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In previous studies, we observed that the virulent avian influenza A virus A/Turkey/Ontario/7732/66 (Ty/Ont)
induced severe lymphoid depletion in vivo and rapidly killed an avian lymphocyte cell line (RP9) in vitro. In
examining the mechanism of cell killing by this virus, we found that Ty/Ont induced fragmentation of the RP9
cellular DNA into a 200-bp ladder and caused ultrastructural changes characteristic of apoptotic cell death by
5 h after infection. We next determined that the ability to induce apoptosis was not unique to Ty/Ont. In fact,
a variety of influenza A viruses (avian, equine, swine, and human), as well as human influenza B viruses,
induced DNA fragmentation in a permissive mammalian cell line, Madin-Darby canine kidney (MDCK), and
this correlated with the development of a cytopathic effect during viral infection. Since the proto-oncogene bcl-2
is a known inhibitor of apoptosis, we transfected MDCK cells with the human bcl-2 gene; these stably
transfected cells (MDCKbcl-2) did not undergo DNA fragmentation after virus infection. In addition,
cytotoxicity assays at 48 to 72 h after virus infection showed a high level of cell viability for MDCKbcl-2
compared with a markedly lower level of viability for MDCK cells. These studies indicate that influenza A and
B viruses induce apoptosis in cell cultures; thus, apoptosis may represent a general mechanism of cell death

in hosts infected with influenza viruses.

Influenza A viruses continue to cause significant disease
problems in humans, other mammals, and birds; however, the
actual mechanism(s) by which these viruses kill specific host
cells remains undefined. Because the virulent avian influenza
A viruses produce devastating disease, infection by these
viruses is frequently used as a model system to examine
mechanisms of disease. Our own studies have focused on a
well-characterized avian strain, A/Turkey/Ontario/7732/66
(H5N9) (Ty/Ont); this highly virulent strain rapidly induces
severe lymphoid depletion in birds (18, 32, 33). We hypothe-
sized that this pronounced lymphocyte death is due to apop-
tosis, or programmed cell death, a well-defined process in
lymphocytes (28).

There are two major modes of cell death, i.e., necrosis and
apoptosis, and these differ both morphologically and biochem-
ically. Apoptosis is characterized morphologically by cell
shrinkage and hyperchromatic nuclear fragments and bio-
chemically by chromatin cleavage into nucleosomal oligomers
(28). Apoptosis has now been documented for many cell types
in addition to lymphocytes. It can occur in response to stimuli
ranging from toxic substances to hormone and cytokine addi-
tion or withdrawal (7, 28) and, most importantly from our
perspective, viral infections. There is mounting evidence that
the induction of apoptosis contributes directly to the patho-
genesis of a number of viruses, such as chicken anemia virus
(16, 22), feline leukemia virus (27), feline immunodeficiency
virus (23), and, most significantly, human immunodeficiency
virus type 1 (9). Thus, we initiated studies to determine if
Ty/Ont induced apoptosis of an avian lymphocyte cell line,
RP9, as evidenced by DNA fragmentation, morphologic
changes, and cell death. The results clearly support the theory
that Ty/Ont is able to induce apoptotic cell death.

We next extended our studies to mammalian viruses and

* Corresponding author. Mailing address: Dept. of Pathobiological
Sciences, University of Wisconsin—Madison, 2015 Linden Dr., Rm.
3174, Madison, WI 35706. Phone: (608) 263-2792. Fax: (608) 263-6573.
Electronic mail address: hinshawv@svm.vetmed.wisc.edu.

3667

cells. Since our initial results with RP9 cells indicated that virus
infection was required to induce apoptosis, we chose to use
MDCK, a cell line permissive for both infection and productive
replication of a variety of influenza viruses. Our results clearly
indicated that all of the mammalian, as well as all of the avian,
influenza viruses tested induce apoptosis in MDCK cells. In
agreement with our studies, Takizawa and colleagues very
recently published results demonstrating that the human strain
A/Udorn/72 (H3N2) induces apoptosis in MDCK and HeLa
cells (30).

