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Abstract

Neutrophil (PMN) migration across intestinal epithelial
barriers, such as occurs in many disease states, results in modi-
fications in epithelial barrier. Here, we investigated the impact
of lipoxin A4 (LXA4), an eicosanoid with counterregulatory
inflammatory roles, on PMNmigration across cultured mono-
layers of the human intestinal epithelial cell line T84. Transepi-
thelial migration of PMNwas assessed in the apical-to-basola-
teral direction and in the basolateral-to-apical direction. In the
apical-to-basolateral direction, preexposure of PMNto LXA4
(10 nM, 15 min) stimulated an 87±5% increase in transepithe-
lial migration of PMNas determined by a PMNmyeloperoxi-
dase assay. The LXA4-elicited effect on transmigration was
present throughout the 2-h assay period and was not secondary
to LXA4 effects on epithelial monolayer integrity as judged by
measurement of transepithelial resistance. PMNmigration in
the basolateral-to-apical direction was modulated by LXA4
with a comparable time- and concentration-dependence to that
in the apical-to-basolateral direction. However, qualitative dif-
ferences in how LXA4 modulates transmigration in the two op-
posing directions were observed. In the basolateral-to-apical
direction, preexposure of PMNto LXA4 (10 nM, 15 min) di-
minished PMNtransepithelial migration by 33±4%. Struc-
ture-function studies revealed that LXA4 and 1 1-trans-LXA4
(50% of LXA4 effect), but not LXB4, inhibited basolateral-to-
apical PMNtransmigration. The action of LXA4 was not sensi-
tive to inhibitors of cyclooxygenase or specific leukotriene bio-
synthesis, but was sensitive to staurosporine, a protein kinase C
inhibitor. These results suggest that migration of PMNacross
epithelia in the physiological direction may be qualitatively dif-
ferent following PMNexposure to eicosanoids. Wepropose
that such retention of PMNat this specific anatomic location
may serve an important role in mucosal defense. (J. Clin. In-
vest. 1993. 92:75-82.) Key words: inflammation * intestinal dis-
ease * eicosanoid * arachidonic acid

Introduction

PMNmigration across intestinal epithelia is the hallmark of
active intestinal inflammation and occurs in such disease states
as ulcerative colitis, Crohn's disease and infectious enterocoli-
tis ( 1, 2). Transepithelial migration of PMNis particularly
evident in the intestinal crypt and eventuates in crypt abscess
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formation, a characteristic of severe inflammatory disease ( 1,
2). In patients with inflammatory bowel disease, the degree of
PMNtransepithelial migration, assessed quantitatively, has
been shown to correlate with patients symptoms, as well as
with the degree of intestinal epithelial barrier dysfunction (3).
Studies of human mucosa in such diseases suggest that PMN
transepithelial migration predates focal breakdown of the epi-
thelial surface ( 1, 2), and that defective epithelial barrier func-
tion also predates structural discontinuities in the mucosa (4).

An early and crucial step in the acute inflammatory re-
sponse is attachment of neutrophils (PMN) to endothelial sur-
faces and subsequent emigration from the vasculature ( 1, 2).
However, during inflammatory episodes in organs lined by col-
umnar epithelia, subsequent PMNmigration across the epithe-
lial surface occurs ( 1, 2). While substantial progress has been
made in the understanding of PMN-endothelial interactions
(5-9), relatively limited information is available concerning
PMN-epithelial interactions (10-15). We have previously
modelled the event of PMNtransepithelial migration using
human PMNand cultured, human-derived, intestinal epithe-
lial monolayers derived from the cell line T84 (reviewed in refer-
ence 16). Such monolayers are composed of columnar epithe-
lial cells with features similar to those of natural crypt epithelia
( 17, 18), the site at which the bulk of PMNtransepithelial
migration occurs in a variety of active inflammatory intestinal
diseases ( 1, 2).

Previous studies using this epithelium as a model for exami-
nation of PMN-intestinal epithelial interactions indicate that
PMNtransmigration elicits a reversible decrease in transepithe-
lial resistance caused by impalement of intercellular tight junc-
tions ( 1), and requires the PMN,B2-integrin CDl lb/CD 18
(14, 15). While we have shown that PMNtransmigration is
quantitatively more substantial in the physiological (basolat-
eral-to-apical) direction ( 14), qualitative differences in transep-
ithelial migration, relating to the direction of transmigration,
have generally not been observed ( 1 1, 12, 14) (with the excep-
tion of IFN-y-modulated PMN transepithelial migra-
tion [ 19]).

Lipoxins are lipoxygenase-derived, biologically active eico-
sanoids produced by PMN, platelets, eosinophils, and macro-
phages (20, 21 ). These compounds have been shown to elicit
selective counterregulatory responses in human PMNin vitro,
including the inhibition of leukotriene B4 (LTB4) and FMLP-
stimulated chemotactic responses (22, 23), blocking of Ca2+
mobilization (24), and inhibition of LTD4-induced adhesion
to mesangial cells (25). In vivo, lipoxins are potent inflamma-
tory mediators which act to inhibit leukocyte migration (26),
decrease LTD4-induced vasoconstriction (27) and modulate
LTD4-induced airway obstruction (28).

