induced suppression of type 2 cytokine produc-
tion (Kabata et al., 2013). Because steroid drugs are the
mainstream drugs for reducing inflammation in asthma,
a better understanding of the function of ILC2s in certain
types of asthma patients with ILC2s as the dominant
players in type 2 inflammation is important for de-
veloping appropriate personalized treatment plans.

Type 2 cytokines are the central regulatory molecules
of type 2 inflammation (Fahy, 2015; Wynn, 2015). IL-4
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can induce antibody class switching in B cells to result
in IgE production. It also drives T cell differentiation to
produce TH2 cells from naive CD41 cells. IL-5 is a key
regulator of the recruitment and development of eosi-
nophils, another major cell type associated with type 2
inflammation. The activated eosinophils recruited to
the airways can release a number of potent inflamma-
tory mediators and disease-inducing molecules, includ-
ing cytokines, cysteinyl leukotrienes (CysLT), and
cytotoxic proteins. Eosinophilia in the airways causes
eosinophilic asthma, which is an important type of
asthma that is often severe. Other granulocytes such
asmast cells and basophils also respond to IL-5. IL-13 is
a primary effector that directly induces asthma symp-
toms. A well-characterized function of IL-13 is to drive
the differentiation of airway epithelial cells into active
goblet cells that produce mucins, a process called goblet
cell metaplasia (Wills-Karp et al., 1998; Tanabe et al.,
2008; Wynn, 2015). Overproduction of mucins leads to
the formation of thick mucus and subsequent airway
clogging. In addition, IL-13 can also induce AHR and
contribute to airway remodeling and even pulmonary
fibrosis (Rael and Lockey, 2011).
IgE antibodies produced by type 2 cytokine-induced

B cells are another critical molecular controller of type
2-high asthma. In general, IgE antibodies are consid-
ered as the major characteristics of atopic diseases. In
asthma, IgE antibodies can bind to the high-affinity
IgE receptor Fc«RI that is highly expressed on mast
cells, basophils, and DCs. Engagement and cross-
linking of IgEs to their receptor lead to the migration
and degranulation of mast cells and basophils and the
activation of DCs, which then results in the release of
potent inflammatory molecules, including histamine,
inflammatory lipid mediators, and chemokines (Lambrecht
and Hammad, 2015). These molecules are directly asso-
ciated with airway hypersensitivity. Activated DCs can
promote the differentiation of CD41 T cells, which may
be important for the development of chronic airway
inflammation (Lambrecht et al., 1998). Basophils also
have been shown to secrete IL-4, further amplifying
type 2 inflammation (Nouri-Aria et al., 2001; Min et al.,
2004; Kim et al., 2013).
2. Type 2-Low Endotype Pathophysiology. The var-

iations of type 2-low asthma and the underlying path-
ophysiological mechanisms are far less understood
compared with the type 2-high asthma. It is highly
likely that the type 2-low endotype may actually be
comprised of several distinct endotypes, all of which
are associated with normal levels of type 2 cytokines
(Fahy, 2015). Given the fact that less than half of
severe asthma patients are associated with dominant
type 2 inflammation, the pathophysiology of type 2-low
asthma has attracted more and more research interest
(Robinson et al., 2017). However, to date it is still
enigmatic and there is no effective treatment method
that specifically targets type 2-low asthma.

One characteristic found in many type 2-low asthma
patients is the high level of neutrophils instead of
eosinophils. Neutrophilic inflammation is usually asso-
ciated with high levels of TH1 and TH17 cells (Shaw
et al., 2007; McKinley et al., 2008). However, the
mechanisms underlying the recruitment and activation
of these cells and how they contribute to asthma symp-
toms are not clear. One study suggested the involvement
of the intracellular NLRP3 (NACHT, LRR and PYD
domains-containing protein 3) inflammasome in neu-
trophilic asthma (Simpson et al., 2014). Increased levels
of cytokines produced by TH17 cells including IL-17A,
IL-17F, and IL-22 have also been found in neutrophilic
asthma. However, the functional roles of these cyto-
kines are controversial. IL-17A has been suggested to
contribute to airway remodeling (Bellini et al., 2012).
Previous studies also suggested the involvement of
other inflammatory mediators such as IL-8 and tumor
necrosis factor-a in neutrophilic inflammation (Berry
et al., 2006; Wood et al., 2012).

The mainstream anti-inflammatory steroid drugs are
far less effective in reducing TH17 cytokines than
reducing type 2 cytokines. Therefore, neutrophilic
asthma driven by TH17 inflammatory mediators exhib-
its resistance to steroid therapies, which seems to be
a common feature of type 2-low asthma. It is of para-
mount importance to identify different endotypes of
type 2-low asthma and the underlying pathophysiolog-
ical mechanisms to develop novel asthma therapies.

B. Current Treatment Methods

The pharmacological options for treatment and man-
agement of asthma include inhaled corticosteroids (ICSs),
oral corticosteroids, long-acting b2-agonists (LABAs),
short-acting b2-agonists (SABAs), long-acting musca-
rinic antagonists (LAMAs), short-acting muscarinic
antagonists (SAMAs), leukotriene modifiers, theophyl-
line, cromolyn, and immune-modulating antibody
drugs, which are well summarized in the GINA Report
2018 and the Lancet paper by Pavord et al. (2018). Most
of these medications fall into the following three main
categories: 1) long-term control medications; 2) quick-
relief medications; and 3) biologic agents (Table 1).
Long-term control medications reduce airway inflam-
mation that leads to chronic symptoms and include
therapies such as ICSs, LABAs, LAMAs, leukotriene
modifiers, theophylline, and cromolyn. Quick-relief
medications quickly open constricted airways that limit
breathing and include oral corticosteroids, SABAs, and
SAMAs. In certain situations, biologic drugs are re-
quired, including the IgE antibody omalizumab and the
anti-IL antibodies.

1. Long-Term Control Medications.
a. Inhaled corticosteroids. ICSs include beclometha-

sone dipropionate, budesonide, ciclesonide, flunisolide,
fluticasone furoate, mometasone furoate, and flutica-
sone propionate. These medications reduce AHR and

Pharmacology of GPCRs in Asthma Therapy and Drug Action 5



control asthma symptoms through suppression of air-
way inflammation. Corticosteroids suppress inflamma-
tion mainly by acting on the glucocorticoid receptors
to switch off multiple activated inflammatory genes
that encode for cytokines, chemokines, adhesion mole-
cules, inflammatory enzymes, and receptors, through
reversing histone acetylation via the recruitment of
histone deacetylase 2 (Barnes, 2006). Corticosteroids
can also switch on transcription of genes encoding b2-
adrenergic receptors (b2AR), secretory leukocyte in-
hibitory protein, and mitogen-activated protein kinase
(MAPK) phosphatase-1 (Barnes, 2006, 2010a). These
effects may contribute to the anti-inflammatory actions
of corticosteroids. Inhaled corticosteroids are the most
effective and safe medications for long-term asthma
control with adjunct medications such as b2‐agonists
(Choby and Lee, 2015).
b. Long-acting b2-agonists. There are a number of

LABAs used in the clinics, which include salmeterol,
formoterol, vilanterol, and olodaterol. These medicines
have much longer half-life profiles in binding to b2-
adrenergic receptors within the bronchioles than short-
acting b2-agonists, leading to a longer duration of effect
(Walker et al., 2011). LABAs are recommended to be
only used in the combination therapy with a corticoste-
roid, whereas LABAs provide symptomatic relief of
asthma, and corticosteroids offer control of the under-
lying inflammatory pathology, thus reducing recurrence

of exacerbations and overall mortality (Calverley et al.,
2007; Beasley et al., 2010; Weatherall et al., 2010).
Common combination therapy medicines include sal-
meterol/fluticasone, formoterol/budesonide, formoterol/
mometasone, and vilanterol/fluticasone. Formoterol in
combined use with budesonide is also used as a reliever
medication because of its quick onset of action (O’Byrne
et al., 2005).

c. Long-acting muscarinic antagonists. LAMAs in-
clude tiotropium, aclidinium, glycopyrronium, and
umeclidinium. Muscarinic antagonists elicit their func-
tion by binding to muscarinic receptors (MRs) M1, M2,
and M3 and blocking neuronal and non-neuronal sig-
nals of acetylcholine. Among them, M3 receptors are
found on the airway smooth muscle cells, mucosal
glands, and vascular endothelium along the airways.
Blockage of these receptors leads to a decrease in
bronchoconstriction, leading to the primary effects of
LAMAs in asthma (Alagha et al., 2014; Cruz, 2018).
These LAMAs dissociate more slowly from the M3
receptors than from theM2 receptors, exhibiting a func-
tional selectivity. Tiotropium has received Food and
Drug Administration approval for the treatment of
asthma, whereas others have been used in the treat-
ment of COPD and could be developed toward asthma
drugs (Lee et al., 2015; Busse et al., 2016; Ferrando
et al., 2017; Gosens and Gross, 2018). LAMAs are used
in combination with LABAs for increasing the efficacy

TABLE 1
Overview of current asthma drugs

Drug Category Target Mechanism of Action Medical Use Examples

ICSs Long-term
control
medications

Glucocorticoid receptors Suppression of airway
inflammation

Mild/Moderate
persistent asthma

Budesonide,
beclomethasone,
fluticasone

LABAs Long-term
control
medications

b2AR Relaxation of bronchial
smooth muscle

Moderate to severe
asthma

Salmeterol, formoterol,
olodaterol

LAMAs Long-term
control
medications

MRs (functional
selectivity for M3R)

Relaxation of bronchial
smooth muscle

Uncontrolled asthma Tiotropium, umeclidinium,
glycopyrrolate

LTRAs Long-term
control
medications

CysLT receptor 1 Antagonize actions of
leukotrienes in the
airway

Secondary option for
mild/moderate
persistent asthma

Montelukast, pranlukast,
zafirlukast

Other leukotriene
modifier

Long-term
control
medications

5-LOX Inhibit the formation of
leukotrienes

Secondary option for
mild/moderate
persistent asthma

Zileuton

Methylxanthines Long-term
control
medications

Phosphodiesterase 3,
adenosine receptors

Relaxation of bronchial
smooth muscle

Secondary option for
mild/moderate
persistent asthma

Theophylline

Mast cell stabilizer Long-term
control
medications

Calcium-activated
potassium channels

Inhibit the release of
inflammatory
mediators

Mild persistent asthma Cromolyn

Oral and intravenous
corticosteroids

Quick-relief
(rescue)
medications

Glucocorticoid receptors Suppression of airway
inflammation

Severe asthma Prednisolone, prednisone,
methylprednisolone

SABAs Quick-relief
(rescue)
medications

b2AR Relaxation of bronchial
smooth muscle

Severe asthma Albuterol, levalbuterol

SAMAs Quick-relief
(rescue)
medications

MRs (no selectivity for
M3R)

Relaxation of bronchial
smooth muscle

Acute asthma
exacerbation

Ipratropium, oxitropium

Antibodies Biologic
agents

IgE and ILs Reducing inflammation
by blocking IgE and
ILs

Allergic and severe
asthma

Omalizumab,
mepolizumab,
dupilumab
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over monotherapy (Rolla and Brussino, 2018). Com-
monly used medicines include tiotropium/olodaterol,
aclidinium/formoterol, glycopyrronium/indacaterol, and
umeclidinium/vilanterol.
d. Leukotriene modifiers and leukotriene receptor

antagonists. Currently used leukotriene modifiers in-
cludemontelukast, zafirlukast, pranlukast, and zileuton.
Among them, montelukast, zafirlukast, and pranlukast
are leukotriene receptor antagonists (LTRAs) that target
G protein–coupled receptors (GPCRs), whereas zileuton
is an inhibitor of 5-lipoxygenase (5-LOX) that inhibits
the formation of leukotrienes [leukotriene B4 (LTB4),
leukotriene C4 (LTC4), leukotriene D4 (LTD4), and
leukotriene E4 (LTE4)]. These medications work to
antagonize the effects of proinflammatory leukotrienes
or to decrease leukotriene production. This results in
decreased inflammation and decreased hyperrespon-
siveness of the airways to immune challenges (Scott and
Peters-Golden, 2013). Leukotrienemodifiers can beusedas
alternatives to inhaled corticosteroids for mild to moderate
asthma, or used in addition to inhaled corticosteroids for
moderate asthma (National Asthma Education and
Prevention Program, 2007; Scow et al., 2007).
e. Theophylline. The mechanism of action of theoph-

ylline in obstructive lung disease management is poorly
understood. It may act as a nonselective inhibitor of
phosphodiesterases (PDEs) and a nonspecific adenosine
receptor antagonist, leading to the relaxation of smooth
muscles of airways (Barnes, 2013). It also has been
shown to reduce airway inflammation likely by inhibit-
ing PDE4 and activating histone deacetylase 2, which
results in the switching off of activated inflammatory
genes. It is an alternative medicine to inhaled cortico-
steroids for mild asthma (Mahemuti et al., 2018).
Theophylline can also be used in combination with
inhaled corticosteroids to treat moderate to severe
asthma (Mahemuti et al., 2018).
f. Cromolyn. Cromolyn is traditionally described as

a mast cell stabilizer, yet its mechanism of action is
not fully understood. It is known to inhibit calcium-
activated potassium channels and thus may inhibit the
exaggerated neuronal reflexes triggered by the stimu-
lation of irritant receptors on sensory nerve endings in
exercise-induced asthma (EIA). It also inhibits the
release of preformed cytokines from several types of
inflammatory cells in allergen-induced asthma (Larsson
et al., 2001; Yazid et al., 2009). Cromolyn therapy has
been largely replaced by LTRAs.
2. Quick-Relief (Rescue) Medications.
a. Oral and intravenous corticosteroids. Oral and

intravenous corticosteroids include prednisolone, pred-
nisone, and methylprednisolone. These medications are
used on a short-term basis to relieve airway inflamma-
tion in severe asthma, as they can cause serious side
effects when used long-term (National Asthma Education
and Prevention Program, 2007; Albertson et al., 2015;
Sharma et al., 2019).

b. Short-acting b2-agonists. SABAs used in North
America include albuterol and levalbuterol. Albuterol
and levalbuterol are both b2-adrenergic receptor ago-
nists. Albuterol became commercially available in 1969
and is still used as a highly effective rescue therapy
today (Pollock et al., 2017). These medicines function by
a similar mechanism of action as LABAs, but with
a shorter duration of action. Other SABAs such as
terbutaline and procaterol are also used in regions such
as Scandinavia and Japan.

c. Short-acting muscarinic antagonists. The com-
monly used SAMAs are ipratropium and oxitropium.
They are derivatives of the nonspecific muscarinic
antagonist atropine, which acts by inhibiting the sig-
naling of MRs to relax smooth muscles (Albertson et al.,
2015; Pollock et al., 2017). They can also be used in
combination with SABAs, such as albuterol or fenoterol,
for increasing the efficacy over monotherapy (Bryant
and Rogers, 1990; Nishi et al., 1993; Donohue et al.,
2016).

3. Biologic Agents. Biologic agents as therapies for
asthmawere developed rather recently. They target IgE
and type 2 cytokines, which can provide additional
therapeutic benefits by further reducing type 2 inflam-
mation in asthma. Biologic drugs are usually used as
a phenotype-selective treatment method, and our un-
derstanding of asthma endotyping helps to identify
optimal biologics as targeted therapy (Pelaia et al.,
2012; Svenningsen and Nair, 2017).

Omalizumab is a human monoclonal antibody. It
works by directly binding and blocking IgE, which is
responsible for many allergy symptoms, thus reducing
the ability of IgE to induce a TH2 immune response,
including eosinophilia and mast cell activation (Chazan,
2001; D’Amato, 2006; Dantzer and Wood, 2018). Omali-
zumab may be particularly useful for patients who
have allergies and severe asthma (National Asthma
Education and Prevention Program, 2007; Dantzer
and Wood, 2018).

Anti-IL antibodies include mepolizumab, reslizumab,
benralizumab, and dupilumab (Colice, 2011; Braido
et al., 2015; Farne et al., 2017). These medications are
used as add-on therapies for adults with severe asthma
and eosinophilia. Mepolizumab, reslizumab, and ben-
ralizumab bind to the IL-5 receptor, thus inhibiting its
signal to proliferate eosinophils in bone marrow. Dupi-
lumab binds to the IL-4 receptor, modulating signaling
of both the IL-4 and IL-13 pathways (Castro et al.,
2018).

C. Inhalation Therapy

Corticosteroids have been administered for over
50 years and are used to prevent airway inflammation,
decrease mucus production, and reduce airway hyper-
sensitivity (Barnes, 2010a). The most commonly pre-
scribed medication for asthma management is an
inhaled corticosteroid (ICS) paired with a bronchodilator
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(Barnes, 2010a; Silva and Jacinto, 2016; Gosens and
Gross, 2018). Typically the bronchodilator is a SABA or
LABA; however, several anticholinergics have been
recently approved for asthma management as stand-
alone or add-on therapies. Inhaled therapies are ad-
ministered by one of three common types of inhalation
devices, with the metered dose inhaler (MDI) being the
most common. MDIs use a chemical propellant to push
the medication out of the inhaler. MDIs often come with
what is called a spacer. The spacer helps a person to
better coordinate inhalation with release of the drug
from the canister and insures thatmore drug is properly
delivered. Dry powdered inhalers do not use a chemical
propellant, but require fast and accurate inhalation to
ensure that most of the drug enters the lungs. The last
type is a nebulizer, which requires the use of a mask
that fits over the mouth or nose and requires the use
of oxygen or air under pressure to deliver the drug in
a fine mist. Nebulizers are the most effective form of
drug delivery and especially useful for young children
and those who are unable to coordinate inhalation with
drug release. However, they are the most time consum-
ing as it can take upward of 15 minutes to deliver each
dose of drug.

D. Preclinical Models of Asthma

Numerous animal models have been used to decipher
various aspects of asthma pathophysiology, identify
novel therapeutic targets, and test the efficacy of
emerging therapies. Reports using models of Drosoph-
ila melanogaster (Roeder et al., 2009), canines (Padrid,
1992; Zosky and Sly, 2007), felines (Norris Reinero
et al., 2004), rats (Kucharewicz et al., 2008), equines
(Herszberg et al., 2006), sheep (Zosky and Sly, 2007;
Scheerlinck et al., 2008), guinea pigs (Canning and
Chou, 2008), nonhuman primates (Coffman and Hessel,
2005), and mice (Zosky and Sly, 2007; Nials and Uddin,
2008; Chapman et al., 2014; Aun et al., 2017) can be
found in the literature. Although felines and equines
spontaneously display asthma-like symptoms, 1% of
cats develop eosinophilic bronchitis (Padrid, 2000; Aun
et al., 2017), and horses develop heaves resulting from
moldy hay (Barton and Gehlen, 2016); they are not
financially viable models for asthma research. Despite
the physiologic compatibility of cats and horses, as well
as guinea pigs, and nonhuman primates compared with
mice, the diminished feasibility based on costs, trans-
genic resources, and other factors has made mice the
gold standard for models of asthma (Zosky and Sly,
2007; Nials andUddin, 2008; Chapman et al., 2014; Aun
et al., 2017).
Although mice are the predominant species used for

preclinical models of asthma, there are some distinct
physiologic differences and caveats that should be
realized. The most obvious is that mice are quadrupeds
and the distribution of ventilation is strongly influenced
by gravity, which is an important pathophysiological

feature of human asthma. Airway branching in mice is
also different than humans. Mice only have six to eight
distinct branches, whereas humans have 23 that are
symmetrical and dichotomous. Branching in mice and
other nonprimates is monopodial, in which one daugh-
ter branch may be larger than the other (Gomes and
Bates, 2002). Compared with humans, mice have large
caliber airways for their respective lung size. These
differences are likely to affect ventilation and aerosol
distribution, thus confounding AHR studies and the
implications of airway obstruction and structural
changes, as well as the effects of nonaerosolized treat-
ments (Chapman et al., 2014).

