THE JOURNAL OF BIOLOGICAL CHEMISTRY VOL. 283, NO. 36, pp. 2431424325, September 5, 2008
© 2008 by The American Society for Biochemistry and Molecular Biology, Inc. ~ Printed in the U.S.A.

Analysis of Proteinase-activated Receptor 2 and TLR4

Signal Transduction

A NOVEL PARADIGM FOR RECEPTOR COOPERATIVITY™®

Received for publication, June 24,2008 Published, JBC Papers in Press, July 11,2008, DOI 10.1074/jbc.M804800200
Prasad Rallabhandi*', Quan M. Nhu*', Vladimir Y. Toshchakov*, Wenji Piao*, Andrei E. Medvedev®,

Morley D. Hollenberg®, Alessio Fasano®, and Stefanie N. Voge

Ii2

From the *Department of Microbiology and Immunology and "Department of Pediatrics and the Mucosal Biology Research Center,
University of Maryland, Baltimore, Maryland 21201 and the *Department of Pharmacology and Therapeutics and Department of

Medicine, University of Calgary, Calgary, T2N4N1, Alberta, Canada

Proteinase-activated receptor 2 (PAR,), a seven-transmem-
brane G protein-coupled receptor, is activated at inflammatory
sites by proteolytic cleavage of its extracellular N terminus by
trypsin-like enzymes, exposing a tethered, receptor-activating
ligand. Synthetic agonist peptides (AP) that share the tethered
ligand sequence also activate PAR,, often measured by Ca>*
release. PAR, contributes to inflammation through activation of
NF-kB-regulated genes; however, the mechanism by which this
occurs is unknown. Overexpression of human PAR, in
HEK293T cells resulted in concentration-dependent, PAR,
AP-inducible NF-kB reporter activation that was protein
synthesis-independent, yet blocked by inhibitors that uncou-
ple G; proteins or sequester intracellular Ca>*. Because pre-
vious studies described synergistic PAR,- and TLR4-medi-
ated cytokine production, we hypothesized that PAR, and
TLR4 might interact at the level of signaling. In the absence of
TLR4, PAR,-induced NF-kB activity was inhibited by domi-
nant negative (DN)-TRIF or DN-TRAM constructs, but not
by DN-MyD88, findings confirmed using cell-permeable,
adapter-specific BB loop blocking peptides. Co-expression of
TLR4/MD-2/CD14 with PAR, in HEK293T cells led to a syn-
ergistic increase in AP-induced NF-kB signaling that was
MyD88-dependent and required a functional TLR4, despite
the fact that AP exhibited no TLR4 agonist activity. Co-im-
munoprecipitation of PAR, and TLR4 revealed a physical
association that was AP-dependent. The response to AP or
lipopolysaccharide was significantly diminished in TLR4~/~
and PAR, ™/~ macrophages, respectively, and SW620 colonic
epithelial cells exhibited synergistic responses to co-stimula-
tion with AP and lipopolysaccharide. Our data suggest a
unique interaction between two distinct innate immune
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response receptors and support a novel paradigm of receptor
cooperativity in inflammatory responses.

Extracellular proteases (or proteinases), e.g. thrombin and
trypsin, play crucial roles as direct regulators of cellular func-
tions, in addition to their long recognized importance in diges-
tion, hormone processing, and hemostasis (reviewed in Refs. 1,
2). Serine proteases released or generated during tissue injury,
malignancy, infection, or inflammation can activate cell signal-
ing by triggering proteinase-activated receptors (PARs),> a
novel, four-member family of seven-transmembrane G pro-
tein-coupled receptors (GPCR) (reviewed in Refs. 3—-10). In
general, PAR, PAR;, and PAR, are targeted by thrombin; PAR,
responds to trypsin and trypsin-like serine proteases, including
mast cell tryptase, tissue kallikreins, and coagulation factors
VIla and Xa. These serine proteases cleave PARs irreversibly at
a specific site in the extracellular N terminus to expose a teth-
ered “neo-ligand” that, in turn, binds intramolecularly to PARs
to trigger receptor autoactivation. Synthetic peptides that cor-
respond to the sequences of the tethered neo-ligands can also
activate uncleaved PARs (except in the case of PAR;) and serve
as valuable experimental tools to study the consequence of PAR
activation in the absence of exogenous proteases. To date, it has
been widely reported that the activation of PARs by serine pro-
teases contributes to normal physiology as well as to various
pathophysiological states, including autoimmunity, cancer, tis-
sue injury and repair, infection, and inflammation (reviewed in
Refs. 3-10).

PARs are distributed ubiquitously throughout the body, with
relatively high expression in the gastrointestinal and respira-

3 The abbreviations used are: PAR, proteinase-activated receptor; WT, wild
type; GPCR, G protein-coupled receptor; DN, dominant negative, hu,
human; HEK, human embryonic kidney; TLR4, Toll-like receptor 4; PRR, pat-
tern recognition receptor; PAMP, pathogen-associated molecular pattern;
MyD88, Myeloid differentiation factor 88; TRIF, Toll/IL-1 receptor/resist-
ance (TIR) domain-containing adapter-inducing IFN-3; TRAM, TRIF-related
adapter molecule; BP, BB loop peptide; CP, control peptide; AP, agonist
peptide; CHX, cycloheximide; IL, interleukin; IFN, interferon; GAPDH, glyc-
eraldehyde-3-phosphate dehydrogenase; TNF, tumor necrosis factor; LPS,
lipopolysaccharide; RT, reverse transcription; PBS, phosphate-buffered
saline; BAPTA-AM, N,N,N’,N’-tetraacetic acid tetra(acetomethyl) ester; HA,
hemagglutinin; RANTES, regulated on activation normal T cell expressed
and secreted; PT, pertussis toxin; GFP, green fluorescent protein; iNOS,
inducible nitric-oxide synthase; ELAM, endothelial cell-leukocyte adhesion
molecule.
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tory tracts (reviewed in Refs. 11, 12). Importantly, the presence
of PARs on epithelia, endothelia, monocytes, and macrophages
(reviewed in Ref. 7) suggests a possible role for PARs in the
innate immune defense and immune surveillance (reviewed in
Refs. 4, 11-13). However, innate immunity has largely been
attributed to the capacity of “pattern-recognition receptors”
(PRRs) to respond to conserved “pathogen-associated molecu-
lar patterns” (PAMPs) (reviewed in Ref. 14), whereas PARs have
generally been considered to be “sensors” of the extracellular
proteolytic environment (reviewed in Refs. 12, 13). Specifically,
PAR, has been associated with the inflammatory response to
infection and microbial proteases and, in this context, may also
actas a PRR. In mice, PAR, activation plays a pivotal role in the
pathogenesis of periodontitis caused by Porphyromonas gingi-
valis (15) and in the development of infectious colitis induced
by Citrobacter rodentium (16). Exposure of PAR, to proteases
derived from P. gingivalis (17) or Serratia marcescens (18)
induces expression of the antimicrobial peptide B-defensin 2
(17), pro-inflammatory cytokines and chemokines, e.g. inter-
leukin (IL)-6 and IL-8 (18), as well as activation of the transcrip-
tion factors AP-1, C/EBP, and NF-«B (18) in human gingival
cells (17) and lung epithelial cells (18). The house dust mite
allergens, Der p3 and Der p9 serine proteases, also induce pro-
inflammatory responses in human airway epithelial cells via
PAR, activation (19, 20). Thus, PAR, is involved in the innate
immune response at anatomic sites that interact with protease-
rich environments, such as the gut lumen and respiratory tract.
Consequently, several microbes evade PAR,-mediated immune
surveillance by directly disabling the receptor. For example,
proteases from Pseudomonas aeruginosa (21) or Treponema
denticola (15) have been reported to inactivate PAR, and
thereby alter its function.

