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Abstract: The humoral response through neutralizing antibodies (NAbs) is a key component of the
immune response to COVID-19. However, the plaque reduction neutralization test (PRNT), the
gold standard for determining NAbs, is technically demanding, time-consuming and requires BSL-3
conditions. Correlating the NAbs and total antibodies levels, assessed by generalized and automated
serological tests, is crucial. Through a commercial surrogate virus neutralization test (sVNT), we
aimed to evaluate the production of SARS-CoV-2 NAbs in a set of vaccinated healthcare workers and
to correlate these NAbs with the SARS-CoV-2 IgG anti-S1, anti-RBD and anti-S2 serological titers. We
found that 6 months after vaccination, only 74% maintain NAbs for the Wuhan strain/UK variant
(V1) and 47% maintain NAbs for the South African and Brazil variants (V2). Through Spearman’s
correlation, we found the following correlations between the percentage of inhibition of NAbs and
the SARS-CoV-2 IgG II Quant (Abbott Laboratories, Chicago, IL, USA) and BioPlex 2200 SARS-CoV-2
IgG Panel (Bio-Rad, Hercules, CA, USA) immunoassays: rho = 0.87 (V1) and rho = 0.73 (V2) for
anti-S1 assessed by Abbott assay; rho = 0.77 (V1) and rho = 0.72 (V2) for anti-S1, rho = 0.88 (V1) and
rho = 0.82 (V2) for anti-RBD, and rho = 0.68 (V1) and rho = 0.60 (V2) for anti-S2 assessed by BioPlex
assay (p < 0.001 for all). In conclusion, we found a strong correlation between this fast, user-friendly,
mobile and bio-safe sVNT and the serological immunoassays.
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1. Introduction

Clinical trial data indicate that the mRNA vaccines are approximately 95% effective at
preventing COVID-19 [1,2]. Additionally, several real-world studies after vaccine admin-
istration have confirmed their effectiveness in controlling the COVID-19 pandemic [3-6].
However, the durability of this protection remains unknown, and the influence of new vari-
ants still needs to be studied. The humoral immune response, which occurs mainly through
the production of neutralizing antibodies (NAbs), is a key component of the protective im-
mune response to COVID-19 [7-9]. Thus, the assessment of NAbs against SARS-CoV-2 has
a critical role in monitoring the effectiveness and durability of vaccine-induced immunity
to follow the efficacy of vaccination.

Since the beginning of the COVID-19 pandemic, several commercial SARS-CoV-2
serologic tests have been developed and widely used as complementary diagnostic tools,
for seroprevalence studies and, later, for the evaluation of vaccine performance [10-13].
However, these tests determine the total binding antibodies, and it is known that only a
small subset of these antibodies are capable of neutralizing viruses and protecting against
future infection and disease [14,15].
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The possibility to study this neutralizing capacity is rather cumbersome and shows
several limitations. Indeed, the plaque reduction neutralization test (PRNT), considered
the gold standard for measuring NAb levels, has several limitations: it is technically
demanding, needs to be performed in high biosecurity laboratories (BSL-3), has very low
throughput and has a long turnaround time [16-19]. Thus, it is necessary to develop and
validate alternative methods to assess NAb production.

The surrogate virus neutralization test (sVNT) detects NAbs without the need to
manipulate live viruses or cells and can be completed in 1-2 h in a BSL-2 laboratory. Using
purified receptor-binding domain (RBD) from the Spike protein (S) and the host cell receptor
ACE2, the test is designed to mimic the SARS-CoV-2-host interaction in an ELISA or a
fluorescent immunoassay (FIA). Beyond this, in a clinical laboratory, where serological tests
are highly generalized and automated, it is also crucial to correlate the serological titer with
the antibodies’ neutralization capacity.

Therefore, using a commercial sVNT, our aim was to evaluate SARS-CoV-2 NADb
production in a set of vaccinated healthcare workers after 6 months (BNT162b2) and
correlate it with the SARS-CoV-2 IgG anti-S1, anti-RBD and anti-S2 serological titers. In
a small subgroup of participants, we also assessed the production of NAbs immediately
before and 1 month after the 3rd dose inoculation.

2. Materials and Methods

Six months after full vaccination, we invited 89 healthcare workers from Centro
Hospitalar Universitario de Sao Joao (CHUS]J) to participate in a neutralizing antibody
study. We selected these participants from a group that we have been monitoring for the
production of SARS-CoV-2 IgG since the day after the start of the vaccination process.

