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Abstract: The emergence of COVID-19 has evolved into a global pandemic, causing an unprece-
dented public health crisis marked by unprecedented levels of morbidity never seen in the recent past.
Considerable research efforts have been made in the scientific community to establish an optimal
method to identify severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) infections and to
understand the induced immune response. This review examined the development of serological
tests during the COVID-19 pandemic, considering the factors affecting sensitivity and specificity,
which are key to promote an efficient vaccination strategy for public health. The market has wit-
nessed the introduction of various serological tests for the detection of SARS-CoV-2, such as the
chemiluminescence immunoassay (CLIA), which emerged as a powerful and rapid tool to monitor
the antibody response before and after vaccination or infection. Therefore, developing serological
tests by studying antibody trends and persistence is essential for creating long-term strategies. Our
analysis underscores the multifaceted applications of serological tests in pandemic management
with a focus on the critical insights they provide into antibody dynamics that help in managing the
ongoing pandemic and shaping future public health initiatives, providing a basis for optimizing the
future response to viral threats.
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1. Introduction

Coronaviruses are a group of enveloped viruses with a large single-stranded positive
RNA genome ranging in size from 26 kb to 32 kb [1]. They belong to the Coronaviridae family,
order Nidovirales, and are classified into four genera: «, 3, v, and 6 coronaviruses (CoV). «-
and 3-CoVs infect mammals, y-CoVs infect avian species, and 6-CoVs infect both mammals
and aves. Among the coronaviruses infecting mammals, seven are known to infect humans,
including «-CoVs HCoV-229E and NL63 and 3-CoVs HCoVOC43, HCoV-HKU1, MERS-
CoV, SARS-CoV, and SARS-CoV-2. The last three coronaviruses are of zoonotic origin and
spread throughout the population through close contact. The estimated mean reproduction
numbers (Ry) of the ancestral SARS-CoV-2 and the following delta and omicron variants
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were 2.79, 5.08, and 9.5, respectively [2]. To date, the omicron variant BA.2.86 represents the
dominant circulating variant [3]. BA.2.86 carries several mutations in the spike protein that
confer to BA.2.86 a high immune evasion capability, although its infecting efficiency in vitro
is low [4]. However, additional mutations acquired during transmission could increase
BA.2.86 infectivity [5,6]. A BA.2.86 Genome analysis demonstrated that SARS-CoV-2 is very
similar to two SARS-like bat CoVs, bat-SL-CoVZ(C45 and bat-SL-CoVZXC21, compared to
SARS-CoV and MERS-CoV [5,6]. At the genome level, SARS-CoV-2 is approximately 88%
identical to bat-SL-CoVZ(C45 and 87.23% identical to bat-SL-CoVZXC21 [3]. Lower levels
of identity are observed with SARS-CoV (~79%) and MERS-CoV (~50%) [7].

The SARS-CoV-2 genome encodes four major structural proteins within the 3’ end of
the genome: the spike (S), membrane (M), envelope (E), and nucleocapsid (N) proteins.
The S protein mediates adhesion to host—cell surface receptors, resulting in fusion and
subsequent viral entry. The M protein is the most abundant and defines the shape of the
viral envelope. The E protein is the smallest of this group and participates in viral assembly
and development. The N protein is the only one that binds to the RNA genome and is
involved in viral assembly and growth [2].

The S protein is a homotrimer transmembrane glycoprotein on the viral surface and
is composed of two functional subunits: the S1 and S2 subunits. The receptor binding
domain (RBD) present in S1 identifies and binds to angiotensin converting enzyme 2 (ACE
2) present on the host surface, while the 52 subunit anchors the S protein to the membrane
to mediate fusion [8]. The S protein is a key target for neutralizing antibodies (Abs), which
are produced either through natural infection or vaccination, highlighting its critical role
in vaccine development and diagnostic assays. Vaccines administered during the world
vaccine campaign were developed based on the RBD [9,10]. The RBD, in turn, includes two
structural domains: the core, which has five highly conserved antiparallel3 strands, and
external subdomains, which are dominated by the loop. Both are stabilized by the disulfide
bond. The receptor binding motif (RBM), defined by a loop and « helices, is located
between the antiparallel 34 and 7 strands. The RBM contains most of the binding sites
for SARS-CoV-2 and ACE-2, providing information on potential antiviral compounds and
antibody targets [10]. Understanding the conformational transitions of the spike protein,
specifically the “up” and “down” states, helps to decipher the infectivity and involvement
of the host receptor [2].

The nucleocapsid protein (N) is the other multifunctional primary protein in SARS-
CoV-2. As a structural component, the N protein engages in complex interactions with
genomic RNA, contributing significantly to virion assembly, transcription efficiency, and
the initiation of RNA synthesis during the early stages of infection. It has a multifaceted
role in viral pathogenesis, including the stabilization of the complex between the mem-
brane protein and the nucleocapsid, thus improving the efficiency of virus transcription
and assembly [11]. Its implication in viral pathogenesis is exemplified by studies that
demonstrate protection against lethal infection with anti-N monoclonal Abs [12]. Some
serological assays are performed based on the detection of anti-N Abs [13], while others
rely on anti-S Abs [14].

This narrative review describes the serological tests developed during the pandemic
to diagnose SARS-CoV-2 infection and/or the immune response induced by vaccination.

Search Strategy

Biology, structure, serological assay validation, and vaccine development were con-
sidered in studies found in bibliographical databases and web search engines, such as
PubMed, the National Library of Medicine, the World Health organization (WHO), and the
Centers for Disease Control and Prevention (CDC).

The research for this narrative review was conducted using the following keywords:
SARS-CoV-2, COVID-19, COVID-19 assay, anti-N antibodies, anti-S antibodies, S-RBD, RBD,
SARS-CoV-2 vaccine, SARS-CoV-2 OR COVID-19 AND serological assay, SARS-CoV-2 OR
COVID-19 AND immune response, SARS-CoV-2 OR COVID-19 AND method validation.
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All of the included studies used serological assays with IVD marking to assure their
reliability.

