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Abstract

Antigen/IgE-mediated mast cell activation via FceRI can be markedly enhanced by the activation of
other receptors expressed on mast cells and these receptors may thus contribute to the allergic
response in vivo. One such receptor family is the G protein-coupled receptors (GPCRs). Although
the signaling cascade linking FceRI aggregation to mast cell activation has been extensively
investigated, the mechanisms by which GPCRs amplify this response are relatively unknown. To
investigate this, we utilized prostaglandin (PG)E; based on initial studies demonstrating its greater
ability to augment antigen-mediated degranulation in mouse mast cells than other GPCR agonists
examined. This enhancement, and the ability of PGE, to amplify antigen-induced calcium
mobilization, was independent of phosphoinositide 3-kinase but was linked to a pertussis toxin-
sensitive synergistic translocation to the membrane of phospholipase (PL)Cy and PLCp and to an
enhancement of PLCy phosphorylation. This “trans-synergistic” activation of PLCP and v, in turn,
enhanced production of inositol 1,4,5-trisphosphate, store operated calcium entry, and activation of
protein kinase C (PKC) (a and B). These responses were critical for the promotion of degranulation.
This is the first report of synergistic activation between PLCy and PLCp that permits reinforcement
of signals for degranulation in mast cells.
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Introduction

Antigen-dependent mast cell activation, via the aggregation of cell surface high affinity IgE
receptors (FceRl), is essential for the propagation of allergic inflammation [1]. However, the
antigen-mediated response may be markedly influenced by co-activation through other cell
surface receptors and it has been suggested that these interactions may modulate mast cell-
driven reactions in situ [2,3]. Such receptors, which have been reported to induce mediator
release by themselves, enhance antigen-mediated mast cell activation, or inhibit antigen-
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mediated mast cell activation, include the stem cell factor (SCF) receptor, Kit [4,5]; toll-like
receptors (TLRs) such as TLR2 [6,7], TLR3 [8], and TLR4 [7,9]; and G protein-coupled
receptors (GPCRs) [10] such as receptors for adenosine (A3 receptor) [11-13], macrophage
inflammatory protein-1o (CCR1) [14], the complement component C3a (C3aR) [15],
sphingosine-1-phosphate (SIP) (S1P2R) [16] and prostaglandin (PG)E, (EP1 and 3) [17-19].
Itis unclear, however, how the signaling cascades initiated by these various classes of receptors
are integrated with FceRI-mediated signals to modify antigen-mediated mast cell activation.

With regards to the FceRI, the immediate signaling events elicited upon receptor aggregation
follow phosphorylation of the FceRIpB and y chains by the Src kinase Lyn and subsequent
recruitment and activation of Syk [2,20]. This latter tyrosine kinase phosphorylates the
transmembrane adaptor molecule LAT resulting in the recruitment and activation of
phospholipases (PL)Cy1 and PLCy, [21]. The resulting liberation of inositol (1,4,5) tris-
phosphate (1P3) and diacylglycerol (DAG), respectively induce a necessary Ca2* signal [22]
and protein kinase C (PKC) activation [23,24] for degranulation. A parallel pathway, regulated
by the Src kinase, Fyn, and leading to activation of phosphoinositide 3-kinase (PI13K), is also
critical for optimal degranulation and cytokine production following FceRI aggregation [25,
26].

Our previous studies investigating potential mechanisms of receptor-mediated signal
integration have focused on how the aforementioned signaling events may be modified by
those initiated by Kit. Although FceRI and Kit mediate many signaling events in common,
those initiated by Kit alone are insufficient to promote mast cell degranulation [4,5,27]. This
likely reflects an inability of Kit to induce detectable LAT phosphorylation [4] and PKC
activation [5]. In the presence of antigen, however, SCF-dependent Kit activation induces a
synergistic enhancement of mast cell degranulation and cytokine production [4,5,27]. Previous
studies suggested that the LAT-related transmembrane adaptor protein NTAL/LAB/LAT?2
[4], PI3K [28], and the tyrosine kinase, Bruton's tyrosine kinase (Btk) [27], which together
lead to an enhanced PLCy;-dependent Ca2* response [5], participate in the amplification of
these responses. As with SCF, ligands for TLR2 and 4 markedly amplify FceRI-mediated
cytokine production in mast cells but, in contrast to SCF, do not potentiate degranulation [7].
This amplification, however, appears to be mediated through MAP kinases rather than the
processes described above for Kit [7,29,30].

In contrast to these examples, the mechanisms by which GPCRs modify mast cell activation
remain largely unknown, although it has been proposed that PI3K [12] and phospholipase D
[31] help regulate the A3 receptor-induced potentiation of antigen-mediated degranulation in
mast cells. In this study, therefore, we have set out to explore how the signaling cascades
initiated by GPCRs and FceRlI are integrated for the synergistic activation of mast cells. We
focused these studies on PGE; as this ligand was found to be a more robust co-activator of
mast cells than other GPCR-ligands examined. Here we demonstrate that the enhancement of
antigen-mediated mast cell degranulation by PGE; can proceed independently of PI3K, but is
associated with trans-synergy between PLCy and PLC leading to enhanced store operated
Ca®* entry and PKCo and p activation.

