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Abstract: The rapid development of several highly efficacious SARS-CoV-2 vaccines was an un-
precedented scientific achievement that saved millions of lives. However, now that SARS-CoV-2 is
transitioning to the endemic stage, there exists an unmet need for new vaccines that provide durable
immunity and protection against variants and can be more easily manufactured and distributed.
Here, we describe a novel protein component vaccine candidate, MT-001, based on a fragment of
the SARS-CoV-2 spike protein that encompasses the receptor binding domain (RBD). Mice and
hamsters immunized with a prime-boost regimen of MT-001 demonstrated extremely high anti-spike
IgG titers, and remarkably this humoral response did not appreciably wane for up to 12 months
following vaccination. Further, virus neutralization titers, including titers against variants such as
Delta and Omicron BA.1, remained high without the requirement for subsequent boosting. MT-001
was designed for manufacturability and ease of distribution, and we demonstrate that these attributes
are not inconsistent with a highly immunogenic vaccine that confers durable and broad immunity to
SARS-CoV-2 and its emerging variants. These properties suggest MT-001 could be a valuable new
addition to the toolbox of SARS-CoV-2 vaccines and other interventions to prevent infection and
curtail additional morbidity and mortality from the ongoing worldwide pandemic.

Keywords: SARS-CoV-2; COVID-19; vaccine; durable immunity; emerging variants; protection

1. Introduction

More than three years have elapsed since the first cases of SARS-CoV-2 infection were
reported in humans. Rapid transmission and continued evolution of the virus have led to a
pandemic that persists to the present day. The first approved SARS-CoV-2 vaccines were
remarkably effective against the ancestral strain, with multiple clinical trials demonstrating
vaccine effectiveness at preventing severe disease of over 90% [1,2]. However, waning im-
munity and the emergence of new variants, many of which possess some degree of immune
escape [3,4], has necessitated boosters and spurred the development of variant-specific and
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pan-coronavirus vaccines. Further, despite the availability of approved vaccines, accessibil-
ity has been problematic outside of the developed world, and hesitancy towards vaccines
and new vaccine technologies have slowed vaccination rates everywhere. Finally, effica-
cious vaccines and strategies for members of the population who are immunocompromised
remain a significant scientific and medical challenge.

Continued research and development of novel vaccines, adjuvants, and immunization
strategies to combat these weaknesses remain a high priority [5,6]. The WHO Target
Product Profiles for COVID-19 Vaccines was revised in April 2022 to reflect this need and
described several desired characteristics for the next generation of vaccine candidates.
Notable among these are the durability of protection, broader protection against emerging
variants, and ease of manufacture and distribution. No current vaccine meets all of these
criteria. Booster doses have been shown to enable protection against some emerging
variants, but with the rapid waning of effectiveness and continued vaccine hesitancy [7,8] it
is not clear whether current booster administration paradigms will comprise a sustainable
strategy, even with variant-specific modifications to current vaccines [9,10].

Among the earliest vaccines approved in the US and EU were two mRNA vaccines
from Pfizer/BioNTech (BNT162b2) and Moderna (mRNA-1273), and two viral-vectored vac-
cines from Janssen/J&J (Ad26.COV2.S) and Oxford/AstraZeneca (ADZ1222). The mRNA
vaccines BNT162b2 and mRNA-1273 elicit extremely high antibody titers [11], but studies
have shown that the humoral immunity fades relatively quickly [12], prompting many
countries to recommend a third booster dose and, presently, even a fourth or fifth booster in
some cases [13]. Unfortunately, even with multiple boosts, protection against SARS-CoV-2
variants remains modest [14]. Conversely, the viral-vectored vaccines Ad26.COV2.S and
AZD1222 elicit lower initial antibody responses [15], but protection seems to be more
durable as immunological readouts remain relatively constant over time [12,16]. Perhaps
most unexpectedly, and in stark contrast to the waning antibody titers observed for the
mRNA vaccines, both the magnitude and breadth of the humoral immune response appear
to increase with time after vaccination with Ad26.COV2.S [17,18]. The mechanisms mediat-
ing this non-waning behavior are unclear, but it may be due, at least in part, to differences
in the kinetics of antigen presentation. The mRNA vaccines have been shown to produce
a large bolus of short-lived spike protein [19], whereas the viral-vectored vaccines may
provide modest, yet sustained, antigen levels over a more extended period [20].

The choice of immunogen remains an open question as well. Whereas most approved
vaccines use the full-length SARS-CoV-2 spike protein as an immunogen, a strong argument
can be made for a vaccine based on a smaller fragment of the spike protein encompassing
the receptor binding domain (RBD). RBD-based SARS-CoV-2 vaccines have been shown
to elicit a higher fraction of neutralizing antibodies (nAbs) than vaccines based on the
full-length spike protein, likely due to the entire immune response being directed toward
the RBD [21,22]. A high neutralizing titer is desirable, as numerous studies have shown
that nAb levels strongly correlate with protection [23–25]. A comprehensive review of the
potential advantages of RBD-based vaccines has been presented [26]. Despite the many
potential benefits, existing RBD vaccine candidates have often suffered from relatively
poor expression and/or reduced immunogenicity. Previous efforts to design RBD con-
structs have, at times, attempted to trim the domain down to the “minimal expressible
unit” containing the receptor binding motif (RBM), either by inspection or based upon
homology to constructs used for other coronavirus RBDs [27–33]. These approaches often
truncate a significant portion of the local “context” of protein structure surrounding the
RBM, which might negatively impact protein folding and stability. Several such constructs
have been designed with key glycosylation sites knocked out, disulfides removed, or stabi-
lizing mutations made within the structure in order to rescue protein expression [27,28,30].
However, such changes may lead to an immunogen 3D structure that differs from the
native conformation of the target viral protein antigen. This could potentially negatively
impact antigenicity and thus the utility of the vaccine.
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Bearing these considerations in mind, we designed a novel protein component vaccine
based on the RBD and RBD-adjacent sequences of the SARS-CoV-2 spike protein. By
focusing the immune response on the region of the spike protein, where the bulk of the
epitopes for neutralizing (including broadly neutralizing) antibodies reside [34,35], we
aimed to enable high potency. We also sought to design a recombinant immunogen that
would be stable, highly soluble, capable of expression at high levels, and amenable to
streamlined purification protocols. We reasoned that this would endow the vaccine with
relatively uncomplicated manufacturing and distribution requirements that would facilitate
its adoption on a global scale.

We show here that with a 2-dose prime-boost regimen in BALB/cJ mice, the resultant
vaccine, MT-001, exhibited peak anti-spike IgG ELISA titers comparable to those reported
in studies with mRNA vaccines from Pfizer/BioNTech (BNT162b2) and Moderna (mRNA-
1273) at similar doses in the same animal model [36,37]. When adjuvanted with both
aluminum hydroxide (Alhydrogel) and the TLR-9 CpG agonist ODN1826, the MT-001
vaccine in BALB/cJ mice showed a balanced Th1/Th2 response as well as peak anti-spike
RBD IgG midpoint ELISA titers on the order of 106 GMT. Syrian golden hamsters vaccinated
with MT-001 adjuvanted with alum plus CpG exhibited undetectable levels of SARS-CoV-2
in lung tissue four days after intranasal challenge with SARS-CoV-2/US-WA1. We also
observed that anti-spike IgG ELISA titers in sera from vaccinated mice were durable, with
EC50s in the range of 105–106 up to 12 months post-vaccination. Furthermore, the results
showed a meaningful breadth of the response, with significant neutralization titers against
the Omicron BA.1 variant at this time point.

Combined, these attributes make MT-001 a compelling candidate for further research
and development as a next-generation COVID-19 vaccine. MT-001 (or variant-updated
versions thereof) could be particularly valuable as an annual booster to augment immu-
nity in individuals with diverse histories of vaccination, SARS-CoV-2 infection, and/or
predispositions resulting in an immunocompromised state.

2. Materials and Methods
2.1. Design and Expression of MT-001

The sequence of the ancestral SARS-CoV-2 Wu-1 strain spike protein (YP_009724390.1)
was analyzed using publicly available bioinformatics tools for calculating structural, bio-
physical, and biochemical properties of potential constructs. Access to such tools can be
found on the DisMeta server [https://montelionelab.chem.rpi.edu/ (accessed 19 Septem-
ber 2022)]. Shown in Figure S1 is an example output from DisMeta for residues 300–600
of the spike protein. The results of these analyses were used to parse the sequence to
yield a final expression construct designed to encompass the annotated receptor binding
domain (residues 319–541), but with the construct N- and C-termini extended to include
additional spike protein structural elements flanking the RBD domain that might promote
proper domain folding and improved stability. The resulting RBD construct, MT-001,
corresponded to residues 316–594 of spike fused to a C-terminal C-tag. The MT-001 con-
struct was codon-optimized and expressed via a secretion vector in HEK293 cells (ATUM,
Inc., Newark, CA, USA), and purified in a single affinity chromatography step using the
CaptureSelect C-tagXL system (ThermoFisher Scientific, Waltham, MA, USA) [38,39]. The
final purified yield was >160 mg from 1 L suspension culture. The purified protein was
>96% monomeric with an apparent molecular weight of 39.4 kDa (calculated 31.6 kDa) by
HPLC-SEC and had an apparent purity of >99% by capillary electrophoresis (Figure S2).
Solubility was determined to be >10 mg/mL in PBS (137 mM NaCl, 2.7 mM KCl, 8 mM
Na2HPO4, and 2 mM KH2PO4, pH 7.4). Aliquots were formulated in PBS with 10% glycerol
as a cryoprotectant and stored at −80 ◦C until use.

2.2. Immunization of BALB/cJ Mice

Cohorts of 5–10 female, 8–10 week old BALB/cJ mice (The Jackson Laboratory, Bar
Harbor, ME, USA) were immunized by injection into the gastrocnemius muscle with the
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indicated amount of MT-001 adjuvanted in 500 µg Alhydrogel® (InvivoGen, San Diego,
CA, USA) in a final volume of 50 µL. Mice were boosted 21 days later with an injection of
the same MT-001/Alhydrogel dose. Where indicated, 20 µg of CpG-ODN1826 (InvivoGen,
San Diego, CA, USA) was added to the MT-001/Alhydrogel mix immediately before
immunization. Pre-immune sera were collected 3 days prior to the initial immunization,
and immune sera were collected after immunizations, as indicated in each figure.

2.3. RBD-Binding ELISA

RBD-specific IgG antibody levels were assessed using a novel sandwich ELISA
(Figure S5). This assay was developed to maintain 3D conformational epitopes of RBD and
prevent the loss of epitopes that may be denatured by direct adsorption of protein to plastic.
Plates were coated with 1 µg/mL streptavidin (Sigma-Aldrich, St. Louis, MO, USA) diluted
in PBS and incubated at 4 ◦C overnight. The next day, plates were washed three times with
0.1% TWEEN-20 in PBS (PBS-T), blocked with PBS-T containing 3% BSA for 1 h at room
temperature, and incubated at 4 ◦C overnight with 1 µg/mL biotinylated-camelid α-C-Tag-
specific antibody (ThermoFisher Scientific) in PBS-T. Plates were washed, incubated for 1 h
at room temperature with 5 µg/mL MT-001 (containing the C-tag) in PBS-T, washed and
incubated at 4 ◦C overnight with serially diluted mouse serum in blocking buffer. Antibody
levels specific to Delta variant RBD were assessed in mouse sera by direct ELISA: Plates
were coated with 1 µg/mL Delta variant RBD (Leinco Technologies, Inc., Fenton, MO, USA)
or MT-001 diluted in PBS and incubated at 4 ◦C overnight. Plates were washed, blocked,
and incubated with serially diluted mouse serum in blocking buffer at 4 ◦C overnight, as
described. To quantify total IgG levels in the ELISAs, plates were washed and incubated for
1 h at room temperature with goat anti-mouse IgG horseradish peroxidase (HRP) (Jackson
ImmunoResearch Labs, West Grove, PA, USA): IgG1 and IgG2a/b levels were quantified us-
ing goat anti-mouse IgG1 HRP (Southern Biotechnology Associates, Inc., Birmingham, AL,
USA) and goat anti-mouse IgG2a HRP (Southern Biotechnology Associates, Inc., 1080-05)
with anti-mouse IgG2b HRP (Southern Biotechnology Associates, Inc.), respectively. ELISAs
with hamster sera utilized goat anti-Syrian hamster IgG HRP (Jackson ImmunoResearch).
All HRP-conjugated secondary antibodies were diluted 1:5000 in PBS-T. Finally, plates were
washed, and 1-Step Ultra TMB-ELISA substrate solution (ThermoFisher Scientific) was
added to each well to detect HRP activity. Development was halted by adding 1M sulfuric
acid and absorbance at 450 nm was assessed using a SpectraMax i3 microplate reader
(Molecular Devices, San Jose, CA, USA). Background values were recorded from wells
containing block solution only and subtracted from the raw OD450 values. For ELISAs with
mouse serum, a standard curve was derived using a titrated anti-RBD mouse monoclonal
antibody (Sino Biological, Wayne, PA, USA) included on each plate as a technical control
to monitor plate-to-plate variability. Data were analyzed in GraphPad Prism (GraphPad
Software, Boston, MA, USA) using a sigmoidal four-parameter logistic (4PL) fit, and ELISA
half-maximal titers were defined as the reciprocal serum dilution that yielded 50% max-
imal absorbance. ELISAs were repeated at least three times for each mouse or hamster
serum sample, and the data represent average half-maximal titers for each set of replicates.
Independent confirmation of the precision and accuracy of our indirect “sandwich” RBD
ELISA method was obtained by submitting a test panel of mouse sera for analysis by
Nexelis (Laval, Quebec, CA, USA) using a clinically validated SARS-CoV-2 anti-spike IgG
ELISA assay [https://nexelis.com/our-expertise/infectious-diseases/vaccine/sars-cov-2/
(accessed 10 August 2021)]. Replicate serum samples assayed by the anti-RBD IgG ELISA at
Rutgers (above) and, in parallel, an optimized automated anti-spike IgG ELISA at Nexelis
yielded highly concordant results with quantitatively similar titers (Figure S4).

