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Respiratory syncytial virus (RSV), a member of the Paramyxoviridae family, encodes a small hydropho-
bic (SH) protein of unknown function. Parainfluenza virus 5 (PIV5), a prototypical paramyxovirus, also
encodes an SH protein, which inhibits tumor necrosis factor alpha (TNF-a) signaling. In this study,
recombinant PIV5 viruses without their own SH but containing RSV SH (from RSV strain A2 or B1) in its
place (PIVSASH-RSV SH) and RSV lacking its own SH (RSVASH) were generated and analyzed. The
results indicate that the SH protein of RSV has a function similar to that of PIV5S SH and that it can

inhibit TNF-« signaling.

Human respiratory syncytial virus (RSV) is the leading
cause of lower respiratory tract infections in infants and
young children (17). RSV, along with the prototype
paramyxovirus parainfluenza virus 5 (PIVS; formerly known
as simian virus 5), is a member of the Paramyxoviridae fam-
ily, which includes important human and animal pathogens.
Both RSV and PIVS5 encode small hydrophobic (SH) pro-
teins, which are type II transmembrane proteins. The SH
protein of RSV contains 64 (RSV subgroup A) or 65 (RSV
subgroup B) amino acid residues (Fig. 1A) (3-5, 14). Some
studies have suggested that the RSV SH protein may have a
role in viral fusion (9, 19) or in changing membrane perme-
ability (15). However, RSV lacking the SH gene (RSVASH)
is viable, causes syncytium formation, and grows as well as
the wild-type virus (1, 10, 11), indicating that the SH protein
is not necessary for virus entry into host cells or syncytium
formation (19). RSVASH is attenuated in animals, indicat-
ing that RSV plays an important role in viral pathogenesis
(1). Interestingly, recombinant PIVS5 lacking the SH gene
(rPIV5ASH) has a similar phenotype: it has normal growth
in vitro, but it is attenuated in vivo (7). Studies of rPIV5ASH
have shown that the SH protein is necessary for the inhibi-
tion of tumor necrosis factor alpha (TNF-a)-induced apo-
ptosis in L1929 cells (12). Recent work suggests that the SH
protein of mumps virus is a functional counterpart of the
PIVS5 SH protein (22), even though the PIV5 and mumps SH
proteins have no sequence homology. We hypothesized that
the SH protein of RSV may be functionally similar to other
SH proteins from members of the Paramyxoviridae family.
To test this hypothesis, recombinant viruses that contained
the RSV SH gene of strain A2 or B1 in place of the PIV5 SH
gene were produced and confirmed by reverse transcription
(RT)-PCR (Fig. 1B). The rPIV5 and rPIV5ASH viruses
grow to similar titers, although rPIV5SASH virus grows
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slightly faster in the first stages of infection (Fig. 1C) (6, 22).
Growth of the rPIV5ASH-RSV SH recombinant viruses was
comparable to that of rPIV5 and rPIVSASH up to 2 days
postinfection (dpi). Occasionally, a delay in the growth of
one or both of the recombinant viruses was observed, but by
24 or 36 h the viruses had always reached titers comparable
to that of the wild-type virus (Fig. 1C). The plaques formed
by the rPIV5, rPIV5ASH, and rPIVSASH-RSV SH viruses
in BHK cells were of a similar size and morphology (data
not shown). Radioimmunoprecipitation analyses showed
that synthesis of the PIVS V, P, and L proteins was similar
in HeLa cells infected by rPIVS, rPIV5ASH, or rPIV5ASH-
RSV SH (Fig. 1D). The levels of HN and F, proteins were
somewhat variable but were generally equal to or greater in
rPIV5ASH-RSV SH-infected cells than in rPIV5-infected
cells.

