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Foreword

The time seems ripe for a critical compendium of that segment of
the biological universe we call viruses. Virology, as a science, having
passed only recently through its descriptive phase of naming and num-
bering, has probably reached that stage at which relatively few new—
truly new—viruses will be discovered. Triggered by the intellectual
probes and techniques of molecular biology, genetics, biochemical
cytology, and high resolution microscopy and spectroscopy, the field
has experienced a genuine information explosion.

Few serious attempts have been made to chronicle these events.
This comprehensive series, which will comprise some 6000 pages in a
total of about 18 volumes, represents a commitment by a large group of
active investigators to analyze, digest, and expostulate on the great
mass of data relating to viruses, much of which is now amorphous and
disjointed, and scattered throughout a wide literature. In this way, we
hope to place the entire field in perspective, and to develop an invalua-
ble reference and sourcebook for researchers and students at all levels.

This series is designed as a continuum that can be entered
anywhere, but which also provides a logical progression of developing
facts and integrated concepts.

Volume 1 contains an alphabetical catalogue of almost all viruses
of vertebrates, insects, plants, and protists, describing them in general
terms. Volumes 2-4 deal primarily, but not exclusively, with the
processes of infection and reproduction of the major groups of viruses
in their hosts. Volume 2 deals with the simple RNA viruses of bacteria,
plants, and animals; the togaviruses (formerly called arboviruses),
which share with these only the feature that the virion’s RNA is able to
act as messenger RNA in the host cell; and the reoviruses of animals
and plants, which all share several structurally singular -features, the
most important being the double-strandedness of their multiple RNA
molecules.

Volume 3 addresses itself to the reproduction of all DN A-contain-
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viii Foreword

ing viruses of vertebrates, encompassing the smallest and the largest
viruses known. The reproduction of the larger and more complex RNA
viruses is the subject matter of Volume 4. These viruses share the
property of being enclosed in lipoprotein membranes, as do the
togaviruses included in Volume 2. They share as a group, along with
the reoviruses, the presence of polymerase enzymes in their virions to
satisfy the need for their RNA to become transcribed before it can
serve messenger functions.

Volumes 5 and 6 represent the first in a series that focuses pri-
marily on the structure and assembly of virus particles. Volume 5 is
devoted to general structural principles involving the relationship and
specificity of interaction of viral capsid proteins and their nucleic acids,
or host nucleic acids. It deals primarily with helical and the simpler
isometric viruses, as well as with the relationship of nucleic acid to pro-
tein shell in the T-even phages. Volume 6 is concerned with the struc-
ture of the picornaviruses, and with the reconstitution of plant and bac-
terial RNA viruses.

Volumes 7 and 8 deal with the DNA bacteriophages. Volume 7
concludes the series of volumes on the reproduction of viruses (Volumes
2-4 and Volume 7) and deals particularly with the single- and double-
stranded virulent bacteriophages.

Volume 8, the first of the series on regulation and gentics of
viruses, covers the biological properties of the lysogenic and defective
phages, the phage-satellite system P 2-P 4, and in-depth discussion of
the regulatory principles governing the development of selected lytic
phages.

Volume 9 provides a truly comprehensive analysis of the genetics
of all animal viruses that have been studied to date. These chapters
cover the principles and methodology of mutant selection, comple-
mentation analysis, gene mapping with restriction endonucleases, etc.
Volume 10 also deals with animal cells, covering transcriptional and
translational regulation of viral gene expression, defective virions, and
integration of tumor virus genomes into host chromosomes.

Volume 11 covers the considerable advances in the molecular
understanding of new aspects of virology which have been revealed in
recent years through the study of plant viruses. It covers particularly
the mode of replication and translation of the multicomponent viruses
and others that carry or utilize subdivided genomes; the use of proto-
plasts in such studies is authoritatively reviewed, as well as the nature
of viroids, the smallest replicatable pathogens. Volume 12 deals with
special groups of viruses of protists and invertebrates which show
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properties that set them apart from the main virus families. These are
the lipid-containing phages and the viruses of algae, fungi, and
invertebrates.

Volume 13 contains chapters on various topics related to the struc-
ture and assembly of viruses, dealing in detail with nucleotide and
amino acid sequences, as well as with particle morphology and
assembly, and the structure of virus membranes and hybrid viruses. The
first complete sequence of a viral RNA is represented as a multicolored
foldout.

Volume 14 contains chapters on special and/or newly charac-
terized vertebrate virus groups: bunya-, arena-, corona-, calici-, and
orbiviruses, icosahedral cytoplasmic deoxyriboviruses, fish viruses, and
hepatitis viruses.

Subsequent volumes deal primarily with virus-host interactions
and one (Volume 17) with biophysical, biochemical, and serological
methods used in virus research. Volume 15 is concerned with immu-
nological reactions to viruses and to virus-infected cells.

The current volume is concerned with viral invasion of cells, fac-
tors controlling persistence of viruses in cell cultures and animals, and
responses to viral infection of animal and plant cells, as well as certain
diseases caused by viruses. At least one additional volume will be
devoted to other aspects of cell responses to viral infection, including
cell death.
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CHAPTER 1

Viral Invasion:
Morphological, Biochemical,
and Biophysical Aspects

C. Howe, J. E. Coward, and T. W. Fenger

Department of Microbiology and Immunology
Louisiana State University Medical Center
New Orleans, Louisiana 70112

1. INTRODUCTION

The first encounter of an infectious viral particle with the surface
of a susceptible cell initiates a complex series of events, the outcome of
which determines whether or not penetration and subsequent takeover
of cellular machinery for viral replication ensue. Recognition of fac-
tors which govern these interactions derives from knowledge of the
molecular structure of virus and target cell, as well as from the effects
of the environment in which the interactions occur. This chapter will
deal with animal viruses and will be limited to a consideration of the
interactions at the cellular membrane which in sequence govern attach-
ment and penetration of the virion up to the point at which the viral
genome is uncoated. Early events in the viral replicative cycle have been
the subject of several excellent reviews (Dales, 1973; Lonberg-Holm
and Philipson, 1974, 1978).

With few exceptions, the most sensitive criterion of “intactness’ of
a viral particle is its infectivity, or its capacity to initiate self-replication
in a susceptible cell. In order to be infectious, the viral nucleic acid
must be associated with the requisite capsid proteins, enzymes, and, in
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Chapter 1

TABLE 1
Summary®
Viral
Naked Viral Cell attachment/ Associated
viruses component(s) receptor penetration changes
Adenovirus Penton fiber (Arg) 3 proteins VP Partial loss of
(KB cells) 2p;  Direct entry penton fiber;
receptor uncoating at
“families™ NP
Papovavirus Ec Ip (SV40) VP:Monopino- Increased mem-
(SV40, polyoma) Ec gp (polyoma) cytotic envelop- brane fluidity
ment, Nu inter- (polyoma)
membrane fusion
(SV40, polyoma)
Parvovirus MVM  “‘Light” particles VP (Pinocytosis)
activated by cell
factor(s)
Reovirus Nonglycosylated  ?gp VP
capsid protein =
HA (o) (REO3)
Picornavirus Four capsid Receptor families VP D — A particles
(enterovirus proteins glp Direct entry Receptor-
mediated
rhinovirus) Under genetic con- uncoating;
trol; correlated early loss of
with suscepti- Vp4; increased
bility; N-ase membrane
insensitive fluidity

Abbreviations: Ag, antigen; Arg, arginine; ASA, attachment site activity; ASLV, avian sarcoma
leukemia viruses; CEF, chick embryo fibroblasts; Cv, C virus; Ec, erythrocyte; Fo F, F,, fusion
protein complex; Fu, fusion; gl, glycolipids; glp, glycolipoprotein; gp, glycoprotein; HA, H,
hemagglutinin; Hc, histocompatibility; HL, hemolysis; HSV-1, Herpes simplex virus type 1; k,
kilodalton; Ic, lymphocyte; LIS, lithium diiodosalicylate; MLV, murine leukemia virus; MMTYV,
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Viral Viral
Enveloped envelope Cell Associated
viruses component(s) receptor Attachment  Penetration changes
Orthomyxo- HA, (gp) — Essential HA VP Increased
virus (Influ- HA; (N) NANA (HA membrane
enza A) Ec glycophorin cleavage) fluidity;
cilia Nipid
exchange
Paramyxo- HN gp 2 -3NANA HN Fu, VP ?Membrane
virus (NDV, F,—-F,F, Ec glycophorin  Surface (Ec: dephospho-
Sendai) (?phosphatase ion rearrange- Fu/HL) rylation
tase) ment (?Ec band
(?host agent) 3); lipid ex-
change; Ag
dispersal
Morbillivirus H gp No NANA H Fu Ag dispersal
(measles) F - F, F, required; (Ec:
No N Rh monkey Fu/HL)
Ec PAS-2,4
Tlc
Pneumovirus Spikes 7 Fu Ag dispersal
(RS) No HA, N
(1 glycosy-
lated protein)
Rhabdovirus G protein 7Protein VP Viral lipid
(VSV) Component I No NANA; (Fu) depletion
(spikes) Nipid
Togavirus 1gp, S0k pl, (gl) Envel. VP Increased
(Sindbis, spikes CEF:ASA essential pH, ionic membrane
SFV) “Loose” vs. HC ag strength fluidity
“tight”” par- dependent
ticles
RNA TV Spikes gp71 Transforming  ASLV:CEF VP
(MLYV, (MLYV) strain-specific ~ gap junc-  Direct
MSV, avian ASA, LIS- tions (? Fu)
TV, MMTYV) soluble; Cv
budding sites;
B82-micro-
globulin
Poxvirus Vaccinia, lipo- Relatively Electrostatic, VP, Fu Ag dispersal
protein en- unspecific relatively -
velope unspecific
DNV (Amsacta) Fu, VP
Herpesvirus HSV-1 ? 7Envelope VP, Fu Regulatory
Envelope gp glycopro- balance
(B2, C2) tein(s); (gpB2, C2)
EBV EBV:C3, Fc under ge-

netic control

mouse mammary tumor virus; MSV, murine sarcoma virus; MVM, minute virus of mice; N or N-
ase, neuraminidase; NANA, N-acetylneuraminic acid; NDV, Newcastle disease virus; NP,
nuclear pore(s); Nu, nuclear; PAS, periodic acid Schiff; pl, phospholipid(s); Rh, thesus; RS,
respiratory syncytial; SFV, Semliki Forest virus; SV40, simian virus 40; TV, tumor virus(es); VP,
viropexis; Vp, viral protein; VSV, vesicular stomatitis virus.
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the case of enveloped viruses, lipids, to ensure relatively efficient
transport of the viral genome across the host cell membrane. The viral
subunits involved in these infectious processes are now quite clearly
recognized in a number of major taxonomic groups. The naked nucleic
acid of certain positive-stranded RNA viruses (e.g., poliovirus, enceph-
alomyocarditis virus) and a few DNA viruses (e.g., herpesviruses,
SV40) can transfect cells not normally susceptible to the corresponding
whole virus. Infection initiated in this manner bypasses the receptor
components of the cell membrane with which virions must interact in
order to penetrate into the cytoplasm. While readily demonstrable
experimentally, this mode of genomic entry is not known to have a role
in naturally occurring infection and so will not be discussed in detail.

The term ‘‘viropexis” was coined to describe the penetration of
intact viral particles through the cell membrane by energy-dependent
processes assumed to be equivalent to normal phagocytosis (Fazekas de
St. Groth, 1948). In the light of accumulated knowledge of endocytotic
mechanisms, the present concept of viropexis may now be broadened to
include mechanisms of entry by viruses into cells not normally
phagocytic. In these instances specialized phagocytic reactions are trig-
gered by the irreversible attachment of viral particles and the ‘“‘recruit-
ing”> of receptor molecules to the attachment site. These specialized
processes include receptor-mediated alteration of virions, as with
adenoviruses and picornaviruses, or the envelopment of virions by
plasma membrane prior to transcytoplasmic migration, as with pap-
ovaviruses. Intramembranal events, even though still incompletely
understood, are as important as the specificity of surface receptors in
governing viropexis and the outcome of initial viral contact. In addition
it is apparent that, while most if not all viruses can penetrate by some
form of viropexis, only those possessing a lipid-containing envelope can
enter the cell by fusion with the plasma membrane.

In considering the susceptible cell, particular attention has been
focused on the concept of viral “receptors.”” This term denotes chemical
groupings on the cellular surface, the presence of which determines to a
large extent whether viral attachment and penetration can take place.
The chemical specificity of receptors underlies the long-recognized
“tissue tropisms”’ of different viruses. It is increasingly clear, however,
that receptor specificity alone does not account for the spectrum of sus-
ceptibility to viruses, genetic and other biological factors being of equal
importance. The reader is referred to recent reviews of these questions
(Smith, 1977; Lonberg-Holm and Philipson, 1978). The term ‘“‘recep-
tor” should be reserved for the attachment function associated with the
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cell membrane and should not be used to designate reactive sites on
viral surfaces or even viral antigens which may appear at the cell sur-
face during viral maturation. Surprisingly little is known about the
biochemical composition of receptors for animal viruses, with the excep-
tion of those for orthomyxoviruses and paramyxoviruses. Investigation
of cell receptors has broadened to include interrelationships between
histocompatibility antigens and susceptibility to viruses, as well as the
complex problem of persistent viral infection (e.g., paramyxoviruses,
measles virus, and herpesviruses). Problems in the identification of
receptors and approaches to their solution have been summarized
recently (Gallaher and Howe, 1976; Lonberg-Holm and Philipson,
1978).

Viruses representative of almost every taxonomic group have now
been analyzed with respect to the morphology of attachment and
penetration. In spite of extensive data available, variation in the strains
within a single species, as well as different experimental conditions make
it impossible to generalize or even to repeat individual experimental
observations, some of which must therefore stand alone. However,
interpretations of electron micrographs have in many instances been
fortified by other kinds of evidence. We have therefore included results of
pertinent biochemical and biophysical analyses, as outlined in Table 1.
Only those viruses which have been examined by electron microscopy
during early stages of infection are represented in this tabular summary.

2. METHODS

Some of the morphological and biochemical-biophysical ap-
proaches toward the elucidation of virus-receptor interactions are listed
below, followed by a brief discussion of salient features in each cate-

gory:

I. Approaches to morphology

A. Transmission electron microscopy (TEM)—ultrathin sec-
tioning, negative staining techniques

B. Scanning electron microscopy (SEM)

C. Freeze-fracture, freeze-etching, inmunofreeze-etching

D. High-resolution autoradiography

II. Biochemical and biophysical approaches

A. Surface and intracellular components analyzed by flu-

orescence microscopy, fluorescence probes
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B. Alteration of viral and/or cell surfaces to affect suscepti-
bility to infection, hemolysis, fusion, attachment—elution
of viruses, membrane stability: enzymes, lectins, anti-
body to cellular and viral constituents, superinfection,
interference

C. Uptake and fate of radiolabeled virus
1. Quantitative measurement of attachment
2. Quantitative measurement of inoculum deficit
3. Cytochemical localization and autoradiography

D. Competitive inhibition of viral binding: infection; viral
subunits: envelopes, capsomeres

E. Liposomes
1. Artificial membranes and vesicles
2. Incorporation of proteins, glycoproteins, lipids to

mimic ‘‘receptor’’ or ‘‘viral” activity

F. Viral hemagglutination/fusion/hemolysis; equivalent to
the first step in infection: adsorption, attachment, pen-
etration (restricted)

G. Identification of ‘“‘receptor’ activity in solubilized iso-
lated membrane components, receptor analogs
1. Inhibition of infection, hemagglutination
2. Adsorption to purified virus
3. Controlled modification of inhibitors to abolish or

enhance reactivity

Interpretation of the morphology of viral entry is subject to
numerous limitations which are imposed by the techniques used and are
inherent in the systems examined. Transmission electron microscopy
(TEM) affords the degree of resolution which most nearly approaches
events at the subcellular level. These events, however, must occur with
sufficient frequency in a given system to be detectable in ultrathin sec-
tions, which by their nature severely restrict the sample. Within this
framework, the effect of fixation and embedding, and the artifacts
introduced by planes, angles, and thickness of sections, must be taken
into account. Many aspects of the primary and secondary structure of
viruses have been elucidated by application of negative staining or nega-
tive contrast techniques, in which salts of heavy metals, e.g., uranyl
acetate, phosphotungstate, outline ultrastructural details which may not
be revealed in ultrathin fixed and embedded specimens. Immunoelectron
microscopy is applied to the detection of structures by reaction with anti-
body or other ligands which have been coupled with electron-dense



Viral Invasion 7

molecules (ferritin) or with horseradish peroxidase. In the first instance
direct visualization of ferritin granules signals the locus of the specific
reaction, whereas in the second system the enzyme label mediates the
deposition of electron-dense reaction product (e.g., benzidine). The latter
system has the advantage that the same label provides permanent sam-
ples which can be visualized by light microscopy. Both methods are
applicable by either direct or indirect techniques. In order to be of
maximum utility in ultrastructural analysis, both methods require that
the specificity and class of immunoglobulins involved be known with
great precision.

Scanning electron microscopy (SEM), while sacrificing resolution,
provides a ‘‘three-dimensional” effect which has given important
information on structural interrelationships in many systems. However,
SEM has relatively limited utility in analyzing cellular interactions with
viruses or viral subunits which are beyond the resolution of this system.
In freeze-fracture, freeze-etching, or immunofreeze-etching techniques,
ultrastructural relationships are preserved in a more natural and
undisturbed state than with chemical fixation. Since cleavage planes
follow the hydrophobic interior of lipid bilayers, freeze-fracture
electron microscopy has yielded important inforrpation on the internal
structure of biomembranes, including viruses and their interaction with
cells. In describing the complexities of membranes and fracture plane
relationships, a uniform nomenclature should be used (Branton et al.,
1975).

In trying to define the morphology of viral penetration, a gray area
is encountered in which interpretation of images becomes increasingly
subjective. Moreover, the number of systems which have been critically
examined by different observers is quite small. These considerations
added to profound variations in both viral strains and cell types pre-
clude any generalizations regarding mechanisms of entry within even a
single taxonomic group. Ancillary biological data are therefore of
utmost importance in lending credence to observed ultrastructural
changes.

In examining the dynamics of viral reactions with cell membranes
in relation to morphological observations, a number of correlative
experimental approaches have been applied. Fluorescence microscopy
with singly or doubly labeled antibody or other ligands provides a use-
ful guide to defining the areas of greatest potential ultrastructural
interest. With unfixed cells, immune reactions are generally confined to
the surface of membranes, whereas fixation, usually with acetone or
alcohol to disrupt the lipid barrier, allows penetration of macro-
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molecules to intracellular sites. Here again, as with immunoelectron
microscopy, the specificity, potency, and class of antibody, in both
direct and indirect techniques, influence the validity of interpretations.

In the search for receptor specificity, viral and/or cell surfaces can
be chemically altered in order to enhance or abolish a given biological
reaction and thereby provide indirect evidence for the nature of
chemical groupings involved. Identification of receptor activity in solu-
ble form is usually accomplished through the demonstration of inter-
ference with attachment of virus or viral subunits. Modifying reagents
include proteases, saccharases, lectins with specific binding sites, and
antibody to cellular or viral components. In certain instances specificity
of receptors has been demonstrated by the resistance of persistently
infected cells to superinfection with homologous virus, implying
blockade, elimination, or internalization of the receptors involved (e.g.,
persistent measles virus infection). Conversely, cells transformed by a
given RNA tumor virus may retain receptors specific only for the
transforming virus (e.g., murine leukemia viruses).

Quantitative analysis of viral binding can be achieved by measur-
ing directly the uptake of radiolabeled virus or, alternatively, by deter-
mining a deficit of inoculum after adsorption to cells. Radiolabeled
virus has also been used to trace the distribution, among cell fractions
or by autoradiography, of virions, viral proteins, and genomic subunits
following adsorption and penetration. Based on the same quantitative
techniques, specificity of interactions with cells has been analyzed in
various systems by competitive inhibition by highly purified viral
subunits, as in the adenovirus system in which fiber antigen has been
identified as the organelle of attachment. Receptor activity likewise can
be detected by inhibition of viral attachment with purified membrane
constituents or receptor analogues obtained from noncellular sources.
Controlled, enzymatic, or chemical degradation of such soluble inhibi-
tors has provided additional insight into the specifically reactive group-
ings on the cell surface.

Information regarding receptor groupings has also been obtained
through the use of artificial membranes and vesicles into which putative
“receptor” macromolecules can be introduced and which can then be
shown to react more or less specifically with virus. While not func-
tionally simulating the natural membrane, liposomes and related
constructions are useful in examining surface interactions which do not
require energy. Analogous approaches have been used in attempts to
recombine isolated viral subunits into functional entities corresponding
to whole virions (e.g., paramyxoviral envelope subunits combined with
defined lipids).
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The capacity to adhere to the surface of erythrocytes and cause
their agglutination was first described in connection with influenza
viruses. Hemagglutination (HA) has since been found to be charac-
teristic of a number of otherwise unrelated groups of viruses (see
reviews of Howe and Lee, 1972; Bichi et al., 1977a). This characteristic
offers a means other than infectivity for quantitating viral particles and,
by specific hemagglutination inhibition (HI), for detecting antibodies
directed to viral surface components. While the same general visible
effect is seen with all hemagglutinating viruses, the molecular basis
underlying this restricted interaction may vary for each major group.
As with initiation of infection, these differences have to do not only
with the viral capsid or envelope subunits involved but also with the
nature of specific interactions with receptors on the erythrocytes of dif-
ferent species. A brief summary of current concepts of erythrocyte
membrane structure has been included subsequently in connection with
the discussion of orthomyxoviruses and paramyxoviruses, the pro-
totypic hemagglutinating viruses.

3. INVASION OF CELLS BY NAKED VIRUSES
3.1. Adenoviruses

In the adenovirus system the penton fiber complex has been well
defined as the mediator of viral attachment. Purified adenovirus type 2
or 5 fiber protein completely inhibited attachment of *2P-labeled
adenovirus of either type to HeLa cells but not the attachment of
poliovirus (Philipson et al., 1968).

Adenoviral receptors have been shown to be distinct from those for
picornaviruses as demonstrated by cross-saturation experiments with
representative picorna- and adenoviruses. Attachment of radioactive
viruses was generally inhibited only by homologous viruses or viral
subunits. However, there was some communality of receptors between
adenovirus type 2 and Coxsackie B3 virus (Lonberg-Holm ez al., 1976a).
In buoyant density gradient centrifugation analyses, virus-receptor com-
plexes banded at a density of 1.2 g/cm® and were sensitive to ionic
detergent. These findings, and the binding of virus to plasma membrane
fragments, indicated that receptor activity was associated with a
membrane fraction.

A clue as to the chemical nature of receptors for adenoviruses has
been derived from analyses of proteins solubilized from KB cell
membranes with SDS or Triton X-100 (Hennache and Boulanger,
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1977). A polypeptide of 78,000 molecular weight, probably the main
constituent of tonofilaments, was thought to be the component to which
primary binding by penton fibers might occur. A 42,000 molecular
weight protein may also be part of this primary binding site. The smaller
polypeptide may correspond to actin and thereby implicate microfila-
ments in this receptor activity and possibly also in transport of
adenoviruses through the cytoplasm. This also implies that, as suggested
in electron micrographic studies, virions which penetrate the membrane,
whether directly or by viropexis, may appear to be intact during their
transcytoplasmic migration (see below). Receptor activity for adenovirus
has been found in a protein fraction of erythrocyte ghosts solubilized
with SDS (Philipson et al., 1976) but not otherwise characterized.

Based on results of extensive biochemical and biophysical investi-
gations, a model has been proposed for the early adenovirus-receptor
interaction (Lonberg-Holm and Philipson, 1969; Philipson et al., 1976).
The first step is attachment of virions by penton fibers to receptors and
is temperature independent. This is followed by recruitment of addi-
tional receptor units to the receptor site, resulting in the formation of a
multivalent virus-receptor complex which causes invagination of the
cell membrane and may trigger pinocytosis. The translational move-
ment of receptor proteins is dependent on the fluidity of the membrane
lipid matrix and is therefore temperature dependent. As a result of
complexing with receptors at the plasma membrane, virions are irre-
versibly altered. Only a small portion of such altered particles (B parti-
cles) elute, the majority entering the cytoplasm where the DNA in the
partially uncoated virions (C particles) is found to be sensitive to
nucleases (Lonberg-Holm and Philipson, 1978). The virus ultimately
reaches the nucleus where uncoating is completed. This sequence is
consistent with the apparently ‘‘direct” penetration of adenoviruses
observed by TEM, as described subsequently.

In electron microscopic analyses of infection by adenovirus type 7
(Dales, 1962), phagocytosed viral particles were found in cytoplasmic
vacuoles from which they appeared to pass into the nucleus. In extensive
subsequent studies (Chardonnet and Dales, 1970a,b) attachment of
virions was synchronized by adsorption at 4°C. With subsequent warm-
ing to 37°C virions were rapidly transferred to the region of the nucleus.
Gradient analyses showed that type 7 virions penetrated less efficiently
than type 5 virions and became preferentially concentrated in lysosomes,
in which they were not uncoated. Type 5 particles on the other hand
reached the nuclear membrane within 10 min, where they were converted
to empty capsids, the DNA cores reaching the confines of the nucleus.
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Fig. 1. Stages in viropexis of adenovirus type S in HeLa cells. Invaginated segment of
plasma membrane (a) has acquired dense inner coating (arrows) which is still evident
around cytoplasmic vacuoles, each of which contains a viral particle (b,c,d). From
Chardonnet and Dales (1970a), by permission of the publisher. Bar = 100 nm.
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Fig. 2. Adenoviral nucleoprotein passing into the nucleus from a capsid remnant in
the cytoplasm. From Morgan et al. (1969). Reprinted by permission of the publisher. Bar
= 100 nm.
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The difference in behavior noted between types 1 and 5 on the one hand
and types 7 and 12 on the other could not be ascribed to differences in
fiber length, since types 1, S, and 12 all possess relatively long fibers in
comparison to those of type 7. In analyses of type S adenoviral penetra-
tion, morphological evidence was presented to show that transfer of ino-
culum virions with dense cores into HeLa cell nuclei occurred via the
nuclear pore complexes along with the accumulation of empty capsids at
the site later in the process (Fig. 1). An altered adenoviral particle
observed in passage from cytoplasm to nucleus via a nuclear pore is
depicted in Fig. 2.

Recent evidence has shown that, after adsorption and viropexis,
encapsidated virions are released into the cytoplasm and, after binding
specifically to microtubules, move vectorially toward the nuclear pores.
Intracytoplasmic virus retained most of the identifiable radiolabeled
polypeptides present in purified extracellular virus. However, PAGE
analyses showed that there was a small deficit in the penton fiber
polypeptide in cytoplasmic virus when compared to inoculum virus. This
deficit may represent a portion of the penton fiber complex broken away
during passage of virus through the phagolysosomal barrier into the
cytoplasm (Lyon et al., 1978).

Evidence in support of apparently ‘“‘direct’” penetration by ade-
novirus 2 has come from analyses of freeze-etched preparations (Brown
and Burlingham, 1973) in which virions were found to be embedded in
the plasma membrane 10 min after infection. Moreover, there were
configurational changes from hexagonal to round forms in the transi-
tion from extracellular to intracellular loci. This change in shape, pre-
viously observed by TEM (Morgan et al., 1969), may signal selective
loss of capsid protein from the vertices. However, the PAGE analyses
alluded to above would tend to argue against this interpretation. One
possible explanation of this discrepancy may relate to the proportion of
plaque-forming units (PFU) to particles. The higher this ratio, the less
likely the particles are to end up in vacuoles. By contrast, the larger the
proportion of noninfectious particles, the more likely these are to be
phagocytized and remain surrounded by vacuolar membrane. The truth
may lie somewhere in between and may emerge when a precise account
can be given of the role of individual capsid proteins in the progression
of events from viral entry to emergence of viral progeny.

3.2. Papovaviruses

The early events in papovavirus invasion were analyzed in per-
missive cells (Barbanti-Brodano et al., 1970) on which radioactive virus
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combined irreversibly with cell receptors. The latter were thought to be
lipoprotein in nature. SV40-transformed permissive cells, however,
were resistant to superinfection with SV40, but the isolated viral DNA
could still be introduced into the cell, suggesting that homologous
receptors on transformed cells were blocked or no longer present. Entry
of SV40 was rapid and took place by pinocytosis at altered membrane
sites. Fifty percent of input virus was adsorbed within 2 hr, some
penetrating within 30 min to the nucleus where uncoating took place. In
the process of internalization virions became enveloped and thus
increased in size (Fig. 3) (Hummeler et al., 1970).

In an extensive analysis of SV40 infection in permissive and non-
permissive cells, entry of virions into different cellular compartments
was seen to occur by a process which entailed sequential envelopment
of viral particles by membrane which then fused to other membranes
(Maul et al., 1978). The sequence most consistently observed depicts
initial envelopment of virions at the plasma membrane, passage in
pinocytotic vesicles through the cytoplasm, fusion with the nuclear
membrane, and the release of naked virions into the intracisternal space
of the nuclear envelope. Virions then attain their final goal first by
inducing the inner nuclear membrane to invaginate, thus gaining
entrance into the nucleoplasm. The presence of specific receptors on the
nuclear membrane, as in the plasma membrane, may underly the
penetration of virions from cytoplasm to nucleus. Removal of the
acquired (?pinocytotic vesicle) membrane was not recognizable by
electron microscopy but must be assumed to occur as a necessary
prelude to uncoating and transcription.

A somewhat similar mechanism appears to govern the invasion of
either permissive or nonpermissive cells by polyoma virus (Mackay and
Consigli, 1976). Under saturation conditions of infection, virus was
identified intracellularly by radiolabeled DNA or capsid proteins. Pseu-
dovirions were identified by prelabel with horseradish peroxidase.
Virions were also identified immunologically with horseradish-labeled
Fab' fragments of antibody to virus. Intact virions with nuclease-
resistant DNA were detected in the nucleus at 15 min after infection,
indicating that uncoating occurred after the virion reached the nucleus.
The main steps detected morphologically were (1) attachment of virions
and pseudovirions to receptor sites at which, at 37°C, invagination
occurred with engulfment of complete virions into monopinocytotic
vesicles; (2) passage of virions in this form through the cytoplasm to the
outer nuclear membrane; and (3) direct penetration of the nuclear
membrane. Uncoating was not observed electron microscopically. The
presence of a ‘“‘nuclear transport recognition factor’” (NTRF) was pos-
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Fig. 3. Penetration of African green monkey cells by simian virus 40. (a) Pinocytosis
of viral particle (left) and completed uptake of single virion (right). Particles increase in
diameter by acquisition of a second coat derived from the cell membrane. (b)
Pinocytotic vesicle containing particles 10 min after infection. From Hummeler ez al.
(1970), by permission of the publisher. Bar = 200 nm.
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tulated to explain the observation that only virions and pseudovirions
reached the nucleus and that capsids, without DNA, were taken up into
phagocytic vesicles and disposed of without ever reaching the nucleus.
NTREF (2cellular histone) in the virion may also mediate the attachment
of virus to receptors through which the signal for internalization is
given. The direct penetration of papovaviruses (SV40 and polyoma) to
the nucleus appears to occur by a mechanism distinctly different from
that observed with adenoviruses, which undergo irreversible immu-
nological and structural alterations at the cell membrane. The mech-
anism whereby polyoma virus in monopinocytotic vesicles is
transported to the nucleus is obscure but appears to be independent of
microfilaments and microtubules.

As a result of the adsorption of polyoma virus to BHK and mouse
3T3 cells, a rapid increase in the degree of fluidity (decrease in
microviscosity) of membrane lipids was detectable by a decrease in
fluorescence polarization (Levanon et al., 1977). The increase in fluidity
was proportional to the number of virions adsorbed and required effec-
tive union of virus and receptors. The effect of these nonfusing viruses
was the opposite of that following the action of certain syncytiogenic
viruses (e.g., Newcastle disease virus, NDV) which effected a decrease
in fluidity (increase in microviscosity) (Levanon and Kohn, 1978).
Papovaviruses contain no lipid. Consequently, the changes noted could
not have been the result of lipid intermixing since, as will be noted with
enveloped togaviruses, the change was opposite to what might be
expected from a mixture of viral lipids with membrane lipids. The same
effect was noted with three entirely different agents (West Nile,
encephalomyocarditis, and polyoma viruses) and therefore must involve
activation of membranal enzymes triggered by the pinocytotic process.

3.3. Parvoviruses

Among the parvoviruses, the genome of which is single-stranded
DNA, only minute virus of mice (MVM) has been examined in the
early stages of infection (Linser et al., 1977; Linser and Armentrout,
1978). A9 cells, a line of murine cells derived from L929 fibroblasts,
were exposed in subsaturating amounts to labeled MVM at high multi-
plicity for 2 hr at 4°C. Virus was seen by electron microscopy to be
bound to receptor sites on the cell surface which were randomly dis-
tributed and were morphologically distinct from intervening normal
areas of the cell. Virions, singly and in clusters, attached to filopo-
dial surfaces as well as to apparently undifferentiated areas of the
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membrane. Segments of membrane to which particles were attached
appeared to be thickened, possibly signaling the initiation of phagocy-
tosis. The presence of saturable binding sites was correlated with sus-
ceptibility to infection. Wtihin 30 min of incubation at 37°C, most
adsorbed virus had become internalized in vacuoles and by 2 hr had
reached the nucleus. Virus bound to filopodia was also internalized by
pinocytosis triggered by viral crosslinking of separate cell membrane
surfaces or by internalization of filopodial bases to form channels which
pinched off into smooth vesicles in the cytoplasm (Fig. 4).

A major structural protein (B) of 72,000 occurs in MVM. This
protein is apparently cleaved to yield a smaller (69,000), activated pro-
tein which adsorbs more rapidly than its precursor. This cleavage-activa-
tion process, also effected by cell-conditioned medium, is presumably a
membrane-associated function which might influence susceptibility to
infection with MVM (Clinton and Hayashi, 1976).

3.4. Reoviruses

Within the three serotypes of reoviruses further differentiation may
be made on the basis of hemagglutinating activity with erythrocytes of
different species. Human erythrocytes are agglutinated by all three
serotypes, whereas type 3 also reacts with bovine erythrocytes to
somewhat higher titer. In addition, human erythrocytes bearing deter-
minants of blood group A are more reactive with all three serotypes
than are cells of groups O or B. This and other indirect evidence sug-
gests that the receptors for reoviruses may be glycosylated. Beyond this,
relatively little is known about the nature of receptors on either eryth-
rocytes or on nucleated cells (see review by Howe and Lee, 1972).
Through use of recombinants of reovirus types 1 and 3, the outer
reovirus 3 capsid protein (o1) has recently been identified as HA and
hence as probably the principal mediator of attachment to susceptible
cells (Weiner et al., 1978).

Penetration of reovirus 3 into L-strain mouse fibroblasts occurs by
viropexis. After absorption of type 3 reovirus at 4°C, phagocytosis of
virions occurred rapidly once the cells had been warmed to 37°C. Dur-
ing the first 30 min, there was rapid decrease in extracellular virus and
increase in undegraded viral particles in lysosomes, in which uncoating
presumably occurs. Virus was also found in phagocytic vacuoles in
smaller numbers (Fig. 5) (Silverstein and Dales, 1968).

Rotaviruses are biologically akin to reoviruses because of their
double-stranded RNA core; they have a particular tropism for intes-
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Fig. 4. Murine A9 cells infected with minute virus of mice. (a) Stages in viral uptake
into coated vesicles by invagination (right and left) and formation of ‘‘autonomous”
coated vesicles (center). Clusters of virions are seen between the plasma membrane sur-
face and the edge of the filopodium. (b) A filopodium bearing a patch of virions is
folded into the cytoplasm forming a channel which contains two viral particles.
Courtesy P. Linser and R. W. Armentrout. Bar = 200 nm.
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tinal epithelial cells. It has been proposed that lactase, the concentra-
tions of which are higher in young animals than in adult animals, might
serve a dual function as both receptor and uncoating enzyme for
rotaviruses, the major capsid protein of which (protein 7) is gly-
cosylated. In contrast to reoviruses which can be reduced to cores by
intracellular proteases, rotaviruses are resistant to proteases but can be
uncoated in vitro by lactase (Holmes et al., 1976). Electron microscopic
observations have been limited to infected intestinal columnar epithe-
lium in intact animals and to limited extent in organ culture. Precise
determination of the mode of entry into cells must await a satisfactory
cell culture system in which the virus will replicate.

3.5. Picornaviruses

The complexities of early molecular interactions between picor-
naviruses and cells are beyond the scope of this chapter and are dealt
with elsewhere in this volume (see also reviews by Lonberg-Holm and
Philipson, 1974, 1978). However, certain relationships can be singled
out as probably having an important bearing on the mode of penetra-
tion. While there are demonstrable differences in behavior between the
relatively stable enteroviruses and the acid-labile rhinoviruses, the
biochemical events surrounding attachment and penetration are doubt-
less essentially similar for all members of the picornavirus group.

All four proteins in the capsid probably participate in the attach-
ment process. Viral interaction with specific cell receptors is tempera-
ture dependent and can be variously inhibited by metabolic poisons,
indicating that transmembranal migration is an energy-dependent
process. Once the virion becomes firmly attached, irreversible altera-
tions occur which are catalyzed in the membrane and which place the
virus thus eclipsed (A particles) beyond the reach of antibody. Loss of
capsid proteins, notably VP4, is accompanied by corresponding alter-
ations in antigenic structure. These membrane-associated changes
constitute the first steps in uncoating and release of the viral genome
into the cytoplasm. A certain proportion of A particles may elute but
are found to be noninfectious because they lack VP4.

Interference studies have clearly demonstrated sharp differences in
specificity among several of the picornaviral subgroups (Lonberg-Holm
et al., 1976a). Little information is available, however, as to the
biochemical nature of the receptors involved. A lead on this problem
may have been provided by the demonstration that poliovirus can be
uncoated by plasma membranes isolated from calf kidney or BHK21
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Fig. 5. Portion of cytoplasm of an L cell 2 hr after penetration of reovirus type 3.
Several inoculum particles are enclosed in a lysosome. From Silverstein and Dales
(1968), by permission of the publisher. Bar = 200 nm.

cells. Glycoproteins solubilized from plasma membranes by extraction
with butanol had a similar action (Chan and Black, 1970). However,
there is no evidence to indicate which portions of the glycoproteins
contain activity.

