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Abstract

Reoviruses have provided insight into the roles played by specific viral genes and the proteins they
encode in virus-induced cell death and tissue injury. Apoptosis is a major mechanism of cell death
induced by reoviruses. Reovirus-induced apoptosis involves both death-receptor and mitochondrial
cell death pathways. Reovirus infection is associated with selective activation of mitogen activated
protein kinase (MAPK) cascades including INK/SAPK. Infection also perturbs transcription factor
signaling resulting in the activation of c-Jun and initial activation followed by strain-specific
inhibition of NF-xB. Infection results in changes in the expression of genes encoding proteins
involved in cell cycle regulation, apoptosis, and DNA damage and repair processes. Apoptosis is a
major mechanism of reovirus-induced injury to key target organs including the CNS and heart.
Inhibition of apoptosis through the use of caspase or calpain inhibitors, minocycline, or in caspase
37/~ mice all reduce virus-associated tissue injury and enhance survival of infected animals.
Reoviruses induce apoptotic cell death (oncolysis) in a wide variety of cancer cells and tumors. The
capacity of reoviruses to grow efficiently in transformed cells is enhanced by the presence of an
activated Ras signaling pathway likely through mechanisms involving inhibition of antiviral PKR
signaling and activation of Ras/RalGEF/p38 pathways. The potential of reovirus-induced oncolysis
in therapy of human cancers is currently being investigated in phase I/11 clinical trials.

INTRODUCTION

APOPTOSIS IS A PARTICULAR FORM of cell death distinguished from necrosis by the
presence of characteristic morphological changes in host cell chromatin and the plasma
membrane. Apoptotic cells show condensed nuclei, reduced cytoplasmic volume, and ruffling
and/or blebbing of the plasma membrane. Among the biochemical hallmarks of apoptosis are
fragmentation of DNA into oligonucleosomal ladders, exteriorization (flipping) of
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phosphatidyl serine groups from the inner to the outer surface of the plasma membrane, and
the activation of specific sets of cysteinyl aspartate proteases (caspases).

Viruses belonging to many different viral families are known to either induce or inhibit
apoptosis (4,12,62,75). In the setting of viral infection apoptosis may either represent a part of
the host's innate antiviral defense system, or a mechanism utilized by viruses to enhance
pathogenesis by facilitating release from cells and dissemination in the host. For viruses that
induce apoptosis, it is likely that there are cell-type and organ-specific differences in the
pathways involved. Understanding the role of apoptosis in viral pathogenesis and cytopathicity
is greatly facilitated by the availability of an experimental system with both in vivo models of
disease involving a variety of organ systems, and cell culture models to facilitate detailed
investigation of apoptosis-related cell signaling pathways. Experimental reovirus infection has
these characteristics, and has become one of the most thoroughly investigated viral models of
apoptosis (8,23,25,37,64,94).

REOVIRUS STRUCTURE AND REPLICATION

Reoviruses are non-enveloped viruses with a genome comprised of ten discrete segments of
double-stranded RNA (dsRNA) contained within two icosahedrally symmetric concentric
protein shells (56). The virion outer shell (capsid) is composed of ~600 heterodimeric
complexes of the 63 and u1 proteins. Sixty copies of the 12 “core spike” protein form twelve
pentons located at each of the outer capsid's icosahedral vertices. The inner capsid (core) is
composed predominantly of two additional structural proteins, A1 and 42, and small numbers
of the minor core proteins 2 and 13 (68). Trimers of the viral attachment protein o1 sit in a
channel in the outer face of the 12 pentons (18).

Reovirus replication is purely cytoplasmic (56), although recent studies indicate that virally
encoded proteins are transported to the nucleus during infection (42). Viral entry occurs
following receptor-mediated endocytosis after virions bind to cell surface molecules including
junctional adhesion molecule 1 (JAM1) and sialic acids (9,10,37). Current models suggest that
for serotype 3 (T3) reovirus strains capable of binding to both JAM1 and sialic acid, cell
attachment is mediated by an initial low affinity binding to sialic acid followed by high-affinity
binding to JAM1 in a multi-step adhesion strengthening process (9,37).

Once inside endosomes, virions are progressively uncoated through an acid-pH and cysteine-
protease dependent process. Conversion to infectious subvirion particles (ISVPs) involves
removal of the major outer capsid protein ¢3, cleavage of the major outer capsid protein 1
into smaller fragments, several of which (, ¢) remain virion-associated, and changes in the
conformation of the cell attachment protein o1 (56).

ISVPs are infectious and can be formed either intracellularly within endosomes of infected
cells or extra-cellularly through the action of proteolytic enzymes such as those present in the
intestinal lumen. In the intestinal tract extracellularly produced ISVPs, rather than virions, are
the major form of infectious particles. When ISVPs infect cells, they no longer require
endosomal acidification for processing. Regardless of their site of initial generation, ISVPs are
processed further within endosomes to form the non-infectious but transcriptionally active core
particle. This conversion involves removal of o1 and of the virion-associated 1 fragments and
is associated with penetration of the core particle through the endosomal membrane into the
host cell cytoplasm. A key event in this process is the exposure of residues on 1 that facilitate
fusion of the ISVP with the endosomal membrane to facilitate delivery of the core particle into
the cytoplasm (15,63). Transcription occurs within cores, and involves extrusion of distinct
(+)-sense capped primary transcripts corresponding to each of the ten genomic dsRNA (+)
strands from the core into the cytoplasm through channels in the A2 core spike pentons (90).
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Protein self-assembly is likely to play a critical role in formation of viral capsids and cores,
although the exact assembly steps are still not completely resolved. Similarly, the mechanisms
that insure that each virion has exactly one copy of each of the ten dSRNA genome segments
are not well understood. Following assembly of virus particles, release of mature virions
accompanies cell death and disruption of the plasma membrane.

ROLE OF VIRAL GENES AND PROTEINS IN APOPTOSIS

Genetics of strain-specific differences in apoptosis induction

Reovirus strains differ in their capacity to induce apoptosis in a variety of continuous and
primary cell lines. This has been most thoroughly investigated in murine L929 fibroblasts, in
these cells the T3 prototype strain Dearing (T3D) induces apoptosis much more efficiently than
the serotype 1 prototype strain Lang (T1L) (92). Following infection with T3D, cells exhibit
all the ultrastructural hallmarks of apoptosis including chromatin condensation and
margination, and fragmentation into oligonucleosomal ladders (73,92) (Figs. 1 and 2). In L929
cells viral replication has nearly reached a plateau by 24 h post-infection. The completion of
the one-step growth curve precedes the onset of apoptotic changes in nuclear chromatin
morphology as identified by staining cells with a DNA intercalating dye (acridine orange) or
measuring fragmentation of [3H] thymidine-labeled DNA, which indicate that apoptosis
increases progressively at 24—48 h post-infection (92).

Reassortant viruses containing different combinations of genes derived from the apoptosis
inducing (APO*) T3D strain and the minimally apoptogenic (APO™ ) T1L strain were used to
identify the S1 viral gene as a determinant of strain-specific differences in apoptosis in L929
(92), MDCK (73) and HeLa cells (28). The M2 gene, encoding the major outer capsid protein
11, was also identified as a determinant of apoptosis in L929 and MDCK cells, but not HeLa
cells. Studies using reassortants generated between another apoptosis-inducing prototypic
strain T3 Abney (T3A) and the APOP~ T1L strain also identified the S1 and M2 genes as
determinants of strain-specific differences in apoptosis (93). The S1 gene is bicistronic and
encodes the viral cell attachment protein ¢1 and a small non-structural protein, o1s from over-
lapping but out of sequence reading frames. The M2 gene encodes the major outer capsid
protein z1.

Role of the S1 encoded ol and ols proteins in apoptosis

Both of the two S1 encoded proteins appear to play a role in regulation of apoptosis. A reovirus
T3D mutant, variant K, with a single amino acid substitution (lysine for glutamine) at position
419 within the globular head of the 41 protein (11) has reduced ability to grow and induce
apoptosis compared to wild-type virus in both cultured primary hippocampal cortical neurons
and in the hippocampus of infected neonatal mice (70). Augmentation of virus-induced
apoptosis in variant K infected hippocampal neurons by treatment with Fas-activating antibody
partially rescues the defect in viral growth (70). Variant K does not show defective growth or
apoptosis induction in mouse cortical neurons, suggesting that cell-type specific factors
influence o1-mediated effects on apoptosis (70).

A T3 reovirus mutant (clone 84-MA\) has been isolated which contains a full-length 1 protein
but fails to express o1s in infected cells due to the presence of a premature stop codon in the

01s ORF (74). This mutant can still induce apoptosis in L929 cells in culture, indicating that

ols is dispensable for this process (74). o1s is a non-structural protein which first appears in

infected cells at approximately 8 h post-infection and requires viral transcription. The failure
of ribavirin to inhibit reovirus-induced apoptosis in L929 cells and the ability of UV-inactivated
replication-incompetent T3D to still induce apoptosis in these cells is consistent with the lack
of a requirement for o1s in apoptosis induction.
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Despite the apparent lack of a requirement for ¢1s in apoptosis induction in vitro, this protein
does appear to play a role in regulating apoptosis in vivo (43). Neonatal mice infected with
a1s null virus (clone 84-MA) still develop apoptosis in the heart and central nervous system
(CNS), however the magnitude and onset of this is greatly delayed compared to that seen with
ols+ wild-type viruses, indicating that o1s is a regulator of apoptosis in vivo (43).

