? frontiers ‘ Frontiers in Immunology

‘ @ Check for updates

OPEN ACCESS

EDITED BY
Tarek A. Ahmad,
Bibliotheca Alexandrina, Egypt

REVIEWED BY

Abbas Alibakhshi,

Shahid Beheshti University of Medical
Sciences, Iran

Kenneth Lundstrom,
PanTherapeutics, Switzerland

*CORRESPONDENCE
Keith J. Chappell
k.chappell@ug.edu.au
Daniel Watterson
d.watterson@ug.edu.au
Andrew Young
a.young4@ug.edu.au

These authors have contributed
equally to this work

SPECIALTY SECTION

This article was submitted to
Vaccines and Molecular Therapeutics,
a section of the journal

Frontiers in Immunology

RECEIVED 07 June 2022
ACCEPTED 25 July 2022
PUBLISHED 18 August 2022

CITATION

Young A, Isaacs A, Scott CAP,
Modhiran N, McMillan CLD,

Cheung STM, Barr J, Marsh G,
Thakur N, Bailey D, Li KSM, Luk HKH,
Kok K-H, Lau SKP, Woo PCY,
Furuyama W, Marzi A, Young PR,
Chappell KJ and Watterson D (2022) A
platform technology for generating
subunit vaccines against diverse

viral pathogens.

Front. Immunol. 13:963023.

doi: 10.3389/fimmu.2022.963023

COPYRIGHT
© 2022 Young, Isaacs, Scott, Modhiran,
McMillan, Cheung, Barr, Marsh, Thakur,

Bailey, Li, Luk, Kok, Lau, Woo, Furuyama,

Marzi, Young, Chappell and Watterson.
This is an open-access article
distributed under the terms of the
Creative Commons Attribution License
(CC BY). The use, distribution or
reproduction in other forums is
permitted, provided the original
author(s) and the copyright owner(s)
are credited and that the original
publication in this journal is cited, in
accordance with accepted academic
practice. No use, distribution or
reproduction is permitted which does
not comply with these terms.

Frontiers in Immunology

TyPE Original Research
PUBLISHED 18 August 2022
p0110.3389/fimmu.2022.963023

A platform technology for
generating subunit vaccines
against diverse viral pathogens

Andrew Young™®*', Ariel Isaacs, Connor A. P. Scott™,
Naphak Modhiran*?, Christopher L. D. McMillan*,
Stacey T. M. Cheung?, Jennifer Barr?, Glenn Marsh?,
Nazia Thakur*®, Dalan Bailey®, Kenneth S. M. Li®,
Hayes K. H. Luk®, Kin-Hang Kok®, Susanna K. P. Lau®,
Patrick C. Y. Woo®, Wakako Furuyama’, Andrea Marzi’,
Paul R. Young?®, Keith J. Chappell**®*

and Daniel Watterson™*®*

tSchool of Chemistry and Molecular Biosciences, The University of Queensland, Brisbane, QLD, Australia,
2The Australian Institute for Bioengineering and Nanotechnology, The University of Queensland,
Brisbane, QLD, Australia, *CSIRO, Health and Biosecurity, Australian Centre for Disease Preparedness,
Geelong, VIC, Australia, “The Pirbright Institute, Woking, United Kingdom, Oxford Vaccine Group,
Department of Paediatrics, Medical Sciences Division, University of Oxford, Oxford, United Kingdom,
SDepartment of Microbiology, Li Ka Shing Faculty of Medicine, The University of Hong Kong, Hong Kong,
Hong Kong SAR, China, ”Laboratory of Virology, Division of Intramural Research, National Institute of
Allergy and Infectious Diseases, National Institutes of Health, Hamilton, MT, United States, 8Australian
Infectious Disease Research Centre, The University of Queensland, Brisbane, QLD, Australia

The COVID-19 pandemic response has shown how vaccine platform technologies
can be used to rapidly and effectively counteract a novel emerging infectious
disease. The speed of development for mRNA and vector-based vaccines
outpaced those of subunit vaccines, however, subunit vaccines can offer
advantages in terms of safety and stability. Here we describe a subunit vaccine
platform technology, the molecular clamp, in application to four viruses from
divergent taxonomic families: Middle Eastern respiratory syndrome coronavirus
(MERS-CoV), Ebola virus (EBOV), Lassa virus (LASV) and Nipah virus (NiV). The
clamp streamlines subunit antigen production by both stabilising the
immunologically important prefusion epitopes of trimeric viral fusion proteins
while enabling purification without target-specific reagents by acting as an affinity
tag. Conformations for each viral antigen were confirmed by monoclonal antibody
binding, size exclusion chromatography and electron microscopy. Notably, all four
antigens tested remained stable over four weeks of incubation at 40°C. Of the four
vaccines tested, a neutralising immune response was stimulated by clamp
stabilised MERS-CoV spike, EBOV glycoprotein and NiV fusion protein. Only the
clamp stabilised LASV glycoprotein precursor failed to elicit virus neutralising
antibodies. MERS-CoV and EBOV vaccine candidates were both tested in animal
models and found to provide protection against viral challenge.
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1 Introduction

Despite significant advances in medical research the
frequency of outbreaks of emerging infectious diseases (EIDs)
is increasing (1). Within the past two decades there have been
viral epidemics from severe acute respiratory syndrome
coronavirus (SARS-CoV), Zika virus, influenza viruses H5N1
and HIN1, Middle Eastern respiratory syndrome coronavirus
(MERS-CoV), Ebola virus (EBOV), Lassa virus (LASV) and
Nipah virus (NiV) (1, 2). Currently, SARS-CoV-2 is causing
widespread mortality and global disruption and has exposed
broad deficiencies in preparative and counteractive measures to
control EIDs (3). Demographic and environmental factors
suggest that the frequency of outbreaks will continue, with a
growing global population (particularly aging demographics),
increasing population densities, international movement of
people and goods and continued encroachment on the habitats
of animal reservoirs (2).

Vaccination is central to infectious disease control, but
conventional developmental pipelines are ill-suited to react
quickly to novel threats, requiring more than 10 years on
average from discovery to licensure (4). The response to
SARS-CoV-2 has challenged this paradigm with over 76
vaccine candidates announced within 3 months of the
publication of its genome (5) and the first vaccines authorised
for emergency use by the World Health Organisation (WHO)
within 1 year (6). These efforts highlighted the utility of platform
technologies that allow the exchange of specific viral antigens or
genes into scaffold vectors to streamline the vaccine discovery
phase. Such platforms can circumvent the need to physically
transfer viral isolates from outbreak epicentres, allowing vaccine
candidates and characterisation reagents to be synthesised
remotely using genetic sequence information alone. Protein
subunit, nucleic acid (DNA and RNA), replicating and non-
replicating vectors, and virus-like particle vaccines all
demonstrated pre-clinical efficacy for SARS-CoV-2 within
months of genome publication, demonstrating the potential to
rapidly generate vaccines across a variety of platforms (7-12).

These candidate vaccines largely focused on the ‘spike’
fusion protein as the target immunogen. For enveloped
viruses, fusion proteins are often the primary targets for
neutralising humoral immunity due to their surface
presentation and critical functional role during host cell entry
(13). Fusion proteins are dynamic molecular structures that
assume distinct conformations before and after merging the
viral and host membranes. The ‘prefusion’ conformation
represents the metastable surface presentation on the
infectious virion. Upon engagement, these surface antigens
drive membrane fusion by irreversibly rearranging into a
lower free-energy ‘postfusion’ conformation. Immunity elicited
to prefusion-specific epitopes is often more protective than
immunity to the postfusion form, and monoclonal antibodies
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(mAbs) with potent virus-neutralising activity that specifically
bind prefusion epitopes have been well-described (14-20). Thus,
stabilising the prefusion conformation is a common approach to
enhance the efficacy of fusion protein vaccines (21).

