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ABSTRACT  

The human JC polyomavirus (JCPyV) causes the fatal demyelinating disease 

progressive multifocal leukoencephalopathy mainly affecting immunosuppressed 

individuals. Unfortunately, no effective antiviral therapy is presently available for the 

treatment of JCPyV infections. The aim of this study was to investigate the anti-

JCPyV effect of the antimalarial drug artesunate. The permissivity 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 extracellular 

JCPyV DNA load with an EC50 of 3.0 µM at 96 hours postinfection. This effect 

correlated with inhibition of the expression of the major capsid protein VP1, and the 

production and release of infectious viral progeny. For concentrations below 20 µM, a 

transient reduction in DNA replication and cell proliferation was seen, while for higher 

concentrations some cytotoxicity was detected. Interestingly, the JCPyV-infected 

cells were more sensitive to the cytostatic effect of the drug than the mock-infected 

cells. A selective index of 15 was found when cytotoxicity was calculated based on 

cellular DNA replication. In conclusion, artesunate is efficacious in inhibiting JCPyV 

replication at micromolar concentrations and the inhibition probably reflects an effect 

on cellular proteins and involves transient cytostatic effects.   
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INTRODUCTION  

Progressive multifocal leucoencephalopathy (PML) is a rare and usually fatal 

demyelinating disease caused by the lytic replication of JC polyomavirus (JCPyV) in 

oligodendrocytes (1). The disease mainly affects individuals afflicted with HIV-AIDS 

or patients undergoing treatment with certain immunomodulatory monoclonal 

antibodies but can also affect transplant patients, patients with hematological 

diseases or idiopathic CD4 T-cell lymphocytopenia (2, 3). A few cases of PML in 

immunocompetent persons have also been described (4, 5). Infrequently JCPyV 

causes other diseases affecting the central nervous system (CNS) or kidneys 

(reviewed in (2)). Infection with JCPyV is very common and by adulthood about 70% 

of all individuals are infected (6-8).  After subclinical primary infection, JCPyV 

remains latent in the renourinary tract and possibly in the brain and lymphoid organs 

(9-12). Lifelong latency is interspersed by occasional asymptomatic reactivation with 

shedding in urine (6, 7). 

JCPyV belongs to the family Polyomaviridae, genus Orthopolyomavirus (13). JCPyV 

is a non-enveloped virus with a 5 Kb circular double stranded DNA genome that can 

be divided into 3 major regions: the non-coding control region (NCCR), 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, whose function 

remains elusive (14). 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 the archetype virus shed in urine by healthy individuals. Interestingly, in 

cell culture the rearranged viruses usually express higher levels of early gene 

products and have a higher replication potential than archetype virus (15).  
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Although human primary oligodendrocytes would be the most pathophysiologically 

relevant in vitro model for PML, these cells are difficult to propagate. Besides primary 

human fetal glial (PHFG) (1, 16) and human brain progenitor-derived astrocytes 

(PDA cells) (17), few human primary cell types have been permissive for JCPyV 

(reviewed in (2). Most JCPyV studies have therefore been performed in simian virus 

40 (SV40) immortalized cell lines expressing SV40 LTag like the African monkey 

kidney cell line COS-7 (18, 19), the human embryonic kidney cell line HEK 293TT 

(20, 21), which probably is of neuronal linage  (22), and the human fetal glial cell line 

SVG (23). Of note, the SVG p12 cell line from 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 (24).  

Though a number of drugs have been explored in vitro and in a limited number of 

patients, no anti-JCPyV drug with proven efficacy is yet available (reviewed in (2). 

Artesunate, the preferred drug for treatment of severe malaria (25), has shown broad 

antiviral activity in vitro (26-31). Apparently it was successfully used for treatment of 

four transplant patients with recurrent multiresistant cytomegalovirus (CMV) infection 

(32, 33) and one child with a human herpesvirus 6 infection (34) but did not give 

satisfactory results in other patients (33, 35, 36). Recently, we reported that 

artesunate has antiviral activity against BKPyV in human primary renal proximal 

tubular epithelial cells (RPTECs). The antiviral effect is connected to transient 

cytostatic effects without cytotoxicity (37). Encouraged by the good safety profile and 

low incidence of side effects found in numerous studies with artesunate, we decided 

to investigate its effects on JCPyV replication. We started by comparing the 

permissivity for JCPyV MAD-4 in COS-7, HEK 293TT, SVG-A, and M03.13 cells, the 

latter an immortalized human-human hybrid cell line with phenotypic characteristics 



5 
 

of primary oligodendrocytes (38). Here we show that COS-7 is the best suited cell 

line for JCPyV MAD-4 replication 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.  
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MATERIALS AND METHODS 

JCPyV MAD-4 propagation 

The experiments were performed with JCPyV MAD-4 (ATCC VR-1583), a viral strain 

with a rearranged NCCR originally isolated from the brain of a PML patient (39) and 

previously used for antiviral studies (17). 