Materials and Methods

Bone Marrow Isolation and Mast Cell Differentiation

Mouse bone marrow-derived mast cells (BMMCs) were obtained by flushing bone marrow
cells from the femurs of C57BL/6J mice (The Jackson Laboratory, Bar Harbor, ME), then
culturing the cells for 4-6 weeks in RPMI 1640 supplemented with 10% FBS, glutamine (4
mM), sodium pyruvate (1 mM), penicillin (100 units/ml), streptomycin (100 pg/ml), non-
essential amino acids (Sigma, St. Louis, MO), HEPES (25 mM), B-mercaptoethanol (50 uM),
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and mouse recombinant IL-3 (30 ng/ml) (Peprotech, Rocky Hill, NJ). At this point, the BMMC
population was greater than 99% pure. Cultures were maintained at 37°C in a humidified
incubator of 95% air, 5% CO,.

Cell Activation, Degranulation, and Cytokine Production

For degranulation, cytokine release, and signaling studies, BMMCs were sensitized overnight
with anti-mouse monoclonal dinitrophenyl (DNP)-1gE (100 ng/ml) (Sigma) in 1L-3-free RPMI
medium and then rinsed with HEPES buffer (10 mM HEPES [pH 7.4], 137 mM NaCl, 2.7 mM
KCI, 0.4 mM Nay,HPO,47H,0, 5.6 mM Glucose, 1.8 mM CaCl,*2H,0, 1.3 mM
MgSQO47H,0) containing 0.04% bovine serum albumin (BSA) (Sigma). In the case of
preincubation with pertussis toxin (PTX) (Sigma), BMMCs were sensitized overnight and then
pre-incubated with PTX (1 ug/ml) for 4 hours before antigen (DNP-human serum albumin)
(DNP-HSA) or PGE or antigen/PGE, was added. For degranulation experiments, cells were
aliquoted (5x10* cells/well) to individual wells of a 96 well plate and triggered in the same
buffer with antigen (0-100 ng/ml) and/or indicated GPCR agonists (Sigma) for 30 minutes.
Degranulation was monitored by the release of p-hexosaminidase into the supernatants [32]
and calculated as a percentage of the total content (cells and media) after cell activation. For
cytokine release studies, cells were sensitized as above, washed with IL-3-free RPMI media,
then the cells (5x10° cells/ml) were triggered in this media for 6 hours with antigen (10 ng/
ml) and/or PGE; (1 uM). Cytokines were measured in the cell culture supernatant by mouse
TNF-p, IL-6, and IL-13 Quantikine ELISA kits (R&D Systems, Minneapolis, MN). For
signaling studies in which we examined protein phosphorylation by immunoblot analysis, cells
were prepared as for degranulation and triggered (1x10° cells/100 pl) in 1.5 ml polyethylene
screw cap tubes. The reactions were terminated either as in [33] for whole cell lysates, or as
below for cell fractionation experiments.

Fractionation of Cells and Immunoblotting

Membrane fractions were prepared as previously described [34]. Briefly, BMMCs (2x10°
cells/sample) were sensitized and washed as above, then stimulated with antigen (10 ng/ml)
and/or PGE; (1 uM) at 37°C for the indicated times. The reactions were terminated by removing
the buffer, washing with ice-cold phosphate-buffered saline, and adding 200 pl of ice-cold lysis
buffer (50 mM Tris-HCI [pH 7.4], 2 mM EDTA, 2 mM DTT, 1 mM sodium orthovanadate,
50 mM sodium pyrophosphate, 50 mM sodium fluoride, protease inhibitor cocktail (Roche,
Indianapolis, IN) and Sigma phosphatase inhibitor cocktail 1 and 2 (Sigma) then the cells were
sonicated. The cell sonicates were then centrifuged at 700xg for 10 minutes to remove intact
cells and nuclei. The recovered supernatants were centrifuged at 20,000xg for 30 minutes.
Proteins in the pellet fractions were solubilized with 1% Triton X-100, 1% NP40, and 0.1%
SDS in lysis buffer for 30 minutes on ice followed by centrifugation at 15,000xg for 15 minutes.
The recovered supernatants were saved as membrane fractions. Proteins from the membrane
fractions were separated by electrophoresis on 4-12% NuPAGE Bis-Tris gels (Invitrogen,
Carlsbad, CA). Following transfer onto nitrocellulose membranes, the proteins were probed
for immunoreactive proteins utilizing the following antibodies: anti-PLCy; (1249), anti-
PLCy, (Q-20), anti-PLCp, (Q-15), anti-PLCp3 (C-20), anti-PKCpI (C-16), and anti-PKCpII
(C-18) (Santa Cruz Biotechnology, Santa Cruz, CA); anti-p-actin (clone AC-15) (Sigma); anti-
phosphotyrosine, clone 4G10-HRP conjugate, anti-phospho-PLCy, (Tyr(P)-759), anti-
phospho-AKT (Ser(P)-473), and anti-Kit (Cell Signaling, Beverly, MA); anti-phospho-PLC
v1 (Tyr(P)-783) (BIOSOURCE), and anti-phospho-LAT (Tyr(P)-191), anti-PKCa. (clone M4)
(Upstate Biotechnology, Inc., Lake Placid, NY). The immunoreactive proteins were visualized
by probing with horseradish peroxidase-conjugated anti-mouse (The Jackson Laboratories,
West Grove, PA) or anti-rabbit 1IgG (Amersham Biosciences, Piscataway, NJ), and then by
ECL (PerkinElmer Life Sciences, Shelton, CT). Protein loading of the membrane fractions was
normalized by stripping and probing for Kit, or alternative by probing identically loaded
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samples. To quantitate changes in protein phosphorylation, the ECL films were scanned using
a Quantity One scanner (Bio-Rad, Hercules, CA).

