
Abstract Antiviral therapy of primary and recurrent in-
fections with human cytomegalovirus is reserved for se-
vere manifestations and faces several limitations. Pres-
ently candidates for novel drugs with lower adverse side
effects and a minimized frequency of resistance forma-
tion are under investigation. Here we demonstrate that
artesunate, an antimalaria drug with highly valuable
pharmacological properties, possesses antiviral activity.
A concentration-dependent inhibition of the replication
of human cytomegaloviruses with wild-type phenotype
was demonstrated in several cell lines. Inhibition was
quantified using recombinant green fluorescent protein
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expressing virus variants. The IC50 values were in the
same range for ganciclovir-sensitive and ganciclovir-re-
sistant human cytomegalovirus, as calculated with
5.8±0.4 µM and 6.9±0.2 µM, respectively. This indicated
a strong antiviral potential and a lack of cross-resistance.
The optimal antiviral concentrations of artesunate were
separable from those inducing cytotoxicity. In addition,
the replication of viruses from three genera was seen to
be artesunate-sensitive to varying degrees. This suggests
a mechanism linked to cellular activation pathways. Both
the protein levels and the DNA binding activity of the
two virus-induced cellular transcription factors Sp1 and
NF-κB were found to be markedly reduced in the pres-
ence of artesunate. We also analyzed the cellular signal-
ing kinase phosphoinositide 3-kinase, required for the
activation of factors such as Sp1 and NF-κB in infected
fibroblasts. The phosphorylation of two downstream ef-
fectors of phosphoinositide 3-kinase, Akt and p70S6K,
was markedly inhibited in the presence of artesunate.
Thus, artesunate possesses attractive antiviral character-
istics which are suggestively based on the interference
with essential steps in the host cell kinase cascades.

Keywords Recombinant human cytomegalovirus ·
Green fluorescent protein · Ganciclovir resistance · 
Related and nonrelated viruses · Dependence on cellular
pathways

Abbreviations ART: Artesunate · CDV: Cidofovir ·
ELISA: Enzyme-linked immunosorbent assay · 
GCV: Ganciclovir · GFP: Green fluorescent protein ·
HCMV: Human cytomegalovirus · HIV: Human 
immunodeficiency virus · HSV: Herpes simplex virus ·
LDH: Lactate dehydrogenase · MAb: Monoclonal 
antibody · MDCK: Madin-Darby canine kidney cells ·
NF: Nuclear factor · PBS: Phosphate-buffered solution ·
PBS+T: Phosphate-buffered solution plus Tween-20 ·
PFU: Plaque formation units · PI3-K: Phosphoinositide
3-kinase · TCID: Tissue culture infectious dose

Introduction

Human cytomegalovirus (HCMV) infection can cause
maldevelopment of the central nervous system of embry-
os and neonates [1]. HCMV can be fatal to immunocom-
promised adults, for example, organ transplant recipients
and patients with acquired immunodeficiency syndrome
[2, 3]. Furthermore, the virus is indirectly involved in the
etiology of certain tumor types (e.g., by the synergistic
interaction with tumor-inducing viruses), indicating its
role in the coregulation of cellular proliferation [4, 5].

HCMV infections are generally treated with the nu-
cleoside/nucleotide analogues ganciclovir (GCV) and ci-
dofovir (CDV) or the inorganic pyrophosphate analogue
foscarnet [6, 7, 8], all of which cause adverse side effects
and reveal low oral bioavailability [9, 10, 11]. In addi-
tion, the therapeutic effectiveness is frequently compro-
mised by the emergence of drug-resistant virus isolates.

A variety of amino acid changes in the UL97 protein ki-
nase and the viral DNA polymerase have been reported
to cause drug resistance [12]. For this reason, the identi-
fication of novel drugs with activity towards drug-resis-
tant HCMV variants with low level of toxic side effects
is urgently needed [13].

Artesunate (ART) is a semisynthetic derivative of ar-
temisinin, the active compound of the Chinese herb Arte-
misia annua. It reveals remarkable activity against Plas-
modium falciparum and P. vivax and is highly effective
in the treatment of severe malaria. Propitious features of
ART are the activity against multidrug-resistant Plasmo-
dium strains [14], its good tolerability, and its lack of
significant adverse side effects [15, 16]. Apart from
ART’s antimalarial activity, we have recently found that
ART is also a potent anticancer agent [17, 18].

