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Preface

The viruses of the family Rhabdoviridae have an exceedingly broad host
range and are widely distributed throughout the animal and plant king-
doms. Animal rhabdoviruses infect and often cause disease in insects,
fish, and mammals, including man. The prototype rhabdovirus, vesicular
stomatitis virus (VSV), has been extensively studied and provides perhaps
the best model system for studying negative-strand viruses.

The popularity of VSV as a model system is to a considerable extent
due to its relative simplicity and to its rapid growth, generally to high
titer, in many cell types ranging from yeast to human. The nucleocapsids
of these viruses also carry transcriptional and replicative functions that
are expressed in cell-free systems. The first RNA-dependent RNA poly-
merase was described in VSV and its G protein provided an early model
system for studying the synthesis, processing, and membrane insertion
of mammalian glycoproteins. VSV is also highly cytopathogenic and has
been studied quite extensively for its capacity to kill cells and to shut
off cellular macromolecular synthesis. Even earlier, VSV was discovered
to be highly susceptible to the action of interferons and has served ever
since as a means for quantitating the activity of interferons.

To my way of thinking, the spark that ignited the explosion of re-
search in this field was struck at the First International Colloquium on
Rhabdoviruses, attended by 30 or so participants in Roscoff, France, in
June 1972. Recent years have witnessed the rapid development of insights
into the structure and function of the subunit components of rhabdovi-
ruses, based largely on concomitant advances in molecular biology, ge-
netics, and protein chemistry. In 1975, a single review chapter in Volume
4 of Comprehensive Virology, the series antedating The Viruses, was
deemed sufficient to encompass much of the knowledge about rhabdo-
viruses. The time now seems ripe to produce a revised and greatly ex-
panded treatise on The Rhabdoviruses. The expansion in our knowledge
over the past decade or so mandated a complete volume rather than a

vii



viii PREFACE

single chapter. Moreover, it was inconceivable that the breadth and depth
of relevant information could be reviewed and analyzed adequately by a
single author. Hence, the current volume contains reviews, by authors
versed in the intricacies of specific areas of rhabdovirus research, of those
subjects to which they have made major contributions. For all of us and
for many other colleagues throughout the world, it has been a labor of
love.

Robert R. Wagner
Charlottesville, Virginia
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CHAPTER 1

The Family Rhabdoviridae

General Description and Taxonomy

FRED BROWN

I. INTRODUCTION

The occurrence of rhabdoviruses in vertebrate, invertebrate, and plant
hosts makes them a subject of interest not only to animal and plant
virologists, but also to those interested in comparative virology and ev-
olution. The structure of the viruses infecting the different kinds of host
is remarkably similar, and it has been suggested that some rhabdoviruses
that infect plants may also infect vertebrates (Johnson et al., 1969). More-
over, one member, vesicular stomatitis virus, infects several vertebrate
hosts, multiplies in Aedes mosquitoes, and grows in leafhoppers, which
are the natural vector of maize mosaic virus, a plant rhabdovirus. Con-
sequently, the rhabdoviruses offer great opportunity to study the evolu-
tion of viruses within a family. Unfortunately, this opportunity does not
seem to have been grasped so far, but the availability of nucleic acid-
sequencing techniques should now make this study attractive.

The term “rhabdovirus” was first suggested by Melnick and Mc-
Coombs in 1966 and the International Committee on Nomenclature of
Viruses recommended its adoption in 1970 (Wildy, 1971). In the universal
taxonomic scheme adopted by the International Committee on Taxon-
omy of Viruses, the term Rhabdoviridae is used. The name rhabdovirus
is derived from the Greek “rhabdos,” meaning rod, but in fact the viruses
have a bullet shape or bacilliform morphology.

FRED BROWN e Wellcome Biotechnology Ltd., Surrey GU24 ONQ, England.



2 FRED BROWN

The first morphological studies on a member belonging to the family
were made by Chow et al. (1954} and Bradish et al. (1956}, working with
vesicular stomatitis virus. The distinctive bullet-shaped morphology was
also found for rabies virus (Almeida et al., 1962}, and since that time large
numbers of morphologically similar viruses have been found in verte-
brates, invertebrates, and plants. More than 100 viruses are presently
classified as members or possible members of the family on the basis of
their morphology (Brown et al., 1979). Without the distinctive shape, it
is highly likely that most of the viruses would have remained as unclas-
sified, lipid-solvent-sensitive viruses.

While the reliance on electron microscopy is probably acceptable
with a group of viruses possessing such a distinctive morphology, the
result has been that many possible members have not been examined and
characterized in a satisfactory way. Consequently, with the exception of
a small number of viruses that infect animals, fish, and plants, very few
structural details are known for most of the so-called rhabdoviruses. Only
a few serological relationships have been worked out and even the most
rudimentary examination of the virus nucleic acid and proteins is lacking
for most putative members.

Most information is available for vesicular stomatitis virus. There
are historic reasons for this situation. First, the virus causes a disease
that is clinically similar to, if not indistinguishable from, one caused by
foot-and-mouth disease virus. Consequently, there were important eco-
nomic reasons for studying vesicular stomatitis virus. Second, there was
the discovery by Cooper and Bellett in 1959 that the virus exhibited the
autointerference phenomenon which even today has not been explained
in molecular terms. Moreover, the importance of the phenomenon in the
natural regulation and outcome of the disease has led to several studies
with the interfering particle of vesicular stomatitis virus (see Chapter 8).
Third, the ease with which the virus can be grown in a variety of tissue
culture systems and subsequently purified has made it an attractive model
for biochemists interested in replication and in the dissection of viruses
into biologically active subunits. Fourth, and possibly of greatest signif-
icance, the observation that its RNA was not infectious and the subse-
quent demonstration that an RNA-dependent RNA polymerase (Balti-
more et al., 1970} within the virus particle was required for infectivity
led to the major division of RNA-containing viruses into positive- and
negative-strand viruses (Baltimore, 1971).

The recognition that rabies virus had many structural features in
common with vesicular stomatitis virus, stemming from the electron
microscopic examination of the particles, provided an added stimulus to
the study of the rhabdoviruses because of the importance of rabies. This
has led in turn to the more detailed study of a few bullet-shaped viruses
which cause other important diseases of animals, fish, and plants. Con-
sequently, some pattern has emerged regarding the family of rhabdovi-
ruses.
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It is probably fair to say that the relationships between those viruses
infecting vertebrates are more clearly defined, probably because virolo-
gists working with them have used serological methods to a much greater
extent than have plant virologists. Thus the situation exists within the
plant rhabdoviruses that isolates of the same virus have been given dif-
ferent names, and few comparisons have been reported between different
isolates (Milne et al., 1986). The failure to use such powerful tools on a
wide scale means that relationships between plant rhabdoviruses are less
well-defined. The value of the serological approach has been emphasized
by the recent demonstration that rhabdoviruses bearing the names Mo-
roccan wheat rhabdovirus and wheat rosette stunt virus (from China) are
in fact strains of barley yellow striate mosaic virus from Italy (Milne et
al., 1986).

II. VIRUS STRUCTURE

A. Electron Microscopy

All the rhabdoviruses occurring in vertebrates are bullet-shaped and
consist of a helically wound ribonucleocapsid surrounded by a unit mem-
brane envelope layer which in turn is surrounded by an outer layer through
which spike projections protrude. The surface projections are clearly dis-
cernible, spaced at 4- to 5-nm intervals, on several members of the family.
Although in most viruses there is no apparent arrangement of the pro-
jections, with some, particularly rabies virus, there appears to be some
symmetry in their positioning. The honeycomb appearance of rabies virus
and Klamath virus and the number of copies of each of the major structural
proteins of vesicular stomatitis virus suggested to Cartwright et al. (1972)
that there was a hexagonal arrangement of the matrix protein. This ar-
rangement in turn suggested that the surface projections passed through
the lipid membrane and came into close juxtaposition with the matrix
protein. Although there is no direct electron microscopic evidence for
this arrangement with intact particles, micrographs of vesicular stoma-
titis virus from which most of the lipid layer has been removed with
phospholipase C provide good evidence for the close contact of the surface
projections with the matrix protein because they appear much longer
than in the untreated particles (Cartwright et al., 1969). Moreover, virus
particles which had been treated with low concentrations of formaldehyde
were no longer disrupted with sodium dodecyl sulfate (Brown et al., 1974).
Although the lipid was completely removed, the skeleton of the virus,
to which the surface projections were still attached, remained. This evi-
dence suggested that the surface projections had cross-linked to the matrix
protein or ribonucleoprotein.

In confirmation of this structure Mudd (1974) showed that trypsin,
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which shaves the surface projections from the virus particles, leaves a
protein long enough to traverse the lipid bilayer. The balance of evidence
thus points to a structure in which the surface projections penetrate the
lipid bilayer and come into close juxtaposition with the membrane protein
in an ordered array.

B. Chemical Composition

Detailed chemical analyses are available for only a few of the mem-
bers of the family. Where these are available, however, there is a re-
markable consistency. The RNA, which makes up about 2% of the virus
particle, is single-stranded with a sedimentation coefficient of 38 to 458,
corresponding to a molecular weight of approximately 4 x 10¢, and is
noninfectious, being of negative polarity. There is one copy of the RNA
in each virus particle. An RNA-dependent RNA polymerase which con-
verts the virion into five messenger RNAs is associated with the particle.
Each of the messenger RNAs codes for a protein found in the virus particle.

Most of the rhabdoviruses contain five proteins: large protein (L; mol.
wt. 190 x 103, glycoprotein (G; 70 x 103), nucleoprotein (N; 50 x 103),
nonstructural protein (NS; 40-45 x 10%), and matrix protein (M;
20-30 x 103). The G protein is the surface projection which is so prom-
inent in electron micrographs of the virus. All the other proteins are
located inside the viral envelope. The N protein is closely associated with
the RNA and although the two molecules are not covalently linked (being
separable by 0.1% sodium dodecyl sulfate), the RNA is protected from
the action of ribonuclease by the protein. The ribonucleoprotein can be
extracted from virus particles with sodium deoxycholate as a stringlike
molecule, but within the virus particle the ribonucleoprotein is in the
form of a helix, presumably maintained in this configuration by the matrix
protein M. From calculations of the number of molecules of the G, N,
and M proteins in a single virus particle, Cartwright et al. (1972) proposed
a model that accounts for most of the structural features of the virus and
viral subunits.

The other two proteins, L and NS, are present in only small amounts.
They form the complex that, with the ribonucleoprotein as template,
provides the transcriptase activity of the virus. This enzyme transcribes
the virus RNA into the five messenger RNAs already referred to (see
review by Hunt et al., 1979). These observations account for the fact that
the nucleocapsid produced from the virus particle by removal of the gly-
coprotein and lipid envelope with mild detergents is still infectious, albeit
at a much lower level than the virus particle. Similarly, virus particles
from which the cell attachment protein G has been removed by treatment
with trypsin still possess a low level of infectivity. The rate of attachment
of these particles and the nucleocapsid to cells is different from that of
the virus particles, indicating that the low infectivity that can be detected
is not due to residual virus particles.
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The glycoprotein G is the only one of the five virus proteins which
contains carbohydrate. It can be removed from the surface of the virus
particle by trypsin, but it leaves a stub that is long enough to pass through
the membrane (Mudd, 1974). This evidence confirmed the view, based
on the radiochemical analysis of the fragments obtained by detergent
treatment of virus particles which had been labeled with precursors of
protein, sugar, and lipid and fixed with formaldehyde, that the surface
projections form a bridge across the membrane to interact directly with
the core (Brown et al., 1974). This evidence in turn supported the earlier
observation that phospholipase C, although removing a considerable pro-
portion of the lipid of the virus, did not remove any of the surface pro-
jections, as demonstrated by electron microscopy, and left the immuniz-
ing activity of the particles unimpaired (Cartwright et al., 1969).

The matrix protein is located inside the viral membrane. It is still
associated with the ribonucleoprotein in particles which have had their
membrane removed by treatment with Tween—ether or Nonidet. How-
ever, treatment of the virus or nucleocapsid with sodium deoxycholate
removes the M protein and releases the ribonucleoprotein as a stringlike
structure (Cartwright et al., 1970).

C. Relationships between Different Members

1. Ribonucleic Acid

The relationships between the RNAs of different rhabdoviruses have
not been the subject of extensive study. Base composition analyses, sum-
marized by Clewley and Bishop (1979), showed a remarkably consistent
pattern for rabies, vesicular stomatitis, and pike fry disease viruses, with
a distinctly high percentage of uracil. The 11,000 or so bases could code
for about 3700 amino acid residues or 370,000 daltons of protein, corre-
sponding to only slightly more than the sum of the molecular weights
of the five viral proteins. It seems, therefore, that the five viral proteins
L, G, N, NS, and M are the only proteins coded for by the virion RNA.

Sequence homology between several rhabdoviruses has been analyzed
by hybridizing labeled virus RNA of one virus to an excess of unlabeled
complementary RNA of another virus and determining the resistance to
various ribonucleases under stringent and nonstringent conditions. Under
stringent conditions very little homology has been found between the
RNAs of the vesicular stomatitis virus strains Indiana, New Jersey, and
Cocal, and Piry, Chandipura, rabies, and spring viremia of carp viruses
(Repik et al., 1974). Using nonstringent conditions there was some inexact
homology between the three vesicular stomatitis viruses. Hybridization
studies between different isolates belonging to the New Jersey serotype
of vesicular stomatitis virus revealed the existence of two subgroups
containing the Concan, Ogden, and Guatemala isolates and the Hazel-
hurst and Missouri isolates, respectively (Reichmann et al., 1978).
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Fingerprinting of the RNAs of the five isolates following ribonuclease
T1 digestion supported the conclusion that there are two subgroups of
this virus. The RNAs of different isolates of the Indiana serotype of ve-
sicular stomatitis virus are readily distinguishable from each other.

