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Abstract: The ideal vaccine against viral infections should elicit antibody responses that protect
against divergent strains. Designing broadly protective vaccines against SARS-CoV-2 and other
divergent viruses requires insight into the specific targets of cross-protective antibodies on the viral
surface protein(s). However, unlike therapeutic monoclonal antibodies, the B-cell epitopes of vaccine-
induced polyclonal antibody responses remain poorly defined. Here we show that, through the
combination of neutralizing antibody functional responses with B-cell epitope mapping, it is possible
to identify unique antibody targets associated with neutralization breadth. The polyclonal antibody
profiles of SARS-CoV-2 index-strain-vaccinated rabbits that demonstrated a low, intermediate, or high
neutralization efficiency of different SARS-CoV-2 variants of concern (VOCs) were distinctly different.
Animals with an intermediate and high cross-neutralization of VOCs targeted fewer antigenic sites
on the spike protein and targeted one particular epitope, subdomain 1 (SD1), situated outside the
receptor binding domain (RBD). Our results indicate that a targeted functional antibody response

and an additional focus on non-RBD epitopes could be effective for broad protection against different

check for

updates SARS-CoV-2 variants. We anticipate that the approach taken in this study can be applied to other
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viral vaccines for identifying future epitopes that confer cross-neutralizing antibody responses, and
that our findings will inform a rational vaccine design for SARS-CoV-2.
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1. Introduction

On 12 December 2019, severe acute respiratory syndrome virus 2 (SARS-CoV-2)
emerged, presumably through a zoonotic spillover from an animal in Wuhan, China [1]. The
early release of the viral whole genome sequence and the characterization of the viral entry
mediated by the spike protein facilitated critical research within SARS-CoV-2 spike/ACE2
interactions, pathogenesis and possible intervention strategies [2]. The spike protein occurs
on the viral surface as homotrimers comprising the non-covalently associated subunits S1
and S2. The receptor binding domain (RBD), positioned at the S1 subunit, can, through
a hinge-like structure, attend either a ‘down’, conformational masked mode for immune
evasion, or an “up’ receptor-accessible conformation [3-7]. To enter a cell, the spike protein
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must bind to the host receptor ACE2 through the RBD, followed by cleavage at the S2’
cleavage site by cell surface proteases TMPRSS2, furin, or cathepsin (endosomal pathway)
to release the fusion peptide [3-5,7-12]. The prefusion trimer is then destabilized and the S1
subunit is disconnected. This positions the fusion peptide on the S2 subunit to be inserted
Attribution (CC BY) license (https://  as a wedge into the cell membrane, followed by the formation of a six-helix bundle through
creativecommons.org/licenses /by / heptad repeats 1 and 2, which brings the viral envelope and the host cell membrane into
40/). proximity, resulting in membrane fusion [3,5,13]. Considering the functional significance
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of the RBD, the 52’ cleavage site, and fusion elements, these spike protein domains are
important targets for vaccine-induced antibodies to block/neutralize virus entry into the
host cell.

Neutralizing antibodies may block viral entry into the host cell through a direct
binding to the receptor binding motif, the steric hindrance of receptor binding, the locking
of the RBD in a ‘down’ position, a spike-conformational change disturbance, or membrane
fusion interference [6,14,15]. The RBD is a known target for infection-induced and vaccine-
induced neutralizing antibodies. However, the RBD of SARS-CoV-2 maintains a ‘down’
mode at a higher frequency compared to SARS-CoV [3], leaving it less accessible for
neutralizing antibodies. In addition, S1, and in particular the RBD, are the primary regions
for mutations in the spike, leaving effective RBD neutralizing antibodies as being more
strain-specific. For these reasons, the more preserved regions of the S1 and the highly
conserved S2 domain (91% similarity to SARS-CoV [13]) could potentially be more prone
to broadly neutralizing antibodies [13]. Studies have reported broadly neutralizing B-cell
epitopes within the conformational active regions of the S1, such as the SD1 and the N-
terminal domain [16-23]. In the S2 subunit, essential fusion elements such as the fusion
peptide and the heptad repeats are also well-known targets for neutralizing antibodies
and therapeutic drugs [5,13,24]. Defining the exact binding epitope of strong neutralizing
antibodies is a key to rational vaccine design and antibody drug development.

Epitope mapping is a powerful approach that provides valuable insights into anti-
body binding patterns. Peptide microarrays can identify antigenic sites and immunogenic
hotspots on proteins such as the SARS-CoV-2 spike protein. B-cells or secreted antibodies
recognize these antigenic determinants, hereafter referred to as B-cell epitopes. Character-
izing B-cell epitopes of monoclonal antibodies, and polyclonal responses in animal models
and clinical cohorts, can be valuable knowledge for the rational vaccine design to obtain vac-
cines that induce broadly neutralizing antibodies [25-27], define the binding of therapeutic
monoclonal antibodies to viral variants [28], and identify antibodies generating undesired
clinical outcomes such as antibody-dependent enhancement [29,30]. It can also improve
specificity in serological assays [27,29,31,32]. Immunization with peptides, binding strongly
neutralizing antibodies, is believed to elicit equally strongly neutralizing antibodies [30].
Defining the B-cell epitopes of broadly protective anti-SARS-CoV-2 antibodies is essential
for the next generation of intervention strategies.

During the SARS-CoV-2 pandemic, we developed a DNA vaccine that encodes the
native spike protein of the SARS-CoV-2 index strain [33]. This plasmid DNA vaccine
induced anti-spike binding IgG and neutralizing antibodies in mice, rabbits, and rhesus
macaques, as well as inducing robust Th1-dominant cellular responses in small animals [33].
In the present study, we aim to elucidate the underlying antibody targets associated
with broad cross-neutralization observed in a proportion of intramuscular, needle-free-
vaccinated rabbits during the preclinical evaluation of this vaccine. Here, we used peptide
microarray technology, with circular constrained peptides, to define immunogenic hotspots
and identify B-cell epitopes associated with the ability to cross-neutralize different variants,
often referred to as neutralization breadth.

2. Materials and Methods
2.1. DNA Vaccination and Study Population

We developed and performed a preclinical evaluation of a candidate DNA vaccine
in different animal models, including rabbits [33]. Five ten-week-old New Zealand white
rabbits each received 125 ug of a nanoplasmid vector three times at two-week intervals. This
DNA vaccine encodes the full, unmodified SARS-CoV-2 index strain spike protein derived
from the Wuhan-Hu-1 strain (MN908947). GeneArt (Thermo Fisher Scientific, Dreieich,
Germany) synthesized the human codon optimized SARS-CoV-2 spike sequence with
EcoRI and Xhol restriction enzyme sites for cloning into the NTC8685-eRNA41H vector
backbone (Nature Technology Corporation, Lincoln, NE, USA). The Nature Technology
Corporation produced the pNTC-Spike plasmid using their antibiotic-free RNA-OUT
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selection procedure in NTC4862 E. coli cells (DH5«x attA:P5/6 6/6-RNA-IN-SacV, Cmr).
Vaccine stocks were supplied at 10 mg/mL in phosphate buffered saline (PBS).

The rabbits were immunized intramuscularly using a PharmaJet® Stratis IM device.
Serum samples taken 2 weeks after the last vaccination were included for analysis in
the present study. No control animals were used in this study. The rabbits were kept
in a temperature-regulated, pathogen-free environment at the Statens Serum Institut in
Copenhagen, Denmark. The animals had continuous access to water and regular pellet
food. Their cages included bedding and elements for environmental stimulation. All care
and processes involving the animals adhered to Danish laws, which are aligned with the
EU Directive 2010/63/EU 107 concerning the safeguarding of animals utilized in scientific
research. The experiments were supervised by the laboratory animal veterinarians at
Statens Serum Institut. The experiment received approval by The Animal Experimentation
Council, the National Competent Authority within this field (approval number 2017-15-
0201-01322; approval date 29 September 2017) and the Internal Animal Welfare committee
at the animal facility at Statens Serum Institute (approval date 10 December 2021).

2.2. Microneutralization

The SARS-CoV-2 live virus microneutralization assay was performed as described
using different SAS-CoV-2 variants [34,35]. Heat-inactivated serum samples were 2-fold
diluted and incubated with 300 x TCIDs for 1 h at 37 °C, 5% CO,. Tissue culture plates
that were seeded with a Vero E6 cell monolayer (10,000 cells/well) the preceding day were
washed twice with 100 pL of Dulbecco’s phosphate buffered saline (DPBS) and overlaid
with 100 pL of the serum-virus mixture. The inoculated cells were incubated at 37 °C,
5% COg, for 24 to 32 h, depending on the SARS-CoV-2 variant. Quadruplicate wells with
cells containing either 100 pL of 300 x TCID5y SARS-CoV-2 virus (no serum) or 100 pL
of the virus diluent only were included on each microneutralization plate as the virus
control and cell control, respectively. Microneutralization plates were washed twice with
100 uL of DPBS, and the SARS-CoV-2-infected monolayers were subsequently fixed with
cold 80% (v/v) acetone in DPBS for 10 min. The replicating virus was quantified in an
ELISA, targeting the nucleocapsid protein of SARS-CoV-2 using primary mouse anti-SARS-
CoV-2 nucleocapsid protein mAb clone 7E1B, diluted at 1:4000 (cat. #BSM-41414M, Bioss
Inc, Woburn, MA, USA) and a secondary antibody, a goat anti-mouse IgG peroxidase-
conjugated polyclonal antibody, diluted at 1:10,000 (cat. #A16078, Invitrogen, Thermo
Fisher, Waltham, MA, USA). The incubations with the primary and secondary antibodies
were carried out for five minutes on an orbital shaker (300 rpm) at room temperature,
followed by a one-hour incubation at 37 °C. The plates were washed three times with
wash buffer (1% (v/v) Triton-X100, 0.2% Tween20 in DPBS) for 30 s before the primary
and secondary antibody incubations. After the secondary antibody incubation, the plates
were washed 5 times with the wash buffer and 3 times with deionized water (no soak) to
remove all washing buffer debris. Then, 100 pL of TMB ONE substrate (Kem-en-tec, cat.
#4380) was added to each well and the plates were incubated in the dark for 10 min at room
temperature. The reaction was stopped with 100 uL of 0.2 M H,SO4 and the absorbance
was read at 450 nm, with 620 nm as a reference, on a FluoStar Omega plate reader (BMG
Labtech, Offenburg, Germany).

