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(57) ABSTRACT

The present invention includes methods of making, and
compositions comprising, a uniformly lethal filovirus for
outbred small mammals by mutation of the viral genome
through serial passages in a small mammal, the method
comprising the steps of: obtaining a filovirus strain from a
human subject; passing the filovirus strain one or more times
by intramuscular injection of one or more filovirus infected
tissues into an inbred small mammal until uniform lethality
is obtained; passing the filovirus strain in one or more human
cell lines; passing the filovirus strain one or more times by
intraperitoneal injection of one or more filovirus infected
tissues into an outbred small mammal until uniform lethality
is obtained; and isolating the uniformly lethal filovirus
obtained thereby.
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1
VARIANT ANGOLA MARBURG VIRUS

CROSS-REFERENCE TO RELATED
APPLICATIONS

None.
TECHNICAL FIELD OF THE INVENTION

The present invention relates in general to the field of

model systems for studying highly virulent viruses, and 10
more particularly, to mammalian model systems for the
systematic evaluation of filoviruses.
STATEMENT OF FEDERALLY FUNDED
RESEARCH 15

None.

BACKGROUND OF THE INVENTION
20

Without limiting the scope of the invention, its back-
ground is described in connection with Filovirus infection of
small mammals.

Volchkov, et al., in an article entitled “Molecular Char-
acterization of Guinea Pig-Adapted Variants of Ebola
Virus,” Virology 277, 147155 (2000), 147-155, teach that
serial passage of initially nonlethal Ebola virus (EBOV) in
outbred guinea pigs resulted in the selection of variants with
high pathogenicity. It was further found by nucleotide
sequence analysis of the complete genome of the guinea
pig-adapted variant 8mec, that the guinea pig-adapted variant
differed from wild-type virus by eight mutations, however,
no mutations were identified in nontranscribed regions,
including leader, trailer, and intragenic sequences.

Mateo, et al., in an article entitled “VP24 Is a Molecular
Determinant of Ebola Virus Virulence in Guinea Pigs,” J.
Inf. Dis. 2011:204 (Suppl. 3), S1011-S1020, show that serial
passaging of EBOV in guinea pigs results in a selection of
variants with high pathogenicity. They teach, using a reverse
genetics approach, that the increase in EBOV pathogenicity
is associated with amino acid substitutions in the structural
protein VP24, however, replication of recombinant EBOV
carrying wild-type VP24 was impaired in primary peritoneal
guinea pig macrophages and in the liver of infected animals.
The substitutions in VP24 allowed EBOV to replicate in
guinea pig macrophages and spread in the liver of infected
animals.

Subbotina, et al., in an article entitled “Genetic factors of
Ebola virus virulence in guinea pigs,” Virus Research 153
(2010) 121-133, teach that selective passages of Ebola virus
in guinea pigs resulted in a guinea pig-adapted strain (GPA-
P7) strain. By the 7th passage, the infection with the adapted 3¢
EBOV induced a lethal disease in animals accompanied by
the characteristic hematological changes, viz., leukocytosis
(primarily due to neutrophilia), a pronounced deficiencies in
platelets, lymphocytes, monocytes and a significant decrease
of blood neutrophil’s phagocytic capacity. The increased
virulence is said to correlate with appearance of several
nucleotide substitutions: in the genes NP, A2166G (N566S),
VP24, U10784C (L147P), G10557A (M711), G10805U
(R154L), and L, G12286A (V2361). It was theoretically
calculated that the mutations associated with an increase in
EBOV virulence alter the secondary structure of the proteins
NP (C-terminal region) and full-sized VP24.
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5
In one embodiment, the present invention includes a
uniformly lethal ZEBOV-Mayinga filovirus strain adapted

2

for virulence in a small mammal, wherein the strain com-
prises one or more of the following mutations when com-
pared to Accession No. AF086833.2:

Nucleotide Base Change Result Gene
652 A>G Silent NP
2192 G>A AS575T NP
2409 C>A S647Y NP
5219 U=>cC Silent VP40
7668 U=>cC 1544T GP
10258 G>A Non-coding
10768 A>G K142E VP24,

Another embodiment of the present invention includes
uniformly lethal SEBOV-Boniface filovirus strain adapted
for virulence in a small mammal, wherein the strain com-
prises one or more of the following mutations when com-
pared to Accession No. FI968794.1:

Nucleotide Base Change Result Gene
2640 A>G Q728R NP
6286 U>aG Fo7Vv GP
8150 C>A Non-coding
10363 U=>cC V22A VP24
12751 cC>U S406F L
15364 A>G H1277R L
18303 A>G Non-coding.

Another embodiment of the present invention includes
uniformly lethal MARV-Angola filovirus strain adapted for
virulence in a small mammal, wherein the strain comprises
one or more of the following mutations when compared to
Accession No. DQ447653:

Nucleotide Base Change Result Gene
2931 U>A Non-coding
4735 U>A N56K VP40
10402 G>A V661 YP24
10853 U=>cC 12168 VP24
13115 U=>cC Silent L
17249 U>A Silent L
18713 C>A Non-coding
19105 A>U Non-coding.

Another embodiment of the present invention includes a
uniformly lethal MARV-Ci67 filovirus strain adapted for
virulence in a small mammal, wherein the strain comprises
one or more of the following mutations when compared to
Accession No. EF446132.1:

Nucleotide Base Change Result Gene
8811 -=>U Non-coding
10629 G>A G141E VP24
10631 A>U 11428 VP24
10632 U=>cC 11428 VP24
10633 cC>U 11428 VP24
10634 U>A Y1431 VP24
10635 A>U Y1431 VP24,

Yet another embodiment of the present invention includes
a uniformly lethal MARV-Ravn filovirus strain adapted for
virulence in a small mammal, wherein the strain comprises
one or more of the following mutations when compared to
Accession No. DQ447649.1:



US 10,466,231 B2

3
Nucleotide Base Change Result Gene
143 A>U T148 NP
4647 U=>cC 1278 VP40
4665 U=>cC L33p VP40
4725 U=>cC F538 VP40
4726 U=>cC F538 VP40
7118 G>C G435A GP
13787 U=>cC Silent L.

Another embodiment of the present invention includes a
method of determining the effectiveness of a candidate drug
that impacts a filovirus infection or virulence, the method
comprising: (a) injecting a mutated filovirus adapted to
lethally infect an outbred small mammal; (b) administering
the candidate drug to a first subset of the outbred small
mammal, and a placebo to a second subset of the outbred
small mammal; (c) determining the effect of the candidate
drug on the first and second subset of outbred small mam-
mals infected with the mutated filovirus; (d) determining if
the candidate drug modifies one or more symptoms selected
from at least one of the infectious dose, a lethal dose, fever,
weight loss, and infection of mononuclear/dendritiform
cells, splenic and hepatic pathology, lymphocyte apoptosis,
neutrophilia, thrombocytopenia, marked granulocytosis,
coagulopathies, vascular leakage, or macular rashes, of the
mutated filovirus in the first versus the second subset of
outbred small mammals, wherein a decrease in one or more
of the symptoms over the course of the treatment with the
candidate drug is indicative of effectiveness against the
filovirus virus.

Yet another embodiment of the present invention includes
a method of making a uniformly lethal mutated filovirus for
outbred small mammals by mutation of the viral genome
through serial passages in a small mammal, the method
comprising the steps of: obtaining a filovirus strain from a
human subject; passing the filovirus strain one or more times
by intramuscular injection of an inbred small mammal until
uniform lethality is obtained; passing the filovirus strain in
one or more human cell lines; passing the filovirus strain one
or more times by intraperitoneal injection of an outbred
small mammal until uniform lethality is obtained; and
isolating the uniformly lethal mutated filovirus obtained
thereby. In one aspect, the filovirus is selected from at least
one of an Ebola virus or a Marburg virus. In another aspect,
the human cells are Vero E6 cells (ATCC1587), or Vero 76
cells (ATCC1586). In another aspect, the uniformly lethal
mutated filovirus comprises mutations in at least one of the
non-coding regions, nucleoprotein (NP), viral protein 40
(VP40), glycoprotein, viral protein 24 (VP24), or RNA-
directed RNA polymerase (L protein). In another aspect, the
small mammal is selected from at least one of a guinea pig,
Hartley guinea pig, mouse, rat, hamster, or Syrian golden
hamster. In another aspect, the filovirus is a Marburg virus
selected from at least one of Angola, Ci67, Musoke, Ozolin,
or Ravn strain. In another aspect, the inbred small mammal
is a Strain 13 guinea pig. In another aspect, the mutated virus
is passed at least three times through an infection cycle in the
inbred small mammal. In another aspect, the mutated virus
is passed at least three times through an infection cycle in the
outbred small mammal. In another aspect, the method fur-
ther comprises the step of sequencing at least part of the
genome of the mutated filovirus strain after adaptation into
the outbred small mammal. In another aspect, the mutated
filovirus is passed through a human cell line between each
passage of the inbred, the outbred animal, or both the inbred
and outbred animal. In another aspect, the filovirus is an
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ebola virus selected from at least one of Zaire ebolavirus
(ZEBOV), Sudan ebolavirus (SEBOV), Bundibugyo ebola-
virus (BEBOV), Ivory Coast ebolavirus (also known as Tai
Forest ebolavirus), and Reston ebolavirus. In another aspect,
the mutated filovirus obtained by the method is a ZEBOV-
Mayinga Guinea Pig Adapted Strain comprises one or more
of'the following mutations when compared to Accession No.
AF086833.2:

Nucleotide Base Change Result Gene
652 A>G Silent NP
2192 G>A AS575T NP
2409 C>A S647Y NP
5219 U=>cC Silent VP40
7668 U=>cC 1544T GP
10258 G>A Non-coding
10768 A>G K142E VP24,

In another aspect, the mutated filovirus obtained by the
method is a SEBOV-Boniface Guinea Pig Adapted Strain
comprises one or more of the following mutations when
compared to Accession No. FJ968794.1:

Nucleotide Base Change Result Gene
2640 A>G Q728R NP
6286 U>aG Fo7Vv GP
8150 C>A Non-coding
10363 U=>cC V22A VP24
12751 cC>U S406F L
15364 A>G H1277R L
18303 A>G Non-coding.

In another aspect, the mutated filovirus obtained by the
method is a MARV-Angola Guinea Pig Adapted Strain
comprises one or more of the following mutations when
compared to Accession No. DQ447653:

Nucleotide Base Change Result Gene
2931 U>A Non-coding
4735 U>A N56K VP40
10402 G>A V661 VP24
10853 U=>cC 12168 VP24
13115 U=>cC Silent L
17249 U>A Silent L
18713 C>A Non-coding
19105 A>U Non-coding.

In another aspect, the wherein the mutated filovirus
obtained by the method is a MARV-Ci67 Guinea Pig
Adapted Strain comprises one or more of the following
mutations when compared to Accession No. EF446132.1:

Nucleotide Base Change Result Gene
8811 -=>U Non-coding
10629 G>A G141E VP24
10631 A>U 11428 VP24
10632 U=>cC 11428 VP24
10633 cC>U 11428 VP24
10634 U>A Y1431 VP24
10635 A>U Y1431 VP24

In another aspect, the mutated filovirus obtained by the
method MARV-Ravn Guinea Pig Adapted Strain comprises
one or more of the following mutations when compared to
Accession No. DQ447649.1:
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Nucleotide Base Change Result Gene
143 A>U T148 NP
4647 U=>cC 1278 VP40
4665 U=>cC L33p VP40
4725 U=>cC F538 VP40
4726 U=>cC F538 VP40
7118 G>C G435A GP
13787 U=>cC Silent L.

In another aspect, the guinea pig adapted Angola strain of
Marburg triggers is capable of triggering macular rashes in
the outbred small mammal. In another aspect, the small
mammal is not a primate.

Yet another embodiment of the present invention includes
a method of making a uniformly lethal mutant filovirus for
outbred small mammals comprising: adapting a mutant
filovirus by mutation of the viral genome through serial
passages in a small mammal the method comprising the
steps of: isolating a filovirus strain from a human subject and
injecting an outbred small mammal; passing the filovirus
strain one or more times by infection with a liver and spleen
homogenate obtained from lethally infected outbred guinea
pigs until uniform lethality is obtained; passing the filovirus
strain in one or more human cell lines and infecting the
outbred small mammal; passing the filovirus strain one or
more times by infection of the filovirus into the outbred
small mammal until uniform lethality is obtained; and
isolating the uniformly lethal mutated filovirus obtained
thereby, wherein the uniformly lethal mutant filovirus is
capable of uniformly infecting outbred small mammals.

BRIEF DESCRIPTION OF THE DRAWINGS

For a more complete understanding of the features and
advantages of the present invention, reference is now made
to the detailed description of the invention along with the
accompanying FIG.s and in which:

FIGS. 1A to 1E shows the gross pathology comparison of
control guinea pigs (FIG. 1A) and Zaire Ebola virus (ZE-
BOV)-infected guinea pigs at terminus (FIG. 1B-1D). FIG.
1B, Gross lesions were noted in the following organs of
ZEBOV-infected guinea pigs: liver (asterisk), diffuse pallor
(hepatocellular degeneration/necrosis); lung (white arrow),
petechiae, rib impressions, and failure to collapse (intersti-
tial pneumonia); intestines (white arrow), flaccid with liquid
contents; and colon and uterus (white arrow), multifocal
serosal congestion. FIG. 1C, Gross lesions were noted in the
stomach of ZEBOV-infected guinea pigs: serosal hemor-
rhage (white arrow) and mucosal ulceration (inset). FIG. 1D,
Gross lesions were noted in and near the distal limb of
ZEBOV-infected guinea pigs, as follows: subcutaneous tis-
sues of the distal limb, locally extensive hemorrhage (#); and
inguinal lymph node, hemorrhage (white arrow). FIG. 1E,
Weight loss and temperature over the course of the study in
ZEBOV-infected guinea pigs (solid red line and dotted red
line, respectively) and control guinea pigs (solid black line
and dotted black line, respectively).

FIGS. 2A to 2] show: Hematoxylin-eosin staining (HE;
FIG. 2A-FIG. 2E) and corresponding anti-Ebola virus
immunohistochemical staining (FIG. 2F-FIG. 2J) of Zaire
Ebola virus (ZEBOV)-infected guinea pig liver, by day after
infection, and control guinea pig liver. All images are 20
times the original magnification, with inserts showing 60
times the original magnification. Infected liver, day 2: no
significant lesions (NSLs; FIG. 2A) and diffuse cytoplasmic
immunolabeling of rare Kupffer cells (FIG. 2F). Infected
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liver, day 3: multifocal hepatocellular degeneration/necrosis
and sinusoidal leukocytosis (FIG. 2B) and diffuse cytoplas-
mic immunolabeling of Kupffer cells, associated inflamma-
tory nodules, and small clusters of hepatocytes (FIG. 2G).
Infected liver, day 5: multifocal hepatocellular degeneration/
necrosis, sinusoidal leukocytosis, councilman body, and
eosinophilic cytoplasmic inclusion bodies (FIG. 2C) and
diffuse cytoplasmic immunolabeling of Kupffer cells and
small clusters of hepatocytes (H). Infected liver, terminal
time point: hepatocellular vacuolation, degeneration/necro-
sis, sinusoidal leukocytosis, and eosinophilic cytoplasmic
inclusion bodies (FIG. 2D) diffuse cytoplasmic immunola-
beling of Kupffer cells and medium clusters of hepatocytes
(FIG. 21). Control liver: NSL (FIG. 2E) and no significant
immunolabeling (FIG. 2J).

FIGS. 3A to 30 show: Hematoxylin-eosin staining (HE)
(FIG. 3A, FIG. 3D, FIG. 3G, FIG. 3], and FIG. 3M) and
corresponding anti-Ebola virus immunohistochemical stain-
ing (FIG. 3B, FIG. 3E, FIG. 3H, FIG. 3K, and FIG. 3N) and
TUNEL immunohistochemical staining (FIG. 3C, FIG. 3F,
FIG. 31, FIG. 3L, and FIG. 30) of Zaire Ebola virus
(ZEBOV)-infected guinea pig spleen, by day after infection,
and control guinea pig spleen. All images are 20 times the
original magnification. Infected spleen, day 1: no significant
lesions (NSL; FIG. 3A), diffuse cytoplasmic immunolabel-
ing of rare mononuclear cells in the red pulp (FIG. 3B), and
minimal immunolabeling within the white pulp (FIG. 3C).
Infected spleen, day 3: NSL (FIG. 3D), diffuse cytoplasmic
immunolabeling of small clusters of mononuclear cells in
the red and white pulp (FIG. 3E), and moderate immuno-
labeling within the white pulp (FIG. 3C). Infected spleen,
day 5: lymphoid depletion with tingible body macrophages
within the white pulp (FIG. 3G), diffuse cytoplasmic immu-
nolabeling of mononuclear cells in the red and white pulp
(FIG. 3H), and marked immunolabeling within the white
pulp (FIG. 3I). Infected spleen, terminal time point: lym-
phoid depletion with tingible body macrophages within the
white pulp (FIG. 3J), diffuse cytoplasmic immunolabeling of
mononuclear cells in the red and white pulp (FIG. 3K), and
marked immunolabeling within the white pulp (FIG. 3L).
Control guinea pig spleen: NSL (FIG. 3M), no significant
immunolabeling (FIG. 3N), and minimal immunolabeling
within the white pulp (FIG. 30).

