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The mechanisms by which viruses kill susceptible cells in target organs and ultimately produce disease in
the infected host remain poorly understood. Dependent upon the site of inoculation and strain of virus,
experimental infection of neonatal mice with reoviruses can induce fatal encephalitis or myocarditis. Reovirus-
induced apoptosis is a major mechanism of tissue injury, leading to disease development in both the brain and
heart. In cultured cells, differences in the capacity of reovirus strains to induce apoptosis are determined by
the S1 gene segment, which also plays a major role as a determinant of viral pathogenesis in both the heart
and the central nervous system (CNS) in vivo. The S1 gene is bicistronic, encoding both the viral attachment
protein sigma-1 and the nonstructural protein sigma-1-small (ols). Although ols is dispensable for viral
replication in vitro, we wished to investigate the expression of ols in the infected heart and brain and its
potential role in reovirus pathogenesis in vivo. Two-day-old mice were inoculated intramuscularly or intrace-
rebrally with either o1s~ or ols* reovirus strains. While viral replication in target organs did not differ
between ¢1s™ and ols™ viral strains, virus-induced caspase-3 activation and resultant histological tissue
injury in both the heart and brain were significantly reduced in o1s™ reovirus-infected animals. These results
demonstrate that ols is a determinant of the magnitude and extent of reovirus-induced apoptosis in both the

heart and CNS and thereby contributes to reovirus pathogenesis and virulence.

Experimental infection of neonatal mice with reovirus has
provided important new insights into the mechanisms of viral
entry, spread, tissue tropism, and disease pathogenesis in the
infected host. Reoviruses infect and produce tissue injury in
multiple organ systems, including the heart and central ner-
vous system (CNS) (28, 31). Reovirus-induced apoptosis is a
major mechanism of cell death, tissue injury, and ensuing dis-
ease in infected neonatal mice (8, 9, 19, 24, 25). In both the
infected heart and brain, reovirus antigen, areas of histological
injury, and apoptosis all colocalize (8, 19, 25). In the brain, type
3 (T3) reoviruses cause fatal encephalitis associated with neu-
ronal injury and virus-induced apoptosis in neurons of the
cortex, thalamus, and hippocampus (19, 24, 25). The viral S1
gene is a key determinant of the pattern of viral injury in the
CNS (37, 38), although other viral genes play contributory
roles as well (14). In the heart, reovirus-induced apoptosis
appears to be the major mechanism for virus-induced myocar-
dial injury and consequential death (8, 9). Reovirus genetics
has identified multiple viral genes, including M1, L1, L2, and
S1, as determinants of reovirus-induced acute myocarditis (28).
S1 has been implicated as a major determinant of cytopathic
effects in cardiomyocytes (3). The S1 gene is also a major
determinant of differences in the capacity of reovirus strains to
induce apoptosis in a variety of cultured cells (33, 34).
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The S1 double-stranded RNA gene segment is bicistronic,
encoding both the viral attachment protein sigma-1 (o1) and
the nonstructural protein sigma-1-small (o1s) from overlap-
ping but out-of-sequence open reading frames (11, 15, 27). ol
is a structural protein located at the icosahedral vertices of the
viral outer capsid and functions as the viral cell attachment
protein (17). o1 may influence virulence through its role in
host cell receptor binding to mediate viral entry or through
receptor-triggered intracellular signaling pathways (6, 20, 32).
The second S1-encoded protein, o1s, is a nonstructural protein
and is a key determinant of the capacity of reoviruses to induce
a G,/M cell cycle arrest in infected cells (22, 23). We have re-
cently shown that o'1s contains a functional nuclear localization
signal and undergoes active signal-mediated nuclear import in
both transfected and infected cells, resulting in profound dis-
ruption of nuclear architecture (13). Although a ols-null mu-
tant replicates as well as wild-type T3 reovirus in cultured 1.929
and MDCK cells (26), the fact that ols is conserved in all
known reovirus field isolates (5, 10) suggests that it plays an
important role during viral pathogenesis in vivo. In order to
evaluate the potential role of ols during pathogenesis, we
compared heart and CNS disease following infection of neo-
natal mice with a ols-null reovirus mutant (C84-MA) to that
following infection with ols-positive control strains.

