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SUMMARY

The arachidonic acid metabolites leukotriene B, (LTB,) and prostaglandin E, (PGE,) may play an
important role in inflammation. It is not known whether these mediators influence the binding of
lymphocytes to endothelial cells, a process which is important in the extravasation of lymphocytes in
inflammatory states. In the present investigation, the effect of LTB, and PGE, on the binding
interaction between lymphocytes and endothelial cells was examined using a centrifugation cell
binding assay. Although LTB, elicited an aggregation response on human polymorphonuclear
leucocytes (PMNL) and enhanced their binding to endothelial cells it had no effect on lymphocyte
binding. By contrast, PGE, caused a dose-dependent inhibition of lymphocyte binding to endothelial
cells. The inhibitory effect of PGE; had a rapid onset but was exhibited only when PGE, was present
continuously during the cell binding assay. Although the mechanism by which PGE; acts is not clear,
it may provide a negative feedback mechanism in regulating the influx of lymphocytes into

inflammatory sites.
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INTRODUCTION

Lymphocytes are highly mobile cells which continuously recir-
culate between the vascular compartment and lymphoid tissues
via specialized post-capillary venules known as high endothelial
venules (Gowans & Knight, 1964). Morphologically and func-
tionally similar post-capillary venules are also present in
chronically inflamed tissues (Freemont & Ford, 1985).

The adherence of lymphocytes to endothelium is one of the
important initial events in the migration of lymphocytes
through the vascular wall. It has been proposed that peptide
cytokines such as interleukin-1 (IL-1), tumour necrosis factor-
alpha (TNF-a), and interferon-gamma (IFN-y) are important in
the migration of lymphocytes as they enhance the binding of
lymphocytes to endothelial cells (Cavender er al., 1986;
Cavender, Saegusa & Ziff, 1987; Yu et al., 1985; Masuyama,
Minato & Kano, 1986). The cytokines also induce the
expression of specific surface antigens on endothelial cells and
these may assist in the recruitment of lymphocytes into tissues
(Pober et al., 1983, 1986a).

Little is known about the role of lipid mediators of
inflammation on the adhesive interaction of lymphocytes and
endothelial cells. The two principal lipid mediators produced in
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leukotriene B, prostaglandin E,

leucocytes are leukotriene B, (LTB,) and prostaglandin E,
(PGE;) which are derived from arachidonic acid via the
S-lipoxygenase and cyclooxygenase pathways, respectively
(Needleman et al., 1986). LTB, is a potent chemoattractant for
polymorphonuclear leucocytes (PMNL) in vitro (Ford-Hutch-
inson et al., 1980) and causes their migration into perivascular
sites when applied topically to the skin (Camp et al., 1984;
Winklemann et al., 1986). In vitro, LTB, enhances the binding of
PMNL to endothelial cells (Hoover et al., 1984; Gimbrone,
Brock & Schafer, 1984). It has recently been reported that LTB,
also increases the binding of lymphocytes to rat endothelial cells
in vitro (Renkonen et al., 1988). PGE,, on the other hand, exerts
inhibitory effects on lymphocyte functions. It inhibits lympho-
cyte chemotaxis in vitro (Van Epps, 1981) and causes cell shut-
down in lymph nodes (Hopkins, McConnell & Pearson, 1981).

In the work reported here, we have used the centrifugation
cell binding assay of McClay et al. (1981), with minor modifica-
tions, to examine the effect of LTB, and PGE, on lymphocyte-
endothelial cell binding interactions. This reproducible tech-
nique has been previously applied to a study of the adherence of
PMNL to endothelial cells (Charo et al., 1985, 1986). Using this
technique, we have demonstrated that whereas LTB, enhances
the adhesion of PMNL to endothelial cells it has no effect on
lymphocyte binding to endothelial cells. In contrast, PGE;
causes a rapid onset, dose-dependent inhibition of lymphocyte
binding.
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MATERIALS AND METHODS

