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Identification of a Human Respiratory Syncytial Virus Cell Entry
Inhibitor by Using a Novel Lentiviral Pseudotype System

Sibylle Haid,a Christina Grethe,a Dorothea Bankwitz,a Thomas Grunwald,b Thomas Pietschmanna

Division of Experimental Virology, TWINCORE Centre for Experimental and Clinical Infection Research, Hannover, Germanya; Fraunhofer Institute for Cell Therapy and
Immunology, Leipzig, Germanyb

ABSTRACT

Lentiviral budding is governed by group-specific antigens (Gag proteins) and proceeds in the absence of cognate viral envelope
proteins, which has been exploited to create pseudotypes incorporating envelope proteins from nonlentiviral families. Here, we
report the generation of infectious lentiviral pseudoparticles incorporating human respiratory syncytial virus (hRSV) F protein
alone (hRSV-Fpp) or carrying SH, G, and F proteins (hRSV-SH/G/Fpp). These particles recapitulate key infection steps of au-
thentic hRSV particles, including utilization of glycosaminoglycans and low-pH-independent cell entry. Moreover, hRSV pseu-
doparticles (hRSVpp) can faithfully reproduce phenotypic resistance to a small-molecule fusion inhibitor in clinical develop-
ment (BMS-433771) and a licensed therapeutic F protein-targeting antibody (palivizumab). Inoculation of several human cell
lines from lung and liver revealed more than 30-fold differences in susceptibility to hRSVpp infection, suggesting differential
expression of hRSV entry cofactors and/or restriction factors between these cell types. Moreover, we observed cell-type-depen-
dent functional differences between hRSVpp carrying solely F protein or SH, G, and F proteins with regard to utilization of gly-
cosaminoglycans. Using hRSVpp, we identified penta-O-galloyl-�-D-glucose (PGG) as a novel hRSV cell entry inhibitor. More-
over, we show that PGG also inhibits cell entry of hRSVpp carrying F proteins resistant to BMS-433771 or palivizumab. This
work sheds new light on the mechanisms of hRSV cell entry, including possible strategies for antiviral intervention. Moreover,
hRSVpp should prove valuable to dissect hRSV envelope protein functions, including the interaction with cell entry factors.

IMPORTANCE

Lentiviral pseudotypes are highly useful to specifically dissect the functions of viral and host factors in cell entry, which have
been exploited for numerous viruses. Here, we successfully created hRSVpp and show that they faithfully recapitulate key char-
acteristics of parental hRSV cell entry. Importantly, hRSVpp accurately mirror hRSV resistance to small-molecule fusion inhibi-
tors and clinically approved therapeutic antibodies. Moreover, we observed highly different susceptibilities of cell lines to
hRSVpp infection and also differences between hRSVpp types (with F protein alone or with SH, G, and F proteins) in regard to
cell entry. This indicates differential expression of host factors determining hRSV cell entry between these cell lines and high-
lights the fact that the hRSVpp system is useful to explore the functional properties of hRSV envelope protein combinations.
Therefore, this system will be highly useful to study hRSV cell entry and host factor usage and to explore antiviral strategies tar-
geting hRSV cell entry.

Human respiratory syncytial virus (hRSV) is an enveloped,
nonsegmented, negative-strand RNA virus classified in the

family Paramyxoviridae. It causes upper and lower respiratory
tract disease in children and elderly and immunosuppressed per-
sons (1–3). hRSV possesses three envelope proteins, the fusion
glycoprotein (F), the attachment glycoprotein (G), and the small
hydrophobic protein (SH). The F protein is synthesized as an in-
active precursor, which is cleaved into a membrane-proximal F1
and a membrane-distal F2 subunit in the trans-Golgi complex by
furin or a furin-like protease (4, 5). Unlike those of most members
of the genus Paramyxovirinae, hRSV-F protein directs membrane
fusion independently of other viral envelope proteins (6). More-
over, hRSV-F mediates cell entry in a species-specific fashion, with
the viral determinants responsible for species tropism residing in
the F2 subunit (7). The hRSV-G protein is highly variable and
heavily glycosylated (8). Although not absolutely essential for in-
fection, it is important for virus attachment (9), primarily through
interaction with glycosaminoglycans (10–13). Notably, deletion
of G reduces hRSV infectivity in a cell-type-specific fashion and
restricts replication in the respiratory tract of mice (14). More-
over, efficient hRSV infection of primary differentiated human

