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The induction kinetics of the transcriptional activities of interferon regulatory factor 1 (IRF-1), interleukin-
1b-converting enzyme (ICE), and CPP32 by respiratory syncytial virus (RSV) infection of human type II
alveolar epithelial cells (A549 cells) were analyzed semiquantitatively by reverse transcriptase PCR. The
appearance of ICE and CPP32 protein in cell lysate was examined by Western blotting analysis. The induction
of apoptosis by RSV infection was examined by the appearance of DNA fragmentation detected by terminal
deoxynucleotidyltransferase-mediated dUTP-biotin nick end labeling. RSV moderately enhanced IRF-1 mRNA
as early as 4 h after infection, and this enhancement lasted several hours. Following induction of the IRF-1
gene, ICE gene expression increased significantly, and an increase of ICE protein was observed in the
RSV-infected cell lysate. These increments were observed in cells treated with live RSV but not in cells treated
with inactivated RSV or control antigen. However, no infection-specific increase of CPP32 gene expression or
the protein was observed. No nucleosomal fragmentation was observed in RSV-infected cells during the whole
course of infection, despite the appearance of extensive cytopathic change and cell death. These observations
suggest that RSV infection of human alveolar epithelial cells induces the ICE gene and its protein as a result
of increased IRF-1 induction but that the increased ICE was insufficient to cause apoptosis in the RSV-infected
cells. ICE might not be able to activate CPP32, which is thought to be the more important protease for
apoptosis.

Respiratory syncytial virus (RSV) infection in neonates and
young infants often causes life-threatening acute bronchiolitis
(1, 2). The peculiar tropism of RSV for the bronchiolar epi-
thelium and the fragile anatomy of the infants’ bronchioles are
possible factors in the pathogenesis of acute bronchiolitis (12).
However, the precise mechanisms of respiratory epithelial cell
death after RSV infection remain unclear.

Recently, two major morphologically and biochemically dis-
tinct modes of cell death have been described, apoptosis, or
programmed cell death, and necrosis (4, 14, 36). In human viral
infections, such as human immunodeficiency virus type 1 (9,
29) and influenza (11, 25), apoptosis is thought to be the major
mode of cell death due to the virus infection. The induction of
apoptosis in virus-infected cells is now considered to be the
major mechanism for viral clearance by the mammalian im-
mune system (3). However, the participation of apoptosis in
other human respiratory viral infections, including RSV, has
not yet been fully investigated.

Tumor suppressor interferon regulatory factor 1 (IRF-1)
plays an essential role in apoptosis (26, 28) and is a transcrip-
tional activator of the interleukin-1b-converting enzyme (ICE)
gene (26, 27). ICE is the first mammalian homolog of the Cae-
norhabditis elegans cell death gene, ced-3, and ICE and ICE-
related protease have been implicated in apoptosis (26, 27).
Furthermore, another member of the ced3/ICE family, CPP32/

yama, is now thought to be the more important and dominant
protease that directly cleaves the death substrate poly(ADP-
ribose) polymerase (5, 10, 31). The existence of a protease
cascade is now postulated; activated TX, an ICE family mem-
ber, cleaves pro-ICE, and activated ICE cleaves pro-CPP32 to
make the active CPP32 form (5, 6, 19).

However, the precise kinetics and role of IRF-1, ICE, and
CPP32 gene expression in virus-induced apoptosis in human
cells has not yet been fully investigated. In this study, we ex-
amined the occurrence of apoptosis in human type II alveolar
epithelial cells (A549 cells) infected by RSV. The kinetics of
the transcriptional activities of the IRF-1, ICE, and CPP32
genes and the appearance of these proteins in RSV-infected
cells were analyzed, and the appearance of DNA fragmenta-
tion was investigated.

A549 cells, which were thought to be susceptible to RSV in-
fection, were used for these studies (21). A549 cells were main-
tained in Dulbecco’s modified Eagle’s medium (DMEM; GIBCO
BRL, Gaithersburg, Md.) supplemented with 10% fetal calf
serum (FCS). For the experiments, cells were detached from
the plastic by incubation in trypsin and EDTA for 5 min and
then seeded (105 cells) to 24-well semimicroplates (Nunc, Ros-
kilde, Denmark) on the 2 days before infection. The cells were
generally 90% confluent by the 2nd day after seeding.