The SH protein from strain A2 is found in four different
forms in infected cells: SH,, SH,, SH,, and SH,. SH,, the
7.5-kDa nonglycosylated form, is the full-length unmodified
protein and is the most common form expressed (16). SH, is
the 13- to 15-kDa N-linked glycosylated form of the protein
and is the precursor of SH,,. SH, (21 to 40 kDa) is a polylac-
tosaminoglycan-modified form of the protein, and SH, (4.8
kDa) is a truncated form of SH,, that is generated by trans-
lation initiation at the second AUG of the SH sequence
(14). Similarly, different glycosylated and nonglycosylated
forms of the B1 SH protein have been detected in infected
cells (4). To examine the expression of the RSV SH proteins
encoded by recombinant viruses, RSV SH antibodies against
the SH protein of strain A2 or B1 of RSV were generated,
using the C-terminal 17 amino acids of each protein (Fig.
1A). These antisera specifically recognized glycosylated and
nonglycosylated RSV SH from each strain from either
rPIV5ASH-RSV A2 SH- or rPIV5ASH-RSV B1 SH-infected
cells by radioimmunoprecipitation (Fig. 1E and F).

Previous studies demonstrated that rPIVS infection does
not cause a significant cytopathic effect (CPE) in MDBK,
HeLa, A549, or 1929 cells, whereas rPIV5ASH infection
causes a severe CPE in MDBK and 1929, but not HeLa or
AS549, cells (7, 12, 22). To determine if the RSV SH protein
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FIG. 1. Generation and analysis of PIVSASH-RSV SH. (A) Sequences of the SH proteins of PIV5 and RSV strains A2 and B1. The
predicted transmembrane domains of the proteins are underlined with solid lines. The amino acid sequences used to generate the RSV A2
and B1 SH antibodies are underlined with dashed lines. (B) Confirmation of the generation of the PIVSASH-RSV SH viruses. MDBK cells
were infected at an MOI of 5, and RNA was extracted 1 dpi as previously described (8). RT-PCR, using primers BH191 and BH 194,
amplified the region surrounding the SH gene in rPIVS5-, rPIV5ASH-, rPIVSASH-RSV A2 SH-, and rPIV5ASH-RSV B1 SH-infected cells.
Lane 1 is the 100-bp DNA ladder. (C) Growth kinetics of rPIV5 and rPIVSASH-RSV SH. The growth rates of recombinant viruses are
shown. MDBK cells were infected at an MOI of 4. Samples from the media were taken at 0, 12, 24, 36, and 48 h postinfection, and triplicate
samples were used for plaque assays. The error bars represent the standard errors of the means. (D) Expression of PIVS proteins. HeLa cells
were infected at an MOI of 10. At 1 dpi, the cells were labeled with *3S-Met and *3S-Cys, and proteins were immunoprecipitated using
PIVS5-specific antibodies. (E and F) Expression of the RSV SH protein by the PIVSASH-RSV SH viruses. HeLa cells were infected as before,
and antibodies that recognized the C terminus of the RSV SH protein were used for immunoprecipitation. (E) Anti-RSV A2 SH antibody.

(F) Anti-RSV B1 antibody.

was able to replace the PIV5 SH protein in blocking cell
death, MDBK, L1929, and A549 cells were infected with
rPIVS, rPIV5ASH, or rPIV5ASH-RSV A2 (or B1) SH at a
multiplicity of infection (MOI) of 5. Consistent with previ-
ous work (7, 12, 22), rPIVSASH caused a notable CPE in
MDBK and 1929 cells but not in A549 cells (Fig. 2A). In
contrast, cells infected with the RSV SH recombinant vi-
ruses showed no visible CPE, similar to those infected with
rPIVS5. Since the only difference between the rPIVSASH
virus and the RSV SH recombinant virus is the replacement
of the PIVS5 SH protein with the RSV SH protein, these data
suggest that the RSV SH protein was able to take the place

of the PIVS5 SH protein in preventing the cells from dying.
To determine if the RSV SH protein could prevent apop-
tosis induced by rPIVSASH infection, MDBK cells were
infected with rPIVSASH-RSV A2 (or B1) SH and, at 1 dpi,
were coinfected with rPIV5SASH. Cells that were coinfected
with rPIV5ASH-RSV A2 (or B1) SH had a minimal CPE
and a phenotype that was more similar to the rPIV5-plus-
rPIV5ASH-infected cells (Fig. 2B). To ensure that the cells
were indeed coinfected, RT-PCRs using RNA from infected
cells were performed to detect the presence of genomic
RNA from rPIV5ASH and rPIV5 or rPIVSASH-RSV SH
(Fig. 2C). Thus, expression of the RSV SH protein pre-
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FIG. 2. The PIVSASH-RSV SH viruses inhibit apoptosis induced by PIVSASH. (A) MDBK, 1929, and A549 cells were mock infected or
infected with rPIVS, rPIV5SASH, rPIVSASH-RSV A2 SH, or rPIV5ASH-RSV B1 SH at an MOI of 5. The cells were photographed at 3 (L929
cells) or 4 (MDBK and A549 cells) dpi, using a Nikon Eclipse TE300 inverted microscope. (B) MDBK cells were mock infected or infected
with rPIV5, rPIVSASH-RSV A2 SH, or rPIV5ASH-RSV B1 SH at an MOI of 5. One day after being infected with these viruses, the cells
were infected with rPIV5ASH at an MOI of 5. The cells were photographed, using a Nikon Eclipse TE300 inverted microscope, 3 days after
being infected with the rPIV5ASH virus. (C) Confirmation of coinfection. RT-PCRs were carried out as for Fig. 1B. PCR products