airway epithelial (HAE) cell cultures depends on the C-terminal
domain of the G protein (15). Therefore, hRSV-G protein func-
tions are critical for viral fitness in vivo, and they modulate hRSV
infection in a cell-type-dependent manner. The hRSV-SH protein
belongs to the family of viroporins (16), which includes hydro-
phobic viral proteins that oligomerize and form membrane pores
that are conducive to virus propagation. It forms oligomeric chan-
nel-like structures with 5- or 6-fold symmetry (17) with a nonse-
lective cation channel activity in mammalian cells (18). Low levels
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of SH protein have been found in mature hRSV filaments (19);
however, hRSV devoid of SH replicates as efficiently as the wild
type in vitro and appears to be fully fusogenic (20, 21).

Several host factors that bind hRSV-G or -F protein have been
identified and implicated as candidate hRSV cell entry-mediating
determinants. They include heparin-like proteoglycans (12), in-
tercellular adhesion molecule 1 (ICAM-1) (22), annexin A2 (23),
Toll-like receptor 4 (TLR4) (24), and nucleolin (25). How pre-
cisely hRSV entry is coordinated by these host factors and by the
above-mentioned viral envelope proteins remains elusive. More-
over, the host determinants that govern species-specific hRSV cell
entry remain unclear. Viral pseudotypes, i.e., mixed virus particles
that carry the genome and the capsid of one virus and the envelope
proteins of another virus, have proven highly successful in dissect-
ing the cell entry mechanisms of diverse viruses (26). Retroviruses,
including members of the lentivirus genus, readily incorporate
heterologous viral glycoproteins and have been used to identify
host receptor proteins using cDNA-screening approaches and to
dissect the fundamental steps of viral cell entry (27, 28). Thus, to
extend the armamentarium for hRSV cell entry studies, here, we
aimed to establish and characterize a lentivirus-based pseudotyp-
ing system for hRSV.

MATERIALS AND METHODS
Cell culture and cell lines. The human lung epithelial cell line HEp-2
(ATCC CCL-23) and the human type 2 alveolar epithelial cell line A549
(ATCC CCL-185) were obtained from the American Type Culture Col-
lection (ATCC) (Manassas, VA), whereas the human lung carcinoma cell
line A-427 and the human lung adenocarcinoma cell line LXF-289 were
obtained from Cell Line Service (CLS) (Eppelheim, Germany). The me-
dium was supplemented with 2 mM L-glutamine, nonessential amino
acids, 100 U of penicillin per ml, 100 �g/ml streptavidin, and 10% fetal
calf serum, and the cells were cultured at 37°C and 5% CO2.

Virus. The human respiratory syncytial virus strain long (ATCC VR-
26) was originally obtained from the ATCC (Manassas, VA).

Plasmids. Gene fragments encoding codon-optimized hRSV strain
long SH, G, and F proteins were purchased from GeneArt (Thermo
Fisher, Waltham, MA, USA) and cloned into a pcDNA 3.1 vector
(Thermo Fisher, Waltham, MA, USA). For cloning of the hRSV-F mu-
tants, standard PCR-based cloning methods were used and verified by
sequencing (GATC, Constance, Germany).

Compounds and antibodies. The monoclonal anti-hRSV-F antibody
(2F7) and the monoclonal anti-hRSV-G antibody (RSV133) used for
Western blotting were purchased from abcam (Cambridge, United King-
dom). The monoclonal anti-hRSV-P antibody (26D6G5C6) was pro-
duced by immunization of mice with amino acid residues 161 to 241 of P
fused to glutathione S-transferase (GST) and associated with N-protein
nanorings (29) kindly provided by Jean-François Eléouët. The polyclonal
rabbit antiserum against hRSV-SH (3086) was a kind gift from Biao He,
University of Georgia. Anti-HIV-1 p24 capsid antibody was obtained
from Exbio (Prague, Czech Republic) and anti-�-actin antibody, conca-
namycin A, and penta-O-galloyl-�-D-glucose (PGG) were obtained from
Sigma-Aldrich (Steinheim, Germany). Heparin was purchased from
Calbiochem (Darmstadt, Germany). The anti-RSV-F antibody (palivi-
zumab) for neutralization assays was obtained from AbbVie Ltd. (Maid-
enhead, United Kingdom). The RSV fusion inhibitor BMS-433771 was a
kind gift from Richard Karl Plemper (Georgia State University, Atlanta,
GA, USA).

