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The effects of the lysosomotropic weak bases chloroquine, ammonium chloride, and amantadine as well as
dansylcadaverine (an inhibitor of receptor mediated endocytosis) on the replication of Sindbis virus in tissue-
cultured cells was examined. Chloroquine had no effect on the expression of virus-induced homologous
interference. None of these drugs significantly affected the ability of a complex of a cell and single virion to form
an infectious center. Chloroquine and ammonium chloride were found to inhibit the synthesis of virus RNA in
established infections when added early in infection. These drugs also inhibited the production of progeny
virions when added any time after infection. These results suggest that the antiviral activity of these agents may
not be due to an ability to prevent transport of the virus genome into the cell cytoplasm.

Experimental investigations of the events leading to the
establishment of virus infections (i.e., attachment and pene-
tration) have proven to be among the more difficult and
controversial aspects of contemporary virology (6). Investi-
gations of this important aspect of the virus life cycle have
been extremely difficult to interpret because of two major
technical difficulties in experimental design. (i) For a given
population of animal viruses, it is not possible to experimen-
tally demonstrate a one-to-one correspondence between the
number of physical particles and the number of PFU. In the
best of circumstances, less than 20% of a preparation of
virions can be demonstrated to be infectious; in most cir-
cumstances, the percentage is much lower. (ii) It is unclear
whether a potential host cell is capable of dealing with
unlimited amounts of virus particles in an identical fashion
(that is, a pathway leading to productive infection) (25).
Limitations in the sensitivity of biochemical or morphologi-
cal (electron microscopic) assays of events related to attach-
ment and penetration of cells by viruses have forced investi-
gators to employ large quantities of virus per cell to produce
samples yielding quantities adequate for analysis by the
techniques employed. These conditions are certainly to be
considered artificial when compared with the situation that
probably occurs in nature, that is, the interaction of a cell
with a single infectious unit of virus. The consequences of
laboratory studies employing large quantities of virus are
that, in any morphological or biochemical assay of virus
penetration, the majority of data are derived from virions
that may not be capable of successfully infecting cells
(problem number i, above). It is also not known whether
cells discriminate between infectious and noninfectious par-
ticles at the point of uncoating, with infectious virus follow-
ing one pathway and noninfectious virus following another
(problem number ii, above). Therefore, it is possible, be-
cause of this latter limitation, that large numbers of infec-
tious virions may engage in cell interactions that do not lead
to the infection of the cell.

Two pathways for virus invasion of tissue-cultured cells
have been proposed. One model suggests that viruses enter
cells by a process morphologically similar to endocytosis
(11, 17-20). After attachment to the cell surface, virions are
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incorporated into developing endocytotic vesicles and are
internalized in these membrane-limited structures. Either
virions may escape from the vesicles early after their forma-
tion, or the virus-containing endosome may fuse with lyso-
somal membranes. A second model suggests that viruses
may enter cells by direct penetration of the plasma mem-
brane. This hypothesis holds that membrane-containing vi-
ruses fuse with cell surface through the interaction of the
virus envelope and the cell plasma membrane (5, 10, 14, 23).

Recent studies have focused again on the role that the
cellular process of endocytosis may play in the invasion of
tissue-cultured cells by animal viruses. This renewed inter-
est has derived from two primary observations. First, it has
been demonstrated that certain complex and simple weak
basic compounds can accumulate in acidic compartments of
cells and alter the pH of those compartments (21). This has
led to a study of the effects that such weak basic compounds
could have on the process of infection (12). These studies
have led to the conclusion that an increase in the pH of
intracellular compartments prevents cell penetration by a
variety of enveloped viruses. Second, it has been discovered
that a large number of enveloped virions can induce cell
fusion if exposed to an acidic environment after attachment
to the cell surface (9, 33-35). These two observations have
formed the basis for a model that suggests that the route of
virus entry is by endocytosis. According to this model,
attached virions are incorporated into endocytotic vesicles;
shortly after the separation of the endocytotic vesicle from
the cell surface, a reduction in the pH of the vesicle (32)
induces the fusion of the virus membrane with the membrane
of the vesicle itself. This fusion event releases the virus
genome into the cell cytoplasm, initiating the process of
infection. Because of wide acceptance of this model, a large
number of basic compounds (referred to as lysosomotropic
weak bases) have been employed in studies examining the
effects of these agents on the early events in virus infection.
Compounds such as chloroquine, amantadine, ammonium
chloride, and methylamine are now widely used to determine
whether the acidic compartment is involved in the infection
of a cell by a given virus (15, 20, 28, 31).

In this manuscript, we present experiments that review
the effects of some lysosomotropic weak bases on the
growth cycle of Sindbis virus (the prototype of the alphavi-
ruses) in an attempt to determine whether explanations
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alternative to those previously provided can account for the
antiviral activity of these compounds. Although a variety of
agents are examined in this study, we have focused primarily
on the drug chloroquine, since this compound has been most
widely utilized in studies of this type.

