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The human JC polyomavirus (JCPyV) causes the fatal demyelinating disease progressive multifocal leukoencephalopathy (PML).
A growing number of patients with induced or acquired immunosuppression are at risk for infection, and no effective antiviral
therapy is presently available. The widely used antimalarial drug artesunate has shown broad antiviral activity in vitro but lim-
ited clinical success. The aim of this study was to investigate the effect of artesunate on JCPyV replication in vitro. The permis-
sivity for JCPyV MAD-4 was first compared in four cell lines, and the monkey kidney cell line COS-7 was selected. Artesunate
caused a concentration-dependent decrease in the extracellular JCPyV DNA load 96 h postinfection, with a 50% effective concen-
tration (EC,,) of 2.9 pM. This effect correlated with a decreased expression of capsid protein VP1 and a reduced release of infec-
tious viral progeny. For concentrations of <20 pM, transient reductions in cellular DNA replication and proliferation were seen,
while for higher concentrations, some cytotoxicity was detected. A selective index of 16.6 was found when cytotoxicity was calcu-
lated based on cellular DNA replication in the mock-infected cells, but interestingly, cellular DNA replication in the JCPyV-in-

fected cells was more strongly affected. In conclusion, artesunate is efficacious in inhibiting JCPyV replication at micromolar
concentrations, which are achievable in plasma. The inhibition at EC,, probably reflects an effect on cellular proteins and in-
volves transient cytostatic effects. Our results, together with the favorable distribution of the active metabolite dihydroartemis-
inin to the central nervous system, suggest a potential use for artesunate in patients with PML.

Progressive multifocal leukoencephalopathy (PML) is a rare
and usually fatal demyelinating disease caused by the lytic rep-
lication of JC polyomavirus (JCPyV) in oligodendrocytes (1, 2).
The disease mainly affects individuals afflicted with HIV-AIDS or
patients undergoing treatment with certain immunomodulatory
monoclonal antibodies, but it can also affect transplant patients
and patients with hematological diseases or idiopathic CD4 T-cell
lymphocytopenia (3-5). A few cases of PML in immunocompe-
tent individuals have also been described (6, 7). Infrequently,
JCPyV causes other diseases affecting the central nervous system
(CNS) or kidneys (reviewed in reference 3). Infection with JCPyV
is very common, and by adulthood, about 70% of all individuals
are infected (8-10). After subclinical primary infection, JCPyV
remains latent in the renourinary tract and possibly in the brain
and lymphoid organs (11-14). Lifelong latency is interspersed by
occasional asymptomatic reactivation, with shedding in urine
(8,9).

JCPyV belongs to the family Polyomaviridae, genus Orthopo-
lyomavirus (15), and is a nonenveloped virus with an approxi-
mately 5-kb circular double-stranded DNA genome. The genome
can be divided into 3 functional regions: the noncoding control
region (NCCR), containing the origin of replication and promot-
ers for early and late transcription, the early region, encoding the
regulatory proteins small T antigen (sTag), large T antigen (LTag),
and the derivates T'135, T'136, and T'165, and the late region,
encoding the viral capsid proteins VP1, VP2, and VP3 and the
agnoprotein, the function of which remains elusive (16). The
NCCR of JCPyV found in the cerebrospinal fluid (CSF) or
the brain of PML patients is typically rearranged, with deletions
and insertions compared to that of the archetype virus shed in
urine by healthy individuals. Interestingly, in cell culture, the re-
arranged viruses usually express higher levels of early gene prod-
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ucts and exhibit a higher replication potential than the archetype
virus (17).

Although human primary oligodendrocytes would be the most
pathophysiologically relevant in vitro model for PML, these cells
are difficult to obtain and propagate. Besides primary human fetal
glial (PHFG) cells (1, 18) and human brain progenitor-derived
astrocytes (PDA) (19), few human primary cell types are permis-
sive for JCPyV (reviewed in reference 3). Most JCPyV studies have
therefore been performed in simian virus 40 (SV40) immortalized
cell lines expressing SV40 LTag, such as the African monkey kid-
ney cell line COS-7 (20, 21), the human embryonic kidney cell line
(HEK) 293TT (22, 23), which is probably of neuronal lineage (24),
and the human fetal glial cell line SVG (25). These cell lines,
though clearly different from primary oligodendrocytes, support
rapid JCPyV replication, thus approximating the situation in vivo.
Of note, the SVG p12 cell line from the ATCC was recently found
to be contaminated with the closely related BK polyomavirus
(BKPyV), but the frequently used subclone SVG-A may serve as a
BKPyV-negative alternative (26).

