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Human metapneumovirus (hMPV), a recently described paramyxovirus, is a major etiological agent for
lower respiratory tract disease in young children that can manifest with severe cough, bronchiolitis, and
pneumonia. The hMPV fusion glycoprotein (F) shares conserved functional domains with other paramyxovirus
F proteins that are important for virus entry and spread. For other paramyxovirus F proteins, cleavage of a
precursor protein (F0) into F1 and F2 exposes a fusion peptide at the N terminus of the F1 fragment, a likely
prerequisite for fusion activity. Many hMPV strains have been reported to require trypsin for growth in tissue
culture. The majority of these strains contain RQSR at the putative cleavage site. However, strains hMPV/
NL/1/00 and hMPV/NL/1/99 expanded in our laboratory contain the sequence RQPR and do not require trypsin
for growth in Vero cells. The contribution of this single amino acid change was verified directly by generating
recombinant virus (rhMPV/NL/1/00) with either proline or serine at position 101 in F. These results suggested
that cleavage of F protein in Vero cells could be achieved by trypsin or S101P amino acid substitution in the
putative cleavage site motif. Moreover, trypsin-independent cleavage of hMPV F containing 101P was enhanced
by the amino acid substitution E93K. In hamsters, rhMPV/93K/101S and rhMPV/93K/101P grew to equivalent
titers in the respiratory tract and replication was restricted to respiratory tissues. The ability of these hMPV
strains to replicate efficiently in the absence of trypsin should greatly facilitate the generation, preclinical
testing, and manufacturing of attenuated hMPV vaccine candidates.

Human metapneumovirus (hMPV) is a recently identified
respiratory virus that was initially isolated from children in The
Netherlands experiencing symptoms of acute respiratory dis-
ease with undetermined etiology. hMPV causes respiratory
illness ranging from mild upper respiratory symptoms to severe
lower respiratory disease such as bronchiolitis and pneumonia
(6, 60, 63). Depending on the patient population sampled,
between 5 and 15% of respiratory infections in young children
may be attributable to hMPV infection (7, 62, 65). hMPV is
also associated with 12 to 50% of otitis media in children (7, 36,
62). In The Netherlands, 55% of tested individuals were sero-
positive for hMPV by age 2, and almost all individuals 5 years
and older were seropositive (59). The distribution of hMPV is
world wide, with reports from Europe, North America, Aus-
tralia, Africa, Israel, Japan, and Hong Kong (4, 18, 20, 21, 30,
34, 36, 38, 45, 66). Testing of archived serum samples indicated
that hMPV has been circulating in the population for at least
50 years (60). One reason why it has only been recently iden-
tified is that it grows poorly in cell culture with minimal cyto-
pathic effects (13, 18, 60).

hMPV is an enveloped single-stranded negative-sense RNA
virus of the Pneumovirinae subfamily in the Paramyxoviridae
family that also includes respiratory syncytial virus (RSV),
avian pneumovirus (APV), and pneumovirus of mice (5, 60).

Based on homology with other pneumoviruses, eight transcrip-
tion units have been identified in the following order: 3�-N-P-
M-F-M2-SH-G-L-5� (5, 56, 59). Phylogenetic analysis divides
the hMPV strains into two genetic clusters, designated sub-
groups A and B, that are distinct from APV viruses (3–5, 37,
38, 59). The hMPV A and B subgroups can be further divided
into four subtypes, A1, A2, B1, and B2 (59, 61).

The hMPV fusion glycoprotein (F), which is highly con-
served between subgroups A and B, shares homology with F
proteins of other paramyxoviruses (59). F proteins of pneumo-
viruses such as RSV and APV are synthesized as full-length
precursors (F0) that are subsequently cleaved at a polybasic
furin-like cleavage site to form F1 and F2. Cleavage of F0

exposes a fusion peptide at the N terminus of F1 which medi-
ates virus penetration and syncytium formation (12, 28, 31, 39,
64). Unlike RSV and APV, the putative cleavage site of hMPV
(RQSR) does not conform to the furin-like motif (2, 59).

Reports in the literature indicate that trypsin is required for
isolation of hMPV from clinical samples in cell culture (3–6,
13, 18, 37, 38, 43, 60, 61). Therefore, it was unexpected that two
isolates of hMPV, strains hMPV/NL/1/00 and hMPV/NL/1/99
(A1 and B1 subtypes, respectively), grew in Vero cells without
addition of trypsin. Equally high titers were achieved in the
absence or presence of trypsin. We sequenced reverse tran-
scription (RT)-PCR products of wild-type (wt) hMPV/NL/1/00
and wt hMPV/NL/1/99 and found a single nucleotide change
that encodes the amino acid substitution S101P in the RQSR
motif at the putative cleavage site of F protein compared to the
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previously published sequences GI:20150834 and GI:50059145
(GenBank). In the results reported here, we demonstrated that
for both strains hMPV/NL/1/00 and hMPV/NL/1/99, viruses
harboring an RQPR motif at the putative cleavage site of the
F glycoprotein were able to replicate in Vero cells without
exogenously added trypsin. In contrast, hMPV that contained
RQSR in the cleavage motif of the F protein required the
addition of a protease such as trypsin for viral growth. We
evaluated in vitro growth properties, syncytium formation, and
cleavage of F glycoproteins of hMPV viruses with amino acid
substitutions within and near the putative cleavage motif in the
absence and presence of trypsin. S101P in hMPV F was found
to be the major genetic determinant that enhanced the cleav-
age efficiency of F and increased its fusion activity, both of
which likely contributed to efficient growth of wt hMPV/NL/
1/00 and wt hMPV/NL/1/99 in Vero cells in the absence of
trypsin. We also evaluated a trypsin-independent hMPV strain
in Syrian Golden hamsters, and the enhanced cleavage of F
protein did not alter the replication titers in respiratory tissues,
nor did it extend the tissue tropism. Trypsin-independent
growth properties offer potential advantages for generating
viral stocks for study, preclinical testing, and vaccine manufac-
ture.

