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release from human endothelial cells
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Background and purpose: The pro-inflammatory cytokine, interleukin-1b (IL-1b), has been implicated in the pathogenesis
of atherosclerosis, potentially via its release from vascular endothelium. Endothelial cells (EC) synthesize IL-1b in response to
inflammatory stimuli, but the demonstration and mechanism of release of IL-1 from ECs remains unclear. In activated
monocytes, efficient release of bioactive IL-1b occurred via activation of ATP-gated P2X7 receptors (P2X7Rs). Activation of
P2X7R in ECs from human umbilical vein (HUVECs) released IL-1 receptor antagonist (IL-1Ra). The purpose of this study was to
provide a quantitative investigation of P2XR expression and function, in parallel with IL-1b and IL-1Ra synthesis, processing and
release, in HUVECs under pro-inflammatory conditions.
Experimental approach: Quantitative RT-PCR, immunoblotting, ELISA, flow cytometry, and whole-cell patch clamp
recordings were used to determine protein expression and receptor function. IL-8-luciferase-reporter was used as an IL-1
sensitive bioassay.
Key results: HUVECs expressed P2X4R and P2X7R subtypes and both were significantly up-regulated under inflammatory
conditions. P2X7R currents were increased 3-fold by inflammatory stimuli, whereas no P2X4R-mediated currents were
detected. Caspase-1, but not IL-1b, was present intracellularly under basal conditions; inflammatory stimuli activated the
synthesis of intracellular pro-IL-1b and increased caspase-1 levels. Activation of P2X7Rs resulted in low-level release of bioactive
IL-1b and simultaneous release of IL-1Ra. The net biological effect of release was anti-inflammatory.
Conclusions and implications: Endothelial P2X7Rs induced secretion of both pro- and anti-inflammatory IL-1 receptor ligands,
the balance of which may provide a means for altering the inflammatory state of the arterial vessel wall.
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Introduction

The interleukin-1 (IL-1) family of cytokines are important

regulators of the acute inflammatory response (Dinarello,

1996) with two identified agonists IL-1a and IL-1b as well as a

naturally occurring inhibitor of IL-1 signalling IL-1 receptor

antagonist (IL-1Ra). IL-1b is a leaderless protein, thus lacking

the signal peptide generally found in prototypically secreted

proteins responsible for shuttling secreted proteins through

the organized endoplasmic reticulum (ER)-Golgi secretory

pathway (Zocchi and Rubartelli, 2001). In inflammatory cells

such as the monocyte/macrophage, pro-inflammatory sti-

muli, notably bacterial lipopolysaccharide (LPS), induce high

levels of pro-inflammatory IL-1b (pro-IL1b) synthesis but, in

the absence of a secondary stimulus, little IL-1b is released

into the medium (Hogquist et al., 1991; Perregaux and Gabel,

1994; Ferrari et al., 1997a; Di Virgilio et al., 1998; Sanz and Di

Virgilio, 2000). One of the best demonstrated physiological

mechanisms for release of bioactive IL-1b from activated

macrophages is the purinergic P2X7 receptor (Ferrari et al.,

2006). The P2X7 receptor is a cation-selective ion channel

activated by extracellular adenosine 5’-triphosphate (ATP)

but, in striking contrast to other ion channels, its activation

also leads to the opening of larger pores able to pass

molecules up to 900 Da (Virginio et al., 1999). It is thought

that activation of this so-called large pore triggers changes in
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intracellular ionic homeostasis sufficient to activate the

caspase-1 cascade leading to proteolytic cleavage of pro-IL-

1b and immediate release into the external environment.

Although more than one mechanism of release of processed

IL-1b in response to P2X7 receptor activation has been

documented, there is now substantial evidence that it is the

P2X7, and not other P2X receptors, which is responsible for

IL-1b release from activated monocytes and macrophages

(Perregaux and Gabel, 1994; Griffiths et al., 1995; Ferrari

et al., 1997b; Di Virgilio et al., 1998; Perregaux et al., 2000;

Sanz and Di Virgilio, 2000; Mehta et al., 2001; Le Feuvre

et al., 2002). The most unequivocal evidence for this

receptor’s role in ATP-mediated IL-1b release comes from

studies with transgenic mice lacking the P2X7 receptor gene.

In LPS-stimulated macrophages from these mice, no IL-1b
is released in response to application of ATP, although

LPS-induced synthesis of both caspase-1 and pro-IL-1b are

unaltered (Solle et al., 2001). These mice also exhibit

attenuated inflammatory responses (Labasi et al., 2002).

A unique feature of IL-1 receptors is the counterbalance

of the actions of the pro-inflammatory IL-1a (pro-IL-1a) and

pro-IL-1b by two inhibitory mechanisms: a soluble non-

signalling/decoy receptor (IL-1RII) plus a naturally occurring

inhibitory form of IL-1, IL-1Ra, which competitively inhibits

binding of IL-1a and IL-1b to IL-1RI. IL-1Ra does not activate

the receptor, as its binding prevents recruitment of the

accessory protein to the receptor complex (Arend, 2002).

There is evidence that the balance between IL-1 and IL-1Ra

determines the overall inflammatory response (Arend, 2002).

A key feature of any organism’s inflammatory response is

endothelial cell (EC) activation resulting in recruitment of

inflammatory cells (Bevilacqua et al., 1984). There are many

reports that ECs synthesize IL-1b (Warner et al., 1987; Galea

et al., 1996) but little demonstration of IL-1 release from

these cells. Production of inflammatory cytokines by

resident non-leukocytes has been hypothesized as a mechan-

ism of chronic inflammation. IL-1b synthesis by EC occurs at

sites of chronic inflammation; we have previously shown

that EC upregulated IL-1b in human coronary atherosclerosis

(Galea et al., 1996; Chamberlain et al., 1999, 2006).

