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Resolvin E1, an EPA-derived mediator in whole blood, selectively
counterregulates leukocytes and platelets
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Resolvin E1 (RvE1) is an omega-3 eicosa-
pentaenoic acid (EPA)-derived lipid me-
diator generated during resolution of in-
flammation and in human vasculature via
leukocyte-endothelial cell interactions.
RvE1 possesses anti-inflammatory and
proresolving actions. Here, we report that
RVE1 in human whole blood rapidly regu-
lates leukocyte expression of adhesion
molecules. RVE1 in the 10- to 100-nM
range stimulated L-selectin shedding,
while reducing CD18 expression in both
neutrophils and monocytes. When added

to whole blood, RVE1 did not stimulate
reactive oxygen species by either neutro-
phils or monocytes, nor did it directly
stimulate cytokine/chemokine produc-
tion in heparinized blood. Intravital mi-
croscopy (IVM) demonstrated that RvE1
rapidly reduced leukocyte rolling (~ 40%)
in venules of mice. In human platelet-rich
plasma (PRP), RvE1 selectively blocked
both ADP-stimulated and thromboxane
receptor agonist U46619-stimulated plate-
let aggregation in a concentration-
dependent manner. In contrast, A6,14-

trans-RvE1 isomer was inactive. RVE1 did
not block collagen-stimulated aggrega-
tion, and regulation of ADP-induced plate-
let aggregation was not further enhanced
with aspirin treatment. These results indi-
cate RvE1 is a potent modulator of leuko-
cytes as well as selective platelet re-
sponses in blood and PRP, respectively.
Moreover, the results demonstrate novel
agonist-specific antiplatelet actions of
RvE1 that are potent and may underlie
some of the beneficial actions of EPA in
humans. (Blood. 2008;112:848-855)

Introduction

Inflammation is now widely recognized as a central component in
several of the most prevalent human diseases in the developed
world, including rheumatic diseases, asthma, diabetes, Alzheimer
disease, and various cardiovascular conditions such as thrombosis,
stroke, and atherosclerosis.!? Earlier results from humans and
animals suggest that omega-3 polyunsaturated fatty acids (PUFAs)
such as eicosapentaenoic acid (EPA) and docosahexaenoic acid
(DHA) have diverse beneficial actions in many inflammatory
disorders.’> The underlying cellular and molecular mechanisms
responsible for their beneficial actions had remained for the most
part elusive. Recently, we identified novel families of lipid
mediators generated from EPA and DHA named resolvins and
protectins, because they possess potent anti-inflammatory and
proresolving actions. Collectively, these results emphasize the
importance of w-3 PUFAs as precursors for novel potent bioactive
mediators.® The name resolvin (resolution phase interaction
products) was introduced for these endogenous bioactive com-
pounds because they were originally identified in spontaneous
self-limited murine inflammatory exudates in vivo.%’

Resolvin E1 (RvE1) is also generated by human cell types
during, for example, cell-cell interactions from EPA typified by
endothelial cell and leukocyte interactions.® In vascular endothe-
lial cells, aspirin-acetylated COX-2 converts EPA to 18R-
hydro(peroxy)-EPE, which is quickly reduced to 18R-HEPE.
18R-HEPE is then released from endothelium and rapidly
transformed by activated human polymorphonuclear leukocyte

(PMN) in the proximity to a bioactive trihydroxy-containing
product, termed resolvin E1 (RvE1).% In addition, RvEI is also
produced in vivo in humans via aspirin-independent routes via
mechanisms involving P450° and was recently found to be
generated from EPA by Candida albicans.® RvE1 biosynthesis
in C albicans, for example, occurs in the absence of other
cellular partners when EPA is present in the milieu and its
biosynthesis is both aspirin and COX independent in these
microbes. Thus, there are multiple biosynthetic pathways for
RvEl production in biologic systems, those being aspirin-
triggered, P450-dependent, and/or de novo from microbial
sources. At the cellular level, resolvin E1 (RvEl) reduces PMN
infiltration in vivo and blocks transmigration of human PMNs in
vitro.% These responses evoked by RvVEl are mechanisms of
interest in the resolution of inflammation. RVE1 also stimulates
clearance of microbes in vivo at the tissue level.>1° Total organic
synthesis confirmed the original structural assignment and
bioactions as well as established the complete stereochemistry
of natural RvEl, 55,12R,18R-trihydroxy-6Z,8E,10E,14Z,16E-
eicosapentaenoic acid.’