MATERIALS AND METHODS

Cells and viruses. Vero cells (American Type Culture Collection; not more
than passage 148) were maintained in minimal essential medium (JHR Bio-
sciences) supplemented with 10% fetal bovine serum (HyClone), 2 mM L-glu-
tamine (Gibco BRL), nonessential amino acids (Gibco BRL), and 100 U/ml
penicillin G sodium with 100 �g/ml streptomycin sulfate (Biowhittaker). BSR/T7
cells (kindly provided by K. Conzelmann) were maintained in Glasgow minimal
essential medium (Gibco BRL) supplemented with 10% fetal bovine serum, 5%
tryptose phosphate broth (Sigma), nonessential amino acids, 1 mg/ml G418
(Gibco BRL), and 100 U/ml penicillin G sodium with 100 �g/ml streptomycin
sulfate. hMPV and chimeric bovine/human (b/h) parainfluenza virus type 3
(PIV3) were propagated in Vero cells with optiMEM (Gibco BRL) and 100 U/ml
penicillin G sodium with 100 �g/ml streptomycin sulfate. Some viruses were
propagated with 0.2 �g/ml L-(tosylamido-2-phenyl) ethyl chloromethyl ketone
(TPCK) trypsin (Worthington), equivalent to 40 mU/ml. Virus stocks were har-
vested by scraping the cells and supernatant together with 10� SPG (10� SPG
is 2.18 M sucrose, 0.038 M KH2PO4, 0.072 M K2HPO4, 0.054 M L-glutamate at
pH 7.1) to a final concentration of 1� SPG and frozen at �70°C.

The virus isolates wt hMPV/NL/1/93, wt hMPV/NL/1/94, wt hMPV/NL/1/99
and wt hMPV/NL/1/00 were described previously (19, 60). The following recom-
binant viruses were generated by reverse genetics from full-length cDNA plas-
mids: rhMPV/NL/1/00/101P, rhMPV/NL/1/00/101S, rhMPV/NL/1/99/101S,
rhMPV/93K/101S, rhMPV/93K/101P, b/h PIV3/hMPV F/101P, and b/h PIV3/
hMPV F/101S. The variant viruses vhMPV/93K/101P and vhMPV/100K/101P
were derived from rhMPV/NL/1/00/101P after growth in Vero cells.

Titer by immunostaining of hMPV plaques. Virus titers (PFU/milliliter) were
determined by plaque assay in Vero cells. Plaques were immunostained with
anti-hMPV ferret polyclonal antisera (MedImmune Vaccines, Inc.) diluted 1:500
in phosphate-buffered saline (PBS) containing 5% powdered milk (wt/vol) (PBS-
milk). The cells were then incubated with horseradish peroxidase-conjugated
goat anti-ferret antibody (Ab) (Dako) diluted 1:1,000 followed by incubation
with 3-amino-9-ethylcarbazole (Dako) to visualize plaques.

Construction of full-length hMPV cDNA plasmids. cDNAs of hMPV/NL/1/00
(containing 101S) and hMPV/NL/1/99 (containing 101S) were constructed as
previously described and used to recover the recombinant viruses named
rhMPV/NL/1/00/101S and rhMPV/NL/1/99/101S (19). T3367C and G3343A that
encode S101P and E93K, respectively, in the predicted amino acid sequence of
hMPV F were introduced using a Quik-change site-directed mutagenesis kit
(Stratagene). All cDNAs were sequenced to confirm that no other nucleotide
changes were introduced.

Construction of b/h PIV3/hMPV F2 full-length cDNA. b/h PIV3/hMPV F2
(expressing hMPV F containing 101S) was previously described (48). Briefly, the
hMPV F gene was inserted between the N and P genes of a chimeric b/h PIV3

cDNA (16, 17). The nucleotide change corresponding to T3367C in the hMPV/
NL/1/00 genome was introduced in the hMPV F gene of b/h PIV3/hMPV F2
using a Quik-change mutagenesis kit (Stratagene), resulting in b/h PIV3/hMPV
F/101P that expresses hMPV F with proline at amino acid 101.

Generation of recombinant hMPV viruses by reverse genetics. Recombinant
viruses were generated from cDNA as described previously (19). Briefly, 1.2 �g
of pCITE hMPV N, 1.2 �g of pCITE hMPV P, 0.9 �g of pCITE hMPV M2, 0.6
�g pCITE hMPV L, and 5 �g of full-length hMPV cDNA plasmid in 500 �l
optiMEM containing 10 �l Lipofectamine 2000 (Invitrogen) were applied to a
monolayer of 106 BSR/T7 cells. The medium was replaced with optiMEM 15 h
posttransfection and incubated at 35°C for 2 to 3 days. Both scraped cells and
supernatant from the transfection were used to infect Vero cells, and virus
recovery was verified by positive immunostaining with ferret polyclonal Ab di-
rected to hMPV 6 days postinoculation. Recovered viruses were further ampli-
fied in Vero cells by inoculating at a multiplicity of infection (MOI) of 0.1
PFU/cell. Some transfections and growth were performed in the presence of 0.2
�g/ml TPCK trypsin.

RT-PCR of recovered viruses for nucleotide sequence analysis. Total RNA
was extracted from hMPV-infected cells using TRizol reagent according to the
manufacturer’s instructions. RT-PCR products were generated using a one-step
RT-PCR kit (Invitrogen). Chromatograms were generated using DNA isolated
from agarose gels using a gel extraction kit (QIAGEN).

Multicycle growth of hMPV viruses in Vero cells. Subconfluent monolayers of
Vero cells in tissue culture-treated 6-well plates were inoculated at an MOI of 0.1
PFU/cell with hMPV virus diluted in optiMEM in either the absence or presence
of 0.2 �g/ml TPCK trypsin. After 1 h of adsorption at 35°C, the viral inoculum
was replaced with 2 ml per well of optiMEM with or without 0.2 �g/ml TPCK
trypsin. Cells combined with supernatant were collected at 24-h intervals for 6
days and frozen at �70°C with SPG. Virus titers were determined by plaque
assay in Vero cells with or without 0.2 �g/ml TPCK trypsin.

Surface expression of hMPV F glycoprotein by indirect immunofluorescence.
Subconfluent monolayers of Vero cells on glass coverslips were inoculated at an
MOI of 5 PFU/cell. Following incubation at 35°C for 3 days, the cells were fixed
in PBS containing 3% paraformaldehyde for 10 min. The monolayers were
blocked in PBS-milk and immunostained with anti-hMPV F hamster monoclonal
Ab (MAb) 121-1017-133 (MedImmune, Inc.) diluted 1:250 in PBS-milk followed
by fluorescein isothiocyanate-conjugated anti-Armenian hamster Ab (Jackson
Laboratories) diluted 1:1,000 in PBS-milk.