As mice do not spontaneously develop allergic airway
disease, models have been developed that include
sensitization with an allergen, often accompanied by
an adjuvant, followed by multiple challenges with
allergen alone. A common timeline involves sensitiza-
tion in the first 2 weeks, followed by challenge at
multiple time points during the following weeks for
acute studies and challenge over the course of 1–
3 months for chronic models. Much like the choice of
species, other factors including time and expense have
resulted in the majority of studies being designed using
acute models, which does not best reflect what occurs
clinically (Nials and Uddin, 2008; Aun et al., 2017).
Chronic models have been developed to better replicate
structural changes that include subepithelial and air-
way wall fibrosis, goblet cell hyperplasia, smooth
muscle thickening, and increased vascular permeability
(Nials and Uddin, 2008; Aun et al., 2017). Chronic
inflammation and structural changes have functional
consequences that contribute to asthma symptoms and
reflect the clinical phenotype, as most result in airway
remodeling and persistent AHR. However, there are
also concerns regarding chronic models, as it has been
observed that immune tolerance may develop (Aun
et al., 2017; Sethi and Naura, 2018). Additionally,
mouse inflammation is not restricted to the conducting
airways as it is in humans, and both lung parenchymal
and vascular inflammation and remodeling are ob-
served in mice as well (Nials and Uddin, 2008). There
is also a disparity in the recruitment of mast cells to
airway walls and epithelium, which likely speaks to the
paucity of mast cells in mice (Lei et al., 2013), making
the role of the prostaglandin (PG)D2 receptor, DP2, or
therapies directed toward them challenging to study
in mice.

Mouse strain, allergen, route of administration for
sensitization and challenge, and timing are all aspects
of a model that will influence the inflammatory re-
sponse. BALB/c mice are often used as they present
a TH2-biased response; however, C57BL/6 and A/J
mouse models have also been developed. For instance,
C57BL/6 are a common background for transgenic mice,
and this strain is also used in high-fat–diet asthma
models as male C57BL/6 more readily develop a type 2
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diabetic phenotype (Kim et al., 2014). A/J mice have
been used in several studiesmodeling steroid resistance
(Serra et al., 2018).
Ovalbumin (OVA) challenge has been the mainstay

allergen of the allergic airway disease model. Mice are
sensitized with OVA and Al(OH)3 adjuvant, most often
via intraperitoneal injection within the first 2 weeks,
followed by a period of challenge via oral pharyn-
geal (intratracheal), intranasal, or aerosolized delivery
(Nials and Uddin, 2008; Chapman et al., 2014; Aun
et al., 2017). The use of OVA to induce allergic airway
disease has been heavily criticized as intraperitoneal
administration is not the natural route of allergen
exposure, and OVA is not a clinically relevant allergen
(Chapman et al., 2014). More recently, models have
developed in which house dust mite (HDM), cockroach
extract (Blatella germanica, Bl g2), ragweed, Aspergil-
lus fumigatus (fungi causing allergic rhinitis), and the
parasite Ascaris lumbricoids have been used (Zosky and
Sly, 2007; Nials and Uddin, 2008; Chapman et al., 2014;
Hawlader et al., 2014; Aun et al., 2017). Studies indicate
that 50% to 85% of asthmatics are allergic to HDM
(Nelson et al., 1996), and, although HDM is typically
administered without an adjuvant during sensitization,
it must be noted that endotoxin levels can vary between
lots and sometimes be quite high. This must be taken
into consideration as the lipopolysaccharide present
will promote an acute inflammatory response. Along
with lipopolysaccharide, HDM protein, fecal matter,
and chitin found in the HDM extract induces TSLP,
granulocyte-macrophage colony-stimulating factor,
IL-25, and IL-33 via TLR4 activation on airway epithe-
lial cells (Hammad et al., 2009).
Studies using gene knockout mice combined with

OVA challenge have helped to establish the roles of
muscarinic acetylcholine receptors in asthma (Kistemaker
et al., 2014). A number of studies used OVA-challenged
mice and guinea pigs to test the effects of tiotropium,
a classic LAMA drug, in the airway inflammation,
which suggested a combined therapy of tiotropium
and a steroid in the treatment of asthma (Buels et al.,
2012; Kang et al., 2012; Kistemaker et al., 2016). OVA-
challenged mice models have also been used to examine
the role of CysLT receptors and leukotriene receptor
antagonists in airway inflammation and modeling
(Henderson et al., 2002; Ikeda et al., 2014). Interest-
ingly, a few studies using gene knockout mice with OVA
or leukotriene E4 challenge have predicted additional
leukotriene receptors that may be critical new drug
targets for asthma, which are still under investigation
(Paruchuri et al., 2009; Kanaoka et al., 2013; Trinh
et al., 2019).
Utilization of preclinical models of asthma has been

invaluable to the characterization of the TH2-high
atopic phenotype, the discovery of novel targets, and
determination of drug efficacy, despite the many cav-
eats described. An in-depth understanding of the

mechanisms underlying each asthma phenotype
remains the ultimate path forward in personalized
medicine, and mouse and other animal models of
asthma can be tailored to specific aspects that con-
tribute to these phenotypes. For instance, animal
models provide an opportunity to study parameters
aside from allergens that contribute to the asthma
pathophysiology, including obesity, age, steroid re-
sistance, aspirin sensitivity, and asthma severity.
Despite their utility, animal model research should
not directly lead to clinical conclusions, but inform us
of important targets for therapy and novel pathways
of interest. Models should be paired with studies
involving clinical samples, such as those conducted
using bronchoscopy-derived primary airway epithe-
lial cells at the air–liquid interface, precision-cut lung
slices, or the reprogramming of patient-derived plu-
ripotent stem cells and fibroblasts to epithelial and
smooth muscle cells (Mullane and Williams, 2014).
These types of translational studies will provide a more
comprehensive understanding of the complex interac-
tions of inflammation, bronchodilation, and AHR that
present as asthma.

E. G Protein–Coupled Receptors as Important Drug
Targets in Asthma

GPCRs constitute the largest family of drug targets in
humans. It was estimated that over 33% of currently
used small-molecule drugs target GPCRs (Santos et al.,
2017). This is due to many druggable properties of
GPCRs. First, GPCRs are key players that sense
extracellular signaling molecules on cell surfaces. They
are involved in nearly every aspect of in vivo physiologic
processes. Almost every physiologic pathway can be
dampened or enhanced by pharmacologically manipu-
lating certain GPCRs. Second, most native and endog-
enous GPCR ligands are small-molecule chemicals and
peptides, and many GPCR-targeting drugs were de-
veloped based on natural molecules. Thus, there are
many natural chemical templates for designing novel
small-molecule drugs. Lastly, the ligand-binding sites
are located at the extracellular regions of GPCRs, which
can be easily accessed by drugs.

Many currently used asthma medications target
GPCRs. Studies in the past several decades have proven
the important roles of a number of GPCRs, including
b2-adrenergic receptor, muscarinic acetylcholine recep-
tors, leukotriene and PG receptors, chemokine recep-
tors, and adenosine receptors in asthma. A large
number of clinical trials have provided critical insights
into the significance of GPCR-targeting therapies in
the treatment of asthma. Also, the progress in GPCR
structural biology in the past decade has allowed us
to understand the actions of many GPCR-targeting
drugs on a molecular level (Hauser et al., 2017). In
this review, we will focus on the GPCRs as existing
and potential drug targets for asthma. We hope to
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summarize our current understanding of their physiol-
ogy and pharmacology and discuss structural insights
into drug action.

II. b2-Adrenergic Receptor and b2-Agonists

A. Pathophysiological Roles and Signaling of the b2-
Adrenergic Receptor in Asthma

The b2AR is a member of the adrenergic receptor
(adrenoceptor) family, which is comprised of two major
a types and three b types of receptors. These receptors
are targets of catecholamine neurotransmitters, includ-
ing epinephrine and norepinephrine (adrenaline and
noradrenaline). Catecholamine-signaling molecules act
on these receptors to stimulate the sympathetic nervous
system to mediate classic fight-or-flight responses.
Members of this family are all important drug targets.
b2AR is highly expressed in airway smooth muscle
(ASM) cells and bronchial epithelial cells. b2-agonists
have been used as bronchodilators in the treatment
of various respiratory diseases, including asthma, for
decades.
Historically, the b2AR has been themodel receptor for

GPCR-related research. Hamster b2AR was the first
GPCR to be cloned in the late 20th century (Dixon et al.,
1986; Lefkowitz, 2004). Results from studies of the
b2AR have greatly advanced our understanding of
GPCR pharmacology and signaling. In the classic
scenario of receptor signaling, the b2AR can be acti-
vated by endogenous agonists, epinephrine, and nor-
epinephrine, or synthetic agonists, such as b2-agonist
drugs, to couple to and further activate the stimulatory
Gs protein, resulting in the release of the a subunit of Gs

(Gas). The Gas then binds to and activates adenylyl cyclase,
which in turn catalyzes the conversion of ATP to cAMP.
cAMP is a second-messenger molecule that can in-

duce cAMP-dependent signaling pathways. One of the
well-characterized cAMP effectors is protein kinase A
(PKA). PKAwas the first cAMP effector to be discovered
and is a major effector in asthma airway pathophysiol-
ogy (Torphy, 1994; Hanoune andDefer, 2001; Beavo and
Brunton, 2002), although the roles of PKA in mediating
b2-agonist–mediated relaxation of airways are still
controversial. Spicuzza et al. (2001) showed that the
suppression of acetylcholine-induced contractions by
b2-agonists is independent of PKA. Another study by
Morgan et al. (2014) suggested that b2-agonist–
mediated relaxation of airways is PKA dependent. It
has been established that PKA phosphorylates many
substrates in the ASM cells, such as myosin light chain
kinase, inositol triphosphate receptors, calcium-gated
potassium channels, and receptors that mediate Gq

signaling pathways. The consequences of these PKA-
mediated events include the downregulation of intra-
cellular calcium levels and the reduction of sensitivity of
contractile proteins to calcium, which overall counteract
mechanisms that lead to ASM contraction (Penn, 2008;

Walker et al., 2011). However, it is likely that different
mechanisms are involved in promoting the relaxation
of airways and protecting relaxed airways against
contractile stimuli. In addition, PKA has been demon-
strated to mediate the antimitogenic effects of b2-
agonists (Yan et al., 2011).

Another cAMP effector involved in airway physiology
are Epac proteins, the exchange factors directly acti-
vated by cAMP (Roscioni et al., 2008). Epac 1 and 2 have
been characterized to be the cAMP-dependent nucleo-
tide exchange factors for Rap proteins and several
others of the RAS-like small GTPase family. As novel
cAMP sensors, Epac proteins regulate diverse cellular
processes. The involvement of Epac proteins in asthma
remains elusive. Some studies suggest that cAMP-
mediated signaling through Epac contributes to the
relaxation of contracted smooth muscle (Zieba et al.,
2011). Further investigation into the roles of Epac
proteins in the physiologic function of b2-agonists will
help to determine whether they are valid therapeutic
targets for asthma.

Agonist-activated b2AR can be phosphorylated by
many kinases, including PKAandGPCR kinases, which
leads to the recruitment of b-arrestins and the initiation
of receptor internalization. b-arrestins were originally
considered to be the terminators of G protein–
dependent signaling because they can competitively
block the coupling of G proteins to GPCRs. In the late
1990s and early 2000s, Luttrell et al. (1999), Shenoy and
Lefkowitz (2005), and Shenoy et al. (2006) provided
evidence suggesting that b2AR could also signal
through b-arrestins, and the b-arrestin–mediated path-
ways were G protein–independent. This has led to the
establishment of concept of biased signaling or func-
tional selectivity that applies to many other GPCRs.
Biased signaling implies that different agonists may
act on the same receptor, but recruit and activate
distinct signaling partners, including G proteins and
b-arrestins, to induce disparate signaling events
(DeWire et al., 2007; Smith and Rajagopal, 2016).

Although the signaling of b2AR can relax the airways
to relieve asthma symptoms, it can also promote in-
flammation and other detrimental effects in asthma.
Knight et al. (2015) showed that LABAs such as
salmeterol could promote the activation of STAT6,
an important transcription factor involved in the acti-
vation of TH2 cells, leading to the enhancement of
asthma-like allergic airway disease in mice. Consis-
tently, using b2AR

2/2 mice, another study demon-
strated that the signaling of b2AR in airway epithelial
cells could lead to AHR and promote eosinophilic
inflammation and mucous cell metaplasia (Nguyen
et al., 2017). The same study also suggested the in-
volvement of b-arrestins, in particular b-arrestin-2, in
the b2AR-induced inflammation.

b-arrestins mediate largely unwanted effects of b2-
agonists in the treatment of asthma. It is well known
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that long-term treatment with b2-agonists can lead
to desensitization or tolerance, which may partly
stem from the b-arrestin–mediated internalization
and degradation of b2AR (Violin et al., 2008; Penn
et al., 2014). In addition, b-arrestins, especially
b-arrestin-2, have been shown to constrain b2-agonist–
induced relaxation of ASM, which is G protein–
dependent (Deshpande et al., 2008). Previous studies
from Bond, Walker, and colleagues (Walker et al., 2003;
Hollingsworth et al., 2010; Penn et al., 2014), particu-
larly those based on b-arrestin-22/2 mice, suggested
that b-arrestin–dependent signaling promotes inflam-
mation in the airways. In fact, b-arrestin–dependent
signaling pathways induced by GPCRs expressed in the
airway cells have been shown to contribute significantly
to the development of asthma, which may involve not
only b2AR, but also other GPCRs (Walker et al., 2003;
Hollingsworth et al., 2010; Walker and DeFea, 2014).
Besides airway cells, B cells (Sanders, 2012) and

several innate immune cells, including eosinophils
(Yukawa et al., 1990) and mast cells (Chong et al.,
2002), also express b2AR. The expression of b2AR in
different T cell subtypes is contentious (Sanders et al.,
1997; Loza et al., 2006). The signaling of b2AR in the
immune cells in the context of asthma and airway
inflammation is less studied and defined. The role of
b2AR signaling in innate immune cells seems to be anti-
inflammatory. A SABA, albuterol, has been shown to
reduce the secretion of LTC4 and eosinophil peroxidase
by eosinophils (Munoz et al., 1994). b2AR signaling and
b2-agonists could also inhibit the release of histamine
and other inflammatory mediators from human mast
cells in lung and peripheral blood (Chong et al., 2002;
Wang and Lau, 2006; Scola et al., 2009). In contrast,
b2AR signaling in B cells has been suggested to promote
IgE production (Coqueret et al., 1995; Kasprowicz et al.,
2000), which is dependent on the activation of p38
MAPK, but not PKA (Pongratz et al., 2006; McAlees and
Sanders, 2009), thus contributing to airway inflamma-
tion. In addition, Loza et al. (2007) showed that a non-
selective b-agonist can enhance the survival and
accumulation of TH2 cells through PKA-independent
mechanisms.
Because of the proinflammatory side effects of

b2AR signaling, even though antagonists or inverse
agonists of b2AR such as commonly used b-blockers
were contraindicated in the past in asthma because of
their potential effects of worsening bronchospasm
(Olenchock et al., 2009), they may provide therapeutic
benefits in asthma to reduce inflammation and AHR
and/or resensitize b2AR (Dickey et al., 2010). Several
studies fromBond and colleagues (Callaerts-Vegh et al.,
2004; Joshi et al., 2017) showed the beneficial effects
of certain b-blockers in murine models of asthma.
The biased signaling properties of b-blockers may
play important roles in this context because several
b-blockers such as carvedilol have been shown to induce

b-arrestin–dependent signaling and MAPK activation,
which promote inflammation (Galandrin and Bouvier,
2006; Wisler et al., 2007; Thanawala et al., 2014).
However, the different results from clinical studies
using two b-blockers, nadolol (Hanania et al., 2008,
2010) and propranolol (Short et al., 2013), have spurred
a large debate over whether functionally selective
b-blockers represent a potential therapeutic method
for asthma (Kazani and Israel, 2013, 2014; Bond, 2014;
Lipworth et al., 2014, 2016; Penn, 2014). The safety
of using b2AR-targeting b-blockers in asthma patients
is also controversial and needs to be further investi-
gated (Arboe and Ulrik, 2013; Morales et al., 2017).
More clinical investigation and data are needed to
clarify if and under what conditions b-blockers do
provide therapeutic benefits over potential risks in the
treatment of asthma.

B. Currently Used b2-Agonist Drugs and Their
Pharmacological Properties

More than 100 years ago, researchers already found
that the endogenous ligand of b2AR, epinephrine, could
be injected into patients to acutely treat an asthma
attack. In the mid-20th century, studies suggested that
inhalation of epinephrine also worked well in releas-
ing bronchoconstriction (Middleton and Finke, 1968).
This has led to the wide use of inhalers for delivering b2-
agonists as bronchodilators for treating asthma and
COPD. In the past eight decades, a large number of b2-
agonists have been developed and approved for this.
The first synthetic b2-agonist, isoproterenol, was in-
troduced to the clinic in the 1940s. Further medicinal
chemical studies led to the development of a number
of b2-agonists in the 1960s and 1970s as the first
generation of b2-agonist drugs, some of which are still
used today as the mainstream b2-agonist drugs such
as salbutamol, formoterol, and salmeterol. New b2-
agonists are still being developed for the asthma
market, and a detailed discussion of the clinical use of
b2-agonists can be found in a recent review article
(Billington et al., 2017).

Based on their duration of action, traditional b2-
agonists were classified into two groups: short-acting
b2-agonists (SABAs), such as isoproterenol, salbutamol,
and terbutaline, and LABAs, such as salmeterol and
formoterol. SABAs provide almost instant relief of
asthma symptoms and are used as rescue medicines
for treating acute asthma attacks. However, their
bronchodilatory effects usually last for only a few hours,
thus limiting their use on a regular basis. LABAs
exhibit a long duration of action for more than 12 hours
and are commonly used with ICS for the long-term
management of asthma symptoms. In the past decade,
new agents have been developed as ultra-LABAs,
extending the duration of action to over 24 hours for
the COPD market. These potent Food and Drug Ad-
ministration (FDA)–approved bronchodilators include
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indacaterol, olodaterol, and vilanterol. The use of ultra-
LABAs has led to improved clinical outcomes as the
once-daily dosing regimen has likely improved medica-
tion adherence (Monaco and Hanania, 2017). Whether
ultra-LABAs can provide similar clinical benefits to
asthma patients is still under investigation.
A major aspect of the research efforts that have gone

into the development of new b2-agonists is focused on
improving duration of action. However, other pharma-
cological properties of LABAs and ultra-LABAs also
affect their clinical outcomes. One of them is the
receptor subtype selectivity, which may be associated
with the cardiac side effects of b2-agonists (Salpeter
et al., 2004). Three subtypes of b-adrenergic receptors
have been characterized to date, b1-adrenergic receptor
(b1AR), b2AR, and b3-adrenergic receptor (b3AR). b2AR
is the dominant b-adrenergic receptor expressed in the
airways, and b1AR and b2AR are both highly expressed
in cardiac tissues with an estimated ratio of 3:1
(Bristow, 2000). b3AR is much less studied, but it is
believed to be mainly located in adipose tissues to
regulate lipolysis and energy expenditure. Overstimu-
lation of b1AR and b2AR in the heart can induce adverse
cardiovascular events. Also, due to the sequence simi-
larity between b1AR and b2AR and the conservation of
the ligand-binding sites, most of the ligands acting on
these two receptors do not exhibit high receptor subtype
selectivity, making cardiovascular side effects a major
concern (Baker, 2005, 2010). Indeed, a meta-analysis
suggested that many b2-agonists were associated with
an increased risk of adverse cardiovascular events,
leading to myocardial infarction, arrhythmias, ische-
mia, and heart failure through the stimulation of
b-adrenergic receptors (Cazzola et al., 2005). In con-
trast, because b1AR is expressed with a much higher
level in the heart than it of b2AR, highly selective b2AR-
agonists may be associated with a lower cardiac toxicity
compared with nonselective b2-agonists. This was con-
firmed by clinical studies on a long and widely used
LABA, salmeterol, which exhibits over 1000-fold selec-
tivity over the b1AR (Ferguson et al., 2003). In these
studies, regular use of salmeterol minimally increased
the risk of adverse cardiovascular events comparedwith
placebo (Ferguson et al., 2003). Another small-scale
clinical study examined the cardiac effects of salmeterol
and another LABA, formoterol (Cazzola et al., 1998).
Compared with salmeterol, formoterol has a much
lower selectivity for the b2AR (Baker, 2010), and
this study showed that formoterol used at a dosage of
24 mg/day was associated with a higher heart rate than
50 mg/day salmeterol.
The lower receptor subtype selectivity is not the only

reason for the stronger cardiac effects associated with
formoterol compared with salmeterol. Another pharma-
cological property of b2-agonists that may affect their
therapeutic effects is efficacy. Data from biophysical
studies on purified b2AR showed that salmeterol is less

efficacious in inducing a fully active conformation of the
receptor for Gs coupling compared with full agonists,
epinephrine and isoproterenol, indicating a partial ago-
nism of salmeterol in this minimized, receptor-only
system (Gregorio et al., 2017; Masureel et al., 2018).
Consistently, it has been shown that in the heterologous
expression systems and native cells formoterol is a full
agonist of b2AR with a similar efficacy as isoproterenol,
and salmeterol is a partial agonist with lower efficacy at
saturating concentrations in the context of cellular Gs

signaling and cAMP accumulation (McCrea and Hill,
1993; Bouyssou et al., 2010). Another study measuring
relaxation of isolated human bronchi also showed that
salmeterol is a weaker b2-agonist than formoterol
(Naline et al., 1994). Clinical studies confirmed the
partial agonism of salmeterol in reducing bronchocon-
striction in asthma patients compared with formoterol
(Palmqvist et al., 1997, 1999). In another clinical study
comparing the cardiac effects of formoterol and salme-
terol, the authors suggested that the lower efficacy of
salmeterol contributes to its decreased cardiac effects
(Cazzola et al., 1998). It was proposed that partial
agonists in general might provide more benefits for
treating chronic diseases by minimizing the overstim-
ulation and desensitization of cell surface receptors
compared with full agonists (Zhu, 1996).