Avian reovirus proteins and apoptosis

For avian reoviruses the S1 gene encoded ¢C protein is the cell attachment protein, and is
functionally analogous to the S1 gene encoded &1 protein in mammalian reoviruses. Despite
this functional similarity, the avian and mammalian proteins do not have significant amino acid
or nucleotide sequence homology. BHK-21 cells transiently transfected with plasmids
encoding the ¢C protein undergo apoptosis as demonstrated by the appearance of
oligonucleosomal DNA laddering and histone-associated DNA fragments detectable by
ELISA (83). Deletion experiments suggest that the carboxy-terminus of ¢C is important for
induction of apoptosis (83). Interestingly, some C-terminal deletion mutants of ¢C that lack
the capacity to oligomerize into the trimeric form contained in virion particles can still induce
apoptosis (83). The finding that transfected protein, which presumably acts at an intracellular
site rather than through a cell surface receptor, still induces apoptosis suggests that this is
triggered by intracellular protein-protein interactions and not by events triggered by cell surface
receptor binding.

Reovirus replication and apoptosis

Replication-incompetent UV-irradiated T3D virions can induce apoptosis, but do so
inefficiently compared to non-UV irradiated counterparts (92). Inhibition of viral binding also
efficiently inhibits apoptosis (92). These results suggest that an early event occurring between
viral receptor engagement and onset of transcriptional activation is required for apoptosis
induction—a result which has been subsequently confirmed by studies of the relationship
between stages in viral disassembly and apoptosis in reovirus-infected HelL a cells (29). In these
studies, inhibition of viral processing into ISVPs in infected HeL a cells by the endosomal
acidification inhibitor ammonium chloride or the protease inhibitor E64, blocked apoptosis
induction. ISVPs remained able to induce apoptosis in the presence of these inhibitors (29).
These results are also consistent with a model suggesting that apoptosis may be triggered by
intracellular events during the reovirus replication cycle and not simply by association with
cell surface receptors.

Treatment of HeLa cells with ribavirin, a guanosine nucleoside analog which inhibits the
reovirus encoded dsRNA-dependent RNA polymerase and inhibits formation of both single-
stranded (ss)-RNA and ds-RNA (66), does not inhibit apoptosis. Temperature sensitive (ts)
mutants of T3D (30) with blocks in entry (tsA201), core assembly (tsC447) outer capsid
assembly (tsB352, tsG453), and dsRNA synthesis (tsD357, tsE320) and reovirus particles
devoid of dsSRNA genome (“top component”), are all capable of inducing apoptosis in both
HelLa and L929 cells at non-permissive temperatures (29). These studies clearly indicate that
reovirus-induced apoptosis does not require viral replication and is triggered at a stage in the
replication cycle prior to viral transcription. Interestingly, almost identical results have been
found in studies of apoptosis induced by the avian reovirus strain 1133 in chicken embryo
fibroblasts (52). Similar to its mammalian counterpart, UV-inactivated avian S1133 retains the
ability to induce apoptosis, and apoptosis induced by wild-type virus is inhibited by
lysosomotropic agents but not by treatment of cells with ribavirin (52).

Role of reovirus binding to receptors and apoptosis induction

The reovirus o1 protein serves as the viral cell attachment protein. In virions, the protein forms
homotrimers with an externally facing globular head domain and an interior long fibrous tail
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(18). Most T3 reoviruses, including the apoptosis-inducing prototype strains T3A and T3D,
have the capacity to bind to both junctional adhesion molecule-1 (JAMZ1) (10) and sialic acid
(SA) residues on the surface of host cells. Some T3 field isolates (e.g., T3C43, T3C44, and
T3C84), although still able to bind to JAML1, fail to bind sialic acids. Serotype 1 (T1) reovirus
strains, including the prototype strain type 1 Lang (T1L), also bind to JAM1 and to other as
yet uncharacterized cell surface carbohydrate moieties, but not to sialic acid (17). The JAM1
binding region of 1 involves a cluster of highly conserved amino acid residues in a loop-like
structure in the globular head domain (10), while sialic acid binding is mediated by a discrete
region in the fibrous tail of ¢1 (16,17).

Despite the importance of intracellular events early in the reovirus replication cycle for
apoptosis induction, it is important to recognize that initial virion binding to both JAM1 and
sialic acid (SA) is essential for optimal expression of apoptosis in infected cells. In both HelLa
and L929 cells, non-SA binding T3 strains (clones T3C43, T3C44, T3C84) are still able to
induce apoptosis, but do so at a much lower level than their SA* revertant counterparts (T3C43-
MA, T3C44-MA, T3C84-MA) (28). Substitution of a leucine for a proline at amino acid 204
of the &1 protein in a reovirus monoreassortant with a T3D S1 gene on a T1L genetic
background abrogates SA binding and dramatically inhibits apoptosis induction in L929 and
HeLa cells (28). These results indicate that the addition of SA binding to JAM1 binding is
required for the full induction of apoptosis. This result is supported by studies showing that
pre-treatment of HelLa or L929 cells with Arthrobacter ureafaciens neuraminidase, which
removes cell surface sialic acids, dramatically reduces apoptosis induced by SA* T3 strains
(28). Apoptosis is also inhibited by pre-incubation of SA* T3 strains with a-sialyllactose, a
trisaccharide containing a-linked terminal sialic acid residues which competitively inhibits
binding of T3 viruses to SA, but not to JAM1 (28). The effects of SA binding on apoptosis are
not simply due to enhanced viral growth, as in L929 cells both T3SA™ and T3SA* strains grow
equivalently (although SA* strains grow better than their SA™ counterparts in HeLa cells)
(28). Despite its importance, SA binding in and of itself is insufficient for apoptosis-induction
by SA* T3 strains. In L929 cells, monoclonal antibodies that inhibit viral binding to JAM1
completely block apoptosis by SA* strains, and have only a modest impact on viral growth
(10).

CELLULAR PATHWAYS OF REOVIRUS-INDUCED APOPTOSIS

Death receptor initiated apoptosis signaling pathways

An increasingly more comprehensive picture of the cellular apoptotic pathways activated
following reovirus infection has emerged from studies of continuous cell lines, cancer cell
lines, and primary neuronal and cardiac myocyte cultures (8,23,25,64) (Fig. 3). Although the
basic features of reovirus-induced apoptotic signaling are strikingly similar regardless of cell
type, there are variations in the specific details. In all cell lines examined to date the initiating
event appears to be activation of cell surface death receptors belonging to the tumor necrosis
factor receptor (TNFR) superfamily. In HEK293, L929, and a variety of human cervical
(HeLa), lung (H157, A549), and breast (MDA231, ZR75-1) cancer cell lines, apoptosis is
initiated by the interaction of TRAIL (TNF-related apoptosis-inducing ligand) with death
receptors 4 and 5 (DR4, DR5) (19,20). The supernatant derived from T3 reovirus-infected cells
can induce apoptosis in TRAIL-sensitive indicator cells (HeLa), and this apoptosis-inducing
activity can be inhibited by treatment of the supernatant with soluble Fc-coupled DR5, but not
by anti-reovirus antibody (19). Apoptosis-inducing activity is detectable in the supernatant
within 24 h post-infection and increases through 48 h post-infection (19). This suggests that
TRAIL is released from infected cells through a yet undefined mechanism, and presumably
acts to initiate apoptosis in both virus-infected cells (autocrine pathway) and uninfected
neighboring bystander cells (paracrine pathway). Consistent with this model, treatment of
infected cells with either antibodies against TRAIL or soluble DR4 or DR5 inhibits T3
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reovirus—induced apoptosis (19) (Fig. 4). This activity appears to be specific for TRAIL; as
antibodies against TNF or against Fas Ligand and soluble forms of non-TRAIL related death
receptors (e.g. TNFR) all fail to inhibit T3 reovirus-induced apoptosis in HEK293 cells (19).
Consistent with the key role for TRAIL, stable over-expression of a non-functional decoy
receptor for TRAIL (DcR-1) in MDAZ231 breast cancer cells, inhibits T3 reovirus-induced
apoptosis (20). Intriguingly, TRAIL has also been implicated in apoptosis mediated by a
diverse group of viruses including measles (95), hepatitis (55), influenza (99), respiratory
syncytial virus (50), cytomegalovirus (79), lyssavirus (45), Theiler's virus (44,76), HIV (54),
and HTLV (72).

Death-receptor initiated pathways also play a key role in T3 reovirus—induced apoptosis in
primary mouse cortical neuronal cultures (69,70). However, in these cells soluble forms of
Fas-receptor and to a lesser extent of soluble forms of TNFR were more effective in inhibiting
apoptosis than soluble DR5 (69). Interestingly, the neuroblastoma cell line NB41A3 shows an
intermediate phenotype when compared to epithelial and cancer lines (see above) and primary
neurons, with apoptosis inhibited by soluble DR5 and TNFR but not by soluble Fas-receptor
(69).