Endothelial cell tissue culture

Endothelial cells were obtained from human umbilical veins by
collagenase digestion as previously described (Jaffe et al., 1973).
Cells were maintained in growth medium consisting of M199
supplemented with 20% heat-inactivated fetal calf serum (FCS)
(Commonwealth Serum Laboratories, Victoria, Australia), 15
mM NaHCO;, 20 mm HEPES buffer, 100 U/mL penicillin, 100
ug/ml streptomycin, 100 ug/ml bovine lung heparin (Sigma
Chemical Company, St Louis, MO) and 50 ug/ml endothelial
cell growth supplement (Collaborative Research, Bedford,
MA). Cells in the monolayer were confirmed to be endothelial in
origin by immunoperoxidase staining with rabbit anti-human
factor VIII-related antigen serum (Dakopatts, Glostrup, Den-
mark). At confluence, cells were detached with 0-05% trypsin
(Commonwealth Serum Laboratories) and 0-02% EDTA (Ajax
Chemicals, Sydney, Australia). Only endothelial cells of pass-
ages two to four were used.

Preparation of LTB, and PGE,

LTB, was prepared from rat PMNL according to the method of
Forrest, Zammit & Brooks (1988). Rat PMNL were obtained
from the peritoneal cavities of animals 4 h after the injection of
20 ml of a 5% peptone (Oxoid, Hampshire, UK) solution in
phosphate-buffered saline. The cells were washed in Ca* *- and
Mg+ +-free HBSS (Sigma) and then resuspended in complete
HBSS containing 0-25% bovine serum albumin (BSA, Sigma).
The cells were incubated with arachidonic acid (10 ug/ml,
Sigma) and calcium ionophore A23187 (1 ug/ml, Sigma) for 15
min at 37°C. The cell suspension was immediately centrifuged at
2500 g for 15 min and LTB, was extracted from the supernatant
using a C-18 solid phase extraction column (Baker Chemical
Company, Phillipsburg, NJ). This crude extract was further
purified by reverse-phase high performance liquid chromato-
graphy using an Altex Ultrasil ODS column (Beckman Instru-
ments, Altex Division, San Ramon, CA). LTB, was identified
and measured by comparison with the elution time and peak
height of synthetic LTB, (a generous gift from Dr J. Rokach,
Merck, Frosst, Canada). The biological activity of the LTB,
preparation was tested by performing an aggregation assay on
both rat and human PMNL according to a previously described
method (Ringertz ez al., 1982). PGE, was obtained commer-
cially from Sigma and reconstituted in 100% ethanol.

Isolation of normal human lymphocytes

Mononuclear cells from normal peripheral blood were separ-
ated by centrifugation on Ficoll-Paque (Pharmacia Fine
Chemicals, Uppsala, Sweden). Lymphocytes were obtained by
counter-flow centrifugal elutriation according to the method of
Hopper et al. (1987). Mononuclear cells were resuspended in
elutriation medium consisting of Ca**- and Mg* *-free HBSS
containing 0-4% BSA, 0-38% trisodium citrate (Ajax Chemi-
cals), 15 mm NaHCO; and adjusted to pH 7-4. Elutriation was
performed using the Beckman JE-6B elutriator rotor with a
standard chamber (Beckman Instruments). Flow rates of
elutriation medium were from 80 to 22-5 ml/min with the rotor
running at 540 g. Fractions 2 and 3, consisting of mainly
lymphocytes, were pooled. This preparation of cells contained
less than 3% 63D3+ cells (monocytes/macrophages) as deter-
mined by flow cytometric analysis.

SICr labelling of lymphocytes

Lymphocytes were resuspended in M199 supplement with 20%
FCS. Na,*!CrO,4 was added at a level of 10uCi/10° cells giving a
final radioactivity of 500 uCi/ml. The cells were incubated at
37°C for 60 min, then washed twice with 10 ml M 199 to remove
soluble !Cr. Residual *!Cr and dead cells were removed by
centrifuging the labelled cells through 4 ml of FCS.