Generation of pseudoparticles. Lentivirus-based pseudotypes bear-
ing vesicular stomatitis virus glycoproteins (VSV-G) or the RSV envelope
protein hRSV-SH, hRSV-G, or hRSV-F were generated by transfection of
293T cells. Briefly, 1.5 � 106 293T cells were seeded into 6-cm-diameter
plates 1 day before transfection with 0.2 �g hRSV envelope protein ex-

pression construct pcDNA-hRSV-SH, pcDNA-hRSV-G, or pcDNA-
hRSV-F or 2 �g VSV envelope expression construct pczVSV-G (30) or a
pcDNA empty-vector control; 2 �g pCMV-�R8.74 (31) lentiviral Gag-
Pol expression construct; and 2 �g firefly luciferase (pWPI_F-Luc_BLR
[32]) or green fluorescent protein (GFP) (pWPI_Venus-GFP_BLR)
transducing vector, using a final concentration of 0.035 mg/ml polyethyl-
enimine (PEI) (Polyplus, Illkirch, France) as a transfection reagent.
Therefore, equal volumes of a PEI working solution (0.07 mg/ml in Opti-
MEM) were mixed with the indicated DNA diluted in Opti-MEM prior to
transfection of the 293T cells. At 21 h posttransfection, cellular and viral
DNA synthesis was induced by addition of sodium butyrate (final con-
centration, 10 mM), and 3 h later, the medium was replaced and the
supernatants containing the pseudoparticles were harvested after 6 h. The
supernatants were cleared of cells by passaging through a 0.45-�m-pore-
size filter and used to infect HEp-2, A549, Huh-7.5, A-427, or LXF-289
cells. The efficiency of pseudotype virus infection was evaluated 48 h to 72
h postinfection by luciferase assay or fluorescence-activated cell sorter
(FACS) analysis, respectively. As the hRSV-F K394R mutant showed in-
creased fusogenicity, the 293T cells were transfected with 0.1 �g plasmid
DNA per 6-cm-diameter dish, and the initial medium change was per-
formed 16 h posttransfection. Sodium butyrate induction and harvest of
the pseudoparticle-containing supernatants were performed as for the
other constructs.

Wild-type hRSV infection and intracellular hRSV-P staining. Ap-
proximately 2 � 105 cells seeded in a 12-well plate were inoculated for 4 h
with the wild-type hRSV long virus at a multiplicity of infection (MOI) of
10. Twenty-four hours postinfection, the cells were detached by
trypsinization and fixed in fixation buffer (0.5% paraformaldehyde, 1%
fetal calf serum [FCS] in phosphate-buffered saline [PBS]) for 30 min at
4°C. Subsequently, the cells were permeabilized with a saponin-contain-
ing permeabilization buffer (0.1% saponin, 1% FCS in PBS) for 20 min at
4°C. Afterward, the cells were stained for 30 min at 4°C with an hRSV-P-
specific antibody (26D6G5C6) diluted 1:500 in permeabilization buffer.
Subsequently, the cells were washed with PBS, and bound antibodies were
detected by incubation for 30 min at 4°C with mouse-specific Alexa 488
secondary antibodies (Thermo Fisher Scientific; Waltham, MA) at a 1:200
dilution in permeabilization buffer. The stained cells were washed twice
with PBS and analyzed using an Accuri C6 (Becton Dickinson, Heidel-
berg, Germany) and FlowJo software (FlowJo LLC, Ashland, OR).

