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We identified a 6-aminoquinolone compound, WC5, that inhibits human cytomegalovirus (HCMV) replica-
tion with a selectivity index of �500. WC5 also showed activity against drug-resistant HCMV strains. In
contrast, it did not significantly affect the replication of human herpesvirus 6 and 8 and was �10-fold less
active against murine cytomegalovirus. Thus, WC5 may represent a lead for the development of new, potent,
and selective anti-HCMV compounds.

Human cytomegalovirus (HCMV) infects between 60 and
90% of the world’s population, depending on socioeconomic
class and geographic location (10). It is a serious, life-threat-
ening, opportunistic pathogen in immunocompromised in-
dividuals, such as AIDS patients and organ transplant re-
cipients, who are at great risk of developing severe diseases
such as pneumonia, gastrointestinal disease, and retinitis
(6); in addition, intrauterine HCMV infection is the leading
cause of congenital malformation in newborn children (10).
In spite of the biomedical importance of HCMV infection
for at-risk populations, we have yet to develop adequate
antiviral strategies. Indeed, although there are a few anti-
HCMV agents, including ganciclovir (GCV), foscarnet
(phosphonoformic acid [PFA]), and cidofovir (CDV), they
are all limited by toxicity, viral resistance, and pharmacoki-
netic drawbacks (5). Thus, there is still a considerable need
for new anti-HCMV drugs.

Quinolones, whose main structural feature is a 1,4-dihydro-
4-oxo-pyridinyl moiety bearing an essential carboxyl group at
the C-3 position, were first reported as an important class of
broad-spectrum antibacterials able to inhibit prokaryotic type
II topoisomerases (1). Later, several quinolone derivatives
were shown to possess antiviral activity (12); in particular,
properly functionalized 6-fluoroquinolones (2, 3, 7) as well as
6-aminoquinolones (6-AQs) (4, 18), which are characterized by
an amino group at the C-6 position of the bicyclic quinolone
ring system, were shown to inhibit human immunodeficiency
virus (HIV) replication. Among the 6-AQs, we previously iden-
tified WM5 (Fig. 1), which bears a methyl group at the N-1
position and a 4-(2-pyridyl)-1-piperazine moiety at the C-7

position, with potent anti-HIV activity in both acutely and
chronically infected cells (4, 9, 18). Successively, other 6-AQs,
of which one of the most potent was WC13 (Fig. 1), were
shown to possess broad-spectrum antiviral properties, being
able to inhibit HCMV in addition to HIV replication (14). We
thus wished to investigate whether WM5 might also exhibit
anti-HCMV activity.

The effect of WM5 on the replication of HCMV AD169
(purchased from the American Type Culture Collection
[ATCC], Manassas, VA) in human foreskin fibroblast (HFF)
cells was evaluated after a 10-day incubation by plaque reduc-
tion assays as described previously (8) and compared to that of
two 6-AQ derivatives with similar structures, WT5 and WC5
(Fig. 1), which maintain the same 4-arylpiperazine substituent
of WM5 at the C-7 position but bear a tert-butyl and a cyclo-
propyl, respectively, instead of a methyl group at the N-1 po-
sition (4). WM5 activity was also compared to that of WC13,
one of the formerly reported 6-AQ derivatives with broad-
spectrum antiviral properties (14), in which the C-7 pyridi-
nylpiperazine substituent was modified by replacing the pyri-
dine ring at the N-4 piperazine core with a benzothiazole group
(18). In parallel, we tested the cytotoxicity of all compounds in
HFF cells after 5 days by 3-(4,5-dimethylthiazol-2-yl)-2,5-di-
phenyl tetrazolium bromide (MTT; Sigma) assays as described
previously (8). GCV (purchased from Sigma) was included as
a control in all experiments. Both WM5 and WC5 inhibited
HCMV replication by 50% (50% effective concentration
[EC50]) at submicromolar concentrations (EC50s were 0.7 �M
and 0.9 �M, respectively), while WT5 did not exhibit signifi-
cant activity (EC50 was 36.7 �M) (Table 1). The 50% cytotoxic
concentration (CC50) of WM5 and WC5 in HFF cells was 54
�M and 431 �M, respectively, resulting in a selectivity index
(SI � CC50/EC50) of 77 and 479, respectively (Table 1). As
previously reported (14), WC13 showed activity against
HCMV at a concentration that was �200-fold lower than the
cytotoxic concentration (Table 1). As well as for the CC50