RVEl possesses unique counterregulatory actions, including
reducing PMN transendothelial migration, dendritic cell migration,
and IL-12 production in vitro, as well as potent protective actions in
vivo reducing inflammation and tissue damage in murine peritoni-
tis, dermal inflammation, and colitis.®!! In a rabbit model of
periodontal disease, RVE1 reduces periodontal inflammation and
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protects from inflammation-induced bone loss.!? Earlier findings
from humans in the Gruppo Italiano per lo Studio della Sopravvi-
venza nell’Infarto miocardico (GISSI) study demonstrated reduced
mortality from cardiovascular complications (eg, cardiac death,
coronary death) in more than 11 000 cardiovascular patients taking
-3 PUFAs.3# It is noteworthy that, given the cardiovascular status
of these patients, all were taking aspirin.>* Because RvE1 is present
in human plasma,® RvE1 actions with blood cells are of interest,
and thus we systematically assessed the actions of RvE1 in whole
blood. Here, we report that RVE1 regulates cell adhesion molecules
on both PMNs and monocytes in whole blood, reduces leukocyte
rolling in vivo, and blocks platelet aggregation to certain agonists.

Methods

Antibodies and reagents

Fluorescein isothiocyanate (FITC)—conjugated mouse anti-human CD62L
(BD Biosciences, Rockville, MD), R-phycoerythrin (R-PE)—conjugated
mouse anti-human CD18 (Cell Sciences, Canton, MA), and RPE-Cy5—
conjugated mouse anti-human CD14 (Gene Tex, San Antonio, TX) were
purchased; appropriately labeled, class-matched mouse IgGs were used as
negative controls for CD18 and CD62L (BD Biosciences) staining.
ChemR23 antibody was from R&D Systems (Minneapolis, MN). Red
blood cell (RBC) lysis buffer was purchased from eBioscience (San Diego,
CA) and carboxy-2,7-dichlorodihydrofluorescein diacetate (carboxy-H,DCF-
DA), from Invitrogen (Carlsbad, CA). ADP (Sigma-Aldrich, St Louis,
MO), collagen (Chronolog, Havertown, PA), and U46619 (Cayman Chemi-
cal, Ann Arbor, MI) were used as agonists for platelet aggregation
experiments. RVE1 and A6,14-trans-RvE1-free acids were prepared as in
Arita et al® from their corresponding carboxy methyl esters; each was
prepared by total organic synthesis (Prof Nicos Petasis, University of
Southern California [Los Angeles], Leader, Organic Synthesis Core of the
Specialized Center for Research P50-DE016191).

Whole blood

Fresh venous blood (anticoagulated with 10 U/mL sodium heparin for flow
cytometric experiments or with sodium citrate in a 1:10 ratio for platelet
aggregation experiments) was collected from healthy nonsmoking volun-
teers who denied taking any drugs for at least 2 weeks before the
experiments. For some experiments, healthy volunteers had declared taking
low-dose aspirin. Informed consent was obtained from each volunteer in
accordance with the Declaration of Helsinki. The protocol was approved by
the Brigham and Women’s Hospital IRB (protocol number 88-02642,
approved December 5, 2006). Coded deidentified blood from healthy
volunteers for these experiments was also obtained from Children’s
Hospital Boston (Boston, MA).

Cell surface antigen expression

Whole blood aliquots were incubated with either increasing concentrations
of RVE1 for 30 minutes or with 30 nM RvEI for different time periods in a
37°C water bath with gentle mixing every 5 minutes. Alternatively, whole
blood was incubated with the proper vehicle control for RvE1 following the
same experimental conditions as for RVE1 incubation. Red blood cells were
lysed using 1X RBC lysis buffer at a 25:1 ratio with blood for 10 minutes
on ice. Direct immunofluorescence labeling was performed next using
mixtures of 3 antibodies (anti-human CD62L, CD18, or CD14 in combina-
tion with the corresponding isotype controls) in a 1:100 ratio in fluorescence-
activated cell sorting (FACS) buffer for 30 minutes on ice. After washing,
cell pellets were resuspended in FACS buffer and analyzed using FACSort
(Becton Dickinson, Franklin Lakes, NJ) and Cellquest software (Becton
Dickinson). Monocytes and neutrophils were gated using forward scatter
and anti-CD14 staining.
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Reactive oxygen species and plasma cytokines/chemokines