Recent studies with Sindbis virus (19) showed that the
proto-oncogene bcl-2 blocked apoptosis induced by that virus.
bcl-2 blocks apoptosis in many systems (8, 15), but the mech-
anism for this is not yet defined. In the studies described in this
paper, MDCK cells transfected with bcl-2 were resistant to
influenza virus-induced apoptosis. These studies may indicate
that apoptosis is a general mechanism by which influenza
viruses kill cells and, therefore, that these viruses can be
blocked by cellular inhibitors of apoptosis.

MATERIALS AND METHODS

Virus growth and cell culture. The following viruses were
obtained from the influenza virus repository at the University
of Wisconsin—Madison: avian strains Ty/Ont, A/Turkey/Ore-
gon/1/71 (H7N3), A/Mallard/Wisconsin/994/82 (H5N2), A/
Duck/Ukraine/1/63 (H3N8), A/Chicken/Pennsylvania/10656/86
(H5N2), and A/Tern/South Africa/61 (H5N3); equine strain
A/Equine/Miami/1/63 (H3N8); swine strains A/Swine/Nebras-
ka/1/92 (HIN1) (24), A/Swine/Wisconsin/1915/88 (HIN1) (20),
A/Swine/Indiana/1726/88 (HIN1), and A/Swine/lowa/4340/93
(HIN1); and human strains A/PR/8/34 (HIN1) (PR8), A/Ja-
pan/305/57 (H2N2), A/Udorn/307/72 (H3N2), A/Maryland/1/
91 (HIN1) (a human isolate of swine origin [36]), B/DB/44,
and B/Lee/40. Viruses were propagated in the allantoic cavities
of 11-day-old embryonated chicken eggs for 48 to 72 h at 35°C;
the allantoic fluid was harvested and stored at —70°C. For
experiments requiring inactivated virus, allantoic fluid was
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treated with beta-propionolactone (Sigma Chemical Co., St.
Louis, Mo.) as previously described (21).

The RP9 avian lymphocyte cell line, kindly provided b
y M. A. Qureshi (North Carolina State University), was grown
in equal volumes of L-15 and McCoy’s media (GIBCO-BRL
Life Sciences, Grand Island, N.Y.) supplemented with 8% fetal
bovine serum, 10% chicken serum, 0.5% tryptose phosphate
broth, 1% sodium pyruvate, 10 uM 2-mercaptoethanol, and
penicillin-streptomycin, as previously described (26). MDCK
cells were grown in modified Eagle’s medium (MEM)
(GIBCO) supplemented with 10% fetal bovine serum and
penicillin-streptomycin.

Cytotoxicity assay with XTT. Confluent monolayers of cells
were prepared in 96-well cell culture plates; the monolayers
were washed once with phosphate-buffered saline (PBS) and
then inoculated with 25 ul of allantoic fluid containing Ty/Ont
(dilutions of 1073 and 10™%). After 30 min at 37°C, the
monolayers were washed three times with PBS, and 100 pl of
MEM with 5% bovine serum albumin (BSA) was added. The
plates were incubated for 0, 5, 24, 48, and 72 h. At each time
point, the supernatants were removed; 50 pl of a solution
containing 1.0 mg of 2,3-bis[2-methoxy-4-nitro-5-sulfophenyl]-
2H-tetrazolium-5-carboxanilide inner salt (XTT; sterile fil-
tered) per ml, 0.0075 mg of phenazine methosulfate per ml,
and 50 pl of phenol red-free RPMI medium were added to
each well (29). After 30 min, the A,5, was read. Percent
viability was calculated by the following formula: [(infected
cells — blank)/(uninfected cells — blank)] X 100. We com-
pared the values for percent viability measured by trypan blue
exclusion with those measured by the XTT assay and found
that the percents viability calculated by the two methods were
very similar; however, the XTT assay was more consistent.

