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Previous studies demonstrated that both cellular and viral mutants are selected during maintenance of
persistent infections established in murine L cells with high-passage stocks of mammalian reoviruses. In
particular, when one culture was cured of persistent infection, the resulting cells were found to support the
growth of viruses isolated from persistently infected cultures (termed PI viruses here) better than that of
wild-type (wt) viruses (R. Ahmed, W. M. Canning, R. S. Kauffman, A. H. Sharpe, J. V. Hallum, and B. N.
Fields, Cell 25:325-332, 1981). To address the nature of cellular and viral mutations selected during
maintenance of persistent reovirus infections, we established independent, persistently infected cultures with L
cells and high-passage stocks ofwt reovirus. These cultures served as sources of new PI viruses and cured cells
for study. We found that although wt viruses grew poorly in cured cells when infection was initiated with intact
virions, they grew well in cured cells when infection was initiated with infectious subvirion particles generated
from virions by in vitro treatment with chymotrypsin. This finding indicates that the block to growth of wt
viruses in cured cells involves an early step that is unique to infection by virions, such as proteolytic processing
in an endocytic compartment. We also found that PI viruses grew better than wt viruses in L cells treated with
ammonium chloride, a weak base that inhibits the pH decrease in endosomes and lysosomes. Because
ammonium chloride blocks an early step in infection by intact virions, probably the proteolytic processing of
viral outer capsid proteins by acid-dependent cellular proteases in late endosomes or lysosomes, this finding
indicates that PI viruses differ from wt viruses with respect to viral entry into cells. Therefore, these results
indicate that both cells and viruses evolve mutations that affect one or more early steps in the viral growth cycle
during maintenance of L-cell cultures persistently infected with reoviruses.

Many animal viruses can establish and maintain noncy-
tolytic, persistent infections in cell culture (4). At a fundamen-
tal level, the mechanisms used in the establishment and main-
tenance of persistent infections are likely to involve modulation
of the type or degree of injury to cells that results from viral
infection. Characterization of these mechanisms should pro-
vide information about important sites ofvirus-cell interaction.
In several instances, mutations in both viruses and cells are

selected during the maintenance of persistence. Coevolution of
virus and persistently infected cells was first documented in
studies with mammalian reoviruses, in which viruses selected
during maintenance of persistent infection were shown to grow
better than wild-type (wt) viruses in cells cured of persistent
infection (1, 14). Both viral and cellular changes also have been
observed in persistent infections by other RNA-containing
viruses, such as foot-and-mouth disease virus (10) and poliovi-
rus (6), and by DNA-containing viruses, such as lymphotropic
minute virus of mice (23). However, the mechanisms by which
these changes are selected and exert their influence on the
maintenance of persistent infections are largely undefined.

Persistent infections of murine L cells can be readily
established with defective, high-passage (hp) stocks of some
strains of mammalian reoviruses (1, 3, 7). Such persistently
infected cultures produce high titers of infectious virus over
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long periods of time, and most cells in culture show evidence
of infection (1-3). Previous studies of viruses isolated from
these cultures indicate that mutations in specific viral genes
play distinct roles in persistent infection. Changes in the S4
gene are important for establishment of persistence (2);
changes in the Si gene (in addition to cellular changes) are

important for its maintenance (14). Since the S4 gene (which
encodes the u3 protein, a major outer capsid protein ofvirions
[19, 21]) also determines the relative capacities of different
reovirus strains to inhibit cellular RNA and/or protein synthe-
sis (27) and since the S1 gene (which encodes both the cell
attachment protein cl [19, 21] and the nonstructural protein
crls [11, 13, 24]) also determines the relative capacities of
different viral strains to inhibit cellular DNA synthesis (26),
changes in S4 and S1 might contribute to establishment and
maintenance of persistence by reoviruses through alterations
in their effects on cellular macromolecular synthesis (7).

Previous findings suggest that changes in viruses and cells
that affect early steps in infection might also contribute to
maintenance of persistent infection. The most interesting of
these concern the accumulation of large numbers of vacuoles
containing lysosomal enzymes in persistently infected cells
as well as in cells that were cured of persistent infection (1,
9, 28). Current understanding of the early steps in infection
by virions of reoviruses (also referred to as steps in viral
entry) includes attachment of an intact virion to receptors on
the cell surface via the cr1 protein; receptor-mediated endo-
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cytosis; proteolytic processing of viral outer capsid proteins
a3 and ,ul/,ulC by cellular proteases within a vacuolar,
endocytic compartment; penetration of the vacuolar mem-
brane by the proteolytically processed form of the viral
particle, which is similar to infectious subvirion particles
(ISVPs) generated from virions by in vitro treatment with
chymotrypsin or other proteases; and activation of the viral
transcriptase contained within the viral core to permit syn-
thesis and transport of viral mRNAs into the cytoplasm of
the infected cell (for a review, see reference 22). Any of
these early steps might represent targets for mutations in
viruses and cells during persistent infections by reoviruses.

