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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 D I 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 10-7_10- 8 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 104-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 
D I 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 toga viruses (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 01 particles 
dates back to the early years of this decade. In 1970 Nonoyama et a/. 
reported the presence of 01 particles in reovirus stocks. The elegant 
studies of Cole et a/. (1971) established the existence of poliovirus 01 
particles, and the following year two groups independently reported the 
existence of 01 particles of the togavirus, Sindbis virus (SV) (lnglot and 
Chudzio, 1972; Schlesinger et a/., 1972). For poliovirus, 16-18 serial 
passages in He La cells were required before 01 particles became 
detectable. Fewer passages-six to eight-were required for SV 01 
particles to become apparent in virus stocks propagated in either 
chicken or hamster cells. With the exception of some recent work on 
mengovirus 01 particles (McClure et a/., 1980), poliovirus remains the 
only picornavirus system for which 01 particles have been formally 
identified. Reovirus 01 particles (Nonoyama and Graham, 1970) were 
detected after seven high-multiplicity passages of several different clones 
of type 3 reovirus. Almost all work concerning 01 particles of 
togaviruses has been done with either SV or Semliki Forest virus (SFV), 
both alphaviruses. Very little has been reported about 01 particles of 
flaviviruses. 

In summary, 01 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 01 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 01 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 01 
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 D I 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 01 parti
cles results from packaging of covalently linked plus and minus strands. 
These are referred to as "snap-back" RNA (Lazzarini et at., 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 01 particle (Perrault, 1976). It may have biological 
significance, since it has been detected at varying levels in quite a few 
different 01 particle isolates (Perrault and Leavitt, 1977 a). 

The RNA from influenza virus 01 particles was first shown to dif
fer from standard virus RNA in that it completely or partially lacked 
the largest segment of viral RNA (Ouesberg, 1968; Choppin and Pons, 
1970). Other data (Bean and Simpson, 1976; Nayak et ai., 1978) indi
cate that influenza 01 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 01 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 01 particles (Nayak 
et at., 1978). The apparent discrepancies in 01 genome composition 
may be explained by a rather considerable variability in the reduction 
of viral RNA segments in 01 RNA preparations obtained from dif
ferent clones of influenza virus (Janda et at., 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 at., 1977) and VSV 01 RNAs (Perrault and Leavitt, 1977b; Perrault 
et at., 1978). These terminal "stem" sequences of RNA in Sendai virus 
vary in length from 110 to 150 nucleotide pairs, depending on which 01 
particle isolate they are derived from (Leppert et at., 1977). In VSV 01 
RNAs the terminal complementary regions span approximately 60 
nucleotide pairs in those 01 particles so far analyzed (Perrault and 
Leavitt, 1977b; Perrault et at., 1978). Hybridization studies with the 
isolated 01 stems and standard virus genome indicate that only the 5' 
and not the 3' terminus of the standard virus RNA is conserved in the 
01 RNAs. This is true for both Sendai virus (Leppert et at., 1977; 
Kolakofsky et at., 1978) and VSV (Perrault and Leavitt, 1977b; Per
rault et aI., 1978). Additionally, the 3' termini of most 01 RNAs are 
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complementary copies of the 5/ end of standard virus RNA. To date, 
the HR OI particle of VSV has the only OI 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 OI RNAs (Perrault et 
al., 1978; Perrault and Semler, 1979). On the basis of these and other 
data, two similar models for OI particle generation employing a repli
case-switching and copy-back mechanism have been proposed (Leppert 
et al., 1977; Huang, 1977). A possible role in OI-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 OI-particle generation can be 
based solely on RNA structure since other factors like protein type 
within the OI nucleocapsid also have an influence on the interference 
phenomenon (Schnitzlein and Reichmann, 1977). It is also likely that 
the generation of the HR OI 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 OI particles 
(Perrault and Semler, 1979). 