MATERIALS AND METHODS

Cells and virus. Baby hamster kidney (BHK-21) cells were
grown as described previously (22) in Eagle minimal essen-
tial medium (8). The heat-resistant strain of Sindbis virus
(SVHR) and mutant rs-23 were propagated in BHK-21 cells
as described previously (22). Virus titers were determined by
plaque assay on BHK-21 cell monolayers (22).

Infectious center assay. The assay of the number of infect-
ed cells in a monolayer was determined essentially as
described by Riedel and Brown (24). Monolayers of BHK-21
cells were infected with virus at a given multiplicity for a
period of time at room temperature (25°C). Infection was
stopped by washing the monolayers with a 1:100 dilution of
anti-Sindbis virus serum (described below). The cells were
then washed three times with minimal essential medium and
lifted from the plastic substrate with a solution of 0.05%
trypsin (GIBCO Laboratories; 1:250) and 0.02% EDTA in
phosphate-buffered saline that was deficient in calcium and
magnesium. The cells were gently pelleted and resuspended
in cold complete medium with 1% fetal calf serum. The cell
suspension was serially diluted in cold complete medium. A
1.0-ml sample of each dilution was mixed with 1.0 ml of
freshly trypsinized and washed, uninfected BHK-21 cells (5
x 10° cells). This mixture was warmed to room temperature,
and 1.0 ml of 2.1% low-gelling-temperature agarose (Sea
Plaque, Rockland, Maine; FMC) in complete medium at
37°C was added to it. The suspension was carefully mixed
and immediately transferred to petri dishes (60 by 15 mm)
containing a preformed base of 1% agarose in complete
Eagle medium. Plates stood at room temperature for 1 h and
were then incubated at 32°C for 3 days. Plaques representing
infected cells were counted after staining with neutral red.
This assay procedure is 60% as efficient as a plaque assay.

Homologous interference assay. The ability of a Sindbis
virus-infected BHK cell to exclude superinfecting homolo-
gous virus was assayed as described by Johnson et al. (13).
Cells infected with Sindbis virus temperature-sensitive mu-
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tant rs-23 (interfering virus) were washed five times with
minimal essential medium and were challenged with wild-
type Sindbis virus (superinfecting virus) at the same multi-
plicity for an identical time period. Control experiments
were conducted with only the interfering virus or the super-
infecting virus. At the end of the infection, extracellular
virus was inactivated with a 1:100 dilution of anti-Sindbis
virus serum (described below). The monolayers were
washed five times with complete minimal essential medium
and incubated overnight (18 h) at 28°C (permissive tempera-
ture). Virus released was assayed at 28 and 37°C by plaque
assay to determine temperature sensitivity. The yield of
superinfecting virus was determined as a percentage of the
total by dividing the titer at 37°C (nonpermissive tempera-
ture) by the titer at 28°C (permissive temperature).

Johnson et al. (13) have demonstrated that the interfering
virus can maximally exclude superinfecting virus when
applied to cells for 15 min at a multiplicity of 25 PFU/cell.

Uridine incorporation assay. The incorporation of [*H]uri-
dine into viral RNA was determined by a modification of the
procedure described by Helenius et al. (12). Monolayers of
BHK-21 cells were treated with actinomycin D (4 wg/ml) for
90 min before infection. We have found that 90 min is
required to completely arrest host RNA synthesis (data not
shown). Identical monolayers of cells were infected with 200
PFU/cell for 1 h (12). At the end of the infection period, the
cells were washed with medium containing anti-Sindbis virus
serum to arrest infection and 4 times with medium containing
actinomycin D and placed in complete MEM plus actinomy-
cin D. Cells were labeled with 10 wCi of [*H]uridine per ml as
indicated in the figure legends. The total label incorporated
into RNA was determined by precipitation with ice-cold 15%
trichloroacetic acid (TCA). Each value presented in the
tables or as a point on a graph represents the average of four
identical experiments.

Preparation of anti-Sindbis virus serum. SVHR produced
by BHK-21 cells was purified by density gradient centrifuga-
tion, dialyzed against phosphate-buffered saline mixed with
an equal volume of Freund complete adjuvant, and injected
subscapularly into a rabbit. This injection was repeated 3
weeks later. One week before each bleeding, an additional
injection of Sindbis virus was administered intravenously. A
1:100 dilution of the resulting serum inactivated 97% of

TABLE 1. Establishment of Sindbis virus mediated homologous interference in the presence and absence of chloroquine

Titer® (PFU/ml) determined

Production of

Viruses” at: Titer at superinfecting
37°Cltiter (wild-type)
Interfering Superinfecting 28°C 37°C at 28°C virus (% of
total)®

