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Abbreviations used

AHR: Airway hyperresponsiveness

ASM: Airway smooth muscle

BALF: Bronchoalveolar lavage fluid

DAPI: 49-6-Diamidino-2-phenylindole dihydrochloride

ERK: Extracellular signal-regulated kinase

GPCR: G protein–coupled receptor

hASM: Human airway smooth muscle

MLC: Myosin light chain

mtASM: Mouse tracheal airway smooth muscle

PCLS: Precision-cut lung slice

PI3K: Phosphoinositide 3-kinase

PLCb: Phospholipase Cb

RGS: Regulator of G protein signaling

RL: Lung resistance

TLR: Toll-like receptor

WT: Wild-type
Background: Although eosinophilic inflammation typifies
allergic asthma, it is not a prerequisite for airway
hyperresponsiveness (AHR), suggesting that underlying
abnormalities in structural cells, such as airway smooth muscle
(ASM), contribute to the asthmatic diathesis. Dysregulation of
procontractile G protein–coupled receptor (GPCR) signaling in
ASM could mediate enhanced contractility.
Objective: We explored the role of a regulator of procontractile
GPCR signaling, regulator of G protein signaling 5 (RGS5), in
unprovoked and allergen-induced AHR.
Methods: We evaluated GPCR-evoked Ca21 signaling,
precision-cut lung slice (PCLS) contraction, and lung
inflammation in naive and Aspergillus fumigatus–challenged
wild-type and Rgs52/2 mice. We analyzed lung resistance and
dynamic compliance in live anesthetized mice using invasive
plethysmography.
Results: Loss of RGS5 promoted constitutive AHR because of
enhanced GPCR-induced Ca21 mobilization in ASM. PCLSs
from naive Rgs52/2 mice contracted maximally at baseline
independently of allergen challenge. RGS5 deficiency had little
effect on the parameters of allergic inflammation, including cell
counts in bronchoalveolar lavage fluid, mucin production, ASM
mass, and subepithelial collagen deposition. Unexpectedly,
induced IL-13 and IL-33 levels were much lower in challenged
lungs from Rgs52/2 mice relative to those seen in wild-type
mice.
Conclusion: Loss of RGS5 confers spontaneous AHR in mice in
the absence of allergic inflammation. Because it is selectively
expressed in ASM within the lung and does not promote
inflammation, RGS5 might be a therapeutic target for asthma.
(J Allergy Clin Immunol 2014;nnn:nnn-nnn.)
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Asthma is characterized by airway hyperresponsiveness
(AHR) and infiltration of inflammatory leukocytes in the lung,
which are typically associated with allergen exposure.1 Airway
smooth muscle (ASM) contraction is triggered primarily by
spasmogens activating Gaq-linked G protein–coupled receptors
(GPCRs), including the M3 muscarinic, cysteinyl leukotriene,
thrombin, histamine H1, and bradykinin receptors,2 and levels
of ligands for many of these GPCRs are increased in the lungs
of allergic asthmatic patients. Exaggerated bronchoconstriction
to the muscarinic receptor 3 agonist methacholine characterizes
asthma.3 GPCR activation induces guanosine triphosphate bind-
ing to Gaq, which activates phospholipase Cb (PLCb), evoking
inositol trisphosphate formation, release of Ca21 into the cytosol,
cross-bridging of the actomyosin complex, and ASM shortening.

Recent work suggests that ASM-intrinsic mechanisms also
contribute to AHR independently of inflammation. Mice deficient
in the integrin a9b1 had baseline AHR, and tracheal smooth
muscle from these mice exhibited increased force generation
ex vivo.4 Mice lacking a receptor tyrosine phosphatase, CD148,
had reduced baseline pulmonary resistance and were protected
from allergen-induced AHR.5 Underlying dysregulation of
ASM procontractile signaling pathways could partially explain
the poor efficacy of specific antagonists of individual
contraction-inducing receptors in asthmatic patients.6

GPCR function is controlled in part by the regulator of G
protein signaling (RGS) family, which accelerate the intrinsic
GTPase activity of Ga subunits to attenuate the downstream
signaling pathway.7 RGS2 was downregulated in PBMCs and
lungs of asthmatic patients and in lungs of allergen-challenged
mice,8 and Rgs22/2 mice had spontaneous AHR. However,
because RGS2 is widely expressed in many lung constituent cells,
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including epithelial and ASM cells, the attractiveness of an
RGS2-specific therapeutic target for asthma is uncertain.

We found previously that expression of a closely related
isoform, RGS5, is restricted to a subset of smooth muscle cells
in both human subjects and mice.9 Exposure of cultured human
airway smooth muscle (hASM) to b-adrenergic agonists, a stan-
dard bronchodilator therapy used for asthma, reduced RGS5
expression and intensified excitation-contraction responses to
GPCR agonists.10 In a recent study a single nucleotide polymor-
phism in RGS5 correlated with clinical response to b-agonists in
asthmatic children.11 Here we investigated the effects of
RGS5 deficiency on both inflammation and AHR in vivo by
using Rgs52/2 mice. These mice had both spontaneous and
inflammation-associated AHR independent of the degree of
inflammation or changes in ASM mass. AHR was principally
due to increased ASM excitation-contraction responses to
GPCR ligands. These results warrant further investigation into
the suitability of RGS5 as a drug target for AHR.
METHODS
For complete description of themethods used in this study, see theMethods

section in this article’s Online Repository at www.jacionline.org.
RESULTS

RGS5 inhibits GPCR-induced excitation-contraction

signaling in mouse ASM
RGS5 overexpression reduced carbachol-elicited bronchocon-