2.3. Microarray

The custom cyclic constrained peptide microarray, spanning the full-length spike
protein of the SARS-CoV-2 index strain, was designed and manufactured by PEPperPRINT
(Heidelberg, Germany). The serum antibody binding to the peptides on the microarray
was performed according to the manufacturer’s instructions. In brief, the microarray was
equilibrated with a washing buffer (DPBS with 0.05% Tween20, pH 7.4) for 15 min. The
subarrays were subsequently blocked with a blocking buffer (Rockland Blocking Buffer
MB-070, Rockland Immunochemicals, Pottstown, PA, USA) for 30 min. To assess unspecific
reactions, the peptide array was pre-stained with a biotinylated secondary antibody and
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fluorophore-conjugated streptavidin, as described below, and scanned. The microarray
was equilibrated for 15 min in a staining buffer (DPBS with 0.005% Tween20 and 10%
blocking buffer, pH 7.4). The serum, diluted in the staining buffer, was added into the
individual subarrays and incubated overnight at 4 °C. The following day, each subarray
was washed twice with the wash buffer for 10 s, and a biotin-conjugated goat anti-rabbit
IgG F(c) secondary antibody (cat. #A16122, Invitrogen, Thermo Fisher), diluted at 1:500 in
the staining buffer, was added to each subarray and incubated for 45 min. The subarrays
were washed twice as before and incubated for 45 min with streptavidin Alexa Fluor 647
conjugate (Thermo Fisher Scientific, USA), diluted at 1:750. The subarrays were washed
as before, with the microarray slide dipped twice in a dipping buffer (1 mM Tris buffer,
pH 7.4), dried using a centrifuge at 1000 rpm for 1 min, and scanned on an Agilent SureScan
microarray scanner. The subarrays were equilibrated with the staining buffer for 15 min
and subsequently stained with a PEPperCHIP® anti-HA control antibody, diluted at 1:2000
in the staining buffer, and incubated for 45 min. The subarrays were washed, dipped
twice in the dipping buffer, dried via centrifugation and scanned as described above.
All volumes added to the subarrays were 400 uL, as appropriate for a microarray glass
slide with four subarrays. All incubation steps were carried out in the provided cassette
from PEPperPRINT, ensuring dark conditions, on an orbital shaker at 140 rpm. With the
exception of the overnight incubation of the serum at 4 °C, all other incubations were at
room temperature. The microarrays were analyzed using the MAPIX Analyzer Software
v. 9.1.0.

2.4. Spike and RBD Indirect ELISA

White Nunc™ MaxiSorp™ plates were coated with 100 uL of 1 pg/mL recombinant
SARS-CoV-2 spike ectodomain or RBD proteins, and incubated overnight at 4 °C. The
recombinant proteins included SARS-CoV-2 D614G Spike ectodomain (Cat. #10587-CV),
SARS-CoV-2 B.1.351 Spike ectodomain (Cat. #10777-CV), SARS-CoV-2 Spike RBD (Cat.
#10500-CV), or SARS-CoV-2 B.1.351 Spike RBD (Cat. #10735-CV). All proteins were sourced
from R&D Systems. The following day, the coated plates were emptied and, without
washing, 150 uL of blocking buffer (Dilution Buffer pH 7.2, Cat #1322, SSI Diagnostica
(Hillered, Denmark) + 2% bovine serum albumin, and 0.1% Tween20) was added. The
plates were subsequently incubated for 5 min on an orbital shaker (300 rpm) at room
temperature, and then for 1 h at 37 °C. The plates were washed three times in a washing
buffer (PBS with 0.05% Tween20), allowing for a 30-s soak each time. Then, 100 uL of
serially diluted rabbit serum, diluted from 1:20 to 1:81,920 in the dilution buffer, were
added, and the plates were incubated as described above. The plates were washed three
times in the washing buffer with a 30 s soak, and 100 pL of a 1:2000 dilution of horse
radish peroxidase-conjugated mouse-anti-rabbit IgG antibody (Cat. #A1949 Sigma-Aldrich,
Darmstadt, Germany) was added. The plates were incubated as described above, followed
by being washed five times with the wash buffer and three times with deionized water, with
no soak. Lastly, the plates were treated with 100 uL of BM Chemiluminescent Substrate (Cat.
#11582950001, Sigma-Aldrich, Germany) and incubated for 10 min in a dark environment at
room temperature. The resulting luminescence was recorded using a FLUOstar Microplate
Reader (BMG LABTECH, Germany).

2.5. Total Antibody RBD ELISA

The Wantai SARS-CoV-2 Ab ELISA was performed according to the manufacturers’
instructions. The Wantai ELISA measures the total antibodies of all classes in a double
antigen sandwich format. Firstly, 100 uL of the serially diluted rabbit sera (1:20 to 1:81,920)
were added to wells that were pre-coated with the recombinant SARS-CoV-2 RBD antigen,
and incubated for 30 min at 37 °C. The wells were washed five times and the horse radish
peroxidase-conjugated SARS-CoV-2 antigen was added and incubated for 30 min at 37 °C.
The wells were washed five times, followed by the addition of a chromogen solution, and



Vaccines 2023, 11, 1451

50f18

50% virus infection cutof f =

incubated for 15 min at 37 °C. The reaction was stopped and the OD values were read on
an ELISA reader.

2.6. Statistics and Calculations
2.6.1. Microneutralization

Neutralization titers were calculated as the interception of a 4-parameter logistic curve
fit of the OD values obtained from the 2-fold titration of the samples, starting from a 1:10
dilution to 1:1280, with a cut off. The 50% virus infection cut off was calculated from the
virus control wells and the cell control wells as follows:

(average OD of virus control wells) + (average OD of cell control wells)
2
Curve fitting was carried out using GraphPad Prism and the cut off calculations and
titer calculations were carried out using Excel. The final titers are based on triplicate
determinations.

2.6.2. Microarray

The individual determinations were the fluorescence intensity at 635 nm minus the
background at 635 nm. The area for background determination was manually set in Mapix
when placing the grid. The fluorescence calculations were calculated as the mean of A-
fluorescence from two identical peptides. The calculations were normalized according to
the mean of a positive HA control (n = 48) included on each subarray. Active epitopes were
defined as the fluorescence intensities above the cut off. The cut off was defined as

Cutoff =X+ SD x f

where X is the mean of n negative control determinations (1 = 96) on each subarray, SD
is the standard deviation, and f is the standard deviation multiplier provided by Frey
et al. [36]. The confidence interval was set to 99.0%. The negative control was 96 negative
spots included on each subarray.

2.6.3. Spike ELISA and RBD ELISA

The endpoint titers were calculated as the interception of a 4-parameter logistic curve
fit of OD values obtained from the 4-fold titration of the samples, starting from a 1:20
dilution to 1:81,920, with a cut off. The cut off was defined as

Cutoff =X+ SD x f

where X is the mean of n blank determinations (1 = 6), SD is the standard deviation, and f
is the standard deviation multiplier provided by Frey et al. [36]. The confidence interval
was set to 99.0%. The final titers were based on triplicate determinations. The curve fitting
was carried out using GraphPad Prism and the cut off calculations and titer calculations
were carried out using Excel.

3. Results
3.1. Interindividual Differences in Cross-Neutralization of SARS-CoV-2 Variants of Concern (VOCs)

To define the ability of individual DNA-vaccinated rabbit sera to cross-neutralize
diverse SARS-CoV-2 variants, we first determined the neutralization titer for each of the
five rabbits against the ancestral strain D614G as well as eight World Health Organization-
defined SARS-CoV-2 VOCs (Figure 1) [33]. Based on the median neutralization titers
calculated for all VOCs, the five rabbits could be categorized broadly into three groups:
low (J044890: median VOC titer = 15), intermediate (J044904: median VOC titer = 33;
J044906: median VOC titer = 51), and high (J044907: median VOC titer = 143; J044908:
median VOC titer = 174) cross-neutralization. Despite having comparable anti-spike IgG
levels (Supplementary Figure S1), the five animals had distinct cross-neutralization profiles
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that would suggest a role for inter-individual-specific and /or dominant epitopes targeted
within the polyclonal serum. To address this, a representative animal from each category
was selected for an in-depth analysis of the B-cell epitopes targeted in the polyclonal sera,
i.e., J044890, J044906, and J044908 (hereafter referred to as Rabbits 1, 2, and 3).

