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Protease activated receptors (PAR) have been shown to play a role in inflammation. PAR-2 is expressed by numerous cells in the
lung and has either proinflammatory, anti-inflammatory, or no effect depending on the model. Here, we examined the role of
PAR-2 in a model of LPS-induced lung inflammation. We found that PAR-2-deficient mice had significantly less KC expression in
bronchial lavage fluid compared with wild-type mice but there was no difference in MIP-2 or TNF-a expression. We also found
that isolated alveolar and resident peritoneal macrophages lacking PAR-2 showed a similar deficit in KC after LPS stimulation
without differences in MIP-2 or TNF-a. Infiltration of neutrophils and macrophages into the lung following LPS administration
was not affected by an absence of PAR-2. Our results support the notion that PAR-2 plays a role in LPS activation of TLR4 signaling

in macrophages.

1. Introduction

The protease activated receptors (PAR) are a four-member
family of 7 transmembrane G-protein-coupled receptors that
are activated by cleavage of an amino terminal sequence
resulting in exposure of a tethered ligand. PARs act as
sensors of both coagulation and noncoagulation proteases,
including thrombin, trypsin, and mast cell tryptase. It is
thought that PARs act as a major link between coagulation
and inflammation. PARs are expressed in many different
cell types. In the lung, PAR-2 is expressed by epithelial cells
[1], smooth muscle cells [1], fibroblasts [2], and endothelial
cells [3]. In addition, PAR-2 is expressed on a variety of
immune cells including mast cells [4], macrophages [5], and
neutrophils [6].

PAR-2 is activated by trypsin, mast cell tryptase, matrip-
tase, and the coagulation proteases Factor VIla and Xa in
vitro [7]. However, it is unclear which proteases activate
PAR-2 in vivo [7]. Mimics of the tethered ligand, termed
PAR-2 agonist peptides (PAR-2 AP), can also induce PAR-2

signaling. Scrambled analogs to these peptides are often
used as negative controls. However, signaling initiated by
proteases and agonist peptides may not have the same results
[8].
All 4 PARs have been shown to be present in rat lungs,
and their expression is modulated after endotoxin admin-
istration [9]. The role of PAR-2 in lung inflammation is
controversial. PAR-2 has been found to be upregulated in the
lung following exposure to viruses, lipopolysaccharide (LPS),
tobacco smoke, and allergens [10, 11]. Two groups found
that administration of large amounts of PAR-2 AP in mouse
airways reduced cellular infiltration induced by LPS [12, 13].
This reduction may be related to PAR2-dependent produc-
tion of prostaglandin E2 [13]. However, another group found
no differences in three different models of acute lung injury
between PAR-2-deficient and wild-type mice [14]. A proin-
flammatory role for PAR-2 in the lung has also been observed
in PAR-2-deficient mice by two different groups [15, 16].
These contradictory observations may be due to differing
administration routes of the agonist peptide, the amounts
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used, and the type of insult. Clearly, further investigation into
the role of PAR-2 in lung inflammation is warranted.

It has been proposed that PAR-2 and the LPS receptor,
toll-like receptor 4 (TLR4) cooperate to enhance proinflam-
matory signaling [17]. This group found that cotransfection
of HEK293T cells with PAR-2 and TLR4 enhanced NF-xB
activation by PAR-2 AP. This effect was specific to TLR4, as
TLR3 and TLR2 did not show similar enhancement [17]. It
was also noted that the TLR4-mediated enhancement was
working through the intracellular adaptor molecules TRIF
and TRAM [17]. However, more recent work by the same
group shows that stimulation of thioglycollate elicited peri-
toneal macrophages with PAR-2 AP suppressed proinflam-
matory cytokines and enhanced anti-inflammatory cytokine
production in response to LPS [18]. In addition, thioglycol-
late-elicited peritoneal macrophages from PAR-2-deficient
mice were found to have a hyperinflammatory response to
LPS [18]. Therefore, the PAR-2 and TLR4 signaling responses
are likely intertwined though the exact mechanism and in
vivo relationship have yet to be elucidated.