We show that a o1s deficiency does not affect viral growth in
target tissues but profoundly reduces the capacity of reovirus
to induce apoptosis and tissue injury in both the heart and the
CNS. These studies indicate that although ols may not be
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FIG. 1. ols™ and ols™ T3 reoviruses used in this study. Shown are representations of the 120-amino-acid o1s protein sequence (stippled bars)
and the 455-amino-acid o1 protein sequence (white bars) for each viral strain used. C84-MA does not express ols due to an S1 gene mutation
(black square). C84-MA, C93, and T3A bind SA (black triangles). C84 does not bind SA due to a mutation in o1 (open triangle). C93 and T3A
contain differences in the o1 protein sequence compared to C84-MA (dotted boxes). Noted to the right is the o'1s expression status and SA binding

ability of each strain.

required for viral replication in cultured cells, it plays a major
role in viral virulence and disease outcome in vivo.

MATERIALS AND METHODS

Mice. Swiss-Webster mouse litters were housed in individual filter-topped
cages in an American Association for Laboratory Animal Care-accredited animal
facility. All animal procedures were performed under protocols approved by the
appropriate institutional animal care and use committees.

Mouse inoculations. Two-day-old Swiss-Webster mice (Harlan Sprague-Daw-
ley, Indianapolis, Ind.) were inoculated either intramuscularly (hind limb) or
intracranially (right cerebral hemisphere) with 10° or 10° PFU (as specified) of
the indicated reovirus strain in a 20-pl (intramuscular inoculation) or 10-pl
(intracranial inoculation) volume of gel saline (137 mM NaCl, 0.2 mM CaCl,, 0.8
mM MgCl,, 19 mM H3BO;3, 0.1 mM Na,B,0-, 0.3% gelatin).

Viruses. The ols and ol protein sequences of the viruses used are dia-
grammed in Fig. 1. All viruses utilized were from laboratory stocks. T3C84 and
T3C84-MA were originally provided by T. Dermody (Vanderbilt University,
Nashville, Tenn.). T3 C84-MA is a ols-null mutant that was originally isolated
following serial passage of the T3C84 (C84) strain through murine erythroleu-
kemia cells (26). C84-MA contains a tryptophan (W)-to-arginine (R) mutation at
position 202 which enables it to bind terminal sialic acid (SA) on glycosylated
cellular proteins (SA™), whereas C84 cannot (SA™) (Fig. 1). C84-MA also
contains an S1 gene mutation which results in a lysine (K)-to-isoleucine (T)
substitution at amino acid 26 in o1 (Fig. 1). This mutation also introduces a
premature stop codon in a1s. Since SA binding plays a significant role in reovirus
pathogenesis (1, 2, 7), we used reovirus T3 clone 93 (C93) and the prototype T3
reovirus strain Abney (T3A), both of which bind SA, as additional controls for
C84-MA. (C93 expresses ols, binds SA coreceptors, and is the most closely
related SA™ field isolate to C84-MA in terms of its o1 amino acid sequence. T3A
expresses ols and binds to SA residues on target cells (Fig. 1).

Viral titer. Mice were sacrificed at the indicated times postinfection, and whole
hearts or brains were placed in gel saline and immediately frozen at —70°C. After
three freeze (—70°C)-thaw (37°C) cycles, tissues were sonicated for 30 s with a
microtip probe (Heat Systems model XL.2020) until a homogenate solution was
formed. Viral suspensions were serially diluted in gel saline in 10-fold steps.
Monolayers of 1.929 cells were infected with diluted virus in duplicate for plaque
assay as previously described (36).

