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Ebola virus (EBOV) is the causative agent of a severe hemorrhagic fever in humans with reported case fatality rates as high as 90%.
There are currently no licensed vaccines or antiviral therapeutics to combat EBOV infections. Heme oxygenase-1 (HO-1), an enzyme
that catalyzes the rate-limiting step in heme degradation, has antioxidative properties and protects cells from various stresses. Acti-
vated HO-1 was recently shown to have antiviral activity, potently inhibiting the replication of viruses such as hepatitis C virus and
human immunodeficiency virus. However, the effect of HO-1 activation on EBOV replication remains unknown. To determine
whether the upregulation of HO-1 attenuates EBOV replication, we treated cells with cobalt protoporphyrin (CoPP), a selective HO-1
inducer, and assessed its effects on EBOV replication. We found that CoPP treatment, pre- and postinfection, significantly suppressed
EBOV replication in a manner dependent upon HO-1 upregulation and activity. In addition, stable overexpression of HO-1 signifi-
cantly attenuated EBOV growth. Although the exact mechanism behind the antiviral properties of HO-1 remains to be elucidated, our
data show that HO-1 upregulation does not attenuate EBOV entry or budding but specifically targets EBOV transcription/replication.

Therefore, modulation of the cellular enzyme HO-1 may represent a novel therapeutic strategy against EBOV infection.

bola virus (EBOV) is an enveloped, nonsegmented, negative-

strand RNA virus that, together with Marburg virus (MARV),
makes up the family Filoviridae (filovirus) (1). There are five an-
tigenically distinct species of EBOV: Zaire ebolavirus, Sudan ebo-
lavirus, Tai Forest ebolavirus (previously Céte d’Ivoire ebolavirus),
Reston ebolavirus, and Bundibugyo ebolavirus (2). Sudan ebolavirus
and Zaire ebolavirus are associated with severe outbreaks of hem-
orrhagic fever in humans, with case fatality rates ranging from
55% to 90% (3). Budibugyo ebolavirus, a recently identified species
associated with a 2007 outbreak, produced a case fatality rate of
about 25% (4).

The EBOV genome includes seven structural genes. The single
surface glycoprotein (GP) mediates virus entry into a variety of dif-
ferent cell types (5-7). Four structural proteins, nucleoprotein (NP),
RNA-dependent RNA polymerase (L), VP30, and VP35, are essential
for amplification of the viral genome (8). The primary membrane-
associated viral protein, VP40, is critical for viral budding (9). The
secondary membrane-associated protein, VP24, and VP35 effectively
antagonize interferon (IFN) pathways by inhibiting the Janus kinase-
signal transducer and activator of transcription (JAK-STAT) signal-
ing cascade and by suppressing IFN regulatory factor 3 (IRF3) phos-
phorylation, respectively (10-13). This efficient suppression of IFN
pathways may contribute to EBOV pathogenesis and renders IFN
therapeutic treatments ineffective (14, 15).

Currently, there are no approved vaccines or antiviral therapeu-
tics to combat EBOV infection. Given the limited number of bio-
safety level 4 (BSL4) containment facilities, which are required for
EBOV experiments, we developed a biologically contained EBOV,
EbolaAVP30 virus, which lacks the essential VP30 gene, grows only in
cells stably expressing the VP30 gene product, and can be studied in
BSL3 containment (16, 17). The growth kinetics and morphology of
EbolaAVP30 virus are similar to those of wild-type EBOV (16, 17);
therefore, EbolaAVP30 virus is an ideal surrogate for authentic EBOV
to uncover potential therapeutic interventions.

Heme oxygenase-1 (HO-1) is an enzyme that catalyzes the

December 2013 Volume 87 Number 24

Journal of Virology p. 13795-13802

rate-limiting step in heme degradation to carbon monoxide, biliv-
erdin, and free iron (18). HO-1 expression is upregulated not only
by its substrate, heme, but also by various nonheme inducers, such
as heat shock, inflammatory cytokines, endotoxin, and oxidative
stress, suggesting that HO-1 may play a vital role in maintaining
cellular homeostasis (19, 20). Increases in HO-1 protein expres-
sion and activity have clear anti-inflammatory and antioxidant
effects and can protect tissues, organs, and entire animal models
from septic shock, oxidative injury, and hypoxia (for recent re-
views, see references 21, 22, 23, and 24). In addition, recent studies
have demonstrated significant antiviral properties of HO-1. Spe-
cifically, upregulation of HO-1 was shown to suppress infection by
enterovirus, hepatitis C virus (HCV), hepatitis B virus (HBV), and
human immunodeficiency virus (HIV) while protecting infected
tissues, such as the liver and lungs, from virus-induced oxidative
injury (25-30). However, the effect of HO-1 induction on EBOV
infection or EBOV-induced disease is unknown.

