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The Human Metapneumovirus Fusion Protein Mediates Entry via an
Interaction with RGD-Binding Integrins
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Paramyxoviruses use a specialized fusion protein to merge the viral envelope with cell membranes and initiate infection. Most
paramyxoviruses require the interaction of two viral proteins to enter cells; an attachment protein binds cell surface receptors,
leading to the activation of a fusion (F) protein that fuses the viral envelope and host cell plasma membrane. In contrast, human
metapneumovirus (HMPV) expressing only the F protein is replication competent, suggesting a primary role for HMPV F in
attachment and fusion. We previously identified an invariant arginine-glycine-aspartate (RGD) motif in the HMPV F protein
and showed that the RGD-binding integrin aVB1-promoted HMPYV infection. Here we show that both HMPV F-mediated bind-
ing and virus entry depend upon multiple RGD-binding integrins and that HMPV F can mediate binding and fusion in the ab-
sence of the viral attachment (G) protein. The invariant F-RGD motif is critical for infection, as an F-RAE virus was profoundly
impaired. Further, F-integrin binding is required for productive viral RNA transcription, indicating that RGD-binding integrins
serve as receptors for the HMPYV fusion protein. Thus, HMPV F is triggered to induce virus-cell fusion by interactions with cellu-
lar receptors in a manner that is independent of the viral G protein. These results suggest a stepwise mechanism of HMPV entry
mediated by the F protein through its interactions with cellular receptors, including RGD-binding integrins.

Enveloped virus surface proteins attach to cell surface receptors
and fuse viral membranes with cell membranes during entry.
Several unrelated enveloped viruses, including influenza virus,
human immunodeficiency virus (HIV), and paramyxoviruses, use
class I viral fusion proteins to induce membrane fusion. Class I
fusion proteins initiate fusion by springing open to insert a hydro-
phobic fusion peptide into the cell membrane, creating a molec-
ular bridge between the viral and cellular membranes, which are
merged by fusion protein refolding (8, 19). Although all class I
fusion proteins appear to use this spring-loaded mechanism, each
virus family has adapted different strategies for triggering fusion.
Paramyxoviruses encode two viral proteins, an attachment pro-
tein and a fusion protein, both of which are typically necessary for
fusion. Paramyxovirus attachment and fusion are tightly con-
nected events, such that attachment protein binding to cell surface
receptors activates the fusion protein to induce fusion at the cell
membrane (1,9, 18, 20, 23, 25, 28-30, 36). This does not appear to
be the mechanism used by the members of the Pneumovirinae
subfamily of paramyxoviruses, which includes two important hu-
man respiratory viruses: human metapneumovirus (HMPV) and
human respiratory syncytial virus (hRSV) (34). HMPV and hRSV
encode a separate attachment (G) protein; however, viruses with
only the fusion protein on the surface are replication competent in
vitro and in vivo, although HMPV lacking G is attenuated in pri-
mates (4, 5, 17). Thus, the HMPV fusion (F) protein can mediate
both attachment and membrane fusion, suggesting that F binds to
specific cell surface receptors during attachment, drives fusion,
and mediates virus entry in a manner that supports productive
infection. In contrast to the current model of paramyxovirus fu-
sion, where attachment protein binding is coupled to fusion ac-
tivity of a separate fusion protein, the mechanism by which Preu-
movirinae fusion proteins, including the HMPV F protein, bind to
receptors and induce fusion is a mystery.

We previously identified an invariant arginine-glycine-aspar-
tate (RGD) motif that was unique to HMPV F among human
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paramyxoviruses. This discovery led us to hypothesize that integ-
rins may serve as receptors for HMPV F. Integrins are cell surface
adhesion receptors composed of one o subunit and one 3 subunit;
18 a subunits and 8 B subunits combine to form 24 distinct het-
erodimers. A subset of integrins, aVB1, aVB3, aVB5, aVp6,
aVB8, o531, a8B1, and allbB3, bind proteins with RGD motifs
(16), and several other viruses with conserved RGD motifs bind
integrins to mediate entry (reviewed in reference 35). We previ-
ously demonstrated that HMPV infection depends upon RGD-
binding integrins and suggested that HMPV F utilizes aVB1 in-
tegrin as a receptor during entry (11). However, whether an
F-RGD interaction was sufficient for HMPV binding or whether
HMPV F attachment to RGD-binding integrins was linked to fu-
sion activity remained unclear.

We hypothesized that HMPV F binding to RGD-binding in-
tegrins was necessary for virus entry and that integrin binding
triggered fusion. To test this hypothesis, we developed assays to
measure HMPV binding and fusion. Here we show that HMPV
binds to RGD-binding integrins and that this interaction is neces-
sary for virus attachment, viral RNA transcription, and subse-
quent infection. Multiple RGD-binding integrins are capable of
mediating HMPV attachment, and the F protein RGD motif is
required for productive infection. While HMPV F-integrin bind-
ing is required for efficient virus entry, F binding to RGD-binding
integrins is not sufficient to initiate virus-cell membrane fusion.
HMPV hemifusion proceeds efficiently both during RGD-bind-
ing integrin blockade and in the absence of G protein. We propose
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that HMPV entry is a stepwise process whereby HMPV F mediates
entry through its interactions with RGD-binding integrins and
other unidentified cell surface receptors, eliminating the absolute
requirement for an additional viral attachment protein.

MATERIALS AND METHODS

Cells. BEAS-2B (ATCC CRL-9609) and LLC-MK2 (ATCC CCL-7) cells
were maintained in Opti-MEM I (Invitrogen) containing 2% fetal bovine
serum (FBS), 2 mM L-glutamine, 50 pg/ml gentamicin, and 2.5 pg/ml
amphotericin B. Suspension 293-F cells were maintained as recom-
mended by the manufacturer (293 Freestyle expression system; Invitro-
gen). BSR T7/5 cells that constitutively express T7 RNA polymerase (6)
were kindly provided by Ursula Buchholz and maintained in Dulbecco
modified Eagle medium (DMEM) supplemented with 10% FBS, 2 mM
L-glutamine, antimicrobials as described above, and 1 mg/ml Geneticin.

Antibodies. Anti-human integrin monoclonal antibodies (MAbs)
MADb2021Z (av; clone AV1), MAb1957 (B3; clone 25E11), MAb1976Z
(aVB3; clone LM609), and MAb1950 (a2; clone P1E6) were purchased
from Millipore. Anti-human integrin MAb AIIB2 (1) and BIIG2 (a5)
developed by Caroline H. Damsky were obtained from the Developmental
Studies Hybridoma Bank under the auspices of the NICHD and main-
tained by the University of lowa, Department of Biology, Iowa City, IA. A
heat-inactivated polyclonal HMPV-immune human serum, which neu-
tralizes HMPV infection in an in vitro plaque neutralization assay (50%
inhibitory concentration [IC5,], 1:1,500), was used in fusion experiments.
The HMPV F-specific MAb, DS7, used for immunoprecipitation experi-
ments has been previously described (39). HMPV F-specific MAb 1017
(38) and a rabbit polyclonal antiserum generated against a synthetic pep-
tide representing residues 131 to 145 of the HMPV TN/94-49 M protein
were used for Western blot analyses.

