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Respiratory syncytial virus (RSV) causes significant res-
piratory disease, infecting almost all children during the
first 2 yrs of life [1, 2]. RSV is the most frequent cause of
bronchiolitis and pneumonia in infants requiring hospitali-
zation [3]. Moreover, at least 50% of infants who have
acute viral bronchiolitis due to RSV have subsequent epi-
sodes of wheezing consistent with asthma [4].

The mechanism of airflow obstruction in RSV bron-
chiolitis is poorly understood, although current evidence
suggests that the cellular immune response contributes to
airway injury [5]. Lymphocytes are accorded the domi-
nant role in the pathogenesis of RSV infection based on
animal studies [5]. The role that neutrophils or polymor-
phonuclear leukocytes (PMN) may play in RSV disease
has not been well studied. In calf models of RSV infection,
PMN were closely associated with RSV-infected epithel-
ial cells and evidence of PMN fusion with infected epithe-
lial cells was seen [6]. In infants with RSV infection, PMN
accounted for 93% of inflammatory cells in the upper air-
way recovered by nasopharyngeal aspirates and 76% of in-
flammatory cells in the lower airway recovered by bronchial
lavage [7]. Most recently, it was reported that RSV-inocu-
lated guinea-pigs had significantly increased bronchiolar
PMN infiltrates [8]. These observations suggest that RSV
infection may provide the necessary stimulus for PMN
migration to inflammatory sites in airways and that PMN
may play an important role in the pathogenesis of RSV
infection.

It was speculated that PMN may augment injury to air-
way epithelium induced by RSV. The aim of this study
was to investigate the interrelationship between PMN and
RSV-infected epithelial cells. The specific goals were to
determine whether RSV infection of respiratory epithelial
cells could increase PMN adherence in a dose- and time-
dependent pattern and to investigate whether PMN con-
tribute to the pathogenesis of RSV disease by inducing
epithelial damage and cell loss.

Materials and methods

Epithelial cell culture

A549, an immortalized human alveolar type II epithelial
cell line (American Type Culture Collection, Rockville,
MD, USA), was selected as a source of respiratory epithe-
lial cell for these studies [9, 10] because of its standard-
ized use as a respiratory epithelial cell line and its low
baseline expression of intercellular adhesion molecule-1
(ICAM-1; a ligand for neutrophil binding to epithelial
cells). A549 cells were cultured in Dulbecco's modified eagle
medium (DMEM; Gibco BRL, Life Technologies, New
York, USA), with high glucose, L-glutamine and 5% foetal
calf serum (FCS). One chamber (1 cm2) of eight-chamber
plates (Nunc, Naperville, IL, USA) or one well (1 cm2) of
48-well plates (Costar Co., Cambridge, MA, USA) was
seeded with 0.75×105 cells. After 24–36 h of culture at
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37°C in a humidified incubator in an atmosphere of 5%
CO2/air, the cells in the chambers or wells formed conflu-
ent monolayers, numbering about 1.5×105 in each cham-
ber or well.

Study design

For the PMN adhesion study, the confluent epithelial
cells were infected with different doses of RSV (multipli-
city of infection (MOI) of 0.01, 0.1 and 1.0) for 6, 24 and
48 h. PMN were then added to the chamber slides with
RSV-infected epithelial cells and co-cultured for 30 min.
The number of PMN adhered to epithelial cells was deter-
mined with image analysis. On the basis of the adhesion
study, confluent epithelial cells were infected with differ-
ent doses of RSV for 24 h for both the cytotoxicity and
detachment studies. Thereafter, PMN were added to the
wells and co-cultured up to different time points (from 2
to 48 h). A 51Cr-releasing assay and image analysis were
used to determine PMN-induced leakage and detachment
of epithelial cells, respectively. The following three con-
trols were used in the experiments: culture medium, ster-
ile A549 cell debris and inactivated RSV (RSVi).

Virus preparation

The characterized long strain of RSV was originally ob-
tained from P. Young (Sir Albert Sakzewski Virus Centre,
Royal Children's Hospital, Brisbane, Australia). The virus
was propagated in A549 cells. The virus-infected cells were
harvested, sonicated and stored in aliquots in liquid nitro-
gen. The titre was determined by median tissue culture in-
fective dose (TCID50). TCID50 end-point was determined
by the method of REED and MUENCH [11]. The titres of RSV
were 107 TCID50 units·mL-1. Control sonicates from unin-
fected A549 cells were processed in the same manner as
the RSV samples.

