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constitutively expressing TMPRSS2 (Vero/TMPRSS2) and
green fluorescent protein-expressing HMPV, that TMPRSS2
efficiently supports the cleavage of the HMPV F protein and
HMPV multiplication.
The ability of TMPRSS2 to cleave the HMPV F protein was
first analyzed by using a transient-expression system. To generate an expression plasmid for TMPRSS2, total RNA was
extracted from a human lung carcinoma cell line, Calu-3, and
the cDNA encoding TMPRSS2 was amplified by reverse transcription and PCR using a primer pair, TATGAATTCCACC
ATGGCTTTGAACTCAGG and TATGCGGCCGCTTAGC
CGTCTGCCCTCATT. The amplified fragment was then
cloned into pcDNA3 vector (Invitrogen), generating pcDNATMPRSS2. The cDNA encoding the F protein was derived
from the Japanese HMPV JPS02-76 strain (subtype 2B [11] or
B1 [26]) isolated in 2002 (9) and cloned into pCA7 vector (16,
23). For detection by Western blotting, the HA tag sequence
was added to the cytoplasmic tail of the F protein. TMPRSS2
was detected with the rabbit polyclonal antibody raised against
the amino-terminal (cytoplasmic) region of TMPRSS2 (Abcam). Monolayers of 293T cells were transfected with different
amounts of the expression plasmid pcDNA-TMPRSS2 (Fig.
1A). The major band of ⬃28 kDa that appeared to be the
membrane-anchored cleaved fragment of TMPRSS2 was detected in these cells (Fig. 1A, asterisk), as reported previously
(2, 14, 29). To confirm that it is indeed the cleaved form
generated by the autocatalytic activity of TMPRSS2, two
TMPRSS2 mutants possessing a arginine-to-glutamine substitution at amino acid position 255 (R255Q) or a serine-toalanine substitution at position 441 (S441A), respectively, were
expressed in 293T cells. The former mutation is located in the
proteolytic cleavage site of TMPRSS2 and disrupts the motif
for recognition by the protease, while the latter is located in
the protease domain and causes a loss of the catalytic activity
of TMPRSS2 (2). As expected, the uncleaved full-length
TMPRSS2 was detected as the major band in cells expressing
either of these TMPRSS2 mutants (Fig. 1A, arrowhead).
Next, various amounts of pcDNA-TMPRSS2 were trans-

Human metapneumovirus (HMPV) was discovered in 2001
as a major causative agent of respiratory tract infectious diseases (25); 5 to 15% of cases of severe bronchiolitis and pneumonia in young children are caused by the virus (27, 28). The
clinical features of HMPV infection are similar to those of
respiratory syncytial virus (RSV) infection (25, 27). Although
both HMPV and RSV are classified in the Pneumovirinae subfamily of the Paramyxoviridae family, they have several differences in their gene organization, as well as in their viral protein
functions (6, 24, 25). A striking difference is the cleavability of
the fusion (F) protein, which is responsible for membrane
fusion between the virus envelope and host cell membrane.
The F protein of paramyxoviruses is synthesized as a single
polypeptide, the F0 protein, which is then cleaved by cellular
proteases at the site just upstream of the hydrophobic fusion
peptide (13). This proteolytic cleavage is essential for the function of the paramyxovirus F protein to cause membrane fusion
(13, 21). Uniquely, the RSV F protein has an additional cleavage site separated by 27 amino acids from the fusion peptide
(10, 32). Both cleavage sites of the RSV F protein have multiple basic amino acid residues (arginine and lysine) and are
cleaved by the ubiquitously expressed furin in the Golgi apparatus (6, 13). On the other hand, the cleavage site of the
HMPV F protein has only two arginine residues separated by
two uncharged residues and thus does not meet the requirements for recognition by furin (24). Under experimental conditions, the HMPV F protein is cleaved by trypsin, like the
hemagglutinin (HA) protein of influenza virus (20, 21). Bottcher et al. (5) recently reported that the transmembrane
serine proteases TMPRSS2 (17) and HAT (31), which are
expressed in the human airway epithelium, can cleave the HA
protein. In the present study we show, by generating Vero cells
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Human metapneumovirus (HMPV) is a major causative agent of severe bronchiolitis and pneumonia. Its
fusion (F) protein must be cleaved by host proteases to cause membrane fusion, a critical step for virus
infection. By generating Vero cells constitutively expressing the transmembrane serine protease TMPRSS2 and
green fluorescent protein-expressing recombinant HMPV, we show that TMPRSS2, which is expressed in the
human lung epithelium, cleaves the HMPV F protein efficiently and supports HMPV multiplication. The
results indicate that TMPRSS2 is a possible candidate protease involved in the development of lower respiratory tract illness in HMPV-infected patients.