RSV strain Long (prototype RSV group A strain) grown in
HEp-2 cells was used for infection. The stock virus titer was
107 PFU/ml. Virus was made replication deficient (inactive) by
treatment in hot water (55°C) for 20 min. Uninfected HEp-2
cell culture fluid was processed similarly for use in a mock
infection. RSV was diluted in DMEM supplemented with 2%
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FCS to a multiplicity of infection of 1.0. The medium was
removed from the A549 cells and replaced with DMEM and
2% FCS at the desired multiplicity of infection of RSV for 1 h
at 37°C. The same volume of inactivated virus preparations
and HEp-2 cell culture fluid was used in a similar fashion for
controls.

To examine the expression of mRNA for IRF-1, ICE, and
CPP32, A549 cells were harvested at 0 h (preinfection) and at
4, 7, and 10 h after RSV exposure; A549 cells were washed with
phosphate-buffered saline and treated with 0.8 ml of RNAzol
B (Biotecx Laboratories, Houston, Tex.) for RNA extraction.

Total cellular RNA was isolated from A549 cells with or
without RSV infection with RNAzol B and tested for IRF-1,
ICE, or CPP32 mRNA by specific reverse transcriptase (RT)
PCR as described previously (17). As an internal control, the
activity of b-actin mRNA was also determined. Fifty nano-
grams of the total RNA was used for RT PCR. For cDNA
synthesis, 40 ml of an RNA solution (50 ng) and a random
hexamer at 150 pmol/3 ml (Takara, Kyoto, Japan) was heated
at 70°C for 10 min and cooled rapidly. After the addition of a
solution of 17 ml of 53 first-strand buffer (250 mM Tris-HCl,
375 mM KCl, 15 mM MgCl2), 9 ml of 0.1 mM dithiothreitol
(GIBCO BRL), 17 ml of 2.5 mM (each) deoxynucleoside tri-
phosphate (Takara), and 200 U of Maloney murine leukemia
virus RT (GIBCO BRL), the mixture was stored at 37°C for
1 h. Sequences of the PCR primer pairs are as follows: for b-
actin, CCTTCCTGGGCATGGAGTCCTG and GGAGCAA
TGATCTTGATCTTC; for IRF-1, AAGCATGCTGCCAAG
CATGGCTGG and ATCAGGCAGAGTGGAGCTGCT; for
ICE, GCTATTAAGAAAGCCCA and TCAGTGGTGGGC
ATCTG; and for CPP32, AGCACTGGAATGACATCTCG
GT and CAGCATGGCACAAAGCGAC. These were de-
scribed previously (15, 31, 32). PCR primers and specific
probes for ICE were chosen from the nucleotide sequence for
ICE p10 (32). The PCR mixture contained 50 ng of cDNA,
10 ml of PCR buffer (500 mM KCl, 10 mM Tris, 1% Triton
X-100), 8 ml of 2.5 mM each deoxynucleoside triphosphate

(Takara), 6 ml of 25 mM MgCl2, 100 pM 59 and 39 primers, and
distilled water for a total volume of 100 ml. After being dena-
tured at 94°C for 10 min and cooled to 80°C, the mixture was
seeded with 2.5 ml of thermostable Taq polymerase (Promega,
Madison, Wis.). Twenty-four cycles of amplification for b-ac-
tin, 24 for IRF-1, 31 for ICE, and 24 for CPP32 were carried
out with a DNA thermal cycler (Perkin-Elmer, Norwalk, Conn.).
Each cycle consisted of warming at 95°C for 35 s, 55°C for
2 min, and 72°C for 2 min. Finally, the preparations were
incubated at 72°C for 15 min. Ten-microliter samples of the
RT PCR products were analyzed by electrophoresis on a 2%
agarose gel, and the amplified products were visualized by UV
fluorescence after staining with ethidium bromide. The UV
fluorescence signals of specific PCR products in agarose gels
were quantified with a FluorImager SI (Molecular Dynamics,
Sunnyvale, Calif.). The specificity of each PCR product was
confirmed by determining its predicted size on agarose gels
and by Southern blot analysis as described previously (22)
(data not shown). Sequences of the specific oligonucleotide
probes are as follows: for b-actin, AAAGACCTGTACGCCA
ACA; for IRF-1, AAGGCCAACTTTCGCTGTGCC; for ICE,
ATAGAGAAGGATTTTATCGC; and for CPP32, GCCATC
CTTTGAATTTCGCC (15, 31, 32).

