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Abstract

Treatment of human cytomegalovirus (HCMV) infections with any of the currently available antiviral agents is frequently associated with the
occurrence of severe complications, seriously threatening the successful outcome of treatment. Therefore, the development of novel antivir
strategies is a challenging goal of current investigations. Previously, we reported that artesunate (ART) is an effective, non-cytotokiafinhibito
HCMV invitro. Here, we demonstrate that the efficacy of the antiviral effect of ART is augmented by co-treatment of HCMV-infected fibroblasts with
ferrous iron, i.e. Ferrosandl, and/or the iron transfer-mediating molecule holo-transferrin. This could alleviate the HCMV-induced modulation
of cell surface expression of adhesion molecule Thy-1, suggesting that ART might be able to prevent pro-inflammatory effects of infection. The
iron-enhanced, antiviral effect of ART could also be demonstrated in cultured cells infected with rat cytomegalovirus. Experiments using the
RCMV/rat model showed that both the viral DNA load and virus titers in the salivary glands from infected rats were significantly reduced upon
treatment with ART. Furthermore, an additive antiviral effect for ART together with each one of conventional anti-HCMV drugs, i.e. ganciclovir,
cidofovir or foscarnet, was detected in HCMV-infected fibroblasts. These findings might open new perspectives regarding the use of ART in clinical
trials.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction i.e. (i) ganciclovir (GCV), (ii) its prodrug valganciclovir, (iii)
cidovovir (CDV), (iv) foscarnet (FOS) and (v) fomivirsen.
Human cytomegalovirus (HCMV) is a herpesvirus thatNevertheless, each of these drugs is associated with a number
causes life-long infections in approximately 50% (40-80%)of disadvantages. First, these antiviral compounds are usually
of the populations in Europe and North Americanprato et administered intravenously or intravitreally, except for val-
al., 1985. In most cases, HCMV infection is asymptomatic, ganciclovir, which possesses improved oral bioavailability. In
however, in individuals with an immature or compromisedaddition, prolonged treatment with each one of these drugs is
immune system such as neonates, transplant recipients afréquently followed by serious side effects. Moreover, GCV,
AIDS patients, a serious or even life-threatening disease mayalganciclovir, CDV and FOS have similar mechanisms of
develop. Currently, a limited number of drugs is used for theaction by targeting, either directly or indirectly, the viral DNA
treatment of a systemic or locally reactivated HCMYV infection, polymerase. Treatment with any of these antiviral agents
may therefore ultimately result in the emergence of single-
or multi-resistant HCMV mutants. These considerations have
promoted an intense search for novel therapeutic agents that
fax: +49 9131 85 26493. . .
E-mail address: manfred.marschall@viro.med.uni-erlangen.de are safg, potent and act at alternative antiviral targets. . .
(M. Marschall). Previously, we found that artesunate (ART), which is
1 These authors contributed equally to this study. commonly used in the treatment of severe malaria, displays
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antiviral activity against HCMV in vitro Efferth et al., 200 5% (v/v) fetal calf serum. Cultivation of cells was restricted to
The primary determinant of the cytotoxic activity of ART passage numbers below 20. Human cytomegalovirus (HCMV)
against malaria is ferrous iron (F¢ (Cumming etal., 1997; van AD169-GFP Marschall et al., 2000and rat cytomegalovirus
Agtmael etal., 1999 Fe?* is released frominfected erythrocytes (RCMV) strain Maastricht Bruggeman et al., 1982, 1983,
uponPlasmodium-mediated hydrolysis of haemoglobin and cat- 1985 were grown in HFF or REF, respectively, and virus
alyzes the cleavage of the intramolecular endoperoxide bridgéters were determined by either GFP expression (GFP-TCID)
of ART (Fenton reaction), leading to the generation of carbonor plague formation (PFU), respectively. In case of infection
centered radical molecules and reactive oxygen intermediatexperiments, cells were grown overnight in 12-well or 6-well
(ROIs). These free radical intermediates may be implicated in plates to subconfluent layers and inoculated with virus in vol-
cascade of alkylation reactions of specHiasmodium proteins, umes of 500 or 100l per well for 90 min at 37C, after
causing damage to membrane-containing structures in particwhich inoculi were removed and cells were cultivated in fresh
lar (i.e. plasma membrane, endoplasmic reticulum, and nucleanedium.