The Toll-like receptors (TLRs) are important sentinels of the
innate immune response through their ability to respond to
PAMPs (e.g. lipopolysaccharide (LPS), double-stranded RNA,
flagellin, and unmethylated CpG DNA) (reviewed in Refs. 14,
22). TLRs are germ line-encoded, evolutionarily conserved type
I transmembrane glycoproteins and represent a family of
closely related PRRs that respond to many different microbial
PAMPs. More recently, TLRs have also been implicated in the
response to endogenous molecules released by damaged cells or
chemical substances generated during tissue injury or highly
inflammatory processes (reviewed in Refs. 23-27). In particu-
lar, TLR4 responds not only to bacterial LPS but also to an array
of other exogenous and endogenous agonists, e.g. respiratory
syncytial virus F protein, chlamydial heat-shock protein 60,
fibrinogen, surfactant protein A, murine 3-defensin 2, and the
serine protease elastase (reviewed in Refs. 24—30). To date, 10
functional murine and 9 functional human TLRs have been
identified.

Direct or indirect interaction of TLR ectodomains with cog-
nate ligands results in receptor oligomerization leading to con-
formational changes within intra-cytoplasmic Toll/interleu-
kin-1 receptor resistance (TIR) domains that create docking
platforms for the recruitment of TIR-containing adapter pro-
teins and downstream kinases (22). TLR4 is the only known
TLR that is capable of recruiting all four adapter proteins (i.e.
myeloid differentiation factor 88 (MyD88), TIR domain-con-
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taining adapter protein/MyD88-adapter-like (TIRAP/Mal),
TIR domain-containing adapter inducing IFN-B (TRIF), and
TRIF-related adapter molecule (TRAM)) through TIR-TIR
interactions. TLR4 engagement by its prototype agonist, LPS,
results in the activation of two major signaling pathways, i.e.
“MyD88-dependent” and “MyD88-independent” (reviewed in
Refs. 22, 31, 32). Activation of the MyD88-dependent pathway
results predominantly in the “early” nuclear translocation of
NE-kB that is required for expression of most pro-inflamma-
tory cytokines, e.g. IL-1, IL-6, and TNF-a. In contrast, the
MyD88-independent pathway activates a “delayed” NF-«B
response, as well as rapid activation of another key transcrip-
tion factor, IRF-3, that up-regulates transcription of IRF-3-re-
sponsive genes, e.g. RANTES and IFN-.

Inflammation caused by C. rodentium infection has been
reported to depend on both TLR4 (33) and PAR, (16). Given
that PAR, has been recently associated with several infectious
and noninfectious models leading to inflammation (reviewed in
Refs. 4-7,9, 10, 18, 34-36), we hypothesized that PAR, might
interact with TLR4, perhaps at the level of cross-talk between
signaling pathways. Indeed, several studies have investigated
the possible connection between PAR,- and TLR4-mediated
signaling pathways. For example, concurrent activation of
PAR, and TLR4 by PAR, AP and LPS, respectively, amplifies
NE-«kB activation and IL-6 production in endothelial cells (37).
In contrast, the inflammatory response induced by Aspergillus
infection involves TLR4-mediated suppression of PAR, signal-
ing (36). Thus, signaling cross-talk between PAR, and TLR4 has
the potential to augment or mitigate an ongoing inflammatory
response when both receptors are accessible.

In this study, we demonstrate PAR, activation by its AP, as
measured by ELAM (NF-«B)- or RANTES (IRF-3)-reporter
activation and IL-8 secretion, in transiently transfected
HEK293T cells. PAR,-induced NF-kB activation by AP was
MyD88-independent but TRIF- and TRAM-dependent. More-
over, a synergistic response to PAR, AP was observed when
PAR, was co-expressed with the TLR4 receptor complex
(TLR4/MD-2/CD14), despite the fact that AP exhibited no
TLR4 activity. The observed synergy was fully MyD88-depend-
ent. These results suggest that PAR, and TLR4 interact func-
tionally at the level of intracellular adapter utilization for the
activation of NF-kB. Co-immunoprecipitation of PAR, and
TLR4 in HEK293T transfectants was observed only in the pres-
ence of AP. In contrast to wild-type macrophages, macro-
phages derived from TLR4 ’~ mice responded poorly to PAR,
AP to elicit IL-18 mRNA, and conversely, PAR, ’~ macro-
phages exhibited a significant down-regulation of iNOS gene
expression induced by LPS. The colonic epithelial cell line,
SW620, responded synergistically to AP and LPS, further sup-
porting the conclusion that functional synergy also occurs in
nontransfected cells. Collectively, these data support a novel
model of heterophilic receptor interaction between TLR4 and
PAR, that centers on shared utilization of TLR adapter pro-
teins, leading to enhanced NF-«kB activation upon PAR,
engagement. The findings in this study also imply a previously
under-appreciated role of PARs as an additional level of the
innate immune defense, apart from classical pattern-recogni-
tion receptors.
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EXPERIMENTAL PROCEDURES

Reagents and Cell Culture—Human embryonic kidney
(HEK) 293T cells (ATCC, Manassas, VA) were cultured in Dul-
becco’s modified Eagle’s medium (BioWhittaker, Walkersville,
MD) supplemented with 10% fetal bovine serum, 2 mm L-gluta-
mine, 100 units/ml penicillin, and 100 wg/ml streptomycin.
PAR, AP (SLIGRL-NH,, (rodent); SLIGKV-NH, (human)) or
inactive peptides (LSIGRL-NH, and VKGILS-NH,) were pur-
chased from Sigma or synthesized by the Biopolymer Labora-
tory (University of Maryland, Baltimore) or Phoenix Pharma-
ceuticals, Inc. (Burlingame, CA). PAR; AP (TFLLR-NH,) and
scrambled control peptide were synthesized at the University of
Calgary. Cycloheximide (CHX) and 1,2-bis-(2-aminophe-
noxy)ethane-N,N,N',N'-tetraacetic acid tetra(acetomethyl)
ester (BAPTA-AM) were purchased from Sigma. Polyclonal
anti-hemagglutinin (HA) antibody (clone Y-11) was obtained
from Santa Cruz Biotechnology (Santa Cruz, CA), and anti-
GFP polyclonal antibody was purchased from Invitrogen.
Recombinant human TNF-a was kindly provided by Cetus
Corp. (Emeryville, CA). Recombinant human IL-18 was
obtained from R & D Systems (Minneapolis, MN). Protein-free,
phenol/water-extracted Escherichia coli K235 LPS was pre-
pared as described elsewhere (38). S-[2,3-Bis(palmitoyloxy)-(2-
RS)-propyl]-N-palmitoyl-(R)-Cys-(S)-Ser-(Lys),-OH,  trihy-
drochloride was purchased from EMC Microcollections
(Tuebingen, Germany), and polyinosinic:polycytidylic acid
(poly(I:C)) was from Amersham Biosciences. Purified Borde-
tella pertussis toxin (PT) was a kind gift of Dr. Nicholas Car-
bonetti (University of Maryland, Baltimore). RNeasy total RNA
extraction kit and SuperFect transfection reagent were from
Qiagen (Valencia, CA). RT-PCR kit was purchased from Pro-
mega Corp. (Madison, WI). All expression plasmid constructs
were prepared using EndoFree plasmid maxi kit (Qiagen). Oli-
gonucleotide synthesis and DNA sequencing analyses were car-
ried out by the Biopolymer and Genomics Core Facility (Uni-
versity of Maryland, Baltimore). Cell-permeable BB loop
peptides (BPs) corresponding to the 14 amino acid sequences of
the BB loops of human MyD88, TRIF, and TRAM, as well as a
scrambled control peptide (CP), were synthesized and used as
described elsewhere (39). Primary peritoneal macrophages
from C57BL/6] mice, PARZ_/ ~ mice (The Jackson Laboratory,
Bar Harbor, ME), or TLR4 /" mice (kindly provided by Dr. S.
Akira, Osaka, Japan), which had been backcrossed =8 times
onto a C57BL/6 background, were collected for in vitro studies
as described elsewhere (40). The human colonic epithelial cell
line SW620 (ATCC) was propagated in tissue culture flasks in
RPMI media supplemented with 100 units/ml penicillin, 100
pg/ml streptomycin, 2 mMm L-glutamine, and 2% fetal calf serum.

