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Introduction

Lassa virus (LASV), the etiological agent of Lassa Fever
(LF), was first identified after the infection of two mis-
sionary nurses in Lassa, Nigeria 50 years ago in 1969 [1].
LASV remains a current public health concern today,
causing an estimated 300 000 infections and 5000 deaths
annually, accounting for 10-30% of adult hospitalizations
in endemic areas [2]. Of the hospitalized patients, 10—
20% will succumb to infection, often despite treatment
with ribavirin and supportive care. Unfortunately, the
numbers can be dramatically increased during outbreaks
[3°]. The extensiveness of LF is often unknown due to
the fact the areas impacted by outbreaks are often
resource poor and underfortified with diagnostic capabili-
ties. In addition, LF presents with generic symptoms that
mirror other illnesses such as malaria, influenza, sepsis
and even ebolavirus [4]. Delays in diagnostics are com-
mon and although early treatment may be effective, the
highest risk populations are often the least managed.
Despite this high disease burden and the WHO prioritiz-
ing LASV for accelerated research and development, LF
remains underdiagnosed and understudied with no FDA
approved vaccine or therapeutic [5,6].

Virion/epidemiology

The LASV genome is a bi-segmented, single-stranded
RNA ambisense genome belonging to the Arenaviridae
family. Their size, a large (I.) 7.3 kb segment and a small
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(S) 3.4kb segment, classify the two segments. The L
segment encodes the viral RNA-dependent RNA poly-
merase and zinc-binding proteins. The S segment con-
tains two genes that encode for three proteins including
the nucleoprotein (NP) and glycoprotein precursors 1
(GP1) and 2 (GP2) [7°°]. The LLASV genome is packaged
into a pleomorphic virion measuring approximately 50—
300 nm in diameter, which is enveloped and contains a
lipid bilayer membrane [8].

The sequencing of the genome has identified four genet-
ically distinct circulating LLASV lineages (clades). Three
of the lineages are endemic to Nigeria while the fourth is
endemic across the geographical area of West Africa
(Ivory Coast, Sierra Leone, Libera, and Guinea). More
recently published sequences from Mali suggest that
there may also be a fifth clade [9]. Each of the clades
contains multiple strains that are distinct in their genetic,
serologic and possibly pathogenic characteristics [10°].
There is a high prevalence of antibodies against LASV
in the endemic region population, consisting of 8-52% in
Sierra Leone, 4-55% in Guinea and 21% in Nigeria; the
high prevalence is likely a result of most infections being
mild or asymptomatic [11,12]. Because of the genetic
diversity between clades, it is unknown at present how
much cross-protection is provided between different
clades and suggests that prospects of a universal LASV
vaccine may be doubtful [13,14].

Outside endemic areas, there have been sporadic
imported cases into the USA, Europe, and Asia in addi-
tion to laboratory-acquired infections reported in the USA
[15]. Since the discovery of LLASV, there have been
33 imported cases to 9 countries with patients initially
departing from 7 endemic West African Countries [16°].

Natural reservoir and transmission

Similar to other Arenaviruses, LASV is a rodent-borne
pathogen. The peridomestic Multimammate rat (Masz-
omys natalensis) is the natural host for LASV, which is
ubiquitous in equatorial Africa. These Multimammate
rats are found more commonly in poorer areas, where
austere home construction contributes to rat-human
cohabitation [2,11]. Through phylogenetic analysis, it
has been found most LLASV infections are a result of
multiple independent zoonotic spillover events, with an
estimate of less than 20% of cases arising from human-to-
human transmission [7°%,17]. There is recent speculation
that the large increase in Nigerian LF cases between
2017 and mid-2018 may have arisen from a new strain of
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more virulent LASV. The new strain was thought to have
caused increased human-to-human spread; however,
analyses of the LASV genomes showed a diverse range
of viruses that have been previously observed in Nigeria,
likely arising from numerous rodent-to-human transmis-
sion events [18°]. The zoonotic event from the M. nata-
lensis 1s thought to occur through direct contact or inges-
tion of the rodent excreta or saliva with a host’s non-intact
skin or mucous membranes [19]. Transmission and cor-
responding human disease have been found to occur
mostly in March, correlating to the dry season transition-
ing over to the wet season; however, cases can occur year-
round [11,20].

