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Abstract
Purpose of Review Asthma is marked by peculiar pathological features involving airway contraction, an impinging inflammation
in the lungs, and an inexorably progressive remodeling of pulmonary architecture. Current medications for management of
asthma exacerbations fail to optimally mitigate these pathologies, which is partly due to the intrinsic heterogeneity in the
development and progression of asthma within different populations. In recent years, the discovery of the ectopic expression
of TAS2Rs in extraoral tissues and different cell types, combined with significant strides in gaining mechanistic understanding
into receptor signaling and function, has revealed the potential to target TAS2Rs for asthma relief.
Recent Findings TAS2R activation leads to relaxation of airway smooth muscle cells and bronchodilation. In addition, findings
from preclinical studies in murine model of asthma suggest that TAS2R agonists inhibit allergen-induced airway inflammation,
remodeling, and hyperresponsiveness.
Summary In this review, we expand on the opportunity presented by TAS2Rs in the development of a comprehensive asthma
treatment that overcomes the limitations set forth by current asthma therapeutics.
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Introduction

In higher vertebrates, chemoperception of distinct edible mole-
cules is an evolutionarily preserved mechanism to provide die-
tary advantage for sensing potentially harmful or corrupted food.
The primary site for avoidance of toxic foods is in the oral cavity
and is achieved by the recognition of harmful compounds that
are presumably often bitter tasting in nature. This function is
imparted by the bitter taste receptors (belonging to type II taste
receptors, TAS2R), which are a family of the seven transmem-
brane G protein–coupled receptors (GPCRs) expressed on the
taste buds on the tongue [1]. Chemoperception of bitter taste is
initiated by interaction of a specific taste stimulus with the highly
specialized TAS2R on cells on the tongue and subsequent trans-
mission of purinergic signals to the brain through various cranial

nerves [2, 3]. A physical consequence of activation of this arc is
the rejection of the contaminated food. Similarly, the gastrointes-
tinal (GI) system, through an elaborate system (reviewed in detail
elsewhere [4–6]) can detect toxic chemicals or various infectious
agents present in contaminated food and stimulate an autono-
mous defense reaction or emesis reflex to reject contaminated/
harmful foods [7]. It is now understood that the specialized
chemosensory cells in the gastric system ectopically express
TAS2Rs that could contribute to this innate host defense mech-
anism [7, 8••]. Several lines of evidence suggest that TAS2Rs are
expressed on a variety of cell types (Table 1) outside of the
gustatory organs and play an important role in the regulation of
physiological functions such as immune response, contraction/
relaxation of smooth muscle, and mucus production. In this re-
port, wewill review the essentiality of TAS2Rs to airway biology
in the context of obstructive lung diseases such as asthma and
highlight the growing evidence for their development for asthma
therapy.

Pathogenesis of Asthma

Asthma is a disease that afflicts more than 300 million indi-
viduals worldwide [9]. The disease pathology is marked with
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excessive airway hyperresponsiveness, inflammation, and a
seemingly irreversible and progressive remodeling of the air-
way compartments (Fig. 1). These individual pathologies
work in an integrated manner and form an interacting network
that drives asthma disease. A major challenge in therapeutic
management of asthma is the considerable heterogeneity in
the development and progression of the associated pathologies
[10–12]. Further, while the current gold standards of asthma
care including long-acting beta-agonists (LABAs; agonists of
the β2 adrenergic receptor (β2AR)) and corticosteroids can
mitigate airway hyperresponsiveness and inflammation in
many asthmatics, ~ 50% of asthmatics are estimated to receive
suboptimal care for their symptoms and exacerbations
[13–15]. This is in part because of lack of effect of these drugs
on multiple features of asthma. Finally, concerns remain re-
garding the long-term efficacy and safety of LABAs [16].
Thus, identification of novel and clinically efficacious targets
is necessary to address this unmet clinical need.More recently,
using a combination of in vitro, ex vivo, and in vivo ap-
proaches, agonists of TAS2Rs have been shown to (a) stimu-
late ASM relaxation [17••], (b) inhibit ASM proliferation [18,
19], and (c) mitigate multiple features of allergen-induced
asthma in preclinical models [20••] (Fig. 1). Herein, we will

detail how targeting TAS2Rs in the lung may provide multi-
modal control of various asthma-associated pathologies.