Western blot analysis of hMPV F protein. Subconfluent monolayers of Vero
cells were infected with hMPV viruses at an MOI of 0.1 PFU/cell and incubated
at 35°C. Four to 6 days postinfection, cells plus supernatants were collected and
frozen at �70°C. Samples were prepared by the addition of an equal volume of
2� Laemmli sample buffer (Bio-Rad) containing 5% �-mercaptoethanol
(Sigma). Proteins were separated on a 12% polyacrylamide Tris-HCl Ready gel
(Bio-Rad) and transferred to a Hybond-P polyvinylidene difluoride membrane
(Amersham Biosciences) using a wet transfer cell (Bio-Rad). Membranes were
probed with anti-hMPV F MAb 121-1017-133 diluted 1:2,000 in PBS-milk, fol-
lowed by incubation with horseradish peroxidase-conjugated anti-hamster MAb
diluted 1:1,000 in PBS-milk. Membranes were developed with a chemilumines-
cence substrate (Amersham Biosciences) and exposed to Biomax MR film
(Kodak) for visualization of hMPV F protein.

Syncytium formation of hMPV-infected Vero cells. Monolayers of confluent
Vero cells in tissue culture-treated 6-well plates were inoculated, in duplicate, at
an MOI of 3 PFU/cell or mock infected. Cells were overlaid with 2% methyl
cellulose mixed 1:1 with optiMEM with or without 0.2 �g/ml TPCK trypsin. At
48 h or 72 h, the cells were fixed with methanol for 15 min, washed with PBS, and
incubated with Hoechst stain solution (0.25 �g/ml of bisbenzimide H 33258
[Sigma] in PBS). Aggregated nuclei of fused cells and single nuclei of unfused
cells in 10 randomly selected fields of view (totaling more than 2,000 nuclei) were
counted and reported as the percentage of fused cells.

Replication of rhMPV/93K/101S and rhMPV/93K/101P in Syrian Golden
hamsters. Five-week-old Syrian Golden hamsters (eight animals per group) were
infected intranasally with 106 PFU/animal of virus or placebo medium in 100 �l.
Four days postinfection, the nasal turbinates, lungs, brains, hearts, kidneys, livers,
and spleens were harvested from four animals per group, homogenized, and
titered by plaque assay in Vero cells. On day 28 postinfection, sera were obtained
immediately prior to challenge for determining neutralization titers by 50%
plaque reduction assay as described previously (46). For the challenge, immu-
nized hamsters were inoculated intranasally with 106 PFU/animal of wt hMPV/
NL/1/00. Four days postchallenge, the nasal turbinates and lungs were harvested
and assayed for challenge virus replication by plaque assay.
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RESULTS

Trypsin requirement for growth in Vero cells differs among
the four representative subtypes of wt hMPV. Biologically de-
rived strains of hMPV representing all four subtypes, A1, A2,
B1, and B2, were grown in Vero cells. As expected, wt hMPV/
NL/1/93 and wt hMPV/NL/1/94, representative of subtypes A2
and B2, respectively, grew only when trypsin was present in the
medium. wt hMPV/NL/1/93 grew to a titer of 6.7 log10 PFU/ml,
while wt hMPV/NL/1/94 achieved a titer of 5.7 log10. No
plaques were detected when trypsin was not present in the
medium overlay (Fig. 1). In marked contrast, wt hMPV/NL/
1/00 and wt hMPV/NL/1/99, representative of subtypes A1 and
B1, respectively, grew to high titers of 6.1 to 7.4 log10 PFU/ml
in the absence as well as in the presence of trypsin. The
plaques, as visualized by immunostaining, were roughly 0.3 to
0.5 mm in diameter after 6 days of growth in Vero cells under
1% methylcellulose (Fig. 1). The diameters of plaques pro-
duced in the presence or absence of trypsin by wt hMPV/NL/
1/00 and wt hMPV/NL/1/99 were markedly larger than plaques
produced by wt hMPV/NL/1/93 or wt hMPV/NL/1/94 with
trypsin. Similar titers, plaque morphologies, and trypsin re-
quirements were observed in LLC-MK2 cells for all hMPV
subtypes (data not shown). Thus, the two strains of hMPV that
did not require trypsin grew to higher titers and had signifi-
cantly larger plaque sizes than the two strains that required
trypsin.

The trypsin requirement for growth in tissue culture may
reflect a dependence upon trypsin for cleavage of the fusion

protein, suggesting that the cleavage site may differ between
these hMPV viruses. The published sequences of the F glyco-
proteins of all four hMPV subtypes predict an RQSR motif at
the putative cleavage site. Sequencing of the F gene confirmed
that wt hMPV/NL/1/93 and wt hMPV/NL/1/94 had the pre-
dicted RQSR sequence. However, the sequences of wt hMPV/
NL/1/00 and wt hMPV/NL/1/99 had a T3367C change that
resulted in a predicted S101P amino acid substitution in F
protein such that the putative cleavage site was now RQPR.
The effect of S101P substitution on trypsin-independent
growth of hMPV was further characterized.

Comparison of rhMPV/NL/1/00/101S and rhMPV/NL/1/00/
101P replication in Vero cells. To determine if the S101P
amino acid substitution in hMPV F contributed to trypsin-
independent growth of wt hMPV/NL/1/00, we introduced a T
at nucleotide (nt) 3367 into full-length cDNA of hMPV/NL/
1/00 to generate rhMPV/NL/1/00/101S or a C at nt 3367 to
generate rhMPV/NL/1/00/101P. rhMPV/NL/1/00/101P was
readily recovered in the absence of trypsin and formed plaques
comparable to those of wt hMPV/NL/1/00 (Fig. 1). In marked
contrast, rhMPV/NL/1/00/101S was recovered only in the pres-
ence of trypsin and formed plaques significantly smaller than
those of rhMPV/NL/1/00/101P (Fig. 1).

Multicycle growth curves were performed in the presence or
absence of trypsin. Quantification of infectious virus at each
time point was carried out by plaque assays in either the pres-
ence or absence of trypsin (Fig. 2A). In the presence of trypsin,
both rhMPV/NL/1/00/101S and rhMPV/NL/1/00/101P grew ef-