Neointima development in animal models is retarded by

IL-1 inhibitory strategies (Morton et al., 2005; Chamberlain

et al., 2006). We have shown previously that ECs synthesize

only the intracellular splice variant of IL-1Ra (Dewberry

et al., 2000) and also demonstrated that this particular splice

variant (also lacking a signal peptide sequence) is released

from EC following P2X7 receptor stimulation in the absence

of induced cell death (Wilson et al., 2004).

In this study, we characterize P2X receptor expression and

responses in ECs, the conditions under which IL-1b is

synthesized by ECs and examine how release occurs to

determine the relative importance of this in the context of

concomitant intracellular IL-1Ra release.

Materials and methods

Cells and solutions

Human umbilical vein ECs (HUVECs) were isolated by 0.1%

Type IV collagenase (Sigma) treatment from umbilical cords

collected following individual informed consent from the

Sheffield Teaching Hospitals’ maternity unit. Freshly isolated

cells were cultured at 371C on gelatin-coated flasks in

medium 199 (Sigma, Dorset, UK). From passage 1, cells were

grown in RPMI medium (Invitrogen, Paisley, UK), to avoid

culture in media supplemented with ATP (i.e. M199, a

common EC growth medium), which might downregulate

ATP-mediated events. Media were supplemented with

20 mg ml�1 EC growth supplement (Totam Biologicals, Peter-

borough, UK), 90 mg ml�1 heparin (Sigma), 1% Fungizone

(Life Technologies) 10% fetal calf serum (FCS) and 10%

newborn calf serum (Life Technologies) (Jaffe et al., 1973).

HeLa cells were purchased from ATCC (Manassas, VA, USA)

and cultured in Dulbecco’s modified Eagle’s medium

(DMEM) supplemented with 2 mM glutamine, 10% heat-

inactivated FCS (BioWhitaker, Surrey, UK), 100 U ml�1

penicillin and 100mg ml�1 streptomycin. Some HUVECs

were purchased from PromoCell (Heidelberg, Germany)

and cultured in the supplied media, according to the

manufacturer’s instructions. HeLa cells were transfected

using PolyFect transfection reagent (Qiagen, W Sussex, UK)

according to manufacturer’s instructions. Human embryonic

kidney (HEK293) cells (ATCC) were transfected with Lipo-

fectamine 2000 (Invitrogen) according to manufacturer’s

instructions. Human tamm-horsefall protein-1 (THP-1)

monocytes (ATCC) were differentiated with 0.5 mM phorbol-

12-myristate 13-acetate (Sigma) and plated into six-well

plates as described previously (MacKenzie et al., 2001).

Control experiments used rP2X7, hP2X7, hP2X77C-term-

inal EE (EYMPME) or green fluorescent protein (GFP) tags,

stably or transiently expressed in HEK293 cells as described

previously (Virginio et al., 1999). Adenoviral constructs were

generated for hP2X7-GFP or hP2X7-EE using the BD-Clon-

tech Adeno-Xt Expression System 1 (Clontech, BD, Oxford,

UK). Virus produced from these constructs and from empty-

vector controls was used to infect HUVECs in complete

growth medium, by overnight incubation.

Stimulation conditions used were LPS (recombinant

from Escherichia coli, serotype 0111:B4 (055:B5; Sigma) at

1 mg ml�1, interferon g (IFNg; Calbiochem, Nottingham, UK)

at 100 ng ml�1, tumour necrosis factor-a (TNFa; Calbiochem)

at 10 ng�1 and IL-1b; R&D systems, Abingdon, UK) at

10 ng ml�1 (unless otherwise indicated). Incubations were

at 371C in normal growth media. Cells were then washed

with phosphate-buffered saline (PBS) and 30-O-(4-benzoyl)-

benzoyl-ATP (Bz-ATP) at 300 mM or ATP (Sigma) at 3 mM, was

added in extracellular solution, consisting of 147 mM

N-methyl-D-glucamine, 2 mM KCl, 1 mM MgCl2, 2 mM CaCl2,

10 mM HEPES and 12 mM glucose, for 60 min unless other-

wise stated, at 371C. Supernatants were collected, cells were

washed with PBS, and then extracted by scraping in PBS plus

1% Triton or 1% dodecyl maltoside, plus protease inhibitors

(Cocktail III, Calbiochem).

Reverse transcription to detect P2X receptor message

Reverse transcription (RT) from total RNA was made using

the Superscript III System (Invitrogen). Primer pairs used

were as shown in Table 1. Thermal cycling was performed

using a Hybaid PCR machine, for 941C, 1 min; 35 cycles of
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941C, 30 s; 551C, 30 s; 721C, 1 min, then a final step to 721C

for 5 min. Products were run on 1.5% agarose gel containing

ethidium bromide.

Quantitative RT-polymerase chain reaction

SYBR-green probes (Molecular Probes) were used with an

iCycler (Bio-Rad, Herts, UK) thermal cycler, for primers pairs

as shown in Table 1. 18S-rRNA, b2M and human hydro-

xymethylbilane synthase (HMBS) were used as housekeeping

genes, which have been suggested to be more appropriate

controls that are not susceptible to tissue variation or

complex transcriptional regulation (Vandesompele et al.,

2002); their expression was compared using a cocktail of

different inflammatory stimuli (Figure 1a), to assess whether

these were prone to variable expression under such condi-

tions. Both 18S-rRNA and HMBS exhibited unaltered levels

of expression in the presence of these stimuli, whereas the

expression of b2M was highly variable, being expressed at

much higher levels in the presence of IFNg, and combina-

tions containing this agent. The latter was therefore deemed

an unsuitable housekeeping control. In all further quantita-

tive RT-polymerase chain reaction (qRT-PCR) experiments,

both 18S-rRNA and HMBS were used as housekeeping

controls, where relative expression levels of these two

messages were normalized and averaged. We considered this

the most reliable means to avoid introducing bias-related

variations due to inflammatory stimulating conditions. Each

primer pair-stimulatory condition was assayed in triplicate

and melt curves obtained routinely to check primer

specificity.

