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The neutralization assays are considered the gold-standard being capable of evaluating and detecting, functional
antibodies. To date, many different protocols exist for micro-neutralization (MN) assay which varies in several
steps: cell number and seeding conditions, virus amount used in the infection step, virus-serum-cells incubation
time and read out.

The aim of the present preliminary study was to carry out SARS-CoV-2 wild type MN assay in order to
investigate which optimal tissue culture infective dose 50 (TCIDsp) infective dose in use is the most adequate
choice for implementation in terms of reproducibility, standardization possibilities and comparability of results.
Therefore, we assessed the MN by using two viral infective doses: the “standard” dose of 100 TCIDso/well and a
reduced dose of 25 TCIDsp/well. The results obtained, yielded by MN on using the lower infective dose (25
TCID50), were higher respect to those obtained with the standard infective dose. This suggests that the lower
dose can potentially have a positive impact on the detection and estimation of real amount of neutralizing an-

Live virus
Micro-neutralisation
Immunological responses

tibodies present in a given sample, showing higher sensitivity maintaining high specificity.

The detection and quantitation of serum antibodies to different viral
antigens, after natural infection and/or immunization, has long been
used to assess the likelihood of protection against a specific pathogen
(Petherick, 2020). The Enzyme Linked-immunosorbent assay (ELISA) is
one of the most used method for total antibodies detection. This method
is able to detect all the immunoglobulins (class and subclass) present in a
given sample able to bind the specific antigen of interest coated in a
dedicated plate. It is fast, cheap and safe because it does not require the
handling of live pathogens. Another classical way of measuring antibody
response for agglutinating viruses such as Influenza, is the Haemag-
glutination Inhibition assay (HAI). This method is considered as the gold
standard in Influenza field (Hirst, 1942; Salk, 1944) and correlates of
protection have been established. It is based upon the principle that
antibody able to bind the globular head of the haemagglutinin (HA) can
inhibit the HA’s ability to agglutinate red blood cells (RBCs) by prevent
the binding between the head domain (HA1) and the sialic acids (SA)
present on the RBC surface. Both, ELISA and HAI suffer from the fact that
they are not able to give a precise indication about the functionality of

the antibodies detected. Given these limitations, the neutralization as-
says are an attractive alternative for the assessment of baseline
sero-status and the evaluation of the humoral responses following nat-
ural infection and/or vaccination (Klimov et al., 2012). MN assays were
developed in 1990 (Okuno et al., 1990; Bachmann et al., 1999). This is a
functional assay, and it is able to detect neutralizing antibodies capable
of prevent the virus infection of different mammalian cell lines and the
neutralization activity is measured as the ability of the sera to reduce the
cytopathic effect (CPE) due to inhibition of viral entry and subsequent
replication (WHO, 2011). Compared to the ELISA-based methods, the
results derived by the MN represent a more precise and relevant esti-
mation of antibody-mediated protection in-vitro (Sicca et al., 2020).

On the other hand, MN is more complex to manage due to some
requirements: the need of live viruses and biosecurity level 4, 3 or 2+
laboratories (in case of class IV, III or II pathogens), the costs associated
with the assay and the difficulties in protocol standardization across
laboratories (e.g. cell lines, infective dose, days of incubation and read-
out).
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In the present small and investigative study, we focused our attention
on the performance of the MN assay with SARS-CoV-2 wild type virus
using two different input of viral dose: the standard 100 Tissue Culture
Infective Dose 50 % (TCID50) and the 25 TCID50 infective dose. As it is
well known in the field of enzymology and enzyme kinetics (Adamczyk
etal., 2011), there is a close bond between the half maximum inhibitory
concentration (IC50) value and the chosen concentration of the enzy-
me/molecule in a given system. In this case, by lowering the
SARS—COV-2 viral input we expect to observe a general improve in
antibody titers and, the focus of this work was to try to evaluate what is
the most appropriate value of viral dose to perform the MN in order to
have strong sensitivity and specificity as well. Regarding this, a total of
102 human serum samples, anonymously collected in compliance with
Italian ethics law, were collected as part of an epidemiological study
performed at the University of Siena, Italy (Marchi et al., 2019). The
human monoclonal antibody (mAb) IgG1 SAD-S35 (Acrobiosystem) was
tested along with the serum samples in the MN assay and ELISA Kit
(Euroimmun) as positive control. Human serum minus IgA/IgM/IgG
(S5393—-1VL) (Sigma, St. Louis, MO, USA) was used as a negative con-
trol. SARS-CoV 2 Italy-INMI1, Clade V - wild type virus was purchased
from the European Virus Archive goes Global (EVAg, Spallanzani Insti-
tute, Rome). The virus was propagated and titrated as previously re-
ported (Manenti et al., 2020). The plates were observed daily for a total
of four days for the presence of CPE by means of an inverted optical
microscope. The 102 human serum samples were heat-inactivated for
30 min at 56 °C then tested in MN as already reported (Manenti et al.,
2020).

After four days of incubation, the plates were inspected by an
inverted optical microscope. The highest serum dilution protecting more
than the 50 % of cells from CPE was taken as the neutralization titre.

The data obtained have been evaluated to investigate the optimal
viral dose that could be effectively used for SARS-CoV-2 strain in the MN
assay.

