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Abstract: Background: Since sensitivity and specificity vary widely between tests, SARS-CoV-2
serology results should be interpreted with caution. Methods: The study included serum samples
from patients who had recovered from COVID-19 (n = 71), individuals vaccinated against SARS-CoV-2
(n = 84), and asymptomatic individuals (n = 33). All samples were tested for the presence of binding
antibodies (enzyme immunoassay; EIA), neutralizing (NT) antibodies (virus neutralization test;
VNT), and surrogate NT (sNT) antibodies (surrogate virus neutralization test; sVNT) of SARS-CoV-2.
Results: SARS-CoV-2-binding antibodies were detected in 71 (100%) COVID-19 patients, 77 (91.6%)
vaccinated individuals, and 4 (12.1%) control subjects. Among EIA-positive samples, VNT was
positive (titer ≥ 8) in 100% of COVID-19 patients and 63 (75.0%) of the vaccinated individuals, while
sVNT was positive (>30% inhibition) in 62 (87.3%) patients and 59 (70.2%) vaccinated individuals. The
analysis of antibody levels showed a significant moderate positive correlation between EIA and VNT,
a moderate positive correlation between EIA and sVNT, and a strong positive correlation between
VNT and sVNT. The proportion of positive sVNT detection rate was associated with VNT titer. The
lowest positivity (72.4%/70.8%) was detected in samples with low NT titers (8/16) and increased
progressively from 88.2% in samples with titer 32 to 100% in samples with titer 256. Conclusions:
sVNT appeared to be a reliable method for the assessment COVID-19 serology in patients with high
antibody levels, while false-negative results were frequently observed in patients with low NT titers.

Keywords: SARS-CoV-2; COVID-19; antibodies; EIA; surrogate neutralization test; virus neutral-
ization test

1. Introduction

Serological tests have the potential to significantly enhance the capacity to diagnose
severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) in the current coronavirus
disease (COVID-19) pandemic and have broad clinical applications, including in analyzing
the immune response and identifying asymptomatic cases and those in the population who
may be immune [1]. Numerous serological tests may be used to detect binding antibodies
to SARS-CoV-2; however, they do not provide information on the potency of functional
antibodies that may be linked to protective responses [2]. Since the sensitivity and specificity
vary widely between tests, the serology results should be interpreted with caution.

Several serological tests for the diagnosis of SARS-CoV-2 are commercially available.
These detect antibodies to assess the virus spike receptor binding domain (RBD), the
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whole-spike (S) antigen, the nucleocapsid (N) antigen, or all three [3]. Rapid immunochro-
matographic tests (ICT) and enzyme immunoassays (EIA) are widely in use as screening
tests that qualitatively or semi-quantitatively measure the presence of IgG, IgM, and IgA
antibodies [4]. However, due to the possible cross-reactions of binding antibodies with
seasonal coronaviruses, a virus neutralization test (VNT) in cell culture remains the gold
standard serological test for use in SARS-CoV-2 diagnosis. While a positive EIA result,
even if specific, provides evidence of prior SARS-CoV-2 infection, it is not an assurance of
protective immunity. Conversely, the presence of neutralizing (NT) antibodies correlates
with protection [2,3].

VNTs are labor-intensive, difficult to standardize, and require the handling of live
viruses in biosafety level 3 (BSL-3). Surrogate virus neutralization tests (sVNT) were
developed in order to overcome these limitations of the VNT [4]. Several sVNTs are
commercially available. The majority of these tests use the principle of an EIA to measure
the NT capacity of anti-SARS-CoV-2 antibodies by inhibiting the interactions between the
receptor-binding domain (RBD) of the S protein and angiotensin-converting enzyme 2
(ACE-2) cell receptors, mimicking the neutralization process. The percentage of binding
inhibition between RBD and ACE-2 is then translated into percentage neutralization [5–7].
In contrast to the VNT, an sVNT can be performed in the process of BSL-2 containment. In
addition, the sVNT has the advantages of technical simplicity and short duration (requiring
only a few hours for completion) [8,9].

While in the natural SARS-CoV-2 infection, antibodies can be produced against
all virus epitopes, the SARS-CoV-2 vaccine triggers the development of only S-protein-
targeting antibodies [10].

Some studies compared different serological methods in the diagnosis of COVID-19.
However, these studies have predominantly investigated the EIA and VNT, without many
reports on the fluorescence immunoassay (FIA) in the detection of SARS-CoV-2 infection. This
study aimed to evaluate the effectiveness of three serological tests for detecting SARS-CoV-2
antibodies in patients with COVID-19 and vaccinated individuals: EIA (binding antibodies),
FIA (surrogate NT antibodies), and VNT (NT antibodies).