Electron microscopy. RP9 avian lymphocytes were pelleted
by centrifugation, washed twice with PBS to remove serum,
and then fixed in Karnovsky solution. The cells were embedded
in Epon araldite; thin sections (70 nm) were stained with lead
citrate and uranyl acetate and then examined with a Philips 410
microscope.

DNA fragmentation assay. Fragmentation of cellular DNA
into the characteristic apoptotic ladder was assessed as previ-
ously described (12), with slight modifications of the lysis
conditions. Briefly, approximately 107 cells were washed with
MEM or RPMI 1640 and then inoculated with virus in media
or mock inoculated with media alone and incubated at 37°C for
45 min. Allantoic fluid containing 10 to 10° for 50% infective
doses of inoculated eggs was used for the virus inoculum to
provide a multiplicity of infection (MOI) (1 to 100 50% egg
infective doses per cell) sufficient to ensure infection of all cells
for the short-term (5-h) apoptosis assays. After virus attach-
ment was allowed to occur, the cells were washed in media to
remove nonadsorbed virus and incubated for various periods at
37°C in MEM with 5% BSA. To harvest DNA, the cells were
washed in PBS, resuspended in 600 pl of ice-cold lysis buffer
(10 mM Tris, 0.5% Triton X-100 [Sigma] [pH 7.5]), and
incubated on ice for 30 min. After centrifugation of the lysates
for 10 min at 13,000 X g at 4°C, the supernatants were
extracted once with buffered phenol and once with buffered
phenol-chloroform, and DNA was ethanol precipitated in the
presence of 300 mM NaCl. DNA samples were resuspended in
15 pl of sterile Tris-EDTA buffer (10 mM Tris, 1 mM EDTA
[pH 7.5]), treated with RNase A (Sigma) to a final concentra-
tion of 1.0 pg/pl, electrophoresed through 2% GTG SeaKem
agarose (FMC BioProducts, Rockland, Maine) in Boyer’s
buffer (500 mM Tris, 200 mM sodium acetate, 20 mM EDTA,
180 mM NaCl [pH 8.05]) at 4°C by using a SuperSub unit
(Hoefer Scientific Instruments, San Francisco, Calif.), and
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stained with ethidium bromide. A 1-kb DNA ladder (GIBCO)
was used in the gels for sizing linear fragments ranging in size
from 500 bp to 12 kb.

To assess the ability of Zn?* ions to block endonucleolytic
DNA cleavage (6), ZnSO, (Sigma) was added to the cultures
to a final concentration of 5 mM at 0, 2, or 4 h after infection.
Then, at 5 h postinfection (p.i.), cellular DNA was analyzed as
described above.

IFA labelling and Western immunoblotting. Indirect im-
munofluorescent-antibody (IFA) labelling of cells was con-
ducted on Cytospin (Shandon Inc., Pittsburgh, Pa.) cell prep-
arations. Virus infection was conducted as described above.
Mouse monoclonal antibodies to the nonstructural protein
(NS) (2) and nucleoprotein (NP) (34) of A/WSN/33 and to the
H5 hemagglutinin of A/Chicken/Pennsylvania/83 were kindly
provided by R. G. Webster (St. Jude Children’s Research
Hospital). Rabbit antiserum to amino acids 41 to 56 of the
human bcl-2 protein was kindly provided by J. C. Reed
(LaJolla Cancer Research Foundation). Cells were reacted
with these primary antibodies at a dilution of 1:500 for 45 min
at room temperature, washed with PBS, and similarly reacted
with a 1:1,000 dilution of fluorescein-conjugated goat anti-
mouse immunoglobulin G or goat anti-rabbit immunoglobulin
G (Organon Teknika, Durham, N.C.)

bcl-2 expression in transfected MDCK cells was also evalu-
ated by Western blotting. Cell lysate preparation and sodium
dodecyl sulfate-polyacrylamide gel electrophoresis were con-
ducted by using standard techniques (5). Proteins were elec-
trophoretically transferred to nitrocellulose with a Novablot
apparatus (LKB Produkter AB, Bromma, Sweden). Blots were
developed by using the rabbit anti-human bcl-2 peptide anti-
sera at a dilution of 1:1,500 and the Vectastain Elite ABC kit
(Vector Laboratories, Inc., Burlingame, Calif.) with a diami-
nobenzidine and nickel chloride substrate for horseradish
peroxidase (5).