As a part of our ongoing research we have further in-
vestigated the antiproliferative features of ART and
found that the drug reveals antiviral activity. Here we de-
scribe the inhibition of various cytomegaloviruses (labo-
ratory strains AD169 and Towne, several wild-type iso-
lates) as well as a genomic recombinant [AD169-GFP
expressing green fluorescent protein (GFP)] and a select-
ed variant (AD169-GFP314) possessing resistance to the
conventional therapeutic agent GCV. To gain insight into
the underlying molecular mechanisms we analyzed the
ability of ART to inhibit DNA replication of HCMV and
expression of HCMV genes required for viral DNA rep-
lication (immediate early IE1-72, IE2-86, early UL84,
and late UL94). One hallmark of HCMV infection is ac-
tivation of numerous regulatory host cell proteins, many
of which are required for HCMV to complete its lytic
replication cycle. Therefore we also investigated the ef-
fect of ART on the HCMV-induced nuclear factor (NF)
κB and Sp1 DNA binding activities as well as NF-κB
and Sp1 protein synthesis. It has recently been reported
that HCMV up-regulates the phosphoinositide 3-kinase
(PI3-K) pathway [19]. Therefore we examined the effect
of ART on PI3-K signaling during HCMV infection by
studying the activation or phosphorylation of its two
downstream effectors, Akt and p70S6K [19]. A possible
mechanism of the antiviral activity is discussed.

Material and methods

Cell culture

Primary human foreskin fibroblasts (HFF), human embryonic lung
(HEL, MRC-5), Vero, and Madin-Darby canine kidney cells
(MDCK) were cultivated in minimum essential medium contain-
ing 5–10% (v/v) fetal calf serum. Cultivation of HFF was restrict-
ed to cell passage numbers below 20. Human Jurkat T-cell leuke-
mia cells, permissive for growth of T-cell tropic human immuno-
deficiency virus (HIV) type 1, and PM1 cells (a clonal derivative
of/HUT 78 cells), permissive for growth of macrophage and T-cell
tropic HIV-1, were cultivated in RPMI 1640 medium containing
10% fetal calf serum (Pansystems, Aidenbach, Germany) includ-
ing antibiotics.
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Viruses

HCMV strains AD169 and Towne, clinical isolates (Iso 1, Iso 2,
Iso 3, and Iso 4), the recombinant viral clone AD169-GFP and a
mutant selected for GCV resistance, AD169-GFP314, were grown
in HFF or HEL. Virus titers were determined by determination of
plaque formation units (PFU) or GFP expression (tissue culture in-
fectious dose, TCID) [20]. Infections with the Towne strain of
HCMV (passage numbers 39–42) that had been purified by ultra-
centrifugation through a sucrose cushion were carried out as previ-
ously described [19, 21]. The GCV-resistant virus AD169-GFP314,
which carries a resistance-determining amino acid substitution in
the UL97 gene (M460I), has been described elsewhere [20]. Herpes
simplex virus (HSV) type 1 was isolated from clinical material and
propagated in Vero cells. Human influenza virus A/WSN/33 was
grown in embyonated hen eggs and titrated by the standard hemag-
glutination assay. HIV-1 strains NL4-3 and Ba-L were obtained
from the National Institutes of Health AIDS Research and Refer-
ence Reagent Program. Aliquots of all viruses were stored at –80°C.

Antiviral compounds

The reference compound GCV (Cytovene, Cymeven) was pur-
chased from Syntex Arzneimittel/Roche (Germany). ART was ob-
tained from Saokim (Hanoi, Vietnam). The chemical structure of
this sesquiterpene is depicted in Fig. 1a. Stocks were prepared in
aqueous solution (GCV) or in 50% DMSO (ART), and aliquots
were stored at –20°C.

HCMV GFP-based antiviral assay

The assay has been performed as described [20]. HFF cells were
cultivated to subconfluent layers in 12-well plates and used for in-
fection with AD169-GFP or AD169-GFP314 virus at a multiplici-
ty referring to 25% of the optimal GFP-TCID. Then, infected cell
layers were incubated with 2.5 ml minimum essential medium
containing 5% (v/v) fetal calf serum and optionally a dilution of
one of the reference or putative antiviral compounds. Infected
cells were incubated at 37°C in a 5% CO2 atmosphere for 7 days.
For lysis 200 µl lysis buffer (25 mM Tris pH 7.8, 2 mM dithiothre-
itol, 2 mM trans-1,2-diaminocyclohexane-N,N,N,N-tetraacetic ac-
id, 1% Triton X-100, 10% glycerol) was added to each well and
incubated for 10 min at 37°C followed by a 30 min incubation at
room temperature on a shaker. Lysates were centrifuged for 5 min
at 15,000 rpm in an Eppendorf centrifuge to remove cell debris.
Of the supernatants 100 µl were transferred to an opaque 96-well
plate for automated measuring of GFP signals in a Victor 1420
Multilabel Counter (Perkin Elmer Wallac, Freiburg, Germany).

