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A Lassa virus mRNA vaccine confers
protection but does not require neutralizing
antibody in a guinea pig model of infection

Adam J. Ronk1,2,9, Nicole M. Lloyd 1,2,9, Min Zhang1, Caroline Atyeo 3,
Hailee R. Perrett 4, Chad E.Mire 2,5, KathrynM. Hastie 6, RogierW. Sanders7,
Philip J. M. Brouwer7, Erica Olmann Saphire 6, Andrew B. Ward 4,
Thomas G. Ksiazek1,2,5, Juan Carlos Alvarez Moreno1, Harshwardhan M. Thaker1,
Galit Alter3, Sunny Himansu8, Andrea Carfi 8 & Alexander Bukreyev 1,2,5

Lassa virus is a member of the Arenaviridae family, which causes human
infections ranging from asymptomatic to severe hemorrhagic disease with a
high case fatality rate. We have designed and generated lipid nanoparticle
encapsulated, modified mRNA vaccines that encode for the wild-type Lassa
virus strain Josiah glycoprotein complex or the prefusion stabilized con-
formation of the Lassa virus glycoprotein complex. Hartley guinea pigs were
vaccinatedwith two 10 µgdoses, 28days apart, of either construct. Vaccination
induced strong binding antibody responses, specific to the prefusion con-
formation of glycoprotein complex, which were significantly higher in the
prefusion stabilized glycoprotein complex construct group and displayed
strong Fc-mediated effects. However, Lassa virus-neutralizing antibody activ-
ity was detected in some but not all animals. Following the challenge with a
lethal doseof the Lassa virus, all vaccinated animalswere protected fromdeath
and severe disease. Although the definitive mechanism of protection is still
unknown, and assessment of the cell-mediated immune response was not
investigated in this study, these data demonstrate the promise of mRNA as a
vaccine platform against the Lassa virus and that protection against Lassa virus
can be achieved in the absence of virus-neutralizing antibodies.

Lassa virus (LASV) is the causative agent of Lassa fever, with approxi-
mately 100,000–300,000 human cases each year resulting in
approximately 5000 deaths1. Human infections with LASV were first
described in 1969 in Lassa, Nigeria, after two missionary nurses were
infected and subsequently succumbed2. An Old-World arenavirus,
LASV is an enveloped, negative-stranded RNA virus that utilizes an

ambisense coding strategy1. The LASV genome consists of two seg-
ments: the large (L) segment that codes for the viral RNA-dependent
RNA polymerase and the Z matrix protein and the small (S) segment
that codes for the NP and GPC proteins1. LASV GPC is the primary
target for virus-neutralizing antibodies since it is the only membrane-
anchored protein on the viral envelope3. On the surface of the virion,
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prior to fusion with the host cell, GPC exists as a trimer of
heterotrimers4. The GPC is cleaved by SKI-1/S1P proteases into GP1,
responsible for receptor binding, and GP2, responsible for viral fusion
with the host-cell membrane4. The GPC protein can exist in two alter-
native conformations: prefusion and postfusion. The prefusion struc-
ture was recently elucidated after 10 years of research4. Through the
study of hundreds of antibodies from LASV survivors, it was found that
most neutralizing antibodies bind to quaternary epitopes on prefusion
GPC and require an association of GP1 and GP24. Some of these anti-
bodies have demonstrated cross-neutralization and cross-protection
against lethal challenge by multiple LASV clades in guinea pigs3,5.

LASV infection is typically asymptomatic or presents with mild,
non-specific symptoms in around80%of those infected, somany cases
go unreported6. The onset of severe disease is typically characterized
by respiratory distress, facial swelling, and hemorrhage1. Less common
symptoms of severe disease include shock, coma, and seizures1. Fif-
teen to twenty percent of those who are hospitalized succumb within
2 weeks of symptom onset1. The most common pathological features
seen in LASV infection include focal cytoplasmic degeneration of
hepatocytes,multifocal hepatocellular necrosis,monocytic reaction to
necrotic hepatocytes, and hepatocellular mitoses7. Moreover, in those
who recover from the disease, there is a chance of developing tem-
porary or permanent sensorineural hearing loss in one or both ears6.

LASV is most common in areas where public health measures are
difficult to implement, access to healthcare is limited, and contactwith
peridomestic rodents and their secretions still occurs1,8. Normally,
LASV is transmitted to humans via contact with its rodent reservoir,
Mastomys natalensis (Natal multimammate mouse)6,8. These rodents
live in and around houses, and the virus is usually inhaled via aero-
solized rodent excretion and secretions fromcleaning or consumption
of contaminated food. In recent years, LASV has been isolated from
several additional rodent species,Mastomys erythroleucis, Hylomyscus
pamfi andMusbaoulei9,10. However, human-to-human transmissionhas
been documented, and LASV has also been seen to persist in human
urine and semen months post-exposure1,11–13. Human-to-human trans-
mission of LASV is particularly concerning because the diagnosis is
confounded by the presence of more common endemic diseases
showing similar symptoms1. Additionally, LASV has been repeatedly
exported outside of endemic regions. In February 2022 in the United
Kingdom, there were three cases, including a fatal one, in a family
returning from vacation in Mali14. Additionally, there have been
exported cases documented in Japan, Israel, Germany, Canada, the
Netherlands, and the United States15,16.

LASV is extremely heterogeneous and has four well-known linea-
ges or clades, and additional lineages were discovered in the last
decade17. LASV has been added to the World Health Organization R&D
blueprint list of diseases that urgently require accelerated research
and is one of four diseases targeted by the Coalition for Epidemic
Preparedness Innovations (CEPI) for vaccine development18–20. Despite
the significant burden of disease, there have been no specific treat-
ments or vaccines approved, and in recent years, outbreaks have been
increasing in severity21–23.

