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To see the effects of temperature on the interrelated cyclic production of
standard and defective interfering (DI) particles of vesicular stomatitis virus, a
temperature-sensitive (¢s) G114 mutant was passaged successively at different
temperatures and the production of the two types of viral particles as well as the
ability of Chinese hamster ovary cells to survive each passage was continuously
monitored. When the temperature was nonpermissive for standard virus, the
synthesis of both standard and defective interfering particles was inhibited.
When revertants appeared in the population, their ability to take over the
infection depended on the permissiveness of the temperature for the tempera-
ture-sensitive mutant. At permissive temperatures periodic inhibition of both
types of standard viruses was maintained by the production of defective interfer-
ing particles. Revertants did not become a majority of the population due to this
periodic inhibition. When the conditions were nonpermissive for the mutant,
revertants became the major standard virus in the population within a few
passages. These findings can be understood if conditions of high and low multi-
plicities are dissected out together with a thorough understanding of the individ-
ual properties of each of the viral particles and of the result of interactions
between them. In the presence of antiserum which neutralized only 90% of the
viral particles, cyclic production of standard virus occurred, with a decline in the
total amount of virus produced after each cycle. Therefore, in the presence of
limiting concentrations of antiserum, the virus appeared to be able to establish a

persistent cyclic growth pattern.

Viral pathogenesis involves not only the di-
rect interaction of a virus particle with its host
cell but also depends on a large number of
known and unknown host factors in the whole
animal. One approach in extending the knowl-
edge obtained on the molecular level to mecha-
nisms of pathogenesis is to establish infected
cultures in such a way as to permit almost
continuous monitoring of viral and cellular pop-
ulations over a period of time. Using a highly
virulent strain of vesicular stomatitis virus
(VSV) and diluting the infected culture daily
with fresh uninfected cells, it is evident that,
rather than continuous cell destruction, cells
survive at some passages and not at others. In
fact, virus production and cell survival alter-
nate in a cyclic fashion—a balance which is
maintained by the production of defective inter-
fering (DI) particles in the viral population
(11). The interfering ability, the dependence on
helper standard virus, and the lack of cytotoxic-
ity are the essential properties of VSV DI parti-
cles that result in the cyclic nature of these
interactions (see reference 5).

1 Present address: Department of Microbiology, Mahidol
University, Bangkok, Thailand.

To see the effects of other parameters on this
cyclic growth pattern and to mimic in vivo con-
ditions that might lead to viral persistence, two
other conditions were independently intro-
duced. The first condition was temperature sen-
sitivity of the virus itself, and the second in-
volved the addition of anti-viral antiserum. The
temperature-sensitive (#s) mutant used in
these experiments was ¢ts G114, which belongs
to complementation group I (16, 17). Previous
studies with this mutant in Chinese hamster
ovary (CHO) cells has shown that it is a rela-
tively stable mutant with a readily character-
ized lesion in transcription (12, 13). This lesion
was chosen particularly for this study because
carrier cultures persistently infected with neg-
ative-strand viruses readily yield temperature-
sensitive viruses that contain lesions in RNA
synthesis (9, 14, 15). The general purpose of
these experiments was to see if the cyclic pro-
duction of standard and DI particles still oc-
curred under partially nonpermissive condi-
tions caused by changing the temperature of
incubation. The addition of neutralizing anti-
bodies to such continuous infections by wild-
type virus was to see whether cyclic production
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of virus occurred in the presence of limiting
amounts of antibodies. These conditions super-
imposed on the interactions between DI and
standard particles may show underlying mech-
isms in virus-host interactions.

MATERIALS AND METHODS

Cells and viruses. Chinese hamster ovary (CHO)
cells were grown in suspension as previously de-
scribed (18). A temperature-sensitive mutant of the
Indiana serotype of VSV, ¢ts G114, was used in these
experiments. This temperature-sensitive mutant
belongs to complementation group I, as defined by
Pringle (16, 17), and is temperature sensitive in both
primary and secondary transcription but not in the
replication of 40S virion RNA (12, 13). ts G114 VSV
was grown in suspended CHO cells at the permissive
temperature of 31°C and purified by rate zonal cen-
trifugation in sucrose gradients (18). Unpurified vi-
rus preparations of ts G114 VSV were used in some
experiments as indicated. VSV wild type, the Indi-
ana serotype (18, 23), was prepared by the same
procedures.

