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Early events in the life cycle of JC virus as potential
therapeutic targets for the treatment of progressive
multifocal leukoencephalopathy
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The human polyomavirus, JC virus (JCV), is the etiological agent of progres-
sive multifocal leukoencephalopathy (PML). PML occurs almost exclusively in
the setting of severe and prolonged immunosuppression and it remains an im-
portant and life-threatening complication in the acquired immunodeficiency
syndrome (AIDS) population. Several drugs that target DNA replication have
shown efficacy at inhibiting JCV replication in vitro but none to date have
shown in vivo efficacy. The authors’ laboratory has been studying early events
that contribute to infection of susceptible cells by JCV. They previously demon-
strated that infection of glial cells by JCV requires clathrin-dependent endo-
cytosis and that this early step in the viral life cycle can be blocked by the
antipsychotic drug, chlorpromazine. As chlorpromazine is associated with the
development of extrapyramidal symptoms that may be heightened in AIDS pa-
tients, the authors sought to test the atypical antipsychotic, clozapine, for an-
tiviral activity against JCV. In this report, the authors show that clozapine is as
effective as chlorpromazine at inhibiting infection. They further demonstrate
that low-dose combinations of both drugs synergistically inhibit infection.
Journal of NeuroVirology (2003) 9(suppl. 1), 32–37.
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Introduction

Despite the introduction of highly active antiretrovi-
ral therapy (HAART), JC virus (JCV)-induced progres-
sive multifocal leukoencephalopathy (PML) contin-
ues to be a life-threatening complication of acquired
immunodeficiency syndrome (AIDS) (Antinori et al,
2001). Approximately 4% to 8% of human immuno-
deficiency virus (HIV)-infected individuals develop
PML and the majority succumb to the disease within
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1 year. Long-term survival beyond 1 year is rare but
correlates with the restoration of anti-JCV–specific
cellular immunity (Du Pasquier et al, 2001; Koralnik
et al, 2002; Koralnik et al, 2001). To date, three antivi-
ral compounds have been tested for activity against
JCV. These include cytosine arabinoside (Ara-C),
azidothymidine (AZT), and cidofovir. Of these, only
Ara-C has been shown to inhibit JCV multiplica-
tion in tissue culture models (Hou and Major, 1998).
Based on these data and anecdotal evidence that
Ara-C and cidofovir might be effective against PML,
both drugs were tested in vivo. Ara-C failed to show
a significant benefit in a large-scale clinical trial and
the trial was terminated (Hall et al, 1998). It was sub-
sequently shown that Ara-C did not penetrate the
blood-brain barrier in that trial and a subsequent
trial involving convection-enhanced intraparenchy-
mal delivery is currently underway (Levy et al, 2001).
In a smaller pilot study, cidofovir has not shown ben-
eficial effects against PML (Marra et al, 2002).

Our laboratory has been studying the early
events that contribute to infection of glial cells by
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JCV. These early events include virus-host cell re-
ceptor interactions, mechanisms of virus entry, in-
tracellular trafficking of virions towards the nucleus,
and finally delivery of the viral genome across the
nuclear membrane. In an earlier study, we used the
drug chlorpromazine as a tool to specifically inhibit
clathrin-dependent endocytosis, which is critical for
JCV infectious entry into glial cells (Pho et al, 2000).
As chlorpromazine was once a widely used antipsy-
chotic drug, we proposed that it may be useful in the
treatment of PML (Atwood, 2001). Like other “typi-
cal” antipsychotic drugs, chlorpromazine treatment
is associated with elevated levels of serum prolactin,
induction of extrapyramidal symptoms (EPSs), and
with continued use, tardive dyskinesia (Seeman,
2002). As AIDS patients already show evidence of
EPSs, attempts to treat PML with chlorpromazine
may exacerbate these symptoms (Breitbart et al, 1996;
Itoh et al, 2000; Kelly et al, 2002; Lopez et al, 1999;
Ramachandran et al, 1997). The “atypical” antipsy-
chotic drugs such as clozapine may be ideal for treat-
ing PML in AIDS patients as they maintain their an-
tipsychotic effects without inducing significant EPSs.
Both the typical and atypical drugs work by antago-
nizing the dopamine D2 receptor. The differences in
side effects appear to be related to the relative affini-
ties of chlorpromazine and clozapine for occupancy
of the dopamine D2 receptor (Seeman, 2002).

