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Terameprocol (TMP) is a methylated derivative of nordihydroguaiaretic acid, a phenolic antioxidant
originally derived from creosote bush extracts. TMP has previously been shown to have antiviral and
anti-inflammatory activities, and has been proven safe in phase I clinical trials conducted to evaluate
TMP as both a topical and parenteral therapeutic. In the current study, we examined the ability of TMP
to inhibit poxvirus growth in vitro, and found that TMP potently inhibited the growth of both cowpox
virus and vaccinia virus in a variety of cell lines. TMP treatment was highly effective at reducing infectious
virus yield in multi-step virus growth assays, but it did not substantially inhibit the synthesis of infectious
progeny viruses in individual infected cells. These contrasting results showed that TMP inhibits poxvirus
growth in vitro by preventing the efficient spread of virus particles from cell to cell. The canonical mech-
erameprocol

ntiviral agent
ell-to-cell spread

anism of poxvirus cell-to-cell spread requires morphogenesis of cell-associated, enveloped virions. The
virions then trigger the formation of actin tails to project them from the cell surface. The number of
actin tails present at the surface of poxvirus-infected cells was reduced dramatically by treatment with
TMP. Whether TMP inhibits poxvirus morphogenesis, or subsequent events required for actin tail forma-
tion, remains to be determined. The results of this study, together with the clinical safety record of TMP,

n of T
support further evaluatio

. Introduction

Widespread public vaccination against smallpox was discon-
inued following the 1980 declaration by the World Health
rganization that the disease had been eradicated. Indeed, vaccina-

ion in some countries, including the United States, was halted even
arlier. As a result, it is likely that the majority of the current popula-
ion has no protection against this disease, and that herd immunity
as been lost. This has caused concern that smallpox may now
onstitute a dangerous biological weapon, and as such, the Cen-
ers for Disease Control and Prevention has identified the causative
gent, variola virus, as amongst the highest potential bioterror-
sm threats. Another concern is the prospect of increased exposure
o monkeypox virus due to human encroachment, globalization,
r weaponized use (Parker et al., 2007). Although the currently

icensed smallpox vaccine provides protection against both small-
ox and monkeypox (Edghill-Smith et al., 2005), the development
f a diverse arsenal of poxvirus antiviral agents is paramount for
reparedness in the event of a potential outbreak. If exposure of
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the general public were to occur, poxvirus antiviral agents would
provide a crucial complement to vaccination (Neyts and De Clercq,
2003).

Poxvirus replication occurs in the cytoplasm of host cells and
results in the formation of four distinct types of infectious virus
particles. Intracellular mature virus (IMV) constitutes the pri-
mary infectious virion type produced in poxvirus-infected cells
(Roberts and Smith, 2008). IMV particles are already enveloped,
but some subsequently become wrapped with additional cellular
membranes, obtained from either the trans-Golgi network or early
endosomes, to form so-called intracellular enveloped virus (IEV)
(Schmelz et al., 1994; Tooze et al., 1993). IEV particles are trans-
ported via microtubules to the surface of the cell (Sanderson et
al., 2000). At the surface, the outer IEV membrane fuses with the
plasma membrane. Particles that remain associated with the cell
are termed cell-associated enveloped virus (CEV), while those that
are released are termed extracellular enveloped virus (EEV) (Smith
and Law, 2004; Smith et al., 2002, 2003). CEV and EEV particles
are distinct only in whether or not they are associated with the
cell, and in their pathogenic functions. CEV particles participate

in the canonical mechanism of poxvirus cell-to-cell spread. At the
surface of infected cells, CEV particles induce the formation of actin-
filled projections (“actin tails”) that propel them outward toward
adjacent cells (Blasco and Moss, 1992; Cudmore et al., 1995). If an
adjacent cell is already infected, the CEV particles then trigger the

dx.doi.org/10.1016/j.antiviral.2010.09.017
http://www.sciencedirect.com/science/journal/01663542
http://www.elsevier.com/locate/antiviral
mailto:tim_petty@ncsu.edu
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ormation of new actin tails on that cell, which blocks superinfec-
ion and contributes to the rapid expansion of plaques formed by
oxviruses in vitro (Doceul et al., 2010). In contrast, EEV particles
re involved in long distance virus spread and systemic dissemi-
ation (Payne, 1980). The complex morphogenesis of poxviruses
rovides additional targets for antiviral compounds beyond the
eplicative portion of the virus life cycle.

The FDA has approved only one investigational new drug for
se against poxviruses. The drug, cidofovir (CDV), is a nucleoside
nalog that effectively inhibits the replication of many DNA viruses
De Clercq, 2003). Unfortunately, poxviruses with resistance to CDV
ave been isolated (Smee et al., 2002), demonstrating the need for
ovel antivirals that target other aspects of poxvirus growth. One
ecently described compound, ST-246, is readily bioavailable fol-
owing oral administration, is effective against both variola virus
nd monkeypox virus in nonhuman primates, and has recently been
valuated in a phase I clinical trial (Huggins et al., 2009; Jordan et
l., 2008; Yang et al., 2005). Unlike CDV, ST-246 does not inhibit
oxvirus replication, but rather interacts with a specific viral pro-
ein to prevent the formation of IEV. However, resistance to ST-246
onferred by a single point mutation has been described (Yang et
l., 2005). Thus, there is a need to develop, or identify, additional
ntiviral agents. Many such investigations have been described, but
iven the difficulties associated with the clinical trials process, the
ontinued identification of putative compounds is warranted.

