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Abstract: Background: The recent COVID-19 pandemic produced a significant increase in cases and
an emergency state was induced worldwide. The current knowledge about the COVID-19 disease
concerning diagnoses, patient tracking, the treatment protocol, and vaccines provides a consistent
contribution for the primary prevention of the viral infection and decreasing the severity of the
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SARS-CoV-2 disease. The aim of the present investigation was to produce a general overview about
the current findings for the COVID-19 disease, SARS-CoV-2 interaction mechanisms with the host,
therapies and vaccines’ immunization findings. Methods: A literature overview was produced in
order to evaluate the state-of-art in SARS-CoV-2 diagnoses, prognoses, therapies, and prevention.
Results: Concerning to the interaction mechanisms with the host, the virus binds to target with
its Spike proteins on its surface and uses it as an anchor. The Spike protein targets the ACE2 cell
receptor and enters into the cells by using a special enzyme (TMPRSS2). Once the virion is quietly
accommodated, it releases its RNA. Proteins and RNA are used in the Golgi apparatus to produce
more viruses that are released. Concerning the therapies, different protocols have been developed
in observance of the disease severity and comorbidity with a consistent reduction in the mortality
rate. Currently, different vaccines are currently in phase IV but a remarkable difference in efficiency
has been detected concerning the more recent SARS-CoV-2 variants. Conclusions: Among the many
questions in this pandemic state, the one that recurs most is knowing why some people become more
seriously ill than others who instead contract the infection as if it was a trivial flu. More studies are
necessary to investigate the efficiency of the treatment protocols and vaccines for the more recent
detected SARS-CoV-2 variant.

Keywords: MERS; SARS-CoV-2; SARS-CoV-1; COVID-19; antibodies; anti-Spike; vaccines; dentistry;
Pfizer; booster

1. Introduction

Since December 2019, severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2)
has spread rapidly from Hubei province in China all over the world [1]. The COVID-19
disease is an acute respiratory infectious disease that is mainly transmitted through the
respiratory tract more commonly by the release of droplets and direct/indirect contact
through the respiratory tract and salivary secretions. The virus’ transmission via aerosols
and airborne is suspected to be a key component for transmission [2,3]. In this manner, the
droplet’s size, the settling speed, and the moisture content of the air are able to determine
diffusion and suspension capabilities in the environment. In the lowest percentage, expo-
sure occurred via the fecal–oral way [4]. The SARS-CoV-2 is able to complete the prodromal
phase approximately after 2–14 days from exposure, with a wide variability according to
the patient’s age and comorbidities. Similarly, to the MERS-CoV, the SARS-CoV-2 has a
tropism towards the airways and exhibits a wide range of symptoms from mild respiratory
infections to severe acute respiratory syndrome. The most common presentation is charac-
terized by fever, dry cough, fatigue, and wheezing, and pneumonia as severe symptom [5].
The patient’s isolation is indicated to reduce the transmission to other subjects, such as
healthcare workers [6–8]. Due to the pandemic, isolation restrictions have been adopted for
symptomatic and asymptomatic patients in order to reduce vector diffusions to the general
population [9–12]. In terms of charges for the healthcare system, the infectious diseases
produces an intense economic and management load, as well as for the seasonal influenza
with huge economic [13] and social burden [14]. The widespread preventive vaccination
is able to reduce healthcare costs and plays a vital role in protecting fragile subjects from
viral infections efficiently and sustainably, with a consistent reduction in the transmission’s
impact within the population [15]. The SARS-CoV-2 is characterized by four structural pro-
teins: Spike protein (S), which play a key function for the virus penetration in the host cells;
envelope protein (E) and membrane protein (M) that are deputed to the virus infectivity,
with a core formed by nine accessory nucleocapsid protein (N) [16–18]. The S protein is a
transmembrane glycoprotein modified by many glycosylation processes [19]. Currently,
the widest parts of SARS-CoV-2 vaccines are directed against the Spike protein, while the
virus’s penetration is performed by the fusion of two different subunits [20]. For this scope,
a key role is played by the neutralizing antibodies of anti-SARS-CoV-2, a particular type of
IgG-ABs able to inactivate viral infections of the target cells [21]. SARS-CoV-2 neutralizing
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antibodies mainly interfere with S proteins present on the viral membrane in two ways:
(1) The prevent the binding of the S1 subunit to the ACE2 receptor present on cells target;
(2) they block the change in conformation of the S2 subunit and, thus, prevent the virus
from entering the target cell [22] (Figure 1).

Figure 1. Synthesis of the ACE2 receptors interaction mechanisms of the SARS-CoV-2 viral vector.

2. COVID-19 Variants and Antibodies’ Response

According to WHO guidelines, a total of three families of variants have been consid-
ered: variants of concern (VOC), variants of interest (VOI), and variant under monitoring
(VUM) [23].

2.1. Variants of Concern (VOC)

SARS-CoV-2 variants have been classified by following changes: (1) dangerous
changes in epidemiology or enhanced contagiousness; (2) changes in clinical disease’s
features or increased virulence; (3) reduction in the efficacy of therapies, vaccines, and
diagnostics or social and public health interventions. Currently, the more relevant VOCs
are Alpha, Beta, Gamma, Delta, and Omicron [23] (Table 1). The Delta variant (AY.1 or
B.1.617.2.1) and Delta Plus is increasing its spread. This variant is characterized by two
mutations on the S protein that were present in previous COVID-19 forms. Currently, this
variant represents the 6% of the COVID-19 cases in UK but it is too far from other variants
in term of global circulation. In US, almost all COVID-19 cases involve the Delta variant but
“Delta Plus” is occasionally registered and it is not considered a VOC or VOI by the WHO.
The Delta variant is prevailing and continuing its evolution, and the WHO keeps it under
investigation [24]. The WHO on 26 November 2021 stated that variant B.1.1.529/Omicron
became a concern [25] while a total of five main subvariants have been detected. The
omicron variant is characterized by other S protein mutations that determine virulence
increases and disease’s gravity. The Omicron variant is associated with a 2.4-higher re-
infection rate compared to the previous variants. This aspect is mostly induced by the
high mutation multiplicity of the omicron variant. Currently, new findings on antibodies
protection offered by vaccines for the omicron variant are emerging in the literature [26] in
relation to Omicron’s spread becoming a concern to scientists from worldwide [27].
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Table 1. Currents variants of concern (classification from WHO website).

Codification Vector
Lineages Clades Nextstrain

Clades
Aminoacid

Changes

Emerging Regions
and Period of

Strain Detection

Date of First
Detection

Alpha B.1.1.7 GRY 20I.V1 +S: 484K
+S: 452R

United Kingdom,
Sep-2020 18-Dec-2020

Beta B.1.351 GH/501Y.V2 20H.V2 +S: L18F South Africa,
May-2020 18-Dec-2020

Gamma P.1 GR/501Y.V3 20J.V3 +S: 681H Brazil,
Nov-2020 11-Jan-2021

Delta B.1.617.2 G/478K.V1 21; 21I; 21J +S: 417N
+S: 484K

India,
Oct-2020

VOI: 4-Apr-2021
VOC: 11-May-2021

Omicron

B.1.1.529
(Subvariants: BA
1, BA 2, BA 3, BA

4 and BA 5)

GR/484A 21K
-+S: L452R
-+S: F486V
-+S: R493Q

Multiple countries,
Nov-2021

VUM: 24-Nov-2021
VOC: 26-Nov-2021

Sub BA 4/5:
January 2022

2.2. Variants of Interest (VOI)

The variants of interest (VOI) represent variants with genetic mutations that cause
changes in transmissibility, disease’ severity, evading diagnostics, therapeutic solutions,
and immune defenses. Moreover, they have been recognized in multiple countries as a
cause of transmission or COVID-19 clusters correlated with an increasing number of cases
over time with dangerous epidemiological repercussions for public health: ETA, IOTA,
KAPPA, LAMBA, and MU [23] (Table 2).

Table 2. Currents variants of interest (classification from WHO website).

Codification Vector
Lineages Clades Nextstrain

Clades

Emerging Regions
and Period of

Strain Detection

Date of First
Detection

Lambda C.37 GR/452Q.V1 21G Peru, Dec-2020 14-Jun-2021

Mu B.1.621 GH 21H Colombia, Jan-2021 30-Aug-2021

2.3. Variants under Monitoring (VUM, Formerly Called “Alerts for Further Monitoring”)

A SARS-CoV-2 variant (Table 3) shows genetic mutations that interact with the virus’s
characteristics resulting in future risks, without an obvious epidemiological repercussion;
therefore, new tests will be necessary to document the pandemic’s evolution [23].

The COVID-19 variants’ spread such as Alpha (English variant), Beta variant (South
Africa variant), Gamma variant (Brazilian variant), and Delta (India variant) deserves atten-
tion since the mutations cause more virulence, contagiousness and antibody resistance [28].
The Alpha variant (B.1.1.7.) appeared first in December 2020 and is approximately 82%
faster than the original virus and Beta or B1351 in January 2021. The Alpha variant is 50%
faster than the original strain, while the Gamma or P.1 showed an increase in virulence of
161%. Eepsilon presents two mutations, B 1429 and B 1427, in the USA since March 2020
and showed an increase in virulence of 20%. Delta B 1617.2 originated in May 2021 and
reported an increase in virulence of 198%, which is quicker than the original strain [29–35].
The Spike protein (S) gene’s first mutation was positioned at codon-614 (D614Gis), and it is
correlated with a substitution of aspartic acid (D) with Glycine (G) causing an expansion
of the S receptor-binding region (RBD), enabling a more efficient and tighter binding of
the virus with the ACE2 receptor [36]. This novel G mutation has spread to 100% of total
strain in USA, Europe and in many countries, even if it was rare in Wuhan [36]. This strain
appeared in Vietnam very early during March 2020 and was transmitted by travelers from
Europe [37,38]. According to the WHO, in June 2021, there were a total of seven variants:
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Epsilon (B.1.427 e B.1.429); Eta (B.1.525); Iota (B.1.526); Kappa (B.1.617.1); Zeta (P.2); Theta
(P.3); e Lambda (C.37) [39]. The strains Kappa and Eta showed a D614G mutation [37,38],
which also produces alterations of other codons that change Spike protein receptor-binding
regions, improving virulence performances, infectiveness (N501Y and E484K) or virus
resistance to vaccines and serotherapy antibodies (E484K, K417N/T, and L452R) [38]. In
particular, the E484K mutation makes the virus more resistant to the neutralizing antibod-
ies of existing vaccines and therapies [40–43]. Sequencing the virus’ genome, many other
mutations on S and N genes and other genes were reported in the literature. Currently,
real-time PCR (Polimerase Chain Reaction) facilities represent a very useful instrument
in contrast to the pandemic emergency by detecting variants and their level of danger
in samples of infected cases [44]. The WHO recommends either NGS (Next-Generation
Sequencing) or the Sanger method as procedures and analyses for detecting variants of
SARS-CoV-2 [44]. Moreover, the real-time PCR technique remains the most appropriate
procedure for monitoring viral mutations. Currently, several studies [45–50] as well as
commercial kits [51–54] for real-time PCR techniques are now available for identifying
mutations and other SARS-CoV-2 variants. This methodology allowed clinicians and
health-care providers to discern the SARS-CoV-2 from SARS-CoV-1, MERS, and common
influenza [55]. The Lambda variant (C.37—code GISAID GR/452Q.V1) requires more
attention, which was first discovered in Perù in December 2020, reaching 82% of cases in
May–June 2020; WHO classified Lambda as VOI in June 2021. Lambda may also be more
threatening than Delta, which is 60% more contagious. Present in 30 countries according to
the international database GISAID, most Lambda cases spread to South America (about
4000), peaking on 3 May 2021 and then tapering off slowly and then collapsing from 19 July
2021; it continually decreased and no changes have been registered from March [56]. The
Lambda variant is characterized by three Spike protein mutations (RSYLTPGD246-253N,
L452Q, and F490S). This major infectivity is due to two mutations in the Spike’s receptor
binding, which are T76I and L452Q; the last one is similar to the Delta variant mutation
L452R and it could explain the increased contagiousness of both Delta and Lamba vari-
ants. The resistance to antibodies is caused by the RSYLTPGD246-253N mutation (seven
amino-acid deletions at the region of the N-terminal domain of the Lambda Spike protein).
Additional genetic changes are T76I, G75V, F490S, del247/253, D614G, and T859N [57].
The Lambda variant may decrease about 4.6-fold the efficacy of neutralizing antibodies
produced by mRNA vaccines. To a greater extent than the Beta variant, this one is known
for its mutagenic capacity, making it resistant to immune defenses [57]. All vaccines devel-
oped effective neutralizing antibodies [57,58]. According to a new study on individuals
that were just infected, the largest difference between BNT162b2 and ChAdOx1 nCoV-19
vaccines against Delta and Alpha variants happens after the first administration while a
few differences have been registered after two doses of vaccine; in particular, both vaccines
are efficacious against variants with a lower response for the Delta variant. Hence, this
study proposes double-dose administration for the most vulnerable people. A study found
that COVID-19 hospitalizations and deaths (more than 9/10) occurred in unvaccinated or
not fully vaccinated people in 50 states of USA until July 2021 [59].