Binding of apoptosis-inducing ligands such as TRAIL to their cognate cell surface death
receptors results in receptor oligomerization and the apposition of the receptors’ cytoplasmic
death effector domains (DEDSs). Death receptor oligomerization and DED apposition results
in the recruitment of adapter molecules such as FADD (Fas-associated death domain), which
also contain DEDs, to the receptor complex. The addition of procaspase 8, the death-receptor
associated initiator caspase, completes the components of a “death-inducing signaling
complex” (DISC) and leads to the cleavage and activation of caspase 8 (6). Consistent with a
model of death receptor-initiated apoptosis, T3 reovirus infection activates caspase 8 in
infected epithelial and human cancer cells as well as in primary neuronal cultures (48,69) (Figs.
5 and 6). In addition, T3 reovirus—induced apoptosis is inhibited in HEK293 cells by stable
over-expression of a dominant-negative form of FADD (19,49). Treatment with a soluble form
of the caspase 8 inhibitory peptide IETD also inhibits T3 reovirus-induced apoptosis in
HEK?293 and neuronal cells (19,49,69).

Mitochondrial apoptosis signaling pathways

Over-expression of Bc1-2 in MDCK cells markedly reduces T3 reovirus—induced apoptosis
(73) (Fig. 7). Over-expression of Bcl-2 also dramatically inhibits effector caspase activation
in reovirus-infected HEK293 cells (48). Although the anti-apoptotic actions of Bcl-2 are
heterogeneous, the capacity of Bcl-2 to inhibit apoptosis is generally considered a strong
indicator that mitochondrial apoptotic pathways are involved (67). This is consistent with
results showing that Bcl-2 over-expression blocks reovirus-induced release of a variety of
mitochondrial pro-apoptotic factors including cytochrome ¢, and Smac/ DIABLO (49).

Direct evidence for involvement of mitochondrial pathways in reovirus-induced apoptosis
comes from studies in HEK293 cells indicating that mitochondrial proapoptotic factors
including cytochrome ¢ (24,48,49) and Smac/DIABLO (24,49) are released from mitochondria
into the cytoplasm of infected cells (Fig. 8). This release is selective, as AlF (apoptosis inducing
factor) is not detected in either the cytoplasm or nucleus of infected cells (49). In distinction
to the result seen in HEK?293 cells, there appears to be only limited and late release of
cytochrome c in primary neuronal cultures or NB41A3 cells (69).

In some settings, release of mitochondrial apoptotic factors may be associated with profound
changes in mitochondrial transmembrane potential (Ayy,), likely reflecting the creation of
pores in the outer mitochondrial membrane. Reovirus infection is not associated with
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alterations in mitochondrial Ay, in either HEK293 cells (49) or monkey kidney CV-1 cells
(80), suggesting that significant disruption of mitochondrial integrity is not occurring.

Two prominent pathways by which mitochondrial proapoptotic factors facilitate or augment
apoptosis are through their activation of caspase 9, and their effects on inhibitor of apoptosis
proteins (IAPs). Released cytochrome ¢ forms a complex known as the apoptosome with
cytosolic factors including Apaf-1 and procaspase 9 and results in ATP-dependent activation
of caspase 9. Caspase 9 activation can be detected in reovirus infected HEK293 cells (48,49).
In NB41A3 cells, caspase 9 activation is a late event (<24 h pi) and may occur consequent to
activation of caspase 3 rather than as a result of cytochrome c release (69). Even in HEK293
cells, where caspase 9 activation is robust and detectable within 12 h pi, inhibition of this
activation by expression of a dominant negative form of caspase 9 (caspase 9b) has no effect
on reovirus-induced apoptosis, suggesting that it is not caspase 9 activation, but rather other
mitochondrial-dependent events that are critical in reovirus-induced apoptosis (49). Cell
permeable caspase 9 inhibitors (LEHD) fail to inhibit reovirus-induced apoptosis in primary
neuronal cultures, although both caspase 8 (IETD) and caspase 3 (DEVD) inhibitors effectively
inhibit apoptosis (69,70).

The recognition that reovirus infection results in the release of the mitochondrial pro-apoptotic
factor Smac/DIABLO (24,49) provides an alternative candidate for the key mitochondrial
signaling pathway in reovirus-induced apoptosis. Smac/DIABLO facilitates the activation of
caspases by preventing the inhibitory interaction between caspases and IAPs. Selective
degradation of specific IAPs, including XIAP, survivin, and clAP1 (but not clAP2), occurs in
reovirus-infected cells (49) (Fig. 9), and is blocked by over-expression of Bc1-2, which also
blocks mitochondrial release of Smac/DIABLO (49). Interestingly, gene expression studies
using microarrays suggest that at least one IAP (SMN/NAIP) is up-regulated in T3A infected
HEK?293 cells by 2.5-fold, a result which is confirmed by RT-PCR and by immunocyto-
chemical studies showing increased expression of SMN protein in the hearts of reovirus 8B-
infected mice (34).

The pathways linking death-receptor initiated apoptotic signaling to activation of
mitochondrial apoptotic pathways in reovirus-infected cells have become increasingly well
understood. In reovirus T3-infected cells, caspase 8 activation leads to the cleavage of the Bcl-2
family protein Bid, producing a truncated form of the protein (tBid) (48) which translocates to
the mitochondria and facilitate the release of pro-apoptotic mitochondrial factors. The
generation of tBid is dependent on death-receptor activation as it can be effectively inhibited
by stable over-expression of DN-FADD (48).

The INK MAPK pathway also plays a key role in activation of mitochondrial apoptotic
signaling in reovirus-infected cells (24). HEK293 cells pre-treated with JNK inhibitor 1 show
significantly delayed release of both Smac/DIABLO and cytochrome ¢ from mitochondria into
the cytosol (24). Although the mechanism of action of JNK in facilitating reovirus-induced
activation of the mitochondrial pathway remains unknown, it may be related to the
phosphorylation and associated subcellular redistribution of Bcl-2 family proteins.

Effector caspases

The ultimate effect of the activation of death receptor and mitochondrial apoptotic pathways
in T3 reovirus-infected cells and tissues is the activation of effector caspases. Caspase 3
activation is detectable in HEK293 cells and in both primary neuronal and cardiac myocyte
cultures utilizing immunoblots, fluorescent substrate activity assays, immunohistochemical
staining for activated caspase 3, and cleavage of the caspase 3 substrate PARP (35,48,69) (Fig.
10). Caspase 7 activation has also been detected in infected HEK293 cells by immunoblotting
(48), although caspase 6, another effector caspase, does not appear to be activated (48). Caspase
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3 activation precedes that of caspase 7 and appears at higher levels, suggesting that caspase 3,
rather than caspase 7, is the critical effector caspase following T3 reovirus infection (48). In
addition to being activated, expression levels of both caspase 3 and 7 are substantially increased
(2.6—3.2-fold) in T3A-infected HEK?293 cells by 24 h post-infection (34), suggesting that
regulation occurs both at the level of gene transcription and protein activation.

Caspase 3 activation is detectable in immunoblots from T3 reovirus—infected cells as early as
4 h post-infection, and has a biphasic activation pattern with early initial activation at 4-12 h
post-infection followed by a more robust and sustained secondary activation after 24 h post-
infection (48). A dual-phase activation pattern is also detectable in fluorogenic substrate assays
of caspase 3 activity (48). In these assays, DN-FADD inhibits all caspase 3 activation, whereas
Bcl-2 inhibits predominantly the late phase activation. This dual phase activation of caspase 3
would be consistent with an initial transient death-receptor mediated caspase 3 activation
phase, followed by a mitochondrially augmented sustained activation phase. As would be
predicted from these studies, cell permeable inhibitors of caspase 3 (DEVD) dramatically
inhibit T3 reovirus induced apoptosis (48,69).

In addition to caspases, the calcium-dependent neutral cysteine protease calpain has been
implicated in many models of apoptotic and non-apoptotic cell death (39). Calpains are
ubiquitously expressed in the cytosol of many cells, with mu-calpain activated by calcium
concentrations in the micromolar range and m-calpain by millimolar concentrations. Both
enzymes are specifically inhibited by calpastatin as well as a variety of less specific protease
inhibitors. Calpains cleave a variety of proteins at a conformation-dependent rather than
sequence specific site. Cellular targets of potential interest in apoptosis signaling include
specific cytoskeletal proteins, kinases and phosphatases, caspases, and I-«xB the cytosolic
inhibitor of NF-«xB (39).

T3A infection of L929 cells is associated with increase in calpain activity (1.6-fold) measured
by fluorogenic substrate assay in live cells (32). At supra-physiologic multiplicities of infection
(MOI 10,000), calpain activation could be detected as early as 30 min post-infection and
increased steadily through 2 h post-infection (the last time-point assayed). Calpain activation
can also be detected in reovirus 8B infected mouse primary cardiac myocytes as determined
by the appearance of calpain-specific 150- and 145-kDa spectrin cleavage products (33). Peak
activation (fourfold) occurred at 48 h after infection of cells at MOI 20. Interestingly, gene
expression studies using microarrays suggest that calpain gene (Gen-Bank X04366) expression
is decreased by 2.6-fold in T3A-infected HEK293 cells at 24 h post-infection, (34) suggesting
that activation may be associated with a negative feedback loop that reduces gene expression
in infected cells.

Inhibition of calpain activation by pre-treatment of L929 cells with either calpain inhibitor |
(aLLN), which blocks the active site, or by PD150606, an a-mercaptoacrylic acid derivative
which blocks the Ca2* binding site; inhibited apoptosis induced by T1L, T3D, and T3A (32).
In 8B infected primary cardiac myocytes a similar effect was seen with CX295, a dipeptide
a-ketoamide compound that inhibits calpain at the active site (33). Apoptosis was also inhibited
in L929 cells treated with calpain inhibitors and infected with replication-incompetent UV-
inactivated virus, indicating that the anti-apoptotic effects of calpain inhibition were not due
to inhibition of viral replication (32).

