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Foreword

Mammalian reoviruses do not cause significant human disease,
yet they have commanded considerable interest among virolo-
gists, geneticists, and biochemists. Their genome consists of ten
segments of double-stranded RNA and, because a number of
reovirus strains exist, it has been possible to isolate and study the
function and structure of a single gene of one strain placed upon
the backbone of the nine other genes of the second strain using
genetic reassortant techniques. Such manipulations have led to
fundamental studies on binding, entry, replication, transcription,
assembly, and release. In addition, reovirus type 1, compared to
type 3, displays different disease phenotypes in the mouse. Re-
assorting genes between reovirus 1 and 3 allows a dissection of
several important questions concerning host-virus interactions
and understanding the molecular basis of the associated disease.
Most of the major players who have made seminal contributions
in this area have contributed chapters to these two volumes of
Current Topics in Microbiology and Immunology 233. One
whose presence is found throughout both volumes, but is not an
active contributor, is the late Bernard Fields, who died on 31
January 1995.

Bernie Fields had a profound influence not only in the reovirus
field, but in the arena of virology as a whole, especially viral
pathogenesis. It was his appreciation of colleagues in the reovirus
field and their appreciation of him, coupled with his strong com-
mitment to the training of independent scientists, that made these
two volumes dedicated to him a labor of love. Fields’ significant
research in this area is matched by the accomplishments of a
number of committed and productive biomedical scientists that he
trained, many of whom have contributed to these two volumes. It
is these scientific children who will keep Fields’ memory alive.
Specific thanks is given to Ken Tyler, a former student and asso-
ciate of Bernard Fields who was primarily responsible for orga-
nizing and collecting papers for these two volumes.

Not only do these two volumes stand as a testimony to the
respect Bernard Fields earned and received from others, but the
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authors have unanimously agreed that their honorarium received
from Springer-Verlag for the publication of these two volumes
will be used to provide lecture series on microbial (viral) patho-
genesis to be given in honor of Bernie.

La Jolla, California MicHAEL B.A. OLDSTONE
1998



Preface

There were two common and interlocking themes that guided the
selection of contributors to these two volumes, namely, Dr.
Bernard N. Fields and reoviruses. Dr. Fields’ untimely death at
the age of 56 on 31 January 1995 was a tremendous loss to his
family, to his friends and colleagues, to the field of virology in
particular, and to science in general. All of the contributors to
these volumes had close ties to Bernie, and all of us still mourn his
loss. I suspect that they, as I, frequently still find themselves
starting to pick up the telephone to tell Bernie about an exciting
new finding or to get his advice about a perplexing scientific,
professional, or personal problem. Bernie was always available
for these phone calls, and was genuinely proud and excited about
what his former students and trainees and his colleagues were
accomplishing.

Many of the contributors to these two volumes trained as
postdoctoral fellows in Dr. Fields’ laboratory, including Drs.
Nibert, Coombs, Ramig, Schiff, Brown, Dermody, Tyler, Sherry,
Rubin, and Virgin (listed in the order in which their chapters
appear). Others were collaborators, close colleagues, and friends
(Drs. Shatkin, Joklik, Lee, Greene, Jacobs, Maratos-Flier, and
Samuel). In many cases these individuals have enlisted colleagues
and trainees from their own laboratories as coauthors. Bernie was
extremely proud of the continuing multigenerational expansion in
the reovirus “family,” and the extraordinarily high quality of
work that was being performed by so many talented researchers.

Difficult choices must inevitably be made in selecting con-
tributors to a work of this type, and as a result inadvertent
omissions occur. For these the editors take full responsibility, and
offer apology in advance to any who may feel slighted. It is un-
doubtedly a further tribute to Bernie that everyone invited to
contribute to these volumes accepted immediately and enthusi-
astically. It is sad, though (and the bane of all editors) that not all
those who accepted were ultimately able to contribute. The edi-
tors and contributors have agreed to forego.any royalties in
conjunction with these volumes and instead to utilize these funds
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to endow a Fields’ Lectureship in Microbial Pathogenesis to be
held in conjunction with the FASEB meetings.

Perhaps the hardest editorial decision, required for reasons
of space and logical coherence, was to restrict contributors to
those still actively involved in reovirus research. Many of Bernie’s
former trainees who were excluded in this way have made emi-
nent contributions in other branches of virology, immunology,
and molecular biology or in other fields of science. I can only
hope that their voices will be heard in future volumes dedicated to
Bernie’s memory.

Reoviruses have been and continue to be an important viral
system for understanding the molecular and genetic basis of viral
pathogenesis, a theme that was central to much of Bernie’s own
laboratory research. Bernie clearly recognized that understanding
basic aspects of the structure, molecular biology, and replication
strategy of viruses is critical to developing a complete and accu-
rate picture of pathogenesis. From a personal perspective, I al-
ways remember Bernie’s infectious excitement when he thought
that some new research finding or observation helped link some
fundamental aspect of basic virology with an improved under-
standing of how viruses ultimately cause disease. In this spirit, the
contributions to these volumes run the gamut from studies in
basic reovirology to the use of reoviruses to explore pathogenesis
in vivo.

Chapters in Volume I deal with fundamental reovirology,
including studies of virion structure, the structure and function of
individual viral structural proteins, and the nature of the virus
genome and its assembly. Also included in the first volume are
chapters dealing with temperature-sensitive (ts) mutants, and the
effects of reovirus interaction with cell surface receptors.

In Volume II the focus shifts to emphasize the effects of
reoviruses’ interaction with target cells and of reovirus infection
on individual organ systems. This second volume includes
chapters dealing with the molecular mechanisms of reovirus
persistent infections and reovirus-induced apoptosis. These
chapters are followed by individual chapters dealing with reovi-
rus infection of particular organs including the heart, liver, bili-
ary, endocrine, and nervous systems. These selections are not
intended as an exhaustive catalogue of pathology but rather to
highlight reoviruses’ diverse effects on many biological systems in
vivo and the mechanisms by which these occur. Finally, as Bernie
clearly recognized, it is impossible to truly understand viral
pathogenesis without also understanding the role played during
infection of the various components of the host’s immune system.
The concluding chapters of the second volume deal with selected
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aspects of reoviruses and their interaction with cytokines, anti-
bodies, and the cellular immune system.

These two volumes should be considered a selective snapshot
of the current state of the art in many areas of reovirus research.
All such collections suffer from innate biases, with some topics
being overemphasized and others inadvertently omitted. For all
these imperfections the editors take full responsibility. We can
only hope that the readers of these volumes will find that the
pleasure obtained from seeing so much good work being carried
out by so many gifted people will outweigh the annoyances en-
gendered by any deficiencies. We can also only hope that Bernie,
were he still alive, would have felt the same way and considered
this a sort of Festschrift, celebrating the profound influence he
had on all of us.

Denver, Colorado KENNETH L. TYLER
1998
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1 Introduction

Many cytolytic animal viruses are capable of establishing persistent infections of
cultured cells. For such persistent infections to be maintained interactions between
virus and cell must be modulated such that a less cytopathic virus-host relationship
is established (reviewed in AHMED et al. 1996). Variant viruses may be selected that
are attenuated in cytolytic potential, or variant cells may be selected that are less
permissive for viral replication. In some cases, however, viruses and cells coevolve
during persistent infection, such that selection of virus-resistant cells leads to
counterselection of highly infective mutant viruses that can grow in resistant cells.

Studies of these coevolving cultures of viruses and cells have identified key steps
in virus-cell interaction that are modified by cells to resist cytolytic infection. Spe-
cifically, steps in viral replication required for viral entry are targeted in persistent
infections caused by several viruses, including coronavirus (GALLAGHER et al. 1991;

Departments of Pediatrics, and Microbiology and Immunology, and Elizabeth B. Lamb Center for
Pediatric Research, Vanderbilt University School of Medicine, Nashville, TN 37232, USA
(E-mail: terry.dermody@mcmail.vanderbilt.edu)
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CHEN and BARric 1996), poliovirus (KAPLAN et al. 1989; BorzakiAN et al. 1992),
reovirus (DERMODY et al. 1993; WETZEL et al. 1997a), and rotavirus (MRUKOWICZ et al.,
1998). Identification of the specific strategies used by viruses to overcome cellular blocks to
viral entry has provided new insights into mechanisms by which viruses enter cells.

2 Persistent Reovirus Infections are Carrier Cultures That Require
Horizontal Cell-to-Cell Transmission for Their Propagation

Although usually cytolytic in cell culture, mammalian reoviruses can establish
persistent infections of many types of cells, including human embryonic fibroblast
cells (BELL et al. 1966), Burkitt’s lymphoma cells (LEvy et al. 1968), Chinese hamster
ovary (CHO) cells (TABER et al. 1976), murine 1.929 (L) cells (AHMED and GRAHAM
1977; AumEeD and FiELDs 1982; BRowN et al. 1983; DERMODY et al. 1993), murine B-
and T-cell hybridomas (MATsuzaAKi et al. 1986; DErRMODY et al. 1995), murine 3T3
cells (VERDIN et al. 1986), Madin-Darby canine kidney (MDCK) cells (MONTGOM-
ERY et al. 1991), murine SC1 cells (Danis et al. 1993), and murine erythroleukemia
(MEL) cells (WETZEL et al. 1997a). Cell cultures persistently infected with reovirus
produce high titers of virus for long periods of time, and a majority of cells in the
cultures shows evidence of viral infection (TABER et al. 1976; AHMED and GRAHAM
1977; VERDIN et al. 1986; DERMODY et al. 1993; WETZEL et al. 1997a). Anti-reovirus
antibody treatment of persistent infections of CHO cells (TABER et al. 1976), L cells
(AnMED et al. 1981; DErMoODY et al. 1993), B-cell hybridomas (DErRMODY et al.
1995), and MEL cells (WETZEL et al. 1997a) results in cure of persistent infection.

The observation that antibody treatment can cure cell cultures persistently
infected with reovirus suggests that persistent reovirus infections are maintained by
horizontal transmission of virus between cells (MAHY 1985). Antibodies are be-
lieved to neutralize viral infectivity by blocking early steps in viral replication, such
as attachment, penetration, and disassembly (reviewed in WHiTTON and OLDSTONE
1996). It is likely that neutralizing anti-reovirus antibodies block one or more of
these early steps, which would interrupt horizontal viral transmission and result in
cure of persistent infection. It is possible that some component of vertical viral
transmission occurs during persistent reovirus infection of cultured cells. However,
the rapid decrease in viral titer during antibody treatment (DERMODY et al. 1993,
1995; WETZEL et al. 1997a) suggests that horizontal transmission is the primary
mechanism. of viral spread in these cultures.

3 Distinct Phases of Persistent Reovirus Infection Have Been
Identified

Persistent reovirus infections of L cells have been used as a useful model system to
define mechanisms that foster long-term propagation of persistent viral infections.
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From studies of persistently infected L-cell cultures, a general paradigm has
emerged which holds that there are two distinct phases of persistent infection:
establishment and maintenance. Establishment of persistent infection is charac-
terized by intense cell crises in which only a few colonies of cells survive. Mainte-
nance is characterized by stable cell growth and continuous production of
substantial titers of infectious virus (ca. 1 x 10°~1 x 10% plaque-forming units per
milliliter of culture supernatant) for prolonged periods of passage, in some cases in
excess of 3 years (T.S. DErRMODY, unpublished observations).

Establishment of persistent reovirus infections of L cells occurs when infection
is initiated with virus stocks passaged serially at high multiplicity of infection
(AuMED and GrRAHAM 1977; AuMED and FieLbs 1982; BRowN et al. 1983; DER-
MoDyY et al. 1993). Such stocks contain a variety of viral mutants (AHMED et al.
1980, 1983), and some of these mutants may facilitate establishment of persistent
infection. In an early study of persistent reovirus infection, mutations in the viral S4
gene segment, which encodes outer-capsid protein c3, were suggested to be im-
portant for establishment of persistent infection (AHMED and FieLbs 1982). In this
study L cells were coinfected with a low-passage stock of reovirus strain type 2
Jones (T2J), which causes lytic infections, and a high-passage stock of strain type 3
Dearing (T3D), which causes persistent infections, under conditions to promote
persistent infection. It was reasoned that gene segments selected from the T3D
high-passage stock during the coinfection would identify viral mutations required
for establishment of persistent infection. In three independent coinfections, the S4
gene segment was the only gene found to be consistently selected from the T3D
high-passage stock (AHMED and FiELDs 1982), arguing that mutations in S4 are
required for establishment of persistent infection. However, it is also possible that
the T3D S4 gene confers a selective advantage over the T2J S4 gene in mixed
infections of L cells, rather than mediating establishment of persistent infection.

Not all reovirus strains generate mutations capable of establishing persistent
infection during high passage. Stocks of T3D, but not strain type 1 Lang (T1L),
passaged at high multiplicity of infection contain deletions and other mutations and
readily establish persistent infections (BRowN et al. 1983). Reassortant viruses
containing a T3D L2 gene segment mediate these properties (BROwN et al. 1983),
suggesting that L2 gene product A2 is important for the generation of mutations
that allow persistent infection to be established. The A2 protein is a major com-
ponent of the reovirus core (RALPH et al. 1980; DRYDEN et al. 1993), and A2 serves
as the viral guanylyltransferase (CLEVELAND et al. 1986). Therefore it is possible
that A2-mediated functions in viral RNA synthesis are the basis for differences in
the mutation frequency exhibited by T1L and T3D (BrowN et al. 1983).

Other data indicate that the type of host cell determines whether persistent
infection is established. Persistent infections of 3T3 cells (VERDIN et al. 1986), CHO
cells (TABER et al. 1976), MDCK cells (MONTGOMERY et al. 1991), SC1 cells (DANIS
et al. 1993), and MEL cells (WETZEL et al. 1997a) can be established using low-
passage reovirus stocks, which lack the capacity to establish persistent infections of
L cells (AuMED and FieLDs 1982; WETZEL et al. 1997a). In some cases the capacity
of cells to support establishment of persistent infection is linked to resistance to
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reovirus-induced inhibition of cellular protein synthesis (DUNCAN et al. 1978;
DAanis et al. 1993). In other cases establishment of persistent infection is favored by
the inability of host cells to efficiently support acid-dependent proteolytic disas-
sembly of reovirus virions during viral entry. Treatment of L cells with the weak
base ammonium chloride, which blocks acid-dependent proteolysis of reovirus
virions (STURZENBECKER et al. 1987), leads to establishment of persistent infections
using low-passage reovirus stocks (CANNING and FiELDs 1983). The capacity of
MEL cells to promote establishment of persistent infection is also linked to an
inability to efficiently support viral disassembly (WETZEL et al. 1997a). These ob-
servations suggest that blocks to reovirus entry, either pharmacological or en-
dogenous, favor persistent over lytic infections of cultured cells.

4 Mutations in Cells and Viruses Affecting Viral Entry Coevolve
During the Maintenance Phase of Persistent Reovirus Infection

Coevolution of viruses and cells during persistent reovirus infection has been
documented in studies of persistent infections of L cells (AHMED et al. 1981;
DermoDy et al. 1993) and MEL cells (WETZEL et al. 1997a). Viruses selected during
maintenance of these persistent infections (termed PI viruses) grow better than
wild-type (wt) viruses in cells cured of persistent infection (Fig. 1), indicating that
mutant viruses are selected during persistent infection. Similarly, wt viruses grow
better in parental cells than in cured cells, indicating that mutant cells are also
selected in these cultures (Fig. 1). Insight into the nature of mutations selected in
cells and viruses during persistent reovirus infection was first suggested by electron
micrographic analysis of persistently infected and cured L cells (AHMED et al. 1981;
SHARPE and FIELDs 1983). Both types of cells accumulate large numbers of vacuoles
that resemble lysosomes (Fig. 2). These findings led to the hypothesis that muta-
tions in cells affect steps in reovirus entry dependent on proteolysis of the viral
outer capsid in vacuoles of the endocytic compartment.

Reovirus entry is initiated by stable attachment of the virus to the surface of
the host cell. The o1 protein, which is encoded by the S1 gene segment, serves as the
reovirus attachment protein (WEINER et al. 1980; LgE et al. 1981). The o1 protein is
a fibrous protein (FURLONG et al. 1988; FRrRASER et al. 1990) located at the 12
vertices of the virion icosahedron (FURLONG et al. 1988; DRYDEN et al. 1993).
Native ol protein forms an oligomer, and current data suggest that the oligomeric
species of ol is either a trimer (LEONE et al. 1991a, 1992; STRONG et al. 1991) or a
tetramer (BASSeEL-DuBY et al. 1987; FrRASER et al. 1990). Following viral attach-
ment, virions are observed by electron microscopy in clathrin-coated pits, which
suggests that virion uptake occurs by receptor-mediated endocytosis (Borsa et al.
1979, 1981; STURZENBECKER et al. 1987; RUBIN et al. 1992). Within late endosomes
or lysosomes, viral outer-capsid proteins 63 and ul/plC are subject to proteolysis
by cellular proteases, resulting in generation of infectious subvirion particles
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Fig. 1. Growth of wt virus TIL and PI virus PI 3-1 in parental L cells and cured LX cells. Monolayers of
cells (5 x 10° cells) were infected with either TIL or PI 3-1 at an MOI of 2 PFU per cell. After a 1-h
adsorption period the inoculum was removed, fresh medium was added, and the cells were incubated at
37°C for the time, shown. Cells were frozen and thawed twice, and virus in cell lysates was titrated on L-
cell monolayers by plaque assay. The results are presented as the mean viral titers for two independent
experiments. (Adapted from WiLson et al. 1996)

(ISVPs) (CHANG and ZweeRINK 1971; SILVERSTEIN et al. 1972; Borsa et al. 1981;
STURZENBECKER et al. 1987). During this process o3 is degraded and lost from
virions, viral attachment protein o1 undergoes a conformational change, and pl/
plC is cleaved to form particle-associated fragments pld/d and ¢ (reviewed in
NIiBERT et al. 1996). ISVPs generated in the endocytic compartment are probably
identical to those generated either in the intestinal lumen of perorally infected mice
(Bopkin et al. 1989; Bass et al. 1990) or in vitro by treatment of virions with
chymotrypsin or trypsin (CHANG and ZwWEERINK 1971; SILVERSTEIN et al. 1972;
Borsa et al. 1981; STURZENBECKER et al. 1987; NiBerT et al. 1995). Intracellular
proteolysis of 63 and pl is an acid-dependent process as treatment of cells with the
weak base ammonium chloride (STURZENBECKER et al. 1987; DERMODY et al. 1993)
or inhibitors of the vacuolar proton ATPase, such as bafilomycin or concanamycin
A (MARTINEZ et al. 1996), blocks infection by virions but not by ISVPs.