Histological analysis. Mice were sacrificed at the indicated times postinfec-
tion, and individual organs were immediately immersed in 10% buffered forma-
lin solution for 24 h and then transferred to 70% ethanol for histological prep-
aration. For the brain, paraffin-embedded tissues were cut to 4-pm coronal
sections, showing cingulate cortex, frontoparietal cortex, hippocampus, and thal-
amus. Sections were stained with hematoxylin and eosin (H&E) for analysis of
tissue pathology and quantitative scoring. Scoring of the extent of neuropatho-
logic damage was based on a previously validated blinded grading system in
which the extent of morphological changes and the area affected within specific
brain regions were graded on a scale of 0 to 4 (30) (Table 1). For the heart,
paraffin-embedded tissues were transversely cut to 4-pm sections. Quantitative
scoring of histological injury in the heart was based on a previously validated
blinded grading system in which the number and size of specific heart lesions
were evaluated on a scale of 0 to 4 (8, 29) (Table 1). Histological injury in both
the heart and brain was evaluated and scored from either a single coronal
H&E-stained section per mouse or a single H&E-stained transverse heart sec-
tion per mouse from multiple animals. For caspase-3 immunohistochemistry,
4-pm paraffin-embedded tissue sections were retrieved in a decloaker (BioCare,
Vista, Calif.) in citrate buffer, followed by staining with rabbit anti-mouse poly-
clonal antibody directed against activated caspase-3 (Cell Signaling Technolo-
gies, Beverly, Mass.) at a 1:25 dilution, followed by detection by using an auto-
mated staining system with the Ventana (Tucson Ariz.) detection system.
Quantitative scoring of caspase-3-stained tissue sections was based on a blinded
grading system in which the number of caspase-3-positive cells and the size of
caspase-3-positive areas were graded on a scale of 0 to 3 (Table 1). For ols
immunohistochemistry in the brain, 4-pm paraffin-embedded coronal tissue sec-
tions were deparaffinized and retrieved in antigen-unmasking solution (Vector
Laboratories, Burlingame, Calif.) according to the high-temperature unmasking
technique provided by the manufacturer. After an overnight permeabilization
with Neuropore at 4°C (Trevigen, Gaithersburg, Md.), goat anti-mouse mono-
clonal antibody directed against o'1s (3E2) was used at 200 pg/ml diluted into 3%
bovine serum albumin (BSA)-Tris-buffered saline (TBS) plus 0.1% Tween
(TBST) overnight at 4°C. As a secondary antibody, biotinylated goat anti-mouse
antibody (Vector Laboratories) was used at 1:100 in 3% BSA-TBST for 2 h at
25°C. Detection was monitored by a diaminobenzidine tetrahydrochloride-based
immunohistochemistry protocol according to the suggestions of the manufac-
turer (Vector Laboratories). Dehydration was carried out in a series of graded
ethanol solutions, followed by clarification in xylene. Slides were mounted with



VoL. 79, 2005

ols AFFECTS VIRULENCE BY REGULATING APOPTOTIC INJURY 2745

TABLE 1. Tissue section grading systems for apoptosis and histopathological damage in o1s™ and ols* reovirus-infected animals

Criteria for score of:
Condition scored

0 1 2 3

No caspase-3-
positive cells

Scattered caspase-3-
positive cells in

Groups of caspase-3-
positive cells occupying

Apoptosis (CNS and Groups of caspase-3-

heart)

in tissue tissue area up to 30% of affected >30% of affected
area tissue area tissue area
CNS histopathology” No lesions Affected area Affected area Affected area

=10% of total
section with
morphological
changes of
individual dead

approximately 10-40%
of total section with
partly confluent areas
of tissue destruction

approximately 40—
75% of total section
with large confluent
areas of tissue
destruction

positive cells found in

Affected area >75%

of total section
with total
disintegration of
cortical tissue,
large complete

neurons and
small patchy
areas of tissue
destruction

One or a few small
lesions

Cardiac histopathology” No lesions

areas of tissue
destruction in the
thalamus, and
neuronal death in
the hippocampus

Many small or a few large Multiple small and large Massive lesions
lesions

lesions

“ As described in reference 30.
b As described in references 8 and 29.

Vectamount (Vector Laboratories) and stored at 25°C. A similar procedure was
used to evaluate ols expression in cardiac tissue sections, with the following
exceptions: monoclonal antibody 2F4 was used as the primary antibody at a
concentration of 100 wg/ml, diluted into 3% BSA-TBST, overnight at 4°C. The
hybridoma cell lines synthesizing the anti-ols antibodies, 2F4 and 3E2, were
generous gifts (26). Anti-ols antibodies were purified on protein A columns
based on the recommended protocol described by the manufacturer (Pierce,
Rockford, IIl.). For reovirus antigen detection (reovirus structural proteins),
deparaffinized tissue sections were retrieved in antigen-unmasking solution (Vec-
tor Laboratories) according to the high-temperature unmasking technique pro-
vided by the manufacturer and permeabilized in Neuropore (Trevigen) at 4°C
overnight. Rabbit polyclonal reovirus antiserum was used at 1:200 in 5% normal
goat serum-TBST at 25°C for 1 h. Extensive washing in TBST was followed by
incubation in fluorescein isothiocyanate-conjugated goat anti-rabbit immuno-
globulin G (Vector Laboratories) diluted at 1:100 in 3% BSA-TBST. After
extensive washing in TBST and TBS, nuclei were visualized with Hoechst 33342
(Molecular Probes, Eugene, Oreg.). Stained sections were mounted with
Vectashield (Vector Laboratories) and stored at 4°C.

