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Abstract

We used a novel perfusion system to expose cultured human umbilical vein endothelial cells (HUVEC) to water-soluble com-

ponents of cigarette smoke and study subsequent adhesion of flowing neutrophils. Neutrophils did not bind to HUVEC immediately

after it had been exposed to cigarette smoke, but many adhered 90–150 min after exposure. The effect was reduced if the exposed

medium was made serum-free, but this reduction was partially reversed if low density lipoprotein was added. Treatment of smoke-

exposed HUVEC with antibodies against E-selectin or P-selectin reduced adhesion by �50% or 75%, respectively; a combination of

both antibodies essentially abolished adhesion. Enzyme-linked immunosorbent assay confirmed that exposure to smoke caused

HUVEC to upregulate surface expression of E- and P-selectin. Thus, water-soluble constituent(s) of cigarette smoke cause efficient

selectin-mediated capture of flowing neutrophils. This pro-inflammatory response may contribute to pathology associated with

smoking, especially in tissues remote from the lung. � 2002 Elsevier Science (USA). All rights reserved.
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Cigarette smoking is an aetiological factor in in-
flammatory pathology of the lungs, remote organs, and
arteries [1]. One mechanism contributing to such pa-
thology may be increased leukocyte–endothelial adhe-
sion. Cigarette smoking is known to alter functions of
leukocytes and endothelial cells (e.g., [2–5]). In humans,
smoking of cigarettes caused a delay in the transit of
neutrophils through the lungs [6]. This has been attrib-
uted to an increase in neutrophil rigidity on smoke-
exposure [4], while neutrophil adhesiveness itself was
impaired by cigarette smoke [7]. On the other hand,
smoking increased the adhesiveness of monocytes
through activation of their integrin adhesion receptors
[5]. In vitro, exposure to particulate condensate of cig-
arette smoke increased monocytes adhesion to endo-
thelial cells by activating integrins on monocytes and
upregulating adhesion receptors including E-selectin on
the endothelial cells [3,8]. In animals, inhalation of
cigarette smoke was associated with an increase in

adhesion of leukocytes to arterial and venular endo-
thelium within minutes [9,10]. These responses appeared
to involve leukocyte aggregation with platelets, and
changes in leukocyte and endothelial adhesiveness [9].

The constituents of cigarette smoke influencing endo-
thelial function are uncertain, although oxygen free
radicals have been implicated in modification of endo-
thelial cell-mediated vasodilation [2]. In this context, it is
interesting to note that oxidised low density lipoprotein
(LDL) can increase leukocyte adhesion after treatment of
animals [11] and of cultured endothelial cells [12], through
upregulation of P-selectin. We sought to test whether
water soluble components of cigarette smoke could
directly induce endothelial cells to bind flowing leuko-
cytes, without interference from effects on the leukocytes
themselves. Such agents might influence responses in the
lungs, but could also mediate effects in remote tissue to
which they might be transported in the plasma. We chose
to study adhesion of flowing neutrophils, as important
contributors to inflammation, and as reporters of func-
tional expression of endothelial selectin receptors capable
of capturing flowing leukocytes [13].
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Methods

Isolation of neutrophils. Blood was collected from healthy volun-

teers into K2EDTA, (Sarstedt, Leicester, UK) and used within 2 h of

venepuncture. Neutrophils were isolated by centrifuging the whole

blood at 800g for 30 min over a two-step density gradient consisting of

equal quantities of Histopaques 1119 and 1077 (Sigma Chemical,

Poole, UK) as described [14,15]. The neutrophil layer was aspirated

from the density interface and washed twice in sterile PBSA: phosphate

buffered saline (Invitrogen, Renfrewshire, Scotland) with 0.15% bovine

serum albumin (Sigma). Neutrophils were counted using a Coulter

counter (Coulter Electronics, Harpenden, Essex) and suspended at

106=ml in PBSA.

Endothelial cell culture. Endothelial cells from human umbilical

veins (HUVEC) were isolated as previously described [16]. Primary

cells were grown in 25cm2 flasks (Becton–Dickinson UK, Oxford) in

culture medium containing M199 (Invitrogen) supplemented with 20%

heat inactivated human serum, 50 U/ml sodium heparin (CP Phar-

maceuticals, Wrexham), 1 mg/ml glutamine (Sigma) and 28lg=ml

gentamicin (David Bull Labs, Warwick, UK). The cells were grown to

confluence before passaging onto one inner surface of microslides

(flattened glass capillaries 50 mm long, with a rectangular cross-section

of 0:3 � 3mm; Camlab, Cambridgeshire, UK) as described [16]. Prior

to culture the microslides were treated with 3-aminopropyltriethox-

ysilane (Sigma), autoclaved and coated with a collagen/gelatin mixture

consisting of 200lg=ml type IV collagen and 1% gelatin (Sigma) in

PBS. This treatment facilitated adhesion of the endothelial cells to the

glass surface. Microslides were connected to a pump system which

allowed fresh medium to be perfused through them for 30 s each hour.