2. Proteins

The relationships between the proteins of the viruses have been es-
tablished almost entirely by the use of serological methods. A variety of
methods has been used, but unfortunately these have been applied to only
a small number of viruses. The most detailed work has been done with
the vertebrate viruses and two major serogroups have been defined, the
Vesiculovirus genus and the Lyssavirus genus. The Vesiculovirus genus
contains three groups: (1) the vesicular stomatitis viruses, related to the
Indiana serotype; (2) those belonging to the New Jersey serotype; and (3)
Piry, Chandipura, and Isfahan. The viruses in group 1 are clearly related,
even when the neutralization test is used and these relationships are
emphasized when the neutralization reaction between the infective nu-
cleocapsid and serum from infected guinea pigs is used for the compar-
isons (Cartwright and Brown, 1972). These results indicate that the major
cross-reactive antigen is the ribonucleoprotein N, whereas the type spec-
ificity is associated with the surface glycoprotein G. The cross-challenge
experiments conducted by Federer et al. (1967) showed that, in general,
neutralizing antibody levels gave a good indication of the outcome of
challenge with the homologous and heterologous strains. The neutrali-
zation results obtained with the New Jersey isolates indicate that, in
contrast to the conclusions made from the RNA homology data, the
isolates represent geographical variants rather than subtypes.

There is some debate regarding the relationship of Piry and Chan-
dipura viruses to other members of the Vesiculovirus genus. Whereas
Murphy and Shope (1971) found some degree of cross-reaction between
Piry and Chandipura viruses and between these two viruses and the In-
diana serotype viruses, Cartwright and Brown (1972) were unable to dem-
onstrate any cross-reaction in neutralization tests, even when the infec-
tive nucleocapsids were used. Recent evidence provided by Wilks and
House (1984} has shown that Piry virus is quite unrelated pathogenically
to the New Jersey and Indiana strains of vesicular stomatitis virus.

The Lyssavirus genus contains three serogroups of which the most
important is that containing rabies, Mokola, Lagos bat, and Duvenhage
viruses (Frazier and Shope, 1979). The importance of rabies as a disease
agent is generally recognized, but Mokola and Duvenhage have also been
associated with clinical disease and each has caused fatal infection. Al-
though all the members of the group are clearly closely related, they are
sufficiently different in cross-neutralization and cross-protection tests to
warrant serious consideration of their inclusion in a cocktail vaccine
containing all members of the group.
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The other members of the Lyssavirus genus, Obodhiang and koton-
kan, are much more distantly related to the rabieslike viruses, and there
are doubts whether they should be included in this genus. Clearly, the
situation is sufficiently obscure to warrant further investigation of their
relatedness to the other members of the genus.

As mentioned above, the relatedness between the many plant rhab-
doviruses has not been investigated by serological methods to the same
extent as those viruses infecting vertebrate and invertebrate hosts. It is
clear from the example cited in Section I that much interesting infor-
mation on the relationships between the plant rhabdoviruses themselves
and between the viruses infecting plant, vertebrate, and invertebrate hosts
could be gained from serological studies, particularly of the ribonuclo-
protein.

III. CONCLUSIONS

With the development of methods for the sequencing of DNA during
the last few years, it is now possible to determine the relationship between
viruses at the most fundamental level. Although it is highly unlikely that
there will be any comprehensive study of the rhabdoviruses using these
methods, it is clear that only by that means will meaningful taxonomic
relationships between the viruses be established. At the more practical
level it is also clear that the relationships between the viruses causing
rabieslike illness will only be established by reference to the nucleic acid
sequences of the different agents. Such information would be invaluable
to epidemiologists and to control authorities alike. In the context of this
chapter, however, if the nucleic acid sequences were available, it would
help to end the often tiresome speculations on the evolution of viruses.
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CHAPTER 2

Rhabdovirus Biology

and Infection
An Overview

ROBERT R. WAGNER

I. INTRODUCTION

Chapter 1 describes the general features of the family Rhabdoviridae, and
Chapter 3 provides a moderately detailed analysis of the rhabdovirus
membrane. This chapter is designed to set the stage for the in-depth
chapters that follow by providing a general description of the structural
components, infectivity, host reactivity, and immunology of rhabdovi-
ruses. As is true of all but Chapters 1 and 9-11, this chapter is concerned
primarily with the best-studied and prototypic rhabdovirus, vesicular sto-
matitis virus (VSV). It seems reasonable to assume that the structural
components that comprise the VSV virion are similar to those of other
rhabdoviruses, but comparisons will be made, where appropriate, with
the rabies subgroup and rhabdoviruses of other animals. It should be stated
from the outset that productive infection by VSV of mammalian and avian
cells far exceeds that of rabies and other animal rhabdoviruses, such as
those of fish. Nothing will be said in this chapter about the structure and
infectivity of the plant rhabdoviruses, which are discussed in Chapter 10.

In some respects, this chapter is an updated sequel to the one on the
reproduction of rhabdoviruses I wrote for Vol. 4 of our earlier series en-
titled Comprehensive Virology (Wagner, 1975). A similar review was writ-
ten by Emerson (1976), and three volumes on the subject of rhabdoviruses

ROBERT R. WAGNER @ Department of Microbiology and Cancer Center, University of
Virginia School of Medicine, Charlottesville, Virginia 22908.
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were edited by Bishop (1979). Rather striking advances in our knowledge
of rhabdoviruses have taken place since the publication of these earlier
reviews. This explosion in our knowledge merits this complete volume,
rather than a single chapter. Also recommended is a more recent and
detailed analysis of rhabdovirus cytopathology and effects on cel-
lular macromolecular synthesis (Wagner et al., 1984), which also in-
cludes a brief summary of the then current knowledge of VSV reproductive
strategies.

As indicated in Chapter 1, the mammalian Rhabdoviridae are clas-
sified in two genera, Vesiculovirus and Lyssavirus (rabies). There are at
least two serotypes of the Vesiculovirus genus, designated Indiana and
New Jersey, and there are several strains of each serotype (Clewley et al.,
1977; Reichmann et al.,, 1978). Unless otherwise indicated, the basic
descriptions of VSV referred to in this chapter will be of the San Juan
strain of the VSV-Indiana virus, by far the best studied of all VSV strains.

II. THE VIRION AND ITS COMPONENTS

A. Morphology

Figure 1 shows a schematic representation of the morphology and
structural components of the virion of vesicular stomatitis virus (VSV).
The infectious units of all rhabdoviruses, except possibly the plant rhab-
doviruses, are structurally similar by electron microscopy to that of the
prototype VSV (Howatson, 1970; Wagner, 1975). The infectious (standard)
virion is bullet-shaped, round at one end and flat at the other, hence the
term B particles; they measure about 180 nm in length and 65 nm in
width. These dimensions vary somewhat for different strains of VSV and
for different animal rhabdoviruses. In fact, Orenstein et al. (1976) contend
that the bullet shape of VSV is an artifact of fixation and staining and
that the infectious particles are bacilliform with two rounded ends, al-
though they agree that the internal nucleocapsid is itself bullet-shaped.
Exceedingly common, particularly in uncloned preparations, are trun-
cated (T) or defective interfering (DI) particles that are about the same
width as standard B particles but vary in length from 80 to 50 nm, de-
pending on the amount of viral RNA that has been deleted (Huang and
Baltimore, 1977). The nature and properties of DI particles are described
in Chapter 8.

By negative-staining electron microscopy, all rhabdoviruses exhibit
protruding spikes that measure about 10 nm in length and are frequently
penetrable at the blunt end by phosphotungstic acid (Fig. 2). These elec-
tron-microscopic analyses have led to the conclusion that VSV and all
other rhabdoviruses are composed of a tightly coiled nucleocapsid sur-
rounded by a membrane (envelope) with protruding spikelike structures
that are readily removed by exposure to proteases. Disruption of the
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FIGURE 1. Schematic representation of the morphology and structural components of VSV.
The two major structural components are (1) the nucleocapsid core, which contains single-
stranded RNA tightly encased by the major N protein and two minor proteins, L and P
(formerly and commonly designated NS}, which collectively comprise the RNA polymerase,
and (2) the envelope or limiting membrane (outer layer of predominantly choline phospho-
lipids and inner layer of predominantly amino phospholipids) associated with two proteins,
the integral, externally oriented glycoprotein [G (spikes]] and the peripheral matrix (M}
protein, which lines the inner surface of the membrane in close association with the nu-
cleocapsid core. {See Chapter 3 for greater detail.)

envelope by detergents results in release of the nucleocapsid, which can
retain its tightly coiled structure in the absence of salt but is uncoiled in
solutions of high ionic strength (Newcomb and Brown, 1981). These and
other studies have led to the hypothesis that the secondary structure of
the VSV nucleocapsid is due to electrostatically bound matrix protein,
which dissociates from the nucleocapsid in hypertonic solutions (Emer-
son and Wagner, 1972; Newcomb and Brown, 1981; Newcomb et al.,
1982). The extended nucleocapsid of infectious VSV is approximately 3.5
pm long (Howatson, 1970}, whereas the nucleocapsids of DI particles vary
from one-third to one-half the length of standard B virion nucleocapsids.

The approximate composition of VSV, probably like that of all other
rhabdoviruses, is 74% protein, 20% lipid, 3% carbohydrate, and 3% RNA
(McSharry and Wagner, 1971; Wagner, 1975). The lipid is present entirely
in a limiting external membrane in the classic form of a lipoprotein
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FIGURE 2. Electron micrograph of VSV, negatively stained with phosphotungstic acid and
partially disrupted in distilled water to show internal nucleocapsid, external membrane,
and protruding spikes.

bilayer, about half of which is composed of proteins. The other structural
component of the virion is the nucleocapsid, which contains genomic
RNA tightly encapsidated with protein. Figure 1 depicts diagrammatically
the two components of VSV, indicating current concepts of the location
of the proteins, RNA, and lipids.
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B. Virion Nucleocapsid

The genetic information of all rhabdoviruses is contained in an un-
segmented single strand of RNA that cannot serve as messenger (negative-
strand viruses). The single strand of RNA in infectious VSV-Indiana vi-
rions has a molecular weight of approximately 3.68 x 106 and appears to
contain 11,162 nucleotides (Schubert et al., 1984). The entire nucleotide
sequence and coding potentials are described in Chapter 4. The RNA is
not infectious (Huang and Wagner, 1966b).

Associated with the virion RNA are three proteins to form the viral
nucleocapsid, which is infectious (Szilagyi and Uryvayev, 1973; Emerson
and Yu, 1975) at an efficiency of 10-5 to 10 that of the intact virion;
higher efficiency of nucleocapsid infectivity requires adjuvants such as
DEAE—dextran or calcium phosphate (Szilagyi and Uryvayev, 1973; Bishop
et al., 1974). The major nucleocapsid protein is designated N; it is present
in approximately 1600 copies and contains 422 amino acids (Gallione et
al., 1981). The N protein is exceedingly insoluble and is so tightly com-
plexed with viral RNA that it is readily dissociable only with sodium
dodecyl sulfate (SDS) (Emerson, personal communication). The RNA pre-
sent in the VSV nucleocapsid is completely resistant to digestion with
various ribonucleases even after exposure to high salt (Emerson and Wag-
ner, 1973).

The infectious nucleocapsid also contains two other minor proteins
that are present in approximately 50 and 150 copies each (Bishop and
Roy, 1972) and together with the nucleocapsid template form the endog-
enous RNA-dependent RNA polymerase (Emerson and Yu, 1975). The
larger of the two polymerase proteins is designated L, M, = 241,012, and
the gene contains 6380 nucleotides, representing 60% of the coding po-
tential of the entire genome (Schubert et al., 1984); the L protein is very
labile to heat and sheer forces and must be handled very gently. The other
protein required for polymerase activity has been designated NS (P) and
in the Indiana serotype contains 222 amino acids (Gallione et al., 1981},
VSV-New Jersey NS protein has 274 amino acids and exhibits only 41%
base sequence homology to that of VSV-Indiana NS protein (Gill and
Banerjee, 1985). The NS protein is highly phosphorylated and appears to
exist in two forms depending on degree of phosphorylation (Clinton et
al., 1978b; Kingsford and Emerson, 1980). Phosphorylation of the VSV
NS protein is carried out by host-cell protein kinases {Imblum and Wag-
ner, 1974; Clinton et al., 1982), which also determine distribution of
phosphorylation among serine, threonine, and tyrosine residues of the
protein (Clinton and Huang, 1984; Clinton and Finley-Whelan, 1984).
The original name, NS, mistakenly indicating nonstructural, will soon
be changed to P protein because of its highly phosphorylated state. The
L and NS proteins can be dissociated from the nucleocapsid under varying
conditions of high ionic environment, which results in loss of transcrip-
tase activity and infectivity. Transcription and infectivity can be restored
by reconstituting the L and NS proteins with denuded nucleocapsids in
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a low-ionic-strength environment {Emerson and Wagner, 1972, 1973).
Both the L and NS proteins, as well as the N protein—RNA complex, are
essential for transcriptase activity (Emerson and Yu, 1975). A detailed
description of the enzymology and regulation of transcriptase is presented
in Chapter 6.

