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Abstract

Human respiratory syncytial virus (HRSV) is an important respiratory pathogen primarily affecting
infants, young children, transplant recipients and the elderly. The F protein is the only virion
envelope protein necessary and sufficient for virus replication and fusion of the viral envelope
membrane with the target host cell. During natural infection, HRSV replication is limited to
respiratory epithelial cells with disseminated infection rarely, if ever, occurring even in
immunocompromised patients. However, in vitro infection of multiple human and non-human cell
types other than those of pulmonary tract origin has been reported. To better define host cell
surface molecules that mediate viral entry and dissect the factors controlling permissivity for HRSV,
we explored the host range of HRSV F protein mediated fusion. Using a novel recombinant
reporter gene based fusion assay, HRSV F protein was shown to mediate fusion with cells derived
from a wide range of vertebrate species including human, feline, equine, canine, bat, rodent, avian,
porcine and even amphibian (Xenopus). That finding was extended using a recombinant HRSV
engineered to express green fluorescent protein (GFP), to confirm that viral mMRNA expression is
limited in several cell types. These findings suggest that HRSV F protein interacts with either highly
conserved host cell surface molecules or can use multiple mechanisms to enter cells, and that the
primary determinants of HRSV host range are at steps post-entry.

Background

Human respiratory syncytial virus (HRSV) is the single
most common cause of serious lower respiratory tract
infections (LRTIs) in infants and young children causing
up to 126,000 hospitalizations annually in the U.S. [1]
with an estimated 500 deaths per year [2]. HRSV bronchi-
olitis has been associated with the development and exac-
erbation of wheezing and other respiratory conditions.
Furthermore, HRSV is an increasingly recognized cause of
pneumonia, exacerbation of chronic pulmonary and car-

diac disease, and death in the elderly [3]. HRSV is also the
most common viral respiratory infection of transplant
recipients and is responsible for high rates of mortality in
this group [4].

HRSV is member of the subfamily Pneumovirinae in the
Paramyxoviridae family [5]. Two serologic subgroups (A
and B) have been described and co-circulate throughout
the world. Three viral transmembrane proteins (G, SH
and F) are found on surface of the virus particle in the viral

Page 1 of 12

(page number not for citation purposes)


http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16014172
http://www.virologyj.com/content/2/1/54
http://creativecommons.org/licenses/by/2.0
http://www.biomedcentral.com/
http://www.biomedcentral.com/info/about/charter/

Virology Journal 2005, 2:54

envelope. The G protein is a heavily glycosylated protein
that mediates attachment of the virus to host cells, and
although not strictly required for virus replication in cul-
ture, recombinant viruses lacking the G protein are atten-
uated in animals [6,7]. While its exact function is
unknown, the SH gene is not essential for virus growth in
tissue culture, and its deletion only results in slight atten-
uation in animals [6,8-12]. The F protein is a type 1 mem-
brane protein essential for the packaging and formation of
infectious virion particles [6,7,13,14], and is the only viral
protein necessary and sufficient for fusion of the viral
envelope membrane with the target host cell [15,16]. The
HRSV F protein is highly conserved (89% amino acid
identity) between subgroups A and B, and shares 81%
amino acid identity with the F protein of bovine respira-
tory syncytial virus (BRSV). The HRSV F protein is synthe-
sized as a 574 amino acid precursor protein designated FO,
which is cleaved at two sites [17-20] within the lumen of
the endoplasmic reticulum removing a short, glycosylated
intervening sequence and generating two subunits desig-
nated F1 and F2 [21]. The mature form of the F protein
present on the surface of the virus and infected cells is
believed to consist of a homotrimer consisting of three
non-covalently associated units of F1 disulfide linked to
F2[22]. As with many other viral fusion proteins, F-medi-
ated fusion with the host cell membrane is believed to be
mediated by insertion of a hydrophobic fusion peptide
into the host cytoplasmic membrane after binding of F
protein to a target receptor on the host cell. Subsequent
conformational changes within F result in the interaction
of heptad repeat (HR) 1 with HR2 and formation of a 6-
helix bundle structure [22-24]. This process brings the
viral and host cell membranes in close proximity resulting
in fusion pore formation, lipid mixing, and fusion of the
two membranes. The precise number of F trimers and
identity of target host surface proteins or molecules
required to mediate fusion are currently unknown.

Although initially isolated from a chimpanzee, humans
are the primary natural host for HRSV. HRSV will only
infect the apical surface of human ciliated lung epithelial
cells, and only fully differentiated human bronchial epi-
thelial cells are permissive for HRSV growth [25]. Dissem-
ination of HRSV to other organs is not observed even in
immunocompromised individuals. Similarly, dissemi-
nated infection with bovine RSV is not observed in
infected cattle. In contrast, in vitro infection of multiple
human cell types other than those derived from lung [26],
cells derived from other animal species, and HRSV infec-
tion of several animal species has been reported [27]. This
suggests that the F protein interacts with either highly con-
served host cell surface molecules or can use multiple
mechanisms to mediate fusion. Several previous studies
have shown the importance of cell-surface gly-
cosaminoglycans (GAGs) [28-32], in particular iduronic
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acid, in mediating HRSV infection in vitro [33]; however,
GAG independent, F-mediated attachment pathways have
been described [13]. In a study comparing the host range
of bovine and human respiratory syncytial viruses for cells
derived from their respective natural hosts, species specif-
icity mapped to the F2 subunit [10]. These finding allude
to the existence of host specific receptor molecules that
specifically interact with the F protein to mediate cell
fusion.

To better understand the factors governing host range, we
developed a HRSV F-based quantitative cell fusion assay
and specifically examined the ability of HRSV F protein to
mediate fusion with cells derived from a wide range of
animal species. As cell permissiveness for virus growth is
dependent upon multiple steps, we went on to further
characterize the permissiveness of these cells for viral
mRNA transcription by using a recombinant HRSV engi-
neered to express GFP [33]. The relevance of these find-
ings to the natural course of HRSV disease is discussed.