Growth of VSV in continuous culture. Infection
of cells, virus growth, and VSV plaque assays on
CHO cells have been described in detail (11), except
that the medium that was used was maintained at
pH 7.4 by the organic buffers HEPES (N-2-hydroxy-
ethylpiperzine-N’-2-ethanesulfonic acid; 0.25 mmol/
ml) and TES [N-Tris(hydroxymethyl)-2-aminoeth-
ane sulfonic acid; 0.1 mmol/ml]. Infections were
carried out in mini-Spinner bottles immersed in wa-
ter baths held at the indicated temperature =+
0.01°C.

Radioactive labeling of DI particles. Preparation
and analysis of radioactively labeled nucleocapsids
of DI particles in the extracellular medium and in
cytoplasmic extracts of infected cells were as de-
scribed previously (11).

Materials. All radioisotopes were obtained from
New England Nuclear, Boston, Mass. Hyperim-
mune rabbit anti-VSV serum was prepared as previ-
ously described (7) and inactivated at 56°C prior to
use. Normal rabbit serum was a kind gift from A. H.
Coons. Actinomycin D was kindly supplied by
Merck, Sharp and Dohme, Rahway, N.J.

RESULTS

Growth of mutant ts G114 in CHO cells at
different temperatures. To determine the
amount of zs G114 produced at permissive, non-
permissive, and partially permissive tempera-
tures, CHO cells were infected with the mutant
at 31, 34.5, 37, and 38°C. The infected cultures
were assayed at intervals after infection for
plaque-forming virus at 31°C. ts G114 grew to a
maximum titer of 2.4 x 108 PFU/ml at 31 and
34.5°C (Fig. 1). At the partially nonpermissive
temperature of 37°C, the production of infec-
tious virus was inhibited by 2 logs. At 38°C,
virus growth was completely inhibited. The titer
at 37°C was higher than previously published
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Fi1c. 1. Growth of ts G114 in CHO cells at differ-
ent temperatures. Portions of CHO cells (2.4 x 107)
were incubated with purified B particles of ts G114 at
a multiplicity of 10 for 30 min at 4°C and then
washed three times with medium. The infected cells
were suspended in 20 ml of organically buffered me-
dium held at 31, 34.5, 37, or 38°C. Portions were
taken at the indicated time after infection and plaque
assayed at 31°C. Symbols: O, 31°C; ®, 34.5°C; A,
37°C; A, 38°C.

observations on ts G114 from this laboratory
(13). This difference can be explained by the
incorporation of organic buffers for the mainte-
nance of an optimal pH for virus growth at the
different temperatures (7). Therefore, in these
experiments the temperature of 31 and 34.5°C
are permissive temperatures; 37°C is partially
permissive; and 38°C is nonpermissive for s
G114.

Effects of temperature on the cyclic pro-
duction of ts G114 during continuous passage
in CHO cells. To study the effects of tempera-
ture on the cyclic production of s G114, a prepa-
ration of ¢s G114 containing standard and DI
particles in a ratio of 20:1 was passed succes-
sively at the four different temperatures and a
detailed analysis was made on: (i) the produc-
tion of standard virus, (ii) the production of DI
particles and (iii) the ability of cells to survive
each 24-h period of infection. At 31 and 34.5°C,
ts G114 grew in a cyclic fashion over a range of 4
logs, as had been found with wild-type VSV
(Fig. 2A and 2B; cf. Fig. 6C). Maximum synthe-
sis of standard and DI particles appeared to be
the same at both temperatures. The only ob-
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Fic. 2. Continuous growth of standard and DI particles of ts G114 and survival of infected CHO cells at 31,
34.5,37,and 38°C. At the first passage, 2.4 x 10" CHO cells were infected with mixture of B and T particles of
ts G114 at multiplicity of 24 for B particles. After 30 min of attachment at 4°C, the cells were quickly warmed
to each of the incubation temperatures and diluted to 20 ml with the addition of prewarmed, organically
buffered growth medium and then incubated at the same temperature for 22 h. Successive passages were made
by resuspending fresh CHO cells with 2 ml of infected cell suspension from the previous passage, and a portion
was taken and plaque assayed on CHO cells at 31°C. Also, portion of cells was stained with 0.2% trypan blue,
and the nonstained live cells were expressed as a percentage of live cells found at the beginning of each
passage. At each passage, a second portion was passed and actinomycin D was added at 5 pg/ml during the
attachment period and [*H]uridine, at a final concentration of 10 uCi/ml, was added to cells at the beginning
of each incubation period. After 22 h the extracellular labeled viral particles were pelleted from the medium of
the infected culture by centrifugation at 78,500 X g for 30 min at 4°C in a Beckman type 30 rotor. The pellet
was resuspended in buffer containing detergents, and the nucleocapsids were isolated by rate zonal centrifu-
gation as previously described (11). Total counts per minute in the DI nucleocapsids sedimenting at 60S
represents extracellular DI particles. These counts per minute are plotted together with viable cells and
plaque-forming standard virus at each passage. Symbols: B, percentage of live cell; O, DI nucleocapsids; ®,
titer of ts G114 in CHO cells. BG represents the background limit of detection in the plaque assays.