Here we examine the impact of PMNexposure to lipoxin
A4 (LXA4)' on subsequent transepithelial migration of human

1. Abbreviations used in this paper: LXA4, lipoxin A4; MPO, myelo-
peroxidase; PKC, protein kinase C; PMNCE, PMNcell equivalents.
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PMNacross monolayers of a cryptlike human intestinal epithe-
lial cell line. Previous exposure of PMNto nanomolar concen-
trations of LXA4 substantially alters subsequent PMNtransepi-
thelial migration. The action of LXA4 was found to be specific
for PMN, showed a similar time and dose dependency, and the
effect was dependent on the direction of PMNtransepithelial
migration.

Methods

Lipoxins. Synthetic LXA4, LXB4, and 1 1-trans-LXA4 were obtained
from Cascade Biochem Ltd. (Berkshire, UK). Concentrations were
determined from extinction coefficients as described previously (28).
All eicosanoid stock solutions were stored at -70'C in methanol
(American Scientific Products Div. American Hospital Supply Corp.,
McGaw, IL). Eicosanoids were diluted in modified HBSSto a concen-
tration of 1 uMbefore all experiments. PMNor T84 monolayers were
exposed to lipoxins at indicated concentrations and allowed to incu-
bate at 370C for the indicated period of time. Vehicle controls con-
sisted of dilutions of the solvent (ethanol) equivalent to the highest
concentration of lipoxin used in any given experiment (0.0 1%).

Cell culture. Approximately 350 epiihelial monolayers were used
for these studies. T& intestinal epithelial cells (passages 70-95) were
grown and maintained as confluent monolayers on collagen-coated
permeable supports as previously described in detail (1 1, 12). Mono-
layers were grown on 0.33 cm2 ring-supported polycarbonate filters
(Costar Corp., Cambridge, MA) and used 6-14 d after plating as de-
scribed previously ( 16). Transepithelial resistance to passive ion flow
was measured as previously described ( 14-16). Inverted monolayers,
used to study transmigration of PMNin the basolateral-to-apical direc-
tion, were constructed as described before ( 14, 16).

Transmigration assay. The PMNtransepithelial migration assay
has been previously detailed (1 1, 12, 14, 15). Briefly, human PMN
were isolated from normal human volunteers and suspended in modi-
fied HBSS (without Ca2" and Mg2", with 10 mMHepes, pH 7.4,
Sigma Immunochemicals, St. Louis, MO) at a concentration of 5
X 107/ml. Before addition of PMN, T84 monolayers were extensively
rinsed in HBSSto remove residual serum components. Transmigra-
tion assays were performed by the addition of PMN(40 ,l) to HBSS
( 160 ul) in the upper chambers after chemoattractant (1 MuMFMLPin
HBSS) was added to the opposing (lower) chambers. Unless otherwise
indicated, PMNwere not washed free of LXA4 before addition to
monolayers, and therefore, a fivefold dilution of lipoxin was present
during the transmigration assay. For apical-to-basolateral transmigra-
tion experiments, PMN(2 X 106) were added at time 0. Wehave
previously shown that transmigration in the basolateral-to-apical direc-
tion, while qualitatively similar, is substantially more efficient than in
the apical-to-basolateral direction ( 14). Therefore, fivefold fewer PMN
(4 x 10) were added when transmigration proceeded in the basolat-
eral-to-apical direction so that baseline transmigration signals be ap-
proximately equivalent in both directions (14). Transmigration was
allowed to proceed for 120 min, unless otherwise noted. All PMNtrans-
epithelial migration experiments were performed in a 37°C room to
ensure that epithelial monolayers, solutions, plasticware, etc., were
maintained at uniform 37°C temperature.

Whenused, inhibitors to cyclooxygenase (indomethacin; Sigma Im-
munochemicals), leukotriene biosynthesis (MK886; a kind gift from
Merck Frosst, Quebec, Canada), G-proteins (pertussis toxin, Calbio-
chem, San Diego, CA), or protein kinase C(H7, Sigma Immunochemi-
cals; and staurosporine, Sigma Immunochemicals) were preincubated
with PMNat indicated concentrations for 15 min at 37°C. Inhibitors
were washed free from PMNby two washes with HBSS. PMNwere
subsequently exposured to LXA4 (10 nM) and PMNtransepithelial
migration was assessed as described above in the apical-to-basolateral
direction.

Transmigration was quantitated by assaying for the PMNazuro-
philic granule marker myeloperoxidase (MPO) as described previously
( 14). After each transmigration assay, nonadherent PMNwere exten-
sively washed from the surface of the monolayer, and PMNcell equiva-
lents (PMNCE), estimated from a standard curve, were assessed as the
number of PMNsassociated with the monolayer, the number that had
completely traversed the monolayer (i.e., across the monolayer into the
reservoir bath), as well as the total number of transmigrating PMN(the
sum of monolayer and reservoir-associated PMN).

