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Serum from convalescent Lassa fever patients was previously
shown to be ineffective as a source of protective antibodies in
some early studies. Subsequently, monoclonal antibodies
(MADbs) to the Lassa virus (LASV) glycoprotein produced by
memory B cells of West African patients who survived Lassa
fever were identified. Development of MAbs as potential Lassa
immunotherapeutics was facilitated by structural studies and
mutational analyses that identified protective epitopes on the
prefusion form of the LASV glycoprotein. Human mAbs were
screened for reactivity to different neutralizing epitopes,
potency, and broad reactivity against multiple lineages of
LASV. MAbs were downselected in a guinea pig model of Lassa
fever. A cocktail of three human MAbs designated Arevirumab-
3 rescued 100% of Cynomolgus macaques at advanced stages
of disease more than a week post-infection. Antibody
therapeutics may be further developed in clinical trials in
endemic areas potentially offering a key treatment option for
Lassa fever.
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Introduction

Lassa fever was first described in 1969 following the deaths
of two missionary nurses during a hospital outbreak near
Lassa, Nigeria [1°°,2,3]. Lassa virus (ILASV), a novel

arenavirus was isolated from the blood of a surviving nurse
[4°,5]. T'wo researchers were infected with LASV during
these initial studies, one fatally [6]. The surviving scientist
received blood donated from the surviving nurse as passive
immunotherapy [6,7]. In the ensuing 50 years, there
have been major advances in the understanding of LASV
molecular biology, immunology and genomics [8°°,9°,10°°].
However, there are current no approved therapeutics or
vaccines for treatment of Lassa fever. The populations of
Sierra Leone, Guinea, Liberia, Nigeria, and other West
African countries remain at high risk [11-16].

Humans acquire Lassa virus (ILASV) infection primarily via
exposure to virus-containing urine and feces of Mastomys
natalensis, the natal mastomys or multimammate mouse.
Additional rodent reservoirs/spillover hosts may also be
involved in LASV transmission to humans [17]. The febrile
illness induced by LLASV begins 1-3 weeks after infection.
After 4-7 days of mild illness, an estimated 20% of infected
individuals develop symptoms of a severe viral hemorrhagic
tever (VHF). Sore throat, vomiting and coughing are common
[18-20]. Approximately 40% of Lassa fever patients experi-
ence bleeding from the nose, mouth, other orifices and
mucosal surfaces. Death from Lassa fever generally occurs
between 10-14 days of symptom onset and is attributed to
diminished effective circulating volume, shock, and multi-
organ system failure [21]. Infection is ~90% lethal to women
in the third trimester of pregnancy. Unilateral or bilateral
deafness is a common sequela. Case fatality rates (CFRs) in
viremic patients range from approximately 25-30% in Nigeria
[22,23] to 70% in Sierra Leone [24]. Lassa virus (LASV), the
etiological agent of Lassa fever, is genetically divergent across
the Lassa fever zone in West Africa, with at least six lineages
[9°,25-27]. The contribution of viral genetic factors to the
distinct CFRs in Nigeria and Sierra Leone is unknown.

Intensive supportive care, including fluid replacement
and dialysis, appears to be beneficial in clinical manage-
ment of Lassa fever patients [23]. Despite early anecdotal
studies, including the aforementioned case [1°°,28], the
use of passive antibody for treatment of Lassa fever was
not supported in an early human study [29°] and has not
been since pursued. The current therapeutic modality for
treatment of LLASV infection is off-label use of intrave-
nous ribavirin, a purine nucleoside-analogue. Some
studies of ribavirin have shown efficacy in animal models
of Lassa fever [30,31], but a more recent study found a
delay in disease development no effect on mortality [32].
Further, ribavirin appears useful only in the early stages of
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acute LASV infection [33], and its use has been associated
with significant adverse events [34]. Several small
molecules that possess antiviral properties against arena-
viruses are under evaluation for treatment of Lassa fever,
including compounds originally identified by Siga Tech-
nologies [32,35]. Favipiravir has be shown to be effective
at treating Lassa fever in both guinea pigs [36] and
macaques [37]. Favipiravir was recently administered
in combination with ribavirin to treat Lassa fever in
two human patients in Frankfurt, Germany, and Atlanta,
USA, who both survived [38]. Potently neutralizing
monoclonal antibodies have been developed against dif-
ferent epitopes on the viral glycoprotein. Here, we discuss
the potential use of LASV human monoclonal antibodies
(huMAbs) as immunotherapeutics.