There is no associated human-to-human transmission
from asymptomatic carriers; however, for patients suffer-
ing from acute infection, transmission can occur through
contact with infected blood, urine, other secreted bodily
fluids, or through contact with contaminated equipment
such as re-used needles [15]. LASV infection is not spread
through casual contact such as hugging, shaking hands, or
sitting near someone [21]. The lack of casual contact
spread is demonstrated by low secondary attack rates,
which has been exemplified in a recent review of
33 imported LF cases originating from West Africa
between 1969 and 2016. The review showcased only
2 documented secondary transmissions from imported
cases, both of which were likely due to improper personal
protective equipment (PPE) use [16°]. Lack of appropri-
ate PPE has been reported elsewhere to contribute to
nosocomial LLF transmissions particularly for healthcare
workers [21-24]. There is also the risk of sexual transmis-
sion of LASV as the virus can survive in semen for up to
three months after recovery from acute illness and viral
clearance from the blood [15]. Transplacental transmis-
sion may also occur and is associated with poor prognosis
for both the mother and the fetus, especially during the
third trimester, with a maternal mortality rate at approxi-
mately 20%, and the fetal mortality rate nearing 100%
[25,26]. Like other viral hemorrhagic fevers (VHFs), the
potential for acrosol transmission, especially during labo-
ratory manipulation of high titer samples, is possible and
should be considered. There is, however, little to no
epidemiologic evidence supporting this as a mode of
transmission [27].

Clinical presentation

Exposure to LASV, either from rodent-to-human or
human-to-human transmission, is usually via the nasopha-
ryngeal and/or oral mucosal route. It is then able to infect
monocytic lineages including dendritic cells and macro-
phages before subsequent hematogenous spread to lymph
nodes and systemic dissemination [28-30]. The incubation
period for LASV is 6-21 days resulting in a spectrum of
clinical presentations ranging from asymptomatic to VHF,
multi-system organ failure and death. Given the large
spectrum of clinical presentation, along with the

inadequate surveillance in endemic regions makes the case
definition of LF difficult. There is no agreed upon case
definition, although some have tried [31,32°]. Khan ¢z a/.
have outlined that the LF case definition for admission in
Sierra Leone was based on a reported or documented
temperature >38°C for less than three weeks with absence
of local inflammation and at least two major signs (Includ-
ing: Bleeding; Swollen neck or face; Conjunctivitis or
subconjunctival hemorrhage; Spontaneous abortion; Pete-
chial or hemorrhagic rash; New onset of tinnitus or altered
hearing; Failure to respond within 48h to anti-malarial
therapy; Failure to respond within 48 h to antibiotic ther-
apy), or one major plus two minor signs (including: Head-
ache; Sore throat; Cough; Vomiting; Diarrhea; Diffuse
abdominal pain/tenderness; Chest/retrosternal pain; Gen-
eralized myalgia or arthralgia; Profuse weakness; Jaundice),
or at least three minor signs [31]. Critiques of this case
definition include the lack of specificity given the criteria
overlap many other febrile illnesses. The cause of the large
discrepancy in patient symptoms, which has led to an ill-
defined case definition for diagnosis, is still unknown.
However, it is thought that the route, dose, as well as
underlying co-infections, and genetic predisposition may
play a role [31].

Although there is limited epidemiological surveillance in
endemic areas it has been suggested that most infected
individuals (80%) are asymptomatic or have a very mild
course, which may include low grade fever, headache,
and malaise. Many of these do not seek medical atten-
tion. The remaining 20% go on to more serious disease
initially manifesting as pharyngitic changes with cough,
nausea, vomiting, diarrhea, abdominal pain, myalgia,
retrosternal and back pain [33]. Severe cases can progress
to have hemorrhage, facial swelling, pulmonary edema
and hypotension [19]. End stage disease can see protein-
uria, renal failure, shock, neurologic manifestations
including tremors, disorientation, seizures and eventual
coma [19]. Although LLASV is considered a hemorrhagic
fever, bleeding is seen in less than 20% of LLASV acute
infections and is typically minor and localized to the
nose, mouth, vagina and/or rectum [34°]. Studies in NHP
models investigating host immunological parameters of
LASV infection have shown how the immune response
may affect the disease outcome. It was found that
individual inflammatory markers including high levels
of circulating CD80+ monocytes, timing of IFNa
release, and robustness of T cell activation differ
between fatal and non-fatal cases [35-37].