C. Virion Membrane

Chapter 3 presents a detailed analysis of the structure, dynamics,
function, and origin of the membranes of VSV and other rhabdoviruses.
Suffice it to say here that the VSV membrane is composed of approxi-
mately 50% lipid and 50% protein {McSharry and Wagner, 1971). The
lipids are derived entirely from the host cell, but are selected in somewhat
different proportions than those in the host-cell plasma membrane; the
principal lipid differences of the VSV membranes are the larger proportion
of cholesterol and, among the phospholipids, much less phosphatidyl-
choline compared to sphingomyelin and larger amounts of amino phos-
pholipids (McSharry and Wagner, 1971; Patzer et al., 1979). This altered
lipid composition contributes significantly to the greater viscosity of the
VSV membrane compared to that of the host-cell membrane from which
it is derived (Barenholz et al., 1976).

The VSV membrane, and probably that of all rhabdoviruses, contains
two proteins: an externally oriented, integral glycoprotein (G} and a pe-
ripheral matrix (M) protein that lines the inner surface of the virion
membrane (Patzer et al., 1979; Zakowski and Wagner, 1980). On the basis
of cloned complementary DNA (cDNA) sequences of their messenger
RNAs (mRNAs), the Indiana serotype VSV G protein is composed of 511
amino acids and is N-glycosylated to two separate asparagine residues,
whereas the M protein is composed of 229 amino acids and is not gly-
cosylated (Rose and Gallione, 1981). The G protein is the major antigenic
determinant responsible for type specificity and gives rise to neutralizing
antibody (Kelley et al., 1972; Volk et al., 1982). The M protein appears
to serve as the “glue” that attaches the nucleocapsid to the cell plasma
membrane where the G protein is inserted; the M protein is quite basic
(pI ~ 9.1) and inhibits transcription by binding to the nucleocapsid (Car-
roll and Wagner, 1979; Wilson and Lenard, 1981} (see Chapter 6). The
basic M protein also binds to acidic phospholipid headgroups, by which
means it appears to attach the nucleocapsid—M protein complex to phos-
phatidylserine residues that line the inner surface of the virion membrane
{Zakowski et al., 1981; Wiener et al., 1983).

The mass and molecular composition of the VS virion were recently
reported in an elegant study by D. Thomas et al. {1985). Using dark-field
scanning transmission electron microscopy, these authors reported masses
of 265.6 + 13.3 megadaltons {Md) for the native VS virion and 69.4 * 4.9
Md for the nucleocapsid. The lipid content of the virion was estimated



RHABDOVIRUS BIOLOGY AND INFECTION: AN OVERVIEW 15

as 56.1 Md, and the G protein spikes averaged 1205 molecules per virion
compared to 1826 molecules of the M protein. The nucleocapsid was
calculated to contain 3.7 Md of RNA, 1258 molecules of N protein, 466
molecules of NS (P) protein, and 50 molecules of L protein. Using four
different electron-microscopic procedures, the nucleocapsid was calcu-
lated to be 3.5-3.7 pm in length and to comprise a strand of repeating
units with a center-to-center spacing of 3.3 nm. These precise measure-
ments are not very different from other estimates made by less exact
techniques.

III. SUSCEPTIBILITY TO INFECTION

A. Distribution in Nature

Rhabdoviruses are widely distributed among genera of the animal
and plant kingdoms. Plant rhabdoviruses cause widespread diseases among
many plant species and are apparently always transmitted by arthropods
that feed on the plants (see Chapter 10). Among the animal rhabdoviruses,
many of those that belong to the genus Vesiculovirus infect insects, and
perhaps other arthropods, but it is uncertain whether they transmit in-
fection to vertebrates; Schnitzlein and Reichmann (1985) recovered iden-
tical vesicular stomatitis virus (VSV)-New Jersey from black flies and
diseased horses during the 1982 epizootic in Colorado. The VSVs, which
can be divided into two species (serotypes) called VSV-Indiana and VSV-
New Jersey (Cartwright and Brown, 1982b) (see also Chapter 1), appear
to infect insects and mammals. It is of interest that the various subtypes
of VSV-Indiana [e.g., Indiana, Brazil, Argentina, Cocal (see Chapter 1)] are
more commonly isolated from insects than are the VSV-New Jersey strains,
which are enzootic in Central America and the Caribbean basin and cause
widespread epizootics in cattle and swine in Central America, Mexico,
and the western United States. Various substrains of the Hazelhurst strain
of VSV-New Jersey are apparently responsible for the widespread infec-
tions of cattle and swine in North America and northern South America.
The epidemiology of this disease is not very well understood. Vesicular
stomatitis in man is a severe influenzalike disease that is rarely fatal and
is almost invariably caused by laboratory infection or by transmission
from infected animal carcasses.

There may be a number of viruses of the vesiculovirus group that
are confined to insects, the best known of which is the sigma virus of
Drosophila (Printz, 1973). VSV usually does not cause a fatal infection in
insects and usually does not grow to high titer. However, Gillies and
Stollar (1980a) reported the production of high yields of infectious VSV
in Aedes albopictus cells compared with its replication in baby hamster
kidney (BHK)-21 cells. Defective interfering (DI) particles of VSV were
readily generated in A. albopictus cells (Gillies and Stollar, 1980b), and
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significant biochemical changes were noted in these mosquito cells, par-
ticularly if they were deprived of methionine (Gillies and Stollar, 1981).

The other major genus of Rhabdoviridae is Lyssavirus, which com-
prises the rabies and rabies like viruses (see Chapter 1). These viruses
have also been isolated from insects, but they are usually transmitted by
bites of rabid animals, almost invariably causing a fatal disease of the
central nervous system (Murphy, 1977). Our understanding of the path-
ogenicity and neural dissemination of rabies virus is expanding by means
of incisive techniques (Kucera et al., 1985). The nature, pathogenicity,
and immunology of rabies viruses are described in detail in Chapter 9,
and the general epidemiology of the rhabdoviruses is presented in Chapter
11.

An interesting and economically important group of rhabdoviruses
belong to those that infect fish, particularly in pisciculture hatcheries,
where the mortality is very high (McAllister, 1979). The salmonid rhab-
doviruses appear to be more closely related to Lyssavirus than to Vesi-
culovirus, at least on the basis of their protein composition (McAllister
and Wagner, 1975). Of great interest is the fact that salmonid rhabdovi-
ruses grow best in cells at the usual ambient temperature of fish (15-18°C)
and contain an RNA-dependent polymerase that functions optimally at
15-18°C and is virtually inactive at 30°C or higher (McAllister and Wag-
ner, 1977). The spring viremia of carp rhabdorivus more closely resembles
VSV, and its molecular biology has been studied quite extensively (Kiuchi
and Roy, 1984). A detailed description of the fish rhabdoviruses and other
fish viruses can be found in the predecessor to this series, Comprehensive
Virology, Vol. 14 (McAllister, 1979).

B. Host Range

In general terms, variation in cellular susceptibility to viral infection
depends either on availability of cell-surface receptors for attachment of
the invading virus or on the intracellular environment required to support
viral replication. In the case of VSV, there is little evidence for variation
in cell-surface factors as determinants of susceptibility. In fact, VSV has
a very wide host range, varying from insect to mammalian cells (Wagner,
1975). Infected insect cells usually yield much lower titers of VSV than
do mammalian cells, but Wyers et al. {1980) reported high yields of VSV
from certain selected Drosophila cell lines, and Gillies and Stollar (1980b)
were able to clone Aedes albopictus cells that support growth of VSV to
high yield. However, the quality of the virus produced in insect cells may
differ; Drosophila cells produce much less G, and G, protein (Wyers et
al., 1980) and A. albopictus cells give rise to vSV deficient in L as well
as G protein, although excess G protein mRNA is produced in these cells
(Gillies and Stollar, 1980b). Incubation temperature probably does not
contribute significantly to virus yield or quality of progeny viruses be-
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cause our laboratory routinely produces our highest-titered VSV stocks
by growth in mammalian cells at a temperature of 31°C, rather than 37°C.

Mammalian cells can also vary considerably in their degree of sus-
ceptibility to infection with VSV. We have routinely used BHK-21 cells
to produce yields of progeny frequently 10 times greater than that pro-
duced by L cells (Wagner, unpublished data), even though L cells are
considerably more susceptible to inhibition of cellular RNA synthesis by
VSV than are BHK-21 cells (Weck and Wagner, 1978).

As described in a previous review (Wagner et al., 1984), cell differ-
entiation may play a role in cellular susceptibility to viral infection, as
illustrated by the finding that VSV replication is restricted in one human
lymphoblastoid cell line but not in another or in HeLa cells ([Nowakowski
et al., 1973). It has been known for some years that VSV will not replicate
in resting lymphocytes, which will become susceptible to infection, how-
ever, after induction by mitogens or by specific antigens (Bloom et al.,
1974). Mouse spleen cells, which cannot normally support VSV growth,
become susceptible to infection after intraperitoneal propagation of syn-
geneic or allogeneic tumors (Hecht and Paul, 1981). Robertson and Wagner
(1981} also found that HeLa cells and L cells are more permissive for VSV
growth than an end-stage myeloma cell line, MPC-11, which, in turn, is
more permissive than the Abelson-virus-transformed 18-81 pre-B cell that
does not secrete immunoglobulin. The converse relationship was found
when we tested these same cells for the capacity of VSV to shut off cellular
RNA synthesis; the susceptibility of these cells to VSV inhibition of
cellular RNA synthesis could be ranked in the order 18-81 > MPC-11 > L
cells > HeLa cells (Robertson and Wagner, 1981). This difference in sus-
ceptibility to inhibition of cellular macromolecular synthesis does not
appear to be related to the specific proteins produced by differentiated
cells. Myeloma cells infected with VSV exhibit far less inhibition of the
synthesis of immunoglobulin than of other cellular proteins (Nuss et al.,
1975). Similarly, globin synthesis in differentiated Friend erythroleuke-
mia cells is more resistant to shut off by VSV infection than are other
proteins of the same cell (Nishioka and Silverstein, 1978). Cellular factors
of unknown nature were also found to determine the ability of mengovirus
to inhibit the synthesis of VSV protein or of VSV to inhibit the synthesis
of mengovirus proteins in doubly infected HeLa, Chinese hamster ovary
(CHO), or L-929 cells (Otto and Lucas-Lenard, 1980). VSV also appears to
inhibit uptake of uridine in infected chick-embryo cells (Genty, 1975},
but not in other cells (Genty and Berreur, 1975; Weck and Wagner, 1978).
Quite obviously, the factors that control cellular susceptibility to infec-
tion with VSV, or with other viruses, for that matter, remain unclear.

The role of various subcellular organelles in regulating viral repli-
cation or susceptibility to VSV infection is not readily apparent, but is
not likely to be of major significance. The nucleus of mammalian cells
is not a factor in VSV replication, which takes place quite normally in
enucleated cells (Follett et al., 1974). On the other hand, rabies virus
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undergoes an incomplete cycle of replication in enucleated TC-7 cells
compared to normal yields of VSV from similarly infected enucleated
cells (Wiktor and Koprowski, 1974). One possible factor controlling viral
replication and yield is the site of budding of VSV progeny. Wide variation
has been noted among mammalian cells, in which VSV can bud exclu-
sively from the cytoplasmic membrane, from internal endoplasmic re-
ticulum, or from both (Zee et al., 1970), which could obviously determine
the yield of VSV emerging from infected cells. No other cytoplasmic
components have been implicated in determining cell susceptibility or
virus yield.

Tissue tropism may well play some role in rhabdovirus infection of
the intact host as well as causation of disease. It has been observed that
mice are unaffected by enormous doses of virulent VSV administered
intraperitoneally, but readily succumb and die after intracerebral inoc-
ulation of only a few plaque-forming units (Wagner, 1974). VSV replicates
quite readily in the bronchial epithelium of mice infected intranasally,
and death occurs after neurological manifestations due to dissemination
of progeny virus from the lung to the brain (Wagner, 1974). It has recently
been suggested that the body temperature of the host may play a role in
susceptibility to disease and virus recovery on the basis of the finding
that a hypothermia-inducing neuropeptide (bombesin) resulted in en-
hanced recovery of VSV from brains of mice infected up to 90 days pre-
viously (Hughes et al., 1985). Certain temperature-sensitive mutants of
VSV can persist for long periods in mice and cause fatal brain disease
(Rabinowitz et al., 1976}, presumably owing to cell-immunity hypersen-
sitivity reactions, rather than to the presumed direct, acute lethal effect
of rapidly replicating wild-type virus. In all likelihood, the neurological
disease caused by rabies virus resembles more closely the late pathogenic
effects induced by the less acutely virulent forms of VSV (see Chapter 9).

