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Multimerization of Ebola
GPDmucin on protein
nanoparticle vaccines has
minimal effect on elicitation
of neutralizing antibodies
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Wah Chiu2,3,4, Eric A. Appel2 and Peter S. Kim1,3*

1Department of Biochemistry and Stanford ChEM-H, Stanford University, Stanford, CA, United States,
2Department of Bioengineering, Stanford University, Stanford, CA, United States, 3Chan Zuckerberg
Biohub, San Francisco, CA, United States, 4Division of CryoEM and Bioimaging, Stanford Synchrotron
Radiation Lightsource, Stanford Linear Accelerator Center National Accelerator Laboratory, Menlo Park,
CA, United States
Ebola virus (EBOV), a member of the Filoviridae family of viruses and a causative

agent of Ebola Virus Disease (EVD), is a highly pathogenic virus that has caused

over twenty outbreaks in Central and West Africa since its formal discovery in

1976. The only FDA-licensed vaccine against Ebola virus, rVSV-ZEBOV-GP

(Ervebo®), is efficacious against infection following just one dose. However,

since this vaccine contains a replicating virus, it requires ultra-low temperature

storage which imparts considerable logistical challenges for distribution and

access. Additional vaccine candidates could provide expanded protection to

mitigate current and future outbreaks. Here, we designed and characterized

two multimeric protein nanoparticle subunit vaccines displaying 8 or 20 copies

of GPDmucin, a truncated form of the EBOV surface protein GP. Single-dose

immunization of mice with GPDmucin nanoparticles revealed that neutralizing

antibody levels were roughly equivalent to those observed in mice immunized

with non-multimerized GPDmucin trimers. These results suggest that some

protein subunit antigens do not elicit enhanced antibody responses when

displayed on multivalent scaffolds and can inform next-generation design of

stable Ebola virus vaccine candidates.

KEYWORDS

ebolavirus, glycoprotein, GPDmucin, protein nanoparticles, subunit vaccine
frontiersin.org01

https://www.frontiersin.org/articles/10.3389/fimmu.2022.942897/full
https://www.frontiersin.org/articles/10.3389/fimmu.2022.942897/full
https://www.frontiersin.org/articles/10.3389/fimmu.2022.942897/full
https://www.frontiersin.org/articles/10.3389/fimmu.2022.942897/full
https://www.frontiersin.org/articles/10.3389/fimmu.2022.942897/full
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
http://crossmark.crossref.org/dialog/?doi=10.3389/fimmu.2022.942897&domain=pdf&date_stamp=2022-08-24
mailto:kimpeter@stanford.edu
https://doi.org/10.3389/fimmu.2022.942897
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/immunology#editorial-board
https://www.frontiersin.org/journals/immunology#editorial-board
https://doi.org/10.3389/fimmu.2022.942897
https://www.frontiersin.org/journals/immunology


Powell et al. 10.3389/fimmu.2022.942897
Introduction

Ebolaviruses are highly pathogenic viruses from the

Filoviridae family that have caused over 20 outbreaks since

their discovery in 1976 and they pose an ongoing threat for

future human crossover events (1, 2). In the past decade,

significant progress has been made in the development of

prophylactic vaccines and therapeutics to treat Ebolavirus

infect ions . However , current ly authorized vaccine

formulations are virus-based and to date have only been used

in ring vaccination campaigns during active outbreaks (3, 4).

Development of a non virus-based vaccine against Ebola could

therefore expand the current tools used for fighting Ebola

outbreaks and allow for prophylactic vaccine administration

in areas where zoonotic crossover of fi loviruses is

most prevalent.

To date, two viral-based vaccines (rVSV-ZEBOV/Merck and

Ad.26ZEBOV+MVA-BN-Filo/J&J) have received authorization

for use in humans; both vaccines have received EMA

authorization and rVSV-ZEBOV has received FDA

authorization (5). rVSV-ZEBOV consists of a replicating

vesicular stomatitis virus (VSV) backbone which displays the

Ebola GP on the surface and requires only a single dose (6).

rVSV-ZEBOV is highly protective, with efficacy values as high as

97.5% for survival in cases where symptoms of infection occurs

more than 10 days post vaccination, and 88.1% regardless of

when exposure occurred relative to vaccination (2, 7).

Ad.26ZEBOV+MVA-BN-Filo requires administration of two

doses and consists of two replication-deficient viruses, Ad.26

and modified vaccinia Ankara (MVA), which encode for a set of

Ebola GPs and nucleoproteins (8, 9). This vaccine has not been

tested for efficacy, but showed elicitation of robust and durable

antibody levels following vaccination (9).

Despite the successful development of these vaccines, they

present some key limitations related to access and distribution.

Specifically, the inclusion of a replicating virus in rVSV-ZEBOV

requires vaccine storage and transport at -70°C and vaccine

potency decreases substantially at 4°C within two weeks after

thawing (10). Since it is composed of non-replicating viruses,

Ad.26ZEBOV+MVA-BN-Filo can maintain potency under

refrigerated temperatures for up to 12 months (11), however

the two-dose regimen of Ad.26ZEBOV+MVA-BN-Filo presents

critical logistical challenges for administration as repeated access

to patients in resource limited settings is often difficult. Due to

these reasons, neither vaccine is currently administered as a

means of outbreak prevention, but have only been used in ring

vaccination strategies to minimize and protect against active

outbreaks (4). Development of a more shelf-stable vaccine could

therefore increase prophylactic administration and provide an

additional tool in the fight against Ebola.
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While virus-based vaccines typically elicit more robust and

durable immune responses as compared to protein subunit

vaccines, subunit vaccines often afford key stability and storage

benefits for a vaccine formulation (12). Additionally, immune

responses to subunit vaccines can be enhanced with the addition

of adjuvants and/or engineering strategies that facilitate

multivalent presentation of the antigen. Prior efforts to

develop a nanoparticle vaccine against Ebola demonstrated

that multivalent presentation of GP on both particles extracted

from insect cells as well as polymer-based particles elicited

protective antibody responses in rodents (13, 14). Recent work

from He et al. has also demonstrated the ability to elicit Ebola

neutralizing antibodies in mice and rabbits using protein-based

nanoparticle scaffolds functionalized with engineered GP

trimers (15).

Most vaccine efforts for development of Ebola vaccine

candidates have focused on use of the sole surface protein

found on the virus, GP, to elicit a protective antibody response.

GP is expressed as a single polypeptide which is then cleaved by

furin to form GP1/GP2 subunits, yielding a trimer of

heterodimers (16–18). The receptor binding domain is

contained within GP1 whereas GP2 contains the fusion

machinery necessary for fusion with the endosomal

membrane following binding to its receptor, Niemann-Pick

C1 (19–22). Prior to host cell entry, GP contains two heavily

glycosylated domains, the mucin-like domain (MLD) and the

glycan cap, which are proteolytically removed by host-cell

cathepsins (23, 24). Antibodies targeting the MLD rarely

exhibit viral neutralization activity (25), presumably because

this domain is shed prior to receptor binding, and because the

heavily glycosylated MLD dramatically reduces protein

expression levels (26). Due to this, we designed our

multivalent GP-functionalized nanoparticle vaccine antigens

using a truncated form of GP, GPDmucin, which lacks the

MLD (18, 27).

For many antigens, multimerization leads to dramatically

enhanced neutralizing antibody responses following vaccination.