Intracellular Ca2* Determination

Ca?* flux was measured in the BMMCs following loading of the cells with Fura-2 AM ester
(Molecular Probes, Eugene, OR) as described [34]. Cells were loaded with Fura-2 AM (2 uM)
for 30 minutes at 37 °C, rinsed, and resuspended in HEPES buffer containing 0.04% BSA and
sulfinpyrazone (0.3 mM) (Sigma), and then placed in a 96-well black culture plate (2x10* cells/
well) (CulturPlat-96 F, PerkinElmer Life Sciences). Fluorescence was measured at two
excitation wavelengths (340 and 380 nm) and an emission wavelength of 510 nm. The ratio of
the fluorescence readings was calculated following subtraction of the fluorescence of the cells
that had not been loaded with Fura-2 AM.

Imaging of Intracellular Ca2* in Single Cells

IP3 Assay

For single cell imaging experiments [35], BMMCs were allowed to attach to poly-Lornithine
coated cover slips for 1 hour which then were placed in HEPES buffer and loaded with Fura-2
AM (2 uM) for 30 minutes at room temperature. Cells were washed and Fura-2 AM was
allowed to de-esterify for a minimum of 15 minutes at room temperature. Measurements of
cytosolic Ca2* levels [Ca?*]; in single BMMC cells were made using an InCyt dual-wavelength
fluorescence imaging system (Intracellular Imaging, Cincinnati, OH). The fluorescence
emission at 505 nm was monitored with alternating excitation at 340 and 380 nm; [Ca2*]; was
monitered as the ratio of fluorescence at 340/380 nm. All measurements shown are means of
multiple single-cell Ca?* traces, and the results are representative of three independent
experiments.

BMMCs (2x10°) were washed with HEPES buffer containing 0.04% BSA and stimulated in
same buffer (400 pl) in the absence or presence of antigen (10 ng/ml) and/or PGE; (1 uM).
After 30 seconds, the reaction was terminated by adding 80 ul of ice-cold 100% trichloroacetic
acid. IP3 was then extracted from the trichloroacetic acid precipitates using 1,1,2-
trichlorofluorethane-trioctylamine. Cellular IP3 concentrations were determined utilizing a
commercially available kit (Amersham Biosciences) according to the manufacturer's
instructions. The results are expressed as picomoles of 1P per 2x106 cells.

Statistical analysis

Results

Data were analyzed by a two-tailed Student's t-test. Differences were considered significant
when p < 0.05. The n values represent experiments from multiple preparations.

Potentiation of FceRI-mediated degranulation, cytokine production, and calcium
mobilization by PGE> in a pertussis toxin sensitive manner

Synergistic responses mediated by FceRI and GPCRs have been reported in both rodent and
human mast cells [10]. However, as studies in human mast cells may be complicated by the
additional inhibitory responses with GPCRs such as adenosine and PGE, [10], we elected to
utilize mouse BMMC:s for our studies. We screened several GPCR agonists, including S1P,
adenosine, MIP1-a, Rantes, and PGE,, known to modify mast cell function [10-12,14,16,18],
for their relative abilities to enhance antigen (DNP-human serum albumin (DNP-HSA))-
mediated BMMC activation (Fig. 1A). Among these ligands, PGE, produced the most robust
enhancement and we, therefore, selected an optimal concentration (Fig. 1B) of this molecule
for further study. As described [17,18], PGE, alone failed to stimulate degranulation (Fig 1B)
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but it significantly potentiated antigen-induced degranulation in a pertussis toxin (PTX)-
sensitive manner (Fig. 1C). PTX -pretreatment had no effect on antigen-induced degranulation.
Concurrent addition of antigen and PGE; also resulted in an enhancement of the production
of the cytokines IL-6, TNF-a, and IL-13 and this response was completely blocked in the PTX-
treated cells (Fig. 1D).

Antigen alone produced a sustained increase in intracellular calcium concentrations ([Ca2*];),
whereas PGE, alone induced a rapid but transient increase in [Ca2*]; (Fig. 1E). When added
together, however, PGE; and antigen produced a markedly enhanced increase in [Ca2*];. As
was the case for degranulation and cytokine production, the increase in [Ca2*]; in response to
PGE; and the enhancement of this response by antigen was completely attenuated by PTX
treatment (Fig. 1E). These data confirm that PGE, enhances antigen-mediated responses in
mast cells and support the conclusion that the PGE, receptor is linked to the Gi subfamily of
GPCRs [17,18].

