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Abstract
Background—Protease activated receptors (PARs) are expressed on structural and immune
cells. Control of initiation, duration, and magnitude of PAR effects is linked to the level of
receptor expression, availability of proteases, and the intracellular signal transduction machinery.
We investigated nematode infection-induced changes in PAR2 expression and the impact on
smooth muscle and epithelial responses to PAR2 agonists.

Methods—Smooth muscle and epithelial cell function were assessed in wild type, and IL-4,
IL-13 or STAT6 gene-deficient mice following treatment with vehicle, Nippostrongylus
brasiliensis or Heligmosomoides polygyrus, or IL-13. The role of enteric nerves was determined
using tetrodotoxin to block nerve conduction. Expression of PAR2 was assessed by real-time
PCR, western blot and immunohistochemistry.

Key Results—Nematode infection induced a STAT6- and IL-13-dependent up-regulation of
PAR2 mRNA expression. The infection-induced hypercontractility to PAR2 agonists required
STAT6/IL-13 and was neurally-mediated. In contrast, the infection-induced decrease in epithelial
secretion to PAR2 agonists was partly dependent on STAT6 and independent of enteric nerves.
The hyposecretion was correlated with decreased PAR2 immunofluorescent staining on the apical
surface of epithelial cells, but enhanced lamina propria immunostaining for PAR2.

Conclusions & Inferences—This is the first study to demonstrate an immune regulation of
PAR2 expression that impacts both smooth muscle and epithelial cell responses to PAR2 agonists.
Differences in responses between smooth muscle and epithelial cells are related to the contribution
of enteric nerves. These data provide a mechanism by which activation of PAR2 in immune-based
pathologies can induce both transient and long-lasting changes in gut function.
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Introduction
Protease activated receptors (PARs) are member of the family of seven-transmembrane-, G-
protein-coupled receptors (GPCR). There are four PARs identified to date: PAR1, PAR3 and
PAR4, activated specifically by thrombin, and PAR2 activated by trypsin or human mast cell
tryptase. PARs also have a distinctive mechanism of activation from other GPCR. The
mechanism involves enzymatic cleavage at a specific consensus sequence on their
extracellular domain resulting in exposure of a new N-terminus that serves as tethered ligand
that binds and activates the receptor1. PARs are termed “one shot” receptors with
termination of signaling involving desensitization, internalization, and lysosomal
degradation2. The magnitude and duration of the effect of proteases working through PAR,
therefore, is determined by the balance among the abundance and/or distribution of the
serine proteases that activate these PARs and the number and availability of PARs on the
cell surface2–4.

In the gut, enteric neurons, epithelial and smooth muscle cells all express PARs5–8 as do a
number of immune cells, including dendritic cells, mast cells, macrophages, and T cells9–
12. In addition, inflammatory cells are a rich source of proteases that activate PARs.
Activation of PARs on structural cells is linked to a variety of physiological activities
including epithelial secretion, mucosal barrier function, smooth muscle relaxation/
contraction13–16. Endogenous serine proteases, such as trypsin, play a well-known
physiological role in digestion; however, recent studies indicate that PARs are critical
players in a number of gut pathologies17 including inflammatory bowel disease (IBD)14,
18, 19and functional disorders such as irritable bowel syndrome20 (IBS). Under these
conditions, there is an increase in protease expression, generation and/or activation of PARs
that orchestrate tissue responses including inflammation, pain, repair, and altered gut
function 21.

Enteric nematode infection up-regulates IL-4 and IL-13, which bind to receptors that are
linked to STAT6 signaling22. Infection is associated also with stereotypic STAT6-
dependent alterations in gut function that are orchestrated by the interactions between
immune and structural cells, including smooth muscle cells, epithelial cells, and nerves, that
facilitate worm expulsion23–25. We showed previously23 that nematode-infection up-
regulated PAR1 expression and increased small intestinal smooth muscle contractility to
PAR1 agonists by a mechanism that was dependent on IL-13 and STAT6, but not on IL-4.
Others suggested that PAR2 contributed to expulsion of N. brasiliensis26. These data
support a role for the immune regulation of PARs, such as PAR2, in infection-induced
changes in gut function that are a critical component of Th2-mediated protective immunity.
The aim of the current study was to investigate the hypothesis that there is an immune
regulation of PAR2 expression that alters both smooth muscle and epithelial cell responses
to PAR2 agonists.

