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Abstract: Since the initiation of the COVID-19 pandemic, there has been a need for the development
of diagnostic methods to determine the factors implicated in mounting an immune response against
the virus. The most promising indicator has been suggested to be neutralizing antibodies (nAbs),
which mainly block the interaction between the Spike protein (S) of SARS-CoV-2 and the host entry
receptor ACE2. In this study, we aimed to develop and optimize conditions of a competitive ELISA
to measure serum neutralizing titer, using a recombinant trimeric Spike protein modified to have
six additional proline residues (S(6P)-HexaPro) and h-ACE2. The results of our surrogate Virus
Neutralizing Assay (sVNA) were compared against the commercial sVNT (cPass, Nanjing GenScript
Biotech Co., Nanjing City, China), using serially diluted sera from vaccinees, and a high correlation
of IDs5(_gq titer values was observed between the two assays. Interestingly, when we tested and
compared the neutralizing activity of sera from eleven fully vaccinated individuals who subsequently
contracted COVID-19 (hybrid sera), we recorded a moderate correlation between the two assays,
while higher sera neutralizing titers were measured with sVNA. Our data indicated that the sVNA,
as a more biologically relevant model assay that paired the trimeric S(6P) with ACE2, instead of the
isolated RBD-ACE2 pairing cPass test, could identify nAbs other than the RBD-RBM specific ones.

Keywords: SARS-CoV-2; surrogate viral neutralization assay (sVNA); trimeric S(6P)-HexaPro;
non-RBD-RBM neutralizing antibodies (nAbs)

1. Introduction

The great interest of the scientific community in COVID-19 has resulted in the under-
standing, to a large extent, of the viral infection mechanisms. The trimeric Spike (S) protein
of SARS-CoV-2 is responsible for human Angiotensin Converting Enzyme 2 (hACE2) re-
ceptor binding and the consequent fusion of the virus with the host cell membranes [1].
The S monomer consists of the S1 and S2 subunits. The S1 subunit contains the receptor-
binding domain (RBD), the N-terminal domain (NTD) and the intermediate region spike
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subdomain 1 and 2 (SD1 and SD2). The Receptor Binding Motif (RBM) is located within
the RBD fragment, which contains the residues that enable ACE2 binding. The S2 subunit
has been implicated in cell entrance [2,3].

Over the progress of the pandemic, and with the commercialization of several vaccines,
the detection of neutralizing antibodies (nAbs) as a potential marker of effective immunity
has become increasingly important for the estimation of vaccine trial success and the
evaluation of host immunity against infection. It is believed that the majority of nAbs target
the RBD fragment, mostly through recognition of the RBD-RBM [4,5]. The S1-specific
nAbs that do not bind the RBD-RBM are the next potent nAbs identified, followed by
nAbs able to bind to S protein only in its trimeric conformation, and finally nAbs against
the S2 subunit [4,6,7]. Notably, recent studies have reported the existence of nAbs in sera
from both natural infection and vaccination, specific for epitopes outside the RBD-RBM
region that were implicated in the RBD-ACE?2 interaction. In particular, some publications
described SD1- and NTD-targeting Abs that were able to change the configuration of S
trimer [5], thereby neutralizing or enhancing ACE2 binding by altering the “up-to-down”
or “down-to-up” RBD conformation [4,8-10]. Furthermore, it is reported that an anti-S52
specific Ab can induce the RBD in the up conformation, thus enhancing ACE2 binding [10].
These conformational changes of S protein could also be affecting the specificity or the
affinity strength of nAbs that compete with ACE2. Moreover, antibodies bound to both
conformation states of RBD (“up” and “down”) have now been reported [11,12]. Another
study referred to a nAb that acted by locking the S-trimer in a closed conformation, by
bridging two adjacent RBDs on a single S-trimer [13]. A study by Meng and colleagues
reported nAbs that bind RBD non-RBM area, acting through a neutralizing mechanism that
destructs the S trimer [14]. Finally, there has been a report about a neutralizing antibody in
a convalescent serum targeting the NTD that disrupts the S-trimer by altering the “up-to-
down” RBD conformation, while these findings were also supported by reactivity studies
with the recombinant S(6P) in ELISA [15].

Multiple methods have been developed for the quantification of nAbs requiring a
live virus and cells expressing hACE2 (virus neutralizing tests, VNTs), the gold standard
of which is the Plaque Reduction Neutralization Test (PRNT) [6,16,17]. This technique
evaluates the total neutralizing ability of the tested sera samples, including nAbs and other
inhibitory molecules that contribute to viral infection. In addition, multiple pseudovirus
assays (pVNTs) have been developed, the results of which are highly correlated with
those of live VNTs [6,17]. Although these tests are of utmost significance, they require
highly trained personnel, increased biocontainment laboratories, and long incubation
periods, thereby rendering them unsuitable for evaluating large amounts of samples for
diagnostic purposes. Thus, efforts have been made to develop enzyme immunoassays as
an alternative to measuring neutralizing titers. Until now, several “in-house” competitive
ELISAs that determine the effect of nAbs on the interaction of RBD and ACE2, have been
experimentally developed and termed surrogate virus neutralizing tests (sVNT), while
there are others commercially available. For the application of these ELISA-based methods,
recombinant tagged proteins of the antigens RBD, S1 and prefusion-stabilized trimeric
S were used [6,17-21], with the majority of them joining together RBD with the ACE2
receptor, while some used the S1-ACE2 pair [18,22-29]. To the best of our knowledge, there
are only four commercially available sVNT kits [30-33], but none using trimeric HexaPro
Spike molecule (S(6P)) [19]. Abe and colleagues compared the ability of RBD or S-trimer
(stabilized by two prolines) antigens to interact with ACE2 and nAbs and concluded that
both worked well [18]. Another study stated that similar experiments showed that when
S-trimer was used as the antigen to interact with ACE2 and nAbs, the inhibition was lower
than that observed with RBDs [28]. Notably, a recombinant Spike native-like trimeric
protein was successfully used together with ACE2 in an inhibition assay, to evaluate the
ability of this molecule to be recognized by nAbs from sera of COVID-19 convalescents and
vaccinated animals [34].
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The idea to use a native-like trimeric Spike molecule in an inhibition assay is appealing.
Such a choice seems to cover the mode of action of all protein molecules (including nAbs) or
other factors that target not only RBD fragments, but also S trimer and S1 and S2 domains
of SARS-CoV-2 S protein, and thus contribute directly or indirectly to the inhibition of
trimeric S protein binding to ACE2. A competitive ELISA that pairs S trimer and ACE2
recombinant molecules seems to offer advantages as a biologically more relevant model for
the measurement of nAbs activity than the RBD-ACE2 interaction-based assay.

In the present study, we aimed to develop a competitive ELISA for the quantification
of nAbs, generated against the S protein and directly or indirectly implicated with the
inhibition of the RBD binding to ACE2. To this end, we chose to use the soluble recombinant
trimeric Spike protein HexaPro, a prefusion stabilized spike variant with six additional
proline residues, which is strep tagged (S(6P)-StrepTag). Structural experiments well
characterized and confirmed that S(6P), as all other class I fusion proteins, retains the
trimeric prefusion spike conformation [19] and a glycosylation motif similar to the native
spike antigen [35], while it was reported to have less RBDs in an open conformation
than S(2P) [36]. Hsieh and colleagues confirmed that this molecule manifests higher
expression levels and greater stability than the S(2P) construct, by being resistant to heat
stress [19]. Despite the increased stability of trimeric S(6P), its RBDs continue to occupy
multiple positions [19,37,38]. Interestingly, data from several studies have confirmed similar
functional characteristics in the interaction of ACE2 with HexaPro [38,39], to those of the
interaction of the SARS-CoV-2 spike ectodomain as part of the viral membrane [40,41].
So far, HexaPro has been used as an immobilized antigen in several serological studies,
showing similar or increased affinity compared to S(2P) and spike subunits for polyclonal
antibodies from convalescent or vaccinated individuals [19,34,35,42,43]. We have opted to
use this molecule for the first time, to our knowledge, in an inhibition ELISA optimized
for the detection of SARS-CoV-2 nAbs. As a source of nAbs, we used sera from subjects
vaccinated with the mRNA vaccine BNT162b2 (BioNTech, Marburg, Germany /Pfizer,
New York, NY, USA) [44] and from fully vaccinated individuals (3 doses) who contracted
COVID-19 after having finished their vaccination program (hybrid sera). We applied our
in-house competitive ELISA to investigate the status of nAbs titers in vaccine recipients and
in convalescent patients vaccinated with three doses of Pfizer vaccine (vaccinated patients
with COVID-19) and compared the results with those of an RBD-sVNT (cPass, Genscript).
Our findings demonstrated the suitability and underlined the necessity of using a spike
trimer molecule to develop a surrogate VNT, capable of measuring the activity of all nAbs
that directly or indirectly block the RBD-ACE2 interaction.

2. Material and Methods
2.1. Sera Samples

A total of 181 sera samples from the Health Care Workers in Hellenic Pasteur Institute,
obtained at various time points before (47 samples) and after vaccination (120 samples
from 29 subjects + 14 hybrid samples) with Pfizer’s SARS-CoV-2 vaccine (BNT162b2,
BioN-Tech/Pfizer), were included in this study. The 29 vaccinated were healthy individ-
uals of Greek origin aged 23-63 (21/29 female and 8/29 male). Fourteen of the subjects
were classified as young adults (23—40) while 15 were middle-aged (41-63). Nine of the
14 patients with COVID-19 were female, five of them were male. All vaccinees infected
with SARS-CoV-2 became mildly or moderately ill, with no one being hospitalized. In addi-
tion, pre-COVID-19 sera (n = 76) from DIAGNOSTIKI ATHINON (Clinical and Research
Laboratory, Athens, Greece), stored at —80 °C, were used as negative controls and for the
determination of the cut off of the ELISA assays.

The 29 vaccine recipients were vaccinated with 3 doses of Pfizer vaccine from January
to December 2021. Subjects’ (s) blood samples (S) were collected at several time points,
characterized as S1-510: the first, before the first vaccination (S1), and subsequently 21 days
after the first dose (S2); the day of second dose, 21 days (S3), 60-65 days (54), 190-200 days
(S5), and 240-260 days after the second dose (S6); the day of third dose, and 21 days
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(57), 60-65 days (S8), 90-120 days (59), and ~200 days (S10) after third dose. For fourteen
vaccinated individuals who contracted COVID-19, at least 200 days elapsed after the
third vaccine dose; blood samples (hybrid sera) were collected 15-25 days (S11) after PCR
confirmation (Table 1). All sera samples were labeled and archived using a coding system;
a unique code was attributed to each participant (s/S). The sera, prepared from whole
blood, were divided into aliquots, stored at —80 °C and thawed only once for utilization in
ELISA assays.

Table 1. Samples (S) of blood collection from vaccinated individuals (511-512 * hybrid sera).

Pre- 1st Dose 2nd Dose 2nd Dose 2nd Dose 2nd Dose 3rd Dose 3rd Dose 3rd Dose 3rd Dose COVID-19
Vaccine 0d 21d after 60—65d 190-200d 240-260d 21d 60-65d 90-120d ~200d 15-25d
S1 S2 S4 S5 S6 S7 S8 S9 S10 *S11

The use of samples in this study was in accordance with the Declaration of Helsinki
and International Conference for Harmonization for Good Clinical Practice. All subjects
gave their written informed consent, before participating in the study. Subjects’ data were
kept confidential in accordance with the rules of the General Data Protection Regulation.
All inclusion criteria for the sera donors are described in the Supplementary Materials 52.1.

2.2. Recombinant Protein Antigens

The pcDNA3-sACE2(WT)-8his (amino acids 1—615) was a gift from Erik Procko (Ad-
dgene plasmid #149268; http:/ /n2t.net/addgene:149268, accessed on 19 March; RRID:Add-
gene_149268).