Data presentation. Individual experiments were performed using
large numbers of uniform groups of monolayers and PMNfrom indi-
vidual blood donors on individual days. PMNisolation was restricted
to five different blood donors (repetitive donations) over the course of
these studies. Myeloperoxidase assay data were compared by two-fac-
tor ANOVAor by comparison of means using Student's t test. PMN
transmigration results are represented as PMNCEderived from a daily
standard PMNdilution curve. Monolayer-associated PMNare repre-
sented as the number of PMNCE per monolayer and reservoir-asso-
ciated PMN(i.e., PMNthat had completely traversed the monolayer
into the lower chamber) are represented as the number of PMNCEper
milliliter (total volume of 1 ml). Values are expressed as the mean and
SEMof n experiments.

Results

LXA4 exposure to T84 epithelial monolayers does not alter sub-
sequent FMLP-induced PMNtransmigration. PMN's can be
induced to transmigrate across T84 epithelial monolayers in
response to a transepithelial gradient of the chemotactic pep-
tide FMLP(1 gM) ( 11, 14). To determine whether LXA4 ex-
posure to T&4 intestinal epithelial cells influenced subsequent
PMNtransmigration, epithelial cell monolayers were incu-
bated with LXA4 at a concentration 10 nMfor 15 min at 37°C
(conditions which elicit significant effects when PMN's are
preexposed to LXA4, see below), with and without removal of
LXA4 from monolayers, followed by addition of untreated
PMNsunder chemotactic conditions. In these experiments,
PMNtransmigration across T84 monolayers exposed to LXA4
did not differ from vehicle control ( 14.8±1.4 vs 15.7±1.8 X 104
PMNCE/ml for control and LXA4-exposed monolayers, n = 6
each, NS). Removal of LXA4 from monolayers by washing
three times with HBSSbefore addition of PMNhad no appar-
ent effect on the total number of transmigrating PMN
( 14.3±1.1 X 104 PMNCE/ml, n = 6, NScompared to either
control or LXA4-exposed monolayers).

In addition, exposure of intestinal epithelial cells to LXA4
did not significantly influence the integrity of T84 epithelial
monolayers. To examine this, transepithelial resistance to pas-
sive ion flow was assessed before and after addition of 10 nM
LXA4 to T84 intestinal epithelial monolayers for 2 h (simulated
conditions for entire transmigration assay period). During this
period, transepithelial resistance did not significantly decrease
after addition of LXA4 (baseline resistance 1,255±56 Q . cm2
and 1,089±108 Q.cm2 after 2 h, n = 8, NS). These results
suggest that monolayer integrity, as assessed by transepithelial
resistance, was not affected by LXA4 treatment and that epithe-
lial preexposure to LXA4 has no subsequent effect on FMLP-
induced PMNtransmigration.

LXA4 does not stimulate transmigration. To investigate
whether LXA4 could serve to stimulate PMNtransmigration in
this assay system, dilutions of LXA4 in the range of 0.0 1-10
nMwere placed in the lower chamber of transmigration wells.
Untreated PMN's were added to the upper chamber and as-
sessed for chemotactic capacity toward LXA4 in the apical-to-
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basolateral direction. LXA4 was no more effective than HBSS
in promoting PMNtransmigration; compared to FMLP (1
1AM), PMNmigration toward LXA4 resulted in a total of
6±2.1, 9±3.6, 6±2.4, and 12±1.4% of FMLP-induced PMN
transmigration for 0.01, 0.1, 1.0, and 10 nM LXA4, respec-
tively. In the absence of a chemotactic gradient (HBSS),
10±2.9% of FMLP-induced transmigration occurred. These re-
sults indicate that LXA4, in the concentrations tested, did not
stimulate PMNtransepithelial migration.

Preexposure of PMNto LXA4 enhances FMLP-induced
PMNtransmigration in the apical-to-basolateral direction. To
determine if PMNexposure to LXA4 alters subsequent FMLP-
induced transmigration, PMNwere incubated with 10 nM
LXA4 for 15 min, then added directly to the apical surface of
T84 epithelial monolayers, and subsequently assessed for their
ability to traverse T84 epithelial monolayers using a myeloper-
oxidase assay ( 14). PMNpreexposure to LXA4 resulted in sig-
nificantly increased PMNtransepithelial migration in the api-
cal-to-basolateral direction (Fig. 1). Increased PMNmigration
was evident in both monolayer-associated PMNnumbers
(2.98±0.57 vs 6.93±1.77 X 104 PMNCE/monolayer for vehi-
cle control and LXA4-exposed PMN, respectively, P < .001 ),
as well as the number of PMNthat completely traversed the
epithelial monolayer (6.61±0.50 vs 11.02±2.91 x 104 PMN
CE/ml for vehicle control and LXA4-exposed, respectively, P
< 0.01 ), resulting in a nearly twofold increase in the total num-
ber of transmigrating PMN(9.58±1.05 x 104 PMNCE/ml for
vehicle control and 17.95±2.15 X 104 PMNCE/ml for LXA4
preexposed PMN, P < 0.01 ). As reported previously ( 14), ex-
amination of 1 ,m T84 epithelial monolayer sections revealed
that PMNsare only rarely associated with the apical epithelial
surface and the majority of monolayer-associated PMNare
found subjunctionally, indicative of transmigration. There-
fore, monolayer-associated PMNin this apical-to-basolateral
assay are considered transmigrated across the tight junc-

tion, the rate-limiting barrier in PMNtransepithelial migra-
tion ( 14).