The recently developed modified-mRNA vaccine platform has
multiple advantages: it is highly immunogenic, non-infectious, lacks
viral vector or another carrier that could inducenon-desirable immune
responses, and lacks a risk of incorporation into the host’s genome24.
The immunogenicity of vaccines based on conventionalmRNAmay be
reduced due to induction of the innate immune response25 that can
lead to suppression of translation26. In addition, inductionof the innate
immune response results in the degradation of cellular and ribosomal
RNA26. However, several nucleosidemodifications have been designed
to combat induction of the innate immune response, of which repla-
cement of uridine with pseudouridine or N1-methylpseudouridine has
been proven to be the most optimal26,27. RNA that includes pseu-
douridine is not recognized by toll-like receptors, resulting in reduced

stimulation of the innate immune response, increased translation, and
improved immunogenicity27,28. In addition, pseudouridine is a safe and
naturally occurring modification of mRNA24,28. mRNA vaccine con-
structs are packaged in lipid nanoparticles (LNPs), which serve two
purposes: delivery of the mRNA in the cytoplasm of cells and its pro-
tection from nucleases24. The LNP-formulated modified N1-
methylpseudouridine mRNA platform has been used in the COVID-19
BioNTech & Pfizer and Moderna vaccines which received emergency
use authorization from the FDA and EMA and are now fully approved
for those over 5 years of age29.

Here, we have developed and tested an N1-methylpseudouridine-
modified RNA vaccine encapsulated in lipid nanoparticles that
encodes either wild-type (WT) LASV GPC or the prefusion stabilized
GPC. Our data demonstrates the induction of non-neutralizing anti-
body responses, fc-mediated antibody effector mechanisms, and
complete protection against lethal LASV challenge by a mRNA vaccine
in the guinea pig model.

Results
Design and generation of the vaccine constructs
We designed mRNA encoding the WT Lassa clade IV strain Josiah GPC
and its prefusion-stabilized version by the introduction of a series of
mutations: E329P in the metastable region of HR1 in GP2, cysteine
linkages of GP1 and GP2 at R207C and G360C, and the replacement of
the native S1P GP1-GP2 cleavage site with a furin site (RRLL to RRRR)4.
Linearized DNA templates were used for in vitro synthesis of modified
mRNA by T7 polymerase-mediated transcription in which the UTP was
substituted with 1-methylpseudo-UTP. mRNA constructs were then
packaged in lipid nanoparticles before being used in immunization
experiments (Fig. 1A–C).

Vaccination with either WT or prefusion-stabilized constructs
elicited robust binding antibody titers to the prefusion-
stabilized GPC but not WT GPC
Six- to eight-week-old, outbred Hartley guinea pigs were vaccinated
intramuscularly 28 days apart with 10 µg of either the LNP-formulated
WT or prefusion stabilized GPC constructs, and the control animals
were inoculated with phosphate-buffered saline (PBS) (Fig. 1D). Serum
samples were collected immediately prior to each vaccination and at
day 54—immediately prior to transfer to ABSL-4 containment. The
vaccine was well tolerated, with no signs of clinical distress or weight
loss and no signs of inflammation at the sites of injection (Supple-
mentary Fig. 1A, B). The binding of antibodies to LASV GPC was ana-
lyzed by enzyme-linked immunosorbent assays (ELISA) using two
alternative antigens. The first antigen—a crude lysate of irradiated
LASV strain Josiah-infected Vero E6 cells—allows the detection of
antibodies that bind the WT, postfusion, form of the LASV GPC.
Indeed, we found that hyperimmunemouse ascites fluid (HMAF) from
LASV-infected mice was able to bind the lysate, whereas no binding
was detected when we used 37.7H, a known neutralizing prefusion-
GPC-specific LASV antibody4 (Fig. 2A). Interestingly, animals vacci-
nated with neither WT nor prefusion stabilized GPC developed sig-
nificant antibody responses against the lysate (Fig. 2A). To specifically
detect antibodies bindingGPC in the prefusion conformation, we used
a second antigen that consisted of a prefusion-stabilized LASV strain
Josiah GPC fused to the I53-50A.1NT1 scaffold4,30. Fusion of prefusion
GPC to I53-50A.1NT1 was previously shown to stabilize the trimeric
conformation of GPC30. Vaccination with either construct elicited
antibody responses with a strong reactivity to GPC-I53-50A.1NT1, with
the prefusion stabilized GPC vaccinated animals developing sig-
nificantly higher titers after the second dose and after the challenge
(Fig. 2B, C). In addition to high titers against the LASV clade IV
prefusion-stabilized recombinant protein, animals vaccinated with
either construct also elicited robust binding antibody responses to
previously described prefusion-stabilized GPC-I53-50A.1NT1 proteins
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of the LASV clade II (strain NIG08-A41) and LASV clade V (strain Sor-
omba-R) genotypes (Fig. 2D, E)31. Animals vaccinated with the prefu-
sion stabilized GPC-based vaccine produced markedly higher titers
against both LASV clades II and V compared to the wild-type GPC-
based vaccinated animals (Fig. 2D, E).

Vaccinationwith either theWTorprefusion-stabilized construct
elicited LASV-neutralizing antibody response in some, but not
all animals
Neutralizing antibody response against LASV strain Josiah was deter-
mined in serum samples from vaccinated animals collected two days
prior to the challenge and pre-immune samples. As a positive control,
we used 37.7H, which demonstrated 100% neutralization (Fig. 2F, G)
and IC50 of 6.92 µg/mL3. In theWTGPCmRNA group, none of the sera
samples demonstrated neutralizing activity over 40%, which was
comparable to the neutralizing activity seen in the pre-immune serum.
In the prefusion stabilized GPC vaccinated group, two out of five ani-
mals demonstrated neutralizing activity above pre-immune values at
nearly 50% (Fig. 2F, G). The prefusion GPC-vaccinated group had
greater levels of virus-neutralizing activity compared to the WT GPC-
vaccinated group, although the difference between the two groups
and the pre-immune serum activity was not significant. The observed
animal-to-animal variation in neutralizing antibody activity is con-
sistent with the outbred animal model used.