Therefore, we used the potent HO-1 inducer cobalt protopor-
phyrin (CoPP) to examine the effect of HO-1 on EBOV infection
in vitro. Here, we provide evidence that HO-1 expression and
activation inhibit EBOV replication and may represent a novel
and effective strategy against EBOV.

MATERIALS AND METHODS

Cell culture. Vero VP30 cells (African green monkey kidney cells stably
expressing EBOV VP30) were established as previously described (16).
Wild-type Vero cells and Vero VP30 cells were grown in Eagle’s minimal
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essential medium (MEM) supplemented with 10% fetal calf serum (FCS),
L-glutamine, vitamins, nonessential amino acid solution, and antibiotics.
Huh 7.0 VP30 cells (human hepatocyte cells stably expressing EBOV
VP30), HEK 293 VP30 cells (human embryonic kidney cells stably ex-
pressing EBOV VP30), and HEK 293 VP30/HO-1 cells (HEK 293 cells
stably expressing EBOV VP30 and HO-1) were established in a manner
similar to that of Vero VP30 cells. Huh 7.0, HEK 293, and 293T (human
embryonic kidney cells stably expressing the simian virus 40 [SV40] T
antigen) cell lines were grown in high-glucose Dulbecco’s modified Ea-
gle’s medium (DMEM) containing 10% FCS, L-glutamine, and antibiot-
ics. All cells were maintained at 37°C and 5% CO,.

Chemicals. CoPP and tin protoporphyrin (SnPP) (Frontier Scientific)
were dissolved in dimethyl sulfoxide (DMSO) to a stock concentration of
50 mM and then further diluted in growth medium to a working concen-
tration before each use.

Virus. EbolaAVP30 virus, which expresses green fluorescent protein
(GFP) instead of the viral gene, VP30, was generated as previously de-
scribed (16) and was propagated in Vero VP30 cells using propagation
medium (MEM supplemented with 2% FCS, L-glutamine, vitamins, non-
essential amino acid solution, and antibiotics). EbolaAVP30 virus is ap-
proved for use under BSL3 containment at the University of Wisconsin by
the Institutional Internal Biosafety Committee, NIH, and CDC.

Focus-forming assay. A focus-forming assay was performed to deter-
mine viral titers. Briefly, 10-fold dilutions of virus were adsorbed onto
confluent Vero VP30 cells for 1 h at 37°C, after which any unbound virus
was removed by washing the cells with propagation medium. The cells
were then overlaid with propagation medium containing 1.5% methyl
cellulose (Sigma). Six days after infection, the cells were fixed with 10%
buffered formaldehyde, permeabilized with 0.25% Triton X-100 in phos-
phate-buffered saline solution (PBS) for 10 min, and blocked with 5%
goat serum and 1% bovine serum albumin (BSA) in PBS for 1 h. The cells
were then incubated for 1 h with a 1:10,000 dilution of a mouse monoclo-
nal antibody against EBOV VP40 (16), washed with PBS, and incubated
for 1 h with a 1:1,000 dilution of an anti-mouse IgG peroxidase-conju-
gated secondary antibody. After being washed with PBS, the cells were
incubated with 3,3’-diaminobenzidine tetrahydrochloride (Sigma) in
PBS. The reaction was stopped by rinsing the cells with water. Foci that
stained positive for EBOV VP40 were counted.

siRNA treatment. Small interfering RNAs (siRNAs) targeting the hu-
man HO-1-coding sequences (Hs_HMOX1_1 and Hs_HMOX_10) were
purchased from Qiagen. AllStars Negative Control siRNA (Qiagen) was
used as the nontargeted siRNA control. The siRNAs were transfected into
Vero VP30 or Huh 7.0 VP30 cells at a final concentration of 60 nM by
using the HiPerfect transfection reagent (Qiagen) and incubated for 24 h.
The cells were then treated with the indicated concentrations of CoPP or
SnPP for 24 h prior to infection with EbolaAVP30 virus at a multiplicity of
infection (MOI) of 0.001. The efficiency of HO-1 knockdown was as-
sessed by Western blot analysis using a specific HO-1 antibody (Stress-
gen). EBOV titers in the siRNA-treated cells were determined as described
for the focus-forming assay.