Of the vaccine technologies mentioned above, subunit
vaccines are particularly amenable to molecular characterisation
and rational design (22). Recombinant viral fusion proteins can be
modified to stabilise their conformation and then screened for the
presentation of key protective and prefusion-specific epitopes.
Cytotoxic and poorly immunogenic subdomains can be modified
or omitted, and by only containing viral fragments without
replicative components, the safety profiles of subunit vaccines
are typically more predictable than other vaccine classes. Subunit
vaccine production is scalable, and antigens can be designed and
formulated for enhanced thermostability, reducing deployment
costs to increase vaccine affordability and access (22). However,
recombinant proteins can be poorly immunogenic and often
require two or more doses with co-stimulatory adjuvants to
elicit protective antibody and T-cell responses. Further,
solubilising or otherwise modifying recombinant antigens can
destabilise neutralising epitopes, requiring the introduction of
stabilising mutations, multimeric scaffolds and/or heterologous
motifs. Rational antigen design strategies have had success for
clinically significant viruses such as RSV and HIV (14, 23) but
these approaches are often dependent on detailed structural
information, rendering them unsuitable for generic application
and rapid mobilisation for novel EIDs.

Here we report a heterologous glycoprotein motif called the
‘molecular clamp’ which facilitates stabilisation and purification
of viral fusion proteins. This technology has previously been
described in a proof-of-concept production study using
Achimota paramyxovirus and Wenzhou mammarenavirus
(24), in application to a range of influenza hemagglutinin
subtypes (25) and more recently, in a SARS-CoV-2 subunit
vaccine that was effective in Phase 1 human clinical trials (9, 26).
We build on those studies by presenting the streamlined
generation of subunit vaccine candidates to four taxonomically
diverse, WHO-listed priority pathogens: MERS-CoV
(Coronaviridae), EBOV (Filoviridae), LASV (Arenaviradae)
and NiV (Paramyxoviridae). We show that the clamped fusion
antigens trimerise efficiently and present prefusion epitopes. We
also show that vaccination with three of these antigens elicits
neutralising immunity in vitro from BALB/c immunised sera.
The vaccines also protect hamster and mouse models from viral
challenge with mouse adapted-EBOV (MA-EBOV) and MA-
MERS-CoV respectively. Importantly, it is shown that antigen of
high purity can be obtained using the clamp as an
immunoaffinity purification tag in a single step, enabling the
generation of prefusion-stabilised subunit vaccine candidates
without the use of target-specific reagents, demonstrating this
technology’s potential for broader application and to novel
emerging viruses.
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2 Materials and methods
2.1 DNA vectors and protein expression

Amino acid sequences for NiV Malaysia strain fusion protein F
(amino acids 1-483, GenBank ID: NP_112026.1), LASV Josiah
strain glycoprotein precursor GPC (amino acids 1-427, GenBank
ID: AAA46286.1), EBOV Mayinga 1976 strain glycoprotein
GPAmucin-like domain (MLD) (amino acids 1-303; 471-639,
GenBank ID: AF086833.2) and MERS-CoV KFU-HKU-13 strain
spike protein S (amino acids 1-1297, GenBank ID: AHX00711.1)
were retrieved. The clamp domain was produced by connecting
partial sequences encoding the gp41 subdomain of the HIV Env
protein (amino acids 547-582, 625-662, GenBank ID: AAB50262.1)
to the GP ectodomain, connected by a flexible linker (EBOV
GPAMLD: G28G2; NiV F: GSG, MERS-CoV S: GSG; LASV
GPC: G3SG3). Genetic constructs were codon optimised for
expression in CHO-S cells (Cricetulus griseus) before nucleic acids
were synthesised and cloned into a mammalian expression vector
(pNBF; National Biologics Facility, Brisbane, Queensland,
Australia) by inFusion cloning (ClonTech).

Plasmid DNA was extracted from bacterial cultures using
PureYield DNA MidiPrep kit (Promega) and transfected into
expiCHO cells using expiCHO expression kit (ThermoFisher).
Suspension cultures were harvested 7 days post-transfection, before
the supernatants were clarified by centrifugation at 5000 x g and then
sterilised by filtration through 0.22 um filters. Clamped proteins were
purified from supernatant by immunoaffinity chromatography on a
HiTrap NHS-activated column (GE Healthcare) conjugated with a
molecular clamp-specific monoclonal antibody (mAb) (HIV1281;
PDB 3P30) (17) using 400 mM NaCl PBS wash buffer and
diethylamine elution buffer (5 mM EDTA, 100 mM Tris, 400 mM
NaCl, 20 mM diethylamine, pH 11.5). Column elution fractions were
neutralised with a 1:1 (v/v) ratio of 1 M Tris pH 6.8, concentrated,
and buffer exchanged to PBS. Protein concentration was quantified
using Nanodrop spectrophotometry.

Expression yield from CHO-S transient suspension culture
was determined from 30 ml cultures performed in triplicate.
Proteins were quantitated from absorbance spectra at 280 nm
using a NanoDrop spectrophotometer (ThermoFisher), calibrated
with extinction coefficients calculated from the full construct
amino acid sequences using the Expasy ProtParam online tool
(accessible from: https://web.expasy.org/protparam/).

Unstabilised MERS-CoV S was purchased from SinoBiological
(CAT: 40069-V08B). The S protein originates from EMC/2012
strain (GenBank ID: AFS88936.1), consists of amino acids 1-1297
and is His-tagged. Control antigens for NiV (NiV FAFP) and LASV
(GPCysR4) have been previously described (18, 27).
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2.2 In vitro protein characterisation

The purity and molecular weight of the proteins was
assessed by loading 4 pg of denatured protein on a 4-12%
SDS-PAGE (Biorad) under reducing conditions (100 mM
dithiothreitol). Gels were stained in Coomassie brilliant blue
R-250 for 1 hour and destained in 35% methanol and 10%
acetic acid.

The oligomeric state of purified proteins was determined by
size exclusion chromatography (SEC) using 50 ug of protein in a
300 UL loop connected to a Superose 6 Increase 10/300 GL (GE
Healthcare Life Sciences) gel filtration column calibrated with a
series of standards. Fractions of 1 mL were collected on the basis
of elution volumes with peak absorbance values for
subsequent analyses.

