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Borna disease virus (BDV) causes neurological diseases in a variety of warm-blooded animal species,
possibly including humans. To date, there is no effective treatment against BDV infection. Recently, we
reported on the antiviral activity of 1-B-p-arabinofuranosylcytosine (Ara-C). However, Ara-C’s cytotoxic side
effects are a major obstacle for its therapeutic use. Herein, we demonstrate that the nucleoside analog
2'-fluoro-2’-deoxycytidine (2'-FdC) exhibits potent antiviral activity against BDV. Importantly, 2'-FdC-asso-
ciated cytotoxicity is negligible, indicating 2'-FdC as an excellent candidate for the development of antiviral

therapy against BDV.

Borna disease virus (BDV) is a nonsegmented, negative-
stranded neurotropic RNA virus (16). BDV is the causative
agent of Borna disease, a neurological disorder of horses,
sheep, and other farm animals (17). Recent evidence suggests
that BDV is distributed worldwide, with a principal focus in
Central Europe (25). Natural infections with BDV have been
reported in a large variety of warm-blooded animal species,
among which are dogs (27) and cats (19). There is considerable
evidence that BDV also infects humans (20), making it a pos-
sible zoonotic agent. Human BDV infection has been claimed
to be associated with certain neuropsychiatric disorders (3, 20),
although the epidemiology and the clinical consequences of
human infection remain controversial (5, 20).

The importance of BDV infection in veterinary medicine,
along with its possible association with human neuropsychiatric
disorders, has inspired many groups to search for antiviral
drugs against BDV. To date, there is no effective treatment
against BDV. Amantadine was initially reported to have some
antiviral activity against BDV (2) and has been used in clinical
trials of BDV-positive patients with neuropsychiatric disorders
(7-9). However, the antiviral activity could not be confirmed in
other studies (6, 12, 26). It was suggested that the positive
effect of amantadine on clinical parameters in these trials
might be attributable instead to the described pharmacological
activity of amantadine as a noncompetitive N-methyl-p-aspar-
tate receptor antagonist (13). Several previous studies reported
on the inhibitory effect of ribavirin on BDV replication (14,
18), but the effects were modest in vitro and in vivo (24).
Recently, we have reported that the nucleoside analog 1-B-p-
arabinofuranosylcytosine (Ara-C) possesses potent antiviral
activity against BDV (1). However, the cytotoxic side effects of
Ara-C impede its therapeutic use against BDV infection. This
obstacle inspired us to search for other compounds with anti-
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BDV activity but with less associated cytotoxicity. We selected
two Ara-C-related cytosine nucleosides, 2'-fluoro-2’-deoxycy-
tidine (2’-FdC) and 2’',2'-difluoro-2’-deoxycytidine (gemcita-
bine), which have one or two fluorine atoms at the 2’ position
of the ribose ring (where Ara-C has a hydroxyl group) (Fig. 1).
2'-FdC is a fluoronucleoside for which a moderate antiviral
activity toward human immunodeficiency virus and herpesvi-
ruses has been demonstrated previously (23, 28). Antiviral
activity of 2'-FdC has never been demonstrated toward nega-
tive-stranded RNA viruses. It is interesting that previous stud-
ies have highlighted the minimal toxicity of 2'-FdC, in partic-
ular when compared to that of Ara-C. More detailed studies
demonstrated that long-term treatment (90 days) of rats and
woodchucks with dosages of up to 500 mg of 2’'-FdC/kg of body
weight/day was relatively nontoxic (21) in spite of the incorpo-
ration of 2'-FdC in liver DNA (22).

The antiviral activity of 2'-FdC was assessed by using differ-
ent in vitro tests. Previously, we showed that inhibition of BDV
replication by Ara-C was associated with a nuclear retention of
BDYV antigens in infected cells (1). We took advantage of this
characteristic to rapidly screen 2'-FdC and gemcitabine for
their potential to inhibit BDV replication in Vero cells that
were persistently infected with BDV (i.e., Vero-BV). Using
immunofluorescence analysis of BDV nucleoprotein expres-
sion, we observed that of these two compounds, only 2'-FdC
caused nuclear retention of BDV antigens as Ara-C does (Fig.
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FIG. 1. Molecular structures of Ara-C, 2’-FdC, and gemcitabine.
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FIG. 2. 2'-FdC treatment results in nuclear retention of BDV nu-
cleocapsid protein (N) in Vero-BV cells (top), NBL6-BV cells (mid-
dle), and U373-BV cells (bottom). Cells were treated or not for 5 days
and stained with anti-N antibody followed by fluorescein isothiocya-
nate-conjugated anti-rabbit antibody. Original magnification, X150.