Intracellular reactive oxygen species (ROS) were monitored as in Bass et
al.!3 Briefly, whole blood was initially incubated with 50 wM carboxy-
H,DCF-DA for 15 minutes at 37°C with gentle agitation. Whole blood was
incubated with increasing concentrations (10-1000 nM) of either RvEL or
fMLP for 15 minutes. Next, direct immunofluorescence labeling with
anti-CD14 antibody for 30 minutes on ice was performed to differentiate
between PMNs and monocytes. To assess potential changes in cytokines or
chemokines, human whole blood anticoagulated with heparin was incu-
bated with RvE1 (100 nM) or vehicle in a water bath at 37°C. These
incubations were stopped at 4 hours by placing on ice and plasma was
collected (centrifugation at 350g, 15 minutes). Aliquots of the collected
plasma were taken for specific chemokine and cytokine analyses as in
Bannenberg et al'* using a custom-designed SearchLight Proteome Array
(Pierce Boston Technology Center, Woburn, MA).

Analysis of leukocyte behavior by intravital microscopy

The right jugular vein of anesthetized mice was catheterized with polyethyl-
ene tubing, and the right cremaster muscle was surgically prepared and
superfused with sterile Ringer injection solution as described previously.!>
Preparations were transferred to an intravital microscope (Mikron Instru-
ments, San Marcos, CA), and 10 mL/kg saline containing 0.2% rhodamine
6G (Molecular Probes) was injected intravenously. Using a Rapp OptoElec-
tronic SP-20 xenon flash lamp system (Hamburg, Germany) and QImaging
Rolera-MGi EMCCD camera (Surrey, BC) on an intravital microscope,
1-minute recordings of fluorescent leukocytes in venular trees consisting of
2 to 4 branches were made (control period). After a 15-minute control
period, RVE1 was injected intravenously as a bolus (100 ng/mouse). The
same venular trees were recorded and the leukocyte rolling fraction was
measured offline by determining the percentage of interacting leukocytes in
the total flux of passing leukocytes in each venule.

Platelet-rich plasma and platelet aggregation

Platelet-rich plasma was prepared as in Zhou and Schmaier.'® Briefly,
human whole blood was collected in sodium citrate and PRP obtained after
centrifugation (110g, 15 minutes). Supernatants were removed and placed
into polypropylene tubes (Falcon; Becton Dickinson). PRP was adjusted to
200 to 400 X 10? platelets/L (200 to 400 X 103) platelets/pL. Platelet-poor
plasma (PPP) was prepared by centrifuging anticoagulated blood (1880g,
room temperature, 20 minutes). PPP counts were adjusted similarly to the
PRP. Platelet aggregation was completed within 3 hours after venipuncture.
Isolated PRP was first incubated (15 minutes, 37°C) with RvE1, A6,14-trans-
RvEl, or vehicle before addition of platelet agonists: 10 uM ADP,
1.5 wg/mL collagen, or 0.5 uM U46619. Platelet aggregation was moni-
tored by changes in light transmittance of stirred (400 rpm) PRP after
additions using an aggregometer (dual-channel aggregometer; Chronolog).

Recombinant thromboxane receptor radioligand binding

[*H]-SQ-29548 binding was carried out with HEK293 cells'’ transiently
transfected with recombinant thromboxane receptor TPa using Lipo-
fectamine 2000 Reagent (Invitrogen, Carlsbad, CA). Twenty-four hours
later, cells were harvested and suspended in Dulbecco phosphate-buffered
saline with CaCl, and MgCl, (DPBS**). Aliquots (~ 0.2 X 10° HEK293)
were incubated with 4 nM [*H]-SQ-29548 (~ 20 000 cpm, specific activity
~43.6Ci (1.6 X 10> Bg)/mmol; Perkin Elmer, Boston, MA) in the
absence or presence of increasing concentrations of unlabeled homoligand
(SQ-29548) or heteroligand (RvE1) for 60 minutes at 4°C. The bound and
unbound radioligands were separated by filtration through Whatman GF/C
glass microfiber filters (Fisher, Pittsburgh, PA). Filters were washed twice
with 5 mL ice-cold washing buffer (10 mM Tris/HCI, pH 7.5). The
radioactivity retained on the filter was determined using a scintillation
counter (Beckman Coulter, Fullerton, CA). Nonspecific binding was
determined in the presence of 1000 nM unlabeled homoligand.
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Data analysis

The significance of difference between groups was evaluated using a
2-tailed Student ¢ test. A P value less than .05 was considered statistically
significant.