Plaque reduction assay and p24 antigen ELISA

HFF, Vero, and MDCK cells were cultivated to subconfluent lay-
ers in 12-well plates and used for infection with serial dilutions of
virus stocks, i.e., HCMV, HSV-1, or influenza A virus. Virus inoc-
ulation was performed for 90 min at 37°C under occasional shak-
ing before virus was removed and the cell layers were rinsed with
phosphate-buffered solution (PBS). Overlays of minimum essen-
tial medium containing 5% (v/v) fetal calf serum and 0.3% (w/v)
agarose, optionally containing antiviral compounds, were added to
the wells. The plates were incubated at 37°C in a 5% CO2 atmo-
sphere for 8–12 days. Then overlays were removed, and plaque
formation was visualized by staining with 1% crystal violet in
20% ethanol for 1 min. After repeated rinsing with PBS, plates
were air-dried at room temperature and plaque numbers were
counted with a light microscope. For HIV-1 infection 5×107 Jurkat
or PM1 cells were resuspended in 500 µl culture medium without
drug and incubated at 37°C for 5 h with HIV-1 high-titer viral
stocks (100 ng/106 cells). After infection cells were washed twice
with PBS to remove surplus viral inoculum and cultured in 10 ml
medium, optionally containing antiviral compounds. Viral replica-

tion was quantified by the standard p24 antigen enzyme-linked
immunosorbent assay (ELISA) from the culture medium (Innotest
HIV Antigen mAb, Innogenetics, Ghent, Belgium). Cell viability
was determined by trypan-blue staining.

Cytotoxicity assay

HFF cells were cultivated in 48-well plates until reaching conflu-
ency. Antiviral compounds were incubated in the medium at 37°C
for 7 days before a measurement of the lactate dehydrogenase
(LDH) activity in the residual cell layer was performed by the use
of the CytoTox 96 Non-Radioactive Cytotoxicity Assay (Prome-
ga). For this, culture media were removed, and cells were rinsed
with PBS and lysed in a 1× concentration of the kit lysis buffer
(100 µl per well). After incubation for 45 min at 37°C cell debris
was removed by centrifugation, and 10 µl of each lysate was dilut-
ed in a total of 50 µl PBS for the determination of LDH activity.
Of the substrate mix 50 µl was added to each well and incubated
for 30 min at room temperature in the dark. Thereafter 50 µl stop
buffer was added, and the color reaction was quantified by the use
of an ELISA reader (OD 490 nm).

Electrophoretic mobility shift assays

The electrophoretic mobility shift assays were performed as de-
scribed [22]. Briefly, collected nuclear extracts were incubated for
15 min in binding buffer (10 mM Tris-HCl, 50 mM NaCl, 0.5 mM
EDTA, 10% glycerol, and 1 mM dithiothreitol) containing 7.5 mM
MgCl2, 0.1 mg poly(dI-dC), and a 32P-labeled wild-type GC box
(5′-CCTTTTTAAGGGGCGGGGCTT-3′) double-stranded oligo-
nucleotide probe for the experiments examining Sp1 activity, and
a wild-type major histocompatibility complex κB binding site (5′-
CCTTTTTTTTTGGGGATTCCCCA-3′) double-stranded oligonu-
cleotide probe for experiments examining NF-κB activity. The an-
nealed double-stranded oligonucleotide probes with T overhangs,
and C ends were labeled by filling in the recessed 3′ ends of the
oligonucleotides with [32P]dATP (ICN, Irvine, Calif., USA) by us-
ing Klenow fragment (Roche Diagnostics), subjected to a chase
with cold dATP and dGTP, and then G-25 Sephadex (Roche Diag-
nostics) column purified. The samples were then electrophoresed
on a 5% polyacrylamide gel, dried, and developed with intensifier
screens at –70°C. Antibodies and/or peptides (antibody and con-
trol peptides; Santa Cruz Biotechnology, Santa Cruz, Calif., USA)
were used to super-shift the specific complexes of interest (data
not shown) by pretreating the extracts for 1 h at 37°C with anti-
body or antibody plus peptide (preincubated overnight at 4°C ac-
cording to company protocol).

Dot blot hybridization

Dot blot analysis was performed as previously described [23].
Briefly, cells were grown to confluence, serum starved, pretreated
with ART for 30 min, and then infected with HCMV at a multi-
plicity of infection of 5 PFU per cell. Cells were harvested at the
indicated times, and dot blot hybridization was performed using
32P-radiolabeled, purified, genomic HCMV DNA as a probe [23].
After washing, the radioactivity on the membranes were detected
by autoradiography using Kodak X-ray films.

