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Abstract

Adhesion of leukocytes to endothelial cells is a critical step in
the development of acute and chronic inflammatory lesions. We
report here that estradiol treatment of cultured human umbili-
cal vein endothelial cells stimulated up to a twofold increase in
TNF-induced adhesion of both polymorphonuclear leukocytes
and PMA-activated peripheral blood mononuclear cells. This
effect was more evident (threefold increase) when endothelial
cells were cultured on the basement membrane glycoprotein
laminin. Progesterone, but not testosterone, had a similar stimu-
latory effect. Estradiol also promoted a slight increase in inter-
feron y-stimulated endothelial cell adherence for peripheral
blood mononuclear cells, but no effect of estradiol was observed
when adhesion of leukocytes to endothelial cells was stimulated
with IL-1 or IL-4. The estradiol-induced increase in leukocyte
binding to human umbilical vein endothelial cells was partially
blocked by antibodies to the adhesion molecules E-selectin,
intercellular adhesion molecule type 1 (ICAM-1 ), and vascular
cell adhesion molecule type I (VCAM-1 ). Indirect immunofluo-
rescence techniques showed that estradiol produces an increase
in TNF-induced cell surface expression of these molecules.
Northern blot analysis demonstrated a transient increase in
TNF-induced expression of mRNAfor E-selectin, ICAM-1,
and VCAM-1 in endothelial cells treated with estradiol. Our
data demonstrate that estradiol has important regulatory func-
tions in promoting leukocyte-endothelial cell interactions that
might contribute to the observed predominance in females of
some autoimmune inflammatory diseases. (J. Clin. Invest.
1994. 93:17-25.) Key words: estrogen * cytokines * endothelial
cell * inflammation * vasculitis

Introduction

Sex hormones exert important regulatory functions in both
normal and pathologic immune responses. This conviction is
based on empirical observations in humans and in animal mod-
els (1, 2). For example, many chronic inflammatory and au-
toimmune diseases, particularly SLE ( 1-3) and Takayasu's ar-
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teritis (4), occur most often in womenof child-bearing age. In
SLE, the disease may be exacerbated by pregnancy or the use of
oral contraceptives. In addition, studies of murine lupus in
NZB/W mice have revealed that females have more severe
disease than males. The role of gonadal steroids is further sup-
ported by evidence that outcome can be manipulated by castra-
tion and / or hormonal replacement ( 1-3, 5 ). The mechanisms
through which sex hormones modulate the immune system are
poorly understood. Based on the diversity of effects observed
with in vivo models, gonadal steroids probably influence the
biological behavior of a variety of cell types through different
pathways ( 1-3, 6, 7).

Interactions between leukocytes and endothelial cells have
been recognized as critical to the development of acute and
chronic inflammatory lesions. Infiltration of tissues by leuko-
cytes depends upon their adhesion to endothelial cells and
transmigration through the vessel wall (8-10). Such interac-
tions occur through specific receptor-ligand interactions. On
the leukocyte membrane, lectin-like molecules (L-selectin),
integrins (CDl l-CD18 complex, VLA-4), immunoglobulin
superfamily members (CD2, CD31), and carbohydrates (sia-
lylated forms of Lewis antigen and others) bind to correspond-
ing endothelial cell membrane ligands, including phospho-
lipids (e.g., platelet-activating factor [PAF]') ( 11 ), carbohy-
drates, lectin-like molecules (P-selectin, L-selectin), and
immunoglobulin superfamily members (intercellular adhesion
molecule type 1 [ ICAM- 1 ] and -2, vascular cell adhesion mole-
cule type 1 [VCAM-l], LFA-3, CD331) (8-10, 12). Some of
these components are rapidly synthesized (PAF) or are translo-
cated to the endothelial cell surface (P-selectin) after stimula-
tion by a variety of substances, such as histamine or thrombin.
Other receptors, including E-selectin, ICAM- 1, and VCAM-1,
appear later, require new protein synthesis, and are induced
mainly by cytokines. These latter receptors are expressed by
endothelial cells in chronic inflammatory lesions ( 13-16), in-
cluding vasculitis ( 17).