2.3 Antigen-specific monoclonal
antibody binding

Protein antigenicity was assessed by enzyme-linked
immunosorbent assay (ELISA) with prefusion-specific mAbs.
For MERS-CoV S, receptor binding domain (RBD) mAbs 4C2
(28), m336 (29), LCA60 (30), MERS27 (31), MCAL1 (32), JC57-
14, CDC2-C2 (33) and D12 were used as well as a S2-specific
mAb G4 (34). For LASV GPC, 37.7H (27), 12.1F and 25.10C
(35) mAbs were analysed. For EBOV GP, h15758, h15765,
h15959, h15960, h16042 (36), KZ52 (37), 2G4, 4G7, 1H3 (38),
mab100, mab114 (39), and 13C6 (40) were used. For NiV F,
prefusion-specific mAbs 5B3 (18) and mAb66 (41) were used.
Briefly, 2 ug/mL of antigen in PBS was coated on a Nunc
MaxiSorp 96-well plate (ThermoFisher) and incubated
overnight at 4°C. Antigen was removed and plates were
blocked with 150 UL per well of PBS with 0.05% Tween-20
supplemented with 5% milk diluent (blocking buffer) (KPL
SeraCare) for 30 minutes at room temperature. mAbs were
added to the plates pre-diluted in blocking buffer to 10 pug/mL
and titrated 5-fold prior to incubation at 37°C for 1 hour. Plates
were washed by water immersion thrice before addition of
horseradish peroxidase (HRP)-conjugated secondary antibody
(goat anti-human IgG) (ThermoFisher) diluted to 1:2000 in
blocking buffer. Plates were incubated as before and washing was
repeated. For signal generation, tetramethylbenzidine (TMB)
(ThermoFisher) was added for 5-10 minutes at room
temperature. Reaction was stopped with 1 M H,SO, and
optical density (OD) was measured at 450 nm. Background
binding of mAbs against PBS was subtracted from binding to the
respective antigen.
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2.4 Transmission electron microscopy

SEC-purified antigens were deposited onto carbon-coated,
glow-discharged 400 mesh copper grids (ProSciTech) at
approximately 5 - 10 ug per ml. Samples were blotted off the
grids and washed twice with water before staining with 1% (w/v)
uranyl acetate for 2 mins. Grids were imaged using a Hitachi
HT7700 Transmission Electron Microscope at 120 KeV and
images were acquired using AXT 2kx2k CMOS. Subsequent
micrograph processing was conducted using Relion 3.1 software,
and contrast transfer functions of the images were corrected
using CTFFIND. Particles were selected manually followed by
reference-free alignment and two-dimensional classification.

Cryogenic electron microscopy (cryo-EM) was performed
on NiV Fclamp proteins in complex with Fab fragments from
5B3, similar to a previous report (42). NiV Fclamp was mixed
with purified Fab fragments at a w/w ratio of 1:2 respectively,
and then incubated for 1 hour at 4°C. Samples were then loaded
on to the Superose 6 Increase 10/300 GL column and size-
exclusion was conducted as previously described. Fractions
containing complexed antigens were identified by relative peak
shifts and isolated, before being concentrated in 0.5 ml 3K
MWCO concentrators. NiV Fclamp and 5B3 Fab complexes
were diluted to 0.05 mg/ml and 4 pl was adsorbed onto flow
discharged quantifoil grids (Q2/1). Grids were plunged frozen
using EMGP2 system (Leica) and imaged on a Cryo-ARM 300
(JEOL) Field Emission Cryo-Electron Microscope equipped with
a K3 detector (Gatan) in a super-resolution CDS acquisition
mode. Movies were acquired with a 5 second exposure in super
resolution mode at 0.1 s/frame using JADAS software at a
magnification of x50,000. This yielded a pixel size of 0.48 and
a dose rate of 7.66 e/pix/sec. Data was motion corrected using
MotionCor2 (v1.1.10), and contrast transfer functions (CTF) of
each micrograph were determined using CTFFIND software.
Any micrographs with aberrations were removed as informed by
thon-ring images, and only micrographs with a resolution equal
to or less than 4 A were selected for downstream analyses. Initial
2D references were formed by manually picking particles in
Relion 3.1 to inform auto-picking software with a box size of 640
pixels. 3D refinement was conducted using C3 symmetry with a
total of 40,833 particles.

2.5 Animal immunisations and viral
challenge studies

For the immunogenicity studies, seven-week-old BALB/c
mice were housed in HEPA-filtered cages at the Australian
Institute for Bioengineering and Nanotechnology (AIBN)
Animal Facility at The University of Queensland, Australia.
Procedures were approved by The University of Queensland
Animal Ethics Committee (AEC numbers: SCMB/354/14/AIBN/
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UNIQUEST; SCMB/558/17). Each mouse was immunised under
anesthesia by ketamine and xylazine with 5 ug of antigen or PBS
adjuvanted with either 3 pg of Quil-A intradermally or 50 ug of
Alhydrogel per dose intramuscularly as stated. Immunisations
were conducted at 21-day intervals.

2.5.1 EBOV challenge

All infectious work with MA-EBOV was performed in the
high-containment laboratories at the Rocky Mountain
Laboratories (RML), Division of Intramural Research, National
Institute of Allergy and Infectious Diseases, National Institutes
of Health. RML is an institution accredited by the Association
for Assessment and Accreditation of Laboratory Animal Care
International (AAALAC). All procedures followed standard
operating procedures (SOPs) approved by the RML
Institutional Biosafety Committee (IBC). Animal work was
performed in strict accordance with the recommendations
described in the Guide for the Care and Use of Laboratory
Animals of the National Institute of Health, the Office of Animal
Welfare and the Animal Welfare Act, United States Department
of Agriculture. The study was approved by the RML Animal
Care and Use Committee (ACUC). Procedures were conducted
in animals anesthetized (inhalational isoflurane) by trained
personnel under the supervision of veterinary staff. All efforts
were made to ameliorate animal welfare and minimize animal
suffering; food and water were available ad libitum.

For the EBOV challenge study, 4 - 6-week-old Syrian golden
hamsters (Mesocricetus auratus) were immunised with either 5 ug
of subunit antigen or PBS adjuvanted with 3 pg of Quil-A twice by
intramuscular (IM) injection, 21 days apart. Positive control
hamsters were immunised once with 100,000 PFU of VSV-EBOV
at the 2™ dose time point by the same route. Twenty-one days after
the final immunisation, the hamsters were challenged with 1,000
LDs (100 focus-forming units) of MA-EBOV by injection into the
peritoneal cavity. Body weight changes were monitored daily until
the hamsters recovered from the acute disease. Hamsters
developing severe disease were euthanized following ACUC-
approved endpoint criteria. Blood samples were collected by
retro-orbital bleeding at the time of boost for subunit
immunisations or the time of primary immunisation with VSV-
EBOV (21 days pre-challenge) and 6 days prior to challenge.
Terminal bleeds were collected via cardiac puncture at study
endpoint (42 days post challenge (n = 6) or 4 days post challenge
for tissue/blood sampling groups (n = 4)). At 4 days post MA-
EBOV challenge, 4 hamsters per group were anesthetised and bled
via cardiac puncture for virological analysis. Spleen and liver
samples were collected and stored at -80°C. Virus loads were
determined in hamster blood and tissue samples as previously
described (43). Briefly, Vero E6 cells were seeded in 48-well plates
the day before titration. Tissues were weighed, homogenised in 1
mL serum-free DMEM and tissue and blood samples were serially
diluted 10-fold. Media was removed from cells and inoculated with
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each dilution in triplicate. After one hour, DMEM supplemented
with 2% FBS, penicillin/streptomycin and L-glutamine was added
and incubated at 37°C. Cells were monitored for cytopathic effect
(CPE) and 50% tissue culture infectious dose (TCIDs,) was
calculated for each sample (blood, per mL; tissue per mg)
employing the Reed and Muench method (44).

2.5.2 MERS-CoV challenge

The MERS-CoV mouse challenge experiment was approved
by CULATR, HKU (CULATR 5067-19) and the Department of
Health, the Government of the HKSAR under the Animals
(Control of Experiments) Ordinance, Chapter 340 (19-384/385
in DH/SHS/8/2/3 Pt.32). The mouse study was carried out in
strict compliance with animal welfare regulations. The mice
were anesthetised by ketamine/xylazine when procedures were
conducted. Standard guidelines prescribed in pain and distress
in laboratory rodents and lagomorphs, Laboratory Animals 28,
97-112 (1994) were strictly followed and the well-being of
animals were monitored daily with a scoring sheet to ensure
minimal pain and distress experienced by the mice.