The pcDNA3.1 plasmid encoding the SARS-CoV-2 S ectodomain (amino acids 1 to
1208) with the six proline mutations (6P), F817P, A892P, A899P, A942P, K986P, and V987P,
were introduced to stabilize and increase protein yields, followed by a fold-on trimerization
motif and tags (8 x HisTag, StrepTag, and AviTag) produced by L. Grzelak et al. Prof.
Felix Rey (Structural Virology Research Unit, Institute Pasteur Paris). After S(6P) was
produced from pcDNA3.1-S(6P) and purified, its trimeric formation was further evaluated
by the investigators [45,46]. We used the above plasmid construct to produce recombinant
S(6P) protein.

The ACE2 glycoprotein and the trimeric S(6P) glycoprotein were produced by transient
transfection of exponentially growing Expi293 suspension cells (Thermo Fisher Scientific,
Waltham, MA, USA) using FectoPRO transfection reagent (Polyplus, Illkirch, France) fol-
lowing the manufacturer’s guidelines. Recombinant ACE2 protein was purified by affinity
chromatography using the Ni Sepharose excel resin (ProtinoNi-NTA column, Machrey-
Nagel, Diiren, Germany), whereas the recombinant SARS-CoV-2 protein (S5-6P) was purified
by affinity chromatography using Strep-Tactin XT 4flow column (IBA Lifesciences, Gottin-
gen, Germany) according to the manufacturer’s instructions. The eluates were analyzed in
4-20% gradient precast protein gels (Nippon Genetics, Diiren, Germany), pooled appropri-
ately and buffer exchanged with PBS, pH 7.2.

S(6P) trimer formation was detected in the final product eluent of the anti-strep column
purification. The trimeric form of the eluted S(6P) protein was confirmed (Supplementary
Materials 52.2) by gel filtration analysis (Figure S1A).

Both antigens purity and integrity was finally determined by SDS-PAGE and the
protein concentration was measured by Bradford (Biorad, Hercules, California, CA, USA),
using BSA (Bovine Serum Albumin) for standard curve, and by the Protein Concentration
Calculator webserver (https://www.aatbio.com/tools/calculate-protein-concentration,
accessed on 19 March 2021) using the absorbance value at 280 nm, measured in an UV /Vis
spectrophotometer (Smart Spec™ Plus, BIO RAD, Hercules, CA, USA), the extinction
coefficient, and the molecular weight (MW) of the protein obtained from the Expasy
webserver (https://web.expasy.org/protparam/, accessed on 19 March 2021). Values
obtained by Bradford were slightly higher than those obtained by the calculator, with the
latter finally chosen in calculations. Recombinant proteins were divided into aliquots and
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stored at —80 °C so that they could be thawed only once (Supplementary Materials S2.3).
The purified S(6P)-StrepTag product was already used for serological studies [43].

2.3. Surrogate Virus Neutralization Assay (sVNA) Development
2.3.1. Direct ELISA Analysis

Optimization of the inhibition assay (sVNA) proceeded first by selecting the appro-
priate blocking and dilution buffer. The impact of no-fat milk (n.f.-milk) and Fetal Bovine
Serum (FBS, -IgGs) was studied in S(6P) and hACE2 interaction as well as between specific
human (h) IgG antibodies and S(6P), in direct ELISA. Briefly, hACE2 protein and S(6P), di-
luted in PBS were used to coat 96—well half area high-binding plates. Both n.f.-milk and FBS
were utilized for the blocking of non-specific binding sites and in dilution solutions. The
binding of S(6P) to immobilized ACE2 was determined with anti-strep-tag (MAB-Immo)
and anti-mouse/HRP conjugate while the binding of h-IgGs to immobilized S(6P) with
anti-hIgG(Fcy)-HRP, followed by the detection of peroxidase activity using TMB substrate
reagent and stop solution. Further details are described in Supplementary Materials 52.4.

2.3.2. Inhibition ELISA Analysis

Human ACE2 protein diluted in PBS was coated in half area 96—well high binding
plates (#3690, Corning, New York, NY, USA). Non-specific binding sites were blocked with
blocking solution. Trimeric S(6P)-StrepTag antigen (Ag), anti-StrepTag (mouse mAb-Immo)
and anti-mouse/HRP conjugate were mixed and pre-incubated with the tested sample
of serum for 1 h at 37 °C. The pre-incubated mixture was then incubated in the coated
ELISA plate for 1 h at R.T., where the free S(6P) Ag, as well as the Ag’s molecules that
bound to non-neutralizing antibodies, interacted with hACE2 and were captured on the
plate (Figure 1). Incubation was followed by washing steps to remove unbound serum
components, including S(6P)-StrepTag complexed with mAb-Immo and conjugate/HRP.
The chromogenic reaction was quantified after addition of TMB substrate and stop solution.
The absorbance of the samples was measured at 450 nm. Further details are described in
the Supplementary Materials 52.4.
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Figure 1. Graphical illustration of the developed surrogate Virus Neutralization Assay (sVNA).
(I) Binding of SARS-CoV-2 trimeric spike S6(P)-StrepTag to hACE2, no nAbs; (II) (A) Direct blocking
of S6(P)-StrepTag from binding to hACE2 by anti-RBM nAbs, (B) Indirect inhibition of S(6P)-ACE2
interaction by anti-RBD non-RBM nAbs, anti-NDT nAbs and anti-SD nAbs.
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2.4. cPass SARS-CoV-2 Neutralization Antibody Detection Kit (Genscript)

Sera samples were tested for neutralizing activity with the sVNT (surrogate Viral
Neutralizing Test) cPass Assay (Genscript) at a final dilution of 1:20 or at consecutive
dilutions for the titration of the neutralizing activity, according to the manufacturer’s
instructions. Further details are described in Supplementary Materials S2.5.

2.5. Statistical Analysis

All statistical analyses were performed using GraphPad Prism software version 6.01
(GraphPad Software, Boston, MA, USA). Microsoft Excel was used to generate some graphs
(Figures 52-54).

3. Results
3.1. Development of the Surrogate Virus Neutralization Assay (sSVNA)

In general, the principle of surrogate ELISA based VNTs includes the following: (a) a
pre-incubation step for the immobilized antigen (RBD, S1 or spike trimer) with the serum
sample to be tested and then addition of soluble ACE2-tagged protein, which is bound by
the free antigen molecules and detected enzymatically; (b) a pre-incubation step for the
solubilized tagged antigen with the serum sample under test and then addition to the ACE2
coated ELISA plate, whereas the free antigen molecules are bound and detected enzymati-
cally. Both give a low optical signal when nAbs are present. In the sVNA immunoassay we
developed, we opted for the second protocol (Figure 1), using the (S6P)-StrepTag trimer
as antigen.

3.1.1. Optimizing the Surrogate Virus Neutralization Assay (sVNA)

Recombinant SARS-CoV-2 trimeric spikes with six additional proline mutations (S(6P),
HexaPro), with tags at the C-terminus (Section 2.2) including StrepTag (WSHPQFEK), were
used for this work [45,46]. Based on our preliminary experiments, the optimization of the
neutralization assay first focused on the selection of the appropriate blocking and dilution
agent (between FBS and n.f.-milk) (Supplementary Results 53.1). Our results showed that
the optimal concentration of immobilized ACE2 was 2.75 ng/mL in a 50 pL volume/well
(Figure S2), while FBS was the appropriate agent in the blocking and dilution solutions
instead of n.f.-milk, for our experimental setup (Figure S3A).

Subsequently, we used the S(6P)-StrepTag antigen at an optimal concentration com-
bined with both agents to compare the final inhibitory effect produced with sVNA-S(6P)
when testing titrated sera from vaccinated individuals (Supplementary Results S3.1). Our
results have shown that utilization of S(6P) in combination with FBS performed better,
producing a more desirable inhibition curve than n.f.-milk (Figures S3B and S4).

Following the serial dilution protocol for the S(6P)/FBS-sVNA (Material and Methods,
Section 2.3.2), we also tested different concentrations from the optimal one (115 ng/mL)
of 5(6P)-StrepTag in the pre-incubation step with sera from vaccinated individuals, which
resulted in the shift of the initial inhibition curve (Figure 2). More specifically, keeping
the S(6P) concentration lower than 115 ng/mL achieved higher sensitivity (80 ng/mL,
grey line), while using higher 5(6P) concentration (150 ng/mL, blue line) resulted in lower
sensitivity of the assay. In parallel, we decided to test our optimization steps with the
cPass, a widely used commercial inhibition kit which we also used for the validation of
our assay. The sVNT of Genscript (cPass, approved by FDA and CE) detects nAbs that
block the interaction between the isolated RBD of the SARS-CoV-2 spike glycoprotein and
the ACE2 [22]. An inhibition curve was produced (Section 2.4) and compared with the
sVNA-generated inhibition curves. The experiment was repeated with three different sera.
The data showed an almost equivalent inhibition curve between 115 ng/mL S(6P)-sVNA
and cPass with IDs( values of 696.6 and 722.3 respectively (Figure 2), although after the
experiments were completed, the IDsy values of cPass tended to be slightly higher for the
majority of vaccinees’ sera.
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Figure 2. Titration curves of sVNA and cPass. Evaluation of the effect different concentrations of
S(6P)-StrepTag have on the dose-dependent percent inhibition curves of a serum sample (S8). The
red line represents the curve created from this sample using the commercial cPass test, that is similar
to the curve (orange line) created by 115 ng/mL final concentration of S(6P) when using the sVNA.
The experiment was repeated with three different sera in duplicates each time. A representative
experiment is shown. The dots represent the mean values from these two replicates. The dotted
line indicates the IDsy* inhibition level. * The Inhibitory Dilution (ID) at which the serum was able
to reduce the % inhibitory effects by 50% of the maximal S(6P)-ACE2 interaction, observed in the
absence of serum, was designated as the sVNA-IDsq value.

3.1.2. Testing Sera Samples with sVNA

Following the optimized protocol (Section 2.3.2), a dose-dependent inhibition occurred
when sera from vaccinated individuals and hybrid sera were tested with sVNA at serial
dilutions. Figure 3A—C shows the percent inhibition of sera obtained from five vaccinated
individuals 21 days after the administration of the 1st, 2nd, and 3rd dose of the vaccine
(sera samples 52, S3, and S7). The initial 1:20 dilution showed an extremely high percentage
of inhibition (>90%) for the S3 samples, while the S2 samples gave moderate results. Inter-
estingly, all S7 sera samples exhibited >90% inhibition at higher titers than S3 samples, as
recorded by the higher titer IDsy values (Figure 3D). Similar inhibition results are demon-
strated in Figure S6A (inhibitory curves of all sera samples throughout the vaccination
period of a person that was infected with SARS-CoV-2. The above results are consistent
with those of other studies [47,48].

A B
1004 -o- s1/S2 100 - s1/83
80 - 80 4 - s2/83
S 604 -k g 604 - s3/S3
£ - = ¥ s4/S3
2 401 - E 404 - s5/5S3
£ £
N 204 ) 20
0+ 0 T T : 3 1
2 3 4 2 MEML 4
20 Log(serum reciprocal dilution) -20< | og(serum reciprocal dilution)
C D
1004
ID50 titer values
804
c Time point:  S2 S3 s7
o 60
% samplesl 20.4 109.1 667.6
£ 401 s2 53.0 4356 1578
e 204 s3 227 343.9  479.0
0 . ; , s4 182  101.0 3542
2 3 4 s5 367 4411 2338

-20-  Log(serum reciprocal dilution)

Figure 3. sVNA titration curves. Dose dependent inhibition of the interaction between immobilized
ACE2 and soluble S(6P) in the presence of 5 representative sera (s): (A) S2 (21d after 1st dose of the
vaccine), (B) S3 (21d after 2nd dose of the vaccine), (C) samples S7 (21d after 3rd dose of the vaccine).
(D) IDs( values were determined as described in the method section, and are presented herein.



Vaccines 2024, 12,914

8 of 21

3.2. Validation and Characteristics of the sVNA

Sera obtained from vaccinated individuals, hybrid sera and negative controls (pre-
COVID-19 and pre-vaccinated sera), were tested with sVNA for their antibodies” ability to
neutralize the trimeric S(6P)-StrepTag-ACE2 interaction, and the results produced were
correlated with those of the RBD-sVNT cPass inhibition assay. A diagram of how we
performed the following experiments is shown in Figure 4.