Methods
Animals and treatments

Wild-type (WT) BALB/c mice 8–12 week old (National Cancer Institute, Frederick, MD) or
mice deficient in expression of STAT6 (STAT6−/−), IL-4 (IL-4−/−) or IL-13 (IL-13−/−)
(NIAID/Taconic) were used for each experiment. Animal use for these studies was approved
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by the University of Maryland School of Medicine and USDA ARS, Beltsville, Animal Care
and Use Committees. The experiments were conducted in accordance with the principles set
forth in the Public Health Service (PHS) Policy on Humane Care and Use of Laboratory
Animals (2002 revision), Office of Laboratory Animal Welfare, NIH. Mice were inoculated
subcutaneously with 500 infective third-stage N. brasiliensis larvae (L3)27 and adult worms
are expelled by day 9 after inoculation. Some groups of mice were infected with
Heligmosomoides polygyrus (H. polygyrus, U.S. National Helminthological Collection no.
81930). Mice were inoculated orally with 200 L3 using a ball-tipped feeding tube and then
cured with the antihelmintic drug, pyranthal tartrate, 2 weeks after inoculation. These same
mice then were reinfected 28 days later and studied 10 days after the second inoculation. We
chose to study re-infected mice because there is a greater induction of IL-4 during a
secondary infection. Separate groups of WT or STAT6−/− mice received IL-13 (10µg/
mouse/ iv) daily for 6 days and were studied on day 7. This dose effectively clears infection
in immune deficient mice 28.

Gene expression
Total RNA was extracted with TRIzol (Invitrogen, Grand Island, NY) according to the
manufacture’s instructions. RNA samples (2µg) were reverse-transcribed to cDNA using the
First Strand cDNA Synthase Kit (MBI Fermentas, Hanover, MD) with random hexamer
primer. Real-time quantitative PCR (RT-qPCR) was performed using the iCycler detection
system (Bio-Rad, CA). Primer sequences were designed using Beacon Designer 4.0
(Premier Biosoft International, Palo Alto, CA), and synthesized by the Biopolymer
Laboratory of the University of Maryland. Primer sequences for IL-4 and IL-13 were
described previously29 and for PAR2 (forward sequence
CACCACCTGTCACGATGTGCT; reverse sequence CTCAGTAGGAGGTTTTAACAC).
PCR was performed in a 25µl volume using SYBR green Supermix (Bio-Rad, Hercules,
CA). Amplification conditions were: 95°C for 3 min, 50 cycles of 95°C for 15s, 60°C for
15s, and 72°C for 20s. The fold-changes in mRNA expression were relative to the respective
vehicle-treated groups of mice after normalization to 18s rRNA29.

Smooth muscle
Segments of small intestine (1 cm) were flushed to remove contents and suspended
longitudinally in organ baths. One end of the tissue was attached to an isometric tension
transducer (Model FT03; Grass Medical Instruments, Quincy, MA, USA) and the other end
was fixed to the bottom of the bath. Tissues were stretched to a load of 9.9mN (1 g) as
previous experiments showed that this load stretched tissues to their optimal length for
active contraction. Tissues were allowed to equilibrate for 30–45min in Krebs’ buffer,
replacing the bath solution every 10 min throughout the entire study. Tension was recorded
using a Grass model 79 polygraph (Grass Medical Instruments, Quincy, MA, USA) and
expressed as force per cross section in mN/cm2 16. Response curves to trypsin (1 nM-1µM)
and PAR2 activating peptide, SLIGRL, (1µM-100µM) were constructed in WT mice.
Concentrations that gave the maximum response in WT mice were tested subsequently in
STAT6−/− and IL-4−/− mice. We showed previously that the reverse peptide, LRGILS, is
inactive in this preparation16.

