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Borna disease virus (BDV) is a highly neurotropic virus that causes Borna disease, a virus-induced immune-
mediated encephalomyelitis, in a variety of warm-blooded animals. Recent studies reported that BDV can be
detected in patients with psychiatric disorders. BDV is noncytopathic, replicates in the nucleus of infected cells,
and spreads intraaxonally in vivo. Upon infection of susceptible cultured cells, virus can be detected in foci.
Little is known about the cellular components required for BDV replication. Here, we show that the cellular
Raf/MEK/ERK signaling cascade is activated upon infection with BDV. In the presence of the MEK-spe-
cific inhibitor U0126, cells get infected with BDV; however, there is a block in virus spread to neighboring cells.
The effect of the inhibitor on virus spread was still observed when the compound was added 2 h postinfection
but not if treatment was initiated as late as 4 h after infection. Our results provide new insights into the
BDV-host cell interaction and show that virus infection can be controlled with drugs interfering with a cellular
signaling pathway. Since concentrations of the MEK inhibitor required to block BDV focus formation are not
toxic for the host cells, our finding may be important with respect to antiviral drug development.

Mitogen-activated protein kinase (MAPK) cascades have
been implicated in a variety of cellular functions ranging from
regulation of the proliferative response to the control of apo-
ptotic cell death. The prototype of the MAPK family of sig-
naling pathways is the Raf/MEK/extracellular signal-regulated
kinase (ERK) cascade, which plays a major role in the regu-
lation of cell growth and differentiation. Growth factor-in-
duced signals are transmitted by consecutive phosphorylation
from the serine/threonine kinase Raf via the dual-specificity
kinase MEK (MAPK kinase/ERK kinase) to ERK. Active
ERK subsequently translocates to the nucleus to phosphory-
late a variety of substrates and mediate changes in gene ex-
pression (33, 44). Specific and selective inhibitors have been
used to elucidate the function of this kinase cascade in cellular
regulation by extracellular stimuli. These inhibitors block ac-
tivation of MEK by Raf and thus interfere with signaling at the
bottleneck of the cascade (1, 14, 15). The MEK-specific inhib-
itor U0126 (1,4-
diamino-2,3-dicyano-1,4-bis[2-aminophenylthio]butadiene)
was first described as a compound that partially blocks AP-1
transactivation (15) and T-cell proliferation (12). Inhibition of
MEK is selective as U0126 shows little, if any, effect on the
kinase activities of protein kinase C, Abl, Raf, MEKK, ERK,
JNK, Cdk2, or Cdk4 and the MEK-related kinases MKK-3,
MKK-4/SEK, and MKK-6 (15). Further, U0126 has an approx-
imately 100-fold-higher affinity for active MEK than does the
previously identified MEK inhibitor, PD98059 (15).

A variety of DNA and RNA viruses induce signaling via
MAPK pathways in infected host cells, suggesting that these
kinase cascades may play a functional role in virus replication
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(3, 7, 34). Borna disease virus (BDV), a noncytolytic single-
stranded RNA virus, is the only known member of Bornaviri-
dae in the order of Mononegavirales. BDV is highly neurotropic
and cell associated. The 8.9-kb-size genome with negative po-
larity is replicated in the nucleus and encodes at least six
different known viral proteins: the nucleoprotein (p40), the
phosphoprotein (p24), the X protein (p10), and two glycosy-
lated proteins, the matrixprotein (gp18) and the glycoprotein
(gp94). Furthermore, an L-polymerase of 190 kDa has been
described (18, 23, 26, 37, 39, 43, 45, 46, 48). The phosphopro-
tein p24 is phosphorylated at serine residues, suggesting that
the function of this protein is controlled by cellular kinases (38,
43). A recent report by Walker et al. shows that the L-poly-
merase of BDV is also phosphorylated, making this protein a
further candidate for BDV-host cell interactions (45). BDV
induces Borna disease, a T-cell-mediated encephalomyelitis
originally described in horses and sheep (24, 35). In recent
years this viral infection of the central nervous system has been
diagnosed in a wide variety of animals, including cattle, cats,
dogs, and birds (reviewed in reference 42). Furthermore, BDV,
nucleic acid, and antibodies were detected in blood of patients
with psychiatric diseases (2, 5, 6, 22, 30, 31, 36), although no
direct correlation between BDV as the causative agent and a
particular mental disorder in humans has been demonstrated
yet. To date, amantadine and ribavirin have been described as
anti-BDV drugs. The effect of amantadine is controversial, and
ribavirin reduces infectivity in vitro by only 1 log,, (4, 11, 16,
21, 27, 41).