Isolated plasma membranes of HeLa cells were separated into two
fractions, one of which was shown to elute previously attached Cox-
sackie B3 virus or to uncoat it. The second membrane fraction from
which virus could also elute did not show any uncoating activity, but
was inhibitory for uncoating by either whole membrane homogenates
or the other membrane fraction derived from them. These findings were
interpreted to suggest that elution and uncoating might be two separate
and distinct activities of the membrane receptors (Roesing et al., 1975).
Details of the foregoing series of events which accompany and follow
the binding of picornaviruses to cells and which effect internalization of
functional viral mRNA are beyond the reach of morphological observa-
tion by electron microscopy. Their end result, however, is viropexis.
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Accordingly, polioviral particles were found inside of phagocytic
vacuoles within 10 min of inoculation of HeLa cells at high MOI
(Dales, 1973) (Fig. 6). The sequence of subsequent steps in the disman-
tling of the virions remains to be elucidated.

Poliovirus neutralized by 7 S antibody may retain its capacity to
adsorb to susceptible cells (Mandel, 1967a) but does not elute as readily
as unneutralized virus. Following adsorption, neutralized virus may
undergo penetration by some form of viropexis in the same manner as
naked virus (Fig. 6), and uncoating may also occur but with divergent
results. Following penetration of neutralized virus, viral RNA is found
in degraded form, and replication therefore does not ensue as it does
with normal virus, uncoating of which releases intact viral messenger
RNA into the cytoplasm (Mandel, 1967b). These findings suggested an
alternative mechanism for antibody inhibition of viral synthesis. Anti-
body may prevent initial adsorption, but, once internalized, complexed
to virus, it may also suppress a reaction necessary for release of intact
RNA and/or stimulate a speedy degradative attack on any RNA that
is released. The extent to which loss of VP4 and other capsid proteins
may be prevented or minimized and uncoating thus interfered with is
not clear. It is possible that by its very presence antibody complexed to
virus may effect rearrangements of retained capsid protein and thereby
expose the RNA to degradative processes to which intact RNA
released from internalized infectious virus is not as susceptible. What
appears to be direct penetration of virions into the cytoplasm has also
been observed by electron microscopy. In KB, FL, or Vero cells, viral
particles were found free in the peripheral cytoplasm 2-5 min after
inoculation, the virus having apparently passed directly through the
plasma membrane without observable pinocytotic changes (Dunne-
backe et al., 1969). A possible basis on which to explain direct penetra-
tion by picornaviruses and perhaps other unenveloped viruses was pro-
vided by the demonstration of the lipophilic nature of picornaviral A
particles. For this purpose, A particles were obtained from purified
poliovirus type 2 by incubation in dilute buffer at 37°C and from
rhinovirus type 2 by treatment with acid. The A particles but not the
intact virions could be adsorbed to liposomes containing phospha-
tidylcholine and other lipids. This observation led to the suggestion that
after primary interaction with intact cell receptors A particles might
intercalate into the lipid bilayer of the membrane and then be trans-
ferred to the cytoplasm (Lonberg-Holm ez al., 1976a). A similar
mechanism was suggested by the demonstration that purified poliovirus
could be engulfed by phospholipid liposomes and in this form be
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Fig. 6. (a) Viropexis of poliovirus type 1 by HeLa cells 10 min after initiation of
penetration. Bar = 500 nm. (b,c) Individual poliovirions within phagocytic vacuoles
close to the cellular surface. From Dales (1973), by permission of the publisher. Bar =
100 nm.

introduced by membranal fusion into cells normally resistant to infec-
tion by naked virus (Wilson et al., 1977).

4. ERYTHROCYTE MEMBRANE STRUCTURE IN
RELATION TO VIRAL HEMAGGLUTINATION

More perhaps is known about the erythrocyte membrane than
about any other type of cell membrane with respect to functional surface
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groupings reactive with viruses, immunoglobulins, lectins, and other
ligands. This is true in part for the obvious reason that mammalian
erythrocyte membranes free of cytoplasmic constituents can be obtained
in large quantity, and the individual components, retaining biological
activities representative of the cell surface, can be subjected to quantita-
tive biochemical and biophysical analysis. While the receptor for a
hemagglutinating virus may be the same type of macromolecule on both
erythrocyte and susceptible nucleated cell, these two types of cell differ
with respect to the conformation of their plasma membranes and hence
in the distribution and exposure of receptors. The erythrocyte membrane
is relatively rigid and unpliable in comparison to nucleated cells, which
are characteristically studded with microvilli and are to a varying degree
capable of phagocytosis. Some receptors on erythrocytes are found at the
distal end of macromolecules such as glycolipids, and glycoproteins
which traverse the membrane. The carboxy-terminal end of the latter
interacts with peripheral proteins, particularly the spectrin complex
(Shotton et al., 1978), which may be related to the actin-myosin
(?kinase) complex in nucleated cells. Through this protein-protein
interaction, events at the cell surface such as viral attachment and
membrane fusion affect cytoskeletal mechanisms which, in nucleated
cells, apparently trigger the phagocytic process. Reactions which occur
at the surface of the erythrocyte and which exert transmembranal and
intramembranal effects thus provide a model for analysis of entry
mechanisms in the initiation of infection by hemolytic viruses (Bachi et
al., 1977a). Erythrocytes do not support viral replication so that their
interaction with hemagglutinating viruses is clearly restricted to attach-
ment and, in certain instances, elution, with or without alteration of
virions and cell membranes at receptor site(s).

The membrane of mammalian erythrocytes comprises a lipid
bilayer in which integral proteins move with relative freedom, subject
only to restrictions imposed by interaction with peripheral proteins on
the cytoplasmic side. The major glycoprotein (glycophorin A) of human
erythrocytes is asymmetrical and accounts for many of the car-
bohydrate groupings at the cell surface, including all the NANA.
Glycophorin A contains the receptor for influenza viral HA (Howe and
Lee, 1972; Jackson et al., 1973; Tomita and Marchesi, 1975; Marchesi
et al., 1976), Sendai virus, and perhaps other unrelated hemagglutinat-
ing viruses (Enegren and Burness, 1977), as well as determinants for the
M and N blood groups.

The relationship of glycophorin to structural subunits in the
membrane has been the subject of investigation by a number of labora-
tories. By freeze-fracture electron microscopy, intramembranal parti-
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cles (IMP) of average diameter 8.5 nm are seen more or less evenly dis-
tributed in the plasmatic (P) face of erythrocyte membranes. Evidence
based on alteration of IMP distribution patterns by surface reaction
with influenza virus, lectins, and alloantibodies suggested that the IMP
might be connected to the integral proteins, chiefly glycophorin and
a second glycoprotein constituting polypeptide band III (molecular
weight approximately 100,000) in the PAGE profiles of hemoglobin-
free membranes. Recent analyses, however, have shown that some or
all of the glycophorin A may be independent of IMP and hence
probably not contributory to their formation. The number of individual
receptor sites for convanavalin A (Con A) (Bdchi and Schnebli, 1975;
Schnebli and Béchi, 1975) or for antibody to glycophorin (Howe and
Bichi, 1973) was significantly less than the number of IMP on the P
fracture face of erythrocytes. The results of studies with limulin, a
lectin specific for sialoglycoproteins (Bachi, 1978), have also indicated a
lack of association between glycophorin and the IMP. Additional evi-
dence against such a structural association has come from freeze-etch-
ing analysis of erythrocytes of the rare genotype En (a~). These cells
lack glycophorin but appear to have a normal complement of IMP
(Béchi et al., 1977b). Vesicles rich in glycophorin and endogenous lipids
but lacking IMP were prepared by exposing membranes to low ionic
strength and pH to remove spectrin, and then extracting them with
Triton X-100, a nonionic detergent. This procedure solubilized glyco-
phorin, separating it from protein band III, which remained in the
membranes (Lutz et al., 1978, 1979). These several findings argue for the
lack of structural association between glycophorin A and IMP without,
however, providing any evidence as to the composition of IMP other
than to implicate band III. Insight into the nature of receptors for
hemagglutinating enveloped RNA viruses has come mainly from exten-
sive biochemical and ultrastructural analyses of erythrocyte membranes
and soluble fractions derived from them in which receptor activity can
be detected by inhibition of HA or infectivity.

5. INVASION OF CELLS BY ENVELOPED VIRUS
5.1. Orthomyxoviruses

Influenza virus has now been extensively dissected at the molecular
level, and precise information on the structure and function of its
envelope constituents is at hand.
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The two principal constituents are the HA (molecular weight
75,000-80,000) and neuraminidase (molecular weight 50,000-60,000),
both glycoproteins, each coded for by separate segments of the viral
genome. Normally maturing virus does not contain NANA, which is
cleaved from the viral particle during morphogenesis at the cell surface
(Palese et al., 1974; Palese and Compans, 1976). Temperature-sensitive
mutants lacking neuraminidase activity have been shown to retain
cellular NANA and, when they bud from the cell surface, to undergo
aggregation through mutual interaction of viral NANA with hemagglu-
tinin. Maturation of wild-type orthomyxoviruses and some paramyxo-
viruses is inhibited when neuraminidase activity is blocked with
2-deoxy-2,3-dehydro- N-trifluoroacetylneuraminic acid (FANA), an
analogue of NANA. These findings underscore the importance of neu-
raminidase in the release of these enveloped viruses. Neuraminidase also
mediates orthomyxoviral elution from erythrocytes, with concomitant
enzymatic cleavage of NANA from receptors.

The HA glycoprotein is the principal mediator of viral attachment
to sialoglycoprotein receptors of erythrocytes or susceptible nucleated
cells. The functional grouping on the HA glycoprotein, however, has
not been absolutely defined. Treatment of influenza virus with bacterial
glycosidases cleaved up to 25% of the carbohydrate (galactose and V-
glucosamine) from the virion, mostly from HA,, without altering
hemagglutination or infectivity. Similar treatment of purified HA
resulted in loss of 50% of carbohydrates, including oligosaccharides,
but little or no loss of HA activity. These findings suggest that car-
bohydrate accessible to enzyme may not be essential for attachment
(Collins and Knight, 1978). Following in vitro sialylation of influenza
viral HA,, HA activity was destroyed without affecting neuraminidase
activity; binding of virus to cells was unaffected and infectivity was
enhanced. Apparent enhancement of plaque formation by sialylated
virus was ascribed to the infectious units resulting from aggregation of
defective and complete virions. NANA residues on viral envelope
glycoproteins, possibly by conformational rearrangement of HA, may
affect the initial reaction of virions with membranes and viral penetra-
tion (Lakshmi and Schulze, 1978). Infectivity of influenza virus was
increased following proteolytic digestion of virus and the cleavage of
peptides from HA,, leaving phenylalanine as the terminal amino acid.
This finding is consonant with the possibility that some sort of
intramembranal proteolytic cleavage of HA occurs during viral mor-
phogenesis in certain host cells (Scheid, 1978). This type of cleavage
may be necessary for or, at the least, may enhance the infectivity of
viral progeny.
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The morphology of penetration by orthomyxoviruses has been
variously described. Phagocytosis of influenza virus by leukocytes was
reported as early as 1957, and it was noted that the process was
enhanced by antibody and was more pronounced with leukocytes from
immune animals. It is of interest that these early observations were
made in the days before cell-mediated immune mechanisms were
clearly identified (Boand et al., 1957).

An alternative mechanism of entry was proposed as a result of
morphological analysis of influenza viral penetration into cells of the
chicken chorioallantoic membrane (Morgan and Rose, 1968). Viral
attachment to cells occurred within the first S min of incubation at
37°C, followed in rapid succession by apparent dissolution of the ‘‘viral
coat,” change and loss of definition of the segment of membrane in
close proximity to the virion, disappearance of most of the intact parti-
cles, rupture of the viral core, and apparently direct introduction of
ribonucleoprotein into the cytoplasm. This was followed by “‘repair” of
overlying membranes. The precise mechanism of rapid uncoating of
virions at the cell membrane remained unexplained but was thought on
the basis of the electron microscopic evidence to involve a process of
membrane fusion. Throughout the period of observation, however,
intact viral particles were seen in phagocytic vacuoles. This latter find-
ing was in accord with observations by other workers who examined the
penetration of influenza A2 virus into chicken CAM cells. Virions were
rapidly internalized by viropexis into clear cytoplasmic vacuoles which
did not contain lysosomal enzymes, and thence into the cytoplasm by
dissolution of viral envelope and vacuolar membrane. No evidence of
fusion of viral envelope to plasma membrane was found (Dourmashkin
and Tyrrell, 1974). Entry by phagocytosis was demonstrated in a
study of Ehrlich ascites tumor (EAT) cells which were subjected to
synchronized infection at high multiplicity (Bédchi, 1970). Massive
internalization of viral particles into phagocytic vacuoles was noted. By
10 min after infection virus had been transported by these means to the
perinuclear spaces (Fig. 7). Disintegration of virions soon followed, and
virtually all cells became hemadsorbing and produced infectious viral
progeny. Despite the multiplicity of infection used, no morphological
evidence of fusion was encountered.

In order to minimize the probability of direct contact between
infected virus and cell membrane and hence lessen the opportunity for
virus—cell fusion, small numbers of active virions were incorporated,
along with large numbers of ultraviolet-light-inactivated particles, into
aggregates by reaction with histone, a polycationic substance. Such
aggregates were as infectious as similarly formed clumps of infectious
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Fig. 7. Ehrlich ascites tumor cells exposed to influenza virus at MOI 200-300 at 4°C,
showing (a) massive adsorption of particles and at high magnification (b,c) showing the
envelope spikes interposed between virion and invaginated (?prephagocytic) segments of
membrane. (d) After 10 min at 36°C, many virions, still apparently intact, are in
various stages of engulfment and enclosure into cytoplasmic vacuoles. Courtesy, T.
Bichi. Reprinted by permission of the publisher. Bar = 100 nm.
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virus alone, or active monodisperse virus without histone. Electron
microscopic analyses clearly demonstrated that aggregates of whole viral
particles were internalized by phagocytosis, without evidence of interac-
tion between virions and cell membranes other than initial attachment
through envelope spikes (Dales and Pons, 1976). Moreover, virus
rendered noninfectious by prior complexing with antibody, when simi-
larly incorporated into histone aggregates with inactivated virus,
regained infectivity after internalization by viropexis.

Influenza virus adsorbs rather specifically to cilia and to surfaces
of respiratory epithelial cells in culture, in which viral replication occurs
(Gould et al., 1972). However, morphological analyses of interactions
of influenza virus with ciliated epithelial cells have yielded discrepant
results. In one study influenza virus appeared to attach to cilia and then
to enter apparently by fusion with ciliated as well as with unciliated
epithelial cells, no phagocytosis being observed (Blaskovic et al., 1972).
In contrast, with guinea pig tracheal epithelial cells, influenza virus was
seen to adhere to cilia but not to undergo fusion with them, whereas
parainfluenza type 1 (Sendai) virus in the same system penetrated by
envelope-membrane fusion (Dourmashkin and Tyrrell, 1970).

The weight of evidence then points to viropexis as the mode of entry
by orthomyxoviruses in which discernible fusion of viral envelope with
cell membrane appears not to be involved. However, host-specific enzy-
matic cleavage activation of HA glycoprotein (to yield HA;) accom-
panies penetration and is required for initiation of infection. Here there
is a functional analogy with fusing paramyxoviruses (e.g., Sendai, NDV)
in which intramembranal cleavage of F glycoprotein (to yield F,) is pre-
requisite to infectivity. Accordingly, there is also striking homology
between HA.; and F, in N-terminal amino acid sequences, the region
which in each of these molecules is apparently involved in viral penetra-
tion infection (Choppin and Scheid, 1980). Studies with electron spin
resonance have indicated that there is an increase in the fluidity of the
lipid bilayer of chicken erythrocytes on primary reaction of influenza
virus with surface glycoprotein receptors (Lyles and Landsberger, 1976).
Similar changes were not observed with human erythrocytes or with
isolated plasma membranes, neither of which retain the microtubular
systems found in chicken erythrocytes. A similar signal may trigger viro-
pexis by fully susceptible cells.

5.2. Paramyxoviruses

In paramyxoviruses, hemagglutinin and neuraminidase activity
both reside in one glycoprotein (HN, molecular weight 65,000). In
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systems embodying the requisite proteolytic enzymes, the second viral
glycoprotein (F,, molecular weight 65,000) cleaved to yield a smaller
polypeptide (F,, molecular weight 53,000-56,000). The latter is
recognized as the “fusion factor” (Scheid and Choppin, 1974; Scheid,
1978) which appears to mediate the entry of paramyxoviruses into sus-
ceptible cells. HN and F glycoproteins of Sendai virus are immunologi-
cally distinct from one another (Orvell and Norrby, 1977). The F glyco-
protein represents one form of envelope spike lacking H and N activity,
the HN glycoprotein representing the other (Shimizu et al., 1974); the
two kinds of spikes are separable from one another by sucrose density
isoelectrofocusing of Tween-20-disrupted virions.

As with orthomyxoviruses, interaction with erythrocytes has
revealed some of the essential features which may also govern viral
penetration into susceptible nucleated cells. Fusion of erythrocytes by
Sendai virus requires initial fusion of virions to the cell via sialoglycopro-
tein receptors. For some strains at least, receptor activity requires
the presence of NANA in 2—3 linkages (Fidgen, 1975). The specificity
of Sendai virions for NANA is underscored by the failure of virus to
bind or to agglutinate horse erythrocytes (Yamamoto et al., 1974) in
which the sialic acid is exclusively NNV-glycolylneuraminic acid. Virus
could be attached to equine erythrocytes which had been pretreated
with concanavalin A (con A), a lectin which also reacts with the surface
of Sendai virions. Under these circumstances hemolysis occurred due to
the direct action of the virions attached to the cells through the bifunc-
tional lectin. Influenza virus, which does not agglutinate equine eryth-
rocytes, likewise attached to con A treated cells but did not show any
signs of lysis. Treatment of cells (fibroblasts, calf kidney, and BHK
cells) in culture to a critical degree with V. cholerae neuraminidase
enhanced attachment of Newcastle disease virus (NDV). It was sur-
mised that partial hydrolysis of NANA residues effected reduction and
rearrangement of negatively charged surface groupings, thereby increas-
ing viral binding efficiency (Wassilewa, 1977). A more acceptable
explanation is found in prior observations (Bratt and Gallaher, 1972)
indicating that strains of NDV differ in their requirements for neu-
raminidase-sensitive receptors. This requirement was less for those
strains which were capable of rapid exofusion and which presumably
attached to portions of the receptor molecule lacking exposed NANA
residues, as proposed for the erythrocyte model (Poste and Waterson,
1975).

Erythrocyte receptors for parainfluenza viruses, along with those
for orthomyxoviruses, are contained in the glycophorin molecule which
spans the membrane. Sequencing studies have elucidated the composi-
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tion of glycophorin and its relation to the membrane (Jackson et al.,
1973; Marchesi et al., 1976). All of the carbohydrate residues, including
NANA, are found at the amino-terminal end at the cell surface. The
central portion of the polypeptide is made up of hydrophobic amino
acids which interact with the lipid bilayer. On the cytoplasmic face, the
carboxy-terminal end interacts with peripheral proteins, including the
spectrin complex and possibly also catalase (Deas et al., 1978). An
important interaction between spectrin and intramembranal particles
(IMP) was brought to light by examining the effects of Sendai virus on
human erythrocyte ghosts, which by themselves cannot be fused by
virus. However, ghosts which had been loaded with bovine serum
albumin (BSA) were susceptible to fusion by virus. Fusion of BSA
ghosts was accompanied by release of BSA, presumably through sites
at which viral envelope had fused with the membrane. When antibody
to spectrin was introduced into the ghosts along with BSA, leakage of
BSA still occurred but fusion of membranes to one another was
inhibited (Sekiguchi and Asano, 1978). These findings suggested that
cross-linking of spectrin by antispectrin acted late in the fusion process
to prevent clearing of IMP from portions of the membrane, a change
shown to be a prerequisite for fusion at these virus-free sites (Bédchi et
al., 1973).

The liberation of hemoglobin which may accompany virus—cell
fusion occurs probably as a result of several concurrent events. There is
evidence which suggests that particles with damaged envelopes fused
with the cell membrane offered the chief avenue of escape for hemo-
globin. Particles not permeable to uranyl acetate (‘“‘early harvest” virus)
were nonhemolytic; those permeable to the stain because of damaged
envelopes were hemolytic (Homma et al., 1976; Shimizu et al., 1976).
This interpretation does not correspond with the observation that
fusion was seen to occur at intramembranal junctions where no viral
remnants, morphological or antigenic, could be detected (Bachi et al.,
1973). Recent studies with “early harvest’” egg-grown Sendai virus,
which fuses cells without escape of hemoglobin, have shown that in
addition to the virus—cell fusion events, which perturb the normal
membrane structure, there is an increase in passive permeability of the
membrane to ions. This in turn results in the development of trans-
membranal ionic equilibrium and osmotic swelling. All of these
changes, the exact sequence of which is still not clear, disrupt the
normal interaction of spectrin with integral proteins which are
themselves displaced. As already noted,this is a necessary prelude to
cell-cell fusion (Knutton and Bichi, 1980).
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Fig. 8. Type 1 parainfluenza (Sendai) virus adsorbed to human erythrocytes in the
cold and incubated at 37°C. (a) Viral remnant between the membrane of two cells
showing spikeless convolutions of viral envelope and fragments of nucleocapsid. On the
E face (b) and the P face (c) of freeze-fracture replicas at sites of virus-membrane
fusion, smooth linear ridges free of intramembranal particles correspond to the convo-
lutions seen in a. (d) E face and (e) P face of complementary replicas of a fusion site.
From Knutton (1977), by permission of the publisher. Bar = 200 nm.

Changes in viral envelope structure which accompany fusion to
erythrocyte membranes is less well understood. Electron microscopic
studies (Knutton, 1977), using freeze-fracture and thin sectioning tech-
niques, have shown that distinctive changes occur in the conformation
of the paramyxoviral envelope during the process of fusion to eryth-
rocyte membranes (Fig. 8). ““‘Ridges” free of IMP were seen to develop
along with the incorporation of viral membranes into the cell surface.
The ridges may represent aggregates of long filaments or rods com-
posed of viral M protein which, with the rearrangement of the interior
of the viral envelope, becomes integrated into the plasma membrane at
a stage in the fusion process which is not Ca?* dependent (Volsky and
Loyter, 1978). While the IMP were temporarily displaced during the
initial stages of union with viral envelope, they soon regained their
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random distribution as the viral envelop ridges dispersed and viral
antigen was disseminated through the membrane. The simultaneous
removal of cellular NANA residues by the action of viral neuramini-
dase probably reduced the electrostatic repulsion and enhanced the
molecular contact of initially apposed viral envelope and cell mem-
brane. As previously demonstrated, diffusible NANA is released from
erythrocyte membranes through the action of neuraminidase during the
course of viral hemolysis (Howe and Morgan, 1969). Cell-to-cell fusion
is apparently initiated through the intermediary action of viral particles
already incorporated into the membrane of one or more cells in the
aggregate. Polyerythrocytes are thus formed which contain cytoplasmic
bridges between partially fused cells in which viral remnants are no
longer visualized. This is consistent with the possibility, although it does
not prove, that direct cell-to-cell fusion occurs at virus-free sites
probably at relatively late stages in the process, in which the polyeryth-
rocyte has become stabilized. The net result of the clearing of IMP
from areas of the membrane is the transient exposure of membrane
phospholipid at these sites, resulting in fusion of the two apposed
membranes at protein-free areas. A correlation was demonstrated
between dephosphorylation of membrane polypeptides, exposure of
membrane phospholipids, and clustering of IMP. Dephosphorylation of
membranes by virus was dependent on the initial union of virus with
sialoprotein receptors and probably the subsequent incorporation of
viral proteins into the cell membrane. It may be of significance in this
connection that phosphatase activity was found in association with
Sendai viral particles and was specifically inhibited by antiviral anti-
body (Milner et al., 1978). A possible target of the virus-associated
phosphatase is erythrocyte band 3, the principal phosphoprotein which
may be implicated in the formation of IMP. This virus-associated
dephosphorylation, along with the increase in passive permeability
noted earlier, promotes dissociation of spectrin from its interaction with
transmembranal proteins, thereby abrogating its stabilizing function.
This allows the lateral movement of IMP noted on freeze-fracture
analysis.

One additional feature which has been observed to accompany
fusion of erythrocytes by Sendai virus is the discharge of viral core
material (ribonucleoprotein) into the internal confines of the eryth-
rocyte which has been partially or wholly depleted of hemoglobin as a
result of virus-induced permeability changes (Howe and Morgan, 1969;
Bichi et al., 1973). This ejection of RNP has a parallel in the mor-
phology of paramyxoviral invasion of susceptible cells (see below).



Viral Invasion 33

The fusion of Sendai virus to chicken erythrocyte membranes and con-
sequent release of hemoglobin was found to be independent of Ca?*,
whereas the cell-to-cell fusion which is a consequence of viral action
was entirely calcium dependent (Volsky and Loyter, 1978), as with viral
dephosphorylation of human erythrocyte membranes (Loyter et al.,
1977). Moreover, along with the virus—cell fusion, Ca** was accumu-
lated intracellularly when hemolysis was minimal. This transfer inward
of Ca®* and perhaps other ions accounts for the swelling of the cells
which, as with mammalian erythrocytes, would tend to promote cell-to-
cell fusion. In addition, the density of IMP decreased on the P and E
fracture faces within the first 2 min at 37°C. This thermotropic separa-
tion of IMP was reversible initially, but the IMP were resistant to
separation in fused cells. The Ca** requirement for subsequent steps in
cell-to-cell fusion relates to the microtubule system and to spectrin,
which are present in nucleated cells, including chicken erythrocytes. As
already noted, only spectrin is present in mammalian erythrocytes. The
clustering of IMP noted above may be related in both species of eryth-
rocytes to virus-induced dissociation of spectrin from its restrictive
interaction with the transmembranal integral proteins.

The process of erythrocyte fusion by Sendai virus may be sum-
marized as follows. Attachment of virus to sialoprotein receptors and
cross-linking of cells by virions takes place at 4°C as well as at 37°C,
and is Ca?* independent. Folding of the viral envelope follows as a
prelude to its incorporation into the cell membrane. This change is
accompanied by ‘“ridge” formation seen on the E face of freeze-
etched cells. Lateral, radial intramembranal diffusion of viral enve-
lope antigens occurs, along with dephosphorylation, by viral enzyme
(phosphatase), of band 3 and perhaps other integral proteins. Spectrin
becomes dissociated from its peripheral interaction with the cytoplas-
mic end of integral proteins and hence no longer exerts control over cell
shape. Transient increase in passive permeability to ions and hypotonic
swelling ensue. Close apposition of membranes to one another is
enhanced through desialylation of receptors on one membrane by viral
neuraminidase in the other, with release of diffusible NANA. IMP then
become clustered, allowing fusion by interaction of lipids in the
intervening protein-free portions of apposed membranes. Ultimately,
there is reversal of ATP depletion, rephosphorylation, and reconstitu-
tion (repair) of fused membranes and redistribution of IMP, with stabi-
lization of polyerythrocytes. All the steps in this sequence except initial
attachment require that a state of fluidity exist in the membrane and
hence are temperature dependent.
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Fig. 9. Sendai virus was adsorbed to isolated chorioallantoic membrane fragments at
4°C for 45 min. After 4 min at 37°C, fusion of viral envelope to cell membrane has
occurred. Formation of a phagocytic vesicle may be beginning above the attached
virion. From Morgan and Howe (1968), by permission of the publisher. Bar = 100 nm.

The foregoing steps in Sendai viral hemolysis/fusion probably
parallel those which occur following the attachment of paramyxoviruses
to susceptible nucleated cells, although the sequence is not as read-
ily analyzed as it is with erythrocytes. Transient damage to the
permeability barrier noted with EAT cells following early stages of
reaction with Sendai virus are probably explained on this or a similar
basis (Okada et al., 1975).

Morphological analyses by electron microscopy suggested that the
genome of Sendai virus is introduced into susceptible cells through
fusion of viral envelope with the membrane, thereby establishing con-
tinuity between the interior of the virion and the cytoplasm (Morgan
and Howe, 1968). Virus was adsorbed to replicate isolated chorioallan-
toic membrane fragments or to mouse L929 cells in the cold. With shift
of temperature to 37°C, fusion of viral envelope to cell membrane was
observed (Fig. 9). Additional observations with other paramyxoviruses
indicate that phagocytosis of viral inocula may also have a role in the
initiation of infection. In a comparative analysis of SV5 in primary
monkey kidney and in BHK21 cells (Compans et al., 1964), virus was
adsorbed to monolayers for 1-2 hr at 37°C and then examined after
10-30 min. Viral particles were seen in prephagocytic membrane invag-
inations and in cytoplasmic vacuoles in which there was morphological
evidence of viral dismantlement. Neither fusion of virus with cellular
membranes nor disintegration of virus at the cell surface were seen
(Fig. 10).

These apparently divergent mechanisms of entry were reconciled in
part by the results of another study in which SV5 was examined in
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Fig. 10. Monkey kidney cell 20 min after inoculation with simian virus 5 at 37°C.
Viral particles with intact envelopes are seen in deep invaginations of membrane or
within vacuoles. Courtesy R. W. Compans. Bar = 500 nm.
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HEp2 cells in suspension (Dermott and Samuels, 1973). Virus at a mul-
tiplicity of 50 was adsorbed in the cold for 1 hr; cells were then washed
free of unadsorbed virus and incubated for various times at 37°C.
Within 15 min, virions, singly or in clusters, were seen to enter cells
directly by apparent fusion of viral envelope with cell membranes, with
liberation of viral RNP into the cytoplasm. From 5 to 60 min after
adsorption, however, single or clustered virions were also seen to
undergo phagocytosis. Disintegration of viral envelopes took place
simultaneously with release of RNP from the vacuoles into the cyto-
plasm. In contrast to the direct penetration by fusion, internalization by
phagocytosis continued further into the period of incubation. The possi-
bility was suggested that virus in critical amount which had fused with
membrane at an early stage might in itself inhibit the direct entry of
more particles by fusion and thus shift the trend toward viropexis in
this particular system. From what is now known, particularly about the
diffusion of viral envelope constiuents through the membrane from
primary sites of viral attachment, this enforced ‘“‘shift” to fusion
resistance is not an unreasonable supposition. Besides the difference in
effect between high and low MOI, variations in susceptibility among
host cell types and virus strains must be considered, particularly with
respect to fusion. Strains of NDV which showed little or no fusing
activity were as infective as strongly fusing strains (Bratt and Gallaher,
1972; Poste and Waterson, 1975).

Sendai virus was found to interact specifically with model mem-
branes (liposomes) composed of phosphatidylcholine, cholesterol,
and gangliosides, the latter containing sialylated groupings necessary
for interaction with viral HA (Haywood, 1975). The reaction of “‘recep-
tor’’-containing liposomes with virus could be directed toward either
“fusion’ or “engulfment” depending on the presence of auxiliary lipids.
This suggested that the lipid composition in the area of primary viral
adsorption might in the intact cell influence the mechanism of inter-
nalization toward either fusion or viropexis. Other studies related to
viral fusion and involving the use of artificial membranes have been
reviewed (Gallaher et al., 1979). Gangliosides in lipid bilayer model
membranes have also been shown to bind influenza virus (Sharom et
al., 1976), which, in contradistinction to Sendai virus, did not show a
tendency to “fuse.”

The initial interaction of HeLa and chicken embryo fibroblast cells
with syncytiogenic strains of NDV and Sendai virus results in an increase
in microviscosity (decreased fluidity) (Levanon and Kohn, 1978)
measured as an increase in fluorescence polarization. These findings
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strengthened the view that during the process of direct penetration a mix-
ture of viral envelope and cell membrane lipids occurred. As already
pointed out, the change in microviscosity which accompanied influenza
viral attachment was in the opposite direction, i.e., decrease in microvis-
cosity, hence increased fluidity. This further lessened the probability that
viral envelope-cell fusion actually occurs during direct penetration of
orthomyxoviruses.

5.3. Morbilliviruses

Of the morbilliviruses, measles virus has received the most atten-
tion, directed primarily to late stages of morphogenesis (c¢f. Fraser and
Martin, 1978). There is still some uncertainty regarding the number
and function of the envelope proteins which mediate attachment,
adsorption, and possibly penetration. This is due largely to the fact that
the virus itself is difficult to purify to the complete exclusion of cellular
material. A number of studies using PAGE analysis of maximally
purified virus have established the presence in the virion of at least five
polypeptides, three of which represent, respectively, nucleoprotein, P
(?transcriptase-associated) protein, and membrane or matrix (M) pro-
tein. Of the remaining two, the largest is glycosylated (H, molecular
weight 76,000-80,000) and appears to be the functional hemagglutinin
of the virus. A second protein (F,, molecular weight 42,000) is the
reduction product of a large precursor glycoprotein (F, molecular
weight 62,000) along with a smaller glycoprotein (F,, molecular weight
15,000-20,000). F presumably mediates fusion and is therefore analo-
gous to the F, protein of Sendai virus (Graves et al., 1978; Hardwick
and Bussell, 1978; Tyrrell and Norrby, 1978). The same two envelope
components have been identified by immunoprecipitation with viral
antibody on the membranes of cells lytically or persistently infected
with measles virus (Fenger et al., 1978). Measles virus H glycoprotein
has no neuraminidase activity.

Measles virus agglutinates and lyses only erythrocytes of certain
primate species, including rhesus monkeys and baboons (Periés and
Chany, 1962). The same host restrictions apply to hemadsorption. In
addition to the H component, which constitutes the normally functional
hemagglutinin, disrupted virions or cells infected with certain strains of
measles virus produce a smaller particle which agglutinates monkey
erythrocytes in high salt concentrations only (e.g., 0.8 M ammonium
sulfate) (Schluederberg and Nakamura, 1967) and not in isotonic
saline. Hemadsorption to cells infected with these strains likewise is salt



38 Chapter 1

dependent. This salt-dependent agglutinin (SDA) appears to be a stable
property of the infectious virion and to have the same erythrocyte
receptor specificity as the normal hemagglutinin. An association has
been reported between SDA and distinctive plaque morphology among
SSPE isolates. These observations prompted the suggestion that SDA,
with or without normal HA, might be a mutational characteristic of
early isolates from which, on repeated passage in culture, normally
hemagglutinating variants are selected (Shirodaria et al., 1976; Gould
et al., 1976). The genetic basis for expression of the SDA property was
further substantiated by controlled nitrosoguanidine mutagenesis of
conventional strains of virus. One strain was encountered which, while
fully as infectious as the parental strains, showed only the SDA. In
comparison to the wild-type virus, the nonhemagglutinating mutant
strain adsorbed as well to susceptible cells, was equally neurovirulent
for neonatal hamsters, and gave identical protein PAGE profiles. The
mutation reflected in the exclusively SDA was surmised to be due to
minor alterations(s) in the main H glycoprotein (Breschkin et al., 1977).

As with Sendai virus, measles virus reacts with receptors which are
contained in a glycoprotein. Unlike Sendai virus, however, the presence
in the receptors of NANA is not required for primary interaction with
the virus. In fact, desialylation of erythrocytes enhanced viral HA
activity as well as adsorption to susceptible cells and subsequent
penetration. Preinfection of cells with a paramyxovirus (mumps virus)
did not block superinfection with measles virus. Conversely, primary
infection of cells with measles virus did not interfere with the attachment
and cell-fusing properties of Sendai virus (Wainberg and Howe, 1973).
The receptors for measles virus are thus distinct from those for Sendai
virus, a conclusion which has been supported by analyses of eryth-
rocytes susceptible to agglutination by measles virus.

Glycoproteins with receptor activity have been isolated from
rhesus monkey erythrocytes by treatment of hemoglobin-free mem-
branes with lithium diiodosalicylate-phenol (LIS-ph) (Fenger and
Howe, 1979). Five components were found which stained in PAGE with
the periodic acid Schiff (PAS) reaction and were also positive for
NANA by the resorcinal procedure. Of these, two (PAS2 and PAS4)
were found to bind preferentially to measles virus. The receptor for
measles virus on nucleated cells has not been identified, although
indirect evidence indicates that NANA is not an essential part of the
receptor.

The majority of human T lymphocytes have been found to pos-
sess binding sites for measles virus demonstrated by ‘‘rosetting’ to
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persistently infected cells. The rosetting was specifically inhibited by
antibody to virus. On the other hand, neither neuraminidase treatment
of lymphocytes nor fetuin, a soluble receptor analogue, inhibited the
binding of lymphocytes to infected cells, further suggesting that NANA
was not involved in receptor activity. The “‘receptor’” on T lymphocytes
was unrelated to the donors’ state of immunity, implying that specific
sensitization to virus was not the mechanism for the observed rosetting
(Valdimarsson et al., 1975). Measles virus replication in lymphoblastoid
B- and T-cell lines has been demonstrated by infectious center assays on
African green monkey kidney cells. Since only a small proportion of
either type of lymphocyte absorbed virus at any one time as revealed by
subsequent viral replication, it was concluded that the necessary recep-
tors were expressed only during certain phases of the cell cycle, possibly
the S phase (Gallagher and Flanagan, 1976).

The ability of measles virus to cause giant cell formation in culture
was one of the chief characteristics noted in the original report of the
isolation of measles virus (Enders and Peebles, 1954). Along with rapid
exofusion of nucleated cells by inactivated virus (Toyoshima et al.,
1960) and hemolysis, these effects of measles virus can now be ascribed
to the same enveloped glycoproteins, namely, the H glycoprotein by
which the virus attaches to cells and the separate “fusion factor’ (Cas-
cardo and Karzon, 1965) now recognized as a second envelope
polypeptide, F.

Analysis of measles virus HA and hemolysis—fusion has provided a
model for the probable mode of entry into nucleated cells capable of
supporting viral replication (Bachi et al., unpublished). Virus adsorbed
to rhesus monkey erythrocyte poly-L-lysine monolayers (Bédchi et al.,
1980) in the cold caused lysis of cells and resulted in fusion of
contiguous erythrocytes with each other on warming to 37°C. This
reaction was inhibited by antibody to virus but was enhanced by prior
treatment of the monolayers with neuraminidase. Parallel monolayers
of human erythrocytes pretreated with neuraminidase were resistant to
hemolysis-fusion with Sendai virus, again emphasizing the requirement
for NANA in receptors for some of the paramyxoviruses.