As a potential strategy for a protein-based subunit vaccine

against Ebola, we present here the design of self-assembling

protein nanoparticles which can be readily produced in

mammalian cells and purified to homogeneity. We separately

fused GPDmucin to two self-assembling protein nanoparticles,

the 24-mer H. pylori ferritin subunit (GP-Fer) (28) and the 60-

mer B. stearothermophilus 2-oxo acid dehydrogenase subunit E2

(GP-E2p) (29), yielding nanoparticles displaying 8 or 20

GPDmucin trimers (Figure 1A). To understand the impacts of

GP multimerization on antibody responses in the context of

vaccination, we also included a GPDmucin trimer alone control

in our studies in which we replaced the nanoparticle subunits

with a GCN4 trimerization domain (GP-GCN4). We
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demonstrate that GPDmucin can be stably displayed on

nanoparticles and show using biolayer interferometry (BLI)

that re levant neutra l iz ing epi topes remain intact .

Immunization of mice with the GPDmucin nanoparticles

revealed that while the multivalent vaccines elicited a more

rapid antigen-specific antibody response compared to trimer

alone, under these specific conditions, increased valency had

minimal effect on neutralizing antibodies levels. While

multivalent antigen presentation is often associated with

enhanced levels of antibody elicitation following vaccination

(28, 30–32), these results indicate that this effect is minimal in

the context of GPDmucin. The results presented here therefore

provide important considerations for development of current

and future nanoparticle-based vaccine formulations.
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Materials and methods

Molecular cloning and
plasmid production

DNA encoding the GP ectodomain (residues 1-656) from

EBOV (Mayinga, Zaire, 1976) with the mucin-like domain

removed (residues 309-489) and the transmembrane domain

replaced with a GCN4 trimerization domain, an AviTag, and a

hexahistidine tag [amino acid sequence from (27)] was ordered

as a gene block fragment from Integrated DNA Technologies

(IDT). Gene blocks encoding the H. pylori ferritin (residues 5-

168) subunit and the E2p subunit (residues 1-242) were also

ordered from IDT. GP-Fer and GP-E2p were constructed by
B C D

A

FIGURE 1

Protein nanoparticles functionalized with GPDmucin can be expressed in mammalian cells and purified to homogeneity. (A) GPDmucin antigens were
designed using the Ebola virus (Mayinga, Zaire, 1976) sequence. The domains of GP are shown in the top schematic and indicate the relative positions of
the signal peptide (SP), the mucin-like domain (MLD), and the transmembrane domain (TM). GPDmucin soluble antigens were designed by removing the
sequence encoding amino acids 309-488. The TM domain was also removed and replaced with either a GCN4 trimerization domain (GP-GCN4), a
ferritin subunit (GP-Fer), or an E2p subunit (GP-E2p). For the GP-Fer and GP-E2p constructs, an SGG linker was inserted in between GPDmucin and the
nanoparticle subunit. (B) Expi supernatants from cells expressing GP-GCN4, GP-Fer, and GP-E2p were blotted for the presence of antigen using
mAb114, a GP1-reactive monoclonal antibody. Western blots indicated that expression levels were not perturbed by nanoparticle functionalization of
GPDmucin. (C) GPDmucin were assessed for purity using SDS-PAGE analysis under non-reducing (left) and reducing (right) conditions and stained with
GelCode Blue stain. Non-reducing conditions yield a single band whereas reducing conditions show multiple species, indicating that GPDmucin
antigens are cleaved at the native furin site between GP1 and GP2. (D) SEC-MALS analysis of GP-E2p and GP-Fer following purification indicate that the
nanoparticles are homogenous and do not exhibit aggregation.
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PCR amplifying GPDmucin and each nanoparticle subunit

fragment off of the gene blocks followed by a stitching PCR.

Both nanoparticle constructs contained a Ser-Gly-Gly linker

between GPDmucin and the nanoparticle subunit. The GP-

GCN4, GP-Fer, and GP-E2p fragments were then inserted into

a mammalian protein expression vector (pADD2) using In-

Fusion (Takara).

For production of GP-pseudotyped lentiviral particles, a

gene block encoding full-length EBOV GP (Mayinga, Zaire,

1976) with transmembrane domain included was obtained

from IDT (EBOV). EBOV GPDmucin containing the

transmembrane domain was constructed by PCR amplifying

the ectodomain from the GP-GCN4 parent construct and the

transmembrane domain from the full-length EBOV GP

construct and then fusing these fragments using a stitching

PCR step. The full-length EBOV GP and EBOV GPDmucin

fragments were inserted into a linearized pcDNA3.1 plasmid for

use in lentivirus production. The helper plasmids used in virus

production, pHAGE-CMV-Luc-IRES, HDM-Tat1b, HDM-

Hgpm2, and pCMV-Rev1b were obtained as a kind gift from

Dr. Jesse Bloom (Fred Hutch).

DNA encoding antibody VH and VL domains was ordered as

gene block fragments from IDT (mAb114) (27, 33) or Twist

(ADI-15742 and ADI-16061) (34), PCR amplified, and inserted

into plasmids containing VRC01 heavy chain and light chain

constant domains using InFusion.

All plasmids were sequence confirmed using Sanger

sequencing prior to use. Plasmids were propagated using

Stellar cells (Takara) grown in 2x YT media with carbenicillin,

with the exception of the mAb plasmids which were grown in

kanamycin. Prior to mammalian cell transfection, plasmids were

isolated from bacteria using maxi-prep or midi-prep columns

(Machery Nagel) and sterilized using a 0.22-µm syringe filter in a

biosafety cabinet.
Protein expression and western blotting
from cell supernatants

All proteins were expressed and purified from Expi293F

suspension cells. Expi293F cells were cultured in a 66%/33%

mixture of Freestyle/Expi medium (ThermoFisher) in

polycarbonate shaking flasks under continuous shaking at 120

rpm in a humidified 8% CO2 incubator. Transfection complexes

were formed by adding 15 µg DNA to 3 mL culture media

followed by addition of 39 µL FectoPro transfection reagent

(Polyplus) per 30 mL cells transfected. Antibodies were

produced by transfecting a 1:1 ratio of HC and LC plasmids.

Complexes were incubated at room temperature for 10 min and

then added to cells at 3 – 4 x 106 per mL density. Cells were

boosted immediately following transfection with 0.4 g/L D-

glucose and 3 mM valproic acid, final concentrations.
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To monitor protein expression levels directly from culture

supernatant, small-scale expressions (10 mL Expi293F cells)

were transfected as described. Three days post transfection,

cells were harvested via centrifugation at 7000 xg for 15 min

and supernatants were filtered through a 0.22-µm filter.

Supernatants were diluted with Laemmli loading buffer, boiled

at 95°C, and then loaded (1 µL supernatant final) on a 4-20%

Mini-PROTEAN TGX gel. Proteins were transferred onto a

nitrocellulose membrane and blots were blocked in PBS [pH

7.4] with 0.1% Tween-20 (PBST) and 5% milk added. After

blocking blots were washed with PBST and then incubated with

in-house made mAb114 primary antibody diluted to ~2 nM in

PBST. Blots were washed with PBST and then incubated with

rabbit anti-human IgG HC & LC HRP secondary antibody,

diluted 1:10,000 in PBST. Blots were developed using Pierce ECL

western reagent and imaged using a GE Amersham Imager 600

in chemiluminescence mode.
Protein purification

Cells were harvested 3-6 days post transfection by

centrifugation at 7000 xg for 15 min and culture supernatants

were filtered through a 0.22-µm filter prior to purification. GP-

Fer and GP-E2p culture supernatants were concentrated using

an AKTA Flux S tangential flow filtration system with a 10 kDa

molecular weight cutoff (MWCO) hollow fiber cartridge (UFP-

10-E-4MA) and then buffer exchanged into 20 mMTris [pH 8.0]

via dialysis using regenerated cellulose 100 kDa MWCO tubing

(Spectrum Labs). Dialyzed supernatants were then loaded onto a

HiTrapQ anion exchange column (GE) and eluted with a

sodium chloride gradient. Nanoparticle-containing fractions

were identified by western blots probed with mAb114, pooled,

and then subsequent ly purified via s ize-exclus ion

chromatography on a SRT SEC-1000 column equilibrated in

PBS [pH 7.4].