Lymphocyte-endothelial cell binding assay

With minor modifications, lymphocyte adherence to endothelial
cells was assayed by the centrifugation cell binding method of
McClay et al. (1981). Endothelial cells at confluence were
removed from culture flasks with trypsin and EDTA, centri-
fuged and resuspended in M199 with 20% FCS at a concentra-
tion of 2 x 10° cells/ml. Aliquots of 0-2 ml were then plated onto
96-well plates composed of strips of flat-bottomed wells (Dyna-
tech Laboratories, Chantilly, VA) precoated with human
fibronectin (10 ug/ml, Collaborative Research). Endothelial
cells were cultured overnight after which time confluence was
usually achieved. 5'Cr-labelled lymphocytes were resuspended
at a concentration of 1x10° cells/ml in assay medium
(M199+10% FCS). Aliquots of 0-2 ml were then added to each
well and the 96-well plates were spun at 50 g for 1 min in a
centrifuge equipped with plate carriers (H.I. Clements, North
Ryde, NSW, Australia). Lymphocytes and endothelial cells
were allowed to interact in a humidified incubator of 5% CO,
and 95% air for 10 min at 37°C. Excess warm assay medium was
then added to each well to create a positive meniscus and the
plates were sealed with adhesive plastic sealers avoiding trap-
ping air bubbles. The plates were inverted and centrifuged at 400
g for 10 min at 22°C. While still inverted, the plates were snap-
frozen in ethanol/dry ice mixture. The bottoms of the wells were
cut off using an animal toenail cutter and the extent of
lymphocyte binding was determined by gamma counting. The
percentage of lymphocytes bound was calculated as follows:

ct/min bound lymphocytes
ct/min lymphocytes added

x 100%

Treatment of lymphocytes and|or endothelial cells
Lymphocytes and endothelial cells were either pretreated or
coincubated with LTB, or PGE, at 37°C for up to 60 min.
Pretreated lymphocytes were washed twice with assay medium
before the binding assay. Pretreated endothelial cells in 96-well
plates were washed once with 0-2 ml assay medium before
lymphocytes were added.

Statistical analysis
Results were analysed by one-way multiple analysis of variance.

RESULTS

Validation of lymphocyte—endothelial cell centrifugation binding
assay using cytokines and mitogens

Treatment of endothelial cells with IFN-y, IL-1 or phorbol
myristate acetate (PMA) enhances lymphocyte binding (Yu et
al., 1985; Cavender et al., 1986; Haskard, Cavender & Ziff,
1986). Treatment of lymphocytes with phorbol dibutyrate
P(Bu); increases their adherence to endothelial cells (Haskard ez

al ., 1986). We used recombinant IFN-y (a generous gift from Dr
G. Adolf, Ernst-Boehringer Institute fur Arzneimittelforschung,
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Fig. 1. Evaluation of lymphocyte-endothelial cell centrifugation bind-
ing assay using known positive controls. Endothelial cells were pre-
treated with IFN-y (250 U/ml, 20 h), purified IL-1 (5 U/ml, 5 h), PMA
(100 ng/ml, 1 h) or medium control (O0), and washed with 0-2 ml assay
medium before the addition of untreated lymphocytes. P(Bu); (50 ng/
ml) or medium was used to pretreat lymphocytes for 15 min and washed
twice with assay medium before overlaying on to untreated endothelial
cells. Mean+s.d. of triplicate determinations of a representative
experiment. *P <0-001.
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Fig. 2. Dose-dependent enhancement effect of LTB; on PMNL-
endothelial cell binding. PMNL and endothelial cells were coincubated
with assay medium or LTB4 for 10 min at 37°C before non-adherent
PMNL were removed by centrifugation. Mean +s.d. of means of four
separate experiments each conducted in triplicate. * P < 0-05; T P < 0-005.