SDS-PAGE and Western blotting. For Western blotting, pseudotype-
containing supernatants were collected and concentrated by ultracentrif-
ugation (Sorvall WX80; 25,000 rpm; 2 h; 4°C) on a 20% sucrose cushion.
The transfected cells were lysed in RIPA buffer (0.3 M NaCl, 20 mM
Tris-HCl, pH 8, 1% sodium desoxycholate, 0.1% SDS, 1% Triton X-100)
prior to addition of SDS-PAGE sample buffer. All samples were boiled for
10 min and loaded onto an SDS-11% PAGE gel. After electrophoresis, the
separated proteins were transferred to a polyvinylidene difluoride mem-
brane (GE Healthcare, Freiburg, Germany) using a semidry blotter (Carl
Roth, Karlsruhe, Germany). Blocking of the membrane was performed
with 5% milk in PBS-0.5% Tween 20. Binding of the primary antibody
was performed overnight at 4°C with subsequent detection by a secondary
antibody coupled with horseradish peroxidase (Sigma-Aldrich, Stein-
heim, Germany). Bound antibodies were detected with the ECL prime
detection reagent (GE Healthcare, Freiburg, Germany) on a ChemoStar
machine (Intas, Göttingen, Germany).

Cytotoxicity assay. HEp-2 and A549 cells stable expressing firefly lu-
ciferase were created by transduction of lentiviral particles transferring a
firefly luciferase gene and subsequent selection of transduced cells with
medium supplemented with blasticidin (5 �g/ml). For cytotoxicity assays,
cells were seeded in a 12-well plate, treated with a given concentration of
compound, and lysed at the indicated time point. Luciferase activity was
subsequently analyzed in a luminometer (Berthold, Freiburg, Germany).

Luciferase assay. Briefly, cells were washed once with PBS and directly
lysed on the plate with 350 �l/12 wells or 35 �l/96 wells of ice-cold lysis
buffer (0.1% Triton X-100, 25 mM glycylglycine, 15 mM MgSO4, 4 mM
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EGTA, 1 mM dithiothreitol [DTT] [pH 7.8]). The lysate was thoroughly
resuspended and mixed with assay buffer (25 mM glycylglycine, 15 mM
MgSO4, 4 mM EGTA, 1 mM DTT, 2 mM ATP, 15 mM K2PO4) and, after
addition of luciferin solution (200 �M luciferin, 25 mM glycylglycine in
water), analyzed in a luminometer (Berthold, Freiburg, Germany).

Statistical analysis. Statistical analyses were performed using one-way
analysis of variance (ANOVA) with Dunnett=s multiple-comparison tests or a
one-tailed Student t test where applicable. P values of �0.05 were considered
marginally significant, P values of �0.01 were considered statistically signifi-
cant, and P values of �0.001 were considered highly significant.

Nucleotide sequence accession numbers. The sequences of codon-
optimized hRSV long proteins were submitted to GenBank and can be
accessed through accession numbers KU220242 (hRSV-F), KU220243
(hRSV-G), and KU220244 (hRSV-SH).