Western blotting of IE1-72, IE2-86, UL84, and UL94

Monoclonal antibodies to the protein products of the IE1-72,
UL84, and UL94 viral genes were prepared in our laboratory and
have been described [24, 25, 26]. Monoclonal antibodies (MAbs)
to IE2-86 (MAb810) and β-actin were purchased from Chemicon
International (Calif., USA) or Sigma-Aldrich (Deisenhofen, Ger-
many); polyclonal rabbit antibodies to Sp1 [(PEP 2) sc-59] and
NF-κB (NLS and C-20) were purchased from Santa Cruz Biotech-
nology. Confluent cells were infected in the presence or absence
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of 10–15 µM ART. At the indicated times cells were harvested in
2× Laemmli sodium dodecyl sulfate sample buffer, boiled, and
loaded onto sodium dodecyl sulfate polyacrylamide gels. Proteins
were separated by electrophoresis and transferred for 2 h at 75 mA
(30 V) in ice bath to Immobilon-P Transfer Membrane (Millipore,
Bedford, Mass., USA). Blots were blocked for 30 min in 10%
(w/v) Carnation nonfat dry milk dissolved in PBS with 0.1%
Tween-20 (PBS+T). Blots were then probed with primary anti-
body for 2 h at room temperature or overnight at 4 °C in PBS+T.
Blots were washed three times with PBS+T. After washing the
blots were probed with secondary antibody (horseradish peroxi-

dase conjugated anti-mouse or anti-rabbit immunoglobulin G; Sig-
ma and New England Bio-Labs, respectively) for 1 h at room tem-
perature. Blots were washed three times in PBS+T, then developed
by enhanced chemiluminescence according to the manufacturer’s
protocol (New England Bio-Labs).

Detection of protein kinase activity

The inhibitory effect of ART on PI3-K activity was assessed by
measuring the change in the degree of phosphorylation of its two

Fig. 1a–d Detection of ART’s activity towards HCMV. a Inhibi-
tion of Towne strain HCMV in HEL fibroblasts using a plaque re-
duction assay. HEL cells in 24-well petri dishes were pretreated
with indicated concentration of ART for 30 min, then infected
with 400 PFU/0.1 ml Towne strain HCMV in the presence of ART
for 1 h at 37°C. The minimum essential medium with 4% fetal bo-
vine serum and indicated concentration of ART was added to the
mock- and HCMV-infected culture after absorption. Media were
changed and supplemented with fresh ART at 72 h after infection.
Extracellular culture media were harvested for HCMV plaque ti-
tration 6 days postinfection. The HCMV plaques were scored un-
der low power microscope 7 days after plaque assay. Three sets of
experiments were preformed with triplicate samples. The plaque
number obtained from infection without ART was used as 100%
control. Insert The structural formula of the sesquiterpene artesun-
ate. b Inhibition of clinical isolates of HCMV in HFF cells using a
plaque reduction assay. Cultivation of the infected cells was per-
formed in the presence or absence of the indicated concentrations
of ART which was added directly to an agarose overlay without

pretreatment of cells. HCMVs Iso 1 and Iso 3 were sensitive to
GCV and CDV, Iso 4 was GCV resistant, and Iso 2 was
GCV/CDV double resistant (data not shown). Plaque formation
(infections in duplicate) was quantified by microscopic counting
(counting in duplicate) 10 days postinfection. Relative plaque
numbers were calculated as percentage to the solvent-treated con-
trol (DMSO) and mean values (±SD) are presented. c, d Inhibition
of GCV-sensitive and GCV-resistant HCMV in HFF cells using a
GFP-based antiviral assay. Dose-dependent inhibition of HCMV
by ART (c) and GCV (d). HFF cells were infected with GCV-sen-
sitive AD169-GFP or GCV-resistant AD169-GFP314 viruses and
treated with GCV or ART at concentrations as indicated. Cells
were assayed for GFP expression by automated fluorometry
7 days postinfection. GFP expression was referred to the panel
without inhibitor, i.e., medium in the case of GCV or medium plus
DMSO in the case of ART. Mean values (±SD) of triplicate deter-
minations of one experiment are shown. A repeated experiment re-
vealed similar results



downstream effectors, Akt and p70S6K [19]. The immunoblots pre-
pared above were probed with anti-Akt or anti-p70S6 polyclonal an-
tibodies (Santa Cruz Biotechnology) for total Akt and p70S6 levels,
respectively, and with phospho-specific antibodies, anti-phospho-
Akt (Ser 473), or anti-phosphop70S6K (Thr-389; Cell Signaling
Technology, Beverly, Mass., USA) for activated Akt or p70S6K.
The western blot analysis was performed as described above.