As a positive control for mRNA for b-actin, IRF-1, ICE, and
CPP32, total RNA from normal adult peripheral blood mono-
nuclear cells which were incubated with 10 mg of concanavalin
A per ml for 3 h was used.

To quantify relative levels of mRNA, a standard curve was
obtained by titration (1/5 dilution) of first strands obtained
from 250 ng of RNA from the positive controls described
above (Fig. 1). Relative differences in mRNA expression in the
test samples were obtained by determination of the standard
curves run for the same number of cycles as the unknown
samples. The intensity of fluorescence of DNA amplified from
first strands obtained from 250 ng of RNA was defined arbi-
trarily as 1,000 mRNA equivalents.

The level of b-actin in each unknown sample was deter-

FIG. 1. Ethidium bromide-stained gels and standard curves of b-actin (A), IRF-1 (B), ICE mRNA (C), and CPP32 mRNA (D) generated by RT PCR with control
RNA. Two hundred fifty nanograms of total RNA was reverse transcribed, and fivefold dilutions of the first strand were amplified by PCR. The intensity of fluorescence
of DNA amplified from the first strand obtained from 250 ng of total RNA was defined arbitrarily as 1,000 mRNA equivalents.
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mined from the actin standard curve, and the levels generally
varied less than 30% when the first strand was obtained from
the same amount of total RNA (data not shown).

The production of ICE and CPP32 protein in RSV-infected
cell lysate was investigated 12, 18, and 24 h after treatment by
Western blot analysis (33). Briefly, RSV-infected and control
A549 cells were dissolved in RIPA buffer (0.05 M Tris [pH 7.2],
0.15 M NaCl, 1% Nonidet P-40, 1% sodium deoxycholate,
0.05% sodium dodecyl sulfate) and centrifuged. Ten micro-
grams of each sample was mixed with sample buffer (0.06 M
Tris [pH 6.8], 2% sodium dodecyl sulfate, 5% 2-mercaptoetha-
nol, 10% glycerol), heated at 95°C for 5 min, and electropho-
resed on a sodium dodecyl sulfate–12.5% polyacrylamide gel
electrophoresis gel. The separated protein was transferred to
polyvinylidene difluoride membrane (Millipore, Bedford,
Mass.) in transfer buffer (0.1 M Tris, 0.1 M glycine, 20%
methanol). The membrane was blocked with a solution of 0.02
M Tris (pH 7.6), 0.137 M NaCl, 0.1% Tween 20, and 5% skim
milk and then treated with anti-ICE p20 rabbit antibody
(Upstate Biotechnology, Lake Placid, N.Y.) or anti-CPP32
mouse antibody (Transduction Laboratories, Lexington, Ky.)
and incubated for 1 h at room temperature. After being
washed, the membrane was treated with horseradish peroxi-
dase-conjugated goat anti-rabbit or -mouse immunoglobulin G
for 1 h at room temperature. The membrane was treated with
enhanced chemiluminescence Western blotting detection re-
agents (Amersham, Buckinghamshire, United Kingdom). The
positive signals in the membrane were detected by X-ray film.

DNA cleavage into oligonucleosomal-length DNA frag-
ments in RSV-infected cells was checked by terminal deoxy-
nucleotidyltransferase-mediated dUTP-biotin nick end label-
ing (TUNEL) (8) by using the in situ cell death detection kit
with fluorescein (Boehringer, Mannheim, Germany) and flow
cytometry according to the manufacturer’s instructions. Mono-
layer cells in 24-well semimicroplates were rinsed twice with
phosphate-buffered saline and trypsinized preinfection and 36
and 48 h after RSV infection. For positive control of DNA
fragmentation, A549 cells treated with DNase I (GIBCO BRL)
(10 mg/ml for 10 min) were employed (8).