The current licensed vaccines seems to reduce severe COVID-19 complications and the
mortality rate of SARS-CoV-2, with both Delta and other variants [60]. Being more conta-
gious, the Delta variant could increase infection possibilities among completely vaccinated
people, transmitting it more efficiently to others [61]. According to a study conducted on
health care professionals at a tertiary care center, a significant higher humoral immunogenic-
ity was registered in the SARS-CoV-2 mRNA-1273 vaccine compared with the BNT162b2
vaccine at all ages and in both infected and uninfected individuals [62]. In addition, an-
tibody amounts in formerly non-infected participants were more elevated among in the
people under 35 years old, supposing that the increase in age negatively influences the
antibody’s response [62]. A reason for this difference could be correlated to a longer period
between priming and boosting for mRNA-12733 and the highest mRNA level in Moderna
vaccine when likened to Pfizer-BioNTech [62]. The Lambda variant was declared more



Int. J. Mol. Sci. 2022, 23, 8485 6 of 43

infectious by WHO even if its aggressiveness was not demonstrated [63]. At the current
state, the part played by children in the virus’s spread has not been clarified [64]. In recent
results, the vaccines against COVID-19 are well tolerated by subjects between twelve and
sixteen years old [65–67].

Table 3. Currents variants under monitoring (classification from WHO website).

Vector
Lineages Clades Nextstrain

Clades
Emerging Regions and Period of

Strain Detection
Date of First

Detection

R.1 GR - Multiple countrie
Jan-2021 07-Apr-2021

B.1.466.2 GH - Indonesia,
Nov-2020 28-Apr-2021

B.1.1.318 GR - Multiple countries,
Jan-2021 02-Jun-2021

B.1.1.519 GR 20B/S.732A Multiple countries,
Nov-2020 02-Jun-2021

C.36.3 GR - Multiple countries,
Jan-2021 16-Jun-2021

B.1.214.2 G - Multiple countries,
Nov-2020 30-Jun-2021

B.1.427
B.1.429 GH/452R.V1 21C United States of America,

Mar-2020
VOI: 5-Mar-2021
VUM: 6-Jul-2021

B.1.1.523 GR - Multiple countries,
May-2020 14-Jul-2021

B.1.619 G 20A/S.126A Multiple countries
May-2020 14-Jul-2021

B.1.620 G - Multiple countries,
November 2020 14-Jul-2021

C.1.2 GR - South Africa, May 2021 01-Sep-2021

B.1.617.1 G/452R.V3 21B India,
Oct-2020

VOI: 4-Apr-2021
VUM: 20-Sep-2021

B.1.526 GH/253G.V1 21F United States of America,
Nov-2020

VOI: 24-Mar-2021
VUM: 20-Sep-2021

B.1.525 G/484K.V3 21D Multiple countries, Dec-2020 VOI:17-Mar-2021
VUM: 20-Sep-2021

B.1.630 GH - Dominican Republic,
Mar-2021 12-Oct-2021

3. Mechanisms of Relationships between ABO Blood Groups and COVID-19

During SARS-CoV1, the association between COVID-19 infection and blood groups
has been investigated in several studies, and many of these suggest the existence of an
increased susceptibility to infection in blood group patients 0. This possible association
has also been studied for SARS-CoV-2 [68]. There are different hypotheses about the
mechanism and interaction between ABO blood type and SARS-CoV-2. Anti-A and/or
anti-B antibodies expressed in group 0 might bind to A and/or B antigens expressed on the
viral envelope, promoting viral neutralization [69].

There is emerging evidence that ACE-2 receptor-binding proteins of SARS-CoV-2
share a similarity with an ancient lectin family known to bind blood groups. The possible
correlation between blood group A and SARS-CoV-2 could be the link between SARS-CoV-
2 RBD and blood group A expressed on respiratory epithelial cells [70]. Moreover, this
condition could be correlated to a greater angiotensin enzyme function, VWF, factor VIII,
and the severity of the clinical presentation of COVID-19 disease in group A. In fact, more
cardiovascular complications occur in these subjects. There is no confirmed evidence but
the ABH glycans present in plasma, secretions, and on cell surfaces could play a role in
COVID-19 disease severity. In this manner, the identification of the Lewis blood group
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and the “secretor phenotype” of ABH glycans level could play a key role for the severe
development of the disease [71,72].

4. Spike Protein Interactions

The definition of coronavirus is correlated to the presence of 20–40 nm-long Spike
glycoprotein, which protrude from the viral envelope (Figure 2) [73].

Figure 2. Schematic diagram of the structure of SARS-CoV-2 and its Spike protein. The protein S is
placed inward on the envelope to form a crown structure consisting of two subunits, S1 and S2. The
protein hemagglutinin esterase (HE) is only present in A-series betacoronaviruses. Figure designed
by Giovanna Dipalma [45].

The SARS-CoV-2 genome encodes four structural proteins: Spike, envelope, mem-
brane, and nucleocapsid and 16 non-structural proteins [74]. Spike proteins are formed by
an extracellular N-terminus, a transmembrane ™ domain, and an intracellular C-terminal
segment. Moreover, the Spike protein weight is of 180–200 kDa (Figure 3) [75].

Figure 3. SARS-CoV-2. Spike. RNA and N Protein, Envelope, Protein M, Hemagglutinin-esterase
dimer (HE). Figure designed by Giovanna Dipalma [76].

The extracellular domain is glycosylated (Figure 2) with N-linked glycans. Cysteine
residues in the cytosolic portion are palmitoylated [77,78]. The Spike protein (Figure 3)
ectodomain is heavily glycosylated with heterogeneous N-linked glycans and exists in a
prefusion form and a post-fusion form. The oligosaccharides could influence priming by
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host proteases and determine antibody recognitions. The Spikes share 93% and 97% of
amino-acid genome with the genome of Pangolin CoV and BatCoV RaTG13 and Pangolin-
CoV [79–82]. Mutations present at the interface between the Spike protein and the ACE-2
receptor may affect vaccine performance and drug design at the protein–protein interaction
interface [83]. During the virus’ transmission, the S2 subunit is released after the cleavage
of Spike proteins into S1 and S2 subunits. The S1 subunit contains two domains, termed
the N-terminal domain (NTD) and the C-terminal domain (CTD), and these are located
in the receptor-binding domain (Figure 4) [84–87]. In particular, to enter into host cells,
SARS-CoV-2 firstly needs the binding of the Spike protein to a cell surface’s receptor,
namely ACE2 mediated by the RBD of S1. The RBD at the apex of S1 undergoes a hinge-like
conformational movement that momentarily exposes (open state, “up”) or hides (closed
state, “down”) subdomains required for receptor binding, whereby the open state allows
receptor engagements [88]. The ligation of the S1 RBD to the ACE2 enzyme exposes a
cleavage site on S2 that is acted upon by host-cell proteases such as TMPSSR2 to initiate the
cell-entry process [89]. The ammino-acidic sequence is 72% similar to the RBD sequences
of SARS-CoV and SARS-CoV-2, with highly similar 3D structures.

Homology models and biophysical properties suggest that the SARS-CoV-2 RBD
domain binds ACE2 with a 10- to 20-fold-higher affinity than SARS-CoV [90]: SARS-CoV-2
has a distinct furin cleavage site (Arg-Arg-Ala-Arg) at residues 682–685, which increases
the likelihood of cleavage by furin-like proteases, which also enhances its infectivity [91].
The furin cleavage site expands the versatility of SARS-CoV-2 in cellular protease cleavage,
as well as the potential tropism and transmissibility due to the widespread expression of
furin in cells. This means that newly synthesized virions can be secreted in a “preactivated”
state, ready to fuse with and infect other cells without binding to cellular receptors such
as ACE2 [92]. The S protein of SARS-CoV is cleaved by transmembrane protease/serine
subfamily member 2 (TMPRSS2), which are most expressed on the epithelial cells of
respiratory tracts [93]. After Spike cleavage, there are some important structural changes
that allow the fusion of viral and host cell membrane with the entry of a viral core [94,95].
ACE2 is a dipeptidyl carboxypeptidase, mainly a type 1 TM protein of 805 amino acids.
It exists in the form of a zinc-binding domain and is mainly expressed in the lung, heart,
kidney, testis, and gastrointestinal tract [65]. ACE2 contains two viral hotspots of lysine
residues that appear to be critical for CoV binding: Two ACE2 alleles, rs73635825 (S19P)
and rs143936283 (E329G), may confer resistance to SARS-CoV-2 infection. [96]. ACE2
has been widely recognized as a receptor binded by Spike proteins [97]. In lung disease,
the loss of ACE2 activates the renin–angiotensin system, enhances vascular permeability
and pulmonary edema, and contributes to the pathogenesis of severe lung injury [98].
SARS-CoV-2 infection downregulates the ACE2 receptor, which favors the progression
of thrombotic processes [99]. Viral prion-like domains (PrDs) have been identified in the
ACE2 protein within the α1 helix (aa 40–65 and 93–106) [100]. PrDs have been proposed as
novel regulators of virion assemblies, playing a role in virus–host cell interactions [100].
Overall, dementia and hypertension significantly upregulated ACE2 vasculature expression,
suggesting that SARS-CoV-2 may be more likely to encounter its key cell-binding targets
in individuals with these comorbidities. The SARS-CoV-2 Spike protein is responsible
for clinically observed edema, whereas systemic diffuse hyperinflammation is caused by
increased secretions of proinflammatory cytokines in the endothelium. Viral pathogens
negatively impact the blood–brain barrier (BBB), either through direct interactions with
the endothelium or stimulating host immune responses, increasing the expression of
proinflammatory cytokines, chemotaxis cytokines, cell adhesion molecules, and ultimately
leading to the loss of the structural and functional integrity of the BBB. The disruption of
the BBB releases the free passage of viral fragments and infected immune cells into the
brain parenchyma, further increasing levels of inflammatory mediators and exacerbating
the disruption of endothelial barrier functions [58,101–103]. In individuals recovering from
COVID-19, adaptive immunity to SARS-CoV-2 is primarily mediated by CD4+ cells with a
repertoire of T cell receptors specific for the S epitope, resulting in robust neutralization



Int. J. Mol. Sci. 2022, 23, 8485 9 of 43

IgG, IgM, and IgA antibodies producing trimers of the ectodomain of RBD and S1 [104,105]
while individuals exhibit b-cell monoclonal antibody neutralizing activities, which bind
ACE2 to RDB and the NTD of S, indicating that the two S epitopes are highly immunogenic
at the apex of S [106,107]. Currently available tests and previous serological studies have
dosed antibodies against the N protein, RBD, or S protein [104,108].