C. Virus Variants

A critical point that must always be kept in mind in evaluating all
research done with rhabdoviruses is the extreme genetic instability of
these viruses. Most in-depth studies with VSV are done with the Indiana
serotype, but different investigators often use different strains that are
usually antigenically indistinguishable but can vary greatly in other bi-
ological properties, presumably because of nucleotide substitutions or
deletions in the genome. As an example, the sequence of the M-protein
gene of the Glasgow strain of VSV-Indiana differed by 11 nucleotides from
that of the San Juan strain determined by Rose and Gallione (1981); other
significant substitutions in nucleotides and amino acids were evident in
the base-sequence homology of the M genes of the Orsay and Glasgow
wild-type strains (Gopalakrishna and Lenard, 1985). In their herculean
sequencing of the L gene of VSV, Schubert et al. (1984} detected 16 point
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mutations among cDNA clones prepared from viral mRNAs spanning
the 6380 nucleotides of the L gene; this extremely high frequency of base
substitutions can be attributed either to extreme mutability of the ge-
nome, to frequent mistakes by the VSV transcriptase, to infidelity of
reverse transcription, or to any combination of these factors. Indirect
evidence for high mutability is provided by the extremely large number
of mutations that arose spontaneously in the genetic studies of Flamand
(1970), particularly in the L gene, which represents 57% of the VSV-
genome coding potential {Schubert et al., 1984}, but also in cistrons for
the other four complementation groups. Additional evidence for high
degrees of mutability or other variations due to infidelities in transcrip-
tion and replication is the high frequencies of temperature-sensitive mu-
tants and DI virus particles (Holland et al., 1980; Youngner and Preble,
1980} that arise on passage in tissue culture or in persistent VSV infections
in cell culture or animals.

Later chapters in this volume discuss rhabdovirus genomes and their
products (Chapter 4), rhabdovirus genetics (Chapter 5), and DI rhabdo-
viruses {Chapter 8). Our interest here is in the genotypic and phenotypic
variations in rhabdoviruses that lead to alterations in infectivity. Even
highly cloned populations of VSV contain particles with differing levels
of infectivity. We observed some years ago that the San Juan strain of
VSV-Indiana contained two populations of virus, one that gave rise to
large plaques and another that give rise to small plaques with significantly
reduced capacity to multiply in mouse L cells (Wagner et al., 1963). More
stable small-plaque variants with enhanced virulence have also been de-
scribed (Wertz and Levine, 1973). It has been known for many years that
most stocks of vSV, perhaps even all, contain a 5- to 10-fold preponderance
of non-plaque-forming and hence noninfectious particles that are mor-
phologically and biochemically indistinguishable from the plaque-form-
ing infectious virions. Recent evidence by Schubert et al. (1984} suggests
that these noninfectious progeny particles are DI virions that arise from
frequent mutations in the L gene that give rise to a defective polymerase
that exhibits infidelity in its capacity to transcribe or replicate the genome
of the majority of progeny virions.

Also exceedingly common in VSV stocks are DI particles with large
deletions of the genome (Huang et al., 1966; Huang and Wagner, 1966a).
These DI particles are of two major types: In one type, half to three
quarters of the 3’ end of the VSV genome is deleted; such 5’ DI particles
are transcriptionally inert except for synthesis of a small 46-nucleotide
leader RNA (Emerson et al., 1977) and can replicate only in the presence
of a helper standard (B) virion (Huang and Wagner, 1966a). The other type
of DI particle, which is far less common, contains a genome in which
approximately 50% of the 5’ end is deleted; these 3’ DI particles contain
a template that can transcribe messengers of all four genes that have not
been deleted (Johnson et al., 1979). Both types of DI particles interfere
with replication of standard infectious virus, but the 3' DI effectively
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interferes only with homotypic VSV. Meier et al. (1984) have provided
convincing evidence for a copy-choice mechanism of replicating for gen-
eration of DI-particle RNA of the four types described by Lazzarini et al.
(1981). Details concerning the nature and biological activities of DI par-
ticles are presented in Chapter 8.

Conditional lethal mutants of VSV, usually identified as temperature-
sensitive (ts} mutants, can be induced by various mutagenic agents, but
they also arise spontaneously at relatively high frequency (10 to 10-8).
As described in detail in Chapter 5, ts-mutant growth in various cells is
restricted at approximately 40°C, but all functions are relatively normal,
as is the yield of viral progeny, at the permissive temperature of approx-
imately 30°C. Rhabdovirus genetics, particularly for the prototype VSV-
Indiana, is quite clear-cut. All ts mutants fall into five complementation
groups, each of which has been mapped to one of five specific cistrons
on the genome, and each mutation results in a phenotypically defective
function in one of the five structural proteins, usually but not always
characterized by thermolability. It seems likely that each mutant is the
result of a single base substitution resulting in replacement of a single
amino acid, as has been demonstrated for ts mutants of the M protein of
VSV-Indiana coomplementation group III (Gopalakrishna and Lenard, 1985).
It seems likely that the changed phenotype of each ts mutant is the result
of a conformational change in the affected protein resulting from a single
amino acid substitution, possibly over a wide region of the polypeptide
chain (Gopalakrishna and Lenard, 1985). The function of each protein is
altered at restrictive temperature, with lesions ranging from defective
transcription in the case of lesions in the L-protein polymerase gene (Hunt
et al., 1976) to block in assembly and budding of virions in the case of
lesions in the G-protein and M-protein genes (Martinet et al., 1979). In
any case, the hallmark of the conditional temperature-sensitive pheno-
type in abortive infection is markedly reduced yield of progeny at restric-
tive temperature, a phenomenon that can be readily reversed by temper-
ature down-shift. These ts mutants have provided enormously useful
tools for probing and mapping the diverse functions of VSV and, more
recently, other rhabdoviruses (see Chapter 5).

IV. CYCLE OF INFECTION
A. Sequence of Events

When an infectious virion of the family Rhabdoviridae encounters a
susceptible host cell, the result is often a series of events that terminates
in release of progeny virions and, frequently, death of the cell. Although
each event is not necessarily a precursor to succeeding events but can
proceed simultaneously, it is convenient to consider the process of in-
fection depicted in Fig. 3 as a linear series in which each event depends
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on occurrence of the preceding event in the following order: adsorption,
penetration, uncoating, transcription, translation, replication, assembly,
and budding. Figure 4 illustrates the end result of mature virions budding
from the surface of an infected cell. Subsequent chapters are devoted to
detailed descriptions of transcription (Chapter 6) and replication {Chapter

FIGURE 4. Thin section of electron micrograph of L cells infected with VSV. Fixed with
glutaraldehyde—OsO, and stained with uranyl acetate—lead. Note the budding and released
VS virions. Reproduced from Wagner (1975) with permission.
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7), which will therefore be discussed only briefly here. By the same token,
subsequent chapters on rhabdovirus genomes and their products {Chapter
4), genetics {Chapter 5), and budding (Chapter 3} will cover in detail these
critical principles for understanding rhabdovirus functions that lead to
successful infection. Also in this chapter and elsewhere, by far the greatest
emphasis will be placed on vesicular stomatitis virus (VSV}, which serves
as the prototype for most in-depth studies on the molecular events in
infection by rhabdoviruses. Certain properties and behavioral character-
istics of other rhabdoviruses deserve special attention and are discussed
in other chapters, particularly those on rabies (Chapter 9} and plant rhab-
doviruses (Chapter 10).

As is true for all productive viral infections, VSV infection of sus-
ceptible cells results in a characteristic growth curve such as that shown
on page 45 in Vol. 4 of the previous series, Comprehensive Virology
(Wagner, 1975). Under standard conditions, VSV infection of a monolayer
or suspended-cell culture begins with a latent period of about 2 hr, during
which time no progeny virus is detected, followed by exponential mul-
tiplication and release of progeny to a peak of approximately 1000 infec-
tious virions per cell at 6-8 hr postinfection. Maximal viral growth de-
pends, of course, on optimal environmental conditions, such as proper
media and temperature (replication is faster at 37°C, but yields are often
greater at 31°C), as well as on input multiplicity of 5-10 plaque-forming
units {PFUJ/cell to ensure infectivity of more than 99% of the cell pop-
ulation. Also critical to the success of such experiments and the optimal
yield of progeny is the use of freshly cloned seed virus free of defective
interfering {DI} particles. It is also wise to keep in mind that cells vary
in their capacity to support VSV replication; in our experience, for ex-
ample, BHK-21 cells routinely yield 5-10 times more progeny than do
mouse L cells, which, however, are more susceptible to cytopathic effects.
Rates of replication and yields also depend on serotypes and strains within
serotype; e.g., VSV-Indiana routinely replicates faster and to higher yield
than does VSV-New Jersey {Grinnell and Wagner, 1983).

With these basic principles in mind, the following sections will high-
light each of the events in standard virus—cell interaction that occur
during the cycle of VSV infection, which is illustrated by Fig. 3.

B. Adsorption

As is the case with all viral infections, adsorption of VSV, or of any
other rhabdovirus, depends on the presence of the proper cell-attachment
organ on the surface of the virion and the existence of the proper receptor
on the surface of the host cell. Clearly, both the virus and the host cell
must be considered in measuring adsorption. It should be stated at the
outset that VSV adsorption is quite inefficient and, in comparison with
other virus—cell systems, is rather difficult to quantitate with the accu-
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racy one would like to see. The ratio of physical particles to infectious
viral particles is rarely less than 5:1. However, more is known about the
cell-attachment organ of VSV than is known about the cell receptor. Early
experiments revealed that adsorption of VSV is not an energy-dependent
event, since the reaction occurs readily at 4°C and equally for chick-
embryo cells and mouse L cells (Wagner et al., 1963). These studies also
revealed that the kinetics of adsorption are exponential, at least for plaque-
forming virus adsorption, which was the technique used at that time.
Somewhat more reliable results can probably be obtained by using radio-
actively labeled virus, a technique that will of course measure both plaque-
forming and the majority of noninfectious virus.

Detailed kinetic analyses of the adsorption of [*5S]methionine-labeled
VSV to Madin—Darby canine kidney (MDCK) cells by Matlin et al. (1982a)
revealed very efficient binding of virus at 0°C compared with other en-
veloped viruses. VSV binding was found to be exceedingly pH-dependent;
about 10 times more VSV attached to cells at pH 6.5 than at higher pH
levels. Even at optimal pH, binding failed to reach equilibrium, and the
results were not very reproducible. At least 90% of the adsorbed virus
was removable by protease treatment, and only a limited amount of the
bound virus could be internalized by warming the virus—cell complex to
37°C. These studies highlight the difficulties in studying cellular adsorp-
tion and penetration of VSV, a problem that probably extends to all rhab-
doviruses.

1. Infectious Virion

The cell-attachment organ of VSV is the glycoprotein (G) spike, re-
moval of which by proteases reduces infectivity more than 105-fold (Cart-
wright et al., 1969; Schloemer and Wagner, 1975b); partitioning intact G
protein (removed from virions by detergent) into the membrane of spike-
less virions can restore infectivity approximately 100-fold (Bishop et al.,
1975). The concept that the terminal sialic acid in the carbohydrate chains
of VSV G protein is responsible for efficient infectivity and adsorption to
cells (Schloemer and Wagner, 1975a,b) has been refuted (Cartwright and
Brown, 1977); the erroneous interpretation was probably due to aggression
of virus particles, the charge repulsion of which was altered by exposure
toneuraminidase, resulting in plaque reduction due to infection of a single
cell by multiple particles in the virus aggregate. Thimmig et al. (1980)
found that isolated G protein, free of virions, attached readily to BHK-21
cells; they estimated the attachment as 3 x 105 G-protein molecules per
cell. This, of course, would not correspond to the number of cell receptors,
because VSV G protein free of detergent forms micellar aggregates of
numerous G protein molecules (Petri and Wagner, 1980). These studies
of Thimmig et al. (1980) are intrinsically interesting, but they shed little
light on the cell-receptor site or the cell-attachment organ of intact VS
virions, since the isolated G protein did not preempt BHK-21 cell sites
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for subsequent attachment of VSV; neither did intact VSV saturate the
cell receptors for adsorption of the isolated G protein. These studies do
demonstrate a great difference between the G protein in intact virions
and the isolated G protein, presumably due to conformational changes
under these different conditions.

It is likely that the lipid bilayer that comprises the membrane of VSV
also plays some role in its infectivity, since exposure to phospholipase
reduces infectivity, but not nearly as much as exposure to trypsin (Cart-
wright et al., 1969). The isolated nucleocapsid of VSV, free of membrane
and its G protein, can also infect cells and produce plaques in monolayers,
but at very low efficiency (10-° to 10-6); nucleocapsid infectivity depends
on the presence of active polymerase and is considerably augmented by
adjuvants in the adsorption medium such as DEAE—dextran (Szilagyi and
Uryvayev, 1973; Bishop et al., 1974). It is also of interest that the presence
of DEAE—dextran in the adsorption medium increases the infectivity of
intact VS virions by 4-fold (Bailey et al., 1984).

Viral membrane components that contribute to adsorption, other
than the G protein, have not been studied in detail. However, Flamand
and Bishop (1973) found no difference in adsorption to BHK-21 cells of
VSV grown in BHK-21 or chick-embryo cells, a finding that suggests that
cell-specific membrane components, such as glycolipids (Cartwright and
Brown, 1972a), do not influence VSV adsorption to host cells. The cell-
attachment function of the VSV G protein is also not affected by altering
its secondary structure with impermeable sulthydryl reducing agents (with
or without alkylation) that disrupt the G-protein disulfide bonds. These
impermeable reducing agents effectively disrupted disulfide bonds with-
out affecting agglutination of goose erythrocytes or viral infectivity (Beatrice
and Wagner, 1980a).