The availability of in vitro generated reovirus disassembly intermediates has
facilitated conclusive demonstration that mutant cells are altered in their capacity
to support viral entry. Cured cells do not support efficient growth of wt virus when
infection is initiated with virions, but do so when infection is initiated with in vitro
generated ISVPs (DErMoODY et al. 1993) (Fig. 3). These findings indicate that mu-
tant cells selected during persistent reovirus infection do not support steps in viral
entry leading to generation of ISVPs. The mechanisms by which mutant cells block
steps in reovirus entry are not known; however, it is possible that mutant cells are
altered in their capacity to bind virions, internalize virions by receptor-mediated
endocytosis, mediate acid-dependent disassembly of the viral outer capsid, or
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Fig. 2a—d. Morphology of uninfected L cells, persistently infected L cells, and cured LX cells. a Unin-
fected L cells. b Persistently infected L cells showing large inclusion of progeny virions (arrowhead). ¢
Persistently infected L cells showing membrane-bound organelles (arrows). d Cured LX cells showing
membrane-bound organelles (arrows). Bars, Spm

facilitate penetration of the viral core into the cytoplasm. Cells manifesting alter-
ations in endocytic function analogous to those selected during persistent reovirus
infection are also observed after selection for resistance to diphtheria toxin.
Organelles in the central vacuolar system of diphtheria-toxin-resistant CHO cells
are altered in their acidification capacity (MERION et al. 1983). Therefore changes in
endocytic uptake and proteolytic processing might be common mechanisms for
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Fig. 2¢c—d.

cells to acquire resistance to cytotoxic substances, such as pathogenic micro-or-
ganisms or their toxins.

The finding that mutant cells selected during persistent reovirus infection do
not support proteolytic disassembly of viral outer-capsid proteins led to the sug-
gestion that mutant viruses are altered in their requirement for acid-dependent
proteolysis to facilitate entry (DErMoODY et al. 1993). This is indeed the case. In
contrast to wt viruses, PI viruses grow well in L cells treated with ammonium
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8 -
- a- Virions in L cells
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Fig. 3. Growth of wt virions and ISVPs in parental L cells and cured LX cells. Monolayers of cells
(5 x 10° cells) were infected with either virions or ISVPs of wt T3D at an MOI of 2 PFU per cell. After a
1-h adsorption period the inoculum was removed, fresh medium was added, and the cells were incubated
at 37°C for the times shown. Cells were frozen and thawed twice, and virus in cell lysates was titrated on
L-cell monolayers by plaque assay. The results are presented as the mean viral titers for two independent
experiments. (From DermoDY et al. 1993)

chloride (DErRMODY et al. 1993; WETZEL et al. 1997a,b) (Fig. 4a), which suggests
that mutant cells that do not fully support virion-to-ISVP processing select mutant
viruses that tolerate higher pH during steps to complete viral entry. PI viruses are
also capable of efficient growth in L cells treated with E64 (BAER and DERMODY
1997), an inhibitor of cysteine proteases such as those present in the endocytic
compartment (BARRETT et al. 1982) (Fig. 4b). As with ammonium chloride, E64
blocks infection by virions but not ISVPs (BAER and DermMoDY 1997). Thus PI
viruses are altered in their requirements for both acidification and proteolysis to
facilitate entry into cells.

The reovirus 3 and pul/plC proteins are major components of the viral outer
capsid (SmiTH et al. 1969; DrRYDEN et al. 1993), and both proteins are cleaved
during conversion of virions to ISVPs (CHANG and ZwWEERINK 1971; SILVERSTEIN
et al. 1972; STURZENBECKER et al. 1987). Since PI viruses are capable of growth in
the presence of the disassembly inhibitors ammonium chloride and E64, it was
reasoned that PI virus virions undergo virion-to-ISVP processing more efficiently
than virions of wt virus. This hypothesis was tested in a single study in which the
fate of viral structural proteins was assessed by sodium dodecyl sulfate polyacryl-
amide gel electrophoresis after treatment of virions of wt and PI viruses with
chymotrypsin in vitro (WETZEL et al. 1997b). Proteolysis of PI virus outer-capsid
proteins 63 and plC occurred with faster kinetics than proteolysis of wt virus
outer-capsid proteins (Fig. 5). These results provide strong evidence that increased
efficiency of proteolysis of the viral outer capsid is important for growth of reovirus
in persistently infected cultures.
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Fig. 4. Growth of wt and PI viruses in the presence and absence of (a) ammonium chloride (AC) and (b)
E64. Monolayers of L cells (5 x 10°cells) were infected with either wt TIL or the PI viruses shown at an
MOI of 2 PFU per cell. After a 1-h adsorption period the inoculum was removed, fresh medium was
added (with or without 10 mM AC or 100 uM E64), and the cells were incubated at 37°C for 10
millimolar AC 24h. Cells were frozen and thawed twice, and virus in cell lysates was titrated on L-cell
monolayers by plaque assay. The results are presented as the mean viral yields 100 micromolar E64 for
two independent experiments. (Adapted from WETZEL et al. 1997b; BAER and DErMODY 1997)

5 A Model of Persistent Reovirus Infection of Cultured Cells

Studies described thus far make it possible to propose a general model for the
establishment and maintenance of persistent reovirus infection (Fig. 6). Estab-
lishment of persistent infection appears to be associated with attenuation of viral
cytopathicity, and depending on the cell type several mechanisms can facilitate this
attenuation. These include viral passage at high multiplicity of infection (L cells)
(AuMED and GrRAHAM 1977; AuMED and FieLps 1982; BRown et al. 1983; DER-
MoDY et al. 1993), resistance to virus-induced inhibition of cellular protein synthesis
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Fig. 5. Electrophoretic analysis of viral structural proteins of wt and PI virus virions during treatment
with chymotrypsin to generate ISVPs. Purified virions of wt T3D and PI viruses L/C, PI 2A1, and PI 3-1
at a concentration of 8 x 10'? particles per milliliter were treated with chymotrypsin at 10°C for the times
shown. Equal volumes of samples (75ul) were loaded into wells of 5%-15% polyacrylamide gradient gels.
After electrophoresis gels were stained with Coomassie blue. Times (minutes) of chymotrypsin treatment
are shown at the top of each gel. Viral proteins are labeled, and molecular-weight markers (in kilodal-
tons) appear in the lanes labeled M. (From WETZEL et al. 1997b)

(SC1 cells) (Danis et al. 1993), and diminished capacity to support viral disas-
sembly [L cells treated with ammonium chloride (CANNING and FieLDs 1983) and
MEL cells (WETZEL et al. 1997a)]. Each of these mechanisms would result in a
diminution of the effective viral inoculum, which would limit productive infection
to a minority population of cells during the initial rounds of viral replication.
Cells manifesting moderate levels of resistance to viral replication would be
spared and become the source for selection of an increasingly resistant cell popu-
lation capable of surviving increasing viral titers. For cells with low levels of re-
sistance to viral replication, cell crises would be expected during this period of
persistent infection, leaving only those cells that support greatly reduced viral
replication. During the maintenance phase of persistent infection this model pre-
dicts that mutant viruses exhibiting an augmented capacity to infect the resistant
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Fig. 6. Virus-cell coevolution during the maintenance of persistent reovirus infection. Cells and their
progeny (large ovals and squares) and viruses and their progeny (small circles and squares) in a persis-
tently infected culture are shown. According to this model, the culture exhibits inefficient vertical
transmission of virus between cells because more severely infected cells undergo lysis (e.g., cell 3) and less
severely infected cells (e.g., cell 2) undergo cell division and generate daughter cells (e.g., cells 2a and 2b)
that remain susceptible to viral infection by horizontal transmission. Because of ongoing reinfection and
lysis of cells within the culture, mutant cells more resistant to reinfection are selected (e.g., cell 2a2). In
this model mutant viruses that are more efficient than wild-type viruses at infecting the resistant cells are
selected subsequently (e.g., virus infecting cell 2a2b). In order for the persistent infection to be maintained
mutant cells must not be fully permissive to infection by mutant viruses, and mutant viruses must retain
the capacity to infect a subpopulation of mutant cells. (From Dermoby et al. 1993)

cells would be selected. However, for these persistent infections to survive, an
equilibrium between viral cytopathicity and cellular resistance must be reached in
which ongoing viral replication is not sufficient to completely lyse the culture. Thus
these persistent infections also can be termed chronic infections in which lysis is
restricted to a subset of cells. For persistent reovirus infections of L cells and MEL
cells this equilibrium rests at an early step in the viral replication cycle since these
persistent infections select mutations in both cells and viruses that affect viral entry.
It is possible that mutations affecting other aspects of reovirus replication are
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selected during persistent infections of other cell types. In this regard persistent
reovirus infections of 3T3 cells are associated with decreased expression of
epidermal growth factor receptors and increased expression of insulin receptors
(VERDIN et al. 1986). Additionally, persistent infections of MDCK cells are asso-
ciated with decreased expression of epidermal growth factor receptors and de-
creased capacity to form tight junctions (MONTGOMERY et al. 1991). However, the
relationship of these findings to mechanisms that serve to propagate persistent
infections of 3T3 cells and MDCK cells is not known.

An important conclusion from studies of persistent reovirus infections of L
cells and MEL cells is that maintenance of persistent infection selects viruses with
enhanced cytopathicity. This finding is in conflict with some models of persistent
infection which hold that viruses with attenuated cytopathicity are required for
maintenance of persistent infection. By virtue of mutations that accelerate their
disassembly PI viruses selected during persistent infections of L cells and MEL cells
produce larger plaques and grow to higher titers than wt viruses (J.D. WETZEL, and
T.S. DERMODY, unpublished observations). Thus mutant viruses selected by growth
in cells containing blocks to viral infection have an enhanced capacity to infect
parental cells. It is unlikely that such virus-cell coevolution occurs in a single in-
fected host; however, virus-host coevolution analogous to persistent reovirus in-
fection of cultured cells is a general feature of pathogen-host interactions in
populations (FENNER and KERR 1994).

6 Viral Mutations Selected During Persistent Reovirus Infection

Recent work has focused on the identification of viral mutations that confer phe-
notypes selected during persistent reovirus infection with the goal of determining
how these mutations lead to alterations in viral entry. These studies have been
greatly facilitated by reassortant genetics in which mutations responsible for entry-
enhancing phenotypes can be ascribed to specific viral genes. This approach has
allowed mutations important for phenotypes required to maintain persistent in-
fection to be distinguished from irrelevant mutations arising during prolonged viral
passage in cell culture. In comparison to wt viruses, PI viruses produce significantly
greater yields in mutant cells cured of persistent infection (AHMED et al. 1981;
KAUFFMAN et al. 1983; DErMODY et al. 1993; WiLsoN et al. 1996; WETZEL et al.
1997a) and in cells treated with either ammonium chloride (DERMODY et al. 1993;
WETZEL et al. 1997a,b) or E64 (BAER and DErMoODY 1997).

Each of these phenotypes has been mapped genetically using reassortant vi-
ruses isolated from crosses of wt strain TIL and three independent PI viruses
(Table 1). Mutations in PI viruses that confer growth in cured cells segregate with
either the S1 or S4 gene segments, depending on the PI virus studied (KAUFFMAN
et al. 1983; WiLsoN et al. 1996). Similarly, mutations that confer growth in the
presence of ammonium chloride segregate with either the S1 or S4 genes (WETZEL
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Table 1. Viral genes that determine growth of PI viruses in mutant cells and in cells treated with either
ammonium chloride or protease inhibitor E64*

Viral genes that segregate with growth in

PI virus strain Mutant cells AC-treated cells E64-treated cells
L/C S1 Sl S4
PI 2A1 S4 S4 S4
PI 3-1 S1 S4 S4

“PI x wt reassortant viruses isolated from three independent crosses were tested for growth in mutant
cells selected during persistent infection [T1L x L/C reassortants (KAaurrFMaN et al. 1983), TIL x PI 2A1
and TIL x PI 3-1 reassortants (WiLsoN et al. 1996)], in the presence of ammonium chloride (AC)
(WETZEL et al. 1997b), and in the presence of E64 (BAER and DErRMODY 1997). Genes derived from the PI
virus parent that segregate with mutant viral phenotypes are shown.

et al. 1997b). These findings are provocative and suggest that acid-dependent dis-
assembly events during conversion of virions to ISVPs involve both viral attach-
ment protein ¢l and outer-capsid protein 3. In contrast, mutations that confer
growth in the presence of E64 map exclusively to the S4 gene segment (BAER and
DerMoDY 1997), which suggests that viral susceptibility to proteolytic action is
determined by the o3 protein alone.

Sequence analysis of genes that segregate with phenotypes selected during
persistent infection has revealed insight into mechanisms of entry-enhancing mu-
tations in PI viruses. The S1 gene nucleotide sequences of seven PI viruses isolated
from independent persistently infected L-cell cultures have been determined
(WiLsoN et al. 1996). The S1 sequences of these viruses contain from one to three
mutations, and with a single exception each mutation results in a change in the
deduced amino acid sequence of ol protein (Fig. 7). The capacity of the PI virus
having a wt ol protein to efficiently infect cured cells segregates with the S4 gene
and, as would be predicted, not with the S1 gene (WiLsoN et al. 1996). Mutations in
the ol proteins of several PI viruses are contained in a region of ol important for
stability of o1 oligomers (LEONE et al. 1991b). An oligomeric form of o1 protein of
wt T3D can be detected in sodium dodecyl sulfate polyacrylamide gels by in-
creasing the pH of the sample buffer (BasseL-DuBy et al. 1987). Using sample
buffer conditions favoring migration of ol oligomers, mutations in PI virus ol
proteins were found to decrease stability of ol oligomers (WiLsoN et al. 1996)
(Fig. 8). Alterations in stability of ol oligomers might affect conformational
changes in ol that occur during reovirus entry. Such a conformational change
might target the virus-receptor complex to an endocytic compartment where pro-
teolysis of the outer capsid occurs or facilitate proteolysis of outer-capsid proteins
by endocytic proteases. Alternatively, mutations affecting stability of o1 oligomers
might alter later steps in viral entry, such as interaction of processed ISVPs with
vacuolar membranes or activation of the viral transcriptase. Enhancement of any of
these entry steps would likely augment viral growth in cells manifesting blocks to
viral disassembly, such as those selected during persistent reovirus infection.