FIGS. 4A-1, 4A-2 to 4C show: FIGS. 4A-1, 4A-2 are a
heat map of coagulation parameters and proinflammatory
markers. FIG. 4B shows anti-fibrin immunohistochemical
staining of control guinea pig spleen (original magnification
%20). No significant immunolabeling was observed. FIG. 4C
shows anti-fibrin immunohistochemical staining of Ebola-
virus-infected guinea pig spleen on day 8 after infection
(original magnification x20). Immunolabeling was scattered
throughout the red pulp and clustered within the marginal
zone of the germinal centers. Abbreviations: APTT, acti-
vated partial prothrombin time; HMGB-1, high mobility
group box-1; IL-6, interleukin 6; PAI-1, plasminogen acti-
vator inhibitor-1; PT, prothrombin time; SD, standard devia-
tion; TAFI, thrombin activatable fibrinolysis inhibitor; TGF-
f, transforming growth factor ; TNF-a, tumor necrosis
factor a; TT, thrombin time; VWEFE, Von Willebrand factor.

FIGS. 5A to 5F show: FIG. 5A, Survival curve of guinea
pigs (GPs) infected with Marburg virus Ravn (MARV-Rav;
blue line) and MARV-Angola (MARV-Ang; red line). FIG.
5B, Percentage weight loss and temperature during the
study. MARV-Rav-infected GPs are represented by blue
solid lines (weight) and dotted lines (temperature), Marv-
Ang-infected GPs are represented by red solid lines (weight)
and dotted lines (temperature), and control GPs are repre-
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sented by black solid lines (weight) and dotted lines (tem-
perature) lines. FIG. 5C-FIG. 5F, Comparison of the gross
pathology of mock-infected control GPs (FIG. 5C), MARV-
Rav-infected GPs (FIG. 5E), and MARV-Ang-infected GPs
(FIG. 5D and FIG. 5F) at terminal time points. Gross lesions
were noted in the MARV-Rav GPs (FIG. 5E) and MARV-
Ang GPs (FIG. 5D and FIG. 5F), liver (black asterisk)
moderate multifocal to diffuse pallor (hepatocellular degen-
eration/necrosis) (FIG. 5E), severe multifocal to diffuse
pallor (hepatocellular degeneration/necrosis) (FIG. 5F
insets), gastric congestion (black arrow), gastric ulceration
(FIG. 5D inset), prominent lymphoid tissues (white arrow-
head) (FIG. 5F), flaccid/fluid filled intestines (#) (FIG. 5D,
FIG. 5F and FIG. 5E).

FIGS. 6A to 6R show the histopathology of liver: Panels
include Hemotoxylin & Eosin (H&E) MARV-Rav (FIG. 6A,
FIG. 6E, FIG. 61, and FIG. 6M) with corresponding anti-
Marburg immunohistochemistry (IHC) (FIG. 6B, FIG. 6F,
FIG. 6], and FIG. 6N), H&E MARV Ang (FIG. 6C, FIG. 6G,
FIG. 6K, and FIG. 60) with corresponding anti-Marburg
THC (FIG. 6D, FIG. 6H, FIG. 6L, and FIG. 6P), and H&E
control (FIG. 6QQ) which has no significant lesions (NSL),
nor any significant immunolabeling in corresponding anti-
Marburg IHC (FIG. 6R). All images are 20x with 60x
inserts. MARV-Rav-infected GP liver at day 3 (FIG. 6A) had
NSL detected but had diffuse cytoplasmic immunolabeling
of kupffer cells present (FIG. 6B). H&E of MARV-Rav-
infected GP liver on day 5 (FIG. 6E) presented evidence of
multifocal hepatocellular degeneration/necrosis and sinusoi-
dal leukocytosis with diffuse cytoplasmic immunolabeling
of Kupffer cells and small clusters of hepatocytes (FIG. 6F).
Day 7 MARV-Rav-infected GP demonstrated progressive
multifocal hepatocellular vacuolar degeneration/necrosis
and sinusoidal leukocytosis on H&E (FIG. 6I), which was
accompanied by diffuse cytoplasmic immunolabeling of
Kupfter cells and clusters of hepatocytes (FIG. 6J). Terminal
MARV-Rav-infected GP had advanced multifocal hepato-
cellular vacuolar degeneration/necrosis and sinusoidal leu-
kocytosis (FIG. 6M) accompanied by diffuse cytoplasmic
immunolabeling of Kupffer cells and sheets of hepatocytes
(FIG. 6N). Day 3 MARV-Ang-infected GP had NSL on
H&E (FIG. 6C) yet diffuse cytoplasmic immunolabeling of
Kupfter cells and small clusters of hepatocytes was present
(FIG. 6D). Day 5 MARV-Ang-infected GP had multifocal
hepatocellular degeneration/necrosis and sinusoidal leuko-
cytosis on H&E (FIG. 6G), which was associated with
diffuse cytoplasmic immunolabeling of Kupffer cells and
clusters of hepatocytes (FIG. 6H). Day 7 MARV-Ang-
infected GP had marked multifocal hepatocellular vacuolar
degeneration/necrosis and sinusoidal leukocytosis on H&E
(FIG. 6K) with diffuse cytoplasmic immunolabeling of
Kupfter cells and clusters of hepatocytes (FIG. 6L.). Termi-
nal MARV-Ang-infected GP had severe, multifocal hepato-
cellular vacuolar degeneration/necrosis and sinusoidal leu-
kocytosis on H&E (FIG. 60) associated with diffuse
cytoplasmic immunolabeling of Kupffer cells and sheets of
hepatocytes (FIG. 6P). Abbreviations: GP, guinea pig;
MARYV, Marburg virus.

FIGS. 7A to 7A* shows the histopathology of spleen:
MARYV Rav Hemotoxylin & Fosin (H&E) (FIG. 7A, FIG.
7G, FIG. 7M, and FIG. 7S), corresponding anti-Marburg
immunohistochemistry (IHC) (FIG. 7B, FIG. 7H, FIG. 7N,
and FIG. 7T), and TUNEL staining (FIG. 7C, FIG. 71, FIG.
70, and FIG. 7U). MARV-Ang H&E, (FIG. 7D, FIG. 7],
FIG. 7P, and FIG. 7V), corresponding anti-Marburg IHC
(FIG. 7E, FIG. 7K, FIG. 7Q, and FIG. 7W), and TUNEL
staining (FIG. 7F, FIG. 7L, FIG. 7R, and FIG. 7X). Control
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GP H&E (FIG. 7Y) had no significant lesions (NSL),
corresponding anti-Marburg IHC had no significant immu-
nolabeling (FIG. 7Z), and TUNEL staining presented mini-
mal immunolabeling in the white pulp (FIG. 7A*). All H&E
and THC spleen images are 40x. TUNEL staining images are
20x. Day 3 MARV-Rav-infected GP had NSL on H&E (FIG.
7A), diffuse cytoplasmic immunolabeling of mononuclear
cells in the red pulp (FIG. 7B) with minimal TUNEL
staining in the white pulp (FIG. 7C). Day 5 MARV-Rav-
infected GP demonstrated evidence of lymphoid depletion
with tingible body macrophages within the white pulp on
H&E (FIG. 7G), diffuse cytoplasmic anti-Marburg immu-
nolabeling of clustered mononuclear cells in the red and
white pulp (FIG. 7H), accompanied by minimal TUNEL
staining in the white pulp (FIG. 7I). Day 7 MARV-Rav-
infected GP displayed evidence of marked lymphoid deple-
tion, fibrin deposition, and tingible body macrophages
within the white pulp on H&E (FIG. 7M), diffuse cytoplas-
mic anti-Marburg immunolabeling of mononuclear cells in
the red and white pulp (FIG. 7N), and moderate TUNEL
staining in the white pulp (FIG. 70). Terminal MARV-Rav-
infected GP lymphoid depletion, fibrin deposition, hemor-
rhage and tingible body macrophages within the white pulp
on H&E (FIG. 7S), diffuse cytoplasmic anti-Marburg immu-
nolabeling of scattered mononuclear cells in the red and
white pulp (FIG. 7T), and marked TUNEL staining in the
white pulp (FIG. 7U). Day 3 MARV-Ang-infected GP had
NSL on H&E (FIG. 7D), diffuse cytoplasmic anti-Marburg
immunolabeling of clustered mononuclear cells in the red
and white pulp (FIG. 7E), and moderate TUNEL staining in
the white pulp (FIG. 7F). Day 5 MARV-Ang-infected GP
had evidence of lymphoid depletion with tingible body
macrophages within the white pulp (FIG. 7J), diffuse cyto-
plasmic anti-Marburg immunolabeling of mononuclear cells
in the red and white pulp (FIG. 7K), and moderate TUNEL
staining in the white pulp (FIG. 7L). Day 7 MARV-Ang-
infected GP lymphoid depletion, fibrin deposition, and tin-
gible body macrophages within the white pulp on H&E
(FIG. 7P), diffuse cytoplasmic anti-Marburg immunolabel-
ing of mononuclear cells in the red and white pulp (FIG.
7Q), marked TUNEL staining in the white pulp (FIG. 7R).
MARV-Ang-infected GP spleen, terminal (FIG. 7V) lym-
phoid depletion, fibrin deposition, hemorrhage, and tingible
body macrophages within the white pulp, diffuse cytoplas-
mic anti-Marburg immunolabeling of scattered mononuclear
cells in the red and white pulp (FIG. 7W), and marked
immunolabeling in the white pulp (FIG. 7X). Abbreviations:
GP, guinea pig; MARYV, Marburg virus.

FIGS. 8A to 8E-1 to 8E-3 show fibrin specific immuno-
histochemistry of GP spleens: Control GP had no significant
immunolabeling (FIG. 8A). Day 7 MARV-Rav-infected GP
had minimal anti-fibrin immunolabeling scattered through-
out the red pulp and clustered in the white pulp (FIG. 8B).
Day 7 MARV-Ang-infected GP with anti-fibrin immunola-
beling scattered throughout the red pulp and clustered in the
white pulp (FIG. 8C). Inset depicts representative immuno-
labeling of fibrin strands and aggregates surrounding red and
white blood cells within the vessel, along the endothelium,
and clusters that disperse into the adjacent red and white
pulp (FIG. 8D). All 20x with 60x insert in (FIG. 8D). Heat
map and expression levels of coagulation factors and inflam-
matory molecules detected through the course of infection
(FIGS. 8E-1 to 8E-3). Abbreviations: APTT, activated par-
tial thromboplastin times; GP, guinea pig; HMGB-1, high-
mobility group B1; IL-6, interleukin 6; MARV, Mar-burg
virus; NO, nitric oxide; PAI-1, plasminogen activator inhibi-
tor 1; PT, partial thrombin; SD, standard deviation; TAFI,
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thrombin-activated fibrinolysis inhibitor; TGF, transforming
growth factor; TNF, tumor necrosis factor; TT, thrombin
time; VWF, Von Willebrand factor.

DETAILED DESCRIPTION OF THE
INVENTION

While the making and using of various embodiments of
the present invention are discussed in detail below, it should
be appreciated that the present invention provides many
applicable inventive concepts that can be embodied in a
wide variety of specific contexts. The specific embodiments
discussed herein are merely illustrative of specific ways to
make and use the invention and do not delimit the scope of
the invention.

To facilitate the understanding of this invention, a number
of terms are defined below. Terms defined herein have
meanings as commonly understood by a person of ordinary
skill in the areas relevant to the present invention. Terms
such as “a”, “an” and “the” are not intended to refer to only
a singular entity, but include the general class of which a
specific example may be used for illustration. The terminol-
ogy herein is used to describe specific embodiments of the
invention, but their usage does not delimit the invention,
except as outlined in the claims.

As used herein, the term “Filoviruses” refers to viruses
that generally cause acute hemorrhagic fever and high
mortality. Filoviruses are single-stranded negative-sense
RNA viruses, with a genome that includes seven proteins:
four virion structural proteins (VP24, VP30, VP35, and
VP40), a membrane-anchored glycoprotein (GP), a nucleo-
protein (NP), and an RNA-dependent RNA polymerase (L).
Currently, the Filoviridae family includes the three virus
genera Ebolavirus, Marburgvirus, and Cuevavirus, which
are the subject of the present invention.

Example 1

Ebola Viruses

Ebola viruses and the genomically related Marburg
viruses are single-stranded, negative-sense, filamentous
viruses in the family Filoviridae [1]. The genomes of these
viruses contain 7 genes encoding a number of proteins,
including nucleoprotein (NP), viral protein 35 (VP35),
VP40, glycoprotein, VP30, VP24, and an RNA-dependent
RNA polymerase. Filoviruses have been the cause of many
sporadic outbreaks of severe hemorrhagic disease in humans
and nonhuman primates (NHPs) throughout much of the
area of endemicity in Central Africa, from which exporta-
tions have also led to outbreaks in more-developed regions.
The current outbreak of Ebola hemorrhagic fever (EHF)
occurring in West Africa is the largest documented filovirus
outbreak in history. At the time of this writing, this outbreak
has resulted in >50 times more human infections than any
known past outbreak, with >21,000 cases and an estimated
mortality of 50% [2]. Historically, filovirus outbreaks have
remained relatively isolated to remote areas of Central
Africa, which has likely contributed to the relatively rapid
success in controlling spread. Conversely, the most recent
outbreak was in a geographically connected, more-densely
populated, and highly transient population, making this
outbreak more of a global concern than ever before [3].

Development of countermeasures against filovirus infec-
tions has depended on the use of mice [4, 5], hamsters [6],
and various strains of guinea pigs [7-9] as rodent models for
screening prior to preclinical evaluation in the gold standard
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NHP models of filovirus infection [10, 11]. All filovirus
rodent models have required adaptation prior to reaching
uniformly lethality, whereas NHP models do not. Few of
these small-animal models have recapitulated hallmark fea-
tures of the disease course seen in humans or NHP, specifi-
cally the induction of coagulopathies and vascular leak
syndromes. Importantly, few have demonstrated a consistent
predictive value for any potential countermeasures against
lethal filovirus challenge in NHPs.

The guinea pig and hamster are the only rodent models
that currently use outbred animals presenting with coagu-
lopathies more reflective of those seen in NHPs and humans.
The hamster model is a relatively new model, and its
predictive value has yet to be determined. Conversely, the
guinea pig model has shown some success in predicting the
efficacy of therapies, including small interfering RNA [12,
13] and antibody-based therapies [14, 15], in NHPs.
Although some countermeasures have shown efficacy in
mice, they unfortunately do not all correlate to efficacy in
NHPs [16]. The reason for differences in the predictive value
between rodent models of filovirus disease is unclear.

Detailed descriptions of EHF progression in guinea pigs
to date have primarily used strain 13 guinea pigs [7]. While
useful as an early model of EHF, this inbred guinea pig strain
has demonstrated altered immune responsiveness and thus
may not be representative of the heterogeneous immune
responses of outbred hosts such as NHPs and humans [17,
18]. Further, the availability of this variety of guinea pig is
limited, as very few breeding colonies exist. To address this
problem, the inventors developed a uniformly lethal model
of EHF in outbred guinea pigs. The inventors performed a
temporal study to detail the events leading to death in
ZEBOV-infected outbred guinea pigs and show that many of
the hallmark features of EHF in humans and NHP are
represented. To date, all filovirus rodent models have
required genetic changes that ultimately have resulted in
changes of 1 or more viral proteins. The inventors also show
a comparative sequence analysis that with novel mutations
that resulted from serial passage in guinea pigs and/or cell
culture.