Though a number of drugs have been explored in vitro and in a
limited number of patients, no anti-JCPyV drug with proven effi-
cacy is yet available (reviewed in reference 3). Artesunate is rec-
ommended by the WHO for the treatment of severe malaria, in
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particular with multidrug-resistant malaria (27), and has shown
broad antiviral activity in vitro (28-33). Apparently, it has been
successfully used to treat four transplant patients with recurrent
multidrug-resistant cytomegalovirus (CMV) infection (34, 35)
and one child with human herpesvirus 6 infection (36), but it did
not give satisfactory results in other patients (35, 37, 38). Recently,
we reported that artesunate has antiviral activity against BKPyV in
human primary renal proximal tubular epithelial cells (RPTECs)
and that the antiviral effect is connected to transient cytostatic
effects without cytotoxicity (39). Encouraged by this and the good
safety profile of artesunate, with a low incidence of side effects
found in numerous studies (reviewed in reference 32), we inves-
tigated its effects on JCPyV replication. We started by comparing
the permissivity for JCPyV MAD-4 in COS-7, HEK 293TT,
SVG-A, and MO03.13 cells, with M03.13 being an immortalized
human-human hybrid cell line with the phenotypic characteristics
of primary oligodendrocytes (40). Here, we demonstrate that
COS-7 is the most suitable cell line for JCPyV MAD-4 antiviral
studies and that artesunate inhibits the replication of JCPyV
MAD-4 in COS-7 cells by a mechanism closely connected to its
transient cytostatic effect.

MATERIALS AND METHODS

JCPyV MAD-4 propagation. The experiments were performed with
JCPyV MAD-4 (strain ATCC VR-1583), a viral strain with a rearranged
NCCR originally isolated from the brain of a PML patient (41) and pre-
viously used for antiviral studies (19).

The plasmid pGEMMAD-4, containing the complete JCPyV MAD-4
genome in a pGEM3Zf(+) vector (17), was kindly provided by Hans H.
Hirsch, University of Basel, Switzerland. To generate infectious JCPyV
MAD-4, the viral genome was prepared and transfected into COS-7 cells,
as previously described (17). The supernatant was replaced by fresh me-
dium at 7 days and 14 days posttransfection, and infectious virus was
harvested by 6 cycles of freezing and thawing, followed by centrifugation
at 900 rpm for 5 min to clarify the supernatants. To produce more virus,
the first passage of JCPyV MAD-4 was used to infect new COS-7 cells. The
medium was changed at 7 days postinfection (dpi). At 14 dpi, the super-
natant containing JCPyV MAD-4 at a viral load of 2.14 X 10'® genomic
equivalents (GEq)/ml was harvested, diluted in fresh medium to 7.1 X 10°
GEq/ml, and used for infection, as described below.

Cell propagation. HEK 293TT (22) was propagated in Dulbecco’s
modified Eagle’s medium (DMEM) (catalog no. D5796; Sigma) with so-
dium pyruvate (100 mM) and 10% fetal bovine serum (FBS). SVG-A (25,
42), kindly provided by Walter Atwood, Brown University, RI, USA, was
propagated in minimal essential medium (MEM) (catalog no. M4655;
Sigma) with 10% FBS. M03.13 (CELLutions Biosystems, Inc.) (40) was
propagated in DMEM (catalog no. D5796; Sigma) with 10% FBS, as in-
structed by the supplier, and COS-7 (strain ATCC RL1651) was propa-
gated in DMEM (DMEM-H) (catalog no. D5671; Sigma) containing 1%
GlutaMAX (equivalent to 2 mM r-glutamine) (Life Technologies) and
either 10 or 3% FBS.

JCPyV MAD-4 permissivity study. HEK 293TT, SVG-A, COS-7, and
MO03.13 cells were propagated in their respective media supplemented
with 10% FBS. One day before infection, 15,000 cells per 0.95 cm? well
were seeded, and the next day, the approximately 60% confluent cells were
infected with 100 wl of JCPyV MAD-4 supernatant for 2 h before surplus
infectious units were removed; the cells were washed once with phos-
phate-buffered saline (PBS), and complete medium was added.

Infection and drug treatment. Artesunate (Saokim Pharmaceutical
Co., Ltd., Hanoi, Vietnam) was dissolved in dimethyl sulfoxide (DMSO)
to a concentration of 65 mM and immediately stored in aliquots at
—70°C. Prior to use, the stock was diluted in DMEM with 3% FBS to
working concentrations. One day before infection, 15,000 COS-7 cells per
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0.95 cm” well were seeded in DMEM complete growth medium contain-
ing 3% FBS. The cells were infected with JCPyV MAD-4, as described
above, before complete medium with or without increasing concentra-
tions of artesunate was added. A DMSO control matching the DMSO
concentration in 20 WM artesunate was included in all experiments.

Quantification of extracellular and intracellular JCPyV DNA loads.
To quantify the extracellular JCPyV DNA loads, the cell culture superna-
tants were harvested and stored at —70°C until quantification by quanti-
tative PCR (qPCR) using primers and a probe targeting the JCPyV LTag
gene, as described elsewhere (43). Shortly before qPCR, the supernatants
were diluted in distilled H,O (1:100 dilution) and boiled for 5 min. To
quantify the intracellular JCPyV DNA load, the DNA was first extracted
from the cells using the MagAttract DNA mini M48 kit (Qiagen). In brief,
the cells were washed once with PBS, lysed by adding buffer G2, and
immediately stored at —70°C until robotic extraction (GenoM-48; Qia-
gen). The intracellular JCPyV DNA loads were quantified by qPCR as
described for extracellular JCPyV loads but without dilution and boiling.
Each experiment had duplicate samples measured in triplicate.