Vaccinationwith either theWTor prefusion stabilized construct
primarily elicited antibodies specific to linear epitopes in the
N-terminal domain of GP1 and T-loop of GP2
To test antibody response against linear epitopes, we used an array of
120 15-mer peptides overlapping by 11 amino acids, which span the
entire GPC of LASV strain Josiah. In animals vaccinated with the WT
GPC construct, linear epitopes were largely identified in the N-terminal
domain (NTD) of GP1 with some scattered binding across GP1 and
binding to the T-loop in GP2 (Fig. 3). This pattern was consistent with
all animals in this group except for animal 2 in the WT GPC vaccinated
group, which displayed binding to additional epitopes across GP1 and
the cytoplasmic tail. This same animal demonstrated the greatest level
of neutralizing antibody response of all vaccinated animals, either WT
or prefusion (Fig. 2F, G). In animals vaccinated with the prefusion-
stabilized construct, linear epitopes were similarly identified in the
NTD region of GP1 and in the T-loop of GP2 (Fig. 3). These two regions
are known to interact in the prefusion structure of GPC4. Additionally,
these are the regions at the base of the prefusion trimer where 37.7H is

known to bind4. However, animals that received the prefusion-
stabilized construct elicited antibodies that were generally more
focused on specific domains compared to WT, where additional
sporadic linear epitopeswere identified. Thus, both vaccine constructs
induced antibodies mostly, but not exclusively, specific for linear
epitopes in NTD and T-loop.

Vaccination with either the WT or the prefusion stabilized con-
struct induces polyclonal antibody responses directed at known
prefusion GPC epitopes
In an attempt to further map the antibody response, we tested the
ability of the immune sera to compete with well-characterized GPC-
specific human mAbs for binding to GPC by biolayer interferometry.
The following mAbs were used: 3.3B, 22.5D, and 37.7H3,4. 37.7H is
known to specifically bind to a bipartite site (two adjacent monomers)
at the base of the prefusion trimer that spans across four regions of the
LASV GPC4. These sites include the NTD andHR1 of GP1 and the T-loop
andHR1ofGP24. 3.3B and 22.5Dare not neutralizing but are specific for
the LASV GP1 and GP2, respectively3. Highly neutralizing antibodies
against LASV are known to bind the quaternary prefusion assembly of
the LASV GPC rather than any single GPC subunit4. These antibodies
are thought to interfere with the viral cell entry by preventing virus
binding to the cell receptor α-dystroglycan or fusion of the viral and
host-cell membranes32. Streptavidin sensors were coated with
GPmperP, a flexible version of the LASV Josiah GPC that adopts both
the pre- and post-fusion conformations4. Coated sensors were first
incubated with immune sera, then one of the three mAbs, and the
magnitudeof bindingwasmeasured (Fig. 4A). All threemAbs appeared
to compete with the immune sera from either vaccine group. The
highest binding inhibition percentage on average was seen with 37.7H,
consistent with the IgG ELISA data (Fig. 2B, C), followed by 3.3B, and
lastly 22.5D (Fig. 4A). These data demonstrate that (1) the antibody
responses are directed against both GP1 and GP2; (2) the vaccines
include antibodies specific to not only linear but also quaternary epi-
topes; and (3) the two vaccines induce antibody responses with similar
antigenic specificity (Fig. 4A, B).

Vaccination with either the WT or the prefusion stabilized con-
struct significantly stimulates Fc-mediated antibody effector
mechanisms
As LASV-neutralizing antibody responses were not induced in all ani-
mals, despite the excellent protection observed in each vaccinated
animal, we investigated alternative mechanisms of antibody-mediated
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protection. The mechanisms tested were antibody-dependent neu-
trophil phagocytosis (ADNP), antibody-dependent cellular phagocy-
tosis mediated by monocytes (ADCP), antibody-dependent NK cell
activation (ADNKA), and antibody-dependent complement deposition
(ADCD). Each of themechanismswas tested in response to theWT and
prefusion-stabilized LASV antigen (Fig. 5). ADNP was induced in the
two vaccinated groups and was significantly greater in the prefusion-
stabilized vaccinated group compared to WT in response to only the
WT GPC (Fig. 5A, B). ADCP was significantly induced for the prefusion
vaccinated animals when measured with both the WT and the prefu-
sion antigens, whereas vaccination with the WT construct only sig-
nificantly increasedADCPwhenmeasured in response to the prefusion

antigen (Fig. 5C, D). For analysis of ADNKA, we measured percentages
of NK cells positive for CD107a, a marker for degranulation, and MIP-
1β, a marker of NK cell activation. Neither vaccine construct sig-
nificantly increased the percentage of CD107a+ NK cells compared to
the control (Fig. 5E, F). However, the percentage of MIP-1β+ NK cells
was significantly increased in both vaccine groups in response to the
WT antigen only (Fig. 5G, H). ADCDwasmarkedly greater for sera from
both WT GPC and prefusion-stabilized GPC-vaccinated animals com-
pared to the control animals, although some of the differences were
not significant due to high animal-to-animal variation (Fig. 5I, J).
Overall, vaccination with either construct induced each of these Fc-
mediated immune mechanisms.
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Both the WT and the prefusion-stabilized constructs confer
protection against death and severe disease caused by lethal
dose of LASV
On study day 56, the animals were challenged intraperitoneally with
30,000 PFU of guinea pig-adapted LASV strain Josiah33 (Fig. 1D).
Weights, temperature, and disease scores were recorded at least daily.
Control animals did not display lethargy, ruffled fur, weight loss, or
other signs of disease until 7 to 9 days post-challenge, at which point
they became febrile (Fig. 6A). Fever persisted until animals became
moribund, at which point body temperature tended to drop sharply.
Animals began to lose weight by day 8 post-challenge and began to
show clinical signs of disease, notably lethargy, ruffled fur, and orbital
tightening (Fig. 6B, C, Supplementary Fig. 2). All control animals
became viremic by day 9, developed the disease, met criteria for
euthanasia (defined in “Methods”), and were euthanized on days 11–15
(Fig. 6D, E). In contrast, all vaccinated animals in both WT GPC and

prefusion GPC-stabilized groups showed no outward signs of disease
(as defined in “Methods”), and all survived the challenge to day 28
when animals were euthanized (Fig. 6E, Supplementary Fig. 2), except
up to 0.65 ± 0.37 °C mean transient increase in the temperature (not
significant due to variation between individual animals) (Fig. 6C).

