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bates asthma but is also associated with severe life-
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The respiratory syncytial virus (RSV) causes poten-
ially fatal lower respiratory tract infection in infants.
he molecular mechanism of RSV infection is un-
nown. Our data show that RSV colocalizes with in-
ercellular adhesion molecule-1 (ICAM-1) on the HEp-2
pithelial cell surface. Furthermore, a neutralizing
nti-ICAM-1 mAb significantly inhibits RSV infection
nd infection-induced secretion of proinflammatory
hemokine RANTES and mediator ET-1 in HEp-2 cells.
imilar decrease in RSV infection is also observed in
549, a type-2 alveolar epithelial cell line, and NHBE,

he normal human bronchial epithelial cell line when
retreated with anti-ICAM-1 mAb prior to RSV infec-
ion. Incubation of virus with soluble ICAM-1 also sig-
ificantly decreases RSV infection of epithelial cells.
inding studies using ELISA indicate that RSV binds

o ICAM-1, which can be inhibited by an antibody to
he fusion F protein and also the recombinant F pro-
ein can bind to soluble ICAM-1, suggesting that RSV
nteraction with ICAM-1 involves the F protein. It is
hus concluded that ICAM-1 facilitates RSV entry and
nfection of human epithelial cells by binding to its F
rotein, which is important to viral replication and

nfection and may lend itself as a therapeutic
arget. © 2001 Academic Press

Key Words: normal human bronchial epithelial cells
NHBE); human type 2 alveolar epithelial cells (A549);
Ep-2 cells; respiratory virus; F protein; adhesion
olecule.

The respiratory syncytial virus (RSV) is an impor-
ant respiratory pathogen that produces an annual
orldwide epidemic of respiratory illness primarily in

hildren, but also in the elderly (1, 2). In the United
tates alone, RSV infection of children causes about
00,000 hospitalizations and 4500 deaths annually.
SV commonly precipitates bronchiolitis and exacer-
188006-291X/01 $35.00
opyright © 2001 by Academic Press
ll rights of reproduction in any form reserved.
hreatening respiratory infections in individuals with
oronary artery disease or who are immunocompro-
ised (3–6).
RSV is a nonsegmented Pneumovirus with a

egative-strand RNA genome. Pneumoviruses attach
o the cell surface receptor through their attachment
rotein, G; however, a SH/G deletion mutant of RSV is
ble to infect cells (7–10). Antibodies to either the G or
protein neutralize virus infectivity, albeit anti-G an-

ibodies have poor neutralizing ability compared to the
nti-F antibodies, both in humans and mice (11, 12).
irway epithelial cells and macrophages are the pri-
ary targets for RSV infection; however, the mecha-

ism of infection process, particularly the role of host
ell in this process has been poorly studied. Cellular
lycosaminoglycans, specifically iduronic acid contain-
ng heparin and heparan sulfate, play a role in medi-
ting attachment of RSV to the cells by interaction
ith G and/or F proteins (13–15). It has also been

eported that the RSV-F protein also binds to RhoA,
hich is necessary for syncytia formation (16). Fur-

hermore, surfactant protein A was shown to bind to
SV attachment protein G and was implicated in fa-
ilitating RSV internalization into macrophage cells
17).

RSV infection increases expression Intercellular ad-
esion molecule-1 (ICAM-1), a member of the immuno-
lobulin gene superfamily, on epithelial cells (18, 19).
ncreased expression of cytokines and ICAM-1 induced
y RSV infection on epithelial cells is similar to that
nduced by rhinovirus, which utilizes ICAM-1 is the

ajor cell surface receptor (20–22). Moreover, the
CAM-1 cross-linking of human epithelial cells induced
L-1b mRNA, which is also rapidly induced by RSV
nfection of Hep-2 cells, suggesting involvement of
CAM-1 in the process (23). We therefore hypothesized
hat ICAM-1 may play a role in RSV infection and
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xamined the effect of ICAM-1 blocking on RSV infec-
ion in this study. Our results demonstrate that
CAM-1 and RSV are colocalized on the plasma mem-
rane of HEp-2 cells, and that ICAM-1 specifically
inds to the F protein. Blocking of ICAM-1 on epithe-
ial cells by anti-ICAM-1 mAbs reduces RSV infection.

