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Abstract

Among the Ebola viruses most species cause severe hemorrhagic fever in humans; however, Reston ebolavirus (REBOV) has
not been associated with human disease despite numerous documented infections. While the molecular basis for this
difference remains unclear, in vitro evidence has suggested a role for the glycoprotein (GP) as a major filovirus pathogenicity
factor, but direct evidence for such a role in the context of virus infection has been notably lacking. In order to assess the
role of GP in EBOV virulence, we have developed a novel reverse genetics system for REBOV, which we report here. Together
with a previously published full-length clone for Zaire ebolavirus (ZEBOV), this provides a unique possibility to directly
investigate the role of an entire filovirus protein in pathogenesis. To this end we have generated recombinant ZEBOV
(rZEBOV) and REBOV (rREBOV), as well as chimeric viruses in which the glycoproteins from these two virus species have
been exchanged (rZEBOV-RGP and rREBOV-ZGP). All of these viruses could be rescued and the chimeras replicated with
kinetics similar to their parent virus in tissue culture, indicating that the exchange of GP in these chimeric viruses is well
tolerated. However, in a mouse model of infection rZEBOV-RGP demonstrated markedly decreased lethality and prolonged
time to death when compared to rZEBOV, confirming that GP does indeed contribute to the full expression of virulence by
ZEBOV. In contrast, rREBOV-ZGP did not show any signs of virulence, and was in fact slightly attenuated compared to
rREBOV, demonstrating that GP alone is not sufficient to confer a lethal phenotype or exacerbate disease in this model.
Thus, while these findings provide direct evidence that GP contributes to filovirus virulence in vivo, they also clearly indicate
that other factors are needed for the acquisition of full virulence.
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Introduction

The family Filoviridae, within the order Mononegavirales, contains
two genera, Marburgvirus and Ebolavirus (EBOV), with EBOV being
currently divided into the species Laire ebolavirus (ZEBOV), Sudan
ebolavirus, Ta Forest ebolavirus and Reston ebolavirus (REBOV) [1]. In
addition, Bundibugyo ebolavirus is also being proposed as a potential
fifth species [2]. Among the Ebola viruses REBOV has long been
recognized as being atypical with respect to both its geographical
distribution as well as its pathogenic potential.

Unlike other filoviruses, which are endemic to Africa, REBOV
first emerged in 1989/90 as the causative agent of an epizootic
among a group of cynomolgus macaques (Macaca fascicularis)
imported from the Philippines into the United States [3].
Subsequently, two more introductions have been recognized in
Italy and again in the United States [4,5]. As a result of these
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importations of infected animals epidemiological investigations
were conducted in the Philippines and documented active virus
transmission in the primate export facility that was the source for
all three shipments of infected monkeys [6,7]. More recently
REBOV co-infection was documented in pigs infected with
porcine reproductive and respiratory syndrome virus (PPRSV) in
the Philippines, however, it remains unclear whether co-infection
with REBOV contributed to the particularly high mortality
observed in the infected pigs during this epizootic [8]. While
experimental work has thus far not shown REBOV alone to
cause symptoms in infected pigs [9], infection with ZEBOV has
been shown to result in clinical disease in pigs [10] and concerns
remain about the possibility of EBOV transmission to humans via
the food chain [11], as well as the possibility of adaptation of
REBOV to humans as a result of circulation in such intermediate
hosts.
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Author Summary

Most Ebola virus species cause severe hemorrhagic fevers
with high case fatality rates. However, Reston ebolavirus
(REBOV) seems to be apathogenic for humans. While the
reason for this is unknown, several lines of in vitro research
have indicated that the viral glycoprotein (GP) may play a
critical role in determining pathogenicity, although until
now there was no data to support such a role in the
context of an in vivo infection. In order to address this we
have generated a novel reverse genetics system to
facilitate rescue of REBOV entirely from cDNA, which
together with a previously established full-length clone
system for the highly pathogenic Zaire ebolavirus (ZEBOV)
allowed us to generate chimeras in which the glycoprotein
genes from these two viruses have been exchanged
(rZEBOV-RGP and rREBOV-ZGP). While the exchange of the
viral glycoprotein did not affect virus growth in cell
culture, we could show that infection with rZEBOV-RGP
resulted in decreased virulence in a mouse model of
infection. Further, rREBOV-ZGP did not show any signs of
virulence in this model, similar to wild-type recombinant
REBOV, showing that while GP contributes significantly to
filovirus virulence, it is clearly not the sole determinant of
pathogenicity.

The filoviruses are well known as the causative agents of severe,
transmittable and untreatable hemorrhagic fever in humans. The
case fatality rates associated with Ebola hemorrhagic fever (EHF)
range from 30% to 90%, and this is mainly dependant on the virus
species involved, with ZEBOV being the most virulent [12,13].
Unlike infections with the other filovirus species, infection with
REBOV has not been linked to human disease despite several
documented infections during animal epizootics in the USA and in
the Philippines [6,8,14-16]. The molecular basis and viral
determinants responsible for this dramatic difference in pathogenic
potential remain unclear; however, GP in particular has been
widely speculated to play a key role. To this end numerous  vitro
studies have been conducted over the years analysing the possible
contributions of putative immunosuppressive motifs [17-19], furin
cleavage efficiency [20,21], cytotoxicity [22-24] and various other
aspects of glycoprotein biology to pathogenesis. However, to date
there is no firm evidence that GP is an important factor for
virulence and/or pathogenesis i vivo.

With the availability of reverse genetics systems for ZEBOV
[20,24] we have the potential to study mutant viruses in both tissue
culture and animal models, but until now this potential has
remained largely unrealized. We were interested to develop a
similar system for REBOV, both because it provides a much
needed tool to study the biology of this important, understudied
and recently re-emerged filovirus, but also because it would
complement the ZEBOV system and allow for comparative
pathogenesis studies, together with ZEBOV-based mutants. In
addition, the availability of both REBOV and ZEBOV full-length
clones facilitates the exchange of whole genes, an approach that
has potential to assess the contributions of entire viral proteins to
viral pathogenesis. In this study we describe the development of a
novel REBOV full-length clone system as well as the development
and characterization of recombinant chimeric filoviruses. These
contained either the REBOV GP in the background of ZEBOV
(rZEBOV-RGP), or the ZEBOV GP in the background of
REBOV (REBOV-ZGP). Comparison of these viruses was
carried out both in cell culture and i vwo using the interferon
a/B receptor knock-out (IFNARf/f) mouse model, a small
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animal model that accurately reflects the difference in pathoge-
nicity between ZEBOV and REBOV. The results of this study
revealed that while the GP exchange is well tolerated i vitro, the
rZEBOV-RGP chimera shows decreased lethality and increased
time to death in IFNAR™/” mice. However, introduction of
ZEBOV GP alone into REBOV resulted in a slightly attenuated
phenotype in the mouse model, indicating that while GP is clearly
contributing to the virulence of ZEBOV, alone it is not sufficient
to confer a more virulent phenotype and suggesting that additional
factors must contribute to virulence in this model.

Results

Generation of a full-length clone system for REBOV

Based on experience with the ZEBOV reverse genetics system it
was identified that an important factor in the utility of any novel
filovirus full-length clone system would be the ability to easily
access manageable portions of the virus genome for downstream
mutagenesis. To accomplish this, unique or rare restriction sites
within the REBOV genome were identified and it was determined
that the combination of restriction sites shown in Fig. 1A would
allow easy access to all portions of the viral genome. Sub-genomic
cassettes containing each of the fragments shown were generated
prior to being used to assemble the full-length plasmid. While
rescue of recombinant viruses from the ZEBOV full-length clone
system can be readily achieved, recovery of recombinant REBOV
from this infectious clone system proved more difficult. Further-
more, while successful rescue could be achieved with helper
plasmids encoding the REBOV ribonucleoprotein complex (RNP)
components, it was found that the use of ZEBOV helper plasmids
to facilitate virus recovery was beneficial. This is consistent with
previous work using minigenome systems which also indicated
greater activity of the ZEBOV helper plasmids [25]. However, in
all cases the proportion of successful rescues remained significantly
lower for REBOV than for ZEBOV with only ~25% of attempted
rescues resulting in the production of infectious virus (data not
shown).