AHR, AR, and Inflammation—Breaking
the Axis

As discussed earlier, airway hyperresponsiveness (AHR), air-
way remodeling (AR), and airway inflammation work in con-
cert to progressively drive asthma pathology. Airway inflam-
mation is accompanied by infiltration of activated immune
cells into the peribronchial regions of the lungs and within
the airways. These immune cells may release Th2 and other
inflammatory cytokines (IL-13, TNF-α), chemokines, andmi-
togens that act on epithelial cells and ASM cells [21–24].
Another feature of asthma is the excessive mucus accumula-
tion in the airways, which can influence optimal airflow.
Epithelial cells may be stimulated by noxious agents (includ-
ing allergens) and immune cells to secrete excessive mucus
that may physically block the airway lumen. This feature is
more common in fatal asthma cases but has been observed in
individuals within the mild-moderate asthma spectrum [25,
26]. Further, epithelial cells may release growth factors that

Fig. 1 Multimodal action of
TAS2Rs for controlling asthma
symptoms. Asthma is marked by
distinct yet interlinked
pathologies such as airway
inflammation,
hyperresponsiveness, remodeling
and excessive mucus secretion.
Owing to their expression and
their ability to regulate
physiological outcomes in
various cell types important to
asthma pathology, TAS2Rs have
emerged as a promising candidate
for the development of
comprehensive anti-asthma
therapy

Table 1 TAS2Rs expressed on a
variety of cell types Cell type Expressed Tas2R receptor subtypes

Tuft cells Tas2R108, Tas2R110, Tas2R117, Tas2R122,
Tas2R130, Tas2R136, Tas2R143

Ciliated epithelial cells Tas2R4, Tas2R43, Tas2R38, Tas2R46

Solitary chemosensory cells Tas2R8, Tas2R19

Tracheal brush cells Tas2R105, Tas2R108

Neutrophils, monocytes, eosinophils Tas2R38

Mast cells Tas2R4, Tas2R46, Tas2R14

Lymphocytes Tas2R4, Tas2R10, Tas2R14, Tas2R38
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may stimulate proliferation of ASM thus driving AR [21].
Extensive investigations have demonstrated that the mesen-
chymal cells including ASM cells secrete inflammatory me-
diators and function as immunomodulatory cells in asthma
[27, 28]. Chemokines such as RANTES, IL-8, and others
provide impetus for immune cell migration, proliferation,
and maturation in the lungs. Of note, in asthmatics, mast cells
have been shown to localize to the airway smooth muscle
regions of the lung and contribute to airway dysfunction
[29]. These cross talks among immune andmesenchymal cells
provide a perpetual trigger for asthma pathology to persist.
Secretory products from immune cells and resident airway
cells not only include cytokines and chemokines but also con-
tain a number of molecules (e.g., histamine, leukotrienes) that
are agonists of GPCRs and activate a variety of signaling in
airway cells. The inflammatory milieu in airways may also
render the ASM tissue increasingly sensitive to cholinergic
stimulation and consequently drive an enhanced contractile
response. This process may be further exacerbated by the in-
filtrating immune cells and their mediators acting directly on
ASM cells. Collectively, this multicellular process progres-
sively worsens the airway function in asthmatics and clinically
manifests as bronchoconstriction and difficulty in breathing.

a) Airway hyperresponsiveness (AHR): AHR is defined as the
enhanced contractile sensitivity of the ASM, the central effec-
tor cell type in the maintenance of airway tone [30–32]. A
major outcome of this increased sensitivity to contractile stim-
ulus results in rapid narrowing of the airway lumen following
exacerbation, which is a hallmark feature of asthma pathology.
The immediate goal of asthma therapy is to reverse this airway
constriction either by bronchodilation or by antagonizing
bronchoconstriction. GPCRs are promising targets in achiev-
ing this goal by virtue of their predominant role in regulating
ASM contraction and airway tone [33–35].

