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ABSTRACT

Human metapneumovirus (hMPV) is a relatively recently identified paramyxovirus that causes acute upper and lower respira-
tory tract infection. Entry of hMPV is unusual among the paramyxoviruses, in that fusion is accomplished by the fusion (F) pro-
tein without the attachment glycoprotein (G protein). It has been suggested that hMPV F protein utilizes integrin �v�1 as a cel-
lular receptor. Consistent with this, the F proteins of all known hMPV strains possess an integrin-binding motif (329RGD331).
The role of this motif in viral entry, infectivity, and pathogenesis is poorly understood. Here, we show that �5�1 and �v integ-
rins are essential for cell-cell fusion and hMPV infection. Mutational analysis found that residues R329 and G330 in the
329RGD331 motif are essential for cell-cell fusion, whereas mutations at D331 did not significantly impact fusion activity. Further-
more, fusion-defective RGD mutations were either lethal to the virus or resulted in recombinant hMPVs that had defects in viral
replication in cell culture. In cotton rats, recombinant hMPV with the R329K mutation in the F protein (rhMPV-R329K) and
rhMPV-D331A exhibited significant defects in viral replication in nasal turbinates and lungs. Importantly, inoculation of cotton
rats with these mutants triggered a high level of neutralizing antibodies and protected against hMPV challenge. Taken together,
our data indicate that (i) �5�1 and �v integrins are essential for cell-cell fusion and viral replication, (ii) the first two residues in
the RGD motif are essential for fusion activity, and (iii) inhibition of the interaction of the integrin-RGD motif may serve as a
new target to rationally attenuate hMPV for the development of live attenuated vaccines.

IMPORTANCE

Human metapneumovirus (hMPV) is one of the major causative agents of acute respiratory disease in humans. Currently, there
is no vaccine or antiviral drug for hMPV. hMPV enters host cells via a unique mechanism, in that viral fusion (F) protein medi-
ates both attachment and fusion activity. Recently, it was suggested that hMPV F protein utilizes integrins as receptors for entry
via a poorly understood mechanism. Here, we show that �5�1 and �v integrins are essential for hMPV infectivity and F protein-
mediated cell-cell fusion and that the integrin-binding motif in the F protein plays a crucial role in these functions. Our results
also identify the integrin-binding motif to be a new, attenuating target for the development of a live vaccine for hMPV. These
findings not only will facilitate the development of antiviral drugs targeting viral entry steps but also will lead to the develop-
ment new live attenuated vaccine candidates for hMPV.

Human metapneumovirus (hMPV) is a member of the genus
Metapneumovirus in the subfamily Pneumovirinae of the

family Paramyxoviridae. hMPV was first identified in infants and
children with acute respiratory tract infections in 2001 in the Neth-
erlands (1). Soon after its discovery, hMPV was recognized as a glob-
ally prevalent pathogen (2, 3). It is a major causative agent of acute
respiratory tract disease in individuals of all ages, especially infants,
children, the elderly, and immunocompromised individuals (3–5).
Epidemiological studies suggest that 5 to 15% of all respiratory tract
infections in infants and young children are caused by hMPV, a pro-
portion second only to that of human respiratory syncytial virus
(RSV) (6). The clinical signs and symptoms associated with hMPV
are similar to those associated with RSV, ranging from mild respira-
tory problems to severe cough, bronchiolitis, and pneumonia. Cur-
rently, there are no therapeutics or vaccines available for hMPV. The
only other member in the genus Metapneumovirus, avian meta-
pneumovirus (aMPV), also known as avian pneumovirus or tur-
key rhinotracheitis virus, is an economically important pathogen
that causes acute respiratory disease in turkeys (7).

All viruses must cross the cell membrane to initiate infection.
Paramyxoviruses enter host cells through the fusion of the viral
envelope with the cellular membrane. Such fusion is mediated by
viral glycoproteins (G proteins) that are located on the surface of
the virion. For viruses in the Paramyxovirinae subfamily, mem-
brane fusion requires both the attachment protein (G, H, or
HN) and the fusion (F) protein (reviewed in reference 8). The
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paramyxovirus F protein is a class I fusion protein which is syn-
thesized as a precursor protein, F0, and subsequently cleaved into
two disulfide-linked subunits, F1 and F2, by a cellular protease
(reviewed in reference 8). This cleavage generates a hydrophobic
fusion peptide (FP) at the N terminus of F1. During the fusion
process, the FP inserts into an opposing membrane. The
paramyxovirus F protein contains two conserved heptad repeat
(HR) regions, the N-terminal heptad (HRA) and the C-terminal
heptad (HRB), which are located downstream of the fusion pep-
tide and upstream of the transmembrane (TM) domain, respec-
tively (9, 10). Upon triggering, the metastable prefusion F protein
undergoes a series of dramatic and irreversible conformational
changes (11, 12). HRA and HRB assemble into a highly stable
six-helix bundle that brings the two membranes together to initi-
ate fusion (11–13). Currently, the mechanism by which fusion is
regulated such that it occurs at the proper time and place remains
poorly understood. It is thought that binding of the attachment
proteins to the cell surface receptor(s) induces conformational
changes in F protein, which in turn trigger membrane fusion (re-
viewed in references 8 and 12).

Membrane fusion of pneumoviruses is unique among the
paramyxoviruses, in that fusion is accomplished by the F protein
alone without help from the attachment glycoprotein. This attach-
ment protein-independent fusion activation has been well character-
ized in human RSV, bovine RSV, and ovine RSV (14–16). Recently, it
was found that the F proteins of hMPV and aMPV also induce fusion
without their attachment G proteins (17–20), suggesting that the G
protein is dispensable for attachment and fusion. Consistent with
this observation, recombinant hMPV lacking the G protein was
found to replicate efficiently in cell culture (21). Another unique
characteristic of hMPV entry is that fusion of some hMPV strains
requires low pH, whereas fusion of all other paramyxoviruses oc-
curs at neutral pH (17, 18, 22). In addition, fusion of hMPV in cell
culture requires the addition of exogenous protease (17, 18), un-
like the F protein of RSV but similar to the F proteins of some of
the members of the Paramyxovirinae, such as Sendai virus, para-
influenza virus type 1, and avirulent strains of Newcastle disease
virus (16). Together these results suggest that hMPV fusion is
characterized by a unique combination of features making it dis-
tinct from other paramyxoviruses. A detailed understanding of
the mechanisms underlying fusion in hMPV is lacking.

The fact that the F protein of hMPV alone is sufficient for induc-
tion of cell-cell fusion and viral entry suggests that the hMPV F pro-
tein possesses dual functions, receptor binding and fusion activity.
Recently, Cseke et al. (2009) provided evidence that integrin �v�1 is
a functional receptor for hMPV F protein (23). Consistent with this,
the F proteins of all known hMPV strains contain a putative integrin-
binding motif (329RGD331). Furthermore, the same group of investi-
gators showed that hMPV binds to RGD-binding integrins and that
this interaction is necessary for virus attachment, viral RNA tran-
scription, and subsequent productive infection (24). Recently, Chang
et al. (2012) proposed that heparan sulfate proteoglycans function as
the primary receptor for hMPV and that binding to heparan sulfate
proteoglycans is mediated by the F protein (25). They hypothesized
that the interaction between integrins and hMPV may occur after the
initial binding of hMPV F protein to heparan sulfate. This is consis-
tent with the hypothesis by Cox et al. (2012) that heparan sulfate
serves as an adhesion factor for hMPV, with subsequent integrin en-
gagement being critical for entry (24). Clearly, the molecular mecha-
nisms underlying the interaction between hMPV F protein, integrin,

and heparan sulfate and their relative roles in cell-cell fusion, the
hMPV life cycle, and viral pathogenesis remain to be elucidated.

In this study, we determined the roles of integrin subtypes in
hMPV F protein-mediated cell-cell fusion and evaluated the con-
tributions of the 329RGD331 motif in the hMPV F protein to cell-
cell fusion, viral infectivity, and pathogenesis. Our results show
that, in addition to integrin subtype �5�1, �v is also essential for
cell-cell fusion and hMPV infectivity. Moreover, mutations in the
first two amino acid residues within the 329RGD331 motif of the
hMPV F protein significantly diminished the fusogenic activity of
hMPV F protein, whereas mutations at D331 did not have a sig-
nificant impact on fusion. Finally, the RGD motif with the muta-
tions was introduced into recombinant hMPV (rhMPV). The fu-
sion-defective RGD mutations were either lethal or resulted in
recombinant hMPVs that had defects in viral replication in cell
culture. Using the cotton rat as an animal model, we found that
rhMPV with the R329K mutation in the F protein (rhMPV-
R329K) and rhMPV-D331A were attenuated but retained high
immunogenicity and are thus good live vaccine candidates for
hMPV. Collectively, these results suggest that �5�1 and �v integ-
rins are essential for hMPV entry and that the 329RGD331 motif of
hMPV F protein plays a crucial role in cell-cell fusion, viral infec-
tivity, and pathogenesis.