Rescue of recombinant chimeric ebolaviruses

With the availability of a full-length clone system for REBOV
we next sought to construct recombinant chimeric REBOV and
ZEBOV in which their respective glycoproteins had been
exchanged. Using standard cloning approaches with Type IIS
enzymes the glycoprotein ORFs were exchanged while retaining
the parental non-coding regions. A schematic illustration of the
four recombinant viruses used in this study is shown in Fig. 1B.
They include a recombinant REBOV (rREBOV), a recombinant
REBOV expressing ZEBOV GP (rREBOV-ZGP), a recombinant
ZEBOV (rZEBOV) and a recombinant ZEBOV expressing
REBOV GP (ZEBOV-RGP). Despite the generally lower
efficiency of the REBOV full-length clone system all four viruses
could be recovered. Once rescued the various recombinant viruses
were characterized based on both their RNA and protein content.
Filovirus species-specific PCRs for GP and NP (Fig. 1C) as well as
Western blot analyses for VP40 and GP are shown (Fig. 1D) and
clearly demonstrate the chimeric nature of both rREBOV-ZGP
and rZEBOV-RGP. In addition, the PCR-based analysis allowed
us to exclude the possibility of contamination with parental virus of
either recombinant or natural origin (Fig. 1C).

Expression of a heterologous filoviral GP does not affect

virus growth in vitro
In order to assess the impact of the glycoprotein exchange on
the viability and replication efficiency of the chimeric viruses,
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Figure 1. Reverse genetics for REBOV and rescue of chimeric Ebola viruses. (A) Schematic diagram of the transcription cassette of
the full-length REBOV ¢DNA plasmid. The unique and rare restriction sites used to construct sub-genomic clones containing fractions of the
REBOV genome, as well as to facilitate subsequent assembly of the full-length clone plasmid are indicated. Sites which have been knocked out
through silent mutagenesis are shown crossed-out. An Xmal site inserted through silent mutagenesis is marked with an asterisk. A single silent point
mutation in the GP ORF (G7252A) is also indicated, as are the T7 promoter (Pr;), T7 terminator (T;) and hepatitis delta virus ribozyme (Rib)
sequences. (B) Schematic diagram of recombinant and chimeric Ebola viruses. The genomic composition of the recombinant parental
REBOV (rREBOV) and ZEBOV (rZEBOV), as well as the chimeric REBOV expressing the ZEBOV GP (rREBOV-ZGP) and chimeric ZEBOV expressing the
REBOV GP (rZEBOV-RGP) used in this study are illustrated. Dark grey indicates ORFs derived from REBOV while light grey indicates ORFs derived from
ZEBOV. Untranslated and non-coding regions are shown in white and are derived from the respective parent virus. (C) Analysis of the genetic
composition of recombinant and chimeric Ebola viruses. PCR fragments corresponding to the REBOV or ZEBOV nucleoprotein (NP) and
glycoprotein (GP) were amplified using species-specific primer sets in order to identify the genetic composition of each of the recombinant parental
(rREBOV and rZEBOV) and chimeric (rREBOV-ZGP and rZEBOV-RGP) viruses. Wild-type non-recombinant REBOV (strain Pennsylvania; wt-REBOV) and
ZEBOV (strain Mayinga; wt-ZEBOV) served as controls. (D) Analysis of the protein composition of recombinant and chimeric Ebola viruses.
Lysates from VeroE6 cells infected with each of the recombinant or chimeric Ebola viruses used in this study or the wild-type non-recombinant REBOV
and ZEBOV controls were separated by SDS-PAGE and probed by Western blot for their VP40 and GP composition using specific antibodies. REBOV
and ZEBOV VP40 (a-VP40) can be distinguished based on size, while the use of antibodies specific for ZEBOV GP (a-ZGP) or detecting both REBOV and
ZEBOV (a-GP) were used to discriminate between REBOV and ZEBOV GP.

doi:10.1371/journal.ppat.1002847.g001

VeroE6 cells were infected and analyzed for production of
progeny virus and for the formation of cytopathic effects (CPE)
associated with infection. CPE formation has previously been
strongly linked to GP expression  vitro [23,24,26-28]. Based on
the kinetic data obtained no substantial differences in growth could
be identified either between the parental wild-type viruses (wt-
REBOV or wt-ZEBOV) and the recombinantly-derived viruses
(rREBOV and rZEBOV) or between the recombinant viruses and
the chimeras with the glycoproteins exchanged (rREBOV-ZGP
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and rZEBOV-GP) (Fig. 2). In all cases the differences in titre
between all related viruses were less than 1 log at any time point
with nearly identical end-point titres being reached (Fig. 2).
However, it should be noted that while there were no differences
between viruses based on the same parental background (i.e. wt-
REBOV, rREBOV and rREBOV-ZGP), a 2-3 log difference was
observed between REBOV-based viruses and ZEBOV-based
viruses, Based on these data none of the recombinant viruses
seem to be significantly impaired with respect to i wvitro growth.
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Figure 2. Growth kinetics of wild-type, recombinant and chimeric Ebola viruses during infection in VeroE6 cells. VeroE6 cells were
infected at an MOI=0.1 with either recombinant REBOV (rREBOV), recombinant ZEBOV (rZEBOV), chimeric REBOV expressing the ZEBOV GP (rREBOV-
ZGP), chimeric ZEBOV expressing the REBOV GP (rZEBOV-RGP), parental non-recombinant REBOV (wt-REBOV) or parental non-recombinant ZEBOV
(wt-ZEBOV). Samples were collected at 0, 1, 2, 3, 4 and 7 days post-infection and titred based on focus-formation, which was visualized using either an
anti-REBOV VP30 serum or an anti-ZEBOV serum. The mean values for each time point along with bars indicating standard error values are shown.

doi:10.1371/journal.ppat.1002847.9002

This indicates that both the biomarkers introduced as a part of the
full-length clone construction, as well as the GP exchanges, are
well-tolerated with respect to fulfilling the basic functions of virus
infection and growth. In addition, observations of CPE formation
during infection did not demonstrate any obvious differences as a
result of the GP exchange (Fig. S1).

Recombinant ZEBOV expressing REBOV GP is attenuated
in an IFNAR™'~ mouse model

Despite being well tolerated with respect to virus growth and
replication i wvitro, GP has been postulated to have numerous
virulence-relevant effects that cannot be well modelled @ witro.
Therefore, we next examined the behaviour of our recombinant
EBOVs and the GP chimeras in an IFNAR ™/~ mouse model of
infection. Consistent with a previous report [29], we observed a
marked difference in outcome in this animal model between
ZEBOV and REBOV. rZEBOV infection showed uniform
lethality with doses between 0.1 fflu and 10* fflu/animal (Fig. 3
and data not shown) with animals displaying pronounced
decreases in activity, marked weight loss, ruffled fur and hunched
posture. In contrast, infection with rREBOV did not produce
lethal disease at doses of up to 10* flu (Fig. 3) and with the only
signs of infection being transient weight loss between days 4 and 8
post-infection accompanied by slightly decreased activity. Impor-
tantly, infection with both rZEBOV and rREBOV produced
outcomes very similar, not only in terms of survival, but also in
terms of the kinetics of weight loss and mean time to death (Fig. 3
and Fig. S52), to that seen using equivalent doses of wt-ZEBOV and
wt-REBOV. This further supports our i vitro data indicating that
the parental recombinant EBOVs used in this study are not
attenuated compared to the respective wild-type viruses, despite
their clonal origins. Using this model to further analyze our
chimeric EBOVs, we could see notable differences between
rZEBOV and rZEBOV-RGP with respect to outcome using both
high (10° and 10* ffu/animal) and low (10 ffu/animal) challenge
doses. Following infection with rZEBOV-RGP animals receiving
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10% ffu already showed low levels of survival (Fig. 3A), whereas
survival was never seen with rZEBOV even at doses as low as
0.1 ffu (data not shown). With the low challenge dose (10 ffu/
animal) this difference in outcomes became even more apparent,
with 100% of rZEBOV-infected animals still succumbing to
infection, while only 47% of the ”ZEBOV-RGP infected animals
succumbed (Fig. 3B). In addition, the mean time to death for these
two viruses differed consistently across a range of doses (Fig. S2),
with ”ZEBOV-RGP infected mice dying 1.3—4.2 days later than
mice infected with rZEBOV. In contrast all rTREBOV and
rREBOV-ZGP infected IFNAR ™/~ mice survived infection
without showing prominent signs of disease (Fig. 3). Further, close
examination of the weight curves indicates that rREBOV-ZGP
may be slightly attenuated compared to rREBOV. Infection was
confirmed in all surviving animals by monitoring seroconversion in
ELISA (data not shown).