Figure 4. Activation scheme of Spike protein. Protein S is placed outward on the envelope to form a
corona structure. Protein S consists of two S2 subunits fused. Activation of trypsin, furin, TMPRSS,
and cathepsin in fused host cells. Characters designed by Giovanna Dipalma.

5. Serological IgM, IgG, and IgA

The levels of peripheral blood antibodies monitoring, i.e., immunoglobin (Ig) G, M,
and A specific to SARS-CoV2, represent a different method for diagnosing SARS-CoV-2
infections, including asymptomatic carriers, and a simple method for controlling antibody
responses in convalescent patients/vaccinated subjects [109,110]. In the literature, it was
reported that an important antibody responses occur between 17 and 23 days after disease
onset while they are stronger but slower in more severe patients [111]. Since IgM, IgG,
and IGA are the principle antibodies involved in the SARS-CoV-2 infection, they are
used to define and monitor the immune response of patients [109,112]. After three days
from the onset of symptoms or one week after contracting the infection, IgM antibodies
are generated, and after reaching their peak, the production of IgG follows. Specific
IgMs involve early antibody responses that start and peak within 7–12 days and decrease
meaningfully after 18 days; by contrast, specific IgG antibodies develop a few days later
(ranging from 10 to 18 days) and do not decrease, and they persist throughout a lifetime
as protective antibodies [113]. The tracking of high and persistent levels of antibodies
against SARS-CoV-2 and, in particular, of anti RDB-IgG neutralizing antibodies, which
recognizes the Spike protein of SARS-CoV-2 and prevents cell infections, representing a
strong indication that an immunized host could resist SARS-CoV-2 infections. Neutralizing
antibodies block a pathogen from infecting the host by inhibiting the molecules on the
pathogen’s surface used to enter the cells [114]. Therefore, the neutralizing antibodies
result in lifelong immunity with respect to SARS-CoV-2 infections. The patients with a high
level of IgG are able to neutralize the virus efficiently; thus, monitoring these antibodies
is both a method of detecting previous infections or immunizations and an immunity
passport. Anti–SARS-CoV-2 Spike protein IgG levels and neutralizing antibodies in the
plasma of infected people are connected [115]. According to some studies, high levels
of anti-RBD IgG have been found in COVID-19 subjects, but they do not neutralize the
virus, such as anti-RBD IgA and IgM [116]. The IgAs represent the main immunoglobulins
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involved in the digestive and respiratory immune system, so they should be considered in
serological tests along with IgG and IgM [117]. The stimulation of mucosal immunity via
IgA may be relevant in preventing SARSCoV-2 infections [118]. Indeed, the virus recognizes
and infects respiratory epithelial cells by binding to the angiotensin-converting enzyme-2
(ACE2) protein on the surface of type-2 alveolar cells [119]. Furthermore, besides typical
respiratory symptoms, digestive symptoms including nausea, vomiting, diarrhea, and
anorexia may occur in COVID-19 patients. Some patients may develop digestive symptoms
in the absence of any respiratory symptoms [120,121]. Therefore, IgA assays could be useful,
along with IgG and IgM, for monitoring and recognizing patients with atypical symptoms
and in paucisymptomatic cases (including mild conjunctivitis, low fever, and digestive
symptoms) or in suspected subjects with a negative RT-PCR result for a naso-pharyngeal
swab [122,123]. To this end, anti-SARS-CoV-2 humoral responses can support and enhance
COVID-19 diagnoses, including subclinical and asymptomatic cases. The production of
IgA is peculiar and, initially, parallel IgM kinetics with IgA and IgM levels increased since
days 6–8 from symptom onset, and IgA showed persistently higher levels over 38 days,
with a peak level at days 20–22, whereas IgM levels peaked at days 10–12 and decreased
mostly at day 18 [124,125]. Overall, the comprehension of SARS-CoV-2 diagnostic tests
is still evolving and a clear knowledge of Ig kinetics will be useful for the interpretation
of tests and of serologic results [113]. Indeed, although the timing of Ig production (from
4 days after symptoms onset to 10–14 days) limits its applicability for COVID-19 diagnosis
in the acute phase [28,126], the detection of anti-SARS-CoV-2 IgM and/or IgA antibodies
may represent an important tool for recognizing patients with the RT-PCR negative gap.
Hence, the combination of serological tests with molecular tests will improve the diagnosis
of COVID-19 patients, and as main indicators of immune development, it will be useful for
controlling the pandemic [113]. The specimens for SARS-CoV-2 tests are acquired from the
upper respiratory tract, nasal aspirate and wash, nasopharyngeal/oropharyngeal buffers,
saliva, or lower respiratory tract. Additionally, specimens from the lower respiratory tract
are suggested to decrease false negatives [127]. To this end, three different approaches are
adopted: (1) RNA detection test through nucleic acid amplifications using the RT-PCR
procedure, (2) antigen tests based on the recognition of a specific surface protein viral
antigen, and (3) antibody tests based on the recognition of specific antibodies against
SARS-CoV-2. Salivary oral-pharyngeal buffers and serological tests are used for diagnoses;
IgM and IgG are measured by using nucleocapsid protein (NP) cross-reactive of another
SARSr-CoV Rp3, which is similar for 92% relative to the 2019-nCoV [127–129].

The ELISA test can identify IgM and IgG simultaneously with the antibody reaction
against rNPs purified from SARSCoV-2, i.e., the N helical capsid proteins. In this sense, the
PCR is more sensitive compared to the ELISA test for IgM five and a half days before the
onset of symptoms [130]. Furthermore, immunosorbent assay (ELISA) analyses for Spike
protein S and N protein has high specificity (99%) for the antigen’s detection, providing final
SARS-CoV-2 diagnoses [131]. Immunodominant antigens may be present at the beginning
of the infection because a major antibody response against N capsid protein has been
detected by other assays. Hence, some rapid antibody IgM and IgG tests were produced
during the SARS-CoV-2 infection in order to make an early diagnosis of COVID-19 [132].
The sensitivity was better with a combined IgM-IgG antibody test than with tests performed
individually for detecting IgM or IgG [133]. In particular, the main differences between the
antigenic and molecular tests are as follows:

• The antigenic test is performed by a swab on nasal mucosa or oropharyngeal region by
identifying SARS-CoV2-specific Spike glycoproteins (S). Nevertheless, this technique
may provide false negatives. In many cases, the test should be subjected to a repetition
in the following days [130].

• The molecular test, instead, identifies SARS-CoV-2 genomes in the substance and are
present in swabs [130].

SARS-CoV2 infection could produce false negative results in tests, especially in case
of nasopharyngeal swabs performed too early concerning the prodromal phase [133–136].
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Repeated swabbing and the consideration of a deeper respiratory tract sample are recom-
mended [111]. As prevention is the first resource, testing criteria are being developed and
progressed [134].

Children can be infected with SARS-CoV-2, but most of the times, they are asymp-
tomatic or have minor symptoms; in fact, infants under 12 months of age do not develop
serious pathology. As with adults, a SARS-CoV-2 infection in children is diagnosed by
nucleic acid amplification test (NAAT) using reverse transcriptase viral polymerase chain
reaction (RT-PCR) by taking a sample from the upper airways [135].

6. Anti-Spike and Anti-N Difference

Currently, immunoassays have become fundamental tools for detecting SARS-CoV-2
infection and to survey its spread. The antigen test detects SARS-CoV-2 antigens, while
serology tests detect anti-SARS-CoV-2 antibodies fighting against SARS-CoV-2 [137]. The
main virus’s proteins considered as targets for antibody detection are the nucleocapsid (N)
or Spike (S), thanks to the abundance of the former and the specificity of the latter [130,138].
Both proteins can be used in their full length or in a truncated version for antibody detection.
Thus, immunoassays can detect either the viral structural proteins or seroconverted IgM
and IgG antibodies, which can be found in the blood or the serum [139]. Several studies
showed the presence in serum of IgG against N protein after 4 days since the outcome of
SARS-CoV-2 disease and its seroconvertion on the 14th day [140]. However, studies using
an antigen S are more sensitive than tests based on antigen N, with IgG tests performing
better than IgM tests [141,142]. Nevertheless, all these serological tests can be used for
the identification of SARS-CoV-2 infections [143]. An association between increased IgG
versus S and a decrease in C-reactive protein was found. In fact, S-specific antibodies
block entry into the target cell by inhibiting the binding of S proteins to the hACE2 cell
receptor. Thus, S-IgG monitoring can be used as an aid in predicting prognosis. In contrast,
a continued increase in IgG-N correlates with severe disease progression. This suggests
that N-specific antibodies are probably not capable of interfering with virus entry into the
cells [141,143]. Werner et al., emphasized the advantages of the simultaneous detection of
Spike and nucleocapsid proteins in terms of increasing the detection sensitivity and testing
accuracy. Moreover, this combination could be a method for reducing false-positive testing
results [142]

The most frequent immunoassays used to recent COVID-19 diagnosis are chemilumi-
nescence immunoassay (CLIAs) [138], ELISAs, rapid diagnostic tests, and the lateral flow
immunoassays (LFIAs) [130]. Kyosei at al. recently developed a diagnostic ultrasensitive
method by combining a sandwich ELISA and the thionicotinamide-adenine dinucleotide
(thio-NAD) cycling reaction to quantify Spike S1 proteins [144].

