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Reovirus induces apoptosis in cultured cells and in vivo. Genetic studies indicate that the efficiency with
which reovirus strains induce apoptosis is determined by the viral S1 gene, which encodes attachment protein
ol. However, the biochemical properties of o1 that influence apoptosis induction are unknown. To determine
whether the capacity of o1 to bind cell surface sialic acid determines the magnitude of the apoptotic response,
we used isogenic reovirus mutants that differ in the capacity to engage sialic acid. We found that T3SA+, a
virus capable of binding sialic acid, induces high levels of apoptosis in both HeLa cells and L cells. In contrast,
non-sialic-acid-binding strain T3SA— induces little or no apoptosis in these cell types. Differences in the
capacity of T3SA— and T3SA+ to induce apoptosis are not due to differences in viral protein synthesis or
production of viral progeny. Removal of cell surface sialic acid with neuraminidase abolishes the capacity of
T3SA+ to induce apoptosis. Similarly, incubation of T3SA+ with sialyllactose, a trisaccharide comprised of
lactose and sialic acid, blocks apoptosis. These findings demonstrate that reovirus binding to cell surface sialic
acid is a critical requirement for the efficient induction of apoptosis and suggest that virus receptor utilization

plays an important role in regulating cell death.

Many viruses are capable of inducing the genetically pro-
grammed death pathway that leads to apoptosis of infected
cells (36, 50, 52). In some cases, apoptosis triggered by virus
infection may serve as a host defense mechanism to limit viral
replication (48). In other instances, induction of apoptosis may
enhance viral infection by facilitating virus spread or allowing
the virus to evade host inflammatory or immune responses (10,
36, 52). Although apoptosis is a common mechanism of cell
death for many viruses, little is known about the biochemical
pathways that lead to this cellular response. Such knowledge is
of critical importance to an understanding of viral disease
mechanisms and has the potential to lead to the development
of novel antiviral therapeutics capable of apoptosis blockade.

Mammalian reoviruses have served as a useful experimental
system for studies of viral pathogenesis. Reoviruses are non-
enveloped viruses with a genome consisting of 10 segments of
double-stranded RNA (33). Infection of newborn mice with
reovirus results in injury to a variety of tissues, including the
central nervous system, liver, and heart (54). Both in cultured
cells (11, 41, 56) and in vivo (13, 35), reovirus infection induces
the biochemical and morphological features of apoptosis. In
cultured cells, reovirus infection triggers activation of nuclear
factor kappa B (NF-«B) (11), a transcription factor known to
play an important role in regulating cellular stress responses
(37). Apoptosis induced by reovirus is significantly reduced in
cells expressing a transdominant inhibitor of NF-kB and in
cells deficient in the expression of NF-kB subunits p5S0 and
RelA (p65) (11), indicating that NF-kB activation is required
for reovirus-induced apoptosis.

Mechanisms by which reovirus infection triggers activation
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of NF-kB and apoptosis are unknown. However, the seg-
mented nature of the reovirus genome has enabled identifica-
tion of viral gene segments that determine the efficiency with
which reovirus strains induce apoptosis. Reovirus strain type 3
Dearing (T3D) induces high levels of apoptosis in both murine
1929 (L) fibroblast cells and Madin-Darby canine kidney
(MDCK) epithelial cells, whereas strain type 1 Lang (T1L)
induces low levels of apoptosis in both of these cell types (41,
55, 56). Analysis of reassortant viruses containing mixtures of
gene segments from T1L and T3D indicate that the viral S1
gene is the primary determinant of differences in the efficiency
of apoptosis induction exhibited by these strains. The S1 gene
encodes two proteins, viral attachment protein o1 and non-
structural protein ols (17, 23, 47). A ols-null reovirus mutant
induces apoptosis with an efficiency equivalent to that of its
ols-expressing parental strain (42). Therefore, the influence of
the S1 gene in apoptosis induction is mediated by either the o1
protein or the s1 RNA. Currently, there is no experimental
evidence to distinguish between these two possibilities.

Although apoptosis efficiency differs between T1L and T3D
in both L cells and MDCK cells, these strains produce equiv-
alent yields in L cells (56). In MDCK cells, however, infection
with T1L results in higher yields than infection with T3D.
Differences in the growth of T1L and T3D in MDCK cells
segregate with the viral L1 gene (41), which encodes A3, a
protein involved in viral RNA-dependent RNA polymerase
activity (15, 30, 51). These results demonstrate that strain-
specific differences in apoptosis efficiency are not linked to
viral growth and suggest that the attachment step is a critical
determinant of apoptosis induction.

To better understand mechanisms by which reovirus induces
apoptosis, we investigated whether specific biochemical prop-
erties of ol influence apoptosis induction. The ol protein
forms an elongated fibrous tail and a globular head (18, 20).
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Type 3 (T3) ol recognizes two cell surface receptors using
discrete receptor-binding domains (16, 32, 61). Sequences in
the T3 ol head bind junction adhesion molecule (JAM), a
recently identified reovirus receptor (4). Sequences in the T3
ol tail bind sialic acid (8, 9, 14). Using isogenic reovirus mu-
tants that differ by a single point mutation in the sialic acid-
binding domain of o1, we conducted experiments to determine
whether the capacity of o1 to bind sialic acid influences the
efficiency of apoptosis induction. We found that sialic acid-
binding reovirus strains induce high levels of apoptosis,
whereas non-sialic-acid-binding reovirus strains induce little or
no apoptosis. Differences in apoptosis induction are mediated
by the capacity to engage cell surface sialic acid and are inde-
pendent of viral protein synthesis and viral replication. These
results indicate that reovirus binding to cell surface sialic acid
is required to achieve maximal levels of apoptosis and provide
the first direct evidence linking a o1 function to modulation of
the apoptotic response.