striction of human precision-cut lung slices (PCLSs) ex vivo,9

whereas PCLSs from Rgs52/2 C57Bl/6 mice bronchoconstricted
more to carbachol.10 To determine whether augmented
excitation-contraction signaling in ASM from RGS5-deficient
mice contributed to their increased responsiveness, we examined
GPCR-evoked signaling in mouse tracheal airway smooth muscle
(mtASM) cultures from wild-type (WT) and Rgs52/2 mice.
These cells had similar morphology, growth, and smooth muscle
a-actin content (see Fig E1, A, in this article’s Online Repository
at www.jacionline.org and data not shown). Expression of several
procontractile GPCRs (see Fig E1, B) and downstream signaling
components, including PLCb, Gaq, Gai1/2, Gai3, myosin light
chain (MLC), smooth muscle a-actin, and b-arrestin 1/2 (see
Fig E1,C), was similar inWTand RGS5-deficient mtASM. Com-
parison of Rgs expression in mtASM fromWTand Rgs52/2mice
revealed that Rgs1 and Rgs3were not present, and there was little
difference inRgs2 expression (see Fig E2,A andB, in this article’s
Online Repository at www.jacionline.org). Although Rgs4
mRNA expression was increased 3- to 4-fold in mtASM and
whole lungs of naive Rgs52/2 mice (see Fig E2, A and B), it
was decreased in lungs of allergen-challenged RGS5-deficient
mice compared with expression seen in lungs of challenged WT
mice (see Fig E2, C). Published studies have noted marked disso-
ciation between RGS4 mRNA and protein levels because of post-
transcriptional regulation.12,13 Accordingly, RGS4 protein
amounts were nearly identical in mtASM cells from WT and
Rgs52/2 mice (see Fig E2, D). These results indicate that tran-
scriptional upregulation of Rgs4 in mtASM and lungs of naive
mice is unlikely to have an effect on AHR in allergen-
challenged Rgs52/2 mice.

To evaluate excitation-contraction signaling pathways in
RGS5-deficient ASM, we treated mtASM cells with various
procontractile agonists and measured cytosolic Ca21 concentra-
tions by using fluorimetry. Acetylcholine (Fig 1, A) and bradyki-
nin (Fig 1, B) elicited significantly more Ca21 flux in mtASM
from Rgs5 knockout mice than from WT mice, particularly at
the highest agonist concentrations. In contrast, exposure of WT
or RGS5-deficient mtASM to serotonin (Fig 1, C), thrombin
(Fig 1, D), thapsigargin, or ionomycin (Fig 1, E) induced
comparable Ca21 responses. These experiments suggested that
RGS5 inhibits Ca21 signaling induced by some but not all
procontractile GPCRs inmtASM and that such differences cannot
be attributed to alterations in cellular Ca21 stores or Ca21 channel
activity.

We next examined events downstream of Ca21 that promote
contraction. Because we could not detect robust agonist-
induced MLC phosphorylation in these cells, we measured extra-
cellular signal-regulated kinase (Erk) activation as a surrogate for
engagement of the contractile apparatus because Erk1/2 regulates
MLC kinase activity and induces Ca21-independent MLC phos-
phorylation.14,15 Surprisingly, we observed similar basal,
acetylcholine-induced, or bradykinin-induced Erk phosphoryla-
tion in mtASM cells pooled from WTor Rgs52/2 mice by means
of immunoblotting (see Fig E3 in this article’s Online Repository
at www.jacionline.org). Because RGS5 is expressed in a subpop-
ulation of ASM cells in both mouse and human lungs,9 we
hypothesized that variable RGS5 expression in WT cells
precluded accurate determination of its role in this signaling
pathway using this method. Instead, we evaluated RGS5 expres-
sion and Erk1/2 phosphorylation in individual cells using quanti-
tative immunofluorescence.16 RGS5 was expressed in the
cytoplasm of some but not all ASM cells (Fig 2, A, and see
Fig E4 in this article’s Online Repository at www.jacionline.
org), and amounts varied 3-fold (Fig 2, C). Acetylcholine-
induced Erk1/2 activation (phosphorylated Erk [pErk] staining)
was significantly more intense in cells from Rgs52/2 mice than
in WT cells expressing RGS5 (Fig 2, A and B). Acetylcholine-
evoked pErk and RGS5 amounts correlated inversely (Fig 2, C).
Thus RGS5 negatively regulates procontractile signaling path-
ways in ASM.
RGS5 regulates lung slice contraction
Lung slices from C57Bl/6 Rgs52/2 mice exhibited constitu-

tively increased contraction in response to muscarinic receptor
agonists.10 To explore these findings in allergen-induced inflam-
mation and to exclude strain-dependent effects, we backcrossed
Rgs52/2 mice to a BALB/c background for 10 generations and
compared and evaluated PCLS contraction. Although the baseline
diameter of the airways was similar in slices from either strain
(Fig 3, A), airways from Rgs52/2 mice bronchoconstricted
more robustly to carbachol (Fig 3, A and B) or acetylcholine
(Fig 3, C) than those from WT mice. RGS5 deficiency primarily
affected the efficacy of these muscarinic receptor ligands: the me-
dian effective concentration for carbachol was similar for each
strain, whereas the Emax differed significantly (WT mice 5
37.66 6 8.665; Rgs52/2 mice 5 63.84 6 7.25, P 5 .0001). To
determine whether the enhanced contraction of PCLSs from
Rgs52/2 mice resulted from intrinsically abnormal signaling
responses to these agonists, we measured Erk1/2 phosphoryla-
tion. Although baseline pErk levels were similar, acetylcholine-
induced pErk levels were higher in PCLSs from Rgs52/2 mice
than in those from WT mice (Fig 3, D).
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FIG 1. RGS5 regulates GPCR-mediated intracellular calcium release. Cytosolic calcium release in mtASM

from WT and Rgs52/2 mice after stimulation with acetylcholine (A), bradykinin (B), serotonin (C), thrombin

