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Proteinase-Activated rreceptor-2 (PAR2), a G-protein–coupled Re-
ceptor, activated by serine proteinases, is reported to have both
protective and proinflammatory effects in the airway. Given these
opposing actions, both inhibitors and activators of PAR2 have been
proposed for treating asthma. PAR2 can signal through two inde-
pendent pathways: a β-arrestin–dependent one that promotes
leukocyte migration, and a G-protein/Ca2+ one that is required
for prostaglandin E2 (PGE2) production and bronchiolar smooth
muscle relaxation. We hypothesized that the proinflammatory
responses to PAR2 activation are mediated by β-arrestins, whereas
the protective effects are not. Using a mouse ovalbumin model for
PAR2-modulated airway inflammation, we observed decreased
leukocyte recruitment, cytokine production, and mucin production
in β-arrestin-2−/− mice. In contrast, PAR2-mediated PGE2 produc-
tion, smooth muscle relaxation, and decreased baseline airway
resistance (measures of putative PAR2 “protective” effects) were
independent of β-arrestin-2. Flow cytometry and cytospins reveal
that lung eosinophil and CD4 T-cell infiltration, and production of
IL-4, IL-6, IL-13, and TNFα, were enhanced in wild-type but not
β-arrestin-2−/− mice. Using the forced oscillation technique to mea-
sure airway resistance reveals that PAR2 activation protects
against airway hyperresponsiveness by an unknown mechanism,
possibly involving smooth muscle relaxation. Our data suggest
that the PAR2-enhanced inflammatory process is β-arrestin-2 de-
pendent, whereas the protective anticonstrictor effect of bronchial
epithelial PAR2 may be β-arrestin independent.

Currently, 300 million people suffer from asthma resulting in
nearly 250,000 asthma-related deaths reported annually,

∼80% occurring in low- and lower-middle–income regions. The
development of new medications that inhibit cellular inflam-
mation may reduce morbidity rates, and attempts to manage this
disease have identified proteinase-activated receptor-2 (PAR2)
as an attractive new target (1). PAR2 is a G-protein–coupled
receptor (GPCR) that is widely expressed in bronchial epithelial
cells, leukocytes, and airway smooth muscle, where it may be
activated by proteinases secreted from invading pathogens, in-
haled proteinases, or by locally released proteinases such as
tissue kallikreins or tryptase (2–5). Serine proteinases activate
PAR2 by cleaving its N terminus, revealing a tethered ligand
(SLIGRL/SLIGKV, human/mouse) that self-activates the re-
ceptor, leading to G-protein coupling and β-arrestin recruitment.
Peptides corresponding to the tethered ligand and peptidomi-
metics such as 2-furoyl-LIGRL-ornithine-NH2 (2fAP) are com-
monly used to activate PAR2, both in cultured cells and in vivo (6, 7).
We previously reported that PAR2 can activate two independent
signaling pathways, one transduced by “classical”G-protein–coupled
signaling and the other by a G-protein–independent, β-arrestin–
mediated signaling pathway (8–12). Although the two signaling
pathways can target common downstream effectors, the outcomes
can be distinct and even opposing. For example, β-arrestins can
scaffold the actin-severing protein, cofilin, with its upstream ac-
tivator (Chronophin) while inhibiting its negative regulator
(LIMK). This scaffold has been identified in fibroblasts, tumor
cells, and primary mouse leukocytes, and is crucial for PAR2-

stimulated chemotaxis. Downstream of the G-protein–coupled
pathway, this same process is inhibited (11, 12).
In keeping with its opposing signals in vitro, studies done in

vivo suggest that PAR2 activation can play diametrically op-
posed roles in allergic asthma. In favor of a proinflammatory
role for PAR2, the recruitment of leukocytes to the lungs in
a murine ovalbumin (OVA) model of allergic inflammatory
airway disease was reduced in PAR2

−/− mice and increased in
PAR2-overexpressing mice (13, 14). The inflammatory response
to OVA is also enhanced by the intranasal administration of
PAR2 peptide agonists in wild-type (WT) mice (15). These
inflammatory responses involve cell migration, leading to the
hypothesis that they are β-arrestin dependent. β-Arrestins are
also required for leukocyte chemotaxis downstream of a num-
ber of other GPCRs, including several chemokine receptors
known to be involved in allergic asthma (11, 12, 16). In favor
of a protective role, administration of PAR2 agonists promotes
prostanoid-induced cytoprotection in rodent and human air-
ways, and bronchoconstriction is elevated in PAR2

−/− mice
(17). Prostaglandin E2 (PGE2) production also inhibits eosin-
ophil migration and degranulation (17, 18). PAR2-induced
PGE2 production uses a Gαq-Ca2+–coupled mechanism that
we hypothesize is independent of β-arrestins (19, 20). Depend-
ing on the balance of PAR2 signals between G-protein– and
β-arrestin–dependent pathways, PAR2 agonists may be capable
of either compounding or curbing allergic asthma. This study
examines the potential role of the β-arrestin signaling path-
way in the proinflammatory and protective actions of PAR2 in
the airway.