MATERIALS AND METHODS

Cells, viruses, and antibodies. HeLa cells were grown in Dulbecco’s modified
Eagle medium (Gibco BRL, Gaithersburg, Md.) supplemented with 10% fetal
bovine serum (Intergen, Purchase, N.Y.), 2 mM r-glutamine, 100 U of penicillin
per ml, 100 pg of streptomycin (Sigma-Aldrich Chemical Co., St. Louis, Mo.) per
ml and 0.25 pg of amphotericin (Irvine Scientific, Santa Ana, Calif.) per ml. L
cells were maintained as previously described (42).

TI1L and T3D are laboratory stocks. TIL X T3D reassortant viruses were
grown from stocks originally obtained from Kevin Coombs, Bernard Fields, and
Max Nibert (6, 12, 59). Non-sialic-acid-binding reovirus strains T3 clone 43
(T3C43), T3 clone 44 (T3C44), and T3 clone 84 (T3C84) were obtained from the
collection of L. Rosen (14, 43-45). Isolation and characterization of murine
erythroleukemia (MEL) cell-adapted (MA) mutants T3C43-MA, T3C44-MA,
and T3C84-MA (9) and isogenic o1 point mutants T3/C44-SA— (T3SA—) and
T3/C44MA-SA+ (T3SA+) have been previously described (3). Purified virion
preparations were made using second- or third-passage L-cell lysate stocks of
twice-plaque-purified reovirus (20).

Polyclonal rabbit antiserum raised against poly(ADP-ribose) polymerase
(PARP) was obtained from Roche Molecular Biochemicals (Indianapolis, Ind.).
Polyclonal rabbit anti-T1L antiserum was obtained by inoculating a New Zealand
White rabbit with 100 pg of purified T1L virions in complete Freund’s adjuvant,
followed by booster doses of 100 pg of purified T1L virions in incomplete
Freund’s adjuvant (Cocalico, Reamstown, Pa.) at 2, 3, and 7 weeks after the
initial inoculation. Antiserum was heat inactivated by incubation at 56°C for 60
min prior to use.

Quantitation of apoptosis by acridine orange staining. Cells (5 X 10*) grown
in 24-well tissue culture plates (Costar, Cambridge, Mass.) were infected with
reovirus virions at a multiplicity of infection (MOI) of 10 to 1,000 PFU per cell
or treated with 10 pg of cycloheximide (Sigma-Aldrich) per ml alone or in
combination with 10 ng of human recombinant tumor necrosis factor alpha
(TNF-«; Sigma-Aldrich) per ml. The percentage of apoptotic cells was deter-
mined by acridine orange staining as previously described (56). For each exper-
iment, 200 to 300 cells were counted, and the percentage of cells exhibiting
condensed chromatin was determined by epi-illumination fluorescence micros-
copy using a fluorescein filter set (Zeiss Photomicroscope III; Carl Zeiss,
Oberkochen, Germany).

Immunoblot for PARP cleavage. Cells (5 X 10°) grown in 75-cm? tissue culture
flasks (Costar) were infected with reovirus at an MOI of 100 PFU per cell. After
viral adsorption for 1 h, cells were incubated at 37°C for 6 to 48 h. Nuclear
extracts were prepared as previously described (11). Extracts (50 ug of total
protein) were electrophoresed in 7% polyacrylamide gels (27) and transferred to
nitrocellulose membranes. Immunoblots were performed as previously described
(42), using PARP-specific primary antibody (Roche) followed by horseradish
peroxidase-conjugated goat anti-rabbit secondary antibody (Amersham Pharma-
cia Biotech, Piscataway, N.J.) each diluted 1:2,000 in Tris-buffered saline con-
taining 0.05% Tween 20 and 5% low-fat dry milk.

Electrophoretic mobility shift assay. Cells (5 X 10°) grown in 75-cm? tissue
culture flasks were adsorbed with reovirus at an MOI of 100 PFU per cell. After
incubation at 37°C for 10 h, nuclear extracts were prepared as previously de-
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scribed (11). Nuclear extracts (10 pg total protein) were assayed for NF-kB
activation by electrophoretic mobility shift assay using a 3*P-labeled oligonucle-
otide consisting of the NF-kB consensus binding sequence (Santa Cruz Biotech-
nology, Santa Cruz, Calif.) as previously described (11).

Quantitation of reovirus growth. Cells (10°) grown in 24-well plates were
infected with reovirus at an MOI of 10 to 1,000 PFU per cell. After viral
adsorption for 1 h, the inoculum was removed, cells were washed once with
phosphate-buffered saline (PBS), 1.0 ml of fresh medium was added, and cells
were incubated at 37°C for 0, 24, or 48 h. After incubation, cells and culture
media were frozen (—70°C) and thawed twice, and viral titers in cell lysates were
determined by plaque assay using L-cell monolayers (57).

