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Abstract

JC virus (JCV) is the causative agent of progressive multifocal leukoenchaphalopathy (PML). The
disease develops when JCV gains access to the central nervous system, infects and destroys
oligodendrocytes. The disease is rapidly progressing, typically fatal and no effective therapies exist
to treat or prevent PML. The recent occurrence of PML in multiple sclerosis patients being treated
with Avonex (IFNB1a) and Tysabri (Natalizumab) and the recent reports linking JCV infection to
the 5HT,, serotonin receptor led us to evaluate the effects of IFNB1-a and a panel of 5HT,, receptor
antagonists for their ability to modulate virus infection. IFNB1-a was found to be a potent inhibitor
of both virus infection and viral early and late gene expression. In addition, several 5SHT,, receptor
antagonists inhibited initial infection of cells by JCV but were less effective and reducing viral loads
in an already established infection.
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INTRODUCTION

Seroepidemiological studies indicate that 70% of the human population worldwide are infected
with JCV (Bofill-Mas et al., 2001; Bofill-Mas, Pina, and Girones, 2000; Gardner, 1973;
Gardner et al., 1971; Hogan et al., 1980; Imperiale, 2000; Shah, Daniel, and Warszawski,
1973). The mode of virus transmission is unknown, and no clinical illness has been associated
with primary infection. Like all polyomaviruses, infection with JCV is associated with the
establishment of lifelong persistent infection. In immunosuppressed patients, JCV causes a
fatal demyelinating disease known as progressive multifocal leukoencephalopathy (PML).
PML occurs predominately in immunosuppressed patients with the majority of cases occurring
in the setting of HIV infection (Holman et al., 1998). Recently, PML has also been reported in
patients being treated with Natalizumab, a drug designed to inhibit leukocyte trafficking into
inflamed tissue (Kleinschmidt-DeMasters and Tyler, 2005; Langer-Gould et al., 2005; Van
Assche et al., 2005). PML is thought to develop following reactivation of the virus and
dissemination from peripheral sites to the CNS, where the primary targets are astrocytes and
oligodendrocytes (Achim and Wiley, 1992; Fotiadis, Kilpatrick, and Lipton, 1991; Telenti et
al., 1992). Others have suggested that reactivation of latent JCV within the CNS can also
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contribute to the development and progression of PML (Boone et al., 1992; Elsner and Dorries,
1992; Kestler Harry et al., 1991). The mechanism by which JCV becomes reactivated and
traffics to the CNS is unclear.

Cell surface receptors have been described for several polyomaviruses including JCV, BKYV,
SV40, and the mouse polyomavirus. All of these polyomaviruses with the exception of S\V40
initially interact with sialic acid containing glycoproteins or glycolipids on the cell surface.
Infection of glial cells by JCV is dependent on virus binding to a receptor complex that includes
alpha (2,3) or alpha (2,6)-linked sialic acid and the 5HT>, serotonin receptor (Fonseca-Elphick
et al., 2004; Liu, Wei, and Atwood, 1998). Recently human brain microvascular endothelial
cells were shown to be susceptible to JCV infection independent of the 5HT», receptor
component indicating that at least some cell types do not require this receptor (Chapagain et
al., 2007).

In this report, the impact of IFNB1-a and selective 5HT», receptor antagonists on JCV infection
was investigated. IFNB1-a potently inhibited virus infection and virus early and late gene
expression. The 5HT,, receptor antagonists ritanserin, ketanserin, mianserin, and to a lesser
extent mirtazapine, cyproheptadine, risperidone, and ziprasedone reduced initial virus infection
but failed to significantly reduce viral loads or viral spread in cells already infected.

MATERIALS and METHODS

Cells and virus

SVG-A cells are a subclone of the SVG human glial cell line established by transformation of
human fetal glial cells with an origin-defective SV40 mutant (Major et al., 1985). Cells were
cultured in EMEM supplemented with 10% fetal calf serum (Mediatech, Inc.) and maintained
in a humidified 37°C CO, incubator. The production of the Mad-1SVEA strain of virus has
been previously described (Liu and Atwood, 2001).