The plasmid pGEMMAD-4, containing the complete JCPyV MAD-4 genome in a 

pGEM3Zf(+) vector (15) was kindly provided by Dr. Hans H. Hirsch, University of 

Basel, Switzerland. To generate infectious JCPyV MAD-4, the plasmid pGEMMAD-4 

was cleaved by EcoRI and the complete JCPyV genome was religated and 

transfected into COS-7 cells using lipofectamine 2000 (Life Technologies) as 

previously described (15). The supernatant was replaced by fresh medium at 7 days 

posttransfection and at 14 days posttransfection infectious virus was harvested by 6 

cycles of freezing and thawing, followed by centrifugation at 900 rpm for 5 minutes 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 7 days postinfection 

(dpi) and at 14 dpi, the supernatant containing JCPyV MAD-4 at a viral load of 2.14 x 

1010 genomic equivalents (GEq)/ml was harvested. The supernatant was diluted in 

1:3 in the medium and was used to infect cells in all experiments shown.  

 

Cell propagation 

The human embryonic kidney cell line HEK 293TT (20) was propagated in 

Dulbecco’s modified Eagle’s medium (DMEM) (D5796, Sigma) with sodium pyruvate 

(100mM) and 10% fetal bovine serum (FBS). The human fetal glial cell line SVG-A 
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(23, 40) that was kindly provided by Dr. Walter Atwood, Brown University USA, was 

propagated in MEM (M4655, Sigma) with 10% FBS. The human-human hybrid cell 

line M03.13 (CELLutions Biosystems Inc) (38), was propagated in DMEM (D5796, 

Sigma) with 10% FBS as instructed by the supplier. The African green monkey 

kidney cell line COS-7 (ATCC RL1651) was propagated in DMEM (DMEM-H) 

(D5671, Sigma) containing 1% Glutamax (equivalent to 2mM L-glutamine) (Life 

Technologies) and either 10 or 3 % FBS.  

 

JCPyV MAD-4 permissivity study 

HEK 293TT, SVG-A, COS-7 and M03.13 cells were propagated in their respective 

media supplemented with 10% FBS. About 15000 cells per 0.95 cm2 well were 

seeded and the next day the approximately 60% confluent cells were infected with 

100 µl JCPyV MAD-4 supernatant for 2 h before surplus infectious units were 

removed; cells were washed once with phosphate buffered saline (PBS) and 

complete medium was added.  

 

Infection and drug treatment 

Artesunate (Saokim, 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 15000 COS-7 cells per 0.95 cm2 well were seeded in DMEM growth 

medium containing 3% FBS. The cells were infected with 100 µl JCPyV MAD-4 for 2 

h before surplus infectious units were removed, the cells were washed once with 
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PBS and medium containing 3% FBS with or without increasing concentrations of 

artesunate was added unless otherwise indicated. A DMSO control matching the 

DMSO concentration in artesunate 20 µM was included in all experiments.  

 

Quantitation of extracellular and intracellular JCPyV DNA loads 

To quantitate extracellular JCPyV DNA loads, supernatants were harvested from the 

artesunate treated JCPyV-infected cells at 24 and 96 hours postinfection (hpi) and 

stored at -70oC until quantitation by quantitative PCR (qPCR) using primers and 

probe targeting the JCPyV LTag gene as described elsewhere (17, 41). Shortly 

before qPCR, supernatants were diluted in distilled H2O (1:100) and boiled for 5 

minutes. To quantitate intracellular JCPyV DNA load, the DNA was extracted from 

the cells using the MagAttract DNA mini-M48 kit (Qiagen). In brief, cells were washed 

once with PBS, lysed by adding G2 buffer and immediately stored at -70 oC until 

robotic extraction (GenoM-48, Qiagen). The intracellular JCPyV DNA loads were 

quantitated by qPCR as described for extracellular JCPyV loads but without dilution 

and boiling. Each experiment had two individual samples and each sample was 

measured in triplicate. 

Immunofluorescence staining, microscopy and digital image processing  

The JCPyV MAD-4 infected cells with or without artesunate treatment were fixed at 

96 hpi in 4% paraformaldehyde (PFA) for 5 minutes and permeabilized by methanol 

for 10 minutes before immunofluorescence staining was performed using primary 

antibodies, a polyclonal rabbit antiserum directed against the C-terminal part of 

BKPyV LTag (1:1000) (42) and a monoclonal mouse antiserum directed against 

JCPyV VP1 (1:400) (ab34756, abcam). The BKPyV LTag antiserum cross-reacts with 
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SV40 LTag and JCPyV LTag. Nuclei were labeled with Draq5 dye (1:1000) 

(Biostatus). Images were collected using a Nikon TE2000 microscope (10X 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 determination of extracellular JCPyV DNA loads, 

were diluted 1:2 and were used to infect COS-7 cells. The infection was performed as 

described above, but this time only growth medium without artesunate was added. At 

96 hpi, the cells were fixed and immunofluorescence staining performed as described 

above. 