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FIG. 1. Cleavage activity of TMPRSS2 for HMPV F and influenza
virus HA proteins. (A) 293T cells were transfected with empty vector
or different amounts of pcDNA-TMPRSS2 (0.4, 0.1, 0. 025, 0.006, and
0.002 g, respectively). 293T cells were also transfected with pCA7
vectors expressing TMPRSS2 mutants, R255Q and S441A. Asterisk,
cleaved form; arrowhead, full-length form. (B) 293T cells were transfected with empty pCA7 vector or pCA7 encoding the JPS02-76F
protein (pCA7-JPS02-76-F) (lanes 2 to 8). Several samples were cotransfected with different amounts of pcDNA-TMPRSS2 (0.4, 0.1, 0.
025, 0.006, and 0.002 g, respectively). A sample was treated with
NAT. (C) A similar experiment to that in panel B using the expression
plasmid encoding influenza virus HA protein (pCAGGS-HA) instead
of pCA7-JPS02-76-F. (D) A similar experiment to that in panel B using
pCA7 encoding the JPY88-12F protein instead of pCA7-JPS02-76-F.
For all four panels, at 48 h posttransfection, proteins isolated from the
cells were subjected to sodium dodecyl sulfate-polyacrylamide gel electrophoresis, and TMPRSS2, the F0 and F1 proteins, or the HA0 and
HA1 proteins were detected by Western blotting.

fected into 293T cells, together with pCA7 vector encoding the
HMPV F protein. Only 0.006 g of pcDNA-TMPRSS2 was
sufficient to cleave ⬃50% of the F protein, even though expression of TMPRSS2 was below the detectable level in the
Western blotting (Fig. 1A and B). Higher levels of TMPRSS2
expression reduced the F-protein expression levels (Fig. 1B).
Similar data were obtained for the influenza virus HA protein
(H3 subtype of A/Udorn/72 strain). About 50% of the HA
protein was cleaved by transfecting cells with 0.002 g of
pcDNA-TMPRSS2 (Fig. 1C). The F protein of the HMPV
JPY88-12 strain (9), classified in another subtype 1B (11) or
A2 (26), was also cleaved efficiently by TMPRSS2 (Fig. 1D).
These data indicate that TMPRSS2 cleaves the HMPV F protein efficiently as it does the influenza virus HA protein.
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FIG. 2. Infectivity of HMPV in various cell lines as analyzed by
using EGFP-expressing HMPV. (A) The full-length genome cDNA
of the HMPV JPS02-76 strain flanked by the T7 promoter (T7) and
hepatitis delta virus ribozyme (Rz) sequence was cloned into pBluescript vector (Stratagene). An additional transcription unit for
EGFP was created between the N and P genes. Restriction enzyme
recognitions sites for Tth111I and SacI were used for cloning. GE,
gene end sequence; GS, gene start sequence; Le, leader sequence;
Tr, trailer sequence. (B) Infectivity titers of rJPS02-76EGFP were
determined in various cell lines. Cell lines were infected with the
same stock of rJPS02-76EGFP and incubated in appropriate culture
media in the absence of trypsin. At 30 h p.i., EGFP-expressing cell
numbers (cell infectious units) were counted. The number determined in LLC-MK2 cells was set to 100%. LLC-MK2, Vero, Vero
C1008, and CV-1 cells are monkey kidney-derived cell lines.
HEK293 cells are a human kidney-derived cell line. H157, H322,
H358, H1299, H460, A549, EBC-1, and Calu-3 cells are human lung
carcinoma cell lines. HeLa cells are a human cervical adenocarcinoma cell line. L929 cells are a mouse fibroblast line. B95a cells are
a marmoset B-lymphoblastoid cell line. CHO cells are a hamster
ovary-derived cell line.
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FIG. 3. Multiple-step growth of HMPV and influenza virus in Vero
and Vero/TMPRSS2 cells. (A) Vero cells were transfected with empty
pCA7 vector, or different amounts of pCA7-TMPRSS2 (0.8, 0.4, and
0.1 g, respectively). TMPRSS2 in these cells at 48 h posttransfection
and that in Vero/TMPRSS2 cells were detected by Western blotting.
