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Animal models for Lassa virus infection
Tsing-Lee Tang-Huau', H Feldmann'? and K Rosenke'

In humans, Lassa virus infection can result in disease with
hemorrhagic manifestations and high fatality rates. There are
no approved treatments or vaccines available and the inherent
danger of studying Lassa virus means it can only be studied in
high containment labs (BSL4). Under these conditions, mouse
models are becoming an important instrument in the study of
Lassa virus infection, disease and host responses. While
guinea pigs and non-human primates are the critical
components in assessing treatments and vaccines and have
recently been used with great affect in this capacity.
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Introduction

Lassa virus (LASV) was discovered and isolated in 1969 in
the village of Lassa in Nigeria [1]. Shortly after identifi-
cation of the virus, it was isolated from a small peri-
domestic rodent, Mastomys natalensis, which is currently
known as the main natural reservoir of LASV [2]. LASV
causes an acute febrile disease, called Lassa Fever (LF);
in West Africa that in its severe form resembles the
clinical syndrome of a viral hemorrhagic fever. The four
West African countries Guinea, Sierra Leone, Liberia,
and Nigeria have reported the vast majority of all LF
cases, but neighboring countries do see varying numbers
of LF cases and LASV seems to be epizootic in Mastomys
natalensis and occasionally other rodent species [3,4].
LLASV show a high genetic diversity with up to 27%
nucleotide difference in the NP gene translating into a
difference of up to 15% at the protein level [5]. There are
now four recognized clades of LASV with two possible
emerging clades that have not yet been formally
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recognized [5-8]. The newly developed LLASV reverse
genetics system will be a powerful tool in future studies
on virus biology, pathogenesis and immune responses.
[9,10]. Currently, there is no clinically approved treat-
ment for Lassa Fever (LLF) or a vaccine to prevent LASV
infection. The only available antiviral drug, ribavirin, has
been used with limited success if administered early in
infection (within the first 6 days after disease onset)
[11,12]. The outbreaks documented throughout West
Africa have increased in size and severity over time
[13-15]. This has also resulted in the importation of
LF cases into Europe and the Americas resulting in
the first transmission event of LLASV outside of west
Africa [14,15]. LF is a growing public health concern best
demonstrated by adding LF/LASV to the WHO List of
Blueprint Priority Diseases/Pathogens, which identifies
those diseases/pathogens that have epidemic potential
and a lack of vaccine or treatment options. This illustrates
the continued need for basic and translational research
that by necessity, occurs predominantly through the use
of animal models.

Animal models

The guinea pig has historically been the main rodent
model for studies on LASV pathogenesis and counter-
measure development. The nonhuman primate (NHP)
models have largely been used to further support and
confirm results from the guinea pig model. The more
recently developed mouse models are still in their infan-
cies but show promise for more mechanistic studies on
pathogenesis and immune response as well as screening
models for therapies and vaccines. In addition, some early
studies were performed in the reservoir species Mastomys
natalensis. 'The different models are discussed in more
details below (Table 1).

Mastomy natalensis

Shortly after the discovery of Mastomys natalensis as the
main natural host of LASV it became one of the first
animals experimentally infected and characterized [3].
These animals were found to support LLASV replication
over the course of several weeks following infection with
no signs of disease [3] but there has been limited follow-
up to these initial studies [16] and none under controlled
experimental conditions utilizing an established Mastomys
natalensis colony.

Guinea pigs

The most reliable small animal model of LF established
thus far is the guinea pig. Both the inbred Strain 13 and
outbred Hartley guinea pig are susceptible to wild-type
(WT) Lassa infection by aerosol, sub cutaneous
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Table 1
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Comparison of Lassa Virus Josiah strain in infection models

Mouse Guinea pig Non-human primate
Model IFNAR™~ Humanized Chimeric STAT1~/~ Strain 13 Hartley Rhesus Common Cynomolgus
HHD macaque marmoset macaque

Disease Virus adaptation No No No No No No Yes No No No

Viremia Moderate® High High High® High Moderate High Moderate High® High

Target organ damage Moderate High Moderate High? High Moderate High High High? High

Hearing loss N/D N/D N/D Yes N/D N/D N/D N/D N/D Yes

Fever N/D N/D N/D N/D Yes Yes Yes Yes Yes Yes
Research Cost Moderate Low High

Handling Easy Moderate Difficult

Group size Large Medium Small

Tools and reagents Commonly available Minimally available Commonly available

FDA anaimal rule requirement N/D

Yes Yes

N/D: Not determine.
& Strain-dependent.
® Non-lethal.

or intraperitoneal routes ([3,17,18]). However, the Strain
13 is more sensitive to Lassa virus infection and results
in a near 100% fatality rate when infected with the Josiah
strain (‘T'able 1). The Hartley guinea pig is more resistant
with 30% of animals succumbing to disease following
infection with the Josiah strain [17]. More recently the
Josiah strain was adapted to the Hartley guinea pig by
serial passaging virus from lethally infected animals to
naive animals 4 times. This serial passaging resulted in a
uniformly lethal infection in the Hartley guinea pig that is
consistent in disease and with wild type virus in Strain
13 guinea pigs [19] (Table 1).