Estrogen receptors have been demonstrated in cultured
rabbit and bovine aortic endothelial cells ( 18, 19) and in fresh
human aortic tissue (20). Progesterone receptors have been
identified in the endothelium of human large vessels and in the
contiguous adventitial microvasculature (21 ). Recently, estro-

1. Abbretiations used in this paper: DPBS, Dulbecco's PBS; HAEC,
human aortic endothelial cells; HFEC, human fat tissue-derived endo-
thelial cells; HUVEC, human umbilical vein endothelial cells; ICAM,
intercellular adhesion molecule; IMEM, Iscove's MEM; M-199, Me-
dium 199; PAF, platelet-activating factor; VCAM, vascular cell adhe-
sion molecule; vWFAg, von Willebrand factor antigen.

Estradiol Increases Leitkocyte Adhesion to TNF-stimnulated Endothelium 17



gens have also been shown to elicit biological responses in
various endothelial cells of different species ( 19, 22).

In this study, we have investigated the in vitro effect of sex
steroids on leukocyte adhesion to endothelial cells and on cyto-
kine-induced expression of endothelial cell adhesion mole-
cules. Our results indicate that estrogens enhance leukocyte
adhesion to the vascular wall through an increase in TNF-in-
duced expression of adhesion molecules at the endothelial cell
surface. This can be an important mechanism through which
female sex hormones exacerbate the immune response.

Methods
Endothelial cell culture. Humanumbilical vein endothelial cells (HU-
VEC) were obtained from fresh umbilical cords and cultured as previ-
ously described (23). Cells used for experiments were from passages
four to eight. Human aortic endothelial cells (HAEC) were obtained
from 8-cm fragments of necropsy specimens of human aorta kindly
provided by the National Disease Research Interchange (NDRI; Phila-
delphia, PA). After removal of periaortic fat and connective tissue, the
aortic segment was cut into 2-cm2 pieces and incubated, endothelial
side down, in 0.1% collagenase (Boehringer Mannheim Biochemicals,
Indianapolis, IN) in Dulbecco's PBS (DPBS) without calcium and
magnesium at 370C for 20 min. After incubation, the endothelium was
scraped in Medium 199 (M-199; Gibco Laboratories, Grand Island,
NY), collected, and centrifuged. The cell pellet was resuspended in the
same growth medium used for HUVEC. The cells from each fragment
were plated separately in six-well plates (Costar, Cambridge, MA)
coated with 1% gelatin (Bio-Rad Laboratories, Richmond, CA).
Smooth muscle cells or fibroblasts were identified by morphology and
eliminated by cell scraping or by discarding overgrown cultures. After 3
wk, a confluent monolayer of a homogeneous cell population was ob-
tained in which > 95%of the cells stained positively for von Willebrand
factor antigen (vWF Ag) using indirect immunofluorescence with a
polyclonal rabbit anti-human vWFAg antibody (Dako Corp., Carpin-
teria, CA). Aortic endothelial cells were passed 1:4 every 2 wks and
only passages four to six were used.

Human fat tissue-derived endothelial cells (HFEC) were obtained
from retroperitoneal adipose tissue from the same necropsy specimen.
The tissue was cut into 4-mm2 pieces, incubated with 0.1% collagenase
at 37°C for 30 min, washed in DPBS, and pressed from the center
towards the periphery to release endothelial cells. The primary culture
was grown on M- 199 with i-valine instead of L-valine to inhibit fibro-
blast growth. The rest of the procedure was essentially the same as that
for HAEC.

Leukocyte isolation. PMNand PBMCwere obtained from healthy
donors and were purified by gradient centrifugation on mono-poly
resolving medium (Flow Laboratories, McLean, VA) as described
(24). This procedure yielded a 95% effective separation as determined
by the presence of peroxidase activity in the PMN, and > 95% cell
viability as determined by trypan blue exclusion.

Leukocyte-endothelial cell adhesion assay. 48-well plates (Costar)
were coated with 1% gelatin or 0.1 mg/ml laminin (25). HUVEC,
HAEC, or HFECwere suspended in phenol red-free Iscove's MEM
(IMEM) (Biofluids, Rockville, MD) supplemented with the same re-
agents as the growth medium, except 10% calf serum treated with char-
coal to remove steroid hormones was used (kindly provided by Erik
Thompson, Lombardi Cancer Center, Washington, DC). The cells
were plated at a density of 105/well and allowed to form confluent
monolayers overnight. The conditioned medium was aspirated and
replaced by phenol red-free IMEMsupplemented with insulin, trans-
ferrin, and selenium (ITS') (Collaborative Research) under serum-
free conditions, and the following reagents, alone or in combination,
were added: recombinant human TNFa, recombinant human IL- 1 a,
recombinant human IL-4, recombinant human IFN--y (Genzyme,
Boston, MA), 17-fl estradiol, progesterone, or testosterone (Sigma
Chemical Co., St. Louis, MO). Steroid hormones were used at concen-
trations ranging from 0.5 to 5 ng/ml (usual plasma concentrations are