Immunoprecipitation of viral proteins. Cells (2 X 10°) grown in 25-cm? tissue
culture flasks (Costar) were infected with reovirus at an MOI of 10 to 1,000 PFU
per cell. After viral adsorption for 1 h, the inoculum was removed, and cell
culture medium containing 100 pCi of [**S]methionine-[**S]cysteine (DuPont
NEN Research Products, Boston, Mass.) per ml was added. Following incubation
at 37°C for 24 h, the medium was removed and cells were washed once with PBS.
Cells were lysed by adding 300 pl of radioimmunoprecipitation (RIPA) buffer
(150 mM NaCl, 10 mM Tris [pH 7.4], 1% IGEPAL, 1% deoxycholate, 1%
sodium dodecyl sulfate [SDS]) and passed through a syringe with a 25-gauge
needle to shear cells and DNA. Lysates (10 to 150 pl) were precleared by adding
800 pl of low-stringency RIPA buffer (150 mM NaCl, 10 mM Tris [pH 7.4], 1%
lgepal, 1% deoxycholate, 0.1% SDS), 1 pl of normal rabbit serum (Vector
Laboratories, Burlingame, Calif.), and 100 pl of a 10% protein A-Sepharose
(Amersham) bead slurry (25 mg of protein A-Sepharose resuspended in 1 ml of
low-stringency RIPA buffer). Samples were rotated at 4°C for 1 h and centrifuged
at 13,000 X g for 5 min. Supernatants were transferred to tubes containing 300
wl of a 10% protein A-Sepharose bead slurry, followed by addition of 3 pl of
rabbit polyclonal T1L-specific serum. Samples were rotated overnight at 4°C and
centrifuged at 13,000 X g for 5 min. Supernatants were removed, and beads were
washed six times in high-stringency RIPA buffer (1 M NaCl, 10 mM Tris [pH
7.4], 1% IGEPAL, 0.5% deoxycholate, 0.1% SDS). Following washes, beads were
boiled in sample buffer for 5 min, subjected to electrophoresis in SDS-10%
polyacrylamide gels, dried under vacuum, and exposed to Biomax MR film
(Kodak) or a phosphorimaging plate (Fuji, Edison, N.J.). Total immunoprecipi-
tated viral protein was quantitated with a phosphorimager (Fuji BAS2000).

Treatment with neuraminidase. Cells (5 X 10*) grown in 24-well plates were
incubated in gel saline (HeLa cells) (57) or incomplete cell culture medium (L
cells) containing 1 or 40 mU of Arthrobacter ureafaciens neuraminidase (Sigma-
Aldrich) per ml at 37°C for various intervals. Following incubation, neuramini-
dase was removed, and cells were adsorbed with reovirus. After adsorption at 4°C
for 1 h, the inoculum was removed, cells were washed once with PBS, and fresh
medium was added. Neuraminidase-treated cells were incubated at 37°C and
used in apoptosis and gel shift assays.

Treatment with SLL. Virus was incubated with 0.1 to 10 mM a-sialyllactose
(SLL; Sigma-Aldrich), 10 mM lactose (Sigma-Aldrich) as a control, or PBS at
37°C for 30 min. Following incubation, cells (5 X 10*) were adsorbed with PBS
containing virus and either SLL or lactose at 4°C for 1 h. After adsorption, the
inoculum was removed, and cells were washed once with PBS and incubated at
37°C for 48 h. Cells were then processed for apoptosis assays.

RESULTS

The reovirus S1 gene is the primary genetic determinant of
differences in apoptosis induction in HeLa cells. T3 reovirus
strains are significantly more efficient inducers of apoptosis
than T1 strains in both L cells (55, 56) and MDCK cells (41).
This difference in apoptosis induction efficiency is determined
primarily by the S1 gene (41, 56), which encodes viral attach-
ment protein o1 (28, 59). To determine whether the S1 gene
also segregates with strain-specific differences in the efficiency
of reovirus-induced apoptosis in HeLa cells, and to validate the
use of HeLa cells for studies of the role of the o1 protein in
reovirus-induced apoptosis, we tested previously characterized
T1L X T3D reassortant viruses (6, 12, 59) for the capacity to
induce apoptosis. HeLa cells were infected with either T1L,
T3D, or 1 of 11 T1L X T3D reassortant viruses at an MOI of
100 PFU per cell. This MOI was chosen to produce a synchro-
nous infection and to ensure maximum levels of apoptosis (11,
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TABLE 1. Capacities of T1L X T3D reassortants to induce apoptosis in HeLa cells
- Origin of gene segment” %

Vm.ls ¢ £ ¢ Apoptotic Rank
strain L1 L2 L3 Ml M2 M3 Sl S2 S3 S4 cells”

Parental
T1L L L L L L L L L L L 4
T3D D D D D D D D D D D 38

Reassortant
EB138 D L L D D L D D L L 64 1
KC150 D L L L D L D D L D 52 2
1HA3 L L L L L L D L L L 51 3
EB39 L D D L D D D D D D 50 4
H9 D D L D L L D D D D 29 5
G2 L D L L L L D L L L 22 6
EB1 L D L L D L L L D L 21 7
EB18 D D L D D D L L D L 7 8
H41 D D L L L D L D D L 6 9
EB145 D D D D D L L D D D 5 10
EB121 D D L D L D L D D D 4 11

“ L, gene segment derived from T1L; D, gene segment derived from T3D.

® HeLa cells (5 X 10%) were infected with the strains shown at an MOI of 100 PFU per cell, and percent apoptotic cells was determined by acridine orange staining
48 h after viral infection. Shown are the means for three independent experiments.

41, 56). Apoptosis was quantitated by acridine orange staining
48 h after infection (Table 1). Reassortant viruses containing a
T3D S1 gene induced higher levels of apoptosis than reassor-
tant viruses containing a T1L S1 gene. The association of
apoptosis efficiency and the T3D S1 gene was highly statisti-
cally significant (Mann-Whitney test, P < 0.01). No other re-
ovirus genes were significantly associated with the efficiency of
apoptosis induction, which indicates that the ol-encoding S1
gene is the primary determinant of apoptosis efficiency in
HelLa cells.

Reovirus strains selected for the capacity to bind sialic acid
are potent inducers of apoptosis. To determine whether the
capacity of T3 strains to bind cell surface sialic acid influences
the efficiency of apoptosis induction, we used three sialic acid-
binding T3 reovirus isolates, T3C43-MA, T3C44-MA, and
T3C84-MA, that were derived by serial passage of three non-
sialic-acid-binding viruses, T3C43, T3C44, and T3C84, respec-
tively, in MEL cells (9). HeLa cells were infected with either
sialic-acid-binding or non-sialic-acid-binding strains at an MOI
of 100 PFU per cell, and apoptosis was assessed 48 h after
infection by acridine orange staining (Fig. 1). Infection with
the sialic acid-binding strains resulted in a high percentage
(approximately 60 to 80%) of apoptotic cells; however, the
non-sialic acid-binding strains induced low levels of apoptosis,
with approximately 2 to 9% of cells apoptotic. These results
suggest that the capacity to bind sialic acid on the surface of
HeLa cells significantly enhances the efficiency of reovirus-
induced apoptosis.

