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ABSTRACT

Promising drugs to treat Ebola virus (EBOV)
infection are currently being developed, but so far
none has shown efficacy in clinical trials. Drugs
that can stimulate host innate defense responses may
retard the progression of EBOV disease. We report
here the dramatic effect of hemin, the natural inducer
of the heme catabolic enzyme heme oxygenase-1
(HO-1), in the reduction of EBOV replication.
Treatment of primary monocyte-derived macrophages
(MDM), Vero E6 cells, HeLa cells, and human
foreskin fibroblasts (HFF1) with hemin reduced
EBOV infection by >90%, and showed minimal
toxicity to infected cells. Inhibition of HO-1
enzymatic activity and silencing HO-1 expression
prevented the hemin-mediated suppression of EBOV
infection, suggesting an important role for induction
of this intracellular mediator in restricting EBOV
replication. The inverse correlation between hemin-
induced HO-1 and EBOV replication provides a
potentially useful therapeutic modality based on the
stimulation of an innate cellular response against
Ebola infection.
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INTRODUCTION

Ebola virus (EBOV) is an enveloped, pleomorphic,
negative-sense RNA virus that belongs to the
Filoviridae family [1, 2]. The recent 2013-2015
EBOV epidemic in West Africa caused >20,000
infections and >9,000 deaths (as of January 2016).
No licensed vaccines or drugs are currently
available to treat EBOV infection [3-5]. Therefore,
development of medical countermeasures such as
antiviral drugs and other preventive or therapeutic
strategies are of the highest priority.

EBOV is a highly pathogenic virus that induces direct
and indirect cell death, replicates very rapidly, and
has a short incubation period, and a significant
number of infected individuals die within a few
days after the onset of symptoms [1]. Because EBOV
blocks innate and adaptive immune functions [6-9],
we hypothesized that activation of a safe and
effective host innate response, with an understanding
of its mechanisms, is a logical approach to treat
EBOV patients. We and others have previously
identified roles for heme oxygenase-1 (HO-1), an
endogenous cellular protective enzyme, which upon
stimulation promotes host resistance against multiple
pathogens [10-21]. Blocking EBOV replication
early in infection by inducing HO-1 could allow
patients time to develop adaptive immunity.

In the present study, we show that treatment of cells
with hemin, which activates HO-1, markedly reduces
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EBOV replication. Our study defines specific cellular
interfering mechanistic pathways that control EBOV
replication that may facilitate the development of
potentially novel therapeutic interventions to retard
pathogenesis by stimulating the cellular innate
response against Ebola virus infection.

MATERIALS AND METHODS

The FDA-approved drug Panhematin®, containing
hemin as the active component, was purchased from
Lundbeck, Deerfield, IL (manufactured by APP
Pharmaceuticals, Raleigh, NC). Monocytes were
isolated from peripheral blood mononuclear cells
of donors seronegative for HIV-1 and hepatitis B
after leukophoresis and purification by countercurrent
centrifugal elutriation [22]. Monocytes were cultured
5 days in Dulbecco’s Modified Eagle Medium
(DMEM) with 10% fetal bovine serum (FBS),
20 pg/ml gentamicin, and 1000 U/ml macrophage-
colony stimulating factor (M-CSF). After 5 days,
monocyte-derived macrophages (MDM) were washed

three times with PBS and transferred to DMEM
containing 10% FBS and 20 pg/ml gentamicin. HelLa
human adenocarcinoma cells (ATCC, CCL-2) were
cultured in Minimal Essential Medium (MEM)
supplemented with 10% FBS, 1% L-glutamine,
10 mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic
acid (HEPES), 1% non-essential amino acids, and
1% penicillin/streptomycin. HFF1 human foreskin
fibroblast (ATCC, SCRC-1041) cells were cultured
in MEM supplemented with 10% FBS and 0.5 mM
sodium pyruvate. Cells were cultured for 3 days
passaging or for plating in assay plates 24 hours
before viral infection.