Many of the medicinal effects associated with extracts prepared
rom the creosote bush, Larrea tridentata, have been attributed to
he phenolic antioxidant nordihydroguaiaretic acid (NDGA), and
elated molecules (Arteaga et al., 2005). Previous studies have
hown that methylated derivatives of NDGA can inhibit replication,
nd Tat-regulated transactivation, of human immunodeficiency
irus (HIV) in vitro (Gnabre et al., 1995). Screening of eight differ-
nt methylated derivatives of NDGA for increased ability to inhibit
IV transactivation identified tetra-O-methyl NDGA, also known
s M4N, EM-1421, or Terameprocol (TMP), as having the high-
st activity (Hwu et al., 1998). The structure of TMP is shown
n Fig. 1. Subsequently, TMP has also been shown to block the
eplication of herpes simplex viruses (HSV), and to prevent gene
xpression from the human papillomavirus type 16 P97 early pro-
oter (Chen et al., 1998; Craigo et al., 2000). Based on this spectrum

f antiviral activities, TMP has been evaluated in phase I/II clinical
rials for use as a vaginal microbicide, and has been well toler-
ted (Khanna et al., 2008; Khanna et al., 2007). TMP is also under
valuation as a cancer therapeutic, and multiple phase I clinical tri-
ls have addressed safety and maximum tolerated dose following
ntravenous infusion in human volunteers (www.Clinicaltrials.gov,
ccessed 12/10/2009).

In the current study, we examined the ability of TMP to inhibit
oxvirus growth in vitro. Our data show that TMP potently inhibits
he growth of both cowpox virus (CPXV) and vaccinia virus (VACV)
n a variety of cell lines. Mechanistic studies revealed that TMP

odestly reduced virus protein expression and DNA synthesis, but
ad little effect on the accumulation of infectious progeny virus
n individual infected cells. However, TMP dramatically inhibited
PXV cell-to-cell spread. The number of CPXV-induced actin tails
t the surface of infected cells was reduced, confirming that TMP
nterfered with the canonical mechanism of poxvirus cell-to-cell
pread. Whether TMP treatment prevents the production of CEV,

Fig. 1. Chemical structure of TMP.
arch 88 (2010) 287–295

or interferes directly with subsequent events required for actin tail
formation, remains to be established. The results of this study, when
considered in combination with the established clinical safety of
TMP, support the further evaluation of TMP as a poxvirus thera-
peutic.

2. Materials and methods

2.1. Reagents and antibodies

All fetal bovine serum (FBS), cell culture media, and cell culture
reagents were purchased from Invitrogen Corporation (Carlsbad,
CA). Ascites fluid containing murine monoclonal antibody (Ab)
TW2.3, specific to the VACV early gene product E3L (Yuwen et
al., 1993), was a generous gift from Dr. Jack Bennink (National
Institutes of Health, Bethesda, MD). Rabbit polyclonal Ab specific
to the CPXV A-type inclusion (ATI) protein has been previously
described (Patel et al., 1986) and was a gift from Dr. David Pickup
(Duke University, Durham, NC). Murine monoclonal Ab specific to
�-actin, and tetramethylrhodamine B isothiocyanate (TRITC) con-
jugated phalloidin were purchased from Sigma–Aldrich (St. Louis,
MO). Alexa Fluor® 488 conjugated goat anti-mouse IgG Abs were
obtained from Invitrogen Corporation (Carlsbad, CA). Secondary
Abs for use with the Odyssey Infrared Imaging System, goat anti-
mouse IRDye® 680 and goat anti-rabbit IRDye® 800CW, were pur-
chased from Li-Cor Biosciences (Lincoln, NE). All chemicals, includ-
ing dimethyl sulphoxide (DMSO) and cytosine arabinoside (AraC)
were purchased from Sigma–Aldrich (St. Louis, MO). TMP in DMSO
solvent was obtained from Erimos Pharmaceuticals (Raleigh, NC).

2.2. Cell lines

Cell lines were obtained from the American Type Culture Col-
lection (ATCC) (Manassas, VA). 143B cells (ATCC CRL-8303) were
cultured in Minimum Essential Medium (MEM) supplemented
with 5% FBS. BS-C-1, 293, HEP-G2, and A431 cells (ATCC CCL-26,
CRL-1573, HB-8065, and CRL-1555, respectively) were cultured
in Dulbecco’s Modified Eagle’s Medium (DMEM) supplemented
with 10% FBS. CCD-1138SK cells (ATCC CRL-2707) were cultured in
Iscove’s Modified Dulbecco’s Medium (IMDM) supplemented with
10% FBS. C3HA murine fibroblasts (Gooding, 1979) were cultured
in DMEM supplemented with 1 mM sodium pyruvate and 5% FBS.
All cell lines were maintained at 37 ◦C in a 5% CO2 atmosphere.

2.3. Viruses

Viruses employed in this study were CPXV strain Brighton Red
(ATCC VR-302) and VACV strain Western Reserve (ATCC VR-1354).
Virus titers were determined by plaque assays in 143B cells.

2.4. CPXV plaque-reduction assay

143B cells or BS-C-1 cells were plated to near confluence in
6-well tissue culture plates. The cells were then mock-infected
with 200 �L of serum-free medium, or infected with approximately
200 plaque forming units (PFU) of CPXV in 200 �L of serum-free
medium per well. The virus was allowed to adsorb for 45 minutes
(min) with shaking every 10 min. The inoculum was removed and
replaced with cell culture medium supplemented with 3.125 �M,

6.25 �M, or 12.5 �M TMP, or the solvent control (0.1% DMSO).
Plaques were allowed to develop for 30 hours (h). The resultant
plaques were visualized by negative staining with 0.1% crystal vio-
let in 20% ethanol solution. Plaque size (mm2) was measured using
Bio-Rad GelDoc XR plaque analysis software (Bio-Rad Laboratories,
Hercules, CA).

http://www.clinicaltrials.gov/
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.5. Virus growth assays and determination of virus yields

Low- and high-multiplicity of infection (MOI) growth assays
ere conducted to determine the effects of TMP treatment on
oxvirus growth. For low-MOI growth assays, cells were pretreated
ith 25 �M TMP or solvent control (0.1% DMSO) for 1 h, unless

therwise stated. The treated cells were then infected with CPXV
r VACV at 0.01 PFU/cell in serum-free medium containing 25 �M
MP or 0.1% DMSO. Virus was allowed to adsorb for 1 h with shaking
very 15 min. Following adsorption, incubations were continued
n cell-appropriate growth media containing 25 �M TMP or 0.1%
MSO. Total virus yield was collected at 5 h, 12 h, 24 h, and 48 h
fter infection for CPXV growth assays, and at 48 h after infection for
ACV growth assays. Total virus yield was collected by freeze–thaw

ysis of infected cells and culture media, followed by further disrup-
ion by sonication. Virus titers were measured with standard plaque
ssays on 143B cells.