 

Cell proliferation and cell viability assays 

The proliferation of mock- and JCPyV-infected COS-7 cells with or without artesunate 

treatment was monitored in real time by the xCELLigence system using a RTCA DP 

instrument as previously described (43). This system measures the electrical 

impedance, which is influenced by adhesion, number and size of the cells and 

expresses this as an arbitrary unit (cell index) that reflects cell proliferation and 

viability. One day before infection, 6000 cells per 0.2 cm2 well were seeded in a 

volume of 200 µl. In order to avoid disturbances of the cell index, supernatants were 

never completely removed from the wells. In short, 120 µl of supernatant was 

removed from each well and 80 µl of the JCPyV infectious supernatant (undiluted) 

was added for 2 h before the infectious surplus was successively removed by a 
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dilution method of 3 cycles.  In each cycle, 150 µl of the supernatant was removed 

and replaced by 150 µl of fresh medium. At the end, 100 µl of the medium was left in 

all wells. Thereafter, 100 µl of medium with artesunate in double concentration or 

without artesunate was added. The mock-infected cells were treated the same way. 

The cell index was measured every 15 min for the first 6 h after seeding and 

thereafter every 30 min. In addition, cell viability of artesunate treated COS-7 cells 

was measured by three different endpoint assays as described below. In short, 6000 

cells per 0.32 cm2 well were seeded and the next day the cells were either mock-

infected or JCPyV-infected. The cells were infected by incubation with 80 µl of the 

JCPyV infectious supernatant for 2 h. Then, the surplus infectious JCPyV was 

removed and the cells were treated with increasing concentrations of artesunate. 

Cellular DNA replication was quantified by a colorimetric measurement of 20 h 

bromodeoxyuridine (BrdU) incorporation into DNA using the Cell Proliferation ELISA, 

BrdU assay (Roche). Total cellular metabolic activity was monitored by the 

colorimetric measurement of 3 h reduction of resazurin dye by mitochondrial, 

microsomal and cytosolic enzymes using the TOX-8 Assay (Sigma) both according to 

manufacturer’s instructions as earlier described (37, 44). The measurements were 

performed at 24, 48, 72 and 96 hours posttreatment (hpt) of mock-infected cells and 

at 96 hpt of JCPyV-infected cells. As an alternative measure of the total cellular 

metabolic activity, adenosine triphosphate (ATP) content of both mock- and JCPyV-

infected cells was measured at 96 hpt by CellTiter-Glo Luminescent Cell Viability 

Assay (Promega) according to manufacturer‘s instruction. In short, 100 µl of the 

CellTiter-Glo reagent was added to each well containing 100 µl supernatant and the 

plate was mixed for 2 minutes on a shaker to induce cell lysis. The plate was then 
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incubated for 10 minutes at room temperature to stabilize the luminescent signal and 

luminescence was measured using a Tecan Infinite F200PRO reader (TECAN). 

The potential cytotoxic effects of artesunate on 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 manufacturer. The assay measures the 

changes in the membrane integrity of the cell by using a green cyanine dye that is 

excluded from viable cells and preferentially stains the DNA from dead cells. When 

the dye binds DNA released from cells, its fluorescence properties are substantially 

enhanced. According to the manufacturer, signals are stable for at least 3 days and 

that the same wells can be measured several times. Cell seeding, JCPyV infection 

and artesunate treatment were carried out as earlier described but this time the green 

dye was included in the artesunate dilutions in a 1:1000 dilution. 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 F200PRO reader (TECAN). 

 

Selectivity index of artesunate 

As described previously (37) the XLfit program (Fit Model: Dose response one site 

210) was used to determine the effective concentration of artesunate giving a 50% 

inhibition of extracellular JCPyV DNA load (EC50) and the 50% cell cytotoxicity 

(CC50) was monitored as inhibition of cellular DNA replication in mock-infected COS-

7 cells at 96 hpt. The selectivity index (SI50) was calculated by dividing CC50 by 

EC50.  
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RESULTS 
 
The replication of JCPyV MAD-4 in different cell lines 

In order to find the most permissive cell line for our JCPyV antiviral study, the 

replication of JCPyV MAD-4 was investigated in COS-7, HEK 293TT, SVG-A and 

M03.13 cells by comparing the replication of JCPyV DNA, the expression of VP1 

protein and the release of JCPyV progeny. Briefly, all cell types were seeded at the 

same cell density and infected with JCPyV MAD-4 produced in COS-7 cells. At 1, 4 

and 7 dpi supernatants and cell lysates were separately collected for determination of 

extracellular and intracellular JCPyV DNA by qPCR and cells were fixed for 

immunofluorescence staining. Comparing the extracellular JCPyV DNA load at 7 dpi 

to that of 1 dpi, the latter representing input JCPyV DNA, a total increase of 0.9, 1.1, 

and 0.3 log JCPyV DNA was found in supernatants from COS-7, HEK 293TT, and 

SVG-A, respectively (Fig.1A). At the same time, the intracellular JCPyV DNA load 

increased by 1.5, 1.6 and 0.3 log, respectively (Fig.1A).  Of note, for both COS-7 and 

HEK 293TT cells, an increase in intracellular JCPyV DNA load was observed already 

at 4 dpi. However, for 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 using primary antibodies directed against JCPyV VP1 and 

BKPyV LTag, the latter known to cross-react with SV40 LTag and JCPyV LTag. At 4 

dpi, VP1 expressing cells were found in wells of COS-7, HEK 293TT, and SVG-A 

cells but not in M03.13 cells (Fig.1B, red). The highest number of VP1 expressing 

cells was found in wells with COS-7 cells. As expected, COS-7, HEK 293TT and 

SVG-A cells all expressed SV40 LTag (Fig.1B, green) while no SV40 or JCPyV LTag 

expression was found in MO3.13 cells.  