None SVHR 2 x 10° 8 x 108 0.4 100
ts-23 None 5 x 10° 1 x 10°
1s-23 SVHR 8 x 10° 5 x 107 0.006 0.7
ts-23, chloroquine? SVHR 4 x 10° 4 x 107 0.01 1.4
None, chloroquine? SVHR 2 x 10° 8 x 108 0.04 100
ts-23, chloroquine SVHR, chloroquine 9 x 108 7 x 107 0.07 6.0
SVHR, ts5-23 None 2 x 10° 7 x 108 0.35 49.0
SVHR, 1s-23, chloroquine None, chloroquine 1 x 10° 3 x 108 0.3 42.0

@ Cells were infected with 100 PFU of the virus indicated per cell for 30 min at room temperature. The cells were washed with phosphate-puﬂ“erqd §aling at‘the
end of each infection and either superinfected or placed in fresh medium and incubated overnight (18 h) at 28°C. The cells were treated with anti-Sindbis virus

serum at the end of the second (or only) infection.
b Determined by plaque assay at the indicated temperature.
¢ Corrected for the efficiency of plating of wild-type virus at 37 and 28°C.

4 Cells were pretreated with chloroquine (0.1 mM) for 30 min and infected in the presence of the drug at room temperature. At the end of the first (or only) infect-
ing period, the cells were washed with media without chloroquine; the second infection (if applicable) was in the absence of chloroquine. At the end of the
infection period, monolayers were washed with antiserum as described in footnote a.
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Sindbis virus (2 x 10%ml) infectivity in 15 min at room
temperature. The antiserum was employed at 1/100 concen-
tration in the experiments presented above (see Table 2).
Chemicals. Amantadine (Sigma Chemical Co.) was dis-
solved in 140 mM NaCl-0.5 mM MgCl, buffered with 10 mM
morpholine ethanesulfonic acid and was stored as a 0.5 M
stock solution at 4°C. Ammonium chloride (1 M; J. T. Baker
Chemical Co.) was dissolved in distilled water. Chloroquine
(10 mM) was dissolved in phosphate-buffered saline that was
deficient in calcium and magnesium, and both stocks were
stored at 4°C. Dansylcadaverine (Sigma) was prepared fresh
before each experiment as a S mM stock solution in phos-
phate-buffered saline acidified with 2 N HCI (28).

RESULTS

Lysosomotropic weak bases fail to inhibit the establishment
of homologous interference and the formation of Sindbis virus-
infected cell complexes. Studies designed to define the mech-
ahism by which enveloped viruses enter cells have frequent-
ly employed agents capable of altering the pH of intracellular
compartments (12). The presence of these compounds dur-
ing infection prevented subsequent virus RNA synthesis and
led to the conclusion that enveloped viruses enter cells via
acidic compartments. The effects of these agents on late
virus functions have not, however, been clearly defined.
Therefore, we monitored the steps during Sindbis virus
replication at which these agents exert their effect.

To define the effects of inhibitors on various stages in the
replication of Sindbis virus it was necessary to determine the
rate at which Sindbis virus penetrates cells and initiates gene
expression. The rate at which Sindbis virus penetrates cells
was defined as the rate at which virus-cell complexes
become resistant to antiviral antiserum after virus adsorp-
tion. High multiplicities of infection (200 PFU/cell) were
chosen for some of the studies presented below. This
multiplicity was chosen to achieve a rapid and nearly syn-
chronous infection of a cell monolayer to allow us to relate
observations on rates of RNA and progeny virus synthesis to
time of infection. In an infectious center assay, performed as
described above we found that at this multiplicity of infec-
tion all cells were infected in 12 min (data not shown).

A homologous interference assay was employed to deter-
mine the onset of gene expression. It has been demonstrated
that homologous interference can occur within 15 min after
the addition of virus to cells and requires virus gene expres-
sion. It does not require RNA transcription or replication.
The induction of homologous interference is one-fifth as

TABLE 2. Effects of an inhibitor of endocytosis and some
lysosomotropic weak bases on the formation of Sindbis virus
BHK-21 cell infectious centers“

Infectious cen-

Drug tested Concn (mM) ters formed (%
of control)
Chloroquine 0.1 71
Chloroquine 0.005 79
NH,CI 20 91
NH,CI 0.2 130
Dansylcadaverine S 96
Amantadine 2 44
Nontreated cells? 2

“ Infectious center assay was as described in the text. Monolayers of cells
were infected at a multiplicity of 0.01 PFU/cell.

b Cells were infected at 4°C and treated with antiserum at 4°C. This
experiment served as control to ensure that the antivirus serum would prevent
infection of the cells by surface-associated virions after removal from the
drug.
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FIG. 1. Effect of varied concentration of chloroquine on the
production of progeny Sindbis virus by infected BHK cells. Mono-
layers were infected with Sindbis virus as described in the text.
Chloroquine was added at the indicated concentrations at 90 min
after the addition of virus. Monolayers were incubated at 37°C
overnight. The amount of virus produced was determined by plaque
assay as described in the text.