(D), ionomycin (1 mmol/L), or thapsigargin (1 mmol/L; E) assessed bymeans of fluorimetry is shown. Relative

fluorescence unit (RFU) values were normalized to the maximal response in Fig 1, A to D. Values are

means 6 SEMs from 3 to 6 independent experiments (in mtASM derived from 10 mice per group) assayed

in triplicate. *P < .04 and **P 5 .004, unpaired t test.
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To investigate mechanisms of RGS5-mediated bronchial
contraction in allergic inflammation, we sensitized and chal-
lenged mice with extracts of Aspergillus fumigatus and measured
PCLS contraction. As expected, airways of allergen-challenged
WT mice contracted significantly more to carbachol than those
from naive mice (Emax in PCLSs from challenged mice 5
75.246 4.73). In contrast, constriction of PCLSs from challenged
Rgs52/2 mice was not only similar to that of naive Rgs52/2 mice
but also nearly equivalent to the responses of PCLSs from
challenged WT mice. These results suggest that airways from
mice lacking RGS5 respond maximally to muscarinic receptor
stimulation at baseline. In other words, these mice have
constitutive AHR that is dissociated from allergen-induced
inflammation.
RGS5 modulates the lung cytokine environment of

allergen-challenged mice
An alternate mechanism for the equivalent contraction of

PCLSs from allergen-challenged WT and RGS5-deficient mice
could be reduced inflammation in Rgs52/2 mice. However, pa-
rameters of lung inflammation after sensitization and challenge
with A fumigatus, including total leukocyte numbers (see Fig
E5, A, in this article’s Online Repository at www.jacionline.org)
and composition (see Fig E5, B) in bronchoalveolar lavage fluid
(BALF), peribronchial and perivascular inflammation (see
Fig E5, C), ASM mass (see Fig E5, D), goblet cell metaplasia
(see Fig E6, A, in this article’s Online Repository at www.
jacionline.org), and collagen deposition (see Fig E6, B) were
similar in naive and A fumigatus–challenged WT and Rgs52/2

mice. Levels of allergen-associated inflammatory cytokines,
including IL-4 and IL-5, were similar in BALF from WT and
Rgs52/2mice in the presence or absence ofA fumigatus challenge
(Fig 4, A and B). Surprisingly, however, IL-13 levels were nearly
3-fold lower in BALF from allergen-challenged Rgs52/2 mice
compared with those seen in WT mice (Fig 4, C). Although
Il13 mRNA expression increased 10.5-fold in WT lungs after A
fumigatus challenge relative to that seen in naivemice, Il13 induc-
tion was reduced by more than 40% in Rgs52/2mice (P5 .0017;
Fig 4, D).
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FIG 2. GPCR-induced Erk activation correlates inversely with RGS5 expression in mtASM. A, Cells were

serum starved for 48 hours and stimulated with acetylcholine (ACh; 10 mmol/L) for 30 minutes. Cells

were immunostained, and indicated nuclei were stained with DAPI (original magnification 363; scale

bar 5 10 mm). B, Mean fluorescence intensity (MFI) of pErk/b-actin (RGS51 cells only; mean 6 SEM of 30-

40 cells per group). ****P < .0001. C,MFI of pErk/b-actin staining in a range of WT mtASM cells was plotted

against the MFI of RGS5 (43 cells).
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IL-33 is a major inducer of Il13 expression in murine models of
asthma.17,18 Both human and mouse ASM produce IL-33,19 and
Il33 expression is increased in ASM from patients with severe
asthma.20 We detected a 2.6-fold increase in Il33 expression in
whole lungs of WT A fumigatus–challenged mice compared
with that seen in PBS-treated mice (Fig 4, E), whereas upregula-
tion of Il33 was reduced by 33% in similarly treated Rgs52/2

mice (P < .0001). Recent work indicates that Aspergillus species
components induce proinflammatory cytokine expression
through Toll-like receptor (TLR) stimulation.21,22

Accordingly, LPS (a TLR4 agonist) induced robust Il33 expres-
sion in human or mouse ASM (Fig 4, F andH). TLR-evoked cyto-
kine expression is mediated in part by phosphoinositide 3-kinase
(PI3K) signaling,23 andRGSproteins can both positively and nega-
tively regulate PI3K through their interaction with its p85 regulato-
ry subunit.24-26 Consistent with the hypothesis that TLR-evoked
Il33 expression in ASM is PI3K dependent, LPS elicited Akt phos-
phorylation in human or mouse ASM (Fig 4, G, and data not
shown), and the PI3K inhibitor LY294002 strongly reduced LPS-
evoked Il33 expression (Fig 4, F). LPS induced significantly less
Il33 expression in mtASM from Rgs52/2 mice than from WT
mice (Fig 4, F). Surprisingly, overexpression of RGS5 in hASM
cells by transduction with tat-RGS5-GFP (see Fig E7 in this arti-
cle’s Online Repository at www.jacionline.org) also inhibited
LPS-induced Il33 expression compared with that seen in untreated
cells or those transduced with tat-GFP alone (Fig 4, H). IL-33 in-
duction in epithelial cells was also decreased in lungs of Rgs52/2

mice relative to WT mice after A fumigatus challenge (see Fig E8
in this article’s Online Repository at www.jacionline.org). Taken
together, these results indicate thatRGS5 levelsmarkedly influence
lung IL-33 expression in the context of allergic inflammation.
RGS5 deficiency evokes allergen-independent AHR
To examine how the loss of RGS5 affects pulmonary function

in vivo, we measured total lung resistance (RL) on naive anesthe-
tized mice and after methacholine inhalation. Although RL and
dynamic compliance were similar in untreated WT and Rgs52/2

mice before methacholine treatment, Rgs5 gene deletion resulted
in substantially increased resistance (Fig 5, A) and reduced dy-
namic compliance (Fig 5, B) in response to a range of methacho-
line concentrations. We also examined the effects of RGS5
deficiency on A fumigatus–induced AHR and found little differ-
ence between responses to A fumigatus in WT and Rgs52/2

mice (data not shown). These results indicate that the loss of
RGS5 evoked spontaneous AHR in untreated mice.