FIG. 1. Titers and plaques of four subtypes of wt hMPV and recombinant hMPV. Subconfluent monolayers of Vero cells were inoculated with
each of the indicated biologically derived viruses, rhMPV/NL/1/00/101P or rhMPV/NL/1/00/101S, at an MOI of 0.1 PFU/cell with or without 0.2
�g/ml TPCK trypsin. The cells and supernatants were collected 6 days postinoculation and frozen at �70°C. Titers, expressed as log10 PFU/
milliliter, were determined by plaque assay in Vero cells. Plaques were visualized by incubating infected Vero cell monolayers under 1%
methylcellulose for 6 days, immunostaining with ferret anti-hMPV polyclonal Ab, and treating with 3-amino-9-ethylcarbazole.
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FIG. 2. Comparison of growth properties of rhMPV/NL/1/00/101P and rhMPV/NL/1/00/101S (subtype A1 hMPV). (A) Multicycle growth
curves of rhMPV/NL/1/00/101P (open squares) and rhMPV/NL/1/00/101S (closed triangles) were performed in Vero cells at an MOI of 0.1
PFU/cell with or without 0.2 �g/ml trypsin. Titers were determined by plaque assay in Vero cells with or without 0.2 �g/ml trypsin. (B) Surface
expression of hMPV F was detected in Vero cells infected with either rhMPV/NL/1/00/101P or rhMPV/NL/1/00/101S with or without 0.2 �g/ml
trypsin. Infected cell monolayers were fixed in 3% paraformaldehyde and immunostained with hamster MAb 121-1017-133 directed to hMPV F
followed by fluorescein isothiocyanate-conjugated anti-hamster Ab. (C) Western blot analysis of hMPV F protein was performed on viral harvests
of Vero cells infected with either rhMPV/NL/1/00/101P or rhMPV/NL/1/00/101S with or without 0.2 �g/ml trypsin. The Western blots were probed
with hamster MAb 121-1017-133 directed to hMPV F. The arrows indicate positions of bands corresponding to the predicted sizes of full-length
precursor hMPV F (F0) and cleavage fragment hMPV F1.
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ficiently. rhMPV/NL/1/00/101P reached a titer of 7.8 log 10

PFU/ml on day 3, while rhMPV/NL/1/00/101S achieved a titer
of 7.0 log 10 PFU/ml on day 5 (Fig. 2A). In the absence of
trypsin, only rhMPV/NL/1/00/101P underwent multicycle
growth, reaching a titer of 7.6 log 10 on day 3, similar to growth
in the presence of trypsin. No rhMPV/NL/1/00/101S was de-
tected when trypsin was omitted in the plaque assay (Fig. 2A).
Interestingly, rhMPV/NL/1/00/101S virus particles that had
been propagated without trypsin formed plaques when trypsin
was present during the plaque assay. The peak titer of rhMPV/
NL/1/00/101S propagated without trypsin was about 2 log10

lower than that of rhMPV/NL/1/00/101P (Fig. 2A). The pres-
ence of infectious virus suggested that rhMPV/NL/1/00/101S
virions were generated during replication without trypsin; how-
ever, they were not infectious until activated by trypsin. These
data suggested that the predicted 101P in hMPV F protein
contributed significantly to the trypsin-independent growth of
rhMPV/NL/1/00/101P.

Effect of S101P on surface expression of hMPV F protein in
rhMPV-infected cells. During viral infection, paramyxovirus
fusion proteins are transported to the plasma membrane where
virus budding occurs. To determine whether the poor growth
of rhMPV/NL/1/00/101S was caused by impaired surface ex-
pression of hMPV F, infected monolayers were fixed in para-
formaldehyde, and surface expression of hMPV F protein was
visualized by immunofluorescence assay. hMPV viruses that
had been collected after propagation in the absence of trypsin,
as in Fig. 2A, were used to inoculate Vero cell monolayers in
either the absence or presence of trypsin. In the presence of
trypsin, F protein was readily detected on the plasma mem-
branes of almost 100% of the cells infected with either rhMPV/
NL/1/00/101P or rhMPV/NL/1/00/101S, suggesting that hMPV
F/101S and hMPV/101P were both efficiently expressed on the
plasma membrane (Fig. 2B). In the absence of trypsin, only
cells infected with rhMPV/NL/1/00/101P resulted in robust sur-
face expression of hMPV F, and it was at levels comparable to
inoculation without trypsin. In marked contrast, there were
only a few F-positive cells in the monolayer inoculated with
rhMPV/NL/1/00/101S in the absence of trypsin, suggesting that
there were a few infectious virus particles in the inoculum.
Surface expression of hMPV F in these few infected cells did
not appear to be impaired, and the fluorescence intensity of
the individual infected cells was comparable to the intensity
seen in the cells infected in the presence of trypsin (Fig. 2B).
We also probed for internal expression of hMPV F in cells
similarly infected with rhMPV/NL/1/00/101S in the absence of
trypsin, and, as in the immunostaining for surface expression,
only a very few cells in the monolayer expressed hMPV F in the
absence of trypsin (data not shown). These data suggest that
hMPV F with 101S was able to be expressed on the plasma
membrane but was unable to promote spread of rhMPV/NL/
1/00/101S infection in the absence of trypsin.

Cleavage of hMPV F protein of rhMPV/NL/1/00/101S com-
pared to that of rhMPV/NL/1/00/101P. For other paramyxovi-
rus F proteins, it is well documented that cleavage of the F0

precursor into the F1 and F2 fragments exposes the fusion
peptide at the N terminus of the F1 fragment, a requirement
for fusion and infectivity. Amino acid 101 lies within the pu-
tative cleavage motif of hMPV F protein, and trypsin-depen-
dent cleavage of the hMPV F/101S precursor would explain

the trypsin requirement for growth of rhMPV/NL/1/00/101S.
Therefore, we next investigated the cleavage of the hMPV F
protein.

To determine the effect of the S101P substitution on F
cleavage with or without trypsin, hMPV-infected Vero cell
lysates were analyzed by Western blot. For F protein contain-
ing 101P, approximately half the amount of the precursor
hMPV F protein (F0) was cleaved to form an F species that
corresponded to the predicted size of the putative F1 fragment.
The efficiency of processing for F protein containing 101P was
comparable with or without trypsin (Fig. 2C). In contrast,
hMPV F containing 101S was cleaved only when exposed to
trypsin, and the relative efficiency of cleavage in the presence
of trypsin was significantly less than that of hMPV F/101P (Fig.
2C). The relative amount of trypsin-induced cleavage of F
protein containing 101S was found to vary among experiments
due to differences in the specific activity of the trypsin added
(data not shown). However, the relative cleavage of hMPV
F/101S was consistently less than that of hMPV F/101P. Over-
all, these data indicate that the 101P contributed to trypsin-
independent cleavage of the F protein, thereby exposing the
fusion peptide and enabling fusion activity in the absence of
trypsin.

The experiments described above were performed using
hMPV/NL/1/00, the representative A1 subtype. Biologically
derived wt hMPV/NL/1/99, the representative B1 subtype, was
also found to have an S101P substitution in the predicted
RQSR cleavage motif of its F protein. Therefore, a recombi-
nant virus, rhMPV/NL/1/00/101S, was utilized to assess the
contribution of the S101P substitution on hMPV trypsin inde-
pendence in the B1 subtype. Growth curves in the presence
and absence of trypsin, surface expression of hMPV F in in-
fected Vero cells, and the extent of cleavage as determined by
Western blot analysis with either wt hMPV/NL/1/99 or
rhMPV/NL/1/99/101S were analogous to the results seen with
rhMPV/NL/1/00/101P and rhMPV/NL/1/00/101S (data not
shown). These results indicated that the S101P substitution
contributed to trypsin-independent growth in the B1 subtype
as well as the A1 subtype.