sensitive to UV inactivation as infectivity (13). We have
recently found that the induction of homologous interference
prevents the expression of the superinfecting virus after the
genome enters the cell cytoplasm (Adams and Brown,
unpublished data). BHK-21 cells were infected with #s-23
(100 PFU/ cell), an RNA-positive Sindbis virus mutant that
produces no mature virus at nonpermissive temperature (2,
30) and subsequently superinfected with wild-type Sindbis
virus (SVHR). The virus produced was assayed for tempera-
ture sensitivity by a plaque assay at 28 and 37°C. More than
99% of the virus produced was temperature sensitive (Table
1). These results indicate that within 30 min after virus
addition, the infecting virus has programmed the production
of the viral function responsible for homologous interfer-
ence.

We found that the inhibitory effects of chloroquine on both
virus RNA synthesis and progeny virus production were
reversible when the drugs were removed from the cultures
within 60 min after the addition of virus (data not shown).
The reversibility of the effects of chloroquine permitted us to
assay for the expression of virus-induced homologous inter-
ference in the presence of chloroquine. BHK-21 cell cultures
were treated with chloroquine for 30 min and infected with
Sindbis virus #s-23 (100 PFU/cell) in the presence of chloro-
quine for 30 min. The cells were washed to remove the
chloroquine and challenged with wild-type Sindbis virus (100
PFU/cell) for 30 min. The monolayers were then washed,
treated with anti-Sindbis virus serum, and incubated over-
night at 28°C. The virus produced was assayed at permissive
and nonpermissive temperatures to determine the phenotype
of the progeny virus. A similar experiment was conducted
without drug treatment, and SVHR and rs-23 growth was
assayed independently (nonmixed) (Table 1). In the presence
of chloroquine, rs-23-infected cells established the ability to
prevent expression of superinfecting, wild-type virus as
efficiently as in nontreated cells. These results were not
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significantly changed when exposure to the first virus in the
presence of chloroquine was extended to 1 h, or when the
multiplicities of infection of the interfering and superinfect-
ing viruses were reduced to 25 (data not shown). Multiplic-
ities less than 25 produced ambiguous results because, under
the conditions employed in these experiments, lower multi-
plicities failed to infect all cells in the monolayer. The
experiments could not be conducted with exposures to
chloroquine longer than 1 h because cells treated with drug
into 90 min postinfection irreversibly lose the ability to
produce virus.

The data presented above may be explained by concluding
that the interfering virus (£s-23) is retained in the endosomal
compartment in the presence of chloroquine and rapidly
infects the cell and establishes homologous interference
once the drug is removed. The superinfecting virus, although
added in the absence of drug, must go through a set of steps
before it encounters the acidic compartnient required for
infection. (Helenius and co-workers [12] have shown that
this event occurs within 5 min after attachment of the virus
to the cell surface.) To test this possibility, the homologous
interference experiment described above was catried out
with both the interfering virus and the superinfecting virus
added to cells for 30 min in the preserice of chloroquine
(Table 1). It was reasoned that if the interfering virus were
held up in the endozyme waiting for pH to be restored to

PFU/mi

TIME (hr) ofter addition of virus

FIG. 2. Effect of chloroquine on the production of progeny virus
when added at various times after infection of BHK-21 cell with
Sindbis virus. Identical monolayers of Sindbis virus-infected BHK-
21 cells were treated with 0.1 mM chloroquine at the times indicated
(arrows) after the addition of infecting virus. The monolayers were
incubated at 37°C, and the supernatants were assayed for total virus
produced at the times indicated. Symbols: @, no drug; O, drug
added at 1 h; A, drug added at 2 h; A, drug added at 3 h; W, drug
added at 5 h; O, drug added at 7 h.
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FIG. 3. Incorporation of [*Hluridine into virus RNA in the
presence and absence of chloroquine. Identical monolayers of BHK
cells were infected with Sindbis virus as described in the text. At 90
min after the addition of virus, chloroquine was added to one set of
monolayers to a final concentration of 0.1 mM. [*H]uridine (10
rCi/ml) was added to all cultures at 2 h after the addition of viruses.
Samples were assayed at the times indicated for total counts per
minute incorporated into viral RNA as described in the text.
Symbols: chloroquine-treated cells; @, control (nontreated) cells.

neutrality, the superinfecting virus would have an opportuni-
ty to reach an equivalent position in the cell and that both
viruses would simultaneously infect the cell, producing a
population of progeny viruses equivalent to a simultaneous
infection with both viruses in the presence or absence of the
drug. The first virus still efficiently interfered with the
second virus (Table 1), once again suggesting that homolo-
gous interference was established in the presence of chloro-
quine.

Homologous interference has been demonstrated to be a
virus-coded furiction (13). These data suggest that the
expression of this function through translation of the infect-
ing genome takes place in the presence of chloroquine.