Plasmid Constructs—We used a wild-type (WT) human
PAR, expression vector, pcDNA3-PAR,, that encodes a native,
untagged PAR, protein (41). Expression plasmids pCMV1-
FLAG-TLR4, which encodes human TLR4 with an N-terminal
FLAG epitope tag, pcDNA3-huCD14, pEFBOS-HA-huMD-2,
and pELAM-1 luciferase (pELAM-luc; an NF-«B reporter) and
pCMV1-B-galactosidase reporter plasmids were kindly pro-
vided by Dr. Douglas Golenbock (University of Massachusetts
Medical School, Worcester) and have been described previ-
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ously (42—-44). Expression constructs for human dominant
negative (DN)-MyD88, DN-TRIF, and DN-TRAM, and the
RANTES promoter-luciferase reporter construct, FLAG-
TLR2, and FLAG-TLR3 expression constructs were kindly pro-
vided by Drs. Douglas Golenbock and Katherine Fitzgerald
(University of Massachusetts Medical School, Worcester) (45).
pcDNA3-WT YFP-TLR4 was kindly provided by Dr. Golen-
bock, and the plasmid encoding the P714H YFP-TLR4 mutant
was generated by site-directed mutagenesis, using Quick-
Change site-directed mutagenesis kit (Stratagene) (44). A
C-terminally HA-tagged human PAR, vector (46) was the kind
gift of Dr. Steven Compton (University of Hull, Hull, UK). The
coding sequences of all plasmid constructs were confirmed by
sequencing.

Reporter Assay—HEK293T cells were seeded into 12-well
Costar plates (Corning Inc., Corning, NY) at 2 X 10° cells/well
and incubated overnight at 37 °C, 5% CO,, atmosphere. Using
SuperFect reagent, cells were transfected for 4 h with PAR,
expression vector (200 ng/well; determined in preliminary
studies to result in optimal responsiveness to AP (data not
shown)), TLR4 complex (pFLAG-huTLR4, 7.5 ng/well; pEF-
BOS-HA-huMD-2, 3 ng/well; and pcDNA3-huCD14, 30
ng/well), or both as indicated under “Results,” together with the
ELAM-luc reporter (500 ng/well) or RANTES-luc reporter (200
ng/well) and pCMV1-B-galactosidase (100 ng/well). The final
input DNA was adjusted to 1.5 pg/well with the pcDNA3 blank
vector (Invitrogen). After overnight recovery, cells were washed
with 1X PBS and stimulated with PAR, AP or LPS at the indi-
cated concentrations for 5 or 16 h, as indicated. Cells were lysed
in 1X reporter assay lysis buffer (Promega). 3-Galactosidase
(Tropix, Galacto-Light System, Bedford, MA) and luciferase
(Promega, Luciferase Assay System) activities were analyzed
using a Berthold LB 9507 luminometer (Berthhold Technolo-
gies, Bad Wildbad, Germany). “Relative luciferase activity,” rep-
resented as relative luciferase units, was calculated by normal-
izing luciferase activity for each sample to constitutive
B-galactosidase activity measured within the same sample.
Based on staining of B-galactosidase activity in individual cells,
the transfection efficiency was consistently >90%.

Immunoprecipitation and Western Analysis—HEK293T
cells were plated in 100-mm Petri dishes (3 X 10° cells/dish),
grown overnight, and co-transfected for 4 h with YFP-TLR4
WT (5 ug/dish) and pcDNA3-huCD14 (450 ng/dish) and pEF-
BOS-HA-huMD-2 (45 ng/dish) expression vectors, without or
with HA-PAR, expression construct (5 wpg/dish) using the
SuperFect transfection reagent. The cells were incubated for an
additional 72 h before treating the cells with AP for the times
indicated. To prepare cell extracts for immunoprecipitation,
cells were washed twice with cold 1X PBS, resuspended in 1 ml
of ice-cold lysis buffer (M-PER buffer (Pierce), with 1 mm phen-
ylmethylsulfonyl fluoride and protease inhibitor mixture),
transferred to 1.5-ml Eppendorf tubes, and mixed by rotation at
4 °Cfor 1 h. Lysates were centrifuged at maximum speed for 10
min at 4 °C; the supernatant was transferred to another Eppen-
dorf tube, and the protein concentration was measured. Cell
lysates containing ~8 mg of total protein were precleared with
40 pl of 1X PBS-washed EZview Red Protein G affinity gel
(Sigma) for 1 h at 4 °C. Precleared supernatant was then mixed

VOLUME 283 -NUMBER 36+SEPTEMBER 5, 2008



with 5 ul of anti-HA polyclonal antibody and incubated at 4 °C
overnight. Forty ul of protein G beads were added, and the
mixture was incubated for an additional 5 h at 4 °C on a rocker.
For the anti-GFP antibody (5 ul/sample), the lysate and anti-
body mixture was incubated at 4 °C for 4 h, and then the protein
G beads were added, and the incubation was continued over-
night. The samples were centrifuged at 3600 rpm at 4 °C for 1
min; the supernatant was removed, and the red affinity beads
were washed two times with cold lysis buffer and four times
with cold 1X PBS. The final red bead pellet was resuspended in
20 pl of 2X SDS sample buffer, vortexed, and boiled for 10 min.

For Western analysis, the entire immunoprecipitate was
resolved on 4-15% Tris-glycine SDS-polyacrylamide gel (Bio-
Rad), transferred onto Immobilon P membrane, and developed
by Western analysis using the methods described elsewhere
(42). Anti-HA antibody was used at 1:500 dilution, and anti-
GEFP antibody at 1:1000 dilution. Horseradish peroxidase-con-
jugated secondary antibodies were used at appropriate dilu-
tions and conditions as suggested by the manufacturer.

RT-PCR—Total RNA from HEK293T transfectants was iso-
lated and quantified spectrophotometrically, and cDNA was
prepared by using Moloney murine leukemia virus reverse
transcriptase kit (Promega, Madison, WI). Relative mRNA
quantities of firefly luciferase (230-bp PCR product) and
huGAPDH (internal control, 600-bp PCR product) were deter-
mined by RT-PCR using the following primers: luciferase,
5'-TCA AAG AGG CGA ACT GTG TG-3' (sense), 5'-GGT
GTT GGA GCA AGA TGG AT-3' (antisense); huGAPDH,
5'-CTG ATG CCC CCA TGT TCG TCA-3’ (sense), 5'-CCA
CCACCCTGT TGCTGT AG-3’ (antisense), followed by elec-
trophoresis of amplified products and visualization by ethidium
bromide staining. The optimal cycle number for each gene
(luciferase, 45 cycles; GAPDH, 35 cycles) was chosen to detect
amplified products under nonsaturating conditions. Each cycle
consisted of 1 min at 95 °C, 1 min at a gene-specific annealing
temperature (luciferase, 52 °C; huGAPDH, 58 °C), and 2 min at
72 °C. mRNA expression in macrophages and SW620 cells was
detected by quantitative real time PCR as described elsewhere
(40).

