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SUMMARY

The airway epithelium is the first cellular component of the lung to be encountered by the particles

and pathogens present in inhaled air. In addition to its role as a physical barrier, the immunological

activity of the airway epithelium is an essential part of the pulmonary immune system. This means

that the symptoms of lung diseases that involve immunological mechanisms are frequently

exacerbated by infection of the airway epithelium with respiratory viruses. The virus-induced

enhancement of immunological activity in infected epithelial cells is well characterized. However,

the effects that contaminants of inhaled air have upon the infectivity and replication of respiratory

viruses and the inflammation they cause, are comparatively unknown. In this study, we have shown

that pre-exposure of airway epithelial cells to bacterial lipopolysaccharides or a proteolytically

active house dust mite allergen, is able to, respectively, inhibit or enhance the level of cellular

infection with respiratory syncytial virus and similarly alter virus-induced expression of the

inflammatory chemokine interleukin-8. These results suggest that respiratory syncytial virus

infection and the inflammation caused by respiratory syncytial virus may be modified by the

biologically active contaminants of indoor air.

INTRODUCTION

Respiratory-virus-infected epithelial cells release a range of

inflammatory mediators that co-ordinate local and systemic

immunity and initiate repair at the site of infection. Whilst

the activation of pulmonary immunity by respiratory viruses has

been studied extensively, particularly in the context of exacer-

bations of disease (reviewed in ref. 1), the additional effects of

biologically active contaminants of indoor air on the infectivity

and replication of the viruses has not yet been considered in

detail.

The impact of respiratory virus infections on human health is

confounded by the unavoidable exposure of the lungs to highly

variable levels and types of insult, such as those found in poor

quality indoor air. Exposure to high levels of contaminants

derived from pets, fungi, bacteria, arthropods and the combus-

tion of fuels are associated with poor pulmonary health in their

own right, but they can also influence the susceptibility to

respiratory infection,2 and exacerbate disease in those with

pre-existing conditions such as chronic obstructive pulmonary

disease and asthma.3–13

In this study we have investigated how two biologically

active contaminants of indoor air, bacterial lipopolysaccharides

and a house dust mite allergen, influence the infectivity and

replication of respiratory syncytial virus, a common cause of

bronchiolitis in infants, and a significant cause of mortality and

morbidity in the elderly.

MATERIALS AND METHODS

Respiratory syncytial virus (RSV) A2 strain was kindly provided

by Prof. Peter Openshaw (The National Heart and Lung Insti-

tute, Imperial College of Science, Technology and Medicine at

St Mary’s Hospital, London, UK). Lysates of RSV-infected cells

were prepared as follows: small 25 cm2 tissue culture flasks

were plated with 1�5� 106 HEp-2 cells and cultured for 16 hr.

Cells were infected with RSV at 10 plaque-forming units (PFU)

per cell in Eagle’s modified minimum essential medium (MEM;

Life Technologies, Paisley, UK) supplemented with 1% non-

essential amino acids (NEAA; Life Technologies), and 2% fetal

calf serum (FCS; Sigma, Poole, Dorset, UK.) for 24 hr. Infected

cells were scraped from the culture flask, resuspended in serum-

free medium, and snap frozen in liquid nitrogen. Because RSV

retains a close association with the membranous components of

the cells it is grown in and is very pleomorphic, ranging in size

Immunology 2003 108 109–115

# 2003 Blackwell Publishing Ltd 109

Received 21 June 2002; revised 21 August 2002; accepted 13

September 2002.

Correspondence: Dr Colin R. A. Hewitt, Department of Micro-

biology & Immunology, Institute for Lung Health, University of Leicester,

PO Box 138, Leicester LE1 9HN. UK. E-mail: crah1@le.ac.uk



from 100 nm spherical particles to filaments greater than 400 nm

in length; virus was not routinely purified. Control lysates of

uninfected cells were prepared alongside the RSV-infected

cells.