NEGATIVE controls | VACCINATED individuals
pre-COVID-19 sera pre-vaccination sera No COVID-19 COVID-19 (511) - hybrid sera
(n=76) (n=47) $2-510 sera samples (n=14)
(n=120) T
r‘,"? E 14 sera
= S titrated with sVNA
123 sera 40 sera (monitoring of the immune
tested with sVNA tested twice with sVNA response, 1Dsq)
in 1/20 dil. in 1/20 dil.
(cut-off) (repeatability) 11 sera
titrated with sVNA twice
and also with cPass
22 sera (comparison, 1Dso)
titrated with sVNA twice 39 sera
(repeatability, IDso) titrated with sVNA W 120 sera
19 of these sera vs hybrid sera (monitoring of the immune tested with sVNA in 1/20 dil.
(comparison, IDso) response, ID=) (monitoring of the immune
? s response)
L <
23 sera 32 sera

tested in 1/20 dil. also with cPass
(correlation)

titrated also with cPass
(correlation)

Figure 4. Recruitment, testing of sera and follow-up. In this study sera from non-vaccinated
and vaccinated individuals (following administration of the first, second, and third dose of the
BNT1-62b2 vaccine), as well as fully vaccinated patients infected with COVID—19 (hybrid sera)
were used.

3.2.1. Robustness of Negative Sera Samples Evaluation—Reproducibility of sVNA

Pre-COVID-19 sera (1:76, true negative sera, obtained in 2018) were tested with sVNA
at a final serum dilution of 1:20, in two independent experiments (exp.1 and exp.2) and
pre-vaccination sera (1:47, presumed negative sera, obtained on the 19-21 February 2021)
were tested once. The results from both groups of sera showed that they were concentrated
at, or below, 20% inhibition (Figure 5A). The mean values & SD were 2.04% =+ 5.6% (exp.1),
2.41% =+ 5.8% (exp.2) and 2.8% =+ 5.8%, respectively. These results suggested that a cut-off
value of 20% would allow discrimination between negative and positive sera when tested
with the sVNA.

To assess the reproducibility of sVNA in both sera of pre-vaccinated (n = 13) and
vaccinated individuals (n = 27), their inhibitory activity was measured on different dates
at a dilution of 1:20, giving a strong correlation (R? = 0.9508) (Figure 5B). Also, regression-
correlation analysis of IDs( values of % inhibition for twenty-two inoculated sera tested in
two different experiments gave a high correlation of determination (R% =0.9343) (Figure 5C).
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Figure 5. Testing sera with sVNAssay. (A) Sera of pre-COVID-19 (n = 76) at the final dilution of 1:20,
were tested twice on two different experiments, and sera of pre-vaccinated individuals (S1, n = 47)
at the final dilution of 1:20 were tested once. The horizontal lines indicate the Mean values £ SD.
The dotted lines (3 x SD) represent the cutoff at ~20% Inhibition. (B) Sera from vaccinated (1 = 27)
and pre-vaccinated (n = 13) subjects were tested, at dilution 1:20, on two different experiments for
their neutralizing ability and a correlation of their inhibition values was performed. (C) Twenty-two
vaccinees’ sera were tested, in serial dilutions, on two different experiments and a correlation of their
IDs( values was performed.

3.2.2. Correlation between sVNA and the cPass (Genscript)

There are multiple comparative and correlation studies between different methods
for the detection and quantification of human neutralizing SARS-CoV-2 Abs and cPass,
including virus neutralization tests (VNT), the PRNT (Plaque Reduction Neutralization
Test), and the FRNT (Focus Reduction Neutralization Test) [22,49-54], as well as the viral
pseudotype test (pVNT) [49,55,56]. In general, these studies reported very good agreement
between IC50—1Cyq titers generated by VNTs/pVNTs and cPass inhibition values in terms
of specificity and sensitivity (when 1:20 serum dilution was used).

We used the commercial cPass kit to validate our “in-house” ELISA inhibition as-
say (sVNA) by comparing (a) the IDgg, IDsg, and 1D inhibitory titers and (b) the inhi-
bition values at 1:20 serum dilution produced by the two assays. Correlation analysis
between the values of the two inhibition assays was carried out using linear regression.
Thirty-two sera from vaccinated individuals were tested with the two assays at final dilu-
tion 1:20 (Figure 6A), giving a strong coefficient of determination (R? = 0.9129, p < 0.0001).

In addition, twenty-three sera from vaccinated individuals were serially diluted with
both sVNA and cPass and the 1Dy, ID5j, and ID3g dilution inhibition titer values were
determined and compared. Linear regression analysis (Figure 6B-D) gave a high coefficient
of determination for IDgy and IDsg (of R? = 0.9614 and R? = 0.9195 respectively, p < 0.0001)
and slightly weaker one for ID3o (R? = 0.8828, p < 0.0001). These data, resulting from testing
vaccinees’ sera, showed that sVNA gives comparable results to cPass. Additionally, a
head-to-head comparison of the inhibitory IDs5, values of the twenty three vaccinees’ sera
(Figure 6C), showed that for most of them a higher sensitivity was achieved with cPass.
In more detail, the sVNA and cPass titration curves of eight of these sera and the IDsg
inhibitory values that go with them are shown in Figure S6A,B.

Finally, we tested the inhibitory effect of the WHO international standard for anti-
SARS-CoV-2 immunoglobulin (NIBSC (21/234) with the sVNA and cPass assays. The
resulting IDsg values were similar (267.5 and 293.8 respectively), with a ratio of cPass-IDs:
sVNA-IDs5y = 1.1 (Figure S5).
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Figure 6. Correlation analysis for vaccinees’ sera with different levels of nAbs by sVNA and cPass
assay. (A) Thirty-two sera from vaccinated individuals were tested in duplicate by sVNA and cPass,
at a final serum dilution of 1:20. Mean values are shown. (B-D) The data presented are the IDg, ID5q
and IDj titer values, respectively, from twenty-three vaccinees’ serially diluted sera (with inhibition
values ranging from 50% to 100% at 1:20 final dilution), tested with sVNA (the 19 sera titrated twice
in two different experiments and the two ID5g_gg_3¢ titer values were averaged (see Figure 5C)) or
cPass, with each dilution response tested in duplicate or triplicate. In panel 3B, four of the twenty
three 1Dy values could not be calculated, because of low nAbs titers.

3.3. Evaluation of nAbs Titers in Vaccinees and Hybrid Sera with sVNA

Sera (n = 120) with different levels of nAbs because of varied chronological blood
sampling points (52-59), as well as 14 hybrid sera (S11), were tested with sVINA at a final
dilution of 1:20 for their ability to inhibit the S(6P)-ACE2 interaction (Figure 7A). Each
dilution response was tested in duplicate or triplicate. Twenty-three of these vaccinees’ sera
and eight of the hybrid sera were tested twice and the mean values were calculated. The
percentage of inhibition in the different groups of sera samples (median, IQR) gradually
increased after the first dose-S2 (45.5, 26.5-69.5) and the second dose-S3 of the vaccine (96.8,
95.9-97.5), and then gradually decreased until 260d after the second dose—5S4 (92, 73.6-96.3)
and S5-56 (62.5, 21.5-72.1). All sera tested after the third dose—S7 (97.3, 96.5-97.6)—up
to 120 days later—(S8-59) (96.6, 96.2-97.2)—including hybrid sera—511 (95.7, 94.2-96.4)—
obtained >90% percent inhibition.

Fifty-nine of the above 120 vaccinees’ sera and the hybrid sera were tested in serial
dilutions and the IDs( inhibitory titer of each serum was calculated. Twenty three of these
vaccinees’ sera and eight hybrid sera were tested twice, the two IDs titer values were
calculated and averaged. Note that the second sVNA test of hybrid sera was performed
on the same ELISA plate simultaneously with the same number of sera from vaccinated
individuals. As shown in Figure 7B, the IDs titer values showed wide variation for sera
samples S3, 57, 5(8-9) and S11 in contrast to the values of the corresponding group samples
tested at 1:20 dilution (Figure 7A). This observation confirmed the importance of produc-
ing serial dilutions from each sample instead of a single dilution. In details, IDsy values
(median, IQR) gradually increased from S2 (21.6, 16.3-27.5) to S3 (341.3, 207.9-475.5) to
57 (638.5, 461.7-1004) and finally to S11 (1897.8, 1077.5-2486.5), whereas ID5( values of
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sera obtained at time points up to 260 days after the second dose-54 (65.5, 42.4-108.9) and
55-56 (28.6, 18.7—40.7) and up to 120 days after the third dose-S58-59 (285.8, 165.3-567.6)
decreased compared to S3 and S7, respectively. Also, it was observed that the IDs titer
values from the S11 sample group (14 hybrid sera) were higher compared to the S7 sam-
ples (Figure 7B), demonstrating that healthy vaccinated individuals were directly able
to produce even greater anti-spike immunity for the original Wuhan strain. During this
time period (June 2022-September 2023), Omicron strains were predominant in Greece
(https:/ /eody.gov.gr, accessed on 7 December 2023).
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Figure 7. Testing sera samples derived from vaccinated persons with sVNA. (A) Time-course of
neutralizing anti-S(6P) antibodies. Inhibition (%) of sera samples (S1-5S11) at the final dilution of 1:20,
collected before (51), throughout the vaccination period (52-S9) and after COVID-19 disease (S11).
The horizontal lines indicate the median values. (B) Fifty-nine vaccinees’ sera collected from twelve
individuals (all samples collected after the first vaccine dose (S2) induced >50% inhibition at the final
dilution of 1:20) throughout the vaccination period, and fourteen patients” sera were tested in serial
dilutions and their IDs5( values are presented. Indication of different samples refers to the status of
each serum cohort (Section 2, Table 1).

3.4. Comparison of nAbs Titers in Hybrid Sera with sVNA and cPass

In addition, eleven of the fourteen hybrid sera were also tested with cPass and in-
hibitory IDsy titer values calculated and compared with the corresponding averaged IDsg
titer values of sVNA (nine of eleven samples were tested twice with sVNA). The analysis
gave a weaker coefficient of determination for ID5q (R? = 0.6230, p = 0.004), even excluding
the one “outlier value” (R? = 0.72, p < 0.01) (Figure 8A), when compared to the corre-
sponding correlation of the IDs5j values calculated from sera of vaccinated individuals
(R? = 0.9195, p < 0.0001) (Figure 6C). The inhibition curves of hybrid sera by sVNA and the
corresponding inhibition curves generated from cPass are shown in Figure S7A,B respec-
tively, along with their ID50 values. Note that eight of these sera were performed on the
same ELISA plate simultaneously with sera from vaccinees.

Interestingly, when hybrid sera were used, the sensitivity of sVNA was higher than
the sensitivity of cPass (Figure S7A,B), while it was lower when vaccinees’ sera were used
(Figure S6A,B). In order to compare the results from sVNA and cPass for hybrid sera
more appropriately, we used the ratio of cPass-IDs5p: sVNA-IDs titer values of sera from
vaccinated individuals as control, against which the same ratio values of hybrid sera were
compared. As a result, the ratio obtained by testing sera from vaccinated individuals
with cPass and sVNA was 1.4 £ 0.09 (range 0.77 to 2.43) while the corresponding ratio
of hybrid sera was 0.64 £ 0.06 (range of 0.3 to 1.0) (Figure 8B and Table 2). These results
suggest that cPass-IDs inhibition titer values were lower than sVNA values for hybrid
sera (average fold change to sVNA is 3.17] to 1.0), while they were generally higher in sera
from vaccinated individuals (average fold change to sVNA 1.05] to 2.18%) (Table 2).
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Figure 8. Testing vaccinated individuals and hybrid sera with sVNA and cPass. (A) Correlation of
IDsy titer values of eleven hybrid sera. In the red circle, the “outlier value”. (B) Differences between
the ratios of cPass-IDs5p: sVNA-IDs titer values from fully vaccinated individuals and hybrid sera
(**** p < 0.0001). The whole group of values are normally distributed; a two-sample t-test was used.
Averaged mean values + SEM are shown.
Table 2. Comparison of IDs values of vaccinated individuals’ sera with different levels of nAbs
tested by sVNA (with >40% Inhibition at 1:20 dil.) and cPass and comparison of ID5( values of hybrid
sera, tested by sVNA and cPass. Colored in blue are the inhibition values produced by sera run on
the same ELISA plate. Arrows 1 and | indicate whether the value of Average Fold Change of cPass is
higher or lower than sVNA IDs titer, respectively.
Vaccine Name and Serum cPass Average cPass-ID5¢/sVNA-IDs *** Average Fold Change of
Schedule * Sample (S) IDs5 Titer (expl-exp2) cPass to sVNA IDs
S2 47.8 1.18 (1.01-1.34) 1.18%
S3 744.2 1.85 (1.99-1.71) 1.851
S3 376.7 2.0 (1.86-2.14) 201
S3 298.1 1.25 (0.87-1.64) 1.251
S4 149 1.47 (1.42-1.53) 1.471
S4 40.2 0.96 (1.05-0.87) 1.054
S4 276.1 2.01 (1.70-2.33) 2.011
S5 62.2 1.45 (1.22-1.68) 1.451
BNT162b2 % 3 S5 411 1.22 (0.99-1.45) 1.221
(n=19) S5 62.1 1.67 (1.23-2.11) 1.671
S7 351.2 0.88 (0.99-0.77) 1.15)
S7 586 0.89 (0.81-0.97) 1.134
S7 121.3 2.18 (1.92-2.43) 2.181
S7 1344 0.85 1174
S8 1798 1.28 (1.09-1.47) 1.281
S8 801.1 1.12 (1.21-1.03) 1.12¢
S9 1132 1.43 (1.48-1.38) 1.431

S9 125.7 1.54 (1.14-1.93) 1.541
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Table 2. Cont.