HUVEC were seeded at a concentration sufficient to give a confluent

monolayer 24 h after seeding.

Exposure of endothelium to water-soluble constituents of cigarette

smoke. The apparatus for treating endothelium with cigarette smoke,

and carrying out subsequent adhesion assays is shown schematically in

Fig. 1. Four microslides containing confluent HUVEC were glued to a

glass slide and placed on the stage of a video-microscope. The

microslides, and a parallel purging line, were connected with silicon

rubber tubing at one end to a manifold and thence to a Harvard sy-

ringe pump which drew medium through them. A system of elec-

tronically operated pinch valves controlled whether flow passed

though a particular microslides, or the purge line. Upstream, the mi-

croslides and purge line were connected to another manifold, and

thence to two electronic three-way valves which allowed smooth

switching between three fluid reservoirs. The flow rate was maintained

at 0.37 ml/min at all times, yielding a wall shear stress of 0.1 Pa in any

perfused microslide.

For cigarette smoke treatment, culture medium was drawn from

one culture medium reservoir through a specially constructed gas ex-

change module. The module consisted of 48 hollow, microporous,

polyethylene fibres with internal diameter of 200lm and length of

60 mm, which were enclosed within an outer perspex cylinder and ce-

mented into Luer connectors at each end. The medium was drawn

through the fibres, while the outer perspex cylinder was flooded with

smoke drawn by a rotating vacuum pump from upto four lighted

cigarettes (medium tar, Embassy No.1) held in a manifold. Smoke was

thus passed over the fibres and water-soluble constituents were taken

up into the culture medium across the porous walls. The gas exchange

modules were identical to those used previously to de-oxygenated

medium in studies of effects of hypoxia on HUVEC [15]. The cigarette

manifold was packed with cotton wool to remove particulates and

some tar from the smoke. Cigarettes took approximately 5 min to be

‘smoked’ by the device. When not being perfused with smoke-exposed

medium, flow could be switched instead to a wash reservoir containing

PBSA, or another containing neutrophils in PBSA. Neither wash

medium nor neutrophils were passed through the gas exchanger. The

whole system (except pumps) was enclosed in a perspex box held at

37 �C. All reservoirs were discardable sterile syringe barrels. The bar-

rels and all tubing were discarded after each experiment. Because the

gas exchange module and valves could not be autoclaved at 250 �C,

polymixin B ð100lg=mlÞ was added to all media to neutralise potential

endotoxin contamination.

The basic treatment protocol was to flush all lines with culture

medium and then light the cigarettes. A single microslide was then

exposed to smoke/medium for 5 min, and then flow was switched to the

purge line to clear the system. Exposure of three microslides continued

in turn, commencing 5 min after the previous microslide. The fourth

microslide (control) was exposed to medium alone, without exposure

to smoke or the gas exchange module, because initial experiments

showed some carryover of agents from the ‘smoked’ line. Smoke ex-

posure could be repeated as desired, for instance, every 30 min, and/or

desired periods allowed to elapse before perfusion of neutrophils. In

some experiments, different media were exposed to cigarette smoke and

perfused over HUVEC. Culture medium was compared to PBSA,

M199 without serum or M199 without serum but with added LDL

(100lg=ml; derived from human plasma; Sigma). In these compari-

sons, exposure of HUVEC to one medium had to be completed before

another one could be tested. Order of treatment was rotated between

experiments.

Flow-based adhesion assay. After completion of chosen cycles of

smoke exposure, neutrophil suspension was perfused across treated or

untreated HUVEC for 5 min at a wall shear stress of 0.1 Pa. This stress

is sufficient to ensure that binding of neutrophils to HUVEC requires

selectin expression and cannot occur directly through integrin-medi-

ated adhesion [15,17]. Non-adherent cells were washed out with PBSA

for 2 min, and the number of adherent neutrophils was counted in at

least 5 fields of known dimensions, along the centreline of the micro-

slide. The count was expressed as cells/mm2 and normalised for the

number perfused. Video recordings were made of the behaviour of the

adherent cells in the last minute of inflow. These were analysed off-line,

and adherent cells were categorised as stationary (moving < one cell

diameter in 10 s) or rolling (tumbling continually over the HUVEC at

velocity >1 lm=s but much slower than free-flowing cells which were

only visible as blurred streaks with velocity >500 lm=s).

