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ARTICLE INFO ABSTRACT

Keywords: Objectives: Serological assays for SARS-CoV-2 have a critical role not only in diagnosis of COVID-19, but also in
SARS-CoV-2 assessing the degree and duration of response of specific antibodies against the virus obtained through infection
COVID-19

or vaccination. We present the results obtained with a competitive immunoenzymatic method (Chorus SARS-
CoV-2 “Neutralizing” Ab) for quantitative determination of total neutralizing anti-S1 SARS-CoV-2 antibodies
(IgG, IgM, and IgA) in human serum obtained on a disposable device with the Chorus TRIO instrument using a
recombinant strong neutralizing antibody as tracer.

Methods: A total of 694 sera were evaluated for SARS-CoV-2 neutralizing antibodies: 407 uninfected, 201
symptomatic subjects, 37 post-infection patients, and 49 vaccinated. Sixty-eight of the previous sera were used to
compare the Chorus SARS-CoV-2 “Neutralizing” Ab results with those obtained with micro-neutralization of the
Alpha and original variants. A set of 74 positive sera for other respiratory infections were analyzed to evaluate
the possible cross reaction to SARS-CoV-2 virus.

Results: Of the 694 samples, only 3 had discordant results between micro-neutralization and values measured by
Chorus SARS-CoV-2 “Neutralizing” Ab: 1 false negative and 2 false positives. Values of sensitivity and specificity
were very high: percent positive agreement (sensitivity) 99.6% (95% CI: 97.7 — 99.9) and percent negative
agreement (specificity) 99.6% (95% CI: 98.0 -99.9). Concordance was high with a Gwet’s Acl of 0.992. No
significant differences were observed between the alpha and original variants.

Conclusions: The Chorus SARS-CoV-2 “Neutralizing” Ab test was highly sensitive and specific, and varies from
most other currently available tests since it analyzes only antibodies with viral-neutralizing capacity.

Neutralizing antibodies
Diagnostic assay
Immunoassay

1. Introduction sera for therapeutic and prophylactic purposes, to better understand the

immune response to the virus, and to assess the degree and duration of

Antibodies against SARS-CoV-2 play a central role in clearing the
virus from infected patients. To prevent COVID-19, antibodies should be
able to engage the S1 subunit of SARS-CoV-2 spike protein, which
contains the receptor binding domain (RBD) to angiotensin-converting
enzyme (ACE) 2, and neutralize the virus [1]. It has been extensively
reported that the degree of the antibody response correlates with the
severity of COVID-19 and that the quantity of neutralizing antibodies
declines rather rapidly with time [2-4].

Serological assays for SARS-CoV-2 play a role in diagnosis of COVID-
19, in understanding viral epidemiology and screening convalescent
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the response of specific antibodies [5-7]. Moreover, serological assays
are of major importance in monitoring immunization status in those
previously infected with COVID-19 and in individuals vaccinated
against SARS-CoV-2 over time. Tests designed to measure antibodies to
SARS-CoV-2 antigens have been developed, but most have not been
adequately evaluated and validated [8]. Commercially available
SARS-CoV-2 serological assays based on different viral antigens have
been approved for the qualitative determination of anti-SARS-CoV-2
antibodies, but there are limited data correlating the results from com-
mercial assays that measure neutralizing antibodies [9, 10].
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Diesse Diagnostica Senese SpA (Siena, Italy), in collaboration with
the Spallanzani Institute (Rome, Italy), has developed serological diag-
nostic kits to rapidly detect IgM, IgG, and IgA antibodies using indirect
ELISA. Unlike other commercial serological tests based on specific re-
combinant viral antigens, such as N or S proteins, these assays are based
on whole inactivated virus from crude extracts of SARS-CoV-2 with the
aim of increasing the possibility of specific antibody detection [11].

Among the many neutralizing antibodies from COVID-19 survivors,
it has been shown that the most potent recognize the spike protein RBD,
followed by antibodies that recognize the S1 domain, spike protein
trimer, and S2 subunit [12]. Monitoring the total anti-S1 antibody titer
can thus serve as an indication of immune protection for post-COVID-19
patients or for vaccinated individuals. The ability to monitor neutral-
izing antibody titer is especially relevant given the emerging viral var-
iants as neutralizing antibodies from both prior infection or vaccines
may be less amenable to bind the spike protein in variants [13].