membrane), and, ultimately, death of the parasite (reviewed by

Meshnick, 2002 A similar mechanism might be responsible for 2.2. RNA isolation and RT-PCR

the antiviral activity of ART considering the fact that ROls are

regulators of the activity of cellular redox-sensitive factors such Semi-quantitative reverse transcriptase polymerase chain
as NF«kB. ROIs can enhance the signal transduction pathwayeeaction was performed using the Titan One Tube RT-PCR
for NF-«kB activation in the cytoplasm and translocation into theSystem (Roche) and specific primer pairs for the amplifi-
nucleus, whereas the DNA-binding activity of oxidized MB-  cation of TfR or GAPDH, respectively (TfR-sense, TATCT-
is significantly diminishedKabe et al., 2006 In fact, we were ~GCTATGGGACTATTGC,; TfR-antisense, CGCCACATAAC-
able to detect a dimished DNA-binding activity of NB inthe = CCCCAGGATT; 698GAP5, GTACGTCGTGGAGTCCACTG;
presence of ART in HCMV-infected cell&fferth et al., 2002 698GAP3 TCCACCACCCTGTTGCTGTA). PCR cycling

In addition to the anti-malaria activity and antiviral activ- parameters were as follows: 10 cycles of@4or 15 s, 50C for
ity, ART also exhibits profound cytotoxic activity towards 30sand 68C for 45 s, followed by additional 20 cycles, respec-
tumor cells, whereas it remains non-cytotoxic to normal cellgively, with 5s elongation of each polymerization step at68
(Woerdenbag et al., 1993; Efferth etal., 2001, 2003, 2004; Singher cycle. RNA template concentration wag@ per reaction.
and Lai, 2001; Dell’Eva et al., 2004Analogous to the anti-
malaria activity, ferrous iron might also play a prominent role2.3. Antiviral compounds
in the cytotoxic activity of ART towards tumor cells. Indeed,
intracellular iron concentrations are higher in tumor cells than Compounds were purchased from the following companies:
in normal cells Shterman et al., 1991Cellular uptake and inter- ganciclovir (GCV, Cymevene; Syntex-Arzneimittel/Roche, Ger-
nalization of iron is mediated by binding of holo-transferrin many), cidofovir (CDV, Vistide; Pharmacia & Upjohn S.A.,
(Tf)-iron complexes to the transferrin receptor (TfR), an inte-Luxembourg), foscarnet (FOS, PFA; Sigma-Aldrich, Germany),
gral membrane glycoprotein expressed in various human tissuastesunate (ART; Saokim Ltd., Hanoi, Vietham), artemisinin
(Gatter et al., 1983 Interestingly, proliferating and malignant (ARS; Sigma-Aldrich, Germany), holo-transferrin (Tf; Sigma-
cells were found to express higher levels of TfR on their cellAldrich, Germany), FerrosanB (Fe, iron (Il) glycine sulfate;
surface Faulk et al., 1980; Sutherland et al., 1981; TrowbridgeSANOL GmbH, Monheim, Germany) and Taxol (Paclitaxel;
and Omary, 1981 Furthermore, proliferating cells (particularly Calbiochem/Merck, Germany). Stocks were prepared in aque-
tumor cells) internalize high amounts of ferrous iron throughous solution or in DMSO (ART, Taxol) and aliquots were stored
internalization of Tf via the TfR pathwayKpllia et al., 2001; at—20°C.

Singh and Lai, 2001; Yang et al., 2001; Sadava et al., poe
increased intracellular iron concentrations in tumor cells may.4. HCMV GFP-based antiviral assay
thus render these cells susceptible to treatment with ART.

To investigate the antiviral action of ART, either in the pres- HFFs were grown in 12-well plates and used for infection
ence or absence of ferrous iron, we set out to test its activityvith AD169-GFP virus at a multiplicity of GFP-TCID 0.25 (i.e.
on the replication of human and animal cytomegaloviruses ir25% GFP-forming tissue culture infectious dose at 7 days post
vitro and in vivo. Regarding the therapeutic application of ARTinfection). All infections were performed in duplicate. Then,
in the future, we investigated whether or not the antiviral activ-infected cell layers were incubated with 2.5 ml of MEM con-
ity of ART is additive to that of the conventional anti-HCMV taining 5% (v/v) fetal calf serum and, optionally, antiviral com-

drugs. pounds. Infected cells were incubated at’@7in a 5% CQ
atmosphere for 7 days. For GFP quantification, cells were lysed

2. Materials and methods and lysates from each well were divided into two independent
samples for further processing. Samples were centrifuged to