Ussing chambers
Four 1-cm segments of mid-jejunum were stripped of muscle and mounted in Ussing
chambers exposing 0.126 cm2 to 10 ml Krebs’ buffer. Agar-salt bridges and electrodes were
used to measure potential difference and the basal short circuit current (Isc) was monitored
continuously. In addition, every 50 s, the clamp voltage was adjusted to 1 V (World
Precision Instruments DVC 1000 voltage clamp, Sarasota, FL),for 10 s to allow calculation
of tissue resistance using Ohm’s law. After the 15-min equilibrium period, tissue resistance,
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a measure of tissue permeability, was determined. After a second 15-min period,
concentration-dependent changes in Isc were measured after the cumulative addition of
trypsin (1 nM-1µM) or SLIGRL (10 µM-100µM) to the serosal side. Some tissues were
challenged with the reverse peptide LRGILS (100µM) as a control. To determine if trypsin
responses could be desensitized, the mucosa was exposed to trypsin, washed and re-exposed
again to the same concentration of trypsin. To determine if responses to trypsin were
mediated by prostaglandins, responses in separate tissues were compared in the presence or
absence of indomethacin (10µM), a cyclooxygenase (COX) inhibitor.

Immunofluorescent staining
Tissue sections (4 µm) were cut from frozen blocks and slides were stored at −80°C. For
immunofluorescent staining, tissue slides were fixed in cold acetone for 30 min and blocked
with 10% normal goat serum in PBS for 1 hr at room temperature. The slides were incubated
with anti-PAR2 (1:50, Santa Cruz Biotechnology, Santa Cruz, CA) overnight then incubated
with Avidin-Alexafluor488 (1:200, Molecular Probes, Inc., Eugene, OR). The slides were
cover-slipped and photographed with a Nikon E800 microscope (Melville, NY) using Nikon
DXM 1200 software. The intensity of staining was assessed by first establishing settings for
the samples from the individual vehicle-treated groups and then using these same conditions
to evaluate the samples from the nematode-infected group, only comparing slides prepared
on the same day.

Mucosal scraping and tissue fractionation
The mucosal epithelial cell layer of upper small intestine from uninfected and N. brasiliensis
infected BALB/c mice (n=5/group) was gently scraped using a cover slip. The collected
tissue was homogenized in cold HEPES buffer (20 mM HEPES, 100 mM KCl, pH 7)
containing protease inhibitors (Thermo Scientific, Rockford, IL) and fractionated by
differential centrifugation. Briefly, the total homogenate was subjected to low speed
centrifugation (1,200 × g) to separate debris and non-homogenized particles and the clear
homogenate was centrifuged at 80,000 × g. The cytosolic fraction (supernatant) was
collected and the pellet resuspended in cold phosphate buffer (20 mM sodium phosphate,
10% glycerol, pH 6.5) containing 0.5% CHAPS. Detergent-soluble proteins (membrane
integral proteins) were separated from insoluble particulate by centrifugation at 150,000 × g.
The protein concentration in the total homogenates, cytosolic, and detergent-soluble
membrane fractions was determined using BCA Protein Assay kit (Thermo Scientific,
Rockford, IL).

Western blotting
Proteins in mucosal samples were separated by SDS-PAGE in 12% Tris-glycine Novex©

gels (Invitrogen) and transferred to nitrocellulose membrane for immunostaining.
Immunoreactions used rabbit polyclonal anti-PAR2 (C-17, Santa Cruz Biotechnology, CA)
(Chemicon, Temecula, CA, USA) diluted 1:500, rabbit polyclonal anti-Na+/K+-ATPase
diluted 1:5,000, or goat polyclonal antibody anti-GAPDH diluted 1:500 in 5% dry non-fat
milk in TBS-Tween. Secondary antibodies were peroxidase-labeled goat anti-rabbit IgG or
donkey anti-goat IgG (Santa Cruz Biotechnology, CA) diluted 1:1000. Immunoreactive
bands were detected by chemiluminescence (Super Signal® West Pico Chemiluminescent
Substrate (Thermo Scientific, Rockford, IL) and signal was acquired using a LAS 4000 UV
imager (FujiFilm, Stamford, CT).

Solutions and drugs
Krebs’ buffer contained (in mM) 4.74 KCl, 2.54 CaCl2, 18.5 NaCl, 1.19 NaH2PO4, 1.19
MgSO4, and 25.0 NaHCO3, and was added on each side of the tissue mounted on Ussing
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chambers. The tissues were equilibrated for 15 min in Krebs’ buffer containing 12 mM
glucose on the serosal side and 10 mM mannitol on the mucosal side. All drugs were
obtained from Sigma-Aldrich (St. Louis, MO), unless stated otherwise. Stock solutions of
trypsin (100µM in water) SLIGRL and LRGILS (1mM in water), or tetrodotoxin (TTX,
1mM in citrate buffer) were prepared and kept frozen until the day of the study.