Although most of the data concerning the 3/ and 5' termini of 
standard and OI 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 OI 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 OI 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 OI RNAs is presented in Fig. lA and 
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Fig. IB. 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. I B. Since the stem structures are only slightly 
longer than the region coding for the 01 polymerase product RNA, it is 
clear that the recombination point which generates most VSV 01 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 01 
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 01 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. D I Particles of Positive-Strand Viruses 

Because the genome of 01 particles is a truncated form of the 
standard virus genome, the size of 01 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 OI-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 01 particles. The modest difference between the buoyant density of 
poliovirus and its 01 particles is reflected in the relatively small dif
ference between the size of the 01 genome and that of the standard 
virion. Figure 2 shows an RNA-RNA duplex between poliovirus 01 
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 01 poliovirus RNA, clearly 
established that about 13-16% of the nucleotide sequence of standard 
virus RNA is deleted in the 01 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 01 RNA maps in the Nl 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 01 
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 01 particles than for the 
poliovirus counterparts. Two reports (Shenk and Stollar, 1973; Bruton 
and Kennedy, 1976) suggested that alphavirus 01 particles can be 
slightly more dense than the standard virus. Other workers (Weiss and 
Schlesinger, 1973) failed to resolve standard and 01 SV particles on 
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Fig. 2. Electron micrograph of an RNA-RNA duplex formed between poliovirus OI 
RNA and negative strand from RF isolated from cells infected with standard virus. 
From Nomoto et al. (1978) with permission. 
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density gradients. The reason for the similarity in the density of standard 
and 01 alphaviruses is, however, unrelated to that of the poliovirus 
system. From ribonuclease Tl oligonucleotide fingerprinting (Kennedy, 
1976; Kennedy et al., 1976) it was clearly established that the nucleotide 
sequence of alphavirus 01 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 01 particle RNA with the 
close similarity between the buoyant density of standard and 01 parti
cles, it was suggested that each alphavirus 01 particle contains several 
copies of 01 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 106 ) or the almost exact 
mass equivalent of 01 RNA. This mass equivalent may be two 
molecules of half-length 01 RNA, three molecules of about one-third
length RNA, and so on up to six molecules of about one-sixth-Iength 
RNA. (We shall consider this point again later.) How these several 
copies of 01 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 D I 
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 
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Fig. 3. Contormation of SFV OI RNA. (a) Electron micrograph of OIssO RNA (see 
Fig. 4) from purified OI particles of SFV. The RNA was spread under partially 
denaturing conditions (Simons and Kennedy, unpublished). (b) Schematic representa
tion of six molecules of alphavirus OJ 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 DlssA, DIssB, DIssC, and DlssD (Stark and Kennedy, 1978); for SV (B) the 
DI RNAs are denoted 33 S, 24 Sand 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 S RNA. 

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

U sing 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 OJ 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 OJ RNA appear. Second, in all cases the 
5' and 3' extremities of standard virus RNA are retained in OJ 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 SFY DI RNA (Fig. 4a) are very 
similar to those generating SY 01 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 01 RNA 
progressively decreases (Johnston et ai., 1975; Guild et ai., 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 01 RNA acts as progenitor for the next smallest 
in the series until the smallest 01 RNA of all (e.g., OIssO for SFY) is 
generated. For both SY and SFY this is an RNA with a molecular 
weight one-sixth that of the genome. 

Reovirus 01 particles have essentially the same buoyant density as 
standard virus. However, OI-particle cores can be resolved from those 
of standard virus. The density difference is consistent with the observa
tion that the largest (L I ) segment of the ten-segment double-stranded 
RNA genome is missing in 01 particles (Nonoyama and Graham, 
1970). Interestingly, however, no smaller, deleted version of the LI seg
ment is apparent, which by analogy with 01 particles of influenza virus 
might have been expected (see above). A second study of reovirus 01 
particles has shown that temperature-sensitive mutants of groups C and 
F more rapidly generate 01 particles than wild-type virus. In this case 
the LI segment is missing but on further passage another segment is 
deleted (Schuerch et ai., 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 OI-particle generation remain undefined since 
some complex recombination mechanism must occur to shorten the 



Defective Interfering RNA Viruses and Host-Cell Response 151 

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 OI-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 OI particles or 
modify their size (by mutagenesis or by shear breakage of standard 
virus or OI nucleocapsid) do not succeed (Holland et al., 1976a). 
Furthermore, future attempts to achieve OI-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 OI 
particles is biologically inactive (Holland et al., 1 976a). 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 01 nucleocapsid. 