The therapeutic efficacy of calpain inhibition was also examined in neonatal mice infected
with the myocarditis-inducing reovirus 8B strain (33). Treatment of mice with six daily
intraperitoneal injections of CTX 295 (70 mg/kg) beginning 30 min before challenge with 8B
(1000 pfu IM) resulted in substantial reduction in the degree of myocardial injury as determined
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both by a blinded histopathological scoring system and reduction in serum creatine
phosphokinase (CPK).

REOVIRUS-INDUCED MODULATION OF TRANSCRIPTION FACTOR
ACTIVATION

c-JUN and mitogen-activated protein kinase (MAPK) cascades

Reovirus infection induces changes in several transcription factor systems, notably those
involving c-Jun and NF-xB. Increased levels of active, phosphorylated c-Jun are detected in
L929 cells infected by the prototypic reovirus strains T1L, T3A, and T3D (21) (Fig. 11). T3A
also induces c-Jun phosphorylation in both HEK293 and HelLa cells (24). In L929 cells,
phosphorylated c-Jun is first detected at 6—12 h post-infection (pi) and reaches a peak of 30
—40-fold over baseline at about 18 h before declining to basal levels by 48 h post-infection
(21). The kinetics of c-Jun activation are similar for T3A and T3D. However, T1L shows a
slower and less robust activation of c-Jun in comparison to T3 strains (21).

In L929 cells, a strong correlation exists between the capacity of the reovirus prototype strains
to activate c-Jun and to induce apoptosis (R = 0.93 — 0.96 at 12 and 18 h pi), while a similar,
but less robust correlation is observed using T1L x T3D reassortant viruses (R2 0.3, p 0.035)
(21). This suggests that the effects of c-Jun activation are pro-apoptotic. However, later studies,
using an adenovirus vector (TAMG67) expressing a dominant-negative form of c-Jun (DN-C-
Jun) suggest that it is not c-Jun activation per se but likely an upstream event in the mitogen
activated protein kinase (MAPK) pathway leading to c-Jun activation that is the key pro-
apoptotic event (24).

JNK and ERK but not p38 MAPK are activated in reovirus infected cells by T3A and T3D but
not by T1L, and contribute to reovirus-induced c-Jun activation (21). In HEK293 cells,
inhibition of either INK or ERK activity partially reduces T3A-induced c-Jun phosphorylation
and the combination of both inhibitors completely blocks c-Jun phosphorylation (24).
Inhibition of p38 and ERK activation with pharmacologic inhibitors does not effect reovirus-
induced apoptosis (21,24), in contrast to the results seen with JNK inhibition (24), suggesting
that JNK but not p38 or ERK, contribute to reovirus-induced apoptosis (see below). The
kinetics of JNK activation parallels that of activation of c-Jun (21). Following infection with
T3D, JNK activation is detectable as early as 10 hrs pi and increases steadily through 24 h (Fig.
12). T1L does not significantly induce JNK activity in these cells. Studies using reassortant
T1L x T3D viruses indicate that the same reovirus genes that determine strain-specific
differences in apoptosis (S1, M2) also determine differences in the capacity of reoviruses to
activate JNK (21). There is a stronger correlation between the capacity of TIL x T3D
reassortants to activate JNK and to induce apoptosis (R = 0.61, p = 0.003), than for c-Jun
activation (R% = 0.3, p = 0.035), suggesting that it is JNK rather than c-Jun activation that may
be the key factor in modulating reovirus induced apoptosis.

Additional evidence suggesting that JNK activation rather than c-Jun activation was the key
factor in reovirus-induced apoptosis comes from studies with MAPK inhibitors. JINK inhibitor
1 (Alexis) is a cell permeable peptide inhibitor that contains the minimal inhibitory sequence
of INK inhibitory protein 1 (JIP-1/1B1) and inhibits downstream signaling events by inhibiting
the interaction between JNK and its substrates. JNK inhibitor Il (1,9-pyrazoloanthrone)
(Calbiochem) is a cell permeable, selective and reversible competitive inhibitor of JINK. Pre-
treatment of either HeLa or HEK293 cells with these inhibitors significantly reduces T3A-
induced apoptosis at 24—48 h post infection (57-67% reduction), although this effect could be
overcome with high multiplicity of infection (MOI = 100) at the late (48 h) time-point (24).
Similar results were seen when caspase 3 activity was examined in T3A-infected HeLa cells.
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In HEK293 cells, inhibitors of MAPK p38 (SB203580) and ERK (PD98059) had no effect on
apoptosis, while JNK inhibitors decreased both caspase-3 induction and apoptosis. In contrast
to the specificity of JINK inhibition on apoptosis in HEK293 cells, in HeLa cells the p38
inhibitor did inhibit apoptosis, suggesting that cell-type specific variations exist in MAPKs
involved in reovirus-induced apoptosis. The effects of MAP kinase inhibitors on apoptosis and
viral growth are distinct. Although JNK inhibition blocks apoptosis it does not affect viral yield
in HEK293 cells (24) nor viral protein synthesis in Ras-transformed NIH 3T3 cells (59).
Conversely, p38 inhibition does inhibit viral protein synthesis, at least in Ras-transformed NIH
3T3 cells (59).

The exact pathways by which JNK is activated in reovirus-infected cells have not been
elucidated. JNK is phosphorylated by JNK kinase (JNKK), which in turn can be activated by
the MAP kinase kinase kinase (MAP3K) MEKK1. MEKK1 preferentially activates the INK
pathway and also influences the activity of ERK but does not affect the p38-MAPK pathway.
Embryonal stromal (ES) cells lacking MEKK1 show reduced T3A-induced JNK activation
(103). MEKK1 ~/~ mouse embryo fibroblasts show almost complete inhibition of T3A-induced
apoptosis and caspase 3 activation (24), as do HEK293 cells expressing a kinase-dead mutant
MEKK1 (24). These results suggest that MEKK1-dependent JNK activation may play a key
role in reovirus-induced apoptosis.

The mechanism by which reovirus infection could potentially activate MEKK1 remains
unknown. It has been shown that viral engagement of the JAM1 receptor and sialic acid co-
receptor are critical for T3D-induced activation of NF-xB (28,29), but it is unknown if receptor
engagement or early disassembly events are also critical for activation of MAPK pathways.
MEKKT1 can also be activated through pathways downstream of death receptors (see below).
However inhibition of reovirus-induced TRAIL-mediated engagement of death receptors 4 and
5 (DR4, DR5) in L929 cells with soluble DR4/DR5 receptors (19,21), although dramatically
inhibiting apoptosis, does not inhibit reovirus-induced phosphorylation of ¢c-Jun, suggesting
that activation of the DR-pathway is not the critical event in JNK activation (21).

Ras signaling pathways

The presence of an active Epidermal Growth Factor Receptor (EGF-R) on mouse fibroblasts
enhances the efficiency of reovirus infection (87). This activity appears dependent on
functional EGF-R tyrosine kinase activity. Studies in NIH-3T3 fibroblasts indicates that a
similar enhanced efficiency of infection occurs in cells transfected with v-erbB oncogene
constructs with active tyrosine kinase (TK) activity (88). Activation of EGF-R by ligand
binding results in receptor autophosphorylation and subsequent recruitment of adapter
molecules including Grb2 and the guanine nucleotide—exchange factor Sos. Grb2/Sos in turn
activates the Ras-GTP signaling pathway. Transfection of NIH-3T3 cells with either Sos or
Ras also enhances susceptibility to reovirus infection (89). Activated Ras-GTP is involved in
a wide variety of kinase signaling pathways including those involving P13 kinase and Raf
kinase, and may inhibit virus-induced PKR responses perhaps through a Ras-inducible PKR
kinase inhibitor (RIKI). In NIH-3T3 cells reovirus replication appears to be normally restricted
by reovirus-induced activation of PKR (89), suggesting that this may be a key antiviral pathway
that is inactivated by activated Ras.

Recent studies suggest that the RalGEF signaling pathway may also play an important role in
the enhanced replication efficiency of reovirus in Ras-transformed cells (59). Ras and RalGEFs
have been associated with activation of NF-xB, cyclin D, and activation of both JNK and p38
MAP kinases. Although JNK activation has been associated with reovirus-induced apoptosis
(21,24), inhibition of INK with SB600125 did not inhibit reovirus protein synthesis in NIH

3T3 cells with activated Ras (59), nor does JNK inhibition reduce viral yield in HEK293 cells
(24). Interestingly, inhibition of p38 with SB203580 did inhibit reovirus protein synthesis in
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NIH 3T3 cells (59) despite the absence of effects of this inhibitor on reovirus-induced apoptosis
in HEK293 cells (24). These data suggest that cell signaling pathways involved in apoptosis
and enhanced viral growth may be dissociable, consistent with results suggesting a lack of
correlation between viral growth and apoptosis induction.

