Journal of General Virology (2007), 88, 3018-3026

DOI 10.1099/vir.0.83146-0

Correspondence
Gerd Wengler
gerd.wengler@gmx.de

Received 7 May 2007
Accepted 2 July 2007

A short treatment of cells with the lanthanide ions
La®*, Ce®*, Pr®* or Nd®* changes the cellular
chemistry into a state in which RNA replication of
flaviviruses is specifically blocked without
interference with host-cell multiplication
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Alpha- and flaviviruses contain class Il fusion proteins, which form ion-permeable pores in the
target membrane during virus entry. The pores generated during entry of the alphavirus Semliki
Forest virus have been shown previously to be blocked by lanthanide ions. Here, analyses of the
influence of rare earth ions on the entry of the flaviviruses West Nile virus and Uganda S virus
revealed an unexpected effect of lanthanide ions. The results showed that a 30 s treatment of cells
with an appropriate lanthanide ion changed the cellular chemistry into a state in which the cells no
longer supported the multiplication of flaviviruses. This change occurred in cells treated before,
during or after infection, did not inhibit multiplication of Semliki Forest virus and did not interfere
with host-cell multiplication. The change was generated in vertebrate and insect cells, and was
elicited in the presence of actinomycin D. In vertebrate cells, the change was elicited specifically
by La®*, Ce® ™, Pr®* and Nd®*. In insect cells, additional lanthanide ions had this activity. Further
analyses showed that lanthanide ion treatment blocked the ability of the host cell to support the
replication of flavivirus RNA. These results open two areas of research: the study of molecular
alterations induced by lanthanide ion treatment in uninfected cells and the analysis of the resulting
modifications of the flavivirus RNA replicase complex. The findings possibly open the way for the
development of a general chemotherapy against flavivirus diseases such as Dengue fever,
Japanese encephalitis, West Nile fever and yellow fever.

INTRODUCTION

Entry of enveloped viruses involves fusion of the envelope
with a target membrane. This reaction is regulated by viral
fusion proteins. The fusion proteins of alphaviruses (family
Togaviridae; reviewed by Schlesinger & Schlesinger, 2001)
and flaviviruses (family Flaviviridae; reviewed by
Lindenbach & Rice, 2001) are class II fusion proteins.
These proteins have two additional functions: they generate
an icosahedral lattice on the viral surface (Lescar et al.,
2001; Pletnev et al., 2001) and they form ion-permeable
pores in the target membrane during virus entry (Carrasco,
1995; Nyfeler et al, 2001; Wengler et al, 2003).
Alphaviruses can be adsorbed to cells, and exposure to
low pH activates virus entry at the plasma membrane
(White et al, 1980; Paredes et al, 2004). We have
previously shown that lanthanide ions block the ion pores
generated during entry of alphaviruses at the plasma
membrane without interfering with productive infection

(Koschinski et al., 2005). As similar ion-permeable pores
are generated during entry of the flavivirus West Nile virus
(WNV) (Koschinski et al., 2003), we analysed the effect of
lanthanide ions on the establishment of a productive
infection by flaviviruses. The results of these studies are
reported in this paper.

METHODS

Viruses and cell cultures. BHK-21 cells, Vero cells and C2 cells
were grown in Dulbecco’s modified Eagle’s medium (DMEM) with
5% fetal bovine serum. C2 cells were derived from a cell line
established by Singh (1967) from the mosquito Aedes albopictus and
were adapted to growth in DMEM (Wengler et al., 1978). Semliki
Forest virus (SFV) was grown in BHK-21 cells as described previously
(Boege et al., 1980). The flaviviruses WNV and Uganda S virus
(UGSV) were grown in BHK-21 cells and C2 cells and quantified by
plaque assay, as described previously (Wengler et al., 1978), except
that plaques were developed by incubation in medium containing 5 %
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methylcellulose, followed by fixation with formaldehyde and staining
with crystal violet.

Treatment of cells with rare earth ions. Rare ecarth elements
comprise the lanthanides and the elements scandium (Sc) and
yttrium (Y). For rare earth ion treatment, monolayer cultures were
incubated with buffer E containing a rare earth ion. Buffer E consisted
of 140 mM NaCl, 3 mM KCl, 2 mM MgCl,, 2 mM CaCl,, 10 mM
glucose and 10 mM HEPES (pH 7.4, adjusted with NaOH). Rare
earth ions were obtained from Sigma or Aldrich as chloride salts with
the following exceptions: promethium is an unstable, radioactive
element and was not analysed, and ytterbium (Yb) and lutetium (Lu)
were used as trifluoromethanesulfonates. Stock solutions containing
rare earth salts at 100 mM concentration in H,O were stored at
—20 °C. The appropriate buffer E was freshly prepared for each
experiment from a solution of buffer E without CaCl, to which the
rare earth ion was added first, followed by CaCl,. No precipitation of
rare earth ions occurred under these conditions. In a typical
experiment, the growth medium was discarded, the cell layer washed
once with buffer E, and buffer E containing the appropriate rare earth
ion was added to the culture, floating on ice. After a 30 s incubation,
the solution was removed, the layer washed once with buffer E and
the cells were incubated as described in the individual experiments.