Electron microscopic examination showed a sequence of events
very similar to those which occur with Sendai virus on human cells.
Measles virions were seen to be attached by close apposition to invagi-
nated segments of the erythrocyte membrane. With incubation at 37°C,
viral envelope and cell membrane fused, viral antigen was dispersed
along the membrane, and individual cells became fused with one
another to form polyerythrocytes (Fig. 11). The loss of hemoglobin
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occurring during the fusion process varied in extent from cell to cell.
Once formed, the polyerythrocytes appeared to be stable.

Measles virus was shown to react with Vero cells by a similar
mechanism (Dubois-Dalcq and Barbosa, 1973). The penetration of an
SSPE strain (McClellan) of measles virus was examined using peroxi-
dase-labeled antibody. Virus was adsorbed to Vero cells for 1 hr at
37°C at a multiplicity greater than 10. One hour later attached virus
was seen to have fused with cell membranes as with paramyxoviruses,
continuity between virus and cytoplasm being thereby established. At
this early stage the viral envelope and adjacent cell membrane with
which it was continuous were specifically reactive with peroxidase-
labeled antibody, indicating radial spread of viral antigen within the
membrane (Fig. 12).

5.4. Pneumoviruses

Respiratory syncytial virus does not agglutinate or lyse any species
of erythrocyte. Little is known regarding the specific nature of the cor-

Fig. 11. Early stage in the fusion of rhesus monkey erythrocytes by measles virus.
Ferritin-labeled antibody identifies viral envelope antigens. Bar = 100 nm.
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Fig. 12. Internalization of measles virus by fusion of viral envelope with cell membrane
1 hr at 37°C after inoculation. No morphological remnants of viral envelope remain.
However, viral surface antigen is identified by direct reaction with peroxidase-labeled
human (SSPE) antibody to measles virus. From Dubois-Dalcq and Barbosa (1973), by
permission of the publisher. Bar = 100 nm.

responding cell receptors. As with paramyxoviruses, however, RS virus
appears to be capable of fusing with the cell membrane and thus intro-
ducing its genome into the cytoplasm (Fig. 13). Also, as with para-
myxoviruses, viral antigen is disseminated into the membrane bilayer
from sites of initial viral attachment (Howe et al., 1974). Along with
the characteristic endofusion which occurs during active infection
(Bachi and Howe, 1973), these findings constitute suggestive evidence
for the presence in the viral envelope of a “‘fusion factor’ analogous to
the F, protein of Sendai and the F protein of measles virus, respec-
tively.

5.5. Rhabdoviruses

The surface spikes of vesicular stomatitis virus (VSV) correspond
with component II (Cohen et al., 1970; Cohen and Summers, 1974) or
the G envelope protein (Schloemer and Wagner, 1975) of molecular
weight 69,000 (Morrison and McQuain, 1978) which contains NANA.
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Fig. 13. Vero cell newly infected with RS virus. A viral particle heavily tagged with
ferritin is seen attached to the membrane but incompletely fused with it. Internal struc-
ture is still visible within the virion, courtesy T. Biachi. Reprinted by permission of the
publisher. Bar = 100 nm.

The G glycoprotein of VSV produced in mutant Chinese hamster ovary
(CHO) cells reflected defects in glycosylation which formed the basis
for resistance of the cells to lectins. Accordingly, virus produced by
these lectin-resistant mutant CHO cells lacked NANA and other oli-
gosaccharide structures, but was as infectious as fully glycosylated virus
produced in HeLa cells. These findings indicate that the carbohydrate
moieties of mature viral capsid glycoprotein probably do not have a
critical role in viral adsorption (Robertson ez al., 1978).

In contrast to the orthomyxoviruses and paramyxoviruses, NANA
is not an essential part of the cell receptor for VSV, virus being able to
attach after desialylation by treatment of cells with either neuramini-
dase or trypsin (Schloemer and Wagner, 1975). The precise groupings
which constitute the receptor are not known, except for their capacity
specifically to recognize viral capsid protein. However, the wide host
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range of VSV among various cell lines suggests that the receptor is a
common constituent of cell membranes, possibly involving lipid and/or
lipoprotein, which in the human erythrocyte may contain receptors for
VSV hemagglutination (Cohen and Summers, 1974).

The entry of VSV into L cells was shown to occur by engulfment
or phagocytosis (Simpson et al., 1969). At a MOI of 500, VSV
adsorbed to L cells for 90 min at 4°C, attachment occurring usually by
the rounded tip of the virion to invaginated sites in the cell membrane
(Fig. 14). The latter appeared to be coated, signalling the initiation of
active phagocytosis. Following elevation of temperature to 37°C,
engulfment proceeded and was completed in a time period correspond-
ing to that required for eclipse of the infectious inoculum. It was con-
cluded that viropexis was an obligatory step for the initiation of infec-
tion.

An alternate mode of entry by VSV has been recognized in the
same cell system (Heine and Schnaitman, 1969, 1971). VSV particles
were adsorbed at 4°C for 15 min and then incubated at 37°C for 15
min. At this point viral particles were seen to fuse completely by their
square ends to the plasma membrane, with which the viral envelope
became continuous (Fig. 15). The fusion process was temperature
dependent. Viral antigen could be detected over the membrane of
infected cells by specific reactivity with hybrid antiviral-antiferritin
antibody. The specifically stained areas of cell membrane were
otherwise morphologically identical to adjacent nonreactive segments of
membrane and there were no morphological remnants of viral envelope.
These results are consistent with the fluid model of the cell membrane
in which viral antigens are transported along the plane of the bilayer to
areas remote from the sites of initial viral attachment. It might be
noted here that, in contrast to paramyxoviruses and HSV, VSV does
not induce cell-to-cell fusion exogenously and is not known to elaborate
a ““fusion factor,” the G protein being the only mechanism of viral
attachment to cell. Since temperature-dependent fusion of viral
envelope and cell membrane is a necessary prelude to penetration of the
viral genome, some mixture of lipids in viral and cellular bilayers
probably occurs. The effect on the virion, once attached and fused, may
relate to such an exchange, a possibility strengthened by studies on the
interaction of VSV with unilamellar vesicles composed of phospha-
tidylcholine (Moore et al., 1978). As a result of contact with these vesi-
cles, viral particles lost infectivity and membranes were depleted of
cholesterol. The implications of these findings with artificial vesicles are
not yet clear, particularly as they may relate to the mechanism of viral
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penetration through a natural membrane barrier. However, lipid
exchange between apposed membranes may occur during initial union
of virus and cell.

Quantitative studies on VSV penetration have shown that viropexis
is the principal mode of entry. Following synchronized adsorption of
virus to L929 cells at MOI of 10-100, fusion was a rarely observed
event, even with centrifugation and in the absence of serum (Dahlberg,
1974).

5.6. Togaviruses

Sindbis virus, an alphavirus which has been widely used in analyz-
ing the molecular biology of togaviruses, interacts with erythrocytes to

Fig. 14. Viropexis of vesicular stomatitis virus after adsorption to L cells in suspen-
sion. (a) Attachment of VS virions by round end to L cell at site showing submem-
branal thickening (upper) not evident in lower membrane. From Simpson ez al. (1969).
Reprinted by permission of the publisher. (b) An intact particle almost completely
internalized by viropexis. Note the thickening of the cell membrane which marks, at an
earlier stage, the site of interaction of the virus with cell. (c) A viral particle in a nearly
completed vacuole, the wall of which is thickened as in (b). Courtesy S. Dales. Bars =
100 nm.
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Fig. 14 (continued)

cause agglutination within a relative narrow range of pH (6-7). The
character of the corresponding erythrocyte receptors, however, remains
obscure. Evidently, neither proteins nor glycoproteins are directly
involved because Sindbis HA can be inhibited by lipids extractable
from human serum. Radiolabeled Sindbis virus could bind to protein-
free liposomes containing sheep erythrocyte phospholipids and choles-
terol. The interaction displayed the same pH dependence as that
governing agglutination of sheep erythrocytes by virus. Phosphatidyl-
ethanolamine and cholesterol were the most active lipids in the system,
whereas erythrocyte glycoproteins and gangliosides were not required
(Mooney et al., 1975). The question remains unresolved as to the
identity of the putative phospholipid “receptor,” either on liposomes or
erythrocytes, with receptors on susceptible nucleated cells. A hint that
protein may form part of the receptor on chick embryo fibroblasts is
afforded by the finding that tryptic digests, which contained the attach-
ment site activity (ASA) for Rous sarcoma virus, also blocked the
attachment of Sindbis virus to the cells (Moldow et al., 1977b).
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Fig. 15. Vesicular stomatitis virus adsorbed to L cells at 4°C for 15 min and then
incubated at 37°C for 15 min. (a) Envelope of one virion is fused by its square end to
the tip of a microvillus. From Heine and Schnaitman (1969). (b) Pseudopodium from
an infected cell stained with hybrid antiviral-antiferritin antibody. Viral antigen is
widely distributed over the cell membrane which contains no morphological viral
residue. From Heine and Schnaitman (1971), by permission of the publisher. Bar =
200 nm.

Evidence has recently been presented to indicate that receptors for
Semliki Forest virus (SFV) may be closely associated or even identical
with histocompatibility antigens coded for in human cells by the HLA-A4
and HLA-B loci, and in mouse L cells by the H-2K or H-2D loci. Spike
glycopeptides isolated from intact virions as 29 S complexes blocked
complement-dependent cytolytic antibody to murine antigens; HLA-A
and -B antigens incorporated into liposomes competitively inhibited viral
binding to human cells by forming complexes with virus which were
specifically precipitable by antibody to virus (Helenius et al., 1978).

From studies of SFV, it appears that envelope glycoproteins
constituting the viral spikes mediate attachment to erythrocytes and to
susceptible cells. Other than providing a hydrophilic environment for
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the viral particle, viral NANA residues are not involved in viral attach-
ment or antigenicity, which is probably mediated by the envelope
polypeptide(s) (Kennedy, 1974). Accordingly, removal of the spikes and
hence all of the polypeptide portion of the viral envelope reduced
infectivity, hemagglutination, and reactivity with antiviral antibody,
and left viral cores intact. By subjecting purified SFV to disruption with
NP40, it was possible to show the separate antigenic identities of
envelope and core proteins (Appleyard et al., 1970). Hemagglutinin and
neutralizing antibody-blocking activity were found to be associated with
the principal protein antigen on the viral envelope, which in both
Sindbis and SFV has a molecular weight of 50,000-60,000. This cor-
responds with the earlier finding that envelopes of Sindbis virus contain
but one glycoprotein which is in this size range and which does not
penetrate through the lipid layer (Compans, 1971). The intact viral
envelope is therefore required for internalization of attached virus (Bose
and Sagik, 1970), which apparently occurs principally by viropexis. The
importance of the ionic environment to the interaction of alphaviruses
with cell surfaces is underlined by the results of studies on the binding
of Sindbis virus to chicken embryo fibroblasts (Pierce et al., 1974).
Under graded conditions of ionic strength, maximal binding of ™C-
labeled virus occurred at ionic strength 0.15 at 37°C, at which 80% of
the virus became resistant to elution with buffer of 0.25 ionic strength.
These findings were consistent with the possibility that eclipse and
penetration had perhaps occurred as a result of irreversible fusion of
viral envelope with the cell membrane, although there was no direct
morphological evidence for this interpretation. There appears to be a
significant effect of ionic strength of the medium in sorting out “loose”
and “tight” particles, the former eluting, the latter being destined to
penetrate. This ionic effect may have some relationship, as yet unde-
fined, to the observed effect of low ionic strength in inhibiting the early
stages of viral maturation. Budding of progeny virus at the cell surface
is greatly retarded in medium of low ionic strength (Waite et al., 1972).
In these latter studies, freeze-etching electron microscopy was the basis
for distinguishing emerging virions from those which had already been
completed but were still adherent to the intact cell surface. It was sur-
mised that low ionic strength partially inhibited the primary interaction
of nucleocapsid with the inner aspect of the membrane, a necessary
prelude to maturation. The latter change took place in patches dis-
tributed over the cell surface. Concordantly, membrane-associated
particles were displaced as morphogenesis proceeded to completion,
and the cell membrane was reformed by fusion behind freshly formed
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virions (Brown et al., 1972). Adsorption of West Nile virus (an
alphavirus) caused a marked increase in the fluidity of the cell
membrane as shown by fluorescent polarization analysis (Levanon ez
al., 1977). The observed changes were temperature dependent and
required effective union of virus with receptors. Similar changes accom-
panied adsorption of naked viruses (EMC and polyoma), indicating
that the effect was more than simple intermixing of viral and cellular
lipids. Activation of intramembranal enzymes and concomitant changes
in membrane structure and permeability may pave the way for entry by
viropexis. That viropexis is the principal mode of penetration is fur-
ther substantiated by results of quantitative analysis of virus-specific
immune lysis of cells early in infection (Fan and Sefton, 1978). Cells to
which either Sindbis virus or VSV had been adsorbed, even at very high
MOI, were significantly less susceptible to lysis by antibody to homolo-
gous virus and complement than cells newly infected with Sendai virus.
As already noted, Sendai virus penetration is preceded by incorporation
of viral envelope antigens into the host cell membrane. This occurs to
only minimal extent with the other two enveloped viruses, even though
fusion has occasionally been observed electron microscopically.

5.7. RNA Tumor Viruses

The RNA tumor viruses, especially those in the avian and feline
groups, have been classified according to the cell types which they
infect. This classification is based on the specificity of viral receptors
expressed on the surface of susceptible cells. Accordingly, avian RNA
tumor viruses can be divided into five subgroups, each with different
receptor specificities.

Receptors for virus subgroups B and D, however, display some
functional cross-relationships. For example, patterns of interference
show that infection with a given virus confers resistance to superinfec-
tion by others of the same subgroup. The classification of RNA tumor
viruses into subgroups is also based on antigenicity of viral envelope
proteins (reviewed by Tooze, 1973).

Studies of the specific interactions of Rauscher murine leukemia
virus (MuVL) with cell surface receptors have provided evidence that
the 71k envelope glycoprotein (gp71) is the principal mediator of
attachment (Delarco and Todaro, 1976). Purified '**I-labeled gp71
binding was used to measure the specific interaction. Receptors were
found on all murine cells tested in culture but not on human, rhesus
monkey, or hamster cells. The host range in cultured cells corresponds
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to the restricted range of susceptibility to infection among different
animal species. Cells already infected with mouse-tropic viruses failed
to bind gp71. It was suggested that, as a result of primary infection
with murine virus, receptors on the surface of cells prior to infection
become involved in the process of viral maturation and as a result can
no longer bind superinfecting virus or exogenous viral components.
Seemingly contradictory results have been obtained with thy-
motropic murine leukemia virus (Baird et al., 1977). T-lymphoma cells
transformed by the Maloney strain of MuLV retained receptor activity
for the homologous virus but not for Gross MuLV. A hypothesis
derived from these data suggested that a small number of target cells
with M-MuLV receptors were transformed to yield a clone of T-lym-
phoma cells exhibiting receptors for the transforming virus. In contrast
to the gp71-binding studies cited above (Delarco and Todaro, 1976) in
which receptors for infecting virus became cryptic, the receptors on the
lymphoid cell lines remained functional. The selection hypothesis has
gained support from fluorescence-activated cell sorter (FACS) analysis
of the binding of fluoresceinated and rhodaminated murine retroviruses
to lymphoid cells (McGrath et al., 1978). It was shown by blockade
experiments that cells of thymic lymphomas induced by radiation
leukemia virus (RadLV) bore receptors highly specific for RadLV, but
none for nonleukemogenic retroviruses. The recognition of receptors by
oncogenic retroviruses may therefore be central to the process of leuke-
mogenic transformation and/or the selection of malignant clones dur-
ing leukemogenesis in vivo. In addition, the presence of receptors as
well as their number may be a function of the state of differentiation
and the type of cell which in the intact host serves as the target of
viral invasion. Along with later steps in penetration, the distribution of
receptors may be under genetic control. Virus attached to genetically
resistant as well as to susceptible cells but, in the former, penetration
was blocked (Piraino, 1967; Moldow et al., 1976). In both types of cells
the reaction with virus occurred at “‘attachment sites” signaled by the
presence of dense reticular material. At these sites (?gap junctions),
Rous-associated virus (RAV2) was shown to attach and then to become
internalized by viropexis (Fig. 16) (Dales and Hanafusa, 1972). Attach-
ment sites for avian tumor viruses have been solubilized by treatment of
chicken embryo fibroblasts with lithium diiodosalicylate (LIS)
(Moldow et al., 1977a). Using the Bryan strain of Rous sarcoma virus
and Rous-associated viruses 1 and 2 labeled with [*H]uridine, inhibition
of viral binding to CEF by the soluble material was measured quantita-
tively. Similarly, LIS extracts of human erythrocyte ghosts, comprising
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Fig. 16. Secondary culture of chicken embryo fibroblasts exposed to avian sarcoma
virus (Rous-associated virus 2) for 60 min at low temperature and then for 20 min at
37°C. Single virion (a) and one of another pair of virions (b) contained in a membrane
invagination which possesses an internal coating perhaps representing receptor sites.
From Dales and Hanafusa (1972), by permission of the publisher. Bar = 100 nm.

mostly glycophorin, were examined and found not to bind directly to
RSV, although there was some interference with attachment of avian
tumor virus. Tryptic digests of chicken embryo fibroblasts containing
attachment site activity competitively interfered with viral infectivity.
Receptor sites for other viruses are included in these protease-derived
surface components, as already pointed out in connection with Sindbis
virus (Moldow et al., 1977b).

In attempting to analyse initial events of attachment and penetra-
tion of tumor viruses into susceptible cells, one of the hazards has been
the occurrence of indigenous viral particles in primary mouse cell cul-
tures. The availability of Swiss mice reportedly free of latent viruses
has now made it possible to examine the penetration of murine
leukemia virus. Primary cultures of Swiss (NIH) mouse embryo cells
were exposed at 37°C to DEAE dextran in order to promote sub-
sequent attachment of Rauscher leukemia virus at 4°C. Cultures were
warmed to 37°C and examined at short intervals up to 3 hr (Fig. 17).
Simultaneous dissolution of viral and cell membranes occurred at the
site of viral attachment. By 30 min after adsorption, unenveloped
nucleoids from mature inoculated particles were seen in the peripheral
cytoplasm beneath the “openings’” in the membrane. Alternatively,
enveloped particles were also seen to penetrate intact to the cytoplasm
through breaches in the cell membrane. Under the same conditions,
phagocytosis of viral particles occurred even after 5 min at 37°C. The
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Fig. 17. Early stages in the attachment of Rauscher leukemia virus to secondary
mouse (NIH Swiss) embryo fibroblasts free of indigenous type C virus. Virus was
adsorbed at 4°C for 1 hr and then warmed to 37°C. Samples were taken from 2 to 180
min. (a) Mature virion in close proximity to cell membrane after 10 min at 37°C. (b)
Beginning of dissolution of viral envelope after 30 min at 37°C. (c) Advanced dissolu-
tion of viral envelope at 60 min. (d,e) Dissolution of attachment site after 45 min at
37°C (f) Internalization of virion and apparent repair of cell membrane after 30 min at
37°C. From Miyamoto and Gilden (1971), by permission of the publisher. Bar = 100 nm.
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activation of an unidentified enzyme was invoked to explain what
appeared to be dissolution of viral envelope and release of viral cores.
In the studies cited no fusion of viral envelope and cell membrane was
unequivocally demonstrated. While the mode of entry was apparently
by ‘““direct penetration,” phagocytosis could not be ruled out as an addi-
tional mechanism (Miyamoto and Gilden, 1971). It should be noted
that even though no fusion was visualized, leucoviruses have been
shown to be capable of exofusion of XC rat cells in culture (Johnson et
al., 1971). This cell line was derived from a tumor induced in rats by
Rous sarcoma virus. The results of the studies cited suggested that
formation of syncytia by mutual fusion of membranes was due to the
action of MuLV-specific component(s). The additional possibility exists
that simple attachment of leucoviruses to susceptible cells constitutes a
transmembranal signal for internalization.

Among the oncornaviruses, mouse mammary tumor virus
(MMTYV) has been shown to penetrate by viropexis. B particles were
seen at the surface of mouse embryo cells; these underwent phagocy-
tosis over a 4-day period of incubation at 37°C and disintegrated in
phagocytic vacuoles (Sarkar et al., 1970).

5.8. Poxviruses

Vaccinia virus, being the largest animal virus and having charac-
teristic morphology, was one of the first to be analyzed by electron
microscopy in early stages of infection. In studies of penetration of
virus into mouse L cells (Dales and Siminovitch, 1961; Dales and
Kajioka, 1964), it was shown that entry was dependent on active
phagocytosis by the cell, was energy dependent, and occurred with both
infective virus and virus which had been heated or neutralized by anti-
body. Mutual dissolution of envelope and host cell membrane at the
site of attachment also occurred. Radiolabeled virus was uncoated
within the phagocytic vesicle, allowing the viral core to penetrate into
the cytoplasm where viral replication was initiated.

Further insight into the initial interactions of vaccinia virus with
cells has been gained by comparing the behavior of intracellular naked
virus (INV) with that of extracellular enveloped virus (EEV). It was
found that INV particles, with half the infectivity of EEV, penetrated
only under conditions of unimpaired membrane function, as shown by
reduced rate and failure to enter the cells at lower temperature or in the
presence of inhibitors of endocytosis. In contrast, EEV penetrated by
normal, uninhibited endocytosis and also under conditions which
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inhibited normal endocytosis (e.g., reduced temperature) and therefore
also inhibited penetration of INV particles. It was implied that the
major factor accounting for this behavioral difference between INV and
EEV particles was the initial interaction with cell receptors, which was
required for penetration even at reduced temperature. This interaction
was specific only for EEV particles, since INV particles presumably
lacked the necessary viral envelope component(s) for attachment to
receptors. INV particles were therefore regarded as being only passive
objects of normal endocytosis (Payne and Norrby, 1978).

In contrast to the foregoing concepts of entry by poxviruses, an
alternative mechanism has been demonstrated in which the lipid-
containing external viral envelope fuses with the cell membrane to allow
the viral core to pass directly to the cytoplasm where uncoating takes
place. This sequence is demonstrated in studies of Amsacta moorei
insect poxvirus (Granados, 1973). Virus was administered per os
to larvae of Estigmene acraea and the larval intestines were then
sequentially examined by electron microscopy over a 2-hr period (Fig.
18). Intact viral particles were most frequently found fused to the apices

Fig. 18. Penetration of pox virus (Amsacta moorei) into intestinal epithelial cells of
the larva of Estigmene acraea, inoculated per os with 5 x 107 viral inclusion bodies. (a)
Virus attached to the tip of a villus. (b) Core internalized after fusion of cell membrane
with viral envelope (arrow). MV, microvilli, VC, viral core. From Granados (1973), by
permission of the publisher. Bar = 200 nm.
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of microvilli. At the time of penetration the viral envelope was lost, the
cores, frequently several at a time, progressing to the bases of the
microvilli and the lateral bodies disappearing in transit. In contrast to
vaccinia virus, viropexis was a rarely observed event under the experi-
mental conditions used. A similar process of entry has been shown with
a baculovirus, H. zea nuclear polyhedrosis virus (Granados, 1978) and
other insect poxviruses (Kawanishi et al., 1972).

Further morphological evidence for viral fusion with cell mem-
brane was offered by Armstrong et al. (1973). Fusion of vaccinia virus
to cell membranes was shown to occur almost immediately at the end
of the adsorption period, allowing viral cores to establish contact
directly with the peripheral cytoplasm. In the published micrograph,
there was unequivocal continuity between the triple layering of the two
joined membranes. Little or no phagocytosis of viral particles was
observed initially, but this was seen with increasing frequency as incu-
bation progressed. These observations have been extended to an exami-
nation of vaccinia virus interacting with L and HeLa cells (Chang and
Metz, 1976). In both systems entry occurred by fusion of virus to cell,
followed by dispersal of viral antigens into small patches on the surface
of the cell as revealed by reactivity with ferritin-labeled antibody. These
foci of viral antigen were discernible in platinum-carbon replicas of
cells fixed immediately after viral adsorption. Ferritin-labeled antibody
was specifically reactive with segments of infected cell membrane
overlying viral cores which had just penetrated into the cytoplasm. The
entry of vaccinia virus was first demonstrated to occur by viropexis.
More recent evidence supports the conclusion that membrane fusion
mechanisms are also important modes of penetration by vaccinia virus.
Both are illustrated in Fig. 19.

5.9. Herpesviruses

The mechanism whereby Herpes simplex virus (HSV) penetrates
into susceptible cells was examined in HeLa cells by initial adsorption at
2-4°C for 1 hr followed by incubation at 37°C (Dales and Silverberg,
1969). It was found that disappearance of inoculum from the cell
surface, as estimated by electron microscopic enumeration of cell-
associated virions, was most rapid during the initial period of 30 min at
37°C. Apparently enveloped virions as well as naked particles were
handled in the same manner by the cell. The rupture of the viral
envelope did not interfere with attachment or envelopment of the parti-
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Fig. 19. Vaccinia virus adsorbed 1hr at 37°C at MOI approximately 100 to mouse L
cells in suspension. (a,b) Attachment of virions to cell surface. (c) Early stage of engulf-
ment of virus indicated by slight invagination of cell membrane at site of contact. a,b,c:
Dales and Siminovitch (1961). (d) Viral particle in a cytoplasmic vacuole. From Dales
(1963). (e) Viral envelope has fused with cell membrane 20 min after infection. Lateral
bodies identify the segment of membrane to which they remain attached. (f) Viral core
has reached the cytoplasm. Remnants of lateral bodies can be seen in close proximity to
the plasma membrane. An enveloped virion remains outside the cell. (e,f) From Dales
et al. (1976). All (a-f) by permission of the publisher. Bar = 200 nm.
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cles by the plasma membrane and their ultimate rapid dismantlement in
phagocytic vacuoles (Fig. 20).

In an autoradiographic analysis seeking to trace the path of inoc-
ulum radiolabeled DNA from adsorption to nucleus, the results tended
to support viropexis as the main mode of entry. Evidence was presented
to suggest that after passage through the cytoplasm, in which parental
labeled DNA was found without attendant morphological viral
remnants, some capsids were seen still in vesicles in which the viral
envelopes appeared to be fused to the vesicular wall (Fig. 21). Ulti-
mately, direct continuity appeared to be established between vesicular
and nuclear membranes (Fig. 21). Parental DNA had reached the
nucleus within 30 min after infection, the major portion of the viral in-
oculum having been engulfed by the cell within 15 min. The number of
particles fused with the plasma membrane was relatively low, suggest-
ing that pinocytosis was the predominant mode of entry (Hummeler et
al., 1969).

Further support for viropexis as the principal mode of entry for
herpesviruses has come from analysis of the early stages of infection by
equine abortion virus (EAV) (Abodeely et al., 1970). Enveloped EAV,

Fig. 20. Herpes simplex virus at MOI of 20 adsorbed to HeLa cells 1 hr at 4°C. A
completely enveloped virion is found in a phagocytic vacuole after 2 min of incubation
at 37°C. From Dales and Silverberg (1969), by permission of the publisher. Bar =
100 nm.
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Fig. 21. [PH]Thymidine-labeled herpes simplex virus adsorbed to BHK21 cells. (a)
Labeled viral particles internalized by pinocytosis within 15 min. (b) A few naked
capsids in the cytoplasm. (c) Enveloped capsid being digested in vacuoles. Final transfer
of labeled parental DNA took place through fusion of vesicular and nuclear mem-
branes. From Hummeler ez al. (1969), by permission of the publisher. Bar = 200 nm.
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as well as EAV stripped of envelopes by treatment with NP-40 and
sonication, were found to penetrate rapidly by viropexis into mouse L-
M cells (Fig. 22). No evidence for fusion of viral envelope with cell
membrane was found at any stage. Although the de-enveloped particles
penetrated as well by viropexis as the enveloped virions, much lower
levels of infectivity resulted than following penetration of normal virus.
However, the fact that de-enveloped virions penetrated at all seemed to
minimize the importance of the envelope to the process of entry since
fusion would not be expected to occur in the absence of the viral lipid.
In this latter study no morphological evidence was presented to suggest
how the viral genome, once internalized, might progress to the site of
transcription. HSV has been reported to enter the cell by fusion of viral
envelope with cell membrane (Morgan et al., 1968). The appearance of
this process suggested that simultaneous dissolution of cell membrane
and viral envelope was occurring at the sites of viral contact during the
first 2 hr after infection.

In a subsequent analysis (Miyamoto and Morgan, 1971), two mor-
phologically distinct types of HSV capsids were seen in the inoculum in
approximately equal numbers. The more electron-dense type of capsid

Fig. 22. Enveloped and unenveloped equine abortion viral particles in cytoplasmic
(phagocytic) vacuoles. (a) 5 min and (b) 15 min postinfection. From Abodeely et al.
(1970), by permission of the publisher. Bar = 200 nm.
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Fig. 23. Herpes simplex virus adsorbed at high multiplicity to HeLa cells at 4°C for 1
hr, then incubated at 37°C. (a) 5 min, (b) 2 min. Viral envelope apparently fused to cell
membrane. From Miyamoto and Morgan (1971), by permission of the publisher. Bar =
100 nm.

was thought to undergo disruption in the cytoplasm immediately
underlying the plasma membrane. Actual sites of fusion were difficult
to find. In cells to which virus had been adsorbed at 4°C, penetration
was seen to occur rapidly with elevation of the temperature to 37°C.
Nevertheless, morphological evidence of fusion of viral envelope with
plasma envelope was presented, including what were thought to be
remnants of viral envelope seen as aggregates of dense material inserted
into the plasma membrane immediately overlying the internalized
virions (Fig. 23). Possession of an envelope seemed to be essential for
the viral particle to employ this mechanism of viral penetration by
fusion with the plasma membrane. Accordingly, it was inferred that any
viral particles, whether dense or light, infectious or noninfectious, as
long as they were enveloped, entered the cell. Some evidence was
presented to suggest that a substantial number of virions might begin to
undergo dissolution before actually penetrating into the cell. The sig-
nificance of the different types of capsids, as seen before their dissolu-
tion, remains obscure. In the same preparations a small but significant
number of virions were found in pinocytotic vesicles. From the availa-
ble morphological evidence, then, it appears that HSV penetrates into
the susceptible cell mainly by viropexis, fusion to cells perhaps being an
auxiliary mechanism. This is consistent with the fact that HSV in suffi-
cient concentration can cause exofusion. Certain other enveloped



60 Chapter 1

viruses, e.g., VSV and Sindbis virus, which do not cause exofusion,
appear to enter cells predominantly by viropexis.

In cells infected with HSV the promotion and suppression of cell
fusion, or syncytiogenesis (endofusion) late in viral infection have been
shown to be the expression of two different viral glycoproteins. These
deductions were based on studies with temperature-sensitive HSV1
mutants (Manservigi et al., 1977). Both glycoproteins in question (C2
and B2) are constituents of the viral envelope and are also found in
infected cell membranes. While most attention has been focused on late
events in viral replication, it is not unreasonable to suppose that B2
may also play an essential role in the initiation of infection by promot-
ing fusion of envelope to cell membrane (Sarmiento et al., 1979). The
B2 glycoprotein may also have a regulatory function in the later stages
of viral infection characterized by endofusion. The role of the C2 glyco-
protein is not clear.

The cytochalasins have a primary effect on membrane-mediated
functions, particularly phagocytosis. They affect viral uptake in surpris-
ingly varied manner, and also modify later stages of viral replication
(see review by Koch and Koch, 1978). Indirect evidence for the role of
envelope glycoproteins in attachment has come from analysis of the
effect of cytochalasins on late events in the synthesis of herpes simplex
viral proteins (Dix and Courtney, 1976). Cytochalasin B, by blocking
membrane hexose transport, inhibited glycosylation of viral protein(s),
with substantial reduction in the total yield of virus. Viral progeny
also lacked infectivity. As shown also with poliovirus, cytochalasins
enhanced the competence of cells for infection by isolated herpes viral
DNA. Also, in analogy to polioviral infection, cytochalasin may be able
to substitute for the function of viral protein(s) in suppressing cellular
protein synthesis during infection of cells with the isolated viral DNA
(see review by Koch and Koch, 1978). However, the effect of
cytochalasin in enhancing infectivity was not due to increased adsorp-
tion or uptake of either poliovirus or herpesvirus nucleic acids (Farber
and Eberle, 1977).

There is limited information regarding the nature of specific recep-
tors for herpes simplex viruses. With Epstein-Barr virus (EBV),
however, evidence for an apparently close association or relationship
between receptors for complement component C3 and those for the
virus on B lymphoblastoid cell lines has been adduced (Yefenof ez al.,
1976, 1977). Receptors for C3 undergo “capping’ by antibody to either
attached C3 or attached EBV particles. EBV receptors may therefore
be included in the same macromolecular complex within the membrane
and be distinct from receptors for Fc or IgM, and from B2-micro-
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Fig. 24. EB virus interacting with lymphoblastoid T cell (MOLT 4), 90 min after
infection. There is a suggestion of fusion between viral envelope and cellular membrane,
which is thickened at the site of interaction. No penetration followed despite incubation
up to 7 hr at 37°C. From Menezes et al. (1977), by permission of the publisher. Bar =
100 nm.

globulin. This was also consistent with the observation that only B
lymphocytes can be infected and transformed into permanent lines by
EBV.

In an extension of these studies it has been shown that EBV can be
introduced into epithelial cells by fusion with B lymphocytes containing
the viral genome (Glaser et al., 1976). Cell hybrids made between Bur-
kitt lymphoma cells and EBV-positive lymphocytes contained receptors
for EBV which could then be induced. These findings provide a possible
explanation not only for the penetration of epithelial cells by EB virus
which may be shed into the oropharynx, but perhaps also for the initia-
tion of tumors. The close association of C3 with EBV receptors was
further suggested by results of studies of a unique T-cell line (MOLT 4)
which, while lacking evidence for the viral genome, could be shown
both to possess C receptors and to adsorb EBV. However, viral
penetration did not occur. These findings indicate that additional fac-
tors besides cell receptors govern susceptibility to viral invasion. Figure
24 shows the adsorption of an EBV particle to the surface of a MOLT 4
cell exposed to a high MOI. There is a thickening of the membrane at
the site of adsorption, presumably the start of viropexis, and even a
suggestion of fusion of envelope to plasma membrane. However, no
penetration occurred as evidenced by the total lack of subsequent new



62 Chapter 1

viral protein synthesis or any electron microscopic evidence of entry of
viral particles into the cytoplasm up to 7 hr after infection (Menezes et
al., 1977).

6. SUMMARY AND CONCLUSION

In this chapter, we have attempted to bring together the mor-
phological, biochemical, and biophysical concepts of viral attachment
and penetration. Since the earliest electron microscopic observations, it
has become increasingly evident that other technological approaches
would be necessary in order to answer some of the questions inherent in
this problem. For this reason we have also attempted to review briefly
those biological, biochemical, and biophysical data which bear on the
electron microscopic observations. From today’s vantage point, it
appears that no single modality governs the penetration of a given
virus. Indeed, viral penetration is profoundly affected by the genetically
controlled components of cell surfaces in relation to specific receptors,
the nature of the viral surface, by uncontrolled variations among cell
strains, and by the milieu in which the initial reactions between virus
and cell take place. Virtually all of the observations on viral penetration
have been made on cells in culture. Consequently, almost nothing is
known about how the analogous phenomenon takes place in the living
host. One nonetheless assumes that the mechanisms described have
some bearing on the initiation of natural infection despite the necessity
for high multiplicity input in order to enhance the statistical probability
of finding, by TEM, virions undergoing penetration. Moreover, the
onslaught on the single cell by many viral particles probably subjects the
membrane to abnormal stresses which may not occur in the course of
natural infection in situ.

All viruses, to greater or lesser extent, appear to be capable of
entering cells by phagocytic mechanisms, which in this context have
been subsumed by the term viropexis. Viropexis must now be under-
stood to include the apparently direct penetration observed with certain
of the naked viruses which are themselves irreversibly altered through
initial reactions with receptors in the host cell membrane. Of the
enveloped viruses, only paramyxoviruses (Sendai and NDV), mea-
sles, respiratory syncytial and vaccinia viruses have been shown
unequivocally to penetrate into the host cell through fusion of viral
envelope with cell membrane. Despite earlier claims, there is no valid
biological evidence that orthomyxoviruses have this capability. We have
attempted to illustrate variations of each of these mechanisms as they
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apply to the major viral groups and to relate the morphological aspects
to salient biological features of the dynamic process of penetration.
Newer techniques of electron microscopy, particularly freeze-etching
and immunofreeze-etching, as well as antibody labeled with ferritin or
peroxidase, have greatly extended the horizon of electron microscopy
and have led the way to pertinent biological observations. This combined
approach should continue to be productive in the future.
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1. INTRODUCTION

There is an extensive literature dealing with persistent infections
established by a wide variety of animal viruses. Several mechanisms
have been suggested that may be involved in the establishment and
maintenance of persistent infection by a normally virulent, cytolytic
virus. One of these mechanisms, which involves defective-interfering
(DI) virus particles in the initiation and regulation of some persistent
infections, is discussed in Chapter 3 of this volume. This chapter will
concentrate on another aspect of persistent viral infection, namely, the
evolution of virus populations in infections initiated by virulent viruses
in cell culture model systems or in immunologically competent animals.
A comprehensive survey of the findings with many different groups of
viruses will be followed by a discussion of the patterns of virus evolu-
tion during persistent infection and the implications of these changes in
systems in which cytolytic viral infections are converted to more
temperate host-virus interactions. Persistent infections in which the
evolution of the virus population has not been studied will be mentioned
but are outside the main focus of this review.
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2. EVOLUTION OF VIRUS IN PERSISTENCE OF RNA
VIRUSES

2.1. Paramyxoviruses
2.1.1. Newcastle Disease Virus (NDV)

Henle et al. (1959) demonstrated that persistent infection of mouse
L cells could be readily established with the Victoria strain of NDV.
The virus reisolated from the persistently infected cultures differed
from the parental virus used to initiate persistence in plaque type in per-
missive chick embryo (CE) cells (Henle ez al., 1959) and in virulence for
L cells (Rodriguez et al., 1967). Thacore and Youngner (1969) found
that within a short time after initiation of persistent infection at 37°C
in L cells with Herts NDV (NDV,) the virus population contained pre-
dominantly stable small-plaque mutants. These mutants (NDV,;) dif-
fered from parental NDV, in several other characteristics, as shown in
Table 1. NDV,; mutants had reduced lethality for embryonated eggs,
grew more slowly, and produced fewer progeny than NDV, in per-
missive CE cells at 37°C, and did not elute from chicken red blood cells
after adsorption. However, NDV,,; replicated more efficiently in L cells
than NDV,, which produced a covert infection in L cells (Thacore and
Youngner, 1970).