Titles and abstracts were used to filter the articles in the databases. The exclusion
criteria were the use of biomolecular docking and outdated information.

2. Diagnosis of SARS-CoV-2: Inmunoglobulins as Useful Markers of Infection

The diagnosis of SARS-CoV-2 infection relied mainly on RT-PCR performed on nasal
and throat swabs and cycle threshold (Ct) values [7]. Coronavirus infections induce neu-
tralizing and non-neutralizing antibody responses as well as catalytically active antibodies
for COVID-19; however, the scientific interest was focused on neutralizing antibodies due
to vaccine development and the break of the virus infection. Given the unknown rate
of asymptomatic infections, there has been a pressing need for a serological diagnosis to
determine the real number of infections. This information is essential to define the case
fatality rate and determining the scale and duration of social lockdowns [7].

Immunoglobulins play an important role in the detection of SARS-CoV-2 in serum.
The activation and differentiation of B cells into plasma cells, which secrete antibodies (Abs),
are initiated by a series of immunological events that culminate in antibody production.
Generally, anti-SARS-CoV-2 IgM and IgA Abs increase sharply in response to infection,
and this result could significantly increase the sensitivity of the COVID-19 diagnosis when
combined with molecular tests. Most serological assays rely on IgM and IgG detection,
although IgA plays an important role in mucosal immunity [2].

Anti-SARS-CoV-2 neutralizing Abs defend the host by binding to specific antigens
in the virus, deactivating its entry into the host cell; moreover, it activates the phlogistic
process and the immune response [15].

The highest levels of anti-SARS-CoV-2 immunoglobulins usually occur in the second
and third weeks of infection, as shown in Figure 1, for IgM, IgG, and IgA [13,16,17]. The
level of IgG shows whether a putative immune response against the virus has developed (at
least 14 days after contact); however, the presence of IgG does not guarantee immunity over
time. In addition, more in-depth tests are necessary to exclude/confirm that the infection is
in progress. The IgM assay instead provides information on a possible recent infection at
least 10 days before sample collection.
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Figure 1. Kinetics of anti-SARS-CoV-2 immunoglobulins G (IgG), A (IgA), and M (IgM) [13,18].

IgAs are secreted immunoglobulins whose level provides information on a possible
infection that occurred in a very recent period. Most IgAs are secreted as dimers in mucosal
tissues, where they represent the first line of the immune response against pathogen
adhesion. They have recently been investigated as salivary biomarkers in patients with
COVID-19 [18]; however, their half-life (and, therefore, their presence in the blood) is
limited to a few days.

IgG Abs, including IgGs against S and N proteins, persist for several months in
most individuals; however, they gradually decrease to minimum levels after reaching the
immunological peak [19]. In patients with severe COVID-19, a stronger antibody response
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has been reported with higher levels and longer persistence of the IgM, IgG, and IgA
immunoglobulins [20,21].

Several studies analyzed the kinetics of anti-SARS-CoV-2 Abs over a period (Figure 1).
The three Ig classes, IgM, IgA, and IgG, increase rapidly after the onset of symptoms,
and their increase appears to be already significant from the first days after the onset of
symptoms. The simultaneous measurement of IgM/IgA and IgG may be useful, especially
in the early stage of infection [20,21].

The early production of IgA has been confirmed by a study carried out on 82 hospital-
ized patients, followed by the synthesis of IgM and IgG. In addition, this study evaluated
the level of IgA in relation to the severity and duration of symptoms [13].

In general, at the beginning of the COVID-19 pandemic, IgA detection was used both
as a guide to contain the spread of infection and for rapid diagnosis.

However, on 12 September 2020, the World Health Organization (WHO) published
the authorization for the use of the antigen test, using the antigen—antibody interaction
principle, for the diagnosis of SARS-CoV-2 infection [6]. The antigen test, based on lateral
flow test methodology, shows a lower sensitivity than RT-PCR, while its specificity is
generally high. It can detect cases with a high viral load, for instance, pre-symptomatic or
early symptomatic cases (up to five days or with a RT-PCR cycle threshold of <25 cycles),
which are responsible for a significant number of transmissions. Furthermore, the antigen
test is easy to perform and takes about 15 min to obtain results. Due to its features,
the antigen test quickly replaced serology tests for the rapid detection of SARS-CoV-2
infection [22].

2.1. Serological Tests

In the current pandemic, reliable serological tests have been key elements of the public
health policy, initially to control the spread of the disease and then as a tool to monitor
vaccination campaigns to gradually return to normality [23]. In addition, serological
diagnostic tests are increasingly being used to better understand the incidence of COVID-19,
assess the immunity status of the population, and identify individuals who were previously
infected or vaccinated [24].

Serological tests are based on the detection of specific antibodies produced by plasma
cells during the humoral response to SARS-CoV-2 in order to neutralize and prevent the
further spread of the virus.

Studies on patients with COVID-19 enabled the characterization of the RBD antigenic
map, leading to the identification of major specific antigenic sites towards which the
antibody is directed, improving the understanding of the humoral immune response
against SARS-CoV-2 [25].

2.1.1. Detection Methods

Currently, several serological assays are available on the market for the diagnosis of
SARS-CoV-2 infection, and they are distinguished into two generations.
Table 1 reports the classification of serological tests by the type of detection.