In vivo analyses of RNA and protein synthesis. For determination
of protein synthesis, 1.5 cm diameter monolayer cultures were
labelled for 30 min with 300 pl growth medium containing 50 uCi
of a mixture of [*>SJmethionine and [**S]cysteine (Pro-mix I-[*°S];
Amersham). Cells were suspended in electrophoresis sample buffer
and proteins were separated by electrophoresis on pre-cast 10-20 %
gradient gels (Cambrex). Gels were stained with Coomassie blue and
subjected to autoradiography. RNA was labelled in cells treated with
actinomycin D (1 pg ml™") prior to labelling. Ten millilitres of
labelling medium contained 1 ml complete growth medium, 9 ml
DMEM without phosphate, 0.2 ml fetal bovine serum, 1 pg
actinomycin D ml~' and [**Plorthophosphate. RNA was extracted
with phenol (pH 5.2) at 60 °C (Scherrer, 1969) and fractionated by
centrifugation on 5-20 % (w/w) sucrose density gradients in 50 mM
NaCl, 5 mM disodium-EDTA (pH 7.4) in an SW60 Beckman rotor.
The absorbance profile was determined in a flow-through cuvette and
radioactivity was determined by liquid scintillation counting.

RESULTS

Effect of lanthanide ions on virus growth and
plaque formation

Experiments were undertaken to analyse a possible
inhibitory effect of the presence of lanthanum (La’*) ions
during entry of WNV. In the experiment shown in Fig. 1
approximately 200 p.f.u. of virus was adsorbed to BHK cell
cultures at 0 °C. Solutions containing different concentra-
tions of LaCl; were then added to individual cultures for
10 s and cells were further incubated until plaque
formation. It was found that increasing concentrations of
La’ " led to a reduction in the size of WNV plaques: large
plaques were formed in the control culture and small
plaques were formed after treatment with 100 pM La’ ™,
whilst treatment with 400 uM La’" resulted in only the
largest plaques still being detectable as minute plaques. We
used a concentration of 500 pM La’* in our standard
procedure for La® " treatment, as no plaques were detected
after this treatment. In a similar experiment, the size of

Fig. 1. Effect of La®* treatment after virus adsorption on plaque
formation. Approximately 200 p.f.u. WNV was adsorbed to BHK
cells for 15 min at 0 °C. After adsorption, cells were treated with
control solution or with solution containing 50, 100, 200 or
400 pM La®* at 37 °C for 10 s, followed by a 3 day incubation for
plague development. Photographs of the plaques obtained after
treatment with control solution, 100 uM La®* or 400 uM La®* are
shown.

SFV plaques was not influenced by the addition of La’*
ions (data not shown, but see Fig. 3). The reduction in
plaque size therefore did not result from a non-specific
toxic effect of La’ .

In the above experiments, we were looking for a dose-
dependent reduction in plaque number by treatment with
La’ " during virus entry. The dose-dependent reduction in
plaque size was unexpected and was not readily explained
by an effect of La’" on virus entry. A possible effect of
La’" on virus multiplication at a later step was therefore
analysed. The effect of La’" treatment at 1.5 h post-
infection (p.i.) on the growth of WNV in BHK cells is
shown in Fig. 2. It can be seen that, in the control culture,
the exponential phase of virus multiplication was com-
pleted by 12 h p.., whilst no virus production had
occurred at this time in cells treated with La’* at 1.5 h
p-i. The same results were obtained in UGSV-infected BHK
cells (data not shown). These findings showed that La’™*
treatment interfered with synthesis and/or release of
infectious virus particles at a stage later than virus entry
or uncoating.
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Fig. 2. Effect of treatment with La®* or Lu®™ after virus entry on
the growth of WNV. Three BHK monolayer cultures were infected
with WNV at an m.o.i. of approximately 5. At 1.5 h p.i,, individual
cultures were treated with control solution or with solution
containing either 500 uM La®* or 500 pM Lu®** for 10 s at
37 °C and further incubated in growth medium. The growth of
infectious virus, as determined by plaque assay, is shown for the
control culture (O), La®*-treated culture ((0) and Lu®*-treated
culture (A).

