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a b s t r a c t

Poxviruses remain a significant public health concern due to their potential use as bioterrorist agents
and the spread of animal borne poxviruses, such as monkeypox virus, to humans. Thus, the identifica-
tion of small molecule inhibitors of poxvirus replication is warranted. Vaccinia virus is the prototypic
member of the Orthopoxvirus genus, which also includes variola and monkeypox virus. In this study, we
demonstrate that the carboxylic ionophore nigericin is a potent inhibitor of vaccinia virus replication
eywords:
accinia virus
igericin
ntiviral
oxvirus

in several human cell lines. In HeLa cells, we found that the 50% inhibitory concentration of nigericin
against vaccinia virus was 7.9 nM, with a selectivity index of 1038. We present data demonstrating that
nigericin targets vaccinia virus replication at a post-entry stage. While nigericin moderately inhibits both
early vaccinia gene transcription and translation, viral DNA replication and intermediate and late gene
expression are severely compromised in the presence of nigericin. Our results demonstrate that nigericin

rther
onensin
oncanamycin

has the potential to be fu

. Introduction

Vaccinia virus is the most widely studied member of the
oxviridae, a large group of complex DNA viruses which includes
mportant human and animal pathogens (Moss, 2007). Vaccinia

as used as a live vaccine for the eradication of smallpox caused
y variola virus. Although variola no longer circulates amongst
he human population, there remains concern about the deliber-
te release of variola virus as a bioterrorist agent. Furthermore, a
mall outbreak of monkeypox virus, which can cause fatal disease
n humans, occurred in the USA in 2003 (Centers for Disease Control
nd Prevention, 2003). This raises the possibility that monkey-
ox, or other poxviruses of animals, could cross the species barrier
nd evolve into more efficient human pathogens. For these rea-
ons, identification of therapeutic agents to treat poxvirus infection
emains important.

Routine smallpox vaccination was abandoned in the early 1980s,
nd therefore a large proportion of the current worldwide pop-
lation is susceptible to variola infection. Although stockpiles of

mallpox vaccine exist, vaccination is accompanied by a relatively
igh incidence of adverse reactions and is contraindicated in the

mmuno-compromised and those with common skin conditions
uch as eczema (Aragon et al., 2003; Bristol, 2007; Centers for

∗ Corresponding author at: National Microbiology Laboratory, Public Health
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developed into an effective antiviral to treat poxvirus infections.
Crown Copyright © 2010 Published by Elsevier B.V. All rights reserved.

Disease Control and Prevention, 2009). Moreover, vaccinia from
the vaccination site can be transmitted to house-hold contacts and
cause serious disease (Vora et al., 2008).

Currently there are no US Food and Drug Administration
licensed pharmacological agents to treat poxvirus infection. How-
ever, cidofovir (CDV) may be used to treat severe smallpox vaccine
complications under Investigational New Drug Protocols when vac-
cinia immune globulin treatment fails (Vora et al., 2008). CDV is a
nucleoside analogue which inhibits the replication of numerous
DNA viruses, including vaccinia (De Clercq et al., 1986). Although
CDV is not orally bioactive, new derivatives have been devel-
oped to overcome this obstacle and also display greater potency
(Kern et al., 2002). Another well characterized inhibitor of poxvirus
replication in development is ST-246®. This compound targets
the vaccinia F13 protein (Yang et al., 2005) which is required for
efficient cell to cell spread of vaccinia (Blasco and Moss, 1991). ST-
246 has demonstrated antiviral activity against vaccinia, cowpox
virus, monkeypox virus and variola virus, both in vitro and in vivo
(Berhanu et al., 2009; Duraffour et al., 2007; Smith et al., 2009;
Huggins et al., 2009).

Given that there are no licensed antivirals to treat poxvirus
infection, it remains important to identify additional candidate
inhibitors for antiviral development. Furthermore, the Institute of
Medicine has proposed that countries stockpile two distinct antivi-

rals which inhibit different steps in poxvirus replication (LeDuc
et al., 2002). To this end, we have identified nigericin as a potent
inhibitor of vaccinia virus replication through a mechanism dis-
tinct from that of both CDV and ST-246. Nigericin (also known as
antibiotic K-178, helexin C, azalomycin M, antibiotic X-464 and

ghts reserved.