Cleavage of F of hMPV/101S compared to that of hMPV/
101P when expressed from a heterologous viral vector. To
investigate whether hMPV F cleavage was dependent upon the
native viral context provided by the other hMPV viral proteins,
the level of hMPV F-protein cleavage was determined for
hMPV F protein expressed from a heterologous virus. The
hMPV F gene coding for either a predicted 101S or 101P was
cloned into a chimeric b/h PIV3 full-length cDNA so that the
viruses generated from these cDNAs would express the desired
hMPV F protein from the second transcription unit as de-
scribed previously (44, 46–48). Without exogenously added
trypsin, vectored hMPV F/101P protein was partially cleaved in
Vero cells while hMPV F/101S protein was uncleaved as de-
termined by Western blot analysis of infected cell lysates (Fig.
3). However, the relative cleavage of vectored hMPV F/101P
protein was reduced compared to that of hMPV F/101P in wt
hMPV-infected cells (Fig. 3). This difference was no longer
apparent when trypsin was added during infection. In the pres-
ence of trypsin, the vectored F proteins of both hMPV/NL/1/
00/101P and hMPV/NL/1/00/101S were partially cleaved to the
same extent as the F protein expressed from wt hMPV/NL/1/00
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(Fig. 3). These results indicate that trypsin-independent cleav-
age occurred without other hMPV proteins, although trypsin-
independent cleavage was less efficient than during wt hMPV/
NL/1/00 infection.

Spontaneous hMPV F variants of hMPV/NL/1/00. Sequence
analysis of independently generated stocks of rhMPV/NL/1/00/
101P indicated that this virus rapidly developed other codon
changes in or upstream of the putative cleavage site of the
fusion protein. One stock of rhMPV/NL/1/00/101P spontane-
ously developed the mutation G3343A, encoding a predicted
E93K amino acid substitution in F. A second stock developed
the mutation C3364A, encoding a predicted Q100K substitu-
tion in F. These mutations remained genetically stable for 10
additional passages in Vero cells. One of these variant viruses,
vhMPV/93K/101P, was sequenced in its entirety (excluding 30
nucleotides at the extreme 3� and 5� ends of the genome), and
G3343A was the only mutation detected, suggesting that rep-
lication of the hMPV genome by the polymerase complex was
not inherently error prone.

Five other partial polymorphisms at nucleotides upstream of
the putative cleavage site were found in five different virus
stocks of rhMPV/NL/1/00/101P. These polymorphisms were
G3340A, A3344T, T3350G, G3352A, and A3355C that en-
coded predicted amino acid substitutions E92K, E93V, I95S,

E96K, and N97H, respectively (Table 1). Each virus stock of
rhMPV/NL/1/00/101P that developed one of these polymor-
phisms did so within the first six passages, and never was more
than one of these changes observed. These data suggested that
any one of these additional mutations might have provided a
growth advantage in Vero cells.

To determine whether growth without trypsin was asserting
selective pressure for spontaneous mutations in rhMPV/NL/1/
00/101P fusion protein, 10 independent transfections were
done with trypsin and 10 were done without trypsin. Recovery
of virus was equally efficient with or without trypsin. However,
after the third passage without trypsin, 7 out of 10 virus stocks
had developed a subpopulation with a G3343A or C3364A
mutation, while only 1 out of 10 virus stocks grown with trypsin
had developed a mutation, and it was G3343A (data not
shown). Similarly, for rhMPV/NL/1/00/101S, 10 independent
transfections were done with trypsin and 10 were done without
trypsin. As expected, no virus was recovered in the absence of
trypsin. For the rhMPV/NL/1/00/101S stocks that were recov-
ered and amplified with trypsin, no mutations occurred in the
F gene in 10 serial passages. It would appear that in the pres-
ence of trypsin, the function of hMPV F cleavage was assumed
by the applied exogenous protease, obviating the selection of
cleavage-enhancing mutations. In the absence of trypsin, we
saw rapid development of secondary mutations that suggested
that G3343A or C3364A variants of rhMPV/NL/1/00/101P
arose because they facilitated more efficient cleavage of the
fusion protein in the absence of trypsin.

These observations led us to conduct a thorough analysis of
nucleotide polymorphisms in the fusion gene of biologically
derived wt hMPV/NL/1/00, which was derived from three pas-
sages in tertiary monkey kidney cells and further passaged
three times in Vero cells. Polymorphisms at nucleotides 3343
and 3364 in the F gene were observed (Fig. 4A). To further
analyze the sequences found within this viral population, RT-
PCR fragments spanning nt 2938 to nt 3896 were cloned into
a plasmid vector, and 20 individual clones were sequenced
from nt 3200 to nt 3500. In addition to the primary mutation
T3367C, encoding the substitution 101P, nine clones had the
C3364A mutation (Q100K) and four clones had the G3343A
mutation (E93K). These two mutations were identical to the
predominant mutations that arose after passaging rhMPV/NL/
1/00/101P in Vero cells. Of the remaining clones, three had
A3344T, one had A3348C, and one had T3357A, encoding
E93V, Q94H, and N97K, respectively (Table 1). No clone

FIG. 3. Expression of hMPV F vectored in b/h PIV3 as detected by
Western blot analysis. Subconfluent monolayers of Vero cells were
inoculated with wt hMPV/NL/1/00, b/h PIV3/hMPV F/101P, b/h PIV3/
hMPV F/101S, or b/h PIV3 with or without 0.2 �g/ml trypsin. Western
blot analysis was performed on viral harvests using MAb 121-1017-133
directed to hMPV F. The arrows indicate positions of bands corre-
sponding to the predicted sizes of full-length precursor hMPV F (F0)
and cleavage fragment hMPV F1. aa, amino acid.