GP-GCN4 trimers were purified by batch incubating cell

supernatant with HisPur NiNTA resin (ThermoFisher) at 4°C.

Resin/supernatant mixtures were then added to chromatography

columns with frit barriers and resin was washed with > 10

column volumes of wash buffer (10 mM imidazole/1X PBS [pH

7.4]). Protein was eluted with 250 mM imidazole/1X PBS [pH

7.4], concentrated using 50 kDa MWCO Amicon spin

concentrators, and purified via size-exclusion chromatography

using a GE Superose 6 Increase 10/300 GL column in 1X PBS

[pH 7.4]. Following SEC, antigen-containing fractions were

identified using SDS-PAGE analysis on 4-20% Mini-

PROTEAN TGX gels followed by GelCode blue staining

(ThermoFisher). For immunization samples, purified fractions

were pooled, supplemented with 10% glucose (final

concentration), filtered with a 0.22-µm syringe filter in a

biosafety cabinet, snap frozen, and stored at -80°C until use.
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Analytical SEC-MALS and DSF

SEC-MALS analysis of GP-Fer and GP-E2p particles was

performed using an Agilent 1260 Infinity II HPLC (Agilent)

coupled to a miniDAWN and Optilab detectors (Wyatt

Technologies) for light scattering and refractive index analysis.

Approximately 10 µg purified nanoparticles were loaded onto an

SRT SEC-1000 4.6 x 300 mm column in 1X PBS [pH 7.4] at a

flow rate of 0.35 mL/min. ASTRA 7.3.2 software (Wyatt

Technologies) was used to calculate molecular weights using

the light scattering and refractive index data for each

GP nanoparticle.

Differential scanning fluorimetry was performed using a

Prometheus NT.48 (NanoTemper). Proteins were loaded into

capillary tubes and were subjected to a temperature gradient

from 20°C to 90°C at a rate of 1°C per min. Melt curves were

obtained by plotting the ratio of fluorescence at 350/330 nm as a

function of temperature.
Cryo-EM data acquisition and single-
particle 2D classification

GP-Fer and GP-E2p were diluted to ~1 mg/mL (protomer

concentration) in 1X PBS [pH 7.4]. Three µL of sample was

applied to glow-discharged 200-mesh R2/1 Quantifoil copper

grids coated with thin carbon film. The grids were blotted for 1 s

and rapidly cryocooled in liquid ethane using a Vitrobot Mark

IV (Thermo Fisher Scientific) at 4°C and 100% humidity. The

grid was imaged in a Titan Krios cryo-electron microscope

(Thermo Fisher Scientific) operated at 300 kV at a

magnification of 75,000× (corresponding to a calibrated

sampling of 1 Å per pixel) for both samples. Micrographs were

recorded by EPU software (Thermo Fisher Scientific) with a

Falcon 4 direct electron detector, where each image was

composed of 40 individual frames with an exposure time of

8.5 s and an exposure rate of 5.85 electrons per second per Å2. A

total of 337 movie stacks for GP-Fer and 332 movie stacks for

GP-E2P were collected. All movie stacks were first imported into

Relion for image processing. The motion-correction was

performed using MotionCor2 and the contrast transfer

function (CTF) was determined using CTFFIND4. All particles

were autopicked using the NeuralNet option in EMAN2. Then,

particle coordinates were imported to Relion, where the 2D class

averages were performed.
BLI

BLI experiments were performed using an OctetRed 96

(ForteBio). GP-Fer, GP-E2p, and GP-GCN4 were diluted to

100 nM (protomer concentration) and mAbs were diluted to 200
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nM in Octet buffer (0.5% bovine serum albumin, 0.02% Tween-

20, 1X Dulbecco’s phosphate-buffered saline [pH 7.4]). Antigens

and mAbs were plated in 96-well black-bottom plates. Anti-

human Fc coated sensor tips were pre-equilibrated in Octet

buffer prior to binding experiments. For each binding

experiment, sensor tips were dipped into mAb-containing

wells and subsequently dipped into antigen-containing wells.

Data was background subtracted using signal from a tip dipped

into a well containing buffer only. Curves were fit in GraphPad

Prism 9.1.0 with a kinetic association / dissociation equation to

obtain comparative estimates for kon values for each GP antigen.
Mouse immunizations

Female C57BL/6 mice (8 weeks old) were obtained from

Charles River and maintained at Stanford University according

to the Public Health Service Policy for “Human Care and Use of

Laboratory Animals” following a protocol approved by the

Stanford University Administrative Panel on Laboratory

Animal Care (APLAC-32109). Mice were immunized at day 0

with 5 µg GP antigen (GP-Fer, GP-E2p, or GP-GCN4, n = 5 per

group) adjuvanted with 10 µg monophosphoryl lipid A

(Invivogen) and 10 µg Quil-A (In vivogen) via subcutaneous

injection (100 µL per injection). Adjuvants were mixed with

antigen immediately prior to injections. Mice were immunized

with a second dose 18 weeks post primary immunization with 5

µg GP-GCN4 in DPBS as a proxy for viral challenge. At interim

timepoints, blood was collected from the tail vein (collection

time points shown in Figure 3A). Final bleeds were collected via

cardiac puncture. Interim and final blood samples were

processed using clotting activator serum collection tubes

(Sarstedt) according to manufacturer’s recommendations.

Serum was aliquoted and stored at -80°C until use.
ELISAs

Mouse serum ELISAs were performed using MaxiSorb 96-

well plates (ThermoFisher). Antigens (either GPDmucin or FL-

GP tagged with a foldon domain) were diluted to 1.5 µg/mL in

1X PBS [pH 7.4] and incubated on plates overnight at 4°C (50 µL

volume per well). Plates were then washed 3X with 300 µL PBST

using a BioTek plate washer. After antigen coating, plates were

blocked by adding 200 µL ChonBlock Blocking/Diluent ELISA

buffer (Chondrex) and incubating overnight at 4°C. ChonBlock

was removed manually and plates were then washed 3X with 300

µL PBST. Mouse serum was diluted in PBST with a 6-point

dilution series from 1:100 to 1:10,000,000 and added to blocked

plates and incubated at room temperature for 1 hr. Following

serum incubation, plates were washed 3X with 300 µL PBST and

were subsequently incubated with goat anti-mouse IgG HRP

secondary antibody (BioLegend 405306) diluted 1:10,000 in
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PBST for 1 hr at room temperature. Plates were then washed 6X

with 300 µL PBST and developed by adding 50 µL 1-Step Turbo

TMB-ELISA substrate (ThermoFisher) for 6 minutes and then

quenched with 50 µL 2M sulfuric acid.

ELISAs were performed in experimental duplicate for each

mouse sample at each time point. Data was analyzed using

GraphPad Prism 9.1.0 by fitting each dilution series with a

three-parameter dose-response curve. EC50 values for each

mouse at each time point was then plotted for comparison

and statistical analysis was performed in GraphPad Prism 9.1.0

using ordinary one-way ANOVA with Tukey’s multiple

comparisons test.
GP-pseudotyped lentivirus production
and viral neutralization

Lentivirus particles pseudotyped with full-length and

mucin-deleted Ebola GP were produced as previously

described for SARS-CoV-2 pseudotyped viruses using

calcium phosphate transfection (31, 35). Briefly, 6 million

HEK293T cells cultured in D10 media (DMEM + additives:

10% fe ta l bov ine serum, L-g lu tamate , pen ic i l l in ,

streptomycin, and 10 mM HEPES) were seeded in 10 cm

dishes one day prior to viral transfection. Viral transfection

plasmids consisting of a pHAGE-Luciferase packaging vector

(10 µg), lentiviral helper plasmids (HDM-Hgpm2, HDM-

Tat1b, and pRC-CMV_Rev1b; 2.2 µg each), and Ebola GP

expression plasmid (3.4 µg) were added to 0.5 mL H2O and

then diluted with 2X HEPES-buffered saline [pH 7.0] (Alfa

Aesar) to a final volume of 1 mL. 100 µL 2M calcium chloride

was then added dropwise to diluted DNA and transfection

complexes were incubated for 20 min at room temperature

and then added dropwise to cells. Media was aspirated off

cells ~18 – 24 hr post transfection and fresh media was added.

