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a b s t r a c t

Smallpox was declared eradicated in 1980. However recently, the need of agents effective against poxvirus
infection has emerged again. In this paper, we report an original finding that two redox-modulating agents,
the ethacrynic and �-lipoic acids (EA, LA), inhibit growth of vaccinia virus (VACV) in vitro. The effect of EA
and LA was compared with those of �-mercaptoethanol, DTT and ascorbic acid, but these agents increased
VACV growth in HeLa G cells. The inhibitory effects of EA and LA on the growth of VACV were further
confirmed in several cell lines of different embryonic origin, in epithelial cells, fibroblasts, macrophages
and T-lymphocytes.

Finally, we have analyzed the mechanism of action of the two agents. They both decreased expression
of VACV late genes, as demonstrated by western blot analysis and activity of luciferase expressed under
Inhibitor
Vaccinia late gene expression

control of different VACV promoters. In contrast, they did not inhibit virus entry into the cell, expression
of VACV early genes or VACV DNA synthesis.
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The results suggest new

. Introduction

Vaccinia viruses (VACVs) of various strains have been used in
he past for a wide-spread vaccination against smallpox, leading
o eradication of this life-threatening disease. In 1980, the World
ealth Organization Smallpox Eradication Program declared the
isease as eradicated (WHO, 1980) and vaccination of the gen-
ral population has been stopped. Along with the rising concerns
bout the smallpox misuse in a bioterrorist attack, certain countries
ave been re-introducing vaccination programs among selected
roups of population and re-considering a vaccination of the gen-
ral population. However, the old vaccines that are available (New
ork City Board of Health strain of vaccinia virus – Dryvax; Wyeth
aboratories), and probably also the new vaccines based on the
ame virus strain but prepared in tissue culture (e.g. ACAM2000;
cambis) reveal a substantial risk of post-vaccination complications

Artenstein, 2008). The most severe complications described dur-
ng the eradication campaign include progressive vaccinia (vaccinia
ecrosum), post-vaccination encephalitis, and eczema vaccinatum
Aragon et al., 2003). A new complication, myopericarditis, was

escribed based on the recent vaccination of the military person-
el with the old Dryvax vaccine by the US Department of Defense
Arness et al., 2004), but it has also occurred during a trial with the
ew, tissue culture-based vaccine ACAM2000 (Artenstein, 2008).
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ctions in development of drugs effective against poxvirus infection.
© 2008 Elsevier B.V. All rights reserved.

In addition to the need of an efficient therapy of vaccinia virus-
related post-vaccination complications or variola infection, there is
a risk of the infection of humans with monkeypox virus. This virus
is endemic in Africa, but 72 cases were also reported in the United
States in 2003 (Ligon, 2004; Reed et al., 2004).

Current therapeutic possibilities of poxvirus infections are
rather limited. Vaccinia immune globulin or VIG, has been used for
a passive immunization, providing immediate, 2–3 weeks lasting
protection against infection, as well as for treatment of post-
vaccination complications. However, its effectiveness has never
been assessed in properly controlled trials (Bray and Wright,
2003). The only drug currently allowed for use by the US Food
and Drug Administration (FDA) for treatment of certain reac-
tions to the smallpox vaccine is cidofovir (CDV), a nucleoside
analogue originally approved for treatment of CMV infections
in immunocompromised individuals (De Clercq, 2007; De Clercq
and Holý, 2005). A disadvantage of this compound is its intra-
venous administration and nephrotoxicity (Safrin et al., 1997). An
ether–lipid analogue of CDV, CMX001, reveals a good oral bioavail-
ability and a low toxicity with similar antipoxvirus efficiency
as CDV (Parker et al., 2008). This compound is currently eval-
uated in clinical trials (http://www.chimerix-inc.com/pdfs news/
Chimerix%20Initiates%20CMX001%20%20Multi-dose.pdf). Another
drug, ST-246, inhibits a late step in VACV morphogenesis and its

egress from the cell (Yang et al., 2005). It has been also evaluated
in clinical trials (http://www.siga.com/?ID=65). This experimental
drug was permitted for use in a single case of eczema vaccina-
tum together with VIG and cidofovir (Kaiser, 2007). Additionally,
thiosemicarbazone derivatives had been used in the past for anti-

http://www.sciencedirect.com/science/journal/01663542
http://www.elsevier.com/locate/antiviral
mailto:zmelk@lf1.cuni.cz
http://www.chimerix-inc.com/pdfs_news/Chimerix%2520Initiates%2520CMX001%2520%2520Multi-dose.pdf
http://www.chimerix-inc.com/pdfs_news/Chimerix%2520Initiates%2520CMX001%2520%2520Multi-dose.pdf
http://www.siga.com/%3FID=65
dx.doi.org/10.1016/j.antiviral.2008.11.001
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stained with 1% crystal violet in PBS with addition of 2% ethanol.
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oxvirus prophylaxis as well as treatment, but the effectiveness
f individual derivatives was never properly assessed in placebo-
ontrolled human trials (Pirrung et al., 2005; Smee and Sidwell,
003). A recent study in mice, however, suggested that neither

satin-�-thiocarbazone (IBT) nor its derivative marboran may be
seful in therapy of poxvirus infections. They effectively reduced
he mortality of mice infected systemically only with VACV but not
ith cowpox virus, while they did not reduce replication of either

irus or clinical illness in mice infected cutaneously (Quenelle et
l., 2006).

