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Human infections with Ebola virus (EBOV) result in a deadly viral
disease known as Ebola hemorrhagic fever. Up to 90% of infected
patients die, and there is no available treatment or vaccine. The
sporadic human outbreaks are believed to result when EBOV
‘‘jumps’’ from an infected animal to a person and is subsequently
transmitted between persons by direct contact with infected blood
or body fluids. This study was undertaken to investigate the
mechanism by which EBOV can persistently infect and then escape
from model cell and animal reservoir systems. We report a model
system in which infection of mouse and bat cell lines with EBOV
leads to persistence, which can be broken with low levels of
lipopolysaccharide or phorbol-12-myristate-13-acetate (PMA). This
reactivation depends on the Ras/MAPK pathway through inhibi-
tion of RNA-dependent protein kinase and eukaryotic initiation
factor 2� phosphorylation and occurs at the level of protein
synthesis. EBOV also can be evoked from mice 7 days after infection
by PMA treatment, indicating that a similar mechanism occurs in
vivo. Our findings suggest that EBOV may persist in nature through
subclinical infection of a reservoir species, such as bats, and that
appropriate physiological stimulation may result in increased rep-
lication and transmission to new hosts. Identification of a pre-
sumptive mechanism responsible for EBOV emergence from its
reservoir underscores the ‘‘hit-and-run’’ nature of the initiation of
human and/or nonhuman primate EBOV outbreaks and may pro-
vide insight into possible countermeasures to interfere with
transmission.

Ebola virus (EBOV) has caused sporadic outbreaks in isolated
areas of equatorial Africa since its discovery more than 30 years

ago. Because the natural host for EBOV remains unknown, im-
plementing programs to control or eliminate viral reservoirs of
transmission to human or nonhuman primate (NHP) populations
has been impossible. The rapid progression of EBOV infection,
which affords little opportunity to develop an effective immune
response, along with the unavailability of antiviral therapy or
approved vaccine (1–6), make targeting interventions at the initial
spread from a reservoir to humans an important goal.

It has long been believed that, like several other classical viral
zoonotic diseases, EBOV persists in some reservoir species as a
chronic/persistent infection that does not (or only rarely) produce
disease, with both the reservoir and the virus kept alive for a
sufficient period to allow transmission to other susceptible hosts.
Many different species, including bats, mice, shrews, and other
small terrestrial animals, have been suspected (7), but despite an
intensive search, none has been found to produce live EBOV under
natural conditions. Although outbreaks often have been traced to
contacts with NHPs, these species are unlikely to be reservoir
sources, because they also suffer similar high lethality as humans
from EBOV. Following the discovery of EBOV in 1976, and again
after the 1994 case in the Côte d’Ivoire and the 1995 outbreak in the
Democratic Republic of Congo, intensive efforts have been made

to identify the natural reservoir; to date, however, neither potential
hosts nor arthropod vectors have been identified (8–11).

The search for the natural reservoir for EBOV and Marburg
virus continues. Although a report by Morvan et al. (12) indicated
detection of EBOV RNA in rodents (Muridae and Soricidae)
captured in the Central African Republic and suggested mice, rats,
and shrews as possible reservoir species, these findings have not
been confirmed by an alternative methodology (i.e., serology,
antigen detection or virus isolation) or by other groups. Although
this would have implications for transmission through the close
approximation of infected rodent/shrew species to human popula-
tions, as has been reported for Lassa virus (13), because of the close
affiliation of these rodents to human populations and the sporadic
nature of human outbreaks, it is unlikely that these species are
involved in the transmission of EBOV to humans. Rodent species
have been used as model systems for studying filovirus pathogen-
esis; nonetheless, these species do not exhibit lethality after wild-
type infection, but require adaptation through serial passage (14–
18). Through such studies, many details of the pathogenesis have
been deciphered, including the type I interferon (IFN) response,
which plays a key role in the resistance of normal mice to mouse-
adapted Zaire ebolavirus (MA-ZEBOV) (15, 19). What remains
unclear is the mechanisms underlying the high susceptibility of
some species (i.e., humans and NHPs) to wild-type virus compared
with other species (i.e., mice and possibly bats). Recent work has
provided support for a role of fruit bats as a reservoir species for
EBOV and Marburg virus (20–22), but whether other species also
are involved is not known, and the mechanism of the spillover from
reservoir to humans and NHPs remains unclear.