This study population seemed interesting to us for two reasons. First, we observed an
abrupt decrease in total antibody production 6 months after the inoculation of two doses of
Pfizer vaccine, but we knew nothing about the production of NAbs. Second, the variability
of serological titers observed would allow us to study the relationship between total and
neutralizing antibody levels.

Thus, participants were selected according to anti-S1 serological titer, previously determined
by the SARS-CoV-2 IgG II Quant assay (Abbott Laboratories, Chicago, IL, USA). In this way,
they were distributed into the following 3 serological subgroups: 37 with a titer < 820 AU/mL,
16 with a titer between 1300-1600 AU/mL and 36 with a titer > 2110 AU/mL.

The anti-S1, anti-RBD and anti-S2 titers were also determined in 55 participants by
the BioPlex 2200 SARS-CoV-2 IgG Panel (Bio-Rad, Hercules, CA, USA) and correlated
with NAD levels. Regarding the RBD, 15 participants were excluded because, despite
an additional dilution, the values remained outside (above) the measuring range of the
immunoassay.

In a subgroup of NAb-positive healthcare workers at 6 months after vaccination
(n =21), we investigated what happened to NAbs immediately before inoculation of the
3rd dose, which in our hospital occurred 10 months after the 2nd shot. In 13 of these
participants, we also assessed the production of NAbs at 1 month after the 3rd inoculation.

In a subgroup of NAb-negative participants at the 6th month mark, NAbs were also
evaluated at 3 months after the 2nd dose (n = 8) and 1 month after the 3rd dose (n = 13).

Among the 89 healthcare workers, 5 are men and 84 are women, with mean ages of 47
(IQR 38-62) and 47 (IQR 22-63), respectively. Participants completed an epidemiological
survey, where they did not report prior COVID-19. Furthermore, through the BioPlex
2200 SARS-CoV-2 IgG Panel, all participants at 1, 3 and 6 months after vaccination were
negative for the production of IgG anti-N, which confirms the absence of previous SARS-
CoV-2 infection.

The serological assays were performed according to the manufacturer’s instructions.
Their selection was based on the availability of the corresponding automatic analysers
in our laboratory and the experience of many months with these two immunoassays in
particular, whether in the performance of seroprevalence studies or in the assessment of
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humoral immunity in COVID-19 patients and immunocompromised subgroups, as well as
in vaccinated populations.

Standard F SARS-CoV-2 nAb FIA

NAbs were accessed through the Standard F SARS-CoV-2 nAb FIA (SD Biosensor,
Cheongwon-gun, Korea), a sVNT for the qualitative measurement of circulating NAbs
against 2 groups of SARS-CoV-2 variants in human serum and plasma. Variant Group 1
(V1) includes the Wuhan strain and UK variant (B.1.1.7); Variant Group 2 (V2) includes the
South African variant (B.1.351) and Brazil variant (P.1).

The test principle is as follows: Anti-RBD antibody and streptavidin coat the region
of the control line and the region of the test lines, respectively, on the surface of a nitrocel-
lulose membrane. During testing, the RBD-conjugated protein with europium particles
interacts with SARS-CoV-2 NAbs in the sample, forming the antibody-RBD complex, or
with the ACE-2 protein conjugated with biotin, forming the ACE2-RBD complex. The
ACE2-biotin and RBD-europium complex migrates along the membrane by capillary action
until reaching the test line, where it is captured by the streptavidin. The fluorescence light
appears in inverse proportion to the NAbs amount.

The test was carried out according to the manufacturer’s instructions. Briefly, 200 uL
of buffer was added to 2 microtubes previously labeled with V1 and V2; 100 pL of the
specimen was added and vortex; lyophilized beads of RBD and ACE-2 were dissolved in
the mixture inside the microtubes; the mixture was incubated at 37 4= 1 °C for 20 min; 100 uL.
of the mixture was applied to the test device and incubated for 15 min; and fluorescence
was read on the STANDARD F200 analyzer (SD Biosensor).

The results are given in percentage of inhibition (PI) according to the formula:

PI(%) = |1— .Specimen ﬂuoro.scense'intensity - < 100
Aver. Negative fluoroscence intensity (factor calibration)

A PI <20% is reported as “negative,” and a PI > 20% is reported as “positive.”

The correlation between the PI and serological titer against the different immunogenic
proteins and the different immunoassays was calculated through Spearman’s correlation.

The study was approved by the CHUS]J ethics committee.