Viruses. HMPV strain TN/94-49 (virus genotype A2) was used for all
virus binding and fusion experiments. HMPV TN/94-49 is a clinical iso-
late passaged 5 to 7 times and thrice plaque purified in LLC-MK2 cells.
Stock virus was propagated using LLC-MK2 cells in serum-free growth
medium supplemented with 5 pg/ml trypsin (Invitrogen) as described
previously (40). Working virus was propagated in suspension 293-F cells
in 293 Freestyle expression medium supplemented with 5 pug/ml trypsin-
EDTA (both from Invitrogen). Briefly, 293-F cells were inoculated at 0.1
PFU/cell. At 4 days postinoculation, supernatant was collected and in-
fected cells were freeze-thawed thrice, clarified by centrifugation at 300 X
g for 5 min, and added to the supernatant fraction. This crude virus prep-
aration was further purified through a 20% sucrose cushion via ultracen-
trifugation at 100,000 X g for 90 min at 4°C. Octadecyl rhodamine B
chloride (R18)-labeled HMPV (R18-MPV) was prepared by incubating
10 mM R18 dissolved in ethanol with sucrose-purified HMPV at 20 nmol
R18 per mg total virus protein for 1 h at room temperature. The reaction
mixture was pelleted through a discontinuous sucrose gradient by ultra-
centrifugation at 100,000 X g for 90 min at 4°C. Labeled virus (pink by
visible light) was collected at the 20/60% sucrose interface, snap-frozen in
dry ice-alcohol, and stored at —80°C. All virus preparations were titrated
on LLC-MK2 and BEAS-2B cells as previously described (40). Heat-inac-
tivated virus was prepared by heating R18-MPV at 70°C for 15 min.

Recovery of recombinant HMPV with F-RAE mutation. The HMPV
reverse genetics system designed and kindly provided by Ron Fouchier
was used (13). Nucleotides 4054 to 4059 in the viral genome plasmid FLG
NLOO0-1 were changed from GGAGAC to GCAGAG by site-directed mu-
tagenesis using QuikChange II (Stratagene) and confirmed by DNA se-
quencing. This genetic mutation changes the invariant F-RGD motif to
F-RAE in the translated fusion protein. We chose the RAE mutation based
upon observations from other viruses that utilize RGD binding motifs
during virus entry, where often only RGD revertants can be recovered.
Thus, we decided to make conservative mutations to two amino acids in
the motif, since no comparable amino acids substitute well for the Arg
unique structure. Wild-type (F-wt; unmodified FLG NL00-1 genome)
and F-RAE viruses were rescued in BSR T7/5 cells using the previously
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described method (13), except LLC-MK2 cells were used in lieu of Vero
cells and viruses were harvested at 13 to 15 days postinfection of LLC-
MK2 monolayers. Because the reverse genetics system relies on plasmid-
carried genomes, individual viral clones were recovered in replicate wells
from three independent experiments. We rescued four F-RAE virus
clones and four F-wt clones as a positive control. The viral genome was
extracted from centrifuge-clarified virus preparations with the RNeasy
minikit (Qiagen) according to the manufacturer’s protocol. A nested PCR
amplification strategy was used to amplify the F protein open reading
frame, with flanking intragenic genomic sequences. Primers for the nested
PCR amplification of F have been previously described (41). Reverse tran-
scription-PCR (RT-PCR) bands were gel purified, subcloned into pGEM
(Promega), and sequenced to confirm that the desired genetic mutation
was maintained and no other mutations had been introduced during virus
propagation.

VLPs. HMPV virus-like particles (VLPs) were generated in suspen-
sion 293-F cells by transient expression of the HMPV matrix (M), fusion
(F), and glycoprotein (G) proteins. Cloning and sequence optimization
for mammalian expression of the full-length F sequence from a patho-
genic clinical HMPV isolate, TN/92-4 (virus genotype A2), have been
previously described (12). The full-length M and G sequences from TN/
94-49 (virus genotype A2) were also sequence optimized (GeneArt) and
subcloned into pcDNA3.1. Suspension 293-F cells were transfected with
pcDNA3.1-M (40 pg), pcDNA3.1-F (10 pg), and either empty vector
(pcDNA3.1) (10 pg) for F-VLPs or pcDNA3.1-G (10 pg) for F+G-VLPs
using 293fectin transfection reagent (60 pul) as recommended by the man-
ufacturer (Invitrogen). G-VLP producer cells were transfected with
pcDNA3.1-M (40 pg), empty vector (pcDNA3.1) (10 pwg), and
pcDNA3.1-G (10 pg). At 18 hours posttransfection, growth medium was
changed and 5 pg/ml trypsin was added. At 3 days posttransfection, cells
and debris were separated from the supernatant by centrifugation at
300 X gfor 5min. Clarified supernatant was pelleted through 20% sucrose
as described above for virus. White VLP pellets were resuspended in MHN
solution (0.1 M MgSO,, 50 mM HEPES, 150 mM NaCl), R18 labeled as
described for virus, and stored at —80°C.

Western blotting. For the analysis presented in Fig. 5C, sucrose-pu-
rified HMPV or VLPs were diluted in phosphate-buffered saline (PBS),
immunoprecipitated with 2 pg of an F-specific MAb (DS7) (39) for 4 h,
and captured on protein G-agarose beads (Sigma). Beads were washed
thrice with PBS and heated to 70°C for 10 min in NuPAGE LDS sample
buffer (Invitrogen) containing 5% (-mercaptoethanol (Sigma). Proteins
were separated on 10% NuPAGE bis-Tris gels (Invitrogen) and trans-
ferred to polyvinylidene fluoride (PVDF) membranes. Membranes were
blocked for 1 h with 5% milk in PBS plus 0.1% Tween (blocking buffer).
Polyclonal guinea pig antiserum, which was generated against sucrose-
purified HMPV (TN/94-49) and recognizes both HMPV F and G pro-
teins, and rabbit polyclonal anti-M serum were diluted in blocking buffer
and incubated with membranes for 12 to 14 h at 4°C. Li-Cor IRDye
800CW anti-guinea pig and IRDye 680CW anti-rabbit secondary anti-
bodies were diluted in blocking buffer and incubated with membranes for
1 hatroom temperature. Membranes were washed three times in PBS plus
0.1% Tween and twice in PBS to remove residual detergent and dried.
Bands were imaged and quantified using an Odyssey infrared imaging
system (Li-Cor). For the analysis shown in Fig. 8G, producer cell lysates
were prepared in lysis buffer containing 20 mM Tris (pH 7.4), 150 mM
NaCl, 1 mM EDTA, and 1% NP-40 supplemented with a complete pro-
tease inhibitor cocktail (Roche). Total protein concentrations for cell ly-
sates and sucrose-purified, R18-labeled VLPs were determined with the
Bio-Rad DC protein assay (Bio-Rad). Proteins were separated by SDS-
PAGE, transferred to PVDF membranes, and incubated with HMPV E-
specific MAb 1017 and Cy5-conjugated anti-Armenian hamster second-
ary antibody (Jackson ImmunoResearch) as described above.

Flow cytometry. BEAS-2B cells were harvested and incubated with
either isotype control or anti-human integrin antibodies, followed by Al-
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exa Fluor 647-conjugated secondary antibodies (Invitrogen). Expression
levels of different integrins were detected with a BD LSRII flow cytometer.