Expression of REBOV GP does not affect organ titres in
infected IFNAR™/~ mice but decreases infection of
hepatocytes and development of pathology in the liver
In order to establish a possible basis for alterations in virulence
among the chimeric viruses, we next examined known key target
organs/tissues (liver, spleen and blood) from animals infected with
10 ffu of each virus at 5 days post-infection with respect to virus
load, antigen expression and histopathological changes. This time
point represented a phase at which infection was advanced, but
prior to the onset of death in the rZEBOV and rZEBOV-RGP
infected groups. Despite the observed differences in mortality, no
significant changes in virus load were observed between rZEBOV
and rZEBOV-RGP in any of the organs/tissues (spleen, liver and
blood) examined, either by calculation of the 50% tissue culture
infectious dose (T'CIDsp; Fig. 4A) or by quantitative RT-PCR
(qRT-PCR; Fig. S3), supporting our i vitro observation that these
viruses are comparable in terms of their growth. Further analysis
of tissues by immunohistochemical (IHC) staining indicated
extensive infection of both liver and spleen with rZEBOV and
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Figure 3. Survival and weight loss in IFNAR™/™ mice. (A) High dose (10® ffu and 10* ffu) infection. IFNAR™'~ mice (n=5-10) were
infected via the intra-peritoneal route with either 10 ffu or 10* ffu per animal of recombinant (rZEBOV and rREBOV) or chimeric (rZEBOV-RGP and
rREBOV-ZGP) Ebola viruses. Mouse-adapted ZEBOV (MA-ZEBOV) and wild-type Ebola viruses (wt-ZEBOV and wt-REBOV) served as controls. Animals
were monitored for 14 days for survival (upper panel) and weight loss (lower panel) and observed for an additional 14 days to ensure no additional
mortality occurred. Weights are shown as the mean values for each group along with bars indicating standard error values. (B) Low dose (10 ffu)

infection. IFNAR™/~
doi:10.1371/journal.ppat.1002847.9003

rZEBOV-RGP. In liver, staining of both Kupffer cells and
hepatocytes was observed, while in the spleen samples staining was
mainly observed in cells with macrophage-like morphology
(Fig. 4B). Interestingly, rZEBOV-RGP infection in the liver seems
to be predominantly of Kupffer cells with little spread to
surrounding hepatocytes, whereas both cell types are extensively
infected during infection with rZEBOV. The ability of both
rZEBOV and rZEBOV-RGP to infect macrophage and macro-
phage-like cells to a similar extent i vio is further supported by i
vitro growth kinetics in RAW 264.7 (mouse macrophage) cells,
which show indistinguishable kinetics for these two viruses (Fig.
S4). However, the increased ability of rZEBOV to infect
hepatocytes could potentially be significant for the development
of pathological changes in the liver as well as disease progression
and may contribute to the differences in virulence between these
two viruses. Consistent with this observation, histopathological
analysis by hematoxylin and eosin (H&E) staining revealed that
levels of necrosis and inflammation in the liver were markedly
lower during infection with rZEBOV-RGP, when compared to
infection with rZEBOYV, although hepatocellular necrosis was still
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mice (n=10-15) were infected and monitored as indicated above, except that a dose of 10 ffu per animal was given.

observed in both groups (Fig. 5). In contrast, in the spleen both
rZEBOV and rZEBOV-RGP produced similar levels of necrosis
and inflammation with necrosis of both the white and, to a lesser
extent, the red pulp being evident.

Among the REBOV-based viruses, analysis of viral titres in
target organs by calculation of the TCID5, indicated that titres
were 1-2 logs lower for rREBOV-ZGP than for rREBOV in all
tissues/organs tested (Fig. 4A). Interestingly, this difference was
not as pronounced when samples were analysed by qRT-PCR
(Fig. S3). While for both rREBOV and rREBOV-ZGP the IHC
staining in liver and spleen was almost exclusively of Kupffer cells
or cells with macrophage-like morphology, the extent of staining
observed in samples from rREBOV-ZGP infected animals was
decreased compared to rREBOV infected samples, again suggest-
ing a markedly lower viral burden in organs from animals infected
with rREBOV-ZGP (Fig. 4B). Both rREBOV and rREBOV-ZGP
showed only minor pathological changes in liver and spleen
samples, with focal inflammation in liver samples being the most
prominent observation. Overall, the data suggest that in the spleen
both necrosis and inflammation are slightly decreased with
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Figure 4. Detection of virus in organs/tissues of IFNAR '~ mice. (A) Virus titration by TCIDs,. Homogenized liver and spleen samples, as
well as blood samples, from animals (n=3) infected with 10 ffu of either recombinant (rZEBOV and rREBOV) or chimeric (rZEBOV-RGP and rREBOV-
ZGP) Ebola viruses were analysed at day 5 post-infection for viral load by calculating the tissue culture infectious dose (TCIDs;) using the Reed and
Muench method [54]. The values for each animal as well as the mean for each virus group are shown. (B) Evaluation of virus infection in organs
by immunohistochemistry. The presence of viral antigen was detected in liver and spleen samples from infected animals by
immunohistochemical straining using a cross-reactive anti-ZEBOV VP40 antibody.

doi:10.1371/journal.ppat.1002847.g004

rREBOV-ZGP, while the extent of pathological change in the
liver is comparable between these two viruses (Fig. 5). These
findings are consistent with the survival data in suggesting a slight
attenuation of rREBOV-ZGP, in comparison to the parental
rREBOV.

Comparison of the pathology data from REBOV-based and
ZEBOV-based recombinant viruses revealed uniformly higher
levels of both inflammation and necrosis among animals infected
with TZEBOV or rZEBOV-RGP, as compared to rREBOV or
rREBOV-ZGP (Fig. 5) but also significantly higher levels of
staining in IHC (Fig. 4B), findings that most likely reflect an
inherent difference between ZEBOV and REBOV in their in vivo
growth and spread in this model. This would also be consistent
with the large differences observed in the analysis of i vitro growth
of these viruses (Fig. 2). Although we cannot exclude that a lower
sensitivity of the anti-VP40 antibody towards REBOV also
contributes to reduced detection of REBOV infection by IHC,
titre analysis by TCID5o and qRT-PCR (Fig. 4A and Fig. S3) also
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clearly support that REBOV is compromised, compared to
ZEBOV, in terms of its in vwo growth.