Although the infectivity of NDV,; was labile at 50°C, the hemag-
glutinin (HA) and neuraminidase (NA) activities of NDV,,; particles
were thermostable compared to the HA and NA of NDV,. Additional
experiments measured the NA activity of NDV, and NDV,,; using a
soluble substrate and tested the thermal stability of enzyme activity
from disrupted virions (Thacore and Youngner, 1971). The results

TABLE 1

Comparison of Properties of Wild-Type Herts NDV (NDV,) and Virus
(NDV,,;) Recovered from Persistently Infected L Cells

Property NDV, NDV,,
Lethality for embryonated eggs (10* PFU) 100% at 48 hr 65-70% at 48 hr
Plaque size in chick embryo cells (3 days, 37°C) Large (2-3 mm) Small (<1 mm)
Stability of infectivity at 50°C Stable Unstable

Stability of hemagglutinin at 50°C Unstable Stable

Interferon production in L cells Yes Yes

Replication in L cells at 37°C Covert infection Productive infection

Replication in chick embryo cells at 42-43°C Yes No
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showed that there probably was a structural difference between NDV,;;
and NDV, in the way the NA polypeptide was incorporated into the
viral envelope. The HA of both intact and disrupted NDV,; was more
resistant to thermal inactivation than that of NDV,. These differences
probably represent alterations in the structural proteins of the NDV,,;
mutants which evolved during persistence; however, detailed analyses of
virion polypeptides will be required to determine the nature of the
changes.

Further studies showed that the NDV,,; viruses were spontaneously
selected temperature-sensitive (zs) mutants (Preble and Youngner,
1972); NDV,,; virus clones isolated from carrier L-cell lines maintained
at 37°C were unable to replicate in either CE or canine kidney
(MDCK) cells at 42-43°C, whereas NDV, replicated efficiently at the
elevated temperature (Table 1). The cutoff temperature of the NDV,;
mutants was- between 41°C and 42°C, and optimal virus yields were
produced at 34-37°C, in contrast to 39-40°C for NDV,.

When Lypv cultures were transferred to 32°C after reaching
confluency or were subcultured and maintained at 32°C, the level of
infectious virus in the cultures rose 50- to 200-fold, and remained at a
high level for several months. The virus released from the Lypv cultures
at 32°C was temperature sensitive. Virus production in the Lypy cul-
tures at 32°C gradually returned to its former low level, with the
concurrent evolution of virus with an even lower optimum temperature
than NDV,; (Preble, unpublished data). During the entire period of
incubation at 32°C the Lnpv cell cultures continued to produce
interferon at the same low level found in cell cultures incubated at 37°C
and were completely resistant to challenge with either NDV, or VSV
(Preble, unpublished).

Characterization of various NDV,; virus clones showed that all of
the s mutants had RNA - phenotypes; none of the NDV,,; clones were
able to direct the synthesis of significant amounts of virus-specific
RNA at the nonpermissive temperature in either infected CE or
MDCK cells (Preble and Youngner, 1973a). Temperature-shift experi-
ments suggested that two different s defects in RNA synthesis at 43°C,
both associated with RNA polymerase, might be present in different
NDV,, clones. Evolution of very similar s RNA™NDV,; clones also
occurred in mouse L cells persistently infected with two additional
strains of NDV, Kansas-Man and Texas GB (Preble and Youngner,
1973b) and in hamster (BHK) and canine (MDCK) cell lines per-
sistently infected with Herts NDV (Youngner and Quagliana, 1975).
When measured by an in vitro assay system, purified virions of NDV;
contained less RNA polymerase activity per unit of virus protein than
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purified virions of NDV, (Stanwick and Hallum, 1976). It was also
reported that purified preparations of NDV,; obtained from Lypy cells
and amplified in the allantoic sac of embryonated eggs contained an
RNA-directed DNA polymerase activity not found in purified NDV,
grown under the same conditions (Furman and Hallum, 1973). This
finding has not been confirmed.

There was a progressive evolution of the NDV,; isolated from
persistently infected L cells. Two years after establishment of per-
sistence, virus clones isolated from Lypy cell cultures produced smaller
plaques in CE cells, had more thermostable HA and NA, and were less
virulent for embryonated eggs than virus clones which were isolated
within a few months of initiation of the persistent infection (Preble and
Youngner, unpublished). These results suggested that evolution of virus
within the persistent infection was continuous and that selection of
multiple mutants probably occurred. Furthermore, the plaque size,
virulence, and thermostability properties of NDV,,; were independent of
but coselected with the zs marker (Preble and Youngner, 1973b), ts*
revertants of NDV,,; retained the other biological properties charac-
teristic of NDV,,;, whereas nitrous-acid-induced #s mutants of NDV,
were still “NDV,-like”’ except for the ability to replicate at 43°C. The
importance of selection of s virus mutants during the establishment of
NDYV persistence in L cells was emphasized by experiments which used
the NDV,its* revertants to initiate persistence. Virus reisolated from
these persistently infected cultures at the eighth cell passage was again
ts (Preble and Youngner, 19735).

Attempts were made to genetically group NDV,; mutants isolated
at various times (from < 1 month to > 3 years) after initiation of
Lyxpv cultures (Preble and Youngner, 1972) or recovered from
BHKypy cultures (Youngner and Quagliana, 1975). Several different
methods of complementation analysis at the nonpermissive temperature
were used. In each case interference between pairs of NDV,,; mutants in
mixed infections was noted (Preble and Youngner, 1973a). Also, none
of the NDV,; mutants tested complemented with four zs mutants of
NDYV, induced by nitrous acid.

The reason for the selection of tsSRNA~ mutants in persistently
infected cultures is not clear. The Lypv cultures always produced a low
level of interferon. Although some NDV,,; clones were better inducers
of interferon in L cells than NDV,, the NDV,, clones were no more
resistant than NDV, to the action of interferon (Hallum et al., 1970;
Preble and Youngner, unpublished data). However, NDV,,; clones
interfered with the replication of NDV, at the level of RNA synthe-
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sis at both permissive and nonpermissive temperatures (Preble and
Youngner, 1973b). Interference with wild-type virus replication may be
a mechanism by which virus mutants are selected and maintained during
persistent infection. This possibility is considered in more detail in Sec-
tion 4.4.

Other cell cultures persistently infected with NDV were studied by
Fraser et al. (1976) when NDV appeared ‘‘accidentally’ in established
cell lines of pig, ox, and sheep kidney maintained routinely at 37°C.
Virus particles released from the cultures were not infectious but could
be quantitated by their ability to agglutinate red blood cells. Similar to
the NDV,; mutants released from persistently infected L cells (Tha-
core and Youngner, 1970), the virus released from the accidentally
contaminated carrier cultures did not elute from agglutinated eryth-
rocytes (Fraser et al., 1976). Also, more HA was released from
persistently infected cultures incubated at 31°C than at 37°C, and incu-
bation of the cultures at 41°C resulted in a marked reduction in
the release of viral HA. Further studies suggested that a defect in
virus maturation caused an accumulation of defective nucleocapsids
(McNulty et al., 1977). The maturation defect was due to a lack of
synthesis of the matrix (M) protein (Louza and Bingham, 1978)
essential for correct alignment of virus nucleocapsids with appropriate
areas of plasma membrane in preparation for virion bud formation.

Finally, Sato et al. (1978b) reported the recovery of NDV,,
variants from BHK21/WI2 cells persistently infected with NDV and
maintained at 34°C. The NDV,,; virus carried structural antigens of a
latent virus of the BHK21/WI2 cells as a result of phenotypic mixing
between NDV and the latent virus. NDV,; was neutralized by rabbit
antiserum against the latent virus and by antiserum prepared against
wild-type NDV, whereas wild-type NDV was neutralized only by
homologous serum. NDV,,; also formed minute plaques on BHK21/
WI2 monolayers at 34°C, but did not plaque in these cells at 43°C.
This suggests that the NDV,,; variants are ts, although no data are
given for the plaquing efficiency of wild-type NDV at 43°C in
BHK21/WI2 cells. Sato et al. (1976) previously reported that variants
released from BHK21/WI2 cells persistently infected with rubella virus
appear to be stable genetic hybrids between rubella and the latent virus,
which is also ts (Sato et al., 1976). In order to investigate whether the ts
NDV,; variants were hybrid viruses, the variants were passaged in
embryonated eggs. Both the zs and plaque size markers and the anti-
genic properties of the NDV,,; reverted to those of wild-type virus after
one passage in embryonated eggs, indicating that the variants probably
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resulted from phenotypic mixing. The role of the interaction between
NDV,; and the latent virus in maintenance of the persistence will
require further study.

2.1.2. Maeasles Virus (MV)

The evolution of measles virus (MV) during persistent infection
has been studied in several different host cell systems. Hela cells
infected with the Edmonston strain of MV initially developed extensive
cytopathology which was followed by outgrowth of surviving cells (Rus-
tigian, 1962). These cells (termed K11 cells) could be subcultured and
they continued to shed infectious MV at 37°C. Following prolonged
cultivation in the presence of antiviral serum, the persistently infected
cultures (K11A) no longer released infectious virus, although viral
antigens were still present in the cells. Later studies showed that the
virus released from the K11 cultures differed from parental Edmonston
MYV; the K11 virus produced delayed cytopathic effects (CPE) in HeLa
cells, and the progression of CPE once it began was also slower (Rus-
tigian, 1966a). This difference in virulence between K11 virus and the
parental Edmonston MV became more pronounced with increasing
time of persistence. Further studies showed that, although the K11 virus
produced a lytic infection of two monkey kidney cell lines, Vero and
BSCl, infection of either HeLa or WI38 human cell lines resulted in
persistent infection (Rustigian, personal communication). These results
suggested the K11 virus may be a host range mutant of the parental
Edmonston MV.

A similar pattern of virus evolution was seen when HeLa cells were
infected with the Toyoshima strain of MV (Minagawa, 1971). Virus
recovered from the persistently infected HeLa cells had a longer latent
period and slower growth rate and produced lower yields in both HeLa
and Vero cells than the parental MV used to initiate persistence. In
addition, the carried virus produced “‘delayed” plaques on Vero cells.
Minagawa (1971) concluded that the carrier state was maintained by a
slowly replicating variant virus which had been selected from the
standard virus population.

Detailed studies have been made of the virus populations released
from K11 persistently infected HeLa cell cultures maintained at 37°C
and of the virus rescued at that temperature from K11A nonyielder cul-
tures by cocultivation with Vero cells. Both K11 and KIIA viruses were
ts in CV1 and Vero monkey kidney cell lines at 40.3-40.6°C (Wechsler
et al., personal communication); the efficiency of plating (EOP) of K11
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or K1la virus at the elevated temperature was at least a thousandfold
lower than that of wild-type Edmonston MV. In yield experiments, K11
and K11A viruses replicated more slowly in CV1 cells than wild-type
MYV at 33°C, and no infectious virus was produced at 40.3°C; wild-type
MYV produced approximately 1 log less virus at 40.3°C than at 33°C.
However, incubation at 33°C neither induced virus release from K11A
nonyielder cultures nor increased the efficiency of virus rescue during
co-cultivation of K11A cells with Vero cells (Rustigian, personal com-
munication). K11 and KI11A viruses could also be distinguished from
wild-type Edmonston MV by analysis of virus-specific proteins. The
matrix (M) protein in purified K11 and KI11A viruses was slightly
smaller than that in wild-type MV (Wechsler et al., personal communi-
cation). Smaller M protein was also found in CV1 or Vero cells under-
going lytic infection with K11 virus and in the K11 persistently infected
HeLa cell cultures. The roles of the aberrant M protein and of tempera-
ture sensitivity in either establishment or maintenance of the per-
sistently infected HeLa cell cultures are still under investigation.

Armen et al. (1977) also studied HeLa cells persistently infected
with Edmonston MV. The virus (MV,,;) released from the HeLa,; virus
carrier cultures produced small plaques on Vero cells, was approx-
imately tenfold more resistant to thermal inactivation than wild-type
Edmonston virus, and was less virulent for HeLa cells than the parental
virus. The EOP (39°C/33°C) of MV, from HeLa,; culture fluids was
107*~107° compared to an EOP of 1.0 for wild-type Edmonston virus,
indicating that MV, was a ts virus population. MV, virus therefore
appeared to be very similar to the K11 virus, which was also derived
from persistently infected HeLa cells (Rustigian, 1962, 1966a, and per-
sonal communication). When persistently infected HeLa cell cultures
were shifted from 37°C to 33°C, the yield of infectious virus was
increased fiftyfold, even though no CPE was observed. A similar result
was reported previously when human lung (Lul06) cells persistently
infected with MV were incubated at 33°C (Norrby, 1967). Further
characterization of the virus released from Lul06 cells at 33°C sug-
gested that it might differ in neuropathogenicity from wild-type MV
(Norrby and Kristensson, 1978); no additional properties were studied.

Measles virus persistence in another human cell line (HEp2) has
also been investigated (Gould, 1974; Gould and Linton, 1975). Virus
released from the persistently infected HEp2 cultures produced small
syncytial plaques on Vero cell monolayers and was ts in Vero cells at
39.5°C; the 39.5°C/33°C EOP of wild-type Edmonston virus was 0.56,
while the EOP of virus in culture fluids from persistently infected HEp2
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cell cultures was < 0.01. The cutoff temperature of the £s virus was
between 39°C and 39.5°C (Gould and Linton, 1975). When the
persistently infected HEp2 cultures were serially propagated at 39.5°C,
the expression of virus-specific antigens (as measured by surface
fluorescence and hemadsorption) ceased in the first cell passage, and
virus-specific antigens were lost from the cytoplasm by the fifth cell
passage. There was considerable heterogeneity in the properties of the
virus used to initiate the persistence (Gould, 1974), and it was con-
cluded that the ts virus from the carrier HEp2 cell line may have been
selected from variants present in the parental virus pool (Gould and
Linton, 1975).

Since persistence of measles virus variants in lymphoid as well as
nervous tissue has been implicated in the etiology of subacute sclerosing
panencephalitis (SSPE), several laboratories have investigated model
systems of MV persistence in human lymphoblastoid cell lines at 37°C.
Minagawa et al. (1976) studied human lymphoid cells (NC37)
persistently infected with attenuated measles vaccine viruses (Schwarz
and AIKC strains), with the TYCSA neurovirulent strain of measles
virus, or with the Mantooth or Halleé strains of SSPE virus. In each
case virus released from persistently infected cells had a lower EOP at
39.5°C than the parental virus strain used to initiate the persistence.
However, the proportion of ts mutants in the populations was not
determined. No differences were found in either plaque morphology or
thermal inactivation rates when MV,; and parental viruses were com-
pared. Because no increase in the production of infectious virus
occurred when the virus—carrier cultures were shifted to 33°C, it was
concluded that, although s variants may be selected during initiation of
the persistent infections, they may not play a role in maintenance
(Minagawa et al., 1976). However, in persistently infected HeLa cells,
virus rescued from nonyielder cultures by cocultivation at 37°C was ts
even though no increase in virus release was obtained when the cells
were incubated at 33°C (Rustigian, personal communication).

Bloom and his colleagues studied persistence of Edmonston MV in
two different human lymphoblastoid cell lines (Ju et al., 1978; Ju, per-
sonal communication). The persistently infected cells produced low
levels of interferon, and no defective virus particles were detectable
after three serial undiluted passages of culture fluids in Vero cells.
Although the EOP at 39.5°C of uncloned virus recovered from these
cell cultures was the same as that of wild-type MV virus, analysis of
clonal virus isolates revealed a high proportion of zs virus mutants in
the persistent virus population (Ju et al., 1978). The high degree of
sensitivity of clonal analysis for determining the proportion of ts
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mutants in a virus population had been noted previously during analysis
of the evolution of virus in mouse L cells persistently infected with
vesicular stomatitis virus (Youngner et al., 1976). Of 70 measles virus
clones isolated from four different persistently infected lymphoid cell
lines, 51 (73%).were ts, whereas none of 21 clones of wild-type MV was
ts. The EOP (39.5°C/33°C) of the 70 clonal isolates from carrier cul-
tures varied from 0.1 to < 107*. However, the clones were serially
passed twice in Vero cells to yield working stocks of virus before testing
for temperature sensitivity, and evidence from other systems suggests
that this procedure may result in an accumulation of zs* revertants in
stocks of unstable or leaky mutants (Youngner et al., 1976, 1978a). A
prospective study showed that as early as the second cell passage (33
days after initiation of persistence) the EOP at 39.5°C. of uncloned
virus in culture fluids was lower than that of wild-type MV and that
33% of the virus clones isolated at that time were ts. The ts MV isolates
also produced small plaques on Vero cell monolayers, but the plaque
size of a given mutant did not necessarily correlate with its EOP at
39.5°C. Based on the synthesis of virus-specific antigens in Vero cells
infected at 39.5°C, both early (antigen-negative) and late (antigen-posi-
tive) mutants were found. Further analysis showed that the zs mutants
isolated from the persistently infected cultures represented at least four
of the five known measles virus complementation groups (Ju, personal
communication). The data also indicated that many of the mutants
were probably multiple mutants since most of them did not map unam-
biguously in any one group. Finally, ts MV clones isolated from
persistently infected cultures also interfered with the replication of wild-
type MV at 31°C, 37°C, and 39.5°C (Ju, personal communication).
The significance of this inhibition will be discussed in more detail in
Section 4.4.

Persistent infection with measles virus has also been studied using
cell cultures from other animal species. Hamster embryo fibroblast
(HEF) cell cultures persistently infected with the Schwarz attenuated
vaccine strain of MV at 37°C progressed through three distinct phases
(Knight et al., 1972). Prior to cell passage 19, no infectious virus was
detected in the cultures. Virus could be recovered between cell passages
19 and 45 either by reducing the incubation temperature to 33°C or by
cocultivating with BSC1 monkey kidney cells (Haspel et al., 1973).
During this stage of persistence, a hundredfold more virus was
produced if the cultures were incubated at 33°C instead of 37°C, and
virus maturation was completely suppressed by incubation at 39°C. The
virus released by temperature reduction was ts and produced smaller
plaques on Vero cell monolayers than parental Schwarz virus. How-
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ever, the virus released by cocultivation with BSCI1 cells was ts* and
produced large plaques on Vero cells. After cell passage 45, the
persistently infected cultures entered a third phase in which virus
release could still be enhanced by incubation at 33°C, but the virus
released by temperature shift was identical to that released after
cocultivation with BSC1 cells (Haspel et al., 1975). Virus particles
released from persistently infected HEF cells during the third phase
possessed all of the normal measles virus structural proteins, although
proportionately there was less G, VP2, and NP protein than in the
Hallé SSPE measles strain used as the standard (Fisher and Rapp,
1979). There also appeared to be a relatively high proportion of non
infectious, low-density interfering particles released from persistently
infected HEF cells at passages 89-95. It was concluded that the MV
virus variants in the persistent infection were unable to replicate nor-
mally in the carrier HEF cells.

The temperature-shift data also suggested that a temperature-
dependent host cell function may be necessary for virus maturation. A
host-cell function was probably also involved in the temperature-
dependent maturation of measles virus from persistently infected
RN2-2 rat cells (Lucas et al., 1978). These RN2-2/MYV cells stopped
producing virus after 2-3 days at 39.5°C, although the virus produced
at 32.5°C did not appear to be s (as determined by EOP at 39.5°C).
Further work showed that this cell line could support both lytic and
persistent infections with MV at 32.5°C but failed to allow replication
of even wild-type Edmonston MV at 39.5°C. Consideration of host-cell
factors which may be involved in the limitation of virus replication in
persistent virus infections is beyond the scope of this chapter.

Chiarini et al. (1978) established a latent MV infection in Vero
cells by infecting the cells with a small-plaque clone of Edmonston MV
derived from serial undiluted passages of the virus. Virus released from
persistently infected Vero cells maintained at 37°C was ts at 39.5°C
compared to the parental virus used to initiate persistence. The authors
concluded that a ts persistent virus was therefore responsible for or
selected during the establishment of latency. In contrast, BGM monkey
kidney cells persistently infected with the Hallé strain of SSPE measles
virus did not produce s virus (Wild and Dugre, 1978). No difference
was found in the amount of virus produced by persistently infected cul-
tures at 33°C, 37°C, or 39.5°C, and the EOP at 39.5°C of culture
fluids from persistently infected cells was no different from that of
cloned Hallé virus or cloned Edmonston wild-type MV. However, virus
released from persistently infected BGM cells was able to establish
persistent infection in Vero cells, whereas the parental Halle virus
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produced only lytic infection in this cell line, results reminiscent of
those obtained with virus recovered from HeLa cells persistently
infected with MV (Minagawa, 1971).

Another type of measles virus persistent infection is characterized
by failure of the cultures to release infections virus even though a large
proportion of the cells contains viral antigens and viral nucleocapsids are
visible by electron microscopy. In some cases such as the K11A HeLa
cell nonyielder cultures described previously (Rustigian, 1966b) and the
phase 1 HEF persistent infection (Knight et al., 1973), infectious virus
can be rescued from the persistently infected cultures by cocultivation
with permissive cells. More often, the persistent infection appears to be
maintained by defective virus variants which are not rescuable using a
variety of methods (Menna et al., 1975; Burnstein et al., 1974; Dubois-
Dalcq et al., 1976; Kratzch et al., 1977). Since no direct studies of the
properties of the carried virus have been done, it is not clear whether
evolution of the virus, the host, or both, occurs in these systems.
Persistent infections maintained by defective virus may be useful in
vitro models of the defective virus replication which occurs in SSPE.

A comparison of SSPE-derived and wild-type measles virus strains
suggests that evolution of the virus also occurs during persistent infec-
tions in vivo. Since SSPE is considered in detail elsewhere in this
volume, only a brief discussion is presented here. Payne and Baublis
(1973) compared six isolates of SSPE virus to both the Edmonston and
Schwarz strains of measles virus using cross-neutralization and neu-
tralization kinetics. All six SSPE isolates were less reactive with
homologous antisera than the laboratory-adapted viruses. This sug-
gested either a qualitative or a quantitative change in the surface
antigens of the SSPE viruses. The SSPE viruses in this study could also
be distinguished from wild-type MV by plaque morphology. However,
others found no consistent differences in the infectivity and antigenicity
of two SSPE strains and wild-type Edmonston MV (Hamilton et al.,
1973; Thormar et al., 1978).

Wild and Dugre (1978) reported no difference between the EOP at
39.5°C of the Hallé strain of SSPE virus and wild-type Edmonston
MYV. However, Hodes (1979) found that higher viral yields were
produced at 32°C instead of 37°C or 39°C. In addition, ten out of 16
Hallé subclones were ts at 39°C, while none of the 16 clones of wild-
type Edmonston MV tested was fs. It is clear that additional studies are
necessary in order to determine whether or not evolution of MV
mutants occurs during persistent infections of humans in vivo.

Recent studies suggested that the virus-specific M protein in cells
infected with SSPE viruses is slightly larger than wild-type M protein
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(Wechsler and Fields, 1978; Hall et al., 1978). However, Rima et al.
(1979) claim that the size of the M protein depends more on the degree
of adaptation of the virus to cell cultures than on the origin of the virus;
more recent isolates of MV had a larger M protein than laboratory-
adapted strains which had been passed many times in cell cultures.
Furthermore, addition of a chymotrypsin inhibitor to the growth
medium of the virus-infected cells blocked conversion of the larger M
protein to the smaller form (Rima, personal communication).

Two groups of workers have used immunoprecipitation to study
the proteins of several different measles and SSPE virus strains (Hall er
al., 1979; Wechsler et al., 1979). Both groups report a relative lack of
antibodies to the nonglycosylated viral membrane protein (M) in the
sera of patients with SSPE. In contrast, the sera from these patients
contain a high level of antibodies to other viral proteins. These results
were not due to the existence of a large number of antigenically unique
M proteins; other hyperimmune human or rabbit sera precipitated M
protein as well as the other viral proteins. These results suggest that in
patients with SSPE the synthesis of M protein is diminished; alterna-
tively, the M Protein may not be recognized normally by the immune
system in SSPE patients. In either case, an abnormality in M protein
may be involved in the pathogenesis of SSPE. Although differences in
electrophoretic mobility of the M proteins and several other viral pro-
teins were observed among different SSPE and measles strains, there
was no pattern characteristic of SSPE strains, nor could these strains
be distinguished by peptide mapping (Hall ez al., 1979).

2.1.3. Sendai Virus (Hemagglutinating Virus of Japan)

The evolution of Sendai virus in persistently infected BHK cells
(BHK-HV]J cells) was described by Nagata et al. (1972). Initially, no
infectious virus was detected in the carrier (BHK-HVJ) cell culture
maintained at 34°C, although the release of virus particles capable of
hemagglutination was increased at 31°C and suppressed at 37°C; wild-
type Sendai virus grew equally well in BHK cells at 31°C or 37°C.
Fluorescent antibody studies suggested that virus maturation was s
because of a defect in the insertion of virus-specific proteins into the
plasma membrane at the higher temperature.

Additional experiments showed that infectious virus (HVJ-pB)
could be recoverd from the BHK-HVIJ cultures if medium from cultures
incubated at 32°C was inoculated into embryonated eggs also main-
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tained at 32°C (Kimura ez al., 1975). No virus grew in eggs incubated
at 38°C, indicating that HVJ-pB was temperature sensitive. HVJ-pB
was less thermostable and less cytocidal in BHK and L cells than wild-
type Sendai virus (Kimura et al, 1975). HVJ-pB produced small
plaques on monkey kidney cell monolayers at the permissive tempera-
ture, and specifically interfered with the replication of wild-type Sendai
virus at both 32°C and 38°C (Kimura et al., 1976). Although the
interfering activity in HVJ-pB preparations cosedimented in sucrose
gradients with infectious particles, the presence of DI particles was not
rigorously excluded. Roux and Holland (1979) suggested that DI parti-
cles may play a role in either establishment or maintenance of
persistent infections with Sendai virus in BHK and other cell lines,
although evolution of virus mutants in the persisting virus populations
was not studied.

At a later phase of virus persistence in the BHK-HVJ cultures
described above, virus released at 32°C could not be grown directly in
embryonated eggs at 32°C, but was infectious for BHK and L cells at
this temperature (Nishiyama et al., 1976). The virus (HVJ,;) passed in
BHK or L cells was then infectious for eggs. HVJ,; was similar to the
HVJ-pB isolated previously; both viruses were ts, thermolabile, and less
cytopathogenic for several types of cell cultures. Analysis of the
polypeptide composition of HVJ,; and of wild-type Sendai virus grown
in BHK cells suggested that HVJ,,; had a smaller M protein, less glyco-
protein F, and more of the precursor glycoprotein, F,, than the wild-
type virus (Nishiyama et al., 1976). The dependence of infectivity of
Sendai virus on conversion of precursor F, to F by proteolytic activity
has been demonstrated (Homma and Ohuchi, 1971; Ohuchi and
Homma, 1976). The relationship between HVJ,; and the earlier HVJ-
pB isolates is not clear, although the difference in host range of the two
viruses suggests a continuing evolution of the virus population in BHK-
HVIJ cells.

A Sendai-like virus (6/94 virus) was isolated from persistently
infected cell cultures obtained after using lysolecithin to fuse brain cells
derived from a multiple sclerosis patient with CV1 monkey kidney cells
(ter Meulen et al., 1972). The 6/94 virus proved to be a parainflu-
enza type 1 virus which was very closely related to Sendai virus
(Lewandowski et al., 1974; Kolakofsky et al., 1974). Although Sendai
virus grew equally well at 33°C and 37°C, 6/94 virus yields were sig-
nificantly enhanced at 33°C; virus-specific hemadsorption by the
CV1/MS cell cultures at 37°C was also only 1-10% of that seen in cul-
tures incubated at 33°C. These results suggest that, whatever its
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origin,the 6/94 virus isolated from the persistently infected cells is s,
although the role of the virus in human disease remains in doubt.

2.1.4. Respiratory Syncytial Virus

Simpson and Iinuma (1975) established persistent infection with
respiratory syncytial (RS) virus in bovine embryonic kidney (BEK) and
human HEp2 cells. The presence of an infectious proviral DNA copy of
the RSV genomic RNA in these cell cultures (Simpson and linuma,
1975) has not been confirmed (Pringle et al., 1978; Simpson, personal
communication). The HEp2/RS cell line has continued to shed infec-
tious RS virus during more than 3 years of continuous cultivation.
Clones of virus released from both early- and late-passage cells do not
appear to be ts (Simpson, personal communication). However, some
nude mice persistently infected with RS virus yield virus with a s
phenotype. Further analysis of virus from these in vivo and in vitro
systems is necessary to determine the evolutionary patterns in persistent
RS virus infections.

Infection of BSC1 monkey kidney cells with certain zs mutants of
RS virus defective in late functions, followed by cultivation of the
infected cells at 39°C (the nonpermissive temperature), resulted in virus
persistence (Pringle et al., 1978). After cell passage 21, the persistently
infected RS #5s1/BSCI1 cells were shifted to and maintained at 37°C;
low levels of infectious virus were shed at this temperature. The
released virus formed small plaques on BSC1 cell monolayers at both
31°C and 39°C, but no quantitative data were given concerning either
plaquing or replication efficiency of the carried virus at the nonper-
missive temperature.

A persistent infection of HeLa cells was established by cultivating
cells which survived cytolytic infection with the Long strain of RS virus
(Peeples and Levine, personal communication). Virus released from the
persistently infected HeLa/RS cells was neutralized by antiserum pre-
pared against wt RS virus. However, the RS,; virus produced small
plaques on HeLa cell monolayers; RS,; also was less cytopathogenic
and produced lower viral yields in HeLa cells than wt RS virus. Since
the yield of progeny virus was the same when RS,;-infected HeLa cells
were incubated at 33°C, 37°C, or 39°C, it was concluded that RS,; was
not ts. Although no evidence was found for the presence of DI particles
of RS virus, RS, passed once in HeLa cells at very low MOI inhibited
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the replication of wt RS (Peeples and Levine, personal communica-
tion). These results suggest that persistent infection of HeLa cells with
RS virus resulted in the selection of virus with a slower growth rate and
lowered cytopathogenicity and yield, and which interfered with the
replication of wild-type virus. Preliminary results also indicated that the
GP2 protein of RS,; may differ from the corresponding protein found
in wild-type virus (Peeples and Levine, personal communication).

2.1.5. Mumps Virus

Walker and Hinze (1962) studied human conjunctival cells per-
sistently infected with mumps virus. Virus isolated after about 30 cell
passages was less cytopathogenic for several types of cells including
various human and monkey cell lines. No CPE was observed when the
persistently infected cell cultures were incubated at various tempera-
tures above or below 37°C. Although additional investigations were
carried out of the persistence of mumps virus in these systems, no
further information on the properties of the virus populations was
reported.

More recently, persistent infection of BHK21 cells by mumps virus
was described by Truant and Hallum (1977a). Virus (MuV,;) isolated
from the carrier cultures did not differ from wild-type mumps virus
(MuV,) in plaque morphology but was less able than MuV, to replicate
at 39°C in BHK and HeLa cells. Five of six clones of MuV,; were ts,
while only one of six clones of MuV, was ts; the cutoff temperature for
ts virus yield appeared to be between 37°C and 39°C. However, when
BHK,; cells were incubated at 33°C, no increase occurred in CPE,
virus production, hemadsorption, or mumps antigens detectable by
fluorescent antibody. When the persistently infected BHK cells were
cloned, both uninfected and latently infected nonvirus yielder clones
were obtained (Truant and Hallum, 1977b). The latter cell clones could
be induced to release virus by incubation at 33°C. The virus released
under these conditions (MuVy) produced the same yield in HeLa cells
at both 33°C and 39°C, and the EOP at 39°C of uncloned virus stocks
was similar to that of wild-type MuV,. The situation is reminiscent of the
two Sendai virus mutants (HVJ-pB and HVIJ,;) released from
persistently infected BHK cells under different conditions (Kimura et al.,
1975; Nishiyama et al., 1976). The relationship between MuV,; and
MuVy, is not yet clear.
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2.1.6. Parainfluenza Virus, Type 3

Tsai (1977) investigated persistence of para-3 virus in alveolar
macrophages (AM) isolated from calves infected in vivo or in AM cells
infected in culture. Transfer of infected AM cells from 37°C to 32°C
resulted in increased virus synthesis. Virus produced at 32°C was s
when tested in bovine kidney (MDBK) cells at 37°C; wild-type para-3
was able to replicate at both temperatures. In contrast, Hodes et al.
(personal communication) established a persistent infection in Vero
cells using the third undiluted passage of para-3. In order to look for
mutants in the persistent virus population, Vero cells were productively
infected at different temperatures with wild-type para-3 or with para-3,;
from the sixth passage of the persistently infected cells. Viral yields at
32°C, 37°C, and 39°C were the same with both viruses. Cloned virus
preparations were not evaluated, and virus isolated at later times after
initiation of the persistence was not tested.

2.2. Orthomyxoviruses: Influenza Virus

The WSN strain of influenza virus A was able to establish a
persistent infection in pig embryo kidney (RES) cells (Gavrilov et al.,
1972). Virus isolated after 16 subcultures (WSN/RES,) had
approximately the same virulence for mice as the original WSN virus
but was more cytopathogenic for RES, Vero, and human lung cells.
WSN/RES,¢ virus restablished persistence in pig embryo kidney cells
with difficulty (Perekrest et al., 1974). A nonhemagglutinating variant
of influenza WSN, which has not been further characterized, was
isolated from one subline of persistently infected RES cells.

2.3. Rhabdoviruses
2.3.1. Vesicular Stomatitis Virus

The selection of virus mutants in persistent infections with VSV
was reported by Mudd ez al. in 1973. Using wild-type VSV (Indiana),
persistent infections were established at 28°C in a line of cells from the
fruit fly, Drosophila melanogaster. The cells showed no cytopathic
effects but continued to produce low levels of infectious virus which
were detectable by plaque assay on the BHK21 hamster cell line. By 50
days after initiation of the carrier culture (fourth cell passage at 28°C),
the virus isolated in BHK21 cells exhibited a small-plaque morphology
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and an altered ability to replicate at 37°C, although the parental wild-
type VSV replicated equally well in BHK21 cells at both temperatures.
Clonal isolates of virus from the carrier cells retained the s phenotype
during serial passage in BHK21 cells, indicating that the viruses were
not phenotypic variants modified by the D. melanogaster host cells. A
representative mutant clone (G) isolated from the persistent infection 9
weeks after initiation had a small-plaque morphology, was ts, and had
an RNA~ phenotype at 37°C. Whether the defect in RNA synthesis
was due to an alteration of virion polymerase or secondary RNA syn-
thesis was not determined. Study of revertant clones selected in infected
BHK21 cells at 37°C showed that the small-plaque and s markers
seemed to vary independently.

Very similar virus mutants were isolated from Aedes albopictus
and Aedes aegypti mosquito cell lines persistently infected with the
Cocal strain of VSV (Artsob and Spence, personal communication).
There was a fairly rapid selection of an altered virus population which
was ts, produced small plaques, and had a reduced virulence for adult
mice. Printz (1970) had previously observed the evolution of a VSV
population of ts small-plaque virus during serial in vivo passages of
VSV (Indiana) in the fruit fly, D. melanogaster. Virus progeny which
produced small plaques were observed in the virus population harvested
from infected flies by the third to fifth passages. By the fifth to tenth
passages in vivo, ts mutants were evident.

These experiments demonstrate that zs small-plaque virus popula-
tions evolve when VSV is passed serially in fruit flies and when
persistent infections with this virus are established in cell lines of fruit
fly and mosquito origin. In both situations the virus was selected at
28°C, the optimum temperature for insect cells. The question arises
whether the viruses which evolve should be considered “‘cold adapted”
rather than “temperature sensitive.”” The term *“‘cold adapted” might be
more appropriate if the selection was for viruses which could replicate
efficiently at the temperature optimum of the insect cells. Unfortu-
nately, studies have not been done with VSV passed serially at 28°C in
BHK21 or some other mammalian cell line with a temperature
optimum of 37°C. The roles played by the species of host cell and the
ambient temperature might be distinguished by such an experiment.

A more comprehensive picture of the evidence that the selection of
virus mutants plays an important role in the establishment and
maintenance of persistent infections with VSV is provided by a series of
papers published by Youngner et al. (1976, 1978a,b). Attempts to
establish peristent infections in mouse L cells at 37°C with a large-
plaque strain of wild-type VSV (Indiana) essentially free of defective
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interfering (DI) particles were unsuccessful. However, when the tech-
nique of Holland and Villarreal (1974) was used, that is, when L cells
were infected with wild-type infectious B particles in the presence of a
thousandfold excess of DI particles, persistent infections were readily
established. At 84 days after initiation of the persistently infected cell
line (Lysv), the properties of the virus (VSV,;) present in the per-
sistently infected cells were determined. The wild-type virus (VSV,) had
been completely replaced by a population of zs small-plaque virus.
VSV,,; plaques after 3 days at 32°C were < 1-1.5 mm in diameter
compared to 2-3 mm for plaques of VSV,.