Herein, we present the results obtained with an automated diag-
nostic kit applied to the Chorus TRIO Diesse instrument based on a
competitive enzyme immunoassay for the quantitative determination of
anti-S1 SARS-CoV-2 total neutralizing antibodies. Data comparing the
accuracy of the Chorus SARS-CoV-2 “Neutralizing” Ab test with the
micro-neutralization assay versus the original and Alpha variants are
also presented.

2. Materials and methods
2.1. Chorus SARS-CoV-2 “neutralizing” AB test

The Chorus SARS-CoV-2 "Neutralizing" Ab test was performed on
Diesse Diagnostica Senese Chorus system, a fully automated instrument
capable of processing 30 samples in about 90 min. The format is a
monotest device containing all the reagents necessary to carry out the
test, which is processed automatically by the instrument by reading a
bar code. No operator intervention is required except to place the sample
in the device well.

The Chorus SARS-CoV-2 "Neutralizing" Ab assay is a competitive
binding immunoenzymatic assay. SARS-CoV-2 anti-S1 total antibodies
present in the test sample (IgG, IgM and IgA) compete with the tracer
(peroxidase-conjugated SARS-CoV-2 anti-S1 therapeutic recombinant
antibody) to occupy binding sites, available in limited numbers, of the
antigen fixed on the solid phase. Details of antigen production have been
previously described [11].

The recombinant tracer used is a human therapeutic antibody (JO8;
resulting from collaboration with the Monoclonal Antibody Discovery of
Fondazione Toscana Life Sciences — Siena, Italy) directed against the
receptor-binding domain of the S1 subunit of the Spike protein of
original SARS-CoV-2 virus that shows strong neutralizing activity
against the virus and its variants (Alpha, Beta, and Gamma) [14]. The
higher the concentration of antibodies in the test sample, the lower the
amount of conjugated antibodies those bind. The unbound components
are eliminated by washing and the bound enzymatic activity is evalu-
ated colorimetrically by transformation of a chromogenic substrate. The
intensity of the color developed is inversely proportional to the con-
centration of antibodies in the sample under examination. The results
are expressed in binding antibody units (BAU/ml) calculated with
reference to the first international standard WHO 20/136 for
anti-SARS-CoV-2 [15]. The test on the sera examined was interpreted as
follows: positive when > 50.0 BAU/ml; negative when < 20.0 BAU/ml
(20.0 BAU/ml is the limit of detection); equivocal for values between
20.0-50.0 BAU/ml.

2.2. Cell culture
The cell line VERO E6 (ATCC—CRL 1586; kidney from the African

green monkey Cercopithecus aethiops) was obtained from American Type
Culture Collection (Manassas, Virginia USA). Cells were grown in
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Dulbecco’s modified Eagle’s medium (DMEM Bio-Concept, Salem New
Hampshire, USA) containing 10% fetal bovine serum (FBS; Gibco™,
Thermo Fisher, Waltham, MA, US); 96-well plates were used for titration
and neutralization tests.

2.3. Virus and titration

The SARS-CoV-2 original virus "2019-nCov/Italy-INMI1-strain" from
Spallanzani 125 Institute (Rome, Italy) and the Alpha variant "HUMAN
NCOV19 ISOLATE/ ENGLAND/ MIG457/2020” were purchased
through the European Virus Archive Global (EVAg - Marseille, France).
The same culture and titration protocol was followed for both variants.
Virus was titrated in dilutions to obtain a 50% tissue culture infective
dose (TCID 50). Plates were observed daily for 3 days to evaluate the
presence of a cytopathic effect (CPE). End-point titers were calculated
using the method of Reed & Muench with 8 replicates for each titration.