Results
PAR2 Induces Cellular Airway Inflammation in WT but Not β-Arrestin-
2−/− Mice. To assess a role for β-arrestin-2 in PAR2-induced
cellular airway inflammation, we used a modification of a pre-
viously described OVA-induced murine model of allergic asthma
(15). Mice were sensitized with an i.p. injection of saline (as
a negative control) or OVA/alum, on days 1 and 6. This was
followed on days 12 and 14 by an intranasal (i.n.) challenge of
saline or OVA plus either a PAR2 agonist (2fAP) or a scrambled
negative control peptide [2-furoyl-OLRIGL-NH2 (CP)]. Optimal
2fAP concentrations were determined by conducting a dose–
response curve (Fig. S1). The mice were killed on day 15,
bronchoalveolar lavage fluid (BALF) and lungs were collected,
and cellular inflammation was assessed (Fig. 1A). In this short-
term model, the response to OVA alone is less pronounced, and
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the additive effect of PAR2 on OVA-induced inflammation is
more evident. Analysis of H&E-stained lung tissue sections
reveals that influx of inflammatory cells into the perivascular and
peribronchial regions from all WT mice treated with OVA (re-
ceiving either CP or 2fAP with the i.n. challenges) was increased
compared with saline controls (Fig. 1B). Lung sections were
scored for characteristics associated with acute and chronic in-
flammation as described in Materials and Methods revealing that
the inflammation index was 1.5-fold greater for OVA+2fAP-
treated WT compared with the OVA+CP-treated mice (Fig.1C).
In contrast, OVA+2fAP treatment was unable to exacerbate
inflammation in β-arrestin-2−/− mice. Although OVA+CP treat-
ment elevated total BALF cells for both WT and β-arrestin-2−/−
mice relative to their respective saline controls, the effect was
significantly less in β-arrestin-2−/− mice, consistent with previous
reports (21). Challenge with OVA+2fAP in WT animals aug-
mented the influx of inflammatory cells (16.6 ± 3.5-fold increase
over saline), but in β-arrestin-2−/− mice, no augmentation of total
cells was observed with 2fAP (Fig. 2A). Differential counts,
performed from cytospin preparations (Fig. S2), revealed chal-
lenge of WT mice with OVA+CP alone increased lung re-
cruitment of both eosinophils (Fig. 2B) and lymphocytes (Fig.
2C) compared with saline controls. Challenge with OVA+2fAP
further increased the numbers of both cell types in the BALF of
WT mice by 3- and 2.5-fold, respectively, over those observed
with OVA+CP. In contrast, the numbers of eosinophils and
lymphocytes recovered from the BALF of β-arrestin-2−/− mice
receiving OVA+CP was significantly lower than those in simi-
larly treated WT mice, and the proinflammatory effect of 2fAP
was not observed in β-arrestin-2−/− mice. In β-arrestin-1−/− mice,
the inflammation induced by OVA alone and the PAR2-stimu-
lated augmentation of inflammation were not significantly dif-
ferent from that of similarly treated WTs, suggesting the
requirement is specific to β-arrestin-2 (Fig. S3). Flow-cytometric
analysis, using forward and side scatter (FSC/SSC) and expres-
sion of cell surface markers CCR3 and CD3 to calculate the
percentage of CD45+ BALF cells that were either eosinophils or
lymphocytes, respectively (Fig. 2 D and E), revealed that BALF
from OVA+CP-treated WT mice contained ∼50% eosinophils
and 9% lymphocytes. In contrast, the inflammatory response to
OVA+CP in β-arrestin-2−/− mice was significantly muted (19%
CCR3+; <5% CD3+). Whereas PAR2 activation by 2fAP ele-
vated BALF levels of both eosinophils (72%) and lymphocytes
(22%) in WT mice, no such effect was observed in similarly
treated β-arrestin-2−/− mice. Similar results were observed in

digested lung tissue (Fig. S4). Lymphocytes, identified by SSC,
were further analyzed for expression of lineage-specific markers
(Fig. 3A). When 2fAP treatment replaces that of CP in the
context of OVA, a significant elevation in BALF CD4+ and
CD8+ cells occurs, but only in WT mice. Consistent with the
other BALF data, OVA+CP treatment has a significantly re-
duced inflammatory effect on β-arrestin-2−/− mice relative to
WTs (Fig. 3B). Both WT and β-arrestin-2−/− mice, challenged
with either OVA+CP or OVA+2fAP, showed a similar increase
in production of OVA-IgE, compared with saline-treated con-
trols (Table 1), suggesting that the differences in cellular in-
flammation observed in β-arrestin-2−/− mice were not due to
their inability to become sensitized to ovalbumin. Measurement
of surface PAR2 levels in the airways of WT and β-arrestin-1 and
-2−/− mice demonstrated that there was no significant difference
in surface receptor levels, suggesting the effect was not due to
decreased PAR2 expression (Fig. S5).
To determine the extent to which 2fAP is able to access cells

expressing PAR2 within the pleural cavity, we examined the la-
beling of airway cells with rhodamine-conjugated 2fAP (Rh-
2fAP) 24 h after i.n. administration. We observed Rh-2fAP-la-
beled cells distributed along both the basement membrane and
apical surface of airway epithelia in WT mice, but not PAR2

−/−,
mice (Fig. S6). These data raise the possibility that PAR2
expressed on leukocytes might mediate their chemotaxis into the
lungs. This hypothesis was further supported by the observation
that the cellular inflammation observed in response to OVA+
2fAP is partially mediated by hematopoietic PAR2. We observed
that OVA+2fAP-induced airway inflammation was reduced after
adoptive transfer of PAR2

−/− bone marrow cells into WTmice (Fig.
S7). Conversely, when WT bone marrow was transplanted into
PAR2

−/− mice and these mice were challenged with OVA+2fAP,
recruitment of immune cells to the lungs was partially restored.

PAR2-Induced Cytokine Production Is Partially Dependent on β-Arrestin-2.
Allergic asthma involves a Th2 response orchestrated by cytokines
and chemokines secreted by epithelial cells, T cells, and other

Fig. 1. PAR2-induced lung inflammation is reduced in β-arrestin-2−/− mice. (A)
Timeline of OVA-induced sensitization and PAR2 challenge in WT and β-arrestin-
2−/−mice (24 per OVA treatment group, 18 per saline treatment group, 128 total
mice). (B) Representative images of H&E-stained frozen lung sections from mice
treated as described in Fig. 1A. (C) Histological inflammation scoring for peri-
bronchial thickness and leukocyte invasion on a scale from 0 to 4 (see SI Materials
and Methods for details; 20 sections from each mouse, four separate experi-
ments, scored double-blinded). +Significant difference between groups (P <
0.01). *All groups differed significantly from saline-treated mice (P < 0.05,
n = 15 for saline, n = 20 for OVA+CP and OVA+2fAP). Statistics in this and all
subsequent figures were determined by ANOVA with Tukey HSD posttests.