Luciferase activity-based EBOV minireplicon assay. To examine vi-
ral transcription/replication, a luciferase activity-based EBOV minirepli-
con assay was performed as described previously (31). Briefly, 293T cells
or HEK 293 VP30/HO-1 cells were seeded into 12-well tissue culture
plates and transfected with the following EBOV protein expression plas-
mids: pCAGGS EBOV NP (0.75 pg), pPCAGGS EBOV VP35 (0. 5 pg),
pCAGGS EBOV VP30 (0.5 pg), and pCAGGS EBOV L (2 pg). To gener-
ate virus-like RNA, an EBOV minireplicon plasmid (EBOV pol-luc; 0.5
wg) encoding firefly luciferase under the polymerase I promoter was also
transfected by using TransIt-LT1 (Mirus) (32). To test the effect of tran-
sient HO-1 overexpression on EBOV transcription/replication in the
minireplicon assay, 293T cells were cotransfected with a HO-1 protein
expression plasmid under a cytomegalovirus (CMV) promoter (Origene).
To test the effect of CoPP treatment on EBOV transcription/replication in
the minireplicon assay, 1 day following transfection, 293T cells were
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washed and treated with the indicated concentrations of CoPP or SnPP
for 24 h. As a control for luciferase activity and cell viability, cells were
transfected with a reporter plasmid containing firefly luciferase under the
control of the CMV promoter, pGL2 (1 g [Promega]). At completion of
the experiments, the cells were lysed in 300 wl of Glo-lysis buffer (Pro-
mega) and analyzed for firefly luciferase activity using the Steady-Glo
luciferase assay system (Promega) according to the manufacturer’s in-
structions.

VSV pseudovirus infectivity assay. VSVAG virus possessing lucifer-
ase instead of the vesicular stomatitis virus (VSV) G gene and pseu-
dotyped with EBOV GP (VSVAG-EbGP-luc) was prepared as previously
described (33). Vero VP30 and Huh 7.0 VP30 cells were treated with 10
wM or 15 uM CoPP, respectively, for 16 h prior to infection with VSVAG-
EbGP-luc. One hour postinfection, unbound virus was removed by wash-
ing the cells three times, and growth medium containing the indicated
concentrations of CoPP was added to the cells. Twenty-four hours later,
the cells were lysed with 300 wl of Glo-lysis buffer (Promega) and analyzed
for firefly luciferase activity by using the Steady-Glo luciferase assay sys-
tem (Promega) according to the manufacturer’s instructions.

EBOV budding assay. In 35-mm tissue culture dishes, 293T cells were
treated with 10 uM CoPP for 16 h, washed, and transfected with the
protein expression plasmid pCAGGS EBOV VP40 (2 pg), using Translt-
LT1. The cells were washed 6 h after transfection, and the medium con-
taining 10 uM CoPP was replaced. Two days after transfection, cell super-
natants containing virus-like particles (VLPs) were harvested and
centrifuged through 20% sucrose for 1.5 h at 27,000 rpm. Cell lysates were
also harvested and, together with the VLP pellets, were resuspended in 1X
sample buffer (20 mM Tris-HCl, 2 mM EDTA, 1 mM Na,VO,, 2 mM
dithiothreitol [DTT], 2% SDS, 20% glycerol, and protease inhibitors
[Roche]) and analyzed by Western blotting using a mouse EBOV VP40
antibody.

Western blot analysis. Cell lysates were mixed with a 4 X SDS loading
buffer (40% glycerol, 240 mM Tris, 8% SDS, 0.04% bromophenol blue,
and 5% B-mercaptoethanol) and then incubated at 95°C for 5 min. Sam-
ples were then centrifuged (8,000 rpm for 2 min) and loaded onto a 10%
SDS-polyacrylamide gel (Bio-Rad). After electrophoresis, proteins were
transferred onto a nitrocellulose membrane (Invitrogen) and blocked for
1 h at room temperature with 5% nonfat dry milk-PBS solution contain-
ing 0.05% Tween 20 (PBS-T) (Sigma). The membranes were incubated
overnight at 4°C with an anti-HO-1 antibody (Cell Signaling Technolo-
gies) or an anti-EBOV VP40 antibody in PBS-T containing 5% bovine
serum albumin (Sigma). The membranes were then washed three times
with PBS-T for 5 min, incubated with a secondary antibody coupled to
horseradish peroxidase in 5% skim milk—PBS-T solution for 1 h, and
washed three times with PBS-T for 5 min each time. Bound antibody was
detected with Dura chemiluminescence reagent (Thermo Scientific) and a
FluorChem HD?2 imager (Alpha Innotech).

