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Abstract
Marburg virus (MARV) is a highly pathogenic virus associated with severe disease and mortality rates as high as
90%. Outbreaks of MARV are sporadic, deadly, and often characterized by a lack of resources and facilities to
diagnose and treat patients. There are currently no approved vaccines or treatments, and the chaotic and
infrequent nature of outbreaks, among other factors, makes testing new countermeasures during outbreaks
ethically and logistically challenging. Without field efficacy studies, researchers must rely on animal models of MARV
infection to assess the efficacy of vaccines and treatments, with the limitations being the accuracy of the animal
model in recapitulating human pathogenesis. This review will compare various animal models to the available
descriptions of human pathogenesis and aims to evaluate their effectiveness in modeling important aspects of
Marburg virus disease.
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Background
Marburg virus (MARV) is the causative agent of Marburg
virus disease (MVD) in humans, with a case fatality rate
ranging from 23 to 90%, depending on the outbreak [1].
MARV is a member of the Filoviridae family, which consists of the genera Marburgvirus, Ebolavirus, Cuevavirus,
Striavirus, and Thamnovirus [2, 3]. The family, known as
filoviruses, contains several viruses that are known to
cause hemorrhagic, often lethal disease in humans and
nonhuman primates (NHPs) all of which are within the
Marburgvirus or Ebolavirus genera. Cuevavirus, Striavirus,
and Thamnovirus are not known to cause disease in
humans or NHPs. Filoviruses have a non-segmented RNA
genome in the negative sense, encoding for seven open
reading frames; nucleoprotein NP, virion protein (VP) 35,
VP40, glycoprotein GP, VP40, VP24, and viral polymerase
L [4]. The filovirus genome is packaged into a unique
filamentous virion, approximately 790 to 970 nm in length
and 80 nm in width [5].

* Correspondence: marzia@niaid.nih.gov
Laboratory of Virology, Division of Intramural Research, National Institute of
Allergy and Infectious Diseases, Rocky Mountain Laboratories, National
Institutes of Health, 903 South 4th Street, Hamilton, MT 59840, USA

Within the genus Marburgvirus there is one species,
Marburg marburgvirus, which is represented by two
viruses; MARV and Ravn virus (RAVV) [6]. Although
generally less well known than its cousin Ebola virus
(EBOV), MARV was the first filovirus discovered following outbreaks in Germany and Yugoslavia (now Serbia)
in 1967 [7]. Following its discovery, MARV cases were
sporadically identified in Africa. However, in 1999 an
outbreak was identified in the Democratic Republic of
Congo, where multiple spillover events into the human
population are thought to have taken place over the
course of 2 years. This outbreak resulted in a total of
154 cases, with a case fatality rate of 83% [8]. In 2005,
the largest documented outbreak of MARV occurred in
Angola with 252 documented human infections and 227
deaths; a case fatality rate of 90% [9]. Outbreaks have
continued to pop up since 2005, with a 2007 outbreak in
Uganda, two instances in 2008 that involved tourists
visiting Uganda returning home to the United States and
Netherlands with MVD, and outbreaks in Uganda in
2012, 2014, and 2017 [1]. MARV was quickly recognized
as a pathogen of extreme global importance and is
currently classified as a Risk Group 4 pathogen by the
World Health Organization and as a Select Agent by the
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US Centers for Disease Control and Prevention. There
are no licensed vaccines or treatments for MVD, partly
due to the difficulty of performing clinical trials given
the severity, infrequency, and rural nature of MVD outbreaks. Animal models of MVD are necessary to develop
and test potential vaccines and treatments, and the
ability of these models to reflect human pathogenesis is
essential to moving forward into clinical trials.