Vienna, Austria), purified IL-1 (Cistron Biotechnology, Pine
Brook, NJ), PMA (Sigma) and P(Bu), (Sigma) as positive
controls to evaluate the centrifugation technique on lympho-
cyte-endothelial cell binding. Figure 1 shows that all positive
controls tested enhanced lymphocyte-EC binding. Good repro-
ducibility between replicates was consistently achieved with a
coefficient of variation of less than 10%.

Biological activity of biosynthesized LTB;

LTB, obtained from rat PMNL caused both rat and human
PMNL to aggregate (data not shown). The same LTB, prep-
aration also enhanced the binding of human PMNL to endothe-
lial cells in a dose-dependent fashion, as shown in Fig. 2. The
enhancement was statistically significant at LTB, concentra-

Table 1. Lack of effect of leukotriene Bs (LTB4) on lymphocyte-
endothelial cell binding

Lymphocyte-endothelial cell binding (%)

LTB,4 concentration

Medium

Donor  control 10~ 2m 10~y 10~ %m 10-%m

1(a) 170+ 14 166+14 16:5+1-1 162+2-1 181404
2(a) 29-4+29 293420 293429 285409 289+1-8
3(a) 25-8+04 257409 260406 26:7+16 257405
4(b) 152409 192422 179406 182+14 165+1-0
5(b) 199+13 227+06 242423 233407 240412
6(b) 169430 166+09 177407 194+06 19-1+06
7(c) 233403 23-8+1-3 250414 232410 227+18
8(c) 20:4+02 22:1+2:6 212404 21:5+03 218407
9(c) 240415 232+07 237404 234402 234413

Cells were incubated with assay medium or LTB, for 60 min at 37°C.
(a) Endothelial cells alone; (b) lymphocytes alone; and (c) endothelial
cells and lymphocytes together. Data are expressed as mean+s.d. of
triplicate determinations. Different individual donors exhibit consider-
able differences in baseline binding.

tions >10-%M. Basal binding of PMNL to endothelial cells in
the presence of medium alone was substantially lower (2-4%)
than that observed with lymphocytes (12-30%), which is
consistent with a previous report (Pober et al., 1986b).

Effect of LTB, on lymphocyte-endothelial cell binding
Pretreatment of either endothelial cells or lymphocytes alone
with LTB, at any dose (10~'2-10~¢ M) for up to 60 min had no
effect on lymphocyte-endothelial cell binding. Similarly, co-
incubation of lymphocytes and endothelial cells with LTB,4 had
no effect on binding, even at LTB, concentrations of 10~%m
(Table 1).

Effect of PGE: on lymphocyte-endothelial cell binding

To determine the effect of PGE, on lymphocyte binding,
lymphocytes and endothelial cells were coincubated with 10-¢ M
PGE, for various periods of time before the non-adherent
lymphocytes were removed by centrifugation. As shown in Fig.
3, the inhibitory effect of PGE, had a rapid onset (5 min) and
reached a maximum after 20 min. Although PGE, was reconsti-
tuted in ethanol, controls containing equivalent amounts of
ethanol did not show any inhibitory effect (data not shown).
Furthermore, the presence of ethanol did not affect the viability
of either lymphocytes or endothelial cells during the 60 min
incubation (viability >96% by trypan blue exclusion test). The
inhibitory effect of PGE, was dose-dependent with the greatest
inhibition occurring at 10-¢ M (Fig. 4). The results with PGE,
concentrations greater than 10-¢ M could not be meaningfully
interpreted as the equivalent amounts of ethanol used as the
control caused disruption of endothelial cells monolayer over a
60-min incubation period.