Lack of enhancement of early protein phosphorylation events by PGE,

Having confirmed that PGE, produced a robust enhancement of antigen-mediated
degranulation and cytokine production which was associated with a synergistic calcium signal,
we utilized this molecule to elucidate the mechanism of potentiation, focusing on the
degranulation response. We first examined the initial signaling events that lead to the calcium
signal required for degranulation [2]. In contrast to GPCRs which initiate their signaling via
Ga and Gpy subunits, FceRI-mediated signaling is propagated by the initial activation of
tyrosine kinases leading to protein tyrosine phosphorylation and activation of downstream
enzymes. As expected, phosphorylation of numerous proteins was increased in response to
antigen (Fig. 2A). However, PGE; had no obvious effect on total tyrosine protein
phosphorylation either in the presence or absence of antigen (Fig. 2A). We next examined the
Lyn and Syk [2]-dependent phosphorylation of the transmembrane adaptor molecules NTAL
(LAB/LAT2) and LAT with the use of an antibody (anti-(pY191)-LAT) that recognizes a
common tyrosine-phosphorylated epitope in both LAT and NTAL [4]. We have previously
demonstrated that the synergistic phosphorylation of NTAL is required for the ability of Kit
to potentiate FceRI-induced degranulation [4]. As shown in Figure 2B and C, although an
increase in NTAL and LAT phosphorylation was observed in response to antigen at all time
points, PGE5 had no effect on the phosphorylation of these molecules and, furthermore,
PGE, failed to enhance the antigen responses. Therefore, the synergy occurred downstream of
the activation of the early tyrosine phosphorylation events including the phosphorylation of
NTAL and LAT.

Enhancement of antigen-induced degranulation by PGE, is PI3K independent

We previously demonstrate that the FceRI-dependent increase in [Ca2*]; is regulated by both
a PLCy-dependent/PI3K-independent and a PI3K-dependent mechanism [34]. Therefore, we
next investigated whether a synergistic activation of PI3K and PLCy may account for the ability
of PGE; to enhance the antigen-mediated elevation of [Ca%*]; and the degranulation response.

In contrast to the FceRI which primarily utilizes the PI3K-p1106 isoform, Gy subunits,
released from Gai proteins transiently activate the p110y PI3K isoform [36] although activation
of either form leads to the phosphorylation and activation of AKT, which is thus used as a
surrogate marker for PI3K activation [36,37]. As membrane-associated AKT may be more
reflective of its PI3K-dependent activation state [38], we examined the association and
phosphorylation of AKT in membrane fractions. When antigen and PGE, were added
concurrently, there was an additive phosphorylation of AKT which was accompanied by a
substantial enhancement in the translocation of total AKT to the membrane (Fig. 3A, B). Thus,
the observed additive effect on phosphorylation of membrane-associated AKT likely reflects
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enhanced translocation of AKT rather than a net increase in phosphorylation. As was the case
with degranulation, the ability of PGE, to enhance AKT translocation and phosphorylation
was completely inhibited in PTX-treated cells (Fig. 3C, D) again implying that this response
was mediated via Gi.

Based on the above observations, we investigated whether PI3K was responsible for the
synergistic enhancement of the antigen-dependent increase in [Ca2*]; and degranulation by
PGEo,. For these studies, we utilized the PI3K inhibitor wortmannin (100 nM) which completely
suppressed antigen- and PGE,-induced AKT phosphorylation (data not shown). As shown in
Figure 3E, the increase of [Ca%*]; by PGE, was unaffected by wortmannin pretreatment.
However, as previously described [34] the antigen-mediated increase in [Ca2*];, particularly
the sustained phase, was partially reduced by wortmannin pretreatment. Nevertheless, the
enhancement of [Ca2*]; by PGE, and antigen together was not inhibited when the wortmannin-
sensitive component of the antigen-induced response was taken into account (Fig. 3E).
Similarly, antigen-induced degranulation was substantially inhibited by wortmannin.
However, PGE, still markedly potentiated the residual antigen-mediated degranulation in the
wortmannin-treated cells (Fig. 3F). Similar results were obtained with the PI3K inhibitor
LY294002 (10 uM) (data not shown). Thus, although PGE, enhanced antigen's ability to induce
P13K mediated responses in the membrane fraction, this response was not necessary for the
ability of PGE; to augment degranulation.

Enhancement of antigen-mediated degranulation by PGE; is associated with enhanced PLC

activity

FceRI regulates activation of PLCyq and PLCy,, whereas the Gi subfamily of GPCR activates
PLCp isozymes though Gpy [39,40]. IP5 directly induces the release of CaZ* from intracellular
stores, indirectly leading to the influx of extracellular Ca2* via store operated calcium entry
(SOCE) following depletion of intracellular stores [41,42]. We therefore hypothesized that
activation of PLCP by PGE, concurrently with the activation of PLCy through FceRIl may
allow additive or synergistic enhancement of signals generated through Ca2* and PKC and,
thus, degranulation.

PLCy requires phosphorylation of tyrosine residues for activation, and both PLCf and PLCy
isozymes require membrane localization for biological function [43]. As expected, antigen
induced the translocation of PLCy; and PLCy, and their respective phosphorylated forms
(phospho-PLCy; (Y783) and phospho-PLCy, (Y759)) to the cell membrane (Fig 4A, B).
Unexpectedly, however, this response was potentiated by PGE,, although the enhancement of
phosphorylation appeared to be delayed compared to the translocation response. The
combination of antigen and PGE; also resulted in a marked enhancement of the translocation
of PLCPB, and PLCP3 to the membrane (Fig. 4A, B). Interestingly, although PGE; on its own
failed to induce PLCp translocation as shown in Figure 4A and B, antigen alone appeared to
induce some translocation of both PLCpB, and PLCP3 at the 120 seconds time point. The
synergistic enhancement of translocation of PLCyq, PLCy,, PLCpB, and PLCp3 to the
membrane fraction was completely reversed by PTX treatment (Fig. 4C, D), again supporting
the role of Gi in these synergistic responses. Taken together, the above data suggest that the
ability of PGE; to potentiate antigenmediated degranulation may be a consequence of trans-
synergy in the phosphorylation and membrane translocation of PLCpB and PLCy isozymes.