Discussion

Most filoviruses cause severe, transmittable and untreatable
hemorrhagic fever in humans with high case fatality rates;
however, this is not the case for REBOV. Despite its pathogenicity
for nonhuman primates, REBOV has never been associated with
disease in humans. This is despite investigations that documented
at least seven seroconversions among exposed animal handlers,
including one who was also positive by RT-PCR, during the early
animal importations into the United States [6,14,15]. In addition,
extensive serosurveys were conducted during the recent Philippine
REBOV/PRRSV outbreak, focusing on individuals with a high
probability of exposure. Studies identified 6 additional individuals
as REBOV seropositive, again in the absence of any notable
disease [8,16]. These individuals were farm workers or butchers,
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Figure 5. Pathological evaluation of tissue samples from IFNAR '~ mice. (A) Hematoxylin and eosin staining of tissues. Liver and
spleens samples were harvested from animals (n = 3) infected with 10 ffu of either recombinant (rZEBOV and rREBOV) or chimeric (rZEBOV-RGP and
rREBOV-ZGP) Ebola viruses. Samples were stained with hematoxylin and eosin prior to analysis of pathological changes. Areas of inflammatory cell
infiltration are indicated with triangular arrow heads while areas of cellular necrosis are indicated with arrows. (B) Quantification of pathological
changes present in tissues. Pathological changes in tissue samples were scored based on the degree of pathological change in comparison to
mock infected animals (0 = normal; 1 =minimal change; 2 =mild change; 3 =moderate change; 4= marked change; 5 = severe change). The values for

each animal as well as the mean for each virus group are shown.
doi:10.1371/journal.ppat.1002847.9g005

clearly suggesting an occupational exposure. Thus, the currently
available data strongly support that REBOV infections lead to
either an asymptomatic or subclinical course of disease, at least in
healthy adults. While the basis for this lack of human pathoge-
nicity with REBOV remains unknown, the filovirus glycoprotein
has long been proposed to play a key role in pathogenesis, with
numerous potential mechanisms having been proposed [30-32].
However, until now direct evidence for such a role in the context
of a filovirus infection has been notably lacking, particularly in vivo.

In this study we have sought to address this issue directly by
applying both a previously existing full-length clone system for the
highly pathogenic ZEBOV and a novel full-length clone system for
REBOV to generate chimeras in which the glycoproteins of these
two viruses are exchanged. This study is not only unique in that it
examines the effect of an entire open reading frame exchange
among filoviruses, but also makes use of a combination of the
REBOV and ZEBOV full-length clone systems. This approach is
critical to a complete understanding of the role of a given factor in
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pathogenesis, as we clearly see in this study where GP, while
necessary for full virulence in ZEBOV, does not alter the virulence
of REBOV. Our & wvitro analysis of chimeric EBOV growth
indicated that exchange of the GP ORF is surprisingly well
tolerated in terms of basic viral functions such as entry, replication
and budding, all of which contribute to successful growth n vitro.
Interestingly, we also did not see any notable differences in the
extent or time of onset of CPE between parental recombinant
viruses and the chimeric viruses in which the glycoprotein has
been exchanged (i.e. between rREBOV and rREBOV-ZGP or
between rZEBOV and rZEBOV-RGP), a finding that may speak
against a significant difference in direct GP-mediated cytotoxicity
between ZEBOV and REBOV GP when expressed in the context
of a filovirus infection. This is in contrast to data using adenovirus
vectors where expression of ZEBOV GP was shown to result in
significantly more cytotoxicity in vessel explants than REBOV
[23], but may rather support the idea that the authentic levels of
GP expression associated with the productive stages of virus
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growth are in fact well tolerated [22]. Despite the absence of any
obvious differences w vitro, it remained of interest to examine these
chimeric viruses in an i vivo context. This is particularly the case
given the various putative immunomodulatory properties of GP
(e.g. immunosuppressive motifs, masking of cell surface proteins,
glycoprotein shedding) [17-19,33,34]. In addition, as the receptor-
binding protein, GP plays a critical role in target cell selection, and
it remains unclear how this might differ between the filovirus
species.

A significant limitation in conducting comparative pathogenesis
studies with REBOV is the difficulty in selecting an appropriate
animal model. While the limited evidence available suggests that
REBOV displays a less virulent phenotype than ZEBOV in some
species of non-human primate [35], this model is far from ideal for
conducting initial animal studies, for both technical and ethical
reasons. Further, since it is necessary to adapt filoviruses before
they can cause lethal disease in immunocompetent rodent species
[36—-38] this introduces potential problems when attempting to
compare viruses that have undergone distinct and only poorly
understood adaptation processes [37,39,40]. To date the only
rodent models that recapitulate the difference in virulence between
ZEBOV and REBOV in humans without the need for adaptation
are the IFNAR ™/, severe combined immunodeficiency (SCID)
and STAT1 knock-out (STAT1 /") mouse models [29,41,42]. Of
these systems the IFNAR™’~ model has the considerable
advantage that it does not have the extensive and broad-ranging
defects associated with the SCID and STAT1™/~ phenotypes. On
this basis we elected to use the previously described IFNAR ™/~
mouse model [29] in order to examine our chimeric Ebola viruses
for alterations in i vivo virulence. In this animal model wild-type
ZEBOV (strain Mayinga) has been shown to be uniformly lethal
without prior adaptation [29], as was our recombinantly derived
rZEBOV. In contrast, rREBOV did not produce disease at doses
of up to 10* flu/animal. This makes the IFNAR ™/~ mouse a
convenient model for recapitulating the differences in pathoge-
nicity between rZEBOV and rREBOV in a small animal model.
In contrast to our i vitro findings, in the IFNAR ™/~ model of
infection we observed significant changes in the ability of the
chimeric rZEBOV-RGP to cause disease in comparison to
rZEBOV. We observed a marked reduction in lethality both at
high (10° fflu/animal and 10* fflu/animal) and low (10 ffu/animal)
challenge doses, as well as a prolonged time to death. Further
analyses aimed at understanding the basis for this @ o
attenuation showed no differences in virus burden in either early
(spleen) or later (liver and blood) target organs, again showing that
this virus is not compromised in its growth. In spleen samples,
infection with both rZEBOV and rZEBOV-RGP was seen mainly
in cells with macrophage-like morphology. Similarly, Kupffer cells
represented a major target of infection for both rREBOV and
rREBOV-ZGP in liver with both viruses showing antigen
accumulation in these cells. The ability of both viruses to replicate
equally well in macrophage cells is further supported by n vitro
data showing comparable growth of these two viruses in a mouse
macrophage cell line. However, in the liver of rZEBOV-RGP
infected animals the infection appears to have been mainly
restricted of Kupffer cells, while liver samples from animals
infected with rZEBOV not only showed infection of Kupffer cell
but also extensive hepatocyte infection. Since titres in liver samples
were similar between these samples, despite the paucity of
hepatocyte infection observed in rZEBOV-RGP samples, this
indicates that Kupffer cells may actually be the main source of
virus production during infection in the liver and that hepatocytes,
which are a significant target of virus-induced damage, do not
contribute significantly to virus burden in the infected host.
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Further, decreased infection of hepatocytes with ZEBOV-RGP
could potentially explain the markedly decreased necrosis and
inflammation observed in the liver. That these findings are
observed in liver might be of particular significance given that
this organ plays an important role in clotting factor synthesis
(reviewed in [43]) and thus tissue damage could have direct
implications for coagulation. Unfortunately, this is not an aspect
of filovirus pathogenesis that can be reliably modelled in mice
[44,45]. This finding may also suggest that differences in target
cell selection exist between the REBOV and ZEBOV GPs,
possibly as a result of subtly different receptor usage preferences.
Indeed, while EBOV infection has been shown to be enhanced
by a number of putative ‘“receptor” molecules [46-50]
differences in the usage of these molecules by different EBOV
species has not yet been examined, but this will be an interesting
avenue for future research. Introduction of the ZEBOV GP
alone into REBOV led to a slight decrease in the virulence of
the resulting chimera, clearly indicating that, despite the many
proposed roles of GP for pathogenesis, GP alone is not a
decisive determinant of EBOV virulence in this model. While
the basis for the slight attenuation seen with the rREBOV-ZGP
chimera @ viwvo remains unclear, it may be related to minor
incompatibility on a molecular level between the heterologous
GP and other viral proteins. Further, the more significant
decrease observed in viral titres in infected organs, compared to
viral RNA content, suggests that such a defect may be related to
functions in the late steps in the wviral lifecycle, such as
morphogenesis and budding, processes in which GP plays a
prominent role, and which in particular require its interaction
with VP40. However, since this virus was not significantly
attenuated during i vitro growth it also appears that this is only
a factor under conditions present in the iz vivo context (e.g. in
the presence of an immune response).