Statistical Analyses—Data are presented as means * S.E. and
analyzed using a one-way analysis of variance with repeated
measures, followed by post hoc comparisons using Tukey’s
multiple paired comparison test of the GraphPad PRISM 4.0
(GraphPad Software, Inc., San Diego, CA).

RESULTS

PAR ,-stimulated ELAM (NF-kB) Reporter Activation: Speci-
ficity, Kinetics, and Dose Dependence—Although PAR, has
been strongly implicated in the induction of inflammatory
responses in a variety of species (reviewed in Refs. 47,9, 10, 34,
35), little is known about the molecular mechanisms by which
PAR, activates the inflammatory response. To delineate the
intracellular signaling pathways elicited by PAR,, we initially
sought to develop a transient transfection system in HEK293T
cells. The HEK293T cell line is highly transfectable and, under
our conditions of culture, did not express detectable endoge-
nous PAR, or TLR4 mRNA (data not shown) but, as demon-
strated below, responded to PAR, AP with NF-«B activation
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only following transfection with a human PAR, expression
construct.

HEK293T cells transiently transfected with the pcDNA3.1
control vector did not elicit NF-«kB reporter activation in
response to PAR, AP, but were responsive when stimulated
with TNF-a via the endogenous TNF receptor (Fig. 14, left side
of graph). Introduction of an optimized input concentration
(i.e. 200 ng/well) of the PAR, expression vector resulted in
ELAM (NF-«B)-driven luciferase activity in cells stimulated
with huPAR, AP (SLIGKV-NH,) but not with scrambled con-
trol peptides (Fig. 14, right side of graph). PAR, transfectants
also exhibited a weak response to huPAR; AP (TFLLR-NH,)
that was not seen in pcDNA-transfected cells, suggesting a
slight degree of cross-reactivity because no PAR;-mediated
response was observed in pcDNA control transfectants (Fig.
1A). The response to TNF-a was unperturbed in PAR, trans-
fectants (Fig. 1A4). Activation of PAR, by AP was concentration-
dependent within a 10-200 uM range (supplemental Fig. 1A4)
and plateaued at higher concentrations. Treatment of PAR,
transfectants, but not pcDNA3.1-transfectants, with trypsin
(10 nm) induced a level of NF-kB-luciferase activity comparable
with that induced by AP (100 um) (supplemental Fig. 1B).

We next sought to optimize the treatment time necessary to
achieve the maximum stimulation of PAR, at different AP con-
centrations. Fig. 1B illustrates that a 5-h treatment of PAR,
transfectants with AP elicited ELAM reporter activity that was
significantly lower than observed after 16 h. The luciferase
activity induced after 16 h of PAR, stimulation was of a similar
magnitude to that induced by rIL-18 after only 5 or 16 h of
stimulation (Fig. 1B, far right bar). A 16-h treatment period was
also necessary to achieve optimal trypsin-induced NF-«kB (sup-
plemental Fig. 1B) or AP-induced RANTES-luciferase in PAR,
transfectants (data not shown).

The PAR, APs, SLIGRL-NH, (mouse/rat) and SLIGKV-NH,
(human), have been shown to activate PAR, in both human and
rat cells (47, 48). We observed an equivalent degree of activa-
tion of the ELAM reporter when the PAR, HEK293T cell trans-
fectants were stimulated with either the rat- or human-derived
APs over a broad concentration range (Fig. 1C), indicating that
these APs can be used interchangeably in this system. Previous
studies have shown that in contrast to SLIGRL-NH,, a peptide
with the first two amino acids inverted, i.e. LSIGRL-NH,, is
inactive (47). The supplemental Fig. 1C confirms this observa-
tion in our transfection system and also illustrates that pretreat-
ment with the inactive LSIGRL-NH, peptide failed to block the
ability of the active PAR, AP, SLIGRL-NH,, to induce the
ELAM (NF-«B) reporter.

AP-induced, PAR,-mediated ELAM (NF-«B)-driven Lucifer-
ase Accumulation Does Not Require de Novo Protein Synthesis
and Is Sensitive to Pharmacologic Inhibitors—To date, most of
the signaling and structure-activity work on PAR, activation by
APs has used intracellular calcium (Ca®™) release as an index of
receptor activation (47—49). In contrast to the Ca>” signaling
response, which occurs within seconds of stimulation with AP
(47-49), optimal AP-induced NF-kB-luciferase reporter acti-
vation observed in HEK293T cells transfected with PAR,
required a substantially longer period of incubation (i.e. =5 h
versus 0.2 min). This observation prompted us to consider the
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FIGURE 1. HEK293T/PAR, transfectants respond in a specific manner
independent of species of origin of AP. A, HEK293T cells were co-trans-
fected with either the control pcDNA or the untagged human PAR, con-
struct, together with ELAM (NF-«B)-luciferase and pCMV1-B-galactosid-
ase reporter constructs. Transfected cells were treated with TNF-«a (50
ng/ml), 200 um huPAR, AP (TFLLR-NH,), or its inactive scrambled peptide
or 200 um huPAR, AP (SLIGKV-NH,) or its inactive scrambled peptide for
16 h. Reporter activities were measured in cell lysates as described under
“Experimental Procedures.” A representative experiment is shown (n = 3).
B, HEK293T cells, transfected as described in A, were treated with huPAR,
AP at the indicated concentrations or with human rIL-13 for 5 or 16 h. Cell
lysates were assayed for ELAM-luc and B-galactosidase reporter activities.
A representative experiment is shown (n = 8). C, HEK293T cells, trans-
fected as described in A, were treated with medium only, rat/mouse PAR,
AP (SLIGRL-NH,), or huPAR, AP for 16 h. ELAM-luc and B-galactosidase
reporter activities were measured in cell lysates. A representative experi-
ment is shown (n = 5). RLU, relative luciferase units; M, medium.
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possibility that AP stimulated the synthesis of an intermediate
that, in turn, was required to elicit the delayed NF-«B-driven
luciferase accumulation. To determine whether de novo protein
synthesis was required for PAR, AP-stimulated NF-«B lucifer-
ase activity, transfectants were pretreated for 1 h with medium
only or with 5 ug/ml CHX, a mammalian protein synthesis
inhibitor, followed by treatment of cells with 100 um huPAR,
AP for different time intervals in the absence or presence of
CHX. Total RNA was prepared at each time point, and the
relative levels of luciferase mRNA were determined. Based on
the results of three separate experiments, we failed to observe
any significant differences in the relative quantities of steady-
state luciferase mRNA at any time point, regardless of whether
or not cells were treated with CHX (supplemental Fig. 2A).

To confirm this observation, two sets of HEK293T cells co-
transfected with the PAR, and reporter constructs were pre-
pared. One set of transfectants was treated with either tissue
culture medium only or 100 um of huPAR, AP for 11 h (sup-
plemental Fig. 2B, left panel). Supernatants from this first set of
cells were transferred to a second set of untreated PAR, trans-
fectants and incubated for an additional 5 h, for a total of 16 h
treatment (supplemental Fig. 2B, right panel). NF-«B-driven
luciferase activity was measurable after 11 h of treatment,
whereas the supernatants derived from these cells failed to
transfer the capacity to induce a rapid (5 h) or delayed (16 h;
data not shown) NF-kB activation in the second set of trans-
fectants. Taken together, these data strongly suggest that
activation of PAR,-mediated NF-«B-driven luciferase accu-
mulation does not require the induction of a secreted protein
intermediate.

