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Abstract

Understanding and targeting of GPCRs remains a critical aspect of airway pharmacology and
therapeutics for diseases such as asthma or COPD. Most attention has been on the large Class A
GPCRs towards improved bronchodilation and blunting of remodeling. Better known in the central
or peripheral nervous system, there is increasing evidence that Class C GPCRs which include
metabotropic glutamate and GABA receptors, the calcium sensing receptor, sweet/umami taste
receptors and a number of orphan receptors, can contribute to airway structure and function. In this
review, we will summarize current state of knowledge regarding the pharmacology of Class C
GPCRys, their expression and potential functions in the airways, and the application of
pharmacological agents targeting this group in the context of airway diseases.

Keywords

Airway; Asthma; G-protein coupled receptor; calcium; cCAMP; contractility; remodeling; Venus fly
trap; dimerization

Address for Correspondence: Y.S. Prakash, MD, PhD, 4-184 W Jos SMH, Mayo Clinic, 200 First St SW, Rochester, MN 55905.
Contributions:

Conceptualization: Prakash, Pabelick, Patel

Data curation: Prakash, Patel, Ravix

Formal analysis: Prakash, Patel

Funding acquisition: Prakash, Pabelick

Investigation: Prakash, Patel

Methodology: Literature search methodology (Patel, Prakash)

Project administration: Prakash

Resources: Prakash, Pabelick

Software: Microsoft Word, Microsoft PowerPoint, ScienceSlides

Supervision: Prakash

Validation: Prakash

Visualization: Prakash

Roles/Writing: original draft (Patel), review & editing (Prakash), final (Prakash).

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of
the resulting proof before it is published in its final form. Please note that during the production process errors may be discovered
which could affect the content, and all legal disclaimers that apply to the journal pertain.

Conflicts: The authors have no conflicts of interest.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Patel et al. Page 2

Introduction

G protein—coupled receptors (GPCRs) are one of the largest family of membrane proteins
that transduce extracellular signals into a diversity of intracellular pathways to influence
every aspect of cellular function. Classical GPCR signaling involves 7-transmembrane
peptide chains coupled to G proteins (Ga By heterotrimers) that dissociate with agonist
binding, with downstream coupling to Gs, Gjjo, Gg/11 VS. G12/13 [1-4]. Recruitment of
intracellular heterotrimeric G proteins, and associated p-arrestins or G-protein related
kinases control the extent of GPCR activity [4]. GPCRs remain a major aspect of
pharmacological targeting across a range of diseases, representing almost a third of FDA
approved drugs [5,6]. In this regard, targeting of airway and lung diseases such as asthma,
COPD and even pulmonary fibrosis has long-involved modulation of GPCRs or related
mechanisms [3,4,7,8], with classical targets being muscarinic and leukotriene receptor
blockade and beta2-adrenoceptor activation to induce bronchodilation, and emerging focus
on prostaglandin receptor subtypes, adenosine Ayg and histamine H4 receptors in
obstructive diseases [7]. Conversely, recognizing detrimental effects of some GPCRs
(particularly adrenoceptors), there is increasing interest in the use of biased agonists that
recruit and maintain beneficial effects of GPCRs [9,10]. In these many efforts, GPCRs on
airway smooth muscle (ASM) particularly of the bronchioles, have been the major target.
While different airway cell types contribute to overall structure and function, the critical role
of ASM in regulating tone and contractility (balance between contractile vs. dilatory
processes) cannot be argued, particularly in the context of airway hyperreactivity (AHR).
Beyond AHR, the effect of inflammatory mediators, growth factors and local mediators on
ASM cell hyperplasia and/or hypertrophy and modification in the extracellular matrix
(ECM) are important for airway stiffening and fibrosis (remodeling) [11], and can
themselves be influenced by GPCRs.