Results

RVE1 modulates adhesion molecules on PMNs and monocytes
in human whole blood

Because RVEI is endogenously generated in whole blood and
inflammatory exudates,®® we first determined whether RvE1 acts in
human whole blood. Leukocyte recruitment to inflamed areas
requires a precise sequence of events that initially involves the
interaction of leukocytes with activated endothelial cells via
regulated expression of surface adhesion molecules.'® The contact
with inflamed endothelium facilitates rolling and temporary arrest
of circulating leukocytes on the endothelium surface via L-selectin
(CD62L), a step that is essential for leukocyte recruitment.!®-20
RvE1 was added to heparinized whole blood freshly collected from
healthy human volunteers. RvVE1 stimulated L-selectin shedding,
compared with vehicle, in a concentration-dependent manner in
whole blood that reached maximum levels at approximately 30 nM
(Figure 1A). Representative histograms demonstrate the impact of
RVE1 on CD62L expression in both PMNs and monocytes (Figure
1B). RvEl (30 nM) stimulated a rapid L-selectin shedding from
peripheral blood PMNs evident within minutes, giving 30.3% plus
or minus 6.7% reduction in CD62L expression compared with
vehicle alone added to whole blood (Figure 1C). Monocytes
displayed a similar initial L-selectin shedding in response to RvE1
(9.2% = 10.0%, at 7 minutes) compared with vehicle alone (data
not shown). These results indicate that RvE1 acts directly on both
monocytes and PMNs in human whole blood.

Rapid L-selectin shedding is usually associated with early
leukocyte activation and rolling, whereas the CDI8 integrins
(Mac-1 and LFA-1)>'3 are involved in the subsequent stable
adhesion and transmigration of neutrophils via binding to the
endothelial counterreceptors, the intercellular adhesion molecule
1 and 2.!° To determine whether RvE1 has a role in this step, we
next investigated whether RvE1 modulates CD18 expression. The
representative histograms shown in Figure 2A demonstrate that
RVEL1 reduces CDI18 expression on both PMNs and monocytes.
Addition of RVEI to whole blood significantly reduced CD18
expression on PMNs, giving 49.3% plus or minus 16.7%, 47.1%
plus or minus 7.3%, and 30.7% plus or minus 9.6% reduction in
CD18 expression after 7, 15, and 30 minutes, respectively, com-
pared with whole blood incubated with vehicle alone (Figure 2B).
RVE1 also reduced CD18 surface expression on monocytes, which
was maximal at 15 minutes, giving 46.5% plus or minus 12.8%
reduction, compared with cells from vehicle treatment (Figure 2B).

RVE1 reduces leukocyte rolling

The actions of RVE1 on leukocyte rolling in vivo were investigated
using intravital microscopy of mouse cremaster muscle (Figure
3).15 The leukocytes displayed slow rolling and characteristic
adherence to the venules. Administration of RvEl gave approxi-
mately 40% reduction in leukocyte rolling (Videos S1,S2, available
on the Blood website; see the Supplemental Materials link at the
top of the online article), indicating that RvE1 regulates leukocyte-
endothelial interactions in vivo.
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Figure 1. RVE1 regulates L-selectin shedding on PMNs and monocytes in whole
blood. Heparinized human whole blood was incubated (30 minutes, 37°C) with
increasing concentrations of RVE1 or vehicle alone, then stained with anti-CD62L (or
L-selectin) for flow cytometry. CD14 was used to identify monocyte populations and
PMNs were identified based on cellular morphology. (A) RVE1 stimulates L-selectin
shedding in PMNs (®) and monocytes (l): concentration dependence. (B) Represen-
tative histograms of CD62L expression on PMNs and monocytes in whole blood after
7-minute incubation with RvVE1 (30 nM). Numbers on plots are the mean fluorescence
intensity of CD62L-positive PMNs or monocytes. (C) Percentage CD62L shedding
from human PMNs compared with vehicle alone. Results are expressed as a
percentage shedding of control mean fluorescence intensity (MFI) with the means
plus or minus SEM from 3 to 6 healthy donors. **P < .005; ***P < .001.

Reactive oxygen species production and
cytokines/chemokines

Leukocytes generate ROSs in response to stimuli.?! Next, we tested
whether RvEI stimulates intracellular generation of ROSs in situ.
Human whole blood was incubated with the ROS indicator
carboxy-H,DCF-DA for 15 minutes followed by addition of increas-
ing concentrations (10-1000 nM) of either RvE1 or fMLP. Carboxy-
H,DCF-DA is a cell-permeable indicator that is trapped within
cells by esterase cleavage, and thus susceptible to oxidation by
ROSs and monitored by flow cytometry. RVEl alone did not
increase ROS production within either neutrophils or monocytes in
the concentration range tested in whole blood (Figure S7). For
direct comparison, formyl-Met-Leu-Phe (fMLP) displayed a
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Figure 2. RVE1 reduces CD18 expression on PMNs and monocytes in whole
blood. Human whole blood was incubated (30 minutes, 37°C) with RvE1 (30 nM) or
vehicle alone then stained with anti-CD18 for flow cytometry. (A) Representative
fluorescence histograms of CD18 expression on PMNs and monocytes with RVE1.
Numbers on plots are the mean fluorescence intensity of CD18-positive PMNs or
monocytes. (B) RVE1 reduces CD18 surface expression on human PMNs (M) and
monocytes (E) compared with vehicle. Results are expressed as percentage
reduction in control MFI (means = SEM from 3 to 6 healthy donors). *P < .05;
**P < .005; ***P < .001.