servable difference was that cell killing by VSV
was slightly less effective at the higher temper-
ature (Fig. 2). At 34.5°C, cells even multiplied
well during passages three and eight, whereas
infected cells at 31°C showed some cytopathic
effect during all passages.

Passaging ¢ts G114 at 37 and 38°C showed a
rapid loss of infectious standard virus (Fig. 2C
and 2D). DI particles were detected at 37°C only
during the first passage; none could be detected
at any time when passed at 38°C. The rapid
drop in infectivity (about 6 logs) between pas-
sage 1 and 2 at 37°C cannot be accounted for
solely by the partially nonpermissive condition,
which would reduce virus growth only by 99%

(see Fig. 1). Therefore, DI particles, although
undetectable by our assay procedures, must
play an additional inhibiting role. By shifting
the cell cultures from 37 to 31 or 34.5°C, stan-
dard virus was readily rescued from passages 1
to 3 but not from subsequent passages (data not
shown). Thus, the inhibiting effects of tempera-
ture and DI particles appear to result in curing
the infected cultures of the presence of virus. A
similar observation on curing has been made by
Youngner and his colleagues, although DI par-
ticles were not implicated in their system (21).

During each passage of the experiment
shown in Fig. 2, total intracellular DI nucleo-
capsids were also measured, and the amount
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was compared to that of extracellular nucleo-
capsids (Fig. 3). More DI nucleocapsids accu-
mulated in the infected cells than in the extra-
cellular medium during most of the passages.
The levels of intracellular DI nucleocapsids
varied in the same cyclical fashion as the extra-
cellular DI nucleocapsids, reflecting a direct
relationship between the production of intracel-
lular nucleocapsids and DI particles (Fig. 3).
Thus intracellular accumulation of antigens
such as nucleocapsids indicate the production of
DI particles.

The temperature of incubation affects the
production of both standard and DI particles of
ts G114 in the same way, showing, as had been
shown with wild-type (11), that cyclical produc-
tion of the two virus particles is an interrelated
phenomenon. These experiments also demon-
strate that persistence of temperature-sensitive
virus production cannot be maintained under
nonpermissive conditions. Some synthesis of
the virus, either by its inherent leakiness or by
partial permissiveness, is necessary for contin-
ued viral presence.

Rate of reversion of s G114 at different
temperatures. To measure the relative rever-
sion frequencies of ¢ts G114 at 31, 34.5, 37, and
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Fi1c. 3. Distribution of [*H]uridine-labeled DI nu-
cleocapsids in and outside the cell during undiluted
passages at 31, 34.5, 37, and 38°C. To detect intra-
cellular nucleocapsids, the [3H]Juridine-labeled, in-
fected cells used for Fig. 2 were analyzed for intracel-
lular nucleocapsids on sucrose gradients exactly as
described (11). The total counts per minute sediment-
ing at 60S represent intracellular DI nucleocapsids.
For comparison, extracellular DI nucleocapsids
shown in Fig. 2 are also plotted. Symbols: @, cell-
associated DI nucleocapsids; O, extracellular DI nu-
cleocapsids.
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38°C, the progeny from each of the passages
shown in Fig. 2 was also plaque assayed at
38°C. Figure 4 shows that revertants were pres-
ent at 34.5°C and not at any of the other tem-
peratures (data from 37 and 38°C not shown). It
is not clear if the occurrence of revertants at
34.5°C is a rare event or not. Temperatures of
37 and 38°C barely allow for enough replication
of ts G114 for the generation of revertants (see
Fig. 2). ’

Of particular interest is the cyclic growth of
the revertants themselves at 34.5°C once they
were generated. It is apparent that the temper-
ature-sensitive virus remained in excess of the
revertant virus during each burst of production
of standard virus. Both revertant and tempera-
ture-sensitive mutant were inhibited by DI par-
ticles, which reduced the revertants proportion-
ately to the temperature-sensitive mutants.
Thus, the revertants were kept in the minority
during each cycle. Because 34.5°C is permissive
for ts G114, the cyclic synthesis of revertant and
mutant resulted in the inability of revertants to
become a majority of the population. It is possi-
ble, however, that upon infinite passaging the
revertants would eventually become the domi-
nant standard virus in the population.