Isogenic reovirus mutants that differ in the capacity to bind
sialic acid also differ in the capacity to induce apoptosis and
activate NF-kB. We thought it possible that adaptation of
non-sialic-acid-binding strains to growth in MEL cells may
have resulted in mutations in gene segments other than S1 that
influence apoptosis induction. Therefore, to more conclusively
assess the role of sialic acid binding in reovirus-induced apo-
ptosis, we used two isogenic viruses, T3SA— and T3SA+, that
differ genetically by a single point mutation in the S1 gene and

phenotypically by the capacity to bind sialic acid (3). T3SA—
contains the S1 gene from non-sialic-acid-binding strain T3C44
and all other genes from T1L, while T3SA+ contains the S1
gene from sialic acid-binding strain T3C44-MA and all other
genes from T1L. HeLa cells were either mock infected or
infected with T3SA— or T3SA+ at an MOI of 100 PFU per
cell, and apoptosis was assessed 24 and 48 h after infection by
acridine orange staining (Fig. 2A). Infection with T3SA+ in-
duced approximately 5 and 55% of cells to undergo apoptosis
at 24 and 48 h after infection, respectively. However, apoptosis
was not detected in cells infected with T3SA— above the level
of mock-infected cells at either time point. To exclude the
possibility that the difference in apoptosis efficiency observed
between T3SA— and T3SA+ is specific to HeLa cells, we
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FIG. 1. Apoptosis induced by reovirus strains that differ in sialic
acid binding. HeLa cells (5 X 10*) were either mock infected or
infected with non-sialic-acid-binding strains T3C43, T3C44, and
T3C84 (white bars) or their sialic acid-binding MA variants (black
bars) at an MOI of 100 PFU per cell. Cells were incubated at 37°C for
48 h and stained with acridine orange. The results are expressed as the
mean percentage of cells undergoing apoptosis for three independent
experiments. Error bars indicate standard deviations of the means.
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FIG. 2. Apoptosis induced by T3SA— and T3SA+ in HeLa cells
(A) and L cells (B). Cells (5 X 10%) were either mock infected or
infected with T3SA— or T3SA+ at an MOI of 100 PFU per cell. Cells
were incubated at 37°C for 48 h and stained with acridine orange. The
results are expressed as the mean percentage of cells undergoing
apoptosis for three independent experiments. Error bars indicate stan-
dard deviations of the means.

Percent apoptotic cells

tested the capacity of these viruses to induce apoptosis in L
cells. L cells were either mock infected or infected with T3SA—
or T3SA+ at an MOI of 100 PFU per cell, and apoptosis was
quantitated 24 and 48 h after infection by acridine orange
staining (Fig. 2B). In L cells, infection with T3SA+ induced
apoptosis of approximately 60% of cells at 48 h, whereas
T3SA— induced apoptosis of approximately 20% of cells at
this time point. These results suggest that sialic acid binding
enhances reovirus-induced apoptosis in both HeLa cells and L
cells.

To corroborate our findings using acridine orange staining,
infected cells were assayed for cleavage of PARP, a protein
involved in DNA repair (31). PARP serves as a substrate for
the proapoptotic enzyme caspase-3, which is activated during
programmed cell death (34, 46). HeLa cells were either mock
infected or infected with T3SA— or T3SA+ at an MOI of 100
PFU per cell, and nuclear extracts were prepared either 6 to
48 h following virus infection or 24 h after mock infection and
used in immunoblots for detection of full-length PARP and the
89-kDa cleavage fragment of PARP (Fig. 3A). PARP cleavage
was first detected by 12 h postinfection in cells infected with
T3SA+ and was evident as late as 36 h after infection with this
strain. By 48 h, the extent of cell death induced by T3SA+
precluded the isolation of nuclear protein for immunoblot
analysis. In contrast, PARP cleavage was not detected in mock-
infected cells or in cells infected with T3SA — at any time point.
Together, these results provide both morphological and bio-
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FIG. 3. PARP cleavage and NF-kB activation induced by T3SA—
and T3SA+. (A) Immunoblot for PARP cleavage. HeLa cells (5 X
10°%) were either mock infected (M) or infected with T3SA— or T3SA+
at an MOI of 100 PFU per cell and incubated at 37°C. Nuclear extracts
were prepared 6 to 48 h following virus infection or 24 h after mock
infection, and 50 pg of total protein was resolved by acrylamide gel
electrophoresis, transferred to nitrocellulose, and blotted with PARP-
specific antiserum. The positions of full-length PARP and the 89-kDa
PARP cleavage product are indicated. Molecular size markers are
given in kilodaltons. (B) NF-«B gel shift activity. HeLa cells (5 X 10°)
were either mock infected or infected with T3SA— or T3SA+ at an
MOI of 100 PFU per cell and incubated at 37°C for 10 h. Nuclear
extracts were prepared and incubated with a **P-labeled oligonucleo-
tide comprised of the NF-kB consensus binding sequence. Incubation
mixtures were resolved by acrylamide gel electrophoresis, dried, and
exposed to film. The activated NF-kB complex is indicated.

chemical evidence that binding to sialic acid enhances reovi-
rus-induced apoptosis.