corresponding to ASH or SH are indicated.

vented the rPIV5ASH-infected cells from undergoing apop-
tosis.

The absence of SH protein during PIVS5 infection induces
an increased production of TNF-a and activation of NF-«B,
resulting in the translocation of the p65 subunit of NF-kB
into the nucleus of rPIV5ASH-infected 1929 cells (12). As
expected, nuclear localization of p65 was observed in
rPIV5SASH-infected cells and not in rPIV5-infected cells
(Fig. 3A). Little if any p65 was found in the nuclei of
rPIV5ASH-RSV A2 (or B1) SH-infected cells. While 30% of
cells showed nuclear p65 after rPIVSASH infection, only 1
to 3% of cells showed nuclear p65 after rPIVSASH-RSV A2
(or B1) SH infection. These results were further confirmed,
using an NF-«kB binding enzyme-linked immunosorbent as-
say (ELISA) using immobilized DNA oligomers (Fig.
3B).

Although biologically detectable levels of TNF-a are pro-
duced after PIV5 infection, rPIV5ASH infection induces a
significantly larger amount of the cytokine (12). Previous
work from our laboratory indicates that the SH protein of

PIVS is able to block TNF- «a signaling. To study whether
the RSV SH protein has a similar function, L929F cells were
transfected with a luciferase gene under the control of an
NF-«kB-responsive promoter along with a plasmid contain-
ing the gene for RSV A2 (or B1) SH. Cells were also trans-
fected with a plasmid containing the Renilla luciferase gene
under the control of the herpes simplex virus thymidine
kinase promoter as a transfection control, as previously de-
scribed (22). At 1 day posttransfection, the media were
replaced with Opti-MEM or Opti-MEM and TNF-a (10
ng/ml) and the cells were incubated for another 4 h. Samples
were then examined for dual luciferase activities. The RSV
SH protein from both strains inhibited NF-kB activation by
TNF-a (Fig. 3C). As previously observed (22), cells trans-
fected with PIV5 SH also inhibited TNF from activating
NF-kB. As a control, the RSV G protein did not inhibit
TNF-a-induced NF-«kB activation.

To determine whether the RSV SH protein had a role in
inhibiting apoptosis during RSV infection, we generated a
recombinant RSV lacking SH (RSVASH) by deleting the
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FIG. 3. Activation of NF-kB by recombinant PIV5 and inhibition of TNF-a-mediated NF-«kB activation. (A) Activation of NF-kB. 1L929
cells were mock infected or infected with rPIV5, rPIV5ASH, rPIV5ASH-RSV A2 SH, or rPIVSASH-RSV B1 SH. At 1 dpi, the cells were
fixed with 0.5% formaldehyde and permeabilized, using a 0.1% saponin-phosphate-buffered saline solution. The cells were incubated
overnight, first with mouse antibody against the p65 subunit of NF-kB and then with a fluorescein isothiocyanate-labeled anti-mouse
immunoglobulin G antibody. Fluorescence was observed, using an Olympus BX-60 digital microscope with Image Pro Plus software.
(B) Activation of NF-kB using ELISA. L929 cells were mock infected or infected with rPIV5, rPIV5SASH, rPIVSASH-RSV A2 SH, or
rPIV5ASH-RSV B1 SH at an MOI of 10. At 1 dpi, nuclear extracts were obtained as described by Lin et al. (12). One microgram of protein
was used for the ELISA-based NF-«kB transcription assay from Active Motif (TransAM NF-«kB family kit; Active Motif, Carlsbad, CA)
according to the manufacturer’s instructions. (C). The RSV SH protein inhibits TNF-a-induced NF-«kB activation. L929F cells were
transfected with pCAGGS-GFP, pCAGGS-PIV5 SH, pCAGGS-RSV A2 SH, pCAGGS-RSV Bl SH, or pCAGGS RSV G. All samples were
also transfected with pkB-TATA-Luc (18) and phRL-TK (Promega), which were used to normalize transfection efficiencies among the
different plasmid mixtures. At 1 day posttransfection, the media were replaced with Opti-MEM or Opti-MEM and TNF-«a (10 ng/ml) and
incubated for 4 h at 37°C and 5% CO.,. Luciferase activity was measured, using a Veritas microplate luminometer (Turner Biosystems) for
samples treated with TNF-Opti-MEM or Opti-MEM alone. Luciferase activity was measured as a ratio of firefly luciferase activity to Renilla
luciferase activity. Fold increase, ratio of the amount of luciferase activity of TNF-a-treated cells to that of untreated cells; OD s, optical