ATERIALS AND METHODS

Cell culture, virus and infection. HEp-2 (ATCC CCL-23) cells
hich represents an epithelial-like cervical carcinoma cell line and

FIG. 1. Topography of ICAM-1 expression in RSV-infected HEp-
he cell surface and in the cell cytoplasm (red) (B) ICAM-1 was locali
isualized by staining with DAPI (blue). (D) Superimposition of all th
lasma membrane of RSV-infected cells.
189
SV A2 Long strain (VR-1302) were obtained from the ATCC (Rock-
ille, MD). HEp-2 cells were grown at 37°C with 5% CO2 in a
inimum essential medium with Hank’s salt, supplemented with

0% fetal bovine serum (FBS). Viral stocks were prepared from
nfected HEp-2 cells after 5–6 days post infection (p.i.), stored at
70°C in aliquots and used as the viral inoculum. HEp-2 cells were

nfected with RSV at a moi of 1 and left for adsorption for 2 h at 37°C
ith 5% CO2, after which the virus inoculum was replaced by com-
lete medium. Cells were harvested at various hours post infection
s specified for individual experiment.

Confocal microscopy. For confocal microscopic analysis, RSV in-
ected HEp-2 cells grown on coverslips for 72 h were fixed in ethanol,

lls by confocal microscopy as described. (A) RSV was distributed on
mostly on the cell surface by FITC staining (green), (C) nuclei were
hree images indicated the colocalization of RSV and ICAM-1 on the
2 ce
zed
e t



blocked for 1 h with 1% BSA in PBS, pH 7.4 and double stained with
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oat anti-RSV polyclonal Abs and mouse anti-human ICAM-1 mAb
BBA-4) each at 4 mg/ml (R&D Systems, Minneapolis, MN) for 1 h at
7°C. The cells were subsequently incubated for 1 h with secondary
ntibodies: rabbit anti-goat IgG-PE conjugate and sheep anti-mouse
gG-FITC conjugate, and were finally mounted in DAPI antifade
Oncor, Gaithersburg, MD). The cells were scanned using an Oncor
igital confocal microscope at 525nm for FITC, at 580 nm for PE, at
50 nm for DAPI for counter staining of DNA; all three images were
erged to confirm the colocalization of ICAM-1 and RSV in the same

ell.

Prevention of RSV binding to ICAM-1 on cell surface. Viruses
ere precoated with excess soluble ICAM-1 (sICAM-1) to saturate

he ICAM-1 binding sites on the virus capsid. Virus stock solutions
ere preincubated with sICAM-1 (R&D Systems, Minneapolis, MN)
t various concentrations (0.1 to 100 mg/ml) for 30 min at room
emperature and then used for infection. BSA was used as a nonspe-
ific protein control and similarly preincubated with RSV.

Blockade of ICAM-1 in vitro. HEp-2 cells (105 cells/ml) were
reated with different concentrations (100 to 400 mg/ml) of anti-
CAM-1 mAb (BBA 4) (R&D Systems, Minneapolis, MN) or purified
ouse IgG1 antibodies (isotype control) (Sigma, St. Louis, MO) for
h at 37°C and were subsequently infected with RSV at a moi of 1.
ells were harvested 24 h post-infection. The inhibition of RSV

nfection was determined by immunofluorescence, plaque assay and
T-PCR.

