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Abstract
5-Lipoxygenase products, such as leukotrienes, are important
stimuli for leukocyte-mediated tissue injury in acute inflamma-
tion. 15-Hydroxyeicosatetraenoic acid (15-HETE) is an eico-
sanoid generated by a variety of cell types via the actions of
15-lipoxygenases and, in addition, cyclooxygenases and epoxy-
genases. 15-HETE levels are frequently elevated at sites of
inflammation, and extracellular 15(S)-HETE is esterified rap-
idly into neutrophil (PMN) phospholipids in vitro to levels that
are comparable with arachidonic acid. We present evidence
that remodeling of PMNphospholipids with 15(S)-HETE
stereoselectively inhibits PMNmigration across endothelium
in response to leukotriene B4 (LTB4) and other chemoattrac-
tants. Esterified 15(S)-HETE causes a striking reduction in
the affinity of LTB4 cell-surface receptors for their ligand and
inhibition of LTB4-triggered stimulus-response coupling. As a
result of these actions, esterified 15(S)-HETE attenuates the
cytoskeletal rearrangements and CDI I /CD18-mediated adhe-
sive events that subserve directed locomotion of PMNacross
endothelium. These observations indicate that products of the
5-lipoxygenase and 15-lipoxygenase pathways can exert coun-
terbalancing influences on PMNtrafficking across endothe-
lium. They suggest that 15(S)-HETE may be a potent endoge-
nous inhibitor of PMN-endothelial interactions in vivo and
serve to limit or reverse acute inflammation. (J. Clin. Invest.
1994. 93:499-508.) Key words: cell adhesion * eicosanoids*
chemoattractants * receptors * cytoskeleton

Introduction

Polymorphonuclear neutrophils (PMNs) are important effec-
tors of tissue injury in many inflammatory diseases (for review
see reference 1). PMNchemotaxis and adhesion to endothelial
cells are central events in the recruitment of circulating PMNs
during inflammation (for review see references 1-3). Chemo-
taxis is initiated by engagement of chemoattractants with PMN
cell-surface receptors and activation of signal transduction
events that provoke dramatic rearrangements of the PMNcyto-
skeleton and directed locomotion (for review see references 2,
4). Most chemoattractants also promote PMNadhesion to en-
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dothelial cells by enhancing the avidity of PMNcell-surface
adhesion molecules for endothelial ligands (for review see refer-
ences 5-8). Initial adhesion appears to be supported by interac-
tion of PMNor endothelial cell selectins with carbohydrate-
containing counterreceptors. Selectin-mediated adhesion,
which is relatively resistant to shear stress, tethers PMNs,
causes them to roll on endothelium, and facilitates their immo-
bilization by engagement of PMNCD11 /CD 1882 integrins
with endothelial cell ligands such as intercellular adhesion mol-
ecule- 1 (ICAM- 1).' Adhesion of PMNsthrough CDl 1 /CD 18
is essential for normal PMNtrafficking and host defense (for
review see reference 5), and also may promote tissue injury in
inflammation by priming PMNoxidative bursts and degranu-
lation responses (9, 10) and by promoting the transcellular
biosynthesis of lipid mediators during cell-cell interac-
tions ( 11).

Leukotrienes are generated by the initial actions of 5-lipox-
ygenase on arachidonic acid and serve as mediators of inflam-
mation in vitro and in vivo (for review see references 12, 13).
Leukotriene B4 (LTB4), in particular, is a potent stimulus for
PMNchemotaxis and CD 1 /CD 18-mediated PMN-endothe-
lial cell adhesion. Inhibitors of LTB4 biosynthesis attenuate
injury in many leukocyte-dependent diseases ( 13). The poten-
tial roles of lipoxygenase-derived products as inhibitors of
PMNtrafficking are less well defined. 15(S)-hydroxy-5,8,1 1-
cis- 1 3-trans-eicosatetraenoic acid ( 15 [S] -HETE) is a poten-
tial candidate in this regard (14-22). 15-HETE is generated
from unesterified sources of arachidonic acid by a variety of
mammalian cells including PMNs, endothelial cells, and some
epithelial cells via reactions catalysed by 1 5-lipoxygenases, cy-
clooxygenases, and/or cytochrome P-450 epoxygenases (for
review see reference 16). 1 5-HETE has been detected in sub-
micromolar concentrations in sera of normal human blood
and in higher concentrations after cell activation (17). 15-
HETElevels are increased in tissues and exudates in a variety
of experimental and human diseases including asthma (18),
arthritis ( 19), and psoriasis (20). Furthermore, administration
of exogenous 15 (S)-HETE reduces tissue injury in human pso-
riasis vulgaris (21 ) and carrageenan-induced experimental ar-
thritis (22). The mechanism by which 15(S)-HETE attenu-
ates tissue injury under these circumstances is not completely
understood. Recently it was shown that extracellular 15(S)-
HETE is esterified rapidly and stored in phospholipids of
PMNsfor later use ( 14). In this study, we assessed the influ-
ence of 15 (S)-HETE remodeling of PMNphospholipids on
LTB4-induced migration of PMNsacross monolayers of hu-

1. Abbreviations used in this paper: BCS, bovine calf serum; Bma., max-
imal binding capacity; HETE, hydroxyeicosatetraenoic acid; HETE-
ME, methylated derivative of HETE; HUVEC, human umbilical vein
endothelial cells; ICAM- l, intercellular adhesion molecule- 1;IP3, inosi-
tol trisphosphate; LTB4, leukotriene B4; LXA4, lipoxin A4; MK886, an
inhibitor of 5-lipoxygenase activity; ONO-4057, an LTB4 receptor an-
tagonist; PKC, protein kinase C.

Esterified 15 (S) -Hydroxyeicosatetraenoic Acid Inhibits Neutrophil-Endothelial Interactions 499

J. Clin. Invest.
© The American Society for Clinical Investigation, Inc.
0021-9738/94/02/0499/10 $2.00
Volume 93, February 1994, 499-508



man umbilical vein endothelial cells (HUVEC) as an in vitro
model of PMNtrafficking during acute inflammation.

Methods

PMNisolation and labeling with "'In. PMNswere isolated at 4VC
from heparinized venous blood drawn from normal volunteers by stan-
dard procedures of Ficoll-Hypaque (Organon Teknika Corp., Dur-
ham, NC) density gradient centrifugation and dextran sedimentation,
as described previously (1 1, 23). Contaminating red blood cells were
removed by hypotonic lysis. The final pellet was suspended in Dul-
becco's PBS, pH 7.4, and contained 96±3% PMNs, as determined by
light microscopy. Suspensions in which PMNsshowed signs of cellular
activation (> 10% of PMNsin clumps of two or more cells) or loss of
membrane integrity (< 97%of PMNsexcluding trypan blue) were rou-
tinely discarded. For studies of transmigration and adhesion, PMNs
were radiolabeled with "'In oxine (1 MCi/ 106 cells; Amersham Corp.,
Mediphysics, Arlington Heights, IL) for 30 min at room temperature,
were washed three times in PBS to remove extracellular "'In oxine,
and were resuspended in PBS/ 1% bovine calf serum (BCS).