It usually takes patients that suffer from acute LF infec-
tion 1-3 weeks to recover [25]. However, even after
recovery, patients may experience disease sequelae
including polyserositis, vision distortion, vertigo, hearing
loss and back pain [38]. The pathogenesis of LF sequelae
is still widely unknown, although it has been suggested
that LASV infection is able to persist in the smooth
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muscle of the arteries causing chronic systemic vascular
inflammation (arteritis) during convalescence [38].

Pathophysiology

The majority of our understanding of the pathophysiol-
ogy of LLASV is the result of animal models of disease.
T'wo animal models are widely used for the study of
LASV infection; an inbred strain 13 guinea pig model
and the more preferred non-human primate (NHP)
model [10°]. Macaques (Rhesus and Cynomolgus) have
been considered the gold standard for investigating vac-
cine and therapeutic evaluations as well as pathogenesis
studies for LF [37]. This is because the disease timing,
clinical signs, gross lesions, histopathological changes,
and minimal inflammatory cell infiltrate in infected
organs are similar to those occurring in man [28-39].

LASV disease is believed to initiate by targeting macro-
phages and dendritic cells, causing myeloid cell dysregu-
lation, with subsequent spread to the other organ systems
where some combination of direct viral cytopathology and
host inflammatory/vasodilatory processes occur [40-42].
The more serious end-stage of this process leads to a
septic shock-like state of vascular instability and hemo-
static impairment typical of other VHF's ultimately lead-
ing to mult-organ failure [43]. The systemic spread
initially leads to the infection of Kupffer and parenchymal
cells in the liver and adrenal gland followed by cells in a
variety of other tissues including spleen, kidney, pan-
creas, placenta, uterus, breasts, gonads, and finally the
epithelium [31,37].

Liver

The most severe lesions found in post-mortem histologi-
cal studies are found in the liver showing hepatic necrosis
coinciding with LLASV hepatitis [44,45]. The high virus
titers in the liver suggest it is one of the major target
organs of virus replication and cytopathology. Although
the histopathologic changes are not considered sufficient
to cause death, liver damage is exemplified by a signifi-
cant rise in alanine aminotransferase (AL'T) and aspartate
aminotransferase (AST) [37,46]. AST levels are usually
significantly greater than AL'T, often at a ratio of 10:1. It
has been shown that AST levels >120 international units/
LL at the time of presentation is associated with increased
mortality risk [3°,46,47]. The occurrence of random foci of
necrosis, some without associated inflammatory cells,
suggests that the hepatic injury may be due to direct
viral damage [44].

Renal

It has been shown that an increased risk of mortality is
correlated with renal insufficiency secondary to LF with
renal pathology being a common observation in post
mortem examinations [3°,30,48,49]. Post-mortem renal
pathology includes tubular necrosis, glomerular sclerosis,
and interstitial nephritis, but there is no reported

observation of ischemic pathology. Additionally, blood
urea nitrogen (BUN) and creatinine (CRE) can be used to
help predict fatal outcomes in patients infected with
LASV, as an increase in BUN and CRE have been
associated with a doubling in mortality [3°].

Nervous system

There is limited research regarding the neuropathogeni-
city of LASV infection; however, it has been suggested
that invasion of the nervous system is important in end-
stage pathogenesis [34°]. Neurological manifestations
range from sensorineural hearing loss (SHL), confusion
and disorientation to seizures, coma, and encephalopathy
[34°,50,51]. LASV has also been isolated from the spinal
fluid in a small number of cases and some have reported
mild to moderate pleocytosis [51-53].