In the experiments reported in Figs 1 and 2, La’"
treatment was carried out after virus adsorption. An
obvious interpretation of these results is to assume that
La’ " treatment interferes with the function of a viral
protein. In this case, it would be expected that treatment of
uninfected cells with La’* prior to infection should not
inhibit virus multiplication. Unexpectedly, these experi-
ments showed that treatment of BHK cells with 500 pM
La’* 6 h before virus adsorption blocked the development
of plaques of WNV and UGSV (data not shown, but see
Fig. 3). This type of experiment represents a simple way of
determining the effect of variations in experimental
conditions on the inhibition of plaque formation. We
analysed three questions in such analyses: (i) Is the
inhibitory effect specific for BHK cells? (ii) Is the inhibitory
effect specific for La’" or can it be obtained with other
lanthanide ions? (iii) Is it necessary to perform the La®™
treatment at 37 °C or is La’" treatment at 0 °C also
effective? Results obtained in an analysis addressing these
questions are presented in Fig. 3. In this experiment, Vero
cells, which are derived from African green monkeys and
which generate plaques when infected with WNV and
UGSV, were used instead of BHK-21 cells. The lanthanides
comprise the 15 elements between La (atomic no. 57) and
Lu (atomic no. 71). Treatment was performed with the
lanthanide ions La®*, Ce* T (cerium), Gd*>* (gadolinium),
Tb>* (terbium), Yb’* and Lu’ ", 4 h before infection by a
30 s incubation at 0 °C. The results showed that treatment
with 500 uM La®* or Ce® " blocked the ability of Vero cells
to produce WNV plaques. This is shown for Ce’*
treatment in Fig. 3. Unexpectedly, it was found that the

WNV SFV

Control

Fig. 3. Effect of treatment of cells with lanthanide ions prior to
infection on plaque formation by WNV and SFV. The following ions
were analysed: La®*, Ce®*, Gd®**, Tb®*+, Yb®* and Lu®™.
Fourteen monolayer cultures of Vero cells were used. For each ion,
two cultures were treated with 500 uM of the ion for 30 s at 0 °C
and further incubated in normal growth medium. As a control, two
cultures were treated with solution without a lanthanide ion. After a
4 h incubation in growth medium at 37 °C, one of each culture
was infected with approximately 300 p.f.u. WNV or SFV, followed
by a 2 day incubation for plaque development. Photographs of
plaques generated by WNV after treatment with control solution or
with Lu®* or Ce®* are shown on the left. Photographs of the
corresponding plaques generated by SFV are shown on the right.

other four lanthanide ions did not block plaque formation,
as shown for Lu’" treatment in Fig. 3. The inactivity of
Lu’ " ions was further verified in analyses of the effect on
single-cycle multiplication of WNV in BHK cells when
Lu’" treatment was carried out at 1.5 h p.i. The results
showed that Lu’* treatment performed after virus entry
also did not inhibit the growth of WNV (Fig. 2). In the
experiment shown in Fig. 3, all analyses were performed in
parallel with the alphavirus SFV. SFV forms plaques on
Vero cells and the results showed that none of the ion
treatments inhibited the formation of these plaques. This is
shown for the SFV plaques generated in control cultures
and after treatment with Ce’" or Lu’* in Fig. 3. Taken
together these analyses showed that a 30 s treatment of
BHK or Vero cells with La®* or Ce® " at 0 °C, 4 h before
virus adsorption, specifically blocked the ability of these
cells to produce WNV plaques but did not block the
formation of plaques by SFV, and that Gd®>*, Tb>*, Yb*>*
and Lu’* did not have this activity.
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The data presented in Fig. 2 showed that La’ " treatment at
1.5 h p.i. blocked the release of flavivirus particles up to
12h pi, but that during the following hours, virus
particles began to appear in the growth medium. These
results indicated that La’" treatment had a temporary
effect on the synthesis of flaviviruses and that a repeated
treatment of infected cells every 12 h might induce a
continuous state of resistance against flavivirus replication.
For plaque assays, virus is adsorbed to subconfluent cell
layers, which become confluent during the ensuing 3 days
of incubation for plaque development. The finding that
lanthanide ion treatment did not inhibit this cell growth, as
seen by inspection of the cell layer, indicated that the ion
treatment did not generate a cytotoxic effect. Taken
together, these data indicated that repeated treatment of
infected cell cultures with an appropriate lanthanide ion
should specifically interfere with the synthesis of flavi-
viruses and, at the same time, might allow the survival and
multiplication of the infected cells. An experimental
analysis of such a system is presented in Fig. 4. BHK cells
were infected with WNV and treated at 1.5 h p.i. either
with buffer as a control or with a lanthanide ion. This
treatment was repeated every 12 h during the following
time on all cultures. At 30 h p.i., all cultures were
trypsinized and reseeded for further growth at a 1:10
dilution. Photographs of all cultures 18 h after reseeding
are shown in Fig. 4. It can be seen that few cells survived
this procedure in the infected control culture and in the
infected cultures treated with Gd>*, Tb>*, Yb>* or Lu’ ™,
whereas the infected cells treated with La’* or Ce’* grew
into an apparently intact confluent culture of adherent
cells, even after a 1:10 dilution. These data led to the
important conclusion that the appropriate ion treatment
inhibits the multiplication of flaviviruses and does not
interfere with host-cell multiplication.