Quantifying HMPYV infection. At 24 hours postinoculation, BEAS-2B
cell monolayers were fixed with buffered formalin (3.3% in growth me-
dium) and immunostained for HMPV infection with a precipitating per-
oxidase substrate (True Blue; KPL) as previously described (11). Individ-
ual wells were imaged on a light box with a macro zoom lens (Navitar, 18
to 108 mm), and infected cells, which appear blue, were enumerated using
Image]. Cells in entire wells were counted. The image contrast threshold
was held constant during counting for all wells in a single plate.

Visualizing HMPV plaques by microscopy. Serial dilutions of F-wt or
F-RAE viruses were adsorbed to LLC-MK2 cell monolayers for 1 h at
room temperature. Cells were overlaid with Opti-MEM I medium con-
taining 0.75% methylcellulose and 5 ug/ml trypsin and incubated at 37°C
with 5% CO, for 4 days. Cell monolayers were fixed and immunostained,
and plaques were counted. Cell images were captured with a Zeiss Axio-
vert 200 microscope using a 2.5X or 10X objective.

Electron microscopy. Sucrose-purified HMPV and VLPs were stained
with uranyl formate and prepared for transmission electron microscopy
(TEM) as described previously (26). Briefly, 2.5 pl of particles was ad-
sorbed to a glow-discharged 200-mesh copper grid covered with carbon-
coated collodion film. The grid was washed with water and stained with
uranyl formate (0.75%). Samples were imaged on a FEI Morgagni elec-
tron microscope operated at an acceleration voltage of 100 kV. Images
were recorded at a magnification of 28,000 and collected using a 1,000 by
1,000 charge-coupled device (CCD) camera (AMT). Ten to 30 represen-
tative HMPV, F-VLP, or F+G-VLPs were chosen for morphology analy-
sis. Measurements of particle diameters and glycoprotein spike length
were made using AMT Image Capture Engine software.

Fluorescence microscopy. Viral fusion was monitored by fluores-
cence microscopy as R18-MPV fused with live cells. BEAS-2B cells, grown
to ~90% confluence on a thin layer of Matrigel (BD Biosciences) in 6-well
plates, were incubated with 25 wg/ml 4’,6-diamidino-2-phenylindole
(DAPI) in culture medium for 1 h at 37°C. Excess DAPI was washed away,
and cells were incubated with R18-MPV (0.2 PFU/cell) for 1 h on ice.
Unbound virus was washed away, and Opti-MEM I medium (without
phenol red) supplemented with 2% FBS was added to cells. The zero time
point was imaged with cells at 4°C. Virus fusion was initiated by incubat-
ing cells at 37°C. Live cell images were captured with a Zeiss Axiovert 200
microscope using a 40X objective with 359/461-nm (DAPI) and 556/
573-nm (R18) filters at the indicated time points.

R18-MPV binding assay. To study HMPV binding, we developed a
fluorescence-based assay to quantify binding independently of fusion and
infection, allowing us to discriminate the first critical step in the entry
process. We loaded HMPV particles with self-quenching concentrations
of octadecyl rhodamine B chloride (R18-MPV) (15). To measure binding,
R18-MPV was bound to cells and subsequently solubilized with detergent,
resulting in fluorescence proportional to the amount of bound virus. Spe-
cifically, R18-MPV (0.02 PFU/cell) was incubated with BEAS-2B cells
grown to 90 to 95% confluence on a thin layer of Matrigel (BD Biosci-
ences) in 48-well plates for 1 h on ice. Cells were washed with ice-cold PBS
to remove unbound virus. PBS plus 1% Triton X-100 was added to each
well, and fluorescence (excitation, 544 nm; emission, 590 nm) was mea-
sured using a SpectraMax M5 (Molecular Devices) plate reader. For dose-
response experiments (results in Fig. 1), serial 2-fold dilutions of 2 X 10°
PFU were incubated with cell monolayers prior to detecting virus binding
(reported as fluorescence intensity) or infectivity. For function-blocking
antibody experiments, integrin-specific antibodies were diluted in Opti-
MEM I plus 5% FBS and incubated with BEAS-2B cell monolayers for 1 h
at 37°C, followed by 30 min on ice, before addition of ice-cold virus
inoculum. Binding was expressed as mean percent inhibition relative to
an untreated control. For infectivity experiments, instead of detergent,
growth medium was added and cells were incubated at 37°C with 5% CO,.
At 24 hours postinoculation, cell monolayers were fixed with buffered
formalin and immunostained for HMPV infection as previously de-
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scribed (11). Infected cells were enumerated as described above, and
infectivity was expressed as mean percent inhibition relative to an
untreated control. R18-VLP experiments were conducted as described
for R18-MPV.

R18-MPV fusion assay. To measure fusion, we incubated cells with
R18-MPV at 4°C, washed away unbound virus, added fresh cell culture
medium, and incubated cells at 37°C, monitoring R18 fluorescence in real
time. During virus-cell fusion, R18 dilutes from the virus membrane into
unlabeled cell membranes, resulting in a measureable increase in fluores-
cence that reflects the extent of virus fusion. This assay allowed us to
monitor HMPV fusion while virus and cell membranes were in the pro-
cess of merging. While developing the assay, we tested various plate reader
settings and found that top-read and bottom-read fluorescence readings
generated equivalent R18 dequenching curves during R18-MPV fusion
with BEAS-2B cells. HMPV fusion kinetics were similar when monitored
in either clear 48-well plates or black (opaque) transparent-bottom 96-
well plates, indicating that cross talk between adjacent wells did not sig-
nificantly affect fluorescence readings for this assay. Background fluores-
cence during experiments measured with top-read mode (excitation, 544
nm; emission, 590 nm) was typically 20-fold lower than the initial R18
fluorescence reading (see Fig. 7B). Moreover, R18-MPV dequenching ki-
netics were equivalent over a 30-fold range of virus binding, despite de-
clining fluorescence signals for lower multiplicities of infection (MOls).

For the experiments described here, R18-MPV (0.1 PFU/cell) was
bound to BEAS-2B cells grown to 90 to 95% confluence on a thin layer of
Matrigel (BD Biosciences) in 48-well plates for 1 h on ice. Unbound virus
was removed by washing with ice-cold PBS before Opti-MEM I (without
phenol red) supplemented with 2%FBS was added to cells. Ice-cold plates
were transferred to a preheated (37°C) SpectraMax M5 plate reader. Flu-
orescence (excitation, 544 nm; emission, 590 nm; top-read mode) was
measured in real time for 2 h with readings collected every 2 min or for 4
h with readings in 5-min intervals. At the end of the time course, Triton
X-100 (final concentration of 1%) was added to each well, and final fluo-
rescence readings were acquired. R18-VLP experiments were conducted
as described for R18-MPV. Function-blocking integrin antibody experi-
ments were performed as described above. The ability of bound R18-MPV
or R18-VLPs to subsequently undergo fusion was defined as R18 de-
quenching and calculated according to the following equation: % R18
dequenching = 100 X (F — F,)/(F; — F,), where F is fluorescence, F, is
fluorescence at + = 0 min, and F, is fluorescence after the addition of
Triton X-100 (at the end of the experiment).