In this report, we tested the ability of clozapine
either alone or in combination with chlorpromazine
for its ability to inhibit JCV infection of human glial
cells. We found that clozapine when given alone in-
hibited JCV infection as well as chlorpromazine. In-
terestingly, we also found that lower doses of each
drug when given simultaneously synergistically in-
hibited infection. These data suggest that the atyp-
ical antipsychotics may be effective therapeutically
against JCV-induced neurological disease when given
alone or in combination with lower doses of the typ-
ical antipsychotics.

Results

Chlorpromazine inhibits infection of SVG-A cells
by JCV
As a first approach to evaluating the antiviral activity
of chlorpromazine, we tested a range of drug concen-
trations for in vitro toxicity. The SV40-transformed
human glial cell line, SVG-A, was incubated with in-
creasing doses of chlorpromazine at 37◦C for 48 h.
Cells were then stained with Trypan blue and the per-
centage of dead cells calculated. Doses above 6.0 μM
resulted in significant toxicity (Figure 1A). We then
tested doses between 0.3 and 6.0 μM of drug for
anti-JCV activity. SVG-A cells were pretreated with
drug for 45 min at 37◦C and then infected with JCV
(Mad-1SVE�) in the presence of drug. The cells were
washed 3◦ in phosphate-buffered saline (PBS) and
maintained for 48 h in the same concentration of

Figure 1 (A) Toxicity of chlorpromazine. SVG-A human glial cells
were incubated with chlorpromazine for 48 h at 37◦C. The cells
were then stained with 0.1 ml of a 0.4% solution of trypan blue.
The percentage of dead (blue) versus live cells were determined by
counting on a hemacytometer. The graph is representative of three
independent experiments. (B) Chlorpromazine inhibits infection
of SVG-A cells by JCV. SVG-A cells were pretreated with the in-
dicated concentrations of chlorpromazine for 45 min at 37◦C. The
cells were then incubated with 200 hemaglutination units/ml of
JCV (Mad-1SVE�) for 1 h in the presence of drug. The cells were
washed 3◦ in PBS and then maintained in growth media contain-
ing drug. At 3 days post infection, the cells were fixed and stained
for the late viral protein, V antigen. The percentage of infected
cells in cultures not treated with drug was set at 100% and used
to compare with the drug treated cultures.

drug. Cells were fixed in acetone and infection scored
by indirect immunofluorescence analysis of JCV V
antigen expression. Doses of 0.3 and 3.0 μM of drug
inhibited infection 1.6-fold and the 6.0-μM dose in-
hibited by 2.2-fold (Figure 1B).

Clozapine inhibits infection of SVG-A cells by JCV
We first tested the toxicity of clozapine in SVG-A cells
as described above. Doses above 40.0 μM showed sig-
nificant toxicity (Figure 2A). We then tested doses be-
tween 15 and 30 μM of drug for anti-JCV activity as
described above. The 15- and 20 μM doses of clozap-
ine had little effect on JCV infection (Figure 2B). The



Therapeutic targets for JCV
34 S Baum et al

Figure 2 (A) Toxicity of clozapine. SVG-A cells were incubated
with clozapine for 48 h at 37◦C. The cells were then stained with
0.1 ml of a 0.4% solution of trypan blue. The percentage of dead
(blue) versus live cells were determined by counting on a hema-
cytometer. The graph is representative of three independent ex-
periments. (B) Clozapine inhibits infection of SVG-A cells by JCV.
SVG-A cells were pretreated with the indicated concentrations of
clozapine for 45 min at 37◦C. The cells were then incubated with
200 hemaglutination units/ml of JCV (Mad-1SVE�) for 1 h in the
presence of drug. The cells were washed 3◦ in PBS and then main-
tained in growth media containing drug. At 3 days post infection,
the cells were fixed and stained for the late viral protein, V anti-
gen. The percentage of infected cells in cultures not treated with
drug was set at 100% and used to compare with the drug treated
cultures.