Immunofluorescence staining, microscopy, and digital image pro-
cessing. The JCPyV MAD-4-infected cells with or without artesunate
treatment were fixed at 96 h postinfection (hpi) in 4% paraformaldehyde
(PFA) for 5 min and permeabilized by methanol for 10 min. Immunoflu-
orescence staining was then performed using as primary antibodies a
polyclonal rabbit antiserum directed against the C-terminal part of
BKPyV LTag (1:1,000 dilution) (44) and a monoclonal mouse antiserum
directed against JCPyV VP1 (1:400 dilution) (catalog no. ab34756; Ab-
cam). As secondary antibodies, an anti-mouse antibody conjugated with
Alexa Fluor 568 (1:500 dilution; Molecular Probes) and an anti-rabbit
antibody conjugated with Alexa Fluor 488 (1:500 dilution; Molecular
Probes) were used. The nuclei were labeled with Draq5 dye (1:1,000 dilu-
tion) (BioStatus). Images were collected using a Nikon TE2000 micro-
scope (X10 objective) and processed with NIS-Elements BR 3.2 (Nikon
Corporation).

Infectious progeny virus release. The supernatants harvested from
untreated and artesunate-treated JCPyV MAD-4-infected COS-7 cells at
96 hpi for the determination of extracellular JCPyV DNA loads were di-
luted 1:2 and used to infect COS-7 cells. The infection was performed as
described above, but this time, growth medium without artesunate was
added. At 96 hpi, the cells were fixed, and immunofluorescence staining
was performed as described above.

Cell proliferation and cell viability assays. The proliferation of
mock-infected and JCPyV-infected COS-7 cells with or without artesu-
nate treatment was monitored in real time by the xCELLigence system
using a real-time cell analyzer (RTCA) dual-plate (DP) instrument, as
previously described (45). This system measures the electrical impedance,
which is influenced by adhesion, and the number and size of the cells, and
this is expressed as an arbitrary unit (cell index) that reflects cell prolifer-
ation and viability. One day before infection, 6,000 cells per 0.2 cm? well
were seeded in a volume of 200 wl. In order to avoid disturbances of the
cell index, the supernatants were never completely removed from the
wells. In short, 120 pl of supernatant was removed from each well, and 80
wl of the JCPyV infectious supernatant (undiluted) was added for 2 h
before the infectious surplus was successively removed by a dilution
method of 3 cycles. In each cycle, 150 pl of the supernatant was removed
and replaced by 150 l of fresh medium. At the end, 100 pl of the medium
was left in all wells. Thereafter, 100 pl of medium with artesunate in
double concentration or without artesunate was added. The mock-in-
fected cells were treated the same way. The cell index was measured every
15 min for the first 6 h after seeding and every 30 min thereafter. In
addition, the cell viability of the artesunate-treated COS-7 cells was mea-
sured by three different endpoint assays. In short, 6,000 cells per 0.32 cm?
well were seeded, and the next day, the cells were either mock infected or
JCPyV infected by incubation with 80 wl of the JCPyV infectious super-
natant for 2 h. Next, the surplus infectious JCPyV was removed, and the
cells were treated with increasing concentrations of artesunate. At 24, 48,
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72,and 96 h posttreatment (hpt), cellular DNA replication was quantified
by a colorimetric measurement of 20 h bromodeoxyuridine (BrdU) in-
corporated into DNA using the cell proliferation enzyme-linked immu-
nosorbent assay (ELISA) and BrdU assay (Roche), and the total metabolic
activity was monitored by the colorimetric measurement of 3 h of reduc-
tion of resazurin dye by mitochondrial, microsomal, and cytosolic en-
zymes using the TOX-8 assay (Sigma), as described earlier (39, 46). As an
alternative measure of the total cellular metabolic activity, the ATP con-
tent of both the mock-infected and JCPyV-infected cells was measured at
96 hpt by the CellTiter-Glo luminescent cell viability assay (Promega),
according to the manufacturer’s instructions. In short, 100 pl of the Cell-
Titer-Glo reagent was added to each well containing 100 pl of superna-
tant, and the plate was mixed for 2 min on a shaker to induce cell lysis. The
plate was then incubated for 10 min at room temperature to stabilize the
luminescent signal, and luminescence was measured using Tecan Infinite
F200PRO reader (Tecan).

The cytotoxic effects of artesunate on the mock-infected or JCPyV-
infected COS-7 cells were measured by the CellTox green cytotoxicity
assay (Promega) at 24, 48, 72, and 96 hpt, as described by the manufac-
turer. The assay measures the changes in the membrane integrity of the
cell using a green cyanine dye that is excluded from viable cells and pref-
erentially stains the DNA from dead cells. When the dye binds DNA re-
leased from the cells, its fluorescence properties are substantially en-
hanced. According to the manufacturer, signals are stable for =3 days,
and the same wells can be measured several times. Cell seeding, JCPyV
infection, and artesunate treatment were carried out as described earlier,
but this time, the green dye was included in artesunate at a 1:1,000 dilu-
tion. The fluorescence activity of the dye was measured at 24, 48, 72, and
96 hpt at an excitation/emission of 485/520 nm, with 5 flashes using a
Tecan Infinite F200 PRO reader (Tecan).