7. COVID-19 Syndrome: Diagnosis and Treatment Procedure at Home and in Emergency

The role of humoral responses in COVID-19 has gained particular attention since the
virus and virus-infected cells may strike the B lymphocyte production centers, causing
a decreased number of specific antibodies against SARS-CoV-2. The active presence of
neutralizing antibodies revealed to be a good resource to control SARS-CoV-2 infection;
however, not all post-COVID-19 showed a sufficient number of neutralizing antibodies
that can be used as anti-COVID-19 therapies [145,146]. The notorious COVID-19 cytokine
storm is the main cause of the alveolar gas exchange mechanism. The scenario is char-
acterized by the presence of uncontrolled high levels of pro-inflammatory cytokines and
interleukins, such as as IL-6, interferon gamma (IFNγ), tumor necrosis factor alpha (TNFα)
mainly produced by macrophage type 1, Th1 cells, and neutrophils. The highly affected
microenvironment is then characterized by the accumulation of lymphocytic granuloma-
tous, a viscous neutrophilic extracellular trap (NET) that induces massive thromboembolic
events often associated with both reduced gas exchanges (O2/CO2) and alkalosis, which
became hallmarks of a silent progressive organ decay known as “Happy hypoxia”. In
this perspective, COVID-19 treatments might contemplate the possibility of enhancing an
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immune modulatory answer by stimulating the activity of immune-modulators cells such
as B-lymphocytes or M2 macrophages [147–149]. According to the findings, SARS-CoV-2
is extremely adaptable and uses the angiotensin-converting enzyme 2 (ACE2) receptor
as the main entrance into the cells and system. However, the virus is also facilitated by
the presence of multiple genetic mutation on gene-regulating immunity and metabolic
activities such as the those involved in homocysteine metabolism and blood coagulation.
For instance, people with ACE2 polymorphisms who have type 2 transmembrane serine
proteases (TMPRSS2) are at high risk of SARS-CoV-2 infections. Similarly, individuals with
IL-6 polymorphisms (IL-6 -572 G-C rs1800796 and IL-6 -174 G-C rs1800795) are the most
affected by the uncontrolled “cytokine storm” due to the hyper response of IL6 aggression,
as well as those with mutations on IL 10, IL1b RN, and IL6R, which are genes in charge of
immune modulation responses and are at great risks of severe collateral effects. Patients
possessing a genetic make-up with specific mutated genotypes, either homozygous or het-
erozygous, may become an easy target for the COVID-19 infection [150–152]. The specific
mutations evaluated on IL1b RN and IL6R indicate damages in the binding ability of IL6,
IL1b, IL6R, and IL1RN. The Ingenuity Pathway Analysis (IPA) demonstrated that these
mutations were implicated with SARS-CoV-2-infiltrating abilities as well as with neurode-
generative diseases mediated by neuroinflammation processes. Thus, the possibility of
screening and confirming the presence of those mutations could be used as ready-to-go
biomarkers for COVID-19 to respond, in a prompt manner, and to prevent multiorgan
failure and death and commence the most suitable treatment strategies to improve pa-
tient prognoses. This allows reaching different clinical needs and realizing personalized
medicine protocols [12,54] for chronic, age-related emergencies [153,154]. The COVID-19
infection is characterized by different syndromic pictures and of different grades of severity
in which the following are distinguished (Table 4):

1. The less severe clinical form, which includes the paucisymptomatic condition charac-
terized by anosmia and ageusia; the oligosymptomatic form, which includes minor
respiratory problems, nasal congestion, conjunctivitis, pharyngodynia, cough, and
gastrointestinal problems (abdominal aches, vomiting, and diarrhea), and neurological
symptoms such as dizziness, syncope, and headache [155];

2. Clinical variants characterized by greater concerns and different stages. At the be-
ginning, there are rapidly evolving pictures of the minor forms, described as follows:
interstitial alveolar pneumonia with acute hypoxemic-hypercapnic pneumonia that
may evolve to the most serious forms including sepsis, hypovolemic shock, and
eventually multi-organ appearance syndrome (MODS).

3. High risk clinical pictures are essential criteria for emergency clinical diagnosis, and
they are as follows: alteration of the sensory, tachypnea HR > 30 beats/min, dyspnea,
dehydration, oligo-anuria, very high fever (>39 ◦C) and protracted > 7 days, persistent
dry cough, hoarse voice, anosmia/ageusia, intense, exhaustion, extreme fatigue, and
body aches [156–158].
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Table 4. Summary of the COVID-19 treatment protocols.

COVID-19 SYNDROME TREATMENT
RISK FACTORS

• hypertension
• heart disease
• diabetes mellitus
• obesity
• chronic lung disease
• chronic renal failure
• neoplasms
• smoke
• age > 50 years

CLINICAL SEVERITY LEVELS OF ARDS

1. Mild ARDS—P/F between 200 and 300 mmHg with CPAP or
PEEP > 5 cm H2O

2. Moderate ARDS—P/F between 200 and 100 mmHg with CPAP
or PEEP> 5 cm H2O

3. Severe ARDS—including P/F < 100 mmHg with CPAP or PEEP >
5 cm H2O

LABORATORY RESULTS

• SpO2 < 90%
• PaO2 < 60 mmHg
• PaCO2 < 35 mmHg or >55 mmHg
• PaO2/FiO2 < 200 mmHg with CPAP or PEEP > 5

cmH2O
• Lactic acid > 3 mmol/L, high LDH
• Neutrophilia
• Severe lymphocytopenia
• Thrombocytopenia
• High level D- Dimers
• High ESR, High C reactive protein, low e-GFR,

high fibrinogen, high CPK, high BNP
• High IL-6
• Low Vitamin D3

Instrumental tests
• Positive CT thoracic with ground glass opacity

indicative for interstitial bilateral alveolar
pneumonia to be performed immediately in
patients with P/F < 300 mmHg [159–161].

EMERGENCY THERAPY
Respiratory stabilization
On the territory

• SpO2 > 90 mmHg O2 with nasal cannula/face mask with
reservoir/ventimask

• SpO2 < 90 mmHg CPAP 6–10 cmH2O/initial FiO2 50–60%

In the Emergency Unit/hospital critical area
• P/F > 350 O2 with nasal goggles/face mask with

reservoir/ventimask
• P/F < 350 O2 at high flows/CPAP 6–10 cm H2O/initial FiO2

50–60%
• P/F < 200 assess the need for early intubation
• P/F < 100 mandatory intubation with pronation cycles

PHARMACOLOGICAL THERAPY

• dexamethasone fl IV 4 mg: 1 fl IV morning and
evening in 100 mL of saline

• pantoprazole 40 mg fl iv: 1 fl IV morning and
evening in 100 mL of saline

• enoxaparin sodium fl sc: 1 mg/kg
• ceftriaxone fl 1 g IV: 2 fl IV
• acetylcysteine 300 mg fl: 1 fl IV morning and

evening in 100 mL of saline [160,162]

HOME THERAPY

• Low molecular weight heparin enoxaparin sodium fl sc: 1 mg/Kg
• Cortisone methylprednisolone 16 mg tablet: 1 tablet morning and

evening
• NSAID ketoprofen 200 mg cp: 1 after the main meal
• Antileukotrienic montelukast 10 mg cp: 1 cp 2 h after dinner
• Antihistamine ebastine 10 mg cp: 1 in the evening after dinner
• Antibiotic azithromycin 500 mg in the morning + levofloxacin

500 mg in the evening
• Antioxidant acetylcysteine 600 mg: 1 effervescent tablet every 12 h
• Antioxidant melatonin 2 mg tablet: 1 tablet after dinner
• Immunomodulator vitamin D3: 10,000 IU per day orally
• Antipyretic paracetamol 1000 mg cp: 1 cp la of if fever> 38.7,

possibly repeatable within 24 h as needed
• Gastroprotector pantoprazole 40 mg cp: 1 tablet in the morning

and in the evening [163,164]

The clinical severity grading of ARDS is as follows:

1. ARDS mild P/F between 200 and 300 mmHg with CPAP/PEEP > 5 cm H2O;
2. ARDS moderate P/F between 200 and 100 mmHg with CPAP/PEEP > 5 cm H2O;
3. ARDS severe P/F between <100 mmHg and CPAP/PEEP > 5 cm H2O [66,165].

8. Key Points in COVID-19 Patient Management

Patients with minor acute respiratory syndrome must be treated at home as if they
were suffering from COVID-19 until proven otherwise by a molecular test (PCR), with ther-
apy aimed at immediately counteracting any amplifications of the systemic inflammatory
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response (SIRS) and with an examination of the molecular swab for positivity. The patient
with clinically involved COVID-19 is often characterized by a significant discrepancy be-
tween the clinical conditions, which seem reassuring, and the level of the objective severity
of the disease with silent hypoxia, as detectable by objective laboratory-instrumental evalu-
ations. It is necessary to promote every institutional awareness-raising action so that every
patient with an acute respiratory syndrome from COVID-19 (presumed to be at home) is
equipped with an oximeter and an oxygen cylinder with which the citizen-user reports
CO118 SpO2 < 92% in ambient air, especially with a downward trend compared to the
immediately preceding measurements, and a rescue intervention must be activated. The
clinical emergency management of the patient with major acute respiratory symptoms
and/or sudden and significant desaturation (SpO2 < 92%) should optimally identify the
extent of acute respiratory failures by performing the EGA at the time of taking charge
of the patient, and it should be possible to obtain the P/F (PaO2/FiO2) parameters as
indicators of the effectiveness of pulmonary gas exchange at the capillary alveolus level,
which allows setting the most appropriate timely therapy option. Acute respiratory distress
syndrome (ARDS) and, in the most severe cases, multi-organ failure syndrome (MOFS)
represent the main vital organ dysfunctional complication during severe clinical COVID-19.
It can arise rapidly and immediately after the onset of dyspnea at an average of 8 days after
the onset of the first symptoms [66,67,87,165].

9. Major Complications of COVID-19

The most common major complications are thromboembolic and massive pulmonary
embolism [166,167], diffuse microvascular thrombosis [168], neurological complications
resulting in strokes, encephalopathy, mono-polyneuritis, and pseudo-depressive forms
that can arise from scratch or emerge from a pre-existing framework. The respiratory and
hemodynamic stabilizations of the patient must be carried out with absolute timeliness
regardless of the swab examination. In this manner, clinical conditions and precautions are
as follows:

• Patient with P/F < 350 mmHg with CPAP or PEEP > 5 cm H2O should undergo NIMV;
• Patient with P/F < 200 mmHg with CPAP or PEEP > 5 cm H2O should be evaluated

for early intubation;
• Patient with P/F < 100 mmHg with CPAP or PEEP > 5 cm H2O must be immediately

intubated and subjected to cycles of pronation;
• The patient with COVID-19 should receive low molecular-weight heparin therapy

early via the sc route, based on body weight [66,67,87,165].

10. Anti-SARS-CoV-2 Vaccines

The current literature demonstrated that vaccines are effective because they expose the
host subject to pathogenic antigens and activate the immune system and immunological
memory [169]. The immune system is stimulated to produce serum IgG [170].

The two vaccines’ antibody responses have been analyzed and Comirnaty by BioN-
tech and Pfizer received the AIFA’s approval on 22 December 2020 and Moderna was
authorized on 7 January 2021. Both vaccines were approved by the Food and Drug Ad-
ministration (FDA) and the European Medicines Agency (EMA) [171]. They are based
on messenger RNA (mRNA) molecules that encode a protein present on SARS-CoV-2.
The two vaccines are administered in two doses at least 21 days apart for the Comirnaty
vaccine and at distance of 28 days for the Moderna vaccine [172]. Following contact with a
microorganism, the immune system develops antibodies, which tend to decrease progres-
sively. Several studies have stated that immunity against SARS-CoV-2 persists for several
months [173–175]. Vaccines have increased life expectancy over the last 100 years because
they have allowed the elimination of many infectious diseases [176]. Vaccines include viral
vectors, inactive viruses, subunit vaccines, but with the development of nanotechnology,
vaccine development is much faster [177]. The vaccination of 70% of the population allows
us to obtain herd immunity [178]. On 12 November 2020, the World Health Organization
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drew up a list of vaccines in which 48 were undergoing clinical evaluation and 11 are
currently in phase III studies [179].

10.1. SARS-CoV-2 Vaccine Candidate Phase III Clinical Trials
10.1.1. Vaccine BBIBP-CorV; Developer: Beijing Institute of Biological Prodducts/Sinopharm

An isolated SARS-CoV-2 virus from a hospitalized COVID-19 patient and then inacti-
vated with β-propionolactone was used to develop this vaccine [179]. Electron microscopy
was used to assess the integrity of the virus [180]. In Abu Dhabi, 15,000 people are par-
ticipating in a Phase III study, 5000 are receiving placebo, 5000 are receiving BBIBB-CorV,
and the remaining participants are receiving another inactivated vaccine manufactured by
Sinopharm [179].