Enhanced antigen-induced IP3 production and store-operated calcium entry by PGE»

We thus next investigated whether the enhanced phosphorylation and/or translocation of
PLCP and PLCy resulted in increases in IP3 production and Ca?* mobilization. Based on kinetic
studies (data not shown), we measured IP3 levels after 30 seconds of cell activation as this
represented the time of maximal PGE, response. From Figure 5A it can be seen that antigen
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and PGE; individually increased levels of IP3 by 2.1 and 1.5 fold respectively compared to
basal levels, but together, they strongly stimulated the generation of IP3 up to 3.7 fold. PTX-
treatment blocked the IP3 response to PGE;, and the augmented response to both stimulants
(Fig. 5B). In contrast the results obtained with wortmannin, the ability of PGE; to enhance
antigen-mediated degranulation, was attenuated by both the PLC inhibitor U73122 (1 uM) and
the 1P3 receptor antagonist 2ABP (2-amino-ethoxydiphenylborate) (50 uM) (Fig. 5C). These
data provide support for the conclusion that the enhanced PLC-dependent IP3 production is
critical for the potentiation effect of PGE, on antigen-induced degranulation..

From Figure 1E, it was evident that PGE, synergistically enhanced the antigen-mediated
increase in [Ca*];. To examine which component of the antigen-mediated Ca2* signal was
affected by PGE,, we determined the release of Ca2* from intracellular pools, and Ca2* influx
using single cell imaging techniques. The addition of PGE, to BMMCs in Ca2*-free buffer
induced an increase in [Ca2*]; (Fig. 5D), however, the subsequent addition of extracellular
Ca?*, failed to produce substantial influx of Ca2*, indicating that the Ca2* signal produced by
PGE, was primarily due to release from intracellular stores without a substantial depletion of
these stores. In contrast, antigen produced not only a release of Ca2* from intracellular stores
but influx of Ca?* when extracellular Ca?* was re-introduced indicating that depletion of
intracellular stores was sufficient to activate influx presumably via SOCE. The magnitude of
the Ca2* signal in response to the simultaneous addition of PGE, and antigen in the absence
of extracellular Ca?* was not different to that elicited by either antigen or PGE; alone.
However, when extracellular Ca2* was added, the secondary influx of Ca2* was synergistically
enhanced to give increases in [Ca2*]; comparable to those observed after maximal depletion
of intracellular stores with thapsigargin (data not shown), These data suggest that the ability
of PGE, to enhance the Ca?* signal was primarily due to potentiation of Ca2* influx possibly
as a consequence of more complete depletion of intracellular stores.

The effect of PGE, on antigen-induced translocation of PKC isozymes

The augmented activation of PLC and increase in [Ca2*]; would likely extend to enhanced
activation of conventional PKCs (a, B, Bll, and y) [44]. Based on previous studies on the role
of representative PKC isozymes on mast cell degranulation [22] and the fact that PKC
activation follows translocation to the plasma membrane, we examined the effect of PGE, and
antigen on membrane translocation of PKCa, 1 and Bll. Antigen but not PGE; alone, induced
membrane translocation of PKCa, gl and Bl (Fig. 6A, B). However, when added together with
antigen, PGE,_potentiated membrane translocation of all three isozymes. This potentiation was
effectively attenuated by PTX pre-treatment (Fig. 6 A, B). Activation of PKC is critical for
degranulation [22,24] and cytokine production [24]. Accordingly, both antigen-mediated
degranulation and the ability of PGE; to enhance this response (Fig. 6C), in addition to their
effects on cytokine production (data not shown), were effectively blocked by pre-incubation
with G66976, an inhibitor of Ca2* dependent isozymes of PKC.

Discussion

In this study, we have examined how the signals induced by Gi-linked GPCRs are integrated
with those elicited by the FceRI for the synergistic enhancement of mast cell degranulation.
Of the various GPCR agonists that influence antigen-mediated mast cell activation, we selected
PGE; for detailed study as it enhanced antigen-mediated responses (Fig. 1) to a greater extent
than other GPCR agonists examined such as S1P, and adenosine.

Four subtypes of PGE, GPCRs, have been described: EP1, EP2, EP3, and EP4 [45]. EP1 is

coupled to Gq and can induce Ca%* mobilization, whereas, both EP2 and EP4 are coupled to
Gs and activate adenylate cyclase. EP3 is reported to have four isozymes (EP3a, B, v, and &)
which are coupled to different G proteins (Gi, Gs and Gq) and, as such, mediate their effects
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via different signaling mechanisms [46]. Human mast cells express EP2, 3, and 4 [47] and it
has been reported that PGE; both stimulates and inhibits antigen-mediated degranulation in
these cells [19,48]. Mouse BMMCs express EP1, 3 and 4 receptors [18] and PGE, appears to
enhance antigen-mediated responses in these cells in the absence of an inhibitory response
[10]. Recent pharmacological studies have indicated that the observed ability of PGE; to
enhance mast cell degranulation and IL-6 production are mediated through the EP1 or EP3
receptors [17]. Studies using EP3 receptor-deficient BMMCs, however, have indicated that
this is the primary EP receptor subtype responsible for the actions of PGE, on mast cells
[18]. In our study, all responses mediated by PGE,, including its ability to potentiate antigen-
mediated degranulation and cytokine production (Fig. 1) were inhibited by pre-treatment with
PTX, supporting the conclusion that these responses are mediated by Gi-linked EP3 receptors.