Expression of CDJJ/CD18. PMNs (5 X 106) were fixed by the
addition of 2 vol of ice cold PBS/ 1% paraformaldehyde and were kept
overnight at 4VC. After washing with ice cold PBS, fixed PMNswere
incubated with saturating concentrations of anti-CD18 monoclonal
antibody (R15.7, 10 Mg/ml) at 4VC for 30 min followed by FITC-con-
jugated goat F(ab')2-anti-mouse IgG (Caltag Laboratories, San Fran-
cisco, CA) at 4VC for 30 min. After a final washing with ice cold PBS,
CD 11/CD 18 expression was assessed in a fluorescence-activated cell
sorter (Epics 750; Coulter Electronics Inc., Hialeah, FL).

Right angle light scattering. The scattering intensity of 2.5 x 106
PMNsin PBSwas determined at room temperature with a fluorescence
spectrophotometer (LS-50; Perkin-Elmer Corp., Norwalk, CT) at a
wavelength of 340 nM. Cells were incubated for 5 min with gentle
stirring (low setting) in a quartz cuvette with 1-cm path length before
addition of LTB4 ( 10- M). For each sample, scattering intensity was
normalized to that of the baseline before addition of LTB4.

F-actin content. The relative amounts of F-actin in PMNsbefore
and after addition of LTB4 were determined by quantitating the
amount of rhodamine-phalloidin bound to fixed extracted cells by
slight modification of a previously described technique (24). Specifi-
cally, 5 x 106 cells/ml were incubated with stirring at room tempera-
ture. 200-,ul aliquots were removed at various times before and after
addition of l0'- MLTB4 and were added to 200 ,u of 7% formalde-
hyde, 0.1% TX- 100, and 0.1 Mrhodamine-phalloidin (Sigma Chemi-
cal Co., St. Louis, MO) in TBS, pH 7.8. Cells were fixed overnight at
4°C in the dark, were washed twice with TBS, and were extracted twice
with 1 ml MeOH. Extracted rhodamine-phalloidin was quantitated
with a fluorescence spectrophotometer (LS-5a; Perkin-Elmer Corp.)
with excitation and emission wavelengths of 540 and 570 nM, respec-
tively. The fluorescence intensity of each sample was measured three
times, and the results presented are the average of three experiments.

Humanumbilical vein endothelial cells. HUVECwere isolated and
propagated as described previously (25). Briefly, cells were dispersed
by 0.1% collagenase (CLS 3; Worthington Biochemical Corp., Free-
hold, NJ) and were propagated in cell culture medium (RPMI 1640;
BioWhittaker Inc., Walkersville, MD) supplemented with 15% BCS
(Hyclone Laboratories, Logan, UT), 15% NU-serum (Collaborative
Research Inc., Lexington, MA), 50 Mg/ml endothelial mitogen (Bio-
medical Technologies, Inc., Stoughton, MA), 8 U/ml heparin, 50 U/
ml penicillin, and 50 Mg/ml streptomycin (HUVEC medium). HU-
VECwere characterized based on morphological criteria and by indi-
rect immunofluorescence using a specific antiserum to human Factor
VIII antigen, and were studied at passage levels 2 and 3.

PMNmigration across HUVECmonolayers. For studies of trans-
migration, HUVECwere grown to confluence in HUVECmedium on
gelatin-coated ( 1%) polycarbonate filters containing 3-,gm pores
(Transwell; Costar Corp., Cambridge, MA), which were inserted into
24-well tissue culture plates (Costar Corp.). The HUVECmonolayer

and filter divided each well into an upper luminal ( 100 Al) and a lower
abluminal compartment (600 Al). Before the study, monolayers were
grown in RPMI 1640/10% BCS for 24 h and were washed with PBS/
1% BCS. Transmigration was initiated by addition of "'In-labeled
PMNs(100 Al, 3 X 105 PMNs) to the luminal compartment and of
chemoattractant to the abluminal compartment. Assays were per-
formed in a humidified atmosphere containing 5% C02/95% air at
370C and were terminated by aspiration of nonadherent PMNsfrom
the luminal compartment, by removing Transwell inserts (Costar
Corp.) from the abluminal compartment, and by washing PMNsthat
were loosely adherent to the undersurface of filters into the abluminal
chamber with 1 ml PBS(4WC) without Ca2' and Mg2+. The number of
PMNsthat migrated to the abluminal compartment was calculated by
lysing cells with 0.5% Triton X-100, measuring the radioactivity with a
gammacounter (Clinigamma; LKB Instruments, Inc., Gaithersburg,
MD), and comparing counts to the specific activity of the original
PMNsuspension. Unless stated otherwise, results are expressed as the
percentage of "'In-labeled PMNsadded to the luminal compartment
that migrated to the abluminal compartment. LTB4-induced transmi-
gration was calculated by subtraction of transmigration observed in the
presence of diluent.

PMNadhesion to HUVECmonolayers. For studies of adhesion,
HUVECwere grown to confluence in HUVECmedium on gelatin-
coated ( 1%) 96-well tissue culture plates (Costar Corp.) and then in
RPMI 1640/10% BCS for 24 h before the study. Monolayers were
washed once with 0.2 ml of PBS/ 1% BCSand were coincubated with
0.2 ml " ' In-labeled PMNsuspension (4 x 105 PMNs/well) in a humid-
ified atmosphere containing 5% C02/95% air at 37°C. PMNswere
allowed to settle for 10 min before the addition of agonists and then
were coincubated with HUVECmonolayers for a further 30 min in the
presence of agonists. Assays were terminated by removal of nonadher-
ent cells by aspiration of medium and by washing of monolayers with
0.2 ml PBS/ 1% BCS. The contents of each well were solubilized with
0.01% SDS/0.025 N NaOH, and the radioactivity was measured in a
gammacounter (Clinigamma; LKB Instruments, Inc.). The number of
adherent PMNs(PMNs per square millimeter of HUVECmonolayer)
was calculated from the specific activity of each PMNpreparation. For
each experiment, LTB4-stimulated adhesion was calculated by subtrac-
tion of adhesion observed in the presence of diluent alone.

PMNadhesion to adsorbed ICAM-1. ICAM-l was adsorbed over-
night at 4°C onto 24-well tissue culture plates (Costar Corp.). Plates
were then incubated with 1% human serum albumin at 37°C for a
further 30 min. After aspiration, plates were treated with PBScontain-
ing 1%Tween for 2 min and were washed five times with PBS. "' In-la-
beled PMNswere added, were allowed to settle for 5 min, and then
were incubated with LTB4 ( 10 -7 M) or diluent for 5 min. Nonadherent
PMNswere removed by aspiration, and the plate was washed once with
PBS. Adherent PMNswere solubilized, and adhesion was calculated as
for PMNadhesion to HUVEC.

