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ABSTRACT

Infections with Marburg virus (MARYV) and Ebola virus (EBOV) cause severe hemorrhagic fever in humans and nonhuman pri-
mates (NHPs) with fatality rates up to 90%. A number of experimental vaccine and treatment platforms have previously been
shown to be protective against EBOV infection. However, the rate of development for prophylactics and therapeutics against
MARY has been lower in comparison, possibly because a small-animal model is not widely available. Here we report the develop-
ment of a mouse model for studying the pathogenesis of MARV Angola (MARV/Ang), the most virulent strain of MARV. Infec-
tion with the wild-type virus does not cause disease in mice, but the adapted virus (MARV/Ang-MA) recovered from liver ho-
mogenates after 24 serial passages in severe combined immunodeficient (SCID) mice caused severe disease when administered
intranasally (i.n.) or intraperitoneally (i.p.). The median lethal dose (LD,) was determined to be 0.015 50% TCID;,, (tissue cul-
ture infective dose) of MARV/Ang-MA in SCID mice, and i.p. infection at a dose of 1,000 X LD, resulted in death between 6 and
8 days postinfection in SCID mice. Similar results were obtained with immunocompetent BALB/c and C57BL/6 mice challenged
i.p. with 2,000 X LD;, of MARV/Ang-MA. Virological and pathological analyses of MARV/Ang-MA-infected BALB/c mice re-
vealed that the associated pathology was reminiscent of observations made in NHPs with MARV/Ang. MARV/Ang-MA-infected
mice showed most of the clinical hallmarks observed with Marburg hemorrhagic fever, including lymphopenia, thrombocytope-
nia, marked liver damage, and uncontrolled viremia. Virus titers reached 10® TCID,/ml in the blood and between 10° and 10"°
TCID,,/g tissue in the intestines, kidney, lungs, brain, spleen, and liver. This model provides an important tool to screen candi-
date vaccines and therapeutics against MARYV infections.

IMPORTANCE

The Angola strain of Marburg virus (MARV/Ang) was responsible for the largest outbreak ever documented for Marburg vi-
ruses. With a 90% fatality rate, it is similar to Ebola virus, which makes it one of the most lethal viruses known to humans. There
are currently no approved interventions for Marburg virus, in part because a small-animal model that is vulnerable to MARV/
Ang infection is not available to screen and test potential vaccines and therapeutics in a quick and economical manner. To ad-
dress this need, we have adapted MARV/Ang so that it causes illness in mice resulting in death. The signs of disease in these mice
are reminiscent of wild-type MARV/Ang infections in humans and nonhuman primates. We believe that this will be of help in
accelerating the development of life-saving measures against Marburg virus infections.

nfections with filoviruses cause severe hemorrhagic fevers with

high mortality rates. The family Filoviridae is divided into three
genera, Ebolavirus, Marburgvirus, and Cuevavirus. Within the
Ebolavirus genus, Zaire ebolavirus (Ebola virus [EBOV]) is the
most pathogenic in humans, with a case fatality rate of up to 90%,
followed by the Sudan (54%) and Bundibugyo (34%) ebolavi-
ruses. Together, ebolaviruses have been responsible for more than
1,500 deaths since their discovery in 1976 (1). In contrast, live
cuevavirus has not yet been isolated from insectivorous bats (2)
and is not known to cause illness in humans, whereas outbreaks of
Marburg virus (MARV) have been responsible for fewer than 400
deaths since its discovery in 1967 (3). Although MARYV is a less
visible threat to humans in terms of total number of outbreaks and
deaths, it should be noted that one of the largest and deadliest
filovirus outbreaks in history was caused by MARV. An outbreak
of the Angolan variant of MARV (MARV/Ang) in Uige, Angola,
from 2004 to 2005 resulted in 227 deaths out of 252 total cases, a
90% mortality rate (4). This rate is similar to that of the most
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devastating EBOV outbreak on record, and MARV/Ang infections
currently account for over half of all documented MARV cases
and deaths (3).

The development of a mouse-adapted virus for modeling
EBOV infections in mice (5) has provided an economical and
efficient method for the screening of candidate vaccines and post-
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exposure therapies. Several promising strategies from these exper-
iments have also demonstrated efficacy in higher animal models,
highlighted by the vesicular stomatitis virus-based vaccine
(VSVAG/EBOVGP) (6) in addition to monoclonal antibody
cocktails (ZMADb and MB-003) (7, 8, 9, 10). However, the number
of promising prophylactics and therapeutics against MARYV infec-
tions has lagged behind its EBOV counterpart, likely due in part to
the lack of a widely available rodent-adapted virus that recapitu-
lates MARYV disease.