2.1.2. Immunochromatographic Enzyme Immunoassay

The immunochromatographic enzyme immunoassay is a rapid serological assay
performed in a card for the qualitative determination of IgM and IgG against SARS-CoV-2.
It uses chromatographic technology with colloidal gold as a solid phase for the qualitative
determination of Abs to SARS-CoV-2 in human serum, plasma, or whole blood [26]. Since
it is portable, it can be used at the point of care.
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Table 1. Serological assay [Abs: Antibodies; N: Nucleocapsid; S: Spike; RBD: Receptor Binding
Domain; RLU: Relative Luminescence Unit; TAT: Turn Around Time].

Method Range of TAT What It Tells Us Antigen Target Matrix
Rapid serological test The presence or absence N protein )
(immunochromatographic 10-30 min (qualitative) of Abs against Capillary blood,
enzyme immunoassay) the virus S protein or RBD region serum
Electrochemiluminescent The presence or absence N protein
immunoassay (ECLIA) 20/30 min (quantitative) of total Abs : : Serum
units against the virus S protein or RBD region
The presence or absence of
Chemﬂummescent 20/45 min IgG or IgM pasgd on RFUS S protein Serum
Immunoassay (semiquantitative) against
the virus
Enzyme-linked The number of units of IgG, N protein
immunosorbent assay 2-5h IgM, and IgA (quantitative) : : Serum
(ELISA) against the virus S protein or RBD region

2.1.3. Electrochemiluminescence Immunoassay

An electrochemiluminescence immunoassay (ECLIA) is a quantitative method for
the measurement of antigens or antibodies based on the change in the electrochemilumi-
nescence signal (ECLIA) following immunoreaction. An ECLIA employs electrochemical
compounds capable of generating light electrochemically, facilitated by the cyclic reaction
of oxidative reduction. This process involves species generated at the electrode undergoing
a high-energy electron transfer reaction, leading to the formation of excited states that emit
light. Unlike the chemiluminescence immunoassay (CLIA) (Section 2.1.4 below), an ECLIA
does not require the use of external light sources. In the context of COVID-19, it is a useful
screening tool. It can detect the total Abs against the S or N antigen.

2.1.4. Chemiluminescence Immunoassay

A chemiluminescence immunoassay (CLIA) is a test that combines chemiluminescence
techniques with immunochemical reactions and is used for the detection and analysis of
antigens, antibodies (Abs), enzymes, drugs, and more. In chemiluminescence enzyme
immunoassays, an enzyme such as horseradish peroxidase (HRP) is used to label an antigen
or antibody. Following the immunoreaction, luminol, as a luminescent substrate, emits
light through a reduction or oxidative reaction facilitated by the enzyme-labeled immunore-
acting complex and the luminescent reagent. The antigen or antibody concentration is
determined by measuring the intensity of the luminescence in relative luminescence units
(RLUs). A CLIA is typically a semiquantitative laboratory assay that utilizes plasma or
serum samples. A variation of this test, known as the chemiluminescent microparticle im-
munoassay, employs magnetic, protein-coated microparticles. In the context of COVID-19,
this test may be useful for the detection of multiple types of Abs, including IgG, IgM,
and IgA.

2.1.5. Enzyme-Linked Immunosorbent Assay

An enzyme-linked immunosorbent assay (ELISA) is a rapid and sensitive method for
the evaluation and quantification of an antigen using an enzyme-labeled antibody. The
general ELISA protocol is described below.

Ninety-six-well plates are coated with specific antigens or antibodies to bind to the
corresponding Abs or antigen of the sample. After the wells are washed to remove all
unbound sample material, a blocking buffer is added to prevent nonspecific binding. In
the second washing step, the unbound conjugate is removed. The sample containing
the target analyte is then added and incubated, followed by another washing step. An
enzyme-conjugated detection antibody is added to bind to the target and then washed
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again. A substrate solution is added, and the enzyme catalyzes a reaction that produces
a measurable color change. The immune complex, formed through the substrate, gives a
color or fluorescent reaction product. The intensity of this product is proportional to the
amount of specific Abs/antigen in the sample.

An ELISA can be qualitative or quantitative, strictly dependent on the laboratory.
These tests typically employ whole blood, plasma, or serum samples from patients. The
assay involves coating a plate with a viral protein of interest, such as the spike protein.
Patient samples are then incubated with the protein, and if antibodies against the viral
protein are present, they bind together. The resulting antibody—antigen immune complex
can be detected using anti-Fc antibodies, which produce a color or fluorescent readout. In
the context of COVID-19, these assays commonly test for patient antibodies, including IgG
and IgM.

2.2. The Evaluation of Serological Tests

The parameters used to evaluate the performance of diagnostic tests are sensitivity and
specificity. Sensitivity measures the true positive rate of the serological test, while specificity
measures the true negative rate of the serological test. A highly sensitive serological test
will identify almost everyone who has the disease and will generate a few false negative
results, while a highly specific serological test will correctly exclude almost everyone who
does not have the disease and will generate a few false positive results.

Sensibility is the ability of the test to detect the disease agent or host response to the
infectious agent (i.e., Abs) when it is truly present, while specificity is the ability of the test
to correctly return a negative result when the disease or host response is absent [10].

Sensitivity and specificity data from studies demonstrate that commercially available
serological tests present significantly different performances. Ghaffari et al. reported on the
discrepancies between the claimed performance and those measured in the daily routine
for the marketed serological assays [11]. Anyhow, the sensibility and the specificity, as well
as the cross-reactivity, can vary when using different assays and methods.

Differences in the diagnostic assay performance could be partially explained by differ-
ences in target antigens (N and S), as described in the following paragraphs.

2.2.1. Anti-Nucleocapsid Antigen Tests

The most used antigens in the available serological assays are as follows: N protein, S
protein, or protein S subunits (RBD). Whatever method is used, the nature of the antigen
is important, considering that the detection of Abs directed against the S protein, or
its subunits, is more likely to have neutralizing activity and would better describe the
immunization state [27,28]. According to these observations, Nuccetelli and Pieri obtained
better results when using assays based on the presence of both N and S proteins [13,29].
Anti-N Abs are useful for monitoring a natural infection; instead, anti-S Abs that can
neutralize virus entry into host cells are used for monitoring the response to the vaccine [30].
Furthermore, the S1 or receptor binding domain regions of the spike protein (S-RBD) are
more specific than the N protein [31].