In summary, despite the limitations of the mouse model with
respect to recapitulating the coagulation defects central of the
development of HF in humans and NHPs, our study clearly shows
the utility of the IFNAR™’~ mouse model for studying the
differences in virulence between REBOV and ZEBOV without
the need for prior adaptation of the challenge viruses. In addition,
we present not only the development of a novel REBOV full-
length clone system, but together with an existing ZEBOV full-
length clone system, also shed light on the role of GP in
pathogenesis. This represents a unique application of filovirus
reverse genetics systems to studying the contributions of an entire
viral protein to pathogenesis and provides long awaited insight into
the contributions of GP to i vive virulence in an authentic filovirus
context. Using this approach we could show that the role of GP in
the virulence of ZEBOV is related to inflammatory and necrotic
changes in the liver, likely as a result of improved virus spread
from infected Kupffer cells into the surrounding hepatocytes, and
not to increased virus burden in the various target organs/tissues.
However, introduction of REBOV GP into ZEBOV did not
completely attenuate the resulting chimera, indicating that other
viral proteins also play a significant role in contributing to the
virulence of ZEBOV in this model. In particular the enhanced
growth of ZEBOV-based viruses, in comparison to those based on
REBOV, both i vitro and in vivo speaks for a possible role of
efficient replication in pathogenesis, a concept that is also
supported by limited studies with filovirus minigenome systems
[25]. Consistent with a multifactorial view of filovirus virulence,
introduction of ZEBOV GP into REBOYV did not affect virulence,
supporting the conclusion that while GP is an important
determinant of filovirus virulence, alone it is not sufficient for
virulence.
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Materials and Methods

Viruses and cell lines

ZEBOV (strain Mayinga; Accession #AF272001) and REBOV
(strain Pennsylvania; Accession #AF522874) were used as the
parental virus strains and provided RNA templates for all
experiments. Generation of the mouse-adapted ZEBOV used as
a control in the animal experiments has been previously reported
[36,38]. Experiments with both parental and recombinant viruses
were performed in the BSL-4 laboratories at the National
Microbiology Laboratory of the Public Health Agency of Canada,
the Philipps Universitit Marburg, Germany and the Rocky
Mountain Laboratories (RML), Division of Intramural Research
(DIR), National Institute of Allergy and Infectious Diseases
(NIAID), National Institutes of Health (NIH), USA.

VeroE6 (African green monkey kidney) and RAW 264.7 (mouse
macrophage) cells were maintained in Dulbecco’s modified Eagle’s
medium (DMEM, Life Technologies) supplemented with 10%
fetal bovine serum (FBS, PAN Biotech), 2 mM L-glutamine (Life
Technologies), 100 U/mL penicillin and 100 pg/mL streptomy-
cin (Life Technologies) and grown at 37°C with 5% COs..

Full-length clone systems

Two low-copy plasmids containing either a kanamycin resis-
tance gene together with the p15A origin of replication (pKan) or
an ampicillin resistance gene together with the pl5A origin
(pPAmp) were generated by using gene-specific primers and
standard PCR techniques to amplify the relevant portions of
pACYC177 (NEB). A customized multiple cloning site was then
generated through hybridization of complimentary overlapping
commercial oligonucleotides encoding the following restriction
sites: Notl-Ncol-Spel-Xmal-Xhol-Pacl-Mlul. In order to facilitate the
downstream cloning of some genome fragments the plasmid-
encoded Xmal, Xhol and BsmBI sites were deleted from the pKan
vector. All sequences as well as details of the cloning strategies can
be provided upon request.

Analysis of the REBOV genome revealed several unique and/
or rare restriction sites that could be used to generate sub-genomic
cassettes. Based on this analysis we selected Neol, Spel, Xhol and
Pacl for the generation of sub-genomic plasmids (Fig. 1A). In
addition, a Not! site and Miul site were added flanking the T7
promoter and terminator sequences, respectively, in order to
facilitate cloning of the terminal genomic fragments. Further, in
order allow differentiation between our recombinant virus and a
potential contamination with existing laboratory strains we
inserted genetic markers into the REBOV full-length clone to
allow genetic identification of this virus as a recombinant. These
markers are a silent mutation that abolishes an Xhof site in NP, a
silent mutation abolishing a Kpn/ site in L, and a silent mutation to
create an Xmal site in the virion protein (VP) 30 ORF (Fig. 1A). In
addition a silent mutation in GP;s was retained to allow
discrimination between the parental and recombinant GP genes.
Initially fragments of the virus genome were cloned into the pKan
background using the restriction sites listed above and provided a
series of sub-genomic cassettes for use in downstream cloning steps
as well as for subsequent assembly of the full-length plasmid. To
assemble the full-length genome in pAmp, sub-genomic fragments
of the genome were successively introduced into the pAmp vector.

Helper plasmids for full-length genome rescue were produced
by cloning the open reading frames (ORFs) encoding NP, VP35,
VP30 and L into pCAGGS. Generation of these constructs was
previously described with all constructs being validated by
sequencing and confirmed to be functional in a REBOV
minigenome assay [25], as well as through their ability to mediate
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rescue of a ZEBOV infectious clone [51]. The plasmids for the
wild-type ZEBOV infectious clone system were constructed as
previously described [20].

Chimeric ZEBOV/REBOV plasmids, in which the open
reading frames for GP were exchanged, were generated from
the full-length REBOV and ZEBOV clones using standard
cloning techniques and designated pTMI1-ZEBOV-RGP and
pAmp-REBOV-ZGP.

Recovery of recombinant filoviruses

Recovery of recombinant virus from the ZEBOV full-length
genome plasmid was carried out as previously reported [20].
Briefly, VeroE6 cells were split one day prior to transfection into 6-
well plates in order to obtain 50% confluent monolayers on the
following day. Cells were then transfected with 1 pg of full-length
construct, as well as helper plasmids (250 ng pCAGGS-NP,
125 ng  pCAGGS-VP35, 75ng pCAGGS-VP30, 1.0 ug
pCAGGS-L) and 250 ng pCAGGS-T7. For rescue of pAmp-
REBOV and pAmp-REBOV-ZGP the same approach was
followed except that cells were transfected with increased amounts
of the helper plasmids (I pg pCAGGS-NP, 500 ng pCAGGS-
VP35, 300 ng pCAGGS-VP30, 4.0 ug pCAGGS-L) and 1.0 pg
pCAGGS-T7. For REBOV and rREBOV-ZGP, recovery was
attempted with helper plasmids encoding NP, VP35, VP30 and L
from both REBOV and ZEBOV. In all cases transfection was
carried out using 6 ul FuGENE 6 (Roche) per ug DNA according
to the manufacturer’s directions with the transfection complexes
being removed and the medium replaced 24 h post-transfection.
Cells were monitored for the formation of cytopathic effects (CPE)
assoclated with virus infection and a blind passage to fresh 80—
90% confluent VeroE6 cells was performed 7 days post-
transfection (passage 1, pl). Once these pl cells showed CPE (7
days for ZEBOV, 14 days for REBOV) fresh VeroE6 cells were
again infected (p2), and once CPE formation was observed these
supernatants were harvested for use in all further experiments.

Growth kinetics and analysis of CPE during infection with
recombinant filoviruses

VeroE6 cell monolayers with a confluence of 80-90% were
infected in 6-well plates with wt-REBOV, wt-ZEBOV, rREBOV,
rZEBOV, rREBOV-ZGP or rZEBOV-RGP at an MOI of 0.1 in
I ml of serum-free DMEM for 1 h at 37°C in a 5% COs
atmosphere. In addition, RAW 264.7 cells with a confluence of
60-70% were similarly infected with wt-ZEBOV, rZEBOV or
rZEBOV-RGP. Following absorption the inoculum was removed
and the cells washed with DMEM to remove any unbound virus.
Cells were placed in fresh DMEM containing 2% FBS, L-
glutamine and penicillin/streptomycin and incubated for 5 (RAW
264.7) or 7 (VeroE6) days. Supernatants were collected on days 1,
2, 3, 4 and 5 post-infection for RAW 264.7 cells and on days 1, 2,
3, 4 and 7 for Vero cells, for analysis of progeny virus release by
immunostaining in a focus-formation assay. CPE formation in
Vero cells was monitored and photographed on days 1, 2, 3, 4 and
7 post-infection using an Axiovert 200 M microscope (Zeiss).