A prospective study was done to determine more precisely the rate
at which #s mutants appeared during the establishment of persistently
infected Lysy cell cultures at 37°C (Youngner et al., 1976). Table 2
shows the details of this prospective study. Clonal analysis revealed that
the frequency of spontaneous £s mutants in the inoculum used to initiate
the persistent infection was 4.4%. By 10 days after initiation of
persistence there was a statistically significant increase in the frequency
(17.8%) of ts mutants in the fluids harvested from Lysy cells. By 63
days all 29 clones isolated from Lysy cells were temperature sensitive.
This persistently infected cell line was maintained for over 3 years
without the appearance of ts* revertants in the virus population. It is
important to note the limiations of relying solely on the efficiency of
plating method to determine the presence or absence of £s mutants in a
given population. As shown in Table 2, the virus from P2, 11-day fluid
had an EOP (0.18) not significantly different from that of the wild-type

TABLE 2
Prospective Study: Appearance of zs Mutants in L Cells Persistently Infected
with VSV,
Days Number of
Cell after EOP® clones Number of Percent
passage initiation (39.5/32°C) isolated ts ts
Inoculum® 0.27 90 4 4.4
P-1 7 0.55 59 5 8.4
P-1 10 0.46 56 10 17.8
P-2 11 0.18 56 41 73.2
P-2 17 0.088 61 52 85.2
P-8 63 0.001 29 29 100

% From Youngner et al. (1976).

® Infectivity assays in primary chick embryo cells. PFU/ml at 32°C ranged from 1.1 x 10° to 3.7
x 10°

¢ Third undiluted passage of VSV, in BHK21 cells at 37°C.
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VSV, (0.27); however, clonal analysis revealed that zs mutants com-
posed 73.2% of the virus population.

All of the ts virus clones isolated from 84-day fluid were defective
in their ability to synthesize virus-specific RNA in infected cells at the
nonpermissive temperature (39.5°C) and were classified as having an
RNA~- phenotype. In addition, the ts RNA~ clones all belonged to
VSV complementation group I, which is associated with a defect in the
virion-associated transcriptase (Pringle, 1977). This genetic uniformity
is not surprising since Flamand (1970) reported that 81.7% of spon-
taneous mutants present in VSV (Indiana) populations were classed as
group I mutants. If the #s mutants that maintain the persistently
infected state were selected from those spontaneously present in the
wild-type population, there is a strong possibility that they would
belong to group I.

A ts mutant (zs pi 364) isolated from the 7-day fluid of the
persistent infection summarized in Table 2 was able to establish
persistent infection in L cells at 37°C in the absence of DI particles. It is
interesting that Wagner et al. (1963) had previously reported that
persistent infection of L cells could be established only with a small-
plaque mutant of VSV (Indiana).

Additional evidence of a role for zs mutants in the maintenance of
the persistent infection was provided by temperature-shift experiments.
When Lysy cell cultures were shifted from 37°C to 32°C, there was
complete cell destruction and a significant increase in the amount of
virus present in the culture fluids. In marked contrast, the shift of Lysy
cells to 39.5°C resulted in progressively diminished virus production
until no virus was detectable after 30 days. Cocultivation of the “‘cured”
cells with chick embryo or BHK21 cells at 37°C did not reactivate virus
production.

Representative s mutants from Lysy cells were tested for a muta-
tion in a viral function (P) for inhibition of protein synthesis in infected
cells (Stanners et al., 1977). A group I mutant of VSV (T1026), derived
from the HR strain, contains a second non-fs mutation in addition to
its zs transcriptase mutation. Whereas wild-type VSV is P* and effec-
tively shuts off protein synthesis in infected cells, T1026 and its ts*
revertants are phenotypically P~. Rates of total protein synthesis in
cells infected with these P~ viruses are equal to or greater than in
uninfected cells. Seventeen ts mutants from Lysy cells were une-
quivocally P* and were able to inhibit protein synthesis of infected L
cells at 37°C as well as wild-type VSV (Youngner et al., 1978b). It was
concluded that the ts mutants which evolve in Lysy cell cultures do not
appear to lose the P function.
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Another approach to the establishment of persistent VSV infec-
tions of L cells was offered by Nishiyama (1977), Nishiyama et al.
(1978), and Ramseur and Friedman (1977). Instead of mediation by DI
particles, these workers used pretreatment of L cells with interferon to
minimize the cytolytic effects of wild-type VSV. Under these conditions
persistent or prolonged infections at 35°C or 37°C were readily
established. Studies of the virus present in carrier cultures established in
this manner also revealed the emergence of a population of zs small-
plaque virus. In Nishiyama’s (1977) experiments, small-plaque viruses
completely replaced the large-plaque parental population by the nine-
teenth cell passage, and as early as the tenth passage ts virus was
detected by reduced efficiencies of plating at 38°C. At the fortieth cell
passage medium- (MP) and small- (SP) plaque-size clones were isolated
from the culture fluid (Nishiyama et al., 1978). One-step growth curves
in L cells revealed that the MP and SP clones replicated more slowly
than the parental wild-type virus, giving maximum yields in 12 hr
rather than in 6 hr. Both MP and SP viruses induced low levels of
interferon at 35°C but not at 38°C; the wild-type virus did not produce
interferon at either temperature. in agreement with Youngner et al.
(1976), the ts mutant (SP) was also able to establish persistent infection
at low MOI in L cells in the absence of interferon pretreatment or coin-
fection with DI particles. Ramseur and Friedman (1977, 1978) also
showed that ¢s virus emerged as early as 10 days after initiation of
infection of L cells pretreated with IF; by 17 days they noted a hun-
dredfold decrease in the plaquing efficiency at 39°C compared to 32°C.
All of the ts viruses isolated had a small-plaque phenotype. No further
characterization of the viruses was reported.

The above evidence indicates that prolonged infections with VSV
in L cells were probably due to the emergence of zs mutants and to
endogenous interferon production rather than to DI particles. Endog-
enous interferon was implicated in these experiments not by the detec-
tion of the inhibitor in fluids from the infected cells but by the enhance-
ment of virus replication and cell destruction after treatment of
persistently infected cell cultures with antimouse interferon antibody
(Ramseur and Friedman, 1977, 1978; Youngner et al., 1978a). This
approach had been used previously to elucidate the role of endogenous
interferon in persistent infections of L cells with Sindbis virus (Inglot et
al., 1973).

It was suggested that interferon activity present in Lygy cell cul-
tures might exert pressure for the selection of zs mutants during viral
persistence (Ramseur and Friedman, 1978). To test this possibility, six-
times-cloned wild-type VSV was serially passed at low MOI in L cells
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which had been pretreated with mouse interferon (Youngner et al.,
1978a); parallel serial passages were made in L cells treated with
medium alone. After the sixth serial passage, the 39.5°C/33°C plating
efficiency of the virus harvested from interferon-treated or control cell
cultures was not different from the plating efficiency of the wild-type
inoculum. Clonal analyses of the sixth serial passages revealed that
replication in L cells pretreated with interferon did not increase the fre-
quency of ts virus above that spontaneously present in the wild-type
inoculum (2-5%).

Holland and his co-workers have extensively studied persistent
infections initiated with VSV (Indiana) in BHK21 and other cell lines.
They described in detail the major role played by DI particles in the
establishment and maintenance of persistent infections of BHK21 cells
(Holland and Villarreal, 1974, Villarreal and Holland, 1976; Holland et
al., 1976a,b, 1978). In regard to the evolution of virus populations in
persistently infected BHK21 cells, it was reported that after a year of
persistence the cultures shed small-plaque mutant virus that was
“slightly”’” temperature sensitive (Holland et al., 1976b). After 4 years
of persistence, these carrier cultures shed temperature-sensitive mutants
which were “‘very slow growing’’ (Holland et al., 1978). No quantitative
data were given dealing with the phenotypic expression of the mutants
at different temperatures, but it was reported that the carrier cells were
stable when shifted from 37°C to 25°C or 32°C. Since BHK21 cells
are defective interferon producers (Taylor-Papadimitriou and Stoker,
1971), it is apparent that this viral inhibitor probably plays no role in
the long-term maintenance of persistence in these cells. Holland et al.
(1979) reported that changes in the oligonucleotide map of the persist-
ing virus accumulated over a 5-year period; over 100 mutations could
be present according to the changes observed. The oligonucleotide map
patterns of wild-type VSV serially passed in different cell lines were
very stable (Clewley et al., 1977; Kang et al., 1978; Holland et al.,
1979). Further work will be necessary in order to determine how many
of the multiple changes in oligonucleotide patterns are reflected in
changes in virion polypeptides and which virion proteins are involved.

Holland and Villarreal (1974) reported that the B virions purified
from BHK21 carrier cells showed greatly reduced levels of virion
transcriptase activity. The particular carrier line involved was initiated
using #sG31, which belongs to complementation group III (M protein
defect). Although no further details are given, it is possible that the car-
rier BHK21 cells had evolved mutants with an RNA synthesis defect,
akin to the drift to group I (virion transcriptase defect) virus identified
in Lysy cells (Youngner et al., 1976).
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Holland et al. (1978) also established persistent infections with
VSV in a line of HeLa cells defective in its ability to produce DI parti-
cles. A carrier line was initiated using wild-type VSV (Indiana) plus
large numbers of DI particles. After persistence was established, it was
found that the virus population in the HeLaysy line consisted of ts
small-plaque mutants. No DI particles or immature DI ribonucleopro-
teins were detectable in the carrier cell line. The s virus which had
evolved was capable of initiating persistent infection in HeLa cells at
low MOI in the absence of added DI particles. No further characteriza-
tion of the evolved virus was given.

As detailed previously, the persistent infections initiated in L cells
with VSV, in the presence of large numbers of DI particles showed a
rapid selection of s viruses with RNA ™~ phenotypes belonging to VSV
complementation group I (Youngner et al., 1976). To investigate the
possible selective advantage of RNA~ VSV mutants in persistence,
infections were initiated in L cells with #5023, an RNA* mutant
belonging to complementation group III (Youngner et al., 1978a). The
clonal analysis summarized in Table 3 revealed that 29 of 30 clones
(97%) of ts023 parental virus showed an RNA™ phenotype, but by 2
days after infection the frequency of RNA ™~ mutants had risen to 10%.
At 37 days the frequency of RNA~ mutants was 68%; and by 198 days
RNA~ mutants composed 81% of the virus population. The results
obtained with individual clones, displayed graphically in Fig. 1, reveal
that, in addition to the increasing frequency of RNA~ clones in the
population, the RNA synthesis defect became progressively more
pronounced with time. Essentially similar results were obtained when

TABLE 3

Appearance of RNA ~ Phenotype in Persistent Infections of L Cells Initiated
With a Group III (RNA*) ts Mutant of VSV (25023)°

Days

Cell after Number of clones ts/ Number of clones with
passage initiation number isolated RNA - phenotype®
Parental virus — 30/30 1 (3%)

(2s023)
P-0 2 30/30 3 (10%)
P-8 37 28/28 19 (68%)
P-18 75 29/29 21 (72%)
P-44 198 26/26 21 (81%)

¢ From Youngner et al. (1978a).
® RNA~ phenotype = 39.5/33°C ratio of RNA synthesis in BHK21 cells by the cloned virus
divided by the 39.5/33°C ratio of wild-type virus in infected cells is 0.2 or less.
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Fig. 1. Efficiency of RNA synthesis (39.5°C/33°C
ratio) of zs virus clones isolated at different intervals
from persistent infection of L cells initiated with
ts023, a group IIT RNA* mutant of VSV. Time on
abscissa not to scale. From Youngner et al. (1978a).

the experiment was repeated using as inoculum a subclone of 5023 (III)
which had been plaque-purified six times in CE cells and amplified at
low MOI in MDBK cells which are poor producers of DI particles.
Persistent infection was also begun by infecting L cells with VSV
ts045 (V), another RNA* mutant (Youngner et al., 1978a). In addition
to reduced viral replication at 39.5°C, #5045 has another phenotypic
marker: the virion G protein is defective and renders the virion heat
labile (h/) at 50°C (Pringle, 1977). This marker enabled further
characterization of the evolution of virus in persistent VSV infections of
L cells. At 7 days after infection the carried virus was very similar to
parental £s045. At 16 and 21 days after initiation of persistence the high
EOP at 39.5°C of uncloned culture fluids was explained by the presence
of a large number (17-37%) of non-ts (ts*), apparently wild-type
revertant clones in the virus populations. By 36 days the virus popula-
tion was again predominantly (85%) ts, and from 49 days on all virus
clones were ts. Concurrent with these changes in the virus population,
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the heat lability of the #s virus clones changed dramatically. Figure 2
displays graphically the evolution of heat-resistant (hr) virus clones dur-
ing persistent infection with 25045 (V). Of 26 stable s hr clones isolated
between 16 and 235 days after initiation, 22 (84.6%) had an RNA~-
phenotype, indicating evolution of RNA ™~ viruses from the RNA™ ts045
mutant used to initiate the persistent infection. Attempts to carry out
complementation analysis of the RNA ™ clones isolated from persistent
infections initiated with group III or group V RNA™* mutants were
unsuccessful because of the leakiness of these mutants when used at
high MOI in complementation analyses.

The findings summarized above demonstrate that, when persistent
infections are initiated in L cells with RNA* VSV mutants representing
complementation groups III and V, the viruses which evolve are quite
different from the parental viruses (Youngner et al., 1978a). While

Fig. 2. Evolution of ts virus clones
isolated at different intervals from
persistent infection of L cells with
ts045 (F-4), a six-times-cloned
VSV group V RNA* mutant. Inac-
tivation of infectivity (compared to
wild-type virus) after heating at
50°C for 10 min. Virus samples
were diluted 1:100 in phosphate-
buffered saline (pH 7.2) prior to
heating. From Youngner et al.
(1978a).
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there was a long-term maintenance of the zs marker, a selection of
viruses with RNA~ phenotypes occurred. The ts phenotype itself was
not sufficient to stabilize the virus population since infections initiated
with s RNA* mutants did not continue to produce virus with zs RNA*
phenotypes. Instead, there seemed to be a strong selective advantage for
RNA~- viruses. The #s mutants isolated from persistent infections
initiated with #5023 and #5045 were tested for P function; none differed
from wild-type virus in ability to inhibit host protein synthesis in L cells
at 37°C (Youngner et al., 1978b). Furthermore, the mutants selected in
these persistent infections did not differ significantly from their parental
ts virus in induction of or sensitivity to interferon in L cells at 37°C
(Preble and Youngner, unpublished data).

The lack of selective advantage of a “late” defect in a structural
protein is emphasized by the results obtained in the case of persistent
infection established with 25045, a group V mutant. The s A/ RNA*
parental z5s045 inoculum evolved into a virus population that was s Ar
RNA". On the basis of this finding it appears that a defect in the G pro-
tein provides no selective advantage during persistence, in contrast to the
ts hr RN A~ phenotype which does.

2.3.2. Rabies Virus

The evolution of virus populations during persistent infection of
BHK cells with the HEP-Flury strain of rabies virus has been studied
by Kawai et al. (1975). They found that large-plaque (LP) wild-type
virus was replaced in a stepwise fashion by a small-plaque (SP) virus;
after 22 cell transfers, the SP virus completely supplanted the LP
parental virus. In the carrier cell cultures, the SP virus produced signifi-
cant numbers of DI particles in a cyclic manner, and these defective
particles effectively suppressed the cytopathic effect of standard LP
parental virus. Cyclic production of DI particles in the persistently
infected BHK cells was demonstrated by this inhibition test. The SP
virus had the capacity to produce DI particles even during the first
passage in BHK cells, regardless of the MOI (Kawai and Matsumoto,
1977). Previous work had shown that clonal isolates from the HEP-
Flury strain of rabies virus generated DI particles in BHK cells at a sig-
nificantly more rapid rate than VSV (Holland et al., 1976b).

Kawai and Matsumoto (1977) demonstrated that rabies virus also
produced a defective particle which showed no CPE-suppressing or
interfering activity against standard virus. These defective noninterfer-
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ing (DNI) particles, as well as conventional defective interfering (DI)
particles, were generated by serial passage of SP virus in persistent
infection in which SP virus predominated. Further investigation showed
that the DNI particles lacked projecting spikes and contained little if
any G protein (Matsumoto and Kawai, 1978). The spikeless particles
contained low-molecular-weight material (12,000 mol. wt.) which comi-
grated in polyacrylamide gels with a similar fragment from infectious
viruses which had been treated with trypsin to cleave the G protein
(Matsumoto, personal communication).

Interestingly, DI particles generated by SP virus interfered with
the growth of infective B virions of both SP and LP viruses; on the
other hand, DI particles generated by LP virus interfered only with the
replication of infective LP virions. The stepwise replacement of LP
parental virus by SP virus in the rabies carrier line of BHK cells may
be explained by this rather unique situation. In rabies persistence, the
rapid generation of CPE-suppressing particles by SP virus may be a
mechanism for cell sparing in a cell system (BHK) in which interferon
is not produced. Villarreal and Holland (1976) also found that rabies
virus persistence in BHK21 cells could be readily established using
cloned wild-type virus in the absence of added DI particles; this was in
marked contrast to the requirement for DI particles to establish
persistent infections with VSV.

The possibility that the HEP-Flury as well as fixed rabies viruses
can be classed as spontaneously occurring ts mutants (Clark and Wik-
tor, 1972) raises some interesting questions. The ease with which rabies
viruses can establish persistent infections (Wiktor and Clark, 1972;
Kawai et al., 1975; Holland et al., 1976b) may in part depend on this
characteristic, as well as on the ability of rabies virus to generate CPE-
suppressing DI particles with great rapidity (Kawai and Matsumoto,
1977). However, detailed phenotypic analysis of rabies viruses from
persistent infections has not yet been done.

2.4. Togaviruses
2.4.1. Alphaviruses
2.4.1a. Western Equine Encephalitis (WEE) Virus
Cloned WEE virus was used to initiate persistent infection at 37°C

in a line (Frukto) of mouse sarcoma cells (Simizu and Takayama,
1969). After 4 months of persistence two kinds of stable plaque-size



Viral Persistence 99

mutants, large (LP) and small (SP), were present. The SP mutant was
avirulent for adult mice, whereas the LP mutant was as virulent as the
parental WEE virus. Temperature optimum studies showed that the SP
mutant was unable to replicate at 42°C in CE cells, whereas the wild-
type virus replicated as efficiently at 42°C as at 37°C, and temperature-
shift experiments revealed that the SP virus had a defect late in the
replication cycle (Simizu and Takayama, 1971). Non-ts (ts*) rever-
tants of SP mutants, selected by passage at 41°C, did not regain their
neurovirulence. Conversely, neurovirulent revertants retained the s
phenotype (Simizu and Takayama, 1971), indicating that the mutations
to avirulence and to temperature sensitivity during the persistent infec-
tion probably were independent.

Persistent infection of Aedes albopictus mosquito cells with WEE
virus at 28°C was also investigated (Maeda et al., 1979). Most s and
SP mutants isolated early (< 30 days) after infection were leaky when
tested in CE cells by plating or yield efficiency (41.5°C/34°C ratios);
three of four stable s mutants isolated early in the persistence had
RNA* phenotypes. By 80 days 100% of the population had converted
to a ts RNA~ phenotype; by 170 days the ts RNA ™~ mutants were sta-
ble and showed no significant leakiness at 41.5°C. The infectivity of the
ts RNA~ mutants was much more labile at 50°C than the infectivity of
the parental virus, indicating that the s lesion might be in a structural
protein. Complementation analysis of 24 stable fs mutants from the
persistent infection classified the clones into three groups. All four
mutants from early phases of the persistence (3 RNA*, 1 RNA~) com-
plemented as single-site mutants. All 20 RNA~ mutants from later
phases of persistence were multiple mutants; 19 were double mutants,
while one clone was a triple mutant.

2.4.1b. Sindbis Virus

A detailed study of the evolution of virus in persistent infections
initiated by Sindbis virus in insect cell lines was made by Stollar and his
colleagues (Shenk et al., 1974; Stollar et al., 1974; Igarashi et al.,
1977). Mosquito cells (A. albopictus) infected with Sindbis virus at
28°C exhibited no cytopathic effects. However, assay of the fluids from
the infected mosquito line at 34°C in CE cells revealed that small-
plaque variants of Sindbis virus were seen as early as 4-6 weeks, and
small-plaque virus predominated by 10 weeks after initiation. Although
parental Sindbis virus plaqued with equal efficiency at 34°C, 37°C, and
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39.5°C, virus released from carrier cultures as early as 8 weeks after
infection was ts at 39.5°C. By 20 weeks plaque formation was also
inhibited at 37°C. Cloned virus isolates remained ts after several serial
passages in BHK21 cells, ruling out the possibility of a host-induced
modification of the virus.

Of 20 s clones tested for RNA synthesis in BHK21 cells at
39.5°C, 19 were classed as RNA* and one as RNA~ (Shenk et al.,
1974). In addition all the ts clones were more heat labile at 60°C than
the parental virus. One clone (SVC2) which was RNA ™ at 39.5°C was
also heat labile, suggesting at least two genetic lesions, one affecting
RNA synthesis, the other affecting a structural protein. The appearance
of similar ts RNA* mutants during persistent Sindbis infection of 4.
albopictus cells has also been noted by Eaton (personal communica-
tion). In additional studies of the evolution of #s mutants during
persistent infections with Sindbis virus, a greater proportion of RNA~
mutants was seen (Stollar, personal communication). The RNA~
mutants have not been characterized further. Attempts to complement s
mutants from the persistent infection with each other were unsuccessful;
neither RNA* x RNA* nor RNA* x RNA~ crosses showed any com-
plementation. In contrast, RNA* and RNA~ #s mutants obtained by
chemical mutagenesis showed significant complementation under the
same conditions. Although it was concluded that the lack of comple-
mentation was additional evidence that the s mutants contain more than
one mutation (Shenk et al., 1974), no data were presented dealing with
crosses of the mutants from the persistent infection with mutagenized ts
mutants.

Viral RNA synthesis in persistently infected A. albopictus cells
was also studied in detail (Igarashi et al., 1977). During acute infections
and during the early stages of persistence, only one species of virus-
specific double-stranded (ds) RNA, sedimenting at 22 S, was noted. At
10 weeks after initiation of persistence, a clear peak of ds RNA at
12-15 S was detected in addition to the 22 S ds RNA. It was concluded
that the small ds RNA species reflected the presence of Sindbis virus
DI genomes in the carrier line. This finding is a bit paradoxical since,
under conditions of serial undiluted passages, A. albopictus cells do not
generate DI particles of Sindbis virus; in addition, these cells do not
respond to DI particles generated in CE or BHK21 cells (Eaton, 1975;
Igarashi and Stollar, 1976). The explanations of these puzzling findings
are not yet available.

When persistent Sindbis virus infections were established at 28°C
in a mosquito line from Aedes aegypti, a similar pattern of virus evolu-



Viral Persistence 101

tion resulted (Stollar et al., 1974). The wild-type Sindbis inoculum was
replaced during persistence by a ts small-plaque RNA™, heat-labile
population. Interestingly, the 12-15 S ds RNA species detected in
persistently infected lines of 4. albopictus cells was not detected in the
A. aegypti carrier lines.

2.4.1c. Other Alphaviruses

There have been other reports of the evolution of alphaviruses dur-
ing persistent infection of mammalian and insect cell lines, but the viral
properties studied have been limited to plaque size and virulence for
mice. Persistence established by Semliki Forest virus in 4. albopictus
cells at 26°C (Davey and Dalgarno, 1974) and Venezuelan equine en-
cephalitis virus in A4. aegypti cells at 28°C (Carrefio and Esparza, 1977)
resulted in the evolution of a population with small-plaque morphology
and reduced virulence for mice. In mammalian cells, carrier infections
initiated with Ross River virus in primary mouse muscle cells at 37°C
gave rise to virus populations with small-plaque morphology (Eaton and
Hapel, 1976). No other virus properties were reported.

2.4.2. Flaviviruses: Japanese Encephalitis Virus

Japanese encephalitis virus (JEV) persistence in a continuous line
of suckling mouse brain cells was established by Gavrilov et al. (1974,
1975). The virus recovered after many cell passages at 36.5°C differed
from the parental JEV in several interesting characteristics. The virus
from the carrier lines was sensitive to pancreatic ribonuclease and was
highly resistant to 4 M urea compared to wt JEV; both of these
properties reverted to wild-type after two passages in suckling mice.
Also, the evolved virus, in contrast to parental JEV, had no hemaggluti-
nating activity and was not neutralized by antibody against wild-type
JEV (Gavrilov et al., 1974).

Further studies of this system showed that the JEV virus recovered
from persistently infected suckling mouse brain cells was s in CE cells
at 42°C; conditions at 37°C were considered semipermissive (Gavrilov
et al., 1975). The ts marker of the carrier virus was stable after passage
in suckling mice, in contrast to RNAse sensitivity and urea resistance
phenotypes which reverted to wild-type JEV patterns.
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2.4.3. Rubiviruses: Rubella Virus

Evolution of unusual rubella virus mutants was described in detail
by Sato et al. (1976). When a line of BHK21 cells was persistently
infected with wild-type rubella virus (strain M33) and maintained at
34°C, the parental virus was replaced by a population of small-plaque
ts mutants which appeared to be hybrids between rubella virus and a
latent retrovirus found in many BHK21 cell lines (Shipman et al., 1971;
Mayo et al., 1973). This latent virus also was fs since it was released
from uninfected BHK21 cells at 34°C but not at 39.5°C.

Antirubella serum inhibited the hemagglutinating activity of the
mutants and wild-type rubella virus, but neutralized the plaque-forming
ability of only wild-type virus. The infectivity of the s virus from the
carrier cultures was neutralized by antiserum against the latent virus,
whereas the wild-type parental rubella virus was not affected by the
same serum (Sato et al., 1976). A five- to tenfold increase in virus
production by the persistently infected BHK cells in the presence of 5-
bromodeoxyuridine or mitomycin C suggested that the rubella genome
might be present in a proviral DNA form (Sato et al., 1977). How-
ever, no additional analytic evidence such as hybridization data was
presented to support this conclusion. In contrast to these results a
provirus DNA copy was not detected in a line of monkey kidney cells
(LLCMK_,) persistently infected with rubella virus; the methods used
included filter hybridization, in situ hybridization, and treatment of the
cells with mitomycin C, actinomycin D, or 5-bromodeoxyuridine
(Norval, 1979). However, the presence of defective virus particles in
these cell cultures was suggested by a peak of virus RNA which sedi-
mented at 12 S, in addition to 40 S RNA typical of fully infectious
virus.

Another difference between wild-type rubella virus and the s
mutant from the carrier cultures was that concanavalin A inactivated
the infectivity of the wild-type virus but had little effect on the ts
mutants (Urade et al., 1978). It was concluded that the carbohydrate
configuration or content of the envelope glycoproteins of the evolved
hybrid viruses was different from that of the wild-type virus. Clones
resistant to the lectin were isolated from the wild-type rubella virus
stock, indicating that rubella-latent virus hybrids present in the
parental population used to initiate the persistent infection may be the
source of the hybrid viruses selected during persistence. Since the ts
phenotype of the virus clones resistant to concanavalin A was not
tested, it is difficult to draw a firm conclusion concerning this possibility.
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Virus clones which resembled the hybrids from persistent infection
were also isolated after about 50 serial passages of rubella virus in
BHK21 cells (Sato et al., 1978a). The putative hybrids were clearly
rubella by complement-fixation tests and also reacted with antilatent
virus serum in hemagglutination-inhibition and neutralization tests.
However, unlike the hybrids from the carrier cultures, the serial
passage hybrid virus was zs* and did not contain reverse transcriptase
activity. Virions of the high-passage hybrids may have a reverse
transcriptase which is unstable or may lack a primer required for DNA
synthesis (Sato et al., 1978a). Additional studies will be necessary to
clarify these problems.

2.5. Picornaviruses
2.5.1. Coxsackie Virus

Takemoto and Habel (1959) found that prolonged cultivation of
HeLa cells persistently infected with Coxsackie A9 virus tended to
select for virus with altered properties as well as for cells with increased
resistance to A9 virus infection. Virus recovered from persistently
infected cultures lacked virulence for mice, had increased virulence for
HeLa cells, was “slow” to produce plaques on permissive monkey
kidney cell monolayers, and could be distinguished antigenically from
parental virus. The change in the mouse virulence marker occurred
between cell passages 8 and 10. The difference in antigenicity between
parental Coxsackie virus and persistent virus was analyzed using cross-
neutralization and neutralization kinetics. Virus from persistent infec-
tion was neutralized three- to eightfold less efficiently than wild-type
virus by antibody against wild-type A9 virus. In addition, neutralization
kinetics confirmed that each virus was most efficiently neutralized by
homologous antibody. Since the carrier cultures were maintained in
medium containing 10% human serum, it is possible that a very low level
of antiviral antibody was present, which would favor antigenic drift of
the carried virus. Further characterization of the persistent virus was
not reported.

2.5.2. Foot-and-Mouth Disease Virus

Foot-and-mouth disease virus (FMDV) may persist for long
periods of time in the oropharynx of carrier cattle in the presence of
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specific neutralizing antiviral antibody (Van Bekkum et al., 1959; Sut-
moller and Gaggero, 1965; Burrows, 1966). In vitro and in vivo simula-
tion of the conditions in carrier cattle was obtained by performing serial
passages of FMDYV in cell cultures in the presence of antiviral sera
(Hyslop, 1965) or in partially immunized animals (Hyslop and Fagg,
1965). In each case, antigenic variants were accumulated in the serially
propagated virus populations. The role of antigenic drift in chronic
infections with other viruses, as well as with nonviral infectious agents,
will be discussed in detail in Section 4.1.

Since both in vitro and in vivo model systems suggested that
passage of FMDYV in the presence of antiviral antibody led to evolution
of virus with properties different from those of the original virus, the
biological characteristics of virus isolated from carrier cattle was
studied in more detail. Virus isolated from carrier cattle at various
times after infection with strain A or strain O of FMDV was examined
for the following characteristics: ability to replicate at various tempera-
tures; resistance to pH 6.5, heat, and UV light; and neutralization by
homologous and heterologous antisera (Fellowes and Sutmoller, 1970).
Viruses isolated from carrier cattle often showed a progressive increase
in resistance to UV light and/or mild acid treatment, although this was
not seen with all carrier virus isolates. Several steers were infected with
strain A, then superinfected with strain O 4 weeks later while type A
virus was still present; the type A viruses isolated at 14 and 28 days
after the first infection were more resistant to acid and UV than the
original type A virus, while subsequent type O virus isolates tended to
be less UV resistant than the parental type O virus used for superinfec-
tion. Type O virus isolates obtained from animals with a previous type
A persistence also were partially neutralized by anti-A serum. Since
additional evidence indicated that this cross-neutralization was not due
to viral aggregates, the possibility was suggested that recombination
had occurred between the resident type A virus population and the
superinfecting type O virus, but this has not been confirmed.

Type A carrier isolates resembled the original type A virus in their
ability to replicate at 30°C and 37°C but not at 42°C. In contrast, type
O virus isolated from carrier cattle as early as 7 days after infection had
lost the ability to replicate at 42°C, although original type O virus
could replicate well at 30°C, 37°C, and 42°C (Fellowes and Sutmoller,
1970). Later virus isolates had an even more restricted temperature
range and could not replicate at either high (42°C) or low (30°C)
temperatures; virus isolated from carrier cattle 106 days after infection
could replicate only at 37°C.
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These results were complicated by the prior infection with type A
FMDYV, apparently a naturally occurring temperature-sensitive virus
strain. However, a similar evolution of virus with reduced ability
to replicate at high temperatures was also found in carrier cattle
persistently infected with FMDYV type C (Straver and van Bekkum,
1972). Initial studies of FMDV type C carrier isolates showed that
most were more sensitive to both heat and low pH than prototype
FMCYV type C, and also produced smaller plaques than isolates from
acutely infected cattle (Straver er al., 1970). Further investigation
showed that vesicular isolates produced plaques in BHK cells at 41°C,
whereas both the number and diameter of plaques produced by carrier
virus isolates were inhibited at temperatures above 37°C (Straver and
van Bekkum, 1972). Conversely, carrier isolates from cows on one farm
plaqued better at 30°C than vesicular isolates from acutely infected ani-
mals from the same area. Carrier viruses isolated later after infection
produced smaller plaques in BHK cells at 37°C than carrier virus
isolated previously from the same animal. The authors do not specifi-
cally use the term “‘temperature sensitive,”” although the carrier virus
isolates plaqued at 41°C with an efficiency at least a hundredfold less
than wild-type FMDV. The small-plaque property was evident in early
isolates which still retained a high efficiency of plating at 41°C, sug-
gesting that the small-plaque marker of the carrier isolates was inde-
pendent from, but coselected with, restricted replication at 41°C. In
addition, preliminary evidence showed that some of the later ts small-
plaque FMDYV carrier isolates had reduced virulence in cattle (Straver
and van Bekkum, 1972). This pattern of virus evolution toward s virus
which forms small plaques and has reduced virulence during a naturally
occurring persistent infection with FMDYV in vivo is very similar to the
pattern in several different model systems of in vitro persistent infection
discussed elsewhere in this chapter.

2.6. Coronaviruses: Mouse Hepatitis Virus

Persistence of mouse hepatitis virus (MHV) strain JHM in mouse
neuroblastoma cells (N, cells) was accompanied by virus-specific cyto-
pathic effects which were demonstrable at each cell passage, and virus
isolated at various times between the twentieth and fortieth subcultures
was no different from wild-type virus in plaquing behavior (Stohlman
and Weiner, 1978). More than 200 virus clones isolated during this
interval were also tested for EOP at 32°C, 37°C, and 39°C; no evi-
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dence of s virus mutants was found. MHYV reisolated from N; cell cul-
tures did not differ from parental MHYV in ability to cause demyelina-
tion in susceptible mice inoculated intracerebrally. There was no
evidence to suggest that defective or defective-interfering virus particles
were being produced in the persistently infected cells and, although the
N, cells were resistant to superinfection with MHV, no interferon was
detectable in the culture fluids. The mechanism by which virus persists
in Ny cell cultures is therefore still unclear.

When persistently infected Nj; cells were cloned in the presence of
antiviral antibody, both antigen-positive and antigen-negative cell
clones were obtained. None of the cell clones produced infectious virus
at 32°C, 37°C, or 39°C (Stohlman et al., personal communication).
Infectious virus was rescued from cell clones only after fusion with per-
missive cells using polyethylene glycol. Rescued virus clones exhibited
temperature-dependent inhibition of growth at 32°C and were classified
as cold sensitive (cs). The ¢s mutants replicated more efficiently at
39°C than the parental MHV but produced fiftyfold less virus at 32°C.

Further characterization of c¢s mutants, performed using virus
cloned in the DBT mouse cell line showed that the cs virus clones were
also more thermostable than the parental MHV (Stohlman et al.,
personal communication). The ¢s mutation and the thermostability
markers appeared to be independent but coselected, since serial passage
of ¢s virus in DBT cells resulted in a decrease in the thermal stability of
the virus with no change in ¢s phenotype. All of the ¢s mutants were
defective in virus-specific RNA synthesis at 32°C, and the cs block in
replication occurred prior to 6 hr after infection; infected cell cultures
shifted to 32°C later than 6 hr after infection produced normal viral
yields. When the cs mutants were used in mixed infections for comple-
mentation analysis at 32°C, only eight out of 37 crosses yielded com-
plementation indexes greater than 1. Mixed infections at 32°C with cs
mutants and parental MHYV resulted in a slight decrease in the yields of
both the c¢s and parental viruses similar to the interference reported
between s mutants and other wild-type viruses (see Section 4.4). The
significance of the selection of c¢s mutants in neuroblastoma cells
latently infected with MHYV is not known.

In contrast to the sudies decribed above, Lucas et al. (1978)
reported the persistence of prototype mouse hepatitis virus (MHV3)
and the JHM strain in a variety of continous cell lines of neural and
nonneural origin. The persistently infected cultures were initiated and
maintained at 32.5°C. To determine whether selection of ts virus
mutants had occurred, cultures producing virus at 32.5°C were shifted
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to 39.5°C. This temperature shift resulted in a rapid inhibition of virus
synthesis. However, the restriction of virus production at 39.5°C
appeared to be due to a host factor since lytic infection of these cell
lines with either strain of MHV was also inhibited at 39.5°C. Virus
produced from the persistently infected cultures at 32.5°C was able to
plaque with equal efficiency at 39.5°C on monolayers of fully per-
missive L cells (Lucas et al., 1978). The role of temperature-dependent
host factors in virus maturation from persistently infected cells has also

been discussed with respect to measles virus persistence (see Section
2.1.2).

2.7. Arenaviruses
2.7.1. Lymphocytic Choriomeningitis Virus

Lymphocytic choriomeningitis (LCM) virus establishes a lifelong
persistence in infected mice, and continuous virus production occurs in
the presence of antiviral antibody; deposition of virus/antibody com-
plexes in the tissues results in polyarteritis and glomerulonephritis
(Hotchin, 1962; Pfau, 1978). In order to better understand LCM infec-
tion in vivo, several laboratories have studied model systems of
persistence of LCM in cell cultures. Persistent LCM virus infection in
mouse L cells, established in the absence of either antiviral anti-
body or interferon, was accompanied by little or no cytopathogenicity
(Lehmann-Grube, 1967). There was a regular and extensive fluctuation
in the amount of infectious virus released into the medium of the
persistently infected cultures; the amplitude of the cyclic changes in
virus production decreased with time after initiation of persistence.
Further studies showed that L cells persistently infected with the
Armstrong strain of LCM release virus particles which were neutraliza-
ble with anti-LCM serum, immunized but did not kill mice, and were
not infectious for normal L cells or for primary monkey kidney cells
(Lehmann-Grube et al., 1969).

Similar variants of LCM with low cytopathogenicity (LPV) were
isolated from L cells and BHK cells persistently infected with the WE
strain of LCM virus (Hotchin and Sikora, 1973). The LPV did not
produce plaques in LCM-susceptible cell cultures and lacked neurovir-
ulence for mice. LPV variants were not found in persistently infected L-
cell lines established with a turbid-plaque viscerotropic variant of LCM
(Hotchin et al., 1971). Since LPV was isolated only when persistent



108 Chapter 2

infection was initiated with a clear plaque-producing neurotropic
variant of LCM, these results suggest that evolution of the LPV
variants was associated with persistence.

