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Human cytomegalovirus (HCMV) is a major cause of disease in immunocompromised individuals and the most common cause of congenital infection and
neurosensorial disease. The expanding target populations for HCMV antiviral treatment along with the limitations of the currently available HCMV DNA polymerase inhibitors underscore the need for new antiviral agents with alternative modes of action. The antimalarial artemisinin derivative artesunate was shown to inhibit HCMV
in vitro yet has demonstrated limited antiviral efﬁcacy in vivo, prompting our search
for more potent anti-HCMV artemisinin derivatives. Here we show that the innovative artemisinin derivative artemisone, which has been screened for its activity against malaria
parasites in human clinical studies, is a potent and noncytotoxic inhibitor of HCMV. Artemisone exhibited an antiviral efﬁcacy comparable to that of ganciclovir (50% effective
concentration, 1.20 ⫾ 0.46 M) in human foreskin ﬁbroblasts, with enhanced relative
potency in lung ﬁbroblasts and epithelial cells. Signiﬁcantly, the antiviral efﬁcacy of artemisone was consistently ⱖ10-fold superior to that of artesunate in all cells. Artemisone
effectively inhibited both laboratory-adapted and low-passage-number clinical strains, as
well as drug-resistant HCMV strains. By using quantitative viral kinetics and gene expression studies, we show that artemisone is a reversible inhibitor targeting an earlier phase
of the viral replication cycle than ganciclovir. Importantly, artemisone most effectively inhibited HCMV infection ex vivo in a clinically relevant multicellular model of integral human placental tissues maintained in organ culture. Our promising ﬁndings encourage
preclinical and clinical studies of artemisone as a new inhibitor against HCMV.

ABSTRACT

KEYWORDS HCMV, antiviral drugs, artemisinin derivatives, artemisone, human
cytomegalovirus

H

uman cytomegalovirus (HCMV), a ubiquitous betaherpesvirus, is a major cause of
disease in immunocompromised individuals, including hematopoietic stem cell
(HSC) and solid organ transplant recipients and patients with AIDS, as well as critically
ill patients in intensive care units (1–3). HCMV is also the most common cause of
congenital infection, leading to neurodevelopmental disabilities and hearing loss (4).
All currently approved anti-HCMV drugs, including ganciclovir, valganciclovir, foscarnet, and cidofovir, used for the systemic treatment of HCMV infection target the viral
DNA polymerase. While overall these drugs are effective, their use is limited by bone
marrow and renal toxicity, low oral bioavailability (except for valganciclovir), and the
development of antiviral drug resistance (2, 5–7). Hence, there is a need for effective
and better-tolerated antiviral drugs with alternative modes of action.
In line with the growing interest in the development of new anti-HCMV agents, a
few experimental anti-HCMV drugs, namely, maribavir (which targets the HCMV UL97
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kinase [8]), brincidofovir (a lipid formulation of cidofovir which inhibits the viral DNA
polymerase [9]), and letermovir (an inhibitor of the HCMV terminase complex [10]),
reached phase 3 clinical trials. Brincidofovir and maribavir eventually failed those phase
3 clinical trials, and consequently, their place in HCMV antiviral development remains
uncertain. Letermovir has recently demonstrated signiﬁcant efﬁcacy in preventing
clinically signiﬁcant HCMV infection after HSC transplantation (10) and was approved by
the FDA in November 2017 for the prophylaxis of HCMV infection and disease in adult
cytomegalovirus (CMV)-seropositive recipients of an allogeneic HSC transplant.
All these compounds directly inhibit speciﬁc viral targets. The antimalarial artemisinin derivative artesunate (see Fig. S1 in the supplemental material) has been shown to
inhibit CMV replication in vitro and in an experimental animal model, acting via a
unique mechanism which involves the inhibition of host cell functions required for virus
replication (11–18). Major examples of such HCMV-supportive cellular functions reported to be inhibited by artesunate in vitro include the HCMV-induced NF-B and Sp1
activation pathways and the virus-modulated cell cycle progression state, both of which
are known to support efﬁcient HCMV replication (13, 14, 19, 20). We and others have
further described the successful clinical use of artesunate in a few transplant recipients
with drug-resistant HCMV infection (21, 22). However, the clinical antiviral efﬁcacy of
artesunate appeared to be divergent, resulting in both success and failure in different
patients (21, 23, 24). While this may be consistent with the limited in vivo antiviral
activity of the given regimens, it may also be due to the established instability of
artesunate, wherein it reverts rapidly to the artemisinin derivative dihydroartemisinin
(DHA; Fig. S1) (25): artesunate is a hemiester of the hemiacetal DHA that is susceptible
to hydrolysis by virtue of the intrinsic chemistry of the ester acetal linkage. It has been
shown that artesunate is susceptible to hydrolysis by gut wall, plasma, and tissue
esterases (25) and is labile in aqueous solution even in the absence of esterases, being
hydrolyzed to DHA merely by mixing with bicarbonate. Taken together, these ﬁndings
provide an impetus for the development of more potent anti-HCMV artemisinin
derivatives. In this regard, dimeric and trimeric artemisinin derivatives have been
reported to exert enhanced anti-HCMV activity in vitro compared to artesunate (19, 20,
26–28).
Artemisone is a new artemisinin derivative (Fig. S1) that has been screened for its
activity against malaria parasites in human clinical studies (29–32). Here we report for
the ﬁrst time that artemisone is a potent inhibitor of HCMV replication in cell cultures
and in multicellular human placental tissues, with its antiviral activity being markedly
superior to that of artesunate.
RESULTS
Artemisone is an effective and noncytotoxic inhibitor of HCMV replication in
cell culture. (i) Artemisone effectively inhibits laboratory-adapted and lowpassage-number clinical HCMV strains. To evaluate the susceptibility of HCMV to
artemisone, we employed a classical plaque reduction (PR) assay: human foreskin
ﬁbroblasts (HFF) were infected with the HCMV laboratory strain AD169 or with the
clinically related HCMV endothelium-tropic strain TB40/E-BAC4, and viral plaques were
enumerated following incubation with serial drug concentrations (added to the cells 2
h after viral adsorption). The results obtained by this assay clearly revealed a consistent
dose-dependent inhibition by artemisone (Fig. 1). In parallel experiments, the antiviral
efﬁcacy of artemisone was compared to the antiviral efﬁcacies of the reference antiHCMV drug ganciclovir (which, together with its oral prodrug, valganciclovir, is the
agent that is the most frequently used for the prevention and treatment of HCMV
infection and disease) and the artemisinin derivative artesunate. Representative doseresponse curves are shown in Fig. 1, and the results of multiple independent in vitro
susceptibility assays are summarized in Table 1. These results demonstrate that artemisone exhibited potent anti-HCMV activity in HFF, with a 50% effective concentration (EC50; the drug concentration reducing 50% of viral plaques) of ⬃1 M or lower
(Table 1) and an EC90 of ⬍10 M (data not shown) for both viral strains. Similar results
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FIG 1 Artemisone, ganciclovir, and artesunate viral dose-response curves. The inhibition of plaque
formation is shown for HCMV strains AD169 and TB40/E-BAC4 and a low-passage-number clinical isolate
(CI). The results shown are representative of those from at least 3 independent experiments.