This study was designed to investigate the nature of EBOV in a
model system of a reservoir host. We used mouse and bat cell lines
to model the mechanism of the establishment of a low-level
persistent infection with wild-type ZEBOV, as well as of the escape
of the virus from this low-level state through activation of the
Ras/MAPK pathway and its suppressive effects on the IFN re-
sponse. We show that a similar release from low-level infection can
occur in an in vivo model of Balb/C mice infected with ZEBOV
through stimulation with phorbol esters and reactivating virus 7
days after the initial infection.

Results
In an effort to find cell lines that mimic the natural reservoirs’
predicted ability to survive and support persistent infection, we
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screened a number of cell lines. We found that the mouse lines NIH
3T3 and RAW264.7 (mouse fibroblast and macrophage line, re-
spectively), as well as a Mexican free-tailed bat line (Tb1.Lu, a bat
lung fibroblast), have this capacity. After infecting cells with a
multiplicity of infection (MOI) of 0.1 of ZEBOV strain Mayinga or
ZEBOV strain Mayinga expressing enhanced green fluorescence
protein (GFP) from an additional transcriptional unit inserted
stably into the genome between the nucleoprotein and VP35 genes
(ZEBOV/GFP) (23), RAW264.7 cells showed very little cytopathic
effect and could be passaged and maintained in a similar fashion as
uninfected cells. For each of the experiments described herein,
persistently infected cells, designated RAWZEBOVpi or
RAWZEBOV/GFPpi, were used at passage numbers �7 and �22.
Persistent infection was confirmed by removal of supernatants,
centrifugation of cellular debris, and transference to uninfected
Vero E6 cells for virus titration using either a focus-forming unit
(FFU) or a TCID50 (tissue culture infectious dose leading to
cytopathic effect in 50%) assay. We were able to recover viable
ZEBOV and ZEBOV/GFP from both the RAWZEBOVpi and
RAWZEBOV/GFPpi persistently infected cells lines for up to 10
months after the initial infection. Titers obtained from these
cultures varied from 2.0 � 103 to 3.4 � 103 FFU/ml for
RAWZEBOVpi and from 1.2 � 103 to 8.1 � 103 for RAWZEBOV/GFPpi
over the 10-month period.

Although the mechanisms of emergence from viral latency have
been studied most thoroughly in viruses with nuclear replication
strategies, a few RNA viruses with cytoplasmic replication, such as
paramyxoviruses, hantaviruses, arenaviruses (24–28), and possibly
filovirus (29), also may have longer-term persistence using similar
strategies. We next tested to see whether latent ZEBOV infection,
like other latent infections, such as herpesvirus or human immu-
nodeficiency virus (HIV) (30–32), could be induced to replicate
to higher titers through physiological treatments. Typically,
RAWZEBOVpi cells produced low levels of viral expression, as
determined by GFP expression (Fig. 1A and B), and resulted in
virus production of �103 FFU/ml (Fig. 1C). But treatment of the
RAWZEBOVpi with phorbol-12-myristate-13-acetate (PMA) or li-
popolysaccharide (LPS) dramatically increased the amount of viral
GFP expression and infectious outputs (averaging 3.0 � 103

FFU/ml in controls, 2.5 � 105 FFU/ml for LPS-treated cells, and
9.8 � 105 FFU/ml for PMA-treated cells) in a dose-responsive
fashion (Fig. 1 A–C). By performing quantitative reverse-
transcriptase polymerase chain reaction (RT-PCR) on RNA iso-
lated from these persistently infected cell lines, we determined that
the increased virus output under PMA and LPS treatments
occurred not at the level of viral RNA transcription/replication
(Fig. 1C), but rather at the level of viral protein production (Fig.
1 A and B).

Because bat species have long been suspected reservoirs for
filoviruses and have been recently shown to harbor viral RNA
and/or virus-specific antibodies (20–22), we evaluated a bat cell line
for this capability. Similar to RAW264.7, Tbl.Lu cells established
ZEBOV persistence and showed little virus propagation, but could
be induced to more productive viral infection after PMA treatment
(Fig. 2).