Viral infection of epithelial cells

Different doses of RSV (MOI of 0.01, 0.1 and 1.0) were
used in the infection of epithelial cells. RSV diluted in
DMEM plus 2% FCS were added separately to the conflu-
ent A549 monolayers in each chamber of eight-chamber
plates (for adhesion or detachment experiments) or one
well of 48-well plates (for leakage experiments) for 2 h in
the incubator at 37°C in humidified 5 % CO2/air (to allow
virus adsorption). The supernatant was removed and all
chambers or wells were washed once with DMEM. Then,
0.25 mL DMEM plus 2% FCS was added to each chamber
or well and cultured to specific time points in the incubator.

Controls for RSV infection

In an attempt to clarify the true contribution of RSV
infection, three controls were used: 1) Culture medium,
which was maintained free of viruses. 2) Sterile A549 cell
debris, sonicated A549 cell debris was diluted into a series
of doses or concentrations as equivalent MOI 0.01, 0.01
and 1.0, which were determined according to the number
of cells used for culturing the same dose of live RSV. The
culture process and conditions were the same as for live
RSV. 3) RSVi, the virus samples were rendered noninfec-
tious by ultraviolet (UV) light [12]. In brief, an RSV sus-
pension in a six-well cluster tray, which had been titrated

before inactivation and dilutions had been determined
from this titre, was exposed to an intense UV light source
for 5 min (UV Box, 4×15 W germicidal lamps set at a dis-
tance of 8 cm to give a flux density of 6.7×104 erg·cm-2·s-1;
Flinders Medical Centre, SA, Australia). The lack of in-
fectivity of these preparations was confirmed by culturing
them in A549 monolayers and observing the absence of
viral cytopathic effect (CPE) for 5 days. The dilutions for
RSVi were made that corresponded to those used with live
virus. The culture process and conditions were the same
as for live RSV.

Preparation of neutrophils

Immediately before each experiment, peripheral blood
neutrophils from normal, healthy volunteers were isolated
by Lymphoprep (Hycomed Pharma AS, Oslo, Norway) and
3% dextran (T500; Pharmacia Biotech, Uppsala, Sweden)
sedimentation techniques [13]. Residual erythrocytes in the
granulocyte-rich fraction were eliminated by hypotonic lysis
in 0.2% sodium chloride twice for 20 s each time. This
resulted in a cell fraction containing >97% neutrophils with
>97% viability as determined by trypan blue exclusion.
Neutrophils were suspended at appropriate concentrations
in suitable media and were put on a rocking platform at
room temperature until use.

Neutrophil adherence assay

At 6, 24 and 48 h after RSV infection of the epithelial
cells, the supernatants in the chambers of RSV infected
cells plus the three controls (negative, A549 cell debris
and RSVi) were removed and the chambers were washed
twice with 0.25 mL DMEM. Then, 6×105 PMN suspend-
ed in DMEM were added into each chamber and incu-
bated with the epithelial cells for 30 min (derived from time
course studies) at 37°C in the incubator.

As phorbol myristate acetate (PMA; Sigma Chemical
Co., St Louis, MO, USA) is a potent PMN stimulator,
uninfected epithelial cell monolayers plus PMN plus
PMA (final concentration 50 ng·mL-1, derived from dose
course studies) served as a positive control [14, 15].

The nonadherent neutrophils were removed by repeated
immersion of the plates (after the chamber walls have been
removed) in phosphate-buffered saline (PBS) (20 times per
culture) kept at 37°C [16]. The plates were air dried for at
least 10 min in the dark (myeloperoxidase is inactivated
by light), fixed for 30 s in commercial 37% formaldehyde,
diluted 1:9 with 95% ethanol, washed for 2 min in deion-
ized water, then air dried again for at least 10 min in the
dark [17]. The plates were incubated in the dark for 6 min
at 24°C in the incubation medium (0.05% 3'3'-diamino-
benzidine tetrahydrochloride (DAB; Sigma), 0.06% hydro-
gen peroxide in 38 mM Tris-HCl buffer, pH 7.4) [18].
After being washed in water, the plates were air dried
again. The number of neutrophils within six fields of each
chamber were counted utilizing image analysis (Videopro;
Leading Edge Pty, Adelaide, SA, Australia) by microscopy.
The average number of neutrophils per square millimetre
was determined.