Selectivity index of artesunate. The extracellular JCPyV load and cel-
lular DNA replication at 96 hpi/hpt were analyzed by the XLfit program
(fit model 205, dose-response one site, four-parameter logistic/sigmoidal
dose response; IDBS Solutions) with fit equal to A + [(B — A)/(1 +
[C/x]P)] to determine the effective concentration of artesunate giving a
50% inhibition of extracellular JCPyV DNA load (ECs,) and the 50%
cytotoxic concentration (CCs,). The selectivity index (SI5,) was calcu-
lated by dividing the CCs,, by the EC,,,.

RESULTS

Comparison of replication efficiency of JCPyV MAD-4 in differ-
ent cell lines. In order to find the most permissive cell line for our
JCPyV antiviral study, the replication of JCPyV MAD-4 was in-
vestigated in COS-7, HEK 293TT, SVG-A, and M03.13 cells. First,
extracellular and intracellular JCPyV DNAs were examined by
qPCRat 1, 4, and 7 dpi. Comparing the extracellular JCPyV DNA
load at 7 dpi to that at 1 dpi, which represents input JCPyV DNA,
total increases of 0.9, 1.1, and 0.3 log JCPyV DNA were found in
the supernatants from the COS-7, HEK 293TT, and SVG-A cells,
respectively (Fig. 1A). At the same time, the intracellular JCPyV
DNA loads increased by 1.5, 1.6, and 0.3 log, respectively (Fig. 1A).
Of note, for both the COS-7 and HEK 293TT cells, an increase in
the intracellular JCPyV DNA load was observed already at 4 dpi.
However, for the M03.13 cells, there was no increase but rather a
decrease in intracellular and extracellular JCPyV DNA at 4 and 7
dpi. Next, immunofluorescence staining was performed at 4 dpi
using primary antibodies directed against JCPyV VP1 and BKPyV
LTag. The BKPyV LTag antibody is known to cross-react with
SV40 LTag and JCPyV LTag. VP1-expressing cells were found in
the wells of the COS-7, HEK 293TT, and SVG-A cells (Fig. 1B,
red), but the highest number was found in the wells with COS-7
cells. As expected, the COS-7, HEK 293TT, and SVG-A cells all
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constitutively expressed SV40 LTag (Fig. 1B, green), while no
SV40 or JCPyV LTag expression was found in the M03.13 cells.

To investigate if the cellular origin of the virus played a role, the
experiment was repeated with JCPyV MAD-4 generated in human
SVG-A cells, but the results showed the same trend, suggesting
that the cellular origin played no role (data not shown). We con-
cluded that COS-7 and HEK 293TT cells are the most permissive
of the tested cells for JCPyV MAD-4 infection and that M03.13
cells apparently are nonpermissive for at least this strain of JCPyV.
Since we and others have experienced that HEK 293TT cells de-
tach easily and therefore are not well suited for microscopic anal-
ysis or studies lasting several days (47), we decided to use COS-7
cells for all further experiments.

Artesunate inhibits JCPyV replication in COS-7. The one-
step replication cycle of JCPyV in COS-7 cells grown in medium
containing 2% FBS is known to be 4 days (21). In agreement with
this, an approximately 1-log increase in extracellular JCPyV DNA
load was found at 4 dpi when COS-7 cells were cultured in me-
dium containing 3% FBS (data not shown) but not when 10% FBS
was used (Fig. 1A). Therefore, we decided to use a 3% FBS con-
centration for all experiments. Comparing the extracellular
JCPyV DNA load from the untreated cells at 96 hpi to that of 24
hpi (input), a 0.9-log increase was observed (Fig. 2A). The addi-
tion of 0.625 to 80 M artesunate reduced the extracellular JCPyV
DNA load in a concentration-dependent manner (Fig. 2A). While
artesunate at 2.5, 10, and 20 pM reduced the JCPyV load by ap-
proximately 0.3 log (48%), 0.6 log (75%), and 0.8 log (84%), re-
spectively, higher artesunate concentrations reduced JCPyV to the
level of input virus. Of note, the DMSO control showed no inhi-
bition of the JCPyV load.

Next, we investigated the effect of artesunate on JCPyV VP1
expression at 96 hpi by performing VP1 immunofluorescence
staining. Compared to the untreated cells, a concentration-depen-
dent reduction of VP1-expressing cells was detected (Fig. 2B, red).
Of note, microscopy also revealed a slight reduction in cell num-
bers when 20 pM artesunate was used and a dramatic reduction
when 40 and 80 wM artesunate were used (Fig. 2B, blue).

The supernatants harvested at 96 hpi were also tested for infec-
tious progeny. The number of VP1-expressing cells was found to
be inversely proportional to the original artesunate concentration
(Fig. 2C, red), confirming a gradual reduction in the release of
infectious progeny.