0.5-2 ng/ml, with values > 30 ng/ml often found in pregnancy).
TNFa was used at 200 U/ ml, and IL- l a at 30 U/ ml based on prelimi-
nary experiments demonstrating that these concentrations were the
minimum required to stimulate optimal adhesion in our system. In the
dose ranges noted, each cytokine induced a comparable response in
leukocyte adhesion. In some experiments, IL-4 at 200 U/ml or IFN-Ty
at 500 U/ml were used to stimulate adhesion to PBMC. After various
incubation times (3-24 h), the conditioned medium was aspirated,
and either PMNor PBMC(2.5-5 X 105/well) in hormone-free me-
dium were added. In some experiments, PBMCwere previously stimu-
lated with 100 nMPMA(Sigma Chemical Co.) for 1 h at 370C. After a
30-min incubation for PMNand 40-60 min for PBMC, the leukocyte-
containing medium was removed by aspiration, and the endothelial
cell monolayers were washed once with unsupplemented medium pre-
warmed at 370C. The cultures were then fixed and stained with Diff-
Quik (Baxter Healthcare Corporation, McGawPark, IL). PMNwere
fixed in 3.7% formaldehyde in M-199 for 15 min, washed once with
TBS, and incubated with 0.06% chloro-naphthol (Aldrich Chem. Co.,
Milwakee, WI) in 10% methanol in TBSwith 0.06% H202 for 2-3 min
until, because of their endogenous peroxidase activity, they became
dark blue. An additional wash with distilled water was then performed.
Adherent PMNwere easily distinguishable from the unstained under-
lying endothelial cell monolayer, and the mean PMNarea/well in 10
fields covering the entire well surface was measured with a computer-
ized digital analyzer (Optomax, Burlington, MA). Adherent PBMC
stained darker than the underlying endothelium and were measured by
visual counting. Each condition was evaluated in triplicate wells and
results are expressed as the percent increase over control. Each experi-
ment was repeated three times and one representative experiment is
shown.

Inhibition of leukocyte-endothelial cell interactions by antiadhe-
sion molecule antibodies. HUVECwere incubated with TNFa (200
U/ml), with or without 17-f estradiol for 6 h as described above. Then,
antibodies (10 ,ug/ml) were added and adhesion assays for PMNand
for PMA-activated PBMCwere performed as described above. The
antibodies used were mouse monoclonal antibody RRI / 1, which rec-
ognizes ICAM- 1 (kindly provided by Timothy Springer, Harvard Uni-
versity, Boston, MA), mouse monoclonal antibody 4B9, which recog-
nizes VCAM-1, and rabbit anti-human E-selectin polyclonal antibody
(both generous gifts from Roy Lobb, Biogen Inc, Cambridge, MA).

Immunofluorescence detection of cell surface receptors. Subcon-
fluent HUVEC(10,000/well) were plated on either 1% gelatin- (Bio-
Rad Laboratories) or 0.1 mg/ml laminin-coated eight-chamber glass
slides (Nunc, Roskilde, Denmark), and cultured overnight in phenol
red-free IMEM with 10% charcoal-treated calf serum. HUVECwere
stimulated with the above-mentioned cytokines and 17-f estradiol at 5
ng/ ml for 6-8 h. Cells were fixed with 3.7% formaldehyde in M- 199 for
15 min, and cell surface receptor expression was evaluated by indirect
immunofluorescence using either mouse monoclonal antibody H18 /
7, which recognizes E-selectin (kindly provided by Michael Gimbrone,

Jr., Harvard University), or the above-described RRI / 1 and 4B9 anti-
bodies (concentration, 10 qg/ml). The secondary antibody, FITC-
conjugated goat anti-mouse purified IgG (Cappel Laboratories, West
Chester, PA) was diluted 1:200. Slides were mounted with 2.5% n-pro-
pyl gallate in 50% glycerol in PBS. Immunostaining was performed
three times with similar results.