It can be demonstrated using low-titer clonal isolates that VSV 
OI-particle generation is a rather random event, and any OI-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 01 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 OI 
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 01 particle generation is about 
10-7_10- 8 per infectious particle replication (Holland et al., 1976b), any 
VSV pool containing more than about 107_108 pfu must be suspect with 
regard to the possibility that OI particles are already present. Ideally, a 
very early small plaque should be picked and used for such studies if the 
isolate contains 106 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 (l979) has also found random generation of dif-
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ferent D I 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 D I 
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 01 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 01 particles replicate well with the 
heterotypic helper virus. Thus Ol-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 D I 
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 Ol-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 
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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. 01 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 01 particles replicate and 
interfere with about equal efficiency. In growth competition experi
ments the smallest 01 particles do not seem to replicate faster and 
hence outcompete larger 01 particles; on the contrary, DI particles of 
various sizes outcompete other 01 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 01 RNA genome is 
important in interference since Prevec and Kang (1970) observed 
heterotypic interference with New Jersey serotype VSV by VSV 01 
particles of the HR (transcribing 01) class. Further sequencing and 
interference studies are needed to compare this unique class of OI parti
cles to the major class of 01 particles. This may be difficult at present 
because all stocks of HR OI which we have examined are contaminated 
with other 01 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 OI 
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 OI particle are critical determinants of OI 
replicative and interfering ability as has been suggested (Perrault et al., 
1978). Most VSV 01 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 sta.ndard infectious 
virus, any selective affinity for this sequence by the viral replicase 
should favor OI-particle replication over standard virus replication. 
This model would also predict that a completely pure preparation of the 
unique HR OI 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 OI particles. If the HR OI 
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 OI, then the new RNA 3' end 
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possessed by the major class 01 must not be a critical requirement for 
interference. Another possible explanation for the replicative advantage 
and interfering ability of 01 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 01 RNA molecule (Perrault 
et al., 1978). This nearby recombination point might greatly alter the 
secondary and tertiary structure of 01 RNA 3' ends and greatly 
increase their affinity for replicase as compared to standard virus RNA 
3' ends. Since 01 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 01 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 fnlg
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 01 particles alone or with DI 
particle RNA do not synthesize any virus-specified components (Bruton 
et al., 1976). Thus alphavirus 01 particles, although adsorbed, appear 
totally unable to initiate any virus-specific synthetic event. The reason 



156 Chapter 3 

for this inertness lies in the sequence relationship between standard 
virus RNA and 01 RNA (see previous section). All alphavirus 
01 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 01 
particles is supported by the finding that neither SV 01 RNA nor SFV 
01 RNA can serve as mRNA either in vitro or in vivo (Weiss et al., 
1974; Bruton et al., 1976). 

Cells coinfected with alpha virus stocks which contain 01 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) 01 RNAs but also 
RI RNAs whose template strands are involved in replicating these ss 
01 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 01 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 01 particles to standard 
virus in the inoculum. The recognition of intracellular 01 RI RNA, the 
lack of mRNA function of the ssOI RNA, and their sequence relation
ship to the standard genome, together with the dependence of total 
virus-specified RNA on the input ratio of 01 particles to standard 
virus, all have led to the following model for alphavirus interference 
and selective propagation. Since all species of positive-strand 01 RNA 
have the same 3' nucleotide sequence as standard viral RNA, it seems 
likely that 01 RNA and standard viral RNA can compete with one 
another for available viral polymerase. Since 01 RNA is shorter than 
42 S RNA, in a given period of time more 01 negative-strand RNA 
than 42 S negative-strand RNA will be made. Since the 01 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 01 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 
01 counterparts but also in a selective propagation of 01 particles over 
standard virions. Although it may merely be the marked difference in 
length between 01 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 01 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 alpha virus 
01 particles but also predicts that as soon as a short 01 RNA is 
generated it will compete for polymerase not only with standard virus 
RNAs but also with any longer 01 RNAs present in the same cell. This 
prediction has recently been confirmed for SV 01 RNA (Guild et at., 
1977) and SFV 01 RNA (Stark and Kennedy, 1978). In addition, it 
now seems clear that foreshortening of alphavirus 01 RNA occurs by a 
process of sequential internal deletions (see preceding sections). A 
second level at which interference may occur in the alpha virus 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 01 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 
playa role it is likely to be a minor one. 

