RhoA signaling through platelet P2Y, receptor controls
leukocyte recruitment in allergic mice
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Background: Clinical studies reveal platelet activation in
patients with asthma, allergic rhinitis, and eczema. This is
distinct from platelet aggregation, which is critical for the
maintenance of hemostasis and in which a role for platelet
purinergic receptors is well documented. However, purines are
also essential for inflammatory cell trafficking in animal models
of allergic lung inflammation, which are known to be platelet
dependent, yet the role of purines in the platelet activation
accompanying inflammation is unknown.

Objectives: We investigated whether the involvement of purine
activation of platelets during allergic inflammation is distinct
from purine involvement in platelet aggregation.

Methods: BALB/c mice were sensitized to ovalbumin and
subsequent airway ovalbumin challenge. Bronchoalveolar
lavage fluid was analyzed for inflammatory cells, and blood
samples were assessed for platelet activation. The role of platelet
purinergic receptors and associated signaling mechanisms
(RhoA) were assessed.

Results: P2Y,, but not P2Y,, or P2X,, antagonism inhibited
pulmonary leukocyte recruitment. The formation of platelet-
leukocyte complexes in vivo and platelet/P-selectin—dependent
polymorphonuclear cell migration in vitro were exclusively platelet
P2Y; receptor dependent. Furthermore, platelet P2Y; activation
resulted in RhoA activity in vivo after allergen challenge, and RhoA
signaling in platelets through P2Y, stimulation was required for
platelet-dependent leukocyte chemotaxis in vitro. Leukocyte
recruitment in thrombocytopenic mice remained suppressed after
reinfusion of platelets pretreated with a P2Y, antagonist or a
Rho-associated kinase 1 inhibitor, confirming the crucial role of
platelet P2Y, receptor and subsequent activation of RhoA.
Conclusion: RhoA signaling downstream of platelet P2Y,, but
not P2Y,, represents a clear dichotomy in platelet activation
during allergic inflammation versus hemostasis. (J Allergy Clin
Immunol 2014;uuN:ENE-EEN,)
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Abbreviations used

ADP: Adenosine diphosphate

ICs: Inhibitory concentration of 50%

Kg: Dissociation constant

MDC: Macrophage-derived chemokine

OVA: Ovalbumin

PGE;: Prostaglandin E,

PMN: Polymorphonuclear cell
ROCK: Rho-associated kinase 1

The phenomenon of platelet activation in allergic patients,
especially those with asthma, has been reported extensively over
the last 30 years.''” Significantly, platelet activation, as measured
by changes in platelet volume, presence of platelet microparticles,
and release of platelet-specific inflammatory mediators”'*; pulmo-
nary platelet recruitment and accumulation in the lungs®'*'”; and
an increased incidence of circulating platelet-leukocyte (including
eosinophil) complexes,'®'” has been recorded in asthmatic patients
after spontaneous asthma attacks or allergen challenge. Further-
more, platelet activation correlates strongly to changes in lung func-
tion.””*'“117 Of pertinence to allergy, platelets from patients
allergic to Dermatophagoides pteronyssinus have been shown to
be activated by the allergen or by synthetic peptides derived from
the allergen through a process mediated by IgE.'**" Therefore
these studies argue that platelet activation in the context of asthma
and allergy is not a consequence of the inflammatory mediator
milieu per se but rather that platelets are integral to allergic and
IgE-dependent processes. The significance of platelet activation
in patients with asthma and allergy has been assessed in vivo by us-
ing animal models of pulmonary allergic inflammation, where it has
been demonstrated that (1) platelets are activated and migrate to the
lungs immediately after exposure to allergen,'®*' (2) platelets are
required for initiation of bronchial hyperresponsiveness in 3 animal
species,”'*?*?° (3) the pulmonary recruitment of leukocytes is
platelet expressed and platelet selectin (P-selectin) depen-
dent,*'®?*%272 and (4) platelets modulate airway remodel-
ing.””?" Nevertheless, the mechanisms by which platelets
become activated in the context of allergic inflammation are not
known, and despite heightened platelet activation being a hallmark
of asthma, such patients have a mild hemostatic defect rather than
an increased risk of thrombosis, which might be expected as a result
of heightened platelet activation.®'” 31

The role of platelet purinergic receptors (P2X;, P2Y,, and
P2Y,,) in platelet aggregation has been well documented.*””
Significantly, several studies have also detailed that activation
of both the P2Y, and P2Y|, receptors on platelets triggers an
increase in surface P-selectin expression,””~>® suggesting that
purinergic activation of platelets might also be involved in
P-selectin—dependent inflammatory responses.”**”*’ Indeed, a
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role for purines has recently been described in the context of
allergic inflammation.”®*” However, the importance of purines
in the context of platelet activation during allergic inflammatory
events remains unclear given the apparent incongruence of an
associated mild hemostatic defect rather than increased
thrombosis in patients with asthma.®'**" Therefore the aim of
the present study was to characterize the involvement of platelet
P2Y,, P2Y,, and P2X, receptors in leukocyte recruitment in a
murine model of allergic inflammation, which is known to be
platelet P-selectin dependent.

METHODS

Reagents used and details of the receptor pharmacology for the purinergic
antagonists used in this study can be found in the Methods section in this
article’s Online Repository at www.jacionline.org. The methods outlined
below appear in the order in which the experiments are described in the Results
section.