Probes were tested by melt curve analysis to ensure single

products were detected and that no signal from the template

was detected due to primer–dimer formation. The efficiency

and specificity of all primer sets were tested on plasmids

encoding P2X4, P2X7, 18S-rRNA, b2-M and HMBS, subcloned

into pcDNA3.1- (Invitrogen) or pGEM-T (Promega, South-

ampton, UK). Primer pairs were used for quantification

where efficiencies of X93% were obtained, and given by

Table 1 Primer pairs used in RT-PCR and q-PCR

Target Accn No. Sense primer Antisense primer Product size (bp)

hP2X1 NM_002558 TTTCATCGTGACCCCGAAGCAG TCAAAGCGAATCCCAAACACC 633
hP2X2 NM_170682 ACCTGCCCCGAGAGCATAAG AATGACCCCGATGACACCACCC 426
hP2X3 NM_002559 CACCTCGGTCTTTGTCATCATCAC TGTTGAACTTGCCAGCATTCC 695
hP2X4 NM_002560 ACAGCAACGGAGTCTCAACAGG CCTTCCCAAACACAATGATGTCG 561
hP2X5 NM_002561 AACCTGATTGTGACCCCCAACC TCGCAGAAGAAAGCACCCTTGC 683
hP2X6 NM_005446 GGTGACCAACTTCCTTGTGACG CCCAGTGAACTCTGATGCCTACAG 476
hP2X7 NM_002562 TGCGATGGACTTCACAGATTTG TGCCCTTCACTCTTCGGAAAC 465
hb-actin NM_001101 ATTCCTATGTGGGCGACG GCTGGGGTGTTGAAGGTCTC 241
hP2X4 NM_002560 GGATGTGGCGGATTATGTGATAC AGTGGTCGCATCTGGAATCTC 121
hP2X7 NM_002562 TGTGCCTACAGGTGCTACGCC GCCCTTCACTCTTCGGAAACTC 118
h18SrRNA K03432 ACACGGACAGGATTGACAGATTGATAG ATGCCAGAGTCTCGTTCGTTATCG 122
Hb2M NM_004048 TTTCAGCAAGGACTGGTCTTTCTATC GGTTCACACGGCAGGCATACTC 86
HMBS NM_000190 TTCACCATCGGAGCCATCTG TTCCCACCACACTCTTCTCTGG 110

Reverse transcription primer pairs are shown in upper box (white), and qRT-PCR SYBR green probe primer pairs are shown in lower box (shaded), used as described

in materials and methods.

Abbreviations: Hb2M, human b2-microglobulin; HMBS, human hydroxymethylbilane synthase; PCR, polymerase chain reaction; q-PCR, quantitative PCR; RT,

reverse transcription.

RT -

1000

500

200

1 2 3 4 5 6 7 β-actin

a

b

0

2

4

F
o

ld
 c

h
an

g
e

6

8

10

12

14

16

A B C D E F G H I J KA B C D E F G H I J KA B C D E F G H I J K

A = control
B = LPS
C = IFNγ
D = TNFα
E = IFNγ/TNFα 
F = IFNγ/LPS
G = TNFα /LPS
H = IL-1β
I = IL-1β/IFNγ
J = IL-1β/TNFα
K = IL-1β/LPS

bp

18S rRNA β2M HMBS

P2X

Figure 1 RT-PCR assay of P2X receptor subtypes in HUVEC.
(a) Quantitative RT-PCR was optimized for ‘housekeeping genes’
to detect human 18S rRNA, b2-microglobulin (b2M) and human
hydroxymethylbilane synthase (HMBS), under various stimulatory
conditions. HUVECs were cultured in the presence of pro-inflamma-
tory mediators for 24 h before total RNA was extracted and cDNA
synthesized. h18S rRNA, hb2M and hHMBS qRT-PCR primers were
then tested against these cDNA samples to observe changes in
expression levels. (b) RT-PCR on total RNA from unstimulated
HUVECs using standard P2X receptor and b-actin primers, separated
by agarose gel electrophoresis. RT-control is for thermal cycling in
the absence of template.
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Efficiency (%)¼ (10�1/slope�1)�100 (Rasmussen, 2001).

Thermal cycling parameters were: 941C, 1 min; 25 cycles

of 941C, 30 s; 551C, 30 s; 681C, 90 s; then 681C for 5 min.

Flow cytometry

Detection of P2X7 receptors on the cell surface of HUVEC

was performed by flow cytometry using a mouse monoclonal

anti-human P2X7 receptor antibody (gift from I Chessell,

Neurology and GI Centre of Excellence for Drug Discovery,

GlaxoSmithkline Pharmaceuticals, New Frontiers Science

Park, Essex, UK) at 6.8mg ml�1, or mouse monoclonal IgG2a

(Dako, Cambridgeshire, UK) as isotype control at 1 mg ml�1,

and F(ab0)2 rabbit anti-mouse IgG-fluorescein isothiocyanate

(FITC)-conjugated secondary antibody (Serotec, Oxford, UK)

at 10 mg ml�1.

Electrophysiology

HUVECs were plated onto coverslips and cultured in

complete media for at least 24 h before whole-cell patch-

clamp recordings were made. Recordings were made at room

temperature using an EPC9 amplifier (HEKA Electronics,

Lambrecht, Germany) and Pulse acquisition software. Inter-

nal solution was (in mM) 145 NaCl, 10 HEPES, 10 EGTA (pH

7.3); standard external solution was (in mM) 145 NaCl, 2 KCl,

2 CaCl2, 1 MgCl2, 10 HEPES, 13 glucose (pH 7.3) and

osmolarity of 300–310 mosmol l�1. Low divalent cation

external solution (LDV) contained 0 MgCl2 and 0.2 mM

CaCl2. Agonists were applied using a fast flow system (Rapid

Solution Changer, IntraCel, Royston, UK) and the cells were

held at a holding potential of �60 mV. Agonists used were at

30 mM and Bz-ATP at 300mM. Ivermectin (Sigma) at 3 mM was

used as a tool to potentiate P2X4 responses (Khakh et al.,

1999) and the LDV was used to potentiate P2X7 responses,

their effects being confirmed in HEK293 cells stably expres-

sing P2X4 or P2X7 receptors, respectively. The specific P2X7

receptor antagonist AZ11645373, (Stokes et al., 2006) used at

100 nM and KN-62 used at 1mM were applied to the cell for

3 min before agonist.