2. Materials and Methods
2.1. Samples

A total of 155 serum samples from patients who recovered from COVID-19 and had
this confirmed by RT-PCR (n = 71) and individuals vaccinated against SARS-CoV-2 (n = 84)
were included in the study. In addition, the study included samples from individuals who
were asymptomatic at the time of testing and reported no recent febrile disease (control
group, n = 33). All samples were tested for the presence of SARS-CoV-2-binding antibodies
using EIA, in the presence of NT antibodies using VNT, and with surrogate NT (sNT)
antibodies using FIA.

2.2. Enzyme-Linked Immunoassay

Initial serological testing (binding antibodies) was performed using an automated
commercial EIA based on recombinant SARS-CoV-2 spike glycoprotein (S) and nucleo-
capsid protein (N) antigens (Vircell Microbiologists, Granada, Spain). The results were
calculated, and the antibody index (AI) was expressed as: AI = (sample OD/cut-off serum
mean OD) × 10. This was interpreted as follows: AI IgG < 4, negative, 4–6, borderline, >6,
positive [11,12].

2.3. Fluorescence Immunoassay (Surrogate Neutralization Test)

Surrogate NT antibodies were detected using an automated commercial FIA (AFIAS
COVID-19 nAb, Boditech Med Incorporated, Chuncheon-si, Gang-won-do, Republic of
Korea). The test used a competitive immunodetection method for the qualitative determi-
nation of SARS-CoV-2 sNT antibodies that block the interaction between the RBD of the
SARS-CoV-2 S glycoprotein with the ACE-2 cell surface receptor. The SARS-CoV-2 sNT
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present in the serum sample bound to the fluorescence-labeled SARS-CoV-2 RBD antigen
and formed a complex. The complex migrated onto the nitrocellulose matrix with immobi-
lized ACE-2 and interfered with the binding of sNT antibodies and fluorescence-labeled
RBD. The results were calculated on the basis of inhibition rate (%) and interpreted as
follows: cut-off index (COI; %) <30 negative; >30 positive.

2.4. Virus Neutralization Test

NT antibodies were detected using a VNT in cell culture. SARS-CoV-2, isolated in
Vero E6 cells (ATCC CRL-1586) from a Croatian COVID-19 patient, was used as a stock
virus. The virus titer (50% tissue culture infectious dose; TCID50) was calculated using
the Reed and Muench formula. An equal volume (25 µL) of serial two-fold dilutions of
heat-inactivated serum samples (30 min/56 ◦C) and 100 TCID50 of SARS-CoV-2 were
mixed and incubated at 37 ◦C with CO2 for one hour. Finally, 50 µL of 2 × 105 Vero
E6 cells/mL were added to each well. To ensure optimal testing results, the virus antigen
used in each run was back-titrated, and a positive sample with a known titer as well as a
negative control sample were included in each plate. The plates were incubated at 37 ◦C
with CO2 and, starting from the third day, the plates were checked for cytopathic effects.
The titer was defined as the reciprocal of the highest serum dilution that showed at least
50% neutralization. NT antibody titer > 8 was considered positive [11,12].

3. Results

The overall SARS-CoV-2 positivity rates were 152 (80.0%) for binding antibodies (EIA),
134 (71.3%) for NT antibodies (VNT) and 123 (65.4%) for sNT antibodies (FIA, Table 1).
SARS-CoV-2-binding antibodies (EIA) were detected in 71 (100%) COVID-19 patients and
77 (91.6%) vaccinated individuals. Among EIA-positive samples, NT antibodies (VNT)
were detected in all (100%) COVID-19 patients and 63 (75.0%) vaccinated individuals,
while sNT antibodies (FIA) were detected in 62 (87.3%) patients and 59 (70.2%) vaccinated
individuals. In addition, 4 (12.1%) of samples from the control group were EIA positive,
2 (6.1%) were FIA positive, and no one was VNT positive.

Table 1. SARS-CoV-2 detection rates using EIA, VNT and sVNT.

