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The respiratory syncytial virus (RSV) causes poten-
tially fatal lower respiratory tract infection in infants.
The molecular mechanism of RSV infection is un-
known. Our data show that RSV colocalizes with in-
tercellular adhesion molecule-1 (ICAM-1) on the HEp-2
epithelial cell surface. Furthermore, a neutralizing
anti-ICAM-1 mAb significantly inhibits RSV infection
and infection-induced secretion of proinflammatory
chemokine RANTES and mediator ET-1 in HEp-2 cells.
Similar decrease in RSV infection is also observed in
A549, a type-2 alveolar epithelial cell line, and NHBE,
the normal human bronchial epithelial cell line when
pretreated with anti-ICAM-1 mAb prior to RSV infec-
tion. Incubation of virus with soluble ICAM-1 also sig-
nificantly decreases RSV infection of epithelial cells.
Binding studies using ELISA indicate that RSV binds
to ICAM-1, which can be inhibited by an antibody to
the fusion F protein and also the recombinant F pro-
tein can bind to soluble ICAM-1, suggesting that RSV
interaction with ICAM-1 involves the F protein. It is
thus concluded that ICAM-1 facilitates RSV entry and
infection of human epithelial cells by binding to its F
protein, which is important to viral replication and
infection and may lend itself as a therapeutic
target. © 2001 Academic Press

Key Words: normal human bronchial epithelial cells
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The respiratory syncytial virus (RSV) is an impor-
tant respiratory pathogen that produces an annual
worldwide epidemic of respiratory illness primarily in
children, but also in the elderly (1, 2). In the United
States alone, RSV infection of children causes about
100,000 hospitalizations and 4500 deaths annually.
RSV commonly precipitates bronchiolitis and exacer-
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bates asthma but is also associated with severe life-
threatening respiratory infections in individuals with
coronary artery disease or who are immunocompro-
mised (3—6).

RSV is a nonsegmented Pneumovirus with a
negative-strand RNA genome. Pneumoviruses attach
to the cell surface receptor through their attachment
protein, G; however, a SH/G deletion mutant of RSV is
able to infect cells (7—10). Antibodies to either the G or
F protein neutralize virus infectivity, albeit anti-G an-
tibodies have poor neutralizing ability compared to the
anti-F antibodies, both in humans and mice (11, 12).
Airway epithelial cells and macrophages are the pri-
mary targets for RSV infection; however, the mecha-
nism of infection process, particularly the role of host
cell in this process has been poorly studied. Cellular
glycosaminoglycans, specifically iduronic acid contain-
ing heparin and heparan sulfate, play a role in medi-
ating attachment of RSV to the cells by interaction
with G and/or F proteins (13-15). It has also been
reported that the RSV-F protein also binds to RhoA,
which is necessary for syncytia formation (16). Fur-
thermore, surfactant protein A was shown to bind to
RSV attachment protein G and was implicated in fa-
cilitating RSV internalization into macrophage cells
).

RSV infection increases expression Intercellular ad-
hesion molecule-1 (ICAM-1), a member of the immuno-
globulin gene superfamily, on epithelial cells (18, 19).
Increased expression of cytokines and ICAM-1 induced
by RSV infection on epithelial cells is similar to that
induced by rhinovirus, which utilizes ICAM-1 is the
major cell surface receptor (20-22). Moreover, the
ICAM-1 cross-linking of human epithelial cells induced
IL-18 mRNA, which is also rapidly induced by RSV
infection of Hep-2 cells, suggesting involvement of
ICAM-1 in the process (23). We therefore hypothesized
that ICAM-1 may play a role in RSV infection and
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Topography of ICAM-1 expression in RSV-infected HEp-2 cells by confocal microscopy as described. (A) RSV was distributed on

the cell surface and in the cell cytoplasm (red) (B) ICAM-1 was localized mostly on the cell surface by FITC staining (green), (C) nuclei were
visualized by staining with DAPI (blue). (D) Superimposition of all the three images indicated the colocalization of RSV and ICAM-1 on the

plasma membrane of RSV-infected cells.

examined the effect of ICAM-1 blocking on RSV infec-
tion in this study. Our results demonstrate that
ICAM-1 and RSV are colocalized on the plasma mem-
brane of HEp-2 cells, and that ICAM-1 specifically
binds to the F protein. Blocking of ICAM-1 on epithe-
lial cells by anti-ICAM-1 mAbs reduces RSV infection.