Reovirus-induced killing of tumor cells, a property often referred to as “oncolysis,” is due to
induction of apoptosis in target cells (20). Tumors and tumor cells with an activated Ras
pathway appear particularly susceptible to reovirus-induced cell death (26,59,89). Reovirus-
induced oncolysis has been demonstrated in an extensive variety of tumor types both in vitro
and in vivo, including gliomas (98), breast cancers (20,58,101), lung cancers (20), ovarian
cancers (41), colon cancers (41), lymphoid malignancies (2), medulloblastoma (100), and
bladder cancer (47). Based on these animal studies, a proprietary reovirus preparation
(“reolysin,” Oncolytics Biotech Inc., Calgary, Canada) has recently been tested in Phase |
human clinical trials involving direct inoculation of virus into subcutaneous tumors, prostate
cancers, and recurrent malignant gliomas. A trial of intravenous administration of reolysin in
patients with advanced stage primary or metastatic solid tumors that have failed other
chemotherapies has also recently been instituted (see www.oncolytics-biotech.com).

Reoviruses share with many other viruses the capacity to perturb regulation of the transcription
factor NF-xB (14). All reovirus strains tested to date induce an initial early phase of NF-xB
activation (22,27), with T3A and T3D strains having the capacity to subsequently inhibit NF-
kB activation (22). Under resting conditions, NF-xB is complexed with its inhibitor, 1xB, and
retained in the cytoplasm. The canonical pathway of NF-«B activation involves the
phosphorylation, ubiquitination, and proteosomal degradation of 1xB, which exposes a nuclear
localization signal on NF-«B, allowing it to translocate to the nucleus where it activates
expression of genes containing promoters with NF-«B consensus binding sequences.

T3-induced NF-«B activation can be detected as early as 2—4 h post-infection, peaking at 4 h
in HEK?293 cells and at 8—10 h post-infection in HeLa cells as determined by electrophoretic
mobility shift assays (EMSAS) (22,27). Nuclear extracts from T3-infected HeLa cells contain
both the p50 and p65 subunits of the NF-xB RelA heterodimer (27). In T3D-infected Hela,
NF-xB-dependent expression of a luciferase reporter gene is detected by 12 h pi, reaches a
maximum at 18 h pi, and has declined to baseline by 48 h pi (27) (Fig. 13). Results are
essentially similar in T3A-infected HEK293 cells with luciferase activity detected at 6 h,
peaking at 12 h, and returning to baseline by 24 h pi (22). In HeLa cells, this initial phase of
T3-induced NF-«B activation requires viral binding to sialic acid residues, as a T3SA™ strain
failed to activate NF-xB when compared to its isogenic SA* counterpart. Furthermore, pre-
treatment of cells with neuraminidase, to remove cell surface sialic acid, abrogates NF-«B
activation by SA* virus (28). The pathways by which T1 strains, such as the prototype T1L
activate NF-«B (22) differ from those utilized by T3 strains as T1 strains fail to bind sialic acid.

NF-xB activation in HeLa cells does not require viral replication, as it is not inhibited by
ribavirin (29). However, receptor binding alone is apparently insufficient to induce NF-«xB
activation, as it is inhibited in cells treated with lysosomotropic agents (ammonium chloride,
E64) that prevent virion disassembly (29). These results indicate that it is a step in the
disassembly process rather than just receptor engagement that triggers NF-xB activation.

The initial phase of NF-«B activation is followed by a later second phase of reovirus-induced
inhibition of NF-«B activation (22). In HEK293 cells, both etoposide and TNFa are potent
inducers of NF-«B activation. Cells infected with T3A and then stimulated with either
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etoposide or TNFa show markedly reduced levels of NF-xB activation compared to uninfected
cells (Fig. 14). This inhibitory effect is associated with failure to degrade the cytoplasmic
inhibitor of NF-«B, 1xB. This effect is detectable as earlier as 4 h pi, and reaches a maximum
by 12 hrs pi, by which time 1xB levels are comparable to those seen in unstimulated control
cells.

Reovirus-induced NF-xB inhibition in HEK293 cells requires viral replication. Following
treatment with etoposide, cells infected with T3A and the reovirus replication inhibitor
ribavirin show a normal pattern of NF-xB activation and associated degradation of the inhibitor,
IxB (22). This suggests a model in which an early step (ribavirin insensitive) in viral replication
results in NF-xB activation, whereas a later step (ribavirin sensitive) is required for the
subsequent inhibition of NF-xB activation. Ribavirin treatment also inhibits the ability of
reovirus to induce apoptosis in HEK293 cells (22), suggesting that in these cells the second
inhibitory phase may be more critical to apoptosis induction than the initial NF-xB activation.
This phenomenon may be cell type specific, as in contrast to the results seen in HEK293 cells,
ribavirin does not inhibit apoptosis in HeLa cells (22,29).

Reovirus infection sensitizes many epithelial cells and human cancer cell lines, to killing by
the apoptosis inducing ligand TRAIL (19,20). Cell lines vary in their sensitivity to TRAIL,
and reovirus infection can make some previously TRAIL-resistant lines sensitive to killing by
TRAIL (19,20). The capacity of reovirus to sensitize HEK293 cells to TRAIL killing was
blocked by ribavirin treatment, suggesting that the TRAIL sensitization phenomenon required
the late phase of NF-xB inhibition. Further evidence in support of this concept came from
studies in HEK293 cells stably expressing a dominant negative 1xB-AN2 that acts to inhibit
activation of NF-xB. These cells show enhanced sensitivity to apoptotic killing by TRAIL,
similar to that seen in wild-type cells in which NF-xB inhibition occurred as a consequence of
reovirus infection.

Although reovirus-induced regulation of NF-xB is still a subject of active investigation, a
unitary hypothesis would suggest that at an early stage following viral infection (prior to onset
of viral RNA synthesis and therefore insensitive to ribavirin inhibition) virus induces the
activation of NF-xB. This activation exerts a pro-apoptotic influence, presumably through NF-
xB mediated regulation of expression of as yet unidentified pro-apoptotic genes. At a later step
in replication, following RNA synthesis and therefore sensitive to inhibition by ribavirin,
infection induces an inhibitory state that may be designed to prevent expression of NF-xB—
dependent apoptosis-inhibitory genes (51).

REOVIRUS-INDUCED CHANGES IN EXPRESSION OF APOPTOSIS-RELATED
HOST CELL GENES

Reovirus-induced alterations in activation of transcription factors, including c-Jun and NF-
kB, suggests that virus-induced changes in host cell gene expression are likely to play an
important role during viral pathogenesis in general and in apoptosis in particular. Reovirus
T1L and T3A-induced changes in gene expression following infection of HEK293 cells have
been examined using oligonucleotide microarrays (34,65). Using microarrays (Affymetrix
HU95A) containing probes for over 12,000 human genes, T3A was found to induce altered
expression (twofold or greater change) compared to mock infection of 18 genes at 6 h pi, 86
at 12 h pi, and 309 at 24 h pi (34). T1L produced more modest changes, inducing alteration in
expression compared to mock of only 59 genes at 24 h pi. All of the changes induced by T3A
at 6 h pi involved up-regulation of expression, although at 12 and 24 h there were both up- and
down-regulated genes (34). Categorization of these genes into functional groupings indicates
that a significant number of affected genes encode proteins involved in apoptotic signaling
including mitochondrial, endoplasmic reticulum, and death receptor signaling as well as
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proteases including calpain and caspases (Tables 1 and 2). An additional group of affected
genes encode proteins involved in DNA damage repair pathways (34). Of 24 genes involved
in apoptotic signaling pathways whose expression was altered following infection with the
APO™* T3A strain, only five were also found to be altered following infection with the APO~
T1L strain (34). Similarly, of 14 identified genes involved in DNA damage and repair pathways
whose expression was altered by APO* T3A, none were altered following infection with
APO™ T1L. Interestingly, the majority of T3A induced changes in expression involved up-
regulation of apoptotic signaling genes (19 of 24 at 24 h pi) and down-regulation of DNA repair
genes (11 of 14 at 12 or 24 h) (34). Taken together the patterns of gene expression suggest that
infection of cells with APO* reovirus strains enhances expression of genes involved in ER
stress and both death receptor and mitochondrial apoptotic signaling, and shifts the balance
toward pro-apoptotic Bcl-2 family proteins (34). This was combined with a down-regulation
by the APO* virus of genes encoding proteins involved in cellular DNA repair, which would
be predicted to impair the cell's ability to repair DNA damage and thereby promote apoptosis
induction.

REOVIRUS APOPTOSIS IN VIVO

Central nervous system (CNS)

In addition to inducing apoptosis in a variety of continuous cell lines, reovirus-induced
apoptosis also occurs in vivo in both the central nervous system (CNS) (60,61,69,70,71) and
heart (33,35), in addition to both primary neuronal cultures (69,70) and primary cardiac
myocytes (33,35). Following intracerebral (ic) inoculation of reovirus T3D into 1-day-old
Swiss Webster (Tac:(SW)fBR) mice neurons undergo morphological changes characteristic
of apoptosis including cytoplasmic shrinkage, chromatin condensation, and nuclear pyknosis
and fragmentation. Cells staining positive by TUNEL (terminal deoxynucleotidy! transferase
(TdT)-mediated dUTP nick end—labeling) can be detected as early as 3 days pi and
progressively increasing in both number and extent until the death of animals at ~day 8—10
(60,61). DNA extracted from whole brains at 8—9 days pi showed a characteristic laddering
pattern consistent with oligonucleosomal DNA fragmentation pathognomonic of apoptosis
(60,61). Staining for the activated form of the effector caspase, caspase 3, co-localizes with
TUNEL staining and is widespread in areas of virus injury by day 7 pi (69,70).