Statistics. All statistical analyses were performed with In Stat version 3.0
(Graph Pad, San Diego, Calif.).

RESULTS

ols enhances reovirus virulence following intramuscular
inoculation. In order to evaluate the role of ols in the induc-
tion of reovirus-induced myocarditis, 2-day-old neonatal mice
were inoculated intramuscularly with 10° PFU of reovirus
strain C84-MA (ols™ SA™), C93 (ols* SA™), T3A (ols™
SA™), or C84 (ol1s* SA™). Infected animals were examined
daily to assess health and progression of disease (Fig. 2). All
C84-MA (ols™ SA™)-infected mice survived virus challenge,
whereas all mice infected with the control T3A (c1s™ SA™) or
C93 (o1s™ SA™) strain appeared to be sick at approximately 6
days postinfection and died within 14 days of infection (mean
day of death = standard error of the mean, 9.9 * 1.2 days or
10.4 = 0.5, respectively) (Fig. 2). The ols™ SA™ strain C84
showed an intermediate phenotype, with 30% mortality (Fig.
2). The observed differences in patterns of lethality between
ols™ and ols* strains indicated that ols was an important

determinant of virulence following peripheral intramuscular
inoculation. The intermediate phenotype of the SA™ strain
C84 indicated that in addition to the presence or absence of
ols, SA binding is likely to be an important determinant of
reovirus virulence following intramuscular inoculation.

ols is not required for viral replication in the heart. Fol-
lowing intramuscular inoculation of either ols™ or ols™ reo-
virus strains, the viral titer in the hearts of infected animals was
determined at 8 days postinfection. There were no significant
differences in titer observed between virus strains in the heart
(P > 0.05 for all interstrain comparisons) (Fig. 3). ols was
therefore not required for either efficient spread to or growth
within the heart. Similarly, no significant differences in titer
were observed between SA™ and SA™ viruses (Fig. 3), suggest-
ing that SA binding was also not a significant determinant of

—a— als-/SA+ (C84-MA)
—— lsH/SA+ (C93)
. «me = GlsHSA+ (T3A)
—a— ols+/SA- (C84)
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FIG. 2. ols confers enhanced virulence following intramuscular re-
ovirus inoculation. Neonatal mice (n = 7 to 16) were inoculated in-
tramuscularly with C84-MA (o1s™ SA™), C93 (c1s™ SA™'), T3A (ols*
SA™), or C84 (c1s* SA™).
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FIG. 3. ols does not influence viral growth in the heart. Viral titers
in infected hearts were not significantly different (P > 0.05) between
ols™ and all o1s™ viral strains. Each bar represents the average viral
titer from 5 to 10 mice at 8 days post-intramuscular inoculation. Error
bars indicate standard errors of the means.

spread to or growth within the heart in infected animals fol-
lowing intramuscular peripheral inoculation.

ols is a determinant of apoptosis and pathogenesis in the
heart. Having shown that ols is a determinant of lethality
following intramuscular reovirus inoculation, we next deter-
mined the effect of ols on viral pathogenesis in hearts of
reovirus-infected animals. To evaluate overall myocardial tis-
sue injury, H&E-stained transverse cardiac sections were eval-
uated via light microscopy, and the degree of injury was quan-
tified by using a previously validated scoring system (8, 29)
(Table 1 and Fig. 4). At 8 days postinfection, prominent myo-
cardial disruption, numerous apoptotic bodies, and evidence of
pyknotic nuclei were observed in hearts of o1s™ virus-infected
mice regardless of SA binding ability, while very minor myo-
cardial injury was noted in o1s™ reovirus-infected animals (Fig.
4).