In order to further elucidate the role of PAR-2 in LPS
induced lung inflammation, we subjected PAR-2-deficient
and wild-type mice to intratracheal LPS administration. We
found no difference in cellular infiltration into the lungs. We
observed a deficit in the chemokine, keratinocyte chemoat-
tractant (KC; CXCL1), in the bronchial alveolar lavage fluid
(BALF) from PAR-2-deficient mice. In addition, PAR-2 defi-
ciency had no effect on the proinflammatory cytokine tumor
necrosis factor-a (TNF-«), or the chemokine macrophage
inflammatory protein-2 (MIP-2; CXCL2) in the BALFE
However, compared to wild-type mice, MIP-2 levels were
found to be lower in lung homogenates of PAR-2-deficient
mice treated with LPS. Furthermore, we found that PAR-
2-deficient alveolar and resident peritoneal macrophages
produced less KC after ex vivo LPS stimulation.

2. Materials and Methods

2.1. Mice. The generation of PAR-2*/* (wild-type) and PAR-
27/~ mice has been previously described [19]. Mice were
8 to 10 weeks of age at the time of experiments. All
experimental protocols were approved by the University of
North Carolina-Chapel Hill’s Institutional Animal Care and
Use Committee.

2.2. Intratracheal LPS Instillation and BALF Collection. The
method of intratracheal LPS instillation has been described
[20]. Mice were anesthetized by intraperitoneal injection of
12.5 mg/mL tribromoethanol (TBE) (Acros Organics), at a
dose of 0.02 mL TBE per gram of mouse body weight. LPS
from E. coli serotype O111:B4 was purchased from Sigma-
Aldrich. 10 ug of LPS was instilled into the left lung of wild-
type or PAR-2 knockout mice, and animals were sacrificed
at indicated timepoints by diaphragmatic incision. Control
mice did not receive LPS. Lungs from treated and untreated
mice were lavaged postmortem by insertion of a 27-gauge
catheter into the exposed trachea (BD Biosciences). The
lungs were instilled three times with 900 uL of phosphate
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buffered saline (PBS), and the BALF was suctioned out of the
lungs after each instillation using a 1 mL syringe.

2.3. Sample Preparation. BALF was prepared for ELISA
by immediate centrifugation of 1 mL samples at 500 xg
for 20 minutes at 4°C, and the supernatant was frozen
and stored at —80°C. Pelleted cells were resuspended in
200 uL PBS and retained for evaluation by flow cytometry.
After BALF collection, the left lung lobe was excised, snap
frozen in liquid nitrogen, and stored at —80°C prior to
homogenization. For protein extraction, the lungs were
thawed, weighed, and suspended in lysis buffer (1% SDS,
10% Glycerol, and 100 mM Tris) with protease (Sigma-
Aldrich) and phosphatase inhibitors (Thermo Scientific).
One hundred uL of lysis buffer per 10mg of tissue was
used. Lung tissue was ground with a homogenizer for ~1
minute, and the samples were rested on ice for 30 minutes
before centrifugation at 4°C, 16,000 xXg for 10 minutes. The
protein concentration in the samples was measured using
the DC Protein Assay from Bio-Rad Laboratories, and the
homogenate was aliquoted and frozen at —80°C until use.

2.4. ELISA. Mouse KC, MIP-2, Lix, and TNF-a DuoSet
ELISA kits were purchased from R&D Systems.

2.5. Flow Cytometry. Cells were collected from BALF as
described in sample preparation. Total non-red blood cells
were then enumerated using a Coulter counter (Beckman
Coulter). Cells were stained as previously described [21] with
anti-mouse F4/80 Pacific Blue and anti-mouse 7/4-FITC,
both purchased from AbD Serotec (Oxford, UK).

2.6. LPS Stimulation of Macrophages. For alveolar macropha-
ges, cells were isolated from individual mice as described
in sample preparation. Resident peritoneal macrophages
were harvested as previously described [21]. Cells were
then counted and plated in 150 yL of media (DMEM-H
containing 10% FBS and Penicillin/Streptomycin) in 96 well
plates. After 3 hours, nonadherent cells were removed. The
next day cells were stimulated for indicated times with
100 ng/mL of LPS.