MATERIALS AND METHODS

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

RSV A2 Long strain (VR-1302) were obtained from the ATCC (Rock-
ville, MD). HEp-2 cells were grown at 37°C with 5% CO, in a
minimum essential medium with Hank’s salt, supplemented with
10% fetal bovine serum (FBS). Viral stocks were prepared from
infected 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
infected with RSV at a moi of 1 and left for adsorption for 2 h at 37°C
with 5% CO,, after which the virus inoculum was replaced by com-
plete medium. Cells were harvested at various hours post infection
as specified for individual experiment.

Confocal microscopy. For confocal microscopic analysis, RSV in-
fected HEp-2 cells grown on coverslips for 72 h were fixed in ethanol,
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blocked for 1 h with 1% BSA in PBS, pH 7.4 and double stained with
goat anti-RSV polyclonal Abs and mouse anti-human ICAM-1 mAb
(BBA-4) each at 4 ug/ml (R&D Systems, Minneapolis, MN) for 1 h at
37°C. The cells were subsequently incubated for 1 h with secondary
antibodies: rabbit anti-goat 1gG-PE conjugate and sheep anti-mouse
1gG-FITC conjugate, and were finally mounted in DAPI antifade
(Oncor, Gaithersburg, MD). The cells were scanned using an Oncor
digital confocal microscope at 525nm for FITC, at 580 nm for PE, at
350 nm for DAPI for counter staining of DNA, all three images were
merged to confirm the colocalization of ICAM-1 and RSV in the same
cell.

Prevention of RSV binding to ICAM-1 on cell surface. Viruses
were precoated with excess soluble ICAM-1 (sICAM-1) to saturate
the ICAM-1 binding sites on the virus capsid. Virus stock solutions
were preincubated with sICAM-1 (R&D Systems, Minneapolis, MN)
at various concentrations (0.1 to 100 wpg/ml) for 30 min at room
temperature and then used for infection. BSA was used as a nonspe-
cific protein control and similarly preincubated with RSV.

Blockade of ICAM-1 in vitro. HEp-2 cells (10° cells/ml) were
treated with different concentrations (100 to 400 pg/ml) of anti-
ICAM-1 mAb (BBA 4) (R&D Systems, Minneapolis, MN) or purified
mouse 1gG, antibodies (isotype control) (Sigma, St. Louis, MO) for
3 h at 37°C and were subsequently infected with RSV at a moi of 1.
Cells were harvested 24 h post-infection. The inhibition of RSV
infection was determined by immunofluorescence, plague assay and
RT-PCR.

Immunofluorescence. RSV infected or uninfected cells were fixed
in chilled acetone for 10 min and air-dried. Cells were stained for 30
min at 37°C with FITC-labeled anti-RSV mAbs (Chemicon, Te-
mecula, CA) in a humid chamber. The unbound antibodies were
removed by washing three times in PBS-Tween 20 (0.2%) buffer, pH
7.4. The slides were air-dried again and mounted on Fluromount G
(Fisher, Pittsburgh, PA) and observed under fluorescent microscope.
RSV positive cells (green fluorescence) were counted randomly from
15 different spots and from 2 different slides for the same treatment
group and the percentage of infected cells was plotted against the
concentration of ICAM-1 mAb or sICAM-1 used.

Semiquantitative reverse transcription PCR analysis. The total
RNA was isolated from the harvested cells and tissue samples using
Trizol (Life Tech., Gaithersburg, MD). Random or gene specific oli-
gonucleotide primed cDNA was prepared using Superscript |1 RNase
H™ reverse transcriptase (Life Tech., Gaithersburg, MD. The first
strand cDNA product (1 wpl) was amplified using Tag polymerase
(Life Tech., Gaithersburg, MD). Forward and reverse primers used
are as follows: RSV-N forward: 5'-GCG ATG TCT AGG TTA GGA
AGA A-3’; reverse: 5'-GCT ATG TCC TTG GGT AGT AAG CCT-3;
ICAM-1 forward: 5'-ATG GCT CCC AGC AGC CCC-3'; reverse:
5’-CAC CTG GCA GCG TAG GGT-3'and B-actin forward: 5-CGC
GAG AAG ATG ACC CAG-3’; reverse: 5'-ATC ACG ATG CCA GTC
GTA C-3'. All PCRs were denatured at 95°C for 1 min, annealed at
56°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
triplicate and repeated three times and a representative sample is
shown. All amplifications were RNA specific, as no bands were seen
in the control (no template) PCR samples. The PCR products were
separated on 1.5% agarose gels, stained with ethidium bromide and
quantified using the advanced quantifier software (Biolmage, Ann
Arbor, MI).