Antibodies

A monoclonal antibody (mAb), 021/1G specific for the RSV

glycoprotein (G-protein), was kindly provided as ascitic fluid by

Dr J. A. Melero (Centro Nacional be Biolgia Celular y Retro-

virus, Instituto de Salud ‘Carlos III’, Madrid, Spain). The

antibodies were titrated on RSV-infected cells and used between

1 : 5000 and 1 : 10 000 in immunoplaque assays.

Cell lines

HEp-2, a human laryngeal carcinoma-derived cell line, was

obtained from the European Collection of Animal Cell Cul-

tures (CAMR, Porton Down, Wiltshire UK). HEp-2 cells

were cultured in Eagle’s MEM supplemented with 5 mM

Glutamax, 10% heat-inactivated FCS and 1% NEAA. All cells

were cultured in a 100% humidified, 5% CO2 atmosphere

at 378. BEAS-2B, a human bronchial epithelial cell line

transformed with Ad-12-SV40 was kindly provided by Dr

Peter Lackie (Department of Immunopharmacology, University

of Southampton, UK). BEAS-2B were cultured in 50%

Eagle’s MEM, 50% Ham’s F12 nutrient medium, supplemen-

ted with 5 mM Glutamax, 1% NEAA and 2% Ultroser (Life

Technologies).

Immunoplaque assay

RSV was titred by immunoplaque assay in HEp-2 cells. Cells

were plated at 3� 104 cells per well in 96-well flat-bottomed

plates (Nunc, Rochester, NY). After 24 hr of culture, RSV-

containing cell lysates, or control lysates (50 ml) were incubated

for 2 hr with the cells in serum-free Eagle’s MEM containing

5 mM Glutamax and 1% NEAA (Life Technologies). Cells were

cultured for a further 24 hr in medium supplemented with 10%

FCS then washed twice with phosphate-buffered saline con-

taining 1% bovine serum albumin and 0�1% sodium azide

(PBS BSA), followed by fixation with methanol containing

2% hydrogen peroxide for 20 min at room temperature. After

washing twice in PBS BSA, cells were stained with the mouse

mAb 021/1G specific for the RSV G protein, at a dilution of

1 : 10 000, for 30 min on ice. Cells were washed twice in PBS

BSA and incubated with a 1 : 10 000 dilution of horseradish

peroxidase (HRP)-conjugated rabbit anti-mouse polyclonal

antibody specific for mouse immunoglobulins (Dako, Glostrup,

Denmark). Following two washes with PBS BSA, cells were

incubated with the HRP substrate 3-amino-9-ethyl-carbazol, in

phosphate citrate buffer (Sigma) for 30 min at room tempera-

ture. The reaction was stopped by washing with PBS BSA

containing 0�01% sodium azide. Stained cells were counted by

light microscopy. In the absence of RSV infection, irrespective

of whether the cells had been treated with Der p I or lipopoly-

saccharide (LPS), no cells were stained using this protocol (data

not shown). Similarly, when an isotype-matched control anti-

body was used in place of the mAb 021/1G specific for the RSV

G protein, cells that had been infected with RSV did not stain

positive, irrespective of whether the cells had been treated with

Der p I or LPS (data not shown).

Der p I and LPS

Der p 1 was purified from laboratory cultures of Dermatopha-

goides pteronyssinus by affinity chromatography, using a mono-

clonal anti-group I mite allergen antibody 4C1 (Indoor

Biotechnologies, Cardiff, UK) coupled to cyanogen bromide-

activated Sepharose 4B (Sigma). Whole mite culture (15 g) was

stirred for 16 hr at 48 in 200 ml PBS pH 8�0. Debris and

insoluble material was removed by centrifugation at 13 000 g

and 0�2 mm filtration. The extract was applied to the 4C1 affinity

column, which was washed extensively with PBS pH 8�0 and

eluted with 50 mM glycine 50% ethylene glycol, pH 10�0. After

dialysis against PBS pH 8�0, Der p I was concentrated to 1 mg/

ml using a Centriprep 10 ultrafiltration unit (Amicon, Warford,

UK) and stored at �808. Purity was assessed by silver-stained

sodium dodecyl sulphate–polyacrylamide gel electrophoresis

(SDS–PAGE) and zymogram.

LPS from Escherichia coli O26 : B6 and Pseudomonas

aeruginosa were purchased from Sigma.