Methods

Cells and viruses

All cell lines were obtained from the American Type Cul-
ture Collection (ATCC) (Manassas, VA) and were grown at
37°C in a humidified atmosphere of 5% CO, with the
exception of XLK-WG (grown at 32°C). BHK-21, E. Derm,
Hela, HEp-2, LLC-PK1, MDBK, MDCK, Mv1Lu, RK-13,
Tb1Lu, Vero and A549 cells (ATCC CCL-10, CCL-57, CCL-
2, CCL-23, CL-101, CCL-22, CCL-34, CCL-64, CCL-37,
CCL-88, CCL-81, and CCL-185 respectively) were main-
tained in modified Eagle media (MEM) with 2 mM L-
glutamine and Earle's balanced salt solution (BSS)
adjusted to contain 1.5 g/L sodium bicarbonate, 0.1 mM
non-essential amino acids, 1.0 mM sodium pyruvate and
10% heat-inactivated, gamma-irradiated fetal bovine
serum (FBS) (HyClone Laboratories, Salt Lake City,
Utah). AK-D cells (CCL-150) were maintained in Ham's
F-12K media containing 10% FBS. NCI-H292 (CRL-
1848), MT-4 and XLK-WG (CRL-2527) cells were main-
tained in RPMI 1640 medium with 2 mM L-glutamine
adjusted to contain 1.5 g/L sodium bicarbonate, 4.5 g/L
glucose, 10 mM HEPES, 1.0 mM sodium pyruvate and
10% FBS. NIH/3T3, QT6 and 293T cells (CRL-1658, CRL-
1708, and CRL-1573) were maintained in Dulbecco's
modified Eagle media (DMEM) with 4 mM L-glutamine
adjusted to contain 1.5 g/L sodium bicarbonate, 4.5 g/L
glucose and 10% FBS. Cell lines were maintained at sub-
confluence and used for only up to 15 passages after
receiving initial stocks from the ATCC. Cell lines were
tested and confirmed to be free of mycoplasma contami-
nation. Human RSV (subgroup A, Long strain, ATCC VR-
26) was obtained from the ATCC. Virus stocks were pre-
pared by infecting HEp-2 cells with RSV at a multiplicity
of infection (MOI) of 0.01 plaque-forming units (PFU)

Page 2 of 12

(page number not for citation purposes)



Virology Journal 2005, 2:54

per cell. When cytopathic effect (CPE) was evident (~6
days post infection), the culture supernatant was collected
and pooled with the supernatant from the infected cell
pellet, which had been subjected to one freeze-thaw cycle.
The pooled supernatants were maintained on ice,
adjusted to 10% sucrose, flash frozen in liquid nitrogen
and stored in liquid nitrogen. RSV titers were determined
by plaque assay on HEp-2 cells. Serial dilutions of virus
stock were added to monolayers of HEp-2 cells at 80%
confluence and allowed to adsorb for 2 hours at 37°C.
The virus inoculum was then removed, and cells were
overlayed with media containing 0.5% methylcellulose.
After plaques became apparent (5-6 days after infection),
cell monolayers were fixed and stained with 0.5% crystal
violet in 70% methanol, and plaques were counted. HRSV
stock titers were typically >106 PFU/ml and remained sta-
ble for 6 months without loss of titer. A recombinant RSV
rgRSV(224) engineered to express GFP has been previ-
ously described [33]. Stocks of rgRSV(224) were prepared
as described above. Cell lines were infected with
rgRSV(224) at a MOI of 0.1 and infection was visualized
by fluorescent microscopy by monitoring fluorescence at
488 nm at 20, 48, and 120 hours post infection.

Plasmids

A DNA fragment encoding HRSV F protein derived from a
known infectious cDNA sequence for subgroup A, A2
strain, [34] was synthesized with optimal codon usage for
expression in mammalian cells and all potential polyade-
nylation sites (AATAAA) and splice donor sites (AGGT)
removed essentially as described [15]. A similar construct
was designed and synthesized for the B subgroup F pro-
tein (18537 strain, based upon GenBank accession
number D00344). Sequence data is available from the
authors upon request. Restriction sites for Xbal and
BamHI were added to the 5' and 3' ends of the fragments
respectively. The codon optimized HRSV-F DNA frag-
ments (A2 and 18537 strains) were then cloned into the
Xbal and BamHI sites of pcDNA 3.1 (Invitrogen, Inc.,
Carlsbad, CA) to generate pHRSVFOptA2 and
pHRSVFOpt18537. The QuikChange® Site-Directed Muta-
genesis kit (Stratagene®, La Jolla, CA) was used to change
leucine 138 in the fusion peptide region of the F protein
to an arginine (pL138R) in pHRSVFOptA2. Plasmids
pBD-NFkB encoding the activation domain of NF«B fused
to the GAL4 DNA binding domain under the control of
the human cytomegalovirus (HCMV) promoter and pFR-
Luc containing the luciferase reporter gene under the con-
trol of a minimal promoter containing five GAL4 DNA
binding sites were obtained from Stratagene®. pGL3-con-
trol vector encodes a modified firefly luciferase under the
control of the SV40 early promoter (Promega, Inc.). Plas-
mid pVPack-VSV-G encodes the G protein of vesicular sto-
matitis virus (Stratagene®, La Jolla, CA).
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Transfections

Cells were transiently transfected using FuGENE 6 reagent
(Roche Applied Science, IN) according to the manufac-
turer's recommendations. Briefly, 7.5 x 10> cells were
plated in 6-well plates and grown overnight to ~90% con-
fluence. Two micrograms of plasmid DNA was complexed
with 6 ul of FuGENE 6 reagent for 30 minutes at room
temperature in 100 ul of serum-free medium. The com-
plex was then added to the cells and incubated at 37°C for
20-24 hours.

Metabolic labeling and immunoprecipitation

293T cells were plated the day before transfection in 6-
well plates at a density of 0.75 x 10°¢ cells/well in DMEM
supplemented with 10% FBS. Cells in 6-well plates were
transfected with a total of 2 pgs of plasmid DNA as
described above. At 20 hours post-transfection, cells were
starved by incubation in DMEM without L-methionine
and L-cysteine containing 5% dialyzed FBS for 45 min-
utes. Cells were then labeled by incubation in DMEM
without L-methionine and L-cysteine containing 5% dia-
lyzed FBS and Redivue Pro-mix in vitro cell labeling mix
containing (100 uCi/ml, 1.5 mls./well) [35S]-methionine
and [3°S]-cysteine (Amersham Biosciences, Piscataway,
New Jersey) for 4 hrs. Media was removed, and cells were
harvested and washed in 1 ml 1X phosphate-buffered
saline (PBS) and then lysed with 0.5 mls. of lysis buffer
(50 mM Tris-HCI pH 7.5, 150 mM NaCl, 0.5% sodium
deoxycholate, 1% IGEPAL (Sigma, St. Louis, MO) and
Complete ™ protease inhibitor cocktail with EDTA (Roche
Biochemicals, Indianapolis, IN). Lysates were spun for 30
minutes at 4°C to remove insoluble material and immu-
noprecipitated by incubation with a saturating amount
(as determined by prior titration) of a cocktail containing
1.5 pgs of anti-F mAbs and protein-A agarose beads (Inv-
itrogen, Inc., Carlsbad CA) overnight at 4?C. Immunopre-
cipitated complexes were washed three times in lysis
buffer and suspended in 20 pl of 4X LDS NuPage loading
buffer with reducing agent and resolved by electrophore-
sis through SDS-containing polyacrylamide gels (SDS-
PAGE) under reducing conditions on a NuPage 4-12%
Bis-Tris polyacrylamide gel (Invitrogen, Inc., Carlsbad
CA). Gels were dried under vacuum for one hour at 80°C
followed by autoradiography.