Much attention has been understandably on the large Class A GPCRs [12] that incorporates
small-molecule ligands including biogenic amines, neuropeptides and glycoprotein
hormones. The smaller Class B GPCRs involving glucagon and secretin has been less
explored although there is evidence that glucagon is a bronchodilator [13]. However, there is
limited data on the much larger family of Class C GPCRs that consists of 22 different
GPCRs (Figure 1): the calcium sensing receptor (CaSR), two metabotropic GABAg
receptors (GABAB1R and GABAB2R), eight metabotropic glutamate (MGIluR1-8)
receptors, three taste receptors (T1R1-3), the GPRC6, and 7 orphan receptors (GPR156,
GPR158, GPR179, GPRC5A-D) [14,15]. Class C receptors respond to nutrients such as a
range of amino acids, ions (particularly CaZ* but also protons), and sugar molecules (in the
context of taste) (Table 1), and thus serve important physiological processes across organ
systems, making them highly appealing drug targets [16-20]. Here GABABRSs, CaSR and
mGIuRs are particularly well-studied [14,19,20]. These receptors differ substantially from
Class A or B in that they share a unique structure composed of a very large extracellular
domain and the ability to form constitutive dimers [14] (Figure 2). Indeed, homo-and
heterodimers are characteristic features of Class C GPCRs (Table 1) and are obligatory for
functionality with extracellular aspects involving a Venus flytrap (VFT) domain and highly
conserved nine-cysteine residue rich domain (CRD; except for GABABR that lack CRD)
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[14,21-24] (Figure 2). Notably, there is no significant amino acid sequence overlap between
the 7TM domains of Class C vs. Class A or B GPCRs [14,21-24].

There is currently limited information on expression patterns or functionality of Class C
GPCRs in the lung, or particularly in airways. The metabotropic GABAB receptors are
probably the most explored, with more recent information on the CaSR. The orphan
receptors have been barely studied in any cell system, but there are emerging data on
specific receptors (see below). In this brief review, we explore current state of knowledge
regarding Class C GPCRs particularly in the airways in the context of AHR and remodeling
relevant to asthma, and identify potential directions for exploring this class of GPCRs as
therapeutic targets.

GABAg Receptors

GABA is well-known as the major inhibitory neurotransmitter in the mammalian central
nervous system. As a ligand, GABA is relevant to airways in multiple ways, not the least
being its involvement in brainstem circuits that control efferent neuronal output to the
airways [25]. Furthermore, GABABR agonists can attenuate parasympathetic-cholinergic
responses in the airways, indirectly attenuating cough responses [26,27]. Here, there is
interest in novel GABABR agonists such as Lesogaberan in treatment of acute and chronic
cough [28]. However beyond neuronal control and airway irritability, there is now evidence
that both pulmonary neuroendocrine cells [29] as well as airway epithelium [*30] have the
necessary machinery to produce and release GABA, thus creating the potential for local
action on neighboring mesenchymal cells including ASM. Here, it is important to
distinguish between the two distinct activation pathways by which GABA can act: ligand-
gated ionotropic GABAA receptors that are chloride channels and the metabotropic GABAB
Class C GPCRs. There is substantial evidence that ASM cells including those in humans
express GABAARSs and that GABAAR agonists induce bronchodilation [31-33].
Additionally, functional GABABRs in ASM [26,34] and epithelium [30] have been found.
However, it should be noted that clinically at least, the GABABR agonist baclofen has been
found to actually worsen methacholine responses in asthmatic airways [35] which raises
questions as to the mechanisms of action. Interestingly, although acting through G; and
decreasing cCAMP (Figure 3), both baclofen and GABA can increase IP3 and [Ca2*]; i
airways [34], such that the selective GABAB antagonists CGP35348 or CGP55845 blunt
such increases, but yet pertussis toxin which inactivates G;j is also effective. This interesting
discrepancy was determined to involve G-y mediated effects on PLCP, and potentiation of
Gq signaling (explaining increased IP3) following GABABR activation where the GBy
inhibitor gallein and PLCP inhibitor U73122 are effective [35,36]. What is not clear is the
upstream GPCR that is linked to the G4 within this pathway. Given the possibility of
heterodimerization among Class C GPCRs, one possibility is G4-coupled entities such as
mGIuRs or the CaSR: aspects that are currently unexplored. Separately a key aspect of
GABABR signaling is that unlike prototypical GPCRs such as p2-adrenoceptors, prolonged
agonist exposure does not result in phosphorylation of GPCR kinases, i.e. GRKSs, towards
termination of GPCR activity and GABABR internalization via recruitment of B-arrestins
[37]. GABABR can constitutively undergo clathrin-dependent endocytosis that is not
influenced by length of agonist exposure [37]. Conversely, GABABRS can be
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phosphorylated by cAMP-dependent protein kinase that in fact sustains receptor presence at
the plasma membrane and promotes activity [37]. Given the importance of CAMP in ASM
and asthma, the potential exists for more complex interactions between GABABR and other
GPCRs involved in airway biology.