Virus Adaptation. Briefly, the starting material for adap-
tation was serum from Mayinga N’Seka, a nurse who died
during the original outbreak of ZEBOV in 1976 in the
country formerly known as Zaire [19]. The serum was
amplified by 1 passage in Vero 76 cells (ATCC CRL-1587,
ATCC). A group of inbred strain 13 guinea pigs was then
challenged by intramuscular injection with approximately
6000 plaque-forming units (PFU) of the Vero culture fluid
containing ZEBOV. Spleens from 2 animals were collected
at day 7 after infection. Another group of inbred strain 13
guinea pigs was then challenged by intramuscular injection
with approximately 6000 PFU of the pooled clarified 10%
spleen homogenates from these 2 animals. This process was
repeated for a total of 4 passages until uniform lethality was
achieved in the inbred strain 13 guinea pigs. This Vero pl,
inbred strain 13 guinea pig spleen p4 material was then
amplified by 1 passage in Vero 76 cells. A group of outbred
Hartley strain guinea pigs were then challenged by intrap-
eritoneal injection with approximately 100 PFU of the Vero
culture fluid containing the inbred strain 13 guinea pig
adapted ZEBOV. Liver and spleen from one of these animals
was harvested at day 7 after infection. Another group of
inbred strain 13 guinea pigs was then challenged by intra-
peritoneal injection with approximately 50 PFU of the
pooled clarified 10% liver and spleen homogenate from this
animal. This process was repeated for a total of 3 passages
until uniform lethality was achieved in the outbred Hartley
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strain guinea pigs. This Vero pl, inbred strain 13 guinea pig
spleen p4, Vero pl, outbred guinea pig liver plus spleen p3
material was then amplified by 1 passage in Vero 76 cells to
produce a seed stock. This seed stock produced uniform
lethality in 18 of 18 outbred Hartley strain guinea pigs when
animals were challenged by intraperitoneal injection with
approximately 5000 PFU of the virus stock.

Detailed Zaire ebolavirus (ZEBOV) strain Mayinga
guinea pig adapted virus methods and results.

Step 1. Starting material: Serum from Mayinga N’Seka, a
nurse who died during the original outbreak of ZEBOV in
1976 in the former Zaire. The sample identification number
was 057931. Methods and results: The serum was diluted
1:10 in Eagle’s Minimum Essential Medium (EMEM) and
inoculated on flasks of Vero 76 cells (ATCC CRL-1587)
maintained in EMEM plus 10% FBS supplemented with
glutamine and gentamicin. Culture fluid was collected from
these flasks approximately 1 week later and titrated follow-
ing conventional methods. This culture fluid is referred to as
a Vero pl seed stock.

Step 2. Starting material: Vero pl seed stock produced
from Step 1. Methods and results: A group of 7 inbred strain
13 guinea pigs were inoculated by intramuscular (i.m.)
injection with approximately 6,000 plaque forming units
(pfu) of the Vero pl seed stock from step 1 above in a
volume of approximately 0.2 ml. At the 7% day after inocu-
lation 2 of the 7 guinea pigs were euthanized and their
spleens were harvested and homogenized in EMEM plus
10% FBS at a 10% weight to volume ratio. The clarified
spleen homogenates were titrated to quantify infectious
ZEBOV and these homogenates then served as the inoculum
for additional inbred strain 13 guinea pigs in Step 3 below
as uniform lethality was not achieved in the remaining 5
animals. This clarified 10% inbred strain 13 guinea pig
pooled spleen homogenate is referred to as an inbred guinea
pig pl spleen homogenate (Vero pl, inbred strain 13 guinea
pig spleen pl).

Step 3. Starting material: Clarified 10% inbred strain 13
guinea pig pooled pl spleen homogenate from Step 2 (Vero
pl, inbred strain 13 guinea pig spleen pl). Methods and
results: A group of 7 inbred strain 13 guinea pigs were
inoculated by i.m. injection with approximately 6,000 pfu of
the clarified 10% spleen homogenates in a volume of
approximately 0.2 ml. At the 7% day after inoculation 2 of
the 7 guinea pigs were euthanized and their spleens were
harvested and homogenized in EMEM plus 10% FBS at a
10% weight to volume ratio. The clarified spleen homoge-
nates were titrated to quantify infectious ZEBOV and these
homogenates then served as the inoculum for additional
inbred strain 13 guinea pigs in Step 4 below as uniform
lethality was not achieved in the remaining 5 animals. This
clarified 10% inbred strain 13 guinea pig pooled spleen
homogenate is referred to as an inbred guinea pig p2 spleen
homogenate (Vero pl, inbred strain 13 guinea pig spleen
p2).

Step 4. Starting material: Clarified 10% inbred strain 13
guinea pig pooled p2 spleen homogenate from Step 3 (Vero
pl, inbred strain 13 guinea pig spleen p2). Methods and
results: A group of 7 inbred strain 13 guinea pigs were
inoculated by i.m. injection with approximately 6,000 pfu of
the clarified 10% spleen homogenates in a volume of
approximately 0.2 ml. At the 7% day after inoculation 2 of
the 7 guinea pigs were euthanized and their spleens were
harvested and homogenized in EMEM plus 10% FBS at a
10% weight to volume ratio. The clarified spleen homoge-
nates were titrated to quantify infectious ZEBOV and these
homogenates then served as the inoculum for additional
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inbred strain 13 guinea pigs in Step 5 below as uniform
lethality was not achieved in the remaining 5 animals. This
clarified 10% inbred strain 13 guinea pig pooled spleen
homogenate is referred to as an inbred guinea pig p3 spleen
homogenate (Vero pl, inbred strain 13 guinea pig spleen
P3).

Step 5. Starting material: Clarified 10% inbred strain 13
guinea pig pooled p3 spleen homogenate from Step 4 (Vero
pl, inbred strain 13 guinea pig spleen p3). Methods and
results: A group of 7 inbred strain 13 guinea pigs were
inoculated by i.m. injection with approximately 6,000 pfu of
the clarified 10% spleen homogenates in a volume of
approximately 0.2 ml. At the 7% day after inoculation 2 of
the 7 guinea pigs were euthanized and their spleens were
harvested and homogenized in EMEM plus 10% FBS at a
10% weight to volume ratio for potential future use. This
clarified 10% inbred strain 13 guinea pig pooled spleen
homogenate is referred to as an inbred guinea pig p4 spleen
homogenate (Vero pl, inbred strain 13 guinea pig spleen
p4). As uniform lethality was achieved in the remaining 5
inbred strain 13 guinea pigs further passaging was stopped
at this point.

Step 6. Starting material: Clarified 10% inbred strain 13
guinea pig pooled p4 spleen homogenate from Step 5 (Vero
pl, inbred strain 13 guinea pig spleen p4.) Methods and
results: The p4 inbred strain 13 guinea pig spleen homoge-
nate from Step 5 was diluted 1:10 in EMEM and inoculated
on flasks of Vero 76 cells (ATCC CRL-1587) maintained in
EMEM plus 10% FBS supplemented with glutamine and
gentamicin. Culture fluid was collected from these flasks
approximately 8 days later and titrated following conven-
tional methods. This culture fluid is referred to as a Vero pl,
inbred guinea pig spleen p4, Vero pl seed stock.

Step 7. Starting material: Vero pl, inbred guinea pig
spleen p4, Vero pl seed stock from Step 6. Methods and
results: A group of 6 outbred Hartley guinea pigs were
inoculated by intraperitoneal (i.p.) injection with approxi-
mately 100 pfu of the Vero pl, inbred guinea pig spleen p4,
Vero pl seed stock from Step 6 in a volume of approxi-
mately 0.5 ml. At the 7 day after inoculation 2 of the 6
outbred Hartley guinea pigs were euthanized and their livers
and spleens were harvested and homogenized in EMEM
plus 10% FBS at a 10% weight to volume ratio. The liver
and spleen homogenates were titrated to quantify infectious
ZEBOV and an equal pool of liver and spleen homogenates
from one of these two animals then served as the inoculum
for additional outbred Hartley guinea pigs in Step 8 below
as uniform lethality was not achieved in the remaining 4
animals. This clarified 10% outbred Hartley guinea pig
pooled liver and spleen homogenate is referred to as an
outbred guinea pig pl liver+spleen homogenate (Vero pl,
inbred guinea pig spleen p4, Vero pl, outbred guinea pig
liver+spleen pl).

Step 8. Starting material: Clarified 10% outbred Hartley
guinea pig pl liver and spleen homogenate from Step 7
(Vero pl, inbred guinea pig spleen p4, Vero pl, outbred
guinea pig liver+spleen p1). Methods and results: A group of
6 outbred Hartley guinea pigs was inoculated by i.p. injec-
tion with approximately 50 pfu in approximately 0.5 ml of
the clarified and pooled 10% liver and spleen homogenate
from Step 7. At the 7% day after inoculation 2 of the 6
outbred Hartley guinea pigs were euthanized and their livers
and spleens were harvested and homogenized in EMEM
plus 10% FBS at a 10% weight to volume ratio. The liver
and spleen homogenates were titrated to quantify infectious
ZEBOV and an equal pool of liver and spleen homogenates
from both of these two animals then served as the inoculum
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for additional outbred Hartley guinea pigs in Step 9 below
as uniform lethality was not achieved in the remaining 4
animals. This clarified 10% outbred Hartley guinea pig
pooled liver and spleen homogenate is referred to as an
outbred guinea pig p2 liver+spleen homogenate (Vero pl,
inbred guinea pig spleen p4, Vero pl, outbred guinea pig
liver+spleen p2).

Step 9. Starting material: Clarified 10% outbred Hartley
guinea pig p2 liver and spleen homogenate from Step 8
(Vero pl, inbred guinea pig spleen p4, Vero pl, outbred
guinea pig liver+spleen p2). Methods and results: A group of
6 outbred Hartley guinea pigs was inoculated by i.p. injec-
tion with approximately 250 pfu in approximately 0.5 ml of
the clarified and pooled 10% liver and spleen homogenate
from Step 8. At the 7% day after inoculation 2 of the 6
outbred Hartley guinea pigs were euthanized and their livers
and spleens were harvested and homogenized in EMEM
plus 10% FBS at a 10% weight to volume ratio for potential
future passage. This clarified 10% outbred Hartley guinea
pig pooled liver and spleen homogenate is referred to as an
outbred guinea pig p3 liver+spleen homogenate (Vero pl,
inbred guinea pig spleen p4, Vero pl, outbred guinea pig
liver+spleen p3). As uniform lethality was achieved in the
remaining 4 outbred Hartley guinea pigs further passaging
was stopped at this point.

Step 10. Starting material: Clarified 10% outbred Hartley
guinea pig p2 liver and spleen homogenate from Step 10
(Vero pl, inbred guinea pig spleen p4, Vero pl, outbred
guinea pig liver+spleen p3). Methods and results: The p3
outbred guinea pig liver+spleen homogenate from Step 9
was diluted 1:10 in EMEM and inoculated on flasks of Vero
76 cells (ATCC CRL-1587) maintained in EMEM plus 10%
FBS supplemented with glutamine and gentamicin. Culture
fluid was collected from these flasks approximately 8 days
later and titrated following conventional methods. This
culture fluid is referred to as a Vero pl, inbred guinea pig
spleen p4, Vero pl, outbred guinea pig liver+spleen p3, Vero
pl seed stock. The titer of this seed stock is approximately
2.95x1075 pfu/ml.

Step 11. Starting material: Vero pl, inbred guinea pig
spleen p4, Vero pl, outbred guinea pig liver+spleen p3, Vero
pl from Step 10. Methods and results: Virulence of the seed
stock from Step 10 was confirmed in a group of several
different studies as follows: 1) a total of 5 outbred Hartley
guinea pigs were inoculated by i.p. injection with a target
does of approximately 10,000 pfu of the Vero pl, inbred
guinea pig spleen p4, Vero pl, outbred guinea pig liver+
spleen p3, Vero pl from Step 10 in a volume of approxi-
mately 0.5 ml; 2) a total of 8 outbred Hartley guinea pigs
were inoculated by i.p. injection with a target does of
approximately 2,000 pfu of the Vero pl, inbred guinea pig
spleen p4, Vero pl, outbred guinea pig liver+spleen p3, Vero
pl from Step 10 in a volume of approximately 0.5 ml; 3) a
group of 5 outbred Hartley guinea pigs were given a whole
body aerosol exposure to a target does of approximately
1,000 pfu of the Vero pl, inbred guinea pig spleen p4, Vero
pl, outbred guinea pig liver+spleen p3, Vero pl from Step
10. All 18 animals succumbed between days 8 and 9 after
exposure to this seed stock regardless of challenge dose or
route confirming the uniform lethality in outbred Hartley
guinea pigs caused by this seed stock.

Step 12. Starting material: Vero pl, inbred guinea pig
spleen p4, Vero pl, outbred guinea pig liver+spleen p3, Vero
pl from Step 10. Methods and results: Approximately 1 ml
of'the Vero p1, inbred guinea pig spleen p4, Vero p1, outbred
guinea pig liver+spleen p3, Vero pl from Step 10 was
removed from the seed vial and placed in ~5 ml of Trizol LS
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and vortexed 3 times and allowed to sit for 10 minutes. The
6 ml were then placed into 2 separate 3 ml Nunc cryo-vials
for removal from the BSL-4. RNA was isolated from the
Trizol LS/sample mixture using Zymo Research Direct-zol
RNA mini-prep per manufacturer’s instructions. Approxi-
mately 150 ng of purified RNA were used to make cDNA
using the NuGen Ovation RNA-seq 2.0 kit ultimately for the
preparation of the double stranded DNA library using
Encore lon Torrent library prep kit. Sequencing was per-
formed by the UTMB Molecular Core on the lon Torrent
using 318-v2 deep sequencing chips. Sequence analysis was
performed using DNA Star Seqman NGen software based on
paired-end analysis of 100 bp overlaps. Sequencing results
were compared to GenBank sequences for the starting
material and are shown below.

UTMB Geisbert ZEBOV-Mayinga Guinea Pig Adapted
Strain (compared to Accession No. AF086833.2)

Nucleotide Base Change Result Gene
652 A>G Silent NP
2192 G>A AS575T NP
2409 C>A S647Y NP
5219 U=>cC Silent VP40
7668 U=>cC 1544T GP
10258 G>A Non-coding
10420 cC>U L26F VP24
10768 A>G K142E VP24

Sudan ebolavirus (SEBOV) strain Boniface guinea pig
adapted virus methods and results.

Step 1. Starting material: Culture fluid from Vero E6 cells
containing the Boniface strain of SEBOV provided by Dr.
Thomas Ksiazek (UTMB). The passage history of the virus
seed stock provided is as follows: Serum from a patient
named Boniface collected during the original outbreak of
SEBOV in 1976 in Sudan. The sample identification number
was 811112. The patient serum was passed four times on
monolayers of Vero 76 cells and three times on monolayers
of Vero E6 cells. This virus stock is referred to as Vero p4,
Vero E6 p3.

Methods and Results:

A group of 6 outbred Hartley guinea pigs were inoculated
by intraperitoneal (i.p.) injection with a target dose of
approximately 10,000 pfu of the Vero p4, Vero E6 seed stock
in a volume of approximately 0.5 ml. At the 7% day after
inoculation 2 of the 6 outbred Hartley guinea pigs were
euthanized and their livers and spleens were harvested and
homogenized in EMEM plus 10% FBS at a 10% weight to
volume ratio. The liver and spleen homogenates were
titrated to quantify infectious SEBOV and an equal pool of
liver and spleen homogenates from both of these animals
then served as the inoculum for additional outbred Hartley
guinea pigs in Step 2 below as uniform lethality was not
achieved in the remaining 4 animals. This clarified 10%
outbred Hartley guinea pig pooled liver and spleen homo-
genate is referred to as an outbred guinea pig p1 liver+spleen
homogenate (Vero p4, Vero E6p3, outbred guinea pig liver+
spleen pl).

Step 2. Starting material: Clarified 10% outbred Hartley
guinea pig pooled p1 spleen homogenate from Step 1 (Vero
p4, Vero E6p3, outbred guinea pig liver+spleen pl).

Methods and results: A group of 6 outbred Hartley guinea
pigs was inoculated by i.p. injection with a target dose of
approximately 50 pfu in approximately 0.5 ml of the clari-
fied and pooled 10% liver and spleen homogenate from Step
1. At the 5% day after inoculation 2 of the 6 guinea pigs were
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euthanized and their livers and spleens were harvested and
homogenized in EMEM plus 10% FBS at a 10% weight to
volume ratio. The clarified liver and spleen homogenates
were titrated to quantify infectious SEBOV and these homo-
genates then served as the inoculum for additional outbred
Hartley guinea pigs in Step 3 below as uniform lethality was
not achieved in the remaining 4 animals. This clarified 10%
outbred Hartley guinea pig pooled liver and spleen homo-
genate is referred to as an outbred guinea pig p2 liver+spleen
homogenate (Vero p4, Vero E6p3, outbred guinea pig liver+
spleen p2).