Antibodies for the treatment of Lassa fever
Neutralizing antibodies that physically inactivate or
neutralize viral entry are important for control of several
viral infections [39,40]. LASV expresses one surface
protein, a glycoprotein that self-assembles into a com-
plex termed the glycoprotein complex (GPC). GPC
mediates LASV entry into target cells and is the primary
target for antiviral antibodies [10°°,41]. The virion form
of GPC is a trimer of heterodimers. Each heterodimer
contains a receptor-binding subunit GP1 and a trans-
membrane fusion subunit GP2 [42]. LASV also encodes
an unusual stable signal peptide (SSP) that is required
for proper processing of GPC and is retained in the virion
as part of the GPC [43]. GPC, however, is metastable,
conformationally labile, and heavily glycosylated. The
thick carbohydrate coat and structural instability
challenge the elicitation of neutralizing antibodies.
Approximately half of humans who survive LASV
infection fail to produce neutralizing antibodies, even
late in convalescence [20,44].

The delayed development of neutralizing antibodies is
reflected in the persistence of IgM antibodies to LASV
GPC and perturbation of expected class switching to IgG
in the course of human infection [45]. Perturbations of
antibody class-switching were also observed in a non-
human primate (NHP) model of LLASV infection [46].
Neutralizing antibody may not be a factor in survival of
humans acutely infected by LASV. However, the ques-
tion of whether neutralizing antibodies with appropriate
virus strain specificity and delivered in sufficient quantity
can be an effective treatment for Lassa fever if provided
passively has not been adequately tested. Further, it
remains to be determined if protective neutralizing
antibody could be elicited by vaccination, perhaps with
engineered forms of GPC.

Early studies of passive antibody transfer evaluated
only whole plasma which may have had low neutraliz-
ing titers or not matched the infecting strain. Some
studies have met with success: plasma from human

survivors of Lassa fever has been used to successfully
treat Lassa fever in Cynomolgus macaques [47,48)]. Fur-
ther, several Lassa fever patients treated with survivor
plasma survived [28]. Others have found that conva-
lescent plasma was less effective than ribavirin in
treating acute Lassa fever [29°]. In particular, the use
of either sera with low titer of LASV-specific antibodies
or sera containing antibodies not closely matching the
infecting strain of LASV likely contributed to the
relative ineffectiveness of passive antibody therapy
in those studies [49].

In contrast, convalescent plasma is the only approved
treatment for Argentine hemorrhagic fever caused by
Junin virus (JUNV), a New World arenavirus [50,51].
For Argentine hemorrhagic fever, there is a direct rela-
tionship between delivery via passive transfer of an
adequate dose of neutralizing antibodies and patient
outcome. In a double-blind trial, patients with Argentine
hemorrhagic fever treated with immune plasma within
eight days of the onset of the disease had a much lower
mortality rate than those given normal plasma [52°].
Further, generation of neutralizing antibodies has been
established as a key measure of successful vaccination
against JUNV [53].

Monoclonal antibodies (MAbs) have emerged as thera-
peutics for numerous diseases because of their low
toxicity and high potency [54-57]. Synagis, a monoclonal
antibody immunotherapeutic for human respiratory
syncytial virus infection, has been approved for use
for over 20 years, but remains the only FDA approved
viral immunotherapeutic [58]. ZMapp, a cocktail of
chimerized murine antibodies, along with other
REGN-EB3 and mAb 114 are under evaluation during
an Ebola outbreak in a conflict zone in the Democratic
Republic of the Congo [59]. Immunotherapeutics are
also under development for treating HIV and other viral
diseases [60-63].

The need for treatments against Lassa fever, the
potential for therapeutic use of mAbs, and opportu-
nities to select mAbs for increased potency and broad
reactivity against multiple lineages of LASV prompted
us to isolate and characterize huMAbs from West
African survivors. 113 mAbs were identified in patients
who survived Lassa fever and developed sustained
antibody titers to LASV antigens months or years into
convalescence [10°°]. One-half of the resulting panel
of huMAbs bind the GP2 fusion subunit, one-fourth
recognize the GP1 receptor-binding subunit, and the
remaining fourth are specific for the assembled
glycoprotein complex, requiring both GP1 and
GP2 subunits for recognition. Most neutralizing
antibodies require both the GP1 and GP2 subunits
for binding and bind only to prefusion GPC. The
majority of these neutralizing antibodies cluster into
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a single competition group, termed GPC-B. Two
huMADbs are contained in a distinct group termed
GPC-A. Only a few bind to the GP1 subunit alone,
in a competition group termed GP1-A. Lastly, a single
antibody, 8.9F, recognizes only transmembrane GPC.
8.9F has an unusually long CDR3 of 33 amino acids
and was derived from a person with likely multiple
exposures to LASV. Compared with non-neutralizing
mAbs, the neutralizing mAbs in the panel have higher
binding affinities and greater divergence from germ-
line progenitors. A subpanel of huMAbs neutralized all
four LASV lineages that co-circulate in West Africa,
including diverse lineages from Nigeria, and were
classified as broadly neutralizing human monoclonal
antibodies (BNhuMADbs).