were obtained when artemisone was added to the cells at the time of viral adsorption.
Importantly, the antiviral efﬁcacy of artemisone was found to be comparable to that of
ganciclovir and superior to that of artesunate, with its efﬁcacy consistently surpassing
that of artesunate by ⱖ10-fold (Fig. 1; Table 1). Artemisone was nontoxic to the cells,
with no microscopically apparent cytotoxic effects at any of the artemisone concentrations used in the antiviral assays and with the drug concentration resulting in a 50%

TABLE 1 Susceptibility of HCMV strains to artemisone, artesunate, and ganciclovir in
different cell culturesb
Drug EC50 (M)a
Cell type
HFF

HCMV strain
AD169
TB40/E
CI 704
CI 943
CI 893

Artemisone
1.20 ⫾ 0.46
0.68 ⫾ 0.28
0.85 ⫾ 0.18
0.25
1.46

Artesunate
16.98 ⫾ 8.75
19.31 ⫾ 2.04
10.79
ND
ND

Ganciclovir
1.36 ⫾ 0.36
0.63 ⫾ 0.39
1.79
0.40
1.66

MRC-5
ARPE-19

TB40/E
TB40/E

0.22 ⫾ 0.09
0.49 ⫾ 0.21

1.53 ⫾ 0.42
7.46 ⫾ 2.14

1.67 ⫾ 0.96
2.08 ⫾ 0.19

aEC

50s (the drug concentration resulting in a 50% reduction of viral plaques) were determined by the plaque
reduction assay. The results represent those from at least 3 independent experiments and are expressed as
means ⫾ standard deviations.
bHFF, human foreskin ﬁbroblasts; MRC-5, human fetal lung ﬁbroblasts; ARPE, human retinal pigmented
epithelial cells; CI, clinical isolate; ND, not done.
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TABLE 2 EC50, CC50, and SI of artemisone, artesunate, and ganciclovir in different cell
culturesd
Drug
Artemisone

Cell type
HFF
MRC-5
ARPE-19

EC50 (M)a
0.68 ⫾ 0.28
0.22 ⫾ 0.09
0.49 ⫾ 0.21

CC50 (M)b
⬎164.83 ⫾ 1.53c
18.67 ⫾ 7.1
⬎121.46 ⫾ 5.83c

SI
⬎242.40c
84.86
⬎247.88c

Artesunate

HFF
MRC-5
ARPE-19

19.31 ⫾ 2.04
1.53 ⫾ 0.42
7.46 ⫾ 2.14

53.56 ⫾ 7.05
14.92 ⫾ 3.1
54.49 ⫾ 7.81

2.77
9.75
7.30

Ganciclovir

HFF
MRC-5
ARPE-19

0.63 ⫾ 0.39
1.67 ⫾ 0.96
2.08 ⫾ 0.19

⬎640
⬎640
⬎640

⬎1,015.87
⬎383.23
⬎307.70
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aEC