Viral supernatants were harvested 72 hrs post transfection by

centrifugation at 300 xg for 5 min followed by filtering

through a 0.45-µm syringe filter. Lentivirus stocks were

aliquoted and stored at -80°C until use.

For serum neutralization assays, HEK293T cells were used as

targets of infection. One day prior to infections, HEK293T cells

were plated at 10K cells per well in D10 media in white-walled,

clear bottom tissue culture-treated plates. Prior to neutralization

assays, mouse serum was heat inactivated for 30 min at 56°C and

then diluted in D10 media. For single-point neutralization

assays, serum was diluted to 1:300 final concentration and for

serum dose-responses curves, serum was assessed with a 6-point

dilution series from 1:50 to 1:156,250. GP-pseudotyped

lentiviruses were diluted with D10 media, supplemented with

Polybrene, and added to diluted serum samples (5 µg/mL final

Polybrene). Virus/serum samples were incubated at 37°C for 1

hr. Media was then aspirated off of HEK293T cells and replaced

with virus/serum dilutions. Cells were incubated with virus/
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serum samples for 72 hrs and then lysed and assessed for

luciferase activity using BriteLite (PerkinElmer). Luminescence

signal was recorded using a BioTek plate reader.

For analysis of neutralization results, luminescence values

were normalized using the average values for cells only (0%

infectivity) or virus only (100% infectivity) in GraphPad Prism

9.1.0. Single-point analyses were then plotted as % neutralization

as a function of time post immunization. Dilution series were

analyzed by fitting normalized data with a three-parameter dose-

inhibition curve. NT50 values obtained for each mouse were then

plotted for comparison and statistical analysis was performed in

GraphPad Prism 9.1.0 using ordinary one-way ANOVA with

Tukey’s multiple comparisons test.
Results

GPDmucin nanoparticles can be
expressed in mammalian cells and
purified to homogeneity

We designed GP-functionalized nanoparticles by fusing GP

(Mayinga, Zaire, 1976) residues 1-308 and 489-656 (with a

covalent linkage directly between amino acids 308 and 489)

(27) to the N-terminus of either ferritin or E2p separated by an

SGG linker (Figure 1A). In addition to the ferritin and E2p

nanoparticles, we also generated a trimeric GPDmucin form by

substituting a GCN4 trimerization domain (27) in place of the

nanoparticle subunit. Our GP construct removes the mucin-like

domain (residues 309-488) but retains the native furin cleavage

site (residues 497-501). GP is expressed as a single polypeptide

which is then cleaved by furin into GP1 and GP2 subunits which

are covalently bound via a disulfide bond between cysteines 53

and 609 (16–18).

GPDmucin contains 9 N-linked glycosylation sites (36)

and thus production in mammalian cells is important for

generating glycosylated antigens. We expressed GP-GCN4,

GP-Fer, and GP-E2p in Expi293F suspension mammalian

cells and monitored protein expression levels using a western

blot blotted with the GP-specific monoclonal antibody

mAb114 (Figure 1B) (27, 33). Importantly, we observe that

the nanoparticle functionalization does not impact

expression levels compared to the expression levels of

trimer alone.

We obtained homogenous nanoparticle samples following

purification of the GP nanoparticles using anion exchange and

size-exclusion chromatography as determined by SDS-PAGE and

SEC-MALS analysis (Figures 1C, D). Given that the native furin

cleavage site is left intact in our GPDmucin construct, we observe

cleavage and separate migration of the GP1/GP2 subunits under

reducing SDS-PAGE conditions. Interestingly, the nanoparticle

samples, GP-Fer and GP-E2p, exhibit less efficient cleavage as

compared to GP-GCN4, with these samples containing a greater
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fraction of uncleaved GP under reducing SDS-PAGE conditions

(Figure 1C). Despite the incomplete cleavage of GP seen with the

GP-functionalized nanoparticles, size-exclusion chromatography

multi-angle light scattering (SEC-MALS) of GP-Fer and GP-E2p

reveal highly homogenous nanoparticle samples following

purification (Figure 1D) and thus we do not expect the level of

furin cleavage to impact the presentation of GPDmucin on

nanoparticles. Using the refractive index and light scattering

signal from the SEC-MALS analysis, we experimentally

determined molecular weight values of 2.1 MDa and 5.9 Mda for

the GP-Fer and GP-E2p nanoparticles (Supplementary Figure S1).

These values are comparable to the theoretical molecular weights

based on amino acid sequence (1.7 and 4.6 MDa) and the

experimentally determined values are likely large due to the

presence of N-linked glycans on the GPDmucin moiety.
GPDmucin nanoparticles are thermally
stable, contain homogenous particle
core structures, and exhibit efficient
binding to conformation
specific antibodies

To confirm that the fusion of GPDmucin to both ferritin and

E2p did not disrupt the stability or structure of the trimer, we

used differential scanning fluorimetry (DSF) to determine the

melting temperatures (Tm) of each antigen. As seen in Figure 2A,

DSF revealed a Tm of ~57°C for GP-GCN4, GP-Fer, and GP-E2p

with less than 1.5°C difference between each antigen, suggesting

that the display on nanoparticles did not destabilize or

perturb GPDmucin.

In addition to assessing the stability of GPDmucin, we

visualized the ferritin and E2p functionalized particles using

cryo-electron microscopy (cryo-EM) to confirm particle

homogeneity. The 2D class averages from our cryo-EM data

sets demonstrated that we could observe the core particles for

both the ferritin and E2p nanoparticles (Figure 2B). The GP-Fer

particles exhibit smeared density surrounding the core particle

which corresponds to the GPDmucin on the surface of the

particle. Density can also be observed surrounding the GP-E2p

core particle, however it is less distinguishable likely due to the

increased number of GPDmucin trimers on the surface as

compared to ferritin.

Importantly, we wanted to demonstrate that critical

neutralizing epitopes on GPDmucin remained in relevant

conformations when displayed on ferritin and E2p

nanoparticles. We expressed and purified three conformation

specific neutralizing antibodies that recognize different epitopes

on GPDmucin. Specifically, we chose mAb114 (27, 33) which

recognizes an epitope in the GP1 head region, ADI-15742 (37)

which binds to the fusion peptide, and ADI-16061 (37) which

binds to the HR2 domain of GP2. We immobilized the

antibodies on anti-human-Fc sensor tips and then dipped
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them into wells containing either GP-GCN4, GP-Fer, or GP-

E2p. It is important to note that in this assay, the antigens were

added at an equivalentmolarmonomer concentration of 100 nM.