For adenoviral-mediated gene delivery, HUVECs were

plated onto coverslips and cultured in complete media for

at least 24 h. The P2X7 receptor adenovirus construct was

added for 24–48 h and cells were patched 48 h post-infection.

Immunoblotting

Supernatant media from cell incubations were analysed

directly or concentrated by centrifugation using Nano-sep

10 kDa cutoff filters (VWR). Supernatants from stimulated

cells and whole-cell extracts were analysed by immunoblot-

ting after electrophoresis on 12% sodium dodecyl sulphate

(SDS)–polyacrylamide gel (PAGE) and transfer onto poly-

vinylidene fluoride (PVDF) membrane. Samples were loaded

at equal concentrations, as determined by protein assay.

Antibodies were diluted in PBS with 0.1% Tween20 (PBS-T)

or Tris-buffered saline (TBS) with 0.1% Tween-20 (TBS-T), 2%

nonfat milk. Primary antibodies (all polyclonal) used were

(r¼ rat, h¼human): rabbit anti-rP2X4 (Alomone Labs,

Jerusalem, Israel) used at 0.3mg ml�1 (crossreacts with human);

rabbit anti-rP2X7 (Alomone Labs) used at 0.3 mg ml�1; goat

anti-hP2X7 (Santa Cruz, Santa Cruz, CA, USA) used

at 0.1 mg ml�1; rabbit anti-hIL-1b (Santa Cruz) used at

0.5 mg ml�1; goat anti-hIL-1a (R&D systems) used

at 0.2 mg ml�1; rabbit anti-hCaspase-1 (Santa Cruz) used at

0.5 mg ml�1; goat anti-hIL-1ra (R&D Systems) at 0.1 mg ml�1.

Positive controls used were: hP2X4, lysates of HEK293 cells

stably expressing hP2X4 receptor; hP2X7, lysates of HEK293

cells stably expressing hP2X7 receptor; hIL-1b, recombinant

human IL-1b (R&D systems); hIL-1a, recombinant human

IL-1a (R&D systems); hIL-1Ra, recombinant IL-1Ra (R&D

Systems); hCaspase-1, lysates of HL60 cells. These primary

antibodies were incubated for 1 h at room temperature or

overnight at 41C then washed four times in PBS-T or TBS-T.

The corresponding species of secondary antibody as HRP

conjugate (Dako) at 1:2000 dilution, incubated for 1 h at

room temperature, followed by four washes for 15 min in

TBS-T. Protein band detection used the Western Lightning

chemiluminescent detection system (Perkin-Elmer, Beacons-

field, Buchs, UK). If necessary membranes were stripped in

Restore Western-blot stripping buffer (Perbio, Northumber-

land, UK), according to manufacturer’s instructions. Band

densities from blots were compared for semiquantitative

analysis using National Institutes of Health (NIH) image.

Surface protein biotinylation

Cells were plated into 60 mm Petri dishes (three dishes per

treatment) and cultured for 48 h in the presence or absence

of IFNgþTNFa. Cells were washed once with PBS and 2 ml

(0.5 mg ml�1) EZ-link Sulfo-NHS-LC-biotin (Perbio) was

added to each dish of cells for 30 min at room temperature.

Glycine was added to quench the biotinylation reaction.

Cells were pelleted and lysed in 2% Triton X-100-containing

lysis buffer plus complete protease inhibitors (Calbiochem).

Equal amounts of protein (determined as below) were used

in the pull-down of biotinylated cell surface proteins using

Immuno-pure immobilized streptavidin beads (PerBio).

Samples were incubated with streptavidin beads overnight

at 41C by rotating. Beads were washed three times with lysis

buffer then protein eluted by addition of SDS–PAGE sample

buffer heated to 1001C for 5 min, followed by separation on

8% polyacrylamide gels.

Protein assay

Protein concentrations were determined using the bicinch-

oninic acid (BCA) protein assay kit (Pierce) or the Bio-Rad

protein assay.

LDH assay

Lactate dehydrogenase (LDH) activity in supernatants or

1% Triton-X lysed cells was determined by measuring the

change in absorbance over time at 340 nm using an LDH kit

(Sigma), according to manufacturer’s instructions.

IL-8 luciferase used as an IL-1-sensitive bioassay

For IL-8 luciferase reporter assays, HeLa cells were transfected

with the pIL-8-luc construct (Kiss-Toth et al., 2000) and pTK-
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luc (Promega) in 96-well plates at approximately 1�104 cells

per well (around 80% confluence). Transfection efficiency

was estimated using pEGFP-N1 (Clontech, Basingstoke, UK)

transfection by counting the percentage of green cells in

three separate fields by fluorescence microscopy (�20

objective), and by measuring Renilla luciferase. Cells were

used only where transfection efficiencies were X80%.

Incubations were with or without human recombinant IL-

1b (at 10 pg ml�1, R&D Systems) for 6 h at 371C. Cells were

then lysed with passive lysis buffer (Promega), transferred

into microtitre plates (DYNEX Technologies, Worthing, UK)

and assayed for luminescence intensity using Standard

Luciferase Assay and Stop and Glo reagents (Promega) on a

Packard Bioscience Fusion plate reader.