Results

Activity against cytomegalovirus, herpes simplex, 
and other viruses

The antiviral activity of ART was first tested for HCMV.
We applied ART on a low passage (no. 38) of the HCMV
Towne strain. Viral yield was quantified by plaque re-
duction assay (Fig. 1a). The inhibition concentrations of
ART against the HCMV Towne strain that caused 50%
reduction (IC50) was around 1 µM when HEL cells were
pretreated with ART for 30 min before and during infec-
tion. A strong inhibitory effect of ART was also deter-
mined for HCMV strain AD169, but the extent of inhibi-
tion was much less when no pretreatment was per-
formed, and ART was solely incubated postinfection
(Table 1). Thus ART caused a considerable reduction in
HCMV plaque formation, and a very high inhibitory ef-
fect was also found for the replication of another herpes-
virus tested, a clinical isolate of HSV-1. In addition, par-
tial inhibition was determined for two strains of HIV-1.
We infected PM1 cells with M-tropic HIV-1 Ba-L and
Jurkat cells with T-tropic HIV-1 NL4-3. We found that
the replication of both HIV-1 strains was moderately in-
hibited over the analyzed time period of 10 days by
600 nM ART. In contrast, no antiviral activity was noted
for human influenza A virus. Considering the clinical
importance of HCMV, we analyzed the inhibitory effect
of ART on HCMV in more detail.

Activity against GCV-sensitive and resistant HCMV

GFP-based fluorometric antiviral assay was used to mea-
sure the replication of the recombinant AD169-GFP vi-
rus and a GCV-resistant variant, AD169-GFP314 in HFF

cells. ART caused a dose-dependent reduction in GFP
fluorescence as compared to uninfected control cells in
both HCMV variants (Fig. 1c). The IC50 values were
5.8±0.4 µM for AD169-GFP and 6.9±0.2 µM for
AD169-GFP314 (without drug pretreatment of cells).
Thus ART was not cross-resistant to GCV in AD169-
GFP314 virus. For control, GCV was tested as a refer-
ence compound. As expected, AD169-GFP314 was re-
sistant to GCV in contrast to AD169-GFP (Fig. 1d). The
IC50 values were 7.8±0.2 µM (AD169-GFP) and
42.7±4.9 µM (AD169-GFP314) indicating a 5.5-fold de-
gree of GCV resistance for AD169-GFP314. These anti-
viral effects of ART, as measured by the fluorometric
GFP-based analysis, were corroborated using another
cell line, MRC-5 (data not shown). To test whether the
reduction in viral GFP signal was due to unspecific cyto-
toxicity of ART we applied a LDH-based cytotoxicity
assay. A reduction in LDH activity was not found for
ART in the relevant range of concentrations between 3.7
and 100 µM (Fig. 2). The extrapolated CTX50 value was
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Table 1 Inhibitory effect of ART on the replication of various vi-
ruses. ART was used in nontoxic or minimally toxic concentra-
tions (11 µM for HFF, Vero, or MDCK cells and 600 nM for PM1

and Jurkat cells). Virus replication was measured by means of a
plaque reduction assay (HCMV, HSV-1, and human influenza A
virus) or a p24-antigen ELISA (HIV-1 Ba-L and HIV-1 NL4-3)

Virus Virus replication Host cell Cell viability
(% of control) (% of control)

HCMV Townea <1 HEL 100±5
HCMV AD169b 45±10 HFF 100±9
HSV-1 (isolate) 17±8 Vero 100±5
InflVA (WSN/33) 98±13 MDCK 100±7
HIV-1 Ba-L 64±1 PM1 84
HIV-1 NL4–3 52±3 Jurkat 78

a Cells were additionally pretreated with ART 30 min before infection
b No pretreatment

Fig. 2 Cytotoxicity profiles of ART and GCV for HFF cells. HFF
were cultivated in the presence of the indicated compounds. After
7 days of infection the residual cell layers were harvested and used
to determine LDH activity by the CytoTox 96 Non-Radioactive
Cytotoxicity Assay. Mean values (±SD) of triplicate determina-
tions of one experiment are shown



higher than 100 µM for HFF and also for MRC-5 cells
(data not shown), but increasing cytotoxicity was ob-
served for cells at higher passage numbers. For compari-
son, GCV was assayed and did not result in dose-depen-
dent cytotoxicity. Thus ART showed a reasonable sepa-
ration between the antiviral activity and cytotoxicity.

Activity against clinical isolates of HCMV

The strong inhibitory effect of ART on several laborato-
ry strains and variants of HCMV prompted us to investi-
gate the sensitivity of virus isolates derived from clinical
specimens. Some of the isolates used were obtained from
patients exposed to antiviral therapy. Virus characteriza-
tion in cell culture revealed that Iso 4 was 5.7-fold resis-
tant to GCV, and that Iso 2 was GCV/CDV double resis-
tant (resistance factors 7.2 and 6.3, respectively), while
Iso 1 and Iso 3 were both sensitive to these drugs (data
not shown). Iso 4 harbors a resistance-conferring muta-
tion in the gene coding for the viral kinase UL97
(L595S) as published elsewhere (M. Marschall, M.
Stein-Gerlach, M. Freitag, R. Kupfer, M van den Bogaard,
T. Stamminger, submitted). With respect to ART treat-
ment, a significant dose-dependent inhibition was mea-
sured for all isolates tested (Fig. 1b). No cross-resistance
with GCV and/or CDV was detectable. However, virus
inhibition by ART was not complete in some cases, even
at a high concentration of 33.3 µM. This might be due to
the chosen experimental conditions, such as the absence
of ART pretreatment of cells during and before infection
(for comparison see also Table 1), rather than a lack of
sensitivity of these viruses.