Due to the varied valency of each antigen, this yields a final trimer

concentration of 33.3 nM GP-GCN4, and final nanoparticle

concentrations of 4.2 nM GP-Fer and 1.7 nM GP-E2p. When

we fit each binding curve with a kinetic association / dissociation

equation, we observe similar kon values (Figure 2C) for each of

the three antigens, indicating that the mAbs can comparably

recognize and bind their epitopes whether or not GPDmucin is

displayed on a nanoparticle surface.
Immunization with GPDmucin
nanoparticles leads to rapid elicitation of
antigen-specific antibodies

To characterize the in vivo response to the GPDmucin

nanoparticles, we immunized mice (n = 5) with 5 µg of either

GP-Fer, GP-E2p, or GP-GCN4 formulated with 10 µg

monophosphoryl lipid A (MPLA) and 10 µg Quil-A adjuvants.

This adjuvant combination has been shown to elicit robust and

durable immune responses in the context of immunization (38–40)

and we have previously demonstrated that Quil-A+MPLA

facilitated elicitation of strong neutralizing antibody responses in

the context of nanoparticle vaccines against SARS-CoV-2 (31). We

collected serum weekly from weeks 1 to 7 post vaccination, and

again at 18 weeks post vaccination (Figure 3A). We performed

enzyme-linked immunosorbent assays (ELISAs) to compare the

levels of GPDmucin antibodies elicited by each antigen (Figure 3B).

We performed these experiments using GPDmucin containing a

foldon trimerization domain to avoid detecting antibodies raised

against either the GCN4 on the GPDmucin trimer or the ferritin or

E2p nanoparticle subunits. In response to immunization with just a

single dose of antigen, we observed rapid elicitation of antigen-

specific antibodies in all three antigen groups. The antibody levels

for all groups peaked around week 3 post immunization and

declined to similar levels across all three groups by week 18 post

immunization (Figure 3B).

As a proxy for pathogen exposure, we administered 5 µg GP-

GCN4 in the absence of adjuvant to all animals following serum

collection of the week 18 timepoint to determine if we could

observe a memory recall response. The goal of this injection was

not to act as a booster dose, but instead to observe the antibody

response in mice as a result of exposure to the GPDmucin

antigen without the influence of immunomodulatory adjuvants

present. Since we could not challenge with live-virus, we chose to

immunize with trimer antigen alone in all groups to test if the

recall response would be enhanced in animals that had initially

been administered multimerized antigens. While this approach

cannot estimate survival following pathogen exposure as a

challenge study would, it could help to determine whether or

not the initial dose of adjuvanted antigen was sufficient to
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generate a memory response upon later exposure to Ebola

antigen. We observed an increase in antibody levels in all

groups which was the highest following antigen exposure in

the GP-GCN4 group. When we quantified the EC50 values for

antigen-specific antibody binding two weeks following the non-
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adjuvanted dose, we surprisingly observed an inverse trend

between antigen multimerization and GPDmucin-specific

antibody levels (Figure 3C). Additionally, this trend was also

consistent when we tested antibody levels against the full-length

GP antigen containing the mucin-like domain.
B

C

A

FIGURE 2

Stability and antigenicity of GPDmucin are not perturbed when displayed on protein nanoparticles. (A) Stability of GP-GCN4, GP-Fer, and GP-
E2p were assessed using differential scanning fluorimetry using a melting gradient from 20°C to 90°C at a rate of 1°C per minute. Melting
temperatures were obtained from the Prometheus software using the fit of the first derivative of the 350/330 nm fluorescence ratio as a
function of temperature. (B) 2D class averages from cryo-EM analysis of GP-Fer and GP-E2p. (C) Binding of mAbs to GP-GCN4, GP-Fer, and
GP-E2p was assessed using purified mAbs immobilized on anti-human Fc biosensor tips. mAbs were dipped into antigen (100 nM, subunit
concentration) and association was monitored for 3 min. Binding experiments were performed in experimental duplicate and kon values were
calculated by fitting curves with an association/dissociation kinetic equation in GraphPad Prism. Binding curves from one representative
replicate are shown with curve fits plotted as hashed black lines. Average kon values for each binding reaction with standard deviation are shown
in table.
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GPDmucin nanoparticles elicit similar
levels of neutralizing antibodies
compared to trimers alone

In addition to quantifying antibody levels induced by

immunization via ELISA, we also sought to determine how

elicitation of virus neutralizing antibodies differed among

antigens with different levels of multimerization. Ebola is a

BSL-4 pathogen and thus considerable resources are required

to perform live-virus neutralization experiments. Previous work

has demonstrated that non-pathogenic, pseudotyped viruses

displaying the Ebola GP protein can be used to quantify viral

neutralization and these systems have shown good agreement

with corresponding live-virus experiments (41). Thus, we

created lentivirus particles pseudotyped with either the full-

length Ebola GP or with GPDmucin to compare levels of viral
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neutralizing antibodies elicited by our designed antigens

(Figure 4A). We validated our pseudovirus neutralization assay

using three previously described mAbs [mAb114 (27, 33), ADI-

15742 (37), and ADI-16061 (37)] to demonstrate that IC50

values obtained in our neutralization system were consistent

with published values (Supplementary Figure S2).

For temporal serum samples collected between weeks 1 and

18 post-initial immunization, we assessed neutralizing capacity

at a single serum dilution (1:300) to compare neutralization

levels across all three antigen groups (Figure 4B). Surprisingly,

we observed a striking similarity in the level of neutralization

elicited by all three antigens between weeks 1 and 18 post-initial

immunization (Figure 4B) despite a ~0.5-log higher level of

antigen-specific antibodies observed in the GP-Fer and GP-E2p

groups at these time points compared to GP-GCN4 (Figure 3B).

The similar level of neutralization potency across groups was
B C

A

FIGURE 3

GPDmucin nanoparticles rapidly elicit antigen-specific antibodies in vivo. (A) Immune responses to GPDmucin antigens were assessed in C57BL/6 mice
(n = 5 per antigen). Mice were immunized at day 0 with 5 µg antigen formulated with 10 µg Quil-A and 10 µg MPLA. Blood was collected weekly from
weeks 1 to 7 post prime immunization. Mice were challenged with an unadjuvanted dose of 5 µg GP-GCN4 as a proxy for pathogen exposure. Mice
were bled one week post second dose and sacrificed two weeks post second dose. (B) Weekly bleeds were analyzed using ELISAs to compare antigen-
specific responses between GP-GCN4, GP-Fer, and GP-E2p. Each point represents the mean EC50 titer for each group at each time point and error
bars represent the standard deviation. ELISAs were performed in experimental duplicate. (C) Final bleeds were assessed for both GPDmucin and FL GP
titers via ELISA. Each point represents the EC50 value per animal and error bars represent the standard deviation. Statistical analysis was performed using
ordinary one-way ANOVA with Tukey’s multiple comparisons test (* = p ≤ 0.05).
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B

C

A

FIGURE 4

Sera from mice immunized with GPDmucin antigens neutralize GP-pseudotyped lentiviruses. (A) Lentiviruses pseudotyped with GPDmucin were
produced by transfecting a lentiviral packaging vector as well as plasmids expressing lentiviral helper proteins and GPs into HEK239T cells.
Viruses were harvested from HEK293T supernatant and used to assess viral entry inhibition via expression of a luciferase reporter gene. (B) Viral
neuralization of both GPDmucin and FL GP pseudotyped viruses was assessed at a single dilution point (1:300) with serum collected at weeks 2,
4, 6, 18, and 20 post prime immunization. Each point represents the mean % infectivity in the presence of 1:300 serum dilution for each group
at each time point and error bars represent the standard deviation. (C) Final bleeds were assessed for neuralization of both GPDmucin and FL GP
pseudotyped viruses using a 6-point dilution series. Dilution curves were fit to obtain NT50 values; each point represents the average NT50 for a
single mouse, the line represents the geometric mean per group, and error bars represent the geometric standard deviation. Statistical analysis
was performed using ordinary one-way ANOVA with Tukey’s multiple comparisons test and no statistically significant differences were found
between the three antigen groups.
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present for neutralization of viruses pseudotyped with both

GPDmucin (Figure 4B, left) and full-length GP (Figure 4B,

right), however neutralizing antibody levels against GPDmucin

appeared to be generated more quickly following a single dose of

antigen. Virus neutralization with a 1:300 dilution of serum

reached 50% for GPDmucin-pseudotyped viruses by week 2 post

immunization, whereas the same level of neutralization of full-

length GP-pseudotyped virus was not reached until 6 weeks post

immunization. At week 18, we observed approximately 50%

neutralization of full-length GP pseudotyped lentivirus from all

three antigen groups (Figure 4B, right), indicating that these

GPDmucin antigens elicit a 50% neutralization titer (NT50) value

of 1:300 serum dilution with just a single dose and are durable to

at least 4 months post immunization.