TABLE 1. Mutations and polymorphisms in hMPV F gene of rhMPV/NL/1/00/101P, wt hMPV/NL/1/00, and wt hMPV/NL/1/99a

Virus Trypsin

Mutation

E92K,
G3340A

E93K,
G3343A

E93V,
A3344T

Q94K,
C3346A

Q94H,
A3348C

I95S,
T3350G

E96K,
G3352A

N97H,
A3355C

N97K,
T3357A

Q100K,
C3364A

S101P,
T3367C

rhMPV/NL/1/00/101P � X X X X X X X
� X X X

wt hMPV/NL/1/00 � X X X X X X
wt hMPV/NL/1/99 � X X X

a Stocks of the indicated hMPV viruses developed polymorphisms in the F gene in less than six passages in Vero cells. The mutations and consequent predicted amino
acid substitutions in hMPV F protein are indicated above each column. All of the stocks of rhMPV/NL/1/00/101P, wt hMPV/NL/1/00 and wt hMPV/NL/1/99 contained
the mutation T3367C encoding the substitution S101P. For each stock of rhMPV/NL/1/00/101P that developed a nucleotide polymorphism, only one polymorphism in
addition to S101P was found. The wt hMPV stocks contained mixed populations of viruses with each subpopulation containing S101P plus one of the nucleotide
polymorphisms shown in the table.
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contained more than one of these secondary mutations. At-
tempts to plaque purify wt hMPV/NL/1/00 were not successful
due to the minimal cytopathic effect and poor growth of hMPV
in Vero cells. These results suggested that wt hMPV/NL/1/00
expanded to P6 was a mixed population that contained two
predominant quasispecies. Thus, both biologically derived and
recombinant hMPV readily acquired mutations in the hMPV F
gene that facilitated their trypsin-independent growth in tissue
culture.

Sequencing of RT-PCR fragments derived from the F gene
of wt hMPV/NL/1/99 confirmed the primary mutation T3367C,
encoding the predicted substitution S101P, and identified two
additional nucleotide polymorphisms, C3346A and G3352A,
encoding predicted Q94K and E96K amino acid substitutions
in F, respectively (Table 1). The secondary mutation, E96K,
was also seen in some stocks of rhMPV/NL/1/00/101P, but the
Q94K secondary mutation was seen only in wt hMPV/NL/1/99
(Table 1). These data for both A1 and B1 subtypes suggest that
an S101P substitution in the RQSR motif of the hMPV F-
protein cleavage site alters the protease specificity, resulting in
efficient hMPV growth in the absence of trypsin in vitro.

E93K enhanced trypsin-independent cleavage of hMPV
F/101P but did not confer trypsin-independent cleavage of
hMPV F/101S. E93K was the most frequently observed sec-
ondary mutation in rhMPV/NL/1/00/101P. Since this substitu-
tion did not arise during passaging of rhMPV/NL/1/00/101S,

we investigated the cleavage-enhancing ability of the E93K
substitution in the context of both rhMPV/NL/1/00/101S and
rhMPV/NL/1/00/101P. Western blot analysis showed that in
the absence of trypsin, the presence of E93K greatly enhanced
the efficiency of hMPV F/101P cleavage (Fig. 4B, lanes 1 and
2), suggesting a synergistic effect between 101P and 93K on
hMPV F-protein processing in Vero cells. However, hMPV
F/101S was not cleaved in the absence of trypsin even in con-
junction with E93K (Fig. 4B, lanes 3 and 4). In the presence of
trypsin, hMPV F/101S was partially cleaved as expected, and
the addition of E93K only minimally increased the cleavage
efficiency (Fig. 4B, lanes 8 and 9).

E93K and Q100K enhance trypsin-independent cleavage of
hMPV F/101P but do not increase titers during multicycle
growth. The rapid emergence of the predicted E93K and
Q100K substitutions suggested that each of these secondary
mutations might confer a growth advantage by enhancing
hMPV F cleavage. Western blot analysis of variant viruses
containing either predicted E93K or Q100K in the hMPV F
sequence showed that approximately half of the hMPV F0

precursor had been cleaved in the absence of trypsin, suggest-
ing that enhanced cleavage of F had indeed been selected for
in Vero cell growth (data not shown).

To determine if enhanced trypsin-independent cleavage of F
protein would increase viral titers during multicycle growth of
hMPV, Vero cells were inoculated with rhMPV/NL/1/00/101P,

FIG. 4. Chromatogram of nucleotide sequence derived from wild-type hMPV/NL/1/00 and relative cleavage efficiencies of hMPV F protein by
Western blot analysis. (A) Chromatogram spanning nt 3348 to 3373 obtained from RT-PCR fragment of wt hMPV/NL/1/00. The codons
corresponding to predicted amino acids 93 (rectangle), 100 (oval), and 101 (underlined) of hMPV F glycoprotein are indicated. The asterisks
indicate nucleotide polymorphisms. (B) Vero cells were inoculated with the indicated hMPV viruses at an MOI of 0.1 PFU/cell with or without
0.2 �g/ml trypsin. Six days postinoculation, cells and supernatants were harvested and Western blot analysis was performed with MAb 121-1017-133
directed to hMPV F. Shown are rhMPV/NL/1/00/101P (lanes 1 and 6), rhMPV/93K/101P (lanes 2 and 7), rhMPV/NL/1/00/101S (lanes 3 and 8),
rhMPV/93K/101S (lanes 4 and 9), and wt hMPV/NL/1/00 (lanes 5, 10). wt hMPV/NL/1/00 is a mixture of hMPV with either a predicted E93K or
Q100K in the fusion protein. Arrows indicate bands corresponding to the predicted sizes of full-length precursor hMPV F (F0) and cleavage
fragment hMPV F1.
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vhMPV/93K/101P, rhMPV/93K/101P, vhMPV/100K/101P, or
wt hMPV/NL/1/00 at an MOI of 0.1 PFU/cell in the absence of
trypsin. The growth curves for each of the trypsin-independent
viruses were comparable, indicating that there was no enhance-
ment in the viral peak titers or growth kinetics with increased
cleavage efficiency of the hMPV F that resulted from acquisi-
tion of E93K or Q100K (data not shown).

Enhanced hMPV F cleavage correlates with increased fu-
sion activity in hMPV-infected Vero cells. Analogous to other
paramyxoviruses, cleavage of full-length precursor hMPV F
protein may expose a fusion peptide at the N terminus of the
F1 fragment that can promote fusion between cells (31, 64).
Visual inspection of wt hMPV/NL/1/00-infected Vero cell
monolayers showed that by day 2 to 3, most of the cells had
fused to form large syncytia, whereas rhMPV/NL/1/00/101S-
infected cells showed fewer and smaller syncytia. To evaluate if
an increase in cell-to-cell fusion activity correlated with en-
hanced cleavage of F protein, confluent monolayers of Vero
cells were inoculated with wild-type, recombinant, and variant
hMPV/NL/1/00 viruses with or without trypsin. Fusion activity
was quantified at 48 h postinfection by calculating the percent-
age of DAPI (4�,6�-diamidino-2-phenylindole)-stained nuclei
incorporated into syncytia in 10 randomly selected fields of
view. For one representative experiment, in the absence of
trypsin, 65% to 75% of the Vero cells infected with vhMPV/
93K/101P, rhMPV/93K/101P, vhMPV/100K/101P, or wt
hMPV/NL/1/00 had fused to form syncytia, and in the presence
of trypsin, 80% to 90% of the cells had formed syncytia (Fig.
5). For rhMPV/NL/1/00/101P that did not contain hMPV F-
cleavage-enhancing mutations, syncytium formation was con-
siderably reduced: the percentage of cells fused into syncytia

was 13% without trypsin and 25% with trypsin. For rhMPV/
NL/1/00/101S, formation of small syncytia was observed only in
the presence of trypsin, with 20% of the cells fused to form
syncytia (Fig. 5).