The observation that oligomers of PI virus ¢l protein are less stable than wt
ol at increased pH (WiLsoN et al. 1996) suggests that a conformational change in
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Fig. 7a,b. A structural model of the reovirus ol protein and location of mutations in the deduced ol
amino acid sequences of seven PI viruses. a Morphological regions of ol (tail, T; head, H) defined by
analysis of electron-microscopic images of purified ol (FrAser et al. 1990). The model of o1 structure is
based on analysis of deduced ol amino acid sequences of prototype strains of the three reovirus serotypes
(NiBeRT et al. 1990). The fibrous tail is proposed to be constructed from a tandem arrangement of o-helix
and B-sheet; the head is predicted to assume a more complex, globular structure. Regions of a-helix and
B-sheet are indicated in the ol tail. Amino acid positions in ol sequence are shown. b Mutations in ol
proteins of PI viruses. Closed circles, sites of point mutations; open squares, sites of deletions. Viral genes
that segregate with growth in cured cells (KAUFFMAN et al. 1983; WiLson et al. 1996), ammonium chloride
(AC)-treated cells (WETZEL et al. 1997b), or E64-treated cells (BAER and DERMODY 1997) are indicated for
PI virus strains L/C, PI 2A1, and PI 3-1; -, genetic analysis not performed. (Adapted from WiLson et al.
1996)

ol during viral disassembly (FURLONG et al. 1988; DrRYDEN et al. 1993; NIBERT
et al. 1995) is acid dependent. This contention is also supported by genetic linkage
of the Sl1.gene and the capacity of PI virus L/C to grow in the presence of
ammonium chloride (WETzeL et al. 1997b). Acid-dependent conformational
changes in viral attachment proteins during disassembly have been reported for
several viruses, including influenza virus (BULLOUGH et al. 1994), Semliki Forest
virus (KieLiaAN and HELENIUS 1985; WAHLBERG et al. 1992), and tick-borne en-
cephalitis virus (ALLisoN et al. 1995). Furthermore, pH-sensitive events involving
viral attachment proteins have been shown to be altered in some types of per-
sistent infections, including those caused by the coronavirus, mouse hepatitis virus
(GALLAGHER et al. 1991).
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Fig. 8. Effect of pH on electrophoretic mobility of o1 protein. Purified virions (2 x 10'" particles) of wt
T3D and PI viruses L/C and PI 1A1 were incubated in sample buffer adjusted to the pH values shown
prior to electrophoresis in a 5%-15% polyacrylamide gradient gel. After electrophoresis the gel was
stained with Coomassie blue. Viral proteins are labeled, and molecular weight markers (in kilodaltons)
appear in the lane labeled M. Oligomer and monomer bands of ol are indicated. (Adapted from WiLsoN
et al. 1996)

The S4 gene nucleotide sequences of the same seven PI viruses have also been
determined (WETZEL et al. 1997b). The S4 sequences of these PI viruses contain
from one to four mutations, and with a single exception each mutation results in a
substitution in the deduced amino acid sequence of o3 protein (Fig. 9). Three
regions of o3 appear to be targets for mutations in the PI viruses studied: amino
acids 86145, 218-232, and 354. Six of the seven PI viruses studied contain a
tyrosine to histidine substitution at residue 354, and in the case of PI virus 3-1 o3
protein, this substitution is the only mutation observed. Since the S4 gene segre-
gates exclusively with the growth of TIL x PI 3-1 reassortants in cells treated with
either ammonium chloride (WETZEL et al. 1997b) or E64 (BAER and DERMODY
1997), it appears that a tyrosine to histidine mutation at amino acid 354 determines
susceptibility of the 63 protein to acid-dependent proteolysis. A region of ¢3 ad-
jacent to amino acid 220 is sensitive to a variety of proteases (SCHIFF et al. 1988;
MiLLER and SAMUEL 1992), and this region of the protein is postulated to be
cleaved by endocytic proteases during viral entry (SHEPARD et al. 1995). It is pos-
sible that the .tyrosine to histidine mutation at amino acid 354 alters the confor-
mation of the o3 cleavage site and enhances susceptibility of 63 to proteolysis by
E64-sensitive proteases. Alternatively, this mutation might alter interactions be-
tween o3 and another outer-capsid protein such that the o3 cleavage site is indi-
rectly rendered more accessible to proteolysis. In support of this idea, it has been
shown that interactions between 3 and pl result in a conformational change in 63
that increases its susceptibility to cleavage (SHEPARD et al. 1995). Another possi-
bility is that the tyrosine to histidine mutation at amino acid 354 allows &3 to be
cleaved by acid-independent proteases that are not inhibited by E64.
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Fig. 9a,b. Location of mutations in deduced o3 amino acid sequences of seven PI viruses. a Functional
domains of o3 protein (ScHIFF et al. 1988; MiLLER and SAMUEL 1992). Arrow, a site cleaved by sta-
phylococcal V8 protease (ScHIFF et al. 1988). Amino acid positions in o3 sequence are shown. b Mu-
tations in o3 proteins of PI viruses. Viral genes that segregate with growth in cured cells (KAUFFMAN et al.
1983; WiLsoN et al. 1996), ammonium chloride (4C)-treated cells (WETZEL et al. 1997b), or E64-treated
cells (BAER and DerMoDY 1997) are indicated for PI virus strains L/C, PI 2A1, and PI 3-1; —, genetic
analysis not performed. (Adapted from WEeTzEL et al. 1997b)

7 A Model of Reovirus Entry Derived from Studies
of PI Reoviruses

The identification of viral genes that segregate with PI virus growth in cells treated
with either ammonium chloride or E64 has led to the suggestion that acidification
and proteolysis mediate different events in reovirus disassembly. Growth of
TIL x L/C reassortants in the presence of ammonium chloride segregates with the
S1 gene (WETZEL et al. 1997b), whereas growth of TIL x L/C reassortants in the
presence of E64 segregates with the S4 gene (BAErR and DErMODY 1997). Thus in
the case of L/C, mutations in ol affect acid-dependent disassembly steps, and
mutations in o3 affect protease-dependent disassembly steps. The temporal rela-
tionship between these processes was tested by adding either ammonium chloride or
E64d, a membrane permeable form of E64, at various times after viral adsorption
(BAErR and DerMoDY 1997). Reovirus growth was found to be susceptible to
complete blockade by both ammonium chloride and E64 only up to 30min after
viral adsorption; thereafter, susceptibility to both inhibitors decreased logarithmi-
cally for an additional 30 min. At times of addition greater than 60min after ad-
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sorption, neither ammonium chloride nor E64 had a significant effect on reovirus
growth. Therefore these results suggest that acid-dependent and protease-depen-
dent events are independent but temporally associated steps in reovirus disassembly
and likely occur within the same cellular compartment.

Studies of reovirus mutants selected during persistent infection have identified
viral structural proteins that mediate requirements for acidification and proteolysis
during viral entry. Additionally, these studies have established the molecular basis
for viral resistance to inhibitors of virion-to-ISVP disassembly. Based on this work,
current models of reovirus entry can be revised to incorporate independent roles of
acidification and proteolysis during disassembly of reovirus virions (Fig. 10).
Reovirus disassembly is likely initiated by acid-dependent processes involving the
ol and o3 proteins, which are followed rapidly by proteolysis of 3. These events
are in turn followed by proteolysis of pl/ulC to yield the fully processed ISVP,
which is capable of membrane penetration. Studies of PI reoviruses have identified
the o1 and o3 proteins as critical targets for mutations that enhance reovirus entry.
It is noteworthy that mutations in either protein facilitate growth in cured cells and
resistance to ammonium chloride. These observations suggest that the ol and c3
proteins interact to facilitate disassembly of reovirus virions, perhaps by mediating
acid-dependent conformational changes required for subsequent proteolysis of the
viral outer capsid.

Fig. 10. A model of the disassembly of reovirus virions derived from studies of PI reoviruses. After
reovirus is taken into cells by receptor-mediated endocytosis, disassembly of reovirus virions occurs in
cellular endosomes by ordered changes in the viral outer capsid. Shown here are disassembly events
affecting a single viral vertex. First, acid-dependent conformational changes occur in viral attachment
protein o1 and outer-capsid protein ¢3. Second, the 63 protein is degraded by endocytic proteases and
lost from virions. Third, outer-capsid protein pl/ulC is cleaved to form p13/8 and ¢, yielding the fully
processed ISVP, which is capable of interacting with endosomal membranes. The transcriptionally active
viral core does not contain outer-capsid proteins and demonstrates extensive conformational changes in
core-spike protein A2. (DRYDEN et al. 1993)
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8 Pathogenesis of PI Reoviruses

The finding that PI reoviruses are altered in viral entry led to an examination of
whether these viruses are altered in virulence (MORRISON et al. 1993). Newborn
NIH-Swiss mice were inoculated intracranially with 16 PI viruses, and LD5, values
were determined for each strain. Twelve of these PI viruses had LDsq values id-
entical to that of wt T3D, and four were attenuated. Of mice surviving inoculation
with PI viruses at doses corresponding to the LDsy, 38% had detectable virus in
brain tissue 25 days following infection, and of these one-half had titers greater
than 1 x 10°PFU. In contrast, only 16% of mice inoculated with T3D had de-
tectable viral titer in brain tissue on day 25, and no titer was greater than 10°PFU.
Tropism of PI virus within the brain resembled that of wt virus, and the distri-
bution of PI virus antigen in brain tissue did not change over time. By 50 days after
intracranial inoculation with either wt or PI virus none of the surviving mice had
detectable viral titer in brain tissue. These observations suggest that entry-en-
hancing mutations in PI viruses do not significantly alter viral virulence, but they
do lead to prolonged viral replication in vivo.

Although reoviruses do not establish persistent infections of immunocompe-
tent mice, they can cause persistent infections of severe combined immunodefi-
ciency (SCID) mice (HALLER et al. 1995). Adult SCID mice inoculated
intraperitoneally with wt T3D were found to survive for periods of 100 days or
longer. Surviving animals harbored virus in a variety of tissues, including brain,
liver, and spleen, and some of these viruses were adapted to enhanced growth in
organs from which they were isolated. None of the organ-specific variants could
grow in the presence of ammonium chloride, which suggests that mutations
affecting acid-dependent entry steps are not selected during persistent infections
in vivo. Nonetheless, the general principle of selection of viral variants dependent
on the host cell is applicable to this model of persistent infection, and it is likely that
analysis of variants adapted to growth in particular host tissues will reveal im-
portant new information about cell-specific factors required for efficient viral
replication.

9 Future Prospects

Studies of persistent reovirus infections of cultured cells show that the cytolytic
potential of mutant viruses is not diminished and that mutations in both viruses
and cells affect early steps in reovirus replication involving acid-dependent viral
disassembly in cellular endosomes (DErRMODY et al. 1993; WETZEL et al. 1997a).
These mutant viruses and cells represent a natural perturbation of the entry process
and offer a unique opportunity to define mechanisms by which reovirus enters cells.
Important directions for future research include a precise determination of the
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cellular mutations that lead to selection of mutant viruses altered in viral entry and
characterization of the molecular and structural basis of the disassembly process.
Since basic mechanisms of cell entry are not well understood for most nonenve-
loped viruses, studies of the interplay between viral and cellular factors required to
effect reovirus entry should contribute significantly to this field and illuminate new
targets for therapeutic intervention in diseases caused by viruses that enter cells by
receptor-mediated endocytosis. Moreover, ongoing studies of adaptive mechanisms
used by viruses to overcome host-cell barriers to infection will reveal critical bal-
ance points in viral evolution and highlight strategies used by viruses to infect naive
host populations.
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1 Introduction

Reoviruses are cytolytic viruses which cause the death of infected cells in vitro and
in vivo. The relationship between events involved in the production of virus and
death of the infected cell is not clearly understood. Studies of virus-induced bio-
chemical and morphological changes in cells, i.e., cytopathic effects, have begun to
define both viral and cellular factors involved in virus-induced cell death. The
description and definition of apoptosis as a mechanism of cell death distinct from
necrosis has provided a framework for elucidating the roles of these viral and
cellular factors in the cell death process. The demonstration that reovirus induces
apoptosis in vitro and in vivo identifies apoptosis as an important component of
reovirus-induced cytopathic effects and tissue injury. In this chapter we review the
current data describing reovirus-induced apoptosis and propose that many of the
previously described cytopathic effects of reovirus infection represent events which
initiate or comprise steps in the apoptotic process.

2 Cytopathic Effects of Reovirus Infection

Reoviruses are nonenveloped viruses which bind to susceptible cells via the outer
capsid protein, cl, and enter cells by receptor-mediated endocytosis (see NIBERT
et al. 1996 for review). Virus particles are proteolytically processed within late
endosomes or lysosomes and released as transcriptionally active core particles into
the cytoplasm. The production of viral messenger and genomic RNA occurs within
these core particles. Mature virions are released inefficiently from infected cells
following cell lysis, so that some infectious virus remains associated with cellular
material.

As with many viruses, reovirus infection and replication have dramatic effects
on infected cells. Inhibition of host cell DNA synthesis is one of the earliest de-
tectable effects observed 8—12h after infection with type 3 (T3) reovirus strains,
concomitant with the logarithmic phase of viral growth (Duncan et al. 1978;
EnsMINGER and Tamm 1969a; GomaTtos and TamMM 1963; SHARPE and FIELDS
1981). Previous studies indicate that DNA synthesis is inhibited during initiation of
new strands and that transcription and protein synthesis are not significantly af-
fected (ENSMINGER and TAMM 1969b; HAND et al. 1971). As a result, T3-infected
cells are blocked from progressing to S phase and remain in G,. This interruption
of the cell cycle adversely affects cell metabolism and balanced growth and is
associated with changes in chromatin structure characteristic of apoptotic cells
(CHALY et al. 1980). UV-irradiated, replication-incompetent virus particles, but not
core particles or virions without genomes, also inhibit DNA synthesis (HAND and
Tamm 1973; Lat et al. 1973; SHARPE and FieLps 1981; SHAw and Cox 1973). Other
prototype reovirus strains, T1 Lang (T1L) and T2 Jones (T2J), do not inhibit DNA
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synthesis. Using reassortant viruses, the strain-specific difference in DNA synthesis
inhibition has been mapped to the S1 gene segment which encodes the ol and ols
proteins (SHARPE and FIELDs 1981). Since ols is a nonstructural protein which is
absent and cannot be synthesized by UV-irradiated preparations of purified virus,
the capacity to inhibit DNA synthesis is primarily determined by o1 alone. This
idea is supported by the findings that DNA synthesis can also be inhibited by
purified o1 protein and by a mouse monoclonal anti-reovirus T3 receptor antibody
(GauLton and GREENE 1989; SARAGOVI et al. 1995).

T2J inhibits both RNA and protein synthesis, capacities primarily determined
by the S4 gene which encodes the major outer capsid protein, 3 (SHARPE and
FieLps 1982). In this case replication-competent virus is required for inhibition.
Interestingly, o3 protein is removed at one of the earliest steps of virus disassembly
and presumably released into the lysosomal vacuole where proteolytic processing
occurs. o3, which has been shown to bind RNA, may inhibit RNA synthesis by
binding to cellular RNA molecules (SHARPE and FIELDs 1982). T1L does not inhibit
DNA or protein synthesis, or does so to a much lesser extent than T3 strains or
T2J, respectively, and its effect on RNA synthesis is unknown. Infection with any
one of the three prototype reovirus strains results in death of a variety of cultured
cells, suggesting that cytocidal effects are not linked to synthesis inhibition of the
same macromolecules.

The production of reovirus particles involves cytoskeletal elements of host cells
which may disrupt normal cell structure and produce the morphological changes
observed in dying, infected cells. Vimentin (intermediate) filaments are incorpo-
rated into reovirus “factories” and undergo progressive disruption and reorgani-
zation, which may lead to loss of normal cell architecture and ultimately death
(SHAREPE et al. 1982).

Reovirus has been shown to induce production of the cytokines interferon and
tumor necrosis factor-alpha (FARONE et al. 1993; GauntT 1973; HENDERSON and
JokLik 1978; Lal and JokLik 1973; LoNG and BURkE 1971). UV-inactivated virus
retains this capacity, indicating that viral replication is not required for cytokine
induction (HENDERsSON and JokLik 1978; LAl and JokLik 1973). Reovirus strains
TIL and T3D differ in both the amount of interferon induced and sensitivity to the
antiviral effects of interferon (JAcoBs and FERGUSON 1991). The antiviral effects of
interferon may include inhibition of viral replication and/or death of the infected
cell. The induction of cytokines by reovirus can therefore be considered a cyto-
pathic effect since infected cells are often eliminated via cytokine-mediated mech-
anisms, for example, removal by macrophages or natural killer cells, or by
induction of apoptosis.

The lytic nature of reovirus infection and the specific cytopathic effects of this
virus on its host cell suggested to us that reovirus-induced cell death occurs by
apoptosis.
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3 Apoptosis

Apoptosis describes cell death by a specific process dictated by cellular factors
comprising a cell death “apparatus” which appears to be remarkably conserved
evolutionarily. This process can be induced by a variety of stimuli, but apoptotic
cells are characterized by morphological and biochemical changes which distinguish
them from living cells and cells dying via nonapoptotic mechanisms (for review see
Maino and Joris 1995; ScHwARTZMAN and CipLowski 1993). These limited and
conserved cellular changes result from the activation and expression of a cadre of
cellular factors coordinated to bring about the immunologically “quiet” death of
single cells. Apoptosis occurs during normal developmental and physiological
processes to eliminate cells which are no longer useful or have sustained genetic
damage (BUrscH et al. 1992; KErr et al. 1972). Under these conditions apoptosis
serves to benefit the organism by maintaining homeostasis and balanced growth.
Apoptosis also occurs under conditions which are detrimental to the organism re-
sulting in dysregulated cell growth and death. An insufficient rate or the absence of
apoptosis has been implicated in carcinogenesis and autoimmune disease. The in-
duction of inappropriate or excessive apoptosis can produce significant tissue
damage during ischemia, viral infection, and neurodegenerative diseases such as
Alzheimer’s disease and Parkinson’s disease (GORMAN et al. 1996; THOMPSON 1995).

Morphological characteristics used to identify apoptotic cells include con-
densation and margination of chromatin against the nuclear membrane, loss of
cytoplasmic volume with compaction of organelles, and budding of the plasma
membrane (for review see MAINO and Joris 1995). Organelles generally remain
intact, but the nucleus often breaks up into membrane-bound bodies containing
chromatin. The cell itself may break apart into multiple membrane-bound apop-
totic bodies containing nuclear fragments, or collapse into a single, dense, round
apoptotic body. Morphological assays for apoptotic cells generally involve DNA
staining and microscopic analysis for chromatin condensation, cell shrinkage, or
fission into apoptotic bodies. Flow cytometry can also be used to sort apoptotic
from nonapoptotic cells based on differences in size.