It has to be pointed out that several studies also
demonstrated a maximal functional efficacy of salme-
terol in systems inwhich there is a high receptor density
or an efficient coupling to adenylyl cyclase (Cooper
et al., 2011; Yan et al., 2018). Such an inconsistency
suggests the importance of experimental contexts in
measuring ligand efficacy. This is not just for b2AR,
but also for many other GPCRs. The traditional concept
of ligand efficacy may need to be revisited given
the high complexity and heterogeneity of GPCR signal-
ing systems revealed by recent research progress.
Nevertheless, salmeterol is still considered as a potent
bronchodilator with satisfactory clinical efficacy, as
evidenced by its wide use (Cazzola et al., 2013).
Similarly, a SABA, salbutamol, is also a partial agonist
of b2AR that is widely used for treating asthma attacks.

The concept of biased signaling is relatively new,
but is another important aspect that may contribute
to b2-agonist mechanism of action, although controver-
sies still exist. The biased property of b2-agonists has
been extensively studied in heterologous systems. van
der Westhuizen et al. (2014) showed that several b2-
agonists including salbutamol and salmeterol exhibit
significant signaling bias toward extracellular signal-
regulated kinase 1/2 pathway over cAMP accumula-
tion, calcium mobilization, and receptor endocytosis
relative to isoproterenol in HEK293 cells. Studies
from Clark and others (Carter and Hill, 2005; Moore
et al., 2007; Gimenez et al., 2015; Masureel et al.,
2018) demonstrated that salmeterol behaved as a biased
ligand against b-arrestin recruitment and receptor
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desensitization relative to formoterol or epinephrine in
assays using transfected cells, although another study
suggested similar efficacies of salmeterol for Gs-depend-
ent signaling and b-arrestin–associated signaling
(Drake et al., 2008). Littmann et al. (2015) tested 40
b2-agonists in transfected HEK293 cells and reported
a bias toward Gs signaling over b-arrestin recruitment
for many agonists, including salmeterol and fenoterol,
relative to isoproterenol and formoterol. However,
whether commonly used b2-agonists such as salmeterol
exhibit functional bias in native systems still needs
further investigation.
Intuitively, poor desensitization of b2AR may con-

tribute to the prolonged therapeutic effects of b2-
agonists. Early studies suggested that partial agonists
with low efficacy such as salmeterol cause less recep-
tor desensitization compared with full agonists such
as formoterol (January et al., 1997, 1998). However,
later studies provided evidence suggesting a much
more complex scenario, in which the pattern and mech-
anism of receptor desensitization are agonist–specific
(Düringer et al., 2009; Cooper et al., 2011). Clinical
studies on the receptor desensitization induced by b2-
agonists generated contradictory results, which were
reviewed in a commentary by Charlton (2009).
It needs to be emphasized that the use of b2-agonists

alone can lead to serious detrimental effects (Cockcroft
and Sears, 2013). Historically, long-term overuse of
isoproterenol alone as a SABA was linked to increased
asthma mortality in some countries in the mid 20th
century (Inman and Adelstein, 1969). A meta-analysis
also suggested an increased risk of asthma mortality
associated with salmeterol monotherapy (Weatherall
et al., 2010). The same analysis also suggested that
concomitant use of ICS could mitigate such risk. The
underlying mechanism is still not entirely understood.
Considering the fact that ICS reduces lung inflamma-
tion, it is possible that the inflammatory effects of b2AR
signaling are the major determinant for the increased
risk of asthma mortality associated with chronic b2-
agonist therapy. Indeed, b2-agonists have been shown
to induce inflammatory mediators in airway epithelial
cells, which may be through Gs signaling (Edwards
et al., 2007; Ritchie et al., 2018). A recent study
analyzed gene expression changes caused by b2-ago-
nists and showed that an ultra-LABA, indacaterol,
could upregulate many genes encoding proinflamma-
tory proteins, most likely through the canonical cAMP/
PKA signaling pathway (Yan et al., 2018). As discussed
before, b-arrestin signaling pathways downstream
b2AR activation also largely promote inflammation.
Interestingly, in contrast to the proinflammatory roles,
a number of studies from Newton and colleagues (Kaur
et al., 2008b,a; Manetsch et al., 2012) showed that b2-
agonists could enhance the anti-inflammatory action of
glucocorticoids through the cAMP/PKA pathway. As
required by the FDA, drugs that contain both a LABA

and ICS were evaluated in large clinical trials for the
risk of serious asthma outcomes, and the results
supported a high safety profile withminimal side effects
for such combined therapy (Billington et al., 2017).
Therefore, nearly all treatment guidelines recommend
that chronic use of LABAs should always be combined
with an ICS.

C. Structural Insights into Drug Action

The b2AR has served as a model receptor for GPCR-
related studies for more than three decades. There is
extensive experimental data providing detailed molec-
ular insights into the activation and signaling of the
receptor and the action of various b2-agonists. Intensive
research efforts have been devoted to solving high-
resolution structures of b2AR through X-ray crystallog-
raphy approaches, which has led to the deposition of
22 structures in the Protein Data Bank (PDB) (Table 2).
These structures revealed inactive and active confor-
mational states of b2AR and the binding sites for
a variety of antagonists and agonists.

1. Chemical Structures of b2-Agonists. Almost all
b2-agonist drugs share a similar chemical scaffold as the
endogenous ligand epinephrine, which is characterized
by an aromatic group as the head (catechol group in
epinephrine), an ethanolamine group as the middle
moiety, and a tail group with diverse chemical struc-
tures (Fig. 1).

2. Structural Insights into the Pharmacological
Properties of b2-Agonists.

a. Ligand efficacy. Results from structural and bio-
physical studies of b2AR have provided a detailed
molecular mechanism for how agonists induce receptor
activation (Rasmussen et al., 2011a,b; Ring et al., 2013;
Manglik and Kruse, 2017; Hilger et al., 2018; Masureel
et al., 2018). As for almost all other rhodopsin-like class
A GPCRs (Fredriksson et al., 2003), the ligand-binding
pockets in the b2AR are located within the helical
bundle formed by seven-transmembrane helices
(7TMs). Compared with the inactive b2AR with antag-
onists and inverse agonists, the binding of agonists at
the extracellular region can cause a contraction of the
ligand-binding pocket with a slight inwardmovement of
transmembrane helix 5 (TM5), which is linked to large
conformational changes at the cytoplasmic surface
through a rearrangement of a triad of residues in the
middle of the 7TM helical bundle (Rasmussen et al.,
2011a). The conformational changes at the cytoplasmic
surface include a rotation and large outward move-
ment of TM6, creating an open cavity to accommodate
the C-terminal helix of the Gas. The outward move-
ment of TM6 at the cytoplasmic surface is a hallmark of
GPCR activation.

The aromatic head groups of b2-agonists together
with the ethanolamine group are involved in polar
interaction networks with nearby polar residues in the
ligand-binding pockets that include serine residues
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Ser2035.42, Ser2045.43, andSer2075.46 inTM5;Asn2936.55 in
TM6; Asp1133.32 in TM3; and Asn3127.39 in TM7
(Ballesteros–Weinstein numbering system) (Juan and
Ballesteros, 1995) (Fig. 2A) (Supplemental Material 1-
PDB IDs 4LDE, 4LDO, and 6MXT). It has been pro-
posed based on the crystal structures and mutagenesis
studies that these polar interactions are critical for
inducing a contracted conformational change of the
ligand-binding pocket that leads to receptor activa-
tion (Rasmussen et al., 2011a; Masureel et al., 2018).
Different b2-agonists with distinct head groups may
engage in slightly different polar interaction net-
works with the receptor, resulting in their different
receptor activation efficacies (Rasmussen et al.,
2011a; Ring et al., 2013; Masureel et al., 2018).
Salmeterol and salbutamol are both partial agonists,
and they share the same saligenin head group, which
compared with the catechol group has one additional
methylene between themeta-hydroxyl group and the
phenyl ring. In the crystal structures, the two
hydroxyl groups in the catechol group of epinephrine
or in the saligenin group of salmeterol interact
with two serine residues in TM5 through hydrogen
bonding (Ring et al., 2013; Masureel et al., 2018).
These hydrogen bonds contribute to the inward
movement of TM5, which is associated with receptor
activation. The additional methylene in the salige-
nin head group may result in a weaker stabilization
of TM5 in the active conformation compared with
epinephrine. Results from molecular dynamics (MD)
simulation studies also suggested that salmeterol

stabilizes a less stable active conformation of b2AR
compared with epinephrine because of the long
hydroxymethyl group in the saligenin group of sal-
meterol (Masureel et al., 2018). Therefore, the salige-
nin group in salmeterol and salbutamol accounts for
their partial agonism. In contrast, isoproterenol as
a classic full agonist shares the same catechol group
as epinephrine.

The synthetic ligand, BI-167107, is a full b2-agonist
and has been used in the structural studies of b2AR
(Rasmussen et al., 2011a,b). The head group of BI-
167107 is distinct from epinephrine or salmeterol, but
very similar to the quinoline-2-one group in the ultra-
LABA, indacaterol, which is also a full b2-agonist
(Sturton et al., 2008) (Fig. 1). The head group of BI-
167107 contains an amine group at the same position
relative to the ethanolamine group as the meta-
hydroxyl group in the catechol group of epinephrine,
allowing it to also form a hydrogen bond with resi-
due Ser2035.43 in TM5 (Fig. 2A) (Supplemental
Material 1-PDB ID 4LDE). Consistently, formoterol,
another full b2-agonist, also has an amine group in its
head group at the same position as themeta-hydroxyl
group in the catechol group of epinephrine that may
form a similar hydrogen bond with Ser2035.43. There-
fore, it is likely that this hydrogen bond is an
important structural determinant for the efficacy of
some b2-agonists.

b. Duration of action. The mechanism for the dura-
tion of in vivo action of b2-agonist drugs has attracted
much research interest since the early development of

TABLE 2
Structures of human b2AR bound to various ligands

PDB IDa Ligand Efficacy Fusion Partnerb Binding Partner Resolution (Å) References

2RH1 Carazolol Inverse agonist T4 lysozyme (T4L)
in ICL3

None 2.40 Cherezov et al., 2007;
Rosenbaum et al., 2007

2R4R Carazolol Inverse agonist None Fab5 3.40 Rasmussen et al., 2007
2R4S Carazolol Inverse agonist None Fab5 3.40 Rasmussen et al., 2007
3D4S Timolol Inverse agonist T4L in ICL3 None 2.80 Hanson et al., 2008
3KJ6 Carazolol Inverse agonist None Fab5 3.40 Bokoch et al., 2010
3NY8 ICI 118551 Inverse agonist T4L in ICL3 None 2.84 Wacker et al., 2010
3NY9 Compound 2ac Inverse agonist T4L in ICL3 None 2.84 Wacker et al., 2010
3NYA Alprenolol Antagonist T4L in ICL3 None 3.16 Wacker et al., 2010
4GBR Carazolol Inverse agonist N-terminal T4L None 3.99 Zou et al., 2012
5D5A Carazolol Inverse agonist T4L in ICL3 None 2.48 Huang et al., 2016a
5D5B Carazolol Inverse agonist T4L in ICL3 None 3.80 Huang et al., 2016a
5JQH Carazolol Inverse agonist N-terminal T4L Nanobody Nb60 3.20 Staus et al., 2016
5D5B Carazolol Inverse agonist T4L in ICL3 None 3.20 Ma et al., 2017
5X7D Carazolol and intracellular

antagonist Cmpd-15PA
Inverse agonist and

allosteric
antagonist

T4L in ICL3 None 2.70 Liu et al., 2017

3PDS FAUC50 Covalent agonist T4L in ICL3 None 3.50 Rosenbaum et al., 2011
3P0G BI-167107 Full agonist None Nanobody Nb80 3.50 Rasmussen et al., 2011a
3SN6 BI-167107 Full agonist N-terminal T4L Gs heterotrimer 3.20 Rasmussen et al., 2011b
4LDE BI-167107 Full agonist N-terminal T4L Nanobody Nb6B9 2.79 Ring et al., 2013
4LDL Hydroxybenzyl isoproterenol Full agonist N-terminal T4L Nanobody Nb6B9 3.10 Ring et al., 2013
4LDO Adrenaline (epinephrine) Full agonist N-terminal T4L Nanobody Nb6B9 3.20 Ring et al., 2013
4QKX Compound 2bc Covalent agonist N-terminal T4L Nanobody Nb6B9 3.30 Weichert et al., 2014
6MXT Salmeterol Partial agonist N-terminal T4L Nanobody Nb71 2.96 Masureel et al., 2018
aPDB, https://www.rcsb.org/.
bInserting a small protein into GPCRs either at the ICL3 or at the N-terminal ends has been widely used to facilitate crystallization.
cCompound 2a and compound 2b are unrelated. They were both named “compound 2” in the literature. Here we use 2a and 2b to avoid confusion.
ICL3, intracellular loop 3.
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b2-agonists. In general, there are many factors that
determine the duration of drug action, including the
binding and rebinding to the target and the plasma half-
life (Vauquelin and Charlton, 2010). The first synthetic
agonist isoproterenol shares the same pharmacophore
as epinephrine, the catechol group, which can be rapidly
metabolized by catechol-O-methyl transferase. Therefore,
initial efforts in the development of long-lasting b2-
agonist compounds were directed at modifying the
catechol group. This led to the discovery of salbutamol
and terbutaline with noncatechol pharmacophores
that are resistant to catechol-O-methyl transferase
metabolism and demonstrate a prolonged duration of
action compared with isoproterenol (Waldeck, 2002),
even though both drugs are considered as SABAs.
Early pharmacological studies on salmeterol and

formoterol as the two classic LABAs provided several
possible mechanisms to explain their prolonged action
(Coleman, 2009; Szczuka et al., 2009). The diffusion
microkinetic model proposed by Anderson et al. (1994)
suggested that the high lipophilicity of these two
ligands allows them to be able to incorporate into the
lipid bilayers in the vicinity of the receptor, and thus the
cell membrane acts as a depot and maintains a high
local concentration of the drugs. Themicrokineticmodel
well explained an interesting pharmacological property

of lipophilic LABAs known as the reassertion of re-
laxation (Naline et al., 1994; Anderson et al., 1996;
Bergendal et al., 1996). It has been shown by in vitro
studies that b2AR antagonists can reverse the relaxa-
tion of airway tissues by salmeterol and formoterol, but
that subsequent washout of all ligands leads to a reap-
pearance of tissue relaxation even when no additional
agonist was added. The microkinetic model also
explained the concentration-dependent duration of
action of formoterol in the washout experiments
(Szczuka et al., 2009). However, the duration of action
of salmeterol is concentration-independent, and
ligand-binding assays suggested a persistent binding
of salmeterol to the receptor (Nials et al., 1993), which
cannot be adequately explained by the microkinetic
mechanism. To explain the action of salmeterol,
Coleman et al. (1996) proposed another model, the
exosite model, suggesting the existence of an exosite
in addition to the orthosteric active site in b2AR. It is
postulated that the exosite accommodates the arylox-
yalkyl tail group of salmeterol and acts as an anchor-
ing region to keep the ligand in the vicinity of b2AR.
This model relies on the specific structural character-
istic of the aryloxyalkyl tail of salmeterol and provides
a favorable interpretation of the unique pharmaco-
logical properties of this drug. However, the nature

Fig. 1. Chemical structures of b2-agonists. SABAs, LABAs, and ultra-LABAs are indicated by boxes with green, blue, and red colors, respectively.
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and the location of the exosite have been the subject of
debate.
The recently published crystal structure of b2AR

bound to salmeterol clearly revealed the molecular
details of the exosite that is located in the extracellu-
lar vestibule of b2AR formed by residues from the
extracellular ends of TM6 and TM7 and the extracellu-
lar loop (ECL)2 (Masureel et al., 2018) (Fig. 2B)
(Supplemental Material 1-PDB ID 6MXT). The ether
oxygen atom in the aryloxyalkyl tail of salmeterol forms
a hydrogen bond with the main chain amine group
of Phe193. It serves as a hinge point where the tail of
salmeterol bends to allow the phenyl group at the end of
the tail to fit the exosite and form aromatic interactions
with the surrounding residues Phe194, Tyr3087.35, and
His2966.58. The position of this ether oxygen has been
proven to be important for the binding of salmeterol
(Isogaya et al., 1998). Salbutamol, which shares the
same saligenin head group as salmeterol, but lacks the
long tail, has an almost 1000-fold lower affinity com-
pared with salmeterol with a short-acting property
(Baker, 2010). Therefore, the binding events in the
exosite are important for the high-affinity and long-
lasting action of salmeterol. Previous mutagenesis
studies also suggest that exosite mutations could
greatly reduce the affinity of salmeterol, but had
little effect on the affinity of salbutamol (Baker et al.,
2015). Such a binding mode also suggests a bivalent
nature of salmeterol. It has been proposed that multi-
valent ligands that can occupy multiple physically

linked sites simultaneously may gain markedly in-
creased affinity and extended receptor residence time
through a forced proximity mechanism (Vauquelin and
Charlton, 2010, 2013; Vauquelin et al., 2015), which
most likely applies to salmeterol. The association of one
moiety of salmeterol with the receptor, for example, the
binding of the tail group in the exosite, forces the other
moiety to be in a proximity of its target site to increase
the propensity of rebinding, resulting in a prolonged
receptor residence time.