Analysis of sera from the terminal bleeding demonstrated a
marked increase in postfusion GPC-specific antibodies but no sig-
nificant increase in prefusion GPC-specific antibodies (Supplementary
Fig. 3A). Additionally, antibodies against LASV NP protein were
detected (Supplementary Fig. 3B, C). These NP antibodies are likely to
be a result of low-level LASV replication despite the lack of detectable
virus in serum throughout post-challenge time points.

Lungs, spleens, and livers were collected from one animal per
group (Fig. 7A–I). Additional Animal Studies 1 and 2, in which guinea
pigs were vaccinated and challenged to obtain additional tissues for
histological examination, were performed (Supplementary Figs. 4–14).
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Additional Study 1 was performed identically to the original study,
while in Additional Study 2, animals were vaccinated and challenged
identically to the original study but were euthanized on day 9, which is
the expected peak of viral replication34 to characterize pathology and
presence of the viral antigen by immunohistochemistry (Supplemen-
tary Figs. 9–14). In the control group, lungs presentedwith typical viral
interstitial pneumonia35 (Fig. 7C and Supplementary Fig. 5). Sinus his-
tiocytosis was the most prominent finding in the spleen (Fig. 7F and

Supplementary Figs. 6 and 7). Sections of the liver from control ani-
mals demonstrated pathology typical of LASV infection in guinea pigs
and consisted of lymphohistiocytic hepatitis and hepatocellular
degeneration35 (Fig. 7I and Supplementary Figs. 8 and 9). The animal
selected for histopathology also presented with a notable steatosis.
Marked steatosis was also noted in 4 out of 5 of the control animals in
Additional Study 1 (Supplementary Fig. 8). This is a somewhat common
but not universal feature associated with a sudden decline in caloric
intake. In contrast, animals vaccinated with either vaccine had normal
lung and liver tissues (Fig. 7A, G and Supplementary Fig. 8). The vac-
cinated animals remained healthy till the end of the study. Further-
more, significant immune activity in the spleens of vaccinated animals
was evidenced by numerous and prominent white pulp foci and
germinal centers (Fig. 7D and Supplementary Fig. 6). Immunohisto-
chemical analysis of the samples corroborated the histopathology
data. LASV NP was detectable in the lungs, spleens, or livers of
control but not vaccinated animals (Fig. 7J–R and Supplementary
Figs. 10 and 11). In Additional Study 2, at day 9 post-challenge, there
was some staining for LASV NP observed in vaccinated animals (Sup-
plementary Figs. 12–14). Examination of the H&E-stained and immu-
nostained tissues demonstrated better protection of the animals by
the prefusion stabilized GPC-based vaccine (Supplementary Figs. 5, 12,
and 13) compared to the wild-type GPC-based vaccine. Overall, mRNA
vaccines encoding for either WT GPC or prefusion-stabilized GPC
provided protection against death and severe disease caused by LASV
in guinea pigs.

Discussion
In this study,wedesigned andgenerated lipid nanoparticle formulated
mRNA vaccines, encoding either the WT or the prefusion-stabilized
LASV GPC and tested their immunogenicity and efficacy against lethal
LASV challenge in outbredHartley guineapigs. Both vaccineswere safe
and well tolerated. Vaccination with either construct induced robust
binding antibody titers, with the prefusion stabilized construct vaccine
eliciting significantly higher levels of these antibodies. The antibodies
induced by either construct demonstrated binding almost exclusively
to the prefusion form of the LASV GPC. Contrary to our expectations,
prefusion GPC-specific binding antibody titers were high in both the
WTandprefusionGPCvaccinated animals. The antibodies produced in
response to vaccination with either construct significantly increased
ADNP, ADCP, ADNKA, and ADCD. Of note, LASV-neutralizing antibody
responses were detected in only some but not all animals in either
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but a filled-in purple diamond. For all figures, N = 5 animals per group. Source data
are provided as a Source Data file.
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group. Despite that, all vaccinated animals were protected from death
and severe disease caused by LASV. Because of the variable levels of
the induced virus-neutralizing antibodies, we hypothesize that the
protection may be associated with the Fc-mediated effects. It is also
possible that the protection is conferred by the cell-mediated
response. As mRNA vaccines produce antigen in cells targeted by
LNPs, these vaccines are expected to induce cell-mediated responses.
Indeed, induction of a potent cell-mediated response was detected in
humans vaccinated with mRNA vaccines against SARS-CoV-236.

Several LASV vaccine candidates, based on various platforms,
have demonstrated protection in animal models with and without
demonstrating neutralization. LASV vaccines that have demonstrated
production of LASV-neutralizing antibodies include the live-
attenuated MOPEVACLAS, two vesicular stomatitis virus (VSV) vec-
tored vaccines, the monovalent VSVΔG/LVGPC and the quadrivalent
VesiculoVax vaccine (against Ebola virus, Sudan virus, Marburg virus,
and LASV) and the DNA vaccine, pLASV-GPC37–41. For MOPEVACLAS,

LASV-neutralizing antibodieswere detected in vaccinated animals, and
for MOPEVACLAS, LASV-specific TNFα+ CD4+ and TNFα+ CD8+ T cells
were also detected. Both VSVΔG/LVGPC and VesiculoVax induced
moderate to high titers of serum IgG along with moderate virus-
neutralizing antibody titers to both glycoproteins42. For pLASV-GPC in
NHPs, complete protection was achieved after two doses of pLASV-
GPC DNA four weeks apart40. LASV GPC-specific binding antibodies
were detected in three out of six macaques after the first vaccine dose
and in all six animals after the second dose, and LASV-pseudovirus
neutralizing activity was detected in all animals after the second
dose40.