2.1. Cell culture and virus remove cell debris and subsequently transferred to an opaque

96-well plate for automated measurement of GFP signals in a
Primary human foreskin fibroblasts (HFF) and primary ratVictor 1420 Multilabel Counter (Perkin Elmer Wallac GmbH,
embryo fibroblasts (REF) were cultivated in MEM containing Freiburg, GermanyMarschall et al., 2000
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2.5. Flow cytometry analysis (FACS) before infection, oral ART (50 mg/kg) prepared from 50-mg
tablets and dissolved in 2.5% sodium carbonate solution, was
HFFs were preincubated with 18 ART or an equivalent administered daily to rats in both these groups. Subsequently,
volume of the solvent (DMSO) 2 h before infection. Infection one group was mock infected, whereas the other was infected
with HCMV AD169-GFP was performed in the presence ofwith RCMV. The third group of six rats did not receive Fe, but
ART (15uM) or DMSO. After adsorption of the virus (90 min), was only administered oral ART (50 mg/kg/day) and infected
cells were cultivated with fresh culture medium containing ARTwith RCMV, while the last group only received RCMV. Infection
or DMSO, respectively. At 72 h post infection, cells were fixedwas carried out intraperitoneally withx110® plaque-forming
with 3% formaldehyde for 15 min at room temperature. For anti-units (PFU) of RCMV. Virus stocks that were used for inocu-
body staining, cells were first Fc-blocked with 1 mg/ml Cohn-Il lation were derived from salivary gland extracts from RCMV-
fraction for 15 min on ice, then stained with an antibody againstnfected rats, as described previoudBrggeman et al., 1982,
Thy-1 (mouse 1gG1-phycoerythrin (PE)-conjugated antihumari983. A separate, similar experiment consisted of only two
CD90, dilution 1:50; BD PharMingen, San Diego, CA, USA) groups of five 7-weeks-old, immunosuppressed rats. One group
for 25min on ice. To assess background staining, cells werevas administered Fe and ART (both at 50 mg/kg/day) as well as
treated with a PE-conjugated IgG1l-isotype control antibodyinfected with RCMYV, whereas the other group was infected with
(BD PharMingen). Thy-1 expression was determined by FACSRCMYV but not treated with Fe and ART. Rats were sacrificed
analysis using a Becton Dickinson FACScalibur and CellQuesat indicated time points. Their internal organs (salivary glands,

software (BD PharMingen). spleen, kidney, liver, lung, thymus and blood) were collected and
subjected to both plaque titer determination and real-time, quan-
2.6. Plaque reduction assay titative PCR, as described earliéagptein et al., 2003, 2004

The plague assay and PCR data were statistically analyzed by
HFFs or REFs were infected with HCMV or RCMV, respec- applying a Mann—-Whitney test using SPSS (SPSS International
tively, for 90 min at 37 C after which virus was removed and the BV). P values of <0.05 were considered to indicate statistical
cell layers were rinsed with PBS. Overlays of MEM containingsignificance.
5% (v/v) fetal calf serum and 0.3% (w/v) agarose, optionally sup-
plemented with antiviral compounds, were added to the wells3. Results
After incubation at 37C for 8-12 days, overlays were removed

for staining of plaque formation with 1% crystal violet. 3.1. ART inhibits HCMYV replication in vitro: efficacy of
antiviral activity is increased by addition of soluble
2.7. Cytotoxicity assay holo-transferrin and ferrous iron

HFF cells were cultivated in 48-well plates and antiviralcom-  Previously, we reported that ART acts as an inhibitor of
pounds were incubated in the medium at°@7for 7 days. HCMYV replication in human primary fibroblastgfferth et al.,
Measurement of the lactate dehydrogenase (LDH) activity irR002. In this study, IGg values of ART were determined as
the culture medium was performed by the use of the CytoTox.7+0.1uM for HCMV AD169 and 3.9 0.6% for HCMV
96 Non-Radioactive Cytotoxicity Assay (Promega). Samples oAD169-GFP, respectively. Thus, measurement of the antivi-
50l of culture media were incubated in 96-well plates with ral activity performed by plaque reduction assay (AD169) and
50l of substrate mix for 30 min at room temperature in the GFP-based antiviral assay (AD169-GRMRrschall etal., 2000
dark. Thereafter, 5Ql of stop buffer was added and the color produced similar results. As analyzed in parallel, the inhibitory
reaction was quantified by the use of an ELISA reader (ODactivity of GCV was in the same micromolar range as that of