Cross-neutralization profile:
Low Intermediate High

Rabbit no.

Med VOC =15 || Med VOC =33 Med VOC = 51 | Med VOC =143 Med VOC =174

I = o J044890
?22— o b g‘} 0l 2 b %f i’fg s J044904
S| v J0a4906

0]
=]
1
]
o

a J044907
o J044908

N
T

50% Serum Neutralization Titer
B~
(o]
1

N

o o
1

4

SARS-CoV-2 Variant

Figure 1. Cross-neutralization of serum antibodies from DN A-vaccinated rabbits against SARS-CoV-2
variants of concern. Rabbits received a DNA vaccine encoding the SARS-CoV-2 index strain spike
protein three times with 2-week intervals [33]. Two weeks after final vaccination, 50% virus neutral-
ization titers were determined for SARS-CoV-2 VOCs. Bars represent the mean virus neutralization
titer for triplicate measurements against each variant and lines indicate standard deviation. Animals
were categorized into low, intermediate, or high levels of cross-neutralization depending on their
median neutralization titers against all VOCs. Med VOC was calculated as the median of all VOC
neutralization titers for each rabbit. Animals selected for further analysis were J044890, J044906, and
J044908 (hereafter referred to as Rabbits 1, 2, and 3).

3.2. Polyclonal Antibody Binding Profiles of Serum with Variable Cross-Neutralization of the
SARS-CoV-2 VOCs

We next characterized the antibody binding profiles of individual rabbit sera using
a custom-made peptide microarray, presenting the cyclic constrained peptides spanning
the complete index strain spike protein. The cyclic peptides may, to some extent, represent
conformational epitopes better than linear peptides and were therefore selected for the
analysis. To adjust for a potential confounding effect of inter-individual anti-spike IgG
levels, an equivalent amount of total anti-spike IgG was tested for each rabbit, as determined
from the ELISA binding IgG titers. We evaluated two different serum dilutions on the
peptide microarray, at a 1:20 dilution to represent the peptide binding of low-affinity
and/or low-abundance antibodies, and a 1:100 dilution to represent high-affinity and/or
high-abundance antibodies.

As expected for the inter-individual polyclonal antibody responses, the animals had
different serum antibody binding profiles (Figure 2A). At a serum dilution of 1:20, Rabbits 1,
2, and 3 targeted 210, 102, and 62 individual peptides, respectively. At a 5-fold higher serum
dilution of 1:100, the three rabbits had fewer positive peptide detections at 77, 11, and 8,
respectively. For both serum dilutions, Rabbit 2 and Rabbit 3, which had an intermediate
and high cross-neutralization against the VOCs, targeted significantly fewer peptides and
had distinct peptides in common (Figure 2B).
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Figure 2. Serum antibody binding profiles targeting the SARS-CoV-2 spike protein. (A) Antibody
binding of 1:20 diluted serum samples to 10-mer overlapping peptides spanning the ectodomain of
the SARS-CoV-2 index strain spike protein. The x-axis represents the spike protein amino acid, as in
the last position of the individual peptides. Fluorescence levels on the y-axis indicate the average level
of antibody binding to each peptide measured in duplicate and are normalized according to a positive
control included on each subarray. (B) The number of targeted peptides with fluorescent signals
above a 99.9% confidence level cut-off value calculated from a negative control on each subarray.
The Venn diagrams show the number of targeted peptides shared between the different animals and
number specific to each animal.

3.3. Dominant Targeting of an SD1 Epitope in Animals with Intermediate and High
Cross-Neutralization of VOCs

The higher serum dilution of 1:100, which likely represents a detection of more
abundant and/or higher affinity antibodies, identified two regions common between
the two rabbits with VOC cross-neutralization, but not Rabbit 1, which had a low-to-
undetectable neutralization against neutralization-resistant VOCs. These include a peptide
in the SD1 within the S1 subunit, spanning amino acids 572-581 (TTDAVRDPQT), and a
peptide in the connecting region of the 52 subunit, spanning amino acids 862-871 (PPLLT-
DEMIA) (Figure 3A). For Rabbit 3, the antibody binding to the peptide spanning residues
572-581 (TTDAVRDPQT) peaked above the assay upper limit of quantification at the
1:20 serum dilution (Figure 3B). At a 5-fold lower serum input on the microarray (1:100),
the fluorescence intensity was near the upper limit of quantification (97.7% saturated), thus
enabling a quantitative intra- and inter-individual comparison. Rabbit 2 similarly targeted
the 572-581 peptide, but with a markedly lower intensity (27-fold; relative fluorescence
units (RFUs) 3286 vs. 88,324), while Rabbit 1 did not target peptide 572-581 (RFU = 14), but
rather an adjacent sequence spanning three peptides and residues 563-577 (QFGRDIADTT-
DAVR; RFUs = 922-2146). The level of antibody binding to peptide 572-581 correlated with
the level of cross-neutralization of the VOCs (Figure 3C).
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Figure 3. Dominant antibody binding to an SD1 epitope in animals with cross-neutralization of
the VOCs. (A) Comparative serum antibody binding for the three animals relative to the different
SARS-CoV-2 spike protein domains. S1 subunit (residues 14-685); S2 subunit (residues 686-1273);
N-terminal domain (NTD); receptor binding domain (RBD); sub-domain 1, 2, 3 (SD1, SD2, SD3),
51/S2 furin cleavage site; upstream helix (UH); S2” cleavage site; fusion peptide (FP); connecting
region (CR); heptad repeat sequence 1 and 2 (HR1, HR2); central helix (CH); connector domain
(CD); transmembrane helix (TM); and connector domain (CD). Antibody binding with a sample
dilution of 1:20 and 1:100 to the SD1 region (B) and correlation analysis of antibody binding to the
peptide TTDAVRDPQT (amino acids 572-581 on the index strain) to cross-neutralization capacity
of the VOCs (C). Antibody binding with a sample dilution of 1:20 and 1:100 to the CR region (D)
and correlation analysis of antibody binding to the peptide PPLLTDEMIA (amino acids 862-871 on
the index strain) to cross-neutralization capacity of the VOCs (E). Antibody binding is expressed as
fluorescence intensity measured for the duplicate spots of the peptide. Cross-neutralization capacity
is calculated as the ratio of neutralization titers determined for the D614G strain to the median of
neutralization titers of the VOCs (Med VOC).
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The other spike ectodomain peptide common between Rabbit 3 and Rabbit 2 includes
the peptide spanning residues 862-871 (PPLLTDEMIA; RFUs at serum 1:100 = 911 and 255,
respectively) (Figure 3D). The binding to this peptide was 97-fold (Rabbit 3) and 13-fold
(Rabbit 2) lower compared to the binding measured for the aforementioned 572-581 peptide.
Rabbit 1 had a low-level binding to peptide 862-871 (RFUs = 42). As observed for peptide
572-581, the level of antibody binding correlated with the level of the cross-neutralization
of the VOCs (Figure 3E).

In summary, Rabbit 3, with the highest cross-neutralization of VOCs, shares common
epitopes with Rabbit 2 that has a detectable, yet lower, cross-neutralization of neutralization-
resistant VOCs. The level of antibody binding to both peptides (TTDAVRDPQT and
PPLLTDEMIA) correlate with the level of cross-neutralization. However, proportionally, the
magnitude of antibody binding to the peptide spanning residues 572-581 (TTDAVRDPQT)
dominated the responses for both Rabbit 3 and Rabbit 2 (Figure 4). This SD1 epitope is
highly conserved between all SARS-CoV-2 variants (Figure 5). In contrast to this targeted
response, Rabbit 1 demonstrated a more diffuse antibody binding profile across the entire
spike ectodomain. Beyond the shared epitopes between Rabbit 3 and Rabbit 2, Rabbit 3
furthermore had binding to a peptide in the RBD (residues 458-467; KSNLKPFERD; RFUs
at serum 1:100 = 491) and immediately upstream of the S1/S2 furin cleavage site (residues
672-681; ASYQTQTNSP; RFUs = 841).
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Figure 4. Proportionate binding of serum IgG to overlapping peptides spanning the SARS-CoV-
2 index strain spike ectodomain for each rabbit. The pie charts consider the level of antibody
binding, expressed as relative fluorescent units, to each peptide as a proportion of the sum of relative
fluorescent units measured for binding to all overlapping peptides. (A) At a serum dilution of 1:100,
Rabbit 2 and Rabbit 3 show dominant, targeted binding to the peptide spanning residues 572-581
(TTDAVRDPQT), while Rabbit 1 lacks binding to this peptide and show a more diffuse antibody
binding profile. (B) At a serum dilution of 1:20, the dominance of peptide 572-581 remains for Rabbit
2 and Rabbit 3. Rabbit 3 hypo is the hypothetical proportion with no limiting spot saturation.
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Figure 5. Sequence conservation of peptide 572-581 (TDAVRDPQT) and the position of the epitope
in the SD1 regions of the full index strain spike protein trimer. (A) An amino acid sequence alignment
of the partial SARS-CoV-2 spike protein encompassing the SD1 and peptide (highlighted in peach)
targeted in animals with cross-neutralization capacity. (B) The position of the SD1 peptide on the
crystal structure of the spike protein indicated in red spheres. The receptor binding domain is in green
and the N-terminal domain is in beige. Asterisk (*) refers to identical amino acids in all sequences.
Substitutions are indicated in grey.