Immunostaining of filovirus infected cells for titre
determination

VeroE6 cell monolayers with a confluence of 80-90% were
infected in a 12-well plate format with the various recombinant
EBOVs in a 300 pl volume for 1 h at 37°C in a 5% CO,
atmosphere in serum-free DMEM. Following absorption the
moculum was removed and the monolayers were overlaid with
4 ml DMEM containing 1.5% carboxymethyl cellulose (CMC),
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2% FBS, L-glutamine and penicillin/streptomycin. After 5 days
(ZEBOV) or 10 days (REBOV) cells were fixed in 4%
paraformaldehyde (PFA) overnight and then placed in fresh 4%
PFA before being removed from the BSL4 facility and incubated
for a further 24 h. Fixed cells were then permeabilized in PBS with
0.1% Triton X-100 for 15 min. Staining was performed at room
temperature for 1 h, first with a 1:1,000 dilution of an anti-
REBOV VP30 mouse serum [52] or a 1:200 dilution of an anti-
ZEBOV goat serum and then with a 1:200 dilution of goat anti-
mouse Alexa 488 (Molecular Probes) or a 1:100 dilution of donkey
anti-goat FITC, respectively. Foci were counted using an Axiovert
200 M microscope (Zeiss).

Western blot analysis of recombinant Ebola viruses

To confirm virus rescue whole-cell extracts were prepared by
lysing infected cells with sodium docecyl sulfate (SDS) sample
buffer [25% glycerol, 2.5% SDS, 125 mM Tris [pH 6.8],
125 mM dithiothreitol, 0.25% bromophenol blue]. Samples
were boiled for 10 minutes at 99°C and transferred into a fresh
tube before removal from the BSL4 facility at which time the
samples were again boiled for 10 minutes at 99°C. Proteins were
then separated on 10% SDS polyacrylamide gels and transferred
onto polyvinylidene difluoride (PVDF) membranes. Immuno-
staining was performed with dilutions of primary antibody in
phosphate-buffered saline (PBS) containing 1% skim milk and
0.1% Tween-20 as indicated below. The VP40-specific mono-
clonal antibody 2C4 (1:50) was used to detect VP40 [53], while
the GP-specific monoclonal antibodies 12/1.1 (1:20,000) and
42/3.7 (1:5,000) (generously provided by A. Takada, Hokkaido
University) were used to detect ZEBOV GP only or both
ZEBOV and REBOV GP, respectively. For VP40, detection was
performed with an Alexa 680-conjugated anti-mouse IgG
secondary antibody (Molecular Probes) using the Odyssey
Infrared Imaging System (LI-COR) while for GP detection was
performed with a horseradish peroxidase (HRP)-conjugated
donkey anti-mouse IgG secondary antibody (Jackson ImmunoR-
esearch) and visualized using the ECL Plus Detection system (GE
Healthcare).

Genetic characterization of recombinant Ebola viruses

Viral RNA was isolated from the infected cells using the
QJAamp Viral RNA Mini Kit (Qiagen). The eluted RNA was
used for reverse transcription-PCR (RT-PCR) using the Super-
script III RT kit (Invitrogen) with subsequent PCR amplification
being performed using the iProof PCR kit (Bio-Rad) according to
the manufacturer’s instructions. This approach was used to
generate overlapping fragments that allowed sequencing of the
complete viral genomes of all recombinant viruses. Further, in
order to visually demonstrate the chimeric nature of rREBOV-
ZGP and rZEBOV-RGP and to exclude any contamination with
the parental virus, fragments corresponding to the NP and GP
genes were amplified using primers specific for REBOV or
ZEBOYV and analysed by gel electrophoresis.

Infection of IFNAR™~ knock-out mice

Groups of C57BL/6 IFNAR "/ “mice (n=>5-15) were infected
via the intraperitoneal (i.p.) route with 200 ul of DMEM
containing the indicated doses (10 ffu, 10% ffu or 10* ffu) of wt-
REBOV, rREBOV, rREBOV-ZGP, wt-ZEBOV, rZEBOV,
rZEBOV-RGP or MA-ZEBOV. Mice were monitored daily for
weight loss and signs of disease. All surviving animals were
euthanized at day 28 and final serum samples were collected to
determine antibody titers. Additional groups (n = 3) were infected
with 10 ffu of rREBOV, rREBOV-ZGP, rZEBOV-RGP or
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rZEBOV as described above and were sacrificed on day 5 post-
infection. Blood, liver and spleen samples were collected and
stored at —80°C.

Animal ethics statement

Animals were handled in the RML BSL-4 containment space.
Research was conducted in compliance with the guidelines of the
NIAID/RML Institutional Animal Care and Use Committee
(IACUC). The facility where this research was conducted is fully
accredited by the Association for the Assessment and Accredita-
tion of Laboratory Animal Care International (AAALAC) and has
an approved Office of Laboratory Animal Welfare (OLAW)
Assurance (#A4149-01). Research was conducted under a
protocol approved by the IACUC. All procedures were conducted
by trained personnel under the supervision of veterinarians and all
invasive clinical procedures were performed while animals were
anesthetized. Early endpoint criteria, as specified by the IACUC
approved scoring parameters, were used to determine when
animals should be humanely euthanized.

Histopathology and immunohistochemistry

Tissues were fixed for hematoxylin and eosin staining using
10% neutral buffered formalin. Tissues were then placed in
cassettes and processed with a VIP-5 Tissue Tek processor (Sakura
Finetek) using a graded series of ethanol, xylene, and ParaPlast
Extra. Embedded tissues were sectioned at 5 um and dried
overnight at 42°C prior to staining. Pathological changes were
evaluated according to severity: 0 =normal; 1 =minimal change
(rare signs of necrosis and/or inflammatory cells); 2 = mild change
(isolated small aggregates of necrosis and/or inflammatory cell
infiltration); 3 =moderate change (larger aggregates of necrosis
and/or inflammatory cells); 4 =marked change (extensive and
coalescing foci of necrosis and/or inflammatory cell infiltration);
5=severe change (diffuse necrosis and/or inflammatory cell
infiltration; no remaining normal tissue).

For immunohistochemistry, antigen was detected using a cross-
reactive polyclonal rabbit anti-ZEBOV VP40 primary antibody at
a 1:2,000 dilution. The tissues were processed using the Discovery
XT automated stainer (Ventana Medical Systems) with a
DABMap kit (Ventana Medical Systems) using a Biogenex
biotinylated anti-rabbit secondary antibody and were counter-
stained with hematoxylin.

TCIDs, analysis of virus loads in mouse tissue samples

VeroE6 cells were seeded into 48-well plates the day before
titration. Liver and spleen samples were thawed, weighed and
homogenized in a 10-fold volume of DMEM without supplements
using a TissueLyser II (Qiagen) prior to the preparation of serial
dilutions. Blood samples were thawed and serial dilutions were
prepared directly. Media was removed from cells and wells were
moculated in triplicate for each dilution. After one hour DMEM
supplemented with 2% FBS, L-glutamine and penicillin/strepto-
mycin was added and cells were incubated at 37°C. Cells were
monitored for cytopathic effect (CPE) and the 50% tissue culture
infectious dose (TCIDsg) was calculated for each sample employ-
ing the Reed and Muench method [54].

Quantitative real time RT-PCR analysis of virus load in
mouse tissue samples

RNA was 1solated from mouse blood, liver and spleen samples
using the QIAamp Viral RNA Mini Kit (Qiagen). Quantitative
RT-PCR was performed as previously described using ZEBOV-or
REBOV-specific NP primers and probes [41,55].
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Supporting Information

Figure S1 Formation of cytopathic effect (CPE) during
infection of VeroE6 cells with wild-type, recombinant
and chimeric Ebola viruses. VeroE6 cells were infected with
either recombinant REBOV (rREBOV), recombinant ZEBOV
(rZEBOV), chimeric REBOV expressing the ZEBOV GP
(rREBOV-ZGP), chimeric ZEBOV expressing the REBOV GP
(rZEBOV-RGP), parental non-recombinant REBOV (wt-RE-
BOV) or parental non-recombinant ZEBOV (wt-ZEBOV) at an
MOI of 0.1 and monitored for CPE formation on days 1, 2, 3, 4
and 7 post-infection.