Because previous studies have shown that exogenous stimulation
of cells can decrease the cells’ type I IFN responses (33–36), we
investigated whether similar mechanisms were at play here. Spe-
cifically, because both LPS and PMA are known to stimulate the
Ras/MAPK pathways (37–40), and because activation of the Ras/
MAPK pathway has been shown to antagonize the effects of type
1 IFN (33–36), we next tested whether the robustness of ZEBOV
protein synthesis is affected by specifically activating the Ras/
MAPK pathway. Like RAW264.7 cells, NIH 3T3 cells are poorly
infectible by ZEBOV (Fig. 3A and B). We took advantage of this
feature and NIH 3T3 cells stably transformed with activated
versions of the v-erbB, SOS, and H-Ras oncogenes to investigate
whether the efficiency of infection of the parental NIH 3T3 line

could be bolstered with these activated oncogenes. As shown in Fig.
3C, titers obtained from the parental NIH 3T3 line were substan-
tially lower than those from Vero E6 cells, whereas titers from the

Fig. 1. PMA and LPS cause increased viral expression in ZEBOV persistently
infected RAW264.7 cells but do not significantly change viral RNA levels.
Dose-dependent induction of GFP expression from RAWZEBOV/GFPpi cells by
PMA (A) and LPS (B) at 24 h posttreatment. (C) Infectious titer (white bars) and
viral RNA (gray bars) output from supernatants from RAWZEBOV/GFPpi fol-
lowing no treatment or treatment with changed media (containing 10% FBS),
media containing DMSO, media containing 10 ng/ml LPS, or media containing
50 ng/ml PMA as determined by plaque titration on VeroE6 cells using an FFU
assay or quantitative RT-PCR of the EBOV glycoprotein (GP) gene as the target.
All cells were originally infected with MOI of 0.1 of ZEBOV/GFP and passaged
for at least 7, but not more than 22, passages. Results are expressed as average
and standard deviations from triplicate runs.
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v-erbB, SOS, and H-Ras cells were comparable to those from Vero
E6. Similarly, the amount of viral protein produced in the v-erbB–,
SOS-, and H-Ras-transformed cells was comparable to that ob-
tained from Vero E6 and substantially higher than that from the
NIH 3T3 parental line (Fig. 3A and B). It is important to note that
most laboratories use the Vero E6 cell line to propagate ZEBOV,
because these cells are highly susceptible by ZEBOV and are known
to not produce type I IFN (41, 42). To address the question of
whether the enhanced viral productivity was due to increased
production of ZEBOV proteins in infected cells or rather to an
increased percentage of cells expressing viral proteins, we per-
formed an immunofluorescent assay with a ZEBOV/VP40-specific

antibody. As shown in Fig. 3B, the percentage of infected cells was
�5% in the NIH 3T3 cells, compared with 60%�80% in the Vero
E6 and transformed cell lines.

Previous studies have shown that activated Ras/MAPK transfor-
mation affects IFN response through the interference of double-
stranded RNA-dependent protein kinase (PKR) and eukaryotic
initiation factor 2� (eIF2�) activities (33, 34, 43). This property,
along with the observation that ZEBOV transcripts are produced
in the poorly infectible cells but not translated lead us to speculate
that double-stranded PKR and eIF2� may be conveying transla-
tional suppression in the untransformed cells. To test whether the
enhanced infectibility conferred by the activated oncogenes re-
sulted from the suppression of PKR and eIF2� activity, we per-
formed in vitro kinase reactions using � [33P]-ATP. As shown in Fig.
4A, a �65-kDa phosphoprotein was produced in the NIH 3T3 cells
only after exposure to ZEBOV. No such �65-kDa phosphoprotein
was produced in the cells with the activated oncogenes or any
mock-infected cell line. This �65-kDa phosphoprotein was precip-
itable with a PKR-specific antibody (Fig. 4B). Moreover, Western
blot analysis using an antibody specific for the phosphorylated form
of eIF2� showed that only ZEBOV-exposed NIH 3T3 cells pro-
duced phosphorylated eIF2� (Fig. 4C). Therefore, in untrans-
formed cells, viral RNA stimulates a cellular defense mechanism
through the activation of PKR. Activated PKR prevents the trans-
lation of transcripts by inactivation of eIF2� through phosphory-
lation (44). The oncogene signaling interferes with this defense
mechanism by inhibiting virus-induced PKR activation, thereby
allowing the synthesis of ZEBOV proteins.

Finally, to test whether this effect of establishing persistence and
reactivation of ZEBOV can occur in vivo, we infected female
BALB/c mice with either ZEBOV/GFP or MA-ZEBOV (1000
FFU/ml) through intraperitoneal (i.p.) injection, recorded daily
weights, and scored for symptoms. Then, 6 days later, we stimulated
the mice for 24 h with an i.p. injection of PMA or dimethyl sulfoxide
(DMSO) (the diluent control), then euthanized them on day 7.