3.4. Epitopes Targeted within the Spike RBD

The RBD is a frequent target of neutralizing antibodies, including broadly cross-
neutralizing antibodies such as 5309 and CR3022. Anti-RBD antibodies are grouped into
different classes (class 1-4) based on their blocking of the direct binding of ACE2 (class 1 and
class 2), non-ACE2 blocking (class 3 and class 4), and binding to the specific conformation
of RBD, i.e., up (class 1-4) or down (class 2 and 3) [37]. At a serum dilution of 1:20, we
observed 32, 20, and 14 positive peptides within the RBD for Rabbits 1, 2 and 3, respectively.
For the targets within the receptor binding motif (class 1 and class 2 antibodies), there
were 15, 12, and 13 positive peptides with maximum RFUs of 2134, 1078 and 3809 for
Rabbits 1, 2 and 3, respectively. For the targets of the class 3 and 4 antibodies, at a serum
dilution of 1:20, there were 17, 8, and 1 positive peptides that included a maximum RFU
of 854 observed in Rabbit 1 spanning amino acids 358-367 (ISNCVADYSV), 744 observed
in Rabbit 2 spanning amino acids 508-517 (YRVVVLSFEL), and 747 observed in Rabbit 3
spanning amino acids 334-343 (NLCPFGEVEN). At a serum dilution of 1:100, we found
9,1, and 1 positive peptides within the RBD for Rabbits 1, 2 and 3, respectively. For the
targets within the receptor binding motif (class 1 and class 2 antibodies), there were 6, 1,
and 1 positive peptides with maximum RFUs of 219, 111, and 491 for Rabbits 1, 2 and 3,
respectively. For the targets of the class 3 and 4 antibodies, at a serum dilution of 1:100, there
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were three positive peptides in Rabbit 1 that included a maximum RFU of 257 spanning
amino acids 358-367 (ISNCVADYSV).

3.5. The Effect of Beta VOC-Specific Spike Mutations on Peptide Binding

Each subarray included peptides with specific amino acid changes within the Beta
spike protein. These include amino acid substitutions D80A, D215G, K417N, E484K, N501Y,
D614G, and A701V, and deletion LAL241-243del. Of these, mutations K417N and E484K
are known to induce neutralization resistance [38—42]. In comparison to the dominant
antibody binding sites in the spike ectodomain, the antibody binding level to peptides
spanning the aforementioned residues ranged from undetectable to low for both the index
strain and Beta VOC (Figure 6). In all three animals, there was a low-level antibody binding
to the index strain peptides spanning amino acid 484, which was reduced notably by the
mutation in the Beta VOC. A very low binding to the K417N mutation was detected, with
a modestly increased binding to the mutated peptides in all three animals. The antibody
binding to D80A, LAL241-243del, N501Y, and A701V remained mostly unaffected by the
amino acid changes. The analysis of Omicron-specific amino acid changes is precluded,
since the microarray was designed and produced prior to the emergence of Omicron.
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Figure 6. Antibody binding to overlapping peptides bearing SARS-CoV-2 Beta VOC spike protein
variations relative to the index strain. Mirrored serum antibody binding to index strain peptide and
their counterpart containing Beta-specific amino acid substitutions D80A, D215G, K417N, E484K,
N501Y, D614G, and A701V, and deletion LAL241-243del. The x-axis indicates the 10-mer peptide
sequence with the indicated amino acid variation at different positions; the third peptide for each
variant bears the residue of interest approximately in the center of the sequence. The y-axis presents
the mean fluorescence intensity minus background for duplicate peptide spots on the microarray.
Values in gold indicate antibody binding to the index strain sequence and values in turquoise indicate
antibody binding to the Beta VOC sequence.
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3.6. Binding Antibody Levels against the Spike Ectodomain and RBD

Since higher levels of antibody titers can lead to a cross-neutralization of resistant
SARS-CoV-2 variants, we determined the levels of the anti-spike ectodomain IgG and the
anti-RBD IgG relative to the levels of neutralizing antibodies against the D614G strain
and the Beta VOC (Figure 7). Intriguingly, Rabbit 3, with the highest cross-neutralization,
had the lowest spike ectodomain-binding IgG titers against the D614G spike (endpoint
titer = 4584 vs. 7776 and 6294), and an even lower level of binding IgG titers against the Beta
VOC spike ectodomain, although comparable to the other rabbits (endpoint titer = 2535 vs.
2747 and 4322) (Figure 7B). Anti-RBD IgG titers followed a similar pattern with endpoint
titers against the D614G strain of 5087, 4377, and 3442 for Rabbits 1, 2, and 3, respectively
(Figure 7C). Notably, Rabbit 3 together with Rabbit 1 had the lowest anti-RBD IgG binding
titers for the Beta VOC (endpoint titers = 774 and 786, respectively, vs. Rabbit 2 = 2779)
(Figure 7C).
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Figure 7. Virus neutralization and antibody binding of the SARS-CoV-2 D614G strain and Beta VOC.
(A) The 50% live virus neutralization titers against the D614G strain and Beta VOC. Dotted line
represents the lowest serum dilution tested. (B) Endpoint titers of binding IgG specific for the spike
ectodomain of the D614G strain and Beta VOC, as measured in an indirect ELISA. (C) Endpoint titers
of binding IgG specific for the spike protein receptor binding domain (RBD) of the D614G strain
and the Beta VOC, as measured in an indirect ELISA. (D) Endpoint titers of total antibodies of all
isotypes binding to the RBD of the index strain, as measured in a double antigen sandwich ELISA.
(E) Virus neutralization normalized for IgG-binding antibody levels calculated as the neutralization
titers divided by the anti-spike IgG titers. All error bars are standard deviation error bars.

A different ELISA format—the antigen—antibody—antigen sandwich ELISA—that
detects the total antibodies of all isotypes against the index strain RBD, similarly showed
that Rabbit 3 had the lowest RBD-specific total antibody levels (Figure 7D). To remove the
possible confounding effect of high antibody titers on cross-neutralization, we normalized
the virus neutralization titers using the binding IgG titers, which revealed that Rabbit 3
had the highest cross-neutralization capacity per unit of IgG compared to the other two
rabbits (Figure 7E). In particular, compared to Rabbit 1, Rabbit 3 showed a 2.0-fold higher
normalized neutralization capacity for the D614G strain and a 6.1-fold higher ratio for the
Beta VOC.
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4. Discussion

This study defines the serum antibody profiles of SARS-CoV-2 DNA-vaccinated rab-
bits with divergent cross-neutralization of SARS-CoV-2 VOCs using a peptide microarray
displaying cyclic constrained peptides spanning the SARS-CoV-2 spike protein. The find-
ings demonstrate that the cross-neutralization of variants is not necessarily the function of
higher total-antibody responses, since the rabbit with the greatest cross-neutralization had
the lowest anti-spike IgG binding antibody levels against the spike ectodomain and RBD.
Furthermore, cross-neutralization did not appear to associate with an increased tolerance
of amino acid changes known to induce neutralization resistance. Rather, we observed
an IgG antibody response dominated by targeting an SD1 epitope in both animals with a
moderate-to-high neutralization of VOCs, but not in an animal that lacked this functional
antibody property.

On the spike S1 subunit, SD1 forms part of the hinge region and facilitates the RBD
upward rotation, a conformational change required for the binding of the RBD to the ACE2
host receptor [43]. Despite the location outside the RBD, SD1 is a known target of neutraliz-
ing SARS-CoV-2 antibodies induced by infection and vaccination [16-18,22,23]. Evidence
suggests that the mechanism of anti-SD1 antibody neutralization likely occurs through
the conformational locking of the RBD in the ‘down’ conformation, and destabilizing
spike trimers, rather than inducing S1 shedding or the stearic hindrance of ACE2 engage-
ment [16,23]. In the present study, rabbit sera with a cross-neutralization of neutralization-
resistant VOCs predominantly targeted an SD1 epitope (TTDAVRDPQT), which overlaps
with that of two broadly neutralizing monoclonal antibodies [23]. The breadth of neu-
tralization associated with anti-SD1 antibodies is attributable to this region of the spike
protein being highly conserved between SARS-CoV-2 variants (Supplementary Figure S2).
Residues within this epitope (572-581) comprise one of the most conserved regions within
the S1 subunit. The very low conservation scores indicate a highly conserved area among
SARS and MERS-related viruses containing multiple residues that are believed to be well-
suited for drug intervention [44,45]. It is therefore plausible that the prominent targeting
of an SD1 epitope by the serum antibodies may have contributed to the observed cross-
neutralization in Rabbit 3 and Rabbit 2. To validate the role of SD1 peptide 572-581 as a
broadly neutralizing epitope, an appropriate approach would be to remove the antibodies
targeting this site. In theory, this is achievable through antibody competition or antibody
depletion. Antibody competition with a peptide, in this case a 10-mer peptide, does, how-
ever, pose a challenge, as the binding affinity is generally too low to compete with the
binding to the full immunogen. Antibody depletion, using the circular 10-mer peptide to
mimic the binding conditions present on the microarray, similarly pose challenges that
could distort the interpretation. Slight changes in the epitope presentation, binding acces-
sibility, linker chemistry, etc., could cause a drift in the targeted antibodies, resulting in
an uncontrolled depletion and an incorrect evaluation of the effect on the neutralization
capacity. In summary, our data show a correlation between SD1 antibody targeting and
neutralization breadth. However, a validation of the contribution of these antibodies to the
cross-neutralization capacity, supporting the findings in this study, is warranted.

