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Purpose of review

In the past decades, cysteinyl leukotrienes (CysLTs) and prostaglandin D2 have been recognized as key
mediators of asthma and comorbid conditions for their potent broncho-active and proinflammatory
properties. However, both the development and initial positioning of small molecules targeting these lipid
mediators [i.e., leukotriene-synthesis inhibitors, CysLT-antagonists, and chemoattractant receptor
homologous molecule on T-helper2-cells (CRTH2) antagonists] experienced drawbacks by lacking adequate

biomarkers to define potential responders.

Recent findings

New insights into the mechanisms of airway inflammation in asthma including the interaction of
leukotrienes and prostanoids has uncovered potential therapeutic targets. Emerging application of
biomarkers in more recent clinical studies helped identify responders to therapies targeting lipid mediators
and demonstrated their clinical efficacy in distinct asthma phenotypes and endotypes.

Summary

Inferest in small molecules targeting lipid mediators in asthma and related conditions is emerging. Several
clinical trials evaluating the efficacy and safety of CRTH2 (Prostaglandin D2 receptor 2) antagonists are
ongoing. There is an urgent need for sensitive biomarkers to identify responders to such therapies and for
monitoring of (long-term) effects. Furthermore, evaluation of effectiveness of combining different agents
targeting lipid mediators or combining them with available or emerging biologics may uncover other
potential benefits in certain asthma populations warranting future research.
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INTRODUCTION

From the 1980s onwards, cysteinyl leukotrienes
(CysLTs) have increasingly been recognized as
important mediators of asthma and its comorbid
conditions including allergic rhinitis and NSAID-
exacerbated respiratory disease (N-ERD) [1]. When
inhaled by both healthy and asthmatic individuals,
CysLTs have been shown to induce key features of
asthma including potent bronchospasm and airway
hyperresponsiveness through direct interaction
with airway smooth muscle (ASM) cells, airway
edema through microvascular leakage and airway
inflammation through interaction with inflamma-
tory cells, including mast cells and eosinophils [2—
7]. In addition, increased levels of CysLTs have been
found in asthmatic patients both at baseline and
during both modeled and spontaneous exacerba-
tions [1]. These observations gave rise to the devel-
opment of the first targeted oral therapy for asthma,
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both upstream at the origin of the S5-lipoxygenase
(5-LO) metabolic pathway (i.e., leukotriene synthe-
sis inhibitors) and downstream at the CysLT1 (and
CysLT2) receptor [i.e., (Cys)leukotriene receptor
antagonists (LTRA)]. Initial positioning of antileu-
kotrienes (anti-LTs, mainly LTRA) for asthma was
mainly based on their efficacy confirmed by proof of
mechanism studies in clinical models of asthma:
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KEY POINTS

e Cysteinlyl leukotrienes possess potent bioactive and
proinflammatory activities and act on several
inflammatory and structural effector cells, including
mast cells, eosinophils, and innate lymphoid cells,
epithelial cells, airway smooth muscle cells, and
endothelial cells through various affinities with the
CyslT1 and CyslT2 receptors.

e CyslTs and prostaglandin D2 are involved in both
allergic as nonallergic T2-driven asthma and may have
an important role both as proinflammatory mediators as
well as being involved in airway remodeling.

o Although CysLT1R antagonists seem to be effective in
mild to moderate asthma either as monotherapy or
complementary to inhaled corticosteroids, the new
CRTH2 inhibitors may have a role also in more severe
T2 asthma as add-on to standard therapy.

e Potential combined effects of multiple receptor blockade
need to be further explored in appropriately designed
clinical trials.

that is, in exercise-induced asthma, allergic asthma
(with concomitant allergic rhinitis) and N-ERD [1].
Subsequent longer clinical studies helped to estab-
lish their complementary effectiveness-based on
anti-inflammatory properties — as add-on to low
and moderate doses of inhaled corticosteroids
(ICS) [8-10].