3. Results

3.1. Mice Lacking PAR-2 Have Reduced KC Expression Follow-
ing Intratracheal LPS Instillation. In order to determine the
effects of PAR-2 during acute lung inflammation, we instilled
LPS into the left lung of wild-type and PAR-2~/~ mice.
We then harvested BALF and lung tissue and performed
ELISAs for the chemokines KC, MIP-2, and Lix, and the
proinflammatory cytokine TNF-a. As shown in Figure 1(a),
BALF collected from mice lacking PAR-2 had significantly
reduced KC at 3 and 6 hours after LPS instillation. However,
MIP-2, TNF-q, and Lix levels in the BALF were unaffected by
PAR-2 deficiency (Figures 1(b) and 1(c), data not shown).
Surprisingly, KC levels in lung homogenates from mice in
Figure 1(a) showed little KC induction and no difference
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Figure 1: Chemokine and cytokine expression in BALF and lung homogenates after intratracheal LPS instillation. 10 ug of LPS (E. coli
O111:B4) was instilled into the left lungs of wild-type (PAR2*/*, white bars) and PAR-2~/~ (black bars) mice for indicated time periods.
BALF and lungs were collected, and lungs were homogenized. ELISAs on BALF were performed for KC (a), MIP-2 (b), and TNF-« (c).
ELISAs on lung homogenates were performed for KC (d), MIP-2 (e), and TNF-« (f). n = 4. *P < 0.05; **P < 0.001 by two way ANOVA

posttest.

between genotypes (Figure 1(d)). A transient deficit in MIP-
2 was found at 3 hours after LPS instillation in mice lacking
PAR-2, although this deficit was not apparent at the 6 and
12 hour time points (Figure 1(e)). Finally, TNF-a showed
a small increase in lung homogenates 3 hours after LPS
instillation; however, no differences were observed between
genotypes (Figure 1(f)).

3.2. Alveolar and Resident Peritoneal Macrophages Lacking
PAR-2 Have Reduced KC Expression Following LPS Stimu-
lation. Since KC production was found to be dramatically
elevated in BALF compared to lung homogenates and the
PAR-2-dependent KC deficit was only observed in BALF,
we hypothesized that alveolar macrophages may be the
source of KC in the BALF. Therefore, we isolated alveolar
macrophages from naive wild-type and PAR-2-deficient mice
and stimulated them with LPS for 3 hours because the
largest amount of KC in the BALF was observed 3 hours
after LPS instillation. We observed a significant deficit in
KC production by alveolar macrophages isolated from PAR-
27/~ animals compared to their wild-type counterparts
(Figure 2(a)). Similar to Figure 1, we found no significant
differences between genotypes in MIP-2 or TNF-« levels
in alveolar macrophage cell supernatants (Figures 2(b) and
2(c)). Since only a small number of alveolar macrophages can
be isolated, we repeated a similar experiment using resident
peritoneal macrophages stimulated with LPS for 3 and 6
hours. We observed a significant deficit in KC expression at 3
and 6 hours in cells from mice lacking PAR-2 (Figure 2(d)).
Although MIP-2 and TNF-a were dramatically increased

following LPS stimulation, we found no differences between
genotypes in MIP-2 or TNF-« expression by resident peri-
toneal macrophages (Figures 2(e) and 2(f)).

3.3. No Effect on Cellular Infiltration to LPS Instilled Lungs
in PAR-2-Deficient Mice. In order to determine if the
observed deficit in KC expression in BALF and alveolar
macrophages resulted in a deficit in cellular infiltration, we
isolated cells from the BALF following LPS instillation. We
observed neutrophil and macrophage infiltration by flow
cytometry. We found no significant differences in neutrophil
(Figure 3(a)), macrophage (Figure 3(b)) or total cellular
(Figure 3(c)) infiltration in the BALF of PAR-27/~ mice
compared to their wild-type counterparts.