Group
EIA VNT sVNT (FIA)

N (%) 95%CI N (%) 95%CI N (%) 95%CI

COVID-19 patients; n = 71 71 (100) 94.0–100 1 71 (100) 94.0–100 1 62 (87.3) 77.3–94.0
Vaccinated individuals; n = 84 77 (91.6) 83.5–96.5 63 (75.0) 64.3–83.8 59 (70.2) 59.3–79.7

Control group; n = 33 4 (12.1) 3.4–28.2 0 (0) 0–10.5 1 2 (6.1) 0.7–20.2
Total; n = 188 152 (80.0) 74.5–86.2 134 (71.3) 64.2–77.6 123 (65.4) 58.2–72.2

1 One-sided 97.5% confidence interval.

There was a significant moderate positive correlation between AI (EIA) and NT
antibody titers (VNT) [Spearman’s rank rho = 0.572, p < 0.001], moderate positive correlation
between AI (EIA) and sNT antibody titers (sVNT) [Spearman’s rank rho = 0.584, p < 0.001]
and strong positive correlation between NT antibody titers (VNT) and sNT antibody titers
(sVNT) [Spearman’s rank rho = 0.710, p < 0.001] (Figure 1).

EIA, VNT, and sVNT antibody levels are presented in Figure 2. COVID-19 patients
showed significantly higher binding antibody (EIA) levels (median AI = 41.5, IQR = 22.5–53.0)
compared to vaccinated individuals (median AI = 16, IQR = 8.0–37.0; p < 0.001). However,
there was no difference in the antibody level between groups for VNT (COVID-19 patients
median NT antibody titer = 32, IQR = 4.3–128; vaccinated individuals median titer = 32,
IQR = 8.3–64; p = 0.453) and sVNT (COVID-19 patients median binding antibodies:
% inhibition = 88, IQR = 58–99; vaccinated individuals median % inhibition = 87.5; IQR = 33–99;
p = 0.453).
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A comparison of VNT- and sVNT-positive detection rates, determined according to
NT antibody titers, is presented in Table 2. In a group of VNT-negative samples (titers 2
and 4), 9/21 (42.8%, 95%CI = 21.8–65.9) samples showed sNT antibodies. In a group of
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VNT-positive samples (titers > 8), the prevalence of sNT antibodies varied from 70.8 to
100%. The lowest prevalence rates (72.4 and 70.8%, respectively) were detected in samples
with low NT antibody titers (8 and 16). In samples with NT antibody titers ≥ 32, the sVNT
positivity increased progressively from 88.2% (samples with NT titer 32) to 100% (samples
with NT titer 256).

Table 2. Comparison of VNT and sVNT detection rates in COVID-19 patients and vaccinated
individuals (n = 153).

VNT Result VNT Titer VNT N (%) sVNT N (%) Positive 95%CI

VNT negative
(n = 21)

2 9 (5.8) 4 (44.4) 13.7–78.8
4 12 (7.8) 5 (41.7) 15.2–72.3

VNT positive
(n = 132)

8 29 (18.9) 21 (72.4) 52.8–87.2
16 24 (15.7) 17 (70.8) 58.9–87.3
32 17 (11.1) 15 (88.2) 63.6–98.5
64 20 (13.1) 18 (90.0) 68.3–98.7

128 17 (11.1) 16 (94.1) 71.3–99.8
256 25 (16.3) 25 (100) 86.3–100 *

VNT = virus neutralization test; sVNT = surrogate virus neutralization test; * one-sided 97.5% confidence interval.

The comparison of VNT and sVNT in VNT-positive COVID-19 patients and vaccinated
individuals (NT antibody titer ≥ 8) showed no difference in the positive detection rate
when using sVNT for all VNT titers (Table 3).

Table 3. SARS-CoV-2-positive detection rate according to vaccinal status in VNT-positive participants.

VNT Titer

COVID-19 Patients (n = 71) Vaccinated Individuals (n = 50)

pVNT Positive sVNT Positive VNT Positive sVNT Positive

N N (%) 95%CI N N (%) 95%CI

8 18 14 (77.8) 52.4–93.6 11 5 (45.4) 16.7–76.6 0.755
16 14 10 (71.4) 41.9–91.6 10 5 (50.0) 18.7–81.3 0.285
32 10 9 (90.0) 55.5–99.7 7 6 (85.7) 42.1–99.6 0.787
64 13 13 (100) 75.3–100 * 7 6 (85.7) 42.1–99.6 0.162

128 7 7 (100) 59.0–100 * 10 10 (100) 69.1–100 * 1.000
256 9 9 (100) 66.3–100 * 18 18 (100) 81.5–100 * 1.000

* One-sided 97.5% confidence interval.