Another possible cause of the differences in the performance of serological assays
could be the detection time. The presence of Abs can be revealed in the patient’s sera within
days after the onset of symptoms. Studies on COVID-19 suggest that seroconversion, when
antibody levels become detectable in the blood, can occur even days after the viral load
reaches its peak [6]. Therefore, serological tests would be less effective in the early stages
of COVID-19.

Ghaffari et al. confirmed that serological tests perform better at later stages of the
disease when higher levels of IgG and IgM are present in the blood [11].

Pieri and coworkers estimated the precision of a new chemiluminescent immunoassay
for the detection of anti-SARSCoV2 IgG and IgM. The study was carried out on three
different cohorts of patients: a control group and patients with SARS-CoV-2 with early and
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late infection times [32]. The results show high sensitivity and specificity for IgM for the
new assay and the usefulness of IgM in the first phases of infection.

2.2.2. Anti-Spike and Anti-S-RBD Antigen Tests

As it is known, coronaviruses use the homotrimeric spike glycoprotein (comprising
the S1 and S2 subunits in each spike monomer) inserted into the envelope to bind to their
cellular receptors; the interaction between the SARS-CoV-2 spike protein and the ACE-2
cell receptor is a critical step for SARS-CoV-2 to enter target cells. In particular, the virus
binds to the ACE-2 receptor with high affinity through the specific receptor binding domain
(RBD) of the S protein [33].

In this sense, human anti-S-RBD IgG is directed against the RBD; therefore, since the
RBD is the primary target of SARS-CoV-2 within subunit S1, these immunoglobulins can
disrupt the interaction between S-RBD and the ACE-2 receptor. Therefore, anti-S-RBD Abs
could prevent the virus from entering and infecting a cell by neutralizing or inhibiting its
biological effect (Figure 2). However, it is not known whether these responses are associated
with protection against subsequent infections [24].

& e
e SARS-CoV-2

\ ACE-2 competitive antitibody

Spike protein

OXR
@ a ..
AN

HOST CELL

Figure 2. A schematic illustration of the mechanism that shows the neutralizing activity of anti-S-RBD
IgG and ACE-2 competitive Abs.

Several studies reported that S-RBD Abs binds with high affinity to the ACE-2 re-
ceptor, completely preventing virus—host cell interaction. Other studies investigating the
performance of monoclonal antibodies (mAbs) described the neutralization power of these
Abs, which could have therapeutic applications [27,34].

In some studies, Abs levels were found to be correlated with symptomatology [20,35].
Hospitalized patients exhibiting severe symptoms showed higher levels of S-RBD IgGs com-
pared to non-hospitalized patients with mild to moderate symptoms. It may be inferred that
the observed response after six months in hospitalized patients has led to the development
of memory and immune defense following natural infection. Nonetheless, the progression
in non-hospitalized patients remains unclear, particularly regarding reinfection [28].
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A large Italian observational study [24] evaluated the level of anti-S-RBD IgG after
natural infection, vaccination, and vaccination after recovering from SARS-CoV-2 infection.
This study found that the anti-S-RBD IgG levels were significantly lower in patients who
recovered from COVID-19 than in vaccinated subjects, both with and without previous
SARS-CoV-2 infection. Age, adverse effects of vaccination, and sex were independent
predictors of the anti-S-RBD IgG levels among all vaccinated subjects. Specifically, females
and subjects developing adverse effects showed the highest levels of Abs, while older
subjects showed the lowest levels. Finally, a significant decrease in the anti-S-RBD IgG
levels occurred rapidly. Interestingly, the rate of decrease was not influenced by age or sex.

The value of serological assays has resulted in the widespread availability of commer-
cially available kits. Even so, current anti-S protein assays exhibit high variability in clinical
practice, likely attributed to the differences in neutralizing activities. The need for assay
standardization has driven the Centers for Disease Control and Prevention (CDC) to adopt
the first international standard (IS) of the WHO for anti-SARS-CoV-2 immunoglobulin [20]
to harmonize the evaluation of the immune response after natural infection or vaccination,
using BAU/mL as a reference value. The international standard is based on a pool of
human plasma from convalescent patients, which is lyophilized in vials, with an assigned
unit of 250 international units (IU) per vial for neutralizing activity. For binding tests, a
unit of 1000 binding antibody units (BAUs) per mL can be used to compare tests that detect
the same immunoglobulin class with the same specificity (e.g., anti-IgG receptor domain,
anti-N IgM, etc.). The international standard, thanks to the accurate calibration of tests
to an arbitrary unit, reduces inter-laboratory variation, creating a common language for
data reporting.

In a study, a head-to-head comparison of six commercially available anti-SARS-CoV-2
serological tests was carried out, which confirmed the effect of the WHO'’s IS in reducing
the variability of the results using BAU/mL. The average agreement among the methods
for positive /negative results assessed by Cohen’s Kappa was almost perfect (k = 0.820),
better than the average of the correlation coefficients (p = 0.786) [22].

In conclusion, immunity to SARS-CoV-2 is provided through the contribution of B and
T cell populations, but even if immunological memory can be maintained over time in the
absence of measurable serum Abs levels, serological assays could be used as surrogates to
determine the protection against infection and vaccine-induced immunity to SARS-CoV-2.
Since the S protein constitutes the main target of all current vaccines, serological assays are
increasingly geared toward using this protein or parts of it; the S protein is likely to be the
target of neutralizing Abs, particularly the RBD.