Measurement of inositol trisphosphate (IP3) levels in PMNs. For
assessment of IP3 levels in PMNs, incubations ( I07 PMNs/ 1 ml PBS)
were terminated by the addition of 200 ,l 100% trichloroacetic acid
and were kept on ice for 15 min. Samples were centrifuged, and the
supernatant was collected and mixed vigorously with 2 ml 1,1 ,2-trichlo-
ro- 1 ,2,2-trifluoroethane-trictylamine mixture (3: 1, vol /vol). After sep-
aration (- 3 min), the clear aqueous top layer was removed and ana-
lyzed for IP3 content with an IP3 radioreceptor assay kit (New England
Nuclear, Boston, MA).

Binding of [3H] LTB4 and [3H] 15 (S) -HETE to PMNs. For assess-
ment of LTB4 receptor function, PMNsuspensions (2.5 X 106 cells/
0.5 ml) were incubated with [3H]LTB4 ( I nM) at 40C in the presence
or absence of various concentrations of unlabeled LTB4 ( l10-'-10-6
M). For assessment of specific binding of 15(S)-HETE, PMNs (3
X 106 cells/0.3 ml) were incubated with [3H] 15(S)-HETE (0.2 nM)
at 4°C in the presence or absence of 1,000-fold excess of unlabeled
15(S)-HETE. After the specified time, PMNswere centrifuged (- I
min at 12,000 g) through silicon oil (0.4 ml), and the radioactivity
associated with cell pellets was determined in a scintillation counter, as

described previously (26). The Kd and maximal binding capacity
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(Bm..) of the high affinity LTB4 receptors were determined by Scat-
chard analysis. Specific binding of [3H] 15(S)-HETE was calculated
from the difference between cell-associated radioactivities in the pres-
ence or absence of unlabeled 15 (S)-HETE.

Permeability ofHUVECmonolayers to 2s I-BSA. This was assessed
as an index of the integrity of the HUVECmonolayer during PMN-
HUVECinteractions. To this end, migration of '251-BSA (0.3 uCi/ 100
Al, NewEngland Nuclear) from the luminal compartment to the ablu-
minal compartment was measured and was expressed as: (cpm in ablu-
minal compartment/cpm in luminal compartment) x 100.

Reagents and mAbs. FMLP, PMA, and A-23,187 were obtained
from Sigma Chemical Co. LTB4, 5(S)-HETE, 12(S)-HETE, 15(S)-
HETE, and lipoxin A4 (LXA4) were obtained from BIOMOLResearch
Labs Inc. (Plymouth Meeting, PA). The purity of each eicosanoid was
checked before incubation with cells by ultraviolet spectroscopy, and
their concentrations were determined from their extinction coeffi-
cients. [3H] 15(S)-HETE and [3H]LTB4 were obtained from NewEn-
gland Nuclear. The following mAbswere used to assess adhesion mole-
cule expression or function: mAbR15.7 (IgGI) recognizes the CD18
subunit of CD 1 I /CD 18 integrins (gift of Dr. R. Rothlein, Boehringer
Ingelheim Pharmaceuticals, Inc., Ridgefield, CT); mAbHu5 /3 (IgG,)
recognizes a functional epitope on human ICAM- 1 (gift of Dr. F. W.
Luscinskas, Harvard Medical School, Boston, MA); mAb anti-
LAM1.3 (IgG,) recognizes a functional epitope on L-selectin (gift of
Dr. T. F. Tedder, Harvard Medical School). ICAM- 1 was a gift of Dr.
M. Lawrence and Dr. T. A. Springer (Harvard Medical School).
MK886 (27) was a gift of Dr. A. W. Ford-Hutchinson (Merck Frosst
Inc., Pointe Claire-Dorval, Canada), and ONO-4057 (28) was a gift of
Dr. Tsumoru Miyamoto (Ono Pharmaceutical Co., Ltd., Osaka, Ja-
pan).

Statistical analysis. Results were expressed as mean±SE. A two-
tailed Student's t test was used for statistical analysis. A P value of
< 0.05 was taken to represent a statistically significant difference be-
tween group means.

Results

15(S) -HETE remodeling of PMNphospholipids inhibits their
migration across HUVECin response to chemoattractants.
PMNmigration across confluent HUVECmonolayers appears
to be a reasonable in vitro model of chemoattractant-stimu-
lated PMNrecruitment during inflammation (3). In the pres-
ent study, HUVECmonolayers, grown on polycarbonate
filters containing 3-,Mm pores, prevented the passage of most
"'In-labeled PMNsand '25I-labeled albumin during 30 min of
PMN-endothelium coincubation (migration in 30 min:
2.5±0.4% [n = 5] and 3.27±0.31% [n = 3], respectively). The
addition of LTB4 to the abluminal compartment induced a
rapid and concentration-dependent migration of PMNsfrom
the luminal compartment (ED,0 = 4 X 10-10 M; maximal at
108 M: 42±5% within 30 min), which was inhibited by prior
exposure of PMNsto ONO-4057 (10-5 M, 37°C, 5 min), an
LTB4 receptor antagonist (Fig. 1 ). Transmigration was not ob-
served after addition of 15(S)-HETE (30 iM) to the ablu-
minal compartment (PMN migration: 2.60±0.16%, n = 4).
LTB4-induced transmigration was not associated with morpho-
logic evidence of injury to the HUVECmonolayers, or an in-
crease in the permeability of the monolayers to 251I-albumin
(1251I-albumin migration in 30 min: vehicle 3.27±0.31%; LTB4
2.78±0.32%, n = 3). LTB4-induced transmigration was inhib-
ited by prior exposure of PMNsto saturating concentrations
(10 ,ug/ml) of mAbs(mAb R15.7) against the commonCD18
subunit of CD11 /CD 18 integrins (transmigration at 30 min:
LTB4 alone 48.1±0.68%; LTB4 plus anti-CD18 mAb
4.95±0.77%, n = 4, P < 0.001).

This system was used to determine the influence of 15(S)-
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Figure 1. Inhibition of LTB4-induced PMNmigration across HUVEC
monolayers after remodeling of PMNphospholipids with 15(5)-
HETE. LTB4-induced migration of "'In-labeled PMNs(3 X 105/
well) across confluent monolayers of HUVECgrown on gelatin-
coated polycarbonate filters was assessed as described in Methods.
(Top) Studies of time dependence in which transmigration was as-
sessed 5-90 min after addition of 10-8 MLTB4 (n = 3-5). (Middle)
Studies of dose dependence in which LTB4 was added at concentra-
tions of I l0-`l0 7 Mand transmigration was assessed after 30 min
(n = 3). ONO, ONO-4057, an LTB4 receptor antagonist. (Bottom)
Studies to define the influence of 15(S)-HETE remodeling of PMN
phospholipids on LTB4-induced transmigration (10-8 M, 30 min)
in which "'In-labeled PMNswere exposed to different concentrations
of 15(S)-HETE or its diluent for 30 min at 370C and were washed
twice before coincubation with HUVEC. *P < 0.005; **P < 0.001.
The loading concentration of 15 (S)-HETE that was required to in-
hibit transmigration diminished with increasing time of exposure
(threshold concentration for inhibition: 10 AMat 30 min, 0.3 MMat
60 min (see text). PMNtransmigration is expressed as the percentage
of PMNsadded to the luminal compartment that migrated to the
abluminal compartment. Data are means±SE.
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HETE on chemoattractant-stimulated PMN-endothelial cell
interaction. "'In-labeled PMNswere incubated with 15(S)-
HETE (0.3-30.0 IAM, 30 min, 370C) or its diluent, were
washed twice with PBS, and LTB4-induced transmigration
( 10-8 M, 30 min) was assessed. Using these experimental con-
ditions, PMNsrapidly esterify 15(S)-HETE into membrane
phospholipids to levels that are comparable with arachidonic
acid (14). "'In levels were not different in 15(S)-HETE-re-
modeled and control PMNs. LTB4-induced transmigration
was reduced dramatically after remodeling of PMNphospho-
lipids with 15 (S)-HETE, and the degree of inhibition was de-
pendent on the loading concentration of 15 (S)-HETE (Fig. 1,
bottom). The loading concentration of 15 (S) -HETE that was
required to inhibit transmigration diminished with increasing
time of exposure. Thus, while the threshold concentration for
inhibition was 10 ,uM at 30 min, doses as low as 0.3 MiM af-
forded a significant reduction in transmigration at 1 h
(1 1.5±3.7% inhibition, n = 9).