RSV infection of cells treated with Der p I or LPS

HEp-2 or BEAS-2B airway epithelial cells were plated at

3� 104 cells per well in flat-bottomed 96-well plates and

cultured for 16 hr. Cultures were infected with RSV that was

diluted 1 : 1500 from a 4�5� 106 PFU/ml stock to give a multi-

plicity of infection of 0�005 PFU per cell. Cells were treated

with LPS or Der p I as follows: Der p I was diluted in Eagle’s

MEM supplemented with 1% NEAA and 5 mM L-cysteine to

give a range of final concentrations of Der p I between 0 and

1 mg/ml. LPS was diluted in Eagle’s MEM supplemented with

1% NEAA to give a range of final concentrations of LPS

between 100 pg/ml and 10mg/ml. After 2 hr incubation at 378
the cultures were supplemented with 10% FCS and were

cultured for a further 24 hr. Cells were stained for the expression

of RSV G protein using the RSV G protein immunoplaque

assay. Results are expressed as the titre of RSV in PFU/ml.

RSV infection of cells treated with proteolytically

inactive Der p I

To examine whether the proteolytic activity of the mite allergen

influenced infection with RSV, Der p I was incubated with

irreversible cysteine and serine protease inhibitors before addi-

tion to the cultures. Der p I was incubated for 30 min at 378 with

10 mg/ml (2�8mM) of L-trans-epoxysuccinyl-leucylamide-[4-

guanidino]-butane (E64) (Calbiochem, Nottingham, UK), and

10 mg/ml (4�6mM) of 4-[amidinophenyl] methanesulphonyl

fluoride (APMSF; Calbiochem) in Eagle’s MEM supplemented

with 1% NEAA and 5 mM L-cysteine. Supernatants were taken

from the cells at 24 hr, and the RSV was titrated using the RSV

G protein immunoplaque assay. The titration was performed on

HEp-2 cells irrespective of whether the original infection/

protease treatment was performed using HEp-2 or BEAS-2B

cells.

Interleukin-8 (IL-8) enzyme-linked immunosorbent

assay (ELISA)

The wells of a 96-well ELISA plate were coated with 100ml

of mouse anti-human IL-8 monoclonal capture antibody

(6217.111) at 4mg/ml in PBS (R & D Systems, Minneapolis,

MN) for 16 hr at room temperature. The plates were washed
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three times with PBS containing Tween-20 (0�05%) (PBST) and

blocked for 1 hr at room temperature with 200 ml/well of PBS

containing 5% glucose, 1% BSA and 0�05% sodium azide.

Following two washes with PBST, recombinant IL-8 (R & D

System) was used to generate a standard curve, and 100 ml of the

standards or tissue culture supernatants were added to each well

and incubated for 2 hr at room temperature. Plates were washed

three times with PBST, and incubated for 2 hr with 100 ml/well

of biotinylated polyclonal goat anti-human IL-8 at 20 ng/ml in

PBS (R & D systems). After washing with PBST, 100 ml of

avidin–HRP was added to each well and incubated for 20 min at

room temperature. Bound HRP was detected after three washes

with PBST using 50 ml of tetramethylbenzidine at 100 mg/ml in

phosphate citrate perborate buffer (Sigma). The reaction was

stopped after 5 min with 25ml of 2 M H2SO4, and the absorbance

was read at a wavelength of 450 nm (Anthos Reader 2001). The

mean of triplicate determinations was used to establish from the

standard curve, the level of IL-8 in each supernatant.

Statistical analysis

The Student’s t-test function of the graph plotting and analysis

software (SIGMA PLOT FOR WINDOWS version 8�00, SPSS) and

the ANOVA function of MICROSOFT EXCEL 2000 were used to

determine the significance of findings. Figures with error bars

show the mean� the SEM.

RESULTS

Bacterial LPS inhibits the infection of airway

epithelial cells by RSV

LPS from E. coli O26:B6 was titrated into the cultures at the

same time as a constant titre of RSV was added. There was a

significant decrease in the number of RSV-infected cells

observed after 24 hr of culture (P� 0�01) at, and above 1 mg ml

of LPS (Fig. 1). Similar results were obtained using BEAS-2B

human bronchial epithelial cells and with LPS isolated from

Pseudomonas aeruginosa (data not shown). Irrespective of the

dose of LPS used, the cells were always greater than 99% viable

after 24 hr of culture with RSV (Fig. 1).