10.1.2. Vaccine Untitled; Developer: Wuhan Institute of Biological Products/Sinopharm

The WIV04 strain of the SARS-CoV-2 virus was isolated in a patient from the Jinyintan
hospital in Wuhan, inactivated with β-propiolactone, and then ultracentrifuged [181]. Three
international clinical trials on the vaccine are ongoing in Peru (NCT04612972), Abu Dhabi
(ChiCTR2000034780), and Morocco (ChiCTR2000039000) where patients over 18 years of
age have been enrolled [181].

10.1.3. Vaccine: Ad5-nCoV; Developer: CanSino Biological Inc./Beijing Institute
of Biotechnology

The vaccine consists of a non-replicating type 5 adenovirus (Ad5). This vaccine is in
phase III clinical trials.

10.1.4. Vaccine: CoronaVac (PiCoVacc); Developer: Sinovac

The CN2 strain of the SARS-CoV-2 virus was isolated to produce this vaccine and was
stabilized and inactivated using β-propiolactone. The integrity of the inactivated virus was
ascertained with electron cryomicroscopy [182].

Coronavac, manufactured by Sinovac, is given as a double dose two weeks apart.
It contains 3 µg/0.5 mL of inactivated SARS-CoV-2 virus and aluminum hydroxide for
adjuvants (Table 5) [183]. In this emergency situation, CoronaVac has been approved in
China. Three Phase III clinical trials are being conducted in Brazil (13,000 health workers
enrolled), Indonesia (1620 people enrolled), and Turkey (13,000 people enrolled) in people
aged 18 to 59. From initial data, the vaccine prevents severe and minor illnesses and is
approximately 50.4% effective [184]. Coronavac has an advantage that it can be stored in
the refrigerator at 2–8 ◦C, making it easier to use. The study conducted in Brazil stated that
the Cornavac vaccine is 78% effective in preventing mild forms of COVID-19 and 100%
in moderate and severe forms [183], while the study conducted in Turkey found a 90%
efficacy in preventing mild forms [183].

Table 5. Coronavac SINOVAC vaccine general characteristics.

Coronovac Sinovac Vaccine

General Characteristics

Type of Vaccine Inactivated SARS-CoV-2 Virus
Inactivating Agent: β-propiolactone

Storage temperature 2–8 ◦C

Vaccine Administration and dosages Two doses 0.5 mL (~14 days)

Phase III Efficacy rate 50.4%

Variant Efficacy B.1.1.7
B.1.351; P1
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10.1.5. Vaccine: Sputnik V; Developer: Gamaleya Research Institute

The Sputnik V vaccine features two non-replicating adenoviral vectors with two
different adenoviral vectors (recombinant Ad26 and recombinant Ad5). The recombinant
adenovirus Sputnik V (Ad) combined the Oxford–AstraZeneca chimpanzee adenovirus
(ChAdOx), the Janssen vaccine (Ad26), and the CanSino vaccine using Ad5 (Table 6) [185].
Intermediate studies conducted by the Gamaleya National Center of Epidemiology and
Microbiology in Moscow and the Russian Direct Investment Fund have shown that the
vaccine has an efficacy of 91.4% [186]. It is not known if the vaccine is effective on the new
strains; therefore, new studies are needed, although it presents a good chance as it is created
with two viral strains. The vaccine should be stored at 2–8 ◦C for global distribution [187].

Table 6. Sputnik V Vaccine general characteristics.

Sputnik V Vaccine

General Characteristics

Type of Vaccine dsDNA Vaccine
Adenovirus Delivered AD26/AD5

Storage temperature Long-Term Storage (2 years): −18 ◦C
Short-Term Storage (3 month): 2–8 ◦C

Vaccine Administration and dosages Two doses 0.5 mL (~28 days)

Phase III Efficacy rate 91%

Variant Efficacy B.1.1.7
B.1.351; P1

10.1.6. Vaccine: NVX-CoV2373; Developer: Novavax

The Novavax vaccine consists of 5 µg of NVX-CoV2373 + 50 µg of adjuvant Matrix-M1
and is administered intramuscularly. Protein S was purified, leading to the formation of
nanoparticles [188]. A study was conducted to evaluate the efficacy of two doses of this
vaccine in patients infected with SARS-CoV-2. A Phase III clinical trial is underway in
the United States and Mexico and 30,000 people have been enrolled. From the first set of
data, the vaccine has been shown to be 90% effective and is effective against the variants
currently in circulation [130]. In addition, the emergency use of this vaccine has been
authorized in Indonesia, USA, Europe, and other countries [130].

10.2. SARS-CoV-2 Vaccines Phase IV Trials

The vaccines that have been approved in phase III and, therefore, can be distributed;
to date, there are five, which are listed as follows (Table 7) [76]. Vaccine: BNT162b2; de-
veloper: Pfizer/BioNTech/Fosun [189]. Vaccine: Spikevax (previously COVID-19 Vaccine
Moderna); developer: Moderna/NIAID [190]. Vaccine: Vaxzevria ChAdOx1-S; developer:
Astrazeneca AB [191] and vaccine: Ad26.COV2-S; developer: Janssen-Cilag International
NV [192]. The phase 4 study begins on 8 February 2021 and the estimated end date of the
study is December 31 2024; the safety and efficacy of the vaccine against COVID-19 will be
evaluated. Enrolled subjects are over 18 years of age and will be followed up 2 years after
the administration of the first dose of vaccine. In addition, to assess safety, the subjects
enrolled will undergo periodic visits for 3 months after the first vaccination [193]. Generally,
the phase 4 trials evaluate the following [193]: the minimum level of antibodies needed to
protect against infection (24 months after vaccination), the SARS-CoV-2 positive patients
from the first vaccination up to 24 months, the local and systemic reactions to vaccination
(from the first vaccine up to day 90), and the adverse events (from the first vaccine up to
day 90).
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Table 7. Vaccine typologies for SARS-CoV-2.

PLATFORM VACCINE DEVELOPER

RNA vaccine BNT162 Pfizer/BioNTech/Fosun

RNA vaccine Spikevax
(COVID-19 Vaccine Moderna) Moderna/NIAID

Non-replicating viral vector Vaxzevria ChAdOx1-S Astrazeneca AB

Non-replicating viral vector Ad26.COV2-S Janssen-Cilag International NV

10.2.1. Vaccine: BNT162b2; Developer: Pfizer/BioNTech/Fosun

The vaccine consists of mRNA encapsulated with lipid nanoparticles. The first vaccine
to be approved by the Italian Medicines Agency is Comirnaty, the use of which is recom-
mended at two doses 21 days apart (Table 8). The first subjects to be vaccinated were health
workers who joined the vaccination campaign, which began on 27 December 2020 [194,195].
The virus invades the host cell using the Spike protein, which is used to create the vac-
cine [196]. The vaccine consists of mRNA encapsulated with lipid nanoparticles [197]. The
mRNA contained in the vaccine encodes the Spike protein [198]. Furthermore, the lipid
nanoparticle that protects the mRNA from degradation was used to allow the mRNA to
arrive in the host cell after intramuscular injections [199]. The mRNA is translated into the
host cell producing the Spike protein and exposed on the membrane. The exposure of the
protein on the membrane induces immune system activations and responses [200]. Studies
in healthy adults vaccinated with two doses of BNT162b2 showed that the vaccine produced
a high antibody response against SARS-CoV-2 [201,202]. The vaccine is 95% effective in the
population over 16 years of age [201]. The Italian Medicines Agency has recommended
the administration of two doses even if the data of clinical studies affirm that the subjects
who have administered the vaccine have protections against COVID-19 even after a single
dose [203,204]. Healthy children infected with SARS-CoV-2 have different symptoms from
adult patients [205,206]. Children generally have mild symptoms, although the presence
of pathologies such as neurological changes can cause serious complications [207,208].
Persons under the age of 16 have not been vaccinated as the SARS-CoV-2 vaccine was
not authorized [201]. To date, there are data on the safety of vaccination for BNT162b2
(Pfizer-Bio-N-Tech) for healthy adolescents between the ages of 12 and 15. A study showed
a high efficacy of this vaccine as the subjects enrolled were not infected with the virus after
more than 7 days from the second administration of the vaccine [201]. Furthermore, safety
has been demonstrated in subjects between 12 and 15 years of age [201]. Similarly to adult
studies, common side effects were mild to moderate pain at the injection site (86%), fatigue
(66%), headache (65%), and fever ≥38 ◦C (20%) [209]. This vaccine allows the generation of
an immune response against the virus without infecting the organism [210]. The vaccine
must be stored at −70 ◦C and this is a disadvantage of this vaccine; therefore, efforts are
being made to keep it at 4 ◦C for five days [211]. Symptoms reported following vaccine
administration are fatigue (3.8%) and headaches (2.0%) [212]. Pfizer modified the vaccines
and presented four different vaccines for evaluation [213]. Children over the age of 16
started getting vaccinated on 11 December 2020 [214]. Studies have shown that this vaccine
is less effective against variants, especially B.1.351, but it is effective against B.1.1.7 [215].
Among the adverse effects of vaccination, myocarditis, lymphadenopathy, and appendicitis
were found [216]. Several studies have found that the risk of myocarditis is frequent in
vaccinated patients and in patients infected with SARS-CoV-2 [216].
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Table 8. Pfizer/BioNTech vaccine general characteristics.

BNT162b2 Pfizer/BioNTech Vaccine

General Characteristics

Type of Vaccine mRNA Vaccine
Lipid Nanoparticles Delivered

Storage temperature Long-term Storage (6 month): −70 ◦C
Short-Term Storage (5 days): 2–8 ◦C

Vaccine Administration and dosages Two doses 0.3 mL (~21 days)

Phase III Efficacy rate 95%

Variant Efficacy

B.1.1.7;
B.1.135;
P1;
B.1.429;
B.1.617.2

10.2.2. Vaccine: mRNA-1273; Developer: Moderna/NIAID

The vaccine platform is mRNA encoding two proteins: stabilized S wrapped in lipid
nanoparticles and the full-length target protein S, with two proline mutations (S-2P) to
preserve the conformation of the prefusion. The trial protocol provided two doses of
100 µg for administrations (Table 9). From this, an efficacy of 94.1% emerged; therefore,
the FDA approved the use of the vaccine in people over the age of 18 on 18 December
2020 [217]. The side effects registered are fever, muscles pain, and headache, especially after
the second dose [218]. More common SEs are pain at the injection site (88.2%), erythema
(8.6%), swelling (12.2%), and lymphadenopathy (14.2%) in slight or moderate forms, while
a more severe reaction occurred in the mRNA-1273 group and after the second injection.
The vaccine must be stored at −20 ◦C for 6 months, and after thawing, it can be stored for
30 days in a refrigerator at a temperature between 2 ◦C and 8 ◦C. The Moderna vaccine
seems to be less effective against the B.1.351 South African, while it is effective against the
B.1.1.7 English variant [215].