Apart from leukotrienes, other lipid mediators,
especially prostaglandin D2 (PGD2), has been con-
sidered as an important mediator of asthma and
allergic rhinitis because of its bio-active properties
inducing cough, bronchial obstruction (ASM con-
striction, vasodilation, and edema), airway hyper-
responsiveness,  cellular infiltration, mucin
production, nasal congestion, rhinorrhea, and che-
motaxis of effector cells (Th2 cells, eosinophils,
basophils) [11-13]. These bioactive and proinflam-
matory effects are mediated through interaction
with G protein coupled receptors: DP1, thrombox-
ane receptor and chemoattractant receptor-homol-
ogous molecule expressed on Th2 cells [CRTH2 or
prostaglandin D2 receptor 2 (DP2)] on Th2 lympho-
cytes [14]. Apart from Th2 cells, CRTH2 are also
expressed on eosinophils and basophils [15] and
play a role in the recruitment of these effector cells
during the late phase allergic response (LAR), includ-
ing the production of Th2-cytokines and IgE and
therefore may be involved in the more ‘chronic
inflammatory (allergic) process’ [16™] (Fig. 1). The
DP1 and CRTH2-mediated processes act synergisti-
cally: PGD2 released by mast cells may be the essen-
tial link between the early and the LAR through the
recruitment and activation of the effector cells, Th2-
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cells and eosinophils [14]. These observations and
the subsequent evidence that the putative anti-
asthma effects of the first dual thromboxane recep-
tor/CRTH2 antagonist, ramatroban, were mainly
mediated through its CRTH2-antagonistic proper-
ties resulted in the development of selective CRTH2
antagonists [17,18]. However, small molecules tar-
geting lipid mediators and their pathways in asthma
experienced drawbacks both during clinical devel-
opment and their initial clinical positioning due to
lacking adequate biomarkers to define potential
responders [19™].

Although more work is still needed, the new
insight into the role of lipid mediators in the patho-
physiology of asthma and using available predictive
biomarkers have allowed the demonstration of clin-
ical effectiveness of some small molecules targeting
these lipid mediator in distinct asthma phenotypes
and endotypes [20,21]. In addition, recent findings
on the effects and interactions of leukotrienes and
prostanoids with both inflammatory and structural
cells, as well as the discovery of CRTH2 on several
other cells from both the adaptive and innate
immune system, revived the interest in targeting
these biologically active mediators [22-24]. Ulti-
mately, these findings suggest a potential role of
these small molecules as stand-alone or combina-
tion therapy in the management of asthma.

EICOSANOIDS IN ASTHMA

Leukotrienes and prostaglandins, members of the
eicosanoids family, are lipid mediators produced by
cells of both the innate and adaptive immune sys-
tem. These mediators possess different activities and
are involved in health and disease, that is, in physi-
ological and pathophysiological processes. Based on
their bioactive and proinflammatory properties,
eicosanoids are key mediators in chronic inflamma-
tory airway diseases, including asthma and rhinitis
[25] (Fig. 2).

Leukotrienes are generated through the 5-LO
pathway following oxidation of arachidonic acid
which is released from phospholipid membranes
by phospholipase A2. The process of forming leuko-
triene A4 (LTA4) isinduced by 5-LO and copartnered
by the 5-LO-activating protein. Immune cells con-
taining the enzymes LTA4 hydrolase and leukotri-
ene C4 (LTC4) synthase, which is largely confined to
leukocytes, are capable of converting LTA4 into
either leukotriene B4 or any of the CysLTs subtypes:
LTC4, leukotriene D4, and leukotriene E4 (LTE4)
[26]. In chronic (allergic) inflammatory airway dis-
ease, CysLTs are mainly synthesized by activated
effector cells, including mast cells, eosinophils,
basophils, and innate lymphoid cells (ILCs) to
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FIGURE 1. Chemoattractant receptor homologous molecule on T-helper2-cells targets in T2-airway inflammation from Barnes
[16™"]. CCL, chemokine ligand; CCR, chemokine receptor; CRTH2, Chemoattractant receptor-homologous molecule expressed
on T helper 2 cells; DC, dendritic cell; IgE, immunoglobulin E; IL, interleukin; ILC2, innate lymphoid cell 2; PGD2,
prostaglandin 2; Th2, T helper2 cell; TSLP, thymic stromal lymphopoietin.

induce chemotaxis of inflammatory cells, broncho-
constriction, mucus hypersecretion, and vascular
leakage with subsequent edema of the airway wall
[27]. Patients with asthma have increased levels of
CysLTs [28]. CysLTs can bind either CysLT1 or
CysLT2 receptors. Animal studies revealed that
interaction with the CysLT1 receptor promote effec-
tor cells (i.e., Th2 and ILC2) to produce IL-4, IL-5,
and IL-13 [29]. These cytokines induce broncho-
spasm, increased vascular permeability, and mucus
hypersecretion in asthma [30]. Activating the
CysLT2 receptor has been shown to promote inflam-
mation, vascular permeability, and tissue fibrosis
and has been associated with the pathophysiology
of arteriosclerosis [31]. Upon inhalation, CysLTs
induced airway narrowing, airway hyperresponsive-
ness, cough, and airway inflammation in human
individuals [32]. Furthermore, studies show that
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CysLTs regulate airway remodeling through release
of proteolytic enzymes such as elastase and matrix
metalloproteinases which may be suitable targets for
future therapies in chronic asthma [33].
Prostaglandins are released from arachidonic
acid by cyclooxygenase isoenzymes and possess
potent proinflammatory properties. Four different
prostaglandins can be formed when arachidonic
acid is released from the plasma membrane by phos-
pholipases and converted by prostanoid synthases:
prostaglandin E2, PGD2, prostaglandin F2a, and
prostacyclin. Which prostaglandin is produced
depends on the effector cell, each of which generates
one or two dominant prostaglandins. Significantly,
prostanoid synthases are mainly expressed by innate
immune cells, whereas prostanoid receptors are
expressed on inflammatory cells of both the innate
and adaptive immune system [34], implicating that
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FIGURE 2. Eicosanoid pathways yielding leukotrienes and prostanoids and their interactions. COX, cyclooxygenase; ILC2,
innate lymphoid cell 2; LO, lipoxygenase; LT, leukotriene; LX, lipoxin; PG, prostaglandin; Th2, T helper 2 cell.