Luciferase activity was calculated by normalizing to the

transfection efficiency based on the Renilla luminescence

measured in each well. Ratios were taken for each individual

experiment. For comparison between experiments, the

activity of the IL-1b-stimulated control was taken as the

maximal (100%) value, and activities expressed as a percen-

tage of this.

Measurement of IL-1b and IL-1Ra levels by ELISA

Concentrations of human IL-1b, IL-1Ra and soluble Type II

IL-1 receptor (sIL-1RII) in cell extracts and supernatants were

quantified by enzyme-linked immunosorbent assay (ELISA).

For IL-1b, a standard kit (Endogen, Perbio) or a high

sensitivity assay was used (R&D Systems, QuantiGlo).

IL-1Ra and sIL-1RII levels were quantified using ELISA

Quantikine kits (R&D).

Statistical analysis

Unless otherwise stated, results are mean7s.e.m. of 3–6

experiments. Paired t-tests were used to compare P2X4 and

P2X7 mRNA expression levels within the same samples. One-

way analysis of variance (ANOVA) with appropriate post-tests

was used to compare samples as stated.

Results

P2X receptor expression in HUVECs

mRNA levels. RT-PCR was initially carried out on unstimu-

lated HUVECs using the standard P2X receptor and b-actin

PCR primers. mRNA encoding P2X4 and P2X7 receptors, but

not P2X1, P2X2, P2X3, or P2X6 receptors, were clearly

detected (Figure 1b). A very low level of P2X5 receptor

transcript was detected in some RT-PCRs. LPS, IFNg, TNFa
and IL-1b itself, alone or in combination significantly

increased mRNA levels of both P2X4 and P2X7 receptors,

with combined treatment using IFNg and TNFa inducing the

greatest increase in both of these receptors (Figures 2a and b).

IFNgþTNFa treatment resulted in a 100-fold and a 65-fold

upregulation of P2X4 receptor and P2X7 receptor message,

respectively, at 48 h (Figures 2a and b). Levels of mRNA for

P2X7 receptors reached their maximum within 6 h of

treatment with IFNgþTNFa and remained elevated at

approximately the same level for 48 h, whereas P2X4 receptor

mRNA gradually increased to reach its maximum levels at

48 h (Figure 2c).

Protein expression. Fluorescence-activated cell scanning

(FACS) analysis using a monoclonal anti-human P2X7

receptor ectodomain antibody (Buell et al., 1998) revealed

an increase in surface expression of P2X7 receptors at 24 h

treatment with IFNgþTNFa (Figure 3a). We were unable to

examine total P2X7 human protein by Western blotting

because of limitations in the antibodies currently available.

We used antibodies to examine both total and surface

membrane expression of P2X4 receptors using Western

blotting and biotinylation protocols (Ennion and Evans,

2001). Total protein was significantly increased within 4 h of

IFNgþTNFa treatment, with maximum protein expression at

48 h (Figure 4a). In agreement with the increased surface

expression of P2X7 receptors following treatment with
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Figure 2 Effect of pro-inflammatory cytokines on expression of
P2X4 and P2X7 receptors in HUVEC. (a) qRT-PCR for P2X4 receptor
message relative to untreated control under various stimulatory
conditions for 24 and 48 h. (b) q-RT-PCR for P2X7 receptor message
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(100 ng ml�1)þ TNFa (10 ng ml�1) treatment over 72 h. Values
shown are (in a and b) means7s.d., n¼2; (in c) means7s.e.m,
n¼6.
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IFNgþTNFa, there was an increase in surface P2X4 receptor,

as measured with surface biotinylation (Figure 4b).

P2X-activated membrane currents. The actions of ATP and

the stable analogue Bz-ATP on membrane currents were

examined in untreated HUVECs and after 24–48 h treatment

with IFNgþTNFa using recording conditions to block

voltage-dependent and potential P2Y receptor-mediated

potassium currents (Bowler et al., 2003) to isolate ATP-gated

P2X currents. P2X4 receptor-mediated currents can be

distinguished from P2X7 receptor-activated currents in three

ways: concentrations of ATP o100 mM do not activate human

P2X7 receptors but will maximally activate P2X4 receptors;

ivermectin strongly potentiates P2X4 receptors but has no

effect at P2X7 receptors; and Bz-ATP is a weak partial agonist

at P2X4 receptors but produces a larger maximum response

than does ATP at P2X7 receptors (Khakh et al., 1999; North

and Surprenant, 2000; North, 2002). As we could not

demonstrate expression of P2X receptors other than P2X4

and P2X7 in HUVECs (Figure 1b), these criteria should
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determine presence of functional P2X4 and P2X7 responses

in HUVECs.

No change in membrane current occurred in response to

application of 30 mM ATP in untreated or IFNgþTNFa-treated

HUVECs, nor did ivermectin potentiate currents produced

by ATP (Figure 4c). In addition, ivermectin did not alter the

Bz-ATP evoked current in untreated or IFNgþTNFa-treated

HUVEC. Parallel experiments performed on HEK293 cells

stably expressing hP2X4 receptors resulted in half-maximal

concentration (EC50 value) of ATP of 30 mM with a 3–7-fold

increase in ATP-evoked currents in the presence of ivermec-

tin (Figure 4c). These results, therefore, provided no evidence

for the presence of functional ATP-gated P2X4 receptor

channels, or P2X4/7 heteromers, in HUVEC.