Fig. 2. PMA causes dose-dependent increased viral expression of ZEBOV in
the persistently infected Mexican free-tailed bat cell line Tb1.Lu. Dose-
dependent induction of GFP expression from Tb1.Lu ZEBOV/GFPpi cells by PMA
at 24 h posttreatment.

Fig. 3. ZEBOV infects v-erbB–, SOS-, and H-Ras–transformed cells with higher efficiency than parental NIH 3T3 cells. (A) Various cell lines were infected with ZEBOV
at MOI of 0.1 and continuously 35S-labeled from 48–72 h postinfection, showing that transformed cells produced viral proteins at levels comparable to VeroE6 cells,
whereas NIH 3T3 cells produced substantially lower amounts of ZEBOV proteins. ‘‘�’’ refers to infected with ZEBOV, and ‘‘–’’ refers to mock infection. (B)
Immunofluorescent assay using �-VP40 monoclonal antibody (59) (1:800 dilution in PBS), followed by goat anti-mouse FITC-conjugate (1:250 dilution in PBS with 10%
goatserum)demonstratingthatNIH3T3cellshadalowerpercentageof infectedcellsat48hpostinfectioncomparedwiththetransformedcellsorVeroE6. (C) Infectious
titeroutput fromsupernatants fromZEBOV-infectedcell linesover72hasdeterminedbyplaquetitrationonVeroE6cells.Resultsareexpressedasaverageandstandard
deviations from triplicate runs.
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Viral output was analyzed through plaque titration. The results,
shown in Fig. 5, demonstrate that viral titers from the livers and
spleens of ZEBOV/GFP–infected mice after i.p. injection of PMA
were almost three logs higher than those after i.p. injection of
DMSO.

Discussion
Although it was originally thought that resistance of normal adult
mice to filovirus infection resulted from an inability of these viruses

to infect murine cells, mice deprived of their type 1 IFN response
proved to be susceptible to lethal infection by a number of filovi-
ruses (15). Therefore, mouse cells seem to be resistant to EBOV
infection through the establishment of a persistent low-level infec-
tion, due to the induction of the IFN antiviral response by EBOV.
Suppressing this antiviral response by stimulating the Ras/MAPK
pathway causes a switch from a low-level infection to a more
productive infection. EBOV’s persistence in a form that continually
produces RNA but suppresses the translation of that RNA until the
Ras/MAPK pathway is activated is a novel mechanism of viral
reactivation from persistence. This mechanism relies on the IFN
response through PKR and eIF2� signaling and is supported by
previous studies showing suppression of IFN signaling by oncogenic
transformation (33–36), as well as by exogenous stimulation of these
pathways (45).

This is not the first evidence indicating that EBOV is capable of
causing prolonged infection in cells, animal models, or even human
patients. Calain et al. (46) were able to passage undiluted ZEBOV
to eventually arrive at a virus stock containing defective interfering
particles, allowing for the establishment of persistently infected cell
lines. Gupta et al. (47) were able to establish persistent infection
with MA-ZEBOV in immunodeficient mice. The fact that during
naturally acquired human infections filoviruses have been isolated
from seminal fluid months after disease onset and recovery, also
suggests that more prolonged filoviral infections or delay in virus
clearance from privileged sites can occur (29, 48–51).

Although the present study does not identify the reservoir host,
it does provide a mechanism for the establishment of viral persis-
tence, as well as a potential mechanism of spillover. These data also
support earlier findings demonstrating the replication and circula-
tion of ZEBOV in experimentally infected fruit and insectivorous
bats in the absence of illness (7). Nonetheless, the higher titers
shown in the experimental bat model raise questions as to why virus
isolation has not been achieved from any of the naturally infected

Fig. 4. PKR and eIF2� are phosphorylated in less infectible cells. (A) In vitro
kinase assays from cell lysates of the various cell lines at 48 h post-ZEBOV
infection (MOI � 0.6) versus mock infection, demonstrating the production of
a �65-kDa phosphoprotein only from the NIH 3T3 cells and only postexposure
to ZEBOV. (B) Immunoprecipitation of the in vitro kinase lysates from (A) with
5 �g of PKR antibody demonstrating that the �65-kDa phosphoprotein is PKR.
(C) eIF2� was phosphorylated in NIH 3T3 cells only post-ZEBOV infection, as
demonstrated by Western blot using anti-phosphospecific eIF2� (10 �g/ml
diluted in Tris-buffered saline diluted in 5% milk) (Upper). Total eIF2� is shown
as a loading control (Lower)].