Biochemical changes which are consistently associated with apoptosis include
specific patterns of DNA, ribosomal RNA, and protein degradation, and an in-
crease in intracellular Ca®" levels. DNA is cleaved by an endogenous endonuclease
at internucleosomal sites generating fragments varying in length by multiples of
180-200bp (CoHEN and DukE 1984; DUKE et al. 1983). Single-strand nicks and
fragmentation into 50-200kbp lengths may also occur before or without the gen-
eration of oligonucleosomes (WYLLIE et al. 1984). Cleavage of 28S, but not 18S
ribosomal RNA has been observed to occur in several cell lines in which internu-
cleosomal cleavage of DNA was also detected (HOUGE et al. 1995). Biochemical
assays for apoptotic cells generally involve detection of 50-200kbp or oligonu-
cleosomal-length DNA fragments using pulsed field or standard agarose gel elec-
trophoresis and analysis by ethidium bromide staining. Apoptosis induced by a
variety of intracellular and extracellular stimuli is generally characterized by one or
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more of the morphological and biochemical changes described but may vary with
cell type, induction stimulus, and many other factors. It is therefore important to
analyze cells using several different assays for both morphological and biochemical
changes associated with apoptosis. Cells which are dying but do not exhibit the
typical changes attributed to apoptosis are often referred to as necrotic. This ter-
minology is commonly used to refer to nonapoptotic cells, but technically it en-
compasses changes secondary to cell death by any mechanism, including apoptosis
(MANo and Joris 1995). Cell death which occurs by nonapoptotic mechanisms is
generally characterized by increased membrane permeability and cell swelling,
vacuolization, blebbing of the membrane, random degradation of chromatin, and
eventually cell lysis.

The activation of certain cysteinyl aspartate-specific proteases (caspases), some
of which have homologues in both mammals and nematodes, appears to be a
critical component of the apoptotic process (ALNEMRI et al. 1996). These caspases,
which include the interleukin-1B-converting enzyme-like family proteases, CPP-32/
apopain, and FLICE, cleave specific substrates involved in cellular homeostasis,
repair, and structure, for example, poly(ADP-ribose)polymerase, an enzyme in-
volved in DNA repair and genome integrity, and lamin A (for review see
ZuivoTtovsky et al. 1996). The control of unactivated, procaspases is of obvious
importance and may be mediated by endogenous serpins and inhibitor of apoptosis
proteins. Recent studies suggest that activation of the caspase cascade may be an
indirect result of permeability transitions resulting in the opening of mitochondrial
megachannels (Zamzawmi et al. 1996). The role of mitochondria in apoptosis is
unclear, but several mitochondrial-associated factors have been implicated in the
induction and inhibition of apoptosis. These include Bcl-2, which generally behaves
as an apoptosis antagonist, and cytochrome ¢, which can induce apoptosis by
mediating cleavage and activation of certain caspases (Boisk et al. 1995; Liu et al.
1996). Activation of calpains, a family of Ca®*-dependent cysteine proteases, has
been shown to be required for dexamethasone-induced apoptosis of thymocytes,
and may play a role in apoptosis in other systems as well (SQUIER and CoHEN 1997,
Squier et al. 1994). Calpain substrates include a-fodrin, a cytoskeletal, actin-
binding protein, whose cleavage may disrupt cell structure.

One of the dramatic differences between apoptotic and nonapoptotic cell death
is the means by which dead cells are removed. Apoptotic cells typically remain
membrane-bound, do not elicit an inflammatory response, and are phagocytosed
by local macrophages or nonprofessional phagocytic cells. These phagocytic cells
do not recruit immune cells to the site, nor do they, or the apoptotic cells them-
selves, appear to induce other cells to undergo apoptosis. The efficient recognition
of apoptotic cells by phagocytic cells appears to be mediated by the externalization
of phosphatidylserine during apoptosis (FADOK et al. 1992). The availability of
annexin V, which specifically recognizes and binds to phosphatidylserine residues,
provides another assay for detection of apoptotic cells (KoopMAN et al. 1994). In
the absence of phagocytic cells, for example, cultures of cells in vitro, apoptotic cells
and bodies undergo secondary necrosis and lysis. Cells that die by nonapoptotic
mechanisms lyse and elicit an inflammatory response. Macrophages recruited to



28 S.M. Oberhaus et al.

remove dead cells and cellular material may exacerbate tissue damage by secreting
cytokines which amplify the immune response.

4 Reovirus Induces Apoptosis in Murine Fibroblast Cells

Reovirus-induced cytopathicity in cultured cells and in infected mice has been well
documented. Descriptions of the changes in morphology and other cellular func-
tions in reovirus-infected cells suggested to us that reovirus induces apoptosis.
Morphological and biochemical assays for apoptosis were used to determine
whether reovirus induces apoptosis in L929 (L) cells, a murine fibroblast cell line
(TYLER et al. 1995).

L cells infected with reovirus strain T3D were examined by electron microscopy
18h postinfection (hpi) for morphological changes typical of apoptosis. Virus-, but
not mock-infected cells showed chromatin condensation and margination, budding
of the plasma membrane, cytoplasmic shrinkage, and fission into apoptotic bodies
(Fig. 1). These observations indicate that infection of L cells with T3D induces
apoptosis. L cells were also analyzed for the presence of oligonucleosomal-sized
DNA fragments (multiples of 180-200bp), a biochemical change observed in many
apoptotic cells. DNA was isolated from cells which were mock-infected or infected
with reovirus strain T3D or T1L at 24 and 48hpi. The DNA was separated by
agarose gel electrophoresis and analyzed by Southern blot hybridization with a *?P-
labeled, nick-translated L cell genomic DNA probe. Both T1L- and T3D-infected
cells contained oligonucleosome-length ladders at 48, but not at 24hpi (Fig. 2).
Laddering was not observed with DNA isolated from mock-infected cells at either
timepoint, indicating that both T1L and T3D induce apoptosis of infected L cells.

4.1 Reovirus-Induced Apoptosis Is Strain-Specific
and Determined by the S1 Gene

An acridine orange/ethidium bromide staining (AO) assay was used to quantitate
the number of apoptotic cells in T3D- and T1L-infected L cell cultures. Nucleic
acid was stained with the AO mixture and visualized by fluorescent microscopy.
Cells which exhibited condensed chromatin and cytoplasmic shrinkage were
counted as apoptotic. Neither T3D- nor T1L-infected cell cultures contained sig-
nificant numbers of apoptotic cells at 24hpi, but at 48hpi T3D-infected cultures
contained many more apoptotic cells than was observed with T1L (Fig. 3a). Both
T3D- and T1L-infected cultures contained more apoptotic cells than mock-infected
cultures at 24 and 48hpi. A similar finding was obtained when an assay for
quantitating low molecular weight, fragmented DNA as an indication of apoptosis
was used (Fig. 3b). The strain-specific difference in induction of apoptosis was not
due to a difference in growth rates or yields of T1L and T3D since these strains
grew equally well in L cells (TYLER et al. 1995). These results show that reovirus
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24 h 48 h Fig. 2. Autoradiograph of Southern blot hybridization of total
. . — cellular DNA extracted from L cells which were either mock-in-
— — fected or infected with TIL or T3D. At 24 or 48hpi, purified cel-
Q 9 lular DNA was resolved by agarose gel electrophoresis, transferred
.0 € a0 to a nylon membrane, and probed with [*?P]-labeled, nick-trans-
O+ ™M O+ ™M lated, L cell genomic DNA. Right, size markers (in base pairs).
O+ OF F (With permission from TYLER et al. 1995)
—1000
—700
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induces apoptosis in a strain-specific manner, i.e., T3D induces apoptosis to a
greater extent than T1L, which is independent of viral growth. We have also shown,
using the AO assay, that another reovirus T3 strain, type 3 Abney (T3A) induces
apoptosis to an even greater extent than T3D (TYLER et al. 1996), and that the third
prototype strain, T2J induces apoptosis to a similar extent as the T3 strains (un-
published data).

The segmented nature of the reovirus double-stranded RNA genome allows for
the generation of reassortant viruses when cells are coinfected with two or more
reovirus strains (NIBERT et al. 1996; RamiG and WARD 1991). The origin of each
gene segment present in the reassortant progeny is determined by comparison of
electrophoretic profiles of reassortant genomes with those of the parental genomes.
Phenotypic differences between the parental strains can be correlated with specific
gene segments by testing the reassortants for the phenotype(s) of interest. We tested
38 TIL x T3D reassortant viruses using the AO assay to determine which viral
genes were associated with the different capacities of TIL and T3D to induce
apoptosis. A significant association was found between the capacity of reassortant
viruses to induce apoptosis and the T3D S1 gene segment and a less significant, but
notable association between induction of apoptosis and the T3D M2 gene. None of
the other gene segments were found to be significantly associated with differences in
apoptosis induction as measured in the AO assay. The same finding was obtained
when these reassortants were tested using a DNA fragmentation assay for apop-
tosis. These results indicate that the difference in the capacities of TIL and T3D to
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Fig. 3. Percentage of L cells undergoing
apoptosis as detected by either AO stain-
ing (a) or fragmentation of [*H]thymidine-
labeled DNA (b). L cells were either mock-
infected or infected with TIL or T3D and
harvested at 24 or 48hpi for AO staining
or DNA fragmentation assays. The results
are expressed as the means for three in-
dependent experiments; error bars indicate
standard deviations. (With permission
from TYLER et al. 1995)

induce apoptosis is determined primarily by the S1 gene and also, but to a lesser
extent, by the M2 gene.

The same analysis was carried out using a panel of 15 T1L x T3A reassortant
viruses and the AO assay. As with the TIL x T3D reassortants, the S1 gene seg-
ment was found to be the primary determinant of the capacity to induce apoptosis
with a small, but significant contribution from the M2 gene (TYLER et al. 1996).

The capacity of reovirus strains T3D and TIL to induce apoptosis was also
analyzed using Madin-Darby canine kidney (MDCK) cells, polarized cells of epi-
thelial origin (RoODGERSs et al. 1997). Both TI1L and T3D were found to induce the
morphological and biochemical changes indicative of apoptosis as was observed in
L cells, and again, T3D did so to a greater extent than T1L. Analysis of the
capacities of 25 TIL x T3D reassortant viruses to induce apoptosis in MDCK cells
using the AO assay identified the S1 gene segment as the primary determinant of
differences in this capacity, with a modest and independent contribution by the M2
gene. The demonstration that reovirus induces apoptosis in a strain-specific manner
dictated primarily by the S1 gene in L cells and MDCK cells suggests that reovirus-
induced apoptosis occurs by the same or similar mechanisms regardless of cell type.
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Both the SI and M2 gene segments encode proteins involved in early events in
the viral replication cycle (McCRAE and JoKLIK 1978; MUSTOE et al. 1978). The S1
gene product, o1 is the cell attachment protein and is an important determinant of
cell tropism and virulence (LEE et al. 1981; WEINER et al. 1980a). M2 encodes the
viral outer capsid protein pl/pl1C, which, after proteolytic processing during viral
disassembly, is postulated to mediate movement of virions from endosomes to the
cytosol. These two genes are also involved in reovirus-mediated inhibition of host
cell DNA synthesis, a phenomenon which is correlated closely with reovirus in-
duction of apoptosis (TYLER et al. 1995). The striking linkage of the S1 and M2
genes with strain-specific differences in induction of apoptosis and inhibition of
DNA synthesis suggests strongly that viral binding and entry play key roles in
triggering these phenomena.

4.2 Viral Yield is not Correlated with Reovirus Induction
of Apoptosis and Strain-Specific Differences in Viral Growth
are Determined by Different Viral Genes

Reovirus strain T3D induces apoptosis to a much greater extent than TIL in L
cells, but the two strains grow equally well in these cells, indicating that induction
of apoptosis is not correlated with viral growth. The same strain-specific difference
in the capacity to induce apoptosis is observed in MDCK cells, but T3D and TIL
do not grow equally well in this cell type. Growth of T3D and T1L was determined
by infecting monolayers of MDCK cells and incubating the cells for various time
intervals (RODGERs et al. 1997). Viral titers in infected cell lysates were determined
by a standard plaque assay. A difference in the growth of TIL and T3D was
observed at 12—-24hpi, with TI1L titers exceeding those of T3D, which did not
exhibit significant growth (Fig. 4).

To identify viral genes associated with the capacity to grow in MDCK cells, 25
TIL x T3D reassortant viruses were tested for growth in these cells by titering
infected cell lysates 24hpi. A significant association was found between the ca-
pacities of reassortant viruses to grow in MDCK cells and the TI1L L1 gene and a
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modest association with the TIL M1 gene. No other gene segments were signifi-
cantly associated with differences in viral growth in these cells. Linear regression
analysis indicated that the L1 gene is the principal determinant of the difference in
the capacities of TIL and T3D to grow in MDCK cells, and that the M1 gene
segment has a smaller, but significant influence. The L1 and M1 gene segments
encode core proteins A3 and p2, respectively, each with a putative role in viral RNA
synthesis (McCRAE and JokLIK 1978; MUSTOE et al. 1978). These two genes have
also been linked to strain-specific differences in viral growth in other cell types
(primary cultures of cardiac myocytes and aortic endothelial cells) (MATOBA et al.
1991, 1993).

4.3 Viral Replication is not Required for Reovirus-Induced Apoptosis

Our results indicating that reovirus binding and entry are important events in
induction of apoptosis prompted us to perform the following experiment to de-
termine whether viral replication is required for reovirus induction of apoptosis.
Purified T3D and TI1L virions were UV inactivated and tested for the capacity to
induce apoptosis of L cells as measured by the AO assay. The same strain-specific
difference in induction of apoptosis observed with replication-competent virus was
also exhibited by the UV-inactivated, replication-incompetent virions (TYLER et al.
1995). This effect was dose-dependent requiring substantially larger MOIs of UV-
inactivated virions to generate similar levels of apoptosis as detected with live virus
(Fig. 5). However, induction of apoptosis with the high UV-inactivated MOI of
1000 was detectable at 12h postadsorption in contrast to 48hpi using live virus.
These results suggested that reovirus induction of apoptosis occurs at an early stage
of the viral life cycle, i.e., binding, internalization, or disassembly, and that repli-
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cation is required at low MOIs in order to generate a quantity of virus particles
sufficient to induce apoptosis. This idea was tested by preincubating live T3D virus
with anti-reovirus monoclonal antibodies (MADb), which vary in their capacity to
block viral growth, and then inoculating L cells with the virus-MAb mixtures and
quantitating apoptotic cells at 48hpi using the AO assay. Only MAbs which in-
hibited growth of T3D in L cells inhibited apoptosis. These results indicate that
viral replication is required for induction of apoptosis at a low MOI, perhaps to
generate a sufficient quantity of viral signal to induce apoptosis. At high MOIs
induction of apoptosis may occur with faster kinetics because the threshold amount
of viral signal required to trigger apoptosis is present without amplification through
viral replication.

4.4 The Viral Cell Attachment Protein 61, not ols,
Determines Capacity to Induce Apoptosis

The S1 gene segment, which is the primary determinant of strain-specific differences
in the capacity to induce apoptosis, encodes two proteins, c1, a minor constituent
of the virion outer capsid, and ols, which is found in reovirus-infected cells, but is
not virion-associated (BELLI and SAMUEL 1991; CASHDOLLAR et al. 1989; CErRuUZZ1
and SHATKIN 1986; ERNsST and SHATKIN 1985; JAcoss and SAMUEL 1985; SARKAR
et al. 1985). Preparations of purified, UV-inactivated virions do not contain cls
protein and cannot synthesize it because they are transcriptionally inactive. The
finding that purified, UV-inactivated virions induce apoptosis of L cells indicates
that the S1 gene product ol alone determines the capacity to induce apoptosis.
Preincubation of purified, UV-inactivated T3D virions with an anti-c1 MADb sig-
nificantly reduced the number of apoptotic cells, suggesting that binding of o1 to
cellular receptors triggers induction of apoptosis (Fig. 5).

5 Reovirus-Induced Apoptosis and Inhibition of DNA Synthesis
is Strain-Specific and Determined by the S1 Gene

Previous studies which describe reovirus inhibition of host cell DNA synthesis
share many similarities with features of reovirus-induced apoptosis. Both phe-
nomena show the same strain-specific differences which are determined by the Sl
gene, and both processes can be triggered by UV-inactivated, replication-incom-
petent virus (SHARPE and FieLps 1981; TyLER et al. 1995). Inhibition of DNA
synthesis has also been described in association with chromatin clumping and
margination, which are morphological changes typical of apoptotic cells (CHALY
et al. 1980). We compared the capacities of T3D, T3A, and T1L to induce apoptosis
and to inhibit DNA synthesis, then tested both TIL x T3D and TIL x T3A re-
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assortants in the same assays to determine whether reovirus-induced apoptosis and
inhibition of DNA synthesis were correlated (TYLER et al. 1996).

L cells were infected with T1L or T3A, and DNA synthesis was measured by
determining the amount of [*H]thymidine incorporation at various intervals after
adsorption. DNA synthesis inhibition was first detected with both T1L and T3A
at 24hpi, but it was substantially greater with T3A, reaching a maximal difference
at 48hpi (Fig. 6). To identify viral gene(s) associated with this strain-specific
difference in inhibition of DNA synthesis, 20 T1L x T3A reassortants were an-
alyzed using the same [*H]thymidine incorporation assay. A significant associa-
tion was found between the capacity of reassortant viruses to inhibit DNA
synthesis and the S1 gene and a notable, but less significant association with the
M2 gene. No other viral genes were significantly associated with strain-specific
differences in DNA synthesis inhibition. Using a parametric stepwise linear re-
gression analysis, S1 and M2 were found to contribute independently to the
capacity to inhibit DNA synthesis.