Infection and indirect immunofluoresence

Cells were grown to ~70% confluency in a 6-well dish, and infected for 1 hr with JCV
(512HAU/10° cells) in the presence of EMEM plus 2% serum in a total volume of 100 pl. At
3 days post-infection (p.i.), cells were fixed in ice-cold acetone for 10mins. Infected cells were
detected using a monoclonal antibody (PAB597) against the major capsid protein VP1.
PAB597 targets the SV40 major capsid protein VP1 and has been previously shown to cross-
react with JCV VP1 (Atwood et al., 1995). Primary antibody was detected with an Alexa Fluor
488-labeled goat anti-mouse secondary antibody (Molecular Probes). Cells were counter-
stained with Evans Blue. Positive cells were visualized on a Nikon epifluorescence microscope
(Eclipse E800; Nikon Inc.).

Quantitative PCR measurement of viral load

SVG-A cells were infected with JCV and treated with or without drugs beginning at 24 hours
post-infection. Fresh drug was added every three days. At 15 days post-infection virus was
harvested from the infected cells, treated with Dnase to remove non-virion associated DNA,
and then with proteinase K to expose the virion DNA. Virion associated DNA was then
quantitated by real time PCR using the protocol, primers, and probes described by McNees et
al. on a Biorad 1Q5 system (Biorad) (McNees et al., 2005). Primers and probes were designed
using primer express software (Applied Biosystems). The iScript one-step RT-PCR kit was
used for amplification (Biorad). Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was
used as the internal standard.
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Transfection and luciferase assays

pJCV-Madg ang L-1uc have been previously described (Okada et al., 2000). The pRL-TK is a
construct that expresses Renilla luciferase under the control of the thymidine kinase promoter
of HSV, and was purchased from Promega. Transient transfections were carried out using
Fugene as described by the manufactures protocol (Roche). Vectors were co-transfected with
the Renilla luciferase control vector. Renilla and Firefly luciferase activity were measured 48
h post-transfection using the Promega Dual-Luciferase Reporter Assay System. Relative
luciferase units were measured using a Berthoid Lumat LB9501 luminometer.

Infection inhibition studies

Ritanserin, ketanserin, mianserin, mirtazapine, cyproheptadine, nefazadone, and trazadone
were obtained from Sigma-Aldrich and dissolved according to the manufacturers
recommendations. Risperidone and ziprasidone were obtained from Toronto Research
Chemicals, Inc. IFN B1-a was obtained from Biogen-ldec, Inc. For the anti-5HT,, antagonist
studies cells were pre-treated for 24 hours at 37°C to maximize receptor down-regulation. The
cells were maintained in drug throughout the experiment. For the long term inhibition
experiment fresh drug was added to the media every third day.

Viability assays

Cell viability was measured using the CellTiter 96 Cell Proliferation MTS Assay (Promega)
according to the manufacturers protocol. Briefly, the MTS assay is a colorimetric method for
determining the number of viable cells in culture. The MTS tetrazolium compound [3-(4,5-
dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium] is
bioreduced by cells into a colored formazan product that is soluble in tissue culture media. This
conversion is accomplished by NADPH/NADH produced in metabolically active cells. The
quantity of formazan product is proportional to the number of living cells. To determine
toxicity, cells were plated at a density of 5,000 cells/well and incubated with drug for a duration
of 15 days. Results were assayed by measuring A490 on a Spectramax M5 microplate reader.

RESULTS

Interferon B1l-a inhibits viral infection and viral early and late gene expression

The SVG-A human glial cell line was treated with increasing doses of IFNB1-a (51U-5001U)
and challenged 24 hours later with JCV (Mad-1SVEA). The cells were scored at 72 hours post-
infection for expression of the late viral protein V antigen. IFNB1-a inhibited the percentage
of V antigen positive cells and the inhibition was dose dependent (Fig. 1A). None of the
concentrations of IFNB1-a were toxic as determined by a MTS assay (Fig. 1C). To determine
the mechanism of inhibition SVG-A cells were transfected with JCV (Mad-1) promoter
constructs driving the expression of luciferase in both the early and late orientation. Following
transfection the cells were treated with the same doses of IFNB1-a as used for the infection
experiments and luciferase activity measured at 48 hours post-transfection. Transfection
efficiency was normalized to an internal Renilla luciferase expressed from a heterologous
promoter that was not sensitive to IFNB1-a treatment. IFNB1-a inhibited both the early and late
promoters of JCV indicating that IFNB1-a is a potent inhibitor of viral gene expression (Fig.
1B).