4. Discussion

Due to the cross-reactive nature of SARS-CoV-2 antibodies, serological methods have
some limitations. These are especially important in children, who are more likely than
adults to have had a recent infection with seasonal coronaviruses [13]. Cross-reactive
false-positive results should be avoided, especially if seropositive individuals consider
themselves to be immune to COVID-19. In these cases, the use of VNT or sVNT is needed
to confirm the diagnosis of COVID-19.

This study compared three serological methods: EIA, VNT, and sVNT. The overall
SARS-CoV-2 positivity rates were 80.0% for EIA, 71.3% for VNT, and 65.4% for sVNT.
Among EIA-positive samples, 78.1% showed sNT antibodies, which was similar to the
positivity rate obtained using sVNT reported in studies from Canada (75%) [14] and Utah
(76.6%) [15].

Comparing antibody levels, our study showed a significant moderate positive correla-
tion between EIA and VNT, a moderate positive correlation between EIA and sVNT, and
a strong positive correlation between VNT and sVNT. Similarly, the agreement between
sVNT values and VNT was found to be higher than the SARS-CoV-2–EIA agreement in an
Italian study [2].

When analyzing the false positivity in the present study, the false-positive results were
found in 12.1% of samples using EIA and 6.1% of samples using sVNT (FIA). Some other
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studies found an even higher non-NT (false-positive) antibody detection rate, generating
positive results for 32.4% of the samples confirmed negative using a plaque reduction
neutralization test (PRNT50). According to this observation, caution should be used in
interpreting sVNT results since samples that tested positive using an sVNT may fail to
neutralize SARS-CoV-2 in vitro as well as in vivo conditions [16].

In addition to the sensitivity and specificity of the serological methods used, SARS-CoV-2
antibody testing also obtains certain false positives due to endogenous and exogenous
factors which may interfere with the results. The most common endogenous interfer-
ences include rheumatoid factors, heterophile antibodies, complement, and cross-antigens.
Exogenous interference occurs mainly via incomplete coagulation or from the contamina-
tion of the sample [17]. Patients with connective tissue diseases can have a high level of
ACE-2 antibodies that can cause false-positive sVNT [18]. It has been documented that
the false-positive test (EIA and sVNT) can be the result of prior infection with seasonal
coronaviruses [19]. The study conducted on samples collected before the onset of the
COVID-19 pandemic reported the occurrence of cross-reaction to acute infections with
different pathogens, namely Rickettsia typhi, Salmonella typhi, Leptospira spp., and influenza
B virus [20]. Some studies have reported that the hemagglutinin of the influenza B virus
cross-reacts with anti-SARS-CoV-2 non-NT antibodies [21].

Positive detection rates in our study were associated with VNT titers. The highest
positivity detection (100%) was found in samples with the highest NT antibody titer (256).
The lowest positivity rates were observed in samples with NT antibody titer of 8 and 16
(72.4 and 70.8%, respectively), while they increased progressively from 88.2% in samples
with a VNT titer of 32 to 100% in samples with a titer of 256.

A study from Germany showed that binding inhibition values (sVNT) were sig-
nificantly higher in vaccinees (median 95.7, IQR = 88.1–96.8) compared to convalescent
COVID-19 patients (median 52.9, IQR = 31.2–76.2) [10]. In contrast, our results showed
no significant difference between the binding antibody levels (% inhibition) detected by
sVNT in COVID-19 patients (median 88, IQR = 58–99) and vaccinated individuals (median
87.5, IQR = 33–99). In addition, while PRNT50 titers were also found to be higher in
vaccinated individuals compared to convalescent COVID-19 patients in a German study
(median 119.8, IQR = 56.7–169 vs. median 49.1, IQR = 20–62), similar results were not
observed in our study (VNT titer median 32, IQR = 4.3–128 vs. median 32, IQR = 8.3–64).
However, it is important to note the different sampling times in German patients. Samples
from vaccinees were taken later (median 10 weeks after the second dose) compared to
samples from COVID-19 patients (median 5 weeks after the symptom onset). This could
at least partly influence the serology results. Some studies indicated that SARS-CoV-2 NT
antibodies decline weeks after infection. Therefore, the sampling time is an important
factor that should be used into account for determining protective immunity [16,22,23].