RSV plaque assay. HEp-2 cells were seeded on 24 well plates.
Cells were infected with 0.5 ml of RSV at various dilutions for 2 h at
37°C. Then the RSV was removed and the wells were overlaid with
1 ml of the growth medium containing 0.8% methylcellulose. The
cells were incubated at 37°C for 72 h, after which the overlay was
removed. Cells were then fixed in 80% cold methanol for 3 h. The
methanol was removed and the plate was blocked with PBS and
horse serum at 37°C for 30 min. Then the blocking solution was
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removed and mouse monoclonal anti-RSV antibody (NCL-RSV 3,
Vector Laboratories, Burlingame, CA) diluted at 1:400, was added
and incubated at 37°C for 1 h. Secondary antibody staining and
substrate reactions were performed using the Vectastain ABC Kit
(Vector Laboratories). Diaminobenzidine in H,0, (Pierce, Rockford,
IL) was used as a chromogen. The plaques were enumerated by
microscopy.

ELISA for RSV-ICAM-1 Interaction. Soluble ICAM-1 protein
(R&D Systems, Minneapolis, MN) or Bovine serum albumin, each at
100 ng/well in carbonate bicarbonate buffer, pH 9.5 was coated onto
high affinity ELISA plates (Costar, Cambridge, MA) at 4°C over
night. Wells were then blocked, respectively with 1% BSA or 5%
non-fat dry milk in PBS, pH 7.4 for 2 h at 37°C and incubated with
different dilutions of RSV. Wells were washed in PBS-Tween 20
(0.1%), pH 7.4 and sequentially incubated with goat anti-RSV poly-
clonal Ab at 90 ng/ml (Chemicon, Temecula, CA) and anti-goat 1gG
HRP conjugate (Sigma, St. Louis, MO). Wells were washed and
developed with the TMB (substrate). Color development was stopped
after 30 min by addition of 0.2 M sulfuric acid. The optical density
was measured at 450 nm. For blocking experiments, RSV suspension
was preincubated with either anti-RSV-G mAb (clone 131-2G specific
to strain A,, Chemicon, CA) or anti-RSV-F mAb (clone 133-1H spe-
cific to strain A,, Chemicon, CA) at concentrations ranging from 20 to
100 pg/ml.

Production of recombinant RSV F protein and F-ICAM-1 interac-
tion. To produce the recombinant F protein using baculovirus ex-
pression system, RSV F cDNA was amplified by RT-PCR as EcoRlI
and Xbal cassette (1.747 kb) and ligated at identical sites down-
stream to the polyhedrin promoter in the baculovirus vector pFast-
BacHTa (4.855 kb) (LifeTechnologies, Gaithersburg, MD). The gene
sequence was confirmed through DNA sequencing. This vector also
incorporated a six-histidine tag at the N-terminus of the RSV fusion
protein F. Recombinant baculovirus having F glycoprotein was gen-
erated according to the manufacturer’s instructions. Infection of Sf9
insect cells with this recombinant virus produced fusion protein F
that was purified using Talon (Clontech, Palo Alto, CA) columns
using manufacturer recommended procedures. To determine the
binding of ICAM-1 to RSV F protein, microtiter plate was coated with
either 800 ng of recombinant RSV F protein or ovalbumin as a
control at 4°C overnight in carbonate-bicarbonate buffer, pH 9.5.
Following washing, and blocking of the non-specific sites, varied
concentrations of human soluble ICAM-1 was added and incubated
at 37°C for 2 h. Following three washes, plates were incubated for 2 h
with mouse anti-human ICAM-1 monoclonal antibody (2 wg/ml)
(clone BBA4, R&D Systems, Minneapolis, MN). Bound antibody was
detected by anti-mouse IgG peroxidase conjugate (1:1000 dilution)
(Boehringer-Mannheim, Germany). Color was developed by addition
of TMB substrate and optical density was read at 450 nm using an
automated ELISA plate reader.