(TTF)

Figure $2 Analysis of mean time to death in IFNAR "~
mice. The mean time to death for animals receiving wild-type
(wt-ZEBOV), recombinant (rZEBOV) or the chimeric (rZEBOV-
RGP) ZEBOVs was calculated and compared across a range of
virus doses. Values shown represent the mean for each group with
bars indicating standard error values.

(TIF)

/—

Figure S3 Quantification of virus infection in tissues of
IFNAR /™ mice using quantitative real-time PCR. RNA
was extracted from spleen, liver and blood samples collected from
IFNAR ™/~ mice n=3) 5 days post-infection with 10 ffu of
recombinant (rZEBOV and rREBOV) or chimeric fZEBOV-
RGP and rREBOV-ZGP) Ebola viruses. Samples were analysed
by qRT-PCR using REBOV or ZEBOV specific primers and
probes targeting the NP gene. The values for each animal as well
as the mean for each virus group are shown.

(TIF)

References

1. Kuhn JH, Becker S, Ebihara H, Geisbert TW, Jahrling PB, et al. (2012)
Filoviridae. In: King A, Adams M, Carstens E, Lefkowitz E, editors. Virus
Taxonomy, Ninth Report of the International Committee on Taxonomy of
Viruses. San Diego, CA: Elsevier Academic Press. pp. 665-671.

2. Towner JS, Sealy TK, Khristova ML, Albarino CG, Conlan S, et al. (2008)
Newly discovered ebola virus associated with hemorrhagic fever outbreak in
Uganda. PLoS Pathog 4: ¢1000212.

3. Jahrling PB, Geisbert TW, Dalgard DW, Johnson ED, Ksiazek TG, et al. (1990)
Preliminary report: isolation of Ebola virus from monkeys imported to USA.
Lancet 335: 502-505.

4. Rollin PE, Williams RJ, Bressler DS, Pearson S, Cottingham M, et al. (1999)
Ebola (subtype Reston) virus among quarantined nonhuman primates recently
imported from the Philippines to the United States. J Infect Dis 179 Suppl 1:
S108-114.

5. WHO (1992) Viral haemorrhagic fever in imported monkeys. Wkly Epidemiol
Rec 67.: 177-184.

6. Miranda ME, Ksiazek TG, Retuya T], Khan AS, Sanchez A, et al. (1999)
Epidemiology of Ebola (subtype Reston) virus in the Philippines, 1996. J Infect
Dis 179 Suppl 1: S115-119.

7. Hayes CG, Burans JP, Ksiazck TG, Del Rosario RA, Miranda ME, et al. (1992)
Outbreak of fatal illness among captive macaques in the Philippines caused by
an Ebola-related filovirus. Am J Trop Med Hyg 46: 664-671.

8. Barrette RW, Metwally SA, Rowland JM, Xu L, Zaki SR, et al. (2009) Discovery
of swine as a host for the Reston ebolavirus. Science 325: 204-206.

9. Marsh GA, Haining J, Robinson R, Foord A, Yamada M, et al. (2011) Ebola
Reston virus infection of pigs: clinical significance and transmission potential.
J Infect Dis 204 Suppl 3: S804-809.

. Kobinger GP, Leung A, Neufeld J, Richardson JS, Falzarano D, et al. (2011)
Replication, pathogenicity, shedding, and transmission of Zaire ebolavirus in
pigs. J Infect Dis 204: 200-208.

. Bausch DG (2011) Ebola virus as a foodborne pathogen? Cause for
consideration, but not panic. J Infect Dis 204: 179-181.

. Sanchez A, Khan AS, Zaki SR, Nabel GJ, Ksiazek TG, et al. (2001) Filoviridae -
Marburg and Ebola viruses. In: Knipe D, Hoewley P, editors. Fields Virology. 4
ed. Philadelphia, PA: Lippincott Williams and Wilkins. pp. 1279-1304.

. Kuhn JH, Dodd LE, Wahl-Jensen V, Radoshitzky SR, Bavari S, et al. (2011)
Evaluation of perceived threat differences posed by filovirus variants. Biosecur
Bioterror 9: 361-371.

. CDC (1990) Update: filovirus infection in animal handlers. MMWR Morb
Mortal Wkly Rep 39: 221.

@ PLoS Pathogens | www.plospathogens.org

1

Ebola Virus GP Contributes to Virulence In Vivo

Figure S4 Growth kinetics of wild-type, recombinant
and chimeric ZEBOV in RAW 264.7 cells. RAW 264.7 cells
were infected at an MOI =0.1 with either wild-type ZEBOV (wt-
ZEBOV), recombinant ZEBOV (rZEBOV), or chimeric ZEBOV
expressing the REBOV GP (rZEBOV-RGP). Samples were
collected at 0, 1, 2, 3, 4 and 5 days post-infection and titred
based on focus-formation, which was visualized using an anti-
ZEBOV serum. The mean values for each time point along with
bars indicating standard error values are shown.

(TIF)

Acknowledgments

The authors are very grateful to Ayato Takada (Hokkaido University,
Japan) for providing the anti-GP antibodies. We are also grateful to
Rebecca Rosenke and Dan Long (Rocky Mountain Veterinary Branch,
DIR, NIAID, NIH) for their assistance with histopathology and to Laura
Tally, Sandy Skorupa, Kathleen Meuchel, and Janey Faris (Rocky
Mountain Veterinary Branch, DIR, NIAID, NIH) for their assistance
with the animal care. The authors also thank Markus Eickmann, Gotthard
Ludwig and Michael Schmidt (Philipps Universitat Marburg) as well as
Friederike Feldmann (Office of Operations and Management, DIR,
NIAID, NIH) and Les Shupert (Laboratory of Virology, DIR, NIAID,
NIH) for their technical assistance with the respective BSL-4 laboratories.

Author Contributions

Conceived and designed the experiments: AG AM TH HE HF. Performed
the experiments: AG AM TH AH DG. Analyzed the data: AG AM TH
AH DG SB HE HF. Contributed reagents/materials/analysis tools: AG
AM TH DG SB HE HF. Wrote the paper: AG AM TH AH DG SB HE
HF.

15. Miranda ME, White ME, Dayrit MM, Hayes CG, Ksiazek TG, et al. (1991)
Seroepidemiological study of filovirus related to Ebola in the Philippines. Lancet
337: 425-426.

. WHO (2009) Outbreak news. Ebola Reston in pigs and humans, Philippines.
Wkly Epidemiol Rec 84: 49-50.

. Yaddanapudi K, Palacios G, Towner JS, Chen I, Sariol CA, et al. (2006)
Implication of a retrovirus-like glycoprotein peptide in the immunopathogenesis
of Ebola and Marburg viruses. FASEB J 20: 2519-2530.

. Becker Y (1995) Retrovirus and filovirus “immunosuppressive motif” and the
evolution of virus pathogenicity in HIV-1, HIV-2, and Ebola viruses. Virus
Genes 11: 191-195.

. Volchkov VE, Blinov VM, Netesov SV (1992) The envelope glycoprotein of

Ebola virus contains an immunosuppressive-like domain similar to oncogenic

retroviruses. FEBS Lett 305: 181-184.

Neumann G, Feldmann H, Watanabe S, Lukashevich I, Kawaoka Y (2002)

Reverse genetics demonstrates that proteolytic processing of the Ebola virus

glycoprotein is not essential for replication in cell culture. J Virol 76: 406-410.

Neumann G, Geisbert TW, Ebihara H, Geisbert JB, Daddario-DiCaprio KM,

et al. (2007) Proteolytic processing of the Ebola virus glycoprotein is not critical

for Ebola virus replication in nonhuman primates. J Virol 81: 2995-2998.