Flow cytometry

To confirm cell surface expression of HRSV F, 293T cells
were transfected in 6-well plates as described above for
metabolic labeling. Cells were stained with palivizumab
(Synagis ®, IgG1x) at 1 ug/ml in conjunction with an anti-
human IgG-Alexa-Fluor-488 conjugated secondary
(Molecular Probes, Eugene, OR) at 1 ug/ml in 1X PBS with
2% FBS for analysis with the FACSCalibur (BD Biso-
ciences, CA) by setting a live cell gate in the FSC/SSC plot
and determining the mean fluorescence intensity in the
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FL1 channel. Data analysis was performed with Cell Quest
and FloJo Analysis Software.

Cell fusion assays

293T cells were co-transfected with pHRSVFOptA2 and
pBD-NFkB (effectors cells), and the panel of cell lines
from a variety of different species were transfected using
FuGene-6 (Roche Biochemicals, Inc.) with the pFR-Luc
reporter plasmid (reporter cells) using conditions
described above. Alternatively, 293T cells were co-trans-
fected with pHRSVFOptA2 and pFR-Luc, and the panel of
cell lines from a variety of different species were trans-
fected with the pBD-NFkB reporter plasmid. A plasmid
encoding the vesicular stomatitis virus (VSV) G protein
linked to the HCMV promoter (pVPack-VSV-G) was used
as a positive viral fusion protein control. At 24 hours post
transfection, unless otherwise specified, 3 x 104 of the
transfected 293T (effector cells) were mixed with an equal
amount of the various other transfected cells (target cells)
in a 96-well plate and incubated an additional 24 hours
prior to measurement of luciferase activity using the
Steady Glo Luciferase reporter system (Promega, Inc.).
The various cell lines were transfected with pGL3-control
to determine relative differences in transfection efficien-
cies and cell-type specific expression of luciferase. To fur-
ther normalize, a single preparation of effector cells was
used per each experiment on the various reporter cell
preparations. Cells individually transfected with the F
expression plasmids, pBD-NFkB or pFR-Luc individually
were used as negative controls.

Results

Expression of RSV F protein

We designed and synthesized a cassette encoding the full-
length HRSV-F gene (A2 strain and 18537 strains) in
which codon usage was optimized for mammalian expres-
sion and all potential splice-donor sites and polyadenyla-
tion sites were removed similar to a previous report [15].
Upon transient transfection of 293T cells with this plas-
mid expressing this optimized HRSV F protein sequence
under the control of a human cytomegalovirus immediate
early promoter (pHRSVFoptA2), giant multinucleated
cells (syncytia) were readily apparent within 24 hours
post transfection (Figure 1A). The amount of syncytia
qualitatively increased throughout the culture for up to 72
hours, after which extensive cell death and sloughing was
observed. This syncytia is phenotypically indistiguishable
from that observed following infection of 293T cells with
HRSV in tissue culture (data not shown). To confirm
appropriate processing of the F protein, 293T cells were
transfected with plasmids expressing HRSV F derived from
subgroup A (A2 strain) or subgroup B (18537 strain) and
metabolically labeled followed by immunoprecipitation
of lysates with HRSV F-specific monoclonal antibodies. As
a control, 293T cells were infected with HRSV (Long
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strain). As shown in Figure 1B, immunoprecipitation
demonstrates the presence of the unprocessed full length
F, species migrating at approximately 70 kDa, and the
processed F, and F, fragments of ~50 kDa and 20 kDa,
respectively, identical to the F protein immunoprecipi-
tated from HRSV infected 293T cells. The multiple bands
observed in the region of 20 kDa likely represent the
incompletely processed F2 (F2+), different glycosylated
forms of F2, or a combination of both [21]. The band
present migrating more rapidly than F1 (~35 kDa) most
likely represents a cellular protein as this band was
observed in lysates derived from untransfected and con-
trol vector transfected cells with varying intensity unre-
lated to the level of HRSV F expressed (see Figure 2B, lanes
3 and 4). Similar levels of expression were observed for
the HRSV F protein from the A and B subgroups (Figure
1B, lane 3 compared to lane 4). Furthermore, the level of
F protein expression in the transfected cells was greater at
24 hours post transfection than in HRSV-infected cells at
24 hours post infection (Figure 1B, lane 5). Flow cytome-
try confirmed abundant cell surface expression of HRSV F
protein (Figure 1C).

HRSYV F protein fusion assay

To measure the ability of the HRSV F protein to mediate
cell fusion across various cell lines, we developed a quan-
titative fusion assay. Specifically, 293T cells were co-trans-
fected with plasmids encoding the optimized HRSV F
protein and a transcriptional transactivator fusion protein
consisting of the GAL4 DNA-binding domain fused to the
activation domain of NFkB. These effector cells were
mixed with a separate set of reporter cells that were trans-
fected with a reporter plasmid containing the luciferase
gene under the control of a GAL4 responsive promoter.
HRSV F mediated cell fusion of the two cell populations
results in co-localization of the GAL4-NFxB transactivator
fusion protein with the GAL4 responsive luciferase
reporter plasmid and subsequent transcriptional transac-
tivation of the reporter gene. A dilution series from 50,000
to 100 effector cells were added to a fixed amount of
reporter cells (50,000), and luciferase activity was moni-
tored 24 hours later. As a control to determine the maxi-
mum signal, cells were co-transfected with the reporter
and activator plasmids (pFR-Luc + pBD-NFkB). As shown
in figure 2A, luciferase activity was absent in cells trans-
fected with either reporter or activator plasmids alone.
Additionally, mixing of cells which had been separately
transfected with the reporter or activator plasmids did not
produce detectable luciferase activity indicating no spon-
taneous cell fusion (data not shown). However, mixing an
increasing number of cells that had been co-transfected
with the GAL4-sensitive reporter plasmid and HRSV F
expressing plasmid with those that had been transfected
with the GAL-NFkB activator plasmid resulted in a dose-
dependent increase in luciferase activity (Figure 2A),
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A) Syncytia formation by RSV-F DNA in transfected cells. 293T cells were mock transfected or transfected with
pHRSVFOptA2 and visualized by light microscopy 48 hours post transfection. The arrow indicates giant multinucleated cell for-
mation. B) Processing of RSV F in transfected cells. 293T cells were either mock transfected (lane 1), transfected with pCMV-
B-gal (lane 2), transfected with pHRSVFOptA2 (lane 3), pHRSVFOptB 18537 (lane 4), or infected with RSV (Long strain, MOI =
1) for 24 hours followed by metabolic labeling for 6 hours with [355]-cysteine/methionine. Labeled cell lysates were immuno-
precipitated with HRSV F specific mAbs, and immunoprecipitates were resolved by SDS-PAGE as described in methods. C)
Cell surface expression of RSV F in transfected cells. 293T cells were either mock transfected or transfected with
pHRSVFOptA2 for 24 hours followed by flow cytometry using HRSV F specific monoclonal antibodies as described in methods.