A congenic C57BL/6 mouse with mouse DPP4 exons 10-12
replaced with the human DPP4 codons was generated by
Taconic Biosciences and provided by Paul McCray, University
of Towa to HKU (45). Human DPP4 knockin mice, 6-8 weeks-
old, were vaccinated with 1 ug or 5 pg of MERS-CoV Sclamp
vaccine with MF59 adjuvant (Segirus) or with 5 pg of MERS-
CoV Sclamp without adjuvant. A comparator group of mice
received 1.25 ug of formalin inactivated MERS-CoV and another
group received PBS as a placebo. A booster vaccination of the
same material was given after 3 weeks. Three weeks after the
booster vaccination, mice were challenged with 10* PFU of MA-
MERS-CoV (clone 6.1.2) in 20 pl via intranasal route. Mice were
weighed and monitored daily for 3 days. Five mice from each
group were sacrificed on 3 days post infection with lungs
harvested. Mice inoculated with MEM were included as mock
infection group.

Lung tissues from infected mice were weighed and
homogenised with TissueRuptor II (Qiagen, Hilden, Germany)
in 1 ml PBS. Viral RNA was directly extracted from lung tissue
homogenates of infected mice using RNeasy Mini Kit according
to manufacturer’s instructions (Qiagen, Hilden, Germany). The
RNA was eluted in 50 pl of RNase-free water and quantified. 100
ng of total RNA were used as template for cDNA synthesis by
reverse transcription using SuperScript III kit (Invitrogen, San
Diego, CA, USA). RT-qPCR was performed to determine the
viral load of the infected mice lung tissues using LightCycler 480
SYBR Green I Master (Roche Diagnostics). Briefly, 5 ul of cDNA
was used in each reaction with specific primers and probes
targeting the nucleocapsid (N) gene of MERS-CoV as previously
described (46). The relative abundance between different
experimental groups was calculated by the AACt method
normalised to mouse GAPDH.
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To examine the histopathology, the lung tissues were fixed in
4% paraformaldehyde, embedded in paraffin, and stained with
hematoxylin and eosin (H&E). Histopathological changes were
observed using a Nikon 80i microscope and imaging system.

2.6 Measuring antigen-specific
I9G responses

Serum reactivity to cognate antigens was determined by
ELISA as described in section 2.3. In brief, ELISA plates were
coated with 2 ug/ml of antigen and incubated overnight at 4°C.
The plates were then treated with blocking buffer (I1x KPL
blocking solution concentrate (SeraCare) in PBST). Sera were
serially diluted in blocking buffer before being added to the
coated plate and incubated for 1 hour at 37°C. Bound antibodies
were detected using goat anti- mouse IgG or goat anti-hamster
IgG HRP conjugates (ThermoFisher) as appropriate. Bound
conjugates were detected with 3,3’,5,5'-Tetramethylbenzidine
(TMB) (ThermoFisher) before the reactions were quenched
with 1 M H,SO,. Absorbances were read at 450 nm. Endpoint
titres (EPTs) were then determined by taking the mean
absorbance of the mock (serum-free) plus 3 standard
deviations and interpolating this value into a one-site specific
binding regression model using GraphPad Prism.

2.7 Virus and pseudovirus propagation
and neutralisation assays

EBOV (Mayinga 1976, GenBank ID: AF086833.2), MA-
EBOV (passage 3) (47) and VSV-EBOV (expressing EBOV-
Kikwit GP (48)) were propagated in Vero E6 cells. The
supernatants were clarified by centrifugation at 1500 x g for
10 min, aliquoted and stored in liquid nitrogen (MA-EBOV) or
at -80°C (VSV-EBOV). MA-EBOV titers were determined by
immuno-plaque assay. VSV-EBOV was titred on Vero E6 cells
using standard plaque assay (49). EBOV (Mayinga 1976)
neutralisation was quantified using a standard plaque assay in
Vero E6 cell culture using previously described methods (50).

Live virus neutralisation assays were conducted under strict
bio-containment procedures in the BSL4 laboratory at ACDP.
Serial two-fold dilutions of sera were prepared in 96-well tissue
culture plates in 50 ul DMEM (Dulbecco’s Modified Eagle’s
Medium, supplemented with 1% antibiotic/antimycotic and 1%
hepes). An equal volume of either NiV, MERS-CoV or LASV
containing 200 TCIDs, was added to each well and the virus-
serum mix incubated for 45 min at 37°C in a humidified 5% CO,
incubator. Vero E6 cell suspension was prepared in DMEM
containing 10% fetal bovine serum (FBS), then 100 ul of cell
suspension containing 2 x 10> cells/ml was added to each well
and the plates incubated for three to five days. The wells were
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observed for signs of viral CPE and the titre was determined as
the serum concentration in which viral CPE was not observed.

Pseudovirus neutralisation assays were conducted using
lentivirus-based pseudotypes as previously described (51-53).
Briefly, HEK293T cells were transfected with p8.91 (encoding
for HIV-1 gag-pol), CSFLW (lentivirus backbone expressing a
firefly luciferase reporter gene) and viral glycoprotein (NiV F +
G or LASV GPC) using PEI transfection reagent. Supernatants
containing pseudotyped virus were harvested at 48- and 72-
hours post-transfection, pooled and centrifuged at 1,300 x g for
10 minutes at 4°C to remove cellular debris. Pseudo-particles
were then titrated on target HEK293T cells to obtain a luciferase
virus titre. For the micro neutralisation tests (mVNTs), sera were
diluted in serum-free media in triplicate from a starting dilution
of 1:10 and titrated 3-fold. A fixed titred volume of pseudo-
particles was added at a dilution equivalent to 10° - 10° signal
luciferase units in 50 uL. DMEM-10% and incubated with sera
for 1 hour at 37°C, 5% CO,. HEK293T cells were then added at a
density of 2 x10* in 100 uL and incubated at 37°C, 5% CO, for
48 hours. Firefly luciferase activity was then measured with
BrightGlo luciferase reagent and a Glomax-Multi" Detection
System (Promega). Pseudotyped virus neutralisation titres were
calculated by interpolating the point at which there was 50%
reduction in luciferase activity, relative to untreated controls
(neutralisation dose 50%, ND5).

2.8 Statistical analysis

Statistical analyses were performed using Prism 9
(GraphPad, San Diego, CA, USA). Yield differences were
analysed with an unpaired, two-tailed t test. ELISA, virus and
pseudovirus titres were analysed as log-transformations with
ordinary one-way ANOVA and Tukey’s multiple comparisons
test. MERS-CoV Ct values, eosinophil and histology scores were
analysed with 2way ANOVA with Tukey’s multiple comparisons
test. EBOV survival curves were analysed with a Mantel-Cox
test. EBOV viral titres were analysed with ordinary one-way
ANOVA with Tukey’s multiple comparisons test. Statistical
significance is indicated as: p < 0.0001 (****), p < 0.001 (***),
p < 0.01 (**), and p < 0.05 (*).