values determined by MTT assays, the 50% cytostatic concen-
tration and the minimal cytotoxic concentration of WC5 (�50
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�M and �100 �M, respectively), determined as described in
reference 14, compared favorably with those previously re-
ported for WC13 (0.018 �M and �4 �M, respectively) (14).
Thus, WC5 and WC13 appeared to be the most promising
compounds among those tested, exhibiting an SI value similar
to or higher than that of GCV. Remarkably, our data also
demonstrate that as previously reported (13, 18), structural
modifications at both the N-1 and C-7 position of the 6-AQ
scaffold have a dramatic effect on the potency and selectivity of
these agents, as they appear to modulate both their cytotoxicity
and antiviral activity.

Previously, WC13 has been shown to inhibit gene expression
mediated from different promoters, namely the HIV-1 long
terminal repeat (LTR), HCMV immediate early (IE), and
human elongation factor 1 alpha (EF-1�) gene promoters, in
green fluorescent protein (GFP) transactivation experiments
(14). To investigate whether the anti-HCMV activity of WC5
could also be ascribed to a transactivation-interfering process,
we analyzed the effect of WC5 on GFP expression mediated
from different viral and cellular promoters. 293T cells were

transfected with pcDNA3.1-based plasmids containing the
GFP reporter gene under the control of the HCMV IE
(pcDNA3.1-GFP), HIV-1 LTR (pcDNA3.1-LTR-GFP), hu-
man EF-1� (pcDNA3.1-EF-1�-GFP), or human glyceralde-
hyde-3-phosphate-dehydrogenase (GAPDH) gene (pcDNA3.1-
GAPDH-GFP) promoter and treated for 48 h with either 0.2%
dimethyl sulfoxide (DMSO) as a control or 50 �M WC5 or 0.5
�M WC13. Such compound concentrations were selected be-
cause they are not cytotoxic but are able to completely inhibit
HCMV replication in HFF cells. GFP expression was analyzed
by flow cytometry (FACSCalibur 3CA; Becton Dickinson). As
previously reported (14), WC13 caused a decrease in GFP
expression driven from all four promoters compared to the
DMSO-treated control cells (Fig. 2). In contrast, WC5 did not
inhibit GFP expression from any of the tested promoters, since
GFP expression levels were comparable to those of control
cells (Fig. 2). Similar results were obtained in cells cotrans-
fected with an HIV-1 Tat-expressing plasmid (data not shown).
Thus, WC5 seems to not possess broad-spectrum transactiva-
tion-interfering properties such as those of WC13, at least in
uninfected cells.

To further evaluate the therapeutic potential and selec-
tivity of WC5, we tested its effects on the replication of other
herpesviruses, i.e., human herpesvirus 6 (HHV-6) and 8
(HHV-8) and murine cytomegalovirus (MCMV). A previous
study already showed that WC5 is not significantly active
against herpes simplex virus (4). The antiviral activity of
WC5 against the A and B variants of HHV-6 (kindly pro-
vided by L. Naesens, Rega Institute for Medical Research,
Leuven, Belgium) was determined in HSB-2 and MOLT-3
cells, respectively, by both microscopic estimation of the
cytopathic effect (data not shown) and quantification of viral
DNA replication at 12 days postinfection (Table 2) by quan-
titative real-time PCR (qPCR) as described previously (19).