PAR, is a seven-transmembrane GPCR that has been found
to signal not only via G but also via G; (reviewed in Ref. 3), a
recognized target for inhibition by PT. To test the hypothesis
that PAR, activated NF-kB through G;, PAR, transfectants
were pretreated with PT (0.5 or 2.0 nm) for 1 h, and then stim-
ulated with PAR, AP for an additional 16 h. PT attenuated
PAR, activation induced by AP, whereas the ability of TNF-a to
activate NF-«B was not affected (Fig. 2A4). This result indicates
that PAR, signal transduction leading to NF-«B-induced lucif-
erase expression was strongly G;-dependent.

PAR, activation by its agonists has been observed to elevate
and release intracellular Ca®* rapidly and transiently (47—49).
To test the involvement of elevated intracellular Ca®>* in NF-«B
signaling induced by PAR, activation, we used BAPTA-AM to
sequester intracellular Ca*" stores and block the release of
intracellular Ca®* induced by stimulation of transfectants with
AP. We first confirmed that BAPTA-AM would indeed inhibit
AP-induced elevation of intracellular Ca®>" in PAR, transfec-
tants (data not shown). To determine whether AP-stimulated
NF-kB activation in PAR,-expressing HEK293T cells also
depended on Ca®>* mobilization, PAR, transfectants were pre-
treated with 100 um of BAPTA-AM for 1 h, and then further
treated with PAR, AP for an additional 16 h. TNF-« treatment
was again used as a control for PAR,-independent NF-«B sig-
naling in the cells. As was observed for PT treatment, incuba-
tion of cells with BAPTA-AM inhibited NF-kB activation
induced by AP, but it failed to inhibit TNF-a-mediated signal-
ing (Fig. 2B).
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FIGURE 2. PAR, activation by AP in HEK293T/huPAR, transfectants is
inhibited by PT and BAPTA-AM. HEK293T cells were co-transfected with
huPAR, construct together with the ELAM-luc and B-galactosidase reporter
constructs. Transfectants were pretreated with medium (M) or the indicated
concentrations of PT (A) or BAPTA-AM (100 um) (B) for 1 h. Cells were then
further treated with indicated concentrations of huPAR, AP or TNF-« (TNF, 50
ng/ml) for an additional 16 h. Cell lysates were prepared and reporter activi-
ties measured. A representative experiment is shown (n = 5). ¥, p < 0.001
versus medium-pretreated controls. RLU, relative luciferase units.

Cooperation between PAR, and TLR4 Results in Synergistic,
MyD88-dependent NF-«kB Activation of PAR, by Its AP—TLR4
activation by LPS has been shown to be partially dependent
upon MyD88, a key adapter shared by all known TLRs (except
TLR3) and the IL-1/IL-18 receptor signaling pathways (22, 31,
32). Co-transfection of cells with constructs that encode the
TLR4 signaling complex (TLR4/MD-2/CD14) and a
DN-MyD88 mutant construct (i.e. that lacks the death domain)
significantly inhibited LPS-induced NF-«B activation (Fig. 34,
far left panels), as reported previously (50). Neither HEK293T
cells transfected with pcDNA, in lieus of the TLR4 complex con-
structs (data not shown), nor the PAR, construct alone
responded to LPS, and there was no effect of DN-MyD88 co-
expression (Fig. 3A, middle panels). Furthermore, no augmen-
tation of LPS-induced signaling was observed in cells express-
ing both TLR4 and PAR, (even at suboptimal concentrations of
LPS or suboptimal input concentrations of TLR4 vector; data
not shown), and this response was as dependent on MyD88 as
were cells transfected with TLR4/MD-2/CD14 alone (Fig. 34,
right panels). Thus, the presence of PAR, does not affect TLR4
response to LPS in PAR,/TLR4 HEK293T co-transfectants.

In contrast to the data shown in Fig. 34, HEK293T cells trans-
fected with TLR4/MD-2/CD14, but not PAR,, were not activated
by PAR, AP (Fig. 3B, left panels), even after 16 h of treatment. This
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FIGURE 3. Co-expression of TLR4 and PAR, results in synergistic, MyD88-
dependent NF-kB activation in response to PAR, AP. A and B, HEK293T
cells were co-transfected with TLR4 signaling complex (pFLAG-huTLR4, pEF-
BOS-HA-huMD-2, pcDNA3-huCD14) and/or huPAR, constructs, without or
with DN-MyD88 construct (200 ng/well). Cells were also co-transfected with
the NF-kB-luciferase and B-galactosidase reporter constructs. A, cells were
treated with medium only or LPS, although in B the cells were treated with
medium only or AP. A representative experiment is shown for Aand B (n = 6).
C, HEK293T cells were transfected as described above in the absence of
reporter constructs. Levels of IL-8 in the supernatants were determined by
enzyme-linked immunosorbent assay. A representative experiment is shown
(n = 2).RLU, relative luciferase units. *, P < 0.001, #,P < 0.01,and +, P, < 0.05.

result represents a very important control because it indicates that
the PAR, AP used in these studies is not LPS-contaminated. PAR,-
expressing cells responded to AP as expected, and activation of
NE-kB luciferase was not affected by the co-expression of DN-
MyD88 (Fig. 3B, middle panels). Although no synergy was
observed for LPS when both TLR4 and PAR, were co-expressed
(Fig. 3A), co-expression of TLR4 and PAR, resulted in a statisti-
cally significant increase in activation of ELAM (NF-«B) reporter
activity in response to PAR, AP (Fig. 3B), compared with cells
expressing only PAR,. Fig. 3B (far right) also shows that the
observed synergy between TLR4 and PAR, was reversed by DN-
MyD88 to the level induced by AP in cells transfected with PAR,
only. In parallel with these findings, levels of secreted IL-8 were
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FIGURE 4. Synergy between PAR, and TLR4 induced by PAR, AP requires
MD-2 and a signaling-competent TLR4. A, HEK293T cells were co-transfected
with the huPAR, construct only or huPAR,, pFLAG-huTLR4, and huCD14, without
or with the huMD-2 expression construct. All wells were co-transfected with
ELAM-lucand B-galactosidase reporter constructs. Transfected cells were treated
with huPAR, AP or LPS, and reporter activities were measured. A representative
experiment is shown (n = 4). B, HEK293T cells were co-transfected with the
huPAR, construct only, or PAR, co-transfected with YFP-TLR4-WT or YFP-TLR4-
P714H mutant (200 ng/well each) constructs either individually or co-transfected
with huPAR, construct. All wells were also co-transfected with the reporter con-
structs. Transfected cells were treated with TNF-, LPS, or huPAR, AP, and
reporter activities were measured. A representative experiment is shown (n = 3).
* p < 0.001, between the PAR, and PAR, + YFP-TLR4-WT transfectants; **, p <
0.001, between PAR, + YFP-TLR4-WT and PAR, + YFP-P714H-TLR4 transfectants
treated with huPAR, AP. RLU, relative luciferase units.

significantly higher in AP-stimulated HEK293T cells transfected
with the PAR, and TLR4 than PAR, alone (Fig. 3C).

