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Asthma and rhinitis are pathophysiologic conditions associated
with a prototypical allergic response to inhaled allergens con-
sisting of both neuromechanical and inflammatory compo-
nents. Heptahelical receptors that bind guanosine triphos-
phate–binding proteins (G proteins), referred to as G
protein–coupled receptors (GPCRs), have been intimately
linked with asthma and allergic inflammation for many years.
G protein signaling mediates responses throughout the
immune, nervous, and muscular systems that might contribute
to the pathogenesis of allergic processes and asthma. For
example, GPCR agonists or antagonists are used as therapies
for asthma either by promoting airway smooth muscle relax-
ation (β2 adrenergic receptor agonists) or by inhibiting inflam-
mation in the nasal mucosa and airways (cysteinyl leukotriene
receptor antagonists). The focus of this review is to explore
how downstream signaling cascades elicited by GPCR activa-
tion contribute to the allergic phenotype and the mechanism
by which pharmaceuticals alter signaling to generate a thera-
peutic effect. We also discuss physiologic modulators of G pro-
tein signaling, such as regulator of G protein signaling proteins
and G protein receptor kinases, inasmuch as they represent
potential new therapeutic targets in the treatment of atopy and
other inflammatory conditions. (J Allergy Clin Immunol
2002;109:592-602.)
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Current therapies of asthma and allergic rhinitis are
generally targeted to one or the other of 2 components. In
asthma, there is a neuromuscular component in which
signals generated from neurons and other sources pro-
voke smooth muscle contraction and relaxation. For
example, acetylcholine, released from neurons, binds and
activates the M3 muscarinic receptor on the surface of
smooth muscle cells to elicit contraction. Epinephrine,
also released by neurons, is an agonist of the β2-adrenergic
receptor and stimulates smooth muscle relaxation. The
second component of asthma—and the main component
of allergic rhinitis—is inflammation. Secretion of media-

tors such as histamine and leukotrienes by inflammatory
cells, including mast cells, eosinophils, and neutrophils,
results in enhanced contractile and proliferative signals
to airway smooth muscle in asthma. In both allergic
rhinitis and asthma, these mediators induce vasodilation,
submucosal edema, and mucus formation. Antagonists of
the cysteinyl leukotriene receptors, such as montelukast,
have been used to attenuate chemotaxis of inflammatory
cells into the lung and might be used to counteract the
effect of leukotrienes in allergic rhinitis.1 Likewise, anti-
cholinergic and antihistaminic agents have been used to
offset the enhanced vasodilation and submucosal edema
found in allergic rhinitis. These are primary examples of
the ability of guanine nucleotide binding protein (G pro-
tein) signaling to modulate both the inflammatory com-
ponent and the neuromuscular component of asthma as
well as the inflammation associated with rhinitis (Fig 1).

MECHANISMS OF G PROTEIN SIGNAL

TRANSDUCTION

G protein–coupled receptor ligands

Although the structure of G protein–coupled receptors
(GPCRs) is relatively uniform, a tremendous variety of
ligands bind these receptors. Prostaglandin and
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Abbreviations used
cAMP: Cyclic adenosine monophosphate

DAG: Diacylglycerol
ER: Endoplasmic reticulum

G protein: Guanine nucleotide binding protein
GAP: GTPase activating protein
GDP: Guanosine diphosphate
GEF: Guanine nucleotide exchange factor

GPCR: G protein–coupled receptor
GRK: GPCR kinase
GTP: Guanosine triphosphate

MLCK: Myosin-regulatory light chain kinase
NK: Neurokinin

PAF: Platelet-activating factor
PI3Kγ: Phosphoinositide 3 kinase 

PKA: Protein kinase A
PKC: Protein kinase C

PLCβ: Phospholipase Cβ
PTX: Pertussis toxin

RGS protein: Regulator of G protein signaling
VIP: Vasoactive intestinal peptide
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leukotriene receptors are activated by fatty acids.
Oligopeptides (fMLP), proteins (chemokines), and neu-
rotransmitters (epinephrine) stimulate GPCRs. The pro-
teolytically activated receptors are activated when a pro-
tease, such as thrombin, cleaves a portion of their amino
terminus, revealing a tethered peptide ligand, which
leads to receptor stimulation. Although there are many
different types of agonists that activate GPCRs of similar
structure, the specificity of a ligand for its receptor is
very high. That is, epinephrine will not activate
leukotriene receptors and chemokines will not activate
proteolytically activated receptors. Although there are
exceptions, this specificity provides one regulatory
mechanism for cell signaling.