Data analysis
Statistical analysis was performed using unpaired t-tests or one-way ANOVA, while dose
responses were compared using multiple ANOVA. Analyses were followed with post hoc
analysis for multiple comparisons. A value of p<0.05 was considered significant.

Results
Immune regulation of PAR2 expression during nematode infection

In WT mice, N. brasiliensis infection increased the expression of the Th2 cytokines, IL-4
(1.0 ± 0.3 vs 95 ± 32 fold, p<0.05) and IL-13 (1.0 ± 0.2 vs 1277 ± 232 fold, p<0.01) as
expected. H. polygyrus infection produced a similar up-regulation of these Th2 cytokines as
described previously28 (data not shown). PAR2 mRNA expression was increased in N.
brasiliensis-infected mice (Figure 1) as well as after H. polygyrus infection (2.1 ± 0.3 fold vs
WT, p<0.05). The N. brasiliensis-induced increase in PAR2 expression observed in WT
mice was absent in STAT6−/− or IL-13−/− mice, but was retained in IL-4−/− mice (Figure 1).
A modest, but significant up-regulation of PAR2 expression was observed also in mice
treated for 7 days with exogenous IL-13 (1.8 ± 0.1 fold, p<0.05).

N. brasiliensis infection enhanced smooth muscle responses to PAR2 agonists
In WT mice, both trypsin and the selective PAR2 agonist, SLIGRL, induced a biphasic
response in smooth muscle consisting of a small transient relaxation followed by a larger
contraction (Figure 2A). Previous studies showed that these responses were not observed
following exposure to the reverse peptide, LRGILS. The initial relaxation and the
subsequent contraction to trypsin and SLIGRL were enhanced by both N. brasiliensis and H.
polygyrus infection. Exogenous administration of IL-13 also enhanced both phases of the
response to PAR2 agonists (data not shown). We and others showed previously that the
contraction in response to PAR2 agonists is dependent, in part, on enteric nerves16, 30, 31.
To investigate the contribution of nerves to the infection-induced increased smooth muscle
contractility induced by trypsin and SLGIRL, responses were compared in the presence and
absence of the neurotoxin, TTX, which blocks sodium channels and, therefore, inhibits
nerve conduction. The hypercontractile responses to both trypsin and SLIGRL were reduced
to controls levels in the presence of TTX in smooth muscle taken from N. brasliensis and H.
polygyrus-infected mice (Figure 2B). The dependence of the infection-induced increase in
the response to PAR2 agonists on enteric nerves was observed also in IL-13 treated mice
(data not shown). The transient relaxation was insensitive to TTX as shown previously15.

PAR2 mRNA expression was increased by infection, therefore, we determined if the
hypercontractility was also immune-regulated. The increased smooth muscle contractility to
SLIGRL were negated in STAT6−/−, but not in IL-4−/− mice (Figure 3). In addition,
administration of exogenous IL-13 to STAT6−/− mice did not change the amplitude of the
contraction to SLIGRL when compared to vehicle-treated STAT6−/− mice (2542 ± 927 vs
1880 ± 851 mN/cm2).

N. brasiliensis infection altered epithelial responses to PAR2 agonists
The cumulative addition of trypsin or SLIGRL, but not the reverse peptide, to the serosal
side of the mucosa, induced a concentration-dependent increase in Isc (Figure 4A). In
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addition, the exposure to trypsin desensitized the response to a subsequent administration of
trypsin (Figure 4A), similar to previous observations with PAR2 agonists in rat small
intestine 15. Finally, the increase in chloride secretion in response to trypsin was unaltered
by TTX (Figure 4A), but was inhibited completely by prior incubation of the tissue with the
COX inhibitor, indomethacin (Figure 4B). The tissue exposed to trypsin and indomethacin
was able to respond to acetylcholine. Similar control of responses was observed after
exposure to SLIGRL (data not shown).

Responses to trypsin were not altered significantly following either N. brasiliensis or
exogenous administration of IL-13, but were reduced after H. polygyrus infection (Figure
4C). In contrast, secretory responses to SLIGRL were inhibited following infection as well
as exogenous IL-13. This reduction was unexpected given the increased PAR2 mRNA
expression; therefore, we performed immunofluorescence studies to determine if infection
altered PAR2 availability on the surface of epithelial cells. In control mice there is evidence
of PAR2 on epithelial cells as well as on cells within the lamina propria that are likely
mucosal mast cells (Figure 5A). In contrast, in N. brasiliensis-infected mice, PAR2 is visibly
diminished in epithelial cells, but there is prominent staining of cells in the lamina propria
(Figure 5B), consistent with the mastocytosis that is characteristic of nematode infection.