Within the CNS, the most significantly involved areas include the cingulate gyrus (notably
layer V), thalamus, and hippocampus (CA1-CA3). The involved cells appear to be
predominantly neurons as determined by their morphology (60,61), consistent with results in
primary neuronal cultures derived from E20-P0 Swiss Webster mice in which cell-type specific
markers confirm that it is neurons (neuron nuclear protein, NeuN-positive cells) rather than
glial cells (GFAP positive) than are infected by T3D and that undergo apoptosis (70).

In the CNS, there is an excellent correlation between the areas of viral injury detected
histopathologically, the sites of viral infection detected by immunocytochemistry for viral
antigen, and regions of apoptosis detected by either TUNEL staining or staining for activated
caspase 3 (60,61,69,70) (Fig. 15). Double staining of tissue sections for both viral antigen and
apoptosis suggests that apoptosis occurs both in productively infected cells (direct apoptosis)
and in uninfected cells in close proximity to infected cells (bystander apoptosis) (60,61). A
similar phenomenon can be observed in primary neuronal cultures. In T3D-infected mouse
cortical neuronal cultures at 48 h pi, 38% of cells are both antigen and TUNEL positive, and
12% TUNEL positive but antigen negative, suggesting that direct apoptosis accounts for three-
fourths of the apoptotic neurons, and bystander apoptosis for the remainder. Essentially similar
results were seen in the NB41A3 neuroblastoma cell line (69).
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The co-localization of viral antigen, apoptosis, and tissue injury strongly suggests that
apoptosis is an important mechanism of reovirus-induced CNA injury. Additional support for
this idea comes from studies of an attenuated reovirus T3D variant, variant K (84). Variant K
was selected from T3D stocks based on its capacity to resist neutralization by a monoclonal
antibody (9BG5) directed against the viral o1 protein (84). Nucleotide sequence analysis
indicates that variant K differs from its T3D parent by a single amino acid substitution at amino
acid position 419 (K419L) within the globular head domain of the S1 gene encoded sigma 1
(11). Variant K is of particular interest, as the S1 gene is a determinant of strain-specific
differences in the ability of reovirus strains to induce apoptosis in a variety of cell lines. After
intracerebral inoculation variant K has attenuated neurovirulence associated with reduced
growth and a restricted pattern of tissue injury compared to T3D (84,85). Studies with a
reassortant virus containing the Variant K S1 gene on a T1L (“1HAK”) background confirm
that it is the S1 gene mutation that accounts for these properties (46). Both variant K and T3D
produce injury in the hippocampus, but only T3D produces significant injury in the thalamus,
frontoparietal cortex and cingulate gyrus (70,85). Variant K infected mice can survive infection
and clear virus, although focal hippocampal lesions are still detectable in mice sacrificed >80
days pi (70).

Following IC inoculation, variant K and T3D show similar patterns of regional growth,
apoptosis, and caspase 3 activation in the hippocampus (70). By contrast, the growth of variant
K is markedly reduced in other brain regions, and apoptosis is not detectable. These results
have been replicated in primary neuronal cultures derived from hippocampus and cortex.
Variant K and T3D grow to identical titers hippocampal cultures and produce equivalent
amounts of apoptosis. By contrast, in cortical cultures T3D grows significantly better and
produces significantly more apoptosis and higher levels of caspase 3 activation than variant K
(70).

Studies in non-neuronal cells indicate that the capacity of reovirus strains to grow in these cells
does not correlate with its capacity to induce apoptosis. For example, both T3D and T1L grow
to equivalent titers in L929 cells, yet T3D induces significantly more apoptosis than T1L
(92). In MDCK cells, T1L grows significantly better than T3D, yet T3D induces significantly
higher levels of apoptosis (73). This suggests that it might be the reduced capacity of variant
K to induce apoptosis in cortical neurons that results in its impaired growth in these cells, rather
than the impaired growth inhibiting apoptosis. Support for this hypothesis comes from studies
in which inhibiting apoptosis reduced the growth of T3D in primary cortical neurons and
augmenting apoptosis enhanced growth of variant K (70). T3D-infected cortical neurons were
treated with the cell-permeable pancaspase inhibitor ZVAD-fmk, which reduces apoptosis and
decreases viral titer in addition to viral yield to levels at or below those seen in variant K infected
cultures. Similar results are seen with the caspase 3 inhibitor DEVD-fmk, but not with an
irrelevant caspase inhibitor used as a negative control (YVAD-fmk an inhibitor of caspase 1,
a caspase not involved in reovirus-induced apoptosis). These results clearly indicate that
inhibition of apoptosis could inhibit viral growth in neuronal cultures. Conversely, treatment
of variant K infected cortical neurons at 18 h pi with an antibody that augments apoptosis by
binding to and activating the death receptor FAS, enhances apoptosis to levels similar to those
seen following T3D infection and significantly augments viral titer and yield, although not to
levels seen with T3D. Treatment of variant K infected cortical neuronal cultures with caspase
inhibitors does not further reduce either apoptosis or viral yield, nor does treatment of T3D-
infected cultures with FAS activating antibody further increase apoptosis or viral yield in T3D-
infected cultures.

The variant K studies provide support for the importance of ¢1 as a mediator of apoptosis, as
at least in cortical neurons, variant K has attenuated apoptosis inducing capacity. However,
variant K remained fully capable of inducing apoptosis and activating caspase 3 in hippocampal
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neurons, indicating that apoptotic signaling pathways and requirements for induction differ
within distinct populations of neurons. These studies also provide evidence that inhibiting
apoptosis may decrease viral yield and augmenting apoptosis may increase viral yield in the
CNS.

o1 is not the only reovirus protein that can influence CNS apoptosis in vivo. The reovirus S1
gene is bicistronic, encoding the viral attachment protein ¢1 and a small non-structural protein,
ols, from overlapping but out-of-sequence reading frames. The reovirus T3 ¢1s null mutant
virus clone 84MA (C84MA) has attenuated neurovirulence after intracerebral inoculation
(43). The o1s null virus grows to equivalent titer in the brain as ¢1s* control viruses, indicating
that its attenuated neurovirulence is not simply the result of reduced viral growth. By contrast,
mice infected with o1s null virus show significantly delayed onset of caspase 3 activation and
apoptosis compared to mice injected with control serotype 3 ¢1s* viruses (43). This suggests
that o1s serves to modulate the efficiency with which T3 reoviruses induce CNS apoptosis,
with the o1s null virus showing less severe and less extensive apoptosis than its o1s*
counterparts. The fact that mice infected with &1s null virus eventually developed significant
apoptosis indicated that lack of this protein only delayed but did not prevent apoptosis induction
in the CNS. In ¢1s null virus infected mice, the extent of CNS tissue injury and apoptosis were
both delayed and paralleled each other in extent and severity, providing additional evidence
that apoptosis is the major mechanism of tissue injury following T3 infection of the CNS.

Given the importance of apoptosis in the development of reovirus-induced CNS tissue injury,
itis of great interest to determine whether inhibition of apoptosis could provide a novel strategy
for antiviral therapy by influencing the pathogenesis of reovirus-induced CNS disease (71).
The antibiotic minocycline, a synthetic tetracycline derivative, is known to be neuroprotective
in several models of neurodegenerative disease, traumatic CNS injury, and CNS hypoxic-
ischemic injury (5,38,97,104). The mechanisms by which minocycline exerts its
neuroprotective effects have not been definitively established, but can include inhibition of
mitochondrially mediated apoptosis pathways through decreasing the release of mitochondrial
pro-apoptotic factors including cytochrome ¢ and Smac/DIABLO (78,104), and through up-
regulation of Bcl-2 and 1APs (78,96). In addition, minocycline may inhibit microglial-mediated
excitotoxic pathways that contribute to neuronal cell death (91). Minocycline delays but does
not prevent CNS injury and death in a reovirus model of encephalitis, consistent with its effects
in other models of neurodegeneration. In the reovirus studies, neonatal mice were injected
intracerebrally with 3000 pfu of T3D (~300 x LDsp) and then treated beginning at 48 hrs post
infection with minocycline (35 mg/kg ip daily). Minocycline treated mice survived an average
of three days longer than untreated controls (mean day of death 11.6 + 0.9 vs. 8.6 + 0.7, p <
0.01) (71). A survival effect was even noted when the challenge dose was increased to 300,000
pfu (30,000 x LDsp). The prolonged survival in treated mice was associated with reduction
and delay in onset of the extent of CNS viral injury in thalamus, hippocampus, and cingulate
gyrus. Reduction in injury correlated with a decrease in the number of apoptotic neurons in
each of these brain regions (71). This effect is likely due to an anti-apoptotic action of
minocycline, as microglial activation and astrogliosis is not prominent at times when tissue
injury has been dramatically reduced by minocycline (71). Consistent with earlier results with
other apoptosis inhibitors, minocycline slowed the kinetics of viral replication in the CNS,
although peak titers eventually reached those achieved in untreated animals (71). A similar
beneficial effect of minocycline treatment has recently been described in a Sindbis-virus model
of spinal motor neuron death (31).