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

RESULTS

RSV and ICAM-1 colocalize on plasma membrane of
HEp-2 cells. HEp-2 cells, a transformed human epi-
thelial cell line, commonly used to propagate RSV, was
infected with RSV strain A,, was assayed for ICAM-1
expression following RSV infection by flow cytometry.
The uninfected HEp-2 cells showed constitutive ex-
pression (3.6%) of ICAM-1. Surface ICAM-1 expression
increased by four- and eightfold, respectively, 24 and
48 h post RSV infection (data not shown). RSV antigen
expression was detected both on the plasma membrane
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FIG. 2. The preincubation of epithelial cells with an anti-ICAM-1 mAb or RSV with sICAM-1 inhibits RSV infection. (A) Anti-ICAM-1
mAb treatment inhibited RSV infection of epithelial cells. The % of RSV-infected HEp-2, NHBE, and A549 cells after preincubation with
anti-ICAM-1 mAb () or an isotype control Ab (m) was estimated as described. Each value represents mean = SEM. The experiment was
repeated for each cell line with similar results and a representative experiment for each of the cell lines is shown. (B) Preincubation of HEp-2
cells with anti-ICAM-1 mAb decreased the number of syncytia forming plaques. The cells were treated with 400 pg/ml of anti-ICAM-1
antibody, or an isotype matched control antibody or medium alone for 3 h and then infected with RSV. The syncytia forming plaques were
enumerated at 72 h post infection. The experiment was repeated and a representative experiment is shown. Bar represents mean + SD. *P <
0.05. (C and D) Preincubation of RSV with sICAM-1 decreased virus infection of cultured epithelial cells. RSV was preincubated for 30 min
with various concentrations of sSICAM-1 at room temperature, and subsequently used for infection of both HEp-2 and A549 cells. The
percentage of RSV-infected cells was determined by immunofluorescence (C). Viral titer was determined by plaque assay at 72 h post
infection (D). The experiment was repeated and a representative experiment is shown. Each bar represents mean = SD. *P < 0.05. The
preincubation of RSV with an unrelated protein, BSA, had no effect on the RSV infection (data not shown).

concentrations of isotype-matched 1gG control showed
no significant reduction in RSV infection.

and in the cytoplasm of RSV infected cells (72 h pi), as
determined by confocal microscopy, whereas ICAM-1

expression was localized mostly to the plasma mem-
brane (Fig. 1). The colocalization of RSV and ICAM-1
on HEp-2 cell surfaces (Fig. 1D) suggested that RSV
associates with ICAM-1 on epithelial cells.

Blocking of ICAM-1 significantly reduces RSV infec-
tion of epithelial cells. To examine if the blockage of
ICAM-1 would inhibit the initiation of RSV infection,
HEp-2 cells were infected with RSV after having been
incubated with various concentrations of mAbs to hu-
man ICAM-1 (Fig. 2A). A dose-dependent reduction in
the number of infected cells occurred with increasing
concentrations of anti-ICAM-1 mAbs, as determined by
immunofluorescence staining of infected cells. The
greatest inhibition (96%) of RSV infection was ob-
served with HEp-2 cells at 400 pwg/ml of anti-ICAM-1
mADbs. In contrast, preincubation of cells with the same

To exclude the inhibition as a HEp-2 cell specific
phenomenon, two other cell lines, A549 and NHBE,
were examined for inhibition of RSV infection by anti-
ICAM-1 mAbs. NHBE is a normal human primary cell
line derived from bronchial explants, whereas A549 is
a transformed lung type Il alveolar epithelial cell line.
NHBE and A549 exhibited a decrease in RSV infection
by 54 and 67%, respectively, when preincubated with
400 png of anti-ICAM-1 mAb/ml (Fig. 2A). The effect of
blocking of ICAM-1 on HEp-2 cells on RSV replication
was assessed by determining the number of syncytia
forming plaques. The anti-ICAM-1 mAb treated and
RSV infected cells showed 56% reduction in the num-
ber of plaques (P < 0.01) compared to the RSV infected
cells (Fig. 2B), whereas no significant reduction was
observed when cells were preincubated with the same
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concentration of isotype matched IgG control. This re-
sult rules out the possibility that a large amount of 1gG
may cause network formation on the cell surface and
may sterically block virus entry. To see the role of RSV
binding to ICAM-1 on cell surface, the virus particles
were precoated with excess sICAM-1 for 30 min and
then used for infection. Viral titer decreased signifi-
cantly when sICAM-1 preincubated viral inoculum was
used for infection (Figs. 2C and 2D) in comparison to
the control, where non-specific protein (BSA) preincu-
bated viral sample was used for infection (data not
shown). Highest reduction in viral titers of 52% (P <
0.05) and 49% (P < 0.05) in HEp-2 and A549 cells,
respectively was observed with 100 pwg/ml of SICAM-1
when compared to the 0 wg/ml. The viral titer was
reduced to 22 and 20%, respectively, for HEp-2 and
Ab49 cells at a concentration of 50 wg/ml. Similar re-
duction was observed when infected cells were counted
by immunofluorescence (Fig. 2C). This further con-
firms that the binding of RSV to ICAM-1 on epithelial
cell surface is important in RSV infection.