2.4. Propagation of SARS-CoV-2

Vero E6 cells (ATCC, Manassas, VA, USA) were propagated in DMEM (Sigma-Aldrich)
containing L-glutamine and 10% FBS (Sigma-Aldrich) to 80% confluency in multiple T75
flasks (Corning Inc., Corning, NY, USA), and harvested by gentle dissociation of the
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monolayer with Accutase Cell Detachment Solution following the instructions of the
manufacturer (ThermoFisher Scientific). Pooled cells were washed twice in sterile PBS
(pH 7.2) and checked for viability by the Trypan Blue (ThermoFisher Scientific) exclusion
method. Cells were seeded into T75 flasks to ~80% confluency in DMEM containing 10%
FBS, and after 18 h, the spent media was decanted, and the cells were washed with sterile
PBS (pH 7.2). To determine the viral titer, the original stock vial of SARS-CoV-2/USA-
WA1/2020 strain (BEI Resources, Manassas, VA, USA), obtained as lysate of infected cells,
was diluted in DMEM containing 2% FBS and used for infection as we described previously
(40). Briefly, about ~8 × 106 Vero cells in a T75 flask were infected with 1 mL of virus
suspension and incubated at 37 ◦C for 1 h, followed by replenishing cells with 10 mL of
DMEM containing 2% FBS. The cell culture supernatant containing the virus was harvested
at 72 h post-infection by centrifugation, followed by filtration using a 0.4-micron filter
(Millipore-Sigma, Burlington, MA, USA). Aliquots of virus-containing media (inoculum)
were stored at −80 ◦C until ready to use. The infectious virus particles in the inoculum
were quantitated by plaque assay (see below).

2.5. Virus Inoculum Titration

Virus infectivity and inoculum titer were quantitated by plaque assay using Vero
E6 cells. Briefly, 4 × 105 Vero cells/well were seeded onto a six-well cell culture plate
(Corning) in DMEM supplemented with L-glutamine and 10% FBS. At 18 h post-seeding,
the cells were washed with sterile PBS (pH 7.2), and 400 µL of 10-fold dilutions of the
virus inoculum, prepared in serum-free DMEM, was added to each well and incubated at
37 ◦C with gentle rocking of plates every 15 min for 1 h. Then, the virus inoculum was
carefully removed, and the infected cells were overlayed with 4 mL/well of 1.6% agarose
prepared in DMEM with 4% FBS. The plates were allowed to solidify at room temperature
for ~15 min and transferred to a 37 ◦C incubator with 5% CO2. At 3 days post-infection,
the plates were fixed with 10% buffered formalin (VWR, Radnor, PA, USA) for 30 min and
washed with sterile PBS (pH 7.2). The agar plugs were gently removed, and the cells were
stained with 0.2% crystal violet in 20% ethanol (VWR) for 10 min. The wells were washed
with sterile water and dried, and the clear plaques were counted and presented as the
number of plaque-forming units (PFU) of the virus per gram or ml of tissue or lysate.

2.6. Hamster Infection Studies

Five-to-six-week-old male golden Syrian hamsters (Mesocricetus auratus) were pro-
cured from Envigo (Indianapolis, IN, USA) and housed in animal biosafety level-2 con-
tainment (BSL2) for a week to acclimate. One group of hamsters (n = 8) was vaccinated
with adjuvanted MT-001, and another group of hamsters (n = 6), injected with PBS plus
Alhydrogel, served as the control. The MT-001 vaccine or PBS was mixed with Alhydro-
gel and incubated for 5 min with gentle rocking. Then, the MT-001/Alhydrogel and the
PBS/Alhydrogel mixtures were supplemented with CpG-ODN1826 immediately prior
to injection. Each hamster was injected intramuscularly, in the flank, with 50 µL of the
respective RBD or control vaccines containing 10 µg of MT-001 (or an equal volume of
PBS), 500 µg of Alhydrogel, and 100 µg of ODN1826. The hamsters were administered
a second dose of MT-001 or PBS control 21 days after the primary dose. Blood from all
animals was collected on the day of vaccination (day 0; pre-bleed) and at 14, 21, 28, 35,
and 42 days post-vaccination. On day 42, post-primary vaccination, all animals were
challenged with SARS-CoV-2/USA-WA1/2020 strain (BEI Resources) at 105 PFU/hamster
in 40 µL through intranasal instillation (20 µL/nostril) as we reported previously [40]. Ham-
sters were weighed every day following infection and euthanized on day 4 post-infection.
Necropsy was performed, and blood and lungs were collected under aseptic conditions.

2.7. Lung Viral Load Assessment

Lung homogenates were prepared using a 0.3 mg (~40% total lung weight) portion
of lung tissues in a screw cap vial containing 1 mL of DMEM media and 0.3 mL (w/v)
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of 1 mm Zirconia/silica beads (MP Biomedicals, Irvine, CA, USA). Tissues were lysed
by using a FastPrep homogenizer (MP Biomedicals). The homogenates were centrifuged,
and the supernatant was filtered through a 0.45-micron filter (Millipore-Sigma), diluted in
serum-free DMEM, and 400 µL was used to infect Vero E6 cell monolayers in the six-well
plates for a virus plaque assay.

2.8. Determination of Viral Load by Quantitative PCR

Total RNA was extracted from the lungs using TRIzol reagent (ThermoFisher Scientific)
and purified by RNeasy mini columns (Qiagen Sciences Inc., Germantown, MD, USA).
The eluted RNA was subjected to complementary DNA synthesis using a High-Capacity
cDNA Reverse Transcription Kit as per the suggested protocol (ThermoFisher Scientific).
Quantitative PCR (qPCR) was performed as described by Ramasamy et al. [40] using
SARS-CoV-2 N gene-specific primers (SARS-CoV-2_N-F1: GTGATGCTGCTCTTGCTTTG
and SARS-CoV-2_N-R1: GTGACAGTTTGGCCTTGTTG) (IDT, Coralville, IA, USA) and
Power SYBR Green PCR MasterMix as per the manufacturer’s protocol (ThermoFisher
Scientific). The SARS-CoV-2 N gene-specific primers were used to amplify a 97 bp product
by conventional PCR and this was purified by the Qiagen gel extraction kit (Qiagen). The
purified N gene PCR products were used in real-time PCR to prepare a standard curve.
Viral copy numbers in the lung samples were determined from the standard curve.

2.9. Virus Neutralization Assay

The SARS-CoV-2 neutralization assay was performed using the standard protocol
described by Ravichandran et al., 2020 [41]. Briefly, 100 TCID50 of SARS-CoV-2 isolate
USA-WA1/2020 or Omicron variant (B.1.1.529) was added to a two-fold dilution series of
serum samples in DMEM containing 10% fetal bovine serum. The serum-virus mixtures
were incubated at 37 ◦C for 1 h. Meanwhile, a single-cell suspension of Vero E6 cells was
prepared in DMEM containing 10% fetal bovine serum at 1.4 × 104 cells in 20 µL/well
in white 96-well flat-bottom Nunc MicroWell plates (ThermoFisher Scientific). Following
incubation, 100 µL of the serum-virus mixture was added to each well. Additional wells
omitting either the serum samples or the virus were included as controls. The plates were
gently rocked for the uniform distribution of cells and then incubated for 72 h at 37 ◦C
with 5% CO2. Plates were equilibrated to room temperature for 30 min, after which 50 µL
of CellTitre Glo reagent (Promega, Madison, WI, USA) was added to each well, and the
plates were gently rocked for 2 min and incubated at room temperature for 10 min. The
luminescence from the wells was measured using Cytation 5 Cell Imaging Multi-Mode
Reader (BioTek Instruments, Winooski, VT, USA). The luminescence from blank wells
containing 120 µL DMEM with 10% fetal bovine serum and 50 µL CellTitre Glo reagent
was recorded as baseline values. The 50% neutralization titer (NT50) was calculated using
Graph Pad Prism from a sigmoidal four-parameter logistic (4PL) fit the luminescence data
using the geometric means of the positive and negative controls to bind the top and bottom
of the curve.

2.10. Histopathology

The formalin-fixed hamster lung portions were embedded in paraffin and sectioned
following standard protocol, as we reported previously [40]. The hematoxylin-eosin-stained
lung sections were analyzed using the EVOS FL cell imaging system (ThermoFisher Sci-
entific). The pulmonary inflammation was scored according to the severity as follows:
0—no cellular infiltration and intact alveoli, 1—mild cellular infiltration with one or two
foci and intact alveoli, 2—prominent multifocal cellular infiltration with no visible alve-
oli, 3—significant cellular infiltration involving a larger area of the lung with no visible
alveoli, and 4—highest cellular infiltration involving extensive area of the lung with no
visible alveoli.
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3. Results
3.1. Antigen Construct Design Impacts Both the Manufacturability and Immunogenicity of
a Protein Component Vaccine

Upon the publication of the ancestral SARS-CoV-2 Wu-1 strain DNA sequence in
early 2020 [42], we applied antigen expression construct design principles established
in the lab, aiming to create a well-folded and soluble spike RBD antigen based on a
fragment of the S1 subunit. The design of the construct is critical when parsing a multi-
domain protein into smaller expressible subunits [43]. The lab previously provided over
1000 unique human antigens to the NIH Common Fund Protein Capture Reagents Program
for renewable antibody generation [43,44]. Central to this effort was a bioinformatics
toolbox, developed by the Northeast Structural Genomics Consortium, for parsing multi-
domain proteins into subdomains that could be expressed recombinantly [45]. These tools,
involving meta-analyses of protein amino acid sequences using various protein structure
prediction methods, have been used successfully to design and optimize thousands of
protein constructs for NMR and crystallization studies [46] as well as antigens for antibody
discovery [43]. In all cases, domain boundaries and other sequence features were given
special weight, so as not to truncate constructs within ordered regions required for proper
folding or presentation of conformational epitopes [28–30].