50s for HCMV strain TB40/E were determined by the plaque reduction assay. The results represent those
from at least 3 independent experiments and are expressed as means ⫾ standard deviations.
bCC
50 values (the drug concentration resulting in a 50% reduction of cell viability) were determined by the
MTT assay. The results represent those from at least 3 independent experiments and are expressed as
means ⫾ standard deviations.
cAs shown, in HFF and ARPE cells, the DMSO-only control demonstrated cellular toxicity. The four CC
50 and
SI values indicated relate to the artemisone concentrations for which the respective concentrations of the
DMSO-only control demonstrated a 50% reduction of cell viability, thus limiting the ability to evaluate the
effect of higher artemisone concentrations. The CC50 and SI of artemisone are therefore indicated to be
greater than the value indicated for these cells.
dHFF, human foreskin ﬁbroblasts; MRC-5, human fetal lung ﬁbroblasts; ARPE, human retinal pigmented
epithelial cells; SI, selectivity index. Artemisone was stored as a 10 mM stock solution in DMSO, and the
respective concentrations of the DMSO-only control were tested in parallel in all assays.

reduction of cell viability (the 50% cytotoxic concentration [CC50]) of ⬎160 M by the
3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2H-tetrazolium bromide (MTT) assay (Table 2),
thus demonstrating a high selectivity index (SI; CC50/EC50) of ⬎240 (Table 2).
HCMV laboratory-adapted strains are known to differ from low-passage-number
clinical strains, with the latter distinctively maintaining a predominant cell-to-cell mode
of spread (as opposed to the cell-free mode of spread characteristic of laboratoryadapted strains) and a broader cellular tropism to epithelial, endothelial, and myeloid
cells, which are characteristics that have been lost by laboratory-adapted strains during
their continuous propagation in ﬁbroblasts (33). We thus evaluated the antiviral activity
of artemisone against clinical HCMV strains. As shown in Fig. 1 and Table 1, artemisone
demonstrated comparable anti-HCMV activity against laboratory-adapted and clinical
HCMV strains.
(ii) Artemisone effectively inhibits HCMV in different cell types. While HCMV
drug susceptibility assays are traditionally performed in HFF, HCMV is known to infect
diverse cell types, exploiting different entry pathways and modes of spread in epithelial/endothelial cells versus ﬁbroblasts (33). Using the HCMV strain TB40/E (known to
infect a wide range of cells [34]), we evaluated the antiviral activity of artemisone in
epithelial (ARPE-19) and lung ﬁbroblast (MRC-5) cells. Artemisone exhibited antiviral
activity in ARPE-19 cells comparable to that in HFF and enhanced antiviral potency in
MRC-5 cells compared to that in HFF (Tables 1 and 2). In ARPE-19 and MRC-5 cells, the
artemisone EC50 was signiﬁcantly lower than the ganciclovir EC50 (P ⫽ 0.003 and P ⫽
0.002, respectively). Furthermore, the artemisone EC50 was consistently ⱖ10-fold lower
than the artesunate EC50 (revealing a ⱖ10-fold superior efﬁcacy) in all the cell types
studied.
Employing a quantitative real-time PCR assay for HCMV DNA, we conﬁrmed the
susceptibility of HCMV to artemisone in the different cell types (EC50s for strain TB40/E,
0.46 ⫾ 0.24 and 0.13 ⫾ 0.03 M in HFF and MRC-5 cells, respectively) and further
showed that artemisone reduced viral DNA accumulation (see Fig. S2A in the supplemental material).
In a quantitative time-lapse assay, pictures of live HCMV (strain TB40/E expressing
IE2 to which enhanced yellow ﬂuorescent protein [EYFP] was fused)-infected MRC-5
cells (untreated or treated with artemisone or ganciclovir) were taken every 3 h for 6
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TABLE 3 Susceptibility of drug-resistant HCMV strains to artemisoneb
EC50 (M)a
HCMV strain
TB40/E
CI SN3
CI TL8

