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Description

Field of invention

[0001] The invention relates to an inactivation method of an inactivated SARS-CoV-2 virus, to be used in the preparation
of immunological assays for the detection of antibodies in samples.

State of the Art

[0002] A novel human coronavirus that is named severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2,
named also as COVID-19 syndrome) emerged in Wuhan, China, in late 2019. The associated disease COVID-19 turned
into a global humanitarian crisis and is causing 2.319.066 confirmed cases with 157.970 confirmed deaths (7%) [1].
COVID-19 is a new syndrome, distinct from other diseases caused by coronaviruses, such as Severe Acute Respiratory
Syndrome (SARS) and Middle East Respiratory Syndrome (MERS) [2].
[0003] Diagnostic assays for the detection of SARS-CoV-2, as stressed by World Health Organization (WHO), are
important to fast and effectively find all suspected cases of COVID-19 in order to isolate and treat confirmed cases but,
moreover, for tracing their contacts and avoid the virus to spread.
[0004] Diagnostic tests to confirm cases of COVID-19 are based on detection of unique sequences of virus RNA by
nucleic acid amplification tests such as real-time reverse-transcription polymerase chain reaction (rRT-PCR) with con-
firmation by nucleic acid sequencing when necessary [3]. Serological screening and test can aid investigation of an
ongoing outbreak and retrospective assessment of the attack rate or extent of an outbreak. In case of negative PCR
and epidemiological link to COVID-19 infection, serology tests could support diagnosis. In addition, antibody testing
could be used to verify the efficacy of a vaccine or to detect asymptomatic cases. In fact, antibodies reveal evidence of
a previous or on-going infection [4].
[0005] The development of some serological immunoassays has been reported for the detection of SARS-CoV-2 viral
proteins and antibodies in the serum or plasma [5]. The most widely used biomarkers for the detection of SARS-CoV-
2 infection are IgM and IgG antibodies produced starting from the second week of viral infection. The IgM response
occurs earlier than that of IgG, but it then decreases and disappears. On the other hand, IgGs can persist after infection
for a long time and may have a protective role.
[0006] The strategy for the development of the serological immunoassay can be based on the use of individual viral
antigens or on the combined use of different viral antigens. Different immunoassays for the determination of antibody
levels in COVID-19 samples have been developed using as antigens SARS-CoV-2 proteins or recombinant forms of these.
[0007] SARS-CoV-2 structural proteins, used as immunoassay antigens, most often include spike (S), and nucleo-
capsid (N) proteins. The S protein, located on the surface of the virus, is important for the attachment to host cells and
has been reported to be highly immunogenic. The N protein is involved in the transcription and replication of viral RNA,
and interference with cell cycle processes of host cells. In many coronaviruses, the N protein has high immunogenic
activity and is abundantly expressed during infection. The sensitivity of ELISA based on recombinant S protein for IgM
detection is higher than that developed with N protein [6]. An IgA response may appear and grow early than IgM, leading
to a stronger and more persistent response than IgM [7].
[0008] The specificity of the serological tests strongly depends on the type and quality of the used proteins, this because
of cross-reactivity with other coronaviruses can lead to false positives results. In fact, for example, S protein of SARS-
CoV-2 shares a 75% of amino acid identity with that of SARS, and about 50-60% with other common cold-causing
coronaviruses [4].
[0009] In addition, it was shown that conformational changes occurring in the S protein of SARS-CoV-2 are fundamental
for membrane fusion and viral entry [8,9]. Therefore, in case of conformational epitopes, the use of recombinant proteins
may not be effective for the antibody detection. The development of a diagnostic immunoassay based on the use of the
inactivated viral antigen SARS-CoV-2 could be a solution and it is, thus, the object of this invention.
[0010] Moreover, this strategy allows the development of a diagnostic immunoassay that can be easily related to the
immunofluorescent technique, which is a reference method for virology.