Immunohistochemical detection of the activated form of
caspase-3 was used as a marker of apoptosis in reovirus-in-
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FIG. 4. ols is required for maximal myocardial tissue injury. The
degree of injury in the myocardium, as measured by quantifying H&E-
stained heart sections, was significantly reduced in ols™ (C84-MA)
virus-infected mice. Each bar represents the average score from 10 to
13 mice. Error bars indicate standard errors of the means. *, P < 0.05.
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fected hearts. Dark brown staining indicates active caspase-3
apoptotic lesions within the myocardium (Fig. 5B and C). Mice
infected with the ols™ strain C84-MA showed a significant
decrease in both the number and size of apoptotic lesions in
the heart compared to each of the ols™ control viruses at 8
days postinfection (Fig. 5A). In contrast, all o1s™ reoviruses
produced severe myocardial injury with extensive areas of apo-
ptosis analogous to those we have previously described for the
prototypic myocarditis-inducing strain, 8B (8). The rare apo-
ptotic lesions that were observed in ols™ virus-infected hearts
appeared similar in cellular composition and caspase-3 staining
to heart lesions seen in ols™ virus-infected hearts (data not
shown).

Animals which survived C84-MA (ols™ SA™) virus chal-
lenge were sacrificed at 50 days postinfection and evaluated for
myocardial injury. H&E-stained heart sections did not show
any myocarditic damage, and no infectious virus was detectable
by plaque assay in the heart or other organs (data not shown).

Taken together, these studies indicate that ols was a deter-
minant of the extent and severity of myocardial injury and
apoptosis but not of viral growth in the hearts of infected mice.
We next wished to determine whether these same features
occurred in CNS infection.

ols is a determinant of T3 reovirus virulence following
intracranial inoculation. In order to study the role of ols in
pathogenesis of reovirus-induced CNS disease, 2-day-old mice
were intracerebrally inoculated with 10° PFU of reovirus strain
C84-MA (cls™ SA™), C93 (als™ SA™), T3A (cls* SA™), or
C84 (o1s™ SA™). Mortality was monitored for 30 days follow-
ing inoculation (Fig. 6). One hundred percent of mice infected
with either C93 or T3A died (mean day of death * standard
error of the mean, 9.1 = 0.8 and 8.9 = 0.3, respectively),
compared to only 67% of C84-MA-infected mice (mean day of
death = standard error of the mean, 14.3 = 1.2) (P < 0.001).
The SA™ strain C84 also showed enhanced survival compared
to T3A and C93 (Fig. 6).

In an effort to see whether the attenuated phenotype of
C84-MA (ol1s™ SA™) would persist after massive viral chal-
lenge, mice were injected intracranially with 10° PFU (approx-
imately 10,000 times the intracranial 50% lethal dose) of the
test viruses per mouse. All mice died at this high challenge
dose, although the mean day of death for ols™ virus (C84-
MA)-infected mice was significantly (P < 0.001) prolonged
(11.2 = 0.3 days) compared to that for either o1s™ T3A (8.3
0.3 days)- or ols* C93 (9 = 0 days)-infected animals.

These results indicate that ols is a determinant of neuro-
virulence following intracerebral inoculation of reovirus. The
enhanced survival in mice infected with the SA™ strain C84
compared to the SA™ strains T3A and C93 also indicate that
SA binding plays a role in neurovirulence.

ols is not required for viral replication in the brain. Having
shown that ols influenced neurovirulence after intracranial
inoculation, we next wished to determine whether this was due
to an effect on viral growth in the CNS. Neonatal mice were
intracerebrally infected with 10° PFU of the various reovirus
strains. At 8 days postinfection brain tissue was removed from
euthanatized animals, and the viral titer was determined by
plaque assay of brain homogenates (Fig. 7). As seen in the
heart model, the presence or absence of ols did not signifi-
cantly affect viral growth in the brain (P > 0.05 for all inter-
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FIG. 5. ols is required for maximal apoptosis induction in the heart. Inmunohistochemical staining of activated caspase-3 in whole hearts (B
and C) (original magnification, X25) demonstrates that loss of ols expression significantly reduces reovirus-induced apoptosis (A). In panel A,
each bar represents the average score from four to eight mice. Error bars indicate standard errors of the means. *, P < 0.05.

strain comparisons except that between the SA™ virus C84 and
the SA™ virus T3A, for which P < 0.01). These results indicate
that o1s does not influence viral growth in the brain.