Vaccines that did not demonstrate any significant virus-
neutralizing antibody response despite robust protection and, for
some, induction of non-neutralizing antibodies include the measles
virus (MeV) vectored constructs, MeV-Z and MeV-NP43, and the
rhabdovirus-vectored LASV vaccine construct44. There were no sig-
nificant LASV-specific IgG titers in macaques for either the MeV-Z or
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Fig. 7 | Histopathology and LASV immunohistochemistry in organs of vacci-
nated and control animals. Images of H&E stained (A–I) and LASV nucleoprotein
immunostained (J–R) tissues of guinea pig lung (A–C and J–L), spleen (D, E and
M–O) and liver (G–I and P–R). Scale bars in bottom right corners of H&E images =
103μM. IHC images magnified at 20x, scale bars added in ImageJ in bottom right
corners = 72μM. C The box indicates a representative area of viral interstitial

pneumonia. D, E The arrows indicate germinal center activation, which is notably
more robust in vaccinated animals compared to the unvaccinated control. I The
arrow shows an area demonstrating steatosis in the liver of the control animal,
which is not present in the vaccinated animals. Staining was performed once on
duplicate slices of tissue.
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MeV-NP constructs despite the near-sterilizing protection seen in the
MeV-NP group43. Only one of 4 of the MeV-NP vaccinated animals had
any virus-neutralizing antibody response43. For the rhabdovirus-
vectored construct, vaccinated animals were protected from infec-
tion and lethal disease caused by LASV and rabies viruses, despite
insignificant virus-neutralizing antibody titers. Vaccination sig-
nificantly induced LASV-specific non-neutralizing antibodies, ADCP
mediated by macrophages and antibody-dependent cellular cytotoxi-
city mediated by NK cells44. The study also demonstrated that the
FcγR-receptor function is critical for the vaccine-induced protection in
a surrogate VSV-LASV mouse model44.

When LASV was first isolated, a virologist contracted the disease
and was saved by the successful use of immune serum from Lily Pin-
neo, a nurse who survived LASV infection45. Despite this early success,
the use of immune serum or convalescent plasma was later docu-
mented not to have a significant therapeutic effect. However, differ-
ences in the efficacy of convalescent plasma are likely associated with
differing levels of antibody titers. Due to heavy glycan shielding and
the metastable nature of the LASV GPC, the induction of neutralizing
antibodies is not typically seen until late or post-infection46. Recently,
113 monoclonal antibodies were isolated from 17 LASV pre-exposed
individuals that maintained antibody titers months to years post-
infection. Within this panel, a number of broadly neutralizing anti-
bodies were found3. These broadly neutralizing antibodies largely
belong to the GPC-B group of antibodies that bind to a conserved
quaternary epitope at the base of the LASV GPC that spans both GP1
and GP2, holding the GPC in its prefusion form4,46,47. Administration of
a cocktail of these antibodies fully protected both outbred guinea pigs
and cynomolgus macaques from lethal LASV infection even when
administered up to 8 days post-challenge46,48.

We sought to compare the efficacy of the LASV GPC in both its
wild-type and prefusion-stabilized form. Similar to what has been seen
with respiratory syncytial virus, we hypothesized that the use of the
prefusion-stabilized conformation of the antigen would yield higher
titers of virus-neutralizing antibodies compared to the WT form and
ultimately greater efficacy49. The prefusion-stabilized conformation of
LASV GPC could facilitate the induction of highly neutralizing anti-
bodies that would inhibit infection by preventing fusion with the cell
surface4. Interestingly, while there was no significant difference in
efficacy between the two mRNA vaccine constructs, non-neutralizing
antibodies induced in both groups were specific for the prefusion-
stabilized LASV GPC. We also found that the prefusion stabilized GPC-
based vaccine-induced higher titers against both LASV Clade II and V
compared to the wild-type GPC construct, whichmay indicate that the
prefusion construct may perform better in heterologous challenges in
future studies. In addition, both vaccines induced comparable ADNP,
ADCP, ADNKA, and ADCD.

Limitations of this study include the lack of guinea pig-specific
reagents for assessment of cell-mediated immunity and the limited
sample volume that prevented further assessment of the vaccine
mechanism of protection. However, the lack of reagents is a common
issue associated with the assessment of therapeutics for LASV in gui-
nea pigs50–52. Future work for this study includes a more in-depth
investigation of the mechanism of protection induced by vaccination
withourmRNAconstructs.We specifically plan to assess the efficacy of
the passive transfer of vaccinated immune serum against lethal chal-
lenges and assess the contribution of the cell-mediated immune
response via depletion of CD4+ T cells, CD8+ T cells, or both. These
studies will be possible as guinea pig-specific reagents for the deple-
tion of T cells have recently been developed53. We also plan to assess
the durability of the immune response and the protective efficacy of a
single-dose regimen, as well as protection against heterologous LASV
clades. Another limitation of the study is that the guinea pig model,
while it represents an important step in the assessment of a LASV
vaccine, does not necessarily predict protection in humans; as such,

our next step will be testing the protection in non-human primates.
Finally, the number of animals included in the studywas limited due to
the space and other limitations associated with work under BSL-4
containment.

The mRNA vaccine platform is highly versatile and has been
shown to be highly efficacious against SARS-CoV-254,55. This platform is
highly flexible, which will be imperative for combatting LASV due to its
high heterogeneity. Additional benefits of this platform include rapid
manufacture andmodification of the construct to adjust to changes in
the pathogen. ThemRNA-based LASV JosiahmRNAvaccines presented
in this study demonstrated 100% protection in guinea pigs against
death and severe disease. Further studies are required to understand
the mechanism of protection of these vaccines and the contributions
of the cell-mediated andhumoral immune responses in the protection.