To further define the effect of lysosomotropic weak bases
on Sindbis virus penetration, we examined the formation of
virus-infected cell complexes in the presence of these drugs.
Four drugs were chosen for these experiments. Chloroquine
and NH,CI were used at concentrations that have no effect
on virus production (10) (this study; see below) or RNA
synthesis and at concentrations utilized by others to raise the
pH of intracellular compartments (21) and to demonstrate
inhibitory effects on virus infection (12). Amantadine (a
lysosomotropic weak base) and dansylcadaverine (an inhibi-
tor of receptor-mediated endocytosis [4]) were used in
concentrations previously employed to block virus infection
(12, 18). The concentrations of these drugs (higher concen-
tration in the case of NH4Cl and chloroquine) are those
commonly used to raise the pH of intracellular compart-
ments (21). Experiments were carried out with dilutions of
virus sufficient to ensure that no BHK-21 cell came in
contact with more than a single virion (multiplicities of less
than 1 virion per cell). Cell monolayers were exposed to
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dilutions of virus in the presence or absence of the drugs for
1 h at room temperature. The monolayers were then washed
in the presence of drug and treated with anti-Sindbis virus
serum in the presence of drug. The cells were then removed
from the monolayer, diluted, and mixed with uninfected,
nontreated BHK-21 cells and plated in soft agar in the
absence of drug. To ensure that further infection of the cells
did not occur after the treatment with antiserum, an identi-
cally infected, nontreated culture was maintained through-
out infection at 4°C and treated with antiserum (Table 2).
This culture yielded only 2% of the number of infectious
centers produced by cultures maintained at room tempera-
ture.

In this experiment, the virus-cell complexes were main-
tained in 0.1 mM chloroquin for a total of 80 min. Longer
incubation times were not possible because of the nonrevers-
ible inhibitory effects of the drug on progeny virus produc-
tion when present at times greater than 90 min postinfection.
We have also found that uninfected cells exposed to 0.1 mM
chloroquine for a period in excess of 90 min lost their ability
to concentrate neutral red.

The results of these experiments are shown in Table 2.
Chloroquine, ammonium chloride, and dansylcadaverine did
not significantly interfere with the penetration of Sindbis
virus into BHK-21 cells. Only amantadine significantly de-
pressed the formation of infectious centers. This reduction
may be the result of toxic effects of the drug (7), since we
found that this concentration of drug reduced host cell RNA
synthesis to 19% of control levels (data not shown). Chloro-
quine (0.1 mM), NH4CI (20.0 mM), and dansylcadaverine (5
mM) depressed the formation of infectious centers a maxi-
mum of 30%. This value was only achieved with 0.1 mM
chloroquine. Chloroquine, at a concentration of 0.005 mM,
is shown below to have no demonstrable inhibitory effects
on either viral RNA synthesis (see Fig. 4) (12) or the
production of progeny virions (Fig. 1), yet this concentration
reduced the number of infectious centers formed nearly as
much as did the higher concentration. This result suggests
that most of the depression seen with 0.1 mM drug may
result from an effect of the agent on the infected cell itself,
increasing the fragility of the infected cell and reducing the
number of infected cells that survive processing for the
infectious center assay.

It can be argued that, in the presence of chloroquine,
invading virus is retained in the prelysosomal compartment
until the drug is removed, pH is restored to acid conditions,
and then finally infection is established. It is important to
point out, however, that although the pH of intracellular

compartments is raised by these weak bases, the fusion of
the endosome with the lysosome is not inhibited (11).
Current research suggests that this fusion event occurs
between 20 and 60 min after formation of the endosome (1, 3,
27). It seems unlikely that a single virion in an endosome of a
single cell (a situation which would exist in the infectious
center assay) could escape lysosomal contact for a period of
80 min. Such contact should have manifested itself as the
loss of an infectious center, significantly reducing the num-
ber of cells registering as virus positive.

These experiments suggest that a single virion contactmg a
single cell can efficiently establish a productive infection in
the presence of these drugs. The inability of danyslcadaver-
ine to prevent the formation of infectious centers suggests
that receptor-mediated endocytosis may not be essertial for
Sindbis virus infection of BHK cells.

Effect of chloroquine on the production of progeny virus. To
determine what effect, if any, lysosomotropic agents could
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have on the outcome of virus infection, the effects of various
concentrations of chloroquine on the production of infec-
tious virus were determined (Fig. 1). Chloroquine was added
to the cultures 30 min after a 1-h adsorption period (multi-
plicity of infections, 200). At low concentrations of chloro-
quine (5 X 1072 and 1 x 10~2 mM), the amount of progeny
vifus produced was equivalent to control lcvels, whereas at
higher concentrations (5 X 1072 and 0.1 mM) virus was not
produced. We also found that chloroquine-treated (5 X 1072
and 0.1 mM), virus-infected cells did not release detectable
levels of noninfectious virus particles (data not shown).