Approximately one-third of LASV patients develop uni-
lateral or bi-lateral SHL in late stages of acute illness and
into convalescence, and two-thirds of these patients are
left with some degree of permanent hearing loss
[40,53,54°]. 'The pathogenesis of the SHL is most likely
caused by immunologic mechanisms. Researchers have
developed a mouse model of SHL, wherein LLASV parti-
cles enter the inner ear through the hematogenous route
or through cerebrospinal fluid and cause damage to the
inner ear hair cells and auditory nerve through immuno-
pathological mechanisms. Within this study, no apparent
correlation between the severity of illness, hearing loss or
subsequent recovery was found [54°55]. The mouse
models used for these experiments included Statl ™/~
mice in order to, at least partially, recapitulate human
disease. The mock infected Stat1 /= animals showed no
observable signs of SHL including consistently normal
responses to startle amplitude, no histological damage to
inner ear hair cells, the auditory spiral ganglion neurons or
cochlea and no infiltrate of CD3 lymphocytes [54°].
Furthermore, another study demonstrated that ANCA-
positive immune-mediated systemic vasculitis may con-
tribute to sensory-neural hearing loss in Rhesus NHP
model suggests that humoral factors may be involved [55].
How much these humoral factors are disrupted in the [IFN
signalling-deficient mouse models or their contribution to
human disease remains to be determined.

Viral induced host immune response mechanisms caus-
ing idiopathic SHL has also been suggested through a
prospective study involving 222 human patients [56].
Additionally, immunogenic pathology to the inner ear
has been proposed through iz vitro analysis [57,58].
Here researchers showed that Schwann cells were tar-
geted by LASV in the peripheral nervous system.
However, the fact that inactive LLASV binding to
Schwann cells results in altered myelin sheath forma-
tion which can affect nerve conduction velocities and
auditory functions suggests mechanisms other than
direct viral cytopathology.
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The central nervous system (CNS) manifestations are
also seen in NHP models. Multiple strains of LASV were
able to produce meningoencephalitis in the frontal lobe,
cerebellum and brainstem [10°]. Another study found 7 of
9 examined monkeys had lymphocytic cuffing of blood
vessels within the brain, spinal cord, and meninges. A
small percentage of the NHP’s also presented with
inflammatory infiltrate in the spinal ganglia and choroid
plexus, and on the one eye sampled mild choroidoretinitis
was observed [29].

Cardiovascular/respiratory

After 4-7 days of illness, patients may develop cardiovas-
cular and respiratory symptoms that include hypotension,
interstitial pneumonia, retrosternal pain and edema in the
face, neck and pulmonary system [31,59,60]. Electrocar-
diograms from patients with LF demonstrate abnormali-
ties including nonspecific ST and 'T" wave changes in over
2/3 of cases [61]. Myocarditis and pericardial effusion
have been observed in some cases of LF [62-64]. Addi-
tionally, in a study of 23 hospitalized LF cases in Nigeria
during January and February of 1970, 6 patients were
found to have cardiac failure, which was suspected to be
the cause of death in the majority [65]. Animal model data
has also suggested cardiac inotropy may be negatively
affected during LF infection [66].

Human cases of myocarditis associated with LF infection
have been observed [62,63]. Additionally NHP studies
have confirmed that LASV is myocardiotropic, resulting
in pulmonary and coronary arteritis as well as perivascular
myocarditis [30]. One study reported finding heart lesions
with inflammatory cell infiltrates in the epicardium and
myocardium in 6 of 9 NHPs infected with Josiah LASV
[29]. Although there is little evidence outside of one
Macaque study, left ventricular heart failure may play a
role in the development of pulmonary edema found in
NHP’s experimentally infected with LASV [10°].

The lung also appears to be a substantial target of viral
infection, as noted by high viral titers in lung tissues,
although these lesions do not seem to correlate with
substantial morbidity/mortality [29]. In the rhesus
macaque model, virus was seen to accumulate in pulmo-
nary macrophages and alveolar septa and the researchers
speculated that the mechanism of pulmonary injury is
likely the result of capillary leak. This is evidenced by
pulmonary arteritis, necrosis of the alveolar capillary
endothelium, associated alveolar edema, fibrin deposition
and pleural effusion. Human pulmonary manifestations,
including pulmonary interstitial edema, interstitial pneu-
monia have been reported [63]. A study using NHP’s to
determine differences in disease manifestations and path-
ogenesis between LLASV isolates found that the Malian
isolate, concluded to be less pathogenic, caused the most
extensive pulmonary symptoms. This includes pulmo-
nary infiltrates, diffuse pneumonia, and pulmonary

edema [10°]. Another study found that interstitial pneu-
monia was a consistent finding, however varying in sever-
ity throughout all NHP’s infected with LLASV (Josiah
strain) and characterized by alveolar wall thickening
and varying amounts of edematous fluid [29]. Addition-
ally, LASV infection in an inbred guinea pig model
caused interstitial pneumonia along with necrotic and
apoptotic cells, congestion, hemorrhage and interstitial
edema [67°].