We have previously demonstrated that apoptosis induced by
reovirus infection requires activation of the transcription factor
NF-«kB (11). To determine whether the capacity to bind sialic
acid also influences NF-kB activation, HeLa cells were either
mock infected or infected with T3SA— or T3SA+ at an MOI
of 100 PFU per cell, and nuclear extracts were prepared 10 h
after infection. Extracts were incubated with a **P-labeled oli-
gonucleotide consisting of the NF-kB consensus binding se-
quence and resolved in a nondenaturing polyacrylamide gel
(Fig. 3B). We found that NF-kB was activated following infec-
tion with T3SA+ but not T3SA—. Using antisera specific for
NF-«kB subunits p5S0 and p65, we determined that infection
with T3SA+ led to the activation of a heterodimeric NF-xB
complex containing p50 and p65, while all samples contained a
constitutive level of nuclear p5S0 homodimers (data not shown).
This pattern is identical to that previously observed in HeLa
cells infected with T3D (11). These results suggest that the
capacity to bind sialic acid significantly enhances the capacity
of reovirus to activate NF-«kB, which is a proximal biochemical
signal required for induction of apoptosis by reovirus.

T3SA+ produces higher yields than T3SA— in HeLa cells,
but T3SA— and T3SA+ grow equivalently in L cells. Previous
studies using reassortant viruses indicate that the capacity of
reovirus to induce apoptosis is not linked to viral growth (41).
However, we thought it possible that the higher levels of apo-
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FIG. 4. Growth of T3SA— and T3SA+ in HeLa cells (A) and L
cells (B). Cells (10°) were infected with T3SA— or T3SA+ at an MOI
of 100 PFU per cell and incubated at 37°C. Viral titers at 0, 24, and
48 h were determined by plaque assay. The results are expressed as the
mean viral titer for three independent experiments. Error bars indicate
standard deviations of the means.

ptosis induced by T3SA+ might be due to an increase in viral
replication. To test this possibility, we infected HeLa cells and
L cells with T3SA— or T3SA+ at an MOI of 100 PFU per cell
and determined viral titers at 0, 24, and 48 h by plaque assay on
L-cell monolayers (Fig. 4). In HeLa cells, titers of T3SA+ were
approximately 100- and 10-fold, respectively, greater than ti-
ters of T3SA— at 24 and 48 h following adsorption. This
difference in viral titer is partially explained by the approxi-
mately 10-fold higher titer of T3SA+ relative to T3SA— at O h,
as yields (calculated by dividing titer at 24 or 48 h by titer at
0 h) of T3SA+ are approximately 10- and 2-fold, respectively,
greater than yields of T3SA— at 24 and 48 h. In contrast,
growth of T3SA— and T3SA+ in L cells did not significantly
differ at either time point tested, indicating that differences in
the capacity of these strains to induce apoptosis are indepen-
dent of viral growth in this cell type.

Levels of apoptosis induced by T3SA+ are dependent on
viral dose but independent of viral growth in HeLa cells. Since
T3SA+ binding and growth are more efficient than binding
and growth of T3SA— in HeLa cells, we next quantitated
apoptosis and viral growth following infection over a range of
viral doses to determine whether T3SA— could overcome the
block to apoptosis by increasing the inoculum. HeLa cells were
infected with 100 to 1,000 PFU of T3SA— or 10 to 100 PFU of
T3SA+ per cell, and apoptosis (Fig. SA and B) and viral
growth (Fig. 5C and D) were assessed 48 h after infection. In
cells infected with T3SA+, apoptosis was detected at each
dose of virus tested, and levels of apoptosis increased in rela-
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tionship to MOI. However, T3SA — induced levels of apoptosis
in excess of mock-infected cells only when cells were infected
at an MOI of 750 or 1,000 PFU per cell. Strikingly, the per-
centage of cells undergoing apoptosis following infection with
10 PFU of T3SA+ per cell was greater than the percentage of
apoptotic cells following infection with 1,000 PFU of T3SA—
per cell, which more than compensates for the differences
exhibited by these strains in viral attachment and growth. In
infectivity assays, an increase in viral titer as a function of MOI
was observed with both viruses at the 0-h time point, as ex-
pected. Titers of T3SA— also increased at 48 h with increasing
MOI; however, titers of T3SA+ at 48 h were equivalent at
each dose. Importantly, 48 h titers of T3SSA— were equal to or
greater than titers of T3SA+ at each dose tested. Therefore,
even at MOIs of T3SA— that result in more virus bound at 0 h
and higher viral titers at 48 h relative to T3SA+, T3SA— still
induces substantially less apoptosis than T3SA+. In additional
experiments, we observed no detectable apoptosis of HeLa
cells inoculated with T3SA— at an MOI of 100 PFU per cell
over a 4-day observation period, by which time titers of T3SA—
were greater than titers of T3SA+ (data not shown). These
results, combined with those obtained using L cells, in which
viral yield is clearly independent of virus-induced apoptosis,
indicate that differences in the capacity of T3SA— and T3SA+
to induce apoptosis are not attributable to increased virus
binding or growth but rather due to the capacity of T3SA+ to
bind sialic acid.