A rodent-adapted Ravn virus (RAVV) was developed previ-
ously to address this need. RAVV, a virus within the Marburgvirus
genus, was first adapted to severe combined immunodeficient
(SCID) mice (11) and then in immunocompetent BALB/c mice
(12). Sequential passaging of the Musoke and Ci67 variants of
MARV (MARV/Mus and MARV/Ci67, respectively) in SCID
mice has also yielded lethal host-adapted variants in SCID mice
(11); however, it is unknown whether the mouse-adapted MARV/
Mus and MARV/Ci67 are also lethal to immunocompetent mice.
Complicating matters further, these adapted viruses are not yet
widely available for use among biosafety level 4 (BSL-4) laborato-
ries. Additionally, RAVV has 21% nucleotide divergence from
MARV/Mus, whereas MARV/Ang is 7% divergent from MARV/
Mus based on a whole-genome analysis (11). The glycoprotein
(GP) gene shows 22% divergence between RAVV and MARV/Ang
in both nucleotide and amino acid sequences (4), suggesting that
vaccines and therapeutics raised against RAVV GP may not be
protective against MARV challenge and vice versa. Indeed, studies
have shown that vaccines based on Venezuelan equine encephali-
tis virus (VEEV) expressing the GP and nucleoprotein from
MARV/Mus are protective against homologous virus challenge in
cynomolgus macaques (13) but not protective against a RAVV
challenge (14), indicating that the differences between the two
virus lineages are sufficient to negatively impact the efficacy of
potential candidate vaccines.

There is a need to develop MARV models for immunocompe-
tent small animals using variants that are antigenically distinct
from RAVYV. This is important for facilitating the development of
MARYV vaccines or therapeutics so that they can first be tested in
small animals with a high predictability of protective efficacy, be-
fore follow-up studies in a higher animal species such as nonhu-
man primates (NHPs). A guinea pig-adapted MARV/Ang variant
has been previously described (15); however, sequence data for
this MARV variant is not available. The aim of this study was to
adapt MARV/Ang, the MARV variant that is most pathogenic in
humans, to immunocompetent mice such that a challenge with a
sufficient dose will kill the host within days. Here, we describe the
development and characterization of a mouse-adapted virus
(MARV/Ang-MA) for use in the immunocompetent BALB/c
mouse. The adapted virus is characterized with regard to different
inoculation routes, various clinical parameters, cytokine, chemo-
kine, and growth factor responses, and the pathology within the
various organs during the course of disease. MARV/Ang-MA was
also sequenced and compared to the full-length MARV/Ang se-
quence, in order to distinguish the molecular differences between
the two viruses.

MATERIALS AND METHODS

Ethics statement. All animal work was performed according to animal
use document (AUD) H-11-007, which has been approved by the Animal
Care Committee (ACC) based at the Canadian Science Center for Human
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and Animal Health (CSCHAH), in accordance with the guidelines out-
lined by the Canadian Council on Animal Care (CCAC). All infectious
work was performed in the biosafety level 4 (BSL-4) facility at the National
Microbiology Laboratory in Winnipeg, Canada.

Cells and viruses. The wild-type virus was Marburg virus, strain An-
gola (Marburg virus H.sapiens-tc/AGO/2005/Angola), termed MARV/
Ang, which was isolated from a patient during the 2005 Marburg outbreak
in Uige, Angola. The adapted virus is designated Marburg virus NML/
M.musculus-lab/AGO/2005/Ang-MA-P2 (MARV/Ang-MA). Stocks of
MARV/Ang and MARV/Ang-MA were grown in T-150 flasks (Corning)
of Vero E6 cells (ATCC) for use in the studies.

Animals and virus adaptation process. Severe combined immunode-
ficient (SCID) and wild-type BALB/c mice, female, 4 to 6 weeks old
(Charles River), were used for these studies. For passaging experiments,
two SCID mice were initially injected intraperitoneally (i.p.) with ~10°
PFU of MARV/Ang in 200 pl of Dulbecco’s modified Eagle’s medium
(DMEM), supplemented with 2% heat-inactivated fetal bovine serum
(FBS) (Sigma). Serial passaging of MARV/Ang in SCID mice was then
performed as follows. Livers were removed from euthanized mice at 7
days postinfection (dpi), pooled, and then homogenized by hand by
grinding the livers against a steel mesh with a plastic plunger. The cells
were suspended in 10 ml of phosphate-buffered saline (PBS) and centri-
fuged at 400 X g for 5 min. The supernatant was passed through a cell
strainer, and the cell pellet was further mechanically homogenized with a
tissue homogenizer. After centrifugation at 400 X g for 5 min, the super-
natant was also passed through the cell strainer. Two naive SCID mice
were injected i.p. with 200 wl of the liver homogenate, and the process was
repeated again at 7 dpi until a MARV/Ang variant (termed MARV/Ang-
MA) lethal to both SCID and BALB/c mice was produced after 24 pas-
sages. The virus was not plaque purified.

LD, challenge and pathogenesis experiments. For the median lethal
dose (LDs,) studies, 10-fold dilutions of MARV/Ang-MA ranging be-
tween 2.72 X 1077 to 2.72 X 10" TCIDs, (50% tissue culture infective
dose) was administered per SCID or BALB/c mouse (3 or 4 per dilution).
The mice were weighed daily and monitored for survival, weight loss, and
clinical signs of disease. For the pathogenesis experiments, groups of 10
C57BL/6 mice were given 2,000X LD, (100 TCIDy,) of MARV/Ang-MA
i.p., whereas groups of 10 BALB/c mice were administered 2,000 X LD, of
MARV/Ang-MA i.p., intramuscularly (i.m.), intranasally (i.n.), or subcu-
taneously (s.c.). Mice were weighed daily and monitored for survival,
weight loss, and clinical signs of disease.