To evaluate the effect of reduced lung IL-13 concentrations on
AHR in allergen-challengedRgs52/2mice, wemeasured RL after
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FIG 3. RGS5 regulates PCLS contraction independently of allergen challenge. A-C, WT and Rgs52/2 mice

were sensitized and challenged with PBS or A fumigatus, followed by measurement of PCLS contraction

induced by carbachol (CCh; Fig 3, A and B) or acetylcholine (ACh; Fig 3, C). Arrows show contracting

airways. V, Vessel. Graphs show percentage contraction (mean 6 SEM from 4 mice [25-50 airways in total]

per group). **P 5 .004 and ****P < .0001. n.s., Not significant. D, Mouse PCLSs prepared from WT or

Rgs52/2 mice were serum starved for 48 hours and left untreated (0 minutes) or stimulated with acetylcho-

line (ACh; 10 mmol/L) for the indicated times, followed by immunoblotting of lysates with the indicated

antibodies.
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intratracheal IL-13 instillation. IL-13 did not induce significant
changes in inflammatory cell composition in BALF (see Fig E9
in this article’s Online Repository at www.jacionline.org) but
did enhance methacholine-evoked RL compared with saline
alone, particularly at the highest methacholine concentration
(RL saline vs IL-13 in WT mice 5 5.16 6 1.3 cm H2O$s$mL
vs 11.62 6 3.5 [P < .0001]; RL saline vs IL-13 in Rgs52/2

mice 5 7.3 6 1.5 vs 15.29 6 3.9 [P < .0001 for either strain]).
However, there was no significant difference between
IL-13–treatedWTand Rgs52/2mice in response to methacholine
(Fig 5,C). These results indicate that lung structural cells respond
to IL-13, as expected in the absence of RGS5.
DISCUSSION
This study supports a role for RGS5 in the pathophysiology of

asthma. Depletion of RGS5 in mice augments GPCR-triggered
Ca21 signaling, promoting spontaneously increased RL and exag-
gerated airway contraction after methacholine challenge. Some
parameters of allergen-induced inflammation (eg, Il13 and Il33
expression) were actually decreased in Rgs52/2 mice relative to
WT, indicating that the loss of RGS5 enhances AHR specifically
by increasing ASM contractility.

Although asthma is considered an inflammatory disease
typified by eosinophilia and TH2 immune responses27,28 and
although inflammation promotes AHR,29 the diagnosis of
asthma can be made in the absence of inflammation. A subset
of asthmatic patients with prominent neutrophilic airway inflam-
mation respond poorly to inhaled corticosteroids,30 suggesting
that intrinsic abnormalities in lung structural cells, including
ASM, underlie disease pathogenesis in some cases. Although
increased expression of proteins of the contractile apparatus
has been previously reported in ASM from asthmatic pa-
tients,31-34 we did not detect differential expression of PLCb,
Gaq, Gai1/2, Gai3, and MLC in mtASM cells from WT and
Rgs52/2 mice, suggesting that AHR resulted from increased ac-
tivity of excitation-contraction signaling pathways. Our study
suggests that dysregulated bronchoconstrictor signaling caused
by abnormal RGS protein expression can contribute to AHR in
asthma independently of the inflammatory response. Similar
uncoupling of airway inflammation and AHR caused by ozone
has also been reported.35
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FIG 4. RGS5 regulates IL-13 production after allergen challenge through IL-33. A-C, BALF cytokine concen-

trations (mean6 SEM of 3-8 mice per group). ***P < .001. n.s., Not significant. D and E, Il13 (Fig 4, D) or Il33

(Fig 4, E) expression in lungs from naive and A fumigatus–challenged WT and Rgs52/2 mice determined by

means of quantitative PCR. F, LPS-induced Il33 expression in mtASM cells. G, LPS-induced Akt phosphor-

ylation in hASM cells (representative of 3 independent experiments). H, LPS-evoked Il33 expression in

hASM cells left untreated (NT) or transduced with tat-GFP or tat-RGS5-GFP. Results in Fig 4, D through

F and H, are represented as the fold increase relative to that seen in naive or untreated control animals

and set as 1 (mean6 SEM of 3-8 mice per group [Fig 4, D-E]). Results are from 2 to 3 experiments using cells

pooled from 7 mice of each genotype (Fig 4, F) or 2 experiments assayed in triplicate (Fig 4, H). **P < .004,

***P 5 .0004, and ****P < .0001, 1-way ANOVA.
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RGS5 did not affect bronchoconstrictor-induced signaling
universally; in fact, RGS5 deficiency augmented Ca21 responses
to acetylcholine and bradykinin but had little effect on those to
thrombin and serotonin in mtASM. PCLSs from Rgs52/2 mice
contracted more than those from WT mice after application of
the muscarinic receptor ligands acetylcholine and carbachol;
however, the poor contractile response of mouse PCLSs to ago-
nists other than acetylcholine/carbachol, including bradykinin,9

precluded a more thorough assessment of the regulation of pro-
contractile receptors by RGS5 ex vivo. Receptor- or cell type–
specific features of RGS proteins could account for this pheno-
type. A published report demonstrated that RGS5 diminished
angiotensin II type 1A but not carbachol-mediated mitogen-
activated protein kinase activation in rat aortic smooth muscle
cells.36 Second, thrombin receptor (PAR1) and some receptors
for serotonin might induce Ca21 flux through activation of both
Gaq and Ga12/13.

37,38 Because RGS5 regulates Gaq but not
Ga12/13, the overall responses to these agonists might be mini-
mally affected by the loss of RGS5. Third, RGS5 expression is un-
equally distributed among ASM cells in mice and human



FIG 5. Rgs52/2 mice have spontaneous AHR. A and B, RL (Fig 5, A) and dynamic compliance (Fig 5, B) in

response to increasing doses of aerosolized methacholine (MCh) in naive BALB/c WT and Rgs52/2 mice

(mean6SEM of 4mice per group). *P < .05 and ***P < .001. C, RL in naivemice after intratracheal instillation

of recombinant IL-13 (n 5 4 mice per genotype).
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subjects,9 which was confirmed in this study. Future work might
allow more precise comparison of responses to other procontrac-
tile agonists in WT and RGS5-deficient cells through single-cell
analysis.

