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Lassa fever is a unique viral hemorrhagic fever that is endemic
in parts of West Africa, primarily Sierra Leone, Guinea, Liberia,
and Nigeria. The disease is caused by the Lassa virus, an Old
World arenavirus that has as primary reservoir host the
multimammate rodent Mastomys nataliensis, which lives in
association with humans. Recent estimates suggest LF causes
two million cases and 5000-10 000 deaths annually, mainly in
West Africa.

Clinical diagnosis and laboratory confirmation have always
been major challenges for effective management and control of
the disease in afflicted areas of West Africa. Recent
advancements in molecular biology, recombinant DNA
technology, and genomics sequencing has facilitated major
advancement in development of better diagnostic and
surveillance tools for Lassa fever virus. These include, the
multiplex, magnetic bead-based immunodiagnostics for both
Lassa virus antigens and antibodies; molecular probe-based
quantitative real-time PCR for genomic signatures; rapid
diagnostics tests that detects the most prevalent West African
lineages; and the successful utilization of next-generation
sequencing technology to diagnose and characterize Lassa
virus in West Africa. These advances will continue to improve
disease treatment, control, and prevention.

In this review we will discuss progression of Lassa virus
diagnostics from the past and into the future.
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Introduction

Lassa fever (LF) is a unique viral hemorrhagic fever
regularly reoccurring in endemic parts of West Africa,
primarily Sierra Leone, Guinea, Liberia, and Nigeria.
T'he name derives from Lassa, a village in Nigeria where
the first cases occurred in 1969 [1-3]. Lassa virus (LASV),
i1s a member of the Arenaviridae which contains both Old
World and New World species [4,5]. LASV is an Old
World arenavirus, and its primary reservoir host is the
multimammate rodent Mastomys nataliensis, which lives in
association with humans [6]. Secondary rodent reservoirs
include the African wood mouse Hylomyscus pamfi and the
Guinea multimammate mouse Mastomys erythroleucus [7].
Human infections primarily occur through contact or
ingestion of contaminated foodstuffs with infected rodent
excreta, urine, or blood. Infections may also occur through
inhalation of aerosols contaminated with dried excreta or
urine of infected rodents. Human to human transmission
can occur through contact with blood or body fluids during
care for the sick or deceased.

Recent estimates suggest LF causes two million cases and
5000-10 000 deaths annually [8,9]. Humans in LF
endemic areas have high prevalence of LLASV-specific
antibodies suggesting many infections are mild or asymp-
tomatic [10]. Acute LF causes a range of symptoms that in
the early stages can mimic other more common endemic
diseases.

Lassa fever has an incubation period of 6-21 days and
begins with generalized flu-like symptoms of fever,
weakness, cough, sore throat, and joint, back and chest
pain [1,10,11]. In severe cases, this may progress to
abdominal pain, vomiting, diarrhea, pharyngitis and
conjunctivitis. Late stage symptoms may include
respiratory difficulty, facial edema and hearing loss.
Generally, recovery begins 8-10 days post-onset. How-
ever, a small percentage of infections progress to acute
hemorrhagic fever with multi-organ failure [12]. Case
fatality rates may be 1-15%. Significant predictors of
fatal outcome are hemorrhage, sore throat, and viremia
[13]. Early detection and identification are critical
because treatment with the anti-viral Ribavirin must
be administered within six days of infection for greatest
effectiveness [14].

Since the early stages of LF are similar to other common
diseases, effective treatment requires early diagnosis and
immediate use of Ribarvirin. In this chapter we will
discuss progression of Lassa virus diagnostics from the
past and into the future.
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Genetics of Lassa virus

LASV is an enveloped negative-sense, single-stranded
RNA virus. The genome comprises two ambisense seg-
ments (the large and small segments). The large segment
encodes the RNA polymerase (L) and a zinc-binding
protein (Z), which is the equivalent of the matrix protein
in other RNA viruses [15]. The small segment encodes
the nucleoprotein (NP) and the envelope glycoprotein
complex (GPC). Coding regions on cach segment are
separated by an intergenic (IGR) non-coding region that
forms a stable loop (hairpin) [16]. The IGR functions in
structure-dependent transcription termination and in
virus assembly and/or budding.