Resistance mutation
None
UL54 F412S
UL97 L595S

Resistance
None
Ganciclovir, cidofovir
Ganciclovir

Artemisone
0.46 ⫾ 0.24
0.40 ⫾ 0.06
0.17 ⫾ 0.04

Ganciclovir
1.62 ⫾ 0.19
16.71 ⫾ 0.08
24.22 ⫾ 0.11

aEC

50s in HFF were determined by a quantitative HCMV DNA assay. The results represent those from at least
3 independent experiments and are expressed as means ⫾ standard deviations.
bCI, clinical isolate; UL54, HCMV DNA polymerase gene; UL97, HCMV UL97 kinase gene.
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days postinfection (dpi), and the EYFP quantity per well was monitored over time
(IncuCyte live cell imaging analysis software). Monitoring of the infected cultures
revealed the accumulation of EYFP during the ﬁrst cycle of infection (up to ⬃72 h
postinfection [hpi]) and during further viral spread in untreated infected cells (Fig. S2B).
While viral protein accumulation was similarly abrogated by high artemisone and
ganciclovir concentrations (10 M; Fig. S2B, left), at lower drug concentrations (1 M;
Fig. S2B, right), artemisone demonstrated an enhanced inhibition of HCMV replication
compared to ganciclovir, in accordance with the EC50 data for MRC-5 cells.
(iii) Artemisone effectively inhibits HCMV in conﬂuent and subconﬂuent HFF.
The anti-HCMV activity of artesunate has been shown to be dependent on the
conﬂuence of HFF (20). We therefore compared viral inhibition by artemisone in
conﬂuent/resting versus subconﬂuent/growing HFF at the time of infection (Fig. S3A).
Artemisone, like ganciclovir, signiﬁcantly inhibited viral replication in both resting and
growing HFF, as revealed by the signiﬁcant reduction of viral mRNA accumulation (Fig.
S3A; P ⬍ 0.05, Mann-Whitney test) and the complete inhibition of the viral yield
(measured in the supernatant of infected cells; data not shown). Moreover, comparison
of the degree of viral inhibition by artemisone (or ganciclovir) between the different
cellular growth states (Fig. S3A) revealed no statistically signiﬁcant differences (P ⫽
0.19, Kruskal-Wallis test).
(iv) Artemisone effectively inhibits drug-resistant HCMV strains. The development of resistance to the currently available HCMV DNA polymerase inhibitors has been
increasingly recognized (2, 5–7). We evaluated the antiviral activity of artemisone
against representative drug-resistant HCMV clinical strains containing UL97 and DNA
polymerase mutations (known to confer resistance to ganciclovir and cross-resistance
to ganciclovir and cidofovir, respectively [6, 35]). By using a quantitative viral DNA
susceptibility assay, we demonstrated that artemisone effectively inhibited drugresistant HCMV strains in HFF (Table 3). This ﬁnding also implies that artemisone inhibits
HCMV via a mechanism of action distinct from that of ganciclovir and other HCMV DNA
polymerase inhibitors.
Reversibility of HCMV inhibition by artemisone. To learn more about the nature
of HCMV inhibition by artemisone, we examined its potential reversibility, using a drug
block-release experiment. HCMV-infected cells were incubated for 96 h with an inhibitory concentration of artemisone (drug block), followed by replacement of the drugcontaining medium by drug-free medium (block release), with subsequent daily titrations of the progeny virus in the supernatants of the block-released cell cultures (Fig.
2). Parallel comparative experiments were performed using ganciclovir (as a reversible viral DNA polymerase inhibitor) and 2-bromo-5,6-dichloro-1-(␤-D-ribofuranosyl)
benzimidazole (BDCRB; an experimental in vitro inhibitor of the HCMV terminase; a kind
gift from John Drach, University of Michigan), which (like letermovir) blocks the HCMV
DNA cleavage-packaging step and has been shown by us to effectively and reversibly
inhibit HCMV replication (36, 37). All three drugs effectively inhibited virus replication.
Following removal of artemisone, progeny virus formation resumed by 24 to 48 h,
further increasing by 96 h postrelease, thus demonstrating that the antiviral block of
artemisone was reversible. The resumption of viral replication following artemisone
release was faster than that in ganciclovir block-released cells (which demonstrated a
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FIG 2 Reversibility of HCMV inhibition by artemisone by use of a drug block-release assay. (A) Schematic
presentation of the experimental outline. HCMV (strain AD169)-infected HFF (MOI, 1) were treated for 96
h with the indicated inhibitor (drug block; 50 M artemisone or ganciclovir or 20 M BDCRB). At 96 h
postinfection, the indicated drugs were removed from the culture medium (block release), and the titers
of progeny virus in the cell culture supernatants, collected at the indicated times after block release, are
shown (B). The results shown are representative of those from at least 3 independent experiments.