Main text
MARV reservoir

All recorded MARV outbreaks have originated in Africa,
excluding laboratory infections, where the virus is
thought to be maintained in a natural reservoir [10].
Several bat species have been implicated in being a reservoir host for filoviruses [11], and there is strong evidence that Rousettus aegyptiacus, the Egyptian fruit bat,
serves as a reservoir for MARV. Several cases of tourists
and miners most likely acquiring MARV in caves populated by R. aegyptiacus have been reported [12–14]. Live
virus was isolated from R. aegyptiacus bats within the
Kitaka Cave, Uganda, the place where miners that had
been diagnosed with MVD had worked [15].
Experimental infection of R. aegyptiacus bats with
MARV yielded no outward symptoms of infection but
was associated with a mild immune response and detection of viremia in multiple organs, with viral shedding
detected in oral and rectal swabs [16–18]. Despite the
shedding of virus and maintenance of viremia, there was
a lack of transmission to susceptible R. aegyptiacus bats
when cohoused with infected bats for up to 42 days [17].
In addition, the livers of MARV-infected bats showed
hepatocellular necrosis and changes in inflammatory
cells beginning at 3 days post infection (dpi) and progressed through to 7 dpi [17]. Hepatocytes and macrophages of the liver contained MARV antigen, as did
macrophages of the spleen. This is reflected by increased
alanine aminotransferase levels measured in infected
bats, indicating liver damage [17]. Subcutaneous macrophages and other cells of the subcutaneous tissue from
the site of inoculation also contained MARV antigen, as
did small numbers of cells in the draining lymph nodes
[19]. These pieces of information collectively support
the narrative of R. aegyptiacus being a reservoir host of
MARV and provide evidence for possible routes of
transmission.
MARV human pathogenesis

There are few detailed clinical descriptions of MVD, due
to the rural and severe nature of most outbreaks in
Africa, and the availability of pathological and laboratory
data from patients is limited. The detailed descriptions
that do exist come from the initial outbreak in Marburg,
Germany [20–22], an outbreak in Johannesburg, South
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Africa, involving three patients [23], and a few smaller,
isolated cases and outbreaks originating elsewhere in
Africa [13, 24–28]. In the following descriptions of
various cases and outbreaks have been compiled to
create an overall description of MARV pathogenesis
in humans (Fig. 1).
Similar to many other infectious diseases, cases of
MVD begin with flu-like symptoms such as chills, fever,
headache, sore throat, myalgia, joint pain, and malaise,
2–21 days after the initial infection. Within 2–5 days of
the first symptoms, patients can experience abdominal
pain, nausea, vomiting, watery diarrhea, and lethargy.
On days 5–7, the intensity of the disease increases, and
may include a maculopapular rash spreading from the
torso to the limbs, conjunctivitis, sustained fever, and
symptoms of hemorrhagic fever, such as mucosal bleeding, petechiae, blood in the stool and vomitus, and
bleeding from venipuncture sites. The maculopapular
rash begins as small, dark red spots around hair follicles
of the trunk and sometimes upper arms, developing into
a diffuse rash, and can become a dark erythema that
covers the face, neck, chest, and arms. Neurological
symptoms such as confusion, agitation, increased sensitivity, seizures, and coma can occur in later stages of the disease, and all patients of the initial outbreak in Marburg,
Germany, were described as having a sullen, negative, and
slightly aggressive behavior [29]. Increases in alanine and
aspartate aminotransferase (ALT and AST) and increased
serum creatinine levels indicate hepatic and kidney damage [20, 23, 24]. Disseminated intravascular coagulation
(DIC) [22, 28], lymphopenia, and thrombocytopenia [20]
appear typically within 1 week of the first symptoms. In
the late stages of disease, lymphopenia is offset by neutrophilia [30]. Patients either recover from their illness or die
of dehydration, internal hemorrhage, organ failure, or
some combination of systemic factors aided by a dysregulated immune response to the virus. Patients that survive
typically don’t experience the severe late stage symptoms,
but may experience sequelae such as arthritis, conjunctivitis, myalgia, and symptoms of psychosis during and after
recovery [20]. Experiments with cultured cells from survivors indicate a proper adaptive response mounted by
immune cells to the virus infection. In addition, serum
samples from survivors showed IgG responses to MARV
NP and GP, with two of the patients having significant
neutralizing antibody titers. The neutralizing antibody
titer diminished over time, with the decrease beginning at
21 months post infection (mpi) and dropping below
detectable limits at 27 mpi [31].
Autopsies of RAVV-infected patients with lethal outcomes showed swelling of the heart, brain, spleen, kidneys,
and lymph nodes, as well as hemorrhage of mucous membranes, soft tissues, and various other organs. All tissues
examined had some form of hemorrhage, and focal
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Fig. 1 MARV pathogenesis in humans. Transmission and virus spread in the human body are depicted

necrosis was found on almost all organs and was especially
prominent in hepatic and lymphatic tissues, as well as the
testis and ovaries [32]. Damage to the liver tissue was
severe, and there was extensive hepatocellular swelling
and degeneration. Basophilic cytoplasmic inclusions were
found in eosinophils near areas with necrosis and were
positive for viral antigen [32]. Additionally, there were
hepatocytes and Kupffer cells that had inclusions similar
to the ones found in eosinophils, though most Kupffer
cells were unidentifiable in the tissues analyzed. In the
spleen, there was moderate necrosis in both the red and
white pulp, with lymphoid depletion evident in the white