The NP is the major structural protein, and comprises
nucleocapsid proteins that play essential roles in replica-
tion and transcription of viral RNA and in virion assembly.
It is used to evade the RIG-I-like pathway of the innate
immune response by binding to the kinase domain of
IKK-¢ [17]. The NP is the most sequenced part of the
LASV genome and is useful in classification of various
strains and lineages. The GPC gives rise to the envelope
protein that mediates viral attachment and cell entry. It is
proteolytically processed by host cell subtilase SKI-1/S1P
(13) into a heterotrimer in the lipid bilayer of the mature
virion. Each heterotrimer consists of a receptor-binding

Figure 1
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GP1 domain, a GP2 class I membrane fusion protein, and
a myristoylated stable signal peptide (SSP), which is
required for GPC processing and function [18]. The L
RNA polymerase functions in transcription and replica-
tion while the Z protein forms the matrix layer of the
virions.

Lineages

Lassa viruses can be classified into five lineages, [-V. The
nucleotide and amino acid divergence among the viruses
is up to 27 and 15%, respectively [19]. Lineages I-III are
commonly found in Nigeria, though lineage I has not
been reported in nature for over 40 years; lineage IV,
represented by the Josiah strain, occurs across West
Africa; and lineage V is found in Mali and Ivory Coast
[20,21°]. Geography plays a role in delineating Lassa virus
lineages in Nigeria [22°°]. Lineages II and III are stably
separated along the course of the two big rivers in Nigeria,
the Niger and the Benue. Lineage II occurs south of the
Benue and Niger Rivers and lineage III to the north.
Lineage II has further evolved into lineage ITA mainly
occurring south west of the Niger and lineage IIB con-
fined to south east of the river (Figure 1). The bottleneck
that has confined lineages I-III in Nigeria allowing line-
age IV to travel across West Africa is yet to be ascertained.
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Lassa fever lineage distribution across Nigeria. Next generation sequencing of Lassa virus revealed that the virus lineages in Nigeria are separated
geographically by major natural boundaries, which are the rivers Niger and Benue. Lineage Il is found in the north (green colour) and separated
from lineage IIB (Orange colour) in the South East and South-South by river Benue, and lineage IIA (Purple colour) in the South West by river
Niger. The numbers in the graph represent number of successful complete Lassa virus sequences performed at each of the localities.

www.sciencedirect.com

Current Opinion in Virology 2019, 37:132-138



134 Lassa viruses

Laboratory diagnosis

The clinical symptoms of LF are unspecific, giving a wide
range of differentials particularly in the early phase of the
disease. This renders the laboratory diagnosis necessary
and paramount for rapid and accurate intervention.

Virus isolation is the gold standard for LASV diagnostics,
but is impractical in endemic areas due to the require-
ment for BSL.-4 biocontainment. Detection of viral pro-
teins or LASV-specific IgM or IgG antibodies by enzyme-
linked immunosorbent assay (ELISA) or nucleic acids by
reverse transcriptase-PCR (RT-PCR) are the most com-
mon methods used today. In the past, immunofluores-
cence assay (IFA) was used to detect LASV antibodies,
but the requirements for BSL.-4 biocontainment, highly
trained technicians, and inferior sensitivity limited use.
However, it remains in use in clinical and laboratory
settings [23].

PCR-based assays

PCR-based molecular assays such as RT-PCR are an
important part of an orthogonal diagnostic system provid-
ing the greatest confidence in results [24,25]. These
sensitive and specific assays are the method of choice
for detection of LASV genomic material [25-34]; how-
ever, PCR is not always available in endemic areas [35]. In
addition, the high specificity of PCR-based assays can be
problematic due to the considerable genetic variation in
LASV strains over a wide geographic area, which
increases the potential for primer and/or probe failures.
The majority of assays target the small RNA that encodes
the glycoprotein complex (GPC) precursor and the nucle-
oprotein (NP) [26-29,31,32,34]. With the availability of
more sequence information, assays that target the large
RNA segment coding for the RNA polymerase (L) and
the matrix protein (Z) have been developed [30].

PCR-based assays are technologically complex compared
to immunological assays. Standard RT-PCR assays using
only amplifying primers are commonly used due to their
lower complexity [26,27,30,33]. To add more specificity,
probe-based real-time RT-PCR assays employing ampli-
fying primers and a specific-labeled probe that hybridizes
the amplicon, increases the assay specificity over primers
alone [31,32,34]. While more technologically complex, a
real-time PCR instrument controls temperatures, collects
data, analyzes results, and therefore has more capacity
and faster through-put than gel-based standard PCR.
Unfortunately, the exquisite specificity of the primer
and probe-based assays combined with LASV genetic
diversity unavoidably increases the chance of genetic
mismatches and potential false negatives [36].