25- and 30-μM concentrations inhibited infection by
approximately twofold (Figure 2B).

A combination of chlorpromazine and clozapine
inhibits infection of SVG-A cells by JCV
As neither drug alone completely inhibited infection,
we asked whether a combination of both drugs might
have an effect. SVG-A cells were treated with either
30 or 25 μM chlorpromazine alone or in combina-
tion with either 6.0 or 3.0 μM of chlorpromazine.
The combinations of both drugs did not result in in-
creased toxicity in the cultures (not shown). At each
of the tested concentrations, the combination of both

drugs inhibited infection significantly better than
either drug alone (Figure 3). This was most pro-
nounced with the lower doses of chlorpromazine
(Figure 3).

Discussion

JCV-induced disease continues to be a major compli-
cation in AIDS. Several drugs targeting viral replica-
tion have proven to be effective in vitro but have not
been useful clinically. This is mainly due to poor pen-
etrance of brain parencyma by many of these drugs.
Our laboratory is focused on studying the early events
in infection of cells by JCV (Figure 4). Several of these
early steps in the viral life cycle could be targeted
by antiviral therapy, including virus-receptor inter-
actions and virus entry (Figure 4). We have success-
fully shown that the latter of these steps, virus entry,
is mediated by clathrin-dependent endocytosis and
that this step can be blocked by chlorpromazine. In-
terestingly, chlorpromazine was once a widely used
antipsychotic drug and as such has good penetrance
into brain parenchyma. A major concern with the use
of chlorpromazine to treat PML in AIDS patients is
that the drug is highly associated with the induction
of EPSs. As AIDS patients already have basal gan-
glia deficits, the addition of chlorpromazine may ex-
acerbate these effects and induce severe EPSs. For
this reason, we have begun to analyze the “atypi-
cal” antipsychotic drugs for effectiveness at inhibit-
ing JCV infection in vitro. Unlike the “typical” an-
tipsychotics, the “atypicals” are associated with less
severe side effects. We found that the “atypical” an-
tipsychotic, clozapine, was as effective as chlorpro-
mazine in inhibitng JCV infection of glial cells. More
promising, however, was that a combination of lower
doses of both chlorpromazine and clozapine showed
synergistic anti-JCV activity. These data suggest that
drug combinations could be found that are effec-
tive against JCV infection without induction of se-
vere EPSs in the AIDS population. In support of this,
one study found that low-dose chlorpromazine and
haloperidol was effective at managing delirium in
AIDS patients with only minimal induction of EPSs
(Breitbart et al, 1996). We have shown that both typ-
ical and atypical antipsychotic drugs can inhibit ini-
tial infection of cells by JCV. We have not shown that
this drug regimen can inhibit an already active infec-
tion. Further studies are required both in vitro and
in vivo before definitive conclusions can be drawn
regarding the efficacy of these drugs in the treatment
of PML.