dx.doi.org/10.1016/j.antiviral.2010.10.001
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olyetherin A) is a carboxylic ionophore which readily incorporates
nto biological membranes and facilitates the exchange of mono-
alent cations for protons (Pressman, 1976). Previously nigericin
as been reported to inhibit Poliovirus and influenza virus repli-
ation (Irurzun et al., 1995; Alonso-Caplen and Compans, 1983).
igericin has also been demonstrated to inhibit the replication of
lasmodium falciparum in vitro with the 50% inhibitory concentra-
ion (IC50) reported as 0.8 pM (Adovelande and Schrevel, 1996). In
ivo, nigericin suppresses Plasmodium vinckei petteri infection in
ice, with the IC50 achieved with a single daily subcutaneous dose

f 1.8 mg kg−1. Other potential applications of nigericin include its
se to enhance the cytotoxic effect of chemotherapeutic agents
hich are more cytotoxic at low pH. For example, nigericin can
otentiate the cytotoxic effect of mafosfamide (Jahde et al., 1991)
nd malphalan (Wood et al., 1995) on tumour cells.

We found that treatment of human HeLa, A549 and Huh7 cells
ith nigericin could almost completely abrogate vaccinia virus

eplication. The IC50 of nigericin against vaccinia virus in HeLa cells
as found to be approximately 7.9 nM, with a selectivity index (SI)

f 1038. This antiviral effect of nigericin was not mediated by the
nhibition of vaccinia entry into host cells. Instead, the mechanism
y which nigericin exerts its antiviral effect appears to be through

mpairing early gene transcription and DNA replication. Correlated
ith this, intermediate and late vaccinia virus protein expres-

ion is compromised in the presence of nigericin. Furthermore, we
ave also characterized the antiviral activity of functionally related
ompounds which can alter proton concentrations within the cell,
ncluding monensin, and concanamycins A, B and C on vaccinia
eplication. Our results demonstrate that nigericin and other com-
ounds mediating proton concentration have the potential to be
urther developed into effective antivirals to treat vaccinia virus
nd other poxvirus infections.

. Materials and methods

.1. Cell culture and viruses

HeLa, A549, Huh7, BHK21 and RK13 cells were maintained in
ulbecco’s Modified Eagle Medium (Gibco), supplemented with
0% fetal calf serum (FCS) and 1% penicillin/streptomycin, at 37 ◦C,
% CO2. Recombinant vaccinia virus expressing green fluorescent
rotein (GFP) was constructed as previously described (Arsenio
t al., 2008). Recombinant myxoma virus expressing GFP was a
enerous gift from Dr. Grant McFadden, University of Florida.

.2. Reagents

Nigericin and monensin were purchased from Sigma and con-
anamycins A, B and C were purchased from Santa Cruz. Cidofovir
as kindly provided by Gilead Sciences Inc., Foster City, CA. ST-246
as kindly provided by SIGA Technologies, Corvallis, OR. The vac-

inia virus H3 antibody was a generous gift from Dr. Wen Chang,
nstitute of Biomedical Science, Taiwan. The vaccinia virus D12 and
8 peptide antibodies were made by Genscript. The actin antibody
as purchased from Sigma.

.3. Virus yield assays

For virus yield assays, confluent cells in 6-well plates were
nfected at an MOI of 0.1 with vaccinia virus (strain Copenhagen)
r myxoma virus. Infections were done in the presence or absence

f the indicated compound. After a 1 h incubation, the media con-
aining the virus was removed, and the cells were washed three
imes with growth media. Fresh media with or without compound
as then added to the cells. At 5 and 24 hpi for vaccinia virus, and
and 48 hpi for myxoma virus, cells were collected and the virus
arch 88 (2010) 304–310 305

was released by three cycles of freeze and thaw. Serial dilutions
of supernatant were then added to confluent BHK21 cells for vac-
cinia virus titrations, or RK13 cells for myxoma virus titrations, in
12-well plates. All titrations were performed in triplicate and virus
plaques were counted approximately 24 hpi.

2.4. Plaque reduction assays

The sensitivities of vaccinia virus to nigericin, monensin, and
concanamycins A, B and C were determined by standard plaque
reduction assays in HeLa cells. Sensitivities to cidofovir and ST-246
were also determined as reference compounds inhibiting vaccinia
replication. Confluent HeLa cells in 12-well plates were infected
with vaccinia virus to give approximately 50–60 plaques per well.
After a 1 h incubation, the media containing the virus was removed.
Two-fold dilution series of compounds were prepared as agarose
overlays and added to the cells. All assays were done in duplicate
and plaques were counted 24 hpi. The IC50 was defined as the con-
centration of compound reducing the number of plaques by 50%.
IC50 values presented represent the mean of three independent
assays ± one standard deviation.