On occasions, revertants of ts G114 have been
detected after passaging at 37 and 38°C. Figure
5 demonstrates one such example at 37°C,
where standard virus titers increased after the
third passage instead of dropping to undetecta-
ble levels. Revertants gradually became a ma-
jor part of the viral population on continuous
passaging. Several factors play a role in this
infection. At 37°C, ¢ts G114 has only a 1% leak. If
a revertant did arise early during the passag-
ing, it would multiply readily to detectable lev-
els. However, from passage 5 through 7 the
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Fi1G. 4. Plaque assay at permissive and nonper-
missive temperatures of ts G114 grown under condi-
tions of continuous culture. ts G114 passaged at 31
and 34.5°C identically to that shown in Fig. 2 was
plaque assayed on CHO cells at the two different
temperatures. Symbols: @, 31°C; O, 38°C.
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Fic. 5. Appearance of revertants during continu-
ous passaging of ts G114 at 37°C. Passage of ts G114
was done in the same continuous manner as that
shown in Fig. 2. Revertants were not detected prior to
passage 4, and after passage 9 there were no signifi-
cant differences between plaque assays done at 31 or
38°C. Symbols: @, titer of ts G114 at 31°C; O, titer of
ts G114 at 38°C.

proportion of revertants unexpectedly re-
mained lower than ¢s G114. This can be under-
stood from the observations of Youngner and
Quagliana (22), who noted that revertants com-
plemented temperature-sensitive mutants of
the same complementation group at the non-
permissive temperature and, in turn, were in-
hibited by the temperature-sensitive mutant.
However, in this particular case (Fig. 5) the
temperature-sensitive mutant was so reduced
by passage 7 that not enough cells were coin-
fected with ts G114 and revertant to permit
rescue of ts G114 by the revertant at this pas-
sage. Due to the cumulative inhibiting effects
of nonpermissiveness and DI particles, the re-
vertants became dominant in the culture and
developed their own cyclic pattern of growth.
Therefore, two examples are given where re-
vertants arise during an infection initiated by a
temperature-sensitive mutant. In one case, be-
cause the temperature was permissive for the
mutant, revertants were kept in the minority
by the overall cyclic nature of virus growth
(Fig. 4). In the second example, the rare revert-
ant arising at the relatively nonpermissive con-
dition did eventually become the dominant type
of standard virus in the culture (Fig. 5).
Effects of antibody on cyclical growth of
wild-type VSV during continuous passage in
CHO cells. To study the effects of anti-VSV
antiserum on production of standard and DI
particles, several concentrations of antiserum
were incorporated into the medium at each pas-
sage of wild-type VSV. At concentrations of
antiserum that would neutralize 99.9% of VSV,
cyclic growth of the virus was prevented; after
the initial passage, virus particles were no
longer detectable (data not shown). Figures 6A
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and 6B demonstrate the effect of neutralizing
only 90% of the virus. When VSV was only
partially neutralized at each passage, cyclic
growth was able to proceed for sometime. Al-
though the data are somewhat variable, it is
clear that cyclic growth can continue to occur in
the presence of antiserum. The maximal
amount of inhibition became greater after each
cycle of growth. Finally, virus production be-
came undetectable.

If both standard and DI particles were neu-
tralized to 90% by antiserum during each pas-
sage, such a cyclic growth pattern would not be
expected. An explanation for the burst in syn-
thesis of standard VSV in the presence of limit-
ing amounts of antiserum is likely to be found
in the synthesis of both DI particles and virus-
specific soluble antigens that can combine and
inactivate antibody. Evidence for this comes
from experiments where conditions of complete
interference are established by DI particles.
These cultures carry on primary translation by
standard VSV with some replication of DI par-
ticles. At the same time, considerable soluble
virus-specific antigens are released by the in-
fected cells (S. Little and A. S. Huang, manu-
script in preparation).

DISCUSSION

Cyclic production of animal viruses due to
the production of DI particles has been reported
for several animal viruses (1, 8, 10, 19). Such
cyclic viral growth patterns have important im-
plications for the outcome of virus infections. In
our model system with VSV and its DI parti-
cles, it is shown that the response of individual
host cells varies over a wide range depending
on the total amount of virus particles and the
relative ratios of standard to DI particles in the
infected culture (11).