GPCRs

The mechanism by which GPCRs mediate biological
processes has been well characterized over the past 2
decades. The structure of a GPCR is important for its
ability to transduce extracellular signals.2 GPCRs con-
tain 7 membrane-spanning domains connected by 3
extracellular and 3 cytoplasmic loops. The amino termi-
nus is found outside the cell, whereas the carboxy tail

remains inside the cell. The extracellular loops, as well as
extracellular portions of the membrane-spanning α-
helices, are often targets for ligand binding to the recep-
tor. The cytoplasmic loops and the carboxy terminus of
the receptor are believed to contain both binding sites for
the G protein as well as phosphorylation sites that medi-
ate part of a receptor desensitization cascade (see below).
GPCR conformation is dynamic. Agonist binding to a
GPCR on the outside of the cell stabilizes an “active”
receptor conformation and allows the initiation of a sig-
naling cascade inside the cell. Antagonist binding to the
GPCR is believed to stabilize an “inactive” conformation
and prevent agonist binding. A GPCR in its active con-
formation catalyzes the exchange of guanosine triphos-
phate (GTP) for guanosine diphosphate (GDP) on the α-
subunit of a heterotrimeric G protein (Fig 2). 

The G protein GTPase cycle

Heterotrimeric G proteins consist of α, β, and γ sub-
units.3,4 There are 4 major families of α subunits: Gαs,
Gαi, Gαq/11, and Gα12/13. In the basal state, the α sub-
unit binds GDP and exists as a heterotrimer with βγ. On
receptor activation, GDP bound to the α subunit is

FIG 1. GPCRs and their associated G proteins involved in the generation of allergic responses throughout
the respiratory tract. Shown are 3 areas involved in the pathogenesis of asthma: airway smooth muscle,
the alveolar submucosa, and the neuromuscular junction. Serpentine receptors that contribute to disease
pathogenesis and the Gα subunits that couple to them are displayed for these anatomic locations as well
as for infiltrating inflammatory cells.
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released and replaced with GTP. GTP-bound Gα is
believed to separate from the receptor and the βγ dimer
and interact with effector systems,5 though there is some
evidence that complete dissociation might not occur.6

Gβγ interacts with specific effector systems independent-
ly of Gα. Termination of G protein–effector interaction
occurs by hydrolysis of GTP to GDP through the intrin-
sic GTPase activity of the α subunit. GDP-bound Gα
then reassociates with the βγ dimer and can be activated
on subsequent receptor stimulation. Multiple cycles of
GTP binding and hydrolysis occur rapidly (within mil-
liseconds) after receptor stimulation, conferring preci-
sion in the response to GPCR agonists.6-8

Cellular responses are determined in part by

the identity of the G protein α subunit

The organization of G protein α subunits is classically
based on the effectors with which they interact as well as
the modifications they elicit (Fig 3). For example, the
Gαs family is named for the fact that it stimulates the
enzyme adenylyl cyclase, whereas Gαi family members
inhibit adenylyl cyclase. Stimulation of phospholipase
Cβ (PLCβ) is the result of Gαq activation. Effector sys-
tems associated with Gα12/13 members include the acti-
vation of guanine nucleotide exchange factors (GEFs) for
the small GTP-binding protein Rho.

G protein effector activation often modifies the con-
centration of a second messenger. For example, activa-
tion of adenylyl cyclase by Gαs results in increased
cyclic adenosine monophosphate (cAMP), whereas acti-
vation of PLCβ by Gαq results in the generation of dia-
cylglycerol (DAG) and inositol tris-phosphate, with sub-
sequent release of Ca++ from the endoplasmic reticulum
(ER).3,9 Stimulation of enzymes can also occur down-
stream of G protein activation. For example, Gαq-

mediated liberation of DAG stimulates protein kinase C
(PKC), whereas Gαs-mediated increases in cAMP acti-
vate protein kinase A (PKA). GPCRs thus transduce sig-
nals by activating G proteins and modifying second mes-
senger concentration and enzyme activity.

ROLE OF G PROTEIN SIGNALING IN AIRWAY

PHYSIOLOGY

Regulation of smooth muscle tone by GPCRs

Contraction of bronchiolar smooth muscle requires an
increase in cytosolic calcium. Increases in intracellular
Ca++ concentration can be mediated by the activation of
GPCRs.10 For example, stimulation of the M3 mus-
carinic receptor with acetylcholine or BLT1/BLT2 recep-
tors with leukotriene B4 (LTB4) activates Gαq. Gαq-
stimulated PLCβ generates IP3, which binds a receptor
on the ER to elicit influx of Ca++ from ER stores into the
cytosol. This increase in Ca++ represents one biochemi-
cal mechanism by which stimulation of GPCRs results in
smooth muscle contraction. Ca++ in smooth muscle cells
binds the protein calmodulin to activate the myosin-
regulatory light chain kinase (MLCK). Phosphorylation
of myosin light chain 20 by MLCK facilitates
actin/myosin interaction and activation of myosin
ATPase, cross-bridge cycling, and muscle contraction.11