2.5. Cell toxicity assays

HeLa cells were seeded in duplicate in 96-well plates at a density
of ∼2 × 104 cells per well. After 24 h of growth, cells were approxi-
mately 90% confluent and were treated with serial dilutions of the
indicated compounds in growth media. Following a 24 h incuba-
tion at 37 ◦C, 10 �l of WST-1 reagent (Roche) was added to each
well. The absorbance was measured at 450 nm in a SpectraMAX Plus
luminometer (Molecular Devices). The 50% cytotoxic concentration
(CC50) was defined as the concentration of compound reducing cell
viability by 50%. Results represent the mean of three independent
experiments ± one standard deviation.

2.6. Real time PCR

HeLa cells were pretreated with or without 2 �M nigericin and
then infected with vaccinia virus at an MOI of 1. RNA was extracted
at 8 hpi using the RNeasy Mini Kit (Qiagen). RNA (1 �g) was reverse
transcribed using the Quantitect Reverse Transcription kit (Qia-
gen). Real time PCR was performed using Taqman Gene Expression
Master Mix and primer/probe sets (Applied Biosystems) on an ABI
7500 FAST 96-well real time PCR machine (Applied Biosystems).
Expression of actin was used as an internal standard. Errors bars
represent the fold change or relative quantification (RQ) minimum
and maximum. Primer sequences are listed below:
Primer Sequence (5′–3′)

Actin forward CACACTGTGCCCATCTACGA
Actin reverse GCCAGCCAGGTCCAGAC
Actin probe CCCATGCCATCCTGC
D12 forward GATTAATAGCGTAAAGTATTATGGGAGGAGTAC
D12 reverse CGCTGAGGTCGGCAACT
D12 probe ACGGCGTCCGCTTTA
A1 forward GGTGGTGAAGTAGGGTATTTCTGTT
A1 reverse TCTAAGAGCTACGTGAGACTTAACCA
A1 probe AAGCCAACGAATCCCT
A17 forward TCAAAAATAATGATGTTAGAACGTTACTCGGT
A17 reverse GATAAATATCATCAATATAGAGATTAGAGGAGGGCTA
A17 probe CAAGACGAACAAAATC

2.7. Quantification of viral DNA replication
A real time PCR based approach was employed to analyze vac-
cinia virus DNA replication. Confluent HeLa cells were pretreated
with 2 �M nigericin for 1 h. Infected cells were also pretreated with
or without 50 �g/mL of cytosine arabinoside (araC) as a positive
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Fig. 1. Nigericin inhibits vaccinia virus replication in several human cell lines. Confluent
HeLa (A), A549 (B) and Huh7 (C) cells in 6-well plates were treated with or without
0.2 or 2 �M nigericin and infected with vaccinia virus (strain Copenhagen) at an MOI
of 0.1. Virus titres were determined at 5 and 24 hpi by plaque assays on BHK21 cells.
(D) HeLa cells in 6-well plates were treated with or without 0.2 or 2 �M nigericin
06 C. Myskiw et al. / Antivira

ontrol for inhibition of vaccinia DNA replication. Cells were then
nfected with vaccinia at an MOI of 1 in the presence or absence
f compound. At 1 and 8 hpi, total DNA was isolated from the cells
sing the illustra triplePrep kit (GE Healthcare). Real time PCR was
erformed on 5 ng of DNA to detect the relative abundance of the
accinia A1 gene as a measure of viral genome replication.

.8. Western blotting

HeLa cells were pretreated with or without 2 �M nigericin and
hen infected with vaccinia virus at a MOI of 1. Cells were col-
ected at 2 and 8 hpi in 1 mL of PBS and pelleted by centrifugation at
000 rpm for 2 min. Cell pellets were lysed in 200 �l of 1× Laemmli
uffer. Protein samples were separated on Criterion XT pre-cast
els (Bio-Rad) and transferred to Hybond-C nitrocellulose mem-
ranes (Amersham Bioscience). Membranes were developed with
estern Lightning Chemiluminescent Reagent Plus (Perkin Elmer).