Almost a decade ago, our group published the seminal
paper describing the ectopic distribution of TAS2Rs in ASM
cells and established the essentiality of targeting these recep-
tors to stimulate ASM relaxation and bronchodilation [17••].
Most interestingly, the studies demonstrated that TAS2Rs me-
diate ASM relaxation through a mechanism distinct from the
typical GPCRs involving the heterotrimeric Gs protein sub-
unit. Specifically, stimulation of TAS2Rs stimulates increase
in intracellular Ca2+, similar to that observed in taste cells,
which is the canonical site for expression of TAS2Rs. In con-
trast to taste cells where this Ca2+ elevation culminates in
bitter taste perception [36, 37], in ASM cells, stimulation of
TAS2Rs results in relaxation. The role and precise mechanism
(discussed in sections below) by which calcium elevation up-
on stimulation of ASM cells with TAS2R agonists contributes
to airway relaxation is an active area of investigation and is
dictated by whether the ASM cells are stimulated with bitter
tastants alone or in combination with other contractile

agonists. Spatiotemporal aspects of calcium signaling by
TAS2Rs and cross talk between TAS2R and contractile Gq-
coupled GPCR signaling are complex and need additional
investigation. However, since these initial studies, the ability
of TAS2Rs to relax ASM has been unequivocally established
in distinct species [17••, 38–40]. Consequently, bitter tastants
have emerged as novel bronchodilators. TAS2R-mediated re-
laxation of ASM is additive to beta agonist–induced relaxa-
tion suggesting that bitter tastants could be used as adjunct
therapy to standard beta agonist treatment. Aerosol exposure
of airways to TAS2R agonists results in bronchodilation in
normal and allergen-sensitized and challenged mice. A study
by Robinett et al., using asthmatic ASM cells and human lung
slices, demonstrated that TAS2R expression and signaling,
and ASM relaxation and bronchodilatory effects are not al-
tered under airway inflammatory conditions [41].
Interestingly, TAS2R-mediated ASM relaxation is unaffected
despite tachyphylaxis of β2AR-mediated ASM relaxation due
to chronic agonist treatment suggesting that in the conditions
where asthmatics are refractory to beta agonist treatment,
TAS2R agon i s t s can be use fu l fo r s t imu la t ing
bronchodilation. Further, ASM cells express multiple sub-
types of TAS2Rs (at least 3–4 of them at a level higher than
β2AR), all of which are known to relax ASM. This presents an
opportunity to explore multiple subtypes of TAS2R either
singularly or in combination for drug development (as op-
posed to the β2AR, which has only one subtype). Finally, in
preclinical models of allergen-induced asthma (house dust
mite and ovalbumin), mice treated with TAS2R agonists sig-
nificantly inhibit the development of AHR [20••]. Thus,
TAS2Rs based on their ability to relax ASM are a novel target
for direct bronchodilation.

TAS2Rs belong to the superfamily of class A GPCRs
(rhodopsin-like receptors) which is the largest group of
GPCRs. Other class A GPCRs include the well-described β2

adrenergic receptor, muscarinic receptors, and cysteinyl leu-
kotriene receptors. There are 25 distinct TAS2R subtypes
expressed in humans (35 in mice) that demonstrate significant
overlap in ligand binding [42, 43]. The nuances in signaling
differences between TAS2R subtypes, if any, are unclear due
to (1) lack of receptor subtype–specific ligands and (2) expres-
sion of multiple TAS2R subtypes on an individual cell. While
activation of class A GPCRs typically results in coupling to
heterotrimeric G proteins (Gs, Gq, or Gi) and activation or
inhibition of secondmessengers (cAMP or Ca2+), ligand bind-
ing to TAS2Rs results in signaling mediated via heterotrimeric
G protein gustducin. However, the role of gustducin as a G
protein in TAS2R signaling in non-gustatory cells such as
airway cells is not clear. A recent study established that G
proteins Gαi1, Gαi2, and Gαi3 are involved in TAS2R-
mediated signaling in ASM cells [44]. It is worth noting that
gustducin has a very high amino acid homology with other Gi
family G proteins. Interestingly, βγ subunit of the
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heterotrimeric G protein mediates signaling downstream of G
proteins upon activation of TAS2Rs in both taste and non-
gustatory cells [17••, 45]. In other class A GPCRs, the primary
signaling is mediated via α subunit of heterotrimeric G pro-
tein. However, TAS2Rs differ from the prototypical Gq-
coupled GPCRs in the physiologically distinct outcomes fol-
lowing receptor activation in non-gustatory cells.