Fig. 2. PAR2-induced recruitment of leukocytes to the lungs requires β-arrestin-
2. (A–C) Bar graphs depict cell numbers in BALF: total cells (A), eosinophils (B),
and lymphocytes (C). Numbers from all OVA-treated mice were statistically
different from saline controls except eosinophils in β-arrestin-2−/− treated with
OVA+2fAP. (D) Flow-cytometric determination of the percentage of CD45+ cells
that were lymphocytes, eosinophils, or other cells. Significant differences
between bracketed groups are indicated as follows: +P < 0.05, ++P < 0.01, and ++

+P > 0.001. (E) Representative scatter plots of flow-cytometric analysis of BALF
cells. High FSC/SSC, CD45+ granulocyte populations (G) were analyzed for the
presence of CD11b and CCR3 [eos (E)]. Low SSC, CD45+ lymphocyte (L) pop-
ulations were further analyzed for the presence of the T-lymphocyte marker,
CD3 (L*) (n = 18 for saline, n = 24 each for OVA+CP and OVA+2fAP).
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invading leukocytes. Using a cytometric bead array to assay cyto-
kine levels, we observed increased IL-4, IL-6, IL-13, TNFα, IL-10,
and IL-12p70 levels in OVA+2fAP-challenged compared with
OVA+CP-treated WT mice (Fig. 4). In β-arrestin-2−/− mice, no
PAR2-mediated increase in IL-4, IL-6, IL-13, and TNFα levels was
observed, but levels of IL-10 and IL-12p70 were still increased with
2fAP treatment (Fig. 4 E and F). Similar to what was reported
previously (15), in this short-term model of airway inflammation,
no significant changes in cytokine levels other than IL-6 were
seen between animals challenged with OVA+CP and saline-
treated controls (Fig. 4B).
One of the up-regulated cytokines, IL-13, is known to play

a key role in goblet cell hyperplasia and increased mucin pro-
duction during asthma (22). To determine whether PAR2 in-
creased mucin production via a β-arrestin–dependent mechanism,
lung sections were stained with Alcian blue to identify goblet cells
and goblet cell numbers were quantified. OVA+2fAP significantly
increased mucin production above that observed in saline-treated
and OVA+CP-treated animals. Consistent with the dependence of
IL-13–mediated mucin production on β-arrestin-2, PAR2-stimu-
lated mucin production was also abolished in the β-arrestin-2−/−
animals (Fig. 5) but not in β-arrestin-1−/− animals (Fig. S8).

PAR2-Mediated Bronchiolar Relaxation Is Independent of β-Arrestin-2.
The major protective effect reported for PAR2 is smooth muscle
relaxation, which is mediated by prostaglandins (e.g.PGE2) re-
leased from airway epithelial cells. PGE2 levels were significantly
increased in the BALF of both WT and β-arrestin-2−/− mice
receiving OVA+2fAP (Table 2), suggesting β-arrestin-2 is not
required for this PAR2-mediated response. We next investigated
2fAP-induced smooth muscle relaxation from WT and β-arrestin-
2−/− mice. Treatment of first-order bronchiolar rings with 2fAP
caused a rapid relaxation response, the magnitude and duration of
which was similar in WT and β-arrestin-2−/− bronchioles (Fig. 6 A
and B). In keeping with previous reports (23), relaxation in both
animal groups was abolished by selective inhibitors of either

COX1 or COX2 (Fig. 6A). We conclude that PAR2-induced
smooth muscle relaxation is independent of β-arrestin-2.
Consistent with a prior report (21), an increase in airway

hyperresponsiveness (AHR) was observed inWT animals receiving
i.n. challenges of OVA+CP, but this effect was absent in β-arrestin-
2−/− mice, (Fig. 6D). Interestingly, both baseline airway resistance
and methacholine-induced AHR were significantly reduced in WT
mice treated with OVA+2fAP (Fig. 6C andD), consistent with the
protective effects of PAR2 reported by others (17). The already low
level of baseline airway resistance in OVA-treated β-arrestin-2−/−
mice was decreased with the addition of 2fAP, suggesting that
the protective effect of PAR2 on airway smooth muscle re-
laxation is independent of β-arrestin-2 (Fig. 6C). However, 2fAP
was not able to lower the airway response to methacholine in
β-arrestin-2−/− mice, perhaps owing to the already reduced
magnitude of the response in these mice (Fig. 6D). The abroga-
tion of OVA-induced AHR in β-arrestin2−/− animals has been
reported previously and studies with chimeric mice suggest that
this effect is independent of the cellular inflammation (24).

Discussion
Efforts directed at exploiting the potential “protective” bron-
chodilator effects of PAR2 agonists for the treatment of asthma
have been hindered by studies demonstrating that PAR2 agonists
can cause inflammatory responses in various tissues (13, 17, 25). The

Fig. 3. PAR2 promotes β-arrestin–dependent recruitment of CD4+ T cells. (A)
Representative scatter plots of flow-cytometric analysis. CD45+/low SSC cells
were analyzed for immunoreactivity to CD19+/CD11c− (CD19+ B cells),
CD19−/CD4+/CD8− (CD4 T cells) and CD19−/CD4−/CD8+ (CD8 T cells). (B) Graph
showing the %CD45+ cells that were CD19+, CD4+, or CD8+. +P < 0.05 and ++

P < 0.01 show significant difference between bracketed groups. n = 15 for
saline, n = 20 for OVA+CP and OVA+2fAP.

Table 1. Ovalbumin IgE levels in serum after OVA+2fAP-
induced airway inflammation model

Mouse
strain Sensitization Challenge

OVA-specific
IgE (OD450)

WT None Saline 0.15 ± 0.02
WT OVA+Al(OH3) OVA+CP *0.68 ± 0.13
WT OVA+Al(OH3) OVA+2fAP *0.60 ± 0.23
βarr2−/− None Saline 0.15 ± 0.03
βarr2−/− OVA+Al(OH3) OVA+CP *0.70 ± 0.14
βarr2−/− OVA+Al(OH3) OVA+2fAP *0.65 ± 0.16

Serum samples from mice treated as described in Fig. 1A were assayed for
OVA-IgE levels by ELISA. Values are expressed as mean ± SEM optical density
(OD) (n = 8 for each treatment group). *Statistically significant differences
from saline control group, as determined by ANOVA, P < 0.001 (n = 15 for
saline, n = 20 for OVA+CP and OVA+2fAP).