2.2.3. Neutralizing Antibody Assays

The detection of anti-SARS-CoV-2 neutralizing antibodies (NT) is a critical step in
assessing immunity against COVID-19. These antibodies effectively mimic the virus-host
interaction, leveraging the specific ACE2-RBD protein interaction to prevent the binding of
the viral spike domain RBD to the ACE2 cell surface receptor [36] (Figure 2).

Usually, NT abs tests employ a competitive immunoassay that mimics the natural
virus-host interaction by blocking the highly specific ACE2-RBD protein interaction using
surrogate virus-neutralizing antibodies. In the presence of surrogate virus-neutralizing
antibodies, this crucial binding is inhibited due to the competitive action of these antibodies
with RBD antigens. This method allows for the quantitative determination of SARS-CoV-2
surrogate virus-neutralizing antibodies in human serum or plasma, which is essential for
evaluating the immune response [37-40]. Most neutralizing antibody assays are built as
described above, though some can also target the N-terminal domain (NTD) of the S protein.
These NTD antibodies freeze the S protein and inhibit its conformational changes in the
active form [41].

In natural infections, most patients develop varying levels of NT Abs between 2 and
3 weeks post-infection [42], with detectable responses lasting up to 1 year [39]. The peak
NADb response depends on the disease severity, with severe cases showing higher titers,
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which are good predictors of survival [40,43-45]. This may be due to prolonged B cell recep-
tor stimulation or increased interferon type I (IFN-I) production during severe disease [46].
Furthermore, the booster vaccine dose has been shown to significantly enhance the immune
response, leading to increased levels of both binding and neutralizing antibodies [39,47].
On the other hand, the emergence of SARS-CoV-2 variants has presented a challenge, as
some variants can evade the neutralizing antibody response elicited by vaccines [38]. While
virus-neutralizing antibodies are widely considered a correlate of protection against SARS-
CoV-2 infection, uncertainties remain regarding which immune components provide the
best protection. Nonetheless, pathogen-neutralizing antibodies are generally recognized
as protective against most vaccine-preventable infections, and virus-neutralizing IgG has
demonstrated protection against SARS-CoV-2 infection [48,49].

2.3. International Guidelines for the Use of Serological Assays

The WHO, as the first leading health organization, since the first wave of the COVID-19
pandemic, has issued significant recommendations on the use of serological tests, acknowl-
edging their importance as a tool for surveillance in the population. Initially, the use of a
serological assay was limited to the detection of SARS-CoV-2 positivity; its application has
evolved alongside the progression of the pandemic, being used to determine immunological
status, assess the risk of reinfection, and evaluate fatality [50].

The public health value of serological testing has been recognized by the Centers for
Disease Control and Prevention (CDC), including their value in understanding COVID-19
immunity and in providing patient care in a clinical setting. Positive serological results
could indicate infection whether the test was performed after a week from the illness
onset and with no positive molecular test. Serology testing also helps in confirming
COVID-19-related complications. Furthermore, the serosurvey is a valuable method to
differentiate natural infection from vaccination by measuring antibodies against the target
proteins [25,51].

In contrast, the US Food and Drug Administration (FDA) and the CDC strongly
discourage the use of serology tests to assess the strength and duration of immunity
after COVID-19 vaccination. Furthermore, these organizations advise against relying on
serological tests to determine the need for vaccination in people who have not yet received
the COVID-19 vaccine [51].

3. The Persistence and Duration of the Humoral Immune Response

In the current COVID-19 pandemic, the duration of serological responses and the
trend in antibody titers over time have been crucial concerns.

The level of Abs, as well as its duration, has been shown to be associated with protec-
tion against infection, reinfection, and/or severe symptoms, but there is still no agreement
on the duration of protection against COVID-19 achieved by vaccine, natural infection, or
reinfection [20,35,52]. To explore this point, there are many parameters to consider. First
is the differences in the vaccines administered, also considering that different vaccines
were administered to different age groups. Then, individual immune responses must be
considered. In addition, the vaccine-induced immune response may be different from that
stimulated by viral infection or after reinfection. In fact, the current vaccination strategies
differ from natural infection in a variety of ways, including the method of generating
or introducing viral antigens into the body, the site of exposure, and the presence of ad-
juvants [32,36,53]; Abs titers can differ between a vaccinated subject and a subject who
was naturally infected. Moreover, misclassifications can occur in the Abs titer due to the
inherent inaccuracy of serological tests [54].

Numerous recent studies have provided data on the duration of immunity; however,
a definitive and unambiguous response has yet to be provided.

The primary infection develops high levels of anti-SARS-CoV-2 Abs in 90% of patients,
which remain detectable for months, although they reduce over time [55]. Data from the
literature reveal a heterogeneous antibody response, highlighting the variability between
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individuals and the dependence of Abs production on the severity of the disease (asymp-
tomatic, mild, moderate, or severe) [20]. However, recent works demonstrated circulating
Abs persisting for 5 to 11 in convalescent patients [56].

Furthermore, a population-based study on the longevity of SARS-CoV-2 antibody sero-
prevalence revealed that nucleocapsid antibody positivity based on IgG assays increased to
90% within the first month after infection and showed linear decay afterward, declining to
65% around 10 months [57].

Most studies have found that naturally occurring Abs due to SARS-CoV-2 infection
usually last between 3 and 6 months, with few studies reporting persistence of up to
11 months [58].

It seems reasonable that the IgG antibody response after COVID-19 infection increases
for months after infection and that the duration of the antibody response is long-lasting,
reasonably up to 1 year. Those who had a previous COVID-19 infection are expected to
retain the Abs beyond 1.5 years; however, it should be considered that the rate of decline
can vary by age, body mass index, smoking, and the severity of the disease. Although
immune responses can vary for different pathogens and between individuals, reports in
the literature demonstrate that anti-SARS-CoV-2-Ab kinetics follows a relatively normal
pattern of high levels that peak shortly after the onset of symptoms, followed by a gradual
decrease in the following months [59].