The rather finicky hemmagglutinating activity of rhabdorivuses pro-
vides another method for studying the virion component responsible for
adsorption to cells. Goose erythrocytes under very restricted conditions
of pH, ionic strength, and temperature can be agglutinated by rather
massive concentrations of rabies virus, VSV, and other rhabdoviruses
(Kuwert et al., 1968; Arstila et al., 1969). The hemagglutinating activity
of VSV was shown by Arstila (1972, 1973) to be due to the spike G protein.
These results were confirmed and extended by McSharry et al. {1978),
who found that G protein removed from VSV virions by Triton X-100
was capable of hemagglutinating goose erythrocytes, whereas the G pro-
tein-denuded virions were not. VSV antibody blocks hemagglutination
by isolated G protein or whole virions. It is also of interest that the
hemagglutinating activity of whole VSV virions or solubilized G protein
is greater per infective virion for virus grown in hamster cells (HAK and
BHK) than for that grown in MDBK cells, suggesting that a cell compo-
nent, presumably carbohydrate, contributes to hemagglutinating activity.
Varying patterns of glycosylation of the G protein are likely to be the
basis for cell modification of the hemagglutination capacity of VSV virions
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(McSharry et al., 1978). In this regard, it is of interest that neuraminidase
can inactivate the hemagglutinating activity of VSV virions (Schloemer
and Wagner, 1975b). However, since the terminal sialic acid on the car-
bohydrate chains of VSV G protein is now known not to affect VSV
infectivity (Cartwright and Brown, 1977), it seems likely that two separate
functions of the VSV G protein are responsible for adsorption to goose
erythrocytes and to host cells.

2. Host-Cell Receptors

Since adsorption of VSV virions to the surface of all cells tested thus
far is relatively inefficient, it has not been easy to design experiments to
identify unequivocally the cell receptors responsible for binding the vi-
rion. Therefore, unlike myxoviruses and paromyxoviruses, which rec-
ognize cell-surface sialic acids as the adsorption receptor, identification
of the cell-surface receptor(s) for rhabdovirus attachment has been far
more elusive. Exposure of L cells to neuraminidase does not affect ad-
sorption of VSV, a finding that tends to eliminate sialoglycoproteins or
sialoglycolipids as major receptors for VSV (Schloemer and Wagner, 1975b).
However, some evidence has been presented that neuraminidase removes
receptors for rabies virus from the surface of chick cells (Superti et al.,
1984b). The same authors also reported phospholipase-sensitive receptors
for rabies virus (Superti et al., 1984a). Moreover, prolonged treatment of
L cells with large amounts of trypsin did not significantly impair attach-
ment of VSV, thus suggesting that readily accessible surface proteins are
not prime candidates as cell receptors for VSV adsorption {Schloemer and
Wagner, 1975b).

Similar studies with Vero monkey cells also revealed that exposure
of cells to trypsin did not affect binding of VSV at 4°C {Schlegel et al.,1982b).
These authors also studied the kinetics of VSV binding to untrypsinized
cells and came to the conclusion that adsorption is a two-phase phenom-
enon. Monolayers of Vero cells exposed to 1 ml of [**S]methionine-labeled
VSV attached virus slowly and in a nonlinear fashion, reaching a satu-
ration plateau at 12 hr; by this technique, only 12% of the input virus
was adsorbed to cells, and this binding was reversible by elution of 47%
of the attached virus when cells were warmed to 37°C for 20 min (Schlegel
et al., 1982b). It was concluded that almost none of the VSV was inter-
nalized after adsorption to cells at 4°C, on the basis of the finding that
94% of the surface virus could be removed by trypsinization. Dose-response
curves and Scatchard plots of binding affinities, studied under conditions
of excess and nonexcess input, revealed two distinct interactions between
Vero cells and VSV, indicating separate saturable and nonsaturable sites
for attachment. Prior exposure to trypsin did not diminish nonsaturable
binding. There apparently is no competition for the two separate binding
sites. Further studies showed that addition of antibody sufficient to neu-
tralize the infectivity of VSV did not impede its binding to Vero cells at
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4°C, nor did the antibody reduce internalization of VSV in cells warmed
to 37°C (Schlegel and Wade, 1983). In fact, antibody-inactivated VSV was
taken up at 37°C faster than was VSV in the absence of antibody. The
authors hypothesize that antibody-neutralized VSV binds to a separate or
additional cell-binding site, which strengthens the argument that there
are two separate cell receptors (saturable and nonsaturable).

Schlegel et al. (1983}, in an extension of their studies, set out to
identify the nonsaturable cell-surface receptor responsible for binding
VSV. They first extracted Vero-cell membranes with the dialyzable, non-
ionic detergent octyl-B-D-glucopyranoside and found that the dialyzed
extract specifically inhibited the saturable, high-affinity binding of
[**S]methionine-labeled VSV to Vero cells. The binding inhibitor was re-
sistant to protease and neuraminidase, but was inactivated by phospho-
lipase C, suggesting that it is a phospholipid. Of all phospholipids tested,
only phosphatidylserine {PS) totally inhibited the high-affinity binding to
VSV to Vero cells and also inhibited VSV plaque formation by 80-90%,
but did not block herpesvirus plaque formation (Schlegel et al., 1983).
The authors suggested that PS may therefore be the VSV receptor on Vero
cells. They also reported in an admittedly not quantitative electron-mi-
croscopic study that mixed vesicles of PS and phosphatidylcholine (PC)
bind to VSV better than do vesicles made of PC alone. However, other
investigators have reported exceedingly high binding of PC vesicles to
VSV with intact G protein spikes, but not to spikeless VSV (Moore et al.,
1978). Nevertheless, these experiments by Schlegel et al. {1982b, 1983)
are intriguing and deserve further investigation. Some preliminary studies
by Superti et al. {1984a) indicate decreased infectivity by VSV and rabies
virus of chick-embryo-related (CER) cells previously tested with phos-
pholipases A,, C, and D as well as sphingo-myelinase, as determined by
immunofluorescence. They also reported restoration of viral receptors 5
hr after treatment of CER cells with phospholipase A,. Large amounts of
phosphatidylethanolamine, phosphatidylinositol, and PS, but not PC, in-
hibited VSV infection when added to virus or cells. These experiments
are difficult to interpret, particularly since phospholipids can cause pro-
found nonspecific, detergent like effects on viruses and cells.

Evidence for a common rhabdovirus receptor on host-cell surfaces
was provided by Wunner et al. (1984), who characterized the saturable
binding sites for rabies virus. Attachment of the ERA strain of rabies virus
to BHK cells followed the laws of mass action and was much more ef-
ficient at pH 6.0 than at higher pH levels. Binding was enhanced by
DEAE-dextran, but was not affected by prior exposure of cells to protease
or neuraminidase. There was clear evidence for saturable receptors on
BHK cells and mouse neuroblastoma 1300 cells. Competition for ERA
binding occurred with a nonpathogenic rabies strain and with VSV, but
not with reovirus type 3 and only slightly with West Nile virus, suggesting
a common virus receptor for rthabdoviruses different from that for other
viruses. Octylglucoside extracts of BHK-cell membrane yielded a chlo-
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roform-methanol-soluble component or components that blocked rabies
virus attachment and that appear to be either phospholipid or glycolipid.
More detailed information on the pathogenicity of rabies virus is provided
in Chapter 9.

A variety of other experiments, largely by indirect phenomenological
techniques, have been performed in an attempt to identify the cell re-
ceptors for rhabdoviruses. For example, human serum lipoproteins, mostly
the very-low-density variety, have been found to inhibit the infectivity
of VSV-Indiana and a fixed rabies virus, ostensibly by decreasing viral
attachment to host cells (Sesanti et al., 1983). Concanavalin A also affects
the infectivity, maturation, and cytopathogenicity of VSV, presumably
because of its lectin-binding activity to viral carbohydrates (Takehara,
1979). Acetylcholine receptors on myotubules have been postulated to
be receptor sites for attachment of rabies virus on the basis of reduced
infectivity after exposure to a-bungarotoxin and a-tubocurarine (Lentz et
al., 1982); neurotransmitters as possible binding sites may explain the
neurotropism of rabies virus (Lentz et al., 1983). Rabies virus also de-
creases agonist binding to opiate receptors of mouse neuroblastoma-rat
glioma hybrid cells (Munzel and Koschel, 1981).

C. Penetration and Uncoating

Penetration of host cells by VSV closely follows adsorption (see Fig.
3) by a series of mechanisms that have long been in dispute. An event
that occurs simultaneously or soon after penetration is called uncoating,
or more properly in the case of VSV, envelope removal. These two events
are not readily dissociable and probably should be considered together.
Whereas adsorption can occur efficiently at 4°C, entry of the virus into
the cell (penetration) is an energy-dependent event generated by the cell
and requires a physiological temperature. Penetration of VSV differs only
in minor ways from penetration of other viruses, particularly other en-
veloped viruses. In fact, it has been postulated that the VSV and a,-
microglobulin share the same receptor for endocytosis by coated pits
(Dickson et al., 1983).

Detailed recent reviews of the phenomena of virus entry into cells
have been provided by Howe et al. (1980), Bukrinskaya {1982}, and White
et al. (1983), among others. The closely related phenomenon of vi-
rus—erythrocyte interaction has also been reviewed by Howe and Lee
(1972). Strong evidence for interaction of VSV G protein with the surface
membrane of cells comes from experiments on fusion from within, by
which one VSV-infected cell can fuse with an uninfected cell by virtue
of the G protein inserted in the plasma membrane, particularly when
virion maturation is blocked in cells infected with temperature-sensitive
mutants restricted in the M protein (Storey and Kang, 1985).
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Electron-microscopic studies of VSV penetration yielded conflicting
results. Heine and Schnaitman (1969; 1971) presented evidence that the
membrane of VSV can fuse with the surface cytoplasmic membrane,
thereafter discharging the nucleocapsid into the cytoplasm. Simpson et
al. (1969), on the other hand, could find evidence for entry of only intact
VS virions in phagocytic vesicles. In an attempt to resolve this dispute,
Dahlberg (1974) attempted quantitative electron-microscopic studies and
found that VSV particles entered cells almost always by viropexis and
only rarely by fusion to plasma membrane. When he performed experi-
ments in a manner similar to that of Heine and Schnaitman (1971} by
cocentrifugation of virus and cells, somewhat greater numbers of VSV
particles fused with plasma membrane, but the major proportion appeared
to enter cells in an intact form. In an exhaustive series of studies, Helenius
and his colleagues have come to the conclusion that enveloped viruses
adsorb to cell surfaces at the site of histocompatibility antigens and coated
pits; ingestion of the adsorbed virus then appears to occur by endocytosis
of coated vesicles, a process that applies to VSV (Matlin et al., 1982b) and
other enveloped viruses, particularly the well-studied Semliki Forest virus
(Helenius et al., 1980). After endocytosis, the coated vesicle fuses in a
succession of events at pH < 6 with lysosomes, thus resulting in release
of the nucleocapsid (Marsh et al., 1983). Certain aspects of this series of
events have not been confirmed by other investigators. Oldstone et al.
{1980) reported that cells lacking H-2 or HLA histocompatibility antigens
were readily penetratable by Semliki Forest virus. Nevertheless, it seems
likely that the Helenius hypothesis is largely true and that VSV and other
enveloped viruses can enter cells by endocytosis and are uncoated (de-
membraned) by reaction of endocytic vesicles with lysosomes at low pH.
Another possibility is that VSV and other enveloped viruses can use the
alternative pathways of endocytosis or cytoplasmic membrane fusion to
deposit the membrane-stripped nucleocapsid into the host-cell cytoplasm.
In either case, the virus membrane is removed by fusion with surface or
internal cell membranes.

1. Endocytosis

The discrepancy in data on the mechanisms of viral penetration and
their interpretation is undoubtedly due to variations in experimental con-
ditions and the nature of the virus used. In a very nice study by Fan and
Sefton (1978), specific viral antibodies and complement were used to
detect the presence of viral antigens on the surface of host cells that had
engulfed either Sendai virus, Sindbis virus, or VSV. Cells infected with
moderate amounts of Sendai virus were lysed by antibody and comple-
ment, whereas cells infected with Sindbis virus or VSV were not unless
enormous input amounts of these latter viruses were used. Fan and Sefton
{1978) concluded that the membrane of Sendai virus, which contains a
protein fusion factor {Scheid and Choppin, 1977), customarily fuses with
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the plasma membrane of the host cell, leaving its membrane antigens on
the surface, whereas VSV and Sindbis virus, membrane and nucleocapsid,
are engulfed by the host cell and do not leave their antigens on the cell
surface except at enormous input multiplicity. These data go a long way
to explain the electron-microscopic observations of Heine and Schnait-
man (1969, 1971).

The critical conditions for VSV penetration into cells that has been
amply documented by Helenius and his colleagues is the requirement for
low pH of the surrounding medium (White et al., 1981; Matlin et al,,
1982b). When VSV, previously adsorbed to MDCK cells at 0°C, is shifted
to 37°C, 40-50% of the prebound virus becomes resistant to protease if
the external pH is below 6 for at least 30 sec. On the basis of these and
other experiments, these investigators conclude that “VSV fuses to the
MDCK cell plasma membrane at low pH” and further suggest that “the
virus enters cells by endocytosis in coated pits and coated vesicles where
the low pH triggers a fusion reaction ultimately leading to the transfer
of the genome into the cytoplasm” (Matlin et al., 1982a,b). Technical
details are presented in Methods in Enzymology (Marsh et al., 1983).
Similar fusogenic activity at low pH occurs when cells transfected with
cDNA vectors expressing VSV G protein, which is subsequently inserted
into the plasma membrane, fuse with adjacent cells {Florkiewicz and
Rose, 1984; Riedel et al., 1984).