Neutralizing anti-SD1 antibody epitopes may be structurally occluded in the prefusion
state of the spike protein [16]. This brings into question the efficiency by which SARS-
CoV-2 vaccines using the prefusion-stabilized spike protein, e.g., mRNA vaccines, induce
neutralizing antibodies targeting this region. Of note, the majority of anti-SD1 neutralizing
monoclonal antibodies were isolated from convalescent donors or those who experienced a
breakthrough infection after mRNA vaccination, as well as a donor vaccinated with the
native spike-encoding AZD1222 vaccine [16,18,22,23]. It is therefore of consequence that
the SARS-CoV-2 pNTC-Spike DNA vaccine construct that induced the anti-SD1 antibodies
in the rabbits also encodes a native spike protein, rather than a prefusion-stabilized pro-
tein [33]. It could be argued that expressing the native spike in vivo using a DNA vaccine
is more representative of a natural virus infection compared to an mRNA vaccine using a
prefusion-stabilized spike protein. It should be noted, though, that pre-fusion stabilization
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of the glycoprotein is regarded as being immunogenicity-enhancing, presumably because
the stabilized glycoprotein cannot convert to the post-fusion structure or misfold, thereby
preserving the immunogenic conformation [46-48].

We cannot exclude a possible contribution of antibodies targeting other spike regions
sensitive to neutralization, such as the RBD, N-terminal domain, and fusion peptide. On
the peptide microarray, the binding to peptides spanning the RBD was generally low, with
the exception of residues 458-467 (KSNLKPFERD). The monoclonal antibody C98C7 that
binds these residues has previously been reported to broadly neutralize VOCs including
Omicron BA.1 [49]. RBD class 3 and 4 monoclonal antibodies C309 and CR3022 that bind
epitopes immediately upstream of the receptor binding motif have similarly been shown
to broadly neutralize VOCs including Omicron BA.1, BA.1.1, and BA.2 [50-53]. We found
only a weak binding to this region, with a maximum RFU of 854 in all three rabbits. The
general low-level binding to the entire RBD detected in this study may be attributable
to the conformational structure of RBD that may be poorly represented on the peptide
microarray [3], or to the effective glycan shielding limiting the antibody targeting of sites
on the RBD [54]. Nonetheless, the low level of the anti-RBD IgG specific for the Beta VOC,
and the total antibody levels to the D614G strain observed in Rabbit 3—the animal with
the greatest level of cross-neutralization—would suggest that the antibody target that is
responsible for the broad neutralization resides outside the RBD. The serum antibodies
of the rabbit lacking cross-neutralization (Rabbit 1) targeted regions in the upstream helix
and sub-domain 3, close to the heptad repeat 2. These two regions have previously been
associated with neutralization breadth [51], although in Rabbit 1, specific peptides targeted
in this region did not associate with the cross-neutralization of VOCs.

Taken together, this study demonstrates the combination of functional antibody data
with epitope mapping using peptide microarray technology as a powerful approach to
unveiling key antigenic sites with and without functional significance. A cyclic constrained
peptide array, instead of a linear peptide array, may better mimic native protein folding,
improving the comparison of array data with ELISA and live-virus neutralization assay
data [55]. Discontinuous epitopes brought together from distant amino acid positions are,
however, difficult to recapitulate with individual peptides, introducing a limitation of this
approach. Nonetheless, with a small but well-selected group of animal subjects, it was pos-
sible in the polyclonal serum responses to identify a known, broadly neutralizing antibody
target validated by studies of monoclonal antibodies targeting the same site. Those studies
showed that this epitope reported to bind broadly cross-reactive monoclonal antibody
sd1.040 [56,57], and 12-16 and 12-19 [23] are in fact discontinuous, giving indications that
high-resolution cyclic peptide microarrays can identify antibodies targeting discontinuous
conformational epitopes.

In our initial selection of the study population, we saw a relatively clear distinction
in the cross-neutralization capacities and median of the VOC neutralization titers for
each rabbit. Among the five rabbits tested, the two animals that were excluded from the
epitope mapping, one with intermediate cross-neutralization and one with high cross-
neutralization, had a high resemblance to the two animals included in each segment. We
do, however, anticipate that there would be heterogeneity in the profiles of the antibody
responses elicited from the remaining two rabbits, as we can see within the group of three
rabbits. Including additional animals would highly likely show variations in antigenic
targeting as well. Though we performed antibody profiling of only three animals, with
each animal representing different categories of cross-neutralization efficiency, this study
population displayed highly diverse antibody repertoires, unveiling key features that might
be valuable to support future vaccine strategies.

This study contributes to the growing interest within functional and applied antibody
research that supports findings on recently discovered SARS-CoV-2 broadly neutralizing
epitopes. Combining the application of a DNA vaccine, encoding the full native spike
protein with a high-resolution conformational peptide microarray spanning the full index
strain spike protein adds a valuable novel perspective to the field, and provides insight
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into natural infection immunology. The identification of potential immunogenic epitopes
that associate with broadly neutralizing antibodies may aid rational vaccine development,
such as with the design of effective peptide-based vaccines. Vaccines containing multiple
peptides triggering both a B-cell and a T-cell response, or DNA/RNA vectors containing
synthetic genes encoding immunogenic epitopes, have promising perspectives and can be
produced at a relatively low cost [58]. Peptide-based vaccines are, however, known to be
less immunogenic, and the inclusion of an adjuvant to stimulate the immune response is
therefore essential [58,59]. Peptide-based SARS-CoV-2 vaccines using the adjuvant lipopep-
tide synthetic TLR1/2 ligand X515 [60] or aluminum phosphate (Adju—Phos®) [61] have
been reported to induce potent cellular responses in neutralizing antibodies. Future analy-
sis using this approach, including additional animals and other validation methods, e.g.,
vaccination challenge studies with the SD1 epitope, will further improve our understanding
of these initial findings.

Supplementary Materials: The following supporting information can be downloaded at https:
/ /www.mdpi.com/article/10.3390/vaccines11091451/s1. Figure S1: ELISA IgG titers against SARS-
CoV-2 D614G spike ectodomain for the complete group of rabbits immunized intramuscularly with
a candidate DNA vaccine encoding the index strain spike protein of SARS-CoV-2; and Figure S2:
Structural Conservation of the SD1 Epitope in BA.1 and Alpha lineages.

Author Contributions: Conceptualization, R.L. and A.F. (Anders Frische); methodology, R.L. and
AF. (Anders Frische); formal analysis, V.G., R.L. and A.F. (Anders Frische); investigation, R.L. and
A.F. (Anders Frische); resources, V.G., R.L. and A.F. (Anders Frische); data curation, R.L. and A.F.
(Anders Frische); writing—original draft preparation, A.F. (Anders Frische); writing—review and
editing, R.L.; visualization, A.F. (Anders Frische), V.G., and R.L.; supervision, RL., K. AK,, and A.F.
(Anders Fomsgaard); project administration, R.L. and A.F. (Anders Fomsgaard); funding acquisition,
A'F. (Anders Fomsgaard) and R.L. All authors have read and agreed to the published version of
the manuscript.

Funding: This work was partly supported by funding from the Danish Ministry of Education and
Research, grant number 0237-00006B.

Institutional Review Board Statement: This experiment received approval by The Animal Experi-
mentation Council, the National Competent Authority within this field (approval number 2017-15-
0201-01322; approval date 29 September 2017) and the Internal Animal Welfare committee at the
animal facility at Statens Serum Institute (approval date 10 December 2021).

Informed Consent Statement: Not applicable.

Data Availability Statement: The datasets presented in this study can be found in online repositories.
The name of the repository and accession number can be found at ArrayExpress; E-MTAB-13040.

Acknowledgments: We would like to thank the skilled technical assistance of Birgit Knudsen.

Conflicts of Interest: Anders Fomsgaard is a co-inventor on a patent application covering a SARS-
CoV-2 DNA vaccine; all rights to the vaccine have been assigned to Statens Serum Institut (SSI),
a Danish national not-for-profit governmental public health institute. Other authors declare no
competing interests. The funders had no role in the design of the study; in the collection, analyses, or
interpretation of data; in the writing of the manuscript; or in the decision to publish the results.