The intracellular signaling and mechanism(s) by which
bitter tastants induce ASM relaxation are an active area of
investigation. Three different mechanisms have been pro-
posed from studies published so far. First, initial rise in
intracellular Ca2+ levels by bitter tastants leads to activa-
tion of large conductance potassium channels (BKCa)
opening of which leads to membrane hyperpolarization
and ASM relaxation [17••]. Second, activation of
TAS2R with its cognate ligand leads to separation of βγ
subunit of the heterotrimeric G protein of TAS2R that
binds and inhibits voltage-dependent Ca2+ channel
(VDCC) activity, thereby attenuate intracellular Ca2+ flux
by contractile agonists that is needed for sustained con-
traction of ASM [45]. Third, activation of TAS2Rs by
agonists leads to inhibition of Ca2+ release from IP3R
induced by contractile agonists thereby inhibiting Ca2+

elevation and contraction [46]. Collectively, these find-
ings suggest that TAS2R agonists use multiple mecha-
nisms to inhibit airway tone.

b) Airway remodeling (AR): AR is the progressive alterations
in lung architecture that can severely constrain airflow (both
fixed and dynamic airway resistance) in asthmatics. Multiple
cell types including epithelial cells and ASM can contribute
towards the development and maintenance of AR [31, 32, 47].
Most importantly, no medications are currently available that
specifically address this pathophysiological feature of asthma,
thus underscoring a critical unmet clinical need [47, 48].

One important feature of AR is increased proliferation of
ASM cells and accumulation of smooth muscle mass around
the airways. GPCR agonists, cytokines, chemokines, and
growth factors released in the airways due to allergen-
induced airway inflammation can collectively induce ASM
cell proliferation [32, 47, 49]. Our studies using primary hu-
man (normal and asthmatic)ASMcells in culture determined
the effect of three different TAS2R agonists namely, chloro-
quine, quinine, and saccharine on PDGF-, EGF-, and FBS-
induced growth [19] . The f indings es tabl i sh the
concentration-dependent anti-mitogenic effect of TAS2R
agonists on ASM. Further, our findings demonstrate that
TAS2R agonists inhibit cell cycle progression by inhibiting
PI3 kinase–mediated pro-mitogenic signaling in ASM cells
[19]. A recent study similarly demonstrated the anti-
mitogenic effect of bitter tastants on human ASM cells. The
specificity of TAS2R in mitigating ASM proliferation was
confirmed by using siRNA-mediated downregulation of

different subtypes of TAS2R in human ASM cells [50]. In
addition,we also established the role of autophagy inTAS2R
agonists–mediated inhibition of ASM cell growth [18]. Our
findings demonstrate that TAS2R agonists, chloroquine and
quinine, modulate mitochondrial structure and function
resulting in excessive autophagy and ASM cell death.
Furthermore, Bnip3 (amember of the apoptotic Bcl-2 family
of proteins) plays a central role in TAS2R agonist–induced
ASMfunctional changes via amitochondrial pathway.These
findings are significant as the current anti-asthma drugs do
not effectively mitigate features of AR and particularly do
not inhibit ASM proliferation effectively [48]. TAS2R ago-
nists may provide an opportunity to explore a therapeutic
target that can effectively mitigate ASM remodeling as well
as induce efficacious bronchodilation.

c) Airway inflammation: Immune cells play a central role in
orchestrating the inflammatory response in the lungs and col-
lectively their function/dysfunction impacts the disease out-
come [51]. Inhaled corticosteroids have been particularly
helpful in limiting airway inflammation and are the first line
of treatment to this pathology in asthma, although a small
population of asthmatics develop resistance to this therapy
[52–54]. More recently, anti-cytokine monoclonal antibody
(biologics)–based therapies have gained significant interest
owing to their efficacy in limiting recruitment of inflammatory
cells such as eosinophils into the airways [55–57].