In contrast, Bz-ATP (100–300 mM) evoked small but repro-

ducible currents in untreated HUVECs, which were signifi-

cantly increased after IFNgþTNFa treatment (Figures 3b and

d). These values were approximately 14-fold lower than P2X7

receptor-mediated currents recorded from human alveolar

macrophages (33.475.03 pA pF�1, n¼5). Ectopic expression

of hP2X7 receptors (using adenoviral constructs) in un-

treated or LPS-treated HUVECs resulted in Bz-ATP-mediated

currents that were 2–4-fold larger (671 pA pF�1, n¼8) than

Bz-ATP-activated currents recorded from IFNgþTNFa-trea-

ted, untransfected cells (Figures 3b and d). Maximum current

amplitudes in response to Bz-ATP (300 mM) were significantly

greater than maximum amplitudes evoked in response to

ATP (3–5 mM). KN62 (1mM), which blocks the human P2X7

receptor (North and Surprenant, 2000), inhibited Bz-ATP-

evoked currents by 465% (Figure 3c). Thus, these results

show functional P2X7 receptors in HUVECs, whose current

density is exceedingly low in untreated HUVECs but is

significantly increased by inflammatory stimuli, although

lower than found in macrophages.

IL-1b synthesis by HUVECs

HUVECs were cultured in the presence of pro-inflammatory

mediators for 24 h. Whole-cell lysates were collected and

assayed for intracellular IL-1b levels by ELISA (Table 2). IL-1b
was not produced constitutively in unstimulated HUVEC,

but was synthesized in significant quantities in response to

pro-inflammatory stimulation. Stimulated HUVEC lysates

were also tested for the presence of IL-1a by immunoblot-

ting, but this was never detected (data not shown). IL-1b
itself induced its own synthesis both alone and in combina-

tion with other pro-inflammatory mediators. Lysates from

THP-1 monocytes, used as a positive control, produced

approximately five times more IL-1b than the maximal

production seen with stimulated HUVECs (Table 2).

The identity of the IL-1b protein synthesized in stimulated

HUVEC was confirmed by immunoblotting (Figure 5a). No

detectable IL-1b was observed in untreated cells but full-

length pro-IL-1b (31 kDa) was detected after inflammatory

stimuli (Figure 5a). The time course for induction of both

IL-1b and caspase-1 expression in HUVEC lysates was

determined by immunoblotting, following stimulation with

IFNg and TNFa (Figure 5b). These demonstrate a gradual

time-dependent increase in IL-1b that was maximal between

24 and 48 h. Pro-caspase-1 (45 kDa) was constitutively

expressed by HUVEC and increased in a time-dependent

manner following pro-inflammatory stimulation (lower blot,

Figure 5b).

Secretion of IL-1b
Although LPS alone induced the synthesis of pro-IL-1b
(Table 2), no IL-1b release into the medium was detected

from LPS-primed HUVEC in response to 30, 60 or 120 min

application of ATP (3 mM) or Bz-ATP (300 mM) (n¼3, data not

shown). Similar experiments were then carried out using

LPS-primed HUVECs after 48 h prior treatment with IFNg
and TNFa. Supernatants were collected and concentrated by

immunoprecipitation and then assayed for IL-1b by ELISA as

were cell lysates from the same experiments (Figures 6a and

b). There was significant variability in responses from

individual donors which is in agreement with previous work

on loss-of-function and/or gain-of-function polymorphisms

of P2X7 receptors in the human population (Lammas et al.,

1997; Li et al., 2002; Saunders et al., 2003; Wiley et al., 2003;

Gu et al., 2004; Sluyter et al., 2004a, b; Cabrini et al., 2005;

Skarratt et al., 2005; Shemon et al., 2006) but, in general,

Bz-ATP-evoked release of IL-1b into the supernatant was only

just above threshold for detection using the sensitive ELISA

assay (Figure 6b). Where IL-1b release was detected, Bz-ATP

evoked higher levels of IL-1b in the medium than did ATP, in

keeping with P2X7 receptor function.

In view of the relatively weak release of IL-1b from

HUVECs in response to Bz-ATP in spite of the high levels

of intracellular IL-1b induced by inflammatory stimuli, we

examined whether this was owing to a dysfunction in the

inflammasome per se or to low levels of functional P2X7

receptors, by overexpressing P2X7 receptors in HUVECs

using adenoviral delivery. Release experiments were carried

out from the same preparations that were studied by whole-

cell patch-clamp recordings (i.e. Figure 3b). In HUVEC with

Table 2 IL-1b produced in HUVECs and THP-1 monocytes measured by
ELISA

Cell type Treatment IL-1b (pg/ml)

Mean7s.e.m. (n¼3)

HUVECs Untreated 0
LPS 124765
IFNg 0 (NS)
TNFa 86729
IFNg/TNFa 158792
IFNg/LPS 4107113
TNFa/LPS 7087330 (NS)
IL-1b 611792
IL-1b/IFNg 821773
IL-1b/TNFa 18807477
IL-1b/LPS 15707565

THP-1 monocytes Untreated 0
LPS 87507751

Levels of IL-1b produced in HUVECs and THP-1 monocytes following

treatment with various combinations of stimuli. IL-1b levels from whole cell

lysates were determined by the R&D QuantiGlo ELISA kit. Values are the

mean7s.e.m. for n¼3 separate determinations; Po0.05; unpaired Student’s

t-test, except where shown as NS.

Abbreviations: ELISA, enyme-linked immunosorbent assay; HUVEC, human

umbilical vein endothelial cell; IFNg, interferon g; IL-1, interleukin-1; LPS,

lipopolysaccharide; NS, nonsignificant; TNFa, tumour necrosis factor-a.
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ectopic expression of P2X7 receptors, Bz-ATP resulted in

significant and higher levels of IL-1b being released into the

supernatant media (Figure 6c). Furthermore processing to

the active 17 kDa form of IL-1b was demonstrated by Western

blot (Figure 6d). Concomitant with release of IL-1b into the

medium by Bz-ATP stimulation, total intracellular IL-1b
content was decreased in response to Bz-ATP stimulation

(325752 vs 123720 pg ml�1 mean7s.e.m, n¼3; Po0.05,

Student’s t-test). Bz-ATP did not evoke IL-1b release in

control experiments using an empty-vector adenoviral

construct although LPS-induced synthesis of intracellular

IL-1b was normal. We also measured LDH activity in the

supernatants from all experiments as an assay for cell death,

and compared values to those obtained by Triton-induced

cell lysis, but in no case was LDH release into the medium

detected (Figure 6e).