We conclude that artesunate inhibits JCPyV replication in
COS-7 cells in a concentration-dependent manner.

Artesunate inhibits proliferation of mock-infected and
JCPyV-infected COS-7 cells. Having observed a decreased cell
number when artesunate concentrations of =20 wM were used,
we investigated the influence of artesunate on cell viability in real
time using the xCELLigence system. First, untreated mock-in-
fected and JCPyV-infected COS-7 cells were compared by nor-
malizing the cell index immediately after the addition of JCPyV.
The cell index, which was slightly higher in JCPyV-infected than in
mock-infected cells, was found to gradually increase up to =96
hpi, suggesting an increase in cell number, size of the cells, attach-
ment, or a combination of these (Fig. 3A). Next, the effect of 1.25
to 40 WM artesunate was investigated, but this time, the cell index
was normalized immediately after the addition of artesunate, and
the cell index of the untreated cells was set as the baseline. A con-
centration-dependent decrease in the cell index of the artesunate-
treated cells started from about 7 hpt (Fig. 3B and C). For mock-
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FIG 1 Permissivity of COS-7, HEK 293TT, SVG-A, and M03.13 cells for JCPyV MAD-4. The cells were infected with JCPyV MAD-4 for 2 h before the inoculum
was replaced with fresh medium. (A) Extra- and intracellular JCPyV DNAs were quantified by qPCR of supernatants and extracted DNA from cell lysates,
respectively, harvested at the indicated time points. The mean values (GEq/ml) * standard deviations (SDs) of two parallel samples from one representative
experiment are presented. (B) At 4 days postinfection, the cells were fixed and immunofluorescence staining performed using as primary antibody polyclonal
rabbit anti-BKPyV LTag C-terminal serum that cross-reacts with SV40 LTag and JCPyV LTag (green) and a monoclonal mouse antibody directed against JCPyV
VP1 (red). The cell nuclei (blue) were stained with Draq5. The pictures were taken with a fluorescence microscope (X 10 objective).

infected cells treated with concentrations of <20 pM, the
inhibition was completely reversed about 36 to 60 hpt, where the
time to release correlated inversely with artesunate concentration
(Fig. 3B). Interestingly, after the reversal of inhibition, the cells
treated with 10 wM artesunate showed an increased cell index
compared to that of the untreated cells. For cells treated with 20
and 40 pM artesunate, no reversal of inhibition was seen up to 96
h of treatment (Fig. 3B), but for the 20 wM concentration, the
inhibition was reversed from 125 hpt (data not shown). The re-
sults from the JCPyV-infected cells were similar (Fig. 3C). To
summarize our results from the xCELLigence system, artesunate
was found to have a rapid and strong antiproliferative effect on
both mock-infected and JCPyV-infected COS-7 cells, but the ef-
fect is transient for concentrations of <20 M.

We next examined the effects of artesunate on cellular DNA
replication and total metabolic activity in mock-infected cells by
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the use of BrdU and resazurin assays at 24,48, 72, and 96 hpt. At 24
hpt, the DNA replication was reduced in a concentration-depen-
dent manner (Fig. 4A). The largest reductions were found for 40
and 80 pM artesunate, which reduced DNA replication by 16 and
23%, respectively. For these two concentrations, further reduc-
tions of >40 and 70%, respectively, were observed at later time
points. In contrast to this, for concentrations of <40 M, the
strongest inhibition of DNA replication was observed at 24 hpt.
The inhibition gradually decreased at 48 and 72 hpt and was com-
pletely diminished at 96 hpt. In fact, at 96 hpt, DNA replication
was higher in the artesunate-treated wells than in the untreated
wells. At 24 hpt, the metabolic activity was also reduced in a con-
centration-dependent manner (Fig. 4B). The largest reductions
were found for 40 and 80 wM artesunate, which reduced the met-
abolic activity by 37 and 58%, respectively. For these two concen-
trations, a further decrease was observed at 48 hpt, leading to total
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FIG 2 Effect of artesunate on JCPyV replication in COS-7 cells. (A) Extracellular JCPyV DNA load. At 96 hpi, supernatants were harvested from JCPyV-infected
COS-7 cells treated with artesunate at the indicated concentrations, and the JCPyV DNA loads were measured by qPCR. In addition, supernatants harvested at
24 hpi were analyzed to obtain an input viral load. The mean values (GEq/ml) * SDs from three independent experiments (each experiment had two parallel
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FIG 3 Effect of artesunate on cell proliferation of mock-infected and
JCPyV-infected COS-7 cells in real time. The cells were monitored from the
time of seeding up to 96 hpi (A) or 96 hpt (B and C) by an xCELLigence
RTCA DP instrument, and the adhesion, together with the number and the
size of the cells, was expressed as a cell index. Approximately 24 h after
seeding, the cells were infected with conditioned medium or JCPyV for 2 h
before the infectious inoculum was removed and replaced by growth me-
dium with or without artesunate at the indicated concentrations (for de-
tails, see Materials and Methods). (A) The cell index of mock-infected and
JCPyV-infected cells was normalized immediately after infection. The cell
index of the untreated and artesunate-treated mock-infected cells (B) and
JCPyV-infected cells (C). (B and C) The cell index was normalized imme-
diately after treatment, and the cell index of the untreated cells was set as
baseline 0. The mean values = SDs of 3 to 4 wells (mock infected) and of 2
wells (JCPyV infected) from one representative experiment out of three are
shown.
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reductions of about 75 and 90%, respectively. However, no fur-
ther reduction was seen over the next 2 days. In contrast to this,
the inhibition of metabolic activity caused by artesunate concen-
trations of <40 WM was not significantly changed over the next 3
days.