1. Holmes, E.C.; Goldstein, S.A.; Rasmussen, A.L.; Robertson, D.L.; Crits-Christoph, A.; Wertheim, ].O.; Anthony, S.J.; Barclay, W.S,;
Boni, M.E; Doherty, P.C.; et al. The origins of SARS-CoV-2: A critical review. Cell 2021, 184, 4848-4856. [CrossRef] [PubMed]

2. Zhou, P; Yang, X.L.; Wang, X.G.; Hu, B.; Zhang, L.; Zhang, W.; Si, H.R.; Zhu, Y.; Li, B.; Huang, C.L.; et al. A pneumonia outbreak
associated with a new coronavirus of probable bat origin. Nature 2020, 579, 270-273. [CrossRef] [PubMed]

3. Shang, J.; Wan, Y.; Luo, C.; Ye, G.; Geng, Q.; Auerbach, A ; Li, E. Cell entry mechanisms of SARS-CoV-2. Proc. Natl. Acad. Sci. USA
2020, 117,11727-11734. [CrossRef] [PubMed]

4. Wrapp, D.; Wang, N.; Corbett, K.S.; Goldsmith, J.A.; Hsieh, C.L.; Abiona, O.; Graham, B.S.; McLellan, J.S. Cryo-EM structure of
the 2019-nCoV spike in the prefusion conformation. Science 2020, 367, 1260-1263. [CrossRef]

5. Huang, Y;; Yang, C; Xu, X.; Xu, W.; Liu, S. wen Structural and functional properties of SARS-CoV-2 spike protein: Potential
antivirus drug development for COVID-19. Acta Pharmacol. Sin. 2020, 41, 1141-1149. [CrossRef]


https://www.mdpi.com/article/10.3390/vaccines11091451/s1
https://www.mdpi.com/article/10.3390/vaccines11091451/s1
https://doi.org/10.1016/J.CELL.2021.08.017
https://www.ncbi.nlm.nih.gov/pubmed/34480864
https://doi.org/10.1038/s41586-020-2012-7
https://www.ncbi.nlm.nih.gov/pubmed/32015507
https://doi.org/10.1073/pnas.2003138117
https://www.ncbi.nlm.nih.gov/pubmed/32376634
https://doi.org/10.1126/science.aax0902
https://doi.org/10.1038/s41401-020-0485-4

Vaccines 2023, 11, 1451 16 of 18

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

Barnes, C.O.; Jette, C.A.; Abernathy, M.E.; Dam, K M.A.; Esswein, S.R.; Gristick, H.B.; Malyutin, A.G.; Sharaf, N.G.; Huey-Tubman,
K.E.; Lee, Y.E,; et al. SARS-CoV-2 neutralizing antibody structures inform therapeutic strategies. Nature 2020, 588, 682-687.
[CrossRef]

Cai, Y.; Zhang, J.; Xiao, T.; Peng, H.; Sterling, S.M.; Walsh, R.M.; Rawson, S.; Rits-Volloch, S.; Chen, B. Distinct conformational
states of SARS-CoV-2 spike protein. Science 2020, 369, 1586-1592. [CrossRef]

Hoffmann, M.; Kleine-Weber, H.; P6hlmann, S. A Multibasic Cleavage Site in the Spike Protein of SARS-CoV-2 Is Essential for
Infection of Human Lung Cells. Mol. Cell 2020, 78, 779-784.e5. [CrossRef]

Hoffmann, M.; Kleine-Weber, H.; Schroeder, S.; Krtiger, N.; Herrler, T.; Erichsen, S.; Schiergens, T.S.; Herrler, G.; Wu, N.-H.;
Nitsche, A.; et al. SARS-CoV-2 Cell Entry Depends on ACE2 and TMPRSS2 and Is Blocked by a Clinically Proven Protease
Inhibitor. Cell 2020, 181, 271-280. [CrossRef]

Peacock, T.P.; Goldhill, D.H.; Zhou, J.; Baillon, L.; Frise, R.; Swann, O.C.; Kugathasan, R.; Penn, R.; Brown, J.C.; Sanchez-David,
R.Y,; et al. The furin cleavage site in the SARS-CoV-2 spike protein is required for transmission in ferrets. Nat. Microbiol. 2021,
6, 899-909. [CrossRef]

Johnson, B.A; Xie, X.; Bailey, A.L.; Kalveram, B.; Lokugamage, K.G.; Muruato, A.; Zou, J.; Zhang, X.; Juelich, T.; Smith, ].K.; et al.
Loss of furin cleavage site attenuates SARS-CoV-2 pathogenesis. Nature 2021, 591, 293-299. [CrossRef] [PubMed]

Essalmani, R.; Jain, J.; Susan-Resiga, D.; Andréo, U.; Evagelidis, A.; Derbali, R M.; Huynh, D.N.; Dallaire, F.; Laporte, M.; Delpal,
A.; et al. Distinctive Roles of Furin and TMPRSS2 in SARS-CoV-2 Infectivity. J. Virol. 2022, 96, e00128-22. [CrossRef] [PubMed]
Koppisetti, RK.; Fulcher, Y.G.; Van Doren, S.R. Fusion Peptide of SARS-CoV-2 Spike Rearranges into a Wedge Inserted in
Bilayered Micelles. J. Am. Chem. Soc. 2021, 143, 13205-13211. [CrossRef] [PubMed]

Gruell, H.; Vanshylla, K.; Weber, T.; Barnes, C.O.; Kreer, C.; Klein, E. Antibody-mediated neutralization of SARS-CoV-2. Immunity
2022, 55, 925-944. [CrossRef] [PubMed]

Barnes, C.O.; West, A.P.; Huey-Tubman, K.E.; Hoffmann, M.A.G.; Sharaf, N.G.; Hoffman, P.R.; Koranda, N.; Gristick, H.B,;
Gaebler, C.; Muecksch, E; et al. Structures of Human Antibodies Bound to SARS-CoV-2 Spike Reveal Common Epitopes and
Recurrent Features of Antibodies. Cell 2020, 182, 828-842.e16. [CrossRef]

Seow, J.; Khan, H.; Rosa, A.; Calvaresi, V.; Graham, C.; Pickering, S.; Pye, V.E.; Cronin, N.B.; Huettner, I.; Malim, M.H.; et al.
A neutralizing epitope on the SD1 domain of SARS-CoV-2 spike targeted following infection and vaccination. Cell Rep. 2022,
40, 111276. [CrossRef]

Xu, S.; Wang, Y.; Wang, Y.; Zhang, C.; Hong, Q.; Gu, C.; Xu, R.;; Wang, T;; Yang, Y.; Zang, J.; et al. Mapping cross-variant
neutralizing sites on the SARS-CoV-2 spike protein. Emerg. Microbes Infect. 2022, 11, 351-367. [CrossRef]

Guenthoer, J; Lilly, M,; Starr, T.N.; Dadonaite, B.; Lovendahl, K.N.; Croft, ].T.; Stoddard, C.I.; Chohan, V.; Ding, S.; Ruiz, F; et al.
Identification of broad, potent antibodies to functionally constrained regions of SARS-CoV-2 spike following a breakthrough
infection. bioRxiv 2023. [CrossRef]

Cerutti, G.; Guo, Y.; Zhou, T.; Gorman, J.; Lee, M.; Rapp, M.; Reddem, E.R;; Yu, ].; Bahna, F; Bimela, J.; et al. Potent SARS-CoV-2
neutralizing antibodies directed against spike N-terminal domain target a single supersite. Cell Host Microbe 2021, 29, 819-833.e7.
[CrossRef]

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

Klinakis, A.; Cournia, Z.; Rampias, T. N-terminal domain mutations of the spike protein are structurally implicated in epitope
recognition in emerging SARS-CoV-2 strains. Comput. Struct. Biotechnol. J. 2021, 19, 5556-5567. [CrossRef] [PubMed]

Meng, P.C.; Carissimo, G.; Wang, B.; Naqgiah, A.S.; Lee, C.; Chee, R; Fong, S.W.; Kim-Wah, Y.N.; Lee, W.H.; Torres-Ruesta, A.; et al.
Two linear epitopes on the SARS-CoV-2 spike protein that elicit neutralising antibodies in COVID-19 patients. Nat. Commun.
2020, 11, 2806. [CrossRef]

Liu, L.; Casner, R.G.; Guo, Y.; Wang, Q.; Iketani, S.; Chan, ].E-W.; Yu, J.; Dadonaite, B.; Nair, M.S.; Mohri, H.; et al. Antibodies
that neutralize all current SARS-CoV-2 variants of concern by conformational locking. bioRxiv 2023. Available online: https:
/ /www.biorxiv.org/content/10.1101/2023.04.08.536123v1 (accessed on 30 August 2023).