This report describes the nature of cellular and viral
mutants that are selected during the maintenance of L-cell
cultures persistently infected with reoviruses. We estab-
lished eight independent, persistently infected cultures with
L cells and hp stocks of reovirus strain type 3 Dearing (T3D)
and maintained each of them for more than 500 days. Cells
cured of persistent infection were found to support good
growth of wt viruses only if ISVPs, generated from virions
by chymotrypsin treatment in vitro, were used to initiate
infection. Viruses isolated from the persistently infected
cultures were found to grow in the presence of ammonium
chloride, a weak base that blocks infection by wt virus
through an inhibition of the proteolytic processing of viral
outer capsid proteins by acid-dependent endocytic pro-
teases. These results, which indicate that mutations in both
cells and viruses affect early steps in infection, suggest that
virus-cell coevolution with respect to viral entry is an
important mechanism for maintenance of L-cell cultures
persistently infected with reoviruses.

MATERIALS AND METHODS

Cells and viruses. Spinner-adapted mouse L cells were

grown in either suspension or monolayer cultures in Joklik's
modified Eagle's minimal essential medium (Irvine Scien-
tific, Santa Ana, Calif.) that was supplemented to contain 5%
fetal calf serum (HyClone Laboratories, Logan, Utah), 2
mM L-glutamine, 1 U of penicillin per ml, and 1 ,ug of
streptomycin per ml (Irvine Scientific). Reovirus strains type
1 Lang (T1L) and T3D are laboratory stocks; the L/C virus
was isolated from the persistently infected L/C cell culture
which was initiated with a ninth-passage stock of T3D
temperature-sensitive mutant tsC447 (1, 3, 14). Purified
virion preparations were made by using second- and third-
passage L-cell lysate stocks of twice-plaque-purified reovi-
rus (12). T3D ISVPs were prepared by digestion of purified
T3D virions with chymotrypsin (30).

Establishment and maintenance of persistently infected
L-cell cultures. Six plaque-purified isolates of reovirus T3D
that were passaged serially at high multiplicity (7) were used
to establish independent persistently infected L-cell cul-
tures. Persistent reovirus infection was established by infect-
ing confluent L-cell monolayers (6 x 106 cells) in T25 flasks
(Coming Scientific, Corning, N.Y.) with 0.5 ml of one of the
six hp stocks at the eighth or ninth passage (Table 1). The
cultures were maintained at 37°C, and cells were allowed to
grow to confluence before being trypsinized and diluted into
fresh medium. Fresh medium was added to the cultures
every fourth day if the cell density was not sufficient to
permit passage. Cell culture supernatants were collected at
each passage for further analysis.

Determination of virus titer in persistently infected cell
culture supernatants. The virus titer in the cell culture
supernatants was determined by the plaque assay technique

TABLE 1. Prototype PI viruses isolated from independent
persistently infected L-cell cultures established

with hp stocks of reovirus T3D

hp stock of Persistently PI virus Day of LX/L AC/L
reovirus T3Da strain' harvestc ratiod ratioecell culture

T3D-1 P8 LIT3D-1A PI lAl 151 0.14 0.13
T3D-1 P8 L/T3D-1B PI lB1 91 0.34 0.80
T3D-2 P8 L/T3D-2A PI 2A1 151 3.07 0.53
T3D-2 P8 L/T3D-2B PI 2B1 181 1.53 0.25
T3D-3 P8 L/T3D-3 PI 3-1 178 0.59 0.46
T3D-5 P9 L/T3D-5 PI 5-1 89 0.15 0.22
T3D-6 P8 L/T3D-6 PI 6-1 90 0.16 0.73
T3D-7 P8 L/T3D-7 PI 7-1 118 0.39 1.22

a Independent twice-plaque-purified stocks of T3D were passaged serially
in L cells (7). Eight- or ninth-passage stocks (P8 or P9, respectively) were used
to establish independent persistently infected L-cell cultures.

b Each virus strain was plaque purified twice from the supernatant of a
persistently infected cell culture. A PI virus strain is defined as an isolate from
a persistently infected culture that grows better than wt virus in cured cells.
The prototype PI viruses are single isolates from each of the eight persistently
infected cultures that resulted in the highest yield when grown in cured cells
in comparison with wt virus.

c Day of passage of the persistently infected culture that the PI virus strain
was isolated.

d The mean viral yield after 72 h of growth in LX-2 cells was divided by that
in L cells (LX/L ratio) for each PI virus shown; the LX/L ratio for wt reovirus
strain T3D was 0.034.

e The mean viral yield after 24 h of growth in L cells treated with ammonium
chloride was divided by that in untreated L cells (AC/L ratio) for each PI virus
shown; the AC/L ratio for T3D was 0.0022.

(31). Cell culture supernatants were collected from each
passage, and samples were frozen and thawed (-70 and
37°C) three times prior to assay. Samples were serially
diluted 10-fold and were used to infect L-cell monolayers in
duplicate in six-well plates (Costar, Cambridge, Mass.). The
L cells were then overlaid with medium 199 (Irvine Scien-
tific) supplemented to contain 2.5% fetal calf serum, 2 mM
L-glutamine, 1 U of penicillin per ml, 1 ,ug of streptomycin
per ml, and 1% agar (Difco, Detroit, Mich.). Plaques were
counted on day 7 after staining with neutral red (Fisher
Scientific, Pittsburgh, Pa.).