Vaccine Name and Serum cPass Average cPass-ID5¢/sVNA-IDs *** Average Fold Change of
Schedule * Sample (S) IDs5 Titer (expl-exp2) cPass to sVNA IDs
510 536.2 1.28 (1.31-1.26) 1.281
cPass-IDs5p/sVNA-ID5p = mean + SEM—1.4 + 0.09
**p1-S11 252.1 0.9 (0.79-1.0) 1.13)
p2-511 2685 0.96 (1.0-0.93) 1.04)
p3-S11 1785 0.80 1.25)
p4-S11 1594 0.72 (0.66-0.78) 1.41)
BNE??;)X 3 p5-S11 1694 0.68 147)
p6-S11 901.2 0.61 (0.66-0.55) 1.66]
p7-S11 880.3 0.57 (0.53-0.60) 1.77]
p8-511 1350 0.55 (0.52-0.57) 1.83)
p9-S11 521.4 0.56 (0.45-0.67) 1.85)
pl0-s11 2823 0.33 (0.3-0.35) 3.06]
pl1-S11 481.5 0.32 (0.34-0.3) 3.17])

cPass-ID5p/sVNA-ID5 = mean + SEM—0.64 + 0.06

* See Table 1. ** (p): fully vaccinated patients with COVID-19. *** Average fold change of cPass to sVNA IDs is
produced by the two-fold change values to sVNA, which resulted from the comparison of the two experiments
sVNA IDsy with the cPass IDsg value (produced from one experiment).

4. Discussion

Since the beginning of the COVID-19 pandemic, nAbs have been suggested to be
the most promising biomarker for the evaluation of antiviral immune response and the
protection achieved either by vaccination or natural infection. So far, the isolated RBD has
been mainly used for the development of both commercial and “inhouse” sVNTs, based
on the knowledge that the majority of nAbs target the RBD fragment of the S1 domain of
SARS-CoV-2 spike protein [4,5,12].

In this study, we have developed an ELISA-based surrogate virus neutralization as-
say (sVNA) that can be completed within 3—4 h in a BSL2 laboratory. It utilizes the viral
ectodomain trimeric spike S(6P)-StrepTag and the host cell receptor ACE2. Evaluation
of the sVNA was performed with a single serum sample or serially diluted ones and the
commercially available cPass neutralization test of GENSCRIPT. We proceeded to test a
cohort of sera samples obtained at different time points after administration of the first,
second and third doses of the Pfizer vaccine and from vaccinated patients with COVID-19
(hybrid sera), in order to evaluate their neutralizing effect. Finally, based on our experimen-
tal results from testing titrated sera with sVNA and cPass, we investigated whether the
S(6P)-StrepTag molecule (sVNA) could measure more than RBD-RBM specific neutralizing
antibodies, by comparing the IDs titer values produced with these two inhibition assays.

Firstly, we studied the interaction between the trimeric S(6P), human neutralizing
Abs, and immobilized h-ACE2 receptors under the view of minimizing the assay cut-off
limit in parallel with higher sensitivity, reproducibility, and accuracy of the inhibition
assay in development. Data from the optimization steps (S(6P)-StrepTag-ACE2 interaction,
final sVNA protocol) showed that the FBS dilution agent performed better than n.f.-milk,
resulting in higher assay sensitivity and a sigmoidal inhibition curve (Figure S3A,B). The
usage of n.f.-milk usually caused a divergence of the lower part of the titration curves from
the norm, promoting a tendency for a higher cutoff limit of the inhibition curve (Figure 54).
Taken together with a higher intra-assay coefficient of variability when n.f.-milk was used,
the above data suggested that FBS was the most suitable reagent to be utilized in our sVNA.
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Our results from testing vaccinated individuals’ sera with sVNA have shown a high
reproducibility in either 1:20 or a serially diluted fashion, while the robustness of testing
negative sera samples has been confirmed and a cut-off value of 20% is suggested, which
would allow discrimination between negative and positive samples (Figure 5A-C). A rep-
resentative serial dilution testing of sera samples that have been taken from five vaccinated
individuals 21 days after the 1st, 2nd, and 3rd dose of the vaccine administration, showed
desirable inhibitory curves (Figure 3A-C). The neutralizing activity of the samples was
gradually increased with more vaccination doses, something which is in concordance with
the results of other studies [23,57]. In addition, expected inhibitory curves were generated
from all sera samples throughout the vaccination period of a person (S1-510) that got
infected with SARS-CoV-2 (511-512) after having received the third dose of the vaccine
(Figure S6A).

Secondly, we validated the inhibition assay by comparing the neutralization responses
of the optimized sVNA-S(6P) to the responses within GENSCRIPT’s commercial cPass
neutralization immunoassay, which detects nAbs that block the interaction between the iso-
lated RBD and the ACE2. The reliability of cPass for the detection of nAbs response against
SARS-CoV-2 has been extensively tested by others [21,22,25,50-52,54,58,59]. The findings
of several studies support the use of the cPass assay to accurately detect the nAbs response
against SARS-CoV-2, when the sera were tested either in a single dilution [25,51,52,54,58,60]
or serially diluted [22,23,52,58].

When we tested sera from vaccinated individuals with different levels of nAbs, with
both inhibition assays at the final dilution of 1:20 (Figure 6A), regression analysis showed a
strong correlation between the two methods. Our results are in accordance with those of da
Silva and colleagues [21], who recently developed an sVNT using the SARS-CoV-2 trimeric
spike (5-2P) as a competitor, and used the cPass as well as a VNT to evaluate their assay. As
titration results in better quantification of neutralizing antibody activity, and therefore in a
more reliable degree of correlation [52], we proceeded to analyze the correlation between
the neutralizing serum titers of the two assays. We found a high degree of correlation
for vaccinated individuals’ sera between the two assays (Figure 6B,D), suggesting that
sVNA is able to estimate neutralizing activity in titrated sera of vaccinated individuals and
gives comparable results to cPass even in the presence of low nAbs levels. In another case,
measurement of serially diluted sera from vaccinated individuals with a commercial kit that
uses S(2P)-trimer as competitor demonstrated strong correlation with PRNT, suggesting
that an sVNT can be used as a surrogate method for live virus neutralization [61,62]. To our
knowledge, this is the first study to compare the inhibitory effect of vaccinees’ serum titers
between two ELISA-based assays that used respective S-trimer or isolated RBD molecules.

Subsequently, we designed an experimental approach for using sVNA for longitudinal
studies to evaluate nAbs in vaccinated individuals. A cohort of sera samples with different
levels of nAbs (1 = 127) were tested at a final dilution of 1:20, for their ability to inhibit the
5(6P)-ACE2 interaction (Figure 7A). The inhibition rate gradually increased after the first
(52) and the second vaccine dose (S3), followed by a gradual decrease up to 260d after the
administration of the second dose of the vaccine (54, S5-6). All samples tested after the
third dose (57) and up to 200 days apart (S8-59), including hybrid sera (511), increased
their neutralizing capacity (inhibition > 90%). These results are in line with numerous
previous studies [47,57,63,64]. When samples from twelve of these vaccine recipients and
all vaccinated patients with COVID-19 were tested in serial dilutions (Figure 7B), the
inhibition ID5( values showed great variation for S3, S7, S(8-9), and S11 samples in contrast
to the values of equivalent samples tested in 1:20 dilution (Figure 7A). Similar results have
been reported by others using VNT assay [64,65]. The above comparison confirmed the
importance of producing serial dilutions from each sample when dissecting the difference
in % inhibition over time to assess the immune status of a vaccinated person or vaccinated
patient with COVID-19. This approach, already underlined by others [52] as a result of
using VNTs, arises, and is reported for the first time as a result of a titration analysis of sera
performed with a surrogate VNT.
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The use of isolated RBD molecules in inhibition ELISAs to detect nAbs has the disad-
vantage of excluding those nAbs generated in vaccinated COVID-19 patients or vaccinated
individuals, that target the entire S protein trimer of SARS-CoV-2 or the S1 and S2 domains
of the S protein. The presence of such nAbs eventually contributes directly or indirectly to
the successful inhibition of the trimeric S protein binding to ACE2 [4,5,12-15,66]. In line
with this view, trimeric spike has been used instead of RBDs, but so far it remains unclear
whether nAbs specific for epitopes outside the RBD-RBM region can be recognized. We
found a high degree of correlation for IDs titers from the analysis of vaccinated individuals’
sera (Figure 6C), while, in contrast, analysis of eleven hybrid sera showed a weak coefficient
of determination for IDsy titers (Figure 8A). Further analysis showed that cPass IDs titer
values of vaccinees’ sera were higher than the corresponding IDs values generated by
sVNA (Figure 56). In contrast, titration of hybrid sera showed that cPass ID5( values were
lower than the corresponding values produced by sVNA (Figure S7). As a result, when
the eleven hybrid sera were tested, the ratio of cPass-IDsg to sVNA-IDs inhibitory titers
was significantly lower than the mean of the same ratio corresponding to the nineteen
vaccinated individuals’ sera (Figure 8B and Table 2). Thus, an explanation for the above
observation could be that our assay may identify and measure non-RBD-RBM nAbs that
either exist in vaccinees’ sera and are produced at a higher rate in hybrid sera, or that
SARS-CoV-2 infection induces the production of these nAbs with new specificities. We
acknowledge the limitation that our findings indirectly showed the effect of this type of
nAbs (non-RBD-RBM), through the detection of their inhibitory action using S trimer assay
(sVNA), which could not be detected with RBD assay (cPass). Some research studies have
reported that there was a higher IDs titer of RBD-RBM nAbs in hybrid sera than in vacci-
nated individuals [67,68]. This fact alone could not reverse the ratio values of cPass-IDsj to
sVNA-IDs, because both assays detect the nAbs with this specificity. To our knowledge,
only the data by da Silva imply the possible existence of other than RBD-related nAbs that
can block binding of the S trimer to ACE2 [21].