The identification of mammalian Toll-like receptors (TLRs) was followed by the recognition
that binding of microbial ligands to these receptors could trigger the activation of NF-«xB, and
the subsequent up-regulation of specific cytokines and related co-stimulatory molecules (1,

13). TLR3 is of potential interest in the context of reovirus infection, as it is the only TLR that
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binds double-stranded RNA, and this leads to NF-«B activation and enhanced production of
type 1 interferons (a/f) (3,53). TLR3 ~~ mice have been utilized to study the potential role of
this TLR in viral pathogenesis (36). The extent and distribution of reoviral injury, antigen,
apoptosis, and total brain titer are identical in wild-type (TLR 3*/* ) and TLR 3 /= mice,
suggesting that this TLR does not play a critical role in either reovirus-induced CNS apoptosis
or pathogenesis (36).

Reoviruses provide an important experimental model system for studying viral myocarditis
(81). The most extensively characterized myocarditic strain is a reassortant virus, 8B, which
was initially isolated following simultaneous inoculation of mice with reovirus strains T1L
and T3D. When injected intramuscularly (im) into neonatal mice, 8B is efficiently myocarditic
even at low doses, producing extensive cardiac tissue injury, that is the result of direct viral
injury to myocardiocytes rather than immune-mediated mechanisms (81).

The myocardial injury induced by 8B is the result of apoptosis. At 7 days pi (im) sections from
infected mice show extensive areas of TUNEL-positive nuclei which co-localize with regions
of viral injury seen histologically, and viral infection as identified by antigen staining (33) (Fig.
16). DNA extracted from infected hearts shows characteristic oligonucleosomal DNA
laddering (33). The kinetics of development of apoptosis and myocardial injury in the heart
has been examined in detail (35). Apoptosis, as determined by TUNEL and staining for
activated caspase 3, viral growth, and evidence of histologic injury develop in parallel. Injury
and apoptosis are typically detectable as early as 4 days pi, and increase steadily in severity
and extent thereafter. By day 7, the degree of involvement is extensive, involving 18%
(TUNEL) to 23% (activated caspase 3) of the cross-sectional myocardial area.

Apoptosis is also clearly demonstrable using TUNEL, Annexin Pl and activated caspase 3
staining in 8B-infected primary cardiac myocyte cultures derived from neonatal mice (35). The
“flipping” of phosphatidylserine residues from the inner to the outer surface of the cell
membrane, a marker of apoptosis-related changes in cell membranes, can be detected by
binding of Annexin V. Using flow cytometric analysis of annexin V positivity, nearly 50% of
virus-infected cells are positive at 48 h pi, increasing to >90% by 72 h. Although the absolute
numbers are lower (35—-30% positive cells), there is also a significant increase at 48 h pi in the
percentage of both TUNEL and activated caspase 3—positive cells in virus compared to mock
infected cultures at 48 h pi (35).

The reovirus myocarditis model is a valuable system for testing the effects of apoptosis
inhibition on viral pathogenesis (33,35). A variety of apoptosis inhibitors have been shown to
reduce reovirus-induced cell death in vitro. This suggests that apoptosis inhibitors might also
reduce the extent of virus-induced tissue injury in vivo, providing a potentially novel strategy
for antiviral therapy. Proof of this principle came initially from studies of calpain inhibitor
treatment of 8B-induced myocarditis. Calpain was initially shown to be activated following
reovirus infection of L929 cells in vitro, and inhibition of this activation inhibits reovirus
induced apoptosis (32). Calpain was subsequently shown to be activated in 8B-infected primary
cardiac myocytes as detected by the appearance of calpain-specific spectrin cleavage products
in infected cells (33). To test the effects of calpain inhibition on 8B-induced myocardial
apoptosis in vivo, neonatal mice were treated with six daily intraperitoneal (ip) inoculations of
the calpain inhibitor CX295 (Cortex Pharmaceuticals) beginning at 30 min prior to infection
with 8B. CX295 is a specific inhibitor of calpain, and does not inhibit caspase 2 or 3 at doses
tested (100 M) and was shown to inhibit reovirus-induced calpain activation in 8B-infected
mouse primary cardiac myocytes (33). 8B-infected CX295-treated mice showed a significant
reduction in the severity and extent of cardiac lesions using a standardized lesion scoring scale
(3.0+£0.1t0 0.6 £0.1, p < 0.0001) (33). A significant reduction in serum CPK levels was also
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seen in treated compared to control mice. CPK is an intracellular enzyme found in cardiac
myocytes that is released into serum in response to tissue injury. Staining of cardiac tissue
sections from treated mice showed marked reduction in apoptosis as determined both by
morphology of cardiac myocytes and almost complete absence of TUNEL staining (33).

Further evidence for the significance of apoptosis in the pathogenesis of 8B-induced reovirus
myocarditis comes from studies using peptide caspase inhibitors (35). 8B-infected mice were
treated at days 3—6 pi with daily ip inoculations of the irreversible broad spectrum peptide
pancaspase inhibitors Q-VD-OPH or Z-VAD(OMe)-FMK (Enzyme Systems). Compared to
controls, Q-VD-OPH reduced myocardial lesion score by 60% and cross-sectional lesion area
by 89% (Fig. 17). The effects with Z-VAD(OMe)-FMK were similar but more modest (39%
reduction in lesion score, 55% in cross-sectional lesion area). In Q-VD-OPH-treated mice,
histological sections were also examined for apoptosis, and treated mice showed a significant
decrease in both TUNEL and staining for activated caspase 3 compared to controls.

The studies with both calpain and caspase inhibitors indicated that apoptosis was a major
mechanism of myocardial injury in 8B-infected mice. This result was confirmed in studies
using transgenic C57B6 caspase-3—deficient mice (gift of Richard Flavell, Yale University)
(35). 8B-infected caspase 3 7~ deficient mice showed reduced cardiac lesion scores compared
to both syngeneic caspase 3 */~ heterozygotes and wild-type caspase 3 */* homozygotes. The
caspase 3 7/~ mice had a 58% reduction in lesion score and a 56% reduction in cross-sectional
lesion area compared to infected wild-type caspase 3 */* mice (35). Heterozygous caspase

3 */~ mice showed an intermediate phenotype. As expected, staining for activated caspase 3
was not detectable in caspase-3 7~ mice (although present in hearts of infected wild-type
caspase 3 ** mice). Apoptosis was reduced in the hearts of infected caspase 3 7~ mice as
assayed by TUNEL (35). Long-term survival is not seen in 8B infected caspase 3 */* mice
(100% mortality within 9 days pi after im inoculation of 2 day-old mice with 10% PFU of 8B).
By contrast, 50% of caspase 3 '~ survived at least 21 days pi, and 37.5% >50 days (Fig. 18).
These long-term survivors did not show cardiac lesions when sacrificed (day 54 pi) (35).

Studies in the CNS of an attenuated T3 mutant virus had suggested that defects in apoptosis
were associated with decreased viral yield and peak titer (70). Hearts of mice treated with
calpain or pancaspase inhibitors showed modest (2—5-fold, 0.3—0.7 logy¢) reductions in viral
titer compared to controls. Significantly more dramatic effects were sign in caspase 3 7/~ mice
in which a 80-fold (1.9 logs) reduction in heart titer was seen compared to caspase 3 */* mice
(35).

An additional signaling pathway of paramount importance in reovirus-induced myocarditis is
the IFN-2 signaling pathway (77,81,82). Myocarditis can be induced by a normally non-
myocarditic reovirus strain in mice depleted of IFN-a/. In addition, non-myocarditic reovirus
strains differ from their myocarditic counterparts by both inducing higher levels of IFN-4 and
by increased sensitivity to its action (82). IFN-# induction in infected cardiac myocytes appears
to require activation of the transcription factor interferon regulatory factor 3 (IRF3), as over-
expression of a dominant negative IRF-3 in these cells blocks virus-induced IFN- (57).
Although the actions of IFN-g are pleiotropic, a major candidate for mediating its antiviral
activity during reovirus infection is the ds-RNA activated protein kinase, PKR. After binding
to dsRNA, PKR becomes activated and phosphorylates the eukaryotic initiation factor

elF2a , which inhibits host cell protein translation. Activated PKR may also act as an I-xB
kinase, with phosphorylated I-«B undergoing ubiquitination and degradation allowing
cytosolic NF-xB to translocate to the nucleus and activate genes with xkB-responsive promoter
elements, a group that includes the IFN-5 gene. As might be expected from this model, loss of
PKR enhances the virulence of both myocarditic and non-myocarditic reovirus strains (86).
Perhaps not surprisingly, both avian and mammalian strains of reovirus encode proteins that
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inhibit the activation of PKR (40,102). Reovirus infection of cardiac myocytes also induces
IRF-1, likely through an indirect mechanism that requires prior induction of the IFN-o/p
response, and mice lacking IRF-1 show more extensive cardiac lesions than wild-type mice

().

CONCLUSION

Reovirus infection has served as an experimental model system to understand how specific
viral genes and the proteins they encode induce cell death in vitro and tissue injury in vivo.
Recent studies indicate that apoptosis is a major mechanism by which reovirus T3 strains kill
target cells. Apoptosis is triggered by early events in the viral replication cycle consequent to
viral binding to JAM1 and sialic acid receptors, and not dependent on viral RNA synthesis. In
a wide variety of continuous and primary cell lines reovirus-induced apoptosis is initiated by
death-receptor activation. Activation of death-receptor signaling pathways results in activation
of the death receptor associated initiator caspase 8, which is followed by cleavage of the Bcl-2
family protein Bid. Cleaved Bid translocates to the mitochondria where it is involved with
other Bcl-2 family proteins in the activation of intrinsic mitochondrial-associated apoptotic
signaling pathways. Activation of pro-apoptotic mitochondrial signaling pathways are also
influenced by reovirus-induced activation of INK which acts to phosphorylate specific Bcl-2
family proteins and may influence their redistribution from cytosol to mitochondria. Pro-
apoptotic factors released from mitochondria following reovirus infection include cytochrome
¢ and Smac/DIABLO. The mitochondrial-associated initiator caspase 9 is activated following
reovirus infection in some but not all cells. Recent studies suggest that Smac/DIABLO-
associated degradation of cellular inhibitor of apoptosis proteins plays a critical role in the
augmentation of apoptosis signaling pathways in many reovirus-infected cells. Activation of
extrinsic and intrinsic cell death pathways leads ultimately to the activation of effector caspases
including caspase 3. Inhibition of caspase cascades at multiple levels can inhibit reovirus-
induced cell death in cell culture.