Step 3. Starting material: Clarified 10% outbred Hartley
guinea pig pooled p2 spleen homogenate from Step 1 (Vero
p4, Vero E6p3, outbred guinea pig liver+spleen p2). Meth-
ods and results: A group of 6 outbred Hartley guinea pigs
was inoculated by i.p. injection with a target dose of
approximately 10,000 pfu in approximately 0.5 ml of the
clarified and pooled 10% liver and spleen homogenate from
Step 2. At the 5 day after inoculation 2 of the 6 guinea pigs
were euthanized and their livers and spleens were harvested
and homogenized in EMEM plus 10% FBS at a 10% weight
to volume ratio. An additional animal from another study
with animals inoculated by the same methods succumbed on
day 11 after virus exposure and the liver and spleen from this
animal was also harvested and homogenized in EMEM plus
10% FBS at a 10% weight to volume ratio. The clarified
liver and spleen homogenates from all three animals were
titrated to quantify infectious SEBOV and these equally
pooled homogenates then served as the starting material for
avirus seed stock. This clarified 10% outbred Hartley guinea
pig pooled liver and spleen homogenate is referred to as an
outbred guinea pig p3 liver+spleen homogenate (Vero p4,
Vero E6p3, outbred guinea pig liver+spleen p3).

Step 4. Starting material: Clarified 10% outbred Hartley
guinea pig pooled p3 liver and spleen homogenate from Step
3 (Vero p4, Vero E6p3, outbred guinea pig liver+spleen p3).
Methods and results: The p3 outbred Hartley guinea pig liver
and spleen homogenate from Step 4 was diluted 1:10 in
EMEM and inoculated on flasks of Vero 76 cells (ATCC
CRL-1587) maintained in EMEM plus 10% FBS supple-
mented with glutamine and gentamicin. Culture fluid was
collected from these flasks approximately 8 days later and
titrated following conventional methods. This culture fluid is
referred to as a Vero p4, Vero E6p3, outbred guinea pig
liver+spleen p3, Vero pl seed stock. The titer of this seed
stock is approximately 1.175x10™7 pfu/ml.

Step 5. Starting material: Vero p4, Vero E6p3, outbred
guinea pig liver+spleen p3, Vero pl seed stock from Step 4.
Methods and results: Virulence of the seed stock from Step
4 was assessed in a group of outbred Hartley guinea pigs and
a group of inbred strain 13 guinea pigs as follows: 1) a total
of 6 outbred Hartley guinea pigs were inoculated by i.p.
injection with a target dose of approximately 10,000 pfu of
the Vero p4, Vero E6p3, outbred guinea pig liver+spleen p3,
Vero pl seed stock from Step 4 in a volume of approxi-
mately 0.5 ml; 2) a total of 5 inbred strain 13 guinea pigs
were inoculated by i.p. injection with a target dose of
approximately 10,000 pfu of the Vero p4, Vero E6p3,
outbred guinea pig liver+spleen p3, Vero pl seed stock from
Step 4 in a volume of approximately 0.5 ml. Half of the
outbred Hartely guinea pigs succumbed to challenge with
this seed stock while the seed stock cause uniform lethality
in the inbred strain 13 guinea pigs with all of the inbred
strain 13 guinea pigs succumbing between days 10 and 14
after exposure. These results demonstrate a uniformly lethal
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model of SEBOV infection in inbred strain 13 guinea pigs
and a partially lethal model of SEBOV infection in outbred
Hartley guinea pigs.

Step 6. Starting material: Vero p4, Vero E6p3, outbred
guinea pig liver+spleen p3, Vero pl seed stock from Step 4.
Methods and results: Approximately 1 ml of Vero p4, Vero
E6p3, outbred guinea pig liver+spleen p3, Vero pl seed
stock from Step 4 was removed from the seed vial and
placed in ~5 ml of Trizol LS and vortexed 3 times and
allowed to sit for 10 minutes. The 6 ml were then placed into
2 separate 3 ml Nunc cryo-vials for removal from the
BSL-4. RNA was isolated from the Trizol LS/sample mix-
ture using Zymo Research Direct-zol RNA mini-prep per
manufacturer’s instructions. Approximately 150 ng of puri-
fied RNA were used to make cDNA using the NuGen
Ovation RNA-seq 2.0 kit ultimately for the preparation of
the double stranded DNA library using Encore Ion Torrent
library prep kit. Sequencing was performed by the UTMB
Molecular Core on the Ion Torrent using 318-v2 deep
sequencing chips. Sequence analysis was performed using
DNA Star Seqman NGen software based on paired-end
analysis of 100 bp overlaps. Sequencing results were com-
pared to GenBank sequences for the starting material and are
shown below.

UTMB Geisbert SEBOV-Boniface Guinea Pig Adapted
Strain (compared to Accession No. FJ968794.1)

Nucleotide Base Change Result Gene
2640 A>G Q728R NP
6286 U>aG Fo7Vv GP
8150 C>A Non-coding
10363 U=>cC V22A VP24
12751 cC>U S406F L
15364 A>G H1277R L
18303 A>G Non-coding

Animal Inoculation. Animal studies were completed
under biosafety level 4 (BSL-4) biocontainment at the
Galveston National Laboratory and were approved by the
University of Texas Medical Branch Institutional Laboratory
Animal Care and Use Committee, in accordance with state
and federal statutes and regulations relating to experiments
involving animals, and the University of Texas Medical
Branch Institutional Biosafety Committee. Female outbred
Hartley strain guinea pigs (weight, approximately 351-400
g; age, approximately 5-6 weeks) were acclimatized for
approximately 1 week prior to ZEBOV challenge. Thirty-six
animals were divided into 9 groups of 4 animals per group
(8 experimental groups and 1 control group). Individual
animals were infected with approximately 5000 PFU in 0.5
ml, of guinea pig-adapted ZEBOV-Mayinga or mock
infected (using Hank’s balanced salt solution with 2% fetal
bovine serum) by intraperitoneal injection.

Necropsy. Guinea pigs from each ZEBOV-infected
experimental group of animals was euthanized daily for 8
days after infection or when indicated by protocol euthana-
sia criteria (n=4/group/day). This terminal time point shall
hereafter be referred to as terminus. Clinical signs, weights,
and transponder-mediated temperatures were recorded daily
up to the point of euthanasia. Prior to necropsy, whole-blood
specimens, plasma specimens (collected in tubes containing
ethylenediaminetetraacetic acid (EDTA)), and citrated
plasma samples were collected by cardiac puncture for
hematologic analysis, a serum/plasma biochemical assay,
and viremia determination. Gross pathology findings were
documented, and portions of select tissues were aseptically
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removed and frozen at -70° C. for virus infectivity assays.
The following tissues were collected on all animals for
histologic and immunohistochemical analyses: liver, spleen,
kidney, adrenal gland, lung, brain, lymph nodes (axillary,
inguinal, mesenteric, and mandibular), salivary gland, tra-

18
TABLE 1

Genetic Mutations Detected in Guinea Pig-Adapted Zaire Ebola virus
(ZEBOV) Strain Mayinga

. . . Nucleotide ~ Base Ch, Result G
chea, esophagus, stomach, duodenum, ileocecal junction, Hereonde ise hange  Fesu ene
colon, urinary bladder, reproductive tract, pancreas, haired 652 A>G Silent Nucleoprotein
skin, and heart. 2192 G>A A575T Nucleoprotein
Histologic and Immunohistochemical Analyses. Selected 2409 C>A S647Y Nucleoprotein
tissues were fixed in formalin for at least 21 days in the 1o gzéz Eig Isslff; leral pmt:l.n 40
o1 . ycoprotein
BSL-4 fa01.1%ty. Specimens ‘were then remc?V.ed from .the 10258 G A Noncoding
BSL-4 facility, processed in a BSL-2 facility by using 10420 c>U L26F Viral protein 24
conventional procedures, and embedded in paraffin for sec- 10768 A>G K142E Viral protein 24
tioning for histopathologic analysis. 15
Hematologic Analysis, Serum Biochemistry Analysis.
Measurement of Proinflammatory Markers, and Determina- Genomic sequence of ZEBOV-Mayinga guinea pig-
tion of Coagulation Parameters. Complete blood counts, adapted strain was compared to reference sequence for wild
coagulation dynamics, and serum analysis of blood chem- type ZEBOV-Mayinga (Accession number: AF086833.2).
istry were performed on b.l ood, serum, or plasma specimens 5, Virus Titers in Blood and Tissue Specimens. Plasma
collected from each experimental animal. Analyses of select _—
. . . . o . viremia was first detected on day 2 at 3.0 log 10 PFU/mL..
cytokines, coagulation factors, eicanosoids, and nitric oxide . .
- - Mean peak viremia of 5.3 log 10 PFU/mL. was recorded on
measured in serum or plasma specimens were also per- L .
formed. day 3 and maintained at elevated levels through the remain-
Virus Isolation. Determination of infectious virus in ,g Ing time po1nts. I.nfectlous VIrus was recovered begmmng.on
plasma, spleen, liver, kidney, adrenal gland, pancreas, lung, day 2 ﬁjom all.tlssues ex.cept br.aln; recovery was negatlYe
and brain was performed using standard plaque assays. for all time points at which brains were collected. Early in
Statistics Statement. Conducting animal studies in a  infection, spleens contained higher mean titers than other
BSL-4 facility severely restricts the number of animal tissues, suggesting that spleen is likely an early site of
subjects, the volume of biological samples and the ability to ,, infection, as previously reported [7, 21]. Mean infectivity
repeat assays independently and thus limits the power of titers in all organs steadily increased to peak levels on
statistical analyses. Consequently, data are presented as the postinfection days 7 and 8 (Table 2).
TABLE 2
Virus Burden in Plasma and Tissues
Tissue Day 1 Day 2 Day 3 Day 4 Day 5 Day 6 Day 7 Day 8
Brain
Spleen 35:02 37%02 3205 35:04 33x06 35:06 32=06
Pancreas 23£02 2300 29+00 28=+01 33=x04 3205 34=x1.0
Lung 2305 28=03 33:05 3810 41=09 37=14 46=08
Kidney 2202 34=13 2604 3103 28=03 29:05 26=07
Liver 25:00 42=04 33:01 3109 33=07 42=11 43:09
Adrenal 2707 40=02 35:02 32:03 35=01 42204 44:06
Plasma 3004 53x05 41x14 3607 28=00 39=21 19=00
mean values calculated from replicate samples, not replicate Data are mean log 10 plaque-forming units/m[.+SD mea-
assays, and error bars represent the standard deviation across sured from guinea pig tissue homogenates (10% wt/vol)
replicates from Guinea pigs inoculated with GPA EBOV-ZAIRE:
phicates. 50 MAYINGA.
Virus Adaptation and Sequence Analysis. Sequence com- Gross Pathology. No significant gross lesions were pres-
arison of cuinea pig-adapted ZEBOV-Mavinga with the ent in the. mock-infected control guinea pigs (FIG. 1A).
P g pig-acap ) yine Gross lesions present at necropsy of ZEBOV-infected
prototype sequence (accession number AF086833.2) guinea pigs began on day 3 and progressed in severity over
revealed nucleotide substitutions that resulted in 2 amino 55 the course of the study. The most significant gross lesions
acid changes in NP and single changes in VP40 and glyco- 1ngludeq splenic mo.tthng with enlargement, hepatlg reticu-
] ) ] ] ] lation with progressive pallor, lymphadenomegaly, intersti-
protein. Two amino acid changes in VP24 were also iden- tial pneumonia, multiorgan serosal and mucosal congestion
tified, of which the L26F mutation has previously been ~ and/or hemorrhage, and gastric ulceration (FIG. 1B-D).
identified as sufficient to confer virulence in guinea pigs [20] 60 Mean changes in Welght apd temperature were collected for
) o i ) control and terminal guinea pigs. Beginning on day 3,
(Table 1). One nucleotide substitution was discovered in the ZEBOV infected guinea pigs had progressive weight loss
noncoding region, and 1 silent mutation was identified in the ~ (mean loss, up to 16% of body mass) and increases in body
L o
gene encoding NP. The resulting mutations may have been temperature (malntalplng an average Of 1 C. greater than
65 normal, followed rapidly by hypothermia). Control animals

acquired during the consecutive passages in guinea pigs

and/or 2 passages in Vero 76 cells during seed production.

did not experience weight loss or changes in body tempera-
ture over the course of the study (FIG. 1E).
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Histopathologic and Immunohistochemical Findings.
Histopathologic lesions and immunoreactivity for Ebola
VP40 antigen among infected guinea pigs were most appar-
ent by day 3, with the severity of lesions increasing over the
duration of the study. No significant histopathologic lesions
or immunoreactivity for FEbola antigen or fibrin was
observed in any of the examined negative control guinea pig
tissues.

Liver. Ebola VP40 antigen-positive Kupffer cells were
present on day 1 (2 of 4 animals) and 2 (4 of 4; FIG. 2F), yet
no significant hepatocellular lesions were observed on
hematoxylin-eosin  (HE)-stained sections. Progressive
hepatocellular vacuolation, degeneration/necrosis, and sinu-
soidal leukocytosis were observed on HE-stained sections in
all animals (24 of 24) on days 3, 4, 5, 6, and 7 and at
terminus (FIG. 2B-D). Additionally, Councilman bodies and
eosinophilic, intracytoplasmic viral inclusion bodies were
present on day 4 through terminus (20 of 20 animals).
Hepatocellular mineralization associated with regions of
degeneration and necrosis was increasingly evident starting
on day 5 through terminus (12 of 16 animals). All infected
animals (24 of 24), starting at day 3 through terminus, had
Ebola antigen in Kupffer cells and individualized hepato-
cytes with progressive coalescing clusters of positive
hepatocytes (FIG. 2G-I).

Spleen. Rare Ebola VP40 antigen-positive mononuclear
cells within the red pulp were present on day 1 (4 of 4
animals; FIG. 3B), yet no significant lesions were observed
on HE-stained sections. On day 2, increased numbers of
EBOV-positive mononuclear cells were present in the red
pulp, accompanied by hypercellularity and congestion (4 of
4 animals). At day 3, EBOV immunoreactivity peaked, with
clusters of mononuclear cells present within the red and
white pulp (4 of 4 animals; FIG. 3E). All animals (20 of 20),
beginning on day 4 and continuing through day 8, had
progressive lymphocyte depletion with tingible body mac-
rophages within the white pulp and immunoreactive mono-
nuclear cells that plateaved at day 4.

TUNEL staining of apoptotic populations within the
splenic germinal centers increased over time, with peak
intensity at day 5 (FIG. 31I). Positive immunoreactivity for
fibrin was scattered throughout the red pulp and clustered
within the marginal zone of the germinal centers in ZEBOV-
infected guinea pigs (FIG. 4C).

Lymphoid Tissues. Mononuclear cells positive for Ebola
VP40 antigen were rare within the subcapsular and medul-
lary sinuses of the mandibular lymph node and appeared on
day 2 (2 of 4 animals), yet no significant lesions were
observed on HE-stained sections. On day 3, immunoreactive
mononuclear cells within the subcapsular and medullary
sinuses of the mandibular, axillary, and inguinal lymph
nodes (4 of 4, 1 of 4, and 4 of 4 animals, respectively) were
present, with increased numbers of immunoreactive cells at
day 4 through terminus in all animals (20 of 20). Hemor-
rhage in the subcapsular and medullary sinuses was
observed in inguinal lymph nodes on days 4 and 6 (2 of 4
and 2 of 4 animals, respectively). Lymphocyte degeneration
and necrosis was observed in the mandibular lymph node on
days 5, 6, and 7 and terminus (1 of 4, 1 of 4, 4 of 4, and 1
of 4 animals, respectively) and in the inguinal lymph node
on day 7 and terminus (4 of 4 and 2 of 4, respectively). Ebola
antigen-positive mononuclear cells within the medulla of the
thymus were present starting on day 4 through terminus (17
of 20 animals). Beginning on day 6 and continuing through
the study, clusters of immunoreactive interstitial cells of the
salivary gland were present (1 of 2, 3 of 4, and 3 of 4
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animals, respectively). No significant lesions were observed
on HE-stained sections of axillary lymph node, thymus, and
salivary gland.

Adrenal Gland. Ebola VP40 antigen-positive stellate
interstitial cells were first present within the medullary
region, starting on day 3 (1 of 4 animals), and, by day 4
through terminus, were present within stellate interstitial
cells of all regions of the adrenal gland and cortical cells (18
of 20). This corresponded with cortical medullary hemor-
rhage, starting on day 3 through terminus (21 of 24 animals),
and with cortical necrosis at terminus (4/4).

Gastrointestinal Tract. Ebola VP40 antigen in scattered
mononuclear interstitial cells within the pancreas, often
surrounding small vessels, was present on day 3 through
terminus (19 of 24), yet no significant lesions were observed
on HE-stained sections. Scattered mononuclear cells within
the lamina propria of the stomach, duodenum, and ileocecal
junction were present starting on day 4 through terminus (19
of 20, 19 of 20, and 20 of 20 animals, respectively), which
corresponded to granulocyte infiltration into the lamina
propria of the ileocecal junction (20 of 20) and gastric
ulceration (6 of 20) (data now shown).