Ultimately, all types of nAbs that recognize something other than the RBD-RBM
epitopes (with the exception of S2—specific nAbs) result in the change of the S trimer
structure and conformation [4,8,69-71] or the reduction of the RBDs in the open state on
the spike molecule [13-15]. Thus, by reducing the RBD accessibility or inducing the closed
RBD state, they ultimately decrease the affinity of the spike for ACE2. Although some other
antibodies have also been isolated that induce the open RBD state of Spike [9,10], tested
vaccinees’ or hybrid sera always contain neutralizing properties. The existence of this
type of antibody generated in vaccinees or vaccinated patients with COVID-19 (Figure 9),
which could alter the strength of trimeric Spike-ACE2 interaction, might explain the above
significantly higher (up to 2.18) or lower (up to 3.17) titer fold change of cPass to sVNA
in vaccinees and vaccinated patients with COVID-19, respectively (Table 2). In an ELISA-
based inhibition assay, reducing the number of accessible RBDs (isolated or as regions of
the trimeric S molecule) leads to a higher sensitivity of the assay, and thus to a higher value
of the inhibition titer IDsg (Figure 2). Although the majority of neutralizing antibodies have
been shown to target the RBD “up” conformation [4,6,7] and their neutralizing mechanism
is achieved by blocking the interaction between RBD-RBM and ACE2, it is possible that the
final inhibitory activity of the pool of neutralizing antibodies tested using the S(6P)-StrepTag
trimer in the sVNA may be disproportionately altered by the presence of antibodies with
the above characteristics in the serum. To strengthen the above interpretation, further
experiments can be performed, such as generating well-characterized specific mAbs from
patients with COVID-19 as non-RBD-RBM nAbs and testing them with sVNA. But, that
was outside the aim of this study. As already mentioned, several other research groups
have produced and tested positive mAbs of this type, by live virus neutralization assay.

The use of sera from fully vaccinated patients with COVID-19 (hybrid immunity)
instead of naive patients and the comparison with vaccinees’ sera may have offered an
advantage to our assay. The SARS-CoV-2 infection can enhance vaccination-induced
existing immunity [64], producing a higher level of those nAbs that were initially generated
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by vaccine administration (Pfizer, Moderna, Cambridge, MA, USA and Johnson & Johnson,
New Brunswick, NJ, USA) and, in addition, new nAbs outside the RBD-RBM region,
probably due to the native conformation of the spike and the immune response to virus
infection (vaccine administration: Monderna, Pfizer, Jansen, Oberriet, Switzerland, and
Astrazeneca, Cambridge, UK) [47]. Early in the COVID-19 pandemic, it was reported that
nAbs generated following SARS-CoV-2 infection had more heterogeneous spike epitope
specificity than nAbs generated by mRNA vaccines [67]. Recent findings highlight the
existence of qualitative differences in nAbs induced by infection or vaccination [72,73].
Furthermore, vaccination and hybrid immunity have been shown to produce different NTD
and RBD non-RBM nAbs from each other, targeting distinct epitopes on these fragments
of the SARS-CoV-2 S protein [74]. Similarly, Quandt et al. [57] have shown that hybrid
immunity (Omicron BA.1) primarily expands a broad B-memory cell repertoire against
conserved S protein and RBD epitopes, rather than inducing strictly Omicron BA.1-specific
B-memory cells, thus inducing broadly neutralizing antibodies compared to vaccinated
individuals. Interestingly, the results of another research group showed that more RBD non-
RBM specific antibodies with neutralizing properties are produced exclusively in vaccinated
patients with COVID-19 than in vaccinees alone [75]. The RBD non-RBM nAbs described
by several studies could inhibit the interaction of spike with ACE2 directly [76-78] or
indirectly [71,76,79-81], when utilized in antigen binding and cell infection assays.

S1

RBD non-RBM
NTD SD
---------- -RBD
nAbs
(NTD - SD) / \
(RBD non-RBM) RBD-RBM

Bind to NTD, SD and RBD non-RBM epi- Bind to RBM region and directly
topes (non-RBD-RBM area of S1) and neutralize the binding of RBD
¢ induce RBD “close” conformation to ACE2

e change the S trimer conformation,
thus causing less RBD accessibility

4 4

PATIENTS (+)  VACCINEES (+/-) PATIENTS (+)  VACCINEES (+)
Reduce ONLY trimeric S-ACE2 Reduce isolated RBD-ACE2 and
interaction trimeric S-ACE2 interaction

ACTIVITY ON INHIBITION IMMUNOASSAY

Figure 9. Schematic representation of nAbs targeting different S1 subdomains of SARS-CoV-2
Spike protein [RBD (receptor binding domain, consisting of RBM and non-RBM region), NTD
(aminoterminal domain), SD (subdomain-intermediate region)] and their potential effect in the
ectodomain S-trimer and isolated RBD interaction with ACE2.

By testing and comparing the inhibitory titers in a hybrid serum with the two assays,
we cannot detect and separately calculate the activity of non-RBD-RBM nAbs, because there
are a variety of factors that determine the final result, including the type and concentration
of the competitor (trimeric spike or RBD). We can only measure higher (or lower) activity of
non-RBD-RBM neutralizing antibodies detected with sVNA alone, compared to immunized
sera samples, when the RBD nAbs activity of the respective sera is tested simultaneously
with the cPass-RBD assay. Indirectly, the sVNA evaluation as suitable to detect non-RBD-
RBM nAbs, simultaneously confirmed the increasing production of this type of nAbs by
the hybrid immunity as reported by others [74,75]. According to the above, we cannot
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exclude the possibility that testing sera of vaccinated individuals with sVNA may detect
nAbs other than RBD-RBMs, as is the case with hybrid sera, but experimental results so far
cannot definitely support this notion.

5. Conclusions

e  The use of the ectodomain of SARS-CoV-2 spike as a stabilized recombinant soluble
molecule with six proline substitutions (HexaPro) and hACE2 instead of isolated RBDs,
and hACE2 in an ELISA based inhibition assay, may provide a simulation closer to
virus-cell interaction in vivo.

e  The new assay, developed in this study, is indirectly shown to be able to detect non-
RBD-RBM nAbs that induce the RBD “close” conformation or affect the S(6P)-StrepTag
trimeric conformation.

e  The use of sVNA showed that a breakthrough SARS-CoV-2 infection is probably the
reason for individuals who were also vaccinated (hybrid sera) to either develop higher
titers of non-RBD-RBM nAbs (anti-NTD, anti-SD, anti-RBD non-RBM nAbs) compared
to vaccinated ones, or induce the production of these nAbs with new specificities.

Supplementary Materials: The following supporting information can be downloaded at:
https:/ /www.mdpi.com/article/10.3390/vaccines12080914 /s1, Figure S1: Analysis of purified S(6P)-
trimers; Figure S2: Optimization of immobilized ACE2; Figure S3: Effect of FBS and n.f.-milk on
the recognition of S(6P) protein; Figure S4: Effect of FBS and n.f.-milk on sVNA inhibitory curves;
Figure S5: Titration curves of sVNA and cPass, using a relevant WHO standard; Figure S6: Titration
curves of sVNA and cPass, using vaccinees’ sera; Figure S7: Titration curves of sVNA and cPass,
using hybrid sera.

Author Contributions: Conceptualization, P.E., A M. (Avgi Mamalaki), K.L. and P.L.; methodology,
PE.; software, PE., A M. (Annie Mais), A.P,, EK.L. and M.A_; validation, PE., A.M. (Annie Mais),
AP,EKL,AD,LS, MZ,MA, EK, KL., AM. (Avgi Mamalaki) and P.L.; formal analysis, P.E.,
AM. (Annie Mais), A.P. and E.K.L; investigation, PE., A.M. (Annie Mais), A.P.,, EK.L, A.D. and
M.Z,; resources, P.E., PL., A M. (Avgi Mamalaki), M.B. and E.K,; data curation, P.E., A M. (Annie
Mais), A.P, EK.L. and A.D.; writing—original draft preparation, P.E.; writing—review and editing,
PE., AM. (Annie Mais), A.P, EK.L., AD, LS., KL., AM. (Avgi Mamalaki) and P.L.; visualization,
PE., AM. (Avgi Mamalaki), K.L. and P.L.; supervision, P.E.; project administration, P.E., A.M. (Avgi
Mamalaki), PL. and E.K.; funding acquisition, A.M. (Avgi Mamalaki), P.L. and P.E. All authors have
read and agreed to the published version of the manuscript.

Funding: This research work was supported by the Hellenic Pasteur Institute (Decision of the
Administration Council, Reference Number: 14365/28 December 2020) accessed on 28 December
2020, and the project INSPIRED” (MIS 5002550), under the Action ‘Reinforcement of the Research and
Innovation Infrastructure’, funded by the Operational Program ‘Competitiveness, Entrepreneurship
and Innovation” (NSRF 2014-2020); action co-funded by the Greek Government and the European
Union—European Regional Development Fund. accessed on 1 March 2019. Also, Marija Backovic’s
research work was funded by the Institut Pasteur, Urgence COVID-19 Fundraising Campaign of
Institut Pasteur. The funders had no role in study design, data collection and analysis, decision to
publish, or preparation of the manuscript.

Institutional Review Board Statement: The study was conducted in accordance with the Declaration
of Helsinki, and approved by the Institutional Review Board of Hellenic Pasteur Institute (protocol
code 7345 and date of approval 23 June 2021).

Informed Consent Statement: Informed consent was obtained from all subjects involved in the study.
Data Availability Statement: All relevant data are within the paper and its Supporting Materials.

Acknowledgments: We would like to sincerely thank Felix Rey (Structural Virology Research Unit,
Institute Pasteur Paris) for kindly providing us with the plasmids for the expression of SARS-
CoV-2 Spike-HexaPro ectodomain. We also thank Erik Procko for providing us with the plasmid
pcDNA3-sACE2(WT)-8His, (Addgene plasmid #149268; http:/ /n2t.net/addgene:149268, accessed
on 5 August 2024; RRID:Addgene_149268). We want to particularly acknowledge and thank Pelagia


https://www.mdpi.com/article/10.3390/vaccines12080914/s1
http://n2t.net/addgene:149268

Vaccines 2024, 12,914 18 of 21

Foka (Research grade B’, Molecular Virology Laboratory, Hellenic Pasteur Institute) for proofreading
the manuscript and for her useful comments. We also thank Vassilis Sideris (chief executive of
DIAGNOSTIKI ATHINON, Clinical and Research Laboratory, Athens, Greece), for his contribution
to the completion of this effort. Finally, we thank all the participants enrolled in the cohorts of the
study for the blood donation.

Conflicts of Interest: The authors declare no conflicts of interest. 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.

References

1. Beyerstedt, S.; Casaro, E.B.; Rangel, E.B. COVID-19: Angiotensin-Converting Enzyme 2 (ACE2) Expression and Tissue Suscepti-
bility to SARS-CoV-2 Infection. Eur. J. Clin. Microbiol. Infect. Dis. 2021, 40, 905-919. [CrossRef]

2. Lan, J.; Ge, J.; Yu,].; Shan, S.; Zhou, H,; Fan, S.; Zhang, Q.; Shi, X.; Wang, Q.; Zhang, L.; et al. Structure of the SARS-CoV-2 Spike
Receptor-Binding Domain Bound to the ACE2 Receptor. Nature 2020, 581, 215-220. [CrossRef] [PubMed]

3. Wolf, K.A.; Kwan, J.C.; Kamil, J.P. Structural Dynamics and Molecular Evolution of the SARS-CoV-2 Spike Protein. MBio 2022,
13, €02030-21. [CrossRef]

4. 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]

5. Ray, D, Le, L.; Andricioaei, I. Distant Residues Modulate Conformational Opening in SARS-CoV-2 Spike Protein. Proc. Natl. Acad.
Sci. USA 2021, 118, €2100943118. [CrossRef]

6. Lu, Y,;Wang,J; Li, Q; Hu, H; Lu, J.; Chen, Z. Advances in Neutralization Assays for SARS-CoV-2. Scand. |. Immunol. 2021,
94, €13088. [CrossRef]

7. Andreano, E.; Nicastri, E.; Paciello, I; Pileri, P., Manganaro, N.; Piccini, G.; Manenti, A.; Pantano, E.; Kabanova, A.; Troisi, M.; et al.
Extremely Potent Human Monoclonal Antibodies from COVID-19 Convalescent Patients. Cell 2021, 184, 1821-1835.e16. [CrossRef]

8.  Seow, ].; 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]

9. Liu, Y; Soh, W.T,; Kishikawa, J.; Hirose, M.; Nakayama, E.E.; Li, S.; Sasai, M.; Suzuki, T.; Tada, A.; Arakawa, A.; et al. An
Infectivity-Enhancing Site on the SARS-CoV-2 Spike Protein Targeted by Antibodies. Cell 2021, 184, 3452-3466.e18. [CrossRef]