2.4. Viral growth in cell culture

Vero E6 cells were seeded in T175 flasks at a density of 40,000/ em?,
and grown in DMEM with 10% FBS and 100 IU/ml penicillin-
streptomycin (Sigma-Aldrich, St. Louis, Missouri, USA). After 4-7 days
of growth, cells were infected with 12-14 ml of DMEM with 5% FBS
containing virus at a multiplicity of infection (MOI) of 0.05. After 1 h of
incubation at 37 °C, 70 ml of DMEM containing 5% FBS was added.
Flasks were monitored daily and virus was harvested when a CPE of
80-90% was seen, and aliquoted and stored at —80 °C.

2.5. Micro-neutralization assay (live-CPE)

This protocol can be used to assess whether the antibodies present in
serum are able to neutralize SARS-CoV-2, both the original and Alpha
variants, in vitro. Serum samples were incubated for 30 min at 56 °C;
two-fold serial dilutions, starting from 1:10, were then mixed with an
equal volume of viral solution containing 100 TCID 50 of SARS-CoV-2.
The mixture was incubated 1 h at 37 °C, after which 100 ul was added
to semi-confluent VERO E6 cultures in duplicate and incubated for 3
days at 37 °C. The following controls were also included in the test: 1)
back titration: virus + cells to confirm charge 100 TCID 50; 2) white:
control of uninoculated cells to avoid cytopathic affection; and 3) known
samples: high positive, medium positive and negative serum. Plates
were then analyzed with an inverted optical microscope and the highest
serum dilution that could protect >90% of cells from CPE were
considered as the neutralization titer.

Culture of SARS-CoV-2 and micro-neutralization were performed by
trained personnel in a Biosafety Level 3 Laboratory (BLS-3) located in
Diesse. The analyses were carried out in double blind. Data were
analyzed by a Diesse researcher who did not take part in the laboratory
tests.

2.6. Serum samples

Serum samples were obtained from 694 subjects, comprising 407
(58.6%) from serum of individuals from the pre-pandemic period
collected in 2017 (Uninfected), 201 (29.0%) from subjects with SARS-
CoV-2-like symptoms (fever, cough, fatigue, and dyspnea) and result-
ing positive by a molecular swab (Symptomatic), 37 (5.3%) from per-
sons infected with SARS-CoV-2 at 2-4 months post-infection, with
previous positive molecular swab (Post-infection), and 49 (7.1%) from
individuals vaccinated against COVID-19 with an mRNA vaccine at one
week after the second dose (Vaccinated). All samples were obtained
from those that were left over following routine analyses. Among these,
a group of 68 sera (randomly selected from the various groups excluding
the uninfected group) were used to perform a micro-neutralization test
with the Alpha and original variants and the results were compared to
those obtained with the Chorus SARS-CoV-2 “Neutralizing” Ab test.
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A second group of 74 sera were analyzed with the Chorus SARS-CoV-
2 “Neutralizing” Ab to evaluate possible cross-reaction with SARS-CoV-
2. These samples came from the Diesse archive for the production of kits
for other respiratory diseases or were specially purchased from external
companies (AbBaltis, Sittingbourn, UK and Biomex Gmbh, Heidelberg,
DE) and were positive for antibodies against various infections including
other Coronavirus (HKU1, OC43, NL63, 229E), influenza viruses and
other respiratory diseases (Mycoplasma pneumoniae, Chlamydophila
pneumoniae, Adenovirus, Epstein-Barr virus).

3. Statistical analysis

All analyses were performed using R v4.1.0. Qualitative variables
were summarized with absolute frequencies and percentages, while
quantitative ones with median and interquartile range (IQR). Kruskal-
Wallis and the post hoc Dunn’s test were used to compare the Chorus
SARS-CoV-2 “Neutralizing” Ab method with clinical status. To compare
the two methods, Spearman’s correlation coefficient and Bland-Altman
analyses were performed. Gwet’s agreement coefficient (Acl) was used
to estimate the degree of concordance. Sensitivity, specificity, positive
predictive value, and negative predictive value were estimated with
95% confidence interval (CI). A p value < 0.05 was considered statis-
tically significant.