One notable feature of the alphavirus 01 system is the marked 
effect exerted by the host cell on the generation and replication of OI 
particles. This effect was first recognized by Levin et at. (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 01 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 01 particles constitute over 95% 
of the final progeny. By contrast, 12 passages are required to generate 
detectable 01 particles in pig PK15 cells, and 20 passages are necessary 
in one line of He La cells. However, the deletion pathway of 01 RNA is 
the same in all the cell types, and in almost every cell type the size and 
nucleotide sequence of the final 01 RNA (OIssO; 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 DlssB (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 D I 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 A 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 alpha virus 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 D1 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 
D I -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 alpha viruses 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 et at., 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 D I 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 



Defective Interfering RNA Viruses and Host-Cell Response 161 

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 OI 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 Ougre, 1978), and Sendai virus 
(Kimura et al., 1975; Nishiyama et al., 1976). Stronger evidence for the 
involvement of OI particles in persistent infection is provided by the 
following studies where the investigators have characterized th~ per
sistently infected cultures with regard to the presence of OI 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 OI 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 ts 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 ts 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 et al., 1974). Similarly, after 
infection of Vero cells with undiluted-passage measles virus, Kiley et 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. (l976c) 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 01 parti
cles by Nayak et af. (1978), it seems likely that the 01 particles of 
influenza virus playa role in persistent infection similar to that which 
has been described for other systems. Nayak et af. (1978) and 
Nakajima et af. (1978) observed very small RNA species in influenza 
OI-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 01 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 01 particle known to be present in this 
standard virus stock (Kolakofsky, 1979). The contaminating 01 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 01 to standard RNA synthesis 
could be observed (Roux and Holland, 1980). However, the composition 
of the 01 size class of RNA varied constantly: some species of 01 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 01 RNA than of standard virus RNA. 

4.1.2. Persistent Infection by Rhabdoviruses 

Wagner et af. (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 01 
particles were essential for establishment of persistent infection, along 
with Is mutant infectious virus of VSV. These persistently infected car
rier cells continuously shed low levels of infectious virus and 01 parti
cles. 01 particles recovered from these carrier cells were able to rees
tablish persistent infection of BHK21 cells when coinfected with either 
wild-type or Is mutant infectious virus, whereas the "wild-type 01 
particle" originally employed could help establish persistence only with 
the group III (matrix protein) mutant Is 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 01 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 01 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 OJ particles to attenuate cytopathic effects. 
It appears that intracellular OJ 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 ONA 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 ai., 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 ai. (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 01 
particles. These cyclical patterns of virus and OJ-particle production 
were strikingly similar to the cyclic rising and falling of VSV virus and 
OJ 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 et af. (1975), and these car
rier cells were resistant to homologous rabies virus challenge but fully 
susceptible to heterologous challenge by VSV. Small-plaque, slightly ts 
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 D I 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 ts 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 ts 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 ts 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 ts 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 DJ 
particles produced by L cells persistently infected by VSV plus D J 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; DJ 
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 DJ particles play an essential 
and continuing role. Recently, we reported a HeLa cell line which repli
cates VSV DJ 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 DJ particles. One 
persistently infected VSV carrier culture established with these HeLa 
cells shed DJ particles (apparently due to selection of DI-particle-pro
ducing cells) (Holland et al., 1976a). Another VSV -HeLa cell carrier 
designated CAR49 (Holland et aI., 1978) shed VSV for nearly 1 year 
until it cured spontaneously. At no time did this carrier shed detectable 
DJ 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 DJ-particle-producing rhabdovirus-persistent 
infections (e.g., BHK21-VSV or BHK21-rabies) with those which do 
not (or need not) involve DJ particles (e.g., HeLa-VSV-CAR49 and L
Cell-VS V carriers). 