We reasoned that an immunogen designed to preserve domain structure would en-
hance expression yields and promote optimal manufacturability. By combining bioin-
formatics predictions from DisMeta [45] with protein homology models and sequence
alignments to known structures, we identified clear domain boundaries that separated the
RBD region from the surrounding N-terminal and C-terminal regions of the spike protein.
The resulting fragment, consisting of residues 316–594 of the full-length SARS-CoV-2 spike
protein, encoded a 279 amino acid polypeptide with two complex subdomains containing
non-contiguous N-terminal and C-terminal residues distal to the RBD ACE2 binding region
(Figure 1; PDB IDs: 7BYR, 7KNE). In addition to the so-called CD1, RBM (receptor binding
motif), and CD2 regions (Figure 1), this fragment also included the region immediately
C-terminal to the RBD, previously termed C-terminal domain 1 (CTD1), and a portion of
the so-called “N-terminal domain” of S1 in SARS-CoV [47]. A short, four-residue “C-tag”
[-EPEA] was appended to the C-terminus of the fragment to facilitate efficient purification
from cell culture [38], and the resulting construct was termed MT-001. No linkers or pro-
tease cleavage sites were included in order to minimize the number of non-native residues
in the expressed protein. As the N- and C-termini of the construct are predicted to be located
on the face of the protein opposite the RBM (Figure 1), it was thought to be unlikely that the
short C-tag would sterically hinder desired antibody interactions. The C-tag also provided
a convenient site-specific handle for immobilization when used in downstream assays (see
ELISA in Methods). Finally, the immunogenicity of the C-tag has been investigated, and no
significant anti-C-tag antibody responses have been observed [39]. Transient expression
of MT-001 with a mammalian cell secretion vector (ATUM, Inc.) in HEK293 suspension
culture resulted in high titers of MT-001, as described in Methods. The purified protein was
nearly all monomeric, with an apparent molecular weight of 39.4 kDa, consistent with what
would be expected for a glycosylated protein (calculated unglycosylated MW = 31.6 kDa)
(Figure S2).
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Figure 1. Detail of the SARS-CoV-2 spike protein in the region 300–600 and MT-001 construct design.
(A) Structure of MT-001 construct derived from PDB IDs 7BYR and 7KNE. The RBD construct is
color-coded by annotated blocks of amino acid sequence (“regions”, see panel C and [45]). Cysteines
are shown as yellow balls. The cell surface target of the RBM, ACE2 (from 7KNE), is shown as a gray
molecular surface (left). (B) The MT-001 construct (ribbon) shown in the context of the full-length
spike trimer (space-filling model). (C) Schematic of the regions shown in (A). Top: Color-coded
region key for the MT-001 construct in (A). NT: N-terminal region (residues 316–332, red); CD1: “core
domain 1” region (333–436, magenta); RBM: receptor binding motif (437–508, green); CD2: “core
domain 2” region (509–527, cyan); CTD1: “C-terminal domain 1” region (528–594, blue). The 538–590
disulfide bond that stabilizes CTD1 is indicated by a red arrow. Middle: Black bars—Sequence
identity per residue between SARS-CoV-2 spike and representative members of the coronavirus
superfamily, demonstrating highly conserved regions N- and C-terminal to the RBM (Table S1).
Orange bars—Sites of and frequency of mutations in characterized SARS-CoV-2 variants [3]. Lower:
Schematic showing the secondary structure and post-translational modifications in the region from
residues 300–600 in the SARS-CoV-2 spike protein. Alpha helices are shown as blue cylinders, beta
sheets as red arrows, and turns as orange loops. Disulfide bonds are denoted with purple bridges,
and N-linked glycosylation sites are denoted with green circles. Bottom: Alignment of the MT-001
construct with the visualized region.

3.2. MT-001 Induces a Potent and Durable Anti-SARS-CoV-2 RBD Immune Response in
BALB/cJ Mice

To explore the immunization dose-response characteristics and measure the durability
of elicited antibody levels, an experiment was performed in which two cohorts of five 8- to
10-week-old female BALB/cJ mice were immunized with 1 µg, 3 µg, or 15 µg of MT-001.
The MT-001 immunogen was formulated with 500 µg Alhydrogel (alum) and administered
as two intramuscular (IM) injections at a 3-week interval (Figure 2A). Sera were collected
at 5, 29, and 52 weeks following the primary immunization (Figure 2A). The highest
RBD-specific IgG half-maximal geometric mean titers (GMTs) at each time point were
observed with the 3 µg and 15 µg doses of MT-001 (EC50 > 105, Figure 2B). MT-001 at the
3 µg dose exhibited half-maximal ELISA GMTs comparable in potency to reported 2-shot
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prime/boost immunization results with approved mRNA vaccines and protein component
vaccines assayed in the same BALB/cJ mouse system [36,37,48,49]. Most notably, there
was no significant waning of the MT-001-induced specific anti-RBD antibody levels in the
animals between 5 weeks and 52 weeks post-immunization (Figure 2). This is in contrast to
the mRNA- and most other protein component-based vaccines where protective antibody
levels typically wane with a half-life of approximately two months [50,51].

Figure 2. Dose-response and durability of anti-RBD serum IgG levels in mice vaccinated intramus-
cularly with Alhydrogel-adjuvanted MT-001. (A) Immunization and bleeding schedule. Prime and
secondary immunizations of the animals were at weeks 0 and 3, respectively; bleeds were performed
on week 5, week 29, and week 52 to provide sera for analyses. Primary and secondary immunizations
were with the same amount of MT-001 antigen per animal—1 µg, 3 µg, or 15 µg—for each group of
10 mice. (B) Midpoint (EC50) geometric mean anti-RBD IgG ELISA titers for each dosage group at
each time point. GMTs are indicated numerically below each cluster of points.

3.3. Addition of a TLR-9 Agonist CPG ODN1826 to the MT-001 Vaccine Mixture Further
Increases Antibody Titers and Promotes a More Balanced Immune Response

Since alum-based adjuvants such as Alhydrogel promote a type 2 inflammatory re-
sponse [52], we next tested if the addition of a TLR-9 agonist, CpG ODN1826, would
promote a more balanced immune response. Mice immunized with 3 µg MT-001 formu-
lated with 500 µg Alhydrogel and 20 µg CpG ODN1826 exhibited significantly increased
RBD-specific IgG binding titers compared to mice immunized with MT-001 and Alhy-
drogel alone by 5 weeks post-primary immunization (ELISA GMTs ≈ 2 × 106 for mice
where CpG ODN1826 was included vs. ≈ 3.5 × 105 when omitted), and the enhanced
response persisted through 47 weeks (Figure 3B). In addition to significantly higher levels
of RBD-specific IgG1 antibodies (Figure 3C), these mice had robust RBD-specific IgG2a/b
titers (Figure 3D). Thus, the average IgG1:IgG2a/b ratio in mice adjuvanted with both
Alhydrogel and CpG ODN1826 was significantly increased (Figure 3E), indicative of a more
balanced Th1/Th2 response, which may strengthen the protective efficacy of MT-001.
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Figure 3. Immunization of mice with 3 µg of MT-001 antigen in Alhydrogel with or without the TLR-9
agonist co-adjuvant, CpG ODN1826. (A) Schematic illustrating the MT-001 prime-boost regimen and
bleeding schedule for 8–10-week-old female BALB/cJ mice (n = 10). (B) RBD-specific IgG binding
titers were assessed in mice immunized with 3 µg MT-001 adjuvanted with 500 µg Alhydrogel only
(−, open circles) or with 500 µg Alhydrogel plus 20 µg CpG ODN1826 (+, closed circles). Binding
antibody responses are displayed at 5, 15, 29, and 47 weeks post-primary immunization. The balanced
Th1/Th2 response resulting from the addition of CpG ODN1826 is evidenced by increased RBD-
specific IgG1 (C) and IgG2 (D) antibody titers. This corresponded to an increased ratio of IgG2 to
IgG1 antibody levels in CpG ODN1826-adjuvanted animals (E). Each circle (open or solid) represents
the half-maximal titer for each serum sample averaged across at least three independent ELISAs.
Horizontal bars indicate geometric mean titers per dose. p values reflect unpaired t tests between
groups (* p < 0.05; ** p < 0.01; *** p < 0.001; **** p < 0.0001).

3.4. MT-001 Protects Syrian Golden Hamsters in a SARS-CoV-2 Pulmonary Challenge Model

Syrian hamsters are an accepted in vivo model for human SARS-CoV-2 infection as
they mimic many of the characteristics of human COVID-19 [53]. Therefore, we next
tested the protective efficacy of MT-001 against SARS-CoV-2 infection in vivo. Hamsters
were immunized with 10 µg MT-001 adjuvanted with 500 µg Alhydrogel and 100 µg CpG
ODN1826 and boosted with the same dose 3 weeks later (Figure 4A). Control animals
were only mock vaccinated with the adjuvant (Alhydrogel plus CpG ODN1826). The MT-
001 vaccinated hamsters had robust RBD-specific IgG titers after six weeks post-primary
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immunization (EC50 ≈ 105, Figure 4B). To determine if the antibody response was protective,
the vaccinated and control hamster cohorts were challenged intranasally with 105 PFU of
SARS-CoV-2 (USA-WA1 strain) after six weeks post-primary immunization and monitored
for 4 days before analysis. The level of infectious SARS-CoV-2 in lung homogenates from
MT-001 vaccinated hamsters was undetectable by plaque assay even at the lowest dilution
(1/10) of the sample used (Figure 4E). Therefore, the viral load per gram of lungs in these
animals was calculated based on the lower limit of detection of the assay. In the control
group of mock-vaccinated hamsters, infectious virus plaques were detected even at a
1:106 dilution of lung homogenates. Thus, the viral load per gram of lung tissue was
significantly lower (less than or equal to 103 PFU/g) in MT-001 vaccinated hamsters than
in mock-vaccinated hamsters (109 PFU/g) (Figure 4C). Likewise, N gene copy numbers
as determined by qPCR were on average 1000-fold lower in MT-001 vaccinated hamsters
compared to hamsters that received adjuvant alone (Figure 4D). While weight loss and
lung pathology are usually associated with SARS-CoV-2 infection in hamsters, at the
viral dose used there were no significant differences between MT-001 vaccinated and
mock-vaccinated animals with respect to these two parameters up to 4 days post-infection
when the hamsters were sacrificed (Figure S3A–C). However, a significant reduction in
viral burden was observed in hamsters vaccinated with MT-001 compared to those that
received adjuvant alone. Compared to the uninfected group, hamsters in both the MT-
001 vaccinated and adjuvant-vaccinated groups showed a significantly higher degree of
lung inflammation, marked with infiltration of immune cells into the interstitial space
that resulted in the partial collapse of alveoli at 4 days post-infection (Figure S3B,C). It
should be noted that previous SARS-CoV-2 challenge studies have indicated that the lung
pathology between vaccinated and mock-vaccinated hamsters does not begin to differ
until four to six days post-challenge [54,55]. However, despite the difference in lung viral
load, no striking differences were noticed in the lung disease pathology (Figure S3C) or
physiological aspects (body temperature and general locomotor skills) between MT-001
vaccinated and mock-vaccinated animals. Collectively, these studies show that vaccination
with MT-001 protected hamsters from SARS-CoV-2 infection.

Figure 4. SARS-CoV-2 challenge of hamsters vaccinated with MT-001 adjuvanted with Alhydrogel
and CpG ODN1826. (A) MT-001 prime-boost regimen and SARS-CoV-2 challenge schedule for Syrian
golden hamsters. (B) Midpoint hamster RBD-specific IgG ELISA GMTs. (C) Lung viral load in
hamsters vaccinated with 10 µg of MT-001 co-adjuvanted with 500 µg Alhydrogel + 100 µg CpG
ODN1826, or mock-vaccinated with adjuvants alone, and infected with 105 PFU of SARS-CoV-2 six
weeks after the primary immunization (top). Individual data points and mean +/− S.D for MT-001
with adjuvants (open circles; n = 8) or adjuvants alone (open squares; n = 6) is shown. (D) Viral RNA
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copy numbers in the lungs of hamsters vaccinated with MT-001 or adjuvants alone four days after
intranasal infection with SARS-CoV-2. Data were analyzed by non-parametric Mann–Whitney test
(** p < 0.01). (E). Representative plates from lung viral load assessment. Lung homogenates from
adjuvant-only (control) or MT-001-immunized (MT-001) hamsters were prepared 4 days post-infection
and used to infect Vero E6 cells. No plaques are observed with the lung homogenates from MT-001
immunized hamsters even at a 1:10 dilution, while plaques are visible from the lungs of control
animals even at a 1:1,000,000 dilution.

3.5. Immunization with MT-001 Produces a Broad Antibody Response Capable of Recognizing and
Neutralizing Emergent Variants including Delta and Omicron

We then asked if the response in mice vaccinated with MT-001 resulted in antibodies
that were reactive to emerging variant SARS-CoV-2 strains. We first compared serum
anti-RBD IgG ELISA titers directed against the ancestral SARS-CoV-2 Wu-1 (“WT”) strain
to IgG ELISA titers from the same sera with the SARS-CoV-2 Delta variant RBD. Sera from
mice vaccinated with MT-001 adjuvanted with Alhydrogel + CpG ODN1826 showed less
than a 4-fold decrease in titer with Delta RBD when compared to the titers obtained for WT
(Wu-1/US-WA1) RBD (GMTs: 194,082 vs. 739,163, respectively; Figure 5A). Vaccination
without the inclusion of the CpG ODN1826 co-adjuvant, however, resulted in a more than
20-fold decrease in the Ab binding titer to the Delta RBD as compared to WT RBD (ELISA
GMTs: 10,237 vs. 223,688, respectively). This indicated that the magnitude and breadth of
the cross-reactive antibody response to variants elicited by MT-001 were enhanced by the
inclusion of CpG ODN1826.