For CPXV high-MOI growth assays, cells were pretreated with
5 �M TMP or solvent control (0.1% DMSO) for 1 h or 24 h as indi-
ated. The treated cells were then infected with CPXV at 5 PFU/cell
n serum-free medium containing 25 �M TMP, 10 �g/mL AraC, or
.1% DMSO. Virus was allowed to adsorb for 1 h with shaking every
5 min. Following adsorption, incubations were continued in cell-
ppropriate growth media containing 25 �M TMP, 10 �g/mL AraC
r 0.1% DMSO. Total virus yield was determined 24 h after infection
y freeze–thaw lysis of infected cells and culture media, followed
y further disruption by sonication, and measurement of virus titer
y standard plaque assays on 143B cells.

.6. Quantitative immunoblotting

BS-C-1 cells were infected with CPXV at 5 PFU/cell and cul-
ured in growth medium containing 25 �M TMP, 10 �g/mL AraC,
r solvent control (0.1% DMSO). Cell monolayers were solubilized
n lysis buffer (50 mM HEPES (pH 7.4), 1 mM EGTA, 1 mM EDTA,
.2 mM sodium orthovanadate, 2 mM PMSF, 5% �-mercaptoethanol
nd 0.5% SDS) and collected by scraping at the indicated times
ost-infection. Total protein concentration of the lysates was deter-
ined using the Bio-Rad DC protein assay (Bio-Rad Laboratories).

qual amounts of total protein (5 �g) were loaded onto 10% poly-
crylamide Tris–glycine–SDS gels and separated by electrophoresis
n a Novex MiniCell System (Invitrogen Corporation). Proteins
ere transferred to Immobilon-FL PVDF membranes (Millipore,
edford, MA) and blocked overnight in Odyssey Blocking Buffer
Li-Cor Biosciences). The primary Abs (anti-ATI, and anti-�-actin)
ere diluted in 0.1% Tween-20 Odyssey Blocking Buffer and incu-

ated with membrane for 1 h at room temperature. Membranes
ere washed extensively in PBS containing 0.1% Tween-20. Sec-

ndary Abs specifically designed for use with the Li-Cor Odyssey
ystem were diluted in 0.1% Tween-20 Odyssey Blocking buffer and
ncubated for 45 min at room temperature, followed by extensive

ashing with PBS containing 0.1% Tween-20. Band visualization
nd quantification were completed on a Li-Cor Odyssey scanning
ystem running Odyssey 2.1 software (Li-Cor Biosciences). The inte-
rated intensity of each specific band of interest was measured and
ormalized to the respective �-actin control band to account for
ny minor variations in total protein loads.

.7. Isolation and quantification of viral DNA

BS-C-1 cells were infected with CPXV at 5 PFU/cell and cultured

n growth medium containing 25 �M TMP, 10 �g/mL AraC, or sol-
ent control (0.1% DMSO). Cells were harvested by scraping at 6 h
nd 12 h post-infection. Total cellular and viral DNA was isolated
sing the QIAmp DNA Blood Mini Kit (Qiagen, Hilden, Germany)
ccording to the manufacturer’s instructions. CPXV DNA synthe-
arch 88 (2010) 287–295 289

sis was measured by real-time PCR amplification of a portion of
the CPXV CP77 gene using the primers 5′-GGA AAA TGA GGA GGT
GGC TCT CGA TG-3′ and 5′-GAT AAT CGT CAT TTT GTG ATG GAT
ATT CTT-3′ in a Bio-Rad iCycler running MyIQ System Software
Version 1.1.410. A portion of the host cellular GAPDH gene was
amplified with the primers 5′-GGA TTT GGT CGT ATT GGG CG-3′ and
5′-TGG AAG ATG GTG ATG GGA TTT C-3′ for use as a DNA load con-
trol. All primers were purchased from Integrated DNA Technologies
(Coralville, IA). Reactions were carried out in 25 �L volume, using
Quantace SensiMix Plus SYBR® & Fluorescein (Quantace, London,
UK) with 5 ng of the isolated DNA per reaction. Copy number was
established by comparison to a standard curve that was generated
using DNA templates amplified with the use of cognate primer sets
for the CP77 gene and GAPDH gene. Thermal cycling was performed
as follows: 1.5 min at 95 ◦C, followed by 50 cycles each of 95 ◦C for
0.5 min, 59 ◦C for 0.5 min, and 72 ◦C for 2 min, followed by melt-
curve data collection and analysis. Final RT-PCR data are expressed
as the ratio of CP77 copy number per 100 copies of GAPDH. The
experiment was conducted twice, and all reactions were performed
in triplicate for each experiment.