Differences in the capacity of T3SA— and T3SA+ to induce
apoptosis are not attributable to differences in viral protein
synthesis. To exclude the possibility that T3SA+ is a more
potent inducer of apoptosis than T3SA— due to increased
levels of viral protein synthesis, we quantitated total viral pro-
tein present in cell extracts prepared following infection by
either strain. HeLa cells were adsorbed with T3SA— at MOIs
of 100 to 1,000 PFU per cell or T3SA+ at MOIs of 10 to 100
PFU per cell and incubated for 24 h in medium containing
[**S]methionine-[**S]cysteine. Radiolabeled viral proteins in
cell lysates were immunoprecipitated using a T1L-specific
polyclonal serum, which recognizes all T3SA— and T3SA+
proteins with the exception of o1, and resolved by SDS-poly-
acrylamide gel electrophoresis (Fig. 6A). Total immunopre-
cipitated protein was quantitated with a phosphorimager (Fig.
6C). With the exception of cells infected with T3SA— at an
MOI of 100 PFU per cell, levels of viral proteins produced by
T3SA— and T3SA+ differed by less than twofold at each MOL.
Furthermore, levels of viral protein synthesis do not correlate
with levels of apoptosis. Supernatants were immunoprecipi-
tated a second time using an excess of protein A-Sepharose
beads to confirm that the majority (>90%) of viral proteins
were removed from cell lysates (data not shown). Levels of
viral protein synthesis also were quantitated following infec-
tion of L cells with 100 PFU of either T3SA— or T3SA+ per
cell (Fig. 6B and D). T3SA— produced approximately three-
fold more viral protein than T3SA+, which provides additional
evidence that levels of viral protein synthesis are independent
of levels of apoptosis.

Removal of cell surface sialic acid with neuraminidase
blocks apoptosis and NF-«kB activation induced by T3SA+. To
test specifically whether sialic acid binding is required to
achieve the high levels of apoptosis detected following T3SA +
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infection, cells were treated with A. ureafaciens neuraminidase
to remove cell surface sialic acid. HeLa cells or L cells were
treated with neuraminidase for 1 h and then either mock in-
fected or infected with 100 PFU of T3SA— or T3SA+ per cell.
Apoptosis was assessed by acridine orange staining 48 h after
infection (Fig. 7A and B). T3SA + efficiently induced apoptosis
in untreated HeLa cells and untreated L cells; however, apo-
ptosis was abolished in HeLa cells treated with neuraminidase
and substantially diminished in neuraminidase-treated L cells.
Treatment of HeLa cells with neuraminidase also blocked the
capacity of T3SA+ to induce cleavage of PARP (Fig. 8A). To
determine whether levels of apoptosis induced by T3SA+
could be altered by the degree of sialic acid removal from the
cell surface, HeLa cells were treated with a lower concentra-
tion of neuraminidase over a time course ranging from 0 to 60
min (Fig. 7C). Levels of apoptosis induced by T3SA+ de-
creased with increasing time of neuraminidase treatment, con-
firming the specificity of the neuraminidase effect on apoptosis
induction by reovirus. To confirm that treatment with neur-
aminidase does not alter the capacity of HeLa cells to undergo
apoptosis, untreated cells and cells treated with neuraminidase
were incubated with 10 ng of TNF-a per ml and assessed for
apoptosis by acridine orange staining 24 h after addition of
TNF-a (Fig. 7D). TNF-a induced high levels of apoptosis in
both untreated and neuraminidase-treated cells, indicating
that the apoptotic machinery in HeLa cells is not altered by
treatment with neuraminidase.

To determine whether neuraminidase treatment of HelLa
cells alters the capacity of T3SA+ to activate NF-«kB, nuclear
extracts were prepared from untreated or neuraminidase-
treated cells that were either mock infected or infected with
100 PFU of T3SA— or T3SA+ per cell and used in a gel shift
assay (Fig. 8B). We found that T3SA+ activated NF-«B in
untreated cells; however, activation did not occur in neuramin-
idase-treated cells. As expected, all samples contained a con-
stitutive complex comprised of p5S0 homodimers. These results
indicate that removal of cell surface sialic acid blocks both
NF-kB activation and apoptosis induced by infection with
T3SA+.

Incubation with SLL blocks apoptosis induced by T3SA+.
Sialic acid-binding reovirus strains bind terminal sialic acid
residues in 2,3 and «2,6 linkages (38). To confirm results
obtained using neuraminidase treatment, we tested the effect
of SLL, a trisaccharide comprised of lactose and a-linked ter-
minal sialic acid residues, on apoptosis induction by T3SA—
and T3SA+. Using surface plasmon resonance, we have shown
that binding of T3SA+ to sialic acid residues on glycophorin is
inhibited in a dose-dependent manner by the addition of SLL
and is completely abolished by 10 mM SLL (3). T3SA— and
T3SA+ were preincubated with either 10 mM lactose as a
control or 10 mM SLL prior to adsorption to cells at an MOI
of 100 PFU per cell. Apoptosis was assessed by acridine orange
staining 48 h following infection (Fig. 9A). Incubation of
T3SA+ with lactose did not alter the capacity of T3SA+ to
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FIG. 6. Quantitation of viral protein synthesis in cells infected with
T3SA— and T3SA+. (A and C) HeLa cells infected with increasing
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infected or infected with T3SA— at MOIs of 100 to 1,000 PFU per cell
or T3SA+ at MOIs of 10 to 100 PFU per cell. Cells were incubated at
37°C for 24 h in the presence of [**S]methionine-[**S]cysteine. Viral
proteins were immunoprecipitated from cell lysates, resolved by acryl-
amide gel electrophoresis, dried, and exposed to film (A). Total viral
protein was quantitated by phosphorimager analysis (C). (B and D) L
cells infected with T3SA— and T3SA+. Cells (2 X 10°) were either
mock infected or infected with T3SA— or T3SA+ at an MOI of 100
PFU per cell. Cells were incubated at 37°C for 24 h in the presence of
[>*S]methionine-[>*S]cysteine. Viral proteins were immunoprecipi-
tated from cell lysates, resolved by acrylamide gel electrophoresis,
dried, and exposed to film (B). Total viral protein was quantitated by
phosphorimager analysis (D).

induce apoptosis; however, incubation with SLL completely
blocked apoptosis induced by this strain. To confirm that the
effect of SLL on T3SA+-induced apoptosis correlates with the
dose-dependent inhibition of T3SA+ binding to sialic acid, we
preincubated T3SA+ with 0.1 to 10 mM SLL and assessed
apoptosis by acridine orange staining 48 h following infection
(Fig. 9B). Apoptosis decreased with increasing concentrations
of SLL, demonstrating that the effect of SLL on apoptosis
efficiency parallels the inhibition of sialic acid binding (3).
Therefore, these results indicate that the capacity of T3SA+ to
engage cell surface sialic acid significantly enhances virus-in-
duced apoptosis.