It can be seen in Table 1 that there are many distinguishing 
characteristics between the type of persistent infection involving D J 
particles and those not involving DJ particles. The most striking dif
ference lies in the fact that all or nearly all cells are infected at all times 
in the OI-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 01 nUcleocapsids in 
the cytoplasm of cells of the OI-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., 1976c) 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 
01 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-OI-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 OI-particle-positive 
and OI-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. 
Oetermination 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 ts and small-plaque mutants. Slow-growing small
plaque mutants nearly always appear even when the mutant virus is not 
ts (or is only slightly ts). 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 1 

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 1 RNAse oligonucleotide differences between the original 
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Fig. 5. Ribonuclease Tl 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 ts mutant 
recovered from the BHK21- VSV -Ind-CAR4 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 ts 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 et 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 et 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 et 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 toga virus persistent infection in vertebrate cells in cultures is 
accumUlating. Inglot et al. (1973) suggested that DI particles ofSV may 
playa 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 cells. 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 alpha virus 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 01 particles which were exten
sively deleted in the Lb La, and Ml segments of the genome (see earlier) 
could readily initiiate persistence. The greater the proportion of D I 
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 ts 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. 01 particles clearly can be generated 
and replicated in vivo. The first characterization of 01 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 01 particles can also be 
generated in vivo in animals. VSV generates OI 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 01 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 01 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 01 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 01 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 OI might be due to the 
immunizing capacity of inactivated 01 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 01 particles were injected 
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simultaneously with challenge virus. These effects were quantitated as 
shifts in LD50 (i.e., by summing results at different challenge doses and 
averaging results). 

Recently, Jones and Holland (1980) have examined this approach 
using UV-inactivated 01 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, OI-particle 
administration. No prophylactic protection from death was obtained 
with any UV-inactivated standard virus or UV-inactivated 01 particle, 
whereas noninactivated 01 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 01 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 01 particles gave no effect when 
administered simultaneously with challenge. These effects may be 
attributable to interferon induction. A similar induction of interferon 
by the 01 particles employed by Crick and Brown could explain the 
slight nonspecific protection they observed since "snap-back 01 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 01 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. Oimmock and Kennedy (1978) reached similar conclusions for 01 
protection against SFV. They observed that the 01 particles must be 
inoculated into mice slightly before or concurrently with the challenge 
virus to obtain prophylactic protection. As with VSV, OI particles pro
vided protection from a normally fatal dosage of SFV; however, in this 
system there was no alteration of the disease syndrome in the presence 
of DI particles. Another system in which 01 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 01 particles. In 
addition to their ability to prevent disease or to alter its course, 01 
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 et 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 108 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 
coin feet 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 and persistent LCM virus infections in vivo. 

DI particles also play an important role in persistent infections of 
newborn rats with reovirus (Spandidos and Graham, 1976; Graham, 
1977). When infected intracerebrally with D I -particle-free stocks, all 
the rats died within 12-14 days. However, when the inoculum contained 
DI particles, over 60% of the rats survived and developed the usual 
runting syndrome of a chronic infection. Defective virus (not shown to 
be interfering) was detected in the brain of a runted rat 24-30 days after 
infection. It has also been shown in vivo that the tumorigenicity of 
established cultured tumor cell lines is strikingly abrogated by 
persistent infection with enveloped RNA viruses (Yamada and Hatano, 
1972; Reid et al. 1979). This suppression of tumorigenicity of BHK 21 
cells by DI-particle-mediated persistent VSV infection in nude mice is 
due to natural killer lymphocytes (Minato et al., 1979). These natural 
killer cells are not only capable of killing the persistently infected cells 
with greater efficiency than they kill uninfected cells but also appear to 
be more efficiently induced by infected cells. These natural killer cells 
are strongly activated by interferon. This induction of interferon could 
in turn be due to the snap-back class of DI particles (Marcus and 
Sekellick, 1977). Moreover, Ito et al. (1975) have shown that Sendai 
persistently infected cells can induce interferon. 