In parallel experiments, HUVECcultured under the same condi-
tions were released with Versene (Gibco Laboratories), pelleted, and
resuspended in wash buffer (2% FCS, 0.1% NaN3 in PBS) and adjusted
to 106/ml. Aliquots were incubated for 30 min at 4°C with the mono-
clonal antibodies 4B9 (anti-VCAM-1 ) at 10 ,ug/ml or RM3A5 (anti-
ICAM-1) used as hybridoma supernate diluted 1:2, or a polyclonal
rabbit anti-human antibody at 10 ,ug/ml. After two washes at 4°C, the
cells were incubated with fluorescein-conjugated goat anti-mouse IgG
or goat anti-rabbit IgG (Cappel Laboratories) at a 1:200 dilution. HU-
VEC were then subjected to flow cytometry (FACStar Plus®; Becton
Dickinson Immunocytochemistry Systems, San Jose, CA). Changes in
antigen expression by estrogen-treated cells were felt to be significant
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when there was a 99%confidence level that the histograms from treated
and untreated cells were distinct, as determined through Kolmogorov-
Smirnov analysis (26).

Northern blot analysis. HUVECor HAECwere plated at con-
fluence on 0.1 mg/ml laminin and incubated for either 1, 3, 4, 8, or 24
h with either TNFa alone (200 U/ml) or in combination with 17-fl
estradiol (5 ng/ ml) as described above. In some experiments, actino-
mycin Dat 2 ,gg/ml was added after a 2-h incubation. Total RNAwas
obtained from cells in each condition by guanidine-isothiocyanate lysis
and centrifugation over a cesium chloride cushion (27). 10 ,gg of total
RNAper lane was loaded on a 1%agarose-formaldehyde gel, subjected
to electrophoresis, blotted onto nylon-supported nitrocellulose filters
(Nytran; Schleicher & Schuell, Inc., Keene, NH), and UVcrosslinked
to the filter. A cDNAprobe for ICAM- I (kindly provided by Timothy
Springer, Harvard University) was labeled with [32P]dCTP (ICN Bio-
medicals, Costa Mesa, CA) with a random priming kit (Boehringer
Mannheim Biochemicals). In addition, a mixture of synthetic 30-mer
oligonucleotides antisense for either E-selectin or VCAM-1 cDNA se-
quence (R & D Systems, Minneapolis MN) was 32P 5' end-labeled by
the T4 kinase (Boehringer Mannheim Biochemicals) forward reaction
(28). Filters were hybridized, washed under the required conditions of
stringency, and autoradiographed at -700C. Each condition was evalu-
ated three times with RNAsamples obtained in three different experi-
ments. To correct blotting signals for loading and normalize results,
filters were also hybridized with a cDNA for 28s ribosomal RNA, pro-
vided by Helene Sage (University of Washington, Seattle, WA).

Results

Effect of sex hormones on leukocyte adhesion to HUVEC. In-
cubation of HUVECwith either 1 7-fl estradiol, progesterone,
or testosterone did not result in any increase above background
leukocyte adhesion to the endothelial cell monolayers (data
not shown). In contrast, incubation of TNF-stimulated HU-
VECwith 17-f estradiol resulted in a two- to threefold increase
in adhesion to PMNabove the binding achieved with optimal
doses of TNF alone (Figs. 1 and 2). The increase in PMN
binding was estradiol dose dependent, was optimal at 2-5 ng/
ml (Figs. 1 and 2 A), and decreased at higher concentrations
(data not shown). PMNbinding reached a maximum at - 6 h
and decreased subsequently (Fig. 2 B). In contrast to PMN,
unstimulated PBMCadhered poorly to either IL-1-, IL-4-,

IFN-,y-, or TNF-stimulated HUVEC, and such adhesion was
not further increased by estradiol (data not shown). PMA-acti-
vated PBMCdid bind to TNF-stimulated HUVEC, and this
effect was also enhanced by estradiol (Fig. 2). Enhanced adhe-
sion of PMA-treated PBMCby estradiol occurred later, was
more sustained, and was generally less intense than that
achieved for PMN(Fig. 2). When the effect of estradiol in
stimulating the adhesion induced by other cytokines was
tested, no significant effect was observed on IL- 1-induced ad-
herence for either PMNor PBMC,or in IL-4-induced adhesion
for PBMC(Fig. 3). Conversely, estradiol slightly potentiated
the effect of IFN-,y in promoting PBMCadhesion.