13 
 

In the experiments described above, the infectious JCPyV was obtained from the 

monkey cell line COS-7. To investigate if the cellular origin of the virus played a role, 

the whole experiment was repeated with JCPyV MAD-4 generated in human SVG-A 

cells. The results showed the same trend as experiments with virus from COS-7 cells 

(data not shown). Taken together, we concluded 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 non-permissive for at least this strain of JCPyV. Since 

we and others have experienced that HEK 293TT cells easily detach and therefore 

are not very suited for microscopic analysis or studies going over several days (45), 

we decided to use COS-7 cells for the investigation of artesunate on JCPyV 

replication. We also decided to use the JCPyV MAD-4 supernatant generated in 

COS-7 cells (hereafter denoted JCPyV) 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 (19). Similar to this, a one log increase in extracellular 

JCPyV DNA load was found at 4 dpi when COS-7 cells were cultured in medium 

containing 3% FBS (data not shown) but not when 10% FBS was used (Fig.1A). We 

therefore decided to use 3% FBS concentration for all experiments.  In order to 

investigate the antiviral effect of artesunate on JCPyV replication in COS-7 cells, the 

cells were infected with JCPyV for 2 h and treated with artesunate in concentrations 

from 0.625 to 80 µM until the supernatants were collected for JCPyV qPCR and the 

cells were fixed for immunofluoresence staining at 96 hpi. To measure the input 

JCPyV DNA load, supernatants from some untreated wells were harvested already at 
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24 hpi. The qPCR of the supernatants from the untreated wells showed a 0.9 log 

increase in extracellular JCPyV DNA at 96 hpi (Fig.2A). Addition of artesunate 

reduced the extracellular JCPyV DNA load in a concentration-dependent manner 

(Fig.2A). While artesunate at 2.5, 10 and 20 µM reduced the JCPyV load by 

approximately 0.3 log (48%), 0.6 log (75%) and 0.8 log (84%), respectively, higher 

artesunate concentrations reduced JCPyV almost to the level of input virus. Of note, 

the DMSO control showed no inhibition of the JCPyV load. 

Next, we investigated the effect of artesunate on JCPyV VP1 expression by 

immunofluorescence staining using the mouse monoclonal JCPyV VP1 antibody. 

Compared to untreated cells, a concentration-dependent reduction of VP1 

expressing cells was detected (Fig.2B, red). Of note, microscopy also revealed a 

slight reduction in cell numbers when 20 µM artesunate was used and a dramatic 

reduction when 40 and 80 µM artesunate were used (Fig.2B, blue). 

To investigate whether the inhibitory effect of artesunate on extracellular JCPyV load 

corresponded to a decline in released infectious JCPyV, the supernatants harvested 

at 96 hpi were also used to infect new COS-7 cells.  After 2 hours of infection the 

inoculum was replaced with fresh medium without artesunate and the cells were left 

until 96 hpi when immunofluorescence staining for VP1 was performed. The number 

of VP1 expressing cells was found to be inversely proportional to the artesunate 

concentration originally used (Fig.2C, red). The results thereby confirmed that 

artesunate reduced the JCPyV progeny release in a concentration-dependent 

manner.  

We conclude that artesunate inhibits JCPyV replication in COS-7 cells in 

concentration-dependent manner. 
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Artesunate inhibits cell proliferation of mock-infected and JCPyV-infected 

COS-7 cells  

Having observed a decreased cell number when artesunate concentrations from 20 

µM were used, we wished to investigate the influence of artesunate on cell viability in 

detail. To analyze the influence of artesunate on both mock-infected and JCPyV-

infected COS-7 cells in real-time, the xCelligence system was used. As previously 

described, this system provides quantitative information about the biological status of 

the cells, including cell adhesion, numbers, and size. We first compared the status of 

mock-infected and JCPyV-infected COS-7 cells. The cells were inoculated with 

conditioned media or JCPyV for 2 h before this was replaced with fresh medium. The 

cell index was normalized immediately after JCPyV addition. For both mock-infected 

and JCPyV-infected cells, the cell index was found to gradually increase at least up 

to 96 hpi suggesting an increase in cell number, size of the cells, attachment or a 

combination of this (Fig.3A). Of note, the cell index was slightly higher in JCPyV-

infected than in mock-infected cells and this difference increased over time. Next, the 

effect of artesunate was investigated on mock-infected and JCPyV-infected cells. As 

before, the cells were incubated with conditioned medium or JCPyV for 2 h but this 

was replaced by fresh medium with artesunate to achieve final concentrations from 