indicating fusion of the two cell populations. The maxi-
mum signal observed from mixing the effector and
reporter populations was similar to the signal obtained
when the activator and reporter plasmids were co-trans-
fected into the same cells.

To determine if this property was restricted to the F pro-
tein derived from a single strain or subgroup, 293T cells
co-transfected with a plasmid encoding the HRSV F pro-
tein derived from either subgroup A (A2 strain) or B
(18537 strain) together with a plasmid encoding the
GAL4-NFkB transactivator fusion protein (effector cells)
were then mixed 24 hours later with an equal amount of

a separate population of 293T cells (reporter cells) which
had been transfected with the GAL4 responsive reporter
plasmid. As shown in Figure 2B, the F protein of either
HRSV subgroup A and B mediated cell-cell fusion as meas-
ured by the increased luciferase activity relative to the neg-
ative control (GAL4-NFxB transactivator fusion protein
only). The fusion activity of the F protein derived from the
A2 strain was approximately 2-fold higher than that
observed with the 18537 strain despite similar expression
levels. Whether this finding reflects differences in the
pathogenicity between these two isolates is unknown,
although a recent study suggests similar pathogenicity for
both subgroups [35]. To further confirm that the observed
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Figure 2

A) Dose dependent fusion activity of HRSV F derived. 293T cells were transfected with either pFR-Luc alone (H), pBD-NFxB
alone (A), co-transfected with pFR-Luc and pBD-NFkB ('¥), or co-transfected with pHRSVFOptA2 and pBD-NFkB and mixed
24 hours after transfection in various amounts with cells that had been transfected with pFR-Luc alone (#). Luciferase activity
was measured 24 hours post mixing as described in methods and is reported as relative light units. B) Fusion activity of HRSV
F derived from subgroups A and B. 293T cells co-transfected with pBD-NFkB and either pHRSVFOptA2, pHRSVFOptB 18537,
or vector only (NFkB only). Cells were mixed 24 hours later with a separate population of 293T cells transfected with pFR-

Luc, and luciferase activity was measured 24 hours post mixing as described in methods. Luciferase activity is reported as rela-

tive light units.

fusion activity was inherent to the HRSV F protein, a point
mutation (L138R) was generated in the fusion peptide
consensus sequence within the fusion peptide region.
Mutation of leucine residue 138 to arginine reduced
fusion activity to 10% relative to wild-type (Figure 3A).
Despite the fact that this mutant appeared to produce
somewhat lower levels of fully processed F protein (Figure
3B, lane 2) for unknown reasons, this mutant was
expressed at high levels on the cell surface (Figure 3C)

indicating that the cell fusion observed was attributable to
the HRSV F protein.

Host range of HRSV-mediated fusion

To determine the host range of HRSV F mediated fusion
using the quantitative fusion assay. 293T effector cells
were prepared as described above. As we previously dem-
onstrated proper protein processing, abundant cell surface
expression of HRSV F protein and cell fusion activity using
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A) Comparison of fusion activity of wild-type and a fusion peptide mutant of HRSV F. 293T cells co-transfected with pBD-
NFxB and either pHRSVFOptA2 or pLI38R were mixed 24 hours later with a separate population of 293T cells that had been
transfected with pFR-Luc, and luciferase activity was measured 24 hours post mixing as described in methods. Luciferase activ-
ity is reported as relative light units. B) Processing of the wild-type and L138R mutant of HRSV F was determined by metabolic
labeling 293T cells transfected with either pHRSVFOptA2 (lane 1), pLI138R (lane 2), pPCMV-B-gal (lane 3), or mock transfected
(lane 4) for 6 hours with [355]-cysteine/methionine followed by immunoprecipitation of lysates with HRSV F specific mAbs, and
analysis of immunoprecipitates by SDS-PAGE as described in methods. C) Cell surface expression of the wild-type and L138R
mutant F proteins in 293T cells transfected with either pHRSVFOptA2 or pL138R was compared by flow cytometry as

described in methods.

293T cells, we selected these as our effector cells. These
effector cells were mixed with reporter cells derived from
a diverse range of species (Table 1) that were transfected
with the GAL4-responsive reporter plasmid. To account
for any differences in relative transfection efficiencies and
expression of the luciferase reporter among the various
target cells lines, the target cell lines were transfected with
a plasmid containing the luciferase gene under the control

of the SV40 early promoter (pGL3-control), and relative
luciferase activity was measured. To account for potential
differences in host cell transcription factors that mediate
activation of the reporter plasmid, the assay was flipped
and 293T cells were co-transfected with the HRSV F
expression plasmid and the GAL4 responsive reporter
plasmid, and the cells from the various species were trans-
fected with the GAL4-NFxB transactivator fusion protein

Page 7 of 12

(page number not for citation purposes)



Virology Journal 2005, 2:54

Table I: Species and tissue origin of cell lines used in this study
are listed.