Antibody-based assays

ELISA is a robust and simple method that can be per-
formed in relatively austere laboratories in LF endemic
countries. Detection of antigen or LASV-specific IgM

antibodies has clear clinical significance for patient diag-
nosis. Detection of LASV-specific IgG has limited utility
in patient diagnosis because IgG is produced later in the
infection; however, this assay is often used for disease
surveillance.

Detection of antigen generally employs a capture or
sandwich ELISA. A ‘capture’ antibody conjugated to a
solid support binds LASV in a sample. After washing away
non-binding components, the captured antigen is
‘sandwiched’ by a primary antibody. Addition of a sec-
ondary (antispecies-specific) antibody conjugated to a
reporter molecule produces a detectable signal. IgM,
the first and thus most clinically relevant antibody pro-
duced after infection, can also be detected using sand-
wich ELISA. In this case, the LASV antigen bound by the
capture antibody is exposed to a serum sample containing
LASV-specific IgM. The IgM binds the captured LASV
and the complex is detected by a species-specific anti-
IgM antibody conjugated to a reporter molecule.

These assays traditionally are performed with whole
inactivated virus or virus-infected cell lysate as the posi-
tive control in the antigen capture ELISA or the IgM
target in the capture IgM ELISA. The need for LASV
inactivated material makes these assays difficult to sustain
due to the requirement for BSL-4 biocontainment to
produce, inactivate, and safety test antigen. Today,
recombinant antigens can be used in place of virus pre-
parations. These recombinants can be easily expressed in
large quantities and don’t require biocontainment; how-
ever, comparison of recombinant-based assays to live and/
or inactivated virus-based assays is always prudent.

Boisen er al. prepared a LASV antigen capture ELISA
(RelLASV) using an affinity purified rabbit NP polyclonal
antibody produced by immunization with a recombinant
NP. In a comparison to RT-PCR they found a sensitivity
of 94% and specificity of 84% against the benchmark
PCR-based assay [37]. When combined with a lateral flow
immunoassay (LFI) utilizing paired monoclonal antibo-
dies also raised against recombinant NP, the sensitivity
and specificity of both assays were 95% and 97%, respec-
tively, compared to the benchmark RT-PCR assay.

Gabriel ¢z a/. developed LLASV-specific indirect antibody-
capture ELISAs using recombinant NP as the target to
detect IgM and IgG and compared it to IFA [38°°].
Clinical sample testing by ELISA was comparable to
IFA. Stand-alone IgM ELISA in absence of IgG had
little diagnostic value and IgM and IgG testing results
combined were of low sensitivity (26%).

The host response to LLF infection remains incompletely
understood. In most virus infections, IgM is initially
produced, wanes, and is followed by an increase of IgG
that persists long after the infection resolves. Some
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observations suggest that LASV infections can result in
production of IgM and IgG nearly simultancously
[38°°,39]. Wulff and Johnson found LASV IgG antibodies
detected by IFA occurred at the same time or only slightly
later than IgM. Similarly, Gabriel ¢7 a/. in a much larger
study, found some patients produced IgG just before
[gM. Contrary to dogma, LASV IgM may persist for years
[40]. In non-endemic LF regions of Sierra Leone, sera of
normal healthy donors with no recent febrile illnesses,
had high levels of LASV-specific IgM, suggesting that
[gM may not correlate with acute LASV infection. There-
fore, for early detection of LF, if virus isolation is not
feasible, the preferred methods are RT-PCR or sensitive
antigen detection [23,25-27,29,30,34,38°°]