Multiple foci of typical syncytia could be detected by light
microscopy 18 h after infection. Approximately 30% (18 h) and
60% (36 h) of A549 cells were positive for viral antigen as
determined by immunofluorescent antibody staining with rab-
bit antibodies to the Long strain of RSV (DAKOPATTS,
Copenhagen, Denmark). Around 2 3 105 PFU of live virus per
ml were detected in the culture medium 48 h after infection. At
that time, extensive cytopathic change, cell death, and detach-
ment of cells from the plastic surface were evident. Cell via-
bility was checked by the trypan blue dye exclusion test.
Around 20, 50, and 75% of cells in RSV-treated wells were
positive for this test or detached from the plastic surface as a
result of cytopathic effect at 24, 36, and 48 h after RSV infec-
tion, respectively.

The expression of mRNA for IRF-1, ICE, and CPP32 in
A549 cells was determined at 0 h (preinfection) and at 4, 7, and
10 h after RSV exposure (Fig. 2). The cells exposed by inac-
tivated RSV or HEp-2 cells were analyzed similarly. RSV in-
fection resulted in a significant increase in IRF-1 gene expres-
sion as early as 4 h after infection that lasted several hours (Fig.
3). Following induction of the IRF-1 gene, ICE gene expres-
sion increased over 100 times compared to preinfection levels
about 7 h after infection. This increase continued at least 10 h
after infection. These increments were observed in cells treat-
ed by live RSV but not in cells treated by inactivated RSV or
in HEp-2 control cells. A slight increase of CPP32 mRNA
expression was observed 4 h after RSV infection; this increase

was thought to be nonspecific, because a similar induction of
the CPP32 gene was observed in cells treated by inactivated
RSV or HEp-2 control cells.

ICE and CPP32 protein levels were analyzed with Western
blots. No ICE protein expression was detected in the lysate of
pretreated or inactivated virus- or HEp-2 control cell-treated
cells. However, in the RSV-infected cells, a 20-kDa (p20) ICE
protein was detected 12 h after infection and accumulated
during the next 12 h of incubation (Fig. 4).

On the other hand, slight amounts of CPP32 protein were
detected in the pretreated cells. However, no infection-specific
increase of this protein was observed 24 h after infection (data
not shown).

Flow cytometric analysis by TUNEL showed that no apo-
ptotic cells, which have fragmented DNA, were detected in
RSV-infected cells throughout infection (Fig. 5).

Several mechanisms must be analyzed to clarify the patho-
genesis of RSV bronchiolitis, in which RSV causes cytopathic
damage of infected cells. In this study, the well-differentiated
human alveolar epithelial cell line A549 was used to investigate
apoptosis in RSV-infected cells. RSV infected A549 cells ef-
fectively, and moderate amounts of infectious virus could be
recovered from infected cells. While RSV infection did not
induce apoptosis, it was confirmed for the first time that RSV
infection in human cells enhances IRF-1 and ICE gene expres-
sion and the production of the 20-kDa (p20) ICE protein, a
constituent of the active ICE that is processed proteolytically
from an inactive 45-kDa precursor (6, 32). Inactivated RSV did
not induce these transcriptional activities, suggesting that the
replicative activity of RSV is essential for these events.

IRF-1 was first identified as a nuclear factor that specifically
binds to the upstream regulatory region of the IFN-b gene,
while IRF-1 gene expression was induced by Newcastle disease
virus in mouse L929 cells (18). IRF-1-dependent upregulation
of ICE in mitogen-stimulated or IFN-g-treated cells is, by it-
self, insufficient to trigger apoptosis (26, 27). Additional stim-
uli, such as g-irradiation or antitumor agents, which may dam-

FIG. 2. Expression of IRF-1, ICE, and CPP32 genes in A549 cells exposed to
RSV determined by RT PCR analysis. mRNA expression was assessed before
treatment (pre) and at 4, 7, and 10 h after treatment. Lane C, positive control.
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age cellular DNA, are needed for apoptosis (26, 27). In our
study, RSV-induced ICE gene expression was not sufficient to
induce apoptosis in A549 cells, although overexpression of ICE
may bring about increased susceptibility to apoptosis in infect-
ed cells.