Cell viability assay. Vero VP30 and Huh 7.0 VP30 cells were seeded in
96-well plates and treated with various concentrations of CoPP for 3, 5, or
7 days at 37°C. 293T cells were seeded in 96-well plates and treated with
various concentrations of CoPP for 1, 2, or 3 days at 37°C. Following these
incubations, cell viability was assessed by using the Non-Radioactive Cell
Proliferation Assay (Promega) according to the manufacturer’s protocol.
Absorbance was measured at 490 nm on a Tecan M 1000 plate reader.

Statistical analysis. Student’s two-tailed paired and unpaired ¢ test
was used to assess statistical differences between samples. Significance
levels were set at a P value of =0.05.

RESULTS

CoPP upregulates HO-1 expression and attenuates EBOV rep-
lication in vitro without altering cellular viability. Upregulation
of HO-1 suppresses infection by certain viruses, including entero-
virus, HCV, and HIV (25-30). However, there are currently no
data concerning the effect of HO-1 induction on EBOV infection.
To determine whether upregulation of HO-1 attenuates EBOV
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FIG 1 CoPP induces HO-1 expression without affecting cell viability. (A) Representative Western blot demonstrating HO-1 induction in Vero VP30, Huh 7.0
VP30, and 293T cells after treatment with 10 uM CoPP from 0 to 24 h. IB, immunoblot. (B to D) Percent viability (compared to vehicle-treated cells) of Vero
VP30 or Huh 7.0 VP30 cells on days 3, 5, and 7 or 293T cells on days 1, 2, and 3 posttreatment with the indicated concentrations of CoPP. The data are presented
as means * standard deviations (SD) and are representative of at least three independent experiments.

infection, we first examined whether CoPP, a potent HO-1 in-
ducer, increases HO-1 expression in cell lines relevant to this
study. Vero VP30, Huh 7.0 VP30, and 293T cells were treated with
10 wM CoPP, cell lysates were harvested at the indicated time
points, and HO-1 expression was assessed by Western blot analy-
sis. We found that CoPP induced HO-1 expression in all three cell
lines (Fig. 1A). To ensure that CoPP treatment was not cytotoxic
to any of our cell lines, we performed viability assays. Treatment of
Vero VP30 cells with 10 uM CoPP and treatment of Huh VP30
cells with 10 pM and 15 uM CoPP for 3, 5, and 7 days had no
significant effect on cell viability (Fig. 1B and C). Similarly, treat-
ment of 293T cells with 10 uM CoPP for 1, 2, and 3 days did not
attenuate cell viability (Fig. 1D).

Next, we evaluated whether CoPP treatment attenuates EBOV
growth kinetics. Vero VP30 and Huh 7.0 VP30 cells were pre-
treated with the indicated concentrations of CoPP for 8 h (Fig. 2A
and B). The medium was removed, and the cells were washed once
with medium and then infected with EbolaAVP30 virus atan MOI
0f 0.001 for 1 h. After infection, the cells were washed three times
with medium to remove unbound virus, and fresh medium con-
taining CoPP was added to the cells. For postinfection treatment,
the cells were infected as described above and medium containing
CoPP was added to the cells only after infection. Supernatants
were harvested 3, 5, and 7 days postinfection, and virus titers were
determined in Vero VP30 cells by a focus-forming assay. Treat-
ment of Vero VP30 cells pre- and postinfection with 10 wuM CoPP
reduced virus titers by 2.5 log units (Fig. 2A) compared to cells
treated with vehicle. CoPP was even more effective against virus
growth in Huh 7.0 VP30 cells (Fig. 2B), since pretreatment with 15
M CoPP resulted in a 3-log-unit reduction in the viral titer com-
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pared with cells treated with vehicle. Virus titers from Huh 7.0
VP30 cells pretreated with a lower concentration of CoPP (10
uM) or treated postinfection with 15 wM CoPP were similarly
attenuated after infection. Conversely, similar concentrations of
CoPP had no effect on VSV titers when tested pre- or postinfec-
tion at multiple MOIs (data not shown). Together, these data
demonstrate that CoPP upregulates HO-1 and inhibits EBOV
growth without affecting cell viability.