4. Discussion

Here, we have presented data showing that a lack of PAR-2
leads to a deficit in KC expression both in vivo and in vitro.
This deficit is specific to KC as other chemokines including
MIP-2 and Lix (data not shown) were similar between geno-
types. In addition, the proinflammatory cytokine TNF-« is
not affected by the absence of PAR-2 in vivo or in vitro.
Interestingly, we found similar levels of KC in the lung
tissue in both genotypes; in fact, little induction of KC was
observed in the lung homogenates after LPS administration.
This suggests that the cells found within the BALE, such
as alveolar macrophages, are the major source of KC in
the lung in response to intratracheal LPS stimulation. In
contrast, MIP-2 was found to be induced in both the BALF
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FiGure 2: LPS stimulation of chemokines and TNF-« in alveolar and resident peritoneal macrophages. Macrophages from wild-type
(PAR2*/*, white bars) and PAR-27/~ (black bars) mice were left untreated or stimulated with 100 ng/mL of LPS for indicated time periods.
ELISAs on cell supernatants from alveolar macrophages were performed for KC (a), MIP-2 (b), and TNF-« (c). ELISAs on cell supernatants

from resident peritoneal macrophages were performed for KC (d),

MIP-2 (e), and TNF-a (f). n = 3. *P < 0.05; **P < 0.001 by two way

ANOVA posttest.
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FIGURE 3: Cellular infiltration into the lung following LPS instillation. BALF was collected from wild-type (PAR2"*, white bars) and PAR-
27/~ (black bars) mice at indicated time periods after intratracheal LPS instillation. Neutrophils (a), macrophages (b), and total cells (c) were

enumerated by flow cytometry. n > 4.

and lung tissues. While MIP-2 in the BALF was induced by
LPS, no differences were found between genotypes. However,
a transient deficit in MIP-2 induction was observed in the
lung homogenate of animals lacking PAR-2 3 hours after
intratracheal LPS instillation. This data suggests that cells
other than the alveolar macrophages use PAR-2 for MIP-
2 expression, though the relative contribution of alveolar
macrophages and other cells in the lung to MIP-2 production
is still unclear.

Although deficits in KC induction in both mice and
cells lacking PAR-2 were dramatic, the biological relevance
of this pathway remains to be elucidated. It is well known
that KC is a potent chemokine that recruits neutrophils
and macrophages to sites of infection. However, we did not

observe a difference in cellular infiltration into the lungs
of animals lacking PAR-2, though cellular infiltrates signif-
icantly increased in both genotypes. It is possible that the
production of other chemokines which recruit neutrophils
and macrophages, such as MIP-2 and Lix, is sufficient.

We also observed a deficit in KC expression in LPS-
treated resident peritoneal macrophages lacking PAR-2,
suggesting that PAR-2 signaling is required for KC expression
by macrophages in locations other than the lung. Similar
to alveolar macrophages, MIP-2 and TNF-a production
was unaffected by the lack of PAR-2 in resident peritoneal
macrophages. Interestingly, Peters and colleagues found that
costimulation of alveolar macrophages with LPS and PAR-2
AP showed similar induction of MIP-2 in vitro compared
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to LPS alone [13]. Similarly, we found that PAR-2 AP was
unable to stimulate KC or MIP-2 production by alveolar
macrophages (data not shown). In addition, KC and MIP-2
production by alveolar macrophages costimulated with LPS
and PAR-2 AP was similar to stimulation with LPS alone
(data not shown). Taken together, these data suggest that
signaling via PAR-2 resulting in chemokine production may
not require PAR-2 activation.

Other groups have investigated a role for PAR-2 in lung
inflammation. However, the use of knockout mice has been
limited and, surprisingly, few have examined chemokine and
proinflammatory cytokine production. Large amounts of
PAR-2 AP have also been used to reduce cellular infiltration
induced by LPS administration in the lungs [12]. However,
the mechanism of this suppression was not determined and
importantly was not shown to be absent in PAR-2~/~ mice.
Another group found similar reductions in cellular infiltra-
tion into the lung using large amounts of PAR-2 AP and
LPS coadministration compared to LPS alone. However, this
group found a deficit in KC and MIP-2 in the BALF 1
hour after stimulation, although this deficit was no longer
apparent after 3 hours [13]. These results are in contrast
to the findings presented in this paper; however, both of
these groups used Balb/C mice and LPS from E. coli strain
0127:B8. It is possible that mouse and LPS strain differences
contribute to this discrepancy.