Effect of prostacyclin (PGI,) on lymphocyte-endothelial cell
binding

In order to examine whether PGI; has the same effect as PGE,
on lymphocyte binding, a stable PGI, analogue, iloprost



LTB, and PGE; effects on lymphocyte-endothelial cell binding 163

n
o
T

Ef:ﬂ——“\u——i/a

I\E\l\ =

S

Lymphocytes bound (%)

o 5 10 20 30 40

Time (min)

Fig. 3. Kinetics of PGE, inhibition on lymphocyte-endothelial cell
binding. Significant inhibition was observed shortly (5 min) after the
addition of PGE; and maximum inhibition was reached after 20 min.
The difference between PGE,-treated wells and control wells was
significant (P <0-001) from 5 min onwards and remained constant from
20 min to 60 min incubation. Results are from a representative
experiment and expressed as mean +s.d. of triplicate determinations. O,
Medium; ®, 10~¢ M PGE,.
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Fig. 4. Dose-dependent inhibition of lymphocyte-endothelial cell
binding by PGE; (O) and iloprost (B). Lymphocytes and endothelial
cells were co-incubated with either PGE; or iloprost for 60 min at 37°C.
Results, from a representative experiment of at least three other
experiments, are expressed as the percentage inhibition calculated by the
formula:

( | _mean % binding in PGE,/iloprost wells

0,
mean% binding in control wells ) * 100%

(ZK 36374, generously donated by Schering, Berlin, FRG), was
used. The iloprost was biologically active as it inhibited platelet-
activating factor induced aggregation of washed rabbit platelets
(data not shown). However, it had only minor inhibitory effects
on lymphocyte-endothelial cell binding by comparison with the
effects of PGE; used at equivalent concentrations (Fig. 4).

Inhibition of lymphocyte-endothelial cell binding requires pres-
ence of PGE,

In an effort to determine whether the inhibitory effect of PGE,
was exerted principally on the lymphocytes or the endothelial
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Fig. 5. Effect of PGE; on lymphocyte binding to TNF-a-treated
endothelial cells. Endothelial cells were pretreated with assay medium or
recombinant TNF-a for 4 h at 37°C before lymphocytes were added.
Lymphocytes and endothelial cells were then co-incubated with 106 M
PGE, (®) or assay medium containing equivalent concentrations of
ethanol (O) for 60 min at 37°C. Results are from a representative
experiment and expressed as mean +s.d. of triplicate determinations.

cells, the two types of cells were pretreated separately with PGE,
for 60 min at 37°C and then washed with assay medium before
the binding assay. However, the inhibitory effect of PGE, was
totally abolished when PGE, was not present during the binding
assay (data not shown).

Effect of PGE, on lymphocyte binding to cytokine-treated
endothelial cells

We evaluated whether PGE, could inhibit the enhanced lym-
phocyte adhesion to endothelial cells pretreated with cytokines.
Endothelial cells were treated with human recombinant TNF-«
(Genzyme Corporation, Boston, MA) for 4 h at 37°C prior to
the lymphocyte-endothelial cell binding assay. TNF-a was
removed and endothelial cells were washed once with 0-2 ml
assay medium before lymphocytes were overlaid. Lymphocytes
and endothelial cells were then incubated either with 10-¢ M
PGE, or assay medium containing equivalent amounts of
ethanol for 60 min at 37°C. TNF-« induced a dose-dependent
enhancement of lymphocyte binding to endothelial cells (Fig. 5).
Addition of 10-¢ M PGE; resulted in inhibition of lymphocyte
binding, but the effect was constant independent of the TNF-a
concentration used. Treatment with 10-¢ M PGE; thus failed to
abrogate the augmented lymphocyte adhesion observed with
TNF-a concentrations of > 10 pg/ml (Fig. 5).

DISCUSSION

In the present investigation, we have used a centrifugation cell
binding assay (McClay et al., 1981), with minor modifications,
to study the effect of LTB, and PGE, on lymphocyte-endothe-
lial cell binding interaction. This centrifugation assay provides
good reproducibility between replicates with coefficient of
variation consistently less than 10%. The assay has allowed us to
confirm previous observations that pretreatment of endothelial
cells with IL-1, IFN-y or PMA enhances the adhesion of
lymphocytes (Yu et al., 1985; Cavender et al., 1986; Masuyama
et al., 1986, Haskard er al., 1986) while pretreatment of



164 S.S.T. To & L. Schrieber

lymphocytes with P(Bu), increases their ability to bind to
endothelial cells (Haskard et al., 1986).