2). In addition, we tested Ara-C and 2'-FdC on two other cell
lines persistently infected with BDV, equine dermis cells
(NBL6-BV) and human astrocytoma cells (U373-BV). To our
surprise, treatment of those cell lines with Ara-C did not result
in a nuclear retention of viral proteins as robust as that seen in
Vero-BV cells, whereas the cytotoxic side effects of Ara-C
treatment (reduced cell density and altered shape of the cells)
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TABLE 1. Normalized viral spread indices (SI) and percent
inhibition of viral spread of 2'-FdC and Ara-C treatments measured
in dissemination assays between Vero-BV and Vero cells”

Treatment (concn) Normalized SI” Inhibition (%)

Untreated 100 0
2'-FdC (5 pM) 12.21 = 0.39 87.8 = 0.4
2'-FdC (10 pM) 7.79 £ 2.11 922 +21
2'-FdC (20 pM) 9.44 = 2.03 90.6 =2
Ara-C (5 pM) 3.77 = 0.82 96.2 = 0.8

“Values reflect the means of four independent experiments (* standard
deviation).

b Viral spread index for viral spread was calculated using the following for-
mula: [(number of double-positive cells/total number of cells positive for
CFDA)/number of cells single positive for BDV-N antigen] X 100. Thereafter,
spread indices were normalized to the value obtained in the untreated cell
control for each experiment.

were clearly visible (Fig. 2). In contrast, the characteristic nu-
clear accumulation of BDV antigen was readily detectable
upon 2'-FdC treatment (Fig. 2), suggesting enhanced sensitiv-
ity of these cell lines to 2'-FdC treatment compared to treat-
ment with Ara-C. Thus, the ability of 2’-FdC to inhibit BDV
dissemination was confirmed in a cell line of equine origin
(NBL6), the natural BDV host for which antiviral therapy is
most sought. In addition, we also showed that 2'-FdC was a
potent inhibitor of BDV infection and spread in primary hip-
pocampal rat neurons (>98% inhibition, data not shown). This
finding is especially relevant since in vivo, BDV replicates and
persists predominantly in neurons of the limbic system (11).
Since BDV infectivity is tightly cell associated (10) and
efficient transmission of BDV is likely to require cell-to-cell
contact, we next used a sensitive assay to analyze cell-to-cell
spread of BDV (1). Confluent layers of Vero or NBL6 cells
were labeled with 5 (and 6)-carboxyfluorescein diacetate
(CFDA) and subsequently cocultivated for 5 days with unla-
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FIG. 3. 2'-FdC inhibits BDV cell-to-cell spread. Confluent Vero (top row) or NBL6 (bottom row) cells were labeled with CFDA and
subsequently cocultivated for 5 days at a ratio of 1:1 with unlabeled Vero-BV or NBL6-BV cells. Cocultivation took place under daily treatment
with 5 uM Ara-C or with 5 or 20 uM 2'-FdC. Thereafter, cells were analyzed by flow cytometry. The percentages shown in the figure indicate the
double-positive population within the population of viable cells, which is indicative of the amount of viral spread. The negative control consisted
of a 1:1 mixture of CFDA-labeled Vero or NBL6 cells with Vero-BV or NBL6-BV cells, respectively, which were fixed directly after mixing.
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FIG. 4. BDV RNA and protein expression levels are inhibited by
2'-FdC treatment. Total cellular RNA and proteins from Vero-BV
cells were extracted at day 5 of treatment and analyzed. (Upper left)
Northern blot analysis of BDV total RNA, genomic RNA, and mRNA
levels using a random-primed cDNA probe and strand-specific oligo-
nucleotide probes. The expected sizes of the different BDV mRNAs
and genomic RNA are indicated. (Lower left) Quantification of BDV
mRNA (1.2 and 1.9 kb) and genomic BDV RNA levels was done by
phosphorimager analysis and was thereafter standardized to GAPDH
levels. Results are expressed as the percentages of untreated control
levels, which were set to 100%. (Upper right) Western blot analysis.
Equal amounts of protein were resolved by sodium dodecyl sulfate-
polyacrylamide gel electrophoresis, transferred to a Hybond mem-
brane, and reacted with anti-N and anti-P antibodies (as indicated).
(Lower right) Quantification of BDV protein levels was done by using
a LAS-1000+ Imager. Untr., untreated.

beled Vero-BV or NBL6-BV cells. Cocultivation took place
under daily treatment with different doses of Ara-C, 2'-FdC, or
gemcitabine. Both Ara-C and 2'-FdC exerted potent anti-BDV
activity on Vero-BV cells (Fig. 3), whereas gemcitabine did not
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show anti-BDV activity (data not shown). In order to correct
for the antimitotic effects of Ara-C on the different cell popu-
lations in the dissemination assay, we calculated viral spread
indices between Vero-BV and Vero cells treated with Ara-C or
2'-FdC (Table 1). As shown in Table 1, treatment with 2'-FdC
resulted in similar inhibition of BDV spread compared to that
of Ara-C. For NBL6-BV cells, gemcitabine had no effect on
BDV dissemination, and activity of Ara-C was limited. In con-
trast, 2'-FdC was as active as it was on Vero-BV cells (Fig. 3).