Real-time RT-PCR. Function-blocking integrin-specific antibodies
(anti-a2 [10 pg/ml] or a combination of anti-aV [40 pg/ml], anti-a5 [6
pg/ml], and anti-B1 [7.5 pg/ml]) were diluted in Opti-MEM I and incu-
bated with 90% confluent BEAS-2B cells grown on a thin layer of Matrigel
in 48-well plates for 1 h at 37°C and then for 30 min on ice. Cells incubated
with Opti-MEM I only (no MAb) were used as the negative control.
HMPV (0.25 PFU/cell) was added to cells and allowed to bind for 1 h on
ice with occasional rocking. Cells were washed twice with ice-cold PBS to
remove unbound virus. Half of the wells were used to determine the input
viral genome (lysed immediately [ = 0]), and half of the wells were incu-
bated in Opti-MEM I supplemented with 2% FBS for 8 h at 37°C to allow
virus entry and transcription. At t = 0 or 8 h, cells were washed with PBS
to remove medium, and lysates were prepared in 350 .l of MagNA Pure
LC total nucleic acid lysis/binding buffer (Roche Applied Sciences) and
stored at 4°C. RNA was extracted using the MagNA Pure LC total nucleic
acid isolation kit (Roche Applied Sciences) on a MagNA Pure LC using the
total NA external lysis protocol and stored at —80°C until further use.
Real-time RT-PCR was performed in 25-pl reaction mixtures containing
5 wl of extracted RNA on an ABI StepOnePlus real-time PCR system (Life
Technologies/Applied Biosystems) using the AgPath-ID one-step RT-
PCR kit (Applied Biosystems/Ambion). Primers and probe targeting the
HMPV N gene have been previously published (2) and were used to detect
HMPYV genome and transcripts. Cycling conditions were 50°C for 30 min,
followed by an activation step at 95°C for 10 min and then 45 cycles of 15
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FIG 1 A fluorescence-based assay to quantify HMPV binding. (A) Schematic of HMPV binding assay. R18-MPV was bound to cells on ice to prevent virus
fusion. Adding detergent chemically dequenched the R18 dye associated with virus membranes, resulting in measurable fluorescence proportional to the amount
of virus bound to cells. (B) R18-MPV binding to human bronchial epithelial (BEAS-2B) cells results in a linear increase in fluorescence (slope = 144.1 = 8.8;1* =
0.9817). Binding was measured as fluorescence of cell-bound virus after addition of 1% Triton X-100. Results are means = standard errors of the means (SEM)
for three independent experiments performed in triplicate. (C) R18-MPV binding correlates with infectivity (slope = 0.009 = 0.0004; r* = 0.9910). R18-MPV
binding was assessed as for panel B; identical wells were incubated at 37°C in culture medium, and HMPV-infected cells were enumerated at 24 h postbinding as
described in Materials and Methods. Results are means = SEM for three independent experiments performed in triplicate.

sat 95°C and 30 s at 60°C. All sample cycle threshold (C;) values were less
than 26 and were considered positive; the HMPV N C,. values for mock-
infected cells were undetectable at >45. To determine the amount of
HMPV N transcript for each treatment condition, values were normalized
to the glyceraldehyde-3-phosphate dehydrogenase (GAPDH) housekeep-
ing gene and compared to input genome levels using the 2~ **“T method,
where AAC; = (HMPV N C;y — GAPDH Cyg) — (HMPV N C;y —
GAPDH Cyy) (3,22, 27). The effect of integrin inhibitors was determined
by comparing the fold change in HMPV N over time relative to the treat-
ment control (no MAD).

Statistical analysis. For binding and infectivity experiments, data are
expressed as mean percent inhibition, relative to an untreated control, for
at least three independent experiments performed in triplicate. Student’s
t test was used to determine whether the level of inhibition observed in the
presence of integrin-blocking antibodies was significantly greater than
that for the untreated control (no MAD). For the combination blockade
experiments, a t test was used to determine whether the level of inhibition
observed for one MADb differed from the level of inhibition observed when
two MAbs were used to target different integrins during HMPV binding
or infection. Virus and VLP fusion extents were compared using a one-
way analysis of variance (ANOVA) and Tukey’s multiple-comparison
test. For all analyses, a P value of =0.05 was considered statistically signif-
icant.

RESULTS
HMPYV binding and subsequent infection depend upon RGD-
binding integrins. We previously showed that RGD-binding in-
tegrins promote HMPV infection (11), but we did not determine
whether integrin engagement was required for HMPV entry. In-
vestigating HMPV entry presented methodological challenges be-
cause both attachment and fusion are necessary for virus entry;
therefore, a complete understanding of virus entry required assays
that quantify binding and measure fusion. As virus receptors,
RGD-binding integrins could be required for HMPV F binding,
fusion, or both steps in virus entry. First, we developed a fluores-
cence-based assay to quantify binding independently from fusion
and infection, allowing us to discern virus attachment (see Mate-
rials and Methods). HMPV binding resulted in a dose-dependent
increase in fluorescence that directly correlated with infectivity
(Fig. 1), confirming that the assay measured productive virus
binding to cells.

Next, we sought to determine whether HMPV binds RGD-
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binding integrins during virus attachment to human bronchial
epithelial (BEAS-2B) cells. BEAS-2B cells express several RGD-
binding integrin subunits, i.e., &V, a5, B1, B3, and B5, and the
collagen-binding integrin subunit o2 (Fig. 2). Therefore, all the
heterodimeric RGD-binding integrins on BEAS-2B cells contain
aV, a5, and/or B1 integrin subunits. We blocked each individual
integrin subunit with function-blocking antibodies and examined
the effect on HMPV attachment and infectivity. We found that
HMPYV binding and infection were inhibited in a dose-dependent
manner as a result of RGD-binding integrin blockade (Fig. 3).
HMPV bound in an a5, 1, and «V integrin-dependent manner
(Fig. 3C to E), but B3 MAb had no effect (Fig. 3B). Based upon the
low expression level of 33 that we observed in our flow cytometry
experiments despite high expression levels of the aVB3 het-
erodimer (compare Fig. 2E and F), we were concerned that the 33
MAD might not efficiently bind a VB3 integrin on the surface of
BEAS-2B cells. Therefore, we tested whether aVB3 function-
blocking MADb (40 pg/ml) inhibited HMPV binding or infectivity
and found that blocking aVB3 had no effect (data not shown).
HMPV binding and infection did not depend upon the collagen-
binding integrin a2, as expected (Fig. 3A). These results indicate
that HMPV can bind to different RGD-binding integrins, i.e.,
a5B1 and either aVB1, aVB5, aVB6, or VB8, on BEAS-2B cells.

To further explore whether HMPV engaged multiple RGD-
binding integrins during entry, we measured HMPV binding
while all RGD-binding integrins were blocked using combina-
tions of MAbs. Blocking all RGD-binding integrins resulted in
~40% reduced virus binding, comparable to the inhibition ob-
served when individual integrins were blocked (Fig. 3F, aV + B1
and aV + a5). This suggests to us that HMPV is capable of en-
gaging different RGD-binding integrins at the cell surface but that
integrin-mediated attachment is saturable. Residual virus binding
is mediated by other cell surface molecules that participate in ini-
tial HMPV attachment, such as heparan sulfate, which has re-
cently been identified as critical for HMPV F attachment (7). Fur-
ther, the HMPV G protein has been shown to bind cellular
glycosaminoglycans (37) and likely contributes to HMPV bind-
ing, in an integrin-independent manner.