Hematology

Although there is disruption in specific hematologic cell
lines and functions, bleeding dyscrasia is not a major
factor in LF pathogenesis. Early in the course of
infection, patients may manifest mild leukopenia with
lymphopenic predominance and subsequently may go on
to develop leukocytosis with neutrophilic predominance
[33,46,59,68-71]. It is unknown if this is from bone marrow
production of new neutrophils (bandemia) or if this repre-
sents demarginalization of non-circulating segmented neu-
trophils secondary to a stress response. Mild thrombocyto-
penia has also been observed; however, it rarely falls below
100 000/p.L [72]. A few patients with severe LF may have
significant bleeding diatheses secondary to platelet dys-
function, which may be due to an inhibitor of platelet
aggregation as well as slightly lowered numbers [68,72].
In contrast to other VHFs, disseminated intravascular
coagulation (DIC) does not significantly contribute to
pathogenesis, as even in severely ill patients prothrombin
and partial thromboplastic times are usually normal [73]. It
has been noted that patients with LF will also show raised
hematocrit levels, again suggesting hemoconcentration
through increased membrane fluid losses [25].

Diagnostics

Although approximately 80% of the infected population
show no observable symptoms, early detection of disease
in individuals experiencing symptoms is imperative in
treating and preventing disease spread. The large range of
manifestations and non-pathognomonic signs and symp-
toms of LF can hamper the clinical diagnosis [74]. Some
diagnostic challenges exist with LASV including the need
for high containment facilities for diagnostics and assay
development/ validation. Furthermore, diagnostic testing
is often limited in endemic areas due to lack of resources
and this difficulty is compounded by substantial LASV
diversity amongst isolates even within an outbreak. In
addition, co-infections with Malaria (Plasmodium favi-
parum) parasites are commonly seen in endemic areas
as are other febrile illnesses, which can add difficulty to
diagnosing LF [75].

Historically, virus culture has been considered the ‘gold
standard’ for diagnostic testing. LASV may be cultured
from blood, urine, or throat washings, but these are not
routine clinical diagnostic tools, and a second confirma-
tory method such as qPCR or electron microscopy must
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still be completed [34°,76]. Viral culture is, however, a
slow method and requires an available containment level
4 laboratory limiting its utility for diagnostics [76]. More
recently, a lateral flow assay using recombinant LASV
(ReLASV) was developed and is the first potential rapid
diagnostic test for LASV infection which has shown
promise in research trials [32°].

Real-time RT-PCR has been used for LF and other VHF's
due toits relatively quick turn-around time, early detection
capabilities, the capacity to process a large numbers of
samples in a single run, and the ability to multiplex reac-
tions for differential diagnostic testing [77-79]. However,
the high degree of sequence diversity can be problematic,
even within an outbreak, as a single base mismatch may
affect sensitivity [80]. While such considerations are worse
in Primer-Probe based assays, more traditional, DNA-bind-
ing dye RT-PCR reactions (e.g. SYBR green) may circum-
vent these issues until sequences are obtained and primer-
probe design is optimized. In addition, there is some cross-
reactivity between LASV, LCMV, and New World arena-
viruses such as Tacaribe virus [81]. Sensitivity and speci-
ficity comparisons between immunodiagnostic assays and
qPCR in LASV diagnostics have been completed, and it
was found that the sensitivity of gPCR was lower than that
of immunoassays [32°].

The diagnosis of LF can also be established via serum
enzyme-linked immunosorbent serologic assay (ELISA),
which can detect IgM and IgG antibodies and LASV
antigen offering early diagnostic potential as well as
prognostic information [74,82]. Typically, serum IgM is
detectable 10-21 days after symptom onset and serum
IgG is detectable approximately 21 days after symptom
onset [74,83,84]. In one study, LASV serology had sensi-
tivity and specificity of 88% and 90%, respectively [74]. A
last alternative includes a post-mortem diagnosis estab-
lished via immunohistochemistry performed on formalin-
fixed tissue specimens [82]