pulp. The red pulp had deposits of fibrin and cellular debris. The sinuses had cellular debris and granular material
deposited, along with a small amount of fibrin [32].
Hemorrhage and severe necrosis were observed in the germinal centers. Viral antigen was present in the marginal
zone of the red pulp and in macrophages, but was not
present in the germinal centers, despite the severe necrosis. In the lymphatic organs and mucous membranes of
the stomach and intestines, there was a high number of
plasma cells and monocytes. There was a marked depletion of lymphocytes, now thought to be the product of
bystander apoptosis rather than direct infection [32]. The
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kidneys were swollen, pale, and hemorrhagic, and there
was tubule necrosis and parenchymal damage. Macrophages in the intestines and kidney contained what looked
like viral inclusions. The alveoli of the lungs were congested, hemorrhaged, and contained alveolar macrophages
surrounded by fibrin, and occasionally stained positive for
viral antigen. Three of the five autopsied cases in the outbreak in Marburg, Germany had glial nodule encephalitis,
spread throughout the brain [23, 29, 33]. Taken together,
the disease manifestations in the organs fit with the course
of disease and give insight into the potential of sequelae
experienced by MVD survivors.
MARV NHP model

There are four main species of NHP that have been used
in MARV research; the cynomolgus macaque (Macaca
fascicularis), rhesus macaque (Macaca mulatta), common marmoset (Callithrix jacchus), and the African
green monkey (Cercopithecus aethiops). Imported African
green monkeys harboring MARV were the cause of the
1967 outbreak in Germany and Yugoslavia (now Serbia),
leading to many initial studies of MVD in NHPs being
conducted in African green monkeys. The literature involving infections of African green monkeys with MARV lacked
detailed histological data, and the details of their inoculation route and strain were often not specified [22]. For this
reason, they have not been included in this review.
Cynomolgus and rhesus macaques are the most common NHP models of MVD used in current research
(Fig. 2) as they develop very similar disease and pathology compared to human MVD (Tables 1 and 2). The
overall pathology for MVD in these two NHPs is very
similar, with a few noteworthy differences. Compared to
rhesus macaques, cynomolgus macaques infected with
MARV experience a more accelerated disease course
[34]. Different strains of MARV seem to produce a similar disease course, with the exception of MARV-Angola,
which is associated with a more rapid onset and time to
euthanasia in several NHP studies [34–36]. Doses used
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to inoculate NHPs with MARV can vary from experiment to experiment; however, it has been shown that as
the inoculation dose increases, the length of the disease
course decreases and always results in a lethal outcome
[37–39]. Several inoculation routes have been used to
challenge NHPs with MARV, and studies have found
that the overall outcome is almost the same for all
routes [22]. For example, in NHPs inoculated via the
aerosol route, but not the intramuscular (i.m.) route, an
early infection of the lymphoid tissue of the lung occurs,
but both routes result in a systemic infection with similar levels of dissemination [40]. Fever generally appears
4–6 dpi, followed by anorexia, weight loss, and the development of a maculopapular rash of varying severity.
Hemorrhagic symptoms began 6–7 dpi and consisted of
bleeding from the gums and venipuncture sites. At 1–2
days before the humane endpoint, which generally
occurred at 7–12 dpi, animals displayed lethargy, lack of
reaction or interest in environment, diarrhea, a drop in
body temperature, and dehydration [41–47]. Viral loads
in the blood, liver, and spleen were the highest, but virus
was detected in most tissues sampled, including the
brain, indicating a systemic infection [44]. In the
blood, there was a reduction in lymphocytes until 6–
7 dpi [37, 42, 45, 48], when overall leukocyte counts
spiked, due to lymphocytosis and neutrophilia [44].
Thrombocytopenia was observed in the early to middle
phase of disease, sometimes recovering in the middle to late
stage of disease [37, 42]. Blood analysis showed increases in
AST, ALP [35, 41–43], and total bilirubin [35, 43, 45], indicating hepatic damage. Increases in blood urea nitrogen
(BUN) [42, 43] and creatine indicated kidney damage [41].
Decreases in protein-C activity [41] and increases in Ddimers and blood coagulation times (PT and aPTT) indicated DIC [44]. Serum samples were analyzed for cytokine
responses to MARV infection, which began 6–8 dpi and
continued until the humane endpoint. Initially, there were
increased levels of IFN-α, IL-6, MIP-1α, MIP-1β, MCP-1,
and eotaxin. Later in the course of disease, IFN-β, IFN-γ,