In an effort to define the reactive components in VSV and the target-
cell membrane that lead to fusion, Eidelman et al. ({1984) designed a
system in which unilammelar PC vesicles into which VSV G protein had
been inserted by the method of Petri and Wagner (1979) were tested for
their capacity to fuse with other vesicles containing different phospho-
lipids. Fusion was monitored by electron microscopy and fluorescence
energy transfer. Eidelman et al. (1984) found that G-protein vesicles fused
only with vesicles that contained acidic phospholipids (PS or phosphatidic
acid); the fusion reaction was pH-dependent with a pK of about 5 and an
apparent energy of activation for the fusion reaction of 16 + 1 kcal/mole.

2. Hemolysis

Another method for studying cell penetration by VSV is to measure
hemolysis of erythrocytes to which the virus has adsorbed, a procedure
that lends itself to quantitation as well as to measuring the kinetics of
the fusion reaction. Human erythrocytes exposed to certain proteases will
adsorb VSV or rabies virus and will rapidly undergo hemolysis. The extent
of the hemolytic reaction was found to depend almost entirely on the pH
of the reaction mixture and was optimal at pH 5.0 (Manen et al., 1982).
The hemolytic reaction could be completely blocked by exposure of VSV
to anti-VSV serum (Mifune et al., 1982). Hemolysis of human erythrocytes
by VSV is maximal at pH < 5.0 and is negligible at pH = 6.0 (Bailey et
al., 1981). The polycation DEAE—dextran greatly enhanced the hemolytic
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activity of VSV for human erythrocytes and for those of other species, in
a manner quite similar to its capacity to increase the binding capacity
and infectivity of VSV for BHK cells (Bailey et al., 1984). These effects
were maximal at pH 5.0 and at 37°C. Vesicles containing G protein and
VSV membrane lipids displayed about 40% of the hemolytic activity of
intact VSV virions and were completely inactive at pH 6.0, as were spike-
less VSV virions.

Schlegel and Wade (1984) surmised that the VSV G protein amino-
terminal segment, which has clusters of positively charged and hydro-
phobic amino acids in many VSV strains (Rose and Gallione, 1981; Kotwal
et al., 1983), may be the VSV factor responsible for hemolysis. To test
this hypothesis, they prepared a synthetic oligopeptide corresponding to
the 25 amino-terminal amino acids of the VSV G protein and tested its
hemolytic activity. They found that this oligopeptide had pH-dependent
hemolytic activity quite comparable to that of the intact VSV G protein.
Antibody prepared against the synthetic oligopeptide did not neutralize
VSV infectivity and could bind only to SDS-denatured G protein, sug-
gesting that the G protein is not hemolytic in the native conformation
(Schlegel and Wade, 1984). In an extension of this study, Schlegel and
Wade (1985) found that only the 6 terminal amino acids of the 25-amino-
acid oligopeptide were essential for causing hemolysis. The hemolytic
effect was retained if the amino-terminal lysine of this peptide was re-
placed by another positively charged amino acid, arginine, but not when
it was replaced by glutamic acid. The 25-amino-acid oligopeptide was
also found to be cytotoxic and to affect gross changes in permeability in
cultured Vero cells, confirming the membrane-destabilizing properties of
this VSV G protein domain. However, when the N-terminal lysine was
replaced by glutamic acid by oligodeoxynucleotide mutagenesis, this mu-
tated G protein retained its pH-dependent cell-fusion activity (Woodgett
and Rose, 1986). It would seem unwise, therefore, to equate hemolytic
activity of G protein with its cell-fusion activity.

3. Membrane Perturbation

There have been limited biophysical studies on perturbation of cell
membranes undergoing penetration by VSV. By means of fluorescence
depolarization using the hydrophobic compound 1,6-diphenyl-1,3,5-hex-
atriene inserted into the membrane of foreskin cells, Levanon et al. {1979)
observed reduced membrane microviscosity (increased fluidity) at 37°C,
a temperature at which penetration was presumably progressing. These
authors noted the same results with other enveloped and nonenveloped
viruses and suggested this as a diagnostic procedure for identifying vi-
ruses. Altstiel and Landsberger (1981} used spin-label electron spin res-
onance (ESR) of a nitroxide derivative of stearic acid to study structural
changes at 37°C in the plasma membrane of BHK-21 cells exposed to VSV
at a multiplicity of 100 PFU/cell. These experiments showed an increased
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rigidity (decreased fluidity) of the cell membrane that was attributed to
cross-linking of receptors in the plane of the plasma membrane that did
contain surface VSV antigen detectable by immunofluorescence. The
monovalent water-soluble G, protein of VSV did not cause this effect,
but G plus anti-G serum did, an effect that was reversed by colchicine.
Young et al. (1983} measured the conductance of planar lipid bilayers after
interaction with VSV, Sendai, influenza, and Semliki Forest virus (SFV).
VSV, influenza virus, and SFV all increased conductance in the bilayer
at pH 5.2 but not at pH 7.0, which was optimal for Sendai virus. The
presence of cholesterol in the planar bilayer enhanced the conductance
changes for all the viruses except VSV. Gutierrez et al. (1984) studied
synchronized entry of VSV into spin-labeled cultured human cells and
found an increase in the rigidity of the cell membrane as measured by
ESR spectroscopy. This effect was not altered by treatment of the cells
with a-interferon, despite its antiviral activity. It is difficult to explain
or reconcile the discrepancy in results obtained by Altstiel and Lands-
berger (1981) and Gutierrez et al. (1984) with those of Levanon et al.
(1979). Quite obviously, more detailed biophysical experiments are re-
quired to provide conclusive data on the dynamics of cell-membrane
interaction with rhabdoviruses, or with other viruses, for that matter.

4. Uncoating

For infection to proceed following penetration of a rhabdovirus, the
membrane must be removed (uncoating} to permit viral transcription.
Since endocytosis appears to be the predominant mode of VSV entry into
the cytoplasm, the cytoplasm appears to be the logical site for uncoating.
This event still requires fusion of viral membrane with a cellular mem-
brane, which in the case of VSV and other rhabdoviruses appears to be
the membranes of endocytic vesicles. The sequence of events appears to
be similar for rhabdoviruses and other enveloped viruses, with the ex-
ception of those paramyxoviruses that contain an active fusion-factor
protein (Lenard and Miller, 1982; White et al., 1983). The intact virus
apparently enters the cell by means of a coated pit, progressing to a coated
vesicle and thence to larger uncoated collecting vacuoles and finally to
secondary lysosomes. Fusion of the VSV virion membrane with the vac-
uole membrane requires quite a low pH that ostensibly can be provided
only by lysosomes. Much of the evidence for the function of the lysosome
comes from the use of antiviral lysosomotropic amines that are highly
lipophilic and can diffuse in their uncharged form across lysosomal mem-
branes, where they are protonated. These basic lysosomotropic amines
can cause a rapid rise in the pH of the lysosomal contents; it is by this
series of events that they are thought to abort viral infections (Lenard
and Miller, 1982). In theory, the higher pH prevents uncoating of VSV or
other enveloped viruses, thus terminating the cycle of infection.

The capacity of lysosomotropic agents to interrupt an intracellular
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step required for completing the cycle of VSV infection has been studied
by various investigators (Shimizu et al., 1972; Miller and Lenard, 1980,
1981; Matlin et al., 1982a,b). The lysosomal inhibitor chloroquine, when
added with the infecting virus, completely inhibited VSV infection at all
multiplicities of infection and caused 50% inhibition when added up to
1.5 hr postinfection (Miller and Lenard, 1980). Quite a large number of
lipophilic amines of diverse chemical structure, such as local anesthetics
(dibucaine, tetracaine, lidocaine, procaine), antihistaminics (pyrilamine
maleate, chlorpheniramine, promethazine-HCl), an antipyretic (amino-
pyrine), and miscellaneous amines (dansylcadaverine, ethylenediamine,
1-propylamine, imidazole, methylamine), as well as chloroquine, were all
found to exhibit similar kinetics, but at somewhat different doses, in
inhibiting VSV infection of BHK cells (Miller and Lenard, 1981). The
inhibitory effects of these amines were found to occur at a stage following
transfer of virus from the cell surface to an intracellular site but prior to
primary transcription of the viral genome. It was logical for Miller and
Lenard (1981) to assume that the lysosome was the intracellular site of
the inhibitory action of these lysosomotropic amines and that the effect
occurs at the stage of viral uncoating in a manner similar to that for
infection with Sendai virus, influenza virus and SFV (White et al., 1981,
1983).

Similar but not identical results were obtained by Schlegel et al.
(1982a), who found that dansylcadaverine and amantadine inhibited the
uptake of VSV by mouse Swiss 3T3 cells as determined by immunoflu-
orescence, electron microscopy, [*H]-VSV uptake, and subsequent viral
RNA synthesis. These compounds were also found to inhibit uptake of
a,-macroglobulin, which ostensibly binds to the same receptor as that for
VSV, but these compounds do not block uptake of concanavalin A or
insulin, which may have different receptors. Schlegel et al. (1982b) pos-
tulate one cellular target for amantadine and dansylcadavarine that ap-
pears to result from the clustering of membrane-bound ligands or particles
in clathrin-coated pits. In somewhat disparate results, McCooms et al.
(1981) found that inhibition of endocytosis by cytochalasin B did not
influence infection with Sindbis virus or VSV and that the lipophilic
amine chloroquine did not block ingestion of these viruses, but still greatly
reduced their yields. These results led McCooms et al. (1981) to conclude
that “endocytosis is not essential for the infection of cultured cells by
Sindbis virus or vesicular stomatitis virus.” Clearly, more data are re-
quired to resolve the exact nature of VSV penetration and uncoating
events more definitively.

Two lysosomotropic agents, ammonium chloride and chloroquine,
were found by Tsiang and Superti (1984) to inhibit infection of murine
neuroblastoma cells by rabies virus, suggesting to these authors that ra-
bies virus infects neuronal cells by means of endosomes and a pH-de-
pendent pathway. In a companion study, this laboratory noted by electron-
microscopic and fluorescence techniques that rabies virus enters CER
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cells by means of adsorptive endocytosis, presumed to be independent of
cellular metabolic processes. Certain evidence was also presented to sug-
gest that ammonium chloride and chloroquine, the latter more slowly,
inhibit virus-membrane fusion at a prelysosomal step (Superti et al., 1984b).
Specific sites of entry of rabies viruses into peripheral nerves of infected
mice have been described to be at motor endplates as determined by
cholinesterase-positive and immunofluorescent staining (Watson et al.,
1981).

D. Transcription

Transcription is the first viral metabolic event after cells are pene-
trated by rhabdoviruses and their uncoated nucleocapsids are released
into the cytoplasm. Details of the transcriptional events and their regu-
lation are presented in Chapter 6. Suffice it to say here that VSV tran-
scription is independent of host-cell functions and takes place intracell-
ularly in the presence of actinomycin D and inhibitors of protein synthesis,
such as cycloheximide; this has been called “primary transcription” (Huang
and Manders, 1972}, which takes place on input (parental) nucleocapsids
(see Fig. 3). The early literature on in vivo transcription was reviewed by
Wagner (1975) and also more recently in the preceding series, Compre-
hensive Virology, Vol. 19, by Wagner et al. (1984), some of which is
reproduced below.

The deproteinized RNA of VSV, unlike that of poliovirus RNA, is
not infectious (Huang and Wagner, 1966b). Baltimore et al. {1970) first
described the virion-associated RNA-dependent RNA polymerase and
worked out the basic conditions for VSV transcription in vitro. The en-
zymology of the VSV transcriptase was described by Emerson and Wagner
(1972, 1973) with the absolute requirements for N-protein-encapsidated
genome RNA serving as a template for reconstitution with both the L
and NS (P) proteins; L and NS (P proteins, from homologous or heter-
ologous virions, are both required to initiate the transcriptase reaction
(Emerson and Yu, 1975; Mellon and Emerson, 1978). Under these con-
ditions, the nucleocapsid is infectious (Bishop et al., 1974} and codes for
all five VSV monocistronic mRNAs in vitro (Bishop et al., 1974) and in
vivo (Banerjee et al., 1977). The gene order of the five VSV cistrons was
worked out by Ball and White {1976} and by Abraham and Banerjee {1976a)
as 3'-N-NS-M-G-L-5’, which also represents the decreasing molar ratios
in which the five mRNAs are synthesized, based on their proximity to
the 3’-genome terminus. Colono and Banerjee (1977} described a 47-nu-
cleotide leader RNA sequence that, unlike the five mRNAs, is neither
capped, polyadenylated, nor translated, but initiates the transcription pro-
cess and is made in larger molar amounts than any mRNA. All five VSV
mRNAs are capped and polyadenylated, but no one, to date, has identified
specific capping or adenylating enzymes (Abraham and Banerjee, 1976b).
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Another VSV protein that regulates transcription is the M protein, which
binds to nucleocapsids (Wilson and Lenard, 1981) and inhibits transcrip-
tion by approximately 80% (Clinton et al., 1978a; Carroll and Wagner,
1978a, 1979).