To further characterize this transmigratory event, PMNs
were preexposed to LXA4 (10 nM) for various periods of time
and subsequently assessed for their ability to transmigrate
across T84 epithelial monolayers in the apical-to-basolateral di-
rection (Fig. 2). Results in Fig. 2 A show that preexposure of
PMNsto LXA4 resulted in increased total PMNtransmigra-
tion after a LXA4 preexposure period of 5-30 min. (compared
to vehicle controls, for PMNspreexposed to 10 nM LXA4,
transmigration increased by 50, 68, and 51% at 5, 15, and 30
min exposure times, respectively, all P < 0.025). Transmigra-
tion had returned to vehicle control values by 45 and 60 min of
PMNpreexposure to LXA4. Preexposure of PMNto LXA4
was found to be a necessary prerequisite for LXA4 action on
stimulating PMNtransmigration. Indeed, exposure of PMNs
to 10 nMLXA4 immediately before their addition to epithelial
monolayers (i.e., 0 min preexposure) resulted in no effect on
subsequent FMLP-induced PMN migration (Fig. 2 A,

30
Ei

` 25

20

_*- 15
0

10

5

CIntl 5 15_Control 0 5 15 30 45 60

Time PMNPre-exposure, min

30

20 Figure 1. LXA4 en-
U Monolayer hances PMNtransepi-

10 Reservoir thelial migration in the
. 15- In Total apical-to-basolateral di-

rection. PMN(5 x10/
0O10s ml) were preincubated

I 0 *-1 with IO nMLXA4 for
15 min at 370C and

E 5 2 / layered on the apical
surface of washed T.4
epithelial monolayers

0- at a density of 2
Vehicle +LA X16Control +XA4 X 106/monolayer.

PMNwere driven to
transmigrate basolaterally under the influence of a 1-.uM gradient of
FMLP. Shown here are the results obtained from harvesting the
PMN-specific enzyme MPOfrom washed monolayers, lower reser-
voirs and total MPOactivity after 120 min, relative to a known stan-
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barrier to passive paracellular permeation, transmigration is defined
as movement of PMNacross the tight junction. Since monolayer-as-
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tal transmigration in the apical-to-basolateral direction equals the
sum of PMNin the opposite reservoir plus monolayer PMN. Data
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Figure 2. Preexposure time and concentration dependence of lipoxin
A4 on enhanced PMNtransepithelial migration in the apical-to-baso-
lateral direction. PMN(5 X 107/ml) were preincubated with 10 nM
LXA4 for various periods of time in the range of 0-60 min at 37°C
(A) or preincubated with various indicated concentrations of LXA4
for 15 min at 37°C (B) and layered on the apical surface of washed
Tg4 epithelial monolayers at a density of 2 x 106/monolayer. PMN
were driven to transmigrate basolaterally under the influence of a 1
jiM gradient of FMLP. Shown here are the results obtained from
harvesting the PMN-specific enzyme MPOfrom washed monolayers,
lower reservoirs, and total MPOactivity after 120 min, relative to a
known standard number of PMN. Data are pooled from 7-10 indi-
vidual monolayers in each condition, and results are expressed as the
mean and SEM. *, Monolayer; o, reservoir; *, total.
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16.34±4.07 vs 16.61±3.56 X 104 total PMNCE/ml for vehicle
control and LXA4 preexposure for 0 min, respectively, NS).
The LXA4 preexposure time-dependent enhancement of sub-
sequent neutrophil transmigration was largely caused by reser-
voir-associated PMN(11.06±3.05 vs 18.02±3.35, 19.96±3.18,
19.64±3.54 X 104 PMNCE/ml for vehicle control and PMN
LXA4 preexposure times of 5, 15, and 30 min, respectively,
two-factor ANOVAP < 0.01) . However, a significant increase
in the number of monolayer-associated PMNoccurred at 15
min of LXA4 preexposure (4.17±1.17 for vehicle control vs
7.55±0.71 x 104 PMNCE/monolayer for PMNsexposed to
lOnM LXA4,P<0.0l).

The concentration dependence of LXA4 preexposure to
PMNand subsequent PMNtransepithelial migration in the
apical-to-basolateral direction is shown in Fig. 2 B. Preexpo-
sure of PMNto LXA4 concentrations in the range of 1.0 pM-
10 nM for 15 min at 370C elicited increased PMNtransmigra-
tion at doses of 0.1, 1.0, and 10 nMfinal concentrations. Simi-
lar to the time course data presented above, LXA4-elicited
stimulation of PMNtransmigration was manifest as an in-
crease in the number of PMNin lower reservoirs (11.06±3.05
vs 20.38±4.83, 19.96±4.83, 15.43±4.65, 14.11+3.01, and
13.71±4.14 X 104 PMNCE/ml for vehicle control, and PMN
LXA4 preexposure doses of 10, 1, 0.1, 0.01, and 0.001 nM,
respectively, for 15 min, 370C, two-factor ANOVA, P <
0.025).