490 nm). ART (Fig. 1A).
Other inhibitory activities of ART and related artemisinins,
2.8. Replication of RCMV in vivo such as anti-malaria and anti-cancer activity, are largely depen-

dent on high intracellular concentrations of ferrous iroré{fFe

Male specific-pathogen-free (spf) Lewis/M rats (Central Ani-that can be increased by stimulating the holo-transferrin (Tf)
mal Facility, Maastricht University, Maastricht, The Nether- pathway of iron uptakeQumming et al., 1997; Singh and Lai,
lands) were kept under standard conditioBt(s et al., 1990  2001; Efferth et al., 2004 In order to study whether iron
All experimental protocols mentioned in this paper wereis capable of increasing the anti-HCMV activity of ART via
approved by the Maastricht University Animal Experimentsthe Tf-TfR pathway, we first addressed the question whether
Committee and were consistent with the Dutch Laboratory Ani-HCMV-permissive cells express the transferrin receptor (TfR).
mal Care Act. Twenty-four immunosuppressed rats (7 weekRT-PCR was performed to detect TfR-specific mMRNA in total
old, 250-300g of body weight) were assigned randomly tadRNA isolated from human primary fibroblasts (HFFs), U373
four groups. Rats were immunosuppressed by exposure to 5 Gglls and human PBMCs as a control. As showhig 1B, TfR-
of total body Rontgen irradiation 1 day before infection, as specific transcripts could easily be detected for all cells analyzed,
described previouslyStals et al., 1990 Rats in two of the indicating that in these cells the transferrin receptor is readily
four groups received 50 mg/kg Ferrosaltb(Fe) daily via their ~ expressed. Subsequently, in order to address the iron/transferrin
drinking water, starting at 7 days before infection. Two daysissue, HCMV replication was investigated in infected fibroblasts
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Fig. 1. Enhanced inhibition of HCMV replication in vitro by a combination of ART with Fe and/or Tf. (A) The anti-HCMV activity of ART and GCV was analyzed
in parallel using GFP-based antiviral assay (AD169-GFP) and plaque reduction assay (AD169). HFFs were cultivated in 12-well plates and uted foitinfe
either of the two HCMVs. Drugs were added immediately after virus adsorption to the culture media and incubated for 7 days before HCMV replication w:
quantified. (B) Expression of TfR in various cell types was analyzed by RT-PCR. Primers with specificity for TfR (left panel) or GAPDH (used as equisitive
right panel) were chosen to obtain RT-PCR products as indicated. PBMC, peripheral blood mononuclear cEfis|dwFand high passages of primary human
foreskin fibroblasts; U373, astrocytoma cells; no RNA, control without template; no RT, control without reverse transcriptase. (C) and (D) Hftiitg/ateckin
12-well plates and used for infection with HCMV AD169-GFP (GFP-T&JD.25). Drugs were added immediately after virus adsorption to the culture media and
incubated for 7 days. Virus replication was quantified by automated GFP fluorometry. (E) HFFs were cultivated in 48-well plates, incubated witbuhesom
indicated for 7 days, and used for the determination of LDH acitivty in the culture media as a marker of cytotoxicity. Each panel in (A), (C), (D)rawis(E) s
the data for infections/compound incubations in duplicate plus GFP/plaque quantification in duplicate. Mock-inf., uninfected; no inhit.amfectdated with
DMSO solvent alone; GCV/ART/ARS/Tf/Fe/CDV/FOS/Taxol, infected and/or incubated with the following concentrations of ganciclovir (as ir2ligeltboh C

and E), artesunate (as indicatedy|d in C), artemisinin (as indicated), holo-transferrin (1 mg/ml), Ferrosahdl wg/ml), cidofovir (2uM), foscarnet (20Q.M)

and Taxol (uM).
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that were treated with ART (at a concentration @), either  induced modulation of cell surface Thy-1 expression on human
in the presence or absence of FerrosHfiglFe) and/or holo- fibroblasts. This finding confirms the strong antiviral potential of
transferrin (Tf). As anticipated, administration of ART causedART.

a clear decline in HCMV replication in vitroF{g. 1C). This

decrease was even more pronounced when HCMV-infected cells3  Ansiviral effects of ART applied in combination with

were treated with either ART plus Tf or ART plus Fe. Impor- couyentional drugs of HCMV therapy are additive

tantly, HCMV replication was most strongly inhibited when

ART was administered in combination with both Fe and Tf g jnvestigate the influence of the ART treatment on the effi-
(Fig. 1C). Fe alone had a marginal virus-suppressing effect. Agacy of conventional anti-HCMV drugs, HCMV-infected cells
shown inFig. 1D, the antiviral effect of ART is concentration- \yere administered a combination of ART and either one of the
dependent. At each concentration of ART used, an additionadonventional drugs. Using intermediate concentrations of GCV
reduction of viral replication was seen when the drug wagz1 M), CDV (0.1xM) and FOS (10@M), the combined treat-
administered in combination with Fe and Tf. A concentration-ment with ART (ataconcentration of 1.5 angBl, respectively)
dependentdeclinein HCMV replication was also observed whep to distinct, additive inhibitory effects on HCMV replication
using an ART-related compound, artemisinin (ARS3. 1D).  (Fig. 3). Antagonistic effects were not observed. The additive
However, the overall inhibitory effect of ARS, either or not com- gffect of ART with GCV could be increased by the addition of
bined with Tf plus Fe, was lower than that of ART, indicating e (1.0.g/ml; data not shown). These findings illustrate that the
that ART is the more effective HCMV-inhibiting agent. Thus, mode of action of ART is different from that of GCV, CDV and
the antiviral activity of ART and ARS can be enhanced by coadr0s, which all act on the stage of viral DNA synthesis. Thus, a
ministration of drugs that either directly or indirectly increasecjinical regimen based on a combination of ART with conven-