10. Diaz-Salinas, M.A ; Li, Q.; Ejemel, M.; Yurkovetskiy, L.; Luban, J.; Shen, K.; Wang, Y.; Munro, ].B. Conformational Dynamics and
Allosteric Modulation of the SARS-CoV-2 Spike. Elife 2022, 11, €75433. [CrossRef]

11.  Vanshylla, K.; Fan, C.; Wunsch, M.; Poopalasingam, N.; Meijers, M.; Kreer, C.; Kleipass, F.; Ruchnewitz, D.; Ercanoglu, M.S.;
Gruell, H.; et al. Discovery of Ultrapotent Broadly Neutralizing Antibodies from SARS-CoV-2 Elite Neutralizers. Cell Host Microbe
2022, 30, 69-82.e10. [CrossRef]

12. Li, D.; Sempowski, G.D.; Saunders, K.O.; Acharya, P.; Haynes, B.FE. SARS-CoV-2 Neutralizing Antibodies for COVID-19 Prevention
and Treatment. Annu. Rev. Med. 2022, 73, 1-16. [CrossRef]

13.  Scheid, J.E; Barnes, C.O.; Eraslan, B.; Hudak, A.; Keeffe, ].R.; Cosimi, L.A.; Brown, E.M.; Muecksch, F; Weisblum, Y.; Zhang,
S.; et al. B Cell Genomics behind Cross-Neutralization of SARS-CoV-2 Variants and SARS-CoV. Cell 2021, 184, 3205-3221.e24.
[CrossRef] [PubMed]

14. Meng, L.; Zha, ].; Zhou, B.; Cao, L.; Jiang, C.; Zhu, Y.; Li, T;; Lu, L.; Zhang, ].; Yang, H.; et al. A Spike-Destructing Human Antibody
Effectively Neutralizes Omicron-Included SARS-CoV-2 Variants with Therapeutic Efficacy. PLoS Pathog. 2023, 19, e1011085.
[CrossRef] [PubMed]

15. Suryadevara, N.; Shiakolas, A.R.; VanBlargan, L.A.; Binshtein, E.; Chen, R.E.; Case, ].B.; Kramer, K.]J.; Armstrong, E.C.; Myers, L.;
Trivette, A.; et al. An Antibody Targeting the N-Terminal Domain of SARS-CoV-2 Disrupts the Spike Trimer. . Clin. Investig. 2022,
132, €159062. [CrossRef] [PubMed]

16. Maeda, A.; Maeda, ]J. Review of Diagnostic Plaque Reduction Neutralization Tests for Flavivirus Infection. Vet. J. 2013, 195, 33—-40.
[CrossRef]

17.  Liu, K.T,; Han, Y.J.; Wu, G.H.; Huang, K.Y.A.; Huang, P.N. Overview of Neutralization Assays and International Standard for
Detecting SARS-CoV-2 Neutralizing Antibody. Viruses 2022, 14, 1560. [CrossRef]

18. Abe, K.T,; Li, Z.; Samson, R.; Samavarchi-Tehrani, P.; Valcourt, E.J.; Wood, H.; Budylowski, P.; Dupuis, A.P,; Girardin, R.C.;
Rathod, B.; et al. A Simple Protein-Based Surrogate Neutralization Assay for SARS-CoV-2. JCI Insight 2020, 5, e142362. [CrossRef]
[PubMed]

19. 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]

20. Bertoglio, F; Meier, D.; Langreder, N.; Steinke, S.; Rand, U.; Simonelli, L.; Heine, P.A.; Ballmann, R.; Schneider, K.T,;

Roth, K.D.R; et al. SARS-CoV-2 Neutralizing Human Recombinant Antibodies Selected from Pre-Pandemic Healthy Donors
Binding at RBD-ACE2 Interface. Nat. Commun. 2021, 12, 1-15. [CrossRef]


https://doi.org/10.1007/s10096-020-04138-6
https://doi.org/10.1038/s41586-020-2180-5
https://www.ncbi.nlm.nih.gov/pubmed/32225176
https://doi.org/10.1128/mbio.02030-21
https://doi.org/10.1038/s41577-022-00784-3
https://doi.org/10.1073/pnas.2100943118
https://doi.org/10.1111/sji.13088
https://doi.org/10.1016/j.cell.2021.02.035
https://doi.org/10.1016/j.celrep.2022.111276
https://doi.org/10.1016/j.cell.2021.05.032
https://doi.org/10.7554/eLife.75433
https://doi.org/10.1016/j.chom.2021.12.010
https://doi.org/10.1146/annurev-med-042420-113838
https://doi.org/10.1016/j.cell.2021.04.032
https://www.ncbi.nlm.nih.gov/pubmed/34015271
https://doi.org/10.1371/journal.ppat.1011085
https://www.ncbi.nlm.nih.gov/pubmed/36706160
https://doi.org/10.1172/JCI159062
https://www.ncbi.nlm.nih.gov/pubmed/35472136
https://doi.org/10.1016/j.tvjl.2012.08.019
https://doi.org/10.3390/v14071560
https://doi.org/10.1172/jci.insight.142362
https://www.ncbi.nlm.nih.gov/pubmed/32870820
https://doi.org/10.1126/science.abd0826
https://doi.org/10.1038/s41467-021-21609-2

Vaccines 2024, 12,914 19 of 21

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

Santos da Silva, E.; Servais, ].Y.; Kohnen, M.; Arendt, V.; Staub, T.; Kriiger, R.; Fagherazzi, G.; Wilmes, P; Hiibschen, ].M.; Ollert,
M.; et al. Validation of a SARS-CoV-2 Surrogate Neutralization Test Detecting Neutralizing Antibodies against the Major Variants
of Concern. Int. . Mol. Sci. 2023, 24, 14965. [CrossRef] [PubMed]

Tan, CW.; Chia, W.N,; Qin, X,; Liu, P.; Chen, M.I.C,; Tiu, C.; Hu, Z.; Chen, V.C.W,; Young, B.E.; Sia, WR; et al. A SARS-CoV-2
Surrogate Virus Neutralization Test Based on Antibody-Mediated Blockage of ACE2-Spike Protein—Protein Interaction. Nat.
Biotechnol. 2020, 38, 1073-1078. [CrossRef]

Alves, ].; Engel, L.; de Vasconcelos Cabral, R.; Rodrigues, E.L.; de Jesus Ribeiro, L.; Higa, L.M.; da Costa Ferreira Junior, O.;
Castifieiras, TM.P.P; de Carvalho Leitao, I.; Tanuri, A.; et al. A Bioluminescent and Homogeneous SARS-CoV-2 Spike RBD and
HACE?2 Interaction Assay for Antiviral Screening and Monitoring Patient Neutralizing Antibody Levels. Sci. Rep. 2021, 11, 1-15.
[CrossRef]

Saker, K.; Pozzetto, B.; Escuret, V.; Pitiot, V.; Massardier-Pilonchéry, A.; Mokdad, B.; Langlois-Jacques, C.; Rabilloud, M.; Alfaiate,
D.; Guibert, N.; et al. Evaluation of Commercial Anti-SARS-CoV-2 Neutralizing Antibody Assays in Seropositive Subjects. J. Clin.
Virol. 2022, 152, 105169. [CrossRef]

Miiller, K.; Girl, P; von Buttlar, H.; Dobler, G.; Wolfel, R. Comparison of Two Commercial Surrogate ELISAs to Detect a
Neutralising Antibody Response to SARS-CoV-2. J. Virol. Methods 2021, 292, 114122. [CrossRef] [PubMed]

Wouters, E.; Verbrugghe, C.; Devloo, R.; Debruyne, L; De Clippel, D.; Van Heddegem, L.; Van Asch, K.; Van Gaver, V.; Vanbrabant,
M.; Muylaert, A.; et al. A Novel Competition ELISA for the Rapid Quantification of SARS-CoV-2 Neutralizing Antibodies in
Convalescent Plasma. Transfusion 2021, 61, 2981-2990. [CrossRef]

Bosnjak, B.; Stein, S.C.; Willenzon, S.; Cordes, A K.; Puppe, W.; Bernhardt, G.; Ravens, L; Ritter, C.; Schultze-Florey, C.R.; Godecke,
N.; et al. Low Serum Neutralizing Anti-SARS-CoV-2 S Antibody Levels in Mildly Affected COVID-19 Convalescent Patients
Revealed by Two Different Detection Methods. Cell. Mol. Immunol. 2021, 18, 936-944. [CrossRef]

Byrnes, J.R.; Zhou, X.X,; Lui, I; Elledge, S.K.; Glasgow, J.E.; Lim, S.A.; Loudermilk, R.P.; Chiu, C.Y.; Wang, T.T.; Wilson, M.R; et al.
Competitive SARS-CoV-2 Serology Reveals Most Antibodies Targeting the Spike Receptor-Binding Domain Compete for ACE2
Binding. mSphere 2020, 5, e€00802-20. [CrossRef]

Mousa, Z.S.; Abdulamir, A.S. Application and Validation of SARS-CoV-2 RBD Neutralizing ELISA Assay. Arch. Razi Inst. 2022, 77,
391-402. [CrossRef] [PubMed]

V-PLEX COVID-19 ACE2 Neutralization Assays Insert. Available online: https://www.mesoscale.com/~/media/files/product%
20inserts/v-plex%20covid-19%20ace2%20neutralization%20assays%20insert.pdf (accessed on 3 June 2024).

Bio-Plex Pro Human SARS-CoV-2 Neutralization Antibody Assays. Available online: https://www.bio-rad.com/sites/default/
files/2021-10/Bulletin_3263.pdf (accessed on 3 June 2024).

Icosagen’s SARS-CoV-2 Neutralizing Antibody ELISA Kit Is Available for Evaluating Immune Responses to COVID-19 and
Carries an IVD CE Mark. Available online: https://www.icosagen.com/news/icosagens-sars-cov-2-neutralizing-antibody-elisa-
kit-is-available-for-evaluating-immune-responses-to-covid-19-and-carries-an-ivd-ce-mark/ (accessed on 3 June 2024).
SARS-CoV-2 Spike Trimer (51+52):ACE2 Inhibitor Screening Colorimetric Assay Kit. Available online: https://bpsbioscience.
com/sars-cov-2-spike-trimer-s1-s2-mutant-ace2-inhibitor-screening-colorimetric-assay-kit-79999 (accessed on 3 June 2024).
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 Inmunity in Nonhuman Primates. Nat. Commun. 2021, 12, 1-12. [CrossRef]

Chawla, H,; Jossi, S.E.; Faustini, S.E.; Samsudin, F,; Allen, ].D.; Watanabe, Y.; Newby, M.L.; Marcial-Judrez, E.; Lamerton, R.E,;
McLellan, J.S.; et al. Glycosylation and Serological Reactivity of an Expression-Enhanced SARS-CoV-2 Viral Spike Mimetic. J. Mol.
Biol. 2022, 434, 167332. [CrossRef]

Burnap, S.A.; Struwe, W.B. Mass Photometry Reveals SARS-CoV-2 Spike Stabilisation to Impede ACE2 Binding through Altered
Conformational Dynamics. Chem. Commun. 2022, 58, 12939-12942. [CrossRef]

Schaub, J.M.; Chou, C.W.; Kuo, H.C.; Javanmardi, K.; Hsieh, C.L.; Goldsmith, J.; DiVenere, A.M.; Le, K.C.; Wrapp, D;
Byrne, P.O,; et al. Expression and Characterization of SARS-CoV-2 Spike Proteins. Nat. Protoc. 2021, 16, 5339-5356. [CrossRef]
[PubMed]

Costello, S.M.; Shoemaker, S.R.; Hobbs, H.T.; Nguyen, A.W.; Hsieh, C.L.; Maynard, ].A.; McLellan, ].S.; Pak, J.E.; Marqusee, S. The
SARS-CoV-2 Spike Reversibly Samples an Open-Trimer Conformation Exposing Novel Epitopes. Nat. Struct. Mol. Biol. 2022,
29, 229-238. [CrossRef]

Benton, D.J.; Wrobel, A.G.; Xu, P,; Roustan, C.; Martin, S.R.; Rosenthal, P.B.; Skehel, ].].; Gamblin, S.J. Receptor Binding and
Priming of the Spike Protein of SARS-CoV-2 for Membrane Fusion. Nature 2020, 588, 327-330. [CrossRef]