Generation of cells cured of persistent reovirus infection.
Variant L cells (designated LX) were rendered virus free by
maintenance of persistently infected L-cell cultures in me-
dium supplemented to contain 1% rabbit anti-reovirus anti-
serum (provided by E. Brown) for 30 days according to the
method described by Ahmed et al. (1). The antiserum was
heat inactivated by incubation at 56°C for 60 min prior to
use. Cured-cell clones were obtained by limiting dilution into
96-well plates (Costar). Individual wells were inspected
visually, and only those containing a single cell were used.
Cell clones presumed to be virus free were assessed by
plaque assay of cell culture supernatants (31), infectious
center assay (3), sodium dodecyl sulfate-polyacrylamide gel
electrophoresis (16) of reovirus genomic double-stranded
RNA prepared from cell culture supernatants (29), and
immunocytochemical staining with rabbit anti-reovirus anti-
serum and the VECTASTAIN immunocytochemistry kit
(Vector, Burlingame, Calif.).
Growth of viruses in L cells and in cells cured of persistent

infection. Viral growth in L cells and LX cells was deter-
mined by a modification of the technique described by
Ahmed et al. (1). Monolayers ofL and LX cells (2 x 105 cells
per ml) were infected with viral isolates in 24-well plates
(Costar). After a 1-h adsorption period at 4°C, the inoculum
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was removed, 1.0 ml of fresh medium was added, and the
plates were incubated at 37°C for defined intervals. Cells
were frozen and thawed three times prior to being titrated on
L-cell monolayers by the plaque assay technique (31).
Growth of viruses in L cells maintained in medium supple-

mented with ammonium chloride. Viral growth in L cells in
the presence and absence of ammonium chloride was deter-
mined by a modification of the technique described by
Sturzenbecker et al. (30). Monolayers of L cells (5 x 105
cells per ml) were infected with viral isolates in 24-well
plates. After a 1-h adsorption period at 4°C, the inoculum
was removed, 1.0 ml of fresh medium supplemented to
contain 0 to 40 mM ammonium chloride was added, and the
plates were incubated at 37°C for defined intervals. Cells
were frozen and thawed three times prior to being titrated on
L-cell monolayers by the plaque assay technique (31).

RESULTS

Characterization of independently established and main-
tained persistently infected cultures. In order to extend pre-
vious findings about persistent infections by reoviruses, we
first established eight independent, persistently infected cul-
tures with murine L cells and hp stocks of wt reovirus T3D
(Table 1). Titers of infectious virus in the supernatants of
each culture were found to vary between 106 and 109 PFU/ml
during the first 500 days of their maintenance, and a large
percentage of cells were infected at any given time as
determined by infectious center assays and immunocyto-
chemical staining (data not shown). These findings are in
concordance with previous studies of persistent infections
established with hp stocks of temperature-sensitive mutants
derived from T3D (1, 3). In anticipation of experiments with
viruses obtained from persistent infections established with
hp stocks of reovirus T3D, we isolated viral clones from
each of the eight persistently infected cultures at approxi-
mately 30-day intervals between days 30 and 180 of their
maintenance.

Isolation of cells cured of persistent infection and studies of
their capacity to support growth of viruses from persistently
infected cultures. Maintenance of persistent infections by
reoviruses is characterized by selection of both cellular and
viral mutants within the persistently infected cultures (1, 14).
Mutant L cells (designated LR cells) were previously ob-
tained by curing the persistently infected L/C cell culture
(initiated with an hp stock of T3D-derived temperature-
sensitive mutant tsC447 [3]) with a neutralizing anti-reovirus
antiserum (1). LR cells were found to support the growth of
viruses isolated from persistently infected cultures better
than that of wt viruses (1). For the current study, we derived
new lines of cured cells by maintaining day-166 subcultures
of the persistently infected L/T3D-1A and L/T3D-2A cul-
tures in medium containing a heat-inactivated, neutralizing
rabbit anti-reovirus antiserum. Antiserum treatment was
maintained for a 30-day period, during which the viral titer
was found to decrease to <10 PFU/ml of supernatant in each
culture (the lower limit of detection). Cloned cells were
obtained from the cured LMT3D-1A culture (designated
LX-1) and the L/I3D-2A culture (designated LX-2) by two
cycles of limiting dilution in 96-well plates. Subclones from
the LX-1 and LX-2 cell lines were confirmed to be virus free
by negative infectious center assays, the absence of viral
genomic double-stranded RNA in cytoplasmic extracts of
cells infected with supernatants from each subclone, and the
failure to demonstrate viral antigens by immunocytochemi-
cal staining (data not shown).
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FIG. 1. Growth of T3D and PI viruses in cured LX-2 cells and

normal L cells. Monolayers of LX-2 and L cells (2 x 105 cells per
ml) were infected with either T3D or the PI viruses at a multiplicity
of infection of 0.1 PFU per cell in 24-well plates. After a 1-h
adsorption period, the inoculum was removed, 1.0 ml of fresh
medium was added, and the plates were incubated at 37°C for 72 h.
Cells were frozen and thawed three times prior to being titrated on
L-cell monolayers by the plaque assay technique. The results are
presented as the mean viral yield (±| standard deviation) determined
from three independent experiments for each virus in LX-2 and L
cells.