The LPS dose-dependent decrease in the number of cells

infected with RSV was reflected by the amount of new progeny

virus produced. Lysates of RSV-infected cells that had been

treated with LPS were titrated onto fresh HEp-2 cells. As before,

there was a significant decrease in the number of infected cells

observed (P� 0�02) when the cells producing the virus were

treated with LPS at a concentration greater than 100 ng/ml of

LPS (Fig. 2). This suggests that the LPS was not simply

inhibiting the detection of RSV, and that the reduction in

infectivity seen in Fig. 1, was reflected in the amount of new

progeny virus produced.

The level of inhibition of RSV infection by LPS was

dependent upon the order in which the cells were treated with

LPS and RSV. Three conditions were examined in which cells

were (a) treated with LPS 4 hr before infection with RSV; (b)

treated with LPS 4 hr after infection with RSV; or (c) treated

with LPS at the same time as infection with RSV.

When cells were pretreated for 4 hr with LPS, significant

inhibition of RSV infection was observed at the lowest con-

centration of LPS used (10 ng/ml) and at all concentrations

above this (P� 0�03) (Fig. 3a). In contrast, the level of RSV

infection when cells were infected first, and then 4 hr later

treated with LPS was not significantly inhibited by any con-

centration of LPS (P� 0�05) (Fig. 3b).

Cells treated with premixed RSV and LPS showed the most

dramatic decrease in the level of RSV infection. All concentra-

tions of LPS used, significantly inhibited infection of the cells

with RSV (significance range from P¼ 0�007 with 10 ng/ml

LPS to 0�00004 with 10mg/ml LPS) (Fig. 3c).

Bacterial LPS inhibits the expression of IL-8

by RSV-infected airway epithelial cells

Because non-replicating RSV is able to induce transient che-

mokine gene expression in epithelial cells,14 we were interested

to determine whether LPS-treated virus retained the potential

to cause inflammation by inducing the release of IL-8. We

therefore examined whether the reduction of RSV infectivity by

LPS is reflected by a decrease in the expression of an early

Figure 1. LPS inhibits the infection of airway epithelial cells by RSV.

LPS was titrated onto cells at the same time as they were infected with

RSV. There was an LPS dose-dependent decrease in the number of

RSV-infected cells observed (*P� 0�01).

Figure 2. LPS inhibits the production of new progeny RSV by airway

epithelial cells. Lysates from cells infected in the presence of LPS were

titrated onto fresh cells. The LPS dose-dependent decrease in the

number of cells infected with RSV was reflected by the amount of

new progeny virus produced (*P� 0�02).
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inflammatory chemokine, IL-8. In this series of experiments,

LPS was added to the cells at the same time as the virus.

In the absence of infection by RSV, at any concentration of

LPS tested, IL-8 expression never exceeded 291 pg/ml

SD¼ 46�5 pg/ml. However, in line with the reduction in infec-

tion and the production of new progeny virus, the RSV-induced

release of IL-8 into the supernatant was inhibited as LPS was

titrated into the culture system (P� 0�01). (Fig. 4).

Der p I enhances the infection of airway

epithelial cells by RSV

The number of cells infected after culture with RSV for 24 hr

was enumerated by immunohistochemistry using an anti-RSV

G protein-specific antibody. In cultures infected with RSV in the

absence of Der p I, the baseline level of infection with RSV

under these conditions was confirmed. As Der p I was titrated

into the system at the same time as the virus, there was a dose-

dependent increase in the number of infected cells observed

(Fig. 5a,b). Similar results were obtained using BEAS-2B a

human bronchial epithelial cell line. These results indicate that

in contrast to LPS, Der p I increases the susceptibility of airway

epithelial cells to infection with RSV.