Fig. 5. PMA induces higher production of infectious ZEBOV/GFP in livers and
spleens of BALB/c mice. Female BALB/c mice were infected with either ZEBOV/
GFP (1000 FFU in 200 �l of DMEM) or MA-ZEBOV (1000 FFU in 200 �l of DMEM)
and allowed to incubate for 6 days. Then 200 �l of DMEM containing 100
ng/ml of PMA or an equivalent amount of DMSO (diluent for PMA) was
injected i.p. After 24 h, the mice were euthanized, organs were harvested, and
focus-forming assays were performed on the serially diluted homogenates.
Results are shown from livers of ZEBOV/GFP–infected mice (white bars),
spleens of ZEBOV/GFP–infected mice (gray bars), livers of MA-ZEBOV–infected
mice (black bars), and spleens of MA-ZEBOV–infected mice (cross-hatched
bars). Mock-infected mice were treated similarly and served as negative
controls (data not shown). Five mice were used for each group. Results are
expressed as average plus standard deviation.
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bat species (20–22). One suggestion is that virus titers may be very
low in these naturally infected animals; consistent with the need for
nested RT-PCR to detect ZEBOV-specific nucleic acid, and that
specific physiologic or environmental stimuli are needed to stim-
ulate virus production (20). The finding that ZEBOV may require
activation of the Ras/MAPK pathway for productive infection may
be the first clue as to the nature of the physiologic or environmental
stimuli needed to activate virus expression in nature. Although
definitive proof of this mechanism requires the establishment of
persistent EBOV infection in a reservoir species, followed by
provocation by the methods described in this report, this will have
to await future studies, including definitive identification of the
reservoir species.

If we assume (as now seems likely) that bats play a role as a
reservoir species for filoviruses, then examining the roles of sea-
sonal, environmental, and temporal physiological factors (e.g.,
pregnancy, other stresses) in facilitating virus replication and
subsequent transmission to other susceptible hosts will be impor-
tant. The activation of EBOV through stimulation of the Ras/
MAPK pathway may explain the cryptic nature of its emergence;
due to the fact that production of EBOV from these species would
be transient and that contact with the stimulated organism to NHP
or humans would be infrequent. This also could explain the
periodicity of some filovirus outbreaks occurring during the late
rainy season or early dry season (52), possible periods of stress or
switching of food types, which may correlate with enhanced Ras/
MAPK signaling in the reservoir. Alternatively, phorbol esters or
other naturally occurring homologues produced during restricted
ecologic/climactic periods may account for this infrequency. The
fact that LPS also was capable of enhancing EBOV productivity
from mouse macrophages also belies the possibility of synergy
between virus and bacteria as occurs for HIV and syphilis, influ-
enza and Streptcoccus pneumoniae, and herpes and periodontal
bacteria (53–55). Other factors also may contribute, including
pregnancy, which has been suggested to play a role in the trans-
mission of Hendra virus from bats to horses (56, 57). Because the
pregnancy state is one of enhanced MAPK signaling (58), this role
certainly could be explained by this mechanism.

Although we have not used the foregoing approach to positively
identify the reservoir species of EBOV, it certainly could be used
as a tool for such purposes. To the best of our knowledge, this
approach of pharmacologically stimulating persistently infected
cells has not been applied to other persistent viral infections of
animals. Most notably, it has not been tried in other high-
consequence RNA viral pathogens of humans that are maintained
in known reservoir species, such as wild rodents (e.g., hantaviruses,
arenaviruses), nor those potentially maintained in bats (e.g., Hen-
dra virus, Nipah virus). A similar experimental approach might be
used to identify reservoir hosts and provide insights into the
mechanisms of escape of other viral pathogens.