In this paper, we report a new finding that ethacrynic and �-
ipoic acids inhibit growth of vaccinia virus in vitro. Ethacrynic acid
EA) is a well known clinically used thiol-reactive diuretic agent
nd a Na+/K+/Cl− co-transport system inhibitor (available under
arious trade names, e.g., Edecrin, Edecril, Reomax; (Griffiths and
immons, 1987; Koechel and Rankin, 1978). It has been also used
o decrease the intraocular pressure in glaucoma (Melamed et al.,
992). Finally, it is known to inhibit glutathione-S-transferase (Pi-
lass; GST), and thus to deplete both cytosolic and mitochondrial
tores of GSH, serving as an experimental pro-oxidant (Meredith
nd Reed, 1982). The inhibition of GST by EA has been clinically
mployed to potentiate the effects of anti-cancer drugs by decreas-
ng their conjugation and elimination from the organism (Gate
nd Tew, 2001). �-Lipoic acid (LA) is a thiol-containing, redox-
ycling agent. As the lipoamide, it serves as a cofactor of pyruvate
ehydrogenase and other multienzyme complexes that catalyze
he oxidative decarboxylation of �-keto acids. Additionally, it acts
s an antioxidant involved in free radical quenching, antioxidant
ecycling, and metal chelation. It has been shown to be effective
n various experimental and clinical studies focused on therapy
f Alzheimer’s and other neurodegenerative diseases, diabetes,
yocardial and cerebral ischemia-reperfusion injury (Hager et al.,

007; Holmquist et al., 2007; Packer et al., 1995). LA has been
sed as a food additive (available under various trade names, e.g.
lpha Lipoic Acid, Heparlipon, Thioctsan) and it has been also pro-
osed to ameliorate the HIV-induced redox-stress in the organism
Jariwalla et al., 2008).

Here we describe that both EA and LA inhibit growth of vac-
inia virus in vitro in several cell types in a dose-dependent
anner. In contrast, other redox-modulating agents such as �-
ercaptoethanol, DTT or ascorbic acid did not reveal any inhibitory

ffects at similar concentrations; on the contrary, they promoted
ACV growth. The effective concentrations of EA were found in the

ow micromolar range, while those of LA in the high micromolar
ange. The mechanism of action seems to be, however, similar for
oth compounds—they appear to inhibit the expression of VACV

ate genes, resulting in decreased levels of infectious virus progeny.
he two compounds do not seem to affect either VACV entry into
he cell or viral DNA synthesis.

. Materials and methods

.1. Chemicals and antiviral compounds

All the media and growth supplements were purchased
rom Invitrogen Corporation (Carlsbad, CA) or PAA Laborato-
ies GmbH (Pasching, Austria). l-Ascorbic acid, dithiothreitol
DTT), �-mercaptoethanol, ethacrynic acid, �-lipoic acid, cytosine
rabinoside (AraC), methylthiazolyldiphenyl-tetrazolium bromide
MTT) and ATP were purchased from Sigma Co. (St. Louis, MO),
ouse recombinant IFN� from R&D systems (Minneapolis, MN).
uciferin was purchased from Promega (Madison, WI). All the
nzymes, primers, probes and chemicals for real-time PCR were
urchased from Applied Biosystems (Foster City, CA). Other chem-

cals and supplements were purchased from Sigma Co., unless
earch 81 (2009) 156–165 157

otherwise specified. Stock solutions of the redox-modulating and
antiviral agents were prepared as follows: 1 M �-mercaptoethanol
in water, 1 M DTT in water, 250 mM ascorbic acid in water, 3.3 mM
EA in PBS, 200 mM LA in ethanol, and 4.4 mg/ml AraC in water. The
aliquots of stock solutions were kept in −20 ◦C and diluted shortly
before experiments.

2.2. Cells

Human cervical carcinoma-derived HeLa G (Melková et al., 1997;
Scherer et al., 1953) and African green monkey kidney-derived
BSC-40 (Hruby et al., 1979; Melková and Esteban, 1995) cell lines
were grown in Dulbecco’s Modified Eagle’s Medium (DMEM; glu-
cose 4.5 g/l) supplemented with 10% heat-inactivated neonatal calf
serum (NCS; 10% NCS-DMEM) and antibiotics (penicilin 1 × 105 U/l,
streptomycin 100 mg/l). Mouse fibroblast L929 (Lai et al., 1991;
Sanford et al., 1948) and mouse monocyte/macrophage J774.G8
(Melková and Esteban, 1994; Unkeless et al., 1979) cell lines were
grown in DMEM (glucose 4.5 g/l), supplemented with 10% heat-
inactivated fetal bovine serum (10% FBS-DMEM) and antibiotics.
Macrophages were also pre-treated with 100 U/ml of IFN� (R&D
systems) for 18 h before the infection. The human T-cell derived
Jurkat cell line (clone E6-1; ATCC TIB-152) was grown in RPMI
1640 supplemented with 10% heat-inactivated fetal bovine serum
(10% FBS-RPMI), antibiotics, 12.5 mM Hepes, pH 7.4, and 2 mM glu-
tamine. The cells were maintained at 37 ◦C, in 5% CO2 atmosphere
and 95% humidity.

2.3. Viruses

Viruses used included wild-type (WT) VACV, strain Western
Reserve (WR; ATCC VR-119; (Humlová et al., 2002), and several
VACV recombinants (rVACV) expressing reporter genes. All the
recombinants were prepared by homologous recombination into
the WT VACV (strain WR) TK gene and reveal similar growth prop-
erties in vitro. rVACV expressing luciferase either under control
of a VACV early/late promoter p7.5 (Luc E/L) or under control
of a VACV late promoter p4b (Luc L) were described previously
(Rodriguez et al., 1988; Rodriguez and Smith, 1990). rVACV express-
ing chloramphenicol acetyltransferase or Bcl-2 genes under control
of an IPTG-inducible VACV late promoter p4b were generated
and kindly provided by Dr. S.B. Lee (Lee et al., 1993, 1997). The
viruses were propagated in BSC-40 cell line in DMEM supplemented
with 2% NCS and antibiotics (2% NCS-DMEM) and virus titers
were determined by serial dilutions and plaque assays in BSC-40
cells.