To determine whether the stimulatory action of LXA4 was
present throughout the incubation period, PMNswere preex-
posed to LXA4 (10 nM, 15 min), layered on the apical surface
of T84 monolayers and driven to transmigrate basolaterally.
Monolayers were harvested at various time points during trans-
migration and assayed for PMNby myeloperoxidase content.
As shown in Fig. 3, the stimulatory effect of LXA4 on PMN
migration in the apical-to-basolateral direction was present by

30
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Figure 3. Lipoxin A4 enhancement of PMNtransepithelial migration
in the apical-to-basolateral direction is present throughout th e assay
period. PMN(5 x 10'/ml) were preincubated with 10 nMLXA4 for
15 min at 37°C and layered on the apical surface of washed T84 epi-
thelial monolayers at a density of 2 x 10'/monolayer. PMNwere
driven to transmigrate basolaterally under the influence of a I-AIM
gradient of FMLP. Monolayers were harvested at the indicated pe-
riods of time. Shown here are the results obtained from assaying the
PMN-specific enzyme MPO, relative to a known standard number
of PMN. Total MPOactivity (including reservoir- and monolayer-
associated MPOactivity) is indicated. Data are pooled from six indi-
vidual monolayers in each condition, and results are expressed as the
mean and SEM. Asterix indicates statistically significant compared to
vehicle control (P < 0.001 ).

45 min after addition of PMN(0.06±0.04 vs 1.51±0.12 x 104
PMNCE/ml for vehicle control and PMNexposed to LXA4,
respectively, P < 0.05), and was maintained throughout the
135-min experimental period (two-factor ANOVA,P < 0.01).

To assess whether preexposure of PMNto LXA4 is revers-
ible, PMNwere incubated with 10 nM LXA4 for 15 min,
washed twice in Ca2" and Mg2+-free HBSS, and assessed for
their ability to migrate across monolayers of T84 epithelial cells
in the apical-to-basolateral direction. Here, PMNsexposed to
LXA4 did not differ from control in their ability to migrate
across T&4 epithelial monolayers (14.1±0.4 vs 14.5±0.3 x 104
PMNCE/ ml for control and LXA4 exposure followed by wash-
out, respectively, n = 6 each, NS). In the presence of LXA4, a
total of 18.6±1.0 X 104 PMNCE/ml migrated (n = 6, P
< 0.025 compared to control and washout control), suggesting
that LXA4-induced enhancement of PMNmigration in the
apical-to-basolateral direction requires the presence of LXA4.

Finally, we determined whether PMN-conditioned LXA4
and epithelial-conditioned LXA4 maintained its ability to en-
hance PMNtransmigration in the apical-to-basolateral direc-
tion. Samples of LXA4 (10 nM) were incubated with either
PMNor T84 epithelial cells for 15 or 45 min. Supernatants were
harvested and subsequently exposed to PMNfor 15 min and
added to the apical surface of T84 monolayers under transmi-
gratory conditions (1 ,uM FMLPtransepithelial gradient) for 2
h at 37°C. Compared to PMNpreexposed to HBSS(11.3±2.2
X 104 total PMNCE/ml), PMNpreexposed to PMN-condi-
tioned LXA4 (15 min) resulted in a total PMNmigration
18.0±2.1 X 104 PMNCE/ml (n = 3, P < 0.05 compared to
control). PMNpreexposed to epithelial-conditioned LXA4 (15
min) resulted in a total PMNmigration 16.8±3.3 X 104 PMN
CE/ml (n = 3, P < 0.05 compared to control). Supernatants
from PMN-conditioned LXA4 (45 min) were not effective in
enhancing PMNtransmigration in the apical-to-basolateral di-
rection (12.36±3.1 X 104 total PMNCE/ml compared to
HBSScontrol of 14.3±3.2 X 104 total PMNCE/ml, n = 3, P
= NS). These results suggest that enhancement of PMNmigra-
tion in the apical-to-basolateral direction involves a step that is
subsequent to PMNpreincubation with LXA4.

PMNpreexposure to LXA4 decreases FMLP-induced PMN
transmigration in the basolateral-to-apical direction. Wehave
recently reported that quantitative as well as qualitative differ-
ences can exist in PMNtransepithelial migration depending on
the direction of migration (19). To investigate the effect of
LXA4 on the polarity of transmigration, we prepared inverted
monolayers (which permit basolateral-to-apically directed
transmigration) to assess whether PMNpreexposure to LXA4
exhibited similar effects as shown above on subsequent PMN
transmigration. Results in Fig. 4 show that preexposure of
PMNto LXA4 (10 nM) for 15 min markedly decreased PMN
transmigration in the basolateral-to-apical direction. Unlike
the results found in the apical-to-basolateral direction, trans-
migration of PMNsin this physiologically relevant direction
was significantly decreased compared to vehicle controls
(28.02±3.08 vs 18.77±1.48 X 104 PMN/ml for control and
PMNspreexposed to 10 nMLXA4 for 15 min, respectively, P
< 0.01, Fig. 4). Transmigration in the basolateral-to-apical di-
rection resulted in no significant difference in the number of
monolayer-associated PMNsafter preexposure to LXA4 (Fig.
4, 2.01±0.20 vs 2.00±0.31 for control and PMNexposed to
LXA4, respectively, P = NS). This polarized action of LXA4
was confirmed by performing parallel apical-to-basolateral and
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Figure 4. Lipoxin A4
decreases PMNtransep-
ithelial migration in the
physiologically relevant
basolateral-to-apical
direction. PMN(I
x 107/ml) were prein-
cubated with 10 nM
LXA4 for 15 min at