The enhanced syncytium formation could formally be
caused by either enhanced efficiency of cleavage of hMPV F or
enhanced replication of hMPV. Since growth curves showed
that enhancement of hMPV F cleavage did not increase the
replication titers of hMPV, it is likely that enhanced efficiency
of hMPV F cleavage caused the increase in fusion activity as
demonstrated by the formation of larger and greater numbers
of syncytia.

Replication and protection from wt hMPV challenge in Syr-
ian Golden hamsters. To determine if the trypsin-independent
growth properties of hMPV containing hMPV F/101P would
confer an ability to replicate in tissues outside of the respira-
tory tract, Syrian Golden hamsters were inoculated with
rhMPV/93K/101P and rhMPV/93K/101S. The Syrian Golden
hamster model has been previously shown to be permissive for
wt hMPV/NL/1/00 replication (29). Replication titers at 4 days
postinfection were comparable for rhMPV/93K/101P and
rhMPV/93K/101S in the nasal turbinates and lungs (Table 2).
Virus titers from brain, heart, kidney, liver, or spleen were
below the limit of detection of the plaque assay. rhMPV/93K/
101P and rhMPV/93K/101S gave similar neutralization titers
and levels of protection upon challenge with wt hMPV/NL/1/00
(Table 2). These results suggested that the predicted S101P
substitution in hMPV F did not alter tissue tropism or increase
replication titers but showed the same level of immunogenicity
and protection compared to rhMPV/93K/101S in the hamster
model.

FIG. 5. Relative fusion of Vero cells infected with hMPV viruses. Confluent monolayers of Vero cells were inoculated with the indicated hMPV
viruses at an MOI of 3 PFU/cell with or without 0.2 �g/ml trypsin and incubated under 1% methyl cellulose. The monolayers were fixed in methanol
at 48 h postinfection. The nuclei were visualized by incubation with Hoechst stain. The inset pictures are representative fields of view. Aggregated
nuclei of fused cells and isolated nuclei of unfused cells were counted in 10 fields of view, and the percentage of fused cells was graphed. The data
shown are from one of three experiments.
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DISCUSSION

hMPV has been reported to require trypsin for growth (3–6,
13, 18, 37, 38, 43, 60, 62). However, we observed that hMPV/
NL/1/00 (subtype A1) and hMPV/NL/1/99 (subtype B1), which
had been passaged three times in tertiary monkey kidney cells
and three times in Vero cells, exhibited comparable growth
kinetics and peak titers in the presence or absence of trypsin.
To determine the genetic basis for trypsin-independent growth
of hMPV/NL/1/00 and hMPV/NL/1/99, sequences of the
hMPV fusion gene of these viruses were compared to se-
quences recently deposited in GenBank (3, 5, 59, 60). Several
nucleotides near and one nucleotide in the RQSR motif at the
putative F1/F2 cleavage site were found to display nucleotide
polymorphisms. One of these nucleotide changes encoded an
S-to-P substitution in the RQSR motif at position 101. By
analogy with other paramyxovirus fusion proteins, cleavage at
the RQS/PR motif likely exposes the fusion domain located at
the N terminus of the F1 fragment that is required for fusion
with host cell membrane, syncytium formation, and efficient
virus amplification (31, 40, 41).

To investigate the role of an S101P substitution in hMPV F
in trypsin-independent growth, recombinant hMPV/NL/1/00
viruses that contained serine or proline at position 101 in the
RQSR motif were generated. We found that hMPV that ex-
pressed a fusion protein with 101S was incapable of initiating
multicycle growth without the addition of trypsin, in marked
contrast to rhMPV/NL/1/00/101P. rhMPV/NL/1/00/101P had
similar growth kinetics and mean peak titers during infections
with or without exogenous trypsin, and this correlated with
comparable hMPV F/101P cleavage efficiency in the presence
and absence of trypsin. In contrast, rhMPV/NL/1/00/101S was
able to initiate multicycle growth only once hMPV F/101S was
cleaved by the addition of exogenous trypsin. Thus, the S101P
substitution at the RQSR motif is a major determinant of
trypsin-independent growth phenotype and plays a major role
in promoting the hMPV F1/F2 cleavage.

hMPV expressing hMPV F/101P rapidly acquired mutations
at other amino acid positions in the putative F2 fragment but
not the F1 fragment. Most of these secondary mutations were
adjacent to the RQPR motif, although one mutation, Q100K,
was located in the motif. Of the F2 mutations that occurred
outside the RQPR motif, E93K was identified most frequently,
and hMPV engineered to express hMPV F/93K/101P showed
enhanced F0 processing and cell fusion activity. While we did
not examine the effects of the other F2 mutations, we postulate
that they also act to enhance the cleavage of hMPV F. The
rapidity with which secondary mutations that enhanced hMPV
F cleavage arose suggested that they might confer a growth

advantage in Vero cell culture, but this was not apparent from
the comparative multicycle growth curves done at an MOI of
0.1. Certainly, increased efficiency of hMPV F cleavage did
result in the production of more infectious virus when the
growth of rhMPV/NL/1/00/101P was compared to that of
rhMPV/NL/1/00/101S in the presence of trypsin. However, the
growth of rhMPV/NL/1/00/101P may have been sufficiently
efficient such that further enhancement in hMPV F cleavage
efficiency was unlikely to significantly increase the peak titers.

The trypsin-independent phenotype was also observed for
hMPV/NL/1/99, a subtype B1 hMPV. The F proteins of sub-
types A1 and B1 share amino acid identity of 94%, and most of
the nonhomologous amino acids are located at the C terminus
of the hMPV F protein that includes the putative transmem-
brane domain (61). While an S-to-P substitution at position
101 of the fusion protein also resulted in trypsin-independent
growth of hMPV/NL/1/99, sequencing of the P6 stock revealed
that the major F2 polymorphisms were at amino acids 94 and
96, in contrast to 93 and 100 for subtype A1 hMPV F. Since the
F proteins of the two subtypes are highly conserved around the
F1/F2 cleavage site, it was surprising to find different cleavage-
enhancing mutations. Passaging of newly generated hMPV/
NL/1/99/F 101P may result in amino acid substitutions similar
to those found in the subtype A1 F2 fragment. However, the
differences in the F2 mutations may reflect flexibility in the
binding of the protease that catalyzed hMPV F cleavage or
higher-order conformational differences in this region of the
hMPV F A1 and B1 glycoproteins.