Blocking all RGD-binding integrins resulted in 90% reduction
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FIG 2 Integrin expression on human bronchial epithelial (BEAS-2B) cells.
BEAS-2B cells were stained for surface expression of specific integrins and
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B3 (E) integrin subunits or the aVB3 heterodimer (F) is shown in shaded
histograms, relative to an isotype control antibody (open histograms). The
number in the upper right corner of each panel represents mean fluorescence
intensity of integrin expression.

of HMPV infection, significantly more than when individual in-
tegrin subunits were blocked (Fig. 3F, aV + B1 and aV + a5).
Thus, we observed an additive inhibitory effect on infectivity
when all RGD-binding integrins were blocked during entry. The
additive effect on HMPV infectivity was also observed when
lower, nonsaturating concentrations of a5 and «V MAbs were
used to block integrin receptors during HMPV entry (Fig. 4).
These results suggest that HMPV is capable of engaging multiple
RGD-binding integrins rather than a single, specific integrin dur-
ing the entry process. Further, infection was inhibited to a greater
degree than binding for all RGD-binding integrins (Fig. 3C to F),
suggesting that RGD-binding integrins serve a postbinding role
during HMPYV infection. We confirmed that the integrin MAbs
did not exert an indirect effect on endocytosis by measuring the
uptake of fluorescent dextran, which was not inhibited in the pres-
ence of integrin MADbs (data not shown). Further, we performed
integrin antibody binding at 4°C with similar results (not shown),
showing that MAb binding at 37°C did not induce an indirect
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FIG 3 HMPV binding and subsequent infection depend upon RGD-binding
integrins. (A to E) HMPV binding (black circles) or infection at 24 h (gray
squares) was determined in the absence or presence of a2 (A), 33 (B), a5 (C),
B1 (D), or aV (E) integrin function-blocking antibodies. Results from at least
three independent experiments performed in triplicate are expressed as mean
percent inhibition relative to untreated control; error bars indicate SEM.
*, P = 0.05 from Student’s ¢ test, comparing antibody treatment to no treat-
ment. (F) The highest concentrations of aV, B1, or o5 function-blocking
antibodies were used alone or in combination to target multiple integrins, and
HMPYV binding (black bars) or infectivity (gray bars) was determined. Aster-
isks indicate an additive effect of combination blockade on HMPV infectivity
(gray bars); Student’s t test comparing two treatments, P = 0.05.

effect on HMPV entry. Thus, while ~50% of HMPYV particles are
capable of binding in an integrin-independent manner, these at-
tachment events do not lead to productive entry in the presence of
RGD-binding integrin-specific antibodies. These data indicate
that HMPV engages RGD-binding integrins during virus attach-
ment and that integrin-mediated binding is necessary for infec-
tion.

HMPYV F binds to RGD-binding integrins in the absence of G.
To test the hypothesis that HMPV F directly engages RGD-bind-
ing integrins during attachment, we established a system to inves-
tigate F-mediated binding in the absence or presence of the viral
attachment (G) protein. We generated virus-like particles (VLPs)
with only HMPV F (F-VLP) or both the F and G proteins (F+G-
VLP) (see Materials and Methods). F-VLPs and F+G-VLPs were
similar to virus in morphology, and F glycoprotein spikes of 13.3
nm were visible on the surfaces of virus and VLPs (Fig. 5A and B).
The majority of the F spikes appear to resemble the “ball-and-
stem” conformation observed for prefusion soluble paramyxovi-
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rus F protein (10). Rarely, we observed F spikes that appeared
elongated with a wider base and compacted head domain, which
may be F trimers that have adopted the postfusion conformation,
as the shape is consistent with previous EM images of paramyxo-
virus postfusion soluble F protein (10). Spikes with a stem and a
branched head domain were occasionally visible in the virus and
F+G-VLP electron micrographs (Fig. 5A and C). These “tree-
shaped” spikes may be the HMPV G protein, but further charac-
terization would be required to confirm this speculation. We con-
firmed the incorporation of HMPV M, F, and G by Western blot
analysis, following immunoprecipitation of virus and VLPs with a
MAD recognizing the F protein. HMPV M and G coimmunopre-
cipitated with the F protein (Fig. 5C), indicating that these viral
proteins were contained in VLPs with F protein. Two forms of the
fusion protein were detected: the uncleaved precursor (F0) and a
large subunit from the cleaved form (F1). Although we observed
differences in F cleavage (conversion of FO to F1) in the virus
preparation, the F-VLP and F+G-VLP preparations contained
similar levels of HMPV F in both forms. HMPV G bands mi-
grate as a hazy smear at 70 to 90 kDa due to heavy glycosylation
of the G protein (5, 21, 31). Levels of G were similar for virus
and F+G-VLPs.

HMPV, F-VLP, and F+G-VLP binding were significantly im-
paired by aV, a5, and B1 integrin blockade, while blocking o2
integrin had no effect (Fig. 5D). Both HMPV and VLP binding
were inhibited by ~50% in the presence of RGD-binding integ-
rin-specific antibodies. Importantly, there were no differences in
binding or susceptibility to MAb blockade between F-VLPs and
F+G-VLPs. Thus, HMPV F binding occurs in an RGD-binding
integrin-dependent manner, independently of any contribution
that HMPV G-receptor binding may add to virus binding. These
results indicate that F engages RGD-binding integrins during at-
tachment and the viral G protein does not contribute to integrin
engagement during virus attachment.

The HMPYV F RGD motif is required for HMPV infection. To
further define the importance of HMPV F binding to RGD-bind-
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ing integrins, we investigated whether the conserved RGD motif
was necessary for HMPV infection. We used reverse genetics to
replace the F protein RGD motif with an RAE mutation in the viral
genome. F-RAE virus growth was delayed and attenuated, result-
ing in >2-log,,-lower peak titers in the supernatant (Fig. 6A). The
total F-RAE virus yield obtained from pooling supernatant and
cell-associated virus fractions, harvested 13 to 15 days postinocu-
lation when F-wt virus infected cells exhibited maximal cytopathic
effect, had >3-log,,-lower titers than F-wt viruses (data not
shown), indicating that lower supernatant titers were not due to a
defect in virus budding. F-RAE plaques were tiny and could not be
enumerated without microscope magnification, while F-wt
plaques could be counted by eye (Fig. 6B). F-RAE plaques also
lacked characteristic syncytia visible in F-wt plaques (Fig. 6C),
suggesting that budding F-RAE virus cannot infect neighboring
cells and that cell-cell F-mediated fusion was also impaired when
the conserved RGD motif was changed to RAE. To confirm that
the RAE mutation did not alter F expression, we expressed HMPV
F-RAE from a plasmid and determined that F-RAE was expressed
on the surface of transfected cells at wild-type levels and was
cleaved from the immature (FO) form to the functional (F1/F2)
form by the addition of trypsin at the same efficiency as for F-wt
(data not shown). Therefore, the defect in F-RAE virus replication
is unlikely to be due to a defect in fusion protein expression or
cleavage. These results suggest that F-RGD-mediated binding is
required for HMPV infection and support a mechanism where F
interacts directly with RGD-binding integrins during attachment.

HMPYV fusion is not triggered by HMPV G or RGD-binding
integrins. The finding that HMPV infection was inhibited more
potently than attachment by RGD-binding integrin blockade sug-
gested that not only binding but also subsequent fusion depend
upon RGD-binding integrin engagement. To investigate whether
HMPV F fusion activity was linked to RGD-integrin binding, we
sought to determine HMPV virus-cell fusion kinetics.