In the experiments reported above, sparse cultures of
WNV-infected BHK cells, treated with La’* or Ce’* at
1.5 h p.i., grew into confluent monolayers without any
visible cytolytic effect. This system represents a simple assay
to analyse the ability of all rare earth ions to inhibit the
replication of flaviviruses. The rare earth ions comprise the
lanthanide ions and the ions Sc®* and Y**. All rare earth
ions with the exception of promethium, which is an
unstable, radioactive element, were analysed. It was found
that La’ * and Ce’* blocked the development of the virus-
induced cytolytic effect, Pr°* (praseodymium) and Nd**
(neodymium) were slightly less active, Sm>* (samarium)
had at best minimal activity and that all other rare earth
ions had no discernible activity (data not shown).

Effect of lanthanide ions on the synthesis of virus-
specific molecules

The above analyses indicated that ion treatment of cells
blocked their ability to produce infectious virus at a step
later than entry and uncoating. Flaviviruses accumulate as
non-infectious particles in intracellular vacuoles and are

Fig. 4. Effect of lanthanide ion treatment on the survival of WNV-
infected cells. The ions La®*, Ce®*+, Gd®*, Tb®*, Yb3* and Lu®™*
were analysed. Seven freshly confluent BHK cell cultures were
infected with WNV at an m.o.i. of approximately 5. At 1.6 h p.i,
individual cultures were treated either without lanthanide ion as a
control or with a lanthanide ion at 500 puM for 30 s at 0 °C. This
treatment was repeated at 12 h time intervals on all cultures. At
30 h p.i, all cultures were trypsinized and reseeded at a 1:10
dilution. Photographs (phase contrast, 20x magpnification) of all
seven cultures taken 18 h after reseeding are shown. The ion
analysed is indicated in each photograph.

activated during release (reviewed by Lindenbach & Rice,
2001). The experiment shown in Fig. 5 analysed whether
La’" interfered with one of these later steps. Mock-
infected or WNV-infected BHK cells were treated with
control solution or with 500 pM La’* at 1.5 h after
infection or mock-infection, respectively, and the patterns
of proteins synthesized 10 h later were analysed by pulse-
labelling with **S-labelled amino acids and SDS-PAGE. It
can be seen that, in the absence of La’>" treatment in
mock-infected cells, a complex pattern of proteins was
produced, whereas in infected cells a different pattern
containing dominant bands of virus-specific proteins was

http.//virsgmjournals.org
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Fig. 5. Effect of La®* treatment after virus entry on the synthesis
of WNV-specific proteins. Four freshly confluent monolayer
cultures of BHK cells were treated as follows: two cultures were
infected with WNV at an m.o.i. of approximately 5 and two cultures
were mock-infected. At 1.5 h p.i., one of the infected cultures was
treated with La®" for 30 s at 0 °C and the other infected culture
was treated with control solution without La®*. The mock-infected
cultures were treated in the same manner. After a further 10 h
incubation under conditions for growth, the cells were subjected to
a 30 min labelling with ®°S-labelled amino acids and harvested.
Cells were suspended in electrophoresis sample buffer and
subjected to SDS-PAGE on a 10-20% gradient gel. An
autoradiogram of this gel is shown. The positions of the virus-
encoded proteins NS5 (97 kDa), NS3 (74 kDa) and E (50 kDa)
(Castle et al., 1986) are indicated by arrowheads. The migration of
marker proteins is also indicated.

produced. In contrast, in La® " -treated cells, the pattern of
proteins synthesized in mock-infected and in infected cells
was identical. Furthermore, the pattern of proteins
synthesized in untreated mock-infected cells, in La’*-
treated mock-infected cells and in La’*-treated infected
cells were identical. Thus, the data showed that treatment
of infected cells with La>* at 1.5 h p.i. specifically blocked
the synthesis of viral proteins and that this effect did not
result from a general toxicity of La’ " treatment.

All flavivirus-specific proteins are synthesized from a 42S
RNA, which also serves as the viral genome. The data
reported above therefore led to the question of whether ion
treatment induced a block in synthesis of 42S RNA and
therefore of the synthesis of virus-specific proteins. In
principle, the experiment shown in Fig. 5 was repeated but
the viral RNA was labelled and the pattern of labelled RNA
was analysed. Alpha- and flaviviruses replicate in cells in