2.8. Immunofluorescence microscopy

For evaluation of actin tail formation, 8-well glass chamber
slides (Nalge Nunc International, Naperville, IL) were seeded with
5 × 104 BS-C-1 cells and incubated at 37 ◦C for approximately 8 h to
allow cell attachment. Cells were then mock-infected or infected
with CPXV at 5 PFU/cell in TMP- or DMSO-treated serum free
medium and incubated for 1 h at 37 ◦C to allow virus adsorption.
The inoculum was then removed and incubations were contin-
ued in 2.5% FBS DMEM with 25 �M TMP or 0.1% DMSO. At 14 h
post-infection, the cells were fixed in 4% formaldehyde PBS for
20 min at room temperature and washed twice in 3% BSA PBS. Cells
were then permeabilized with 0.1% Triton X-100 PBS for 5 min,
washed twice in 3% BSA PBS, and incubated with TRITC–phalloidin
and anti-E3L Ab (TW2.3) in 0.3% BSA for 1 h. Cells were then
washed again twice in 3% BSA PBS and incubated with Alexa Fluor®

488 conjugated goat anti-mouse Abs in 0.3% BSA PBS for 30 min,
washed twice in 3% BSA PBS, and mounted in anti-fade slide mount
containing 4′,6-diamidino-2-phenylindole (DAPI) (Vector Labora-
tories, Burlingame, CA). For evaluation of virus spread mechanisms
at the leading edge of CPXV plaques, 8-well chamber slides were
seeded to near confluence with BS-C-1 cells or C3HA cells in 2.5%
FBS DMEM. Cultures were then infected with CPXV at 0.001 PFU/cell
in 2.5% FBS DMEM, and plaques were allowed to develop for 20 h.
The slides were then prepared and immunostained as described
above. Microscopy was conducted on a Zeiss Axioskop 2 Plus at
1000-fold magnification and images were captured using Spot
Advanced software (Diagnostic Instruments, Sterling Heights, MI).

2.9. Statistical analysis

Data are presented as standard error of the mean (SEM). Group
analysis of variance was compared by Kruskal–Wallis test fol-
lowed by Dunn’s multiple comparison test of log-transformed data.
Proportion analysis was conducted using Fisher’s exact test. All sta-
tistical analyses were performed using GraphPad Prism (version
5.01) software (GraphPad Software, La Jolla, CA).

3. Results
3.1. TMP reduces the size of plaques formed by CPXV

We first evaluated the ability of TMP to interfere with poxvirus
growth by performing CPXV plaque-reduction assays. The forma-
tion of a plaque requires the combination of virus replication, virus
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Fig. 2. TMP reduces the size of plaques formed by CPXV. Near-confluent monolayers
of 143B cells grown in 6-well tissue culture plates were mock-infected (200 �L of
serum free medium), or infected with approximately 200 PFU/well CPXV. Plaques
were allowed to develop in cell growth medium supplemented with the indicated
concentrations of TMP, or with the solvent control, 0.1% DMSO (0 �M TMP). (A) Cell
monolayers were stained with 0.1% crystal violet in a 20% ethanol solution at 30 h
p
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ost-infection. Well images are shown. (B) Plaque size (mm2) was determined using
io-Rad Gel-Doc XR plaque analysis software. Data are means and SEM for each test
ondition. Plaque density (number of plaques/cm2) at each tested concentration of
MP is shown above the columns; N.D., none detected.

ell-to-cell spread, and virus-induced cell lysis. Thus, effects on
laque size can be used to screen for antiviral activity directed at
ny of these processes. Plaque-reduction assays were conducted
n confluent monolayers of 143B cells in 6-well plates that were
nfected with approximately 200 PFU of CPXV per well. Plaques

ere allowed to develop in culture medium containing 2-fold
ncreasing concentrations of TMP (3.125 �M, 6.25 �M, 12.5 �M) or
he solvent control (0.1% DMSO), and the resultant plaques were
etected by negative staining with crystal violet. Data from a rep-
esentative experiment are shown in Fig. 2A, and average plaque
izes for each condition are presented in Fig. 2B. The overall num-
er of plaques formed, both visible to the naked eye, and visible
nly by microscopy, also was progressively reduced by increasing
oncentrations of TMP (Fig. 2, and data not shown). However, indi-
idual infected cells cannot be detected by the plaque assay, so a
eduction in the number of CPXV infection centers established in
he culture cannot necessarily be inferred from these results.

These data clearly show that TMP treatment caused a dramatic,
ose-dependent decrease in CPXV plaque size, and also reduced
he total number of plaques that could be detected. At the high-
st tested concentration of TMP (12.5 �M) plaques were no longer
etected. Results similar to those obtained with monolayers of
43B cells also were obtained from CPXV plaque-reduction assays
onducted with BS-C-1 cells (data not shown). Thus, TMP was able
o inhibit the growth of CPXV in a dose-dependent manner.

.2. TMP only has minimal effect on synthesis of CPXV proteins,
NA, and infectious virus particles

We next sought to determine whether TMP treatment inhibited
irus growth in a cell-autonomous manner. For this, we investi-
ated the effect of TMP on the yield of infectious progeny virus

btained from one-step (high-MOI) growth assays. BS-C-1 cells
re a standard cell line for in vitro propagation of poxviruses, and
herefore were used for this experiment, as well as for subsequent
xperiments to elucidate the mechanism of the antiviral activity of
MP against CPXV. For these, and all subsequent experiments, TMP
arch 88 (2010) 287–295

was used at a concentration of 25 �M, as pharmacokinetic and tis-
sue distribution studies have shown that TMP can be detected at, or
above, this concentration in the plasma, intestines, and spleens of
mice following repeated oral administration (Park et al., 2005). We
evaluated the dose-dependent toxicity of TMP by trypan blue dye-
exclusion of solvent control- (0.1% DMSO) and TMP-treated BS-C-1
cells over a 48 h incubation. We observed no apparent reduction of
cell growth, or increase in cell death, when BS-C-1 cells were cul-
tured in media supplemented with 25 �M TMP (data not shown).

For one-step growth assays, BS-C-1 cells were treated with
DMSO, TMP, or the nucleoside analog AraC, a well-characterized
inhibitor of poxvirus DNA replication, and were infected with CPXV
at 5 PFU/cell. Infected cells and culture medium were combined and
collected at 24 h post-infection, and virus titers were determined by
standard plaque assays. As indicated in Fig. 3A, TMP treatment did
not cause a significant reduction of CPXV yield. In marked contrast,
and as expected, treatment of BS-C-1 cells with the positive-control
compound, AraC, a potent inhibitor of poxvirus DNA replication,
resulted in a significant (P < 0.05), near three-log (99.9%), decrease
in viral yield compared to solvent control-treated cells.