Extracellular matrix modulated the HUVECresponse to
estradiol in the presence of TNF since the estradiol-induced
increase in adhesion of PMNwas further enhanced (three- vs.
twofold increase) when HUVECwere plated on the basement
membrane glycoprotein laminin than when the cells were
plated on plastic (not shown) or gelatin (Fig. 4). When other
sex hormones were tested in the same system and in the same
range of concentrations, progesterone but not testosterone
showed a comparable effect (Fig. 5).

Effect of 17-fl estradiol on PMNadhesion to TNF-stimu-
lated HAECand HFEC. Since endothelial cells from different
tissues show different biological properties, we explored the
ability of other endothelial cell types to respond to estradiol in
our system. PMNadhesion to TNF-treated HFECand HAEC
in the presence or absence of estradiol was tested at the afore-
mentioned range of concentrations. Estradiol also increased
TNF-induced leukocyte adhesion to HAEC. In addition, the
maximal effect of estradiol on HAECwas achieved at a lower
concentration (1 ng/ml) as compared with 2-5 ng/ml for
HUVEC. In contrast, HFEC showed only a slight response
(Table I).

Effect of antiadhesion molecule antibodies on estrogen-in-
duced endothelial cell-leukocyte adhesion. To assess whether
the effect of estradiol occurs through modulation of TNF-in-
duced adhesion molecules, weexamined whether blocking anti-
bodies against cytokine-induced endothelial adhesion mole-
cules E-selectin, ICAM-1, and VCAM-1 would reduce estra-
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Figure 1. Adhesion of PMNto endothelial cells. Resting HUVEC(A), TNF-stimulated HUVEC(B), and HUVECexposed to TNFand estradiol
(C). HUVECwere plated on laminin and treated for 6 h with TNFa (200 U/ml) in the absence or presence of 5 ng/ml of 17-fl estradiol.
Peroxidase activity in PMNturns them dark and makes them easily distinguishable from the underlying endothelium. Hoffman modulation
contrast (X 175).
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Figure 2. (A) Effect of increasing concentrations of estradiol on ad-
hesion of PMNor PMA-stimulated PBMCto TNF-stimulated HU-
VEC. HUVECwere cultured on laminin, and treated for 6 h with
TNFca (200 U/ml) and 17-f3 estradiol at 0-5 ng/ml. Bars represent
percentage increase (mean±SD of triplicate wells) in adhesion to es-
tradiol-treated HUVECat different concentrations vs. estradiol non-
treated endothelium. (B) Kinetics of estradiol-induced increase in
TNF-stimulated adherence of HUVECfor PMNor PBMC. HUVEC
plated on laminin were stimulated with TNF (200 U/m) with or
without 17-f estradiol (2.5 ng/ml) for 3, 6, 8, and 24 h. Results are

expressed as percentage increase in PMNor PBMCadhesion in es-

tradiol-treated cells vs. the corresponding condition without estradiol
at each time-point.

diol-increased adhesion. Anti-E-selectin and anti-ICAM- 1
diminished the increase in PMNbinding to TNF-stimulated
HUVECinduced by estradiol, whereas anti-VCAM-1 was
without significant effect. For PBMC, anti-VCAM- 1 and anti-
ICAM- 1, but not anti-E-selectin, partially blocked estradiol-in-
creased adhesion (Table II). These data confirm that the PMN
and PBMCrecognize different adhesion receptors on the endo-
thelial cells, and that each binding mechanism is modulated by
estradiol.

Effect of 17-fl estradiol on surface expression of adhesion
receptors. Using indirect immunofluorescence, an increase in
the surface expression of TNF-induced E-selectin, ICAM- 1,

and VCAM-1 was observed in estradiol-treated cells (Fig. 6).
This effect was dose dependent and was more prominent when
the cells were plated on laminin rather than on plastic (data not
shown). The optimal estradiol dose (2.5-5 ng/ml) for enhanc-

Estradiol Dose (ng/ml)

Figure 3. Effect of estradiol on HUVECadherence for PBMCinduced
by various cytokines. HUVECplated on laminin were stimulated
with either IL-la (30 U/ml), IL-4 (200 U/ml), TNFa (200 U/ml),
or IFN--y (500 U/ml), and with increasing estradiol concentrations
(0-5 ng/ml). Adherent cells were quantitated 24 h later. Results are
expressed as percentage increase in PBMCadhesion over non-estra-
diol-treated HUVEC(mean±SEM).

ing such expression was the same as that required for an opti-
mal stimulation of adhesion to leukocytes (Figs. 2-5). Estra-
diol alone did not induce expression of these molecules, and no
substantial increase in expression produced by estradiol was
observed when the cells were stimulated with IL- 1 instead of
TNF (data not shown).