We developed an R18-dequenching assay to monitor virus-cell
membrane fusion in real time (see Materials and Methods). Dur-
ing virus-mediated fusion, R18 dilutes from a quenched state in
the viral membrane into unlabeled cell membranes, resulting in
fluorescence (R18 dequenching) that reflects the extent of virus
fusion. R18-MPYV attached to the cell surface resulted in minimal
R18 fluorescence (Fig. 7A, time = 0 min). However, during virus-
cell fusion, we observed a steady increase in R18 fluorescence over
time (Fig. 7A). HMPV fusion appeared to progress from punctu-
ate foci to fluorescent cell membranes. R18-MPV fusion resulted
in a linear increase in R18 fluorescence over 2 h, which reached a
plateau after 160 min (Fig. 7B, red circles). As expected, fusion was
temperature dependent, because cells maintained at 4°C did not
increase in fluorescence intensity over time (Fig. 7B, blue squares).

HMPV fusion appeared to be a slow process, but we sought to
confirm that the increased R18 signal was due to virus fusion and
that known inhibitors of HMPV fusion could inhibit R18 de-
quenching in our assay. To monitor HMPV fusion kinetics but
normalize for any differences in particle binding, we converted the
R18 fluorescence intensity to percent R18 dequenching over time
(as described in Materials Methods) for the positive inhibition
controls (Fig. 7C) and all conditions tested and reported in Fig. 8.
Paramyxovirus fusion proteins can be artificially triggered to re-
fold into an inactive postfusion structure by heat (10). Heat-inac-
tivated R18-MPV could bind but not fuse with cells (Fig. 7C, black
squares), confirming that the R18 fusion signal was due to active
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available RGD-binding integrins). Results from three independent experiments are expressed as mean percent inhibition relative to an untreated control (no

MAD). Error bars indicate SEM; *, P < 0.05.

virus fusion rather than passive transfer of R18 dye. R18-MPV
fusion was significantly inhibited in the presence of neutralizing
HMPYV antiserum (Fig. 7C, green triangles). The polyclonal anti-
serum reduced R18-MPV binding by ~50% but completely neu-
tralized HMPV infection (data not shown). Thus, HMPV F-spe-
cific antibodies in the serum blocked binding but also prevented
bound virus from fusing with cells. Importantly, this inhibition of
virus-cell fusion resulted in significantly less R18 dequenching in
the fusion assay. Thus, our findings indicate that HMPV fusion is
a slow process that occurs over several hours.

Next, we investigated whether the HMPV attachment (G) pro-
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tein was required for virus-cell fusion. Schowalter et al. previously
reported that HMPV G was not required for HMPV F-mediated
cell-cell fusion, although the authors suggested that the G protein
might enhance fusion in certain cell types (33). HMPVAG is at-
tenuated in vivo, although it is currently not clear whether lower
viral titers are due to a defect in virus binding and/or entry (4, 5).
Further, no previous studies have assessed whether virus-cell fu-
sion requires the presence of the HMPV G protein. To determine
whether HMPV G was required to trigger F-mediated fusion, we
analyzed VLP fusion kinetics. Results for R18-F-VLP fusion con-
trols are shown in Fig. 8A. As expected from our virus-cell fusion

Journal of Virology


http://jvi.asm.org

>

—-F-wt
~F-RAE

-

Virus Titer (log4o pfu/mL)

0 2 4 6 8 1012 14 16 18 20
Days post inoculation

ST Ayt AN 74

HMPV F Interacts with Integrins To Mediate Entry

1

e a7

FIG 6 The HMPV F RGD motif is required for HMPV infection. (A) Titers from reverse-engineered viruses recovered with either the native RGD motif (F-wt)

or F-RAE are shown as mean titer for two independently recovered viruses; error bars indicate SEM. The limit of detection is shown as a dotted line. (B and C)
Light microscopy images depicting typical plaque size and morphology for HMPV F-wt and F-RAE. LLC-MK2 cells were infected with either HMPV F-wt or
F-RAE and incubated for 4 days under a semisolid medium, permitting only cell-to-cell virus spread. HMPV-infected cells are stained black. Magnifications,
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experiments, heat inactivation abolished R18 dequenching.
G-VLP dequenching (Fig. 8A, diamonds) provided a measure of
background R18 transfer in our VLP fusion assay, as these parti-
cles are expected to bind but not fuse because they do not have
HMPV F. Neutralizing antiserum significantly reduced HMPV
F-mediated VLP fusion, nearly to the background levels observed
for G-only VLPs. These fusion controls indicate that there is some
nonspecific R18 dye transfer in the VLP fusion assay but that
HMPV F-mediated fusion kinetics can be quantified because F-
VLP dequenching was significantly over background. Next,
F-only and F+G VLP fusion kinetics were monitored to define
whether the HMPV G protein contributed to HMPV fusion. We
found that F-only VLP and F+G-VLP fusion proceeded with the
same kinetics (Fig. 8B) and to the same extent (Fig. 8C). Thus, G
does not contribute to F-mediated VLP fusion in the in vitro fu-
sion assay. We noted that VLP fusion was not as efficient as virus
fusion (Fig. 8B and C); however, despite differences in fusion ex-
tent, the early kinetics of virus and VLP fusion were identical.
Fusion began after a discernible delay, the initial fusion rate be-
came lower after 2 h, and fusion reached a plateau at around 4 h.
These similarities suggest that VLP fusion represents an appropri-
ate model for early virus fusion kinetics. Thus, these results indi-
cate that the HMPV F protein is necessary and sufficient for virus-
cell fusion and can regulate fusion in the absence of G. Our
findings suggest that HMPV F-receptor interactions are sufficient
to trigger fusion, and G interactions with F do not appear to be
essential for HMPV virus-cell fusion in vitro.
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We hypothesized that HMPV F binding to RGD-binding in-
tegrins may serve to trigger fusion. To explore this possibility, we
assessed HMPV and VLP fusion kinetics in the presence of integ-
rin function-blocking antibodies. As expected, blockade of RGD-
binding integrins significantly decreased the amount of virus and
VLP binding (inhibiting binding by ~50%), while blocking the
collagen-binding integrin subunit a2 had no effect (data not
shown). However, we found that HMPV fusion was not signifi-
cantly impaired by RGD-binding integrin blockade (Fig. 8D to F).
Blocking RGD-binding integrins during virus or VLP binding al-
tered neither fusion kinetics nor fusion extent after 4 h. In other
words, even though ~50% less virus or VLPs bound to the surface
of cells during RGD-binding integrin blockade, the particles that
did bind were still capable of mediating fusion.