370C and layered on the
basolateral surface of
washed Tg4 epithelial

+ LXA4 monolayers (i.e., in-
verted monolayers) at a

density of 4 X 105/monolayer. PMNwere driven to transmigrate
apically under the influence of a l-,uM gradient of FMLP. Shown here
are the results obtained from harvesting the PMN-specific enzyme
MPOfrom lower reservoirs and washed monolayers after 120 min,
relative to a known standard number of PMN. Since tight junctions
are the rate limiting barrier to passive paracellular permeation, trans-
migration is defined as movement of PMNacross the tight junction.
Since monolayer-associated PMNwere largely below the tight junc-
tion (see Results), total transmigration in the basolateral-to-apical
direction equates with PMNin the opposite reservoir only. Data are

pooled from nine individual monolayers in each condition, and re-

sults are expressed as the mean and SEM. Asterix indicates statisti-
cally significant compared to vehicle control (P < 0.01 ).., Mono-
layer; a, reservoir.

basolateral-to-apical transmigration experiments using T84
cells from the same plating and same passage and using PMN
from the same donors on three separate occasions.

A time course of LXA4 preexposure to PMNswas next
performed for basolateral-to-apical directed migration. The re-

sults revealed that, similar to the apical-to-basolateral direc-
tion, decreased transepithelial migration was present at 15 min
of PMNpreexposure to 10 nMLXA4 ( 1 1.07±1.83 for control
vs 6.29±1.21 X 104 PMN/ml, P < 0.01 ). No differences in the
number of monolayer-associated PMNwere present at any pe-

riod of LXA4 exposure (data not shown). Dose-response ex-

periments (all 15 min preexposure, Fig. 5) revealed that preex-

posure of PMNto 10 and 1 nMLXA4 resulted in a significantly
reduced number of transmigrating PMNin the basolateral-to-
apical direction ( 1 1.07±1.83 X 104 PMN/ml for control sam-

ples vs 6.29±1.21 and 6.99±1.33 x 104 PMN/ml after preex-

posure to 10 and 1 nMLXA4, respectively, both P < 0.025).
Again, this diminished transmigratory response in the basolat-
eral-to-apical direction was associated with reservoir-asso-
ciated PMNonly, with no apparent effect on the number of
monolayer-associated PMN.

Wealso determined whether PMN-conditioned LXA4 or

epithelial-conditioned LXA4 were effective in decreasing PMN
transmigration in the basolateral-to-apical direction. Similar to
our results in the apical-to-basolateral direction (see above),
PMN preexposed to either PMN-conditioned LXA4
(8.07±1.63 vs buffer control 13.18±1.91 X 104 PMN/ml, n

= 4, P < 0.025) or epithelial-conditioned LXA4 (9.01±1.76
compared to buffer control of 14.23±2.06 X 104 PMN/ml, n
= 4, P < 0.04) maintained activity that decreased PMNtrans-
epithelial migration in the basolateral-to-apical direction.

Preexposure of PMNto structurally related lipoxins. To
investigate the specificity of LXA4 causing decreased transmi-
gration in the physiological direction, we also examined the
effects of PMNexposure LXB4 and 1 1-trans-LXA4 (Fig. 6).

15
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>z 9
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'~. 6

: 3 3

0
Control 104 10-9 10.10 10.11

[LXA4], nM

Figure 5. Concentration dependence of lipoxin A4 on decreased PMN
transepithelial migration in the basolateral-to-apical direction. PMN
(1 X 107/ ml) were preincubated with various indicated concentra-
tions of LXA4 for 15 min at 370C and layered on the basolateral
surface of washed Tg4 epithelial monolayers at a density of 4
x 105/monolayer. PMNwere driven to transmigrate basolaterally
under the influence of a 1 ,uM gradient of FMLP. Shown here are the
results obtained from harvesting the PMN-specific enzyme MPO
from lower reservoirs and washed monolayers after 120 min, relative
to a known standard number of PMN. Data are pooled from 9-12
individual monolayers in each condition, and results are expressed as
the mean and SEM. ., Monolayer; a, reservoir.