Immunofluorescence. RSV infected or uninfected cells were fixed
n chilled acetone for 10 min and air-dried. Cells were stained for 30

in at 37°C with FITC-labeled anti-RSV mAbs (Chemicon, Te-
ecula, CA) in a humid chamber. The unbound antibodies were

emoved by washing three times in PBS-Tween 20 (0.2%) buffer, pH
.4. The slides were air-dried again and mounted on Fluromount G
Fisher, Pittsburgh, PA) and observed under fluorescent microscope.
SV positive cells (green fluorescence) were counted randomly from
5 different spots and from 2 different slides for the same treatment
roup and the percentage of infected cells was plotted against the
oncentration of ICAM-1 mAb or sICAM-1 used.

Semiquantitative reverse transcription PCR analysis. The total
NA was isolated from the harvested cells and tissue samples using
rizol (Life Tech., Gaithersburg, MD). Random or gene specific oli-
onucleotide primed cDNA was prepared using Superscript II RNase

2 reverse transcriptase (Life Tech., Gaithersburg, MD. The first
trand cDNA product (1 ml) was amplified using Taq polymerase
Life Tech., Gaithersburg, MD). Forward and reverse primers used
re as follows: RSV-N forward: 59-GCG ATG TCT AGG TTA GGA
GA A-39; reverse: 59-GCT ATG TCC TTG GGT AGT AAG CCT-39;

CAM-1 forward: 59-ATG GCT CCC AGC AGC CCC-39; reverse:
9-CAC CTG GCA GCG TAG GGT-39and b-actin forward: 59-CGC
AG AAG ATG ACC CAG-39; reverse: 59-ATC ACG ATG CCA GTC
TA C-39. All PCRs were denatured at 95°C for 1 min, annealed at
6°C for 1 min and extended at 72°C for 1 min for 22–35 cycles
depending upon the linear range). All amplifications were done in
riplicate and repeated three times and a representative sample is
hown. All amplifications were RNA specific, as no bands were seen
n the control (no template) PCR samples. The PCR products were
eparated on 1.5% agarose gels, stained with ethidium bromide and
uantified using the advanced quantifier software (BioImage, Ann
rbor, MI).

RSV plaque assay. HEp-2 cells were seeded on 24 well plates.
ells were infected with 0.5 ml of RSV at various dilutions for 2 h at
7°C. Then the RSV was removed and the wells were overlaid with
ml of the growth medium containing 0.8% methylcellulose. The

ells were incubated at 37°C for 72 h, after which the overlay was
emoved. Cells were then fixed in 80% cold methanol for 3 h. The
ethanol was removed and the plate was blocked with PBS and
orse serum at 37°C for 30 min. Then the blocking solution was
190
ector Laboratories, Burlingame, CA) diluted at 1:400, was added
nd incubated at 37°C for 1 h. Secondary antibody staining and
ubstrate reactions were performed using the Vectastain ABC Kit
Vector Laboratories). Diaminobenzidine in H2O2 (Pierce, Rockford,
L) was used as a chromogen. The plaques were enumerated by
icroscopy.

ELISA for RSV-ICAM-1 Interaction. Soluble ICAM-1 protein
R&D Systems, Minneapolis, MN) or Bovine serum albumin, each at
00 ng/well in carbonate bicarbonate buffer, pH 9.5 was coated onto
igh affinity ELISA plates (Costar, Cambridge, MA) at 4°C over
ight. Wells were then blocked, respectively with 1% BSA or 5%
on-fat dry milk in PBS, pH 7.4 for 2 h at 37°C and incubated with
ifferent dilutions of RSV. Wells were washed in PBS-Tween 20
0.1%), pH 7.4 and sequentially incubated with goat anti-RSV poly-
lonal Ab at 90 mg/ml (Chemicon, Temecula, CA) and anti-goat IgG
RP conjugate (Sigma, St. Louis, MO). Wells were washed and
eveloped with the TMB (substrate). Color development was stopped
fter 30 min by addition of 0.2 M sulfuric acid. The optical density
as measured at 450 nm. For blocking experiments, RSV suspension
as preincubated with either anti-RSV-G mAb (clone 131-2G specific

o strain A2, Chemicon, CA) or anti-RSV-F mAb (clone 133-1H spe-
ific to strain A2, Chemicon, CA) at concentrations ranging from 20 to
00 mg/ml.