MDM were infected with a replication-competent
recombinant vesicular stomatitis virus (VSV), in which
the VSV-G envelope gene was replaced by the EBOV
glycoprotein (GP), followed by the enhanced green
fluorescence protein (GFP) gene (rVSV-EBOVgp-
GFP) (Konduru et al. 2016, submitted for publication)
at different multiplicities of infection (MOI). It should
be pointed out that GFP is not incorporated into the
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Fig. 1. Hemin treatment inhibits EBOV infection of monocyte-derived macrophages (MDM). (A) Western blot
analysis of hemin-treated MDM. Cells were incubated with the indicated concentrations of hemin, cellular proteins
were separated on a sodium dodecyl sulfate (SDS)-polyacrylamide gel, transferred to polyvinylidene difluoride
(PVDF) nitrocellulose membrane, and probed simultaneously with HO-1 and actin antibodies. (B) Data
demonstrating reduction of rVSV-EBOVgp-GFP replication in MDM treated with increased concentrations of
hemin, expressed as the proportion of cells positive for GFP. (C) Quantitative analysis of rVSV-EBOVgp-GFP-
infected MDM in the absence or presence of 100 UM hemin by ImageStream. (D) Representative cell images of
DAPI detection and rVSV-EBOVgp-GFP-positive cells. A total of 10,000 cell events were collected from each of
the samples for data analysis, and fluorescence intensity was determined by IDEAS v5.0 software (Amnis
Corporation, Seattle, WA).
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rVSV-EBOVgp-GFP particles but it is expressed
in infected cells and can be detected by fluorescence
microscopy 4-8 hours after infection. After 2 hours
of infection, virus was removed and fresh medium
added with or without hemin. Cells were examined
using a Keyence fluorescence microscope and images
were acquired using the BIOREVO BZ-9000
application system. Ebola virus infection was scored
by counting the number of GFP-positive cells per
microscopic field with assays performed in triplicate.

Uninfected and rVSV-ZEBOV(gp-GFP-infected
MDM cultured 48 hours without or with 100 uM
hemin were washed twice with cold Hanks balanced
salt solution (HBSS), gently detached from the dish
with a cell scraper, and fixed in 4% paraformaldehyde
(PFA) for 30 minutes on ice. Cells were then washed
with cold HBSS containing 10 mM glycine, stained
with 4',6-diamidino-2-phenylindole (DAPI), and
examined by image flow cytometry (ImageStream X
Mark 11 Imaging Flow Cytometer, Amnis Corporation,
Seattle, WA). The GFP/DAPI-positive population
was gated and analyzed to quantify rvVSV-ZEBOVgp-
GFP-infected cells.

Small interfering RNA (siRNA) targeting human
HO-1-coding sequences (Hs_ HMOX1 1 and
Hs HMOX 10) and AllStars Negative Control SIRNA
(Qiagen Inc.) were used in expression knockdown
experiments. Vero E6 cell monolayers in 6-well
culture plates were transfected with 50 nM control
or HO-1 siRNA for 6 hours in serum-free OPTI-
MEM media, using Lipofectamine® RNAIMAX
(Invitrogen, Carlsbad, CA). Cells were then treated
with 100 uM hemin 24 h prior to infection with
rvVSV-ZEBOVgp-GFP at MOI 0.1. Efficiency of
HO-1 knockdown was assessed by Western blot
analysis using specific HO-1 monoclonal antibody
(Enzo) and rabbit anti-actin polyclonal antibody
as negative control. Western blots were performed
by Kendrick Labs, Inc. (Madison, WI1). Virus infection
was determined by high content imaging microscopy.