Surprisingly, we did not detect increased contraction of lung
slices from A fumigatus–challenged Rgs52/2 mice compared
with those from WT mice. Although PCLSs from Rgs52/2

mice might be maximally responsive to carbachol at baseline,
our results suggest that RGS5 also regulates production of
IL-13, which augments ASM contractility downstream of GPCRs
by upregulating expression of RhoA and RhoA kinase.39,40 The
equivalent responses of WT and Rgs52/2 mice to inhaled IL-13
also indicate that RGS5 principally controls GPCR-mediated
airway constriction. Moreover, reduced IL-13 quantities in lungs
of A fumigatus–challenged Rgs52/2 mice might mitigate the
AHR induced by allergen exposure.

Innate lymphoid type 2 cells appear to be the main source of
lung IL-13, and epithelium- and ASM-derived IL-33 is a prom-
inent inducer of IL-13 expression in innate lymphoid type 2
cells.17,19 Il33 expression in A fumigatus–challenged lungs from
Rgs52/2 mice was significantly less than that seen in control an-
imals, suggesting that RGS5 regulates Il13 expression indirectly
through IL-33. Because RGS5 overexpression also inhibited
LPS-induced Il33 expression in ASM, however, it might control
this response in a complexmanner (Fig 4, F-H). Published studies
have indicated that PI3K both positively23 and negatively41 mod-
ulates LPS-induced proinflammatory cytokine expression, and
that RGS proteins might enhance or inhibit PI3K activation
in various contexts.24-26 In addition, recent work has demon-
strated that TLR-induced cytokine production is inversely related
to Gai2 activity,42,43 which is profoundly affected by RGS5
levels.
Furthermore, apoptosis and necrosis promote processing,
secretion, and activation of IL-33 protein.44 In a study of mouse
ovarian cancer cells in vivo, RGS5 levels correlated with
increased survival and increased tumor cell necrosis.45 Here we
found that ASM cells devoid of RGS5 have enhanced basal
viability and increased resistance to necrosis-inducing agents
(H2O2) than their WT counterparts (data not shown), suggesting
an additional posttranscriptional mechanism of IL-33 regulation
by RGS5. The cause of reduced IL-33 expression in lung epithe-
lial cells of Rgs52/2mice relative to WTmice (see Fig E8) is less
clear because these cells do not express RGS5. We speculate that
reduced secretion of IL-33–inducing cytokines (eg, TNF-a) by
RGS5-deficient ASM could indirectly attenuate epithelial IL-33
expression.

In contrast to RGS5, RGS2 and RGS4 are highly expressed in
epithelial cells.8,26 In addition to spontaneous AHR, Rgs22/2

mice had increased baseline ASM mass and mucin production.
In separate studies RGS2 inhibited MUC5AC secretion in airway
epithelial cells directly,46 whereas RGS5 did not regulate
ATP-inducedMuc5ac expression in NCI-H292 epithelial cells.47

We found that RGS5 deficiency did not have a substantial effect
on allergen-induced airway remodeling, includingmucus produc-
tion, ASM mass, and subepithelial fibrosis, in mice, all of which
are believed to contribute to AHR in chronic asthma in human
subjects.48,49 The selective modulation of ASM contractility by
RGS5 in the absence of inflammation suggests that it is a drug
candidate for asthma. However, future strategies, including ge-
netic targeting or overexpression of RGS5 specifically in ASM
inmice and studies of RGS5 expression in subpopulations of asth-
matic patients with varying disease characteristics, are needed to
fully elucidate its role in the pathophysiology of this disease and
its feasibility as a therapeutic target.
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Key messages

d RGS5 is selectively expressed in ASM within the lung and
negatively regulates procontractile GPCR signaling.

d Loss of RGS5 promotes baseline AHR in the absence of
allergen exposure.

d Dysregulated GPCR signaling in ASM can underlie asth-
matic endotypes that do not feature prominent
inflammation.
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Mouse strains and asthma model
C57BL/6 Rgs52/2 mice were generated, as described previously,E1 and

backcrossed onto a BALB/c background for 10 generations. Rgs52/2

mice and their WT littermates were used for all experiments. Acute

allergen-induced airway inflammation was established by sensitizing 8- to

10-week-old female mice intraperitoneally with 20 mg of A fumigatus extract

(Hollister-Stier, Spokane, Wash) mixed with 20 mg of Alum (Imject Alum;

Pierce, Rockford, Ill) on days 0 and 14. Mice were challenged intranasally

with PBS (naive) or A fumigatus extract (25 mg, challenged) on days 25, 26,

and 27. Twenty-four hours after the last challenge, mice were killed and

used for experiments. Intratracheal instillation of IL-13 (3 mg in 30 mL of

saline) was performed after ketamine/xylazine (100/20 mg/kg) anesthesia.

All studies were run in accordance with institutional guidelines provided by

the National Institute of Allergy and Infectious Diseases Animal Use and

Care Committee under an approved study (ASP LAD3e).

Reagents and antibodies
Antibodies used in this study were purchased from the following sources:

mouse anti-ERK1/2, rabbit anti-pERK1/2, rabbit anti-Akt, mouse anti-

phosphoAkt (Ser473), rabbit anti-MLC, rabbit anti–b-arrestin 1/2 were all

from Cell Signaling Technology (Danvers, Mass); mouse anti–b-actin, goat

anti–smooth muscle a-actin (for immunoblotting), and mouse anti–smooth

muscle a-actin (for immunofluorescence) were from Sigma (St Louis, Mo);

mouse anti–glyceraldehyde-3-phosphate dehydrogenase and rabbit anti-B2R

were from Abcam (Cambridge, United Kingdom); mouse anti-PLCb was

from BD Biosciences (San Jose, Calif); mouse anti-PAR1 was from R&D

Systems (Minneapolis, Minn); goat anti-AChR was from Santa Cruz

Biotechnology (Santa Cruz, Calif); rabbit anti-5HTR2A was from

antibodiesonline.com; rabbit anti-Gaq/11, rabbit anti-Gai1/2, and rabbit anti-

Gai3 were from EMD Biosciences (San Diego, Calif); rabbit anti-RGS4

was from Millipore (Temecula, Calif); and chicken anti-RGS5 was from

ProSci (Loveland, Colo). Carbachol, acetylcholine, bradykinin, serotonin,

thrombin, ionomycin, thapsigargin, BSA, LPS, and Triton X-100 were pur-

chased from Sigma. LY294002 was purchased from EMD Biosciences.