MATERIALS AND METHODS
Cells. Vero E6 cells (ATCC CRL-1586), GD25 cells, GD1286 cells (a gen-
erous gift from Mark Peeples), and BHK-SR19-T7 cells (kindly provided
by Apath LLC, Brooklyn, NY) were grown in Dulbecco’s modified Eagle’s
medium (DMEM; Invitrogen, Carlsbad, CA) supplemented with 10%
(vol/vol) fetal bovine serum (FBS; Invitrogen). The medium of the BHK-
SR19-T7 cells was supplemented with 10 �g/ml neomycin (Invitrogen)
every other passage to select for T7 polymerase-expressing cells. LLC-
MK2 cells were grown in Opti-modified Eagle’s medium (Opti-MEM;
Invitrogen) supplemented with 2% (vol/vol) FBS. Cells were grown at
37°C in a 5% CO2 humidified incubator.

Antibodies. Integrin-specific monoclonal antibodies MAB2021Z (�v,
clone AV1), MAB1959 (�1, clone P5D2), MAB1389 (�2, clone WT.3),
MAB1976Z (�v�3, clone LM609), MAB1961 (�v�5, clone P1F6),
MAB2077Z (�v�6, clone 10D5), MAB1956Z (�5, clone P1D6), and
MAB1969 (�5�1, clone JBS5) were purchased from Millipore (Billerica,
MA). Monoclonal antibody against hMPV F protein (M3884-4C, clone
9i11) was purchased from U.S. Biological Company. hMPV N protein-
specific monoclonal antibody (MAB80138, clone 507) and goat anti-
mouse fluorescein isothiocyanate (FITC)-conjugated IgG (H�L) anti-
body (catalog no. 12-506) were purchased from Millipore (Billerica, MA).
Goat anti-mouse IgG (H�L) peroxidase-conjugated antibody was pur-
chased from Thermo Scientific (Rockford, IL).

Plasmids and site-directed mutagenesis. A plasmid (phMPV) encod-
ing the full-length genomic cDNA of hMPV lineage A strain NL/1/00 was
kindly provided by Ron A. M. Fouchier at Erasmus Medical Center, Rot-
terdam, the Netherlands (26, 27). The F-protein gene was amplified from
plasmid phMPV using Supermix polymerase (Qiagen, Valencia, CA), di-
gested by EcoRI and XhoI, and cloned into pCAGGS at the same sites,
which resulted in the construction of pCAGGS-F. The F-protein gene
mutations were generated by site-directed mutagenesis, using phMPV or
pCAGGS-F as the template, by the QuikChange methodology (Strat-
agene, La Jolla, CA). The presence of the desired mutation was verified by
sequencing.

Fusion staining assay. Monolayers of Vero E6 cells in 6-well plates
were transfected with 2 �g of each plasmid using the Lipofectamine re-
agent (Invitrogen) according to the manufacturer’s instructions. After
transfection, the cells continued to grow in 2 ml of Opti-MEM (Invitro-
gen) for 24 h and were then washed and incubated at 37°C in Opti-MEM
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containing 0.2 �g/ml tosylamide-2-phenylethyl chloromethyl ketone
(TPCK)–trypsin for another 2 h. Since fusion of hMPV lineage A strain
NL/1/00 F protein is low-pH dependent (22), all fusion assays were sub-
jected to low-pH pulses. Briefly, the cells were washed four times with
phosphate-buffered saline (PBS; pH 5.0) supplemented with 10 mM
HEPES and 5 mM MES (morpholineethanesulfonic acid). Each washing
cycle lasted for 4 min and was followed by incubation in 2 ml of Opti-
MEM for 2 h. After pH pulses, the cells continued to grow in 2 ml of fresh
Opti-MEM until 48 h posttransfection. Finally, the cells were fixed with
methanol, and syncytia were visualized by Giemsa staining. Digital pho-
tographs of syncytia were taken under a Nikon TS100 inverted phase-
contrast microscope mounted with a Nikon Coolpix995 camera.

Fusion inhibition assay. Confluent monolayers of Vero E6 cells in a
48-well plate were transfected with pCAGGS-F, pCAGGS-F mutants, or
pCAGGS (as a control), as described above, with the following modifica-
tions. For cells in each well, the transfection mixture contained 0.8 �g of
plasmids, 200 �l of Opti-MEM, and 0.2 �l of Lipofectamine. After incu-
bation with the transfection mixture for 6 to 8 h, cells continued to grow
in Opti-MEM (with 10 �g/ml of selected integrin antibodies) for 24 h.
Subsequently, cells were subjected to four cycles of low-pH pulses. Briefly,
the cells were washed four times with PBS (pH 5.0) supplemented with 10
mM HEPES and 5 mM MES. Each washing cycle lasted for 4 min and was
followed by incubation in 2 ml of Opti-MEM containing 5 �g/ml of se-
lected integrin antibodies and 0.2 �g/ml of TPCK-trypsin for 2 h. The cells
continued to grow in Opti-MEM (with 5 �g/ml of selected integrin anti-
bodies and 0.2 �g/ml of TPCK-trypsin) for another 12 h, followed by cell
fixation and syncytium visualization.

Integrin-targeting siRNA transfection. Twenty picomoles of syn-
thetic small interfering RNAs (siRNAs) targeting either human integrin
subtype �5 (sc-29372; Santa Cruz Biotechnology, CA) or �v (sc-29373;
Santa Cruz Biotechnology) or control siRNA (sc-37007; Santa Cruz Bio-
technology) was transfected into Vero E6 cells (at a confluence of 75%) in
24-well plates using Oligofectamine reagents (Invitrogen) according to
the manufacturer’s instructions. After treatment with siRNAs for 24 h,
Vero E6 cells were transfected with 0.8 �g of pCAGGS-F using Lipo-
fectamine Plus reagents (Invitrogen) for 8 h as described above and then
subjected to pH pulses, followed by visualization of syncytia.

Content-mixing assay for fusion. Confluent Vero E6 cells in 6-well
plates were cotransfected with 2 �g each of a plasmid containing the
hMPV F-protein gene (pCAGGS-F or F mutant) and a plasmid
(pGINT7�-gal) encoding a �-galactosidase gene under the control of the
T7 promoter. At 24 h posttransfection, the cells were detached with tryp-
sin, washed twice with DMEM, and resuspended in DMEM plus 10% FBS.
The plasmid-transfected cells were mixed with equal numbers of BHK-
SR19-T7 cells, which constitutively express T7 RNA polymerase. After
incubation at 37°C for another 24 h, the cells were washed 4 times with
PBS (pH 5.0) containing 10 mM HEPES and 5 mM MES. Where indi-
cated, the fusion assay was performed in the presence of 10 �g/ml of
selected integrin antibodies. The cells were lysed by Nonidet P-40 solution
(0.5%). The extent of fusion was quantitated by measuring the �-galac-
tosidase activity using a plate reader (Molecular Devices, Sunnyvale, CA).
The fusion activity of the F-protein mutants was determined as a percent-
age of the �-galactosidase production observed in cells expressing wild-
type (wt) F protein.

Cell surface expression. Surface expression of the wt and mutant F
proteins was assayed by fluorescence-activated cell sorting (FACS). Six-
well plates were seeded with Vero E6 cells at a density of 1 � 106 cells/well.
Transfection was performed using Lipofectamine Plus reagents (Invitro-
gen) according to the manufacturer’s instructions. At 48 h posttransfec-
tion, the cells were washed twice with 3% FBS in PBS and incubated in
primary monoclonal antibody against hMPV F protein (diluted 1:50 in
3% bovine serum albumin [BSA]–PBS) for 1 h at 37°C. After being
washed with FACS medium, the cells were incubated with goat anti-
mouse FITC-conjugated secondary antibody (1:100 in 3% BSA–PBS) for
1 h at 37°C. The cells were washed again, detached with EDTA, and

washed two more times. Finally, the cells were resuspended in 500 �l of fix
solution (2% paraformaldehyde, 1% FBS in PBS) and subjected to FACS
analysis using a Becton, Dickinson FACSCalibur analyzer with CellQuest
software. By comparison to a negative control, only positive cells were
gated to estimate the geometric mean fluorescence intensity to evaluate
the cell surface expression level. The results were normalized to the per-
centage for the wt control, which was set at 100%.