To confirm that TMP treatment had little effect on CPXV in indi-
vidual infected cells, we also evaluated viral protein expression and
DNA synthesis. Quantitative immunoblot analysis was used to mea-
sure the accumulation of the CPXV A-type inclusion (ATI) protein
in infected cells. Poxvirus gene expression is temporally regulated,
and the expression of the CPXV ATI protein is restricted to the late
stage of replication, after the onset of viral DNA synthesis (Patel
and Pickup, 1987). Therefore, the accumulation of the late stage-
restricted ATI protein can serve as an indicator of unperturbed
expression of all temporal classes of poxvirus genes. We applied
quantitative immunoblotting to CPXV-infected BS-C-1 cell lysates,
and compared the accumulation of the ATI protein in DMSO-treated
(solvent control) cells to that in TMP-treated cells, and AraC-treated
cells. As expected, the data shown in Fig. 3B indicate that treat-
ment with the DNA synthesis inhibitor AraC caused a significant
reduction in the accumulation of the ATI protein when compared
to control-treated cells at 12 h and 24 h post-infection. ATI protein
levels were also reduced in TMP-treated cells; however, the data
clearly demonstrate that TMP does not inhibit late-stage viral pro-
tein accumulation to the extent seen for AraC, a bona fide inhibitor
of poxvirus DNA replication.

We next investigated directly whether poxvirus DNA synthesis
was reduced in TMP-treated BS-C-1 cells. Viral DNA synthesis was
measured by real-time PCR quantification of the CPXV CP77 gene,
normalized to host-cell GAPDH copy number. As shown in Fig. 3C,
TMP-treated cells contained fewer copies of the CPXV CP77 gene at
6 h and 12 h post-infection compared to cells treated with DMSO,
indicating that TMP treatment reduced viral DNA synthesis. How-
ever, as described for viral protein accumulation, TMP had a much
smaller effect on viral DNA synthesis than the positive-control com-
pound, AraC.

Taken together, the results of these experiments show that
treatment of CPXV-infected cells with TMP can modestly reduce
both viral protein expression and DNA synthesis, but these effects
are not sufficient to prevent virus replication, or the synthesis of
new infectious virions at near normal levels. These results impli-
cate TMP-dependent inhibition of virus spread from infected cells
to non-infected cells, or the inhibition of infected cell lysis, as the
cause of the potent antiviral effects that were observed in plaque-
reduction assays.
3.3. TMP inhibits cell-to-cell spread of CPXV in BS-C-1 cells

Multi-step (low-MOI) growth assays, together with drug-
pretreatment in one-step growth assays, were used to test directly
for the ability of TMP to inhibit the cell-to-cell spread of CPXV. In
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Fig. 3. TMP only has minimal effect on synthesis of CPXV proteins, DNA, and infec-
tious virus particles. (A) BS-C-1 cells were infected with CPXV at 5 PFU/cell and
cultured in cell growth medium containing 25 �M TMP, 10 �g/mL AraC, or solvent
control (0.1% DMSO). Total virus yield (PFU/mL) was determined at 24 h after infec-
tion by freeze–thaw lysis of cells and culture media, and standard plaque assay on
143B cells. Data are means and SEM from five (DMSO and TMP treated) or three
(AraC) independent experiments. Differences indicated (*) are significant (P < 0.05
by Kruskal–Wallis test with Dunn’s multiple comparison test of log-transformed
data). (B) BS-C-1 cells were infected with CPXV at 5 PFU/cell, and cultured in growth
medium containing 25 �M TMP, 10 �g/mL AraC, or solvent control (0.1% DMSO).
Cell lysates were prepared 6, 12, or 24 h after infection. Lysates (5 �g) were resolved
by SDS-PAGE and immunoblotted to detect the CPXV ATI protein and host-cell
�-actin. The near infrared fluorescence intensity (integrated intensity) of each ATI-
specific band was measured with the LiCor Odyssey system, and was normalized to
respective �-actin controls. Protein quantification data are means and SEM from two
independent experiments. (C) BS-C-1 cells were infected and treated as described
above. Total cellular and viral DNA was collected at 6 and 12 h post-infection. Real-
time PCR amplification of a portion of the CPXV CP77 gene and the host-cell GAPDH
gene was conducted. Copy number was established by comparisons of PCR amplifi-
cation data to appropriate standard curves. Data are expressed as the ratio of CPXV
CP77 copies per 100 copies of GAPDH. Data are means and SEM from two indepen-
dent experiments. ATI protein levels (B), and CP77 copy number (C), in AraC-treated
cells were significantly reduced (P < 0.1 by Kruskal–Wallis test with Dunn’s mul-
tiple comparison test of log-transformed data) when compared to DMSO-treated
controls.