Noticeably, oneultra-LABA, vilanterol, is a derivative
of salmeterol that contains an additional ether bond
and a few other minor modifications (Fig. 1). If vilan-
terol adopts a similar binding pose as salmeterol, it is
possible that this additional ether group may also
hydrogen bond with the receptor, providing more
structural restrictions to the flexible aryloxyalkyl tail
to enhance the binding of this tail in the exosite. This
may explain the longer duration of action of vilanterol
compared with salmeterol (Slack et al., 2013). Other
ultra-LABAs such as olodaterol and indacaterol do not
contain long tail groups, but share a high chemical
similarity with BI-167107, the b2-agonist used in
several structural studies of b2AR. BI-167107 is not
a drug, but it has been shown to exhibit an extremely
slow dissociation rate (Rasmussen et al., 2011a). Com-
pared with the catechol group in epinephrine, the
hydroxylquinoline ring head group of BI-167107 forms
a more extensive aromatic interaction network with
surrounding aromatic residues as well as additional

Fig. 2. Binding sites for b2-agonists revealed by crystal structures. (A) Crystal structures of human b2AR in complex with epinephrine (Supplemental
Material 1-PDB ID 4LDO), BI-167107 (Supplemental Material 1-PDB ID 4LDE), and salmeterol (Supplemental Material 1-PDB ID 6MXT). Polar
interactions are shown as dashed lines. Residues in b2AR that interact with each ligand are shown as sticks. (B) Exosite for the binding of the tail group
of salmeterol in the crystal structure of human b2AR with salmeterol (Supplemental Material 1-PDB ID 6MXT).
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hydrogen bonds between the ether oxygen of the quino-
lone ring and side chains of residues Asn2936.55 and
Tyr3087.35. In addition, themethylbenzene ring tail group
of BI-167107 forms hydrophobic and aromatic interac-
tions with residues His932.64, W1093.28, and Ile3097.36.
Those additional interactions contribute to the high
affinity and slow dissociation rate of BI-167107. A similar
structural mechanism may also explain the long-lasting
action of olodaterol and indacaterol. These two com-
pounds contain large aromatic head groups such as the
quinoline-2-one group in indacaterol and additional
aromatic tail groups that can engage in more extensive
interactions with the receptor compared with epineph-
rine, resulting in a stronger binding to the receptor.
c. Receptor–subtype selectivity. As discussed before,

a high selectivity of b2-agonist over b1AR may help to
reduce its cardiac toxicity. Salmeterol is a highly selec-
tive b2-agonist developed in 1980s (Ball et al., 1991)
with a ;3000-fold selectivity for b2AR over b1AR
(Baker, 2010). The exosite revealed by the crystal
structure that accommodates the long tail group of
salmeterol well explains such high selectivity. Two
aromatic residues that directly interact with salmeterol
in the exosite, F194 and H2966.58 (Fig. 2B) (Supplemental
Material 1-PDB ID 6MXT), are replaced by two non-
aromatic residues N313 and V202 in the b1AR, which
would significantly compromise salmeterol binding to
b1AR. The sampling of the nonconserved region, the
exosite, by salmeterol results in its high selectivity. Also
consistent with the proposed mechanism is the decreased
selectivity of salbutamol (20-fold for b2AR), which lacks
the tail group required for exosite interaction.
b1AR and b2AR share a very high sequence similarity

(Masureel et al., 2018). Specifically, their orthosteric
ligand-binding pockets are structurally very similar to
each other, which is expected, as both receptors recog-
nize the same endogenous ligands. Therefore, ligands
that primarily occupy the conserved orthosteric binding
pockets usually do not have high receptor–subtype
selectivity. The same problem is well studied for
another GPCR family, the muscarinic acetylcholine
receptor family with five members, M1–5 receptors
(M1–5R), which will be discussed in details in the next
section. Because they all recognize the same endoge-
nous ligand, they share a highly similar orthosteric site.
Traditional muscarinic antagonists targeting the
orthosteric sites are generally associated with low
selectivity and severe side effects (Kruse et al., 2014b).
However, there are well-characterized allosteric ligand-
binding sites in these receptors that are structurally
distinct from the conserved orthosteric sites. These
allosteric sites are divergent among all five muscarinic
acetylcholine receptors, which offer great opportunities
for designing allosteric modulators for each muscarinic
acetylcholine receptor that can achieve high receptor–
subtype selectivity (Digby et al., 2010). Interestingly,
the exosite in b2AR is reminiscent of the allosteric site

in M2R revealed by crystal structures (Masureel et al.,
2018). As an old drug that was developed more than
three decades ago, salmeterol may belong to a new
type of GPCR-targeting drug that started emerging
recently, the bitopic drugs, which can occupy both the
orthosteric and allosteric sites (Kamal and Jockers,
2009). These drugs may be designed rationally with
sufficient structural information to gain desired phar-
macological properties.

d. Biased signaling. The first structural insights
into the biased signaling of b2AR came from NMR
studies using a 19F-labeled receptor in the presence of
a number of ligands, including two b-arrestin–biased
ligands, carvedilol and isoetharine (Liu et al., 2012).
The results suggested that the tail groups of these two
ligands might be the structural determinants for their
biased signaling properties, which directly interact with
the extracellular part of TM7. In the experiments,
carvedilol and isoetharine affected the conformational
equilibrium of TM7 in different ways compared with
nonbiased b2AR ligands. The conformation of TM7 is
believed to play an important role in the functional
selectivity of b2AR.

However, data from the structural and site-directed
mutagenesis studies, investigating salmeterol action,
suggested that the interactions between the ligand head
group and the receptor affect the biased signaling
properties of salmeterol (Masureel et al., 2018). In the
structure of b2AR bound to epinephrine (Supplemental
Material 1-PDB ID 4LDO), the two hydroxyl groups in
the catechol head group of epinephrine are involved in
a polar interaction network with residues Ser2045.43

and Asn2936.55. Mutations of these two residues could
significantly compromise b-arrestin recruitment by the
full agonist isoproterenol, but had more moderate
effects on the Gs activation. In the structure of b2AR
bound to salmeterol (Supplemental Material 1-PDB ID
6MXT), Ser2045.43 and Asn2936.55 are not involved in
the direct polar interactions with the saligenin group of
salmeterol, and mutations of these two residues also
had moderate effects on the Gs activation. It was
proposed that the lack of direct interaction between
the head group of salmeterol and Asn2936.55 might
account for the weak ability of salmeterol in recruiting
b-arrestins. This mechanism may also explain the
biased signaling property of salbutamol that shares
the same saligenin head group with salmeterol (van der
Westhuizen et al., 2014).

III. Muscarinic Acetylcholine Receptors and
Muscarinic Antagonists

A. Pathophysiological Roles and Signaling of
Muscarinic Receptors in Asthma

Muscarinic and nicotinic cholinergic receptors medi-
ate metabotropic and ionotropic effects of acetylcholine
on the central and peripheral nervous systems
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(Caulfield, 1993). Muscarinic acetylcholine receptors
(MRs, or mAChRs), which are more sensitive to musca-
rine than to nicotine, are a group of class A GPCRs
comprising five distinct subtypes, named as musca-
rinic M1, M2, M3, M4, and M5 receptors (M1R–M5R)
(Hammer et al., 1980; Hammer and Giachetti, 1982;
Mitchelson, 1988; Dörje et al., 1991; Jones et al., 1991;
Caulfield, 1993; Caulfield and Birdsall, 1998; Ishii and
Kurachi, 2006). M1R, M3R, and M5R are coupled to the
Gq/11 family of G proteins, whereas M2R and M4R are
coupled to the Gi/o family of G proteins.
MRs are expressed by structural cells in the airways,

predominantly ASM, airway epithelium, and airway
fibroblasts (Gosens et al., 2006; Profita et al., 2009;
Radosa et al., 2011; Wallon et al., 2011; Kistemaker and
Gosens, 2015). Acetylcholine binds to airway MRs to
trigger smoothmuscle contraction andmucus secretion.
M2R and M3R have been shown to play major roles
in airway physiology, and in diseases such as asthma
and COPD (Gross and Skorodin, 1984; Pare et al.,
1997; Jeffery, 2001; Rabe et al., 2007; Buels and
Fryer, 2012; Kistemaker et al., 2012; Ferkol and
Schraufnagel, 2014).
M2R are expressed on ASM and on parasympathetic

neurons. Although M2R is the major type of MR
expressed on ASM (Roffel et al., 1988; Haddad et al.,
1994), it has a very limited role in ASM contraction.
M2R can activate the Gai subunit, which can then bind
to and inhibit adenylyl cyclases activated by Gas. Thus,
M2R activation constrains the signaling and bronchor-
elaxant effects of b2AR by antagonizing b2AR/Gs acti-
vation of adenylyl cyclases (Kume and Kotlikoff, 1991;
Fernandes et al., 1992; Schramm et al., 1995). However,
M2R expressed presynaptically on the parasympathetic
nerve endings, when activated, exerts negative feed-
back on neuronal acetylcholine release, thereby limiting
bronchoconstriction. The dysfunction of the presynaptic
M2R has been proposed as a pathophysiological mech-
anism of AHR in asthma (Fryer and Jacoby, 1998).
M3R are the dominant receptor subtype for bronchial

smooth muscle contraction, and are found in airway
smooth muscle and submucosal glands (Mak and
Barnes, 1990; Haddad et al., 1991; Fernandes et al.,
1992; Mak et al., 1992; Barnes, 1993; Struckmann et al.,
2003; Gosens et al., 2006; Buels and Fryer, 2012). M3R
can mediate ASM contraction through both calcium-
dependent and calcium-independent mechanisms
(Harnett and Biancani, 2003; Gosens et al., 2006;
Bradley et al., 2016). The calcium-dependent mecha-
nism is centered on Gq-mediated phospholipase C
activation. Stimulation ofM3R onASMby acetylcholine
initiates a conformational change in the receptor that
promotes its association and activation of the hetero-
trimeric G protein Gq. The activated a subunit of Gq in
turn activates membrane-bound phospholipase C, which
hydrolyzes phosphatidylinositol 4,5-bisphosphate into
1,2-diacylglycerol and inositol 1,4,5-trisphosphate.

Inositol 1,4,5-trisphosphate diffuses into the cytosol and
binds its receptor, the inositol triphosphate receptor
on the sarcoplasmic reticulum, thereby augmenting the
release of Ca21. The rise in intracellular free Ca21 next
enhances conductivity of neighboring ryanodine recep-
tors, and together they generate a transient Ca21 wave
(Grandordy et al., 1986; Chilvers et al., 1990; Roffel
et al., 1990). Increased Ca21 induces the formation of
Ca21/calmodulin complexes capable of activating myo-
sin light chain kinase. The subsequent phosphorylation
of myosin light chain allows the actin–myosin cross-
bridge cycle to operate. In parallel, both Ca21 and 1,2-
diacylglycerol recruit protein kinase C (PKC) to the
membrane. The activated PKC phosphorylates an in-
hibitory regulator (named CPI-17) of the downstream
myosin-light chain phosphatase (MLCP), promoting the
affinity between the CPI-17 and MLCP. MLCP inhibi-
tion enhances Ca21 sensitivity of the system. In con-
trast, the mechanism by which the M3R mediates
calcium-independent ASM contraction is referred to
calcium sensitization (Billington and Penn, 2002) via
activation of the small GTPase RhoA that in turn
activates Rho-kinase. RhoA and Rho-kinase augment
agonist-induced contraction primarily by inactivating
MLCP.MLCP is inhibited by the direct phosphorylation
of its regulatory myosin-binding subunit by Rho-kinase
and by binding to CPI-17, which is targeted for phos-
phorylation by both Rho-kinase and PKC, resulting in
higher levels of phosphorylated myosin and smooth
muscle contraction (Gosens et al., 2006).

B. Currently Used Muscarinic Antagonist Drugs and
Their Pharmacological Properties

Numerous anticholinergic compounds derived from
plant alkaloids (Datura stramonium and Atropa bella-
donna) were used historically, long before b-agonists,
for the treatment of asthma symptoms (Miraldi et al.,
2001; Jackson, 2010). Atropine, alongwith hyoscyamine
and scopolamine, were some of the anticholinergic
compounds first isolated from plant alkaloids in 1833.
Its bronchodilator properties were first used for asthma
from the late 18th century. Atropine and other anticho-
linergic agents exert their bronchodilator effects
through the blockade of MRs in the airways. As
a tertiary ammonium derivative, atropine is a nonselec-
tive antagonist with similar affinity for all of the MR
subtypes (Moulton and Fryer, 2011; Buels and Fryer,
2012). The half-life of atropine for M3R residence is 3.5
hours. Although extensively used in the past, atropine
is rarely used at the present time because it is well
absorbed into the systemic circulation and penetrates
the blood–brain barrier, leading to multiple systemic
side effects, including tachycardia (Donald et al., 1967;
Smirnov, 1989; Cazzola et al., 2012).

In the 1970s, new anticholinergic medications were
developed, given the need to develop alternatives to b2-
agonist therapies. The newer anticholinergic agents are
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water-soluble, quaternary ammonium compounds that
are poorly absorbed, and, when administered by in-
halation, cause fewer systemic side effects (Gross,
2006). Among them, ipratropium bromide and oxi-
tropium bromide are short-acting muscarinic antago-
nist (SAMA) drugs that have been used in the treatment
of respiratory diseases. Like atropine, they are also
nonselective anticholinergics, blocking both the pre-
junctional M2R and postjunctional M3R. The SAMA
agent ipratropium bromide is a synthetic quaternary
ammonium compound that is chemically related to
atropine. Its half-life for M3R residence is 3.2 hours.
Oxitropium bromide is based on the scopolamine, and
its half-life is slightly longer.
Several long-acting muscarinic antagonists (LAMAs)

are under investigation or are available for the treat-
ment of obstructive airway diseases. Tiotropium bro-
mide is also a quaternary ammonium derivative
compound with two thiophene rings, displaying a much
higher affinity (6- to 20-fold) for MRs compared with
ipratropium bromide (Haddad et al., 1994). It has
a similar affinity for theM2R andM3R; however, unlike
ipratropium, tiotropium is functionally selective for the
M3R because of its longer pharmacological half-life for
the M3R (35 hours vs. 3.6 hours for M2R) (Disse et al.,
1993). Initially indicated for the treatment of COPD
(Casaburi et al., 2002), tiotropium bromide (Respimat)
received Food and Drug Administration approval in
2017 for the use in children with asthma aged 6 years or
over (Gosens and Gross, 2018). In fact, tiotropium is the
only LAMA that has been studied extensively in
asthma, and is the first agent in the class to be indicated
as add-on therapy for patients with asthma who are
currently treatedwithmaintenance ICS only or ICS and
LABA therapy.
In addition to tiotropium, three other LAMAs (aclidi-

nium, umeclidinium, and glycopyrrolate) used in the
treatment of COPD have the potential to be developed
as therapies for asthma. Two of these LAMAs (umecli-
dinium and glycopyrrolate) are currently being investi-
gated in clinical trials for asthma (Gilman et al., 1990;
Lee et al., 2015; Busse et al., 2016; Ferrando et al.,
2017). Aclidinium is similar to tiotropium with a qua-
ternary ammonium group and two thiophene rings,
and, although it has a similar affinity for M2R and
M3R, it is also functionally selective for M3R based
on its extended half-life of 29 hours (Gavaldà et al.,
2009; Moulton and Fryer, 2011). Aclidinium is very
rapidly hydrolyzed in plasma into its two inactive
metabolites (plasma half-life 5 2.4 minutes), thus
minimizing systemic side effects. Glycopyrrolate is
a M3R selective antagonist with 3–5 times higher
affinity for the M3R compared with the M2R (Gavaldà
et al., 2014). Its half-life was reported to be 3.7 hours
(Haddad et al., 1999; Moulton and Fryer, 2011). The
newest LAMA is umeclidinium bromide, which also has
a greater affinity M3R based on its slower dissociation

from M3R compared with the M2R (82 vs. 9 minutes)
(Salmon et al., 2013).

LAMAs are considered to be safe drugs at recom-
mended dosages. However, because MRs are expressed
not only in the lungs, but also in the heart and the
digestive and urinary tracts, the blockade of different
MR subtypes in these organs by LAMA treatment can
cause diverse, unwanted physiologic effects. For exam-
ple, these agents can initially block prejunctional M2R
on cholinergic airway nerves that normally reduce the
release of the bronchoconstricting neurotransmitter
acetylcholine, thus resulting in cough and paradoxical
bronchoconstriction (Mann et al., 1984; Lee et al., 2008;
Singh et al., 2008; Cazzola et al., 2012). Side effects
including cardiovascular morbidity and mortality of
inhaled LAMA agents in asthma need to be further
studied and defined.

The combination therapy of ICS and bronchodilator
has been amainstay for asthmamanagement for nearly
50 years. However, there are limited options for those
who continue to have asthma exacerbations while
taking combination ICS/LABA treatment. Thus, the
addition of anticholinergics as an add-on therapy to the
current regimes may provide alternative treatments to
those who are unresponsive on their current treatments
or for those who are refractory to b2-agonists. There are
still safety concerns regarding the continued use of b2-
agonists, especially for those with the single-nucleotide
polymorphisms in the b2-adrenergic receptor gene
ADRB2, or for children where reduced bone density
and growth are a concern (Restrepo, 2007; Ortega et al.,
2014; Pandya et al., 2014). To date, the benefits seen
with tiotropium as an add-on therapy in the subgroup of
asthmatics with poorly controlled symptomatic asthma
also suggest that a broad range of patients with asthma
may benefit from anticholinergic therapy regardless of
their respective baseline characteristics. Continued re-
search into the mechanism of acetylcholine signaling in
asthma and the results of ongoing clinical studies will
promote the broader use of anticholinergics as add-on or
stand-alone therapies for the management of asthma
symptoms.

C. Structural Insights into Drug Action

1. Chemical Structures of Clinically Used Muscarinic
Antagonists. Almost all of muscarinic antagonist
drugs share a similar chemical scaffold as atropine,
characterized by an ester between an aromatic ring
derivative and a modified tropane or quinuclidine
moiety containing a positively charged quaternary
ammonium group (Fig. 3).

2. Structural Insights into the Pharmacological
Properties of Clinically Used Muscarinic Antagonists.
Since the first high-resolution structure of a MR was
solved by X-ray crystallography in 2012 (Haga et al.,
2012), 15 structures have been deposited in PDB for
M1R, M3R, and M4R at inactive antagonist-bound
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states (Kruse et al., 2012; Thorsen et al., 2014; Thal
et al., 2016; Liu et al., 2018), and for M2R at both
inactive and active states (Table 3) (Haga et al., 2012;
Kruse et al., 2013a; Suno et al., 2018). The overall
transmembrane structure is similar to those of rhodop-
sin (Palczewski et al., 2000) and b2AR (Rosenbaum
et al., 2007), which has a conserved disulfide bond
between Cys3.25 at the N terminus of TM3 and another
Cys residue in the ECL2. MR also has an additional
disulfide bond between two Cys residues in the ECL3.
The orthosteric binding pocket is formed by amino
acids that are identical in all five MR subtypes. A layer
of tyrosine residues forms an aromatic cap restricting

dissociation of the bound ligand. An allosteric ligand-
binding site has been identified at the entrance to the
binding pocket near this aromatic cap.

a. Ligand efficacy. Over the past decade, the M1R–
M4Rwere crystallized, and their structures were solved
with antagonists such as tiotropium, 3-quinuclidinyl
benzilate (QNB), and N-methyl scopolamine (NMS).
These ligands have similar chemical structures and
bind in similar positions in the orthosteric site (Fig. 4A)
(Supplemental Material 1-PDB IDs 3UON, 4DAJ,
5CXV, and 5DSG), which is also the binding site for
the endogenous agonist acetylcholine. This orthosteric
site is buried within the 7TM core. Strikingly, amino
acid sidechains on TM3, 4, 5, 6, and 7 that surround
these ligands are fully conserved among all five MR
subtypes and are located in similar positions in the
orthosteric site across the M1R–M4R structures. The
natural agonist acetylcholine is much smaller than
these antagonists. Bulky antagonists capable of
blocking activation-related contraction of the pocket
would be very efficient in locking MRs in an inactive
conformation.

M1R, M3R, and M4R have been crystallized in
complex with tiotropium, the potent, nonsubtype-
selective antagonist (Fig. 4A). Like atropine and other
conventional muscarinic antagonists, tiotropium can be
considered an inverse agonist because it is able to
inhibit both basal and ligand-independent MR signal-
ing (Casarosa et al., 2010). The ligand is almost
completely occluded from solvent by a lid comprised of
three conserved tyrosines, Tyr3.33, Tyr6.51, and Tyr7.39.
Besides the extensive hydrophobic contacts with the
receptor, the bound tiotropium also forms a pair of
H-bonds between the ligand hydroxyl/ketone and
the conserved Asn6.52, as well as charge–charge inter-
actions between the ligand cationic amine and the
conserved Asp3.32. The charge–charge interactions in-
volving Asp3.32 are seen in all biogenic amine receptor
structures solved to date and have been shown to make
a major energetic contribution to binding (Kruse et al.,
2013b). The hydrogen-bonding interactions involving
Asn6.52 seem to be a unique feature for the MR. This
feature was suggested to be an important factor in
slowing down ligand dissociation (Tautermann et al.,
2013). These interactions also explain the extremely
high affinity of tiotropium for M3R (Ki5 0.010 nM) and
all other MR subtypes (e.g., Ki 5 0.020 nM for M2R)
(Disse et al., 1993; Casarosa et al., 2009; Buels and
Fryer, 2012).