Fig. 1. Schematic of the flow system for perfusing HUVEC cultured in

microslides with culture medium that had been exposed to water sol-

uble components of cigarette smoke, and subsequently with neu-

trophils in suspension. Flow was induced by a withdrawal syringe

pump. Electronically controlled pinch valves determined which mi-

croslide was perfused at any time, and fluid was either drawn from a

culture medium reservoir, or reservoirs containing wash buffer (PBSA)

or neutrophils in suspension. The culture medium was exposed to

water soluble components of cigarette smoke in a gas exchange module

(see text). Perfusion of neutrophils was viewed and recorded using a

videomicroscope.
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In pilot studies, whole blood from a non-smoker was flowed

through the gas exchange module and treated by the smoke from four

cigarettes smoked simultaneously. The effluent blood showed an in-

crease in carboxy-haemoglobin (% of total haemoglobin) from <1% to

8% when the blood was flowed at 0.37 ml/min. The latter carboxy-

haemoglobin value is comparable to those found in habitual smokers.

Antibody treatments. After exposure to cigarette smoke, antibodies

against E-selectin (1lg=ml, ENA2 F(ab0)2; Bradshaw Biologicals,

Chepshet, UK), P-selectin (20lg=ml; polyclonal rabbit anti-human P-

selectin; gift of Dr. Michael Berndt, Baker Institute, Melbourne) or

both were perfused into microslides from the sample reservoir and

incubated for 15 min. The antibodies were washed out and neutrophils

perfused as before. Alternatively, neutrophils were treated with anti-

body against CD18 (16lg=ml; MHM23; Dako, Ely, UK) for 20 min at

room temperature before perfusion. Previous studies have shown that

each of these antibodies is effective in blocking adhesive function of the

receptors at the concentrations used here [17,18].

ELISA for surface expression of selectins on HUVEC in microslides.

At the end of treatment with cigarette smoke, microslides with treated

HUVEC and controls were disconnected from the flow system, and

primary antibody against E-selectin (0:2lg=ml, 1.2B6; Dako) or

P-selectin (1lg=ml; as above) was injected. Microslides were incubated

for 60 min at room temperature. Antibody was washed out with PBSA

and secondary horse radish peroxidase-conjugated goat-anti-mouse

antibody (1/2000; Dako) was injected. After incubation for 60 min at

room temperature, antibody was washed out and peroxidase substrate

(1,2-phenylenediamine dihydrochloride; Dako) was injected and in-

cubated for 5–10 min. The coloured reagent was flushed out with 200ll

of 1 M H2SO4 into a 96-well plate and the absorbance measured at

490 nm using a plate reader. As positive controls, HUVEC in micro-

slides were treated with tumour necrosis factor-a (TNF; 100 U/ml) for

4 h [14] and subject to identical ELISA.

Results and discussion

Establishment of a smoking regime that could induce
HUVEC to bind flowing neutrophils

Initial experiments aimed to test regimes for treating
HUVEC with the water soluble products of cigarette
smoke to see which might induce subsequent neutrophil
adhesion. HUVEC were exposed to culture medium
which had been treated by the smoke from four ciga-
rettes smoked simultaneously. If neutrophils were per-
fused over the period 2–7 min afterwards, we found that
there was no increase in neutrophil adhesion compared
to untreated HUVEC (�20 adherent cells/mm2=106

perfused in each case in two experiments). Using the
same dose of cigarette smoke, but waiting longer before
perfusing neutrophils, we found a low but easily de-
tectable level of adhesion occurred after 60 min (80 ad-
herent cells/mm2=106 perfused), and plentiful adhesion
was observed after 90 or 120 min (mean of 330 adherent
cells/mm2=106 perfused in four experiments). In a fur-
ther modification, HUVEC were exposed to an initial
dose of smoke from four cigarettes, then treated to the
smoke from one cigarette every 30 min for 120 min, be-
fore waiting a further 30 min and perfusing neutrophils.
We found that neutrophil adhesion to the treated HU-
VEC was consistently greater than to untreated cells

(505 � 131 vs. 30 � 7 adherent cells/mm2=106 perfused,
respectively; means� SEM from 11 experiments;
p < 0:01 by paired t test). Approximately half the cells
adherent to smoke-treated HUVEC were rolling and
half stationary (55 � 3% rolling; means � SEM from
seven experiments). This treatment regime was used
henceforth.