Viremia is detectable by qPCR as early as 3 days post-
infection (dpi) in guinea pigs and peaks around 10-12dpi
before stabilizing and the animal succumbs to infection
12-18dpi. A low-grade fever is detectable a few days
following the detection of viremia (6dpi) and increases
for several days before falling quickly resulting in hypo-
thermia. Weight loss is measurable a day after fever and
continues until death with some animals losing >20% of
total weight. Peak virus titers are detected in lymph
nodes, salivary glands, spleen and lungs. Virus replica-
tion appears to be slightly lower in the liver, but lesions
in the liver are apparent in both models. Tissue damage
in guinea pigs is broad and changes are seen in the
cardiac, hepatic and lymphoid tissues. Guinea pigs also
suffer from interstitial pneumonia but all lesions are
mild to moderate and do not necessarily account for
lethal outcome of the infection ([3,17-19]) (T'able 1).
Guinea pigs that survive infection develop mild to
moderate disease and can go on to develop persistent
infections. The eye was recently investigated as a poten-
tial reservoir in the body. Viral antigen was found in the
anterior regions of the eye in animals that succumbed
but minimal damage was seen in surviving animals,
consistent to what has been reported in humans [20].

Persistently infected guinea pigs develop many other
sequalae associated with inflammatory conditions with
long-term systemic vasculitis and periarteritis [21] that
has been associated with hearing loss in other models
but has not been reported in guinea pigs.

Non-human primates

NHP models of LF are considered the gold standard and
the disease course closely mimics human LF. To date,
LF models have been described in the squirrel monkey,
the common marmoset, the rhesus macaque and the
cynomolgus macaque [19,22,23]. The squirrel monkey
model was the first NHP model established but its use
has not continued since the first descriptive studies. The
3 remaining NHP models currently in use all reflect LF
symptoms similar to humans although the marmoset has
been reported to suffer uniform lethality [24]. The
rhesus have survival rate of 40% following infection with
the prototypical lab Josiah strain [23,25]. The
cynomolgus macaque has been the most extensively
studied NHP and the severity of disease and mortality
is dependent on dose and LLASV strain [23,26-28].

The NHP models share important disease characteristics
consistent with human LF and are sensitive to several
strains of LLASV (Figure 1, Table 1). Infection results in
detectable viremia as early as 3dpi and increases until
the time of cuthanasia in terminal animals. Similar to
humans, viremia is an indicator of survival and animals
that do not develop a high viremia are more likely to
survive infection [3,23,28,29]. The disease course in
these NHPs does vary slightly by time and the macaques
succumb to LF as early as 9dpi [30] but marmosets [31]
do not succumb until 15dpi [24]. Infected animals can
show clinical symptoms of lethargy, aphagia, constipa-
tion and low-grade fever at early times during infection,
conjunctivitis and a rash may appear a few days later.
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Experimental approaches with LASV animal disease models.

Liver enzymes (AL'T and AST) become elevated fol-
lowing increasing viremia and continue to increase until
the animal succumbs or resolves with virus clearance.
Serum albumin and total protein levels fall as illness
progresses and similarly rebound as the virus is cleared or
the animal succumbs to disease [3,23-25,28,29].

Tissue alteration in animals that succumb to disease are
consistent with limited reports in humans. Multi-focal
hepatic necrosis is the most prominent lesion observed.
Interstitial pneumonia of varying severity is also com-
monly found. Lesions are also frequently seen in the
spleen, heart, varying lymph nodes and the kidneys
[3,23-25,28,29]. Lesions in the CNS are less frequently
seen but do occur in the brain, spinal cord and meninges
[17,23,29]. These NHP models are very consistent to
what has been reported on clinical LF. NHPs with LF
often develop confusion, tremors, seizures or convulsions,
ultimately the animal can become comatose. Interest-
ingly, as with humans, none of the lesions detected are
severe enough to account for death and animals appear to
succumb from a multi-system failure (Table 1).

Mice

Wild-type mouse strains are resistant to disease following
LLASV infection by most routes of infection. The only
infection route in adult mice resulting in disease and
mortality is intracranial inoculation which does not
correlate with LF observed in human [31].