Mouse ovalbumin sensitization and

bronchoalveolar lavage

A murine model of allergic lung inflammation was established to deduce
the importance of purinergic receptors on pulmonary leukocyte recruitment.
All studies were carried out under the Animals (Scientific Procedures) Act of
1986 (United Kingdom) or the Italian Ministry of Public Health (authorization
no. 260/2011) with local ethical approval from King’s College, London, or the
University of Perugia. Female BALB/c mice (20-25 g; Harlan UK, Bicester,
United Kingdom) were sensitized with chicken egg ovalbumin (OVA;
30 pg/0.4 mL administered intraperitoneally) on days 0, 4, and 10. On days
14, 15, and 16, selected groups of mice were dosed with apyrase (100 U/mL,
50 L per mouse administered intranasally), MRS2179 (1, 10, and 30 mg/kg
administered intravenously), NF-279, MRS2500, or AR-C66096 (all at 0.1, 1,
and 3 mg/kg administered intravenously); or MRS2395 (1, 3, and 10 mg/kg
administered intravenously) 20 minutes before the start of allergen challenge.
Clopidogrel (75 mg/kg by mouth) was administered for 5 days in total before
the first day of allergen challenge.”® Saline was used as a vehicle for all drugs
other than MRS2395 (0.1% dimethyl sulfoxide). The highest drug doses were
selected in excess of the reported activity of doses in rodents. Mice were sub-
sequently nebulized with OVA (30 mg/mL) for 30 minutes. Twenty-four hours
after the final allergen challenge (day 17), bronchoalveolar lavage fluid was
collected and processed for total and differential cell counts, as previously
described.'*’

Platelet aggregation

Blood from mice was collected by means of cardiac puncture 1 or 6 hours
after allergen challenge and washed platelets were isolated to confirm the
biological activity of P2Y,, antagonists used in the “Mouse ovalbumin
sensitization and bronchoalveolar lavage” section. Platelet aggregation was
measured after stimulation with 2 to 10 wmol/L adenosine diphosphate (ADP).

Flow cytometric analysis of platelet-leukocyte
conjugation

Citrated blood was obtained by means of saphenous vein bleeds at 6 and
24 hours after allergen challenge and was analyzed for the presence of
platelet-leukocyte aggregates to detect the activation of platelets and the
influence of P2Y; and P2Y;, antagonists in the “Mouse ovalbumin
sensitization and bronchoalveolar lavage” section. Blood was incubated
with an anti-CD41-phycoerythrin mAb, and leukocytes were labeled
with an anti-CD45-fluorescein isothiocyanate mAb in saturating concen-
trations for 30 minutes, followed by red blood cell lysis with 500 L of Op-
tilyse C (Beckman Coulter, Fullerton, Calif) for 1 hour, and samples were
analyzed on a flow cytometer (Epics XL; Beckman Coulter), as previously
described.' %
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Preparation of cell extracts and Western blots for
detection of RhoA activity

Washed platelets were isolated from citrated blood 6 hours after the first
allergen exposure outlined in the “Mouse ovalbumin sensitization and
bronchoalveolar lavage” section to detect RhoA activity and the influence
of P2Y,; and P2Y,, on these signaling events. Platelets were lysed in
RIPA buffer (1% Nonidet P-40, 0.5% sodium deoxycholate, 0.1% SDS,
1 mmol/L phenylmethanesulfonyl fluoride, and 1 mmol/L Na,VO,) for
30 minutes on ice. Equal amounts of protein (30 pg) were separated by
using 12% SDS-PAGE and immunoblotting, followed by enhanced
chemiluminescence detection with either an anti—total RhoA antibody or
anti—phosphorylated RhoA antibody (Ser188) and anti-rabbit horseradish
peroxidase, as previously described.’ Activated RhoA (RhoA—guanosine
triphosphate) was selectively assayed with the Abcam RhoA Activation
Assay Kit (Abcam, Cambridge, United Kingdom), according to the
manufacturer’s instructions. Platelets were isolated 1 hour after the first
allergen challenge. A lysate of platelets activated with ADP 20 wmol/L
was run as a positive control.

Platelet-induced leukocyte chemotaxis assay

An in vitro assay of platelet-dependent leukocyte chemotaxis was used to
elucidate the importance of purinergic receptors expressed on platelets on
subsequent leukocyte activation. Chemotaxis plates (3-pm pore size) were
blocked with Dulbecco modified Eagle medium plus 2% FBS for 1 hour before
blocking buffer was removed, and 100 nmol/L. macrophage-derived
chemokine (MDC) was added to each well. Washed platelets (1 X 108
platelets/mL. by using the above protocol) were incubated with either
NF-279, MRS2179, MRS2395, MRS2500, or AR-C66096 for 10 minutes at
room temperature. In some experiments platelets were incubated with the
P2Y, receptor agonist MRS2365 (in saline) and the Rho-associated kinase 1
(ROCK) inhibitor GSK429286 (in 0.1% dimethyl sulfoxide) at 1 and
100 wmol/L, respectively. Platelets and drug were subsequently incubated
with 100 nmol/L ADP for 5 minutes at 37°C and then washed. Leukocytes
were flushed from bone marrow (femurs) of mice and resuspended in assay
buffer (5 X 10° cells/ml). Leukocytes were added at a 1:1 volume ratio with
platelets. The chemotaxis assay was then performed, as previously
described.”’ Analysis revealed the population of migrated leukocytes to
consist of greater than 95% polymorphonuclear cells (PMNs).