While these data supported an action of esterified 15(S)-
HETEwith PMNs, some 15 (S)-HETE is released from esteri-
fied sites upon activation of PMNs( 14) and could potentially
inhibit migration via actions with HUVEC. To explore the
latter possibility, HUVECwere treated with 15 (S)-HETE (30
MM, 30 minm 370C), were washed twice with PBS, and transmi-
gration was assessed. LTB4-induced transmigration (10-8 M,
30 min) was not altered under these experimental conditions
(LTB4-stimulated transmigration: 15 (S)-HETE-treated HU-
VEC43.5±1.2%; diluent-treated HUVEC42.6±0.8%; n = 4).

The influence of 15 (5)-HETE on transmigration induced
by the complement component C5a and the synthetic peptide
FMLPwas assessed to determine if this action of 15 (S)-HETE
was restricted to LTB4 or applied to other receptor-mediated
chemoattractants. As with LTB4, these agonists provoked
rapid migration of PMNswithout affecting the permeability of
HUVECmonolayers to '25I-albumin. 15 (S) -HETE (30 ,uM,
30 min, 37°C) also attenuated PMNmigration induced by
these stimuli (10-8 M, 30 min) (PMN transmigration: C5a
55. 1+2.35%, C5a plus 15(S)-HETE 26.5±1.21%, P < 0.001;
FMLP36.8±1.81%, FMLPplus 15(S)-HETE 16.0±3.64%, P
<0.025;n= 3).

Chemical requirements for inhibition of transmigration.
The pattern of esterification of 15 (S)-HETE into PMNphos-
pholipids differs from the profiles of incorporation of other
monohydroxy derivatives of arachidonic acid such as 5(S)-
HETEand 12(S)-HETE ( 14, 29). In the present experiments,
5(S)-HETE and 12(S)-HETE (30 ,M, 30 min, 37°C) af-
forded less inhibition of transmigration than equimolar con-
centrations of 15(S)-HETE (Fig. 2, top). The actions of
15 (S)-HETE and 15(R)-HETE were compared to define the
chirality requirements for inhibition of transmigration. 15(S)-
HETE afforded significantly greater inhibition of LTB4-in-
duced transmigration than equimolar concentrations of
15(R)-HETE (Fig. 2, bottom). While most 15(S)-HETE is
esterified into PMNphospholipids within seconds ( 14), some
nonesterified 15 (S) -HETE could potentially alter PMNfunc-
tion by intercalating into PMNcell membrane lipid bilayers.
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Figure 2. Inhibition of LTB4-induced PMNmi-
gration across HUVECmonolayers by 15(5)-
HETE: stereoselectivity and structure-activity re-
lationships. (Top) Studies of regioselectivity in
which "'In-labeled PMNswere loaded with
15(S)-HETE (30 MM) or equimolar concentra-
tions of 5(S)-HETE or 12(S)-HETE for 30 min
and were washed twice before coincubation with
HUVEC. *P < 0.005. (Bottom) Studies of stereo-
selectivity in which "'In-labeled PMNswere
loaded with equimolar concentrations (30 1AM) of
15(S)-HETE, 15(R)-HETE, or 15(S)-HETE-
MEfor 30 min and were washed twice before
coincubation with HUVEC. *P < 0.025; **P
< 0.001. PMNtransmigration is expressed as a

percentage of LTB4-induced transmigration ob-
served with diluent-treated PMNs. Data are

means±SE of 3-1 1 experiments.
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15 (S)-HETE and the carboxy terminus methylated derivative
of 15 (S)-HETE ( 15 [ S] -HETE-ME) were compared to evalu-
ate this possibility (Fig. 2, bottom). 15 (S)-HETE-ME did not
affect LTB4-induced transmigration, in contrast to the striking
inhibition by 15 (S)-HETE. These data indicate that the inhibi-
tory action of 15 (S)-HETE in PMNsis stereoselective and is
dependent on esterification of 15(S)-HETE into PMNphos-
pholipids.

15 (S)-HETE-remodeled PMNsdisplay impaired F-actin
assembly and right angle light scattering responses upon stimu-
lation with LTB4. PMNtrafficking across endothelium, as
mentioned above, involves an orchestrated series of biochemi-
cal and morphologic events that include reversible polymeriza-
tion of F-actin, membrane ruffling, polarization upon adher-
ence, and directed motility. F-actin content was monitored be-
fore and after stimulation of PMNswith LTB4, as an index of
these cytoskeletal rearrangements. LTB4 stimulated signifi-
cantly less polymerization of F-actin in 15 (S) -HETE-remod-
eled PMNs than in control cells, as determined by spectro-
scopic analysis of rhodamine-phalloidin staining (Fig. 3, in-
set). PMNs undergo a biphasic right angle light scatter
response upon stimulation with chemoattractants (30), and
the first phase (maximal at 10-15 s) appears to be tightly cou-
pled to transient polymerization of actin ( 31 ). This initial re-
sponse was assessed as another index of cytoskeletal reorganiza-
tion in LTB4-stimulated PMNsand, in agreement with the as-
says of rhodamine-phalloidin staining, was inhibited after
remodeling of PMNswith 15 (S)-HETE (Fig. 3). These data
suggest that esterified 15(S)-HETE inhibits the rapid alter-
ations in cytoskeletal architecture that subserve directed PMN
migration across endothelium.

15(S)-HETE remodeling impairs LTB4-induced CDJ1/
CD18-mediated PMNadhesion to endothelium and adsorbed
ICAM-1. The influence of 15(S)-HETE on LTB4-induced
PMNadhesion to confluent HUVECmonolayers was also as-
sessed, since adhesion is another critical step in directed PMN
migration across endothelium in vitro and in PMNrecruit-
ment during inflammation in vivo (3). Under the static condi-
tions used in this study, LTB4 provoked concentration-depen-
dent PMNadhesion (threshold 3 x 10-10 M, maximal 2 I0-7
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M) that was inhibited by mAbagainst CD18 (rmAb R15.7, 1 0
,g/ml) but not anti-L-selectin (anti-LAM1.3 mAb), as ob-
served previously by other investigators (32-34). 15(S)-
HETE(3 IiM, 30 min) did not induce PMNadhesion (data not
shown). As with transmigration, LTB4-induced adhesion was
markedly attenuated after remodeling of PMNswith 15(S)-
HETE(IC50 = 2.66 ,M; Fig. 4, top). Again, the magnitude of
inhibition was significantly greater with 15(S)-HETE than
with either 12(S)-HETE or 5(S)-HETE (Fig. 4, bottom).