Fig. 4. PAR2-induced cytokine production in WT and β-arrestin-2−/− mice. BALF
supernatants from mice, treated as described in Fig. 1A, were analyzed by
cytometric beadarray for the presence of IL-4 (A), IL-6 (B), IL-13 (C), TNFα (D), IL-10
(E), and IL-12p70 (F). *,**Statistically significant differences from saline controls
(*P < 0.01 and **P < 0.001); +statistically significant differences between brack-
etedgroups (P< 0.01) (n= 15 for saline,n= 20 each forOVA+CP andOVA+2fAP).
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debate as to whether PAR2 is a protective or proinflammatory re-
ceptor in allergic inflammatory airway disease resembles the con-
tinued controversy surrounding the function of the β2-adrenoceptor
(β2-AR), the prototypical GPCR, in asthma. Although β-agonists
are bronchodilators of choice to alleviate acute bronchospasm, their
chronic use is associated with loss of bronchoprotection, worsening
of asthma control, and asthma-related death (26). In murine
models, the asthma phenotype is significantly promoted by
chronic β-agonist treatment (27, 28) or impaired in mice having
genetic or pharmacologic ablation of β2-ARs (29, 30). Similarly,
mice lacking β-arrestin-2 do not develop the asthma phenotype
(21), placing β-arrestin-2 downstream of GPCRs in the proasth-
matic signaling pathway. Thus, the seemingly paradoxical effects of
PAR2 and β2-AR agonists on the asthma phenotype can likely be
explained by the activation of dual signaling pathways, a proin-
flammatory β-arrestin–dependent signaling pathway in addition to
the classical G-protein–mediated bronchorelaxation pathway.
Our studies provide insight to explain the apparently opposing

responses of PAR2 activation. We, and others, have previously
shown that, in a 25-d murine multiple-OVA challenge model,
development of the asthma phenotype is significantly impaired in
mice lacking either β-arrestin-2 or PAR2 (13, 14, 21). To dif-
ferentiate between PAR2-specific effects that are mediated by
β-arrestin-2, and the general β-arrestin-2-OVA–induced allergic
responses also we used a 15-d OVA model in the current study.
At this time point, the magnitude of the asthma phenotype in-
duced by OVA is low, whereas the PAR2 agonist exacerbating
effects are high (15), allowing the asthma phenotype-inducing
effects of PAR2 to be highlighted. We show that the “in-
flammatory” leukocyte infiltration response in our asthma model
depends on β-arrestin-2–mediated signaling, whereas many of
the protective bronchodilator effects of PAR2 activation (such as
PGE2 production and subsequent bronchiolar smooth muscle
relaxation) do not. The results shown here are consistent with
previous studies demonstrating two independent signaling path-
ways downstream of PAR2: a β-arrestin-2–dependent pathway
leading to actin cytoskeletal changes and cell migration, and
a G-protein–dependent one that promotes Ca2+ mobilization

and diacylglycerol formation (10, 11). We have previously shown
formation of a β-arrestin scaffold containing the actin filament-
severing protein cofilin and its upstream activator in primary
bone marrow leukocytes, and have demonstrated that this sig-
naling pathway is crucial for PAR2-stimulated cell migration (11,
12). PAR2 has also been reported to increase PGE2 levels by
multiple mechanisms, some resulting in rapid, and others
delayed, PGE2 release, all of which appear to occur through
Gαq-dependent, β-arrestin–independent signaling (8–11, 18, 20).
Our data suggest that both COX1 and COX2 appear to be
interlinked to generate the relaxant response, because a selective
inhibition of either enzyme blocked the relaxant response. Taken
together, these results indicate that this protective signaling axis
is independent of β-arrestin-2, despite reports that IL-1 and
angiotensin II can increase PGD2 and PGE2 levels via a β-
arrestin–dependent pathway in vitro (31, 32). The signaling
pathway activated by a PAR2 mechanism that does not involve
β-arrestin-2 merits further investigation. Taken together, these
studies support the hypothesis that these two independent PAR2
signaling pathways may direct opposing responses in vivo.
Another important hallmark of cellular airway inflammation is

the production of cytokines. Both the resident airway cells and
invading eosinophils and CD4+ T cells can secrete these factors.
Because the lung level of both cell types was reduced in
β-arrestin-2−/− mice, it is not surprising that the 2fAP-induced
increases in cytokines such as IL-6, IL-13, and TNFα were also
reduced. IL-13 is important for goblet cell hyperplasia and mucin
production such as was observed in the WT mice receiving OVA+
2fAP. Consistent with β-arrestin dependence of IL-13 pro-
duction, mucin production and goblet cell number were signifi-
cantly reduced in OVA-treated β-arrestin-2−/− mice. Increased
acidic mucin is clinically relevant, as mucus plugging is often
associated with severity of disease in humans.
Like human asthma, one of the defining features of allergic

inflammatory airways disease in mice is AHR, a measure of the
sensitivity and reactivity of airway narrowing to a bronchocon-
strictor. We assessed airway reactivity, the more clinically rele-
vant component of AHR (33), by measuring the resistance
response to multiple increasing concentrations of the broncho-
constrictor, methacholine. WT mice treated with 2fAP in the
context of OVA displayed a statistically significant and physio-
logically relevant decrease in airway reactivity relative to those
treated with CP. Because the effect of OVA treatment on AHR
in β-arrestin-2−/− mice is so muted, it is difficult to assess whether
this protective effect of PAR2 in vivo requires β-arrestins; how-
ever, a significant reduction in baseline resistance was observed
in mice receiving OVA+2fAP compared with OVA+CP in both
WT and β-arrestin-2−/− animals, suggesting that PAR2-mediated
airway smooth muscle relaxation is independent of β-arrestin-2.
The protective effect of 2fAP on AHR in mice appears to be
dominant over the proinflammatory effect because AHR de-
creased despite the concomitant enhanced airways inflammation
and mucin phenotypes, which are typically associated with in-