Cytotoxicity (leakage) assay

Neutrophil-induced cytotoxicity was measured by a
modified 51Cr-release assay [14]. After A549 cells had
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reached confluence, RSV (MOI 0.01, 0.1 and 1.0) in 0.25
mL DMEM plus 2% FCS was added to each well of 48-
well plates. After 16 h of incubation, 1 µCi Na2CrO4 (51Cr;
ICN Pharmaceuticals, Irvine, CAm, USA; counted as total
load of 51Cr, (T)) was added per well and the cells were
incubated for an additional 8 h (total time for infection=24
h). Supernatants from some wells were collected and each
well was washed twice with 0.25 mL DMEM. The super-
natants and washing medium were counted together (as
unloaded 51Cr, (U)). Then, 6×105 of neutrophils in 0.25
mL DMEM plus 0.5% bovine serum albumin (BSA; frac-
tion V powder; Sigma) were added to each well and co-
cultured to different time points (12, 16 and 20 h). After
the plates (with neutrophils) had been incubated at 37°C
in 5% CO2 for 15 min, during which time the neutrophils
sedimented onto the epithelial cell monolayers [14], neu-
trophil activator PMA (at a final concentration of 50 ng·
mL-1, diluted in DMEM) was gently added to each PMA
well (epithelial cells, PMN and PMA) in a volume of 0.05
mL. At the same time, 0.05 mL DMEM was added to
every other well.

As PMA had been shown to have the strongest stimu-
lating effect on PMN-induced cytotoxicity [14], the PMA
wells (uninfected epithelial cells plus PMN plus PMA)
were taken as positive controls. Uninfected epithelial cells
without PMN were used as negative controls and baseline.
The effects of uninfected epithelial cells plus PMN were
also investigated. After 12, 16 or 20 h of co-culture with
PMN, supernatants were collected and each well was wash-
ed once with 0.25 mL DMEM (counted as leaked 51Cr, (L)).

The amount of 51Cr radioactivity of each sample was
measured. After 8 h of loading, the loaded or bound 51Cr
(B) to cells in each well is: B= T-U. Using this informa-
tion, the percentage of specific 51Cr release from RSV-
infected cells was calculated by: percentage of specific
51Cr release=(L-C)/(B-C)×100, where L is the counts per
minute (cpm) leaked into the medium of the test sample,
C is the baseline cpm released from the negative control
and B is the total cpm initially bound or loaded to the cells
at the beginning of the experiment [14].

Detachment assay

After the A549 cells had reached confluence, RSV (MOI
0.01, 0.1 and 1.0) in 0.25 mL DMEM plus 2% FCS was
added to the confluent A549 monolayers in each chamber
of eight-chamber plates and cultured for 2 h at 37°C (to
allow virus adsorption). The supernatant was removed and
all chambers were washed once with DMEM. Then, 0.25
mL DMEM plus 2% FCS was added to each chamber and
cultured up to 24 h at 37°C in a humidified incubator in an
atmosphere of 5% CO2/air. After 24 h of RSV infection,
supernatants were removed and each chamber was wash-
ed twice with 0.25 mL DMEM. Then, 6×105 of neu-
trophils in 0.25 mL DMEM plus 0.5% BSA were added to
each chamber and incubated for periods of up to 20 h at
37°C. Uninfected epithelial cells cultured in DMEM plus
0.5% BSA were used as negative controls. Uninfected epi-
thelial cells plus neutrophils plus PMA in a final concen-
tration of 50 ng·mL-1 were used as positive controls.

The slides bearing the monolayers were removed from
the chamber, washed gently in PBS at 37°C, dried in air,
then fixed and stained with a quick Giemsa stain. Det-
achment was assessed with an image-analysis system by

microscopy. The whole area and the undetached area of a
field were counted, then the detached area in one field was
estimated. Six fields from each chamber were analysed.
The detached area was determined as the mean detached
percentage (%).

Statistical analysis

Values are reported as mean±standard error (SE). Data
were analysed using a one-way analysis of variance (AN-
OVA). A Bonferroni t-test (making allowance for multiple
comparisons) was used to identify differences between in-
dividual groups. A p-value <0.05 was considered signifi-
cant.