Recent studies have indicated ectopic expression of
TAS2Rs in distinct cell types (myeloid and mesenchymal or-
igin) in the airways [17••, 58, 59••]. TAS2Rs have been shown
to regulate immune function in airways in response to inhaled
allergens, and microbial or toxic exposures. In vertebrates,
activation of TAS2Rs in airways can stimulate immune and
non-immune cells to produce a variety of anti-microbial prod-
ucts such as defensins, reactive oxygen species (ROS), nitric
oxide (NO) [60], and increased ciliary beat frequency to clear
mucus entrapped foreign material [1].

Epithelial TAS2Rs in Immunity: Tuft Cells and Solitary
Chemosensory Cells

Along with immune cells, epithelial cells can also contribute
actively to the development and exacerbation of asthma [61].
In vertebrate airways, members of the TAS2R family are
expressed (along with the essential components for signaling)
by multiple epithelial cell types in the upper respiratory and
lower respiratory tracts [1, 62–65]. However, this distribution
pattern is not diffusive and is restricted to specialized regions.

Tuft Cells TAS2Rs can function as pattern recognition recep-
tors (PRRs) and are activated by binding of microbial N-acyl
L-homoserine lactones (AHLs) and are suggested to regulate
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type I and type II immune responses [20••, 59••, 66••, 67]. The
role of TAS2Rs in the regulation of Th2 immune response is
evident in intestinal tract, wherein innate immune response is
mediated by a type of sparsely populated cell with a “tuft” (tuft
cell or brush cell) of apically located microvilli. The intestinal
tuft cell expresses multiple subtypes of bitter taste receptors on
its surface and the expression of these receptors can be altered
under pathological conditions. In a murine model of helminth
(Trichinella spiralis) infection, genes for multiple TAS2R
genes (Tas2r108, Tas2r110, Tas2r117, Tas2r122, Tas2r130,
Tas2r136, and Tas2r143) are upregulated in tuft cells [8••].
Metabolic products from T. spiralis can stimulate T2R143
on tuft cells and stimulate intracellular Ca2+ mobilization.
The physiological consequence of this increase in intracellular
Ca2+ results in the secretion of the cytokine IL-25 and the
upregulation of goblet cell and tuft cell markers. The subse-
quent expansion of tuft cells results in a “weep and sweep”
response where a type 2 response generated by mucus-
producing cells results in secretion of excess mucus and syn-
chronized movement of tuft cells to push the invader to be
expelled from the GI tract. In the context of airway diseases
such as asthma, the ability to expel harmful inhaled agents
such as allergens and microbes could protect the lung from
inflammatory conditions. However, additional studies are
needed to establish this phenomenon using animal models.
Since endogenous ligands of TAS2Rs are largely unknown,
it is postulated that these receptors have evolutionarily devel-
oped as part of broader host defense mechanism for expulsion
of harmful compounds from human body.

Solitary Chemosensory Cells Solitary chemosensory cells
(SCCs) are a highly specialized epithelial cell type that are pres-
ent in very small numbers in the airways yet are capable of
functioning as a focal point in airways for engagement of anti-
microbial action [1]. Similar to the SCCs in the nasal cavity and
vomeronasal organ, SCCswithin the trachea are also receptive to
bitter taste compounds. SCCs share many morphological and
chemoperceptive biochemical features with oral taste cells.
These cells are in close proximity to the parasympathetic inner-
vations that connect to the trigeminal nerve [1, 58, 63]. SCCs
express transcripts for multiple TAS2Rs [63], and multiple stud-
ies have shown that SCCs are able to regulate the respiratory rate
by releasing acetylcholine and influencing nerves in proximity
[58, 68, 69]. This results in a neurogenic inflammation and de-
pression of respiration rate, which in turn limits inhalation of
foreign material including potential allergens such as molds. In
addition to these cells, other epithelial cell types have been shown
to express TAS2Rs. Specifically, cholinergic brush cells (BCs) in
the trachea are similar to SCCs in their distribution frequency and
chemoperceptive abilities [58, 64, 68]. In summation, epithelial
cells that express TAS2Rs and exert chemoperception-based an-
ti-microbial actions are strategically placed in airways to counter
toxic foreign insults. However, very little is understood about