3. Results

The SARS-CoV-2 NAbs for V1 and V2 were observed in 74% and 47% of the healthcare
workers, respectively, with a mean PI of 55% (V1) and 43% (V2). The percentage of
participants with NAbs and the mean PI distributed across the 3 serological subgroups is
shown in Table 1.

Table 1. Percentage of participants with NAbs and the mean PIs distributed across the 3 serological
subgroups assessed by SARS-CoV-2 IgG II Quant assay.

Serological Titer (U/mL) NAbs V1 NAbs V2 % PI V1 % PIV2
<820 19/37 (51%) 6/37 (16%) 32 15
1300-1600 11/16 (69%) 2/16 (13%) 44 13
>2110 36/36 (100%) 34/36 (95%) 72 46

Through Spearman’s correlation, we found a rho = 0.87 (V1) and rho = 0.73 (V2)
between PI and SARS-CoV-2 IgG anti-S1 titer accessed by Abbott immunoassay (p < 0.001
for all). When we correlated the NADb levels with SARS-CoV-2 IgG titers from BioPlex, we
found a rho = 0.77 (V1) and rho = 0.72 (V2) between PI and anti-S1 titers, a rho = 0.88 (V1)
and rho = 0.82 (V2) between PI and anti-RBD titers and a rho = 0.68 (V1) and rho = 0.60
(V2) between PI and anti-S2 titers (p < 0.001 for all).
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We found that from an anti-S1 titer > 2110 AU/mL (Abbott), anti-S1 titer > 112 U/mL
(BioPlex), anti-RBD titer > 193 U/mL and anti-S2 titer > 5 U/mL, all participants showed
circulating NAbs for V1, with mean PlIs of 72%, 74%, 74% and 70%, respectively. From
an anti-S1 titer > 2158 AU/mL (Abbott), anti-S1 titer > 238 U/mL (BioPlex), anti-RBD
titer > 366 U/mL and anti-S2 titer > 11 U/mL, all participants produced NAbs for V2,
with mean PI’s of 46%, 50%, 57% and 51%, respectively. In Figure 1, we show PI as a
function of SARS-CoV-2 IgG titers.
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Figure 1. Percentage of SARS-CoV-2 neutralizing inhibition (PI) as a function of SARS-CoV-2 IgG
serological titer. The PI of NAbs for V1 (blue) and V2 (orange) are correlated with (A) anti-S1 (Abbott),
(B) anti-S1 (BioPlex), (C) anti-RBD and (D) anti-S2 serological titer. The red line represents the sVNT
cut-off. PI results < 20% are reported as “negative,” and PI > 20% are reported as “positive”.

In serum collected 3 months after vaccination from 8 participants negative at the 6th
month, the presence of NAbs was observed for both variants, with mean PIs of 63% (V1)
and 32% (V2) (Figure 2).
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Figure 2. Percentage of SARS-CoV-2 neutralizing inhibition (PI) as a function of SARS-CoV-2 IgG
anti-S1 in serum collected 3 months after vaccination from NAbs-negative participants. The PI
of NAbs for V1 (blue) and V2 (orange) are correlated with anti-S1 (Abbott) serological titer in 8
NAbs-negative participants at 6 months after vaccination. The red line represents the sVNT cut-off.
PI results < 20% are reported as “negative,” and PI > 20% are reported as “positive”.

In a small subgroup of participants, we also assessed the production of NAbs immedi-
ately before and 1 month after the 3rd dose inoculation. In the subgroup of NAbs-positive
healthcare workers at 6 months after vaccination (n = 21), we found an additional average
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decrease of 22% (V1) and 14% (V2) in NAbs PI at 10 months after the 2nd dose, correspond-
ing to the time when our healthcare workers were vaccinated with the 3rd dose. In 13 of
these participants, we also assessed the production of NAbs at the 1st month after the 3rd
inoculation, and we observed an average increase of 55% (V1) and 63% (V2) in NAbs PI
compared with the values for the 10th month (Figure 3).
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Figure 3. Mean percentages of SARS-CoV-2 neutralizing inhibition (PI) at 6 and 10 months (n = 21)
after the 2nd dose and 1 month (n = 13) after the 3rd dose of Pfizer vaccine for V1 (blue) and V2
(orange). The red line represents the sVNT cut-off. PI results < 20% are reported as “negative,” and
PI > 20% are reported as “positive”.