It is also important to note that the proteases that activate
PAR-2 in the lung have not been well defined. It is speculated
that mast cell tryptase is the endogenous activator of PAR-2
in the lung. However, it is possible that other, as yet unidenti-
fied, enzymes contribute to PAR-2 cleavage. In addition, the
activation of PAR-2 by the PAR-2 AP and the endogenous
tethered ligand may result in different downstream signaling
events [8, 22]. Further investigation of the role of PAR-2 in
lung inflammation is critical, as blockade of PAR-2 has been
suggested as a possible therapeutic approach to reduce lung
inflammation. Importantly, the inhibition of PAR-2 during
chronic or allergic lung inflammation may have entirely
different results from the acute lung inflammatory states
presented in this study.

References

[1] T. M. Cocks, B. Fong, J. M. Chow et al., “A protective role for
protease-activated receptors in the airways,” Nature, vol. 398,
no. 6723, pp. 156-160, 1999.

[2] L. A. Akers, M. Parsons, M. R. Hill et al., “Mast cell tryptase
stimulates human lung fibroblast proliferation via protease-
activated receptor-2,” American Journal of Physiology—Lung
Cellular and Molecular Physiology, vol. 278, no. 1, pp. L193—
L201, 2000.

[3] M. R. D’Andrea, C. K. Derian, D. Leturcq et al., “Charac-
terization of protease-activated receptor-2 immunoreactivity
in normal human tissues,” Journal of Histochemistry and
Cytochemistry, vol. 46, no. 2, pp. 157-164, 1998.

[4] M. R. D’Andrea, C. J. Rogahn, and P. Andrade-Gordon,
“Localization of protease-activated receptors -1 and -2 in
human mast cells: indications for an amplified mast cell
degranulation cascade,” Biotechnic and Histochemistry, vol. 75,
no. 2, pp. 85-90, 2000.

[5] N. Roche, R. G. Stirling, S. Lim et al., “Effect of acute
and chronic inflammatory stimuli on expression of protease-
activated receptors 1 and 2 in alveolar macrophages,” Journal
of Allergy and Clinical Immunology, vol. 111, no. 2, pp. 367—
373,2003.

[6] G. L. Howells, M. G. Macey, C. Chinni et al., “Proteinase-
activated receptor-2: expression by human neutrophils,” Jour-
nal of Cell Science, vol. 110, part 7, pp. 881-887, 1997.

[7] M. Steinhoff, J. Buddenkotte, V. Shpacovitch et al,
“Proteinase-activated receptors: transducers of proteinase-
mediated signaling in inflammation and immune response,”
Endocrine Reviews, vol. 26, no. 1, pp. 1-43, 2005.

[8] J. N. McLaughlin, L. Shen, M. Holinstat, J. D. Brooks, E.
DiBenedetto, and H. E. Hamm, “Functional selectivity of G
protein signaling by agonist peptides and thrombin for the
protease-activated receptor-1,” Journal of Biological Chemistry,
vol. 280, no. 26, pp. 25048-25059, 2005.

[9] S. Jesmin, S. Gando, S. Zaedi, and F. Sakuraya, “Differential
expression, time course and distribution of four PARs in rats
with endotoxin-induced acute lung injury,” Inflammation, vol.
30, no. 1-2, pp. 14-27, 2006.

[10] D. A. Knight, S. Lim, A. K. Scaffidi et al., “Protease-
activated receptors in human airways: upregulation of PAR-2
in respiratory epithelium from patients with asthma,” Journal
of Allergy and Clinical Immunology, vol. 108, no. 5, pp. 797—
803, 2001.

[11] E. Ostrowska, E. Sokolova, and G. Reiser, “PAR-2 activation

and LPS synergistically enhance inflammatory signaling in

airway epithelial cells by raising PAR expression level and
interleukin-8 release,” American Journal of Physiology—Lung

Cellular and Molecular Physiology, vol. 293, no. 5, pp. L1208—

L1218, 2007.