Bioactivity of secreted IL-1b
To determine whether the low level of released IL-1b from

HUVECs was biologically active, an IL-8 luciferase reporter

assay was used. We have previously reported that the IL-8

promoters linked to luciferase and expressed in HeLa cells

can be used as a bioassay for IL-1 activation (Kiss-Toth et al.,

2000), and is sensitive to picomolar concentrations of IL-1b.

The assay provides a linear response between 10 and

100 pg ml�1 (Evans et al., 2006). Upon addition of HUVEC

supernatants following control, ATP or Bz-ATP treatment to

the IL-1 bioassay, activation of IL-8 luciferase was not

observed (clear bars, Figure 7a), compared to addition of

1 pg ml�1 IL-1b that caused strong reporter activation

(shaded bar, for buffer addition, Figure 7a). Of considerable

interest was the observation that these same HUVEC super-

natant samples inhibited the agonist response to exogen-

ously applied IL-1b to the reporter assay (shaded bars,

Figure 7a). This indicated that an IL-1 inhibitory factor

was present in the HUVEC-released fraction/supernatant

samples. The presence of induced release of IL-1Ra

was confirmed in the HUVEC supernatants by ELISA

(Figure 7b) and by Western blotting (Figure 7c). Application

of 100 ng ml�1 recombinant IL-1Ra protein to the IL-1 bioassay

was equally effective at causing inhibition of IL-1b mediated
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IL-8 luciferase activity compared to addition of the HUVEC

supernatants (Figure 7a). Increased levels of IL-1Ra were

detected in supernatants from stimulated HUVEC trans-

formed with P2X7 adenovirus, corresponding to those

samples tested for IL-1b release in Figure 6c. These samples

from native and P2X7-adeno transformed HUVECs were

tested for the presence of another IL-1 inhibitory factor, sIL-

1RII by ELISA. However, no sIL-1RII was detected (not shown).

Discussion

We have tested the hypothesis that IL-1b is released from ECs

via a P2X-dependent process. The data presented here

demonstrate the presence of P2X4 and P2X7 receptors at

low levels in unstimulated HUVECs and that these are

induced by similar inflammatory stimulants to those that

induce the synthesis of IL-1b.

Levels of P2X4 receptors appeared to be in excess of P2X7

receptors under both basal and stimulated conditions.

Interestingly, the P2X4R and P2X7 receptor genes are located

on chromosome 12 within 130 kb of each other and it is

certainly possible that they share common promoter ele-

ments explaining how their expression levels appear to be so

closely linked. P2X4 receptor protein was easily detected in

HUVECs by Western blotting. Whole-cell electrophysiology

responses attributable to P2X4 receptor activation were

barely detectable, when assessed with low micromolar

concentrations of ATP, and by the addition of the P2X4

receptor-potentiating compound, ivermectin. It is unclear

why P2X4 receptors on HUVEC do not appear to have

electrophysiological function.
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P2X7 receptor protein was detected in HUVECs by

immunoprecipitation with cell surface expression of P2X7

receptor confirmed by FACS analysis. Functional P2X7

receptors on HUVEC were confirmed by whole-cell electro-

physiology recording, with inward currents in response to

both ATP and Bz-ATP application, which were potentiated in

low divalent cation solutions. Responses were significantly

increased in HUVECs that had been treated with IFNg/TNFa
consistent with the observed upregulation in expression of

P2X7 receptors. The endogenous P2X7 receptor ion channel

responses were approximately 14-fold lower compared to

endogenous currents from human lung macrophages and

2–4-fold lower than in experiments where P2X7 was over-

expressed by viral transfection.

IL-1b synthesis was detected by ELISA immunoassay and

Western blotting on HUVEC whole-cell extracts, the latter

confirming intracellular production of 31kDa Pro-IL-1b. IL-1b
synthesis was negligible in unstimulated HUVECs but was

induced by pro-inflammatory stimulation in a similar fashion

to P2X receptor expression and over a similar time course.

Interestingly, the greatest induction of IL-1b synthesis was

produced by combinations of pro-inflammatory mediators

containing IL-1b itself. Western blotting for the 45kDa

precursor form of caspase-1 showed that it was constitutively

present in HUVECs but was similarly induced by pro-

inflammatory stimulation. The lower band present in the

caspase-1 blot of HUVEC samples may be attributable to active

caspase-1. Processing of IL-1b in the same samples of cell lysates

is not observed. This is likely to be owing to the fact that

generation of active IL-1b is intimately coupled to its release

from the cell, hence any production is only detected in the

supernatant fraction (Hazuda et al. 1988; Perregaux et al. 2002).

A key objective was to test whether HUVECs process and

release IL-1b in a P2X receptor-dependent manner. Here

we confirm that IL-1b synthesis and release plays a key

regulatory role in vascular ECs. Consistent with this we, and

others, found that IL-1b synthesis was negligible in un-

stimulated HUVEC (Marceau et al., 1992; Schumann et al.,

1998). We have shown that under inflammatory conditions,

using LPS, IFNg, TNFa and IL-1b, either singly or in double

combinations mature IL-1b, but not IL-1a, is synthesized in

reasonably large amounts (about one-fifth of that observed

from monocytes). We used a combination of IFNg and TNFa
to stimulate IL-1b release, owing to its effect in upregulating

both P2X4/7 receptor expression and IL-1b synthesis. We used

a variety of techniques to try and detect IL-1b release from

HUVECs including immunoprecipitation and Western blot-

ting. However, we were only able to detect IL-1b release by
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testing supernatants in a highly sensitive IL-1b ELISA, with

approximately 12 pg ml�1 detected. This occurred in the

absence of cell death. We were consistently unable to detect

any IL-1b release by immunoprecipitation or Western

blotting most likely due to the levels being below the

threshold for detection (lower limit of detection by

immunoprecipitation 30 pg ml�1 rhIL-1b and 3 ng ml�1

rhIL-1b by immunoblotting). The only other report demon-

strating mature IL-1b release from human ECs was in

response to CD40 ligation by a thymocyte proliferation

assay (Schonbeck et al., 1997). We tested whether CD40

ligand, low-density lipoprotein (LDL) and oxidized LDL

(oxLDL) were effective in altering P2X receptor expression,

but no significant difference from control was observed (data

not shown). Much of the initial work on P2X7 receptor-

dependent IL-1b release was performed in THP-1 monocytes.