Lung. Alveolar macrophages and alveolar septae mono-
nuclear cells containing Ebola VP40 antigen appeared on
day 3 through 8 (23 of 24 animals), which corresponded
with interstitial pneumonia, starting on day 4 and continuing
through terminus (19 of 20; data now shown).

Urogenital Tract. Ebola VP40 antigen-positive mononu-
clear interstitial cells within the uterus, often surrounding
small vessels, were present on day 3, with dispersion
throughout the uterine stroma and, rarely, the glandular
epithelium by terminus (21 of 24 animals; data now shown).
No significant lesions were observed on HE-stained sections
of uterus. This cell type was also found within the ovary in
close proximity to surrounding small vessels, starting on day
3, and began progressively concentrating within follicular
thecal cells by terminus (21 of 24 animals). This corre-
sponded to progressive degeneration and necrosis of thecal
cells, starting at day 5 through terminus (20 of 20).

Ebola antigen was also noted in scattered mononuclear
interstitial cells within the renal pelvic subepithelial stroma
on day 5 and began progressively concentrating on the
pelvic transitional epithelium by terminus (19 of 20 animals;
data not shown). This corresponded to minimal mixed
inflammation infiltrates, starting at day 7 through terminus
(8 of 8 animals). Similar inflammatory infiltrates and immu-
noreactivity was noted in mononuclear interstitial cells of
the urinary bladder submucosa and transitional epithelium,
starting at day 5 through terminus (19 of 20 animals; data not
shown).

Brain. Positive immunoreactivity for Ebola VP40 antigen
was noted in the endothelium lining the vessels of the
choroid plexus, starting on day 5 through terminus (6 of 20
animals), yet no significant lesions were observed on HE-
stained sections (data not shown).

Hematologic Findings. Total and differential white blood
cell counts of ZEBOV-infected guinea pigs revealed strong
evidence of neutrophilia-mediated leukocytosis. Markedly
elevated levels of circulating neutrophils were noted begin-
ning 1 day after infection and remained at high levels
through the course of infection. A concurrent marked lym-
phopenia was observed, as evidenced by declining mean
lymphocyte counts. Striking thrombocytopenia, evidenced
by reduced circulating platelets, compared with control
values, was marked beginning at day 4 and continuing
through to terminal collection. Increases in mean platelet
volume were also noted beginning on day 4 through terminal



US 10,466,231 B2
21

time points for both strains. Finally, increases in basophilic
and eosinophilic granulocyte counts were observed begin-
ning on day 4, and counts remained elevated through to
terminal collection (Table 3).

22
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Serum Biochemistry Findings. No remarkable changes
were noted in early serum liver-associated enzyme levels;
but most all were elevated at late stage of disease (Table 3).
Beginning on day 4 and continuing to terminal time points,
marked increases (by 2-5-fold) in aspartate aminotransferase
levels were observed. No remarkable changes in alkaline
phosphatase levels were detected until late in disease in
which peak levels of alanine aminotransferase were also
recorded. Total bilirubin levels were within normal limits up
to day 6, when levels doubled and remained elevated to
terminal collection. Blood urea nitrogen levels remained
consistent until late in the disease course, when mean
increases began at day 7. Levels of serum albumin and total
protein, markers of vascular leakage, were markedly
decreased beginning on day 4 and remained at these levels
through the course of infection.

Coagulation Parameters. Prothrombin times (PTs) began
to increase beginning on day 3 and continued to increase
throughout the course of disease, whereas activated partial
thromboplastin times (APTTs) did not increase until late in
the disease course, on day 7. Beginning on day 2, gradual
decreases in thrombin times (TTs) paralleled increases in
fibrinogen content until terminal collection, when a sharp
decrease was noted. Circulating protein C activity, as well as
tissue factor levels, were decreased; however, plasminogen
activator inhibitor-1, von Willebrand factor, and thrombin
activatable fibrinolysis inhibitor levels were markedly
increased, beginning on days 3, 5, and 6, respectively.
Levels of bradykinin gradually increased to concentrations
approximately 7-fold higher than those in controls late in
disease (FIGS. 4A-1 to 4A-2). No remarkable changes in
circulating levels of T-TM, tPA, uPA, TFPL or prekallikrein
were detected.

Circulating Eicosanoid Content, Cytokine Levels, and
Nitric Oxide Production.

Circulating eicosanoid content of cysteinyl leukotrienes
and thromboxane B2 gradually increased by 2 and 5-fold,
respectively, whereas prostacyclin production peaked on day
4, at levels 14 fold higher than those for controls, and then
remained elevated until death. Levels of hallmark markers of
EHF-associated inflammation (i.e., transforming growth
factor (3, tumor necrosis factor a, interleukin 6, and nitric
oxide) were increased beginning on day 5 of disease [22-25].
The level of HMGB-1, a marker associated with severe
sepsis and disseminated intravascular coagulation, was also
elevated late in disease (data not shown) [26, 27].

With no licensed filovirus countermeasures currently
available, the severity of the current ZEBOV outbreak in
West Africa has revealed a dire need to rapidly screen
candidate vaccines and therapeutics prior to their use in
humans. The development of rodent models that closely
reproduce EHF processes (i.e., fever, diarrhea, weight loss,
coagulopathies, vascular leak, pathologic lesions, and
marked immune derangement similar to sepsis) while con-
ferring predictive value for subsequent testing of these
medical countermeasures in NHPs and humans offers an
ethical alternative to screening for these materials in pri-
mates. An outbred rodent model has several advantages over
inbred systems, the most important of which negates the
altered immune responsiveness of inbred alternatives, which
may provide increased testing stringency by inducing
responses to infections more reflective of those in NHP and
humans. Unique to the guinea pig is its larger size and
circulating blood volume, relative to most other rodent
models, which may be better accommodate the increased
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biological sampling and dosing necessary for optimizing
therapeutic and vaccine development, an issue often prob-
lematic in smaller rodents.

Here, the inventors demonstrate novel filovirus strains
with the hallmark features of EHF in outbred guinea pigs,
including fever, weight loss, and infection of mononuclear/
dendritiform cells early in the disease course, followed by
striking splenic and hepatic pathology, lymphocyte apopto-
sis, neutrophilia, thrombocytopenia, and marked granulocy-
tosis. Alterations from normal serum biochemistry charac-
teristics also mirrored those in NHP and human disease,
specifically with respect to marked increases in liver-asso-
ciated enzyme levels and marked hypoalbuminemia. Evi-
dence is provided to demonstrate severe coagulopathy in this
outbred, small-animal model, including increased PT and
APTT, decreased TT, decreased protein C activity, marked
fibrinogen deregulation, increased circulating prostacyclin,
thromboxane, vWF, and PAI-1 levels, and deposition of
fibrin in tissues, all of which parallel that of NHPs and
humans [28-34]. The model was also used to explore EHF-
associated pathology and provide evidence for abrogation of
proinflammatory lipid production, kinin-kallikrein, and
fibrinolytic systems, as supported by increased levels of
circulating leukotrienes, bradykinin, and TAFI, respectively.

Multiple changes in the genetic sequence were detected,
which resulted in subsequent amino acid changes. Only one
previously reported mutation was found to be a virulence
determinant in VP24 [20]. The changes in the gene encoding
glycoprotein are of great interest, as this gene is not only
relevant to receptor specificity and immune detection, it is
also responsible for producing soluble forms previously
identified as possible virulence determinants [35-40]. With
the availability of a reverse genetics systems for ZEBOV,
these and related questions are now within reach and are
targeted for future studies [20, 37, 41, 42].

Despite the few differences from disease severity in
humans and NHPs, the outbred Hartley strain guinea pig
model presented here represents a robust, accessible, and
broadly reflective rodent model of EHF for the study of
comparative pathogenesis and development and initial
screening of biomedical countermeasures against ZEBOV.

Example 2
Marburg Viruses

Since the discovery of Marburg virus (MARV) during the
original outbreak in 1967, it has caused sporadic outbreaks
of severe hemorrhagic fever in Central Africa, with case-
fatality rates (CFRs) ranging from 23% to 90% [1-3].
Research has focused on a handful of strains obtained from
these outbreaks, with an emphasis on the Musoke, Ravn
(MARV-Rav), and Angola (MARVAng) strains. The
Musoke strain was first isolated in 1980 from a physician
who survived nosocomial transmission from a patient
infected in Nzoia, Kenya [4]. MARV-Rav was first isolated
in 1987 from a case originating in southeastern Kenya but
has been associated with large outbreaks of Marburg hem-
orrhagic fever (MHF) in the Democratic Republic of the
Congo during 1998-2000, where strain-specific CFR metrics
were impossible to enumerate because of concurrent circu-
lation of multiple strains [1, 3]. MARV-Ang was responsible
for the largest documented outbreak (252 cases) of MHF, in
which a 90% CFR was reported, a rate very similar to that
of the most virulent strains of Ebola virus [2].

Phylogenetic comparisons across MARV strains reveal 2
distinct genetic lineages: Ravn and the Lake Victoria Mar-
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burg complex (e.g., Musoke, Ci67, Popp, and Angola
strains), wherein nucleotide variances of >20% between
Ravn and other MARV genomes exist [2]. The level of
genetic divergence and variation in CFR between strains
suggest that these changes may contribute to variation in
virulence. Many studies to characterize the pathogenesis of
MARY infection have occurred since the original outbreak;
however, some variability exists between these reports,
depending on which strain of MARV was used [5-8]. This
presents challenges for medical countermeasure develop-
ment, such that inherent genetic differences may contribute
to altered disease outcome across MARYV strains, and thus
any countermeasure or diagnostic assay may need evalua-
tion across MARYV strains.

Until recently, most MARV-specific countermeasures
were tested in vivo, using mice or inbred strain 13 guinea
pigs (GPs) [9-11]. Limitations in interpretation are necessary
because delayed immunoresponsiveness and incomplete
recapitulation of hallmark features of MHF (fever, diarrhea,
weight loss, coagulopathies, vascular leak, and marked
immune derangement similar to sepsis) may factor into the
limited predictive value that these models have had to date
[12]. The present inventors have developed uniformly lethal
outbred GP models for several strains of MARV by serial
adaptation. These GP-adapted (GPA) MARYV strains have
demonstrated predictive efficacy in postexposure treatment
in nonhuman primates (NHPs) [5, 13]. Here, a temporal
comparison of the events leading to death in outbred GPs
infected with GPA MARV-Ang and MARV-Rav was per-
formed. Using the invention several remarkable similarities
were found between MHF in NHPs and MHF in humans but
also MARV strain-specific differences in virulence.

Virus Adaptation. MARV-Ang and MARV-Rav strains
were adapted to uniform lethality in outbred Hartley strain
GPs by serial passage of virus isolated from infected livers
and/or spleens and sequenced as outlined herein.

Marburg virus strain Angola guinea pig adapted virus
methods and results and hamster studies

Step 1. Starting material: Serum from a patient from the
2005 outbreak of MARV-Angola in Angola. Methods and
results: A group outbred Hartley guinea pigs were inoculated
by intraperitoneal (i.p.) injection with a dilution of serum
from a patient from the 2005 outbreak of MARV-Angola in
Angola. Approximately one week after inoculation guinea
pigs were euthanized and their livers and spleens were
harvested and homogenized in EMEM plus 10% FBS at a
10% weight to volume ratio. This clarified 10% outbred
guinea pig pooled liver and spleen homogenate is referred to
as guinea pig pl liver and spleen homogenate (Outbred
guinea pig liver/spleen pl).

Step 2. Starting material: Clarified 10% outbred guinea
pig pooled liver and spleen homogenate from Step 1 (Out-
bred guinea pig liver/spleen pl). Methods and results: A
group outbred Hartley guinea pigs were inoculated by i.p.
injection with a dilution of the clarified 10% outbred guinea
pig pooled liver and spleen homogenate from Step 1.
Approximately one week after inoculation guinea pigs were
euthanized and their livers and spleens were harvested and
homogenized in EMEM plus 10% FBS at a 10% weight to
volume ratio. This clarified 10% outbred guinea pig pooled
liver and spleen homogenate is referred to as guinea pig p2
liver and spleen homogenate (Outbred guinea pig liver/
spleen p2).

Step 3. Starting material: Clarified 10% outbred guinea
pig pooled liver and spleen homogenate from step 1 (Out-
bred guinea pig liver/spleen p2). Methods and results: The
outbred guinea pig pooled liver and spleen homogenate from
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Step 2 was diluted 1:10 in EMEM and inoculated on flasks
of Vero E6 cells (ATCC CRL-1586) maintained in EMEM
plus 10% FBS supplemented with glutamine and gentami-
cin. Culture fluid was collected from these flasks approxi-
mately one week later. This culture fluid is referred to as
outbred guinea pig liver/spleen p2, Vero E6 pl seed stock.

Step 4. Starting material: Outbred guinea pig liver/spleen
p2, Vero E6 pl seed stock from Step 3. Methods and results:
A group of 6 outbred Hartley guinea pigs were inoculated by
ip. injection with a dilution of the outbred guinea pig
liver/spleen p2, Vero E6 p1 seed stock from Step 3. Approxi-
mately one week after inoculation 2 of the 6 guinea pigs
were euthanized and their livers and spleens were harvested
and homogenized in EMEM plus 10% FBS at a 10% weight
to volume ratio. The clarified liver and spleen homogenates
then served as the inoculum for additional outbred Hartley
guinea pigs in Step 5 below as uniform lethality was not
achieved in the remaining 4 animals. This clarified 10%
outbred Hartley guinea pig pooled liver and spleen homo-
genate is referred to as an outbred guinea pig p2, pl liver and
spleen homogenate (Outbred guinea pig liver/spleen p2,
Vero E6pl, Outbred guinea pig liver/spleen pl).

Step 5. Starting material: Clarified 10% outbred Hartley
guinea pig pooled p2, pl liver and spleen homogenate from
Step 4 (Outbred guinea pig liver/spleen p2, Vero E6pl,
Outbred guinea pig liver/spleen p1). Methods and results: A
group of 6 outbred Hartley guinea pigs were inoculated by
ip. injection with a dilution of the outbred guinea pig
liver/spleen p2, Vero E6 pl, outbred guinea pig clarified
liver/spleen homogenate from Step 4. Approximately one
week after inoculation 2 of the 6 guinea pigs were eutha-
nized and the liver and spleen from one of these animals was
harvested and homogenized in EMEM plus 10% FBS at a
10% weight to volume ratio. This clarified 10% outbred
guinea pig pooled spleen homogenate is referred to as an
outbred guinea pig p2, p2 liver and spleen homogenate
(Outbred guinea pig liver/spleen p2, Vero E6pl, Outbred
guinea pig liver/spleen p2).

Step 6. Starting material: Clarified 10% outbred guinea
pig pooled liver and spleen homogenate is referred to as an
outbred guinea pig p2, p2 liver and spleen homogenate from
Step 5 (Outbred guinea pig liver/spleen p2, Vero E6pl,
Outbred guinea pig liver/spleen p2). Methods and results:
The clarified 10% outbred guinea pig p2, p2 liver and spleen
homogenate (Outbred guinea pig liver/spleen p2, Vero E6pl,
Outbred guinea pig liver/spleen p2) from Step 5 was diluted
1:10 in EMEM and inoculated on flasks of Vero 76 cells
(ATCC CRL-1587) maintained in EMEM plus 10% FBS
supplemented with glutamine and gentamicin. Culture fluid
was collected from these flasks approximately 7 days later
and titrated following conventional methods. This culture
fluid is referred to as an Outbred guinea pig liver/spleen p2,
Vero E6pl, Outbred guinea pig liver/spleen p2, Vero pl seed
stock. The titer of this seed stock is approximately 2.12x
10"7 pfu-ml.

Step 7. Starting material: Outbred guinea pig liver/spleen
p2, Vero E6pl, Outbred guinea pig liver/spleen p2, Vero pl
seed stock from Step 6. Methods and results: Virulence of
the seed stock from Step 6 was confirmed in a group of
several different studies as follows: 1) a total of 4 outbred
Hartley guinea pigs were inoculated by i.p. injection with a
target does of approximately 5,000 pfu of the Outbred
guinea pig liver/spleen p2, Vero E6pl, Outbred guinea pig
liver/spleen p2, Vero pl seed stock from Step 6 in a volume
of approximately 0.5 ml; 2) a total of 5 outbred Hartley
guinea pigs were inoculated by i.p. injection with a target
does of approximately 5,000 pfu of the Outbred guinea pig
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liver/spleen p2, Vero E6pl, Outbred guinea pig liver/spleen
p2, Vero pl seed stock from Step 6 in a volume of approxi-
mately 0.5 ml. All 9 animals succumbed between days 8 and
13 after exposure to this seed stock confirming the uniform
lethality in outbred Hartley guinea pigs caused by this seed
stock.