Methods
All of the following research complies with the ethical regulations laid
out by the UTMB Institutional Biosafety Committee and IACUC.
Additionally, the use of consented and deidentified human NK cells
and PBMCs was approved by the MGH Institutional Review Board.

Generation of the vaccine constructs
The prefusion-stabilized GPC was generated as described previously,
via the introduction of a series of mutations: R207C and G360C to link
GP1 and GP2, E329P in HR1 of GP2, replacing the S1P GP1-GP2 cleavage
site with a furin site (RRLL to RRRR), and the maintenance of the sta-
bilized signal peptide for stabilization of the GPC primer4. The mRNA
was synthesized as previously described56. Briefly, mRNAs were syn-
thesized in vitro using an optimized T7 RNA polymerase-mediated
transcription reaction with complete replacement of uridine by N1-
mpseudouridine57. The reaction included a DNA template containing
the immunogen open-reading frame flanked by 5’ untranslated region
(UTR) and 3’UTR sequences and was terminated by an encoded polyA
tail. After transcription, a cap 1 structure was added using the vaccinia
capping enzyme and mRNA 2ʹ-O-Methyltransferase (New England
Biolabs). The mRNA was purified by oligo-dT affinity purification,
buffer exchanged by tangential flow filtration into sodium acetate, pH
5.0, sterile filtered, and kept frozen at −20 °C until further use.

The LNP formulations were prepared as previously described58.
Briefly, mRNAs were encapsulated in a lipid nanoparticle through a
modified ethanol-drop nanoprecipitation process. Ionizable, struc-
tural, helper, and polyethylene glycol lipids were mixed with mRNA in
an acetate buffer, pH 5.0, at a ratio of 2.5:1 (lipid:mRNA). The mixture
was then neutralized with Tris-HCl, pH 7.5, and sucrose was added as a
cryoprotectant. The final solution was sterile-filtered, and vials were
filled with formulated lipid nanoparticle and stored frozen at −20 °C
until further use. Thepre-clinical vaccineproduct underwent analytical
characterization, which included the determination of particle size and
polydispersity, encapsulation, mRNA purity, double-stranded RNA
content, osmolality, pH, endotoxin, and bioburden, and the material
was deemed acceptable for in vivo study. Additionally, to confirm that
the chosen construct yielded the correct proteins, cell-free translation
coupled with sodium dodecyl sulfate–polyacrylamide gel via electro-
phoresis was performed to verify the size of the resulting protein. This
process checkedbothprotein expression and sizewithout the need for
specific detection antibodies. The expected mass of the constructs,
both the prefusion and the WT GPC, were approximately
49 kDa (Fig. 1C).

Animal work
All research was conducted in female outbred Hartley guinea pigs
purchased fromCharles River. Caesarian derived in 1969, the guinea
pig line was originally provided to Charles River in 1968 from the
Medical Research Council, Millhill, England. All animal experi-
mentation was performed in accordance with UTMB’s Institutional

Article https://doi.org/10.1038/s41467-023-41376-6

Nature Communications |         (2023) 14:5603 9



Animal Care and Use Committee (IACUC) guidelines and ethical
practices. Animal infections and necropsies with the experimental
agent were performed by trained personnel in UTMB’s Animal
Biosafety Level 4 (ABSL-4) facility at the Galveston National
Laboratory. Involved personnel were required to participate in the
university’s medical surveillance program. Four- to 6-week-old
Hartley guinea pigs (Charles River) were vaccinated intramuscularly
on days 0 and 28 with 10 µg of either theWT or prefusion constructs
formulated in LNPs. The vaccine was diluted in sterile PBS no more
than 24 h prior to administration. The final concentration was
0.05 mg/mL or 10 µg in the 200 µL inoculum. Then, 200 µL of PBS
was administered as a mock vaccination. Vaccinations were per-
formed on days 0 and 28. For all blood draws and vaccinations,
guinea pigs were anesthetized with 5% isoflurane, and vaccines were
administered intramuscularly in two sites in the hind leg with 100 µL
per site. Blood was collected in serum separator tubes prior to each
vaccination and on day 54 prior to the transfer of the animals to
ABSL-4. Blood in 1 mL BD Microtainer serum separation tubes were
kept at 4 °C for at least 1 h prior to being spun at 15,000 × g for 90 s
at room temperature. After being spun down, the serum was col-
lected, aliquoted, and stored at −80 °C. On study day 56, animals
were anesthetized with isoflurane and challenged intraperitoneally
with 3 × 104 PFU of guinea pig adapted LASV strain Josiah42 provided
by Dr. Thomas Geisbert and then passaged one additional time in
Vero E6 cells. The virus was diluted in sterile PBS to a final volume of
1 mL. Temperature and weight were recorded, and animals were
monitored for clinical signs of disease at least daily. Animals that
displayed ruffled fur and hunched posture would trigger a score of 2
and two checks per day. Animals that reached a score of 2 and one of
the following conditions: lethargy, orbital tightening, or >15%
weight loss, triggered a score of 3 and a third check. Finally, animals
that reached a score of 3 and one of the following conditions: refusal
to stampede, any neurologic signs (seizures, tremors, head tilt, or
paralysis), or >20% weight loss were euthanized. Alternatively, for
Additional Study 2, animals were euthanized on day 9 to analyze
tissues at the expected peak of the viral replication. Sera were
titrated on Vero NY cells in 48 well plates to measure viremia. Vero
NY cells developed by Dr. Nadya Yun were kindly provided by Dr.
Alexander Freiberg. These cells are more permissive to LASV
infection, and plaque formation is accelerated.