Inhibition of HCMV DNA replication

Viral DNA replication in the presence of ART was ex-
amined by DNA hybridization as previously described
[23]. Briefly, HEL fibroblasts were grown to confluence
in 24-well dishes and pretreated with 1–20 µM ART for
30 min prior to infection with HCMV Towne. Following
infection fibroblasts were maintained in ART-containing
medium. As a positive control cells were infected in the
presence of GCV which inhibits HCMV DNA replica-
tion. At the indicated times cells were harvested, total
DNA was isolated, and the amount of viral DNA deter-
mined by dot blot hybridization using purified 32P-la-
beled HCMV DNA. The results in Fig. 3a show that
ART inhibited HCMV DNA synthesis at early time
points (<3 days) in a dose-dependent manner, indicating
5 µM as the optimal concentration.

Inhibition of HCMV and cellular gene expression

To further analyze the mechanism of inhibition of
HCMV replication by ART we determined whether ART
affects viral gene expression. Western blot analysis dem-

onstrated that in the presence of 10 µM ART levels of
the HCMV proteins IE1-72, UL84, and UL94 were
greatly decreased at all time points analyzed, although
substantial protein levels were detected in uninfected
controls (Fig. 3b). For control, β-actin protein levels
were the same between the treated and untreated cells.
This finding indicates that HCMV replication is blocked
even at immediate-early steps of gene expression, and
that all subsequent events are likewise subject to inhibi-
tion by ART. Interestingly, we also detected a reduction
in the protein levels of the cellular transcription factors
Sp1 and NF-κB in ART-treated infected cells (Fig. 3c).
The known up-regulation of these factors upon HCMV
infection [27] was reproducible in our hands. We ob-
served an increased expression of Sp1 (Fig. 3c, 2nd blot)
and NF-κB specific proteins, for example, p50 (Fig. 3c,
3rd blot, band 1), p105 (band 2) and another species
(band 3; presumably p65 or a degradation product of
p105) after HCMV infection. Importantly, treatment with
ART led to a strict down-regulation of the expression of
Sp1 and NF-κB proteins, which was accompanied by the
observed block in the synthesis of viral protein such as
IE2-86 (Fig. 3c, 1st blot).

Inhibition of HCMV-mediated NF-κB and 
Sp1 DNA-binding activity by ART

The effect of ART on HCMV-induced NF-κB and Sp1
DNA-binding activities are displayed in Fig. 4. Nearly
complete inhibition of both NF-κB and Sp1 activation
occurred within 30 min postinfection and throughout the
entire period examined. In the absence of ART HCMV
up-regulated NF-κB and Sp1 DNA binding activity in
two phases, the first phase occurring between 30 min and
1 h postinfection while the second phase resumed 4 h
postinfection and continued to 48 h postinfection. Both
first and second phases of NF-κB and Sp1 activation
were inhibited by ART pretreatment of HEL cells.

ART inhibition of HCMV-induced Akt 
and p70S6K activation

The inhibitory effect of ART on PI3-K activity was de-
termined indirectly by measuring the activation (or phos-
phorylation) of two downstream effectors of its path-
ways, Akt and p70S6K. Both Akt and p70S6K can be
activated in a PI3-K dependent manner. Therefore the in-
hibitory effect of ART on Akt and p70S6K activities
were examined by Western blot analysis using a pho-
spho-specific Akt antibody and a phospho-specific
p70S6K antibody, respectively. As shown in Fig. 3d, the
ART treatment of HCMV resulted in significant inhibi-
tion of the activation (phosphorylation) of both Akt and
p70S6K in HCMV-infected HEL cells at all time points
examined. The ART treatment of both mock-infected or
HCMV-infected cells did not affect the total Akt and
p70S6K levels.
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Fig. 3a–d Effect of ART on viral DNA replication and gene ex-
pression. a Confluent, serum-starved HEL fibroblasts were infect-
ed with HCMV Towne in the presence of ART or GCV (positive
control), harvested at the indicated times, and analyzed for total
viral DNA by dot blot hybridization. b HEL fibroblasts were in-
fected with HCMV Towne in the presence or absence of 10 µM
ART. At the indicated times cells were harvested and analyzed for
viral protein expression by western blot analysis. This was per-
formed using antibodies to the immediate early proteins IE1-72,
the early protein UL84 and the late protein UL94. After incubation
the cells were lysed, and IE1-72 was immunoprecipitated from
equal amounts of total protein, separated by electrophoresis, and
subjected to autoradiography. In each case β-actin levels were de-
termined by western blot analysis to demonstrate equal protein
concentrations between samples. c In an independent experiment
it was determined that ART inhibits the HCMV-mediated induc-
tion of protein synthesis of the cellular factors Sp1 and NF-κB
which was accompanied by decreased viral IE2-86 protein produc-