Invasive measurement of lung function in live

anesthetized mice
RL, dynamic compliance, elastance, tissue damping, tissue elastance, and

airway resistance were recorded.E2 Briefly, mice were anesthetized with an

intraperitoneal injection of a ketamine (100 mg/kg) and xylazine (20

mg/kg) mixture. After anesthesia, a 0.5-cm incision was performed from the

rostral to caudal direction. The flap of the skin was retracted, connective tissue

was dissected away, and the trachea was exposed. The trachea was then can-

nulated between the second and third cartilage rings with a blunt-end stub

adapter and secured with suture. The mouse was connected to the FlexiVent

system (SCIREQ, Montreal, Quebec, Canada), and spontaneous respirations

were terminated with an intramuscular injection of pancuronium bromide

(3 mg/kg). Parameters of mechanical ventilation included a rate of 150

breaths/min and a 0.25-mL tidal volume. The respiratory mechanics were

measured, as previously described. Airway responsiveness wasmeasured after

inhalation of nebulized saline and increasing concentrations of nebulized

methacholine (0, 2.5, 5, 10, 20, 50, and 100 mg/mL).

PCLS preparation and measurement of airway

contraction
Mice were killed by means of isoflurane inhalation and gentle cervical

dislocation. After exposure of the trachea, silk sutures (Havel’s, Cincinnati,

Ohio) were threaded underneath the trachea, and the upper part of the trachea

was nicked with a scalpel. Lungs were inflated with 1 mL of SeaPlaque low-

melting temperature agarose (2% wt/vol in PBS without Ca21 and Mg21;

Lonza, Basel, Switzerland) by using a blunt-ended needle inserted into the

tracheal nick. Agarose was then flushed into the alveolar spaces by using

200 mL room air. Lungs were cooled on ice for 10 minutes to solidify agarose,

followed by excision of the left lobe and embedding inmold-plunger assembly
of the Tissue EmbeddingUnit (AlabamaResearch and Development) contain-

ing 2% agarose for 15 minutes. The hardened samples were transferred to a

Krumdieck Tissue Slicer MD4000 (Alabama Research and Development)

with a plunger, and 200-mm-thick slices were prepared. Slices containing

intact bronchi (diameter, 250-450 mm) were washed several times and incu-

bated overnight in serum-free Ham F-12medium at 378Cwith a 5%CO2 incu-

bator. Slices wereweighed downwith platinumwire–containing nylon threads

(Harvard Apparatus, Holiston, Mass). Images were obtained with a Leica

DMI400 invertedmicroscope (35 objective; Leica,Wetzlar, Germany) equip-

pedwith Retiga2000R camera (QImaging, Surrey, British Columbia, Canada).

The baseline airway area was measured with Image-Pro Plus software (Media

Cybernetics, Rockville, Md). Slices were stimulated with increasing concen-

trations of agonists (1029 to 1024 mol/L), and the airway luminal area was

assessed after stimulation with each agonist concentration for 4 minutes.

Contraction was calculated as a percentage of the baseline luminal area.

Mouse tracheal smooth muscle cell isolation and

immunostaining
NaiveWTandRgs52/2mice (n5 5 in each group)were killed, followed by

excision of tracheas using aseptic conditions. The trachea was separated from

adjacent epithelium and connective tissues, and single-cell suspensions were

preparedwith a papain dissociation kit (WorthingtonBiochemical, Lakewood,

NJ) supplemented with Collagenase D, Dispase II, and DNase I. Cells were

cultured in Ham F-12 medium supplemented with 10% FBS, penicillin, strep-

tomycin, and amphotericin. The purity of mtASM cells was evaluated by

means of immunofluorescence staining with anti–smooth muscle a-actin anti-

body. Cells were seeded on 4-well chamber slides (Lab-Tek, Nunc), washed

with PBS, and fixed in 3.7% paraformaldehyde for 10minutes. Cells were per-

meabilized with 0.3% Triton X-100 for 5 minutes and washed once with PBS.

The Mouse on Mouse basic kit (MOM; Vector Laboratories, Burlingame,

Calif) was used to block Fc receptor binding, followed by incubation with

mouse anti–smooth muscle a-actin, biotinylated anti-mouse IgG, and Texas

red–conjugated streptavidin. 49-6-Diamidino-2-phenylindole dihydrochloride

(DAPI)–counterstained images were obtained with a Leica SP5 confocal

microscope.

hASM preparation and protein transduction
hASM cells were extracted from lungs of healthy donors obtained

postmortem from the National Disease Research Interchange (NDRI;

Philadelphia, Pa), as previously described.E3 Plasmids encoding tat-GFP

and tat-RGS5-GFP were constructed by means of PCR with pEGFP and

pEGFP-RGS5 as templates. tat fusion proteins were prepared essentially as

described previously,E4 and cells were incubated with tat proteins at a final

concentration of 250 nmol/L for 1 to 2 hours before further cell manipulations.

Measurement of intracellular Ca21 mobilization
mtASM cells fromWTand Rgs52/2micewere seeded (23 104 cells/well)

in black clear-bottom 96-well plates (Corning, Corning, NY), allowed to atta-

ch for 48 hours, and serum starved in Ham F-12 medium for 24 hours before

measurement of intracellular Ca21 concentration. Ca21 indicator dye (FLIPR

Calcium 3 Assay; Molecular Devices, Sunnyvale, Calif) was added to each

well, followed by incubation for 1 hour at 378C with 5% CO2. Thapsigargin,

ionomycin, or serial dilutions of GPCR agonists (acetylcholine, bradykinin,

serotonin, or thrombin) were prepared in a separate plate at 53 concentrations

for robotic addition to cells with the FLEXStation II fluorimeter (Molecular

Devices). Relative fluorescence units were measured every 1.5 seconds for a

period of 160 seconds after agonist addition. Results were plotted as the

maximum-minimum signal over this time period, with the minimum signal

defined as the stable baseline value before agonist addition. Data were

normalized to themaximal response and presented as a percentage ofmaximal

Ca21 release.