Transfections of cell cultures. MDCK cells were stably
transfected with pZIPbcl-2, a vector expressing the coding
region (a 910-bp EcoRI fragment) from the human bcl-2 gene
(pB4) expressed from a Moloney murine leukemia virus pro-
moter (3, 31); pZIPneo is the parental plasmid lacking the
bcl-2 coding region. The plasmids were kindly supplied by J. C.
Reed (LaJolla Cancer Research Foundation) and J. M. Hard-
wick (Johns Hopkins University). Each plasmid was initially
amplified by transformation of DH10B Escherichia coli bacte-
ria using standard techniques (1). MDCK cells were trans-
fected by using Lipofectin reagent (GIBCO) according to the
manufacturer’s protocol. Optimum conditions for transfection
of cells in 35-mm-diameter cell culture wells were determined
to be 2 to 5 pg of plasmid DNA plus 15 pl of Lipofectin
reagent (in 1 ml of MEM) per well of MDCK cells at
approximately 30% confluence. After 14 h of incubation at
37°C, MEM with 10% fetal bovine serum was added and the
cells were incubated for another 36 h. Thereafter, transfected
cells were selected by the addition of 800 pg of geneticin
(GIBCO) per ml. Cell lines stably transfected with either
pZIPbcl-2 or pZIPneo (MDCKbcl-2 and MDCKneo, respec-
tively) were biologically cloned by colony selection under 0.5%
GTG SeaKem agarose (FMC BioProducts) (MDCKbcl-2) or
by limiting dilution (MDCKneo). Expression of bcl-2 was
assessed by IFA labelling and Western blotting as described
above.

RESULTS

Induction of DNA fragmentation in avian lymphocytes by
Ty/Ont. Since DNA fragmentation is a well-defined biochem-
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FIG. 1. DNA fragmentation analysis of RP9 avian lymphocytes
infected with Ty/Ont and PR8. DNA was isolated (as described in
Materials and Methods) from uninfected RP9 cells (lane 5) or RP9
cells infected for 5 h with Ty/Ont (lane 2, MOI = 1.0 [based on the
50% egg-infective dose]; lane 3, MOI = 0.01) or PR8 (lane 4, MOI =
100), electrophoresed through 2% agarose gels, and visualized by
ethidium bromide staining. Lane 1 (marked M) contains the molecular
weight marker used in all of the gels (1-kb DNA ladder from GIBCO
for sizing linear fragments ranging in size from 500 bp to 12 kb).

ical marker of apoptosis (28), we first examined the abilities of
Ty/Ont and PR8 to induce DNA fragmentation in the RP9
avian lymphocyte cell line. We chose this cell line on the basis
of the in vivo effect of Ty/Ont on chicken lymphocytes. At 5 h
p.i., the cells were harvested and their DNA was isolated. In
this isolation procedure, the large, intact cellular DNA is
removed; therefore, by the end of the process, only low-
molecular-weight fragments remain. These fragments are sub-
jected to agarose gel electrophoresis and visualized by staining
with ethidium bromide. As shown in Fig. 1, the DNA of cells
infected with Ty/Ont was fragmented into the typical 200-bp
ladder by 5 h p.i., whereas no fragmentation was observed in
uninfected cells or in those cells infected with PRS.

(i) Ty/Ont versus PR8. The results described above sug-
gested a marked difference between the effect of PR8 and the
effect of Ty/Ont in these cells. If viral replication were required
for this fragmentation, then the difference observed could
occur because PR8 didn’t infect and replicate in these cells as
well as Ty/Ont. To examine this, we stained the cells at 5 h p.i.
with a monoclonal antibody to the NS protein, reacted them
with fluorescein-conjugated anti-mouse immunoglobulin G,
and then visually estimated the number of cells expressing the
viral protein. With Ty/Ont, all of the cells were infected,
whereas with PR8, only 10% of the cells stained were infected
(data not shown). This suggested that there was a difference in
the abilities of the two viruses to infect these cells.