For the final immunization time point, we generated viral

neutralization curves using serum from each mouse to calculate

an NT50 value for neutralization of both FL GP- and GPDmucin-

pseudotyped lentivirus infection. Consistent with the ELISA

results, we observed a decreasing trend between serum

neutralization levels and antigen multimerization level

(Figure 4C, left). Interestingly, serum neutralization of FL GP-

pseudotyped lentivirus was nearly equivalent across all three

groups. Additionally, NT50 values for neutralization of full-

length GP-pseudotyped virus were ~0.5-log lower than those

required to neutralize GPDmucin-pseudotyped virus. Although

the sample sizes are too small to be definitive, GP-Fer may elicit

a more consistent neutralizing response with full-length

pseudotyped virus.
Discussion

Ebola virus disease is associated with severe infections with

high mortality and in recent years Ebola outbreaks have

increased in prevalence and scale. Substantial progress has

been made in development of therapeutics and vaccines for

Ebola, and two virus-based vaccines have been approved for

human use. However, these vaccines require cold-chain storage

and transport and/or multiple doses for efficacy thus their use

has been limited to ring vaccination in the context of active

outbreaks. Therefore, expanding the repertoire of vaccine

candidates that protect against Ebola, specifically focused on

non-viral formulations, could allow for prophylactic vaccine

administration in areas of high prevalence for viral emergence

as a means for preventing future outbreaks. We investigated the

use of protein nanoparticle scaffolds to design multivalent

antigens displaying Ebola GPDmucin. GPDmucin displayed on

protein nanoparticles with valency of either 8 (ferritin) or 20

(E2p) trimers per particle showed equivalent expression levels,

stability, and antigenicity to GPDmucin trimer alone.

Interestingly, though the GPDmucin nanoparticles exhibited a

more rapid antigen-specific antibody response in mice,

neutralizing antibody levels of both multimeric and trimeric
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GPDmucin antigens were not significantly different. Therefore,

while protein antigens based on Ebola GP can elicit neutralizing

antibodies with a single dose, multimerization may not be

required for an efficacious subunit Ebola vaccine.

Despite discovery of the virus nearly five decades ago, efforts

toward development of an Ebola vaccine did not garner

widespread global attention until the unprecedented outbreak

that occurred in West Africa from 2013 to 2016. Spurned by this

outbreak, rapid development of the first clinically approved

vaccine against Ebola, rVSV-ZEBOV, was a momentous

achievement and has set the standard for Ebola vaccine

candidate development moving forward. However, as

evidenced by the ongoing COVID-19 pandemic, management

and prevention of pandemic pathogens requires a diverse set of

tools including an array of vaccine and therapeutic strategies.

Unforeseen circumstances regarding manufacturing scaleup,

global distribution, and pathogen evolution can rapidly

perturb successful vaccination deployments. Thus, the ongoing

threat of ebolaviruses as well as the potential for future novel

filovirus emergence events indicates the necessity to develop

additional vaccine strategies for protection.

A major hurdle in the use of subunit vaccine platforms in

development of an Ebola vaccine is the ability to produce large-

scale quantities of Ebola GP as an antigen. GP, prior to cleavage

of the mucin-like domain and the glycan cap, is heavily

glycosylated and expressed recombinantly in mammalian cells

at low levels. However, removal of the mucin-like domain has

been shown to enhance expression levels considerably without

affecting protein stability and folding (18), and pseudoviruses

expressing the GPDmucin form of GP are capable of host cell

entry. Furthermore, antibody characterization studies have

demonstrated that antibodies targeting the mucin-like domain

are rarely capable of viral neutralization, suggesting that deletion

of this domain should not affect elicitation of neutralizing

antibodies in the context of vaccination. Thus, in our antigen

designs we chose to eliminate the mucin-like domain to enhance

protein expression levels and create antigens containing only

those antigenic domains of GP known to be targets of

neutralizing antibodies.

Fusion of GPDmucin to both the ferritin and E2p subunit

yielded functionalized nanoparticle constructs that expressed at

equivalent levels to the GPDmucin trimer (Figure 1B).

Additionally, the GPDmucin functionalized nanoparticles were

highly homogenous following purification as determined via

SEC-MALS (Figure 1D), indicating that they were not prone to

either aggregation or particle dissociation. We used differential

scanning fluorimetry to confirm fusion of GPDmucin to a

nanoparticle did not perturb thermodynamic stability and

determined via this method that the melting temperature of

GPDmucin on ferritin and E2p nanoparticles was equivalent to

that of GPDmucin trimer (Figure 2A). Additionally, we

confirmed homogeneity of the nanoparticle scaffold by

performing cryo-EM and assessing the 2D class averages of
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GP-Fer and GP-E2p (Figure 2B). Finally, we confirmed that

antigenicity of critical epitopes on GPDmucin were not

perturbed by display on multivalent scaffolds using BLI

binding assays. As seen in Figure 2C, conformation specific

antibodies bind all three GPDmucin antigens with similar on-

rates, suggesting that these epitopes are maintained even in the

context of multimerization.

In comparing the in vivo immune responses to our panel of

GPDmucin antigens, we observed that antigen multimerization was

important for the rate of antigen-specific antibody elicitation, but

played a minimal role in neutralizing antibody levels. These results

are consistent overall with a recent study that also investigated the

effects of nanoparticle presentation of GPDmucin on antibody

responses following vaccination (15). Interestingly, the GPDmucin

antigen-specific titers observed at week 2 following a single dose in

that study are all nearly equivalent, showing little benefit of

nanoparticle multimerization (15). The titers we observe at this

same timepoint (Figure 3B, week 2), shows a ~2-3 fold

enhancement in antibody levels in both GP-Fer and GP-E2p

groups compared to GP-GCN4. This discrepancy could be due to

a difference in adjuvant composition, since we utilized Quil-A

+MPLA and He et al. administered their antigens formulated

with AddVax or Adju-Phos. Additionally, the dose used by He

et al. was 50 µg of antigen per mouse, whereas we administered 5 µg

antigen. Thus, it could be possible that effects of multimerization are

less substantial at higher doses of antigen or with different

combinations of adjuvants. Furthermore, a key caveat to the

immunization data presented here is that multimerization was

only tested in the context of one adjuvant combination (Quil-A

+MPLA). It is possible that formulation with other adjuvants could

demonstrate a differing role of multimerization on the elicited

antibody response.