Asterisk, cleaved form; arrowhead, full-length form. (B) Vero or
Vero/TMPRSS2 cells were transfected with pCA7-JPS02-76-F alone
or together with pCA7-TMPRSS2. At 48 h posttransfection, F0 and F1
proteins were detected by Western blotting. (C) Vero or
Vero/TMPRSS2 cells were transfected with pCAGGS-HA alone or
together with pCA7-TMPRSS2. At 48 h posttransfection HA0 and
HA1 proteins were detected by Western blotting. (D) Vero and Vero/
TMPRSS2 cells were infected with rJPS02-76EGFP at a multiplicity of
infection of 0.001. Vero/TMPRSS2 cells were cultured in Dulbecco
modified Eagle medium (DMEM) supplemented with 7.5% fetal bovine serum (FBS) (F). Vero cells were cultured in DMEM supplemented with 7.5% FBS (〫) or different concentrations of NAT (1.0,
2.5, and 5.0 g/ml) (䡺, E, and ‚, respectively). Every day after infection, half of the culture media (1 ml) was obtained for plaque titration
and replaced with the same amount of respective fresh medium.
Plaque assays were performed on Vero/TMPRSS2 cells cultured in
DMEM containing 1% methylcellulose and 7.5% FBS. (E) Vero and
Vero/TMPRSS2 cells were infected with A/Udorn/72 at an MOI of
0.01. Cells were cultured under conditions as described in panel D, and
virus titers in culture medium were determined by plaque assay on
MDCK cells. (F) Images of rJPS02-76EGFP-infected Vero/TMPRSS2
(VeroTM) and Vero cells at 2 days p.i. obtained using phase-contrast
(phase) and fluorescence (GFP) microscopes. Mock, mock-infected
cells; rJPS02-76EGFP, rJPS02-76EGFP-infected cells.
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Since the above Western blotting data do not prove that the
F protein is properly activated in the context of infectious
virus, assays using HMPV were performed. HMPV replicates
relatively slowly compared to other paramyxoviruses and often
needs a few weeks to exhibit a detectable cytopathic effect (4,
25). Furthermore, no convenient method to titrate HMPV has
been developed. The use of HMPV genetically engineered to
express a fluorescent protein is therefore advantageous for
analysis of HMPV infection (3, 8). In the present study we
constructed a plasmid encoding the full-length genome of the
HMPV JPS02-76 strain and established a reverse genetics system for it. An additional transcriptional unit encoding enhanced green fluorescent protein (EGFP) was created between
the N and P genes (Fig. 2A). The full-length plasmid was
transfected into the T7 RNA polymerase-expressing cell line
BHK/T7-9 (kindly provided by N. Ito) (12), together with four
support plasmids (pCITE-76N, -76P, -76-M2-1, and -76L) encoding the nucleocapsid, phospho-, M2 ORF1, and large proteins of the JPS02-76 strain, respectively. The transfected cells
were cocultured with Vero cells at 3 days posttransfection.
Infectious HMPV expressing EGFP (rJPS02-76EGFP) was
generated efficiently when these cells were cultured in media
supplemented with 2.0 g of N-acetyl-trypsin (NAT; SigmaAldrich)/ml. Various cell lines were infected with rJPS0276EGFP and cultured in appropriate culture media in the
absence of trypsin. At 30 h postinfection (p.i.), infected
(EGFP-expressing) cell numbers were counted under a fluorescence microscope. rJPS02-76EGFP infected Vero and
LLC-MK2 cells most efficiently among the cell lines tested
(Fig. 2B), a finding consistent with the results of previous
studies (1, 3, 7, 18). When transiently expressed in Vero and
LLC-MK2 cells, TMPRSS2 did not support multiple step
growth of HMPV very well (data not shown). We speculate
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tropism of HMPV (Fig. 2B). Inconsistent with the tropism of
HMPV in vivo, all three cell lines that supported HMPV entry
(Vero, LLC-MK2, and CV1) are derived from monkey kidney,
and none of the human lung carcinoma cell lines investigated
supported its entry (Fig. 2B). Lack of TMPRSS2 expression in
vivo may restrict HMPV growth in the human kidney (17),
while proteases, including TMPRSS2, might greatly contribute
to its growth in the lung in vivo. Our data do not exclude the
possibility that other proteases may also cleave the HMPV F
protein, as HAT does the influenza virus HA protein (5). It is
also possible that TMPRSS2 indirectly supports the cleavage of
the HMPV F protein by activating an enzymatic cascade. Previous studies have indicated that the distribution pattern of
cellular proteases and the cleavability of viral proteins are
major determinants of virus virulence (15, 19, 22, 30). Elucidation of the factors involved in cleavage of the F protein will
thus advance our understanding of the molecular bases for
HMPV pathogenicity and provide us with strategies to control
HMPV and other related viruses.