Busulfan induced platelet depletion and ex vivo

drug treatment of platelets for reinfusion

By using the sensitization procedure explained in the “Mouse ovalbumin
sensitization and bronchoalveolar lavage” section, the importance of platelet
P2Y; and P2Y,, on pulmonary leukocyte recruitment was assessed. Some
groups of mice received busulfan (20 mg/kg administered intraperitoneally
on days —5, —3, and 0 of the immunization protocol), a bone marrow—specific
toxin, at a dose titrated to selectively target megakaryocyte maturation,
resulting in gradual and pronounced depletion of circulating platelets, as
previously stated.'®'®*?° In some experiments blood was taken from
separate OVA-sensitized platelet donor mice to harvest platelet-rich plasma.
The platelet-rich plasma was incubated with 100 pmol/L. MRS2500,
AR-C66096, GSK429286, or vehicle for 30 minutes. Platelet suspensions
were then washed free of remaining drug by means of centrifugation at
800g for 7 minutes in the presence of prostaglandin E; (PGE)), and the platelet
pellet was resuspended in PBS before infusion into busulfan-treated mice
(0.1 mL administered intravenously, 1.5 X 10% platelets per injection)
15 minutes before the first 2 days of allergen challenge.

Statistical analysis

Data from allergic animal studies are displayed as means = SEMs, whereas
in vitro chemotaxis data are displayed as a chemotactic index. Data were
analyzed by means of 1-way ANOVA, followed by the Dunnett multiple
comparison posttest. A P value of less than .05 was considered significant.
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FIG 1. Effects of purinergic receptor antagonism on pulmonary leukocyte recruitment. Bronchoalveolar
lavage fluid was analyzed from OVA-sensitized and challenged mice and pretreated with apyrase
(A), P2X, antagonist (NF-279; B), P2Y; antagonist (MRS2179; C), P2Y, antagonist (MRS2500; D), P2Y,,
antagonist (MRS2395; E), P2Y,, antagonist (AR-C66096; F), or P2Y,, antagonist (clopidogrel; G) for
differential cell counts (n = 4-7). Data are expressed as mean cell counts per milliliter of bronchoalveolar
lavage fluid = SEM. *P < .05, **P < .01, and ***P < .001 versus the sham-sensitized control group.
#P < .05 and ###P < .001 versus the OVA-sensitized control group.

ADP activation of P2Y,, but not P2Y,,, is critical for
pulmonary leukocyte recruitment in a murine
model of allergic inflammation

Purines have been reported to induce the expression of selectins
and integrins on the surfaces of platelets and leukocytes>>**°
and are necessary for leukocyte chemotaxis.*"*** Therefore it is
feasible that purines are involved in the pulmonary recruitment
of leukocytes during allergic inflammation.”®*” OVA-sensitized
mice were administered apyrase (100 U/mL) before each allergen
challenge to test this hypothesis, which significantly attenuated
pulmonary eosinophil, neutrophil, macrophage, and lymphocyte
recruitment compared with that seen in vehicle-treated,
OVA-sensitized and challenged mice (P <.001 for each leukocyte
population; Fig 1, A, and see Fig El, in this article’s Online
Repository at www.jacionline.org). Because apyrase hydrolyses
both ATP and ADP into AMP, we specifically investigated the
role of P2Y |, P2Y,, and P2X receptors expressed on the surface
of platelets, given the requirement for platelets in this murine
model.'®”” The administration of the suramin analogue and
highly selective P2X; channel antagonist NF-279 (0.1, 1, and

3 mg/kg administered intravenously) did not inhibit pulmonary
leukocyte recruitment (Fig 1, B, and see Fig E1, B). However,
the treatment of mice with the highly selective and competitive
P2Y, antagonists MRS2179 (3, 10, and 30 mg/kg) or MRS2500
(0.1, 1, and 3 mg/kg) caused significant dose-dependent inhibition
of leukocyte recruitment (see Fig E1, C). Specifically, the P2Y,
antagonists inhibited eosinophil (MRS2179: 30 mg/kg,
P < .001; MRS2500: 3 mg/kg, P < .05), macrophage
(MRS2179: 30 mg/kg, P < .05), lymphocyte (MRS2179:
30 mg/kg, P <.001; MRS2500: 3 mg/kg, P <.05), and neutrophil
(MRS2179: 30 mg/kg, P <.05; MRS2500: 3 mg/kg, P < .05)
recruitment into the lungs compared with that seen in
vehicle-treated, OVA-sensitized and challenged mice (Fig 1, C
and D). In contrast, administration of selective P2Y |, antagonists
(the biphosphate acyclic analogue MRS2395, the adenosine
triphosphate analogue AR-C66096, or the thienopyridine
clopidogrel) was wunable to inhibit pulmonary leukocyte
recruitment at any dose tested (see Fig E1, E-G) or any particular
leukocyte subpopulation (Fig 1, E-G). Given the inability of these
P2Y,, antagonists to modulate pulmonary leukocyte recruitment
after allergen challenge, to check that these drugs were present at
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FIG 2. Effects of purinergic receptor antagonism on pulmonary platelet aggregation ex vivo. Platelets were

isolated from OVA-sensitized mice pretreated with P2Y, antagonist (MRS2500),

P2Y,, antagonist

(AR-C66096), or P2Y 4, antagonist (clopidogrel) 6 hours after allergen exposure, and ex vivo platelet aggrega-
tion to ADP was measured. Representative platelet aggregation traces to clopidogrel (A), AR-C66096 or
MRS2500 (B), mean platelet aggregation to clopidogrel (C), AR-C66096 (D), MRS2500 (E), or MRS2500
(F) at 1 hour (n = 5-8). Data are expressed as means + SEMs. *P < .05 versus OVA-sensitized control groups.