However, many recent advances have been made in devel-
oping a mouse model for LASV and several immunocom-
promised mouse strains have been found to be sensitive to
LASV infection (Figure 1, Table 1). Currently, mice defi-
cientfor type ITFN receptor (IFNAR ") and type /I IFN
receptors (IFN-a/bnglf) as well as the STAT'1 knock out
(STAT17/7) mice, all develop disease following [LASV
infection [32-38]. The IFNAR ™~ develop clinical symp-
toms of ruffled fur, reduced activity and weight loss while
IFN-a/bgR™'~ mice show no signs of disease beyond
weight loss. All mice lacking a functional IFN signaling
develop persistent infection following LLASV inoculation
and virus titers are detected in the blood, brain, spleen and
visceral organs 25dpi [37,39,40] (Table 1).

STAT1~/~ mice are highly susceptible to infection by
LASV [40] and develop clinical disease exhibiting ruffled
fur, weight loss and a drop in temperature with neurolog-
ical signs before succumbing to disease by day 4 and day
7 pi. STAT17/~ mice also show generalized infection,
accumulation of macrophages and an increased number of
apoptotic cells in the spleen similar to what has been
reported in  human cases [41,42]. Interestingly,
STAT17/~ are not susceptible to all LASV strains, infec-
tion with a LLASV isolated from a lethal human case
developed clinical disease by day 5 p.i. and a high rate
of mortality (90%) by 8dpi. This infection was accompa-
nied by high viral load in the blood, with brain and lymph
node lesions at the time of death. In contrast, STAT1~/~
mice infected with LASV isolated from a non-lethal
human case induced disease with moderate mortality
(50%) by 10dpi with the surviving mice demonstrating
chronic infection [43] (Table 1).

A chimeric mouse model has been generated by trans-
plantation of bone marrow progenitor cells from wt
C57BL/6 to mouse lacking type I IFN (IFNAR™7).
These chimeric IFNA™ 73 mice develop clinical dis-
eases such as high viremia, weight loss, high level of
AST and death by day 7 pi [44]. Similar to the
IFNAR ™~ and STAT1/~ mice, these chimeric mice
develop moderate tissues damage accompanied with
infiltration of granulocytes and an increase number of
CDS8" T cells, but not CD4" T cells, in the spleen
and lung (Table 1).

A humanized mouse model genetically engineered to
express a human/mouse-chimeric HLA-A2.1 molecule
instead of the murine MHC class I gene products
(HHD mice) [45-47] is sensitive to LLASV infection.
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HHD mice develop a persistent and high viral load
accompanied with clinical disease such as an increase
of AST activity by day 7 pi and approximately 20% of
animals succumb to infection. LASV-infected HHD mice
show disseminated infection, accumulation of granulo-
cytes and T cells in the spleen, lung and liver as reported
in human LF cases (T'able 1).

Strategy and uses of animal models

The animal model used for studies largely depends on
what question the experiment is designed to be addres-
sing (Figure 1). Generally, the first model for most studies
to consider would be a rodent, due to their small size, low
cost, and the availability of immunological reagents. The
mouse models can be useful to study several different
aspects of LASV infection including immune responses,
antivirals and vaccines. The IFNAR™~ model has been
used successfully to examine different combinations of
antivirals [48]. The STAT1 /= strain is a useful patho-
genesis model and can be used to study chronic infection
and deafness [43,49-51]. The role of T cells in LASV
infection has been studied using HHD mice [47]. CD4"
and CD8" T-cells depletion studies have indicated that
viral replication does not directly correlate to tissue
damage as the depleted animals do not develop tissue
damage, particularly the disruption of the white and red
pulp compartments in the spleen, as seen in humans
[52,53]. These data implicate H-2 class I-restriction
induces a T-cell mediated hepatitis in LASV infected
HHD mice similar to other arenaviruses [54], supporting
the hypothesis that CD4" and CD8" T cells may play a
key role in LLASV pathogenesis [55,56]. Overall, the
mouse models are based on immunocompromised ani-
mals and mimic certain aspects of human LLF but do not
fully recapitulate the multifactorial pathophysiology of
LASV infection in humans.