RESULTS
hRSV-SH, -G, and -F proteins are incorporated into hRSVpp.
First, we generated expression constructs for the codon-optimized
hRSV-SH, -G, and -F proteins of the hRSV long strain, since
codon optimization is a key modification to express high numbers
of RNA virus genes, especially the hRSV-F gene, in eukaryotic-cell
culture (33) (Fig. 1A). To explore which viral factors are necessary
and sufficient for production of infectious lentiviral-hRSV pseu-
dotypes, we transfected 293T cells with expression constructs for
HIV-Gag-Pol, a lentiviral vector carrying a luciferase reporter
gene and either an SH, G, or F expression construct or various
combinations of these hRSV genes. Cotransfection of cells with an
expression construct for VSV-G served as a positive control and
an empty expression vector as a negative control. Subsequently,
we monitored the expression of these proteins in transfected cells
and determined incorporation into pseudoparticles by ultracen-
trifugation of culture fluids through sucrose cushions (Fig. 1B).
Finally, we used cell-free culture fluids of the transfected cells to
inoculate a panel of human cell lines of lung (HEp-2, A549, A-427,
and LXF-289) or liver (Huh-7.5) origin and monitored transduc-
tion of luciferase expression as a quantitative marker for produc-
tion of infectious pseudotypes (Fig. 1C). Our Western blot analy-
ses revealed robust expression of hRSV-SH, -G, and -F proteins
in transfected cells (Fig. 1B). Detection of HIV p24 capsid
served as a control for similar pseudoparticle production irre-
spective of the incorporated envelope glycoprotein. When F
protein was expressed alone or when SH, G, and F were
cotransfected, all three proteins were readily secreted and in-
corporated into structures that pelleted through our sucrose
cushion (Fig. 1B). In line with previous reports that F protein is
necessary and sufficient for hRSV cell entry in vitro (6, 21, 34),
hRSV pseudoparticles (hRSVpp) produced in the presence of F
protein expression were infectious. This was evidenced by effi-
cient transduction of the luciferase reporter gene to inoculated
target cells, resulting in luciferase expression between 1 and 3 or-
ders of magnitude above the assay background (Fig. 1C). In con-
trast neither transfection of SH nor of G alone led to production of
infectious hRSVpp. The levels of infectivity obtained after trans-
fection of F alone, of F protein in conjunction with SH or G, or of
F protein together with SH and G were comparable, indicating
that hRSVpp infectivity is primarily determined by the F protein,
at least in these cell lines. Notably, hRSVpp infectivity differed
substantially between the inoculated cell lines. To better compare
the susceptibilities of these cell lines to hRSVpp infection, we nor-
malized luciferase transduction of hRSVpp to that of VSV-Gpp
(Fig. 1D). This approach revealed that HEp-2 cells are highly permis-

sive to hRSVpp, whereas A549, A-427, LXF-289, and Huh-7.5 cells
display a ca. 30-fold-lower relative permissiveness to hRSVpp (Fig.
1D). Finally, we produced hRSVpp by cotransfection of a lentiviral
vector expressing a Venus-GFP reporter gene to study the infectious-
ness of these particles at the single-cell level. As shown in Fig. 1E,
transduction of A549 cells with hRSVpp resulted in ca. 50 to 54%
Venus-GFP-expressing cells. Collectively, these results indicate that
hRSV-SH, -G, and -F proteins are successfully incorporated into len-
tiviral pseudotypes and that they readily transduce a number of hu-
man cell lines derived from lung and liver.

hRSVpp faithfully recapitulate key characteristics of hRSV
cell entry. To confirm that hRSVpp mimic key aspects of wild-
type hRSV cell entry, we analyzed the susceptibility of these par-
ticles to neutralization by palivizumab, a clinically approved hu-
manized anti-F protein neutralizing antibody (35–37). The
indicated pseudotypes were preincubated with increasing doses of
palivizumab for 30 min at 37°C prior to inoculation of the differ-
ent target cell lines (Fig. 2A). Both particle types were neutralized
to background levels in all three tested cell lines at a concentration
of 1 �g/ml of the antibody. This confirms that hRSVpp infect host
cells in an F protein-dependent fashion. To explore if hRSVpp
accurately recapitulate F protein resistance to cell entry inhibitors,
we created hRSVpp carrying hRSV-F protein variants with either a
previously identified palivizumab resistance mutation, K272E
(38) (Fig. 2B), or a previously identified resistance mutation
(K394R) (39, 40) against the fusion inhibitor BMS-433771 (Fig.
2C) (39, 40). Insertion of these mutations rendered hRSVpp fully
resistant to doses of palivizumab as high as 10 �g/ml (Fig. 2B) or
10 �M the fusion inhibitor BMS-433771 (Fig. 2C).