Here we show that BDV infection of different cell lines leads
to activation of the Raf/MEK/ERK signaling cascade. Activity
of the cascade appears to be essential for BDV spread, since
inhibition of the pathway using the potent MEK-specific inhib-
itor U0126 efficiently blocks infection of cells with progeny
virus without being toxic for the host cell.
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MATERIALS AND METHODS

Cell lines and virus. The guinea pig cell line CRL 1405 was subcloned, and
cells highly susceptible to BDV were used as a standard laboratory cell line for
BDV infection (40). Furthermore, the human oligodendrocyte cell line OL (29),
also highly susceptible to BDV infection, was used throughout this study. In
addition, persistent BDV-infected and -uninfected F10 (rat astrocytes) (47), C6
(8), Vero (17), and 293T (human embryonal kidney cells, expressing SV40 large
T antigen) cells were used. The cells were cultured with Iscove modified Dul-
becco’s medium (IMDM) supplemented with 5% fetal calf serum (FCS), 2 mM
L-glutamin, and 100 U of gentamicin/ml.

The fourth rat passage of the Giessen strain He/80 was used for infection (28).
In general, adherent cells were infected with a multiplicity of infection (MOI) of
1 or 0.01 focus-forming units in either 96-well or 6-well plates for 1 h in a volume
of 25 pl (for 96-well plate) or 200 pl (for 6-well plate) of IMDM-2% FCS. For
mock infection, 10% normal rat brain homogenate in IMDM-2% FCS was used.
Thereafter, culture medium was added and cells were cultivated for 5 to 7 days.

Treatment of cells with the MEK inhibitor U0126. MEK inhibitor U0126
(Promega, Heidelberg, Germany) was dissolved in dimethyl sulfoxide (DMSO)
leading to a 50 mM U0126 stock solution. For experiments, U0126 was used at
either 6, 12.5, 25, or 50 uM concentrations in medium. In parallel, control cells
were treated with DMSO alone in the respective concentrations. Full activity of
U0126 was still observed after 10 h of cell culture. Nevertheless, activity may
decline after longer incubation.

Viability staining. CRL and OL cells were treated with 50, 25, and 12.5 pM
U0126 or with DMSO. One day and 6 days later the cells were trypsinized and
washed twice with phosphate-buffered saline (PBS). Cells (5 X 10°) were treated
with 2 pl (50 pg/ml) of propidium iodide for 10 min, and viable cells were
counted by flow cytometry (FACS-Scan; Becton Dickinson, Heidelberg, Germa-
ny).

Infectivity assay and viral antigen detection by immunocytochemistry. Virus
infectivity was determined on CRL 1405 cells by a standard immunocytochem-
istry assay (40). Briefly, 10° BDV-infected cells/ml were lysed by sonification and
centrifuged, and titers of the supernatant were determined. Titrations were
carried out in flat-bottomed 96-well microtiter plates. CRL 1405 cells were
cultured for 7 days. Thereafter, the cells were fixed with 4% formaldehyde-PBS
and treated with 1% Triton X-100-PBS and viral antigen was demonstrated in an
immunocytochemical reaction using anti-BDV-specific mouse monoclonal anti-
bodies directed against the nucleo- and phosphoprotein. Nonspecific binding of
antibodies was blocked by incubation of plates with 10% FCS-PBS. The reaction
of monoclonal antibodies with cells was detected by a secondary anti-species
biotin-labeled antibody (Dianova, Hamburg, Germany) and by a streptavidin-
peroxidase conjugate (Dianova). The reaction was visualized with 0.4% ortho-
phenylendiamine and 0.5 pl of H,O, (Sigma, Taufkirchen, Germany)/ml.