1.25 to 40 µM. The cell index was normalized immediately after the addition of 

artesunate but this time the cell index of untreated cells was set as baseline 0. A 

concentration-dependent decrease in the cell index of artesunate treated cells started 

from about 7 hpt (Fig.3B and C). For mock-infected cells treated with artesunate 

concentrations below 20 µM, the inhibition was completely reversed about 36-60 h 

after treatment start where the time to release correlated inversely with the 

artesunate concentration (Fig.3B). Interestingly after reversal of inhibition, cells 
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treated with artesunate 10 µM showed an increased cell index compared to untreated 

cells. For cells treated with artesunate 20 and 40 µM, no reversal of inhibition was 

seen up to 96 h of treatment (Fig.3B) but for 20 µM the inhibition was reversed from 

125 hpt (data not shown). The results from JCPyV-infected cells were similar 

(Fig.3C). To summarize our results from the XCelligence system, artesunate has a 

rapid and strong anti-proliferative effect on both mock-infected and JCPyV-infected 

COS-7 cells but the effect is transient for concentrations less than 20 µM. 

We next examined the effects of artesunate at concentrations ranging from 0.625 to 

80 µM on cellular DNA replication and total metabolic activity in mock-infected cells 

by the use of colorimetric endpoint BrdU- and Resazurin assay in multiplex at 24, 48, 

72 and 96 hpt. At 24 hpt, the cellular DNA replication was reduced in a concentration-

dependent manner (Fig.4A). The largest reductions were found for artesunate 40 

and 80 µM reducing DNA replication by 16 and 23%, respectively. For these two 

concentrations, a further reduction, to more than 40 and 70%, respectively, was 

observed at later time points. In contrast to this, for artesunate concentrations less 

than 40 µM, the strongest inhibition of DNA replication was observed at 24 hpt. The 

inhibition gradually decreased at 48 and 72 hpt and was completely diminished at 96 

hpt. In fact, at 96 hpt, the DNA replication was higher in the artesunate treated wells 

than in untreated wells. At 24 hpt, the metabolic activity was also reduced in a 

concentration-dependent manner (Fig.4B). The largest reductions were found for 

artesunate 40 and 80 µM, reducing the metabolic activity by 37 and 58%, 

respectively. For these two concentrations, a further decrease was observed at 48 

hpt, leading to a total reduction of about 75 and 90%, respectively. However, no 

further reduction was seen over the next two days. In contrast to this, the inhibition of 
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metabolic activity caused by artesunate concentrations less than 40 µM, was not 

significantly changed over the next three days.  

To investigate if the cellular DNA replication and metabolic activity of JCPyV-infected 

cells were similarly affected, BrdU and resazurin assay were also performed in 

infected cells at 96 hpt (98hpi) 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 above 5 µM, the DNA replication was  significantly 

more affected than in 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 mock-infected cells (Fig.4B). 

 

In order to verify the metabolic activity results, the luminescent assay CellTiter-Glo 

was used to measure the ATP content of mock-infected and JCPyV-infected cells at 

96 hpt (98 hpi).  The total metabolic activity was found to decrease with increasing 

artesunate concentrations and the results were therefore similar to results obtained 

by the resazurin assay (Fig.4E). However, with this highly sensitive assay the viable 

of cells in JCPyV-infected wells was found to be less than in mock-infected wells. The 

difference was most pronounced in untreated cells, suggesting that this was due to 

lytic JCPyV replication.   

 

As previously described (37), intracellular LDH can be used as a marker for the 

number of cells present. When the intracellular LDH was measured in JCPyV-

infected cells at 96 hpt, the number of cells inversely correlated with the artesunate 

concentration (data not shown) in a similar manner as demonstrated by the resazurin 

and CellTiter-Glo assays (Fig.4 D and E). 
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We have now shown that artesunate had significant effects on proliferation, DNA 

replication, metabolic activity and the number of viable mock-infected and JCPyV-

infected COS-7 cells. These results could be due to cytostatic effects, cytotoxic 

effects or a combination of these. In order to investigate potentially cytotoxic effects 

of artesunate, the CellTox Green Cytotoxicity Assay measuring DNA of dead cells, 

was performed. The fluorescence signal from accessible DNA was measured at 24, 

48, 72 and 96 hpt and normalized to the levels found in untreated mock-infected cells 

at 24 hpt. At 24 hpt no significant increase in cell death was found for any artesunate 

concentration in either mock-infected (Fig.5A) or JCPyV-infected cells (Fig.5B). 

However, from 48 hpt, artesunate concentrations above 10 µM gave increased cell 

death in both mock-infected and JCPyV-infected cells. At 80 µM, respective 5 fold 

and 4 fold increases in cell death of mock-infected and JCPyV-infected cells were 

seen. The results were about the same at 72 hpt. At 96 hpt, cell death was more or 

less doubled independent of the presence of artesunate or virus (Fig.5A). Comparing 

the results from untreated and DMSO treated cells at 96 hpt, the increase in cell 

death was slightly higher for JCPyV-infected than for mock-infected cells (0.5 and 0.6 

fold, respectively) possibly due to lytic effects of JCPyV. For JCPyV-infected cells, 

the results were confirmed by the use of the Cytotoxicity LDH assay (data not 

shown). 