4. Results

4.1. Assay results with negative and positive sera

A total of 694 sera were evaluated using the assay for SARS-CoV-2
neutralizing antibodies. The samples were distributed as follows: Un-
infected, Symptomatic, Post-infection and Vaccinated. Fig. 1 shows the
results with the Chorus SARS-CoV-2 “Neutralizing” Ab test (BAU/ml)
according to clinical status. As expected, all SARS-CoV-2 “Uninfected”
sera yielded a < 20 BAU/ml. The highest values were obtained with sera
from “Vaccinated” individuals (median 1241.5, IQR 370.9), while lower
values were obtained with “Post-infection” (median 273.5, IQR 236.4)
and “Symptomatic” (median 214.0, IQR 504.3) sera. Kruskal-Wallis test
and post-hoc analysis showed that the differences between all groups
were significant (p < 0.001) with the exception of “Post-infection”.
Fig. 2 shows that higher micro-neutralization titers corresponded to
higher values of BAU/ml. This was also confirmed with Spearman’s
correlation coefficient which showed near perfect correlation between
the two methods (r = 0.980, p < 0.001).

Of 694 samples, 3 had discordant results between micro-

1500
1

1000
1

500
1

Chorus SARS-CoV-2 "Neutralizing” Ab (BAU / mi)

T T T T
Uninfected Post-infecti Vaccinated

Clinical state

Fig. 1. Distribution of Chorus SARS-CoV-2 “Neutralizing” Ab results (BAU/ml)
in the groups obtained according to clinical status, i.e. uninfected (N = 407),
symptomatic (N = 201), post-infection (N = 37), and vaccinated (N = 49).
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Fig. 2. Correlation between Chorus SARS-CoV-2 “Neutralizing” Ab results
(BAU/ml) with the micro-neutralization assay.

neutralization and Chorus SARS-CoV-2 “Neutralizing” Ab values: 1
false negative and 2 false positives (Table 1). The values of sensitivity
and specificity in reference to the micro-neutralization assay were very
high: 99.6% (95% CIL: 97.7 — 99.9) and 99.6% (95% CIL: 98.0 —99.9),
respectively.. The high degree of agreement between methods was also
confirmed by a Gwet’s Acl of 0.992.

All 74 samples analyzed for possible cross reaction in Chorus SARS-
CoV-2 “Neutralizing” Ab with other respiratory infectious diseases were
negative, confirming the high specificity obtained from the results on
the 407 “Uninfected” samples.

4.2. Assay results with neutralizing sera on the original and alpha variants

Sixty-eight sera were used to compare the micro-neutralization ca-
pacity in live-CPE between the Alpha and original variants. Micro-
neutralization results were then compared with the Chorus SARS-CoV-
2 “Neutralizing” Ab test. Concordance based on Gwet’s Acl is shown
in Table 2.

Bland-Altman plots revealed no significant differences between
micro-neutralization on the alpha and original variants (Fig. 3). The
mean difference was 31.5 with upper and lower limits of 371.0 and
—308.0, respectively. Two outliers were seen with a difference between
the two variants of >371.0. However, these two samples did not show
substantial differences from a clinical point of view as they were strongly
positive.

Table 1
Comparison of results between Chorus SARS-CoV-2 "Neutralization" Ab (Test
results) and micro-neutralization results (Predicate). Of 694 samples analyzed,
236 were concordant positives; 455 were concordant negative; 1 false negative
and 2 false positives were detected with the Chorus SARS-CoV-2 “Neutralizing”
Ab test.

=694 : 'Predlcate :
Positive Negative
Test Results Po sm.ve 236 2
Negative 1 455

Overall Percent Agreement = 99.6 95% CI = 98.7 99.8.
Percent Positive Agreement = 99.6 95% CI = 97.7 99.9.
Percent Negative Agreement = 99.6 95% CI = 98.4 99.9.
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Table 2

Comparison of results with the 68 samples analyzed by micro-neutralization on
the original and Alpha variants with that of the Chorus SARS-CoV-2 “Neutral-
izing” Ab test (BAU/ml).