which the transcription of cellular DNA is blocked by
actinomycin D. No virus-specific RNA was synthesized in
UGSV-infected BHK cells treated with La’* at 1.5 h p.i,
which had been labelled with **P at 10 h p.i. after the
addition of actinomycin D at 9.5 h p.i. (data not shown).
In this type of experiment, ion treatment was performed
prior to the addition of actinomycin D and therefore might
possibly influence the transcription of cellular DNA. These
considerations led to the question of whether the La’™"
effect was also elicited if cellular transcription was blocked
prior to La’" treatment. Therefore, in the experiment
shown in Fig. 6, La’™ treatment was performed after the
addition of actinomycin D. In this experiment, the
influence of La’* treatment at 1.5 h p.i. on the synthesis
of UGSV-specific RNA was analysed both in BHK-21
vertebrate cells and in C2 insect cells. The results of
analyses of RNA molecules synthesized in BHK cells are
shown in Fig. 6(a—d). As expected, in mock-infected,
untreated cells (Fig. 6a) and in mock-infected, La’*-
treated cells (Fig. 6b), no sedimentable RNA was
synthesized in the presence of actinomycin D. In untreated,
infected cells (Fig. 6¢), 42S RNA viral genome and mRNA,
and a 20S complex replicative RNA were synthesized
(Wengler et al., 1978). The most important result (Fig. 6d)
showed that treatment of infected cells with La’" ions
blocked the synthesis of both virus-specific RNA species.
As replication of most flaviviruses in insect cells does not
generate a cytolytic effect, plaque assay analyses similar to
those presented in Figs 1 and 3 are not readily possible in
insect cells, but RNA labelling experiments can easily be
performed in these cells. The pattern of RNA molecules
synthesized in C2 insect cells are shown in Fig. 6(a’—d").
The data showed that La> " treatment also induced a block
in viral RNA synthesis in these cells. Taken together, these
data showed that La’* treatment induced a block in viral
RNA synthesis that was independent from the transcription
of cellular genes and that this induction occurred in both
vertebrate and insect cells.

The analyses of the effects of rare earth ions on flavivirus-
infected BHK cells described above showed that treatment
with La’ ¥, Ce’ ™, Pr’™ or Nd®>* blocked the replication of
flaviviruses effectively, that Sm>* had a small effect and
that the other rare earth ions had no discernible effect.
During further analyses of the effect of ion treatment on
the synthesis of viral RNA, it was observed that the sharp
distinction between active and inactive ions observed in
BHK cells was not found in C2 insect cells (Fig. 7). UGSV-
infected BHK cells, UGSV-infected C2 cells and SFV-
infected BHK cells were used in the three parts of this
experiment. For each part of the experiment, seven
monolayer cultures were infected and treated with
actinomycin D at 1 h p.i. At 1.5 h p.i., the seven cultures
were treated either with control solution or with La’™"

Ce’*, Gd>", Tb’*, Yb’* or Lu’*. The RNA synthesized
in these cultures between 8.5 and 9 h p.i. was labelled with
*?P and analysed by centrifugation, resulting in a total of 21
RNA analyses. Six of these analyses are presented in Fig. 7.
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Fig. 6. Effect of La®* treatment after virus entry on the synthesis of UGSV-specific RNA in BHK vertebrate and C2 insect cells.
For each cell type, four monolayer cultures were treated as follows: two cultures were infected with UGSV at an m.o.i. of
approximately 5, two cultures were mock-infected and all cultures were incubated in growth medium at 37 °C. Actinomycin D
was added to all cultures to a final concentration of 1 ug mi™" at 1 h p.i. After 30 min, one of the two infected cultures was
treated with La®* ions (500 uM, 30 s, 0 °C) and the second infected culture was treated with buffer without La®™* as a control.
The two mock-infected cultures were treated in the same manner. All cultures were further incubated at 37 °C with growth
medium containing actinomycin D. At 10 h p.i., all cultures were subjected to labelling with 32P for 0.5 h and harvested. RNA
was isolated by phenol extraction and fractionated by centrifugation on sucrose density gradients as described in Methods. The
absorbance profile (continuous line) and the distribution of acid-precipitable radioactivity (dotted line) in the gradients are
shown. RNA isolated from BHK cells (a—d) and from C2 cells (a’—d’) is shown. The treatment of cultures from which the RNA
was derived is indicated in the figure. The absorbance profile represents the sedimentation of the rRNA. The peak containing the

42S UGSV genome RNA is indicated by an arrow.

Data derived from the seven SFV-infected BHK cell
samples are not shown, as none of the six ions had an
inhibitory effect on the synthesis of SFV-specific RNA. The
analyses of RNA derived from UGSV-infected BHK cells
showed that, in accordance with the analyses described
above, La’" and Ce’" blocked the synthesis of virus-
specific RNA, whereas treatment with Gd>*, Lu’*, Tb> "
or Yb’* had no inhibitory effect. The control analysis (Fig.
7a) and the effect of Ce’* (Fig. 7b) and Lu’ " (Fig. 7c) are
shown. However, in UGSV-infected C2 insect cells, all four
ions that were inactive in vertebrate cells had a significant
inhibitory activity and reduced the synthesis of UGSV-
specific RNA by approximately 50 %. As an example, the
control analysis (Fig. 7a’), the effect of Ce’ " (Fig. 7b’) and
the effect of Lu®™ (Fig. 7c’) are shown.