Figure 1
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The antigenic landscape of the prefusion
LASV GP trimer

LASV GPC is heavily cloaked by substantial host-derived
glycosylation making it a challenging target for therapeu-
tics. LASV GPC has eleven N-linked glycosylation sites
on each monomer, which together comprise ~30% of the
total mass of the protein [8°%,64] (Figure 1a). This exten-
sive glycan shield leaves few regions vulnerable to anti-
body binding. Recent structural analysis of the prefusion
trimer of LASV GP in complex with members of the
GPC-B competition group demonstrated this major class
of neutralizing antibodies recognizes a conserved and
highly quaternary epitope at the base of the GPC trimer
that spans the GP1 and GP2 subunits within a single
monomer, and also bridges two neighboring monomers

(b)

Neutralizing
Antibodies

Non-neutralizing
Antibodies
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The antigenic landscape of GP.

(a) Modeling of the experimentally observed glycosylation [70] onto the structure of the LASV GP trimer (PDB 5VK2, [8°°]). The GP1 subunit of
each GP monomer is colored light gray and the GP2 subunit is colored dark gray. Glycans are colored according to the oligomannose content:
0-30% — magenta; 30-79% - orange; 80-100% - green. (b) Left: Neutralizing LASV antibodies, colored by epitope group: GP1-A, which
recognizes the GP1 subunit alone is colored blue; GPC-A, which recognizes a single prefusion GP monomer is colored pink; GPC-B, which
recognizes a quaternary epitope that spans two GP monomers (site a and b) within the trimer is colored yellow. Right: Non-neutralizing LASV
antibodies, colored by epitope group. Conformational epitopes include: GP1-B (yellow); GP2-A (blue); GP2-B (red). Linear epitopes include:
GP2-L1 (purple); GP2-L2 (cyan); GP2-L3 (pink). For both panels, glycosylated asparginine (Asn) residues are shown as spheres and are colored

according to the scheme in (a).
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together (Figure 1b). Structural analysis (Hastie e a/.,
submitted) coupled with escape mutations, deletion and
mutagenesis studies [10°°] has now localized the alternate
neutralizing site, the GPC-A epitope, to a distinct
expanse across GP1 and GP2 subunits and the GP1-A
epitope to the B-sheet/apical domain of GP1 (Figure 1b).
While GPC-B antibodies bridge neighboring monomers
together, the GPC-A and GP1-A neutralizing antibodies
bind one single GP monomer at a time. In contrast,
epitopes of non-neutralizing antibodies map elsewhere,
primarily to the interior, proteinaceous faces of LASV
at the internal interfaces of the trimer. These non-
neutralizing antibodies may have been elicited by non-
functional, opened trimers as the proteinaceous inner
surfaces become exposed. The neutralizing antibodies,
such as those in the GPC-B, GPC-A, GP1-A, and 8.9F
competition groups bind the outer surfaces of the GPC
trimer, amidst the glycans that cloak its surface. These
neutralizing antibodies must accommodate the glycan
shield of LASV in molecular recognition.

Efficacy of neutralizing antibodies in
nonhuman primate models

Neutralizing antibodies were tested in a uniformly lethal
guinea pig model challenged with LASV Josiah, which
educated downselection of huMAbs for testing in a NHP
model of Lassa fever [65°°] (Figure 2a). A cocktail of three
BNhuMAbs was subsequently evaluated in walkout
(delay-to-treatment) studies in NHP, resulting in com-
plete protection, even when first treatment was adminis-
tered as late as 8 days post challenge with LASV Josiah
(lineage IV) [66°°] (Figure 2b). Complete protection with
the cocktail has also been observed against a newly
isolated and characterized Nigeria lineage II LASV from
Nigeria, which appears to cause a more aggressive dis-
eases than the Josiah strain (Cross and Geisbert, unpub-
lished). Importantly, complete clearance of circulating
viremia was observed after a single treatment with the
immunotherapeutic. The three-BNhuMADb cocktail
(37.2D, 8.9F, 12.1F) under evaluation has been named
Arevirumab-3. Recent studies demonstrated similar effi-
cacy in NHP treated with two BNhuMAb combinations
(Cross and Geisbert, unpublished). Complete protection
was achieved with a specific two BNhuMADb cocktail in a
dose down delay-to-treatment study with 1.5 mg/kg of
each MAD, albeit with prolonged clinical illness and
reduced clearance of viremia (Cross and Geisbert, unpub-
lished). To date, Arevirumab-3 has demonstrated high
efficacy in resolving advanced Lassa fever infections in
NHP, is safe and well tolerated, and has not resulted in
the emergence of escape mutant Lassa viruses /# vivo.
In vitro studies have demonstrated that Arevirumab-3
completely neutralizes the virus in culture and does
not give rise to escape mutant viruses, thus supporting
further development of this cocktail as a potential future
treatment for Lassa virus infections. Gradual reduction in
the production cost of MAbs for injection, coupled with
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Protective efficacy profile of LASV GPC huMAbs in a Hartley guinea pig
and Cynomolgus macaque models of Lassa fever.