Fig. 4. TMP inhibits cell-to-cell spread of CPXV. (A) BS-C-1 cells were pre-treated
with 25 �M TMP or solvent control (0.1% DMSO) for 1 h. The cells were then infected
with CPXV at 0.01 PFU/cell, and cultured in cell growth medium containing 25 �M
TMP or 0.1% DMSO. Total virus yield was determined at 5, 12, 24, and 48 h after
infection by freeze–thaw lysis of cells and culture media, and virus titer (PFU/mL)
was determined by standard plaque assay on 143B cells. Data are means and SEM
from two independent experiments. (B) BS-C-1 cells were pretreated with 25 �M
TMP or solvent control (0.1% DMSO) for 24 h. The treated cells were then infected

with CPXV at 5 PFU/cell and cultured in cell growth medium containing 25 �M TMP,
or 0.1% DMSO. Total virus yield (PFU/mL) was determined at 24 h after infection by
freeze–thaw lysis of cells and culture media, and standard plaque assay on 143B
cells. Data are means and SEM from two independent experiments.

multi-step growth assays, BS-C-1 cells were treated with DMSO or
TMP, and were infected with CPXV at 0.01 PFU/cell. Infected cells
and culture medium were combined and collected at 5, 12, 24, or
48 h after infection, and virus titers were determined by standard
plaque assays. As shown in Fig. 4A, TMP treatment caused a dra-
matic reduction in CPXV titer in multi-step growth assays when
compared to solvent control-treated cells. By 48 h post-infection,
TMP-treated cells exhibited a reduction in virus yield of nearly
three logs (99.8%). In multi-step growth assays, as well as in plaque
assays, most cells in the culture might be incubated for many hours
in the presence of TMP prior to becoming infected with virus. Thus,
it was important to confirm that pretreatment of uninfected cells
with TMP for an extended period prior to infection with CPXV could
not account for its effectiveness in these assays. As a control, one-
step growth experiments were conducted in which BS-C-1 cells
were pretreated with TMP for 24 h prior to infection with CPXV,
instead of the standard pretreatment of 1 h used in all other exper-
iments. As shown in Fig. 4B, 24 h pretreatment with TMP had no
cell-autonomous effect on virus yield. In contrast, after 24 h in a
multi-step growth assay TMP treatment reduced the yield of CPXV
by about two logs (Fig. 4A).

Taken together, the results of these experiments show that TMP
reduces plaque size and virus titer in multi-step growth assays by
inhibiting the cell-to-cell spread of CPXV.
3.4. TMP treatment prevents the CPXV-induced formation of
actin tails in infected cells

Poxvirus infection normally results in the formation of four dif-
ferent types of infectious virions: IMV, IEV, CEV, and EEV. Of these,
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Fig. 5. TMP treatment prevents the formation of actin tails by CPXV-infected cells. BS-C-1 cells were mock-infected (A), or infected with CPXV at 5 PFU/cell (B), and were then
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ultured in 2.5% FBS DMEM containing 25 �M TMP or solvent control (0.1% DMSO) f
lexaFluor® 488 secondary Ab to detect viral antigen, TRITC-conjugated phalloidin
f phalloidin-stained mock infected cells treated with DMSO or TMP as indicated. D
PXV-infected cells treated with DMSO or TMP as indicated. White arrows identify

he CEV form is thought to be the most important for efficient cell-
o-cell spread (Blasco and Moss, 1992). During poxvirus cell-to-cell

ovement by the canonical mechanism, CEV induces the forma-
ion of actin tails that project the virus particles outward from the
urface of infected cells to potentially penetrate, and infect, neigh-
oring cells (Cudmore et al., 1995). Thus, the formation of actin
ails at the surface of poxvirus-infected cells provides an indication
hat cell-to-cell movement is proceeding normally. Accordingly,
e evaluated the effect of TMP treatment on actin tail formation

n CPXV-infected BS-C-1 cells using fluorescence microscopy. To
isualize cellular actin and actin tails, the cells were fixed, per-
eabilized, and stained with TRITC-labeled phalloidin. That the

ells were infected with CPXV was confirmed by immunostaining
or a viral non-structural protein (E3L). As shown in Fig. 5A, nor-

al actin central-spanning fibers are apparent in both TMP- and
MSO-treated control cells, indicating that TMP treatment does
ot disturb the distribution and organization of actin filaments in
ninfected cells. As expected, no actin tails were present at the
urface of mock-infected BS-C-1 cells. However, actin tails were
eadily discernable, and found in copious amounts, at the surface
f CPXV-infected BS-C-1 cells that were treated with DMSO sol-
ent control (Fig. 5B, left panel). In striking contrast, cells that were
nfected with CPXV but treated with 25 �M TMP lacked actin tails
Fig. 5B, right panel). Comparisons of ten random microscopy fields
er condition indicated that 75% (91 of 121) of CPXV-infected BS-
-1 cells in wells treated with DMSO were positive for the presence
f actin tails, while actin tails were present on only 4.5% (4 of 88)
f CPXV-infected BS-C-1 cells in wells treated with TMP. Thus, TMP
reatment caused a significant reduction in the formation of actin
ails by CPXV-infected BS-C-1 cells (P < 0.0001 by Fisher’s exact
est). In comparatively, we observed no difference in the expression
f the viral non-structural protein, E3L, between CPXV-infected

ells treated with DMSO or TMP. These results demonstrate that
MP interferes with the cell-to-cell spread of infectious virions via
he canonical mechanism. However, whether the effect of TMP is
o prevent the production of CEV, or to interfere directly with the
ormation of actin tails, cannot be ascertained.
. Cells were then fixed, permeabilized, and immunostained with anti-E3L mAb and
tect F-actin, and DAPI staining to visualize nucleic acids. (A) Representative fields
aining is shown in the figure insets. (B) Representative fields of phalloidin-stained
ples of actin tails. E3L immunostaining is shown in the figure insets.

3.5. TMP inhibits poxvirus growth in a variety of cell lines

We next evaluated whether TMP could effectively inhibit CPXV
growth in a panel of different cell lines chosen to represent biolog-
ically relevant tissues from mice and humans. Multi-step growth
experiments were conducted in 293 human kidney cells (Fig. 6A),
C3HA mouse kidney cells (Fig. 6B), Hep-G2 human liver cells
(Fig. 6C), A431 human skin cells (Fig. 6D), and CCD-1138SK human
skin cells (Fig. 6E). As described for BS-C-1 cells, none of the tested
cell types exhibited any loss of cell growth, or increase in cell death,
when cultured in media supplemented with 25 �M TMP (data not
shown). For each cell type, the virus yield at 5, 12, 24 and 48 h
post-infection was determined, and the percent inhibition of CPXV
growth in TMP-treated cells compared to DMSO-treated cells after
48 h was calculated, and is indicated in the lower-right portion of
each graph (Fig. 6). As shown in Fig. 6A–E, TMP inhibited CPXV
growth in all cell lines tested, with efficacies of inhibition ranging
from 30% to over 99.9% at 48 h post-infection.