In the experiments reported above, treatment with
lanthanide ions was performed no later than 1.5 h p.i. At
this time, no detectable amount of viral replication
complexes has been assembled. Inhibition of viral RNA
synthesis therefore could result from a block in the

assembly of replication complexes, whereas functional
complexes might be unaffected. An experiment to analyse
the effect of lanthanide ion treatment on the activity of
functional polymerase complexes is shown in Fig. 8.
UGSV-infected BHK cells were treated with La’* ions at
different times during the exponential phase of virus
multiplication. In all cultures, RNA was labelled at the end
of the exponential growth phase between 10.5 and 11.5 h
p-i. Experiments were performed in parallel in BHK cells
infected with SFV. Analyses of RNA molecules synthesized
in UGSV-infected cells treated at 9.5 h p.i. with control
solution or with La’* are shown in Fig. 8(a, b),
respectively. These data showed that no labelled virus-
specific RNA could be detected in the La’ * -treated cells. In
contrast, La’ " treatment did not inhibit the RNA synthesis
of the alphavirus SFV (Fig. 8¢, d). These results indicated
that lanthanide ion treatment can specifically inactivate
functional flavivirus replication complexes.

In the RNA labelling experiments reported above, labelling
times that were long compared with the time of synthesis

http.//virsgmjournals.org

3023



G. Wengler, G. Wengler and A. Koschinski

BHK cells
T4 (a) 4, (b) 44 (c) 0.5
£ Control ce’* Lu®
o«
s 3 3 . 3 * P "
b i i iy to3 3
X e g 11} i » A
< 5 Ia , 2 P2 Py A F ok =
E .“r oW e / L] AR * —a® 5 Y ‘r' o
d 4 i Mme F \Fal o B S
S I - Vi 012
v"‘" "".4_._'.-’ . <
ﬁro 0 0
= 2 6 10 14 18 2 6 10 14 18 2 6 10 14 18
Fractions gottom — top
C2 cells
T4 (@) 2 4(b) 4,(c’) 0.3
i fi 3+ 1y 3+ e e
foust Control Y Ce Y Lu i
3 i 3 i 3 § -
e i i i 0.2 g
? i H
X2 { 2 4 2 ’ S
E . Pad / i s
: A iV $ 4
2, Fa Y 1 1 L\ 01s
[ e ; ; 7
ot PO N . o e ;‘. s 2
o ¥ e Sonas 2% <
g0 0 0
2 6 10 14 18 22 2 6 10 14 18 22 2 6 10 14 18 22

Fractionsgottom —» top

Fig. 7. Effect of lanthanide ion treatment after virus entry on the synthesis of UGSV-specific RNA in vertebrate and insect cells.
The ions La®*, Ce®*, Gd®*, Tb®*, Yb®* and Lu®™ were used. The following three virus/cell systems were analysed: UGSV-
infected BHK-21 cells, UGSV-infected C2 cells and SFV-infected BHK-21 cells. For each virus/cell system, seven monolayer
cultures were infected at an m.o.i. of approximately 5 and treated with actinomycin D (1 pg mi™") at 1 h p.i. At 1.5 h p.i., one
culture of each virus/cell system was subjected to treatment with control solution and the six other cultures were treated by a
30 s incubation at 0 °C with a lanthanide ion at 500 uM. At 8.5 h p.i., all 21 cultures were labelled with 2P and the RNA was
extracted and analysed by centrifugation as described in the legend to Fig. 6. RNA isolated from UGSV-infected BHK cells
treated with control solution or with Ce®* or Lu®* is shown in (a), (b) and (c), respectively. RNA derived from UGSV-infected
is shown in (a’), (b") and (c’), respectively.

C2 cells treated with control solution or with Ce®* or Lu®*

of individual RNA molecules were used. Therefore, the
absence of labelled RNA could have resulted from rapid
degradation of newly synthesized RNA. The stability of
virus-specific RNA in cells treated with lanthanide ions was
therefore analysed in an experiment in which virus-specific
RNA was labelled first, followed by lanthanide ion
treatment and RNA analyses. The finding that the same
patterns of labelled RNA were obtained from cultures
treated with control solution and from ion-treated cultures
(data not shown) showed that treatment of cells containing
radioactively labelled RNA with lanthanide ions did not
induce degradation of virus-specific RNA.

DISCUSSION

The flaviviruses UGSV and WNV used in the above
experiments belong to two different serocomplexes and we
believe that it is reasonable to assume that the results
obtained in our experiments are representative of flavi-
viruses in general. The data described indicate that a short
treatment of vertebrate or insect cells with appropriate
lanthanide ions induces a change in cellular metabolism

that blocks the ability of the cell to support the synthesis of
flavivirus RNA. The data presented in Fig. 2 indicated that
the block was a temporary effect and the data presented in
Fig. 4 showed that repeated treatment of flavivirus-infected
cells every 12 h with an active lanthanide ion established a
state of resistance to viral replication without interfering
with multiplication of the infected host cells, which grew
into confluent monolayers even after a 1: 10 dilution of the
cultures. This experiment constitutes clear evidence that
even repeated lanthanide ion treatment, performed
according to our procedure, had no significant cytotoxic
effect on the host cells. The comparative analyses of *°S-
labelled proteins synthesized in untreated and ion-treated
cells (Fig. 5) supported this conclusion using a biochemical
technique. In view of this situation, we made no further
quantitative analyses of any possible cytotoxic effect
generated by our ion treatment procedure.