Methods
Cells and Virus. RAW264.7 and Tb1.Lu cells were obtained from the American
Type Culture Collection. Parental NIH 3T3 cell lines, along with NIH 3T3 cells
transformed with a number of oncogenes, were obtained from various sources.
Parental NIH 3T3 and NIH 3T3 cells transfected with H-Ras were generously
providedbyDr.DouglasFaller,BostonUniversitySchoolofMedicine.NIH3T3cells
along with their SOS-transformed counterparts (designated TNIH#5) were gen-
erously provided by Dr. Michael Karin, University of California San Diego. Dr. H.-J.
Kung, Case Western Reserve University kindly donated the parental NIH 3T3 cells
along with NIH 3T3 cells transfected with the v-erbB oncogene (designated
THC-11). All cells were grown and maintained at 37 °C in complete medium
containing Dulbecco’s modified Eagle medium (DMEM) supplemented with 10%
fetal bovine serum (FBS), 2 mmol/L of l-glutamine, 100 U/ml of penicillin, and 100
�g/ml of streptomycin.

Establishment of ZEBOV and ZEBOV/GFP Persistence and Treatments. RAW264.7
or Tb1.Lu cells were originally infected with an MOI of 0.1 of ZEBOV strain
Mayinga or ZEBOV/GFP and were passaged and maintained similar to the unin-

fected cells. Persistent infection was confirmed by removing supernatants, cen-
trifuging cellular debris (400 � g for 10 min), and transferring the cells to
uninfected Vero E6 cells for virus titration using either a FFU or TCID50 assay.

Persistently infected cells were subjected to no treatment; changed media;
PMA at concentrations of 0, 6.25, 25, or 50 ng/ml in dimethyl sulfoxide (DMSO);
DMSO alone (as a diluent control), or LPS from Escherichia coli O111:B4 (Sigma-
Aldrich) at concentrations of 0, 0.1, 1.0, or 10 ng/ml in complete DMEM with 10%
FBS, as noted in the figures. All samples were harvested for assessment at 24 h
posttreatment.

Radiolabeling of Cells and Preparation of Lysates. Cells were labeled in methi-
onine-free DMEM containing 10% dialyzed FBS with 0.1 mCi/ml of [35S] methio-
nine/cysteine protein labeling mixture (Perkin Elmer). After further incubation
for 24 h at 37 °C, the cells were washed in phosphate-buffered saline (PBS) and
lysed in the same buffer containing 1% Triton X-100, 0.5% sodium deoxycholate,
and 1 mM EDTA. The supernatants were stored at �80 °C until use. Radiolabeled
lysates were analyzed by discontinuous 10% sodium dodecyl sulfate–polyacryl-
amide gel electrophoresis (SDS-PAGE) and visualized by autoradiography with a
phosphoimager.

Immunofluorescence Analysis. NIH 3T3, TNIH#5, H-Ras, and THC-11 cells were
grown on coverslips and then infected with ZEBOV strain Mayinga at a MOI of
�0.2 or mock-infected. At 48 h postinfection, cells were fixed in 10% phosphate-
buffered formalin for �24 h, followed by a change of 10% phosphate-buffered
formalin, then heat-sealing in a plastic pouch and submersion in 5% MicroChem
solution (MicroChem Corp.), after which the samples were removed from the
BSL-4 laboratory. The plates were stored in the formalin solution for another 24 h
at 4 °C, followed by four washes with PBS. The fixed cells were then solublized in
0.1% Triton X-100 for 10–15 min at room temperature, washed another three
times in PBS, and then exposed to the primary antibody (mouse monoclonal
anti-VP40) (59) diluted 1:800 in PBS for 2 h at room temperature. After three
washes with PBS, the cells were exposed to the secondary antibody [goat anti-
mouse IgG (whole molecule)-fluorescein isothiocyanate (FITC) conjugate; Sigma-
Aldrich] diluted 1/250 in PBS containing 10% goat serum for 1 h at room tem-
perature. Finally, the fixed and treated cells were washed three more times with
PBS and then once with double-distilled water, dried, mounted on slides in 90%
glycerol, and viewed with a Zeiss Axiophot microscope on which a Zeiss camera
was mounted. The magnification for all panels was � 200.