LTB4 provokes CD11 /CD 1 8-mediated PMN-endothelial
cell adhesion by increasing the avidity of CD 1 /CD 18 inte-
grins for endothelial ligands, such as ICAM- 1 (3, 34). In keep-
ing with these previous observations, LTB4-induced PMNad-
hesion and transmigration were inhibited by 65.0±1 1.0% and
42.6±14.0%, respectively, by anti-ICAM-l mAb(HuS/3; 25
jig/ml) in this study (n = 4). LTB4-stimulated PMNadhesion
to ICAM- 1 immobilized on plastic was monitored as an addi-
tional measure of CD11 /CD 18 avidity for cognate ligands. As
with adhesion to HUVEC,PMNadhesion to adsorbed ICAM-
1 was markedly inhibited after 15(S)-HETE remodeling of
PMNs(Fig. 5). This inhibitory action of 15 (S)-HETE did not
appear to be restricted to interactions of CD 1 /CD 18 with
ICAM-1 as 15(S)-HETE-remodeled (30 ,M, 30 min) PMNs
also displayed reduced adhesiveness for inert substrates (tissue
culture plastic coated with 1% gelatin) upon stimulation with
LTB4 ( 10- M, 30 min) (54±7% inhibition, n = 3), a CD11/
CD18-dependent and ICAM- 1-independent event. In contrast
to its attenuation of adhesion, 15(S)-HETE did not inhibit
LTB4-induced upregulation of CD11/CD 18 surface expres-
sion on PMNs, as determined by FACS®analysis (Fig. 5, in-
set). Taken together, these data suggest esterified 15 (S)-HETE
inhibits LTB4-induced migration of PMNsacross endothelial
monolayers by attenuating PMNchemotaxis and CD1 I/
CD18-dependent adhesion in a dose-dependent and stereose-
lective manner.

15(S)-HETE does not inhibit LTB4-induced transmigra-
tion by interaction with 15 (S) -HETE receptors or altering the
profile of eicosanoids generated by activated PMNs. The results
described above strongly suggest that 15(S)-HETE blunts
PMNresponsiveness to chemoattractants after its esterification

I -1

-1
Figure 3. Esterified 15(S)-HETE inhibits

I LTB4-stimulated cell shape change and actin
X polymerization in PMNs. The right angle light

scattering of control (thin line) and 15(S)-
2 HETE-treated (thick line) PMNswas examined

- in response to stimulation with 10-7 MLTB4 as
described in Methods. There was a consistent in-
hibition of the initial loss of scattering intensity

1 in 1 5-HETE-remodeled PMNs(n = 9; represen-
tative experiment shown here). (Inset) To con-
firm that this altered light scattering response was

m due to cytoskeletal changes, the relative concen-
tration of F-actin in control o and 15(S)-HETE-
o treated cells, stimulated with LTB4 for 15 or 30
s, was measured. 15(S)-HETE pretreatment

300 350 blunted the LTB4-stimulated increase in total F-
actin content. Data are means±SE of six experi-
ments.
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ity that 15(S)-HETE remodeling inhibits this response
through the formation of LXA4. To this end, PMNswere incu-
bated with LXA4 ( 10-7'-I1O-2 M) for a short duration (5 min)
before coincubation with HUVECbecause, when generated by

* - ~ release of esterified 15 (S)-HETE, LXA4 is likely to modulate
transmigration rapidly. LXA4 did not inhibit LTB4-induced
PMNtransmigration at this time interval (LTB4-stimulated
transmigration: LTB4 alone 55.5+3.1%; LXA4 ( 10-7 M) plus
LTB4 62.9±1.0%, n = 3). To determine if 15 (S)-HETE remod-
eling inhibits PMN-endothelial cell interactions by inhibiting
LTB4 generation by activating PMNs, transmigration was as-
sessed after treatment of PMNs with MK886 (10-6 M, 10
min), a potent inhibitor of 5-lipoxygenase activity (27). LTB4-
induced PMNtransmigration was not affected by this agent

.3 (PMN transmigration: LTB4 alone 33.7±2.8%; MK866 plus
LTB4 29.7±4.1% ). Taken together, these data suggest that the
inhibitory effects of 15(S)-HETE remodeling were due to an
action of esterified 15 (S)-HETE within PMNcell membranes,
and were not the result of actions of deacylated 15 (S)-HETE
released from phospholipid stores or the altered profile of li-
poxygenase products generated by 15(S)-HETE-remodeled
PMNs.

15(S) -HETE remodeling inhibits PMN-endothelial adhe-
sion induced by LTB4, but not A-23,187 or PMA. LTB4 stimu-
lates many PMN functional responses, including CD11/
CD18-mediated adhesion, by activating specific cell-surface

*

LTB4 + 1 5-HETE

veh 15(S)-HETE 12(S)-H1ETE 5(S)-HETE

Figure 4. Remodeling of PMNphospholipids with 15(S)-HETE in-
hibits LTB4-induced CD 1 /CD1 8-mediated PMNadhesion to HU-
VEC. (Top) Studies on the influence of 15(S)-HETE on LTB4-stim-
ulated adhesion in which "'In-labeled PMNswere exposed to
15(S)-HETE (0.3-30 AM) or its diluent for 30 min at 37°C and were
washed twice before coincubation with HUVECand LTB4 ( 10- M,
30 min) (n = 3; *P < 0.005; **P < 0.001; ***P < 0.05). (Bottom)
Studies of stereoselectivity in which ".'In-labeled PMNswere exposed
to equimolar concentrations (30MgM) of 15(S)-HETE, 12(S)-HETE,
or 5(S)-HETE and were washed twice before coincubation with
HUVECand LTB4 ( I0-' M, 30 min) (n = 3; *JP < 0.01). Data are
expressed as a percentage of LTB4-induced adhesion observed with
diluent-treated PMNs( 152.3±35.8 PMN/mm2, n = 4).

into PMNphospholipids. However, some 15 (S)-HETE is re-
leased from esterified sites upon activation of PMNsand could
potentially inhibit chemotaxis and adhesion by interaction
with recently reported specific 15 (S)-HETE receptors (35)
and activation of signal transduction events. Wemonitored the
binding of [3H ] 15 (S)-HETE to PMNsto explore this possibil-
ity. Assays were performed at 4°C to differentiate ligand-re-
ceptor interactions from enzymatic esterification of
[ 3H] 15 (S)-HETE into PMNphospholipids. Specific binding
of [3H] 15 (S)-HETE was not observed, even after a 3-h incu-
bation, suggesting that PMNsdo not display specific cell-sur-
face receptors for 15 (S)-HETE (Table I).