We also analyzed the capacities of 37 T1L x T3D reassortants to inhibit cel-
lular DNA synthesis and again found a significant association between this capacity
and the S1 gene. Notable, but less statistically significant associations were found
between strain-specific differences in DNA synthesis inhibition and the M2 gene
and the L1 gene, with the M1 gene showing the least significant association. Using a
parametric stepwise linear regression analysis, the S1 and M2 genes were found to
contribute independently to the capacity to inhibit DNA synthesis, with S1 as the
primary determinant. The M1 and L1 genes were found not to contribute signifi-
cantly to the S1- and M2-determined strain-specific difference in this capacity.
These results are in agreement with those from a previous study which used a small
panel of TIL x T3D reassortants derived from temperature-sensitive parental vi-
ruses generated by chemical mutagenesis (SHARPE and FieLDs 1981).

The observation that T3D and T3A inhibit DNA synthesis and induce ap-
optosis to a much greater extent than T1L suggested that this capacity might be a
serotype-dependent property. We analyzed five T1 and eight T3 field isolates for
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their capacities to inhibit DNA synthesis and induce apoptosis and found that each
of the T3 strains, except one, had a greater capacity to induce both phenomena
than any of the T1 strains. Since viral serotype is a property determined by the
S1 gene, these results are in agreement with those from the analysis of reas-
sortant viruses and support the contention that the SI gene is the primary
determinant of the capacity of reovirus strains to induce apoptosis and inhibit
DNA synthesis.

The extent to which TIL x T3A and T1L x T3D reassortant viruses induced
apoptosis and inhibited DNA synthesis were compared using stepwise parametric
linear regression analysis to determine the correlation between these two phe-
nomena. Analysis of the 15 TIL x T3A reassortants and of the 37 TIL x T3D
reassortants indicate a strong linear relationship between the capacities of
TIL x T3A and T1L x T3D reassortants to inhibit cellular DNA synthesis and to
induce apoptosis.

5.1 Reovirus-Mediated Inhibition of DNA Synthesis
May Trigger Apoptosis

The correlation between inhibition of DNA synthesis and induction of apoptosis,
and the primary role of the S1 gene in both processes strongly suggests that the two
phenomena are linked. The nature of their association is not yet clear; however,
induction of apoptosis has been shown to occur in other systems as a result of cell
cycle arrest in Gy or G; (FREEMAN and Estus 1994; MEIKRANTZ and SCHLEGEL
1995; UckEer 1991). Reovirus infection induces a time-dependent, reversible arrest
at the G;-S phase of the cell cycle, an event which might result from reovirus-
mediated inhibition of DNA synthesis and lead to induction of apoptosis.
Reovirus-induced inhibition of host cell DNA synthesis is detectable as early as
8hpi, while cellular changes indicative of apoptosis are not detected until
24-48hpi, suggesting that inhibition of DNA synthesis precedes apoptosis in
infected cells.

That an early event in the viral life cycle mediates both of these processes is
suggested by the following observations: (a) UV-inactivated, replication-incompe-
tent virions can inhibit DNA synthesis and induce apoptosis (SHARPE and FIELDS
1981; TYLER et al. 1995), (b) the S1 gene is the primary determinant of strain-
specific differences in both DNA synthesis inhibition and induction of apoptosis,
and the M2 gene plays a secondary role in both of these processes (SHARPE and
FieLps 1981; Suaw and Cox 1973; TYLER et al. 1995, 1996), and (c) induction of
apoptosis can be significantly reduced by preincubation of virus with an anti-c1
MADb (TYLER et al. 1995). It is possible that the induction event triggers DNA
synthesis inhibition and induction of apoptosis in parallel, either by the same or
different signals, or one is triggered which leads to induction of the other. Reovirus-
mediated inhibition of DNA synthesis and cellular proliferation can be induced by
purified ol protein (SaAraGovI et al. 1995) and by an anti-reovirus T3 receptor
MAD (GauLtoN and GREENE 1989; SarRAGOVI et al. 1995). These data strongly
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suggest that DNA synthesis inhibition and by association, induction of apoptosis,
are triggered by the binding of o1 protein to cellular receptors which may transduce
signals to the nucleus via kinases or second messengers. Elucidating the nature of
the viral receptor and the molecular consequences of virus binding is critical to
understanding the relationship between reovirus-induced inhibition of DNA syn-
thesis and apoptosis.

6 Reovirus-Induced Apoptosis and Tissue Injury in the CNS

Reovirus infection of neonatal mice has served as a useful model system for the
study of viral pathogenesis. Reoviruses infect and produce tissue injury in all major
organ systems including heart, liver, lung, and the CNS (for review see TYLER and
FieLps 1996). In the brains of inoculated neonatal mice, reovirus strain T3D infects
primarily neurons in the cortex, thalamus, and hippocampus, producing a lethal
encephalitis. The CNS tropism and neurovirulence of reoviruses are determined by
the viral S1 and M2 genes (HrDy et al. 1982; L et al. 1981; Lucia-JANDRIs et al.
1993; NiBert and FieLps 1992; WEINER et al. 1977, 1980b), the same genes
which also determine strain-specific differences in reovirus-induced DNA syn-
thesis inhibition and apoptosis (SHARPE and FieLps 1981; TyLer et al. 1995,
1996). Histological examination of brain tissue obtained from T3D-infected mice
exhibit localized areas of neuronal destruction restricted to cortex, thalamus,
and hippocampus in the absence of a significant early inflammatory response
(TyLer and FieLps 1996). These observations, and the demonstration that
reovirus induces apoptosis in L cells and MDCK cells, suggested that reovirus-
induced apoptosis might be an important mechanism of cell death and tissue
injury in vivo.

6.1 Maximal Viral Growth is Correlated with Apoptosis
and Mortality

One-day-old Swiss Webster mice were inoculated intracerebrally with 10* PFU of
reovirus T3D diluted in gel saline or gel saline alone (mock) (OBERHAUS et al. 1997).
Brain tissue was removed from euthanized animals at 1, 3, 6, and 8-9dpi (days post
infection). Brain halves were assayed for viral growth in a standard plaque assay or
for the presence of oligonucleosome-length DNA “ladders” indicative of apoptosis.
Viral titer increased at each timepoint and reached a peak of 10° PFU/g at 8-9dpi
(Fig. 7). Fragmentation of cellular DNA into oligonucleosome lengths was de-
tected in tissue samples prepared from T3D-, but not mock-infected mice 8-9dpi
(Fig. 7), the same timepoint at which viral titer was maximal and the mice were
moribund.
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Fig. 7. a Autoradiograph of Southern blot hybridization of low molecular weight DNA extracted from
T3D-(lane 1) or mock-(lane 2) infected mouse brains at 8-9 dpi. DNA was resolved by agarose gel
electrophoresis, transferred to a nylon membrane and hybridized with a *?P-labeled, nick-translated, L
cell genomic DNA probe. b Growth of reovirus T3D in brain tissue. Virus titers in homogenized tissue
collected at the indicated dpi were determined by plaque assay. The results are presented as the mean viral
yields; error bars indicate standard deviations. (With permission from OBERHAUS et al. 1997)

6.2 Viral Replication, Apoptosis, and Tissue Damage are Restricted
to Distinct Regions Within Infected Mouse Brain

To determine whether viral replication, apoptosis, and tissue damage occur in the
same regions of infected mouse brain, tissue sections were analyzed for reovirus
antigens and fragmented DNA to detect infected and apoptotic cells, respectively,
at 3, 6, and 8dpi. Reovirus antigens were detected by immunocytochemistry using a
rabbit polyclonal anti-T3D antiserum. Since reovirus replicates in the cytoplasm,
reovirus antigen-positive cells contain a dark brown precipitate in the cytoplasm.
Fragmented DNA, which is typically generated in apoptotic cells, was detected
using the terminal deoxynucleotidyl transferase-mediated dUTP nick end labeling,
i.e., TUNEL assay. The TUNEL procedure results in the labeling of available 3’
OH ends of DNA frequently generated during apoptosis by endonuclease-mediated
cleavages. Terminal deoxynucleotidyl transferase was used to incorporate biotin-
ylated dUTP at 3" OH termini, which was then detected by incubation with an
avidin-biotin complex and DAB staining. TUNEL positive cells contain a dark
brown precipitate in the nucleus.

Only a few TUNEL- and reovirus antigen-positive cells were detected in the
thalamus 3dpi, and pathological injury was minimal. At 6dpi tissue damage was
pervasive within the thalamus and cingulate gyrus, and significant tissue injury was
observed in cortical layer V and throughout the hippocampus, including regions
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CA1 to CA3 and the dentate gyrus (Fig. 8a). Many reovirus antigen-positive and
apoptotic cells were detected exclusively in these regions in the absence of inflam-
mation (Fig. 8b—g). At 8dpi, tissue damage was even more extensive in these re-
gions and associated with greater numbers of reovirus antigen- and TUNEL-
positive cells. This is the same time point at which DNA laddering and maximal
viral titer was observed and the mice were moribund. Rare TUNEL-positive cells
were found in tissue sections obtained from mock-infected mice at 6 or 8dpi, but
none contained reovirus antigen-positive cells or evidence of tissue damage
(Fig. 9a-d).

In general, it was very difficult to distinguish individual, labeled cells so that
quantitation of reovirus antigen-positive, TUNEL-positive, and doubly labeled
cells was impossible. However, marked regional differences in the ratio of TUNEL-
to reovirus antigen-positive signals were observed suggesting that cells located in
different regions of the brain show variation in susceptibility to apoptosis. Many of
the reovirus antigen-positive cells could be identified as neurons by morphological
criteria since reovirus antigens present in the cytoplasm delineated axonal and
dendritic processes. Neither reovirus antigen- nor TUNEL-positive cells were de-
tected in white matter tracts, regions which do not contain neurons. These obser-
vations are consistent with the well-characterized neuronal tropism of the T3D
strain.

T3D- and mock-infected tissue sections were stained with cresyl violet for
analysis of morphological changes associated with apoptosis. Cells with the typical
features of apoptosis, i.e., reduced cytoplasmic volume, condensed and marginated
chromatin, and apparent apoptotic nuclear and cellular bodies, were observed in
those regions in which reovirus antigen- and TUNEL-positive cells and tissue in-
jury were also found in infected brain tissue, but not in tissues from mock-infected
animals (Fig. 9e,f).

The colocalization and parallel temporal increase in viral antigen, apoptotic
cells (identified by both morphological and biochemical characteristics), and
pathological injury strongly suggest that reovirus-induced apoptosis plays a
major role in the cell loss and tissue injury leading to the death of T3D-infected
mice.

6.3 Apoptotic Cells in Reovirus-Infected Regions of the Brain
are Rarely Reovirus Antigen-Positive

Brain sections from T3D-infected mice were analyzed using a double-labeling
technique for the presence of reovirus antigens (by immunofluorescence) and ap-
optosis (by TUNEL) to determine whether apoptotic cells were productively in-
fected. Many cells were labeled for either reovirus antigens or TUNEL (Fig. 10).
Both reovirus antigens and fragmented DNA were detected in some cells, but it was
difficult to establish a correlation between antigen staining and TUNEL with single
cells when they had shrunk or fissured into apoptotic bodies. These results suggest
that apoptosis in reovirus-infected brain occurs in both productively infected and
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Fig. 8. a Schematic representation of a coronal section of mouse brain. Shaded areas, regions containing
reovirus-infected and apoptotic cells, and tissue damage, 6 days after inoculation with T3D. CG,
Cingulate gyrus; DG, dentate gyrus; T, thalamus. b—g Reovirus antigen positive (b, d, f) and TUNEL
(c, e, g) positive cells at 6 dpi within the cortex (b, ¢), the dentate gyrus (d, e), and the thalamus (f, g).
Positive immunostaining for reovirus antigens appears as a dark precipitate in the cytoplasm, including
neuronal processes. TUNEL-positive cells contain a dark precipitate in the nucleus. Original magnifi-
cation, x 25. (With permission from OBERHAUS et al. 1997)

Fig. 9. Immunostaining for reovirus antigens in T3D (a) and mock (b) infected cingulate gyrus at 6 dpi;
TUNEL assay on sections from T3D (c) and mock (d) infected cingulate gyrus at 6 dpi; cresyl violet
staining of T3D (e)-and mock (f)-infected thalamus at 8 dpi. Original magnification, a-d x 25; e, f
x 100. (With permission from OBERHAUS et al. 1997)
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Fig. 10a—d. Double-labeling assay for reovirus antigens (FITC) and TUNEL (dark precipitate) in T3D-
infected sections. A double exposure under fluorescent and light microscopy allows detection of both
reovirus antigen- and TUNEL-positive cells. a Cells within the cingulate gyrus, 8 dpi. Arrows, two cells
which are colabeled for reovirus antigens and fragmented DNA (TUNEL). Antigen staining appears as a
thin halo surrounding the dark, TUNEL-positive nucleus as a result of cytoplasmic shrinkage. b Cortical
cells, 8 dpi. Arrows, cells which appear to be colabeled for reovirus antigens and fragmented DNA and
have formed multiple apoptotic bodies. ¢ Cells within the hippocampus, 6 dpi. Multiple neurons contain
reovirus antigens but are TUNEL-negative. Arrow, a TUNEL-positive nucleus adjacent to antigen-
positive cytoplasm of a neuron. d Cells within the cingulate gyrus, 8 dpi. Upper arrow, a TUNEL-positive
nucleus adjacent to reovirus antigen-positive bodies; lower arrow, a TUNEL-positive nucleus in the
absence of reovirus antigen staining. Original magnification, x 100. (With permission from OBERHAUS
et al. 1997)

uninfected cells. It is possible that detection of infected cells by immunostaining
results in an underestimation of infected, apoptotic cells due to proteolysis and/or
cytoplasmic shrinkage occurring during apoptosis (MacDonNALD et al. 1980;
Maino and Joris 1995). Protein degradation may result in altered or degraded
antigenic sites, and shrinkage of the cytoplasm may preclude detection of cyto-
plasmic proteins in general. Cells which are infected but do not exhibit the char-
acteristics of apoptotic cells may be at a stage prior to induction of apoptosis or
may not yet have the detectable changes associated with apoptosis.

Both direct and indirect mechanisms of apoptosis induction have been re-
ported for other viral infections. Human immunodeficiency virus and human
herpesvirus 6 have both been reported to induce apoptosis predominantly in un-
infected bystander cells (FINKEL et al. 1995; INOUE et al. 1997) while in Sindbis virus
infection of mouse brain tissue the majority of apoptotic cells appear to be infected
(LEwis et al. 1996). '



Apoptosis and the Cytopathic Effects of Reovirus 43

7 Cellular Factors Involved in Reovirus-Induced Apoptosis

The identification of cellular factors involved uniquely in virus-induced apoptosis
and those which appear common to the apoptotic pathway regardless of the in-
ducing stimulus will elucidate the events which lead to and comprise the apoptotic
process as a result of virus-cell interactions.

We have already identified the reovirus ol protein as an important viral factor
in induction of apoptosis and have begun to analyze cellular factors which have
been shown to be involved in the apoptotic pathway in other systems. Bcl-2 is a
26-kDa protein detected in the membranes of mitochondria and nuclei (DE JoNG
et al. 1992; HockENBERY et al. 1990), which inhibits apoptosis induced by many but
not all induction stimuli (Boisk et al. 1995; KorsSMEYER 1992). Control of apoptosis
appears to depend on the interaction of Bcl-2 and other members of the Bcl-2
family, for example, Bax, Bcl-X;, Bcl-X, Bak, Bad, etc. (FARROwW and BrowN
1996). Overexpression of Bcl-2 has been shown to inhibit apoptosis induced by
several RNA viruses (HiNsHAW et al. 1994; LEvVINE et al. 1993).

To determine whether overexpression of Bcl-2 inhibits reovirus-induced ap-
optosis MDCK cells which had been genetically engineered to overexpress the
human bcl-2 gene (HINsHAW et al. 1994) were infected with T3D and analyzed for
apoptosis using the AO assay for apoptotic cells (RopGers et al. 1997). T3D-
induced apoptosis was significantly reduced in MDCK cells overexpressing Bcl-2,
but not in the control cells which contained the expression vector without the bcl-2
gene (Fig. 11a). The same conclusion was reached when the cells were analyzed for
oligonucleosomal DNA cleavage; DNA laddering was substantially reduced in
T3D-infected cells overexpressing Bcl-2, but was clearly evident in the control cells
(Fig. 11b). These results indicate that overexpression of Bcl-2 inhibits reovirus-
induced apoptosis. In addition, overexpression of Bcl-2 did not significantly affect
viral growth (RoDGERs et al. 1997). The observation that inhibition of reovirus-
induced apoptosis by Bcl-2 is not linked to viral growth is consistent with our other
studies indicating that induction of apoptosis occurs independently of viral growth
(TyLER et al. 1995).

p53 is a transcription factor involved in cellular DNA repair which can sup-
press cell growth by induction of G, arrest or induce apoptosis of cells which have
sustained irreparable genetic damage (YonisH-RouacH 1996). Since reovirus in-
fection has been shown to inhibit DNA synthesis and block cell progression to S
phase, we have carried out preliminary experiments to determine whether reovirus-
induced apoptosis is dependent on expression of p53. Primary fibroblast cells,
isolated from wild-type and p53 knockout mice, were infected with T3D and an-
alyzed for apoptosis using the AO assay. Our preliminary results indicate that T3D-
induced apoptosis is unaffected by p53 expression, suggesting that reovirus
induction of apoptosis occurs by a p53-independent pathway (unpublished data).