The activation of PKC by DAG is an additional result of
Gαq stimulation. Unphosphorylated calponin binds to
and prevents activation of the myosin ATPase. PKC-
dependent calponin phosphorylation prevents calponin
from inhibiting myosin ATPase, suggesting another
mechanism by which activation of Gαq might result in
smooth muscle contraction (Fig 4, A).12 Recently pub-
lished studies have suggested that Gα12 and Gα13 might
also play a role in smooth muscle contraction. Treatment
of rat bronchial smooth muscle with acetylcholine results
in activation of RhoA and Ca++ sensitization.13,14 Rho
activation is induced by Gα12 and Gα13.15 In addition,
increased expression of Gα12, Gα13, and RhoA has
been demonstrated in membrane preparations of
bronchial smooth muscle from antigen-challenged
rats.13,14 These data suggest that the relationship between
G proteins and asthmatic smooth muscle is not limited to
Gαq-mediated smooth muscle contraction and prolifera-
tion but might extend to Gα12 and Gα13 as well.

Conversely, the use of β2 adrenergic receptor agonists
such as albuterol or stimulation of the prostaglandin E2
receptor results in the activation of Gαs, culminating in
smooth muscle relaxation.16 GTP-bound Gαs stimulates
adenylyl cyclase, which catalyzes conversion of ATP to
cAMP. Increased intracellular cAMP activates PKA,
which in turn phosphorylates several proteins, including
MLCK. When MLCK is phosphorylated by PKA, affini-
ty of MLCK for Ca++/calmodulin is decreased, resulting
in diminished MLCK activity and ultimately in a
decrease in smooth muscle contraction. PKA also phos-
phorylates Ca++-dependent K+ channels, resulting in
depolarization and relaxation of smooth muscle, though

FIG 2. The G protein GTPase cycle. A GPCR is associated with a
heterotrimeric G protein consisting of α, β, and γ subunits. In the
inactive state, the Gα subunit binds GDP and is associated with
Gβγ. On agonist (A) binding, the GPCR undergoes a conforma-
tional change that stimulates exchange of GTP for GDP on the Gα
subunit. The α subunit then dissociates from Gβγ, and both Gα
and Gβγ activate separate downstream effectors. The cycle is ter-
minated by the enzymatic activity of Gα, which hydrolyzes GTP to
GDP, releasing inorganic phosphate (Pi). GDP-bound Gα then re-
associates with the Gβγ subunit.



β2 adrenergic receptor stimulation of Ca++-dependent K+

channel activity also occurs independently of PKA17,18

(Fig 4, B). Phosphodiesterase inhibitors such as theo-
phylline also promote smooth muscle relaxation by
directly inhibiting intracellular cAMP metabolism and
thereby increasing PKA activity.19,20

In summary, a G protein signaling dichotomy exists in
relation to the contractile state of pulmonary smooth
muscle in which stimulation of Gαq-mediated pathways
evokes contraction while stimulation of Gαs-mediated
pathways elicits relaxation.

Potential role of GPCR signaling in airway

smooth muscle proliferation

In addition to enhanced bronchial smooth muscle con-
traction in response to diverse stimuli, a common feature
of chronic asthma is hyperplastic/hypertrophic smooth
muscle, which might contribute to airway narrowing and
increased resistance21 and might be mediated by GPCRs.
Thrombin, through its receptor, activates phosphoinosi-
tide 3 (PI3) kinase, which plays a role in smooth muscle
cell proliferation.22 Activation of thrombin or endothelin
receptors results in stimulation of airway smooth muscle
cell growth, perhaps by activation of a mitogen-activated
protein kinase pathway.23 Elevated levels of endothelin-1
have been reported in bronchoalveolar lavage fluid from
asthmatic individuals in comparison with fluid from con-
trol individuals.24 GPCRs might also potentiate smooth
muscle proliferation induced by epidermal growth fac-
tor,25 suggesting that these agents could act in concert to
cause the non-neoplastic growth that occurs in diseases
such as asthma.