relatively slow reversibility, as previously described [36]) and comparable to that in
BDCRB block-released cells. These kinetics could reﬂect either the different viral replication stages blocked by the different inhibitors or potential differences in the duration
of the intracellular drug effect.
Artemisone inhibits an early phase of the HCMV replication cycle. (i) Time-ofaddition studies. To trace the timing of the artemisone effect within the virus
replication cycle, we employed drug addition studies, in which artemisone or ganciclovir was added to HCMV-infected cells at different times postinfection (p.i.) and the
titer of the infectious progeny virus in the cell culture supernatants was determined at
100 hpi. As shown in Fig. 3, artemisone completely inhibited virus production even
when added at 36 hpi, after which the inhibitory effect gradually decreased, a ﬁnding
consistent with inhibition of an early phase of the HCMV replication cycle. In comparison, ganciclovir still exerted an inhibitory effect even when added later, by 48 hpi,
implying that artemisone may target an earlier phase of the virus life cycle than
ganciclovir.
(ii) Effect of artemisone on HCMV gene expression. Following viral entry into the
cell, HCMV gene expression occurs in a cascade mode, with the orderly induction of
immediate early (IE), early, and late viral genes. To delineate which phase of viral gene
expression is inhibited by artemisone, we ﬁrst assessed its effect on transcription of the
main HCMV IE genes, IE1 and IE2. Using quantitative viral mRNA measurements, we
found that artemisone (unlike ganciclovir) inhibited HCMV IE1 and IE2 mRNA at 6 hpi
(Fig. 4A). This early inhibitory effect was dependent on the multiplicity of infection
(MOI) and was detected only at a low MOI of ⬍0.1 (Fig. 4A). In contrast, the inhibition
of a late viral transcript was still shown at a higher MOI (Fig. 4A), and the overall
inhibitory effect of artemisone on viral yield was still maintained at higher MOIs (MOIs
of up to 5 PFU/ml were analyzed; Fig. S3B), suggesting that artemisone targets
additional replication steps subsequent to IE gene expression.
July 2018 Volume 62 Issue 7 e00288-18
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FIG 3 Effect of time of drug addition on HCMV yield. HFF were infected with HCMV strain AD169 (MOI,
1). Artemisone or ganciclovir (50 M) was added at 0, 2, 4, 6, 10, 24, 36, 48, 54, 72, or 96 h postinfection
(hpi). The progeny virus titers in cell culture supernatants collected at 100 hpi are presented as a
percentage of the virus titer in the control untreated infected cells. The results shown are representative
of those from at least 3 independent experiments.

Western blot analysis of representative IE, early, and late viral proteins at different
times postinfection revealed some inhibition of viral IE proteins, with IE1 and mainly IE2
appearing at early times p.i. (36 hpi) and with moderate inhibition of early protein
expression (UL44) and a complete abrogation of late protein expression (pp28) being
seen (Fig. 4B).
The respective concentrations of the dimethyl sulfoxide (DMSO)-only control (0.5%
DMSO as a control for 50 M artemisone) were included as controls for the viral gene
expression and viral yield experiments and did not affect any of the analyzed viral
parameters.
Ex vivo antiviral activity of artemisone in human placental tissues. Having
shown that artemisone is a potent inhibitor of HCMV in vitro, we proceeded to study
its antiviral activity in a clinically relevant ex vivo model of the human placenta. We
employed our model of HCMV infection in human decidual tissues (representing the
maternal aspect of the chimeric human placenta), maintained as multi-cell-type
three-dimensional organ cultures (34, 38). Using ﬂuorescence microscopy and
quantitative viral mRNA analyses, we showed the consistent dose-dependent effect
of artemisone on viral replication in the infected decidual tissues (Fig. 5). Furthermore, the artemisone EC50 was consistently lower than the ganciclovir EC50 (by 2to 10-fold), when tested in parallel, in each of 4 independent comparative experiments performed in 4 tissue samples from different donors (see Fig. 5 for a
representative result). Yet, it should be noted that we observed tissue-to-tissue
variability in the drug EC50s, which, according to our experience (34, 37, 38), is an
inherent and expected feature of integral multi-cell-type human tissues (as opposed to conventional single-cell-type monolayer cell cultures). Overall, the mean
EC50 of artemisone was 1.17 ⫾ 1.71 M (median, 0.5 M), with no apparent tissue
toxicity (CC50 ⬎ 200 M, SI ⬎ 170), whereas the mean ganciclovir EC50 was 5.5 ⫾
3.78 M (median, 5.9 M) (P ⫽ 0.04, Mann-Whitney test). These ﬁndings corroborate the anti-HCMV activity of artemisone and demonstrate its potency in the
authentic milieu of the human placenta. In view of the observed tissue-to-tissue
variability, the results do not allow a deﬁnite conclusion regarding the activity of
artemisone relative to that of ganciclovir in placental tissues.
DISCUSSION
The expanding target populations for HCMV antiviral treatment along with the
limitations of current anti-HCMV drugs underscore the need for new antiviral agents
July 2018 Volume 62 Issue 7 e00288-18
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FIG 4 Effect of artemisone on HCMV gene expression. HFF were infected with HCMV strain TB40/E and
treated with artemisone or ganciclovir (50 M). (A) Cells were infected at the indicated MOIs, and the
mRNA levels of the HCMV IE1 and IE2 genes (at 6 hpi) and the late (R160461) transcript (at 72 hpi) were
analyzed by quantitative RT-PCR and normalized by the mRNA level of the housekeeping gene ␤-actin.
The results are shown as a percentage of the level of normalized HCMV mRNA present in control
untreated (no drug) infected cells. Signiﬁcant changes (P ⬍ 0.05) of viral mRNA levels in artemisone- or
ganciclovir-treated cells versus control untreated cells are indicated by an asterisk. (B) Expression of
HCMV immediate early (IE2/p86 and IE1/p72), early (UL44/pp52), and late (UL99/pp28) proteins at the
indicated times postinfection (MOI, 0.1) was detected by Western blotting. Cellular GAPDH was used as
a loading control. Lane M, mock-infected cells.