Production of recombinant RSV F protein and F-ICAM-1 interac-
ion. To produce the recombinant F protein using baculovirus ex-
ression system, RSV F cDNA was amplified by RT-PCR as EcoRI
nd XbaI cassette (1.747 kb) and ligated at identical sites down-
tream to the polyhedrin promoter in the baculovirus vector pFast-
acHTa (4.855 kb) (LifeTechnologies, Gaithersburg, MD). The gene
equence was confirmed through DNA sequencing. This vector also
ncorporated a six-histidine tag at the N-terminus of the RSV fusion
rotein F. Recombinant baculovirus having F glycoprotein was gen-
rated according to the manufacturer’s instructions. Infection of Sf9
nsect cells with this recombinant virus produced fusion protein F
hat was purified using Talon (Clontech, Palo Alto, CA) columns
sing manufacturer recommended procedures. To determine the
inding of ICAM-1 to RSV F protein, microtiter plate was coated with
ither 800 ng of recombinant RSV F protein or ovalbumin as a
ontrol at 4°C overnight in carbonate-bicarbonate buffer, pH 9.5.
ollowing washing, and blocking of the non-specific sites, varied
oncentrations of human soluble ICAM-1 was added and incubated
t 37°C for 2 h. Following three washes, plates were incubated for 2 h
ith mouse anti-human ICAM-1 monoclonal antibody (2 mg/ml)

clone BBA4, R&D Systems, Minneapolis, MN). Bound antibody was
etected by anti-mouse IgG peroxidase conjugate (1:1000 dilution)
Boehringer-Mannheim, Germany). Color was developed by addition
f TMB substrate and optical density was read at 450 nm using an
utomated ELISA plate reader.

Statistical analysis. The difference between the treated and con-
rol cells was analyzed by Student’s t test. Differences between
roups were considered significant at P values less than 0.05.

ESULTS

RSV and ICAM-1 colocalize on plasma membrane of
Ep-2 cells. HEp-2 cells, a transformed human epi-

helial cell line, commonly used to propagate RSV, was
nfected with RSV strain A2, was assayed for ICAM-1
xpression following RSV infection by flow cytometry.
he uninfected HEp-2 cells showed constitutive ex-
ression (3.6%) of ICAM-1. Surface ICAM-1 expression
ncreased by four- and eightfold, respectively, 24 and
8 h post RSV infection (data not shown). RSV antigen
xpression was detected both on the plasma membrane
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nd in the cytoplasm of RSV infected cells (72 h pi), as
etermined by confocal microscopy, whereas ICAM-1
xpression was localized mostly to the plasma mem-
rane (Fig. 1). The colocalization of RSV and ICAM-1
n HEp-2 cell surfaces (Fig. 1D) suggested that RSV
ssociates with ICAM-1 on epithelial cells.

Blocking of ICAM-1 significantly reduces RSV infec-
ion of epithelial cells. To examine if the blockage of
CAM-1 would inhibit the initiation of RSV infection,
Ep-2 cells were infected with RSV after having been

ncubated with various concentrations of mAbs to hu-
an ICAM-1 (Fig. 2A). A dose-dependent reduction in

he number of infected cells occurred with increasing
oncentrations of anti-ICAM-1 mAbs, as determined by
mmunofluorescence staining of infected cells. The
reatest inhibition (96%) of RSV infection was ob-
erved with HEp-2 cells at 400 mg/ml of anti-ICAM-1
Abs. In contrast, preincubation of cells with the same