We wished to determine whether viruses isolated in the
current study from persistently infected cultures established
with hp stocks of reovirus T3D could grow better than wt
viruses in cells cured of persistent infection. Cell lysate
stocks of viruses isolated from the persistently infected
cultures were therefore used to infect either L cells or cured
LX cells. In each case, viruses isolated from the persistently
infected cultures after approximately day 90 of maintenance
grew significantly better than wt T3D in cured cells, even
though the two types of viruses grew comparably in L cells.
We refer to viruses from persistently infected cultures that
exhibit better growth than wt viruses in cured cells as PI
viruses. The growth of a single PI virus from each of the
eight persistently infected cultures that yielded the highest
titer when grown in cured cells was compared with that of
T3D in cured LX-2 cells and in normal L cells (Fig. 1). In
these experiments, the mean yield of wt virus was found to
be 3.7 x 106 PFU/ml in cured cells and 1.1 x 108 PFU/ml in
L cells, whereas the mean yields of the eight PI viruses were
2.5 x 108 PFU/ml in cured cells and 3.5 x 108 PFU/ml in L
cells. To assess the efficiency of growth of the PI viruses
relative to T3D in cured cells, we divided the viral yield in
LX-2 cells by that in L cells (LXIL ratio) for each PI virus
and T3D. The LX/L ratio was 0.034 for T3D and varied from
0.14 (PI lA1) to 3.07 (PI 2A1) for the PI viruses (Table 1).
Given that PI and wt viruses grew comparably in L cells,
these results indicate that the PI viruses grew in cured LX-2
cells 4.1 (PI lA1) to 90 (PI 2A1) times better than T3D.
To determine more precisely when in the course of per-

sistent infection the capacity of viruses to grow well in cured
cells evolved, we measured viral growth in LX-2 cells after
infection with supernatants collected over time from the
eight persistently infected cultures. As anticipated by the
observations with cloned viral isolates, we found that the
capacity for efficient growth in cured cells was established
by about passage day 100 in each culture (data not shown);
furthermore, the capacity to grow well in cured cells devel-
oped gradually, as was observed by Kauffman et al. (14) in
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FIG. 2. Growth of T3D virions and ISVPs in cured LX-2 cells

and normal L cells. Monolayers of LX-2 and L cells (2 x 105 cells
per ml) were infected with either T3D virions or ISVPs at a
multiplicity of infection of 1 PFU per cell in 24-well plates. After a
1-h adsorption period, the inoculum was removed, 1.0 ml of fresh
medium was added, and the plates were incubated at 37°C for the
times shown.

studies of viruses from the persistently infected L/C culture
and cured LR cells. These results indicate that during the
second and third months of maintenance of persistent infec-
tions established with hp stocks of reovirus T3D, viral
mutants which have the capacity to grow well in cells cured
of persistent infection were selected. In addition, the capac-
ity of cured cells to limit the growth of wt viruses indicates
that, at least by day 166, when curing of the cultures began,
cellular mutants were also selected. These findings support
the notion of virus-cell coevolution during maintenance of
persistent infection by reoviruses (1).
Growth of wt viruses in cured cells after infection with

ISVPs. We next undertook studies to identify the change in
cured cells that is involved in limiting the growth of wt
viruses. In order for infection to proceed, virions of reovi-
ruses appear to require proteolytic processing of outer
capsid proteins u3 and ,ul/,ulC in late endosomes or lyso-
somes to which they are delivered after attachment and
endocytosis; in contrast, ISVPs, which have already under-
gone processing by chymotrypsin in vitro, do not require this
step (30). This difference in requirement for processing
appears to determine the capacity of ISVPs to initiate
infection and grow efficiently in L cells treated with ammo-
nium chloride (30), a weak base that raises the pH in acidic
compartments of the central vacuolar system (15), including
lysosomes (18). Previous data identifying an accumulation of
lysosome-like vacuoles in persistently infected and cured
cells suggested that an early step in infection involving this
cellular compartment, e.g., proteolytic processing, might be
affected during persistent infections with reoviruses (1, 9,
28). We therefore decided to test whether wt ISVPs, in
contrast to wt virions, could initiate infection in cured cells
as a probe for whether early steps in infection by reoviruses
are affected in these cells. In these experiments, the duration
of the eclipse phase for T3D ISVPs in L cells was found to be
approximately 2 h less than that for T3D virions (Fig. 2), as
has been previously noted (5). More important, T3D ISVPs
were found to provide yields of viral progeny 240 times
higher than those of T3D virions after a 24-h period of
growth in LX-2 cells; moreover, the eclipse and other phases
of growth by wt ISVPs were nearly identical in cured LX-2
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FIG. 3. Growth of T3D and L/C viruses in L cells maintained in
the presence and absence of 10 mM ammonium chloride. Monolay-
ers of L cells (5 x 105 cells per ml) were infected with either T3D or
L/C virus at a multiplicity of infection of 2 PFU per cell in 24-well
plates. After a 1-h adsorption period, the inoculum was removed,
1.0 ml of fresh medium was added (with or without 10 mM
ammonium chloride), and the plates were incubated at 37°C for the
times shown.