The lack of apoptosis in RSV-infected cells may be ex-
plained by the role of CPP32, the dominant protease for apo-
ptosis (5, 10, 31). There was no increase in either CPP32
mRNA or protein level, despite the enhanced ICE mRNA and

protein level in the RSV-infected cells. However, it is unlikely
that the constant level of CPP32 in RSV-infected cells explains
the absence of apoptosis, because in Fas-mediated apoptosis
in mice and human cells, CPP32 cleaves poly(ADP-ribose)
polymerase, the death substrate, without a change in CPP32
mRNA and protein levels (5, 10). Although RSV infection of
A549 cells induced overexpression of the ICE gene, this in-
creased ICE may be insufficient to continue the protease cas-
cade in which activated ICE is believed to cleave pro-CPP32 to
active CPP32 (31).

In contrast, influenza virus infection induces apparent apo-
ptosis in tissue culture cells (11, 25). Enhancement of ICE and
CPP32 protease activities and Fas gene and Fas antigen ex-
pression accompany this influenza virus-induced apoptosis
(23, 24, 25). In our study, infection-specific induction of the
Fas gene was not observed in RSV-infected A549 cells (data
not shown). This may be another reason why RSV infection
by itself does not induce apparent apoptosis.

Recently, it was reported that the transcriptional activator
nuclear factor kappa B (NF-kB) induces protective proteins
which can help cells resist apoptosis (34, 35). Apoptotic stimuli
such as radiation, daunorubicin, or tumor necrosis factor alpha
(TNF-a) also lead to the inhibition of apoptosis through the
activation of NF-kB (34, 35). RSV infection of A549 cells is
known to increase NF-kB activity (7, 21). Therefore, RSV in-
fection of A549 cells might be speculated to induce apoptosis
gene and protein, but the cells are protected from apoptosis by
NF-kB, which is also activated by RSV infection.

Upon activation, both Fas and TNF have been shown to
induce apoptosis either by their respective ligands or by cross-
linking with an agonist antibody (13, 30, 37). Many respiratory
viruses, including RSV, induce TNF-a at their infection sites
(16, 20). Possibly, TNF-a produced by RSV infection induces
apoptosis on the RSV-infected respiratory epithelium, which
already has increased susceptibility to apoptosis in an auto-
crine or paracrine form. The precise mechanism and partici-
pation of apoptosis in virus-induced cell damage during acute
bronchiolitis caused by RSV or other respiratory viruses re-
main to be elucidated.

FIG. 3. Semiquantitative analysis of IRF-1 (A), ICE (B), and CPP32 (C)
gene expression in A549 cells treated with live RSV (F), inactivated RSV (E), or
HEp-2 control cells (Œ). mRNA expression was assessed before treatment (pre)
and at 4, 7, and 10 h after treatment with standard curves shown in Fig. 1. Error
bars represent standard deviations of three experiments.

FIG. 4. Western blot analysis of ICE p20 protein expression. RSV-infected,
inactivated (Inact.) RSV-treated, or HEp-2 cell-treated A549 cells were lysed
after the indicated times (h) of treatment, separated by sodium dodecyl sulfate-
polyacrylamide gel electrophoresis, transferred, and developed with anti-human
ICE p20 antibodies.

FIG. 5. Flow cytometric analysis of apoptotic cells with fragmented DNA in
RSV-infected cells. A549 cells in a semimicroplate were trypsinized pretreatment
(pre) and at 36 and 48 h after RSV infection, labeled by TUNEL, and analyzed
by flow cytometry. As a positive control, DNase I-treated A549 cells were used;
around 20% of these cells were shown to be positive.
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