prostaglandins act in both a paracrine an autocrine
way. PGD2 is known to initiate IgE-mediated Type I
acute allergic responses [35]. PGD2 acts through
binding to the thromboxane receptor, PGD2b recep-
tor 1 (DP1), and chemoattractant receptor—homol-
ogous molecule expressed on Th2 lymphocytes
(CRTH2/DP2), which all mediate proinflammatory
effects [35]. Studies confirm that thromboxane
receptor activation mediates ASM contraction and
bronchoconstriction [36,37] DP1 activation in
murine models show conflicting results on airway
hyperresponsiveness as both constrictive and dilat-
ing effects on ASM were observed [38,39]. However,
binding PGD2 to DP1 receptor has proinflammatory
effects with subsequent recruitment of Th2
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lymphocytes in animal models. CRTH2/DP2 activa-
tion leads to chemotaxis of Th2 cells, and by pro-
moting the IgE pathway, CRTH2/DP2 receptor
activation leads to more PGD2 production [40].
Furthermore, PGD2 contributes to cough [41] which
was confirmed in animal models [42]. When expos-
ing healthy individuals to PGD2 inhalation, bron-
choconstriction and airway eosinophil infiltration
similar to an allergic response occurred [43]. In
patients with asthma, postallergen challenge
PGD2 levels in bronchoalveolar lavage fluid were
significantly higher compared with preallergen lev-
els [44]. Other immune cells such as antigen-pre-
senting dendritic cells and Th2 cells are also found
to produce PGD2, suggesting a transcellular
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regulating role of PGD2 in adaptive allergic immune
responses [45]. Upregulation of the PGD2 pathway
was found in patients with severe, poorly controlled
T(h)2 high asthma [20].

Although development and testing of selective
antagonists targeting lipid mediator receptors like
CysLT1R antagonists (e.g., montelukast and zafirlu-
kast) and CRTH2 receptor antagonists (e.g., fevipi-
prant, timapiprant) helped better understanding of
the role of these mediators in the pathophysiology
and the inflammatory pathways of asthma, they
have also given rise to more research questions.
For example, it has been demonstrated that in addi-
tion to anti-inflammatory activity of blocking the
CysLTR1, antagonists also possess other CysLTR-
independent anti-inflammatory properties like
downregulating neutrophils, monocytes/macro-
phages [22], inhibiting proinflammatory cyto-
kines/chemokines, and preventing adhesion of
eosinophils [23]. Currently, CysLTR antagonists
are commonly used as add-on therapy in (allergic)
asthma; but the abovementioned findings suggest a
broader therapeutic potential for these agents in
selected patient populations. Moreover, recent stud-
ies provided more insight in the synergistic behavior
of the key lipid mediators. Th2-cells have been
shown to express both the CysLT1, and the CRTH2
receptor [24]. Similarly, ILC2s expresses both the
CysLT1 [30] and the CRTH2 receptor [46]. Therefore,
a combination of a CRTH2 and a CysLT1R antago-
nist may produce a synergistic blockade of both the
Th2-downstream and ILC2-downstream inflamma-
tory pathways, similar to biologics, and hence may
have a more robust therapeutic potential in both
allergic and nonallergic eosinophilic airway dis-
eases. Obviously, this needs further investigation.