Summary of the invention

[0011] The present invention relates to the preparation of an inactivated purified whole virus SARS-CoV-2 at large
scale and its use for the production of a diagnostic immunoassay for detection of antibodies of class IgG and/or IgM
and/or IgA associated to COVID-19 in biological samples, preferably human samples.
[0012] In the present invention it was surprisingly found that inactivated purified whole virus SARS-CoV-2, in particular
of the strain 2019-nCoV/Italy-INMI1 (GenBank: SARS-CoV-2/INMI1-Isolate/2020/Italy: MT066156), has high selectivity
and specificity for antibodies associated to COVID-19.
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[0013] In particular the present invention is advantageous in that it is shown that:

i) antibodies specific to the inactivated purified whole virus SARS-CoV-2 are present in serum samples after disease
recovery and in patients but are not present in negative patients;
ii) all of 3 different types of antibodies, namely IgG, IgM, and IgA, can be detected in serum samples using the
inactivated purified whole virus SARS-CoV-2 of the invention;
iii) given that IgG, IgM, and IgA are directed against different viral proteins, the use of the inactivated purified whole
virus SARS-CoV-2 instead of single or selected recombinant viral proteins provides a more sensitive diagnostic
immunoassay;
iv) the different reactivity of IgG in reducing and non-reducing conditions suggest that the reduction of the disulfide
bonds of the viral proteins may alter their antigenicity.

[0014] Therefore, the invention provides a method to inactivate SARS-CoV-2 whole virus particles from an isolated
biological sample, comprising the steps of:

a) inactivating SARS-CoV-2 whole virus particles by at least two additions of an inactivating reagent to said sample
and optionally
c) purifying inactivated SARS-CoV-2 whole virus particles.

[0015] Preferably the additions of 0,1% (v/v) of β-propiolactone are performed at temperature ranging from 15°C to
37°C for at least 1 hour, preferably for 3 hours.
[0016] Preferably the SARS-CoV-2 whole virus particles belong to the strain 2019-nCoV/Italy-INMI1 (GenBank: SARS-
CoV-2/INMI1-Isolate/2020/Italy: MT066156), or to a natural or recombinant derivative thereof.
[0017] The invention also provides a method of detecting one or more anti-SARS-CoV-2 virus specific antibody in a
biological sample, the method comprising:

a) incubating the biological sample with inactivated purified SARS-CoV-2 whole virus particles as prepared as
described above under suitable conditions to obtain a SARS-CoV-2 virus/antibody complex;
b) optionally washing to remove unbound material;
c) detecting said SARS-CoV-2 virus /antibody complex.

[0018] Preferably the anti-SARS-CoV-2 virus antibody is an IgG, IgM and/or an IgA antibody.
[0019] Preferably said inactivated purified SARS-CoV-2 whole virus particles are pre-immobilized to a solid support.
[0020] Preferably the solid support is a chip, column matrix material, a culture plate, a tube, a dish, a flask, a microtiter
plate, a bead, microsphere, reactor vessel, wells, polystyrene or a combination thereof, preferably the solid support is
a paramagnetic particle (PMP) or a latex magnetic particle (LMP).
[0021] Preferably the detecting step is performed by means of a labelled secondary antibody, preferably a monoclonal
antibody.
[0022] Preferably the secondary antibody is labeled with a radioactive isotope, or an enzyme, preferably the enzyme
is peroxidase, alkaline phosphatase, β Galactosidase or acetylcholinesterase.
[0023] Preferably the detecting step comprises measuring a signal from the label and comparing the signal to a control
signal from a control biological sample known to be negative for SARS-CoV-2 virus antibodies.
[0024] Preferably said inactivated purified SARS-CoV-2 whole virus particles comprise SARS-CoV-2 at least one of
the following proteins :virus spike glycoprotein, nucleocapsid protein, membrane protein, an envelope protein or an
immunogenic fragment thereof.
[0025] Preferably the biological sample is blood, serum, plasma, body fluid, saliva and other secretions from the subject
or tissue or cell extracts.
[0026] Preferably the biological sample is obtained from the subject at least 3 days for IgM and IgA and at least 10
days for IgG after onset of symptoms of SARS-CoV-2 virus infection or is at risk of exposure to SARS-CoV-2 virus, or
the subject has recovered from SARS-CoV-2 virus infection. Preferably the method further comprises a quantification
of amount of specific SARS-CoV-2 virus antibodies in the biological sample.
[0027] Preferably the amount of the SARS-CoV-2 virus antibody in the biological sample is proportional to the amount
of the complex detected.
[0028] The invention further provides a kit for working the method as defined above comprising:

a) a solid support coated with inactivated purified SARS-CoV-2 whole virus particles,
b) at least one labeled secondary antibody able to bind to IgG or IgM or IgA,
c) a negative control;
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d) a positive control;
e) a cut-off control or calibrator;
f) a sample diluent;
g) a substrate solution;
h) a washing solution;
i) optionally a stop solution.