Inhibitors of calpain, a Ca®*-dependent cysteine protease, have been shown to
block dexamethasone-induced apoptosis of thymocytes, suggesting a critical role
for calpain in the apoptotic pathway in lymphoid cells (SQuier and CoHeN 1997).
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Fig. 11. a Percentage of MDCKneo and MDCKbel2 cells infected with T3D undergoing apoptosis as
detected by the AO staining assay. Cells were either mock-infected (control) or infected with T3D,
incubated for the indicated intervals, and harvested for AO staining. The results are expressed as the
means of the data obtained in three independent experiments; error bars indicate standard deviations of
the means. b Agarose gel electrophoresis of total cellular DNA extracted from MDCKneo and
MDCKbci2 cells infected with T3D. Cells were either mock-infected (control) or infected with T3D and
incubated for the indicated intervals. Cellular DNA was isolated, resolved by agarose gel electrophoresis
and stained with ethidium bromide. Size markers (in base pairs) are indicated on the left. (With per-
mission from RODGERSs et al. 1997)
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We have conducted preliminary studies of the effects of several calpain inhibitors
on reovirus-induced apoptosis in murine L cells. All of the calpain inhibitors tested
thus far inhibit T3D-induced apoptosis in L cells without significant effects on viral
growth (unpublished data). These results suggest that calpains also play a role in
viral-induced apoptosis.

8 Reovirus as a Model System for the Study of Apoptosis

Virus-induced apoptosis has been postulated to represent a cellular response to
infection that acts to limit virus replication and spread by eliminating infected cells
before completion of the viral life cycle. Our studies of reovirus-induced apoptosis
and viral growth both in vitro and in vivo indicate that this putative defense
mechanism is ineffective in limiting reovirus replication and cytopathicity. Many
viruses which have been shown to induce apoptosis also have the capacity to inhibit
or delay apoptosis (SHEN and SHENK 1995). We have identified the viral protein, o1,
as a primary determinant in the capacity to induce apoptosis, but have not deter-
mined whether reovirus also encodes an inhibitor of apoptosis. Reovirus infection
of many cell types results in cell death, but reovirus can establish persistent infec-
tions under some circumstances (DErmMoDY et al. 1993). Viruses isolated from
persistently infected cultures (termed PI viruses) have been shown to contain mu-
tations in the genes encoding the ol (S1) and o3 (S4) proteins (WETZEL et al. 1997,
WiLson et al. 1996). In addition to mutant viruses, mutant cells are selected during
persistent infection which do not support efficient viral entry (DERMODY et al.
1993). Mutant viruses and cells selected during persistent infection provide an
interesting counterpart to cytolytic reoviruses and parental cells for further studies
of the interactions between viruses and their host cells which do or do not lead to
apoptosis. A similar issue arises from the characteristic age-dependent susceptibility
of mice to encephalitis caused by T3 reovirus infection. Inoculation of newborn
mice, before 8—10 days of age, with T3 reovirus strains results in a fatal encephalitis,
but inoculation with the same viruses after 810 days of age are nonlethal (TARDIEU
et al. 1983). It is interesting to speculate that developmentally related alterations in
cellular factors or their interaction with virus may influence virus-induced apoptosis
or cell susceptibility to induction of apoptosis.

Strain-specific differences in reovirus-induced apoptosis are determined pri-
marily by the S1 gene and to a lesser extent by the M2 gene (TYLER et al. 1995).
These genes are also important in tropism and virulence in vivo. The T3 S1 gene
segment is associated with maximal induction of apoptosis in L cells and MDCK
cells, and T3D infection of mouse brain is associated with substantial apoptosis and
tissue injury in specific regions for which T3D has a predilection. T1L also induces
apoptosis in L and MDCK cells, but to a much lesser extent than T3D. However,
TI1L specifically infects and is associated with cytopathicity of ependymal cells in
infected mouse brain. It remains to be determined whether the strain-specific dif-
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ference in the capacity to induce apoptosis in vitro will be observed in vivo, and
whether reovirus infection and tissue injury observed in organs other than the brain
are also associated with apoptosis.

The mechanism by which viruses induce and sometimes alter the course of
apoptosis is likely to vary with the virus and cell type and to involve a complex
interplay among viral and cellular factors. The demonstration that reovirus-
induced apoptosis is correlated with cytopathic effects in cultured cells and
pathological tissue injury in the brains of infected mice provides a unique and well-
defined model system for studying the mechanisms by which viruses induce ap-
optosis and the role of this process in viral pathogenesis.
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1 Introduction

Acute myocarditis (ARETZ et al. 1986) is prevalent in humans, with reports sug-
gesting that 5%-20% of the population has suffered some form of viral myocarditis
(BANDT et al. 1979; Oxkuni et al. 1975; WoobRrUFF 1980). It is often fatal in infants
(CHERRY 1995; KAPLAN et al. 1983; MARTIN et al. 1994). In older individuals the
acute disease usually resolves but can progress to chronic myocarditis and/or di-
lated cardiomyopathy (ARCHARD et al. 1991; KANDOLPH et al. 1991; KEELING et al.
1994; MARTINO et al. 1994; MATsumor! and Kawal 1982; MorimoTo et al. 1992;
OLseN 1992; SoLe and Liu 1994) with concomitant cardiac failure (BORGGREFE
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27606, USA
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et al. 1994; D1 LENARDA et al. 1994). Enteroviruses (mainly coxsackieviruses) most
likely account for 20%-50% or more of the cases (ARCHARD et al. 1991; BowLEs
et al. 1986; EastoN and EGLIN 1988; KANDOLPH et al. 1987, 1991; TrAcCY et al.
1990a,b; Weiss et al. 1991), and there is compelling evidence that enterovirus
chronic myocarditis and acute myocarditis are immune-mediated (Cook et al. 1995;
GuTHRIE et al. 1984; HasHiMoTO et al. 1983; HuBer 1992; HUBER et al. 1988;
KisHiMoTo and ABELMANN 1990; KLINGEL et al. 1996; LEsLIE et al. 1989; Liu et al.
1995; MARTINO et al. 1995; Rosg et al. 1988, 1992; ScHWIMMBECK et al. 1996;
WoLFGRAM et al. 1985; WooDRUFF 1980).

The virus, however, is also directly cytopathogenic (CHow et al. 1992; GRUN
et al. 1988; HErzuM et al. 1994; HUFNAGEL et al. 1995), and recent evidence
suggests a protective role for immune cell-generated nitric oxide (HIRAOKA et al.
1996; LOWENSTEIN et al. 1996; MikAMi et al. 1996). Immune-mediated mechanisms
of myocarditis have been studied extensively; however, a large variety of viruses
have been implicated in the 50% or more of cases that are not due to enteroviruses
(LEsLIE et al. 1989; MARBOE and FENoGLIO 1988; MATsuMoRI et al. 1995; Seg and
TiLLes 1991; WENGER et al. 1990), and the role of immune-mediated damage in
those cases is unclear. Importantly, nonimmune mediated mechanisms of viral
myocarditis remain largely unexplored.

In mice reovirus-induced myocarditis presents as a startlingly different disease
from enterovirus myocarditis. Reovirus myocarditis is characterized by extensive
cardiac tissue necrosis with little inflammatory infiltrate (GOLLER et al. 1986; HASSAN
et al. 1965; SHERRY et al. 1989; STANGL et al. 1987; WALTERS et al. 1965) in stark
contrast to enterovirus myocarditis (RABIN et al. 1964). As described below, reovirus-
induced myocarditis is not immune mediated. Moreover, infection of primary car-
diac myocyte cultures with myocarditic and nonmyocarditic reoviruses has dem-
onstrated that viral spread and cumulative myocyte death are correlated with viral
myocarditic potential. Thus reovirus provides an excellent opportunity to investigate
nonimmune mediated myocarditis. Reoviruses have been implicated periodically in
fatal infant myocarditis, and the ubiquity of reoviruses in humans (> 70% of 4-year-
olds have seroconverted; LERNER et al. 1947) presents significant opportunities for
disease. Their well-characterized pathogenesis in the mouse (TYLER and FIELDS 1996;
VIRGIN et al. 1997) provides an excellent model for investigating disease.

Investigations of reovirus functions in vitro and in vivo have benefited enor-
mously from the use of classic genetic analyses, taking advantage of the segmented
reovirus genome. The reovirus genome is composed of ten gene segments of double
stranded RNA (dsRNA), grouped into the S, M, and L size classes (with 4, 3, and 3
segments, respectively, ranging from 1 to 4kbp each; reviewed in NIBERT et al.
1996). Each gene segment encodes one protein, with the exception of segment S1.
“Reassortant” viruses, containing a mixture of genes derived from two parent
viruses, have been extremely powerful tools for the identification of viral genes that
determine viral physical properties, replicative functions, and pathogenesis in the
mouse (reviewed in CoeN and RamMiG 1996; NIBErT et al. 1996). We have used this
approach to identify viral genes that determine acute myocarditis and to compare
infection parameters that vary in a large panel of closely related myocarditic and
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nonmyocarditic viruses. In this way reovirus genetics has provided the means to
characterize the relationship between viral gene function, parameters of infection,
and induction of myocarditis.

2 Reovirus-Induced Myocarditis is not Determined
by Immune Cell Function

Initially we compared the gross pathogenesis of myocarditic and nonmyocarditic
reovirus strains in the mouse (SHERRY et al. 1989). Histologically the acute disease
differed profoundly from enterovirus-induced myocarditis in that there was marked
necrosis with little inflammatory infiltrate (Fig. 1A). Electron microscopy revealed
virus in dying cardiac myocytes characterized by dystrophic calcification and
grossly abnormal mitochondria, suggesting a direct cytopathic effect. While reo-
virus can induce apoptosis in some cells (OBERHAUS et al. 1997; RODGERSs et al.
1997; TYLER et al. 1995, 1996), there was no evidence of apoptosis in these cardiac
cells, perhaps reflecting their differentiated state (WANG and WALsH 1996). Im-
munocytochemistry revealed that necrotic foci contained viral antigen, indicating
that tissue damage was directly associated with viral replication (Fig. 1B).

Both acute and chronic enterovirus-induced myocarditis involve immune-me-
diated damage, although the virus is also cytopathogenic (see Sect. 1). We asked
whether immune cells are required for, or protect against, reovirus-induced myo-
carditis (SHERRY et al. 1993). Introduction of immune CD4" or CD8* T cells or
neutralizing antibody protected against challenge with a potently myocarditic
reovirus strain, and myocarditic reovirus strains induced myocarditis in nude mice
(SHERRY et al. 1989) and severe combined immunodeficiency (SCID) mice (SHERRY
et al. 1993). Moreover, myocarditic reovirus strains induced myocarditis in mice
depleted of macrophage-inflammatory protein-lo; (B. SHErRrRY and D. Coox,
unpublished results), in contrast to results seen for a myocarditic coxsackievirus
strain in the same mice (Cook 1996; Cook et al. 1995). In addition, nonmyocarditic
reovirus strains did not induce cardiac lesions in SCID mice (SHERRY et al. 1993);
thus these viruses do not have a ““latent” myocarditic potential controlled by the
immune response. Together the data demonstrated that reovirus-induced myo-
carditis is not immune-mediated and confirm that this heart disease is strikingly
different from enterovirus-induced myocarditis.

3 Reovirus-Induced Myocarditis is Determined
by Viral Core Proteins Involved in RNA Synthesis

To identify the viral genes that determine myocarditic potential, we took advantage
of the reovirus segmented genome and used classic genetic analyses. First, we
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Fig. 1a,b. Cardiac sections from 8B-injected mice. Neonatal Cr:(NIH)S mice were injected intramuscu-
larly with 10° PFU of the myocarditic reovirus 8B. Five days after injection mice were killed, and hearts
were fixed and sectioned for H&E staining (a; adapted from SHERRY et al. 1989) or immunocytochemistry
using hyperimmune rabbit anti-reovirus antiserum (b). Sections stained with preimmune serum were
antigen-negative (data not shown)

focused on an unusually potent myocarditic reovirus reassortant, 8B (SHERRY and
FieLDs 1989; SHERRY et al. 1989), which was derived from a mouse infected with a
mixture of the two prototype strains serotype 3 Dearing (T3D) and serotype 1 Lang
(T1L) (WENSKE et al. 1985). While T3D is completely nonmyocarditic, and T1L is
poorly myocarditic, 8B is efficiently myocarditic, inducing myocarditis in all mice
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even when injected at low doses. Our genetic analyses (Fig. 2) using 8B-derived
reassortant viruses identified the 8B M1 gene as a determinant of myocarditis
(p = 0.002; Suerry and FIeLps 1989). The 8B L2 gene was also implicated
(p = 0.05; SHErRRY and FieLDs 1989), as was the 8B L1 gene (p = 0.019; SHERRY
and BLum 1994). The 8B M1, L2, and L1 genes were all derived from the TIL
parent virus (SHERRY et al. 1989), indicating that the 8B myocarditic phenotype
does not reflect a novel TIL/T3D TI1L gene constellation, and that instead 8B had
suffered a mutation(s) relative to T1L, as yet unidentified.

To determine whether the M1, LI, and L2 genes were associated with the
myocarditic potential of other reoviruses, we used reassortant viruses derived from
two other myocarditic viruses for analyses (SHERRY and BLum 1994). The M1 gene
was identified as a determinant of myocarditis in both analyses, consistent with our
initial observation using 8B-derived viruses. The L1 and L2 genes were associated
with disease in one analysis each, again consistent with our results using 8 B-derived
viruses. One analysis identified the S1 gene as a determinant of myocarditis;
however, its association with reovirus induction of myocarditis in general remains
unclear.

Together our three genetic analyses identified the M1, L1, and L2 genes as
determinants of reovirus-induced myocarditis. Interestingly, these same genes have
been implicated in virulence and replication in the liver, determining hepatitis
(HALLER et al. 1995). These three genes encode viral core proteins forming a
structural unit at each vertex of the core (Fig. 3) (reviewed in NiBERT et al. 1996 and
in this book). The L2-encoded A2 protein forms pentameric channels (DRYDEN et al.
1993; METCALF et al. 1991) for extrusion of newly synthesized RNA from the core,
where first strand RNA is synthesized. Protein 42 is also a guanylyl transferase
(CLEVELAND et al. 1986; Mao and JokLik 1991). The L1l-encoded A3 protein lies at
the base of the 12 pentameric channel (DRYDEN et al. 1993; FARSETTA et al. 1996;
METCALF et al. 1991), and has RNA polymerase activity (DRAYNA and FIELDs
1982; STARNES and JokLIk 1993). The M1-encoded p2 protein lies adjacent to A3
(FARSETTA et al. 1996), and genetic analyses have identified the M1 gene as a
determinant of RNA synthesis (CooMBs 1996; SHERRY et al. 1996; YN et al. 1996).
In addition, we have recently demonstrated that p2 is an RNA-binding protein
(BRENTANO et al., submitted). Thus, the M1, L1, and L2 genes encode proteins
involved in RNA synthesis. Together with the genetic analyses described above the
data suggest that viral RNA synthesis is a determinant of reovirus-induced myo-
carditis.

4 Primary Cardiac Myocyte Cultures Provide an In Vitro
Correlate to Investigate Reovirus-Induced Myocarditis

Given that reovirus-induced myocarditis is not immune-mediated, and that viral
core proteins involved in RNA synthesis are determinants of the disease, we asked
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Fig. 2. Genetic analysis of 8B-induced myocarditis: frequency of gross myocarditis. Neonatal Cr:(NIH)S
mice were injected intramuscularly with 4 x 10°-5 x 10’PFU virus. Hearts were examined when the
animals died or at 14 days postinjection, and a heart was scored as positive for gross myocarditis if any
external lesions were detected. Gene segment derivations are indicated in the following two ways: black/
white box, derivation from the myocarditic/nonmyocarditic parent, respectively; //3, TIL/T3D origin of
the gene segment. The EW series of viruses were derived from a cross between viruses 8B and EB121, and
thus the origin of the L3 segment in EW viruses could not be determined. The DB series of viruses were
derived from a cross between viruses EW60 and E3 (allowing determination of the origin of their L3
segments). (Adapted from SHERRY and BLuM 1994; SHERRY et al. 1989)

whether infected primary cardiac myocyte cultures provide an in vitro correlate for
viral myocarditis. First, we asked whether myocarditic reoviruses are more cyto-
pathogenic to primary cardiac myocyte cultures than nonmyocarditic reoviruses,
and if so, whether this cytopathogenicity is cell type specific. We generated primary
cardiac myocyte and cardiac fibroblast cultures from fetal and neonatal mice and
infected them with myocarditic and nonmyocarditic reoviruses (BATY and SHERRY
1993).

Cytopathic effect (CPE) in cardiac myocytes 3 days postinfection was corre-
lated with viral myocarditic potential (p = 0.003), but, interestingly, CPE in car-
diac fibroblasts was not (p > 0.05). We later found that all of the viruses infect only
a fraction of the cells during primary infections, and that progeny virus are gen-
erated in less than 1 day and can spread through the culture (SHERRY et al. 1996).
Thus by 3 days postinfection CPE reflects several rounds of infection. Therefore we
compared CPE from primary infections (20h postinfection) with CPE following
virus spread (5 days postinfection) (SHERRY et al., in press). CPE was evident in
primary infections, with viruses killing between 4% and 33% of the cells, but it was
not correlated with viral myocarditic potential (p > 0.05). Instead, this CPE was
associated with the S1 gene (p = 0.001), perhaps reflecting the efficiency of infec-
tion of cardiac myocytes (see Sect. 5.2).