Serial sampling experiments. BALB/c mice were infected with either
2,000X LD, of MARV/Ang-MA or an equivalent titer of MARV/Ang.
Four to 6 mice from each group were randomly chosen to be euthanized at
planned time points between 0 and 6 dpi for necropsy. Blood was sampled
from anesthetized mice by retro-orbital bleeding. Whole blood was col-
lected in K2 EDTA plus blood collection tubes (BD Biosciences) for blood
counts and determination of viremia and in SST plus blood collection
tubes (BD Biosciences) for blood biochemistry studies. Whole blood from
mice was also collected in EDTA plus blood collection tubes and spun at
1,000 X g for 10 min at 4°C in order to isolate plasma for cytokine re-
sponses. Parts of organs, including liver, spleen, kidney, lung, brain, and
intestine, were also harvested, weighed, put in 1 ml of DMEM supple-
mented with 2% heat-inactivated FBS, and then homogenized in a tissue
homogenizer. Samples were then spun at 400 X g for 5 min and frozen at
—80°C until processing. For histopathological and immunohistochemi-
cal analyses, whole livers and spleens were harvested from mice and fixed
in 10% phosphate-buffered formalin in the BSL-4 laboratory for at least
28 days before processing.

Blood counts and blood biochemistry. Complete blood counts were
performed with a VetScan HM5 hematology system (Abaxis Veterinary
Diagnostics). The following parameters were included in the results: levels
of white blood cells (WBC) and lymphocytes (LYM), percentages of lym-
phocytes (LY%), monocytes (MO%), and neutrophils (NE%), and levels
of platelets (PLT). Blood biochemistry analysis was performed with a
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VetScan VS2 analyzer (Abaxis Veterinary Diagnostics). The following pa-
rameters were included in the results: levels of alkaline phosphatase
(ALP), alanine aminotransferase (ALT), amylase (AMY), total bilirubin
(TBIL), blood urea nitrogen (BUN), and glucose (GLU).

Cytokine, chemokine, and growth factor responses. Mouse cytokine,
chemokine, and growth factor levels were quantified with the Cytokine
Mouse 20-Plex panel for the Luminex platform (Life Technologies) and
performed according to the manufacturer’s instructions. The following
parameters were included in the results: fibroblast growth factor (FGF-
basic), gamma interferon (IFN-v), interleukin-13 (IL-13), IL-2, IL-4,
IL-5, IL-6, IL-10, IL-12, IL-13, IL-17, IFN-y induced protein 10 (IP-10),
keratinocyte chemoattractant (KC), monocyte chemoattractant protein 1
(MCP-1), monokine induced by IFN-y (MIG), macrophage inflamma-
tory protein 1o (MIP-1at), tumor necrosis factor o (TNF-a), and vascular
endothelial growth factor (VEGF).

Infectious virus titrations. Titration of live MARV/Ang or MARV/
Ang-MA was performed as follows. Whole blood or supernatants from
harvested organs were first serially diluted 10-fold in DMEM supple-
mented with 2% heat-inactivated FBS. One-hundred-microliter volumes
of the dilutions were then added in three replicates to a 96-well plate
(Corning) of preseeded Vero E6 cells at 95% confluence and incubated at
37°C for 1 h. The samples were removed, and 100 pl of fresh DMEM with
2% FBS was added to the wells and incubated for 14 days. The plates were
scored for the presence of cytopathic effects (CPE) at 14 dpi, and titers
were calculated by the Reed and Muench method (16) and expressed as
TCID;y/ml or TCID;/g of tissue. The lower detection limit for this assay
is 10 TCIDso/ml or 10 TCID;,/g of tissue.

Histology and immunohistochemistry. For histology studies, fixed
liver and spleen tissues were embedded in paraffin wax to make paraffin
blocks. The blocks were then cut 5 wm thick, mounted on Superfrost
microscope slides (Fisher), and incubated overnight at 37°C, deparaf-
finized with two changes of xylene, immersed in 100%, 90%, and then
70% ethanol for 2 min each, washed with distilled water, and then stained
with hematoxylin (Thermo Scientific) and eosin Y (Thermo Scientific) for
2 min and 30 s, respectively, with a 2-min wash of distilled water in be-
tween. The sections were then dehydrated with 70%, 90%, and 100%
ethanol, cleared in two changes of xylene, and mounted with Permount
(Fisher) for viewing by routine light microscopy.

For immunohistochemistry studies, paraffin blocks were deparaf-
finized and washed with distilled water as described above. Sections were
first incubated with 10 mM sodium citrate buffer, pH 6.8, at 100°C for 10
min with a NxGen decloaking chamber (Inter Medico) before immuno-
histochemistry was performed with an UltraVision Quanto mouse on
mouse horseradish peroxidase (HRP) kit (Thermo Scientific) in a Lab
Vision autostainer (Thermo Scientific) in accordance with the manufac-
turer’s instructions. The in-house monoclonal antibody 3H1, which rec-
ognizes MARV GP, was used at a 1:1,000 dilution as a primary antibody.