with different mechanisms of action. The antimalarial artemisinin derivative artesunate
was shown to inhibit HCMV in vitro yet has demonstrated limited antiviral efﬁcacy in
vivo (11, 14, 17, 21–24), prompting our search for more potent anti-HCMV artemisinin
derivatives. Here we show that the innovative artemisinin derivative artemisone is a
highly potent and noncytotoxic inhibitor of HCMV.
Artemisone exhibited an antiviral efﬁcacy comparable to that of ganciclovir in HFF
with a favorable SI, broadly inhibiting both laboratory-adapted cell-free viral strains and
cell-associated low-passage-number clinical isolates recovered from congenitally infected infants (Fig. 1; Tables 1 and 2). Moreover, expanding our analysis to include
additional cell types, such as epithelial cells, representing an important cell target of
HCMV in vivo (33), we showed that artemisone exhibited an enhanced potency (compared to that of ganciclovir) in epithelial cells and lung ﬁbroblasts (Tables 1 and 2; see
also Fig. S2 in the supplemental material). The augmented effect of artemisone in
speciﬁc cell types (which was also observed for artesunate; Table 1) is reminiscent of the
variable degree of inhibition reported for maribavir in different cells (39) and suggests
host cell-dependent effects. It remains unknown whether the enhanced activity of
artemisone in speciﬁc cell types will affect its antiviral activity in vivo.
Signiﬁcantly, the antiviral efﬁcacy of artemisone was consistently ⱖ10-fold superior
to that of artesunate in all cells studied. When comparing artemisone to artesunate, one
July 2018 Volume 62 Issue 7 e00288-18
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FIG 5 Effect of artemisone and ganciclovir on HCMV replication in human decidual tissues. Decidual organ tissue cultures
were infected with HCMV strain TB40/E expressing UL83 to which GFP was fused and treated with the indicated drug
concentrations. (A) Images of infected live tissues viewed by inverted ﬂuorescence microscopy at 7 dpi. (B) Quantitative
measurements of viral mRNA in infected drug-treated decidual tissues at 7 dpi. Viral late mRNA levels were analyzed by
quantitative RT-PCR and normalized by the mRNA levels of the housekeeping gene ␤-actin. The data shown are
representative of those from 4 independent experiments, each tested in 5 replicates.