TARGETING LIPID MEDIATORS IN
ASTHMA

Due to a lack of their positioning within guidelines
in the early days, LTRA have initially been pre-
scribed by default, often to patients with uncon-
trolled severe asthma. Hence, their clinical
effectiveness, as observed in controlled trials, could
often not be replicated in daily practice. Almost two
decades later, although generally perceived to be less
effective than ICS in patients with persistent
asthma, their (modest) efficacy and documented
safety warrants their as application as an acceptable
alternative in patients who have intermittent or
mild asthma as monotherapy and as add-on thera-
pies in responsive patients on other controller med-
ication as well as in patients who may not comply or
are unable to use ICS [47]. Randomized, placebo-
controlled trials of LTRAs have demonstrated
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improvements in lung function [forced expiratory
volume in 1 second (FEV1)], symptoms, quality of
life, and exacerbations in patients with asthma [48-
51]. A recent meta-analysis confirmed 40%
decreased risk for exacerbation and improvement
in FEV1 when LTRAs were used as monotherapy
[52]. In patients inadequately controlled with ICS
alone, addition of LTRAs improves asthma control
and lung function [9]. However, addition of a long-
acting beta agonist is superior in improving lung
function compared with the addition of LTRA [53].
Because LTRAs are administered as a once or twice
daily pill, they may have superior compliance com-
pared with ICS. Indeed, in a pragmatic, real world
trial, LTRAs were equivalent to ICS after 2 months
when used as first-line controller therapy, but adher-
ence to LTRA was higher than to ICS [54]. However,
there is marked heterogeneity in the response to
LTRAs across patients, with no clearly defined bio-
markers identifying responders. Urinary LTE4 is a
stable metabolite of CysLTs and urinary LTE4 was
found to be higher in adult patients who responded
to treatment with montelukast [55], and urinary
LTE4 to fractional exhaled nitric oxide ratios were
associated with response to montelukast in children
[56]. In contrast, in a study of aspirin-intolerant
patients with asthma, urinary LTE4 did not correlate
with a therapeutic response to montelukast [57].
However, patients with aspirin-intolerant asthma
did show improvement in pulmonary function
and asthma symptoms when treated with montelu-
kast as well as when treated with zileuton, a 5-lip-
ooxygenase inhibitor [58]. Some specific asthma
phenotypes that may respond to antileukotriene
therapy include asthma patients with signs of small
airways disease [59,60], those with a strong exercise-
induced component or with comorbid allergic rhi-
nitis (either as stand alone or with antihistaminic
meds) [61] and in smokers [62,63].

PGD2 receptor antagonists, also known as
CRTH2 or DP2 antagonists, have recently been iden-
tified as a potential new therapy for asthma. The first
proof-of-concept studies with early CRTH2 antago-
nists, including OC000459 and setipiprant [64,635]
in unselected patients with mild-to-moderate aller-
gic asthma, demonstrated reduction in the late
response to allergen and associated markers of
inflammation. In a post-hoc analysis, OC000459
(timapiprant) improved lung function and asthma
control mainly in young patients with eosinophilic
(>250 cells/pl) asthma [21]. More recently, another
CRTH2 antagonist, fevipiprant, demonstrated con-
flicting results in phase II studies. In a single center
study of patients with moderate-to-severe asthma
and an elevated sputum eosinophil count (>2%),
treatment with fevipiprant significantly decreased
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sputum eosinophil counts but not blood eosinophil
counts [66]. In another study of patients with mild-
to-moderate allergic asthma, there was no improve-
ment in lung function with fevipiprant in the gen-
eral asthma population, but it improved lung
function and asthma control in patients with base-
line FEV1 less than 70% [67]. Finally, in a phase IIB
study of patients with asthma inadequately con-
trolled with ICS, there was improvement in FEV1
when fevipiprant was added to low-dose ICS similar
to the positive control montelukast (LTRA). How-
ever, there was no difference in response based on
blood eosinophil level [68%]. Currently, data from
two phase IlI trials are awaited, assessing the safety
and efficacy of fevipiprant in patients with poorly
controlled asthma.

CONCLUSION

Leukotrienes and prostaglandins are lipid mediators
play a major role in the pathophysiology of asthma.
Although the role of CysLT1 receptor antagonists
(LTRA) have thus far been limited to patients with
mild disease as stand-alone medications or as add-
on therapies in more severe disease, they seem to
have a potential broader role in selected patient
populations. The positioning of the new CRTH2
antagonists in the management of asthma is still
unclear awaiting ongoing studies. If their safety and
efficacy are confirmed in Phase III studies, they may
have an important role in patients with uncon-
trolled disease ahead of biologic therapies which
require parenteral administration and are much
more expensive. Comparative studies with currently
available asthma therapies are needed to further
evaluate their role.

Furthermore, because ILC2s which have been
recently demonstrated to have a vital role in T2
airway inflammation express both CysLT1 receptors
[30] and CRTH2 receptors [46] the role of molecules
that block such receptors may be vital in blocking
their downstream inflammatory responses. By
blocking airway inflammation, CRTH2 antagonists
may protect both against allergic airway disease
and/or more severe asthma [20,21]. Alternatively,
simultaneous blockade of CysLT1 and CRTHZ2 recep-
tors may show synergistic efficacy as these receptors
are present on both Th2 cells and ILC2. Such effect
needs to be examined in future studies.
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