In order to examine the importance of the integrin-binding
motif for F-mediated particle-cell fusion, we generated F-RAE
VLPs. F-RAE VLPs budded with slightly less efficiency than F-wt
VLPs, although the fusion protein was efficiently cleaved into the
fusogenic form (indicated by FO-to-F1 conversion) (Fig. 8G). We
found that F-RAE VLPs fused with kinetics identical to those of
wild-type F-VLPs (Fig. 8H), which would be expected if integrin
binding was not the primary trigger for the initiation of HMPV
fusion. We tested F-RAE versus F-RGD VLP fusion at different
concentrations of bound particles (a range of 30-fold) to confirm
that the number of particles bound did not affect fusion kinetics,
and we found that R18-dequenching kinetics were unaltered (data
not shown). These results strongly suggest that although efficient
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FIG 7 HMPV fusion occurs slowly over the course of several hours. (A) R18-MPV fusion with live, adherent human bronchial epithelial (BEAS-2B) cells. R18
fluorescence increases over time as R18 dye self-quenched in the virus membrane dilutes into cellular membranes during virus-mediated membrane fusion. The zero
time point was imaged before incubating cells at 37°C to initiate virus fusion. Live cell images were captured with a Zeiss Axiovert 200 microscope using a 40X objective
with 359/461-nm (DAPI) and 556/573-nm (R18) filters at the indicated time points. (B) R18-MPV fusion was measured with a plate reader. Curves represent
fluorescence of cells (gray diamonds), cells plus R18-MPV at 4°C (blue squares), or cells plus R18-MPV at 37°C (red circles). Results for triplicate wells (mean = standard
deviation [SD]) from a representative experiment are shown. (C) R18-MPV fusion was measured in the absence (red circles) or presence (green triangles) of neutralizing
HMPV antiserum (dilution, 1:40) or for heat-inactivated virus (black squares). Percent R18 dequenching was calculated as described in Materials and Methods. Curves
represent mean percent R18 dequenching for three independent experiments, monitored for triplicate wells. Error bars indicate SEM.

HMPV binding and productive infection require RGD-binding in-
tegrin engagement, integrin binding alone does not trigger fusion.
Productive HMPV transcription depends upon RGD-bind-
ing integrin-mediated virus entry. R18 dequenching measures
virus hemifusion, mixing of the outer lipid leaflets of virus and
cellular membranes as fusion begins. After hemifusion, HMPV
fusion and virus entry require merging of the inner leaflets of the
virus and cell membranes, formation of a fusion pore, fusion pore
expansion, and, finally, delivery of the viral genome into the cyto-
plasm for viral transcription. Thus, productive virus transcription
can be used as a measure of the entire virus entry process. Because
RGD-binding integrins were not required for HMPV hemifusion,
we next investigated whether integrins were required for full fu-
sion and virus genome entry, as measured by virus transcription at
8 h postinfection. We sought to determine whether RGD-binding
integrins mediated virus entry postbinding and designed the ex-
periment to elucidate whether HMPV bound in the presence of
RGD-binding integrin function-blocking antibodies was capable
of entering cells and producing virus transcripts. We used real-
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time RT-PCR to quantify the level of HMPV nucleoprotein (N)
transcribed during the first 8 h of infection (see Materials and
Methods) and found that blocking the interaction between
HMPV F and all RGD-binding integrins (aV plus a5 plus B1)
resulted in 50% fewer viral transcripts than for an untreated con-
trol (Fig. 9, hatched bar versus black bar). As expected, blocking
the collagen-binding a2 integrin subunit had no effect on HMPV
transcription (Fig. 9, gray bar). These results suggest that RGD-
binding integrins mediate postbinding events required for pro-
ductive virus entry and necessary for efficient virus transcription
early in HMPV infection.

DISCUSSION

HMPV gains entry into cells in a manner that can be mediated
solely by one surface glycoprotein, the fusion (F) protein. How
HMPV F mediates both attachment and fusion has not been
clearly defined. Here, we present evidence that F mediates HMPV
entry through an interaction with RGD-binding integrins. HMPV
F binds to RGD-binding integrins during virus attachment, and
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FIG 8 HMPV fusion is not triggered by HMPV G or RGD-binding integrins. (A) R18 F-VLP fusion was measured in the absence (circles) or presence (triangles)
of neutralizing HMPV antiserum or for heat-inactivated particles (squares). R18-G-VLP (diamonds) dequenching was monitored as a background control.
Percent R18 dequenching was calculated as described in Materials and Methods, and curves represent means for three independent experiments monitored for
triplicate wells. Error bars indicate SEM. (B and C) HMPV G does not alter HMPV F-mediated fusion kinetics or the extent of fusion at 4 h. R18-labeled HMPV
(black circles), F-VLPs (gray squares), or F+G-VLPs (open squares) were bound to the surface of BEAS-2B cells, and R18 fluorescence was monitored for 4 h.
Triton X-100 was added after 4 h to determine the extent of virus or VLP fusion. Curves in panel B represent mean percent R18 dequenching for three
independent experiments, monitored for duplicate wells. Bars in panel C represent the extent of fusion observed after 4 h for three independent experiments;
error bars indicate SEM. *, P < 0.05; N.S., P > 0.05. (D to F) HMPV F binding to RGD-binding integrins does not alter HMPV fusion kinetics. R18-labeled
HMPV (D), F-VLP (E), or F+G-VLP (F) fusion was assessed in the absence of antibodies (black lines) or in the presence of integrin function-blocking antibodies
against a2 integrins (gray lines) or all RGD-binding integrins (aV plus a5 plus 1) (dotted lines). Curves represent mean percent R18 dequenching for three
independent experiments monitored for duplicate wells. Error bars are not shown for figure clarity. Dequenching rates were not significantly altered in the
presence of integrin antibodies; however, significantly less HMPV and VLPs bound during RGD-binding integrin blockade (data not shown). (G) F-RGD (wt)
VLPs (10 pg), F-RAE VLPs (10 pg), and producer cell lysates (50 jug) were analyzed by Western blotting. Uncleaved (F0) and cleaved (F1) HMPV F were detected
with an F-specific MAb and fluorescent secondary antibody using the Li-Cor Odyssey infrared imaging system. C, untransfected 293-F cell lysate. (H) The RGD
integrin-binding motif is not required for efficient F-mediated hemifusion. R18 VLP fusion was measured for F-RGD (circles), F-RAE (triangles), or G-only
(squares) particles as described for panel A.

this binding event is necessary for virus entry and subsequent
productive infection. In lieu of an interaction between the viral
attachment (G) protein and cellular receptors, F is capable of ini-
tiating virus entry by binding directly to cellular receptors, includ-
ing RGD-binding integrins. Interestingly, while an F-integrin in-
teraction is necessary for virus entry, integrin binding does not
appear to trigger F-mediated hemifusion. RGD-binding integrins
are important for postbinding events, which occur after virus
hemifusion but before HMPV transcription. Thus, we propose a
model of HMPV entry as a stepwise process where (i) F binds to
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cell surface receptors, including RGD-binding integrins, (ii) un-
identified events trigger virus hemifusion, and (iii) RGD-binding
integrins facilitate postbinding events that promote virus entry
and lead to efficient virus transcription and productive infection.