As noted above, the orthosteric binding pocket is
highly conserved among all MR subtypes. Nevertheless,
MR structures display a unique feature—a rather large
solvent-accessible vestibule facing the extracellular
space (termed extracellular vestibule) that is sepa-
rated from the orthosteric site by the tyrosine lid.
Rearrangement of the tyrosine lid and possibly the
ECLs is required to enable tiotropium to exit from the

Fig. 3. Chemical structures of currently used muscarinic antagonist
drugs. (A) Ipratropium and oxitropium as SAMAs. (B) Tiotropium,
aclidinium, umeclidinium, and glycopyrrolate as LAMAs.
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orthosteric binding pocket. In comparison with the
highly conserved orthosteric site, the extracellular
vestibule is least conserved across the muscarinic
subtypes, showing multiple sequence differences. In
the MD simulation studies of M2R and M3Rs with
tiotropium, the ECLs, especially the ECL2, appeared to

be more flexible in the M2R as compared with the M3R
(Kruse et al., 2012), suggesting a higher energy barrier
to be overcome for tiotropium to exit from the M3R. The
observations from MD simulations are consistent with
mutagenesis data and data from dissociation experi-
ments of tiotropium, which suggested that the more

TABLE 3
Structures of human M1, M2, and M4 receptors, and rat M3 receptor

Receptor PDB ID Ligand Efficacy Fusion Partner Resolution (Å) References

M1R 5CXV Tiotropium Inverse agonist T4 lysozyme (T4L) in ICL3 2.70 Thal et al., 2016
M2R 3UON QNB Inverse agonist T4L in ICL3 3.00 Haga et al., 2012
M2R 4MQS Iperoxo Full agonist None 3.50 Kruse et al., 2013a
M2R 4MQT Iperoxo, LY2119620 Full agonist, PAM None 3.70 Kruse et al., 2013a
M2R 5ZK8 NMS Inverse agonist Cytochrome b562RIL (BRIL) in ICL3 3.00 Suno et al., 2018
M2R (S110R) 5ZKC NMS Inverse agonist BRIL in ICL3 2.30 Suno et al., 2018
M2R (S110R) 5ZKB AF-DX 384 Antagonist BRIL in ICL3 2.95 Suno et al., 2018
M2R (S110R) 5ZK3 QNB Inverse agonist BRIL in ICL3 2.60 Suno et al., 2018
M2R (S110R) 5YC8 NMS, Hg Inverse agonist, cation BRIL in ICL3 2.50 Suno et al., 2018
M3R 4DAJ Tiotropium Inverse agonist T4L in ICL3 3.40 Kruse et al., 2012
M3R 4U14 Tiotropium Inverse agonist Disulfide stabilized T4L in ICL3 3.57 Thorsen et al., 2014
M3R 4U15 Tiotropium Inverse agonist Minimal T4L (mT4L) in ICL3 2.80 Thorsen et al., 2014
M3R 4U16 NMS Inverse agonist mT4L in ICL3 3.70 Thorsen et al., 2014
M3R 5ZHP Compound 6o (BS46) Antagonist mT4L in ICL3 3.10 Liu et al., 2018
M4R 5DSG Tiotropium Inverse agonist mT4L in ICL3 2.60 Thal et al., 2016

Fig. 4. Binding sites in MR crystal structures. (A) Orthosteric sites for tiotropium in the crystal structures of tiotropium-bound M1R (top left,
Supplemental Material 1-PDB ID 5CXV), M3R (bottom right, Supplemental Material 1-PDB ID 4DAJ), and M4R (top right, Supplemental Material
1-PDB ID 5DSG), and the orthosteric site for QNB in the crystal structure of M2R (bottom left, Supplemental Material 1-PDB ID 3UON). Polar
interactions are shown as dashed lines. (B) Crystal structure of active M2R with the orthosteric agonist iperoxo only (left, Supplemental Material
1-PDB ID 4MQS, allosteric site empty) and crystal structure of active M2R with iperoxo and a PAM named LY2119620 (right, Supplemental Material
1-PDB ID 4MQT). Full agonist iperoxo is in the orthosteric site of both structures.

Pharmacology of GPCRs in Asthma Therapy and Drug Action 21

http://pharmrev.aspetjournals.org/lookup/suppl/doi:10.1124//pr.118.016899/-/DC1
http://pharmrev.aspetjournals.org/lookup/suppl/doi:10.1124//pr.118.016899/-/DC1
http://pharmrev.aspetjournals.org/lookup/suppl/doi:10.1124//pr.118.016899/-/DC1
http://pharmrev.aspetjournals.org/lookup/suppl/doi:10.1124//pr.118.016899/-/DC1
http://pharmrev.aspetjournals.org/lookup/suppl/doi:10.1124//pr.118.016899/-/DC1
http://pharmrev.aspetjournals.org/lookup/suppl/doi:10.1124//pr.118.016899/-/DC1
http://pharmrev.aspetjournals.org/lookup/suppl/doi:10.1124//pr.118.016899/-/DC1
http://pharmrev.aspetjournals.org/lookup/suppl/doi:10.1124//pr.118.016899/-/DC1
http://pharmrev.aspetjournals.org/lookup/suppl/doi:10.1124//pr.118.016899/-/DC1


flexible loop region in the M2R in combination with the
lack of residue Lys7.32 causes the kinetic selectivity of
theM3R over theM2R (Tautermann et al., 2013). These
structural observations explain tiotropium’s clinically
important kinetic selectivity, long duration of action,
and minimal non-M3R–mediated side effects.
b. Receptor subtype selectivity in the orthosteric site.

Although residues lining the orthosteric site in the
MR family are absolutely conserved, this high degree
of sequence conservation does not preclude the exis-
tence of differences in the three-dimensional architec-
ture of the orthosteric site between the different
receptor subtypes (Fig. 4A). In the M4R structure
(Supplemental Material 1-PDB ID 5DSG), Asn3.32 has
its rotamer point away from tiotropium and forms
a network of H-bond interactions with neighboring
residues such as Tyr7.39 and Tyr7.43, which is distinct
from the M1R, M2R, and M3R orthosteric sites. The
tiotropium-bound M1R, M3R, and M4R and QNB-
bound M2R structures also show considerable differ-
ences in the conformations of residues Asn3.32, Tyr7.39,
and Tyr7.43. Such differences contribute to the marked
difference in the potency for pirenzepine, which serves
as a canonical orthosteric antagonist of MRs, with
a rank order potency of M1R . M4R . M3R . M2R
(Caulfield and Birdsall, 1998; Thal et al., 2016). This
suggests that ligand selectivity can be achieved through
subtle differences in the receptor conformational
dynamics.
One such structural difference near the orthosteric

site in M2R and M3R results from the replacement of
Phe181 in the ECL2 of the M2R with Leu225 in M3R,
which interacts with one aromatic ring of the bound
tiotropiumorQNB. This creates a pocket in theM3Rnot
found in theM2R. This single amino acid difference was
exploited in the development of subtype-selective
ligands. Using molecular docking and structure-based
design strategy, Liu et al. (2018) discovered a M3R-
selective antagonist that showed up to 100-fold selec-
tivity over theM2R in in vitro assays and over 1000-fold
selectivity when tested in vivo.
Recently, aM2R structure with amutation S110Rwas

solved in complex with a M2R/M4R-selective antagonist
AF-DX 384 (Suno et al., 2018) (Supplemental Material
1-PDB ID 5ZKB). This ligand has a higher affinity for
M2R/M4R than for M1R/M3R. In other M2R structures
with QNB, the orthosteric ligand is almost completely
occluded from the solvent with the tyrosine lid located
directly above the ligand (Haga et al., 2012). By
contrast, in the AF-DX 384-bound S110R M2R struc-
ture, the tyrosine lid opens up and the orthosteric site
becomes more accessible from the extracellular space,
thus allowing the two propyl groups of AF-DX 384 to
extend from the orthosteric pocket toward the extracel-
lular surface. Because the residues forming contacts
with AF-DX 384 are completely conserved among MRs,
the residues responsible for subtype selectivity cannot

be identified based on the crystal structure alone. InMD
simulations of the wild-type M2R and M3R with AF-DX
384, ligand–receptor contacts were found to be tighter
with a few residues in TM2, TM3, and TM6 in the M2R.
This observation suggested that the subtype selectivity
of AF-DX 384 may be a consequence of not only the
static interaction seen in the crystal structure, but also
the protein dynamics—tightening of the ligand–receptor
contacts in the M2R compared with the M3R.

c. The structural basis for the action of allosteric
modulators as potential novel asthma drugs. Before
crystal structures were solved for MRs, evidence from
functional assays proved the existence of allosteric
modulators of these receptors (Lüllmann et al., 1969;
Clark andMitchelson, 1976). Somemodulators such as
gallamine and alcuronium were reported to interact
with MRs, but not to compete with orthosteric ligands
such as acetylcholine (Stockton et al., 1983; Proska
and Tucek, 1994). These modulators limit or enhance
the binding of orthosteric ligands and also slow their
dissociation, resulting in slowed binding kinetics.
Extensive studies of these modulators strongly sug-
gested a common allosteric site on all five MRs
(Gregory et al., 2007). Mutagenesis experiments fur-
ther implicated contributions from ECL2, ECL3, and
the top of TM7 to this common allosteric site (Leppik
et al., 1994; Krejcí and Tucek, 2001; Buller et al., 2002;
Jakubík et al., 2005). Multiple novel MR ligands with
high subtype selectivity have been predicted to target
this allosteric site (Digby et al., 2010; Keov et al., 2011)
or occupy both allosteric and orthosteric sites simulta-
neously (bitopic ligands) (Bock and Mohr, 2013; Lane
et al., 2013).

This predicted common allosteric site was confirmed
and clearly illustrated in the solved crystal structures
of M1R–M4R (Table 3). This allosteric site, termed the
extracellular vestibule, is lined by residues that have
been previously implicated in the binding of allosteric
modulators. It is located directly above (extracellular
to) the orthosteric binding site, also consistent with the
observation that many muscarinic allosteric modula-
tors can slow dissociation of orthosteric ligands (Kruse
et al., 2014a). In comparison with the highly conserved
orthosteric site, the extracellular vestibule is less
conserved in sequence across the muscarinic subtypes,
for example, M2R and M3R can differ by up to 11
substitutions among the 24 residues around this
allosteric site (Korczynska et al., 2018). The divergence
in amino-acid composition leads to distinct differences
in both the shape and charge distribution of the
allosteric site, and likely the dynamics of the ECL
regions. These observations from MR structures can
explain why some of the best-studied MR allosteric
modulators such as gallamine are cationic compounds
(Thal et al., 2016). A segment of acidic amino acids,
EDGE, in the ECL2 of the M2R, has been found
important for the higher binding potency of gallamine
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for the M2R compared with the other four MR (Gnagey
et al., 1999).
In comparison with the large extracellular vestibule

in the inactivate MR structures, this outer cavity in the
M2R undergoes a pronounced contraction upon agonist/
nanobody-triggered activation, primarily due to the
inward movement of the extracellular portion of TM6
(Kruse et al., 2013a) (Fig. 4B) (Supplemental Material
1-PDB ID 4MQT). Importantly, one of the agonist-
bound active M2R structures was solved in complex
with LY2119620, a positive allosteric modulator (PAM),
providing the first structural view of how a drug-like
allosteric ligand binds to a GPCR. In this complex
structure, the allosteric modulator is located directly
above the orthosteric agonist. The contraction in the
extracellular vestibule results in a narrower allosteric
site and a smaller orthosteric site. The much smaller
size of the orthosteric site is reflected by the lower
molecular weight of muscarinic agonists compared
with antagonists and inverse agonists (Kruse et al.,
2014a,b). The agonist-stabilized contraction of the
extracellular vestibule enables the PAM to engage in
extensive interactions with this outer receptor cavity,
which include aromatic stacking, H-bonding, and
charge–charge interactions. In particular, the aro-
matic rings of the PAM are situated directly between
Tyr177 in ECL2 and Trp4227.35, forming a three-
layered aromatic stack. Interestingly, the two active
structures of the M2R are highly similar irrespective
of whether the PAM is bound, suggesting that the
allosteric site conformation is largely preformed after
the binding of the orthosteric agonist (Fig. 4B) (Kruse
et al., 2013a). These findings support the concept that
muscarinic PAMs enhance the receptor affinity of
orthosteric agonists by stabilizing the active confor-
mation of the receptor and slowing agonist dissociation
from the orthosteric site.
These crystal structures of human and rat MRs

solved at both inactive and active states, together with
MD simulation and mutagenesis studies, provided
a solid basis for the development of subtype-selective
therapeutics. Specifically, the extracellular vestibule
represents an attractive target for the development of
subtype-selective allosteric agents for MRs. Recently,
a structure-based docking campaign was prosecuted
against the allosteric site observed in the antagonist-
bound inactive structure of M2R, which led to the
discovery of a new PAM (Korczynska et al., 2018). It
has been shown to enhance the binding of NMS and the
drug scopolamine itself. Furthermore, this PAM slowed
the dissociation rate of NMS from the M2R by 50-fold,
but did not demonstrate similar effects on other MRs
(Korczynska et al., 2018). This study supports the
feasibility of discovering PAMs that confer subtype
selectivity to nonselective orthosteric drugs of MR,
which are expected to reduce the off-target effects of
nonselective orthosteric drugs in asthma.

IV. Cysteinyl Leukotriene Receptors and
Leukotriene Antagonists

A. Pathophysiological Roles and Signaling of
Cysteinyl Leukotriene Receptors in Asthma

1. Cysteinyl Leukotriene Synthesis. CysLTs are
a class of bioactive fatty acids whose formation and
signaling are associated with airway inflammation.
These endogenous bioactive fatty acids are derived from
the v-6 eicosanoid, arachidonic acid (AA). AA is ester-
ified in phospholipids at the sn2 position, and under
conditions of stress it is released by phospholipase A2

and metabolized into bioactive fatty acids primarily
through cyclooxygenase to form PGs or lipoxygenase
pathways (Funk, 2001; Dennis and Norris, 2015).
Leukotrienes are generated by 5-LOX in leukocytes.
Specifically, 5-LOX together with 5-LOX–activating
protein transforms AA into 5-hydroperoxyeicosatetraenoic
acid.The peroxide of 5-hydroperoxyeicosatetraenoic acid
spontaneously reduces to form 5-hydroxyeicosatetraenoic
acid (5-HETE). 5-HETE is also a substrate for 5-LOX in
which the end product is the epoxide ring containing
leukotriene A4 (LTA4). LTA4 can be either rapidly
hydrolyzed by LTA4 hydrolase to form LTB4 or conju-
gated with glutathione, a reaction that is catalyzed by
LTC4 synthase to generate LTC4 as the first CysLT in
this pathway. Once transported out of cells, LTC4 can
then be metabolized by extracellular enzymes to form
LTD4 and LTE4. Some studies also suggested that
certain cells expressing LTC4 synthase can catalyze
the conversion of extracellular LTA4 to LTC4, providing
another source of CysLTs (Maclouf et al., 1994). LTC4,
LTD4, and LTE4 are the major bioactive members of the
CysLT family, all of which are lipid and peptide hybrid
molecules with a cysteine amino acid attached to the C6
of the fatty acid chain (Fig. 5). In the airways, CysLTs
aremainly generated and released from innate immune
cells, including eosinophils, basophils, and mast cells
(Drazen and Austen, 1987).

2. Pathophysiological Roles and Signaling of Cys-
teinyl Leukotriene Receptors. A term, slow-reacting
substance of anaphylaxis, was introduced in the early
20th century to describe some mediators other than
histamine to induce anaphylaxis and result in pro-
longed contraction of bronchial smooth muscle after
allergen challenge (Augstein et al., 1973). Such media-
tors have been shown to induce symptoms of asthma.
Studies from several groups using various biophysical
and physiologic approaches later demonstrated that
slow-reacting substance of anaphylaxis was actually
a mixture of CysLTs (Bach et al., 1977; Morris et al.,
1978, 1980; Lewis et al., 1980; Samuelsson, 1983).
Further studies in the next decade revealed pivotal
roles of CysLTs, especially LTC4 and LTD4, in the
pathogenesis of asthma. A major breakthrough during
that period was the identification and characterization
of twoGPCRs, CysLT receptor (CysLTR)1 andCysLTR2,
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as the main targets for LTC4 and LTD4 (Labat et al.,
1992; Lynch et al., 1999; Takasaki et al., 2000).
CysLTR1 and CysLTR2 have different tissue expres-

sion profiles and different preferences for CysLTs
(Laidlaw and Boyce, 2012; Liu and Yokomizo, 2015;
Yokomizo et al., 2018). CysLTR2 has been confirmed to
be highly expressed in the heart and coronary smooth
muscle cells, where little CysLTR1 was detected. Both
receptors are expressed in innate and adaptive immune
cells and lung smooth muscle cells, although they play
different roles in asthma and other inflammatory con-
ditions. CysLTR1 prefers LTC4 overLTD4,whereas LTC4

and LTD4 are equally potent agonists of CysLTR2. Both
receptors exhibit low affinities for LTE4.Multiple studies
suggested the existence of another receptor for LTE4, the
molecular identity ofwhich is still in debate (Laidlawand
Boyce, 2012). Both CysLTR1 and CysLTR2 mainly signal
through theGq/11 family to evoke cellular Ca21 responses
and cause bronchoconstriction (Gorenne et al., 1998;
Snetkov et al., 2001). CysLTR1 has also been shown to
induce signaling events that are sensitive to pertussis
toxin in some cells, including ASM cells, indicating the
involvement of the Gi/o family (Pollock and Creba, 1990;
Hoshino et al., 1998;Mellor et al., 2003; Jiang et al., 2006;
Ravasi et al., 2006). These studies suggested that
Gi/o-mediated signaling leads to the activation of MAPK.

CysLTs act on the CysLTRs to exert their roles in
asthma through multiple mechanisms. During the
1980s, a number of laboratories reported the potent
bronchoconstriction action of LTC4 and LTD4 on iso-
lated human bronchi or in humans (Dahlén et al., 1980,
1983; Holroyde et al., 1981; Weiss et al., 1982a;
Bisgaard and Groth, 1987). Several studies showed that
CysLTs are hundreds or even thousands of times more
potent than histamine in inducing bronchial contraction
(Weiss et al., 1982a,b; Drazen, 1988). Compared with
LTC4 and LTD4, LTE4 is a weaker bronchoconstrictor,
as suggested by several studies, although asthmatic
patients showed an increased sensitivity to LTE4

(Davidson et al., 1987; Arm et al., 1990). The inherent
tone of human airway tissues is believed to be main-
tained by the balance between contractile and vaso-
dilating mediators (Ellis and Undem, 1994; Watson
et al., 1997). Overproduction of CysLTs can enhance the
contractile tone by inducing smooth muscle hyperplasia
in asthma (Hui and Funk, 2002). The involvement of
CysLTR1 in the bronchoconstrictor effects of CysLTs is
well validated by clinical trials with LTRAs that specif-
ically target CysLTR1 (Matsuse and Kohno, 2014). Re-
cently, Yonetomi et al. (2015) and Sekioka et al. (2015,
2017) demonstrated that CysLTR2 also plays important
roles in CysLT-induced bronchoconstriction, suggesting

Fig. 5. Chemical structures of CysLTs and LTRAs.
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a potential therapeutic benefit of blocking both CysLTR1

and CysLTR2 in reducing bronchoconstriction.
CysLTs also play important roles in the inflamma-

tory process involved in the pathogenesis of asthma.
Laitinen et al. (1993) reported the effects of LTE4

in the recruitment of eosinophils and neutrophils in
the airway mucosa. Other studies also demonstrated
the positive effects of CysLTs, in particular LTD4, on the
migration of eosinophils into the airways and proposed
that CysLTs contributed to the airway eosinophilia
(Foster and Chan, 1991; Smith et al., 1993; Henderson
et al., 1996). This is partly due to the abilities of CysLTs
to induce the expression of adhesion molecules on
leukocytes (Kanwar et al., 1995; Pedersen et al., 1997;
Fregonese et al., 2002; Nagata et al., 2002). Lee et al.
(2000) showed that CysLTs could stimulate eosinophil
survival, which was reversed by a LTRA. Cumulatively,
these studies suggested the chemotactic effects of
CysLTs for eosinophils in asthma. CysLTs have also
been shown to simulate the generation of potent in-
flammatory mediators by eosinophils such as eosino-
philic cationic protein, eosinophilic protein X,
neurotoxin, and superoxide radicals (Peters-Golden
et al., 2006). Treatment with LTD4 antagonists, which
are CysLTR1 selective, was shown to reduce airway
eosinophil influx and eosinophilia in several species
(Laitinen et al., 1993; Spada et al., 1994; Turner et al.,
1994; Underwood et al., 1996). In vitro studies also
showed that antagonists of CysLTRs could downregu-
late type 2 cytokines and thus reduce TH2-mediated
inflammation (Tohda et al., 1999; Bandeira-Melo et al.,
2002; Mellor et al., 2002). In addition, several type 2
cytokines, such as IL-4 and IL-5, could enhance the
synthesis of CysLTs by modulating the location and
activities of 5-LOX and LTC4 synthase (Cowburn et al.,
1999; Ochensberger et al., 1999). IL-4, IL-5, and IL-13
have also been shown to upregulate the expression of
CysLTR1 in several leukocytes and smoothmuscle cells,
providing a positive feedback mechanism to augment
the inflammatory responses induced by CysLTs (Thivierge
et al., 2000; Mellor et al., 2002; Espinosa et al., 2003).
The potent bronchoconstriction and proinflammatory

effects of CysLTs lead to their critical roles in the
formation and exacerbation of mucosal edema caused
by increased microvascular permeability and leakage
and the increased secretion of mucus, which are the
main underlying mechanisms of airway obstruction.
Early studies demonstrated that LTC4 and LTD4

could induce intense vascular constriction and dose-
dependent extravasation of macromolecules in the
hamster cheek pouch (Dahlén et al., 1981). Later,
LTE4 was shown to increase the vascular permeability
by inducing the contraction of endothelial cells in
guinea pigs (Joris et al., 1987). LTD4 has also been
shown to mediate dose-dependent microvascular leak-
age and bronchoconstriction in guinea pigs (Bochnowicz
and Underwood, 1995). Studies using gene-modified

mice confirmed the involvement of CysLTR1 and
CysLTR2 in the CysLT-enhanced vascular permeability
(Maekawa et al., 2002; Beller et al., 2004; Moos et al.,
2008). LTRAs could reverse such effects of CysLTs in
several studies, further demonstrating the involvement
of CysLTRs (Nakagawa et al., 1992; Bochnowicz and
Underwood, 1995). The effects of LTC4 and LTD4 in
inducing mucus production in the airways in vitro and
in vivo have also been well documented (Marom et al.,
1982; Coles et al., 1983; Johnson et al., 1983).