Step 8. Starting material: Outbred guinea pig liver/spleen
p2, Vero E6pl, Outbred guinea pig liver/spleen p2, Vero pl
from Step 6. Methods and results: Approximately 1 ml of the
Outbred guinea pig liver/spleen p2, Vero E6pl, Outbred
guinea pig liver/spleen p2, Vero p1 from Step 6 was removed
from the seed vial and placed in ~5 ml of Trizol LS and
vortexed 3 times and allowed to sit for 10 minutes. The 6 ml
were then placed into 2 separate 3 ml Nunc cryo-vials for
removal from the BSL-4. RNA was isolated from the Trizol
LS/sample mixture using Zymo Research Direct-zol RNA
mini-prep per manufacturer’s instructions. Approximately
150 ng of purified RNA were used to make cDNA using the
NuGen Ovation RNA-seq 2.0 kit ultimately for the prepa-
ration of the double stranded DNA library using Encore Ion
Torrent library prep kit. Sequencing was performed by the
UTMB Molecular Core on the Ion Torrent using 318-v2
deep sequencing chips. Sequence analysis was performed
using DNA Star Seqman NGen software based on paired-
end analysis of 100 bp overlaps. Sequencing results were
compared to GenBank sequences for the starting material
and are shown below.

UTMB Geisbert MARV-Angola Guinea Pig Adapted
Strain (compared to Accession No. DQ447653)

Nucleotide Base Change Result Gene
2931 U>A Non-coding
4735 U>A N56K VP40
10402 G>A V661 VP24
10853 U=>cC 12168 VP24
13115 U=>cC Silent L
17249 U>A Silent L
18713 C>A Non-coding
19105 A>U Non-coding

Step 9. Starting material: Outbred guinea pig liver/spleen
p2, Vero E6pl, Outbred guinea pig liver/spleen p2, Vero pl
seed stock from Step 6. Methods and results: Virulence of
the seed stock from Step 6 was assessed in Syrian golden
hamsters. A total of 6 Syrian golden hamsters were inocu-
lated by i.p. injection with a target does of approximately
5,000 pfu of the Outbred guinea pig liver/spleen p2, Vero
E6pl, Outbred guinea pig liver/spleen p2, Vero pl seed
stock from Step 6 in a volume of approximately 0.5 ml. All
6 animals succumbed on day 8 after exposure to this seed
stock confirming the uniform lethality in Golden Syrian
hamsters caused by this seed stock. All 6 animals developed
prominent macular rashes consistent with rashes reported in
primates. This is the first rodent species of any kind to
develop rashes in response to Marburg virus infection.

Marburg Virus Strain Ci67 Guinea Pig Adapted Virus
Methods and Results

Step 1. Starting material: Serum from a patient from the
original 1967 outbreak of Marburg virus in Germany that
had been passed twice in Vero E6 cells. Methods and results:
A group inbred Strain 13 guinea pigs were inoculated by
intramuscular (i.m.) injection with a dilution of Vero p2
culture fluid derived from patient serum. Approximately one
week after inoculation guinea pigs were euthanized and their
spleens were harvested and homogenized in EMEM plus
10% FBS at a 10% weight to volume ratio. This clarified
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10% guinea pig pooled spleen homogenate is referred to as
an inbred Strain 13 guinea pig pl spleen homogenate
(Inbred Strain 13 guinea spleen pl).

Step 2. Starting material: Clarified 10% inbred Strain 13
guinea pig pooled spleen homogenate from Step 1 (Inbred
Strain 13 guinea pig spleen pl). Methods and results: A
group of inbred Strain 13 guinea pigs were inoculated by
i.m. injection with a dilution of the clarified 10% guinea pig
pooled spleen homogenate from Step 1. Approximately one
week after inoculation guinea pigs were euthanized and their
spleens were harvested and homogenized in EMEM plus
10% FBS at a 10% weight to volume ratio. This clarified
guinea pig pooled spleen homogenate is referred to as an
inbred Strain guinea pig p2 spleen homogenate (Inbred
Strain 13 guinea pig spleen p2).

Step 3. Starting material: Clarified 10% inbred Strainl3
guinea pig pooled spleen homogenate from Step 2 (Inbred
Strain 13 guinea pig spleen p2). Methods and results: A
group of outbred Hartley guinea pigs were inoculated by
intraperitoneal (i.p.) injection with a dilution of the clarified
10% guinea pig pooled p2 spleen homogenate from Step 2.
Approximately one week after inoculation guinea pigs were
euthanized and their livers and spleens were harvested and
homogenized in EMEM plus 10% FBS at a 10% weight to
volume ratio. This clarified outbred Hartley guinea pig
pooled liver and spleen homogenate is referred to as guinea
pig p3 liver and spleen homogenate (Inbred guinea pig
spleen p2, outbred guinea pig liver/spleen pl).

Step 4. Starting material: Clarified 10% outbred Hartley
guinea pig pooled spleen homogenate from Step 3 (Inbred
guinea pig spleen p2, outbred guinea pig liver/spleen pl).
Methods and results: A group of outbred Hartley guinea pigs
were inoculated by i.p. injection with a dilution of the
clarified 10% guinea pig pooled p3 liver and spleen homo-
genate from Step 3. Approximately one week after inocu-
lation guinea pigs were euthanized and their livers and
spleens were harvested and homogenized in EMEM plus
10% FBS at a 10% weight to volume ratio. This clarified
outbred Hartley guinea pig pooled liver and spleen homo-
genate is referred to as guinea pig p4 liver and spleen
homogenate (Inbred Strain 13 guinea pig spleen p2, outbred
guinea pig liver/spleen p2).

Step 5. Starting material: Clarified 10% outbred guinea
pig pooled liver and spleen homogenate is referred to as a
guinea pig p4 liver and spleen homogenate from Step 4
(Inbred guinea pig spleen p2, outbred guinea pig liver/spleen
p2). Methods and results: The clarified 10% guinea pig liver
and spleen p4 homogenate (Inbred guinea pig spleen p2,
outbred guinea pig liver/spleen p2) from Step 4 was diluted
1:10 in EMEM and inoculated on flasks of Vero 76 cells
(ATCC CRL-1587) maintained in EMEM plus 10% FBS
supplemented with glutamine and gentamicin. Culture fluid
was collected from these flasks approximately 8 days later
and titrated following conventional methods. This culture
fluid is referred to as a Vero E6 p2, inbred Strain 13 guinea
pig spleen p2, outbred guinea pig liver/spleen p2, Vero pl
seed stock. The titer of this seed stock is approximately
1.02x10"7 pfu-ml.

Step 6. Starting material: Vero E6 p2, inbred Strain 13
guinea pig spleen p2, outbred guinea pig liver/spleen p2,
Vero pl seed stock from Step 5 (Vero E6 p2, inbred Strain
13 guinea pig spleen p2, outbred guinea pig liver/spleen p2,
Vero pl seed stock). Methods and results: Virulence of the
seed stock from Step 5 was confirmed in as follows: a total
of 5 outbred Hartley guinea pigs were inoculated by i.p.
injection with a target does of approximately 5,000 pfu of
the Vero E6 p2, inbred Strain 13 guinea pig spleen p2,
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outbred guinea pig liver/spleen p2, Vero pl seed stock from
Step 5 in a volume of approximately 0.5 ml. All 5 animals
succumbed between days 8 and 11 after exposure to this
seed stock confirming the uniform lethality in outbred
Hartley guinea pigs caused by this seed stock.

Step 7. Starting material: Vero E6 p2, inbred Strain 13
guinea pig spleen p2, outbred guinea pig liver/spleen p2,
Vero pl seed stock from Step 5 (Vero E6 p2, inbred Strain
13 guinea pig spleen p2, outbred guinea pig liver/spleen p2,
Vero pl seed stock). Methods and results: Approximately 1
ml of the Vero E6 p2, inbred Strain 13 guinea pig spleen p2,
outbred guinea pig liver/spleen p2, Vero pl seed stock from
Step 5 was removed from the seed vial and placed in ~5 ml
of Trizol LS and vortexed 3 times and allowed to sit for 10
minutes. The 6 ml were then placed into 2 separate 3 ml
Nunc cryo-vials for removal from the BSL-4. RNA was
isolated from the Trizol LS/sample mixture using Zymo
Research Direct-zol RNA mini-prep per manufacturer’s
instructions. Approximately 150 ng of purified RNA were
used to make cDNA using the NuGen Ovation RNA-seq 2.0
kit ultimately for the preparation of the double stranded
DNA library using Encore lon Torrent library prep kit.
Sequencing was performed by the UTMB Molecular Core
on the Ion Torrent using 318-v2 deep sequencing chips.
Sequence analysis was performed using DNA Star Seqman
NGen software based on paired-end analysis of 100 bp
overlaps. Sequencing results were compared to GenBank
sequences for the starting material and are shown below.

UTMB Geisbert MARV-Ci67 Guinea Pig Adapted Strain
(compared to Accession No. EF446132.1)

Nucleotide Base Change Result Gene
8811 -=>U Non-coding
10629 G>A Gl41E VP24
10631 A>U 11428 VP24
10632 U=>cC 11428 VP24
10633 cC>U 11428 VP24
10634 U>A Y1431 VP24
10635 A>U Y1431 VP24

Marburg Virus Strain Ravn Guinea Pig Adapted Virus
Methods and Results

Step 1. Starting material: Serum from a patient from the
1987 outbreak of MARV-Ravn in Kenya that had been
passed once in Vero 76 cells and once in rhesus monkeys.
Methods and results: A group inbred Strain 13 guinea pigs
were inoculated by i.m. injection with a dilution of serum
from a Marburg-Ravn virus rhesus monkey. Approximately
one week after inoculation guinea pigs were euthanized and
their spleens were harvested and homogenized in EMEM
plus 10% FBS at a 10% weight to volume ratio. This
clarified 10% guinea pig pooled spleen homogenate is
referred to as guinea pig pl spleen homogenate (Inbred
Strain 13 guinea spleen pl).

Step 2. Starting material: Clarified 10% inbred Strain 13
guinea pig pooled spleen homogenate from Step 1 (Inbred
Strain 14 guinea pig spleen pl). Methods and results: A
group of inbred Strain 13 guinea pigs were inoculated by
i.m. injection with a dilution of the clarified 10% guinea pig
pooled spleen homogenate from Step 1. Approximately one
week after inoculation guinea pigs were euthanized and their
spleens were harvested and homogenized in EMEM plus
10% FBS at a 10% weight to volume ratio. This clarified
guinea pig pooled spleen homogenate is referred to as
guinea pig p2 spleen homogenate (Inbred Strain 13 guinea

pig spleen p2).
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Step 3. Starting material: Clarified 10% inbred Strainl3
guinea pig pooled spleen homogenate from Step 2 (Inbred
guinea pig spleen p2). Methods and results: A group of
outbred Hartley guinea pigs were inoculated by i.p. injection
with a dilution of the clarified 10% guinea pig pooled p2
spleen homogenate from Step 2 (Inbred guinea pig spleen
p2). Approximately one week after inoculation guinea pigs
were euthanized and their livers and spleens were harvested
and homogenized in EMEM plus 10% FBS at a 10% weight
to volume ratio. This clarified guinea pig pooled liver and
spleen homogenate is referred to as guinea pig p3 liver and
spleen homogenate (Inbred guinea pig spleen p2, outbred
guinea pig liver/spleen pl).

Step 4. Starting material: Clarified 10% outbred guinea
pig pooled spleen homogenate from Step 3 (Inbred guinea
pig spleen p2, outbred guinea pig liver/spleen p1). Methods
and results: The clarified 10% guinea pig liver and spleen p3
homogenate (Inbred guinea pig spleen p2, outbred guinea
pig liver/spleen pl) from Step 3 was diluted 1:10 in EMEM
and inoculated on flasks of Vero 76 cells (ATCC CRL-1587)
maintained in EMEM plus 10% FBS supplemented with
glutamine and gentamicin. Culture fluid was collected from
these flasks approximately 8 days later and titrated following
conventional methods. This culture fluid is referred to as a
Vero pl, Monkey pl, inbred Strain 13 guinea pig spleen p2,
outbred guinea pig liver/spleen pl, Vero pl seed stock. The
titer of this seed stock is approximately 3.67x10"7 pfu-ml.

Step 5. Starting material: Vero pl, Monkey pl, inbred
Strain 13 guinea pig spleen p2, outbred guinea pig liver/
spleen pl, Vero pl seed stock from Step 4. Methods and
results: Virulence of the seed stock from Step 4 was con-
firmed in a group of several different studies as follows: 1)
a total of 5 outbred Hartley guinea pigs were inoculated by
i.p. injection with a target does of approximately 5,000 pfu
of the Vero pl, Monkey pl, inbred Strain 13 guinea pig
spleen p2, outbred guinea pig liver/spleen pl, Vero pl seed
stock from Step 4 in a volume of approximately 0.5 ml; 2)
a total of 5 outbred Hartley guinea pigs were inoculated by
i.p. injection with a target does of approximately 5,000 pfu
of the Vero pl, Monkey pl, inbred Strain 13 guinea pig
spleen p2, outbred guinea pig liver/spleen pl, Vero pl seed
stock from Step 4 in a volume of approximately 0.5 ml. All
9 animals succumbed between days 8 and 11 after exposure
to this seed stock confirming the uniform lethality in outbred
Hartley guinea pigs caused by this seed stock.

Step 6. Starting material: Vero pl, Monkey pl, inbred
Strain 13 guinea pig spleen p2, outbred guinea pig liver/
spleen pl, Vero pl seed stock from Step 4. Methods and
results: Approximately 1 ml of the Vero pl, Monkey pl,
inbred Strain 13 guinea pig spleen p2, outbred guinea pig
liver/spleen p1, Vero p1 seed stock from Step 4 was removed
from the seed vial and placed in ~5 ml of Trizol LS and
vortexed 3 times and allowed to sit for 10 minutes. The 6 ml
were then placed into 2 separate 3 ml Nunc cryo-vials for
removal from the BSL-4. RNA was isolated from the Trizol
LS/sample mixture using Zymo Research Direct-zol RNA
mini-prep per manufacturer’s instructions. Approximately
150 ng of purified RNA were used to make cDNA using the
NuGen Ovation RNA-seq 2.0 kit ultimately for the prepa-
ration of the double stranded DNA library using Encore Ion
Torrent library prep kit. Sequencing was performed by the
UTMB Molecular Core on the Ion Torrent using 318-v2
deep sequencing chips. Sequence analysis was performed
using DNA Star Seqman NGen software based on paired-
end analysis of 100 bp overlaps. Sequencing results were
compared to GenBank sequences for the starting material
and are shown below.
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UTMB Geisbert MARV-Ravn Guinea Pig Adapted Strain
(compared to Accession No. DQ447649.1)

Nucleotide Base Change Result Gene
143 A>U T148 NP
4647 U=>cC 1278 VP40
4665 U=>cC L33p VP40
4725 U=>cC F538 VP40
4726 U=>cC F538 VP40
7118 G>C G435A GP
13787 U=>cC Silent L

Inoculation of GPs. Animal studies were conducted under
biosafety level 4 (BSL4) containment at the Galveston
National Laboratory and were approved by the University of
Texas Medical Branch (UTMB) Institutional Laboratory
Animal Care and Use Committee. Female outbred Hartley
strain GPs (weight, approximately 351-400 g) from Charles
River Laboratories were quarantined upon receipt and accli-
matized for approximately 1 week prior to MARV chal-
lenge. Forty animals were divided into 11 groups of 4
animals per group, with 5 groups per virus strain and 1
uninfected control group. Individual animals were chal-
lenged with approximately 5000 plaque-forming units
(PFU) of GPA MARV-Ang or GPA MARV-Rav or mock
challenged with Hanks’ balanced salt solution with 2% fetal
bovine serum, by intraperitoneal injection.

Necropsy. Each group of MARV-infected GPs was eutha-
nized on postinfection days 1, 3, 5, or 7 or at a terminal
point, when euthanasia criteria was met (n=4/group/day).
Clinical signs, weights, and transponder-mediated tempera-
tures were recorded daily up to the time of euthanasia. Prior
to necropsy, whole-blood, plasma (in ethylenediaminetet-
raacetic acid-lined tubes), and citrated plasma specimens
were collected by cardiac puncture for hematologic analysis,
serum/plasma biochemical assays, and viremia determina-
tion. Gross findings were documented, and select tissue
specimens were aseptically removed and frozen at -70° C.
until analysis. The following tissue specimens were col-
lected from all animals for histologic and immunohisto-
chemistry analyses: liver, spleen, kidney, adrenal gland,
lung, brain, lymph nodes (axillary, inguinal, mesenteric, and
mandibular), salivary gland, trachea, esophagus, stomach,
duodenum, ileocecal junction, colon, urinary bladder, repro-
ductive tract, pancreas, haired skin, and heart.

Histologic and Immunohistochemistry Analyses. Selected
tissues were fixed in formalin for at least 21 days in a BSL-4
facility. Specimens were then removed from the BSL-4
facility and processed in a BSL-2 facility, using routine
histopathologic procedures.