FIG. 2. The preincubation of epithelial cells with an anti-ICAM-
Ab treatment inhibited RSV infection of epithelial cells. The % of

nti-ICAM-1 mAb (h) or an isotype control Ab (■) was estimated as
epeated for each cell line with similar results and a representative ex
ells with anti-ICAM-1 mAb decreased the number of syncytia for
ntibody, or an isotype matched control antibody or medium alone f
numerated at 72 h post infection. The experiment was repeated and
.05. (C and D) Preincubation of RSV with sICAM-1 decreased virus
ith various concentrations of sICAM-1 at room temperature, and
ercentage of RSV-infected cells was determined by immunofluore
nfection (D). The experiment was repeated and a representative ex
reincubation of RSV with an unrelated protein, BSA, had no effect
191
oncentrations of isotype-matched IgG control showed
o significant reduction in RSV infection.
To exclude the inhibition as a HEp-2 cell specific

henomenon, two other cell lines, A549 and NHBE,
ere examined for inhibition of RSV infection by anti-

CAM-1 mAbs. NHBE is a normal human primary cell
ine derived from bronchial explants, whereas A549 is
transformed lung type II alveolar epithelial cell line.
HBE and A549 exhibited a decrease in RSV infection
y 54 and 67%, respectively, when preincubated with
00 mg of anti-ICAM-1 mAb/ml (Fig. 2A). The effect of
locking of ICAM-1 on HEp-2 cells on RSV replication
as assessed by determining the number of syncytia

orming plaques. The anti-ICAM-1 mAb treated and
SV infected cells showed 56% reduction in the num-
er of plaques (P , 0.01) compared to the RSV infected
ells (Fig. 2B), whereas no significant reduction was
bserved when cells were preincubated with the same

Ab or RSV with sICAM-1 inhibits RSV infection. (A) Anti-ICAM-1
V-infected HEp-2, NHBE, and A549 cells after preincubation with
scribed. Each value represents mean 6 SEM. The experiment was
riment for each of the cell lines is shown. (B) Preincubation of HEp-2
g plaques. The cells were treated with 400 mg/ml of anti-ICAM-1
h and then infected with RSV. The syncytia forming plaques were

presentative experiment is shown. Bar represents mean 6 SD. *P ,
ection of cultured epithelial cells. RSV was preincubated for 30 min
bsequently used for infection of both HEp-2 and A549 cells. The

nce (C). Viral titer was determined by plaque assay at 72 h post
iment is shown. Each bar represents mean 6 SD. *P , 0.05. The
the RSV infection (data not shown).
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ult rules out the possibility that a large amount of IgG
ay cause network formation on the cell surface and
ay sterically block virus entry. To see the role of RSV

inding to ICAM-1 on cell surface, the virus particles
ere precoated with excess sICAM-1 for 30 min and

hen used for infection. Viral titer decreased signifi-
antly when sICAM-1 preincubated viral inoculum was
sed for infection (Figs. 2C and 2D) in comparison to
he control, where non-specific protein (BSA) preincu-
ated viral sample was used for infection (data not
hown). Highest reduction in viral titers of 52% (P ,
.05) and 49% (P , 0.05) in HEp-2 and A549 cells,
espectively was observed with 100 mg/ml of sICAM-1
hen compared to the 0 mg/ml. The viral titer was

educed to 22 and 20%, respectively, for HEp-2 and
549 cells at a concentration of 50 mg/ml. Similar re-
uction was observed when infected cells were counted
y immunofluorescence (Fig. 2C). This further con-
rms that the binding of RSV to ICAM-1 on epithelial
ell surface is important in RSV infection.

The intracellular viral replication was determined
4 h post infection by semiquantitative RT-PCR anal-
sis of the RSV nucleoprotein (N) mRNA, to determine
f the reduction of RSV infection was due to decreased
iral replication leading to a decreased viral mRNA in
he host cell. The preincubation of HEp-2 cells with
nti-ICAM-1 mAb inhibited RSV mRNA levels in a
ose-dependent manner, with the greatest inhibition
79% compared to control) observed at a concentration
f 400 mg of anti-ICAM-1 mAb/ml medium (Fig. 3,
pper panel). HEp-2 cells treated with anti-ICAM-1
Abs failed to induce mRNA expression of the chemo-

ine RANTES and the mediator ET-1, 24 h post-
nfection (Fig. 3, lower panel), which are normally in-
uced in RSV infection (24, 25). These results indicate
hat ICAM-1 plays a key role in the RSV infection of
pithelial cells and subsequent secretion of these in-
ammatory mediators.