We next assessed the effects of 2'-FdC treatment on viral
RNA levels in Vero-BV cells by analyzing total cellular RNA
by Northern blotting. We used strand-specific oligonucleotide
probes for BDV mRNA and BDV genomic RNA, and we used
random-primed probes for BDV total RNA and glyceralde-
hyde-3-phosphate dehydrogenase (GAPDH; a host cell house-
keeping gene) mRNA (Fig. 4). We observed a dose-dependent
inhibition of both BDV genomic RNA (up to 84%) and BDV
mRNA (up to 99% inhibition of the 1.2-kb transcript coding
for BDV-N) upon treatment with 2’-FdC. In addition, Western
blotting showed that the expression levels of BDV-N and phos-
phoprotein (P) were decreased upon 2'-FdC treatment (Fig.
4). Quantification of the signal showed up to 95% inhibition of
BDV-N levels compared to expression levels in untreated cells
and showed up to 90% inhibition for BDV-P (Fig. 4). At a
comparable dose (4 uM), 2'-FdC was as effective as Ara-C in
inhibiting BDV RNA and protein levels.

Treatment with nucleoside analogs is typically accompanied
by cytotoxic side effects. To assess the potential cytotoxic ef-
fects of treatment with 2’-FdC, Vero cells were treated with
different concentrations of 2'-FdC or Ara-C, and cell viability
was measured by using the Uptiblue viable cell counting assay
(Interchim), which is based on the detection of metabolic ac-
tivity of the cells. Ara-C treatment produced a sharp, concen-
tration-dependent reduction in cell viability (74%). In contrast,
treatment with up to 100 puM 2’-FdC did not result in a con-
centration-dependent loss of cell viability. Reduction of cell
viability was limited to a maximum of 21% at a concentration
of 20 pM (Fig. 5, left). Treatment with concentrations of 2'-
FdC that inhibit BDV replication (5 to 10 wM) did not result
in a loss of cell viability. In order to test for potential cytostatic
effects, we compared the number of cells after 5 days of daily
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FIG. 5. 2'-FdC s not cytotoxic at concentrations that inhibit BDV replication. (Left) Cell viability analysis. Cell metabolic activity was measured
quantitatively by using the Uptiblue viable cell counting assay. Subsequently, cell viability of treated Vero cells was expressed relative to that of
untreated Vero cells. (Right) Analysis of cellular division. Vero cells were seeded at the same density in six-well plates; treated daily with 2'-FdC,
Ara-C, or gemcitabine for 5 days; collected; and counted. Untr., untreated.
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treatment with Ara-C, 2'-FdC, gemcitabine, or no treatment.
Treatment with 5 uM Ara-C resulted in a 20-fold reduction of
cell numbers (Fig. 5, right). This reduction was comparable to
the reduction of cell numbers after treatment with 20 uM
gemcitabine, which is well known for its cytostatic potential (4).
In contrast, treatment with 10 pM 2'-FdC resulted in an only
twofold reduction of total cell numbers compared to that of
untreated cells (Fig. 5, right).

In this study, we describe for the first time that the nucleo-
side analog 2'-FdC exhibits antiviral activity against BDV. Its
activity is comparable to that of Ara-C. In addition, some cell
lines exhibit enhanced susceptibility to the antiviral action of
2'-FdC when compared to that of Ara-C. This difference in
sensitivity of the tested cell lines to 2'-FdC might be accounted
for by variations in intracellular content of the cellular enzyme
deoxycytidine kinase (dCK). Once in the cell, dCK converts
cytidine/deoxycytidine (its natural substrates), 2'-FdC, and
Ara-C into their monophosphorylated metabolites. These are
in turn converted into triphosphorylated metabolites by nucle-
oside monophosphate kinase and nucleoside diphosphate ki-
nase, respectively. During this process, the phosphorylation by
dCK is the rate-limiting step. As a consequence, the antiviral
activities of 2’-FdC and Ara-C are directly dependent on the
availability of dCK in the cell. Since the affinity of dCK for
2'-FdC is much stronger than its affinity for Ara-C (15), 2'-FdC
might be more effective than Ara-C in cells with a relatively low
dCK content. Finally, since 2'-FdC is not cytotoxic, even at
concentrations that exceed the effective dose by 5- to 10-fold,
it represents the most attractive candidate to date for the
development of effective antiviral therapy against BDV.
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