density at 405 nm; wt, wild type. Error bars represent the standard errors of the means.

sequences in an antigenome cDNA from the M gene end
(GE) signal through the SH GE, juxtaposing the 3’ untrans-
lated region of the M gene with the SH GE. Recombinant
RSV was then recovered as previously described (2). Infec-
tion of 1929 cells with RSV resulted in noticeable CPE 1 dpi
compared to that for mock-infected cells (Fig. 4A). How-
ever, more notable CPE was observed in RSVASH-infected
cells at the same time point. To determine whether the cell
death observed after RSVASH infection was due to apop-
tosis, a terminal deoxynucleotidyltransferase-mediated dUTP-
fluoroscein isothiocyanate nick end labeling (TUNEL) assay
was performed (12). As shown in Fig. 4B, only 15% of the
RSV-infected cells were apoptotic by 1 dpi, compared to
95% of the RSVASH-infected cells at this time point.
Thus, while RSV infection was capable of inducing apopto-
sis in 1929 cells, RSVASH infection caused significantly
more apoptosis in this cell line. To determine if the in-
creased cell death caused by RSVASH was cell type spe-
cific, A549 cells, a lung epithelial cell line, were tested with
RSV and RSVASH. The results, shown in Fig. 4C and D,
indicate that while little or no CPE was observed in the

mock- or RSV-infected cells, considerable CPE and apop-
tosis were observed in the RSVASH-infected cells 3 dpi,
confirming the role of SH in apoptosis. These results sup-
port the hypothesis that the paramyxovirus SH proteins play
a role in blocking cell death (22). However, it is not clear
whether the inhibition of apoptosis by the RSV SH protein
during RSV infection is due to inhibition of the TNF-«a
pathway. A549 cells, which can produce TNF-« but are not
sensitive to TNF-a-induced death (13, 20), also displayed an
increased level of apoptosis after RSVASH infection com-
pared with that for wild-type infection, suggesting that,
while the RSV SH protein may play a role in the TNF-a
pathway, it may inhibit apoptosis by an alternative mecha-
nism as well.
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FIG. 4. RSVASH virus causes accelerated apoptosis. (A) Induction of cell death by RSVASH. The RSVASH (A2 strain) we generated was

slightly different from that used in other studies (1, 19, 21). 1929 cells were mock infected or infected with RSV or RSVASH at an MOI of 3. Cells
were photographed 1 dpi, using a Nikon Eclipse TE300 inverted microscope. (B) L929 cells were mock infected or infected with RSV or RSVASH
at an MOI of 1. At 1 dpi, the cells were collected and fixed with 0.5% formaldehyde, and DNA fragmentation was measured with a TUNEL assay.
Error bars represent the standard errors of the means. (C). RSVASH accelerated cell death in A549 cells. A549 cells were mock infected or
infected with RSV or RSVASH at an MOI of 3. The cells were photographed 3 dpi. (D) RSVASH accelerated apoptosis in A549 cells. A549 cells
were mock infected or infected with RSV or RSVASH at an MOI of 1. At 1 dpi, the cells were collected for a TUNEL assay. Error bars represent
the standard errors of the means.
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