Ke, Z.; Oton, J.; Qu, K.; Cortese, M.; Zila, V.; McKeane, L.; Nakane, T.; Zivanov, J.; Neufeldt, C.].; Cerikan, B.; et al. Structures and
Distributions of SARS-CoV-2 Spike Proteins on Intact Virions. Nature 2020, 588, 498-502. [CrossRef] [PubMed]

Lu, M.; Uchil, PD,; Li, W,; Zheng, D.; Terry, D.S.; Gorman, J.; Shi, W.; Zhang, B.; Zhou, T.; Ding, S.; et al. Real-Time Conformational
Dynamics of SARS-CoV-2 Spikes on Virus Particles. Cell Host Microbe 2020, 28, 880-891.e8. [CrossRef] [PubMed]

Jagtap, S.; Ratnasri, K.; Valloly, P.; Sharma, R.; Maurya, S.; Gaigore, A.; Ardhya, C.; Biligi, D.S.; Desiraju, B.K.; Natchu, U.C.M.; et al.
Evaluation of Spike Protein Antigens for SARS-CoV-2 Serology. |. Virol. Methods 2021, 296, 114222. [CrossRef]


https://doi.org/10.3390/ijms241914965
https://www.ncbi.nlm.nih.gov/pubmed/37834413
https://doi.org/10.1038/s41587-020-0631-z
https://doi.org/10.1038/s41598-021-97330-3
https://doi.org/10.1016/j.jcv.2022.105169
https://doi.org/10.1016/j.jviromet.2021.114122
https://www.ncbi.nlm.nih.gov/pubmed/33705832
https://doi.org/10.1111/trf.16652
https://doi.org/10.1038/s41423-020-00573-9
https://doi.org/10.1128/mSphere.00802-20
https://doi.org/10.22092/ARI.2021.356677.1890
https://www.ncbi.nlm.nih.gov/pubmed/35891753
https://www.mesoscale.com/~/media/files/product%20inserts/v-plex%20covid-19%20ace2%20neutralization%20assays%20insert.pdf
https://www.mesoscale.com/~/media/files/product%20inserts/v-plex%20covid-19%20ace2%20neutralization%20assays%20insert.pdf
https://www.bio-rad.com/sites/default/files/2021-10/Bulletin_3263.pdf
https://www.bio-rad.com/sites/default/files/2021-10/Bulletin_3263.pdf
https://www.icosagen.com/news/icosagens-sars-cov-2-neutralizing-antibody-elisa-kit-is-available-for-evaluating-immune-responses-to-covid-19-and-carries-an-ivd-ce-mark/
https://www.icosagen.com/news/icosagens-sars-cov-2-neutralizing-antibody-elisa-kit-is-available-for-evaluating-immune-responses-to-covid-19-and-carries-an-ivd-ce-mark/
https://bpsbioscience.com/sars-cov-2-spike-trimer-s1-s2-mutant-ace2-inhibitor-screening-colorimetric-assay-kit-79999
https://bpsbioscience.com/sars-cov-2-spike-trimer-s1-s2-mutant-ace2-inhibitor-screening-colorimetric-assay-kit-79999
https://doi.org/10.1038/s41467-021-21634-1
https://doi.org/10.1016/j.jmb.2021.167332
https://doi.org/10.1039/D2CC04711J
https://doi.org/10.1038/s41596-021-00623-0
https://www.ncbi.nlm.nih.gov/pubmed/34611365
https://doi.org/10.1038/s41594-022-00735-5
https://doi.org/10.1038/s41586-020-2772-0
https://doi.org/10.1038/s41586-020-2665-2
https://www.ncbi.nlm.nih.gov/pubmed/32805734
https://doi.org/10.1016/j.chom.2020.11.001
https://www.ncbi.nlm.nih.gov/pubmed/33242391
https://doi.org/10.1016/j.jviromet.2021.114222

Vaccines 2024, 12,914 20 of 21

43.

44.
45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

Sarrigeorgiou, I.; Moschandreou, D.; Dimitriadis, A.; Tsinti, G.; Sotiropoulou, E.; Ntoukaki, E.; Eliadis, P.; Backovic, M;
Labropoulou, S.; Escriou, N.; et al. Combined Monitoring of IgG and IgA Anti-Spike and Anti-Receptor Binding Domain Long
Term Responses Following BNT162b2 MRNA Vaccination in Greek Healthcare Workers. PLoS ONE 2022, 7, e0277827. [CrossRef]
[PubMed]

Lamb, Y.N. BNT162b2 MRNA COVID-19 Vaccine: First Approval. Drugs 2021, 81, 495-501. [CrossRef]

Grzelak, L.; Temmam, S.; Planchais, C.; Demeret, C.; Tondeur, L.; Huon, C.; Guivel-Benhassine, F.; Staropoli, I.; Chazal, M.; Dufloo,
J.; etal. A Comparison of Four Serological Assays for Detecting Anti-SARS-CoV-2 Antibodies in Human Serum Samples from
Different Populations. Sci. Transl. Med. 2020, 12, eabc3103. [CrossRef] [PubMed]

Pelleau, S.; Woudenberg, T.; Rosado, J.; Donnadieu, F; Garcia, L.; Obadia, T.; Gardais, S.; Elgharbawy, Y.; Velay, A,;
Gonzalez, M; et al. Kinetics of the Severe Acute Respiratory Syndrome Coronavirus 2 Antibody Response and Serological
Estimation of Time since Infection. J. Infect. Dis. 2021, 224, 1489-1499. [CrossRef]

Walls, A.C.; Sprouse, K.R.; Bowen, J.E.; Joshi, A.; Franko, N.; Navarro, M.].; Stewart, C.; Cameroni, E.; McCallum, M.; Goecker,
E.A,; et al. SARS-CoV-2 Breakthrough Infections Elicit Potent, Broad, and Durable Neutralizing Antibody Responses. Cell 2022,
185, 872-880.e3. [CrossRef] [PubMed]

Wang, L.; Mohlenberg, M.; Wang, P.; Zhou, H. Immune Evasion of Neutralizing Antibodies by SARS-CoV-2 Omicron. Cytokine
Growth Factor Rev. 2023, 70, 13-25. [CrossRef] [PubMed]

von Rhein, C.; Scholz, T.; Henss, L.; Kronstein-Wiedemann, R.; Schwarz, T.; Rodionov, R.N.; Corman, V.M.; Tonn, T.; Schnierle,
B.S. Comparison of Potency Assays to Assess SARS-CoV-2 Neutralizing Antibody Capacity in COVID-19 Convalescent Plasma. J.
Virol. Methods 2021, 288, 114031. [CrossRef] [PubMed]

Sekirov, I.; Petric, M.; Carruthers, E.; Lawrence, D.; Pidduck, T.; Kustra, J.; Laley, J.; Lee, M.-K.; Chahil, N.; Mak, A,; et al.
Performance Comparison of Micro-Neutralization Assays Based on Surrogate SARS-CoV-2 and WT SARS-CoV-2 in Assessing
Virus-Neutralizing Capacity of Anti-SARS-CoV-2 Antibodies. Access Microbiol. 2021, 3, 000257. [CrossRef]

Nandakumar, V.; Profaizer, T.; Lozier, B.K.; Elgort, M.G.; Larragoite, E.T.; Williams, E.S.C.P,; Solis-Leal, A.; Lopez, ].B.; Berges,
B.K.; Planelles, V.; et al. Evaluation of a Surrogate Enzyme-Linked Immunosorbent Assay-Based Severe Acute Respiratory
Syndrome Coronavirus 2 (SARS-CoV-2) CPass Neutralization Antibody Detection Assay and Correlation with Immunoglobulin
G Commercial Serology Assays. Arch. Pathol. Lab. Med. 2021, 145, 1212-1220. [CrossRef]

Taylor, S.C.; Hurst, B.; Charlton, C.L.; Bailey, A.; Kanji, ].N.; McCarthy, M.K.; Morrison, T.E.; Huey, L.; Annen, K.; Dombourian,
M.G.; et al. A New SARS-CoV-2 Dual-Purpose Serology Test: Highly Accurate Infection Tracing and Neutralizing Antibody
Response Detection. J. Clin. Microbiol. 2021, 59, €02438-20. [CrossRef]

Kohmer, N.; Riihl, C.; Ciesek, S.; Rabenau, H.F. Utility of Different Surrogate Enzyme-Linked Immunosorbent Assays (Selisas) for
Detection of SARS-CoV-2 Neutralizing Antibodies. J. Clin. Med. 2021, 10, 2128. [CrossRef]

Hofmann, N.; Grossegesse, M.; Neumann, M.; Schaade, L.; Nitsche, A. Evaluation of a Commercial ELISA as Alternative to
Plaque Reduction Neutralization Test to Detect Neutralizing Antibodies against SARS-CoV-2. Sci. Rep. 2022, 12, 1-9. [CrossRef]
Meyer, B.; Reimerink, J.; Torriani, G.; Brouwer, E; Godeke, G.J.; Yerly, S.; Hoogerwerf, M.; Vuilleumier, N.; Kaiser, L.;
Eckerle, I; et al. Validation and Clinical Evaluation of a SARS-CoV-2 Surrogate Virus Neutralisation Test (SVNT). Emerg. Microbes
Infect. 2020, 9, 2394-2403. [CrossRef]

Murray, M.J.; McIntosh, M.; Atkinson, C.; Mahungu, T.; Wright, E.; Chatterton, W.; Gandy, M.; Reeves, M.B. Validation of a
Commercially Available Indirect Assay for SARS-CoV-2 Neutralising Antibodies Using a Pseudotyped Virus Assay. J. Infect. 2021,
82,170-177. [CrossRef] [PubMed]

Quandyt, J.; Muik, A,; Salisch, N; Lui, B.G.; Lutz, S.; Kriiger, K.; Wallisch, A K.; Adams-Quack, P.; Bacher, M.; Finlayson, A.; et al.
Omicron BA.1 Breakthrough Infection Drives Cross-Variant Neutralization and Memory B Cell Formation against Conserved
Epitopes. Sci. Immunol. 2022, 7, eabq2427. [CrossRef] [PubMed]

Perera, R A.PM.; Ko, R.; Tsang, O.T.Y.; Hui, D.S.C.; Kwan, M.Y.M.; Brackman, C.J.; To, EM.W.,; Yen, H.L.; Leung, K.; Cheng,
S.M.S,; et al. Evaluation of a SARS-CoV-2 Surrogate Virus Neutralization Test for Detection of Antibody in Human, Canine, Cat,
and Hamster Sera. |. Clin. Microbiol. 2021, 59, €02504-20. [CrossRef]

Zedan, H.T; Yassine, H.M.; Al-Sadeq, D.W,; Liu, N.; Qotba, H.; Nicolai, E.; Pieri, M.; Bernardini, S.; Abu-Raddad, L.J.; Nasral-
lah, G.K. Evaluation of Commercially Available Fully Automated and ELISA-Based Assays for Detecting Anti-SARS-CoV-2
Neutralizing Antibodies. Sci. Rep. 2022, 12, 1-11. [CrossRef]

Mishra, K.P,; Singh, M.; Saraswat, D.; Singh, S. Development of ELISA-Based Assay for Detection of SARS-CoV-2 Neutralizing
Antibody. Viral Immunol. 2023, 36, 495-502. [CrossRef]

Blom, K.; Marking, U.; Havervall, S.; Norin, N.G.; Gordon, M.; Garcia, M.; Tecleab, T.; Christ, W.; Forsell, M.; Phillipson, M.; et al.
Immune Responses after Omicron Infection in Triple-Vaccinated Health-Care Workers with and without Previous SARS-CoV-2
Infection. Lancet Infect. Dis. 2022, 22, 943-945. [CrossRef] [PubMed]

Havervall, S.; Marking, U.; Greilert-Norin, N.; Gordon, M.; Ng, H.; Christ, W.; Phillipson, M.; Nilsson, P.; Hober, S.; Blom, K ; et al.
Impact of SARS-CoV-2 Infection on Vaccine-Induced Immune Responses over Time. Clin. Transl. Immunol. 2022, 11, e1388.
[CrossRef]