Table 9. Moderna vaccine general characteristics.

m-RNA-1273 Moderna/NIAID Vaccine

General Characteristics

Type of Vaccine mRNA Vaccine
Lipid Nanoparticles Delivered

Storage temperature Long-Term Storage (6 month): −20 ◦C
Short-Term Storage (30 days): 2–8 ◦C

Vaccine Administration and dosages Two doses 0.5 mL (~28 days)

Phase III Efficacy rate 94.5%

Variant Efficacy

B.1.1.7;
B.1.135; P.1;
B.1.429
B.1.617.2

10.2.3. Vaccine: AZD1222 (ChAdOx1 nCoV-19); Developer: Oxford University
and AstraZeneca

The vaccine consists of a simian adenovirus vector defective in replication ChAdOx1
and the target is the codon-optimized S protein. The US studies are at Phase III in which
participants receive two doses with AZD1222 or placebo. AZD1222 was authorized by
the UK Medicines and Healthcare Products Regulatory Agency (MHRA), and the use of
two doses of this vaccine was authorized at an interval of 4–12 weeks in adults over the
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age of 18 years (Table 10) [219]. This vaccine does not guarantee complete immunity but
it can reduce symptoms after the infection. The vaccine is very easy to store since the
adenovirus vaccine resists at least six months at refrigerator temperature [220]. Vaccines
are hypothesized to immunize only the lower respiratory tract, which is protected by the
IgG, while the upper respiratory tract is protected by the secretory IgA1 (sIgA1)) [170]. For
this reason, these vaccines do not prevent the transmission of the virus, even if it can reduce
the quantity [170]. On 30 January 2021, the Italian Agency for Drug Administration (AIFA)
confirmed an efficacy of 59.5% in reducing COVID-19 symptoms and the benefit/risk
ratio is favorable relative to the vaccine; thus, the use of the AstraZeneca vaccine was
approved [221]. In March 2021, episodes of severe thrombosis occurred after vaccination
and Denmark, Iceland, and Norway sus-pended the AstraZeneca vaccine [222]. In Italy,
the Italian Agency of Drug (AIFA) suspended the use of batch number ABV2856 after three
deaths [223]. Moreover, in Austria, the ABV5300 batch was suspended after the death of a
woman. This lot was delivered to 17 countries, including Estonia, Lithuania, Luxembourg,
and Latvia, which have also suspended it [224,225].

Table 10. AstraZeneca vaccine general characteristics.

AZD1222 (ChAdOx1 nCoV-19) Astrazeneca Vaccine

General Characteristics

Type of Vaccine dsDNA Vaccine
Adenovirus Delivered

Storage temperature about 2–8 ◦C (6 month)

Vaccine Administration and dosages Two doses 0.5 mL (12 weeks)

Phase III Efficacy rate 81.3%

Variant Efficacy

B.1.1.7
B.1.135
P.1B.1.429
B.1.617.2

10.2.4. Vaccine: Ad26.COV2-S; Developer: Janssen Pharmaceutical

The vaccine candidate Ad26.COV2 · S presents a protein S with a transmembrane
domain and cytoplasmic tail. This protein has two mutations of the proline that stabilize
the protein and allow the preservation of the pre-fusion conformation. Furthermore, the
mutations allowed the removal of the polybasic site (cleavage site Ad26S.PP), which is
subsequently named Ad26.COV2·S (Table 11) [179]. The Janssen vaccine, also named
Ad.26.COV2S or JNJ-78436725, is a single dose COVID-19 vaccine realized by Johnson
& Johnson and is indicated in people over the 18 years old of age. The efficacy of this
vaccine against moderate-severe COVID-19 infection is 100%,while it is 85% in severe forms
of the disease [226]. It is also easy to store and is stable at 2–8 ◦C for three months and
2 years at −20 ◦C [227]. The effectiveness is 66.9% after 14 days and 66.1% after 28 days
against the Brazilian, British, and South African variants, while it is 57% against the South
African variant, 501Y.V2 [185]. The Janssen vaccine was approved by the Food and Drug
Ad-ministration (FDA) and it was authorized for public administration in the United States
on February 27 [228] and in Europe on 11 March 2021 [229].
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Table 11. Janssen vaccine general characteristics.

Ad26.COV-S Janssen Pharmaceutical Vaccine

General Characteristics

Type of Vaccine dsDNA Vaccine
Adenovirus Delivered

Storage temperature Long-Term Storage (2 years): −20 ◦C
Short-Term Storage (3 month): 2–8 ◦C

Vaccine Administration and dosages Single dose 0.5 mL

Phase III Efficacy rate 66%

Variant Efficacy
72% B.1.1.7.
57% B.1.135 & P.1
B.1.617.2

10.2.5. Mucosal Vaccine Platform for COVID-19 Vaccine Development

The World Health Organization (WHO) stated that most COVID-19 vaccines have to
be administered parenterally and intramuscularly, but the duration and effectiveness of
the mucosal immune response in blocking the spread of the virus in the oral-respiratory
tract is uncertain [230]. The enterocytes of the digestive mucosa show a high expression of
ACE2, which is the SARS-CoV-2 receptor [231]. Interestingly, ACE2 is more present at the
oronasal level than in the alveoli [232], suggesting a more intense viral replication in the
oral and nasal mucosal than in alveoli [233]. From this evidence, the idea of an oral/nasal
mucosal vaccine is derived.

10.2.6. Vaxart Vaccine—Developer: Vaxart

Vaxart recently developed a COVID-19 oral recombinant vaccine that has entered
into the first phase of study (NCT04563702). This vaccine is characterized by an aden-
oviral vector encoding the SARS-CoV-2 Spike genes “S” and nucleocapsid “N” proteins.
This tablet dissolves in the digestive system, providing mucosal immunity against the
virus [229]. Two weeks after the Vaxart vaccination in animals, a significant increase in
neutralizing antibodies against SARS-CoV-2 was observed compared to the unvaccinated
serum group [234].

10.2.7. IosBio’s (Sabilitech’s) OraPro-COVID-19 Vaccine

The vaccine consists of a non-replicating viral vector with the “S” protein in a thermally
stable capsulated form [235]. A modified adenovirus-5 (Adv5) vector encoding the “S”
glycoprotein of the SARS-CoV-2 is encapsulated and orally administered in order to reach
to the intestinal lymphoid tissues, inducing both cellular and humoral and cellular immune
responses [236].

10.3. COVID-19 Vaccine and Antibody Response in Children

Pfizer and BioNTech have carried out a trial of their COVID-19 vaccine on children.
The pediatric study, in children ages 5 to 11, is the first to reveal results in young chil-
dren [237]. They used a lower dose of the vaccine because previous studies have shown
that the adult dose could stress more side effects. The adults receive two 30-microgram
doses of the vaccine three weeks apart. In school-aged children, this was reduced to 10 mi-
crograms [237,238]. A study was conducted between preschool children (vaccine dose: 10
micrograms) and children between 16 and 25 years of age (adult vaccine dose) in which
antibody responses and common side effects were evaluated [96]. The antibody response
in children is similar to that found in the second group. Furthermore, the side effects such
as fever and chills were similar to those in the second group who received the vaccine dose
given to adults [237]. The COMIRNATY (COVID-19 Vaccine, mRNA) is an FDA-approved
COVID-19 vaccine made by Pfizer for BioNTech licensing [239]:
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• In individuals 16 years of age and older;
• In cases of emergency (EUA):

- Prevent COVID-19 in individuals 12 through 15 years;
- Administer a third dose to immunocompromised individuals over 12 years of age.

The US FDA has approved Pfizer Inc and BioNTech SE vaccines for preschool children
(5–11 years), making it the first coronavirus vaccine in young children in the US [240].
The U.S. Center for Disease Control and Prevention has yet to provide advice on how to
administer the vaccine, which will be decided after a group of external consultants discuss
the plan. Vaccines for young children have only been authorized in China, the United Arab
Emirates, and Cuba. The FDA has cleared a dose of 10 micrograms of the Pfizer vaccine
in young children and less than 30 micrograms of the original vaccine for those 12 years
of age and older. Vaccine manufacturer Comirnaty said that the vaccine is 90.7% effective
against coronavirus in children aged 5 to 11 [240].

10.4. COVID-19 Vaccines for Moderately to Severely Immunocompromised People

In general, the immunocompromised patients represent almost 3% of the adult popu-
lation. The CDC recommends that people with moderate to severely compromised immune
systems receive an additional dose of COVID-19 mRNA vaccines at least 28 days after a
second dose of the Pfizer-BioNTech COVID-19 vaccine or Moderna COVID-19 vaccine [241].
Studies reported that immunocompromised subjects develop lower immunity after vac-
cination than healthy subjects. Therefore, an additional dose of the vaccine is thought to
provide protection against COVID-19 infections [84]. In other studies, it was reported that
immunocompromised people, even if vaccinated, had symptoms that required hospital-
ization. Therefore, such individuals were more likely to become infected and transmit the
virus [242]. Currently, the CDC recommends administering a third dose to individuals with
moderate/severe immune system impairment. This includes the following [241]:

• People being treated for cancer;
• People being treated with immunosuppressive drugs following organ transplantation;
• People being treated with immunosuppressive drugs following stem-cell transplanta-

tion (within 2 years);
• People with immunodeficiency as a result of syndromes such as DiGeorge syndrome

and Wiskott–Aldrich syndrome;
• People with advanced or untreated HIV infections;
• Patients with suppressed immune responses following high-dose corticosteroid therapy.

11. Vaccine’s Implications in Pregnancy and Fertility

Pregnant women with COVID-19 have a higher risk of developing gestation complica-
tions; therefore, the opportunity to be vaccinated is important [243,244]. Women should
be encouraged to complete their vaccination before conception [245,246]. Vaccinating
pregnant women ensures protection for immunologically immature infants [247]. After
maternal mRNA COVID-19 vaccination, antibodies are transferred through the placenta to
the newborn [247]. A recent study showed the effect of these antibodies [247]. A women
received two doses of the BNT162b2 vaccine during her second trimester, and the baby
was born preterm as a consequence of maternal complications. The persistence of anti-
SARS-CoV-2 S antibodies in the infant at 2 weeks, 6 weeks, 3 months, and 6 months of age
has been observed [247]. For mRna vaccines, the mRna does not enter in the cell nucleus
and has an estimated half-life of 8–10 h. Given the short half -life of mRna vaccines, it is
unlikely to be transmitted during pregnancy or to the infant during breastfeeding. If the
mRna vaccine enters breast milk, it is expected to be broken down during the digestive
process [248]. In a recent study, 37 milk samples and 70 breast swabs (before and after
breast washing) have been collected from 18 women recently diagnosed with COVID-19.
Samples were analyzed for SARS-CoV-2 RNA using RT-qPCR [249]. The ELISA test was
used to analyzed milk; in particular, it was analyzed for the following: IgA and IgG specific
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for the nucleocapside protein, receptor-binding domain (RBD), S2 subunit of the Spike
protein of SARS-CoV-2, and for its ability to neutralize SARS-CoV-2 [249]. The hypothesis
of the transmission of COVID- 19 infection through breast milk is not supported by the
results of this research [249]. Milk produced by women with COVID-19 is a source of
antibodies (anti-SARS-CoV-2 IgG and IgA); for this reason, recent students suggest con-
tinuing breastfeeding during maternal COVID-19 illness [249–255]. The mRna COVID-19
vaccines have been shown to be immunogenic based on the evaluation of both humoral
and cellular immune responses in pregnant, lactating, and non-pregnant women [256].
After the second dose of mRna vaccines, 13% of pregnant women and 47% of non-pregnant
women showed fever. There are consistent data to validate that vaccination causes higher
antibody responses than infection [256,257]. The detection of binding and neutralizing
antibodies in the newborn’s cord blood suggests an efficient transplacental transfer of
maternal antibodies [257]. A study has been carried out on six pregnant women with
COVID-19 infections admitted from February to March 2020 at the Zhongan Hospital of
Wuhan University [258]. In five infants, IgG concentrations were elevated. IgM, because of
its larger macromolecular structure, is not usually transferred across the placenta; for this
reason, it was detected only in two infants [259]. In a study, the placentas of six women who
were convalescing from SARS-CoV infections in the third trimester of pregnancy have been
analyzed. The placentas of two women had abnormal weights and pathologies, and the
causes of these effects are unknown [260]. Alternatively, if the virus crossed the placenta,
IgM could be produced by the newborn [260]. A recent study analyzed, in 84 women
voluntarily vaccinated against COVID-19, whether maternal immunization caused the
secretion of SARS-CoV-2 antibodies in breast milk and could result in potential adverse
events for women and their children [261]. Six weeks after vaccination, the secretion of
specific SARS-CoV-2 IgA and IgG antibodies in breast milk has been observed, and the
data document the secretion of IgA after 2 weeks of vaccination and a peak of IgG after
4 weeks. Antibodies found in this women’s breast milk have a protective effect against
infections in the newborn. The mRna COVID-19 vaccines (Pfizer/Biontech Bnt 1262b2
and Moderna mrna-1273) have so far been shown to be safe and effective, but in an early
stage of use, they encountered some resistance based on presumed adverse effects on
fertility [262]. This led a research group to carry out and publish a prospective study
on the evaluation of sperm parameters before and after the administration of an mRNA
vaccine. A total of 45 volunteers between the age of 18 and 50 have been enlisted and
semen samples have been provided before vaccination and 70 days after the second dose.
The samples have been measured for the following: sperm volume and concentration,
sperm motility, and total mobile sperm count (TMSC) [263]. Forty-six point seven percent
(46.7%) of the forty-five (45) volunteers received Pzier/Biontech vaccine and fifty-three
point three percent (53.3%) received Moderna. Results showed sperm concentrations and
a basal TMSC of 26 million/mL and 36 million, respectively. After the second vaccine
dose, the median sperm concentration increased to 30 million/mL (p = 0.02) and TMSC
to 44 million (p = 0.01), and there was a significant increase in sperm volume and sperm
motility. No case of azoospermia has been documented after vaccination [263]. Despite the
limitations of the study generated by the lack of a control group and the fact that semen
analysis is an imperfect predictor of male fertility, these data make it unlikely that these
vaccines, containing mRna and not the virus, adversely affect sperm parameters [263].