In Vitro Kinase, Immunoprecipitation, and Western Blot Analysis. Confluent
monolayers of the various cell lines were grown on 24-well cell culture plates. At
48 h postinfection, the medium was aspirated off, and the cells were lysed with
a buffer containing 20 mM Hepes (pH 7.4), 120 mM KCl, 5 mM MgCl2, 1 mM
dithiothreitol, 0.5% Nonidet P-40, 2 �g/ml of leupeptin, and 50 �g/ml of aproti-
nin. The supernatants were stored at �80 °C until use. Each in vitro kinase
reactioncontained20�lofcellextract,7.5�lof reactionbuffer (20mMHepes [pH
7.4], 120 mM KCl, 5 mM MgCl2, 1 mM dithiothreitol, and 10% glycerol), and 7.0
�l of adenosine 5�-triphosphate (ATP) mixture (1.0 �Ci of [�-33P]ATP in 7 �l of
reaction buffer) and was incubated for 30 min at 37 °C. Immediately after
incubation, the labeled extracts were either boiled for 10 min in Laemmli SDS
sample buffer or were immunoprecipitated with an anti-PKR antibody (Santa
Cruz Biotechnology). Immunoprecipitation of 33P-labeled cell lysates with 1 �g of
the anti-PKR antibody per 100 �l of lysate was carried out using the Protein G
Immunoprecipitation Kit (Sigma-Aldrich). All samples were analyzed by discon-
tinuous 10% SDS–PAGE, autoradiography, and phosphoimaging.

For Western blot analysis, protein samples were subjected to 10% SDS-PAGE
and transferred to poly(vinylidene difluoride) membranes (Millipore). The mem-
brane was blocked with 5% skim milk in Tris-buffered saline (20 mM Tris and 137
mM NaCl, pH 7.3) containing 0.1% Tween 20, and then incubated with the
primary antibody anti-eIF2� or anti-phospho(Ser 52)-eIF2� (both from Santa Cruz
Biotechnology). After washing, the membrane was incubated with peroxidase-
conjugated goat anti-mouse IgG or anti-rabbit IgG (Santa Cruz Biotechnology).
Specific bands were detected by enhanced chemiluminescence (Amersham) in
accordance with the manufacturer’s specifications.

Polymerase Chain Reaction. Viral RNA was isolated from RAWZEBOV/GFPpi cells
after 24 h of treatment with changed complete media (DMEM containing 10%
FBS,2mmol/LL-glutamine,100U/mlofpenicillin,and100�g/mlofstreptomycin),
complete medium containing DMSO, complete medium containing 10 ng/ml of
LPS, complete medium containing 50 ng/ml of PMA, or no treatment. RNA was
isolated from these tissue culture samples by releasing cells from adherence with
0.25% Trypsin/EDTA for 10 min at 37 °C, with subsequent extraction using the
QIAampViralRNAMiniKit (Qiagen).ZEBOVRNAwasdetectedusingprimerpairs
targeting the ZEBOV GP gene as follows: Forward primer, 5�-GGCCAACGAGAC-
GACTCAA-3�; reverse primer, 5�-AAAGGTGCGTAGCTCAGTTGTG-3�; and probe,

17986 � www.pnas.org�cgi�doi�10.1073�pnas.0809698105 Strong et al.



6FAM -CTCTTCAACTGTTCCTGAGAG - MGBNFQ using the LightCycler 480 RNA
Master hydrolysis probe (Roche Diagnostics). All samples were run on the Smart
Cycler (ABI Biosystems) through quantitative RT-PCR with cycling conditions as
follows: reverse transcription at 63 °C for 120 seconds, activation at 95 °C for 30
seconds, 45 cycles of denaturation at 95 °C for 15 seconds, and annealing/
extension at 60 °C for 30 seconds. All samples were quantified by running against
known serially diluted samples extracted and run as above. The limit of sensitivity
of the ZEBOV GP-specific quantitative RT-PCR is �0.1 FFU/ml.

Animal Experiments. Female BALB/c mice age 5–6 weeks were obtained from a
commercial supplier (Charles River Laboratories). All mice were housed in mi-
croisolator cages in BSL4 and allowed to acclimatize for at least 5 days before use
in experiments. 5 female BALB/c mice were infected via i.p. injection with either
ZEBOV/GFP (1000 FFU in 200 �l DMEM) or MA-ZEBOV (1000 FFU in 200 �l of
DMEM), or mock infected then allowed to incubate for 6 days, followed by i.p.
injection of 200 �l of DMEM containing 100 ng/ml of PMA or an equivalent

amount of DMSO (diluent for PMA). Mice were euthanized 24 h later. Their
organs were harvested (liver, spleen, and blood), and FFU assays were performed
on the serially diluted homogenates. Mock-infected mice were treated similarly
and served as negative controls.

All work with live ZEBOV was performed in the BSL-4 laboratory of the
National Microbiology Laboratory, Public Health Agency of Canada. All animal
experiments were performed in accordance with approved animal use docu-
ments and according to the guidelines of the Canadian Council on Animal Care.
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