intracellular ferrous iron concentrations. ~ tional antiviral agents for the treatment of HCMV disease seems
In order to address the question of drug-induced cytotoxicityhighly promising.

the CytoTox 96 Non-Radioactive Cytotoxicity Assay (Promega)

was performed. No cytotoxicity on primary human fibroblastss 4. ART shows antiviral activity against human and
was observed with any of the drugs or combinations of drug%m.'mal cytomegaloviruses
analyzed Fig. 1E; for additional data segfferth et al., 2002

Taken together, the anti-HCMV activity is specific and devoid
of cytotoxicity in the range of concentrations showing antiviral
activity.

The inhibitory effect of ART on human CMVs is not limited
to laboratory strain AD169, since several virus strains tested,
such as Towne and clinical isolates, particularly those possess-
ing resistance against GCV and/or CDV, are similarly sensitive

3.2 ART prevents the HCMV-induced downregulation of to ART (Efferth et al., 2002 Interestingly, other herpesviruses

the cellular adhesion molecule Thy-1 (CD90)

Human cytomegalovirus is known to modulate the cell sur-

face expression of several adhesion molecules like ICAM-1, mock-inf. HCMV AD169-GFP
CD40 or Thy-1 (CD90) and this appears to contribute to the pro- wt Te6.9% 03%| [49.0% | 16.3%
inflammatory effects of HCMV infectionHinsele et al., 1994; o lr - [ ]

Lemstm et al., 1995; Steinhoff et al., 1995; Koskinen et al., E‘ 3. \

1996; Yilmaz et al., 1996; Martelius et al., 1998; Waldman et ; i

al., 1998; Lautenschlager et al., 1999; The et al., 208Ihce ROAREID: | =S

established antiviral drugs like GCV and CDV are not able to

prevent this pro-inflammatory activity, we investigated whether

ART plus stimulating agents might inhibit the effect of HCMV

on the expression of cell-surface molecuMsisch et al., 2002;

Craigen and Grundy, 1996; Cinatl et al., 2D0OBRecently, we

demonstrated the modulation of Thy-1 (CD90) expression in

HCMV-infected HFFs | eis et al., 200% Therefore, we investi- ART

gated the influence of ART on the Thy-1 down-regulation on the

surface of HCMV (AD169-GFP)-infected HFFs by flow cytom-

etry. ART inhibited the down-regulation of Thy-Eif. 2): 29.8%

of the infected, GFP-positive cells showed a decreased level of

Thy-1 expression versus mock-infection (0.2%), while in the

presence of ART (1pM) the decreased level of Thy-1 expres- Fig. 2. Inhibition of Thy-1 modulation on HCMV-infected cells. HFFs were

sion was only 13.0% (mock 0.0%). Thy-1 down_regulationinfected with HCMV AD169-GFP or mock infected an(_j trea_ted with ART
.. . {15pM) or solvent DMSO alone (no inhib.). At 72 h post infection, cells were

_COUId be_ blo_Cked .even more eff|C|entIy when ART was applle ixed and analyzed by flow cytometry (FACS). Virus replication was quantified

in combination with Tf and Fe (data not shown). Thus, ART by GFP measurement, Thy-1 expression by PE staining (antibody labelling).

not only inhibits HCMV replication but also reduces HCMV- Percentage of positive cells is indicated for each signal.

0.2% 5.0%

(b)

1.2% 49.2% 29.9%

0.0%

(d)
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g 4500 - and/or Tf increased the anti-RCMV effect of ART. Comparing
= RCMV with HCMV, however, the efficiency of inhibition was
s B ART only lower (RCMV 37.9+ 3.290/55.4+ 4.5%/93.6 1.4% inhibi-
5 o - B ART + GOV tion versus HCMV 81.2= 0.9%/96.4+ 0.4%/97.6+ 0.4% inhi-
S 2000 E B ART + CDV bition, when treated with ARf5,,M/ART15,Mm p_Ius Fqug/md
T 1500 S ART15,Mm .plus Fa pgmi plus T mgmi respectlyely; primary
3 1000 _ data, se€igs. 4 and D). Taken together, the anti-CMV activity
f 500 of ART is not solely restricted to HCMV and it seemed likely that
5 O T similar antiviral effects would also be detectable in an animal
T & @ NP _ART _ART model.