Cell line Species, tissue

XLK-WG  Xenopus laevis (S. African clawed frog), kidney
QTé Coturnix coturnix japonica (Japanese quail), fibrosarcoma

TblLu  Tadarida brasiliensis (free-tailed bat), lung
NIH/3T3  Mus musculus (mouse), fibroblast
BHK-21  Mesocricetus auratus (Syrian golden hamster), kidney
RK-13 Oryctolagus cuniculus (rabbit), kidney
LLC-PK|  Sus scrofa (pig), kidney
MvILu  Musteal vison (mink), lung
AK-D Felis catus (domestic cat), fetal epithelial
MDCK  Canis familiaris (domestic dog), kidney
MDBK  Bos taurus (cow), kidney
E. Derm  Equus caballus (horse), dermal

Vero Cercopithecus aethiops (African green monkey), kidney
HEp-2 ~ Homo sapiens (human), laryngeal carcinoma
Hela Homo sapiens (human), cervical carcinoma
MT-4 Homo sapiens (human), T-cell
293T Homo sapiens (human), kidney

NCI-H292 Homo sapiens (human), epidermoid pulmonary carcinoma
A549 Homo sapiens (human), lung

plasmid. For further comparison, we used the VSV G pro-
tein, which is known to mediate entry into cells derived
from a wide range of species.

As shown in figure 4, despite a limited host range in
nature, HRSV F was able to mediate fusion to various
degrees with cells derived from all species examined. This
fusion activity was within 5-fold of the fusion activity
mediated by the VSV G protein in the cell types tested
here. Generally, there was little qualitative difference
between results obtained when either the reporter plas-
mid or the activator plasmid were co-transfected with the
F expression plasmid (compare figures 4A and 4B with fig-
ures 4C and 4D). As expected, the relative transfection
efficiencies of the various cell lines as measured by the
luciferase activity from the plasmid pGL3-control varied;
however, there was no direct correlation between transfec-
tion efficiencies and fusion activity. For example, cell lines
such as BHK-21 and LLC-PK1 cells which transfected well,
had lower relative levels of fusion. In contrast, cell lines
such as MT-4, MDCK and XLK-WG which had low trans-
fection efficiency, had appreciable levels of HRSV F medi-
ated fusion. These findings support the hypothesis that
HRSV F protein interacts with evolutionarily conserved
host cell surface molecules or can use multiple mecha-
nisms to enter cells.

Infections using recombinant HRSV expressing GFP

The results obtained from the fusion assays indicated that
HRSV F is able to mediate fusion with cells from multiple
diverse species, suggesting that virus entry is not the pri-

http://www.virologyj.com/content/2/1/54

mary determinant of host range. To examine whether viral
mRNA transcription had occurred, the various cell lines
were infected with a recombinant HRSV (rgRSV224)
expressing GFP [33] and fluorescence scored at 20, 48,
and 120 hours post infection. As expected, rgRSV(224)
infection of human (HEp-2, Hela, A549) and animal
(Vero, Mv1Lu, MDBK) [36-39] cell lines commonly used
to propagate HRSV resulted in a time dependent increase
in the number of cells expressing GFP (250% by day 5) as
seen by fluorescent microscopy indicating spread of infec-
tion throughout the culture (Figure 5). Infection of other
human cell lines such as NCI-H292 [40], and 293T also
resulted in a time dependent increase in the number of
cells expressing GFP. Infection of hamster BHK-21 cells
also resulted in a time dependent increase in the number
of GFP positive cells, although the appearance of a large
number of bright GFP positive cells seemed delayed.
Interestingly, hamsters are considered to be a semi-per-
missive host for HRSV [27,41] and produce lung titers
similar to those achieved in mice. Whether this reflects a
tissue-specific phenomenon (kidney versus lung) remains
to be determined. Infection of cell lines (Tb1Lu, AK-D, E.
Derm, NIH/3T3, LLC-PK1, and XLG-WG) derived from
other species (bat, cat, horse, mouse, and frog respec-
tively) produced few or occasional GFP expressing cells
over the course of the five-day infection. The number of
positive cells did not increase over time, and in some cases
(AK-D cells) appeared to decrease. Aside from mice, infec-
tion in vivo of these other species by HRSV has not been
described. This finding also supports the finding that high
titers of virus (>105 PFU) are typically required to initiate
infection in mice after intranasal inoculation, and that rel-
atively few cells become viral antigen positive.

Discussion

We have developed a quantitative reporter gene based
cell-cell fusion assay for HRSV F. Prior assays have been
based upon visual counting of plaques or syncytia after
staining of infected monolayers, or infection another virus
such as vaccinia, to provide HRSV F protein, which could
potentially complicate interpretation. The assay described
herein is a means of quantifying the fusion activity of the
HRSV F protein. This assay has multiple applications. For
example, this assay can be used as a means of studying the
structure-function of the HRSV F protein, or for evaluating
the activity of mutations in the F protein without the need
to select for antibody or compound escape mutants or
generate point mutations in a reverse genetics system. We
propose that this assay also has utility in the identification
and characterization of inhibitors of HRSV entry for the
development of specific agents to prevent and treat HRSV
infections. We have used this assay as a means of
exploring the host-range of HRSV and have shown that
the HRSV F protein is able to mediate fusion with cells
derived from a wide range of vertebrate species.
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Fusion activity of HRSV F with cell lines derived from various species. Cell lines derived from various species (target cells) were
either transfected with pFR-Luc and mixed 24 hours later with 293T cells that had been co-transfected for 24 hours with
pHRSVFOptA2 or pVPack-VSV-G and pBD-NF«B (Figs. 4A and 4B), or the target cells were transfected with pBD-NFxB and
mixed 24 hours later with 293T cells that had been co-transfected for 24 hours with pHRSVFOptA2 or pVPack-VSV-G
together with pFR-Luc (Figs. 4C and 4D). Cell lines derived from various species were transfected with either pFR-Luc or pBD-
NFxB only as negative controls. Luciferase activity was measured 24 hours post mixing of the cell populations as described in

methods and is reported as relative light units.