Micro-neutralization | Gwet's
n=68 Original variant AC1
Positive | Negative
Micro-neutralization | Positive 57 0 0.961
Alpha variant Negative 2 9 !
Micro-neutralization | Gwet's
n=68 Original variant AC1
Positive | Negative
Chorus SARS-CoV-2 Positive 58 1
"Neutralizing" Ab - 0,962
(BAU/mI) Negative 1 8
Micro-neutralization | Gwet's
n=68 Alpha variant AC1
Positive | Negative
Chorus SARS-CoV-2 Positive 56 3
"Neutralizing" Ab - 0,921
(BAU/mI) Negative 1 8
Alpha vs. original SARS-CoV-2
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Fig. 3. Bland-Altman plot showing differences between the test sera and the
Alpha and original SARS-CoV-2 variants.

5. Discussion

Among the many tests developed, the Chorus SARS-CoV-2
“Neutralizing” Ab has the advantage of detecting total neutralizing
anti-S1 SARS-CoV-2 antibodies (IgG, IgM, and IgA), in accordance with
the first international standard WHO 20/136 for anti-SARS-CoV-2, using
a disposable device. Another advantage of the Chorus SARS-CoV-2
“Neutralizing” Ab is that it is simple to perform with minimal operator
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intervention and can be carried out in any standard laboratory. More-
over, the test developed showed near perfect correlation with BAU/ml
and micro-neutralization titer with Spearman’s correlation coefficient.
Only two samples predicted by micro-neutralization to be positive were
negative, and only one predicted to be negative was positive. The reason
for the false negative samples may be due to low antibody concentra-
tions that are below the limits of detection along with differences in
individual immune responses and time after infection, while the false
positive could be due to allosteric interaction of non-neutralizing anti-
bodies. The ability to detect variants was also high, and the Chorus
SARS-CoV-2 “Neutralizing” Ab test had a very high correlation with the
micro-neutralization assay, which is the gold standard to evaluate the
ability of a sample to neutralize the virus.

In addition to a potential diagnostic role, serological tests may help
to better understand the relevance of immunity in those recovering from
COVID-19 or in individuals who have been vaccinated. It is possible that
serologic tests may have a greater role in the future in this regard.
Compared to some of the currently available commercial serological
tests that are based on recombinant viral antigens (such as N or S pro-
teins), the Chorus SARS-CoV-2 “Neutralizing” Ab assay relies on crude
extracts from SARS-CoV-2 whole virus, which has the potential to in-
crease the detection of specific antibodies [11]. The results of the assay
clearly demonstrate that immunological status correlated well with the
expected results, which would also allow identification of subjects who
were previously infected with SARS-CoV-2. Indeed, serological assays
can aid in defining those with previous exposure to SARS-CoV-2 and
investigate the level of neutralizing antibodies [16]. Clearly, the test
does not confirm the presence of virus, but provides only immunological
evidence of infection. Given that the test detects IgG, IgM, and IgA, it
could possibly find applications in early diagnosis and monitoring dur-
ing treatment.

Currently, serological tests for SARS-CoV-2 antibodies have a very
broad range of sensitivities and specificities. For example, in a recent
systematic review and meta-analysis 5106 studies were identified, and
40 were included in the analysis [17]. Sensitivity ranged from 69.9% to
98.9% with specificities ranging from 96.6% to 99.7%. Moreover, in
general the sensitivity was higher at least three weeks after onset of
symptoms of COVID-19. Other studies have reported that sensitivity is
highest at >14 days after the onset of symptoms [9].

To further confirm the specificity obtained from experimentation, we
analyzed a series of positive samples for other respiratory infections
(other coronaviruses, influenza, and respiratory pathogens) and found
no cross reactivity with SARS-COV-2. Individuals infected with SARS-
CoV-2 develop a large repertoire of antibodies against multiple pro-
teins and epitopes of the virus, but only some have neutralizing prop-
erties. For this reason, the Chorus SARS-CoV-2 “Neutralizing” Ab test is
different from most of the currently available tests, because it analyzes
only antibodies with viral-neutralizing capacity. It is likely that the
excellent results obtained with the Chorus SARS-CoV-2 “Neutralizing”
Ab test are related to the use of a strongly neutralizing antibody, care-
fully selected for its therapeutic potential, which allows identification
not only of individuals who have had COVID-19 or who have been
vaccinated, but which also provides the possibility to identify the actual
neutralizing capacity of the sample analyzed.
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