(ii) Requirement for infectious Ty/Ont. Since the above-
described results suggested that viral replication was required
for the induction of DNA fragmentation, we tested the effect
of beta-propionolactone-inactivated Ty/Ont on cells. When the
virus was inactivated, DNA fragmentation was not detected
(data not shown). This also confirms that possible virus-
induced cellular mediators in the allantoic fluid inoculum are
not mediating the apoptosis observed.

(iii) Effect of zinc. Zinc is a well-defined inhibitor of the
endonuclease responsible for the DNA degradation observed
in apoptosis (6). Thus, to determine the effect of zinc in
Ty/Ont-infected RP9 cells, we added 5 mM ZnSO, at 0, 2, and
4 h p.. and then examined the cellular DNA as described
above. The addition of Zn at 0 and 2 h p.i. inhibited DNA
fragmentation induced by Ty/Ont; addition at 4 h p.i. was too
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FIG. 2. Electron micrograph of RP9 cells infected with Ty/Ont at

4 h p.i. Note the blebbing and the highly condensed cells resulting from
marked cytoplasmic shrinking. Bar, 2 pm.

late to inhibit all of the DNA fragmentation, and so faint bands
appeared in the gels of these DNA samples (data not shown).
This time course was as expected, since Ty/Ont induces DNA
fragmentation by 5 h p.i. These results indicate that the
fragmentation induced by infection with Ty/Ont is inhibited by
zinc in a manner similar to that of other systems.

(iv) Electron microscopic examination of infected cells. The
ultrastructural changes observed in apoptotic cells include
overall cell shrinkage, plasma membrane blebbing, nuclear
condensation, chromatin margination, and ultimately cleavage
of the cells into apoptotic bodies (28). We prepared Ty/Ont-
infected RP9 cells at 4 h p.i. for electron microscopic exami-
nation. As shown in Fig. 2, the changes we noted included cell
condensation and membrane blebbing in the infected cells.
There was some margination of the chromatin, but this was not
dramatic and was difficult to assess in light of the overall
condensation of the cells. These morphological changes, in
combination with the DNA fragmentation patterns, are indic-
ative of apoptosis.

Induction of DNA fragmentation by influenza A viruses in
MDCK. (i) Infection with Ty/Ont. The above-described studies
showed that Ty/Ont induced apoptosis in RP9 avian lympho-
cytes. However, to determine if this extended to mammalian
cells, we infected MDCK cells with Ty/Ont and analyzed the
cellular DNA at 5, 8, and 16 h p.i. As shown in Fig. 3, DNA
fragmentation was quite clear even at 5 h p.i. The fragmenta-
tion was still evident at 16 h p.i. but was less clear, presumably
because cell degradation had occurred by that time. We also
detected no DNA fragmentation when beta-propionolactone-
inactivated Ty/Ont was added to MDCK cells; this was in
agreement with the results of the RP9 studies described above
and suggested that induction of apoptosis by influenza virus
was not limited to avian cells or lymphocytes but did require
infectious virus.

(ii) Infection with other avian and mammalian influenza
viruses. We next tested whether other influenza A viruses
could induce apoptosis. In this case, we looked for DNA
fragmentation in cells (MDCK and MDCKneo; see below)
infected with a variety of avian influenza viruses (A/Turkey/
Oregon/1/71 (H7N3), A/Mallard/Wisconsin/994/82 (H5N2), A/
Duck/Ukraine/1/63 (H3N8), A/Chicken/Pennsylvania/10656/86
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FIG. 3. DNA fragmentation analysis at 5 to 16 h p.i. of MDCK cells
infected with Ty/Ont. DNA was isolated at 5 h (lane 1), 8 h (lane 3),
and 16 h (lane 4) p.i. from cells infected with Ty/Ont and from
uninfected cells (lanes 2 and 5), electrophoresed in 2% agarose gels,
and visualized with ethidium bromide. The far right lane contains
molecular weight markers.