In all of the NAbs-negative participants at the 6-month mark in which the NAbs were
evaluated at 1 month after the 3rd dose (n = 13), we found NAbs production for V1 and V2
with average PI values of 99.8% for both variants.

4. Discussion

Through a sVNT, we determined the SARS-CoV-2 NAbs in a group of vaccinated
healthcare workers without previous COVID-19. We found that 6 months after vaccination,
only 74% maintain NAbs for the Wuhan strain and for the UK variant. This percentage
drops to 47% when we look at the South African and Brazil variants.

The decline in total and neutralizing antibodies 6 months after vaccination has been
described [20-23]. Likewise, the decrease in the effectiveness of vaccines associated with
SARS-CoV-2 variants has also been reported [24-26].

In December 2020, a rapidly growing lineage in the UK associated with an unexpect-
edly large number of genetic changes was reported [27]. Within 1 month, two additional
lineages, with a significant number of mutations, were identified from South Africa and
Brazil [28,29]. The difference in vaccine efficacy for the different variants is easily explained
since the vaccine was developed for the Wuhan strain. As the new mutations give rise
to variants whose spike protein is less homologous to the original strain, the ability of its
RBD domain to bind the ACE-2 receptor on human cells and thus neutralize the virus may
decrease, as our data showed, in line with other studies [24-26]. In one of them, published
in The Lancet (June 2021), Emma C Wall and colleagues reported a decrease of 5.8, 4.9 and
2.6-fold in NAbs levels for the Delta, South Africa and UK variants, respectively, in relation
to the Wuhan strain [24].

After the UK, South Africa and Brazil variants, a new variant, the Delta variant
(B.1.617.2), emerged in India, quickly increasing its prevalence from 2% in February 2021
to 87% in May 2021 [30]. Since then, the Delta variant has spread widely in multiple
countries and displayed evidence of being even more transmissible than the UK variant
and causing more severe disease than earlier variants [30]. In November 2021, the Omicron
variant (B.1.1.529) was identified in South Africa and, since then, has caused super spreader
events and outcompeted Delta within weeks in several countries [31]. Furthermore, an
unprecedented number of mutations in its spike gene may result in reduced vaccine
effectiveness. Therefore, it would have been very important to determine the SARS-CoV-2
NAbs for the Delta and Omicron variants; this is a limitation of this study. In an updated
version of this commercial immunoassay; it is crucial to include these variants [32-34].
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Another finding of this work is that the presence of NAbs, as well as the percentage of
inhibition, is directly proportional to the SARS-CoV-2 IgG anti-S1, anti-RBD and anti-S2
serological titer. This is truly relevant as serological tests have a far more widespread use
than neutralization tests, are easier to carry out, faster, more standardized and easier to
scale to perform studies at the populational level. Thus, it is essential to be able to establish
a relationship between the serological titer and the neutralization capacity. Here, we found
a strong correlation between the NAbs PI from Standard F SARS-CoV-2 nAb FIA and the
SARS-CoV-2 IgG I Quant and BioPlex 2200 SARS-CoV-2 IgG Panel immunoassays. The
highest correlation was found for SARS-CoV-2 antibodies against RBD, followed by those
against S1. We also determined the following minimum neutralizing serological titers for
both variants: 2158 AU/mL, 238 U/mL, 366 U/mL and 11 U/mL for anti-S1 (Abbott),
anti-S1 (BioPlex), anti-RBD and anti-S2 proteins, respectively. This strong correlation and
the possibility of establishing a neutralizing serological cut-off were also described by other
authors [35,36].

In 8 participants without NAbs for V1 and V2 at 6 months after vaccination, we
observed that they were positive for NAbs at 3 months after vaccination. These results
ensure that these individuals are capable of producing NAbs, excluding any biological
peculiarities. Additionally, they once again reinforce the link between the decline of total
and neutralizing antibodies over time.

From the subgroup of participants in which we assessed the production of NAbs
immediately before and at 1 month after inoculation with the 3rd dose, we concluded that
between the 6th and 10th month, NAbs continued to decrease, reaching mean PI values of
44% (V1) and 27% (V2), and that the 3rd booster dose increases these levels to mean values
of 99% (V1) and 90% (V2), even in participants who were NAbs-negative at the 6th month
after the 2nd dose; these individuals achieved mean PI values of 99.8% for both variants.