Statistical analysis. Statistical comparisons of the blood biochemistry
data, blood counts, and cytokine data were carried out using R v3.1.1 (17)
along with the reshape2 (18), ggplot2 (19), and car (20) packages. The
data used for the analysis consisted of 6 parameters for the blood bio-
chemistry data, 8 parameters for the blood counts, and 20 parameters for
the cytokines. Only data from days on which both groups were sampled
were used. In order to account for the number of comparisons, three
multiple analysis of covariance assays (MANCOVAs) were used, one for
the biochemistry data, one for the blood count data, and one for the
cytokine data. For the purposes of statistical testing, the time variable was
considered categorical with 4 values: 1, 3, 5, and 6 (three for the cytokines,
namely 3, 5, and 6). In all cases, the MANCOVAs were significant and
were followed by individual analysis of covariance assays (ANCOV As) for
each outcome. In the case where the ANCOVA result was significant, a
posttest consisting of Tukey’s honest significant differences was used to
compare the viruses at different times. The assumption of homoscedas-
ticity was tested for each outcome using Levene’s test. For the blood bio-
chemistry data, all outcomes except GLU showed heteroscedasticity so a
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log transformation was used on all outcomes, including GLU, in order to
keep the scales consistent. After the transformation, AMY data still
showed significant heteroscedasticity and a number of transformations
were attempted (see output in the supplemental material), but none cor-
rected the problem. As a consequence, weights (1/y”) were applied to the
regression to compensate for the increased impact of the highly variable
values. For the blood count data, all outcomes passed Levene’s test, so no
transformations were applied. For the cytokine data, all cytokines were
heteroscedastic and three (IFN-y, GM-CSF, and IL-1) were still het-
eroscedastic after a log transformation. The source of heteroscedasticity
for those samples appeared to be groups in which all or most measure-
ments were at background level; because there are no well-documented
alternatives to the ANCOVA procedure, we elected to analyze those cyto-
kines in the same manner but the P values obtained were interpreted more
conservatively. Scripts and output are provided in the supplemental ma-
terial. For all analyses, statistical significance was set at a P value of <0.05.
A P value of <0.05 was considered significant, a P value of <0.01 was
considered very significant, and a P value of <0.001 was considered ex-
tremely significant.

Sequencing of MARV/Ang-MA. RNA was extracted from wild-type
and mouse-adapted virus stocks using a Qiagen QIAmp viral RNA mini-
kit, per the manufacturer’s instructions. The reverse transcription (RT)
was carried out using an Improm II kit (Promega). Three different RT
reactions were carried out for each virus, and each reaction contained
every third forward primer from Table S1 in the supplemental material
(e.g., reaction 1 included primers MARV-1F, MARV-4F, MARV-7F, etc.).
The two rounds of PCR were carried out using Phusion Green high-
fidelity DNA polymerase (Thermo Scientific) in 50-pl reaction mixtures.
The first PCR was performed with 2 pl of the RT reaction mixture as the
template. Three PCRs per sample were performed combining all the
primers in Table S1 in the supplemental material that have the same “re-
action ID.” The second-round PCR was carried out using the same prim-
ers (see Table S2 in the supplemental material for a list of the primer
pairs). The second round of PCR used 1 pl of the first-round PCR mixture
as the template. The cycling conditions for both rounds were initial dena-
turation at 98°C for 3 min, followed by 35 cycles of denaturation at 98°C
for 30 s, annealing at 55°C for 30 s, and extension at 72°C for 2 min and
then a final extension at 72°C for 10 min. The second-round reaction
mixtures were run on a 1% agarose gel with SYBR Safe DNA gel stain (Life
Technologies), and the PCR products of the appropriate size were purified
using a QIAquick gel extraction kit (Qiagen). The samples were sent to an
in-house sequencing service. The primers used for sequencing consisted
of the amplification primers and all the primers that bind in-between
them; e.g., for the product of MARV-3F and MARV-57R, the sequencing
primers were MARV-3F, -4F, -5F, -59R, -58R, and -57R. The sequences
were assembled in DNAStar Lasergene 9 SeqMan using GenBank se-
quence DQ447660.1 as the reference sequence.

Nucleotide sequence accession number. The sequence of MARV/
Ang-MA was deposited in GenBank under accession number KM261523.