HUVECs synthesized approximately 10–50-fold less IL-1b
than THP-1 cells and expressed fewer P2X7 receptors, even

after pro-inflammatory stimulation. As the amount of IL-1b
released from HUVEC was only just detectable, to confirm

a role for the P2X7 receptor in mediating this secretion,

we artificially increased the expression of P2X7 receptors in

HUVECs, by transfecting them with adenoviral P2X7 recep-

tor. High levels of expression were confirmed by measuring

functional P2X7 receptor responses. Transformed cells still

required pro-inflammatory stimulation to induce IL-1b
synthesis and release. Levels of released IL-1b were approxi-

mately three or four times higher in P2X7 receptor

transformed compared to native cells. In addition, incuba-

tion with the specific P2X7 receptor antagonist

(AZ11645373) attenuated release of IL-1b from P2X7 recep-

tor-transformed HUVEC, providing further support for the

role of this receptor in secretion of leaderless IL-1b from ECs.

These experiments indicateed that an intact inflamma-

some is active within HUVEC and that to some extent IL-1b
secretion is limited by low-level P2X7 receptor expression in

EC. Although we cannot exclude other mechanisms in EC

that might be able to induce the release of IL-1b at a higher

level than is achieved by P2X7 receptor stimulation, this is

one of the best-characterized processes known to influence

the release of this cytokine. Therefore, we conclude that the

low level of IL-1b release from HUVEC is in part because of

the low level of P2X7 receptor expression and in part the

lower synthetic capacity of HUVEC for IL-1b compared to

monocyte/macrophages. We cannot exclude the possibility

that IL-1b might be released at higher levels from HUVEC

by other unidentified stimuli. The measured release of

12 pg ml�1 IL-1b from untransfected HUVEC, corresponding

to approximately 1 pM concentration, is an adequate con-

centration to easily affect a range of targets and is also

effective in the IL-8-luciferase reporter assay, when applied

exogenously (Dower et al., 1986; Kiss-Toth et al., 2000).

We utilized an IL-8 reporter assay to determine the

bioactivity of the released products from stimulated ECs.

This assay is sensitive to low picomolar concentrations of

IL-1b. However, the overall effect of application of HUVEC

supernatants resulted in an inhibition of IL-1-induced

activity. The presence of IL-1Ra in the supernatants was

confirmed, by immunoblotting and ELISA, whereas addition

of recombinant IL-1Ra to the IL-1 reporter bioassay

mimicked the effect of the HUVEC supernatants. The

concentration of exogenous recombinant IL-1Ra required

to cause the same extent of inhibition as the HUVEC

supernatants was almost 100-fold higher than that detected

by ELISA in the HUVEC supernatants. These data are

consistent with our previous observations of P2X7 receptor-

mediated release of IL-1Ra from HUVEC (Evans et al., 2006).

It is unclear why IL-1Ra is released in greater amounts that

IL-1b in response to ATP. It may just be the ratio of synthetic

capacity for these two IL-1 products in HUVEC, but we

cannot exclude the possibility of subtle differences in the

P2X7 receptor – dependent mechanisms of IL-1b and IL-1Ra

release and that these may be cell-type-specific. We have

noticed that EC do not bleb in response to ATP, a feature that

has been seen in monocyte/macrophages and has been

linked to IL-1b processing. We have attempted to neutralize

IL-1Ra in the samples using neutralizing antibodies, to reveal

IL-1b activity but were unable to achieve effective neutraliza-

tion with the antibodies currently available for this purpose.

Under the conditions we have studied, the net effect of

P2X7 receptor activation is anti-inflammatory due to the

dominant-released factor being intracellular IL-1Ra rather

than IL-1b. This is consistent with the idea that the

predominant role of ECs in vivo is anti-inflammatory, with

mechanisms in place to protect ECs in the face of blood

borne inflammatory insults, for example, the induction of

decay accelerating factor by cytokines or the membrane

attack complex protecting endothelial cells against comple-

ment deposition (Mason et al., 1999). The role of ectonu-

cleotidases should also be considered in protecting against

P2X receptor-mediated cytokine release in EC, which may be

altered under different inflammatory conditions (Imai et al.,

2000). These workers also showed that cell-associated IL-1a
release occurs from LPS-stimulated HUVEC (Imai et al.,

2000). In this study, we were unable to detect any free IL-1a
in the stimulated HUVEC supernatants by Western blotting.

This work has demonstrated that the net effect of P2X7

receptor stimulation in EC is anti-inflammatory. This may be

important for the therapeutic use of agents that inhibit P2X7

receptors. We have reported previously that P2X7 receptor

gene deletion in the mouse does not reproduce an IL-1-

deficient phenotype in a vascular injury model (Chamber-

lain et al., 2006), and the data reported here may add to a

growing impression that, within the vascular wall, IL-1Ra

expression is an important control mechanism.

In conclusion, HUVEC express P2X4 and P2X7 receptors

under inflammatory conditions, but are mostly responsive to

P2X7 receptor stimulation. EC do synthesize IL-1b but only

when stimulated by inflammatory mediators. P2X7 receptor-

dependent release of IL-1b can be elicited from HUVEC but

this is at low levels and under the conditions tested is

biologically balanced by concomitant IL-1Ra release.
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