We believe that this real-world study provides us with important data concerning
the duration and effectiveness of vaccine-induced protection. However, it has several
limitations: the number of participants is small; COVID-19 patients were not evaluated;
only one type of vaccine was included; and the NAbs determination method is not the gold
standard. It would be important in future studies for this fast, user-friendly, mobile and
bio-safe sVNT to be evaluated using the PRNT as a reference method. Furthermore, we
have to highlight that when we study total or neutralizing antibodies, we are not including
cellular immunity, which can be maintained even after antibodies decay.

Author Contributions: Conceptualization, A.R., M.].C. and ].T.G.; data curation, A.R. and L.R; for-
mal analysis, A.R.; funding acquisition, M.].C. and J.T.G.; investigation, A.R. and L.R.; methodology,
AR, M].C.and L.R; supervision, ].T.G.; writing—original draft, A.R.; writing—review & editing,
M.J.C. and ].T.G. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by FCT Special Support Research4Covid, grant number 186.

Institutional Review Board Statement: The study was conducted according to the guidelines of the
Declaration of Helsinki, and approved by the Ethics Committee of Centro Hospitalar Universitario
de Sao Joao (CE 130-20, 30 April 2020).

Informed Consent Statement: Patient consent was waived because only archived specimens were used.
Data Availability Statement: Not applicable.

Acknowledgments: The Standard F SARS-CoV-2 nAb FIA tests were supplied by Quilaban, Quimica
Laboratorial Analitica, S.A., Lisboa, Portugal.

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

1.  Baden, L.R; El Sahly, H.M.; Essink, B.; Kotloff, K.; Frey, S.; Novak, R.; Diemert, D.; Spector, S.A.; Rouphael, N.; Creech, C.B.; et al.
Efficacy and Safety of the mRNA-1273 SARS-CoV-2 Vaccine. N. Engl. ]. Med. 2021, 384, 403—416. [CrossRef]

2. Polack, EP,; Thomas, S.J.; Kitchin, N.; Absalon, J.; Gurtman, A.; Lockhart, S.; Perez, J.L.; Pérez Marc, G.; Moreira, E.D.; Zerbini, C.;
et al. Safety and efficacy of the BNT162b2 mRNA COVID-19 vaccine. N. Engl. J. Med. 2020, 383, 2603-2615. [CrossRef] [PubMed]


http://doi.org/10.1056/NEJMoa2035389
http://doi.org/10.1056/NEJMoa2034577
http://www.ncbi.nlm.nih.gov/pubmed/33301246

Diagnostics 2022, 12, 205 70f8

10.

11.

12.

13.

14.
15.

16.
17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

Hall, VJ].; Foulkes, S.; Saei, A.; Andrews, N.; Oguti, B.; Charlett, A.; Wellington, E.; Stowe, J.; Gillson, N.; Atti, A.; et al. COVID-19
vaccine coverage in health-care workers in England and effectiveness of BNT162b2 mRNA vaccine against infection (SIREN): A
prospective, multicentre, cohort study. Lancet 2021, 397, 1725-1735. [CrossRef]

Benenson, S.; Oster, Y.; Cohen, M.J.; Nir-Paz, R. BNT162b2 mRNA COVID-19 Vaccine Effectiveness among Health Care Workers.
N. Engl. ]. Med. 2021, 384, 1775-1777. [CrossRef]

Jalkanen, P; Kolehmainen, P.; Hikkinen, H.K.; Huttunen, M.; Téhtinen, P.A.; Lundberg, R.; Maljanen, S.; Reinholm, A.; Tauriainen,
S.; Pakkanen, S.H.; et al. COVID-19 mRNA vaccine induced antibody responses against three SARS-CoV-2 variants. Nat. Commun.
2021, 12, 3991. [CrossRef] [PubMed]

Hyams, C.; Marlow, R.; Maseko, Z.; King, J.; Ward, L.; Fox, K.; Heath, R.; Turner, A.; Friedrich, Z.; Morrison, L.; et al. Effectiveness
of BNT162b2 and ChAdOx1 nCoV-19 COVID-19 vaccination at preventing hospitalisations in people aged at least 80 years: A
test-negative, case-control study. Lancet Infect. Dis. 2021, 21, 1539-1548, Erratum in Lancet Infect. Dis. 2021, 21, e208. [CrossRef]
Deng, W.; Bao, L.; Liu, ].; Xiao, C.; Liu, ].; Xue, J.; Lv, Q.; Qi, F;; Gao, H.; Yu, P;; et al. Primary exposure to SARS-CoV-2 protects
against reinfection in rhesus macaques. Science 2020, 369, 818-823. [CrossRef]