The effect of chloroquine (0.1 mM), added at various times
postinfection, on the production of progeny virions is shown
in Fig. 2. The inhibitory effects of chloroquine on virus
production wetre dependent upon the time of addition. When
added up to 3 h after the adsorption period, no progeny virus
was produced in a 24-h period. When the drug was added at 4
or 5 h postinfection, virus titers increased slightly, and then
virus production ceased. The increase in progeny virus
produced after drug addition at later times (e.g., 5 h)
suggests that the cells can produce virus from accumulated
precursor components for up to 1 h after drug addition.
Collectively, these results indicated that chloroquine can
arrest the productlon of progeny virus even when added at
times very late in infection.

The effects of chloroquine on the production of progeny
viruses were found to be reversible only when the drug was
removed before 90 min after the addition of virus. Infected
cells exposed to 0.1 mM chloroquine for 30 min at 90 min
postinfection produced only 4% the virus yield of nontreated
cells in 18 h (data not shown).

Effects of lysosomoiropic weak bases on the mcorporatlon of
[*Hluridine into Sindbis virus RNA. Since lysosomotropic
weak bases did not dramatically affect the rate of which
Sindbis virus penetrated cells or established homologous
interference, but did interfere with progeny virus produc-
tion, we examined the effect of these drugs on the rate of
incorporation of uridine into virus RNA in an attempt to
elucidate the step in virus replication blocked by these
compounds. Actinomycin D-treated, virus-infected cells

3
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FIG. 4. Dose-response curve for the incorporation of [*H]uridine
into RNA in the presence of chloroquine. Identical monolayers of
BHK cells were infected with Sindbis virus as described in the text.
Cells were treated with the concentration of chloroquine indicated at
90 min after the addition of virus. [*H]uridine (10 n.Ci/ml) was added
to the cultures at 3 h, and the amount of label incorporated during a
30-min penod was determined as described in the text. The amount
incorporated is plotted as the percentage of that incorporated into
untreated control cells.



862 CASSELL, EDWARDS, AND BROWN

J. VIrOL.

TABLE 3. Effect of chloroquine on intracellular levels of [*H]uridine

Total cell-associ- Total cpm in viral

Expt Treatment ated cpm (% of RNA? (% of total
control)* cpm)
a Infected cells® labeled with [*H]uridine (10 nCi/ml) for 4.5 x 10° 4.7 x 10% (0.1)
30 min beginning 90 min after addition of virus (con-
trol)
b Infected cells¢ treated with chloroquine (0.1 mM) and 6.9 x 10° (150) 1.7 x 10? (0.25)

labeled with [*H]uridine for 30 min at 90 min after

addition of virus

c As a above, except labeled 4 h after addition of virus 4.7 x 10° 7.0 x 10% (0.15)
(control)
d As b above, except labeled 4 h after infection 6.0 x 10° (130) 3.7 x 10° (0.62)

“ Determined by assaying total counts in dissolved monolayers after washing five times with phosphate-buffered saline.
b TCA-precipitable counts per minute from monolayer assayed as described in the text.

¢ Actinomycin D-treated BHK-21 cells infected as described in the text.

were treated with chloroquine (0.1 mM) at 90 min after the
addition of virus. [?H]uridine was added 30 min later, and the
total incorporation of label was determined by TCA precipi-
tation at various time intervals. Figure 3 shows that, initially,
incorporation of label into RNA was higher in drug-treated
cells than in nontreated control cells. With time, control cells
continued to incorporate label into viral RNA, whereas no
significant increase in the amounts of label in drug-treated
cells was found during the time frame of this experiment.

The inhibitory effects of chloroquine on virus RNA syn-
thesis were found to be reversible. Infected cells removed
from drug began synthesizing RNA at typical kinetic rates
within 1 h after removal of the drug (data not shown).

Dose-dependent chloroquine inhibition of Sindbis virus
RNA synthesis. Helenius and co-workers (12) have investi-
gated the dose response of viral RN A synthesis to lysosomo-
tropic agents when the drugs were added to the cells during
the period of infection. These investigators found a maxi-
mum inhibitory effect of chloroquine on incorporation of
uridine into RNA when chloroquine was added at a concen-
tration of 0.1 mM. Because our data (presented above)
suggested an effect of these weak bases on RNA synthesis,
we have performed a dose-response study of the effect of
chloroquine on incorporation of uridine into TCA-insoluble
material when the drug was added at 30 min after the 60-min
infection period (the time at which levels of RNA synthesis
in drug-treated cells were similar to those in controls [Fig.
3]). Chloroquine concentrations between 10™* and 0.1 mM
were investigated (Fig. 4). The results of this experiment
were very surprising. At low drug concentrations, the
amount of uridine incorporated into TCA-insoluble material
was higher than control levels. At 10”* mM, incorporation
into drug-treated cells was 163% of control and increased
with increasing chloroquine concentrations to 215% of con-
trol at 1073 mM. At this point, the amount of label incorpo-
rated was reduced with increasing drug concentration and
was suppressed to slightly below control levels at a concen-
tration of 0.1 mM chloroquine. Similarly, we found that
when cells were treated with dilutions of ammonium chloride
at the same time after infection an enhanced incorporation of
tritiated uridine into TCA-insoluble material was seen at low
concentrations (162% of control at 0.2 mM), and levels
roughly equivalent to control levels were seen at higher
concentrations (110% of control at 20 mM).