The observed synergy between TLR4 and PAR, in response
to AP was dependent upon the presence of MD-2 (Fig. 44), a
necessary co-receptor for TLR4 signaling (42, 51). The
observed synergy between TLR4 and PAR, was also lost when
HEK293T cells were transfected with the signaling-incompe-
tent, mutant TLR4 construct (P714H mutant) and treated with
PAR, AP (Fig. 4B). Taken together, these two findings indicate
that TLR4 must be able to signal to enable the synergistic
response to AP. In contrast to TLR4, neither TLR2 nor TLR3
facilitated a similar synergistic PAR, response to AP (Fig. 5).

Co-immunoprecipitation of PAR, with TLR4 in the Presence
of AP—To perform co-immunoprecipitation experiments for
studying the potential physical interaction of PAR, with TLR4,
HEK293T cells were transfected with HA-PAR, and/or YFP-
TLR4 (plus MD-2 and CD14) constructs. PAR,/TLR4 co-trans-
fectants were treated with AP for the indicated times (Fig. 6).
Western blotting for B-actin indicates comparable protein con-
centration in the original cell lysates (Fig. 6, IB: a-actin). HA-
PAR,, shown previously by others to migrate as a very broad
band between ~100 and 200 kDa because of heavy glycosyla-
tion (46), was also determined to be equivalent by Western
blotting in the same lysates and was detected only in lysates
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FIGURE 5. Co-expression of PAR, results in synergistic NF-«B activation
induced by PAR, AP with TLR4 but not with TLR2 and TLR3. HEK293T cells
were co-transfected with either TLR4 signaling complex, FLAG-tagged TLR2,
or FLAG-tagged TLR3 and/or huPAR, construct. All wells were transfected
with the NF-kB-luciferase and pCMV1-3-galactosidase reporter constructs.
Transfectants were treated with medium only or respective TLR agonist (LPS
for TLR4, S-[2,3-bis(palmitoyloxy)-(2-RS)-propyl]-N-palmitoyl-(R)-Cys-(S)-Ser-
(Lys),-OH, trihydrochloride (Pam3Cys) for TLR2, and poly(I:C) for TLR3), or AP.
A representative experiment is shown (n = 3).*,p < 0.001, between the PAR,
and PAR, + TLR4-WT transfectants. RLU, relative luciferase units.
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FIGURE 6. TLR4 co-immunoprecipitates with PAR, in a PAR, AP-depend-
ent manner. HEK293T cells, transfected with either HA-PAR, vector or YFP-
TLR4-WT vector along with MD-2 and CD14 expression vectors, or co-trans-
fected together with HA-PAR, and YFP-TLR4 complex, were incubated for a
further 72 h before washing and lysing as described under “Experimental
Procedures.” Immunoprecipitation (/P) and Western blotting (/B) were carried
out to analyze the physical interaction between PAR, and TLR4 proteins. A
representative experiment is shown (n = 3). Molecular weight of proteins’s
represented in kDa (on right).

from cells transfected with HA-PAR, vector (Fig. 6, IB: a-HA).
YFP-TLR4 expression was below the level of detection in the
lysates (data not shown). When HA-PAR, was immunoprecipi-
tated with anti-HA antibody, YFP-TLR4 was co-immunopre-
cipitated in an AP-dependent manner, as detected by Western
blotting with anti-GFP antibodies (Fig. 6, IP: a-HA, IBa—GFP).
When this blot was stripped and reprobed with anti-HA anti-
body, we observed equal amounts of PAR, precipitated from all
the respective lysates (data not shown). Equal expression of
YFP-TLR4 in cells transfected with this expression vector was
confirmed by immunoprecipitation and Western analysis with
anti-GFP antibody of YFP-TLR4 in these same lysates (Fig. 6,
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FIGURE 7. PAR,-mediated activation of NF-«B is decreased by inhibitors
of TRIF and TRAM. HEK293T cells were co-transfected with huPAR, construct
and DN-MyD88, DN-TRIF, or DN-TRAM (50 ng/well) expression vectors (A).
Transfected cells were treated for 16 h with the indicated concentrations of
huPAR, AP and ELAM-luc, and B-galactosidase reporter activities were meas-
ured. B, HEK293T cells were transfected with huPAR, construct, ELAM-luc, and
B-galactosidase reporter constructs. Transfected cells were pretreated with
medium or 40 um CP or the indicated cell-permeable adapter blocking pep-
tide (BP), and then treated with AP for an additional 16 h, at which time
reporter activities were measured. A representative experiment is shown for
each experiment (n = 3). #, p < 0.001. RLU, relative luciferase units.

IP: a-GFP, IB: a-GFP). Thus, PAR, associates with TLR4, but
only in the presence of AP.

PAR, Activation by AP Is MyD88-independent but
TRIF/TRAM-dependent—Fig. 7A illustrates that the ability of
PAR, to trigger ELAM reporter activity was not affected by
co-expression of the DN-MyD88 construct (also shown in Fig.
3B), in contrast to the marked inhibition exerted on LPS-in-
duced signaling (Fig. 3A, left panels). Because the MyD88-inde-
pendent pathway has been shown to result in delayed NF-«B
translocation (52, 53), based on the delayed PAR,-stimulated
ELAM (NF-kB)-mediated luciferase accumulation observed in
the HEK293T transfectants (Fig. 1B), together with the
observed AP-induced synergy and interaction between PAR,
and TLR4, we hypothesized that PAR, activation of NF-«B
might be dependent upon TRIF and/or TRAM, two adapters
that have been associated with MyD88-independent signaling
through TLR4. To test this hypothesis, HEK293T cells were
transfected with PAR, alone (in the presence of pcDNA3) or
were co-transfected with PAR, along with DN-MyD88 (used as
a control), DN-TRIF, or DN-TRAM constructs. After transfec-
tion, cells were treated with medium or PAR, AP. Interestingly,
whereas co-expression of PAR, and DN-MyD88 did not alter
PAR,-mediated NF-«B activation, reporter activation was sig-
nificantly down-regulated in the presence of DN-TRIF and, to a
lesser extent, by DN-TRAM (Fig. 7A), using DN input vector
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FIGURE 8. Co-transfection of TLR4 receptor complex with PAR, inhibits
RANTES promoter activity. HEK293T cells were co-transfected with either
huPAR, construct or huPAR, plus TLR4 signaling complex (pFLAG-huTLR4;
pEFBOS-HA-huMD-2; pcDNA3-huCD14). The RANTES-luciferase reporter (500
ng/well) and B-galactosidase vector were also co-transfected. Transfectants
were treated with the indicated concentrations of huPAR, AP for 16 h, and
luciferase and B-galactosidase activities were measured. A representative
experiment is shown (n = 5). **, p < 0.05. RLU, relative luciferase units.

concentrations that did not inhibit IL-183- or TLR2-mediated
signaling (data not shown). Recently, we reported that cell-per-
meable decoy peptides derived from the BB loop sequences of
MyD88, TRIF, and TRAM adapter molecules inhibit TLR4-me-
diated signaling in macrophages, presumably by disrupting
TIR-TIR interactions (39). To confirm our findings using the
DN-adapter constructs, PAR, transfectants were pretreated for
1 h with a control peptide (CP) or the BB loop peptides (BPs),
corresponding to MyD88, TRIF, or TRAM, and then stimulated
with huPAR, AP (200 um) for 16 h. Although the CP and
MyD88 peptides failed to inhibit AP-induced NF-«B-driven
luciferase activity, TRIF and TRAM BPs resulted in significant
inhibition (Fig. 7B), mirroring the effects of the DN-TRIF and
DN-TRAM vectors (Fig. 7A). TNF-a-induced NF-kB was not
inhibited by these cell-permeable inhibitory peptides in this
same experiment (data not shown).