and L cells. These findings indicate that cured cells showed
no discernible capacity to affect either initiation of infection
or subsequent growth by wt ISVPs, which contrasts with the
slower growth and lower final yield of viral progeny obtained
after infection by wt virions. In additional experiments, we
found that ISVPs generated from PI viruses PI lAl and PI
2A1 grew as well in cured cells as wt ISVPs (data not
shown). Thus, wt ISVPs are similar to virions and ISVPs of
PI viruses in that each can initiate infection and grow in cells
cured of persistent infection. These findings suggest that the
change that has evolved in cured cells affects an early step in
the viral growth cycle for which wt virions and ISVPs have
different requirements.
Growth of PI viruses in L cells treated with ammonium

chloride. Results from the preceding experiments showed
that cured cells are similar to L cells treated with ammonium
chloride in that they block infection by wt virions but permit
infection and growth by wt ISVPs. Because PI viruses can
infect and grow normally in cured cells, we reasoned that
they might also be capable of infection and growth in
ammonium chloride-treated L cells. We pursued this ques-
tion initially by determining whether T3D and the PI virus
L/C differed in their capacities to grow in L cells treated with
10 mM ammonium chloride. As shown in Fig. 3, a dramatic
difference was noted between the two viruses: the yield of
T3D was significantly decreased by ammonium chloride, as
previously noted (8); however, the yields of L/C were nearly
equivalent at 0 and 10 mM ammonium chloride. In addition,
the rate of L/C growth was only slightly slowed in L cells
treated with 10 mM ammonium chloride. Thus, L/C virus is
significantly less sensitive than wt virus to the effects of 10
mM ammonium chloride, suggesting that PI viruses contain
mutations that affect an early, ammonium chloride-sensitive
step in the viral infectious cycle.
We next determined whether the capacity to grow in L

cells treated with ammonium chloride is a general property
of PI viruses by growing the eight prototype PI viruses
(Table 1) in L cells maintained in the presence and absence
of 10 mM ammonium chloride. Yields of viral progeny in
treated and untreated cells for T3D and the PI viruses are
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FIG. 4. Growth of T3D and PI viruses in L cells maintained in

the presence and absence of 10 mM ammonium chloride. Monolay-
ers of L cells (5 x 105 cells per ml) were infected with either T3D or
the PI viruses at a multiplicity of infection of 2 PFU per cell in
24-well plates. After a 1-h adsorption period, the inoculum was
removed, 1.0 ml of fresh medium was added (with or without 10mM
ammonium chloride), and the plates were incubated at 37°C for 24 h.
The results are presented as the mean viral yield (± standard
deviation) determined from four independent experiments for each
virus in ammonium chloride-treated and untreated L cells.

shown in Fig. 4. In these experiments, the mean yield ofT3D
was found to be 5.8 x 105 PFU/ml in L cells treated with
ammonium chloride and 2.6 x 108 PFU/ml in untreated L
cells, whereas the mean yields of the eight PI viruses were
1.1 x 108 PFU/ml in treated L cells and 2.1 x 108 PFU/ml in
untreated L cells. To determine the efficiency of growth of
the PI viruses relative to T3D in ammonium chloride-treated
L cells, we divided the yield of virus in treated L cells by that
in untreated L cells (AC/L ratio) for each PI virus and T3D.
The AC/L ratio was 0.0022 for T3D and varied from 0.13 (PI
lAl) to 1.22 (PI 7-1) for the PI viruses (Table 1). Given that
PI and wt viruses grew comparably in untreated L cells,
these results indicate that the PI viruses grew 59 (PI lAl) to
550 (PI 7-1) times better than wt virus in L cells treated with
10mM ammonium chloride. Therefore, viruses isolated from
persistently infected cultures that grow better than wt virus
in cured cells also grow better than wt virus in ammonium
chloride-treated L cells.
Using an approach similar to our experiments to study the

evolution of growth in cured cells, we conducted experi-
ments to determine when in the time course of persistent
infection the capacity of viruses to grow in ammonium
chloride-treated L cells evolved. In these experiments, we
measured viral growth in the presence and absence of 10mM
ammonium chloride after infection with cell culture super-
natant stocks collected over time from the persistently
infected L/T3D-1A (data not shown) and LT3D-2A (Fig. 5)
cell lines. We found that the capacity of viruses to grow in L
cells treated with ammonium chloride was not a property of
the hp stocks used to establish persistent infection but
instead was gradually selected in these cultures by passage
day 100. Thus, among viruses present in persistently in-
fected cultures established with hp stocks of T3D, evolution
of the capacity to grow in L cells treated with ammonium
chloride occurs concomitantly with the capacity to grow in
cured cells.
To investigate further the difference between wt and PI

viruses with respect to growth in ammonium chloride-
treated L cells, we determined the effect of ammonium