Fig. 5. Goblet cell hyperplasia and mucin production in response to PAR2 is
abolished in β-arrestin-2−/− mice. (A) Lung tissue from each of the treatment
groups shown in Fig. 1A was stained with Alcian blue to reveal acidic mucins
and costained with neutral red. The arrows indicate mucin-producing goblet
cells. (B) Double-blind quantification of the number of mucin-producing cells
per millimeter of basement membrane. (C) Quantification of intensity of
Alcian blue stain. Significant difference from saline treated mice (*P < 0.05;
**P < 0.005). Significant differences between bracketed groups are in-
dicated as follows: +P < 0.05. Twenty images of at least two mice from three
independent experiments (120 total) were analyzed for B and C.

Table 2. PGE2 levels in BALF after OVA+2fAP-induced airway
inflammation model

Mouse
strain Sensitization Challenge

PGE2 levels,
pg/mL

WT None Saline 1.4 ± 0.23
WT OVA+Al(OH3) OVA+CP 2.2 ± 0.18
WT OVA+Al(OH3) OVA+2fAP *3.4 ± 0.15
βarr2−/− None Saline 1.8 ± 0.31
βarr2−/− OVA+Al(OH3) OVA+CP 2.2 ± 0.29
βarr2−/− OVA+Al(OH3) OVA+2fAP **3.2 ± 0.06

BALF supernatants were assayed for prostaglandin (PGE2) levels using
PGE2 Express AChE tracer ELISA. Values are mean ± SEM (n = 8). Statistically
significant differences from control group are indicated as follows: *P =
0.0003, **P = 0.0001 (n = 15 for saline, n = 20 for OVA+CP and OVA+2fAP).
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creased AHR. Our data support the notion that the paradoxical
effects of PAR2 activation are mediated by dual signaling path-
ways. Separation of these dual pathways in vivo can be chal-
lenging, especially if the receptor activates opposing outcomes.
For example, in guinea pig bronchial preparations the prosta-
noid-mediated epithelium-dependent bronchodilator action of
PAR2 is masked by the concurrent PAR2-mediated triggering
of airway hyperresponsiveness and only revealed in the presence
of indomethacin (34). PAR2-mediated production of airway
prostaglandins likely underlies the protective effect of 2fAP on
AHR observed here as well. To definitively determine whether
the protective effects of PAR2 on AHR are independent of β-
arrestins in vivo will likely require using a model that results in a
more robust AHR phenotype in β-arrestin-2−/− mice.
PAR2 is up-regulated in the airways of patients with chronic

asthma (35), which along with the reported proinflammatory
effects of PAR2, has led to an interest in inhibitors of PAR2-
activating proteinases or of the receptor itself as therapeutic
agents for treating asthma (36). In contrast, the protective effects
of PAR2 have also generated interest in PAR2 agonists as ther-
apeutic agents for asthma, with the idea being that agonists of
PAR2 might promote bronchodilatation (2, 17, 37, 38). Although
these same agonists can exacerbate other aspects of lung in-
flammation (13–15, 39), our work reveals the potential of de-
veloping “biased” PAR2 agonists or antagonists that can selec-
tively attenuate the β-arrestin-2–dependent signal pathway and
optimize the protective PAR2 G-protein–mediated signaling
responses. Studies identifying naturally occurring biased PAR2
signaling by cryptic proteolytic cleavage and mutant tethered
ligands point to the feasibility of developing such agonists (1, 40,
41). Furthermore, the recent identification of pepducins that
specifically inhibit PAR2 raises the possibility that development
of small molecule β-arrestin–specific PAR2 antagonists might be
possible (42). Indeed, pharmacologic manipulation of biased
signaling may underlie the mortality advantage observed in
congestive heart failure patients treated with carvedilol versus
metoprolol (43, 44). Our findings identify PAR2, like the β1-AR,
as a GPCR capable of eliciting G-protein– and β-arrestin–de-
pendent signals that regulate organ system function and disease
features in disparate ways. However, in this instance, we have
PAR2-mediated β-arrestin signaling driving airway pathology and
G-protein signaling combating it, whereas in heart failure β1-
AR–mediated G-protein signaling is pathogenic and β-arrestin

signaling is cardioprotective. Taken together, direct targeting of
the β-arrestin-2–dependent signaling pathway may hold tre-
mendous therapeutic promise in the treatment of asthma. The
potential to selectively modulate PAR2-specific signaling path-
ways that mediate protective or proinflammatory effects sets the
stage for the development of pathway-specific therapeutic agents
for the treatment of asthma and other inflammatory diseases.

Materials and Methods
Animals. All animal procedures were in accordance with the guidelines on the
use and care of laboratory animals set by the National Institutes of Health and
approved by the Institutional Animal Care and Use Committee at University of
California, Riverside, and Duke University. β-Arrestin2−/− mice in a C57BL/6
background were provided by Robert Lefkowitz (Duke University Medical
Center). PAR2

−/−mice were provided by Robin Plevin (University of Strathclyde,
Glasgow, Scotland) andwere developed by KOWA Pharmaceuticals.WT C57BL/
6 (WT) mice were from The Jackson Laboratory. All animals are bred in-house.