The addition of another parameter such as
temperature or anti-VSV antisera to such an
analysis of cyclic growth yields several interest-
ing and sometimes unexpected observations.
The effects of temperature on the growth of a
temperature-sensitive mutant results is an
overall inhibition of standard and DI particles
as the temperature becomes less permissive.
Why revertants do not always become the ma-
jor standard virus during such infections is ap-
parent in the analysis of ts G114 grown at
34.5°C. At this temperture, which is permissive
for the mutant, revertants, once they arise in
the population, are readily detected during ev-
ery passage. Whether revertants arise more
frequently at this temperature than at 31°C is
not known. The revertant is kept from becom-
ing the majority of the standard virus popula-
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Fic. 6. Cyclic growth pattern of VSV in the presence of antibody. At the first passage, three portions of CHO
cells (1.2 x 107) were infected with a preparation of wild-type VSV containing standard and DI particles both
at a multiplicity of 35. After 30 min of attachment at room temperature, two portions of infected cells were
diluted to 10 ml with prewarmed, organically buffered medium containing rabbit anti-VSV serum at a
concentration known to neutralize 90% of standard VSV. A control aliquot of infected cells was diluted in
medium containing the same concentration of normal rabbit serum. All samples were incubated at 37°C for 22
h. Further successive passages were similarly made with 1 ml from the previous passage by mixing it with
fresh CHO cells (1.2 x 107) in the presence of the same amount of immune or normal rabbit serum. At the end
of each passage, a portion was taken and plaque assayed at 37°C. The percentage of live cells from each passage
was determined as described in the legend to Fig. 2. Passages shown in (A) and (B) are duplicate cultures
done in the presence of antiserum capable of neutralizing 90% of the virus at each passage. Passages shown in

(C) are made in the presence of normal antiserum. Symbols: @, titer of standard virus; O, live cells.

tion by a periodic reduction of both types of
standard viruses. Interference by DI particles
can account for this periodic inhibition. The
situation becomes more complex as the temper-
ature is raised and relatively nonpermissive
conditions exist for the mutant. Here, the non-
permissiveness inhibits the mutant so that
eventually the revertant dominates the infec-
tion.

Under somewhat similar circumstances
Youngner and Quagliana (22) reported that the
rescue of another temperature-sensitive mu-
tant by revertants and the subsequent interfer-
ence against the revertant kept the revertant
population at a low level. Continuous monitor-
ing in our system indicates that the degree of
permissiveness controls the eventual outcome.
Rescue of the mutant by revertants can occur at
nonpermissive temperatures only when the
multiplicities are high; at low multiplicities
coinfections would not occur and the infection
becomes cured of the mutant. Under conditions
of nonpermissiveness the revertant will rapidly
take over the infection.

These results with our model system at dif-
ferent temperatures confirm and add to previ-

ously published analysis of VSV growth in per-
sistently infected cell cultures (3, 14, 15, 21, 22).
Some general conclusions are as follows. (i) To
establish persistent infections, virulent viruses
need to be inhibited to some degree so that
cell killing is ameliorated; this can be accom-
plished by DI particle, by temperature sensitiv-
ity, by the addition of antisera, or by other fac-
tors. (ii) Once established, maintenance of per-
sistence requires some virus growth. (iii) Virus
growth results in concomitant DI particle syn-
thesis, despite the inability to detect them
under some circumstances. (iv) Dissecting
these interactions between virus particles de-
pends on the identification of each of the parti-
cles present and on the knowledge of their indi-
vidual capabilities or defects. Total nonpermis-
siveness for temperature-sensitive virus
growth results in “curing” cells of VSV unless a
revertant arises.

Growth in the presence of a limiting concen-
tration of antisera yields the surprising result
of continued cyclic production despite the pres-
ence of antisera. Therefore, in compartments of
the whole animal where the antibody level may
be lower than in serum, virus replication in a
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cyclic fashion may occur, thus allowing persist-
ence of the virus. These results can be ex-
plained in terms of our detailed knowledge of
the VSV-cell interaction, where cell-associated
and extracellular viral antigens are produced
in the absence of genome replication (Little and
Huang manuscript in preparation). Such anti-
gens can tie up antibody and thereby permit
the spread of infectious progeny. Therefore,
model systems such as the VSV-CHO cell sys-
tem, on the cellular level, provide a useful tool
in the dissection of the relevant parameters
that regulate the final outcome of the interac-
tions between viruses and hosts. The outcome
of these interactions depends on a thorough
understanding of the properties of individual
viruses, their capabilities, and their defects.
Only then, with the knowledge that interac-
tions among virus particles occur at high multi-
plicities and not at low multiplicities, can ex-
trapolations be made to studies on VSV in the
whole animal (2, 4, 20).
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