PMN's were preincubated with these compounds using condi-
tions as described above ( 10 nM, 15 minm 370C) and layered on

T84 monolayers (physiologically oriented) under chemotactic
conditions (1 1gM FMLP in lower reservoir). Preexposure of
PMNsto 10 nM LXB4, 1 l-trans-LXA4 produced a 7±4% (P
= NS compared to vehicle control) and 16±6% (P < 0.05)
inhibition of PMNtransmigration, respectively, while LXA4

* Figure 6. Comparison
30 of lipoxin A4 struc-

turally related com-

pounds on decreased
-C _ PMNtransepithelial
I 20 ** migration in the baso-

lateral-to-apical direc-
tion. PMN(1 X IO'/
ml) were preincubated

i10 - _ _ with 10 nM LXA4,
_ < _ LXB4, or l l-trans-

LXA4 for 15 min at

Q. 370C and layered on the
O - _ _ _ basolateral surface of

LXA4 LXB 11-Irons- washed Tg4 epithelial
LXA4 monolayers (i.e., in-

Eicosanoid verted monolayers)
at a density of 4

X 10'/monolayer. PMNwere driven to transmigrate apically under
the influence of a 1 gMgradient of FMLP. Shown here are the results
obtained from harvesting the PMN-specific enzyme MPOafter 120
min, relative to a known standard number of PMN. Total MPOac-

tivity (including reservoir- and monolayer-associated MPOactivity)
is expressed as the percent PMNmigration inhibition. Data are

pooled from seven individual monolayers in each condition, and re-

sults are expressed as the mean and SEM. Asterix indicates statisti-
cally significant compared to vehicle control (* P < 0.01; **P < 0.05).
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inhibited migration by 28±4% (P < 0.01). These observations
suggest structural specificity for LXA4.

Effect of inhibitors on LXA4-elicited enhancement of PMN
transepithelial migration in the apical-to-basolateral direction.
To determine whether LXA4-induced modulation of PMN
transmigration could be pharmacologically altered, a series of
experiments were done in which PMNwere exposed to specific
inhibitors, washed free of inhibitor and subsequently assayed
for the LXA4 effect on PMNtransepithelial migration in the
apical-to-basolateral direction.

Preexposure of PMNto indomethacin (50 ,M, 15 min,
37°C), a cyclooxygenase inhibitor (30), did not effect baseline
PMNtransmigration in the presence of a transepithelial gra-
dient of FMLP( 109±13% vehicle control, n = 6, P = NScom-
pared to untreated control). Likewise, preexposure of PMNto
indomethacin followed by exposure to LXA4 (10 nM) did not
alter the LXA4-elicted increase in FMLP-driven PMNtransmi-
gration in the apical-to-basolateral direction (61 ± 11% increase
vs 54±7% increase over control for LXA4-treated PMNwith
and without indomethacin, respectively, P = NS). In addition,
PMNpretreatment with the compound MK886 (10 ng/ml), a
specific inhibitor of leukotriene generation ( 31 ), did not alter
baseline FMLP-driven PMNtransmigration and did not effect
the LXA4-elicited increase in PMNtransepithelial migration
(data not shown).

Staurosporine, a potent inhibitor of protein kinase C
(PKC) (32), was assessed for its ability to inhibit the LXA4
effect. Interestingly, staurosporine alone (10 nM final concen-
tration) was found to inhibit PMNtransepithelial migration
(93±5% inhibition vs vehicle control, n = 3, P < 0.001 ). These
data were also confirmed using the PKC inhibitor H7 (33)
(100 ,M final concentration, 91±4% inhibition compared to
vehicle control, n = 3, P < 0.001 ). Likewise, the LXA4-elicited
(10 nM) increment in transmigration was sensitive to stauro-
sporine (89±7% inhibition compared to vehicle control, n = 3,
P < 0.001). Preexposure of PMNto pertussis toxin (34) (2
,ug/ml) also inhibited baseline FMLP-driven transmigration
(91±8% inhibition compared to vehicle control, n = 6, P
< 0.001 ). The LXA4-elicited (10 nM) increase in PMNtrans-
migration (46±3% increase compared to control, P < 0.01)
was also sensitive to PMNpreexposure to pertussis toxin
(87±4% inhibition of control, n = 6, P < 0.001 ).

Wenext assessed the possibility of differential sensitivity to
staurosporine for baseline and LXA4-stimulated increases in
FMLP-driven PMNtransmigration. Staurosporine inhibited
baseline PMNtransepithelial migration in a dose-dependent
manner (94±4%, 96±9%, 67±11%, 54+8%, 35±11%, and
I 1 ±6% inhibition compared to vehicle controls for concentra-
tions of 100, 10, 1, 0.1, 0.01, and 0.001 nM staurosporine,
respectively, P < 0.01 by ANOVA). From this dose response,
we selected a concentration that was approximately half-maxi-
mal in inhibiting PMNtransmigration (0.1 nM, see above).
PMNwere then preexposed to staurosporine (0.1 nM, 15 min,
37°C), washed free of inhibitor, and subsequently assessed for
the LXA4 effect on PMNtransepithelial migration. Here, the
LXA4-elicited increase in transepithelial migration of PMN
was observed to be sensitive to PKCinhibition, since the rela-
tive inhibition by staurosporine was equivalent with and with-
out LXA4 (54±6% and 49±7% decrease in total PMNtransmi-
gration for staurosporine-treated PMNin the presence and ab-
sence of LXA4, respectively, P = NS; both decreased compared
to staurosporine-untreated controls, n = 6, P < 0.025). These

results indicate that LXA4-elicited increases in PMNtransmi-
gration in the apical-to-basolateral direction are not sensitive to
inhibition of the cyclooxygenase pathway or the specific inhibi-
tion of leukotriene generation, but is sensitive to inhibitors
of PKC.