Stimulation of β-adrenergic or prostaglandin E2 recep-
tors can arrest human cultured airway smooth muscle cells
in the G1 phase of the cell cycle.26 Other agents that result
in enhanced cAMP levels, such as forskolin, also attenuate
airway smooth muscle cell growth. These findings provide
alternate mechanisms by which activation of Gαq results
in an asthmatic phenotype whereas activation of Gαs
counteracts it. Finally, Gα13 stimulation in smooth muscle
cells or resident alveolar macrophages through proinflam-
matory thrombin or thromboxane receptors might induce
expression of nitric oxide synthase, a suspected mediator
of airway remodeling through the nitric oxide–mediated
generation of oxygen radicals.27,28

Smooth muscle cells might also play a role in the
inflammatory aspect of asthma. Smooth muscle cells can
act as a source of many chemotactic agents, such as GM-
CSF, eotaxin, RANTES, and IL-8.29-32 Stimulation of air-
way smooth muscle cells with IL-1β and TNF-α results in
release of chemokines such as RANTES, eotaxin, IL-8,
and GM-CSF,29,30 which bind Gαi-coupled GPCRs on
eosinophils and neutrophils, recruiting them to the lung.
Other studies demonstrate that Gαs-mediated increases in
cAMP inhibit the release of eotaxin,29-32 RANTES.29 and
GM-CSF29,30 from smooth muscle cells. Thus, regulation
of inflammatory mediator release from smooth muscle
cells represents yet another mechanism by which G pro-
teins impact the asthmatic phenotype. 

“Neurogenic inflammation,” G protein

signaling, and asthma

In the classic neuromuscular junction, acetylcholine is
released from neurons at the synaptic cleft, where it binds

FIG 3. G protein α subunits, their inducers, and their downstream effectors. Heterotrimeric G proteins are
classified by their α subunit, divided into 4 subtypes. Gαs, which is activated by receptors for such ligands
as albuterol and histamine (H2), stimulates adenylyl cyclase activity, resulting in smooth muscle relaxation
and inhibition of lymphocyte proliferation. Gαi, which inhibits adenylyl cyclase, is activated by receptors
for most chemokines. Gαq activation results from stimulation of leukotriene (CLT1/CLT2, BLT1/BLT2), M3
muscarinic, and histamine (H1) receptors, causing phospholipase Cβ activation. The Gα12/13 family of G
proteins is stimulated by receptors for lysophosphatidic acid and thrombin, resulting in actin polymeriza-
tion and induction of early response gene transcription.
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M3 muscarinic receptors on the surface of smooth muscle
cells to elicit contraction through Gαq activation. Howev-
er, acetylcholine binding to Gαi coupled M2 receptors on
the surface of the postganglionic parasympathetic nerves
acts in a feedback inhibitory loop.33 Thus, by blocking
acetylcholine release from neurons, Gαi diminishes
smooth muscle contraction.

Not only are neuron-derived GPCR ligands able to
elicit effects on smooth muscle cells; they can enhance
inflammation as well. For example, neurons secrete
tachykinins such as substance P, an agonist of the neu-
rokinin (NK) family of GPCRs. Stimulation of NK recep-
tors causes mast cell degranulation, enhanced phagocyto-
sis by macrophages, and eosinophil and neutrophil

FIG 4. A, Signaling events associated with smooth muscle relaxation. Smooth muscle relaxation can be
evoked on stimulation of a Gαs-coupled receptor—for example, with the β2 adrenergic receptor agonist
albuterol. GTP-bound Gαs stimulates adenylyl cyclase, resulting in the conversion of ATP to cAMP.
Increased cytosolic cAMP levels activate protein kinase A (PKA), which in turn phosphorylates myosin light
chain kinase (decreasing its association with, and therefore activation by, calcium/calmodulin), the IP3
receptor (decreasing the release of calcium from ER), and the calcium-sensitive potassium channel (result-
ing in depolarization and relaxation of the smooth muscle). B, G protein–mediated signaling associated with
smooth muscle contraction. Agonist (methacholine) binding of Gαq-coupled receptors such as the M3 mus-
carinic receptor results in GDP release and GTP binding on the Gαq subunit. GTP-bound Gαq stimulates
phospholipase Cβ, which cleaves phosphoinositol bis-phosphate (PIP2) into inositol-tris phosphate (IP3) and
DAG. IP3 interacts with IP3 receptors on the ER and evokes Ca++ release from ER stores into the cytosol. Lib-
erated Ca++ binds calmodulin, forming a complex (Ca++/calmodulin [CaM]) that activates myosin light chain
kinase (MLCK). Phosphorylation of myosin by MLCK facilitates interaction between actin and myosin and
smooth muscle contraction. In addition, DAG activates protein kinase C (PKC). Calponin phosphorylation by
PKC prevents calponin from inhibiting the myosin ATPase, an alternate mechanism by which Gαq stimula-
tion results in smooth muscle contraction.