effective doses, we tested the biological activity of AR-C66096
(3 mg/kg administered intravenously) and clopidogrel (75
mg/kg, 5 days by mouth) by using an ex vivo platelet aggregation
assay and showed significant suppression of platelet aggregation
to ADP 6 hours after allergen challenge (AR-C66096: P <.05 and
clopidogrel: P <.05 vs the vehicle-treated control group; Fig 2,
A-D). Inhibition of platelet aggregation induced by ADP ex vivo
from mice administered the P2Y,; antagonist MRS2500
(3 mg/kg administered intravenously) was modest at 6 hours
(Fig 2, E) but more pronounced at an earlier time point (1 hour;
Fig 2, 1”).43‘44 Additionally, there was no evidence of increased
platelet aggregation to ADP of platelets taken from OVA-
sensitized mice compared with those from sham-sensitized

mice (Fig 2, A-E). Thus the biological actions of P2Y, P2Y,,
and P2X, receptors differed remarkably in their ability to affect
pulmonary leukocyte recruitment compared with platelet aggre-
gation ex vivo. We next determined whether P2Y, receptors
were involved in the process of platelet/leukocyte interactions
observed after allergen exposure in allergen-challenged mice.

ADP activation of P2Y, but not P2Y,,, induces the
formation of circulating platelet-leukocyte
complexes after allergen challenge

Circulating platelet-leukocyte complexes that “prime”
leukocytes for efficient adhesion to the vascular endothelium
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FIG 3. Effects of P2Y, and P2Y,, receptor antagonism on the incidence of platelet-leukocyte complexes and
circulating platelet and leukocyte numbers. A-D, Blood from sham- or OVA-sensitized mice treated
with P2Y,, antagonist (AR-C66096) or P2Y; antagonist (MRS2500) was quantified for the incidence (as a
percentage) of platelet-leukocyte complexes (Fig 3, A and C) and the mean number of platelets attached
per leukocyte (mean fluorescence intensity; Fig 3, Band D) at 6 (Fig 3, Aand B) and 24 (Fig 3, Cand D) hours
after allergen challenge. E and F, Circulating platelet (Fig 3, E) and leukocyte (Fig 3, F) numbers (n = 6-11).
Data are expressed as means + SEMs. *P < .05 and **P < .01 versus the sham-sensitized control group.

P-L, Platelet-leukocyte.

are increased after allergen challenge in asthmatic patients and
also in this platelet P-selectin—dependent model of allergic
inflammation.'®” Therefore we investigated the occurrence of
these complexes as a measure of platelet activation in an
inflammatory context after the administration of either P2Y, or
P2Y,, antagonists. Six hours after allergen challenge, there
was an increase in circulating platelet-leukocyte complexes
(P < .01) and the relative number of platelets attached to
CD45" leukocytes (CD41 mean fluorescence intensity on
CD45" events, P < .05) in blood taken from OVA-sensitized
mice compared with that from sham-sensitized mice. The
increase in circulating platelet-leukocyte complexes after
allergen challenge was suppressed in OVA-sensitized mice
administered a P2Y; antagonist (MRS2500: 3 mg/kg adminis-
tered intravenously) but not a P2Y,, antagonist (AR-C66096:
3 mg/kg administered intravenously; Fig 3, A and B), returning

to baseline 24 hours after allergen challenge (Fig 3, C and D).
These data suggest that P2Y | activation of platelets occurred dur-
ing the inflammatory response to allergen.

Because both P2Y,; and P2Y,, activation of platelets
have been shown to be capable of inducing platelet P-selectin
expression, the observation that only P2Y,; antagonism
reduced circulating platelet-leukocyte complexes after
allergen challenge was unexpected. Therefore we assessed
whether circulating platelet and leukocyte numbers in mice 6
hours after allergen challenge were affected by administration
of either P2Y, or P2Y, antagonists. Neither administration of
a P2Y, nor a P2Y;, antagonist affected these hematologic
values. Thus the suppression of platelet-leukocyte complex
formation by the P2Y, antagonist (MRS2500) was not a result
of changes to thrombopoiesis (Fig 3, E) or hematopoiesis