Sensitization and Challenge with Ovalbumin. Age-matched male C57BL/6
β-arrestin-1−/− and β-arrestin-2−/− mice (2–4 mo old) were sensitized on days
1 and 6 with an i.p. injection of OVA/alum (Sigma) [10 μg of OVA and 2 mg
of Al(OH)3 in 0.5 mL of saline] or saline alone. On days 12 and 14, they were
given an i.n. challenge of 25 μL of OVA [0.2% (wt/vol) in saline] containing
either PAR2 activating peptide (2fAP at 2.5 nmol) or PAR2 control peptide
(CP; 2.5 nmol), or given saline alone. Peptides were synthesized by Genemed.
Control WT and β-arrestin2−/− mice received saline for i.p. injections and i.n.
challenges. On day 15, mice were euthanized and BALF and lungs were
collected. Lung digests and histology were performed as previously de-
scribed (15) or analyzed for AHR as described below.

ELISA Immunoassays and Cytokine Bead Arrays. OVA-IgE ELISA immunoassays
and Prostaglandin AChR capture assays (MD BioProducts) were performed
according to the manufacturer’s instructions. Experimental details are pro-
vided in SI Materials and Methods.

BALF Analysis. Cells from BALF samples were pelleted, washed, and resus-
pended in FACS buffer for flow cytometry. Total cell numbers were de-
termined by hemocytometer counts. One hundred microliters of lavage fluid
were spun onto slides using Shandon Cytospin 3 as previously described (12).
Cell differentials were determined by classifying 200 cells using standard
morphological criteria. A minimum of 10 images was analyzed for each
mouse; n = 16 mice per treatment (4 mice per treatment group repeated 4
times). For flow cytometry, BALF cells were divided in two antibody-staining
sets and analyzed as described in SI Materials and Methods.

Fig. 6. PAR2-induced smooth muscle relaxation is maintained in β-arrestin-2−/− mice. (A) Representative myograph traces of tension in bronchiole smooth
muscle fromWT (Left) and β-arrestin-2−/− mice (Right) after pretreatment with vehicle (Top), COX-2 inhibitor (Celecoxib, 0.2 µM) (Middle), or COX1 inhibitor (SC-
560, 0.1 µM) (Bottom). Treatments with KCl (to assess viability), carbachol (CB), and 2fAP are indicated. (B) Average relaxation (percentage of the CB-induced
tension) from three independent experiments is graphed as a function of [2fAP]. +Significant differences in tension with 2fAP (P < 0.01). (C and D) Newtonian
resistance (Rn) was assessed in mice, treated as described in Fig. 1A. (C) Graph of baseline resistance values in WT and β-arrestin-2−/− mice that received OVA+CP
or OVA+2fAP. (D) Resistance after bronchoconstriction with indicated doses of methacholine (MCh). +Significant difference between bracketed groups (P <
0.01, n = 6 per treatment group). +Significant differences in MCh responsiveness compared with baseline (P < 0.05, n = 6 per treatment group).
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Lung Histology. Extracted lungs were either flash frozen in OCT or fixed and
embedded in paraffin. Five-micrometer sections were stained using standard
H&E protocol and imaged with an upright Nikon Eclipse E600 using PAXIT!
software. Sections were scored for epithelial and perivascular inflammation
using a 0–4 point scale, as described in SI Materials and Methods. For analysis
of mucin, formalin-fixed lung tissue was paraffin embedded and 5-µm sec-
tions were cleared, hydrated, and stained with Alcian blue for 30 min (to
identify mucin proteins) and neutral red for 5 min (to identify cell nuclei).
Sections were then dehydrated and mounted with resinous mounting me-
dia, and slides were imaged as described above.

Smooth Muscle Relaxation and AHR. These methods have been described
previously (20, 27, 45, 46), and experimental details are provided in SI Materials
and Methods. Briefly, airway responsiveness in mice was measured using the

forced oscillation technique, an invasive method that measures lung imped-
ance. From this measure, Newtonian resistance, an indicator of airway luminal
diameter, was calculated according to the constant-phase model.

Data and Statistical Analysis. Statistical significance was determined using
one-way ANOVA and Tukey honestly significant difference (HSD) posttests
to compare treatment groups. Data, graphs, and statistical analyses were
performed using FACS DIVA, FlowJo, Microsoft Excel 2003, or GraphPad
Prism 5.0.
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SI Materials and Methods
Rhodamine-Labeled 2fAP in Airway Epithelium. Tetramethyl-rho-
damine conjugated to the C-terminal ornithine residue of either
2fAP (Rh-2fAP) was synthesized by Genemed. Naïve WT and
PAR2

−/− mice were administered Rho-2fAP intranasally for 0, 2,
and 24 h after which mice were killed and pulmonary lobes were
extracted and flash frozen in OCT. Five-micrometer sections
were cut with Microm HM500 OMV Motorized Cryostat and
were fixed with 4% (wt/vol) PFA for 20 min and blocked and
permeabilized with goat serum (2 × 5 min). Sections incubated
with 200 ng/mL Lung Surfactant Protein antibody (Neomarkers;
ms-704-PO). Sections were washed with PBS+Tween 20 [0.05%
(vol/vol)] and stained with secondary antibody (Gt-anti-Mo 530abs)
diluted 1:500 in PBS for 40 min in dark at room temperature.
Nuclei were stained with TOPRO-3 (1:1,000) for 20 min. Sec-
tions were mounted with V mounting media and imaged with
Zeiss 510 confocal microscope.

Lung Digest Preparations. Lung single-cell suspension obtained by
incubating lung samples with glass beads and collagenase 3 at 37 °
C for 60 min, shaking them every 7 min during the incubation.
Red blood cells were lysed with ammonium chloride, and sam-
ples were prepared for flow cytometry.

Adoptive Transfer. To allow easy identification of transplanted
cells, donor mice were crossed with GFP mice so that the trans-
planted cells were GFP positive (genotypes: GFP+/−PAR2−/− and
GFP+/−PAR2+/+).

Smooth Muscle Relaxation. Primary first-order mouse bronchiolar
rings with intact epithelium were, and 2 mm segments were
mounted in a myograph at resting tension, in a 37 °C Krebs
buffer bath. After 60 min of equilibration at ∼0.5 g of resting
tension, tissues were tested treated with 50 mM KCl (tests
responsiveness), washed, and precontracted with 500 nM car-
bachol. After stable force was achieved (100% on the waveforms
in response to carbachol), tissues were treated with increasing
concentrations of 2fAP or CP, and the relaxation response was
recorded. Relaxation was expressed as a percentage reduction
in tension (%) relative to the tension measured in the presence
of carbachol.