(H5N2), A/Tern/South Africa/61, and Ty/Ont) and mamma-
lian strains A/Equine/Miami/1/63 (H3N8) and four recent
swine influenza isolates, A/Swine/Nebraska/1/92 (HIN1), A/
Swine/Wisconsin/1915/88 (H1N1), A/Swine/Indiana/1726/88
(HIN1), and A/Swine/lowa/4340/93 (HIN1). All viruses tested
induced DNA fragmentation (data not shown). This indicated
that other influenza viruses, both avian and mammalian,
induced apoptosis.

To determine whether human influenza viruses, other than
PRS, induce apoptosis, we specifically examined a number of
human influenza A (HIN1, H2N2, and H3N2 subtypes) and B
strains (Fig. 4). Clearly, all influenza A and B viruses induced
DNA fragmentation in the MDCK cells.

Inhibition of apoptosis in MDCK cells transfected with
bcl-2. Our studies to this point indicated that influenza viruses
induce apoptosis in MDCK cells, so we next examined the
effect of a known inhibitor of apoptosis, bcl-2. To accomplish
this, we produced MDCK cell lines stably transfected with
pZIPbcl-2 or with pZIPneo as a control. Expression of the
bcl-2 protein was monitored by indirect IFA and Western blot

FIG. 4. DNA fragmentation in MDCKaneo cells 5 h after infection
with human influenza A and B viruses. DNAs were isolated from
uninfected MDCKneo cells (lane 2) or MDCKneo cells infected with
PR8 (lane 3), A/Udorn/307/72 (lane 4), A/Japan/305/57 (lane 5),
A/Maryland/1/91 (lane 6), B/DB/44 (lane 7), or B/Lee/40 (lane 8);
electrophoresed in 2% agarose gels; and visualized with ethidium
bromide. Lane 1 contains molecular weight markers.
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FIG. 5. Inhibition of Ty/Ont- and PR8-induced DNA fragmenta-
tion in MDCK cells expressing bcl-2 (MDCKbcl-2). DNAs were
isolated from uninfected MDCK cells (lane 2), MDCK cells infected
with Ty/Ont (lane 3) or PR8 (lane 4), uninfected MDCKbcl-2 cells
(lane 5), or MDCKbcl-2 cells infected with Ty/Ont (lane 6) or PR8
(lane 7). The DNAs were electrophoresed in 2% agarose gels and
visualized with ethidium bromide. Lane 1 contains molecular weight
markers.

analyses with rabbit antisera to bcl-2. We then infected these
cell lines with influenza virus and compared the DNA frag-
mentation patterns in untransfected MDCK and transfected
MDCKbcl-2 cells. An example of these analyses is shown in
Fig. 5. As evident in the gel, DNA fragmentation was clearly
induced by Ty/Ont (lane 3) and PR8 (lane 4) in MDCK cells,
but there was no evidence of fragmentation in the cells
expressing bcl-2 (lanes 6 and 7). We have also done these same
analyses using cloned MDCKbcl-2 cell lines and using the
MDCKneo cells; no fragmentation has been observed in any of
the 11 clonal cell lines of MDCKbcl-2 tested, whereas virus-
induced apoptosis in MDCKneo cells was identical to that in
untransfected MDCK cells. During the DNA fragmentation
assays with Ty/Ont and PR/8, we collected cell supernatants at
24 h p.i. and then titrated them in eggs. The supernatants from
the MDCKbcl-2 cells contained approximately 10-fold more
infectious virus than those from the MDCK cells (10°° and
10*? virus particles per ml, respectively). We have not exam-
ined this aspect in detail, but this result agrees with those of
previous studies of Sindbis virus (19), i.e., the cells expressing
bcl-2 produce more virus.