Lanthanide ions block ion flow through the pores
generated in the target membrane during entry of
alphaviruses (Koschinski et al, 2005). The effect of
lanthanide ions described above had no recognizable
relationship to this block, as it could be induced by
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Fig. 8. Effect of La®* treatment performed at
different times during virus multiplication on
viral RNA synthesis. Twelve cultures of freshly
confluent BHK cells were treated as follows:
six cultures were each infected with UGSV or
SFV at an m.o.i. of approximately 5 and
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incubated in growth medium containing actino-
mycin D at 37 °C. At 1.5, 3.5, 5.5, 7.5 and
9.5 h p.i., one UGSV-infected and one SFV-
infected culture were treated with 500 uM
La®* for 30 s at 0 °C. As controls for both
virus systems, one infected culture was
treated with control solution at 9.5 h p.i. All
cultures were labelled with 2P at 10.5 h p.i.
for 1 h. RNA was extracted and analysed by
centrifugation as described in the legend to
Fig. 6. The analyses of RNA derived from
UGSV-infected cells treated with control
solution or with La®* at 9.5 h p.i. are shown
in (a) and (b), respectively. The correspond-
ing analyses of RNA isolated from SFV-
infected cells are shown in (c) and (d).
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treating infected cells with lanthanide ions many hours
after virus entry.

Treatment of cells with interferon induces a state of
resistance expressed after virus entry. The block in virus
replication induced by lanthanide ions was different from
interferon-induced resistance, as induction of resistance by
interferon involves transcription of cellular genes, whereas
lanthanide ion treatment was effective in the presence of
actinomycin D. Furthermore, virus infection of interferon-
treated cells leads to degradation of viral and cellular mRNA
and to cell death, whereas infection of lanthanide ion-treated
cells left the translation of cellular mRNA unchanged and
allowed multiplication of cells after infection.

We do not know how lanthanide ions exert their inhibitory
effect, but the data reported above suggest the following: (i)
Lanthanide ions react with the surface of the target cell in a
reaction that is also effective at 0 °C. The nature of this
reaction is not known. It may involve an interaction with a
receptor or entry of lanthanide ions through the plasma
membrane into the cytoplasm. (ii) This reaction induces a
change in the cellular chemistry, which includes the
inactivation of a component of the RNA replication
complex of flaviviruses. Inactivation is achieved if treat-
ment is performed before virus infection, during virus
infection or after virus infection. (iii) This inactivation
does not depend on transcription of the host genome. (iv)
The process is conserved between vertebrate and insect
cells.

In vertebrate cells, La’" and Ce’" blocked the develop-
ment of the virus-induced cytolytic effect, Pr’ ¥ and Nd**

were less active, Sm> ™ had at best minimal activity and all
other rare earth ions had no discernible activity. With
increasing atomic number, the diameter of lanthanide ions
decreases. The data showed that the activity of the
lanthanide ions decreased with decreasing diameter. In
vertebrate cells, only the four ions with the largest diameter
could effectively induce virus resistance. This strong
selectivity was not observed in insect cells, in which even
Lu’ ", the smallest lanthanide ion, had an inhibitory effect.

Flaviviruses cause important diseases such as dengue,
yellow fever and various encephalitides (reviewed by Burke
& Monath, 2001). Currently, specific chemotherapy is not
available against any disease caused by a flavivirus
(reviewed by Leyssen et al, 2003). According to the
Merck index, the LDs, of LaCls.7H,O in rats after
intraperitoneal administration is 350 mg kg~'. As
LaCls.7H,0 has a molecular mass of 371 g mol ', this
LDs, corresponds to a concentration of about 1 mM La®™
after homogeneous distribution in the animal. These data
indicate that, if an appropriate route of administration and
an appropriate time schedule are chosen, lanthanide ions
might represent effective drugs for the treatment of
flavivirus diseases. It is to be expected that the host-cell
function targeted by lanthanides is used by all flaviviruses
and that therefore appropriate lanthanide ions will have a
broad spectrum of activity against flaviviruses.

The experiments reported above will lead to studies in four
different new directions: (i) characterization of the
biochemical effects of active lanthanide ions on uninfected

cells; (ii) analyses of alterations induced by these

http.//virsgmjournals.org

3025



G. Wengler, G. Wengler and A. Koschinski

treatments in the RNA replication complex of flaviviruses;
(iii) the search for an inhibitory activity of lanthanide ion
treatment on the replication of other viruses; and (iv)
analyses of the use of lanthanide ions in a broad-spectrum,
host-cell-based chemotherapy against flaviviruses and
possibly other viruses.