Hematologic Analysis, Serum Biochemistry Analysis, and
Determination of Coagulation Parameters. Complete blood
counts, analysis of coagulation dynamics, and analysis of
blood chemistry parameters were performed on blood,
serum, or plasma specimens. Analysis of select cytokines,
coagulation factors, eicanosoids, and nitric oxide in serum or
plasma specimens was also performed.

Virus Isolation. Determination of infectious virus in
plasma, spleen, liver, kidney, adrenal, pancreas, lung, and
brain tissue homogenates was made using standard plaque
assays.

Statistics Statement. Conducting animal studies in a
BSL-4 facility severely restricts the number of animal
subjects, the volume of biological samples that can be
obtained, and the ability to repeat assays independently, thus
limiting the power of statistical analysis. Consequently, data
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are presented as the mean values calculated from replicate
samples, not replicate assays, and error bars represent stan-
dard deviations across replicates.

Adapted Virus Sequence Analysis. Sequence comparison
of GPA MARV-Ang with the prototype strain (accession
number DQ447653.1) revealed nucleotide substitutions
resulting in a single amino acid change in VP40 and 2
changes in VP24, both viral matrix proteins. Three nucleo-
tide changes were discovered in noncoding regions, and 2
silent mutations were detected in the polymerase gene.
Comparison of GPA MARV-Rav with prototype MARV-Rav
(accession number DQ447649.1) revealed nucleotide sub-
stitutions resulting in a single amino acid change in both NP
and glycoprotein and 4 changes in VP40. One silent muta-
tion in the polymerase gene was also detected. The resulting
mutations may have been acquired during the consecutive
passages in GPs and/or passages in Vero 76 cells during seed
stock production (Table 4).

TABLE 4

Genetic Changes in Guinea Pig-Adapted (GPA)
Marburg Virus (MARV) Strains

Strain, Nucleotide = Base Change Result Gene
MARV-Angola
2931 U>A L Noncoding
4735 U=>A N56K VP40
10402 G>A V661 VP24
10853 U=>cC L2168 VP24
13115 U=>cC Silent L
17249 U=>A Silent L
18713 C>A Noncoding
19105 A>U L Noncoding
MARV-Ravn
143 A>U T14S8 NP
4647 U=>cC L1278 VP40
4665 U=>cC L33P VP40
4725 U=>cC F538 VP40
4726 U=>cC F538 VP40
7118 G>C GA435A Glycoprotein
13787 U=>cC Silent L

The genome of GPA MARV-Ravn was compared with
that of variant DQ447649.1, and the genome of MARV-
Angola was compared with that of variant DQ447653.

Virus Titers in Blood and Tissues. Plasma viremia was
first detected on day 3 for both MARV-Ang and MARV-Rav
strains, with equivalent titers of approximately 2.7 log 10
PFU/mL. The peak MARV-Ang viremia level of approxi-
mately 7.9 log 10 PFU/mL on day 7 was maintained through
terminal collections. The MARV-Rav viremia level peaked
at approximately 6.4 log 10 PFU/mL at terminal collection.
Virus was recovered from spleen, pancreas, lung, kidney,
liver, adrenal gland, and plasma from both MARV-Ang and
MARV-Rav groups beginning on day 3, with higher titers
detected in spleen, lung, and liver homogenates from the
MARV-Ang group. On day 7, higher mean titers were
recorded in liver and plasma from Marv-Ang-infected ani-
mals, whereas higher mean titers were observed in spleen,
lung, kidney, and adrenal glands from MARV-Rav-infected
animals. The highest titers in lung, kidney, adrenal gland,
and plasma were measured at terminal collection in MARV-
Ang-infected animals (Table 5).
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TABLE 5

38

Tissue and Plasma Marburg Virus (MARV) Burdens Over Time, by MARV Strain

MARYV Load, Logl0 PFU/mL, Mean = SD

Tissue, Strain Day 1 Day 3 Day 5 Day 7 Terminal Time Point
Brain

Ravn ND ND 3.62 £0.46 4.71 £0.49 5.74 £0.49
Angola ND ND 337 £0.38 5.89 £0.42 5.01 £0.42
Spleen

Ravn ND 4.68 £ 0.44 635094 7.90 =0.60 7.19 £ 0.39
Angola ND 527 £0.27 675 £0.38 6.95£047 777 £0.51
Pancreas

Ravn ND 3.18 £0.62 5.03 £0.07 6.52 £0.64 6.14 = 0.31
Angola ND 265042 519+£049 6.34£0.63 6.40 = 0.36
Lung

Ravn ND 3.03 £0.33 532+£0.51 7.06£046 6.08 = 0.36
Angola ND 4.00 £0.46 482028 6.25 +0.36 6.90 =043
Kidney

Ravn ND 275 £0.62 487 £0.51 6.80 £0.59 5.53 £ 041
Angola ND 3.29 £0.37 472 £0.16 5.92£051 7.71 £ 0.60
Liver

Ravn ND 421 £0.57 6.81 £0.36 7.84 041 7.89 £ 0.50
Angola ND 5.69 £045 579 £0.29 848 £1.08 8.01 =0.34
Adrenal

Ravn ND 330 £0.62  6.59 £0.61 7.88 £ 0.69 6.78 = 0.63
Angola ND 3.49 £0.39 551 £0.36 6.98 £0.50 7.64 = 0.54
Plasma

Ravn ND 2.60 £ 048 596 £1.23 6.17 £043 6.36 = 1.15
Angola ND 2.88 044 577 £0.52 797 £042 7.60 = 0.40

Abbreviations:
ND, not detected;
PFU, plaque-forming units.

GPs from terminal groups were followed for mean
changes in weights, temperature, and time to death. MARV-
Ang-infected animals from this group met euthanasia crite-
ria a mean of 1 day earlier than subjects from the MARV-
Rav group (FIG. 5A). Mean body weights at the time of
necropsy were compared with initial weights, with compa-
rable progressive weight loss between virus strain cohorts
noted. Mean percentages changes in weights for MARV-
Rav-infected GPs were -1.8% on day 5, -8.4% on day 7,
and -25% at the terminal time point. MARV-Ang-infected
animals began losing weight on day 6 (mean percentage
change, -1.3%), with mean percentages changes of —6% on
day 7 and -12.5% at terminal time points. MARV-Rav-
infected animals had higher mean temperatures beginning
on day 3 and remained at +1° C. until day 7, when a peak
of +1.5° C. was followed by progressive hypothermia until
time of death. MARV-Ang-infected animals had slowly
progressive fevers that peaked at +1° C. on day 6 and were
also followed by hypothermia. Mock-infected control ani-
mals maintained stable weight and core temperature during
the study (FIG. 5B).

No gross lesions were present in the mock-infected con-

trol GPs (FIG. 5C). Gross lesions present at necropsy of both
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MARV-Rav-infected GPs and MARV-Ang-infected GPs
appeared on day 3 and increased in severity over the course
of the study. The most significant gross lesions included
splenic mottling with enlargement, multifocal to diffuse
hepatic pallor, lymphadenomegaly, and gastrointestinal con-
gestion with ulceration (FIG. 5D-F). The severity of gastro-
intestinal and hepatic lesions in the terminal MARV-Ang-
infected GPs (FIGS. 5D and 5F) were more prominent than
those in the terminal MARV-Rav-infected GPs (FIG. 5E).

Hematologic Findings. Total and differential white blood
cell counts for both strains of MARV elicited marked
evidence of neutrophilia-mediated leukocytosis. Strikingly
elevated circulating levels of neutrophils were noted begin-
ning on 3 day and peaked on day 5 after infection for both
strains. A concurrent marked lymphopenia was observed, as
evidenced by declining mean lymphocyte counts. Throm-
bocytopenia, compared with control values, was marked,
beginning at day 5 and continuing through terminal collec-
tion. Increases in mean platelet volume were also noted,
beginning on day 5 and continuing through death for both
infected groups. Basophilia and eosinophilia began on day 5
and progressed through death (Table 6).
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TABLE 6
Results of Hematologic and Serum Biochemistry Analyses
Mean Value = SD

Terminal
Parameter, Strain Control Day 1 Day 3 Day 5 Day 7 Time Point
Hematologic
WBC count, x1000 cells/pL 3416 L L L L .
Ravn L 3112 2605 1405 3222 9.11.6
Angola L 33«12 28 £04 37+19 5226 7.1 +44
Neutrophils, % 368 7.2 L L L L .
Ravn L 41.7 £ 3.9 60.3 =7.7 61.2 =69 539 =81 57376
Angola L 47.3 £ 10.7 60.7 7.0 68.2 =10.2 509 =45 52740
Lymphocytes, % 593 9.5 L L L L .
Ravn L 558 3.5 364 = 8.1 31873 283 4.0 29893
Angola L 46.3 £ 12.2 37.0 £ 6.0 267 =119 33628 34154
Monocytes, % 2009
Ravn L 1.2£05 1312 3.1 £20 1.6+12 0503
Angola 3.6 25 20 =x1.1 2205 1.5 0 1.3 +0.7
Eosinophils, % 1.8 = 1.6 L L
Ravn 1314 2.0 2 3314 12.8 £ 4.9 9.1 1.8
Angola 2.9 £2.6 0.2 £0.1 2.6 £2.8 11314 89 +2.8
Basophils, % 0
Ravn S 0 0 0.6 +04 3418 3407
Angola - 0 0 0404 28 0.6 3.0=x1.3
Platelet count, x1000 platelets/dL 468.3 = 23.7 L L L L .
Ravn L 445.8 = 69.0 390.0 = 116.6 222.5 £ 65.5 187.8 + 18.2 307.0 = 83.5
Angola L 446.3 = 74.6 469.3 = 102.4 228.3 £93.9 153.8 = 62.5 228.5 + 83.6
Mean platelet volume, fL. 5406 L L L L .
Ravn L 5.7+04 6.0 =04 10.6 = 0.8 10.2 = 6.9 13.1 £ 0.6
Angola L 5805 6.0 =04 9.9 £ 1.8 109 £ 2.2 13.2+1.2
Clinical
Albumin level, g/dL. 43 +0.2 L ..
Ravn L 43 04 41 £03 3.6 £0.1 3.0+03 0405
Angola L 45 +0.1 £0.2 35+03 12=11 05+0.1
Total protein level, g/dL. 48 =0.1 L L L L .
Ravn L 5.0+06 5.0 +0.2 51 +02 48 04 1.6 £ 0.7
Angola L 5.0+03 49 £0.2 4.8 £0.3 2712 19 =01
ALP level, U/L 190.5 = 28.3 L L L L Ca
Ravn L 183.5 = 31.1 155.8 £ 24.2 489.8 £ 126.9 1613.0 = 937.5 1393.8 + 688.4
Angola L 201.3 £ 16.9 187.3 = 30.2 197.5 £ 59.7 1225.3 = 381.5 1131.0 = 208.7
ALT level, U/L 28.0 £ 59
Ravn L 46.0 = 10.1 313 £2.2 40.0 = 8.0 80.0 = 24.8 63.5 = 34.9
Angola L 45.0 £ 13.7 403 = 14.5 42.5 £12.0 555 +21.3 60.5 = 21.7
AST level, U/L 84.8 £ 344 L L L L Ca
Ravn L 100.0 = 34.3 63.8 £ 14.0 239.3 £51.8 1228.0 = 610.5 1030.3 = 506.1
Angola L 1153 £25.5 81.5 £17.8 201.8 = 138.3 853.5 = 285.7 692.0 = 275.4
GGT level, U/L 7.0 £ 0.8
Ravn L 73«13 7.0 £0.8 14.5 £3.7 443 £ 223 358 192
Angola L 7.0 0.8 6.8 1.0 11.3 £ 4.2 393 = 147 243+ 151
Glucose level, mg/dL 187.3 = 57.5 L L L L .
Ravn L 2255 £41.8 216.3 £39.5 1843 £3.5 2265 x454 515 299
Angola L 197.3 £ 45.8 211.8 £ 39.4 202.8 = 36.8 118.0 = 50.2 90.0 = 19.6
Amylase level, U/L 1190.3 = 129.0 L L L L .
Ravn L 1550.0 = 161.8 1000.0 = 148.2 1016.0 = 155.4 1342.3 = 322.1 683.3 = 304.0
Angola L 1379.8 = 274.2 1075.8 = 259.3 956.0 = 195.3 901.0 = 282.0 7193 = 117.4
TBIL level, mg/dL 0.3 +0.1
Ravn L 03 +00 03 +0.1 03 £0.1 0.6 0.3 0502
Angola L 0.3 0.1 03 +0.0 03 £0.1 1.0 0.6 1.3 £05
BUN level, mg/dL 16.5 = 0.6
Ravn L 158 £ 2.1 13.8 £ 1.9 10.8 £ 1.3 278 =152 333163
Angola L 17.5 £ 0.6 155 =24 11.8 £ 0.5 15.0 = 8.2 155+ 6.5
Abbreviations:

ALP, alkaline phosphatase;
ALT, alanine transaminase;
AST, aspartate transaminase;
BUN, blood urea nitrogen;
GGT, y-glutamyl transpeptidase;
TBIL, total bilirubin;

WBC, white blood cells.

Serum Biochemistry Findings. No remarkable changes
were noted in early serum enzyme levels but most were 4
elevated in late disease. Beginning day 7 and continuing to
death, remarkable 10-fold increases in circulating levels of

aspartate transaminase and alkaline phosphatase were pres-
ent in both MARYV strains. More-modest increases in levels
of alanine transaminase (approximately 2.5-fold) and gam-
maglutamyl transpeptidase (approximately 6-fold) were
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detected at late-stage disease. The total bilirubin level was
within normal limits until day 7, after which it doubled in
MARV-Rav-infected animals and tripled in MARV-Ang-
infected animals at termination time points. Blood urea
nitrogen levels remained consistent throughout infection in
MARV-Ang-infected animals; however, a 2-fold increase
was observed at final time points in MARV-Rav-infected
animals. Hypoalbuminemia with concurrent hypoproteine-
mia began on day 5 (Table 3).

Histopathologic and Immunohistochemistry Findings.
Histopathologic lesions and immunoreactivity for MARV
antigen in tissues of MARV-infected GPs were most appar-
ent by day 3, with the severity of the lesions increasing over
the duration of the study. MARV antigen associated with
histologic lesion severity was similar between both MARV-
Rav-infected animals and MARV-Ang-infected animals;
however, infection by cell type was different, with obvious
progression of up to 2 days sooner in the MARV-Ang group,
compared with the MARV-Rav group. No significant histo-
pathologic lesions, presence of viral antigen, or abnormal
fibrin was observed in mockinfected control GP tissues.

Liver. Beginning on day 3, MARV antigen-positive
Kupfter cells were observed for both MARV-Rav-infected
GPs (3 of 4; FIG. 6B) and MARV-Ang-infected GPs (4 of
4; FIG. 6D). Additionally, minimal individualized hepato-
cytes (MARV-Rav-infected GPs) and small clusters of adja-
cent hepatocytes (MARVAng-infected GPs) had immunore-
activity. Lesions on hematoxylin and eosin (H/E)-stained
sections associated with MARV antigen were detected on
day 3, with hepatocellular degeneration/necrosis and sinu-
soidal leukocytosis in 3 of 4 MARV-Rav-infected GPs and
4 of 4 MARV-Ang-infected GPs. The prevalence of MARV
antigen-positive Kupffer cells and clusters of hepatocytes
increased throughout the study for both MARV-Rav-in-
fected GPs (12 of 12) and MARV-Ang-infected GPs (12 of
12). Progressive hepatocellular vacuolation, degeneration/
necrosis with mineralization, and sinusoidal leukocytosis on
H/E-stained sections corresponded with MARV antigen in
all GP livers on day 5, day 7, and in terminal groups (12 of
12 in the MARV-Rav group and 12 of 12 in the MARVAng
group). Councilman-like bodies were occasionally observed
on day 5 in 2 of 4 MARV-Rav-infected GPs and 4 of 4
MARV-Ang-infected GPs and on day 7 in 1 of 4 MARVRav-
infected GPs and 2 of 4 MARV-Ang-infected GPs (FIGS.
6H and 6F). Beginning on day 1 and progressing through
death, MARV-Rav-infected animals displayed an earlier
onset of marked increases in nuclear and cytoplasmic
expression of high-mobility group B1 (HMGB-1) in Kupffer
cells and hepatocytes as compared to MARV-Ang-infected
GPs and control animals (data not shown).