&o&’zol\‘& FEEC 5 UM 5uM

3.5. Effect of ART on the replication of RCMV in
Fig. 3. Combined treatment of HCMV-infected cells with ART and conventional immunocompromised rats
antiviral drugs. HFFs were cultivated in 12-well plates and used for infection with

HCMV AD169-GFP (GFP-TClIIg,0.25). Single drugs or combinations of drugs . .
were added immediately after virus adsorption to the culture media and incubated To assess whether treatment with oral ART affects the dis-

for 7 days. Virus replication was quantified by automated GFP fluorometrySEMination and replication of RCMV in vivo, the following
Each panel shows the data for infections in duplicate plus GFP quantification imnimal experiment was performed. Oral ART was adminis-
dUIP“Citei Moc‘gg‘;-/’/gg(‘/f/?%‘g:% i“_:ift;étiggegtneg _f;‘]f;dli)f;:gat‘?tivég;?g':?tered daily, either with or without treatment with Ferrosafbl
solvent alone; , | Incu wi ICIoVI H H .
(1 M), cidofovir (0.1wM), foscarnet (LO@.M) and/or artesunate (as indicated). S]::t) ,I’fcgrvrg(l; nk;);tl;]pg\rs_?_sz?{ dREeMtYeIQJ;(:ﬁ? arlf?vfj.azaﬁock-
infection were regarded as negative controls. Accordingly,
RCMV-infected rats that were not administered ART and Fe,
are also subject to the inhibitory effect of ART. Previously, wewere considered positive controls. At day 3 and 15 pi, rats were
described the efficient inhibition of the in vitro replication of sacrificed and dissected, after which their internal organs were
a clinical isolate of herpes simplex virus (HSV-Efferth et analyzed for the presence of virus and viral DNA by plaque
al., 2003. Furthermore, inhibition of Epstein—Barr virus (EBV) assay and real-time, quantitative PCR, respectively. At day 3 pi,
by ART was detected using a reporter system for the quanhe spleen from RCMV-infected rats (irrespective of treatment
tification of lytic reactivation from viral latencyMarschall  with ART and/or Fe) was demonstrated to contain the highest
et al., 1993 data not shown). Importantly, antiviral activity viral DNA load (data not shown). This finding is in agreement
of ART was also detectable for rat cytomegalovirus (RCMV)with previous reportsaptein et al., 2003, 20Q4Similarly, of
in REF Fig. 4. In addition, combined treatment with Fe all internal organs and tissues examined, the spleen was found
to contain the highest levels of infectious virus at day 3 post
infection (pi) (data not shown). However, neither the viral DNA
loads, nor the virus titers differed significantly in the spleen
as well as any of the other internal organs examined between
treated and untreated rats infected with RCMV (data not shown).
Importantly, at day 15 pi, a significant difference was found
between RCMV-infected rats treated with ART and Fe onthe one
hand and untreated, RCMV-infected rats on the otRer@.05;
Fig. 6). Although viral DNA loads could be detected in salivary
gland samples of RCMV-infected rats treated with ART and
Fe, the viral DNA levels were significantly lower than those of
untreated, RCMV-infected ratfig. 6A and C). Salivary glands
from RCMV-infected rats treated with ART and Fe contained
a mean of 1.9 10° viral DNA copies per microgram of tis-
sue, whereas the salivary glands from untreated, RCMV-infected
contained a mean of 1610 viral DNA copies per microgram
tissue. This difference was even more reflected by the levels of
infectious virus in the salivary glands from treated and untreated
Fig. 4. Inhibition of RCMV by ART in vitro. REFs were cultivated in 12-well rats: salivary glands from RCM_V'mfeCted_ rats treated with ART
plates and used for infection with RCMV strain Maastricht (MOI 0.01). After 2nd Fe were found to contain approximately 20-fold lower
virus adsorption, cells were overlayed with agar-media including the drugdevels of infectious virus than those from untreated, RCMV-
indicated, incubated for 10 days and analyzed by staining of plaques. Eadihfected rats P <0.05; Fig. 68 and D). Therefore, these data
panel shows the data for infections in duplicate plus microscopic countinqndicate that ART treatment, in combination with FerroséMol
of plaqu_es in duplicate. Mock-inf., uninfected,; no inhib., infegted and inc.u'treatment inhibits RCMV dissemination to or infection of the
bated with DMSO solvent alone; GCV/ART/Fe/Tf, infected and incubated with ™ =~ ! - o
ganciclovir (20uM), artesunate (f.M), Ferrosandi™ (1 wg/ml) and/or holo- _Sa“\_/ary glands and that ART has a significant antiviral effect
transferrin (1 mg/ml). In VIvo.