Although both CysLTR1 and CysLTR2 show expres-
sion in lung smooth muscle cells and eosinophils,
CysLTR1 is considered to be the major target for the
pathophysiological action of CysLTs in asthma. This
was largely based on the results from clinical inves-
tigations in which CysLTR1-selective antagonists could
reverse most of the detrimental effects of CysLTs (Hui
and Funk, 2002; Capra et al., 2007). In contrast, several
lines of evidence suggested that the activity of CysLTR1

is regulated by CysLTR2. Jiang et al. (2007) reported
that CysLTR2 forms heterodimer with CysLTR1 and
negatively regulates the mitogenic responses induced
by CysLTR1. Another GPCR, GPR17, has also been
shown to dampen the function of CysLTR1 (Maekawa
et al., 2009).

B. Currently Used Leukotriene Receptor Antagonist
Drugs and Their Pharmacological Properties

The current LTRAs used in the treatment of asthma
and other inflammatory diseases specifically target
CysLTR1. To date, three LTRAs, montelukast, pranlu-
kast, and zafirlukast, are used in the clinics (Fig. 5).
Pranlukast was the first marketed LTRA worldwide,
although it is mostly used in Japan (Barnes et al., 1997).
Zafirlukast was the first LTRA approved by FDA and
used in the United States in 1990s, followed by the later
approval of montelukast. All three compounds show
high affinities for CysLTR1, although they exhibit
different pharmacological actions in blocking the action
of LTC4 and LTD4 (Ravasi et al., 2002).

The primary in vivo effects of LTRAs are the in-
hibition of bronchoconstriction and inflammation.
Fukushima et al. (1998) showed that LTRAs were more
potent in reducing antigen-induced contraction of hu-
man lung parenchyma compared with other therapies,
including PG synthase and receptor inhibitors and
antihistamine reagents in in vitro assays. The anti-
inflammatory effects of LTRAs have been well docu-
mented. At therapeutic concentrations, LTRAs reduce
the generation of reactive oxygen species and the
release of a number of inflammatorymediators (Diamant
and Sampson, 1999). In fact, a large number of studies
that examined the inflammatory effects of CysLTs and
CysLTRs used LTRAs as competitors to reverse the
inflammatory action of CysLTs.

Some studies suggested the involvement of CysLTR1-
independent mechanisms for the anti-inflammatory
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action of LTRAs (Tintinger et al., 2010; Theron et al.,
2014), which include the inhibitory effects of LTRAs on
cyclic nucleotide PDEs, transcription factor nuclear
factor-?B, PGE4 synthase, and 5-LOX. However, the
clinical significance of those mechanisms needs to be
further elucidated.
1. Montelukast. Montelukast is the most widely

prescribed LTRA in the United States and Europe,
and the clinical significance of LTRAs in asthma was
largely established based on the studies with montelu-
kast. In vitro studies indicate that montelukast is
associated with low nanomolar affinities, and it can
specifically block the binding of LTC4 and LTD4 to cells
expressing CysLTR1 (Jones et al., 1995). The initial
large-scale clinical evaluation of montelukast during
the 1990s established its efficacy in asthma and led to
its approval (Schoors et al., 1995; Cheng et al., 1996; De
Lepeleire et al., 1997; Reiss et al., 1997). Several
comparative studies suggested that montelukast could
improve asthma control, reduce the rate of asthma
exacerbation, and protect against bronchoconstriction
(Leff et al., 1998; Reiss et al., 1998; Malmstrom et al.,
1999). One study also showed that montelukast pro-
vided significant clinical benefits in protecting against
EIA (Leff et al., 1998).
Several studies have also compared montelukast to

ICS because ICS is the first-line anti-inflammatory
agent for asthma. Some of them showed a superior
efficacy of low-dose ICS compared with montelukast,
which may be associated with the involvement of
patients with largely moderate-to-severe asthma
(Laviolette et al., 1999; Busse et al., 2001). Later, in
a small-scale study with patients with mild asthma,
montelukast showed satisfying efficacy as a monother-
apy with a clinically significant improvement of asthma
control (McIvor et al., 2009). Noticeably, in this study,
montelukast was associated with a much higher com-
pliance to asthma therapy compared with ICS. This
may be particularly important for treating asthma in
the elderly.
Montelukast is most often used as an add-on therapy

instead of monotherapy (Matsuse and Kohno, 2014).
Early studies demonstrate that montelukast could pro-
vide additional benefits of improving symptoms and
lung function when combined with ICS (Laviolette
et al., 1999; Stempel, 2000; Vaquerizo et al., 2003).
However, later studies that comparedmontelukast with
LABAs in combined use with ICS generated mixed
results (Fish et al., 2001; Vaquerizo et al., 2003; Deykin
et al., 2007). It has been suggested that ICSwith LABAs
may provide higher efficacy compared with ICS with
montelukast for short-term use, whereas these two
methods resulted in similar outcomes for long-term
use (Joos et al., 2008). Montelukast is associated with
a higher safety profile and a lower rate of side effects
compared with LABAs in long-term use (Joos et al.,
2008). The higher safety profile of montelukast may be

especially beneficial for treating asthma in children
and adolescents (Bisgaard et al., 2009). In fact, all
three LTRAs can be used in pediatrics with controlled
dosages.

Montelulast as a representative LTRA has been
studied in a number of asthma phenotypes, in which
the level of inflammatory CysLTs is elevated due to
specific factors or conditions such as smoking and
exercise. Asthma patients who smoke may develop
resistance to ICS (Thomson et al., 2004), and there is
one study conducted in the 1990s demonstrating that
habitual smoking is associated with increased levels of
CysLTs (Fauler and Frölich, 1997). In a small-scale
clinical study on mild asthma patients with self-
reported smoking, the response to ICS was attenuated
andmontelukast as amonotherapy resulted in a greater
improvement in lung function (Lazarus et al., 2007). A
later clinical study with over 300 patients showed that
although patients with a history of smoking less than
11 years tended to have more benefits with ICS,
montelukast seemed to offer more benefits for patients
with a long history of smoking (.11 years) (Price et al.,
2013). Second, EIA or exercise-induced bronchoconstric-
tion is frequent in children and especially in athletes.
One study showed that montelukast could attenuate
exercise-induced bronchoconstriction in children with
asthma (Kemp et al., 1998). Although montelukast
showed a lower efficacy compared with LABAs in treat-
ing EIA in one study (Raissy et al., 2008), it is associated
with less side effects and does not lead to tolerance. For
LABAs, if taken daily, tolerance may develop to the
protective effects in EIA (Anderson, 2004). Third, mon-
telukast has been studied in the treatment of aspirin-
induced asthma (AIA). Aspirin and other nonsteroidal
anti-inflammatory drugs can inhibit the activity of
cyclooxygenase and thus facilitate the metabolism of
AA through 5-LOX pathways to generate excessive
CysLTs. It was estimated that about 10% asthma
patients on nonsteroidal anti-inflammatory drugs may
develop AIA (Matsuse and Kohno, 2014). One study
showed that aspirin-sensitive or aspirin-intolerant
asthma patients had a greater level of LTE4 compared
with the control group of asthma patients (Christie
et al., 1991). Another small-scale clinical trial showed
promising results of montelukast in treating AIA, in
which montelukast as an add-on drug could further
improve pulmonary function and asthma-specific qual-
ity of life over what could be achieved by ICS (Dahlén
et al., 2002). Fourth, obesity is another factor that can
result in systemic inflammation associated with adi-
pose tissues, which includes the generation of CysLTs.
One clinical study examined the relationship of asthma
and body mass index and showed that in general the
response of asthma patients to ICS decreased with
increased body mass index, but the response to mon-
telukast remained stable (Giouleka et al., 2011). This
may be an example of where asthma endotype plays
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a role in that obesity-related asthma does not have
a typical type 2 cytokine profile, which is most respon-
sive to ICS therapy.
2. Pranlukast. In vitro studies showed that pranlu-

kast is a potent and selective antagonist for CysLTR1

that could dose-dependently reverse the effects of LTC4

and LTD4 on isolated human bronchial smooth muscle
(Nakagawa et al., 1992; Yamaguchi et al., 1992). In one
study, pranlukast showed lower potency in competing
with the binding of 3H-LTC4 to CysLTR1 compared with
montelukast (Ravasi et al., 2002). Consistently, for the
clinical use, the dosage of pranlukast (;200 mg once or
twice daily) is much higher than the dosage of mon-
telukast (;10–20 mg once daily) for treating asthma in
adults.
Animal studies with pranlukast confirmed its potent

anti-inflammatory and antibronchospasm effects as
a result of specifically blocking CysLT binding (Obata
et al., 1987, 1992; Nakagawa et al., 1992, 1993;
Kurosawa et al., 1994; Bochnowicz and Underwood,
1995). The anti-inflammatory effects of pranlukast on
eosinophils were examined and confirmed in a few
clinical trials (Horiguchi et al., 1999; Ishioka et al.,
1999; Yamauchi et al., 2001). In several studies, pran-
lukast showed significant efficacy in reversing broncho-
constriction caused by various stimuli, including LTD4,
dust mite, aspirin, exercise, and even alcohol (Abraham
et al., 1993; Hamilton et al., 1998; Ishioka et al., 2000;
Suguro et al., 2000; Yoshida et al., 2000b; Myou et al.,
2001; Obase et al., 2001, 2002). Some other studies also
showed the effectiveness of pranlukast in reducing
bronchial hypersensitiveness, another important fea-
ture of asthma, caused by various factors (Nakamura
et al., 1998; Ishioka et al., 2000; Yoshida et al., 2000a;
Yamauchi et al., 2001; Sagara et al., 2009). Because the
current first-line method for treating asthma is ICS or
ICS plus LABAs, a number of recent studies tested
whether pranlukast could provide additional clinical
benefits when used with ICS or ICS plus LABAs. These
studies demonstrated that pranlukast could further
reduce eosinophilic airway inflammation and thus
might further improve lung function (Ohbayashi et al.,
2009; Yasui et al., 2012). Indeed, a long-term follow-up
study suggested that pranlukast provided benefits of
improving lung function that lasted formore than 1 year
if taken daily (Yanagawa et al., 2004).
Similar to montelukast, pranlukast has been studied

in a number of clinical trials to examine its effects in
different asthma phenotypes. The efficacy of pranlukast
compared with placebo or antihistamine was confirmed
in a few clinical trials with mild to moderate adult
asthma patients (Barnes et al., 1997; Barnes and Pujet,
1997; Yoo et al., 2001). Several small-scale studies also
showed that pranlukast was effective for patients with
moderate to severe asthma treated with ICS or who
are refractory to ICS (Yokoyama et al., 1998; Kohrogi
et al., 1999; Tomari et al., 2001). The clinical efficacy of

pranlukast in pediatric asthma was examined and
proven in Japan (Keam et al., 2003). One study
demonstrated that pranlukast monotherapy showed
a clinical efficacy comparable to that of ICS monother-
apy for elderly patients with mild asthma (Horiguchi
et al., 2007).

3. Zafirlukast. Although described as a selective
and competitive antagonist of CysLTR1 (Krell et al.,
1990), zafirlukast is a relatively less studied LTRA
compared with montelukast and pranlukast. Early
studies that demonstrated its ability to reduce
eosinophil-related inflammation and bronchoconstric-
tionwere conducted in animals (Krell et al., 1990, 1994).
One in vitro study showed that zafirlukast is as potent
as montelukast in blocking the binding of 3H-LTD4

to CysLTR1 in isolated human lung parenchyma
(Ravasi et al., 2002). The same study also demonstrated
that, unlike montelukast and pranlukast, zafirlukast
was unable to interfere with the binding 3H-LTC4 in
the same experimental settings, suggesting a poten-
tially different pharmacological action of zafirlukast
compared with montelukast and pranlukast, such as a
different binding site on CysLTR1. However, the un-
derlying mechanism is not clear (Dunn and Goa, 2001).

The efficacy of zafirlukast in asthma has been
confirmed in a number of clinical trials (Dunn and
Goa, 2001). Compared with placebo, zafirlukast pro-
vided sustained clinical benefits for patients with mild
to moderate asthma in a large-scale clinical study (Fish
et al., 1997). As a monotherapy, zafirlukast also showed
significant benefits for patients with severe and persis-
tent asthma (Kemp et al., 1999). The effects of zafirlu-
kast as an add-on therapy were also evaluated. One
study showed that zafirlukast could improve lung
function and reduce the risk of exacerbation for patients
who were already on high-dose ICS (Virchow et al.,
2000). However, a few studies showed that zafirlulast
was less effective as an add-on drug compared with
salmeterol, a LABA, in combined use with ICS (Busse
et al., 1999; Nelson et al., 2001). The clinical benefits,
safety, and tolerability of zafirlukast for children with
mild to moderate asthma were evaluated and proven in
several studies (Pearlman et al., 2000; Dunn and Goa,
2001).

C. Structural Insights into Drug Action

Montelukast, pranlukast, and zafirlukast exhibit
distinct chemical scaffolds with limited similarity
(Fig. 5). This is in contrast to b2-agonists, which share
a relatively conservative chemical feature. The first
marketed LTRA, pranlukast, was developed based on
compounds from random screening (Nakai et al.,
1988; Bernstein, 1998). The structure and activity
relationship (SAR) studies for developing pranlukast
were done in reference to the structure of endogenous
CysLTs. Other research efforts for developing antago-
nists of CysLTRswere focused on direct modifications of
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CysLTs (Bernstein, 1998). The aims were to modify
the unstable polyene chain of CysLTs and to switch
the agonists into antagonists. Such efforts led to the
discovery of a series of lead compounds, which further
led to the development of montelukast and zafirlukast
through extensive SAR studies. Although the overall
chemical structures of LTRAs are distinct from CysLTs,
in montelukast, there is a cyclopropyl–acetic acid group
attached to the main chain through a sulfanyl group,
mimicking the Cys-Gly peptide moiety of LTD4.
To date there are no high-resolution structures of

CysLTRs that have been solved experimentally. CysLTRs
belong to the d-subgroup of class A GPCRs, whereas
other leukotriene receptors and PG receptors belong
to the a- and g-subgroups (Fredriksson et al., 2003).
This may suggest a novel mechanism for CysLTRs to
recognize endogenous lipid ligands comparedwith other
eicosanoid GPCRs. The closest phylogenetic neighbors
of CysLTRs with solved structures are protease-
activated receptors 1 and 2 (PAR1 and PAR2) (Zhang
et al., 2012; Cheng et al., 2017). Two purinergic
receptors, P2Y12 and P2Y1, with solved structures are
also closely related to CysLTRs (Zhang et al., 2014a,b,
2015). However, those structures revealed very diverse
binding modes of antagonists. It seems that antagonists
of PARs and purinergic receptors could recognize
multiple ligand-binding sites inside or on the surface
of the 7TM bundle. Therefore, it is difficult to gain
insight into the binding of LTRAs to CysLTR1 based on
the published structures of GPCRs in the d-subgroup.
Because currently used LTRAs are with diverse chem-
ical structures with no obvious conserved features, it
is likely that they engage in different modes of inter-
actions with the receptor or even occupy different
ligand-binding sites. Considering the partial chemical
similarity of montelukast with LTD4, montelukast may
occupy the same orthosteric site as LTD4.
Although there is no structure of CysLTR1 bound to

montelukast, there is one structure of montelukast
bound to the xenobiotic metabolizing enzyme, cyto-
chrome P450 2C8 (Schoch et al., 2008) (Supplemental
Material 1-PDB ID 2NNI). In this structure, montelu-
kast showed a tripartite binding mode. The three
branches of montelukast occupy three different binding
pockets. The authors suggested that the high comple-
mentarities of montelukast to the ligand-binding cavity
in shape, size, hydrophobicity, and polarity lead to
the high affinity of montelukast for this enzyme. It
will be interesting to see whether montelukast adopts
a similar binding mode for CysLTR1. Another study
reported structural modeling of CysLTR1 bound to
LTRAs (Bandaru et al., 2014). The authors further used
this structure to do virtual screening to discover new
CysLTR1 antagonists. The results predicted a ligand-
binding mode in which the ligand formed extensive
interactions with the extracellular regions of TM4,
TM5, TM7, as well as ECL2.

V. Potential G Protein–Coupled
Receptor–Targeting Drugs for Asthma in Late-

Stage Clinical Trials

A. New G Protein–Coupled Receptor Targets for
Developing Asthma Drugs

Although current therapeutic methods including the
combined use of ICS with LABAs are highly effective in
most asthma patients, there is still a need for de-
veloping new therapies (Adcock et al., 2008; Barnes,
2010b; Brigden et al., 2016; Fajt and Wenzel, 2017;
Gross and Barnes, 2017; Zhu et al., 2018). There are
a number of proinflammatory mediators, including
PGs, leukotrienes, and chemokines, which play impor-
tant roles in the pathogenesis of asthma and bind
GPCRs. Therefore, there have been continuous research
efforts in the past several decades in developing drugs
targeting these GPCRs to better control inflammation
for treating asthma. Although some of those effortswere
successful, such as the development of LTRAs, many of
them were not.

Besides CysLTs, another leukotriene, LTB4, which
does not contain a glutathione moiety, has been impli-
cated in the inflammatory process of asthma (Gelfand,
2017). There are two GPCRs for LTB4, leukotriene
receptor (BLT1) as the high-affinity receptor and BLT2

as the low-affinity receptor. BLT1 is highly expressed in
CD81 T cells and DCs and promotes chemotaxis and
generation of Th2 cytokines (Yamaoka and Kolb, 1993;
Arcoleo et al., 1995). The effects of LTB4–BLT1 signal-
ing axis in AHRhave been proven in a number of animal
models (Vargaftig and Singer, 2003; Miyahara et al.,
2005; Terawaki et al., 2005). Although some studies
showed efficacy of BLT1 antagonists in rodent and
nonhuman primate models of asthma (Turner et al.,
1996; Hicks et al., 2010; Waseda et al., 2011), clinical
trials with BLT1 antagonists all failed or were not being
pursued further (Hicks et al., 2007).