Concerning SARS-CoV-2-specific natural antibodies (NAbs), most patients with
COVID-19 developed NAbs in the convalescent phase of infection with a peak titer between
10 and 15 days after the onset of the disease, remaining stable thereafter. However, the
NAb levels were variable, with about 30% of patients who did not develop high NAb titers
after COVID-19 infection [60].

Furthermore, studies have identified variations with weaker immune responses in
asymptomatic and mild cases compared to cases with more severe symptoms [61,62]. Al-
though the anti-SARS-CoV-2 antibody response can be long lasting, the level of neutralizing
antibodies is related to the severity of symptoms [35,60,61,63]. The first report on antibody
longevity published in June 2020 showed that 40% of asymptomatically infected individuals
lost their antibody titers over a 2-month period [64].

The data available in the literature for vaccinated patients show a decrease in antibody
levels after the immunological peak (after 21 days for Pfizer-BioNTech, and after 2 months
for ChAdOx1 nCoV19), while stabilization in the antibody levels occurs from the fourth
month. However, a common fact reported is that the antibody levels obtained with the
ChAdOx1 nCoV19 vaccine were lower than that obtained with the Pfizer-BioNTech vaccine.
Moreover, heterologous vaccination resulted in an effective antibody response. Indeed, the
homologous vaccination results, referring to the observed circulating levels of S-RBD Abs,
show a significant increase even after 1 month. Three months after booster administration,
the heterologous antibody levels continued to be significantly higher than that with Pfizer-
BioNTech and/or ChAdOx1 nCoV19. Therefore, heterologous vaccination has been proven
to be capable of generating a robust persistent immunogenicity with high antibody levels
that remain stable for up to at least three months after administration [39]. Furthermore,
the COVID-19 convalescent patient who received a booster dose of the vaccine reached
higher and more enduring antibody levels [52,65].

Figure 3 shows the typical antibody trend for heterologous vaccination, where a Pfizer-
BioNTech dose was administered as the third or booster dose after the first two doses of
ChAdOx1 nCoV19 [39]. Likewise, several studies have shown that mixing the ChAdOx1
nCoV19 and Pfizer-BioNTech vaccines triggers an immune response like or even more
significant than two doses of either vaccine. The mixing of vaccines from different platforms
can result in higher IgG and neutralizing Abs levels as well as a stronger cellular immune
response; the use of heterologous COVID-19 vaccines has resulted in higher neutralizing
antibody levels against Variants of Concern (VOCs) compared to homologous vaccines [66].
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Figure 3. Antibody trend in heterologous vaccination (1st and 2nd doses of ChAdOx1 nCoV19 and
3rd or booster dose of Pfizer-BioNTech) [39].

The lack of vaccines, especially in poor regions, the emergence of new VOCs that have
been partially resistant to available vaccines, and several adverse reactions have forced
several countries to mix COVID-19 vaccines.

The factors that can influence and affect differences among vaccinations can be various,
comprising differences in age in tested populations and the individual variability in the
immune response after the SARS-CoV-2 vaccine, as well as the compositions and technical
properties of the different vaccines [56].

Cross-sectional studies reported that the presence of receptor binding domain Abs can
occur in all vaccinated individuals and in up to 97% of individuals with previous infections
that occur several months before antibody tests, suggesting persistence several months
after [67].

Another study involving participants with the first dose of the CoronaVac inactivated
vaccine revealed low levels of neutralizing antibodies, total anti-RBD antibodies, anti-spike
IgG, anti-spike IgM, and anti-spike IgA. However, at the second dose, all antibody levels
increased rapidly, reaching the immunological peak within two weeks. Subsequently, the
antibody levels began to decrease at 35.61 days, 36.46 days, 30.33 days, and 13.54 days,
respectively, for total anti-RBD antibodies, anti-spike IgG, and anti-spike IgM. These
findings indicate an intense and comprehensive immune response to the vaccine, albeit
with an observed antibody decrease over time [68].

In conclusion, the longest time interval currently reported in the literature at which a
positive antibody titer appears to be present is around 1 year. However, it should be noted
that this limit is imposed by the timing of the clinical studies conducted so far.

4. The Use of the Interferon Gamma (IFN-y) Release Assay to Assess the Cellular
Response to SARS-CoV-2

Since the beginning of the COVID-19 pandemic, the most frequently asked questions
were and still are the severity of symptoms during infection and the vaccine protection rate.
Consistent with other viral infections, the development of SARS-CoV-2-specific humoral
and cellular immunity controls and limits viral propagation [59]. There is growing evidence
of the importance of T cells response to vaccination or SARS-CoV-2 infection. A study
on patients with COVID-19 revealed that CD4+ and CD8+ T lymphocytes play a signif-
icant role in reducing the severity of the disease during the initial phase of SARS-CoV-2
infection. Furthermore, cellular immunity to SARS-CoV-2 variants has been shown to
persist even when the virus escapes humoral immunity [69]. Since SARS-CoV-2 T cells
are detectable after infection or stimulation by vaccination, they should have diagnostic
value. To consistently assess SARS-CoV-2 immunity and protection, several studies have
focused on T cell surveillance using the interferon-Y release assay (IGRA). As it is accurate
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and completely automated, it can be easily performed in clinical laboratories [70] and can
be used to quantify the responses of T cells. Many findings support the notion that T
cell reactivity is commonly applied to measure responses to other viral infections using
different procedures [71], including variations of the ELISPOT assay [72] and the interferon
gamma release immunoassay (IGRA) [73]. The ELISPOT assay evaluates IFN-y production
and intracellular cytokine staining (ICS) by flow cytometry, but being outmoded, it is
usually replaced by the IGRA test in routine diagnosis. The IGRA test is also used for the
diagnosis of tuberculosis (Quantiferon assay).