. Results

.1. Nigericin inhibits vaccinia virus replication

Nigericin has previously been demonstrated to inhibit the repli-
ation of RNA viruses including Poliovirus, influenza virus and
emliki Forest virus (Alonso-Caplen and Compans, 1983; Irurzun
t al., 1995, 1997). We sought to determine whether nigericin could
nhibit the replication of vaccinia virus, the prototypic member of
he Orthopoxvirus genus of DNA viruses. HeLa cells were infected
ith vaccinia virus at a low MOI in the presence or absence of 0.2

r 2 �M nigericin. Virus titres at 5 and 24 hpi were determined
y plaque assays. We found that nigericin potently inhibited vac-
inia virus replication in HeLa (Fig. 1A), A549 (Fig. 1B), and Huh7
ells (Fig. 1C). When used at 2 �M, vaccinia replication was almost
ompletely abrogated, representing a 3000, 380, and 1000-fold
eduction in virus titres in HeLa, A549 and Huh7 cells, respec-
ively. We observed ∼10-fold decrease in viral titres using 0.2 �M
igericin in each cell line tested. We also sought to investigate the
otential broad anti-poxviral activity of nigericin. Given the high
equence similarity amongst members of the Orthopoxvirus genus,
e reasoned that a poxvirus from a different poxvirus genus should

e studied. To this end, we treated HeLa cells with 0.2 or 2 �M
igericin and infected the cells with myxoma virus, a member of
he Leporipoxvirus genus. Similar to vaccinia virus, myxoma virus
eplication was significantly inhibited in the presence of nigericin,
ith virus titres reduced 676-fold in 2 �M nigericin treated HeLa

ells (Fig. 1D).

.2. Determination of the selectivity index of nigericin

We sought to determine the IC50 of nigericin and compare it with
group of functionally related compounds, the concanamycins A, B
nd C, and monensin. Collectively, these compounds, and nigericin,
an disrupt the electrochemical gradient across intracellular mem-
ranes (Pressman, 1976; Drose et al., 1993). Previously monensin
Payne and Kristensson, 1982) and concanamycin A (Townsley
t al., 2006) have been demonstrated to inhibit vaccinia virus, but
heir specific antiviral activity in terms of IC50 and SI were not char-
cterized. We also compared the activity of nigericin to two well
haracterized inhibitors of vaccinia replication, cidofovir and ST-
46. The antiviral activity of these compounds was determined by
tandard plaque reduction assays in HeLa cells (Table 1). We found

he IC50 of nigericin against vaccinia to be approximately 7.9 and
9.5 nM for the Copenhagen and Western Reserve strains, respec-
ively. The IC50 of monensin and concanamycins A, B and C against
he Copenhagen strain of vaccinia was approximately 21.6, 1.7, 11
nd 2.8 nM, respectively. The IC50 for cidofovir was approximately
and infected with myxoma virus at an MOI of 0.1. Virus titres were determined at
5 and 24 hpi by plaque assays on RK13 cells. All results are representative of three
independent experiments. Error bars represent the standard error of the mean.

110 �M while the IC50 for ST-246 was approximately 9.4 nM. Our
results for ST-246 are similar to the previously reported IC50 of
10 nM for ST-246 against vaccinia (Yang et al., 2005).
We also determined the level of cytotoxicity following treat-
ment of cells with nigericin, monensin and the concanamycins
(Table 1). HeLa cell monolayers were treated with serial dilutions of
each compound and cell viability was measured after 24 h. The con-
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Table 1
Inhibition of vaccinia virus replication by compounds in vitro.

Compound IC50
a CC50

b (�M) Selectivity indexc

Nigericin 7.9 ± 0.5 nM (Cop) 8.2 ± 1.8 1038 (Cop)
19.5 ± 5.7 nM (WR) 421 (WR)

Monensin 21.6 ± 4.4 nM 23.0 ± 2.9 1065
Concanamycin A 1.7 ± 0.2 nM 13.5 ± 5.7 7941
Concanamycin B 11.0 ± 1.9 nM 21.4 ± 0.6 1945
Concanamycin C 2.8 ± 0.8 nM 15.6 ± 3.2 5571
Cidofovir 110 ± 15 �M >1000 –
ST-246 9.4 ± 2.4 nM >1000 –
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24 hpi and virus titres were determined by plaque assays. When
nigericin was added 4 hpi to vaccinia infected cells, virus replication
was reduced ∼1600-fold compared to untreated controls (Fig. 3B).
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ll results are the mean ± one standard deviation of three independent experiment
a IC50 values were determined by plaque reduction assays in HeLa cells.
b CC50 values were determined on cell monolayers using the WST-1 cell viability
c The selectivity index was calculated as the CC50 divided by the IC50.

entration of nigericin at which cell viability was reduced by 50%
CC50) was found to be approximately 8.2 �M. We were unable to
btain the CC50 for cidofovir and ST-246, as no significant reduction
n cell viability was observed with concentrations up to 1000 �M
n our assay.