The S101P substitution also increased the cleavage efficiency
of hMPV F following expression from a chimeric bovine/hu-
man PIV3 virus vector, indicating that cleavage of the hMPV
fusion protein occurred in the absence of interaction with
other hMPV proteins. However, the amount of hMPV F1

fragment derived from PIV3-infected cells was relatively less
than that observed in hMPV-infected cells, suggesting that
interactions with other hMPV proteins resulted in more cleav-
age activity. Other possibilities include inhibitory effects of
PIV3 proteins or differences in cellular states induced by
hMPV infections compared to PIV3 infections. Nonetheless,
these observations serve as further confirmation that the S101P
substitution in the RQSR motif of hMPV F is an important
determinant of cleavage activity in Vero cells.

The surface expression of hMPV F/101S suggested that the
uncleaved hMPV F0 precursor was trafficked to the cell sur-
face. We note that in Vero cells, a substantial amount of the
hMPV F0 precursor was protected from cleavage even in the
presence of trypsin, in contrast to the processing of RSV fusion
proteins (11, 15). This result suggested that the processing of

TABLE 2. rhMPV/93K/101S and rhMPV/93K/101P showed similar levels of replication and protection in hamstersa

Virus
Replication titer (log10 PFU/g) Neutralization titer (reciprocal log2) Titer after challenge (log10 PFU/g)

Lungs NT wt hMPV/NL/1/00 wt hMPV/NL/1/99 Lungs NT

rhMPV/93K/101P 5.4 � 0.2 6.2 � 0.2 9.7 � 1.2 6.5 � 0.6 �0.06 � 0.1 �0.4 � 0.1
rhMPV/93K/101S 5.3 � 0.2 6.3 � 0.3 9.4 � 1.0 4.8 � 1.6 �0.09 � 0.1 �0.4 � 0.1
Placebo ND ND 0.8 � 0.1 1.5 � 0.2 4.4 � 0.7 5.9 � 0.8

a Eight hamsters per group were inoculated with 106 PFU per animal. Four hamsters per group were harvested 4 days postimmunization for replication titers. Four
hamsters per group were bled for serum neutralization titers and challenged 28 days postimmunization with 106 PFU wt hMPV/NL/1/00. Challenge titers were obtained
4 days postinfection. NT, nasal turbinates; ND, not determined.
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hMPV F precursor is inefficient and/or that hMPV F0 has a
functional role in the replication cycle of hMPV in vitro.
hMPV F/101S appeared to be cleaved extracellularly after ex-
posure to exogeneously added trypsin. However, it is unclear
whether hMPV F/101P is cleaved intra- or extracellularly.
Other paramyxovirus virus fusion proteins that contain multi-
ple basic residues at the cleavage site are thought to be cleaved
by an intracellular protease such as furin (8, 23, 26, 27). If there
is an intracellular protease capable of cleaving hMPV F pro-
tein, it was surprising that we did not detect any S101P substi-
tutions during multiple attempts to grow rhMPV/NL/1/00/101S
in the absence of trypsin. Extensive passaging of rhMPV/NL/
1/00/101S in the presence of trypsin also did not generate any
virus with an S101P substitution in the fusion protein. How-
ever, under more stringent growth conditions, such as neutral-
ization of trypsin after initiation of infection, populations of
rhMPV/NL/1/00/101S with the S101P amino acid substitution
in the fusion protein may arise.

There remains the formal possibility that the S101P muta-
tion that enhanced cleavage of F in wt hMPV/NL/1/00 and wt
hMPV/NL/1/99 could have originated as subpopulations in the
original clinical isolates that were enriched after passage in
tissue culture. While most hMPV clinical isolates have been
reported to contain the RQSR cleavage motif, 3 of 46 clinical
isolates of nasal swabs from a study at Vanderbilt University
were found to contain RQPR at the F cleavage site (Chin-Fen
Yang and Jim Crowe, unpublished data). These isolates rep-
resented both subtypes A1 and B1 hMPV. Thus, the RQPR
motif occurred in a small population of naturally occurring
hMPV and was not necessarily induced during tissue culture
expansion.

Cleavage of the F0 precursor is a prerequisite for infectivity
and pathogenicity of paramyxoviruses (24, 26). For some re-
spiratory viruses such as influenza, Newcastle disease virus,
PIV2, and Sendai virus, changes in the F protein that altered
recognition by a tissue-specific protease to a nonspecific ubiq-
uitous protease such as furin have given rise to host range
differences or an increase in virulence (1, 8–10, 12, 14, 23, 24,
26, 27, 32, 33, 42, 57, 58). For example, Sendai virus that
contained PQSR at the F cleavage site was found to require a
protease such as exogenous trypsin in tissue culture or tryptase
Clara in lung cells for F cleavage and growth (22, 24, 25, 49, 51,
55). However, Sendai virus mutants that expressed fusion pro-
tein with the PQPR cleavage motif can replicate without tryp-
sin in tissue culture (51, 54). The altered protease specificity
conferred by the PQPR cleavage motif enabled the mutant
Sendai virus to replicate outside the respiratory tract, although
the pantropic phenotype was dependent on an additional mu-
tation in the matrix protein (35, 50, 52, 53).

Preliminary studies in hamsters suggested that the S101P
mutation in the hMPV F protein that obviated the need for
trypsin during tissue culture growth did not generate a pan-
tropic phenotype for hMPV. It is also noteworthy that hMPV
clinical strains that contained RQPR were isolated from secre-
tions from three pediatric subjects with uncomplicated upper
respiratory tract illness (Jim Crowe, personal communication).

The identification of hMPV strains that replicate efficiently
in Vero cells without exogenous trypsin will facilitate the gen-
eration, characterization, preclinical testing, and assay devel-
opment of potential live attenuated hMPV vaccine candidates.

Our results in the hamster model demonstrated that hMPV
containing hMPV F/101P replicated, induced neutralizing an-
tibodies, and protected hamsters from challenge to the same
extent as hMPV expressing F/101S and did not extend the
tissue tropism. However, the important correlations between
differences in protease specificity and viral pathogenicity have
to be further addressed experimentally before further devel-
opment of these hMPV strains as live attenuated vaccine can-
didates.
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