(Fig 3, F).
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FIG 4. Allergen sensitization and challenge increase platelet RhoA activity
in vivo. A, Washed platelets from OVA-sensitized and challenged mice
administered P2Y; and P2Y,, antagonists were analyzed for total RhoA,
phosphorylated RhoA (pRhoA), and a-tubulin (as reference protein) 6
hours after allergen exposure and identified by means of Western
blotting (representative shown), with densitometric analysis of the
pRhoA/total RhoA ratio shown below (B). C, Western blot of active
RhoA 1 hour after allergen exposure in washed platelets isolated from
OVA-sensitized mice and with P2Y,; or P2Y;, antagonist administration,
with densitometric analysis shown below (D). Representative columns
from OVA-sensitized mice administered vehicle or P2Y, antagonist have
been juxtaposed adjacent to the relevant left-hand columns from the
same Western blot to remove repeated treatment columns or to reformat
columns into a logical order and therefore to condense the image, as
indicated by the dashed line, by using Microsoft Office and Powerpoint
software (Fig 4, A and C). Data were produced from 4 mice per group
(Fig 4, A and B), and pooled platelets were produced from 4 mice
(Fig 4, C and D). Data are expressed as means * SEMs. *P < .05 and
**P < .01 versus the sham-sensitized control group or #P < .05 and
##P < .01, where indicated.
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Allergen sensitization and exposure induces RhoA
activity in platelets through P2Y,-dependent
mechanisms

A downstream signaling pathway of the platelet P2Y receptor
is the GTPase RhoA. RhoA induces platelet shape change,
filopodia formation, cytoskeletal changes, and granule
centralization (in preparation for secretion), but RhoA activation
does not lead to full platelet aggregation in response to ADP or
other primary agonists.45 4% Similar processes in leukocytes are
necessary for cell adhesion, and in conjunction with other
GTPases (Racl and cdc42), RhoA coordinates cell move-
ment.*”*’ Here we show that total RhoA levels are significantly
reduced in platelets taken from allergen-sensitized mice 6 hours
after allergen challenge, a phenomenon replicated in allergen-
sensitized mice administered a P2Y |,, but not a P2Y, antagonist
(Fig 4, A). In contrast, phosphorylation at the serine residue 188
(Ser188) of RhoA in platelets is induced after allergen challenge
and was selectively suppressed in mice administered a P2Y, but
not a P2Y,, antagonist (Fig 4, A). These data suggested that
initial activation of the RhoA signaling pathway had occurred
in allergen-challenged mice and that it was suppressed in
mice administered a P2Y; antagonist, leading to subsequent
inactivation (phosphorylation) 6 hours after allergen exposure.

‘We then measured active RhoA levels at earlier time point after
allergen exposure (1 hour), confirming an active RhoA presence
in platelets taken from allergen-sensitized and challenged
mice and from P2Y;, antagonist-treated mice but not in
allergen-sensitized and challenged mice administered a P2Y,
antagonist, in which active RhoA levels were similar to that found
in sham-sensitized mice (Fig 4, B). Therefore we next
investigated the importance of RhoA signaling downstream of
platelet P2Y receptor activation by ADP on leukocyte responses
in vitro.

RhoA signaling downstream of P2Y,, but not P2Y,,,
receptor activation on platelets is critical in platelet-
induced leukocyte chemotaxis toward MDC,

a P-selectin-dependent process

The formation of platelet-leukocyte complexes after allergen
challenge is P-selectin dependent and affected by P2Y, signaling
(Fig 3). We hypothesized that this engagement of platelets with
leukocytes in vivo and the dependency on P2Y; receptor
activation might stimulate leukocyte adhesion molecule
expression and increase motility to enhance their recruitment
into tissues. We have previously reported that PMNs require the
presence of platelets to undergo chemotaxis in response to
the chemokines MDC or thymus and activation-regulated
chemokine, which are known to be highly expressed in the lungs
of asthmatic patients.”>° Because MDC activates platelets
through an ADP-dependent process,”’ the ability of RhoA
signaling downstream of platelet P2Y, receptor activation to
induce the activation and motility of PMNs and the dependency
of this chemotactic process on platelet P-selectin expression
were also investigated.

Platelets and PMNs were isolated from the blood and bone
marrow of allergen-sensitized mice. Platelets were incubated with
either P2Y; antagonists (MRS2179 or MRS2500) or P2Y,,
antagonists (MRS2395 or AR-C66096) or a P2X; antagonist
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FIG 5. P2Y, receptor antagonism, RhoA inhibition, and P-selectin blockade suppress platelet-induced PMN
chemotaxis in vitro. Platelets were treated with P2Y, antagonist (MRS2179; A), P2Y, antagonist (MRS2500;
B), ROCK inhibitor (GSK249286; C), RhoA inhibitor ADP-ribosyltransferase C3 exoenzyme (D and E),
or anti-P-selectin blocking antibody (F) and stimulated with 100 nmol/L ADP or 1000 nmol/L MRS2365
(P2Y, agonist; Fig 5, C and E only) and washed before mixture with PMNs. PMN chemotaxis toward MDC
(100 nmol/L) was analyzed as a chemotactic index (n = 3-8). Data are expressed as means *= SEMs.
*P< .05, ¥**P<.01, and ***P < .001 versus column 4 or #P < .05 and ##P < .01, where indicated.