To confirm that the decreased immunofluorescent staining was due to an internalization of
PAR2 as a consequence of worm infection, mucosal tissue was scraped from small intestines
of non-infected and N. brasiliensis-infected WT mice (n=5), fractionated by differential
centrifugation in the presence or absence of detergents to isolate membrane-bound or
cytosolic proteins, and prepared for western analysis for PAR2. Total staining for PAR2 was
three-fold higher in infected mice (p<0.05), with most of the immunoreactivity (~80%)
directed to a low molecular weight (17 kDa) form of PAR2 (Figure 5C). Furthermore, while
the full size PAR2 co-fractionated with membrane markers (which include plasma
membrane, endoplasmic reticulum, and early endosome), the 17 kDa form was internalized
in the cytosolic compartment, and co-fractionated with cytosolic non-membrane-bound
markers (Figure 5D).

In control mice, epithelial responses to PAR2 agonists were independent of enteric nerves
and the infection-induced hyposecretion to SLIGRL during infection was also unchanged by
TTX treatment (Figure 6A). To determine if the infection-induced changes in epithelial
responses to SLIGRL were dependent on Th2 cytokines, we compared responses in N.
braseliensis-infected WT, STAT6−/−, and IL-4−/− mice. The infection-induced reduction in
epithelial cell secretion in response to SLIGRL in WT mice was attenuated significantly, but
not completely, in N. brasiliensis-infected STAT6−/− mice, but remained inhibited in IL-4−/−

mice.

Discussion
Proteases are part of the profile of inflammatory mediators produced in a number of
pathologies including inflammatory bowel disease (IBD) and the irritable bowel syndrome
(IBS) as well as in animal models of these diseases20. PAR2 is implicated in the substance
P-mediated neurogenic inflammation and enhanced responsiveness to mechanical stimuli
that are thought to underlie the symptoms of visceral hypersensitivity32. Indeed, IBS
patients have an elevated generation of serine proteases in the gut lumen that activate
PAR233, consistent with the observation that exposure of the lumen to PAR2 agonists
induced inflammation34. In this study, we investigated the effects of nematode infection-
induced up-regulation of Th2 cytokines on PAR2 expression and the impact of these changes
on small intestinal function. We showed an immune regulation of PAR2 expression that was
associated with altered smooth muscle and epithelial cell responses to PAR2 agonists.
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The nematode infection-induced up-regulation of PAR2 mRNA expression was STAT6-
dependent suggesting the involvement of IL-4/IL-13. The fact that the increased PAR2
expression was observed in nematode-infected IL-4−/− mice, but not in IL-13−/− mice,
indicates that PAR2 may be among a number of other genes, including PAR-1 and 5HT2A,
which are specifically regulated by IL-13 and STAT629, 35. Infection-induced up-
regulation of PAR2 mRNA expression was reproduced by exogenous administration of
IL-13 to uninfected WT mice, and this supports the conclusion that during infection, IL-13
maintains the abundance of receptors thereby prolonging the functional effects of PAR2
agonists.

The well-documented mastocytosis associated with nematode infection36–38 provides
increased local levels of mast cell protease-1 (mMCP-1), the major mast cell protease in the
mouse that is required for expulsion of some nematodes38–40. Nematode infection,
therefore, resulted in an increase not only in the number of PAR2, but also in the availability
of agonists. The importance of this interaction is illustrated by the reports that mast cells
play a key role in neurally-mediated changes in gut function associated with post-infectious
IBS41.

Activation of PAR2 has variable effects on circular versus longitudinal smooth muscle and
may differ further depending on the region of the GI tract 5, 6, 16, 42. In the current study,
the hypercontractile response to PAR2 was dependent on STAT6, but not on IL-4. Although
we did not perform studies in IL-13−/− mice, our data support a role for IL-13 in that the
IL-13- induced hypercontractility to SLIGRL was not observed in STAT6−/− mice. Of
interest is that both N. brasliensis and H. polygyrus infection enhanced both the relaxation
and contraction phases of the smooth muscle responses to PAR2 agonists indicating that this
is a general response to nematode infection, rather than a response to a specific nematode.
The hypercontractility to PAR2 activation, therefore, is part of the stereotypic changes in
smooth muscle contractility to acetylcholine, nerve stimulation, 5-HT and PAR1 reported
previously25, 35, 43.