In contrast, after viral spread cell death ranged from 18% to 75%, and CPE
was correlated well with myocarditic potential (p = 0.004). While this CPE was

Fig. 3. Location of proteins in the
reovirion associated with induction
of gross myocarditis. (Based on data
from DRYDEN et al. 1993; FARSETTA
et al. 1996; MEeTcaLF et al. 1991;
drawing adapted from SHERRY and
BLumM 1994)
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associated with the S1 gene (p = 0.002), it was also associated with the M1 gene
(p = 0.004), which is a determinant of myocarditis. Together the data suggest that
both myocarditic and nonmyocarditic reoviruses kill cardiac myocytes, but that
myocarditic reoviruses spread more efficiently and thus induce greater cumulative
cell death. The cardiac fibroblast results (BATy and SHERRY 1993) suggest that
cumulative cell death, reflecting viral spread, is cell type specific.

5 Reovirus-Induced Myocarditis is Correlated
with Viral RNA Synthesis Rather than Generation
of Infectious Virus in Cardiac Myocytes

5.1 Reovirus-Induced Myocarditis is Correlated
with Viral RNA Synthesis in Cardiac Myocytes

We next investigated viral replication in cardiac myocyte cultures to identify pa-
rameters that determine viral spread and cell death, and that are correlated with
viral myocarditic potential. Since viral genes involved in RNA synthesis are cor-
related with viral myocarditic potential, we used Northern analyses to quantitate
viral positive- and negative-strand RNA synthesis in cardiac myocyte cultures 10h
postinfection using a large panel of myocarditic and nonmyocarditic reassortant
reoviruses (SHERRY et al. 1996). Since the viruses could (and did; see below, and
SHERRY et al. 1996) vary in their infection efficiencies, and the number of infected
cells affects RNA measurements, we also calculated the ratio of positive- to
negative-strand synthesis to measure RNA synthesis independent of infection
efficiency. Both positive-strand RNA synthesis and the ratio of positive- to
negative-strand RNA synthesis are correlated with viral myocarditic potential
(p = 0.036 and 0.010, respectively; SHERRY et al. 1996). The S1 and M1 genes
were associated with RNA synthesis, consistent with the S1 gene determining the
efficiency of infection of cardiac myocytes (Sect. 5.2) and with Coomss and col-
leagues evidence for M1 gene involvement in RNA synthesis (Coomss 1996; YiIN
et al. 1996).

Together these data indicate that myocarditic viruses synthesize more viral
RNA than nonmyocarditic viruses do by 10 h postinfection. We repeated the ex-
periments in primary cardiac fibroblast cultures and mouse 1929 cells (unpublished
data), and viral RNA synthesis in both was correlated with viral myocarditic po-
tential. Importantly, while CPE in cardiac myocytes was correlated with viral
myocarditic potential (Sect. 4; BATY and SHERRY 1993), CPE in cardiac fibroblasts
(BATY and SHERRY 1993) and mouse L1929 cells (unpublished data) did not. Thus
the data suggested that cell-specific factors do not determine RNA synthesis, but
instead determine the consequences of RNA synthesis. The consequences in virally
infected cardiac myocyte cultures are CPE, and this is correlated with viral myo-
carditic potential.
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5.2 Efficiency of Infection and Yield of Infectious Virus from Primary
Infections of Cardiac Myocytes do not Determine Myocarditis

To determine the efficiency with which reoviruses infect cardiac myocytes we used
immunocytochemistry to identify infected cells in myocyte cultures infected with
our large panel of viruses (SHERRY et al. 1996). While the efficiency of infection
varied between viruses, it was correlated with the S1 gene (p = 0.004), encoding the
viral attachment protein rather than viral myocarditic potential (p > 0.05). Since
viral RNA synthesis is correlated with viral myocarditic potential, we asked
whether viral yield is as well.

We infected cardiac myocyte cultures with our large panel of viruses and
harvested duplicate cultures for immunocytochemistry and quantification of pla-
que-forming units (PFU) from primary infections (adding a viral inhibitor after
primary infections, precluding spread of virus; SHERRY et al. 1996). The results were
combined to determine the PFU per infected cell for each virus. Most of the viruses
generated similar yields of infectious virus per infected cell, and thus yield was not
correlated with induction of myocarditis or any reovirus gene (p > 0.05). Thus,
while RNA synthesis in cardiac myocytes was correlated with myocarditic poten-
tial, viral RNA synthesis did not determine viral yield from infected cells.

6 Spread Between Cardiac Myocytes Correlates
with Viral Myocarditic Potential, and Interferon-o/f
is a Determinant of that Spread

As described above, viral RNA synthesis during initial (primary) infections of
primary cardiac myocyte cultures and viral spread and cumulative cell death was
correlated with viral myocarditic potential, irrespective of viral yield from the
primary infections and irrespective of cell death during the primary infections. One
mechanism by which viral RNA synthesis can determine viral spread is by induc-
tion of interferon (IFN; reviewed in ViLcek and SEN 1996). IFN is induced by viral
dsRNA and is then secreted from infected cells. Upon binding neighboring cells
IFN stimulates the synthesis of multiple proteins which directly exert the antiviral
effect. Interestingly, these antiviral proteins are latent until activated (directly or
indirectly) by dsRNA, suggesting that various patterns of viral RNA synthesis
affect both induction of and sensitivity to IFN.

To test whether IFN is a determinant of reovirus spread between cardiac
myocytes we used anti-IFN-o/p antibody to neutralize IFN in the cultures and then
quantitated the effect on viral yield (SHERRY et al., in press). Specifically, we in-
fected the cultures at 0.1PFU per cell, added control antibody or anti-IFN-o/f
antibody, incubated for 7 days to allow viral spread, and then quantitated virus
yield by plaque assay. Viral yield from control cultures varied three logs between
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viruses and was correlated with viral myocarditic potential (p < 0.001), indicating
again that spread between myocytes is a determinant of myocarditis. This viral
yield was associated with the M1 and L2 genes (p < 0.001 and p = 0.049, respec-
tively), consistent with our earlier studies using T1L/T3D reassortant viruses
(MATOBA et al. 1991). Anti-IFN-o/f antibody enhanced every virus’ replication;
however, the benefit from anti-IFN-o/f antibody varied three logs between viruses
and was correlated with viral myocarditic potential (Fig. 4) (p < 0.001).

To determine whether induced IFN-o/f inhibits reovirus spread in other cell
types we repeated the experiment in a differentiated skeletal muscle cell line (C2C12
cells) (BLau et al. 1983). In these differentiated muscle cells viral yield in control
cultures varied only 1.5 logs between viruses and was not correlated with viral
myocarditic potential (SHERRY et al., in press). Moreover, the benefit from anti-
IFN-o/B antiserum was maximally threefold, and the benefit was not correlated
with viral myocarditic potential (Fig. 4). Therefore the role of IFN-o/f in con-
trolling reovirus spread was cell type-specific, and in cardiac myocytes nonmyo-
carditic viruses induced more IFN-a/B and/or were more sensitive to the antiviral
effects of IFN-o/p than myocarditic viruses.
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Fig. 4. Effect of anti-IFN-o/B antibody on reovirus spread through cardiac myocyte and differentiated
skeletal muscle cell cultures. Primary cardiac myocyte cultures prepared from fetal Cr:(NIH)S mice (BATY
and SHERrRY 1993) and differentiated C2C12 cells (a murine skeletal muscle cell line, BLAu et al. 1983)
were infected at a MOI of 0.1 PFU per cell, and anti-IFN-o/p antibody or control rabbit antiserum was
added. Seven days after infection, yield of infectious virus from cultures receiving anti-IFN-o/B antibody
was expressed as a ratio relative to cultures receiving control antibody, providing a measure of the benefit
of the anti-IFN-a/f antibody to virus replication. (Adapted from SHERRY et al., in press)
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7 Both Induction of Interferon-p and Sensitivity to the Antiviral
Effects of Interferon-o/p in Cardiac Myocytes are Determinants
of Reovirus Myocarditic Potential

To determine whether the anti-IFN-o/f antibody benefit to viral spread reflects
induction of IFN-o/B, cardiac myocyte cultures were infected with our panel of
viruses, and culture supernatants were titered at 10 and 20h postinfection for IFN-
/P levels by bioassay (SHERRY et al., in press). At 10h postinfection 8 of 12 non-
myocarditic viruses had induced detectable IFN while only 2 of 15 myocarditic
viruses had done so. The magnitude of IFN induction was correlated with viral
myocarditic potential (p = 0.006) and was associated with the M1 (p = 0.040), S2
(p = 0.004), and L2 (»p = 0.037) genes. At 20h postinfection nearly all (22/27)
viruses induced detectable IFN, but again the magnitude of IFN induction was
correlated with viral myocarditic potential (p = 0.007). This IFN induction was
associated again with the M1 (p = 0.038), S2 (p = 0.012), and L2 (p = 0.044)
genes. Thus nonmyocarditic viruses induced more IFN than myocarditic viruses
did in cardiac myocytes, and IFN induction was associated predominantly with
genes encoding viral core proteins.

To distinguish between IFN-o and IFN-B, RNA was harvested from infected
cardiac myocyte cultures for RT-PCR, using primers specific for IFN-a, IFN-f, or
the control G3PDH (SHERRY et al., in press). IFN-p mRNA was amplified from
nonmyocarditic viral infections but was not detectable from myocarditic viral or
mock infections. In contrast, IFN-oo mRNA was not amplified from any culture,
despite the strong positive signal from a DNA control. Thus reoviruses induced
IFN- in cardiac myocytes.

To determine whether the benefit of anti-IFN-o/p antibody to viral spread also
reflects sensitivity to IFN-o/B, cardiac myocyte cultures were pretreated with IFN-
/P or control buffer, then challenged with a panel of viruses, and harvested at 20h
postinfection to determine viral yield (SHERRY et al., in press). IFN-a/p treatment
inhibited each virus (maximally 2 logs), indicating that all viruses were sensitive to
IFN-o/B. Despite the limited variation between viruses (1 log) IFN-o/f inhibition
was correlated with viral myocarditic potential (p = 0.043) and was associated
with the M1 gene (p = 0.043). To maximize sensitivity we modified the experiment
by infecting at a low MOI and incubating the cultures for 7 days instead of 20h. In
addition, since the viruses vary in their IFN-o/B induction, we included anti-IFN-o/
B antibody in the control cultures. IFN-0/f inhibited viral yield 2-6.5 logs, and this
inhibition was correlated with myocarditic potential (p = 0.003), and was associ-
ated with the M1 and L2 genes (p = 0.016 and 0.033, respectively). Thus non-
myocarditic reoviruses were more sensitive to the antiviral effects of IFN-o/B than
myocarditic viruses, and this sensitivity was determined by genes encoding viral
core proteins.

To determine directly whether IFN-o/B is a determinant of myocarditis we
depleted IFN-o/B in Cr:NIH(S) neonatal mice using anti-IFN-o/B antibody (or
control antibody) and then injected them with a nonmyocarditic virus that both
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induces IFN-o/B and is sensitive to IFN-a/f (DB188, SHERRY et al., in press). Mice
were sacrificed 7 days postinjection and cardiac sections were examined for lesions.
There were no lesions in the cardiac sections from control antibody-treated DB188-
infected mice but multiple lesions in cardiac sections from the anti-IFN-o/p anti-
body treated DB188-infected mice. Thus a nonmyocarditic virus induced cardiac
lesions when IFN-a/B was depleted, demonstrating that IFN-o/p is a determinant
of its myocarditic potential. Since the antibody neutralized an unknown fraction of
the IFN-a/B, and it is uncertain whether neutralization was uniform throughout the
tissues (including the heart), it is likely that complete and uniform depletion, using
IFN-o/B-receptor knockout mice (MULLER et al. 1994) would magnify the effects
seen here, and those experiments are in progress.

8 Conclusions

Reovirus provides an ideal tool for investigating the mechanisms of nonimmune-
mediated myocarditis. Results are summarized in Fig. 5, as follows. The efficiency
with which reoviruses infect cardiac myocytes is determined by the S1 gene, most
likely reflecting the function of the viral attachment protein that it encodes. Syn-
thesis of viral RNA is determined by both the S1 and M1 genes and is correlated
with induction of myocarditis. Generation of infectious virus, however, is corre-

Fig. 5. Determinants of reovirus-induced acute myocarditis. (See Sect. 8)
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lated with the fraction of cells infected and, when normalized to account for dif-
ferences in infection efficiency, is relatively constant between viruses. Thus viral
yield from initial (primary infections) is not correlated with viral RNA synthesis,
induction of myocarditis, or any reovirus gene.

All of the reoviruses can kill cardiac myocytes; however, cytopathic effect in
the initial infections is correlated with the S1 gene and the fraction of cells that are
infected rather than induction of myocarditis. In contrast, viral spread between
cardiac myocytes is well correlated with induction of myocarditis, and both cu-
mulative cardiac myocyte cell death and cumulative viral yield from multiple
rounds of infection are correlated with viral myocarditic potential. Critically, both
induction of IFN-B and sensitivity to IFN-o/f are determinants of this spread, and
nonmyocarditic viruses both induce more IFN-§ and are more sensitive to IFN-3
than myocarditic viruses. This provides the first direct evidence that IFN-f in-
duction and IFN-o/f sensitivity can determine viral myocarditis.

Interestingly, IFN-o treatment of a patient with enterovirus-induced myo-
carditis which progressed to dilated cardiomyopathy was beneficial (HEiM et al.
1994). Moreover, IFN-a treatment has recently been demonstrated to be beneficial
for patients with idiopathic myocarditis or dilated cardiomyopathy (MIric et al.
1996), suggesting that the IFNs may play an important role in other viral myo-
carditities as well. Continued investigations of reovirus-induced myocarditis are
likely to provide additional insights into the role of IFN and the mechanisms by
which viruses induce this important human disease.
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1 Introduction

During the initial surveys in search of viral infectious agents carried out in the late
1940s to the 1960s reovirus was discovered to be a common infectious agent that
was recovered from the feces of virtually all mammals (Rosen and ABINANTI 1960;
Hrpy et al. 1979). In humans, exposure to the mammalian reovirus occurs in
childhood, with a high proportion of the population having serological evidence of
infection by young adulthood (LERNER et al. 1947; JacksoN et al. 1961; LEERs and
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Royce 1966). However, a role of reovirus in the pathogenesis of symptomatic
infection has not been substantiated in humans. Although reoviruses have not been
conclusively implicated in any human disease, this viral system has served as a
model to study the manner by which other more pathogenic viruses in humans may
infect the gut and gain entry into a mammalian host. The ability to manipulate the
viral genetic elements has enhanced our ability to define viral proteins associated
with virus delivery, entry, and infection at the primary site of entry and has been an
additional rationale to study reovirus infection.

2 Initiation of Infection: A Role for Proteolytic Enzymes

The intestine, a site of primary contact with reovirus, is capable of supporting virus
replication. In mammalian hosts the intestinal epithelium is infected in various
ways, including oral inoculation, introduction by nasal spray, or intravenous in-
jection (TyYLER and FiELDs 1996; RUBIN et al. 1986a). Moreover, replication of virus
and release into the feces provides a route of dissemination of infectious virus into
the environment. Therefore the replication of reovirus in the intestine serves as a
vehicle for entry and expansion of infectious virions and a site for egress for
eventual infection of new hosts.

Closely packed reovirions that form at lattice array within the cell are released
when cells die. In this form, the genetic material is protected from the outside world
by two distinct concentric coats of proteins, and the virus attachment protein, o1, is
retracted to the virion surface (NIBERT et al. 1991, 1996). This structure of the
virion survives in sewage or river water and is ingested by a second host to begin the
infectious cycle anew. The virion is extremely stable in the intestinal milieu and
resists inactivation by acid, bile salts, and proteases (NIBERT et al. 1996). However,
the ingested reovirion is modified by the digestive protease chymotrypsin in the
lumen of the small intestine to the intermediate (or infectious) subviral particle
(ISVP) (SpeNDLOVE et al. 1970; Jokvrik 1972; RuBiN and FieLps 1980; Bass et al.
1990). The ISVP loses the o3 protein and partially cleaves the plc protein, which
results in the extension of the ol protein (JokLik 1972; DRYDEN et al. 1993).

The biological significance of the transformation from virions to ISVPs and the
resultant increase in infectivity has been studied by using virions and in vitro
generated ISVPs to infect L cells in vitro. Reovirus type 1, strain Lang (1/L) showed
a twofold increase in infectivity of L cells when converted from virion to ISVPs
while reovirus type 3, Dearing (3/D), showed a 90% decrease in infectivity when
handled in the same way. Curiously, the hemagglutination capacity of the type 1
reovirus was unchanged upon conversion to ISVP while that of type 3/D increased
approximately eightfold (NIBERT et al. 1995; VIRGIN and TyLER 1991). In part, the
changes in infectivity have been mapped to the partial cleavage of the plc of
reovirus type 1, which results in the slight increase in infectivity after conversion to
ISVPs (RusiN and FieLps 1980; Bass et al. 1990). For reovirus type 3/D a portion
of the ol protein containing the cell receptor binding site is cleaved leaving the
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hemagglutinin domain in the fiber portion more exposed. Thus, binding of virus to
cellular receptors is reduced and hemagglutination capacity is enhanced. Therefore,
the loss of infectivity of reovirus type 3 in an intestinal milieu is related to the loss of
the virus attachment proteins’ binding site to its cellular receptor but not its ca-
pacity to bind to and infect red cell precursors (NIBERT et al. 1995). The relative
susceptibility of reovirus type 3/D to proteolytic inactivation in the intestine is not
conserved by other reovirus type 3 isolates, suggesting that this mutation occurred
with adaptation of this strain to laboratory conditions.