Importantly, our data clearly demonstrate that serum from

mice immunized with GPDmucin antigens in this study does not

enhance infectivity of GP-pseudotyped lentiviruses. Recently

published work (15) suggested that immunization of rabbits

and mice with Ebola GP subunit vaccines could elicit antibodies

capable of enhancing GP-pseudotyped lentiviral entry into

mammalian cells. To confirm that this was not occurring in

our study, we assessed serum neutralization levels to serum

dilutions of ~107 (Supplementary Figure S3). Analysis of serum

from GP-GCN4, GP-Fer, and GP-E2p immunized mice revealed

that even at the lowest concentrations, viral infectivity plateaued

at ~100%, therefore suggesting that serum antibodies did not

possess the capability of binding to GP-pseudotyped lentiviral

particles and enhancing viral infectivity. Discrepancies between

our findings and those recently reported (15) are likely due to

technical variations in the pseudovirus neutralization assays

performed with serum from immunizations. As reported in

(15), the authors observe considerable enhancement of

infectivity in their non-target control virus samples with both

mouse and rabbit serum, suggesting non-specific interactions

between the serum components and the pseudotyped viruses
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irrespective of the surface protein. Thus, it is unlikely that

antibody dependent enhancement (ADE) will arise as an issue

in the development of subunit-based vaccines against Ebola.

In assessing the temporal aspect of the antibody response

post vaccination, we observe that antigen-specific binding titers

are maximum at 3 weeks following a single dose for all three

antigen groups (Figure 3B). Interestingly, the neutralizing

antibodies do not appear to decline as antigen-specific titers

do, (compare Figures 3B, 4B). Between weeks 6 and 18, antigen-

specific ELISA titers decrease by 2-3 fold for all three antigen

groups whereas the percent neutralization for both GPDmucin

and FL GP pseudotyped viruses at 1:300 appear to be the same at

these time points. This could suggest a durable and persistent

neutralizing antibody response against Ebola can be elicited with

a single adjuvanted subunit vaccine dose and will be an

interesting point to assess in future studies.

A common approach for subunit vaccine design is to use a

domain or fragment of an antigen known to be the target of

neutralizing antibodies and use that as an immunogen. While

this is successful in some cases, there can be limitations to this

approach. For example, the SARS-CoV-2 spike receptor binding

domain is an immunodominant epitope known to be the target

of highly potent neutralizing antibodies following both infection

and vaccination (42–44). However, in previous studies, we and

others (31, 32) have demonstrated that a single dose of receptor

binding domain compared to full-length spike and spike

nanoparticles elicited significantly weaker overall neutralizing

antibody responses (31, 32).

For Ebola subunit vaccines, previous work suggested that

GPDmucin antigens could elicit neutralizing antibody levels

equivalent to FL GP antigens (45). Despite this evidence and

the finding that the mucin-like domain is rarely the target of

neutralizing antibodies (25), we observed that both antigen-

specific titers and neutralizing antibody titers against FL GP

were much lower than those elicited to GPDmucin. This suggests

that using GPDmucin as an antigen favored elicitation of

antibodies that can bind to epitopes exposed in the context of

GPDmucin, but are unable to bind to FL GP. Therefore, while

the mucin-like domain antibodies have been characterized

primarily as non-neutralizing, the presence of this domain

could still be essential for eliciting neutralizing antibodies that

target epitopes on adjacent domains. Its removal may lead to

elicitation of antibodies to non-biologically relevant epitopes

that are not exposed on the native pathogen. This is an

important consideration in designing future iterations of Ebola

subunit vaccines and may require design of a more stable FL GP

trimer that can be expressed at higher levels.

Design and development of protein nanoparticle vaccines

are an exciting new strategy in the field of vaccinology and are

showing great promise in pre-clinical studies and early clinical

trials. For many viruses, multimerization of an antigen leads to

dramatically enhanced neutralizing antibody responses

following vaccination. Interestingly, the results we present here
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as well as those presented in recently published work (15),

suggest that multimerization does not significantly boost

antibody responses in the context of GPDmucin. It is possible

that multimerization would enhance neutralizing antibody

responses with GPDmucin after a second dose, which was not

tested here. Our results could suggest that the overall

mechanisms of antibody-mediated neutralization vary from

those of respiratory viruses such as SARS-CoV-2, RSV, and

influenza compared to ebola viruses. For example, it is possible

that multimerized antigens may elicit antibodies more prone to

bridge multiple surface antigens, which could result in enhanced

neutralization of some viruses and not others. Given that Ebola

viruses sheds the mucin-like domain the MLD on the surface

glycoprotein, this may suggest that trimer-bridging antibodies

are less relevant to neutralization of this virus. Alternatively, in

our specific study, the lack of effect of multimerization could be

due to the use of GPDmucin instead of the FL GP with the

mucin-like domain intact. Future nanoparticle designs using FL

GP could help to elucidate this.
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22. Côté M, Misasi J, Ren T, Bruchez A, Lee K, Filone CM, et al. Small molecule
inhibitors reveal niemann-pick C1 is essential for Ebola virus infection. Nature
(2011) 477:344–348. doi: 10.1038/nature10380

23. Schornberg K, Matsuyama S, Kabsch K, Delos S, Bouton A, White J. Role of
endosomal cathepsins in entry mediated by the Ebola virus glycoprotein. J Virol
(2006) 80:4174–4178. doi: 10.1128/jvi.80.8.4174-4178.2006

24. Chandran K, Sullivan NJ, Felbor U, Whelan SP, Cunningham JM.
Endosomal proteolysis of the Ebola virus glycoprotein is necessary for infection.
Science (2005) 308:1643–5. doi: 10.1126/science.1110656

25. Saphire EO, Schendel SL, Fusco ML, Gangavarapu K, Gunn BM, Wec AZ,
et al. Systematic analysis of monoclonal antibodies against Ebola virus GP defines
features that contribute to protection. Cell (2018) 174:938–52.e13. doi: 10.1016/
j.cell.2018.07.033
Frontiers in Immunology 14
26. Wang B, Wang Y, Frabutt DA, Zhang X, Yao X, Hu D, et al. Mechanistic
understanding of n-glycosylation in Ebola virus glycoprotein maturation and
function. J Biol Chem (2017) 292(14):P5860–70. doi: 10.1074/jbc.M116.768168

27. Misasi J, Gilman MSA, Kanekiyo M, Gui M, Cagigi A, Mulangu S, et al.
Structural and molecular basis for Ebola virus neutralization by protective human
antibodies. Sci (1979) (2016) 351:1343–6. doi: 10.1126/science.aad6117

28. Kanekiyo M, Wei C-J, Yassine HM, McTamney PM, Boyington JC, Whittle
JRR, et al. Self-assembling influenza nanoparticle vaccines elicit broadly
neutralizing H1N1 antibodies. Nature (2013) 499:102–6. doi: 10.1038/nature12202

29. He L, de Val N, Morris CD, Vora N, Thinnes TC, Kong L, et al. Presenting
native-like trimeric HIV-1 antigens with self-assembling nanoparticles. Nat
Commun (2016) 7:12041. doi: 10.1038/ncomms12041

30. Kanekiyo M, Bu W, Joyce MG, Meng G, Whittle JRR, Baxa U, et al. Rational
design of an Epstein-Barr virus vaccine targeting the receptor-binding site. Cell
(2015) 162:1090–100. doi: 10.1016/j.cell.2015.07.043

31. Powell AE, Zhang K, Sanyal M, Tang S, Weidenbacher PA, Li S, et al. A
single immunization with spike-functionalized ferritin vaccines elicits neutralizing
antibody responses against SARS-CoV-2 in mice. ACS Cent Sci (2021) 7(1):183–99.
doi: 10.1021/acscentsci.0c01405

32. Walls AC, Fiala B, Schäfer A, Wrenn S, Pham MN, Murphy M, et al.
Elicitation of potent neutralizing antibody responses by designed protein
nanoparticle vaccines for SARS-CoV-2. Cell (2020) 183(5):P1367–82.e17.
doi: 10.1016/j.cell.2020.10.043