To investigate if the cellular DNA replication and metabolic
activity of JCPyV-infected cells were similarly affected, BrdU and
resazurin assays were also performed in the infected cells at 96 hpt
(98 hpi), and the results were normalized to untreated mock-
infected cells. A concentration-dependent reduction of the DNA
replication was found (Fig. 4C), and at all concentrations of >5
M, DNA replication was significantly more affected than that in
the mock-infected cells (Fig. 4A). The metabolic activity, which
was slightly higher in JCPyV-infected than in mock-infected cells,
was reduced in a concentration-dependent manner (Fig. 4D),
similar to in the mock-infected cells (Fig. 4B).

In order to verify the metabolic activity results, the CellTiter-
Glo assay was used at 96 hpt (98 hpi). Similar to the results ob-
tained by the resazurin assay and by intracellular lactate dehydro-
genase (LDH) assay (39) (data not shown), the total metabolic
activity (ATP content) was found to decrease with increasing arte-
sunate concentrations (Fig. 4E). Furthermore, the ATP content,
reflecting the number of viable cells, was less in the JCPyV-in-
fected wells than in the mock-infected wells. The difference was
the most pronounced in the untreated cells, suggesting that arte-
sunate prevented lytic JCPyV replication.

In order to investigate the potential cytotoxic effects of artesu-
nate, the CellTox green cytotoxicity assay was performed at 24, 48,
72, and 96 hpt. At 24 hpt, no significant increase in cell death was
found for any artesunate concentration in either the mock-in-
fected (Fig. 5A) or JCPyV-infected cells (Fig. 5B). However, from
48 hpt, concentrations of >10 uM resulted in increased cell death
in both the mock-infected and JCPyV-infected cells. For the
JCPyV-infected cells, the results were confirmed by the use of the
cytotoxicity LDH assay (data not shown).

When the results from all cell viability assays are taken to-
gether, they suggest that the addition of artesunate quickly slowed
down or completely stopped cell proliferation in a concentration-
dependent manner. DNA replication and metabolic activity were
reduced as early as 24 hpt. However, for artesunate concentrations
up to 10 uM, no significant cytotoxicity was observed, and the
inhibition was transient and followed by an increase in the DNA
replication and proliferation compared to those of the untreated
cells. Since the DMSO control did not have significant effects on
cell viability, all observed effects were assumed to be caused by
artesunate and not the solvent.

We conclude that the antiproliferative effect of artesunate on
mock-infected and JCPyV-infected COS-7 cells is mainly due to
cytostatic effects for concentrations up to and including 10 uM
and is due to a combination of cytostatic and cytotoxic effects at
higher concentrations. Moreover, the infected cells seem to be
more sensitive to cytostatic effects than the mock-infected cells.

samples) are presented. *, P < 0.05, determined by the ¢ test. (B) Expression of JCPyV late protein. At 96 hpi, JCPyV-infected COS-7 cells treated with the
indicated concentrations of artesunate from 2 hpi were fixed and immunofluorescence staining performed with the monoclonal mouse anti-JCPyV VP1 antibody
to visualize JCPyV late protein VP1 (red) and with Draq5 to visualize the nuclei (blue). The pictures were taken with a fluorescence microscope (X 10 objective).
(C) Infectious progeny release. The supernatants from untreated and artesunate-treated JCPyV-infected COS-7 cells harvested at 96 hpi were diluted 1:2 in
medium and seeded onto new COS-7 cells. At 96 hpi, the cells were fixed and immunostained as described for panel B. The pictures were taken with a fluorescence

microscope (X 10 objective).
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FIG 4 Cell viability of artesunate-treated mock-infected and JCPyV-infected COS-7 cells. The cellular DNA replication (A) and total metabolic activity (B) of
mock-infected COS-7 cells were measured at 24, 48, 72, and 96 hpt. The cellular DNA replication (C) and total metabolic activity (D) of JCPyV-infected COS-7
cells were measured at 96 hpt (98 hpi). (E) The ATP content of metabolically active mock-infected and JCPyV-infected COS-7 cells was measured at 96 hpt (98
hpi) (for details, see Materials and Methods). The mean values = SDs from two to three experiments are presented as the percentage of untreated cells. Each

experiment was performed in 3 parallel wells.