Der p I enhances the replication of RSV in airway

epithelial cells

Fresh epithelial cells infected with titrated supernatants from

24-hr cultures of RSV-infected cells, were used to estimate the

degree of RSV replication and the release of new progeny virus

from epithelial cells. When compared with supernatants from

cells infected with RSV in the absence of Der p I, the super-

natants from cells infected with RSV in the presence of Der p I

were found to contain a four-fold higher amount of infectious

virus (Fig. 6). This indicates that the increased susceptibility of

cells to infection with RSV after treatment with Der p I is

reflected in the ability of the cells to support the replication

and release of infectious virus from the cells.

The proteolytic activity of Der p I is responsible for the

observed increase in the infection and replication of RSV

Several groups have found that the proteolytic activity of Der p I

may influence immunoregulation15–17 and the integrity of the

epithelium in the airway.18 To identify whether proteolytic

activity was involved in the enhanced infection and replication

of RSV in the presence of Der p I, mechanistic class-specific

inhibitors of proteases were used to inhibit irreversibly the

Figure 3. Inhibition of RSV infection by LPS was dependent upon the

order in which the cells were treated with LPS and RSV. Three

conditions were examined in which cells were (a) treated with LPS

4 hr before infection with RSV *P� 0�03); (b) treated with LPS 4 hr

after infection with RSV (*P� 0�05); and (c) treated with LPS at the

same time as infection with RSV (significance range from P¼ 0�007

with 10 ng/ml LPS to 0�00004 with 10mg/ml LPS). Cells treated with

LPS at the same time as infection with RSV inhibited infection of the

cells most efficiently.

Figure 4. The reduction of RSV infectivity by LPS is reflected by a

decrease in the expression of an early inflammatory chemokine, IL-8. In

line with the reduction in infection and the production of new progeny

virus, the RSV-induced IL-8 measured by ELISA in culture supernatants

was inhibited as LPS was titrated into the culture system.
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proteolytic activity of the allergen. Cells were infected in the

presence and absence of Der p I that was proteolytically active,

or inactivated with E64 and APMSF. After 24 hr, the supernatant

was titrated onto fresh cells.

Cells exposed to protease inhibitors alone (RSVþ protease

inhibitors) supported the replication and release of RSV as

efficiently as untreated cells (RSV). As already described,

supernatants from cells exposed to both Der p I and RSV

contained considerably more infectious virus than cells exposed

to RSV alone (RSVþDer p I). Inhibition of the proteolytic

activity of Der p I (RSVþ protease inhibitorsþDer p I, how-

ever, reduced the amount of RSV in the supernatant to a level

similar to that produced by cells exposed to RSV alone, or by

cells treated with RSV and inhibitors (Fig. 6). These results

suggest that the proteolytic activity of Der p I is probably

responsible for the increased infection and support of RSV in

airway epithelial cells.

Der p I enhances the expression of IL-8 by RSV-infected

airway epithelial cells

Our data suggest that Der p I increases the severity of RSV

infection in airway epithelial cells. To determine whether the

enhanced infection is reflected by an increase in the inflamma-

tory potential of RSVand Der p I, the expression of IL-8 protein

by the cells was investigated after challenge.

Supernatants taken 24 hr after the application of treatments

showed a low level of constitutive IL-8 expression and in the

presence of Der p I alone, the level of IL-8 expression was only

slightly increased. When the cells were infected with RSV

alone, there was a substantial increase in expression; confirming

Figure 5. (a) Der p I enhances the infection of airway epithelial cells by

RSV. The number of cells infected after culture with RSV in the absence

(left panel) and presence of Der p I (right panel) for 24 hr was enum-

erated by immunohistochemistry using an anti-RSV G protein-specific

antibody. (b) As Der p I was titrated into the system, there was a dose-

dependent increase in the number of infected cells observed.

Figure 6. The proteolytic activity of Der p I is responsible for enhanced

replication of RSV in airway epithelial cells. Supernatants from cells

infected with RSV in the presence of Der p I contained a four-fold higher

titre of infectious virus than those infected in the absence of Der p I.

Irreversible class-specific inhibitors of proteases inhibited the Der p I-

induced increase in the replication and release of RSV.