Wild-type hRSV is known to infect cells by attaching to hepa-
rin-like proteoglycans (12) and through an infection route that is
independent of endosomal acidification (41, 42). In turn, infec-
tion of wild-type hRSV is competitively inhibited by addition of
heparin but is refractory to neutralization by blockade of cellular
vacuolar-type H�-ATPase through concanamycin A. Therefore,
we investigated if hRSVpp infection is inhibited by addition of
concanamycin A or heparin. To this end, hRSVpp were preincu-
bated with increasing doses of heparin prior to inoculation of
target cells (Fig. 3A) or cells were treated with concanamycin A
(Fig. 3B). Like wild-type hRSV, hRSVpp were not inhibited by
addition of concanamycin A (Fig. 3B). In contrast, infection of
cells by both hRSVpp types was impeded by heparin in a dose-
dependent fashion (Fig. 3A). However, unlike for palivizumab,
infection was not completely neutralized, and there were signifi-
cant differences in the extents of neutralization between cell types
and between particle types. In summary, hRSVpp infection is in-
dependent of endosomal acidification but depends on heparin-
like proteoglycans. Moreover, the dependence on proteoglycans is
modulated by the composition of hRSVpp. Finally, hRSVpp faith-
fully recapitulate hRSV resistance to cell entry inhibitors.

PGG is a novel hRSV cell entry inhibitor that impedes infec-
tion by parental and palivizumab- and BMS-433771-resistant
variants. As treatment options for hRSV infection are limited, we
explored the utility of hRSVpp for identifying cell entry inhibitors
that inhibit infection by wild-type hRSV. To this end, we screened
selected molecules with known antiviral activity against other en-
veloped viruses, such as hepatitis C virus (HCV), or against other
viruses causing respiratory disease, like influenza A virus (43) or
rhinovirus (44). We preincubated hRSV-SH/G/Fpp with increas-
ing concentrations of either the plant-derived flavone BJ486K
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shown below. (B) Protein expression in transfected 293T cells and in pseudotype-containing supernatant was analyzed by Western blotting. Supernatants were collected
and concentrated by ultracentrifugation through a 20% sucrose cushion. One representative result is depicted. (C) Hep-2, A549, Huh-7.5, A-427, and LXF-289 cells were
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(45), turmeric curcumin (46), the green tea component epigallo-
catechin gallate (EGCG) (47), PGG (43, 44), or a heather extract
(48) prior to infection of Huh-7.5 cells (Fig. 4A). Among these
compounds, BJ486K, EGCG, and, most prominently, PGG inhib-
ited hRSVpp infection in a dose-dependent manner (Fig. 4A).
Next, we analyzed if infection by hRSVpp harboring either F
alone; the combination of SH, G, and F; or the hRSV-F resistance
mutation against palivizumab (K272E) or the fusion inhibitor
BMS-433771 resistance mutation (K394R) can still be inhibited by
PGG (Fig. 4B). To this end, we pretreated the indicated hRSVpp
types with given concentrations of PGG for 30 min prior to infec-
tion of Huh-7.5 cells. Both types of hRSV-Fpp harboring the re-
sistance mutations were at least as sensitive to PGG treatment as
the wild-type hRSV-Fpp. Finally, we evaluated if PGG also inhibits
infection by wild-type hRSV (Fig. 4C to E). To this end, we in-
fected either HEp-2 cells (Fig. 4C) or A549 cells (Fig. 4D) with
wild-type hRSV strain long in the presence of increasing concen-
trations of PGG. At 24 h postinfection, the cells were fixed, and the

number of hRSV-infected cells was analyzed by intracellular FACS
staining. In both cell lines, PGG significantly inhibited hRSV in-
fection, with no detectable cytotoxicity (Fig. 4C and D, black
squares). To further characterize the mode of action of PGG, we
performed a time-of-addition assay with the wild-type hRSV
strain long (Fig. 4E) in which either we pretreated the cells for 4 h
with the indicated concentrations of compounds (black bar) or
treatment occurred during the 4-h virus inoculation (white bar)
or directly after virus inoculation (gray bar). PGG, as well as the
fusion inhibitor BMS-433771 and the anti-F antibody palivi-
zumab, were antiviral only when present during virus inoculation.
In conclusion, PGG inhibits cell entry by hRSV into wild-type and
entry inhibitor-resistant strains in cell culture.