3 Results

3.1 Antigen design, expression
and characterisation

The molecular clamp domain is derived from the HIV gp41
fusion core protein and consists of a pair of alpha-helices
connected by a flexible linker which facilitates the formation
of a hairpin tertiary structure (Figure 1A). These paired helix
hairpins enhance trimerisation by coalescing with high affinity
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into thermostable, six-helix bundles via a series of
intermolecular interdigitations (55). Of the 8 ‘known’ WHO-
listed priority viral pathogens in need of vaccines and
therapeutic interventions (one is a hypothetical ‘Disease X’),
five contain trimeric fusion proteins that are potentially
amenable to clamp-stabilisation (Figure 1B) (54).

Synthetic DNA fragments encoding NiV F, LASV GPC,
MERS-CoV S or EBOV GPAMLD ectodomains were cloned into
mammalian expression vectors containing the molecular clamp
sequence appended in place of their respective transmembrane
(TM) domain coding regions. These produced constructs
encoding NiV Fclamp, LASV GPCclamp, MERS-CoV Sclamp
and EBOV GPAMLDclamp. The recombinant antigens were
transiently expressed in mammalian suspension cultures
(Chinese hamster ovary, CHO-S) before purification using
immunoaffinity with a clamp-specific monoclonal antibody
(mAb) [HIV1281 (17)]. Yields ranged from 8 mg/L (LASV
GPCclamp) to 31.2 mg/L (EBOV GPAMLDclamp) for the
clamped antigens (Figure 1C).

We attempted to generate unstabilised, ectodomain-only
control antigens by similar methods. Purification using
ectodomain-specific mAbs yielded EBOV GPAMLD (purified
with mAb KZ52 (37)), but control antigens were not recoverable
for MERS-CoV S, NiV F or LASV GPC. Ultimately, to obtain
unclamped control antigens for these viruses, best-in-class
comparator proteins were used. These were LASV GPCysR4
(27), NiV FAFP (18) and MERS-CoV S (MERS-CoV S1+S2 N-
(AA1-1291)-His-C, SinoBiological, catalogue number: 40069-
V08B). The yield of EBOV GPAMLDclamp and GPAMLD when
purified with KZ52 showed incorporation of the clamp
enhanced recoverable yield 2-fold for these antigens (p =
0.0267, Figure 1D). SDS-PAGE stained with Coomassie blue
showed that clamp-mediated immunoaffinity chromatography
recovered antigens of predicted molecular weight (MW) profiles
and high purity (Figure 1E, inlayed).

Oligomerisation was assessed using size-exclusion fast
protein liquid chromatography (SE-FPLC) with fractions
assayed by ELISA using mAbs reactive to prefusion epitopes
(Figure 1E). Sclamp (MERS-CoV) was predominantly trimeric
(70% of total area under curve (AUC, mAU ml™?), 11.5-15 ml
retention volumes (RV)) with some aggregation (9% AUC, 6-
9.5 ml RV) and degradation/monomeric dissociation observed
(13% AUC, 15.4-28 ml RV). The unstabilised counterpart, S, was
largely aggregated (48% AUC; 6-10 ml RV) and exhibited a long
‘tail’-like profile (52% AUGC; 10-30 ml RV), indicative of protein
degradation. No local peak was observable corresponding to
trimer within the S profile, and the receptor-binding domain
(RBD)-specific mAb 4C2 (28) was unreactive to the S 11.5-15 ml
RV fractions. However, 4C2 did bind to the stabilised Sclamp
trimer and the S aggregated species.

EBOV GPAMLDclamp produced high MW aggregates and
the trimeric peak mAU maximum was reduced 2.13-fold relative
to the unstabilised antigen (14.7 ml RV GPAMLDclamp; 14.9 ml
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FIGURE 1

Design, generation and characterization of recombinant vaccine antigens. (A) The vaccine candidates were generated by genetically appending the clamp
coding region in place of the native C-terminal transmembrane (TM) domain sequence. The constructs were cloned into a mammalian expression vector and
expressed in ExpiCHO-S cells before the secreted antigens were purified using clamp-mediated immunoaffinity chromatography. (B) The WHO list's priority
viral pathogens of greatest significance for public health to focus R&D efforts towards. As the molecular clamp is a trimerization domain, the proportion of
listed viruses containing a trimeric fusion protein that the clamp may be applied to are shown in blue. Disease X represents a yet unknown pathogen which
may or may not also utilize a trimeric fusion protein. For the full list see (54). (C) The yield of the recombinant antigens from transient CHO-S suspension
culture and clamp-mediated immunoaffinity chromatography. Error bars show SD from multiple expression runs. (D) Comparison of the yield recovered from
anti-ectodomain affinity purification using EBOV mAb KZ52 of the clamp-stabilised and unstabilsed GPAMLD constructs. The asterisk (*) indicates statistical
significance determined by an unpaired, two-tailed t test (o = 0.0267). (E) The oligomerization states of the clamp-stabilised (blue) and unstabilised (green)
antigens are presented as size exclusion chromatography UV traces (mAU) with prefusion specific monoclonal antibody reactivity presented as bar graphs
(absorbance 450nm). Antibodies used were KZ52 for EBOV GP, 37.7H for LASV GPC, 5B3 for NiV F and 4C2 for MERS-CoV S. Coomassie blue-stained SDS-
PAGE gels of the purified antigens are inserted.

Frontiers in Immunology 07 frontiersin.org


https://doi.org/10.3389/fimmu.2022.963023
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

Young et al.

RV GPAMLD) (Figure 1E). Trimer AUC comparisons between
the EBOV constructs were not conducted as the GPAMLD
trimeric peak exhibited an overlapping, lower MW ‘shoulder’
consistent with monomeric dissociation (16.2 ml RV). However,
aggregated protein accounted for the majority of the
GPAMLDclamp product (56% AUC, 0-13.5 ml RV) while only
contributing 12% AUC to the total of GPAMLD (0-13.5 ml RV).

NiV Fclamp exhibited a single major peak corresponding to
trimeric oligomerisation (15.7 ml RV) and was reactive to mAb
5B3 (Figure 1E). The AUC of the FAFP trimeric peak (40%
AUC, 14-17 ml RV) was reduced 2.38-fold relative to Fclamp
(94% AUC, 14-18.5 ml RV), with no mab 5B3 reactivity
associated with the FAFP trimer. Evidence of degradation and
proteolysis was also observed in both SDS-PAGE and SE-FPLC
profiles for the unstabilised FAFP antigen.

Incorporation of the molecular clamp into GPCclamp
(LASV) significantly enhanced trimerisation (64% AUC, 12.5-
16.5 ml RV), with recombinant GPCysR4 presenting almost
entirely as dissociated monomers (94% AUC, 16-19.5 ml RV).
Both the monomeric GPCysR4 and the trimeric GPCclamp
reacted with mAb 37.7H (Figure 1E).

Epitope presentation on the recombinant antigens was further
examined by ELISA using broad panels of characterised mAbs
targeted to key subdomains (Supplementary Table S1). The
clamp-stabilised and control antigens typically bound the mAbs
with comparable nanomolar apparent dissociation constants
(kD). Notable discrepancies included MERS-CoV S, anti-’stem’
domain antibody, G4 (34), which demonstrated a 10-fold
improvement of binding to the clamp-stabilised MERS-CoV
antigen. NiV F prefusion-specific mAbs 5B3 and mAb66 bound
Fclamp but were unreactive to FAFP, consistent with previous
reports that the unstabilised F antigen assumes a postfusion
conformation (18). Epitope stability after storage in PBS at 4°C,
25°C or 40°C was assessed to examine the thermostability of the
antigens in the absence of formulation stabilisers (Figure S1). For
each clamped antigen it was found that the mAbs maintained low
nanomolar affinities under each condition, including 4 weeks of
storage at 40°C; the most stringent condition tested.