Psaridi, L.; Maltezou, H.C.; Simonidou, S.; Lialliou, I.; Athanasopoulou, D.; Haila, Z.; Kyrimi, A.; Giannopoulou, I.; Giannousa, S.;
Pseimada, M; et al. Neutralizing Antibody Responses in Healthcare Personnel after Three Doses of MRNA BNT162b2 Vaccine
and Association with Baseline Characteristics and Past SARS-CoV-2 Infection. Vaccine 2022, 40, 5752-5756. [CrossRef]


https://doi.org/10.1371/journal.pone.0277827
https://www.ncbi.nlm.nih.gov/pubmed/36409702
https://doi.org/10.1007/s40265-021-01480-7
https://doi.org/10.1126/scitranslmed.abc3103
https://www.ncbi.nlm.nih.gov/pubmed/32817357
https://doi.org/10.1093/infdis/jiab375
https://doi.org/10.1016/j.cell.2022.01.011
https://www.ncbi.nlm.nih.gov/pubmed/35123650
https://doi.org/10.1016/j.cytogfr.2023.03.001
https://www.ncbi.nlm.nih.gov/pubmed/36948931
https://doi.org/10.1016/j.jviromet.2020.114031
https://www.ncbi.nlm.nih.gov/pubmed/33275926
https://doi.org/10.1099/acmi.0.000257
https://doi.org/10.5858/arpa.2021-0213-SA
https://doi.org/10.1128/JCM.02438-20
https://doi.org/10.3390/jcm10102128
https://doi.org/10.1038/s41598-022-07597-3
https://doi.org/10.1080/22221751.2020.1835448
https://doi.org/10.1016/j.jinf.2021.03.010
https://www.ncbi.nlm.nih.gov/pubmed/33753152
https://doi.org/10.1126/sciimmunol.abq2427
https://www.ncbi.nlm.nih.gov/pubmed/35653438
https://doi.org/10.1128/JCM.02504-20
https://doi.org/10.1038/s41598-022-21317-x
https://doi.org/10.1089/vim.2023.0058
https://doi.org/10.1016/S1473-3099(22)00362-0
https://www.ncbi.nlm.nih.gov/pubmed/35691303
https://doi.org/10.1002/cti2.1388
https://doi.org/10.1016/j.vaccine.2022.08.031

Vaccines 2024, 12,914 21 of 21

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

Vilibic-Cavlek, T.; Stevanovic, V.; Kovac, S.; Borko, E.; Bogdanic, M.; Miletic, G.; Hruskar, Z.; Ferenc, T.; Coric, I.; Vujica
Ferenc, M.; et al. Neutralizing Activity of SARS-CoV-2 Antibodies in Patients with COVID-19 and Vaccinated Individuals.
Antibodies 2023, 12, 61. [CrossRef]

Lustig, Y.; Gonen, T.; Meltzer, L.; Gilboa, M.; Indenbaum, V.; Cohen, C.; Amit, S.; Jaber, H.; Doolman, R.; Asraf, K.; et al. Superior
Immunogenicity and Effectiveness of the Third Compared to the Second BNT162b2 Vaccine Dose. Nat. Immunol. 2022, 23, 940-946.
[CrossRef] [PubMed]

Shrestha, L.B.; Tedla, N.; Bull, R.A. Broadly-Neutralizing Antibodies Against Emerging SARS-CoV-2 Variants. Front. Immunol.
2021, 12, 752003. [CrossRef] [PubMed]

Amanat, F; Thapa, M.; Lei, T.; Ahmed, S.M.S.; Adelsberg, D.C.; Carrefio, ].M.; Strohmeier, S.; Schmitz, A.].; Zafar, S.; Zhou,
J.Q.; et al. SARS-CoV-2 MRNA Vaccination Induces Functionally Diverse Antibodies to NTD, RBD, and S2. Cell 2021, 184,
3936-3948.€10. [CrossRef] [PubMed]

Gattinger, P.; Niespodziana, K.; Stiasny, K.; Sahanic, S.; Tulaeva, I.; Borochova, K.; Dorofeeva, Y.; Schlederer, T.; Sonnweber, T.;
Hofer, G.; et al. Neutralization of SARS-CoV-2 Requires Antibodies against Conformational Receptor-Binding Domain Epitopes.
Allergy Eur. |. Allergy Clin. Immunol. 2022, 77, 230-242. [CrossRef] [PubMed]

Li, W,; Chen, Y,; Prévost, J.; Ullah, I.; Lu, M.; Gong, S.Y.; Tauzin, A.; Gasser, R.; Vézina, D.; Anand, S.P; et al. Structural Basis and
Mode of Action for Two Broadly Neutralizing Antibodies against SARS-CoV-2 Emerging Variants of Concern. Cell Rep. 2022,
38,110210. [CrossRef] [PubMed]

Li, C; Zhan, W,; Yang, Z.; Tu, C.; Hu, G.; Zhang, X.; Song, W.; Du, S.; Zhu, Y.; Huang, K.; et al. Broad Neutralization of
SARS-CoV-2 Variants by an Inhalable Bispecific Single-Domain Antibody. Cell 2022, 185, 1389-1401.e18. [CrossRef]

Huang, K.Y.A.; Chen, X.; Mohapatra, A.; Nguyen, H.T.V,; Schimanski, L.; Tan, TK.; Rijal, P.; Vester, SK.; Hills, R.A,;
Howarth, M,; et al. Structural Basis for a Conserved Neutralization Epitope on the Receptor-Binding Domain of SARS-CoV-2.
Nat. Commun. 2023, 14, 1-13. [CrossRef] [PubMed]

da Silva, E.S.; Kohnen, M.; Gilson, G.; Staub, T.; Arendt, V.; Hilger, C.; Servais, J.Y.; Charpentier, E.; Domingues, O.;
Snoeck, C.J.; et al. Pre-Omicron Vaccine Breakthrough Infection Induces Superior Cross-Neutralization against SARS-CoV-2
Omicron BA.1 Compared to Infection Alone. Int. . Mol. Sci. 2022, 23, 7675. [CrossRef]

Santos da Silva, E.; Servais, ].Y.; Kohnen, M.; Arendt, V.; Gilson, G.; Staub, T.; Seguin-Devaux, C.; Perez-Bercoff, D. Vaccine- and
Breakthrough Infection-Elicited Pre-Omicron Immunity More Effectively Neutralizes Omicron BA.1, BA.2, BA.4 and BA.5 Than
Pre-Omicron Infection Alone. Curr. Issues Mol. Biol. 2023, 45, 1741-1761. [CrossRef]

Andreano, E.; Paciello, I.; Pierleoni, G.; Maccari, G.; Antonelli, G.; Abbiento, V.; Pileri, P; Benincasa, L.; Giglioli, G.; Piccini, G.; et al.
MRNA Vaccines and Hybrid Immunity Use Different B Cell Germlines against Omicron BA.4 and BA.5. Nat. Commun. 2023,
14, 1-9. [CrossRef]

Andreano, E.; Paciello, I; Piccini, G.; Manganaro, N.; Pileri, P; Hyseni, I.; Leonardi, M.; Pantano, E.; Abbiento, V,;
Benincasa, L.; et al. Hybrid Immunity Improves B Cells and Antibodies against SARS-CoV-2 Variants. Nature 2021, 600, 530-535.
[CrossRef] [PubMed]

Huang, K.Y.A.; Tan, TK,; Chen, TH.; Huang, C.G.; Harvey, R.; Hussain, S.; Chen, C.P,; Harding, A.; Gilbert-Jaramillo, J.;
Liu, X,; et al. Breadth and Function of Antibody Response to Acute SARS-CoV-2 Infection in Humans. PLoS Pathog. 2021,
17, €1009352. [CrossRef]

Lv, Z;; Deng, Y.Q.; Ye, Q.; Cao, L.; Sun, C.Y,; Fan, C.; Huang, W.; Sun, S.; Sun, Y.; Zhu, L.; et al. Structural Basis for Neutralization
of SARS-CoV-2 and SARS-CoV by a Potent Therapeutic Antibody. Science 2020, 369, 1505-1509. [CrossRef] [PubMed]

Liu, H.; Wu, N.C; Yuan, M,; Bangaru, S.; Torres, J.L.; Caniels, T.G.; van Schooten, J.; Zhu, X.; Lee, C.C.D.; Brouwer, PJ.M.; et al.
Cross-Neutralization of a SARS-CoV-2 Antibody to a Functionally Conserved Site Is Mediated by Avidity. Immunity 2020, 53,
1272-1280.e5. [CrossRef] [PubMed]

Li, X;; Pan, Y,; Yin, Q.; Wang, Z.; Shan, S.; Zhang, L.; Yu, J.; Qu, Y,; Sun, L.; Gui, F; et al. Structural Basis of a Two-Antibody
Cocktail Exhibiting Highly Potent and Broadly Neutralizing Activities against SARS-CoV-2 Variants Including Diverse Omicron
Sublineages. Cell Discov. 2022, 8, 1-15. [CrossRef]

Piccoli, L.; Park, Y.J.; Tortorici, M.A.; Czudnochowski, N.; Walls, A.C.; Beltramello, M.; Silacci-Fregni, C.; Pinto, D.; Rosen, L.E.;
Bowen, ].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.e21. [CrossRef]

Pinto, D.; Park, Y.J.; Beltramello, M.; Walls, A.C.; Tortorici, M.A.; Bianchi, S.; Jaconi, S.; Culap, K.; Zatta, E.; De Marco, A.; et al.
Cross-Neutralization of SARS-CoV-2 by a Human Monocl. SARS-CoV Antibody. Nature 2020, 583, 290-295. [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/10.3390/antib12040061
https://doi.org/10.1038/s41590-022-01212-3
https://www.ncbi.nlm.nih.gov/pubmed/35534723
https://doi.org/10.3389/fimmu.2021.752003
https://www.ncbi.nlm.nih.gov/pubmed/34646276
https://doi.org/10.1016/j.cell.2021.06.005
https://www.ncbi.nlm.nih.gov/pubmed/34192529
https://doi.org/10.1111/all.15066
https://www.ncbi.nlm.nih.gov/pubmed/34453317
https://doi.org/10.1016/j.celrep.2021.110210
https://www.ncbi.nlm.nih.gov/pubmed/34971573
https://doi.org/10.1016/j.cell.2022.03.009
https://doi.org/10.1038/s41467-023-35949-8
https://www.ncbi.nlm.nih.gov/pubmed/36658148
https://doi.org/10.3390/ijms23147675
https://doi.org/10.3390/cimb45020112
https://doi.org/10.1038/s41467-023-37422-y
https://doi.org/10.1038/s41586-021-04117-7
https://www.ncbi.nlm.nih.gov/pubmed/34670266
https://doi.org/10.1371/JOURNAL.PPAT.1009352
https://doi.org/10.1126/science.abc5881
https://www.ncbi.nlm.nih.gov/pubmed/32703908
https://doi.org/10.1016/j.immuni.2020.10.023
https://www.ncbi.nlm.nih.gov/pubmed/33242394
https://doi.org/10.1038/s41421-022-00449-4
https://doi.org/10.1016/j.cell.2020.09.037
https://doi.org/10.1038/s41586-020-2349-y

	Introduction 
	Material and Methods 
	Sera Samples 
	Recombinant Protein Antigens 
	Surrogate Virus Neutralization Assay (sVNA) Development 
	Direct ELISA Analysis 
	Inhibition ELISA Analysis 

	cPass SARS-CoV-2 Neutralization Antibody Detection Kit (Genscript) 
	Statistical Analysis 

	Results 
	Development of the Surrogate Virus Neutralization Assay (sVNA) 
	Optimizing the Surrogate Virus Neutralization Assay (sVNA) 
	Testing Sera Samples with sVNA 

	Validation and Characteristics of the sVNA 
	Robustness of Negative Sera Samples Evaluation—Reproducibility of sVNA 
	Correlation between sVNA and the cPass (Genscript) 

	Evaluation of nAbs Titers in Vaccinees and Hybrid Sera with sVNA 
	Comparison of nAbs Titers in Hybrid Sera with sVNA and cPass 

	Discussion 
	Conclusions 
	References