.3. Inhibition of virus yield by nigericin, monensin and
oncanamycins A, B and C

We next sought to compare the inhibition of virus yield between
he various compounds. HeLa cells were infected with vaccinia
irus at an MOI of 0.1 in the presence or absence of each com-
ound. For comparative purposes, compounds were used at a
oncentration of 2 �M, the concentration of nigericin which almost
ompletely abrogates vaccinia replication in this assay. Virus titres
ere determined by plaque assays at 5 and 24 hpi (Fig. 2). Similar to

he results in Fig. 1A, treatment of cells with 2 �M nigericin almost
ompletely inhibited vaccinia virus replication. In contrast, CDV at
�M had no effect on vaccinia replication under these conditions
s expected, given that our calculated IC50 for CDV is 110 �M. ST-
46 at 2 �M reduced viral titres approximately 7.4-fold compared
o untreated controls. Monensin and concanamycins A, B and C dis-
layed a similar potency in this assay, each reducing virus titres by
pproximately 20-fold.

.4. Nigericin does not inhibit vaccinia virus entry and its effects

n viral replication are reversible

Previously nigericin has been demonstrated to prevent entry
f Semliki Forest virus into cells (Irurzun et al., 1997). We sought
o determine whether nigericin also inhibits the entry of vac-
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ig. 2. Comparison of inhibition of virus yield between nigericin and functionally
elated compounds. Confluent HeLa cells in 6-well plates were left untreated or were
reated with nigericin (Nig), concanamycin A (Con A), concanamycin B (Con B), con-
anamycin C (Con C), monensin (Mon), CDV or ST-246 at 2 �M and infected with
accinia virus at an MOI of 0.1. Virus titres were determined at 5 and 24 hpi by plaque
ssays on BHK21 cells. Plaques were counted at approximately 24 hpi. Results are
epresentative of three independent experiments. Error bars represent the standard
rror of the mean.
.

cinia virus into HeLa cells as its mechanism of action. To this end,
we pretreated HeLa cells with nigericin (2 �M) for 1 h and then
infected the cells at a low MOI with vaccinia virus in the presence
of nigericin. At 1 hpi, the media containing the virus and nigericin
was removed from the cells, and the cells were washed three times
with growth media. Fresh growth media without nigericin was then
added to the cells. Virus titres were determined at 5 and 24 hpi
by plaque assays. When the inoculum containing nigericin was
removed from the cells at 1 hpi, vaccinia replication approached
the level of untreated controls (Fig. 3A). We also infected HeLa cells
with vaccinia virus in the absence of nigericin and then treated
cells with nigericin (2 �M) at 4 hpi. Cells were collected at 5 and
hpi:  5  24  5   24

B

V

virus control 2 μM nigericin removed at 1 hpi

2

V
ir

us
 y

ie
ld

 (l
og

10
PF

U
/m

L
)

hpi:  5  24 5 24

virus control 2 μM nigericin added at 4hpi

2

3

4

5

6

7

8

9

Fig. 3. Nigericin does not inhibit vaccinia virus entry. (A) HeLa cells in 6-well plates
were pretreated with 2 �M nigericin for 1 h. Cells were then infected with vaccinia
virus at an MOI of 0.1 in the presence of nigericin. At 1 hpi, the media containing
the virus and nigericin was removed and the cells were washed three times with
fresh growth media. Growth media without nigericin was then added to the cells
and virus titres were determined at 5 and 24 hpi by plaque assays on BHK21 cells.
(B) HeLa cells in 6-well plates were infected with vaccinia virus at an MOI of 0.1 in
the absence of nigericin. At 4 hpi, the cells were left untreated or were treated with
2 �M nigericin. Virus titres were determined at 5 and 24 hpi by plaque assays on
BHK21 cells. All results are representative of three independent experiments. Error
bars represent the standard error of the mean.
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Fig. 4. Nigericin inhibits vaccinia virus transcription. HeLa cells in 6-well plates were
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Fig. 5. Nigericin suppresses vaccinia DNA replication and intermediate/late translation.
(A) HeLa cells in 6-well plates were left untreated or were pretreated for 1 h with
2 �M nigericin. Cells were also pretreated with or without 50 �g/mL of cytosine ara-
binoside (araC) as a positive control for inhibition of vaccinia DNA replication. Cells
were then infected with vaccinia virus at an MOI of 1 in the presence or absence each
of compound. Cells were collected at 1 and 8 hpi and total DNA was extracted. Real
time PCR was performed to quantify the relative abundance of the vaccinia A1 gene.
Results are representative of three independent experiments. Error bars represent
ells was calculated. Results are shown as the percent relative gene expression in
igericin treated cells compared to untreated controls. All results are representative
f three independent experiments. Error bars represent the fold change or relative
uantification (RQ) minimum and RQ maximum values.