Recovery of recombinant hMPV. Recovery of recombinant hMPV
from the infectious clones was carried out as described previously (27).
Briefly, rhMPV was recovered by cotransfection of a plasmid encoding the
full-length genomic cDNA of hMPV NL/1/00 (phMPV) and support plas-
mids encoding viral N (pCITE-N), P (pCITE-P), L (pCITE-L), and M2-1
(pCITE-M2-1) proteins into BHK-SR19-T7 cells (kindly provided by Ap-
ath LLC, Brooklyn, NY), which stably express the T7 RNA polymerase. At
6 days posttransfection, the cells were subjected to three freeze-thaw cy-
cles, followed by centrifugation at 3,000 � g for 10 min. The supernatant
was subsequently used to infect new LLC-MK2 cells. Since hMPV requires
trypsin to grow, TPCK-trypsin was added to the medium to a final con-
centration of 0.1 �g/ml at day 2 postinfection. Cytopathic effects (CPEs)
were observed at 5 days postinfection, and the recovered viruses were
amplified further in LLC-MK2 cells. The recovery of recombinant virus
was confirmed by immunostaining and direct agarose overlay plaque as-
says as described previously (28).

Immunostaining of recombinant hMPV. Immunostaining was used
for virus titration as described previously (1, 28). Briefly, LLC-MK2 or
Vero E6 cells (at a confluence of 90%) in a 96-well plate were inoculated
with 10-fold serial dilutions of recombinant hMPV mutants and incu-
bated at 37°C for 1 h. Infected cells were cultured in fresh Opti-MEM (0.2
ml per well) at 37°C. At day 4 postinfection, the supernatant was removed
and cells were fixed in a prechilled acetone-methanol solution (at a ratio of
3:2) at room temperature for 15 min. Cells were permeabilized in PBS
containing 0.4% Triton X-100 at room temperature for 10 min and
blocked at 37°C for 1 h using 1% BSA in PBS. The cells were then labeled
with an anti-hMPV N protein primary monoclonal antibody (Millipore,
Billerica, MA) at a dilution of 1:1,000, followed by incubation with horse-
radish peroxidase (HRP)-labeled rabbit antimouse secondary antibody
(Thermo Scientific, Waltham, MA) at a dilution of 1:5,000. After incuba-
tion with 3-amino-9-ethylcarbazole (AEC) chromogen substrate (Sigma,
St. Louis, MO), positive cells were then visualized under a microscope.
Positive plaques were counted to determine the viral titers.

Agarose overlay plaque assay for recombinant hMPV mutants. The
agarose overlay plaque assay was used for determination of the plaque size
of recombinant hMPV, as described previously (28). Briefly, Vero E6 cells
were seeded into six-well plates (Corning Life Sciences, Wilkes-Barre, PA)
at a density of 2 � 106 cells per well. After incubation for 18 h, the medium
was removed and cell monolayers were infected with 400 �l of a 10-fold
dilution series of each virus. After incubation at 37°C for 1 h with agitation
every 10 min, the cells in each well were overlaid with 2.5 ml of Eagle
minimum essential medium (MEM) containing 1% agarose, 1% FBS,
0.075% sodium bicarbonate (NaHCO3), 20 mM HEPES (pH 7.7), 2 mM
L-glutamine, 12.5 mg/ml of penicillin, 4 mg/ml of streptomycin, and 4
mg/ml of kanamycin. The plates were incubated at 4°C for 30 min to
solidify the overlay medium. After incubation at 37°C and 5% CO2 for 6
days, the cells were fixed in 10% (vol/vol) formaldehyde for 2 h, and the
plaques were visualized by staining with 0.05% (wt/vol) crystal violet.

Virus-cell infectivity (blocking) assays. Confluent monolayers of
LLC-MK2 cells in 48-well plates were infected with each virus at a multi-
plicity of infection (MOI) of 100 per well. After incubation on ice for 1 h
(with gentle shaking every 15 min), the inoculum was removed and the
unbound viruses were removed by washing with Opti-MEM three times.
The infected cells were then incubated with fresh Opti-MEM at 37°C in
5% CO2. At 24 h after infection, immunostaining was performed and the
positive spots were counted under a microscope. For virus-cell infectivity
blocking assays, the cells were pretreated with integrin antibody (20 �g/
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ml) at 37°C for 1 h. The cells were then infected and analyzed by immu-
nostaining.

Single-step growth of recombinant hMPV. Viral growth was deter-
mined using an immunostaining assay on LLC-MK2 cells. Confluent
LLC-MK2 cells in 35-mm dishes were infected with each recombinant
hMPV at an MOI of 0.01. After adsorption for 1 h, the inoculum was
removed and the cells were washed with 2 ml of Opti-MEM. Subse-
quently, fresh Opti-MEM (supplemented with 2% FBS) was added and
infected cells were incubated at 37°C for various time periods. Aliquots of
the cell culture fluid were removed at the intervals indicated below, and
the viral titer was determined by an immunostaining assay on LLC-MK2
cells.

Infectivity of recombinant hMPV in a cotton rat model. Thirty
4-week-old specific-pathogen-free female cotton rats (Harlan Laborato-
ries, Indianapolis, IN) were randomly divided into six groups (5 rats per
group). These cotton rats were housed within University Laboratory An-
imal Resources (ULAR) facilities of The Ohio State University and used
under an animal use protocol approved by the Institutional Animal Care
and Use Committee (IACUC) of The Ohio State University. Each group
was separately housed under biosafety level 2 conditions. Rats in group 1
were inoculated with 2.0 �105 PFU of the wild-type hMPV and served as
positive controls. Rats in groups 2 to 5 were inoculated with 2.0 �105 PFU
of four hMPV mutants (rhMPV-R329K, -D331A, -D331E, and -D331R).
Rats in group 6 were inoculated with cell culture medium (DMEM) and
served as uninfected controls (healthy controls). Each rat was inoculated
intranasally at a dose of 2.0 � 105 PFU in a volume of 100 �l while under
isoflurane narcosis. After inoculation, the animals were evaluated on a
daily basis for mortality, weight loss, and the presence of any respiratory
symptoms of hMPV. At day 4 postinfection, cotton rats were sacrificed,
and their lungs and nasal turbinates were collected for both virus isolation
and histological analysis, as described below.

Immunogenicity of recombinant hMPV in cotton rats. Thirty
4-week-old specific-pathogen-free female cotton rats (Harlan Laborato-
ries, Indianapolis, IN) were randomly divided into five groups (5 rats per
group). Rats in groups 1 to 3 were immunized with wild-type rhMPV,
rhMPV-R329K, and rhMPV-D331A, respectively. Rats in group 4 were
inoculated with DMEM and served as the unimmunized but challenged
control group. Rats in group 5 were inoculated with DMEM and served as
uninfected controls (healthy controls). All rats were immunized intrana-
sally at a dose of 2.0 � 105 PFU per rat. After immunization, the animals
were evaluated daily for body weight, mortality, and the presence of any
symptoms of hMPV infection. Blood samples were collected from each rat
weekly by retro-orbital bleeding while they were under isoflurane narco-
sis, and serum was separated for antibody detection. At week 4 postim-
munization, rats in groups 1 to 5 were challenged intranasally with wild-
type hMPV at a dose of 1.0 �106 PFU per rat. After challenge, the animals
were evaluated twice every day for mortality and the presence of any
symptoms of hMPV infection. The body weight of each rat was monitored
on a daily basis. At day 5 postchallenge, all rats from each group were
euthanized. The lungs and nasal turbinates from each rat were collected
for virus isolation and histological evaluation.

Determination of viral titer in lungs and nasal turbinates. Nasal tur-
binates and the right lung from each cotton rat were removed, weighed,
and homogenized in 1 ml of PBS solution. The presence of infectious virus
was determined by an immunostaining assay in Vero E6 cells as described
above.

RT-PCR and sequencing. Viral RNA was extracted from each recom-
binant hMPV mutant or lung or nasal turbinate tissue using an RNeasy
minikit (Qiagen) following the manufacturer’s recommendation. Reverse
transcription-PCR (RT-PCR) was performed using a One Step RT-PCR
kit (Qiagen) with two hMPV F-specific primers, 5=-CGGAATTCATGTC
TTGGAAAGTGGTGATC-3= (forward) and 5=-CCGCTCGAGCTAATT
ATGTGGTATGAAGC-3= (reverse). The PCR products were purified and
sequenced at The Ohio State University Plant Microbe Genetics Facility to
confirm the presence of the designed mutations.