Determination of the selective index of artesunate in COS-7
cells. An ECs, (£95% confidence interval [CI]) of 2.9 = 0.7 pM
(P < 0.001) was calculated based on the data in Fig. 2A (Fig. 6).
Since very little toxicity was observed in the artesunate-treated
cells, a CCyy (£95% CI) of 48.2 = 12.0 pM (P < 0.001) was
calculated based on cellular DNA replication of mock-infected
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cells at 96 hpt (Fig. 4A), as previously described (39, 45, 46) (Fig.
6). This gave an Sl (CC5,/EC5,) of 16.6. When the CCs,, (£95%
CI) was calculated based on cellular DNA replication of the
JCPyV-infected cells, this was found to be 19.2 = 4.5 uM (P <
0.001) (Fig. 6), giving an SI5, of 6.6, indicating a stronger effect on
the JCPyV-infected than the mock-infected cells. By extrapolating
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FIG 5 Cytotoxicity of artesunate-treated mock-infected and JCPyV-infected
COS-7 cells. Mock-infected (A) and JCPyV-infected (B) COS-7 cells were
treated with the indicated concentrations of artesunate containing the CellTox
green dye from 2 hpi. This dye has increased fluorescence intensity when
bound to the DNA of cells with an impaired cell membrane. The fluorescence
intensity of the dye was measured at 24, 48, 72, and 96 hpt. To correlate the
cell death found in artesunate-treated cells with that in the untreated cells,
the fluorescence intensity of each drug concentration measured at all time
points was divided by that of untreated mock-infected cells at 24 hpt. The
mean values = SDs from two individual experiments are presented as fold
changes, and each experiment was performed in 3 parallel wells.

from the dose-response curve (Fig. 6), an ECy, (£ 95% CI) of
57.7 = 34.7 pM (P = 0.458) was estimated, which suggested that
90% of inhibition was dependent on cytotoxic effects.

We conclude that artesunate treatment of JCPyV-infected
COS-7 cells has an SIs, of 16.6 when CCs, was calculated using
mock-infected cells but only 6.6 when CCs, was calculated using
JCPyV-infected cells.

DISCUSSION

An effective antiviral drug is urgently needed to treat patients with
PML. Since the antimalarial drug artesunate has shown broad
antiviral effects, we explored its antiviral activity on JCPyV repli-
cation in permissive COS-7 cells. The data presented here indicate
that artesunate inhibits JCPyV replication in COS-7 cells and that
this is connected to a transient cytostatic effect. Artesunate re-
duced the extracellular JCPyV DNA load and infectious progeny
release at 96 hpi in a concentration-dependent manner, with an
ECs, of 2.9 WM. Artesunate concentrations of =2.5 uM clearly
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mine the ECs, (blue, JCPyV load) and CCs, (red, JCPyV-infected cells, and
green, mock-infected cells), the effect of increasing concentrations of artesu-
nate on extracellular JCPyV DNA loads and on cellular DNA replication
(BrdU incorporation) was analyzed by curve fitting using the XLfit program.
The mean values * SDs from three experiments are presented.

reduced the number of cells expressing VP1, while the total cell
numbers were decreased at concentrations of =20 wM. The cell
index measurements revealed a rapid concentration-dependent
inhibition of cell proliferation in both the mock-infected and
JCPyV-infected cells, but for all concentrations of <20 pM, the
inhibition was only transient. In agreement with this, cellular
DNA replication in mock-infected cells was most strongly affected
at 24 hpt and reverted to normal or even higher levels at 96 hpt, at
least for concentrations of <40 M. Of note, this was different for
JCPyV-infected cells, for which the DNA replication was still re-
duced at 96 hpt. Only concentrations of =20 wM caused increased
cell death in the mock-infected and JCPyV-infected cells, and an
SI;, of 16.6 was found when cellular DNA replication was used to
calculate the CCy, of the mock-infected cells.

Unfortunately, primary oligodendrocytes, which are the major
target cells in PML, could not be obtained for this study. Although
astrocytes may be infected by JCPyV in PML, the infection is rarely
productive (3, 48), perhaps because the cells instead engage in
removing infected oligodendrocytes (49). In our experience, pri-
mary human astrocytes are also poorly permissive for JCPyV (S.
Henriksen, unpublished data) and would not provide sufficient
analytic strength to accurately quantify antiviral effects. COS-7
cells were therefore chosen. Of note, the enhanced replicative abil-
ity of the PML-derived rearranged JCPyV strain MAD-4 probably
played only a minor role due to the constitutive expression of
SV40 LTag in these cells (17).

With regard to JCPyV replication, artesunate caused a concen-
tration-dependent reduction in the extracellular JCPyV DNA
load. Similar to the 65% reduction of the extracellular BKPyV load
found in RPTECs (39), 10 wM artesunate reduced the extracellu-
lar JCPyV DNA load by 75%, and this correlated with a decrease in
the number of VP1-expressing cells and in infectious progeny re-
lease. The ECs,, of 2.9 M was in the same range as that found for
BKPyV (4.2 uM) (39) and for herpesviruses (2.16 to 7.21 uM)
(29, 31, 50-52), although different host cells were used. Artesu-
nate affects a very early stage of herpesvirus infection, but the
mechanism seems to be the inhibition of cellular pathways (50). In
BKPyV-infected RPTECs, artesunate inhibited early gene expres-
sion but also viral DNA replication, late gene expression, and the
release of progeny virus (39). Since COS-7 cells constitutively ex-
press SV40 LTag, which can initiate viral DNA replication from
the JCPyV origin (53), and no specific antibody for JCPyV LTag
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was available, the effects on early protein expression and of the
later connected steps in the replication cycle were not investigated.