The IGRA is a whole blood lithium-heparinized test that can aid in the diagnosis of
infection. The test consists of two different phases: T cell stimulation and IFN-y detection.
In the first step, the Antigen Presenting Cell (APC) shows the viral antigen to CD4+ and
CD8+ T cells, which switch to an activated status and release interferon-Y. Then, mitogens
are added to the blood samples to produce cells that overexpress interferon-Y. IFN-y
release can be detected indirectly by ELISA.

Immunity against COVID-19 infection or vaccination produces an immune response
consisting of Abs and T cells specific to the virus. Neutralizing Abs was believed to be
the key to preventing SARS-CoV-2 from entering host cells and for host defense [74]. In
contrast, SARS-CoV-2 neutralizing Abs induced by vaccination or spontaneous infection
may no longer be adequate for host protection due to their decay over the months and/or
the appearance of viral escape variants [75,76]. On the other hand, memory T cells persist
for a long period and can contribute significantly to controlling SARS-CoV-2 and protecting
against hospitalization or death [77,78].

According to recent research, anti-COVID-19 cellular immune responses persist for
months after infection, while memory B cells and antibody levels are no longer detectable
at that time. However, the duration of Abs and T cell memory against SARS-CoV-2 in vac-
cinated individuals is still not clear. Only a few studies were conducted to investigate the
persistence of T cells against SARS-CoV-2, and fewer studies were conducted on the discrim-
ination between convalescent and vaccinated patients [78-80]. Ferndndez-Gonzélez [81]
reported that the IGRA accurately distinguished the vaccinated from previously infected
individuals and the IFN-y levels correlated proportionally with the level of neutralizing
Abs. In their study, COVID-19 convalescent patients were investigated at 3 and 12 months
after diagnosis, and vaccinated subjects were investigated for a period of 3 months, includ-
ing healthy donors (negative control). The sensitivity of the first group has emerged to be
largely dependent on disease severity and time since primary infection, while the second
group, as expected, had IFN-y levels significantly lower than those in patients infected
with severe symptoms.

Furthermore, the presence of the cellular immune response could be very important in
the absence of specific Abs to understand immune protection not only in infected patients
but also in vaccinated patients.

Furthermore, Murugesan’s paper studied the IFN-y levels in 82 adult convales-
cent patients with COVID-19 and 48 healthy adults without infection (negative control),
showing values that were extremely high in the convalescent patients compared to the
healthy negative controls. The median IFN-y response was 0.36 (interquartile range, IQR,
0.14-0.74) IU/mL in the COVID-19 cases vs. 0.01 (IQR, 0-0.01) IU/mL in the controls, with
p <0.001 [82].

SARS-CoV-2 T cells were shown to be expressed after vaccine administration and after
viral infection [83]. Antibody and cell responses were tested with different methods in
a population of 153 healthcare workers with two complete doses of ChAdOx1 nCov-19
and BNT162b2 as a booster, and it was found that the antibody levels peaked after the
second dose was administered and then linearly increased again with cell reactivity after
the booster dose, as determined in 95.1% of the subjects. The median IFN-y value in the
first kit used was 1.3 IU/mL (IQR: 0.7-2.6 IU/mL), and in the second kit, it was 0.8 IU/mL
(IQR: 0.4-1.7 IU/mL) (p: without significance).
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Unlike the previous study, Seraceni’s work showed a strong T cell immune response
in 23 healthcare workers with double BNT162b2 vaccination doses, which appeared not to
be antibody-related [84]. Individuals were tested for S-RBD (receptor binding domain) and
neutralizing Abs and divided into three groups according to their antibody levels: Group 1,
with low antibody levels, N = 8; Group 2, with high antibody levels, N = 9; and Group 3,
the control negative group, N = 6. However, no significant differences were found between
Groups 1 and 2 in the IFN-y concentrations despite the significant antibody difference
observed. This last finding could suggest that T cell immunity is stimulated even if the
antibody response is low.

To summarize, IFN-y release can be used to indirectly measure the T cell response to
SARS-CoV-2 infection or vaccination. In addition, the assay could be further refined using
more sensitive and specific peptides that discriminate SARS-CoV-2 from seasonal coron-
aviruses or identify SARS-CoV-2 variants that circulate in the population [81], confirming
that the IGRA test is a useful diagnostic tool for managing the COVID-19 pandemic.

5. Possible Laboratory Algorithm for COVID-19 Serological Tests

The correct interpretation of laboratory test results is fundamental for clinicians.
Laboratory algorithms may help avoid misdiagnoses and improve patient management.

Firstly, it is suggested to divide the possible patients into vaccinated, unvaccinated,
and unknown vaccine status. In unvaccinated individuals, a positive result in anti-N, S,
or RBD antibody tests indicates a prior infection. Conversely, negative results across all
tests suggest that the individual has neither been vaccinated nor previously infected. In
vaccinated individuals who have not been previously infected with SARS-CoV-2, positive
antibody tests against the vaccine antigen, the S protein, are expected, while tests for other
antigens such as the N protein would yield negative results. However, a positive result in
antibody tests for antigens such as the N protein suggests an infection with SARS-CoV-2,
which may have occurred before or after vaccination.

If the status of vaccination is unknown and the test is positive for Abs against N
and S, the individual surely has been previously infected and may or may not have been
vaccinated. If this group is positive for the anti-S Abs and negative for the anti-N Abs,
it means the individuals have been vaccinated with no previous infection. If the result

is negative for both types of Abs, they have not been previously vaccinated or infected
(Table 2).

Table 2. An interpretation of the serological antibody test against the anti-S and anti-N proteins of
COVID-19.