should bear in mind that considerable variations of artesunate antiviral efﬁcacy have
been observed between different laboratories, with reported EC50s ranging from ⬃1 to
⬃20 M (11–14, 16, 26, 28). This variability may reﬂect the methodological differences
between the various studies, i.e., the use of different antiviral assays, different timings
of drug addition, and different host cell types and cell culture conditions. It also may
reﬂect the intrinsic stability of artesunate and evident sensitivity to decomposition in
vivo (25). It is thus important to note that all our comparative drug susceptibility assays
demonstrating the superiority of artemisone over artesunate were performed in parallel
under the same experimental conditions.
Our ﬁnding that artemisone effectively inhibited drug-resistant HCMV strains containing UL97 and DNA polymerase mutations is in accordance with the reported
inhibition of drug-resistant HCMV strains by artesunate (11, 13, 14) and reveals the
potential for a future treatment option for drug-resistant HCMV. This ﬁnding also
argues for a mechanism of action different from that of ganciclovir and other viral DNA
polymerase inhibitors. The mechanism of action of artemisone is currently unknown.
The results of the drug block-release assay, together with those of the kinetic time-ofdrug-addition studies and viral gene expression analysis, indicate that artemisone is a
reversible viral inhibitor whose presence and activity are required during an early phase
of the HCMV replication cycle, leading to the effective inhibition of viral early late
protein expression and viral yield (Fig. 2 to 4 and S3B). Artemisone appeared to target
an earlier viral replication stage than ganciclovir, as revealed by the earlier time of
artemisone addition needed in order to inhibit infection and the (MOI-dependent)
inhibition of viral IE gene expression, particularly by artemisone.
It is tempting to speculate that artemisone may exert its antiviral activity via a
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mechanism(s) common to other artemisinin derivatives with anti-HCMV activity. While
the speciﬁc target(s) mediating their antiviral activity is yet incompletely resolved, it is
believed that artesunate and artesunate dimers inhibit HCMV by targeting virussupportive cellular functions and cell cycle-related pathways (13, 14, 21, 22). Speciﬁcally, artesunate has been shown to inhibit the virus-induced activation of the cellular
transcription factors NF-B and Sp1, as well as the cellular signaling kinase phosphoinositide 3-kinase, thereby inhibiting their mediated activation of the HCMV major IE
promoter and IE gene expression (13, 14). Artesunate has been further shown to
interfere with NF-B intracellular translocation and to covalently bind NF-B subunit
RelA/p65 (19). Additionally, artesunate and the artesunate dimer have been reported to
exert their antiviral activity through cell cycle modulation, which is correlated with
reduced levels of cyclin-dependent kinases and hypophosphorylation of the retinoblastoma protein (20).
Experiments under way in our laboratory at the Hadassah Hebrew University
Medical Center are aimed at identiﬁcation of the molecular target(s) of artemisone.
From a clinical standpoint and in view of results previously reported for artesunate (11,
12, 17, 28), it will be of interest to examine the potential synergistic effect of artemisone
in combination with current anti-HCMV agents. It will also be important to establish the
range of antiviral activities of artemisone; preliminary data suggest that the activity of
artemisone is speciﬁc to HCMV and the closely related rhesus macaque CMV, with no
consistent activity against murine CMV or herpes simplex virus 1 being found (data not
shown). However, in view of the broad spectrum of activities reported for artesunate
(14, 16), assessment of the antiviral activity of artemisone will be expanded to include
other clinically important viruses.
The species speciﬁcity of HCMV (infecting only humans) and the differences between the various animal CMVs make it difﬁcult to assess reliably the potential efﬁcacy
of anti-HCMV drugs in preclinical studies, although the SCID mouse HCMV infection
model could be an option to test their efﬁcacy. Importantly, by employing a clinically
relevant model of HCMV infection in native human decidual tissues maintained as
multi-cell-type organ cultures, we showed that artemisone most effectively inhibited
HCMV replication ex vivo, despite an expected degree of tissue-to-tissue variability (Fig.
5). In previous studies, we have shown that the decidual infection model closely
recapitulates authentic HCMV infection, mirroring both the natural diversity of HCMVinfected target cells and the characteristic cell-to-cell mode of HCMV spread observed
in vivo (34). The antiviral potency of artemisone in the decidual tissue therefore implies
potential efﬁcacy in the clinical setting of tissue-invasive HCMV infection.
In summary, we have shown that artemisone, targeting an early step of the virus
replication cycle, effectively inhibits a range of HCMV strains, including clinical isolates
and drug-resistant strains, and has antiviral efﬁcacy substantially superior to that of
artesunate. Moreover, artemisone exhibits an antiviral potency comparable to or superior to that of ganciclovir in different cell types and in a clinically relevant model of
the human placenta. Our ﬁndings indicate the considerable potential for the clinical use
of artemisone as a new inhibitor against HCMV.
MATERIALS AND METHODS
Cells, viruses, and antiviral/virus-inhibitory compounds. HFF were used for HCMV propagation.
The HCMV strains used were AD169 (obtained from the American Type Culture Collection [ATCC]), the
TB40/E-BAC4 strain (generously provided by C. Sinzger, Germany), and TB40/E strains expressing UL83 to
which green ﬂuorescent protein (GFP) was fused (strain RV1305) or IE2 to which EYFP was fused (strain
RV1164) (generously provided by M. Winkler, Germany) (34). These viral strains were maintained as
cell-free viral stocks. In addition, we used the low-passage-number clinical isolates (CI) CI 704, CI 943, and
CI 893, recovered at the Hadassah Clinical Virology Laboratory from the urine of congenitally infected