ACKNOWLEDGEMENTS

Gerd Wengler dedicates this manuscript to Dr Klaus Scherrer. The
work in his laboratory as a post-doc, more than 30 years ago, formed
the basis of the experiments presented above. This study was
supported by grant WE 518/3-3 to Gerd Wengler from the
Deutsche Forschungsgemeinschaft.

REFERENCES

Boege, U., Wengler, G., Wengler, G. & Wittmann-Liebold, B. (1980).
Partial amino acid sequences of Sindbis and Semliki Forest virus-
specific core proteins. Virology 103, 178-190.

Burke, D. S. & Monath, T. P. (2001). Flaviviruses. In Fields Virology,
4th edn, pp. 1043-1125. Edited by D. M. Knipe & P. M. Howley.
Philadelphia, PA: Lippincott Williams & Wilkins.

Carrasco, L. (1995). Modification of membrane permeability by
animal viruses. Adv Virus Res 45, 61-112.

Castle, E., Leidner, U., Nowak, Th., Wengler, G. & Wengler, G. (1986).
Primary structure of the West Nile flavivirus genome region coding
for all nonstructural proteins. Virology 149, 10-26.

Koschinski, A., Wengler, G., Wengler, G. & Repp, H. (2003). The
membrane proteins of flaviviruses form ion-permeable pores in the
target membrane after fusion: identification of the pores and analysis
of their possible role in virus infection. | Gen Virol 84, 1711-1721.

Koschinski, A., Wengler, G., Wengler, G. & Repp, H. (2005). Rare
earth ions block the ion pores generated by the class II fusion proteins
of alphaviruses and allow analysis of the biological functions of these
pores. ] Gen Virol 86, 3311-3320.

Lescar, J., Roussel, A., Wien, M. W., Navaza, J., Fuller, S. D., Wengler,
G., Wengler, G. & Rey, F. A. (2001). The fusion glycoprotein shell of
Semliki Forest virus: an icosahedral assembly primed for fusogenic
activation at endosomal pH. Cell 105, 137-148.

Leyssen, P., Charlier, N., Paeshuyse, J., De Clerecq, E. & Neyts, J.
(2003). Prospects for antiviral therapy. Adv Virus Res 61,
511-
553.

Lindenbach, B. D. & Rice, C. M. (2001). Flaviviridae: the viruses and
their replication. In Fields Virology, 4th edn, pp. 991-1041. Edited by
D. M. Knipe & P. M. Howley. Philadelphia, PA: Lippincott Williams
& Wilkins.

Nyfeler, S., Senn, K. & Kempf, C. (2001). Expression of Semliki
Forest virus E1 protein in Escherichia coli. J Biol Chem 276, 15453—
15457.

Paredes, A. M., Ferreira, D., Horton, M., Saad, A. Tsuruta, H,
Johnston, R,, Klimstra, W., Ryman, K., Hernandez, R. & other authors
(2004). Conformational changes in Sindbis virions resulting from
exposure to low pH and interactions with cells suggest that cell
penetration may occur at the cell surface in the absence of membrane
fusion. Virology 324, 373-386.

Pletnev, S. V., Zhang, W., Mukhopadhyay, S., Fisher, B. R,
Hernandez, R., Brown, D. T., Baker, T. S., Rossmann, M. G. &
Kuhn, R. J. (2001). Locations of carbohydrate sites on alphavirus
glycoproteins show that E1 forms an icosahedral scaffold. Cell 105,
127-136.

Scherrer, K. (1969). Isolation and sucrose gradient analysis of RNA.
In Fundamental Techniques in Virology, pp. 413-432. Edited by
K. Habel & N. P. Salzman. New York/London: Academic Press.

Schlesinger, S. & Schlesinger, M. J. (2001). Togaviridae: the viruses
and their replication. In Fields Virology, 4th edn, pp. 895-916. Edited
by D. M. Knipe & P. M. Howley. Philadelphia, PA: Lippincott
Williams & Wilkins.

Singh, K. R. P. (1967). Cell cultures derived from larvae of Aedes
albopictus (Skuse) and Aedes aegypti (L.). Curr Sci 36, 506-508.

Wengler, G., Wengler, G. & Gross, H. J. (1978). Studies in virus-
specific nucleic acids synthesized in vertebrate and mosquito cells
infected with flaviviruses. Virology 89, 423-437.

Wengler, G., Koschinski, A., Wengler, G. & Dreyer, F. (2003). Entry of
alphaviruses at the plasma membrane converts the viral surface
proteins into an ion-permeable pore that can be detected by
electrophysiological analyses of whole-cell membrane currents. J
Gen Virol 84, 173—-181.

White, J., Kartenbeck, J. & Helenius, A. (1980). Fusion of Semliki
Forest virus with the plasma membrane can be induced by low pH. J
Cell Biol 87, 264-272.

3026

Journal of General Virology 88