tion. Serum-starved fibroblasts were infected with HCMV AD169
(at a high multiplicity of infection of 3 PFU/cell) in the presence
of 15 µM ART or DMSO alone (solvent control). Cells were lysed
48 h postinfection, and the protein levels of Sp1, NF-κB (1, p50;
2, p105; 3, p65 or a degradation form of p105), IE2-86, β-actin
(control) were determined by western blot analysis. Note the sig-
nificant reduction in the Sp1 and NF-κB levels under ART treat-
ment. d ART inhibition of HCMV-induced Akt and p70S6K acti-
vation. HEL fibroblast were grown to confluence in 7 cm diameter
culture dish, serum starved for 48 h, pretreated with indicated con-
centration of ART, infected with HCMV Towne in the presence or
absence of ART, and harvested at indicated times postinfection.
The harvested cell lysates were analyzed for total Akt (panel Akt)
and p70S6K (panel p70S6K), or phosphorylated Akt (phos. Akt,
Ser 473), and p70S6K (panel phos. P70S6K) by immunoblotting.
Results indicate that HCMV activation of Akt and p70S6K was in-
hibited by ART, the phosphorylation of these two PI3-K down-
stream effectors was inhibited by ART



Discussion

Although ART and other artemisinin derivatives have
been described as antimalaria drugs in the past [28], their
antiproliferative activity is not restricted to protozoans
[17, 18]. The present study investigated whether ART has

antiviral activity and to identify possible underlying mo-
lecular mechanisms. We found that ART effected a strong
inhibition of plaque formation of HCMV AD169 and
HSV-1, a partial inhibition of HIV-1, but no inhibition of
influenza A virus. Concerning the inhibitory potential for
HCMV, it was important to demonstrate that viruses with
various phenotypes, i.e., natural isolates, resistant mutants,
and laboratory strains and recombinant virus clones, were
all highly sensitive to the treatment by ART. A possible
mechanism is provided by the finding that central regula-
tory processes of the infected cell were inhibited by ART,
thus interfering with critical requirements of HCMV repli-
cation in terms of host cell type and metabolism.

In particular, the replication of HCMV is tightly coregu-
lated with cellular activation pathways, mediated by the di-
rect or indirect interaction with cellular DNA-binding fac-
tors such as NF-κB or Sp1. These factors provide a major
determinant of the virus-host cell interaction. Moreover,
there are several examples demonstrating that chemical
compounds interfering with activation pathways of cellular
transcription factors (e.g., the signal transduction pathway
including mitogen-activated protein kinase p38) possess a
strong inhibitory effect on the replication of HCMV.

As ART and other artemisinin derivatives have kept
attention of scientists and physicians concerned in malar-
ia treatment for its activity towards multidrug-resistant
Plasmodium strains [29], we were interested to analyze
whether ART is active towards drug-resistant HCMV as
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Fig. 4a, b Inhibition of HCMV-mediated NF-κB activation (a)
and Sp1 activation (b) by ART as measured by electrophoretic
mobility shift assay. a HEL fibroblasts were infected with HCMV
Towne (2–5 PFU/cell) in the presence or absence of ART (5 µM).
Nuclear extracts were harvested 30 min postinfection or at various
times as indicated. Nearly complete inhibition of NF-κB occurred
at a ART concentration of 5 µM. The time course (baseline and
30 min to 48 h postinfection) of NF-κB activation by HCMV in-
fection is given. Both first and second tier activation is demon-
strated. ART (5 µM concentration) completely inhibits activation
of NF-κB transcription factors at all time points studied. HEL
cells were pretreated with ART for 30 min before infection in ex-
perimental series when ART was employed. b HEL fibroblasts
were infected in the presence or absence of ART at the same con-
centrations as described above. Nuclear extracts were harvested at
30 min postinfection or as time course indicated. Nearly complete
inhibition of Sp1 occurred at an ART concentration of 5 µM with
similar response for NF-κB. This figure demonstrates the time
course (baseline and 30 min–48 h postinfection) of Sp1 activation
by HCMV infection. Both first and second tier activation is
shown. ART (5 µM concentration) completely inhibits activation
of both transcription factors at all time points. HEL cells were pre-
treated with ART for 30 min before infection in experimental se-
ries when ART was employed



well. Indeed, we observed that the GCV-resistant strain
AD169-GFP314 is inhibited with similar efficacy as the
drug-sensitive parental AD169-GFP virus. It is obvious
from these experiments with GCV-resistant HCMV that
the putative inhibitory mechanisms of ART must differ
from those of the DNA polymerase inhibitor GCV. As
shown for Plasmodium, the iron-catalyzed generation of
a free oxygen radical from the bridged endoperoxide
group (Fig. 1) is essential for ART’s activity [30] and
causes the alkylation of proteins [31, 32]. Although still
unconfirmed, it is worth speculating that oxygen radicals
may also play a role in ART’s action against HCMV.