350

300 A

250

200

150

100 -

3.}
[=]

RCMV replication [plague numbers]

(=]




66 S.J.F. Kaptein et al. / Antiviral Research 69 (2006) 60-69

days pi

% - 3

| I |

[ R |

Fe ART inf + intervention
5Gy

Growp 1 [ |

Group 2 [ | mock
W inf
Group3 [ S B ART
Groupd [ — Bl
(A)
-7 -2 -1 4] 15 days pi

| I — |
1

T
Fe ART “ int 't' intervention

Group 1 [

Group 2

(B)

Fig. 5. Flow-charts of in vivo experiments. Rats were assigned randomly to several intervention groups as indicated. F¥rtosaimaént was started 7 days
before infection (Fe; light grey boxes), artesunate treatment 2 days before infection (ART; dark grey boxes). The period of RCMV infectioreds byditatk
boxes, the mock infected control by a hatched box. Rats were sacrificed at day 3 (A) and 15 (B) after infection and their internal organs werel iforetstegate
presence of viral DNA and infectious virus. All rats were immunosuppressed 1 day before infection (indicated by broken arrows).

Salivary gland, d 15 pi Salivary gland, d 15 pi
5 — —~ 5=
g
[ J - ES —
£ .2
S 3 g = 3
s 3 g
e g 2 - g % 2 =
= = 3
c>n 1 - a § 1 -
i) o
e 0 - L 00—
<D = <D —f
| | ] | ] | |
Group: WTRCMV ~ WT RCMV Group: WTRCMV  WT RCMV
-ART +ART -ART +ART
A) -Fe +Fe (B) -Fe +Fe
Salivary gland, d 15 pi Salivary gland, d 15 pi
5 o 5 e
g 2
€ *7 5 47
g 7
r & 3 o L 3
o ° o 5
5 24 g £ 2=
5 © (7]
o 1 - o 2 44
Q s
T 0 - § 0 -
<D - <D =
1 | 1 1 L ] 1 1]
Group: WT RCMV ~ WT RCMV Group: WT RCMV  WT RCMV
-ART +ART -ART +ART
(©) -Fe +Fe (D) -Fe +Fe

Fig. 6. Dissemination of RCMV to the salivary glands of rats, either with or without treatment with artesunate (ART) and/or FéNogasiolat day 15 post
infection (pi). Amount of viral genome copies in salivary glands from infected rats (A and C). Virus titers in the salivary glands from infectedmdt®)BIn

the upper graphs (A and B) each bar represents the result from a singte=f@atdts per group). In the lower graphs (C and D) the results are expressed as the
meant S.E.M. (=5 rats per group). (D) Below detection level (for the plaque assay, BBU/mg tissue; for PCR, 18 viral genome copies/mg tissue DNA).