E. Translation

Translation of each of the mRNAs of VSV, but not the leader RNA
sequence, proceeds immediately after, and in fact is coupled with, tran-
scription. All five VSV proteins are synthesized throughout the cycle of
infection, but the amount of each protein synthesized is roughly in de-
creasing order of the linear sequence of genome cistrons: N, NS, M, G,
and L proteins (Wagner et al., 1970; Mudd and Summers, 1970; Hsu et
al., 1979). Figure 3 offers a brief schematic representation of the process.
The G protein is synthesized from mRNA on endoplasmic reticulum
membrane-associated polyribosomes by means of a signal sequence, step
wise glycosylation, and migration of vesicles to the cytoplasmic mem-
brane for fusion and insertion of the fully glycosylated G protein (Knipe
et al., 1977; Rothman et al., 1980). Chapters 3 and 4 describe in detail
the synthesis, processing, and membrane insertion of the VSV G protein.
The other four VSV proteins are synthesized from monocistronic mes-
sengers on cytoplasmic polyribosomes (Morrison and Lodish, 1975). Out-
lined below are some VSV translational strategies abstracted from a pre-
vious short review of this subject (Wagner et al., 1984).

The mRNAs of VSV appear to be translated in a manner quite similar
to that of other eukaryotic mRNAs (Breindl and Holland, 1975). The VSV
mRNAs are polyadenylated and are capped in vitro as well as in vivo by
incorporating the methyl group of S-adenosyl-L-methionine during syn-
thesis by the virion-associated polymerase (Rhodes et al., 1974). If meth-
ylation and capping are inhibited by the analogue S-adenosylhomocy-
steine, the uncapped VSV mRNAs are poorly translated in a wheat-germ
system (Both et al., 1975). However, Rose and Lodish (1976) found that
removal of the 5’-terminal 7-methylguanosine did not greatly reduce the
translational activity of VSV mRNAs in a reticulocytelysate cell-free sys-
tem. In addition, certain VSV proteins are phosphorylated to varying de-
grees, particularly the P protein and to a lesser extent the M protein, by
a kinase, probably of host-cell origin (Imblum and Wagner, 1974). The L
protein is thought to have kinase activity and possibly regulates the degree
of phosphorylation of the P protein (Sanchez et al., 1985), a finding at
variance with the studies of Clinton et al. {1982}, who consider the protein
kinase to be of cellular origin. The degree of phosphorylation of two
species of VSV NS (P) protein appears to determine its role in VSV tran-
scriptase activity (Kingsford and Emerson, 1980). These and other prop-
erties of VSV proteins and their specific mRNAs are potentially involved
in competition for translation of cellular proteins. Although different VSV
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mRNAs appear to be equally effective in binding to ribosomes and in
initiating and elongating polypeptides, the N-protein mRNA appears to
be more efficient in translation than the G-protein mRNA under con-
ditions of inhibition by high salt concentrations or by aurintricarboxylate,
suggesting differences in requirements for factors that initiate translation
(Lodish and Froshauer, 1977). Lodish and Porter (1980) have reported that
VSV mRNAs in general out-compete cellular mRNAs for binding to ri-
bosomes, although they do not differ significantly in initiation of trans-
lation in reticulocyte lysates. These authors concluded that this com-
petitive advantage of VSV mRNAs for ribosomes explains the capacity
of the virus to reduce cellular protein synthesis, but, as will be indicated
later, evidence by other techniques controverts such a conclusion (Du-
nigan and Lucas-Lenard, 1983; Schnitzlein et al., 1983).

F. Replication

A detailed description of replicative strategies for VSV is presented
in Chapter 7. The summary presented here is largely abstracted from our
recent short review in Comprehensive Virology, Vol. 19 (Wagner et al.,
1984).

Unlike transcription, replication of VSV requires coupled translation
(Huang and Manders, 1972; Wertz and Levine, 1973; Davis and Wertz,
1982) and probably one or more host factors (Hill et al., 1981; Patton et
al., 1983). In all likelihood, the same endogenous polymerase functions
for replication as well as transcription. Although all full-length plus-
strand and negative-strand RNA molecules and some messengers and
leader RNAs are encapsidated with N protein (Blumberg et al., 1981),
partially double-stranded replicative intermediates can be found in in-
fected cells (Wertz, 1978); as described later, these replicative interme-
diates may be involved in inhibiting cellular protein synthesis (J.R. Thomas
and Wagner, 1982). The viral N protein is thought to modulate transcrip-
tion and replication by its ability to bind to nascent leader RNA, thus
promoting read-through of the termination signals as the full-length RNA
is assembled into nucleocapsids (Schubert et al., 1982). Experiments by
Blumberg et al. (1981) have led to the hypothesis that interaction of VSV
leader RNA and nucleocapsid protein may control VSV genome replica-
tion. Proteins N, L, and P (NS) rapidly associate with nascent progeny
RNA to form a ribonuclease-resistance ribonucleocapsid; even the pres-
ence of cycloheximide does not block replication for at least 20 min, since
the existing pool of N, L, and P proteins continues to assemble with
nascent RNA chains (Rubio et al., 1980). The same events apparently
occur in vitro in a coupled replication-translation system (Wertz, 1983).

It is becoming increasingly evident that the VSV polymerase serves
the dual purpose of messenger transcription and replication of the entire
VSV genome. The apparent site of entry of the polymerase is the 3’ ter-
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minus of the VSV genome (Emerson, 1982), which codes for the plus-
strand leader RNA. It has been proposed that the 5’ terminus of the leader
RNA serves as the nucleation site for binding of newly synthesized N
protein to form the ribonucleocapsid, thus regulating the switch from
transcription to replication (Blumberg et al., 1981, 1983). The La protein
of systemic lupus erythematosus has been found complexed with both
the plus-strand leader RNA {Kurilla and Keene, 1984) and the minus-
strand leader (Wilusz et al., 1984) and has been proposed as a host-cell
factor that may control the level of N protein, which ostensibly effects
the switch from VSV transcription to replication.

Assuming that the leader gene is the site of entry for the VSV poly-
merase, it has been proposed that the VSV leader RN A sequence regulates
the switch from transcription to replication (Blumberg et al., 1981, 1983).
This led Kolakofsky and co-workers to speculate that the switch involves
the leader sequence and the specific concentration of N protein. Wilusz
and Keene {1984) have proposed that formation of an La—protein—leader
RNA complex may serve as an in vivo attenuator of transcription to
ensure adequate levels of viral protein accumulation before the switch
to replication takes place. Evidence for displacement of La protein by viral
N protein on the plus-strand leader RNA is consistent with this possibility
{Kurilla and Keene, 1984).

The leader sequence is thought to contain the nucleation site for
nucleocapsid assembly within the first 18-20 nucleotides of both the
wild-type and DI leader RNAs. Of the five strains of VSV examined, there
is a remarkable homology in the first 18 nucleotides with the consensus
sequence 3'-UGCUUN-UNNUNNUUUGU-5' (Giorgi et al., 1983). The
nucleocapsid assembly signal is thought to be a 5-times-repeated A res-
idue in every 3rd position at the 5' end of the leader RNA (Giorgi et al.,
1983). This repeated pattern in the proposed encapsidation signal was
pointed out by Blumberg and co-workers {personal communication) to be
analogous to the encapsidation signal for tobacco mosaic virus. Perhaps,
as suggested by Rose (1980), these genes may have a common ancestry.
The critical role of the N protein in VSV replication and nucleocapsid
assembly is emphasized by studies of Arnheiter et al. (1985}, who showed
that a monoclonal antibody that reacts only with cytoplasmic unbound
N protein, and not with nucleocapsid N protein, selectively inhibits ge-
nome replication and not messenger transcription. A separate monoclonal
antibody to N protein inhibits VSV transcription and not replication.
These studies strongly point to two conformational forms of N protein
that selectively regulate replication and transcription.

G. Assembly and Budding

Certain of the events in assembly and budding of VSV and other
rhabdoviruses occur independently and others are tightly coupled. As
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indicated in the preceding section, replication of viral progeny RNA and
translation proceed simultaneously, and the newly synthesized N, L, and
P proteins bind to the newly synthesized progeny RNA to form newly
assembled ribonucleoprotein cores (Rubio et al., 1980). As illustrated in
Fig. 3, independently synthesized M protein apparently has marked af-
finity for associating with the cell membranes (Morrison and McQuain,
1978) as well as progeny nucleocapsids (Wilson and Lenard, 1981); as the
M protein binds to these progeny nucleocapsids, it appears to result in
the formation of a tightly coiled “skeleton” that is the final nucleocapsid
structure of the rhabdovirus virion (Newcomb and Brown, 1981; New-
comb et al., 1982). At the same time as the nucleocapsid RNA and proteins
are being synthesized and assembled, the VSV G protein is being syn-
thesized independently on membrane-associated poly-ribosomes as well
as being processed and glycosylated in endoplasmic reticulum—Golgi
structures. Coated vesicles then migrate to the plasma membrane for
fusion and insertion of the G protein (Rothman et al., 1980). It is believed
that the nucleocapsid—M protein complexes then migrate to regions of
the cytoplasmic membrane that contain the newly inserted but randomly
distributed VSV G protein (Wagner et al., 1971). The nucleocapsid—M
protein complex appears to bind to the cytoplasmic surface of the plasma
membrane at a region rich in inserted G protein and PS phospholipids;
there is some evidence that the positively charged M protein {Carroll and
Wagner, 1979) binds to negatively charged headgroups of PS (Zakowski
et al., 1981). The tightly coiled nucleocapsid is apparently next enveloped
in the G-protein-converted cytoplasmic membrane, leading to budding
and release of fully formed and infectious VS virions. The evidence for
these assembly and budding steps is largely circumstantial and far from
complete, but certain data by Jacobs and Penhoet (1982} indicate that viral
nucleocapsid—M protein complexes promote lateral diffusion of G protein
in the plane of the membrane bilayer to those regions of the cytoplasmic
membrane that are devoid of cellular proteins and destined for nucleo-
capsid envelopment and budding of completed membrane-enclosed VS
virions. A more detailed analysis of the budding of VSV is presented in
Chapter 3. Synthesis and processing of the VSV G protein are discussed
in Chapter 4.

V. CELLULAR RESPONSES TO INFECTION

Rhabdoviridae, particularly those of the genus Vesiculovirus, are often
highly virulent and can cause rapid changes in metabolism of the host
cell leading to death. Other members of the family Rhabdoviridae can
also cause acute and severe diseases, probably by somewhat different
pathogenetic mechanisms; subsequent chapters review the pathogenesis
of plant rhabdoviruses (Chapter 10} and of rabies viruses (Chapter 9).
Detailed reviews of the pathogenesis and cytopathology of vesicular sto-
matitis virus (VSV) were published in vol. 19 of Comprehensive Virology,
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the predecessor to this series (see Wagner, 1984; Wagner et al., 1984).
Some of this material, updated, is reproduced here to provide a complete
analysis in one volume.

In addition to its cytopathic effect, VSV also inhibits cellular nucleic-
acid and protein synthesis. These effects on cellular macromolecular syn-
thesis occur very rapidly and long before cell death (see Wagner et al.,
1984). The pervading question is whether these effects of VSV on cellular
macromolecular synthesis are the cause(s) of cell death. There is reason-
able evidence that a similar property of VSV inhibits both RNA and DNA
synthesis, but suppression of protein synthesis is probably caused by a
different VSV function (McGowan and Wagner, 1981). Though they are
related, these various cellular responses to VSV infection will be discussed
separately.

A. Cytopathology

VSVs generally cause rapid cytopathic effects in vertebrate cells and
to a lesser extent in invertebrate cells, but it is wise to keep in mind that
there can be considerable variation in pathogenesis caused by different
VSV types and strains. The review by Bablanian (1975) provides an ex-
cellent description of the cytopathology caused by VSV. Clearly, there
are two distinct types of cytopathic effects resulting from VSV infection:
(1) a rapid cellular response at high multiplicity, characterized by cell
rounding by 1 hr postinfection (Baxt and Bablanian, 1976a), which was
once thought not to require active viral synthetic functions and was
dubbed “cytotoxic”; {2} a slower response that appears to require active
VSV replication, usually accompanied by release of progeny virions from
the infected cell. Quite characteristic of the rapid cellular response is
early inhibition of cellular RNA, DNA, and protein synthesis (McGowan
and Wagner, 1981). These early events were originally considered to be
due to structural components of input parental virions because they were
noted at high multiplicity and with nonreplicating defective interfering
(DI) particles and UV-inactivated wild-type virus, as well as in the pres-
ence of cycloheximide (Baxt and Bablanian, 1976b). It is now quite clear
that very high multiplicities of VSV DI 5' particles, when completely free
of standard wild-type VSV, do not kill cells (Marcus and Sekellick, 1974)
and do not inhibit cellular RNA synthesis (Weck and Wagner, 1979a). By
the same token, UV irradiation at moderate doses does not eliminate all
biological activity of VSV, which can still retain the capacity to kill cells
(Marvaldi et al, 1977) and to inhibit cellular nucleic-acid synthesis
(McGowan and Wagner, 1981} and protein synthesis {Marvaldi et al.,
1978). Therefore, the most compelling data suggest that certain viral gene
functions must retain their activity in order to kill cells. In fact, it seems
quite clear from genetic studies by Marcus and Sekellick {1975) and Mar-
cus et al. (1977) that VSV can kill cells only if the infecting virion retains
a certain degree of transcriptase activity. Moreover, only a single standard
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(B) virus particle is sufficient to kill a cell, though VSV DI 5’ particles
cannot |[Marcus and Sekellick, 1976).