To summarize the results from the CellTox Green Assay, artesunate concentrations 

below 20 µM did not give significant cytotoxic effects in either mock-infected or 

JCPyV-infected cells during the 96 hours of treatment. However, artesunate at 

concentrations of 20 µM or higher gave significant toxicity from 48 hpt.   

When the results from all cell viability assays were taken together, they suggest that 

addition of artesunate quickly slowed down or completely stopped cell proliferation in 
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a concentration-dependent manner. DNA replication and metabolic activity were 

reduced as early as 24 hpt. However, for artesunate concentrations up to 10 µM, no 

significant cytotoxicity was observed and the inhibition was transient and was 

followed by an increase in DNA replication and proliferation compared to 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 µM and 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 mock-infected cells. 

 

Determination of the selective index of artesunate in COS-7 cells 

The therapeutic- or selectivity index (SI) is defined as the ratio of the concentration 

causing cytotoxicity (CC) versus the concentration giving the desired effect (EC). The 

SI is usually expressed as SI50, the ratio of the concentrations giving 50% of the 

maximum cytotoxic- versus desired- effects (CC50/EC50). Since very little toxicity was 

observed in artesunate treated cells, the CC50 was calculated based on cellular DNA 

replication of mock-infected cells at 96 hpt (Fig.4A) as previously described (43), (37, 

44). To estimate the EC50, the 50% reduction in JCPyV load at 96 hpi, was 

calculated based on the data in Fig.2A. The CC50 was found to be 46 µM (Fig.6B) 

and the EC50 3.0 µM (Fig.6A) giving a SI50 (CC50/EC50) of 15.  

We conclude that artesunate treatment of JCPyV-infected COS-7 cells has a 

selective index of 15 when a very sensitive method for CC50 calculation was used. 
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Discussion 

An effective antiviral drug is urgently needed to treat patients with PML which is 

caused by lytic JCPyV replication in oligodendrocytes. The tried and proven 

antimalarial drug artesunate had shown broad antiviral effects. We have explored the 

antiviral activity of artesunate on JCPyV replication in COS-7 cells. The COS-7 cells 

were selected because of their superior permissivity for JCPyV and stability in cell 

culture compared to other cell lines tested. 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 reduced the extracellular JCPyV DNA load at 

96 hpi in a concentration-dependent manner, which was verified by a concentration-

dependent reduction of infectious progeny. A concentration of 3 µM was calculated to 

give a 50% inhibition in extracellular JCPyV DNA while 80 µM gave an almost 90% 

inhibition. The number of cells expressing the late protein VP1, was reduced from 2.5 

µM and declining cell numbers were seen at artesunate concentrations from 20 µM. 

Cell impedance measurements revealed a rapid concentration-dependent inhibition 

of cell proliferation in both mock-infected and JCPyV-infected cells but for 

concentrations below 20 µM, the inhibition was only transient. In agreement with this, 

the 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 below 

40 µM. This was different for JCPyV-infected cells where DNA replication was 

reduced at 96 hpt. No increase in cell death was detected before 48 hpt, when 

artesunate concentrations from 20 µM caused increased cell death. A SI50 of 15 was 

found using the CC50 calculated by the sensitive BrdU incorporation assay. This is a 

more stringent method than that commonly used in the literature, where CC50 

calculation is based on cytotoxicity.    
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In this study, we found that COS-7 and HEK 293TT cells are highly permissive for 

JCPyV MAD-4 compared to SVG-A cells. This result is not in line with observations 

by Ferenczy and colleagues’ (46). In their experience, JCPyV replicates better in 

SVG cells compared to COS-7 cells, but no data was shown. Although HEK 293TT 

cells apparently can be useful for replication studies of archetype JCPyV and BKPyV 

(21), the cells detach very easily and could therefore not be used for our study. We 

used the PML-derived rearranged JCPyV strain MAD-4 but are aware that the 

enhanced replicative ability of this strain probably played only a minor role due to the 

constitutive expression of SV40 LTag in COS-7 cells, as previously discussed by 

Gosert el al (15). 

With regard to JCPyV replication, we found that artesunate caused a concentration-

dependent reduction in extracellular JCPyV DNA load. Artesunate at 10 µM reduced 

the extracellular JCPyV DNA load at 96 hpi by 75% and this correlated with a 

decrease in the number of VP1 protein expressing cells and in infectious progeny 

release. The results are similar to the effects found on replication of BKPyV in 

RPTECs (37). Here artesunate at 10 µM reduced the extracellular BKPyV load at 72 

hpi by 65% and a similar reduction in the number of BKPyV-infected cells was seen. 