2.4. Determination of virus yields

For virus yields determination, the infected cells were col-
lected directly in the culture medium, lysed by two cycles of
freezing–thawing and sonication, and virus yields were determined
by 10-fold dilutions in DMEM and plaque assays in BSC-40 cells.
Briefly, BSC-40 cells were plated in 12-well plates at a density of
0.3 × 106 cells per well in 10% NCS-DMEM. And 24 h later, 200 �l
of each dilution was allowed to adsorb to BSC-40 cells for 1 h with
shaking every 10–15 min. After removal of virus inocula, cells were
supplemented with 2% NCS-DMEM and incubated for about 42 h.
Then, the cells were fixed with 4% paraformaldehyde in PBS and
Virus plaques were counted and virus yields expressed as PFU/ml.
Plaque reduction assays were performed using a similar proto-
col with minor modifications. Briefly, the cells were infected with
approximately 20 PFU of a crude stock of WT VACV or rVACV LucL
and fixed and stained at 48 h.p.i.
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.5. Antiviral assays and determination of IC50 and IC90

For the experiments, adherent cells were plated in fresh culture
edium 24 h before each experiment in 24- or 12-well plates at a

ensity of 0.3 × 106 or 0.6 × 106 cells per well, respectively. Suspen-
ion cells were diluted with a fresh culture medium 24 h before the
xperiments. Before infection, cells were washed once with serum-
ree medium. Virus inocula were added in a serum-free medium at
multiplicity of infection (m.o.i.) = 2 and allowed to adsorb for 1 h
ith shaking every 10–15 min. Crude stocks of the viruses were
sed for infection of HeLa G, BSC-40 and L929 cell lines. For infec-
ion of macrophage and T-cell lines, viruses were purified through

sucrose gradient (Joklik, 1962). After removal of virus inocula,
ells were supplemented with 2% NCS-DMEM (HeLa G and BSC-
0), 2% FBS-DMEM (L929 and J774.G8) or 2% FBS-RPMI (Jurkat), and
ith appropriate concentrations of the tested compound or vehicu-

um. At 24 h after infection (h.p.i.) or at the time indicated in each
xperiment, the cells were collected, processed and analyzed by
erial dilutions and plaque assays, by measuring luciferase activity,
estern blot analysis or real-time PCR.

The inhibitory concentration of each compound was then
xpressed as IC50 and IC90, the concentrations of the tested com-
ound that reduced virus growth or luciferase activity to 50 or 90%
f mock-treated controls, respectively. These values were calcu-
ated from the linear or exponential regressions characterizing the
ependence of virus yields or luciferase activity on the concentra-
ion of the tested compounds.

.6. Time of addition assays

HeLa G cells were plated in 24-well plates at a density of
.3 × 106 cells per well in 10% NCS-DMEM. 24 h later, the cells were

nfected with a crude stock of rVACV Luc L (Rodriguez et al., 1988;
odriguez and Smith, 1990) as described above. 10 �M EA, 500 �M
A, or vehicula were included during inoculum and during the
hole incubation period or added at various h.p.i. At 24 h.p.i., the

ells were collected and virus growth characterized by luciferase
ctivity.

.7. Luciferase activity

0.6 × 106 of the collected cells were washed twice with PBS and
rocessed according to a published protocol with minor modifi-
ations (Brasier et al., 1989; Rodriguez et al., 1988). Briefly, the
ells were lysed in 100 �l of luciferase extraction buffer containing
5 mM glycylglycine, pH 7.8, 1% Triton X-100, 15 mM MgSO4, 4 mM
GTA, 1 mM DTT and protease inhibitors (Complete, Roche, Basel,
witzerland). Luciferase activity was then determined with 10 mM
TP, pH 7.0, and 0.1 mM luciferin in 25 mM Hepes, pH 7.4, 136 mM
aCl, 1 mM EDTA, 6 mM MgCl2, and 0.6% polyethylene glycol, using
luminometer Microlite TLX 2 (Dynatech Laboratories).

.8. Western blot analysis

1.2 × 106 of cells were collected and lysed in a Laemmli reduc-
ng sample buffer, boiled and analyzed by SDS-PAGE and western
lotting as previously described (Ausubel et al., 2002). VACV
olypeptides were detected with a rabbit antiserum against VACV
dilution 1:500; antiserum raised by immunization with a live
ACV, generated and kindly provided by Drs. D. and J.R. Rodriguez

Fig. 4A; (Rodriguez et al., 1992), or with an inactivated purified

ACV, prepared by Seva-Imuno Praha, Czech Republic (Fig. 4B)),
eroxidase-conjugated goat anti-rabbit IgG (dilutions 1:1000; MP
iomedicals – Cappel, Solon, OH) and a chromogenic substrate �-
hloronaphtol. Luciferase was detected with a rabbit polyclonal
ntibody (dilution 1:500; Santa Cruz Biotechnology, Santa Cruz,
search 81 (2009) 156–165

CA), peroxidase-conjugated goat anti-rabbit IgG (dilution 1:20,000;
MP Biomedicals – Cappel, Solon, OH) and chemiluminescence
(West Femto, Thermo Fisher Scientific–Pierce, Rockford, IL).

2.9. DNA isolation and quantification

The cells were collected by pipetting, washed twice with PBS and
total DNA was isolated using a treatment with proteinase K and a
phenol–chloroform extraction (EA samples; (Ausubel et al., 2002)
or using a PCR lysis buffer containing proteinase K (LA samples;
(Schmidtmayerova et al., 1998). VACV DNA was then quantified by
real-time PCR, using the Applied Biosystems 7300 Real-time PCR
System. Primers and probes were designed by Applied Biosystems
as Custom TaqMan® Gene Expression Assay. The set of primers and
the probe were designed to the end-terminal part of vaccinia virus
genome, bps 1-4000 (forward primer, bps 3457-3487, CGTATCA-
CACTATTGAGACAGAAAAAGAAGA; reverse primer, bps 3532-3557,
GACACTATATTCCGGTTTGCAAAACA; FAM probe, bps 3490-3512,
TCGCGAGAGGTAACTTTTTGTGA; strain Western Reserve, GenBank
accession no. AY243312). For the absolute quantification of the
VACV growth, a standard containing the amplification site cloned
into pCR®4Blunt-TOPO was generated by Generi-Biotech (Hradec
Kralove, Czech Republic). To generate the calibration curve, the
standard was diluted to 6.22 × 103 to 6.22 × 108 copies/reaction.
100 ng of the total DNA were subjected to real-time PCR in a reaction
mixture consisting of the TaqMan® Universal PCR Master Mix (No
AmpErase® UNG, Applied Biosystems, Foster City, CA) and the Assay
mix containing the set of primers and the labeled probe (Custom
TaqMan® Gene Expression Assays, Applied Biosystems, Foster City,
CA). The reaction was carried out in a final volume of 20 �l, and the
universal thermal cycling conditions were used: initial denatura-
tion 95 ◦C/10 min and 40 cycles consisting of denaturation 95 ◦C/15 s
and annealing/extension 60 ◦C/1 min. All samples, including stan-
dards and the non-template control, were run in duplicates. The
data were analyzed by the Sequence Detection Software version
1.3 (Applied Biosystems, Foster City, CA).