The selection of clear-plaque and turbid-plaque variants in dif-
ferent tissues of persistently infected mice first described by Hotchin ez
al. (1971) was studied by Popescu and Lehmann-Grube (1976). Virus
isolated from brains of persistently infected mice produced clear lytic
plaques on L-cell monolayers, whereas virus isolated from spleens of
the same mice produced turbid plaques. Cloned virus pools of one
variant were never entirely free of the other plaque variant. Both clear-
and turbid-plaque variants were able to establish persistence in newborn
mice. When newborn mice were infected with clear-plaque virus, titers
of both clear-plaque virus and LCM defective-interfering (DI) particles
peaked within a few days and then rapidly declined; within 1 month
after infection, the concentrations of both types of virus particles were
at most 1% of their former levels. Regardless of the plaque characteris-
tics of the inoculated virus, by 6 months after infection blood and
viscera of carrier mice contained predominantly turbid-plaque variants,
while brain homogenates contained predominantly clear-plaque virus.
However, by 1 year after infection the level of turbid-plaque variants
had also increased in the brains of persistently infected mice (Popescu
and Lehmann-Grube, 1977). The turbid-plaque variant was reported to
produce fewer defective-interfering particles in infected L cells than the
clear-plaque virus. Pfau (1978) has suggested that, during the early
stages of infection, DI virus may be necessary to limit the cell-killing
activity of wt LCM (Dukto and Pfau, 1978) to a specific subpopulation
of T lymphocytes, but that, later in infection, selection of DI-resistant
virus mutants may actually occur.

Pfau and his colleagues found that a previously undescribed ‘‘stub-
born-plaque’ (SP) variant of LCM may play an indispensable role in
the establishment and maintenance of persistent infection of LCM in
the MDCK line of canine kidney cells (Jacobson et al., 1979). The SP
virus was detectable only by plaque assay on MDCK cells. This virus
was isolated from persistently infected L cells which were also synthe-
sisizing DI virus and was present in all previously prepared stocks of
LCM DI particles which were tested. Cloned SP virus was resistant to
inhibition by standard DI virus and was able to convert self-curing
infections of standard LCM in MDCK cells into persistent infections in
which both SP and DI virus were produced. SP virus had a lower effi-
ciency of plating at 39.5°C than standard LCM (Jacobson et al., 1979);
clonal analysis of SP virus to determine whether it is temperature sensi-
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tive is in progress (Pfau, personal communication). Evolution of SP-
like virus in persistent infection of neonatally infected mice is also
under study (Pfau, personal communication). The properties of SP and
its presence in stocks of LCM DI particles may warrant reevaluation of
the role of DI particles in LCM persistence.

2.7.2. ther Arenaviruses

Another arenavirus, Junin virus (JV), was used to establish a
persistent infection at 37°C in the Vero line of monkey kidney cells
(Damonte and Coto, 1979). A low level of infectious virus was released
from the persistently infected (JV) cells in a somewhat cyclical pattern,
and the cell cultures were resistant to challenge with Junin virus or the
related arenavirus, Tacaribe virus. Virus (JV;) isolated from the
persistently infected cultures produced plaques like those of wild-type
JV on Vero cells, did not differ from wild-type JV in lethality for mice,
and was neutralized by antibody made against wild-type virus.
However, the JV,,; recovered from the persistently infected cells did not
replicate in Vero cells at 39°C; in contrast, wild-type JV replication was
unaffected by incubation at 39°C. Replication of JV,; at 33°C was
slower than that of wild-type JV, and JV,; was more thermolabile
between 37°C and 50°C than parental virus. These characteristics are
consistent with a pattern of evolution of zs mutants with altered
properties in Junin virus infections.

The same workers have also studied persistent infection of
Vero cells with Tacaribe virus (Coto, personal communication). Virus
isolated from supernatant fluids of the persistently infected cultures was
thermolabile and s. Virus from carrier cell cultures showed a
progressive loss with time in ability to replicate at 40°C. At 5 days after
infection, the virus plaqued with about equal efficiency at 40°C and
33°C; 62 days after initiation (passage 8), virus from persistently
infected culture fluids had an EOP (40°C/33°C) of approximately 102
More detailed analysis of the virus which evolved is not yet available.

2.8. Reoviruses
Temperature-sensitive mutants of reovirus have been associated

with chronic degenerative brain disease induced in laboratory rats
(Fields, 1972). Wild-type reovirus inoculated intracerebrally into new-
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born rats produced an acute encephalitis with a high fatality rate. When
animals were infected with mutants with a zs defect which maps in
group B, the majority appeared to be healthy for several weeks or
months, after which slowly progressive hydrocephalus became apparent
(Fields, 1972; Fields and Raine, 1972). It was postulated that ts virus
mutants may also be involved in similar chronic degenerative diseases
of human central nervous system.

Spandidos and Graham (1976) reported the evolution of reovirus
DI particles in a persistent infection of rats. Two-day-old rats were
infected subcutaneously with wild-type reovirus type 3 or with B or C
class ts mutants. The viruses multiplied rapidly in the brain and other
tissues and reached a peak by 10 days after infection, after which the
virus titers rapidly declined. Defective virus could be demonstrated dur-
ing the acute phase of the infection, and the defective population
contained almost exclusively virions with the L, segment of the genome
deleted. During progression of the chronic disease, infectious virus
disappeared from the brain; no infectivity was demonstrable by 80 days
after infection. By 30 days after infection, a fraction of the defective
virions contained multiple deletions in addition to those with only the
L, deletion. Some brain samples contained a mixed population of defec-
tive virus particles. The possibility was raised that a population contain-
ing a mixture of defective virions with various genomic segments
deleted might be able to replicate through mutual complementation
even in the absence of infectious virus. This circumstance could explain
the chronic degenerative effects of some viral infections, late effects
which occur long after the detectable infectious virus has disappeared
from the host or is difficult to demonstrate.

Persistent reovirus infections in L and Vero cells were established
by Ahmed and Graham (1977) with class C and E s mutants provided
a large excess of defective virions were present in the viral inoculum. By
the sixth cell passage of the infected cells the original ts parental virus
had been replaced by a small-plaque mutant with a ¢s* phenotype. This
virus population, when free of defective particles, was unable to
establish persistent infection in L cells.

Fields and his associates (1978) analyzed ts* clones isolated from
the persistently infected L-cell line initiated by Ahmed and Graham
(1977) to determine if these £s* mutants were true- or pseudorevertants
(Ramig and Fields, 1977, 1979; Ramig et al., 1977). Of seven ts* clones
analyzed by backcrossing to the wild-type parent, two were clearly
shown to be pseudorevertants containing a suppressor mutation. When
the ts progeny of these backcrosses were grouped by standard two-fac-
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tor crosses with prototype fs mutants, one ts* clone from the persistent
infection contained three distinct zs lesions. Therefore, viral mutation
occurred coincident with the establishment and maintenance of the
reovirus persistent infection. The developing ability to map biological
functions to specific genes should provide important leads to the
mechanisms involved in persistence of reovirus and other viral agents.

2.9. Retroviruses

The viruses which cause visna and equine infectious anemia (EIA)
resemble RNA C-type retroviruses in structure and replication pat-
terns. In permissive cells both visna virus (Haase and Varmus, 1973)
and EIA virus (Crawford et al., 1978) effect a complete transfer
of genetic information from RNA to DNA by a virion reverse
transcriptase during the viral eclipse period, and some of the viral DNA
is covalently integrated into host DNA. Both visna and EIA viruses are
representative of so-called exogenous RNA retroviruses: proviral DNA
is added to the genetic complement of a cell that previously lacked
nucleotide sequences homologous to the virus. These viruses and other
agents referred to as ‘‘lentiviruses’” form a closely related and distinct
group of retroviruses that are not related to the RNA viruses that cause
tumors or latent infections in animals (Stowring et al., 1979). Both
visna and EIA viruses produce chronic diseases in animals which
illustrate interesting patterns of viral evolution.

2.9.1. Visna Virus

Visna is an inflammatory demyelinating disease of the central
nervous system of sheep. The disease is a prototype of “‘slow virus
infections’” with incubation periods of several months or years. More
details concerning visna virus infections will be found in Chapter 6 of
this volume.

An interesting facet of visna is the persistence of the viral agent in
sheep which show significant neutralizing antibody responses (Thormar
and Palsson, 1967). This can partially be explained by the sequestration
of proviral DNA which has been demonstrated by in situ hybridization
in the nuclei of brain cells from infected animals (Haase et al., 1977). It
has also been suggested that recurrent inflammatory episodes leading to
slow progression of clinical disease may be the result of evolution of
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antigenically distinct mutants of visna virus during the prolonged infec-
tion (Narayan et al., 1977a,b). Hampshire lambs inoculated intracere-
brally with plaque-purified visna virus (strain 1514) were studied for
prolonged periods. Visna virus was isolated from peripheral blood
leukocytes (PBL) using indicator sheep choroid plexus cells (Narayan et
al., 1977a). Within 6 months, all infected sheep showed good serum neu-
tralizing antibody titers against the parental strain (1514) of visna virus,
but not against a serologically distinct but related strain (D1-2).
Interestingly, viruses isolated from sheep almost 2 years after infection
were neutralized poorly if at all by serum from the sheep from which
they were recovered, although all of the sera neutralized the parental
strain 1514 virus. The recovered viruses were all clearly visna virus
when tested by neutralization with goat hyperimmune sera made
against strains 1514 and D1-2. The antigenic drift from the parental
strain 1514 was not apparent prior to the development of antibody in
the infected sheep.

Sheep from the above study were followed for 3% years (Narayan
et al., 1978). The virus underwent progressive antigenic drift over the
years concomitant with the development of antibody to preexisting
strains of virus. The mutants were (1) stable antigenically after plaque
purification, (2) virulent in cell culture and when inoculated into sheep,
and (3) elicited antibody which cross-reacted with the parental virus
(strain 1514) from which they were derived.

The selection of antigenic variants under antibody pressure was
reproduced in sheep choroid plexus cell cultures infected with plaque-
purified strain 1514 and maintained in the continuous presence of
immune sheep serum (Narayan et al., 1977a,b). Viruses obtained after
five cell passages in antibody were then cultivated in antibody-free
medium and compared to the original parent virus by neutralization
tests. The viruses passaged in the presence of antibody showed signifi-
cant antigenic differences from the parental strain. Further testing with
additional sheep sera and hyperimmune goat serum suggested that the
viruses derived in the presence of antibody also differed from one
another. These results, contrasted with the antigenic homogeneity of
clonal isolates of parental strain 1514, suggested that the antigenic
variants which evolved arose de novo (Haase et al., 1978).

Variants which are antigenically distinct from the parental virus by
neutralization tests cannot be distinguished from the parental virus by
complement fixation tests. Preliminary examination of the variants by
peptide mapping of the structural polypeptides revealed significant dif-
ferences between the antigenic variants and the parental virus only in
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the virion glycoprotein, gP135, the envelope antigen which elicits a neu-
tralizing antibody response (Haase et al., 1978).

Further analysis of the antigenic variants and the parental visna
virus by restriction endonuclease mapping showed that strain 1514 and
an antigenic variant from persistently infected sheep, LV1-1, could not
be distinguished by BAM I endonuclease digestion (Clements et al.,
1978). However, differences between LV1-1 and 1514 were seen with
Taq I endonuclease which cleaves visna cDNA at several sites. These
changes have not yet been localized on the endonuclease map of visna
virus.

2.9.2. Equine Infectious Anemia (EIA) Virus

EIA is an exogenous retrovirus infection of horses which is
expressed as an immunologically mediated destruction of red blood
cells. Cycles of virus replication in macrophages originate from an
unknown site of persistence and lead to anemia and clinical disease
(Henson and McGuire, 1974). The evolution of antigenic variants of
EIA virus in horses had been reported by Kono et al. (1973). Horses
experimentally infected with cloned EIA virus showed a chronic disease
with periodic relapses of fever accompanied by increased viremia.
Viruses isolated at successive stages of the chronic disease were not sus-
ceptible to previously formed neutralizing antibody but reacted with
antibodies produced some weeks later. In addition, isolates from late in
the disease differed antigenically from one another when tested by neu-
tralization, an observation which strongly suggested that the EIA virus
underwent antigenic drift during the course of the chronic infection.
Similar to the visna virus mutants described above, the EIA antigenic
variants which were differentiated by neutralization tests could not be
distinguished by complement fixation. This suggested that a modifica-
tion of a surface glycoprotein antigen may have occurred.

Antigenic variants derived from the chronically infected animals
retained a high level of infectivity for horses and were antigenically sta-
ble after ten serial passages in equine leukocyte cultures (Kono et al.,
1973). This genetic stability ruled out phenotypic mixing as an explana-
tion of the antigenic differences observed. The most plausible assump-
tion concerning the origin of these variants is that they evolved as a
result of the selection pressure of antibody in the infected horses. The
evolution of variants which are antigenically different and not suscepti-
ble to antibody formed previously may be the explanation of the
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periodic febrile relapses and the persistence of viremia in horses.
Further discussion of the evolution of viruses and other agents by anti-
genic drift is present in more detail in Section 4.1.

3. EVOLUTION OF VIRUS IN PERSISTENCE OF DNA
VIRUSES

3.1. Herpesviruses

It has been amply documented that members of the herpesvirus
group commonly establish persistent infections in normal individuals
(Rapp and Jerkofsky, 1973). Herpes simplex type 1 (HSVI1) or
cytomegaloviruses can be recovered from a significant proportion of
healthy persons, most of whom continually excrete virus even in the
presence of circulating antibody, although some have latent infections
in which infectious virions can only be recovered during reoccurrences
of overt disease. The state of the virus genome during these silent
periods is not well understood; however, many different stimuli may
activate latent infections with herpesviruses, and it is well known that
debilitated patients or those with compromised immunological
responses are at special risk.

Although there have been many studies of the persistence of
herpesviruses in vivo and in vitro, there is a very limited understanding
of the mechanisms involved. Some evidence has been reported of the
evolution of herpes simplex virus type 1 (HSV1) in persistent infections
of humans and in cell culture models. HSV 1 persistence was established
in various human cell lines maintained in medium which contained low
levels of antibody derived from screened human sera (Hoggan and
Roizman, 1959; Hinze and Walker, 1961). There was an evolution of
the virus in the carrier cells to small-plaque variants which also
produced an altered type of cell destruction. Instead of the cytolytic
effect produced by the parental HSV, the virus from the carrier lines
caused a proliferative type of lesion which was characterized by the
formation of cell foci and large syncytial aggregates. If the viruses
which evolved were passaged in the absence of anti-HSV serum, the cell
damage reverted to the cytolytic parental type. Further studies of the
variants which evolved showed that they had a much reduced virulence
for mice, with little or no capacity for replication in mouse brain, in
contrast to virulent parental virus; in addition, there was no gross
change in the antigenicity of the variants when tested by neutralization
with HSV antibody (Hinze and Walker, 1961).
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More recently, HSV1 infections were initiated at 37°C in a rat
central nervous system tumor cell line which continued to produce
infectious HSV1 particles for 20-57 cell passages (Doller et al., 1979).
Preliminary evidence indicated that several sublines of the carrier cells
maintained at 37°C produced significantly more virus when shifted to
31°C and assayed at the lower temperature. These findings suggest that
ts virus was evolved in this system; however, no further characterization
of the altered virus was reported. A preliminary study has been made of
the ability of wild-type HSV1 and five chemically induced s mutants to
establish latent infection in mice (Lofgren et al., 1977). The results
showed that the wild-type and four ts mutants were able to latently
infect mouse brain. One mutant (zsI) failed to produce a latent infec-
tion.

Antigenic drift of HSV1 has been reported in persistent infections
of humans (Ashe and Scherp, 1965). Thirteen strains of HSV1 were
isolated from recurrent herpes labialis in four persons. Kinetic analysis
of neutralization by rabbit antisera against a range of strains showed
that successive isolates from the same person varied antigenically but
not in a regular manner. The variations observed could not be corre-
lated with the sequence or temporal proximity of the recurrences. Neu-
tralization kinetic analysis of the reactions of eight HSV1 strains from
two subjects were made with five samples of their own sera. The results
showed that successive isolates from the same individual were not
identical. It is puzzling that these serological relationships did not cor-
relate with those established by rabbit antisera and varied with different
serum samples from the same person.

Hampar and Keehn (1967) studied persistent infection of a line of
Chinese hamster cells (MAL) with HSVI1; the carrier culture was
established and maintained in the absence of specific antibody. Recip-
rocal neutralization kinetic analysis was carried out using virus isolated
from 17 to 132 weeks after initiation of the persistence. The sera
against each virus were prepared by immunization of rabbits. With
time, the viruses recovered from the persistently infected cells acquired
new antigenic determinants while still retaining the determinants of the
antecedent virus. Neutralization kinetics, determined using plaque-
purified virus isolated 17 and 23 weeks after initiation of the
persistence, revealed that the antigenic variations were not due to for-
tuitous responses of heterogeneous virus populations. Further studies of
this cell culture system by Hampar and Burroughs (1969) led them to
postulate that a genetically determined cell-virus equilibrium may serve
to maintain localized infections at a low level during periods of
remission, with a concomitant slow rate of change in the virus and
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perhaps the cells. The progressive evolution of antigenic variants of
HSV1 in the presence of antibody in humans (Ashe and Scherp, 1965)
and in a cell culture system maintained without antibody (Hampar and
Keehn, 1967) lends credence to this idea.

3.2. Parvoviruses: Aleutian Disease Virus

Aleutian disease is a common and economically important per-
sistent virus infection of mink which results in severe hypergamma-
globulinemia with associated immune complex arteritis and glomer-
ulonephritis (Porter et al., 1969, 1973). Recent evidence suggests that
Aleutian disease virus (ADV) may be a naturally selected s virus. Virus
was isolated from tissues of diseased mink by infecting a continuous
line of feline renal cells (CRFK); ADV replication occurred only when
the CRFK cells were incubated at 31.8°C and not when the cultures
were kept at 37°C or 39°C (Porter et al., 1977). Five strains of ADV
tested were all ¢s in CRFK cells at 37-39°C. Serial passage of ADV in
CRFK cells at 37°C selected a virus population capable of optimal
replication at 37°C. However, when this virus was used to infect mink,
virus could be reisolated from the infected animals in CRFK cells
incubated at 31.8°C but not at 37°C. These results strongly suggest
that persistent infection in vivo favors evolution of a ts variant of ADV,
although the possibility of a temperature-dependent host-cell factor
necessary for ADV replication in CRFK cells has not been excluded.
Detailed discussion of ADV is the subject of Chapter 5 of this volume.

4. PATTERNS OF EVOLUTION OF VIRUS PROPERTIES IN
PERSISTENT INFECTION

4.1. Antigenic Drift

A significant body of information has accumulated which deals
with the evolution of antigenic variants as a mechanism of viral
persistence. In an infected animal such an alteration would allow the
viruses to escape from neutralization by antibody, thus perpetuating the
virus infection in an immunologically competent host. Evidence for the
selection of antigenic variants with time has been reported in humans
persistently infected with herpes simplex virus, type 1 (Ashe and
Scherp, 1965), in sheep carrying visna virus (Narayan et al., 1977a,b,
1978), and in horses suffering from equine infectious anemia (Kono et



Viral Persistence 117

al., 1973). In addition, there is some evidence that the viruses isolated
from patients with SSPE, a delayed neurological disease caused by
measles virus, are antigenically different from viruses from acute
measles disease (Payne and Baublis, 1973). Details of these systems
have been presented in the appropriate sections of this chapter.

A representative schematic pattern for what occurs in visna is
described in Fig. 3. Antigenically distinct mutants of visna virus which
arise in an infected animal allow the virus to replicate and spread.
Immunological controls are reestablished by antibody production to the
new antigenic variant which is not neutralized by the preexisting anti-
body. As successive virus variants appear, the infectious process is
advanced until the host produces antibody to the newest variant.

Selection of antigenic variants has also been demonstrated in cell
culture models of viral persistence of HSV1 and visna virus. In the case
of HSV1 this was accomplished in the absence of specific antibody in
the culture medium (Hampar and Keehn, 1967). With visna virus,
persistently infected cells were maintained in the continuous presence of
antiviral antibody in the medium (Narayan et al., 1977a). There is also
evidence that antigenic variants of coxsackie A9 virus were selected in
persistent infections of cell cultures (Takemoto and Habel, 1959). In
the in vivo and in vitro systems studied the antigenic mutants which
appeared sequentially were stable. Clonal isolates passaged in the
absence of antibody maintained their unique antigenic properties and
retained the virulence characteristics of the parental wild-type virus.

The ability of viruses to alter their antigenic properties when
serially passed in the presence of antibody has been well documented

Fig. 3. Theoretical scheme of the role of antigenic drift in the spread of visna virus.
Curve 1 ( ) represents the increase in titer of the inoculum strain of virus and fall in
titer with the appearance of neutralizing antibody to virus 1 (~—-1); spread of virus 1 is
limited until antigenic variants 2 and 3 arise which reproduce and spread until restricted
by antibodies in the manner described for virus 1. From Haase et al. (1978).
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for influenza A virus (Laver and Webster, 1968; Webster and Laver,
1975). The interplay of viral mutability and immunological selection
was evidenced by the gradual drift which occurred with influenza A
subtypes in human populations and in laboratory model systems. In
the latter, antigenic variants were produced by serially propagating
influenza virus in the presence of sublimiting amounts of antibody and
in animals which were partially immune. There is no doubt that such
mutants have a distinct advantage in regard to replication in the
presence of the antibody used in the selection process. The antigenic
mutants selected in vitro in the presence of antibody showed changes
from parental influenza A virus in peptide maps and amino acid
sequences of the hemagglutinin subunits (Laver and Webster, 1968).

Stable antigenic variants of foot-and-mouth disease virus (FMDYV)
were produced by serial passages in partly immunized cattle (Hyslop
and Fagg, 1965) and in cell cultures containing antiviral sera (Hys-
lop, 1965). The modifications of antigenic structure of FMDV were
demonstrable by both neutralization and complement-fixation tests. As
reported for other virus systems, e.g., HSV1, visna, and influenza A
viruses, the homogeneity of the antigenic specificity of cloned parental
virus seemed to rule out the selection of variants from a heterogeneous
population of viruses. Instead, the antigenic drift seemed to be caused
by the selection of mutant viruses under the pressure of the presence of
specific antibody.

Antigenic drift is a phenomenon which occurs in chronic infections
with agents other than viruses. As early as 1928 it was reported that
Borrelia recovered from patients with relapsing fever or from animals
with experimentally transmitted disease showed altered antigenicity in
successive relapses (Meleney, 1928). In addition, chronic malarial infec-
tions with Plasmodium knowlesi in rhesus monkeys were maintained by
a succession of antigenically distinct parasite populations, each of
which was able to stimulate a specific agglutinin response (Brown et al.,
1968). Vickerman (1974), studying tsetse-fly-transmitted sleeping sick-
ness, reported that the ability of the trypanosome population to change
its surface antigen seemed to be the principal mechanism by which the
organisms survived in the immunologically competent host. In the case
of complex organisms such as Borrelia, Plasmodia, or Trypanosoma, it
is likely that each parasite is capable of expressing a range of surface
antigens, but normally only one subset of antigens at a time is evident
in response to selection in the presence of antibody. With viruses, on
the other hand, genetic mutation which involves the specificity of sur-
face antigens is the likely mechanism involved in antigenic drift.
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4.2. Selection of Virus Mutants

Although selection of antigenically distinct virus variants may be
favored during virus persistence in immune animals or in cell culture
model systems maintained in the presence of antiviral antibody, evolu-
tion of other specific types of virus mutants commonly occurs in
persistently infected virus carrier cultures propagated in the absence of
specific antibody. Data summarized in the preceding sections over-
whelmingly indicates that virus evolved in persistently infected cell cul-
tures often differs from parental virus in (1) virulence markers, includ-
ing cytopathogenicity, growth rate, and plaque type in permissive cells,
and pathogenicity for experimental animals; (2) host range in cell cul-
ture; (3) virion properties such as thermal stability; and (4) ability to
replicate at elevated temperatures.

The selective advantage in persistent infection of virus mutants
which are less cytopathic, thereby allowing survival of the host cells, is
obvious. Since noncytopathic mutants may replicate more slowly and
produce fewer progeny per cell, it is understandable that such mutants
may produce small or delayed plaques in permissive cells. Selection of
virus mutants partially deficient in a viral function, P, necessary for
inhibition of host cell protein synthesis may occur during persistence of
VSV in L cells (Stanners et al., 1977; Francoeur et al., personal com-
munication). In addition, infection with noncytopathic virus mutants
may allow the host cell to produce interferon; this would then limit the
progression of infection (Sekellick and Marcus, 1979).

In those instances in which the biological properties of the persist-
ing virus have been characterized, the virus has most often been shown
to be a mutant that produces small plaques and is temperature sensi-
tive. Evolution of ts small-plaque mutants occurs in cells of many dif-
ferent species persistently infected with herpesvirus, paramyxoviruses,
rhabdoviruses, togaviruses, arenaviruses, and coronaviruses; many of
these ts mutants also have an RNA~ phenotype at the nonpermissive
temperature. In addition, the evolution of s mutants may also occur
during in vivo persistence of FMDV, ADV, and SSPE measles viruses
in natural hosts. Although attenuation, small-plaque morphology, and
temperature sensitivity are often co-selected in the virus population dur-
ing persistent infection, several studies have shown that these changes
are due to independent mutations (Simizu and Takayama, 1971;
Straver and van Bekkum, 1972; Preble and Youngner, 1973b; Youn-
gner et al., unpublished data). The association between attenuation,
small-plaque morphology, and temperature sensitivity has been noted
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previously. For example, attenuated strains of poliovirus developed for
use as oral vaccine are unable to replicate at elevated temperatures
(Sabin, 1961). The relationship between small-plaque phenotype and
lack of virulence for both animals and cell cultures has also been
demonstrated with measles virus (Rapp, 1964) and NDV (Schloer and
Hanson, 1968; Reeve and Poste, 1971). Furthermore, replication of
some lentogenic (avirulent) strains of NDV may be inhibited at 42°C,
as compared with velogenic (virulent) strains (Jones and Hanson, 1976).

The selective advantage in persistence of a zs phenotype is not
immediately obvious. Most often, persistent infection at 37°C results in
selection of virus which is unable to replicate at 39-40°C, but which
retains some ability to replicate at 37°C. The conditions under which
persistence is maintained, i.e., 37°C, are therefore semipermissive for
virus growth. Presumably, enough ‘“leak” occurs at this semirestrictive
temperature to allow perpetuation of virus without rapid cell killing.
Two alternative mechanisms which might allow ts virus to become
amplified and then maintain its dominance in the persisting virus popu-
lation are discussed below (Sections 4.3 and 4.4).

Finally, the selective advantage in several systems of ts mutants
with RNA - phenotypes (Preble and Youngner, 1973a; Youngner et al.,
1976, 1978a) remains to be clarified. Since the majority of spontaneous
ts mutants of VSV (Flamand, 1970) and NDV (Youngner and
Quagliana, unpublished data) occur in genes coding for polymerase
function, preexisting spontaneous RNA~ mutants may be selected in
persistent infections initiated with these viruses. However, persistent
infections initiated using cloned RNA™* s mutants of VSV also
evolved until RNA~ zs mutants predominated in the virus population
(Youngner et al., 1978a,b). Since a ts defect in an early function would
“mask” a ts defect in a later function, the possibility exists that the
mutants which evolved during persistence were really double mutants.
In this case a second spontaneously occurring group I s defect in
polymerase function would be superimposed on the original group III
(M protein) or group V (G protein) defect. However, in the case
of persistence initiated with VSV #5045 (V), thermal inactivation
(Youngner et al., 1978a,b) and temperature shift experiments (Preble,
unpublished) suggest that the RNA~ mutants which evolve during
persistence do not retain the original G protein defect and are not dou-
ble mutants.

The selective advantage of the RNA~ phenotype per se may be
explained by the limited ability of RNA~ zs mutants to produce virus-
specific RNA and cytotoxic proteins at the semi-restrictive temperature
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at which persistence is maintained. In fact, noncytopathic mutants of
NDYV have been found which are defective in secondary transcription at
37°C and 41.8°C, even though significant viral yields were obtained at
both temperatures (Madansky and Bratt, 1978, and personal communi-
cation). However, other evidence exists which contradicts the idea that
RNA ™ mutants inherently allow greater cell survival at semipermissive
temperatures and also raises doubts about the necessity of P~ mutants
in persistence: VSV ts RNA~ mutants isolated from persistently
infected cells inhibited host cell macromolecular synthesis at 37°C
almost as efficiently as wild-type VSV (Youngner et al., 1978b).

Although a combination of temperature sensitivity, attenuation,
and small-plaque morphology occurred in virus evolved during per-
sistence in most of the well-characterized virus/host systems described
in this chapter, there were also many exceptions. For example, virus
recovered from some cell cultures persistently infected with wild-type
respiratory syncytial virus (Simpson, personal communication) or with
measles virus (Wild and Dugre, 1978) was not ts. Persistent infection of
L or Vero cells initiated using certain fs mutants of reovirus (Ahmed
and Graham, 1977) resulted in the evolution of ts* pseudorevertants, in
which the original zs mutation was suppressed by additional extragenic
mutations (Fields er al., 1978). Finally, virus rescued from nonproducer
cells persistently infected with mouse hepatitis virus was cold sensitive
and unable to replicate or synthesize virus-specific RNA at 32°C,
although its growth at 37°C was unimpaired (Stohlman et al., personal
communication). The mechanisms of persistence and the evolution of
other genetic characteristics of the viruses in these situations remain to
be elucidated.

Virus recovered from persistently infected cell cultures also often
differs from parental virus in properties associated with structural pro-
teins; the carried virus may be more or less resistant to inactivation by
heat, pH, UV light, or chemical agents, or may have altered hemag-
glutinating activity. These changes may reflect mutations in structural
proteins with multiple functions in the virus replication cycle; the
alteration may therefore affect virus-specific RNA and protein syn-
thesis as well as virion integrity and infectivity. Choppin et al. (1975)
have discussed the possibility that persistent paramyxovirus infections
characterized by an intracellular accumulation of defective nucleo-
capsids may be the result of lack of cleavage of a virus glycoprotein
precursor, F,, to the biologically active form in the persistently infected
host cells. Conversely, emergence of virus mutants more resistant to
proteolytic cleavage by the enzymes present in a particular host cell
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(Scheid and Choppin, 1976) might also play a role in virus evolution in
chronic infections.

4.3. Interaction between Selection of Virus Mutants and the Interferon
System

It has been proposed that initiation and maintenance of persistent
infection in cell cultures competent for the interferon system involves
evolution of either special defective-interfering (DI) particles or virus
mutants with an increased capacity to induce interferon in the infected
cells (Sekellick and Marcus, 1978, 1979). Two lines of evidence led to
this hypothesis: (1) the recent demonstration that [+] DI particles of
VSV, which contain covalently linked message [+] and antimessage
[-] RNA genome (Lazzarini et al., 1975; Perrault, 1976; Perrault and
Leavitt, 1978), were able to induce interferon in aged chick embryo
cells in vitro (Marcus and Sekellick, 1977; Sekellick and Marcus,
1978); and (2) the use of antiinterferon serum to demonstrate the role of
this inhibitor in L cells persistently infected with VSV (Nishiyama,
1977, Ramseur and Friedman, 1977; Youngner et al., 1978a,b,).
Further investigations showed that many ts mutants of VSV induced
interferon in aged chick embryo cells at 40.5°C (Sekellick and Marcus,
1979), whereas conventional [—] RNA DI particles and infectious B
particles of wild-type VSV did not induce interferon under the same
conditions. DI 011, a [+] RNA-containing DI particle, and the s
mutants also induced lower levels of interferon in L cells at 37°C
(Sekellick and Marcus, 1979).

Detailed analysis of 29 temperature-sensitive virus clones isolated
at various times from four different persistently infected L-cell cultures
established independently with wild-type VSV or with VSV ts mutants
showed that there was no uniformity in the ability of these clones to
induce interferon in L cells at 37°C, i.e., under the conditions of virus
persistence (Preble and Youngner, unpublished data). In addition, serial
passage of VSV in the presence of low concentrations of interferon did
not result in the evolution of zs mutants (Youngner et al., 1978a).
Furthermore, 22 ts virus clones isolated from several L-cell lines
persistently infected with VSV did not differ from wild-ype VSV in
their sensitivity to interferon in L cells at 37°C. Similar results were
obtained with s virus clones isolated from L cells persistently infected
with Newcastle disease virus (NDV) (Hallum et al., 1970; Preble and
Youngner, unpublished data).
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Attempts were made to establish persistent infection by infecting L
cells with a small-plaque variant (s;) of VSV (Indiana) which induces
high levels of interferon in L cells at 37°C (Wertz and Youngner, 1970).
These attempts were uniformly unsuccessful; in each case high levels of
interferon were produced and the infection ‘“‘cured” itself (Youngner,
unpublished data). However, persistence in L cells at 37°C was readily
established with cloned VSV #5023 (III) or VSV ts045 (V) (Youngner et
al., 1978a), both of which were classified as interferon-forming-particle-
negative (ifp~) (Sekellick and Marcus, 1979). In such L-cell cultures
persistently infected with #5023 and #5045 (both zs RNA™ mutants),
there was a rapid selection of ts RNA~ mutants (Youngner et al.,
1978a); many of the virus clones which evolved were among those found
negative for interferon induction in the experiments summarized
above. It is possible that some zs mutants previously characterized as
interferon-negative might actually induce very low levels of interferon in
competent cells recognizable by the failure of virus plaques to enlarge
on such cell monolayers (Francoeur et al., personal communication).
Such virus mutants were found to be “weakly” P~ at 37°C, a semiper-
missive temperature for the mutants.

On the basis of their study of productive infections, Sekellick and
Marcus (1978) proposed that the evolution of special [+] DI particles
capable of inducing interferon may play a role in the maintenance of
persistent infections. However, the DI particles of VSV amplified from
persistently infected L cells by serial undiluted passages in BHK 21
cells were not more efficient inducers of interferon than DI particles
from wild-type VSV (Frey et al., 1979). In addition, the RNA from DI
particles amplified from persistently infected L cells lacked the self-
annealing characteristics of [+] “snap-back” RNA found in DI 011.

It is difficult to invoke the interferon system in the case of cell lines
which are defective interferon producers. Despite this deficiency these
cell lines (Vero or BHK21) have been persistently infected with a
variety of viruses. In these instances, evolution of either special DI
particles or virus mutants may play a role in maintenance of per-
sistence.

4.4. Interference with Wild-Type Virus Replication by ts Mutants
The dominance of the replication of ¢s virus over that of wild-type

virus has been reported for a wide variety of RNA viruses. These
include NDV (Preble and Youngner, 1973b), Sendai (Kimura et al.,
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1976), measles (Ju and Bloom, personal communication), Sindbis
(Stollar et al., 1974; Peleg and Stollar, 1974), Semliki Forest (Kerdnen,
1977), VSV (Youngner and Quagliana, 1976), and reovirus (Chak-
raborty et al., 1979). The interference of s mutants with wild-type virus
replication can be demonstrated most readily at the temperature non-
permissive for the mutant, but with some viruses s dominance can be
shown at the permissive temperature as well (Stollar et al., 1974,
Youngner and Quagliana, 1976; Ju and Bloom, personal communica-
tion). No distinction seems to exist between the interfering ability of ts
mutants obtained by mutagenesis and those selected in persistent infec-
tion (Youngner and Quagliana, 1976).

The biochemical basis of the dominance of fs mutant replication
over that of the wild type is not completely understood. In the case of
VSV (Youngner and Quagliana, 1976; Youngner, unpublished data)
and reovirus type 3 (Chakraborty et al., 1979), ts mutants with RNA -~
and RNA™ phenotypes are able to interfere with ¢s* virus replication.
With Semliki Forest virus, only one s RNA ™~ mutant was tested at the
nonpermissive temperature (Kerdnen, 1977). In the case of Sindbis
virus, interference by a ts RNA*' mutant at both the permissive and
nonpermissive temperatures was reported (Stollar ez al., 1974). With
RNA ™ mutants of NDV (Preble and Youngner, 1973b), VSV (Young-
ner, unpublished data), and Semliki Forest virus (Kerdnen, 1977), the
interference seems to be at the level of RNA transcription by the ts*
virus.

An interesting finding with VSV was that inhibition of wild-type
virus replication at 37°C and 39.5°C was accompanied by a significant
enhancement of the coinfecting s RNA~ mutants (Youngner and
Quagliana, 1976). In this respect the s mutants were acting as condi-
tionally defective interfering particles which can interfere with and be
rescued by wild-type virus. These phenomena of interference were also
seen with RNA* VSV mutants representing complementation groups
III and V (Youngner, unpublished data).

The dominance of the replication of ts virus over that of the wild-
type at 37°C must be considered a rationale for the spontaneous selec-
tion and maintenance of zs mutants in persistently infected cell lines.
The ability of the ¢s mutants to interfere with the replication of wild-
type virus at 37°C would provide an answer to the question, “Why
don’t revertants replace the ts population at 37°C, a temperature not
optimum for the zs mutants?” Since the mutants present in a persistent
infection can inhibit the replication of wild-type virus, revertants would
be prevented from providing a significant portion of the virus popula-
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tion. In this way, a ts virus population selected during a persistent infec-
tion could maintain its mutant character.
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1. INTRODUCTION

This chapter will emphasize recently derived knowledge concerning
the nature of defective interfering (DI) particles of RNA animal
viruses, their biological origins and functions, and their involvement in
long-term persistent infections. We will not attempt to review all of the
DI literature, and we will confine ourselves to DI particles of RNA
viruses. The previous review by Huang and Baltimore (1977) amply
documents the occurrence and behavior of DI particles in a wide variety
of DNA and RNA viruses and discusses their biological effects, and a
very thorough recent review of rhabdovirus DI particles by Reichmann
and Schnitzlein (1978) provides excellent in-depth coverage of many
areas not covered by the present chapter as well as some alternate
viewpoints of areas which are considered here. We will omit DNA virus
DI particles from extensive consideration because of space limitations
and because they are generally less well characterized at present.
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However, at the end of the chapter we will briefly cite recent studies
implicating DI particles in some persistent infections by DNA viruses.