Chen, P,; Nirula, A.; Heller, B.; Gottlieb, R.L.; Boscia, J.; Morris, J.; Huhn, G.; Cardona, J.; Mocherla, B.; Stosor, V.; et al. SARS-CoV-2
Neutralizing Antibody LY-CoV555 in Outpatients with COVID-19. N. Engl. ]. Med. 2021, 384, 229-237. [CrossRef]

Dispinseri, S.; Secchi, M.; Pirillo, M.E,; Tolazzi, M.; Borghi, M.; Brigatti, C.; De Angelis, M.L.; Baratella, M.; Bazzigaluppi, E.;
Venturi, G.; et al. Neutralizing antibody responses to SARS-CoV-2 in symptomatic COVID-19 is persistent and critical for survival.
Nat. Commun. 2021, 12, 2670. [CrossRef]

Galipeau, Y.; Greig, M.; Liu, G.; Driedger, M.; Langlois, M.-A. Humoral Responses and Serological Assays in SARS-CoV-2
Infections. Front. Immunol. 2020, 11, 610688. [CrossRef]

Ainsworth, M.; Andersson, M.; Auckland, K.; Baillie, ].K.; Barnes, E.; Beer, S.; Beveridge, A.; Bibi, S.; Blackwell, L.; Borak, M.; et al.
Performance characteristics of five immunoassays for SARS-CoV-2: A head-to-head benchmark comparison. Lancet Infect. Dis.
2020, 20, 1390-1400, Erratum in Lancet Infect. Dis. 2020, 20, €298. [CrossRef]

Pollan, M.; Pérez-Goémez, B.; Pastor-Barriuso, R.; Oteo, J.; Hernan, M.A.; Perez-Olmeda, M.; Sanmartin, J.L.; Fernandez-
Garcia, A.; Cruz, I.; de Larrea, N.F,; et al. Prevalence of SARS-CoV-2 in Spain (ENE-COVID): A nationwide, population-based
seroepidemiological study. Lancet 2020, 396, 535-544. [CrossRef]

Ramos, A.; Cardoso, M.].; Norton, P.; Sarmento, A.; Guimaraes, J.T. Serological response to a single dose of a SARS-CoV-2 mRNA
vaccine. J. Virol. Methods 2021, 296, 114223. [CrossRef]

Payne, S. Viruses: From Understanding to Investigation; Academic Press: New York, NY, USA, 2017; pp. 61-71.

Xi, Y. Convalescent plasma therapy for COVID-19: A tried-and-true old strategy? Signal Transduct. Target. Ther. 2020, 5, 203.
[CrossRef]

Stephens, D.S.; McElrath, M.]. COVID-19 and the Path to Immunity. JAMA 2020, 324, 1279-1281. [CrossRef] [PubMed]
Campi-Azevedo, A.C.; Peruhype-Magalhaes, V.; Coelho-Dos-Reis, ].G.; Antonelli, L.R.; Costa-Pereira, C.; Speziali, E.; Reis, L.R,;
Lemos, J.A.; Ribeiro, J.G.L.; Camacho, L.A.B.; et al. 17DD Yellow Fever Revaccination and Heightened Long-Term Immunity in
Populations of Disease-Endemic Areas, Brazil. Emerg. Infect. Dis. 2019, 25, 1511-1521. [CrossRef] [PubMed]

Cohen, B.J.; Doblas, D.; Andrews, N. Comparison of plaque reduction neutralisation test (PRNT) and measles virus-specific IgG
ELISA for assessing immunogenicity of measles vaccination. Vaccine 2008, 26, 6392-6397. [CrossRef]

Eyal, O.; Olshevsky, U.; Lustig, S.; Paran, N.; Halevy, M.; Schneider, P.; Zomber, G.; Fuchs, P. Development of a tissue-culture-
based enzyme-immunoassay method for the quantitation of anti-vaccinia-neutralizing antibodies in human sera. J. Virol. Methods
2005, 130, 15-21. [CrossRef]

Naaber, P; Tserel, L.; Kangro, K.; Sepp, E.; Jiirjenson, V.; Adamson, A.; Haljasmaégi, L.; Rumm, A.P.; Maruste, R.; Kédrner, J.; et al.
Dynamics of antibody response to BNT162b2 vaccine after six months: A longitudinal prospective study. Lancet Reg. Health-Eur.
2021, 10, 100208. [CrossRef]