Figure 5. SARS-CoV-2 variant neutralization. BALB/cJ mice (n = 10 per group) were immunized
twice at a three-week interval with 3 µg MT-001 and 500 µg Alhydrogel, with or without 20 µg
ODN1826 (CpG), as indicated. Mice were bled at 29 and 47 weeks post-primary immunization
(see Figure 3A), and sera were assayed for antibody binding and neutralization. (A) Anti-RBD
midpoint ELISA titers at 29 weeks post-primary immunization were determined using the Wu-1
RBD (WT) or the Delta variant RBD (Delta) as a target. (B) Mouse serum-virus neutralization titers
at approximately six months (29 weeks) and eleven months (47 weeks) post-primary immunization
with MT-001 + Alhydrogel without (−CpG) or with (+CpG) ODN1826 were determined using
SARS-CoV-2 USA-WA1/2020 (US/WA-1) or SARS-CoV-2 isolate hCoV-19/USA/MD-HP20874/2021
(Omicron BA.1) as described in Methods. Geometric mean titers are as indicated. Asterisks indicate
statistical significance as determined by a two-tailed Kruskal–Wallis test with subsequent Dunn’s
multiple-comparisons test (* p < 0.05; ** p < 0.01).



Vaccines 2023, 11, 832 13 of 22

We next tested if the enhanced recognition of the Delta variant RBD by sera from mice
vaccinated with MT-001 adjuvanted with Alhydrogel + CpG ODN1826 correlated with an
enhanced ability to neutralize the Omicron BA.1 SARS-CoV-2 variant. In a live virus in vitro
neutralization assay, sera from mice immunized with MT-001 adjuvanted with Alhydrogel
+ CpG ODN1826 had an Omicron BA.1 virus neutralization titer (NT50) of 2092 at six
months post-boost and 1456 at 11 months post-boost (Figure 5B). When CpG ODN1826
was not included, the NT50s were reduced to 171 at six months post-boost and 190 at
11 months post-boost. Strikingly, the Omicron BA.1 neutralization titers obtained with
MT-001 adjuvanted with Alhydrogel + CpG ODN1826 were comparable to neutralizing
titers reported in BALB/c mice immunized twice with a variant-matched vaccine, mRNA-
1273.529 [56]. These data show that MT-001 was efficacious in generating significant nAb
responses against emergent variants, despite being based on the ancestral SARS-CoV-2
sequence, and that these nAb responses were durable for at least 11 months.

4. Discussion

Designing an expression construct that incorporates a fragment of the SARS-CoV-2
spike protein, encompassing both the spike ACE2 receptor binding motif (RBM) as well as
surrounding sequences that provide the local structural context, is not a straightforward
task [30]. Ideally, the design should result in good expression yields of a relatively “well-
behaved” (i.e., stable, well-folded, and soluble) gene product while maximizing antigen
immunogenicity and preserving conserved regions that might serve as targets for broadly
neutralizing antibodies. Our MT-001 RBD expression construct (Figure 1), which includes
the spike protein RBM (residues 437–508, green) together with upstream and downstream
regions (residues 316–436, red and magenta, and residues 509–594, cyan and blue), encodes
a section of the spike protein with an extended polypeptide architecture that appears to
be composed of three distinct domain-like regions (Figure 1). The term “domain-like” in
this sense refers to compact, structurally contiguous subdomain regions of the protein that
may have distinct structural and/or functional roles. For example, ACE2 receptor binding
is carried out by the domain-like RBM [57]. The extended three-subdomain structure is
tethered at its N- and C-termini by residues S316 and G594 in close proximity, forming
the ends of a short antiparallel beta-sheet (Figure 1). At several points within some of the
subdomains, residues that are relatively distant from the primary sequence form significant
interactions in the secondary and tertiary structure. For example, in the central subdomain
domain (Figure 1, magenta), which consists of a twisted five-stranded antiparallel beta-
sheet composed mostly of CD1 amino acids, the center beta strand (Figure 1, cyan) comes
from the CD2 region C-terminal to the RBM. Additionally, the CTD1 subdomain (the region
from 528 to 594, Figure 1, blue) in our construct forms a well-defined structure, stabilized
by the 538–590 disulfide bond (Figure 1B, red arrow), and packs against the N-terminal
region (“NT”, 316–332) of the MT-001 spike fragment (Figure 1, red).

These interactions likely play an important role in the proper folding of the RBD;
shorter constructs, involving truncations that result in the loss of these interactions, might
partially destabilize the native structure, and could even introduce non-native conforma-
tional epitopes. This domain architecture suggests that the spike S1 region represented by
our RBD construct, spanning amino acids 316–594, may have evolved via two consecutive
nested domain insertion events [58,59]. The resultant 316–594 region of the spike protein
may have then undergone selection as a coherent structural and functional unit involved
in the conformational transition between the “RBD-down” and “RBD-up” states of the
prefusion spike trimer [60]. Thus, for an RBD-centric immunogen in a SARS-CoV-2 vaccine,
the MT-001 construct is arguably close to the optimal choice. Furthermore, structural analy-
sis of the full-length spike protein shows that CTD1 may act as a relay between the RBD
and the fusion-peptide proximal region (FPPR) domains to trigger fusion upon receptor
binding [61]. The proposed relay function of CTD1 suggests that some antibodies targeting
this region might interfere with viral entry and thus have SARS-CoV-2 neutralization
activity. Since this region is relatively conserved among sarbecoviruses and contains few
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mutations found in SARS-CoV-2 variants of concern (VOCs), it may be able to elicit broadly
neutralizing antibodies (bnAbs) ([62,63]; Figure 1C).

The properties that make an antigen well-suited for expression and purification may
also translate into improved immunogenicity in the context of vaccines. By providing an
“extended” RBD-containing SARS-CoV-2 spike protein construct that is stable and well-
folded without requiring non-native modifications to the sequence, the immune response
can be focused on a critical region of the spike protein containing many neutralizing
epitopes [22,63,64]. This strategy may, in addition, minimize decoy or immunodominant
epitopes, steric hindrance, or possibly immune suppressive components of the full-length
protein. Outbreaks of SARS-CoV and MERS-CoV earlier this century, combined with the
periodic emergence of new SARS-CoV-2 variants of concern and the constant threat of
future coronavirus pandemics, motivate the development of a broadly protective pan-
coronavirus vaccine. Within the spike protein, the RBM shares low sequence homology
across the coronavirus family, which is expected given the numerous hosts and range
of cellular receptors targeted. However, some regions flanking the RBM are relatively
highly conserved, especially within the CTD1 subdomain (Figure 1 and Table S1). For an
S1 sub-fragment RBD-based vaccine [26], the inclusion of the CTD1 subdomain should
present additional conserved B-cell and T-cell epitopes which may provide broader pan-
variant and pan-coronavirus responses compared to RBD constructs where this region has
been truncated. Indeed, a recent study involving a hierarchical Bayesian regression model
trained on more than 6 million SARS-CoV-2 genome sequences predicted that even for
future, yet-to-emerge variants of concern (VOCs), mutations in the CTD1 subdomain were
likely to be relatively rare due to their negative contributions to overall viral fitness [65].

The fusion of purification tags and other non-native sequences must also be consid-
ered when designing a vaccine construct. MT-001 employs the C-tag, a short four-residue
(-Glu-Pro-Glu-Ala) tag incorporated at the C-terminus of the construct, to enable efficient
purification and site-specific immobilization for use in downstream assays [66]. This pro-
vides several advantages over other commonly used purification tags. Due to its size,
the C-tag would be expected to have minimal effect on protein expression and solubility,
and tag cleavage may not be required. Studies have found the C-tag itself to be min-
imally immunogenic, and it has been used successfully in GMP processes for vaccine
manufacturing [39]. Purification step-yields are high after only a single tag-specific affin-
ity chromatography step and, unlike RBD constructs incorporating fusions to non-viral
scaffolding moieties [30,32], nearly 100% of the expressed protein consists of the target
SARS-CoV-2 antigen (Figure S2). The C-tag allows for indirect solid phase immobilization
of the antigen (e.g., in microtiter plate wells) and, with the tag being located on the opposite
side of the antigen from the receptor binding motif, allows for an unimpeded display of the
native 3D antigen structure and efficient capture of antibodies recognizing discontinuous
conformational B-cell epitopes of the RBD.

Our animal experiments have shown that immunization with MT-001 markedly en-
hanced the production of IgG antibodies specific to SARS-CoV-2 spike proteins, with levels
comparable to the most effective vaccines characterized in the literature to date [36,37,48].
In mice, following a two-dose immunization with as little as 1 µg MT-001 adjuvanted with
Alhydrogel, high anti-RBD (Figure 2) and anti-spike IgG (Figure S4) titers were observed.
These were associated with the increased production of neutralizing antibodies against
both pseudovirus (unpublished results) and infectious virus (Figure 5). Moreover, as
demonstrated in two independent experiments, these immune responses were remarkably
durable, with minimal waning in antibody titers observed between 5 weeks and one-
year post-primary immunization (Figures 2 and 3). This is in stark contrast to the widely
used mRNA vaccines, where antibody titers decay significantly after 6 months [67,68].
Considering the lack of durability observed for most COVID-19 vaccines to date, results
from our long-term in vivo studies further differentiate MT-001 from other immuniza-
tion strategies directed against SARS-CoV-2 (See Figure 1 of [69]). Durable immunity
conferred by vaccines has been attributed to the generation of long-lived plasma cells
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(LLPCs) residing in bone marrow, which in some cases can express and secrete protective,
pathogen-specific antibodies for decades [70,71]. It is possible that MT-001 is unusually
capable, especially compared to other SARS-CoV-2 vaccines [71], in eliciting high levels of
spike protein-specific LLPCs.

In the hamster model of pulmonary SARS-CoV-2 infection, vaccination with MT-001
protected the animals by significantly reducing the lung viral burden. However, the body
weight loss and pulmonary pathology of SARS-CoV-2 infection were comparable between
adjuvant-only vaccinated and MT-001 vaccinated hamsters. This observation indicates
that disease pathology is not directly proportional to the lung viral load and that vaccina-
tions with an immunogenic adjuvant may not have direct effects in reducing pulmonary
pathology. Nonetheless, our observation is consistent with other hamster SARS-CoV-2
challenge studies in the literature, where the lung pathology between vaccinated and mock-
vaccinated hamsters does not begin to differ until four to six days post-challenge [54,55].
Further studies will be required to address the mechanistic basis of the immune response
elicited by MT-001 at the cellular level.

Alum-based adjuvants such as Alhydrogel are known to elicit a type 2 inflamma-
tory response [72], which may not be ideal for inducing protective immunity against
pathogens [73]. Previously, CpG-containing oligonucleotides have been shown to induce
a type 1 response by acting as Toll-like receptor 9 (TLR9) agonists, providing a more bal-
anced Th1/Th2 response when used in conjunction with alum adjuvants [28,52,74]. Mice
immunized with a dose of 3 µg MT-001 adjuvanted with Alhydrogel and the TLR9 agonist
CpG ODN1826 exhibited significantly higher anti-RBD IgG titers at 5 weeks post-primary
immunization compared to mice immunized with 3 µg MT-001 adjuvanted with Alhydro-
gel alone. This increased titer appeared to be primarily due to a two-order-of-magnitude
increase in the anti-RBD IgG2a/b titers in CpG adjuvanted mice, which resulted in a more
balanced IgG2a/b to IgG1 ratio. This is consistent with data reported for another RBD-
based protein vaccine utilizing a different CpG oligonucleotide and alum as adjuvants [74].
The significantly increased IgG2a/b titer associated with the CpG adjuvant persisted for
at least 29 weeks post-primary immunization and was correlated with increased neutral-
ization titers against both the Wu-1 strain and variants of SARS-CoV-2 (Figures 3 and 5;
additionally, see below).