concentration-dependent increase in intracellular ROS production
in both PMNs and monocytes.

Because cytokines and chemokines are important mediators
involved in both the initiation and prolongation of inflammation as
well as the resolution phase,> we monitored an array of cytokines
and chemokines in whole blood to assess whether RvE1 regulates
their plasma levels. Freshly isolated human whole blood collected
in heparin from healthy volunteers was incubated with either RvE1
(100 nM) or vehicle alone (4 hours at 37°C), and plasma cytokine/
chemokine levels were determined. RvE1 alone did not stimulate
the appearance of chemokines or cytokines (ie, IL-10, IFN, IL-13,
1L-12, IL-13, MCP-1, MIP-1«, GroA) in these incubations. In
whole blood, RVE1 did give reduced levels of TNFa and IL-8
(Table S1). Together, these results demonstrate that RvE1 does not
stimulate proinflammatory mediators (eg, ROSs) or proinflamma-
tory chemokines (eg, IL-8, TNF-a, MCP-1, RANTES, GroA); yet
in this concentration range, RvE1 regulates leukocyte adhesion in
vitro and in vivo, suggesting that RvE1 is an agonist of nonphlogis-
tic activation of leukocytes.

RVE1 selectively blocks ADP-induced platelet aggregation

Platelets are present when inflammation develops and play an
important role at several stages during inflammation, partly by
close interaction with leukocytes and their released factors.?> Upon
activation, platelets undergo rapid shape change and aggregate.
Next, we isolated platelet-rich plasma and tested RvE1 (Figure 4)
and an equiconcentration of its precursor EPA (data not shown) for
their impact on platelet aggregation. Neither EPA nor RvE1 alone
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initiated platelet aggregation. Of interest, RVE1 blocked ADP-
stimulated platelet aggregation in a concentration-dependent man-
ner as shown in Figure 4A,D.

In addition to ADP, RVE1 also stopped platelet aggregation
stimulated by U46619 (0.5 M), a thromboxane receptor (TP)
agonist, with similar kinetics (Figure 4B,E). In contrast, RvE1 did
not affect (1.5 wg/mL) collagen-stimulated platelet aggregation,
indicating an agonist-selective action of RvE1 on platelet aggrega-
tion (Figure 4C,E). RvEl (1.0 nM-1.0 uM) also blocked ADP-
stimulated thromboxane release from human PRP (n = 4; data not
shown). In parallel, we also assessed protectin D1 (PD1), a novel
DHA-derived mediator.”?* Unlike platelet responses with RvE1,
PD1 at 1.0-nM to 100-nM concentration range had no direct action
on platelet aggregation stimulated with all 3 agonists (ADP,
U46619, and collagen) independently (n = 3; Figure 5A left
panel). Next, we determined whether aspirin therapy had an impact
on RvEl’s antiplatelet actions. As expected, low-dose aspirin
inhibited ADP-stimulated platelet aggregation, and RvE1 did not
enhance aspirin inhibitory action (Figure SA right panel).

To address whether RVE1’s actions on platelets were stereoselec-
tive, RVE1 was directly compared with its biologically inactive
isomer, the A6,14-trans-RvE1 isomer® in platelet aggregation. In
Figure 5B, RvE1 markedly reduced ADP-stimulated platelet aggre-
gation, whereas its isomer A6,14-frans-RvE1 at 100 nM did not
(Figure 5C). Taken together, these results demonstrate a selective
action for RvE1 in attenuating human platelet aggregation in PRP.
Because RVE1 blocked TP receptor agonist U46619-stimulated
platelet aggregation, we examined whether RvE1 directly binds to
TPa receptor. Using a radiolabeled TP receptor antagonist SQ-
29548, we demonstrated that RvE1 (0.1 nM-1 pM) did not com-
pete with SQ-29548 for TPa-specific binding (Figure 6). Thus,
these results rule out the possibility that RvEl acts at the TP«
receptor as a competitive ligand to block platelet activation.