To determine whether TMP exhibits antiviral activity against
other poxviruses, we conducted multi-step growth assays with
VACV in the same panel of cell lines. The VACV growth experiments
were performed similarly to those described above for CPXV, except
that total virus preparations were collected at 48 h post-infection
only, and each experiment was conducted in duplicate. As shown
in Fig. 6F, TMP also inhibited VACV growth in all cell types tested.
And, as seen for CPXV, the efficacies of VACV growth inhibition by
TMP ranged from 30%, to over 99.9%.

3.6. Predominant mechanisms of poxvirus cell-to-cell spread vary
amongst cell types in vitro

Although TMP could inhibit poxvirus growth in all cell lines

tested, we noted that its relative effectiveness varied in a cell
type-dependent manner. TMP was much less effective at inhibiting
poxvirus growth in C3HA cells, and CCD-1138SK cells, than in the
other cell lines tested (Fig. 6). Our results with BS-C-1 cells showed
a specific effect of TMP on CPXV cell-to-cell spread by the canonical



J.J. Pollara et al. / Antiviral Research 88 (2010) 287–295 293

Fig. 6. TMP inhibits poxvirus growth in a variety of cell lines. (A–E) Cells of each type indicated were pretreated with 25 �M TMP or solvent control (0.1% DMSO) for 1 h. The
cells were then infected with CPXV at 0.01 PFU/cell, and cultured in cell growth medium containing 25 �M TMP or 0.1% DMSO. Total virus yield (PFU/mL) was determined at
5, 12, 24, and 48 h after infection by freeze–thaw lysis of cells and culture media, followed by disruption by sonication, and standard plaque assay on 143B cells. The percent
inhibition of CPXV growth in TMP-treated cells compared to DMSO treated cells at 48 h post-infection is indicated in the lower-right portion of the graph. (F) BS-C-1 cells,
293 cells, C3HA cells, HEP-G2 cells, A431 cells, and CCD-1138SK cells were pre-treated wi
at 0.01 PFU/cell and cultured in cell growth medium containing 25 �M TMP or 0.1% DMS
from two independent experiments.

Fig. 7. Mechanisms of virus spread may vary amongst cell types. BS-C-1 or C3HA
cells were infected with CPXV at 0.001 PFU/cell and were then cultured in 2.5%
FBS DMEM for 20 h. Cells were then fixed, permeabilized, and immunostained with
anti-E3L mAb and AlexaFluor® 488 secondary Ab to detect viral antigen, and TRITC
conjugated phalloidin to detect F-actin. (A) Representative fields of the leading edge
of a CPXV plaque formed on a BS-C-1 cell monolayer. (B) Representative field of the
leading edge of a CPXV plaque formed on a C3HA cell monolayer. E3L staining to
confirm poxvirus infection is shown in the figure insets.
th 25 �M TMP or solvent control (0.1% DMSO) for 1 h, and then infected with VACV
O. Total virus yield was determined as described above. Data are means and SEM

mechanism that has been described in the literature. Accordingly,
we considered that the reduced effectiveness of TMP in C3HA cells
and CCD-1138SK cells might be a reflection of poxvirus spread by
an alternate mechanism in these cells. To test this hypothesis, we
compared actin tail formation during CPXV plaque formation in
C3HA cells and BS-C-1 cells. At the leading edge of an expanding
plaque, virus spread from infected to uninfected cells is occurring,
so we determined the number of actin tails formed on infected cells
at this boundary. Monolayers of BS-C-1 and C3HA cells were grown
in chamber slides, and were infected with 0.001 PFU CPXV/cell.
Plaques were allowed to develop for 20 h, and the slides were then
prepared, and immunostained, as previously described. As shown
in Fig. 7A, actin tails were readily discernable on CPXV-infected BS-
C-1 cells at the leading edge of expanding plaques. In contrast, actin
tails were not apparent on CPXV-infected C3HA cells at the leading
edge of otherwise similar plaques (Fig. 7B). These results indicate
that at least one non-canonical mechanism of poxvirus cell-to-cell
spread operates in certain cell lines in vitro. They also suggest that
the relative effectiveness of TMP as an antiviral in a given cell type
in vitro is determined by the degree of dependence on the canoni-
cal mechanism of poxvirus cell-to-cell spread exhibited by that cell
type.

4. Discussion

In this report, we have shown that TMP, a methylated derivative
of NDGA, has potent antiviral activity against both CPXV and VACV
in a variety of cell lines in vitro, and was effective at a concentra-
tion found to be attainable in a pharmacokinetic study conducted
in mice (Park et al., 2005). Although TMP was highly effective in

reducing virus growth in multi-step virus growth assays, as well
as in plaque-reduction assays, it did not prevent the synthesis of
infectious progeny in one-step growth assays. Furthermore, while
TMP had only modest inhibitory effects on viral protein expression
and DNA synthesis, it was able to markedly reduce the formation
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f virus-induced actin tails at the surface of infected cells. Taken
ogether, the results of this study show that TMP inhibits poxvirus
rowth in vitro by preventing cell-to-cell spread of poxviruses
hrough the canonical mechanism that involves CEV and actin
ails. The antiviral effect of TMP contrasts with that of its par-
nt compound, NDGA, which was found instead to directly inhibit
PXV replication in a cell-autonomous fashion (Palumbo and Buller,
991).