CoPP is not directly virucidal to EBOV. Several porphyrins
and porphyrin derivatives are virucidal, that is, able to reduce
virus infectivity after direct contact with the virus (34-36). To
determine whether CoPP affects EBOV virulence through this
mechanism, 100 pl of EbolaAVP30 virus (at 1 X 10° focus-form-
ing units [FFU]/ml) was diluted in medium containing CoPP ata
final concentration of 15 uM and incubated for 1 h at 37°C. Virus
titers were determined in Vero VP30 cells. There was no signifi-
cant difference in the number of viral foci formed between virus
treated with vehicle and virus treated with CoPP (Fig. 2C), indi-
cating that CoPP is not virucidal at the concentrations used in this
study. These results indicate that CoPP does not inhibit EBOV
growth via cellular toxicity (see above) or direct virucidal proper-
ties.

CoPP-mediated attenuation of EBOV growth is HO-1 de-
pendent. To confirm that attenuation of EBOV growth by CoPP is
dependent upon HO-1 induction, siRNAs specific to HO-1 were
transfected into Huh 7.0 VP30 or VeroVP30 cells. The cells were
then treated with the indicated concentrations of CoPP for 24 h
and infected with EbolaAVP30 virus at an MOI of 0.001 for 4 days.
HO-1 siRNA resulted in 74% and 99% decreases in CoPP-in-
duced HO-1 protein in Huh 7.0 VP30 and Vero VP30 cells, re-
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FIG 2 CoPP attenuates EBOV growth in Vero VP30 and Huh 7.0 VP30 cells.
(A and B) Growth kinetics (FFU/ml) of EbolaAVP30 virus in Vero VP30 cells
(A) and Huh 7.0 VP30 cells (B) after treatment with the indicated concentra-
tions of CoPP 8 h prior to infection (pretreatment) or immediately following
infection (posttreatment) with EbolaAVP30 virus at an MOI of 0.001. All
values for CoPP-treated cells (pre- and postinfection) are statistically signifi-
cant (P = 0.05) compared to the values for vehicle-treated cells on the same
day, except the 10 pM posttreatment in Vero VP30 cells on day 3 at an MOI of
0.001. (C) Growth kinetics of EbolaAVP30 in Vero VP30 cells following direct
incubation with vehicle or 15 uM CoPP for 1 h. The data are presented as
means * SD (for small SD, the error bars may not be clearly visible) and are
representative of at least three independent experiments.

spectively (Fig. 3A). Compared with cells treated with CoPP and
transfected with a nontargeting siRNA, HO-1 siRNA partially res-
cued virus growth from CoPP-dependent attenuation, signifi-
cantly increasing virus titers by 0.7 and 0.8 log units in Vero VP30
(P = 0.001) and Huh 7.0 VP30 (P = 0.0003) cells, respectively
(Fig. 3B). These data suggest that CoPP-dependent inhibition of
EBOV growth is partially dependent upon HO-1 upregulation.
To further support the hypothesis that HO-1 is a mediator of
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FIG 3 CoPP-induced attenuation of EBOV is HO-1 dependent. siRNAs spe-
cific to HO-1 were transfected into Vero VP30 or Huh 7.0 VP30 cells, which
were then treated with vehicle or CoPP (10 pM and 15 uM, respectively) for 24
h. Then, the cells were infected with EbolaAVP30 virus at an MOI of 0.001 for
4 days. (A) Western blots demonstrating the downregulation of CoPP-in-
duced HO-1 by siRNAs on day 4 postinfection. (B) Growth of EbolaAVP30
virus in Vero VP30 or Huh 7.0 VP30 cells on day 4 postinfection. The data are
presented as means = SD and are representative of at least three independent
experiments.

CoPP-dependent inhibition of EBOV infection, we tested whether
direct HO-1 expression could inhibit EBOV growth kinetics. HEK
293 cell lines stably expressing VP30 (HEK 293 VP30) or both
VP30 and HO-1 (HEK 293 VP30/HO-1) were infected with
EbolaAVP30 virus at an MOI of 0.001. Supernatants were har-
vested 3, 5, and 7 days postinfection, and virus titers were deter-
mined in Vero VP30 cells by a focus-forming assay. We found that
stable HO-1 expression significantly inhibited EBOV growth at all
three time points (all values from the HEK 293 VP30/HO-1 cell
line were statistically significant compared to the HEK 293 VP30
cellline) (Fig. 4). These data indicate that HO-1 expression is able
to directly inhibit EBOV infection.