Flow cytometry of HUVECin suspension was performed
to evaluate the effect of estradiol on TNF-induced expression
of adhesion molecules at different time points. As shown in
Fig. 7, estradiol enhanced E-selectin expression early, at 3 h,
whereas at later time-points estradiol predominantly enhanced
VCAM-1 surface expression. Changes in expression of ICAM
were equivocal by this technique.
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Figure 4. Adherence of PMNto HUVECplated on either gelatin or
laminin in the presence of estradiol. Results are expressed as percent-
age increase in adhesion to estradiol-treated HUVEC( 1-5 ng/ml)
compared with adhesion to untreated HUVEC. Bars represent
mean±SDof triplicate wells.
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Figure 5. Comparative effect of 17-f estradiol, progesterone, and tes-
tosterone on PMNadhesion to TNF-stimulated HUVEC. Results are
expressed as percentage increase in adhesion to TNF-stimulated HU-
VECin the absence of steroids (mean of duplicate wells).

Effect of estradiol on E selectin, ICAM-I, and VCAM-1
mRNAlevels. Estradiol alone did not increase mRNAexpres-
sion for any of the adhesion molecules (data not shown). In the
presence of TNF, however, estradiol treatment of HUVECre-
sulted in a 30-50% increase in expression of mRNAfor E-se-
lectin, ICAM- 1, and VCAM-1 by 4 h (Fig. 8). At 6 h, the
relative signal intensities in the presence and absence of estra-
diol were reversed, with more signal present without estradiol
for each of the three adhesion molecules (Fig. 8). At 24 h, the
amount of mRNAwas similar in estradiol-treated or -un-
treated cells (data not shown). Since plating HUVECon la-
minin increased binding of leukocytes to the endothelial cell
monolayer, we evaluated mRNAexpression comparing cells
on plastic or on laminin. As shown in Fig. 9, the estrogen-sti-
mulated increase in steady-state mRNAexpression for adhe-
sion molecules was greater on laminin (50-75%). The later,
estradiol-induced decrease in mRNAlevels for adhesion mole-
cules was accelerated by treating the cells with actinomycin D.
With cells on laminin, the decrease after treatment with actino-
mycin D was less apparent (Fig. 9). These findings indicate
that the estradiol-induced increase in steady-state expression of

Table I. Effect of Estradiol on TNF-induced PMNAdhesion
to Different Endothelial Cell Types

Estradiol dose (ng/ml)

Endothelial cell type 0 0.5 1 2.5

HUVEC 100 125 172 199
HAEC 100 135 192 184
HFEC 100 122 123 106

Endothelial cell monolayers from HUVEC, HAEC, and HFECwere
stimulated for 5 h with TNF (200 U/ml) and increasing concentra-
tions of 17-fl estradiol before being overlaid with PMNfor 1 h. Ad-
herent cells were enumerated as described in Methods. Results are
expressed as percentage increase over the adhesion obtained with
TNFalone (mean of duplicate wells). Data are from one experiment
representative of three similar experiments.

Table II. Effect of Anti-E-selectin, ICAM-1, and
VCAM-J Antibodies on Estradiol-enhanced Leukocyte Binding
to TNF-stimulated HUVEC

PMN PBMC

Antibody 0* 0.2 1 0* 0.2 1

None 100 134 149 100 125 150
4B9 (VCAM-1) 100 134 160 100 110 95
Anti-E-selectin 100 85 120 100 123 152
RRI/1 (ICAM-1) 100 85 97 100 92 105

HUVECwere stimulated with TNF (200 U/ml) in the absence or in
the presence of 17-d estradiol for 4 h. Then, the above-mentioned
antibodies were added at 10 ,gg/ml. After an additional 1 h, the me-
dium was aspirated and leukocytes in fresh medium were layered
onto the endothelial monolayer. Adherent cells were counted 1 h later
as described in Methods. Results are expressed as percentage increase
over the adhesion obtained on HUVECwithout estradiol in the pres-
ence of each antibody (mean of duplicate wells). * Estradiol dose
(ng/ml).

mRNAfor adhesion molecules is transient and peaks before
the time at which increased protein expression was noted by
immunofluorescence.