In addition to ASM, it appears that local GABA signaling also involves epithelium. A recent
study found that GABA in lungs of nonhuman primates as well as human and found PNECs
to be the major source [29]. Importantly, in an infant primate model of asthma, there is
increased GABA secretion and elevated levels GABAA and GABAB receptors in the
epithelium that can contribute to increased mucus production and goblet cell proliferation
[29]. While there is currently no data on ASM remodeling by GABA, baclofen has been
shown to inhibit adenylyl cyclase activity and induce ERK phosphorylation in human ASM
[34] which should have downstream influences on cell proliferation or even fibrosis.

Originally cloned from bovine parathyroid cells, the CaSR has been a major therapeutic
focus given its significant role in regulating calcium homeostasis [18,38-43]. The CaSR
senses and maintains extracellular Ca* concentration within a tight range via regulation of
three calciotropic hormones: secretion of parathyroid hormone (PTH) by the parathyroid
gland, calcitonin secretion by thyroid C-cells, and renal conversion of vitamin D to its active
from. These hormones then control intestinal absorption and renal and bone resorption of
Ca?*. The therapeutic importance of CaSR lies in the fact that it is one of the few GPCRs
with genetic mutations linked to >100 clinically important conditions, examples including
familial hypocalciuric hypercalcemia, and autosomal dominant hypocalcemia [19].

An important aspect of CaSR function is that is activated by millimolar concentrations of
extracellular Ca* and Mg?2* (recall that intracellular Ca2* concentrations do not exceed tens
of micromolar). Compared to GABABR, the CaSR is quite promiscuous, and other
orthosteric agonists include cations (Ba*, Gd3*), importantly charged polyvalent molecules
including spermine, spermidine and eosinophil cationic peptide, b-amyloid peptides, and
aminoglycoside antibiotics can all activate it (Figure 3, Table 1), overall making the CaSR a
multi-modal sensor [18,38-41]. Ca2* is the most potent and a full agonist, with Mg?* and
BaZ* acting as partial agonists. CaSR sensitivity to CaZ* is positively modulated by pH and
L-amino acids (consistent with its role in the GI system).

From a signaling standpoint, the CaSR is also unique in that it can work through Gg11, Gio,
and Gyp/13 [42,43] such that G4 activation lead to PLC, IP3 and DAG towards increasing
[CaZ*];, PKC phosphorylation and MAPK signaling, the latter also resulting from Gjjo
activation. CaSR can also activate RhoA/ROCK in the context of cell contractility. In terms
of desensitization, there is lack of consensus regarding CaSR internalization, with some
studies showing constitutive internalization and recycling to the plasma membrane
independent of agonist activation and others showing more classical processes [44,45].
Nonetheless, unlike GABABR that is not a GRK target, CaSR does interact with kinases and
B-arrestins towards functional desensitization [45].
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Given its critical physiological roles, there has been substantial interest in positive allosteric
modulators (calcimimetics such as NPS R-568 and cinacalcet) that enhance CaSR sensitivity
to Ca%*, reducing PTH secretion and enhancing calcitonin towards stabilizing systemic Ca2*
levels: relevant to treatment of hyperparathyroidism. Similarly, negative allosteric
modulators (calcilytics such as NPS 2143 and Calhex 231) antagonize parathyroid CaSR to
enhance PTH secretion, effective for targeting bone growth and osteoporosis [17-20,43].