Analysis of the binding antibody responses by ELISA
For initial ELISA testing development, theWT post-fusion lysate was
used. Due to this antigen being from cell lysate, this assay required
subtraction of the background signal, and as such, the output is
normalized signal, not specific absorbance (Fig. 2A, B). Our second
antigen was a prefusion-stabilized LASV GPC fused to the I53-
50A.1NT1 scaffold, generated as described previously30,31. GPC-I53-
50A.1NT1 proteins of the strains Josiah (clade IV), NIG08-A41(clade
II), and Soromba-R (clade V) were diluted to 3 µg/mL in PBS and
50 µL per well was coated on high-binding ELISA plates (Grenier Bio-
One). Plates were then covered and incubated at 4 °C overnight.
Plates were washed 5 times in PBS with 10% Tween 20 (PBS-T) to
remove excess antigen, then blocked for 1 h at 37 °C with PBS-T
mixed with 5% skim milk powder (blotto). After blocking, the plates
were washed 3 times with PBS-T. Sera were diluted starting at 1:40 in
a 4-fold dilution series. Samples were added to the wells, incubated
for 30min, and then plates were washed 6 times as above. The
secondary antibody, goat anti-guinea pig heavy and light chain
(Kerafast goat anti-guinea pig heavy and light chain; cat#5220-
0366) at 1:1000 was applied for 30min at room temperature, then
plates were washed again 6 times. The presence of binding anti-
bodies was visualized with KPL TMB BlueStop Substrate and Stop
Solution for 4–6min. Plates were read at 650 nm on a BioTek plate
reader.

Analysis of LASV-neutralizing antibody responses
Sera were heat-inactivated at 54 °C for 30min, then diluted in serum-
free MEM with 10% guinea pig complement and 0.1% gentamycin sul-
fate (Corning). A 1:2 dilution series, starting at 1:10,wasused. Passage 7,
LASV strain Josiah (World Reference Center for Emerging Viruses and
Arboviruses, UTMB) was diluted to yield approximately 30 plaques/
well and mixed 1:1 with the serum dilutions. This mixture was incu-
bated at 37 °C for 1 h, then transferred to Vero E6 cells (ATCC VERO
C1008) in 48 well plates. Virus/serummixtures were allowed to adsorb
onto cells for 1 h at 37 °C, after which they were removed, and an
overlay with 0.5%methylcellulose (Spectrum™methylcellulose, Fisher
Scientific) and MEM (Gibco Minimum Essential Media, ThermoFisher
Scientific) with 2% FBS (Fetal Bovine Serum, R&D Biosystems) and 0.1%
gentamycin (gentamicin sulfate, Corning) was added to each well.
Plates were incubated for 3 days and fixed with 10% buffered formalin.
Fixed plates were removed from BSL-4, immunostained, and counted.
Then, 50% neutralization titers were determined by fitting a
regression line.

Immunostaining
Immunostaining was performed using anti-LASVmouse hyperimmune
ascitesfluid (HMAF), gifted fromDr. ThomasKsiazek, diluted to 1:1000
in sterile PBS. Afterwashing theplateswith PBS-T, theywereblocked in
blotto for 1 h at room temperature. After blocking, the plates were
incubated with the diluted LASV HMAF for 1 h at room temperature
while rocking. Plates were then washed 6 times with PBS-T, and then
secondary antibody diluted to 1:1000 was applied for 1 h at room
temperature while rocking. The secondary antibody was goat anti-
mouse IgG heavy and light chain labeled with horse-radish peroxidase
(Seracare, Cat# 5450-0011). The secondary antibodies were dumped
off, and the plates were rinsed again 6 times with PBS-T. Plaques were
visualized using the AEC Substrate System as per the manufacturer’s
recommendations (Abcam, Cat# AB64252). The AEC substrate was left
on the plates for 15min at 37 °C, and then the plates were rinsed in
deionized water to stop the reaction. Plates were allowed to dry, and
plaques were counted.

Fc-mediated effector mechanisms
Human neutrophils and NK cells were isolated from fresh peripheral
blood. Peripheral blood was collected by the MGH Blood Bank or by
the Ragon Institute from healthy volunteers. All volunteers were over
18 years of age and gave signed informed consent. Samples were dei-
dentified before use. The studywas approved by theMGH Institutional
Review Board.

Antibody-dependent neutrophil phagocytosis (ADNP). White
blood cells were isolated from fresh peripheral blood from healthy
donors using ammonium-chloride potassium to lyse red blood cells.
LASV GP was biotinylated and coupled to yellow-green neutravidin
beads, and immune complexes were formed as described for ADCP,
using a 1:50 dilution of serum. After incubation, immune complexes
were washed, and white blood cells were added to immune complexes
at a concentration of 2.5 × 105 cells/mL and incubated for 1 h at 37 °C.
Neutrophils were stained with anti-CD66b PacBlue (BioLegend).
Fluorescence was measured on an iQue (Intellicyt), and events were
gated on singlets, neutrophils (CD66b+) and fluorescent cells. A pha-
gocytic score was calculated as follows: (% bead+ cells)*(MFI of bead+
cells)/10,000.

Antibody-dependent cellular phagocytosis (ADCP). LASV GP
(Zalgen Laboratories) was biotinylated using Sulfo-NHS-LC-LC-Biotin.
Biotinylated antigen was coupled to yellow-green neutravidin beads
(Invitrogen). Immune complexes were formed by adding diluted
serum (1:100) to coupled beads and incubating for 2 h at 37 °C.
Immune complexes were washed, and THP-1 cells were added to the
plates at a concentration of 1.25 × 105 cells/mL. Cells were incubated
with immune complexes for 16–18 h at 37 °C. After incubation,
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fluorescence was measured on an iQue (Intellicyt). Events were gated
on singlets and fluorescent cells. A phagocytic score was calculated as
described for ADNP.