0.1

0.01
T3D 0 25 49 77 101 151 202 249 300 347 404 451 497

L/T3D-2A DAY OF PASSAGE
FIG. 5. Effect of day of cell culture maintenance on the capacity

of viruses to grow in the presence of ammonium chloride. Mono-
layers of L cells (5 x 105 cells per ml) were infected with either T3D
or cell culture supernatants obtained from the persistently infected
LVT3D-2A cell culture in 24-well plates. After a 1-h adsorption
period, the inoculum was removed, 1.0 ml of fresh medium was
added (with or without 10 mM ammonium chloride), and the plates
were incubated at 37°C for 24 h. The results are presented as the
yield of the L/3D-2A cell culture supernatants in ammonium
chloride-treated cells divided by the yield in untreated L cells (AC/L
ratio).

chloride concentrations between 0 and 40 mM on the growth
of wt T3D (virions and ISVPs), and two PI viruses, PI 5-1
and PI 5-2. As shown in Fig. 6, a significant difference was
again observed in the yields of progeny after infection with
T3D virions and the PI viruses in L cells treated with 10 mM
ammonium chloride. However, increasing concentrations of
ammonium chloride resulted in a decreased yield of PI
viruses: the PI viruses grew somewhat less well in 20 mM
than in 10 mM and grew poorly in 40 mM ammonium
chloride. Thus, PI viruses are like ISVPs of wt strains TlL

0

-jN-

0.0001
10 mM 20 mM 40 mM

[AMMONIUM CHLORIDE]
FIG. 6. Effect of ammonium chloride concentration on the

growth of T3D and PI viruses. Monolayers of L cells (5 x 105 cells
per ml) were infected with T3D (virions or ISVPs), PI 5-1, or PI 5-2
at a multiplicity of infection of 2 PFU per cell in 24-well plates. After
a 1-h adsorption period, the inoculum was removed, 1.0 ml of fresh
medium was added (with or without 10, 20, or 40 mM ammonium
chloride), and the plates were incubated at 37C for 24 h. The results
are presented as the yield of virus in L cells grown in the presence
of ammonium chloride divided by the yield in L cells grown in the
absence of ammonium chloride (AC/L ratio).

VOL. 67, 1993



2060 DERMODY ET AL.

9

E

C,
0

LU-
H)H)(I

8-

7-

6

5-1

0 20 40 60 80 100 120

TIME AT 370C PRIOR TO ADDITION OF 40 mM
AMMONIUM CHLORIDE (minutes)

FIG. 7. Effect of time of ammonium chloride addition after virus
adsorption on the growth of L/C virus. Monolayers of L cells (5 x
105 cells per ml) were infected with L/C virus at a multiplicity of
infection of 2 PFU per cell in 24-well plates. After a 1-h adsorption
period, the inoculum was removed, 1.0 ml of fresh medium supple-
mented with 40 mM ammonium chloride was added to the culture at
the indicated times, and the plates were incubated at 37°C for 24 h.
The results are presented as the yield of virus after a 24-h period of
growth.

(30) and T3D in that they grow better than wt virions in dilute
concentrations of ammonium chloride but are unlike ISVPs
in that the yield of the PI viruses is decreased to the same
extent as that of wt virions at higher ammonium chloride
concentrations.
The finding that PI viruses produce minimal yields in the

presence of high concentrations of ammonium chloride
allowed us to determine the stage in reovirus replication at
which ammonium chloride acts to inhibit the growth of PI
viruses. In the experiments described above, ammonium
chloride was added to cells immediately after virus adsorp-
tion and prior to incubation at 37°C in order to allow a 24-h
period of viral growth in ammonium chloride-treated L cells.
In these experiments, after adsorption of a PI virus strain to
L cells, the cells were incubated at 37°C for increasing
periods of time prior to the addition of ammonium chloride.
We found that the susceptibility of L/C virus to growth
inhibition by ammonium chloride decreased logarithmically
when ammonium chloride was added 20 to 40 min after
adsorption (Fig. 7), which is consistent with the observations
of Sturzenbecker et al. (30) with wt T1L. In additional
experiments, PI viruses PI 5-1 and PI 5-2 and wt T3D
showed similar results (data not shown). Therefore, the
block to PI virus growth mediated by high ammonium
chloride concentrations most likely involves the same early
step in reovirus replication as suggested for wt virus (30).

DISCUSSION
Early steps in the replication cycle of mammalian reoviruses

are altered during persistent infection of L cells. In previous
studies, Ahmed et al. (1) and Kauffman et al. (14) provided
evidence that both cellular and viral mutants are selected
during maintenance of L-cell cultures persistently infected
with mammalian reoviruses. In the present report, we pro-
vide evidence that cells and viruses selected during persis-
tent infection contain mutations that specifically affect one
or more early steps in the reovirus replication cycle. The
properties of these mutants are consistent with the hypoth-

esis that cells and viruses undergo coevolution with respect
to steps in viral entry during maintenance of persistent
infections of L cells by reoviruses.
We found that one mutation in cells cured of persistent