Unlike, the FceRI, GPCRs do not require activation of tyrosine kinases and subsequent protein
phosphorylation for propagation of their responses but rely instead on coupling to a hetero-
trimetric protein complex of Ga and Gy subunits [49]. This would explain why PGE; had
little effect on the total tyrosine phosphorylation of proteins including NTAL and LAT (Fig.
2). The ability of antigen and PGE; to synergistically enhance the membrane translocation and
phosphorylation of AKT in a PTX and wortmannin-sensitive manner (Fig. 3) in BMMC:s, is
likely attributable to activation of both PI3Ky which is linked to GPCR signaling [12,50], and
P13K3& which contributes to FceRI signaling [51]. Nevertheless, our results suggest that the
potentiation of antigen-mediated degranulation by PGE, was independent of PI3K. Although
wortmannin completely blocked AKT phosphorylation (data not shown), and markedly
reduced antigen-mediated degranulation, there was still a substantial amplification of residual
antigen-mediated Ca2* mobilization (Fig. 3) and degranulation (Fig. 3) by PGE; in the
wortmannin-treated cells. This is in contrast to the report that adenosine potentiates antigen-
mediated degranulation in a PI3K-dependent manner [12]. This difference suggests that
GPCRs may vary in their requirements for PI3K in their ability to modify antigen-mediated
responses.

These findings pointed to the possibility that PGE; acts through PLC in a PI3Kindependent
manner to enhance mast cell activation (Fig. 4, 5). We have previously demonstrated in human
mast cells that the PLCy-dependent increase in calcium mobilization produced by antigen
challenge is also independent of PI3K [34]. Both FceR1 and GPCRs can activate PLC, however,
these receptors are linked to different PLC isozymes which have different modes of activation:
The FceRl is linked to PLCy; and PLCy, whereas GPCRs are linked to PLCp isozymes [20,
52]. As there is little evidence that PLCp4 is expressed in BMMCs [53], we focused on
PLCpB, and PLCp3. Both PLCPB and PLCy isozymes require membrane localization for
activation, however, whereas activation of PLCy isozymes also requires phosphorylation of
critical tyrosine within their catalytic domains [39], the PLCP isozymes are activated by GBy
subunits [54]. Membrane localization of PLCy; is mediated via binding of its SH2 domain to
phosphorylated tyrosine residues within the transmembrane adaptor molecule LAT [52].

Given the different modes of activation of PLCP and PLCy, it was therefore surprising to
observe that PGE; enhanced the antigen-mediated phosphorylation and translocation of
PLCy; and PLCys, to the cell membrane and that antigen and PGE, induced the synergistic
membrane translocation of the PLCJ isozymes (Fig. 4). Nevertheless, these data do
demonstrate that there is "trans-synergy" between the pathways leading to the activation of
both PLC isozymes accounting for the enhancement of 1P3 production and increased [Ca2*];
(Fig. 5). It is of interest, however, that as with antigen, PGE, alone induced sufficient 1P
generation to increase [CaZ*]; even though PGE; induced no detectable PLCB translocation
(Fig. 4, 5). This may be explained by GBy-dependent activation of PLCp constitutively
associated with the membrane.
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As far as we are aware, this is the first report of trans-synergistic interactions between PLCJ
and PLCy which provides a means for integrating signaling responses for the enhanced
activation of mast cells. Therefore, the mechanism(s) leading to this response need to be
clarified although several possibilities exist. The apparent activation of PI13K by PGE, (Fig.
3) is unlikely to account for this response because of the responses in the presence of
wortmannin noted here. A more likely possibility is the activation of PLCy by Src kinases
which have been noted to be activated through GPCRs [52,55,56]. Preliminary studies (Kuehn
and Gilfillan, unpublished observations) indeed indicate that the Src family kinase inhibitor
PP2 (30 uM) markedly attenuates the ability of PGE, to enhance antigen-mediated
degranulation. The enhanced activation of PLCp in antigenstimulated cells could conceivably
occur through an autocrine/paracrine pathway as a result of release of adenosine [12] or S1P
[57] both of which act through GPCRs in mast cells. A more speculative possibility is inherent
in the common pleckstrin homology (PH) domain, C2 domain, and EF-hand domains in
PLCP and PLCy. The increase in [Ca2*]; by one or the other receptor might, for example,
promote activation of either PLC through the EF-hand domain or C2 domain.

The synergistic increase in [Ca2*]; following the increases in PLC activation and IP3 generation
produced by co-stimulation with antigen and PGE, was primarily due to a marked enhancement
of SOCE (Fig. 5). PGE; alone produced a transient production of IP3 and a release of
intracellular Ca?* which was insufficiently sustained to initiate SOCE upon addition of
extracellular Ca2*, possibly a consequence of down-regulation of GPCR activation [53]. This
is in contrast to antigen, which can sustain depletion of intracellular Ca* pools to allow
activation of SOCE after delayed addition of Ca2* [58]. The enhanced SOCE that was observed
with the combination of antigen and PGE, could be due to the more complete depletion of
intracellular stores as a consequence of enhanced and prolonged IP3 production.

