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Screening of monoclonal antibodies against ebolaviruses requires small-animal models. Wild-type mice require adaptation of ebo-

laviruses, whereas immunodeficient mice are still resistant to nonadapted Bundibugyo ebolavirus. Swapping of Ebola virus glyco-

protein with that from Bundibugyo virus resulted in a replication-competent chimeric virus, which caused 100% lethal infection in
STAT1 knockout mice. Monoclonal antibody BDBV223 isolated from a human survivor of Bundibugyo virus infection protected
mice from challenge with the chimeric virus. These data demonstrate the suitability of the approach for in vivo screening of antibod-

ies and suggest the greater contribution of internal Ebola proteins in pathogenesis compared to Bundibugyo virus proteins.
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The ebolavirus Bundibugyo virus (BDBV) was discovered
during the first known outbreak in 2007 in Uganda, with a
subsequent outbreak occurring in 2012 in the Democratic
Republic of Congo [1]. Cumulatively, these outbreaks resulted
in a case-fatality rate of 33.7%, which is comparable to that of
Ebola virus (EBOV) infections, including the Western African
epidemic of 2013-2016 (41.4%) [2]. This devastating epidemic
in nonendemic areas highlights an urgent need for the devel-
opment of therapeutics against emerging and reemerging
filoviruses.

Monoclonal antibodies (mAbs) show great promise for
development of effective filovirus antibody treatments [3].
Mouse models have been widely used to screen filovirus mAbs
[4-8]. However, wild-type filoviruses do not cause any appar-
ent illness in adult, immunocompetent laboratory mice regard-
less of dose or route of inoculation [9-11]. To cause a lethal
disease, filoviruses must first be adapted to mice. Among ebo-
laviruses, a mouse-adapted variant has been described only for
EBOV [11]. The adaptation of filoviruses to mice, at least in
part, is associated with altered interactions with the interferon
(IFN) system, which plays a critical role in the resistance of
mice to ebolavirus infections [12]. During adaptation, viruses
overcome this barrier by accumulating mutations, allowing
subversion of the murine immune system. Strains of mice
with disrupted IFN response therefore represent an alternative
model of filovirus infections that does not require adaptation
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of virus. Knockout (KO) mice lacking the receptor for IFN-a/[
(IFNAR) [13] or the cytoplasmic signal transducer and activa-
tor of transcription 1 (STAT1) protein are susceptible to infec-
tion by wild-type filoviruses [14]. STAT1 signals the binding of
IFN-a/B and IFN-y to cell-surface receptors and is essential for
IFN-mediated transcription of genes triggering antiviral state
of the cells [15]. However, inoculation of IFNAR KO mice with
wild-type BDBYV still does not cause clinical signs of disease,
weight loss, or lethality [13]. STAT1-deficient mice are suscep-
tible to wild-type EBOV, Sudan ebolavirus, Reston ebolavirus
(RESTV), Marburg virus, and Ravn virus [14].

In a previous study, we used an EBOV reverse genetics system
to generate chimeric filoviruses in which the sole envelope gly-
coprotein (GP) was replaced with the counterparts of heterolo-
gous filoviruses, with each resulting virus expressing enhanced
green fluorescent protein (eGFP) [16]. We demonstrated that
these viruses can be used as tools for screening panels of mAbs
specific for multiple filoviruses [5]. In this study, we tested fea-
sibility of using one of these viruses for testing mAb treatment
in mice.

METHODS

Viruses

The construction of eGFP-expressing EBOV/BDBV-GP virus
was published previously [16]. To generate its derivative not
expressing eGFP, the full-length clone was digested with BsiWI
restriction endonuclease to remove the eGFP gene, and then
re-ligated. The resulting plasmid was used to rescue the chi-
meric EBOV enveloped with BDBV-GP as previously described
[17]. The complete nucleotide sequences of the chimeric virus
and the corresponding full-length clone, pEBO_BDBV-GP
plasmid, have been deposited in GenBank (accession numbers
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MH464888 and MH464889, respectively). Wild-type BDBYV,
strain 200706291 Uganda, which was originally isolated from
the serum of a patient during the first known outbreak [18],
was passaged 3 times in Vero-E6 cells. Wild-type EBOV, strain
Mayinga (GenBank accession number AY142960), was obtained
from the US Army Medical Research Institute of Infectious
Diseases through Dr Heinz Feldmann (while at the Canadian
National Microbiology Laboratory, Winnipeg) and Dr Michael
R. Holbrook (while at the University of Texas Medical Branch
[UTMB]), and passaged 4 times in Vero-E6 cells.

Mice Infection With BDBV and EBOV/BDBV-GP Viruses

The animal protocols for experiments with mice were approved
by the UTMB Institutional Animal Care and Use Committee
(IACUC). The experiments were performed in the Animal
Biosafety Level 4 (ABSL-4) facility of the Galveston National
Laboratory. Six- to 7 week-old STAT1 KO mice (129S6/SvEv-
Stat1"1R%, Taconic Biosciences) at 4-5 animals per group were
injected intraperitoneally with 1000 plaque-forming units (PFU)
of BDBV or EBOV/BDBV-GP and monitored daily for 28 days.
After the onset of symptoms, animals were observed twice a day.
The extent of disease was scored using the following parameters:
dyspnea (possible score, 0-5), recumbence (0-5), unresponsive-
ness (0-5), and bleeding/hemorrhage (0-5). Moribund mice
were euthanized as per the IACUC-approved protocol. On day
28 after challenge, all remaining animals were euthanized.