The importance of the conversion of the virion to ISVP can also be demon-
strated in vivo. When neonatal mice were inoculated perorally with radiolabeled
type 1/L virions, all virus which was recovered from the lumen of the intestine by
30 min. postinoculation was observed to have been converted to ISVPs. This pro-
cess may be monitored by electrophoresis and autoradiography of the radiolabeled
virus recovered from the lumen of the intestine since the outer coat proteins of the
virion, 63 and plc, are present in virions but not ISVPs (BobpkiN et al. 1989). In
addition, the conversion of virion to ISVP can be greatly inhibited in neonatal mice
by intragastric pretreatment of the mice with the protease inhibitors aprotinin and
chymostatin. When mice are given these protease inhibitors before peroral inocu-
lation of virus, much lower titers of virus are produced from the infected intestines
than in mice inoculated with identical titers but pretreated only with saline. This
inhibition of virion to ISVP conversion may also be observed with autoradiography
as above. A confirmatory experiment in which mice were pretreated with protease
inhibitors and then infected with in vitro generated ISVPs revealed no inhibition of
to virus growth as measured by titers taken from infected intestines up to 24h
postinoculation (Bass et al. 1990). Also, electron micrography of actual virus
binding to cells in the intestine confirmed directly that ISVPs bind much better than
intact virions (AMERONGEN et al. 1994). Clearly, the conversion of virions to ISVPs
is an important early step in the reovirus intestinal infection process.

One may hypothesize that it is beneficial for intact virions to pass through the
distal bowel without binding to the host cells, as this would facilitate passage to the
outside environment. As the ISVPs are less stable than whole virions, their presence
in feces as the dominant viral form would not ensure transmission to a new host.
Therefore, the relatively protease free distal intestine would be less likely to be
directly infected by reovirus. However, the difference in binding and internalization
between virions and ISVPs is not absolute (Bass et al. 1990; AMERONGEN et al.
1994). This may indicate that the intact virion has at least some capacity to bind to
M cells and infect intestinal cells.

3 Site of Intestinal Absorption: M Cells and Polarized Epithelium

Electron micrography has consistently established that reovirus is highly specific in
its binding to the apical or luminal side of one particular cell type, the M cell (WoLF
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et al. 1981, 1983; Bass et al. 1988; AMERONGEN et al. 1994). These are specialized
epithelial cells that make up about 10% of the dome epithelial layer that overlies
the intestinal lymph nodules, or Peyer’s patches, found largely in the ileum. These
cells have distinct microfolds on their luminal side and are thus known as M cells.
Their function involves endocytosis of large molecules from the lumen of the in-
testine and transport of these molecules in vesicles to the intercellular space where
the molecules then become accessible to the cells of the immune system. Reovirus,
as with a number of other pathogens, such as poliovirus, HIV, some bacteria
(Mycobacteria, Salmonella), fungi (Candida), and parasites (Cryptosporidia), utilize
this transepithelial transport process to enter the host (SHINER 1985).

With electron microscopy, dense clusters of type 1 reovirus particles can be
seen adhering to the luminal side of M cells within 30min after the intestines of
suckling mice are inoculated with reovirus. In these same micrographs the directly
adjacent absorptive cells are nearly devoid of adherent virus particles. Moreover,
within 1h of infection endocytosed virus can be found within M cell vesicles and a
few are even visible in the extracellular space beneath M cells, presumably having
been transported already entirely through the M cell (WoLF et al. 1981, 1983; Bass
et al. 1988). Additional studies have identified the binding and endocytosis of
reovirus type 3/D to occur at the apical side of the absorptive cell in suckling mice
(WoLr et al. 1983). Also, in the youngest suckling mice, (2- to 6-day-old) both crypt
and villus cells were observed to attach and internalize virus in contrast with older
mice in which binding is to the basal lateral side exclusively (WoLF et al. 1987).

Additional evidence that absorptive cells are not the major type of cell that
reovirus attaches to comes from work with freshly isolated intestinal epithelial cells.
When the binding of reovirus to primary cultures of adult mouse intestinal crypt
and villus cells was tested in vitro, it was found that reovirus types 1 and 2 bind only
to the nonluminally exposed basolateral side of the cells while reovirus type
3/D do not bind at all (RuBiN 1987; WEINER et al. 1988). Thus it seems well
established that the M cells overlaying the Peyer’s patches are the primary site of
attachment and invasion of reovirus type 1 in the older suckling and adult mice.
However, in in vitro cultures of Caco-2, a human adenocarcinoma cell line that
maintains polarization, reovirus virions of both types 1 and 3 bind to and inter-
nalize from the apical (luminal) side of these cells. Moreover, rat intestinal apical
membrane vesicles also bind both reovirus types 1 and 3 (AMBLER and MACKAY
1991). These results, which conflict with those obtained with freshly isolated tissues,
may reflect a lack of polarization of the reovirus receptors under culture conditions
or differences of viral tropism among the different animal species. Further study of
this question requires the identification of the cellular receptor(s) for reovirus.

In addition to providing sites for virus entry into the host, M cells are also
likely to serve as targets for virus replication (Bass et al. 1988). Bass and coworkers
were able to demonstrate that virus factories were present in M cells at 4h following
infection, suggesting active virus replication. Alternatively, the presence of ““fac-
tories” so early after virus inoculation may demonstrate the incorporation of ag-
gregates of virions and not replication, with the dramatic decrease in M cell
numbers that occur 4h postinfection being due to a cytotoxic effect resulting from
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the high virus inoculum. The authors speculate that the rapid die-off of infected M
cells may benefit the host, as their rapid depletion may limit the amount of
pathogen that can enter by that route. In any case, the damage to the host is not
permanent as the M cell population returns to normal by 13 days after infection
(Bass et al. 1988). RuBiN and coworkers (1985) using immunohistochemical
staining to demonstrate reovirus infected intestinal epithelial cells did not find
evidence of M cell infection at 48h following peroral inoculation of reovirus type 1.
However, murine M cells would be virtually impossible to visualize by light mi-
croscopy. Therefore the results obtained by these two laboratories are not neces-
sarily conflicting.

4 Intestinal Epithelial Cell Infection

Using immunoperoxidase staining of infected adult mouse intestines, the crypt and
dome absorptive epithelial cells were the initial reovirus antigen positive cells, at
48h, and mononuclear cells beneath the dome epithelium and in Peyer’s patches
were occasionally also antigen positive (RUBIN et al. 1985). There is considerable
evidence that the infection of the absorptive cells is from the basolateral side of the
cells. First, in vitro, isolated epithelial cells bind reovirus type 1 to their basolateral
surface, the side accessible from the extracellular space (RUBIN 1987; WEINER et al.
1988). Bass and coworkers also found reovirus type 1 in the dome epithelium, villus
absorptive cells, and some mononuclear cells 4-6h after infection in 10-day-old
mice by electron micrography (Bass et al. 1988). They also found that the ratio of
virus attached to the basal versus the apical side of the cell was 10:1. When this
ratio was normalized to account for the greater surface area of the apical side of the
absorptive cells the ratio was closer to 100:1 (Bass et al. 1988). Thus, the binding of
virus is markedly greater to the basal rather than luminal side of absorptive cells.
Third, these absorptive cells are found to become infected in animals that are
injected intravenously with reovirus type 1, which exposes the basal side of the cells
to virus (RUBIN et al. 1986a,b). Thus, the infection of the intestinal cell types found
adjacent to the site of entry of the virus can be accounted for by viral tropism and
anatomical proximity, supporting the contention that the reovirus type 1 receptor
on murine intestinal epithelial cells is polarized.

The ileum is the site of the most intensive infection within the bowel. When
adult mice were orally inoculated with a high titer (10° PFU, of reovirus type I) and
the intestinal segments of duodenum, jejunum, ileum, and colon were titered for
viral growth, virus was detected in all the segments. However, the titers of virus in
the ileum were consistently equal to or greater than that in any of the other seg-
ments. In fact, by day 6 postinfection, the titer from the ileum was nearly three
orders of magnitude greater than that from the other sections. Also, it was only in
the ileum that the reovirus content in infected cells was sufficient for virus to be
visualized by immunohistochemistry. Moreover, when adult mice were inoculated
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with progressively higher titers of virus and their bowels were examined micro-
scopically for pathological changes, the evident damage was restricted to ileum.

At 2-14 days following infection mice that received 10°~10° PFU reovirus had
evidence of inflammatory cells in the lamina propria of the ileum. In addition, there
was epithelial cell hyperplasia of the crypts with a loss of nuclear polarity. When the
mice were given the extremely high dose of 10'° PFU per mouse, half of them (5/10)
died by day 5. All of the dead mice had transmural perforations of the bowel
restricted to the ileum (RuBIN et al. 1985). Strikingly, when the mice were given the
lethal dose of 10" PFU of reovirus type 1 intravenously instead of orally, histo-
pathological lesions in the intestine were limited to the ileum (RuUBIN et al. 1986a,b).
These studies demonstrate that there is a high degree of tropism in reovirus type 1
for the ileum.

Within the ileum the cells most intensely infected were the undifferentiated cells
in the crypts of Lieberkiihn. While a few macrophages and some dome epithelium
and villus cells stained for virus antigen, most of the reovirus antigen positive cells
were in the crypts (RuBIN et al. 1985). The difference between the infection of the
crypt and villus cells is probably not due to their accessibility by the virus as the villus
cells are supplied by greater vascularity than the crypts. However, the difference in
viral growth may be due to the replicative capacity of the cells. Thymidine incor-
poration studies have shown that the zone of mitotic activity is limited to the crypts
of Lieberkiihn. By the time the villus cells have migrated from the crypts on their 2-
to 6-day trip to the tips of the villi and eventual sloughing off, they have ceased to
divide and have begun to differentiate. Thus reovirus, which grows best in rapidly
dividing cells, may find the crypt cells to be better hosts (DUNCAN et al. 1978).

5 Intestinal Infection Occurs in Proliferating Cells

Direct experimental evidence that reovirus replication occurs in actively prolifer-
ating intestinal cells comes from in vitro work using rat intestinal epithelial cells
(RIE-1 cells) (BLAY and BRowN 1984, 1985). When RIE-1 cells form a confluent
monolayer, they cease to divide and partially differentiate into villuslike cells.
Confluent monolayers of RIE-1 cells arrest cell development at the Go-G, stage and
reovirus type 1 infection is restricted to a few scattered cells as is evident by
immunohistochemistry staining for virus antigen (ORGAN et al., submitted).
However, if a quiescent monolayer of RIE-1 cells is scratched with a pipette tip,
cells at the edge of the scratch proliferate until the gap in the monolayer is healed. If
a scratched monolayer is infected with reovirus and then examined by immuno-
histochemistry for reovirus antigen as the gap is healed, the proliferating cells at the
edge of the gap contain enough reovirus antigen to see the healed scratch against a
relatively unstained background (ORGAN et al., submitted).

Together the above data support and enhance the model of reovirus type 1
intestinal infection in adult mice first proposed by RuBin et al. (1985) (Fig. 1). In
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this model the ingested virion is converted to an ISVP by the digestive enzymes of
the host, and it then breaches the mucosal barrier of the intestine by passing
through the M cell to the extracellular space. Then it either is endocytosed by a
macrophage, which it infects, or it is taken up by a vein or the lymph system where
it diffuses to the basal side of a dome epithelia or villus or crypt cell where the virion
initiates an infection by being endocytosed. A productively infected crypt cell
continues to migrate up towards the villus. Virus-laden villus cells are sloughed off
at the villus tip or die prematurely, thereby releasing the virus into the lumen of the
iritestine. The released virus may then be converted into an ISVP and repeat the
cycle. However, since it appears that most of the virus is produced in the ileum,
which is distal to the pancreatic proteases, most of the virus is likely to retain its
virion form and get passed from the body into the environment where it awaits
ingestion to begin the cycle anew (Fig. 1).

Reovirus type 3 strains differ from reovirus type 1 in their capacity to replicate in
the intestine. Both reovirus types 1 and 3 are endocytosed by M cells in suckling and

Fig. 1. Schematic diagram, showing the probable route of entry and local or systemic spread of reovirus.
Virus (a) in the lumen of the intestine is transported into the host via M cells (b) to the macrophage-rich
subepithelial region overlying a Peyer’s patch. From the lymphoid follicle, the virus either is endocytosed
(¢) and carried intracellularly or follows freely in lymph to the basal crypt epithelial cells. Dissemination
of virus may occur () by vein (/) or by lymphatic efferents (2) to the blood stream where it is circulated to
systemic or intestinal sites supportive of virus replication, thereby resulting in infection of crypt cells
distant to the Peyer’s patch. In the intestine the infected basal crypt cell (e) migrates.toward the villus tip
during maturation into an absorptive enterocyte; lysis or exfoliation releases free virus into the intestinal
lumen. (Reprinted from RusiN et al. 1985 with permission of the authors and the Journal of
Virology)
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adult mice. However, while reovirus type 3 is also apically endocytosed by absorptive
cells in sucking mice, reovirus type 1 is not (WoLF et al. 1981, 1983; RuBiN et al. 1985;
MORRISON et al. 1991; Bass et al. 1988). While some authors have described reovirus
type 3 intestinal infection in suckling mice (KAUFFMAN et al. 1983; BRANSKI et al.
1980; Keroack and FiELDs 1986; BopkiN and FIELDs 1989), the data are not entirely
consistent. For example, some authors describe rapid clearance of reovirus from
suckling mouse intestine (BopkIN et al. 1989) while others describe prolonged in-
fection (BRANSKI et al. 1980). Differences in mouse strains and methodologies may
explain some of the inconsistencies while differences in reovirus type 3 isolate clones
may account for others (KEROACK and FIELDs 1986). It is also possible that prior to
gut closure, the capacity of reoviruses to enter the apical side of intestinal epithelial
cells exists (WALKER 1979; REINHARDT 1984). In adult mice there is very little evi-
dence that reovirus type 3 infects intestinal cells at all unless enormous titers of virus
are used to initiate infection (RUBIN et al. 1986b). One group (WEINER et al. 1988)
using radiolabeled virus or indirect immunofluorescence has shown that reovirus
type 3 fails to bind to isolated adult mouse intestinal epithelial cells. However, a
tissue culture of intestinal cells derived from human cells, Caco-2 cells, is able to bind
reovirus type 3 as are isolated rat intestinal cell vesicles (AMBLER and McKAy 1991).
Whether species differences result in the variation observed is uncertain.

6 Viral Determinants for Intestinal Infection and Systemic Spread

Reovirus isolates that have a reassortment of reovirus types 1 and type 3 gene
segments have been used to map the tropism of type 1 to the intestine. Consistently,
the SI gene of type 1 which encodes the ol protein has been identified as an
intestinal tropic factor (RusiN et al. 1986b; Bopkin et al. 1989; HALLER et al.
1995a). Additionally, the M2 and L2 genes have been identified as playing a role in
reovirus type 1 virulence in or transmission of intestinal infection (RUBIN and
FieLps 1980; Keroack and FIELDs 1986; BopkiIN et al. 1989). Both the S1 and L2
gene segment have been identified as being important as virulence factors for a
number of organ systems. Moreover, the virus attachment protein, cl, of type 1
has been identified as being important for reovirus tropism to other organs as virus
spreads from the intestine via the blood, whereas the reovirus type 3 ol protein
targets neuronal cells in the gut and is associated with neuronal spread to the
central nervous system following gut entry (TYLER et al. 1989).

7 Liver as a Site of Viral Clearance

Mesenteric veins drain the intestine and empty into the portal vein of the liver,
where intestinally absorbed reovirus is cleared. This can be inferred indirectly from
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the finding that the liver has evidence of infection within 18h of peroral inoculation
of 10° PFU of reovirus type 1 in adult mice, whereas other organs do not have
measurable virus this early (RuBin, unpublished observation). More direct evidence
shows that when adult rats were injected intravenously with radiolabeled virus,
within Smin over 90% of the virus had been cleared from the bloodstream. While
the lungs cleared a disproportionate amount of reovirus type 1, the liver and spleen
both accumulated high levels of both reovirus type 1 and 3 (VERDIN et al. 1987).
These data indicate that both reovirus types 1 and 3 can be cleared from the blood
by cells in the liver. Whether this reflects specific binding of reovirus to liver en-
dothelial or tissue fixed macrophages (Kupffer cells) is uncertain.

Some of the virus that enters the liver by way of the bloodstream appears to be
specifically exported into the bile. When the luminal contents of the intestines of
mice intravenously infected with reovirus T1/L were titered 24h postinfection, it
was found that the highest titers came from the duodenum. Since the duodenum is
proximal to the ileum, the region of the intestine that is most intensely infected with
T1/L, it was felt that virus was entering the lumen of the intestine from sites other
than productively infected intestinal cells. In fact, when the bile duct was cannu-
lated prior to infection and the bile was collected and titered at several time points
postinfection, it was found that virus appeared in high titers in the bile as soon as
30min after infection, much too soon to be a result of newly replicated virus.
Moreover, since the titers achieved in the bile are greater than the titers achieved in
the blood and since infection with T3/D does not result in measurable titers in the
bile, it is apparent that some form of specific active transport of T1/L from the
circulatory system into the bile is at work (RuBIN et al. 1987).

This specific elimination of the T1/L virus from the hepatic system into the
bowel seems to be driven by at least a subset of the Kupffer cells. These cells are
known to selectively transport a macromolecule, immunoglobulin A (IgA), from
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