To determine whether HO-1 enzymatic activity is necessary for
CoPP-mediated attenuation of EBOV, we tested if SnPP, a por-
phyrin that upregulates HO-1 protein levels but inhibits HO-1
activity (25, 37-39), attenuates EBOV growth. First, cells were
treated with SnPP (10 wM for Vero VP30 and 293T cells and 15
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FIG 4 Stable expression of HO-1 attenuates EBOV growth kinetics. Shown
are the growth kinetics of EbolaAVP30 virus in HEK 293 VP30 and HEK 293
VP30/HO-1 cells infected at an MOI of 0.001. The numbers of focus-forming
units on days 3, 5, and 7 postinfection are presented as means = SD and are
representative of two independent experiments. The asterisks indicate statis-
tical significance compared to the control (P = 0.05).

M for Huh 7.0 VP30 cells) for 24 h. Cell lysates were harvested at
the indicated time points, and HO-1 expression was assessed by
Western blot analysis. We found that the inhibitor SnPP does
induce HO-1 expression in all three cell lines (Fig. 5A). Next, Huh
7.0 VP30 and Vero VP30 cells were pretreated with the indicated
concentrations of CoPP or SnPP for 8 h. The medium was re-
moved, and the cells were washed and infected with EbolaAVP30
virus at an MOI of 0.01. After infection, fresh medium containing
CoPP or SnPP was added. Cell supernatants from EbolaAVP30
virus-infected cells were harvested 5 days postinfection, and virus
titers were determined in Vero VP30 cells by a focus-forming as-
say. SnPP treatment had no significant effect on EBOV titers (Fig.
5B). These data support our hypothesis that inhibition of EBOV
growth by CoPP is dependent upon HO-1 activity.

CoPP-induced attenuation of EBOV growth is independent
of EBOV entry and budding. To determine the stage(s) of the
EBOV life cycle that is targeted by HO-1, we examined the effect of
CoPP on EBOV entry and budding. First, Vero VP30 and Huh 7.0
VP30 cells were treated with 10 or 15 uM CoPP, respectively, for
16 h. Then, the cells were infected with a luciferase-expressing
VSV lacking VSV G and pseudotyped with EBOV GP (VSVAG-
EbGP-luc) at MOIs of 0.1, 0.01, and 0.001. One hour after infec-
tion, the cells were washed and the medium containing CoPP was
replaced. Twenty-four hours later, the cells were lysed and lucif-
erase activity was assessed. When CoPP-treated cells were com-
pared to cells treated with vehicle, we found no statistically signif-
icant attenuation of luciferase activity (Fig. 6A and B), suggesting
that CoPP had no effect on EBOV GP-dependent cell entry. To
examine the effect of CoPP on EBOV budding, 293T cells were
treated with 10 wM CoPP for 16 h and then transfected with
EBOV VP40, the viral protein responsible for the formation and
budding of VLPs (40). Two days posttransfection, VP40 expres-
sion in cell lysate and VLPs was assessed via Western blotting. The
expression levels of VP40 in cell lysates and VLPs (Fig. 6C), as well
as endogenous calnexin levels in cell lysates (data not shown) har-
vested from CoPP-treated cells and cells treated with vehicle, were
similar, indicating that CoPP had no effect on EBOV VP40-de-
pendent budding (Fig. 6C).

HO-1 expression attenuates EBOV transcription/replica-
tion. To further examine the mechanism underlying CoPP-de-
pendent inhibition of EBOV growth, we tested the effects of CoPP
treatment and HO-1 expression on EBOV transcription and rep-
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FIG 5 The competitive HO-1 inhibitor SnPP does not attenuate EBOV
growth. (A) Western blot demonstrating the induction of HO-1 in Vero VP30,
Huh 7.0 VP30, and 293T cells by the selective HO-1 enzymatic inhibitor SnPP.
(B) Growth of EbolaAVP30 virus in Vero VP30 or Huh 7.0 VP30 cells 5 days
posttreatment with CoPP or SnPP (10 uM in Vero VP30 and 15 pM in Huh
7.0 VP30 cells) and infection atan MOI of 0.01. All data are presented as means
and SD and are representative of at least three independent experiments. The
asterisks indicate statistical significance compared to the control (P =< 0.05).