RSV binds to immobilized or cellular ICAM-1 via its
protein. To determine if RSV can bind to ICAM-1 in

he absence of cellular factors, the interaction of RSV
ith ICAM-1 was examined by an ELISA. Purified

oluble ICAM-1 was applied to wells of ELISA plates
nd a dose dependent binding of RSV with ICAM-1 was
bserved (Fig. 4A). The lack of ICAM-1 binding to
onditioned medium (in the absence of RSV) or that of
SV to an unrelated antigen, bovine serum albumin,

ndicated that the binding between ICAM-1 and RSV is
pecific (Fig.4A). To determine which of the RSV pro-
eins interacts with ICAM-1, the RSV suspension was
ncubated with mAbs to either the F or G protein and
he degree of inhibition of RSV binding to ICAM-1 was
ssayed. Incubation with mAbs to either the F or G
rotein decreased RSV-ICAM-1 binding by 80 and 36%,
espectively (Fig. 4B). Simultaneous incubation of RSV
192
ith blocking antibody (either to G or F) showed re-
ults identical to that of the prior incubation of RSV
ith the corresponding antibody (data not shown). To

urther confirm this, the purified recombinant F pro-
ein produced by a baculovirus expression system was
ound to bind to ICAM-1 in a dose-dependent fashion in

far-ELISA (Fig. 4C), whereas no binding was ob-
erved between ICAM-1 and immobilized ovalbumin.
he baculovirus expressed recombinant F protein was
ble to cleave and fold correctly in insect cells and was

FIG. 3. The preincubation of HEp-2 cells with anti-ICAM-1 mAb
nhibited the expression of the RSV N, RANTES and ET-1. The
roups were as follows: uninfected cells (1), HEp-2 cells were treated
ith PBS (2), mouse IgG1 antibody (control) 400 mg/ml (3), or with

ncreasing concentration of the anti-ICAM-1 mAb at 100 mg/ml (4),
00 mg/ml (5), or 400 mg/ml (6) and subsequently infected with RSV.
otal RNA was subjected to semiquantitative RT-PCR analysis us-

ng specific primers for the RSV N, RANTES, and ET-1 mRNAs and
-actin (as internal control). RT-PCR was done in triplicate and
epeated three times and a representative band is shown. The prod-
cts were quantified by densitometry and the band intensity for RSV

gene product (upper panel) and for RANTES and ET-1 (lower
anel) normalized to b-actin, are plotted.



immunologically active (data not shown). These results
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193
uggest that RSV can bind to ICAM-1 in the absence of
ther cellular factors and this binding is primarily via
ts F protein.

ISCUSSION

The evidence that ICAM-1 plays a significant role in
SV infection is based on the demonstrations that: (i)
ntibodies to ICAM-1 can significantly inhibit RSV
nfection in cultured epithelial cells; (ii) soluble form of
CAM-1 binds to RSV and significantly decreases RSV
nfection in epithelial cells; and (iii) RSV binds to pu-
ified ICAM-1 via its F protein; which plays an impor-
ant role in the fusion process.