We also examined the cytotoxicity induced by Ty/Ont in cells
as measured by XTT assay (29). When the virus inoculum that
was used for the short-term DNA fragmentation assays was
used in the XTT assays, both MDCK and MDCKbcl-2 cells
died by 24 h p.i. At that time, however, DNA fragmentation
was very dramatic in the MDCK cells, whereas in the MDCK-
bcl-2 cells only very faint bands were visible (data not shown).
This suggested that the MDCKbcl-2 cells were not dying by
apoptosis. It is possible that with such a large virus inoculum,
the MDCKbcl-2 cells were dying because of high, potentially
toxic levels of input viral proteins. We therefore repeated the
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FIG. 6. Viability of MDCK and MDCKbcl-2 cells infected with
Ty/Ont. MDCK cells (solid line) and MDCKbcl-2 cells (dotted line)
were infected with Ty/Ont (squares, 10 2 dilution of allantoic fluid;
triangles, 10~ dilution), incubated for 5, 24, 48, and 72 h, and then
incubated with XTT for 30 min. The A,5, was read, and percents
viability were calculated as described in Materials and Methods.

XTT assays with lower levels of virus (10~* and 10™* dilutions
of allantoic fluid containing Ty/Ont). At these virus concentra-
tions, both MDCK and MDCKbcl-2 cells showed little loss in
viability as determined by the cytotoxicity assays at 5 and 24 h
p.i. (Fig. 6). By 48 h p.i., the cytotoxicity assays showed a
marked difference between the cell lines. At 72 h p.i., 99% of
the MDCKbcl-2 cells were viable, in contrast to 7% of the
MDCK cells. Although some of this difference may reflect
multiplication of the viable MDCKbcl-2 cells by this point,
clearly bcl-2 expression promoted an increase in cell viability.
Even though MDCKbcl-2 cultures remained viable much
longer than MDCKneo cells did, they eventually died (i.e.,
within 7 to 10 days p.i.). We are currently investigating whether
persistently infected cell lines can be established.
Comparison of IFA staining of viral proteins in transfected
cells. To detect potential differences in viral protein expression
between the MDCK cells and the MDCKbcl-2 cells, we
performed IFA staining with monoclonal antibodies to NS,
NP, and hemagglutinin. The most notable distinction (Fig. 7)
was in the distribution of NS, i.e., there was more intense
staining of only the nucleus in MDCK cells (Fig. 7A) versus
lighter staining of both the cytoplasm and the nucleus (with
nuclear stippling) in MDCKbcl-2 cells (Fig. 7B). The antibody
used to detect NS was originally described as reacting with NS1
(2). It is unlikely that this antibody would react with NS2, since
the amino acid sequences of the two NS proteins are not
similar. The other difference observed involved NP (Fig. 7);
NP was distributed throughout the cytoplasm in MDCK cells
(Fig. 7C), whereas there was an accumulation of NP around
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the nuclear membrane in the MDCKbcl-2 cells (Fig. 7D). This
suggests that alterations in the localization of viral proteins
may occur in the presence of bcl-2, and this may be a factor in
the ability of bcl-2 to interfere with apoptosis.

DISCUSSION

In this study, we examined apoptosis as a potential mecha-
nism of cell killing by influenza viruses. Our initial goal was to
explain the lymphoid damage produced in birds infected with
Ty/Ont by examining the induction of apoptosis in avian
lymphocytes in vitro. As we extended our investigation to other
viruses in a different cell culture system, we discovered that
DNA fragmentation was commonly induced by influenza virus
infection. Although we initially envisioned that only selected
strains would induce apoptosis, our results clearly indicate that
many different strains, including both influenza A and B
viruses, induce this cellular response.

In examining DNA fragmentation in virus-infected cells, we
noted that cytopathologic effects always accompanied DNA
fragmentation, typically within 3 to 6 h after infection. This
indicated that the cellular damage and DNA fragmentation
occurred very quickly after infection and that they were
temporally related. The requirement for infectious virus was
also reinforced by the results with beta-propionolactone-inac-
tivated Ty/Ont. At this point, however, we do not know which
viral proteins are involved in the induction of apoptosis; our
future goal is to identify the roles of specific viral proteins in
this event.