In this study, LTB,4 had no effect on lymphocyte-endothelial
cell binding at any concentration tested. The lack of effect was
not due to a lack of biological activity, since the same LTB,
preparation caused aggregation of both rat and human PMNL
and also enhanced the adhesion of human PMNL to endothelial
cell monolayers. Our observations are at variance with those
recently reported by Renkonen et al. (1988) of increased
lymphocyte binding to endothelial cells following LTB, treat-
ment. However, those investigators used a rodent model and
this may account for the disparity.

Most investigations of the effect of mitogens (e.g. PMA,
P(Bu),, bacterial lipopolysaccharide) and cytokines (IL-1,
TNF-a, IFN-y) on lymphocyte-endothelial cell binding have
reported enhanced binding (Yu et al., 1985, 1986; Haskard ez al.,
1986; Masuyama et al., 1986; Cavender et al., 1986, 1987). By
contrast, we have demonstrated that PGE, causes a dose-
dependent inhibition of lymphocyte binding. Inhibition was
observed with 10-% M PGE, and reached a maximum of 30%
reduction of basal binding at 10-%) (Fig. 4), the highest
concentration used in this study. However, we were unable to
determine whether the lymphocytes or the endothelial cells were
the target of PGE; effect, due to the rapid loss of inhibition when
PGE, was removed. The failure of PGE, to abrogate the
augmented lymphocyte binding observed after treatment of
endothelial cells with TNF-a (Fig. S) suggests that lymphocytes
rather than endothelial cells are the target of PGE,. PGE,
inhibition cannot be explained by a loss of lymphocyte viability.
The reason for partial inhibition (30%) is unclear, although
possible explanations include an effect on only subset(s) of
lymphocytes present in the overlaid population. Experiments
with lymphocyte subpopulations may help to delineate which
lymphocyte subset(s) is responsive to PGE,.

The mechanism by which PGE; inhibits lymphocyte binding
is unclear. Its rapid onset suggests that it causes changes in cell
membrane properties rather than acting through new protein
synthesis as occurs with cytokine stimulation of endothelial cells
where enhanced binding is observed only hours after the
application of cytokines (Yu et al., 1985; Masuyama et al., 1986;
Cavender et al., 1986, 1987). PGE, enhances the production of
cAMP in lymphocytes and this molecule plays a second
messenger role in PGE,-mediated responses (Goodwin, Brom-
berg & Messner, 1981). Similar or more potent inhibitory effects
on lymphocyte-endothelial cell binding might be anticipated
with PGI, compared with PGE, because it is a more potent
stimulator of adenylate cyclase activity, at least in platelets
(Gorman, Bunting & Miller, 1977), than PGE,. However,
iloprost (the stable PGI; analogue) had only a minor inhibitory
effect on lymphocyte-endothelial cell binding compared with
PGE, used at equimolar concentrations, although it inhibited
platelet aggregation induced by platelet-activating factor. The
lack of effect of iloprost may be due to the absence of PGI,/
iloprost receptors on lymphocytes, whereas the presence of
PGE, receptors on lymphocytes has previously been demon-
strated (Goodwin et al., 1979).

Results from our preliminary experiments (data not shown)
support a role for cCAMP as the second messenger in the
inhibitory effect of PGE, on lymphocyte-endothelial cell bind-
ing. Dibutyryl-cAMP, a lipophilic analogue of cAMP, and
forskolin, an activator of adenylate cyclase, both inhibited

lymphocyte-endothelial cell binding. In addition, there is a
dose-dependent increase of cCAMP levels measured by radioim-
munoassay in lymphocytes treated with either PGE, or forsko-
lin (data not shown). The ability of PGE; to inhibit lymphocyte
adhesion to endothelial cells as well as lymphocyte chemotaxis
(Van Epps, 1981) may indicate its role in the regulation of
lymphocyte extravasation into inflammatory sites.
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