Fig. 2 Commonly used animal models for MARV research. Infection with rodent-adapted viruses (left) and wild-type (wt) MARV (right) lead to
disease in all animals tested with the exception of the ferret
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Table 1 Comparison of various characteristics between animal models of MVD. $$ represents a higher cost than $, and lower cost
than $$$. $$$$ most expensive. WT wild-type

IL-1R, IL-2R, IL-8, IL-6, IL-12 p40/p70, IL-13, IL-1β, and
TNF-α were detected at increased levels [36, 44]. This
influx of pro- and anti-inflammatory cytokines indicates
that MARV causes a dysregulation of the host immune system, similar to that of septic shock in bacterial infections. A
similar dysregulated immune response contributing to
pathology and severity of disease has been described for
EBOV [49].
Studies that reported detailed necropsy, histology, and
immunohistochemistry [35, 37, 44] found enlarged, congested, and discolored livers that contained increased
numbers of mononuclear cells, Kupffer cells containing
debris and MARV antigen, eosinophils with viral inclusion bodies, MARV antigen in the sinusoidal lining, and
lesions of necrotic hepatocytes. The spleen had MARV
antigen throughout the red pulp, with mononuclear cells
and red pulp macrophages containing MARV antigen,
and apoptotic lymphocytes, with a noticeable increase in
dendritic cells positive for MARV antigen starting at 4
dpi. As the disease progressed, necrotic lesions grew in
size and number, there was cellular necrosis and red
blood cells (RBCs) in the red pulp, lymphopenia in the
white pulp, and fibrin deposition in the red pulp and
marginal zones. The lymphocytes of the spleen were
negative for MARV antigen, despite the obvious degeneration of lymphocytes, supporting the bystander apoptosis seen in human MVD [32]. The lymph nodes had

evidence of hemorrhage, lymphoid depletion, and contained tingible body macrophages [44]. MARV antigen
was detected in medullary, subcapsular, and cortical sinuses, as well as in areas of lymphocytolysis. The few
dendritic cells remaining no longer took on a dentritiform appearance. Fibrin deposits were detected in the
vessels of the kidney. Within the lungs there was
hemorrhage, edema, and fibrin in the alveoli, indicating
interstitial pneumonia [35, 37, 46]. Immunohistochemical analysis of tissues showed that the first cells to show
MARV antigen were Kupffer cells of the liver and dendritic cells and macrophages of the spleen [44].
Marmosets (Callithrix jacchus) are NHPs that weigh
less than 500 g and are frequently used in viral disease
modeling. Their small size is particularly suited to high
level containment studies, where limited space is always
a factor. However, the model has limitations in regard to
sampling as only small blood volumes can be drawn at a
time. Marmosets infected with MARV-Popp and MarvMusoke succumbed to infection within 8–10 dpi. Disease progression, gross pathology, blood analysis, and
histopathology were all in line with what is observed in
humans and the previously described NHPs. The sole
exception is the inconsistency of maculopapular rash,
with one study having no observable rashes, and the
other study having rashes in 2 of 8 animals. The marmoset represents a small NHP alternative to established
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Table 2 Animal models of MVD and the pathologies they present during the course of disease, as compared to humans. “X” means
the pathology is not present; the open circle indicates not significant presence of the feature; a check mark means the pathology is
present, and a question mark (?) represents a gap in knowledge for this pathological feature in this specific animal model

NHP models of MVD, and accurately portrays the
pathogenesis observed in human MVD [50, 51]. While a
marmoset is less expensive compared to a macaque, its
small size limits sample quantity; in addition, marmosets
can develop diseases like hepatitis leading to premature
euthanasia due to study-unrelated complications and are
therefore not as commonly used as macaques.
MARV mouse model