Discussion

Dietary supplementation with omega-3 fatty acids (ie, EPA and
DHA) and treatment with aspirin reduces mortality in patients after
myocardial infarction as well as improves the outcome of several
chronic inflammatory and cardiovascular diseases.***> In the
present report, we demonstrate new actions of RvEl in whole
blood, namely, RvE1 (1) regulates cell surface adhesion molecules
that are essential for leukocyte extravasation, (2) reduces leukocyte
rolling in venules, and (3) reduces both ADP and thromboxane
receptor-stimulated platelet aggregation. These new RvE] actions
are at regulatory points and hallmarks that can each contribute to
the resolution of inflammation, thrombosis, and vascular
pathophysiology.

In whole blood, at concentrations as low as 30 nM, RvEl
stimulated L-selectin shedding that was evident within minutes,
concomitant with prolonged reduction of CD18 expression on both
human PMNs and monocytes. L-selectin is implicated in the initial
steps during leukocyte recruitment to the inflammatory sites, that
is, tethering and rolling of leukocytes on the endothelium before
firm adhesion and transmigration.”’ L-selectin shedding during
rolling interactions is essential for limiting leukocyte aggregation
and accumulation at sites of inflammation.2¢ In addition, L-selectin
shedding from circulating PMNs in vivo reduces ongoing inflam-
matory response by preventing PMN accumulation.?’ Thus, RvE1-
induced L-selectin shedding together with the reduction in CD18
surface expression (Figures 1,2) on human PMNs and monocytes
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as well as the reduced rolling in murine venules in vivo (Figure 3)
provide cellular mechanism(s) underlying in vivo findings demon-
strating that RvE1 attenuates neutrophil recruitment to the inflam-
matory sites in murine models of acute inflammation including
peritonitis, colitis, and the dermal air pouch.®%!! Together, these

Figure 4. RVE1 is a potent inhibitor of human platelet
aggregation in PRP. PRP collected from healthy donors
was incubated with RvE1 (15 minutes, 37°C). ¥ denotes
addition of ADP (10 uM; A), U46619 (0.5 pM; B), or
collagen (1.5 ng/mL, C). Platelet aggregation was deter-
mined using an aggregometer. (D) RvE1 blocks ADP-
induced platelet aggregation in a concentration-
dependent fashion (representative of n =6 donors).
(E) Percentage inhibition of agonist-induced platelet ag-
gregation by RVE1. 4 indicates ADP (10 pM) plus RVE1
(n = 6 donors); W, U46619 (0.5 uM) plus RVE1 (n = 6);
and A, collagen (1.5 pg/mL) plus RVE1 (n = 4). Results
are means plus or minus SEM. *P < .05; ***P < .001.
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Figure 3. Resolvin E1 rapidly reduces leukocyte
rolling in mouse cremaster muscle venules. (A) The
rolling fraction (percentage of rolling cells in the total flux
of passing leukocytes in each venule) in 10 venules from
mouse no. 1 (M) and 5 venules from mouse no. 2 (@). The
horizontal lines are the means of rolling fractions from
15 venules of mice 1 and 2 before (—15 to 0 minutes) and
after (0-30 minutes) RVE1 injection. The shaded shapes
indicate each venule from the mice. (B) Representative
recordings of fluorescent leukocytes in venular trees
before and after RVE1 injection. Arrows show rolling
leukocytes. (C) The rolling fractions (means = SEM)
from 3 mice. N indicates the number of venules analyzed
in each mouse. **P < .005.