.5. Nigericin inhibits vaccinia virus gene transcription

Next we investigated the mechanism by which nigericin exerts
ts antiviral effect against vaccinia. Vaccinia virus gene expression
ollows a cascade-like pattern, with early gene transcription pro-
eeded by viral DNA replication (Broyles, 2003). Following DNA
eplication, intermediate and late genes are transcribed. We sought
o determine at which stage of vaccinia virus replication nigericin
cts. HeLa cells were infected with vaccinia virus at an MOI of 1
n the presence or absence of 2 �M nigericin. Cells were collected
t 8 hpi to examine viral gene expression. The expression of vac-
inia early (D12), intermediate (A1) and late (A17) viral transcripts
as quantified by real time PCR (Fig. 4). Compared to untreated

ontrols, expression of D12, A1 and A17 was reduced in nigericin
reated cells ∼82, 94 and 98%, respectively.

.6. Nigericin suppresses vaccinia DNA replication and
ntermediate/late protein translation

The potent inhibition of intermediate and late gene expression
ay be explained by inhibition of viral DNA replication by nigericin.

o determine if nigericin blocks vaccinia DNA replication, we used
eal time PCR to quantify viral genome replication as measured by
he relative abundance of the A1 gene. HeLa cells were infected
ith vaccinia virus at an MOI of 1 in the presence or absence of
�M nigericin. Cells were also treated with cytosine arabinoside

araC), which blocks vaccinia DNA replication, as a positive con-
rol. Cells were collected at 1 and 8 hpi to examine the presence of
he A1 gene. The fold change in A1 abundance of each sample was
ompared to the abundance of A1 at 1 hpi in infected, untreated
ells. At 8 hpi, the A1 gene sequence was approximately 155-fold
ore abundant as compared to at 1 hpi (Fig. 5A). In contrast, there
as no significant increase in the abundance of the A1 gene at
hpi in nigericin or araC treated cells. Similar results were obtained
hen quantifying the abundance of the vaccinia D12 gene (data not

hown).
Potent inhibition of intermediate/late gene transcription and
iral DNA replication should block intermediate and late viral trans-
ation. Thus, we also analyzed vaccinia virus protein translation.
dentical samples to those described analyzing viral gene tran-
cription were collected for Western blotting to determine the
xpression of D12 (early), G8 (intermediate) and H3 (late) (Fig. 5B).
RQ minimum and RQ maximum values. (B) Cells were treated with nigericin as in
(A) and collected at 2 and 8 hpi and the expression of vaccinia virus D12, G8 and H3
was analyzed by Western blotting. Results are representative of three independent
experiments.

The expression of actin was determined as a loading control. At
8 hpi, in the absence of nigericin, we were able to detect D12, G8 and
H3 protein expression. Expression of D12 was partially inhibited in
nigericin treated cells. The inhibitory effect of nigericin on inter-
mediate protein translation was more pronounced, with very little
G8 detected in nigericin treated cells compared to untreated con-
trols. In contrast, we were unable to detect H3 protein in nigericin
treated cells at 8 hpi.

4. Discussion

The threat of intentional release of poxviruses as bioterrorist
weapons and the emergence of more human adapted strains of
animal poxviruses underscores the need to develop therapeutic
agents to treat human poxvirus infection. Furthermore, antivi-
rals are also needed to treat severe reactions to poxvirus based
vaccines. In this study, we have demonstrated that nigericin is a
potent inhibitor of vaccinia virus replication in several human cell
lines. Moreover, nigericin also inhibited myxoma virus, a distantly
related poxvirus of the Leporipoxvirus genus. Given this and the
high sequence similarity between vaccinia, variola virus and mon-

keypox virus, nigericin may have the potential to inhibit a broad
array of poxviruses, including variola virus.