Selective 5HT,, receptor antagonists inhibit infection by JCV

SVG-A cells were pre-incubated for 24 hours at 37°C with a panel of drugs known to antagonize
the 5HT,, receptor. The cells were then challenged with JCV (Mad-1SVEA) and cultured in
the presence of drug for an additional 72 hours. At 72 hours post-infection the cells were scored
for expression of the late viral protein, V antigen. The drugs ritanserin, ketanserin, and
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mianserin were most effective at inhibiting virus infection in a dose dependent manner (Fig.
2, A-C). Trazadone and nefazadone were least effective and cyproheptadine was only effective
at a relatively high dose (Fig. 2, D-F). Mirtazapine, risperidone, and ziprasidone were
moderately efficacious (Fig.2, G-I).

We next asked whether any of a subset of these drugs would be capable of inhibiting an already
established infection. To do this SVG-A cells were infected with JCV (Mad-1SVEA) and
cultured in the absence of drug for 24 hours. Drugs were then added and cells scored for
infection every three days for 15 days. At each time point fresh media and drug were added to
the cultures. The presence of these drugs in the media only moderately inhibited the spread of
infection (Fig. 3). In addition viral loads were not appreciably affected as determined by
quantitative real time PCR (Fig. 4). Maintaining the cells in these concentrations of drug was
not toxic as measured by a MTS assay (data not shown).

JCV does not spread by direct cell-cell contact

One possibility to account for the poor efficacy of these drugs at inhibiting an already
established infection is that JCV might be capable of direct cell-cell spread thereby by-passing
a requirement for cellular receptors. To ask whether this was the case cells were transfected
with viral DNA and the cultures were treated with rabbit anti-JCV neutralizing sera beginning
two days post-transfection. The presence of neutralizing JCV antisera significantly limited the
spread of JCV in the cultures indicating that direct cell-cell spread is not a major mechanism
of virus spread in tissue culture (Fig. 5).

DISCUSSION

The incidence of Progressive Multifocal Leukoencephalopathy (PML) in the United States
increased in parallel with the AIDS epidemic from 1 in 10 million to over 1 in 500,000 between
1979 and 1992 (Holman et al., 1998). The introduction of highly active antiretroviral therapies
(HAART) has increased the mean survival time of AIDS patients with PML from 2 months to
one year but has had no effect at reducing the overall incidence of PML in the HIV infected
population (Koralnik, 2006). Recently, PML emerged in two multiple sclerosis patients
undergoing treatment with IFNB-1a (Avonex) and Natalizumab (Tysabri) and one Crohn’s
disease patient undergoing treatment with Natalizumab (Tysabri) (Berger and Koralnik,
2005; Kleinschmidt-DeMasters and Tyler, 2005; Langer-Gould et al., 2005; Van Assche et al.,
2005). IFNB-1a (Avonex) is approved for the treatment of multiple sclerosis. I1ts mechanism
of action involves inhibiting the expression of inflammatory cytokines that contribute to
numerous autoimmune diseases. Natalizumab (Tysabri) is a humanized monoclonal antibody
that binds to a4B1 and a4p7 integrins and blocks leukocyte trafficking into inflamed tissues
(Rice, Hartung, and Calabresi, 2005).