Negative stain transmission electron microscopy (TEM) was
conducted to further investigate the oligomeric state and
conformation for size-excluded trimer fractions of each clamped
antigen (Figure 2). For MERS-CoV Sclamp, TEM showed a
homogenous preparation of prefusion stabilised trimeric S
protein. This was further confirmed using single particle analysis
(SPA) on Relion 3.1 software which showed 2D class averages
displaying S clamp trimer with a three-fold symmetry and a short-
tail domain which indicated either the stem region of the spike or
the molecular clamp (Figure 2A). Both micrographs and SPA of
trimeric fractions of EBOV GPAMLDclamp showed small, oblong
and heart-shaped particles, indicative of the GP trimer (Figure 2B).
Micrographs and 2D classifications of LASV GPC showed small
spherical ~10 nm particles representative of the small globular
LASV GPC trimer (Figure 2C).
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As a proof of concept, we imaged NiV Fclamp using cryo-
EM to further validate the authenticity of the prefusion
structure. NiV Fclamp proteins were complexed with
prefusion specific mAb 5B3 Fab fragments and imaged by
cryo-EM. From the resulting micrographs, a total of 40,833
particles were used for SPA of the NiV F clamp 5B3 complexes.
Using the gold-standard Relion 3.1 software pipeline, a cryo-EM
map of NiV Fclamp 5B3 complex was generated with a final
resolution of 3.3 A. Here we observed a three-fold symmetry,
showing three Fab fragments bound to a trimeric NiV F
structure (Figures 2D, E). The previously solved atomic model
of NiV F complexed with 5B3 (PDB 6TYS) (42) fit the cryo-EM
map with a high degree of similarity. Of note, several regions of
the NiV Fclamp antigen were not resolved. Densities
corresponding to the stem domain of NiV F and the clamp
domain were not observed in the reconstructions (Figure 2E). It
is likely that the stem and clamp regions of the antigen are
hyperflexible and therefore result in a high degree of movement,
leading to a heterogenous sample and poor resolution around
these regions. Furthermore, we observed a preferential top-down
orientation of particles across cryo-EM micrographs, obscuring
the stem and the clamp domains, potentially contributing to the
loss of densities around these regions.

3.2 Vaccine immunogenicity and serum
neutralisation in rodent models

We next determined the antigen-specific reactivity of sera
elicited to the recombinant vaccine candidates. For the NiV,
LASV and MERS-CoV vaccines, BALB/c mice (n =
immunised with 5 pg of recombinant antigen intradermally (ID),
adjuvanted with 3 pg of Quil-A® (QaA; Brenntag Biosector), or
intramuscularly (IM), adjuvanted with 50 pg of Alhydrogel (Alum;
Croda), three times at 21-day intervals. BALB/c mice (n = 5) were

8) were

immunised with the EBOV antigens with the same dose and
regimen, however only QA was tested as an adjuvant in these
groups. All vaccinations were well tolerated. Twenty-one days after
the final dose, blood was collected by cardiac puncture and sera
reactivities to the cognate immunogens were assayed by ELISA
(Figure 3A). The clamp-stabilised and unstabilised control antigens
elicited broadly consistent IgG titres between immunogen pairs
except in the case of LASV GPCclamp, which induced a
significantly higher IgG titre than GPCysR4 under both adjuvant
conditions (QA, p = <0.0001; Alum, p = <0.0001) (Figure 3A).
There was a trend of QA-adjuvanted antigens eliciting higher IgG
titres than Alum-adjuvanted equivalents, but this only reached
statistical significance for LASV GPCysR4 (p = <0.0001) and
MERS-CoV $ (p = 0.004).

To differentiate fusion protein ectodomain reactivity from
off-target immunity elicited to the molecular clamp, immunised
serum was assayed against a clamp-stabilised influenza virus
H3clamp antigen (Figure 3C). Similarly, the respective
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Structural validation and characterization of molecular clamped-stabilized antigens. (A) Representative negative stain TEM micrographs and 2D
classes of MERS S Clamp, (B) EBOV GPAMLD Clamp, and (C) LASV GPC Clamp. Clamp antigens were stained with 1% (w/v) uranyl acetate and
imaged on a Hitachi HT7700 Transmission Electron Microscope at 120 kV. 2D classes were generated using Relion 3.1 software. (D) SEC of 5B3
Fab complexed or uncomplexed NiV F Clamp antigen separated on Superose 6 Increase 10/300GL column. Each data set is normalized to its
maximal value. Below, representative 2D class averages of 5B3 complexed NiV F clamp. (E) 3.3 A resolution cryo-EM structure of 5B3
complexed NiV F Clamp with the previously solved atomic structure (PDB 5EVM, PDB 6ULT) fitted in ribbon form. NiV F clamp is coloured in
grey with a single monomer in gold. 5B3 heavy chains are coloured purple and light chains in pink. Unsolved clamp domain shown as three red

lines at the C-terminus.

‘unclamped’ control antigens were assayed to determine viral
ectodomain IgG titres for MERS-CoV, LASV and EBOV
(Figure 3B). For NiV, both foldon stabilised F and the FAFP
control (18) were used to determine prefusion and postfusion
ectodomain-specific reactivity, respectively. This analysis
indicated that the clamp is immunogenic, but the majority of
the IgG titres were elicited to viral ectodomains in all cases
except for LASV GPCclamp (clamp reactivity: 96.92%, Alum-
adjuvanted; 61.45%, QA-adjuvanted). For EBOV, NiV and
MERS-CoV clamped antigens, clamp-specific reactivity ranged
from 3.8% - 21.5%.

The neutralisation potency of the immunised sera was then
determined using viral isolates in BSL4 biocontainment facilities
(Figure 3D) and pseudoviruses expressing wild-type viral surface
antigens for LASV and NiV (Figure S2). Immunisation with
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adjuvant-matched, clamped and control MERS-CoV antigens
induced comparably potent virus neutralising responses relative
to PBS controls (Sclamp, QA and Alum, p = <0.0001; S, QA and
Alum, p = <0.0001), with QA inducing neutralisation to a greater
degree than Alum for Sclamp (p = 0.0024). For NiV,
immunisation with clamp-stabilised F elicited a significantly
enhanced neutralising response relative to FAFP (QA and
Alum, p = <0.0001), consistent with reports that the majority
of neutralising epitopes are presented on the prefusion antigen
conformation (41, 42, 56). Stabilised EBOV GPAMLDclamp
elicited significantly higher levels of neutralising antibodies
(nAbs) in comparison to the GPAMLD control. For LASV,
neither GPCclamp nor GPCysR4 were able to induce a
significant neutralising response in both the viral and
pseudoviral systems irrespective of the adjuvant used.
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FIGURE 3

Immunogenicity and neutralization of virus. Serum reactivity in BALB/c immunised mice was assayed by ELISA and is presented as end-point
titres (EPTs). (A) Sera groups were assayed against their cognate antigen (Total IgG), (B) an ectodomain only antigen (Ectodomain-specific) and
(C) an influenza virus hemagglutinin-clamp antigen (Clamp-specific) (n = 5 for EBOV groups; n = 8 for LASV, MERS-CoV and NiV groups). (D)
Neutralisation against live virus. Serum neutralization of EBOV was determined as the serum dilution factor required to neutralise 50% of the
virus (PRNTSsq). For LASV, MERS-CoV and NiV, virus neutralisation titre (VNT) was determined as the inverse serum concentration at which CPE
was not observed. P values were determined by one-way ANOVA using Tukey's multiple comparison test. Statistical significance is indicated as:
p < 0.0001 (****), p < 0.001 (***), p < 0.01 (**), and p < 0.05 (*). Error bars show SD.