Plaque reduction virus neutralization assay. The hMPV neutralizing
antibody was determined using a plaque reduction neutralization assay
(29). Briefly, serum samples from cotton rats were heat inactivated at 56°C
for 30 min and were subjected to 2-fold serial dilutions on 96-well plates.
Each serum dilution was mixed with an equal volume of Opti-MEM con-
taining 100 PFU of wild-type rhMPV, followed by incubation at room
temperature for 1 h. The mixture was then transferred to Vero E6 cells in
96-well plates. After 1 h of incubation at 37°C, cells were overlaid with
0.75% methylcellulose in Opti-MEM and incubated at 37°C for 4 days,
followed by immunostaining with monoclonal antibody against hMPV N
protein as described above. Neutralizing antibody titers were expressed as
the reciprocal of the serum dilution that resulted in a 50% reduction in
plaque numbers compared to those for the healthy cotton rat serum con-
trol. Each serum sample was tested in duplicate.

Histology. The right lung from each cotton rat was preserved in 4%
(vol/vol) phosphate-buffered paraformaldehyde. Fixed tissues were em-
bedded in paraffin, sectioned at 5 �m, and stained with hematoxylin-
eosin (H&E) for the examination of histological changes by light micros-
copy. Histopathological changes were scored, including the extent of
inflammation (focal or diffuse), the pattern of inflammation (peribron-
chiolar, perivascular, interstitial, alveolar), and the nature of the cells
in the infiltrate (neutrophils, eosinophils, lymphocytes, macrophages).
Deparaffinized sections were also stained with monoclonal antibody
against hMPV matrix protein (Virostat, Portland, ME) to determine the
distribution of viral antigen. The histological slides were examined inde-
pendently by three pathologists.

Structure modeling of F protein. The structure prediction of the
hMPV F protein was performed using the Modeler (version 9.0) program
on the basis of the prefusion crystal structure of the RSV F protein (PDB
accession no. 4JHW) as the template (30, 31).

Statistical analysis. All experiments were repeated three to five times.
Quantitative analysis was performed either by densitometric scanning of
autoradiographs or by using a phosphorimager (Typhoon; GE Health-
care, Piscataway, NJ) and ImageQuant TL software (GE Healthcare, Pis-
cataway, NJ). Statistical analysis was performed by one-way multiple
comparisons using SPSS (version 8.0) statistical analysis software (SPSS
Inc., Chicago, IL). A P value of �0.05 was considered statistically signifi-
cant.

RESULTS
�5�1 and �v integrin-specific antibodies inhibit hMPV F pro-
tein-induced cell-cell fusion. Previously, it has been shown that
hMPV engages �v�1 integrin to mediate virus infection, suggest-
ing that integrins might serve as functional receptors for hMPV
(23). However, it is not known whether integrins are involved in
hMPV F protein-mediated cell-cell fusion. To address this ques-
tion, we first determined whether integrin-specific antibodies can
inhibit cell-cell fusion triggered by hMPV F protein. Briefly, Vero
E6 cells were transfected with pCAGGS-F, followed by incubation
with specific anti-integrin antibodies, and fusion was determined
by assaying for syncytium formation. As shown in Fig. 1A, incu-
bation with an antibody specific for �5�1 led to a significant re-
duction in syncytium formation in comparison with that for the
no-antibody control. However, hMPV F protein-transfected cells
treated with antibodies against �v�3, �v�5, and �v�6 subtypes
displayed syncytia similar to those of the untreated control. Inter-
estingly, incubation with antibodies against either the �5 subunit
or �1 subunit alone did not have a significant effect on syncytium
formation. Similarly, the combination of anti-�1 and anti-�5 an-
tibodies as well as antibody against the �2 subunit did not exhibit
any inhibitory effect. In contrast, incubation of hMPV F protein-
transfected cells with an antibody against �v and the combination
of antibodies against the �v and �1subunits notably diminished
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the formation of syncytia. Subsequently, we quantified the extent
of cell-cell fusion by the content-mixing fusion assay. As shown in
Fig. 1B, the fusion of hMPV F protein-transfected cells was inhib-
ited by approximately 80% in the presence of anti-�5�1 or
anti-�v antibody. In contrast, none of the other tested integrin
antibodies had a significant effect on fusion in comparison with
that for untreated cells (P � 0.05). Taken together, these results
demonstrated that anti-�5�1 and anti-�v antibodies specifically
inhibited the cell-cell fusion triggered by the hMPV F protein.

Downregulating the expression of the �5 or �v subunit di-
minishes hMPV F protein-triggered cell-cell fusion. To further
determine the role of �5�1 and �v integrins in cell-cell fusion, we
knocked down the �5 or �v integrins using siRNA targeting these
two subunits. We first transfected Vero E6 cells with �5- or �v-
targeting siRNAs, which reduced the expression of the �5 or �v
subunit on the cell surface by approximately 85% (Fig. 2A).
Subsequently, the siRNA-treated cells were transfected with
pCAGGS-F, and syncytium formation was examined. As shown in
Fig. 2B, fusion was significantly reduced in cells transfected with
siRNAs targeting �5 or �v integrin but not in cells transfected with
control siRNA. Further quantitative analysis (Fig. 2C) demon-

strated that �5 and �v siRNA reduced fusion activity by approxi-
mately 80% and 60%, respectively.

Specific anti-�5�1 and anti-�v antibodies inhibit hMPV in-
fectivity in Vero E6 cells. We then investigated the effect of vari-
ous anti-integrin antibodies on hMPV infection in Vero E6 cells.
Briefly, Vero E6 cells were incubated with different anti-integrin
antibodies at 37°C for 1 h prior to hMPV infection. Cells were
infected with hMPV at an MOI of 100 per well. After incubation
on ice for 1 h, the unbound viruses were removed by washing with

FIG 1 �5�1 and �v integrin-specific antibodies block cell-cell fusion trig-
gered by hMPV F protein. (A) Syncytium formation induced by hMPV F
protein expression in the presence of integrin antibodies. Vero E6 cells in
48-well plates were transfected with 0.8 �g of pCAGGS-F or pCAGGS. After
incubation with a plasmid-Lipofectamine mixture for 8 h, cells continued to
grow in Opti-MEM containing 10 �g/ml of integrin antibody and 0.2 �g/ml of
TPCK-trypsin. At 48 h, monolayers were fixed with methanol and stained with
Giemsa. Syncytia are indicated by arrows. (B) Content-mixing fusion assay in
the presence of integrin antibodies. Vero E6 cells were cotransfected with 2 �g
of pCAGGS-F and a reporter gene plasmid (pGINT7). At 24 h posttransfec-
tion, the cells were detached with trypsin and mixed with equal numbers of
BHK-SR19-T7 cells, which express T7 RNA polymerase. Then, the cells were
incubated with 2 ml of Opti-MEM containing 5 �g/ml of selected integrin
antibody and 0.2 �g/ml of TPCK-trypsin for 12 h. The cells were lysed and
mixed with an equal amount of the �-galactosidase substrate chlorophenol
red-�-D-galactopyranoside (16 mM). The extent of fusion was quantitated by
use of a microplate spectrophotometer at an absorbance of 570 nm. Percent
fusion for each antibody treatment was normalized to the fusion of pCAGGS-F
in the absence of integrin antibody. The data shown are averages for three
independent experiments.

FIG 2 siRNAs targeting �5 and �v back cell-cell fusion triggered by hMPV F
protein. (A) Knockdown of integrin �5 and �v expression by siRNA. Twenty
picomoles of synthetic siRNA targeting human integrin subtype �5 or �v as
well as control siRNA was transfected into Vero E6 cells in 24-well plates using
Oligofectamine reagents according to the manufacturer’s instructions. After
48 h posttransfection, the expression of �5 or �v was detected by Western
blotting. (B) Syncytium formation induced by F protein of hMPV after knock-
down of integrins �5 and �v. Vero E6 cells in 24-well plates were transfected
with 20 pmol of synthetic siRNA targeting human integrin subtype �5 or �v as
well as control siRNA. After treatment with siRNAs for 24 h, Vero E6 cells were
transfected with 0.8 �g of pCAGGS-F using Lipofectamine Plus reagents and
then subjected to pH pulses (pH 5.0). At 48 h, monolayers were fixed with
methanol and stained with Giemsa. (C) Quantitation of syncytium formation
after knockdown of integrins �5 and �v. The number of syncytia (�4 nuclei in
each syncytium) was counted under a microscope using six randomly selected
fields in each siRNA-treated or untreated well. The mean number of syncytia
per field was calculated for each treatment. The percent fusion for each siRNA
treatment was normalized by the mean number of syncytia in cells transfected
with pCAGGS-F without siRNA treatment. The data shown are averages for
three independent experiments.

Wei et al.