This ability to maintain persistently infected tumor cells in vitro 
offers an ideal tool for in vivo study of persistence. We have found that 
DI and virus function in vivo in these cells in a manner similar to in 
vitro VSV persistence (Reid et al., 1979) and biologically altered virus 
mutants can be selected when persistently infected cells able to escape 
the natural killer cell response are selected (Reid et al., 1979; Minato et 
al., 1979). These nude mouse persistence models should lead to signifi
cant insight into in vivo parameters of persistence. Little is known 
about long-term in vivo persistence at present, although Wagner (1974) 
and Stanners and Goldberg (1975) showed that Is mutants injected into 
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animals give an altered disease process with reduced death rate and 
prolonged time until death. Rabinowitz et al. (1976) showed that dif
ferent ts mutants of VSV cause quite different histopathological 
changes and quite different degrees of virulence. Whether such infec
tions ever lead to long-term persistence and whether DI appear during 
their course is not yet known. 

Similarly, work with class Band C mutants of reovirus type 3 in 
newborn rats showed that more rats survived inoculation with either 
mutant type than with the wild-type virus. Also, following inoculation 
with the class B mutant virus, more of the surviving rats developed the 
runting syndrome indicative of chronic infection (Fields, 1972). It is of 
interest that these mutants appear to generate DI particles more readily 
than the wild-type virus in cell culture (Spandidos et al., 1976). 

5. RECENT PRELIMINARY EVIDENCE FOR DI-PARTICLE 
INVOLVEMENT IN PERSISTENCE OF DNA VIRUSES 

In contrast to the situation with RNA viruses there has, until very 
recently, been almost no serious investigation of the possible role of DI 
particles in persistent infections by DNA viruses. This is understanda
ble since there might appear to be no need for 01 particle involvement 
in persistence of DNA viruses. Viral DNA integration into cell chro
mosomal DNA offers a simpler, more straightforward, and well
established mechanism for DNA virus persistence. Nevertheless, some 
DNA virus-cell systems may involve a role of 01 particles in 
persistence if some very recent preliminary studies are confirmed and 
extended. 

Norkin (1979) has clearly demonstrated the involvement of DI 
particles in one type of SV40 virus persistence in monkey cells, with 
considerable levels of DI particle DNA being present throughout the 
course of persistent infection. Henry et al. (1979) described conditions 
for efficient production of DI particles of equine herpesvirus type 1 and 
alluded to as yet unpublished evidence that they can play a role in 
establishing persistent infection by this herpesvirus. Likewise, Stinski et 
al. (1979) and Mocarski and Stinski (1979) have described the produc
tion of 01 particle DNA by serial high-multiplicity passages of 
cytomegalovirus and cite very preliminary evidence for their involve
ment in establishing persistent infection and their production by 
persistently infected cells. 

It is difficult to see why 01 particles and DI genome DNA would 
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be necessary or important in persistent infection by herpesviruses, 
papovaviruses, or other DNA viruses able to integrate their genomes. If 
they do prove to be important in some types of DNA virus persistence 
in vitro, it will be interesting to look for their presence and possible 
involvement in latent and recurrent herpesvirus infections of humans. 
Stevens (1978) has already shown that replication-defective ts mutants 
of Herpes sim plex virus establish central nervous system persistent 
infections with high efficiency. Whether DI particles or their subge
nomic DNAs also can playa role in natural infections must await sensi
tive quantitative assays for DI particles of these and other DNA 
viruses. 