Cell lines known to be permissive for HRSV growth such
as HEp-2, HelLa, A549, Vero, MDBK, and Mv1Lu were
highly competent for F protein fusion as expected. Some-
what surprisingly, a wide variety of cells derived from spe-
cies not known to be normally infected by HRSV were also
capable of undergoing HRSV F protein mediated fusion.
Most surprising were the results obtained using the XLK-
WG cells which are derived from the amphibian Xenopus
laevis. Although this finding implies that HRSV virion is
able to enter a wide range of cells, the results of the infec-
tion studies using the GFP-expressing RSV indicate that

viral mRNA transcription seems limited in cell lines
derived from certain species. Taken together these results
suggest that events post-viral entry are the primary deter-
minants that mediate the host range of HRSV. During
natural infection of humans, viral replication is restricted
to epithelial cells of the upper and lower respiratory tract.
Although limited HRSV replication within human alveo-
lar macrophages and detection of HRSV sequences in
peripheral blood monocytes (PBMCs) has also been
reported [42,43], dissemination of HRSV to other organs
is not observed even in immunocompromised individu-
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Infection of various cell lines by rg224(RSV). Cell lines derived from various species were infected with rgRSV(224) at an MOI
= 0.1 and GFP-expressing cells were visualized at 20, 48, and 120 hours post infection by fluorescent microscopy by monitoring

fluorescence at 488 nm.

als. Similarly, disseminated infection with bovine RSV is
not observed in infected cattle [44]. Given the ability of
the HRSV F protein to mediate fusion with cells derived
from a diverse range of vertebrate species, the implication
is that HRSV may not be able to access these sites or
undergoes non-productive infection in many cell types
other than epithelial cells of the respiratory tract.
Although the overall biological significance of such an
abortive infection is unclear, biological effects of the indi-
vidual HRSV proteins have been reported.

HRSV F protein has also been shown to be a ligand for
TLR4, and HRSV infection persists longer in TLR4-/- defi-
cient mice [45,46]. HRSV F protein also binds surfactant
proteins A and D (SP-A and SP-D) [47,48], although the
implications of these findings in human infection are
unclear. G protein has been shown to modulate multiple
immune related activities. Soluble G suppresses some
PBMC and lung CD8+ T-cell effector and peripheral mem-
ory responses [49], induces chemotaxis, eosinophilia, and
both soluble and membrane forms of G bind the fractalk-
ine receptor, CX3CRI [50]. Additionally, G has a domain
with similarity to the TNF-a receptor (p55), although it
has not been directly shown to be a TNFR antagonist.

Additionally, G has been shown to modify CC and CXC
chemokine mRNA expression [50], and suppress lympho-
proliferative responses to antigens in PBMCs [51].

It is tempting to speculate that entry of HRSV into cell
types other than those permissive for complete virus
growth may be a strategy by which the virus is able to
modulate immune responses while avoiding the induc-
tion of antiviral responses such as the interferon (IFN)
pathway by production of double-stranded RNA replica-
tion intermediates in these cells. Limited viral mRNA tran-
scription in the absence of virus RNA replication would
result in expression of NS1 and NS2 which have been
shown to block the IEN response [52] possibly preventing
these unproductively infected cells from responding to
external cytokines such as IFNs. Such a strategy may help
explain why despite little antigenic drift in the F protein,
infection by HRSV infection only confers partial protec-
tion, with reinfections occurring throughout life [53-55].
As the fusion proteins of other members of the Paramyxo-
viridae family, such as Hendra virus [56], are also able to
mediate fusion with a wide variety of cells derived from
multiple species, it is possible that such a strategy is shared
by other members of this virus family.
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Table 2: Infection of various cell lines with GFP-expressing
HRSV.

Cell line 20 hrs 48 hrs 120 hrs
Vero +++ ++++ ++++
AK-D + ++ -
MDBK +++ ++++ +++
MDCK + + +
TblLu + + +

XLK-WG - + +

E. Derm ++ ++ +
Hela ++ +++ ++++

NCI-H292 ++ +++ +++
293T ++ ++++ 4tk
HEp-2 +++ ++++ ++++
MvlLu +++ ++++ +++

NIH/3T3 + + +

LLC-PKI + - -
RK-13 ++ ++ ++

BHK-21 - ++ +++
QTé + ++ ++++
A549 + +++ ++
MT-4 + ++ ++

- = few isolated weakly positive cells

+ = <1-5% GFP positive cells in culture

++ = 5-30% GFP positive cells in culture
+++ = 30-60% GFP positive cells in culture
++++ = >60% GFP positive cells in culture
* wide spread cell death

Competing interests
The author(s) declare that they are all employees of Cen-
tocor, Inc. which provided supported for this work.

Authors' contributions

PB and CL contributed equally to this work. PB and ND
performed the fusion assays, immunoprecipitations, and
flow cytometry. CL generated reagents and developed the
fusion assay. LG conducted site-directed mutagenesis of
the HRSV F protein. AD and RS participated in the design
of the experiments, oversight of the conduct of the exper-
iments, and in the interpretation of the results.

Acknowledgements

Recombinant HRSV expressing green fluorescent protein rgRSV(224) was
generously provided by Dr. Peter Collins (NIAID, NIH). We thank Jose
Melero, Geraldine Taylor, and Paul Bates for helpful discussion and com-
ments, and Lamine Mbow, Lani San Mateo, and William Glass for critical
review of this manuscript.

References

I. Shay DKHRCNRDLLLSJWLJA: Bronchiolitis-associated hospi-
talizations among U.S. children, 1980-1996. JAMA 1999,
282:1440-1446.

2. Shay DKHRCRGECMJALJ: Bronchiolitis-associated mortality
and estimates of respiratory syncytial virus-associated
deaths among U.S. children, 1979-1997. | Infect Dis 2001,
183:16-22.

20.

21.

22.

23.

http://www.virologyj.com/content/2/1/54

Han LLJPALJA: Respiratory syncytial virus pneumonia among
the elderly: an nent of di burden. | Infect Dis 1999,
179:25-30.

Ison MGHFG: Viral infections in immunocompromised
patients:what's new with respiratory viruses? Curr Opin Infect
Dis 2002, 15:355-367.

Collins PLCRMMBR: Respiratory syncytial virus. In Fields Virology
Volume |. Edited by: D.M. Knipe HPM. Philadelphia, Lippincott, Wil-
liams, and Wilkins; 2001:1443-1485.

Karron RADABAFGSSWJEAMLCMDOHVBRSUBRMMSS: Respira-
tory syncytial virus (RSV) SH and G proteins are not essen-
tial for viral replication in vitro: clinical evaluation and
molecular characterization of a cold-passaged, attenuated
RSV subgroup B mutant. Proc Natl Acad Sci USA 1997,
94:13961-13966.

Teng MNSSWPLC: Contribution of the respiratory syncytial
virus G glycoprotein and its secreted and membane-bound
forms to virus replication in vitro and in vivo. Virology 2001,
289:283-296.

Bukreyev AWSSMBRCPL: Recombinant respiratory syncytial
virus from which the entire SH gene has been deleted grows
efficiently in cell culture and exhibits site-specific attenua-
tion in the respiratory tract of the mouse. | Virol 1997,
71:8973-8982.