Mice are and have always been a staple of in vivo
research, and the ease of acquiring and handling mice is
appealing, particularly in high containment laboratories.
Similar to other filoviruses, infection with MARV is not
lethal for immunocompetent adult mice but does cause

lethal disease in suckling mice, severe combined immunodeficient (SCID) mice, and mice lacking a type 1
interferon response (IFNAR−/− or STAT1−/−) [52]
(Fig. 2). STAT1−/− mice infected with MARV-Musoke
succumbed within 7 dpi, but when immunized with a
filovirus vaccine produced antibody responses comparable to immunocompetent mice. The STAT1−/− mice
developed lymphopenia and there was MARV antigen in
macrophages. Necrosis of hepatocytes was noted starting
3 dpi [53]. RAVV and MARV isolates Ci67, Musoke, and
Angola were serially passaged through SCID mice 10
times, resulting in a significantly reduced time of death
for every isolate [54]. Further passaging of the SCIDadapted RAVV in immunocompetent BALB/c mice
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resulted in a mouse-adapted RAVV (ma-RAVV) that
was able to infect and cause lethal disease in adult immunocompetent BALB/c mice after 14 passages, a total
of 24 passages from wild-type (wt) [55]. BALB/c mice
were then inoculated with 1000 or 100,000 PFU of maRAVV. A variety of infection routes were tried, including
subcutaneous, intranasal, intramuscular (i.m.), footpad,
and intraperitoneal (i.p.), but only the i.p. route resulted
in lethal disease. BALB/C mice infected with ma-RAVV
became lethargic and hunched, with no evidence of
hemorrhagic symptoms or maculopapular rash, and all
mice succumbed to infection within 8 days.
A similar approach was taken using MARV-Angola, a
strain isolated from the 2005 MARV outbreak in Angola.
MARV-Angola was serially passaged through SCID mice
24 times using liver homogenates [56]. This resulted in a
mouse-adapted MARV-Angola (ma-MARV-Ang) that
caused uniform lethality in SCID mice within 8 dpi, via
the i.p. route. Similar results were achieved when BALB/
c mice were challenged with ma-MARV-Ang, but 100%
lethality was only achieved through the i.p. route. None
of the mice showed evidence of maculopapular rash,
other hemorrhagic symptoms, or DIC; all common
symptoms of MVD in humans and NHPs (Tables 1 and
2). Blood analysis of BALB/c mice infected with maMARV-Ang and ma-RAVV showed early lymphopenia
and thrombocytopenia, with late neutrophilia, elevated
ALT and ALP, amylase, BUN, and total bilirubin levels
[56] (Tables 1 and 2). Liver, spleen, and blood samples
had the highest viral titers, with varying levels detected
in the kidney, lung, intestines, and brain by 3 dpi. Both
pro- and anti-inflammatory cytokines were detected in
the plasma at varying levels and different times, increasing
as disease progressed, indicating a dysregulation of the immune system [56]. Infection with ma-MARV-Ang and maRAVV seemed to cause systemic infection of BALB/c mice,
leading to multiorgan failure, an outcome similar to MVD
in humans. This is supported by the necropsy of the BALB/
c mice, which showed enlarged, discolored livers with extensive hepatocellular necrosis and inclusion bodies within
eosinophils [55, 56]. The spleens were enlarged and had extensive necrosis and lymphocyte depletion. The kidneys
were discolored, and intestinal hyperemia was observed.
Ma-MARV-Ang had a total of 11 amino acid changes when
compared to wt MARV-Angola, with 6 mutations in VP40,
2 mutations in VP35, 1 mutation each in GP, VP30, and
VP24 [57]. It is not known which of these changes allows
ma-MARV-Ang to cause lethal disease in BALB/c mice,
but it has been shown that MARV VP40 is responsible for
the INF antagonism in MARV infection of human cells by
inhibition of the Jak1 pathway [58]. Specific amino acid
changes to VP40 necessary for RAVV and MARV-Ci67 to
inhibit IFN signaling in mouse cells have been identified as
being strain- and species-specific [58, 59].
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Mice provide a relatively accurate and convenient
model for mammalian diseases, but there are considerable differences between the human and mouse immune
systems that can present challenges, especially when
testing vaccines and therapeutics against agents that
interact with immune cells and pathways, as MARV does
[60]. The immunocompetent and immunodeficient
mouse models discussed above each have drawbacks,
due to the resistance of mice to wt filovirus infection.
Immunocompetent mouse models for MARV require an
adapted strain of virus that differs from the human/NHP
virus, and immunodeficient mouse models lack a robust
immune response to the pathogen and to vaccination.
Vaccines against EBOV and MARV using live-attenuated
vesicular stomatitis virus (VSV) as a backbone were tested
in STAT1−/−, only to find that some of the recombinant
VSV (rVSV) vaccines and rVSV wt caused lethal disease
due to the lack of a functional IFN response able to control
VSV replication [61]. To address these shortcomings, an
immunodeficient mouse strain with Rag2, γc, and CD47
genes knocked out was humanized using a bone marrow,
liver, thymus (BLT) method. This mouse produces human
dendritic cells, monocytes, monocyte-derived macrophages,
natural killer cells, B cells, and T cells. These triple knockout BLT (TKO-BLT) mice were i.m. inoculated with
MARV-Angola. TKO-BLT mice lost weight starting 16 dpi,
and disease resulted in morbidity, but not uniform lethality.
Two mice infected are suspected to have died from anemia
related to the BLT method. Viral antigen was detected in
the liver, infecting mostly murine cells. Activation of dendritic cells, T cells, monocyte derived macrophages, and
monocytes was observed [62]. This model represents a
unique opportunity to study filovirus interactions with human immune cells in vivo. However, due to the extensive
cost and ethical concerns of generating these mice they are
not an adequate model for countermeasure evaluation.
MARV Guinea pig model