ols is a determinant of apoptosis and pathogenesis in the
brain. We next wished to determine whether ols influenced
the extent of viral injury in the CNS. At 8 days following
infection, mice were sacrificed and neuropathologic injury was
evaluated. The ols™ strain C84-MA (Fig. 8A to C and J)
induced significantly less tissue injury in the cortex, thalamus,
and hippocampus than its o1s™ SA™ counterparts (Fig. 8D to
I'and J). By contrast, large areas in the thalamus and cortex of
ols™ SA™ (C93 and T3A) virus-infected animals were de-
stroyed and contained numerous apoptotic bodies (Fig. 8D
and E). Extensive neuronal death was also evident in the hip-
pocampi of these animals (Fig. 8F). ols™ (C84-MA) virus-
infected mice, examined when moribund (day 11), did show
substantial CNS injury (data not shown), indicating that loss of

ols delayed but did not prevent the appearance of CNS injury
following high-dose virus challenge. The SA™ virus (C84) also
showed markedly reduced tissue injury (Fig. 8G to J) com-
pared to SA™* ol1s™ virus C93 (Fig. 8D to F) or T3A (data not
shown). When moribund, C84-infected mice displayed delayed
CNS injury (data not shown).

Immunohistochemical detection of the activated form of
caspase-3 was used as a marker for reovirus-induced apoptosis
in the brain. Mice infected with o1s™ virus (C84-MA) had no
detectable apoptosis in the cortex, thalamus, or hippocampus
at 8 days postinfection (Fig. 9B). Conversely, ol1s™ control
strains C93 (Fig. 9D) and T3A (data not shown) displayed high
levels of caspase-3 activation in all three areas. The SA™ virus
C84 also displayed substantially reduced apoptosis in the cor-
tex, thalamus, and hippocampus (Fig. 9C). As was the case for
histological injury, C84-MA-infected mice examined when
moribund (day 11) showed substantial caspase-3 activation
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FIG. 6. ols confers enhanced virulence following intracranial inoculation. Neonatal mice (n = 7 to 11) were inoculated intracerebrally with 10
PFU of C84-MA (als™ SA™), C93 (cls™ SA™), T3A (c1s* SA™), or C84 (c1s*™ SA™) per mouse.

(data not shown), indicating that loss of o1s served to delay but
not prevent apoptosis following high-dose viral challenge.

By contrast to the results seen following high-dose viral
challenge, long-term survivors of low-dose intracerebral chal-
lenge with o1s™ reovirus (Fig. 6) sacrificed at 30 days postin-
fection did not show any histopathological indication of viral
damage, and no infectious virus was detectable by plaque assay
in the brain or other organs (data not shown). Similar results
were obtained with survivors of SA™ (C84) infection as well
(data not shown).

Expression of ols in vivo by reovirus strains. We next
wished to evaluate ols expression by C84-MA (als~ SA™) and
the o1s™ strains T3A, C93, and C84 following both intramus-
cular (Fig. 10A to F) and intracranial (Fig. 10G to L) inocu-
lation of neonatal mice. In vivo ols expression was evaluated
by staining cardiac and coronal sections from ols™ and ols*

10
e |

Brain Titer (LOG pfu/ml)
b

ols+

ols+
SA+ SA+ SA+ SA-

ols- ols+

(C84-MA) (C93) (T3A) (C84)

FIG. 7. ols does not influence viral growth in the brain. Viral titers
were not significantly different between o1s™ and all o1s™ viral strains
(P > 0.05). T3A and C84 viral titers were significantly different (**, P
< 0.01). Each bar represents the average viral titer from three to six
mice 8 days post-intracranial inoculation. Error bars indicate standard
errors of the means.

virus-infected animals with monoclonal antibodies directed
against T3 ols. Expression of reovirus structural proteins was
evaluated by using polyclonal antisera in adjacent sections.

As expected, both heart and brain tissues from C84-MA
(o1s™ SA™)-infected mice did not show positive ols staining
(Fig. 10C and I) despite detectable expression of reovirus
structural proteins (Fig. 10F and L). These data indicate that
reovirus was present in both the infected hearts and brains of
C84-MA mice but was not expressing ols.