The RANTES Promoter-Luciferase Construct Is Not Synergis-
tically Activated by AP in HEK293T Cells Expressing PAR, and
TLR4—The results presented thus far indicate that PAR, and
TLR4 synergize to increase the ELAM (NF-«B)-driven lucifer-
ase or IL-8 production in response to AP (Fig. 3, B and C) and
that the observed synergy is MyD88-dependent (Fig. 3B). It is
also clear that the NF-«B promoter activation of PAR, by AP is
sensitive to TRIF or TRAM inhibition but is MyD88-independ-
ent (Fig. 7A). Although MyD88-dependent signaling has been
largely associated with an early and robust NF-«B response,
MyD88-independent signaling gives rise to potent IRF-3 acti-
vation with a delayed NF-«B response (52, 53). Therefore, we
next sought to determine whether the IRF-3-sensitive RAN-
TES-luciferase reporter would also respond to AP stimulation
in PAR, transfectants and synergistically in HEK293T cells co-
transfected with TLR4 and PAR,. Activation of the RANTES-
luciferase reporter upon AP stimulation of PAR, transfectants
was observed, but it was slightly down-regulated, rather than
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FIGURE 9. Macrophages deficient in TLR4 or PAR, show dysregulated responses to AP or LPS, respec-
tively, and the SW620 intestinal epithelial cell line exhibits a synergistic response to co-stimulation with
AP and LPS. A, TLR4 ™/~ macrophages exhibit diminished IL-18 gene induction in response to huPAR, AP.
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p < 0.05 (Medium versus AP); **, p < 0.01 (LPS versus LPS + AP).

up-regulated, when TLR4 was co-expressed with PAR, (Fig. 8).
These data indicate that MyD88-dependent NF-«kB signaling
pathway is favored when PAR, and TLR4 are concurrently
expressed.

Dysregulated AP and LPS Responses in Macrophages Defi-
cient in PAR, or TLR4—PAR, has been found on epithelial and
endothelial cells, as well as on monocytes and macrophages (7).
To determine whether PAR, and TLR4 also interacted func-
tionally in primary cells, macrophages from WT and TLR4 ™/~
mice were compared for their sensitivity to PAR, AP. In WT
C57BL/6] macrophages, LPS potently triggered IL-183 gene
expression, as measured by real time PCR (Fig. 94), although in
TLR4 '~ macrophages, LPS failed to induce IL-1p steady-state
mRNA. Compared with the substantial increase in IL-13
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oxide (NO*), measured by assaying
nitrite, a stable metabolite of NO*
(Fig. 9B).

PAR, and TLR4 Signaling Path-
ways Converge Synergistically in
Intestinal  Epithelial Cells—The
gastrointestinal tract and, in particu-
lar, colonic epithelial cells represent a
physiological situation in which both
PAR, and TLR4 are expressed in an
environment where agonists of each
receptor can be found concurrently
(reviewed in Refs. 54, 55). The human colonic epithelial cell line,
SW620, responded synergistically to combined treatment with
AP, but not the reverse peptide, and LPS for secretion of the potent
neutrophil chemokine IL-8 (Fig. 9C).

DISCUSSION

The innate immune system has evolved to express PRRs that
enable host recognition of conserved structural motifs, or
PAMPs, that are shared among classes of microbes (reviewed in
Refs. 14, 56). For example, the TLR4/MD-2/CD14 receptor
complex is a robust cellular sensor of Gram-negative bacteria
through its ability to recognize the lipid A moiety of LPS
(reviewed in Refs. 56, 57). This recognition results in the
recruitment of adapter molecules and subsequent intracellular
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signal transduction that evokes a potent pro-inflammatory
response. By analogy, the PARs, although structurally unrelated
to TLRs, also function in the context of the innate immune
response and, in a sense, can be categorized as PRRs; they
respond with intracellular signaling to serine proteases through
recognition of a molecular motif referred to as the “catalytic
triad,” i.e. Ser, His, and Asp, that, in its three-dimensional spa-
tial arrangement, constitutes the active site of this family of
proteolytic enzymes (reviewed in Refs. 7, 12, 13). Indeed, in
addition to proteases generated at the inflammatory site that
are known to activate PAR, (e.g trypsin, tryptase, tissue kal-
likreins, and matriptase), proteases derived from bacteria, dust
mites, and fungi have also been reported to induce pro-inflam-
matory immune responses in host cells (reviewed in Refs. 35,
58), with several having been identified as direct activators of
PAR,.

Based on previous studies implicating PAR, in the inflamma-
tory response (reviewed in Refs. 4-7, 9, 10, 34, 35), it was not
surprising that in PAR,-overexpressing HEK293T cells, AP-in-
duced activation of the classical inflammatory transcription
factor, NF-kB, compared favorably to the level achieved by
other potent stimuli such as IL-13, albeit with delayed kinetics
of luciferase accumulation. The delayed kinetics of PAR,-me-
diated NF-«B activation was protein synthesis-independent
and not the result of a secondary signal from secreted products
acting in an autocrine or paracrine fashion. To test the possi-
bility that activation of PAR, resulted in release of an endoge-
nous TLR4 agonist, the experiment in supplemental Fig. 2B was
repeated in HEK293T cells transfected with TLR4/MD-2/
CD14. No increase in luciferase activity was observed after
treatment of TLR4/MD-2/CD14 transfectants with superna-
tants from AP-stimulated PAR, transfectants (data not shown).
More importantly, the data contained herein demonstrate for
the first time that PAR,, a seven-transmembrane GPCR, is
capable of exploiting the evolutionarily ancient and conserved
TLR4 signaling apparatus, to induce and enhance the inflam-
matory response to its AP. In the absence of TLR4, stimulation
of HEK293T-PAR, transfectants with PAR, AP resulted in acti-
vation of both NF-kB and IRF-3 signaling pathways as evi-
denced by activation of ELAM-luciferase and RANTES-lucifer-
ase reporters, respectively, as well as induction of IL-8
secretion. Consistent with its role as a GPCR, PAR,-mediated
activation of NF-kB was sensitive to PT and BAPTA-AM treat-
ment. The inhibition of AP-induced ELAM (NF-«B)-luciferase
activity by inhibitors of TRIF and TRAM, but not by MyD88
inhibitors, coupled with the delayed accumulation kinetics of
NF-«kB-driven luciferase support the possibility that PAR, co-
opts the MyD88-independent pathway utilized by TLR4 to acti-
vate both transcription factors. However, in the presence of
TLR4, there is an MyD88-dependent augmentation of the
PAR,-mediated NF-kB-driven pathway induced by AP under
conditions where even very high concentrations of PAR, AP fail
to activate TLR4 directly, whereas activation of RANTES-lucif-
erase (IRF-3- and NF-«kB-dependent) reporter is repressed.
Thus, concurrent expression of TLR4 and PAR, in HEK293T
cells alters the capacity of PAR, to engage specific signaling
pathways differentially. Interestingly, no augmentation of
PAR,-induced NF-«B was observed when PAR, was co-ex-
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FIGURE 10. Hypothetical model of PAR, signaling and interaction with
TLR4. See “Discussion” for description of model.

pressed either with TLR2 or TLR3 expression constructs. In the
case of TLR3, this result was not surprising because TLR3 sig-
naling is MyD88-independent. Previous studies, in which the
interactions between MyD88 and TLR4 and TLR2 were mod-
eled, suggested that these TLRs interact with different “faces” of
the MyD88 molecule (59). Thus, it is tempting to speculate that
the failure of TLR2 to synergize with PAR, may be due to its
inability to form a signaling platform with both PAR, and
MyD88 concurrently, in contrast to TLR4.