[0029] The invention also provides the use of inactivated purified SARS-CoV-2 whole virus particles obtained by the
method as defined above for detecting SARS-CoV-2 antibodies wherein said SARS-CoV-2 virus is strain 2019-nCoV/Italy-
INMI1 (GenBank: SARS-CoV-2/INMI1-Isolate/2020/Italy: MT066156) or natural or recombinant derivative thereof.
[0030] In the present invention the method for the production of the inactivated purified whole virus SARS-CoV-2 may
comprise: virus propagation in cell cultures, inactivation, and purification.
[0031] In particular, SARS-CoV-2 whole virus may be propagated in cells such as in epithelial cells (e.g. VERO cell
lines and subclones), inactivation and purification, in particular by sedimentation the inactivated SARS-CoV-2 whole
virus particles to recover the whole virus particles containing the proteins.
[0032] In the present invention the biological sample may be obtained from the subject at least 3, 4, 5 or 6 days for
IgM and IgA and at least 10, 11, 12, 13, 14, 15, 16, 17 or 18 days for IgG after onset of symptoms of SARS-CoV-2 virus
infection.
[0033] The immunoenzymatic method may comprises the following steps:

1) coating of the inactivated purified whole virus SARS-CoV-2 to a solid support (e.g. chips, microspheres, polysty-
rene, reactor vessels or wells, microtiter plate);
2) addition of the human sample to be tested to the coated solid support and incubation under conditions suitable
for the formation of the antigen/antibody immune binding complex;
3) washing to remove any unbound material;
4) addition of the conjugated secondary antibodies against human antibodies and incubation under conditions
suitable for the formation of antigen/antibody immune complexes;
5) washing to remove any unbound material;
6) detection of the presence of antigen/antibody immune binding complexes.

[0034] The invention will be illustrated by means of non-limiting examples in reference to the following figures.

Figure 1. Gel electrophoresis performed in non-reducing conditions with a 10% separation. Detection by silver
staining. On the right of the molecular-weight size marker, are reported four different production batches of the
inactivated purified whole virus SARS-CoV-2 (i.e. lanes A, B, C, and D). The predominant band is albumin resulting
from cell culture medium.
Figure 2. Gel electrophoresis performed in reducing (left of size marker), and non-reducing (right of size marker)
conditions. Detection by silver staining. The gel was performed at different concentrations of the purified inactivated
viral antigen SARS-CoV-2 (2 and 5 ml).
Figure 3. Western Blot performed in reducing conditions and detected with five COVID-19 positive serum samples
(lanes 1-5) and with six COVID-19 negative positive serum samples (lanes 6-11). Detection is performed with an
anti-human IgG.
Figure 4. Western Blot performed in non-reducing conditions and detected with one COVID-19 positive serum
sample from a recovered patient. Detection is performed with anti-human IgG, IgA, and IgM.

Detailed description of the invention

Methods

Virus propagation

[0035] VERO E6 cells (ATCC, CRL-1586) (cultivated and collected) are propagated by cultured with conventional
techniques [10]. The cell substrates are infected with SARS-CoV-2 virus (strain 2019-nCoV/Italy-INMI1, the complete
sequence was submitted to GenBank (SARS-CoV-2/INMI1-Isolate/2020/Italy: MT066156) and is available on GISAID
website (BetaCoV/Italy/INMI1-isl/2020: EPI_ISL_410545) at specific multiplicity of infection MOI value of 0,05 and are
incubated at 37°C for 46-50 hours in roller bottles (850 cm2 each). After incubation, the cytopathic effect (cpe) distinctive
for SARS-CoV-2 is evaluated observing by microscopy on the VERO E6 cell monolayer the cell rounding, detachment,
and degeneration [11]. The virus titer is quantified by using the Reed-Muench method and calculating the TCID50/ml
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[12]. After 48 hours the cpe is completed and viruses are harvested and frozen at - 80°C. Samples are taken to evaluate
the infectious titer of the virus.