ERK2 immune-complex kinase assays. Cells were lysed in Triton lysis buffer
(TLB) (20 mM Tris HCI, pH 7.4, 137 mM NaCl, 10% glycerol, 1% Triton X-100,
2mM EDTA, 50 mM Na glycerolphosphate, 20 mM Na pyrophosphate, 5 pg of
aprotinin ml~!, 5 pg of leupeptin ml~!, 1 mM Na vanadate, 5 mM benzamidin)
on ice for 10 to 20 min. Cell lysates were then centrifuged at 13,000 X g for 10
min at 4°C, and supernatants were incubated with an ERK2-specific antiserum
(Santa Cruz, Heidelberg, Germany) and protein A-agarose (Roche, Mannheim,
Germany) for 2 h at 4°C. Immune complexes were used for in vitro kinase assays
with myelin basic protein as a substrate for ERK as previously described (25).
Proteins were separated by sodium dodecyl sulfate-polyacrylamide gel electro-
phoresis and were blotted onto polyvinylidene difluoride membranes. Phosphor-
ylated substrates were detected by a BAS 2000 Bio Imaging Analyzer (Fuji, via
Raytest, Staubenhardt, Germany) and by autoradiography. Equal loading of immu-
noprecipitated ERK2 was analyzed by Western blotting using an ERK2-specific
antiserum (Santa Cruz) and peroxidase-coupled protein A followed by a stan-
dard enhanced chemiluminescence reaction (Amersham, Freiburg, Germany).

RESULTS

BDV infection results in activation of the classical MAPK
ERK. A variety of DNA and RNA viruses induce signaling via
MAPK cascades in infected host cells (3, 7, 32, 34). However,
it is largely unknown which intracellular signaling processes are
induced by BDV to support viral replication. To assess whether
BDV infection results in an activation of the classical MAPK
pathway, the guinea pig cell line CRL 1405 was infected at an
MOI of 1 and cell lysates were analyzed for ERK activity in
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immune-complex kinase assays at several time points postin-
fection (p.i.). As a control, mock-infected cells were assessed at
the same time points. Figure 1A shows that BDV infection
induces a detectable and sustained increase in ERK2 activa-
tion 1, 3, and 6 h p.i. The finding that activation of ERK2 by
BDV is only marginal compared to mitogenic stimulation
(20% FCS [Fig. 1A, lane 8]) may be due to the fact that only
a small portion of cells are infected at an MOI of 1 and the
measurable activity is diluted by the ERK activity of uninfected
cells. Since it is not possible to prepare BDV stocks that allow
acute infection with an MOI higher than 1, we analyzed dif-
ferent cell lines which are persistently infected with BDV, thus
carrying virus in almost every cell. As shown in Fig. 1B, ERK2
activity is elevated in four different persistently infected cell
lines. These findings clearly indicate that BDV induces a sus-
tained activation of the classical MAPK cascade in infected
cells.

BDYV spread is blocked upon specific inhibition of the Raf/
MEK/ERK cascade. Infection of CRL cells with BDV leads to
focus formation visible by immunocytochemistry within 5 to 7
days after infection (40). Since acute BDV infection leads to
ERK2 activation of CRL cells, it was assessed whether BDV
replication requires activity of the Raf/MEK/ERK pathway.
CRL cells were pretreated 30 min prior to infection (MOI =
0.01) with a single dose of different concentrations of the MEK
inhibitor U0126 ranging from 6 to 50 wM. Infected cells were
examined daily for morphological alterations and were stained
7 days p.i. for the presence of viral proteins. At concentrations
of 6 uM U0126, no difference in virus distribution was ob-
served compared to cells treated with the solvent alone, where-
as at 12.5 wM U0126 the size of foci was significantly reduced.
In contrast to cells treated with DMSO (Fig. 2A) in the pres-
ence of 25 uM U0126 and above, no foci could be observed
anymore and only single cells were found positive for viral
proteins (Fig. 2B). Essentially the same inhibitory effects on
BDV spread were obtained when human oligodendrocytes
(OL cells) were used as host cells (Table 1).

We further analyzed whether the inhibitory effect of U0126
on virus spread is dependent on the time of administration of
the compound. Infected cells were treated with 25 uM U0126
starting 2 or 4 h after infection, and infectivity was analyzed 5
days after infection. While the inhibiting effect was still obvious
if U0126 was added 2 h p.i., no reduction of focus formation
could be observed if the reagent was given 4 h p.i. (Table 1).