It may ultimately be found that integration of complete genomes 
suffices for persistence in some DNA virus-cell systems, whereas a 
constantly mutating plasmid state with DI particle interference may 
prove necessary for others. A smoldering plasmid state with DI cycling 
and selection of viable multiple mutants of standard virus might offer 
the same advantages for persistence of DNA viruses that it offers for 
RNA viruses (more frequent release of infectious virus, selection of via
ble mutants with ability to break through the immune response occa
sionally, etc.). 

6. CONCLUSION 

DI particles are clearly able to affect standard virus replication in 
vitro and in vivo in animals and are clearly involved (along with 
massive mutational change of the infectious virus) in at least some 
types of enveloped RNA virus persistence. In at least these complex 
types of persistence, single point mutations to temperature sensitivity 
cannot alone explain long-term persistence. Details of the altered 
interactions between the constantly changing infectious virus population 
with selection of massive mutational change and the constantly chang
ing DI population remain to be clarified. 

The reasons for DI particle presence in some types of vertebrate 
cell-virus persistence and not in other types are not clear as yet. There 
are some obvious correlations: (1) The most highly susceptible cells 
which produce the highest yields of infectious virus generally tend to 
generate and replicate DI particles more efficiently than do less sus
ceptible cell types; (2) these high-virus-producing, high-DI-particle-pro
ducing cell types generally tend to produce more stable persistent infec
tions (Holland et al., 1976c, 1978) in which nearly 100% of the cells are 
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usually involved and in which DI particles are present. In contrast, less 
susceptible lines which are poor DI-particle producers more often tend 
to initiate less stable, non-DI-particle-producing carrier states at the 
cell population level. In this case a low percentage of cells are infected 
at any given time and total destruction of the population is avoided 
through the antiviral effect of interferon and/or by attenuation of the 
virus. Spontaneous cell curing by unknown mechanisms may affect the 
balance between infected and uninfected cells. 

Insect cells such as Drosophila cells in culture represent a unique 
case in which only very low levels of VSV can be produced (Mudd et 
al., 1973) and in which we have consistently failed to detect even traces 
of DI particles. Nevertheless, every VSV infection of these cells 
invariably leads to long-term persistent infection. The same is true of 
Aedes albopictus cells infected with VSV (Holland, unpublished data). 
However, Kennedy (unpublished data) has cloned these A. albopictus 
cells and categorized clonal populations into those which are highly sus
ceptible to SFV, those which are moderately susceptible, and those 
which replicate virus only to very low levels. The cloned populations 
producing large amounts of virus also generate and replicate large num
bers of DI particles and show continuing production of virus and 01 
particles during long-term persistence. In contrast, uncloned A. 
a/bop ictus cells and low-producer cloned cell populations produce no 
DI particles either on initial infection or during prolonged persistence. 
Perhaps there is a threshold level of virus production below which DI 
particle production cannot be initiated or maintained and below which 
DI-particle production is not useful for cell and tissue survival after 
virus infection. Indeed, it is possible to envisage a class of persistent 
infection in which the host cell and the infectious virus establish a 
symbiotic relationship without recourse to either DI-particle modula
tion of cellular defense. Persistent infection of invertebrates which are 
devoid of immunosurveillance or possibly even persistent infection of 
vertebrates for which immunodefense is not available may be examples 
of such a virus-cell relationship. 