results also offer molecular mechanisms that may explain earlier
clinical findings with EPA supplementation. For example, Sperling
et al reported that dietary w-3 PUFA supplementation inhibits
human PMN chemotaxis,?’ and Bang et al showed antithrombotic
effects of PUFA, particularly with EPA.?8
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Figure 5. RVE1 stereoselectively blocks ADP- A
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It is noteworthy that whole blood from healthy volunteers
incubated with RVEI1 alone did not stimulate changes in the levels
of most of the major human cytokines/chemokines (ie, IL-1f3,
1IL-12, IL-13, MIP-1a, GroA, etc; Table S1). In contrast, RvE1 did
consistently reduce the levels of both IL-8 and TNFa production.
These 4-hour incubation conditions were shown earlier to be an
appropriate duration to assess plasma cytokine/chemokine release
in whole blood.?3® RvEI at sites of inflammation in vivo
negatively regulates most proinflammatory cytokines and chemo-
kines,'®!* as it does also with human macrophages in vitro.3! At
100 nM, RVE1 gives a trend in whole blood toward increased IL-10
and IFN-gamma in amounts that may not prove to be physiologi-
cally relevant (Table S1). RvVE1 blocks superoxide anion release
from isolated PMNs obtained from both periodontal disease
patients and healthy volunteers.!> On its own, RVEl does not
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Figure 6. RVE1 does not directly compete with thromboxane receptor ligand:
[®H]-SQ-29548-specific binding with recombinant TPa. HEK293 cells were
transiently transfected with TPa. Twenty-four hours later, cells were collected, and
[3H]-SQ-29548 binding was carried out. Transfected HEK293 cells (~ 0.2 X 10)
were incubated with [*H]-SQ-29548 (~ 4.5 nM) for 60 minutes at 4°C in the presence
or absence of unlabeled SQ-29548 or RvE1-free acid (0.1 to 1000 nM). Bound and
unbound radioligands were separated by filtration and specific binding was deter-
mined. Results are means plus or minus SEM from duplicates of n = 3.

Time {min:sec)

stimulate intracellular ROSs in human PMNs. The present results
demonstrating that RvE1 does not stimulate ROSs in whole blood
from either PMNs or monocytes are consistent with earlier findings
with isolated PMNs.>12 Of interest, RvE1 enhances the production
of intraphagosomal vacuole ROSs generated with phagocytosis of
the yeast C albicans.” Thus, taken together these results provide
evidence for RvEl as a nonphlogistic agonist in human whole
blood from healthy volunteers and are consistent with RvE1’s
anti-inflammation and proresolving actions in murine systems.3
Platelets are critical in coagulation, atherogenesis, and wound
healing as well as in inflammation. Platelet-platelet interactions are
essential in thrombosis, which has further consequences on platelet-
leukocyte and platelet-endothelium interactions.?> These active
cell-cell communications are responsible for and provide the links
between thrombosis, inflammation, and atherogenesis.>% In view
of the beneficial impact of EPA and aspirin in the cardiovascular
arena, it was of particular interest to investigate whether RvE1 has
a direct impact on platelets. The present results clearly demonstrate
that RvEl displays both a stereoselective and concentration-
dependent antiplatelet aggregation action with specific platelet
agonists. RVE1 blocks both ADP- and U46619-stimulated platelet
aggregation in human PRP. In this context, earlier studies con-
cluded that high dose with prolonged dietary EPA supplementation
inhibits platelet aggregation, which was attributed to alterations in
the pattern of thromboxane and prostacyclin biosynthesis.>*3> Of
interest, exogenous EPA (125 pg) inhibits ex vivo platelet aggrega-
tion in response to ADP.3* We also found that RvE1 (300 nM) alone
diminishes P-selectin expression (~ 35% reduction, n = 3 separate
donors) in human whole blood cells compared with vehicle-treated
whole blood. This finding implies that RvE1 might also block
initial platelet-leukocyte interactions that are bridged via P-selectin
as well as the firm adhesion step operated by 32 integrin (CD18),
thereby potentially also regulating platelet-facilitated leukocyte
transendothelial migration.’? Low-dose aspirin is a well-recognized
antithrombotic drug with known inhibitory actions on platelet
aggregation through the inhibition of platelet TXA, production.??36
We found that RvE1l displays inhibitory actions on platelet
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aggregation similar to those of aspirin, yet RvEl added to
aspirinated PRP did not afford additional reduction of platelet
aggregation compared with aspirin alone. It is noteworthy that
the amounts of RvE1 used in the present experiments in vitro
appear to be within the physiologic range produced in healthy
humans.® For example, in healthy individuals taking 160 mg
aspirin together with EPA (1 g) and DHA (0.7 g), the plasma
values ranged from 0.1 to 0.4 ng RvE1/mL,? which corresponds
to a nanomolar concentration range that is commensurate with
the RvE1 actions identified in the present study in human whole
blood and human PRP.

Along these lines, a randomized double-blind clinical trial with
128 healthy subjects allocated to placebo or to 81-mg, 325-mg, or
650-mg daily doses of aspirin for 8 weeks showed that the plasma
levels of 15-epi-lipoxin A, were significantly increased in the
81-mg aspirin group, with borderline increases in the 325-mg and
no apparent additional significant increases in the 650-mg group.’’
These results indicate that low-dose aspirin is sufficient and
promotes the production of proresolving mediators such as 15-
epi-LXA, and, by comparison, aspirin-triggered levels of RVEL,
likely via acetylated COX-2 in vivo in healthy individuals.