Discussion

In this study, we demonstrated that estradiol increases TNF-in-
duced adhesiveness of endothelial cells for leukocytes via in-
creased expression of the endothelial adhesion molecules E-se-
lectin, ICAM- 1, and VCAM-1. The kinetics of estradiol-en-
hanced adhesion were different for PMNand for PBMC, with
PMNbinding being maximal at early time points and PBMC
binding being at 24 h. During the first hours, flow cytometry
demonstrated a preferential effect of estradiol in increasing ex-
pression of E-selectin, which mainly binds PMN. In contrast,
at 24 h, estradiol-stimulated expression of VCAM-1, which
preferentially mediates PBMCbinding, was more evident. This
pattern closely follows the kinetics of TNF-stimulated binding
and induction of adhesion molecules reported by others (9, 10,
29, 30), with the effect amplified by estradiol.

The maximum increase in adhesion promoted by estradiol
was generally greater for PMNthan for PBMC. Other studies
have shown that, even at optimal times for each cell type, TNF-
induced adhesiveness of endothelial cells is higher for PMN
than for lymphocytes (31 ). In addition, in this study, estradiol
did not increase TNF-induced binding to PBMCunless the
PBMCwere stimulated with PMA. The affinity of integrin re-
ceptors on resting lymphocytes for their ligands on cytokine-
stimulated endothelial cells is low, but this affinity increases
dramatically after lymphocyte activation by a variety of stim-
uli, including PMA(32-35). In contrast, when PMNcontact
activated endothelial cells, a cascade triggered by interactions
through selectins E and P, PAF, and IL-8 induces further bind-
ing without requiring exogenous agents to activate the PMN
( 11, 36). The adhesion patterns observed in the present series
of experiments suggest that estradiol upregulates endothelial
expression of ligands for leukocyte integrins, and enhances en-
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Figure 6. Indirect immunofluorescence of cultured HUVECon laminin. A, D, and Gcorrespond to resting HUVEC; B, E, and H to TNF-stim-
ulated HUVEC; and C, F, and I to TNF stimulated HUVECwith 5 ng/ml estradiol. A, B, and Cwere incubated with a rabbit polyclonal anti-
E-selectin antibody; D, E, and F with RR 1 / 1 (anti-ICAM- I ) monoclonal antibody, and G, H, and I with 4B9 (anti-VCAM- 1 ) monoclonal an-
tibody. Pictures were taken with identical exposure times. Bar = 10 Am.
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dothelial-leukocyte interactions, at least in part, via a mecha-
nism that is independent of effects on leukocytes.

The effect of estradiol in our system was dependent upon
TNF, since estradiol alone had no effect on leukocyte adhesion
to endothelial monolayers. Recently, sex hormones have been
shown to interact with cytokines in several cell systems. These
interactions include both regulation of cytokine production by
gonadal steroids (37-41) and regulation of steroid production
and response to sex hormones by cytokines (42, 43). Surpris-
ingly, no effect of estradiol was observed on IL- I -induced adhe-
sion for leukocytes even though the pattern of endothelial cell
activation induced by this cytokine closely parallels TNF ef-
fects (44). This observation suggests that the mechanisms of
TNF- and IL- 1-induced adhesion are distinct, and it agrees
with previous reports by others suggesting that regulation of
adhesion molecule expression by these two cytokines occurs
through distinct mechanisms. TNF but not IL- 1 is synergistic
with IL-4 and IFN-,y in stimulating endothelial cell adhesion to

E-selectin ICAM-1
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Figure 7. Flow cytometry of HU-
VECin suspension. HUVECcul-
tured on laminin were incubated for
3 h (top) or for 24 h (bottom) with
TNFa (200 U/ml) with or without
estradiol at 5 ng/ml. Cells were
nonenzymatically released, sub-
jected to indirect immunofluores-
cence with anti-E-selectin, anti
ICAM-1, and anti-VCAM-1, and
fluorescence intensity was measured
by flow cytometry. In the graph for
E-selectin at 3 h (top left) and for
V-CAM-i at 24 h, estradiol induces

M'f6 a rightward shift of the curve.

lymphocytes (45, 46). On the other hand, dexamethasone
downregulates E-selectin and ICAM-1 expression induced by
LPS or IL- I but not by TNF(47). These reports are consistent
with our findings, where estradiol slightly increased PBMCad-
hesion induced by IFN-'y and no enhanced PBMCadhesion
was seen when estradiol was added to IL-4-stimulated HUVEC.