We also confirmed our previous data showing that PAR2 activation resulted in a small
transient TTX-insensitive relaxation of longitudinal smooth muscle followed by a larger
amplitude TTX-sensitive contraction29. The hypercontractile effect was almost entirely
dependent on enteric nerves as TTX reduced the response to levels similar to those in
uninfected controls. These data indicate that the infection-induced increase in contractility is
due to the immune-mediated up-regulation of PAR2 on enteric nerves rather than smooth
muscle. PAR2 and substance P play key roles in neurogenic inflammation44and while we
did not explore the contribution of substance P in infection-induced hypercontractility to
PAR2 agonists, we showed previously that the PAR2 actions on smooth muscle involved
both NK1 and NK2 receptors16. The immune control of the nematode infection-induced
hypercontractility to PAR2 agonists was consistent with immune-mediated changes in PAR2
expression that result in enhanced neurally-mediated effects on smooth muscle responses to
PAR2 agonists. This effect may contribute to altered smooth muscle responses to food
allergy, as well as those in IBS patients whose symptoms are linked to increased numbers of
mast cells41. It is of interest to note that nematode infection-induced hypercontractility to
PAR1 agonists29was not dependent on enteric nerves (unpublished data), implicating a
separate outcome for the immune-mediated effects of PAR1 and PAR2 on smooth muscle
function.

Epithelial responses to PAR2 agonists in murine small intestine were similar to those
described in rats, including the lack of neural control and the dependence on cyclooxygenase
generation of PGE215, 45, 46. We showed previously that nematode infection induced a
stereotypic hyposecretion to a number of secretagogues, including acetylcholine and 5-
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HT47, 48 , which was mimicked by exogenous administration of IL-1349. Indeed, the
increased intraluminal fluid in nematode infection is attributed to decreased absorption,
rather than increased secretion47, 49. In the present study, responses to SLIGRL also were
inhibited significantly in infected mice, an effect reproduced by administration of IL-13.
These reduced epithelial cell responses were in contrast to the observed STAT6/IL-13-
mediated up-regulation of PAR2 expression and the corresponding increases in smooth
muscle responses to PAR2 agonists. These data are also opposite to that observed during
Clostridium difficile (C. diff) toxicity, where increased PAR2 mRNA expression and
enhanced immunoreactivity on enterocytes was associated with increased inflammation,
neutrophil infiltration, and enhanced epithelial secretion 50. Since the functional response to
PAR2 agonists is linked to the availability of PAR2 on the membrane, the nematode
infection-induced hyposecretion suggested a loss of receptors on the epithelial cell.
Immunofluorescent staining revealed an absence of PAR2 on epithelial cells in nematode-
infected mice when compared to controls, but increased staining in the lamina propria
consistent with mastocytosis. The reason for this pattern may be due to the ability of
nematodes to generate proteases, including trypsin-like proteases that may activate PAR251–
54. Activation of PAR2 resulted in receptor internalization and therefore, continuous
exposure of epithelial cells to nematode proteases during the course of infection reduced the
number of PAR2 on the epithelial surface due to receptor desensitization. This mechanism of
control of PAR expression is consistent with the detection of high levels of cytosolic low
molecular weight forms of PAR2 in infected mice, and has important implications in that
PAR-mediated effects on epithelial cells and smooth muscle are dependent, in part, on
expression of newly synthesized PARs and their targeting to the plasma membrane. This
finding has important ramifications in that the number of PAR2 may limit the duration of the
effects of luminal proteases on epithelial cell function during chronic infections. It also
illustrated the differences in PAR2 effects on nerves (e.g. sensory afferents) in which
agonist-triggered hyperexcitability is linked to second messenger-mediated changes in the
sensitivity of channels such as transient receptor potential vanilloid 4 (TRPV4)32.