It is now recognized that multiple non-calciotropic organs including vasculature and the lung
also express CaSR [18,19,39,46-49], raising substantial interest in exploring more complex
roles for this GPCR: an emerging area of research. Such non-calcitropic roles appear to be
tissue-dependent, but include proliferation and apoptosis, differentiation, contractility, and
even inflammation. For example, CaSR is expressed in human vascular smooth muscle and
endothelial cells and is involved in cell proliferation and blood pressure regulation [48]. In
pulmonary artery smooth muscle, CaSR increases [Ca2*]; by promoting plasma membrane
influx through receptor-operated channels (particularly TRPC6) and store-operated channels
(Orail) [46]: mechanisms increased in pulmonary hypertension, where CaSR could play an
important role. In this regard, the functional relevance of CaSR lies in the fact that in various
organs, in addition to extracellular Ca2* being modulator of CaSR (wherever it is expressed),
epithelial and endothelial cells can also produce spermine, the endogenous agonist for
CaSR. Polyamines such as spermine and spermidine are a product of the arginase pathway
where L-arginine is diverted from the eNOS-mediated NO production pathway towards
ornithine and further processing towards putrescine, spermidine and spermine [50,51].

The CaSR is expressed in human fetal lungs, where it is thought to promote luminal fluid
secretion towards mediating lung growth and development [39]. One study has reported that
epithelial CaSR works in conjunction with chloride channels and the CFTR in regulating
fluid secretion [52]. The relevance of CaSR in embryonic lung lies in the fact that during
fetal development free ionized [Ca2*], in the extracellular environment is closer to 2 mM
(compared to <1.5 mM in adult) with such relative fetal hypercalcemia being necessary for
optimal prenatal fluid secretion. However, the expression or role of CaSR in more proximal
airways, and particularly in mesenchymal cells in the context of development has been
minimally explored. We recently showed that functional CaSR is expressed in developing
human ASM where it responds to endogenous agonist (spermine), enhances [Ca2*];
responses to bronchoconstrictor agonist such as histamine by increasing PLC/IP3 and
promoting SOCE: effects inhibited by the calcilytic NPS2143 but enhanced by the
calcimimetic R-568 [53]. Furthermore, CaSR activates the MAPK pathway to promote fetal
ASM proliferation [53]. In recent studies we further found that insults such as hyperoxia
(relevant to oxygen exposure in premature infants requiring ventilator support) increases
fetal ASM CaSR expression, and that CaSR mediates hyperoxia enhancement of [Ca?*]; and
cell proliferation (Ravix, Roesler et al., unpublished observations). Such findings link CaSR
to previous observations that epithelial arginase expression is increased in developing
airways by insults such as hyperoxia and impairs bronchodilation [54].

The CaSR is also expressed in adult epithelium and ASM of both humans and mice [49] and
is functional, responding to increasing extracellular Ca2* and to spermine by increasing
[CaZ*]; and contractility. Importantly, CaSR expression is increased in airways of asthmatic
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patients and in mouse models of allergic asthma [49]. Calcilytics blunt CaSR-mediated
airway contractility, while nebulized calcilytics significantly suppress AHR and
inflammation in mouse models [49]. In these effects, CaSR appears to reduce cCAMP,
increase IP3, activate RhoA/ROCK and promote pro-proliferative pathways including
ERKZ1/2. An interesting observation is that such effects are largely present in asthmatic
airways [49], an advantage in terms of therapeutic targeting, although the mechanisms that
promote CaSR expression and functionality (e.g. gene/protein effects vs. trafficking) remain
to be explored. The relevance of these findings again lies in the known upregulation of
arginase pathways in adult asthma [50,51] and furthermore the potential contribution of
polycations such as eosinophil derived cationic and major basic proteins [49]. Spermine has
indeed been found to mediate airway contraction in a house dust mite model of asthma [55].
These initial findings highlight the potential for therapeutically targeting the CaSR in
conditions such as asthma: a focus of ongoing clinical trials repurposing calcilytics. Other
drugs such as quinazoline and amino alcohol calcilytics also appear to be comparably potent
in suppressing AHR and inflammation [49,56].The CaSR may also be relevant to COPD
given many multivalent cations present in cigarette smoke and environmental pollution [57].
For example, NPS2143 inhibits MUC5AC and proinflammatory mediators in cigarette
smoke exposed human airway epithelium [58]. CaSR also appears to drive epithelial
inflammation following particulate matter exposure [59]. However, further study is needed
in this area.