The intracellular viral replication was determined
24 h post infection by semiquantitative RT-PCR anal-
ysis of the RSV nucleoprotein (N) mRNA, to determine
if the reduction of RSV infection was due to decreased
viral replication leading to a decreased viral mRNA in
the host cell. The preincubation of HEp-2 cells with
anti-ICAM-1 mAb inhibited RSV mRNA levels in a
dose-dependent manner, with the greatest inhibition
(79% compared to control) observed at a concentration
of 400 pg of anti-ICAM-1 mAb/ml medium (Fig. 3,
upper panel). HEp-2 cells treated with anti-ICAM-1
mADs failed to induce mRNA expression of the chemo-
kine RANTES and the mediator ET-1, 24 h post-
infection (Fig. 3, lower panel), which are normally in-
duced in RSV infection (24, 25). These results indicate
that ICAM-1 plays a key role in the RSV infection of
epithelial cells and subsequent secretion of these in-
flammatory mediators.

RSV binds to immobilized or cellular ICAM-1 via its
F protein. To determine if RSV can bind to ICAM-1 in
the absence of cellular factors, the interaction of RSV
with ICAM-1 was examined by an ELISA. Purified
soluble ICAM-1 was applied to wells of ELISA plates
and a dose dependent binding of RSV with ICAM-1 was
observed (Fig. 4A). The lack of ICAM-1 binding to
conditioned medium (in the absence of RSV) or that of
RSV to an unrelated antigen, bovine serum albumin,
indicated that the binding between ICAM-1 and RSV is
specific (Fig.4A). To determine which of the RSV pro-
teins interacts with ICAM-1, the RSV suspension was
incubated with mAbs to either the F or G protein and
the degree of inhibition of RSV binding to ICAM-1 was
assayed. Incubation with mAbs to either the F or G
protein decreased RSV-ICAM-1 binding by 80 and 36%,
respectively (Fig. 4B). Simultaneous incubation of RSV
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FIG. 3. The preincubation of HEp-2 cells with anti-ICAM-1 mAb
inhibited the expression of the RSV N, RANTES and ET-1. The
groups were as follows: uninfected cells (1), HEp-2 cells were treated
with PBS (2), mouse 1gG, antibody (control) 400 ug/ml (3), or with
increasing concentration of the anti-ICAM-1 mAb at 100 ug/ml (4),
200 pg/ml (5), or 400 pg/ml (6) and subsequently infected with RSV.
Total RNA was subjected to semiquantitative RT-PCR analysis us-
ing specific primers for the RSV N, RANTES, and ET-1 mRNAs and
B-actin (as internal control). RT-PCR was done in triplicate and
repeated three times and a representative band is shown. The prod-
ucts were quantified by densitometry and the band intensity for RSV
N gene product (upper panel) and for RANTES and ET-1 (lower
panel) normalized to B-actin, are plotted.

with blocking antibody (either to G or F) showed re-
sults identical to that of the prior incubation of RSV
with the corresponding antibody (data not shown). To
further confirm this, the purified recombinant F pro-
tein produced by a baculovirus expression system was
found to bind to ICAM-1 in a dose-dependent fashion in
a far-ELISA (Fig. 4C), whereas no binding was ob-
served between ICAM-1 and immobilized ovalbumin.
The baculovirus expressed recombinant F protein was
able to cleave and fold correctly in insect cells and was
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FIG. 4. Interaction of ICAM-1 with RSV in cell-free system. (A)

RSV bound to immobilized ICAM-1 in a dose-dependent manner.
Microtiter plates were coated with ICAM-1 and incubated with an
increasing volume of RSV suspension (#) or conditioned medium (m).
Plates coated with BSA (control) were incubated with an increasing
volume of RSV suspension (A). Bound RSV was determined by
ELISA. The optical density (mean = SD) was plotted. The experi-
ment was repeated three times with similar results and a represen-
tative experiment is shown. (B) Inhibition of RSV binding to ICAM-1
was examined by preincubation of RSV with mAbs to the G (O) or the
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immunologically active (data not shown). These results
suggest that RSV can bind to ICAM-1 in the absence of
other cellular factors and this binding is primarily via
its F protein.

DISCUSSION

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

The blocking experiments using neutralizing anti-
ICAM-1 mAbs provide the strongest evidence that
ICAM-1 plays a role in RSV infection. These results
show a significant inhibition of RSV infection in cul-
tured epithelial cells, as determined by the percentage
of infected cells (by immunofluorescence), by syncytia
formation (plaque assay), and by a semiquantitative
RT-PCR (RSV replication). An important finding is
that preincubation with anti-ICAM-1 mAbs of three
different epithelial cell lines, including both primary
and transformed epithelial cells, inhibits both RSV
infection and replication. Preincubation of all these cell
lines with the same concentrations of isotype matched
IgG control did not inhibit RSV infection, ruling out the
possibility that the large amount of 1gG may cause
network formation on the cell surface and thus steri-
cally block virus entry into the host cells. This also
suggests that the inhibition of RSV infection is not due
through nonspecific permutation. This indicates that
ICAM-1 may provide a generalized mechanism for RSV
infection in epithelial cells.