Materials and methods

Cells, virus, and antibody
The human glial cell line, SVG, was established
by transformation of human fetal glial cells by an
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Figure 3 A combination of chlorpromazine and clozapine inhibits infection of SVG-A cells by JCV. SVG-A cells were treated with the
indicated concentrations of chlorpromazine, clozapine, or a combination of both as indicated. The cells were then incubated with 200
hemaglutination units/ml of JCV (Mad-1SVE�) for 1 h in the presence of drug. The cells were washed 3◦ in PBS and then maintained
in growth media containing drug. At 3 days post infection, the cells were fixed and stained for the late viral protein, V antigen. The
percentage of infected cells in cultures not treated with drug was set at 100% and used to compare with the drug treated cultures.

origin defective SV40 mutant and has been previ-
ously described (Major et al, 1985). The cell line
was sublconed twice to generate SVG-A cells. SVG-A
cells were maintained in a humidified 37◦C CO2 incu-
bator in Eagles’ minimum essential media (E-MEM;
Mediatech, Herndon, VA) supplemented with 10%
heat inactivated fetal bovine serum (Mediatech). The
hybridoma, PAB597, which produces an antibody to
SV40 V antigen, was obtained from E. Harlow and
maintained in RPMI-1640 Hybrimax media (Sigma,
St. Louis, MO) supplemented with 10% heat inac-
tivated fetal bovine serum (Mediatech). The PAB597
monoclonal has previously been shown to cross-react
with JCV VP1 (Atwood et al, 1995). The hybrid Mad-
1/SVE� virus was constructed by insertion of the reg-
ulatory region of SV40 into the regulatory region of
the Mad-1 strain of JCV (Mad-1/SVE) (Vacante et al,
1989). Propagation of Mad-1/SVE in human glial cells
led to deletions and alterations exclusively in the reg-
ulatory region. The rearranged regulatory region con-
tains the origin of replication, the TATA box, and 78
base pairs of the first 98–base pair repeat from JCV
and one complete 72–base pair repeat from SV40.
Most of one of the 72–base pair repeats and the 21–
base pair repeats from SV40 were deleted. The virus
is termed Mad-1/SVE� to indicate this fact. A com-
parison of the restriction patterns of Mad-1/SVE�
DNA with the prototype Mad-1 DNA were identical

except for the regulatory region changes just dis-
cussed (Vacante et al, 1989). No additional alterations
were apparent following subsequent passage of Mad-
1/SVE� in human fetal glial cells (Vacante et al,
1989). We sequenced the VP1 gene of the chimeric
virus and it is identical to published sequence of VP1
from the prototype Mad-1 strain (Liu et al, 1998).

Toxicity assay
SVG-A cells were incubated with increasing doses
of chlorpromazine or clozapine for 48 h at 37◦C.
The cells were then stained with a 0.1% solution
of Trypan blue and counted on a hemocytome-
ter. The results shown are from three independent
experiments.

Inhibition of infection assay
SVG-A cells growing on coverslips were pretreated
with chlorpromazine, clozapine, or various combi-
nations of both drugs for 45 min at 37◦C. The cells
were then infected with 200 hemagglutination units
(HAUs) of JCV for 1 h at 37◦C. The cells were then
washed and incubated for an additional 48 h at 37◦C
in the continued presence of drug. The cells were
then fixed in acetone and the percentage of infected
cells scored by staining with an anti–V antigen mon-
oclonal antibody.
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Figure 4 Early events as targets for anti-JCV–specific therapy. The model depicts the sequence of events that lead up to viral gene
expression in the nucleus of the cell. As more information is learned about specific host cell receptors for JCV, it may be possible to
design competitive inhibitors that would block this first step in the life cycle of the virus. Virus entry into cells represents the second
critical step in the life cycle of JCV. Based on previous data and data presented in this paper, it may be possible to interfere at this stage
of the viral life cycle using a combination of “typical” and “atypical” antipsychotic drugs such as chlorpromazine and clozapine. Little
is known about the subsequent steps in the life cycle that lead to the delivery of the viral genome across the nuclear membrane. As we
learn more about this process, specific inhibitors may be targeted to these steps in the life cycle as well. Several compounds that focus
on disrupting events that occur in the nucleus (viral DNA replication) are either in the early phases of clinical trial or in the process of
being developed.
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