Treatment

Historically, LF patients have been treated with support-
ive care therapy often in combination with ribavirin [27].
The first experimental evidence of ribavirin’s efficacy was
provided by a rhesus macaque model, and although none
of the ribavirin-treated animals died, the most beneficial
effects required very early intramuscular injections
(before the onset of illness) [28]. A single clinical trial
from Sierra L.eone using IV ribavirin showed lower case-
fatality when provided in the first six days of fever onset
compared with those treated seven days or more after
onset [47,85]. Although oral ribavirin has been shown to
improve survival rates it was shown to be less effective
than the IV form [47]. In addition, some have advocated
for post-exposure prophylaxes with oral ribavirin,
although efficacy data and exact indications for this use
are lacking [27,85].

Ribavirin is well known to cause serious side-effects and
adverse events, including coronary ischemia, hemolytic
anemia, and has significant teratogen and/or embryocidal
effects in animal models [26,47,86-88]. Additionally, the
success rate of ribavirin still relies on the availability and
procurement of the drug, as well as correct and timely
diagnosis [16°47,89]. With the cost and need for IV
administration empiric therapy for LLF with ribavirin
are more disadvantageous qualities [74].

Favipiravir, a new broad-spectrum antiviral drug with
targeted specificity against RNA viruses, has recently
been shown to be effective in a cynomolgus macaque
model of LF disease [90]. Favipiravir may also be associ-
ated with adverse events including transient thrombocy-
topenia, elevated transaminases and/or lipemia. It has
been used in combination with ribavirin to successfully
treat two recent epidemiologically linked cases in the
USA and Germany [91].

Recently, there have been improvements made on devel-
oping vaccine candidates for LASV, most of which are still
in preclinical stages. One of the leading pre-clinical
candidates includes the replication competent recombi-
nant vesicular stomatitis virus, VSVAG-LASVGPC [6,92].
The recombinant vaccine is attenuated, safe and highly
immunogenic and has shown 100% protection in a lethal
NHP model [93,94]. This vaccine candidate has also
recently been shown to be effective against genetically
and geographically distinct LASV isolates in both inbred
and outbred guinea pig models [6]. Another pre-clinical
candidate includes the reassortant vaccine platform,
ML29, encoding the NP and GPC proteins from LASV
as well as the Z and L proteins from the non-pathogenic
Mopeia virus (MOPV) with additional attenuation muta-
tions [93,95,96]. Initial guinea pig studies showed com-
plete protection against [LASV-Josiah strain and a LASV
isolate from Nigeria (ILASV-803213/NIG). ML29 has
shown additional protection in a Marmoset model [96,97].

Additionally, there is a promising DNA candidate vac-
cine, INO-4500, administered through intradermal elec-
troporation which showed 100% protection against NHPs
challenged with lethal doses of Josiah strain LLASV
[98,99]. INO-4500 has recently moved into phase 1 clini-
cal trials. The phase 1 randomized double-blind placebo-
control trial, which is still in the recruitment stage, con-
sists of 60 participants, evaluating outcomes of adverse
events, and immunological profiles including antibody
titers, neutralizing antibodies and interferon-gamma
response magnitude [100°].

Conclusion

Since its discovery in 1969, LLF has caused a significant
public health burden still endured in endemic areas today.
Transmission of the disease is most often a result of
zoonotic spillover events from the reservoir host, which
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results in illness in approximately 20% of individuals.
Those that experience acute infection initially present
with clinical manifestations thatare often indistinguishable
from other febrile illnesses thereby causing delayed diag-
nosis [4]. Such delays can resultin failure to isolate patients,
increasing the chance of human-to-human transmission
(usually nosocomial), as well as a reduced chance of effec-
tive anti-viral treatment. A portion of patients suffering
from acute illness will progress to serious disease with
hepatic, pulmonary, cardiovascular, renal, hematologic
and neurological symptoms. Increased research is required
to understand the pathophysiology of LF, which would
allow for the development of better antivirals and more
targeted disease altering medications. Diagnostic methods
have improved with new rapid testing; however, it is still
limited in endemic areas and complicated by Lassa genetic
and antigenic diversity [32°]. There is still no approved
vaccine or prophylaxis for LF limiting the opportunity for
control and prevent disease; however, recent research has
resulted in potential vaccines showing promising results in
pre-clinical and clinical studies [6,92].
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