DI particles were first recognized in preparations of influenza virus
propagated in vivo. The first clear definition of DI particles was that of
von Magnus (1954) who showed that homologous interference exerted
by the yields from serial undiluted passages of influenza virus in eggs
was due to replication of ‘“incomplete particles” which showed hemag-
glutinating and interfering ability but not infectivity. In fact, Henle and
Henle (1943) first reported a ‘‘paradoxical behavior” in which late-
harvest virus from eggs showed lower infectivity in mice when undiluted
than when diluted one thousandfold. Because of the resistance of the
interfering agent to UV light and heat, they concluded that interference
was due to “inactivated” infectious virus, but their results were almost
certainly due to the presence of DI particles. Cooper and Bellett (1959)
and Bellett and Cooper (1959) showed that a similar phenomenon
occurred with vesicular stomatitis virus (VSV) on undiluted passage in
cell culture. They demonstrated that the interfering component was
transmissible and that it sedimented more slowly than infectious virus.
However, they were unable to rule out interferon and for some reason
were unable to neutralize these DI particles with immune serum.
Hackett (1964) demonstrated by electron microscopy that VSV DI
particles were shorter than standard infectious virus, and several years
later it was shown that discrete VSV DI particles could be separated
from standard virus on sucrose gradients (Huang et al., 1966; Crick et
al., 1966; Hackett et al., 1967). This allowed purification and study of
the effects of DI particles (Huang and Wagner, 1966a). It is even possi-
ble to achieve greater than a billionfold purification of VSV DI parti-
cles by repeated cycles of velocity sedimentation in sucrose gradients
and to obtain milligram quantities of DI particles totally freed of
infectious virus for biological studies (Doyle and Holland, 1973). The
converse,. however, is not true—it is not possible to remove all DI parti-
cles from standard virus by velocity sedimentation because a percentage
of the smaller DI particles will always aggregate and cosediment along
with standard virus. However, VSV DI particles can be biologically
eliminated or reduced in number by serial cloning (Stampfer et al.,
1971). Small amounts of infectious virus picked directly from a plaque
may be and usually are free of DI particles, but high-titer pools pre-
pared directly from a plaque isolate are always contaminated by DI
particles (Holland et al., 1976a). Since VSV generates DI particles at a
rate of 1077-10"® for each infectious standard virus particle replicated
(Holland et al., 1976b), these DI particles are present in such low
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amounts that they cannot be visualized directly. They can be observed
only after several further serial undiluted passages during which they
undergo 10*fold amplification during each passage (Holland et al.,
1976a,b) with support of the helper standard virus. Thus the need for
serial undiluted passages in the “von Magnus phenomenon” is probably
a requirement for amplification of DI particles and not for their genera-
tion. Removal of DI particles from standard virus is a particular prob-
lem for the paramyxoviruses since cloning alone does not work (Rima
et al., 1977). To overcome this difficulty these authors suggest “an
intermediate dilution of 1:1000 be used so that the virus growth period
is relatively short.”

Huang and Baltimore (1970) were the first to call attention to the
widespread occurrence of DI particles among nearly all groups of
animal viruses, and they proposed the name DI for virus particles which
(1) lack a portion of the genome; (2) contain normal virus structural
proteins; (3) can replicate only with the aid of helper standard
infectious virus; and (4) interfere specifically with replication of
homologous standard helper virus. Another important characteristic of
DI particles is the fact that their generation and their interfering
capacity may show enormous variability in different cell types (Chop-
pin, 1969; Huang and Baltimore, 1970; Perrault and Holland, 1972a;
Holland et al., 1976a). In the case of the positive-strand viruses, even
the final size and structure of the DI genome is strictly controlled by
the cell type which generates the DI particles (Stark and Kennedy,
1978). This is discussed in detail below.

Members of each group of the negative-strand viruses have been
found to produce DI particles or DI-like particles. These include the
orthomyxoviruses (e.g., influenza A), paramyxoviruses (e.g., Sendai,
measles viruses), rhabdoviruses (e.g., VSV, rabies virus), arenaviruses
(e.g., LCM and parana viruses), and probably bunyaviruses (e.g., La
Crosse and Uukuniemi) (references are given below). Among the posi-
tive-strand RNA viruses of class IV (Baltimore, 1971), DI particles
have been identified in stocks of picornaviruses (Cole et al.,, 1971;
McClure et al., 1980) and togaviruses (Schlesinger et al., 1972). As yet,
there has been no report of DI particles of any member of the
coronavirus group, but this probably reflects the present paucity of
information regarding the properties of the coronaviruses. Among the
double-stranded RNA viruses, reovirus has clearly been shown to
generate DI particles (Nonoyama et al., 1970), and there is suggestive
evidence for DI particles of infectious pancreatic necrosis virus of trout
(Nicholson and Dunn, 1972).
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The history of picornavirus, reovirus, and togavirus DI particles
dates back to the early years of this decade. In 1970 Nonoyama et al.
reported the presence of DI particles in reovirus stocks. The elegant
studies of Cole et al. (1971) established the existence of poliovirus DI
particles, and the following year two groups independently reported the
existence of DI particles of the togavirus, Sindbis virus (SV) (Inglot and
Chudzio, 1972; Schlesinger et al., 1972). For poliovirus, 16-18 serial
passages in HeLa cells were required before DI particles became
detectable. Fewer passages—six to eight—were required for SV DI
particles to become apparent in virus stocks propagated in either
chicken or hamster cells. With the exception of some recent work on
mengovirus DI particles (McClure et al., 1980), poliovirus remains the
only picornavirus system for which DI particles have been formally
identified. Reovirus DI particles (Nonoyama and Graham, 1970) were
detected after seven high-multiplicity passages of several different clones
of type 3 reovirus. Almost all work concerning DI particles of
togaviruses has been done with either SV or Semliki Forest virus (SFV),
both alphaviruses. Very little has been reported about DI particles of
flaviviruses.

In summary, DI particles are deletion mutants (usually genome
recombinants) which cannot replicate by themselves and which interfere
specifically with replication of the homologous infectious helper virus
that they require for their own generation and replication. Below, we
review their structural, biological, and biochemical properties and the
evidence for their role in persistence. Because of their rather significant
distinguishing characteristics, we will deal with the DI particles of nega-
tive-strand viruses separately from those of the positive-strand viruses.

2. STRUCTURE AND GENOME ARRANGEMENT OF DI
PARTICLES

2.1. DI Particles of Negative-Strand Viruses

The structure of VSV and its DI particles with respect to overall
morphology and protein composition has been reviewed (Huang, 1973;
Wagner, 1975; Huang and Baltimore, 1977) and will not be reiterated
here. For most of the negative-strand RNA viruses, the DI particles
appear to be identical to the standard virus in both their protein com-
position and overall morphological characteristics. In some cases DI
are smaller in size, however.
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The genome RNA of DI particles from negative-strand viruses has
been characterized in a number of different ways. However, since most
of the data on DI RNA structure comes from studies on VSV and
Sendai virus, this section will focus almost entirely on these two viruses.
Using velocity sedimentation and hybridization, it was originally shown
for VSV (Huang and Wagner, 1966b; Brown et al., 1967; Schaffer et
al., 1968) and Sendai virus (Kingsbury et al., 1970) that DI RNA is a
deleted form of the standard virus RNA. In addition, it was shown by
RNA-RNA annealing that any given DI particle contains a specific
portion of the standard virus genome and not random pieces encapsi-
dated into mature DI particles (Schincariol and Howatson, 1972; Stam-
minger and Lazzarini, 1974).

Identification of those virion genes represented within various VSV
DI-particle isolates has been achieved by hybridization of purified DI
RNAs to the purified mRNA fractions obtained from VSV-infected
cell extracts (Leamnson and Reichmann, 1974; Stamminger and Laz-
zarini, 1974; Schnitzlein and Reichmann, 1976; Adler and Banerjee,
1976) and to the total mRNA synthesized in vitro by purified virions
treated with detergent (Roy and Bishop, 1972). It was found that most
of the DI RNAs originated from the 5’ end of the standard virus
genome and that these DI particles exhibited homotypic interference.
However, a single DI-particle isolate (HR DI) was unique in that it
arose from the 3’ end of the standard virus RNA (Leamnson and
Reichmann, 1974; Stamminger and Lazzarini, 1974; Schnitzlein and
Reichmann, 1976). This isolate of Indiana DI particles was also unique
in that it exhibited heterotypic interference with New Jersey VSV
(Prevec and Kang, 1970; Schnitzlein and Reichmann, 1976). Its dif-
ference from nearly all other DI particles was further demonstrated
when it was shown to be the only known DI particle to transcribe some
functional mRNA both in vivo (Chow et al., 1977; Johnson and Laz-
zarini, 1977) and in vitro (Colonno et al., 1977), presumably because it
has the transcriptional initiation site contained at the 3’ terminus of
standard virus RNA. In addition, recent evidence has shown that the HR
DI particle isolate contains RNAs with internal genome deletions that
retain the standard VSV 3’ and 5’ terminus (Perrault and Semler, 1979;
Lazzarini, personal communication).

DI particles from VSV may contain minus strands (Roy and
Bishop, 1972; Stamminger and Lazzarini, 1974) or unlinked plus and
minus strands of RNA (Roy et al., 1973; Leamnson and Reichmann,
1974; Reichmann et al., 1974; Schnitzlein and Reichmann, 1976; Per-
rault and Leavitt, 1977a). Sendai RNA isolated from DI nucleocapsids
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obtained from the infected cell also appears to have considerable plus
and minus strand polarity (Kolakofsky, 1976). In addition, a rather
unique structural feature of the RNA of some isolates of VSV DI parti-
cles results from packaging of covalently linked plus and minus strands.
These are referred to as ““snap-back’ RNA (Lazzarini et al., 1975; Per-
rault, 1976; Perrault and Leavitt, 1977a). It was suggested that this
RNAse-resistant, snap-back structure may be a modified version of a
normal VSV RNA replicating intermediate which becomes packaged
into some types of DI particle (Perrault, 1976). It may have biological
significance, since it has been detected at varying levels in quite a few
different DI particle isolates (Perrault and Leavitt, 1977a).

The RNA from influenza virus DI particles was first shown to dif-
fer from standard virus RNA in that it completely or partially lacked
the largest segment of viral RNA (Duesberg, 1968; Choppin and Pons,
1970). Other data (Bean and Simpson, 1976; Nayak et al., 1978) indi-
cate that influenza DI particles do not always selectively lose a
particular RNA segment. Instead, there appears to be a relative reduc-
tion of one or more of the four largest viral RNA segments packaged
by DI particles concomitant with packaging of subviral-size RNAs.
This rather nonspecific loss of viral RNA segments has been suggested
as the basis for the loss of infectivity in influenza DI particles (Nayak
et al., 1978). The apparent discrepancies in DI genome composition
may be explained by a rather considerable variability in the reduction
of viral RNA segments in DI RNA preparations obtained from dif-
ferent clones of influenza virus (Janda et al., 1979).

In addition to cistron representation and RNA packaging, recent
work suggests that the RNA termini of DI particles may be important
in DI particle generation and interference. Inverted complementary
sequences have been found in Sendai virus (Kolakofsky, 1976; Leppert
et al., 1977) and VSV DI RNAs (Perrault and Leavitt, 1977b; Perrault
et al., 1978). These terminal ‘“‘stem” sequences of RNA in Sendai virus
vary in length from 110 to 150 nucleotide pairs, depending on which DI
particle isolate they are derived from (Leppert et al., 1977). In VSV DI
RNAs the terminal complementary regions span approximately 60
nucleotide pairs in those DI particles so far analyzed (Perrault and
Leavitt, 1977b; Perrault et al., 1978). Hybridization studies with the
isolated DI stems and standard virus genome indicate that only the 5’
and not the 3’ terminus of the standard virus RNA is conserved in the
DI RNAs. This is true for both Sendai virus (Leppert et al., 1977,
Kolakofsky et al., 1978) and VSV (Perrault and Leavitt, 1977b; Per-
rault et al., 1978). Additionally, the 3’ termini of most DI RNAs are
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complementary copies of the 5’ end of standard virus RNA. To date,
the HR DI particle of VSV has the only DI RNA known to contain
both the 3’ and 5’ termini of the standard virus and hence cannot form
the terminally base-paired stems found in other DI RNAs (Perrault et
al., 1978; Perrault and Semler, 1979). On the basis of these and other
data, two similar models for DI particle generation employing a repli-
case-switching and copy-back mechanism have been proposed (Leppert
et al., 1977, Huang, 1977). A possible role in DI-particle autoin-
terference has been suggested for the inverted complementary terminal
sequences (Perrault et al., 1978), as discussed below. Neither
interference nor the proposed models for DI-particle generation can be
based solely on RNA structure since other factors like protein type
within the DI nucleocapsid also have an influence on the interference
phenomenon (Schnitzlein and Reichmann, 1977). It is also likely that
the generation of the HR DI particle and its interference with standard
VSV occur by different mechanisms than the ones proposed since the
structure of its RNA termini is different from that of other DI particles
(Perrault and Semler, 1979).

Although most of the data concerning the 3’ and 5’ termini of
standard and DI RNAs were obtained from electron microscopy and
hybridization studies, the following studies employing nucleotide
sequencing of VSV (Indiana serotype) RNAs have lent further support
to the polarity assignments given to the various RNA termini:

1. The first 17 nucleotides at the 3’ end of the DI RNA are
similar (but not identical) to those at the 3’ end of the standard
virus RNA, and this similarity then diverges to a complete
lack of homology for the next 50 or so nucleotides past the
first 17 (Keene et al., 1978).

2. The sequence of the 46 nucleotide in vitro RNA transcript
templated by the 3’ end of the DI RNA (Semler et al., 1978;
Holland et al., 1978; Schubert et al., 1978) is significantly dif-
ferent from the sequence of the leader RNA (Colonno and
Banerjee, 1978), which is known to be synthesized directly
from the 3’ end of standard virus RNA (Colonno and
Banerjee, 1976).

3. The sequence of the 5’ end of standard virus RNA is identical
to the 5’ end of DI particle RNAs for at least 46 nucleotides in
from the terminus (Perrault et al., 1978; Semler et al., 1979).

Our knowledge to date of the sequences at the 5 and 3’ ends of
VSV (Indiana serotype) and DI RNAs is presented in Fig. 1A and
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Fig. 1B. Schematic representation of VSV standard virus RNA and the DI RNA
which is derived from it. The DI RNA has the same nucleotide sequence at the 3’ end
(and the 5' end) of both the plus and the minus strands, but the standard virus RNA has
a different sequence at the 3’ end of its plus and minus strands despite some partial
identity. Note that the 5’ terminus of the minus strand’s virion RNA is conserved in the
DI RNA, while the 3’ end is not. “Snap-back RNA” DI particles are a special type
containing covalently linked plus- and minus-strand RNA. Thick lines indicate the 5’ half
of the genome (encoding the L protein).

schematized in Fig. 1B. Since the stem structures are only slightly
longer than the region coding for the DI polymerase product RNA, it is
clear that the recombination point which generates most VSV DI parti-
cles is at the internal end of the stem sequence, and this is only slightly
beyond (internal to) the end of the 46-nucleotide region coding for DI
product RNA. Intriguingly, RNA sequence analysis has revealed a
common hexamer oligonucleotide found in just this region for four dif-
ferent VSV DI-particle RNAs (Schubert et al., 1979), and it was
proposed that this hexamer may represent a specific internal replicase
recognition site that is a necessary aspect of the strand-switching and
copy-back models for DI-particle generation. Further sequencing
of other DI-particle RNAs and replicase binding experiments will
determine the importance of such sequences in DI-particle generation.
Whether these structures are a general feature in other negative-
strand DI particles must await further investigation. Evidence from
electron microscopy of other negative-strand virus groups has shown
circular nucleocapsid structures as well as linear molecules of greater
than normal length. These have been reported for measles-infected cells
(Thorne and Dermott, 1976), and from virions of LaCrosse virus
(Obijeski et al., 1976) and Lumbo virus (Samso et al., 1975) (two
serologically related bunyaviruses). Circular nucleocapsids as well as
circular RNAs have been observed in Uukuniemi virus which is an
unrelated bunyavirus (Petterson and von Bonsdorff 1975; Petterson and
Hewlett, 1976; Hewlett et al., 1977). The status of any of these struc-
tures as DI-particle components is unclear. All of these could be indica-
tive of inverted complementary terminal sequences, but proof awaits
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further biochemical and nucleotide sequence analysis of RNAs from
these and other negative-strand virus groups.

2.2. DI Particles of Positive-Strand Viruses

Because the genome of DI particles is a truncated form of the
standard virus genome, the size of DI particles is often smaller than
that of the standard virus (e.g., VSV, see above). This difference is
commonly employed as an experimental basis for the physical separa-
tion of DI particles from their standard virus. The physical difference,
in turn, facilitates the characterization of the DI-particle genome. For
the positive-strand RNA viruses this difference, although greater for
the picornaviruses than for the alphaviruses, is considerably less than
for rhabdoviruses. Thus for poliovirus several cycles of density-gradient
centrifugation are required to effect essentially complete purification of
its DI particles. The modest difference between the buoyant density of
poliovirus and its DI particles is reflected in the relatively small dif-
ference between the size of the DI genome and that of the standard
virion. Figure 2 shows an RNA-RNA duplex between poliovirus DI
RNA and negative-strand RNA from replicative form (Nomoto et al.,
1978). This technique, together with other techniques which probe the
sequence relationship between standard and DI poliovirus RNA, clearly
established that about 13-16% of the nucleotide sequence of standard
virus RNA is deleted in the DI RNA and that this deletion is located
about 20% inward from the 5’ end of the standard virus genome. This
latter observation is in agreement with the earlier finding that the dele-
tion in poliovirus DI RNA maps in the N1 region which from
biochemical and genetic analysis was shown to be in the 5’ terminal half
of the genome (Cole and Baltimore, 1973a). In a recent study Lunquist
et al. (1979) showed that at least five distinct types of polio DI particles
can be generated and that single, double, and possibly triple deletions
can occur in the viral genome. All of these mutations occur in the
capsid gene region. In addition, despite their heterogeneity, the DI
genomes are quite similar in physical size.

For SV and SFV there is even less difference between the buoyant
density of the standard virion and its DI particles than for the
poliovirus counterparts. Two reports (Shenk and Stollar, 1973; Bruton
and Kennedy, 1976) suggested that alphavirus DI particles can be
slightly more dense than the standard virus. Other workers (Weiss and
Schlesinger, 1973) failed to resolve standard and DI SV particles on
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Fig. 2. Electron micrograph of an RNA-RNA duplex formed between poliovirus DI
RNA and negative strand from RF isolated from cells infected with standard virus.
From Nomoto et al. (1978) with permission.



148 Chapter 3

density gradients. The reason for the similarity in the density of standard
and DI alphaviruses is, however, unrelated to that of the poliovirus
system. From ribonuclease T, oligonucleotide fingerprinting (Kennedy,
1976; Kennedy et al., 1976) it was clearly established that the nucleotide
sequence of alphavirus DI RNA is only a very small fraction of that of
the standard virus genome. Therefore, in order to reconcile this marked
sequence difference between standard and DI particle RNA with the
close similarity between the buoyant density of standard and DI parti-
cles, it was suggested that each alphavirus DI particle contains several
copies of DI RNA (Kennedy et al., 1976). Indeed, there may be
intracellular packaging ‘“‘rules’” which put into each nucleocapsid one
standard virus RNA (molecular weight 4.4 x 10°) or the almost exact
mass equivalent of DI RNA. This mass equivalent may be two
molecules of half-length DI RNA, three molecules of about one-third-
length RNA, and so on up to six molecules of about one-sixth-length
RNA. (We shall consider this point again later.) How these several
copies of DI RNA are arranged in the DI particle is not known, but the
observation that they can exist as circles with short panhandle tails
(Fig. 3a) suggests that they may form concatameric structures of the
type shown in Fig. 3b. These structures would be formed by hydrogen
bonding between a short nucleotide sequence at the 5’ end of the DI
RNA and its inverted complement at the 3’ end either within the same
strand (to form a circle) or between strands (to form a concatamer).
Inverted complementary nucleotide sequences have been shown to exist

Fig. 3. Conformation of SFV DI RNA. (a) Electron micrograph of DIssD RNA (see
Fig. 4) from purified DI particles of SFV. The RNA was spread under partially
denaturing conditions (Simons and Kennedy, unpublished). (b) Schematic representa-
tion of six molecules of alphavirus DI RNA arranged in a concatamer.
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Fig. 4. Sequence organization of alphavirus DI RNAs. For SFV (a) the DI RNAs are
denoted DIssA, DIssB, DIssC, and DIssD (Stark and Kennedy, 1978); for SV (B) the
DI RNAs are denoted 33 S, 24 S and 22 S according to their sedimentation coeffi-
cient (Guild and Stollar, 1977). The denotes deleted sequences which are
approximately to scale. The heavy arrows indicate the junction between the
nonstructural (polymerase) genes (to the left) and the structural genes in standard virus
42 SRNA.

at the ends of both standard and DI SFV RNA (Kennedy, unpublished
observations).

Using oligonucleotide fingerprinting (Kennedy, 1976; Stark and
Kennedy, 1978) and RNA-RNA hybridization (Guild and Stollar,
1977), the sequence arrangements shown in Fig. 4 have been established
for standard RNA and the RNA of several DI particles generated dur-
ing the course of high-multiplicity serial passaging of SV and SFV.
Several points emerge from these studies. First, during the serial
passaging, several species of DI RNA appear. Second, in all cases the
5" and 3’ extremities of standard virus RNA are retained in DI RNA.
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Thus all species of alphavirus RNA are internally deleted forms of the
standard genome. Third, with the exception of minor deletion dif-
ferences, the deletions which generate SFV DI RNA (Fig. 4a) are very
similar to those generating SV DI RNA (Fig. 4b). In addition to these
sequence relationship findings several groups have observed that dur-
ing the course of serial passaging the size of alphavirus DI RNA
progressively decreases (Johnston et al., 1975; Guild et al., 1977; Stark
and Kennedy, 1978). These two sets of observations strongly suggest
that during serial passaging a series of sequential internal deletions
occurs whereby each DI RNA acts as progenitor for the next smallest
in the series until the smallest DI RNA of all (e.g., DIssD for SFV) is
generated. For both SV and SFV this is an RNA with a molecular
weight one-sixth that of the genome.

Reovirus DI particles have essentially the same buoyant density as
standard virus. However, DI-particle cores can be resolved from those
of standard virus. The density difference is consistent with the observa-
tion that the largest (L,) segment of the ten-segment double-stranded
RNA genome is missing in DI particles (Nonoyama and Graham,
1970). Interestingly, however, no smaller, deleted version of the L, seg-
ment is apparent, which by analogy with DI particles of influenza virus
might have been expected (see above). A second study of reovirus DI
particles has shown that temperature-sensitive mutants of groups C and
F more rapidly generate DI particles than wild-type virus. In this case
the L, segment is missing but on further passage another segment is
deleted (Schuerch et al., 1974).

3. MECHANISMS OF DI-PARTICLE GENERATION,
REPLICATION, AND INTERFERENCE

3.1. DI Particles of Negative-Strand Viruses

This section must involve some speculation on the biochemical
mechanisms of DI-particle generation, replication, and interference.
These can only be inferred but cannot be proved from data presently
available.

3.1.1. DI-Particle Generation

Mechanisms of DI-particle generation remain undefined since
some complex recombination mechanism must occur to shorten the
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virus genome internally and to add a new 3’ terminus which is a copy of
the standard virus 5’ terminus (see above). The “strand-switching, copy-
back’ model proposed by Leppert et al. (1977) and Huang (1977) (in
which the viral replicase falls off its template RNA, reattaches to the
nascent RNA, and “‘reads back’ on the nascent RNA) is a very plausi-
ble one, but experimental support is lacking since DI-particle genera-
tion takes place within the confines of an infected cell. Obviously, any
inter- or intramolecular recombination event, whether legitimate
(involving regions of sequence homology) or illegitimate, would be
compatible with the data presently available. Indeed, it is not clear
whether the recombination event occurs during replication at the posi-
tive- or negative-strand level or, alternatively, whether a splicing event
occurs. Simple-minded in vitro attempts to generate DI particles or
modify their size (by mutagenesis or by shear breakage of standard
virus or DI nucleocapsid) do not succeed (Holland et al., 1976a).
Furthermore, future attempts to achieve DI-particle generation in vitro
by enzymatic or other means of RNA genome rearrangement will be
hampered by the fact that naked virion RNA from negative-strand DI
particles is biologically inactive (Holland et al., 1976a). The minimal
infectious structure is the membrane-free nucleocapsid (Brown et al.,
1967; Holland et al., 1976a), and in vitro reassembly has yet to be
achieved with any negative-strand virus or DI nucleocapsid.

It can be demonstrated using low-titer clonal isolates that VSV
DI-particle generation is a rather random event, and any DI-particle-
free clone can generate a wide array of different-size DI particles in dif-
ferent passage series from the clone (Holland et al., 1976a). Others
have reported that single clones seem to have a genetic capacity to
regularly generate the same DI particles in a given cell type
(Reichmann et al., 1971; Kang et al., 1978). However, this result is
inevitable whenever the starting clone of virus is contaminated with DI
particles which amplify during subsequent passage series, and both of
these investigations started with high-titer virus pools prepared from
clonal isolates. Since the rate of DI particle generation is about
10-"-10"2 per infectious particle replication (Holland et al., 1976b), any
VSV pool containing more than about 10°-10® pfu must be suspect with
regard to the possibility that DI particles are already present. Ideally, a
very early small plaque should be picked and used for such studies if the
isolate contains 10° or less total infectious virus pfu. The multiple-
plaque harvest technique of Stampfer et al. (1971) is a good method to
obtain low-titer virus pools free or nearly free of DI (Holland et al.,
1976b). Kolakofsky (1979) has also found random generation of dif-
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ferent DI particles of Sendai virus on independent serial passages of a
multiply cloned plaque isolate, and Janda et al. (1979) have obtained
similar results with some clones of influenza virus. Recently, a major
technical advance for the preparation of VSV pools free of DI particles
has been reported (Kang and Allen, 1978). Pretreatment of host cells
with actinomycin D before virus growth was reported to deplete a host-
cell factor required for DI particle generation. This technique has not
been repeated by others, so its general applicability is not yet known.

3.1.2. DI-Particle Replication and Interference

The most notable fact regarding negative-strand virus DI-particle
replication is their complete inability to replicate RNA without helper
infectious virus. This is in contrast to DI particles from some positive-
strand viruses such as poliovirus, which can carry out viral RNA syn-
thesis but lack genetic information encoding capsid proteins (see below).
The vast majority of VSV DI particles are nontranscribing and
therefore genetically inert (Huang and Manders, 1972; Perrault and
Holland, 1972b). The one known transcribing VSV DI particle (HR
DI) does not code for the L protein, a major transcriptase and replicase
polypeptide (Colonno et al., 1977), but it has been reported to be capa-
ble of killing cells (Marcus et al., 1977).

DI-particle interference was suggested independently by Huang
and Manders (1972) and by Perrault and Holland (1972b) to be due to
competition between DI particles and infectious virus RNA templates
for viral replicase molecules. This replicative competition model was
based on the following observations: (1) DI particles are genetically
inert but replicate well in the presence of helper virus; (2) DI particles
contain all the proteins of the helper virus; (3) DI particles do not
inhibit primary transcription of standard virus added to cells in large
amounts in the presence of cycloheximide; (4) DI particles strongly
inhibit the replication of full-size viral genome RNA following primary
transcription in the absence of cycloheximide, and there is a parallel
inhibition of synthesis of the large amounts of viral messenger RNA
normally transcribed from these secondary (newly replicated) viral
RNA templates; (5) concomitant with this suppression of standard
virus RNA replication and secondary messenger RNA transcription
there is a striking synthesis of DI genome-size RNA (i.e., DI particle
RNA replication). All these results strongly suggest but do not prove
that DI particles compete at the replicative level. An even stronger
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indication for replicative interference is given by the fact that in pig
kidney cells in which VSV DI particles do not interfere (Perrault and
Holland, 1972a) there is no strong inhibition of viral RNA or viral
messenger RNA synthesis despite high levels of replication of DI
genome-size RNA in the same cells (Perrault and Holland, 1972b).
Khan and Lazzarini (1977) have repeated and extended these replicative
competition studies and conclude also that replicase competition could
explain interference. However, it should be recognized that DI-particle
interference could involve a number of mechanisms, including perhaps
effects on viral protein synthesis or turnover rates. Rima and Martin
(1979) report that measles virus DI particles cause a selective inhibition
of synthesis of all other measles virus proteins except the N protein.
However, Little and Huang (1977) found that DI interference caused no
selective inhibition of synthesis of VSV proteins.

Khan and Lazzarini (1977) and Schnitzlein and Reichmann (1977)
observed that there is much less interference by Indiana serotype DI
particles when coinfecting cells with VSV New Jersey serotype helper
virus even though the VSV Indiana DI particles replicate well with the
heterotypic helper virus. Thus DI-particle replication can be dissociated
from virus replication in heterotypic interference just as it can be from
homologous interference in ‘“‘low-interference” cell lines such as pig
kidney cells (Perrault and Holland, 1972a). This ability to obtain DI-
particle replication with little or no interference under certain condi-
tions does not eliminate replicase competition as the site of interference
(wherever interference does occur). In fact, Schnitzlein and Reichmann
(1977) obtained strong heterotypic interference if the VSV Indiana DI
genome RNA was encapsidated within VSV New Jersey proteins by
one prior cycle of replication in the presence of VSV New Jersey helper
virus. Clearly, the interaction of viral proteins with each other is
important in determining the replicative and interfering efficiency of DI
nucleocapsid templates. Furthermore, the reduced availability of viral
proteins (resulting from reduced viral mRNA synthesis) may render
replicative and interference phenomena more complex if limited
availability of viral matrix and glycoprotein membrane proteins results
in a buildup of DI and viral nucleocapsids within the cytoplasm. Also,
the existence of low-interference cell lines (Choppin, 1969; Huang and
Baltimore, 1970; Kingsbury and Portner, 1970; Perrault and Holland,
1972a; Holland et al., 1976a) suggests a major role of cellular factors in
determining DI-particle interference. These factors may act as replicase
components or in other ways. Obviously, interference mechanisms
remain largely unexplored at the biochemical level, and definitive



154 Chapter 3

studies may require development of cell-free replication systems. Even
if the replicase competition model proves to be substantially correct,
quantitative regulatory aspects may prove to be more important than
qualitative mechanisms. DI genome size could well be a factor in
interference among the positive-strand RNA viruses (see below), but it
appears to play little if any role in interference by negative-strand RNA
viruses since large, medium, and small DI particles replicate and
interfere with about equal efficiency. In growth competition experi-
ments the smallest DI particles do not seem to replicate faster and
hence outcompete larger DI particles; on the contrary, DI particles of
various sizes outcompete other DI particles of various sizes in a random
manner depending to a considerable extent on the cells in which they
are replicating (Holland et al., 1976a).

Finally, it is clear that the structure of the DI RNA genome is
important in interference since Prevec and Kang (1970) observed
heterotypic interference with New Jersey serotype VSV by VSV DI
particles of the HR (transcribing DI) class. Further sequencing and
interference studies are needed to compare this unique class of DI parti-
cles to the major class of DI particles. This may be difficult at present
because all stocks of HR DI which we have examined are contaminated
with other DI particles of the nontranscribing class (Holland,
unpublished), Adachi and Lazzarini (1978) and Reichmann and
Schnitzlein (1978) have reported that their preparations of HR DI do
interfere normally. The differences in the 3’ end sequences in this DI
class as compared to the majority class predict that it should behave
quite differently in interference (at least if the altered 3’ ends of the
majority class of VSV DI particle are critical determinants of DI
replicative and interfering ability as has been suggested (Perrault et al.,
1978). Most VSV DI particles contain the same RNA sequence at the
3’ end of both their minus-strand and plus-strand RNA homologues
(Perrault et al., 1978). Since this sequence is found only at the 3’ end of
the plus (but not the minus) strand RNA of the standard infectious
virus, any selective affinity for this sequence by the viral replicase
should favor DI-particle replication over standard virus replication.
This model would also predict that a completely pure preparation of the
unique HR DI particle with RNA whose 3’ end is identical to that of
standard virus RNA would not exhibit homologous interference as
effectively as that of the major class of VSV DI particles. If the HR DI
preparation of Reichmann and Schnitzlein (1978) and Adachi and Laz-
zarini (1978) (which exhibited strong interfering ability) was free of sig-
nificant levels of the major class DI, then the new RNA 3’ end
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possessed by the major class DI must not be a critical requirement for
interference. Another possible explanation for the replicative advantage
and interfering ability of DI particles lies in the fact that the recom-
bination point which generates the inverted ‘‘stems” is about 60
nucleotides or less from the 3’ end of each DI RNA molecule (Perrault
et al., 1978). This nearby recombination point might greatly alter the
secondary and tertiary structure of DI RNA 3’ ends and greatly
increase their affinity for replicase as compared to standard virus RNA
3’ ends. Since DI particles arise at a rather high frequency, only those
3’ end recombinants with a favorable replicase affinity would replicate
preferentially and be selected. Clearly, our knowledge of the mech-
anisms of interference is still fragmentary.

3.2. DI Particles of Positive-Strand Viruses
3.2.1. DI-Particle Replication and Interference

Interference with standard virus multiplication by DI particles of
poliovirus and alphaviruses occurs at the level of standard virus RNA
synthesis and proviral assembly. For reovirus neither the mechanism of
interference nor of enrichment is known. Two distinct functional classes
of viral RNA are found in cells infected with either standard poliovirus
or standard alphaviruses. These are single-stranded positive-polarity
RNA and replicative intermediate (RI) RNA. For poliovirus a single
size of positive-strand RNA (35 S) exists which acts as mRNA for both
the viral structural proteins and polymerase polypeptides. In contrast,
cells infected with standard alphaviruses contain two size classes of
positive-strand RNA. The first of these (42 S RNA) is the viral genome
and acts in the infected cell as mRNA for the polymerase polypeptides.
The mRNA for the alphavirus structural proteins is a subgenomic frag-
ment (26 S RNA) whose nucleotide sequence is the 3’ terminal one-
third of 42 S RNA. For both poliovirus and the alphaviruses, RI RNA
consists of genome-length template RNA to which is hydrogen bonded
several nascent RNA strands. This class of RNA is probably derived
from cytoplasmic replication complexes active in the synthesis of both
positive- and negative-strand viral RNA.

Cells infected with alphavirus DI particles alone or with DI
particle RNA do not synthesize any virus-specified components (Bruton
et al., 1976). Thus alphavirus DI particles, although adsorbed, appear
totally unable to initiate any virus-specific synthetic event. The reason
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for this inertness lies in the sequence relationship between standard
virusu: RNA and DI RNA (see previous section). All alphavirus
DI RNAs have a deletion across the junction region between the
polymerase and structural protein genes in 42 S RNA. Since the
polymerase genes are translated to form a polyprotein whose C-ter-
minal coding region is absent in all the DI RNAs, these RNAs, even if
potentially capable of translation (i.e., are capped, polyadenylated, and
have a ribosome binding site; Kennedy, unpublished; Bruton et al.,
1976; Clegg and Kennedy, unpublished), would seem a priori to be una-
ble to direct the synthesis of functional polymerase and therefore una-
ble to initiate the first step in multiplication. That this is a reasonable
hypothesis to account for the metabolic inactivity of alphavirus DI
particles is supported by the finding that neither SV DI RNA nor SFV
DI RNA can serve as mRNA either in vitro or in vivo (Weiss et al.,
1974; Bruton et al., 1976).

Cells coinfected with alphavirus stocks which contain DI particles
synthesize several species of virus-specific RNA distinct from those
which characterize multiplication of standard particles alone. These
new species comprise not only single-stranded (ss) DI RNAs but also
RI RNAs whose template strands are involved in replicating these ss
DI RNAs (Weiss et al., 1974; Bruton et al., 1976; Kennedy et al., 1976;
Guild et al., 1977). In addition, the total amount of viral RNA synth-
esis in cells coinfected with DI particles plus a given amount of stand-
ard virus is less than that in cells infected with the same amount of
standard virus alone (Guild and Stollar, 1975). This reduction in total
viral RNA synthesis depends on the ratio of DI particles to standard
virus in the inoculum. The recognition of intracellular DI RI RNA, the
lack of mRNA function of the ssDI RNA, and their sequence relation-
ship to the standard genome, together with the dependence of total
virus-specified RNA on the input ratio of DI particles to standard
virus, all have led to the following model for alphavirus interference
and selective propagation. Since all species of positive-strand DI RNA
have the same 3’ nucleotide sequence as standard viral RNA, it seems
likely that DI RNA and standard viral RNA can compete with one
another for available viral polymerase. Since DI RNA is shorter than
42 S RNA, in a given period of time more DI negative-strand RNA
than 42 S negative-strand RNA will be made. Since the DI and
standard negative-strand RNAs also have common 3’ termini, competi-
tion for polymerase will again occur and, using the same length-dif-
ference argument, more DI positive-strand RNA than 42 S (or 26 S)
positive-strand RNA will be synthesized. These two ‘‘competition”
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processes, when operating sequentially, result not only in a marked
reduction in the synthesis of all standard virus RNAs compared to their
DI counterparts but also in a selective propagation of DI particles over
standard virions. Although it may merely be the marked difference in
length between DI and standard RNA which results in the synthesis of
the former at the expense of the latter, other factors such as a greater
affinity of DI RNA standard virus RNA for polymerase may also play
a role. For example, the secondary and/or tertiary structure of the
RNAs may determine their relative rates of replication at the intiation
and/or elongation stage. In any event the model not only affords an
explanation for interference by and selective propagation of alphavirus
DI particles but also predicts that as soon as a short DI RNA is
generated it will compete for polymerase not only with standard virus
RNAs but also with any longer DI RNAs present in the same cell. This
prediction has recently been confirmed for SV DI RNA (Guild ez al.,
1977) and SFV DI RNA (Stark and Kennedy, 1978). In addition, it
now seems clear that foreshortening of alphavirus DI RNA occurs by a
process of sequential internal deletions (see preceding sections). A
second level at which interference may occur in the alphavirus system is
in nucleocapsid assembly. Since the extent of structural protein synt-
hesis is determined by the level of 26 S RNA, interference with the
synthesis of this RNA by mechanisms discussed above will reduce synt-
hesis of structural proteins. Consequently, newly synthesized genomic
42 S RNA and positive-strand DI RNA will compete for available
structural proteins, specifically, available nucleocapsid protein. To what
extent this level of competition plays a role in determining the overall
decrease in standard virus multiplication is not known, but if it does
play a role it is likely to be a minor one.