Terpos, E.; Karalis, V.; Ntanasis-Stathopoulos, I.; Gavriatopoulou, M.; Gumeni, S.; Malandrakis, P.; Papanagnou, E.-D.; Kastritis,
E.; Trougakos, L.P; Dimopoulos, M.A. Robust Neutralizing Antibody Responses 6 Months Post Vaccination with BNT162b2: A
Prospective Study in 308 Healthy Individuals. Life 2021, 11, 1077. [CrossRef]

Pegu, A.; O’Connell, S.E.; Schmidt, S.D.; O'Dell, S.; Talana, C.A.; Lai, L.; Albert, J.; Anderson, E.; Bennett, H.; Corbett, K.S; et al.
Durability of mRNA-1273 vaccine-induced antibodies against SARS-CoV-2 variants. Science 2021, 373, 1372-1377. [CrossRef]
Thomas, S.J.; Moreira, E.D., Jr.; Kitchin, N.; Absalon, J.; Gurtman, A.; Lockhart, S.; Perez, J.L.; Marc, G.P.; Polack, EP.; Zerbini, C.;
et al. Safety and Efficacy of the BNT162b2 mRNA COVID-19 Vaccine through 6 Months. N. Engl. ]. Med. 2021, 385, 1761-1773.
[CrossRef]

Wall, E.C.; Wu, M.; Harvey, R; Kelly, G.; Warchal, S.; Sawyer, C.; Daniels, R.; Hobson, P.; Hatipoglu, E.; Ngai, Y.; et al. Neutralising
antibody activity against SARS-CoV-2 VOCs B.1.617.2 and B.1.351 by BNT162b2 vaccination. Lancet 2021, 397, 2331-2333. [CrossRef]
Zani, A.; Caccuri, F.; Messali, S.; Bonfanti, C.; Caruso, A. Serosurvey in BNT162b2 vaccine-elicited neutralizing antibodies against
authentic B.1, B.1.1.7, B.1.351, B.1.525 and P.1 SARS-CoV-2 variants. Emerg. Microbes Infect. 2021, 10, 1241-1243. [CrossRef]

Liu, Y.; Liu, J.; Xia, H.; Zhang, X.; Zou, J.; Fontes-Garfias, C.R.; Weaver, 5.C.; Swanson, K.A.; Cai, H.; Sarkar, R.; et al. BNT162b2-
Elicited Neutralization against New SARS-CoV-2 Spike Variants. N. Engl. . Med. 2021, 385, 472—-474. [CrossRef] [PubMed]


http://doi.org/10.1016/S0140-6736(21)00790-X
http://doi.org/10.1056/NEJMc2101951
http://doi.org/10.1038/s41467-021-24285-4
http://www.ncbi.nlm.nih.gov/pubmed/34183681
http://doi.org/10.1016/S1473-3099(21)00330-3
http://doi.org/10.1126/science.abc5343
http://doi.org/10.1056/NEJMoa2029849
http://doi.org/10.1038/s41467-021-22958-8
http://doi.org/10.3389/fimmu.2020.610688
http://doi.org/10.1016/S1473-3099(20)30634-4
http://doi.org/10.1016/S0140-6736(20)31483-5
http://doi.org/10.1016/j.jviromet.2021.114223
http://doi.org/10.1038/s41392-020-00310-8
http://doi.org/10.1001/jama.2020.16656
http://www.ncbi.nlm.nih.gov/pubmed/32915201
http://doi.org/10.3201/eid2508.181432
http://www.ncbi.nlm.nih.gov/pubmed/31298654
http://doi.org/10.1016/j.vaccine.2008.08.074
http://doi.org/10.1016/j.jviromet.2005.05.027
http://doi.org/10.1016/j.lanepe.2021.100208
http://doi.org/10.3390/life11101077
http://doi.org/10.1126/science.abj4176
http://doi.org/10.1056/NEJMoa2110345
http://doi.org/10.1016/S0140-6736(21)01290-3
http://doi.org/10.1080/22221751.2021.1940305
http://doi.org/10.1056/NEJMc2106083
http://www.ncbi.nlm.nih.gov/pubmed/33979486

Diagnostics 2022, 12, 205 8of8

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

Rambaut, A.; Loman, N.; Pybus, O.; Barclay, W.; Barrett, J.; Carabelli, A.; Connor, T.; Peacock, T.; Robertson, D.L.; Volz, E.
Preliminary genomic characterisation of an emergent SARS- CoV-2 lineage in the UK defined by a novel set of spike mutations.
Genom. Epidemiol. 2020, 1-5. Available online: https:/ /virological.org/t/563 (accessed on 7 December 2021).