2.10. Cytotoxicity assays and determination of CC50

Cytotoxicity of the tested compounds was characterized by the
inhibition of cell growth using a protocol adapted according to
TOX-1 kit (Sigma Co., St. Louis, MO). Briefly, adherent cells were
plated in 24-well plates at a density of 0.03 × 106 ml−1/well in
culture medium. And 24 h later, the cells were supplied with a
fresh medium containing increasing concentrations of the indi-
vidual compounds. Suspension cells were diluted with a fresh
culture medium and 24 h later, they were plated in 24-well plates
at a density of 0.06 × 106 ml−1/well in culture medium containing
increasing concentrations of the individual compounds. After 2 days
of incubation, the cell growth and viability were characterized by
activity of mitochondrial dehydrogenases using the MTT assay. The
conversion of MTT to formazan was determined photometrically at
540 nm after dissolving the product in an acidified isopropanol. The
cytotoxic concentration was expressed as CC50, the concentration of
the tested compound that reduced cell growth to 50% as compared
to vehiculum-treated controls.

2.11. Statistical analysis

Results are presented as means ± S.D. (standard deviation). Sta-

tistical differences within each group were evaluated using ANOVA.
Statistical differences between the mock-treated control and dif-
ferent concentrations of each compound or between two distinct
groups were determined using a two-sample two-tailed Student’s
t-test.
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Table 1
Antiviral and cytotoxic effects of the ethacrynic and �-lipoic acids against vaccinia virus in different cell lines. 0.6 × 106 of cells of different origins were infected with the
recombinant VACVs expressing luciferase; m.o.i. = 2. After removal of virus inoculum, the cells were treated with the indicated concentration of the ethacrynic or �-lipoic
acids. Macrophages were also pre-treated with 100 U/ml of IFN�. At 24 h.p.i., the cells were collected and virus yields or luciferase activity were determined. The inhibitory
concentration of each compound was expressed as IC50 and IC90, the concentration required to inhibit virus growth characterized by luciferase activity or virus titers by
50 or 90%, respectively. For cytotoxicity experiments, 0.06 × 106 of cells were treated with increasing concentrations of the tested compounds. After 2 days of incubation,
cytotoxicity was characterized using the MTT assay. CC50, the concentration of the tested compound that reduced activity of mitochondrial dehydrogenases to 50% compared
to vehiculum-treated controls. The results represent means of 2–3 experiments performed in duplicates ± S.D.

Recombinant
VACV

Ethacrynic acid Lipoic acid

Luc Titer Luc Titer

IC50 (�M) ± SD IC50 (�M) ± SD IC90 (�M) ± SD CC50 (�M) SI (CC50/IC50) IC50 (�M) ± SD IC50 (�M) ± SD CC50 (�M) SI (CC50/IC50)

(A)
HeLa G 2.6 ± 0.6 1.6 ± 0.1 5.4 ± 0.3 128 81.2 838 ± 159 220 ± 14 Growth promotion –
BSC-40 35.3 ± 7.0 11.9 ± 0.5 30.9 ± 0.8 292 24.6 642 ± 4 409 ± 8 Growth promotion –
L929 26.5 ± 1.9 19.8 ± 2.4 80.2 ± 30.9 224 11.3 747 ± 199 245 ± 18 Growth promotion –
M� + IFN� 24.2 ± 2.8 15.8 ± 0.7 47.0 ± 2.1 91 5.7 429 ± 156 200 ± 39 330 1.6
M� + IFN� 18.3 ± 3.7 12.2 ± 0.3 40.9 ± 1.4 – – 305 ± 12 486 ± 229 – –
Jurkat – 9.5 ± 2.4 30.9 ± 10.0 35 3.7 – 354 ± 52 >2000 >5.7

WT VACV (WR) Ethacrynic acid Lipoic acid

Titer Titer

IC50 (�M) ± SD IC90 (�M) ± SD CC50 (�M) SI (CC50/IC50) IC50 (�M) ± SD CC50 (�M) SI (CC50/IC50)

(B)
HeLa G 5.4 ± 0.6 18.8 ± 0.6 128 23.8 803 ± 273 Growth promotion
BSC-40 9.2 ± 1.0 29.4 ± 1.0 292 31.6 712 ± 444 Growth promotion –
L929 19.3 ± 3.9 61.3 ± 16.3 224 11.6 702 ± 16 Growth promotion –

9
–
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M� + IFN� 9.5 ± 2.6 47.8 ± 7.9 91
M� + IFN� 17.3 ± 3.1 49.5 ± 3.1 –
Jurkat 13.8 ± 4.7 42.9 ± 13.4 35

. Results

.1. Effects of different reducing agents on infection with vaccinia
irus

We have observed that two redox-modulating agents, EA and
A, inhibit growth of VACV in vitro. Therefore, we have first

ompared the effect of different redox-modulating agents on the
rowth of VACV, characterized by activity of luciferase expressed
y a rVACV. HeLa G cells were infected with a rVACV express-
ng luciferase under control of a VACV late promoter p4b (Luc L;

ig. 1. Plaque reduction assay. 0.6 × 106 of BSC-40 cells were infected with approxi-
ately 20 PFU of WT VACV. After removal of virus inoculum, cells were treated with

he indicated concentrations of the ethacrynic and �-lipoic acids or vehiculum. At
8 h.p.i., the cells were fixed and stained with crystal violet. Representative results
f 2 experiments.
.6 587 ± 296 330 0.6
>1000 – –

.5 492 ± 92 >2000 >4.1

multiplicity of infection 2 (m.o.i. = 2)) in the presence of the fol-
lowing agents: �-mercapthoethanol, dithiothreitol, l-ascorbic acid
(100, 250, and 500 �M each), LA (100, 250, 500, and 1000 �M)
and EA (5, 10, and 50 �M). The agents were added to the cul-
ture medium after removal of the inoculum, i.e. 1 h after infection
(h.p.i.), and they were present during the whole incubation period.
Luciferase activity was determined in cell lysates at 24 h.p.i. and
expressed as relative luciferase units (RLU %; Supplementary data
Fig. S1). The results indicated that all tested concentrations of �-
mercapthoethanol, dithiothreitol and l-ascorbic acid significantly
increased luciferase activity expressed by rVACV (500 �M concen-
tration of these agents increased luciferase activity to 150, 140,
and 120% of the mock-treated controls; p < 0.05). In contrast, LA
and EA revealed statistically significant inhibitory effects (p < 0.05).
Luciferase activity was decreased to 65% of the mock-treated con-
trols in the presence of 250 or 500 �M LA and to 45% in the presence
of 1 mM LA. The inhibitory effect of EA was stronger–luciferase
activity was decreased to 35% and 5% in the presence of 5 or
10 �M EA, respectively, while it was almost completely abolished
in the presence of 50 �M EA. In conclusion, EA and LA revealed
inhibitory effects on VACV growth, while the other agents, �-
mercapthoethanol, dithiothreitol or l-ascorbic acid, promoted it.