One of the first in vivo experiments with MARV was
conducted by inoculating Hartley guinea pigs with whole
blood from a patient from the 1967 outbreak in
Marburg, Germany [46]. After an incubation period of
4–10 days, the guinea pigs developed a febrile illness,
stopped eating and drinking, lost weight, and become
lethargic; however, most recovered. After 8 passages
through guinea pigs using whole blood, 100% of guinea
pigs inoculated died 7–9 dpi [46]. The guinea pigs exhibited the same symptoms as in the first infection, but
blood taken before death occasionally failed to coagulate,
mirroring the clotting abnormalities in human MVD.
Necropsies revealed enlarged spleens with severe damage
to lymphoid tissue, RBCs and degenerating leucocytes in
the red pulp, and macrophages and coagulated material in
the sinuses. The liver was soft and discolored, with focal
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necrotic lesions, and there were basophilic granules in
the cytoplasm of cells surrounding the necrotic areas.
The lungs had sections of consolidation, with evidence
of hemorrhage in the bronchi. There was evidence of
hemorrhage in some of the kidneys, and the venules
and capillaries of the brain were filled with coagulated
material [46].
Many early efficacy studies of MARV vaccine candidates used strain 13 guinea pigs, an inbred guinea pig
strain requiring virus adaptation to cause disease.
MARV-Musoke and RAVV were passaged 8 or 2 times,
respectively, through strain 13 guinea pigs, then were
plaque purified 3 times on Vero E6 cells, generating a
guinea pig-adapted MARV-Musoke (gpa-MARV-Mus)
and guinea pig-adapted RAVV (gpa-RAVV) [63]. Both
adapted viruses caused disease in strain 13 guinea pigs
and viremia was detected on 7 dpi, but only gpa-RAVV
was uniformly lethal, with gpa-MARV-Mus having a
varying lethality. Strain 13 guinea pigs that survived infection were found to generate protective antibodies, as
serum transfer from immune guinea pigs completely
protected naïve guinea pigs against both gpa-MARVMus and gpa-RAVV [63]. Gpa-MARV-Mus was used in
other vaccine studies using strain 13 guinea pigs with
promising results, including an Alphavirus replicon vaccine that went on to give complete protection against
MARV-Musoke in cynomolgus macaques, though still
with varying lethality with gpa-MARV-Mus in strain 13
guinea pigs [64, 65]. In addition, an attenuated gpaMARV-Mus collected at only 6 passages was shown to
be nonlethal and protective in strain 13 guinea pigs but
was lethal to Hartley guinea pigs when inoculated at a
10 times lower dose [66]. A similar study inoculated
strain 13 guinea pigs with a guinea pig adapted MARVCi67 (gpa-MARV-Ci67), gpa-MARV-Mus, and gpa-RAVV,
resulting in uniform lethality for gpa-MARV-Ci67 and gpaRAVV, but non-uniform lethality for gpa-MARV-Mus)
[67]. There was advanced necrosis in the liver and lymphocytolysis in the spleen for all three strains tested, with no
sign of a maculopapular rash [67]. Strain 13 guinea pigs,
due to their inbred nature, are thought to have a less robust
immune system, and so outbred Hartley guinea pig models
became a more suitable model.
To develop and characterize a MVD model in Hartley
guinea pigs, MARV-Angola was serially passaged 4 times
in Hartley guinea pigs to develop a guinea pig-adapted
MARV-Angola (gpa-MARV-Ang) [68]. Gpa-MARV-Ang
caused uniform lethality in Hartley guinea pigs when
challenged with 1000 PFU i.p., with death occurring 6–9
dpi. Gpa-MARV-Ang was then used to inoculate Hartley
guinea pigs at 5000 PFU, i.p. Viral titers were detected
in the liver, kidney, lung, and spleen. The guinea pigs exhibited a similar gross pathology to the previously described Hartley guinea pig study by Simpson et al [46]
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Just as with the strain 13 guinea pigs, there was no sign of
a maculopapular rash. Lymphopenia, thrombocytopenia,
basophilia, and eosinophilia were detected at 5 dpi, and
continued until endpoint [68]. Beginning on day 7, there
was a 10-fold increase of AST and ALT in the serum, and
the levels of bilirubin were tripled on the final timepoint.
This indication of liver involvement is supported by the
presence of MARV antigen detected in Kupffer cells and
adjacent hepatocytes starting on 3 dpi, followed by necrotic lesions and leukocytosis in the liver. The spleen
showed dendritiform cells positive for MARV antigen
scattered throughout the red and white pulp on 3 dpi,
with progressive lymphocytosis, hemorrhage, and fibrin
accumulation in the white pulp until death [68]. Lymphoid depletion in several lymph nodes and the gastrointestinal tract was observed starting on 5 dpi. In the lungs,
MARV antigen positive alveolar macrophages and mononuclear cell were detected at final timepoints, indicating
interstitial pneumonia. Blood coagulation times and fibrinogen levels increased throughout infection as protein
C activity and tissue factor levels decreased, indicating
DIC [68]. There was a significant upregulation of both
pro- and anti- inflammatory cytokines starting at 3 dpi.
Gpa-MARV-Ang differs from wt MARV-Angola by a single amino acid change in VP40, 2 in VP24, 3 nucleotide
changes in non-coding regions, and 2 silent mutations in
the polymerase gene L. A similar but independent study
by Cross et al. passaged MARV-Angola through guinea
pigs to produce a gpa-MARV-Ang, resulting in an adapted
virus with a high degree of sequence similarity to the gpaMARV-Ang previously described [69]. After 9 passages
through guinea pigs, all coding and non-coding mutations
were the same as Cross et al., except for 1 additional VP24
mutation, and a single additional non-coding region mutation in Cross et al.’s adapted virus that gpa-MARV-Ang
lacked [69]. This indicates that the majority of changes observed in both adapted viruses are likely necessary to
cause lethal MVD in guinea pigs [70].
MARV Syrian Golden hamster model