Over 50 different chemokines can be divided into
four groups: CXC, CC, C, and CX3C (Rossi and Zlotnik,
2000; Castan et al., 2017). They signal through more
than 20 GPCRs as chemokine receptors to result in the
chemotaxis and recruitment of immune cells to initiate
various inflammatory processes (Castan et al., 2017).
In addition, chemokine receptors also play important
roles in lung biology such as repair and remodeling
(Tomankova et al., 2015). Despite intensive research
efforts, very few drugs targeting chemokine receptors
have made it to the market, and none of them are
currently used for asthma (Castan et al., 2017). Among
all chemokine receptors, CCR3 is the primary chemo-
kine receptor expressed on eosinophils and TH2 cells
and mediates the migration and activation of those
immune cells (Pease, 2011; Castan et al., 2017). There-
fore, it has long been suggested to be a potential drug
target for asthma. The development of small-molecule
antagonists of CCR3 as drugs has been proven difficult.
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Instead, an antisense nucleotide drug ASM8, which
can downregulate CCR3, has been developed and
studied in a few clinical trials (Pease and Horuk,
2014). Several studies showed that ASM8 could atten-
uate allergen-induced eosinophilic inflammation in
asthmatic patients (Gauvreau et al., 2008, 2011; Imaoka
et al., 2011). However, to the best of our knowledge,
further clinical development of ASM8 for treating
asthma was not reported. Another chemokine receptor,
CXCR2, has been shown to regulate the production of
type 2 cytokines during inflammation (Matsuda et al.,
2008). One study suggested a critical role of CXCR2 in
pathogen-induced persistent asthma in mice (Schuh
et al., 2002). A number of CXCR2 antagonists have been
studied clinically. Although one study with compound
SCH527123 showed that CXCR2 antagonism could
reduce neutrophils in patients with severe asthma
(Nair et al., 2012), another phase II study with com-
pound AZD5069 showed no effects in reducing the
frequency of exacerbations in patients with uncon-
trolled severe asthma, raising the question about the
roles of CXCR2 in severe asthma (O’Byrne et al., 2016).
To the best of our knowledge, currently there are no
active late-stage clinical trials with chemokine receptor
antagonists for asthma registered on clinicaltrials.gov.
In humans, there are nine GPCRs characterized to

date for the endogenous PGs D2, E2, F2, I2, and
thromboxane A2 (PGD2, PGE2, PGF2, PGI2, and TXA2)
(Woodward et al., 2011). Although a number of PG
receptors have been shown in vitro and in animalmodels
to play important roles in inflammation (Peebles, 2019),
to date only compounds that target one PG receptor,
PGD2 receptor 2 (DP2, also named CRTH2), have
advanced to phase III clinical trials for treating asthma.
The roles of GPCRs for PG, leukotriene, and chemo-

kines in asthma have been reviewed in details by
numerous papers elsewhere. In this work, we hope to
provide a review of drug candidates targeting DP2 as
a potential new class of asthma drugs in late-stage
clinical trials. We will also review a few compounds in
late-stage trials that act on existing GPCR targets for
asthma.

B. Prostaglandin D2 Receptor 2 and Its Antagonists

1. The Roles of Prostaglandin D2 Receptor 2 in Asthma.
AA can be metabolized by COX and PG synthases to
generate various PGmolecules (Peebles, 2019). PGD2 is
synthesized by the PGD synthase from its precursor
PGH2. In turn, PGD2 is further metabolized to other
PGs, through enzymatic processes, which include 15-
deoxy-D12,14-PGD2, 13,14-dihydro-15-keto-PGD2,11b-
PGF2a, and D12-PGD2, and nonenzymatically to PGJ2
and corresponding metabolites. During inflammatory
processes, PGD2 is primarily produced by mast cells as
well as other immune cells, including eosinophils,macro-
phages, DCs, and TH2 cells (Domingo et al., 2018). Two
GPCRs mediate the cellular functions of PGD2: PGD2

receptor 1 and 2 (DP1 and DP2). DP2 is also commonly
named as CRTH2, which is short for 3chemoattractant
receptor-homologous molecule expressed on TH2 cells
(Nagata and Hirai, 2003). High concentrations of PGD2

can also act on the thromboxane receptor (TP) (Coleman
and Sheldrick, 1989). Interestingly, DP1 and DP2 are
phylogenetically distant, even though they recognize
the same endogenous ligand. DP1 is closely related to
other PG receptors, whereasDP2 ismore akin to a group
of chemoattractant GPCRs such as the receptors for
anaphylatoxins C5a and C3a, formyl peptide receptors
(FPRs), and BLTs (Fredriksson et al., 2003). Also, DP1
mainly couples to Gs family to stimulate cAMP pro-
duction, whereas DP2 couples to Gi family to reduce
cAMP levels and induce Ca21 responses.

The signaling of DP1 and DP2 in response to PGD2

plays different roles in inflammation (Hata and Breyer,
2004; Tanaka et al., 2004; Kostenis and Ulven, 2006;
Pettipher, 2008). DP1 is mainly expressed in vascular
smooth muscle cells, platelets, and DCs. DP1 signaling
contributes to the pathologic changes of blood flow in
inflammation and regulates the polarization of TH2
cells (Pettipher, 2008). The role of DP1 in inflamma-
tion is not completely understood and is controversial.
A few studies suggested that the signaling of DP1
could inhibit the chemotaxis and activation of eosino-
phils, basophils, and DCs, therefore eliciting anti-
inflammatory actions (Angeli et al., 2004). Several
in vivo studies showed that DP1 activation could be
either proinflammatory or anti-inflammatory depend-
ing on different experimental methods, pathologic con-
ditions, or pharmacological tools used (Matsuoka et al.,
2000; Hammad et al., 2003; Angeli et al., 2004; Arai
et al., 2004; Oguma et al., 2004; Kostenis and Ulven,
2006). In contrast, DP2 signaling has been consistently
shown to be proinflammatory. DP2 is highly expressed
in TH2 cells, including ILC2 cells, eosinophils, and
basophils, and regulates the chemotaxis of those cells
(Nagata et al., 1999; Hirai et al., 2001; Chang et al.,
2014; Xue et al., 2014). In the past two decades,
a plethora of studies have confirmed the critical role of
DP2 signaling in inflammation.

PGD2-induced DP2 signaling has been shown to
upregulate the production of type 2 cytokines, including
IL-4, IL-5, and IL-13 by TH2 cells and ILC2 cells
through a PGD2 dose-dependent manner in in vitro
studies (Xue et al., 2005, 2014). It can also promote the
chemotaxis and migration of TH2 cells, ILC2 cells, and
eosinophils (Heinemann et al., 2003; Gyles et al., 2006;
Xue et al., 2012, 2014). Xue et al. (2009) showed that
PGD2 could promote prolonged inflammation by inhib-
iting apoptosis of TH2 cells through DP2. The activation
of eosinophils by DP2 has also been demonstrated
in a number of studies. Those studies showed that
PGD2 signaling through DP2 on the surface of eosino-
phils could lead to shape change and promote degran-
ulation and cytokine production (Gervais et al., 2001;
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Sykes et al., 2016; Sandham et al., 2017). In addition,
type 2 cytokines induced by DP2 signaling can have
positive effects on the activation and migration of
eosinophils, further contributing to excessive inflam-
mation. All of those studies indicated a strong linkage of
DP2 to inflammation, especially eosinophil-associated
inflammation.
Additional studies have demonstrated a critical role

of DP2 in asthma. Early studies demonstrated that
allergen challenge could lead to the release of PGD2 into
human airways, especially in asthma patients (Murray
et al., 1986; Wenzel et al., 1991). Fajt et al. (2013)
showed that PGD2 and DP2 pathway is upregulated in
patients with severe and TH2-high asthma. PGD2 and
DP2 pathway has also been shown to mediate respira-
tory virus-induced enhancement of inflammation and
AHR (Shiraishi et al., 2008). The development of potent
and specific DP2 antagonists has allowed studies of DP2
antagonism in tissues, animals, and patients, which
provided direct evidence for the potential use of DP2-
targeting therapies for treating asthma (Kupczyk and
Kuna, 2017).
2. Prostaglandin D2 Receptor 2 Antagonists.

The first nonlipid DP2 antagonist to be discovered was
ramatroban (also named BAY-u3405), which was ini-
tially developed as a drug antagonizing TP (Sugimoto
et al., 2003; Ishizuka et al., 2004) (Fig. 6). Although
ramatroban is a nonselective DP2 antagonist, it is
selective for DP2 over DP1. Studies using ramatroban
confirmed that PGD2-induced eosinophilic inflamma-
tion in the airways was mediated by DP2, but not DP1
(Shiraishi et al., 2005). Later, a number of potent and
selective DP2 antagonists were soon developed based on
SAR studies of ramatroban involving research groups
in academia and industry (Ly and Bacon, 2005). Those
include a potent DP2 antagonist, CAY10471 (also
named TM30089), which showed insurmountable an-
tagonism on DP2 in in vitro studies (Mathiesen et al.,
2006). It was then used in studies based on a mouse
asthma model, which for the first time demonstrated
the in vivo efficacy of DP2 antagonists in reducing
eosinophilic inflammation in the airways (Uller et al.,
2007). CAY10471 was also shown to inhibit chemotaxis
of eosinophils from guinea pig bone marrow tissues
(Royer et al., 2007).
During the 2000s, a number of DP2 antagonists were

pushed into clinical studies for the treatment of asthma.
A small-scale clinical study using compound OC000459
as a potent DP2 antagonist provided the first clinical
evidence for the effectiveness of antagonizing DP2 in
reducing airway inflammation and improving symp-
toms in patients with moderate to severe asthma
(Barnes et al., 2012). Later, a larger clinical study using
a lower dose of OC000459 again proved its efficacy in
improving symptoms and lung function in asthma
(Pettipher et al., 2014). Another study showed that
OC000459 could effectively inhibit allergic inflammation

in asthma patients (Singh et al., 2013). In all of those
clinical studies, asthma patients without ICS treat-
ment were included. Further clinical development of
OC000459 is ongoing (Kupczyk and Kuna, 2017).

Other DP2 antagonists that have gone through
clinical studies include BI 671800 (Fowler et al.,
2017), AZD 1981 (Schmidt et al., 2013), AMG 853 (Liu
et al., 2011), setipiprant (Fretz et al., 2013), and
fevipiprant (Sykes et al., 2016) (Fig. 6). The results
from those clinical studies were mixed. BI 671800
showed an effect of slightly improved lung function in
steroid-naive asthma patients, but failed to show
additional effects as an add-on therapy to ICS (Hall
et al., 2015; Miller et al., 2017). The authors suggested
that it might be due to the insufficient inhibition of
DP2 signaling by BI 671800 even at a high dose. Two
phase II clinical trials with AZD 1981 showed improved
lung function and symptoms in asthma patients with-
drawn from ICS treatment or patients with uncon-
trolled asthma despite ICS treatment (Kuna et al.,
2016). However, another study indicated that AZD
1981 failed to show any clinical benefit as an add-on
therapy to ICS plus LABA in patients with allergic
asthma (Bateman et al., 2018). AMG 853 is a unique
DP2 antagonist because it also antagonizes DP1. Even
with a dual action on DP2 and DP1, AMG 853 did not
show any benefit in improving lung function or symp-
toms as an add-on therapy to ICS in patients with poorly
controlled moderate to severe asthma (Busse et al.,
2013). For setipiprant, one small-scale study showed
that it could reduce allergen-induced late asthmatic
response in patients with allergic asthma, consistent
with the findings for other DP2 antagonists (Diamant
et al., 2014). Fevipiprant (also named QAW039) is the
most advanced DP2 antagonist in clinical trials (White
et al., 2018). One phase II trial showed that fevipiprant
could reduce eosinophilic inflammation in a group of
patients with uncontrolled moderate to severe asthma
despite ICS treatment (Gonem et al., 2016). This was
also the first study to show a positive effect of a DP2
antagonist in improving airway remodeling. Consis-
tently, fevipiprant has been demonstrated to be effica-
cious in improving the end point of forced expiratory
volume in patients with uncontrolled asthma who were
on low-dose ICS (Bateman et al., 2017). Another phase
II study showed that fevipiprant could improve lung
function and asthma control in a small group of patients
with severe asthma that was not well controlled by ICS
plus LABA (Erpenbeck et al., 2016). Currently, fevipi-
prant is in several phase III clinical trials (White et al.,
2018). If successful, it will be the first small-molecule
asthma drug with a new mechanism over a decade.

Fevipiprant has been suggested to be a slow-dissociating
DP2 antagonist based on radioactive ligand-binding
assays (Sykes et al., 2016). Although the half-life of
dissociation of fevipiprant determined in those assays
was only 14.4 minutes, it was still significantly slower
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than AZD 1981. OC000459 has been shown to be
a highly reversible antagonist in the presence of PGD2

(Pettipher et al., 2012). Although highly speculative,
it is possible that the receptor residence time is an
important factor affecting the clinical efficacy of DP2
antagonists in asthma. During inflammation, locally
generated PGD2 by mast cells and other immune cells
could be at a high concentration, which may overcome
the antagonistic action of highly reversible DP2

antagonists even though their concentrations in the
plasma stay high. In this regard, for DP2 antagonists,
a slow dissociation rate and long-lasting action may
translate into a superior in vivo efficacy. Similar to such
speculation, it has been suggested that for another
GPCR, the C5a receptor, signaling of which promotes
strong inflammatory responses, receptor residence time
is more important than drug-likeness and bioavail-
ability in determining the efficacy of its antagonists

Fig. 6. Chemical structures of PGD2 and CRTH2 antagonists.
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(Seow et al., 2016). For DP2, one compound named
LAS191859 was reported to be an extremely slow-
dissociating antagonist with a half-life of dissociation
more than 20 hours (Calbet et al., 2016). The authors
showed that the long receptor residence time led to
a long-lasting in vivo efficacy of LAS191859 even when
the plasma level of the compound was low.
3. Structural Insights into the Action of Prostaglan-

din D2 Receptor 2 Antagonists. Nearly all DP2 antag-
onists contain a carboxylate group like PGD2, which is
believed to be amajor pharmacophore. Inmany of them,
the carboxylate group is attached to an aromatic group
with one methyl group in between (Pettipher and
Whittaker, 2012). Mathiesen et al. (2006) showed that
the spacer between the carboxylate and the aromatic
group of CAY10471 was important for ligand potency.
Other than the carboxylate group, DP2 antagonists
seem to exhibit a vast chemical diversity (Pettipher and
Whittaker, 2012; Norman, 2014).
Recently, two crystal structures of human DP2 bound

to two antagonists, CAY10471 and fevipiprant, were
reported, which revealed the molecular details for the
binding of both ligands (Wang et al., 2018) (Fig. 7)
(Supplemental Material 1-PDB IDs 6D26 and 6D27). In
the structures, the N-terminal region adopts a well-
folded structure stabilized by a disulfide bond with
TM5. It results in a semi-occluded ligand-binding
pocket and restricts the access to the ligand-binding
pocket through the extracellular region. There is a gap
between the extracellular regions of TM1 and TM7 as
the only open end of the ligand-binding pocket, which
was proposed to be the ligand entry port for endogenous
ligands as well as synthetic antagonists. In the struc-
tures, the carboxylate group in both antagonists as the
head group engages in a polar interaction network with
several polar residues buried deeply in the ligand-
binding pocket. Interestingly, a majority of residues in
the ligand-binding pocket are actually aromatic resi-
dues, which form extensive hydrophobic and p-stacking
interactions with the central aromatic group in
CAY10471 or fevipiprant.
Although the overall binding poses of CAY10471 and

fevipiprant are similar, their tail groups adopt different
conformations and interact with different parts of the
receptor. As a result, the tryptophan residue W283 of
DP2 shows different conformations (Wang et al., 2018).
In addition, docking of ramatroban, which shares a high
chemical similarity with CAY10471, showed that the
carboxylate group in ramatroban forms polar interac-
tions with a different set of residues, resulting in
a different binding pose of ramatroban compared with
CAY10471. This explains the lower potency of rama-
troban compared with CAY10471 (Mathiesen et al.,
2006). Those observations imply a certain flexibility of
the ligand-binding pocket, which should be an impor-
tant consideration for structure-based drug design
studies. Another interesting feature revealed by the

structures is that there are small molecules bound
at the ligand entry port. This feature allowed the
authors to propose a potential mechanism for the bind-
ing process of PGD2 (Wang et al., 2018). The authors
also suggested that the ligand entry port in DP2 might
provide an additional space for designing new DP2
antagonists. The molecular mechanism underlying re-
ceptor residence time for DP2 antagonists is not clear
based on the crystal structures. A structure of DP2 with
LAS191859 and MD simulation studies may provide
additional insights and help with designing new long-
lasting DP2 antagonists.

C. Potential Asthma Drugs Acting on Existing
Asthma Targets

Fixed-dose combinations of inhaled corticosteroids
and LABAs have been commonly recommended for
moderate to severe asthmatic patients. To improve the
patients’ adherence and the control of disease, there has
been considerable interest for the next generation of
inhaled b2-agonists, maintaining over 24 hours of
bronchodilation thus limited to daily use (ultra-LABAs).
Although a few ultra-LABAs have already hit the
market, at present there are still several ultra-LABAs

Fig. 7. Orthosteric ligand-binding site in CRTH2. The crystal structures
of human CRTH2 bound to fevipiprant (left, Supplemental Material 1-
PDB ID 6D26) and CAY10471 (right, Supplemental Material 1-PDB ID
6D27) revealed the molecular details of ligand binding in the orthosteric
ligand-binding site.
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in different stages of clinical development, such as
abediterol and bedoradrine (Fig. 8).
1. Abediterol. The structure of abediterol contains

both the lipophilic tail moiety similar to that of salme-
terol and vilanterol and the quinoline-2-one moiety
similar to that of indacaterol and olodaterol (Aparici
et al., 2012). Abediterol is a full agonist at the human
b2AR [Emax (maximum effect) 5 91% 6 5% of the
maximal effect of isoproterenol]. The potency and onset
of action of abediterol in isolated human bronchi (EC50

5 1.96 0.4 nM; onset t1∕25 7–10minutes) are similar to
those of formoterol, whereas its duration of action (half-
life 5 690 minutes) is more prolonged. In dogs, abedi-
terol showed a greater safety margin than salmeterol
and formoterol (5.6 vs. 3.3 and 2.2). Selectivity for b2

over other b-adrenergic receptor subtypes determined
by calculating b1/b2 and b3/b2 IC50 and EC50 ratios
indicated that both salmeterol and abediterol have high
selectivity profiles over the human b1AR and b3AR,
better than formoterol. In general, the preclinical data
of abediterol suggested that it is a potent and selective
b2-agonist with rapid onset and long duration of action,
together with a favorable cardiovascular safety profile,
suitable for once-daily dosing in humans.
The first in-human study of the safety, tolerability,

pharmacokinetics, and pharmacodynamics of abedi-
terol at once-daily doses of 5, 10, 25, or 50 mg showed
potent, rapid, and sustained bronchodilatory effects of
this drug in healthy male subjects (Timmer et al., 2014;
Montuschi and Ciabattoni, 2015). A dose-dependent
increase of adverse events was observed, the most
frequent being palpitations, tremor, nausea, and asthe-
nia; most were mild in intensity and resolved without
the need for intervention. This phase I study suggested
that abediterol at measured doses is generally safe and
well tolerated. It increases airway conductance and
decreases airway resistance for up to 36 hours after
a single dose, consistent with preclinical data. In a sub-
sequent phase II study conducted in 25 male patients
with mild-to-moderate persistent asthma, all doses of
abediterol demonstrated statistically significant
improvements in lung function compared with both
placebo and salmeterol (Beier et al., 2014). To further
evaluate lower abediterol doses, in a second phase II
study, abediterol 0.313, 0.625, 1.25, and 2.5 mg doses
were evaluated and compared with salbutamol and
placebo in male and female patients with persistent
asthma (Singh et al., 2014). Patients who received
abediterol at these lower doses experienced rapid and
sustained bronchodilation, with statistically significant
benefits compared with placebo and a magnitude of
effect comparable with salbutamol for all but the lowest
abediterol dose. This result is also consistent with
a later phase II study assessing the efficacy, safety,
and tolerability of abediterol at 2.5, 5, and 10 mg doses,
given once daily for 7 days in patients with stable,
persistent asthma (Beier et al., 2017). These results

suggest that abediterol is a promising new once-daily
LABA for the treatment of asthma and COPD. The
results of the conducted phase III studies are not avail-
able at this time.