3.2. Inhibitory effects of ethacrynic and ˛-lipoic acids on vaccinia
virus growth in different cell lines

Based on the findings described above, we decided to further
characterize the effects of EA and LA on VACV growth in cell
lines of different origin—in human and monkey epithelial cell lines
HeLa G and BSC-40, respectively, mouse fibroblasts L929, mouse
macrophages J774.G8 untreated and pre-treated with interferon

� (IFN�), and human T-cell-derived Jurkat cells. The cells were
infected with rVACV or WT VACV (m.o.i. = 2) in the presence of
increasing concentrations of EA and LA. At 24 h.p.i., changes in the
activity of luciferase expressed by rVACV and in the yields of both
rVACV and WT VACV were determined (Supplementary data Fig.
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2), and inhibitory concentrations (IC) were calculated. The results
f these studies are summarized in Table 1. In general, values of
C50 and IC90 were lower for rVACV than for WT VACV, and val-
es of IC50 were lower when calculated from virus titers than from

uciferase activity. For both rVACV and WT VACV, values of IC50 (1.6
nd 5.5 �M, respectively) and IC90 (5.4 and 18.8 �M, respectively)
ere the lowest in HeLa G cells treated with EA. For the rest of

he cells, values of IC50 of EA were in the range of 10–20 �M for
oth viruses. In the case of LA, values of IC50 were in the range of
00–500 �M for rVACV and 500–800 �M for WT VACV.

Consequently, we have tested cytotoxicity and growth inhibitory
roperties of EA and LA in actively dividing cells by determining
ctivity of mitochondrial dehydrogenases using the MTT assay. As
ndicated in Table 1, EA affected growth and viability of epithelial
ells HeLa G and BSC-40, and of fibroblasts L929 relatively mod-
stly. In contrast, macrophages J774.G8 and especially Jurkat T-cells

ere more inhibited by this compound, resulting in low selectivity

ndices (SI). Analogously, LA was not found to inhibit growth of HeLa
, BSC-40 and L929 cells up to 2 mM (on the contrary, it promoted

he cell growth), while it inhibited growth of macrophages J774.G8
t relatively low concentrations (CC50 = 330 �M) and started to

ig. 2. Effects of the ethacrynic and �-lipoic acids on vaccinia virus early and late gene exp
uciferase either under control of a VACV early/late promoter p7.5 (Luc E/L) or under co
noculum, the cells were treated with the indicated concentrations of the ethacrynic or
raC was added at final concentration of 4.4 �g/ml (B, D). At 24 h.p.i., the cells were collec
cid. Graph represents means of 2 independent experiments performed in duplicates ± S
-test. (B) Ethacrynic acid and AraC. Graph represents means of 2 independent experimen
roups (P < 0.05); two-sample t-test. (C) �-Lipoic acid. Graph represents means of 2 indep
uc E/L and Luc L groups (P < 0.05); two-sample t-test. (D) �-Lipoic acid and Ara C. Grap
Significant difference between Luc E/L and Luc L groups (P < 0.05); two-sample t-test.
search 81 (2009) 156–165

inhibit Jurkat cells at 2 mM, the highest concentration tested. On
the other hand, neither EA nor LA induced any obvious cytotoxic-
ity in conditions of the antiviral assays (i.e. higher cell density, 2%
serum, 24 h incubation) up to 50 �M and 1 mM, respectively (data
not shown; also see Fig. 1).

To further evaluate the effect of EA and LA on VACV growth,
plaque reduction assays were performed. Since VACV does not gen-
erate virus plaques in HeLa G cells, BSC-40 cells were used. They
were plated in 12-well plates and infected with about 20 PFU of WT
VACV or rVACV in the presence of increasing doses of EA and LA for
48 h. As shown in Fig. 1, 50 �M EA reduced the number of plaques
formed by WT VACV in these cells, but their size remained almost
unchanged. In contrast, 500 �M LA reduced the size of plaques
without affecting their number. Similar results were obtained also
with rVACV Luc L (not shown).

In conclusion, both EA and LA revealed inhibitory effects on

VACV growth and luciferase activity in all cell lines tested. Based
on the results of the MTT assays, both compounds were found rela-
tively non-toxic for the epithelial and fibroblast cell lines (SI indices
10–80 for EA; promotion of growth by LA), while they revealed
inhibitory effects on macrophage and T-cell lines.

ression. 0.6 × 106 of HeLa G cells were infected with recombinant VACVs expressing
ntrol of a VACV late promoter p4b (Luc L) at m.o.i. = 2. After removal of the virus

�-lipoic acids. To block viral late gene expression an inhibitor of DNA polymerase,
ted and lysed, and luciferase activity was determined in cell lysates. (A) Ethacrynic
.D. *Significant difference between Luc E/L and Luc L groups (P < 0.05); two-sample
ts performed in duplicates ± S.D. *Significant difference between Luc E/L and Luc L

endent experiments performed in duplicates ± S.D.*, significant difference between
h represents means of 2 independent experiments performed in duplicates ± S.D.
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ig. 3. Western blot analysis of luciferase expressed by vaccinia virus. Levels of lucif
uffer was added to the cell lysates and the samples were resolved by 10% SDS-PA
ntibody against luciferase and chemiluminescence. (A) Ethacrynic acid. Representa

.3. Analysis of the effects of ethacrynic and ˛-lipoic acids at
istinct stages of vaccinia virus growth cycle

.3.1. VACV entry into the cells
A possible effect of the EA and LA on VACV entry into the

ells was tested in HeLa G and BSC-40 cells. The cells were pre-
reated or mock-treated for 2 h before infection with the individual
gents in appropriate concentrations and the agents or vehicula
ere included also in the virus inoculum. The agents were then

dded also to the culture medium after removal of the inoculum, i.e.
h after infection (h.p.i.), and they were present during the whole

ncubation period. Then, activity of luciferase and virus titers were
etermined. However, the pre-treatment of the cells with EA or
A was not found to cause any differences in comparison with the
amples treated only at 1 h.p.i. (data not shown).