The blocking experiments using neutralizing anti-
CAM-1 mAbs provide the strongest evidence that
CAM-1 plays a role in RSV infection. These results
how a significant inhibition of RSV infection in cul-
ured epithelial cells, as determined by the percentage
f infected cells (by immunofluorescence), by syncytia
ormation (plaque assay), and by a semiquantitative
T-PCR (RSV replication). An important finding is

hat preincubation with anti-ICAM-1 mAbs of three
ifferent epithelial cell lines, including both primary
nd transformed epithelial cells, inhibits both RSV
nfection and replication. Preincubation of all these cell
ines with the same concentrations of isotype matched
gG control did not inhibit RSV infection, ruling out the
ossibility that the large amount of IgG may cause
etwork formation on the cell surface and thus steri-
ally block virus entry into the host cells. This also
uggests that the inhibition of RSV infection is not due
hrough nonspecific permutation. This indicates that
CAM-1 may provide a generalized mechanism for RSV
nfection in epithelial cells.

The amount of antibody needed to obtain maximal
nhibition is relatively high. The reason for this is
resently unclear. The requirement for a high concen-
ration of antibodies for inhibition may be attributed to
wo mutually non-exclusive possibilities. First,
CAM-1, per se, appears to recycle between the cyto-
lasm and membrane. It was reported from the kinetic
inding studies of a 125I-labeled mAb to ICAM-1 that
8% of membrane ICAM-1 in endothelial cells was

nternalized at a rate of ;3200 molecules/min (26).
urther, this internalization pathway was directly de-

(Œ) or mouse IgG1 as control (■). (C) ICAM-1 binds to immobilized
ecombinant F protein. The recombinant F protein produced by the
aculovirus system was coated on microtiter plates and incubated
ith an increasing concentration of ICAM-1 (}), and the F protein
ound to ICAM-1 was determined by ELISA. As a control increasing
oncentration of ICAM-1 was bound to ovalbumin-coated plates (Œ).
he optical density was plotted against the concentration of ICAM-1.
he experiment was repeated with similar results and a represen-
ative experiment is shown.
FIG. 4. Interaction of ICAM-1 with RSV in cell-free system. (A)
SV bound to immobilized ICAM-1 in a dose-dependent manner.
icrotiter plates were coated with ICAM-1 and incubated with an

ncreasing volume of RSV suspension (}) or conditioned medium (■).
lates coated with BSA (control) were incubated with an increasing
olume of RSV suspension (Œ). Bound RSV was determined by
LISA. The optical density (mean 6 SD) was plotted. The experi-
ent was repeated three times with similar results and a represen-

ative experiment is shown. (B) Inhibition of RSV binding to ICAM-1
as examined by preincubation of RSV with mAbs to the G (h) or the
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urface. Since the identical anti-ICAM-1 antibody was
sed in our studies, it is likely that a portion of these
nti-ICAM-1 antibodies undergo internalization in ep-
thelial cells due to a continuous recycling process.
roviding this is the case, the difference in the magni-
ude of the inhibition of RSV infection in different cell
ines may be linked to their level of ICAM-1 expression.
econd, the anti-ICAM-1 blockade of membrane
CAM-1 does not interfere with the de novo synthesis of
CAM-1; rather it may enhance ICAM-1 synthesis. In
upport of this possibility, the cross-linking of ICAM-1
y the anti-ICAM-1 antibody has been reported to up-
egulate IL-1b expression in cells, which in turn, up-
egulates ICAM-1 expression (18). Also, our results
nd those of others indicate that RSV infection in-
reases surface ICAM-1 expression on epithelial cells
27, 28). It is therefore not surprising that excess
CAM-1 antibodies are required to block not only the
reexisting but also the newly synthesized ICAM-1.
rrespective of the dose of antibody required, the block-
ng of ICAM-1 by anti-ICAM-1 mAb inhibited RSV
nfection and consequently, some of the potent media-
ors released by these cells.