The data presented in Table 3 and Figures 3 and 4 show
that when chloroquine was added to infected cells an imme-

diate increase of label into viral RNA in drug-treated cells
relative to control cells was seen. Drug-treated cells ceased
to synthesize RNA, whereas control cells surpassed drug-
treated cells in incorporation of label. Chloroquine is there-
fore capable of (i) suppressing viral RNA synthesis with
increasing concentration while (ii) actually increasing the
relative amount of label incorporated into whatever amount
of RNA is synthesized.

The effects of chloroquine on the incorporation of uridine
into RNA when the drug was added at various times
postinfection were also investigated (Fig. S). In this experi-
ment, equivalent monolayers of actinomycin D-treated cells
were labeled with [*H]uridine at 30 min after the initial 60-
min infection period; this time was then considered as time
0. Chloroquine (0.1 mM final concentration) was added to

Control

34 uridine incorporated (ct/min x 1079
»

I 2 3 a4 5 6

TIME (hr) after oddition of virus
that chloroquine (0.1 mM) was added

FIG. 5. Effect of chloroquine added to Sindbis virus-infected cell
monolayers at various times after infection on the incorporation of
[PH)uridine into virus RNA. Identical monolayers of cells infected
with Sindbis virus, as described in the text, were placed in medium
containing [*H]uridine at 60 min after the addition of virus. Chloro-
quine was added to monolayers at the times indicated, and the total
label incorporated into each monolayer at 9 h after addition of virus
was determined. Stated otherwise, the total counts per minute
incorporated between 1 and 9 h postinfection was determined and
compared with that of a nontreated control.
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sample monolayers at 15, 30, 60, 120, 180, and 240 min after
uridine addition. Total counts per minute incorporated into
virus RNA were determined by TCA precipitation at 6 h
after uridine addition. The effect of drug on incorporation of
label into virus RNA (during the period from 90 min to 7.5 h
after the addition of virus) was again dependent upon time of
addition. When added early (15 to 30 min) the amount of
label incorporated into RNA at the end of the 6-h incubation
period was less than control levels. However, at later times
the amount of label incorporated into RN A was equivalent to
control (60 min) to much higher than control levels when
added at 240 min. These data suggest that chloroquine can
block incorporation of label into virus RNA when added
early, whereas it can enhance incorporation when added
late.

Effect of chloroquine on incorporation of tritiated uridine
into Sindbis virus-infected BHK-21 cells. The enhanced incor-
poration of uridine into viral RNA when chloroquine was
added at later times in infection suggested that chloroquine
had some effect on the incorporation of uridine into RNA
which was independent of its effect on the process of RNA
synthesis itself. To explore the possibility that this effect
might be on the transport of uridine into the cytoplasm of the
infected cell, we examined the amount of cell-associated
tritiated uridine in cells treated with chloroquine (0.1 mM) at
either 30 min or at 3 h after the initial 60-min infection period
(Table 3). Monolayers of cells that had been treated with
chloroquine were found to have higher amounts of cell-
associated label relative to untreated control monolayers.
Similarly, the drug-treated monolayers incorporated more
label into TCA-insoluble material (viral RNA) relative to
nontreated controls. Thus, it seems that the enhanced incor-
poration of tritiated uridine into viral RNA is, in part, the
result of an enhanced uptake of the label by the infected
drug-treated monolayers.

The effects of chloroquine on virus RNA synthesis may be
explained by proposing that the drug acts to prevent the
formation of RNA replicating complexes. Such an inhibition
would restrict the cell’s RNA-synthesizing capacity to that
existing at the time of drug addition. When drug is added late
in infection, the formation of replicating complexes is com-
plete (26), and RNA synthesis proceeds at a maximum rate.
Incorporation of labeled uridine into RNA exceeds control
levels because of the increased intracellular amounts of label
and because progeny RNA is not matured into virions.

DISCUSSION

The experiments described in this report illustrate the
difficulties inherent in experimentally elucidating the mecha-
nism by which virus genomes pass from the cell exterior to
the cytoplasm. The objective of our study was to determine
the point at which lysosomotropic agents interrupted the
Sindbis virus replicative cycle. In an effort to avoid the
ambiguities associated with the use of high multiplicities of
infection and the tracking of physical virus particles by
morphological or biochemical means, we have followed the
process of infection by measuring Sindbis virus gene expres-
sion. Four virus-specified activities were examined: homolo-
gous interference, infectious center formation, progeny virus
production, and virus RNA synthesis.