In contrast, coronal sections from ols* SA™ (T3A) virus-
infected mice displayed prominent expression of ols (Fig.
10G) and structural proteins (Fig. 10J) within the cortex, as
well as the thalamus and hippocampus (data not shown). In the
heart, the o1s™ strain T3A displayed high levels of o'1s staining
(Fig. 10A) and structural proteins (Fig. 10D) within areas of
cardiac lesions. The o1s™ SA™ strain C93 displayed staining
patterns similar to those of T3A in both the heart and brain
(data not shown). In contrast to the exclusively cytoplasmic
localization of reovirus structural proteins in infected cardio-
myocyte neurons, ols was observed in both the cytoplasm and
nuclei of infected cells, thus corroborating in vivo our previous
in vitro data indicating that o1s localizes to both the cytoplasm
and nuclei of infected cells (13).

The ols™ SA™ strain C84 expressed ols in both the heart
and CNS (Fig. 10B and H). In the brain, reovirus structural
proteins were observed throughout the cortex (Fig. 10K), thal-
amus (data not shown), and hippocampus (data not shown).
The relative amount of o1s expression compared to structural
protein expression appeared to be lower in C84-infected mice
than in T3A- or C93-infected mice, particularly in the CNS
(Fig. 10G, J, H, and K). In the heart, the ratio of ols expres-
sion to expression of reovirus structural proteins seemed to
approximate that for T3A (Fig. 10 A, D, B, and E). Although
these data are not quantitative, the reduced level of ols ex-
pression compared to that of reovirus structural protein ex-
pression observed in C84 infected tissues suggests that C84
may express ols at reduced levels compared to ols™ SA™
strains, a result also noted in vitro (26).
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FIG. 8. ols determines the extent and severity of reovirus-induced CNS injury. Representative H&E-stained coronal sections of the cortex,
thalamus, and hippocampus are shown for C84-MA (A to C), C93 (D to F), and C84 (G to I) (original magnification, X400). Tissue injury was
quantified by using a previously validated neuropathology grading system (J). Each bar represents the average score from four to nine mice. Error
bars indicate standard errors of the means. Statistical comparisons are shown in below the corresponding areas of the graph. NS, not significant.
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FIG. 9. ols determines the extent and severity of reovirus-induced apoptosis in the brain. The cortex, hippocampus, and thalamus were
examined at 8 days post-intracranial inoculation (A). Active, cleaved caspase-3 was quantified by the number and size of caspase-3-positive
apoptotic areas (E). C84-MA (c1s~ SA™)-infected mice displayed reduced caspase-3 activation in the brain compared to a1s™ control viruses (B
to E) (original magnification, X25). In panel E, each bar represents the average score from four to seven mice. Error bars indicate standard errors
of the means. Statistical comparisons are shown in below the corresponding areas of the graph. NS, not significant.



VoL. 79, 2005

Heart

Reovirus antigen
ols+/SA+ -
(T3A)

cls+/SA-
(C84)
ols-/SA+ C
(C84-MA)

ols AFFECTS VIRULENCE BY REGULATING APOPTOTIC INJURY 2751

Cortex ) B
Reovirus antigen

FIG. 10. ols is expressed in vivo following both intramuscular and intracranial inoculation with 10° PFU of T3A (o1s* SA™) (A and G) and
C84 (o1s™ SA™) (B and H), but not C84-MA (c1s™ SA™) (C and I), per mouse. In vivo ols expression in both the hearts and brains of infected
animals was evaluated by diaminobenzidine tetrahydrochloride immunohistochemistry with monoclonal antibodies specific for T3 o1s. Cardiac
sections from intramuscularly inoculated mice (T3A, C84, and C84-MA) were stained with monoclonal antibody 2F4 directed against ols (A to
C) (original magnification, X200) and polyclonal antisera directed against reovirus structural proteins (D to F) (original magnification, x100).
Coronal sections from intracranially inoculated mice (T3A, C84, and C84-MA) were stained with monoclonal antibody 3E2 directed against o’1s
(G to I) (original magnification, X200) and polyclonal antisera directed against reovirus structural proteins (J to L) (original magnification, X400).
Polyclonal antiserum directed against T3 reovirus structural proteins was used as a control for the presence of reovirus in both cardiac (D to F)

and brain (J to L) tissues.