The guinea pig model of LASV infection shares several
disease characteristics of LF in humans including fever,
viral titers in the blood and tissue and visceral lesions
(Figure 1, Table 1). For these reasons the guinea pigis a
solid model for testing vaccine platforms or therapeutic
interventions [19,57-62]. Although scientifically advan-
tageous in these studies, guinea pigs are more cumber-
some to handle than mice in BSI.4 settings and require
larger caging in spaces that are limited. The strain
13 guinea pigs are not commercially available and it
can be difficult to acquire the appropriate numbers of
age-matched animals required for a study. This problem
has been partially alleviated by the recent development
of the guinea pig adapted LASV used in Hartley guinea
pigs. The outbred Hartley guinea pig is readily available
from commercial sources but this model is only suitable
for studies utilizing the Josiah strain of LASV.
The guinea pig model is also hampered by the lack of
specific reagents used in downstream analysis for
immunology-based studies (Figure 1, Table 1).
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The rhesus macaque develops a disease very similar to
LF in humans and was the first NHP model of LF used to
test a treatment when the effects of the antiviral drug
ribavirin were assessed in a LASV Josiah infection [29].
The success of this animal study resulted in the clinical
use of ribavirin to treat LF across West Africa [42]. This
was followed up by examining protection acquired by the
passive transfer of antibodies in survivor serum using
cynomolgus macaques [63]. Marmosets are probably
the least used NHP model as they are difficult to work
with, at times problematic to acquire, prone to complica-
tions (i.e. ketoacidosis resulting in stress hepatitis, infec-
tion of the gastrointestinal tract), although they are a
useful pathogenesis model [24] and have been used to
evaluate vaccines [64]. The macaque model has become
the preferred model recently and cynomolgus macaques
have been used to assess vaccine efficacy, antivirals and
antibody therapy [30,65-67] (Figure 1, Table 1).

Hearing impairment is common among LF survivors with
an estimated 30% experiencing unilateral or bilateral
hearing loss [49-51,68,69]. Although little is currently
understood about LLF induced hearing loss there has been
progress in developing animal models to help understand
how this occurs. A sensorineural hearing loss model has
been developed utilizing a LLASV isolate from Sierra
Leone in STAT17/~ mice. This infection results in a
milder, non-lethal infection where the animals display
a permanent, reduced level of responsiveness that
develops as ecarly as D16pi. A significant degeneration
was found in the spinal ganglion specific to the auditory
nerve and high levels of viral antigen and CD3" cells were
detected along this nerve. Damage was also seen in both
the outer and inner hair cells in these animals [43]. A
recent report describes a similar result in the cynomolgus
model of LF. Animals surviving LASV infection
developed a chronic disease state and developed unilat-
eral or bilateral hearing loss by 28dpi. Acute perivascular
inflammation surrounding the cochlear nerve was
reported and this chronic infection appears similar to
autoimmune associated vasculitis disease that have been
described in humans [28]. Very little is known about
hearing loss in humans to suggest a mechanism. Both
the STAT1~/~ mouse and cynomolgus macaque models
have produced mechanisms suggesting the underlying
cause is based in persistent inflammatory response to the
presence of viral antigen (Table 1).

Conclusions and perspective

LASV was identified 50 years ago and there is still no
vaccine or FDA approved treatment available for LF.
"This underlies the facts that LF studies are difficult and
ethically challenging. Although there has been progress,
the difficulty of working in the required BSL-4
environment limits the numbers of studies that can occur.
To facilitate research that is otherwise unfeasible or
unethical, the FDA introduced what is known as the
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Animal Rule (21 CRF 601.90, subpart H, 2007). Simply
put, this rule allows the FDA to rely on evidence accu-
mulated during animal studies to assess effectiveness of a
product. This is rule is only applicable to animal studies if
the model reliably replicates several disease parameters.
While current LASV mouse models generally do not meet
these criteria, they can be used as an important first step
in screening treatments and vaccines. Mice will also
continue to provide useful immunological insight into
LASV infection. The guinea pig model does replicate
several characteristics of LF and shares several similari-
ties to humans both in viral kinetics and disease. The
guinea pig remains a very useful tool for evaluating LASV
prophylactics but does not offer the same value in terms
of immunological studies as mice at this time. The NHP
models, particularly the cynomolgus macaque, very
closely replicate human disease and remain the gold
standard for LF research (Figure 1). The value of study-
ing LASV infection in NHPs cannot be understated when
a rigorous examination of LLASV infection is required.
"This value was first realized in the initial ribavirin studies
and now continues to assist in advancing research into
both vaccines and treatments. The NHP models of LASV
infection fulfill the FDA Animal Rule requirements and
their use should be considered in this capacity when
scientifically merited (Table 1).

As LLASV is a zoonotic pathogen, studying the reservoir
species would likely provide extremely helpful informa-
tion for virus maintenance in nature and transmission to
humans. This could be done best and controlled if
breeding colonies of Mastomys natalensis could be estab-
lished for experimental studies. Those colonies would
also be helpful to address the interesting concept of a
wildlife vaccine for LASV to be used in the natural
reservoir species.
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