The observed increase in PAR,-induced NF-«B in the pres-
ence of TLR4 requires a signal-competent TLR4, because MD-2
is required and the TLR4-P714H mutation fails to enable
enhanced AP-induced signaling. We have also shown in this
study that PAR, and TLR4 not only interact at the signaling
level (Fig. 3) but also interact physically in an AP-dependent
manner (Fig. 6). Finally, the data generated in the transfection
system are strongly supported by the fact that primary macro-
phages derived from TLR4 '~ mice not only fail to respond to
LPS, but also exhibit a significant decrease in the response to
PAR, AP. In support of our observations, Moretti et al. (36)
recently reported that PAR, AP-mediated activation of murine
neutrophils was also significantly diminished in the absence of
TLR4. Furthermore, the interdependent relationship between
PAR, and TLR4 signaling pathways is strengthened by our
observation that in PAR, ~/~ macrophages, expression of a sub-
set of LPS-induced genes is dysregulated (e.g iNOS, see Fig.
9B).* Finally, a colonic epithelial cell line, which also expresses
both PAR, and TLR4, shows synergistic IL-8 secretion when
stimulated by both agonists. Although this differs from the sit-
uation observed in the HEK293T transfectants co-expressing
both PAR, and TLR4 in which synergy was observed only in the
presence of AP, the data may be explained by differences in the
stoichiometry of TLR4 and PAR, signaling components in non-
transfectants versus transfected cells.

Collectively, these findings establish a novel paradigm of
receptor cooperativity in which combinatorial interaction of
two distinct pattern-recognition receptors, e.g. PAR, and TLR4,
results in an enhanced NF-«kB-mediated inflammatory
response. Fig. 10 depicts a hypothetical model of PAR,-TLR4
receptor interaction that accommodates our data. Based on
secondary structure analysis of the PAR, C terminus, we have

#Q. Nhu, manuscript in preparation; ELAM, endothelial cell-leukocyte adhe-
sion molecule.
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identified a putative TIR-like interacting domain in PAR, that,
when mutagenized, fails to respond to AP.* The model suggests
that when TLR4 is not present, PAR, activation leads to delayed
NE-kB activity, perhaps through recruitment of TRIF/TRAM
toits C terminus. In the presence of a functional TLR4 complex,
however, the model predicts enhanced NF-kB signaling and
diminished IRF-3-dependent reporter activity in response to
PAR, AP, possibly because of the displacement of TRIF/TRAM
by MyD88 (Fig. 3B versus Fig. 8). Whether the putative TIR
domain of PAR, interacts directly with TLR4 or indirectly,
through an intermediate adapter, such as MyD88 (as depicted
in the Fig. 10), is not known; nonetheless, our data suggest that
even in the absence of LPS, TLR4 participates in signaling by
facilitating the PAR, response to AP. Although MyD88 has
been shown to associate with other non-TLR molecules,
including the IL-1R (60-62), the IL-18R (62), and more
recently, the IFN-vy receptor (63), ours is the first study to sug-
gest that TLR4 facilitates augmented GPCR-mediated signaling
through an alternative receptor via an MyD88-dependent
mechanism. Although the pattern recognition receptor, dec-
tin-1, has been shown to synergize with TLR2 for induction of
optimal signaling (64, 65), each receptor signals independently
after ligand engagement, i.e. there is no evidence to suggest that
these two PRRs share downstream signaling molecules.

Activation of PARs, including PAR,, results in receptor inter-
nalization to the early endosomes in a process dependent on the
GTPase, dynamin (Ref. 66 and reviewed in Refs. 3, 67).
Recently, it was reported that TLR4 activation results in
sequential utilization of MyD88- and TRIF-dependent signal-
ing (68). LPS engagement induces TLR4-TIRAP-MyD88
signaling that occurs at the cell surface, but it also results in
dynamin-dependent endocytosis of TLR4 that then couples the
receptor to the TRAM-TRIF pathway. PAR,, when recruited to
the endosomes, may couple to the TRAM-TRIF signaling path-
way in a similar manner. However, when TLR4 is present at the
cell surface, it may prolong surface retention of PAR,, thereby
enhancing the ELAM (NF-«B) activity, while suppressing the
RANTES (IRF-3) activity. Further studies will be required to
elucidate the trafficking mechanisms involved in PAR,-TLR4
receptor interactions.

Although arole for PAR, in inflammatory processes has been
well documented, the precise mechanisms by which it contrib-
utes to the inflammatory response are not fully understood. In
the murine blood vessel endothelium, PAR, activation reduces
leukocyte rolling velocity, increases leukocyte rolling flux, and
increases leukocyte adhesion (69, 70). These inflammatory
responses are delayed in PAR, '~ mice (70), thereby support-
ing a crucial role for PAR, in the inflammatory response in vivo.
Furthermore, murine macrophages and human peripheral
blood mononuclear cells respond to PAR, AP with the synthe-
sis of pro-inflammatory cytokines, e.g. [L-18, IL-6, and TNF-«
(71, 72). It has been also reported that PAR, plays a key role in
modulating several major diseases such as experimental auto-
immune encephalomyelitis/multiple sclerosis (72) and arthritis
(73). Notably, potent inflammatory stimuli such as LPS and
pro-inflammatory cytokines such as TNF-« and IL-1a can up-
regulate PAR, expression in human vascular endothelial cells
(74-76); thus, a self-sustaining and amplified inflammatory
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response can be envisioned whereby inflammation-induced
up-regulation of PAR, and coincident generation of PAR,-ac-
tivating proteases and cytokines contribute to a protracted
inflammatory cycle. The independent observations that both
PAR, (16) and TLR4 (33) contribute to colitis induced by C.
rodentium further support the notion that these two receptors
may cooperate in the generation of a strongly “T,1-type”
inflammatory response. Although the focus of recent studies of
PAR, signaling has been on the pro-inflammatory, or T} 1-type,
response induced by PAR, activation, Devlin et al. (77) recently
provided evidence that PAR, is also necessary for generating
“T,2-skewed” immunity against the helminth Nippostrongylus
brasiliensis. The authors concluded that PAR, serves as a rec-
ognition receptor for nematode-derived proteases to invoke the
appropriate anti-helminthic T},2 response. Consistent with this
observation, PAR, deficiency in mice attenuates allergic der-
matitis (78) and decreases eosinophil infiltration and hyper-
reactivity in allergic inflammation of the airway (79). Taken
together, the findings suggest that, depending on the environ-
ment in which it is found, PAR, plays an important role in
shaping the inflammatory response as either a T, 1 or T2
response (reviewed in Ref. 54).

Differential expression of PAR, and TLR4, or the availability
of the adapter molecules, on different cell types, as well as the
availability of proteases capable of activating PAR,, would be
expected to contribute to differential capacity for interaction of
these two receptor types. Another complexity in cellular
responses to the proteolytic environment and LPS exposure
arises with the recent observation that pre-exposure of intesti-
nal epithelial cells to trypsin diminishes TLR4 signaling com-
petency as a result of MD-2 cleavage (80). Thus, the interac-
tions between PAR, and TLR4 demonstrated in this report are
likely to occur to different extents depending on the expression
of each receptor and the local concentration of proteases and
TLR4 agonists.
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