Figure 7. Der p I enhances the expression of IL-8 by RSV-infected

airway epithelial cells. IL-8 protein expression, measured by ELISA,

followed a similar trend to the findings with IL-8 mRNA; the sum of the

levels of IL-8 released by treatment of cells with RSV and Der p I

separately induced a significantly lower level of IL-8 protein than when

cells were treated with virus and protease simultaneously. P-values refer

to comparisons at the 32-hr time-point.
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the well-established finding that RSV is a potent inducer of IL-8

expression. When cells were infected with RSV and treated

with Der p I together, the stimuli synergised to induce substantial

IL-8 mRNA expression (Fig. 7).

The sum of the levels of IL-8 released by treatment of cells

with RSV and Der p I separately induced a significantly lower

level of IL-8 protein than when cells were treated with virus

and protease simultaneously (Fig. 7). No IL-8 was detected at

0 hr after infection, indicating that IL-8 was not carried over

into the experiment from the 1 : 1500 diluted stock virus pre-

paration used to achieve an multiplicity of infection of

0�005 PFU per cell.

DISCUSSION

We have shown that LPS inhibits the infection of human

epithelial cells with RSV, decreases the production of new

progeny virus and inhibits RSV-induced expression of IL-8.

In contrast, Der p I enhances the infection of human epithelial

cells with RSV, increases the production of new progeny virus

and enhances RSV-induced expression of IL-8.

The finding that RSV infection was most efficiently inhibited

when LPS and virus were mixed immediately before inocula-

tion strongly suggests that LPS may interfere with the attach-

ment or fusion of the virus to the cells. Furthermore, because

cells pretreated with LPS were able to support RSV infection

and the production of new progeny virus, it is unlikely that the

inhibitory effect of LPS involved the induction of antiviral

cytokines.

Recently, the cellular receptors for RSV have been shown to

involve cell-surface-associated, sulphated glycoasaminogly-

cans (GAG).19–21 Accordingly, co-incubation of RSV with

sulphated GAGs, such as heparin, inhibits the infection of cells

with RSV.19 In a series of experiments using chemically mod-

ified heparin chains that lacked their N-, C6-O, or C2-O-

sulphate groups, it was concluded that of these three sulphates,

only the N-sulphate was essential and that at least 10 saccharide

subunits were required to inhibit RSV infection.22 Although

LPS from E. coli O26:B6 is not sulphated, it is not inconceivable

that the O side chain of saccharides in LPS could perhaps

interfere with the interaction between the oligomeric complex

of RSV G, F and SH proteins that have been found to interact

with heparin,23 and cellular GAGs during infection.

There are now several reports showing that proteolytic

allergens cleave immunoregulatory receptors, for example

CD23 and CD25.15,16 These and other studies speculate that

disturbance of immune regulation caused by receptor cleavage

may be an important factor in the maintenance of allergic

immunity. However, the concept that an extracellular protease,

whether an allergen or not, has influence upon the progression

of an intracellular infection, is unexpected.

Recently however, it has become recognized that many of

the activities ascribed to proteases arise from their ability to

activate cells directly via protease-activated receptors (PAR)

(reviewed in refs 24 and 25), and we suspect that PAR may

provide a link between proteases and the enhancement of

infection with RSV.

There are alternative explanations for our data, however. In a

study of murine influenza A infection, inhalation of aerosolized

mite protease augmented the replication of influenza A virus via

direct cleavage of viral haemagglutinin.26 Although in RSV the

F (fusion) protein is usually cleaved by a ubiquitous intracellular

protease, furin, we could find no evidence to support the notion

that RSV F protein was cleaved by Der p I (data not shown).

It is important to place this work in the context of the

pathogenesis of disease. Of particular interest is the influence

of infection upon predisposition to or protection from the

development of atopy and airway inflammation. There is evi-

dence that exposure to Der p I and LPS, respectively, promotes

or inhibits the cytokine milieu causally involved in atopy;27–34

and RSV is (controversially) linked with the development

of asthma35,36 and effector mechanisms typical of type 2

cytokines,37–41 however, it is not yet known whether LPS or

Der p I influences RSV infection or the sequelae of infection

in vivo.
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