Results

PMN adhesion to RSV-infected respiratory epithelial cells

In preliminary studies, the PMN adherence with differ-
ent numbers of PMN (0.75×105, 1.5×105, 3×105, 6×105 and
12×105 PMN·chamber-1), which were co-cultured with the
respiratory epithelial cells for 30 min, with both negative
and positive controls (PMA), was investigated. The PMN
adherence increased almost linearly with increasing num-
ber of PMN in each chamber from 0.75×105 to 6×105. This
linearity reached a plateau between 6×105 and 12× 105 in
the PMA control wells (data not shown). Therefore, 6×105

PMN were added into each chamber in the adhesion
experiments.

RSV infection increased the number of adhered PMN
in epithelial cell cultures. Significantly more PMN were ad-
herent to RSV-infected A549 cells than to uninfected A549
cells, including the negative control and A549 cell debris
control at most time and dose points (figs. 1 and 2). At 48
h of infection with RSV at MOI of 0.1, the PMN adher-

Fig. 1.  –  Polymorphonuclear leukocyte (PMN) adherence to epithelial
cells infected with respiratory syncytial virus (RSV) at a multiplicity of
infection (MOI) of 0.1. Comparison of PMN adherence to A549 mono-
layers infected with RSV (        ; MOI=0.1) or pretreated with inactivated
RSV (RSVi;       ) and A549 cell debris (      ) (with equivalent MOI=
0.1) at different time points (6, 24 and 48 h).       : control. The data
were compiled from four experiments and values are expressed as
mean±SE. *: p<0.05, compared with both control group and A549 group;
+: p<0.05, compared with control group, A549 group and RSVi group.   
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ence to RSV infected epithelial cells was also signifi-
cantly greater than that to epithelial cells pretreated with
inactivated RSV (RSVi) (fig. 1). The PMN adhesion to
RSV-in-fected A549 cells increased in a dose- and
time-dependent pattern. However, at 48 h, the PMN adhe-
sion to infected cells (with 1.0 MOI of RSV) became
lower than that at the
24 h time point. In these chambers, the RSV infection-
induced CPE was very marked and some monolayers had
detached. Hence, the lower adhesion rates at 48 h (1.0 MOI
of RSV) are likely to be artefactual, owing to epithelial
monolayer detachment.

RSVi increased PMN adherence, but to a lesser extent
than active RSV. The PMN adherence to A549 cells pre-
treated with RSVi was also significantly increased com-
pared with the negative controls and A549 cell debris
control at same time and dose points. However, it was still
lower than that to RSV-infected epithelial cells at most
time and dose points (figs. 1 and 2).

Sterile A549 cell debris did not increase PMN adher-
ence significantly at all time and dose points, compared
with the negative controls.

Neutrophil-induced cytotoxicity (leakage) to RSV-infected
epithelial cells

In preliminary studies, PMN-induced damage using the
chromium release assay was investigated at 2, 4, 6, 8 and
10 h, and 12, 16, 20, 24, 36 and 48 h of co-culture. The
effect of different PMN numbers (0.75×105, 1.5×105, 3×
105 and 6×105 PMN·chamber-1) was also studied with dif-
ferent RSV doses (MOI 0.01, 0.1 and 1.0). From RSV
co-culture time 2 to 10 h, there was almost no leakage
change in either the negative control (cell monolayers only
and cell monolayers+PMN) or RSV infection (+PMN)

and there was only a slight change in the positive control
(PMN+PMA). The significant changes occurred from 16
to 20 h of PMN co-culture, after 24 h of RSV infection
and with 6×105 PMN·chamber-1 (data not shown). There-
fore, the effects of 6×105 PMN·chamber-1 were investi-
gated at 12, 16 and 20 h of PMN co-culture after 24 h of
RSV infection with different MOI.