The amount of antibody needed to obtain maximal
inhibition is relatively high. The reason for this is
presently unclear. The requirement for a high concen-
tration of antibodies for inhibition may be attributed to
two mutually non-exclusive possibilities. First,
ICAM-1, per se, appears to recycle between the cyto-
plasm and membrane. It was reported from the Kinetic
binding studies of a **I-labeled mAb to ICAM-1 that
~8% of membrane ICAM-1 in endothelial cells was
internalized at a rate of ~3200 molecules/min (26).
Further, this internalization pathway was directly de-

F (A) or mouse 1gG; as control (m). (C) ICAM-1 binds to immobilized
recombinant F protein. The recombinant F protein produced by the
baculovirus system was coated on microtiter plates and incubated
with an increasing concentration of ICAM-1 (#), and the F protein
bound to ICAM-1 was determined by ELISA. As a control increasing
concentration of ICAM-1 was bound to ovalbumin-coated plates (A).
The optical density was plotted against the concentration of ICAM-1.
The experiment was repeated with similar results and a represen-
tative experiment is shown.
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pendent on the level of ICAM-1 expression on the cell
surface. Since the identical anti-ICAM-1 antibody was
used in our studies, it is likely that a portion of these
anti-ICAM-1 antibodies undergo internalization in ep-
ithelial cells due to a continuous recycling process.
Providing this is the case, the difference in the magni-
tude of the inhibition of RSV infection in different cell
lines may be linked to their level of ICAM-1 expression.
Second, the anti-ICAM-1 blockade of membrane
ICAM-1 does not interfere with the de novo synthesis of
ICAM-1; rather it may enhance ICAM-1 synthesis. In
support of this possibility, the cross-linking of ICAM-1
by the anti-ICAM-1 antibody has been reported to up-
regulate IL-18 expression in cells, which in turn, up-
regulates ICAM-1 expression (18). Also, our results
and those of others indicate that RSV infection in-
creases surface ICAM-1 expression on epithelial cells
(27, 28). It is therefore not surprising that excess
ICAM-1 antibodies are required to block not only the
preexisting but also the newly synthesized ICAM-1.
Irrespective of the dose of antibody required, the block-
ing of ICAM-1 by anti-ICAM-1 mAb inhibited RSV
infection and consequently, some of the potent media-
tors released by these cells.

The importance of RSV binding to ICAM-1 on epi-
thelial cell surface is further demonstrated by the de-
crease in viral titer when virus is preincubated with
sICAM-1 prior to infection. The binding sites for
ICAM-1 on the virus are thus blocked and are not
available for the cell surface ICAM-1. sICAM-1 also
inhibits infection of major rhinovirus subgroups for
which ICAM-1 is known to be the cell surface receptor
(20, 22). There was about 90% inhibition of rhinovirus
cytopathic effect (CPE) with sICAM-1 (10 wg/ml) pre-
incubation (29). A significant reduction of 52% (P <
0.05) and 49% (P < 0.05) using 100 pg/ml and 22 and
20% using 50 pg/ml in viral titer was observed by
plague assay in HEp-2 and A549 cells, respectively
(Fig. 2C) with sICAM-1 preincubation. Preincubation
of RSV with equal concentrations of BSA used as a
control antigen had no effect on RSV plaque formation
(data not shown). The extent of inhibition of viral in-
fection observed in both cases cannot be directly com-
pared, as the method of CPE determination for rhino-
virus infection (29) is not comparable to plaque assay
(PFU/mI) in the strict sense. In support of our data,
very large amount of sSICAM-1 (1 mg/ml) was required
to inhibit the rhinovirus infection induced expression
of ICAM-1 on epithelial cell surface (30). The specificity
of virus inhibition indicates that sICAM-1 prevents
infection not as a result of generalized effects on the
cell’'s ability to support viral replication, but rather by
inhibition of virion interaction with cell surface
ICAM-1.