3.3 Viral challenge models

For MERS-CoV and EBOV, the ability of the vaccine
candidates to protect against lethal viral challenge was
examined in well-characterised rodent models. The MERS-
CoV study used hDPP4 knock-in C57BL/6 mice (n = 5) (45),
immunised twice, three weeks apart, with 1 or 5 pg of MERS-
CoV Sclamp and 25 pl of squalene adjuvant MF59 (Seqirus).
Infected and uninfected PBS placebo controls and an
unadjuvanted 5 pg Sclamp cohort were also included. Finally,
a formalin-inactivated MERS-CoV (1.25 pg) positive control was
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added, which has been shown to enhance lung disease in this

model (45).

in viral load relative

10

Three weeks after the final dose, mice were intranasally
challenged with 1 x 10* pfu of MA-MERS-CoV. Three days post-
challenge at the peak of infection the mice were sacrificed, and
the lungs were assessed histologically and assayed for viral load
(Figure 4A). Viral RNA in the lungs of mice immunised with 5
ug MERS-CoV Sclamp + MF59 was below the limit of detection
(LOD = 40 mean Ct). This constituted a ~65,000-fold reduction

to 1 ug MERS-CoV Sclamp + MF59 (mean
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FIGURE 4

MERS-CoV and EBOV challenge models. (A) Congenic C57BL/6 DPP4 knock-in mice were given prime and boost immunisations before
challenge with 10* PFU of MA-MERS. The tissues were then assessed for infiltration of the virus and histopathology. Asterisks indicate statistical
significance calculated by a two-way ANOVA with Tukey's multiple comparisons test. (B) Syrian golden hamsters were immunised with clamped
influenza virus H3 hemagluttinin (control), clamp-stabilised and unstabilised recombinant GPAMLD or VSV-EBOV and challenged with 1,000
LDsg of MA-EBOV (n = 10). Body weights and survival of the hamsters was monitored following the challenge (n = 6). Four days post-challenge,
hamsters were euthanized for virological analysis of the blood and tissues (n = 4). Statistics are calculated using a two-way ANOVA grouped
analysis with Tukey’'s multiple comparisons test. Survival curves were analysed with a Mantel-Cox test. Statistical significance is indicated as: p <

0.0001 (***%), p < 0.001 (***), p < 0.01 (**), and p < 0.05 (*).

Ct = 37), and a =500,000-fold reduction relative to the placebo
control (mean Ct = 21).

Disease severity was assessed by histopathological staining
for eosinophil infiltration and scoring of lung pathology
(Figure 4A). Mice were also assessed for weight loss on days 1-
3 post infection however, no significant change in weight was
observed for any of the groups (data not shown). The formalin
inactivated MERS-CoV induced enhanced eosinophil
infiltration into the lungs and increased the percentage of lung
tissue affected. Eosinophil infiltration and the percentage of lung
tissue affected were higher in MERS-CoV Sclamp/MF59
vaccinated animals compared to placebo. However, both
measures of lung inflammation for Sclamp immunised mice
were consistently lower than animals vaccinated with the
formalin inactivated virus. For the 1 pg and 5 ug MERS-CoV
Sclamp + MF59 the average number of eosinophils per high-
power viewing field at 400x magnification in lung sections
stained with Congo Red (Sigma-Aldrich) was 14 and 27,
respectively, compared to 90 for the formalin treated virus.
Additionally, the percentage of lung tissue affected was
consistently lower for mice vaccinated with MERS-CoV
Sclamp at either dose + MF59 compared to formalin
treated virus.
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We then determined the protective efficacy of vaccination
with the recombinant EBOV subunit antigens in a lethal EBOV
challenge model. Syrian golden hamsters were immunised twice
at a 21-day interval with 5 pug of EBOV GPAMLDclamp or
GPAMLD, adjuvanted with 3 pg of QA. Negative control
animals were immunised with 5 pg of QA-adjuvanted
influenza virus H3clamp, and positive control animals were
immunised once with 100,000 PFU of VSV-EBOV (48, 57).
Twenty-one days after the final immunisation, all hamsters were
challenged with 1000 LDs, of MA-EBOV (Figure 4B).

Both the GPAMLDclamp and GPAMLD subunit vaccines
were protective, with 5 of 6 and 4 of 6 hamsters surviving,
respectively. Body weights remained stable throughout the
observation window; never fluctuating by more than 10% for
all groups except for the H3clamp control (Figure 4B).
Virological analysis of the blood and tissues 4 days post-
infection (n = 4) showed a significant reduction of viral titres
from animals immunised with GPAMLDclamp and VSV-EBOV
relative to the control group (Figure 4B, viral titre). Viral
clearance associated with GPAMLD vaccination was not
significant. Contrasting titres across all samples for animals
immunised with either GPAMLDclamp or VSV-EBOV
revealed insignificant differences. Mean viral titres in the liver
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and spleen were approximately 100-fold higher for animals
immunised with GPAMLDclamp than were observed in the
VSV-EBOV cohort, although titres in the blood were 5-fold
lower by this comparison. In the spleen, the disparity was
attributable to one hamster in the GPAMLDclamp group, with
the remaining three fully clearing the virus from this organ.
Three of 4 hamsters from the VSV-EBOV group showed no
signs of virus in the liver, while all other animals presented
substantial titres.

4 Discussion

The response to the SARS-CoV-2 pandemic has shown that
with current technologies and sufficient resources, the time
required to progress from vaccine design to human trials can
be narrowed from years to months. Multiple vaccine modalities
have produced effective candidates while offering different
strengths and limitations, and future EID outbreak risk may
be best mitigated by having vaccine development pathways
established across a variety of platforms. Previously, we have
shown the application of the molecular clamp in a SARS-CoV-2
spike subunit vaccine and demonstrated safety and efficacy in
preclinical (9) and early clinical trials (26). While that study was
ultimately discontinued due to interference with certain HIV
diagnostics (58), it demonstrated that this platform technology
can be rapidly and effectively mobilised in a pandemic. To
resolve this issue, work is underway to explore modifying the
current clamp and investigating the use of alternate motifs.

Using the clamp domain as an affinity tag, we showed that
pure yields of the subunit antigens can be recovered without
target-specific reagents (Figures 1C-E). Purification of
recombinant proteins by immunoaffinity chromatography
typically requires the introduction of affinity tags [such as C-
myc (59) or FLAG tags (60)] or using antibodies specific to the
antigen itself. The latter approach requires screening infected
individuals or immunising animal models with the antigen of
interest and identifying monoclonal antibodies that are
amenable to antigen purification (61). This process can take
months, extending the time required to generate subunit
antigens in an emergency setting. However, the clamp
domain’s affinity tag function eliminates this step. The yields
of the stabilised antigens from small-scale transient mammalian
culture ranged from 8 - 31.2 mg L' (Figure 1C). We have
previously demonstrated that the level of antigen production can
be improved by roughly 50-fold by transitioning to stable clonal
cell lines in industry-scale bioreactors. In that instance, upscaling
production also improved product homogeneity (9). It is
anticipated that clamp-mediated, industry-scale production is
also compatible with the vaccine candidates described here.