newborns and propagated for 3 to 5 passages as cell-associated virus, and drug-resistant clinical strains
SN3 and TL8 (generously provided by N. Lurain, USA). For determination of the viral titer, infected cell
supernatants were collected, centrifuged to remove cellular debris, and stored at ⫺80°C until assayed by
a standard plaque assay on HFF.
ARPE-19 (human retinal pigmented epithelial) cells and MRC-5 cells (human fetal lung ﬁbroblasts)
were obtained from ATCC and maintained according to ATCC instructions.
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Artemisone was synthesized as described previously (29) and stored as a 10 mM stock solution in
DMSO. Artesunate and ganciclovir (Sigma) were stored as 10 mM stock solutions in DMSO and H2O,
respectively. The compounds were added to the infected cells after 2 h of viral adsorption, unless
otherwise speciﬁed. Drug dilutions were made in the appropriate culture medium used for the cells/
tissues analyzed.
Antiviral drug susceptibility assays. (i) PR assay. In vitro sensitivity phenotypes were determined
by the PR assay as previously described (35). Brieﬂy, cell-free virus (or virus-infected cells, in the case of
cell-associated clinical isolates) was inoculated onto newly conﬂuent cell monolayers in 24-well culture
plates to yield 20 to 30 plaques/well, and the cell monolayers were cultured in the presence of a 0.3%
low-melting-point (LMP) agarose overlay under a range of drug concentrations with a no-drug control.
The drug concentration required to reduce the plaque number by 50% (EC50) was determined by curve
ﬁtting. The reference antiviral drug ganciclovir was included for comparison in each assay.
(ii) Quantitative viral DNA/mRNA assays. Quantitative viral DNA or mRNA measurements were
employed in speciﬁed experiments in cell culture and in all the drug susceptibility experiments in organ
tissue cultures (see below). The EC50 was deﬁned as the drug concentration required to reduce the viral
DNA or viral late gene mRNA copy number (measured as described in “DNA and RNA puriﬁcation and
quantiﬁcation” below) by 50%.
Cytotoxicity assay. Assessment of drug cytotoxicity was performed in parallel to the susceptibility
assays under equivalent cell culture conditions and incubation times (7 to 10 days). Cells were monitored
microscopically, and cells or decidual tissue viability was monitored by the mitochondrial dehydrogenase
enzyme (MTT) assay as previously described (34). The assays were performed at least three times in
quadruplicate, employing serial 2-fold drug dilutions. CC50 values (the drug concentration resulting in a
50% reduction of cell viability) were used to calculate the selectivity index (SI; CC50/EC50) for individual
drugs.
Determination of antiviral drug susceptibility in decidual organ cultures. Decidual organ tissue
cultures were prepared and infected as previously described (34) under approval by the Hadassah
Medical Center Institutional Review Board (0138-08-HMO). For infection of the organ tissue cultures,
decidual tissues were placed in 48-well plates and inoculated with the virus (5 ⫻ 104 PFU/well) for 12 h
to allow effective viral adsorption. The tissues were further monitored for viral infection and spread for
7 days as described previously (34). For determination of the drug EC50s in the tissues, artemisone or
ganciclovir in parallel to a no-drug control was added to the infected decidual tissues during viral
adsorption and replaced (together with medium replacement) during further incubation. The tissues
were then subjected to RNA puriﬁcation and quantiﬁcation as described below. All comparative
experiments were performed in parallel on tissues from the same donor.
DNA and RNA puriﬁcation and quantiﬁcation. Cell and organ tissue cultures were washed and
stored at ⫺80°C until assayed. RNA and DNA were extracted using a NucleoSpin RNA isolation kit and
a NucleoSpin tissue kit, respectively (Macherey-Nagel). The puriﬁed DNA samples were subjected to a
quantitative real-time PCR, using primers and probes derived from HCMV glycoprotein B (gB), as
previously described (34). The puriﬁed RNA samples were subjected to reverse transcription (RT) using
a GoScript RT system (Promega), followed by quantitative real-time PCR of the IE1, IE2, and late HCMV
R160461 spliced mRNA as previously described (40). The viral DNA copy number was normalized by the
copy number of the cellular single-copy gene RNase P (TaqMan RNase P kit; Applied Biosystems). The
viral mRNA copy number was normalized by the copy number of the cellular housekeeping gene ␤-actin
(37).
Protein puriﬁcation and Western blotting. Cells were lysed using radioimmunoprecipitation assay
buffer containing 1% protease inhibitors (Sigma). Lysates were separated using SDS-polyacrylamide gel
electrophoresis and transferred to a nitrocellulose membrane. The following antibodies were used at the
manufacturers’ recommended concentrations for protein detection: anti-IE1, anti-IE2, anti-UL44 (pp52),
and anti-UL99 (pp28) (Virusys Corporation) and anti-GAPDH (anti-glyceraldehyde-3-phosphate dehydrogenase; Santa Cruz). Horseradish peroxidase-conjugated secondary antibodies (Promega) were used for
detection.
Time-lapse studies of viral spread. MRC-5 cells infected with HCMV strain TB40/E expressing IE2 to
which EYFP was fused (either drug treated or untreated in an LMP agarose overlay) were incubated in
24-well plates in an IncuCyte live cell analysis system (Essen BioScience) for 6 dpi, and pictures were
acquired every 3 h. IncuCyte live cell imaging analysis software, which captures 96 images simultaneously
from each well, was used to calculate the EYFP quantity per well.
Statistical analysis. All data (mean ⫾ standard deviation) were analyzed using unpaired, two-tailed
t tests for comparisons between two groups, unless otherwise speciﬁed; P values of ⬍0.05 were
considered signiﬁcant. The nonparametric Mann-Whitney test was used when indicated for comparisons
of small groups demonstrating higher variability. The nonparametric Kruskal-Wallis test was used for
comparison of drug inhibition in the three different cell conﬂuences.

SUPPLEMENTAL MATERIAL
Supplemental material for this article may be found at https://doi.org/10.1128/AAC
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