Huh 7.0 VP30

lication in a luciferase-based EBOV minireplicon system. To gen-
erate virus-like RNA, 293T cells were transfected with an EBOV
minireplicon plasmid encoding firefly luciferase under the control
of the RNA polymerase I promoter, along with plasmids encoding
EBOV proteins required for transcription and replication, i.e.,
NP, VP30, VP35, and L (31). To test the effect of CoPP treatment,
cells were washed 6 h posttransfection and treated with 10 pM
CoPP or 10 uM SnPP for 48 h, after which cell lysates were har-
vested and assessed for luciferase activity. CoPP treatment, but not
treatment with SnPP, significantly attenuated viral replication/
transcription in the EBOV minireplicon assay (Fig. 7A). To test
the effect of transient HO-1 expression, 293T cells were trans-
fected with EBOV minireplicon plasmids and a HO-1 plasmid
under the control of a CMV promoter for 48 h, after which cell
lysates were harvested and assessed for luciferase activity. As dem-
onstrated in Fig. 7B, transient expression of HO-1 significantly
attenuated viral replication/transcription in the EBOV minirepli-
con assay. CoPP treatment, SnPP treatment, and the transient
expression of HO-1 had no statistically significant effect on the
luciferase activity from a control firefly luciferase reporter plasmid
(pGL2), indicating that the attenuation was not due to general
inhibition of cellular transcription or translation (Fig. 7A and B).
Finally, HEK 293 VP30/HO-1 and HEK 293 VP30 cells were trans-
fected with EBOV minireplicon plasmids for 48 h and processed as
described above. Stable expression of HO-1 in HEK 293 VP30/
HO-1 cells significantly attenuated viral replication/transcription
in the EBOV minireplicon assay compared to the HEK 293 VP30
cellline but had no significant effect on the luciferase activity from
a control pGL2 plasmid (Fig. 7C). These data demonstrate that
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FIG 6 CoPP treatment does not affect EBOV entry or budding. (A and B)
Relative luciferase activity in Vero VP30 cells (A) or Huh 7.0 VP30 cells (B)
after treatment with 10 wM or 15 wM CoPP for 16 h and infection with
VSVAG EbGP Luc at MOIs 0f 0.1, 0.01, and 0.001. (C) Representative Western
blot demonstrating VP40 expression in VLPs and cell lysate from 293T cells
treated with 10 uM CoPP for 16 h and transfected with a VP40 protein expres-
sion plasmid for 2 days. The error bars indicate SD.

HO-1 upregulation interferes with the transcription and replica-
tion stages of the EBOV life cycle.

DISCUSSION

Induction of HO-1 has pronounced anti-inflammatory and anti-
oxidant effects, protecting tissues and organs from numerous
stresses, including septic shock, virus-induced oxidative injury,
and hemorrhage-induced hypoxia (26, 29, 41, 42). Moreover, re-
cent studies have demonstrated that HO-1 induction and activity
have antiviral properties. Here, we demonstrate that increased
levels of HO-1 suppress EBOV in different cell culture assays.
These findings, together with the fact that HO-1 can be induced by
several drugs already approved for human use, makes the target-
ing of HO-1 induction/activity an attractive therapeutic possibil-
ity in the battle against EBOV and EBOV-induced disease. To test
our hypothesis that upregulation of HO-1 attenuates EBOV
growth, we used the potent HO-1 inducer CoPP to induce high
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FIG 7 HO-1 expression attenuates EBOV transcription/replication. (A) Rel-
ative polymerase activity (compared to vehicle-treated cells) from an EBOV
minireplicon assay in 293T cells after treatment with 10 uM CoPP or SnPP for
2 days. (B) Relative polymerase activity (compared to empty vector) from an
EBOV minireplicon assay in 293T cells that were transfected with a HO-1
overexpression plasmid for 2 days. (C) Relative polymerase activity (compared
to HEK 293 VP30 cells) 2 days posttransfection with EBOV minireplicon plas-
mids in HEK 293 VP30/HO-1 cells. The data are presented as means = SD and
are representative of at least three independent experiments. The asterisks
indicate statistical significance compared to the control (P = 0.05).

HO-1 levels in both Vero cells (an African green monkey kidney
cell line devoid of an intact interferon system [43]), and Huh 7.0
VP30 cells (a human hepatocyte cell line). CoPP treatment, both
pre- and immediately postinfection, significantly attenuated
EBOV growth in both cell lines, indicating that EBOV is sensitive
to the antiviral properties of HO-1 (Fig. 2). Additionally, unlike
HBV or HCV, which directly target HO-1 for downregulation as a
means of optimizing viral replication (28, 44), our study indicates
that EBOV infection does not attenuate CoPP-induced HO-1 lev-
els (data not shown).

Induction and activation of HO-1 are stimulated by porphy-
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rins, which are organic compounds that contain sets of four pyr-
role rings, such as heme or CoPP. Certain porphyrins and porphy-
rin derivatives are broadly virucidal against a host of viruses,
including EBOV and MARV (34-36). We therefore assessed the
potential virucidal effects of CoPP. However, direct incubation of
EBOV with CoPP had no effect on focus numbers, indicating that
CoPP is not virucidal and attenuates EBOV growth via an intra-
cellular mechanism (Fig. 2C).