Neither PMN or PMA alone could increase the specific
leakage of 51Cr at each co-culture time point (12, 16 and
20 h). RSV infection alone induced low levels of 51Cr
release from the epithelial cells, particularly with 0.1 and
1.0 MOI of RSV at 16 and 20 h time points, but these effects

Fig. 2.  –  Polymorphonuclear leukocyte (PMN) adherence to epithelial
cells infected with respiratory syncytial virus (RSV) at a multiplicity of
infection (MOI) of 1.0. Comparison of PMN adherence to A549 mono-
layers infected with RSV (        ; MOI=1.0) or pretreated with inactivated
RSV (RSVi;       ) and A549 cell debris (      ) (with equivalent MOI=
1.0) at different time points (6, 24 and 48 h).       : control. The data
were compiled from four experiments and values are expressed as
mean±SE. *: p<0.05, compared with control group; +: p<0.05, compared
with both control group and A549 group. The lower number of adherent
neutrophils at 48 h in the active RSV group is likely to be due to epithe-
lial detachment.   

Fig. 3.  –  Polymorphonuclear leukocyte (PMN)-induced specific leak-
age of epithelial cells in respiratory syncytial virus (RSV) infection.
PMN-induced specific leakage of radiolabelled chromium (51Cr) in A549
cells infected with RSV (multiplicity of infection=1.0) at various co-
culture time points (12, 16 and 20h).        : PMN;        : RSV 1.0;        :
RSV 1.0+PMN;       : phorbol myristate acetate (PMA);      : PMA+
PMN. The data shown are the specific leakage (the background from
the negative control has been subtracted). The data were compiled from
seven experiments and values are expressed as mean±SE. *: p<0.05,
treatment groups versus PMN groups.

Fig. 4.  –  Polymorphonuclear leukocyte (PMN)-induced detachment of
epithelial cells infected with respiratory syncytial virus (RSV). PMN-
induced detachment of A549 monolayers infected with various doses of
RSV (multiplicity of infection (MOI) 0.01, 0.1 and 1.0) at 20 h of co-cul-
ture.        : negative;        : PMN. The data were compiled from four ex-
periments and values are expressed as mean±SE. *: p<0.05, RSV groups
versus control; +: p<0.05, RSV or phorbol myristate acetate (PMA) plus
PMN groups versus both control and RSV or PMA groups



Confluent A549 monolayers grown in 8-chamber plates were infected with RSV at a multiplicity of infection (MOI) of 0.01 (B1, B2), 0.1 (C1, C2) and
1.0 (D1, D2). A1 is just the monolayer as control. A2 is monolayer plus PMN. B2, C2 and D2 are monolayers infected with increasing doses of RSV
plus PMN. With increasing MOI of RSV without added PMN (column 1) there are slight increases in epithelial cell loss. With added PMN (column 2)
there is marked augmentation of epithelial cell loss. (Internal scale bars = 25 µm.)

Fig. 5.  –  Polymorphonuclear leukocyte (PMN)-induced detachment of epithelial cell monolayers infected with respiratory syncytial virus (RSV).
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were not statistically significant. Neutrophils, however,
induced significant 51Cr release in the RSV-infected epi-
thelial cells in a RSV dose- and time-dependent pattern.
The effect of PMN at the 20 h co-culture time point with
RSV infection at MOI of 1.0 was most significant (fig. 3).

Effect of neutrophils on the detachment of RSV-infected
epithelial cell monolayers

In preliminary studies, the effect of PMN (6×105 PMN·
chamber-1) (as suggested in the cytotoxicity assay) was
also investigated with different RSV doses (MOI 0.01, 0.1
and 1.0) at 8, 12, 16, 20 and 24 h of co-culture. It was
found that 20 h of co-culture with PMN was the best time
point at which to investigate detachment, as at 24 h there
was too much detachment at MOI 1.0 of RSV plus PMN
after the slides had been washed and stained.

At 20 h of co-culture, PMN or PMA alone could not
detach epithelial cells significantly. RSV infection alone det-
ached epithelial cell monolayers significantly in a dose-
dependent pattern. Neutrophils markedly augmented RSV
infection-induced detachment, even at 0.01 MOI of RSV.
The highest percentage of detachment (81.9±2.3%) was
seen with 1.0 MOI of RSV, co-cultured with PMN for 20
h (figs. 4 and 5).

Discussion

These results show that RSV infection of respiratory
epithelial cells increased PMN adherence to the epithelial
cells in a dose- and time-dependent pattern. Neutrophils
were found to augment RSV infection-induced damage and
detachment of epithelial cells.