these cell types in the context of asthma. Indeed, allergenicmolds
such as Aspergillus and Alternaria may produce secondary me-
tabolites that could potentially activate TAS2Rs on epithelial
cells resulting in their subsequent removal from airways. This
protective effect imparted by TAS2Rs could particularly benefit a
subset of severe asthmatics in whom fungal allergens are com-
mon drivers of exacerbation (severe asthmatics with fungal sen-
sitization) [70]. However, the therapeutic potential of targeting
TAS2Rs to improve outcomes in this niche group of asthmatics
needs systematic investigation.

TAS2Rs on Immune Cells

Macrophages TAS2Rs have been reported in tissue resident
macrophages and infiltrating immune cells such as monocytes
and neutrophils [67, 71]. These cells are essential in maintain-
ing tissue homeostasis and are typically the first responders to
a foreign insult. Agonists of TAS2Rs have been shown to
inhibit release of pro-inflammatory cytokines (TNF-α, IL-
1β, IL-6) in LPS-induced inflammation models using tissue
macrophages, macrophage cell lines, circulating myeloid pro-
genitor cells, and in monocyte-derived macrophages and den-
dritic cells in vitro and in vivo [72–77]. Consistent with the
ability of TAS2R agonists to promote anti-inflammatory re-
sponses, stimulation of J774 macrophage cell line with LPS in
presence of bitter compounds resulted in significant reduction
in activation of LPS-induced iNOS (inducible nitric oxide
synthase) and NO2

− generation [73]. Recent studies have pro-
vided some mechanistic insights into how TAS2Rs promote
anti-inflammatory actions. Schierbeck and colleagues have
shown that bitter taste receptor agonists such as chloroquine
may exert anti-inflammatory actions on monocytes (stimulat-
ed with LPS/IFN-γ) by inhibiting the release of HMBG1
(high mobility group protein B1) [75]. HMBG1 is a multi-
functional redox sensor and mediator of inflammatory re-
sponses, which acts as a damage-associated molecular pattern
(DAMP) and is actively secreted during inflammation as a
cytokine. Elsewhere, it has been shown that TAS2R agonists
such as the macrolide antibiotic azithromycin can promote a
phenotypic shift in macrophages from an M1 (classical, pro-
inflammatory) to M2 (alternative, anti-inflammatory/repara-
tive) phenotype [77].

Granulocytes In addition to mononuclear cells, TAS2Rs are
expressed in mast cells, neutrophils, and eosinophils [20••,
66••]. Mast cells are critical mediators of type II immune re-
sponses that are activated on IgE binding to the cognate high
affinity FcεRI expressed on mast cell surface, and the activa-
tion of mast cells is marked by a degranulation response re-
leasing inflammatory mediators. This response is crucial for
innate defense against parasitic pathogens such as helminths.
Multiple TAS2R subtypes such as TA2R4, TAS2R46, and
TAS2R14 have been reported on mast cells [66••].
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Stimulation of activated human mast cells with TAS2R ago-
nists has been shown to regulate release of pro-inflammatory
mediators such as histamine and eicosanoids. This is particu-
larly important, since mast cells are often recruited into ASM
regions in asthmatics wherein they exert stimulation of con-
tractile responses [29, 78, 79]. Studies in our lab have shown
that stimulation of TAS2Rs can inhibit migration of neutro-
phils in vitro [20••]. Whether this mechanism results in inhi-
bition of migration of eosinophils and mast cells to the asth-
matic lungs remains to be objectively evaluated.

TAS2R expression has also been reported in circulating
leukocytes from severe asthmatics [59••]. The expression of
multiple TAS2R subtypes including TAS2R4, TAS2R10, and
TAS2R14 is relatively higher in isolated lymphocytes com-
pared with other immune cell populations [59••]. Elsewhere, it
has been reported that TAS2R38 expression is significantly
higher especially in activated or memory CD4+ Tcell lympho-
cytes (relative to naïve populations) [80]. The clinical signif-
icance of increased expression of TAS2R subtypes in lympho-
cytes and its correlation with disease severity needs additional
investigation.