A

B



activation.34 Asthmatic individuals exhibit increased air-
way tachykinin and NK receptor levels.35,36 An alternate
role for GPCRs in neuronal stimulation in asthma is that
GPCR agonists, including histamine, serotonin,
prostaglandins, and leukotriene B4, sensitize afferent C
fibers, lowering the threshold for neuropeptide release.37

The only neural bronchodilator mechanism in human
beings is the inhibitory nonadrenergic noncholinergic
(iNANC) nervous system.38 Although members of this
class of GPCR ligands, such as vasoactive intestinal pep-
tide (VIP), have been proposed to relax smooth muscle
and are effective at lower concentrations than β2 adren-
ergic agonists, the role of VIP in asthma is controversial.
Whereas some studies have shown the absence of VIP
receptors in patients with asthma, others demonstrate that
asthmatic individuals exhibit normal receptor expression.
Therefore, the role of VIP and the iNANC pathways in
asthma remains to be determined.16,38

ROLE OF G PROTEINS IN IMMUNE AND

INFLAMMATORY CELLS

Direct effect of G protein signaling on

immune cell activation

A hallmark of allergic processes is the infiltration of
inflammatory cells into tissues after allergen exposure. B
and T lymphocytes, monocytes, neutrophils, mast cells,
and eosinophils can be found in the bronchial submucosa
and bronchoalveolar lavage fluid of patients with asthma
and in nasal secretions from patients with allergic rhini-
tis. G proteins and their receptors have been demonstrat-
ed to play a role in the activation of each of these cell
types and in their directed trafficking.39

Many inflammatory cells respond to G protein–
mediated signals. T lymphocytes express multiple GPCRs
that couple to all 4 G protein classes, including receptors
for the serum factors thromboxane A2, lysophosphatidic
acid,40 and lysophosphatidylcholine,41 which can couple
to Gα13 and induce actin polymerization and both basal
and directed motility. The T-cell receptor ε subunit phys-
ically associates with a G protein of the Gαq class
(Gα11), inducing phospholipase C activation and intra-
cellular Ca++ flux.42 In addition, another member of the
Gαq family, Gα16, is expressed exclusively in
hematopoietic cells43 and is upregulated by T-cell recep-
tor stimulation.44 Expression of dominant negative forms
of either Gα11 or Gα16 in Jurkat T cells blocks T-cell
receptor–stimulated protein tyrosine phosphorylation,
Ca++ flux, and cytokine secretion.45 There is evidence that
G proteins regulate B-lymphocyte activation as well. Both
Gβγ and Gαq directly stimulate the activity of Bruton
tyrosine kinase, a protein that is required for normal B-
cell development and activation.46,47

The direct effects of histamine on immune function
underscore the importance of G protein signaling for
allergic reactions. Histamine, which is secreted at sites of
allergic inflammation by mast cells and eosinophils,
might influence T-cell differentiation and cytokine secre-

tion. Previous studies suggest that H1R stimulation aug-
ments antigen stimulation of T lymphocytes.48 TH1
CD4+ lymphocytes express predominantly H1 receptors,
which are coupled to Gαq, whereas TH2 cells express H2
receptors, coupled to Gαs. Studies of mice lacking either
H1 or H2 receptors suggest a direct antiallergic effect of
secreted histamine in allergic reactions. H1 receptor
stimulation upregulates TH1 responses, whereas both
TH1 function and TH2 function are suppressed by H2
receptor activation.49 It is unclear whether the anti-
inflammatory effect of Gαs on T cells is specific to H2
receptors, because β2AR stimulation of Gαs in T lym-
phocytes does not influence TH2 function (IL-4 produc-
tion).50 A potential mechanism to explain this discrepan-
cy is differential expression or specificity of regulators of
these 2 pathways, such as the GPCR kinases (GRKs),
which are discussed below. Histamine might also modu-
late inflammatory responses in allergic processes such as
atopic rhinitis by affecting chemokine expression. One
recent study found that both histamine and allergen
upregulate chemokine mRNA expression in explant cul-
tures of human nasal mucosa.51

In addition to its role in cell recruitment to inflamma-
tory locations, GPCR signaling might also directly impact
the function of allergic inflammatory cells. For example,
basophils degranulate in response to chemokines, releas-
ing histamine and leukotriene C4.52 Eotaxin, which is the
predominant chemoattractant for eosinophils, markedly
enhances antigen-induced IL-4 production in basophils.53

ATP induces calcium flux in both eosinophils and neu-
trophils.54 Although this effect is believed to be mediated
by the PY2 purinergic receptor expressed in both cell
types, differential sensitivity to pertussis toxin (PTX), an
inhibitor of Gαi/o proteins,3 suggests that the signaling
cascade in each cell might be different. Distinct PY2
receptor subtypes coupled to unique G proteins could
explain this difference. Mast cells release adenosine on
degranulation and express adenosine GPCRs,55 indicating
a potential autocrine mechanism for mast cell regulation.