FIG. 1. Chemical structures of the 6-AQ derivatives considered
in this study. Compounds were synthesized as previously described
(4, 18). WM5, WT5, and WC5 correspond to compounds 12a, 7a,
and 8a, respectively, reported in reference 4, while WC13 is com-
pound 28d reported in reference 18. Me, methyl; t-Bu, tert-butyl;
c-Pr, cyclopropyl.

TABLE 1. Antiviral activity against HCMV and cytotoxicity of
6-AQ compounds

Compound EC50 (�M)a CC50 (�M)b SIc

WM5 0.7 � 0.2 54 � 15 77
WT5 36.7 � 15.2 �475 �13
WC5 0.9 � 0.2 431 � 61 479
WC13 0.02 � 0.05 4.5 � 3.9 225
GCV 1.9 � 0.2 550 � 75 289

a EC50 was determined by plaque reduction assays against HCMV AD169 in
HFF cells. Reported values represent the means � standard deviations (SD) of
data derived from at least three independent experiments performed in dupli-
cate.

b CC50 was determined by MTT assays in HFF cells. Reported values repre-
sent the means � SD of data derived from at least three independent experi-
ments performed in quadruplicate.

c SI was determined as the ratio between CC50 and EC50.

FIG. 2. Effect of WC5 and WC13 on transactivation of a reporter
gene transcribed from viral and cellular promoters. 293T cells were
transfected with plasmids bearing the GFP reporter gene under the
control of HCMV IE (pcDNA3.1-GFP), HIV-1 LTR (pcDNA3.1-
LTR-GFP), human EF-1� gene (pcDNA3.1-EF1�-GFP) or human
GAPDH gene (pcDNA3.1-GAPDH-GFP) promoter, or pcDNA3.1 as
a control. Cells were then incubated for 48 h with 50 �M WC5 (gray
bars), 0.5 �M WC13 (black bars), or 0.2% DMSO as a control (white
bars). Quantification of GFP expression was performed by flow cytom-
etry. The data shown represent the means � standard deviations (error
bars) of three independent experiments. The asterisks denote a statis-
tically significant difference (P � 0.05) between the values relative to
the compound-treated samples and the values relative to the respective
DMSO-treated sample.
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Overall, the EC50s obtained by the cytopathic effect and
qPCR assay were very similar. The ability of WC5 to inhibit
the lytic replication of HHV-8 upon induction with 12-O-
tetradecanoylphorbol-13-acetate (Sigma) in latently in-
fected BC-3 cells (from ATCC) was evaluated by quantifi-
cation of viral DNA at 7 days postinfection by qPCR as
described previously (20). Finally, WC5 activity against
MCMV (strain Smith, kindly provided by D. Lembo, Uni-
versity of Turin, Italy) in NIH 3T3 cells was assayed by
plaque reduction assays. The cytotoxicity of WC5 in all cell
lines was assessed by MTT assays. The antiherpetic drugs
PFA (from Sigma), GCV, and CDV (from Pfizer) were used
as reference compounds. As shown in Table 2, the EC50s
obtained for WC5 against both HHV-6 variants were in the
same range (EC50s were 5.1 �M for HHV-6A and 3.3 �M
for HHV-6B). The CC50s in HSB-2 and MOLT-3 cells were
32 �M and 24 �M, respectively, resulting in very low SI
values. Thus, it is very likely that the effects of WC5 ob-
served in antiviral assays are due to cytotoxicity rather than
to specific antiviral activity, and hence, WC5 has little or no
activity against HHV-6. Similar results were obtained with
HHV-8 (Table 2). Moreover, WC5 was �10-fold less active
against MCMV than against HCMV (an EC50 of 10.8 versus
0.9 �M). Thus, among the tested herpesviruses, the 6-AQ
derivative WC5 exhibits the highest activity against HCMV.