.3.2. VACV early and late gene expression
Consequently, we wanted to characterize the step in VACV

rowth cycle that was inhibited by EA and LA. VACV growth cycle
s a sequential process in which a successful accomplishment of
ne step is pre-requisite for the next one (Schramm and Locker,
005). Thus, expression of VACV late genes governed by VACV late
romoters can occur only after replication of VACV DNA. Conse-
uently, recombinant VACVs expressing luciferase under control of
wo different promoters, the early/late p7.5 (Luc E/L) and the late
4b (Luc L), in combination with the inhibition of VACV DNA syn-
hesis by cytosine arabinoside (AraC), can be used to distinguish if
he inhibitory effect occurs before or after DNA synthesis. HeLa G
ells were infected with Luc E/L or Luc L in the absence or pres-
nce of AraC, an inhibitor of DNA polymerase, and treated with
ndicated concentrations of EA or LA. Concentration of AraC used,
.4 �g/ml, was experimentally determined to inhibit VACV growth
nd not to induce death of the host cells. At 24 h.p.i., the cells were
ollected and activity of luciferase was determined. In agreement
ith the previous experiments, both EA and LA revealed a dose-
ependent inhibitory effect on activity of Luc E/L and Luc L in the
bsence of AraC (Fig. 2A and C). In the presence of AraC, the activity
f luciferase expressed by Luc L was decreased to approximately

.05% or less of the mock-treated controls grown in the absence of
raC, i.e. to the levels very close to the background; neither EA nor
A affected this result (Fig. 2B and D, respectively). In contrast, the
ctivity of luciferase expressed by Luc E/L in the presence of AraC
as decreased less, only to about 1 or 4% of the controls, due to the
were determined in aliquots of samples used in Fig. 2. 5× Laemmli reducing sample
vels of luciferase were detected by western blot analysis using a rabbit polyclonal
esults of 3 experiments. (B) �-lipoic acid. Representative results of 3 experiments.

persisting expression of luciferase governed by the early portion of
the promoter p7.5. Different concentrations of neither EA nor LA
further decreased this measurable activity of luciferase (Fig. 2B and
D, respectively), suggesting that neither EA nor LA affect VACV early
gene expression.

Additionally, we have analyzed the protein levels of luciferase
in the samples used to determine luciferase activity by Western
blot analysis. As shown in Fig. 3, both EA and LA caused a gradual
decrease in the levels of luciferase expressed by either Luc E/L or
Luc L in the absence of AraC, while no signal could be detected in
the presence of AraC. These results reflect a different sensitivity of
the assays determining activity of luciferase and of western blot
analysis.

3.3.3. VACV protein synthesis
Next, we analyzed the overall levels of VACV proteins in HeLa G

cells infected with different recombinant VACVs by western blot-
ting. As shown in Fig. 4A, 5 �M EA did not seem to decrease protein
levels of two different recombinant VACVs, 10 �M EA induced a
little decrease, while 50 �M EA almost completely inhibited VACV
protein expression. Similarly, LA did not induce any major changes
in protein levels of two distinct recombinant VACVs in lower con-
centrations, while the highest concentration used, 1 mM, decreased
the protein expression slightly (Fig. 4B). The overall pattern of VACV
proteins expressed seemed to be qualitatively comparable in all
samples, resembling the pattern of VACV late proteins expressed in
the mock-treated controls. It should be also noted, that the concen-
trations of EA or LA that were found to inhibit VACV growth in HeLa
G cells in the previous experiments, did not seem to considerably
affect VACV protein levels. Thus, the inhibitory effects of EA or LA
seemed to affect VACV late gene expression.

3.3.4. VACV DNA synthesis
Since levels of the reporter gene luciferase expressed under con-

trol of a VACV late promoter p4b as well as the overall levels of VACV
late proteins were found to be decreased in the presence of EA or LA,
the inhibition of VACV growth mediated by EA or LA was likely to
occur at the level of DNA replication or expression of VACV late pro-

teins. To analyze the effect of EA and LA on VACV DNA synthesis, we
have quantified number of copies of the VACV genomic DNA dur-
ing a 24-h time course using real-time PCR. However, the absolute
quantification using an external standard and a calibration curve
indicated that levels of VACV genomic DNA were not changed in
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Fig. 4. Western blot analysis of vaccinia virus protein expression in the presence
of increasing doses of the ethacrynic and �-lipoic acids. 1.2 × 106 of HeLa G cells
were mock-infected or infected with the individual recombinant VACVs at m.o.i. = 2.
After removal of the virus inocula, the cells were untreated or treated with indicated
concentrations of the ethacrynic or �-lipoic acids or vehicula. At 24 h.p.i., the cells
were collected and lysed in a Laemmli reducing sample buffer, and resolved by 10%
SDS-PAGE. VACV polypeptides were detected by western blot analysis using a rab-
bit polyclonal antiserum against vaccinia virus and immunoperoxidase staining. (A)
Changes in vaccinia virus protein levels induced by the ethacrynic acid. The cells were
mock-infected (Mock) or infected with two different recombinant VACVs express-
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Fig. 5. Effect of the time of addition of ethacrynic and �-lipoic acids on VACV growth
characterized by activity of luciferase. A total of 0.6 × 106 of HeLa G cells were
infected with recombinant VACV Luc L at m.o.i. = 2. 10 �M ethacrynic acid, 500 �M
�-lipoic acid, or vehicula were added at indicated h.p.i. At 24 h.p.i., the cells were

distinct steps. Evidently, the same tasks cannot be fulfilled by �-
ng chloramphenicol acetyltransferase (CAT) or Bcl-2 genes (Bcl-2). Representative
esults of 2 experiments. (B) Changes in vaccinia virus protein levels induced by the
-lipoic acid. The cells were infected with two different recombinant VACVs, Luc L
r Luc E/L. Representative results of 2 experiments.

he presence of EA or LA (Supplementary data Fig. S3). Thus, these
wo agents seem to inhibit VACV late gene expression.