Leukotrienes are potent chemotactic agents and play a
direct role in the pathogenesis of asthma and allergic rhini-
tis. The cysteinyl leukotrienes C4, D4, and E4 bind 2
closely related receptors, CLT1 and CLT2, expressed on
leukocytes, smooth muscle cells, and macrophages.56 CLT
stimulation induces Ca++ flux through a PTX-resistant G
protein (probably Gαq), resulting in smooth muscle con-
traction and proliferation as well as eosinophil recruitment
and edema in the submucosa of the lung and nose. In con-
trast, leukotriene B4 binds a separate pair of receptors,
BLT1 and BLT2, on neutrophils and macrophages, which
induce chemotaxis, Ca++ flux, and IP3 production through
both Gα16 and Gαi but not Gαq.57-59

Platelet-activating factor (PAF), a phospholipid that
has been implicated in allergy pathogenesis, activates a
GPCR expressed in B lymphocytes, eosinophils, and
platelets and is secreted by eosinophils. PAF induces
eosinophil chemotaxis, degranulation, and generation of
superoxide anion, which depend on Gαi activation inas-
much as these responses are blocked by PTX.60 Further-
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more, degranulation or superoxide anion generation pro-
voked by either IgG receptor or IL-5 stimulation of
eosinophils is also inhibited by PAF antagonists, implying
that cytokine or Fc receptor eosinophil signaling might be
regulated in an autocrine/paracrine manner by PAF. 

In summary, GPCRs not only influence inflammatory
cell function directly through their own signaling path-
ways but might also modulate signaling through antigen
or cytokine receptors, either by causing release of
cytokine ligands or potentially by coupling G proteins or
effectors to the antigen or cytokine receptor or a down-
stream component of their signaling pathways. Such a
paradigm is established in other cell types, such as
fibroblasts and epithelial cells, in which GPCR stimula-
tion results in transactivation of receptor tyrosine kinases
such as the epidermal growth factor receptor, which are
not G protein–linked.61

Role of G proteins in TH1 and TH2

inflammation: Studies of normal and

genetically altered mice

Animal models both in normal and knockout mice
lacking one or more components of G protein signaling
pathways suggest a role for G protein signal transduction
in both TH1 and TH2 inflammation. For example, trans-
genic overexpression of the Gαi/o inhibitor PTX in
murine lymphocytes preserves T-cell activation responses
but results in accumulation of mature thymocytes in the
thymus and underpopulation of secondary lymphoid
organs,62,63 suggesting that a Gαi-coupled signal trans-
duction pathway controls thymocyte emigration. In recent
years, the discovery and characterization of chemokines
has confirmed the importance of Gαi-coupled signaling
for both B- and T-cell migration to and organization with-
in secondary lymphoid compartments. Further control of
inflammatory cell recruitment to sites of inflammation or
lymphoid organs is exerted by differential induction of
chemokines in response to specific allergens or pathogen-
ic stimuli.64,65 For example, the chemokine SDF1α
(CXCL12), which binds the Gαi-coupled receptor
CXCR4 in T lymphocytes, is the most potent known
chemoattractant for these cells. CXCL12 neutralization
by specific antibodies has been shown to reduce lung
inflammation and airway hyperresponsiveness in a mouse
model of allergic airway disease.66 A recent study found
elevated serum levels of several chemokines, such as
RANTES and eotaxin, in the serum of patients with
atopic dermatitis.67 Another chemokine, TARC (thymus
and activation–regulated chemokine) is expressed pre-
dominantly by human dermal epithelial cells. In atopic
dermatitis, the proportion of T lymphocytes expressing
the TARC receptor (CCR4), which are mostly of the TH2
phenotype, is increased in lesional skin, suggesting that
TARC could play a role in the development of TH2-medi-
ated inflammation in this disease.68

Recently published data also suggest that chemokine
signaling might influence T-cell differentiation and
polarization directly. PTX has long been known to pro-

mote TH1 responses, such as experimental allergic
encephalomyelitis.62 Another example of how Gαi sig-
naling might influence T-cell polarization is chemokine
receptor CCR1–deficient mice, which display a shift
toward TH2 T-cell differentiation in response to
pathogens that normally provoke a TH1 phenotype.69

One potential explanation for these abnormalities is
altered polarizing cytokine (eg, IL-12) production by
antigen-presenting cells as stimulation of both Gαi-
coupled (chemokine) and Gαs-coupled (PGE2, β-
adrenergic) receptors on monocytes inhibits IL-12 pro-
duction, a cytokine critical for the differentiation of
CD4+ cells to a TH1 phenotype.70

Consistent with a role for Gαi2 in TH1 cell develop-
ment and inflammatory responses, Gαi2-deficient mice
develop severe inflammatory bowel disease,71,72 which is
associated with increased local production of TH1
cytokines (IL-12, IFN-γ, TNF-α) in the gut.73 In addi-
tion, these mice show an increase in mature thymocytes
in the thymus, similar to what is seen in PTX transgenic
mice. However, unlike PTX transgenic mice, Gαi2 –/–
animals display normal numbers of T cells in the spleen
and lymph nodes. These results suggest that another
PTX-sensitive G protein, such as Gαi3, might be
involved in T-cell homing to these organs. Thus, differ-
ential coupling of chemokine receptors to closely related
G proteins could determine appropriate trafficking to
lymphoid compartments and sites of inflammation.