12. Side Effects and Post-Vaccination Pathologies Related to Antibody Titers

Side effects can be divided into local ones, such as swelling, redness, pain and regional
lymphadenopathy, palms, and soles itchiness, and systemic symptoms, such as myalgia,
headache, fatigue, fever, arthralgia, chills, nausea, diarrhea, and vomiting [264]. In the
literature, they were reported cases of myocarditis after vaccination [265–267] as being
potential neurological disorders [268]. Therefore, urological complications have also been
reported, although they are rarer [269]. However, since they are common in the general
population, there should be no correlation between them and vaccinations. There are also
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documented cases of the reactivation of Herpes Zoster [270], breast implant seroma [271],
cardiac arrest, cerebral venous sinus thrombosis [272], pulmonary embolism, nephrotic
syndrome, acute kidney injury (AKI) [273], central serous retinopathy [274], and Turner
syndrome [275]. Side effects in orofacial region are rare and included acute peripheral facial
paralysis (Bell’s palsy), facial swelling, and swelling of the lips, face, or tongue associated
with anaphylaxis [276]. In various studies, it was shown that liver, kidney, and heart
transplant recipients have a low immune response to the BNT162b2 SARS-CoV-2 vaccine;
therefore, they remain at a high risk for COVID-19 [277–279]. Previous cases of this are
from the flu shot. COVID-19 vaccinations are associated with multiple sclerosis [51,52],
Still’s disease [280], autoimmune hepatitis [281,282], Guillain–Barre syndrome [283], and
thromboembolytic episodes called vaccine-induced prothrombotic immune thrombocy-
topenia. VIPIT is caused by platelet activation by antibodies, leading to thrombosis and
subsequent thrombocytopenia similar to thrombocytopenic purpura or heparin-induced
thrombocytopenia [284,285]. In an analysis that includes persons with a history of can-
cer, the beginning of axillary and supraclavicular lymphadenopathy and ipsilateral to
the injection site with Pfizer/BioNTech BNT162b2 mRNA, AstraZeneca ChAdOx1, and
Moderna mRNA-1273 vaccines is reported [286,287]. In addition to the anti-COVID-19
vaccines, lymphadenopathy was also detected in addition to the anti-COVID-19 vaccines,
lymphadenopathy was also detected previously later smallpox, Bacille Calmette–Guerin
(BCG), human papillomavirus (HPV), and H1N1 influenza A virus vaccines [268,270,271].
Autoimmune reactions after vaccination are infrequent (less than 0.01% of all recipients),
most cases are asymptomatic, or mild autoimmune diseases are triggered by an insufficient
response by intrinsic homeostatic systems against the secretion of autoantibodies. They
are formed by molecular mimicry even though some theories speak of the formation of
immune complexes that recreate an imbalance of T lymphocytes and a bystander activation
because of an exorbitant immune defence to vaccine adjuvants [10,288–298]. In a study
of five multiple sclerosis patients receiving B-cell depleting treatments, although there
was an absence or the very low concentration of anti-S antibodies, a T-cell response was
observed. The interferon (IFN)-γ release assay (IGRA) is very important for detecting T-cell
titers: This can be an additional diagnostic tool against SARS-CoV-2 infection evaluating
the immunological defence after natural infection or vaccination [291,299–305]. Aside from
genetics and comorbidities, aging causes immunosenescence and inflammaging. This
aspect seems to produce an immunological disability against infections and reactions to
vaccines [306]. Actually, in an analysis, it was observed that, in the 20–40 age range, there
is an incremental increase in antibodies that is shorter than in older people, suggesting
a priority vaccination for this category. In particular, there is a greater likelihood of high
IgG levels in females than in males [307,308]. A study hinted that obesity presented a
decreased rate of Breg cells, which leads to augmented titers of Th1/Th17 cytokines. There
are several hypotheses about the causes of a reduced antibody response in obese children
and adolescents following tetanus vaccination: Mechanical causes refer to low absorptions
due to excess adipose tissue; other causes are a low vaccine dose in relation to weight or a
low antibody response because of the chronic low grade inflammation expressed by the
greater titers of IL-6 [309–311]. On the other hand, very vulnerable dialysis patients, after
the vaccine, have antibody titers that can protect them from infection [312]. In a study with
hematological malignancies, it was show that half of the persons achieved immunity after
vaccination. There was a correlation between T cells with anti-S IgG levels after six weeks;
in fact, some patients with B-cell lymphopenia and no humoral responses still achieved
a T-cell response, suggesting that in these subjects with partial immunity due to a lack of
humoral immunity, T cells play a protective role [313]. In a rheumatoid arthritis study,
a low antibody response to vaccine was observed in patients treated with immunosup-
pressive drugs [314]. In general, there is a high antibody response in patients with solid
tumors or who have passed COVID-19 tests previously. Instead, there is a low response
in patients with haematological malignancies, anti-CD20 antibody treatment, stem cell
transplant, and cart-T cell therapy [315]. Persons who had COVID-19 before vaccination



Int. J. Mol. Sci. 2022, 23, 8485 24 of 43

had more side effects than naive participants, but they were not serious. In addition, the
side effects after the first dose are greater than with the second, although they were not
more severe [316,317]. In an immunology study on rhesus macaques, an induction of TFH
cells for the maturation of the germinal centers (GC) was reported, formed by activated B
cells that undergo clonal expansion and selection within the secondary lymphoid organs,
and the activation of humoral immunity with the secretion of antibody-secreting cells
(ASCs) and broadly neutralized antibodies (bNAbs) after vaccination. In particular, GC
reactions have an important aim in improving the quality of specific antibodies against
viremia [318,319]. The aim of TFH cells can also be highlighted by other studies in which it
was noted that, in certain COVID-19 persons who have high levels of TNF-a, they block
the last phase of the differentiation of follicular T helper cells, which become defective.
In addition to this, there is an absence of the germinative centers (GC) [320]. Cytotoxic T
cells play the aim of destroying virus-infected cells, protecting against the further spread of
infection. It can be added that helper T cells are important for B cell function in the initial
secretion of antibodies and their maintenance over time [321]. Apart from the memory
of T and B cells, it has been shown how neutralized antibodies have a concrete influence
on a protective role against infection [322]. However, in other studies, there has not been
a long response from the Nabs [323]. A highly significant inter-correlation was noted
between total Ig anti-RBD and IgG anti-S1/S2 and IgG anti-RBD. Titers of neutralizing
antibodies will be important to support an optimal degree of protection against SARS-CoV-
2 infection and any variants. Therefore, the detection of these antibodies (especially IgG
and IgA) would help improve vaccine formulations to enhance their titer against the new
strains [324]. Even if the viral infection creates a more intense response than the first dose
of vaccine, it has been noted that after the second, the antibody titers are higher and longer
lasting versus COVID-19 [325,326]. Vaccination induces a stronger antibody response in
subjects who have passed COVID-19 and a weaker response in asymptomatic subjects
than in febrile subjects [327]. Antibodies response with mRNA-1273 vaccine persisted
180 days after the second dose, as identified by three distinct serologic assays [327]. In one
study, an antibody reduction of 37.9% was observed in seronegative persons and 44.7%
in seropositive subjects compared to the highest antibody titer [328–337]. In an important
study, it was shown that 30% of the vaccinated elderly did not reach the antibody response
after the second dose. In addition, the study was able to state that there is no correlation
between the production of neutralizing antibodies or anti-s IgG and the presence or ab-
sence of postvaccination side effects [338]. There are no associations between the blood
group or influenza vaccination as protective factors against SARS-CoV-2 infection [339]. In
one study, the correlation between age and BMI was confirmed in the different antibody
response after vaccination, while gender had a lower significance [340]. Given the role of
vitamin D in lowering pro-inflammatory cytokines and increasing anti-inflammatory ones,
its deficiency leads to systemic worsening in patients with COVID-19. Therefore, it can be
hypothesized that a vitamin D deficiency may lead to a reduced antibody response to the
vaccine [15,87,341–345].