For JCPyV replication in COS-7 cells, an EC50 of 3 µM was calculated. This is in the 

same range as found for BKPyV (4.2 µM) (37) and for herpesviruses (2.16 – 7.21 

µM) (27, 29, 47-49). Although artesunate affects a very early stage of herpesvirus 

infection, the mode of action is still not elucidated (47). In BKPyV-infected RPTECs, 

artesunate at 10 µM inhibited early gene expression but also viral DNA replication, 

late gene expression and release of progeny virus (37). Since COS-7 cells 

constitutively express SV40 LTag and there was no specific antibody for JCPyV LTag 

available, the effect on early protein expression could not be investigated. In contrast 



22 
 

to JCPyV LTag that is only able to drive replication from its own origin, SV40 LTag 

can initiate viral DNA replication from both the SV40 and JCPyV origin (50). Due to 

this, a reduction in JCPyV LTag expression in COS-7 cells would probably not have 

any consequences for viral replication. Since all steps in the replication cycle are 

connected, inhibition of an early step will inhibit all later steps thereby making it 

difficult to pinpoint directly affected steps.  

With regard to cell viability, artesunate concentrations of 20, 40 and 80 µM visibly 

reduced the cell numbers. In agreement with this, real time cell analysis 

demonstrated a rapid concentration-dependent reduction of the cell index in both 

mock-infected and JCPyV-infected cells which was transient and reversible for 

concentrations below 20 µM. The results from the BrdU and resazurin assay in mock-

infected cells partly supported these findings. For artesunate concentrations up to 20 

µM, the inhibitory effect on cellular DNA replication was strongest before 24 hpt and 

then declined, while the effect on total metabolic activity was also seen from 24 hpt 

but not reversed up to 96 hpt. One explanation for this apparent discrepancy could 

be that artesunate arrested the cells in G0 or G2, as previously demonstrated in 

RPTECs (37) and also in other cells (51-53). When the effect of artesunate waned, a 

high proportion of the synchronized cells could move into the S-phase incorporating 

BrdU in their DNA whereas the total metabolic activity was still reduced due to 

reduced cell numbers in treated wells. For cells treated with artesunate 

concentrations of 40 and 80 µM, the inhibition of both total metabolic activity and 

DNA replication seemed to be permanent, the latter probably reflecting a disability in 

re-entering the cell cycle.  
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Interestingly, at 96 hpt the DNA replication was more affected in JCPyV-infected cells 

than in mock-infected cells, especially when concentrations from 10 µM were used. 

The result is opposite from what was found during artesunate treatment of BKPyV-

infected RPTECs (37) and is somehow surprising since all COS-7 cells express high 

levels of SV40 LTag, the key protein stimulating entry into the S-phase during 

infection (54). Based on the ATP levels, a slightly lower cell number was seen in 

JCPyV-infected compared to mock-infected wells, but the difference was most 

pronounced in untreated wells (15%) and could therefore not explain the difference 

found in DNA replication. That the difference in cell numbers was not seen with the 

resazurin assay, may be explained by an upregulation of enzymes involved in 

reduction of resazurin in the infected cells (Fig.4 D, untreated cells), similar to that 

reported in stressed amoeba (55). Since also untreated JCPyV-infected cells showed 

a 0.5 fold (or 20%) higher cell death than mock-infected cells, the difference in cell 

numbers probably reflects the lytic effect of the virus. Only when concentrations of 20 

µM or more were used, did artesunate cause measurable cytotoxic effects. Of note, 

neurotoxicity has been observed in animal studies when high artesunate 

concentrations were used but never in humans given recommended doses (56). 

Taken together our results suggest that artesunate has transient cytostatic effects, in 

particular on JCPyV-infected COS-7 cells and that only artesunate concentrations 

from 20 µM give cytotoxic effects. Moreover, these results support our findings that 

artesunate can prevent JCPyV replication and hence the lytic effects in COS-7 cells. 

The results also indicate that the anti-JCPyV activity of artesunate is based on 

inhibition of virus-supportive cellular pathways rather than inhibition of a viral target 

and this is compatible with the cell-based mechanism postulated for the broad anti-

herpes virus activity of artesunate (27, 30, 47).  
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As clearly demonstrated by the real time viability analysis and the BrdU assay, the 

negative effects on cell viability were transient. This is probably partly explained by 

the short half life of artesunate and its active metabolite dihydroartemisinin. In one 

study, the half-life of artesunate in culture medium was 12.4 h in the presence of 

fibroblast monolayers and 14.4 h without cells present (49). In the same study, 

dihydroartemisinin had a half-life of 5.2 h in medium without cells. In patients, 

artesunate has a half-life in plasma of 0.36 or 2.14 h, depending on the route of 

administration, and  dihydroartemisinin of only 0.30 – 1h  (reviewed (57)), maybe 

explaining why side effects are considered to be transient and reversible.  

 

We have now shown that artesunate inhibits the replication of JCPyV in COS-7 cells 

with an EC50 concentration of 3 µM, a concentration that can be achieved in plasma 

(57-59). However, to be eligible for therapeutic treatment of 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 intravenous artesunate 

(approximately 2.3 mg/kg), artesunate was not detectable in CSF samples collected 

from 15 min to 120 min after injection but only in plasma collected at 15 min (60). 