33. Corti D, Misasi J, Mulangu S, Stanley DA, Kanekiyo M, Wollen S, et al.
Protective monotherapy against lethal Ebola virus infection by a potently
neutralizing antibody. Sci (1979) (2016) 351:1339–42. doi: 10.1126/science.aad5224

34. Bornholdt ZA, Turner HL, Murin CD, Li W, Sok D, Souders CA, et al.
Isolation of potent neutralizing antibodies from a survivor of the 2014 Ebola virus
outbreak. Sci (1979) (2016) 351:1078–83. doi: 10.1126/science.aad5788

35. Crawford KHD, Eguia R, Dingens AS, Loes AN, Malone KD, Wolf CR, et al.
Protocol and reagents for pseudotyping lentiviral particles with SARS-CoV-2 spike
protein for neutralization assays. Viruses (2020) 12:513. doi: 10.3390/v12050513

36. Lennemann NJ, Rhein BA, Ndungo E, Chandran K, Qiu X, Maury W.
Comprehensive functional analysis of n-linked glycans on ebola virus GP1. mBio
(2014) 5(1):e0086–13. doi: 10.1128/mBio.00862-13

37. Wec AZ, Herbert AS, Murin CD, Nyakatura EK, Abelson DM, Fels JM, et al.
Antibodies from a human survivor define sites of vulnerability for broad protection
against ebolaviruses. Cell (2017) 169:878–90.e15. doi: 10.1016/j.cell.2017.04.037

38. Vandepapelière P, Horsmans Y, Moris P, van Mechelen M, Janssens M,
Koutsoukos M, et al. Vaccine adjuvant systems containing monophosphoryl lipid a
and QS21 induce strong and persistent humoral and T cell responses against
hepatitis b surface antigen in healthy adult volunteers. Vaccine (2008) 26:1375–86.
doi: 10.1016/j.vaccine.2007.12.038

39. Leroux-Roels G, van Belle P, Vandepapeliere P, Horsmans Y, Janssens M,
Carletti I, et al. Vaccine adjuvant systems containing monophosphoryl lipid a and
QS-21 induce strong humoral and cellular immune responses against hepatitis b
surface antigen which persist for at least 4 years after vaccination. Vaccine (2015)
33:1084–91. doi: 10.1016/j.vaccine.2014.10.078

40. Marty-Roix R, Vladimer GI, Pouliot K, Weng D, Buglione-Corbett R, West
K, et al. Identification of QS-21 as an inflammasome-activating molecular
component of saponin adjuvants. J Biol Chem (2016) 291:1123–36. doi: 10.1074/
jbc.M115.683011

41. Konduru K, Shurtleff AC, Bavari S, Kaplan G. High degree of correlation
between Ebola virus BSL-4 neutralization assays and pseudotyped VSV BSL-2
fluorescence reduction neutralization test. J Virol Methods (2018) 254:1–7.
doi: 10.1016/j.jviromet.2018.01.003

42. Piccoli L, Park YJ, Tortorici MA, Czudnochowski N, Walls AC, Beltramello
M, et al. Mapping neutralizing and immunodominant sites on the SARS-CoV-2
spike receptor-binding domain by structure-guided high-resolution serology. Cell
(2020) 183:1024–42.e21. doi: 10.1016/j.cell.2020.09.037

43. Sahin U, Muik A, Derhovanessian E, Vogler I, Kranz LM, Vormehr M, et al.
COVID-19 vaccine BNT162b1 elicits human antibody and TH1 T cell responses.
Nature (2020) 586:594–9. doi: 10.1038/s41586-020-2814-7

44. Brouwer PJM, Caniels TG, van der Straten K, Snitselaar JL, Aldon Y,
Bangaru S, et al. Potent neutralizing antibodies from COVID-19 patients define
multiple targets of vulnerability. Sci (1979) (2020) 369:643–50. doi: 10.1126/
science.abc5902

45. Konduru K, Shurtleff AC, Bradfute SB, Nakamura S, Bavari S, Kaplan G.
Ebolavirus glycoprotein fc fusion protein protects Guinea pigs against lethal
challenge. PLoS One (2016) 11:e0162446. doi: 10.1371/journal.pone.0162446
frontiersin.org

https://doi.org/10.1016/S0140-6736(16)32621-6
https://doi.org/10.1371/journal.pone.0192312
https://doi.org/10.1016/S1473-3099(20)30476-X
https://doi.org/10.1093/infdis/jiv532
https://doi.org/10.1016/j.ejpb.2018.06.001
https://doi.org/10.1002/cmdc.201200487
https://doi.org/10.1002/cmdc.201200487
https://doi.org/10.1021/acsnano.9b03660
https://doi.org/10.1016/j.vaccine.2016.02.033
https://doi.org/10.1038/s41467-021-22867-w
https://doi.org/10.1073/pnas.95.10.5762
https://doi.org/10.1128/jvi.76.24.12463-12472.2002
https://doi.org/10.1128/jvi.76.24.12463-12472.2002
https://doi.org/10.1038/nature07082
https://doi.org/10.1016/j.cell.2015.12.044
https://doi.org/10.1073/pnas.96.6.2662
https://doi.org/10.1073/pnas.96.6.2662
https://doi.org/10.1038/nature10348
https://doi.org/10.1038/nature10380
https://doi.org/10.1128/jvi.80.8.4174-4178.2006
https://doi.org/10.1126/science.1110656
https://doi.org/10.1016/j.cell.2018.07.033
https://doi.org/10.1016/j.cell.2018.07.033
https://doi.org/10.1074/jbc.M116.768168
https://doi.org/10.1126/science.aad6117
https://doi.org/10.1038/nature12202
https://doi.org/10.1038/ncomms12041
https://doi.org/10.1016/j.cell.2015.07.043
https://doi.org/10.1021/acscentsci.0c01405
https://doi.org/10.1016/j.cell.2020.10.043
https://doi.org/10.1126/science.aad5224
https://doi.org/10.1126/science.aad5788
https://doi.org/10.3390/v12050513
https://doi.org/10.1128/mBio.00862-13
https://doi.org/10.1016/j.cell.2017.04.037
https://doi.org/10.1016/j.vaccine.2007.12.038
https://doi.org/10.1016/j.vaccine.2014.10.078
https://doi.org/10.1074/jbc.M115.683011
https://doi.org/10.1074/jbc.M115.683011
https://doi.org/10.1016/j.jviromet.2018.01.003
https://doi.org/10.1016/j.cell.2020.09.037
https://doi.org/10.1038/s41586-020-2814-7
https://doi.org/10.1126/science.abc5902
https://doi.org/10.1126/science.abc5902
https://doi.org/10.1371/journal.pone.0162446
https://doi.org/10.3389/fimmu.2022.942897
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org

	Multimerization of Ebola GP&Delta;mucin on protein nanoparticle vaccines has minimal effect on elicitation of neutralizing antibodies
	Introduction
	Materials and methods
	Molecular cloning and plasmid production
	Protein expression and western blotting from cell supernatants
	Protein purification
	Analytical SEC-MALS and DSF
	Cryo-EM data acquisition and single-particle 2D classification
	BLI
	Mouse immunizations
	ELISAs
	GP-pseudotyped lentivirus production and viral neutralization

	Results
	GP&Delta;mucin nanoparticles can be expressed in mammalian cells and purified to homogeneity
	GP&Delta;mucin nanoparticles are thermally stable, contain homogenous particle core structures, and exhibit efficient binding to conformation specific antibodies
	Immunization with GP&Delta;mucin nanoparticles leads to rapid elicitation of antigen-specific antibodies
	GP&Delta;mucin nanoparticles elicit similar levels of neutralizing antibodies compared to trimers alone

	Discussion
	Data availability statement
	Ethics Statement
	Author contributions
	Funding
	Supplementary material
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