With regard to cell viability, artesunate concentrations of =20
M visibly reduced the cell numbers. In agreement with this, real-
time cell analysis demonstrated a rapid concentration-dependent
reduction of the cell index, but this was transient for concentra-
tions of <20 wM. Moreover, the inhibitory effect on cellular DNA
replication in the mock-infected cells was strongest at 24 hpt and
then declined, except when 40 and 80 wM were used. The tran-
sient effect of artesunate is probably explained by a relatively short
half-life in cell culture of about 12.4 h (52). Interestingly, the effect
on total metabolic activity was not reversed up to 96 hpt. The
explanation for this apparent discrepancy is probably linked to a
cell cycle arrest in G, or G,, as previously demonstrated in other
cells (39, 54-56). When the effect of artesunate waned, a high
proportion of the synchronized cells moved into the S phase and
incorporated BrdU in their DNA, whereas the metabolic activity
was still reduced due to reduced cell numbers. However, concen-
trations of >20 wM permanently inhibited DNA replication,
probably reflecting a disability in reentering the cell cycle.

Interestingly, the cellular DNA replication was more affected
in the JCPyV-infected cells than in the mock-infected cells at 96
hpt, especially when concentrations of =10 wM were used. The
result is the opposite of that found in the BKPyV study in RPTECs
(39) and is surprising, since all COS-7 cells express high levels of
SV40 LTag, the key protein for stimulating entry into the S phase
during infection (57). Based on the ATP levels, a slightly lower cell
number was seen in the JCPyV-infected than in the mock-infected
wells, but the difference was most pronounced in the untreated
wells (15%) and therefore did not explain the difference found in
regarding DNA replication. That the difference in cell numbers
was not seen with the resazurin assay may be explained by an
upregulation of the enzymes involved in the reduction of resaz-
urin in the infected cells (Fig. 4D, untreated cells), similar to what
has been reported for stressed amoebas (58). Only concentrations
of =20 wM caused measurable cytotoxic effects. It should be men-
tioned that neurotoxicity has been observed exclusively in animal
studies with high artesunate concentrations and never in humans
given the recommended doses (59).

We have shown that artesunate inhibits the replication of
JCPyV in COS-7 cells with an EC5, 0f 2.9 WM, a concentration that
can be achieved in plasma (60-62). However, to be eligible for
therapeutic treatment for PML, artesunate also needs to cross the
blood-brain barrier and enter the CNS. In one study of six severely
sick Plasmodium falciparum-infected patients treated with intra-
venous artesunate (approximately 2.3 mg/kg of body weight),
artesunate was not detectable in CSF samples collected from 15
min to 120 min after injection but only in plasma collected at 15
min (63). However, dihydroartemisinin was found in plasma and
CSF samples collected at all time points. Since the concentration
in CSF increased over time while the concentration in plasma
decreased over time, this suggests that dihydroartemisinin can
enter and accumulate in the CSF (63). Although dihydroartemis-
inin has a favorable low molecular mass (284 Da) and is highly
lipid soluble (64), it is not clear if it will reach and enter the af-
fected oligodendrocytes.

Our results indicate that the anti-JCPyV activity of artesunate
is based on the inhibition of virus-supportive cellular pathways
rather than inhibition of a viral target, and this is compatible with
the mechanism postulated for the broad antiherpesviral activity of
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artesunate (29, 32, 50). Importantly, the SI5ys of 16.6 and 6.6 from
mock-infected and JCPyV-infected cells, respectively, suggest
some specificity for JCPyV-infected COS-7 cells. One important
question is how glial and neuronal cells will respond to artesunate.
There is one study with the human astrocytoma line U373MG
(65). Here, no cytotoxicity was observed at 96 hpt when artesunate
concentrations of <50 wM were used, thereby suggesting a re-
sponse similar to that seen in COS-7 cells. For PML, longer treat-
ment courses than the 4 days used in our study or the usual 7-day
regime for malaria (66) may be required. This seems feasible, since
two transplant patients with multidrug-resistant CMV received
artesunate for 4 and 7 months without adverse effects, although a
third patient had to quit treatment after 1 month due to adverse
gastrointestinal effects (35).

In conclusion, artesunate inhibits the replication of JCPyV in
COS-7 cells, and the antiviral effect appears to be closely related to
transient cytostatic effects. True cytotoxic effects were exclusively
seen at artesunate concentrations of =20 wM, underlining the
anti-JCPyV specificity in the low micromolar range. Since the
ECs, of 2.9 M can be achieved in human plasma and the active
metabolite dihydroartemisinin accumulates in CSF, artesunate
may prove to be useful for treating PML. In the near future, care-
fully designed clinical studies will have to address the pharmaco-
kinetic details of the drug (e.g., penetration into the brain) and the
effects of long-term treatment.
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