To understand the mechanism of ICAM-1 participa-
tion in RSV infection, the interaction of ICAM-1 with
RSV was examined in absence of cellular factors. The
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dose-dependent binding of RSV to immobilized ICAM-1
and of immobilized recombinant F protein to ICAM-1
and a significant inhibition of the RSV-ICAM-1 inter-
action by anti-F antibodies, together suggests that the
binding between RSV-ICAM-1 and F-ICAM-1 is spe-
cific. Use of immobilized glycoproteins, such as F pro-
tein and ICAM-1 in ELISA, is well documented in
literature (16). Antibodies to the F protein have greater
neutralizing ability than antibodies to the G protein (7,
8, 10-12). The evidence that the antibodies to F, but
not to G, protein significantly inhibits RSV-ICAM-1
interaction (Fig. 4B) suggests that the RSV F-ICAM-1
binding may be a key event for the fusion of RSV into
the host cell’'s membrane, which precedes RSV inter-
nalization. However, mechanism of such internaliza-
tion is unclear. ICAM-1 has been reported to facilitate
the internalization of a bound ligand, fibrinogen, in
endothelial cells and in transfected COS cells (26). It is
thus likely that ICAM-1 facilitates the internalization
of RSV after the RSV F protein binds to ICAM-1 on the
cell surface. Interestingly, it has been reported that the
RSV-F protein also binds to RhoA, which is necessary
for syncytia formation (16), although the mechanism
underlying interaction between RhoA and RSV-F pro-
tein remains elusive.

The evidence that ICAM-1 plays a key role in the
initiation of RSV infection raises the possibility of de-
veloping novel approaches to treat RSV infection. It
should be noted that although our studies are confined
to the RSV A, strain, RSV, as opposed to the rhinovi-
rus, is considered serologically monotypic; i.e., anti-
serum to A, neutralizes heterologous strains in in vitro
assays and in experimental animals (9, 31). Since the
RSV F-ICAM-1 binding facilitates RSV infection of
host cells, efforts to neutralize RSV by soluble ICAM-1
may prove to be useful. In rhinovirus infections, the
administration of a truncated form of soluble ICAM-1,
tICAM-1,5; prevented rhinovirus infection in chimpan-
zees (32). The potential of developing anti-rhinovirus
drugs that block ICAM-1 from binding to a canyon of
the rhinovirus coat has also been suggested (33, 34).
Furthermore, in a rat model of parainfluenza induced
bronchiolitis it was shown that treatment with a block-
ing ICAM-1 antibody significantly reduced virus in-
duced increases in BAL neutrophils and lymphocytes
by 70% and infection induced methacholine hyper-
responses (35). In summary, the results of this study
underscore the importance of ICAM-1 in the early
stage of RSV infection and establish the F-protein-
ICAM-1 interaction as a target for developing novel
therapeutics against RSV infection.

ACKNOWLEDGMENTS

S.S.M. is a recipient of the American Lung Association of Flor-
ida Career Development Award. This study was supported by the
Joy McCann Culverhouse Endowment to the University of South

194



Vol. 280, No. 1, 2001

Florida (USF) Airway Disease Research Center and by the funds
from the American Heart Association and VA Merit Review Award
(S.S.M.); by the American Heart Association (HR). The authors
thank Drs. Samuel Bukantz and Dennis Ledford for a critical
reading of the manuscript, Mr. Edward Haller for his assistance in
confocal microscopy, and the Moffit Cancer Center Core Facility
for flow cytometry.

REFERENCES

10.

11.

12.

13.

14.

15.

16.

17.

18.

. Center for Disease Control and Prevention (1996) Respiratory

syncytial virus activity: United States. 1996-1997 season.
MMWR 45, 1053.

. Murray, A. R., and Dowell, S. F. (1997) Hospital Practice July

15, 87-104.

. Armstrong, D. S., and Menahem, S. (1993) J. Pediatr. Child

Health 29, 309-311.

. Fixler, D. E. (1996) Pediatr. Cardiol. 17, 163-168.
. Jeng, M. J.,, and Lemen, R. J. (1997) Am. Fam. Physician. 55,

1139-1146.

. Sly, P. D., and Hibberet, M. E. (1989) Pediatr. Pulmonol. 7,

153-158.

. Collins, P. L. (1991) in The Paramyxoviruses (Kingsbury, D. W.,

Ed.), pp. 103-162. Plenum, New York.

. Karron, R. A, Buonagurio, D. A, Georgil, A. F., Whitehead, S. S.,

Adamus, J. E., Clements-Mann, M. L., Harris, D. O., Randolph,
V. B., Udem, S. A,, Murphy, B. R., and Sidhu, M. S. (1997) Proc.
Natl. Acad. Sci. USA 94, 13961-13966.

. Levine, S., Klaiber-Franco, R., and Paradiso, P. R. (1987) J. Gen.

Virol. 68, 2521-2524.

Li, X., Sambhara, S., Li, C. X., Ewasyshyn, M., Parrington, M.,
Caterini, J., James, O., Cates, G., Du, R. P., and Klien, M. (1998)
J. Exp. Med. 188, 681-688.

Hall, C. B., Walsh, E. E., Long, C. E., and Schnabel K. C. (1991)
J. Infect. Dis. 163, 693—-698.