Virus inactivation

[0036] After thawing, the viruses are inactivated with β-propiolactone (Natalex, CAS 57-57-8). To ensure inactivation,
at least two consecutive additions of 0,1% [v/v] of β-propiolactone are added to the fixed volume of the viral suspension.
Each cycle of β-propiolactone treatment is incubated at room temperature for 3 hours. Then, the viral suspension is
incubated for 2 hours at 37°C. The inactivation control is checked by verifying the disappearance of live viruses through
cpe on a sub-culture of inactivated material. This control is performed using live viruses with a 104-105 TCID50/ml as
reference. By microscopy the presence/absence of cpe is observed and the TCID50/ml titer is calculated. The virus is
inactivated, if the VERO E6 cell monolayer does not show the SARS-CoV-2 cpe and the TCID50/ml is <1∗101,5. In case
of incomplete inactivation, the treatment with 0,1% of β-propiolactone is repeated and checked. The inactivated viruses
are frozen at -80°C.

Purification

[0037] Purification of the inactivated viruses is performed first by clarification by centrifugation at 10.000 g to remove
cell debris. The supernatant is collected and concentrated by ultracentrifugation at 100.000 g. The inactivated viruses
are present in the pellet, the supernatant is collected and the pellet is sonicated and resuspended in PBS (pH 7,2-7,8).
The inactivated purified viruses are distributed in vials and frozen at -80°C.

Immunoenzymatic method

[0038] The present invention immunoenzymatic method for the diagnosis of COVID-19 in a subject comprises the
step of detecting antibodies specific for SARS-CoV-2 in a human sample by reacting under proper conditions said human
sample with the inactivated purified whole virus SARS-CoV-2 of the invention to produce an immunocomplex, which is
then detected by a conjugated secondary antibody.
[0039] The immunoenzymatic method comprises the following steps:

1) coating of the inactivated purified whole virus SARS-CoV-2 to a solid support (e.g. chips, microspheres, polysty-
rene, reactor vessels or wells, microtiter plate);
2) addition of the human sample to be tested to the coated solid support and incubation under conditions suitable
for the formation of the antigen/antibody immune binding complex;
3) washing to remove any unbound material;
4) addition of the conjugated secondary antibodies against human antibodies and incubation under conditions
suitable for the formation of antigen/antibody immune complexes;
5) washing to remove any unbound material;
6) detection of the presence of antigen/antibody immune binding complexes wherein the antibody is specific for
SARS-CoV-2.

[0040] The inactivated purified whole virus SARS-CoV-2 (1:100) is coated to the microtiter plates in citrate buffer (pH
2,9-3,1) by incubating at room temperature for 24 hours. After incubation, the plates are washed, treated with a saturating
agent (e.g. buffered solution of PBS at 7,2-7,4 pH containing 6-7% sucrose and 0,5-1,0% BSA), and then dried. The
human sample diluted 1:100 is applied to the microtiter plate and is incubated at room temperature for 1 hour. After
incubation and washings, the conjugated secondary antibody is added to the microtiter plate and incubated at room
temperature for 1 hour. After incubation and washings, detection is performed depending on the used immunoenzymatic
technique (e.g. addition of substrate and stop solution to read at 405-450 nm or 620 nm in case of ELISA). The results
of the test are calculated by dividing the absorbance of each sample by the absorbance of the cut-off value (i.e. OD
mean of negative sera plus two standard deviations). Results are expressed as index (OD sample / OD cutoff). Results
are positive if the index is above 1,1.
[0041] The secondary antibody may be an anti-human-IgG or/ and-IgM or/ and-lgA antibody. Different secondary
antibodies can be used to detect the presence of specific antibodies in the sample and the relative amounts of different
antibodies.
[0042] The diagnostic kits for the detection of antibodies specific for SARS-CoV-2 may be based on an immunoenzy-
matic assay comprising the following reagents:

- a solid support, such as a microtiter plate, coated with the inactivated purified whole virus SARS-CoV-2;
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- a labelled anti-human antibody, for instance an enzyme-conjugated anti-human antibody (e.g. such as any mono-
clonal or polyclonal antibodies anti-human or other species IgG, IgM, and/or IgA labeled with horseradish peroxidase
in 2% newborn calf serum in PBS solution);

- a negative control (for instance 1% BSA in PBS solution containing 0,2% Tween-20);
- a positive control (for instance specific anti-SARS-CoV-2 monoclonal/polyclonal antibodies in PBS solution in con-

taining 1% BSA and 0,2% Tween-20);
- a cut-off control or calibrator (for instance specific anti-SARS-CoV-2 monoclonal/polyclonal antibodies in PBS so-

lution in containing 1% BSA and 0,2% Tween-20);
- a sample diluent (for instance 2% newborn calf serum in PBS solution containing 0,5% Brij);
- a washing buffer (for instance a PBS solution containing 0,5% Brij);
- a substrate (for instance a solution of 3,3’,5,5’-tetramethylbenzidine in 0,05M citrate buffer);
- optionally a stop solution (for instance 0,3 M H2SO4).

Electrophoresis

[0043] One-dimensional SDS-PAGE was performed with precasted gel (Bio-Rad) with a 10% separation. All samples
were prepared by dilution with an equal volume of Laemmli sample buffer (Bio-Rad, 1610737). In case of reducing
conditions 2-mercaptoethanol is added to the Laemmli buffer and the sample is heated at 95°C for 5 minutes. Precision
Plus Protein™ unstained standards (Bio-Rad) were used as molecular-weight markers. Gels were run in electrophoresis
cell at 200 V until the dye front reached the bottom of the gel. The running buffer used was Tris/glycine/SDS (25 mM
Tris, 192 mM glycine, 0.1% [w/v] SDS). Gels were stained with silver staining (Pierce Silver Stain Kit).

Western blot

[0044] The proteins separated on SDS-PAGE were transferred onto nitrocellulose (Whatman) by wet blotting for 1
hour at 100 V. The nitrocellulose membranes were blocked (5% skimmed milk in tris-buffered saline) for 3 hours,
incubated overnight at 4°C with serum samples diluted in blocking buffer with 0,05% Tween-20, washed 3 times with
tris-buffered saline with 0.05% Tween-20, incubated for 1 hour with either anti-IgG, anti-IgM or anti-lgA antibody conju-
gated with alkaline phosphatase in blocking buffer with 0,05% Tween-20, washed 3 times with tris-buffered saline with
0.05% Tween-20, incubated until detection with BCIP/NBT substrate solution, and stopped with water.

Sensitivity and specificity

[0045] The sensitivity is calculated as the % ratio between the number of true positive samples and the sum of the
number of true positives plus the number of false negatives. The specificity is calculated as the % ratio between the
number of true negative samples and the sum of the number of true negatives plus the number of false positives.

Examples

Example 1- Reactivity of the inactivated purified whole virus SARS-CoV-2

[0046] The production process of the inactivated purified whole virus SARS-CoV-2 was optimized by setting up the
conditions (e.g. β-propiolactone concentration between 0,05 and 0,5% [v/v], inactivation incubation times between 1
and 24 h, inactivation temperatures between 15°C and 37°C, centrifugation with/without sonication). The optimized
process was verified by checking:

- the presence of the relevant proteins (i.e. spike glycoprotein, nucleocapsid protein, membrane protein, and envelope
protein),
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- the reactivity of the viral proteins in reducing and non-reducing conditions to reveal the role of conformation in
antibody detection,

- the reactivity of the viral proteins in detecting antibodies in COVID-19 positive and negative samples.