RESULTS

Adaptation of MARV/Ang to SCID and BALB/c mice. Since in-
fection with MARV/Ang does not cause disease in mice, the virus
was first passaged in SCID mice using an adaptation protocol that
is similar to previously published studies (11). With each passage,
the SCID mice got progressively sicker until death was observed by
passage 24. The mouse-adapted MARV/Ang (MARV/Ang-MA)
was first tested to determine the LD, in SCID mice. Intraperito-
neal (i.p.) infection with MARV/Ang-MA caused rapid weight
loss in the animals that eventually died, resulting in uniform le-
thality within 8 days postinfection (dpi) at a dose of 2.72 X 10~"
TCID5, or higher of MARV/Ang-MA, 67% (2 of 3) mortality at a
dose 0f 2.72 X 1072 TCIDs, and 33% (1 of 3) mortality at a dose
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and weight change (B) were monitored daily for 18 days, and the survivors were kept for up to 28 days after challenge. The LD, was calculated to be 0.015 TCID5,,
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FIG 2 Survival and weight change in immunocompetent mice infected with MARV/Ang-MA. (A and B) BALB/c mice (1 = 3 or 4) were infected i.p. with 10-fold
serial dilutions of MARV/Ang-MA to determine the LD, Survival (A) and weight change (B) were monitored daily for 18 days, and the survivors were kept for
up to 28 days after challenge. The LD, was calculated to be 0.05 TCIDs,,. (C and D) To establish a uniformly lethal model of infection in two common wild-type
mouse strains, groups of 10 BALB/c or C57BL/6 mice were then infected intraperitoneally (i.p.) with 2,000X LD, of MARV/Ang-MA. Survival (C) and weight
change (D) were monitored daily until the termination of the experiment. (E and F) To investigate whether MARV/Ang-MA is lethal via other routes of infection,
groups of 10 BALB/c mice were challenged intramuscularly (i.m.), intranasally (i.n.), and subcutaneously (s.c.) with 2,000X LD, of MARV/Ang-MA. Survival
(E) and weight change (F) were monitored daily for 15 days, and the survivors were kept for up to 28 days after challenge.
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FIG 3 Blood parameters in BALB/c mice infected with MARV/Ang or MARV/Ang-MA. Whole blood and sera were collected at the indicated time points from
individual BALB/c mice (3 to 9 per time point) infected with 2,000X LD5, MARV/Ang-MA or the equivalent MARV/Ang dose. The whole blood was analyzed
with differential, and the following parameters are shown: white blood cell count (WBC) (A), lymphocyte count (LYM) (B), lymphocyte percentage (LY%) (C),
monocyte percentage (MO%) (D), neutrophil percentage (NE%) (E), and platelet count (PLT) (F). Sera were analyzed for biochemistry, and the following values
are shown: alkaline phosphatase (ALP) (G), alanine aminotransferase (ALT) (H), amylase (AMY) (I), total bilirubin (TBIL) (J), blood urea nitrogen (BUN) (K),
and glucose (GLU) (L). The data are expressed as means = standard errors. *, P < 0.05; ** P < 0.01; ***, P < 0.001 (significance was determined by comparing
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TCID;, of MARV/Ang-MA for BALB/c mice. To establish a uni- BALB/c and C57BL/6 mice after infection, and death occurred
formly lethal challenge in immunocompetent mice, both BALB/c  between 6 and 8 dpi, with a mean time to death (MTD) of 6.6 *
and C57BL/6 mice were subjected to an i.p. challenge with 2,000X 0.5 and 7.6 = 0.7 days, respectively (Fig. 2C and D). MARV/
LDs, of MARV/Ang-MA. Rapid weight loss was observed in both ~ Ang-MA challenge by different inoculation routes was also inves-
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FIG 4 Cytokine, chemokine, and growth factor changes in BALB/c mice infected with MARV/Ang or MARV/Ang-MA. Plasma samples were collected at the
indicated time points from individual BALB/c mice (4 to 6 per time point) infected with 2,000X LD, MARV/Ang-MA (red) or the equivalent MARV/Ang
(black) dose. The following parameters were presented: FGF-basic (A), gamma interferon (IFN-vy) (B), interleukin-1f (IL-1B) (C), IL-2 (D), IL-4 (E), IL-5 (F),
IL-6 (G), IL-10 (H), IL-12 (I), IL-13 (J), IL-17 (K), IEN-v induced protein 10 (IP-10) (L), keratinocyte chemoattractant (KC) (M), monocyte chemoattractant
protein 1 (MCP-1) (N), monokine induced by IFN-y (MIG) (O), macrophage inflammatory protein lae (MIP-1a) (P), tumor necrosis factor o (TNF-a) (Q), and
vascular endothelial growth factor (VEGF) (R). The data are expressed as means = standard errors. *, P < 0.05; **, P < 0.01; ***, P < 0.001 (significance was
determined by comparing data for MARV/Ang and MARV/Ang-MA at same time points).