In the present study, sNT antibodies had false-negative results in 21.9% of samples.
False-negative rates depended on the VNT titers. The highest negativity rates were in
samples with low VNT titers (54.6% in samples with NT titer 8 and 50.5% in samples with
NT titer 16). Like in our study, PRNT-positive samples were falsely identified as negatively
utilizing sVNT in a substantial proportion of the cases (23.6%) in one German study [10]. In
another German study, the proportion of false-negative samples detected using two sVNT
was lower in convalescent serum samples (15.6 and 6.7%), while in post-vaccinal samples
no false-negative results were found [24].

It has been demonstrated that SARS-CoV-2 infection results in the development of
antibodies against the RBD and the S1 domain, but also against the S2 as well as N
domain [25]. While antibodies against the N protein are likely to be non-neutralizing,
antibodies against the N-terminal domain of S1 (outside of the RBD) have demonstrated
the potential to be neutralizing [26]. Additionally, antibodies that target the SARS-CoV
S2 domain exhibit neutralizing properties [27]. False-negative sVNT results might be
attributed to the fact that the VNT is able to detect neutralization, irrespective of specific
epitopes. In contrast, sVNT is only able to identify antibodies that function by blocking
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the interaction between the ACE-2 receptor and the viral RBD, which is unquestionably a
general limitation of EIA-based methods [9].

In general, some similar studies were found, like in this study, the higher the VNT
titer, the less likely false negative sNT results were obtained. A study conducted in
Switzerland among patients with COVID-19 showed an overall clinical sensitivity of 80.3%.
Comparing an sVNT with VNT, the analytical sensitivity was determined to be 74.3%
(56.4–86.9%) and 98.2% (89.4–99.9%), respectively, for samples with NT titers ≥10 to <40
and ≥40 to <160. Only samples with VNT titer ≥160 always showed blocking activity in
the sVNT [4]. Additionally, it was demonstrated that individuals who develop S-specific
binding antibodies were also likely to produce neutralizing IgG. However, the correlation
between neutralization and N-specific IgG was consistently lower than the correlation
between neutralization and S- and RBD-specific IgG [7].

The present study has some limitations that need to be addressed. For the majority of
participants, data on the sampling time after COVID-19 infection and vaccination was not
available, an issue which may interfere with the serology results. In addition, the study
included a small number of samples. Both limitations should be taken into account when
interpreting the results.

5. Conclusions

The NT antibody titer is an important indicator of immunity to SARS-CoV-2. Neu-
tralization tests are powerful diagnostic methods for COVID-19 diagnosis and for use
in the evaluation of post-vaccinal responses. In comparison with VNT, sVNT does not
have safety issues since it does not require exposure to the live virus and is faster, easier
to perform, and has a lower cost than traditional VNT. However, sVNT cannot detect all
neutralizing antibodies, only antibodies to RBD. Due to the high SARS-CoV-2 mutation rate,
the circulating strains are constantly evolving and changing in terms of their antigenicity.
Therefore, it is expected that immune responses will occur in the population due to natural
infection and vaccination with newly updated boosters. The connection between RBD and
ACE-2, where NT antibodies bind most frequently, is affected by antigenicity modification.
Thus, the use of sVNT can bias the detection of NT antibodies. For these reasons, many
countries prefer VNT as a gold standard serological method. sVNT appeared to be a reliable
method for COVID-19 serology in patients with high antibody levels; however, it cannot
replace traditional VNTs since false-negative results are frequently observed in patients
with low NT antibody levels.
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V.; et al. Diagnosis of SARS-CoV-2 infection: Preliminary results of six serology tests. Croat. J. Infect. 2020, 40, 50–54. [CrossRef]

12. Vilibic-Cavlek, T.; Stevanovic, V.; Ilic, M.; Barbic, L.; Capak, K.; Tabain, I.; Lenicek Krleza, J.; Ferenc, T.; Hruskar, Z.; Zrinski Topic,
R.; et al. SARS-CoV-2 seroprevalence and neutralizing antibody response after the first and second COVID-19 pandemic wave in
Croatia. Pathogens 2021, 10, 774. [CrossRef] [PubMed]

13. Houlihan, C.F.; Beale, R. The complexities of SARS-CoV-2 serology. Lancet Infect. Dis. 2020, 20, 1350–1351. [CrossRef]
14. 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]

15. Nandakumar, V.; Profaizer, T.; Lozier, B.K.; Elgort, M.G.; Larragoite, E.T.; Williams, E.S.C.P.; Solis-Leal, A.; Lopez, J.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] [PubMed]