[0047] First, the efficacy and the reproducibility of the production process of the inactivated purified whole virus SARS-
CoV-2 were evaluated by electrophoresis (Figure 1). Four different batches of production (i.e. lanes A, B, C, and D)
were compared demonstrating the reproducibility of the method, which is reliable both in terms of total protein concen-
tration and of protein reactivity. The electrophoresis demonstrates the presence of the four proteins: spike glycoprotein
(i.e. amino acid mass ≈ 140 kDa), nucleocapsid protein (i.e. amino acid mass ≈ 46 kDa), membrane protein (i.e. amino
acid mass ≈ 24 kDa), and envelope protein (i.e. amino acid mass ≈ 8 kDa). The molecular weight difference of the viral
proteins between reducing and non-reducing conditions was evaluated by electrophoresis (Figure 2). The electrophoresis
in non-reducing conditions allows the detection of the four viral proteins, on the contrary in reducing conditions not all
the four viral proteins can be observed.
[0048] The reactivity of the viral proteins in detecting antibodies in COVID-19 positive and negative serum samples
was evaluated by analyzing the inactivated purified whole virus SARS-CoV-2 in Western Blot (Figure 3). Results dem-
onstrated that the negative serum samples do not contain any antibody specific for SARS-CoV-2. The positive samples
demonstrate that, in the reducing conditions of the electrophoresis, only the nucleocapsid protein is recognized.
[0049] The reactivity of the viral proteins present in the inactivated purified whole virus SARS-CoV-2 was further
analyzed by Western Blot in non-reducing conditions (Figure 4). Results demonstrate that in non-reducing conditions,
in addition to the nucleocapsid protein, also the spike glycoprotein and the membrane protein are recognized by the IgG
present in a COVID-19 positive serum sample from a patient declared recovered after 2 negative RT-PCR. IgM antibodies
detect the nucleocapsid protein and the spike glycoprotein. IgA antibodies detect only the nucleocapsid protein.
[0050] These results demonstrate that:

- antibodies specific to the inactivated purified whole virus SARS-CoV-2 are present in serum samples after disease
recovery and in patients but are not present in negatives;

- the 3 different types of antibodies IgG, IgM, and IgA can be detected in serum samples using the inactivated purified
whole virus SARS-CoV-2;

- IgG, IgM, and IgA are directed against different viral proteins, thus supporting the hypothesis that the use of the
inactivated purified whole virus SARS-CoV-2 instead of a single recombinant viral protein can provide a more
sensitive diagnostic immunoassay;

- the different reactivity of IgG in reducing and non-reducing conditions may suggest that the reduction of the disulfide
bonds of the viral proteins may alter their antigenicity.

Example 2 - Diagnostic performance of the ELISA test based on the inactivated purified whole virus SARS-CoV-
2 for the detection of IgG antibodies

[0051] According to the immunoenzymatic method of the invention, an ELISA test for the detection of IgG antibodies
was developed. The detection was performed with an anti-human IgG monoclonal antibody labeled with horseradish
peroxidase and reading the absorbance at 450 nm or 450/620 nm, using a specific substrate (3,3’,5,5’-tetramethylben-
zidine, Sigma, 860336) and H2SO4 (Sigma, 30743-M) 0,3 M as stop solution.
[0052] The diagnostic performances of the ELISA were evaluated in a clinical study comprising 495 serum samples
characterized by an immunofluorescent test. Results of this comparison study are reported in Table 1 and demonstrate
a strong correlation with immunofluorescence in terms of true positive (i.e. 62/67) and true negative samples (i.e. 410/428).

[0053] The diagnostic sensitivity and specificity of the anti-SARS-CoV-2 IgG ELISA of the present invention are reported
in Table 2.

Table 1. Comparison study performed on a total of 495 serum samples tested with the ELISA of the present invention 
and an immunofluorescent test for the detection of anti-SARS-CoV-2 IgG.

Reference (immunofluorescent test)

Positive Negative Total

ELISA object of the 
invention

Positive 62 18 80

Negative 5 410 415

Total 67 428 495
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Example 3: Diagnostic performance of the ELISA test based on the inactivated purified whole virus SARS-CoV-
2 for the detection of IgM antibodies

[0054] According to the immunoenzymatic method of the invention, an ELISA test for the detection of IgM antibodies
was developed. The detection was performed with an anti-human IgM monoclonal antibodies labeled with horseradish
peroxidase and reading the absorbance at 450 nm or 450/620 nm, using a specific substrate (3,3’,5,5’-tetramethylben-
zidine) and H2SO4 0,3 M as stop solution.
[0055] The diagnostic performances of the ELISA were evaluated in a clinical study comprising 397 serum samples
characterized by an immunofluorescent test. Results of this comparison study are reported in Table 3 and demonstrate
a strong correlation with immunofluorescence in terms of true positive (i.e. 57/65) and true negative samples (i.e. 322/332).