A portion of RVE1 is also produced in humans via routes that are
neither COX-2 nor aspirin dependent® and likely involve P450
production of the 18R-HEPE precursor to RvE1l. Nonmammalian
cells can produce RvE1 in that C albicans biosynthesizes resolvins
from exogenous precursors that are identical to those produced by
human cells. RvEl biosynthesis in C albicans occurs in the
absence of other cellular partners and is thus aspirin and COX
independent.” Thus, microbes can also contribute to the produc-
tion of RVE1 in humans.

Lipoxin Ay (LXA,), an anti-inflammatory and proresolving
mediator generated from arachidonic acid, also displays potent
regulatory action in human whole blood by modulating both
L-selectin and CD11/18 expression on resting leukocytes.?® The
aspirin-triggered lipoxin A, analog, 15-epi-16-p-fluorophenoxy-
LXA,, decreases both PMN-platelet and PMN-PMN adhesion,
which are interactions dependent on P-selectin, L-selectin, and
CD18,% in human whole blood at 14 minutes after shear. In this
context, RvVEl and LXA, both exhibit anti-inflammatory and
proresolving properties in vivo, yet each acts at different receptors
and checkpoints, thereby regulating selective molecular and cellu-
lar components to promote catabasis (ie, return to homeostasis).!'*
In the case of RvE1, ChemR23 and leukotriene B, receptor BLT1
were identified as selective cellular receptors for RVE1 action.®40 Tt
is likely that ChemR23, rather than BLT1, mediates actions on
human platelets, because we find that human platelets display
ChemR23 on their surface as determined by FACS using an
antihuman ChemR?23 monoclonal antibody (n = 3; data not shown).
Human platelets do not express BLT1 at either the message or
surface levels.*! RVEI blocked U46619 platelet activation but did
not compete with recombinant thromboxane receptor binding,
indicating that RvE1 is not a direct thromboxane receptor antago-
nist (Figure 6). In addition, we examined the presence of these
receptors on the platelet precursor megakaryocytes, using the
MEG-01 cell line,*? and found using FACS that these cells express
ChemR23 on their surface without detectable surface levels of
BLT1 (n = 4; data not shown). Thus, it is likely that ChemR23
mediates the RvE1 regulation of ADP-stimulated and U46619-
stimulated platelets. Further studies are in progress to determine the
receptors involved in RvE1 platelet responses that will be reported
separately.
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The finding that RvEl blocks both ADP and thromboxane
receptor activation of platelets but not platelet activation in
response to collagen exposure suggests that RvE1’s actions on
platelets are specific and point to a role of RvE1 and platelets in
promoting the resolution of inflammation and wound healing rather
than disrupting physiologic coagulation, where thrombin and
collagen are important and likely primary platelet stimuli in vivo.??
The ability of RvE1 to specifically block ADP- and thromboxane-
stimulated platelet aggregation may be relevant to the ability of
EPA to reduce the incidence of cardiovascular events in humans.*
Also of interest are the recent findings that murine bone marrow
produces resolvins such as RvE1 and protectins,* which suggest in
view of the present results that RvE1 may act within bone marrow
to quiesce platelet reactivity within the bone marrow compartment
or potentially to release RvE1 along with platelets during their
maturation and release from the marrow to circulation. In addition,
in view of the actions of RVEl on leukocytes in whole blood
(Figures 1,2), it is equally plausible for RvE1 to dampen inappropri-
ate PMN activation within the bone marrow compartment during
granulopoiesis. The marrow contains substantial amounts of lipids,
and dietary enrichment increases the presence of EPA and DHA as
well as their conversion to resolvins and protectins within the bone
marrow compartment.*> Hence, the production and presence of
RvVE1 in bone marrow and its actions on peripheral blood cells and
isolated resident macrophages* suggest that RvE1 plays a critical
local signaling role on blood cells that modulates their state and
degree of proinflammatory and prothrombotic activity.

In summary, the present results address the systematic
actions of RVE1 in whole blood and demonstrate that RvE1 acts
directly on leukocytes to modulate adhesion molecules and
reduces murine leukocyte rolling in vivo monitored by IVM. Of
interest, we also demonstrate for the first time that RvE] has a
direct action on human platelets in PRP, blocking both ADP- and
U46619-stimulated platelet aggregation. Together, these results
indicate that RvE1 selectively regulates cellular targets in whole
blood. The summation of these actions may contribute to the
resolution of inflammation as well as to the well-appreciated
beneficial impact of aspirin and omega-3 in human cardiovascu-
lar health and disease.
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