DISCUSSION

We now show that the reovirus nonstructural ols protein is
a determinant of viral injury in the hearts and brains of in-
fected neonatal mice. Although viral growth in the brain and
heart was not affected by the presence or absence of ols, the
extent of reovirus-induced apoptosis induction and severity of
ensuing tissue damage in both organs was significantly influ-
enced by ols expression. In addition, ols~ SA™* (C84-MA)
virus-infected animals displayed enhanced survival following
either intramuscular or intracranial challenge compared to
mice injected with o1s™ SA™ viral strains. These studies pro-
vide the first demonstration that ols is expressed following
intramuscular or intracranial inoculation and plays a significant
role in reovirus pathogenesis in vivo.

Our results demonstrate that ols expression does not influ-
ence viral growth in the heart or brain and supports previous in
vitro data indicating that ols is not required for reovirus rep-
lication in either L929 or MDCK cells (26). We further dem-
onstrate that ols influences the rate and extent of apoptosis
induction in vivo, a phenomenon not obvious in vitro (26). This
is not surprising, as there are many host factors that may
operate in concert with o1s or other reovirus proteins to affect
reovirus-induced disease in vivo (35). For example, o1s elicits
a strong and specific cytotoxic-T-lymphocyte response (12)
which may contribute to the ability of ols to modulate the
extent and severity of apoptosis induction that we observed in
vivo. The conservation of ols open reading frames in all reo-

virus field isolates provides further support for the conclusion
that ols plays an important role during viral pathogenesis in
vivo.

We have recently shown that ols actively localizes to the
nucleus in infected cells and induces severe disruptions in
nuclear architecture, including perturbation of the A-type nu-
clear lamina network (LaA/C) and induction of nuclear her-
niations (13). The relationship, if any, between ols-induced
nuclear architecture changes observed in vitro and the de-
scribed effects on pathogenesis in vivo are unknown. However,
recent studies report that disruption of LaA/C in myocardio-
cytes weakens nuclear structural mechanics and renders cells
more sensitive to apoptosis following mechanical stress, such
as that generated by the beating myocardium (16). This sug-
gests the possibility that o1s-induced LaA/C defects may also
function in vivo to render infected myocardiocytes more sus-
ceptible to apoptosis induction by reovirus.

The apoptosis-enhancing effects of LaA/C disruption are
less likely the potential mechanism of action for ols in the
CNS due to the lack of mechanical strain in brain tissue. Other
cytopathic effects of o1s may possibly influence the extent and
severity of apoptosis induction in the brain. A growing body of
evidence suggests that aberrant reentry into the cell cycle or
abnormal expression of key cell cycle regulatory proteins rep-
resents a common mechanism of neuronal apoptosis (4). ols
modulates induction of reovirus-induced G,/M cell cycle arrest
in infected cells and inhibits p34 (cdc2) kinase activity (22). In
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addition, reovirus infection alters the expression profiles of key
cell cycle proteins (21). Given these data, it is plausible that in
reovirus-infected neurons, ols perturbation of cell cycle regu-
latory proteins may exacerbate reovirus-induced neuronal apo-
ptosis.

SA binding optimizes induction of apoptosis in a variety of
cultured cells (7, 20) and is required for full expression of
certain disease phenotypes, including reovirus-induced biliary
atresia (2). Our studies suggest that SA binding is not essential
for reovirus spread to and growth within the heart following
peripheral inoculation. SA binding is not required for apopto-
sis induction in the heart or development of myocarditis, as the
SA™ strain (C84) was efficiently myocarditic and induced apo-
ptosis. SA binding may be more important in CNS pathogen-
esis than in the heart, as the SA™ strain (C84) showed reduced
CNS tissue injury and apoptosis compared to the control o1s™
SA™" strains (T3A and C93).

An additional factor that may influence pathogenesis is dif-
ferences in the amount of ols expression in vivo. C84-MA
(o1s™ SA™) does not express ols in vivo and is significantly less
pathogenic in both the heart and the CNS. The SA™ strain C84
also appeared to have lower levels of ols expression in vivo
than other ols™ strains. Although not quantitative, our data
support previous in vitro data (26) and suggest that the altered
phenotype of C84 could also reflect reduced ols expression.

Our findings represent the first evidence of a role for the
nonstructural reovirus protein o 1s in viral pathogenesis in vivo.
The onset of apoptosis induction and severity of virus-induced
tissue injury are both dependent on the expression of o1s. The
evidence presented here is all the more provocative consider-
ing the implication of a role for ols in virus-induced patho-
genesis independent of any effects on viral growth.
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