[0056] The diagnostic sensitivity and specificity of the anti-SARS-CoV-2 IgM ELISA of the present invention are reported
in Table 4.

Example 4: Diagnostic performance of the ELISA test based on the inactivated purified whole virus SARS-CoV-
2 for the detection of IgA antibodies

[0057] According to the immunoenzymatic method of the invention, an ELISA test for the detection of IgA antibodies
was developed. The detection was performed with an anti-human IgA monoclonal antibodies labeled with peroxidase
and reading the absorbance at 450 nm or 450/620 nm, using a specific substrate (3,3’,5,5’-tetramethylbenzidine) and
H2SO4 0,3 M as stop solution.
[0058] The diagnostic performances of the ELISA were evaluated in a clinical study comprising 463 serum samples
characterized by an immunofluorescent test. Results of this comparison study are reported in Table 5 and demonstrate
a strong correlation with immunofluorescence in terms of true positive (i.e. 59/63) and true negative samples (i.e. 385/400).

Table 2. Diagnostic sensitivity and specificity of the anti-SARS-CoV-2 IgG ELISA

Diagnostic Sensitivity 92.5% CI95%: 83.6-96.8

Diagnostic Specificity 95.8% CI95%: 93.4-97.3

Table 3. Comparison study performed on a total of 397 serum samples tested with the ELISA of the present invention 
and an immunofluorescent test for the detection of anti-SARS-CoV-2 IgM.

Reference (immunofluorescent test)

Positive Negative Total

ELISA Positive 57 10 67

object of the 
invention

Negative 8 322 330

Total 65 332 397

Table 4. Diagnostic sensitivity and specificity of the anti-SARS-CoV-2 IgM ELISA

Diagnostic Sensitivity 87.7% CI95%: 77.5-93.6

Diagnostic Specificity 97.0% CI95%: 94.5-98.3

Table 5. Comparison study performed on a total of 463 serum samples tested with the ELISA of the present invention 
and an immunofluorescent test for the detection of anti-SARS-CoV-2 IgA.

Reference (immunofluorescent test)

Positive Negative Total

ELISA object of the 
invention

Positive 59 15 74

Negative 4 385 389

Total 63 400 463
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[0059] The diagnostic sensitivity and specificity of the anti-SARS-CoV-2 IgA ELISA of the present invention are reported
in Table 6.

[0060] In conclusion, we herein described a method for the production of an inactivated purified whole virus SARS-
CoV-2 at large scale, which can be used for the preparation of immunoenzymatic assays for the detection of antibodies
of class IgG, IgM, and IgA in serum samples.
[0061] The detected antibodies IgG, IgM, and IgA recognize different viral proteins, thus demonstrating the importance
of a diagnostic immunoassay containing all the immunogenic proteins of the whole virus SARS-CoV-2. In fact, the use
of the inactivated purified whole virus SARS-CoV-2 provides an antigenic combination of the recognized viral proteins.
In addition, with this inactivation method the viral proteins, such as the spike glycoprotein, seem to maintain their anti-
genicity when the conformation is preserved by the presence of the disulfide bonds.
[0062] As reported in the state of the art, the detected anti-SARS-CoV-2 antibodies IgG, IgM, and IgA appear as a
consequence of the different stages of the COVID-19 disease. Therefore, their detection is important for the diagnosis,
follow-up, and identification of asymptomatic cases. The immunoenzymatic tests of the invention were tested on a
significant number of confirmed COVID-19 patients and negative samples, in parallel with a reference immunofluorescent
assay, demonstrating the high sensitivity and specificity of the method for the detection of the 3 classes of antibodies
IgG, IgM, and IgA.
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Claims

1. Method to inactivate SARS-CoV-2 whole virus particles from an isolated biological sample, comprising the steps of:

a) inactivating SARS-CoV-2 whole virus particles by at least two additions of an inactivating reagent to said

Table 6. Diagnostic sensitivity and specificity of the anti-SARS-CoV-2 IgA ELISA

Diagnostic Sensitivity 93.7% CI95%: 84.7-97.5

Diagnostic Specificity 96.3% CI95%: 93.9-97.7
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sample and optionally
c) purifying inactivated SARS-CoV-2 whole virus particles.