tigated in BALB/c mice. Intranasal (i.n.) challenge with 2,000 X
LD;, of MARV/Ang-MA resulted in severe disease in mice and
yielded 80% lethality, with a MTD of 8.6 = 0.7 days. However,
intramuscular (i.m.) and subcutaneous (s.c.) challenge with
2,000X LD5, of MARV/Ang-MA did not cause disease in BALB/c
mice (Fig. 2E and F).
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Clinical overview of changes in MARV-infected mice.
Changes in hematology and blood biochemistry were determined
after infection of BALB/c mice with either 2,000X LD, of MARV/
Ang-MA or an equivalent dose of MARV/Ang. As expected,
MARV/Ang infection of mice did not cause any notable changes in
the tested parameters. In contrast, MARV/Ang-MA infection re-
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sulted in a significant decrease in the total white blood cell counts
by 3 dpi (Fig. 3A), highlighted by a 10-fold drop in the absolute
lymphocyte counts (Fig. 3B) as well as a 50% reduction in percent-
age of lymphocytes (Fig. 3C). The leukocytopenia was at least
partially responsible for the observed increases in monocyte and
neutrophil percentages in the MARV/Ang-MA-infected mice
(Fig. 3D and E). Platelet counts also decreased in MARV/Ang-
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MA-infected mice by up to 3-fold over the course of the infection,
and this observed thrombocytopenia may be indicative of coagu-
lation disorders (Fig. 3F). Changes in the blood biochemistry pa-
rameters of MARV/Ang-MA-challenged mice were detected late,
between 5 and 6 dpi. These included elevated levels of the liver
enzymes alkaline phosphatase (ALP) and alanine aminotransfer-
ase (ALT), increased levels of amylase (AMY), total bilirubin
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(TBIL), and blood urea nitrogen (BUN), and a decrease in glucose
(GLU) (Fig. 3G and L). The combination of these findings sug-
gests multiorgan failure in these mice, as highlighted by the de-
crease in liver, pancreas, and kidney functions. Neither rash nor
petechiae, a manifestation observed in NHPs infected with
MARV/Ang, were seen in the mice at any time after MARV/
Ang-MA infection.

Cytokine, chemokine, and growth factor responses in
MARV-infected mice. The changes in cytokine, chemokine, and
growth factor levels were also measured after the infection of
BALB/c mice with either 2,000X LDs, of MARV/Ang-MA or an
equivalent dose of MARV/Ang. Infection with MARV/Ang did
not result in notable changes in most of the tested parameters (Fig.
4A to R). The only exceptions were an upregulation of IFN-y and
a downregulation of IL-10 detected at 5 and 6 dpi, respectively
(Fig. 4B and H). In contrast, infection with MARV/Ang-MA re-
sulted in a rapid and significant upregulation of pro- and anti-
inflammatory cytokines, chemokines, and growth factors (Fig. 4A
to R), which were detectable starting at 3 dpi and increasing until
death at 6 dpi.

Biodistribution of MARV/Ang-MA in infected mice. In order
to determine the primary organs for MARV/Ang-MA replication
in addition to virus spread in the BALB/c mice, MARV/Ang-MA
replication was quantified by infectious virus titration at selected
time points after infection with the mouse-adapted virus at a dose
of 2,000X LDs. Infection with an identical dose of MARV/Ang
was used as a control, and evidence of virus replication was inves-
tigated in the blood, liver, spleen, kidney, lung, brain, and intes-
tine of each animal. BALB/c mice infected with MARV/Ang had
very low viremia, at ~10” TCID5,/ml of blood (Fig. 5A), accom-
panied by the absence of infectious virus in the tested organs, with
the exception of one intestine sample at 6 dpi (Fig. 5B to G). In
contrast, BALB/c mice infected with MARV/Ang-MA had high
viral loads, reaching ~10® TCID5,/ml of blood by 5 dpi, indicating
that systemic spread of the virus had occurred. Indeed, evidence of
MARV/Ang-MA infection could be found in all tested tissue sam-
ples, with the liver and spleen demonstrating the peak titers of
~10'° TCIDs,/g of tissue by 3 dpi. Live MARV/Ang-MA can also
be detected starting at 3 dpi in the kidney, lung, brain, and intes-
tine, reaching peak levels of ~ 10%, ~10%, ~10° and ~10%
TCID5;/g tissue, respectively.

Gross pathology and histopathologic changes in organs of
MARV-infected mice. Gross examination of organs from MARV/
Ang- and MARV/Ang-MA-infected BALB/c mice at 6 dpirevealed
significant pathological differences between the two groups.
While the organs of MARV/Ang-infected mice appeared normal,
prominent signs of disease can be observed in the MARV/Ang-
MA-infected mice, such as intestinal hyperemia (Fig. 6A). Other
findings include an enlarged liver and spleen, in addition to dis-
coloration in both the liver and kidneys (Fig. 6B to D).

The livers and spleens were harvested from MARV/Ang- and
MARV/Ang-MA-infected animals at various time points after
challenge and stained with hematoxylin and eosin to look for his-
topathological changes. Normal liver morphology was observed
in the uninfected mice at day 0. At 3 dpi, acute hepatitis and
eosinophilic intracytoplasmic inclusion bodies (ICIBs) in hepato-
cytes (Fig. 7A, black arrows) were observed. The hepatocytes be-
came swollen, cloudy, ballooned, and distorted; the lobular archi-
tecture disappeared, and the cytoplasm showed pallor. At 6 dpi,
changes noted at 3 dpi became more prominent, such as extensive
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FIG 6 Gross pathology findings in BALB/c mice infected with MARV/Ang or
MARV/Ang-MA. (A) In situ pictures of organs in a representative MARV/Ang
(left)- or MARV/Ang-MA (right)-infected BALB/c mouse at 6 days after in-
fection. Findings include intestinal hyperemia, in addition to an enlarged liver
and spleen in the MARV/Ang-MA-infected animal. Discoloration was also
observed in the liver and kidney of the MARV/Ang-MA infected animal.
Shown are closeup images of liver (B), spleen (C), and kidneys (D), in which
the organs infected with the wild-type virus are on the left and those infected
with the adapted virus are on the right of each image.

hepatocellular necrosis as well as a large amount of ICIBs (Fig.
7A). Normal splenic morphology was observed at day 0. Mild
lymphocyte depletion was noted at 3 dpi in the white pulp, and
extensive and severe diffuse necrosis or lymphocyte depletion
with the destruction of tissue architecture was observed at 6 dpi
(Fig. 7B).