Analysis of Viremia

Mice were challenged intraperitoneally with 1000 PFU of
wild-type EBOV, BDBV, or EBOV/BDBV-GP (n = 4 animals/
group), and monitored for 28 days as described above. Serum
samples were collected by retroorbital bleeding on days 3, 5, 7,
and 9 postinfection. Samples were serially diluted in Minimum
Essential Medium (ThermoFisher Scientific) and titrated in
Vero-E6 cell monolayers in duplicate as described elsewhere [7].

Testing of BDBV223 mAbs In Vivo

Mice were challenged intraperitoneally with 1000 PFU of
EBOV/BDBV-GP and, 24 hours later, injected with 0.2 mg of
BDBV223 or the irrelevant dengue virus (DENV) 2D22-spe-
cific antibody (n = 5 animals/group), which was used as a con-
trol, and monitored for 28 days as described above.

Statistics and Graphs

Statistical analyses and generation of graphs were performed
using GraphPad Prism version 6.05 (GraphPad Software). Log-
rank (Mantel-Cox) test was used for analysis of survival data.
Unpaired t test was used for analysis of viremia data.

RESULTS

To test if STAT1 KO mice can be used as a model for BDBV
infection, we inoculated animals with 1000 PFU of the virus
by the intraperitoneal route. However, animals demonstrated

only a mild and transient body weight decrease that reached the
peak (approximately 10% weight loss) on days 5-6, which was
completely restored by days 7-8, with subsequent minor fluctu-
ations (Figure 1B, left panels). This reduction of weight corre-
sponded temporally to the increase in disease score, which did
not exceed 4 (mild illness). All animals survived the challenge,
suggesting that the deficiency of IFN system in an animal model
may be insufficient for the development of lethal infection.

As amino acid differences between mouse-adapted and
wild-type EBOV include substitutions in VP24 and NP [19],
we hypothesized that biological properties of the internal pro-
teins, not the envelope GP, are responsible for the inability of
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Figure 1. The chimeric Ebola virus (EBOV) enveloped with Bundibugyo virus
(BDBV) glycoprotein (GP), but not wild-type BDBV, causes a uniformly lethal infec-
tion in STAT1 knockout mice. A, Schematic representation of BDBV and EBOV/
BDBV-GP. The components of BDBV virions are shown in gray, and the components
of EBOV virions are shown in red. B, Kaplan—Meier survival curves, body weight,
and disease score curves are shown for individual animals (5 animals per group).
*Survival difference between groups infected with wild-type BDBV or EBOV/
BDBV-GP: P=.0027 (Mantel-Cox test).
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BDBV to cause lethal infection in mice. We therefore made
use of the recently described chimeric EBOV-based filovirus
enveloped with BDBV-GP [16], which was used successfully
for high-throughput screening and characterization of mAbs
obtained from the blood of EBOV infection survivors [5]. To
avoid a possible interference of an extra gene with virus patho-
genicity [20], we removed the reporter eGFP gene from the full-
length clone, and used it for the recovery of chimeric EBOV
with BDBV-GP envelope EBOV/BDBV-GP (Figure 1A). This
chimeric virus was used for the infection of STAT1 KO mice
in parallel with wild-type BDBV (Figure 1B, right panels). In
contrast to BDBV, EBOV/BDBV-GP caused rapid disease pro-
gression, evidenced by soaring of the disease score from 0 on
day 3, to scores of 4-5 on day 4, and a score of 8 later on day
4. Reduction of weight also was observed, although the magni-
tude of the loss did not exceed 6%. All animals succumbed to
infection on day 4 (the survival rate difference between wild-
type BDBV and EBOV/BDBV-GP: P =.0027, Mantel-Cox test).

In a separate experiment, the levels of viremia in serum
samples of individual STAT1 KO mice infected with EBOV,
EBOV/BDBV-GP, or BDBV were analyzed (Figure 2A). On
day 3 postinfection, virus titer in the EBOV-infected group was
only 2.9-fold higher than those in animals infected with EBOV/
BDBV-GP (P =.0019, unpaired t test), with no virus detected in
BDBV-infected mice. However, animals infected with EBOV/
BDBV-GP succumbed to infection earlier than those infected
with EBOV (Figure 2B, day 4 or 5 postinfection, respectively;
P =.0082, Mantel-Cox test).