Apoptosis is not limited to reovirus-infected cells in culture, but also appears to be the major
mechanism of reovirus-induced tissue injury in experimental models of reovirus-induced
encephalitis and myocarditis. Apoptosis and activation of caspases can be detected in both the
heart and CNS of reovirus-infected mice, and correlates with the localization of viral antigen
and tissue injury. Inhibition of virus-induced apoptosis through use of peptide inhibitors of
caspases, calpain inhibitors, or treatment of animals with minocycline all ameliorate reovirus-
induced tissue injury and prolong survival of infected animals. Even more dramatic reductions
in virus-induced tissue injury and beneficial effects on survival are seen in caspase 3 7~ mice.

In addition to triggering activation of apoptosis signaling pathways, reovirus infection also
results in the selective activation of mitogen activated protein kinase cascades including those
involving INK/SAPK. There is an excellent correlation between the capacity of reovirus strains
to activate JNK and their capacity to induce apoptosis, and JNK inhibition results in inhibition
of apoptosis. In many cells including a wide variety of cancer cell lines, the efficiency of
reovirus infection is enhanced by the presence of activated Ras signaling pathways. This effect
may be mediated by inhibition of the antiviral effects of PKR and by activation of Ras/RelGEF/
p38 signaling. Interestingly, the signaling pathways involved in apoptosis and viral growth
may be dissociable, as inhibition of JNK signaling can inhibit apoptosis without effecting
efficiency of viral growth. Conversely, inhibition of p38 MAPK signaling may inhibit viral
replication without affecting apoptosis.

Reovirus infection also results in selective changes in the regulation of specific transcription
factors. Both ERK and JNK activation contribute to the subsequent activation of c-Jun.
Reovirus infection also results in early activation of NF-xB, which is followed in the case of
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infection with T3 strains by subsequent inhibition of NF-xB activation. These alterations in
transcription factor regulation play a key role in regulating reovirus-induced apoptosis,
suggesting that virus-induced alterations in gene expression play a key role in regulating
apoptosis. Oligonucleotide microarrays have been utilized to gain a more comprehensive
picture of reovirus-induced alterations in gene expression. These studies reveal significant
alterations in genes encoding proteins involved in cell cycle regulation, apoptosis, and DNA
damage and repair processes.
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FIG. 1.

Electron microscopic appearance of uninfected (A) and apoptotic T3D-infected L929
fibroblasts (B—D). Note the progressive margination and compaction of the nuclear chromatin
(B,C) and the eventual complete consensation of the nucleus (D). Despite profound changes
in nuclear chromatin the cell membrane remains intact. From Tyler et al. (92) with permission.
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FIG. 2.

Oligonucleosomal DNA ladders characteristic of apoptosis in reovirus-infected MDCK cells.
Oligonucleosomal ladders of fragmented DNA are visible following electrophoresis of
extracted total cellular DNA from infected cell lysates through 1.8% TBE/agarose gels stained
with ethidium bromide and illuminated with ultraviolet light. From Rodgers et al. (73) with
permission.
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FIG. 3.

A general outline of caspase pathways activated during reovirus T3 infection of epithelial and
human cancer cell lines. Infection results in release of the death inducing ligand TRAIL which
binds to cell death receptors DR4 and DR5 which are members of the TNFR superfamily of
cell death receptors. Binding of TRAIL to DR4/DR5 activates caspase 8 through the death-
inducing signaling complex (DISC). Cleavage of the Bcl-2 family protein Bid plays a key
intermediary role in death-receptor initiated activation of mitochondrial apoptosis pathways.
Pro-apoptotic factors released from mitochondria following reovirus infection include
cytochrome ¢ and Smac/Diablo. Smac/Diablo augments apoptosis by inhibiting the action of
cellular inhibitor of apoptosis proteins (IAPs). From Kominsky et al. (49) with permission.
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FIG. 4.

Inhibition of TRAIL binding to reovirus-infected cells with either anti-TRAIL antibodies (A)
or soluble Fc-coupled death receptors (B) DR4/DR5 inhibit T3 induced apoptosis in HEK293
and L929 cells. TRAILa and TRAILD are two different polyclonal anti-TRAIL antibodies,
TNF and FASL are antibodies against these death ligands. DR4, DR5, and TNFR are Fc-
coupled forms of these death receptors. From Clarke et al. (19) with permission.
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FIG. 5.

Caspase 8 is activated in T3A-infected HEK293 cells. The immunoblot shows progressive
activation-associated disappearance of pro-caspase 8 with an initial phase beginning at ~8 h
post-infection followed by sustained activation after 20 h. From Kominsky et al. (48) with
permission.
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FIG. 6.
Caspase 8 activation detected using an antibody specific for the activated form of caspase-8
(green staining) in mouse primary cortical neurons at 20 h post-infection with T3D.
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Stable over-expression of Bcl-2 inhibits apoptosis induced by T3D in MDCK cells. MDCKneo
is a control plasmid lacking Bcl-2. From Rodgers et al. (73) with permission.
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FIG. 8.

Smac/DIABLO and cytochrome c are released from mitochondria into the cytosol of T3A-
infected cells. HEK 293 cells. c, cytosolic fraction; m, mitochondrial fraction of cell lysates;
h.p.i., hours post-infection. Both Smac (A) and cytochrome c (B) are released from the
mitochondria into the cytosol of reovirus infected cells, and this release is almost completely
prevented in cells stably expressing Bcl-2 (bottom immunoblot in each series). From Kominsky
et al. (49) with permission.
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FIG. 9.

Cellular levels of the inhibitor of apoptosis (IAP) protein survivin are reduced in T3A-infected
HEK293 cells. Degradation first appears at 8—12 h post-infection and is inhibited in cells over-
expressing Bcl-2 (not shown). From Kominsky et al. (49) with permission.
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FIG. 10.

Caspase 3 activation in T3A-infected HEK293 cells detected by immunoblotting using a
monoclonal antibody specific for the active form of caspase 3. Note the appearance of an early
activation phase at 8—12 h post-infection followed by more sustained activation after 20 h post-
infection. From Kominsky et al. (48) with permission.
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FIG. 11.

Phosphorylated c-Jun is increased in reovirus-infected L929 cells as detected in immunoblots
of infected cell lysates using a phospho-c-Jun specific antibody. Both T3A and T3D induce
more robust activation of c-Jun than T1L. B is a graphical representation of the data shown in

the immunoblots in A. From Clarke et al. (21) with permission.
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FIG. 12.

Reovirus infection activates JNK in infected L929 cells. JINK activity was determined using
an in vitro kinase assay measuring c-Jun phosphorylation. T3D infection results in significantly
higher JNK activity in infected cells than T1L infection. From Clarke et al. (21) with
permission.
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T3D-induced expression of an NF-«B—dependent luciferase reporter gene in HeLa cells. From

Connolly et al. (27) with permission.
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FIG. 14.

T3A prevents TNF and etoposide-induced activation of NF-«B in HEK293 cells. Cells were
infected with T3A and then 12 h later treated with TNF (100 ng/mL) or etoposide (100 uM).
Nuclear extracts were prepared 1 or 4 h post-stimulus treatment as indicated in the figure. NF-
kB activation was measured by electrophoretic mobility shift assay (EMSA) using an
oligonucleotide probe with NF-xB binding sequences. Note the marked reduction in the size
of the shifted (activated) NF-«B complex in the reovirus infected lanes compared to mock-
infected controls. From Clarke et al. (22) with permission.
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FIG. 15.
Correlation between viral injury, viral antigen, apoptosis, and caspase-3 activation in the brains

of neonatal mice 7 days after intracerebral inoculation with T3D. From Richardson-Burns et
al. (69) with permission.
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FIG. 16.

Apoptosis in the hearts of neonatal mice 7 days after infection with the myocarditic reovirus
strain 8B. (A) TUNEL staining (left) and staining for active caspase 3 (right). (B) Positive
staining for active caspase 3 in cardiac myocytes (white arrows). A negative fibroblast is also
shown (black arrow). From DeBiasi et al. (35) with permission.
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FIG. 17.

Treatment of neonatal mice with the pancaspase inhibitor Q-VVD-OPH inhibits reovirus 8B—
induced apoptosis and myocardial injury. Day 7 post-infection. From DeBiasi et al. (35). with
permission.
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FIG. 18.

Survival of caspase 3 /- (deficient) mice and their syngeneic caspase 3 */* (wild-type)
counterparts following infection with the myocarditic reovirus strain 8B. The caspase 3-
deficient mice show enhanced survival and markedly reduced cardiac lesions after infection.
From DeBiasi et al. (35) with permission.
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