DISCUSSION

Many viruses, including reovirus (21, 38), adenovirus (2),
influenza virus (60), polyomavirus (5, 29), rotavirus (19), Thei-
ler’s murine encephalomyelitis virus (65, 66), and transmissible
gastroenteritis coronavirus (26), are capable of binding sialic
acid. For these viruses, sialic acid binding plays an important
role in attachment (19, 29, 60), internalization (2, 65, 66), or
tropism (5). However, it is not known whether interaction of
these viruses with cell surface sialic acid activates signaling
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pathways or leads to alterations in cellular homeostasis. Here,
we demonstrate that the capacity of reovirus to bind sialic acid
enhances the activation of NF-kB and leads to apoptosis,
which indicates that engagement of sialic acid by reovirus ac-
tivates cellular signaling pathways that result in apoptosis of
infected cells.

Carbohydrate-binding proteins, or lectins, have been shown
to play important roles in many cellular processes, including
cell adhesion (39, 63), cell proliferation (25, 39, 63), and cell
death (7, 22, 39, 40, 49, 62, 64). There are several studies that
report the capacity of sialic acid-binding lectins to induce apo-
ptosis of lymphocytes (7, 22, 40, 64) and tumor cell lines (49,
62). In thymocytes, lectin binding can lead to mitogenic stim-
ulation (25), secretion of interleukin-2 (22), increased intracel-
lular [Ca®*] (58), and induction of apoptosis (22, 40, 64). The
level of sialylation of T- and B-cell surface proteins appears to
influence the susceptibility of these cells to apoptosis, suggest-
ing that sialic acid-binding proteins may influence selection of
lymphocytes in vivo (1, 24). In support of this idea, galectin-1,
a carbohydrate-binding protein produced by thymic epithelial
cells, induces apoptosis of lymphocytes, particularly CD4' and
CDS8'" T cells, raising the possibility that galectin-1 plays a role
in negative selection (40). Furthermore, certain subsets of T
lymphocytes are more susceptible to lectin-induced apoptosis,
suggesting that carbohydrate moieties on specific cellular re-
ceptors are involved in the apoptotic response (25, 58). Simi-
larly, it is possible that sialic acid-binding strains of reovirus
function like lectins to trigger signaling pathways that lead to
cell death.

We used a panel of T1L X T3D reassortant viruses to con-
firm that the ol-encoding S1 gene is the primary genetic de-
terminant of apoptosis induction in HeLa cells, which had
previously been demonstrated for both L cells (55, 56) and
MDCK cells (41). To gather evidence to support a functional
role for ol in apoptosis induction by reovirus, we assessed
apoptosis of HeLa cells and L cells following infection by
reovirus isolates that encode o1 molecules that differ only in
the capacity to bind sialic acid. We found that sialic acid-
binding strain T3SA+ induces significantly higher levels of
apoptosis than non-sialic-acid-binding strain T3SA— in both
cell types. Enzymatic removal of sialic acid with neuraminidase
or blockade of virus binding to cell surface sialic acid by SLL
abolished apoptosis induced by T3SA+, which demonstrates
that apoptosis induction is tightly coupled to sialic acid bind-
ing. In fact, the SLL concentration for 50% inhibition of apo-
ptosis induced by T3SA+ is identical to that for inhibition of
T3SA+ binding to sialoglycophorin (3). Thus, these findings
support the linkage of the o1 protein, and not the s1 RNA, to
the efficiency of apoptosis induction, and they demonstrate
that sialic acid binding plays an important role in this process.

It seemed possible to us that the enhanced capacity of
T3SA+ to induce apoptosis in HeLa cells might be due to an
increase in T3SA+ binding relative to T3SA— binding to this
cell type. We found that when 100 PFU of T3SA— or T3SA+
per cell was adsorbed to HeLa cells for 1 h, approximately
10-fold more PFU of T3SA+ than of T3SA— was detectable,
as determined by plaque titration on L-cell monolayers. This
result raises the possibility that PFU of T3SA— and T3SA+ on
L cells may not be equivalent to PFU on HeLa cells. Using a
fluorescent-focus assay to directly assess the infectivity of
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T3SA— and T3SA+ on Hel.a cells, we found that the numbers
of HeLa cells infected by T3SA— and T3SA+ were equivalent
when the dose of T3SA— was 10-fold greater than the dose of
T3SA+ (data not shown). Our experiments assessing levels of
apoptosis induction in response to viral dose demonstrate that
greater than 100-fold more T3SA— is required to induce levels
of apoptosis equivalent to those induced by T3SA+, indicating
that differences in the capacity of T3SSA— and T3SA+ to bind
HeLa cells do not account for the difference in apoptosis in-
duction efficiency observed for these strains.

To exclude the possibility that T3SA+ is a more efficient
inducer of apoptosis as a result of increased viral protein syn-
thesis or growth, we used increasing doses of both T3SA— and
T3SA+ in apoptosis, protein synthesis, and growth assays. The
results demonstrate that the dramatic increase in apoptosis
observed with sialic acid-binding strain T3SA+ is not due to
increased synthesis of viral proteins or production of viral
progeny. Importantly, T3SSA— and T3SA+ produce equivalent
yields in L cells, and T3SA— produces threefold more viral
protein in L cells than T3SA+. However, T3SA+ is signifi-
cantly more efficient at inducing apoptosis than T3SA— in this
cell line. Therefore, the capacity of reovirus to bind sialic acid
does not enhance apoptosis by simply increasing viral attach-
ment or replication.