Taste receptors

Although many compounds recognized by human taste are largely sweet vs. bitter with some
overlap, the mechanisms by which such tastants signal are quite different [22,60-65]. Bitter
tastants are recognized by a 25-member T2R subfamily of class A GPCRs while sweet and
umami tastants involve class C GPCRs (Figure 1, Table 1). Sweet taste is mediated by T1R3,
which can form a homodimer or heterodimerize with T1R2, and the receptors are activated
by binding of intensely sweet molecules such as artificial sweeteners or high glucose.

There has been considerable focus on bitter tastant T2Rs in the context of non-gustatory
effects, particularly in the airways and asthma [60,61,66,67]. T2Rs have been identified in
pulmonary chemosensory cells, ciliated epithelial cells, and ASM, and in spite of being
linked to the gustducin G protein system that increases IP3/Ca2* are now known to produce
bronchodilation, potentially via indirect mechanisms involving cAMP and mitochondria
[67]. There is considerably less information on sweet taste receptors but these have also been
identified in extraoral tissues including pancreatic p-cells, adipocytes, cardiomyocytes and
vasculature [61,64,65]. However, there is currently no information on T1R expression or
function in the airways, particularly in the context of ASM, contractility or remodeling.
Given substantial interest in T2Rs, and emerging data on T1R in airway immunity [65], this
represents a major novel area for future exploration.

Metabotropic glutamate receptors (mGIuR)

As the major excitatory CNS neurotransmitter there is substantial interest in metabotropic
glutaminergic signaling pathways that are distinct from the inonotropic AMPA and NMDA
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receptor channels. mGIuRs are divided into three groups with members within a group
showing more than 60% sequence identity among each other, and <50% sequence identity
between groups [14,15,24,68]. Each group also uses different signal transduction pathways,
with group | receptors (R1, R5) activating G4 and thus the PLC/IP3 pathway to increase
[CaZ*],, with additional activation of G to stimulate AC and cAMP, while group 11 (R2, R3)
and Il (R4, R6, R7, R8) receptors work through Gjq, to inhibit adenylate cyclase and reduce
cAMP (Figure 4). All three groups share pharmacological properties such that orthosteric
agonists and antagonists can affect the full spectrum of receptors within a group, although
there is more therapeutic potential in allosteric modulators with specific activity towards a
specific mGIuR subtype (Table 1). In terms of GRK and B-arrestins, mGIuRs can elegantly
modulate their activity where on the one hand, short-term p-arrestin activation can promote
internalization while persistent mGIuR activity leads to recruitment of MAP kinases that
promote binding of B-arrestin and Homer1 adaptor protein to the receptor sustain its activity
[69].

mGIuRs have been found in a variety of peripheral tissues including bone, heart, GI system
etc. with substantial heterogeneity in groups and members expressed within specific cell
types [14,15,24,68]. mGluR4 appears most broadly expressed, and thus at least one major
role of peripheral mGIuRs is reducing cAMP, however, it is important to emphasize that
group/member portfolios allow for much more complex effects based on cell and context.
There is surprisingly little information on mGIuR expression patterns or functionality in the
lung, beyond emerging data in lung cancers. However, given ability to act through G, G or
Gi/o, @ number of airway-relevant functions could be modulated by mGlu signaling: again a
novel and unmet research area.