AHR Measurements. Airway hyperresponsiveness was measured as
described previously (1). In brief, lung mechanics was measured
in anesthetized (i.p. 65 mg/kg sodium pentobarbital), paralyzed
(0.25 mg/kg pancuronium bromide), and tracheotomized mice
24 h after the last OVA challenge. The forced oscillation technique
was used, using a 3-s optimized pseudorandom signal containing
frequencies ranging from 0.25 to 19.63 Hz. Mice were ventilated
with 100% oxygen at 150 breaths per minute at a constant vol-
ume of 8 mL/kg with a positive end-expiratory pressure of
3 cmH2O, using a computer-controlled small animal ventilator
(flexiVent; SCIREQ). The cardiovascular function of the mice
was inferred from heart rate data acquired using EKG electrodes
and transmitted via loudspeaker. Following ∼5 min of regular

ventilation, a standard lung volume history was established fol-
lowed by the acquisition of three baseline respiratory input im-
pedance measurements. Bronchospasm was induced by jugular
vein administration of increasing doses of MCh (25, 50, 100 μg/
kg), and the impedance measurements were made every 12 s and
averaged over 2 min. A 5-min washout period was included be-
tween each MCh challenge that included two deep inspirations.
The resultant total lung impedance signal contains information
about the resistance and elastance properties of the lung from
which Newtonian resistance was calculated using the constant-
phase model. In an idealized lung model, Newtonian resistance is
a good indicator of the luminal diameter of the conducting airways.

Buffer Compositions. For smooth muscle relaxation assay, Krebs
buffer (pH 7.4) consists of the following (in mmol/L): NaCl, 120;
NaHCO3, 25; KCl, 4.8; NaH2PO4, 1.2; dextrose, 11.0; and CaCl2,
1.8, aerated with 95% O2 and 5% CO2.
FACS buffer consists of the following: 1% BSA and 0.1 mM

EDTA in PBS.

Flow Cytometry Gating Strategy. Other cells (which presumably
includes alveolar macrophages and dendritic cells) were not
further characterized. Group A received conjugated antibodies
against CD11c, CCR3, CD45, GR1, CD11b, and CD3. Group B
received conjugated antibodies against CD11c, CD19, CD8, CD4,
CD11b, and F480 (all antibodies were from eBioscience). Cells
were washed and analyzed with BD FACSCANTO II flow
cytometer and FlowJo analysis software, version 8.7.3. Isolated
lung tissue samples were analyzed with an identical protocol.
For quantification by flow cytometry, cells were gated as follows:
CD45+ cells were selected, and live granulocytes and lymphocytes
were identified by forward versus side scatter (FSC vs. SSC). For
Group A (antibodies to CD11c, CCR3, CD45, GR1, CD11b, and
CD3), from the CD45+ gate, low side scatter cells were scored as
lymphocytes (L*), CD11b−/CD3+ cells were scored as T lympho-
cytes (L*). From the CD45+/high side scatter gate, populations
that were CD11b+/CCR3+/GR1− were scored as eosinophils. Cells
that were CD11b+/GR1+ were scored as neutrophils. To identify
specific populations of lymphocytes, Group B samples (antibodies
to CD11c, CD19, CD8, CD4, CD11b, and F480) were used and
low SSC cells were scored as CD4+/CD8− (T helper), CD8+/CD4−

(cytotoxic T cells), and CD19+ (B cells).

Histological Scoring. H&E-stained lung samples were scored for
presence of cellular inflammation and perivascular infiltration as
follows: 0, no inflammatory cells present in epithelial or peri-
vascular tissue; 1, scattered inflammatory cells present in epi-
thelium and around vessels, with no thickening of the vessel wall;
2, many inflammatory cells present in epithelium with one to two
rings of cells around vessels; 3, 100+ inflammatory cells found in
clusters throughout epithelium with three or more rings of cells
around vessels; 4, nearly continuous layer of inflammatory cells
extending from vasculature throughout epithelium, loss of dis-
tinction between perivascular and epithelial tissue.

1. Lin R, et al. (2012) Chronic treatment in vivo with β-adrenoceptor agonists induces
dysfunction of airway β2-adrenoceptors and exacerbates lung inflammation in mice. Br
J Pharmacol 165:2365–2377.
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Fig. S1. Dose-dependent augmentation of OVA-induced asthma by 2fAP. WT and β-arrestin-2−/− mice were given an i.p. injection of OVA+alum on days 1 and
6 followed by two intranasal challenges on days 12 and 14 containing OVA+ increasing doses (250 pmol, 2.5 nmol, or 25 nmol) of PAR2-activating peptide
(2fAP) or a negative control peptide (CP). As a negative control for OVA-induced inflammation, mice were given saline in place of both the i.p. sensitization
and intranasal challenges. The schematic for this experiment is depicted in Fig. 1A of the main text. On day 15, BALF was collected for analysis of leukocyte
infiltration. (A) Representative cytospins of BALF cells collected from saline-treated controls, OVA+CP (25 nmol), and OVA+2fAP (all three concentrations)
shows increased eosinophils and lymphocytes in WT mice receiving 2.5 and 25 nmol of 2fAP during the challenge phase. Maximal inflammatory cell recruitment
was observed with 2.5 nmol of 2fAP. (B) Total cell count of BALF cells reveals that 25 nmol of 2fAP administered during the challenge phase gives the maximal
augmentation of cell recruitment to the BALF. A statistically significant increase is observed with 2.5 nmol and no significant increase in cells is observed with
25 nmol. For all subsequent studies, 2.5 nmol of 2fAP is the amount used in the challenges. * (P > 0.05) illustrates statistical significance from saline-treated
controls. +P > 0.05 and ++P > 0.01 above brackets demonstrate significant difference between OVA-treated groups.
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Fig. S2. Representative cytospin images of BAL fluid. Images illustrate increase in inflammatory cells recruited to lungs in WT mice challenged with OVA+2fAP.
Of equal importance is the augmented recruitment of eosinophils, an indicator of allergic disease, in the aforementioned mice (see zoom inlay). Note the
reduced total cell number and absence of eosinophils in β-arrestin-2−/− mice also challenged with OVA+2fAP (see zoom inlay).
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Legend continued on following page