(a) Pooled survival plots for treated and control guinea pigs challenged
with guinea pig-adapted LASV strain Josiah LASV from multiple
independent experiments, as noted. Control guinea pigs succumbed to
Lassa fever between 14 and 22 PI (median 15 days). A single guinea pig
survived infection through the 28-day study endpoint (1/18). (b)
Protective-efficacy profile of LASV huMAb combination therapy in a
Cynomolgus macaque model of Lassa fever. Kaplan—Meier survival
curve for each cohort treated with a cocktail of anti-LASV huMAbs after
LASV challenge. (37.2D + 19.7E) or day 3 (+3), day 6 (+6), or day 8 (+8)
post LASV challenge. ***P < 0.0001; as determined by Mantel-Cox test.

the low doses required to clear LASV infection in NHP,
further warrant consideration of immunotherapeutics as a
novel, frontline therapeutic option for Lassa fever and
viral hemorrhagic fevers in general.
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Discussion

The ineffectiveness, in some early studies, of serum from
convalescent Lassa fever patients as a source of protective
antibodies delayed efforts to develop immunotherapeu-
tics for post-exposure treatment. Recent encouraging
results using well-characterized BNhuMAbs in animal
models, however, are now driving the development of
potent immunotherapeutic cocktails for the treatment
and prevention of Lassa fever [65°°,66°°]. Studies of Lassa
GPC structure and interaction with antibodies provide a
foundation for understanding the molecular mechanisms
of antibody biogenesis, specificity and protection against
LASV infection in humans, and eventual clinical
treatment of acute Lassa fever.

LASV GPC is a metastable, conformationally labile,
heavily glycosylated molecules that more frequently
elicits non-neutralizing antibodies than neutralizing anti-
bodies. Such non-neutralizing antibodies may promote
Fc-mediated signaling to destroy viruses and infected
cells [10°°], and indeed recent studies document the
potential role of non-neutralizing antibodies in protection
against fatal Lassa fever. Notably, a LASV vaccine can-
didate, based on a recombinant rabies virus expressing
wild-type LASV GPC, was reported to induce protection
in rodent models of Lassa fever, even though it failed to
induce detectable levels of neutralizing antibodies [67].
Protection was instead linked to the appearance and titer
of non-neutralizing, Fc-mediated cell-targeting antibo-
dies. Further studies to define the role of non-neutralizing
epitopes in survival of LASV infection are necessary to
develop optimal immunotherapeutics and vaccines.
Neutralizing antibodies, which may be elicited against
well-folded trimeric GPC, and Fc-mediated cell killing
antibodies, which may be elicited against any conforma-
tion of GP could provide complementary activities in
control of infection. Indeed, a combination of both neu-
tralizing and Fc-mediated cell killing activities would be
ideal in post-exposure therapeutics and as elicited by
vaccines alike.

The World Health Organization (WHO) and the Coali-
tion for Epidemic Preparedness Innovations (CEPI) have
each designated LASV as a priority pathogen [68,69].
These rankings are based on the potential for further
geographic expansion of the rodent reservoirs, the ease of
procurement and weaponization of the virus, the frequent
importation of LASV to North America and Europe, and
the emergence of novel strains in densely populated West
Africa. The next decade could produce important
advances in control and treatment of Lassa fever. Novel
therapeutics such as Arevirumab should progress toward
advanced testing. Challenges of immunotherapeutics
relate to the costs of production and deployment to under
resourced West Africa. Cost-effective processes for pro-
duction of MAbs and emphasis on highly potent MAbs
will be required. Regulatory approval will also remain a
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challenge, but human clinical trials in endemic regions
should be performed to test safety and efficacy. After
well-controlled clinical trials, antibody therapeutics may
be developed and offer a key treatment option for an
endemic disease that otherwise claims thousands of lives
each year and leaves numerous survivors with profound
deafness and other sequelae.
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