S.J.F. Kaptein et al. / Antiviral Research 69 (2006) 60-69 67

4. Discussion therapy in regimens of oral administration. The mean human
plasma concentration of the main metabolite of ART (dihy-
Previously we reported that ART, an anti-malaria drug withdroartemisinin, DHA) is 0.5%.g/ml after a single oral dose of
highly auspicious pharmacological properties, possesses anti#00 mg Benakis et al., 1997The plasma concentration of ART
ral activity. In vitro, ART displays a strong inhibitory effect itself is relatively low due to the rapid and effective conver-
against the replication of HCMV as well as herpes simplexsion of ART into DHA Edlund et al., 1984; Li et al., 1998
virus type 1. Moreover, ART was shown to partially inhibit Considering the fact that antiviral treatment (similar to malaria
human immunodeficiency virus type 1, whereas inhibition oftreatment) may be optimized through repeated administration,
humaninfluenza A virus was not detectaliiéférth etal., 2002  plasma concentrations are supposed to be within the effective
Here, we demonstrate that the antiviral activity of ART againstrange of HCMV inhibition. Tolerable doses in humans may very
CMV is not restricted to human strains, but also includes anilikely translate into clinical benefit in case of antiviral therapy,
mal CMVs, in particular RCMV. An important feature seems since during malaria therapy, ART concentrations up tquf/8
the finding that increased intracellular iron concentrations in thén the plasma were reported (equivalent to2¢eml; reviewed
presence of ART significantly enhance its anti-CMV activity. by de Vries and Dien, 1996 The mean |G for inhibition of
This enhancing effectwas demonstrated by several observationldCMV replication determined in this study is 3.81. More-
(i) treatment of CMV-infected fibroblasts with ART combined over, the plasma concentration of ART in rats treated with a
with ferrous iron (Ferrosan8t') and/or soluble Tf resulted in  single oral dose of 150 mg was determinedCasy 0.71p.g/ml
enhanced suppression of viral replication, (ii) the expression oind the concentration of DHA was even higher (i.e. 2.64ml;
a cell surface marker (Thy-1), which is associated with the proOlliaro et al., 200} In accordance to this, the in vivo data in the
inflammatory effect of CMV infection and which is not affected present study strongly suggest that the used dosing is effective
by established antiviral drugs, is strongly influenced by ARTfor antiviral treatment. Thus, oral therapy with ART, possibly
treatment, (iii) the antiviral activity of ART against CMV could combined with FerrosanBY', seems to be a beneficial option to
also be demonstrated in vivo by using the RCMV/rat model, andhe current therapies for treatment of HCMV disease.
finally, (iv) the antiviral activity of ART is additive when applied Despite the many years of experience obtained with ART in
in combination with conventional drugs such as GCV, CDV andmedical use, relatively little is known about the antiviral mode
FOS. of action of ART. A first concept was based on our recent find-
The latter finding might be particularly helpful in the treat- ing that the block in HCMV replication already occurs prior
ment of HCMV disease inflicted by mutant viruses that areto the synthesis of viral immediate early proteins. Furthermore,
resistant to conventional antiviral drugs (reviewed Aligjo, HCMV-induced cellular transcription factors, such as Sp1 and
1999. GCV, CDV and FOS are all directed to an identical tar-NF-xB, as well as the cellular signaling kinase phosphoinosi-
get of viral replication (i.e. DNA synthesis mediated by the viraltide 3-kinase, required for the activation of Sp1 andit&;were
DNA polymerase) and, consequently, cross-resistance conferredarkedly reduced in ART-treated infected cel&férth et al.,
by polymerase-related mutations has frequently been reporte2D02. Therefore, the antiviral effect of ART seems to be medi-
(reviewed byErice, 1999. The combination of drugs with dif- ated by an inhibition of cellular activation pathways that play an
ferent modes of action may delay the development of drugssential role in virus replication.
resistance in a clinical setting. Therefore, using an antiviral drug However, it should be mentioned that ART is not the sole
that targets an alternative pathway and does not interfere withandidate to be used in anti-HCMV therapy. Since the parental
activities of conventional antiviral drugs seems highly promis-natural substance artemisinin possesses only relatively low anti-
ing. Moreover, FerrosanB!' is a clinically approved medication HCMV activity, as was also observed in this study, novel syn-
and in practical use for many years. It is a safe drug withouthetic artemisinin derivatives are currently under investigation.
severe toxicity and can, hence, be safely combined with ART. Vennerstrom et al. (2004¢ported that synthetic peroxide anti-
An important argument in favor of the usefulness of ART malaria drugs, such as trioxalanes 5-7, are very potent against
in antiviral therapy, particularly in combination therapy, is its malaria in vitro. Altogether, this study indicates that ART is
lack of side effects. As demonstrated in a number of preclinia highly eligible candidate for future anti-HCMV treatment,
cal and clinical studies, ART treatment is not associated wittpreferably in combination with conventional antiviral drugs.
severe side effects (reviewed lle Vries and Dien, 1996  Challenges for future studies will be (i) to investigate the anti-
Artemisinin and its derivatives may exert neurotoxic effects inCMV potential of novel synthetic artemisinin derivatives, such
animal models after prolonged exposure athigh ddSes¢vese as trioxalanes 5-7, and (ii) to elucidate the putative intracel-
et al., 2000; Nontprasert et al., 2Q08lowever, this has never lular pathways by which ART as well as the other synthetic
been observed in humans. Meta-analyses of malaria patienéstemisinin derivatives affect cytomegalovirus replication in
treated with artemisinins demonstrated that this drug class igivo.
safe Adjuik et al., 2004; Ribeiro and Olliaro, 1998ne might
expect a similarly high degree of safety for the potential use oA cknowledgements
ART as an antiviral drug. This seems particularly important in
case of long-term antiviral treatment, e.g. upon HCMV reacti- The authors are grateful to GPC Biotech (formerly Axxima
vation in immunosuppressed transplant patients. With respect harmaceuticals AG, Munich, Germany) for continuous coop-
pharmacokinetics, ART seems to be highly suitable for antivirakration in antiviral research projects and Prof. Dr. Michael Mach
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