Deletion of the G protein effector PI3 kinase γ
(PI3Kγ), which is thought to link both Gαi and Gαq
receptor stimulation to gene transcription and cellular
proliferation, illuminates an important role for this mole-
cule in inflammation. Neutrophils from PI3Kγ –/– mice
exhibit aberrant responses to a variety of chemoattrac-
tants, including diminished IP3 production, respiratory
burst, and chemotaxis.74,75 Moreover, PI3Kγ-deficient
neutrophils and macrophages fail to accumulate at sites
of inflammation in a septic peritonitis model. Given that
PI3Kγ is activated in response to both Gαi- and Gαq-
coupled receptor stimulation,76 GPCR signaling could
play a primary role in the attraction of a variety of
immune cells to sites of inflammation.

Finally, mice deficient in Lsc, an effector of Gα12 and
13, reveal a central role for this G protein signaling path-
way in T- and B-cell function.40 Lsc contains a Dbl-
homology domain, which stimulates GTP binding by the
small G protein Rho, and Rho plays a central role in reor-
ganization of the actin cytoskeleton.15 Lsc also contains
a “RhoGEF-RGS (rgRGS)” domain, which confers the
ability to act as a GTPase activating protein (GAP) on
Gα12 and Gα13 (see below). Through its GAP activity,
Lsc might negatively regulate signaling mediated by
these G proteins. Lsc-deficient lymphocytes demonstrate
dramatically reduced motility in response to lysophos-
phatidic acid or thromboxane, agonists that stimulate
Gα13-coupled receptors, but exhibit normal responses to
chemokine stimulation. In addition, Lsc –/– mice demon-
strate dysregulated trafficking of T lymphocytes to sec-
ondary lymphoid organs and, in particular, an absence of



marginal zone B cells in the spleen. Thus, Gα12 and
Gα13 likely play a role in the motility and homing of
both T and B lymphocytes.

REGULATION OF POST–RECEPTOR G

PROTEIN SIGNALING: A POTENTIAL NEW

TARGET OF ANTIALLERGY THERAPY

The pharmaceutical industry has made tremendous
progress in the treatment of allergic disease with GPCR
agonists and antagonists such as β agonists. However,
these therapies are not without drawbacks. For example,
long-term usage of β2 adrenergic receptor agonists
might result in a downregulation of both receptor and
Gαs protein, leading to a decreased efficacy of the
drug.77 Pathologic inflammatory responses in the
absence of normal GPCR signaling (as revealed by stud-
ies of knockout mice) suggest that therapeutic agents
targeting the G protein signaling cascade downstream of
the GPCR warrant further study. In addition, the cell has
developed its own physiologic mechanisms to prevent
naturally occurring, chronically enhanced signaling,
including the regulators of G protein signaling (RGS
proteins) and GRKs.

RGS proteins

Endogenous regulation of GPCR cascades has recent-
ly been elucidated with the discovery of the RGS protein
family. There are more than 20 members of the RGS
family in mammals; there are also members in yeast,
Drosophila, and other organisms.78 The putative function
of RGS proteins is to attenuate G protein signals. This
inhibition is accomplished by 2 distinct mechanisms.
First, RGS proteins bind to Gα subunits of the Gαi, Gαq,
and Gαs classes and stabilize a conformation that favors
GTP hydrolysis (Fig 5).8,79-81 Therefore, the duration of
interaction of GTP-bound Gα with its effectors is short-
er in the presence of an RGS protein than it is in an RGS-

free environment. The ability to increase the rate of GTP
hydrolysis is termed GAP activity. Hastened hydrolysis
of Gα-GTP results in a more rapid production of Gα-
GDP, which rebinds Gβγ. Therefore, GAP activity short-
ens not only the activation half-life of Gα but that of Gβγ
as well. The second mechanism by which RGS proteins
attenuate G protein–mediated signal transduction is
effector antagonism. That is, some RGS proteins block
the ability of G proteins to interact with effector mole-
cules, independently of GAP activity.82