Among various serological tests, the MN is the only assay that can
offer a high throughput in processing samples along with the informa-
tion regarding the capability of the antibodies to prevent the attach-
ment/entry of the virus into the target cells. To date, MN assay is
considered the reference standard method for detection of neutralizing
antibodies, which may be used as a correlate of protective immunity.
Although alternative BSL2 protocols using SARS CoV-2 pseudotyped
viruses are being developed to obviate culture of live SARS-CoV-2 virus
(Hyseni et al., 2020; Crawford et al., 2020; Nie et al., 2020) these
methods remain in the research area.
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Historically, such as for Influenza virus, the MN assay is routinely
carried out in 96-micro-well plates, by mixing different 2-fold serial
dilutions of a serum-containing antibodies with a well-defined viral dose
containing 100 TCID5o/well. However, for newly emerging viruses such
as SARS-CoV-2, the viral dose needs to be accurately evaluated neces-
sitating agreement on a consensus assay protocol for future studies.

The viral load equal to 100 TCIDsy, in accordance with the empirical
formula obtained by applying the Poisson distribution, should be equal
to approximately 70 plaque-forming units (pfu), which represents the
measure of the infectious viral particles in a certain volume of medium
used in each well of the microplate. Clearly, this is valid if the same cell
system is used and the virus is able to form plaques on the cells
monolayer.

All the 102 serum samples screened have been assayed by Com-
mercial ELISA test in order to assess more specifically the presence/
absence of anti-SARS-CoV-2 binding antibodies. Among the ELISA pos-
itive sample 19.8-20 % of sera were found positive in MN assay with 100
TCIDsq and 25 TCIDsg of viral dose.

Our results show that, with the lower dose (25 TCIDsg) in the ma-
jority of the cases the MN titres are higher of one or two dilution steps
(Fig. 1A and B). This is also confirmed for the neutralizing mAb, used as
a positive control sample for the assay, with a titre equal of 320 using
100 TCIDso and 640 using 25 TCIDsg. More interestingly, one sample
(Fig. 1B; ELISA POS 5) with ELISA positive signal but tested negative in
MN 100TCIDs resulted to be low positive for the presence of neutral-
izing antibodies with 25 TCIDs( with a titre of 20. All the ELISA negative
samples were also confirmed negative by MN 25TCIDs.

Although it has already been studied by others (Magnus, 2013;
Klasse, 2014), these results are of considerable importance supporting
the evidence that even if a lower infective dose is used, the possibility to
have false positives in ELISA and MN 100 TCIDso confirmed-negative
samples is low. Indeed, the sensitivity of the assay to detect functional
antibodies could be improved by reducing the viral dose.

Thus, confirming that even with a lower infective dose the cell
monolayer is able to results in high percentage of CPE after 4 days
(128 h) of incubation, avoiding the possibility to have false positive
outcomes due to non-specific inhibition of the viral infection by the high
serum concentration at the first sample dilution.

This aspect could be crucial in order to evaluate the immune
response against new emerging viruses, such as the SARS-CoV-2, for
which immunological and serological data need to be well interpreted.
In fact, a variety of in vitro assays for the detection of SARS-CoV-2
neutralizing antibodies has been described but there is no doubt that
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Fig. 1. A) ELISA and MN positive CPE- viral titres obtained when 102 samples were tested against 100 TCIDso and 25 TCIDso SARS-CoV-2 analysed by GraphPad
using Kruskal-Wallis non-parametric test; B) impact of the viral load on the neutralization titre in different samples (5 ELISA positive, the neutralizing mAb, 4 ELISA

negative sample).
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the absence of oversight and standardisation of serologic tests is a
concern. Given that, the available serologic assays are highly variable,
differing in their format, the antibody class detected, the selected anti-
gen, and the acceptable sample types (Laurie et al., 2015).

As evidenced before (Petherick, 1942; Theel et al., 2020) it is
fundamental to note how serological assays able to detect neutralizing
antibody responses could be crucial to provide the most accurate and
precise results for vaccine immunogenicity trials. There are many topics
of discussion involving antibody responses to SARS-CoV-2 (Chva-
tal-Medina et al., 2021), and plenty of research is yet to be done in some
of these fields (e.g. kinetics and antibody-dependent enhancement
mechanisms). However, confirming that the viral dose is not able to
compromise the specificity of the neutralisation profiles it would defi-
nitely be of great importance for the successful development (design and
pre-clinical stage) and assessment of new vaccines platform, such as
RNA, DNA or nasal vaccine. Especially for the latter, it is extremely
important to have tests able to detect even extremely low levels of
Immunoglobulin A (IgA) with neutralizing capability generally present
in high diluted human specimens such as nasal wash/swab or saliva
(Gianchecchi et al., 2019). Noteworthy was the application of this MN
method using 25TCIDsg in the first phase of discovery of the extremely
potent monoclonal antibody as reported and described in detail in the
paper of (Andreano et al., 2021). The use of the lower infective dose
allowed us to detect even very low concentration of neutralizing
immunoglobulin after the sorting and culturing of single B cells.

As stated before, our observations are in line with the enzymology
and competition kinetics laws: decrease in the viral titres lead to an
increase in antibody titres, but we believe that the most important point
is that the specificity of this assay remain higher. This highlights how the
such viral input should be taken as the most appropriate one to perform
the MN assay for SARS-CoV-2 virus, since no precise indications or
protocols have been established yet.

Even if small and preliminary, this study aims to encourage further
international collaborations towards the standardization of the SARS-
CoV-2 neutralization assays, maximizing the yield in terms of sensi-
tivity. Said that, albeit at present the ability of a give antibody to
neutralize SARS-CoV-2 virus remains the main target for vaccine design
and their subsequent approval, more studies are focusing the attention
on some mechanisms that could be crucial in Covid-19 pathologies, such
as the antibody-dependent cellular cytotoxicity (ADCC). Due to the
countless functions of antibodies in immune responses, it is possible that
they could mediate protection from disease though different more hid-
den effector mechanisms (Tso et al., 2021; Tauzin et al., 2021).
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