The data show that RSV infection of A549 cells in-
creased PMN adherence to the cells in a dose-dependent
manner. These results suggest that RSV infection could
increase PMN adherence to epithelial cells even at a very
low dose of RSV. The inoculation of RSV used in these
studies approximates to that found clinically and is less
than that used in another recent study [9]. There are no
published data on the viral load encountered in vivo in in-
fants with RSV infection. A recent study by the present
authors (unpublished data) indicated that at the time of
presentation to the hospital, viral loads in the upper respi-
ratory tract are falling and are broadly comparable to the
MOI used in this study. In a previous study, RSV infection
of A549 cells, with 3–5 plaque-forming units (PFU)·cell-1

and after 2–3 days of incubation, was found to increase
PMN adherence to the epithelial cells [9], but whether the
increased PMN adherence was dose-dependent or time-
dependent was not examined.

RSV infection of A549 cells increased PMN adherence
in a time-dependent manner, as the duration of infection
increased from 6 to 24 to 48 h. These results indicate that
enhanced PMN adherence to infected epithelial cells could
occur in a very early stage of infection, but PMN adher-
ence is enhanced with longer duration of infection. The
kinetics of RSV growth varies considerably with RSV strain,
cell type, MOI and other factors [19]. In A549 cells, the
kinetics of RSV growth and the expression of adhesion
molecules on the cell surface after RSV infection are un-
clear. However, in Hep-2 cells infected with 2–5 MOI of
RSV strain A2, the synthesis of viral proteins and ribonu-
cleic acid (RNA) can be detected by 2–6 h after infection,
and progeny virus by 10–12 h [19].

Inactivated RSV also increases neutrophil binding. This
increase was less than that observed with active RSV.
These results indicate that inactivated or dead RSV could
also affect the interaction between PMN and epithelial cells
by some means at an early stage. Up to now, ICAM-1 is
the only known ligand on respiratory epithelial cells for
neutrophil binding. However, anti-ICAM-1 monoclonal
antibody (mAb) inhibited PMN adhesion to the epithelial
cells by only 30% [9]. Therefore, it was postulated that a
non-ICAM-1 ligand for PMN was present on the epithelial
cell cultures [9, 20]. Because the enhancement of ICAM-1
expression required an infectious virus [12], some RSV
proteins or antigens from inactivated RSV may stimulate
epithelial cells and induce other adhesion molecule expres-
sion. However, because RSV infection of epithelial cells
induces interleukin (IL)-1 release that stimulates ICAM-1
expression [12] and this cytokine is not destroyed by UV
irradiation, the increased PMN adhesion by UV-inacti-
vated RSV (containing RSV infected-A549 cell debris) may
be cytokine dependent.

Neutrophil-mediated cytotoxicity is most efficient under
conditions of cell-to-cell adhesion [21]. Therefore, neu-
trophil adhesion to respiratory epithelium is not only a
crucial early event in the initiation of inflammatory reac-
tions, but also important in retaining neutrophils at the
sites of inflammation and in contributing to their effector
functions [22–24]. However, it has been unclear previ-
ously whether the airway neutrophilia observed in RSV
infection is primarily protective or damaging.

Our results showed not only that RSV infection could
increase neutrophil adherence to RSV infected epithelial
cells, but also that neutrophils could augment RSV infec-
tion-induced damage to epithelial cells in a dose and time-
dependent pattern. Such results imply that neutrophils play
a role in the airway epithelial damage that occurs in RSV
infection. The 51Cr-release assay was used to determine
the cytotoxicity induced by RSV infection and PMN. The
51Cr-release assay has been widely used to assess damage
to respiratory epithelial cell cultures [14, 25, 26].

Neutrophils may contribute to damage of airway epi-
thelial cells in many inflammatory conditions [14]. Previ-
ous studies have found that human neutrophils, stimulated
by PMA, kill monolayers of rat alveolar type II cells, by a
process that does not require neutrophil-generated reactive
oxygen metabolites; however, pretreatment of neutrophils
with an antibody (anti-Mo1) that reduced neutrophil
adherence to epithelial cells limits killing [14]. These ob-
servations support the view that neutrophil adhesion to
epithelial cells is an important prerequisite for neutrophils
to induce damage to epithelial cells.

RSV infection has previously been shown to induce air-
way epithelial cells to produce cytokines such as IL-8,
IL-6 and granulocyte-macrophage colony-stimulating factor
(GM-CSF) that have effects on neutrophils as chemokines
and/or activators [27, 28]. Therefore, as RSV interacts with
the airway epithelium, it may not only cause direct CPE,
but also may enhance local injury through stimulation of
adhesion molecules and cytokines to promote neutrophil-
induced airway epithelial damage [9].