Discussion

During inflammatory processes, PMNare recruited from the
blood by signals derived at inflammatory sites. At sites of acute
inflammation, PMNfunction may be regulated by a variety of
inflammatory signals, including both protein- and lipid-de-
rived signals. PMNfunction at organ-specific sites, including
the intestine, is thought to contribute to epithelial dysfunction
during disease. Here we report for the first time that the arachi-
donic acid-derived eicosanoid LXA4 modulates PMNmigra-
tion across a model human intestinal epithelium. In addition,
we report that LXA4 exerts an effect on transmigration in a
polarized fashion.

LXA4 enhances PMNtransepithelial migration in the api-
cal-to-basolateral direction. For technical reasons, previous
studies of PMNtransepithelial migration have focused on
"nonphysiologically" oriented monolayers, in which leukocyte
migration is in the apical-to-basolateral direction ( 11, 13, 14,
19, 35 ). PMNspreexposed to LXA4and driven to transmigrate
across epithelial monolayers oriented nonphysiologically re-
sulted in enhanced PMNmigration (Figs. 1 and 2). The action
of LXA4 was found to be specific for PMNbut not epithelial
cells, since enhanced PMNmigration in this direction was
dose- and time-dependent, and no measurable effects on PMN
transepithelial migration were observed when epithelial mono-
layers were preexposed to LXA4 under conditions that pro-
moted enhanced PMNmigration. These results are consistent
with previous studies which report that LXA4, in similar con-
centrations used here, was capable of activating PMNin vitro
(36). In our model system, LXA4 enhanced PMNtransmigra-
tion in a manner independent to that of FMLP, since in all
conditions PMNmigration was driven toward a gradient of
FMLP, suggesting that the proportion of PMNmigration ex-
ceeding that of FMLPcontrols is dependent on a LXA4-me-
diated event. Moreover, these results suggest that the action of
LXA4 may be synergistic with FMLP, since LXA4by itself does
not promote PMNmigration in the absence of FMLP (see
Results).

Wehave also found that preexposure of PMNto LXA4
modulates migration of PMNin a polarized manner. That is,
an opposite effect was observed depending on the direction of
PMNmigration. The observed effect of LXA4 inhibition of
PMNtransmigration in the physiologically oriented (basolat-
eral-to-apical) direction was dependent on concentration, as
well as the duration of preexposure (Figs. 4 and 5). These ef-
fects were found to be selective for LXA4, since no effect was
observed with the positional isomer LXB4 (Fig. 6). As de-
scribed for leukocyte movement across endothelia (38), PMN
migration across epithelial monolayers is likely a multistep pro-
cess requiring engagement and disengagement of several recep-
tor-ligand complexes between PMNand epithelial cell. The
specific events involved in PMNtransepithelial migration are
poorly understood at the present time, but in part requires the
PMN132 integrin CDl lb/CD 18 and are independent of inter-
cellular adhesion molecule- 1 ( 14). In addition, PMNtransepi-
thelial migration can be regulated by exposure of T84 epithelial
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monolayers to the lymphokine IFN-y ( 19). In light of the po-
larized nature of this epithelium ( 17, 18, 37), it would not be
surprising that the sequence by which PMNencounters epithe-
lial ligands directly regulates PMNtransmigration. Moreover,
PMNmigration across endothelia requires a sequential series
of activation and deactivation steps on the PMNsurface, of
which lipid-derived activating factors may play an important
role (reviewed in reference 38). Whether LXA4 could act as a
lipid-derived factor for expression of a crucial ligand in the
regulation of PMN transmigration across epithelia is not
known. Evidence to support this hypothesis is provided by a
recent study characterizing lipoxin binding sites on human
PMN(39). With a reported Kd of 0.5 nMand - 1,800 binding
sites per cell, the range of LXA4 concentrations used in the
present study (0.01-10 nM) should provide maximal activa-
tion of subsequent signal transduction steps, most of which
remain to be elucidated, but appears to involve a Gprotein-as-
sociated activation step (39) and possibly a signaling step
through PKCas determined by inhibition using staurosporine
(see Results).

Recent in vivo studies have shown that LXA4 is an impor-
tant inflammatory mediator at several distict anatomic sites,
including the lung (28), kidney (40), blood vessel (41), and
hamster cheek pouch (26). The data reported here suggest that
LXA4-elicited alterations exert effects at the level of PMNand
subsequently modulate PMN-epithelial interactions. Previous
studies have shown that production of lipoxygenase products
of arachidonic acid correlates with intestinal inflammation.
Specifically, an enhanced conversion of arachidonate to 5-, 12-
and 1 5-hydroxy-eicosatetraenoic acid (HETE) has been shown
in ulcerative colitis homogenates (42) as well as increased bio-
synthesis of LTB4 in Crohn's disease (43). The present results
suggest that lipoxins, and specifically by their action on PMN,
may play a role in intestinal disease.
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