Thus exposure of endothelial cells to water soluble
components of cigarette smoke induced ability to cap-
ture flowing neutrophils, with adhesion detectable
�60 min after treatment, and increasing upto �150 min.
This is rather slower than the response of HUVEC to
agonists such as histamine, which induce expression of
P-selectin and capture of neutrophils within minutes
[19]. It is closer to the time course for treatment with
oxidised LDL, which induced expression of P-selectin
over 60–120 min [12], and hydrogen peroxide, where we
found P-selectin-mediated adhesion of flowing neu-
trophils after 60 min [20]. Responses of HUVEC to
cigarette smoke condensate took �hours, judged by
upregulation of E-selectin [8]. On the other hand, leu-
kocyte and platelet adhesion was detectable on the walls
of vessels in animals within 15 min of inhalation of
cigarette smoke [10]. This response may have been as a
result of changes in leukocyte and platelet adhesiveness
rather than in the endothelial cells. The effect of smoke
exposure in the present study was clearly on HUVEC
and not on neutrophils, since neutrophils had no direct
contact with treated medium, and did not bind when
perfused immediately after HUVEC treatment. It is
important to note that levels of adhesion were very low
for control HUVEC indicating that attachment to the
flow/smoking system for >2 h itself did not upregulate
receptors.

Effect of medium used for perfusion

When PBSA was used for exposure to smoke and
perfusion of HUVEC, and neutrophils perfused after
150 min, there was little increase in adhesion over con-
trols (26 versus 11 adherent cells/ mm2=106, respectively;
means from three experiments). Culture with PBSA for
this period caused some retraction of endothelial cells,
and the failure in response may have been due to lack of
nutrients, serum components, or both. Thus we com-
pared culture medium with and without 20% human
serum added. Using M199 without serum, there was a
significant but lower induction of adhesion than when
serum was present (Fig. 2). The proportion of adherent
neutrophils rolling was similar (�50%) for both media
(data not shown).

We speculated that there might be a role for the low
density lipoprotein fraction of serum, as these com-
pounds form stable oxidation products which can cause
activation of vascular endothelium [12]. We added pu-
rified LDL ð100lg=mlÞ to M199 instead of serum and
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compared this to M199 alone. Control HUVEC treated
with M199 or M199 + LDL for 2 h without smoke ex-
posure gave similar low levels of adhesion (Fig. 2).
Smoke-exposed M199 + LDL tended to cause a greater
level of adhesion, compared to smoke-exposed M199
alone (Fig. 2B). Thus addition of LDL returned the
effect of smoke-exposure partway towards the level with
serum. These results suggest that the effects on HUVEC
were not necessarily directly mediated by substances in
the smoke, but may have arisen from modification of
compounds in the culture medium and serum. One
possibility is that LDL in serum (or added to medium)
was oxidised and effective in stimulating HUVEC. This
cannot have been the only factor, as M199 alone did
give a significant response when exposed to cigarette
smoke.

Adhesion molecules supporting adhesion

Capture of flowing neutrophils by stimulated
HUVEC is typically mediated by selectins (e.g.,
[14,15,19]). Thus, after exposure to cigarette smoke for
2 h, we treated the endothelial monolayer with function-
blocking antibodies against E- and/or P-selectin during
the 30 min before neutrophil perfusion. Individually,
blockade of E-selectin caused a reduction in adhesion of
about 50%, and blockade of P-selectin a reduction of
about 75%, compared to control (Fig. 3A). Adhesion of
neutrophils was returned to control levels when the
HUVEC were treated with both antibodies together
(Fig. 3A). Since these results indicate that cigarette
smoke products can cause upregulation of both E- and
P-selectin onto the surface of HUVEC, we carried out
ELISA for these receptors on the HUVEC. ELISA

confirmed that there was significant increase in surface
expression of both selectins after smoke exposure (Fig.
3B). Changes were compared to those induced by
treatment of HUVEC in microslides with TNF for 4 h,
which also causes adhesion of flowing neutrophils
through E- and P-selectin [14]. The increase in expres-
sion of E-selectin induced by cigarette smoke was less
than that induced by TNF, while the increase in P-se-
lectin was greater.

Thus, after smoke exposure, P-selectin appeared to
play the greater role in neutrophil capture but there was
a contribution also from E-selectin. P-selectin is avail-
able in granule stores and can be exposed within an hour
after treatment with oxidised LDL or hydrogen perox-
ide [12,20]. Expression of E-selectin in HUVEC requires

Fig. 2. Adhesion of flowing neutrophils to HUVEC which had been

exposed to water soluble components of cigarette smoke in different

media. Media were either untreated (Q) or exposed to smoke (�).