RNA isolation and quantitative real-time PCR
Total RNA was isolated from mtASM and mouse lungs with the RNeasy

Mini Kit (Qiagen, Hilden, Germany) per themanufacturer’s instructions. Total

http://antibodiesonline.com
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RNA (1 mg) was reverse transcribed into cDNA with SuperScript III First

Strand Synthesis Kit (Invitrogen, Carlsbad, Calif). Quantitative real-time PCR

was performed with TaqMan gene expression assay probes (Life Technolo-

gies). The 20-mL reaction contained 13 TaqMan Universal Master Mix, 1 mL

specific gene or b-actin gene expression assay probe, and 1 mL of cDNA. The

reactions were run for 2 minutes at 508C and 10 minutes at 958C, followed by
40 cycles of 15 seconds at 958C and 1 minute at 608C. Data were analyzed by
using the 22DDCt method.E5,E6 Data represent tissue derived from 4 to 8 mice

or from 4 separate batches of mtASM, each derived from pooled tracheas of 5

to 7WTor 5 Rgs52/2mice and assayed in 2 separate experiments in triplicate.

Immunoblotting
mtASM cells were serum starved for 48 hours, followed by stimulation

with bradykinin, acetylcholine, or LPS 1 mg/mL for indicated times. Lysates

of mtASM or hASM cells were prepared by using radioimmunoprecipitation

lysis buffer supplemented with protease inhibitor and phosphatase inhibitor

cocktails (Roche, Mannheim, Germany). Lysates were centrifuged at 13,000

rpm for 10 minutes at 48C, and supernatants were boiled in sample reducing

buffer at 958C for 10minutes. Primary antibody stainingwas detected by using

near-infrared conjugated secondary antibodies and quantified with the LI-

COROdyssey Imaging System (LI-COR Biosciences). PCLSs prepared from

WTand Rgs52/2 mice were cultured in serum-free Ham F-12 medium for 48

hours. Preparation of lysates fromPCLSswas performed, as previously descri-

bed,E7 with minor modifications. Five slices were stimulated with 200 mL of

acetylcholine (10 mmol/L) in microcentrifuge tubes for the indicated times.

Dry ice-cold acetone containing 20% trichloroacetic acid and 10 mmol/L di-

thiothreitol was added to each tube to stop the stimulation, and samples were

kept at 2208C overnight. PCLSs were sonicated (3 cycles), and lysates were

spun at 13,000g for 10 minutes at 48C. Pellets were washed 2 times with cold

acetone containing 10 mmol/L dithiothreitol, air-dried, and boiled in sample

reducing buffer at 958C for 10 minutes.

Immunofluorescence
mtASM cells derived from WT and Rgs52/2 mice were seeded on 4-well

chamber slides (Lab-Tek, Nunc). Cells were serum starved for 48 hours and

then stimulated with acetylcholine (10 mmol/L) for 30 minutes. Stimulation

was terminated by addition of ice-cold PBS. Cells were then fixed with

3.7% paraformaldehyde for 10 minutes at room temperature and washed

with PBS. Cells were permeabilized with 0.2% Triton X-100 for 10 minutes

and then blocked in 5% BSA for 1 hour at room temperature. Cells were incu-

bated with chicken anti-RGS5 (1:1000), rabbit anti-pERK (1:250), and mouse

anti–b-actin (1:500) antibodies overnight at 48C, followed by staining with

Alexa Fluor 594 goat anti-chicken (1:1000), Alexa Fluor 488 goat anti-

rabbit (1:500), and Alexa Fluor 680 goat anti-mouse (1:500) secondary anti-

bodies. Nuclei were counterstained with DAPI. A minimum of 10 fields

(363 magnification) per condition were evaluated with a Leica SP5

X-WLL confocal microscope. The mean fluorescence intensities of RGS5,

pERK, and b-actin were measured with ImageJ software. hASM cells trans-

duced with tat proteins werewashed with PBS, fixed in 4% paraformaldehyde,

and imaged as above after mounting on glass cover slips with Vectashield plus

DAPI, as above.

BALF cytokine and cell analysis
For cytokine analysis, lungs were perfused with 1.5 mL of ice-cold HBSS,

and lavage fluid was centrifuged at 1500 rpm at 48C for 10minutes. BALFwas

stored at 2808C for cytokine assays. Red blood cells in the pellet were lysed

with ACK lysis buffer. Total cell numbers were determined by using

hemocytometry, and differentials were evaluated by means of light micro-

scopic examination of a Diff-Quick (Siemens)–stained cytospin preparation
(700 cells in a minimum of 15 fields at 340 magnification). Cytokines were

analyzedwith a customizedMilliPlex kit (Millipore) by usingmagnetic beads.

Samples were run in duplicate in a Bio-Plex 200 system with HTF (Bio-Rad

Laboratories, Hercules, Calif).

Lung histologic analysis
Lungs were perfused with 20 mL of ice-cold PBS injected into the left

ventricle, followed by excision and fixation in 10% neutral buffered formalin.

Sections (5 mm) were prepared from paraffin-embedded lungs and stained

with hematoxylin and eosin, periodic acid–Schiff, Masson trichrome, rabbit

anti–smooth muscle a-actin, or anti–IL-33 antibodies. Images were obtained

with a Leica DMI400 light microscope equipped with Retiga2000R camera

(QImaging) and analyzed with QCapture software.