In addition to HUVEC,we investigated the ability of other
endothelial cell types to respond to estradiol. Among the three
cell types tested, HAECshowed the highest response to estra-
diol in promoting TNF-induced leukocyte adhesion. This may
reflect the greater density of gonadal steroid receptors in large
vessels ( 18-21, 48). Estradiol enhancement of leukocyte adhe-
sion to large artery endothelial cells might play a role in the
strong female gender predominance observed in Takayasu's
arteritis, which involves mainly the aorta and its major
branches (4).

Estradiol produced an increase in surface expression of TNF-
induced endothelial adhesion molecules E-selectin, ICAM- 1,

VCAM-1

4h 6h 4h 6h

Time

I/J J Figure 8. Quantitative measurement of the
mRNAsfor E-selectin, ICAM-1, and
VCAM-I at 4 and 6 h. The intensity of the
signal was assessed using a phosphorimager

4 h 6 h and corrected for loading by comparison
with the intensity provided by 28s ribo-
somal RNA.
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Figure 9. Effect of estradiol on mRNAlevels of TNF-induced adhe-
sion molecules E-selectin, ICAM- 1, and VCAM-1. The experiment
was performed on plastic and laminin. Total RNAwas obtained from
resting HUVEC(R), TNF-stimulated HUVEC(TNF), and
TNF-stimulated HUVECin the presence of 5 ng/ml estradiol after a
3-h incubation (TNF + E). At the same time, RNAwas obtained
from TNF-stimulated HUVECwithout and with estradiol pretreat-
ment for 1 h before harvesting with 2 ,ug/ ml actynomycin D (Act
D). Filters were hybridized with ICAM- 1 cDNAprobe and synthetic
oligonucleotides encoding portions of the E-selectin and VCAM-1
sequence. The same filter was probed for 28s ribosomal RNA.

lectin, ICAM- 1, and VCAM-1, and a role for estradiol in such
regulation. Previous studies have shown that mRNAsparticu-
larly susceptible to such regulation by steroid hormones are
those rich in AUUUAsequences in the 3' untranslated region
(5 1 ); such sequences are present in E-selectin, ICAM- 1, and
VCAM-1 (52-54).

The effects of estradiol on adhesion and on expression of
adhesion molecules were greatest when the cells were plated on
laminin. Estradiol has been shown to increase attachment of
estrogen-dependent cancer cell lines to laminin (55), and both
estradiol and progesterone increase the expression of laminin
receptors (56, 57). In addition, we recently observed in prelimi-
nary experiments that estradiol increases expression of beta- 1
integrins by endothelial cells (58). Therefore, estradiol-in-
duced interactions with basement membrane proteins might
be crucial in regulating the expression of other receptors.

In summary, our data demonstrate an important modula-
tory effect of estradiol on leukocyte-endothelial cell interac-
tions mediated by TNF. This mechanism could play a role in
the development and perpetuation of chronic inflammatory
diseases. Such interactions are increased in the presence of es-
tradiol and are mediated in part by increased expression of
adhesion molecules on the surface of endothelial cells. ICAM- 1
and VCAM-1 also play an important role as accessory mole-
cules in immune recognition (8, 59). Exploring the ability of
sex hormones to regulate expression of ICAM- 1 and VCAM-1
in endothelial and other cell types may provide insight into the
observed gender differences in autoimmune diseases.
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and VCAM-1, as detected by immunofluorescence. In addi-
tion, specific antibodies to adhesion molecules partially
blocked the increase in TNF-induced adhesion stimulated by
estradiol. Wepropose that increased expression is mediated, at
least in part, by a transient increase in steady-state mRNAfor
E-selectin, ICAM- 1, and VCAM-1 that precedes the increase in
protein expression. An increase is apparent at 4 h, but by 6 h
expression of mRNAlevels for these adhesion molecules was
reduced in the presence of estradiol. A similar biphasic re-
sponse occurs when IFN-y is used to enhance TNF-induced
E-selectin expression (46). Steroid hormones bind to specific
receptors that are transcriptional enhancers and regulate gene
expression by binding to specific DNAsequences (49). Re-
cently, estrogens and other steroid hormones also have been
shown to regulate gene expression indirectly at a posttranscrip-
tional level by modifying the stability of certain mRNAs(50).
The estradiol-enhanced decrease in steady-state expression of
mRNAfor adhesion molecules was accelerated when the cells
were treated with actinomycin D. These data provide evidence
supporting posttranscriptional regulation of mRNAsfor E-se-
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