Previous studies have shown that TMP has antiviral activity
gainst HSV and HIV in vitro (Chen et al., 1998; Gnabre et al., 1995).
or both these viruses, TMP was shown to inhibit replication by
locking the binding of the host cell transcription factor, Sp1, to
iral promoters. Poxvirus genomes are largely devoid of putative
p1 high-affinity binding sites, and the transcription of poxvirus
enes depends on transcriptional activator proteins encoded by the
iral genome, although some host-cell nuclear proteins have been
dentified in association with cytoplasmic virus factories (Oh and
royles, 2005). When considered in combination with our results

ndicating that TMP does not prevent the replication of CPXV or
ACV in one-step growth assays, it seems unlikely that TMP inhibits
oxvirus growth by interfering with Sp1-dependent transcription
f viral genes, as described for other types of viruses. It remains
ossible, however, that TMP might interfere with Sp1-dependent
ranscription of a gene for a host cellular factor that is required for
oxvirus cell-to-cell spread.

In the canonical mechanism of poxvirus cell-to-cell spread, CEV
articles are propelled on actin-filled projections (“actin tails”)
rom the surface of infected cells. The production of CEV, via the
ntermediate IEV particles, is dependent on successful virus repli-
ation and subsequent formation of IMV particles within infected
ells (Smith and Law, 2004; Smith et al., 2002, 2003). Although
nfectious, IMV is not sufficient for efficient poxvirus cell-to-cell
pread (Blasco and Moss, 1992; Payne, 1980). Our results showing
hat TMP does not significantly reduce the total yield of infectious
irus per cell suggest that IMV is produced normally in TMP-treated
ells. Therefore, TMP must inhibit poxvirus cell-to-cell spread at a
tep subsequent to the formation of IMV.

Our data demonstrate that TMP treatment prevents the forma-
ion of actin tails by poxvirus-infected cells. Production of CEV is a
rerequisite for actin tail formation (Smith and Law, 2004; Smith et
l., 2002, 2003). Intracellular membrane wrapping of IMV creates
EV particles, which are then transported to the plasma membrane

here a membrane fusion event occurs, leaving exposed CEV on
he surface of the cell (Smith and Law, 2004; Smith et al., 2002,
003). Although it is chemically dissimilar to TMP, it is notewor-
hy that the promising antiviral candidate ST-246 inhibits poxvirus

orphogenesis, likely by interfering with the function of a viral
rotein required for IEV formation (Yang et al., 2005). The cellular
icrotubule network facilitates transport of IMV and IEV particles

uring the normal morphogenic process (Sanderson et al., 2000).
nce at the cell surface, specific viral proteins associated with the
EV particle concentrate at the edge of the plasma membrane and
rigger a signal cascade that mimics a tyrosine kinase signaling
athway involved in normal cellular control of actin polymeriza-
ion (Frischknecht et al., 1999; Reeves et al., 2005). The activation
f this process by CEV-associated proteins results in the polymer-
zation of actin filaments, which thereby propel the CEV away from
he cell.

The lack of actin tail formation in poxvirus-infected cells treated
ith TMP suggests two possible ways in which virus cell-to-cell

pread may be inhibited. Firstly, TMP may inhibit the morphogenic

athway from IMV, via IEV, to CEV, and thereby prevent actin tail
ormation indirectly. Secondly, TMP may inhibit actin tail forma-
ion through direct interference with the signal transduction, or
ownstream steps, required for poxvirus-induced actin polymer-

zation, subsequent to the formation of CEV. TMP has not been
arch 88 (2010) 287–295

reported to affect the microtubule network, but its parent com-
pound, NDGA, has been shown to inhibit microtubule-dependent
processes (Arasaki et al., 2007; Nakamura et al., 2003; Tagaya et
al., 1996). Also, although we found no such effect in cells treated
with TMP, in some cell types NDGA has been shown to disrupt
the actin cytoskeleton, evident by a loss of central-spanning stress
fibers (Seufferlein et al., 2002). Thus, it is conceivable that TMP may
perturb microtubule functions, which might inhibit the formation
of IEV, or the transport of IEV particles to the surface of the cell, or
exert subtle effects on cellular actin that can prevent directly actin
tail formation. Alternatively, TMP may interact with a viral protein
that is essential either for poxvirus morphogenesis, as is the case
for ST-246, or for poxvirus-induced actin polymerization.

In this study, we found that TMP can inhibit the cell-to-cell
spread of poxviruses by the canonical mechanism, which involves
the formation of actin tails that propel virus particles away from
the surface of infected cells. We also determined that poxvirus
cell-to-cell spread can occur independently of actin tail formation
in certain cell types in vitro, and that TMP was correspondingly
less effective at inhibiting poxvirus growth in these specific cell
types. The extent of poxvirus growth inhibition mediated by TMP
in these cell lines (30.3% in C3HA cells and 60.4% in CCD-1138SK
cells) was consistent with the cell-autonomous effect of TMP on
virus yield that we observed in BS-C-1 cells (60.9%). Nevertheless,
the effect of TMP on poxvirus cell-to-cell spread mediated via actin
tails has the most impact on virus yield in vitro. Thus, the success of
TMP as a therapeutic will likely depend on the importance of this
mechanism of cell-to-cell spread for poxvirus pathogenesis in vivo.
In this regard, it is worth noting that the antiviral ST-246, which
inhibits poxvirus morphogenesis, and so would also be expected
to prevent cell-to-cell spread mediated via actin tails, is effective
in animal models (Huggins et al., 2009; Yang et al., 2005). Also,
poxvirus mutants that are defective specifically in actin tail for-
mation are highly attenuated in vivo (Parkinson and Smith, 1994),
which provides direct evidence for the relative importance of this
mechanism of cell-to-cell spread for poxvirus pathogenesis.

The results of this study have identified TMP as a novel antiviral
agent that effectively prevents poxvirus growth in a variety of cell
lines. When considered in combination with the multiple phase I
clinical trials conducted to address dose tolerance and safety, these
data suggest that further development of TMP as a poxvirus thera-
peutic is warranted.
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