Spleen. On day 3, MARV antigen-positive mononuclear/
dendritiform cells were observed for both MARV-Rav-
infected GPs (3 of 4) and MARV-Ang-infected GPs (4 of 4;
FIGS. 7B and 7E). Key differences on day 3 were immu-
noreactive cells scattered throughout the red pulp only for
MARV-Rav-infected GPs and small clusters of immunore-
active cells within the red and white pulp for MARV-Ang-
infected GPs. Corresponding congestion and tingible body
macrophages were noted on H/Estained sections of spleens
from both MARV-Rav-infected GPs and MARV-Ang-in-
fected GPs. Immunoreactive cells within the spleen peaked
at day 3 for MARV-Ang-infected GPs (FIG. 7E) and by day
5 for MARV-Rav-infected GPs (FIG. 7H), with dispersion of
MARYV antigen-positive cells throughout the spleen by the
end of the study. All animals, beginning on day 3 and
continuing to death, had progressive lymphocyte depletion
with tingible body macrophages, hemorrhage, and fibrin
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deposition within the white pulp. TUNEL staining of apop-
totic populations within the splenic germinal centers
increased over time, with peak intensity on day 5 for
MARV-Ang-infected GPs (FIG. 7L) and in terminal speci-
mens for MARV-Rav-infected GPs (FIG. 7U). Fibrin was
scattered throughout the red pulp and clustered within the
white pulp in MARV-Rav-infected GPs (FIG. 8B). Fibrin
immunolabeling of strands and aggregates within vessels,
along the endothelium, and in clusters that disperse into the
adjacent red and white pulp were present in MARV-Ang-
infected GPs (FIGS. 8C and 8D).

Lymphoid Tissues. Beginning on day 5 and increasing in
severity to the end of the study, lymphoid depletion was
observed in mandibular (10 of 12 MARV-Rav-infected GPs
and 11 of 12 MARV-Ang-infected GPs), axillary (8 of 12
and 8 of 12, respectively), and inguinal (8 of 12 and 8 of 12,
respectively) lymph nodes. MARV antigen was noted in
scattered mononuclear cells within the subcapsular and
medullary sinuses of lymph nodes for both MARV-Rav and
MARV-Ang groups. TUNEL staining of apoptotic popula-
tions within the mandibular lymph nodes increased over
time, with peak intensity on day 5 for MARV-Ang-infected
GPs and day 7 for MARV-Rav-infected GPs.

Adrenal Gland. MARV antigen-positive interstitial cells
of the adrenal medulla were present in 4 of 4 MARV-Ang-
infected GPs on day 3 and 4 of 4 MARV-Rav-infected GPs
on day 5, yet no significant lesions were observed on
H/E-stained sections. Subsequently, infection progressively
extended into the interstitial cells of the cortex and cortical
cells until death for both the MARV-Rav group (12 of 12
GPs) and the MARV-Ang group (12 of 12 GPs). Beginning
on day 7, hemorrhage at the corticomedullary junction
corresponded with immunoreactivity for both MARV-Rav-
infected GPs (7 of 8) and MARV-Ang-infected GPs (7 of 8).

Lung. MARV antigen-positive alveolar macrophages and
mononuclear cells within alveolar septae were observed on
day 7 and at terminal time points for both MARV-Rav-
infected GPs (7 of 8) and MARV-Ang-infected GPs (8 of 8),
which corresponded with interstitial pneumonia (data not
shown).

Urogenital Tract. Beginning on day 7, MARYV antigen was
observed in submucosal interstitial cells and the transitional
epithelium of the urinary bladder in MARV-Rav-infected
GPs (3 of 8) and MARV-Ang-infected GPs (4 of 8). Lym-
phohistiocytic vasculitis of the urinary bladder submucosa
was present in terminal specimens from MARVRav-infected
animals, yet no lesions were noted in MARVAng-infected
GPs. MARV antigen-positive mononuclear interstitial cells
within the uterus, often surrounding small vessels and fol-
licular thecal cells, were present at terminal time points of
both MARV-Rav-infected GPs (2 of 2) and MARVAng-
infected GPs (2 of 2), yet no significant lesions were
observed on H/E-stained sections (data not shown).

Gastrointestinal Tract. A focal gastric ulceration was
noted in a terminal specimen from 1 MARV-Ang GP.
Beginning on day 7, with progression to death, lymphoid
depletion in MARV-Rav GPs was noted in the thymus (7 of
8 animals), ileocecal junction (8 of 8), and duodenum (8 of
8); similar findings were also observed in MARVAng-
infected GPs (8 of 8, 8 of 8, and 6 of 8, respectively).
TUNEL staining of apoptotic populations within the lamina
propria of the duodenum at death of a MARV-Ang-infected
GP was most striking, extending from the villar tips to the
submucosa, compared with that of a MARV-Rav-infected
GP, which extended approximately one fourth of the way
down the villar tip (data not shown).
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Coagulation Parameters. Prothrombin times began to
extend significantly beginning at day 3 and continued to
lengthen throughout the course of disease. Activated partial
thromboplastin times (APTTs) were not extended until late
in disease, beginning on day 7. Beginning on day 1,
decreases in thrombin times corresponded with increases in
fibrinogen content throughout the disease course. Circulat-
ing protein C activity and tissue factor levels progressively
decreased; however, plasminogen activator inhibitor 1 (PAI-
1) and von Willebrand factor levels were markedly increased
in late disease. The mean thrombin-activated fibrinolysis
inhibitor (TAFI) level began to increase markedly on day 3
in MARV-Rav-infected GPs and stayed elevated through
death. Conversely, MARVAng-infected GPs did not have an
increased mean level of TAFI until late in disease. Interest-
ingly, circulating tissue factor levels decreased gradually
until the time of death. Bradykinin levels gradually
increased to approximately 6-fold higher than those in
control animals at late points in disease. Conversely, preka-
llikrein levels were severely depressed until late in the
disease course, when, at day 7, a striking increase was
recorded in MARV-Ang-infected GPs but not in MARV-
Rav-infected animals. Circulating levels of thrombin in
complex with thrombomodulin were noted beginning on day
1 and increased throughout the disease course for both
strains (FIGS. 8E-1 to 8E-3).

Circulating Eicanosoid, Cytokine, and Nitric Oxide Pro-
duction Mean levels of prostaglandin E2 began to decrease
on day 1, with a continued decrease to day 3. Beginning on
day 5, however, marked increases were noted in mean
values, with the terminal mean value approximately 3 times
that of control animals. The mean leukotriene B4 value was
elevated in MARVAng animals on day 1 and tended to
increase over the disease course to approximately 4 times
the level in control animals. MARV-Rav-infected animals
demonstrated a similar trend, beginning on day 3, but with
comparatively muted mean levels. Mean cysteinal leukot-
riene levels gradually increased throughout the course of
infection, beginning on day 5. Thromboxane B2 levels were
elevated in MARV-Rav-infected animals beginning on day 3
and continuing through terminal time points; conversely,
MARV-Ang-infected animals did not have significant dif-
ference in levels of this eicansoid. Prostacyclin levels were
measured via the stable metabolite 6-keto-prostaglandin Fla
and were first elevated in MARV-Rav-infected animals
beginning on day 3; MARV-Ang-infected animals demon-
strated a marked increase on day 5. Transforming growth
factor (3, interleukin 6, and tumor necrosis factor o values
were marked late in disease through death. Very soon after
infection, mean levels of HMGB-1 were higher in MARV-
Rav-infected GPs, compared with MARVAng-infected GPs,
yet both were markedly elevated as compared to those in
control animals throughout the study. Circulating nitrite
levels were increased in both species, beginning on day 5;
however, striking increases were recorded in MARV-Ang-
infected animals in late disease (FIGS. 8E-1 to 8E-3).

The increased frequency and severity of filovirus out-
breaks in recent years underscores the dire need for medical
countermeasures. The development of rodent models that
faithfully represent MHF processes yet maintain predictive
power for filovirus-specific countermeasures could facilitate
scale up of screening efforts of these medical interventions
and thereby restrict precious primate resources to only the
most likely candidate countermeasures. Inbred rodent mod-
els are commonly used to model a variety of disease
processes but have limitations in regard to their well-
documented depressed immune capacity. This caveat is a
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major shortcoming for vaccines and therapeutic develop-
ment, which maintain heavy reliance on various aspects of
host immunity for efficacy. To further complicate the issue,
limited descriptions of coagulopathies or vascular leak in
rodent models of MHF exist, thereby limiting the power of
these models.

To address the need for improved rodent models, the
present inventors developed two outbred GP models that
demonstrate not only hallmark features of MHF, but also
provide systematic evidence for differences in pathogenicity
among phylogenetically diverse MARV strains. Both mod-
els recapitulate important aspects of NHP and human MHF
pathogenic features, including fever, weight loss, and early
infection of macrophage/dendritiform cells, followed by
remarkable splenic and hepatic pathology, lymphocyte
apoptosis, neutrophilia, thrombocytopenia, and marked
granulocytosis. Perturbations in serum biochemistry find-
ings in NHP and human MHF were also similar, specifically
in regard to marked increases in liver-associated enzyme
levels, proinflammatory cytokine levels, nitric oxide species
and hypoalbuminemia. This work also details a severe
coagulopathy, which includes increased prothrombin and
APTTs, decreased thrombin times, decreased protein C
activity, marked fibrinogen deregulation, increased prosta-
cyclin, thromboxane, von Willebrand factor, PAI-1, and
circulating thrombin-thrombomodulin complex levels, and
deposition of fibrin in tissues, all of which have been
demonstrated in MHF in NHPs and humans [15-19].
Decreased serum tissue factor was also documented.

Given the similarities in pathogenesis between viral hem-
orrhagic fever and sepsis [21, 22], the inventors probed this
model for several pathologically relevant phenomena that
are important in bacterial sepsis. The inventors detected
evidence for activation of the kallikrein-kinin system and
disruption of fibrinolysis processes, as evidenced by abro-
gated bradykinin, prekallikrein, and TAFI metabolism.
Deregulation of circulating eicanosoids has also been asso-
ciated with sepsis [23, 24]. Accordingly, the inventors docu-
mented deregulation of several important species of prosta-
glandins and leukotrienes late in disease. Recent work in
sepsis has also suggested the importance of proinflammatory
cytokine/transcription factor HMGB-1 in disease severity
[25, 26]. These data suggest a role for this molecule in early
MHF that may lend to differences in pathogenesis between
MARY strains. Prior work with the Musoke strain of MARV
identified several mutations necessary for lethality in strain
13 GPs; however, sequencing of the GPA MARVs from this
work revealed multiple changes, of which none had been
previously described [27]. Both MARV strains adopted
genetic mutations that resulted in amino acid changes within
the VP40 proteins; however, only MARV-Ang had changes
in VP24, a protein recognized to be important in formation
of infectious particles and interaction with cytoprotective
antioxidant response pathways [28, 29]. Given the higher
viral burden in tissues and plasma, marked increases in
severe inflammation, and shorter mean time to death, this
finding suggests that VP24 is a potential molecular landmark
responsible for virulence differences between MARV spe-
cies. The recently developed reverse genetics system for
MARV will allow for a more mechanistic approach to
identify which mutations directly contribute to pathogenesis
in these models [30, 31]. This study represents the first
systematic pathogenesis study of MARV strains in vivo and
demonstrates the need for strain consideration when devel-
oping countermeasures against MARV.

It is contemplated that any embodiment discussed in this
specification can be implemented with respect to any
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method, kit, reagent, or composition of the invention, and
vice versa. Furthermore, compositions of the invention can
be used to achieve methods of the invention.

It will be understood that particular embodiments
described herein are shown by way of illustration and not as
limitations of the invention. The principal features of this
invention can be employed in various embodiments without
departing from the scope of the invention. Those skilled in
the art will recognize, or be able to ascertain using no more
than routine experimentation, numerous equivalents to the
specific procedures described herein. Such equivalents are
considered to be within the scope of this invention and are
covered by the claims.

All publications and patent applications mentioned in the
specification are indicative of the level of skill of those
skilled in the art to which this invention pertains. All
publications and patent applications are herein incorporated
by reference to the same extent as if each individual publi-
cation or patent application was specifically and individually
indicated to be incorporated by reference.

The use of the word “a” or “an” when used in conjunction
with the term “comprising” in the claims and/or the speci-
fication may mean “one,” but it is also consistent with the
meaning of “one or more,” “at least one,” and “one or more
than one.” The use of the term “or” in the claims is used to
mean “and/or” unless explicitly indicated to refer to alter-
natives only or the alternatives are mutually exclusive,
although the disclosure supports a definition that refers to
only alternatives and “and/or.” Throughout this application,
the term “about” is used to indicate that a value includes the
inherent variation of error for the device, the method being
employed to determine the value, or the variation that exists
among the study subjects.

As used in this specification and claim(s), the words
“comprising” (and any form of comprising, such as “com-
prise” and “comprises”), “having” (and any form of having,
such as “have” and “has”), “including” (and any form of
including, such as “includes” and “include”) or “containing”
(and any form of containing, such as “contains” and “con-
tain”) are inclusive or open-ended and do not exclude
additional, unrecited elements or method steps. In embodi-
ments of any of the compositions and methods provided
herein, “comprising” may be replaced with “consisting
essentially of” or “consisting of”’. As used herein, the phrase
“consisting essentially of” requires the specified integer(s)
or steps as well as those that do not materially affect the
character or function of the claimed invention. As used
herein, the term “consisting” is used to indicate the presence
of the recited integer (e.g., a feature, an element, a charac-
teristic, a property, a method/process step or a limitation) or
group of integers (e.g., feature(s), element(s),
characteristic(s), propertie(s), method/process steps or limi-
tation(s)) only.

The term “or combinations thereof” as used herein refers
to all permutations and combinations of the listed items
preceding the term. For example, “A, B, C, or combinations
thereof” is intended to include at least one of: A, B, C, AB,
AC, BC, or ABC, and if order is important in a particular
context, also BA, CA, CB, CBA, BCA,ACB, BAC, or CAB.
Continuing with this example, expressly included are com-
binations that contain repeats of one or more item or term,
such as BB, AAA, AB, BBC, AAABCCCC, CBBAAA,
CABABB, and so forth. The skilled artisan will understand
that typically there is no limit on the number of items or
terms in any combination, unless otherwise apparent from
the context.
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As used herein, words of approximation such as, without
limitation, “about”, “substantial” or “substantially” refers to
a condition that when so modified is understood to not
necessarily be absolute or perfect but would be considered
close enough to those of ordinary skill in the art to warrant
designating the condition as being present. The extent to
which the description may vary will depend on how great a
change can be instituted and still have one of ordinary
skilled in the art recognize the modified feature as still
having the required characteristics and capabilities of the
unmodified feature. In general, but subject to the preceding
discussion, a numerical value herein that is modified by a
word of approximation such as “about” may vary from the
stated value by at least 1, 2, 3, 4, 5, 6, 7, 10, 12 or 15%.

Additionally, the section headings herein are provided for
consistency with the suggestions under 37 CFR 1.77 or
otherwise to provide organizational cues. These headings
shall not limit or characterize the invention(s) set out in any
claims that may issue from this disclosure. Specifically and
by way of example, although the headings refer to a “Field
of Invention,” such claims should not be limited by the
language under this heading to describe the so-called tech-
nical field. Further, a description of technology in the
“Background of the Invention™ section is not to be construed
as an admission that technology is prior art to any
invention(s) in this disclosure. Neither is the “Summary” to
be considered a characterization of the invention(s) set forth
in issued claims. Furthermore, any reference in this disclo-
sure to “invention” in the singular should not be used to
argue that there is only a single point of novelty in this
disclosure. Multiple inventions may be set forth according to
the limitations of the multiple claims issuing from this
disclosure, and such claims accordingly define the
invention(s), and their equivalents, that are protected
thereby. In all instances, the scope of such claims shall be
considered on their own merits in light of this disclosure, but
should not be constrained by the headings set forth herein.

All of the compositions and/or methods disclosed and
claimed herein can be made and executed without undue
experimentation in light of the present disclosure. While the
compositions and methods of this invention have been
described in terms of preferred embodiments, it will be
apparent to those of skill in the art that variations may be
applied to the compositions and/or methods and in the steps
or in the sequence of steps of the method described herein
without departing from the concept, spirit and scope of the
invention. All such similar substitutes and modifications
apparent to those skilled in the art are deemed to be within
the spirit, scope and concept of the invention as defined by
the appended claims.

What is claimed is:

1. A uniformly lethal MARV-Angola Filovirus strain
adapted for virulence in a small mammal, wherein the
original strain has the nucleotide/amino acid sequence of
Mary Angola isolate Ang1379¢ having the GenBank Acces-
sion No. DQ447653, that comprises all of the following
mutations:

Nucleotide Base Change Result Gene
2931 U>A Non-coding
4735 U>A N56K VP40
10402 G>A V661 VP24
10853 U=>cC 12168 VP24
13115 U=>cC Silent L
17249 U>A Silent L
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-continued
Nucleotide Base Change Result Gene
18713 C>A Non-coding; and
19105 A>U Non-coding.