4342 jvi.asm.org Journal of Virology

http://jvi.asm.org


Opti-MEM three times. At 24 h postinfection, the amount of
hMPV bound to Vero E6 cells was determined by immunostain-
ing as described in Materials and Methods. As shown in Fig. 3,
antibodies specific for �5�1 and �v integrins inhibited 85% and
75% of the hMPV infectivity in Vero E6 cells, respectively,
whereas other integrin antibodies, including antibodies specific
for �5, �1, �2, �v�3, �v�5, and �v�6, had no significant effect on
hMPV infectivity. These results are consistent with our finding
that antibodies specific for �5�1 and �v integrins efficiently in-
hibited cell-cell fusion triggered by hMPV F protein.

�5�1 integrin-expressing cells enhance viral infectivity. To
further determine the role of �5�1 integrin in viral binding and
infectivity, we took advantage of cell lines that were defective in
integrin or stably expressing integrin receptors. Specifically, we
examined the binding and infectivity of hMPV in cells of the
mouse fibroblast cell line GD25, which lack expression of the �1
family of integrin heterodimers, and GD1286 cells, which consti-
tutively express the �5�1 integrin receptor. As shown in Fig. 4A,
the infectivity of hMPV in GD1286 cells was approximately 5
times higher than that in GD25 cells, consistent with the idea that
the expression of �5�1 integrin significantly increases the binding
of hMPV to host cells and the infectivity of hMPV for host cells.
Interestingly, the size of the immunospots formed in GD1286 cell
monolayers was much larger than that of the immunospots
formed in GD25 cell monolayers (Fig. 4B), suggesting that �5�1
integrin may also play a role in cell-to-cell spread.

Mutations in the RGD motif of the hMPV F protein impair
fusion activity. The results presented above demonstrate that
�5�1 and �v integrins play essential roles in hMPV F protein-
triggered cell-cell fusion, as well as viral binding and infectiv-
ity. Consistent with this, a putative integrin-binding motif
(329RGD331) is present in the F proteins of all known hMPV
strains. Interestingly, the corresponding motif in the F protein of
aMPV subtype C strains is 329RSD331. To determine the role of the

RGD motif in hMPV cell-cell fusion, we performed an extensive
mutagenesis analysis of this motif. As summarized in Table 1,
three classes of substitutions were generated: (i) alanine substitu-
tions, including R329A, G330A, and D331A; (ii) mutations that
conserve the charge, namely, R329K and D331E; and (iii) muta-
tions that introduce a charge change, including R329D and
D331R. In addition, a G330S mutation was introduced into the
hMPV F protein to mimic the aMPV subtype C F protein.

All F-protein mutants were transfected into Vero E6 cells, and
their cell surface expression and fusion activities were evaluated.
As shown in Fig. 5C, all F-protein mutants were efficiently ex-
pressed at the cell surface, as determined by FACS. Interestingly,
the R329A and G330A mutations significantly decreased the ex-
tent of syncytium formation compared with that for wt hMPV F
protein, whereas the R329K and D331A mutations slightly dimin-
ished the size of the syncytia (Fig. 5A). However, the R329D and
G330S mutations significantly impaired fusion activity; no syncy-
tium formation was observed with these two F-protein mutants
until 48 h posttransfection. Interestingly, hMPV with the D331E
and D331R mutations, especially the latter, was able to form syn-
cytia that were larger than those of hMPV with wt F protein.

FIG 3 Integrin �5�1and �v antibodies inhibit hMPV infectivity in host cells.
Confluent monolayers of LLC-MK2 cells in 96-well plates were pretreated with
each integrin antibody (20 �g/ml) at 37°C for 1 h. Then, the cells were shifted
to a 4°C incubator for 30 min. The cells were incubated with hMPV at an MOI
of 100 PFU/well. After incubation on ice for 1 h (with shaking every 15 min),
the inoculum was removed and the cells were washed with cold Opti-MEM 3
times. The infected cells were then incubated with fresh DMEM at 37°C in 5%
CO2. After 24 h, the binding and infectivity were determined by counting the
number of immunostaining spots. The percent infectivity for each antibody
treatment was normalized by the infectivity of hMPV without antibody treat-
ment. The data shown are averages for three independent experiments.

FIG 4 Infectivity of hMPV in an integrin-deficient cell line. (A) hMPV has
defects in infectivity in an integrin-deficient cell line. Confluent monolayers of
GD1286 or GD25 cells in 24-well plates were incubated at 4°C for 30 min. The
cells were infected with 100 PFU of hMPV per well. After incubation on ice for
1 h (with shaking every 15 min), the inoculum was removed and the cells were
washed with cold DMEM 3 times. The infected cells were then incubated with
fresh medium at 37°C in 5% CO2. After 24 h, the binding capacity was deter-
mined by counting the number of immunostaining spots. Percent infectivity
in GD25 cells was normalized by the infectivity of hMPV in GD1286 cells. The
data shown are averages for three independent experiments. (B) hMPV forms
much smaller immunospots in an integrin-deficient cell line. Confluent
monolayers of GD1286 or GD25 cells were infected with hMPV. After 24 h,
immunostaining assay was performed, and immunospots formed by hMPV
were visualized.
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The extent of fusion was also quantified in a content-mixing
fusion assay. As shown in Fig. 5B, the R329A, R329D, G330A, and
G330S mutations decreased the level of fusion to less than 20% of
that for hMPV with wt F protein, while the R329K and D331A
mutations decreased fusion activity to 50 to 80% of that of the wt.

Consistent with the results from staining, the mutants with the
D331R and D331E mutations exhibited even higher fusion activ-
ity than hMPV with wt F protein. Taken together, these data dem-
onstrate that (i) alanine substitution for the first two amino acid
residues (R329 and G330) in the RGD motif dramatically reduces

TABLE 1 Summary of phenotypes of the mutations to the RGD motif in hMPV F protein

F-protein
mutation Rationale % fusion Virus recovery Viral titera

Replication in:

LLC-MK2 cellsb Cotton ratsc

WT 100 Recovered 2.5 � 106 100% WT
R329A Change to neutral 13 Lethal NAd NA NA
R329K Maintain charge 72 Recovered 1.2 � 106 Attenuated Attenuated
R329D Change to negative charge 13 Lethal NA NA NA
G330A Maintain size 20 Recovered 3.0 � 102 Attenuated NA
G330S Mimic RSD in aMPV subtype C F protein 9 Was unstable NA NA NA
D331A Change to neutral 58 Recovered 1.0 � 106 Attenuated Attenuated
D331E Maintain charge 118 Recovered 1.8 � 106 WT WT
D331R Change to positive charge 107 Recovered 4.0 � 106 WT WT
a Viral titer was determined by immunostaining assay.
b Attenuation was judged by plaque size, infectivity, and growth curve; WT, wild-type level of replication in cell culture.
c Attenuation was judged by viral replication in nasal turbinates and lungs and histology; WT, wild-type level of replication in cotton rats.
d NA, not applicable.

FIG 5 Effects of mutations to the RGD motif on cell-cell fusion triggered by hMPV F protein. (A) Syncytium formation of hMPV F proteins carrying mutations
at the RGD motif. Confluent monolayers of Vero E6 cells were transfected with 2 �g plasmids of pCAGGS-F or F-protein mutants. At 24 h posttransfection, the
monolayers were fixed with methanol and stained with Giemsa. (B) Content-mixing fusion assay for hMPV F mutants. The extent of fusion for each F mutant
was quantitated with the content-mixing fusion assay at pH 5.0 and normalized by the fusion of wild-type hMPV F protein. The data shown are averages for three
independent experiments. (C) Cell surface expression of hMPV F mutants. Cell surface expression was determined by FACS using monoclonal antibody against
hMPV F protein and normalized by the expression level of wild-type F protein at the cell surface.
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fusion activity, whereas an alanine substitution for the third
amino acid residue (D331) results in a less dramatic decrease in
fusion; (ii) maintenance of the positive charge at amino acid po-
sition 329 is essential for fusion; (iii) replacement of the RGD
motif found in hMPV F protein with the RSD motif found in
aMPV F protein significantly impairs the fusion activity; and (iv)
replacement of D331 with a positively or negatively charged resi-
due does not affect fusion. These results suggest that amino acid
residues R329 and G330 within the RGD motif are essential for
fusion activity, whereas the identity of the amino acid residue at
position 331 appears to be less important.