16. Valcourt, E.J.; Manguiat, K.; Robinson, A.; Chen, J.C.; Dimitrova, K.; Philipson, C.; Lamoureux, L.; McLachlan, E.; Schiffman,
Z.; Drebot, M.A.; et al. Evaluation of a commercially-available surrogate virus neutralization test for severe acute respiratory
syndrome coronavirus-2 (SARS-CoV-2). Diagn. Microbiol. Infect. Dis. 2021, 99, 115294. [CrossRef]

17. Ye, Q.; Zhang, T.; Lu, D. Potential false-positive reasons for SARS-CoV-2 antibody testing and its solution. J. Med. Virol. 2021, 93,
4242–4246. [CrossRef]

18. Takahashi, Y.; Haga, S.; Ishizaka, Y.; Mimori, A. Autoantibodies to Angiotensin-Converting Enzyme 2 in Patients with Connective
Tissue Diseases. Arthritis Res. Ther. 2010, 12, R85. [CrossRef]

19. Hicks, J.; Klumpp-Thomas, C.; Kalish, H.; Shunmugavel, A.; Mehalko, J.; Denson, J.-P.; Snead, K.R.; Drew, M.; Corbett, K.S.;
Graham, B.S.; et al. Serologic Cross-Reactivity of SARS-CoV-2 with Endemic and Seasonal Betacoronaviruses. J. Clin. Immunol.
2021, 41, 906–913. [CrossRef]

20. Lokida, D.; Karyana, M.; Kosasih, H.; Mardian, Y.; Sugiyono, R.I.; Arlinda, D.; Lukman, N.; Salim, G.; Butar Butar, D.P.; Naysilla,
A.M.; et al. Performance and Correlation of Ten Commercial Immunoassays for the Detection of SARS-CoV-2 Antibodies. Heliyon
2022, 8, e12614. [CrossRef]

21. Murugavelu, P.; Perween, R.; Shrivastava, T.; Singh, V.; Ahmad Parray, H.; Singh, S.; Chiranjivi, A.K.; Thiruvengadam, R.; Singh,
S.; Yadav, N.; et al. Non-Neutralizing SARS CoV-2 Directed Polyclonal Antibodies Demonstrate Cross-Reactivity with the HA
Glycans of Influenza Virus. Int. Immunopharmacol. 2021, 99, 108020. [CrossRef] [PubMed]

22. Seow, J.; Graham, C.; Merrick, B.; Acors, S.; Pickering, S.; Steel, K.J.A.; Hemmings, O.; O’Byrne, A.; Kouphou, N.; Galao, R.P.; et al.
Longitudinal observation and decline of neutralizing antibody responses in the three months following SARS-CoV-2 infection in
humans. Nat. Microbiol. 2020, 5, 1598–1607. [CrossRef] [PubMed]

https://doi.org/10.7861/clinmed.2020-0170
https://www.ncbi.nlm.nih.gov/pubmed/32487681
https://doi.org/10.31083/j.fbl2702074
https://www.ncbi.nlm.nih.gov/pubmed/35227017
https://doi.org/10.2807/1560-7917.ES.2020.25.16.2000421
https://www.ncbi.nlm.nih.gov/pubmed/32347204
https://doi.org/10.1080/22221751.2020.1835448
https://doi.org/10.1038/s41587-020-0631-z
https://doi.org/10.1016/j.jviromet.2021.114228
https://doi.org/10.1128/JCM.00527-21
https://doi.org/10.1128/JCM.02504-20
https://doi.org/10.1016/j.jviromet.2021.114122
https://doi.org/10.1038/s41598-022-07597-3
https://doi.org/10.37797/ig.40.2.2
https://doi.org/10.3390/pathogens10060774
https://www.ncbi.nlm.nih.gov/pubmed/34203060
https://doi.org/10.1016/S1473-3099(20)30699-X
https://doi.org/10.1099/acmi.0.000257
https://doi.org/10.5858/arpa.2021-0213-SA
https://www.ncbi.nlm.nih.gov/pubmed/34181714
https://doi.org/10.1016/j.diagmicrobio.2020.115294
https://doi.org/10.1002/jmv.26937
https://doi.org/10.1186/ar3012
https://doi.org/10.1007/s10875-021-00997-6
https://doi.org/10.1016/j.heliyon.2022.e12614
https://doi.org/10.1016/j.intimp.2021.108020
https://www.ncbi.nlm.nih.gov/pubmed/34426117
https://doi.org/10.1038/s41564-020-00813-8
https://www.ncbi.nlm.nih.gov/pubmed/33106674


Antibodies 2023, 12, 35 9 of 9
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