infection affects the growth of wt viruses after infection by
intact virions but not after infection by ISVPs. The replica-
tion cycle of reoviruses after infection by virions differs from
that after infection by ISVPs only with regard to several
early steps (22). Therefore, the normal growth of wt viruses
in cured cells after infection by ISVPs indicates that a
mutation in these cells is likely to affect a cellular structure
or function involved in one or more of these early steps
unique to the replication cycle of virions. Moreover, our
results indicate that the phenotype that evolves in cells
during maintenance of at least some persistent infections by
reoviruses is similar to the L-cell phenotype induced by
treatment with ammonium chloride. These phenotypes have
very similar effects on the growth of wt or PI viruses after
infection with either intact virions or ISVPs. Thus, the
findings suggest that the two alterations affect either the
same cellular structure or function or different ones that are
nonetheless closely related in terms of their effects on viral
growth. Ammonium chloride, a weak base, is known to raise
pH in normally acidic organelles of the central vacuolar
system, including lysosomes (18). The specific mutation in
cured cells that results in a phenotype similar to that caused
by treatment with ammonium chloride might affect acidifi-
cation of organelles in the central vacuolar system, such as
has been selected in Chinese hamster ovary cells by using
diphtheria toxin (20). Acidification defects could result in the
same effects on viral growth through decreased activity of
acid-dependent proteases in lysosomes or prelysosomes,
through decreased transport of virions from the cell surface
to the organelle in which proteolytic processing occurs, or
through decreased transport of virions from the processing
organelle to the organelle from which penetration occurs.
Future studies will more directly address the biochemical
basis of mutations in cured cells that arise during mainte-
nance of persistent infection.
Our experiments with a large collection of viruses isolated

from persistently infected cultures show that one mutation
common to the PI viruses studied here is such that, in
contrast to wt viruses, they exhibit normal infection and
growth in L cells treated with ammonium chloride. The
capacities of viruses isolated from persistently infected
cultures to grow normally in cured LX-2 cells and in L cells
treated with low concentrations of ammonium chloride ap-
pear at approximately the same time during maintenance of
persistent infection and are not independent of each other in
any of the PI viruses studied to date. These findings suggest
that the two properties are based on the same or related viral
mutations. Ammonium chloride is known to block infection
by wt reoviruses at an early step in the replication cycle of
virions but not ISVPs (30). In our current understanding of
reovirus replication, the specific step in infection by virions
with which ammonium chloride interferes is the proteolytic
processing of viral outer capsid proteins cr3 and ,ul/,lC by
cellular proteases in lysosomes or prelysosomal organelles
(30). This processing is thought to be required for the viral
particle to penetrate the vacuolar membrane and to begin the
intracytoplasmic steps in replication (22). Increased pH due
to ammonium chloride in these vacuolar compartments
might inhibit proteolytic processing of viral proteins either
through decreased activity of acid-dependent proteases con-
tained there or through decreased transport of virions to the
organelle in which processing occurs (25). The consistently
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decreased sensitivity of PI viruses to the effects of ammo-
nium chloride suggests that they contain mutations affecting
early steps in the viral growth cycle that relate to proteolytic
processing. Kauffman et al. (14) identified the viral Si gene
as the primary genetic determinant of the capacity of PI virus
L/C to grow in cured LR-7 cells. This finding seems likely to
implicate a function of the cell attachment protein crl en-
coded by S1 in this property. Other outer capsid proteins
that are cleaved by proteases (cr3 and ,ul/,ulC) are additional
candidates for sites of pertinent mutations in PI viruses.

Previous studies with reoviruses (1, 2) and polioviruses (6)
have indicated that the establishment and maintenance
phases of a persistent infection have distinct features. The
present study addresses features of the maintenance phase
of persistent infections with reoviruses: viral mutants with
capacities to initiate infection and grow well in cured cells
and in L cells treated with ammonium chloride were not
selected until the second and third months of maintenance,
suggesting that their selection is not associated with estab-
lishment of the persistently infected culture. In addition,
cured cells with the capacity to interfere with infection by wt
virions were obtained in this study beginning only after 166
days of maintenance of the persistently infected cultures.
How soon after establishment of the persistent infections
these cellular mutants were selected was not addressed here,
but it is likely that cellular mutants were selected in parallel
with viral mutants. Interestingly, treatment of L cells with
ammonium chloride was noted previously to favor the es-

tablishment of persistent infections with low-passage stocks
of wt reoviruses (8). The relationship of that finding to
findings in this report regarding the effects of ammonium
chloride is unknown. However, it seems reasonable to
conclude that pH-sensitive steps in the reovirus growth
cycle might be important in determining cellular injury and
influencing the nature of virus-cell interactions that favor
both the establishment and maintenance of persistent infec-
tions.
A model for the maintenance of persistent infections by