The production of unclamped but otherwise equivalent
control antigens was only successful for EBOV GPAMLD,
suggesting that in the absence of other stabilising
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modifications the clamp was necessary for expression of the
MERS-CoV, NiV and LASV antigens. This was despite
validation of anti-ectodomain purification using the clamped
counterpart of each control antigen (EBOV, Figure 1D; MERS-
CoV, NiV and LASV, data not shown). For EBOV, where direct
clamped and unclamped comparisons were possible, antigen
yield recoverable by anti-ectodomain immunoaffinity
purification was roughly doubled when the clamp was present
(Figure 1D). Importantly, including the clamp domain enhanced
trimerisation for MERS-CoV, NiV and LASV (Figure 1E) to
better reflect the native oligomeric state of the fusion antigens.
For EBOV GPAMLDclamp, aggregation was observed that
reduced the overall proportion of trimer to below the
corresponding control. However, while a greater proportion of
the EBOV control antigen was trimeric, it also exhibited
evidence of dissociating into monomers that was absent from
GPAMLDclamp. Aggregation is a common issue in recombinant
protein expression and can occur for a variety of reasons
including culture conditions, protein yield and intrinsic
antigen instability (62). To circumvent the presence of
aggregate for GPAMLDclamp, an additional purification step
can be introduced to isolate the trimeric fractions by gel
filtration, for example. This is routinely performed to ensure
the homogeneity of recombinant proteins and is a scalable
process (62).

Remarkably, each of the four clamp-stabilised vaccine
candidates were found to be stable at 40°C for at least 4 weeks
in PBS without formulation stabilisers. (Figure S1). This suggests
that optimised formulations of these vaccines have potential to
be distributed without stringent temperature controls.
Preserving the safety and efficacy of vaccine doses by
maintaining unbroken cold chains during vaccine deployment
can account for up to 80% of costs (63), so by reducing or
eliminating dependence on cold chain distribution clamp-
stabilised vaccines could significantly improve availability for
at-risk populations. The impact of vaccine thermostability
should not be understated, with vaccine access having been
described as “the greatest challenge for protection of the human
population against serious infectious disease” (64).

Robust murine IgG responses were elicited to the LASV,
MERS-CoV, NiV and EBOV clamped subunit vaccines
(Figure 3). This corresponded to significant viral neutralisation
in vitro for three of the four vaccine candidates (MERS-CoV
Sclamp, EBOV GPAMLDclamp and NiV Fclamp). However,
neutralisation was not observed for LASV GPCclamp
immunised sera despite the antigen being shown to bind
known nAbs 37.7H, 25.10C and 12.1F (Table S1). Notably,
LASV GPCclamp was unprocessed at the internal GPClI-
GPC2 cleavage site (Figure 1E, inlayed), which has been
described as necessary for GPC to properly adopt its prefusion
conformation and could affect immunogenicity despite the
observed nAb reactivity (65). Another contributing factor may
be putative shielding of the GPC protein surface with extensive
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glycosylation (66). GPC shielding is consistent with the
observation that LASV GPCclamp generated higher IgG titres
to the clamp domain relative to the ectodomain, despite the
clamp accounting for approximately 1/10th of the total antigen
by molecular weight. Therapeutic antibodies and convalescent
sera have shown variable efficacy for treating LASV disease
which may indicate why the generation of protective humoral
immunity from a LASV vaccine remains elusive despite
considerable efforts (67). Cai et al. (2020) (68) showed that
immunisation with a codon deoptimised, whole virus LASV
vaccine conferred full protection in guinea pigs challenged with
guinea pig-adapted LASV while only 1 of 16 animals produced
detectable nAbs. In the LASV case, protection appears to be
conferred by alternate immune mechanisms such as antibody-
dependent cellular cytotoxicity (ADCC) (69). EBOV also
shrouds epitopes on GP with glycans but is sensitive to nAbs
at key immunogenic sites (36, 70, 71). For EBOV, total IgG titres
have been proposed as a stronger correlate of protection than in
vitro neutralisation or ADCC (72), which may indicate why
protection from lethal viral challenge was observed (Figure 4B)
despite weak virus neutralisation in plaque assays. Taken
together, these results indicate that it may be worth persisting
with this candidate LASV vaccine despite the absence of in
vitro neutralisation.

While the lack of replicating elements and the absence of off-
target pathogen associated molecular patterns confers greater
safety profiles to subunit vaccines, adjuvants are typically
necessary to achieve protective B and T cell responses (22).
The LASV and MERS-CoV immunised sera showed significant
enhancement of ectodomain-specific IgG titres for QA-
adjuvanted doses relative to Alum for both control and
clamped antigens, indicating that immunogenicity could be
further augmented by exploring different adjuvants
(Figure 3B). Ideally, a vaccine will induce both humoral and
cellular immunity to generate stronger protection and exploit
the differing susceptibilities of the viral targets (LASV, for
example). While only IgG induction and neutralisation were
assessed here, the previously mentioned SARS-CoV-2 Sclamp
study showed that, in addition to robust humoral immunity,
strong CD8 T-cell responses were elicited in mice when
immunised with SARS-CoV-2 Sclamp adjuvanted with MF59
(9). However, previous research comparing a variety of
adjuvants with different subunit vaccines has shown that the
relationship between antigen, adjuvant and the induction of
specific immunity can be unpredictable (73). This was illustrated
by NiV Fclamp showing a trend of Alum enhancing
ectodomain-specific immunity over QA, contrary to the
observations for MERS-CoV and LASV (Figure 3B). Future
studies should assess the effects of different adjuvants on the
induction of alternate immune pathways with these vaccines.

The recent resounding success of mRNA vaccines for
mitigating the impact of COVID-19 has launched mRNA
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vaccines into the wider consciousness, with many speculating
that they may represent the future of vaccinology (74). The
major advantages of the platform have been efficacy and the
ability to generate vaccines with unprecedented speed (5, 8, 11).
The current limitations of mRNA vaccines are their formulation
stability and associated dependency on ultracold storage and
transport (75) and uncertainty about long-term safety and
immunological memory due to the nascence of the technology.
Each of these limitations may yet be surmounted with continued
investigation and development of the technology and its delivery
vehicles. However, fusion antigens translated in vivo from
mRNA vaccines still require that the correct antigen
conformation be presented to the immune system. For
example, both the Pfizer BNT162b2 and the Moderna mRNA-
1273 vaccines contain codon substitutions that introduce
prolines to constrain the prefusion conformation of the
expressed vaccine antigen (76, 77). In both cases, the necessary
structural understanding to rationally target the K986P and
V987P substitutions was greatly accelerated by adapting
established insights from prior structural investigation of the
MERS-CoV spike protein (16). Assessing the application of the
molecular clamp to mRNA vaccines presents another interesting
line of enquiry and may offer a generic stabilisation strategy for
in vivo mRNA expression of novel EID fusion antigens without
prior characterisation of analogous proteins.

Here we have demonstrated the application of the molecular
clamp platform technology to generate subunit vaccines for
viruses from four divergent families. Conventional
development of subunit vaccines can take longer than other
classes of vaccine, offsetting the benefits of an established safety
record and capacity for economical production and deployment.
By exploiting the clamp domain’s dual functions of stabilising
immunologically important epitopes on trimeric fusion proteins
while acting as an affinity tag, the subunit vaccine discovery
phase can be shortened substantially, bringing development
times in line with those of other platforms and offering an
additional tool for emergency response.
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