Tegally, H.; Wilkinson, E.; Giovanetti, M.; Iranzadeh, A.; Fonseca, V.; Giandhari, J.; Doolabh, D.; Pillay, S.; San, E.J.; Msomi, N.;
et al. Detection of a SARS-CoV-2 variant of concern in South Africa. Nature 2021, 592, 438-443. [CrossRef] [PubMed]

Faria, N.R.; Mellan, T.A.; Whittaker, C.; Claro, I.M.; Candido, D.D.S.; Mishra, S.; Crispim, M.A.E.; Sales, EC.S.; Hawryluk, L;
McCrone, J.T.; et al. Genomics and epidemiology of the P.1 SARS-CoV-2 lineage in Manaus, Brazil. Science 2021, 372, 815-821.
[CrossRef]

Dhar, M.S.; Marwal, R.; Vs, R.; Ponnusamy, K.; Jolly, B.; Bhoyar, R.C.; Sardana, V.; Naushin, S.; Rophina, M.; Mellan, T.A.; et al.
Genomic characterization and epidemiology of an emerging SARS-CoV-2 variant in Delhi, India. Science 2021, 374, 995-999.
[CrossRef]

Brandal, L.T.; MacDonald, E.; Veneti, L.; Ravlo, T.; Lange, H.; Naseer, U.; Feruglio, S.; Bragstad, K.; Hungnes, O.; Jdeskaug, L.E.;
et al. Outbreak caused by the SARS-CoV-2 Omicron variant in Norway, November to December 2021. Eurosurveillance 2021, 26,
2101147. [CrossRef] [PubMed]

Cele, S.; Jackson, L.; Khan, K.; Khoury, D.; Moyo-Gwete, T.; Tegally, H.; Scheepers, C.; Amoako, D.; Karim, E; Bernstein, M.; et al.
SARS-CoV-2 Omicron has extensive but incomplete escape of Pfizer BNT162b2 elicited neutralization and requires ACE2 for
infection. medRxiv 2021. [CrossRef]

Andrews, N.; Stowe, ].; Kirsebom, F; Toffa, S.; Rickeard, T.; Gallagher, E.; Gower, C.; Kall, M.; Groves, N.; O’Connell, A.M; et al.
Effectiveness of COVID-19 vaccines against the Omicron (B.1.1.529) variant of concern. medRxiv 2021. [CrossRef]

Rossler, A.; Riepler, L.; Bante, D.; von Laer, D.; Kimpel, J]. SARS-CoV-2 B.1.1.529 variant (Omicron) evades neutralization by sera
from vaccinated and convalescent individuals. medRxiv 2021. [CrossRef]

Grenache, D.G.; Ye, C.; Bradfute, S.B. Correlation of SARS-CoV-2 Neutralizing Antibodies to an Automated Chemiluminescent
Serological Immunoassay. J. Appl. Lab. Med. 2021, 6, 491-495. [CrossRef] [PubMed]

Valdivia, A.; Torres, I; Latorre, V.; Francés-Gomez, C.; Albert, E.; Gozalbo-Rovira, R.; Alcaraz, M.].; Buesa, ].; Rodriguez-Diaz,
J.; Geller, R; et al. Inference of SARS-CoV-2 spike-binding neutralizing antibody titers in sera from hospitalized COVID-19
patients by using commercial enzyme and chemiluminescent immunoassays. Eur. J. Clin. Microbiol. Infect Dis. 2021, 40, 485-494.
[CrossRef]


https://virological.org/t/563
http://doi.org/10.1038/s41586-021-03402-9
http://www.ncbi.nlm.nih.gov/pubmed/33690265
http://doi.org/10.1126/science.abh2644
http://doi.org/10.1126/science.abj9932
http://doi.org/10.2807/1560-7917.ES.2021.26.50.2101147
http://www.ncbi.nlm.nih.gov/pubmed/34915975
http://doi.org/10.1101/2021.12.08.21267417
http://doi.org/10.1101/2021.12.14.21267615
http://doi.org/10.1101/2021.12.08.21267491
http://doi.org/10.1093/jalm/jfaa195
http://www.ncbi.nlm.nih.gov/pubmed/33098417
http://doi.org/10.1007/s10096-020-04128-8

	Introduction 
	Materials and Methods 
	Results 
	Discussion 
	References