In this report, the impact of IFNB-1a on JCV replication and gene expression was investigated.
IFNB1-a inhibited viral infection and viral early and late gene expression in a dose dependent
manner. This is consistent with earlier reports demonstrating no increased JC viral loads in
multiple sclerosis patients being treated IFNB1-a (Alvarez-Lafuente et al., 2007; Delbue et al.,
2007). It is also consistent with two recent reports documenting induction of an interferon
response in JCV infected cells and inhibition of JCV infection by type 1 interferons (Co et al.,
2007; Verma et al., 2006). The mechanism of inhibition of JCV gene expression is not known
but may be related to the induction of immediate response genes that bind to specific sites in
the JCV promoter (Raj and Khalili, 1994). As IFN-1a treatment would be expected to inhibit
viral multiplication outside of the CNS it is reasonable to suspect that JCV was already present
in the CNS of these two patients who developed PML. IFNB-1a does not cross the blood brain
barrier efficiently so it would not be expected to be useful at inhibiting viral replication in CNS
parenchyma.
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A panel of drugs that target the cellular receptor for JCV was also investigated. The drugs
chosen all antagonize the 5HT, receptor that is a critical component of the JCV receptor
complex on glial cells (Fonseca-Elphick et al., 2004). All of these drugs are known to cross
the blood brain barrier and have been approved as anti-psychotics either in the US or in Europe.
Ketanserin, ritanserin, and mianserin were most effective at inhibiting virus infection.
Mirtazapine, cyprohepatadine, risperidone, and ziprasedone showed some efficacy and
nefazadone and trazadone were the least effective at inhibiting infection. The different effects
that each of the drugs has on infection could be related to how effectively the individual
compounds down-regulate the 5SHTo, receptor on this cell type.

As these drugs are likely to be considered for therapeutic treatment of patients with active
lesions a subset of these drugs were tested for their ability to inhibit an already established
virus infection. Ritanserin, mianserin, and mirtazapine modestly reduced the percentage of
infected cells over the course of a two-week infection but had no significant effect on viral
loads as measured by real time PCR of culture superntants. In contrast, administration of
neutralizing antisera significantly reduced the infection indicating that direct cell to cell spread
is not a major mechanism of virus spread in tissue culture. It is unclear why these drugs are
less effective at inhibiting an already established infection but it could relate to drug turnover
or resistance to receptor down-regulation which is currently under investigation. Regardless,
several anecdotal reports have suggested that mirtazapine and risperidone may be effective in
the treatment of PML so these compounds or related compounds may be somewhat efficaceous
(Altschuler and Kast, 2005; Focosi et al., 2007; Lima et al., 2007).
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Figure 1. Inhibition of JCV infection and gene expression by IFNp 1-a

A. SVG- cells were either untreated or treated with increasing concentrations of IFNf 1-a as
indicated and challenged with JCV. Infected cells were scored by indirect immunofluoresence
analysis of V antigen positive cells and plotted as a percentage of control untreated cells. The
experiment was performed in triplicate and a minimum of 10 microscopic fields (20X) were
counted per coverslip. B. SVG-A cells were transfected with luciferase reporter vectors under
the control of the JCV early or late promoter as indicated. At 48 hours post-transfection
luciferase activity was measured. The experiment was done in triplicate. C. Toxicity of IFNS
1-a as measured by an MTS assay. Error bars are standard deviations.
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Figure 2. 5HT4 receptor antagonists inhibit JCV infection

A-l. SVG-A cells were pretreated with drugs as indicated for 24 hours and then challenged
with JCV. Infected cells were scored at 72 hours post-infection by indirect immunofluoresence
analysis of V antigen positive cells and plotted as a percentage of control untreated cells. The
experiment was performed in triplicate and a minimum of 10 microscopic fields (20X) were
counted per coverslip.
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Figure 3. Effect of 5HT4 receptor antagonists on inhibiting viral spread in an already established
infection

SVG-A cells were infected with JCV and then treated with drug as indicated beginning at 24
hours post-infection. The spread of infection over time was quantitated by staining the cells
with anti-V antigen antibodies. FFU= fluorescent forming units.
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Figure 4. JCV viral loads in drug treated cells

SVG-A cells were infected with JCV and treated 24 hours post-infection with or without drugs,
asindicated. At 15 days post-infection viral loads were measured in lysates that had been treated
with Dnase to eliminate non-encapsidated viral DNA. Virion associated DNA was then
exposed by treatment with proteinase K and amplified as described in materials and methods.
The change in viral DNA copy number is compared to the untreated samples that we set to 0.
The dark horizontal lines indicate the average standard deviation in copy number from the
untreated samples.
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Figure 5. Anti-JCV sera inhibits virus spread

To determine whether virus was capable of direct cell-to-cell spread neutralizing anti-JCV sera
was added to the cultures at 24 hours post-transfection and the spread of infected cells scored
every three days beginning at 6 days post-transfection. FFU=fluorescent forming units.
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