(NF-279) before stimulation with ADP (100 nmol/L). Platelets
were subsequently added to PMNss to stimulate their chemotaxis
in response to MDC. As demonstrated, only the incubation of
platelets with PMNs induced significant PMN chemotaxis toward
MDC (P < .001; Fig 5, A and B) compared with that seen in
negative controls (PMNs alone; PMNs plus MDC). Preincubation
of platelets with the P2X,; antagonist NF-279 or the P2Y,,
receptor antagonists MRS2395 and AR-C60996 did not affect
the chemotaxis of PMNs to MDC, even at drug concentrations
that exceeded those necessary to inhibit platelet aggregation

induced by ADP in vitro (see Fig E2, A-C, in this article’s Online
Repository at www.jacionline.org), thus supporting our in vivo
observations (Fig 1). However, preincubation of platelets with
the P2Y; antagonists MRS2179 or MRS2500 significantly
inhibited PMN chemotaxis in a concentration-dependent manner
(Fig 5, A and B). The preincubation of platelets with the ROCK
inhibitor GSK429286, which inhibits the downstream signaling
of RhoA in the presence of 100 nmol/L. ADP or the P2Y receptor
agonist MRS2365, also significantly suppressed platelet-induced
leukocyte chemotaxis toward MDC (Fig 5, C), whereas no
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chemotaxis occurred in the absence of ADP (apyrase-treated
groups), suggesting that RhoA signaling downstream of P2Y,
receptor stimulation was necessary (Fig 5, C). We then further
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confirmed that platelet RhoA activity downstream of P2Y,
receptor stimulation was necessary by incubating platelets with
ADP-ribosyltransferase (C3 exoenzyme), which significantly
inhibited leukocyte chemotaxis after platelets were stimulated
with ADP (Fig 5, D) or the P2Y, agonist MRS2365 (Fig 5, E).
Lastly, preincubation of platelets with an anti—P-selectin blocking
antibody significantly inhibited platelet-dependent PMN chemo-
taxis induced by MDC, suggesting that P-selectin—dependent
platelet-PMN complexes were necessary for PMN chemotaxis
in this assay, which was also dependent on RhoA signaling
in platelets downstream of P2Y receptor stimulation (P < .01;
Fig 5, F).

Requirement for P2Y; and RhoA on pulmonary
leukocyte recruitment is platelet specific

Given that the activation of platelets through P2Y, receptors
was critical for platelet P-selectin—dependent migration of
PMNSs in vitro and for the formation of platelet-leukocyte
complexes after allergen challenge in vivo, we determined
whether the requirement for P2Y, receptor activation on pulmo-
nary leukocyte recruitment was indeed platelet specific because
it was conceivable that the phenomenon of leukocyte recruitment
inhibited by P2Y antagonism was the result of leukocyte activa-
tion by ADP and not solely platelets, given the expression of P2Y,
receptors by different leukocyte subtypes and endothelium.’
Therefore we used a method to induce thrombocytopenia that
would allow subsequent platelet restoration with administration
of platelets that could be manipulated in vitro before transfusion,
as reported previously.“’"x‘ﬂzo Busulfan (a bone marrow—spe-
cific toxin) was administered at a dose (20 mg/kg) that affects
almost exclusively thrombopoiesis (targeting megakaryocyte

maturation) rather than hematopoiesis in mice (see Fig E3 in
this article’s Online Repository at www.jacionline.org).

Thrombocytopenia significantly reduced eosinophil (P <.05),
lymphocyte (P < .05), macrophage (P < .01), and neutrophil
(70% reduction, not significant) recruitment to the lungs 24 hours
after final allergen challenge compared with OVA-sensitized and
challenged vehicle-treated mice (Fig 6). However, pulmonary
leukocyte recruitment was restored in thrombocytopenic mice
reinfused with washed platelets, whereas leukocyte recruitment
remained significantly suppressed with the infusion of
platelets preincubated with a P2Y,; antagonist (MRS2500,
Fig 6). In contrast, the infusion of platelets preincubated with a
P2Y,, antagonist restored pulmonary leukocyte recruitment
(AR-C66096, Fig 6). Thus selective inhibition of platelet P2Y,
receptors led to a profound suppression of pulmonary leukocyte
recruitment after allergen challenge.

Given that administration of a P2Y | antagonist inhibited platelet
RhoA activity after allergen challenge (Fig 4, B) and that inhibition
of RhoA suppressed P2Y;-dependent platelet-induced leukocyte
chemotaxis (Fig 5, C), we evaluated the importance of platelet
RhoA on pulmonary leukocyte recruitment. Platelets preincubated
with the ROCK inhibitor (GSK429286) and reinfused into throm-
bocytopenic mice before allergen challenge were unable to restore
leukocyte recruitment compared with the reinfusion of washed
platelets incubated with vehicle (Fig 7), demonstrating the
importance of platelet RhoA signaling on leukocyte recruitment
in a model in which platelet stimulation by P2Y is necessary.