These results show that the block of BDV spread is depen-
dent on the concentration of U0126, which appears to target a
crucial step in the replication cycle occurring between 2 and 4 h
after infection. In contrast, no inhibitory effect of U0126 was ob-
served when persistent BDV-infected CRL cells were treated
with the MEK inhibitor (data not shown). This indicates that
the spread of the virus from cell to cell rather than the initial
infection or the intracellular expression of the nucleo- and
phosphoprotein is affected by the drug.

BDV-infected cells harbor infective virus after U0126 treat-
ment. To analyze whether the presence of detectable amounts
of viral antigen in cells after U0126 treatment still represents
infectious virus, CRL and OL cells were treated with U0126
before BDV infection and were cultured for 5 days in the pres-
ence of the inhibitor. Thereafter, cell lysates were analyzed for
infectious virus by a standard virus titration assay (33). In cells
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FIG. 1. BDV induces activation of ERK2 in acute and persistently infected cells. (A) CRL cells were either mock infected (lanes 1, 3, and 5)
or infected with BDV at an MOI of 1 (lanes 2, 4, and 6) for 1, 3, or 6 h as indicated. In the control reaction, cells were either left untreated (lane
7) or treated with 20% FCS for 1 h as a mitogenic stimulus to activate ERK2 (lane 8). Cell lysates were subjected to ERK2 immune complex kinase
assays as described in Materials and Methods by using myclin basic protein as a substrate. Phosphorylated substrates were visualized on X-ray films.
ERK2 Western blots were analyzed to confirm equal loading of the kinases. ERK activation upon BDV infection is weak (2- to 4-fold) compared
to the control sample stimulated with 20% FCS (13-fold). (B) Cell lysates of parental cells (lanes 1, 3, 5, and 7) or persistently BDV-infected C6
(lane 2), Vero (lane 4), 293T (lane 6), and CRL (lane 8) cells were analyzed for ERK2 activity as described above. ERK activity in persistently

infected cell lines ranges roughly from two- to fourfold.

treated with DMSO, a virus titer of 4.7 log,, per 10° cells was
detected, which is the regular level of virus production in these
cells (40). In contrast, the virus titer in U0126-treated cells was
drastically reduced to 2.3 log,, per 10° cells, representing a
reduction in the virus titer of 99.5%; however, there were still
infectious viral particles left. Essentially the same results were
observed when OL cells were used as host cells for BDV
infection (Tables 2 and 3). This indicates that the positive
staining for viral proteins in the single stained cells (Fig. 2B) is
not due to aberrantly produced viral proteins; infectious virus
particles are formed but appear to be retained in primary
infected cells in the presence of the inhibitor.

Next, we questioned if BDV spread is restrained if U0126 is
removed from the culture medium. Therefore, CRL and OL
cells were treated with 25 wM U0126 prior to BDV infection
and were cultured for five days in the presence of the MEK
inhibitor. Thereafter, cells were trypsinized; one part was used
for virus titration and the other part was cultured either with or
without U0126 for an additional 5 days before they were used
for virus titration. As shown in Table 3, the virus titer increased
when U0126 was removed from the medium and virus foci
were visible (data not shown), indicating that BDV regains its
ability to spread in cell culture when the inhibition of the
Raf/MEK/ERK signaling cascade is omitted.

U0126 is not toxic for CRL and OL cells. Since U0126
targets an essential signaling pathway for growth regulation, an
extended presence of the inhibitor might be toxic for the cell.
Confluent CRL or OL cells were incubated for 24 h or 6 days
in the presence of different concentrations of U0126 (12.5, 25,
and 50 pM) or the appropriate amount of the solvent alone.

Morphological examination revealed no differences for cells
cultured in either condition (Fig. 2C and D). Cells were sub-
sequently stained with propidium iodide, and samples were
evaluated by flow cytometry analysis (Fig. 3). Neither the pres-
ence of the inhibitor nor of the solvent alone resulted in a
decrease of the total cell numbers or in an increased number of
dead cells. This indicates that at the concentrations used,
U0126 is not toxic for either CRL or OL cells.