CpG ODN1826, when used as a co-adjuvant with Alhydrogel, has previously been
shown to enhance peak immunogenicity in mice and hamsters with RBD-based SARS-
CoV-2 vaccines [74]. We have shown here that, in addition to enhancing the potency and
Th1/Th2 balance of the immune response elicited by MT-001 (Figure 3), the inclusion
of CpG ODN1826 also enhanced the antibody response to emerging variants (Figure 5).
This could have been due to a direct enhancement of the breadth of the response (see
below) or simply due to a mass action effect where the levels of pre-existing anti-variant
antibodies were elevated above a threshold concentration in the serum where they were
rendered detectable by the assays used. Further work will be required to determine the
details underlying CpG augmentation of the immune response in this system. In addition,
unlike the waning of immunity against variants seen with spike-based mRNA vaccines, a
two-dose regimen of MT-001 elicits a diverse and protective antibody response that persists
for at least eleven months. In one recently described experiment, where BALB/c mice
were pre-immunized with two doses of the mRNA vaccine BNT162b2 and boosted on
day 104 with the same vaccine, the peak post-boost neutralization titer against Omicron
BA.1 was reported to be 2075 GMT (BioNTech Innovation Series Presentation, 29 June
2022). Here, we report a similar Omicron BA.1 virus neutralization titer (GMT 2092) in
MT-001-immunized BALB/c mice at six months post-immunization without an additional
booster dose (Figure 5). In the absence of an additional booster, mRNA-vaccinated BALB/c
mice typically show virtually no detectable variant neutralization titers at a comparable
time interval post-immunization [55].

The increased breadth of the immune response observed when the MT-001 immunogen
is adjuvanted with both alum and CpG ODN1826 comports with data showing that TLR-9
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agonists activate the innate immune system by signaling through IRF7 while also directly
stimulating B cells and dendritic cells [73]. This is consistent with the view that adjuvants
such as TLR agonists (perhaps necessarily in the presence of a co-adjuvant such as alum)
promote B-cell maturation in germinal centers, leading to higher affinity and broader
antibody repertoires [73]. It has further been suggested that imprinting by innate signals
during vaccination, dependent on the type and structure of the immunogen, the adjuvant(s),
and the mode of delivery, among other variables, may drive the durability of the immune
response by promoting the creation of long-lived plasma cells in bone marrow [69]. In
translational studies aimed at developing a human vaccine, caution must be exercised
when interpreting murine results with TLR-9 agonists. Compared to mice, humans and
other primates express TLR-9 in a more limited subset of immune cell types, chiefly
plasmacytoid dendritic cells and B cells [75]. However, it is reassuring that, for at least one
other RBD-based SARS-CoV-2 vaccine (“RBD-I53-50”), a careful comparison of results with
alum plus a TLR-9 agonist (CpG-1018) in both mice (strain C57BL/6) and NHPs (rhesus
macaques) has been published [76–78]. It is noteworthy that for several key immunological
metrics, including peak neutralizing antibody titers against the parent SARS-CoV-2 strain,
neutralizing antibody titers against variants, CD4 T-cell responses, Th1 cytokine responses,
and protection in a virus challenge assay, comparable responses were observed in both
mice and nonhuman primates for the RBD-I53-50 vaccine co-adjuvanted with alum and
CpG-1018. This concordance is encouraging and suggests that the results presented here
for MT-001 will have predictive value in translational preclinical and clinical studies.

Regarding the translational relevance of the preclinical animal data presented here to
future expectations for a human vaccine, particularly with respect to the durability of the
immune response, attention should be paid to recent Phase 2 clinical data presented for the
Corbevax vaccine [79]. Corbevax, like MT-001, incorporates an RBD-based immunogen,
although the construct used to express the antigen for Corbevax, compared to the MT-001
design, is truncated at both the N- and C-termini (332–549) and modified to remove an
unpaired cysteine (C538A) [27,28]. Corbevax is also produced in yeast cells rather than in
animal cells as is MT-001. However, like MT-001, Corbevax is co-adjuvanted with alum and
a CpG TLR-9 agonist (CpG ODN1826 in mice; CpG1018 in humans). In BALB/c mouse
studies, Corbevax, when adjuvanted with alum alone, exhibits only modest IgG titers and
pseudovirus neutralization titers [80]; hence, clinical studies with this vaccine have focused
exclusively on formulations incorporating both the alum and the CpG adjuvants. Recently
published Phase 2 studies of Corbevax have shown that it, like MT-001, exhibits remarkable
durability up to 12 months post-vaccination [79]. Another notable SARS-CoV-2 vaccine for
comparison purposes is the SCB-2019 vaccine developed by Clover Biopharmaceuticals.
The SCB-2019 immunogen is the full-length spike protein ectodomain (based on residues
1–1211 of the ancestral Wuhan-HU-1 strain), trimerized via a proprietary C-terminal tag
derived from human collagen [49]. Like Corbevax, SCB-2019 is adjuvanted with alum and
CpG1018. When used to immunize female BALB/c mice at a 3 µg dose with a simple
prime/boost regimen three weeks apart, SCB-2019 exhibited excellent persistence of the
antibody broad neutralization titers after 140 days ([81], Figure 4C). However, compared
to durable MT-001 live virus neutralization titers after 6 months of approximately 2000
GMT against Omicron BA.1.1.529 (Figure 5B, this work), the SCB-2019-immunized mice,
without a third dose, exhibited Omicron BA.1.1.529 pseudovirus neutralization titers of
<100 GMT) at all the later time points (Table 2 [“No 3rd dose boost Control”] and Figure 4C
in reference [81]). We have also successfully expressed, in good yield and at high purity,
additional variants using the same basic expression construct design and protocols used
for MT-001. For example, a recombinant antigen containing the 17 point mutations found
in Omicron BA.4/5 spike protein in the region corresponding to residues 316–594 of the
parental strain was expressed and purified (unpublished results). This demonstrates that
it should be feasible to re-design and produce updated annual booster vaccines with
our system, creating new immunogens as needed that reflect the sequence information
concerning recently emerged SARS-CoV-2 variants.
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Taken together, the above results strongly suggest that the vaccine durability results
presented here for MT-001 in mice will translate to humans. Moreover, our results show,
at least for the MT-001 construct studied, that the aluminum hydroxide adjuvant alone,
without the CpG TLR-9 agonist co-adjuvant, is sufficient to endow the vaccine humoral
immune response with the property of high durability (Figures 2 and 3). Interestingly, the
Omicron neutralizing antibody titers elicited by MT-001 are significantly higher (>20-fold)
than those elicited by SCB-2019, even though the spike fragment sequence of MT-001 is
entirely contained within the sequence of the SCB-2019 spike ectodomain sequence. The
higher anti-Omicron titers observed in mice for MT-001 vs. SCB-2019 might be due to
differences in the respective neutralization protocols (e.g., live virus assays for MT-001 vs.
pseudovirus assays for SCB-2019). Alternatively, MT-001 may display to the immune system
cryptic B-cell epitopes that, when buried in the 3D structure of the full-length trimeric spike
ectodomain holoprotein, are effectively unavailable for neutralizing antibody elicitation.

Immunization with the RBD-based MT-001 construct focuses the immune response on
the RBD domain, which has been demonstrated to elicit a significantly higher proportion of
neutralizing antibodies compared to immunization with the full-length spike protein [26].
This distinction may be especially important in the context of boosting immunity with a
variant-matched vaccine after prior vaccination or infection, as mutations arising in the
RBD are often associated with immune escape. A variant-matched vaccine based on the full-
length spike possesses a high degree of similarity to ancestral strains and existing vaccines.
Boosting with such a vaccine has been shown to drive an immune response to conserved
regions among the variant and ancestral strains previously imprinted by vaccination or
infection, leading to only modest anti-variant antibody titers [82]. Conversely, a variant-
matched vaccine based on MT-001 would not contain many of these shared ancestral
spike epitopes, and the resulting response to the variant RBD region would be expected to
induce a much stronger variant-specific neutralizing response. Combined with the durable
immunity shown here, a variant-matched vaccine based on the MT-001 construct may be
ideal for use as an annual booster designed to provide continuing protection against future
SARS-CoV-2 infections.

5. Conclusions

MT-001 was designed from inception for improved manufacturability using construct
design techniques refined during the operation of a high-throughput human protein pro-
duction pipeline [83,84]. High-yield streamlined GMP manufacturing using standard
protocols and existing infrastructure widely available in the biotech and pharmaceutical
industry (e.g., 2000 L bioreactors, production-scale protein purification systems, know-how,
and associated ancillary equipment) should facilitate large-scale, cost-effective production
of MT-001. The ability to neutralize emerging variants, combined with MT-001′s potent
and durable immunogenicity, its favorable biophysical properties, and reduced logistical
requirements for widespread distribution, make it an attractive candidate for further devel-
opment on a global scale. Since the virus emerged in late 2019 the SARS-CoV-2 pandemic
has enveloped the entire world and, as the virus continues to evolve and new variants
emerge, medical countermeasures are still playing catch-up. Vaccines such as MT-001 could
be in the vanguard of a future toolkit of impactful new vaccines and therapies that offer the
promise of a globally coherent solution.
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//www.mdpi.com/article/10.3390/vaccines11040832/s1, Figure S1: Example DisMeta Output;
Figure S2: Expression and Purification of MT-001; Figure S3: Hamster challenge data; Figure S4:
External validation; Figure S5: Sandwich ELISA format; Table S1: Structural alignment of the coron-
avirus superfamily.

Author Contributions: Conceptualization, E.C., D.B.S., S.S., L.K.D. and S.A.; Methodology, E.C., J.D.,
D.B.S., S.S., L.K.D. and S.A.; Software, E.C.; Validation, E.C., J.D., A.K. and S.R.; Formal Analysis, E.C.,
J.D., S.S., L.K.D. and S.A.; Investigation, E.C., J.D., L.J.O., A.K., S.R., R.K. and L.K.D.; Resources, E.C.,

https://www.mdpi.com/article/10.3390/vaccines11040832/s1
https://www.mdpi.com/article/10.3390/vaccines11040832/s1


Vaccines 2023, 11, 832 18 of 22

J.D., L.J.O., A.K., S.R., S.S. and L.K.D.; Data Curation, E.C., J.D., S.S. and L.K.D.; Writing—Original
Draft Preparation, E.C., J.D., S.S., L.K.D. and S.A.; Writing—Review and Editing, E.C., J.D., D.B.S.,
S.S., L.K.D. and S.A.; Visualization, E.C., J.D., S.S. and L.K.D.; Supervision, D.B.S., S.S., L.K.D. and
S.A.; Project Administration, E.C., S.S., L.K.D. and S.A.; Funding Acquisition, D.B.S., S.S., L.K.D. and
S.A. All authors have read and agreed to the published version of the manuscript.

Funding: Funding for this project was provided in part by grants from the Rutgers University Center
for COVID-19 Response and Pandemic Preparedness (CCRP2) to S.A (# CCRP2 Anderson 2020) and
S.S (#302211), and the New Jersey Health Foundation (#PC 111-21), and by Macrotope, Inc. (Princeton,
NJ, USA).

Institutional Review Board Statement: All mouse experiments were performed under a Rutgers
University Institutional Animal Care and Use Committee-approved protocol (IACUC Protocol num-
ber: PROTO99990006). All hamster experiments were performed in the ABSL3 facilities, following
the ethical policies and protocols approved by the Rutgers University Institutional Animal Care and
Use Committee (IACUC Approval no. PROTO202000103), which is consistent with the policies of the
Association for Assessment and Accreditation of Laboratory Animal Care (AAALAC), the American
Veterinary Medical Association (AVMA), the Center for Disease Control (CDC) and the United States
Department of Agriculture (USDA).

Informed Consent Statement: Not applicable.

Data Availability Statement: The datasets used and/or analyzed during the current study are
available from the corresponding authors upon reasonable request.

Acknowledgments: We thank the Rutgers Center for Advanced Biotechnology and Medicine, the
Rutgers-RWJMS Child Health Institute of New Jersey, and the Public Health Research Institute,
Rutgers-New Jersey Medical School, for institutional support. In-kind support for third-party testing
of sera at Nexelis by the Coalition for Epidemic Preparedness Innovations (CEPI) is also gratefully
acknowledged. The SARS-Related Coronavirus 2, Isolate USA-WA1/2020, NR-52281 was deposited
by the Centers for Disease Control and Prevention and obtained through BEI Resources, NIAID, NIH.

Conflicts of Interest: Authors EC and SA are co-founders and shareholders of Macrotope, Inc. and
are named as inventors on patent applications describing MT-001 filed by Rutgers University. The
remaining authors declare no competing interests.

References
1. Baden, L.R.; El Sahly, H.M.; Essink, B.; Kotloff, K.; Frey, S.; Novak, R.; Diemert, D.; Spector, S.A.; Rouphael, N.; Creech, C.B.; et al.