It has also long been known that cells vary greatly in their suscep-
tibility to viral infection, even when no differences can be demonstrated
in their surface receptors for virus adsorption. Moreover, the same virus
clone can inhibit macromolecular synthesis in one cell type to a greater
extent than in another, even though virus yields may not differ signifi-
cantly. For example, Baxt and Bablanian (1976b) showed that VSV inhibits
nucleic-acid synthesis in BHK-21 cells more readily than it does in LLC-
MK2 cells. Weck and Wagner (1978) also reported that MPC-11 mouse
myeloma cells were more susceptible to VSV shut off of cellular RNA
synthesis than were BHK-21 or mouse L cells.

Cell differentiation may play a role in cellular susceptibility to viral
infection, as illustrated by the finding that VSV replication is restricted
in one human lymphoblastoid-cell line but not in another or in HeLa
cells (Nowakowski et al., 1973). Robertson and Wagner (1981) also found
that HeLa cells and L cells are more permissive for VSV growth than an
end-stage myeloma-cell line, MPC-11, which, in turn, is more permissive
than the Abelson-virus-transformed 18-81 pre-B cell that does not secrete
immunoglobulin. The converse relationship was found when we tested
these same cells for capacity of VSV to shut off cellular RNA synthesis;
the susceptibility of these cells to VSV inhibition of cellular RNA syn-
thesis could be ranked in the order 18-81 > MPC-11 > L cells >HeLa cells
(Robertson and Wagner, 1981). This difference in susceptibility to inhi-
bition of cellular macromolecular synthesis does not appear to be related
to the specific proteins produced by differentiated cells. Myeloma cells
infected with VSV exhibit far less inhibition of the synthesis of immu-
noglobulin than of other cellular proteins (Nuss and Koch, 1976). Simi-
larly, globin synthesis in differentiated Friend erythroleukemia cells is
more resistant to shutoff by VSV infection than are other proteins of the
same cell (Nishioka and Silverstein, 1978). Cellular factors of unknown
nature were also found to determine the ability of mengovirus to inhibit
the synthesis of VSV protein or of VSV to inhibit the synthesis of men-
govirus proteins in doubly infected HeLa, CHO, or L-929 ells (Otto and
Lucas-Lenard, 1980). VSV also appears to inhibit uptake of uridine in
infected chick-embryo cells (Genty, 1975), but not in other cells (Weck
and Wagner, 1978). Quite obviously, the factors that control cellular sus-
ceptibility to infection with VSV remain unclear.

B. Vesicular Stomatitis Virus Inhibition of Cellular
RNA Synthesis

The mechanisms by which VSV shuts off RNA synthesis in the in-
fected host cell has been reviewed in some detail (Wagner et al., 1984).
It seems clear that the major aspects of this problem are: (1) the nature
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of the viral product that is responsible for inhibiting cellular RNA syn-
thesis and (2) the cell target. Earlier studies suggested that structural
components of the virion, presumably proteins, were responsible for in-
hibiting cellular RNA synthesis; this conclusion was based on evidence
that cellular RNA synthesis could be inhibited by heavily UV-irradiated
preparations of standard VSV (Huang and Wagner, 1965; Yaoi et al., 1970)
or by high multiplicities of noninfectious DI particles (Huang and Wagner,
1965; Baxt and Bablanian, 1976b). In retrospect, these conclusions were
erroneous because subsequent experiments showed that only enormous
doses of UV irradiation could destroy all VSV functions (Weck et al,
1979) and DI particles truly free of standard VSV do not shut off cellular
RNA synthesis even at enormous input multiplicities (Weck and Wagner,
1979a). Another question that arises is whether VSV inhibition of cellular
RNA synthesis is a primary effect or is secondary to VSV inhibition of
DNA synthesis. Essentially circumstantial evidence that inhibition of
cellular RNA synthesis is not secondary to its inhibition of cellular pro-
tein synthesis was provided by McGowan and Wagner (1981}, who showed
different kinetics of VSV inhibition of cellular nucleic-acid synthesis and
protein synthesis. However, these authors also described identical ki-
netics for inhibition of cellular RNA and DNA synthesis, a finding that
suggests that a single viral function is responsible for compromising cel-
lular RNA and DNA synthesis. McGowan and Wagner (1981} found that
equivalent doses of UV irradiation were required to ablate the RNA- and
DNA-synthesis-inhibitory activities of VSV, compared to much lower
UV doses required to inhibit the effect of VSV on cellular protein synthesis
(Marvaldi et al., 1977).

This statement still applies despite a study by Dunigan and Lucas-
Lenard (1983) that provides evidence for two sites of UV inactivation of
protein-synthesis inhibition, one of which may be identical to the leader
sequence presumably responsible for inhibiting cellular RNA synthesis
(Weck et al., 1979; McGowan et al., 1982). In any case, the kinetic data
and UV-inactivation data seem to implicate the same or closely related
viral functions in inhibiting both cellular RNA and DNA synthesis, but
not inhibition of cellular protein synthesis, at least not entirely.

1. Identifying the Viral Product Responsible for Inhibiting Cellular
RNA Synthesis

The evidence cited above suggests that structural components of the
invading virion are not responsible for shutting off cellular RNA synthe-
sis. The most telling evidence for this suggestion is that enormous mul-
tiplicities of VSV DI particles, the proteins and other structural compo-
nents of which are identical to those of fully infections VSV (Wagner et
al., 1969}, do not significantly affect cellular RNA synthesis (Weck and
Wagner, 1979a). Moreover, 5’ DI particles synthesize no RNA, even though
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they contain a functional polymerase (Emerson and Wagner, 1972} and
therefore synthesize no viral proteins. These and other experiments strongly
suggest that products newly synthesized by fully infectious invading vi-
rions are responsible for inhibiting cellular RNA synthesis. The only
products encoded by the VSV genome are a 47-nucleotide leader RNA
(Colonno and Banerjee, 1977) and five monocistronic RNAs that are trans-
lated into five proteins in vitro (Bishop et al., 1974) and in vivo (Banerjee
et al., 1977). It seemed logical, therefore, to devise experiments designed
to identify a specific viral RNA or protein newly synthesized by the
infectious, cytopathic VSV as the putative inhibitor(s) of cellular RNA
synthesis. In the absence of a cell-free system in which each of the com-
ponents could be tested independently, it was essential to use indirect
techniques in vivo. The use of specific inhibitors of protein synthesis had
drawbacks because all compounds tested by us, including cycloheximide,
puromycin, and several amino acid analogues, also inhibited cellular RNA
synthesis as well as cellular and viral protein synthesis, at least in the
MPC-11 myeloma cells used in our experiments (Weck and Wagner, un-
published data). Very recent studies by Poirot et al. (1985) using mouse
L cells led to the conclusion that VSV protein synthesis was at least
partially required to inhibit cellular RNA synthesis because removal of
cycloheximide resulted in inhibition of host-cell RNA synthesis or, at
least, the approximately 50% residual RNA synthetic activity not affected
by cycloheximide. These results may be valid, but the experiment suffers
from the drawback that cycloheximide, pactamycin, or emetine had al-
ready reduced cellular RNA synthesis considerably, possibly wiping out
that part of the RNA-synthetic machinery susceptible to another viral
function.

Other investigators resorted to different indirect techniques to study
in vivo inhibition of RNA synthesis in cells infected with VSV. The two
principal methods used have been to test temperature-sensitive condi-
tional lethal mutants restricted in transcription and to inactivate by UV
irradiation the specific regions of the wild-type viral genome required for
transcription of each viral gene. Some of these experiments are recounted
in Chapter 5 and will be briefly summarized here.

Weck and Wagner (1979a) analyzed RNA metabolism in MPC-11 cells
infected with various temperature-sensitive (ts) mutants and 5’ DI par-
ticles, which cannot synthesize mRNA. A complementation group I mu-
tant, tsG114, restricted in transcriptional activities (Hunt et al., 1976),
failed to shut off host-cell RNA metabolism in MPC-11 cells incubated
at the restrictive temperature of 39°C for 4 hr. At the permissive tem-
perature (31°C), all mutants (including tsG114) were as effective as the
wild-type virus in the shutoff of RNA synthesis. This and other experi-
ments suggested that primary transcription of the VS viral genome is
essential to compromise host-cell RNA synthesis. Temperature shift-up
experiments with tsG114(I) infection of MPC-11 cells revealed that the
cellular inhibitory factor of VSV is synthesized maximally during the first
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hour of infection at permissive temperature (Weck and Wagner, 1979a).
Similar results in L cells infected with ts mutants from all five comple-
mentation groups were obtained by Wu and Lucas-Lenard (1980), who
also reported an effect on cellular RNA synthesis by the putative NS(P)
protein mutant tsG22(II}, but not those of other complementation groups.

Since 5’ DI particles fail to replicate without a helper and transcribe
only a 46-nucleotide leader RNA (Emerson et al., 1977), they provide an
ideal means of examining the effects of nonreplicating truncated particles
on cellular RNA metabolism. Weck and Wagner (1979a) infected MPC-
11 cells with purified DI particles derived from the 5’ end of the VSV
genome and found no significant reduction in host-cell RNA synthesis
even at a multiplicity of infection (MOI) equivalent to 10,000 particles
per MPC-11 cell. Thus, even if a very short leader sequence (Emerson et
al., 1977; Schubert et al., 1978) is transcribed by the 5’ DI particles, it
apparently plays no role in the inhibition of cellular RNA synthesis (Weck
and Wagner, 1979a,b). In contrast DI particles derived from the 3’ end of
the genome are capable of transcribing plus-strand leader and functional
mRNAs for N, NS, M, and G proteins and can inhibit cellular protein
synthesis (Marcus et al., 1977) and cellular DNA synthesis (McGowan
and Wagner, 1981).

These experiments strongly indicate that VSV transcript(s) can in-
hibit cellular nucleic-acid synthesis directly or by means of their trans-
lated products. The genetic evidence that transcription of VSV is required
to shut off cellular RNA synthesis led two laboratories to reinvestigate
the effects of UV-irradiated VSV on cellular RNA synthesis (Weck et al.,
1979; Wu and Lucas-Lenard, 1980). Such UV-inactivation studies are based
on evidence for linear order of cistrons [3'-leader-N-NS(P)-M-G-L-5'] that
have been shown to be differentially susceptible to increasing doses of
UV light (Ball and White, 1976; Abraham and Banerjee, 1976b; Testa et
al., 1980). Weck et al. {1979) compared the UV doses for 37% (1/e) survival
levels for VSV infectivity, in vitro transcriptase activity, viral RNA syn-
thesis in infected MPC-11 cells, and shutoff of host RNA synthesis. Heav-
ily UV-irradiated virus (72,000 ergs/mm?) retained 37% of its capacity to
shut off cellular RNA synthesis and could transcribe a very limited por-
tion of the viral genome; the transcription products were low-molecular-
weight, nonadenylated RNA molecules. On the basis of the data obtained,
Weck et al. {1979) concluded that perhaps the inhibitor of cell RNA
synthesis could be the plus-strand leader RNA transcribed from the 3’
end of the wild-type genome.

Wu and Lucas-Lenard (1980) did similar studies on UV irradiation of
VSV to determine the target size of the VSV genome segment required
for inhibition of RNA synthesis in L cells; the approximate target size in
their studies appeared to be the VSV N gene. The difference obtained in
target size of the VSV genome for shutoff activity may be dependent on
the type of cell or other experimental conditions used by different in-
vestigators (Robertson and Wagner, 1981; Wu and Lucas-Lenard, 1980).
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Subsequent studies on UV doses required to inactivate the capacity
of VSV to inhibit RNA synthesis in MPC-11 cells revealed 37% (1/e)
survival rates of approximately 52,000 ergs/mm? for VSV-Indiana (Mc-
Gowan and Wagner, 1981) and approximately 12,000 ergs/mm? for both
VSV-Indiana and VSV-New Jersey (Grinnell and Wagner, 1983). The lower
inactivating dose of UV irradiation reported by Grinnell and Wagner (1983)
was obtained using exactly the same UV-light source and the same tech-
niques as reported by Weck et al. {1979); these dose differences can only
be attributed to the fact that Grinnell and Wagner (1983) used highly
purified, serum-free preparations of VSV, essentially free of UV-absorbing
nonviral proteins and other impurities. The figure of approximately 12,000
ergs/mm? of UV irradiation required to reduce the MPC-11 cell RNA-
synthesis activity to 37% appears to be the most reliable one. Moreover,
Grinnell and Wagner {1983) showed a direct correlation between the UV
dose required for reduction of VSV-Indiana and VSV-New Jersey leader
RNA synthesis in vivo and in vitro and the capacity of these two viruses
to shut off RNA synthesis in MPC-11 cells.

These data clearly indicate the potential relationship between syn-
thesis of VSV leader RNA and inhibition of cellular RNA synthesis, at
least in MPC-11 myeloma cells. Using a value of 104 ergs/mm? for the
37% (1/e) survival dose for VSV infectivity and a VSV genome size of
12,000 nucleotides, Grinnell and Wagner (1983) calculated the VSV ge-
nome UV-target size for 37% survival of cellular RNA-synthesis inhi-
bition as approximately 85 nucleotides, compared with the UV-target size
for synthesis of the VSV leader as 150 nucleotides, rather than the actual
size of 47 nucleotides for the leader RNA. Such values are probably well
within the range of error for such methods, but are close enough to relate
the two phenomena of synthesis of leader RNA and shutoff of cellular
RNA synthesis by VSV. In this regard, it is interesting to comare the
recent data of Dunigan and Lucas-Lenard (1983), who calculated UV-target
sizes of 42 and 373 nucleotides for the two VSV-genome segments required
to transcribe products that inhibit cellular protein