Stott, E. J., Taylor, G., Ball, L. A., Anderson, K., Young, K. K.,
King, A. M., and Wertz, G. W. (1987) J. Virol. 61, 3855-3861.

Feldman, S. A., Audet, S., and Beeler, J. A. (2000) J. Virol. 74
(14), 6442-6447.

Hallak, L. K., Collins, P. L., Knudson, W., and Peeples, M. E.
(2000) Virology 271(2), 264—275.

Bourgeois, C., Bour, J. B., Lidholt, K., Gauthray, C., and Pothier,
P. (1998) J. Virol. 72(9), 7221-7227.

Pastey M. K., Crowe, J. E., and Graham, B. S. (1999) J. Virol.
73(9), 7262-7270.

Barr, F. E., Pedigo, H., Johnson, T. R., and Shepherd, V. L.
(2000) Am. J. Respir. Cell Mol. Biol. 23(5), 586-592.

Makgoba, M. W., Sanders, M. E., Ginther-Luce, G. E., Gugel,

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

195

BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS

E. A., Dustin, M. L., Springer, T. A, and Shaw, S. (1998) Eur.
J. Immunol. 18, 637-640.

Vignola, A. M., Campbell, A. M., Chanez, P., Bousquet, J., Paul-
Lacoste, P., Michel, F. B., and Godard, P (1993) Am. Rev. Respir.
Dis. 148, 689-94.

Greve, J. M., Davis, G., Meyer, A. M., Forte, C. P, Yost, S. C,,
Marlor, C. W., Kamarck, M. E., and McClelland, A. (1989) Cell
56(5), 839-47.

Staunton, D. E., Merluzzi, V. J., Rothlein, R., Barton, R., Marlin,
S. D., and Springer, T. A. (1989) Cell 56(5), 849-853.

Tomassini, J. E., Graham, D., DeWitt, C. M., Lineberger, D. W.,
Rodkey, J. A., and Colonno, R. J. (1989) Proc. Natl. Acad. Sci.
USA 86(13), 4907-11.

Koyama, Y., Tanaka, Y., Saito, K., Abe, M., Nakatsuka, K.,
Moromoto, I., Auron, P. E., and Eto, S. (1996) J. Immunol. 157,
5097-5103.

Behera, A. K., Kumar, M., Matsuse, H., Lockey, R. F., and
Mohapatra, S. S. (1998) Biochem. Biophys. Res. Commun. 251,
704-709.

Saito, T., Deskin, R. W., Casola, A., Haeberle, H., Olszewska, B.,
Ernst, P. B., Alam, R., Ogra, P. L., and Garofalo, R. (1997)
J. Infect. Dis. 175, 497-504.

Almenar-queralt, A., Duperray, A., Miles, L. A., Felez, J., and
Altieri, D. C. (1995) Am. J. Pathol. 147, 1278-1288.

Arnold, R., Werchau, H., and Konig, W. (1995) Int. Arch. Allergy
Immunol. 107, 392-393.

Stark, J. M., Godding, V., Sedgwick, J. B., and Busse, W. W.
(1996) J. Immunol. 156, 4774—-4782.

Marlin, S. D., Staunton, D. E., Springer, T. A., Stratowa, C.,
Sommergruber, W., and Merluzzi, V. J. (1990) Nature 344, 70—
72.

Papi, A., and Johnston, S. L. (1999) J. Biol. Chem. 274 (14),
9707-9720.

Anderson J. J., Nordan, J., Saunders, D., Toms, G. L., and Scott,
R. (1990) J. Gen. Virol. 71, 1561-1570.

Huguenel, E. D., Cohn, D., Dockum, D. P., Greve, J. M., Fournel,
M. A., Hammond, L., Irwin, R., Mahoney, J., McClelland, A.,
Muchmore, E., Ohlin, A. C., and Scuderi, P. (1997) Am. J. Respir.
Crit. Care Med. 155, 1206-1210.

Bella, J., Kolatkar, P. R., Marlor, C. W., Greve, J. M., and
Rossmann, M. G. (1998) Proc. Natl. Acad. Sci. USA 95, 4140—
4145,

Casasnovas, J. M., Stehle, T., Liu, J., Wang, J., and Springer,
T. A. (1998) Proc. Natl. Acad. Sci. USA 95, 4134—-4139.
Sorkness, R. L., Mehta, H., Kaplan, M. R., Miyasaka, M., Hefle,
S. L., and Lemanske, R. F., Jr. (2000) Pediatric Res. 47(6),
819-824.



	FIG. 1
	MATERIALS AND METHODS
	RESULTS
	FIG. 2
	FIG. 3
	FIG. 4

	DISCUSSION
	ACKNOWLEDGMENTS
	REFERENCES