Syrian golden hamsters, much like mice, show no signs
of disease when infected with wild-type MARV. STAT2
knock out (STAT2−/−) hamsters have a deficient IFN
pathway, making them susceptible to lethal MARV infection with multiple strains [71]. STAT2−/− hamsters
showed uniform lethality when infected with 10,000 PFU
of MARV-Musoke via the i.p. route, showing symptoms
of disease starting at 6 dpi. Observed symptoms included
lethargy, irregular breathing, weight loss, nasal discharge,
abnormal gait, hyperreflexia, and head tilt. There was no
evidence of maculopapular rash or significant changes in
platelet counts. Lymphocytes decreased initially in disease, followed by a rise in neutrophils, but neither measurement was statistically significant [71]. No blood tests
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for markers of DIC were performed. MARV was found
at high titers in the blood, kidneys, spleen, liver, lymph
nodes, and heart, with a moderate titer in the brain. A
wide array of cytokines released indicated a strong and
dysregulated immune response. Necropsies showed the
liver and spleen had necrotic lesions and infiltration of
macrophages and neutrophils throughout the red and
white pulp of the spleen, with MARV antigen detected
throughout both organs. There was diffuse lymphocytolysis in the spleen [71].
Suckling golden hamsters are susceptible to infection
with wt MARV, but with nonconclusive and varying
results in an analysis of gross pathology of the liver,
spleen, and kidneys. The brain, however, showed neuropathology, with swelling, enlargement of blood vessels,
and hemorrhage consistently observed. After 9 passages
in guinea pigs, 3 in monkeys, and 9 more passages in
suckling hamsters, adult golden hamsters showed more
typical MARV pathology in the liver, spleen, and
kidneys, with non-uniform lethality. The brains of a few
adult hamsters showed hemorrhages in the brain and
encephalitic lesions. This is the only small animal model
to show extensive encephalitis via an inoculation route
other than intracerebral [72, 73].
For a different approach, MARV-Angola was passaged
three times through Hartley guinea pigs, then five times
in hamsters, producing a hamster adapted MARVAngola (ha-MARV-Ang) [74]. Syrian golden hamsters
were inoculated with 1 PFU of ha-MARV-Ang via the
i.p. route, resulting in significant weight loss by 5 dpi.
The hamsters continued to lose weight and experienced
a brief spike in temperature, followed by a drop in
temperature just before the death/euthanasia at 8 dpi. A
maculopapular rash formed on the bodies, arms, and
faces by 7 dpi, along with hemorrhagic symptoms at
varying levels; in the small intestine, gastro-duodenal
junction, adrenal glands, kidneys, cervical lymph nodes,
footpads, joints, and under the skin. Viral titers were detected in most organs, including the liver, spleen, lymph
nodes, and brain. Hematological analysis showed
leukopenia and lymphopenia in the early stages of disease, with leukocytosis and lymphocytosis in the latest
stages of disease [74]. Platelet counts non-significantly
decreased initially in infection but spiked on 7–8 dpi.
Blood coagulation times (PT, aPTT, and thrombin) increased late in infection, indicating DIC. An analysis of
the blood, liver, and spleen showed an increase in both
pro- and anti- inflammatory cytokines, indicating a dysregulation of the immune system. Upon necropsy, the
livers were pale and swollen, with necrotic lesions and
infiltration of neutrophils. MARV antigen was detected
in endothelial cells, hepatocytes, and Kupffer cells [74].
Hamster spleens were enlarged and pale, and the red
pulp had fibrin deposited throughout and was infiltrated
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by neutrophils and macrophages. In the white pulp there
was widespread necrosis, lymphopenia, and tingible body
macrophages. Viral antigen was detected in mononuclear
cells early in infection, and extensively in the red pulp late
in disease progression. Compared to the wild-type virus,
ha-MARV-Ang had 2 amino acid changes in VP40, 1
change in VP35, and 58 silent mutations, most of which
occurred in the non-coding region of VP35 [74].
While the hamster is an animal species easier to handle
in the BLS4, it lacks a repertoire of reagents for thorough
analyses of disease progression and immune responses.
Guinea pig reagents are also sparse compared to mice,
however, this far the Guinea pig and NHP models are still
the most used laboratory animals for this research.
MARV ferret model