2. The method of claim 1 wherein the additions of 0,1% (v/v) of β-propiolactone are performed at temperature ranging
from 15°C to 37°C for at least 1 hour, preferably for 3 hours.

3. The method according to claim 1 or 2 wherein the SARS-CoV-2 whole virus particles belong to the strain 2019-
nCoV/Italy-INMI1 (GenBank: SARS-CoV-2/INMI1-Isolate/2020/Italy: MT066156), or to a natural or recombinant
derivative thereof.

4. A method of detecting one or more anti-SARS-CoV-2 virus specific antibody in a biological sample, the method
comprising:

a) incubating the biological sample with inactivated purified SARS-CoV-2 whole virus particles as prepared
according to claim 1 to 3 under suitable conditions to obtain a SARS-CoV-2 virus/antibody complex;
b) optionally washing to remove unbound material;
c) detecting said SARS-CoV-2 virus /antibody complex.

5. The method of claim 4, wherein the anti-SARS-CoV-2 virus antibody is an IgG, IgM and/or an IgA antibody.

6. The method of claims 4 or 5 wherein said inactivated purified SARS-CoV-2 whole virus particles are pre-immobilized
to a solid support.

7. The method of claim 6, wherein the solid support is a chip, column matrix material, a culture plate, a tube, a dish,
a flask, a microtiter plate, a bead, microsphere, reactor vessel, wells, polystyrene or a combination thereof, preferably
the solid support is a paramagnetic particle (PMP) or a latex magnetic particle (LMP).

8. The method of claims 4 to 7, wherein the detecting step is performed by means of a labelled secondary antibody,
preferably a monoclonal antibody.

9. The method according to claim 8, wherein the secondary antibody is labeled with a radioactive isotope, or an enzyme,
preferably the enzyme is peroxidase, alkaline phosphatase, β Galactosidase or acetylcholinesterase.

10. The method of claim 9, wherein the detecting step comprises measuring a signal from the label and comparing the
signal to a control signal from a control biological sample known to be negative for SARS-CoV-2 virus antibodies.

11. The method of claims 4 to 10, wherein said inactivated purified SARS-CoV-2 whole virus particles comprise SARS-
CoV-2 at least one of the following proteins :virus spike glycoprotein, nucleocapsid protein, membrane protein, an
envelop protein or an immunogenic fragment thereof.

12. The method of claims 4 to 11 wherein the biological sample is blood, serum, plasma, body fluid, saliva and other
secretions from the subject or tissue or cell extracts.

13. The method of claims 4 to 12 wherein the biological sample is obtained from the subject at least 3 days for IgM and
IgA and at least 10 days for IgG after onset of symptoms of SARS-CoV-2 virus infection or is at risk of exposure to
SARS-CoV-2 virus, or the subject has recovered from SARS-CoV-2 virus infection.

14. The method of claims 4 to 13, further comprising a quantification of amount of specific SARS-CoV-2 virus antibodies
in the biological sample.

15. The method of claim 14, wherein the amount of the SARS-CoV-2 virus antibody in the biological sample is proportional
to the amount of the complex detected.

16. A kit for working the method according to claims 4 to 15 comprising:

a) a solid support coated with inactivated purified SARS-CoV-2 whole virus particles,
b) at least one labeled secondary antibody able to bind to IgG or IgM or IgA,
c) a negative control;
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d) a positive control;
e) a cut-off control or calibrator;
f) a sample diluent;
g) a substrate solution;
h) a washing solution;
i) optionally a stop solution.

17. Use of inactivated purified SARS-CoV-2 whole virus particles obtained by the method according to claim 1 to 3 for
detecting SARS-CoV-2 antibodies wherein said SARS-CoV-2 virus is strain 2019-nCoV/Italy-INMI1 (GenBank:
SARS-CoV-2/INMI1-Isolate/2020/Italy: MT066156) or natural or recombinant derivative thereof.
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