Efficacy and Safety of the mRNA-1273 SARS-CoV-2 Vaccine. N. Engl. J. Med. 2020, 384, 403–416. [CrossRef] [PubMed]
2. Polack, F.P.; Thomas, S.J.; Kitchin, N.; Absalon, J.; Gurtman, A.; Lockhart, S.; Perez, J.L.; Pérez Marc, G.; Moreira, E.D.; Zerbini,

C.; et al. Safety and Efficacy of the BNT162b2 mRNA Covid-19 Vaccine. N. Engl. J. Med. 2020, 383, 2603–2615. [CrossRef]
[PubMed]

3. Hodcroft, E.B. CoVariants: SARS-CoV-2 Mutations and Variants of Interest. 2021. Available online: https://covariants.org/
(accessed on 1 July 2021).

4. Harvey, W.T.; Carabelli, A.M.; Jackson, B.; Gupta, R.K.; Thomson, E.C.; Harrison, E.M.; Ludden, C.; Reeve, R.; Rambaut, A.;
Peacock, S.J.; et al. SARS-CoV-2 variants, spike mutations and immune escape. Nat. Rev. Microbiol. 2021, 19, 409–424. [CrossRef]
[PubMed]

5. Morens, D.M.; Taubenberger, J.K.; Fauci, A.S. Universal Coronavirus Vaccines—An Urgent Need. N. Engl. J. Med. 2021, 386,
297–299. [CrossRef]

6. Nohynek, H.; Wilder-Smith, A. Does the World Still Need New Covid-19 Vaccines? N. Engl. J. Med. 2022, 386, 2140–2142.
[CrossRef]

7. Sette, A.; Crotty, S. Immunological memory to SARS-CoV-2 infection and COVID-19 vaccines. Immunol. Rev. 2022, 310, 27–46.
[CrossRef]

8. Rosenbaum, L. Escaping Catch-22—Overcoming Covid Vaccine Hesitancy. N. Engl. J. Med. 2021, 384, 1367–1371. [CrossRef]
9. Gagne, M.; Moliva, J.I.; Foulds, K.E.; Andrew, S.F.; Flynn, B.J.; Werner, A.P.; Wagner, D.A.; Teng, I.T.; Lin, B.C.; Moore, C.; et al.

mRNA-1273 or mRNA-Omicron boost in vaccinated macaques elicits similar B cell expansion, neutralizing responses, and
protection from Omicron. Cell 2022, 185, 1556–1571.e1518. [CrossRef]

10. Ying, B.; Scheaffer, S.M.; Whitener, B.; Liang, C.Y.; Dmytrenko, O.; Mackin, S.; Wu, K.; Lee, D.; Avena, L.E.; Chong, Z.; et al.
Boosting with Omicron-matched or historical mRNA vaccines increases neutralizing antibody responses and protection against
B.1.1.529 infection in mice. bioRxiv 2022, preprint. [CrossRef]

https://doi.org/10.1056/NEJMoa2035389
https://www.ncbi.nlm.nih.gov/pubmed/33378609
https://doi.org/10.1056/NEJMoa2034577
https://www.ncbi.nlm.nih.gov/pubmed/33301246
https://covariants.org/
https://doi.org/10.1038/s41579-021-00573-0
https://www.ncbi.nlm.nih.gov/pubmed/34075212
https://doi.org/10.1056/NEJMp2118468
https://doi.org/10.1056/NEJMe2204695
https://doi.org/10.1111/imr.13089
https://doi.org/10.1056/NEJMms2101220
https://doi.org/10.1016/j.cell.2022.03.038
https://doi.org/10.1101/2022.02.07.479419


Vaccines 2023, 11, 832 19 of 22

11. Walsh, E.E.; Frenck, R.W.; Falsey, A.R.; Kitchin, N.; Absalon, J.; Gurtman, A.; Lockhart, S.; Neuzil, K.; Mulligan, M.J.; Bailey,
R.; et al. Safety and Immunogenicity of Two RNA-Based Covid-19 Vaccine Candidates. N. Engl. J. Med. 2020, 383, 2439–2450.
[CrossRef]

12. Zhang, Z.; Mateus, J.; Coelho, C.H.; Dan, J.M.; Moderbacher, C.R.; Gálvez, R.I.; Cortes, F.H.; Grifoni, A.; Tarke, A.; Chang, J.; et al.
Humoral and cellular immune memory to four COVID-19 vaccines. Cell 2022, 185, 2434–2451.e2417. [CrossRef]

13. Bar-On, Y.M.; Goldberg, Y.; Mandel, M.; Bodenheimer, O.; Amir, O.; Freedman, L.; Alroy-Preis, S.; Ash, N.; Huppert, A.; Milo, R.
Protection by a Fourth Dose of BNT162b2 against Omicron in Israel. N. Engl. J. Med. 2022, 386, 1712–1720. [CrossRef]

14. Regev-Yochay, G.; Gonen, T.; Gilboa, M.; Mandelboim, M.; Indenbaum, V.; Amit, S.; Meltzer, L.; Asraf, K.; Cohen, C.; Fluss,
R.; et al. Efficacy of a Fourth Dose of Covid-19 mRNA Vaccine against Omicron. N. Engl. J. Med. 2022, 386, 1377–1380. [CrossRef]

15. Falsey, A.R.; Sobieszczyk, M.E.; Hirsch, I.; Sproule, S.; Robb, M.L.; Corey, L.; Neuzil, K.M.; Hahn, W.; Hunt, J.; Mulligan, M.J.; et al.
Phase 3 Safety and Efficacy of AZD1222 (ChAdOx1 nCoV-19) Covid-19 Vaccine. N. Engl. J. Med. 2021, 385, 2348–2360. [CrossRef]

16. Collier, A.-R.Y.; Yu, J.; McMahan, K.; Liu, J.; Chandrashekar, A.; Maron, J.S.; Atyeo, C.; Martinez, D.R.; Ansel, J.L.; Aguayo, R.; et al.
Differential Kinetics of Immune Responses Elicited by Covid-19 Vaccines. N. Engl. J. Med. 2021, 385, 2010–2012. [CrossRef]

17. Mahrokhian, S.H.; Tostanoski, L.H.; Jacob-Dolan, C.; Zahn, R.C.; Wegmann, F.; McMahan, K.; Yu, J.; Gebre, M.S.; Bondzie, E.A.;
Wan, H.; et al. Durability and expansion of neutralizing antibody breadth following Ad26.COV2.S vaccination of mice. Npj
Vaccines 2022, 7, 23. [CrossRef]

18. Barouch, D.H.; Stephenson, K.E.; Sadoff, J.; Yu, J.; Chang, A.; Gebre, M.; McMahan, K.; Liu, J.; Chandrashekar, A.; Patel, S.; et al.
Durable Humoral and Cellular Immune Responses 8 Months after Ad26.COV2.S Vaccination. N. Engl. J. Med. 2021, 385, 951–953.
[CrossRef]

19. Pardi, N.; Tuyishime, S.; Muramatsu, H.; Kariko, K.; Mui, B.L.; Tam, Y.K.; Madden, T.D.; Hope, M.J.; Weissman, D. Expression
kinetics of nucleoside-modified mRNA delivered in lipid nanoparticles to mice by various routes. J. Control. Release 2015, 217,
345–351. [CrossRef]

20. Geiben-Lynn, R.; Greenland, J.R.; Frimpong-Boateng, K.; Letvin, N.L. Kinetics of recombinant adenovirus type 5, vaccinia virus,
modified vaccinia ankara virus, and DNA antigen expression in vivo and the induction of memory T-lymphocyte responses. Clin.
Vaccine Immunol. 2008, 15, 691–696. [CrossRef]

21. Suthar, M.S.; Zimmerman, M.G.; Kauffman, R.C.; Mantus, G.; Linderman, S.L.; Hudson, W.H.; Vanderheiden, A.; Nyhoff, L.;
Davis, C.W.; Adekunle, O.; et al. Rapid Generation of Neutralizing Antibody Responses in COVID-19 Patients. Cell Rep. Med.
2020, 1, 100040. [CrossRef]

22. Piccoli, L.; Park, Y.-J.; Tortorici, M.A.; Czudnochowski, N.; Walls, A.C.; Beltramello, M.; Silacci-Fregni, C.; Pinto, D.; Rosen, L.E.;
Bowen, J.E.; 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, 1024–1042.e1021. [CrossRef]

23. Gilbert, P.B.; Montefiori, D.C.; McDermott, A.B.; Fong, Y.; Benkeser, D.; Deng, W.; Zhou, H.; Houchens, C.R.; Martins, K.;
Jayashankar, L.; et al. Immune correlates analysis of the mRNA-1273 COVID-19 vaccine efficacy clinical trial. Science 2022, 375,
43–50. [CrossRef] [PubMed]

24. Feng, S.; Phillips, D.J.; White, T.; Sayal, H.; Aley, P.K.; Bibi, S.; Dold, C.; Fuskova, M.; Gilbert, S.C.; Hirsch, I.; et al. Correlates of
protection against symptomatic and asymptomatic SARS-CoV-2 infection. Nat. Med. 2021, 27, 2032–2040. [CrossRef] [PubMed]

25. Sui, Y.; Bekele, Y.; Berzofsky, J.A. Potential SARS-CoV-2 Immune Correlates of Protection in Infection and Vaccine Immunization.
Pathogens 2021, 10, 138. [CrossRef] [PubMed]

26. Kleanthous, H.; Silverman, J.M.; Makar, K.W.; Yoon, I.-K.; Jackson, N.; Vaughn, D.W. Scientific rationale for developing potent
RBD-based vaccines targeting COVID-19. Npj Vaccines 2021, 6, 128. [CrossRef] [PubMed]

27. Pollet, J.; Chen, W.-H.; Versteeg, L.; Keegan, B.; Zhan, B.; Wei, J.; Liu, Z.; Lee, J.; Kundu, R.; Adhikari, R.; et al. SARS-CoV-
2 RBD219-N1C1: A yeast-expressed SARS-CoV-2 recombinant receptor-binding domain candidate vaccine stimulates virus
neutralizing antibodies and T-cell immunity in mice. Hum. Vaccines Immunother. 2021, 17, 2356–2366. [CrossRef]

28. Chen, W.-H.; Wei, J.; Kundu, R.T.; Adhikari, R.; Liu, Z.; Lee, J.; Versteeg, L.; Poveda, C.; Keegan, B.; Villar, M.J.; et al. Genetic
modification to design a stable yeast-expressed recombinant SARS-CoV-2 receptor binding domain as a COVID-19 vaccine
candidate. Biochim. Biophys. Acta (BBA)–Gen. Subj. 2021, 1865, 129893. [CrossRef]

29. Lee, J.; Liu, Z.; Chen, W.-H.; Wei, J.; Kundu, R.; Adhikari, R.; Rivera, J.A.; Gillespie, P.M.; Strych, U.; Zhan, B.; et al. Process
development and scale-up optimization of the SARS-CoV-2 receptor binding domain–based vaccine candidate, RBD219-N1C1.
Appl. Microbiol. Biotechnol. 2021, 105, 4153–4165. [CrossRef]

30. Dalvie, N.C.; Rodriguez-Aponte, S.A.; Hartwell, B.L.; Tostanoski, L.H.; Biedermann, A.M.; Crowell, L.E.; Kaur, K.; Kumru, O.S.;
Carter, L.; Yu, J.; et al. Engineered SARS-CoV-2 receptor binding domain improves manufacturability in yeast and immunogenicity
in mice. Proc. Natl. Acad. Sci. USA 2021, 118, e2106845118. [CrossRef]

31. Mulligan, M.J.; Lyke, K.E.; Kitchin, N.; Absalon, J.; Gurtman, A.; Lockhart, S.; Neuzil, K.; Raabe, V.; Bailey, R.; Swanson, K.A.; et al.
Phase I/II study of COVID-19 RNA vaccine BNT162b1 in adults. Nature 2020, 586, 589–593. [CrossRef]