Fig. S3. OVA-induced and 2fAP-augmented inflammation is independent of β-arrestin-1. The same model of airway inflammation was run in WT versus
β-arrestin-1 mice (4 mice per treatment, 24 mice total), and both BALF cell distribution and lung histology were examined. (A) Bar graph of eosinophils and
lymphocytes found in BALF, determined from differential count of cytospin images. Differential cell determined in 10 different images from each mouse. Both
the moderate increase in eosinophil and lymphocyte recruitment observed with OVA+CP and the augmented recruitment observed in the mice receiving 2fAP
were maintained in the β-arrestin-1−/− mice, indicating that both are independent of β-arrestin-1. (B) Representative cytospins of BALF from each experimental
condition are shown. (C) Histological scoring was performed on a 0–4 scale, as described for Fig. 1, where 0 represents no inflammation and 4 represents a high
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level of inflammation with multiple rings of immune cells around the peribronchial region that form a continuum with the airway epithelium. (D) H&E-stained
sections of lungs from each experimental condition are shown, demonstrating 2fAP-induced inflammation in both WT and β-arrestin-1−/− mice. Once again, the
inflammation induced by 2fAP is maintained in the β-arrestin-1−/− mice. All treatment group significantly different from saline-treated controls (P > 0.005). +P >
0.05, ++P > 0.01, and +++P > 0.001 above brackets demonstrates significant difference between OVA-treated groups.

Fig. S4. Eosinophil, CD4+ and CD8+ lymphocytes are reduced in lung tissue of β-arrestin-2−/− mice. Lung digests were prepared from mice treated as
described in Fig. 1A, and cells were stained with antibodies to specific cell surface markers and analyzed by flow cytometer to identify populations of
eosinophils (A), CD4+ T-cells (B), and (C ) CD8− T-cells. Gating strategies were the same as for BALF samples mentioned in Materials and Methods. *P > 0.05
illustrates statistical significance from saline-treated controls. +P > 0.05 and +++P > 0.001 above brackets demonstrate significantdifference between OVA-
treated groups.

Fig. S5. PAR2 expression is not altered in β-arrestin knockout mice. Lungs and associated first-order bronchioles from WT, β-arrestin-1−/−, and β-arrestin-2−/−

mice were digested and prepared as described for Fig. S4. Cells were divided into two aliquots, one set was labeled with rabbit IgG (negative control) and the
other with an antibody to the extracellular N terminus of PAR2 (A5, polyclonal antisera raised against the mouse PAR2 sequence: PNSKGRSLIGRLDTP, en-
compassing the cleavage site and tethered ligand region). This antibody has been used to identify PAR2 in primary tissues and cells and is similar to B5 antibody
used to identify PAR2 in earlier studies (1). After 1 h on ice, cells were washed, and Alexa 488-conjugated secondary antibody was added for 1 h. Cells were
again washed and resuspended in FACS buffer, and live cells were analyzed for the presence of surface receptor. Shown are overlays of histograms for IgG in
red (negative control) and A5 (PAR2) in blue for WT (A), β-arrestin-1−/− (B), and β-arrestin-2−/− (C) mice.

1. Brown JK, Hollenberg MD, Jones CA (2006) Tryptase activates phosphatidylinositol 3-kinases proteolytically independently from proteinase-activated receptor-2 in cultured dog airway
smooth muscle cells. Am J Physiol Lung Cell Mol Physiol 290:L259–L269.

Nichols et al. www.pnas.org/cgi/content/short/1208881109 5 of 8

www.pnas.org/cgi/content/short/1208881109


Fig. S6. Intranasally administered PAR2 activating peptide can access the basolateral side of the airways. WT and PAR2
−/− mice were given rhodamine-labeled

2fAP (Rh-2fAP), or rhodamine-labeled control peptide (Rh-CP), intranasally, and lungs were harvested 2 h after administration. Frozen sections were stained
with lung surfactant protein (LSP) (in green) and TOPRO 3 to visualize nuclei (in blue) and then imaged by confocal microscopy using a Zeiss LSM510, 100×
objective. Representative images showing Rh-2fAP labeling (red) throughout the airway epithelium and serosa in WT (A) but not PAR2

−/− mice (B) or WT mice
given Rh-CP (C) are shown. Zoomed images (3×) of Rh-CP-treated WT (D) and Rh-2fAP-treated WT (E) lungs are shown.
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Fig. S7. Adoptive transfer of wtGFP+ hematopoietic cells restores normal inflammatory response. (A) wtGFP+ mice saline-treated have little inflammation in
perivascular or peribronchial regions. (B) Cartoon illustration of adoptive transfer protocol identifying donor and recipient. (C and D) WT recipients of wtGFP+

hematopoietic cells and challenged with OVA+2fAP show increased inflammation in the region of interest. (E and F) WT recipients of PAR2
−/−/GFP+ hema-

topoietic cells show little inflammation even after OVA+2fAP treatment.
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Fig. S8. Mucin production induced by PAR2 is independent of β-arrestin-1. WT and β-arrestin-1−/− mice from the experiment described in Fig. S3 were stained
with Alcian blue (as described in Fig. 5), and the number of mucin-producing cells per 10 mm was determined using Adobe Photoshop. (A) Quantification of
mucus-producing cells. (B) Representative images of Alcian blue-stained airways. All treatment groups were significantly different from saline-treated controls
(P > 0.005). ++P > 0.01 and +++P > 0.001 above brackets demonstrate difference between OVA-treated groups.
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