For high content imaging assay HeLa and HFF-1 cells
were seeded in 384-well plates 24 hours before
treatment. Treatment with hemin solution was done
2 hours prior to infection and performed in
quadruplicate of 10 doses starting from 100 M final
concentration and diluted down with 2 fold steps to
0.195 uM to generate dose response for better
assessment of potency. Experiment was repeated
on two independent days. HeLa and HFF1 cells
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Fig. 2. (A) Hemin-induced HO-1 protein expression in
MDM remaining after treatment with the HO-1 enzyme
inhibitor SnPPIX. Cells were cultured in the presence of
10 uM SnPPIX and 25 pM hemin for 24 hours and
examined for the expression of HO-1 and actin by
Western blot analysis using mouse-anti-human HO-1
monoclonal antibody and rabbit-anti-human actin polyclonal
antibody. (B) Inhibition of HO-1 activity attenuates
hemin-induced protection of MDM against r\VSV-EBOVgp-
GFP infection. MDM were pre-treated with 10 uM SnPPIX
for 2 hours followed by treatment for 24 hours with 25 pM
hemin. The cells were then infected with rVSV-EBOVgp-
GFP, and after 24 hours, infected cells were quantified
by fluorescence microscopy. (C) rVSV-EBOVgp-GFP
replication in Vero EG6 cells transfected with control siRNA
and HO-1 siRNA. Untransfected and transfected cells
were infected in the absence or presence of 100 UM hemin
for 48 hours, and examined for infectivity by fluorescence
microscopy as described in Materials and Methods. Data
from two independent experiments are presented as
mean + SEM. "P<0.05; ns: not significant.

were infected with an authentic Kikwit-95 Zaire
strain of Ebola virus at MOI 0.5 and 2.5, respectively.
Infection was stopped after 48 hours by fixing
cells in 4% paraformaldehyde (PFA) solution.
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Immunostaining was performed using murine anti-
GP antibody, followed by Alexa488-conjugated
anti-mouse IgM as secondary antibody. Images were
acquired using the PE Opera confocal platform with
10x air objective and analysis by Acapella software.
The signal for GP-staining was quantified and
expressed as percent inhibition. Nuclear stains
DRAQ5 (Thermo Fisher) (for HelLa cells) and
33342Hoechst (Life Technologies) (for HFF1) were
used to determine total cell number and expressed
as percent cellular viability. CellMask staining of
cytoplasm was performed in assay with HFF1 cells
for better image analysis. Data acquired form Opera/
Acapella were analysed and normalized on the plate
level using GeneData Screener software to percent
inhibition of infection and percent of cellular viability.
Analysis of the dose response curve in order to
determine ECs, was performed using GeneData
Condoseo software by applying the Levenberg-
Marquardt algorithm (LMA) for curve fitting strategy.
The fitting strategy is considered acceptable if it
produced a conversion with R?> 0.8.

RESULTS AND DISCUSSION

In our present work, we used an FDA-approved
pharmaceutical formulation of hemin as an inducer
for endogenous HO-1. First, we determined the effect
of hemin on HO-1 expression and then examined
effects on Ebola virus infection. We incubated
monocyte-derived macrophages (MDM) in media
containing increasing concentrations of hemin and
examined for HO-1 expression by Western blot
analysis after 48 hours in culture. As expected from
its mode of action as a physiological activator of
HO-1, treatment of MDM with hemin resulted in

increased HO-1 protein expression in a dose-
dependent manner with a maximal effect at 100-
200 uM concentration without altering the expression
of the housekeeping protein actin (Fig. 1A). This
HO-1 induction was accompanied by a >90%
inhibition of the GFP fluorescence in MDM cells
infected with rVSV-ZEBOVgp-GFP (Fig. 1B).

Flow cytometry analysis (Fig. 1C) of uninfected (left)
and rvVSV-EBOVgp-GFP-infected cells cultured for
48 hours without (middle) or with 100 pM hemin
(right panel) also showed a significant hemin-
dependent inhibition of GFP in rVSV-EBOVgp-
GFP-infected cells. The DAPI+ cell population was
gated and quantified for GFP expression as a measure
of virus replication. Approximately 21% of the cells
were infected with rVSV-EBOVgp-GFP (middle
panel), which was markedly reduced to ~2.5% by
hemin treatment (right panel). Individual cell images
showed nuclei (DAPI+, blue) in uninfected cells, GFP
(green) co-localized with DAPI after VSV-EBOVgp-
GFP infection, and substantially reduced GFP
fluorescence after hemin treatment (Fig. 1D).