32. Walls, A.C.; Fiala, B.; Schäfer, A.; Wrenn, S.; Pham, M.N.; Murphy, M.; Tse, L.V.; Shehata, L.; O’Connor, M.A.; Chen, C.; et al.
Elicitation of Potent Neutralizing Antibody Responses by Designed Protein Nanoparticle Vaccines for SARS-CoV-2. Cell 2020,
183, 1367–1382.e1317. [CrossRef]

https://doi.org/10.1056/NEJMoa2027906
https://doi.org/10.1016/j.cell.2022.05.022
https://doi.org/10.1056/NEJMoa2201570
https://doi.org/10.1056/NEJMc2202542
https://doi.org/10.1056/NEJMoa2105290
https://doi.org/10.1056/NEJMc2115596
https://doi.org/10.1038/s41541-022-00454-4
https://doi.org/10.1056/NEJMc2108829
https://doi.org/10.1016/j.jconrel.2015.08.007
https://doi.org/10.1128/CVI.00418-07
https://doi.org/10.1016/j.xcrm.2020.100040
https://doi.org/10.1016/j.cell.2020.09.037
https://doi.org/10.1126/science.abm3425
https://www.ncbi.nlm.nih.gov/pubmed/34812653
https://doi.org/10.1038/s41591-021-01540-1
https://www.ncbi.nlm.nih.gov/pubmed/34588689
https://doi.org/10.3390/pathogens10020138
https://www.ncbi.nlm.nih.gov/pubmed/33573221
https://doi.org/10.1038/s41541-021-00393-6
https://www.ncbi.nlm.nih.gov/pubmed/34711846
https://doi.org/10.1080/21645515.2021.1901545
https://doi.org/10.1016/j.bbagen.2021.129893
https://doi.org/10.1007/s00253-021-11281-3
https://doi.org/10.1073/pnas.2106845118
https://doi.org/10.1038/s41586-020-2639-4
https://doi.org/10.1016/j.cell.2020.10.043


Vaccines 2023, 11, 832 20 of 22

33. Teng, I.T.; Nazzari, A.F.; Choe, M.; Liu, T.; Oliveira de Souza, M.; Petrova, Y.; Tsybovsky, Y.; Wang, S.; Zhang, B.; Artamonov,
M.; et al. Molecular probes of spike ectodomain and its subdomains for SARS-CoV-2 variants, Alpha through Omicron. PLoS
ONE 2022, 17, e0268767. [CrossRef]

34. Tuekprakhon, A.; Nutalai, R.; Dijokaite-Guraliuc, A.; Zhou, D.; Ginn, H.M.; Selvaraj, M.; Liu, C.; Mentzer, A.J.; Supasa, P.;
Duyvesteyn, H.M.E.; et al. Antibody escape of SARS-CoV-2 Omicron BA.4 and BA.5 from vaccine and BA.1 serum. Cell 2022, 185,
2422–2433.e2413. [CrossRef]

35. Greaney, A.J.; Loes, A.N.; Crawford, K.H.D.; Starr, T.N.; Malone, K.D.; Chu, H.Y.; Bloom, J.D. Comprehensive mapping of
mutations in the SARS-CoV-2 receptor-binding domain that affect recognition by polyclonal human plasma antibodies. Cell Host
Microbe 2021, 29, 463–476.e466. [CrossRef]

36. Corbett, K.S.; Edwards, D.K.; Leist, S.R.; Abiona, O.M.; Boyoglu-Barnum, S.; Gillespie, R.A.; Himansu, S.; Schäfer, A.; Ziwawo,
C.T.; DiPiazza, A.T.; et al. SARS-CoV-2 mRNA vaccine design enabled by prototype pathogen preparedness. Nature 2020, 586,
567–571. [CrossRef]

37. Vogel, A.B.; Kanevsky, I.; Che, Y.; Swanson, K.A.; Muik, A.; Vormehr, M.; Kranz, L.M.; Walzer, K.C.; Hein, S.; Güler, A. BNT162b
vaccines protect rhesus macaques from SARS-CoV-2. Nature 2021, 592, 283–289. [CrossRef]

38. De Genst, E.J.; Guilliams, T.; Wellens, J.; O’day, E.M.; Waudby, C.A.; Meehan, S.; Dumoulin, M.; Hsu, S.-T.D.; Cremades, N.;
Verschueren, K.H. Structure and properties of a complex of α-synuclein and a single-domain camelid antibody. J. Mol. Biol. 2010,
402, 326–343. [CrossRef]

39. Jin, J.; Hjerrild, K.A.; Silk, S.E.; Brown, R.E.; Labbé, G.M.; Marshall, J.M.; Wright, K.E.; Bezemer, S.; Clemmensen, S.B.; Biswas,
S. Accelerating the clinical development of protein-based vaccines for malaria by efficient purification using a four amino acid
C-terminal ‘C-tag’. Int. J. Parasitol. 2017, 47, 435–446. [CrossRef]

40. Ramasamy, S.; Kolloli, A.; Kumar, R.; Husain, S.; Soteropoulos, P.; Chang, T.L.; Subbian, S. Comprehensive Analysis of Disease
Pathology in Immunocompetent and Immunocompromised Hosts following Pulmonary SARS-CoV-2 Infection. Biomedicines
2022, 10, 1343. [CrossRef]

41. Ravichandran, S.; Coyle, E.M.; Klenow, L.; Tang, J.; Grubbs, G.; Liu, S.; Wang, T.; Golding, H.; Khurana, S. Antibody signature
induced by SARS-CoV-2 spike protein immunogens in rabbits. Sci. Transl. Med. 2020, 12, eaah6888. [CrossRef]

42. Wu, F.; Zhao, S.; Yu, B.; Chen, Y.M.; Wang, W.; Song, Z.G.; Hu, Y.; Tao, Z.W.; Tian, J.H.; Pei, Y.Y.; et al. A new coronavirus
associated with human respiratory disease in China. Nature 2020, 579, 265–269. [CrossRef]

43. Venkataraman, A.; Yang, K.; Irizarry, J.; Mackiewicz, M.; Mita, P.; Kuang, Z.; Xue, L.; Ghosh, D.; Liu, S.; Ramos, P. A toolbox
of immunoprecipitation-grade monoclonal antibodies to human transcription factors. Nat. Methods 2018, 15, 330. [CrossRef]
[PubMed]

44. Blackshaw, S.; Venkataraman, A.; Irizarry, J.; Yang, K.; Anderson, S.; Campbell, E.; Gatlin, C.L.; Freeman, N.L.; Basavappa, R.;
Stewart, R. The NIH Protein Capture Reagents Program (PCRP): A standardized protein affinity reagent toolbox. Nat. Methods
2016, 13, 805–806. [CrossRef] [PubMed]

45. Huang, Y.J.; Acton, T.B.; Montelione, G.T. DisMeta: A Meta Server for Construct Design and Optimization. In Structural Genomics:
General Applications; Chen, Y.W., Ed.; Humana Press: Totowa, NJ, USA, 2014; pp. 3–16.

46. Xiao, R.; Anderson, S.; Aramini, J.; Belote, R.; Buchwald, W.A.; Ciccosanti, C.; Conover, K.; Everett, J.K.; Hamilton, K.; Huang, Y.J.;
et al. The high-throughput protein sample production platform of the Northeast Structural Genomics Consortium. J. Struct. Biol.
2010, 172, 21–33. [CrossRef] [PubMed]

47. Song, W.; Gui, M.; Wang, X.; Xiang, Y. Cryo-EM structure of the SARS coronavirus spike glycoprotein in complex with its host cell
receptor ACE2. PLoS Pathog. 2018, 14, e1007236. [CrossRef]

48. Wu, K.; Choi, A.; Koch, M.; Elbashir, S.; Ma, L.; Lee, D.; Woods, A.; Henry, C.; Palandjian, C.; Hill, A.; et al. Variant SARS-CoV-2
mRNA vaccines confer broad neutralization as primary or booster series in mice. Vaccine 2021, 39, 7394–7400. [CrossRef]

49. Liang, J.G.; Su, D.; Song, T.-Z.; Zeng, Y.; Huang, W.; Wu, J.; Xu, R.; Luo, P.; Yang, X.; Zhang, X.; et al. S-Trimer, a COVID-19 subunit
vaccine candidate, induces protective immunity in nonhuman primates. Nat. Commun. 2021, 12, 1346. [CrossRef]

50. Doria-Rose, N.; Suthar, M.S.; Makowski, M.; O’Connell, S.; McDermott, A.B.; Flach, B.; Ledgerwood, J.E.; Mascola, J.R.; Graham,
B.S.; Lin, B.C.; et al. Antibody Persistence through 6 Months after the Second Dose of mRNA-1273 Vaccine for COVID-19. N. Engl.
J. Med. 2021, 384, 2259–2261. [CrossRef]

51. Suthar, M.S.; Arunachalam, P.S.; Hu, M.; Reis, N.; Trisal, M.; Raeber, O.; Chinthrajah, S.; Davis-Gardner, M.E.; Manning, K.;
Mudvari, P.; et al. Durability of immune responses to the BNT162b2 mRNA vaccine. Med 2022, 3, 25–27. [CrossRef]

52. Weeratna, R.D.; Brazolot Millan, C.L.; McCluskie, M.J.; Davis, H.L. CpG ODN can re-direct the Th bias of established Th2 immune
responses in adult and young mice. FEMS Immunol. Med. Microbiol. 2001, 32, 65–71. [CrossRef]

53. Chan, J.F.; Zhang, A.J.; Yuan, S.; Poon, V.K.; Chan, C.C.; Lee, A.C.; Chan, W.M.; Fan, Z.; Tsoi, H.W.; Wen, L.; et al. Simulation
of the Clinical and Pathological Manifestations of Coronavirus Disease 2019 (COVID-19) in a Golden Syrian Hamster Model:
Implications for Disease Pathogenesis and Transmissibility. Clin. Infect. Dis. 2020, 71, 2428–2446. [CrossRef]

54. Lien, C.-E.; Lin, Y.-J.; Chen, C.; Lian, W.-C.; Kuo, T.-Y.; Campbell, J.D.; Traquina, P.; Lin, M.-Y.; Liu, L.T.-C.; Chuang, Y.-S.; et al.
CpG-adjuvanted stable prefusion SARS-CoV-2 spike protein protected hamsters from SARS-CoV-2 challenge. Sci. Rep. 2021, 11,
8761. [CrossRef]

https://doi.org/10.1371/journal.pone.0268767
https://doi.org/10.1016/j.cell.2022.06.005
https://doi.org/10.1016/j.chom.2021.02.003
https://doi.org/10.1038/s41586-020-2622-0
https://doi.org/10.1038/s41586-021-03275-y
https://doi.org/10.1016/j.jmb.2010.07.001
https://doi.org/10.1016/j.ijpara.2016.12.001
https://doi.org/10.3390/biomedicines10061343
https://doi.org/10.1126/scitranslmed.abc3539
https://doi.org/10.1038/s41586-020-2008-3
https://doi.org/10.1038/nmeth.4632
https://www.ncbi.nlm.nih.gov/pubmed/29638227
https://doi.org/10.1038/nmeth.4013
https://www.ncbi.nlm.nih.gov/pubmed/27684578
https://doi.org/10.1016/j.jsb.2010.07.011
https://www.ncbi.nlm.nih.gov/pubmed/20688167
https://doi.org/10.1371/journal.ppat.1007236
https://doi.org/10.1016/j.vaccine.2021.11.001
https://doi.org/10.1038/s41467-021-21634-1
https://doi.org/10.1056/NEJMc2103916
https://doi.org/10.1016/j.medj.2021.12.005
https://doi.org/10.1111/j.1574-695X.2001.tb00535.x
https://doi.org/10.1093/cid/ciaa644
https://doi.org/10.1038/s41598-021-88283-8


Vaccines 2023, 11, 832 21 of 22

55. Tostanoski, L.H.; Wegmann, F.; Martinot, A.J.; Loos, C.; McMahan, K.; Mercado, N.B.; Yu, J.; Chan, C.N.; Bondoc, S.; Starke,
C.E.; et al. Ad26 vaccine protects against SARS-CoV-2 severe clinical disease in hamsters. Nat. Med. 2020, 26, 1694–1700.
[CrossRef]

56. Ying, B.; Scheaffer, S.M.; Whitener, B.; Liang, C.-Y.; Dmytrenko, O.; Mackin, S.; Wu, K.; Lee, D.; Avena, L.E.; Chong, Z.; et al.
Boosting with variant-matched or historical mRNA vaccines protects against Omicron infection in mice. Cell 2022, 185, 1572–
1587.e1511. [CrossRef]

57. Shang, J.; Ye, G.; Shi, K.; Wan, Y.; Luo, C.; Aihara, H.; Geng, Q.; Auerbach, A.; Li, F. Structural basis of receptor recognition by
SARS-CoV-2. Nature 2020, 581, 221–224. [CrossRef]

58. Aroul-Selvam, R.; Hubbard, T.; Sasidharan, R. Domain Insertions in Protein Structures. J. Mol. Biol. 2004, 338, 633–641. [CrossRef]
59. Pandya, C.; Brown, S.; Pieper, U.; Sali, A.; Dunaway-Mariano, D.; Babbitt, P.C.; Xia, Y.; Allen, K.N. Consequences of domain

insertion on sequence-structure divergence in a superfold. Proc. Natl. Acad. Sci. USA 2013, 110, E3381–E3387. [CrossRef]
60. Khare, S.; Azevedo, M.; Parajuli, P.; Gokulan, K. Conformational Changes of the Receptor Binding Domain of SARS-CoV-2 Spike

Protein and Prediction of a B-Cell Antigenic Epitope Using Structural Data. Front. Artif. Intell. 2021, 4, 630955. [CrossRef]
61. Cai, Y.; Zhang, J.; Xiao, T.; Peng, H.; Sterling, S.M.; Walsh, R.M., Jr.; Rawson, S.; Rits-Volloch, S.; Chen, B. Distinct conformational

states of SARS-CoV-2 spike protein. Science 2020, 369, 1586–1592. [CrossRef]
62. He, W.-T.; Musharrafieh, R.; Song, G.; Dueker, K.; Tse, L.V.; Martinez, D.R.; Schäfer, A.; Callaghan, S.; Yong, P.; Beutler, N.; et al.