TAS2Rs in Ciliary Functions

TAS2Rs on ciliated epithelial cells (CECs) and solitary
chemosensory cells (SCCs) have been extensively studied
for their role in recognizing inhaled toxins and microbial (bac-
terial and fungal) acyl-homoserine lactones (AHLs) that serve
as ligands for this family of receptors. Ciliated epithelial cells
express motile cilia that sense presence of foreign particles
such as bacteria and allergenic molds in the respiratory tract
and mediate their removal via mucociliary clearance. CECs
express a variety of receptors for bitter compounds including
TAS2R4, TAS2R43, TAS2R38, and TAS2R46 [62].
Interestingly, these receptors have been shown to localize to
specific locations within the cilia as well as the apical surface
on CECs [81]. In CECs, the activation of TAS2Rs culminates
in increased ciliary beat frequency, which likely enhances
mucociliary clearance [1, 62]. In addition to regulating ciliary
function, stimulation of TAS2Rs on CECs can also release
anti-microbial agents directly into the airway surface liquid.
The activation of TRPM5 from the sudden increase in [Ca2+]i
activates nitric oxide synthase and subsequently, production
of anti-microbial nitric oxide [60].

Collectively, we now understand that TAS2Rs are differen-
tially expressed in distinct immune cell types and their respec-
tive activation states. Further, their expression and function
are altered with underlying disease states. Although stimula-
tion of TAS2Rs on leukocytes broadly promotes immune tol-
erance and inhibition of inflammatory networks induced by
microbial products and allergens, more studies are needed to
understand the clinical essentiality of the spectrum of immune
function modulation provided by TAS2Rs.

Paradigm Shifting TAS2Rs in Asthma Therapy:
Where Do We Go from Here?

As evidenced here, TAS2Rs demonstrate multimodal func-
tional versatility in the context of different tissue environ-
ments and disease states while retaining core cellular signaling
pathways. In integrative animal models of obstructive lung
diseases that are marked by type II immune responses, our
studies have suggested that targeting TAS2Rs can provide
bronchodilatory effects by promoting relaxation of airway
smooth muscle and mitigate other pathological features in-
cluding airway remodeling and airway inflammation, thus
underscoring the potential of targeting TAS2Rs for therapeutic
relief. This is facilitated by expression of TAS2R subtypes on
multiple effector cells (immune cells, epithelial cells, and
ASM cells) involved in asthma pathology. The potential for
TAS2Rs to regulate migration of immune cells (particularly
eosinophils) provides an alternative to anti-cytokine biologics
that are very expensive. Finally, the ability of TAS2Rs to
inhibit the development of airway remodeling features makes
them a suitable candidate to develop comprehensive anti-
asthma therapies.

One major challenge in development of TAS2Rs as ther-
apeutic targets is the dearth of receptor subtype–specific
agonists with refined pharmacological profile. Although
we have access to a substantial library of pharmacological-
ly well-characterized bitter compounds at our disposal,
agonist-receptor subtype promiscuity has forestalled pro-
gression to clinical trials. Future research into development
of TAS2R agonists with increased specificity to receptor
subtypes will provide a much-required boost for the field
to advance. To this effect, developing crystal structures and
computational models to ascertain the agonist binding and
receptor activation properties are essential to fully eluci-
date the pharmacology of TAS2Rs. Furthermore, given the
strong evidence that TAS2Rs are involved in ASM relaxa-
tion, it is logical to assume that one or more TAS2R genes
regulate airway tone. The next critical step in TAS2R re-
search is to determine which specific TAS2R subtypes are
most important with respect to asthma pathogenesis and for
potential anti-asthma therapy. TAS2R expression and ago-
nist sensitivity vary significantly across species posing ad-
ditional challenge in translating findings from animal mod-
el studies to humans. This is particularly significant con-
sidering the fact that TAS2Rs have emerged as novel ther-
apeutic target in human asthma. Notwithstanding the lim-
itations of the current experimental approaches and basic
understanding of TAS2Rs, the clinical utility of TAS2Rs in
asthma is intriguing.
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