After we discovered that many influenza viruses induced this
response in cells, we investigated a well-known inhibitor of
apoptosis, bcl-2. MDCK cells transfected with bcl-2 differed
dramatically in their response to influenza virus from MDCK
cells which were not expressing bcl-2 (i.e., those that were
untransfected or were transfected with the control vector) in
that MDCKbcl-2 cells did not exhibit DNA fragmentation.
However, the molecular relationship between these two enti-
ties—influenza virus and bc/-2—remains to be determined.
There is evidence for a relationship between specific viral
proteins and an apoptosis pathway involving bcl-2. Suppression
of apoptosis may be a mechanism contributing to tumor
development by oncogenic viruses. For example, group III B
cell lines transformed by Epstein-Barr virus are resistant to
apoptosis induced by serum depletion (10); this has been
attributed to the expression of Epstein-Barr virus latent mem-
brane protein 1, which upregulates bcl-2 expression (11). In
addition, Epstein-Barr virus contains a gene (BHFRI) with
sequence similarity to bcl-2 (4). Virus persistence may also
involve interaction with bcl-2; Levine et al. (19) recently
demonstrated that overexpression of bcl-2 in a rat prostate cell
line blocked apoptosis induced by Sindbis virus and, conse-
quently, converted the lytic infection into a persistent one. In
the case of influenza virus, we currently do not know what the
interaction with bcl-2 might be; however, the extensive anti-
genic, genetic, and structural data available concerning influ-
enza viral proteins should allow elucidation of this virus-host
cell interaction in the future.

With regard to which influenza viral proteins might be
involved, we view NSI as a likely candidate because it is a
phosphoprotein of unknown function produced in the nucleus
at high levels early in viral infection (25). The fact that it is a
phosphoprotein is intriguing, since apoptosis may be con-
trolled by perturbations of protein phosphorylation in other
systems (17). In considering cellular proteins with some rela-
tionship to NS1, we found several connections with fas (14, 35).
fas is a transmembrane cell protein which triggers apoptosis
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FIG. 7. Indirect IFA staining of MDCK (A and C) and MDCKbcl-2 (B and D) cells infected with Ty/Ont and stained with monocl

.

onal antibody

to NS (A and B) or to NP (C and D), as described in Materials and Methods. Magnification, X93.

when stimulated by anti-fas antibody (14). When we compared
the sequences of these genes, we determined that the NS gene
product of A/Duck/Alberta/35/76 (HIN1) is 50% similar to the
fas antigen over a 68-amino-acid region of the large cytoplas-
mic domain of fas. This region of fas is (i) required for
mediating apoptosis and (ii) conserved among human and
mouse fas and tumor necrosis factor receptor, another medi-
ator of apoptosis (13). This is particularly interesting, since the
recent studies of Takizawa et al. (30) indicate that fas expres-
sion is induced by influenza virus. We have examined, to a

limited extent, the expression and distribution of early pro-
teins, specifically NS1, in cells which did or did not express
bcl-2. Our results suggest that coexpression of bcl-2 alters the
localization of NS1 and NP. At this point, we don’t know
whether such changes in viral protein localization are related
to protection of the cell from cytopathologic effects.

A current challenge in the field of viral pathogenesis is to
understand how virus infection leads to specific tissue damage
and disease or death of the host. We initiated the studies
reported here because of our in vivo observations with chick-
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ens infected with Ty/Ont. On the other hand, the data pre-
sented in this paper are clearly based on in vitro studies using
cell cultures. At this point, we are currently examining the
induction of DNA fragmentation directly in tissues from
infected birds to evaluate the role of apoptosis in the intact
host. However, our studies extend beyond the avian model
system and suggest that apoptosis is an important general
mechanism for the induction of cell death by influenza viruses.
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