Recovery of rhMPV carrying mutations in the RGD motif of
F protein. To evaluate the role of the RGD motif in viral infectivity
and pathogenesis, we constructed and recovered recombinant
hMPV (rhMPV) carrying mutations in the RGD motif of the F
protein. Each of the above-described mutations was introduced
into an infectious cDNA clone of hMPV NL/1/00, and recombi-
nant hMPV isolates carrying individual RGD mutations were re-
covered. The successful recovery of recombinant viruses was ini-
tially identified by an immunostaining assay using a monoclonal
antibody against hMPV N protein and further confirmed by a
direct agarose overlay plaque assay. Using these approaches, we
successfully recovered rhMPV carrying R329K, G330A, G330S,
D331A, D331R, and D331E mutations in the RGD motif (Fig. 6).
However, we failed to recover recombinant viruses with the
R329A and R329D mutations after multiple attempts, suggesting
that these mutations are lethal to hMPV. As shown above, these
F-protein mutants retained less than 20% of the fusion activity of
hMPV with wild-type F protein (Fig. 5). As shown in Fig. 6 (top),
rhMPV-G330A, -D331A, and -R329K formed much smaller im-
munospots at day 7 postinfection, whereas rhMPV-D331R and
-D331E formed immunospots that were comparable to those
formed by rhMPV. The ability of these recombinant viruses to
form plaques in Vero E6 cells was determined by an agarose over-
lay plaque assay (Fig. 6, bottom). After 7 days of incubation, the
average plaque sizes for rhMPV-R329K and -D331A were 0.91
mm and 0.75 mm in diameter, respectively, which were signifi-
cantly smaller than the plaque size for rhMPV (1.10 mm). In con-
trast, rhMPV-D331E and -D331R formed plaques which were
significantly larger than the rhMPV plaque. Interestingly, rhMPV-
G330A was not able to form plaques, even though it could form

immunospots by an immunostaining assay (Fig. 6). Finally, the
entire F-protein gene of each recombinant virus was amplified by
RT-PCR and sequenced. All recombinant viruses except for
rhMPV-G330S contained the desired mutation in the RGD motif.
Subsequently, we sequenced rhMPV-G330S from all passages and
found that it had reverted back to wild type after the third passage
in Vero E6 cells. Since rhMPV-G330S is not genetically stable, we
did not include this mutant in subsequent studies.

Single mutations in the RGD motif in recombinant hMPV
result in defects in viral replication. The replication kinetics of
recombinant hMPV mutants with single mutations in the RGD
motif were determined in LLC-MK2 cells. Briefly, LLC-MK2 cells
were infected with each recombinant virus at an MOI of 0.01. At
the indicated time points, the amount of virus in the supernatant
was determined by immunostaining. As shown in Fig. 7, a signif-
icant release of infectious virus particles was detected by day 2

FIG 6 Recovery of recombinant hMPVs carrying mutations in the RGD motif. (Top) Immunostaining spots formed by recombinant hMPVs. LLC-MK2 cells
were infected with recombinant hMPV mutants and incubated at 37°C for 1 h. At day 4 postinfection, the supernatant was removed and cells were fixed. The cells
were then labeled with an anti-hMPV N protein primary monoclonal antibody, followed by incubation with HRP-labeled rabbit antimouse secondary antibody.
After incubation with AEC chromogen substrate, positive cells with immunostaining spots were visualized under a microscope. (Bottom) Plaque morphology of
recombinant hMPVs. An agarose overlay plaque assay was performed in monolayer Vero E6 cells. Viral plaques were developed at day 7 postinfection.

FIG 7 Single-step growth curve of recombinant hMPVs carrying mutations in
the RGD motif. LLC-MK2 cells in 35-mm dishes were infected with each
recombinant hMPV at an MOI of 0.01. After adsorption for 1 h, the inocula
were removed and the infected cells were washed 3 times with Opti-MEM.
Then, fresh Opti-MEM containing 2% FBS was added and cells were incubated
at 37°C for various time periods. Aliquots of the cell culture fluid were re-
moved at the indicated intervals. Viral titer was determined by an immuno-
staining assay in LLC-MK2 cells.
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postinfection for rhMPV, rhMPV-D331E, and rhMPV-D331R,
while the first release of rhMPV-R329K and rhMPV-D331A was
observed only at day 3 postinfection. Interestingly, the release of
rhMPV-G330A was not detected during the entire 8-day period.
Overall, the growth curves of rhMPV-D331R and -D331E were
not significantly different from the growth curve of rhMPV (P �
0.05). In contrast, rhMPV-R329K and -D331A had significant de-
fects in viral replication compared to the replication of rhMPV
(P � 0.05). Since rhMPV-G330A was not detectable in the super-
natant, we harvested this virus at day 14 postinfection by three
freeze-thaw cycles followed by low-speed centrifugation. A low
viral titer (102 PFU/ml) was detected by immunostaining (Table
1). Figure 8 shows the cytopathic effects (CPEs) caused by each
recombinant virus. rhMPV-R329K and -D331A exhibited delayed

CPEs compared to rhMPV. However, the CPE caused by rhMPV-
D331E was earlier than that caused by rhMPV. Collectively, these
results are consistent with rhMPV-R329K, -G330A, and -D331A
exhibiting defects in their viral replication kinetics, whereas
rhMPV-D331R and -D331E demonstrate wild-type replication.

Infectivity of rhMPV mutants in a cotton rat model. To de-
termine whether rhMPV carrying mutations in the RGD motif
was attenuated in vivo, all recombinant viruses were inoculated
into cotton rats and viral replication and pathogenesis were exam-
ined. Neither wt nor mutant rhMPV caused any detectable clinical
symptoms of respiratory tract infection in cotton rats. At day 4
postinfection, cotton rats from each group were sacrificed, viral
replication in nasal turbinates and lungs was determined, and pul-
monary histology was examined. wt rhMPV replicated efficiently
in the nasal turbinates and lungs of all five cotton rats (Table 2).
Average viral titers of 105.19 and 104.08 were found in the nasal
turbinates and lungs, respectively. rhMPV-D331E and -D331R
replicated as efficiently as rhMPV in cotton rats, producing similar
titers in both the nasal turbinates and the lungs. For the rhMPV-
R329K group, only one out of five cotton rats had detectable in-
fectious virus in the lung with a titer of 104.16, and two out of five
rats had infectious virus in the nasal turbinates with an average
titer of 102.87. For the rhMPV-D331A group, only two out of five
cotton rats had infectious virus in the lungs with an average titer of
102.1, although all five rats had infectious virus in the nasal turbi-
nates with an average titer comparable to that for wild-type
rhMPV.

Pulmonary histology showed that rhMPV caused moderate
histological changes, including interstitial pneumonia, peribron-
chial lymphoplasmacytic infiltrates, mononuclear cell infiltrate,
and edematous thickening of the bronchial submucosa (Fig. 9).
rhMPV-D331E and -D331R caused less interstitial pneumonia,
but cotton rats infected with these recombinants had significantly
increased peribronchial and perivascular inflammation. In con-
trast, rhMPV-R329K and -D331A caused no to mild pulmonary
histological changes.

Immunohistobiochemistry analysis found that rhMPV depos-
ited a large amount of viral antigen in epithelial cells in lung tis-

FIG 8 CPEs caused by hMPVs carrying mutations in the RGD motif. LLC-
MK2 cells were infected with each recombinant hMPV at an MOI of 0.01. The
CPE was monitored on a daily basis. Pictures were taken at days 4, 6, 8, and 10
postinfection.

TABLE 2 Replication of rhMPV carrying mutations in RGD motif in cotton ratsf

Virusa

No. of cotton
rats/group

Viral replication in:

Lung
histologyd Lung IHCe

Nasal turbinateb Lungc

% infected
animals

Mean log titer
(PFU/g)

% infected
animals

Mean log titer
(PFU/g)

rhMPV 5 100 5.19 	 0.48a 100 4.08 	 0.26a 1.5a 2.5a

rhMPV-R329K 5 40 2.87b 20 4.16b 0.5b 0.5b

rhMPV-D331A 5 100 4.74 	 0.43a 40 2.1b 0.6b 0.5b

rhMPV-D331E 5 100 5.12 	 0.22a 100 4.33 	 0.51a 1.2a 2.5a

rhMPV-D331R 5 100 5.20 	 0.24a 100 4.64 	 0.27a 1.0a 3.0a

a Cotton rats were inoculated intranasally with DMEM or 2 � 105 PFU wild-type rhMPV or rhMPV mutants. At day 4 postimmunization, animals were euthanized for pathology
study.
b For rhMPV-R329K, two out of five cotton rats had detectable virus with an average titer of 2.87 log units.
c For rhMPV-R329K, one out of five cotton rats had detectable virus with a titer of 4.16 log units. For rhMPV-D331A, two out of five cotton rats had detectable virus with an
average titer of 2.1 log units.
d The severity of lung histology was scored for each lung tissue specimen. The average score for each group is shown. 0, no change; 1, mild change; 2, moderate change; 3, severe
change.
e IHC, immunohistobiochemistry. The amount of hMPV antigen expression in lung tissue was scored. The average score for each group is shown. 0, no antigen; 1, small amount of
antigen; 2, moderate amount of antigen; 3, large amount of antigen.
f Values within a column followed by different lowercase letters (a and b) are significantly different (P � 0.05).
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sues, whereas significantly less viral antigen was found in the lungs
of rhMPV-D331A- and rhMPV-R329K-infected animals (Fig.
10). The viral antigen expression of rhMPV-D331E and -D331R in
lung epithelial cells was similar to that of wild-type hMPV (data

not shown). Taken together, these results confirm that rhMPV-
D331E and -D331R replicated as efficiently as rhMPV but that
rhMPV-R329K and -D331A had significant defects in viral repli-
cation in cotton rats. These results also suggest that rhMPV-
R329K and -D331A are attenuated both in vitro and in vivo.