The importance of RSV binding to ICAM-1 on epi-
helial cell surface is further demonstrated by the de-
rease in viral titer when virus is preincubated with
ICAM-1 prior to infection. The binding sites for
CAM-1 on the virus are thus blocked and are not
vailable for the cell surface ICAM-1. sICAM-1 also
nhibits infection of major rhinovirus subgroups for
hich ICAM-1 is known to be the cell surface receptor

20, 22). There was about 90% inhibition of rhinovirus
ytopathic effect (CPE) with sICAM-1 (10 mg/ml) pre-
ncubation (29). A significant reduction of 52% (P ,
.05) and 49% (P , 0.05) using 100 mg/ml and 22 and
0% using 50 mg/ml in viral titer was observed by
laque assay in HEp-2 and A549 cells, respectively
Fig. 2C) with sICAM-1 preincubation. Preincubation
f RSV with equal concentrations of BSA used as a
ontrol antigen had no effect on RSV plaque formation
data not shown). The extent of inhibition of viral in-
ection observed in both cases cannot be directly com-
ared, as the method of CPE determination for rhino-
irus infection (29) is not comparable to plaque assay
PFU/ml) in the strict sense. In support of our data,
ery large amount of sICAM-1 (1 mg/ml) was required
o inhibit the rhinovirus infection induced expression
f ICAM-1 on epithelial cell surface (30). The specificity
f virus inhibition indicates that sICAM-1 prevents
nfection not as a result of generalized effects on the
ell’s ability to support viral replication, but rather by
nhibition of virion interaction with cell surface
CAM-1.

To understand the mechanism of ICAM-1 participa-
ion in RSV infection, the interaction of ICAM-1 with
SV was examined in absence of cellular factors. The
194
nd of immobilized recombinant F protein to ICAM-1
nd a significant inhibition of the RSV-ICAM-1 inter-
ction by anti-F antibodies, together suggests that the
inding between RSV-ICAM-1 and F-ICAM-1 is spe-
ific. Use of immobilized glycoproteins, such as F pro-
ein and ICAM-1 in ELISA, is well documented in
iterature (16). Antibodies to the F protein have greater
eutralizing ability than antibodies to the G protein (7,
, 10–12). The evidence that the antibodies to F, but
ot to G, protein significantly inhibits RSV-ICAM-1

nteraction (Fig. 4B) suggests that the RSV F-ICAM-1
inding may be a key event for the fusion of RSV into
he host cell’s membrane, which precedes RSV inter-
alization. However, mechanism of such internaliza-
ion is unclear. ICAM-1 has been reported to facilitate
he internalization of a bound ligand, fibrinogen, in
ndothelial cells and in transfected COS cells (26). It is
hus likely that ICAM-1 facilitates the internalization
f RSV after the RSV F protein binds to ICAM-1 on the
ell surface. Interestingly, it has been reported that the
SV-F protein also binds to RhoA, which is necessary

or syncytia formation (16), although the mechanism
nderlying interaction between RhoA and RSV-F pro-
ein remains elusive.

The evidence that ICAM-1 plays a key role in the
nitiation of RSV infection raises the possibility of de-
eloping novel approaches to treat RSV infection. It
hould be noted that although our studies are confined
o the RSV A2 strain, RSV, as opposed to the rhinovi-
us, is considered serologically monotypic; i.e., anti-
erum to A2 neutralizes heterologous strains in in vitro
ssays and in experimental animals (9, 31). Since the
SV F-ICAM-1 binding facilitates RSV infection of
ost cells, efforts to neutralize RSV by soluble ICAM-1
ay prove to be useful. In rhinovirus infections, the

dministration of a truncated form of soluble ICAM-1,
ICAM-1453, prevented rhinovirus infection in chimpan-
ees (32). The potential of developing anti-rhinovirus
rugs that block ICAM-1 from binding to a canyon of
he rhinovirus coat has also been suggested (33, 34).
urthermore, in a rat model of parainfluenza induced
ronchiolitis it was shown that treatment with a block-
ng ICAM-1 antibody significantly reduced virus in-
uced increases in BAL neutrophils and lymphocytes
y 70% and infection induced methacholine hyper-
esponses (35). In summary, the results of this study
nderscore the importance of ICAM-1 in the early
tage of RSV infection and establish the F-protein-
CAM-1 interaction as a target for developing novel
herapeutics against RSV infection.
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