Lateral flow immunoassays

In resource limited regions, methods such as virus isola-
tion, RT-PCR, and even ELLISA can be challenging due
to their technological and power requirements. In a
perfect world, a point-of-care (POC) device would be
easily transported without a cold chain, performed in
minutes, and interpreted by a user with limited training.
Lateral flow immunoassays (LFI) meet these criteria;
however they often exhibit low sensitivity and can be
prone to false positives. In an outbreak setting, LLFIs can
make a significant difference in the course of the epi-
demic due to rapid control and prevention [41°]. With the
addition of a rapid diagnostic test that could be performed
in the field with blood from a finger prick, by technicians
with little training, and no cold chain requirement, it is
estimated that the Ebola outbreak in Sierra Leone could
have been reduced by up to a third. In treatment facilities
rapid detection could have reduced health care worker
infections and improved patient outcome. Reducing
delays in diagnosis would result in more rapid isolation
and treatment, better bed space management, and
reduced nosocomial infection. Outside of treatment facil-
ities, they would offer a diagnostic solution where none
are currently available, such as determination of burial
requirements or contact tracing. While LFIs can be an
important part of an orthogonal system, they suffer from
poor sensitivity and specificity compared to other meth-
ods. Therefore, technicians must clearly understand assay
limitations and interpret the results in that context [42].
T'hey should never be used as a stand-alone diagnostic,
but when used judiciously, can improve the overall diag-
nostic process and outcome.

Currently, there is one LFI for LASV antigen detection.
The ReLASV Rapid Diagnostic Test (RDT) is a dip-
stick style LFI using paired LASV NP mouse monoclonal
antibodies derived from recombinant NP immunized
mice. The assay was designed for detection of LASV
Josiah strain in Sierra Leone [37,43-46]. Using RT-PCR
as the benchmark, the LFI exhibited 91.2% sensitivity
and 86.0% specificity [37]. If detection uses both the
ReLASV RDT and the ReLASV antigen ELISA, the
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combined assays have 90.2% sensitivity and 100% speci-
ficity, again demonstrating the importance of using an
orthogonal diagnostic system. Recently, an improved
RelLASV Pan-Lassa Antigen Rapid Test, detecting the
three most prevalent lineages of LASV (lineage II, III in
Nigeria, lineage IV in Sierra Leone, Guinea, Liberia, and
Mali) has been developed, but no performance date is
available (https://www.zalgen.com/wp.../05/10376-
ReLASV-PL-Antigen-Rapid-Test-RUO.pdf).

Magnetic bead-based assays

The MAGPIX platform (Luminex, Austin, TX, USA),
based on the xMAP bead technology, employs magnetic
microspheres with unique fluorescent labels resulting
from different ratios of two fluorophores. Assays per-
formed are similar to ELISA, but with a number of
advantages [47°48,49°]. The magnetic beads serve as
the solid support structures for antibodies (in immunoas-
says) and for oligonucleotides (in molecular assays). The
solution-phase kinetics of the xMAP technology ulti-
mately results in faster assays, with higher sensitivity,
and lower nonspecific binding. The ability to multiplex is
one of the greatest features of the system, up to 50 discrete
molecular targets can theoretically be multiplexed in a
single well.

Virtually any ELISA assay can be transitioned to the
MAGPIX system. For antigen detection, capture anti-
bodies are coupled to the beads, and for antibody detec-
tion, antigens can be coupled. Satterly ¢/ /. compared
MAGPIX and ELISA for the detection of Lassa (LASV)
and Ebola virus (EBOV) specific antigen and IgM anti-
bodies [47°]. In every format, MAGPIX was consistently
more sensitive than ELISA.

The multiplex MAGPIX system is ideal for serosurveil-
lance studies, permitting analysis multiple targets at the
same time. O’Hearn e @/. used a multiplex panel to
investigate prior infections in samples collected at the
Kenema Government Hospital in Sierra Leone [48].
Inactivated virus preparations were coupled to magnetic
beads and reacted with samples to detect IgG antibodies
to Lassa (LASV), Ebola (EBOV), Marburg (MARYV),
Crimean-Congo hemorrhagic fever (CCHFV), Rift Valley
fever (RVFV), pan-alphavirus, and pan-flavivirus. Inacti-
vated viruses as targets are laborious, expensive, and
dangerous to produce making assay component sustain-
ment difficult. Recombinant proteins and virus-like par-
ticles (VLLPs) can be coupled to magnetic beads as a
replacement for virus preparations. Ricks ¢z a/. used a
retroviral-based VLP presenting the Venezuelan equine
encephalitis virus E1/E2 glycoprotein coupled to beads to
detect IgM and IgG antibodies in clinical samples with up
to 2 Logj sensitivity increase [49°]. Assays utilizing
recombinant proteins or VLLPs and monoclonal antibodies
are sustainable with all components produced in bulk
without biocontainment and of consistent quality.