15 (S)-HETE-remodeled PMNsalso generate an alterna-
tive profile of eicosanoids upon activation with chemoattrac-
tants, including increased LXA4 generation and reduced LTB4
synthesis ( 14). The influence of LXA4 on LTB4-induced ( 10 -8
M, 30 min) transmigration was assessed to explore the possibil-

LTB4 + Hu5/3

LTB4

basal + Hu5/3

basal

0 1 00 200 300 400

PMNAdhesion (cells/mm2)

Figure 5. Influence of 15(S)-HETE on LTB4-stimulated PMNadhe-
sion to adsorbed ICAM-1. LTB4-induced adhesion (10-' M) of
15(S)-HETE-remodeled (30 MM, 30 min, 37°C) PMNsor diluent-
treated PMNsto ICAM- 1 adsorbed onto tissue culture plastic was

assessed as described in Methods. ICAM-1-dependent adhesion was

calculated by incubating PMN- and ICAM-l-coated plates with
anti-ICAM-1 mAb(Hu5/3; 25 Mg/ml) for 10 min before and during
coincubations. Data are means±SE of six experiments. *P < 0.05.
CD1 1 /CD18 surface expression was assessed by FACSOanalysis on

15(S)-HETE-remodeled (30 ,M) (inset) and diluent-treated (not
shown) PMNsusing an anti-CD18 mAb(R15.7, 10 Mg/ml). PMNs
were studied in their basal state and after stimulation with LTB4 ( I0O
M). LTB4 provoked similar upregulation of CDl 1 /CD 18 surface
expression on 15(S)-HETE-remodeled and diluent-treated PMNs.
Indeed, basal and LTB4-stimulated CD 1 I /CD 18 levels were always
higher with 15 (S)-HETE-remodeled PMNs(not shown).

504 Takata, Matsubara, Allen, Janmey, Serhan, and Brady

1201

I1c
O 100
Z
0

1O 80

- o

Eg 40

la0

m 20

0

150 -

125 -

100-

75 -

50 -

25 -

C
a~0
0
0

-o

0_ o

0 _W

m

0

-i
o0

-1

500 600

[15-HETE], (,gM)



Table l. Assessment of Specific Binding
of [2H 15(S)-HETE to PMNs

Cell-associated radioactivity (%)

[3H] I 5(S)-HETE plus
Incubation time [3H] I 5(S)-HETE unlabeled 15(5)-HETE

30 min 2.75±0.08 2.40±0.30
60 min 2.54±0.04 2.56±0.03

PMNs(3 x 106/0.3 ml) were incubated with [3H]15(S)-HETE (0.2
nM) at 4VC in the presence or absence of excess unlabeled 15(S)-
HETE(0.2 ,M) (n = 3). Cell-associated radioactivity was measured
as in Methods and expressed as percentage of total radioactivity added.

receptors and signal transduction events including activation
of phospholipase C, generation of IP3 and diacylglycerol, mobi-
lization of intracellular calcium, and activation of protein ki-
nase C (PKC) (5, 36). Lipids may also modulate the avidity of
integrins, including CD11 /CD1 8 integrins, directly within
PMNmembranes (37, 38). A-23,187 and PMA provoke
PMN-endothelial cell adhesion through CD11/CD 18 inte-
grins by raising the intracellular calcium concentration and
activating PKC, respectively. These agents were used to distin-
guish between inhibition of membrane-associated signal trans-
duction events by esterified 15(S)-HETE and a more direct
action of esterified 15(S)-HETE on integrin function. In strik-
ing contrast to its effect on LTB4-induced adhesion, 15(S)-
HETE remodeling did not inhibit PMNadhesion stimulated
by either A-23,187 or PMA(Table II). Since A-23,187 and
PMAalso influence endothelial cell adhesiveness for PMNs,
potentially complicating the interpretation of these studies, the
influence of 15 (S)-HETE on PMNadhesion to paraformalde-
hyde-fixed HUVECwas also tested. As with adhesion to viable
HUVEC, neither A-23,187- nor PMA-induced adhesion was
inhibited by 15(S)-HETE (Table II). These data suggest that
15 (S)-HETE inhibits LTB4-induced signal transduction
events at or between receptor binding and activation of phos-
pholipase C in PMNs.

15(S) -HETE remodeling increases the Kd of high affinity
LTB4 receptors on PMNsand inhibits LTBfinducedlP3gener-
ation. PMNmotility responses are initiated by the interaction
of LTB4 with specific high affinity cell-surface receptors on
PMNs(39; for review see reference 40). Binding of [3H ] LTB4
to 15 (S)-HETE-remodeled and vehicle-treated PMNswas as-
sessed, and was evaluated by Scatchard analysis to determine

the influence of esterified 15(S)-HETE on LTB4 receptor
function. Control PMNsexpressed high affinity binding sites
for [3H ] LTB4 with a mean dissociation constant of 0.93 X 10-9
Mand mean densities of 289 fmol/ I07 PMNs, consistent with
reports by other investigators (39). The affinity of this receptor
was reduced significantly after 15(S)-HETE remodeling of
PMNs(Table III).

LTB4-induced 1P3 generation was monitored to further de-
fine the influence of esterified 15(S)-HETE on receptor-trig-
gered signal transduction events. LTB4 provoked a rapid in-
crease in lP3 formation in vehicle-treated PMNs(Fig. 6, top),
as reported by other investigators (41). IP3 levels were maxi-
mal after 5 s of exposure and declined to basal levels within 1
min (P3 levels in picomoles per 106 PMNs: basal 1.16±0.36; 5
s after LTB4 stimulation 2.42±0.41, n = 7, P < 0.001 ). Basal
levels of IP3 were not different in 15 (S) -HETE-remodeled and
vehicle-treated PMNs (not shown). In contrast, 15(S)-
HETE-remodeled PMNsgenerated significantly less IP3 upon
stimulation with LTB4 (35.3±11.8% inhibition, n = 7, P
< 0.025; Fig. 6, bottom). Taken together, these results suggest
that 15 (S)-HETE remodeling causes striking downregulation
of the LTB4 receptors that subserve PMNmigration, and inhibi-
tion of stimulus-response coupling with PMNcell membranes.

Discussion

Here, we present evidence that 15(S)-HETE is a potent and
stereoselective inhibitor of LTB4-stimulated PMNmigration in
vitro. This effect was dependent on esterification of 15(S)-
HETEinto PMNphospholipids, could be overcome by agents
that bypass membrane signaling events, and was associated
with a fivefold reduction in the affinity of specific PMNcell-
surface receptors for LTB4. Importantly, 15(S)-HETE inhib-
ited PMNtransmigration at concentrations that are likely to be
found in circulating blood during inflammation (17). While
our studies focused on the influence of 15 (S)-HETE on LTB4-
induced PMNresponses, it is noteworthy that 15(S)-HETE
also blocked transmigration induced by C5a and FMLPand
therefore may modulate the activity of other receptor-me-
diated stimuli for PMNrecruitment during acute inflamma-
tion. These observations suggest a mechanism for the observed
antiinflammatory activity of 15(S)-HETE in inflammatory
diseases and support a role for 15(S)-HETE as a potential
endogenous chalone which mayserve to limit or reverse inflam-
mation in vivo.