There is preliminary evidence that RGS proteins might
regulate the function of immune and inflammatory cells.
RGS1 and RGS3 are expressed in monocytes and B cells,
whereas RGS2, RGS3, RGS14, and RGS16 are expressed
in T lymphocytes.83-88 Overexpression of RGS1 or RGS3
but not RGS2 impairs chemotaxis in response to several
chemokines in the B-cell line 2PK3.88 Various GPCR
stimuli, such as PAF, upregulate RGS1 protein levels in B
lymphocytes; RGS1, in turn, inhibits PAF-induced mito-
gen-activated protein kinase activation in B lymphocytes
when stably overexpressed.83 These data suggest that in
some cases RGSs might be induced by G protein signals
in a feedback loop to “desensitize” the receptor after sus-
tained agonist stimulation. Furthermore, antigen receptor
stimulation of B cells induces expression of RGS1 and
RGS3 while downregulating RGS2.88 Similarly, IL-2
evokes RGS16 expression while decreasing RGS2 mRNA
in T lymphocytes.89 Thus, regulation of RGS protein
expression might represent another intersection between
signaling mediated by cytokines or immune receptors and
heterotrimeric G proteins. Although the physiologic role
of RGS proteins is uncertain, preliminary observations of
RGS2 knockout mice provide evidence of their impor-
tance in inflammatory cell function. RGS2 –/– mice
demonstrate impaired T-cell proliferation and IL-2 pro-
duction after T-cell receptor stimulation as well as defec-
tive antiviral immunity in vivo.90 However, the biochemi-
cal basis for these abnormalities remains to be determined.

FIG 5. A, RGS proteins are GTPase-activating proteins for Gα subunits. RGSs bind activated Gα and
enhance the intrinsic GTPase activity of the α subunit. The lifetime of active Gα is thus shortened, decreas-
ing downstream effector stimulation. B, GRKs promote “homologous” receptor desensitization by phos-
phorylating only active (agonist-bound) receptors. The phosphorylated receptor recruits a second protein,
β-arrestin, which in turn assists in clathrin-mediated endocytosis of the receptor. (Figure adapted with per-
mission from: Nature Reviews Neuroscience 2001;2:728. Copyright 2001 Macmillan Magazines Ltd.)
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Although it is in its infancy, the characterization of
RGS proteins could reveal a potential target for thera-
peutic intervention in asthma. For instance, if a drug
mimicked RGS protein inhibition of Gαq in specific
pathways, airway smooth muscle cell contraction would
theoretically be attenuated. Similarly, if an RGS protein
possessing GAP activity toward Gαi were introduced
into inflammatory cells, migration of these cells to
inflammatory sites might be diminished. 

GRKS

A second mode of GPCR downregulation exists in the
form of GRKs. Seven GRKs have been cloned thus far,
including GRK2 and GRK3, which are expressed in lym-
phocytes. These molecules mediate “homologous”
desensitization of GPCRs, inasmuch as only agonist-
bound receptors are substrates for GRK phosphoryla-
tion.91,92 In contrast, “heterologous” desensitization of
GPCRs can be mediated by kinases such as PKA, which
might be induced by a variety of signals. GRK phospho-
rylation of the receptor recruits an additional molecule,
termed β-arrestin. Arrestin recruits the receptor to
clathrin-coated pits, leading to dynamin-dependent inter-
nalization of the receptor to endosomes.

GRKs have been implicated in the pathogenesis of
inflammation. GRK5 knockout mice demonstrate
enhanced responsiveness to muscarinic receptor stimula-
tion.92 β-arrestin 2 knockout mice fail to develop toler-
ance to repeated doses of morphine, the agonist of the µ-
opioid GPCR, and because the related protein β-arrestin 1
regulates β2AR, one can extrapolate a role for β-arrestin
1 in the tolerance to chronic exposure to β-agonists.
Another study demonstrated decreased levels of GRK2
and GRK3 in lymphocytes extracted from synovial fluid
of patients with rheumatoid arthritis.93 If chemokine
receptors expressed in rheumatoid arthritis lymphocytes
are supersensitive to stimulation, this G protein signaling
abnormality could contribute to enhanced recruitment of
inflammatory cells to the synovium.

CONCLUSION

In summary, the importance of GPCR signaling for
airway smooth muscle contraction in asthma and for
inflammation associated with allergic diseases such as
rhinitis and atopic dermatitis has long been recognized.
More recently, the characterization of signaling pathways
evoked by chemokines has led to the discovery of new
roles for GPCRs in the activation and differentiation of
immune effector cells and in the recruitment of these
cells to sites of inflammation. With few exceptions, phar-
macologic treatment of allergic disease targeting G pro-
tein signaling has been limited primarily to specific stim-
ulation or inhibition of GPCRs. However, to date, G
protein signaling events subsequent to receptor activation
in the pathogenesis of allergic/TH2 inflammation have
not been well studied. The discovery of physiologic reg-
ulators of G protein signaling, the RGS proteins and
GRKs, suggests that further investigations of these cas-

cades is warranted, inasmuch as they might lead to iden-
tification of compounds that modulate responsiveness of
G protein signaling pathways beyond the level of the
receptor. Such novel therapeutic agents could be more
specific and cause fewer side effects.
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