The synergistic increase in PLC activation produced by PGE, and antigen also provides an
explanation for the observed enhancement of membrane localization of the PKCa and
isozymes (Fig. 6A, B). By elevating intracellular [Ca?*]; levels, PLC regulates the activation
of the Ca2*-dependent PKC isozymes in stimulated mast cells. Essential requirements for PKC
activation in FceRI-induced mast cells function have been defined from studies conducted in
RBL-2H3 cells [22, 23] and from studies conducted in PKC isozyme-deficient mice and mouse
BMMCs [24, 59, 60]. Among these PKC isozymes, PKCP has been demonstrated as being
important for mast cell degranulation and IL-6 generation [24]. Thus, the synergistic
enhancement of the translocation of the PKCP isozymes which we observed would be expected
to contribute to the amplification of the antigen-mediated degranulation response by PGE,.
This conclusion was supported by the ability of the PKCa and f inhibitor G66976 to not only
block the antigen-mediated degranulation but also the ability of PGE; to potentiate this
response (Fig. 6C).

In summary, in this study we have demonstrated that the Gi-linked receptor for PGE,
potentiates FceRI-mediated mast cell degranulation by utilizing a novel PI3Kindependent
integration pathway involving trans-synergy in the activation of PLC and PLCy (Fig. 7). This,
in turn, induces an enhanced increase in [Ca2*]; via SOCE, and enhanced PKC translocation,
critical signals for degranulation to occur. The novel finding that PLCP and PLCy trans-
synergizes raises a question of mechanism for which several possibilities exist. These studies
potentially provide a paradigm for the mechanism by which other GPCRs linked to Gi also
enhance antigen-dependent mast cell activation. However, these data also illustrate the point
that the different classes of receptors that are known to enhance antigen-mediated responses
in mast cells likely do so through entirely different mechanisms. For this reason, it would be
of interest to examine whether co-activation of multiple receptors would further enhance mast
cell degranulation and cytokine production, whether such interaction occur in vivo, and how
these interactions could be inhibited. A comprehensive understanding of these interactions and
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their roles in disease states would be important considerations in the treatment of allergic
disorders
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Fig 1. The effect of PGE> on antigen-induced mast cell activation

A-B. BMMCs were sensitized overnight and then challenged with the indicated GPCR agonists
(PGEy, 1 uM; S1P, 40 uM; MIP1-a, 100 ng/ml; Rantes, 50 ng/ml; Adenosine, 10 uM) or antigen
(Ag) (DNP-HSA) or Ag/GPCR agonist added concurrently for 30 min for B-hexosaminidase
(B-hex) release. C-D. BMMCs were sensitized overnight and then pre-incubated with or
without PTX (1 pg/ml) for 4 hours before antigen (Ag) (DNP-HSA) or PGE, or Ag/PGE, was
added. After incubation for 30 minutes (C) or 6 hours (D), B-hexosaminidase (B-hex) release
(C) or cytokine production (D) was measured according to “Materials and Methods”. E.
BMM(Cs were loaded with Fura-2 AM and changes in [Ca2*] were monitored after treatment
Ag (10 ng/ml) or PGE; (1 uM) or Ag together with PGE,. The Ca2* data are representative of
n=3 experiments conducted in duplicate. The data in A and B are presented as means + S.E.
of (n=3-4) separate experiments conducted in duplicate. ###, p < 0.001 for comparison with
Ag/PGE; (A). ***, p < 0.001 by Student's t-test (B).
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Fig 2. Protein tyrosine phosphorylation and phosphorylation of LAT/NTAL in response to antigen
and/or PGE»

A, B. BMMCs were sensitized overnight and treated with antigen (Ag), PGE,, or Ag/PGE,
concurrently for the indicated times, and protein samples were prepared as described in
“Materials and Methods”. Following gel electrophoresis, the whole-cell extracts were
immunoblotted with anti-phosphotyrosine (4G10-HRP) (A) or anti-phospho-LAT (Y191)
antibodies (B). The blots are representative of three to five independent experiments. Protein
loading of the samples was normalized by stripping and then probing for p-actin. C. The data
were generated by the scanning the blots in B in three independent experiments, then
normalizing to the response at 120 seconds obtained with Ag/PGE,. The data in C are presented
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as means + S.E. of (n=3) separate experiments.
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Fig 3. AKT phosphorylation and the effects of the PI3K inhibitor, wortmannin

A, C. BMMCs were sensitized and pretreated with or without PTX (1 pg/ml) for 4 h, followed
by treatment with Ag or PGE,, or Ag/PGE, for the indicated times, then membrane fractions
were prepared. Following gel electrophoresis, the proteins were probed with antibodies
recognizing phosphorylated-AKT (S473) or AKT. Blots are representative of three
independent experiments. Protein loading of the samples was normalized by stripping and then
probing for c-Kit. B, D. The data were generated by the scanning the blots A and C respectively
in three independent experiments, and then normalizing to response at 120 seconds obtained
with Ag/PGE,. The data in B and D are presented as means + S.E. of (n=3) separate
experiments. E. BMMCs were loaded with Fura-2 AM and preincubated with or without
wortmannin (100 nM) for 10 minutes. And then changes in [CaZ*]; were monitored after
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treatment Ag (10 ng/ml) or PGE; (1 uM) or Ag together with PGE,. The Ca2* data are
representative of n=3 experiments conducted in duplicate. F. After preincubation with
wortmannin (100 nM) for 10 minutes, cells were treated with Ag, PGE;, or Ag/PGE;
concurrently for 30 minutes for B-hex release. The data in F are presented as means * S.E. of
(n=4) separate experiments conducted in duplicate. *, p < 0.05 and ***, p < 0.001 by Student's
t-test (B, D). ***, p < 0.001 and ###, p<0.001 for comparison with Ag alone (100 ng/ml) and
wortmannin / Ag (100 ng/ml), respectively (F).
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Fig 4. Translocation of PLCy and PLCp to the membrane in response to antigen and/or PGE>