.3.5. Time of addition assay
To further analyze the effects of EA and LA at distinct stages of

accinia virus growth cycle, a time of addition assay was performed.
eLa G cells were infected with rVACV Luc L in which expression
f luciferase occurs only after DNA synthesis, and the two com-
ounds were added at indicated times post-infection. At 24 h.p.i.,
he cells were collected, lysed and activity of luciferase determined.
s shown in Fig. 5, addition of 10 �M EA at any time tested signif-

cantly decreased activity of luciferase, with the inhibitory effect
eing smaller when EA was added at 12 h.p.i. Addition of 500 �M
A significantly decreased activity of luciferase when added up to

h.p.i., i.e. the time of beginning of the VACV DNA synthesis. A

maller but significant inhibition could be observed also when LA
as added at 8 h.p.i., the time when VACV DNA synthesis was essen-

ially completed as indicated by real-time PCR (Supplementary data
collected and lysed, and luciferase activity was determined. The graph represents
means of two independent experiments performed in duplicates ± S.D.; *significant
difference between the indicated concentration of EA or LA and the mock-treated
controls (P < 0.05); two-sample t-test.

Fig. S3). No significant inhibition was observed when LA was added
at 12 h.p.i. These results are compatible with the previous conclu-
sion that EA and LA seemed to inhibit VACV late gene expression.

4. Discussion

In this paper, we report a new finding that ethacrynic and �-
lipoic acids reveal inhibitory effects on the growth of vaccinia virus
in several cell lines. Both agents seem to inhibit VACV at the same
stage of its growth cycle, i.e. at the level of expression of late genes.
EA has been found to be effective in low micromolar range, while
LA was effective in high micromolar range.

First, we have compared the inhibitory properties of EA and LA
with other redox-modulating agents, �-mercaptoethanol, DTT and
ascorbic acid. In contrast to EA and LA, none of these agents inhib-
ited VACV growth in HeLa G cells characterized by activity of the
reporter luciferase expressed by a rVACV. Since �-mercaptoethanol
and DTT are prototypical reducing agents, ascorbic and �-lipoic
acids act predominantly as anti-oxidants, while EA acts as a pro-
oxidant, it seems difficult to find a common denominator for EA and
LA that might help to suggest their mode of action. Nevertheless, we
assume that both EA and LA affect some specific thiol-dependent
function in the VACV growth cycle.

It is possible to imagine, that the two agents might interfere with
disulfide bond formation and/or exchange or with redox cycling
of a thioredoxin, glutaredoxin, or similar compounds. The differ-
ence in the effective concentrations of EA and LA may reflect their
mode of modification of the thiol moieties. EA is an alkylating
agent (Bowes and Gupta, 2005; Han et al., 2005) and it could irre-
versibly bind to the essential cysteine residues. In contrast, action
of LA may be reversible due to its redox cycling (Packer et al.,
1995). Alternatively, it is possible to suggest that the net effect of
both EA and LA would be pro-oxidant. EA inhibits GST, and thus
inhibits regeneration of the GSH pool. In contrast, LA promotes
regeneration of GSH. However, dihydrolipoic acid (DHLA) that is
supposed to form quickly from LA inside the cell has been sug-
gested to release iron from its storage protein ferritin and reduce
Fe3+ to Fe2+; Fe2+ can initiate lipid peroxidation, and consequently
decrease GSH levels (Packer et al., 1995). In any case, the effects
of EA and LA on VACV late gene expression might be also indirect,
possibly through the action in the same cascade of events but at
mercaptoethanol, DTT or ascorbic acid, the compounds that favor
reducing conditions. On the contrary, these compounds increased
VACV growth, suggesting that different redox conditions differ-
ently influence VACV growth. These effects might be related to a
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ytoplasmic redox pathway that is encoded by VACV, as discussed
elow.

Both EA and LA were shown to negatively regulate NF-�B, pos-
ibly through different mechanisms. EA was suggested to inhibit
ctivation of the NF-�B pathway at multiple points, including cova-
ent modification of NF-�B itself and inhibition of its binding to DNA
Han et al., 2005), while LA is considered to ameliorate redox stress
nd to decrease NF-�B activation in this way (Kiemer et al., 2002;
etersen Shay et al., 2008). Along these lines, LA can decrease HIV
rovirus reactivation (Merin et al., 1996; Pande and Ramos, 2003).

n contrast, VACV itself inhibits NF-�B pathway through several
ene products (Graham et al., 2008). It is, therefore, unclear if inhi-
ition of NF-�B by EA or LA could further inhibit NF-�B activation,
nd prevent VACV growth in this way.

We have tested the inhibitory effects of EA and LA on VACV
rowth using several recombinant VACVs and WT VACV. The effects
ere characterized by virus titers and activity of luciferase in cells

f different embryonic origin. It should be emphasized that all the
ecombinant viruses used in this study reveal similar growth prop-
rties in vitro. The inhibitory concentrations were found lower for
VACV than for WT VACV, and values of IC50 were lower when cal-
ulated from virus titers than from luciferase activity. Based on
C50, EA was most effective in HeLa G cells, while LA was so in

acrophages. For the rest of the cells, values of IC50 for EA were
n the range of 10–20 �M for both viruses, while for LA, values of
C50 were in the range of 200–500 �M for rVACV and 500–800 �M
or WT VACV. Under conditions of the antiviral assays, the two
ompounds did not induce any obvious cytotoxic effects in any con-
entration used, except for Jurkat cells in which 50 �M EA seemed
o be toxic, as assessed by optical microscopy. However, based on
he results of the MTT assays in actively dividing cells, EA and LA
ere found relatively non-toxic only for the epithelial and fibrob-

ast cell lines, while they revealed inhibitory effects on macrophage
nd T-cell lines. Possibly, different redox milieu of the distinct cell
ypes might be responsible for different effects of the two agents.
lternatively, different pattern of expression of GST isoenzymes and

heir interaction with EA or the elimination of EA from the cell
ay play a role (Gate and Tew, 2001). EA and LA inhibited VACV

rowth even in macrophages stimulated with IFN�, in which VACV
rowth was already potently inhibited. This inhibition has been
nown to be at least partially mediated by IFN�-induced expres-
ion of iNOS and production of nitric oxide (Karupiah et al., 1993;
elková and Esteban, 1994, 1995). In this respect, LA has been

hown to inhibit LPS-induced NF-�B- and AP-1-mediated iNOS and
NF-� expression in Kupffer cells and RAW 264.7 macrophages
Kiemer et al., 2002). Similarly, we have observed that addition
f �-mercaptoethanol decreased accumulation of nitrite, a stable
xidation product of nitric oxide, and increased VACV growth in
FN�-stimulated J774.G8 macrophages (Melková, 1995).