13. Discussion

Understanding the mechanisms would help avoid hospitalizations, intensive care,
and deaths from SARS-CoV-2. Some hypotheses have emerged from recent genomic
studies [159–162]. In fact, these studies have revealed two important facts. The first study
shows that men under 60 years of age with a severe or lethal form of COVID-19, about
3.5%, have mutations in the TLR7 gene at a rate of more than 1%, and these are genes that
intervene with the production and operation of the entire chain linked to the interferons,
resulting in a lack of this immediate molecule that enables the virus to destroy or slow
down its action. Thus, a therapeutic pathway for patients who lack these molecules was
thought to be that of using interferons [159]. The second study showed that there are 10%
of patients with a severe course who show a production of autoantibodies against type
I interferon (IFN-1), and most of them are over 80 years old. There are several types of
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interferons, all of which are particularly important in the innate immune response. All
17 subtypes of type I IFN bind to the same heterodimeric receptor (IFNAR1 and IFNAR2),
including 13 subtypes of IFN-α, IFN-ω, IFN-β, IFN-ε, and IFN-κ [346,347]. Those that are
most phylogenetically related are the 13 subtypes of IFN-α and IFN-ω, whereas IFN-β,
IFN-ε, and IFN-κ are more distantly related [346]. Auto-Abs for IFN-α2 and/or IFN-ω
were found mainly in men (95%) and elderly people (half of the patients with antibodies
were older than 65 years). This would explain why men have a higher risk of developing
severe forms of COVID-19. A study was performed with sensitive immunoassays and
neutralisation tests detecting the presence of autoantibodies against type I interferons α, β,
orω in plasma samples from a large cohort of patients with COVID-19 and prepandemic
controls [348]. Neutralising auto-Abs at high concentrations of IFN-α and/or IFN-ω are
present in 0.18% of individuals between 18 and 69 years, 1.1% between 70 and 79 years
and 3.4% >80 years, and in all individuals with a severe disease course but in none of the
tested individuals with asymptomatic or paucisymptomatic infections. The percentage
of patients younger than 40 years with auto-Abs was 9.6%, while those over 80 years
comrpised more than 21%. The proportion of male patients over 80 years with critical
COVID-19 carrying IFN-α2 and/or IFN-ω neutralising auto-Abs (100 pg/mL) increased
to 23%. It appears that at least 18% of patients dying of COVID-19 pneumonia produce
auto-Abs capable of neutralising type I IFNs (100 pg/mL) in plasma 1:10 [346]. In contrast,
IFN-β-neutralising auto-Abs do not become more frequent with age and their presence was
associated with critical but not significantly severe diseases [348]. Usually, the production
of antibodies against interferon occurs in patients with autoimmune diseases, which, in
the study, resulted in only three in the 10% of cases. For the treatment plan of these
patients, the picture changes, because the use of interferons would trigger a massive and
severe inflammatory response. A new clinical protocol, to be approved and tested, has
been devised using plasmapheresis to eliminate autoantibodies from the blood [348]. The
interferon, a molecule produced by our bodies in response to infection, plays a key role
in both mechanisms. Other findings indicate that about 20% of all COVID-19 victims
produce autoantibodies directed against NFI type I, a rare acquired immunodeficiency
disease. By evaluating both of these, regardless of age, about 15% of the population had
a defect in the interferon synthesis pathway, either because of the mutation or because it
was destroyed by the production of autoantibodies [162]. Professor Giuseppe Novelli, the
director of the Laboratory of Medical Genetics at the University of Rome Tor Vergata, says
there are genetic reasons behind it, and that in these high-risk and fatal COVID-19 subjects,
an in-depth study should be carried out on HLA genes (the human anti-leukocyte gene),
which does not recognise its own genetic heritage. Therefore, priority could be given to
vaccinating the population in which these two data are found (the presence of anti-IFN-1
autoantibodies or the presence of mutations in the interferon genes) [346,349]. In another
retrospective study, autoimmune antibodies for common antigens were analysed in 115
COVID-19 hospitalised patients with different degrees of severity: an erythrocyte lysate,
lipid phosphate-dylserine (PS), and DNA [350]. A high titer of IgG autoantibodies against
erythrocyte lysates was found in up to 36% of patients. Anti-DNA and anti-PS antibodies
with a positive predictive value of 85.7% and 92.8%, respectively, correlated with patients
who subsequently had a severe disease development. Of the total severe cases, 24% showed
at least one of the two autoantibodies. The presence of anti-DNA antibodies correlated
strongly with the presence of markers of cell damage, coagulation, neutrophil levels, and
erythrocyte size [350,351]. Thus, the presence of anti-DNA and anti-PS autoantibodies may
play an important role in the pathogenesis of COVID-19 and could be sought as a predictive
biomarker for disease severity and specific clinical manifestations. Another study also
correlated the presence of autoantibodies against the lung protective protein Annessin-A2
with the mortality of COVID-19 patients [352,353]. The innate immune response is non-
specific, because it is not influenced by previous exposure to other pathogens. Phagocytes,
such as macrophages and neutrophils, and Natural Killer (NK) cells intervene in this
first response of the immune system, with n the first hours of an infection, by attacking
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pathogens. The first phase of the inflammatory process is, thus, initiated, characterised by a
cascade of cytokines accompanied by pain, redness, heat, swelling, and vasodilation [354].
The adaptive immune response, on the other hand, intervenes in a specific manner and
with a memory capacity to defend the body effectively against the various species of viruses
and bacteria to which it is exposed [355]. Lymphocytes, both T- and B-class, intervene
differently in this second phase of the immune response [356]. T lymphocytes are attracted
by dendritic cells and activated by antigens (proteins present on the surface of the virus),
which are recognised as a danger and eliminated by their receptors. T lymphocytes (CD4
and CD8) responsible for “protective cellular immunity” activate the cell-mediated immune
reaction, while B lymphocytes are responsible for the massive and differentiated production
of antibodies (class M, A, D, E, and G immunoglobulins) as humoral immunity, which
lasts over time, with a high antibody titer and sterilising immunity that would prevent a
second infection [357–359]. Class M immunoglobulins (IgM) are the first to be produced
in response to an infection, giving way to the production of IgG (IgG is the most common
antibody in the blood). The production of antibodies provides the immunological memory
that enables the immune system to recognise pathogens it has come into contact with [360].
The presence and production of antibodies have been the bases for the development of
serological tests and vaccines against viruses and bacteria [357]. In the mechanism of innate
immunity, the first stage of defence against a pathogen, an interferon plays a fundamental
role, which is also recognised in the defence against SARS-CoV-2 [346]. Thus, genomic
mutations at this level may place the individual at greater risks of developing a severe
form of the disease. Elderly groups have been shown to have a more severe course of
the disease caused by SARS-CoV-2 due to the immunosenescence phenomenon, which
results in changes in both innate and adaptive immunity [361,362]. The elderly exhibit an
uncontrolled activation of the innate immune response that determines the cytokine cascade
and tissue damage. The inability to activate an adaptive immune response associated with
a heightened pro-inflammatory state does not slow down viral replication or the likely
clinical consequences initiated by a cytokine storm that produces an endothelial injury and
disseminated organ lesions [363,364]. SARS-CoV-2 is a virus that profoundly alters the
immune response due to the intense production of cytokines, reducing cellular immunity
and inhibiting the protective response. In many patients over 60 years of age, a reduction
or even disappearance of cytotoxic CD8 lymphocytes, lymphocytes capable of killing virus-
infected cells and conferring cellular immunity, has been observed [365]. When the virus
penetrates the respiratory (and intestinal) epithelium, it replicates with the production of
Interleukin-1 beta (IL-1beta) and In-terleukin-18 (IL-18), two cytokines produced by the
immune system that can exacerbate the state of inflammation linked to virus pyroptosis,
and this induces epithelial cell death [366]. In some patients, inflammation occurs with the
production of T-cells (CD4 and CD8) and neutralising antibodies, resulting in a protective
response [367,368]. In other patients, particularly older ones, a neutrophilic infiltrate
prevails. CD4 lymphocytes begin to produce large quantities of cytokines, which amplify
the inflammation. CD4 and CD8 cells become exhausted and the patient becomes seriously
ill [361]. Currently, the CHGE Consortium is studying a population of 150 super-resistant
individuals who, despite having been in prolonged and close contact with SARS-CoV-2-
infected patients, have neither become infected nor were virus-specific antibodies detected
in various tests [367]. It is assumed that the resistance of these individuals to virus entry is
due to monogenic variations [358]. Recently, researchers Zeberg and Pääbo associated a
reduction of about 22% in the risk of becoming severely ill with COVID-19 when infected
with SARS-CoV-2 in those with a haplotype on chromosome 12. This haplotype is inherited
from Neanderthals. It is found in all regions of the world, at 25–30% in most populations of
Eurasia, but it is almost completely absent in African populations south of the Sahara and
encodes important proteins during RNA virus infections [359]. In contrast, a recent study
identified two genomic regions associated with severe COVID-19: a region on chromosome
3 that contains six genes and is present in 65% in South Asia and about 16% in Europe
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while it is almost absent in East Asia and a region on chromosome 9 that determinates ABO
blood groups [369–372].

Author Contributions: Conceptualization, A.D.I., G.D., F.L., A.S. (Antonio Scarano), S.T., P.S.,
A.M.V.L., S.C., A.P., A.C., L.M., G.F. and F.I.; methodology, A.D.I., I.R.B., F.P., G.B., V.S., A.M.,
G.C., F.L., F.I., S.T., G.M. (Giovanni Migliore), G.G., G.P., D.A., B.R., L.C. and L.M.; software, I.R.B.,
F.L., A.S. (Antonio Scarano), A.D.I., C.G.I., G.M. (Giuseppina Malcangi), G.C., M.R., M.J., N.B., N.Q.
and M.M.; validation, F.I., F.L., A.M., I.R.B., G.F., A.M.V.L., G.M.T., A.S., N.B., N.Q. and A.S.; formal
analysis, N.Q., S.C., L.C., A.C., M.M.,M.J., F.L., C.G.I., S.K.A., A.M, A.C., L.C., G.M. (Grazia Marinelli),
and A.D.I.; investigation, G.M. (Giuseppina Malcangi), G.D., A.D.I., F.L., S.C., L.V., G.C., A.C., L.C.,
A.S. (Antonio Scarano), and F.I.; resources, A.D.I., F.I., I.R.B., N.D.L., G.P., G.M. (Grazia Marinelli), A.S.
(Arnaldo Scardapane), G.M. (Giovanni Migliore), M.R., M.J., M.M. and G.M. (Giuseppina Malcangi);
data curation, F.I., F.L., D.A., A.S. (Antonio Scarano), G.M. (Giuseppina Malcangi), A.S. (Arnaldo
Scardapane), F.I. and G.M. (Grazia Marinelli); writing original draft preparation, A.D.I., G.D., S.C.,
L.V., A.C., A.P., L.C., F.L., I.R.B., G.M. (Giuseppina Malcangi), B.R., A.M. and F.I.; writing—review
and editing, F.I., F.L., I.R.B., N.Q., N.B., G.M. (Giuseppina Malcangi), S.K.A., A.S. (Antonio Scarano),
and M.M.; visualization, F.L., A.S. (Antonio Scarano), F.I. and I.R.B.; supervision, F.I., F.L., N.B., G.F.,
N.Q., L.C., S.C., A.S. (Antonio Scarano), and A.C.; project administration, F.I., N.Q., A.S. (Arnaldo
Scardapane), L.M., G.F., L.V., G.M. (Giuseppina Malcangi), A.S. (Antonio Scarano), F.L., A.D.I., G.D.,
A.M. and N.B. All authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: All experimental data to support the findings of this study are available
from the corresponding authors upon request.

Conflicts of Interest: The authors declare no conflict of interest.

List of Abbreviations:

ACE2 angiotensin-converting enzyme-2
ACE angiotensin-converting enzyme
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IgM Immunoglobulins M
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IQR interquartile range
KAPPA Indian variant B.1.617.1

LAMBA
variant C.37; earliest documented samples Peru (Aug-2020), date of
designation June 2021

LFIAs lateral flow immunoassays.
MERS Middle East Respiratory Syndrome
MMF mycophenolate mofetil
MPA mycophenolic acid
MPPDH inosine-5′-monophosphate dehydrogenase
NAAT nucleic acid amplification test
NGS Next-Generation Sequencing
bNAbs Broadly neutralizing antibodies
N-IgG anti-N-IgG
PRD viral prion-like domain
RBD receptor-binding domain
RBDs receptor-binding domains
RDB-IgG receptor-binding domain neutralizing antibodies
RT-PCR real-time PCR Polymerase chain reaction
S Spike glycoprotein
SARS-CoV-1 Severe Acute Respiratory Syndrome Coronavirus 1
SARS-CoV-2 Severe Acute Respiratory Syndrome Coronavirus 2 (COVID-19)
SARSr-CoV Rp3 salivar protein similar to fused 8a and 8b SARS-CoV Beta Coronavirus
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TNF tumor necrosis factor
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VOC variants of concern
VOI variants of interest
ZETA variant P.2
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