We have found that 2 �M nigericin reduced vaccinia virus titres
∼3000-fold in HeLa cells, representing a near complete block in
virus replication (Fig. 1A). Although nigericin only reduced viral
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itres 380-fold in A549 cells, the compound appears to be equally
ffective in inhibiting vaccinia replication in each cell line. The dis-
arity between the reduction in titres between HeLa and A549 cells

s a result of the increased replication capacity of vaccinia virus in
eLa cells as compared to A549 cells.

We used plaque reduction assays to compare the specific
ntiviral activity of nigericin to both cidofovir and ST-246, which
epresent well characterized inhibitors of poxvirus replication. We
ound that the IC50 of nigericin was 7.9 nM, with a corresponding
I of 1038 (Table 1). Nigericin was slightly less potent against the
R strain of vaccinia virus, which could be due to strain specific

ifferences in post-entry events. In comparison, we found the IC50
f CDV and ST-246 to be 110 �M and 9.4 nM, respectively. Previ-
us studies have reported the IC50 of CDV against vaccinia virus
o be 46.2 and 53 �M (Kern et al., 2002; Andrei et al., 2006). The
ifference between our results and those previously reported for
DV may result from experimental variables such as the choice
f cell line. Our calculated IC50 for ST-246 is similar to the previ-
usly reported IC50 of 10 nM (Yang et al., 2005). Thus, based on our
esults, nigericin displays a much greater potency than cidofovir
nd a similar potency to ST-246. We were unable to obtain the SI
f cidofovir and ST-246 in our system, as significant toxicity was
ot observed when using up to 1000 �M. Previous reports have
lso found CDV to be non-toxic at high micromolar concentrations
Jesus et al., 2009). In virus yield experiments in which the MOI
s much higher than in plaque reduction assays, nigericin at 2 �M

as significantly more potent than either ST-246 or cidofovir at
�M (Fig. 2). It is likely that nigericin is more potent than ST-246

n this assay because nigericin suppresses virus replication within
he infected cell, while ST-246 only blocks cell to cell spread of the
irus and does not affect intracellular replication.

We also compared the antiviral activity of nigericin with mon-
nsin and concanamycins A, B and C. Collectively, these compounds
re functionally related to nigericin in several ways. Both nigericin
nd monensin are carboxylic ionophores with similar molecular
tructures. However, nigericin is preferentially selective for K+ ions
nd monensin is preferentially selective for Na+ ions (Pressman,
976). By facilitating the exchange of K+ ions for protons, nigericin
an disrupt the electrochemical gradient across biological mem-
ranes. Similarly, the concanamycins inhibit endosomal function
y blocking the activity of the vacuolar ATPases (Drose et al., 1993).
reviously, both monensin (Payne and Kristensson, 1982) and con-
anamycin A (Townsley et al., 2006) were shown to inhibit vaccinia,
ut their antiviral activity in terms of IC50 and SI was not deter-
ined. We found that these compounds display low nanomolar

C50 values and correspondingly high SI values (Table 1). We found
hat even at much higher concentrations of 100–500 nM, these
ompounds were no more effective at inhibiting plaque formation
han at the concentration listed in Table 1 as the IC50. Therefore,
he IC50 values and SI values for these compounds could vary
idely. However, the lowest concentration of compound reduc-

ng the number of plaques by 50% was used, as this was deemed
o be the most accurate measurement of antiviral activity. When
omparing virus yield, which represents a higher MOI infection,
onensin and concanamycins A, B and C were much less potent

han nigericin (Fig. 2).
The high selectivity index of nigericin, combined with its supe-

ior potency in virus yield assays, suggests nigericin has the
otential to be further developed into a therapeutic agent to treat
oxvirus infection. Although nigericin is certainly more toxic than
oth cidofovir and ST-246, in vivo experiments demonstrate that

igericin can be used to provide positive clinical outcomes in
ice. For example, nigericin treatment can protect mice from

lasmodium vinckei petteri infection at 1.8 mg kg−1, while toxic-
ty was observed with dosages above 10 mg kg−1 (Adovelande and
chrevel, 1996). Furthermore, nigericin has been successfully used
arch 88 (2010) 304–310 309

in mice to potentiate the cytotoxic effects of melphalan on tumours
when used at 2.5 mg kg−1 (Wood et al., 1995). It should also be
noted that nigericin has been reported to inhibit lymphocyte mito-
genesis in cell culture (Daniele et al., 1978). This immunotoxic effect
was not due to cytotoxicity and was reversible upon removal of
nigericin. Again, the successful use of nigericin in vivo demonstrates
that toxicity observed in cell culture may not manifest equally in
vivo, or that the potency of nigericin may allow it to be used at
sub-toxic doses.