However, dihydroartemisinin, was found in plasma and CSF collected at all time 

points. The concentration in CSF increased over time, while the concentration in 

plasma decreased over time suggesting that dihydroartemisinin can enter and 

accumulate in the CSF. Although dihydroartemisinin has a low molecular mass (284 

Da) and is highly lipid soluble (61) it is not clear if dihydroartemisinin will reach the 

affected oligodendrocytes in PML patients. Moreover, longer treatment courses than 

the usual 7-day treatment regime for malaria (62) may be required for the treatment 

of PML. Recently two transplant patients with multiresistent CMV received artesunate 
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for 4 and 7 months without adverse affects while a third patient had to quit treatment 

after one month due to adverse gastrointestinal effects (33).  

 

In conclusion, artesunate inhibits the replication of JCPyV in COS-7 cells and the 

antiviral effect appears to be closely related to transient cytostatic drug effects. True 

cytotoxic effects were exclusively seen at artesunate concentrations from 20 µM, 

underlining the anti-JCPyV specificity in the low micromolar range. Since the EC50 of 

3 µM can be achieved in plasma of humans and, furthermore, the active metabolite 

dihydroartemisinin is supposed to accumulate in CSF, artesunate may be useful for 

the treatment of PML. In the near future, carefully designed clinical studies will have 

to address pharmacokinetic details of the drug (e.g. penetration into brain) and 

effects of long-term treatment. 
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Figure legends 

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 DNA was quantified by qPCR of 

supernatants and extracted DNA from cell lysates, respectively, harvested at the 

indicated time points.  Mean values (GEq/ml) ± SD of two parallel samples from one 

representative experiment is presented. B). At four days postinfection, cells were 

fixed and immunofluorescence staining performed using as primary antibodies 

polyclonal rabbit anti BKPyV LTag C-terminal serum that cross reacts with SV40 

LTAg (green) and JCPyV LTag (green) and monoclonal mouse anti JCPyV VP1 

(red). The cell nuclei (blue) were stained with Draq5. The pictures were taken with a 

fluorescence microscope (10X objective). 

 

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 JCPyV DNA loads were measured by qPCR. In addition, supernatants were also 

analyzed at 24 hpi to obtain an input viral load. Mean values (GEq/ml) ± SD of three 

independent experiments (each experiment had two parallel samples) are presented. 

*, P<0.05, determined by the t 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 
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immunofluorescence staining performed with the monoclonal mouse anti JCPyV VP1 

antibody for visualization of JCPyV late protein VP1 (red) and with Draq5 for the 

visualization of nuclei (blue). The pictures were taken with a fluorescence microscope 

(10X 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 in Fig.2B. The pictures were taken with a fluorescence microscope (X10 

objective). 

 

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 upto 96 hpi (A) or 96 hpt (B and C) 

by a xCELLigence RTCA DP instrument and the adhesion, together with the number 

and the size of the cells expressed as a cell index. Approximately 24 h post seeding, 

the cells were infected with conditioned medium or JCPyV for 2 h before the 

infectious inoculum was removed and replaced by growth medium with or without 

artesunate at indicated concentrations (for details see material and method). 

A) The cell index of mock-infected and JCPyV-infected cells was normalized 

immediately after infection. The cell index of untreated and artesunate treated B) 

mock-infected cells and C) JCPyV-infected cells. In B) and C) the cell index was 

normalized immediately after treatment and the cell index of untreated cells was set 

as base line 0. The mean values ± SD of 3-4 wells (Mock-infected) and of 2 wells 

(JCPyV-infected) from one representative experiment out of three are shown.  
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Fig.4. Cell viability of artesunate-treated mock-infected and JCPyV-infected 

COS-7 cells. A) The cellular DNA replication and B) total metabolic activity of mock-

infected COS-7 cells was measured at 24, 48, 72 and 96 hpt. C) The cellular DNA 

replication and D) total metabolic activity of JCPyV-infected COS-7 cells was 

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 material and methods). Mean values ± SD of two to three experiments are 

presented as the percentage of untreated cells. Each experiment was performed in 3 

parallel wells.  

 

Fig.5. Cytotoxicity of artesunate-treated mock-infected and JCPyV-infected 

COS-7 cells. A) Mock-infected and B) JCPyV-infected COS-7 cells were treated with 

the indicated concentrations of artesunate containing the CellTox Green dye, cyanine 

from 2 hpi. This dye has an increased fluorescence intensity when bound to DNA of 

cells with 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 to that in 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. Means ± SD of two individual experiments are presented as 

fold changes and each experiment was performed in 3 parallel wells.  

 

Fig.6. Determination of artesunate EC50 and CC50 by curve fitting. To determine 

the EC50 A) and CC50 B), the effect of increasing concentrations of artesunate on 

extracellular JCPyV DNA loads and on cellular DNA replication (BrdU incorporation in 
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Mock-infected cells) was analyzed by curve fitting using the XLfit program. Mean 

values ± SD of three experiments are presented. 
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