J. D. Moffatt, K. L. Jeffrey, and T. M. Cocks, “Protease-

activated receptor-2 activating peptide SLIGRL inhibits bac-

terial lipopolysaccharide-induced recruitment of polymor-
phonuclear leukocytes into the airways of mice,” American

Journal of Respiratory Cell and Molecular Biology, vol. 26, no.

6, pp. 680—684, 2002.

[13] T. Peters, T. S. Mann, and P. J. Henry, “Inhibitory influence
of protease-activated receptor 2 and E-prostanoid receptor
stimulants in lipopolysaccharide models of acute airway
inflammation,” Journal of Pharmacology and Experimental
Therapeutics, vol. 335, no. 2, pp. 424-433, 2010.

[14] X. Su and M. A. Matthay, “Role of Protease activated receptor
2 in experimental acute lung injury and lung fibrosis,”
Anatomical Record, vol. 292, no. 4, pp. 580-586, 2009.

[15] X. Su, E. Camerer, J. R. Hamilton, S. R. Coughlin, and M.
A. Matthay, “Protease-activated receptor-2 activation induces
acute lung inflammation by neuropeptide-dependent mecha-
nisms,” Journal of Immunology, vol. 175, no. 4, pp. 2598-2605,
2005.

[16] T. Takizawa, M. Tamiya, T. Hara et al., “Abrogation of
bronchial eosinophilic inflammation and attenuated eotaxin
content in protease-activated receptor 2-deficient mice,” Jour-
nal of Pharmacological Sciences, vol. 98, no. 1, pp. 99-102,
2005.

[17] P.Rallabhandi, Q. M. Nhu, V. Y. Toshchakov et al., “Analysis of
proteinase-activated receptor 2 and TLR4 signal transduction:
a novel paradigm for receptor cooperativity,” Journal of
Biological Chemistry, vol. 283, no. 36, pp. 24314-24325, 2008.

[18] Q. M. Nhu, K. Shirey, J. R. Teijaro et al., “Novel signaling
interactions between proteinase-activated receptor 2 and Toll-
like receptors in vitro and in vivo,” Mucosal Immunology, vol.
3, no. 1, pp. 29-39, 2010.

[12



(19]

[20

[21]

(22]

B. P. Damiano, W. M. Cheung, R. J. Santulli et al., “Cardio-
vascular responses mediated by protease-activated receptor-2
(PAR- 2) and thrombin receptor (PAR-1) are distinguished in
mice deficient in PAR- 2 or PAR-1,” Journal of Pharmacology
and Experimental Therapeutics, vol. 288, no. 2, pp. 671-678,
1999.

J. P. Mizgerd, M. L. Scott, M. R. Spieker, and C. M. Doerschuk,
“Functions of IxB proteins in inflammatory responses to
Escherichia coli LPS in mouse lungs,” American Journal of
Respiratory Cell and Molecular Biology, vol. 27, no. 5, pp. 575—
582, 2002.

J. C. Williams, N. J. Wagner, H. S. Earp, B. J. Vilen, and G.
K. Matsushima, “Increased hematopoietic cells in the mertk-
/- mouse peritoneal cavity: a result of augmented migration,”
Journal of Immunology, vol. 184, no. 12, pp. 6637-6648, 2010.

S. Antoniak, R. Pawlinski, and N. Mackman, “Protease-
activated receptors and myocardial infarction,” IUBMB Life,
vol. 63, no. 6, pp. 383-389, 2011.

Journal of Signal Transduction



	Introduction
	Materials and Methods
	Mice
	Intratracheal LPS Instillation and BALF Collection
	Sample Preparation
	ELISA
	Flow Cytometry
	LPS Stimulation of Macrophages

	Results
	Mice Lacking PAR-2 Have Reduced KC Expression Following Intratracheal LPS Instillation
	Alveolar and Resident Peritoneal Macrophages Lacking PAR-2 Have Reduced KC Expression Following LPS Stimulation
	No Effect on Cellular Infiltration to LPS Instilled Lungs in PAR-2-Deficient Mice

	Discussion
	References