In addition to damage, the present results also show-
ed that RSV infection alone could detach epithelial cell
monolayers in a dose-dependent pattern and neutrophils
augmented RSV infection-induced detachment very signi-
ficantly. These results are consistent with clinical findings
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(data not shown) which show that there are significant
numbers of detached epithelial cells in the nasal washing
from infants infected with RSV. This contrasts with con-
trol infants, who have very few detached epithelial cells
from nasal lavages.

Two previous studies have investigated PMA-activated
neutrophil-induced epithelial damage. Neutrophils activat-
ed by PMA induced significant detachment (29% detach-
ment) and damage (18% release of 51Cr) of epithelial cells
[29]. A recent study [30] investigating the role of tetra-
decanoyl phorbol acetate (TPA)-induced neutrophil acti-
vation showed that detachment was increased when the
neutrophils were activated in situ with TPA and after long-
er incubation periods. Some cytokines, such as IL-8, pro-
duced and released from RSV-infected epithelial cells [27],
may activate neutrophils and lead to damage and detach-
ment of respiratory epithelial cells. Clearly, further studies
need to be performed to characterize the mechanisms of
PMN-induced epithelial damage and detachment in RSV
infection.

In summary, it is hypothesized that neutrophils play a
significant role in the pathology of respiratory syncytial
virus airway disease. The virus activates neutrophils, en-
hancing neutrophil adhesion to the epithelium. The acti-
vated neutrophils also damage the epithelium, inducing
cell loss.

Acknowledgements: The authors thank P. Hallsworth
for assistance in propagating, titrating and inactivating
RSV, P. Graff for assistance in image analysis, K. Dowling
for assistance in cell staining and photography and C.
Richardson for assistance in cell staining.

References

1. Anderson LT, Heilman CA. Protective and disease-
enhancing immune responses to respiratory syncytial
virus. J Infect Dis 1995; 171: 1–7.

2. Openshaw PJM. Immunity and immunopathology to res-
piratory syncytial virus. The mouse model. Am J Respir
Crit Care Med 1995; 152: S59–S62.

3. Holberg CJ, Wright AL, Martinez FD. Risk factors for
respiratory syncytial virus-associated lower airway ill-
ness in the first year of life. Am J Epidemiol 1991; 133:
135–151.

4. Phelan PD. The epidemiology of acute respiratory infec-
tions. In: Robinson MJ, Roberson DM, eds. Practical Pae-
diatrics. Melbourne, Churchill Livingstone, 1994; p. 341.

5. Graham BS, Bunton LA, Wright PF, Karzon DT. Role of
T lymphocyte subsets in the pathogenesis of primary
infection and rechallenge with respiratory syncytial virus
in mice. J Clin Invest 1991; 88: 1026–1033.

6. Bryson DG, Platten MF, McConnell S, McNulty MS.
Ultrastructural features of lesions in bronchiolar epithe-
lium in induced respiratory syncytial virus pneumonia of
calves. Vet Pathol 1991; 28: 293–299.

7. Everard ML, Awarbrick A, Wrigghtham M, et al. Analy-
sis of cells obtained by bronchial lavage of infants with
respiratory syncytial virus infection. Arch Dis Child
1994; 71: 428–432.

8. Dakhama A, Vitalis TZ, Hegele RG. Persistence of respi-
ratory syncytial virus (RSV) infection and development
of RSV-specific IgG1 response in a guinea-pig model of
acute bronchiolitis. Eur Respir J 1997; 10: 20–26.

9. Stark JM, Godding V, Sedgwick JB, Busse WW. Respira-
tory syncytial virus infection enhances neutrophil and
eosinophil adhesion to cultured respiratory epithelial cells:
role of CD18 and intercellular adhesion molecule-1. J
Immunol 1996; 156: 4774–4782.

10. Rothlein R, Czajkowski M, O'Neill MM, Marlin SD,

Mainolfi E, Merluzzi VJ. Induction of intercellular adhe-
sion molecule 1 on primary and continuous cell lines by
pro-inflammatory cytokines. J Immunol 1988; 141: 1665–
1669.