Vaccination Status Anti-S Antibody Anti-N Antibody Interpretation
Vaccinated + + Vaccinated and previously infected
Vaccinated + - Vaccinated and not previously infected
Unvaccinated + + Not vaccinated and previously infected
Unvaccinated - - Not previously vaccinated nor infected

Vaccination status unknown

Vaccination status unknown
Vaccination status unknown

Previously infected, but may or may not
have been vaccinated

+ - Vaccinated with no previous infection

- - Not previously vaccinated nor infected

6. Understanding the Evolution and Implications of the Serological Test in
COVID-19 Variants

The emergence of COVID-19 variants has presented a significant challenge in the
battle against the pandemic. These variants, characterized by specific mutations in the
SARS-CoV-2 virus, have raised concerns due to their potential to affect the virus’s transmis-
sibility, disease severity, and ability to evade immunity [85]. Among the notable variants,
the alpha, beta, gamma, and delta variants were distinguished by their heightened trans-
missibility, which manifested in a viral load 2.5 times higher than that of the original strain.
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These features increased the risk of reinfection and presymptomatic transmission, amplify-
ing concerns about its rapid spread within communities [86]. Furthermore, evidence points
to a higher secondary attack rate and an increase in hospitalizations among delta cases,
underscoring the clinical impact of the variant. Despite these challenges, vaccination and
serological assays remain a crucial tool in combating delta spread.

In the third and last wave of the COVID-19 saga, the emergence of omicron, designated
a Variant of Concern (VOC), requires new strategies to fight infection and symptomatology.
The omicron lineage, marked by descendant lineages such as BA.1 and BA.2, among others,
introduces complexities in understanding its epidemiological footprint [85]. The WHO
acknowledges the multifaceted drivers behind the surge of omicron, attributing its rapid
spread to immune escape properties and regional epidemiological dynamics. Such insights
underscore the imperative of continuous genomic surveillance and international collabora-
tion to follow the evolutionary trajectory of COVID-19 variants and inform targeted public
health interventions. In this regard, the European Commission authorized the Comirnaty
XBB.1.5-adapted COVID-19 vaccine on 1 September 2023. The goal was to protect the most
fragile population from the complications of COVID-19 infection.

Despite these new challenges of COVID-19 variants, vaccination remains a crucial tool
in combating the spread of the virus. Studies indicate that while vaccines retain protective
efficacy, particularly with the adoption of heterologous vaccine doses (Comirnaty + Vaxvre-
via), there may be slight reductions in the prevention of symptomatic disease. Some studies
elucidate the critical role of vaccination in mitigating the spread of COVID-19 variants and
conferring durable immunity against evolving variants, underscoring the importance of
comprehensive vaccination strategies, including booster doses and an active serological
surveillance program [45,87,88].

7. Conclusions

Various serological tests have been launched on the market for the detection of SARS-
CoV-2 infection. Lateral flow assays (LFAs) often demonstrate lower sensitivity than
ELISAs and CLIAs. LFAs are powerful diagnostic tools for large-scale population screening
and community surveillance for the identification of SARS-CoV-2. Numerous LFIA-based
rapid POC tests have been developed by various companies, which enable the detection of
IgM and IgG Abs produced in response to SARS-CoV-2 infection. It does not require any
instrument or trained personnel and can therefore be employed anywhere and at any time,
especially in developing countries with limited healthcare resources and remote settings.

In conclusion, antibody testing could provide valuable epidemiological data and help
in assessing the immunization status of the population [89]. In addition, it could be a useful
tool for detecting and selecting hyperimmune plasma for convalescent plasma therapy.

Additionally, today, serological assays are critically needed to determine the immune
response after vaccination or infection to plan a correct vaccination campaign. It has
been proven that different amounts of Abs are produced after vaccine administration, and
individuals with a previous natural infection develop higher Abs titer levels. Among
people without a history of previous SARS-CoV-2 infection, up to 5% had an Abs level
of the same order of magnitude as infected people, suggesting that they acquired an
asymptomatic infection [90,91]. In such individuals, one dose of vaccine may be sufficient
to obtain a protective immune response. A serological investigation right after the first
dose of vaccine could be a useful tool to identify people with asymptomatic infection
and avoid the administration of a second dose that is not necessary but detrimental in
some circumstances. If one dose of vaccine is sufficient for patients who recovered from
COVID-19, we could distribute the spare doses to other people [77].

The use of serological tests in clinical laboratory practice represents an important
element for long-term strategies, such as the recent hypothesis of booster vaccine doses
and the identification of a previous infection with the N antibody assay.

Furthermore, it should be associated with the IGRA test to assess the protection
rate and determine the best individual-specific way to manage the administration of the
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vaccine schedule. Finally, in terms of vaccine application, we can highlight the utility
of antibody assays as a highly cost-effective tool for an effective vaccination strategy to
promote public health.

Nevertheless, new variants of the SARS-CoV-2 virus, especially the Variants of Concern
(VOCs), could impact diagnostic tests in several ways, considering that some mutations
in the viral genome, particularly for the VOCs, affected the spike protein and other key
regions. Some specific mutations can potentially affect the accuracy of both serological and
antigen-based tests, especially in sensitivity, potentially causing false negative results [92].
To mitigate this, manufacturers and health authorities continuously monitor and update
the test components to ensure they remain effective against new variants.

The development of post-COVID-19 pathologies could include the involvement of both
a transient immunosuppression (both innate and acquired immunity) and an inappropriate
form of immune reconstitution that amplifies the process.

Lymphoplasmocyte cell infiltrates are involved as the expressions of pro-inflammatory
cytokines, such as interleukin (IL) IL-1, IL-6, IL-17, and TNF-«, and markers of systemic
inflammation [91].

The development of pathologic conditions subsequent to COVID-19 infection may be
associated with factors such as the transient immunosuppression of innate and acquired
immunity, leading to a form of inappropriate immune system reconstitution in individuals
with predisposing conditions such as immunological frailty.
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