Clearly, there is a dearth of knowledge regarding biological 
mechanisms of DI-particle generation, DI-particle interference, and 01-
particle protective effects in tissues and organs of intact animals. 
Although structural studies of DI RNA and viral RNA allow formula
tion of some reasonable hypotheses regarding DI-particle generation, 
replication ,and interference, these studies remain unsupported by hard 
experimental evidence and probably shall remain so until cell-free viral 
and DI-particle replication systems are developed. 
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Studies of the influences by OI particles on the course of virus 
infections in intact animals are difficult to assess for a variety of 
reasons. Among these are (1) the presence of at least low levels of 0 I 
particles in most standard virus stocks prior to in vivo inoculation, (2) 
difficulties in quantitating the presence of small numbers of OI particles 
in vivo, especially when a vigorous immune response limits replication 
of infectious virus to low levels, and (3) the need for large numbers of 
purified OI for in vivo prophylaxis (over 108 particles per mouse in the 
case of VSV). This last problem is particularly troublesome since even 
this rather small mass of viral antigen might stimulate the immune 
system and interferon, and complicate interpretation of protective 
effects. Smaller numbers of OI particles are probably ineffective 
because they would have a vanishingly low probability of coinfecting 
one of the few brain cells initially infected by the infectious particles of 
the low-input inoculum, thereby leading to foci of massive infectious 
virus production prior to any OI-particle involvement. Obviously, more 
refined experimental approaches are needed to answer most biological 
questions regarding OI-particle involvement in natural disease and in 
virus persistence, but it is already clear that they are ubiquitous and can 
be involved in vivo both in acute and in persistent infections of certain 
kinds. 

The advent of rapid RNA sequencing, the continuing elucidation 
of viral defense mechanisms in the whole animal, and the prospect of 
cell-free viral and OI RNA replication all promise to make the next few 
years of research into the biology of OI particles and persistence 
extremely exciting. 

NOTE ADDED IN PROOF 

Since this review was written, a number of relevant studies have 
appeared, and these are briefly cited below. 

DI Particle Genome Structure. Perrault and Semler (1979, Proc. 
Natl. Acad. Sci. USA 76:6191), Clerx-van Haaster et al. (1980, J. Virol. 
33:807), and Epstein et al. (1980, J. Virol. 33:818) have now shown that 
internal deletion is involved in generation of the rare transcribing class of 
VSV OI particle. Perrault and Semler also confirmed that purified 
preparations of this transcribing class of OI particle compete very poorly 
with the standard class OI particles. Also, Schubert et al. (1979) have 
shown that three different OI particles of the standard class have comple
mentary stems. One of these was 45 and the other two were 48 base pairs 
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in length (see page 142, third paragraph, and page 154, second para
graph, for related discussion.) 

Obijeski et al. (1980, Nucleic Acids Res. 8:2431) have now shown 
that the two smallest RNA segments from LaCrosse virus have termini 
with extensive complementarity. 

McClure et al. (1980, Virology 100:408) reported a new type of OI 
particle of poliovirus and mengovirus with only 4-6% of the genome 
deleted, and no detectable density change from that of standard virus. 

Rao and Huang (1979, Proc. Natl. A cad. Sci. USA 76:3742) and 
Leppert et al. (1979, Cell 18:735) have shown synthesis of small RNA 
copies of OI particle RNA 3' termini in infected cells. 

Virus and DI Particles in Persistence. Rowlands et al. (1980, Cell 
19:871) showed that all VSV proteins have altered peptide maps after 5 
years of persistent infection, and the multiply mutated virus is so slow 
growing that it can now establish persistent infection without OI particle 
coinfection, although OI particles are quickly generated. Ahmed et al. 
(1980, J. Virol. 34:285 and 34:383) have shown genetic evidence for 
multiple mutations and the presence of extragenically suppressed ts 
lesions resulting from reovirus persistence and in high passage stocks of 
wild-type virus. Henry et al. (1980, J. Gen. Virol. 47:343) have shown 
alterations in equine herpesvirus protein synthesis due to OI particles. 
Yogo et al. (1980, Virology 103:241) have shown the presence of free BK 
virus defective virus ONA in a hamster tumor induced by this human 
papovirus. Jones et al. (1980, Virology 103:158) have shown that the 
natural-killer (NK) cell response to cells persistently infected with VSV 
can be escaped by a number of different viral mutations. Horodyski and 
Holland (1980, J. Virol., in press) have found evidence for selection of 
standard virus mutants by DI particles during persistent VSV infection. 
Finally, Reid et al. (1980, Proc. Natl. A cad. Sci. USA, submitted for 
publication) showed that treatment of nude mice with anti-mouse
interferon antibody prevents rejection of persistently-infected tumor 
cells, and these rapidly form large tumors. 
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