One notable feature of the alphavirus DI system is the marked
effect exerted by the host cell on the generation and replication of DI
particles. This effect was first recognized by Levin et al. (1973). In a
more detailed study Stark and Kennedy (1978) showed that cer-
tain types of cell—for example, the mouse 3T3 cell and the rat NRK
cell—generate and enrich SFV DI particles extremely rapidly such that
within three or four passages the yield of standard virus has dropped by
two to three orders of magnitude, and DI particles constitute over 95%
of the final progeny. By contrast, 12 passages are required to generate
detectable DI particles in pig PK15 cells, and 20 passages are necessary
in one line of HeLa cells. However, the deletion pathway of DI RNA is
the same in all the cell types, and in almost every cell type the size and
nucleotide sequence of the final DI RNA (DIssD; Fig. 4) which is
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generated are the same. Pig PK15 (Stark and Kennedy, 1978) cells are,
however, an interesting and to date a unique exception in that they
appear unable to support the final two deletion events, and the “ter-
minal” DI particles contain DIssB (FIg. 4). The host cell, then,
determines the timing of generation and even the kinetics of enrich-
ment, i.e., the differential rate of multiplication of DI particles com-
pared to standard virus and even the competitive ability of a larger DI
RNA when a shorter one appears. However, it (the cell) plays little if
any direct role in determining the primary nucleotide sequence of the
DI RNAs, this property being the exclusive domain of the virus.

Alphavirus multiplication occurs not only in vertebrate but also in
invertebrate cells (e.g., Stevens, 1970; Davey and Dalgarno, 1974).
Early attempts to generate SV DI particles in invertebrate (mosquito)
cells by high-multiplicity serial passaging failed (Igarashi and Stollar,
1976), as did attempts in those cells to replicate DI particles generated
in a vertebrate cell system (Eaton, 1975; Igarashi and Stollar, 1976).
Recently, we have been examining the generation of SFV DI particles
in several clones derived from the original Aedes albopictus mosquito
cell line of Singh (1967). In contrast to earlier findings both we and
Logan (1979) have observed that several cell clones, all of which sup-
port the multiplication of standard SFV to levels greatly exceeding that
obtained with uncloned cells, generate DI particles in the very first
cycle of multiplication. furthermore, the DI RNA of these particles is
indistinguishable by oligonucleotide mapping from that of particles
generated in the vertebrate cells (Tooker and Kennedy, submitted).
In addition, these several clones permit the multiplication of DI parti-
cles generated in vertebrate cells. Thus it now appears that at least a
proportion of the cells in uncloned stocks of 4 albopictus cells are
indeed capable of generating and replicating SFV DI particles and that
these particles are identical to those produced in the vertebrate cell. We
shall return to the question of DI particles in invertebrate cells when we
consider alphavirus persistence (see next section).

In marked contrast to alphavirus DI RNA, poliovirus DI RNA is
capable of acting as mRNA (Cole and Baltimore, 1973a,b). However,
although coding for polymerase, poliovirus DI RNA does not contain a
functional set of capsid genes, and consequently no progeny particles
are produced in cells infected with DI particles alone. In coinfected cells
standard RNA and DI RNA appear to be replicated independently of
one another, each with its own RI RNAs. Moreover, and again unlike
the alphavirus system, the total level of viral RNA synthesis in cells
coinfected with standard and DI poliovirus is essentially the same as in
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cells infected with standard virus alone. Since infected cells are limited
to the extent of total viral RNA synthesis which they can support, the
replication of standard virus RNA in coinfected cells in decreased by a
percentage which is close to the percentage of DI particles in the inoc-
ulum. Synthesis of procapsid is reduced by a similar amount. Further-
more, DI and standard RNA compete for available procapsid in the
assembly of progeny particles. These two levels of interference are inde-
pendent of one another and multiply together so that the percentage of
standard virus produced in co-infected cells is the square of the
percentage of standard virus in the inoculum. The enrichment of
poliovirus DI particles is about 6% per multiplication cycle (Cole and
Baltimore, 1973c). This value is small compared to that of the
alphaviruses, where, depending to an extent on the host cell, enrichment
is between 20% and 80% per multiplication cycle. Presently, it is
unclear at the molecular level how poliovirus DI enrichment occurs, but
pulses of inhibition of protein synthesis during virus multiplication in
coinfected cells have suggested that enrichment occurs early—perhaps
during the first cycles of RNA synthesis (Baltimore et al., 1974).

3.2.2. DI-Particle Generation

The molecular mechanism of genesis of poliovirus and alphavirus
DI particles, like that of all other DI systems, is obscure. One of the
simplest hypotheses is that, having initiated RNA synthesis, the
polymerase detaches from its template and rejoins it downstream near
the 5’ end. Alternatively, if splicing occurs at either the nascent or post-
transcriptive level, then a mistake in this process could generate a DI
RNA. At this time, however, there is no evidence that splicing occurs in
the normal fashioning of either picornavirus or alphavirus RNAs. It is
also unclear whether deletion occurs during the synthesis of positive-
strand RNA or negative-strand RNA. However, it is clear that the host
cell can greatly influence the genesis of DI RNA. For example, in 3T3
cells, SFV particles are generated within two passages. Yet with one
line of HeLa cells DI particles were not apparent even after 200
passages (Stark and Kennedy, 1978). This phenomenon is not due to
differences in the ability of the two cell lines to support the multiplica-
tion of DI particles (or standard virus). Perhaps some feature of the
cytoplasmic architecture of the RNA-synthesizing apparatus or some
host-coded component of the polymerase plays a role in determining
DI-particle genesis.
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Two other aspects of DI-particle genesis are worthy of considera-
tion. First, it is not clear if the several discrete sizes of DI RNA seen
during serial passaging of the alphaviruses constitute the only species of
DI RNA capable of being generated. It is possible that a larger
spectrum of DI RNAs can be generated but because of size and/or
sequence constraints (for example, during packaging) only a few
discrete sizes survive to be extensively amplified during successive
cycles of virus multiplication. Second, one can ask if in DI RNA any
microsequence heterogeneity exists around the junction region between
conserved parts of the progenitor. Recently an answer to this question
has been obtained for poliovirus DI RNA. Using RNA-RNA duplex
mapping, a number of hybrid molecules formed between poliovirus DI
RNA and standard negative-strand RNA were examined. These studies
showed that both the extent and position of the deletion in DI RNA
was somewhat variable (Nomoto er al., 1978). This in turn indicates
that deletion may not involve recognition of a specific sequence of only
a few nucleotides but rather a region delimiting some feature of secon-
dary structure, for example, a hairpin loop.

4. ROLE OF DI PARTICLES IN LONG-TERM VIRAL
PERSISTENCE

4.1. Negative-Strand Viruses

4.1.1. Persistent Infections by Enveloped RNA Viruses Other Than
Rhabdoviruses

Persistent infections have been established with many different
virus groups (Walker, 1964; Rima and Martin, 1977), and several
hypotheses have been advanced to account for this persistence. These
include reverse transcription and integration of the viral genome into
the host-cell DNA (Zhdanov, 1975; Simpson and Iinuma, 1975),
temperature sensitivity of the virus (Preble and Youngner, 1975), and
the presence of DI particles (Huang and Baltimore, 1970). This chapter
will limit itself to the involvement of DI particles in persistent infection.
(See Chapter 2 for a review of the role of temperature sensitive mutants.)

Relatively few persistent infections have been closely examined for
the presence of DI particles. However, there are a number of cases
where the investigators have not studied DI particles directly, but
report evidence that may suggest their presence. Several criteria for
their possible involvement are (1) all or at least a large majority of the
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cells in the carrier culture contain viral antigen; (2) carrier cultures are
resistant to challenge by homologous virus but support normal replica-
tion of heterologous virus; and (3) the virus shed by the carrier culture
shows highly reduced infectivity to particle ratio and shows strong
interference with infectious virus. Studies which suggest the possible
presence of DI particles by more than one of the above criteria include
persistent infections by lymphocytic choriomeningitis (LCM) virus
(Trowbridge and Pfau, 1970; Lehmann-Grube et al., 1969; Staneck et
al., 1972), measles virus (Wild and Dugre, 1978), and Sendai virus
(Kimura et al., 1975; Nishiyama et al., 1976). Stronger evidence for the
involvement of DI particles in persistent infection is provided by the
following studies where the investigators have characterized the per-
sistently infected cultures with regard to the presence of DI particles.

4.1.1a. Arenaviruses

Persistent infection of L cells by LCM virus has been established
(Welsh and Pfau, 1972) and has been shown to produce little if any
infectious virus after 50-60 cell divisions, although virtually all the
cells contain viral antigen by immunofluorescence. These persistently
infected cultures contain a component that specifically interferes with
LCM virus plaque formation. The interfering component further
characterized by Welsh et al. (1972) closely resembles DI particles. This
component does not replicate in the absence of standard virus, and it
appears to contain the same viral proteins since LCM immune serum
reduces the interfering activity. It is also more resistant to UV inactiva-
tion than standard virus, suggesting that it may contain a subgenomic
portion of the standard virus RNA.

Persistent infection of BHK cells by LCM virus was examined by
Stanwick and Kirk (1976). After 21 passages of the persistently infected
cells, infectious virus could no longer be detected by inoculation into
mice. However, 90% of the cells showed presence of viral antigen, and
the cultures continued to produce LCM virus particles which protected
mice from subsequent intracranial challenge by infectious LCM virus.
These interfering particles have not been further characterized but may
well be defective. Staneck and Pfau (1974) have reported that a
persistent infection established in BHK cells by another arenavirus,
Parana virus, also shares many of the properties of other DI-particle-
mediated systems, including resistance to homologus but not heterolo-
gous superinfection and the shedding of an interfering component which
has a smaller target to UV inactivation than the infectious virus.
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Recently, Welsh and Oldstone (1977) have characterized L cells per-
sistently infected with LCM virus and showed that early after acute
infection LCM antigens were expressed at the cell surface; these cells
were efficiently lysed by complement plus antibody and by LCM-
immune T cells. After several days, however, strongly interfering DI
arose and cell surface expression of viral antigens greatly decreased so
that immune T cells were less effective in causing lysis and antibody
plus complement was ineffective. However, nearly all cells showed high
intracellular levels of virus antigen and continued to do so throughout
ensuing weeks of persistent infection despite a continuing suppression
of viral surface antigen expression. The authors concluded that DI
particles caused reduced surface antigen expression which may allow
cells to escape immune surveillance during persistent infection. They
found no evidence for s mutants in LCM persistence.

4.1.1b. Paramyxoviruses

Rima et al. (1977) established persistent infections of Vero cells by
the Edmonston strain of measles virus. Persistent infection was readily
obtained only with inocula which has been passaged serially without dilu-
tion. They showed that the infectivity-to-hemagglutinin ratio decreases
in the undiluted passage stocks and that the interfering ability increases.
The interfering activity was sensitive to UV inactivation and was sedi-
mentable by ultracentrifugation. No accumulation of #s mutations
could be demonstrated in undiluted passage stocks. When a sixth
undiluted passage capable of establishing persistent infection was
passed twice at limiting dilution or plaque purified, it lost the ability to
establish persistent infection. Such undiluted passages of measles virus
have been shown to cause an accumulation of defective interfering
particles containing an encapsidated RNA smaller than the 52 S RNA
contained in the infectious particle (Hall ez al., 1974). Similarly, after
infection of Vero cells with undiluted-passage measles virus, Kiley e al.
(1974) have demonstrated the presence of intracellular viral
nucleocapsids of small size (110 S) along with the full size nucleocapsid
(200 S). 200 S nucleocapsids alone were detected in cells infected with
the original plaque-purified virus.

Holland et al. (1976c) have also reported establishing a persistent
infection of HeLa cells with undiluted passages of measles virus. In the
same way they have established persistent infections of BHK cells with
mumps and influenza virus. In contrast, the original viral stocks were
highly cytopathic and led to the destruction of the infected monolayers.
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However, infection by the virus from fifth undiluted passages led to sur-
vival of these cultures, and these became carrier cultures which survived
for months. In view of the recent characterization of influenza DI parti-
cles by Nayak et al. (1978), it seems likely that the DI particles of
influenza virus play a role in persistent infection similar to that which
has been described for other systems. Nayak et al. (1978) and
Nakajima et al. (1978) observed very small RNA species in influenza
DI-particle preparations. These apparently represent genome deletion
mutants for various genome segments.

Persistent infection of BHK cells by Sendai virus has recently been
established by mixed infection of standard and DI virus stocks (Roux
and Holland, 1979). As in all the persistent infections discussed so far,
the majority of the cells contained viral antigen and were resistant to
superinfection by homologous but not heterologous virus. Characteriza-
tion of intracellular nucleocapsids showed the continual synthesis of
two size classes of viral nucleocapsid RNA: a genome-size 50 S RNA
and a smaller size class. When persistent infection was established by
infecting the cells with a stock of standard virus alone and selecting for
the few surviving cells, both standard virus and DI-article-size classes of
intracellular viral nucleocapsid RNA were observed. This appears to be
a result of amplification of a DI particle known to be present in this
standard virus stock (Kolakofsky, 1979). The contaminating DI parti-
cles were probably responsible for the survival of a few cells after stan-
dard virus infection. In both cultures Roux and Holland consistently
observed a ten- to hundredfold greater amount of the smaller size class
RNA compared to 50 S RNA after 24-hr labeling. On day-to-day
analysis no overall change in the ratio of DI to standard RNA synthesis
could be observed (Roux and Holland, 1980). However, the composition
of the DI size class of RNA varied constantly: some species of DI RNA
disappeared and others appeared with continued passage of the
persistently infected cells. No selection toward a particular size class
RNA was observed during the 12-month period of analysis. Interest-
ingly, challenge infection of these carriers with standard virus either
caused no change in nucleocapsid RNA ratios or stimulated synthesis
of more molecules of DI RNA than of standard virus RNA.

4.1.2. Persistent Infection by Rhabdoviruses
Wagner et al. (1963) were the first to establish persistent

rhabdovirus infections with VSV in cultured L cells, and they showed
clearly that small-plaque mutants were greatly favored in their ability
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to establish persistence. Holland and Villarreal (1974) showed the DI
particles were essential for establishment of persistent infection, along
with s mutant infectious virus of VSV. These persistently infected car-
rier cells continuously shed low levels of infectious virus and DI parti-
cles. DI particles recovered from these carrier cells were able to rees-
tablish persistent infection of BHK21 cells when coinfected with either
wild-type or s mutant infectious virus, whereas the ‘“wild-type DI
particle” originally employed could help establish persistence only with
the group III (matrix protein) mutant ts G31. This original BHK21-
VSV Indiana carrier (abbreviated herafter as CAR4) has now been
maintained for over 6 years as a persistently infected carrier culture and
has been extensively characterized. It has shed only low levels of
mature virus and DI particles even though all or nearly all cells are
continuously infected, grow at near-normal rates, and exhibit large
amounts of virus antigen in the cytoplasm. Large amounts of biologi-
cally active DI RNP can be recovered from the cytoplasm of disrupted
cells, and these will reinitiate persistent infection when coinfecting with
infectious virus. Shed virus is temperature sensitive, and all isolates are
very slow growing small-plaque mutants at any temperature. However,
these cannot reinitiate persistent infection of BHK21 cells at any multi-
plicity without addition of DI particles to attenuate cytopathic effects.
It appears that intracellular DI nucleocapsids suppress viral RNA syn-
thesis to such low levels at any temperature that cells maintain nearly
normal cell synthesis and growth (Villarreal and Holland, 1976). No
evidence for a role of interferon or for integrated DNA copies of viral
RNA could be obtained.

Another rhabdovirus, rabies virus, is notably different from VSV
in causing generally less cytopathology in cultured cells and in the rela-
tive ease with which it establishes persistent infections in vitro
(Fernandes et al., 1964). Wiktor and Clark (1972) characterized
hamster cells and other cells chronically infected with rabies virus and
observed cyclic variations in titers of infectious virus shed by carrier
cultures. They concluded that interferon might be regulating these fluc-
tuations in yield. Kawai et al. (1975) established BHK21 rabies virus
carrier cultures and showed that the cyclic variations in virus yield cor-
related with cyclic patterns of rising and falling levels of rabies virus DI
particles. These cyclical patterns of virus and DI-particle production
were strikingly similar to the cyclic rising and falling of VSV virus and
DI particle production which occurs when fresh uninfected cells are
added regularly to cultures infected with VSV (Palma and Huang,
1974). Furthermore, no interferon could be detected or induced in the
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persistently infected BHK21 cells of Kawai ef al. (1975), and these car-
rier cells were resistant to homologous rabies virus challenge but fully
susceptible to heterologous challenge by VSV. Small-plaque, slightly zs
mutants arose in these carrier cultures and eventually displaced wild-
type infectious virus. These cloned small-plaque mutant viruses caused
greater cytopathology than wild-type virus and could not by themselves
induce persistent infection. These small-plaque mutants generate both
interfering and noninterfering defective particles (Kawai and Mat-
sumoto, 1977). Strangely, the rabies small-plaque mutants were
resistant to homologous interference caused by the DI particles
generated by large-plaque, wild-type HEP rabies virus. However, the DI
particles which they generated interfered with both large-plaque wild-
type HEP Flury rabies virus and with the small-plaque mutant virus
which generated them. Obviously, this specificity of DI interference
could play a role in selection of virus mutants surviving during
persistence. In much less thorough studies of rabies persistence,
Holland et al. (1976c) have also implicated DI-particle involvement,
and greatly reduced levels of rabies virus directed RNA synthesis
(Villarreal and Holland, 1976).

The most extensively studied carrier system is that of VSV in
BHK21 cells (Holland and Villarreal, 1974; Holland et al., 1976c,
1978). Studies of this persistently infected culture over a period of 5
years have shown that DI particles and their nucleocapsids play a
critical role in the establishment and the maintenance of long-term
persistence. In sharp contrast to this system where the role of DI parti-
cles is clear, a variety of L-cell-VSV carriers have been described where
other factors (including or excluding the presence of DI particles) are
implicated. The L-cell-VSV carrier cells of Youngner et al. (1976)
appear not to involve DI particles but strongly involve viral mutation to
temperature sensitivity (see also the chapter by Youngner and Preble in
this volume). Ramseur and Friedman (1977) also implicated zs mutants
and showed a role of interferon in establishing persistence in L cells and
perhaps in maintaining it. They also showed that high levels of
anti-IF could terminate this chronic infection. Nishiyama (1977) impli-
cated #s small-plaque mutants, DI particles, and interferon as being
involved in his L cells persistently infected with VSV. He also found that
only 5-30% of cells showed viral antigens, and he showed that treatment
with antiviral antibody led to curing of the carrier cells. As with the car-
rier cells of Ramseur and Friedman (1977), the involvement of interferon
was reflected in the ability of these cells to resist heterologous challenge
by Mengo virus or EMC virus (as well as resistance to homologous VSV
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challenge). Stanners et al. (1977) have reported that a £s mutant (T1026)
of VSV able to establish persistence in cells is a double mutant affecting
RNA polymerase activity and shutoff of protein synthesis. Finally, Nis-
hiyama et al. (1978) have characterized s small-plaque mutants
recovered from persistently infected L cells and showed that these were
better inducers of interferon than wild-type VSV, and they are also more
sensitive to the action of exogenous interferon and can initiate
persistence without added interferon when infecting L cells at low multi-
plicity of infection. Holland et al. (1976b,c) observed high levels of DI
particles produced by L cells persistently infected by VSV plus DI parti-
cles, but these never gave long-term persistence and despite numerous
attempts these carriers spontaneously cured within several weeks or
several months as was observed by Ramseur and Friedman (1977).

Clearly, L-cell VSV carriers can involve a number of factors; DI
particles may be involved in some of these persistent infections and not
in others. This is in sharp contrast to the BHK21-VSV and BHK21-
rabies carriers described above in which DI particles play an essential
and continuing role. Recently, we reported a HeLa cell line which repli-
cates VSV DI particles very poorly at times or not at all at other times
(Holland et al., 1976a). We have utilized this HeLa cell line in an
attempt to analyze VSV persistence in the absence of DI particles. One
persistently infected VSV carrier culture established with these HeLa
cells shed DI particles (apparently due to selection of DI-particle-pro-
ducing cells) (Holland et al., 1976a). Another VSV-HeLa cell carrier
designated CAR49 (Holland et al., 1978) shed VSV for nearly 1 year
until it cured spontaneously. At no time did this carrier shed detectable
DI particles. This allowed critical comparison of this type of culture
with the DI-particle-producing type. Table 1 compares and contrasts
what is known about the DI-particle-producing rhabdovirus-persistent
infections (e.g., BHK21-VSV or BHK21-rabies) with those which do
not (or need not) involve DI particles (e.g., HeLa-VSV-CAR49 and L-
Cell-VSYV carriers).

It can be seen in Table 1 that there are many distinguishing
characteristics between the type of persistent infection involving DI
particles and those not involving DI particles. The most striking dif-
ference lies in the fact that all or nearly all cells are infected at all times
in the DI-particle-producing carrier cells, whereas only a small
percentage of cells are usually infected and exhibiting virus antigen in
the DI-particle-negative carrier cells. The ease with which these latter
carriers are cured by antibody treatment suggests that these carrier cul-
tures lacking DI particles are persistently infected only at the popula-
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tion level so that immune isolation of cells from each other leads to
rapid curing. In contrast, the buildup of interfering DI nucleocapsids in
the cytoplasm of cells of the DI-particle-mediated carrier state
(Holland et al., 1976c; Roux and Holland, 1979) can allow slow noncy-
tocidal replication of virus within cells for months or years in the
presence of antiviral antibody (Holland et al., 1976¢) and even within
carrier cells transplanted into nude mice for months or years (Reid et
al., 1979, and see below).

In vivo cell surface antigenic modulation by antibody as well as by
DI particles may be required to prevent lysis of persistently infected
cells by antibody plus complement or by immunocytes (Joseph and
Oldstone, 1975). Whether persistent infections of the non-DI-particle-
producing type can survive for months or years in vivo in intact animals
remains to be established. Perhaps this type might be maintained better
in cases where there is extreme immunological deficit (whether virus
antigen specific or nonspecific). However, it is well established that
persistent RNA virus disease can occur in the absence of general or
virus antigen-specific immunodeficiency (Welsh and Oldstone, 1977;
Perrin et al., 1977).

The distinguishing characteristics delineating DI-particle-positive
and DI-particle-negative persistent infections (listed in Table 1) may
prove generally useful as an indicator of the factors involved in any
particular in vitro persistent infection by enveloped RNA viruses.
Determination of such parameters in vivo will be much more difficult.
Note in Table 1 that both types of carrier culture share one very
important common characteristic: in both types of persistence there is
strong selection of s and small-plaque mutants. Slow-growing small-
plaque mutants nearly always appear even when the mutant virus is not
ts (or is only slightly zs). These mutants are often lower in polymerase
activity and more sensitive to interferon and induce interferon more
efficiently (see above). All of these phenotypic characteristics of mutant
virus from persistent infection could be explained by a single unifying
hypothesis: namely, that multiple mutations occur in the genome of
viruses during persistence. This hypothesis has been confirmed by T,
ribonuclease oligonucleotide mapping of VSV infectious virus recovered
from BHK21-CAR4 carrier cells persistently infected for more than 5
years (Holland et al., 1978, 1979). Beginning within 1 year and continu-
ing thereafter beyond 5 years, the original cloned input virus has
undergone massive and continuing genome rearrangement which
probably represents dozens or even hundreds of mutations. Figure 5
shows the T, RNAse oligonucleotide differences between the original
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Fig. 5. Ribonuclease T1 oligonucleotide map. Comparison of the genome RNA of the
original clone of vesicular stomatitis virus used to establish persistent infection of
BHK21 cells (bottom panel) with the genome RNA of a clone of small-plaque zs mutant
recovered from the BHK21-VSV-Ind-CARA4 carrier cells after 5 years of persistent infec-
tion at 37°C (top panel). The arrows indicate new oligonucleotides which have appeared
and the circles indicate where oligonucleotide spots have disappeared during 5 years of

persistent infection.
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virus and the small-plaque fs mutants recovered after 5 years of
persistent infection. Peptide mapping studies in progress (Holland,
unpublished) also show significant alterations in the proteins of the
recovered small-plaque mutants. These small-plaque, slowly growing
mutants do not readily undergo reversion either phenotypically or
genotypically (Holland et al., 1979). While the virus genome is accumu-
lating these massive mutations, the DI population recoverable from
persistently infected cells is constantly changing, with newly arising DI
particles replacing previous DI particles. Since numerous genome
mutations do not accumulate on repeated lytic passage of VSV
(Clewley et al., 1977; Holland et al., 1979), it appears that long-term
persistent infection selects for massive mutation within the virus popu-
lation, and persistence may well be important in the rapid evolution of
enveloped RNA virus genomes. This possibility is particularly intrigu-
ing with regard to antigenic variants of influenza virus. Persistent Visna
virus infection is known to give rise to antigenic variants (Narayan et
al., 1977). A less drastic evolution of measles virus M protein may take
place during prolonged CNS infection in SSPE (Wechsler and Fields,
1978; Hall et al., 1978). However, Hall et al. (1979) found elect-
rophoretic differences in M protein among different strains of measles
virus, but with no pattern characteristic of SSPE strains. They did
observe a relative lack of antibodies to M protein in SSPE patients.

Whether changing DI particle populations influence the selection
of multiply mutant virus genomes is not clear (Holland er al., 1979),
but the DI specificity observed for rabies mutants by Kawai and Mat-
sumoto (1977) is suggestive in this regard. However, in HeLa-cell DI-
free carriers of VSV, multiple mutations accumulate (Holland er al.,
1979), and at least some mutations must be occurring in other non-DI-
particle-producing carrier states (e.g., Youngner et al., 1976; Mudd et
al., 1973).

4.2. Positive-Strand Viruses

Togaviruses, picornaviruses, and reoviruses are usually cytocidal
for vertebrate cells in tissue culture. Persistently infected cultures are
therefore often difficult to establish; we are aware of only a single
report of a picornavirus persistent infection in cell culture (Crowell and
Syverton, 1961). In contrast, there is accumulating evidence of picor-
navirus persistent infection in human patients suffering from agamma-
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globulinemia (Wilfert et al., 1977); the picornavirus system is therefore
worthy of further study. For the alphaviruses, both Western ence-
phalitis virus and SV have been established in a persistent state in L
cells (Chambers, 1957; Inglot er al., 1973). Persistent infection of BHK
cells with SV (Weiss, et al., 1980) and SFV has also been initiated.
Persistent infection of rabbit kidney cells with Japanese encephalitis
virus has been reported (Schmaljohn and Blair, 1977). Alphaviruses
(and flaviviruses) readily establish persistent infections in cultured
invertebrate cells (Rahacek, 1968; Peleg, 1969; Stollar and Shenk, 1973).
These systems are of considerable interest because of the natural trans-
mission cycle of togaviruses from vertebrates through insects and back to
vertebrates. L cells, CHO cells, and Vero cells have been employed to
study reovirus persistence in culture (Taber et al., 1976; Ahmed and
Graham, 1977). Reovirus has also been employed to study persistence in
small rodents (Graham, 1977).

At the present time the evidence for the involvement of DI parti-
cles in togavirus persistent infection in vertebrate cells in cultures is
accumulating. Inglot et al. (1973) suggested that DI particles of SV may
play a role in persistent L-cell infection. These authors also pointed to
the involvement of interferon in this system. Recent data also indicate
that, for SFV, interferon plays a major role in maintaining the persistent
state in L cells and that DI particles are not involved in maintenance,
although they do greatly facilitate the establishment of the carrier state
(Meinkoth and Kennedy, 1979). In BHK cells on the other hand, DI
particles are indispensible in establishing persistence, and at all times
examined (over 3 years) the carrier culture contains substantial amounts
of DI particles. Interferon appears to play little or no role in this system.
Persistence in cultures of rabbit kidney cells and Vero cells could readily
be established by the flavivirus Japanese encephalitis virus (Schmaljohn
and Blair, 1977). In this study only serial undiluted passage fluid could
establish the persistent infection in the rabbit cells, and culture fluid from
these cells was used to establish the carrier state in Vero célls. The virus
produced from the rabbit cells was tentatively identified as containing DI
particles. Although these observations are indicative of a role for DI
particles in both the establishment and the maintenance of the carrier
state, final proof awaits additional experimentation.

Considerable effort has been invested in evaluating the role of DI
particles in alphavirus persistence in invertebrate cells, notably in the
Aedes albopictus cell line. In contrast to the vertebrate cell, persistent
infection in the mosquito cell can readily be established with standard
virus alone (Stollar and Shenk, 1973; Davey and Dalgarno, 1974; Iga-
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rashi et al., 1977; Eaton, 1977). In these studies infection resulted in
rapid multiplication of virus followed after about 4-6 days by a decline
in virus yield which lasted several weeks and which culminated in a pla-
teau level of virus production. This level remained constant for as long
as the cultures were maintained. Although suggested by earlier studies
(Stollar and Shenk, 1973), it has only recently become clear that
persistently infected mosquito cells produce DI particles. Igarashi et al.
(1977) presented evidence that double-stranded RNA characteristic of
replicative form derived from DI RI RNA (see preceding section) was
formed in SV persistently infected mosquito cells by 10 weeks after
infection. Eaton (1977) showed that the pattern of RNA synthesis in
BHK cells infected with culture fluid from SV persistently infected
mosquito cells was characteristic of infection with stocks containing DI
particles and concluded that the persistently infected cells were releas-
ing DI particles into the extracellular medium. Thus there is now evi-
dence that cultured mosquito cells can produce DI particles. It is pre-
mature at this time, however, to implicate DI particles in any essential
role in maintaining the carrier state.

The studies of Ahmed and Graham (1977) have pointed to the
importance of DI particles in persistent reovirus infection in L cells and
Vero cells. Passages of reovirus rich in DI particles which were exten-
sively deleted in the L,, Ls, and M, segments of the genome (see earlier)
could readily initiiate persistence. The greater the proportion of DI
particles in the inoculum, the greater was the capacity of the virus stock
to initiate persistence. By contrast, DI-particle-free stocks were unable
to initate persistence, and the infected cultures perished. About 80% of
the cells in the persistent state continuously produced virus, and in this
system frequent crises were observed. Analysis of the carrier cultures
during the first 18 passages showed that defective particles were always
present. However, the status of these particles as true interfering DI
particles was not demonstrated; therefore, the role of DI interference in
maintaining the carrier state was and indeed remains unclear. One
additional feature of these studies was that, although persistence was
established using a s mutant of the standard virus, the phenotype of the
standard virus isolated from the carrier culture was that of wild type.
This situation is in contrast to many other virus-carrier states where
evolution of ts mutants occurs (e.g., Preble and Youngner, 1975;
Younger et al., 1976; Youngner and Quagliana, 1975). Thus for
reovirus there is compelling evidence for a role for DI-like particles in
establishing persistence in vitro (and also in vivo—see below). The role
of DI virus in maintaining the carrier state is less clear.
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4.3. In Vivo Evidence for DI-Particle Protection

Since DI particles are able to interfere with the growth of standard
virus in cell culture, their ability to affect the outcome of infection in
animals is of particular interest. DI particles clearly can be generated
and replicated in vivo. The first characterization of DI particles was
carried out ‘““in vivo’ with influenza in eggs (von Magnus, 1951). Sendai
virus (Kingsbury et al., 1970) also was shown to generate large quan-
tities of DI particles in eggs. However, the chorioallantoic membrane of
embryonated eggs, where most virus replicates, in many respects more
closely resembles a cell culture monolayer than a whole animal.
However, recent studies demonstrate that DI particles can also be
generated in vivo in animals. VSV generates DI particles more readily
in baby mice than in adults (Holland and Villarreal, 1975). DI particles
have also been found to be generated intracerebrally by rabies virus in
baby mice (Holland and Villarreal, 1975), by Rift Valley fever virus in
mice (Mims, 1956), and by LCM virus in mice (Popescu and Lehmann-
Grube, 1977).

To determine whether interference by DI particles could prevent
viral disease, von Magnus (1954) attempted to protect mice against
challenge with influenza virus by use of a high-passage virus stock
containing large numbers of DI particles; he obtained fewer deaths and
reduced virus multiplication compared to controls. Similar experiments
by Holland and Doyle (1973) with influenza virus and VSV showed an
inhibition of virus multiplication but no significant protection.
However, subsequent work with VSV indicated that these early failures
were probably due to contaminating infectious virions in the DI particle
preparation and probably also to DI particles in the standard virus
preparation. In more careful studies in which large numbers of highly
purified VSV DI particles (completely freed of infectious virus) were
injected into mice along with a low but otherwise lethal challenge dose
of standard virus, the purified DI particles provided complete prophy-
laxis (Doyle and Holland, 1973). As the dosage of challenge virus was
increased, fewer mice survived. However, those that died succumbed
after a lengthened course of disease and exhibited a different syndrome
as compared to control animals. Crick and Brown (1977) in a follow-up
study concluded that the protective effect of DI might be due to the
immunizing capacity of inactivated DI since chemically inactivated
infectious virus provides good immunization when given 2 days before
the challenge. Also, they observed some homologous and heterologous
prophylactic effect when inactivated DI particles were injected
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simultaneously with challenge virus. These effects were quantitated as
shifts in LD, (i.e., by summing results at different challenge doses and
averaging results).

Recently, Jones and Holland (1980) have examined this approach
using UV-inactivated DI particles (and UV-inactivated standard virus
as control). In these experiments they employed low challenge virus
dosages given simultaneously with, or 3 days subsequent to, DI-particle
administration. No prophylactic protection from death was obtained
with any UV-inactivated standard virus or UV-inactivated DI particle,
whereas noninactivated DI particles gave strong prophylactic protec-
tion. However, in agreement with the data of Crick and Brown (1977)
on nonspecific protection, it was observed that UV-inactivated snap-
back DI particles (i.e., those containing covalently linked plus and
minus RNA) did prolong the life of animals challenged simultaneously
with standard virus (but failed to protect them from death). However,
UV-inactivated non-snap-back DI particles gave no effect when
administered simultaneously with challenge. These effects may be
attributable to interferon induction. A similar induction of interferon
by the DI particles employed by Crick and Brown could explain the
slight nonspecific protection they observed since ‘‘snap-back DI parti-
cles” are rather common (Perrault and Leavitt, 1977a) and since they
are known to be powerful inducers of interferon (Marcus and
Sekellick, 1977). We conclude that prophylactic protection of mice by
VSV DI particles requires replicating and interfering ability and is due
to true homologous interference. Additional factors such as interferon
induction and antigenic immunization may also play a role in protec-
tion. Dimmock and Kennedy (1978) reached similar conclusions for DI
protection against SFV. They observed that the DI particles must be
inoculated into mice slightly before or concurrently with the challenge
virus to obtain prophylactic protection. As with VSV, DI particles pro-
vided protection from a normally fatal dosage of SFV; hewever, in this
system there was no alteration of the disease syndrome in the presence
of DI particles. Another system in which DI particles were shown to
provide protection is the infection of 2-day-old rats with reovirus
(Spandidos and Graham, 1976). Additionally, in this system a very high
percentage of the surviving animals was affected by a severe runting
syndrome; these animals chronically shed virus and DI particles. In
addition to their ability to prevent disease or to alter its course, DI
particles may be involved in altering virus—cell interactions with the
immune system as cited above. Welsh and Oldstone (1977) and Huang
et al. (1978) have also shown reduced virus antigen expression on the
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surface of infected cells coinfected with DI; this results in reduced
susceptability to immune attack.

Rabies DI particles were shown by Wiktor er al. (1977) to have
some protective effect against intracerebrally inoculated (but not
against peripherally inoculated) challenge virus. However, Wunner and
Clark (1978) were unable to ascribe a protective role to rabies DI parti-
cles in comparisons of virus stocks containing DI particles when these
were titrated intracerebrally in mice. Obviously, more work is needed
to determine whether DI particles are protective in rabies virus infec-
tions.

As one would expect, the large dosages of DI particles necessary to
give protection are immunogenic (Doyle and Holland, 1973), and a pro-
tective immune response was seen after 3 or more days even with inacti-
vated DI particles which are capable of protection against concomitant
challenge. Large numbers of DI particles were necessary for prophy-
laxis with VSV, SFV, and reovirus. Minimum effective numbers of
VSV DI particles were at least 10° per mouse, while 107 generally were
necessary for SFV and reovirus. Since the lethal dose of standard virus
in these systems can probably be produced by the yield from one
infected cell, effective prophylaxis requires that DI particles must
coinfect every cell initially infected by standard virus. This could
explain the dependence on large numbers of DI particles.

Finally, Faulkner et al. (1979) have employed dissociated neuron
cultures from mice to study the neuronal role of VSV DI particles.
Standard virus alone replicated to high levels selectively in neuronal (as
compared to nonneuronal CNS cells) and caused cell death within 1-2
days. Coinfection with large amounts of DI particles completely sup-
pressed virus replication and greatly delayed neuronal cell death. This is
strong evidence that true DI-particle interference can take place in
CNS neurons.

4.4. In Vivo Evidence for DI-Particle Persistence

When LCM virus was studied in vivo in mice using a sensitive
interference focus assay for DI particles, DI particles were found in the
organs of both acutely infected adults and in carrier mice which were
infected neonatally (Popescu and Lehmann-Grube, 1977). The ratio of
DI particles to infectious virions differed in various organs; these ratios
declined with time in the carrier mice. These observations in vivo
appear to correlate with the variation in the ability of different cell cul-
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ture lines to support DI particle replication and with the relative ease of
generating VSV DI particles in baby mice vs. adult mice. Welsh and
Oldstone (1977) have recently provided evidence that peritoneal
macrophages of LCM carrier mice contain DI particles, and Welsh et
al. (1977) have recently demonstrated that DI particles of LCM virus
can provide strong protection against cerebellar LCM disease and
LCM virus antigen expression in baby rats coinfected with LCM virus
homologous DI particles. Coupled with the finding of LCM virus DI
particles in many tissues of persistenty infected mice (Popescu and
Lehmann-Grube, 1977), these results suggest a likely involvement of DI
particles in acute<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>