We further characterized the mechanism of action of nigericin,
since this is the first report to demonstrate that it can suppress
vaccinia virus replication. To this end, we analyzed at which stage
of vaccinia replication nigericin acts. Nigericin has been shown to
prevent the entry of Semliki Forest virus into cells (Irurzun et al.,
1997). It is unlikely that nigericin blocks vaccinia virus replication
by impeding cell entry, since removal of the inoculum containing
both the virus and nigericin at 1 hpi resulted in virus yields com-
parable to untreated controls (Fig. 3A). If nigericin blocked entry of
vaccinia into the cell, then in this experiment, the virus would not
enter the cell and would be removed during the media washes.
In this scenario, the virus yield would be expected to be much
lower than untreated controls. Thus, our results demonstrate that
vaccinia virus enters the cells even in the presence of nigericin. Fur-
thermore, treatment of cells with nigericin at 4 hpi also potently
inhibits vaccinia replication, demonstrating that nigericin can sup-
press post-entry events (Fig. 3B). Collectively, these results show
that nigericin does not block vaccinia entry but rather targets
vaccinia virus replication at a stage following entry of the virus.
Therefore, the mechanisms by which nigericin inhibits Semliki For-
est virus and vaccinia virus are distinct. Furthermore, that nigericin
can suppress vaccinia infection when added both pre- and post-
infection raises the possibility that nigericin could be used not
only as a prophylactic but also for post-exposure antiviral treat-
ment. This would be important in a setting in which prophylactic
treatment would not likely have been given, such as accidental or
deliberate release of a pathogenic poxvirus.

The earliest post-entry event that we found to be inhibited
by nigericin was the suppression of early vaccinia gene expres-
sion (Fig. 4). These results are in agreement with previous reports
that nigericin inhibits Poliovirus RNA synthesis (Irurzun et al.,
1995). While early gene expression was significantly inhibited by
nigericin, intermediate and late gene transcription was almost
completely abrogated. Even moderate inhibition of early viral tran-
scription would be expected to impair viral DNA replication to
some extent. For this reason, we also analyzed vaccinia DNA repli-
cation in the presence of nigericin and found that the compound
significantly blocked viral DNA replication. Correlated with this,
intermediate/late gene transcription and intermediate/late trans-
lation were also inhibited. Thus, the combined impairment of early
viral gene transcription and DNA replication likely accounts for the
suppression of vaccinia virus replication by nigericin. However, the
precise mechanism by which nigericin inhibits vaccinia virus gene
transcription remains unknown. We have attempted to select for
resistant viruses in the presence of nigericin, but were unsuccess-
ful. Currently we do not know whether nigericin acts by targeting
viral or host factors required by the virus.

An Institute of Medicine report has emphasized that two dis-
tinct antivirals targeting different stages of poxvirus replication
should be stockpiled against a possible outbreak of variola virus
(LeDuc et al., 2002). Two of the most well characterized inhibitors
of poxvirus replication, ST-246 and CDV, suppress cell to cell spread

or viral DNA synthesis, respectively (Blasco and Moss, 1991; Yang
et al., 2005). In this report, we demonstrate that nigericin potently
inhibits vaccinia virus replication by suppressing early viral tran-
scription leading to potent inhibition of viral DNA replication and
subsequent intermediate/late gene expression. This mechanism is
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herefore distinct from that described for ST-246 or cidofovir. Fur-
hermore, we show that nigericin displays a very high potency
gainst vaccinia replication and is effective when added to cells
ost-infection. Thus, additional work to investigate the potential
f nigericin to be developed into an effective antiviral treatment
or poxvirus infection should be explored. Synthesis of analogues
f nigericin with higher potency and/or lower cell toxicity would be
n important step in improving the activity of nigericin. Further-
ore, experiments to study the potential of nigericin to protect
ice from poxvirus challenge would be beneficial.
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