DISCUSSION

Lentiviral pseudotypes are a highly versatile and successful system
to dissect cell entry strategies of different viruses, as they permit
direct and specific assessment of the functional properties of the
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envelope proteins incorporated. Our expression analysis, which
included assessment of the protein composition of sucrose-puri-
fied particles, indicated that hRSV-F, -G, and also -SH proteins are
incorporated into hRSVpp (Fig. 1). This finding indicates that
these particles could be useful to study the function(s) of each of
these proteins. However, F protein incorporation alone was nec-
essary and sufficient for infectiousness of these particles—at least
in the tested cell lines. This is in line with previous reports that had
established that F protein is also sufficient to render hRSV parti-
cles infectious (6). Nevertheless, we observed phenotypic differ-
ences between hRSVpp carrying F protein alone and those pseu-
dotypes also incorporating SH and G when we assessed cell entry
inhibition by heparin (Fig. 3). These functional differences com-
plement the above-mentioned biochemical evidence and support

the notion that all three viral proteins are readily incorporated
into hRSVpp. Generally, hRSV-Fpp were less susceptible to inhi-
bition by heparin than hRSV-SH/G/Fpp incorporating SH, G and
F proteins. While the reason for this functional difference is not
clear, we speculate that it may be due to additional heparin bind-
ing sites on the virion when G protein is incorporated. Notably,
these differences between particle types were much more pro-
nounced in HEp-2 and A549 cells than in Huh-7.5 cells (Fig. 3).
This in turn mirrored the observation that heparin neutralized a
greater portion of hRSVpp infectivity in the former cells than in
Huh-7.5 cells. Thus, these results show significant differences be-
tween hRSVpp types that merit further investigation and that
highlight the utility of the hRSVpp system for dissecting distinct
functions of these viral proteins. Moreover, the results also reveal
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substantial differences between cell lines regarding their suscepti-
bilities to different hRSVpp types. Thus, specific cell lines may be
uniquely suited to explore these particle type-dependent differ-
ences and the relevance of glycosaminoglycans for cell entry. No-
tably, we observed more than 30-fold differences in the relative
susceptibilities of different human cell lines to hRSVpp infection
(Fig. 1). This argues for strong differences in the availability of
hRSV entry cofactors and/or expression of putative hRSV restric-
tion factors between these cell lines. A detailed assessment of the
host factors that determine these differences could reveal novel
facets of hRSV cell entry and may identify novel targets for anti-
viral intervention.

Given the limited options to treat hRSV infections, we used this
novel hRSVpp model to discover new compounds that inhibit
hRSV infection. Using this approach, we identified PGG as an
inhibitor of hRSV infection. Our time-of-addition experiments
combined with the observation that hRSVpp are inhibited
strongly suggests that PGG is a bona fide cell entry inhibitor. Since
pretreatment of target cells and administration of PGG 4 h post-
inoculation did not impede infection (Fig. 4), we speculate that
PGG may act directly on the virus particle or the host cell concom-
itant with cell entry. Further work is needed to fully resolve the
mode of action of PGG and to explore if PGG is also antiviral in
vivo. The observation that PGG also inhibits hRSV variants resis-
tant to palivizumab and a membrane fusion inhibitor clearly
makes it an appealing candidate that merits further investigation.

Altogether, we developed a system for incorporation of all
three hRSV envelope proteins onto infectious lentiviral pseu-
doparticles. Moreover, we validated that these particles reflect
key aspects of hRSV cell entry, including recapitulation of phe-
notypic resistance to cell entry inhibitors. We used the system
to identify and characterize PGG as a novel entry inhibitor that
interferes with infection by wild-type and entry inhibitor-re-
sistant variants. Finally, we highlighted pronounced differ-
ences between hRSVpp types (with F alone or with SH, G, and
F) and regarding hRSVpp tropism to several human cell lines,
indicating that critical host factors important for hRSV cell
entry are differentially expressed in these cells. Use of hRSVpp
with different envelope compositions and different host cells
should facilitate dissection of the individual functions of hRSV
envelope proteins during cell entry. Thus, these findings and
the novel hRSVpp system should be useful to further pinpoint
details of the interplay between viral and host factors during
hRSV cell entry. Moreover, PGG or alternative molecules that
could be identified by this rapid screening system could pro-
vide novel therapeutic options to treat hRSV infection.
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