We were further intrigued by the question of how the
anti-HCMV effect is mediated at the cellular level. Upon
the infection of cultured cells with HCMV, immediate-
early (e.g., IE1-72, IE2-86), early (e.g., UL84), and late
genes (e.g., UL94) are expressed. IE gene products are
essential for subsequent expression of viral early and late
genes, all of which are involved in viral replication. A re-
duction in IE2-86 expression is generally considered as a
critical limitation in viral replication since IE2 gene prod-
ucts are essential for HCMV infection [33]. It is also
noteworthy that the viral immediate early promoter-
enhancer (in addition to other viral promoters) contains
binding sites for both Sp1 and NF-κB and therefore is re-
sponsive to both factors [34, 35, 36]. Thus the activation
pathways involving Sp1 and NF-κB are important factors
in the initial onset of the viral replication cycle and might
be critical in the mechanism of ART’s inhibition of
HCMV. In particular, the replication of HCMV is tightly
coregulated with cellular activation pathways, mediated
by the direct or indirect interaction with cellular DNA-
binding factors such as NF-κB or Sp1 [22, 27, 37, 38].
These regulatory events are required for viral replication
and provide a major determinant of the efficiency of virus
multiplication. The present investigation demonstrated
that ART inhibits the HCMV-induced DNA binding ac-
tivities of both NF-κB and Sp1. For both NF-κB and Sp1
we observed a drastic reduction in HCMV-induced Sp1
protein synthesis under ART treatment which explains (at
least in most part) the reduced DNA binding activity.
This is a clue that ART’s anticytomegaloviral activity is
mediated by inhibition of transactivation of NF-κB and
Sp1 transcription factors. Although we have shown that
NF-κB and Sp1 binding activities are molecular targets of
ART, we cannot rule out that other mechanisms may also
contribute the ART’s antiviral action.

Infection of quiescent human fibroblasts with HCMV
was found to cause a rapid activation of cellular PI3-K.
PI3-K regulates phosphorylation of a number of kinases in
cellular signaling cascades, including Akt (also know as
protein kinase B), cyclic AMP-dependent kinase (protein
kinase A), some isoforms of protein kinase C, and the ri-
bosomal S6 kinases p70 and p85 (p70S6K and p85S6 K,
respectively). Akt and p70S6K are two major downstream
effectors of PI3-K and are activated greatly upon HCMV
infection, in a manner similar to the PI3-K dependent acti-
vation of NF-κB and Sp1 [19]. Akt activation is needed
for HCMV DNA replication. It is very likely that the ART

inhibition of HCMV replication is targeted to the initial
stage of viral signaling. Particularly those kinase cascades
are suggestive to be involved which are already induced
by the interaction of the viral ligands with the cellular re-
ceptor. Thus inhibition of PI3-K activity inhibits viral rep-
lication and virus-induced signaling [19].

We found that ART is active against HCMV in a
range of approximately 5–15 µM in vitro. The question
arises as to whether concentrations necessary to inhibit
HCMV can be reached in vivo. It is reasonable to specu-
late that therapeutically relevant doses are reached in
HCMV-infected patients. Concentrations of ART applied
for the treatment of malaria (e.g., 2 mg/kg intravenously)
reach peak plasma drug concentrations of 2640±
1800 µg/l (6.88±4.69 mM) [39] which are three orders of
magnitude higher than those found in the in vitro experi-
ments of the present investigation.

Another concern is the question of drug toxicity in
HCMV treatment. Standard therapy of HCMV disease is
associated with considerable adverse side effects. GCV
suppresses bone marrow proliferation [6]. Foscarnet and
CDV reveal dose-limiting nephrotoxicity [8, 40]. It is
pleasing that artemisinin derivatives are very well tolerat-
ed in clinical malaria studies with minor side effects [41,
42, 43]. Animal studies reveal neurotoxicity only at drug
concentrations high above therapeutic ranges in humans
[44]. Distinct differences in the ability of artemisinin de-
rivatives to produce neurotoxicity in rats have recently
been described [16]. In contrast to some other artemisinin
derivatives, ART did not show signs of neural toxicity and
did not affect behavioral performance. In summary, the
prospect that ART is active against otherwise drug-resis-
tant as well as clinically relevant HCMV strains raises the
hope for a better management of HCMV-related diseases.
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