11. Reed LJ, Muench H. A simple method of estimating fifty
per cent endpoints. Am J Hyg 1938; 27: 493–497.

12. Patel JA, Kunimoto M, Sim TC, et al. Interleukin-1α
mediates the enhanced expression of intercellular adhe-
sion molecule-1 in pulmonary epithelial cells infected with
respiratory syncytial virus. Am J Respir Cell Mol Biol
1995; 13: 602–609.

13. Metcalf JA, Gallin JI, Nauseef WM, Root RK. Labora-
tory manual of neutrophil function. New York, Raven
Press, 1986; pp. 2–7.

14. Simon RH, DeHart PD, Tod RF III. Neutrophil-induced
injury of rat pulmonary alveolar epithelial cells. J Clin
Invest 1986; 78: 1375–1386.

15. Kercsmar CM, Davis PB. Resistance of human tracheal
epithelial cells to killing by neutrophils, neutrophil elas-
tase, and Pseudomonas elastase. Am J Respir Cell Mol
Biol 1993; 8: 56–62.

16. Ratcliffe DR, Cramer EB. Neutrophil interaction with
influenza-infected epithelial cells. Blood 1988; 72: 142–
149.

17. McDonald DM. Neurogenic inflammation in the rat tra-
chea. I. Changes in venules, leucocytes and epithelial
cells. J Neurocytol 1988; 17: 583–603.

18. Aspinall JO, Bentel JM, Horsfall DI, Haadensen DE,
Marshall VR, Tilley WD. Differential expression of apol-
ipoprotein-D and prostate specific antigen in benign and
malignant prostate tissues. J Urol 1995; 154: 622–628.

19. Collins PL. The molecular biology of human respiratory
syncytial virus (RSV) of genus Pneumovirus. In: Kings-
bury DW, ed. The Paramyxoviruses. New York, Plenum
Press, 1991; pp. 103–162.

20. Tosi MF, Hamedani A, Brosovich J, Alpert SE. ICAM-1
independent, CD18-dependent adhesion between neut-
rophils and human epithelial cells exposed in vitro to
ozone. J Immunol 1994; 152: 1935–1942.

21. Kohl S, Springer TA, Schmalstieg FS, Loos LS, Ander-
son DC. Defective natural killer cytotoxicity and poly-
morphonuclear leukocyte antibody-dependent cellular
cytotoxicity in patients with LFA-1/OKM-1 deficiency. J
Immunol 1984; 133: 2972–2978.

22. Derose V, Robbins RA, Snider RM, et al. Substance P
increases neutrophil adhesion to bronchial epithelial cell.
J Immunol 1994; 152: 1339–1346.

23. Wegner CD, Gundel RH, Reilly P, Haynes N, Letts LG,
Rothlein R. Intercellular adhesion molecule-1(ICAM-1)
in the pathogenesis of asthma. Science 1990; 247: 456–459.

24. Springer T. Adhesion receptors of the immune system.
Nature 1990; 346: 425–434.

25. Kercsmar CM, Davis PB. Resistance of human tracheal
epithelial cells to killing by neutrophils, neutrophil elas-
tase, and Pseudomonas elastase. Am J Respir Cell Mol
Biol 1993; 8: 56–62.

26. Devalia JL, Sapsford RJ, Cundell DR, Rusznak, Camp-
bell AM, Davies RJ. Human bronchial epithelial cell dys-
function following in vitro exposure to nitrogen dioxide.
Eur Respir J 1993; 6: 1308–1316.

27. Noah TL, Becker S. Respiratory syncytial virus-induced
cytokine production by a human bronchial epithelial cell
line. Am J Physiol 1994; 265 (5 Pt 1): L472–L478.

28. Graves DT, Jiang Y. Chemokines, a family of chemotac-
tic cytokines. Crit Rev Oral Biol Med 1994; 6: 109–118.

29. Robinson BWS, Venaille T, Blum R, Mendis AHW. Eosi-
nophils and major basic protein damage but do not detach
human amniotic epithelial cells. Exp Lung Res 1992; 18:
583–593.

30. Venaille TJ, Mendis AHW, Phillips MT, Thompson PJ,
Robinson BWS. Role of neutrophils in mediating human
epithelial cell detachment from native basement mem-
brane. J Allergy Clin Immunol 1995; 95: 597–606.

S-Z. WANG ET AL.618