The results presented above demonstrate that, whereas
the earliest assayable events in the infection of cells by
Sindbis virus, infectious center formation and homologous
interference, are not significantly affected by any of the
drugs tested in this study, virus RNA synthesis and the
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production of progeny virions are affected at any time drugs
are added to the infected cells.

The conclusions generated by this study differ from those
published elsewhere, primarily because of the differences in
experimental design. We have utilized an infectious center
assay to determine the effects of drugs on the ability of a
single virion to infect a cell (Table 2). This assay shows that
in the presence of drug for 1 h and 20 min, virions infect cells
with an efficiency 80 to 90% of that of controls. We have
utilized homologous interference as an assay for the transla-
tion of virus positive-strand RNA entering the cell cyto-
plasm. This event is not dependent upon replication or
transcription of RNA (13) and is not inhibited by the
presence of chloroquine (Table 1). We have utilized kinetic
studies to determine the incorporation of uridine into virus
RNA in the presence and absence of drug, and we have
investigated the effects of varied drug concentration on
incorporation. We found that chloroquine enhanced incorpo-
ration of label into RNA by increasing the amounts of
intracellular label (Table 3) and that, when added early, the
drug depressed virus RNA synthesis (Fig. 3 and 5). We have
also found an inhibitory effect of chloroquine on virus
maturation in cells that are still synthesizing RNA (Fig. 1 and
2).

In other experiments conducted as a part of the study
presented herein, we found no significant effect of chloro-
quine or NH4C1 on host cell RNA synthesis or on host or
virus protein synthesis (data not shown). These observations
are in agreement with results published previously (12) and
suggest that these drugs may have some specific effects on
cytoplasmic RNA synthesis.

The observations that chloroquine can inhibit virus specif-
ic RNA synthesis, increase intracellular levels of labeled
uridine, and block virus maturation underscore the multiple
effects that these drugs may have on biological processes not
related to lysosomotropic characteristics. It has been previ-
ously demonstrated that, in addition to raising the pH of
intracellular compartments, chloroquine inhibits protease
and phospholipase activity and steroid and DNA synthesis.
Chloroquine binds to cell surfaces and to membrane phos-
pholipids and alters the fluidity of membranes (see reference
29 for review). During the course of these studies, we found
that BHK cells exposed to 0.1 mM chloroquin for periods
greater than 1 h lose their ability to concentrate neutral red
(data not shown). The inhibitory effect of this drug on virus
replication could be a direct or indirect result of any one of
these effects or of effects currently unknown.

Implication of these experiments for understanding the
route of virus entry into cells. Recently, wide support has
developed for a model suggesting that the entry of enveloped
viruses into cells is by endocytosis of adsorbed virus into
vesicles that become acidic intracellular compartments. The
acidic environment induces fusion of the virus membrane
with the vesicle membrane to release the viral genome into
the cell cytoplasm and initiate infection. This model has been
derived primarily from two experimental observations. (i)
Viruses such as Semliki Forest virus and Sindbis virus
induce fusion from without when monolayers with large
numbers of surface-associated virions are exposed to low pH
(9, 33, 34). (ii) Lysosomotropic weak bases raise the pH of
intracellular compartments (21) and, when present during
infection, reduce incorporation of label into virus RNA (12).
It was concluded that they do so by preventing the fusion of
virions with vesicular membranes to release the viral RNA
into the cell cytoplasm (17).

We believe that these observations do not support such a
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model for the following reasons. (i) We have found (9, 16)
and the protocols of others indicate (33, 34) that the fusion-
from-without phenomenon does not occur when alphavirus
cell complexes are exposed to acidic pH; rather, fusion
occurs only when such monolayers are exposed to low pH
for brief periods of time and then are subsequently returned
to neutral pH. Monolayers may be maintained in low pH
environments for hours without fusion occurring (16). Fu-
sion occurs rapidly when monolayers are exposed to low pH
for brief periods of time and then returned to neutrality;
thus, the return to neutral pH seems to be essential for the
acid-induced fusion event to occur (9, 16). There is no
evidence suggesting that the pH of endocytotic-prelysoso-
mal vesicles fluctuates from acid to neutral. (ii) The data
presented above show that lysosomotropic weak bases have
multiple effects on virus-infected cell monolayers when
applied at concentrations reported to raise the pH of intra-
cellular compartment (21). Many of these effects may be
completely unrelated to their ability to alter the pH of
intracellular vesicles.

The data presented in this paper do not support a model
for infection of cells by enveloped viruses whereby viruses
fuse directly with the cell plasma membrane. Furthermore,
the data presented above do not argue against endocytosis as
a route of virus infection. This data, and data we have
published previously on the fusion of cell monolayers by
Sindbis virus (9, 16), suggest that arguments currently em-
ployed to support acidic cell compartments as essential
participants in alphavirus infection may not be valid.
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