M199 + serum ¼ complete culture medium; M199 ¼ culture medium

without serum; M199 + LDL ¼ culture medium without serum but

with LDL (100 lg/ml) added. Data are means� SEM from 4 to 11

experiments. Exposure to smoke caused significant increase in adhe-

sion for each medium (p < 0:01 by paired t test in each case). *p < 0:05

compared to M199 + serum by paired t test.

Fig. 3. Role of selectins in response of HUVEC to cigarette smoke. (A)

Effects of antibody blockade on adhesion of flowing neutrophils to

HUVEC which had been exposed to culture medium which was un-

treated (Q) or exposed to smoke (�). Subsequently, HUVEC were

treated with antibodies against E-selectin (E-sel), P-selectin (P-sel), or

both (E + P-sel), or no antibody (none). Data are means � SEM from 3

to 7 experiments. *p < 0:05, **p < 0:01 compared to smoke exposed

HUVEC without antibody. (B) Surface expression of selectins on

HUVEC which had been exposed to culture medium which was un-

treated (control; Q), exposed to smoke (smoke; �), or had 100 U/ml

TNF added (TNF; ). Data are absorbance values after ELISA

carried out using antibodies against E-selectin or P-selectin

(means�SEM from three experiments). +p ¼ 0:055, *p < 0:05,

**p < 0:01 compared to control HUVEC.
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de novo gene expression [13] and this may explain the
fact that adhesion took 1–2 h to reach high levels. It is
notable that E-selectin was upregulated by cigarette
smoke condensate, but not P-selectin [8], so that it is
possible that different components of cigarette smoke
induced the different receptors. For instance, short-lived
oxidants may have modified medium constituents,
which in turn upregulated P-selectin, while other soluble
components of cigarette smoke may themselves have
induced E-selectin expression. Further work is needed to
define exactly what components and agents are involved
in the response.

Since not all adherent cells rolled continually, and
about 50% became stationary adherent, it is likely that
agent(s) capable of activating neutrophils integrins were
presented by the endothelial cells. We thus tested whe-
ther neutrophil immobilisation was mediated by
b2-integrins, as in other models of HUVEC stimulation
[14,15]. When neutrophils were treated with mAb
against CD18 for 15 min immediately prior to the
adhesion assay, we found that there was no reduction in
number attached to the HUVEC, but most of the ad-
herent cells now formed rolling attachments (88% roll-
ing compared to 45% for untreated control neutrophils;
mean from two experiments). This indicates that sta-
tionary adhesion could be largely attributed to activa-
tion of b2-integrins. However, it was notable that the
stationary cells did not migrate through the HUVEC
monolayer. Transmigrated cells are easily detectable as
phase dark spread cells, rather than phase bright cells on
top of the HUVEC [14,21]. For instance, we have pre-
viously found that �50% of adherent cells transmigrate
after treatment of HUVEC with 100 U/ml TNF [14,21].
It seems therefore that the water soluble fraction of
cigarette smoke can not only induce selectin expression
on HUVEC, but also expose activating agent(s) suffi-
cient to cause some neutrophils to immobilise, but not
migrate. HUVEC can potentially induce activation and
migration of flowing neutrophils through a range of
agents including CXC-chemokines and platelet-activat-
ing factor [15,21]. Further studies will be necessary to
explore if any of these agents are indeed upregulated by
smoke exposure.

Conclusions

Endothelial cells in tissues remote from the lungs do
not come into contact with particulate or insoluble
components of cigarette smoke. However, they will be
exposed to substances exchanged into the blood from
the lung air spaces. We modelled this process by per-
fusing culture medium through porous hollow fibres
which allowed uptake of water soluble compounds. This
method has worked previously in studies of response of
HUVEC to hypoxic medium [15]. When endothelial

cells were exposed to these components, we found a
response that was apparent about 60 min later, when
flowing neutrophils attached to the surface. Adhesion
was more marked at 150 min and was attributable to
upregulation of surface expression of P- and E-selectin.
All major leukocyte subsets can bind to P-selectin, and
monocytes and some T-cells also bind E-selectin, so that
a comparable response in vivo would not necessarily be
restricted to neutrophils. The implication is that ciga-
rette smoking could induce a persistent inflammatory
stimulus and thus contribute to long-term damage to
vessel walls or surrounding tissue, or exacerbate other
ongoing inflammatory disorders [1,22,23]. Exactly where
this might occur would depend on local endothelial re-
sponsiveness, flow rates, and other environmental fac-
tors predisposing to inflammation.
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