Fan, X.; Cao, D.; Kong, L.; Zhang, X. Cryo-EM analysis of the post-fusion structure of the SARS-CoV spike glycoprotein. Nat.
Commun. 2020, 11, 3618. [CrossRef] [PubMed]

Zhou, P; Yuan, M,; Song, G.; Beutler, N.; Shaabani, N.; Huang, D.; He, W.; Zhu, X,; Callaghan, S.; Yong, P,; et al. A human
antibody reveals a conserved site on beta-coronavirus spike proteins and confers protection against SARS-CoV-2 infection. Sci.
Transl. Med. 2022, 14, eabi9215. [CrossRef]

Haynes, W.A.; Kamath, K.; Bozekowski, J.; Baum-Jones, E.; Campbell, M.; Casanovas-Massana, A.; Daugherty, P.S.; Dela Cruz,
C.S.; Dhal, A.; Farhadian, S.F; et al. High-resolution epitope mapping and characterization of SARS-CoV-2 antibodies in large
cohorts of subjects with COVID-19. Commun. Biol. 2021, 4, 1317. [CrossRef]

Vengesai, A.; Kasambala, M.; Mutandadzi, H.; Mduluza-Jokonya, T.L.; Mduluza, T.; Naicker, T. Scoping review of the applications
of peptide microarrays on the fight against human infections. PLoS ONE 2022, 17, e0248666. [CrossRef]

Miller, N.L.; Raman, R.; Clark, T.; Sasisekharan, R. Complexity of Viral Epitope Surfaces as Evasive Targets for Vaccines and
Therapeutic Antibodies. Front. Immunol. 2022, 13, 904609. [CrossRef]

Shrock, E.; Fujimura, E.; Kula, T.; Timms, R.T,; Lee, LH.; Leng, Y.; Robinson, M.L.; Sie, B.M.; Li, M.Z.; Chen, Y.; et al. Viral epitope
profiling of COVID-19 patients reveals cross-reactivity and correlates of severity. Science 2020, 370, eabd4250. [CrossRef]


https://doi.org/10.1038/s41586-020-2852-1
https://doi.org/10.1126/science.abd4251
https://doi.org/10.1016/j.molcel.2020.04.022
https://doi.org/10.1016/j.cell.2020.02.052
https://doi.org/10.1038/s41564-021-00908-w
https://doi.org/10.1038/s41586-021-03237-4
https://www.ncbi.nlm.nih.gov/pubmed/33494095
https://doi.org/10.1128/jvi.00128-22
https://www.ncbi.nlm.nih.gov/pubmed/35343766
https://doi.org/10.1021/jacs.1c05435
https://www.ncbi.nlm.nih.gov/pubmed/34375093
https://doi.org/10.1016/j.immuni.2022.05.005
https://www.ncbi.nlm.nih.gov/pubmed/35623355
https://doi.org/10.1016/j.cell.2020.06.025
https://doi.org/10.1016/j.celrep.2022.111276
https://doi.org/10.1080/22221751.2021.2024455
https://doi.org/10.1073/pnas.2220948120
https://doi.org/10.1016/j.chom.2021.03.005
https://doi.org/10.1038/s41586-020-2571-7
https://doi.org/10.1016/j.csbj.2021.10.004
https://www.ncbi.nlm.nih.gov/pubmed/34630935
https://doi.org/10.1038/s41467-020-16638-2
https://www.biorxiv.org/content/10.1101/2023.04.08.536123v1
https://www.biorxiv.org/content/10.1101/2023.04.08.536123v1
https://doi.org/10.1038/s41467-020-17371-6
https://www.ncbi.nlm.nih.gov/pubmed/32681106
https://doi.org/10.1126/scitranslmed.abi9215
https://doi.org/10.1038/s42003-021-02835-2
https://doi.org/10.1371/journal.pone.0248666
https://doi.org/10.3389/fimmu.2022.904609
https://doi.org/10.1126/science.abd4250

Vaccines 2023, 11, 1451 17 of 18

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

Gershoni, ].M.; Roitburd-Berman, A.; Siman-Tov, D.D.; Freund, N.T.; Weiss, Y. Epitope mapping: The first step in developing
epitope-based vaccines. BioDrugs 2007, 21, 145-156. [CrossRef]

Musico, A.; Frigerio, R.; Mussida, A.; Barzon, L.; Sinigaglia, A.; Riccetti, S.; Gobbi, F,; Piubelli, C.; Bergamaschi, G.; Chiari,
M.; et al. SARS-CoV-2 epitope mapping on microarrays highlights strong immune-response to n protein region. Vaccines 2021, 9,
35. [CrossRef] [PubMed]

Wang, H.; Wu, X.; Zhang, X.; Hou, X,; Liang, T.; Wang, D.; Teng, F.; Dai, J.; Duan, H.; Guo, S.; et al. SARS-CoV-2 Proteome
Microarray for Mapping COVID-19 Antibody.pdf. ACS Cent. Sci. 2020, 6, 2238-2249. [CrossRef]

Lassauniére, R.; Polacek, C.; Gram, G.J.; Frische, A.; Tingstedt, J.L.; Krtiger, M.; Dorner, B.G.; Cook, A.; Brown, R.; Orekov, T.; et al.
Preclinical evaluation of a candidate naked plasmid DNA vaccine against SARS-CoV-2. NPJ Vaccines 2021, 6, 156. [CrossRef]
[PubMed]

Frische, A.; Brooks, P.T.; Gybel-Brask, M.; Seekmose, S.G.; Jensen, B.A.; Mikkelsen, S.; Bruun, M.T.; Boding, L.; Strandh, C.P;
Jorgensen, C.S.; et al. Optimization and evaluation of a live virus SARS-CoV-2 neutralization assay. PLoS ONE 2022, 17, e0272298.
[CrossRef] [PubMed]

Khan, K.; Karim, E; Ganga, Y.; Bernstein, M.; Jule, Z.; Reedoy, K,; Cele, S.; Lustig, G.; Amoako, D.; Wolter, N.; et al. Omicron
BA.4/BA.5 escape neutralizing immunity elicited by BA.1 infection. Nat. Commun. 2020, 13, 4686. [CrossRef] [PubMed]

Frey, A.; Di Canzio, J.; Zurakowski, D. A statistically defined endpoint titer determination method for immunoassays. J. Immunol.
Methods 1998, 221, 35-41. [CrossRef]

Barnes, C.O.; Jette, C.A.; Abernathy, M.E.; Dam, K.-M.A.; Esswein, S.R.; Gristick, H.B.; Malyutin, A.G.; Sharaf, N.G.; Huey-
Tubman, K.E.; Lee, Y.E,; et al. Structural classification of neutralizing antibodies against the SARS-CoV-2 spike receptor-binding
domain suggests vaccine and therapeutic strategies. bioRxiv 2020. [CrossRef]

Lassauniere, R.; Polacek, C.; Fonager, J.; Bennedbaek, M.; Boding, L.; Rasmussen, M.; Fomsgaard, A. Neutralisation of the
SARS-CoV-2 Delta sub-lineage AY.4.2 and B.1.617.2 + E484K by BNT162b2 mRNA vaccine-elicited sera. medRxiv 2021. [CrossRef]
Kuzmina, A.; Khalaila, Y.; Voloshin, O.; Keren-Naus, A.; Boehm-Cohen, L.; Raviv, Y.; Shemer-Avni, Y.; Rosenberg, E.; Taube, R.
SARS-CoV-2 spike variants exhibit differential infectivity and neutralization resistance to convalescent or post-vaccination sera.
Cell Host Microbe 2021, 29, 522-528.e2. [CrossRef]

Wu, L.; Peng, C.; Yang, Y.; Shi, Y.; Zhou, L.; Xu, Z.; Zhu, W. Exploring the immune evasion of SARS-CoV-2 variant harboring
E484K by molecular dynamics simulations. Brief. Bioinform. 2022, 23, bbab383. [CrossRef]

Muruato, A.E.; Fontes-Garfias, C.R.; Ren, P; Garcia-Blanco, M.A.; Menachery, V.D.; Xie, X.; Shi, PY. A high-throughput
neutralizing antibody assay for COVID-19 diagnosis and vaccine evaluation. Nat. Commun. 2020, 11, 4059. [CrossRef] [PubMed]
Garcia-beltran, W.E;; Lam, E.C.; Denis, K.S.; Iafrate, A.].; Naranbhai, V.; Balazs, A.B.; Garcia-beltran, W.F,; Lam, E.C.; Denis, K.S.;
Nitido, A.D.; et al. Multiple SARS-CoV-2 variants escape neutralization by vaccine-induced humoral immunity 1l Article Multiple
SARS-CoV-2 variants escape neutralization by vaccine-induced humoral immunity. Cell 2021, 184, 2372-2383.e9. [CrossRef]
[PubMed]

Henderson, R.; Edwards, R.J.; Mansouri, K.; Janowska, K.; Stalls, V.; Gobeil, S.M.C.; Kopp, M.; Li, D.; Parks, R.; Hsu, A.L.; et al.
Controlling the SARS-CoV-2 spike glycoprotein conformation. Nat. Struct. Mol. Biol. 2020, 27, 925-933. [CrossRef] [PubMed]
Verkhivker, G.M. Molecular Simulations and Network Modeling Reveal an Allosteric Signaling in the SARS-CoV-2 Spike Proteins.
J. Proteome Res. 2020, 19, 4587-4608. [CrossRef] [PubMed]

Trigueiro-Louro, J.; Correia, V.; Figueiredo-Nunes, I.; Giria, M.; Rebelo-de-Andrade, H. Unlocking COVID therapeutic targets: A
structure-based rationale against SARS-CoV-2, SARS-CoV and MERS-CoV Spike. Comput. Struct. Biotechnol. J. 2020, 18,2117-2131.
[CrossRef]

Hsieh, C.-L.; Goldsmith, J.A.; Schaub, ].M.; DiVenere, A.M.; Kuo, H.-C.; Javanmardi, K.; Le, K.C.; Wrapp, D.; Lee, A.G,; Liu,
Y.; et al. Structure-based design of prefusion-stabilized SARS-CoV-2 spikes. Science 2020, 369, 1501-1505. [CrossRef]