We next tested if STAT1 KO mice can be protected from
infection with the chimeric virus by an mAb recognizing its
envelope. For this experiment, we used the broadly reactive
human mAb BDBV223, which was previously demonstrated
to protect immunocompetent BALB/c mice from EBOV infec-
tion [5]. Consistent with Figure 1 data, the control animals
treated with irrelevant 2D22 antibody specific for DENV at 24
hours after challenge showed signs of rapid disease progres-
sion (Figure 3, top row), with all mice succumbing to infection
on day 4. In contrast, 3 of 5 animals (60%) treated with mAb
BDBV223 survived the infection (Figure 3, bottom row), while
the other 2 animals succumbed to infection on days 17 and
22 (the survival rate difference between BDBV223 and 2D22:
P =.0027, Mantel-Cox test). Our data suggest that STAT1 KO
mouse model of infection with chimeric virus can be used for
in vivo screening of protective antibodies targeting BDBV GP.

DISCUSSION

Ebolaviruses can induce a highly lethal hemorrhagic fever, cre-
ating a serious health concern in sub-Saharan Africa. BDBV
is one of the ebolavirus species pathogenic for humans and
nonhuman primates. Despite the fact that BDBV was discov-
ered >10 years ago, there is still no small-animal model for this
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Figure 2.  Ebola virus (EBOV)/Bundibugyo virus (BDBV) glycoprotein (GP) causes faster
disease progression than EBOV in STAT1 knockout mice (4 animals per group). 4, The lev-
els (plague-forming units [PFU]) of viremia of individual animals on day 3 after challenge.
No virus was detected for BDBV on day 3 or for any virus on days 5, 7, and 9. The limit of
detection (2.6 Iogm) is indicated by the dotted line. The horizontal lines indicate the mean
values for each group. *P=.0019, **P<.0001 (unpaired ttest). B, Kaplan—Meier survival
curves, body weight, and disease score curves are shown for individual animals. *Survival
difference between EBOV and EBOV/BDBV-GP groups: P= 0082 (Mantel—Cox test).

infection, which complicates development and screening of
antiviral mAbs and drugs. Here, we demonstrate that the chi-
meric EBOV enveloped with BDBV-GP (EBOV/BDBV-GP),
unlike wild-type BDBYV, causes a lethal disease in STAT1 KO
mice, and that this model can be used for in vivo screening of
mAbs targeting BDBV-GP.
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Figure 3. Monoclonal antibody (mAb) BDBV223 targeting the Bundibugyo virus (BDBV) glycoprotein (GP) protects STAT1 KO mice from the lethal infection caused by Ebola
virus/BDBV-GP. Kaplan—-Meier survival curves, body weight, and disease score curves are shown for individual animals (5 animals per group). *Survival difference between
the dengue virus (DENV) mAb 2D22 and BDBV223 recipients: P=.0027 (Mantel-Cox test).

STAT1 KO mice lack the key component of the classical JAK-
STAT pathway of the IFN system, which renders them deficient
in both type I and II IFN responses and susceptible to infection
by many, but not all, ebolaviruses [14]. At the same time, several
STAT1-independent pathways, such as PI3K, p38, and MEK-
ERK, can participate in transduction of IFN signaling [15]. In
particular, it was shown that EBOV VP24 can interfere with
the p38 MAP kinase pathway by preventing IFN-B-mediated
phosphorylation of the alpha isoform of p38, which blocks the
downstream cascade of phosphorylation of transcription fac-
tors participating in IFN response [21]. However, the role of this
inhibitory mechanism in EBOV pathogenesis in vivo remains
unclear. The observed differences in virulence of BDBV and
EBOV/BDBV-GP suggest that the internal proteins of EBOV
are more efficient compared to that of BDBV in suppression of
these alternative pathways. These data are consistent with pre-
vious studies demonstrating that BDBV replicates in peripheral
blood mononuclear cells more slowly than EBOV, produces
lower levels of cytokines, and exhibits a significant delay in
macrophage apoptosis [22]. Using chimeric EBOV and RESTV
with the swapped GPs, Groseth et al showed that, although GP
is important for EBOV virulence in vivo, other filovirus proteins
also contribute to it [23]. Clearly, the difference in pathogenesis
of various ebolaviruses is associated with multiple proteins.

Recently, the ferret model of BDBV infection was described
[24, 25]. It was shown that intramuscular or intranasal

inoculation of wild-type BDBV causes lethal infection in these
animals. However, the use of ferrets for routine in vivo screening
of large numbers of BDBV mAbs is not likely to be feasible, given
that a high number of these inbred animals per group will be
required to generate statistically significant data. Furthermore,
the ferret model requires much larger amounts of mAbs and also
has a higher cost of housing as compared to mice.

In this study, we demonstrated that the difference in viru-
lence between EBOV and BDBV in STAT1 KO mice is asso-
ciated with internal viral proteins. Moreover, we developed
the first uniformly lethal filovirus model suitable for testing
of BDBV-specific antibodies in mice, which does not require
adaptation of the virus to mice. The BDBV GP differs approxi-
mately 35% from EBOV GP at the amino acid level. As EBOV
can tolerate replacement of GP with counterparts of each of the
known filovirus [16], the approach we used here is likely to be
suitable for rapid development of mouse models for any new
filovirus that may emerge in the future using GP sequence even
without virus isolation.
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