DISCUSSION
We provide evidence of a distinct mechanism of platelet
activation in the context of allergic inflammation leading to
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pulmonary leukocyte recruitment. Specifically, costimulation of
the platelet P2Y, receptor by ADP is required, leading to
downstream RhoA activation (Fig 8). This represents a
divergence of platelet activation by inflammatory compared
with aggregatory stimuli, in which ADP, acting to costimulate
platelets, does not lead to platelet aggregation. Significantly,
others have shown heightened release of purines in asthmatic
patients that could account for activation of platelets after
exposure to allergen.”” We show no involvement of P2Y,
receptors in this activity, even though administration of the
P2Y,, antagonists AR-C66096 and clopidogrel retained the
ability to inhibit platelet aggregation ex vivo 6 hours after allergen
challenge, suggesting that the drug was present in sufficient
amounts to antagonize P2Y, receptors. Furthermore, we have
previously reported that using the same dosing schedule,
clopidogrel protects mice from collagen plus epinephrine-
induced pulmonary embolism.>® The P2Y, receptor is crucial
for full platelet aggregation by all known platelet agonists,
irrespective of the activating stimulus.** Therefore it is surprising
that platelet P2Y |, is not involved in activation of platelets in the
inflammatory context presented here. Previous reports displaying
arole for P2Y |, receptor on allergic inflammation are in contrast
to this present study and suggest P2Y, activation might be
dependent on the provocation stimulus.”® In our model platelets
are activated by an IgE-dependent mechanism after antigen
(OVA) challenge rather than the direct stimulation of platelets
by leukotriene D4/E,4 presented in other models.”®

It is not yet understood why platelet activation by inflammatory
mediators would not ultimately lead to thrombosis and
coagulation in vivo. Nor is it understood why ADP-induced
activation of P2Y; receptors does not lead to coactivation of
P2Y, and thus result in platelet aggregation. The P2Y, receptor
signals through G protein G; by means of either the o subunit or
the B/y subunits. Signaling through the a subunit inhibits cyclic
AMP production through inhibition of adenylyl cyclase.™ On
the other hand, signaling through the (/v subunit activates
phosphatidylinositol 3-kinase, leading to granule secretion.’*”>
In contrast, the P2Y receptor is coupled to the G protein G,
which, when stimulated, results in Ca>* mobilization and protein
kinase C activation, initiating platelet shape change, granule
release, and thromboxane A, generation and aggregation
(Fig 8).”"% Interestingly, the P2Y, receptor can also activate
the GTPase RhoA that in other cells is important for cell polarity
and chemotaxis.”’*’ We show here that platelet activation
through P2Y, leads to downstream activation of RhoA after
allergen challenge in vivo and that platelet RhoA is necessary
for platelet-induced PMN motility in vitro and leukocyte
recruitment in vivo. RhoA has previously been reported to induce
platelet shape change, filopodia formation, cytoskeletal changes,
and granule centralization (presumably events required to elicit
platelet function during inflammatory events) through Gaq, but
RhoA activity does not lead to full platelet aggregation in
response to ADP or other primary agonists (Fig 8).7405% Here,
we postulate that platelet RhoA activity through P2Y stimulation
is augmented after allergen sensitization, inducing platelet
function that is applicable to inflammatory rather than hemostatic
events. We have previously shown that allergen stimulation
through FceRI modulates platelet activation and accumulation
to the lungs, and it has been suggested that FceRI can interact
with G 1E);rg)stein—coupled receptors, such as purinergic receptors
(Fig 8)." >
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The expression of platelet P-selectin and P-selectin glycopro-
tein ligand 1 is important in the conjugation of platelets with
leukocytes, which increases their subsequent recruitment to the
lungs.”"*>*” Several studies have revealed that both P2Y, and
P2Y |, receptor activation increase platelet P-selectin expression
through granule secretion.””” Therefore it is surprising
that P2Y, receptor activation was not involved in the platelet
P-selectin—dependent mechanism of pulmonary leukocyte
recruitment described here. This would suggest that the
mechanism of platelet activation by inflammatory mediators,
although requiring ADP costimulation of platelets through
P2Y, receptor activation, is fundamentally different from the
mechanism of platelet activation induced by “classical” platelet
agonists, in which ADP costimulation of platelets through
P2Y, activation is involved, even when the end result, such as
P-selectin expression, is similar but ultimately produces a
difference in platelet function. This scenario of platelet activation
in the context of an inflammatory stimulus, without an alteration
in hemostasis, reveals a fundamental dichotomy in platelet
activation.”® This has implications for a wide variety of diseases
in which platelets are activated and known to be functionally
important, including asthma, allergic rhinitis, and eczema.

Key messages

o ADP stimulation of platelets through P2Y,;, but not
P2Y,,, receptors is necessary for leukocyte recruitment
into the lungs of allergic mice.

o RhoA signaling downstream of platelet P2Y;, but not
P2Y,,, receptor activation affects platelet function in
response to allergic inflammatory stimuli.

e A dichotomy in platelet activation exists and determines
platelet function, which can be exploited for the develop-
ment of new anti-inflammatory and antiallergic drugs.
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11.e1 AMISON ET AL