reoviruses in cell culture. Evidence that viruses and cells
coevolve mutations that affect viral entry during mainte-
nance of persistent infections at first seemed paradoxical and
led us to contemplate how persistent reovirus infections are
maintained in cell culture. Simplistically, a persistent infec-
tion in which all cells in the culture are infected and in which
intracellular viral particles are efficiently distributed to
daughter cells at cell division (efficient vertical transmission)
would be expected to have no dependence on horizontal
transmission for maintenance of persistent infection and
provide no selective pressure for viruses and cells to change
with respect to viral entry since entry steps are bypassed in
vertical transmission. In contrast, a persistent infection
exhibiting inefficient vertical transmission such that unin-
fected cells are continually generated in the culture because
of cell division would depend on horizontal transmission for
maintenance of persistent infection and provide a continuing
opportunity for coevolution of viral and cellular mutations
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FIG. 8. Virus-cell coevolution during the maintenance of persistent reovirus infection. Cells and their progeny (large ovals and squares)
and viruses and their progeny (small circles and squares) in a persistently infected culture are shown. According to this model, the culture
exhibits inefficient vertical transmission of virus between cells because more severely infected cells undergo lysis (e.g., cell 3) and less
severely infected cells undergo cell division (e.g., cell 2) and generate daughter cells (e.g., cells 2a and 2b) that remain susceptible to viral
infection by horizontal transmission. Because of ongoing reinfection and lysis of cells within the culture, mutant cells which are more resistant
to reinfection are selected (e.g., cell 2a2). In this model, mutant viruses which are more efficient than wt viruses at infecting these resistant
cells are selected subsequently (e.g., virus infecting cell 2a2b). In order for the persistent infection to be maintained, cells must continue to
resist lysis by mutant viruses but viruses must retain the capacity to infect mutant cells so that the potential for continuing coevolution of
viruses and cells within the culture remains. The requirement for horizontal transmission of virus between cells to maintain the persistent
infection provides the setting for selection of viral and cellular mutations that affect viral entry as identified in this study.
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affecting viral entry since viruses must enter cells to which
they are transmitted horizontally. As shown schematically in
Fig. 8, persistently infected cells undergoing reinfection by
viruses transmitted horizontally in the culture might be
subject to greater injury or death due to increased viral load
or increased cytopathic effect after reinfection. As a result,
cells more resistant to reinfection (e.g., by a block to viral
entry in an endocytic compartment) would be selected and
account for the uninfected cells generated in the culture.
Mutant viruses capable of infecting these resistant cells
(e.g., by the capacity to bypass a block to replication in an
endocytic compartment) would be selected since they would
be able to achieve greater numbers in the culture. Mainte-
nance of persistent infection would then depend on continu-
ing balanced coevolution so that neither cells nor viruses
became completely dominant and resulted in either a spon-
taneously cured culture or a lysed culture, respectively. A
model of persistent infection relying on horizontal transmis-
sion of virus between cells also provides a simple explana-
tion for curing cells of persistent infection by passage in
media containing neutralizing antiviral antibodies.

If persistent infections of L cells by reoviruses are indeed
maintained by horizontal rather than vertical transmission of
virus in culture, we can ask whether such persistent infec-
tions fit one of the classically defined patterns of persistent
infection by other viruses (17). Two types of persistent viral
infections in cell culture that share features of persistent
reovirus infection are (i) steady-state infections and (ii)
carrier cultures. A steady-state infection is characterized as
a productive persistent infection in which most or all cells in
the culture are infected and which cannot be cured of virus
by adding neutralizing antibodies to the culture media. A
carrier culture is characterized as a productive persistent
infection in which only a small number of cells in the culture
are infected at a given time and which can be cured of virus
by adding neutralizing antibodies to the culture media. Thus,
persistent infection of L cells by reovirus is like a steady-
state infection in that a large percentage of cells in the
culture are infected and is like a carrier culture in that the
culture can be cured of virus by passage in media containing
neutralizing antibodies. With regard to transmission of vi-
ruses between cells in the persistently infected culture, a
steady-state infection is characterized by efficient vertical
transmission and is not dependent on horizontal transmis-
sion for maintenance whereas a carrier culture is character-
ized by inefficient vertical transmission and is dependent on
horizontal transmission for maintenance. Therefore, persis-
tent infection of L cells by reoviruses appears to be better
described as a carrier culture in which a large percentage of
cells are infected at any given time. Considering the previous
arguments, we postulate that viruses and cells with muta-
tions affecting viral entry will be found to occur in many
persistent viral infections that are best described as carrier
cultures. If so, persistent infections, or carrier cultures more
precisely, should serve as important sources of viral and
cellular mutants for the study of viral entry.

In this study, we addressed the nature of mutations in
viruses and cells that occur during maintenance of persistent
reovirus infection of L cells. We found that viruses and cells
undergo coevolution at a particular site of virus-cell interac-
tion during maintenance of persistent infection: processing
of outer capsid proteins of infecting virions in an endocytic
compartment of cells. These findings indicate that an early
step in the infectious cycle can be a determinant of whether
viruses cause lytic or persistent infections in their host cells.
Our results also suggest that continuing infection or reinfec-

tion of cells in a persistently infected culture can force
selection of cells that more effectively resist viral infection,
presumably because continuing infection or reinfection con-
tributes importantly to cellular injury in this setting. The
observation that cells and viruses change with respect to a
specific early step in the infectious cycle during maintenance
of persistent infection is likely to reflect that this step is one
in a series that leads to cellular injury. Moreover, the
phenomenon of cellular and viral mutation at a site of
virus-cell interaction involving viral entry into cells might
have relevance to persistent infections with other viruses,
including those associated with immunosuppression or tu-
morigenesis in host organisms.
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