www.sciencedirect.com

Current Opinion in Virology 2019, 37:132-138


https://www.zalgen.com/wp.../05/10376-ReLASV-PL-Antigen-Rapid-Test-RUO.pdf
https://www.zalgen.com/wp.../05/10376-ReLASV-PL-Antigen-Rapid-Test-RUO.pdf

136 Lassa viruses

Next generation sequencing

Next-generation sequencing (NGS) is a high throughput
technology that retrieves information from the genome
more quickly and inexpensively than ever before. It has
revolutionized the field of biological science and enabled
researchers to ask more in-depth questions of the genome.
NGS utilizes metagenomics to uncover new viruses, under-
stand diversity, monitor outbreaks in real time, and inform
management decisions. Stenglein e# /. used an unbiased
metagenomic approach to discover three reptile arena-
viruses (CAS virus, Golden Gate virus, and Collierville
virus) as the etiologic agents for inclusion body disease
insnakes [50]. Although LASV was discovered in Nigeria in
1969, NGS and molecular clocking suggest that it has
existed for about 1000 years in Nigeria and between
400 to 150 years across West Africa, including Sierra L.eone
[20]. The fact that the Lassa virus strains in Nigeria are
much older than the one circulating in Sierra LLeone may
have an effect on disease progression and clinical outcome
of disease in each of the countries [20]. While the case
fatality rate for Lassa fever in Nigeria is about 60%, it can
reach 81% in Sierra Leone. A plausible explanation is that
the virus in Nigeria is better adapted than the one in Sierra
Leone considering the age difference. Host genetics and
other factors may also explain the differences in the Lassa
fever case fatality rates observed in different populations in
West Africa. The genome-wide association study (GWAS)
demonstrated that mutations in human gene called
LARGE are associated with resistance to Lassa fever in
Yoruba populations of Nigeria [51°].

Real-time NGS data have been used to support the man-
agement and control of the 2018 LASV outbreak in Nigeria
by providing real-time information to the government, allay-
ing fears arising from a purported increase in the 2018 out-
break [22°°]. Data show that the 2018 outbreak was caused
by multiple introductions from the rodentreservoir with very
little human-to-human transmission other than nosocomial
cases. The natural geography was demonstrated to be impor-
tant in delineating LASV lineages in Nigeria. Sharing find-
ings in real time with the National Centre for Disease control
(NCDC) and other local health authorities aided their
understanding of factors accounting for the increase in Lassa
fever cases (https://ncdc.gov.ng/themes/common/docs/
protocols/24_1502192155.pdf). This was made available
and shared with the scientific community on virological.
org (http://virological.org/t/yellow-fever-outbreak-in-
nigeria-2018/274). Using NGS lead to a deeper understand-
ing of LASV and provide answers to some difficult questions
such as the origins of outbreaks, transmission, and evolution
of the virus over time.

Future technology

The future of LASV diagnostics should consist of simple,
robust, sensitive, and inexpensive assays that will take into
consideration the genetic and geographical diversity across
LLASV lineages. Significant strides are being made in Lassa

fever diagnostics that will continue to improve treatment,
control, and prevention in endemic areas. In the near future,
development of point-of-care instruments on which immu-
nological and/or PCR-based assays can be performed will
bring diagnostics to the patient for greater integration into
treatment decisions and improve patient outcomes. Sur-
veillance of LASV antibody prevalence throughout known
and potential endemic geographic regions will better define
the risk maps for LF. The greatest advancements in the
understanding of LASV eco-epidemiology will be the result
of metagenomics in outbreaks and the rodent reservoir
hosts. This technology has the potential to determine
unanswered questions such as the true incidence of LASV,
the transmission bottleneck in LASV infection, and the
virus diversity in the reservoir host. Improvements in sci-
entific expertise throughout West Africa, using platforms
like that of the African Center of Excellence for Genomics
of Infectious Diseases (ACEGID), Redeemer’s University,
Ede, Nigeria, will build the capability to understand the
disease, its control, and ultimately its prevention.

Conclusions

Our defense against emerging and re-emerging patho-
gens like Lassa virus, will be an improved understanding
of the virus circulating in the environment, the disease in
the human host, and how the virus in maintained in
nature in the rodent reservoir hosts. Diagnostics are the
most effective tools to meet the needs now and into the
future to combat Lassa fever.
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