The ferret model has been established as a model for
ebolavirus infection [75], however, infection of ferrets
with either MARV or RAVV by multiple routes and
doses did not lead to development of signs of disease
[75, 76]. It appears that the virus will need to be adapted
to this species in order to cause disease (Fig. 2).

Conclusions
MARV infection in humans is often characterized by a
swift onset, a high chance of transmission to illequipped primary caregivers, and a high mortality rate.
These traits, combined with the rural, infrequent, and
chaotic nature of most outbreaks make human efficacy
trials for MARV vaccines and treatments logistically and
ethically challenging. The animal efficacy rule put forward by the US Food and Drug Administration (FDA)
states that when human efficacy trials are not feasible,
efficacy data from one or more animal models that accurately mimic disease and predict response in humans
can be used as evidence of effectiveness [77]. In order to
develop and test vaccines and therapeutics for MARV,
animal models of MVD must be developed and characterized, and reflect human pathogenesis as accurately as
possible. Based on a review of the literature and as
described above, it’s clear that the NHP model best recapitulates MVD pathogenesis in humans. However, the
animal husbandry burden, financial cost, and ethical
concerns surrounding NHPs make them a poor choice
for pilot experiments involving untested vaccines and
treatments. The easier and more cost-effective approach
is to test potential vaccines and therapeutics in small
animal models of MVD, to establish some degree of efficacy before moving to NHP studies. The VSV-EBOV
vaccine, the first EBOV vaccine with clinical data showing effectiveness in humans [78], was shown to protect
mice, guinea pigs, hamsters, and NHPs from EBOV challenge [79–81].
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The Syrian golden hamster model of MVD presents an
outcome very similar to MVD in humans, but requires
an adapted virus, and has a limited array of commercially available reagents and assays. Guinea pigs have
more commercially available products, but do not recapitulate some of the important aspects of human MVD
(Tables 1 and 2). Mice are incredibly easy to acquire and
handle, and have by far the most reagents available, as
well as a multitude of transgenic and knockout models.
However, mice also present pathology that is furthest
from human MVD and are either immunodeficient or
require an adapted virus to cause disease. The animal
models for MVD reviewed in this paper are effective at
recapitulating human MVD pathogenesis in different
capacities, and each has its place in the long process of
testing vaccines and treatments for licensure. However,
there is room for further characterization and development of new animal models of MVD, in order to close
the gap between using simple animal models and accuracy of disease progression.
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