Antibody-dependent NK cell activation (ADNKA). ELISA plates
were coated with antigen at 2 ug/mL and blocked with 5% BSA over-
night at 4 °C. NK cells were isolated from fresh peripheral blood from
healthy donors using RosetteSep (StemCell Technologies) and sepa-
rated using a ficoll gradient. NK cells were rested overnight in media
supplemented with IL-15. The following day, plates were washed with
PBS and serum samples diluted 1:25 were added to the coated plates to
form immune complexes. Immune complexes were washed, and NK
cells were added at 2.5 × 105 cells/mL inmedia supplementedwith anti-
CD107a PE-Cy5 (BD), brefeldin A (Sigma) and GolgiStop (BD). Cells
were incubated for 5 h at 37 °C. The cells were stained for surface
markers using anti-CD3 PacBlue (BD), anti-CD16 APC-Cy5 (BD) and
anti-CD56 PE-Cy7 (BD) and fixed with PermA (Life Tech). NK cells were
permeabilized with Perm B (Life Tech) and stained for anti-MIP-1b PE
(BD). Fluorescencewas acquired using an iQue (Intellicyt) and NK cells
were gated as CD3-CD56+CD16+.

Antibody-dependent complement deposition (ADCD). LASV GP
was biotinylated and coupled to red neutravidin beads, and immune
complexes were formed as described for ADCP, using a 1:10 dilution of
serum. Lyophilized guinea pig complement (Cedarlane) was resus-
pended in cold sterile water and diluted in gelatin veronal buffer with
calcium and magnesium (Boston BioProducts). This diluted comple-
ment was added to immune complexes, and plates were incubated for
20min at 37 °C. C3 deposition was stained using anti-C3 FITC (Mpbio).
Fluorescence was acquired on an iQue (Intellicyt). Fluorescence is
reported as the median fluorescence intensity (MFI) of C3 deposition.

Mapping of the antibody response by biolayer interferometry
For Biolayer Interferometry antibody competition assays, we used an
Octet RED96 (FortéBio) instrument. All samples were diluted to a final
volume of 200 µL in 1X kinetics buffer (FortéBio). For the assay, sam-
pleswere agitated at 1000RPMat 28 °C inblack96well plates (Grenier
Bio-One, Monroe, NC). We received GPmperP, a biotinylated, non-
prefusion stabilized, uncleaved version of GP that contains a linker
between GP1 and GP2 fromDr. Hastie. This protein can adopt both the
prefusion and postfusion forms. This protein was immobilized onto
streptavidin sensors (FortéBio) and then dipped into serum samples
for 900 s for saturation. Next, the saturated probes were washed for
60 s two times, and the binding of potentially competing monoclonal
antibodies was assessed. The antibodies chosen were 37.7H (Zalgen
Labs) specific for the prefusion LASV GPC, 3.3B (Zalgen Labs) specific
for LASV GP1, and 22.5D (Zalgen Labs) specific for LASV GP2. The
difference in the level of competitor binding to GPmperP was calcu-
lated by subtracting the level of competitor mAb binding observed
after preincubationwith serum fromvaccinated animals from the level
of mAb binding observed after incubation with serum from non-
vaccinated control animals. Data analysis was completed using version
7.0 Octet software.

Mapping of the antibody response by peptide array
A total of 120 15-mer peptides overlapping by 11 amino acids were
designed that covered the length of the LASV strain Josiah GPC. The
peptideswereproducedby JPTPeptideTechnologies and immobilized
in blocks on glass slides. Then, 1:200dilutions of day 54 serum samples
were incubated for 1 h at 30 °C followed by 4 washes in JPT washing
buffer (1× Tris-buffered saline [TBS] buffer [20mM Tris, 136mMNaCl,
pH 7.4] plus 0.1% Tween 20 [TBS-T]). Naïve guinea pig serumwas used
as a control. The peptide blocks were then incubated with 0.1μg/mL
anti-guinea pig-Cy5-conjugated antibodies (Jackson ImmunoR-
esearch). The slide was then washed four times with JPT wash buffer
and then once with deionized water. The slide was dried via cen-
trifugation and sent to Full Moon Biosystems for recording of

fluorescent readings. Fluorescent readings for each spot were then
analyzed in-house using GenePix Pro 7 software (Molecular Devices).
Heat map from analyzed spots was made in GraphPad.

Histopathology
Lungs, spleens, and livers were collected from one animal per group
for histopathology. After a 24-h incubation at 4 °C, lungs were trans-
ferred to fresh 10% formalin for an additional 48-h incubation and
removed from BSL-4 containment. Tissues were processed via stan-
dard histological procedures by the UTMB Anatomic Pathology Core.
Then, 4-μm-thick sections were cut and stained with hematoxylin and
eosin. Slides were examined by a trained member of staff.

Immunohistochemistry
For immunohistochemical analysis, antigen was retrieved from
formalin-embedded tissues with EnVision FLEX Target Solution (Agi-
lent Technologies, Cat# GV80411-2) at high PH (Code k8004), at 97 °C
for 20min. Slides were then blocked for 10minwith Dako’s serum-free
protein blocking reagent (Agilent Technologies, Cat# X090930-2).
Next, the slides were stained with a LASV nucleoprotein rabbit poly-
clonal antibody (GeneTex, Cat# GTX134883) at 1:4000 for 30min at
room temperature. The slides were then treated with Envision Flex
Rabbit Linker at high pH for 15min (Agilent Technologies, Cat#
K800921-2). Next, EnVision HRP was put on the slides for 15min, fol-
lowed by EnVision FLEX DAB+ Substrate Chromagen for 5min (Agilent
Technologies, Cat# GV82511-2). Finally, slides were counterstained
with Mayer’s Hematoxylin.

Statistical analysis
Statistical comparisons between groups were made using one-way or
two-way ANOVA with post-hoc log-rank, Tukey’s and Mann–Whitney
tests (Prismversion 9, GraphPad software) as listed infigure legends.P-
values <0.05 were considered significant.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability
The data that support this study are available from the corresponding
authors upon request. Source data are provided with this paper.
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