15 (S)-HETE is esterified rapidly into PMNphospholipids

Table II. I5(S)-HETE Remodeling of PMNPhospholipids Is Associated
with Inhibition of PMN-Endothelial Cell Adhesion Induced by LTB4, but Not A-23,187 or PMA

Inhibition of PMNadhesion (%)

Stimulus LTB4 (0.1 M) PMA(0.1 M) A-23, 187 (5 MM)

Viable HUVEC 83.0±19.5 (n = 4)* -2.3±6.8 (n = 5) 16.1±12.3 (n = 6)
PFA-treated HUVEC 93.7±12.3 (n = 3)t -12.9±11.7 (n = 4) 21.2±9.7 (n = 4)

"'In-labeled PMNswere exposed to 15(S)-HETE (3 ,M) for 30 min at 37°C and were washed twice to remove extracellular 15(S)-HETE. Ad-
hesion of 1 5(S)-HETE-remodeled PMNs(4 x 105/0.2 ml/well) to confluent HUVECmonolayers was assessed after stimulation (30 min) with
either LTB4, PMA, A-23,187, or diluent. PFA-treated HUVEC, HUVECmonolayers that were treated with paraformaldehyde (1%) overnight
at 4°C and washed three times in PBSbefore coincubation with PMNs. Adhesion of 1 5(S)-HETE-remodeled PMNsis expressed as percentage
inhibition of adhesion observed with PMNsthat were exposed to diluent. Data are means±SE of three to six experiments, each performed in
quadruplicate. * P < 0.025; * P < 0.005.
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Table III. Influence of 15(S)-HETE Remodeling
on Binding of [3H]LTB4 to PMNs

Condition Kd B.

1hM finol/j7' PhiNs

Vehicle-treated PMNs 0.93±0.21 289±25
15(S)-HETE-remodeled PMNs 4.69±0.86* 336±46

PMNswere exposed to 1 5(S)-HETE (30 AtM) (1 5(S)-HETE-remod-
eled PMNs) or its diluent (vehicle-treated PMNs) for 30 min at 370C
and were washed twice with PBS before incubation with [3H]LTB4 (1
nM) for 20 min at 4VC in the presence or absence of various concen-
trations (10-'0_10-6 M) of cold LTB4. The Kd and Bma. of the high
affinity LTB4 receptor were calculated by Scatchard analysis. Data
are the means of four different experiments. * P < 0.05.

(for review see reference 16). It is noteworthy that the carboxy
terminus (carbon- 1) methyl ester derivative of 15 (S)-HETE
was relatively ineffective in attenuating transmigration (Fig.
2), suggesting that esterification of 15 (S)-HETE is a require-
ment for its inhibitory activity. The pattern of esterification of
15 (S)-HETE into PMNphospholipids differs markedly from
that of 5(S)-HETE or 12(S)-HETE ( 14, 29). Under the re-
modeling conditions used in this study, PMNsesterify - 20%
of [3H ] 15 (S)-HETE into inositol-containing phospholipids,
while uptake into other phospholipid classes, cholesterol ester,
and triglycerides is < 4% (14). In contrast, PMNsincorporate

- 0.6% of 5 (S)-HETE into phosphatidylinositol, - 1.5% into
phosphatidylcholine, and - 0.8% into phosphatidylethanola-
mine, and - 8% of added radiolabel is incorporated into tri-
glycerides (14). In the case of 12(S)-HETE, PMNsincorpo-
rate - 2% into phosphatidylcholine, negligible amounts into
other phospholipid classes, and - 23% into triglycerides (29).
In this study 15 (S)-HETE was a significantly more potent in-
hibitor of transmigration than either 5(S)-HETE or 12(S)-
HETE(Fig. 2). These results suggest that the pattern of phos-
pholipid remodeling is an important determinant in the action
of 15 (S)-HETE on PMNtransmigration and that remodeling
of the inositol-containing phospholipid pool may be particu-
larly important in this regard.

The inhibitory action of 15(S)-HETE proved stereoselec-
tive; 15(S)-HETE was significantly more potent than the R-
isomer as an inhibitor of transmigration (Fig. 2). 15 (S) -HETE
is the major product of leukocyte 1 5-lipoxygenase (for review
see reference 16). In contrast, cyclooxygenases and epoxygen-
ases generate the carbon- 15 alcohol with racemic amounts of
the R and S enantiomeric forms. Taken together, these results
suggest that lipoxygenase-derived 15(S)-HETE may be the
most effective inhibitor of PMN-endothelial cell interactions
in vivo.

Esterified 15(S)-HETE appeared to inhibit PMNmigra-
tion, in part, by blunting the cytoskeletal changes that subserve
chemotaxis. In support of this hypothesis, the LTB4-stimulated
increase in F-actin content was reduced after remodeling of
PMNphospholipids with 15 (S)-HETE, as assessed by rhoda-
mine-phalloidin binding (Fig. 3). Furthermore, treatment of
PMNswith 15(5)-HETE also reduced the PMNright angle
light scatter response induced by LTB4 (Fig. 3), another index
of cytoskeletal rearrangement (30, 31). Several lines of evi-
dence suggested that esterified 15(S)-HETE also blocked
PMNtransmigration by inhibiting PMN-endothelial cell ad-
hesion mediated by interactions of CD11 / CD1 8 integrins with

endothelial cell ligands. Both transmigration and adhesion
were CD11 /CD1 8-dependent events, as determined by mAb-
blocking studies, and were attenuated dramatically by 15(S)-
HETE. These responses also were inhibited by mAb against
ICAM- 1, suggesting that ICAM- 1 was an important endothe-
lial ligand for CDl 1 /CD 18 under these conditions. Further-
more, 15 (S)-HETE, in addition to blocking PMNadhesion to
endothelium, also blocked LTB4-stimulated adhesion of PMNs
to purified ICAM-1 (Fig. 5). Interestingly, 15(5)-HETE did
not prevent the rapid increase in CD11 /CD 18 surface expres-
sion that occurs upon stimulation of PMNswith LTB4 (Fig. 5,
inset). These observations provide further evidence that che-
moattractants provoke CDll/CD18-mediated PMNadhe-
sion, in large part, by increasing CD11 /CD 18 avidity rather
than through changes in CD 1 /CD 18 surface expression (for
review see reference 5). Furthermore, they suggest that these
events may be mediated by different signal transduction path-
ways (vide infra).