A. BMMCs were sensitized overnight and treated with antigen (Ag), PGE,, or Ag/PGE>»
concurrently for the indicated times, and membrane fractions were prepared as described in
“Experimental procedures”. Following gel eletrophoresis, the proteins were probed with
antibodies recognizing phosphorylated PLCy; (Y783), phosphorylated PLCy, (Y759),
PLCy1, PLCy,, PLCys, or PLCys3. Blots are representative of four to five independent
experiments. Protein loading of the membrane fraction was normalized by stripping and then
probing for c-Kit. C. BMMCs were pretreated with or without PTX (1 ug/ml) for 4 hours,
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followed by treatment with Ag, PGE,, or Ag/PGE; for the indicated times, and membrane
fractions were prepared. B, D. The data were generated by the scanning the blots in four to five
independent experiments of A and C respectively, and then normalizing to the response at 120
seconds obtained with Ag/PGE,. The data in B (n=5) and D (n=4) were presented as means
S.E. of separate experiments. *, p < 0.05, **, p < 0.01 and ***, p < 0.001 by Student's t-test.
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Fig 5. IP3 generation and Ca2* mobilization

A, B. BMMCs (A) or PTX (1 png/ml, 4 hours)-preincubated BMMCs (B) were washed with
HEPES buffer containing 0.04% BSA and stimulated with antigen (Ag) (10 ng/ml), PGE; (1
UM, or Ag/PGE,. After 30 seconds, the samples were processed and the IP3 measurement
assays conducted as described under “Materials and Methods”. The data in A (n=4) and B
(n=2) are presented as means * S.E. of separate experiments conducted in duplicate. C. After
preincubation with U73122 (1 pM) or 2ABP (50 uM) for 10 minutes, cells were treated with
Ag, PGE,, or Ag/PGE; concurrently for 30 minutes for B-hex release. The data in C are
presented as means  S.E. of (n=3) separate experiments conducted in duplicate. ***, p <0.001
by Student's t-test (A and B). ***, p < 0.001 and ## p<0.001 for comparison with Ag alone
and Ag/PGE,, respectively (C). D. BMMCs were stimulated with Ag or PGE5, or Ag/PGE»
in the absence of external Ca2*. After 5 min Ca?* was added and Ca2* influx was monitored
using an InCyt dual-wavelength fluorescence imaging system. The data are representative of
three independent experiments.
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Fig 6. PKC translocation

A. BMMCs were sensitized overnight and pre-incubation with or without PTX (1 ug/ml) for
4 hours. Cells were treated with antigen (Ag) or PGE», or Ag/PGE; concurrently for the
indicated times, and membrane fractions were prepared as described in “Materials and
Methods”. These fractions were analyzed by immunoblotting with anti-PKCa, PKCpI and
PKCpII antibodies. Blots are representative of three independent experiments. Protein loading
of the membrane fraction was normalized by probing for c-Kit. B. The data were generated by
the scanning the blots (A) in three independents experiments, and then normalizing to response
at 120 seconds obtained with Ag/PGE,. C. BMMCs were sensitized overnight and then pre-
incubated with G66976 (1 uM) for 30 minutes before Ag, PGE,, or Ag/PGE, was added
concurrently for 30 minutes for B-hex release. The data in B (n=3) and C (n=3) are presented
as means + S.E. of separate experiments. *, p < 0.05 and **, p < 0.01 and ***, p < 0.001 by
Student's t-test (B). ***, p < 0.001 and ## p<0.001 for comparison with Ag (100 ng/ml) alone
and Ag (100 ng/ml)/PGE,, respectively (C).
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Fig 7.

Proposed mechanism of integration of GPCR and FceRI signaling mechanisms for the
potentiation of mast cell degranulation and cytokine production. Binding of PGE; to EP3,
which is coupled to Gi, enhances antigen-mediated mast cell activation following FceRI
aggregation. The initial receptor-proximal signaling events regulate trans-synergy in the
activation of membrane-associated PLCy and PLCp concurrently with enhanced PI3K-
dependent AKT phosphorylation. This latter response, however, is not required for the ability
of PGE; to enhance antigen-mediated degranulation and cytokine production and, thus, has
not been included in this diagram. The synergistic activation of PLCy and PLCP hydrolyzes
phosphatidylinositol-4,5-bisphosphate (PIP,) to similarly synergistically enhance the
production of inositol 1,4,5-trisphosphate (IP3) and, by inference, diacylglycerol (DAG). IP3
then binds to the IP3 receptor to mobilize ER stored Ca2* and following the enhanced depletion
of intracellular stores this promotes enhanced influx of extracellular Ca2* via SOCE. The
enhanced levels of intracellular Ca2* and DAG then enhance the activation of conventional
PKC (cPKC) which, together with the calcium signal, is critical for degranulation and cytokine
production.
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