Immunohistochemical staining was also conducted on the liv-
ers and spleens of MARV/Ang- and MARV/Ang-MA-infected
mice at various time points after challenge. There was no evidence
of MARV GP in the livers and spleens sampled at day 0. At 3 dpi,
MARV GP was detected in both spleen and liver sections. In livers,
MARV GP is apparent primarily on the membrane of hepatocytes
at 3 dpi, and the strongest staining was observed on both the
membrane and cytoplasm of hepatocytes at 6 dpi (Fig. 8A). In
spleens, a small number of cells that were localized in the red pulp
stained positive for MARV GP at 3 dpi. The number of cells and
the intensity of the staining for MARV GP were much higher at 6
dpi (Fig. 8B).

Sequencing of MARV/Ang-MA. Sequencing of the mouse-
adapted virus showed that MARV/Ang-MA contained a total of 11
amino acid changes from MARV/Ang (Table 1), with no frame-
shift mutations detected. There are 2 mutations in viral protein 35
(VP35), 6 mutations in the major matrix protein VP40, 1 muta-
tion in the glycoprotein, 1 mutation in VP30, and 1 mutation in
the minor matrix protein VP24.
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FIG 7 Histopathological changes in the livers and spleens of BALB/c mice infected with MARV/Ang-MA. BALB/c mice (n = 4) were infected i.p. with 2,000X
LDs, of MARV/Ang-MA. Representative pictures of tissues from livers (A) and spleens (B), which were collected at the indicated time points and stained with
hematoxylin and eosin, are shown. Top panels are of lower magnification, and bottom panels are of higher magnification (scale bars, 200 and 50 pm,

respectively).

DISCUSSION

A novel model was developed for studying MARV/Ang infections
in both SCID and immunocompetent mice in which i.p. challenge
with MARV/Ang-MA was lethal, with the animals succumbing to
challenge within 6 to 8 dpi. The clinical disease produced in
BALB/c mice includes high viremia and viral tissue titers, which
were detectable starting at 3 dpi until death, profound loss of
lymphocytes, platelet decrease, increased liver and pancreatic en-
zymes, and the accumulation of metabolic wastes. At the end stage
of disease, there is evidence of systemic infiltration of virus
throughout the host, as indicated by the presence of live MARV/
Ang-MA in various organs as detected by determination of
TCIDs,, the gross pathological observations of the liver, spleen,
kidney, and intestine, and histological and immunohistochemical
analyses of the livers and spleens of MARV/Ang-MA-infected
mice.
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An important aspect of the utility of these rodent-adapted vi-
ruses is the predictive accuracy of vaccine and therapeutic efficacy
in NHPs stemming from these preliminary studies. From EBOV
studies, it has been previously shown that potential vaccines and
treatments that are efficacious in rodents are not necessarily pre-
dictive in NHPs. For instance, while the administration of inacti-
vated EBOV as a vaccine is 100% protective in mice after 4 weeks
(21), only 64% and 10% protection levels were observed in guinea
pigs and NHPs after 21 and 11 weeks, respectively (22) (23). An-
other example is the VEEV-based vaccine, in which 100% protec-
tion was achieved by immunization of both mice and guinea pigs
when challenged at 8 and 22 weeks, respectively (24), but no pro-
tection was conferred to VEEV-immunized NHPs when chal-
lenged at 15 weeks (23). On the therapeutic side, administration of
the neutralizing antibody KZ52 was fully protective in guinea pigs
at 1 h after challenge (25) but did not impact the course of disease

jviasm.org 12711


http://jvi.asm.org

Qiu et al.

2,000X LD5, of MARV/Ang-MA. Representative picture of livers (A) and spleens (B), which were collected at the indicated time points and with immunohis-
tochemical staining performed using a monoclonal antibody against the MARV glycoprotein (GP), are shown. Top panels are of lower magnification, and
bottom panels are of higher magnification (scale bars, 200 and 50 wm, respectively).

in NHPs when given 24 h before and 96 h after EBOV challenge
(26). Additionally, postexposure administration of DEF201 was
shown to be 100% efficacious in mice (27), but its use in guinea
pigs (28) and NHPs (8) did not result in survival. A potential
reason for this discrepancy is that the mouse- and guinea pig-
adapted EBOV fails to fully recapitulate all of the hallmarks of
EBOV disease in NHPs and humans. For example, while both the
mouse and the guinea pig display weight loss, thrombocytopenia,
and abnormal cytokine responses after infection with their respec-
tive host-adapted EBOV, moribund mice do not show coagula-
tion abnormalities, whereas guinea pigs show only a limited de-
crease in lymphocyte counts (29). It is hypothesized that this
negatively impacts the predictive power of vaccine and treatment
efficacy in NHPs and is one of the reasons behind the recent de-
velopment of a Syrian golden hamster animal model, in which
both lymphocyte apoptosis and coagulation disorders can be ob-
served during the course of disease (30). However, whether this
animal model is superior to the mouse and guinea pig model in
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predicting potential vaccine and treatment efficacy remains to be
determined.