Some 15 (S)-HETE is mobilized from esterified sites upon
activation of PMNsand is transformed to other bioactive eico-
sanoids ( 14). Other cell types, such as mast/basophil PT- 18
cells, appear to express cell-surface receptors for 15 (S)-HETE
(35). The presence of putative 15 (S)-HETE-specific cell-sur-
face receptors would be an attractive hypothetical site for
15(S)-HETE-evoked signaling responses. However, we were
unable to demonstrate specific cell-surface binding sites for
15(S)-HETE with PMNsat 4°C (Table I), making it unlikely
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Figure 6. LTB4-stimulated IP3 formation by PMNs: inhibition by es-
terified 15 (S)-HETE. (Top) Time course of IP3 formation by PMNs
upon stimulation with LTB4 (10-7 M, 5 s, 37°C). Representative of
two experiments, each performed in duplicate. (Bottom) Inhibition
of LTB4-stimulated (10-' M, 5 s, 37°C) IP3 formation in 15(S)-
HETE-remodeled PMNs(30 ,uM, 30 min, 37°C). Data are mean±SE
of seven experiments. *P < 0.025.
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that 15 (S)-HETE inhibited PMN-endothelial cell interactions
in our study through receptor-triggered actions of deacylated
15 (S)-HETE with PMNs. In this regard, it is also noteworthy
that 15 (S)-HETE itself, at the concentrations used to remodel
PMNphospholipids, did not induce PMNadhesion or trans-
migration, suggesting that 15 (S) -HETE does not activate and,
thus, desensitize LTB4 receptors. Someof the esterified 15 (S)-
HETE, upon release from PMNphospholipids, is transformed
to a variety of bioactive products including 5(S), 15(S)-di-
HETE, LXA4, and lipoxin B4 ( 14). While LXA4 can inhibit a
variety of PMNresponses including LTB4-induced IP3 genera-
tion (42), chemotaxis (43), and LTB4-induced PMN-endothe-
lial cell adhesion (44) and other cell types (23), this eicosanoid
did not inhibit LTB4-induced transmigration of PMNsunder
the experimental conditions (i.e., 5-min pretreatment) used in
this study. This does not, however, preclude a role for lipoxins
as modulators of leukocyte-endothelial cell interactions within
different temporal frameworks. Similarly, 15(5)-HETE did
not appear to inhibit PMN-endothelial cell interaction(s) by
impairing the ability of PMNsto generate LTB4, as MK886, a
potent and specific inhibitor of 5-lipoxygenase activity (27),
did not influence LTB4-induced transmigration. This series of
observations suggests that 15(S)-HETE did not blunt PMN-
endothelial cell interactions through changes in eicosanoid bio-
synthesis by activated PMNs.

Esterified 15(S)-HETE, by altering the composition and
biophysical properties of PMNcell membrane lipids, could
potentially influence the avidity of CD11 /CD1 8 integrins for
endothelial ligands. Along these lines, the function of other
integrins such as the vitronectin receptor has been shown to be
modulated by the surrounding phospholipid environment
(37). Furthermore, Hermanowski-Vosatka et al. (38) have re-
cently demonstrated CD 1 /CD 18 modulatory activity in the
lipids of activated PMNs. Alternatively, 15(S)-HETE could
influence LTB4-induced adhesion and transmigration of
PMNsby blocking LTB4-triggered signal transduction events.
In the present study, A-23, 187 and PMAwere useful pharmaco-
logic tools for distinguishing among these possibilities in that
they bypass receptor-ligand interactions. 15 (S)-HETE remod-
eling did not inhibit adhesion induced by either of these ago-
nists, in marked contrast to its dramatic effects on LTB4-in-
duced PMN-endothelial cell interactions (Table II). These
data provided compelling evidence that esterified 15(S)-
HETE inhibits LTB4-induced adhesion by interfering with
LTB4 signal transduction pathways within PMNcell mem-
branes. Importantly, they also indicate that 15(S)-HETE-re-
modeled PMNsare viable and respond appropriately to stimuli
which bypass initial signal transduction events.

Assessment of specific binding of [ 3H ] LTB4 (Table III) and
LTB4-induced IP3 generation (Fig. 6) confirmed that 15(S)-
HETE dramatically impairs stimulus-response coupling in
PMN cell membranes. Concurrent with the reduction in
CD11/CD18-mediated PMNadhesion and transmigration,
15(S)-HETE remodeling caused a striking decrease in the af-
finity of the high affinity LTB4 cell-surface receptors that sub-
serve these responses (39). Furthermore, lP3 generation, a piv-
otal event in LTB4-triggered signal transduction events in
PMNcell membranes (41 ), was inhibited in 15 (S)-HETE-re-
modeled cells. The mechanism by which 15 (S)-HETE esterifi-
cation modulates the affinity of LTB4 receptors can now be
addressed in future studies. Interestingly, alterations in mem-
brane lipid composition have been reported to alter the mobil-
ity of membrane-associated proteins (45), to influence the

conformation and/or density of many different receptors, and
to modulate their accessibility and affinity for soluble ligands
(37, 46-48). Indeed, the omega-3 fatty acids, eicosapentaenoic
acid and docosahexaenoic acid, also reduce the expression of
LTB4 receptors on PMNs(49), a mechanism that may poten-
tially account for their antiinflammatory activity in vivo.

Other cellular events that may potentially be modulated by
esterified 15(S)-HETE and, thus, account for its inhibitory
actions on LTB4-triggered PMNresponses include LTB4 cou-
pling to G-proteins, and activity of phospholipase C, actin-
binding proteins, and PKC. Along these lines, it is intriguing to
note that 15(S)-HETE-remodeled cells generate 15(S)-
HETE-remodeled diacylglycerol (50). Furthermore, arachi-
donate depletion impairs recognition of both phosphatidylino-
sitol phosphate and bisphosphate by phospholipase C in pitu-
itary GH3cells (51 ), and phosphatidylinositol phosphate and
bisphosphate are important regulators of gelsolin, profilin, and
several actin-binding proteins that modulate PMNactin assem-
bly and motility (for review see references 2, 4).

In summary, the results of this study indicate that 15(5)-
HETEremodeling of PMNphospholipids stereoselectively re-
duces the affinity of PMNLTB4 receptors for their cognate
ligands and causes striking inhibition of LTB4-triggered stimu-
lus-response coupling, cytoskeletal rearrangements, and
PMN-endothelial cell interactions. These observations, when
viewed in the context of the previously documented inhibitory
actions of 15 (S)-HETE on PMNsuperoxide generation in vi-
tro (52) and PMN-mediated inflammation in vivo (21, 22),
provide compelling evidence that 15 (S)-HETE may be an im-
portant endogenous inhibitor of inflammation. They raise the
intriguing possibility that products of 5-lipoxygenase and 15-li-
poxygenase pathways may exert counterbalancing modulatory
influences on PMNtrafficking, in a manner analogous to the
opposing regulatory actions of the cyclooxygenase-derived
products prostacyclin and thromboxane A2 on hemostasis and
thrombosis. Further elucidation of the cellular and molecular
actions of 1 5-lipoxygenase-derived eicosanoids may reveal ad-
ditional novel sites for therapeutic intervention in inflamma-
tion.

Note added in proof: Recent studies have shown that 1 5-HETE derived
from cyclooxygenase-2 in the presence of aspirin is in the R configura-
tion (Smith, W., et al. 3rd International Conference on Eicosandoids
and Other Bioactive Lipids in Cancer, Inflammation and Radiation
Injury, Washington, DC, 13-16 October 1992) and that 15 (S)-HETE
also inhibits PMNdegranulation stimulated by receptor-specific ago-
nists (Smith R. J., et al. 1993. Proc. Natl. Acad. Sci. USA. 90:7270-
7274.)
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