2. Bedoradrine. Bedoradrine (KUR-1246, MN221)
is a novel b2-agonist with a chemical structure similar
to other classic b2-agonists. It has a tetrahydronaphthol
substitution in the terminal amino group of the ethyl-
amine side chain. It is similar to other LABAs by having
a catechol-like group as the head and an ethanolamine
group as the middle moiety. The remarkable character-
istic of bedoradrine is the tetrahydronaphtyl substitu-
tion in the terminal amino group, which is believed to be
essential for the potent activity and high selectivity of
bedoradrine over other b-adrenergic receptor subtypes
(Kiguchi et al., 2002).

Bedoradrine was initially developed as a tocolytic
agent. In vitro receptor binding and cell activation
studies in animals have demonstrated that bedoradrine
has a high selectivity for b2 over other b-adrenergic
receptor subtypes (Kobayashi et al., 2001; Inoue
et al., 2009). Later, bedoradrine entered in clinical
development for the treatment of acute asthma exacer-
bations via intravenous delivery. Two phase I clinical
studies (ClinicalTrials.gov Identifier: NCT01013142,
NCT01551316) evaluated the safety, tolerability phar-
macokinetics, and preliminary bronchodilator efficacy
of bedoradrine in patients with COPD. Two subsequent
phase II studies assessed the safety and efficacy of
bedoradrine in escalating doses and a fixed dose in
patients with mild-to-moderate asthma and moderate-
to-severe asthma, respectively (Matsuda et al., 2012).
Another randomized, placebo-controlled phase II study
evaluated the safety and efficacy of intravenous bed-
oradrine added to the standard therapy in patients with

Fig. 8. Chemical structures of two potential asthma drugs acting on
b2AR: (A) abediterol, (B) bedoradrine.
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asthma exacerbations (House et al., 2015). It is still
unclear whether intravenous bedoradrine can signifi-
cantly improve lung function in severe, acute asthma
exacerbations in addition to standard therapy; however,
its use was associated with significantly improved dysp-
nea scores (Matsuda et al., 2012; House et al., 2015).
Results from these studies demonstrated that bedora-
drine is safe and without significant adverse effects in
bedoradrine-treated patients (Matsuda et al., 2012;
Antoniu, 2014). The current safety profile of bedoradrine
and the potential for increased selectivity and reduced
side effects in humans, as well as the intravenous route of
administration, support further clinical development of
bedoradrine as a novel therapy for asthma.

VI. Future Perspectives

Although in most patients asthma can be well
controlled with current available therapeutics, there
are still a large number of asthma patients who require
more effective therapies. Our new understanding of the
heterogeneity of asthma also suggests the need for
developing novel therapeutics for certain types of
asthma, including the nonatopic, TH2 low, or obesity-
related asthma endotypes. Despite such demand, drug
development in the past two decades for asthma has
been slow. The current mainstream treatment methods
for asthma, which include the combined use of ICSs,
LABAs, andLAMAs,were establishedmore than 15 years
ago. Biologic drugs such as antibodies targeting IL-5 and
IgE were introduced as a new class of anti-inflammatory
therapeutics recently, which provided additional add-on
options for asthma patients with certain phenotypes
(Pelaia et al., 2012). Biologics are also under development
for the inhibition of IL-13, IL-4, and other cytokines.
In this study, we will review GPCR-targeting ligands

that have potential as new asthma drugs, with a focus on
those that have entered clinical trials (Fig. 9). However,
wewould also like to point out that there are a number of
other promising GPCR modulators in the early develop-
ment for asthma. Those include bitter taste receptor
agonists such as saccharin, chloroquine, and quinine
(Deshpande et al., 2010; Grassin-Delyle et al., 2013);
calcium-sensing receptor antagonists (Yarova et al.,
2015); and specialized proresolving lipid mediators
(SPMs) (Barnig and Levy, 2015). They may as well offer
exciting opportunities for the development of novel
asthma therapeutics (Pera and Penn, 2016). In addition,
we will also review new opportunities in GPCR drug
development, including the structure-based drug design
and the development of GPCR-targeting antibodies.

A. G Protein–Coupled Receptor Drugs in Early Stage
of Development

1. AZD8871 as a Dual-Action Ligand of Muscarinic
Receptors and b2-Adrenergic Receptor. Dual-action ther-
apeutic methods combining LAMAs and LABAs have

been introduced to achieve better efficacy compared
with monotherapy with either class alone (Rolla and
Brussino, 2018). Bifunctional molecules that represent
a fusion of established LAMAs and LABAs in one
molecule by an inactive spine are known as muscarinic
antagonists/b2-agonists (MABAs). Several MABAs, such
as batefenterol (GSK961081), AZD2115, and AZD8871,
are currently in clinical development, aiming to achieve
a synergy between the pharmacological actions of LAMAs
and LABAs.MABAs are also expected to provide a poten-
tially simpler technical and clinical development path-
way compared with the dual therapy (Bateman et al.,
2013; Page and Cazzola, 2014; Gross and Barnes, 2017).

AlthoughMABAswere designed to occupy the orthos-
teric sites in b2AR and MRs, their pharmacological
action may be more complex. Pharmacological studies
on MABA THRX-198321 suggested that the muscarinic
antagonist moiety may occupy an allosteric site in b2AR
and the b2-agonist moiety may occupy the allosteric site
in MRs (Steinfeld et al., 2011). The exosite in the
extracellular vestibule of b2AR (Masureel et al., 2018)
could be the allosteric site for THRX-198321. Therefore,
THRX-198321 acts as a bivalent ligand, not just a bi-
functional ligand, on b2AR and MRs in a way that it

Fig. 9. Chemical structures of three GPCR-targeting ligands that are in
early stage of development for asthma. (A) AZD8871, (B) CVT-6883, and
(C) toreforant.
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occupies both orhosteric and allosteric sites. As a result,
its affinities are higher at both receptors relative to
the monovalent fragments. Whether other MABAs
exhibit similar pharmacological properties needs fur-
ther investigation.
AZD8871 (LAS191351) is an inhaled long-acting

MABA under development for the treatment of COPD
and asthma. To date, several phase I and II clinical
studies have been completed with AZD8871 on COPD
subjects (Singh et al., 2019), whereas the first phase I
clinical trial for asthma was recently completed in
2018 (ClinicalTrials.gov Identifier: NCT02573155). This
particular trial was a randomized, placebo-controlled
two-part study to assess the safety, tolerability, pharma-
cokinetics, and pharmacodynamics of AZD8871 deliv-
ered by inhalation in asthmatic and COPD subjects. In
conclusion, AZD8871 was safe and well tolerated, and it
showed sustained bronchodilation at different doses. It
delivered clinically meaningful improvement of symp-
toms and was superior to the reference agents, indaca-
terol (ultra-LABA) and tiotropium (LAMA), at a high
dose (1800mg). Further clinical development of AZD8871
in larger studies is required to evaluate its potential as
a novel treatment option for asthma and COPD.
2. CVT-6883 as an Antagonist of Adenosine A2B

Receptor. From the 1980s, adenosine has been found
to induce bronchoconstriction in patients with asthma
and to increase the concentrations of proinflammatory
mediators released from mast cells such as histamine,
tryptase, LTC4, and PGD2 (Cushley et al., 1983; Crimi
et al., 1997). This suggested that adenosine may cause
bronchoconstriction through mast cell activation
(Polosa, 2002; Holgate, 2005). In addition, higher con-
centrations of adenosine have been detected in the
bronchoalveolar lavage fluid and the exhaled breath
condensate of patients with asthma (Driver et al., 1993;
Huszár et al., 2002). This suggested that adenosinemay
also function as a paracrine mediator for the inflamma-
tory responses in the lung.
The effects of adenosine aremediated through a group

of class A GPCRs comprising four subtypes, named as
A1, A2A, A2B, and A3 adenosine receptors (Olah and
Stiles, 1995). The A2B receptor has been suggested to
play an important role in the pathophysiology of asthma
by mediating airway reactivity and modulating chronic
inflammatory responses in the lung, which can be
inhibited by selective antagonists of the A2B receptor
(Feoktistov and Biaggioni, 1995; Feoktistov et al., 2001;
Ryzhov et al., 2004; Zhong et al., 2004, 2005).
The compoundCVT-6883 is a potent and selective A2B

receptor antagonist. It has a much greater affinity for
the A2B receptor (Ki 5 22 nM) than for other adenosine
receptors (Elzein et al., 2008). In animal studies, CVT-
6883 was found to be as effective as monteleukast as it
decreased the number of inflammatory cells in bron-
choalveolar lavage fluid and the production of
macrophage-derived proinflammatory mediators (Fan

and Mustafa, 2002; Fan et al., 2003; Fan and Jamal
Mustafa, 2006; Sun et al., 2006; Mustafa et al., 2007). In
the subsequent phase I clinical trials, CVT-6883 was
demonstrated to be safe, well tolerated, and sustainable
at a once-daily chronic dosage (Kalla and Zablocki,
2009). It may provide a new therapeutic option for
several disease areas, including asthma, COPD, and
pulmonary fibrosis.

3. Toreforant as an Antagonist of Histamine H4
Receptor. Histamine has long been suspected to play
a role in the pathogenesis of asthma. Among the four
subtypes of histamine receptors (Seifert et al., 2013),
the histamine 4 receptor (H4R) is a chemotactic receptor
expressed on hematopoietic cells, mast cells, and DCs
(O’Reilly et al., 2002; Buckland et al., 2003; Hofstra
et al., 2003; Gutzmer et al., 2005; Damaj et al., 2007;
Bäumer et al., 2008; Gschwandtner et al., 2011; Seifert
et al., 2013; Jemima et al., 2014). The results of studies
testing selective H4R antagonists in animal models of
asthma suggested that H4R plays a role in the patho-
physiology of asthma by mediating lung function and
inflammation (Neumann et al., 2014; Thurmond, 2015).

Toreforant is a potent and selective H4R antagonist
with a Ki of 8.46 2.2 nM. The affinity for human H4R is
25-fold higher than that for histamine 3 receptor, and
there was no detectable affinity for histamine 1 receptor
or histamine 2 receptor. Toreforant has been found to be
an anti-inflammatory reagent in mouse models of
asthma and arthritis. In phase I clinical studies,
toreforant was safe and well tolerated in healthy
subjects (Thurmond et al., 2017). However, toreforant
failed to provide therapeutic benefit in a recent phase II
clinical study involving patients with eosinophilic
asthma (Kollmeier et al., 2018), which has brought
doubts to the use of H4R antagonists in the treatment of
asthma.

4. FX125L. The compound FX125L was developed
as a new anti-inflammatory reagent. It has gone
through phase I trials and entered phase II clinical
trials for the treatment of asthma and other inflamma-
tory diseases (impact.ref.ac.uk/casestudies/CaseStu-
dy.aspx?Id57262). All research results on FX125L
and its molecular modifications have been published
as patents (patents.google.com/patent/US20090036486).
The biologic target of this compound was proposed as
a class A GPCR—the somatostatin receptor subtype 2,
which still remains unsettled.

B. New Opportunities in G Protein–Coupled Receptor
Drug Development for Asthma

GPCRs play important roles in asthma pathophysi-
ology, which is evidenced by the wide use of GPCR-
targeting drugs in the clinic and by the number of
GPCR-targeting drug candidates in clinical develop-
ment. Currently, significant research efforts are di-
rected toward a better understanding of asthma
pathophysiology, which may lead to the identification
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of newGPCR targets and novel therapeutic methods. As
for drug development, recent progress in the GPCR
pharmacology and structural biology provided new op-
portunities. Structure-based drug design has emerged
as a powerful method for developing novel GPCR
compounds with desired properties. GPCR-targeting
therapeutic antibodies also represent a new frontier in
GPCR drug discovery.
1. New Targets and Novel Therapeutic Methods.

There are still significant research efforts directed at
identifying new GPCR targets for the treatment of
asthma, especially for the endotype-guided targeted
asthma therapy. A recent collaborative study from
multiple research centers in the United States reported
that a GPCR, the FPR2/lipoxin A4 receptor (ALX), and
its ligands define a new endotype for severe asthma
(Ricklefs et al., 2017). FPR2/ALX exhibits unusual
functional promiscuity by recognizing chemically and
functionally distinct ligands to trigger different signal-
ing pathways (Prevete et al., 2015; He and Ye, 2017;
Weiß and Kretschmer, 2018; Raabe et al., 2019). It has
been proposed to function as a checkpoint receptor that
responds to ligands generated at different stages of
inflammation to promote or resolve inflamation to keep
a balanced inflammatory process. Antagonists or biased
agonists of FPR2/ALX may be developed as potential
therapeutics for the particular asthma endotype asso-
ciated with imbalanced FPR2/ALX signaling (Raabe
et al., 2019). Also, the currently used leukotriene
receptor antagonists only target CysLTR1 and block
the signaling of LTC4 and LTD4, but not LTE4. LTE4 is
a potent proinflammatory mediator in the airways.
However, the exact receptor for LTE4 is still in debate
(Paruchuri et al., 2009; Kanaoka et al., 2013). Identifi-
cation of LTE4 receptor will allow the development of
new antagonists, which may provide additional thera-
peutic benefits on top of current leukotriene receptor
antagonists (Austen et al., 2009; Kanaoka and Boyce,
2014).
Identifying novel targets for asthma and the sub-

sequent drug development is a long, ongoing effort. In
the near future, novel therapeutic methods may emerge
through repurposing of currently used GPCR drugs. As
discussed previously, blocking detrimental b2AR sig-
naling by b-blockers has been shown to reduce lung
inflammation and receptor desensitization associated
with chronic use of LABAs, although the potential side
effect of bronchoconstriction is a concern. In this regard,
b2AR negative allosteric modulators may be useful
because they only dampen, not completely block, the
signaling of b2AR. The therapeutic benefits of tio-
tropium as a LAMA also need to be further determined.
Current asthma treatment guidelines only recommend
tiotropium as an add-on therapy for severe asthma
poorly controlled with LABA/ICS. However, it is likely
that tiotropium may offer therapeutic benefits for
a boutique group of asthma patients. Studies suggested

its therapeutic potential for pediatric asthma patients
(Kerstjens et al., 2016; Goldstein, 2019). Also, it may
offer an alternative option if LABAs are not useful due
to irresponsiveness or severe side effects (Buhl et al.,
2018). Additional clinical studies are needed to test
these ideas and clarify controversies. Continuous re-
search into the mechanisms of GPCR signaling in
asthma will bring more opportunities in drug repurpos-
ing for the treatment of asthma.

2. Structure-Based Drug Design. The successful
determination of GPCR structures with various drugs
allows us to understand the drug action at a molecular
level. These structures may serve as the basis of
structure-based drug design (also known as rational
drug design) to assist in the development of new drugs.
Structure-based drug design is a crucial tool in pre-
clinical drug development and has led to the delivery of
several successful drugs such as Crixivan for treating
AIDS (Chen et al., 2003), Tamiflu for treating influenza
(Lew et al., 2000), Gleevec for treating leukemia (Nagar
et al., 2002), and Zelboraf for treating melanoma
(Blundell, 2017). Compounds that have been identified
through the structure-based methods using recently
solved GPCR crystal structures are now progressing
into clinical trials (Congreve et al., 2012; Bach et al.,
2013; Cheng et al., 2017). In the absence of crystal
structures, homology modeling is the most accurate and
practical tool for the predictions of new GPCR struc-
tures. The predicted homology models can yield compa-
rable success rates in structure-based drug design with
respect to the corresponding experimentally solved
structures, especially for those that have been through
refinement/selection with experimental data (Carlsson
et al., 2011; Langmead et al., 2012; Mysinger et al.,
2012; Lim et al., 2018). Compounds that have been
discovered through structure-based drug design using
GPCR homologymodels have also entered clinical trials
(Langmead et al., 2012; Huang et al., 2018). Given the
continuous rise of experimentally solved GPCR crystal
structures, which also facilitate the generation of
accurate homology structural models with chemically
diverse ligands, it is anticipated that structure-based
drug design methods will contribute increasingly to the
GPCR drug development efforts, including those for
asthma, to develop novel therapeutics with more desir-
able pharmacological properties.

3. G Protein–Coupled Receptor Antibodies as
Therapeutics. Although small molecules have been
successfully used to target and modulate GPCRs in
the treatment of many diseases, selectivity and potency
are still a major challenge in GPCR drug discovery
(Martí-Solano et al., 2016; Hauser et al., 2017;
Latorraca et al., 2017; Insel et al., 2018). In comparison
with small molecules, GPCR antibodiesmay offer better
specificity (e.g., by stabilizing particular conformational
states of the highly dynamic receptors), restricted
central nervous system penetration, new ways of
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regulating receptor signaling (e.g., reducing signaling
by causing receptor internalization), and prolonged
in vivo action (Hutchings et al., 2017).
Developing therapeutic antibodies for GPCRs is

challenging due to many factors such as difficulties in
immunization and limited surface areas in GPCRs for
antibody recognition (Hutchings et al., 2017). To date,
only two GPCR-targeting antibodies have been ap-
proved by FDA, contrasting the fact that more than
30% of small-molecule drugs target GPCRs (Santos
et al., 2017). One of them is mogamulizumab targeting
CCR4 (Antoniu, 2010; Yu et al., 2017; Kim et al., 2018),
and the other one is erenumab targeting calcitonin
gene-related receptor (Goadsby et al., 2017; Garland
et al., 2019). Mogamulizumab and erenumab were
approved by FDA in 2018 for the treatment of relapsed
or refractory mycosis fungoides and Sézary disease, and
the prevention of migraine, respectively. Mogamulizu-
mab was also in phase I studies for the management/
treatment of asthma (Pease and Horuk, 2014). Multiple
GPCR-targeting antibodies are currently in clinical
trials or preclinical development (Hutchings et al.,
2017). One of them is a DP2-targeting antibody, which
could deplete inflammatory cells, including eosinophils,
ILC2, and TH2 cells, and therefore may present a novel
therapy for asthma (Huang et al., 2016b). Preclinical
studies indicated a low risk of central nervous system or
gastrointestinal toxicity associated with this antibody
(Rajapaksa et al., 2016).
One of the new avenues in antibody-based therapy is

the development of single-chain antibodies, or nano-
bodies (Joost and Kolkman, 2010; Muyldermans, 2013;
Steeland et al., 2016). Therapeutic nanobodies are
derived from the heavy chain–only antibodies found in
camelids. They are naturally occurring antibodies. In
comparison with conventional antibodies, nanobodies
are associated with several advantages, such as better
solubility and tissue penetration, low immunogenicity,
and high physical stability, and they can be easily
produced in prokaryotic or eukaryotic host organisms
(Harmsen and De Haard, 2007; Joost and Kolkman,
2010; Klarenbeek et al., 2012). Currently, only one nano-
body, caplacizumab, is on the market (Elverdi and
Eskazan, 2019). Caplacizumab targets the von Wille-
brand factor (a clotting protein), and it was approved by
FDA in 2019 for the treatment of acquired thrombotic
thrombocytopenic turpura and thrombosis (Kaplon and
Reichert, 2018, 2019). Therapeutic nanobodies that
target GPCRs are under development, including those
for the chemokine(-like) receptors CXCR4, CXCR7,
CXCR2, US28, and ChemR23 (Jähnichen et al., 2010;
Maussang et al., 2013; Bradley et al., 2015; Peyrassol
et al., 2016; de Wit et al., 2017; Heukers et al., 2018), as
well as the metabotropic glutamate receptor 2 (Scholler
et al., 2017) and protease-activated receptor 2 (PAR2)
(Arizmendi et al., 2011; Pera and Penn, 2016). GPCR-
targeting nanobodies have the potential to be developed

as research tools, diagnostic tools, and medications for
many diseases, including immune diseases, cancer, and
chronic inflammatory diseases such as COPD and
asthma (De Groof et al., 2019).

Nanobody-based therapeutics may be particularly
suitable for treating asthma and other pulmonary
diseases. First, due to the unique physical properties
of nanobodies such as small sizes and high solubility
and stability, they can be delivered through inhalation
to the lung, providing a marked advantage in drug
delivery (Van Heeke et al., 2017). Second, asthma is
a complex inflammatory disease with multiple inflam-
matory mediators and pathways contributing to the
pathogenesis of disease. The currently available
antibody-based biologic agents only recognize a particu-
lar target, such as IgE or the IL-5 receptor, thus limiting
their therapeutic efficacy. Because of their small size,
nanobodies can be easily linked together or to other
molecules as divalent or multivalent antibodies that
have multiple targets (Steeland et al., 2016). Multiva-
lent nanobodies that can recognize different inflamma-
tory mediators simultaneously may offer a better
control of lung inflammation by blocking multiple in-
flammatory pathways.
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