We previously demonstrated that HMPV infection depends
upon RGD-binding integrins and suggested that aV31 was a re-
ceptor for HMPV (11). Here, we show that multiple RGD-binding
integrins can be used for infection, and integrins are required for
HMPYV attachment and entry. HMPV F-mediated attachment de-
pends, in part, upon RGD-binding integrin engagement on the
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FIG 9 Productive HMPV transcription depends upon RGD-binding integrin-
mediated virus entry. HMPV (MOI = 0.25 PFU/cell) was bound to the surface
of BEAS-2B cells in the absence or presence of a2 integrin or RGD-binding
integrin (aV plus a5 plus B1) function-blocking antibodies. Levels of HMPV
N transcript were determined at 8 h postinfection by real-time RT-PCR, rela-
tive to the GAPDH cellular gene. The 2~ 22T method was used to correct for
input genome and compare transcript levels in treated and untreated samples.
Data are presented as the average level of HMPV N transcript detected relative
to an untreated (no-MAD) control; error bars indicate SEM for six biological
replicates from two independent experiments.

surface of human respiratory epithelial cells. RGD-binding integ-
rin-specific binding accounted for about 40% of total R18-MPV
binding in our experiments, indicating that other cell surface re-
ceptors also bind HMPV. When all RGD-binding integrins were
blocked, we observed a 40% decrease in HMPV attachment that
resulted in a 90% reduction in HMPYV infectivity. This discrep-
ancy led us to explore whether RGD-binding integrins were re-
quired for virus entry after initial virus binding, and we found that
RGD-binding integrins promote virus entry after HMPV hemifu-
sion begins. HMPV transcription was reduced by 50% when
HMPV F-integrin binding was blocked. This suggests that al-
though HMPYV binds to cell surface receptors other than integrins,
most of these particles are not capable of delivering the genome
into target cells for virus transcription. Although it appears that
HMPV attaches to more than one receptor on the cell surface,
HMPYV F must engage RGD-binding integrins during attachment
for efficient virus entry and productive infection.

Chang et al. recently reported that HMPV binding and infec-
tion are mediated by interactions between the F protein and hepa-
ran sulfate and suggested that heparan sulfate is the first binding
partner for HMPV F (7). In experiments using 31 integrin-defi-
cient murine fibroblasts, 31 integrin was critical for HMPV infec-
tion, but the authors concluded that B1 integrin is involved after
initial binding and is not a direct cellular receptor for HMPV
because virus still bound B1 integrin-deficient cells (7). In light of
our findings that HMPV F binds multiple integrins during attach-
ment, HMPV F would be expected to bind to other RGD-binding
integrins such as V5, aV 6, and/or aVB8. HMPV F binding to
aV integrins could explain some of the residual F-mediated virus-
cell binding and low levels of infection that Chang et al. (7) ob-
served in B1 integrin-deficient cells at a higher multiplicity of
infection. Moreover, when B1-null fibroblasts were comple-
mented with human B1 integrin, HMPV F-only virus bound more
readily and infection was significantly enhanced (7). These find-
ings are consistent with our results implicating multiple RGD-
binding integrins (including a5B1) in regulating HMPV entry
following initial virus attachment. This suggests that heparan sul-
fate may be an important adhesion factor for HMPV F but that
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integrin engagement is critical for infection. Our results do not
exclude the possibility that F also interacts with other adhesion
factors during cell attachment. Indeed, our results strongly sug-
gest that HMPV F binds to multiple cellular receptors, and further
investigation is required to clarify which F-receptor interactions
are necessary to trigger F refolding and initiate virus hemifusion.
Taken together, the data suggest that HMPV F interacts with mul-
tiple binding partners during attachment, perhaps first attaching
to heparan sulfate before engaging specific proteinaceous recep-
tors such as RGD-binding integrins, which mediate postbinding
events that lead to productive HMPV infection.

Paramyxoviruses are believed to enter cells in a pH-indepen-
dent manner at the cell surface, a mechanism that requires recep-
tor binding to trigger virus-cell fusion. However, others have hy-
pothesized that HMPV fusion may be triggered by exposure to low
pH following virus internalization into cellular endosomes (32,
33). HMPV F-mediated cell-cell fusion of some lineage A strains is
enhanced by exposure to low pH; however, lineage B strains fuse
in a pH-independent manner (14, 24, 32, 33). Mas et al. identified
a tetrad of residues at positions 294, 296, 396, and 404 in the F
protein and found that the presence of residues GKRN conferred
a low-pH-dependent cell-cell fusion phenotype to HMPV F pro-
teins from all lineages (24). Here, we present virus-cell fusion
experiments with A2 F proteins that have tetrad residues EKRN,
typical of most A2 HMPV strains. Of note, A2 F proteins with the
tetrad residues EKRN poorly induced cell-cell membrane fusion
in a pH-independent manner, but low-pH-induced fusion was
enhanced with an E294G mutation according to Mas et al. (24).
Thus, our A2 F protein sequence would be predicted to support
pH-independent cell-cell fusion, although we have not tested this
directly. In our virus-cell fusion assay, we found that low-pH
pulses did not significantly enhance fusion of our A2 lineage virus
strain (R. G. Cox and J. V. Williams, unpublished data). Whether
the low-pH cell-cell fusion phenotype is indicative of a require-
ment for low-pH exposure within endosomes during HMPV en-
try is not clear.

The HMPV F protein alone is necessary and sufficient for virus
attachment, and VLPs with only F protein require RGD-binding
integrins for binding. Moreover, mutating the RGD to RAE re-
sulted in a 3-log,,-PFU defect in HMPV replication, showing that
the invariant RGD motif in the F protein is required for HMPV
infectivity. This strongly suggests that integrin binding is medi-
ated largely by the RGD motif and that HMPV F-integrin engage-
ment is essential for receptor-binding activity. The F RAE muta-
tion did not completely abolish HMPV infection, although F-RAE
viruses did not replicate efficiently and exhibited clear defects in
cell-to-cell spread. It is possible that simply mutating the 3-ami-
no-acid motif is not sufficient to completely abolish an F-integrin
interaction during virus binding; there are likely other residues in
both proteins that contribute to the interaction. The reproducible
recovery of low levels of an F-RAE virus and the detection of
F-RAE protein on the surface of infected cells suggest that the
F-RAE protein is expressed and folded into a fusion-competent
form that mediates low levels of virus entry. We confirmed that
the F-RAE mutation did not alter cell surface F expression or
cleavage levels when the protein was expressed from a plasmid in
transfected cells (data not shown). Unfortunately, due to the ex-
tremely low virus titer, it was not feasible to measure F-RAE virus
binding and fusion. However, we were able to compare F-RGD
and F-RAE VLP fusion kinetics, and we found that the integrin-
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binding motif was not required for efficient HMPV hemifusion.
Collectively, these results provide evidence that supports a mech-
anism where F engages RGD-binding integrin receptors during
virus entry. Our VLP experiments suggest that HMPV F-mediated
attachment and virus-cell fusion are regulated independently of
HMPV G. Because HMPV AG is not defective for replication in
vitro (5) and HMPV F-RAE is quite debilitated, our findings are
consistent with a mechanism whereby HMPV F interacts with cell
surface receptors in a manner that triggers fusion and facilitates
virus entry in a G-independent manner. It is important to note
that HMPV AG is attenuated in hamsters and nonhuman pri-
mates (4, 5), and G likely plays an important role in infection in
vivo.

By definition, virus receptors mediate attachment and facilitate
entry. In principle, cellular receptors for HMPV F could facilitate
entry by inducing conformational changes in F, recruiting co-
receptors to sites of virus attachment, recruiting cellular factors
that facilitate fusion pore expansion, or promoting internalization
of virus particles. Although HMPV F attachment was inhibited,
virus entry leading to efficient viral replication was further im-
paired in the presence of RGD-binding integrin antibodies. These
results explain why the inhibition of attachment is much less po-
tent than the inhibition of infectivity (Fig. 3). If HMPV binding
and postbinding events during entry depend upon RGD-binding
integrins, then infectivity should be affected to a greater degree
than attachment during integrin blockade. Our experiments sug-
gest that integrin engagement does not trigger HMPV hemifusion
but that RGD-binding integrins do promote HMPV entry. The
mechanism by which RGD-binding integrins regulate HMPV en-
try requires further investigation.
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