Alazard-Dany N, Volchkova V, Reynard O, Carbonnelle C, Dolnik O, et al.

(2006) Ebola virus glycoprotein GP is not cytotoxic when expressed constitutively

at a moderate level. ] Gen Virol 87: 1247-1257.

. Yang ZY, Duckers HJ, Sullivan NJ, Sanchez A, Nabel EG, et al. (2000)

Identification of the Ebola virus glycoprotein as the main viral determinant of

vascular cell cytotoxicity and injury. Nat Med 6: 886-889.

Volchkov VE, Volchkova VA, Muhlberger E, Kolesnikova LV, Weik M, et al.

(2001) Recovery of infectious Ebola virus from complementary DNA: RNA

editing of the GP gene and viral cytotoxicity. Science 291: 1965-1969.

. Groseth A, Feldmann H, Theriault S, Mehmetoglu G, Flick R (2005) RNA
polymerase I-driven minigenome system for ebola viruses. J Virol 79: 4425-4433.

. Ray RB, Basu A, Steele R, Beyene A, McHowat J, et al. (2004) Ebola virus

glycoprotein-mediated anoikis of primary human cardiac microvascular

endothelial cells. Virology 321: 181-188.

Sullivan NJ, Peterson M, Yang ZY, Kong WP, Duckers H, et al. (2005) Ebola

virus glycoprotein toxicity is mediated by a dynamin-dependent protein-

trafficking pathway. J Virol 79: 547-553.

Zampieri CA, Fortin JF, Nolan GP, Nabel GJ (2007) The ERK mitogen-

activated protein kinase pathway contributes to Ebola virus glycoprotein-

induced cytotoxicity. J Virol 81: 1230-1240.

20.
21.

22.

24.

27.

28.

August 2012 | Volume 8 | Issue 8 | 1002847



29.

30.

31.

32.

34.

36.

38.

39.

40.

41.

42,

43.

Bray M (2001) The role of the Type I interferon response in the resistance of
mice to filovirus infection. J Gen Virol 82: 1365-1373.

Feldmann H, Volchkov VE, Volchkova VA, Klenk HD (1999) The
glycoproteins of Marburg and Ebola virus and their potential roles in
pathogenesis. Arch Virol Suppl 15: 159-169.

Takada A, Kawaoka Y (2001) The pathogenesis of Ebola hemorrhagic fever.
Trends Microbiol 9: 506-511.

Hoenen T, Groseth A, Falzarano D, Feldmann H (2006) Ebola virus:
unravelling pathogenesis to combat a deadly disease. Trends Mol Med 12:
206-215.

Dolnik O, Volchkova V, Garten W, Carbonnelle C, Becker S, et al. (2004)
Ectodomain shedding of the glycoprotein GP of Ebola virus. Embo J 23: 2175
2184.

Francica JR, Varela-Rohena A, Medvec A, Plesa G, Riley JL, et al. (2010) Steric
shielding of surface epitopes and impaired immune recognition induced by the
ebola virus glycoprotein. PLoS Pathog 6: ¢1001098.

. Fisher-Hoch SP, Brammer TL, Trappier SG, Hutwagner LC, Farrar BB, et al.

(1992) Pathogenic potential of filoviruses: role of geographic origin of primate
host and virus strain. J Infect Dis 166: 753-763.

Bray M, Davis K, Geisbert T, Schmaljohn C, Huggins J (1999) A mouse model
for evaluation of prophylaxis and therapy of Ebola hemorrhagic fever. J Infect

Dis 179 Suppl 1: $248-258.

. Volchkov VE, Chepurnov AA, Volchkova VA, Ternovoj VA, Klenk HD (2000)

Molecular characterization of guinea pig-adapted variants of Ebola virus.
Virology 277: 147-155.

Bray M, Davis K, Geisbert T, Schmaljohn C, Huggins J (1998) A mouse model
for evaluation of prophylaxis and therapy of Ebola hemorrhagic fever. J Infect
Dis 178: 651-661.

Ebihara H, Takada A, Kobasa D, Jones S, Neumann G, et al. (2006) Molecular
determinants of Ebola virus virulence in mice. PLoS Pathog 2: ¢73.

Subbotina E, Dadaeva A, Kachko A, Chepurnov A (2010) Genetic factors of
Ebola virus virulence in guinea pigs. Virus Res 153: 121-133.

de Wit E, Munster V], Metwally SA, Feldmann H (2011) Assessment of rodents
as animal models for Reston ebolavirus. J Infect Dis 204 Suppl 3: 8968-972.
Raymond J, Bradfute S, Bray M (2011) Filovirus infection of STAT-1 knockout
mice. J Infect Dis 204 Suppl 3: $986-990.

DeSancho M, Pastores S (2007) The Liver and Coagulation. In: Rodes ],
Benhamou JP, Blei A, Reichen J, Rizzetto M, editors. Textbook of Hepatology:

@ PLoS Pathogens | www.plospathogens.org

12

44.

46.

47.

48.

49.

50.

51.

52.

53.

Ebola Virus GP Contributes to Virulence In Vivo

From Basic Science to Clinical Practice. 3 ed. Oxford, UK: Blackwell Publishing
Ltd. pp. 255-253.

Bray M, Hatfill S, Hensley L, Huggins JW (2001) Haematological, biochemical
and coagulation changes in mice, guinea-pigs and monkeys infected with a
mouse-adapted variant of Ebola Zaire virus. ] Comp Pathol 125: 243-253.

. Warfield KL, Bradfute SB, Wells J, Lofts L, Cooper MT, et al. (2009)

Development and characterization of a mouse model for Marburg hemorrhagic
fever. J Virol 83: 6404-6415.

Alvarez CP, Lasala F, Carrillo J, Muniz O, Corbi AL, et al. (2002) C-type lectins
DC-SIGN and L-SIGN mediate cellular entry by Ebola virus in cis and in trans.
J Virol 76: 6841-6844.

Takada A, Fujioka K, Tsuiji M, Morikawa A, Higashi N, et al. (2004) Human
macrophage C-type lectin specific for galactose and N-acetylgalactosamine
promotes filovirus entry. J Virol 78: 2943-2947.

Chan SY, Empig CJ, Welte FJ, Speck RF, Schmaljohn A, et al. (2001) Folate
receptor-alpha is a cofactor for cellular entry by Marburg and Ebola viruses. Cell
106: 117-126.

Shimojima M, Takada A, Ebihara H, Neumann G, Fujioka K, et al. (2006)
Tyro3 family-mediated cell entry of Ebola and Marburg viruses. J Virol 80:
10109-10116.

Kondratowicz AS, Lennemann NJ, Sinn PL, Davey RA, Hunt CL, et al. (2011)
T-cell immunoglobulin and mucin domain 1 (TIM-1) is a receptor for Zaire
Ebolavirus and Lake Victoria Marburgvirus. Proc Natl Acad Sci U S A 108:
8426-8431.

Theriault S, Groseth A, Neumann G, Kawaoka Y, Feldmann H (2004) Rescue
of Ebola virus from ¢cDNA using heterologous support proteins. Virus Res 106:
43-50.

Groseth A, Charton JE, Sauerborn M, Feldmann F, Jones SM, et al. (2009) The
Ebola virus ribonucleoprotein complex: a novel VP30-L interaction identified.
Virus Res 140: 8-14.

Lucht A, Grunow R, Moller P, Feldmann H, Becker S (2003) Development,
characterization and use of monoclonal VP40-antibodies for the detection of
Ebola virus. J Virol Methods 111: 21-28.

. Reed LJ, Muench H (1938) A simple method of estimating fifty percent

endpoint. Am J Hyg 27: 493-497.

. Marzi A, Ebihara H, Callison J, Groseth A, Williams KJ, et al. (2011) Vesicular

Stomatitis Virus-Based Ebola Vaccines With Improved Cross-Protective
Efficacy. J Infect Dis 204: S1066-S1074.

August 2012 | Volume 8 | Issue 8 | 1002847