DISCUSSION

The cellular factors and processes crucial for BDV replica-
tion are poorly defined. Here, we show that the Raf/MEK/
ERK signaling pathway is activated upon BDV infection after
acute infection. At 1 h after infection, ERK activation is al-
ready detected. This very early time point at which ERK acti-
vation is detected correlates well with the requirements of the
pathway early during infection; however, it would suggest that
gene expression is not involved in activation of the kinase
cascade. The question remains as to what mechanisms specif-
ically associated with BDV infection are responsible for this
activation. In addition, we show that ERK is activated in dif-
ferent persistent BDV-infected cell lines to distinct levels. Af-
ter this report was submitted, Hans et al. showed that BDV
caused constitutive activation of the ERK1/2 pathway and that
activated ERKs were not translocated to the nucleus efficiently
in persistently infected PC12 cells. That might account for the
absence of neuronal differentiation of BDV-infected PC12
cells treated with NGF (20).

Here, we show for the first time that inhibition of the cas-
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FIG. 2. U0126 inhibits BDV foci formation. BDV-infected (A and B) or mock-infected (C and D) CRL cells were treated with either DMSO
(A and C) or 25 pM U0126 (B and D). Seven days after infection, cells were stained by a standard immunocytochemistry protocol. Magnification,
X 60.

cade by the MEK inhibitor U0126 results in a block of BDV
spread in cell culture which reduces virus yields up to 99%.
Inhibition was observed in two different cell lines highly sus-
ceptible to BDV infection, showing that the effect is not re-
stricted to a particular cell type. Moreover, the inhibitory con-
centrations of U0126 used in this study were not toxic for the

TABLE 1. Inhibitory effect of U0126 treatment on BVD spread
by the concentration and time of application

J. VIROL.

host cells, indicating that inhibition of BDV spread is not an
indirect effect due to a loss of cell viability. However, it is
known that agents that interfere with cellular functions but are
not fatal to the cell can alter cell physiology and, after virus
infection, may affect virus replication. Thus, we cannot distin-
guish at the moment whether the kinase cascade leads to a
direct modification of viral proteins or whether the effects are
indirectly caused by an altered cell state. Nevertheless, there is
an obvious requirement of the Raf/MEK/ERK pathway for the
outcome of BDV infection.

Inhibitory effect by: Our results show that the Raf/MEK/ERK signaling pathway
Co " Time of treatment
Cell line nen o before or after BDV
U0126 (n.M) ; . X =
infection (h) TABLE 2. U0126 treatment reduces BDV infectivity

50 2 125 6 —05 2 4 Virus titer (log,,)/% reduction
CRL +a + +/— —b + + - Inhibitor used for cell line:
OL ND¢ + - - + + - CRL OL
¢ +, inhibition of BDV spread; only single infected cells are visible. DMSO 4.7 4.6
® — no inhibition of BDV spread to neighboring cells. U126 2.3/99.5 2.6/99.0

¢ ND, not done.
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TABLE 3. BDV infectivity after culture periods in
the presence or absence of U0126

Cell line and Virus titer (log,,) after culture period:

inhibitor used

First? Second

CRL

U0126 2.3 2.9

DMSO 44

DMSO 4.6 5.0
OL

U0126 2.6 3.1

DMSO 4.5

DMSO 4.6 4.9

“ Cells were cultured for 5 days (first culture period), one portion was used for
virus titration, and the remaining portion was cultured for an additional 5 days
(second culture period) in the presence or absence of U0126.

plays an important role in BDV spread from cell to cell. From
our data, we conclude that virus entry into the cell and virus
replication are not influenced by the inhibitor, since infectious
virus is still detected and can be recovered from primarily
infected cells treated with the inhibitor. After immunohisto-
chemistry of U0126-treated and BDV-infected cells, it appears
that most of the BDV antigen is concentrated in the nucleus.
Therefore, one might speculate that viral proteins are located
in the cytoplasm to a lesser extent. This could contribute to the
inability of the virus to spread beyond the cell, as virus assem-
bly should occur in the late phase of the replication cycle.
Furthermore, treatment of persistently BDV-infected cells did
not result in a reduction of viral titer, indicating that U0126
treatment does not affect viral replication but rather inhibits
the spread of BDV from cell to cell.