METHODS

Reagents

Apyrase, MRS2395, clopidogrel (Methyl 2-(4,5,6,7-tetrahydrothieno
[3,2-c]pyridin-5-yl)-2-(2-chlorophenyl)acetate hydrochloride), PGE;, OVA
(grade V), busulfan, and ADP were obtained from Sigma-Aldrich
(Poole, United Kingdom); MRS2179 (Nﬁ—methyl—Z’—deoxyadenosine—3’,
5'-biphosphate), MRS2500 (2-Iodo-N°-methyl-[N]-methanocarba-2'-deoxy-
adenosine-3’,5'-biphosphate), MRS2365 (2,2-dimethyl-propionic acid
3-[2-chloro-6-methylaminopurin-9-yl]-2-[2,2-d imethyl-propionyloxymethyl]-
propyl ester), AR-C66096 (2-propylthio-D-(3,y-difluoromethylene ATP), NF-
279 (8-8'-[Carbonlylbis(imino-4,1-phenylenecarbonylimino-4, 1-phenylenecarbo
nyliminio)]bis-1,3,5-naphthalenetrisulfonic acid), and GSK429286 (4-
[4-(Trifluoromethyl)phenyl]-N-[6-Fluoro- 1 H-indazol-5-yl]-2-methyl-6-oxo-
1,4,5,6-tetrahydro-3-pyridinecarboxamide) were from Tocris Bioscience
(Bristol, United Kingdom); rabbit anti-RhoA (phosphoS188) polyclonal
antibody and the RhoA activation assay kit were from Abcam (Cambridge,
United Kingdom); the rabbit anti-total RhoA mAb was from Cell Signaling
Technology (Danvers, Mass); goat anti-rabbit IgG—conjugated Alexa Fluor
488 was from Invitrogen (Carlsbad, Calif); rabbit IgG was from Santa Cruz
Biotechnology (Santa Cruz, Calif); rat anti-mouse CD41-phycoerythrin—
conjugated antibody, rat anti-mouse CD45—fluorescein isothiocyanate—
conjugated antibody, rat anti-mouse P-selectin antibody (blocking, clone
RB40.34), and control antibodies were from BD Biosciences (Oxford, United
Kingdom); murine MDC was from PeproTech (Rocky Hill, N); chemotaxis
plates were from Neuro Probe (Gaithersburg, Md); and C3 exoenzyme
(Clostridium botulinum) was from Enzo Life Sciences (Farmingdale, NY).

Receptor pharmacology of purinergic antagonists
MRS2179 and MRS2500 have high affinity for the P2Y, receptor
(dissociation constant [Ky4] of 109 and 0.78 nmol/L, respectively), with no
affinity or functional effect on P2Y,, receptors.”'™™" The inhibitory
concentration of 50% (ICsg) values for MRS2179 and MRS2500 at inhibiting
ADP-induced platelet aggregation are less than 1 pmol/L and 0.95 nmol/L,
respectively.EI'ES‘E7 MRS2395 is a competitive P2Y,, antagonist (K4 of
3.6 pmol/L) and inhibits ADP-induced platelet aggregation (ICsy of
7 pmol/L) and antagonizes ADP-induced inhibition of cyclic AMP in rat
and human platelets in the presence of PGE, without affecting P2Y,
receptor—induced phospholipase C activity in transfected astrocytoma cells.”®
AR-C66096 is also a competitive P2Y |, antagonist with high affinity (K, of
2.5 nmol/L) and 9000-fold selectivity for P2Y;, over P2Y; and potently
inhibits ADP-induced platelet aggregation (ICsy of 6 nmol/L).F*F10
Clopidogrel is a prodrug, the metabolite of which is an irreversible P2Y,
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antagonist (K4 of 125 nmol/L) that inhibits ADP-induced platelet aggregation
(ICs0 1.6 wmol/L).®'" NF-279 and demonstrates high potency and selectivity
for the P2X1 receptor, as demonstrated by an ICsy of 19 nmol/L.*'?
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FIG E1. Effects of purinergic receptor antagonism on pulmonary leukocyte recruitment in a murine model
of allergic inflammation. Mice sensitized to OVA were treated with apyrase (A), the P2X1 antagonist NF-279
(B), the P2Y1 antagonist MRS2179 (C), the P2Y1 antagonist MRS2500 (D), the P2Y12 antagonist MRS2395
(E), the P2Y12 antagonist AR-C66096 (F), or the P2Y12 antagonist clopidogrel (G) before exposure to 3%
OVA through nebulization on days 14, 15, and 16. Twenty-four hours after the final challenge, animals
were culled, bronchoalveolar lavage was performed, and total cell counts were determined at each drug
dose (n = 4-7). Data are expressed as means = SEMs. *P < .05, **P < .01, and ***P < .001 compared
with the sham-sensitized control group and #P < .05, ##P < .01, and ###P < .001 compared with the
OVA-sensitized control group.
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FIG E2. Effects of P2X1 or P2Y12 receptor antagonism on platelet-induced
PMN chemotaxis in vitro. Platelets were isolated from mouse blood, and
leukocytes were collected from femoral bone marrow. Platelets were
treated with the P2X1 antagonist NF-279 (A) or the P2Y12 antagonists
MRS2395 (B) or AR-C66096 (C) and stimulated with 100 nmol/L ADP and
washed before being mixed with leukocytes. This cell mixture was added
to the top well of a chemotaxis chamber. PMN chemotaxis toward MDC
(bottom well, 100 nmol/L) was then quantified after a 90-minute incubation
and analyzed as a chemotactic index (n = 5). Data are expressed as
means = SEMs. Cl, Chemotactic index.
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FIG E3. Effect of busulfan on circulating platelet and leukocyte numbers. Mice were treated with busulfan
(20 mg/kg administered intraperitoneally) on days 0, 3, and 5, and blood was collected by means of
cardiac bleed on day 22. Bronchoalveolar lavage fluid was analyzed for platelets (A), total cell counts
(B), mononuclear cells (C), neutrophils (D), eosinophils (E). n = 4. Data are expressed as means = SEM.
***¥P < .001.
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