To determine the specificity of HO-1 induction in CoPP-medi-
ated attenuation of EBOV growth, we first utilized HO-1 siRNAs to
downregulate CoPP-induced HO-1 protein levels in Vero VP30 and
Huh 7.0 VP30 cell lines. HO-1 downregulation resulted in a modest
but statistically significant rescue of EBOV from CoPP-induced at-
tenuation (Fig. 3B). In addition to its effect on HO-1, CoPP treatment
may also modulate the expression of other gene products that, to-
gether with HO-1, could influence EBOV infection. Recent studies
have suggested that CoPP treatment may also inhibit the activation of
inducible nitric oxide synthase (iNOS) and c-Jun N-terminal kinase
(JNK) in certain cell types in a HO-1-independent manner (45). Al-
though we have found that specific inhibitors of JNK and nitric oxide
(NO) production do not attenuate EBOV growth individually (data
not shown), it is possible that, together with HO- 1, they contribute to
the overall antiviral effect of CoPP treatment on EBOV. To determine
whether HO-1 activity was necessary for inhibition of EBOV growth,
we utilized SnPP, a molecule that upregulates HO-1 protein expres-
sion levels yet inhibits HO-1 activity (25, 37, 38, 39). SnPP treatment
did not attenuate EBOV growth (Fig. 5B), indicating that the enzy-
matic activity of HO-1 is required for EBOV attenuation.

Several studies have shown that activation of HO-1 markedly
attenuates the infection of a diverse population of viruses, includ-
ing enterovirus, HBV, HCV, and HIV. However, there are some
viruses, such as influenza A virus, whose replication appears un-
affected by inducers of HO-1 (26). Here, we observed differences
in the effectiveness of HO-1 inducers against viral infection. Spe-
cifically, we found that activation of HO-1 greatly attenuated
EBOV infection but had no major effect on the replication of
wild-type VSV at several MOIs (data not shown). It is reasonable
to assume that these differences are due to the specific mecha-
nisms behind the antiviral properties of HO-1 and what part(s) of
the viral replication cycle is disrupted. Previous studies suggest
that HO-1 targets viral transcription/replication (25, 29, 46). Our
data are consistent with these findings, since both stable and tran-
sient expression of HO-1 significantly attenuated EBOV in a mini-
replicon assay (Fig. 7B and C). Although there is currently no
literature indicating that HO-1 may target host ribosomal factors,
we cannot rule out the possibility that CoPP treatment/HO-1
overexpression may affect viral translation. In contrast, CoPP-
induced attenuation of EBOV infection is independent of viral
entry and budding (Fig. 6A to C). How an increase in HO-1 pro-
tein/activity leads to the inhibition of viral replication/transcrip-
tion remains to be elucidated. Recent reports have provided evi-
dence that HO-1 enzymatic products may interfere directly with
the viral replication machinery or that increased HO-1 protein
expression/enzymatic products may lead to the upregulation of
IFN-stimulated genes and the initiation of an antiviral state (27,
47, 48). In the case of EBOV, the latter seems less likely, in that
EBOV VP24 and VP35 effectively antagonize IFN pathways and
viral inhibition occurs in CoPP-treated Vero cells, which are void
of an intact interferon system (43). Another intriguing possibility
is that the intrinsic antioxidant properties of HO-1 contribute to
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its inhibition of viral growth. Besides contributing to the patho-
genesis of several viruses, reactive oxygen species can directly af-
fect viral replication through modulation of cell signaling factors,
such as kinases and transcription factors (49, 50). Indeed, several
reports have demonstrated that antioxidants can greatly attenuate
viral infectivity (30, 51-53). However, we found that basic antiox-
idants, like N-acetylcysteine, and specific inhibitors of NO pro-
duction could not attenuate EBOV infection independently (data
not shown). Interestingly, while the manuscript was in prepara-
tion, Panchal et al. reported the identification of an antioxidant
compound with potent antiviral activity against EBOV and
MARYV (54). The authors went on to demonstrate, however, that
several other antioxidants could not attenuate filovirus infection
in their system. Together, these data suggest that the mechanisms
behind the antiviral action of HO-1 are complex and that the
antioxidative properties of HO-1 are likely contributory but not
sufficient to inhibit EBOV infection.

In summary, stimulation of HO-1 by CoPP attenuates EBOV
infection in several cell types. This CoPP-mediated inhibition tar-
gets EBOV transcription/replication and is dependent upon HO-1
expression/activity.
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