IL-33 immunohistochemistry
Mouse lungs were perfused with 20 mL of ice-cold PBS injected into the

left ventricle, followed by excision and fixation in 10% neutral buffered

formalin. Sections (5mm)were prepared from paraffin-embedded lungs. After

deparaffinization and antigen retrieval, sections were blocked in BSA and

incubated with goat anti–IL-33 antibody (R&D Systems) at a 1:100 dilution

overnight. Sections were then incubated with biotinylated anti-goat antibody

(1:500; Dako, Glostrup, Denmark) for 30 minutes, followed by horseradish

peroxidase–conjugated streptavidin (1:400, Dako) for 30minutes. Slides were

developed with diaminobenzidine mounted with VectaMount (Vector Labo-

ratories) with glass cover slips. Images were obtained with a Leica DMI400

light microscope equipped with Retiga2000R camera (QImaging). Images

were analyzed with Image-Pro Plus software (Media Cybernetics). The

intracellular stained pixels within each section were chosen by using the

‘‘Segmentation’’ tool, and the area of stained pixels in the section was

measured by using the ‘‘Count and Measure Objects’’ tool and normalized to

the total section area.

Statistical analysis
Data are presented asmeans6 SEMs, where applicable, andwere analyzed

by using 1- or 2-way ANOVA or the Student t test with PRISM software

(GraphPad Software, La Jolla, Calif). We considered a P value of less than

.05 to be statistically significant.
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FIG E1. Phenotype ofmtASM fromWT and Rgs52/2mice.A,mtASM cells were stained with smoothmuscle

a-actin antibody (red) and DAPI (nuclei, blue; original magnification 363). Scale bar 5 10 mm. B and

C,Whole-cell lysates of mtASM fromWT and Rgs52/2 mice were immunoblotted with indicated antibodies.

Ab, Antibody; GAPDH, glyceraldehyde-3-phosphate dehydrogenase.
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FIG E2. Expression of RGS family members in lungs and ASM devoid of RGS5. A and B, Expression of Rgs2

and Rgs4 in mtASM (Fig E2, A) or whole lungs (Fig E2, B) from WT and Rgs52/2 mice was determined by

means of quantitative real-time PCR. Data are presented as expression in Rgs52/2 mice relative to WT set

as 1 (mean 6 SEM of 2 independent experiments with 5 mice per genotype [mtASM] or 4 mice per geno-

type). ***P < .0005 and ****P < .0001, paired t test. C, Rgs4 expression in allergen-challenged mice. Mice

were sensitized and challenged with A fumigatus, as per the Methods section. RNA was extracted from

whole lungs 24 hours after the final allergen challenge, and Rgs4 expression was analyzed by using quan-

titative real-time PCR. ****P 5 .00001, t test. D, RGS4 amounts in ASM from WT and Rgs52/2 mice were

determined by means of immunoblotting. The blot is representative of 3 similar experiments using cells

derived from 5 to 7 mice of each genotype. GAPDH, Glyceraldehyde-3-phosphate dehydrogenase.
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FIG E3. GPCR-induced Erk phosphorylation in pooled mtASM cells from WT and Rgs52/2 mice. A, mtASM

were serum starved for 48 hours and left untreated (0 minutes) or stimulated with acetylcholine (ACh; 10

mmol/L) and bradykinin (BK; 10 nmol/L) for 5 and 10 minutes. Whole-cell lysates were immunoblotted

with the indicated antibodies.
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FIG E4. Variable cytosolic RGS5 expression in WT mtASM cells. mtASM

cells from WT mice were fixed and stained with indicated antibodies, as

outlined in the Methods section (red5 RGS5;white5 b-actin; blue5 DAPI;

original magnification 363). Scale bar 5 20 mm.
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FIG E5. RGS5 does not affect lung inflammation in A fumigatus (Af)–challenged mice. A and B, Total cell

counts (Fig E5, A) and differentials (Fig E5, B) were assessed in BALF cytospin preparations. Data are

means 6 SEMs from 3 to 9 mice per group. C, Histology of paraffin-embedded lungs from naive and

A fumigatus–challenged WT and Rgs52/2 mice was evaluated by using hematoxylin and eosin staining.

Images are representative of 3 to 5 mice per group (original magnification 340). Scale bar 5 50 mm.

D, ASM mass was evaluated in naive and A fumigatus–challenged mice by means of immunohistochem-

istry with smooth muscle a-actin antibody (mean 6 SEM from 3-9 mice per group). n.s., Not significant.

*P < .05, 1-way ANOVA, naive versus challenged Rgs52/2 mice (original magnification 340).

Scale bar 5 50 mm.
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FIG E6. RGS5 does not modulate airway remodeling after acute allergen challenge. Naive and A fumigatus

(Af)–challenged WT and Rgs52/2 mice were killed by means of isoflurane anesthesia and immediately

perfused with cold PBS through the left ventricle. Paraffin-embedded lung sections were stained with peri-

odic acid–Schiff (A) or Masson trichrome (B). Images are representative of 3 to 5 mice per group (original

magnification 340). Scale bar 5 50 mm. Goblet cell metaplasia is represented as the percentage of periodic

acid–Schiff–positive cells among total bronchial epithelial cells (Fig E6, A, right panel). Peribronchial

collagen staining (induced trichrome) was quantified by using Image-Pro Plus software and normalized

to the length of the basement membrane. Data are means 6 SEMs of 20 to 40 airways per group.
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FIG E7. Transduction of hASM cells with RGS5 protein. hASM cells were either left untreated or incubated

with tat proteins at a final concentration of 250 nmol/L (tat-GFP or tat-RGS5-GFP) for 2 hours. Nuclei of fixed

cells were stained with DAPI. Images are representative of 2 independent experiments (original

magnification 340). Scale bar 5 50 mm.
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FIG E8. Lung epithelial IL-33 expression after allergen challenge is regulated by RGS5. A, Representative

images of IL-33 immunostaining in lung sections of A fumigatus–challenged WT or Rgs52/2 mice (n 5 4

mice per genotype). B, Fold induction of IL-33 relative to that seen in naive mice (4 mice per genotype)

was assessed by using Image-Pro Plus software (original magnification 310). **P 5 .006, t test. Scale

bar 5 100 mm.
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FIG E9. Inflammatory cell composition in BALF after intratracheal administration of recombinant IL-13. IL-13

(3 mg in 30 mL of saline) or saline alone was administered to mice, followed by bronchoalveolar lavage after

24 hours. Total cell numbers (A) and differential cell counts (B) were determined as in Fig E5.
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