In the assays performed in this study, IC50 values for EA were
ound in the range of 10–20 �M in most cells using WT VACV
strain WR), while for LA in the range 500–800 �M. Based on the
ublished results, IC50 values for cidofovir and a prodrug of HPMP-
-azaC (hexadecyloxyethylester of HPMP-5-azaC) were found 3.09
nd 0.037 �g/ml in human embryonic lung fibroblasts HEL using
ACV (strain Lederle; Krecmerová et al., 2007). In another study,

C50 value for cidofovir was found 54 and 62 �M in Vero cells, 18
nd 28 �M in human foreskin fibroblasts HFF, and <50 �M in BSC-
0 cells using two different VACVs (strain WR; Becker et al., 2008).
et in another study, IC50 values for ST-246, CMX001 and cidofovir
ere found 0.1, 0.13, and 33 �M, respectively, in HFF cells using

ACV (strain WR; Quenelle et al., 2007). It is, however, difficult to
ompare the IC50 values determined in different assays under differ-
nt conditions. Our assays were performed using m.o.i. = 2 and 24 h
ncubation period, while most other assays published employed

uch lower m.o.i. and usually 3 day incubation.
earch 81 (2009) 156–165 163

Finally, we have tried to identify a step in VACV growth cycle
inhibited by EA and LA in HeLa G cells. Neither EA nor LA were found
to affect virus entry into the cell. In contrast, several lines of evi-
dence suggest, that the affected step is at the level of virus late gene
expression, or possibly later. First, we used recombinant viruses
expressing luciferase under control of two different promoters, the
early/late p7.5 (Luc E/L) and the late p4b (Luc L). In combination
with the inhibition of VACV DNA synthesis by AraC, these viruses
can be used to distinguish if the inhibited process occurs before or
after DNA synthesis. The overall activity, as well as protein levels
of the reporter luciferase expressed by both viruses, were found
decreased in HeLa G cells in the presence of increasing concentra-
tions of EA or LA. It should be emphasized that uninhibited, absolute
activities of luciferase expressed by Luc L are several times higher
than those expressed by Luc E/L. Upon inhibition of VACV DNA syn-
thesis by AraC, levels of luciferase expressed by either rVACV were
undetectable by Western blot analysis. In the presence of AraC, the
activity of luciferase expressed by Luc L was strongly inhibited,
while the activity of luciferase expressed by Luc E/L was decreased
less, with absolute levels several times higher than those in Luc L-
infected samples; these results confirm that luciferase expression
by Luc L really occurs after DNA synthesis, while luciferase expres-
sion by Luc E/L occurs also earlier, before DNA synthesis takes place.
However, neither EA nor LA decreased luciferase activity expressed
under control of the early promoter, suggesting that these agents
did not affect expression of early genes.

Second evidence supporting the hypothesis that EA and LA
inhibit VACV late gene expression is western blot analysis revealing
that EA and LA somewhat affected the levels of VACV proteins, while
they did not change the overall pattern of VACV late proteins. Third,
quantification of VACV DNA by real-time PCR yielded no differences
in DNA levels due to EA or LA treatments, the result demonstrating
that the inhibitory action of EA and LA takes place at the level of
late gene expression or later. This conclusion is further supported
by results of the time of addition assays. They indicated that addi-
tion of EA or LA up to 8 h.p.i., i.e. the time when DNA synthesis was
accomplished according to real-time PCR, significantly decreased
virus growth characterized by luciferase activity.

It should be noted that concentrations of EA that inhibited VACV
growth by 1 or 2 logs in HeLa G cells (5 or 10 �M EA, respectively),
did not seem to considerably affect the overall VACV protein lev-
els as characterized by western blot analysis. Analogous results
could be observed with LA. Similarly, IC50 values were found lower
when calculated from virus titers than from luciferase activity. Thus,
these findings might suggest that EA and LA could additionally act
in a step after expression of VACV late proteins, i.e. during virus
morphogenesis.

VACV morphogenesis involves a cytoplasmic redox pathway
constituted by several viral enzymes that catalyze formation of
intramolecular disulfide bonds within the cytoplasmic domains of
certain virion membrane proteins (Senkevich et al., 2002; White et
al., 2002). These virion membrane proteins contain multiple cys-
teines that participate in virus particle formation, maturation or
in virus entry and cell–cell fusion (Ojeda et al., 2006; Townsley et
al., 2005). It can be therefore expected that both EA and LA would
interfere with these processes as well.

EA derivatives, namely amids, were suggested as new lead
structures for non-peptidic active-site-directed inhibitors of the
coronavirus main protease, Mpro (Kaeppler et al., 2005). This pro-
tease belongs to the cystein protease family, the members of which
play important roles in host cell physiology and pathology, as well

as at various stages of life cycle of the viruses and other para-
sites (Johnston et al., 2007; Vicik et al., 2006). Cystein proteases
participate in proteolysis of virus polypeptides as well as in core
maturation of several DNA viruses, including VACV (Alejo et al.,
2003; Byrd et al., 2002; Byrd and Hruby, 2006; Greber, 1998). It
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s therefore possible that EA could also inhibit VACV growth at
his stage. These and other effects of EA and LA would need to be
xplored in a different set of experiments. Additionally, the antivi-
al effects of these compounds should be evaluated in experiments
n mice.

In conclusion, we demonstrate inhibitory properties of EA and
A on the growth of VACV. This inhibition was found to occur at the
evel of VACV late gene expression. The results suggest new direc-
ions in development of drugs effective against poxvirus infection
nd bring new information about the scope of the effects of EA and
A.
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