Pathology studies on MARV/Ang infection in NHPs have been
published previously (31). Infection of rhesus macaques i.m. with
1,000 PFU of MARV/Ang results in death by 8 dpi (MTD = 7.3
days), which is similar to the results of MARV/Ang-MA infection
of both BALB/c and C57BL/6 mice. Characteristic features of
MARV/Ang infection in the NHPs include lymphocytopenia,
thrombocytopenia, and elevated levels of circulating enzymes
such as ALP, ALT, and TBIL. Livers and spleens had virus titers of
~10° PFU/g tissue, whereas virus titers in other tissues ranged
between ~10° and ~10° PFU/g tissue. The liver also showed re-
ticulation and discoloration, hepatocellular degeneration inflam-
mation, and abundant numbers of cells immunopositive for
MARYV GP antigen at the late stages of disease (31). The observa-
tions described above were also seen when BALB/c mice were
infected with MARV/Ang-MA. There is very limited information
available on the host immunological responses against MARV/
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TABLE 1 Summary of all mutations in MARV/Ang-MA compared to
MARV/Ang*

Amino acid
change

Nucleotide
position

=
—

Region MA

NP 736
NP/VP35 IR 2403
2415
2784
2790
2797
2808
2809
2810
2870
2871
2874
2876
2879
2892
2897
2899
2902
2904
2907
2908
2911
2912
2913
2914
2915
2924
2926

D—D

H>HAA9d9dd393999993393999990
0CO0000000000000000000000000N

VP35 2962
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0000
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>> 0000
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> =
o0

GP 7204
GP/VP30 IR 8378
VP30 9175
VP24 10675
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E—E

o> 0>
> 0Aa0

19104 A
19105 G

“WT, wild type (MARV/Ang); MA, MARV/Ang-MA; IR, intergenic region.

Trailer

>

Ang infections. Therefore, it is unknown whether the results ob-
served in BALB/c mice infected with MARV/Ang-MA emulate
those of NHPs infected with MARV/Ang. However, an uncon-
trolled systemic release of pro- and anti-inflammatory cytokines,
chemokines, and other soluble mediators is a hallmark common
to lethal filovirus infections. IFN-a and IL-6 expression has pre-
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viously been demonstrated in NHPs infected with MARV/Ci67
(32), and in vitro studies have shown that infection of monocytes
and macrophages with MARV/Mus induces release of IL-6, IL-8,
and TNF-a (33) (34).

Data from a published study investigating aerosol infection of
NHPs with MARV/Ang are also available (35). Challenge of cyn-
omolgus macaques i.n. with between 99 and 705 PFU of MARV/
Ang results in death for all infected animals by 8 dpi, with many of
the same clinical signs as those observed in i.m. challenged ani-
mals, such as lymphopenia, thrombocytopenia, elevated levels of
several chemokines and cytokines, and enlarged friable fatty livers,
in addition to fibrous interstitial pneumonia in the lungs (35).
While in-depth pathology studies have not yet been performed in
BALB/c mice challenged i.n. with MARV/Ang-MA, it will be in-
teresting to see whether the disease observed in those mice will be
similar to that in NHPs in the future.

The number of nonsilent mutations in the VP24 and VP35
genes of MARV/Ang-MA compared to that in MARV/Ang indi-
cates that the virus has likely adapted to efficiently escape type I
host IFN responses (36) (37); however, it is currently unclear
which of these mutations are critical for enhanced virulence in
mice. Interestingly, the mutations at nucleotide positions 3044 of
VP35 and 5117 of VP40 in our studies were also observed in the
mouse-adapted RAVV (12), which suggests that these two muta-
tions may be especially critical for adaptation. It would therefore
be important to elucidate the determinants of virulence in MARV/
Ang-MA and to investigate whether the same mutations are able
to transfer virulence to other previously nonvirulent MARV
strains.

NHPs are currently the gold standard animal model for the
accurate recapitulation of filovirus disease. For any promising
vaccines and treatments to be considered for clinical trials, it must
be successful in NHPs. However, due to ethical, practical, and
financial considerations, a rodent-based model is a desirable and
valuable tool to screen potential vaccines and drugs for efficacy.
The development of a mouse-adapted virus opens up many new
areas of research, such as mechanistic studies with transgenic
knockout mice, in-depth immunology studies, and potentially vi-
rus transmission studies, which would otherwise be less practical
in NHPs. The murine model should be useful for the BSL-4 sci-
entific community and may play an important role in the discov-
ery and development of improved prophylactics and therapeutics
against MARYV infections.
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