Immunogenicity of rhMPV-R329K and -D331A in cotton
rats. Since rhMPV-R329K and -D331A were attenuated in cotton
rats, we next examined the immunogenicity of these recombinant
viruses. Cotton rats were inoculated intranasally with wild-type
rhMPV or rhMPV mutants. Serum samples were collected weekly
for the detection of a humoral immune response. At week 4 post-
inoculation, animals were challenged with 106 PFU of rhMPV. At
day 4 postchallenge, all the animals were sacrificed and nasal tur-
binate and lung samples were collected for virus detection and
pathological examination. As shown in Fig. 11, rhMPV-R329K
and -D331A elicited high levels of neutralizing antibody that were
comparable to those elicited by rhMPV. No hMPV-specific anti-
body was detected in unvaccinated control animals. As shown in
Table 3, cotton rats vaccinated with rhMPV-D331A did not have
any detectable infectious virus particles in either nasal turbinates
or lungs after challenge with rhMPV on day 5. Only one out of five
animals in the rhMPV-R329K-vaccinated group had detectable

FIG 9 Recombinant hMPVs triggered a high neutralizing antibody titer in cotton
rats. Cotton rats were immunized with each recombinant hMPV intranasally at a
dose of 2.0 � 105 PFU per rat. Blood samples were collected from each rat weekly
by retro-orbital bleeding. The hMPV neutralizing antibody was determined using
a plaque reduction neutralization assay, as described in Materials and Methods.

FIG 10 Lung histology of recombinant hMPVs. The right lung from each cotton rat was preserved in 4% (vol/vol) phosphate-buffered paraformaldehyde. Fixed
tissues were embedded in paraffin, sectioned at 5 �m, and stained with H&E for the examination of histological changes by light microscopy.

FIG 11 Lung histobiochemistry of recombinant hMPVs. Lung tissues were
fixed in 4% (vol/vol) phosphate-buffered paraformaldehyde. Deparaffinized
sections were stained with monoclonal antibody against hMPV matrix protein
(Virostat, Portland, ME) to determine the distribution of viral antigen.
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virus in nasal turbinate but not in the lung. In contrast, unvacci-
nated challenge control animals had average titers of 104.99 and
104.74 in nasal turbinate and lung, respectively. Pulmonary histol-
ogy showed that the unvaccinated challenged control animals had
moderate pathological changes characterized by interstitial pneu-
monia, mononuclear cell infiltrate, and edematous thickening of
the bronchial submucosa. In contrast, no or mild histological
changes were found in the lungs of cotton rats vaccinated with
rhMPV-R329K and -D331A. Collectively, these results demon-
strate that rhMPV-R329K and -D331A provide complete protec-
tion from virulent challenge and are potential vaccine candidates
for hMPV.

DISCUSSION

In this study, we have demonstrated that �5�1 and �v integrins
are essential for cell-cell fusion triggered by hMPV F protein.
Moreover, we have shown that amino acid residues R329 and
G330 within the putative integrin-binding motif (329RGD331) in
the F protein play crucial roles in cell-cell fusion and viral infec-
tivity. This conclusion is supported by multiple lines of evidence.
First, hMPV F protein-mediated cell-cell fusion was inhibited by
antibodies against integrin �5�1 or �v, as well as by siRNA-me-
diated knockdown of �5 or �v expression. Second, integrin �5�1- or
�v-specific antibodies reduced hMPV infection, and expression of
integrin �5�1 on the cell surface enhanced hMPV infectivity in
cell culture. Third, amino acid substitutions in R329 and G330
within the RGD motif of the F protein significantly impaired fu-
sion activity. Fourth, mutations to the RGD motif that reduced
fusion were either lethal to the virus or resulted in recombinant
viruses (rhMPV-R329K and -D331A) that were attenuated in viral
replication in cell culture. Finally, rhMPV-R329K and -D331A
were attenuated in viral replication in a cotton rat model in vivo.
Collectively, our data support the idea that �5�1 and �v integrins
serve as receptors for hMPV.

Integrins are a family of cell surface heterodimeric glycopro-
teins composed of 18 � and 8 � subunits that are expressed in
nearly all cell types and facilitate cellular adhesion to and migra-
tion on the extracellular matrix proteins found in intercellular
spaces and basement membranes (reviewed in reference 32). Pre-
vious studies have demonstrated that several integrin subtypes
function as receptors for viral attachment and entry in a number
of nonenveloped viruses (such as rotavirus, foot-and-mouth dis-
ease virus, and human adenovirus) and enveloped viruses (Ep-
stein-Barr virus, Kaposi’s sarcoma-associated herpesvirus, Sind-

bis virus, and yellow fever virus) (33–38). Integrin binding is
mediated by a specific interaction between integrin receptors and
the RGD tripeptide motif in viral glycoproteins or capsid proteins.

Cseke et al. (2009) first showed that �v�1 integrin is able to
promote hMPV infection, suggesting that �v�1 integrin may
function as a receptor for hMPV (23). Subsequently, the same
group showed that multiple integrins can mediate hMPV binding
and entry through interaction with the RGD domain in hMPV F
protein (24). Since viral infectivity was determined by an immu-
nostaining assay which measures viral entry and gene expression,
it is not clear which step(s) in virus entry is promoted by �v�1
integrin. For instance, these integrins could serve as either an ini-
tial or a secondary receptor for hMPV. Alternatively, it is possible
that integrin expression increases expression of a viral receptor or
increases overall viral gene expression rather than directly medi-
ates attachment and/or virus entry.

We hypothesized that disruption of the interaction between
integrin receptors and the RGD motif of hMPV F protein would
inhibit fusion activity, which in turn would inhibit viral entry if
integrin receptors indeed play direct roles in viral attachment and
entry. Since paramyxoviruses enter cells by fusing their viral en-
velope with a host cell membrane, the role of integrin receptors
and their RGD motif-binding activity can be directly measured by
a cell-cell fusion assay. Using this assay, we first demonstrated that
both �v and �5�1 integrin receptors are essential for cell-cell fu-
sion mediated by hMPV F protein. Consistent with this, mutation
of the integrin-binding motif (329RGD331), especially residues
R329 and G330, significantly inhibited cell-cell fusion without sig-
nificantly altering cell surface expression of F protein. Replacing
the positively charged side chain of R329 with an uncharged side
chain (R329A) or a negatively charged side chain (R329D) abol-
ished the ability of hMPV F protein to promote cell-cell fusion.
We failed to recover viable recombinant virus with these muta-
tions, suggesting that they are lethal to the virus. Similarly, intro-
ducing mutations at residue 330 (G330A or G330S) significantly
impaired the fusion activity of hMPV F protein. While we success-
fully recovered rhMPV-G330A and -G330S, rhMPV-G330A rep-
licated extremely poorly in cell culture and rhMPV-G330S was
genetically unstable. Compared to residues R329 and G330, resi-
due D331 appeared to play a minor role in fusion. Replacement of
the negatively charged side chain of D331 with positively or neg-
atively charged side chains (D331R and D331E, respectively) led
to enhanced cell-cell fusion. Consistent with this, recombinant
hMPVs carrying these mutations replicated as efficiently as wild-

TABLE 3 Immunogenicity of rhMPV carrying mutations in RGD motif in cotton rats

Virusa

No. of cotton
rats/group

Nasal turbinateb Lung

Lung
histologyc

% infected
animals

Mean titer log
(PFU/g)

% infected
animals

Mean titer log
(PFU/g)

DMEM 5 100 4.99 	 0.30 100 4.74 	 0.50 1.5a

rhMPV 5 0 NDd 0 ND 0.5b

rhMPV-R329K 5 20 4.27 0 ND 0.4b

rhMPV-D331A 5 0 ND 0 ND 0.5b

a Animals were immunized intranasally with DMEM or 2 � 105 PFU wild-type rhMPV or rhMPV mutants. At day 28 postimmunization, animals were challenged with 106 PFU
wild-type rhMPV.
b One out of five cotton rats challenged with rhMPV-R329K had detectable virus with a titer of 4.27 log units.
c The severity of lung histology was scored for each lung tissue specimen. The average score for each group is shown. 0, no change; 1, mild change; 2, moderate change; 3, severe
change. Values followed by different lowercase letters (a and b) are significantly different (P � 0.05).
d ND, nondetectable.
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type hMPV in cell culture and in cotton rats. Previously, it was
shown that virus with the D331A mutation retains approximately
80% of fusion activity (25), which was consistent with our obser-
vation. In addition, we found that rhMPV-D331A was defective in
viral replication in cell culture and cotton rats. Overall, the extent
of fusion activity for each F-protein mutant was consistent with
its replication ability in vitro and in vivo. For example, F-pro-
tein mutations that promoted less than 20% of wt fusion activ-
ity were lethal to the virus, whereas F-protein mutants (R329K
and D331A) that had 60 to 70% of wild-type fusion activity were
attenuated in viral replication in cell culture and cotton rats. Our
results support the idea that residues R329 and G330 within the
RGD motif are essential for cell-cell fusion and viability of the
virus and that the RGD motif in the F protein is required for
hMPV infectivity in vitro and in vivo.