Jin  HZHCXTRMMNN: Recombinant respiratory syncytial
viruses with deletions in the NSI, NS2, SH, and M2-2 genes
are attenuated in vitro and in vivo. Virology 2000, 273:210-218.
Schlender JGZGHKKC: Respiratory syncytial virus (RSV) fusion
protein subunit F2, not attachment protein G, determines
the specificity of RSV infection. | Virol 2003, 77:4609-4616.
Techaarpornkul SBNPME: Functional analysis of recombinant
respiratory syncytial virus deletion mutants lacking the small
hydrophobic and/or attachment glycoprotein. | Virol 2001,
75.:6825-6834.

Whitehead SSABMNTCYFMSCWREPLCBRM: Recombinant res-
piratory syncytial virus bearing a deletion of either the NS2
or SH gene is attenuated in chimpanzees. | Virol 1999,
73:3438-3442.

Techaarpornkul SPLCMEP: Respiratory syncytial virus with the
fusion protein as its only viral glycoprotein is less dependent
on cellular glycosaminoglycans for attachment than com-
plete virus. Virology 2002, 294:296-304.

Teng MNPLC: Identification of the respiratory syncytial virus
proteins required for formation and passage of helper-
dependent infectious particles. | Virol 1998, 72:5707-5716.
Morton CJRCLJLBLMLALAJMMKBMWPJRMSJSSPTPRY: Structural
characterization of respiratory syncytial virus fusion inhibi-
tor escape mutants: homology model of the F protein and a
syncytium formation assay. Virology 2003, 311:275-288.
Heminway BRYYYTKGPEGJMBMSG: Analysis of respiratory syn-
cytial virus F, G, and SH proteins in cell fusion. Virology 1994,
200:801-805.

Bolt G POLBHH: Cleavage of the respiratory syncytial virus
fusion protein is required for its surface expression: role of
furin. Virus Res 2000, 68:25-33.

Collins PLMG: Post-translational processing and oligomeriza-
tion of the fusion glycoprotein of human respiratory syncy-
tial virus. | Gen Virol 1991, 72:3095-3101.

Gonzalez-Reyes LMBRABGBLCJAJPAJ)SDCWJAM: Cleavage of the
human respiratory syncytial virus fusion protein at two dis-
tinct sites is required for activation of membrane fusion. Proc
Natl Acad Sci 2001, 98:9859-9864.

Sugrue RLCBGBJAHWMLR: Furin cleavage of the respiratory
syncytial virus fusion protein is not a requirement for its
transport to the surface of virus-infected cells. | Gen Virol 2001,
82:1375-1386.

Rixon HWMLCBGBR|S: Multiple glycosylated forms of the res-
piratory syncytial virus fusion protein are expressed in virus-
infected cells. | Gen Virol 2002, 83:61-66.

Matthews JMTFYSPTJPM: The core of the repiratory syncytial
virus fusion protein is a trimeric coiled coil. | Virol 2000,
74:5911-5920.

Zhao XMSVNMPSK: Structural characterization of the human
respiratory syncytial virus fusion protein core. Proc Natl Acad
Sci USA 2000, 97:14172-14177.

Page 11 of 12

(page number not for citation purposes)


http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10535434
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10535434
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11076709
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11076709
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11076709
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9841818
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9841818
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12130931
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12130931
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9391135
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9391135
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9391135
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11689051
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11689051
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11689051
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9371553
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9371553
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9371553
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10891423
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10891423
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10891423
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12663767
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12663767
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12663767
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11435561
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11435561
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11435561
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10074199
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10074199
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10074199
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12009871
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12009871
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12009871
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9621029
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9621029
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9621029
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12842618
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12842618
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12842618
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=8178462
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=8178462
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10930660
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10930660
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10930660
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=1765771
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=1765771
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=1765771
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11493675
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11493675
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11493675
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11369882
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11369882
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11369882
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11752701
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11752701
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11752701
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10846072
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10846072
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11106388
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11106388

Virology Journal 2005, 2:54

24.

25.

26.

27.

28.

29.

30.

31

32.

33.

34.

35.

36.

37.

38.

39.
40.

41.

42.

43.

44.

45.

46.

Lawless-Delmedico MKPSRSNCMJBAJMWR]GKCLTJMDML: Hep-
tad-repeat regions of respiratory syncytial virus Fl protein
form a six-membered coiled-coil complex. Biochemistry 2000,
39:11684-11695.

Zhang LMEPRCBPLCR|JP: Respiratory syncytial virus infection of
human airway epithelial cells is polarized, specific to ciliated
cells, and without obvious cytopathology. | Virol 2002,
76:5654-5666.

Sarmiento RERTBG: Characteristics of a respiratory syncytial
virus persistently infected macrophage-like culture. Virus Res
2002, 84:45-58.

Byrd LGPGA: Animal models of respiratory syncytial virus
infection. Clin Infect Dis 1997, 25:1363-1368.

Bourgeois CBJBLKGCPP: Heparin-like structures on respira-
tory syncytial virus are involved in its infectivity in vitro. |
Virol 1998, 72:7221-7227.

Hallak LKDSPLCMEP: Glycosaminoglycan sulfation require-
ments for respiratory syncytial virus infection. | Virol 2000,
74:10508-10513.

Feldman SASAJAB: The fusion glycoprotein of human respira-
tory syncytial virus facilitates virus attachment and infectiv-
ity via an interaction with cellular heparan sulfate. | Virol 2000,
74:6442-6447.

Krusat THJS: Heparin-dependent attachment of respiratory
syncytial virus (RSV) to host cells. Arch Virol 1997, 12:1247-1254.
Martinez |JAM: Binding of human respiratory syncytial virus to
cells:implication of sulfated cell surface proteoglycans. | Gen
Virol 2000, 81:2715-2722.

Hallak  LKPLCWKMEP:  Iduronic  acid-containing  gly-
cosaminoglycans on target cells are required for efficient
respiratory syncytial virus infection. Virology 2000, 27 1:264-275.
Collins PLHMGCEGHCRMMBR: Production of infectious human
respiratory syncytial virus from cloned cDNA confirms an
essential role for the transcription elongation factor from
the 5' proximal open reading frame of the M2 mRNA in gene
expression and provides a capability for vaccine
development. Proc Natl Acad Sci USA 1995, 92:11563-11567.
Devincenzo |P: Natural infection of infants with respiratory
syncytial virus subgroups A and B: a study of frequency, dis-
ease severity, and viral load. Pediatr Res 2004, 56:914-917.
Barenfanger JCDTMTTJOBKG: R-Mix cells are faster, at least as
sensitive and marginally more costly than conventional cell
lines for detection of respiratory viruses. | Clin Virol 2001,
22:101-110.