Pallesen, J.; Wang, N.; Corbett, K.S.; Wrapp, D.; Kirchdoerfer, R.N.; Turner, H.L.; Cottrell, C.A.; Becker, M.M.; Wang, L.; Shi,
W.; et al. Immunogenicity and structures of a rationally designed prefusion MERS-CoV spike antigen. Proc. Natl. Acad. Sci. USA
2017, 114, E7348-E7357. [CrossRef]

Crank, M.C.; Ruckwardt, T.J.; Chen, M.; Morabito, K.M.; Phung, E.; Costner, PJ.; Holman, L.S.A.; Hickman, S.P.; Berkowitz, N.M.;
Gordon, 1.]; et al. A proof of concept for structure-based vaccine design targeting RSV in humans. Science 2019, 365, 505-509.
[CrossRef]

Windsor, LW.; Tong, P.; Lavidor, O.; Moghaddam, A.S.; McKay, L.G.A.; Gautam, A.; Chen, Y.; MacDonald, E.A.; Yoo, D.K,;
Griffths, A.; et al. Antibodies induced by an ancestral SARS-CoV-2 strain that cross-neutralize variants from Alpha to Omicron
BA.1. Sci. Immunol. 2022, 7, eabo3425. [CrossRef]

Case, ].B.; Mackin, S.; Errico, ] M.; Chong, Z.; Madden, E.A.; Whitener, B.; Guarino, B.; Schmid, M.A.; Rosenthal, K.; Ren, K,; et al.
Resilience of 5309 and AZD7442 monoclonal antibody treatments against infection by SARS-CoV-2 Omicron lineage strains. Nat.
Commun. 2022, 13, 3824. [CrossRef]

Chen, Y.; Zhao, X.; Zhou, H.; Zhu, H.; Jiang, S.; Wang, P. Broadly neutralizing antibodies to SARS-CoV-2 and other human
coronaviruses. Nat. Rev. Immunol. 2023, 23, 189-199. [CrossRef] [PubMed]

Magnus, C.L.; Hiergeist, A.; Schuster, P.; Rohrhofer, A.; Medenbach, J.; Gessner, A.; Peterhoff, D.; Schmidt, B. Targeted escape of
SARS-CoV-2 in vitro from monoclonal antibody S309, the precursor of sotrovimab. Front. Immunol. 2022, 13, 966236. [CrossRef]
[PubMed]


https://doi.org/10.2165/00063030-200721030-00002
https://doi.org/10.3390/vaccines9010035
https://www.ncbi.nlm.nih.gov/pubmed/33440622
https://doi.org/10.1021/acscentsci.0c00742
https://doi.org/10.1038/s41541-021-00419-z
https://www.ncbi.nlm.nih.gov/pubmed/34930909
https://doi.org/10.1371/journal.pone.0272298
https://www.ncbi.nlm.nih.gov/pubmed/35901110
https://doi.org/10.1038/s41467-022-32396-9
https://www.ncbi.nlm.nih.gov/pubmed/35948557
https://doi.org/10.1016/S0022-1759(98)00170-7
https://doi.org/10.1101/2020.08.30.273920
https://doi.org/10.1101/2021.11.08.21266075
https://doi.org/10.1016/j.chom.2021.03.008
https://doi.org/10.1093/bib/bbab383
https://doi.org/10.1038/s41467-020-17892-0
https://www.ncbi.nlm.nih.gov/pubmed/32792628
https://doi.org/10.1016/j.cell.2021.03.013
https://www.ncbi.nlm.nih.gov/pubmed/33743213
https://doi.org/10.1038/s41594-020-0479-4
https://www.ncbi.nlm.nih.gov/pubmed/32699321
https://doi.org/10.1021/acs.jproteome.0c00654
https://www.ncbi.nlm.nih.gov/pubmed/33006900
https://doi.org/10.1016/j.csbj.2020.07.017
https://doi.org/10.1126/science.abd0826
https://doi.org/10.1073/pnas.1707304114
https://doi.org/10.1126/science.aav9033
https://doi.org/10.1126/sciimmunol.abo3425
https://doi.org/10.1038/s41467-022-31615-7
https://doi.org/10.1038/s41577-022-00784-3
https://www.ncbi.nlm.nih.gov/pubmed/36168054
https://doi.org/10.3389/fimmu.2022.966236
https://www.ncbi.nlm.nih.gov/pubmed/36090991

Vaccines 2023, 11, 1451 18 of 18

53.

54.

55.

56.

57.

58.

59.

60.

61.

Yuan, M.; Wu, N.C.; Zhu, X; Lee, C.C.D.; So, RT.Y,; Lv, H.; Mok, C.K.P,; Wilson, I.A. A highly conserved cryptic epitope in the
receptor binding domains of SARS-CoV-2 and SARS-CoV. Science 2020, 368, 630-633. [CrossRef] [PubMed]

Casalino, L.; Gaieb, Z.; Goldsmith, J.A.; Hjorth, C.K.; Dommer, A.C.; Harbison, A.M.; Fogarty, C.A.; Barros, E.P,; Taylor, B.C,;
Mclellan, J.S.; et al. Beyond shielding: The roles of glycans in the SARS-CoV-2 spike protein. ACS Cent. Sci. 2020, 6, 1722-1734.
[CrossRef] [PubMed]

Schwarz, T.; Heiss, K.; Mahendran, Y.; Casilag, E; Kurth, F.; Sander, L.E.; Wendtner, C.M.; Hoechstetter, M.A.; Miiller, M.A.; Sekul,
R.; et al. SARS-CoV-2 Proteome-Wide Analysis Revealed Significant Epitope Signatures in COVID-19 Patients. Front. Immunol.
2021, 12, 629185. [CrossRef]

Bianchini, E; Crivelli, V.; Abernathy, M.E.; Guerra, C.; Palus, M.; Muri, J.; Marcotte, H.; Piralla, A.; Pedotti, M.; De Gasparo,
R.; et al. Human neutralizing antibodies to cold linear epitopes and subdomain 1 of the SARS-CoV-2 spike glycoprotein. Sci.
Immunol. 2023, 8, eade0958. [CrossRef]

Zhou, D.; Ren, J.; Fry, E.E,; Stuart, D.I. Broadly neutralizing antibodies against COVID-19. Curr. Opin. Virol. 2023, 61, 101332.
[CrossRef]

Lim, H.X,; Lim, J.; Jazayeri, S.D.; Poppema, S.; Poh, C.L. Development of multi-epitope peptide-based vaccines against SARS-
CoV-2. Biomed. |. 2021, 44, 18-30. [CrossRef]

Azmi, F.; Ahmad Fuaad, A.A.H.; Skwarczynski, M.; Toth, I. Recent progress in adjuvant discovery for peptide-based subunit
vaccines. Hum. Vaccin. Immunother. 2014, 10, 778-796. [CrossRef]

Heitmann, J.S.; Bilich, T.; Tandler, C.; Nelde, A.; Maringer, Y.; Marconato, M.; Reusch, J.; Jager, S.; Denk, M.; Richter, M.; et al. A
COVID-19 peptide vaccine for the induction of SARS-CoV-2 T cell immunity. Nature 2022, 601, 617-622. [CrossRef]

Guirakhoo, F; Kuo, L.; Peng, J.; Huang, J.-H.; Kuo, B.-S; Lin, E; Liu, Y.-J; Liu, Z.; Wu, G.; Ding, S.; et al. A Novel SARS-CoV-2
Multitope Protein/Peptide Vaccine Candidate is Highly Inmunogenic and Prevents Lung Infection in an AAV hACE2 Mouse
Model and non-human primates. bioRxiv 2021. [CrossRef]

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/10.1126/science.abb7269
https://www.ncbi.nlm.nih.gov/pubmed/32245784
https://doi.org/10.1021/acscentsci.0c01056
https://www.ncbi.nlm.nih.gov/pubmed/33140034
https://doi.org/10.3389/fimmu.2021.629185
https://doi.org/10.1126/sciimmunol.ade0958
https://doi.org/10.1016/j.coviro.2023.101332
https://doi.org/10.1016/j.bj.2020.09.005
https://doi.org/10.4161/hv.27332
https://doi.org/10.1038/s41586-021-04232-5
https://doi.org/10.1101/2020.11.30.399154

	Introduction 
	Materials and Methods 
	DNA Vaccination and Study Population 
	Microneutralization 
	Microarray 
	Spike and RBD Indirect ELISA 
	Total Antibody RBD ELISA 
	Statistics and Calculations 
	Microneutralization 
	Microarray 
	Spike ELISA and RBD ELISA 


	Results 
	Interindividual Differences in Cross-Neutralization of SARS-CoV-2 Variants of Concern (VOCs) 
	Polyclonal Antibody Binding Profiles of Serum with Variable Cross-Neutralization of the SARS-CoV-2 VOCs 
	Dominant Targeting of an SD1 Epitope in Animals with Intermediate and High Cross-Neutralization of VOCs 
	Epitopes Targeted within the Spike RBD 
	The Effect of Beta VOC-Specific Spike Mutations on Peptide Binding 
	Binding Antibody Levels against the Spike Ectodomain and RBD 

	Discussion 
	References