Although the RGD motif is conserved in a number of viral
proteins, the contributions of these three residues to virus entry
and infectivity differ from virus to virus. For example, a change of
RGD to RGE or RGK in the envelope protein of Murray Valley
encephalitis virus (MVEV) resulted in a plaque size similar to that
of the wt, whereas mutation of RGD to RGA reduced the plaque
size (39). Mutating the RGD motif to RGE resulted in a larger
plaque morphology for MVEV (39). In yellow fever virus, mutat-
ing the RGD motif to RGE had no effect on viral titers, whereas
changing RGD to TGD, TGE, TAD, TAE, or RGS led to reduced
titers (40). In hepatitis C virus (HCV), the two amino acid substi-
tutions generated at the first position, AGE and KGE, completely
abrogated HCV infectivity (41). Changing the glycine to an ala-
nine at the second position also reduced infectivity to 18%. Inter-
estingly, replacement of the negatively charged aspartic acid (D)
or glutamic acid (E) with a neutral alanine (A) did not impair the
infectivity of HCV; however, a positive lysine (K) at this position
reduced the infectivity of HCV to 14% of that of the wt (41).
Interestingly, mutating the RGD motif to RAD or RGA was lethal
to foot-and-mouth disease virus (42). Many bacterial pathogens
target cell adhesion molecules via integrin receptors to establish an
intimate contact with host cells and tissues (reviewed in references
43 and 44). Mutagenesis and biochemical studies found that in-
tegrin receptors exhibited variable degrees of affinity to organisms
with the analogs or mutants of the RGD motif, depending on the
property of the integrin-binding protein (44). Individual residues
within the RGD motif in surface proteins of many bacteria (such
as Shigella, Leptospira, and Streptococcus species) played a domi-
nant role in binding to integrin receptors (45–47). However, in the
type IV secretion system (T4SS) protein CagL of Helicobacter
pylori, all three residues in the RGD motif are important for integ-
rin binding, as evidenced that the finding that replacement of each
of these residues with alanine abolished the adhesion function
(48).

To gain possible structural insight into the role of the RGD
motif in viral binding, we constructed a model structure of hMPV
F protein using the atomic coordinates of the crystal structure of
the prefusion form of RSV F protein as the template (PDB acces-
sion no. 4JHW) (30, 31). As in RSV F protein, each F-protein
monomer is composed of five well-structured domains, namely,
DI to DIII, HRA, and HRB, and one relatively loose loop connect-
ing the C terminus of DII and HRB, which has been named the
“HRB linker.” The RGD motif is located in the loop between
strands �14 and �15 in the HRA region in the predicted structure
of the hMPV F monomer (Fig. 12A). In the model structure of the

hMPV F-protein trimer (Fig. 12B), the RGD motif is located in the
contact region of each subunit of the F-protein trimer. In addi-
tion, residues R329 and G330 are exposed on the surface of the
F-protein trimer, suggesting that the RGD motif may make con-
tact with integrin receptors on the cell surface. An electrostatic
interaction between R329 of the F protein and specific integrin
subtypes and the small steric hindrance at D331 may favor integ-
rin binding and the subsequent promotion of cell-cell fusion,
whereas D331 may be not directly involved in binding to integrin.
Most recently, a partial structure of hMPV F protein composed of
three domains (DI to DIII) has been solved (49). In this structure,
R329 and D331 in the RGD motif are exposed on the surface of the
F-protein trimer (Fig. 12C and D). It is not clear if this structure
represents the prefusion or postfusion form of the F protein (49).
However, the location of the RGD motif suggests that it could
directly contact a cell surface receptor.

Recently, Chang et al. (2012) suggested that heparan sulfate
proteoglycans may function as the primary receptor for hMPV F
protein (25). Mutant CHO cell lines lacking the ability to synthe-
size glycosaminoglycans (GAGs), particularly heparan sulfate
proteoglycans, were resistant to hMPV binding and infection, al-
though wild-type CHO-K1 cells were permissive. In addition,
hMPV infection was abolished when CHO-K1 cells were treated
with heparinases to remove heparan sulfate proteoglycans from
the cell surface. Thus, it was proposed that the interaction between
integrins and hMPV occurs after the initial binding of hMPV F to
heparan sulfate proteoglycans (25). Perhaps the simplest explana-
tion is that hMPV F protein uses integrins and heparan sulfate
proteoglycans as coreceptors. Previously, Cseke et al. (2009)
showed that soluble hMPV F protein carrying D331E (F-D331E)
abolished the binding of F protein to integrin receptors in vitro
(23). However, our results clearly show that F-D331E triggers a
level of fusion activity higher than that of wild-type F protein and
that rhMPV-D331E replicates more efficiently in vitro and in vivo
than rhMPV. These results strongly suggest that F-D331E may
utilize alternative receptors to gain entry. It has been shown that
viral glycoprotein and heparan sulfate binding is reversible (50,
51). It is possible that heparan sulfate proteoglycans first localize
virus on the cell surface, enhancing opportunities for direct inter-
actions between virion glycoproteins (such as hMPV F protein)
and specific cellular entry receptors (such as integrins). It is also
possible that hMPV, or any virus, may utilize a different recep-
tor(s) in vitro and in vivo. This hypothesis is supported by the
observation that the glycosaminoglycan moiety cannot be de-
tected on the apical surface of primary well-differentiated human
airway epithelial (HAE) cultures (52, 53). These cultures are de-
rived directly from human lung airway tissue and closely resemble
the differentiated airway epithelium in vivo with a columnar mor-
phology, including goblet cells that produce mucus and ciliated
cells whose cilia move the mucus around the apical surface of the
culture. It is of interest to determine the binding and entry of
hMPV in HAE culture in the future.

The development of a vaccine to protect against hMPV infec-
tion and disease is a major goal. The two most common vaccine
strategies against infectious diseases are inactivated and live atten-
uated viruses. For safety, inactivated vaccines are generally pre-
ferred. However, development of an inactivated vaccine for hu-
man paramyxoviruses has been a problem. A formalin-inactivated
RSV vaccine developed and tested in the 1960s not only failed to
induce a protective immune response in a human trial but also led
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to enhanced respiratory disease upon natural infection with RSV
(54). A recent study showed that cotton rats immunized with for-
malin-inactivated hMPV vaccine were protected against infection
but developed increased lung damage (55). These observations
suggest that, similar to RSV, an inactivated vaccine may not be the
best choice for hMPV.

Like RSV, a live attenuated vaccine for hMPV would appear to
be the best vaccine approach because enhanced lung damage has
not been observed with virus infection of naive animals following
challenge with the same virus (21, 56, 57). However, it has been
technically difficult to isolate a virus that has an optimal balance
between attenuation and immunogenicity. Remarkably in the
present study, recombinants rhMPV-R329K and -D331A were
significantly defective in viral replication in cell culture as well as
in cotton rats. Importantly, immunization of cotton rats with
rhMPV-R329K and -D331A not only triggered a high level of neu-
tralizing antibody but also provided complete protection against

hMPV infection. These results demonstrate that rhMPV-R329K
and -D331A are attenuated and retain high immunogenicity.
Therefore, inhibition of the integrin-F protein interaction might
serve as an approach to attenuate hMPV for the development of
live attenuated vaccines.

In summary, our study highlights a major role for integrins in
hMPV F protein-mediated membrane fusion, infection, and
pathogenesis. Specifically, we show that �5�1 and �v integrins are
essential for hMPV infectivity and F protein-mediated cell-cell
fusion and that the integrin-binding motif in the F protein plays a
crucial role in these functions. Our results also identify the integ-
rin-binding motif as a new, attenuating target for the development
of a live vaccine for hMPV.
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