In the next series of experiments, plaque reduction assays

were used to test the activity of WC5 both against a non-
AD169 HCMV laboratory strain (Towne, purchased from
ATCC) and against three clinical HCMV isolates (recov-
ered from a pregnant woman, a patient with AIDS, and a
lung transplant recipient). As well as with HCMV AD169,
the EC50s obtained with WC5 compared favorably to those
observed for GCV (EC50s were 2.1 �M for WC5 and 3.7 �M
for GCV against the Towne strain; EC50s were 1.8 to 2.7 �M
for WC5 and 1.7 to 4.5 �M for GCV against field isolates).
In addition, we tested WC5 activity against a panel of vi-
ruses (all obtained from the NIH AIDS Research and Ref-
erence Reagent Program, Rockville, MD) with drug resis-
tance mutations. WC5 retained its activity against HCMV
strains resistant to GCV, CDV, PFA, and acyclovir (Table
3), suggesting that its mechanism of action most likely dif-
fers from that of those HCMV DNA polymerase inhibitors.
Given the ability of quinolones to interact with nucleic acids
isolated or complexed to proteins (1, 9, 11), a similar mech-
anism of action on nucleic acid-protein complexes may also
be relevant for WC5 antiviral activity. Studies to elucidate
the mechanism of action of WC5 will be necessary to test
this hypothesis.

In conclusion, the data presented here show that the 6-AQ
derivative WC5 is a potent and specific inhibitor of HCMV,
and thus, it may represent a promising lead for the develop-
ment of a new class of effective anti-HCMV drugs.

TABLE 2. Antiviral activity of WC5 against other herpesviruses

Virus (strain) Cell line
Controla WC5

EC50 (�M)b CC50 (�M)c SId EC50 (�M)b CC50 (�M)c SId

HHV-6A (GS) HSB-2 6.6 � 3.0 800 � 150 121 5.1 � 1.6 32 � 6 6
HHV-6B (Z29) MOLT-3 4.3 � 2.5 1,100 � 150 256 3.3 � 1.8 24 � 8 7
HHV-8 BC-3 6.5 � 1.2 256 � 100 39 14.2 � 7.3 47 � 13 3
MCMV (Smith) NIH 3T3 0.4 � 0.1 250 � 10 625 10.8 � 5.5 275 � 25 25

a For HHV-6A and HHV-6B, PFA was used; for HHV-8, GCV was used; and for MCMV, CDV was used.
b EC50 was determined by quantification of viral DNA production by qPCR for HHV-6A, HHV-6B, and HHV-8 and by plaque reduction assays for MCMV.

Reported values represent the means � standard deviations (SD) of data derived from at least three independent experiments performed in duplicate.
c CC50 was determined by MTT assays. Reported values represent the means � SD of data derived from at least three independent experiments performed in

quadruplicate.
d SI was determined as the ratio between CC50 and EC50.

TABLE 3. Antiviral activity of WC5 against drug-resistant HCMV strains

HCMV strain Site of mutation
Amino acid (aa)

substitution
or deletion

Resistance Anti-HCMV
agent

EC50 (�M)a

Control WC5

AD169 None None None GCV 1.9 � 0.2 0.9 � 0.2
None None None PFA 38.0 � 3.5 0.9 � 0.2

759rD100b UL97 kinase,
DNA polymerase

4-aa deletion (638–641),
A987G

GCV GCV 11.5 � 2.0 0.9 � 0.1

PFArD100c DNA polymerase Not determined PFA, acyclovir PFA 300 � 25 1.1 � 0.1

GDGrK17d UL97 kinase 4-aa deletion (638–641) GCV GCV 15.3 � 1.0 1.5 � 0.5

GDGrP53b DNA polymerase A987G CDV, GCV GCV 11.5 � 2.5 1.0 � 0.1

a EC50 was determined by plaque reduction assays with different HCMV strains in HFF cells. Reported values represent the means � standard deviations derived
from at least two independent experiments.

b Described in reference 15.
c Described in reference 16.
d Described in reference 17.
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