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for allowing us to use BHK/T7-9 cells in our system.
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that innate immune responses elicited by plasmid transfection
may inhibit HMPV growth and that the expression of
TMPRSS2 may not be maintained at optimal levels for several
days, which are needed for HMPV multiplication. To obtain
cells stably expressing TMPRSS2, Vero and LLC-MK2 cells
were cotransfected with pCA7 vector encoding TMPRSS2
(pCA7-TMPRSS2) and pCXN2 encoding the neo gene (16)
and cultured in the presence of 1.0 mg of Geneticin (G418;
Nacalai Tesque)/ml. Several Geneticin-resistant clones were
obtained, but most of them grew very slowly and attached to
culture plates weakly, even in the absence of Geneticin. One
healthy Vero cell clone named Vero/TMPRSS2 was used for
the following experiments.
Expression of TMPRSS2 in Vero/TMPRSS2 was verified by
Western blotting (Fig. 3A). As controls, Vero cells were transfected with empty pCA7 vector or different amounts of pCA7TMPRSS2. Western blot analyses detected several TMPRSS2specific products (Fig. 3A). TMPRSS2 appeared to exhibit a
lower autocatalytic activity in Vero cells than in 293T cells,
judging from the ratios between the cleaved (asterisk) and
uncleaved full-length (arrowhead) forms of TMPRSS2 (Fig.
1A and 3A). Although Western blot analyses also detected
other products of ⬃40 and ⬃22 kDa (Fig. 3A), their exact
characters are currently unknown. When the HMPV F protein
was expressed alone in Vero cells, only uncleaved F0 protein
was detected (Fig. 3B). When the F protein was coexpressed
with TMPRSS2 (using 0.1 g of pCA7-TMPRSS2) in Vero
cells, it was cleaved efficiently (Fig. 3B). In contrast, in Vero/
TMPRSS2 cells the F protein was cleaved efficiently, even
when it was expressed alone (Fig. 3B). Similar results were
obtained for the influenza virus HA protein. Unlike in Vero
cells, it was cleaved efficiently in Vero/TMPRSS2 cells without
pCA7-TMPRSS2 transfection (Fig. 3C). Then, the growth kinetics of HMPV (rJPS02-76EGFP) and influenza virus (A/
Udorn/72) was analyzed in Vero and Vero/TMPRSS2 cells
(Fig. 3D and E). Without trypsin supplementation, neither
rJPS02-76EGFP nor A/Udorn/72 replicated in Vero cells,
whereas they grew efficiently in Vero/TMPRSS2 cells, showing
maximum titers of ⬃1 ⫻ 106 PFU/ml at 96 h p.i. and ⬃2 ⫻ 106
PFU/ml at 48 h p.i., respectively (Fig. 3D and E). Although
trypsin supplementation supported HMPV growth in Vero
cells, the maximum titer obtained was still lower than that in
Vero/TMPRSS2 cells (Fig. 3D). The lowered titers in Vero
cells supplemented with trypsin, compared to those in Vero/
TMPRSS2 cells, may be partly explained by the fact that the
cells were damaged by trypsin (Fig. 3F). These data indicate
that TMPRSS2 supports efficient multiple-step growth of
HMPV and influenza virus.
We show here that TMPRSS2 can activate the HMPV F
protein, as well as the influenza virus HA protein (5). Thus, the
Vero/TMPRSS2 cells generated in the present study might be
useful for the isolation of HMPV or influenza virus from clinical specimens. The site of influenza virus multiplication in vivo
is in part regulated by the distribution pattern of cellular proteases, and growth of human strains of influenza virus is mostly
restricted to the airway epithelium in spite of the ubiquitous
expression of its receptor, sialic acid (30). On the other hand,
most cell lines support HMPV infection poorly, irrespective of
the trypsin supplementation. Therefore, other factors than the
cleavage of the F protein should be also involved in the cell
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