Addition of SnPPI1X, a specific inhibitor of HO-1
enzymatic activity, also reduced hemin-induced HO-1
protein expression (Fig. 2A). Pretreatment with 10 M
SnPPIX attenuated the effects of hemin-induced
down-regulation of rvVSV-ZEBOVgp-GFP replication
by two-fold, indicating that HO-1 activity was required
for the inhibitory effect of hemin on viral replication
(Fig. 2B). Silencing of the HO-1 gene by siRNA
transfection had similar effects. This reduction in
HO-1 diminished the protective effect of hemin against
rvVSV-ZEBOV(gp-GFP infection (Fig. 2C). These
results establish that: (a) HO-1 activity and expression
are important for the inhibitory effect on Ebola virus

Legend to Fig. 3. (A) Western blot analysis of hemin-treated Hel.a and HFF1 cells. HO-1 expression in total-protein
lysates isolated from HeLa cells and HFF1 cells cultured for 24 hours in the absence or presence of 100 UM hemin.
Cells were incubated with 100 uM hemin, cellular proteins were separated on a SDS-polyacrylamide gel, transferred to
PVDF nitrocellulose membrane, and probed simultaneously with HO-1 and actin antibodies. (B) Confocal microscopy of
HelLa and HFF1 cells infected with EBOV under BSL-4 conditions in the absence or presence of 100 uM hemin.
Images were acquired using the PE Opera confocal platform with a 10x objective. The data were analyzed using
Acapella software. Green: Ebola infection; blue: nuclei (DRAQ5 stain); magenta: cytoplasm (HFF1 cells).

Legend to Fig. 4. Dose response to hemin treatment of EBOV-infected HelLa and HFF1 cells. HelLa cells (panel A) and
HFF1 cells (panel B) were infected with Kikwit-95 Zaire strain of Ebola virus under BSL-4 conditions for 48 hours
in the presence of the indicated concentrations of hemin. It gave activity with ECsy = 17-27 uM in HelLa cells and
CCsp> 100 uM and ECsy = 26-30 puM in HFF1 and CCsy> 100 pM, n = 4 done in two independent experiments.
Cellular viability of the infected cells at various hemin concentrations are illustrated in panels C and D.
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replication, in agreement with a recently published
report [18], and (b) reducing HO-1 correlates with
increased rVSV-EBOVgp replication, suggesting
HO-1 as a key mediator of hemin-induced host
protective effects.

We further studied whether hemin induces HO-1
expression and provides cellular protection against
EBOV infection. To do so, we infected HelLa and
primary human foreskin fibroblasts (HFF1) cells
with EBOV under BSL-4 conditions. Consistent
with the data described above, treatment of both
HelLa and HFF1 cells with 100 uM hemin efficiently
induced HO-1 expression (Fig. 3A). Treatment with
100 pM hemin resulted in a substantial reduction
of virus-infected cells, as evident by confocal
microscopy images of these cells infected with
EBOV (Fig. 3B).

To quantify the hemin concentration for maximal
virus inhibition, HeLa cells and HFF1 cells were
cultured for 2 h at 37 °C with hemin and subsequent
infection with EBOV at MOI of 0.5 and 2.5 PFU/cell,
respectively. Hemin treatment inhibited EBOV
infection in a dose-dependent manner with a
maximum effect at 100 uM hemin in both cell types
(Fig. 4A and B). These results demonstrate >90%
protection of hemin-treated HelLa and HFF1 cells
against EBOV infection using levels of hemin
within the range approved by the FDA for blood
levels, further supporting our concept of cellular
protection against EBOV by stimulating innate
inducible host responses via HO-1.

CONCLUSION

There is currently no approved therapeutic or licensed
vaccine against EBOV. The use of hemin to activate
host innate responses is a logical therapeutic approach
to treat EBOV-infected individuals.
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