We conclude that o1 binding to sialic acid activates a sig-

naling pathway that results in nuclear translocation of NF-«kB
and induction of apoptosis. However, it is clear that binding to
cell surface sialic acid is not sufficient to trigger these events.
Sialic acid-binding reovirus strains must also engage o1 head
receptor JAM to activate NF-kB and induce apoptosis (4).
JAM contains two potential N-linked glycosylation sites in the
membrane-proximal immunoglobulin-like domain. It is possi-
ble that ol binding to sialic acid moieties present on JAM
induces conformational changes in JAM or results in pro-
longed receptor activation, either of which could lead to initi-
ation of signals required for reovirus-induced apoptosis. Alter-
natively, it is possible that the sialic acid residues bound by
reovirus are conjugated to other cell surface proteins in close
proximity to JAM. In this scenario, the simultaneous ligation of
both molecules induces the requisite activation events. To for-
mally test these possibilities, we must determine whether al-
teration of the JAM glycosylation sites influences the efficiency
with which reovirus induces apoptosis.

Although receptor ligation is required for reovirus to acti-
vate NF-kB and induce apoptosis, there is evidence to suggest
that additional steps in reovirus replication are necessary to
elicit these cellular responses. Activation of NF-kB following
reovirus infection of HeLa cells is first detectable 4 h after viral
adsorption and peaks at 10 h (11). However, when activated
solely in response to receptor-ligand interactions, such as the
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and T3SA+ in neuraminidase-treated HeLa cells. (A) Immunoblot for
PARP cleavage. HeLa cells (5 X 10°) were either untreated or treated
with 40 mU of A. ureafaciens neuraminidase per ml for 1 h. Following
treatment, neuraminidase was removed, and cells were either mock
infected or infected with T3SA— or T3SA+ at an MOI of 100 PFU per
cell. Nuclear extracts were prepared after incubation at 37°C for 24 h,
and 50 pg of total protein was resolved by acrylamide gel electrophore-
sis, transferred to nitrocellulose, and blotted with PARP-specific anti-
serum. The positions of full-length PARP and the 89-kDa PARP
cleavage product are indicated. Molecular size markers are given in
kilodaltons. (B) NF-«B gel shift activity. HeLa cells (5 X 10°) were
either untreated or treated with 40 mU of A. ureafaciens neuramini-
dase per ml for 1 h. Following treatment, neuraminidase was removed,
and cells were either mock infected or infected with T3SA— or T3SA+
at an MOI of 100 PFU per cell. Nuclear extracts were prepared
following incubation at 37°C for 10 h and incubated with a **P-labeled
oligonucleotide comprised of the NF-kB consensus binding sequence.
Incubation mixtures were resolved by acrylamide gel electrophoresis,
dried, and exposed to film. The activated NF-kB complex is indicated.

binding of TNF-a to its receptor, peak activation of NF-kB
typically occurs with more rapid kinetics (53). Therefore, we
suspect that aspects of reovirus entry or replication are re-
quired to potentiate signals induced by sialic acid and JAM
binding to activate the host NF-kB pathway and induce apo-
ptosis. However, our data clearly indicate that these postat-
tachment steps are not sufficient to induce NF-kB activation
and apoptosis, as T3SA— completes all steps of viral replica-
tion in HeLa cells and L cells yet is incapable of activating the
signaling pathway that leads to apoptotic cell death.

Does the capacity to bind sialic acid offer a selective advan-
tage to reovirus? Sialic acid binding clearly enhances apopto-
sis, which would inhibit host inflammatory responses triggered
by reovirus infection in vivo, potentially aiding in viral dissem-
ination within the infected host (52). However, as MOIs of
T3SA+ increase, viral yields decrease, perhaps as a result of
increased apoptosis. Therefore, the enhancement of reovirus-
induced apoptosis mediated by sialic acid binding is likely
beneficial for viral replication and spread at early stages of
infection when levels of infectious virus are low but may limit
viral growth at later stages of infection when viral titers are
high. The capacity of reovirus to bind sialic acid appears to be
a balanced polymorphism (9, 14). Of 11 T3 reovirus field iso-
late strains characterized thus far, 8 are capable of binding
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FIG. 9. Apoptosis induced by T3SA— and T3SA+ following incu-
bation with SLL. (A) Incubation of T3SA— and T3SA+ with SLL. No
virus (Mock), T3SA—, or T3SA+ was incubated with either PBS
(Untreated), 10 mM lactose, or 10 mM SLL at 37°C for 30 min prior
to adsorption to HeLa cells. Cells were incubated at 37°C for 48 h and
stained with acridine orange. (B) Incubation of T3SA+ with increasing
concentrations of SLL. No virus (M) or T3SA+ were incubated with
either PBS or 0.1 to 10 mM SLL at 37°C for 30 min prior to adsorption
to HeLa cells. Cells were incubated at 37°C for 48 h and stained with
acridine orange. The results are expressed as the mean percentage of
cells undergoing apoptosis for three independent experiments. Error
bars indicate standard deviations of the means.

sialic acid and 3 are not (14). This observation suggests that
selection pressures exist to maintain both sialic acid-binding
and non-sialic-acid-binding reovirus strains in nature.

Our results demonstrate that virus-receptor utilization is not
only an important determinant of infectivity and tropism but
also an important mediator of virus-induced cell death. Se-
quence variations in the reovirus attachment protein that con-
fer the capacity to bind sialic acid dictate the efficiency with
which reovirus strains induce apoptosis. Utilization of a strat-
egy in which virus-receptor interactions are linked to cell death
pathways suggests that reovirus actively promotes this cellular
response. Our ongoing studies of the mechanisms and patho-
genic role of apoptosis pathways induced by reovirus binding
will contribute to an enhanced understanding of host injury
mediated by neurotropic viruses.
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