There is substantial interest, albeit limited information on what are termed the retinoic acid-
inducible GPCRs (RAIGs) [14,70]: GPRC5A, GPRC5B, and GPRC5C are induced by
retinoic acid in a concentration- and time-dependent manner (while GPRC5D is not) .
Unlike other Class C GPCRs whose ligand binding sites are within the large N-terminal
domain, for GPRC5 receptors that have short N-terminals, binding occurs in the 7TM
domains. However, the endogenous ligand for GPRC5s is unknown. GPRC5A-D are
expressed in a highly tissue-specific fashion with GPRC5A being preferentially expressed in
lung tissues and GPRC5B in the CNS. Importantly, a number of inflammatory and
oncogenic pathways can regulate GPRC5 (particularly GPRC5A) expression, and there
increasing evidence of their dysregulation in a variety of cancers including lung
adenocarcinoma. Again, there is currently no information on GPRC5 isoform expression in
the airways or in ASM and whether or how they contribute to airway structure and function.
However, it is important to note that knockout studies show GPRC5A can impact on cAMP
signaling, and blunt NFkB and STAT3 signaling, thus suppressing cell proliferation [70].
Conversely, GPRC5A expression is substantially altered by cAMP and inflammatory factors.
Thus the potential exists for GPRC5A to play a role in airway inflammation and remodeling.
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GPRCB6A has been cloned from multiple species including human and mRNA has been
identified in a variety of organs including brain, lung, liver, heart and kidney [14,16,71]. As
with the CaSR, to which it is most homologous, GPRC6A is activated by a range of basic
and small aliphatic L-a.-amino acids particularly L-arginine, L-lysine and L-ornithine. It is
directly activated or positively modulated by divalent cations such as Ca2* but at a much
higher, non-physiological level of 5 mM. Recent studies suggest that the peptide osteocalcin
and the sex steroid testosterone can act as endogenous GPRC6A agonists [16,71], and that
similar to p2-adrenoceptors, GPRC6A is modulated by GRKs and B-arresitins [72]. Thus,
GPRCB6A could have a range of physiological functions, and studies largely using knockout
mice show involvement in regulation of inflammation, metabolism and endocrine function.
There is currently no information on GPRC6A expression or function in the airways, but
given its similarities to the CaSR and its modulation by factors that may be important in
airway structure/function or disease, this promiscuous receptor may also be a novel target to
understand.

Regulation of Class C GPCRs

While the above discussion highlights the expression and potential downstream effects of
some Class C GPCRs in the airway, there is limited understanding of how their expression is
altered in disease. Certainly, upregulation of CaSR or GABABRS in asthma suggest effects
of inflammatory mediators, as shown for effects of TNFa and 1L-13 for CaSR in ASM for
example [49]. Although its function in airway is unknown, GPRC5A expression can be
modulated by cAMP or inflammation. However, as the role of Class C GPCRs in airway
diseases comes to the forefront, understanding upstream regulatory pathways is another
major unmet research avenue. Here, beyond genomic/transcriptomic regulation of protein
expression, altered GPCR expression at the plasma membrane and/or sensitization via GRKs
and B-arrestins provide another layer of regulation which may be different in disease: a
relevant aspect, given increasing understanding and interest in these GPCR regulatory
pathways in ASM and asthma in the context of biased agonists [73,74].

Heterogeneity through dimerization

Dimerization is a key aspect of Class C GPCR functionality. mGluRs and CaSR form
homodimers, while GABABR1 and GABABR?2 heterodimerize and traffic to the plasma
surface in order to become functional [14], and taste receptors T1R1 and T1R2 form
heterodimers with T1R3 to become functional [61,64]. In vitro FRET studies show that
group I mGlu (R1, R5) can heterodimerize with the other two groups [75] but their relevance
is unclear. Interestingly, the CaSR can heterodimerize with mGlul and mGlu5 [76]. The
CaSR is also the closest mammalian homolog of GPRC6A and both receptors are widely
expressed with overlapping expression patterns [77]. Thus, depending on expression patterns
and context, the potential exists for substantial heterogeneity and complexity in Class C
GPCR signaling. Whether such homo/heterodimerization is important in the airways
remains totally unknown, but points to novel approaches in targeting this class of GPCRs
using combination therapies, particularly when involving different G-proteins.
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Conclusions

Several members of the Class C family of GPCRs are demonstrating their potential
relevance in airway structure and particularly function in the context of diseases as asthma.
While there is substantially more research that is required, data from several other organ
systems relating to their structures, dimerization and other aspects of their function, as well
as importantly, availability of positive/negative allosteric modulators and inhibitors/
activators facilitates exploration of this family of GPCRs in lung diseases.
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Class C GPCR Family. This class consists of 22 GPCRs including the calcium sensing
receptor (CaSR) and the related promiscuous receptor GPRC6, two metabotropic GABAg
receptors (GABAB1R and GABAB2R), eight metabotropic glutamate receptors (nGluR1-
8), three taste receptors (T1R1-3), and 7 orphan receptors (GPR156, GPR158, GPR179,