In conclusion, these studies are the first to show an immune regulation of PAR2 expression
that affected function on both smooth muscle and epithelial cells. The hyposecretion to
PAR2 agonists in epithelial cells and smooth muscle responses can be attributed to the
reduced availability of PAR2 on the epithelial cell surface despite increased mRNA
expression. The hypercontractility to PAR2 agonists in smooth muscle can be attributed to
the up-regulation of PAR2 on enteric nerves and the resulting changes in the neural
sensitivity that impact gut function. These downstream actions underlie the longer lasting
effects of PAR2 activation that may contribute to IBS symptoms.
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Figure 1.
Nippostrongylus brasiliensis infection induced an IL-13 and STAT6-dependent up-
regulation of PAR2 in the small intestine. This increase was independent of IL-4. The fold
increases are relative to the individual vehicle groups after normalization to 18s rRNA. *
p<0.05 vs respective control (n≥5 for each group).
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Figure 2.
Nematode infection-induced an intestinal smooth muscle hyper-responsiveness to PAR2
agonists that was dependent on enteric nerves. (A) Intestinal smooth muscle exhibited
biphasic responses to the PAR2 agonist trypsin (1µM) or PAR2 activating peptide SLIGRL
(100µM) featuring an initial relaxation followed by a contraction. (B) The nematode
infection-induced increase in the contractile responses to PAR2 was not observed in the
presence of TTX. *p<0.05 vs respective control; Φp<0.05 vs respective response in the
absence of TTX (n≥5 for each group).
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Figure 3.
The hypercontractile smooth muscle response to PAR2 agonists in small intestine is
immune-mediated. Segments of jejuna were taken from the mice and suspended
longitudinally in organ baths for in vitro contractility studies in response to PAR2 activating
peptide SLIGRL (100µM). The N.braslinesis infection-induced increase in smooth muscle
responses to SLIGRL was not observed in STAT6−/− mice, but was retained in IL-4−/− mice.
*p<0.05 vs respective control; (n≥5 for each group).
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Figure 4.
PAR2 activation-induced intestinal epithelial chloride secretion was dependent on COX
generation of PGE2, but was independent of enteric nerves. (A and B) The cumulative
addition of trypsin to the serosal side of mucosae mounted in Ussing chambers induced a
concentration-dependent increase in Isc. (A) Prior exposure to trypsin abolished the
response to a second challenge with trypsin 25 minutes later. The increase in Isc was
unaltered by 1µM TTX, (B) but was abolished in the presence of 10µM indomethacin. The
tissue responded to acetylcholine confirming the viability of the preparation. (C) H.
polygyrus (day 14 post infection), N. brasiliensis (day 9 post infection), and in vivo IL-13
treatment (7 days) all significantly inhibited epithelial cell response to PAR2 agonist,
SLIGRL. Responses to trypsin were reduced only by H. polygyrus infection *p<0.05 vs
respective control.
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Figure 5.
N. brasiliensis infection induced a decrease in PAR2 expression on the epithelial cell
surface. (A) Frozen tissue blocks of mid-jejuna were prepared and the sections were cut for
immunofluorescence staining for PAR2. The pictures are representative of each group of at
least 3 mice. Original magnification, 200x. (A) Tissue from uninfected mice shows staining
on epithelial cells (arrows) and on cells in the lamina propria that may be resident mast cells
(arrow heads). (B) Tissue from infected animals shows diminished staining in epithelial cells
(arrows) and increased staining in lamina propria cells (arrow heads). (C) A representative
western blot for total PAR2 staining in scraped mucosa is shown. Total immunoreactivity
was 3-fold higher (p<0.05) in infected mice, with ~80% directed to a 17 kDa form of PAR2.
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(D) Western blot analysis for PAR2 was performed on fractionated mucosa along with
membrane or cytosolic markers (as indicated). The full size PAR2 proteins co-partitioned
with plasma membrane markers (Detergent Soluble, D.S.), while the 17 kDa form was co-
fractionated with cytosolic markers (Cyt), consistent with an internalization following PAR2
activation.
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Figure 6.
Regulation of nematode infection-induced inhibition of Isc responses to serosal application
of SLIGRL. (A) H. polygyrus (day 14 post infection)-induced inhibition of SLIGRL
responses was similar in presence and absence of TTX. (B) N. brasiliensis (day 10 post
infection)-induced inhibition of secretion in response to SLIGRL was attenuated in
STAT6−/−, but was still observed in IL-4−/− mice *p<0.05 vs respective control, Φ p<0.05
vs WT infected (n≥5 for each group).
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