CRL-cells 'f]
80

60
40

% cell survival
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Inhibition of virus spread was still achieved when the inhib-
itor was added to the medium 2 h p.i., indicating that the effect
of the drug is not due to an impaired binding of virus to the
putative virus receptor or inhibition of virus entry into the cell.
Duchala and colleagues have shown that binding and entry of
BDV can take up to 4 h (13). Therefore, it is tempting to
speculate that virus entry could be limited by the MEK inhib-
itor. Consequently, this would reduce virus spread and focus
formation. Nevertheless, from experiments using UV-inacti-
vated influenza virus, we could show that ERK is not activated
and thus virus binding and the uptake of viruses might not be
the ERK activating principle (S. Ludwig, unpublished data).
Therefore, one might speculate that an early step in the viral
replication cycle is affected upon inhibition of the signaling
cascade. Inhibition was no longer successful if U0126 was
added 4 h p.i. Thus, between 2 and 4 h p.i. the Raf/MEK/ERK
signaling pathway is required for secondary infection of neigh-
boring cells. It is puzzling that inhibition of the Raf/MEK/ERK
pathway does not result in a loss of infectious virus particle
formation, which still can be recovered after 5 days p.i. from
primary infected, U0126-treated cells. This observation could
be explained by a model in which MEK inhibition results in
alteration of a cellular or viral-mediated process which subse-
quently prevents BDV from spreading from cell to cell but
does not interfere with infectivity once the virus is released by
cell disruption. Furthermore, the inhibitory effect of U0126 on
BDYV spread is dependent on the concentration, since doses
less than 25 M still allow foci formation, demonstrating virus
spread.

The efficiency of anti-RNA virus drugs targeting a viral fac-
tor is limited as applications of these compounds frequently

6 days

OL-cells

% cell survival

M 25M

Conc. U0126

ODMSO BU0126

12,5M

M 25M

Conc. U0126

ODMSO BU0126

12,5iM

FIG. 3. CRL cells (upper panels) and OL cells (lower panels) were incubated with U0126 or with DMSO alone for either 1 day (left panels)
or 6 days (right panels). Cells were treated with propidium iodide and were analyzed by flow cytometry. The percentage of viable cells after
treatment with U0126 or DMSO was compared with the viability of untreated cells. Experiments were repeated twice with almost the same results.
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result in the rapid selection of drug-resistant virus variants. So
far, compounds are very rare that can be used in the antiviral
treatment against BDV. Using the nucleoside analog ribavirin,
BDV infection could be reduced by 90%, while the effect of
amantadine treatment of BDV-infected cells is still controver-
sial (4, 6, 11, 19, 21, 27, 41). As the MEK inhibitor targets a
cellular component, it is unlikely that the virus can escape the
selection pressure by resistance.

For DNA viruses and in particular for oncogenic viruses,
much is known about how these viruses interact with the host
cell (3, 7, 32, 34). For RNA viruses little information exists,
although interaction of RNA viruses with the Raf/MEK/ERK
signaling pathway has been reported. Infection of cells with
respiratory syncytial virus results in an increased activity of
ERK2. The MEKI1 inhibitor PD98059, like U0126, blocks ac-
tivation of MEK 1 and inhibits the increase in ERK 2 activity
after respiratory syncytial virus infection by about 50% (10).
Activation of the ERK MAPK pathway also plays a role in
human immunodeficiency virus type 1 (HIV-1) replication by
enhancing the infectivity of HIV-1 virions through Vif-depen-
dent as well as Vif-independent mechanisms. Inhibition of
HIV-1 infectivity could be observed after treatment with a
MEK inhibitor (9, 49, 50). Although our present data clearly
shows that signaling though MEK is essential for BDV spread,
the exact molecular mechanism of how BDV interacts with the
cellular Raf/MEK/ERK signaling pathway remains to be elu-
cidated. Since the phosphoprotein p24 is phosphorylated via
serine residues, one might speculate that this viral protein
could play an important role in BDV-host cell interaction (39,
43).

Our results suggest that BDV-induced early signaling events
through the Raf/MEK/ERK cascade are required for BDV
spread in cell culture. Leaving important steps of replication to
the host is an economic way of reducing the viral genome size
and accelerating viral multiplication, but it also clearly creates
dependencies that are crucial for the viral life cycle. Thus, the
identification of cellular factors which are essential for BDV
replication might become an important issue with regard to the
understanding of viral biology and for therapeutic interven-
tion.
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