GPRC5A-D).
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Class C GPCR Structures. Differing substantially from other GPCR classes, members of the
Class C GPCR share a unique structure composed of a very large extracellular domain and
the ability to form constitutive dimers, with both homo- and heterodimerization depending
on the members, and being obligatory for functionality. A unique extracellular aspect is the
Venus flytrap (VFT) domain and highly conserved nine-cysteine residue rich domain (CRD;

except for GABABR that lack CRD).
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Figure 3:

Signaling of GABA and CaSR in airways. While there may be variations in signaling across
tissues, the data from human airway smooth muscle (ASM) show that metabotropic GABAB
receptors signal through G; to inhibit cAMP, but interestingly increases [Ca2*]; by cross-
activation of Gq (that is typically associated with bronchoconstriction) and through PLC/IP3.
In contrast, the CaSR can act through G to increase [Ca2*];, but can also inhibit cAMP via
Gi, and furthermore increase RhoA via G12/13.
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Figure 4:
Signaling of mGIuRs. Within the three groups of metabotropic glutamate receptors, each

group uses different signal transduction pathways, with group | receptors (R1, R5) activating
Gq and thus the PLC/1P3 pathway to increase [Ca?*];, with additional activation of G to
stimulate AC and cAMP, while group 1l (R2, R3) and Il (R4, R6, R7, R8) receptors work
through Gj, to inhibit AC and reduce cAMP.
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Member

Pharmacological Modulators

Dimerization

Roles in Lung

Metabotropic GABA:
GABABR1, GABABR2

CaSR

GPRCG6A

Sweet/Umami Taste:
T1R1, T1R2, T1IR3

Metabotropic Glutamate
Grpl:
mGIuR1, mGIuR5

Metabotropic Glutamate
Grpll:
mGIuR2, mGIuR3

Metabotropic Glutamate
Grplll

mGIluR4, mGIuR6, mGIuR7,

mGIuR8

RAIG Orphan: GPRC5A,
GPRC5B, GPRC5C,
GPRC5D

Other Orphan: GPR156,
GPR158, GPR179

Ligand: GABA

Agonist: Baclofen, CGP27492

Antagonist: Phaclofen, Saclofen, CGP36742,
CGP35348, CGP55845

PAM: CGP7930

Ligand: Ca2+, spermine

Agonist: Ca2+, Mg2+, polyvalent cations, B-
amyloid, aminoglycoside antibiotics

PAM: pH, L-a-amino acids, NPS R467, NPS
R568, cinacalcet

NAM: NPS 2143, Calhex 231

Ligand: L-a-amino acid

Ligand: TIR1/T1R3: L-glutamate; T1IR2/T1R3:
Sugars

Ligand: Glutamate, ACPD
Agonist: DHPG, CHPG, LY339764
Antagonist: CPPCOEt, BAY36-7620, Ro 674853

Ligand: Glutamate, ACPD
Agonist: LY341495, LY 354740
Antagonist: Ro 64-5229, LY487379

Ligand: Glutamate, ACPD
Agonist: MAP4, DCPG
Antagonist: PHCCC

Unknown

Unkno n

Heterodimer

Homodimer
Heterodimer (mGlu
Grp )

Homodimer

Homodimer Heterodir
er (TIRU/T1R3,
T1R2/T1R3)

Homodimer
PHetei’dimer (‘rp |’
111)

Homodimer

Homodimer

Unknown

Unknown

ASM and epithelium
1 airway contractility
* mucus production

ASM and epithelium

1 airway and pulmonary
vascular contractility

1 cell proliferation

1 airway fluid secretion
1 epithelial inflammation

Unkno ‘n

Unknown
(potential airway immune
modulation)

Unknown

Unknown

Unknown

Unknown (GPRC5A may be
most relevant)

Unknown
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