Targeted isolation of diverse human protective broadly neutralizing antibodies against SARS-like viruses. Nat. Immunol. 2022, 23,
960–970. [CrossRef]

63. Greaney, A.J.; Loes, A.N.; Gentles, L.E.; Crawford, K.H.D.; Starr, T.N.; Malone, K.D.; Chu, H.Y.; Bloom, J.D. Antibodies elicited by
mRNA-1273 vaccination bind more broadly to the receptor binding domain than do those from SARS-CoV-2 infection. Sci. Transl.
Med. 2021, 13, eabi9915. [CrossRef]

64. Liu, L.; Wang, P.; Nair, M.S.; Yu, J.; Rapp, M.; Wang, Q.; Luo, Y.; Chan, J.F.W.; Sahi, V.; Figueroa, A.; et al. Potent neutralizing
antibodies against multiple epitopes on SARS-CoV-2 spike. Nature 2020, 584, 450–456. [CrossRef] [PubMed]

65. Obermeyer, F.; Jankowiak, M.; Barkas, N.; Schaffner, S.F.; Pyle, J.D.; Yurkovetskiy, L.; Bosso, M.; Park, D.J.; Babadi, M.; MacInnis,
B.L.; et al. Analysis of 6.4 million SARS-CoV-2 genomes identifies mutations associated with fitness. Science 2022, 376, 1327–1332.
[CrossRef] [PubMed]

66. Lazo, L.; Bequet-Romero, M.; Lemos, G.; Musacchio, A.; Cabrales, A.; Bruno, A.J.; Ariel Espinosa, L.; Saloheimo, M.; Vitikainen,
M.; Hernández, A.; et al. A recombinant SARS-CoV-2 receptor-binding domain expressed in an engineered fungal strain of
Thermothelomyces heterothallica induces a functional immune response in mice. Vaccine 2022, 40, 1162–1169. [CrossRef]
[PubMed]

67. Israel, A.; Shenhar, Y.; Green, I.; Merzon, E.; Golan-Cohen, A.; Schäffer, A.A.; Ruppin, E.; Vinker, S.; Magen, E. Large-Scale
Study of Antibody Titer Decay following BNT162b2 mRNA Vaccine or SARS-CoV-2 Infection. Vaccines 2022, 10, 64. [CrossRef]
[PubMed]

68. Pegu, A.; O’Connell, S.E.; Schmidt, S.D.; O’Dell, S.; Talana, C.A.; Lai, L.; Albert, J.; Anderson, E.; Bennett, H.; Corbett, K.S.; et al.
Durability of mRNA-1273 vaccine–induced antibodies against SARS-CoV-2 variants. Science 2021, 373, 1372–1377. [CrossRef]

69. Bhattacharya, D. Instructing durable humoral immunity for COVID-19 and other vaccinable diseases. Immunity 2022, 55, 945–964.
[CrossRef]

70. Lightman, S.M.; Utley, A.; Lee, K.P. Survival of Long-Lived Plasma Cells (LLPC): Piecing Together the Puzzle. Front. Immunol.
2019, 10, 965. [CrossRef]

71. Nguyen, D.C.; Lamothe, P.A.; Woodruff, M.C.; Saini, A.S.; Faliti, C.E.; Sanz, I.; Lee, F.E.-H. COVID-19 and plasma cells: Is there
long-lived protection?*. Immunol. Rev. 2022, 309, 40–63. [CrossRef]

72. McKee, A.S.; Munks, M.W.; MacLeod, M.K.; Fleenor, C.J.; Van Rooijen, N.; Kappler, J.W.; Marrack, P. Alum induces innate
immune responses through macrophage and mast cell sensors, but these sensors are not required for alum to act as an adjuvant
for specific immunity. J. Immunol. 2009, 183, 4403–4414. [CrossRef]

73. Pulendran, B.; Arunachalam, P.S.; O’Hagan, D.T. Emerging concepts in the science of vaccine adjuvants. Nat. Rev. Drug Discov.
2021, 20, 454–475. [CrossRef]

74. Nanishi, E.; Borriello, F.; O’Meara, T.R.; McGrath, M.E.; Saito, Y.; Haupt, R.E.; Seo, H.-S.; van Haren, S.D.; Cavazzoni, C.B.; Brook,
B.; et al. An aluminum hydroxide:CpG adjuvant enhances protection elicited by a SARS-CoV-2 receptor binding domain vaccine
in aged mice. Sci. Transl. Med. 2022, 14, eabj5305. [CrossRef]

75. Hornung, V.; Rothenfusser, S.; Britsch, S.; Krug, A.; Jahrsdörfer, B.; Giese, T.; Endres, S.; Hartmann, G. Quantitative Expression
of Toll-Like Receptor 1–10 mRNA in Cellular Subsets of Human Peripheral Blood Mononuclear Cells and Sensitivity to CpG
Oligodeoxynucleotides. J. Immunol. 2002, 168, 4531–4537. [CrossRef]

76. Arunachalam, P.S.; Feng, Y.; Ashraf, U.; Hu, M.; Walls, A.C.; Edara, V.V.; Zarnitsyna, V.I.; Aye, P.P.; Golden, N.; Miranda,
M.C.; et al. Durable protection against the SARS-CoV-2 Omicron variant is induced by an adjuvanted subunit vaccine. Sci. Transl.
Med. 2022, 14, eabq4130. [CrossRef]

77. Grigoryan, L.; Lee, A.; Walls, A.C.; Lai, L.; Franco, B.; Arunachalam, P.S.; Feng, Y.; Luo, W.; Vanderheiden, A.; Floyd, K.; et al.
Adjuvanting a subunit SARS-CoV-2 vaccine with clinically relevant adjuvants induces durable protection in mice. Npj Vaccines
2022, 7, 55. [CrossRef]

https://doi.org/10.1038/s41591-020-1070-6
https://doi.org/10.1016/j.cell.2022.03.037
https://doi.org/10.1038/s41586-020-2179-y
https://doi.org/10.1016/j.jmb.2004.03.039
https://doi.org/10.1073/pnas.1305519110
https://doi.org/10.3389/frai.2021.630955
https://doi.org/10.1126/science.abd4251
https://doi.org/10.1038/s41590-022-01222-1
https://doi.org/10.1126/scitranslmed.abi9915
https://doi.org/10.1038/s41586-020-2571-7
https://www.ncbi.nlm.nih.gov/pubmed/32698192
https://doi.org/10.1126/science.abm1208
https://www.ncbi.nlm.nih.gov/pubmed/35608456
https://doi.org/10.1016/j.vaccine.2022.01.007
https://www.ncbi.nlm.nih.gov/pubmed/35078661
https://doi.org/10.3390/vaccines10010064
https://www.ncbi.nlm.nih.gov/pubmed/35062724
https://doi.org/10.1126/science.abj4176
https://doi.org/10.1016/j.immuni.2022.05.004
https://doi.org/10.3389/fimmu.2019.00965
https://doi.org/10.1111/imr.13115
https://doi.org/10.4049/jimmunol.0900164
https://doi.org/10.1038/s41573-021-00163-y
https://doi.org/10.1126/scitranslmed.abj5305
https://doi.org/10.4049/jimmunol.168.9.4531
https://doi.org/10.1126/scitranslmed.abq4130
https://doi.org/10.1038/s41541-022-00472-2


Vaccines 2023, 11, 832 22 of 22

78. Arunachalam, P.S.; Walls, A.C.; Golden, N.; Atyeo, C.; Fischinger, S.; Li, C.; Aye, P.; Navarro, M.J.; Lai, L.; Edara, V.V.; et al.
Adjuvanting a subunit COVID-19 vaccine to induce protective immunity. Nature 2021, 594, 253–258. [CrossRef]

79. Thuluva, S.; Paradkar, V.; Gunneri, S.R.; Yerroju, V.; Mogulla, R.; Turaga, K.; Kyasani, M.; Manoharan, S.K.; Medigeshi, G.; Singh,
J.; et al. Evaluation of safety and immunogenicity of receptor-binding domain-based COVID-19 vaccine (Corbevax) to select the
optimum formulation in open-label, multicentre, and randomised phase-1/2 and phase-2 clinical trials. eBioMedicine 2022, 83,
104217. [CrossRef]

80. Pollet, J.; Strych, U.; Chen, W.-H.; Versteeg, L.; Keegan, B.; Zhan, B.; Wei, J.; Liu, Z.; Lee, J.; Kundu, R.; et al. Receptor-binding
domain recombinant protein on alum-CpG induces broad protection against SARS-CoV-2 variants of concern. Vaccine 2022, 40,
3655–3663. [CrossRef]

81. Su, D.; Li, X.; Huang, X.; He, C.; Zeng, C.; Wang, Q.; Qin, W.; Mu, Z.; Ambrosino, D.; Siber, G.; et al. Protection from Omicron and
other VOCs by Bivalent S-TrimerTM COVID-19 Vaccine. Virol. Curr. Res. 2022, 6, 1–8. [CrossRef]

82. Reynolds, C.J.; Pade, C.; Gibbons, J.M.; Otter, A.D.; Lin, K.-M.; Muñoz Sandoval, D.; Pieper, F.P.; Butler, D.K.; Liu, S.; Joy, G.; et al.
Immune boosting by B.1.1.529 (Omicron) depends on previous SARS-CoV-2 exposure. Science 2022, 377, eabq1841. [CrossRef]

83. Krammer, F. SARS-CoV-2 vaccines in development. Nature 2020, 586, 516–527. [CrossRef]
84. Kumar, A.; Bernasconi, V.; Manak, M.; de Almeida Aranha, A.P.; Kristiansen, P.A. The CEPI centralised laboratory network:

Supporting COVID-19 vaccine development. Lancet 2021, 397, 2148–2149. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1038/s41586-021-03530-2
https://doi.org/10.1016/j.ebiom.2022.104217
https://doi.org/10.1016/j.vaccine.2022.05.007
https://doi.org/10.1101/2022.05.03.490428 
https://doi.org/10.1126/science.abq1841
https://doi.org/10.1038/s41586-020-2798-3
https://doi.org/10.1016/S0140-6736(21)00982-X
https://www.ncbi.nlm.nih.gov/pubmed/34090600

	Introduction 
	Materials and Methods 
	Design and Expression of MT-001 
	Immunization of BALB/cJ Mice 
	RBD-Binding ELISA 
	Propagation of SARS-CoV-2 
	Virus Inoculum Titration 
	Hamster Infection Studies 
	Lung Viral Load Assessment 
	Determination of Viral Load by Quantitative PCR 
	Virus Neutralization Assay 
	Histopathology 

	Results 
	Antigen Construct Design Impacts Both the Manufacturability and Immunogenicity of a Protein Component Vaccine 
	MT-001 Induces a Potent and Durable Anti-SARS-CoV-2 RBD Immune Response in BALB/cJ Mice 
	Addition of a TLR-9 Agonist CPG ODN1826 to the MT-001 Vaccine Mixture Further Increases Antibody Titers and Promotes a More Balanced Immune Response 
	MT-001 Protects Syrian Golden Hamsters in a SARS-CoV-2 Pulmonary Challenge Model 
	Immunization with MT-001 Produces a Broad Antibody Response Capable of Recognizing and Neutralizing Emergent Variants including Delta and Omicron 

	Discussion 
	Conclusions 
	References