Bossert BKKC: Respiratory syncytial virus (RSV) nonstruc-
tural (NS) proteins as host range determinants: a chimeric
bovine RSV with NS genes from human RSV is attentuated
in interferon-competent bovine cells. ] Virol 2002,
76:4287-4293.

Huang YTBMT: Mink lung cells and mixed mink lung and A549
cells for rapid detection of influenza virus and other respira-
tory viruses. | Clin Microbiol 2000, 38:422-423.

Parry JEPVSCRP: Pneumoviruses: the cell surface of lytically
and persistently infected cells. | Gen Virol 1979, 44:479-491.
Hierholzer JCCEBGGBJAMECT: Sensitivity of NCI-H292 human
lung mucoepidermoid cells for respiratory and other human
viruses. | Clin Microbiol 1993, 31:1504-1510.

Wright PFWWGRMC: Temperature-sensitive mutants of res-
piratory syncytial virus: in vivo studies in hamsters. | Infect Dis
1970, 122:501-512.

Cirino NMPJRVATHRNAMRTPGIA: Restricted replication of
respiratory syncytial virus in human alveolar macrophages. |
Gen Virol 1993, 74:1527-1537.

Yui IAHYSTTTN: Detection of human respiratory syncytial
virus sequences in peripheral blood mononuclear cells. | Med
Virol 2003, 70:481-489.

Viuff BAUCTSA: Sites of replication of bovine respiratory syn-
cytial virus in naturally infected calves as determined by in
situ hybridization. Veterinary Pathology 1996, 33:383-390.

Haynes LMMDDKJEAFRWALJTRA: Involvement of toll-like
receptor 4 in innate immunity to respiratory syncytial virus.
J Virol 2001, 75:10730-10737.

Kurt-Jones EAPLKLHLMJLPTRAWEEFMWGDTALJFRW: Pattern
recognition receptors TLR4 and CD 14 mediate response to
respiratory syncytial virus. Nat Immunol 2000, 1:398-401.

47.

48.

49.

50.

51,

52.

53.

54.
55.

56.

http://www.virologyj.com/content/2/1/54

Hickling TPHBKWDGSLMRBSRM: A recombinant trimeric sur-
factant protein D carbohydrate recognition domain inhibits
respiratory syncytial virus infection in vitro and in vivo. Eur |
Immunol 1999, 29:3478-3784.

Ghildyal RCHAVJMDRVEMAJM: Surfactant protein A binds to
the fusion glycoprotein of respiratory syncytial virus and
neutralizes virion infectivity. | Infect Dis 1999, 180:2009-2013.
Chung WBT]: Respiratory syncytial virus infection suppresses
lung CD8+ T-cell effector activity and peripheral CD8+ T-
cell memory in the respiratory tract. Nat Med 2002, 8:54-60.
Tripp RAJLALJ: Respiratory syncytial virus G and/or SH glyco-
proteins modify CC and CXC chemokine mRNA expression
in the BALB/c mouse. | Virol 2000, 74:6227-6229.

Ray RHDFMKBRLLMBRB: Immunoregulatory role of secreted
glycoprotein G from respiratory syncytial virus. Virus Res
2001, 75:147-154.

Spann KMKCTBCRLRPLC: Suppression of the induction of
alpha, beta, and lambda interferons by the NS1 and NS2 pro-
teins of human respiratory syncytial virus in human epithe-
lial cells and macrophages. | Virol 2004, 78:4363-4369.

Dowell SFALJGHEJEDDPJFFTMJMBJBRF: Respiratory syncytial
virus is an important cause of community-acquired lower
respiratory infection among hospitalized adults. | Infect Dis
1996, 174:456-462.

Falsey AREEWV: Respiratory syncytial virus infection in adults.
Clin Microbiol Rev 2000, 13:371.

Glezen WPTLHFALKJA: Risk of primary infection and reinfec-
tion with respiratory syncytial virus. Am | Dis Child 1986,
140:543-546.

Bossart KNWLFFMNCKBLSKEBTBCC: Membrane Fusion tro-
pism and heterotypic functional activities of the Nipah virus
and Hendra virus envelope glycoproteins. | Virol 2002,
76:11186-11198.

disseminating the results of biomedical research in our lifetime."

Submit your manuscript here:
http://www.biomedcentral.com/info/publishing_adv.asp

Publish with BioMed Central and every
scientist can read your work free of charge

"BioMed Central will be the most significant development for

Sir Paul Nurse, Cancer Research UK
Your research papers will be:
« available free of charge to the entire biomedical community
« peer reviewed and publishedimmediately upon acceptance
« cited in PubMed and archived on PubMed Central

O BioMedcentral

« yours — you keep the copyright

Page 12 of 12

(page number not for citation purposes)


http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10995236
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10995236
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10995236
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11991994
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11991994
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11991994
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11900838
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11900838
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9431379
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9431379
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9696816
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=9696816
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11044095
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11044095
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10864656
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10864656
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10864656
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11038384
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11038384
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10860881
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10860881
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10860881
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=8524804
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=8524804
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=8524804
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15470202
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15470202
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15470202
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11418357
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11418357
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11418357
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11932394
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11932394
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11932394
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10618131
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10618131
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10618131
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=118236
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=118236
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=8314992
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=8314992
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=8314992
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=5489074
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=5489074
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=8345347
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=8345347
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12767015
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12767015
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=8817835
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=8817835
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=8817835
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11602714
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11602714
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11062499
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11062499
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11062499
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10556802
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10556802
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10556802
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10558959
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10558959
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10558959
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11786907
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11786907
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11786907
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10846112
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10846112
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10846112
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11325469
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11325469
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15047850
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15047850
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15047850
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=8769600
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=8769600
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=8769600
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10885982
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=3706232
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=3706232
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12388678
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12388678
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12388678
http://www.biomedcentral.com/
http://www.biomedcentral.com/info/publishing_adv.asp
http://www.biomedcentral.com/

	Abstract
	Background
	Methods
	Cells and viruses
	Plasmids
	Transfections
	Metabolic labeling and immunoprecipitation
	Flow cytometry
	Cell fusion assays

	Results
	Expression of RSV F protein
	HRSV F protein fusion assay
	Table 1

	Host range of HRSV-mediated fusion
	Infections using recombinant HRSV expressing GFP

	Discussion
	Competing interests
	Authors' contributions
	Acknowledgements
	References

